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Abstract 

Pantoea agglomerans strain Eh1087 produces the phenazine antibiotic D

alanylgriseoluteic acid (AGA). A cluster of 16 genes has previously been shown to be 

responsible for the production of, and resistance to, AGA. The present study has refined 

and tested a number of hypotheses arising from the preliminary characterisation of the 

AGA pathway. 

The products of the first five genes of the AGA cluster, Group 1, are similar to proteins 

responsible for phenazine-1-carboxy lie acid by fluorescent pseudomonads. However, 

Ehl087 appears to be missing a duplication of the ehpA gene, and it was hypothesised 

that EhpA was responsible for the ability of Eh1 087 to produce both phenazine-1-

carboxylic acid and phenazine-1,6-dicarboxylic. Comparison of EhpA to related 

proteins of known structure suggested a catalytic function, and EhpA was found to 

influence the relative amounts of phenazine-1-carboxylic acid and phenazine-1,6-

dicarboxylic acid produced by Group 1. 

The final step in the AGA pathway is the addition of a D-alanyl residue to griseoluteic 

acid to form AGA, and is catalysed by the EhpMNO proteins. The previous model for 

AGA biosynthesis suggested that EhpM was an integral membrane protein and that 

EhpMNO operated in the periplasm. EhpM and EhpN are similar to components of non

ribosomal peptide synthetases, while EhpO is similar to ketosynthases involved in fatty 

acid and polyketide biosynthesis. Comparison of EhpM with known structures, and 

preliminary analysis of the subcellular location of EhpMNO suggest that these proteins 

may be localised to the cytoplasmic side of the inner membrane, rather than the 

periplasm. 

An Eh1087 transposon-mutant with an insertion that affected the expression of gInA 

was isolated. This mutant lacked glutamine synthetase, and was, therefore, not able to 

incorporate labelled nitrogen from ammonium sulphate, via glutamine, into phenazines. 

It was concluded that glutamine is the source of the two nitrogen atoms of the phenazine 

nucleus. In addition, the function of the putative Eh1087 glnA locus was confirmed by 

complementation of an coli glnA mutant and the gene found to encode a type I 

glutamine synthetase typical of the Enterobacteriaceae. 
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1.0. :Further studies on AGA production by Pantoea agglomerans Ehl087 

A cluster of 16 genes has previously been found to be involved in production of the 

secondary metabolite D-alanylgriseoluteic acid (AGA) by Pan toea agglomerans strain 

Eh 1 087. Preliminary characterisation of these genes led to the proposal of a model for 

the AGA biosynthetic pathway in Eh1 087. The underlying goal of the investigation at 

hand was to experimentally address some of the predictions and questions regarding the 

functions of the AGA cluster genes and their products. 

1.1. Microbial secondary metabolites as useful bioactives 

Microorganisms possess extensive metabolic diversity, multiply rapidly given optimal 

conditions and reliable methods for their genetic manipulation have been established. 

Consequently, both primary and secondary metabolic pathways of microorganisms have 

become important sources of useful chemicals and processes. Examples of chemicals 

produced from microorganisms include amino acids and nucleotides, pharmaceuticals 

such as anti-infective and anti-cancer agents, and agrochemicals. Microorganisms are 

also employed to produce foods such as bread and cheese, and to carry out industrial 

processes such as the fermentation of sugars to alcohols. The production of acetone and 

butanol during World War I using Clostridium is an early example of large scale 

manufacture using a microorganism (Demain and Fang 2000). Production of penicillin, 

from the 1940s, began the exploitation of microorganisms for antibiotics. Today, 

numerous microorganisms, notably Streptomycetes and E. coli, are used as workhorses 

for the commercial production of diverse secondary metabolites (Demain 2000). 

Secondary metabolites are a heterogeneous group of chemicals, with generally 

complex chemical structures, defined as non-essential for the growth or reproduction of 

the producing organism (Betina 1994). While often having no obvious purpose, many 

secondary metabolites serve survival functions for the producer (Challis and Hopwood 

2003). It follows then, that these secondary metabolic pathways have evolved because 

of the selective advantage their products confer upon the host organism (Stone and 

Williams 1992; Demain and Fang 2000; Firn and Jones 2000). 

1 
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Production of many secondary metabolites is usually strain-specific and a single 

organism often produces a number of structurally related compounds (Challis and 

Hopwood 2003). Most secondary metabolic pathways comprise multiple steps and 

utilise primary metabolites from one of several common pathways. The most common 

shared intermediates are acetyl-CoA, intermediates of the shikimate pathway or 

tricarboxylic acid cycle, and amino acids (Betina 1994). Given that primary and 

secondary metabolic pathways are, at times, effectively competing for resources, 

regulation of the steps utilising these shared intermediates is important. 

The organisation of the genes encoding the enzymes of secondary metabolic pathways 

into clusters is a common theme in prokaryotes (Challis and Hopwood 2003), and also 

occurs in fungi (Walton 2000). It has been argued that the clustering of genes for 

secondary metabolite biosynthesis is evidence of their selective advantage and offers a 

mechanism for co-regulation (Martin and Liras 1989; Stone and Williams 1992). It is 

also common for regulatory and resistance genes to be linked to a cluster. The linking of 

resistance genes was seen as evidence that antibiotic production occurs in the natural 

environment-hence selection for resistance genes associated with biosynthetic genes 

would occur (Stone and Williams 1992) . 

Conversely, Lawrence and Roth (1996) have suggested that the organization of such 

genes into operons is selectively neutral to the host organism but is a 'selfish' property 

of operons, mediated by horizontal gene transfer. In other words, genes in close 

physical proximity are more likely to be horizontally transferred as a unit and 

consequently their function is maintained, ensuring the survival of the operon. Single 

gene transfers, by contrast, may not confer any selective advantage. 

The reason for the heterogeneity of this class of compounds stems from the lack of 

knowledge as to the natural roles of secondary metabolites. These compounds 

nevertheless represent a pool of potentially useful bioactive chemicals with complex 

structures. An understanding of secondary metabolic pathways and their products can 

provide the ability to improve production-either for use of the chemicals themselves or 

to enhance the performance of the producing organism in the environment (Lu and Shen 

2004). 

2 
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1.1.1. Why investigate secondary metabolism? 
Knowledge of the biosynthesis of secondary metabolites, particularly those used as 

antibiotics and agrochemicais, can allow improvement of their production and 

application(s) (Lu and Shen 2004). In addition, there are a number of more fundamental 

academic questions concerning secondary metabolism (Demain and Fang 2000): What 

are the natural functions of secondary metabolites? How is production, particularly in 

relation to primary metabolism, regulated? What are the evolutionary origins of the 

genes involved? Are any associated resistance genes related to those found in clinical 

isolates? What role(s) do secondary metabolites play in microorganism-host interactions 

and ecological fitness? A number of these questions are also of importance for 

commercial applications of secondary metabolites. 

As noted by Turner and Messenger (1986): "In the current view of evolution there is no 

place for phenomena without a function (Zahner 1979) ... ". Why have these processes 

been maintained throughout evolution? Answers to this question will perhaps help us to 

understand these organisms and their roles in ecosystems. This should result in an 

enhanced ability to utilise secondary metabolite producers and their products 

1.1.2. Antibiotic secondary metabolites 
Antibiotics are a class of secondary metabolites defined by their antagonistic activity 

towards microorganisms at low concentrations. Following the successes of penicillin in 

the late 1940s, many more antibiotics have been isolated and produced in commercial 

quantities for pharmaceutical applications, with at least 150 antibiotics on the market 

worth more than $28 billion (Vournakis and Elander 1983; Demain 2000). 

After the "Golden age" of antibiotic use from the 1950s to 1980s, the emergence of 

antibiotic-resistant bacteria has become a serious problem in medicine (File 1999; 

Wenzel 2004; Revington 2004). More than 12,000 scientific papers have been published 

on the subject in the last 8 years (Hamilton-Miller 2004). In this light, the search for 

bioactive secondary metabolites has gained renewed importance, particularly in the 

search for new classes of antibiotics with novel modes and targets of action (Rosamond 

and Allsop 2000). 

Another reason for the increasing interest in microbial secondary metabolites is their 

potential for use in agriculture. Many synthetic agrochernicals have been associated 

3 
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with environmental and health problems in New Zealand (Sarmah et al. 2004) and 

overseas (Saxena and Pandey 2001) and their use is therefore regulated. The problems 

include build-up of toxic residues in the environment, effects on non-target organisms 

(such as allergies and reproductive problems in humans), and also the development of 

resistance in insect and plant pests and phytopathogens. There is cUlTently social and 

political pressure for increased consideration of consumer and environmental health in 

the control of agricultural pests and diseases. Microorganisms and their secondary 

metabolites are being investigated as part of this new approach to crop protection 

(Montesinos 2003). 

In their natural settings microorganisms are subject to complex interactions with their 

environment (e.g. soil), hosts (e.g. plant roots), and other microflora. Various 

mechanisms (Whipps 2001), including secondary metabolite production, playa role in 

these interactions and contribute to the ecological fitness of the producing organism. 

Secondary metabolites may function as: ion scavengers; antibiotics active against fungi, 

insects, plants and other bacteria; or agents of symbiosis (Demain 2000). 

1.1.3. Engineering of secondary metabolite pathways 
The use of recombinant DNA technology for the improvement of cellular activities by 

manipulation of enzymatic, transport, and regulatory functions of the cell is known as 

metabolic engineering (Bailey 1991). Knowledge of cellular metabolism is used to alter 

biosynthetic pathways in a rational manner and has many advantages over the historical, 

labour-intensive random mutagenesis and screening methods of strain improvement 

(Mijts and Schmidt-Dannert 2003). 

One application of metabolic engineering is to increase production of the metabolite of 

interest and requires a knowledge of the biochemistry of the pathway including rate

limiting steps and precursor levels (Kirby 1992). Bottlenecks can be removed by 

increasing gene dosage of the cOlTesponding enzyme, by amplifying positive regulators, 

or removal of repressors, and precursor availability can be increased by blocking 

competing pathways (LaDuca et aI. 1999). 

A second possibility, requiring information about specific enzyme substrate 

specifIcities, is the modification of pathways to produce novel or alternative 

compounds. Heterologous enzymes can be introduced to extend a pathway or create a 
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branch leading to a new product. The first demonstration that novel, 'hybrid', antibiotics 

could be produced by transfer of biosynthetic genes was reported by Hopwood et al. in 

1985 with producers of isochromanequinones (Hopwood et ai. 1985). The introduction 

of actinorhodin (act) biosynthetic genes from Streptomyces coelicoior into two other 

Streptomyces sp., that normally produced granaticin or medermycin, resulted in 

production of the novel, structurally related, isochromanequinone dihydrogranatirhodin. 

An example of a novel engineered pathway is given by the assembly, in E. coli BAP1, 

of a hybrid polyketide pathway (Watanabe et ai. 2003). Five rifamycin genes from 

Amycolatopsis rnediterranei and two ansamitocin genes from Actinosynnema pretiosunt 

were introduced to E. coli and a rifA gene, from A. mediterranei resulted in the 

production of the desired product, 2,6-dimethyl-3,5,7-trihydroxy-7-(3' -amino-5'

hydroxyphenyl)-2,4,heptadienic acid. 

The OptKnock framework developed by Burgard et al. (2003) is an excellent example 

of the application of detailed knowledge about biosynthetic pathways. OptKnock is a 

system for suggesting gene knockouts in E. coli which might lead to overproduction of 

specific metabolites and utilises an in silico model of the E. coli metabolic networks. A 

number of the deletion strategies suggested by OptKnock were reported to correspond 

with published details of strains successfully modified to produce desired compounds. 

Manipulation of secondary metabolism could also be extended to the improvement of 

biological control bacteria by improving the production of an antibiotic or other 

secondary metabolite(s) involved in antagonism of the target organism. 

1.1.4. Antibiotics and biological control 

Biological control involves the use of an organism to reduce the undesirable effects of 

another organism. There are a number of mechanisms by which this might be achieved 

but a common theme is the requirement for the biological control agent to have the 

ability to out-compete target, and other, organisms in their habitat (Thomashow and 

Weller 1996). 

Several studies have demonstrated the importance of antibiotic secondary metabolites 

(I.e. antibiosis) in interactions between antagonistic bacteria and plant pathogens 

(reviewed by Raaijmalcers et al. 2002). Several lines of evidence exist that support an 

essential role for antibiotics in suppression of plant pathogens by bacteria. Culture 

5 
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filtrates or purified antibiotics have been shown to display similar levels of inhibition of 

the target organism as the producing strain itself. Mutants with inactivated antibiotic 

production exhibit reduced inhibition of target organisms while enhancement of 

antibiotic production often improves inhibition. Expression of antibiotic biosynthetic 

genes in non-producing strains can confer an ability to inhibit a target organism. 

There are numerous examples of antibiotic-producing bacterial biological control agents 

in the literature (Bloemberg and Lugtenberg 2001; Raaijmakers et al. 2002). Several 

antibiotic-producing strains of P. agglomerans (E. herbicola) have been shown to 

control Fireblight (Vanneste et al. 1992; Wodzinski et al. 1994; Vanneste and Yu 1996) 

and antibiotic production has also been found to be important for biological control of 

fungal diseases by pseudomonad strains (Chin-A-Woeng et al. 2003). Measurement of 

antibiotic production in situ (Thomashow et al. 1997) has provided additional evidence 

for the role of antibiotics thought to be involved in suppression by biological control 

agents by demonstrating that production occurs in natural settings. For example, 

production of phenazine-1-carboxylic acid by Pseudomonas fluorescens and 

Pseudomonas aureofaciens has been detected in the rhizosphere of wheat using HPLC 

(Thomashow et al. 1990). The production of this antibiotic is believed to allow 

suppression of fungal diseases of wheat by these strains. 

While antibiotic-producing bacteria have been shown to be effective biological control 

agents or plant growth promoters in a large number of cases, there is still a need to 

improve their efficacy (Bloemberg and Lugtenberg 2001). Despite a large number of 

patents covering biological control organisms, relatively few are actually registered for 

agricultural use or are commercially available (Montesinos 2003). This is perhaps due 

to a lack of information, as required by regulatory authorities, and of fundamental 

knowledge of the biological control organism. There is, therefore, a need to further our 

understanding of the importance and role of antibiotic production in microbial ecology 

in order for more effective utilisation of actual and potential biological control agents. 

Thorough knowledge of the genetics and biochemistry of the pathways of secondary 

metabolism can provide an understanding of mechanisms underlying antibiotic 

production and biological control, allows a rational approach to be applied to the 

6 
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discovery and modification of bacterial biological control agents and their applications 

(Voumakis and Elander 1983). 

1.2. Pantoea agglomerans Eh1087: a potential biological control agent for 

Fireblight 

Pan toea agglomerans (formerly Erwinia herbicola, Gavini et al. 1989), a ubiquitous 

gram-negative resident of plant surfaces, has been the focus of a biological control 

research program in this laboratory for over 10 years (Keams 1993; Keams and Hale 

1995; Keams and Hale 1996; Kearns and Mahanty 1998; Giddens 2002; Giddens et al. 

2002; Giddens et al. 2003). P. agglomerans strain Eh1087 was isolated by Kearns from 

apple blossom (Malus X. domestica Borkh. cv. Golden Delicious) in Canterbury, New 

Zealand orchard during a survey for bacteria inhibitory to the Fireblight pathogen 

Erwinia amylovora (Kearns and Hale 1995) and was shown to produce an antibiotic that 

was inhibitory to amylovora and a number of other bacteria (Kearns and Hale 1996). 

1.2.1. Biological control of .Fireblight 

Fireblight is a bacterial disease of plants belonging to the rose family (Rosaceae). It is 

caused by E. amylovora and occurs worldwide (Eastgate 2000). Apple and pear trees 

are the most economically important hosts, with occurrence of the disease resulting in 

significant losses, due to both plant damage and restricted market access, in New 

Zealand (Petheram 2004) and overseas (Johnson and Stockwell 1998). Symptoms 

include wilting and necrosis of infected plant tissues leading to a scorched, blackened 

appearance (Figure 1-1) -hence the name Fireblight. Blossoms are most commonly 

affected but systemic infection can result in loss of entire trees (Eastgate 2000; Spencer 

2001). 

7 
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Figure 1-1: An apple blossom displaying Fireblight disease symptoms 

Methods of control have traditionally relied on pruning of infected tissues and the use of 

chemicals for prevention . Common treatments are copper-based sprays or streptomycin. 

The sprays can be phytotoxic and resistance to streptomycin has arisen in some strains 

of E. amylovora. The expense and low efficacy of these approaches have lead to 

investigations into biological control of Fireblight by naturally suppressive bacterial 

inhabitants of the plant surfaces (Johnson and Stockwell 1998). 

1.2.2. Antibiotic production by Ehl087 

Antibiotic production by Eh 1087 is essential for the suppression of E. amylovora both 

in vitro and on immature pear slices (Kearns and Hale 1996). Antibiotic production is 

also required for suppression of E. amylovora on apple blossom stigmas, and 

subsequent prevention of Fireblight (Giddens 2002; Giddens et al. 2003). Kearns and 

Mahanty (1998) found that a number of the genes involved in antibiotic production 

were located on a large plasmid indigenous to Eh 1087. Recently. Giddens et al. (2002) 

demonstrated that thcse genes were part of a cluster of 16 contiguous genes present in 

Eh 1 087 and sufficient for this strain to produce a number of phenazine secondary 

metabolites (sec section 1.6. J ) . 
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1.3. Phenazines 

Introduction 
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Figure 1-2: The heterocyclic phenaziue ring system. 
Numbers indicate the common naming convention 

Phenazines are aromatic secondary metabolites based around a common nitrogen

containing heterocyclic ring system (Figure 1-2). These compounds are generally water 

soluble and have colours that range across the visible spectrum as a result of one or 

more absorbance bands in the 400 to 600 nm range. Phenazines have a characteristic 

strong absorption peak at 250 to 290 nm and a weaker peak at 350 to 400 nm (Turner 

and Messenger 1986). More than 6000 phenazines have been reported of which at least 

50 are produced naturally (Laursen and Nielsen 2004). Phenazines have a wide range of 

biological activities such as antibiotic, antitumour, antimalarial and antiparasitic effects 

(Kerr 2000; Kerr et al. 1999). Many phenazines have been shown to function naturally 

as antibiotics and virulence factors and may also contribute to the ecological 

competence of the producer (Chin-A-Woeng et al. 2003). 

1.3.1. Phenazine producing organisms 

All known naturally occurring phenazines isolated to date are produced by soil or 

maline bacteria of several genera including Brevibacterium, Burkholderia, Pantoea, 

Pseudomonas, Pelagiobacter, Streptomyces, and Vibrio. Pseudomonads mainly produce 

hydroxyl- and carboxyl- phenazine derivatives. Various streptomycetes not only 

produce some of these simpler phenazines but also methoxy- and methylester 

derivatives as well as more complex phenazines with aldeyde, thioester, ester and amide 

substituents, and some terpenoid and rare carbohydrate substituted phenazines 

(reviewed by Laursen and Nielsen 2004). While pseudomonads and streptomycetes are 

the predominant producers of naturally occurring phenazines, several other bacterial 

------_ ........... _ ...... . 
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genera are also known to produce phenazines. Reviews by Turner and Messenger 

(1986) and Kerr (2000) cover examples not presented in the following sections. 
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Figure 1·3: Phenazines produced by Pseudomonas spp. 

Phenazines produced by Pseudomonas spp. (Figure 1-3) 

P. aeruginosa, an opportunistic pathogen, produces pyocyanin (1-hydroxy-5-

methylphenazinium betaine) which was isolated in 1859 from wound dressings by 

Fordos and was the first phenazine to be described (Turner and Messenger 1986; Kerr 

2000). Other phenazines produced by P. aeruginosa include I-hydroxyphenazine 

(1 OHPZ) , phenazine-l-caroxamide (PCN), chlororaphin, aeruginosins A and B 

(collectively known as pyorubin) and phenazine-l-carboxylic acid (PCA) (Chang and 

Blackwood 1969; Carson and Jensen 1974; Kanner et al. 1978; Byng et ai. 1979; 

Jayatilake et ai. 1996; Anjaiah et al. 1998; Tambong and Hofte 2001; Mavrodi et ai. 

2001). 

P. aureofaciens, originally isolated from clay in 1936, produces PCA, 2-

hydroxyphenazine-l-carboxy lic acid (20HPCA), 2-hydroxyphenazine (20HPZ) 

(Georgakopoulos et ai. 1994b; Pierson III et al. 1995) and a number of other phenazines 
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including phenazine-1,6-dicarboxylic (PDC), produced by a mutant (Turner and 

Messenger 1986). 

11 

P. chiororaphis, isolated from cockchafer grubs in 1894, produces chlororaphin and 

PCN (Chin-A-Woeng et al. 1998). Chlororaphin is a complex ofPCN (also known as 

oxychlororaphin) and its 5,1O-dihydro derivative and forms emerald green crystals in 

old cultures of P. chlororaphis and P. aeruginosa. P. jluorescens, a biological control 

strain for a variety of fungal root-pathogens, is only known to produce PCA (Mavrodi et 

al. 1998; McDonald et al. 2001). P. phenazinium, a pseudomonad of uncertain 

taxonomy, produces a suite of at least ten phenazines (Byng and Turner 1975; Byng and 

Turner 1976) including PDC, PCA and the purple iodinin (l,6-dihydroxyphenazine-

5,1O-dioxide). 
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Figure 1-4: Phenazines produced by Streptomyces spp. 

Phenazines produced by Streptomyces spp. (Figure 1-4) 

S. antibioticus produces saphenic acid, a component of other phenazines produced by 

several Streptomyces species. S. antibioticus also produces a number of other complex 
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phenazines such as saphenamycin and the dimeric phenazines esmeraldins A and B 

(Vanlt-Land et al. 1993). Several of these compounds exhibit antibacterial or antitumour 

activity (Laursen and Nielsen 2004). 

S. griseoluteus produces griseoluteins A and B (Ysgishita et al. 1953), the first 

phenazines isolated from streptomycetes, and a number of other phenazines including 

griseoluteic acid (6-hydroxymethyl-9-methoxyphenazine-l-carboxylic acid, GA) (Osato 

et al. 1954), a degradation product of the griseoluteins. 

S. lomodensis produces the penta-substituted lomofungin (Buckland et al. 1981b) which 

has broad-spectrum antibiotic activity (Turner and Messenger 1986) and can inhibit 

angiotensin-converting enzyme (ACE) (Laursen and Nielsen 2004). 

Many other Streptomyces species also produce phenazines (reviewed in Turner and 

Messenger 1986; Kerr 2000; Laursen and Nielsen 2004) including S. thioluteus (iodinin, 

GA) (Podojil and Gerber 1967; Gerber 1967), S. luteoreticuli (Buckland et al. 1981a), 

S. cyanoflavus (pyocyanin) and an unidentified Streptomyces sp. which produces two 

phenazines that inhibit metallo-enzymes (Gilpin et al. 1995). 

;:~ OCH, 

U# 
N ~H 

pelagiomycin A 0 , 
3-hydroxy-L-valylgriseoluteic acid ~ 

NH2 

pelagiomycin C 
glycylgriseoluleic acid 

griseoluteic acid 
(GA, orange/red) 

methanophenazine 

OH 

;:N~ :' 
U N# # 0 

pelagiomycin B I 1 
valylgriseoluteic acid 0/ y ~ 

D-alanylgriseoluteic acid 
(AGA, yellow) 

NH2 

Figure 1-5: Phenazines from other bacteria 
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Phenazines produced by miscellaneous genera (Figure 1-5) 

In general, the phenazines produced by other species are similar to those of the 

pseudomonads or the simpler streptomycete phenazines-selected examples are given 

here. Phenazines have been isolated from strains of Waksmania aerata (Gerber and 

Lechevalier 1964), iodinin from Brevibacterium iodinum (Podojil and Gerber 1967) and 

PDC from an unidentified bacterium (Gerber 1969). Burkholderia (formerly 

Pseudomonas) cepacia produces a number of phenazines (Turner and Messenger 1986) 

and a species of Sorangium produces myxin-which, as a complex with copper, is 

marketed as 'cuprimyxin' for topical treatment of bacterial infections in cats and dogs 

(Kerr 2000). 

The previously mentioned GA, along with D-alanylgriseoluteic acid (AGA), is 

produced by a marine Vibrio (Sato et al. 1995). GA is also produced by an unidentified 

marine halophile (Singh et al. 1997), and a strain of Pelagiobacter variabilis which also 

produces 3-hydroxy-L-valylgriseoluteic acid (pelagiomycin A), valylgriseoluteic acid 

(pelagiomycin B) and glycylgriseoluteic acid (pelagiomycin C) (Imamura et al. 1997). 

An example of a more complex phenazine is methanophenazine, a derivative of 

20HPZ, produced by Methanosarcina mazei Go1 and thought to be involved in 

membrane-bound electron transport (Abken et al. 1998). 

Phenazines produced by P. agglomerans 

P. agglomerans Eh1087 produces the phenazines PDC, PCA, GA, AGA and at least one 

other uncharacterised phenazine (Giddens 2002; Giddens et al. 2002). While the first 

four phenazines have been isolated previously as natural products from other bacteria, 

Eh1087 is the first strain known to produce these phenazines simultaneously. 

1.4. Biological roles of phenazines 

Phenazines exhibit a wide range of biological activities: many are toxic to bacteria and 

fungi, and some to plants, insects and/or animals (Turner and Messenger 1986; Kerr 

2000; Chin-A-Woeng et al. 2003). The biological activities of phenazines are thought to 

be related to their ability to undergo redox chemistry and DNA intercalation. The 

differing ranges and types of activities displayed by the phenazines is determined by the 

number and type of the substituents on the phenazine scaffold. 
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Phenazines produced by some strains are known to act as virulence factors in 

pathogenesis while for others they are thought to provide a competitive advantage 

against other microflora in the environment i.e. protection of the producer's 

environmental niche from microbial competitors. It has also been found that PCN 

allows P. chlororaphis to reductively dissolve crystalline iron and manganese oxides, 

and may playa role in the utilisation of these minerals in the environment (Hernandez et 

ai.2004). 

Mechanism of action of phenazines 

The mechanism of action of phenazines is not completely understood but it is generally 

accepted that interactions with DNA and disruption of cellular electron transport largely 

account for their biological activity (Laursen and Nielsen 2004). DNA intercalation and 

concomitant inhibition of DNA-dependent RNA synthesis has been demonstrated for 

PCA, PCN, pyocyanin, iodinin, and myxin (Hollstein and Van Gernert 1971; Kerr 

2000). 

Oxygen-dependent generation of superoxide and hydrogen peroxide has been shown to 

be involved in killing of coli by pyocyanin (Hassan and Fridovich 1980) and may 

also be important for antifungal activity (Kerr et al. 1999). The generation of reactive 

oxygen intermediates or their involvement in activity has also been reported by a 

number of investigators (Davis and Thornalley 1983; Crawford et al. 1986; Britigan et 

al. 1992; Muller 1995). AGA has been shown to induce an SOS response and act as a 

mutagen in E. coli, and to oxidise haemoglobin in vitro (Giddens 2002). 

A plausible model is that phenazines diffuse across membranes and, once in the cell, are 

able to accept electrons and undergo redox cycling. This results in uncoupling of energy 

processes and the generation of toxic superoxide and HzOz radicals, causing cell 

damage and death (Chin-A-Woeng et al. 2003). It is also likely that interactions with 

DNA playa role in activity (Turner and Messenger 1986). These processes are likely to 

be lethal to bacteria and fungi and contribute to pathogenesis in animals. 

Phenazines as virulence factors 

P. aeruginosa is an opportunistic human pathogen (Stover et al. 2000) and is known to 

colonize the airways of cystic fibrosis patients where it is thought to playa role in tissue 
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damage (Laursen and Nielsen 2004) and produces several virulence factors (Muller 

1995). The roles of pyocyanin and 10HPZ as virulence factors for P. aeruginosa have 

been established. Pyocyanin has been shown to have a range of activities which 

contribute to its function as a virulence factor (Kerr 2000). These include inhibition of 

ciliary beating and alteration of neutrophil and lymphocyte function (Denning et al. 

1998; Usher et al. 2002). The importance of pyocyanin in P. aeruginosa pathogenesis 

has also been demonstrated in a Caenorhabditis elegans model system (Mahajan

Miklos et al. 1999) and the involvement of 10HPZ in cystic fibrosis infections was 

recently demonstrated by Muller (Muller 1995). Kerr (Kerr 2000) has suggested that the 

many properties common to all phenazines indicate that other phenazines may have 

similar functions. 

Phenazine antibiotic activity enhances competitive fitness and survival 

Antibiotics play a beneficial role in the ecological competence of the producing bacteria 

by inhibition of competing organisms (Whipps 2001; Raaijmakers et al. 2002). It is now 

known that phenazines contribute to competitive fitness (Pierson III and Pierson 1996) 

and it has been demonstrated that phenazine-producing strains survive longer in the soil 

environment than their non-producing counterparts. In soil and the rhizosphere of 

wheat, populations of phenazine-defective derivatives of P. fluorescens 2-79 and P. 

aureofaciens 30-84 declined more rapidly than their phenazine-producing parent strains 

(Mazzola et al. 1992). Survival was not altered in sterilized soil, suggesting that the 

production of phenazines in normal soil functions in competition with the indigenous 

microflora. 

As a consequence of their activity against soil and plant microflora, particularly fungi, 

phenazine-producing pseudomonads have been extensively investigated as biological 

control agents for a number of fungal phytopathogens. The role of phenazines in 

biological control by pseudomonads has recently been reviewed (Chin-A-Woeng et al. 

2003) and several examples are presented in the next section. 

Role of phenazines in biological control 

A number of phenazine-producing Pseudomonas strains are effective biological control 

agents of fungal phytopathogens. P. fluorescens 2-79 produces PCA and suppresses 
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take-all, a root disease of wheat caused by Gaeumannomyces grGlninis var. tritici 

(Thomashow and Weller 1988). Mutants defective in PCA production provided 

significantly less protection from take-all than the parent strain 2-79, while 

complementation of antibiotic synthesis by genomic DNA restored the ability to 

suppress take-all. P. aureofaciens 30-84 is also able to suppress take-all. Tn5-induced 

mutants deficient in production of one or more of the phenazines produced by 30-84 

were less effective at suppression of take-all than the parental strain (Pierson III and 

Thomashow 1992; Wood et ai. 1997). Confirmation that PCA is produced by P. 

fZuorescens 2-79 and P. aureofaciens 30-84 in the rhizosphere of wheat, where 

suppression is important, was reported by Thomashow et ai. (Thomashow et ai. 1990). 

P. chiororaphis PCL1391 produces PCN and was isolated on the basis of its 

antagonistic activity towards Fusarium oxysporum f. sp. radicus-lycopersici, the causal 

organism of tomato root rot (Chin-A-Woeng et al. 1998). A PCN-deficient mutant with 

a reporter gene insertion in the pheIiazine biosynthesis operon was used to show that 

production of PCN is essential for disease suppression and that the phenazine 

biosynthetic operon is expressed in situ (Chin-A-Woeng et al. 1998). The production of 

PCA and PCN have also been shown to be involved in the antagonism of P. aeruginosa 

PNAI towards Fusarium sp. and Pythium sp. (Anjaiah et al. 1998; Tambong and Hofte 

2001). 

Regulation of phenazine gene expression 

Regulation of phenazine gene expression in pseudomonads is not fully understood but is 

known to be sensitive to the nutritional state of the cell (Kerr 2000; Pierson III and 

Pierson 1996) and can be influenced by seed and plant exudates (Georgakopoulos et ai. 

1994a). 

Production of PCA and PCN, by P. aureofaciens 30-84 and P. chlororaphis PCL1391 

respectively, is controlled in a cell density-dependent manner by quorum-sensing (Chin

A-Woeng et al. 2003). In P. aureofaciens 30-84, the phenazine biosynthetic genes are 

regulated by a diffusible acyl-homoserine lactone (AHL) quorum-signalling molecule 

(Pierson III and Pierson 1996). The phd and phzR genes encode a two-component 

regulatory system and are required for phz gene expression in P. aureofaciens. PhzR 

induces phz genes in response to the AHL signalling molecule, produced by PhzI, a 
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member of the LuxI AHL synthase family (Pierson III et al. 1994; Wood et al. 1997). 

The same quorum-sensing system has been shown to operate in P. chlororaphis 

PCL1391, with PCN production in vitro only observed at high cell densities (Chin-A

Woeng et al. 2001b). 

A global two-component regulatory system, GacS/GacA also plays a role in the 

regulation of phenazine production, at least in part by influence over quorum-sensing 

(Chin-A-Woeng et ai. 2003). Recently, a negative regulator ofphenazine production, 

RpeA, has been discovered (Whistler and Pierson III 2003), indicating that phenazine 

production is subject to multiple controls in order to ensure appropriate expression. 

1.5. Biochemistry of phenazine biosynthesis 

The large diversity of natural phenazines results from the different numbers, types and 

positions of substituents on the phenazine scaffold. As the biosynthesis of phenazines 

has been the subject of a number of reviews (Turner and Messenger 1986; Kerr 2000; 

Laursen and Nielsen 2004), the following will give a brief historical overview in order 

to highlight similarities between the phenazine biosynthetic pathways and will then 

discuss some of the more intriguing aspects relevant to the current investigation. 

Fluorescent pseudomonads were the first phenazine producers reported and are second 

only to streptomycetes for the number of phenazine-producing strains identified. While 

some work on the biochemistry of phenazine biosynthesis has been carried out in 

producers of other species, much of our current knowledge comes from studies on the 

genetics and biochemistry of the phenazine pathways in Pseudomonas sp. In fact, to the 

author's knowledge, the only phenazine biosynthesis genes that have been isolated and 

characterised outside the Pseudomonas genus are those involved in the present study. 

Branchpoint of phenazine biosynthesis from primary metabolism 

Early studies on the biosynthetic pathways, using 14C-Iabelled compounds, implicated 

the aromatic amino acid (shikimate) pathway as a source of phenazine precursors (for 

example MacDonald 1963). Redistribution of the 14C-Iabel to other compounds by 

degradation of the potential precursors, however, led to some uncertainty (Leisinger and 

Margraff 1979). In 1969, feeding of 14C-Iabelled compounds to P. aeruginosa mutants 

unable to degrade quinic or shikimic acids showed that the carbon atoms in the 
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pyocyanin phenazine nucleus (Figure 1-2) arose from two molecules of shikimic acid 

(Figure 1-6) (lngledew and Campbell 1969) . Incorporation of shikimate was also 

demonstrated for phenazines from P. aure(daciens, B. iodinum and P. phenaziniu/11 

(Podojil and Gerber 1967; Turner and Messenger 1986; Kerr 2000), and it is generally 

accepted that there is a common pathway for biosynthesis of the phenazine scaffold 

(Laursen and Nielsen 2004). Chorismic acid (Figure 1-6) was subsequently identified as 

the actual branchpoint from primary metabolism for phenazine biosynthesis, again using 

P. aeruginosa mutants blocked at various steps of the shikimate pathway (Longely ef al. 

1972; Calhoun ef al. J 972) . 
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Figure 1-6: The shikimate pathway and the branch-point of phenazine biosynthesis. Primary 
metabolism is shown in blue and the secondary metabolic. branch leading to phenazines is shown in 

black. PEP, phosphoenolpyruvate; E-4-P, erythrose-4-phosphate; ADIC, 2-amino-2-
deoxyisochorismic acid. 
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Podojil and Gerber (1970) provided confirmation that two shikimate-derived units were 

incorporated into the phenazine ring system and shed light on possible coupling 

arrangements by looking at patterns of incorporation of shikimic acid labelled at 

specific positions. Further investigations of PCA and iodinin synthesis narrowed the 

possihle pairing schemes down to a diagonally symmetrical pairing of shikimate

derived units (Figure 1-7A, B) (Hollstein and Marshall 1972; Hollstein and McCamey 

1973; Turner and Messenger J 986). 
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Figure 1-7: Pairing arrangement of shikimate-derived phenazine precursors. (A) relative 
arrangement of two shikimate molecules which are modified before dimerisation in a head-to-tail 
orientation to form (8) the phenazine scaffold. (C) Comparison of shikimic acid, anthranilic acid, 

and anthranilic acid. The C-l and C-6 positions of chorismic acid are each labelled with an asterix. 

Source of phenazine ring nitrogens 

Although the exact nature of the two shikimate-derived units remains unknown, it was 

proposed (Hollstein and McCamey 1973) that this immediate precursor of the phenazine 

ring system was a C,- or C6-N-substituted chorismic acid similar to anthranilic acid 

(Figure 1-7 C), which itself had previously been ruled out (Turner and Messenger 

1986). The source of the phenazine ring nitrogens has been shown to be the amide 

nitrogen of glutamine for B. iodinum, P. aureofaciens and P. agglomerans (Romer and 

Herbert 1982; Herbert el al. 1982) (see Chapter 6). The identity of an aminated 

chorismic acid derivative, intermediate between chorismate and the phenazine ring 
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system, has recently been shown to be 2-amino-2-deoxyisochorismic acid (ADIC, 

Figure 1-6) (McDonald et al. 2001). 

A common precursor phenazine? 

20 

A number of naturally-occulTing phenazines possesses C or 0 substituents on the 

central ring scaffold at the 1,4,6 and 9 positions (Figure 1-2). A diagonally 

symmetrical pattern is often apparent, with identical substituents at the 1 and 6 or 4 and 

9 positions, for example, PDC, iodinin and lomofungin (Figure 1-3, Figure 1-4). This 

unique pattern of substitution has led a number of researchers to investigate the manner 

of shikimate incorporation into the phenazine ring system. The symmetrical 

arrangement suggests that the phenazine ring is formed by dimerization/coupling of two 

similar precursor molecules in a diagonally opposite orientation (Figure 1-7). 

Incorporation of radioactivity into iodinin, PCA and pyocyanin produced by strains fed 

shikimic acid, radio-labelled at specific positions, indicated that these phenazines are 

indeed formed from two shikimate-derived units in this head-to-tail fashion (Podojil and 

Gerber 1970; Hollstein and Marshall 1972; Hollstein and McCamey 1973; Herbert et al. 

1979; Hollstein et al. 1978). The exact nature of the two shikimate-derived units which 

form the phenazine ring is still unknown. Chorismate has long been known to be the 

branchpoint from primary metabolism and, in the first dedicated step of the phenazine 

pathway, is aminated to form ADIC which is then converted to DHHA. The phenazine 

nucleus is then thought to be formed by dimerization of two DHHA derived molecules 

(McDonald et al. 2001). 

Production of different phenazines by related strains suggested the existence of a 

conserved pathway, prompting a number of investigations aimed at elucidating a 

hypothetical common precursor phenazine from which all other naturally OCCUlTing 

phenazines are formed. The existence of a common precursor phenazine was first 

suggested by Gerber (1967) after isolating eight different phenazines from S. thioluteus 

and the isolation of PDC from an unidentified phenazine producer (Gerber 1969) 

provided a logical candidate. Modification of this precursor via standard biochemical 

transformations would then be expected to lead to the other phenazines produced by 

various strains (Turner and Messenger 1986; Laursen and Nielsen 2004). 
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PDC has been isolated from cultures of several phenazine producers, including P. 

phenazinium (Byng and Turner 1976), Pantoea agglomerans (Giddens 2002; Giddens et 

al. 2002) and a P. aureofadens phenazine-deficient mutant (Turner and Messenger 

1986) but not from P. aeruginosa or P. fluorescens. P. phenazinium produces iodinin 

and a number of other phenazines. Various iodinin-deficient mutants accumulated other 

phenazines, including PCA and PDC, in greater amounts than in the parent strain. 

Cross-feeding between these mutants demonstrated that some of these phenazines could 

serve as precursors of iodinin (Byng and Turner 1976). These observations led to the 

proposal of a multi-step pathway in which PDC, is converted to iodinin. It was also 

thought that PCA was derived from PDC by a decarboxylation step. This suggested that 

PDC might be a common branchpoint precursor for all other phenazines produced by 

this strain, although it was noted that the evidence was incomplete (Byng and Turner 

1976). It is also worth noting here that the taxonomic status of P. phenazinium is 

uncertain and therefore the pathway to phenazines in this strain may not be the same as 

in other Pseudomonas spp (Byng and Turner 1976; Turner and Messenger 1986). 

PDC is known to be a precursor oflomofungin in S. lomodensis (Buckland et al. 1981b) 

and of several phenazines, including PCA, in S. luteoreticuli (Buckland et al. 1981a) 

and other actinomycetes (Messenger and Turner 1978). A similar role for PDC in 

Pseudomonas or Brevibacterium could not be demonstrated in feeding experiments 

(Flood et al. 1972; Hollstein et al. 1976; Messenger and Turner 1978; Buc1dand et at. 

1981b; Turner and Messenger 1986). Interestingly, ether-treated cells of P. aureofadens 

were able to efficiently convert PDC into PCA and, at a lower level, 20HPCA and it 

was suggested that previous negative results were due to impermeability of the cells to 

PDC (Buckland et al. 1981c). Similarly, it was found that PDC was utilized by 

actinomycetes, but not pseudomonads, while the less polar dimethyl ester of PDC was 

incorporated by both groups of organisms. Again the apparent contradiction of these 

and earlier results was attributed to the impermeability of Pseudomonas cells to PDC 

(Hollstein et al. 1976; Messenger and Turner 1983). The result for dimethyl PDC was 

unable to be confirmed by other investigators and its role, and that of PDC, as a 

precursor of phenazines in P. aureofadens seems doubtful (Gulliford et al. 1978; 

Buckland et al. 1981b). 
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In contrast to PDC, PCA has been isolated from all pseudomonad phenazine producers 

known to date. PCA is a precursor of pyocyanin and 10HPZ in P. aeruginosa; 

20HPCA and 20HPZ in P. aureofaciens; and PCN in P. chiororaphis (see Section 

1.5.2) (Flood et ai. 1972; Delaney et al. 2001; Mavrodi et ai. 2001; Chin-A-Woeng et 

ai. 2001a). Thus, while POC is known to be a phenazine precursor in Streptomyces and 

Eh1 087, its role in phenazine production by pseudomonads is uncertain. PDC has not 

been isolated from the majority of pseudomonad phenazine producers and the results of 

feeding experiments have so far been ambiguous. In Eh1087, PDC not PCA is a 

precursor of other phenazines. Eh1087 possesses a set of genes very similar to the 

pseudomonad PCA operon (Giddens 2002; Giddens et ai. 2002) and, therefore, seems 

likely to operate a similar pathway for phenazine biosynthesis. Interestingly, the 

products of these genes, EhpABCDE, are responsible for production of PCA and PDC 

(Giddens 2002; Giddens et al. 2002). 

1.5.1. Phenazine-l-carboxylic acid biosynthesis by fluorescent 
pseudomonads 

Although some uncertainty remains, it is generally accepted that PCA, possibly via 

PDC in some cases, serves as the precursor for all other phenazines in the fluorescent 

pseudomonads. The genes required for the biosynthesis of PCA have now been 

characterised for a number of the pseudomonad phenazine producers. Consistent with 

early biochemical findings and the proposal of Hollstein and McCamey (1973), that 

phenazine biosynthesis was likely to involve two N-substituted chorismate molecules 

similar to anthranilic acid, some of the eady steps of phenazine biosynthesis are related 

to the shikimate pathway. A brief overview of the genetics of PCA production by 

pseudomonads will be given here and is discussed in more detail in Chapter 3. 

The first report of genes implicated in phenazine production was for P. fluorescens 2-79 

(Thomashow and Weller 1988). Two mutants deficient for PCA production were found 

to contain Tn5 insertions in adjacent genomic regions, suggesting for the first time that 

genes for phenazine biosynthesis are organised in clusters. The first isolation and 

characterisation of genes with possible roles in phenazine production was reported by 

Essar et ai. (Essar et ai. 1990) who found that P. aeruginosa contains genes for a second 

anthranilate synthase (AS) enzyme. The two genes, phnA and phnB, were distinct from 
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trpE and upG that encode the standard AS and were able to complement an coli trpE 

mutant. AS catalyses the first step in tryptophan biosynthesis, the formation of 

anthranilic acid. Inactivation of phnAB did not result in prototrophy but greatly reduced 

pyocyanin production. It was suggested that the second AS serves to provide increased 

levels of anthranilate for phenazine biosynthesis. It is now known, however, that 

anthranilate is not a phenazine precursor and that phnAB are not directly involved in the 

phenazine pathway (Mavrodi et al. 2001; Xie et al. 2003). 

Cloning of the locus responsible for PCA and 20HPCA production from P. 

aureofaciens 30-84 provided confirmation that phenazine genes are organised in 

clusters (Pierson III and TIlomashow 1992; Pierson III et al. 1995). It was found that a 

2.8 kb DNA region was required for complementation of all phenazine-deficient 

mutants and for phenazine production in E. coli. Further analysis identified five 

consecutive ORFs, designatedphzFABCD. The deduced amino acid sequences ofphzF, 

phzA and plnB were similar to the DAHP synthase, isochorismatase, and AS enzymes 

of the shikimate pathway, respectively. No useful similarity was detected for Phze, 

while PhzD appeared to be similar to pyridoxamine phosphate oxidases. The proposed 

roles of these genes in peA biosynthesis are covered in Chapters 3 and 4. 

A cluster of seven contiguous genes, designated phzABCDEFG, responsible for 

synthesis of PCA by P. fluorescens 2-79 has also been characterised (Mavrodi et al. 

1998). Five of these genes, phzC, phzD, phzE, phzF and pInG correspond to phzFABCD 

from P. aureofaciens 30-84 and the first four are absolutely required for PCA 

production. Lack of phzG resulted in production being reduced to about one percent of 

the wild-type. Two additional 2-79 genes, phzA and phzB, and the homologous phzX 

and phzY from P. aureofaciens 30-84, were also cloned (Mavrodi et al. 1998). The 

predicted products do not exhibit similarity to any known proteins but are highly similar 

to each other. The seven-gene 'PCA operon' is also found in the pyocyanin producer P. 

aeruginosa PA01 (Mavrodi et al. 2001). Two loci, designated phzA1B1C1D1E1F1Gl 

and phzA2B2C2D2E2F2G2 have been cloned from PA01, are homologous to the two 

previously described operons, and are both sufficient for synthesis of PCA. Thus, it 

would appear that a common pathway is utilised by the fluorescent pseudomonads for 

the biosynthesis of peA. 
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1.5.2. Modification of phenazineal-carboxylic acid by fluorescent 
pseudomonads 

With the exception of P. fluorescens 2-79, strains possessing the PCA operon not only 

produce PCA but also various derivatives. The substituents on the phenazine scaffold 

influence the physical and biological properties of the resulting phenazine. An 

understanding of the steps responsible for these modifications to PCA could provide 

opportunities for the manipulation of phenazine production. Most of these modifications 

are standard biochemical transformations (i.e. methylation, hydroxylation, 

decarboxylation) (Laursen and Nielsen 2004), and are often species or strain specific. 

One of the first demonstrations that other phenazines are derived from PCA was given 

by Flood et al. (Flood et al. 1972) who showed, by feeding with deuteriated PCA, that 

pyocyanin was derived from PCA in P. aureofaciens. It was also shown that one of the 

steps involves hydroxylative decarboxylation and noted that this could be carried out by 

a mixed function oxidase activity. Cross-feeding experiments using various P. 

phenazinium mutants with altered phenazine production showed that iodinin was 

synthesised from other phenazines (Byng and Turner 1976), and a scheme was proposed 

in which PDC and PCA were modified to other phenazines in a stepwise manner. 

Similarly, patterns of phenazine production by mutants, and in the presence of 

inhibitors, were used to derive a scheme for the modification of PCA to pyocyanin, 

PCN, and the aeruginosins by P. aeruginosa (Byng et ai. 1979). 

In light of the identification of homologous PCA operons in several phenazine

producing pseudomonads and the likelihood of a common pathway for synthesis of the 

phenazine scaffold, Mavrodi et at. (Mavrodi et ai. 1998) hypothesised that enzymes 

outside the PCA operon itself are responsible for the conversion of PDC or PCA to the 

other phenazines produced by these strains. 

The first PCA modification gene identified was phzO, a gene required for synthesis of 

20HPCA and 20HPZ in P. aureofaciens 30-84 (Figure 1-8) (Delaney et al. 2001). 

Located immediately downstream from the phzXYFABCD operon, phzO encodes an 

aromatic monooxygenase responsible for 2-hydroxylation of PCA to form 20HPCA 

(Delaney et al. 2001). The conversion to 20HPZ occurs spontaneously. Among 20 

phenazine-producing pseudomonads, phzO is unique to strains producing 

hydroxyphenazines. 
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The conversion of PCA to PCN in P. chlororaphis PCL1391 requires phzH (Chin-A

Woeng et al. 200la). Again located downstream of the PCA operon, phzH encodes an 

enzyme which catalyses a transamidase reaction, converting PCA into PCN (Figure 

1-8). 
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Figure 1-8: Modification of phenazine-1-carboxylic acid in pseudomonads] 

In P. aeruginosa PAOI, pyocyanin production from PCA is carried out by the products 

of the phzM and phzS genes (Mavrodi et al. 2001). PhzM, a putative phenazine-specific 

methyItransferase is thought to transfer a methyl group from S-adenosyl-L-methionine 

to the 5-N position of PCA, forming 5-methylphenazine-I-carboxylic acid betaine 

(Figure 1-8). The product of phzS, a flavin-containing monooxygenase, is thought to 

then carry out a hydroxylative decarboxylation to form pyocyanin. PIllS is also 

responsible for the conversion of PCA to 10HPZ (Figure 1-8). 

1.5.3. Manipulation of phenazine biosynthesis 
Knowledge of the genetics and biochemistry of a biosynthetic pathway can lead to an 
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ability for alteration of the pathway to suit a purpose. For example, Timms-Wilson et al. 

(2000) applied knowledge of the PCA biosynthesis pathway to a biological control 
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problem. The PCA operon from P. fluorescens 2-79 was inserted into the chromosome 

of a non-producing P. fluorescens strain, SBW25, resulting in production of PCA. The 

modified strain had a significantly improved ability to reduce damping-off disease of 

pea caused by Pythium ultimum and was shown to persist for longer periods in soil 

microcosms. Therefore, the modification of a strain, already adapted to rhizosphere 

conditions, to produce PCA resulted in enhanced ecological fitness. 

A second example is the modification of the PCA-producing pathway in P. fluorescens 

2-79 to produce PCN. The phzH gene of P. chlororaphis PCL1391 was introduced to 

the PCA-producer 2-79, resulting in the production of PCN by this strain. The 

production of PCN extended the biological control range of 2-79 to include tomato root 

rot caused by Fusarium oxysporurn (Chin-A-Woeng et aZ. 2001a). 

1.6. Genetics and biochemistry of phenazine biosynthesis in 

P. agglomeralls Ehl087 

Kearns and Mahanty (1998) created a number of antibiotic-deficient Eh1087 mutants 

and found that the mutations were all within several linked ORFs. It was also found that 

the mutations were located on an indigenous 200 kb plasmid in Eh1087, indicating that 

the genes for antibiotic (AGA) synthesis are located in a plasmid-bourne cluster. The 

isolation, characterisation, and preliminary functional analysis of the AGA cluster by 

Giddens (Giddens 2002; Giddens et al. 2002) established the genetic basis of phenazine 

production in Eh1087. However, the model proposed for AGA biosynthesis and 

putative functional assignments for the ehp genes, based on sequence homologies, 

required experimental verification. The collection of ehp mutants isolated during the 

course of this work, the information gained from their analysis, and the many questions 

remaining provided the starting point for the CUlTent investigation. 

Although several P. agglomerans strains are known to produce antibiotics, there is a 

lack of information available regarding the genes involved, and their organisation. 

Recently, Jin et aZ. isolated a 3.5 kb DNA fragment from P. aggZomerans Eh318 that 

was required for production of the antibiotic pantocin A (Jin et al. 2003). Further 

analysis revealed linked genes encoding a peptide precursor of pantocin A, two genes 

encoding modifying enzymes and a resistance gene encoding a putative efflux pump. 
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1.6.1. The Eh1087 AGA cluster 

Transposon mutagenesis and genetic complementation were used to identify the DNA 

region required for AGA production. Computational prediction of genes within the 

cluster was supported by minicell protein analysis, the production of coloured 

phenazine intermediates by mutants, and mini-Tn51acZ2 fusion data. The plasmid

bourne EhI087 AGA cluster was found to consist of fifteen genes (designated ehpA to 

0) encoding putative biosynthetic enzymes and an additional gene (ehpR) that confers 

resistance to AGA (Giddens 2002; Giddens et al. 2002). 

The ehp genes ha ve been di vided into four functional groups according to their ability 

to produce a particular coloured intermediate and their proposed roles in the 

biosynthesis of AGA. Briefly, cross-feeding of mutants, genetic complementation and 

feeding of isolated intermediates (accumulated by mutants) indicated that at least four 

main steps are required to convert coloured phenazine intermediates to AGA. Two of 

these coloured intermediates were characterised as PDC and GA, while a third 

(designated AP2) remains unknown but is likely to be a phenazine (Giddens 2002; 

Giddens et al. 2002). It is worth noting that another phenazine, PCA, was also found to 

be produced by the products of the first group of genes, but was not a precursor of 

AGA. 
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While the nucleotide sequence of the Ehl087 AGA cluster does not exhibit similarity to 

any other sequences in GenBanlc, many of the deduced amino acid sequences of the ehp 

gene products exhibit some similarity to previously reported protein sequences or 

domains (Table 1-1) and a brief summary is given below. 
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Table 1-1: The Ehp phenazine biosynthesis proteins 

Ehp 
Similarities to Phz 

Group Conserved domainG Intermediateb proteinsC 

protein 
30-84 2-79 PAOl 

1 EhpA Phenazine biosynthesis protein PDC+PCA 
PhzX 
PhzY PhzB PhzB 

EhpB Isochorismatases PDC+ PCA PhzA PhzD PhzD 
EhpC Chorismate binding enzyme 

PDC+ PCA 
GATase class I 

PhzB PhzE PhzE 

1 EhpD Phenazine biosynthesis protein PDC+PCA PhzC PhzF PhzF 
1 EhpE Pyridoxamine 5'-phosphate oxidase PDC+PCA PhzD PhzG PhzG 
2 EhpF AMP-binding enzyme AP2 
2 EhpG Aldehyde dehydrogenase AP2 
2 EhpH None AP2 
3 EhpI S-methyltransferase GA 
3 EhpJ Arabinose efflux permease GA 

3 EhpK Short chain dehydrogenase GA 

3 EhpL N aphthocyclinone hydroxy lase GA 
Acyl-CoA dehydrogenases 

4 EhpM AMP-binding enzyme AGA 
4 EhpN Phosphopantetheine-binding AGA 

4 EhpO Ketoacyl-acyl carrier protein synthase III AGA 
AGAR EhpR GlyoxalaselBleomycin resistance protein 

Lactoylglutathione lyase 

Notes: QDomain assignment based on NCBI conserved domain database search results. bPhenazine 
ntermediate synthesized by the corresponding group ofEhp proteins. 'Proteins encoded by the PCA 
operons of P. aUl'eojaciells 30-84, P. jluorescens 2-79, P. aeruginosa PAOl. 

Group 1 

Mutants with transposon insertions in ehpA, ehpB, ehpC, ehpD or ehpE do not 

accumulate any coloured intermediates and it was found that these genes are required 

for the synthesis of PDC, the putati ve first phenazine intermediate of AGA biosynthesis, 

and PCA. The predicted translation products of the Group 1 genes are similar to 

products of the pseudomonad PCA operon (Table 1-1) and therefore appear to be 

analogous. Interestingly, these genes are sufficient for the production of PCA and PDC, 

providing the first known example of a phenazine producer possessing a PCA operon 

that is also responsible for the production of PDC. An investigation into this intriguing 

difference forms part of the current work and is the subject of Chapters 3 and 4. 
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Group 2 

Mutants, with transposon insertions in ehpF, ehpG or ehpH, accumulate two yellow 

phenazines, found to be PDC and PCA. The Group 2 genes are required for conversion 

of PDC to AP2. The predicted EhpF sequence contains a region of weak similarity to a 

domain of AMP-binding proteins and EhpG has a region that appears to be similar to 

part of an aldehyde dehydrogenase family (Table 1-1). No similarity was detected for 

the EhpH sequence. 

Group 3 

Mutation of genes in this group results in the accumulation of a red phenazine 

intermediate (or intermediates) AP2, as yet uncharacterised. The products of the ehpI, 

ehpJ, ehpK and ehpL genes are responsible for the conversion of AP2 to GA, the 

penultimate phenazine of the Eh1087 pathway. EhpI exhibits similarity to a 
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methyl transferase motif while BhpK Was found to be similar to bacterial 

oxidoreductases (Table 1-1). The predicted EhpJ sequence has similarities to several 

membrane transporter fan1ilies (Table 1-1) and has 14 predicted membrane-spanning 

regions. The membrane topology of EhpJ was tested experimentally using mini

Tn5phoA fusions-the locations of active fusions largely agreed with the sequence-based 

predictions. 

Group 4 

Inactivation of group 4 genes, ehpM, ehpN or ehpO, abolishes the final step in the 

pathway, the conversion of the orange GA to yellow AGA. The Group 4 gene products 

therefore are responsible for the addition of a D-alanine moiety to GA to create AGA. 

Consistent with their proposed role, the predicted sequences of EhpM and EhpN exhibit 

similarity (Table 1-1) to non-ribosomal peptide synthetases (NRPSs). EhpM also 

appears to possess an N-terminal 75-residuecytoplasmic domain followed by a 19-

residue membrane-spanning helix, with the bulk of the protein residing in the periplasm. 

The low ~-galactosidase activity of lacZ fusions to this predicted periplasmic domain 

are consistent with this prediction. No significant homology was found for the EhpO 

sequence. A preliminary investigation into the cellular location of the Group 4 proteins 

forms the basis of Chapter 5. 
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The resistance gene, ehpR 

A gene located upstream of ehpA and divergently transcribed from the other ehp genes 

is able to confer resistance against AGA upon host cells. promoter for ehpR may 

overlap the promoter for the phzA -0 genes-this might allow co-ordinated expression 

and, hence, provide a means of ensuring protection from AGA production. The 

sequence of ehpR and its predicted protein product do not exhibit obvious similarity to 

any sequences in the databases. A clue as to the mechanism of resistance conferred by 

this protein has been provided by determination of a crystal structure of EhpR with 

hound GA (Blankenfeldt et al. 2004, personal communication). 

1.6.2. Model for Ehl087 phenazine biosynthesis 

A preliminary model for the production of AGA by Eh1087 has been proposed by 

Giddens (2002) (Figure 1-9). The first step, carried out by EhpABCDE, is the 

production of PDC (and PCA) in a manner analogous to PCA production in the 

fluorescent pseudomonads. The conversion of PDC to AP2, which involves unknown 

modifications but results in the production of a red intermediate (or intermediates), is 

then carried out by the Group 2 gene products, EhpFGH. The possible membrane 

association of EhpG and EhpH suggested that the conversion of PDC to AP2 may be 

carried out near the site of the subsequent step on the cytoplasmic side of the cellular 

membrane. 
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Conversion of AP2 to GA, carried out by EhpIJKL was thought to occur before or 

during export from the cell. EhpI, a putative methyltransferase is a candidate for the 

addition of the methoxy group at position 9. EhpK, a putative oxidoreductase may be 

responsible for the reduction of the carboxylate at position 6. EhpJ is a transmembrane 

protein with similarity to membrane transporters and was, therefore, suggested to 

facilitate export of GA from the cytoplasm. Several lines of evidence suggested that GA 

is exported to the peri plasm at this stage, where the final modification to AGA takes 

place (Giddens et at. 2002). The addition of a D-alanine residue to GA to form AGA is 

carried out by the Group 4 gene products EhpMNO. In aqueous conditions, AGA is 

known to hydrolyse spontaneously to form GA. It is likely that EhpMNO are able to 

recycle this GA to maintain the extracellular concentration of AGA. 
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Figure 1-9: Model for AGA production by Eh1087 as proposed by Giddens (Giddens et al. 2002) 

1. 7. Research goals 

Recent progress in the understanding of phenazine biosynthesis has been made, while 

some aspects remain unclear and a number of new questions have been raised. For 

example, McDonald et ai. (2001) have experimentally confirmed some of the putative 

intermediates and predicted PCA operon-encoded enzyme activities in pseudomonads, 

while Giddens (2002) has shown that a similar set of proteins exists in Eh1087. There 

is, however, a difference between the pseudomonads and Eh1087 in the phenazines 

produced. The production of PDC by Eh1 087, and it's modification to the final AGA 

product, appears to be novel. Specifically, the details of formation of the common 

phenazine scaffold remain unclear. An important step is the dimerisation of two 

molecules derived from chorismic acid to form PCA in which PhzFlEhpD are required 

and PhzAB/EhpA are thought to be involved. 

The difference between the pseudomonad and Eh1087 pathways was the motivation for 

part of the current investigation. It was thought that uncovering the nature of the 
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difference could contribute to understanding of the mechanism of PCA and PDC 

formation. Additionally, the sequence data and proposed model provided by Giddens 

(2002) have led to testable predictions for further investigation of the roles and 

functions of the PDC-modifying steps of the EH1087 pathway. A major theme then, of 

the current research, was to further understanding of selected aspects of AGA 

biosynthesis by Eh1087 and the following hypotheses were the basis of the 

investigations carried out. 

Role of ehpA I EhpA in formation of PCA and PDC 

Group 1 of the Eh1087 AGA cluster lacks the apparent gene duplication (PhzAB) 

observed for the analogous functional group of genes involved in phenazine 

biosynthesis by pseudomonads. The products of group 1 genes are sufficient for the 

formation of both PDC and PCA, while pseudomonads only produce PCA. 

It is proposed that the phzAB.homolog, ehpA, in Eh1087 is responsible for the 

difference in phenazine production. 

A detailed analysis of the sequence of EhpA in comparison to the PhzAXIBY proteins 

and related proteins of known structure and function was carried out and is described in 

Chapter 3. An experimental examination of the influence of EhpA on phenazine 

production by the Group 1 proteins forms the basis of Chapter 4. 

Localisation of EhpMNO 

Evidence presented by Giddens suggested that the final modification of GA to AGA is 

carried out in the periplasm of Eh1087. The functional group of genes responsible for 

the formation of GA includes a transmembrane putative efflux pump and EhpM appears 

to be localised to the periplasm. 

It is proposed that the group 4 gene products, EhpMNO, are located in the periplasm of 

Eh1087 where they carry out the conversion of GA to AGA. 

A preliminary investigation into the localisation of the Group 4 proteins and a re

evaluation of their putative functions are presented in Chapter 5. 
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Role of glutamine in phenazine production 

The two ring-nitrogens of the phenazine nucleus are derived from glutamine in 

Brevibacterium and Pseudomonas. An Eh1087 ginA mutant allowed the role of 

glutamine to be examined for AGA biosynthesis in Eh1087. 

It is proposed that glutamine is the primary source ojphenazine ring nitrogen in 

Ehl087. 
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The isolation and characterisation of the Eh1087 ginA gene, and the results of an 

investigation into the role of glutamine as a nitrogen donor for phenazine biosynthesis 

are reported in Chapter 6, the major findings have also been published in a recent paper. 
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Chapter 2: Experimental Methods 

2.0. Bacterial strains, plasmids and bacteriophage 

Bacterial strains, plasmids and phage used in this study are listed in Table 2-1. 

Construction of plasmids created during the present study is described in Section 2.13. 

Table 2-1: Bacterial strains, plasmids and bacteriophage 

Strain, plasmid Reference or 
Relevant genotype/description Source or phage 

E. coli 

DH5a 

GMl19 

MC4100 

MC4100 recA+ 

PB2480 

S17-1 

TH16 

TOP 10 

YMClO 

P. agglomeralls 

Eh1087 

EhAAb 

Eh7.1 

EhR7.1 

EhehpA to 0 

E. amylovora 

Ea8862 

supE44 tJ.lacUI69(</l80lacZtJ.MI5) hsdR17 thi-l relAI 

dam-3 dcm-6 metEI galK2 galT22lacYl tsx-78 supE44 

araD139 tJ.(lacIPOZYA-grgF) Ul69 IpsL thi recA-56 supo 

As for MC4100 except recA transferred from E. coli W3110 
. by PI transduction 

Thrl leu6 lacYI supE44 tonAZI 

thi pro hsdR- hsdM+ MecA ApiI' RP4-2 TpR::Mu-KmR::Tn7 

Derivative of YMClO; glnA21 ::Tn5; KanR 

F- mcrA tJ.(mrr-hsdRMS-mcrBC) <D80lacZtJ.M15 tJ.lacX74 
recAI araD139 tJ.(ara-leu)7697 galU galK lpsL (StrR) endAl 
nupG 

K12 derivative; pro thi endA hsr tJ.lacU169 hutCKlebs 

Erwinia herbicola strain isolated from Malus x domestica; 
spontaneous Rif< 

Eh1087 derivative in which the AGA-gene cluster has been 
replaced with a Q SmR cassette; RifR, StrepR 

Eh1087 derivative with mini-Tn51acZ2 insertion 17 bp 
upstream of ginA translational start; Rif<-, KanR 

Eh1087 derivative with mini-Tn5lacZ2 insertion in glnA 
transferred from ptJ.glnAl by recombination; RifR, KanR 

£h1087 derivative with mini-Tn5lacZ2 insertion in an ehp 
gene; RifR, KanR 

Strain isolated from Malus x domestica 

Hanahan 1983 

Arraj and 
Marinus 1983 

Casadaban1976 

Giddens 2002 

P. Berquist 

Simon etat. 
1983 

Reitzer and 
Magasanik 1986 

Invitrogen 

Backman et al. 
1981 

Kearns 1993 

Giddens 2002 

This Study 

This Study 

Giddens 2002 

ICMP, Landcare 
Research, NZ 
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Strain, plasmid 
Relevant genotype/description 

Reference or 
or phage Source 

pACYC184 PlSa ori, CmR, TetR Chang and 
Cohen 1978 

pACehpA 1,834 bp Bal11HI-HindIII fragment with ehpA in pACYC184; This study 
CmR 

pBB7 BamHI 7.4 kbp subclone of pLA272 in pBR322, contains 
ehpR, ehpA-E; AmpR 

Giddens 2002 

pBCDE 4,OS4 bp region containing the ehpBCDE genes cloned in This study 
pENTRISDID-Tapa 

pBESb EcoRI S kbp subclone of pLA272 in pBR322, contains ehpM- Giddens 2002 
e/zpO; AmpR 

pBluescdptKS- M13-, ColEl ori lacZa KS-oriented MCS; AmpR Short et al. 1988 

pBR322 ColEl derivative; AmpR, Tef Bolivar et al. 
1977 

pBRgln6 ca. 6 kbp Sail fragment from pGlnal in pBR322, contains 
glnA; AmpR 

This study 

pEhpBCDE 414 bp SacI-BamHI fragment from pPehp and 4,060 bp This study 
. BamHI-XbaI fragment from pBCDE cloned in pENTRISDID-
Tapa; KanR 

pEhpGrpl S,IS6 bp region containing the ehpABCDE genes, extending This study 
from the promoter region to 78 bp upstream of ehpE cloned in 
pENTRISDID-TOPO; KanR 

pENTRISDID- ori; directional Tapa cloning site; KanR Invitrogen 
Tapa 

pGemBCDE 4,061 bp region containing the ehpBCDE cloned in pGEM-T 
Easy; AmpR 

This study 

pGEM-TEasy od; multiple cloning site; AmpR Promega 

pGemPhzAB 1,441 bp SOE fragment with Pehp and phzAB cloned in This study 
pGEM-T Easy; AmpR 

pGemPhzAB-Grpl 1,428 bp Sad-ClaI fragment with Pehp-phzAB and a 4,061 bp This study 
region containing ehpBCDE cloned in pGEM-T Easy; AmpR 

pGlnAI to 4 glnA-encoding cosmids from Eh1087 genomic library; TetR This study 

pLlGlnAl pOlnAI carrying mini-Tn51acZ2 insertion 17 bp upstream of This study 
ginA translational start; TetR, KanR 

pHRP315 IncQ plasmid containing an Q SmR cassette Parales and 
Harwood 1993 

pJQ200SK P1Sa ori, SacB, pBluescript MCS;GentR Quandt and 
Hynes 1993 

pKSEh7.1P9 ca. 9 kb Pst! clone of the Eh7.1 mini-Tn5 insertion point in 
pBluescriptKS; AmpR, KanR 

This study 

pKSehpMNO 2,776 bp BamHI-SalI fragment from pMNO cloned in This study 
pBluescript KS-

pKSPehp 414 bp SacI-BamHI fragment from pPehp cloned in This study 
pBluescript KS-

pLAFR3 RP4 (IncP-l) ori, Acos, pUC9 MCS and lacZa+;TetR Staskawicz et at. 
1987 
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Strain, plasmid 
or phage 

pMNO 

pPehp 

pROBE 

pUCP-A1Gl 

Experimental Methods 

Relevant genotype/description 

2,770 bp region containing the ehpMNO genes cloned in 
pENTRfSDID-TOPO; KanR 

412 bp region containing the putative promoter for the AGA 
cluster, Pehp, cloned in pENTRfSDID-TOPO; KanR 

pBlueseript KS- containing a 1.5kb NotI fragment with the 
KanR cassette from mini-Tn5lacZ2 cloned into the EcoRV 
site 

6.9 kb NdeI-EcoRV fragment withphzA1B1C1D1E1F1Gl 
genes cloned in pUCP26; TetR 

Reference or 
Source 

This study 

This study 

Giddens 2002 

Mavrodi et at. 
2001 

44 

pUT::mini
Tn51acZ2 

mobilizable suicide delivery plasmid containing tnp for 
transposition; KanR 

de Lorenzo et al. 
1990 

Phage 

ANK1324 Lambda delivery vehicle for miniTnl0 derivative 105 (CmR) 

2.1. Buffers, solutions and media 

Kleckner et al. 
1991 

Buffers, solutions and media used in this study were prepared as described in Appendix 

AI. 

2.2. Bacteriological methods 

2.2.1. Media and growth conditions 

E. coli strains were routinely grown at 37°C, and P. agglomerans and amylovora at 

30°e, Bacteria were cultured in LB medium (Sambrook et al. 1989) or I-A minimal 

medium (Miller 1992). I-A media was supplemented with 0.2% glucose, 5 ~g/ml 

thiamine and, for the growth of E. coli and E. amylovora, 50 ~g/ml niacin (Sigma). 

Where necessary, 5-10 mM L-glutamine (Sigma) was added. Solid media was prepared 

by the addition of 1.5% agar. Antibiotics and supplements (Sigma) were used as per 

Table 2-2 with the exception of ampicillin which was used at two or three times 

concentration for selection and plasmid maintenance in P. agglomerans. 

Bacterial cultures, generally 3-10 mI, were inoculated with single colonies from 

selective plates or from frozen stocks and grown overnight (ca. 16 hr). Larger volume 

cultures, where stated, where inoculated with an aliquot of an overnight seed culture 

grown with selection. Frozen stocks of bacterial strains, for long term storage, were 
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prepared by harvesting bacteria by centrifugation, re-suspending the pellet in LB 

supplemented with 15% glycerol and freezing at -80°C. 

Table 2·2: Antibiotics and supplements 
Antibiotic or supplement 
Ampicillin (Amp) 
Chloramphenicol (Cm) 
Gentamycin (Gent) 
Kanamycin (Kan) 
Nalidixic Acid (Nal) 
Rifampicin (Rif) 
Streptomycin (Strep) 
Tetracycline (Tet) 
5-Bromo-4-chloro-3-indoyl-~-D
galactopyranoside (X-gal) 

Working concentration 
100 ]..tg/ml 
30 ]..tg/ml 
15 ug/ml 
50 ]..tg/ml 
30 ]..tg/ml 
50 ]..tg/ml 
25 ]..tg/ml 
15 ]..tg/ml 
20 ]..tg/ml 

2.2.2. Harvesting/removal of bacteria by centrifugation 
When bacterial cells were required from liquid cultures or suspensions, cell pellets were 

obtained by centrifugation at ca. 5000x g (5000-7000 rpm) for 2-5 min. Alternatively, 

when the supernatant was required, centrifugation was at ca. 13,000-17,000x g (11,000-

13,000 rpm) for 5-10 min. 

2.3. Introduction of plasmid DNA to bacterial cells 

2.3.1. Conjugation 
Where stated, plasmids were transferred to P. agglomerans strains by conjugation with 

E. coli S 17 -1. S 17 -1 has the IncP-transfer genes of plasmid RP4 integrated into the 

chromosome and is therefore able to conjugatively transfer plasmids with P-type Mob 

sites to Gram-negative bacteria (Simon etal. 1983). Overnight cultures ofS17-1, 

harbouring the relevant plasmid, and the recipient strain were rinsed, by centrifugation 

and re-suspension in LB media, to remove antibiotics. Equal volumes were then plated 

on LB supplemented with appropriate antibiotic selection. All conjugation plates were 

supplemented with Rif to counter-select E. coli. Conjugation was able to proceed 

despite E. coli being Rif~ due to the fact that Rif is bacteriostatic and therefore, the E. 

coli cells were not killed. Plates were incubated overnight (ca. 16 hr) and bacterial 

colonies isolated for further analysis. 
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2.3.2. Transformation 

Calcium chloride method 
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.~~~~~~~~~~~~~--

Calcium chloride-mediated transformation of E. coli was generally carried out where 

problems were encountered with electroporation (see below). The preparation of 

calcium chloride competent cells was essentially as described by Sambrook et ai. 

(1989). A 10 ml LB culture was inoculated with 200 J.lI of an overnight culture of the E. 

coli strain and grown (shaking, 300 rpm) to an OD6oo of 0.4-0.6 (2-3 hr). The culture 

was chilled on ice for 10 min, the cells harvested by centrifugation (2-4°C) and re

suspended in 5 m} 0.1 M CaCho The cells were harvested again and re-suspended in 500 

J.lI 0.1 M CaCh and held on ice for a minimum of 1 hr before use. If kept on ice, 

competent cells prepared in this manner were viable for several days. For 

transformation, 0.1-2 J.lg of DNA was added to 50 J.lI aliquots of competent cells, gently 

mixed and held onice for 20 min. The mixture was then subjected to a heat-shock 

(42°C, 90 sec) and returned to ice for a further 2 min before the addition of 800 J.ll SOC 

medium and elaboration at 37°C for 1 hr. 

Electroporation 

Electroporation was routinely used to transform E. coli and P. agglomerans strains with 

plasmid DNA. E. coli strains were subcultured from overnight cultures and grown 

(shaking, 300 rpm) to an OD6oo of 0.4-0.6 before being chilled on ice. P. agglomerans 

strains were similarly grown to an OD6oo of 0.4-0.6 or were grown overnight and then 

chilled on ice. Bacteria from chilled cultures were rinsed three times by centrifugation 

and resuspension in cold dH20. Cells were finally resuspended in ca. 11l00th volume 

dH20 for immediate use, or 10% glycerol and divided into 40 J.lI aliquots, for storage at 

-80°C, Electroporation was carried out using a Bio-rad Gene Pulser set at 1.8 kV, 

capacitance 25 J.lF, resistance 200 n. DNA was added to competent cells and transferred 

to a chilled, sterile 0.1 cm electroporation cuvette (Bio-rad). Immediately after the 

pulse, 800 J.ll SOC medium was added and the suspension elaborated at 37°C for 1 hr. 
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2.4. Transposon mutagenesis 

2.4.1. Isolation of random Ehl087 AGA-deficient mutants 

Mini-TnSlacZ2 transposon mutagenesis of Eh1087 was carried out using a simplified 

version of the method used by de Lorenzo et al. (1990). A suicide plasmid containing 

mini-TnSlacZ2 (pUT::mini-TnSlacZ2) was used as a delivery vehicle. This pUT

derived plasmid requires the n protein, produced by cells containing A-pir (e.g. S17-1), 

for replication and is, therefore, not maintained in Ehl 087. The plasmid carries tnp *, 

that encodes the transposase required for transposition of mini-TnS, ensuring that once 

the plasmid is lost, no further transposition events will take place. The KanR marker of 

mini-TnSlacZ2 allows selection of transconjugants containing transposon insertions. 

Mini-TnSlacZ2, when inserted in the correct reading frame and orientation, is able to 

create gene fusions which result in hybrid proteins with ~-galactosidase at their C

terminal end. Insertions in this orientation (Ol) also allow expression of downstream 

genes, presumably by read-through from the KanR promoter. 

For insertional mutagenesis, the pUT::mini-TnSlacZ2 plasmid was introduced into 

Eh1087 by conjugation from coli S17-1 (Section 2.3.1) and transconjugants selected 

on LB plates containing ruf, Kan and X-gaL Up to 50 ruf, KanR transconjugants from 

each round were screened for loss of AGA production on amylovora Ea8862 lawns 

(Section 2.5). 

2.4.2. Mini-Tnl 0 cam 

Mini-Tnl 0 cam insertional mutagenesis of pBRgln6 was carried out essentially as 

described by Kleckner et al. (1991). 

Preparation of phage A lysates 

47 

Lysates containing the phage delivery vehicle, ANK1324, at high titre (2': 1010 c.f.u.lml) 

were prepared from E. coli PB2480 (permissive host) as follows. Serial dilutions of 

phage stock were spotted onto an LB plate with an H-top overlay containing PB2480 

(l00 III of an overnight culture per 3 ml) and incubated overnight at 37°C. A plug 

containing a single phage plaque was then transferred to 10 ml of TBMM inoculated 

with 100 III of a fresh PB2480 overnight culture. After incubation at 37°C with vigorous 

shaking (350 rpm) for five-six hr, or until clearing was observed, 100 ul of chloroform 
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was added with shaking to ensure lysis. The culture was allowed to settle and then 

centrifuged to remove debris. The supernatant was transferred to a sterile vessel, several 

drops of chloroform were added to maintain sterility, and the lysate was stored at 4°C. 

The phage titre was determined by plating on H-top overlays containing PB2480 or E. 

coli MC4100 (non-permissive host) as described above. 

Inseltional mutagenesis of pBRgln6 

Aliquots of overnight cultures of E. coli S 17 -1 (pBRgln6) were infected with ANK1324 

(multiplicity of infection ratio ca. 1: 1) and plated on LB+Strep+Amp+Cm, to select for 

S17-1, pBRgln6, and mini-TnlO cam, respectively. Resulting transductant colonies 

were then pooled and plasmid DNA prepared (Section 2.6). Derivatives of pBRgln6 

with insertions inactivating the Eh1087 gInA gene were identified by screening for the 

ability to complement the coli gInA mutant, TH16, to prototrophy. 

THI6(pBRgln6::mini-TnlO cam) colonies which were unable to grow on I-A media 

were purified and plasmid DNA prepared. Restriction digestion and agarose gel 

electrophoresis was then used to identify into which fragment of pBRgln6 the 1.4 kb 

mini-TnlO cam had inserted. 

2.5. Antibiotic activity assays 

Antibiotic activity was routinely assayed on a lawn of E. amylovora strain Ea8862 

prepared by overlaying LB or I-A agar plates with 2.5 ml of molten overlay agar seeded 

with 25 III of an overnight LB culture of Ea8862. Aliquots of rinsed cells from 

overnight cultures of strains to be tested for antibiotic activity, or 6 mm diameter 

antibiotic assay discs (Schleicher and Schuel1) impregnated with the test compound, 

were placed directly on the Ea8862 lawn. Alternatively, colonies were transferred from 

selective plates to the Ea8862 lawn using sterile toothpicks. Antibiotic activity was 

assessed as zones of Ea8862 inhibition, after overnight incubation at 30°C. 

2.6. DNA isolation and manipulation 

2.6.1. Purification of plasmid DNA 

Plasmid DNA was prepared from bacterial cells using modifications of the alkaline lysis 

procedure (Sambrook et al. 1989) and was stored at -20°C. Plasmids were routinely 
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prepared from DH5a host strains or, when using methylation-sensitive restriction 

enzymes, from the damldcm strain GM119. 

Small volume plasmid DNA preparations 
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Cells from aliquots (0.6-1.5 ml) of overnight cultures were harvested in microfuge tubes 

and thoroughly re-suspended in 100 III of solution I, an isotonic buffer containing 

EDTA to inhibit nuclease activity. Immediately, 200 III of solution II was added, which 

contained SDS and sodium hydroxide to lyse cells and denature proteins and 

chromosomal DNA by increasing the pH. The solution was again thoroughly mixed 

until clearing and increased viscocity were observed. A half-volume (150 Ill) of solution 

III was then added to lower the pH and precipitate proteins -any large lumps were 

broken up before proceeding. The precipitate was sedimented by centrifugation and 

discarded. DNA was precipitated from the supernatant by adding two volumes of 100% 

ethanol and collected by centrifugation. Residual salts were removed by rinsing with 

70% ethanol and the DNA-containing pellet air-dried. Depending on the starting culture 

volume and subsequent application, the DNA was dissolved in 20-200 III dH20, Tris pH 

8.0,orTE. 

Large volume I high purity plasmid DNA preparations 

When sequencing quality DNA preparations were required, the procedure described 

above was scaled up and additional steps to further purify the DNA were added. 

Generally, 10 ml cultures were used as larger volumes resulted in lower quality. Steps 

were carried out on ice or at 4°C were possible. Cells were harvested and re-suspended 

in 5 ml of solution I followed by the addition of 5 ml of solution II and thorough 

mixing. Solution III was added as half the volume of the combined solutions I and II, 

i.e. 5 ml, followed by thorough mixing and centrifugation. The supernatant was retained 

and DNA precipitated by the addition of 0.6 volumes of isopropanol. After 

centrifugation, the pellet was rinsed with 70% ethanol, air-dried, and dissolved in 200-

500 III TE. RNA was digested by adding ca. 2.5 Ilg DNAse-free RNAse (Roche) and 

incubating at 37°C for 30 min. High-molecular weight RNA was then precipitated by 

adding one volume of 5 M lithium chloride, final concentration of 2.5 M, and 

incubation on ice for 30 min. The precipitate was removed by centrifugation and the 
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DNA again ethanol-precipitated, rinsed, air-dried and dissolved in 200 III TE. 

Remaining protein was removed by phenol/chloroform extraction (Section 2.6.2) and 

recovered by ethanol-precipitation (Section 2.6.3). For a high-copy plasmid, 50-100 Ilg 

of DNA could be obtained in this manner from a 10 ml coli overnight culture and 

was dissolved in 50-100 III dH20, Tris, or TE. 

Modified Kado and Liu method 

Preparation of the large ca. 200 kb plasmid harboured by Ehl 087, which contains the 

ehp genes, was carried out essentially as described by Kado and Liu (1981). Cut-off 

pipettor tips were used to avoid shearing of large plasmid DNA molecules. Cells from 

1.5 m} of an overnight culture were harvested and re-suspended in 200 III TAE, 

followed by addition of 400 III of KL lysis solution (Section Al.IA). Mixing was by 

careful inversion of the microfuge tube. A heat treatment for 90 min at 75°C was used 

to degrade chromosomal DNA; followed by a phenol/chloroform extraction (Section 

2.6.2), with gentle mixing and taking care to avoid the unstable precipitate at the 

aqueous/solvent interface. The aqueous phase was suitable for the analysis of the 

Eh1087 plasmid by gel electrophoresis and Southern blottinglhybridisation. 

Genomic DNA 

Eh1087 total genomic DNA was prepared using the guanidium thiocyanate method of 

Pitcher et at. (1989). Cells from 1 rnl of an overnight culture were harvested and re

suspended in 100 III of TE, to which 500 III of GES solution was added and mixed to 

lyse the cells. After incubation at 65°C for 15 min, 250 III of cold 7.5 M ammonium 

acetate was added, and the solution kept on ice for 10 min to precipitate denatured 

proteins. Two extractions with 500 III of chloroform:isoamyl alcohol (24:1) were then 

carried out and DNA precipitated from the aqueous phase by precipitation with 0.6 

volumes of isopropanol. The DNA pellet was then rinsed with 70% ethanol, air-dried, 

and dissolved in 50 III TE. 

2.6.2. Phenol/chloroform extraction of DNA preparations 
To remove contaminating protein from plasmid DNA preparations or after enzyme 

treatment of DNA, phenol/chloroform extractions were carried out (Sambrook et al. 

1989). Solutions of DNA were made up to a minimum volume of 200 III with TE to 

50 
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facilitate maximum recovery. One volume of Tris-buffer-saturated phenol (pH S; 

Invitrogen) and one volume of chloroform:isoamyl alcohol (24:1) were added to the 

aqueous DNA solution and mixed to form and emulsion. The two phases were separated 

by centrifugation (17,000x g) for five min and the upper aqueous layer removed to a 

fresh microfuge tube, taking care to avoid any precipitate at the interface. One volume 

of chloroform:isoamyl alcohol was added and the solution again mixed and centrifuged. 

The aqueous phase was recovered and DNA precipitated by ethanol-precipitation. 

2.6.3. Ethanol-precipitation of DNA 

Solutions containing DNA to be precipitated were adjusted to a volume of 200 ~] (50 ~] 

for ligations) by the addition ofTE or dH20, followed by the addition of a l/Sth volume 

of potassium acetate (2 M; pH S.O). DNA was precipitated by the addition of two 

volumes of cold 100% ethanol and kept on ice for at least 10 min. After centdfugation 

(17,000x g, 10 miri), the DNA pellet was rinsed at least once with room temperature 

70% ethanol and air-dried before being dissolved in dH20, TE, Tris, or an appropriate 

reaction mixture. 

2.6.4. Restriction enzyme digestion of DNA 
Restdction enzyme digestion of DNA was carried out as per manufacturer's instructions 

(Invitrogen, Roche). Digestions were generally carried out in 20 ~l reaction volumes 

with 0.5-2 units of enzyme per ~g DNA. DNAse-free RNAse was added at 0.1-0.5 ~g 

per reaction where necessary. Digestions were incubated at 37°C for 1-2 hr and 

analysed by agarose gel electrophoresis. DNA required for further manipulations was 

ethanol-precipitated after heat inactivation of enzymes and/or phenol/chloroform 

extraction. 

2.6.5. Agarose gel electrophoresis of DNA 
Samples of DNA preparations, restriction digestion reactions, and PCR products, mixed 

with loading bufIer, were separated and analysed by agarose gel electrophoresis. 

agarose gels used were generally O.S% agarose but, depending on application and sizes 

of DNA fragments to be separated, 0.5-2% agarose was used. Gels (10 cm) were run 

hodzontally, submerged in TAE buffer, generally for 1-2 hr at SO V (~S V/cm). Gels 

were stained with 0.5 ~g/ml ethidium bromide in TAE and visualized with UV light 
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(254 nm). Digital images were captured with a Kodak DSC120 camera and analysed 

with Kodak Digital Science ID image analysis software. The concentration and 

molecular weight of DNA fragments was estimated by comparison with 1 kb ladder and 

A HindIII standards (Invitrogen). 

2.6.6. Elution of DNA bands from agarose gels 
When a specific DNA fragment from a restriction digest or a purified PCR product was 

required, a larger amount of sample was loaded on an agarose gel. The band(s) 

containing the desired fragment(s) were excised from the gel after ethidium bromide 

staining, taking care to minimize the size of the gel slice, and exposure to UV. The 

agarose was then dissolved and the DNA recovered using the Perfectprep Gel Cleanup 

(Eppendorf) and QIAquick Gel Extraction (Qiagen) spin column-based kits according 

to the manufacturer's instructions. DNA fragments were generally eluted in 20-30 J..lI 

dH20 or Tris and were checked by agarose gel electrophoresis prior to further use. 

2.6.7. Dephosphorylation of 5' overhangs 
In order to prevent re-ligation of the compatible ends of vectors linearised with a single 

restriction enzyme, the 5' phosphate groups were removed using calf intestinal alkaline 

phosphatase (Roche). Ethanol-precipitated DNA was treated with 1-2 units of enzyme 

per J..lg in a 50 J..lI reaction volume as per manufacturer's instructions and was incubated 

at 37°C for 1 hr. The enzyme was then heat-inactivated at 75°C for 10 min or removed 

by phenol/chloroform extraction. DNA was recovered by ethanol-precipitation. 

2.6.8. Filling in of 5' overhangs 
When DNA fragments with sticky ends (overhangs) were to be ligated with blunt ends, 

the overhangs were filled in using the DNA polymerase I Klenow fragment (Invitrogen) 

as described by Ausubel et ai. (1989). Purified DNA or a heat-inactivated restriction 

enzyme reaction mixture were treated in a 20 J..lI reaction volume with 2-6 units of 

Klenow fragment, 2.5 J..lI of 0.2 mM dNTPs and restriction enzyme buffer. After 

incubation at 30°C for 15 min, the enzyme was heat-inactivated at 75°C for 10 min and 

the DNA recovered by phenol/chloroform extraction and ethanol-precipitation. 
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2.6.9. Ligation of DNA fragments/vectors 
DNA fragments to be ligated were mixed at insert vector ratios of ca. 2: 1 to 5: 1 and 

were ligated using T4 DNA ligase (Invitrogen) of Fast-Link DNA ligase (Epicentre). 

Reaction mixtures were set up according to manufacturer's instructions in typical 

volumes of 10-30 ~l containing 0.1-0.5 units of enzyme per ~L Reactions were 

incubated at room temperature for 15 min (Fast-link) to 16 hr and an aliquot analysed 

by agarose gel electrophoresis. Reaction mixtures were used directly for transformation 

of calcium chloride competent cells or made up to 50 ~l with dH20 and potassium 

acetate, ethanol-precipitated, and dissolved in 7 ~l dH20. Generally, 2 ~l were analysed 

by agarose gel electrophoresis and 2.5 ~l for electroporation. 

2.7. DNA sequencing 

DNA fragments to be sequenced were cloned to pBluescript KS- for sequencing from 

the T3 and T7 primer sites, or a similar vector with suitable sequencing primer sites. 

Sequencing-quality plasmid DNA was prepared (Section 2.6.1-2.6.3) from DH5a. 

Nucleotide sequences were determined by simultaneous bi-directional sequencing using 

aLI-COR 4000LD IR2 automated sequencer (DNA Sequencing Facility, School of 

Medicine, University of Auckland). 

2.8. Southern blotting and hybridisation 

2.8.1. Vacuum blotting 

DNA for Southern hybridization analysis was transferred from an agarose gel to 

Hybond N+ membrane (Amersham Pharmacia) by vacuum blotting using a Pharmacia 

LKB VacuGene XL system according to manufacturer's instructions. DNA was 

partially depurinated by treatment of the gel with 0.25 M HCI for 10 min under a 40-50 

mBar vacuum, after which the HCI was removed and the gel covered with 0.4 M 

NaOH. Transfer and fixing of DNA to the nylon membrane was carried out under a 40-

50 mBar vacuum for 1-3 hr, depending on the agarose percentage of the gel. A longer 

time and lower vacuum were used for low percentage gels « 0.70%), to avoid 

compression, which traps DNA in the gel). The membrane was then rinsed in 2x SSC 

and the gel re-stained in ethidium bromide to verify DNA transfer. 
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2.8.2. Detection of DNA-DNA hybridisation 

Enhanced Chemiluminescence (ECL) 
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DNA probe fragments were labelled using the ECL direct nucleic acid labelling and 

detection system (Amersham Pharmacia) according to manufacturer's instructions. An 

oven with a rotary hybridisation tube holder was used for hybridisation (Hybaid). To aid 

in handling, and to prevent self-contact, membranes were rolled up in SSC-wetted 

screen-plinting mesh prior to insertion into hybridisation tubes. Pre-hybridisation of the 

membrane was calTied out for I hr at 42°C in 20 ml ECL gold hybridisation buffer 

(Section Al.1.9), after which labelled probe was added to ca. 10 ng/j.tl. After ca. 16 hr 

hybridisation at 42°C, the membrane was rinsed with pre-warmed 5x SSC while the 

temperature was raised to 55°C, Stringency washes were then carried out with one 10 

min wash with 100 m} of low-stringency primary wash buffer and two 5 min washes 

with 100 ml of high-stringency primary wash buffer (Section A1.1.13), taking care to 

ensure that the oven and all solutions remained at 55°C throughout the procedure. The 

membrane was then taken from the hybridisation tube, rinsed twice in 2x SSC to 

remove the SDS and drained. 

To detect the ECL signal from hybridised probe DNA, the membrane was exposed to 

the ECL detection reagent, wrapped in cling film, and exposed to Hyperfilm-MP 

(Amersham Pharmacia) for 30 sec to 16 hI', depending on the signal strength. 

Autoradiography with C2p]dCTP labelled DNA 

DNA probe fragments were labelled using the Rediprime II random prime labelling 

system (Amersham Pharmacia) with Redivue e2p]dCTP (Amersham Pharmacia) 

according to the manufacturer's instructions. The membrane was rinsed/re-wetted in 

95% ethanol, rinsed twice in dH20, and placed in a hybridisation tube. Pre-hybridisation 

buffer (Section Al. 1. 10) was added and the tube incubated with rotation for 3 hr at 

65°C, The prehybddisation buffer was then replaced with hybridisation buffer (Section 

Al.l.11), followed by addition of labelled probe. Hybridisation was at 65°C for 16 hr. 

Stringency washes consisted of four 5 min washes with 25 ml of low-stringency 

primary wash buffer and a 30 min wash with 50 m1 of high-stringency primary wash 

buffer (Section Al.l.13), followed by two 5 min washes with 2x SSC. The membrane 
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was then drained and wrapped in cling film. Activity was approximately 1000-2000 

counts per min. 

55 

Hybridised probe was detected by exposure to a storage phosphor screen (Kodak) for 24 

hr followed by imaging with a Storm 840 system (Molecular Dynamics) using the 

supplied ImageQuaNT software. Alternatively, the membrane was exposed to 

Hyperfilm-MP (Amersham Pharmacia) at -80°C for 1-3 days. 

When the membrane was to be hybridised to additional probes, a stripping protocol was 

used to remove the previous probe. The membrane was incubated in a hybridisation 

tube at 45°C for 10 min with 0.4 M NaOH with rotation. After removal of the NaOH, 

three rinses with boiling 0.5% SDS for 10 min were followed with a final rinse in 2x 

SSC. The procedure was repeated until negligible activity was measured. 

Development of exposed Hyperfilm-MP 

Exposed Hyperfilm-MP was developed in the dark by agitation in AGFA G-1S0 

developer for S min and rinsed in fresh water for 1 min. The film was then immersed in 

AGFA G-334 fixer for 2 min, thoroughly rinsed, and allowed to dry. For films exposed 

at -80°C, care was taken to allow the film to return to room temperature before 

immersion in developer, as rapid temperature change can lead to exposure of the film. 

2.9. Isolation of cosmids containing the ginA locus 

A pLAFR3-based cosmid library of Eh1087 genomic DNA in DHSa was constructed 

previously (Keams 1993; Keams and Mahanty 1998). A 100 ml LB+Tet culture was 

inoculated with a 100 J.lI aliquot of the library and plasmid DNA prepared after 

overnight incubation and introduced to S 17 -1 by electroporation. The resulting S 17-1 

transformants were pooled and stored at -80°e. Cosmids were then transferred to Eh7.1 

by conjugation with an overnight culture inoculated from the pooled S 17 -1 library 

transformants. Aliquots of rinsed cells of each type were plated on LB and incubated for 

5 hr at 37°C to anow conjugation to take place. Cells were then washed off the LB 

plates and plated on l-A+Rif+Tet to select for Eh7.1 cells containing .cosmids that 

restored prototrophy. Colonies growing on l-A+Rif+ Tet were purified and plasmid 

DNA prepared for analysis by agarose gel electrophoresis. 
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2.10. Re-creation of glnA mutation by marker exchange 

To recreate the Eh7.1 mutation, the transposon insertion was transferred from Eh7.1 to 

Eh 1 087 via the gInA-encoding cosmid pGlnAI. Briefly, pGlnAI was introduced to E. 

coli MC41 00 recA+ containing a clone of the Eh7.1 transposon insertion point 

(pKSEh7.1 P9). The transposon insertion was transferred to the gInA cosmid by 

homologous recombination in this strain to create the gInA-minus cosmid pAglnAl. 

After introduction of pAGlnAI to Ehl087 (by conjugation from S 17 -1), the transposon 

insertion point was again transferred by homologous recombination, this time between 

pAginAI and the genome of Eh1087 (grown in LB with 5 mM glutamine). The resulting 

strain was designated EhR7.1. 

2.11. . Amplif1cation of DNA fragments by polymerase chain reaction 

Polymerase chain reaction (PCR) amplification of specific DNA fragments was carried 

out using the Expand High Fidelity PCR system (Roche). This system contains a 

mixture ofTaq DNA polymerase and Tgo DNA polymerase, which possesses 3'-5' 

exonuclease/proofreading activity, and was used to minimize errors introduced during 

PCR amplification. Reactions volumes were 50 ~l and were prepared as two separate 

mixes. Typical reaction composition, found to work for most amplifications, is listed in 

Table 2-3. Custom plimers were ordered from Invitrogen and are detailed in Appendix 

A2. 

Table 2-3: Set up of reaction mixes for Expand High Fidelity peR system 

Reagent Volume 
amount 

Reagent Volume 
Final amount 

/concentration !concentration 

dNTPs 10x Expand buffer Ix 
(lOmM each) 1 III 200 IlM each with 15 mM MgC12 

5 III 
(L5mM MgC12) 

Fwd primer 
1 III 100ng 

Expand enzyme 
0.5 III 

1.75 units per 
100 ng/Ill mix reaction 

Rev primer 
1 III 100 ng sdH20 

make up to 25 
100 ng/Ill 

Template DNA 
1-2 III 100-200 ng Final volume 25 III 

100 ng/Ill 

sdH20 

Final volume 25 

Notes: dNTPs (Roche): mixture of dATP, dCTP, dGTP, dTTP in equal proportions. 
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All solutions were kept on ice and the two reaction mixes were only combined 

immediately before thermal cycling using an MJ Research Inc. PTC150 MiniCycler 

equipped with a heated lid. 

Primer annealing temperatures (McPherson et al. 1995) were estimated using the 

formula: 

Annealing temperature = 4 °C(G+C)+2°C(A+ T)-1 O°C 

The actual annealing temperature used for the PCR was the average of the estimated 

annealing temperatures of the forward and reverse primers, but was adjusted if the 

correct product was not obtained. For primers that were designed with a region which 

would not anneal to the initial template (for example: when introducing a restriction 

enzyme cleavage site), the initial five cycles used an annealing temperature calculated 

without the mismatched bases. The denaturation and elongation temperatures and times 

were as suggested by Roche for the Expand High Fidelity system. A typical thermal 

cycling profile is given in Table 2-4. 

Table 2-4: Typical thermal profile for PCR amplification 

Denaturation 30 sec 

5x Annealing 40-65°e 30 sec 

Elongation 68 or noe 45 sec 4 min 

94°e 30 sec 

15x Annealing 40-65°e 30 sec 

Elongation 68 or noe 45 sec - 4 min 

Ix Elongation 68ornoe 7 min 

Notes: Elongation at noe when product <3 kb, 68°e when >3 kb. Elongation times: 
45s for sO.75 kb, 1 min for 1.5 kb, 2 min for 3 kb, 4 min for 6 kb, 8 min for 10 kb. 

Reaction mixtures were chilled to 4°C or placed on ice upon completion and PCR 

products were then analysed by agarose gel electrophoresis. Fragments to be cloned 

were then eluted from a preparative gel as described above (Section 2.6.6). 

2.11.1. Splicing of PCR fragments by overlap extension 

When DNA fragments were to be joined at exact junctions without restriction enzyme 
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cleavage sites or a ligation step, a modified PCR approach known as splicing by overlap 
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extension (SOE) PCR was used (Horton ef al. 1989). A summary of this approach is 

given in Figure 2-1. The two fragments to be joined are first amplified by PCR with 

primers. for the ends that are to be spliced together (b and c). designed to incorporate 

additional sequence 'tails' in the same way that restriction enzyme recognition site are 

introduced. In this case, these 5 ' overlapping tails are ca . 15 bp long and are 

complementary to the 3' section of the other SOE primer. When the two PCR products 

are mixed, denatured, and annealed, the 3' ends of one strand of each product are able to 

anneal, allowing these strands to act as primers for each other. The full-length SOE 

product is created by extension from this overlap. Inclusion of the 'outside' primers (a 

and d) in the same reaction tube allows subsequent PCR amplification of the nascent 

full-length template. This strategy can be used to join virtually any two DNA fragments 

with precise junctions, irrespective of the sequence, and can also be to successively add 

further fragments (Horton ef al. 1989), or for site-directed mutagenesis (Ho ef al. J 989) . 
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peR ~ 

'> 

, 
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denaturation 
annealing 

.. 

~+c 
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.." ----------

la + d 
peR 

Figure 2-1: SOE peR amplification strategy 
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Fragments to be spliced were individually amplified by PCR and eluted from agarose 

gels as described above. The SOE PCR reaction was also carried out using the Expand 

system. The enzyme mix was as above, with aliquots of the two previous PCR products 

replacing the template, and the two outside primers included in the second mix Cfable 

2-5). The thermal profile of the SOE PCR reaction also differed from that for standard 

PCR and is given in Table 2-6. The resulting SOE product was analysed by agarose gel 

electrophoresis and eluted for further use. 

Table 2-5: Set up of reaction mix for SOE PCR 

Reagent Volume 
Final amount 
Iconcentration 

(lOmM each) I t-tl 200 11M each 

Primer A 
1 t-t1 100ng 

100 ng/t-t1 

PrimerD 
1 III 100ng 

100 ng/t-t1 

A-BPCR 
-7 t-tl 25% of recovered 

product product: >500 ng 
C-DPCR 

-7 t-t1 
25% of recovered 
product: >500 ng 

to 25 

Notes: Primers and products are named as in the example given in Figure 2-1. 

Table 2-6: Thermal profile for SOE PCR 

25x Annealing 

Elongation 
----

Ix Elongation 

2 min 

I min 

10 min 

Notes: Elongation temperature and time may require adjustment for long products 

Cloning of PCR products 

The PCR products required for the assembly of the constructs described in Sections 

2.13,4.3, and 4.6 were cloned using either a pENTR Directional TOPO cloning kit 

(Invitrogen) or the pGEM-T Easy vector system (Promega). 
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2.12.1. TOPO cloning into pENTRlSDID-TOPO 

The Invitrogen TOPO cloning system allows the direct cloning of blunt-ended PCR 

products in an efficient, 5-10 min ligation step. TOPO vectors are supplied in a 

linearised form, with topoisomerase I covalently bound to the 3' -phosphate of each 

strand at the cleavage site. This enzyme-DNA bond can be subsequently attacked by the 

5' -OH of the PCR product to be cloned, ligating the two DNA fragments and releasing 

topoisomerase I (Shuman 1994). In the case ofpENTRlSDID-TOPO, a 5' single

stranded overhang (GTGG) has been added to the complementary strand of the vector to 

allow directional cloning. Bases complementary to this overhang are incorporated in to 

the product by adding CACC to the 5' end of the forward primer for the sequence to be 

cloned. These four bases anneal to the vector overhang, ensuring the correct orientation 

for the TOPO reaction with;? 90% efficiency (Cheng and Shuman 2000) (Invitrogen). 

DNA fragments to be TOPO-cloned were amplified by PCR and eluted from agarose 

gels as described above. End-filling was not generally required as the Expand system 

produces a mixture including blunt-ended products. Aliquots of purified PCR products 

were mixed with the TOPO reaction components as recommended by the manufacturer, 

and incubated at room temperature for 10 min, before being placed on ice. The TOPO 

reaction mixture was then used to transform the supplied TOPlO chemically competent 

E. coli or to transform DH5a by electroporation. Colonies growing on LB+Kan were 

purified and plasmid DNA was prepared for analysis. Plasmid DNA prepared from 

TOP 10 was unable to be cut with BarnHI and a number of other restriction enzymes, 

and plasmid DNA was, therefore, used to transform DH5a for further analysis, to verify 

the identity of the inserts. 

2.12.2. TA cloning into pGEM-T Easy 

The Promega pGEM-T Easy vector system uses single base overhangs to increase the 

efficiency of ligation between the vector and PCR product insert. The vector is supplied 

linearised with a 3' -terminal thymidine added to each end. This T-overhang prevents the 

re-ligation of the vector and is compatible with PCR products amplified with Taq DNA 

polymerase, which can add single 3' -terminal residues independently of the template 

(Marchuk et al. 1991; Holton and Graham 1991; Clark 1988). 
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Addition of 3' -terminal adenine overhang 

The Expand system uses a mixture of Taq and Tgo polymerases and produces a mixture 

of products with 3' -A overhangs and blunt ends. In order to increase the efficiency of 

TA-cloning, the purified PCR products were treated with Taq polymerase to add 3'

terminal adenines, as suggested in the pGem-T Easy system manual. A 10 III reaction 

volume was set up with ca. 500 ng PCR product, 2mM ATP (Epicentre), 5 units Taq 

polymerase (Roche), and Taq reaction buffer with MgCb. The reaction was incubated at 

70°C for 35 min and aliquots used directly for ligation with pGEM-T Easy. 

Ligation with pGEM-T Easy 

Ligation of A-tailed PCR products to pGEM-T Easy was carned out as described in the 

pGem-T Easy system manual, using the supplied T4 DNA ligase and buffer. Reactions 

were incubated at room temperature for 2 hr and then at 4°C overnight to obtain the 

maximum number of transformants. Aliquots of the reaction mixture were used to 

transform calcium chloride-competent DH5a. Transformants growing on LB+Amp 

were purified, and plasmid DNA was analysed by agarose gel electrophoresis. 

2.13. Construction of plasmids 

2.13.1. pEhpgrpl (Sections 4.3 and A2.4) 

A 5,156 bp region containing the ehpABCDE genes, extending from the promoter 

region to 78 bp upstream of ehpE, was amplified from pBB7 using primers Grp lfwd 

and Grp1rev. Grplfwd included 4 bp at its 5' end to incorporate CACC into the product. 

The resulting 5,160 bp product was cloned into pENTRISD/D-TOPO to create 

pEhpGrpl (7,757 bp). 

2.13.2. pPehp and pKSehp (Sections 4.3 and A2.1) 
A 412 bp region containing the putative promoter for the AGA cluster, Pehp, was 

amplified from pBB7 using primers Pfwd and Prevo Pfwd included 10 bp at its 5' end to 

introduce CACC and a Sad site to the product. Prev included 6 bp at its 5' end to 

incorporate a BamHI site. The resulting 424 bp product was cloned into pENTRlSDID

TOPO to create pPehp (3,025 bp). 



Chapter 2: Experimental Methods 

A 414 bp SacI-BamHI fragment from pPehp was then cloned into pBluescript KS- to 

create pKSPehp (3,343 bp) . 

2.13.3. pBCDE and pEhpBCDE (Sections 4.3 and A2.2) 

A 4,054 bp region containing the ehpBCDE genes, and beginning with the ehpB start 

codon, was amplified from pBB7 using primers BCDEfwd and BCDErev . BCDEfwd 

included 10 bp at its 5' end to introduce CACC and a BamHI site to the product. 

BCDErev included 6 bp at its 5'end to incorporate an XbaI site. The resulting 4,070 bp 

product was cloned into pENTRISDID-TOPO to create pBCDE (6,667 bp). 

pPehp pBCDE 

1 1 
Sacl BamHI BamHI Xbal 
LJ 10-1 ___________ ---'1 

BamHI 
S<jlcl I 
~ 

Ligation 

PCR 

: .. 
1 TOPO doo;ng 

pEhpBCDE 

Figure 2-2: Strategy for construction of pEhpBCDE 

500bp 
~ 

Xbal 
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A 4,060 bp BamHI-Xbal fragment from pBCDE was then ligated to a 4 I 4 bp SacJ

BamHI fragment from pPehp (Figure 2-2). An aliquot of the ligation mixture was used 

to provide template for a PCR with the Pfwd and BCDErev primers. The resulting 4,488 

bp Pehp+BCDE fragment was cloned into pENTRISD/D-TOPO to create pEhpBCDE 

(7,085 bp) . 
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2.13.4. pACehpA (Section 4.4) 

EcoRI Hindlll 

BamHI ~~ 
1LI ------------------------~ ....... ~1834 

100bp 
L-...J 

A 1,822 kb BamHI-EcoRI fragment, containing Pehp and ehpA, from pBB7 was first 

cloned in pBluescript KS-. A 1,834 bp BamHI-HindIII fragment was then transferred to 

pACYCl84 to create pACehpA (5,733 bp). 

2.13.5. pGemPhzAB and pGemPhzAB-Grp1 (Sections 4.6 and A2.6-2.9) 

A 407 bp region containing the putative promoter for the AGA cluster, Pehp, was 

amplified from pBB7 using primers Pfwd (A) and soePrev (B). Pfwd included 10 bp at 

its 5' end to introduce CACC and a Sad site to the product. Prev included 15 bp at its 5' 

end to incorporate a 3' region complementary to the 5' end ofthe PhzAB (CD) product. 

The resulting 432 bp product, soePehp (AB), was used in the subsequent SOE reaction 

with soePhzAB (CD). 

A 1,018 bp region containing the PAOI phzAB genes was amplified from pUCP-AIGl 

using primers soePhzFwd CC) and soePhzRev CD). The 5' end of soePhzFwd was 

complementary to the 3' end of the soePehp (AB) product. soePhzRev included 6 bp at 

its 5' end to incorporate a Sad site. The resulting 1,024 bp product, soePhzAB (CD), 

was used in the subsequent SOB reaction with soePehp (AB). 

The PCR-amplified AB and CD products were spliced together in a SOB reaction 

(Section 2.11.1, Figure 2-3), with the Pfwd (A) and soePhzRev CD) primers, to create 

the EhpPhzAB (AD) product. The resulting 1,441 bp fragment was cloned into pGEM

T Easy to create pGem PhzAB (4,458 bp). 
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Figure 2-3: Strategy for the construction of pGemPhzAB and pGemPhzAB-Grpl. The All-CD 
splice junction is indicated with a small arrow. 

A 4,061 bp region containing the ehpBCDE genes was amplified from pBB7 using 

primers claBCDEfwd and BCDErev. BCDEfwd included 10 bp at its S' end to 

introduce CACC and a Cial site to the product. BCDErev included 6 bp at its 5' end to 

incorporate a Xhal site. The resulting 4,081 bp product was cloned into pGEM-T Easy 

to create pGemBCDE (7,098 bp, Figure 2-3). 

A 1,428 bp Sad-Cial fragment from pGemPhzAB was cloned into pGemBCDE, 

placing the start codon of ehpB immediately downstream of plnB, to create 

pGcmPhzAB-Grpl (8,474 bp, Figure 2-3). 

2.13.6. pMNO and pKSehpMNO (Sections 5.2.1 and A2.5) 
A 2,770 bp region containing the ehpMNO genes, and beginning with the ehpM start 

codon, was amplified from pBE5b using primers MNOfwd and MNOrev. MNOfwd 
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included 10 bp at its S' end to introduce CACC and a BamHl site to the product. 

MNOrev included 6 bp at its 5' end to incorporate an Sail site . The resulting 2,786 bp 

product was cloned into pENTRISDfD-TOPO to create pMNO (5,80J bp). 

A 2,776 bp BamHI-Sall fragment from pMNO was then cloned into pKSPehp, placing 

the start codon of ehpM immediately downstream of the promoter region, to create 

pKSehpMNO (6,074 bp, Figure 2-4). 

pKSPehp 

Sail 
Bamy sri I~ 

Pehp 

Ligation 

pM NO 

1 

Sail 

--~~_mum;_"'''''''c:::I:mm:::~~.L-1 --
PelJp 

pKSehpMNO 

Figure 2-4: Strategy for construction of pKSehpMNO 

2.13.7. pKSEh7.1P9 and p8GlnAI (Sections 6.2.2 and 6.2.3) 

Sail 

I 

500bp 
'---.J 

Eh7.J genomic DNA was digested with Pstl, ligated with pBluescript KS-, and used to 
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transform DH5a competent cells which were plated on LB+Amp+Kan to select for 

plasmids containing clones of Eh7.J DNA with the mini-Tn5lacZ2 insertion. A plasmid 

was isolated, found to contain a ca . 9 kb clone consisting of miniTn5locZ2 flanked by 

Eh7.J genomic DNA, and designated pKSEh7.JP9. The Pstl fragment was then 

transferred to the suicide vector pJQ200SK to create pJQEh7.J P9. This plasmid 

contains the sacB gene, which is induced by sucrose and is lethal when expressed in 

Gram-negmive bacteria (Quandt and Hynes 1993). Growth on 5% sucrose, therefore, 

provides a means to select for Joss of a .meB-containing plasmid. 
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The pJQEh7.1P9 and pGlnAI plasmids were introduced to coli MC4100 recA+. 

Selection for transfer of the transposon insertion to the glnA cosmid, by homologous 

recombination, was achieved by growth on LB+ Tet+Kan+5% sucrose. Plasmid DNA 

prepared from the resulting colonies was analysed by restriction enzyme digestion and 

agarose gel electrophoresis. A plasmid with the expected pattern of DNA fragments for 

insertion of mini-Tn5lacZ2 into pGlnAI was designated p~GlnAI and introduced to 

S 17-1 for transfer to Eh 108 7. 

2.13.8. pBRgln6 (Section 6.2.3) 
The glnA complementing cosmid pGlnAI was digested with BamHI, EcoRI, HindIII, 

and SaLI and ligated with pBR322. The resulting plasmid DNA molecules were used to 

transform TH16 competent cells, which were plated on I-A, to select for clones able to 

complement TH16 for glutamine auxotrophy. Colonies growing on 1-A+Amp were 

purified and analysis of plasmid DNA identified a SaLI fragment common to 9 of 10 

complementing clones. Cosmid pGlnAI was then digested with SaLI, the ca. 6 kb SaLI 

fragment eluted from an agarose gel, and ligated with pBR322 to create pBRgln6 

(Figure 6-5). 

2.14. Analysis of proteins 

2.14.1. Estimation of protein concentration 

Protein concentration was estimated using the Bradford dye method (Bradford 1976) 

with the Bio-Rad protein assay reagent. Dye reagent (200 Ill) was added to samples 

(800 Ill), followed by mixing and incubation at room temperature for 5 min. Each 

sample was again mixed and the absorbance at 595 nm recorded against a blank 

prepared from sample buffer (800 Ill) + dye reagent (200 J.!l). Concentrations were 

calculated by comparison of duplicate sample readings with a bovine serum albumin 

(Sigma) calibration curve (20 Ilg/rnl to 120 j..tg/ml) prepared in triplicate. 

2.14.2. Sample preparation 

Samples were denatured by boiling for 5-10 min in an equal volume of 2x treatment 

buffer (Section 1.1.14) and cooled to room temperature for use, or stored at -20°C. 
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2.14.3. SDS-PAGE of proteins 

Samples « 50 )11) were routinely run on pre-cast tris-glycine-SDS 4-20% 

polyacrylamide gradient gels (iGels; Gradipore). Sample wells were thoroughly rinsed 

out prior to sample loading to remove storage buffer. Electrophoresis was carried out at 

4°C in running buffer (Section A1.1.15) using the Mini-PROTEAN system (Bio-Rad) at 

constant 150 V for 1.5-2 hr (Laemmli 1970; Hames and Rickwood 1981). 

2.14.4. Staining of SDS-PAGE gels 

After electrophoresis, gels were rinsed in dH20 and stained for ~ 20 min with 

Coomassie brilliant blue (Section A1.1.16). The gel was then briefly rinsed with water 

and destained for ~ 16 hr, in two 200 ml volumes of destain (Section A1.1.17), before 

being digitally photographed (Nikon DIX, Nikon 60 mm macro lens, 3000x1900 pixel 

JPEG) against a diffuse white fluorescent lightbox. 

2.14.5. Detection of protein bands and estimation of molecular weight 
Digital images of SDS-PAGE gels were analysed with the Kodak Digital Science ID 

image analysis software. Estimated molecular weights of detected bands were 

calculated by comparison to the Bio-Rad broad-range molecular weight standard 

(myosin 200.0 kDa, ~-galactosidase 116.3 kDa, phosphorylase b 97.4 kDa, serum 

albumin 66.2 kDa, ovalbumin 45.0 kDa, carbonic anhydrase 31.0 kDa, trypsin inhibitor 

21.5 kDa, lysozyme 14.4 kDa, aprotinin 6.6 kDa). 

2.15. Preparation of total cellular protein 

Chilled cells from a 50 ml LB overnight culture were harvested by centrifugation, then 

rinsed (20 ml) and re-suspended in 1 ml of 20 mM Tris pH 7.4. The suspension was 

sonicated, using a 3 mm tapered microtip (20 kHz), at 25% power (2 sec on,S sec off) 

on ice. The resulting lysate was centrifuged (ca. 23,000x g) for 10 min to remove whole 

cells and debris. The supernatant was retained and kept on ice until use, or stored long

term at -20°C. 
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2.16. Cellular fractionation 

Periplasmic, soluble/cytoplasmic, and membrane fractions were prepared from P. 

agglomerans cells using a modification of the procedure described by French et al. 

(1996) (Figure 2-5). 
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50 ml culture 

l 
rinse in TENAz buffer l/5th volume 

suspend in TENSL buffer 10 ml 
incubate room temperature 15 min 

add 10 ml cold dH20 
incubate room temperature 15 min 

l 
centrifuge 13,800 x g 15 min 
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rinse 2 x cold dH20 1 ml ~ pellet 

suspend in TENAz buffer 1 ml 

supernatant ---I!Iio-- freeze-dry 

l 
sonicate 

l 
centrifuge 23,000 x g 10 min 

dissolve TENAz buffer 
dialyse 

l 
PERI PLASMIC fraction 

pellet 
discarded 

supernatant ---I!Iio-- centrifuge 39,000 x g 2 hrs 

/" golden pellet supernatant 

l 
rinse 2 xTENAz buffer 1 ml 

suspend in TENAz + sarkosyl buffer 200 ul 

MEMBRANE fraction 

---I!Iio-- freeze-dry 
dissolve TENAz buffer 

dialyse 

l 
SOLUBLE/CYTOPLASMIC 

fraction 

Figure 2-5: Procedure for fractionation of P. aggiomerans cells 

Cells from 50 rnl LB overnight cultures were harvested by centrifugation, rinsed and re

suspended in 10 ml1ENSL buffer (Section Al.l.18: Tris, EDTA, sodium azide, 
\, 
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sucrose, lysozyme) and incubated at room temperature for 15 min. Following the 

sucrose/lysozyme treatment, 10 ml cold dH20 was added. After a further 15 min at 

room temperature, cells were again harvested by centrifugation and the supernatant 

retained as the periplasmic fraction. The pellet was then rinsed with cold dH20, 

suspended in 1 ml TENAz buffer (Section 1.1.19) and sonicated (as above) before 

centrifuging again to remove whole cells and debris. The supernatant was made up to 5 

ml with TENAz buffer and centrifuged at 39,000x g for 2 hr to give the 

soluble/cytoplasmic fraction (supernatant) and a crude membrane pellet. The pellet was 

rinsed, to remove any remaining soluble proteins, and solubilised in TENAz buffer 

containing the non-ionic detergent sarkosyL To increase the protein concentration, the 

peliplasmic and soluble!cytoplasmic fractions were lyophilized, before being dissolved 

in and dialysed against TENAz buffer. Finally, protein concentrations were estimated, 

and equivalent amounts of protein for samples of each fraction analysed by SDS-PAGE. 

2.17. Analysis of phenazine production by high-performance liquid 
chromatography 

High-performance liquid chromatography (HPLC) is an efficient method for separating 

and detecting mixtures of chemicals and relies upon the differing extent to which 

molecules are adsorbed to an immobilised stationary phase over which a mobile phase 

is passed. This selective retention results in differing elution times through the HPLC 

column, depending on the properties of each molecule. HPLC often requires only 

simple preparation of samples and identification of compounds can be achieved by 

analysis of UV -visible spectra of eluting peaks. Reversed-phase HPLC uses a non-polar 

stationary phase and a relatively polar mobile phase (Meyer 1994). Consequently, non

polar compounds exhibit longer retention times than polar compounds, which are less 

readily adsorbed to the stationary phase. A common stationary phase is the 18 carbon 

n-alkane octadecylsilane (C18), which is bonded to silica beads and packed into the 

column. Mobile phases commonly used to elute compounds include water, methanol 

and acetonitrile. Reversed-phase HPLC has been used by various investigators for the 

detection and purification of phenazines, produced by Pseudomonas and E. coli strains 

with wild-type and engineered phenazine biosynthetic pathways (see Mavrodi et al. 
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1998; Mavrodi et al. 2001; McDonald et al. 2001; Pierson III and Thomashow 1992; 

Watson et al. 1986; Fernandez and Pizarro 1997 for examples). 

The preparation of samples and development of a HPLC method for the separation and 

detection of phenazines produced by P. agglomerans are described briefly in the 

following sections. 

2.17.1. HPLC sample preparation 

Solid-phase extraction from culture supernatants 

Phenazine samples from culture supernatants were routinely concentrated, and partially 

purified, by solid phase extraction (SPE) using Strata-X columns (30 mg, 1 ml 

Phenomenex). Cells were removed from 10 ml1-A cultures (grown ca. 48 hr) by 

centrifugation. 3 ml of supernatant was then loaded, under suction, onto a SPE column, 

which was then rinsed with 1 ml of 5 % methanol and dried for 1 min under suction. 

Phenazines were then eluted with 300 '~l methanol and aliquots diluted 1 in IO with 

dH20 for analysis. 

Large volume extractions 

A number of the strains tested produced very low levels of phenazines compared to the 

wild-type, Eh1087, or none at all. To qualitatively determine if a particular phenazine 

was produced by such a strain, a larger volume extraction was carried out. 

Cultures (50-500 ml) were grown in I-A media for ca. 48 hr. Cells were then removed 

by centrifugation and the supernatant extracted with two half-volumes of 

dichloromethane. The dichloromethane extract was dried over magnesium sulfate, 

filtered (0.45 ~m HA-MF, Millipore) and the solvent evaporated under reduced 

pressure. The resulting residues were then dissolved in methanol and filtered. Aliquots 

diluted 1 in 10 with dH20 were used for analysis. 

2.17.2. Method development 

Running conditions 
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Samples in 10% methanol were loaded into a 50 JlI injection loop, fitted to a manual 

injection port (Rheodyne), as 200 JlI aliquots to ensure complete filling of the loop with 

sample. Phenazines were separated by 15-20 min isocratic elution on a 250 x 4.6 mm 
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C18 column (5 !lm Hypersil ODS, Hewlett Packard) fitted with a 4 x 3 mm C18 guard 

column (Phenomenex) with a constant flow rate of 1 ml/min. The column was attached 

to a Shimadzu LC-lOAT and FCV-lOAL with a degasser and a Shimadzu SPO-MlOA 

diode array detector. Absorbance data were recorded from 200-600nm and analysed 

using the Shimadzu Class-MlOA v 1.64 software. 

Mobile phase composition 
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A variety of mobile phase compositions for the separation of phenazines produced by 

Eh1087 and derivative strains were triailed, including methanol/water and 

acetonitrile/water in both isocratic and gradient elution profiles. A constant-composition 

mobile phase of methanol-H20-acetic acid (55:45:0.45% v/v) was found to give the best 

results. Acetic acid was included in the mobile phase to help reduce tailing of peaks 

(Meyer 1994). 

These conditions were found to be sufficiently polar to ensure minimal retention of 

hydrophilic compounds, remaining from the culture media after SPE, while also 

allowing separation of the four characterised phenazines, identified by Giddens et aI. 

(2002), produced by Eh1087. A phenazine-like peak that might correspond to the other 

hypothetical AGA intermediate, AP2, was not routinely observed. 

2.17.3. Detection and analysis of phenazine peaks 
Peak spectra and approximate retention times for POC, AGA, GA and PCA were 

initially determined for samples prepared from mutants characterised by Giddens et aI. 

(2002) and by spiking with purified samples. For subsequent analysis, peaks with 

appropriate retention times were identified by their absorbance spectra as in Figure 2-6. 

These spectra agree with the characteristic absorbance bands of phenazines in general 

(Turner and Messenger 1986), of PCA (Brisbane et al. 1987), and with the data reported 

by Giddens et al. (2002) for POC, PCA, GA and AGA. 

Retention times tended to vary depending on column condition and composition of the 

sample, but consistently fell within the following ranges: PDC 5.6-6.2 min; AGA 8.7-

9.2 min; GA 11.5-21.3 min; PCA 14.0-15.1. To obtain quantitative data, each injection 

was carried out in duplicate and samples were prepared from three independent cultures. 
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Figure 2-6: UV -visible spectra, in HPLC running conditions, of known phenazines produced by 
Ehl087. The structure of each compound is shown above its corresponding spectrum. Absorbance 

maxima used for HPLC peak identification are labelled. 

Ouantitation of POC and PCA 

The amounts of PDC and PCA in samples from culture supernatants of P. agglomerans 

cultures were determined by calibration using a preparation of PDC and PCA from 

mutant EhehpF(02), assuming that the molar extinction coefficients for peA and PDC 

are similar. Molar extinction coefficients for PCA in chloroform (c251 = 97,000, C370 

19,000) were reported by Brisbane et al. (1987). A chloroform extract containing PCA 

and PDC was prepared in duplicate from EhehpF(02) after the method of Chang and 

Blackwood (1969). The absorbance of the extracts at 251 nm and 370 nm were used to 

calculate the amount of PCA and PDC. The extracts were dried and then reconstituted 

in methanol, as above, and HPLC peak areas were used to calculate the relative 

proportions of PCA and PDC. 
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The approximate concentrations of PDC and PCA used to determine a calibration factor 

(CF) for HPLC peaks, using the external standard method (Meyer 1994). 

CF = concentration/peak area 

Sample concentration = CF X sample peak area 

Duplicate values for 2 dilutions were averaged and the CF used to estimate the 

concentration of PCA and PDC in supernatant samples. Ratios of PDC:PCA from 

calculated amounts agreed with the ratios of peak areas. 

2.18. Analysis of phenazines by liquid chromatography-mass 
spectrometry (LC-MS) 

10 ml cultures of Eh1087 and Eh7.1 were grown in I-A media supplemented with 15N_ 

ammonium sulfate (10% enriched, Aldrich), with or without 10 mM glutamine for ca. 

48 h. A culture of Eh1087 grown with unlabelled ammonium sulfate was used as a 

standard for background 15N incorporation. Phenazines were extracted from each 

culture with 10 ml of chloroform and evaporated to dryness. The resulting residues were 

dissolved in methanol-water-formic acid (55:45:0.45% v/v) for analysis. 

Sample (20 fll injection) separation was carried out on a Zorbax SB-CI8 column (250 

mm x 2.1 mm, 5 flm) with a mobile phase consisting of acetonitrile-H20-formic acid 

(55:44.5:0.5% v/v) using a Waters 2790 with a Waters 996 photodiode array detector. 

Electro-spray mass spectrometry data for the GA peak, eluting at ca. 4.9 min, were 

collected using a Micromass TOF LCT mass spectrometer. Relative isotopic enrichment 

was calculated using the Iso program (Lewis Panell National Institutes of Health, USA). 
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Chapter 3: A sequence-based investigation of EhpA 

3.0. Introduction 

Similar pathways for the production of the phenazines PCA and PDC exist in 

fluorescent pseudomonads and in P. agglomerans Eh1087. The homologous 'PCA 

operons' from Pseudomonas each consist of seven genes responsible for the production 

of PCA. The Group 1 genes from Eh1087 serve a similar role and the deduced amino 

acid sequences of their products exhibit similarity to the PCA operon products. In 

fluorescent pseudomonads, two molecules of an aminated derivative of chorismate are 

dimerized to form PCA. It is likely that essentially the same pathway operates in 

Ehl087, with an important exception-the formation ofPDC, in addition to PCA. Given 

the apparent similarity of the enzymes of these pathways, how could this occur? The 

observation that Group 1 has only a single copy of the phzAX/BY type gene provided a 

potential explanation for the difference in phenazine production. A detailed search for 

proteins similar to EhpA, and of known structure and function, was carried out in order 

to further refine this hypothesis. 

3.0.1. Analysis of protein sequence can provide clues to structure and 
function 

Simple searches against sequence databases are routinely used to identify homologs of a 

protein of interest. High-scoring alignments (hits) to sequences of statistically 

significant similarity imply homology, i.e. relatedness by descent from a common origin 

(Wray and Abouheif 1998; Fitch 2000) and homologous proteins usually share similar 

structure, and often biological function (Kelley et al. 2000; Cao et ai. 2004). Therefore, 

if the structure and/or function of a homologous protein is known, then this information 

can be provisionally transferred to the query protein. However, sequence and/or 

structural similarity do not always ensure similarity of function (Bork et ai. 1994) and 

the hypotheses generated should therefore be tested experimentally. 

Another problem is that remote homologs (proteins with low sequence identity to the 

query) may not be detected by simple search methods such as BLASTP (Altschul et al. 

1997). Search methods employing amino acid conservation profiles and/or fold 

recognition, such as PSI-BLAST (Altschul et al. 1997) and 3D-PSSM (Kelley et al. 

2000), are better able to detect remote homologies and structural relatives for the query 
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protein. Identification of structural relatives of a protein can reveal distant homology 

and in some cases functional properties (Gibrat et al. 1996; Wilson et al. 2000). 

Multiple sequence alignment (MSA) of the related proteins can then help identify 

residues that are conserved in all or most of the sequences and which may, therefore, be 

functionally or structurally important (Livingstone and Barton 1993; Henikoff 1996). 

Analysis of a MSA also provides quantitative information about the divergence of the 

protein sequences. The proteins can then be clustered accordingly and a tree describing 

relationships between the proteins constructed (Blundell and Johnson 1993; Thompson 

et al. 1994). This information can be used for identifying events relevant to evolution of 

function, such as gene duplications and domain shuffling (Sjolander 2004; Bork et al. 

1998). 

A combination of these methods was used to obtain clues about the structure and 

function of the EhpA protein in order to help refine hypotheses for experimental 

investigation. 

3.0.2. The peA operon 
It is generally accepted that a common pathway for the synthesis of PCA exists in the 

fluorescent pseudomonad phenazine producers. Homologous seven-gene clusters have 

been cloned from P. aureofaciens 30-84, P. fluorescens 2-79, P. chiororaphis 

PCL1391, and P. aeruginosa PA01 and detected in 22 other fluorescent pseudomonads 

(Figure 3-1) (Pierson III and Thomashow 1992; Mavrodi et al. 1998; Chin-A-Woeng et 

al. 2001). Interestingly, analysis of the PAOI genome identified two copies of the gene 

cluster, designated phzAl-Gl and phzA2-G2 (Mavrodi et al. 2001). This seven gene 

'PCA operon' is responsible for PCA biosynthesis in these strains. Five of the genes, 

phzCDEFG (or phzFABCD in 30-84), are absolutely required, while the remaining two, 

phzAB (or phzXY), substantially enhance production (McDonald et al. 2001). 

-------........................ --...... ~ -----
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Figure 3-1:Comparison of genes required for synthesis of PCA (and PDC in Ehl087). Size of genes 
is to scale but position is only indicative of order, not exact location. aStrains: P. agglomerans 

Eh1087; p, aureofaciens 30-84; P. jluorescens 2-79; P. aeruginosa PAO] (possesses two copies of the 
'PCA operon'). bDomain: assignment based on most significant BLASTP and CDD search results. 

Colouring represents similarity between the corresponding proteins. 

3.0.3. The Ehl087 Group 1 genes and their products 

In Eh1087, the first five genes of the AGA cluster, the Group I genes (ehpABCDE), 

have been shown to be involved in the production of PCA and also POc. The Group J 

genes from the Eh I 087 AGA cluster appear to encode the enzymes of a pathway similar 

to the pseudomonad PCA pathway (Figure 3- I). Mutants with interruptions in 

ehpBCDE do not produce any phenazines (Section 4.2) and it has been found that POC 

is the precursor for the production of GA and AGA in Eh 1087 (Giddens 2002; Giddens 

et al. 2002). 

The Eh 1087 Group I genes, and the proteins they encode, therefore, represent an 

interesting case in that enzymes similar to those of the PCA pathway are also able to 

produce PDC. This poses an interesting question, What is the nature of the difference 

between these highly similar pathways and how does this relate to the formation of the 

initial phenazine scaffold in the form of PCA and/or POC? 
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Detailed analysis of EhpA 

3.1. The Eh1087 Group 1 genes and the peA operon encode similar products 

While the nucleotide sequence of the AGA cluster is apparently unique, the deduced 

amino acid sequences of the ehp gene products do have relati yes within the databases 

(Giddens 2002; Giddens et al. 2002). The products of the Group 1 genes, PhzABCDE, 

are similar to six of the seven PCA operon products (Table 1). The order and size of 

the Group 1 genes is essentially the same as the PCA operon (Figure 3-1) and the 

corresponding proteins are predicted to contain similar conserved domains (CDs). 

Given that these enzymes, as a group, are responsible for the biosynthesis of related 

products and assuming that similar pathways exist in the pseudo monads and Eh1087, it 

is. likely that Group 1 is homologous to the PCA operon. 
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The BLASTP and RPS-BLAST search algorithms were used to identify obvious protein 

similarities and conserved domains for the assignment of putati ve functions to the 

Group 1 proteins. BLASTP finds similar proteins by comparing amino acid sequence 

queries to protein databases and uses short matches between two sequences to start 

alignments and the statistical information returned by BLAST is used to evaluate the 

biological significance of the alignments (Altschul et al. 1997). The E-value for an 

alignment gives the false-positive rate and provides a measure of the number of matches 

in the database expected to occur by chance (McGinnis and Madden 2004). RPS

BLAST compares a query to profiles derived from domain alignments found in the 

conserved domain database (CDD). This allows CDs, usually with known function, 

within a sequence to be identified and also allows comparison to structural information 

if available (Marchler-Bauer et al. 2003; McGinnis and Madden 2004). 

The results of the CDD searches and details of similarities to Phz proteins are given in 

Table 3-1. Full results can be found in Appendix A4. 
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Table 3-1: Similarities of the predicted translation products of Ehl087 Group 1 genes 

Pseudomonas s 
(J 

Protein aaQ Conserved Domain (% aligned)1> 
Amino acid similaritt Scoree Evalu 

EhpA 158 Phenazine biosynthesis protein AlB PhzX (50) PhzA (50-52) 191 4e-48 
(93.2) PhzY (57) PhzB (57-61) 206 Ie-53 

EhpB 209 Isochorismatase (100.0) PhzA (52) PhzD (46-51) 187 le-46 

EhpC 624 
Chorismate binding (100.0) 

PhzB (40) PhzE (40-41) 449 le-124 
GATase (98.4) 

EhpD 276 
Phenazine biosynthesis protein CIF 

PhzC (42) PhzF (43-45) 113 5e-24 
(98.6) 

EhpE 208 
Pyridoxamine 5' -phosphate oxidase 

PhzD (39) PhzG (38-40) 145 4e-34 

Notes: GLength of predicted translation product in amino acid residues. bResult of RPS-BLAST CDD 
search and percentage of residues aligned. "Percentage of identical amino acid residues in homologous 
proteins (BLASTP). dphzXYFABCD from 30-84, phzABCDEFG from 2-79, PCL1391, PAOl. 'Score (in 
bits) of the alignment. fExpect (E) value is the number of sequences in the database expected to be similar 
by chance (and therefore not homologous). The scores and E values given are those of the least 
significant Phz proteins of each type. 

3.1.1. EhpA is similar to both PhzA and PhzB 
The deduced amino acid sequence of EhpA exhibhs highest similarity to the PhzA 

IPhzX and PhzB/Phz Y products of the PCA operon and possesses the same conserved 

domain (CD) structure (pfam03284, phenazine biosynthesis protein AlB, Table 3-1). 

These proteins have no close sequence relatives in the databases but are highly 

homologous to each other (Mavrodi et at. 1998; Mavrodi et at. 2001; Chin-A-Woeng et 

al. 2001). In both 2-79 and 30-84, phzAXIBYinfluence the amount and nature of 

products synthesized by the Phz proteins. An absence of PhzA and/or PhzB results in 

decreased PCA production and the appearance of a mixture of heterocyclic and aromatic 

compounds (Mavrodi et at. 1998; McDonald et at. 2001). PhzAXIBY may be 

structurally related to a A5 -3-ketosteroid isomerase from Pseudomonas putida although 

this has not allowed identification of an active site and determination of the crystal 

structure is underway (Ahuja et al. 2004). 

3.1.2. EhpB is similar to the isochorismatase PhzD 
EhpB is similar to PhzD (PhzA) from the PCA pathway and exhibits similarity to 

several related isochorismatase domains, notably the CD shared by PhzD (cd01013.1, 

isochorismatase) (Table 3-1). The crystal structure of native PhzD from P. aeruginosa 

and an active site mutant with bound isochorismate have been detelmined (PDB codes 

1NF8, 1NF9). PhzD is an isochorismatase that catalyzes the removal of pyruvate from 
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ADIC and can also act on related compounds such as aminodeoxyisochorismate, 

chorismate and isochorismate (Parsons et ai. 2003). 

3.1.3. EhpC is similar to the putative ADIC synthase PhzE 

Analysis of the amino acid sequence of EhpC indicates that the protein has two domains 

that align with several CDs. The highest-scoring alignments are to the chorismate 

binding enzyme family (pfam00425) and the glutamine amidotransferase class-I family 

(pfam00117, GATase) (Table 3-1). Examples of these two CDs include the anthranilate 

synthase (AS) catalytic and amidotransferase domains respectively (Xie et ai. 2003; 

Morollo and Bauerle 1993). These similarities are shared by PhzE (PhzB) which 

catalyses only the first AS half-reaction, the formation of ADIC from chorismate and 

the side-chain amide of glutamine, i.e. ADIC synthase. PhzEIB and EhpA appear to be 

shortened fusions of the two AS domains which can no longer carry out the second AS 

half-reaction, the removal of pyruvate to form anthranilate (Xie et ai. 2003). 

3.1.4. EhpD is similar to PhzF 
The product of the fourth Group 1 gene, EhpD, is similar to PhzF (PhzC) as judged by 

alignment with the PhzC/PhzF CD (pfam02567) and homology to the actual PhzF and 

PhzC amino acid sequences from the pseudomonads (Table 3-1). EhpD and PhzF/C 

have no obvious sequence relationship to any proteins of known structure or function 

(Mavrodi et al. 1998). More detailed analysis of the PhzD sequence, however, identified 

similarity to diarninopimelate epimerases, but did not immediately provide clues as to 

the nature of the reaction catalyzed by PhzD (Mavrodi et al. 2004). 

3.1.5. EhpE is similar to PhzG, a probable flavin-dependent oxidase 

Analysis of the deduced EhpE sequence indicates that it contains the pyridoxamine 5'-

phosphate oxidase CD (pfamOI243) possessed by a group of enzymes involved in 

biosynthesis of pyridoxal 5' -phosphate, a B6 vitamer (di Salvo et al. 2003). EhpE is 

similar to the PCA operon product PhzG (PhzD), which also possesses a conserved 

motif common to bacterial pyridoxamine 5'-phosphate oxidases (Mavrodi et al. 1998). 

The structures of PhzG proteins from P. aeruginosa and P. fluorescens have recently 

been elucidated (PDB codes: 1 TY9, 1 T9M) (Parsons et al. 2004b). From the structural 

evidence, it has been proposed that the PhzG dimer is a flavin-dependent oxidase related 
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to pyridoxamine 5'-phosphate oxidase (PdxH) from E. coli, but the exact role in PCA 

biosynthesis is unknown. 

3.1.6. Missing genes? 
The PCA operon also includes phzC, which encodes a protein thought to be a DAHP 
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synthase isozyme. Bacterial DAHP synthases are feedback-inhibited by aromatic amino 

acids (Pittard 1996) and the existence of isozymes in phenazine-producing 

Pseudomonas spp. was first proposed by Levitch (1970) and the amino acid sequence of 

PhzC is more similar to plant than bacterial DAHP synthases (Pierson III et al. 1995; 

Mavrodi et al. 1998). In contrast to the bacterial enzymes, plant DAHP synthases are 

not subject to feedback inhibition by aromatic amino acids. 

EhpA is similar to both the PhzAX and PhzBY proteins of PCA-producing 

pseudomonads, which are encoded by pairs of nearly identical genes (Mavrodi et al. 

2001; Mavrodi et al. 1998). The Eh1087 AGA cluster, however, lacks this apparent 

gene duplication found in the PCA operon that has given rise to the phzAXlBY genes. 

3.2. Why does Ehl087 produce PCA and PDC? 

Given the apparent similarity of the Group 1 genes to the PCA operon, what 

difference(s) might allow Eh1087 to produce PDC as well as PCA? Proteins encoded by 

the Group 1 genes from Eh1087 and genes of the pseudomonad PCA operon are clearly 

similar and it is likely that they have similar functions. The Eh1087 pathway, however, 

differs in that both PDC and PCA are produced. Does a comparison of the phenazine 

biosynthesis genes and their products from these organisms suggest how this difference 

might arise? 

At first glance, an obvious possibility is that the lack of a phzCIF homolog in Group 1 

in some way allows Eh1087 to produce PDC. However, PhzC is thought to function as a 

DAHP synthase isozyme to provide additional chorismate precursor for phenazine 

biosynthesis (Mavrodi et al. 1998; McDonald et al. 2001). DAHP is formed by the 

condensation of PEP and E-4-P as the first step in the shikimate pathway and, as such, 

PhzC is not likely to be directly involved in PCA formation (see Figure 4-1) (Campbell 

et al. 1993). 

Further examination suggests the possibility that the single copy of the phzAXiBY-type 

gene in the Eh 1 087 AGA cluster could be responsible for the difference in phenazine 
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production. In the PCA operon, two genes encode proteins homologous to EhpA. These 

two genes are highly similar to each other and may be the result of a duplication 

(Mavrodi et al. 1998), i.e. the phzA and plnB genes may be paralogs (Fitch 2000). 

Giddens (et al. 2002) has suggested that the ability of Ehl 087 to produce PDC, in 

addition to PCA, might be due to the lack of this apparent duplication, but does not 

suggest how this might occur. In pseudomonads, the proteins encoded by phzAX and 

phzBY are known to be involved in PCA formation at steps past DHHA formation (see 

Figure 4-1) and their removal substantially decreases PCA production by the other PCA 

operon-encoded proteins (McDonald et ai. 2001). It has been suggested that PhzAXIBY 

might stabilise a PCA-synthesising enzyme complex (Mavrodi et al. 1998). 

Together, these ideas suggest that differences between EhpA and PhzAXIBY could 

result in production of the chemically related PDC, in addition to PCA, by effecting a 

subtle difference in the final steps of the pathway. Therefore, in order to gain more 

information about the possible function of EhpA, a comprehensive search for similar 

proteins and a comparison of their structure and function were carried out. 

3.3. EhpA is a member of the NTF2-like protein superfamily 
Analysis of the EhpA amino acid sequence using BLASTP and a CDD search using 

RPS-BLAST indicate that EhpA has 50-61 % sequence identity to the PhzAB/XY 

proteins from pseudomonads, and possesses the conserved phenazine biosynthesis 

protein AlB domain (Table 3-1). Other significant hits included hypothetical proteins 

from various sources and weak homology to a computationally identified ketosteroid 

isomerase-related protein from Ralstonia metallidurans (see Section A4.1 for full 

results). 

These results provide very little, if any, information about the structure or function of 

EhpA. A more comprehensive search was therefore carried out in order to identify more 

distantly related sequences and possible structural relatives of EhpA. 

3.3.1. Identification of proteins related to EhpA 

Detection of remote homologs of EhpA 

The position-specific iterated (PSI)-BLAST program is designed to be more sensitive 

than BLASTP and is able to find very distantly related proteins i.e. proteins with low 

but biologically relevant levels of sequence similarity (McGinnis and Madden 2004; 
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Altschul et a1. 1997). PSI-BLAST builds a profile from sequences within a similarity 

threshold and then uses the profile as a query in subsequent, iterative, rounds of 

searching. Use of these profiles increases sensitivity to remote homologies with each 

iteration. This process is generally continued for a specified number of iterations or 

until no new matches are found. 

PSI-BLAST analysis of the EhpA amino acid sequence resulted in detection of> 100 

new similarities (hits) in addition to the 22 detected by BLASTP. The analysis was 

stopped after five iterations as large numbers of hits to hypothetical or unknown

function proteins were detected. Section A4.1.3 details the additional similarities that 

were reported with each successive iteration of PSI-BLAST. The newly identified 

similarities fell into several groups (Table 3-2): ketosteroid isomerases (KSI) and KSI

related; limonene epoxide hydrolases (LEH); ester/polyketide cyclases (PKC); nuclear 

transport factor 2 (NTF2)-like; and a large number of hypothetical proteins (i.e. amino 

acid sequences computationally translated from genomic DNA sequences). 

Table 3-2: Highest-scoring examples of EhpA hits detected by PSI·BLAST 

86 

Type" Protein Descriptionb Score 
E value" 

Hypothetical Paer021832 Hypothetical protein 246 le-64 
KSI -related YesE Ketosteroid isomerase-related protein 188 ge-41 

(predicted) 
KSI IBUQ Chain B, solution structure of liS -3- 57 ge-08 

ketosteroid isomerase 
Ester/polyketide ISJW Chain A, structure of polyketide cyclase 53 3e-6 
cyclase SnoaL 
LEH gil46319940 Limonene-I,2-epoxide hydrolase 52 3e-6 
Unknown function gi117232498 Unknown protein (Nostoc sp. PCC 45 6e-4 

7120) 
NTF2-like gil51536248 NTF2-Jike protein 45 7e-4 

Notes: "Type: as described in text. ~CBI description taken from Entrez protein database entry. "Scores 
and E values from iteration 4 or 5. See A4J.3 for full results including accession numbers. 

Fold identification 

Sequence analysis alone is often not able to detect proteins with a similar fold (structure 

relatives) that have < 30% identity. It is also difficult to assess the biological relevance 

of hits with very low sequence similarity as structure is often more conserved than 

sequence between remote homologs (McGuffin and Jones 2003). To gain more 

information about the sequence-based hits and to identify possible structure relatives 

undetectable by sequence similarity, the EhpA amino acid sequence was searched 
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against the 3D-PSSM fold library and analysed using mGenThreader (Kelley et al. 

2000; McGuffin and Jones 2003). 

3D-PSSM is a protein fold-recognition program that is able to detect remote homologies 

between protein sequences by using ID and 3D sequence profiles coupled with 

secondary structure and solvation potential information (Kelley et al. 2000). In 

agreement with the PSI-BLAST results, the four top-ranking hits detected by 3D-PSSM 

belong to families that are members of the NTF2-like superfamily (Table 3-3). 3D

PSSM also returns alignments of the query against each hit with sequence and 

secondary structure information which can be used to further assess the reliability of a 

hit. The best alignment, as judged by visual inspection, for EhpA was with lNU3, the 

LEH from Rhodococcus erythropolis. 

Table 3-3: Top four EhpA hits detected by 3D-PSSM 

PDB 
E value 

Identity Template Super-
Famill Protein 

ID" (%i lengthb famill 

IS5A 8.77e- 19 135 NTF2 nc Hypothetical protein apcll from 
14 Bacillus subtilis 

lSJW 0.0123 15 142 NTF2 PKC Polyketide cyclase SnoaL from 
Streptomyces nogalater 

INU3 0.0155 15 141 NTF2 LEH Limonene-l,2-epoxide hydrolase from 
Rhodococcus erythropolis 

lQJG 0.713 18 125 NTF2 KSI 6,5 -3-Ketosteroid isomerase from 
Comamonas 

Notes: "Protein DataBank (PDB) identifier. bpercentage amino acid identity. cAmino acid length dSCOp 
(Structural Classification Of Proteins) assignments; nc, not classified. See A4.lA for full results. 

In order to provide confirmation for assignment of the EhpA fold, an alternative protein 

fold-recognition program, mGenThreader, was also used to search for potential structure 

relatives of EhpA. The mGenThreader method uses information derived from threading 

(which assesses the fit of a sequence to a 3D structure), sequence and structure profiles, 

and scores for alignments of sequence and secondary structure to assign folds to protein 

sequences (McGuffin and Jones 2003). The most significant hits were to proteins in the 

NTF2-like superfamily or to unassigned proteins with similarity to members of the 

superfamily (Table 3-4). The 1 TUH and lS5A hits are not very informative, as the 

functions of these proteins are unknown and the lS5A alignment has an unlikely 

solvation score. The IHKX structure is an artificial domain engineered from a mouse 

protcin kinase and is, therefore, unlikely to have much relevant biological information 

that can be applied to EhpA. The remaining two proteins for which functional 
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information is known, 1 SJW and INWW were both detected by 3D-PSSM. The 1 NWW 

structure is the same LEH as the INU3 hit detected by 3D-PSSM, without bound 

inhibitor (Sultana et al. 2004). 

Table 3-4: mGenTHREADER results for EhpA with confidence levels of certain to higha 

Net E 
ID value (%y lengthd lengthd Protein 

score 
lTUH 0.868 0.0002 13.0 131 130 Ba132a from a soil-derived mobile gene 

cassette 
ISJW 0.847 0.0003 12.7 142 137 Polyketide cyclase SnoaL from 

Streptomyces nogalater 
IS5A 0.835 0.0004 17.3 139 139 Hypothetical protein apc1116 from 

Bacillus subtilis 
IHKX 0.748 0.003 11.3 141 132 Calcium/calmodulin-dependent protein 

kinase from Mus musculus 
1NWW 0.715 0.005 13.1 145 131 Limonene-l,2-epoxide hydrolase from 

Notes: aConfidence levels: certain; E-value < 0.001, high; E-value < 0.01. bProtein DataBank (PDB) 
identifier. <Percentage amino acid identity. d Amino acid length. See A4.1.5 for full results. 

Sequence homologs and structural relatives of EhpA 

Members of NTF2-like families with similarity to EhpA were detected by sequence

matching and fold-recognition methods, indicating that EhpA is a member of the NTF2-

like superfamily of proteins. Similarity was also detected to a number of hypothetical 

and unknown-function proteins that may also be members of this superfamily. 

The NTF2-like superfamily (cd00531) (Andreeva et al. 2004; Murzin et al. 1995) 

includes the NTF2 family, the limonene epoxide hydrolase family and the ketosteroid 

isomerase family, of which the ester/polyketide cyclases are members. The NTF2-like 

superfamily consists of proteins that have helices packed against a ~-sheet to form a 

hydrophobic pocket, and is an example of divergent evolution: the prototype NTF2 

itself possesses no catalytic activity, while members of the various other families exhibit 

diverse functions (Murzin 1996). Epoxide hydrolases catalyse the hydrolysis of 

epoxides to their corresponding diols; ketosteroid isomerases catalyze the extremely fast 

isomerization of steroid substrates; ester/polyketide cyclases catalyze the last cyclisation 

in the biosynthesis of anthracycline polyketides (Arand et al. 2003; Ha et al. 2001; 

Sultana et al. 2004). A common feature of these enzymes is the location of the active 

site deep within the hydrophobic pocket formed between the helices and the l3-sheet. 
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Structure relatives of EhpA that were assigned by 3D-PSSM and mGenThreader were 

also detected as sequence homologs by PSI-BLAST, with the exception of the 

engineered protein kinase domain from mouse (Table 3-5). 
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Table 3·5: Comparison of EhpA hits detected by fold·recognition and sequence- similarity methods 

PDBID 

ISJW 2 15 2 13 5 15 
INU3/1NWW 3 15 5 13 5 14 
lQJG 4 18 5 17 
ITUH 1 13 4 15 
IHKX 4 11 

Notes: GRank based on E-values returned by 3D-PSSM and mGenThreader, or iteration round in which 
hit was first detected by PSI-BLAST. bpercentage amino acid identities of alignments obtained. 

Three of these structure relatives have been functionally characterised and were 

therefore compared with each other in order to find common features that might be 

relevant to EhpA. LEH from Rhodococcus erythropolis (lNU3/1NWW, EC 3.3.2.8) 

catalyses the conversion oflimonene-1,2-epoxide to the corresponding diol (Figure 3-2 

A) (Arand et al. 2003). LEH exists as a dimer with a catalytic triad (Arg99-Asp101-

Asp132) of polar residues, found at the active site within the hydrophobic pocket of 

each monomer. The KSI from Comamonas testosterone (lQJG, EC 5.3.3.1) is also a 

dimer in solution and catalyses the isomerisation of!::J.5 to !::J.4-3-ketosteroids (Figure 3-2 

B) (Cho et al. 1999; Ha et al. 2001). Again, a catalytic triad (Tyr14-Asp39-Asp99) is 

found within the active site of each monomer although not in exactly the same positions 

as LEH. The PKC SnoaL (nogalonic acid methyl ester cyclase, lSJW) from 

Streptomyces nogalater catalyses the final ring closure step in the biosynthesis of the 

polyketide antibiotic nogalamycin (Figure 3-2 C) (Sultana et al. 2004). SnoaL is 

thought to form a tetramer in solution via a dimer of dimers and, as such, has a similar 

quarternary structure to LEH and KSL The active site contains a number of residues 

conserved amongst the PKC enzymes (Asn33, Gln105, His107, His119, Asp121) and, 

like other members of the NTF2-like superfamily, is situated within the hydrophobic 

binding pocket. 
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A o OH 
OH 

Iimonene-l,2-epoxide LEH limonene-l,2-diol 
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Figure 3-2: Reactions catalysed by (A) limonene-l,2-epoxide hydrolase (l,EH); (B) AS-3-ketosteroid 
isomerase (KSI); (C) The polyketide cyclase SnoaL (PKC, nogaionic acid methyl ester cyclase). 

Figure 3-3 shows the tertiary structures of the LEH, KSI and SnoaL monomers and a 

structure-based alignment of their amino acid sequences. The structure-based alignment 

was obtained from the NCBI MMDB, a curated database that includes pre-computed 

VAST structure-structure alignments ofPDB entries (Wang et ai. 2002; Gibrat et ai. 

1996; Berman et ai. 2000). Active site residues can be seen within the hydrophobic 

pocket of each enzyme and conserved residues are highlighted in red on the sequence 

alignment. 

Figure 3-3 (next page): Comparison of structural relatives of EhpA. Ribbon diagrams showing 
structures of (A) LEH (INU3); (B) KSI (IQJG); (C) SnoaI. (ISJw). Colours are blue for helices, 
pink for ~-strands and yellow for active site residues. A VAST alignment is shown as superimposed 
structures (D) and as a pseudo-multiple sequence alignment with aligned residues in colour 
uppercase (E). Conserved residues are bighlighted with red and active site residues with yellow. 
Other aligned residues are coloured from red to blue according to conservation at each position 
and unaligned residues are grey lower case. Ribbon diagrams and the VAST alignment were 
prepared with Pymol and Cn3D respectively (DeLano 2002; Hogue 1997). 
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To provide an indication of the structural and/or functional importance of conserved 

residues shared by the EhpA and PhzAXIBY proteins with the structural relatives, their 

sequences were added to the V AST alignment of LEH, KSI and PKC, shown in Figure 

3-3 D and E, using the Block algorithm of Cn3D (Hogue 1997) (see Section A4. ).6 for 

MSA). The majority of highly conserved residues shared by EhpA and PhzAXIBY 

appear to have structural roles, such as lining of the hydrophobic pocket, as would be 

expected for proteins sharing a common fold but having diverse functions (Blundell and 

Johnson 1993; Tian and Skolnick 2003) (Table 3-6 and Figure 3-4). EhpA and the 

PhzAXIBY proteins all possess conserved tryptophan (EhpA:W69) and histidine 

(EhpA:H J 19) residues which are also shared with PKC (I SJW:W54;H 107). In PKC, the 

tryptophan side-chain makes direct contact with the substrate, while the histidine side

chain forms part of a hydrogen bond network, via a glutamine (Q I 05), to a carbonyl 

oxygen of the substrate (Sultana ef af. 2004). 

Table 3-6: Comparison of residues at highly conserved positions of EhpA, LEH, KSI, and PKC. 

Location or role Ehp/\IJ I NU3/LEH IQJG/KSI IS1W/PKC 

Turn/poc ket U7 Y46 L29 Y26 

Turn/pocket F38 F47 F30 127 

Turn/strand 041 050 033 030 
Turn strand-helix G59 G63 G47 G44 
Helix/ac tive site W69 G73 N57 W54 
Turn strand-strand PI09 PI07 QX9 T<17 

Strand/acti ve site H 119 GUS 099 H107 
Strand/pocket FI21 F120 FIOI M 109 

Strand/pocket LI23 L122 FI03 Jill 

Turn strand-strand GI26 G12S GI07 G1l4 
Strand/pocket 1128" 1127 VI09 1116 
Strand/surface R 132 RI3I RID R120 

Notes: "Residues also conserved across PhzAX/B Y groups except for T 1211-7 V in PhzB of 2-79/PCLl391 
and Phz Y of -'0-84. Bold high I ighls residues identical to EhpA/PhzAX/B Y . Residues conserved in EhpA 
and PlliAX/BY that playa direct role in PKC' substrate binciing are highlighted in yellow. as for Figure 
3-4 . 
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Figure 3-4: Overlaid stmcturcs of LEH, KSI and PKC monomers showing active site residues 
(blue) and residues conserved in EhpAlPhzAXlPhzBY (red). Also shown is a region that is less 

conserved between these proteins (backbone trace in green). (A) View from 'front' as in FigUl·e 3-3. 
The conserved histidine shared by EhpAlPhzXY and PKC can be seen at the back of the active site 

(yellow). (B) View from side (rotated 90° from front view). The conserved tryptophan is shown 
(yellow). The a-carbon backbone traces are shown as thin wi.·es. These assignments are based on a 

V AST alignment of the LEH, KSI and PKC structures followed by alignment of the EhpA and 
PhzAXfBY sequences using the block align algorithm of ('n3D (Hogue 1997). 

3.3.2. EhpA is similar to both the PhzAX and PhzBY groups from 
Pseudomonas spp. 

Several structurally characterised proteins have been identified that may share a similar 

fold, and therefore similar tertiary structure, with EhpA. However, no insight is gained 

into how the structure and function of EhpA might differ from those of PhzAX and 

PhzBY. Suhtle amino acid and/or structural changes that may lead to differences in 

function are likely to be more obvious when comparing close, rather than distant, 

homologs. To this end , the PhzAX, PhzBY and EhpA proteins were compared using 

secondary structure predictions and MSA . 

Secondary structure prediction 

Conserved regions among related proteins are likely to reflect structural constraints and 

are therefore logical candidates for secondary structure elements (McGuffin et al. 2000; 

Jones 1999). The secondary structure of EhpA was predicted using the PSIPRED 

method which uses position-specific scoring matrices (PSSMs) generated by a PSI-
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BLAST database search to improve prediction of secondary structure, and has been 

shown to give highly accurate results (McGuffin el of. 2000). The PSSMs used by 

PSIPRED reflect the residue conservation patterns across proteins homologous to the 

query and will incorporate similar proteins, such as PhzAXfBY and other homologs of 

EhpA, jnto the prediction process. Therefore, the PSIPRED-predicted pattern of 

secondary structure for EhpA is likely to reflect features conserved across the families 

from which members are detected by PSI-BLAST. Accordingly, the PSJPRED 

prediction for EhpA (Figure 3-5) agrees with the known secondary structures of LEH, 

KSI, and PKC and has a similar pattern to that predicted for both PhzAX and PhzBY 

from P. fluorescens 2-79. 
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Figure 3-5: Representation of EhpA secondary structure prediction by PSIPRED. Prepared with 
the help of the PSIPREDView program. 

The DSC method (Discrimination of Secondary structure Class) of King and Sternberg 

(1996) as implemented in the DNAman software package (Lynnon BiosofL), allows 

prediction from a specific MSA or from a single protein sequence but does not use a 

database search like PSIPRED. The DSC method however, generally has lower 

accuracy than PSIPRED (King and Sternberg J 996; Jones (999). This may be, in part, 

because the low number of sequences comp;lred (only one in the case of EhpA) give a 

less accurate measure of the likelihood of a particular residue being in a structurally 

important region. For this rcason, the DSC-based prediction is more likely to reflect the 
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varying: propensities of residuesiregions for forming particular secondary structures 

rather than the secondary structure common to a large group of related proteins. 

Prediction was carried out for separate MSAs of the PhzAX and PhzBY groups, and for 

EhpA. In contrast to the PSTPRED results, comparison of DSC-predicted secondary 

structure for the PhzAX group and the PhzBY group with that predicted for EhpA 

suggests that the secondary structure of EhpA might differ substantially from both the 

PhzAX and PhzBY proteins, and also that these two groups of proteins differ from each 

other (Figure 3-6). 
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PhzA 

PhzA 

PhzB 
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-10 2V J(J .11 0 ~ 60 70 so 90 H}O 110 120 1:K:1 140 l sa -dl 3(: 41) 50 60 70 80 90 HJO I I" ' 2u 130 140 1~ 100 
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Figure 3-6: Comparison or secondary structure predictions ror EhpA, the PhzAX group and the 
PhzBY group. Secondary structure prediction was made using the DSC method rrom multiple 

sequence alignments (PhzAX or BY groups) or rrom the EhpA amino acid se(luence. Numbering 
indicates every tenth amino acid residue. 

Multiple sequence alignment 

Alignment of the PhzAX, PhzAB , and EhpA amino acid sequences was carried out 

using ClustalW (Thompson et al. 1994). Consistent with the results of Mavrodi et al. 

(1998), comparison of the PhzAX and PhzBY groups shows that these proteins are 

highly similar, both within and between the two groups. The PhzAX and PhxBY groups 

have ca. 70% and 75 % identity respectively, and overalJ the PhzAX/BY proteins have 

ca. 72% identity, with the N-terminal 15 residues showing the greatest divergence. 

Alignment of EhpA with the PhzAX/BY proteins shows that the EhpA amino acid 

sequence is also highly similar (ca. 70% identity overall) and again that the N-terminal 

region is less conserved than the rest of the protein (Figure 3-7B). It is unclear from the 

MSA whether EhpA might belong to the PhzAX or PhzBY groups, or if these proteins 

themselves cluster into separate groups. To solve this problem, a neighbour-joining tree 
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was constructed from the multiple sequence alignment shown in Figure 3-7B, using the 

percentage mismatch between each pair of sequences to ca1culate distances (Figure 

3-7 A) (Clamp et al. 2004; Saitou and Nei 1987). The EhpA branch is separate from the 

two distinct clusters formed by the PhzAX and PhzBY suggesting that EhpA has a 

comparable level of mismatch to both groups. In support of the tree topology, EhpA 

exhibits 54% and 59% pairwise sequence identity to consensus sequences for the 

PhzAX and PhzBY groups respectively. The PhzAX and PhzBY consensus sequences 

were calculated from the multiple alignments of each group and have 66% identity to 

each other. 
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Figure 3·7 (next page): Comparison of EhpA and PhzAXlBY amino acid sequences from: P. 
agglomerans Ehl087; P. aureojaciens 30-84; P. fluorescens 2-79; P. aeruginosa PAOl and PA14, P. 
clzlororaphis PCL1391. (A) Neighbour-joining tree constructed from (B) the multiple sequence 
alignment. Distances shown on tree are estimated branch lengths based on percentage mismatch. 
Residues in the multiple sequence alignment are coloured according to the percentage of residues in 
each column that are identical to the consensus sequence, from blue (> 80%) to white ( :910%). 
Sequence labels are coloured according to their division into groups OIl the tree. 
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Further examination of the MSA shown in Figure 3-7B, in light of the clustering of the 

proteins into three distinct groups, shows that there is a region where EhpA and the 

PhzAX group both differ from the PhzB group. In the PhzAX group, this region appears 

to be more variable. This variable region is centered around position 70 of the MSA, 

and runs from P55 to C72 in EhpA. Interestingly, comparison of this region to known 

structures predicts that it forms a small ~-strand and one of the helices which is part of 

the wall of the hydrophobic pocket (Figure 3-4). Secondary structure prediction for 

EhpA also suggests that this region forms a small strand followed by a helix (Figure 3-5 

and Figure 3-6). In LEH, it is thought that structural changes in this helix (cx3) might 

alter the substrate specificity of the enzyme (Arand et al. 2003). In PKC, this region 

contains the conserved tryptophan residue (W54, Table 3-6) that is shared by EhpA 

(W69) and the PhzAXIBY proteins, and is involved in substrate binding (Sultana et al. 

2004). Divergence of this region in Ph~AX or PhzBY, after a duplication event, 

may have led to structural changes with a consequent functional difference for one or 

more of the EhpA and PhzAXIBY proteins from their common origin. Gene 

duplications are known to contribute to functional diversification, by ensuring that the 

original (advantageous) function is maintained while allowing the second copy to 

evolve a different function (Sjolander 2004). 

To further highlight any differences (and similarities), the ClustalW alignment of EhpA 

with the PhzAX and PhzBY groups was coloured by residue hydrophobicity and shaded 

according to residue conservation within each group (Figure 3-8), using the JAL VIEW 

program (Clamp et al. 2004). The hydrophobicity scale used is that of Kyte and 

Doolittle (1982) with the most hydrophobic residues coloured red and the most 

hydrophilic blue. Calculation of residue conservation is based on physico-chemical 

properties as determined by the AMAS method (Livingstone and Barton 1993) and was 

determined for the PhzAX and PhzBY groups. The most conserved columns are given 

the brightest colouring through to the least conserved colunms with the palest. 

Conserved hydrophobic positions are therefore shown with predominately bright red 

residues and conserved hydrophilic positions with bright blue. This representation 

shows that at a number of sites, with conserved hydrophobic or hydrophilic residues in 

the pseudomonad proteins, EhpA residues have differing properties and again highlights 

the variability in the region around position 70. 
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Figure 3-8: Comparison of hydrophobicity of EhpA and EhpABXY residues. Residues are coloured 
according to their hydrophobicity, from red through to blue. The most conserved residues in each 

group have the brightest colours. Diagram prepared with the help of the JALVIEW p,·ogram. 

3.4. Summary, conclusions, and predictions 

The phenazine biosynthetic pathways encoded by the Group I genes of Eh J 087 and the 

PCA operons of fluorescent pseudomonads both produce PCA . An intriguing difference 

is that, although the proteins involved in these pathways are very similar, the Eh 1087 

pathway also forms the related phenazine POc. The EhpA protein was identified as a 

potential determinant of this difference by a comparison of the predicted and known 

function s of the proteins of the two pathways. A comprehensive search for proteins 

likely to be structurally related to EhpA was then carried out, followed by an 

examination of features common to the three major classes of these structural relatives. 

The Group I genes and the POC/PCA biosynthesis pathway 

The Group 1 proteins of Eh 1087 are homologous to six of the seven proteins encoded 

by the PCA operon. EhpB and EhpC were found to be similar to enzymes involved in 

the shikimate pathway and EhpE to flavin-depend ent oxidases, in addition to the related 

Phz proteins . EhpA and EhpO, however, are similar only to their corresponding Phz 

proteins (Table 3-1). Together with functional information for the Phz proteins, these 

results were used to establish the probable roles of the Group I proteins in phenazine 
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production, and to identify differences which might be responsible for the ability of 

Eh1087 to produce both PCA and PDC. 
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One major difference between Group 1 and the PCA operon is the lack of a homologue 

of PhzC in Eh1087. PhzC is the first enzyme of phenazine biosynthesis in 

pseudomonads and is a putative DAHP synthetase that is thought to ensure sufficient 

levels of chorismate for phenazine biosynthesis (Pierson III et at. 1995; Mavrodi et al. 

1998). PhzC is required for phenazine biosynthesis in the pseudomonads, but is not 

directly involved in the formation of PCA itself. Consequently, although the Ehl 087 

AGA cluster does not possess a homolog of phzC, the nature of the phenazine pathway 

itself is unlikely to be affected. Presumably the flux through the shikimate pathway in 

Eh1087 provides enough chorismate for phenazine biosynthesis, without the need for a 

DAHP synthase enzyme that bypasses the normal regulation of the pathway. 

Introduction of phzC to Eh1087 may, however, enhance AGA production levels and 

could lead to improvement of the biological control potential of Eh1087. 

The next steps are the conversion of chorismate to ADIC and then DHHA. These steps 

are carried out by the PhzE and PhzD proteins (McDonald et ai. 2001), to which the 

EhpC and EhpB proteins, respectively, are similar. These steps seem likely to be 

conserved in both pathways as there are no obvious differences. 

Following DHHA formation, several poorly characterised steps lead to the formation of 

the final product(s) PCA and, in Eh1087, PDC. In the pseudomonad pathway, these 

steps strictly require only PhzF, but efficiency is greatly enhanced by PhzG, PhzA and 

PhzB (McDonald et al. 2001; Parsons et al. 2004a; Blankenfeldt et al. 2004). 

The structures of the EhpD homolog, PhzF (from P. fluorescens 2-79) (Parsons et al. 

2004a; Blankenfeldt et al. 2004) and the EhpE homolog PhzG (from P. fluorescens and 

P. aenlginosa) have only recently been determined. Biochemical studies have shown 

that PhzF alone is able to convert DHHA to PCA. However, in the absence of PhzG 

and/or PhzAB, the conversion ofDHHA to PCA by PhzF is very inefficient (see 

Sections 4.0.3 and 4.10.1). EhpD and EhpE are similar to PhzF and PhzG, respectively, 

and again are likely to carry out the same functions, as there are no readily apparent 

differences. 

While EhpA is similar to both PhzA and PhzB, there is only a single copy of the 

corresponding gene in Group 1. This difference between Group 1 and the PCA operon 
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was considered the most obvious candidate that might be responsible for production of 

PDC by Eh1087. 

3.4.1. Prediction of EhpA structure and function 
Analysis of the amino acid sequence of EhpA with BLASTP did not return any hits to 

proteins of known structure or function, other than the PhzAXIBY proteins. Several 

alternative methods were therefore used to search for proteins of known structure and 

function to which EhpA might be similar, with the aim of gaining some insight into the 

role of EhpA in phenazine biosynthesis. PSI-BLAST was used to identify distant 

(sequence) homologs of EhpA; 3D-PSSM and mGenThreader were used to identify 

proteins of known structure which might have a similar fold to EhpA (structure 

relatives). 3D-PSSM and mGenTHREADER were able to confidently identify several 

NTF2-like proteins as structural relatives of EhpA (Table 3-5). All of these proteins, 

and a number of other proteins belonging to the same families, were also detected by 

PSI-BLAST. 

Structure relatives of EhpA have a hydrophobic substrate-binding pocket 

Three of the highest-scoring proteins detected by the fold-recognition methods were 

LEH from Rhodococcus erythropolis, KSI from Comamonas testosterone, and PKC 

from Streptomyces nogalater. These probable structural relatives of EhpA, and many of 

the other hits returned by PSI-BLAST and fold recognition, are members of the NTF2-

like superfamily. Members of the NTF2-like superfamily (Marchler-Bauer et al. 2003) 

are found in bacteria, archae a and eukaryotes and consist of a ~-sheet backed by (X,

helices to form a barrel with a hydrophobic interior (Figure 3-3). These proteins appear 

to have divergently evolved from a common origin, and the family includes proteins 

with diverse catalytic functions and proteins with no enzymatic activity at all, factors, 

such as NTF2 itself (Murzin 1996). The PKC, KSI and LEH enzymes bear no obvious 

sequence similarity « 20% identity) to each other but all have similar tertiary and 

quaternary structures and bind their respective non-polar/aromatic substrates within the 

hydrophobic pocket (Figure 3-3), suggesting that EhpA may bind a similar substrate 

such as a phenazine intermediate. Although these enzymes carry out quite different 

reactions (Figure 3-2), their active sites are all found deep within the hydrophobic 

pocket. Both LEH and KSI are dimers in solution and while the biologically active form 
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of PKC is tetrameric, it is described as a dimer of dimers. EhpA may have a similar 

quarternary structure and also form a dimer. 
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Alignment of EhpA and the PhzAXlBY sequences with those of the structural relatives 

showed that the most conserved residues are likely to have structural roles, many appear 

to form the lining of the hydrophobic pocket. This provides further support for a shared 

ability to bind non-polar substrates and may reflect differing catalytic functions. 

Structure prediction 

Two alternative methods were used to predict the secondary structural elements of 

EhpA. Firstly, the PSIPRED method, which incorporates information from PSI

BLAST-detected hits, predicted an arrangement typical of the structural relatives and 

very similar to PhzAXIBY (Figure 3-5). In order to determine if there might be 

secondary structural differences between the more closely related EhpA and PhzAB/XY 

proteins, an alternative prediction method that would only take into account residue 

conservation in these groups of proteins was used. The DSC prediction (Figure 3-6) 

suggested quite different patterns of secondary structure elements for EhpA and both the 

PhzAX/BY groups. The differences between the EhpA DSC prediction, the PhzAXIBY 

predictions, and the PSIPRED predictions may be indicative of substitutions that result 

in local alterations of structure and/or function. 

Implicit in recognizing the fold of a particular protein is the prediction of that protein's 

tertiary structure, that is, the protein of interest is predicted to have a similar tertiary 

structure to proteins identified as structural relatives. The 3D-PSSM server is able to 

provide an actual model of the tertiary structure of the query protein, based on the 

tertiary structure of a high-scoring match. The alignment between the EhpA and INU3 

(LEH) sequences was sufficient for 3D-PSSM to be able to construct a model of EhpA 

based on INU3 (Figure 3-9). Although not all residues are included, the model 

illustrates the predicted tertiary structure of EhpA and shows that many of the secondary 

structural elements of INU3 are likely to be present in EhpA. 
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Figure 3-9: Comparison of the tertiary structures of (A) INU3 and (8) a model for EhpA, based on 
INU3, generated by 3D-PSSM. The models generated by 3D-PSSM are mappings from the 

coordinates of the template structure and the query sequence residues that aligned with them. 
Regions of unaligned residues are not built into the model. 

3.4.2. Sequence comparison of the EhpA and PhzAXlBY proteins 

Structural classification of proteins (SCOP) families contain proteins that have similar 

structure and function and/or have> 30% identity. Members of a family almost 

certainly have a common evolutionary origin. Superfamilies are formed from families of 

proteins with low sequence identity but structural and functional features suggest a 

common evolutionary origin (Murzin et al. 1995; Andreeva et al. 2004). EhpA has 

oelwecn 50 and 61 % residue identity with the PhzAXIBY proteins (Table 3-1). As such, 

these proteins form a distinct family within the NTF2-like superfamily of proteins, 

according to SCOP definitions. 

In order to identify conservation at positions specific to this family, which may be 

structurally or functionally important for their role in PCNPDC formation, a sequence

based MSA was constructed using Clustal W (Thompson et al. 1994). The resulting 

MSA was then used to build a neighbour-joining tree using lalview (Clamp et Cli. 2004; 

Saitou and Nei 1987) to highlight the relationships between the aligned sequences 

(Figure 3-7). 

Consistent with their being encoded by separate genes, the clustering of the proteins 

formed three distinct groups: the PhzAX proteins, the PhzBY proteins, and EhpA. All 

of the Phz proteins compared are highly similar, both within and between the two 
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groups. Mavrodi et al. (1998; 2001) have suggested that this is indicative of a gene 

duplication. The tree topology is consistent with this idea and suggests that EhpA shares 

a common origin with both the PhzAX and PhzBY groups. Although recent divergence 

of the ehpA and phzAXiBY genes may not have allowed enough time for all conserved 

residues relevant to structure and function to become obvious, several patterns are 

apparent. 

The N-terminal residues of all the proteins are not well conserved, perhaps reflecting a 

'tail-like' structure of this region, as seen for LEH, KSI and PKC (Figure 3-3). The 

PhzAX group is more variable than the PhzBY group and both EhpA and the PhzAX 

group exhibit low conservation in a central 18-residue region (residues 55-72 of EhpA) 

which has been implicated in substrate specificitylbinding for LEH and PKC (Sultana et 

al. 2004; Arand et al. 2003). 

3.4.3. Conclusions and predictions 
Taken together, the data presented above suggest that the EhpAlPhzAXIBY family are 

capable of binding, and catalyzing reactions of, intermediates of the PCAlPDC 

biosynthetic pathway. This proposed direct, enzymatic role is in contrast to their 

previously proposed roles as factors responsible for stabilizing an enzyme complex. The 

activity of these proteins is likely to be effected and affected by side chains lining the 

binding pocket and changes in this region would be expected to alter substrate ancIJor 

reaction specificity. 

The finding that EhpA does differ from PhzAXlBY, in a region potentially important 

for substrate binding/specificity, provides further support for the hypothesis that EhpA 

is responsible for the difference in phenazine production between Eh1087 and the 

fluorescent pseudomonads. The hypothesis can now be refined to state that EhpA is 

functionally different to PhzAXIBY and therefore allows production of both PCA and 

PDC by the Group 1 proteins of Eh1087. 

The following chapter describes an investigation aimed at determining if there is indeed 

a functional difference between these similar proteins. 
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Chapter 4: The role of ehpA I EhpA in phenazine 

production by Pantoea agglomerans Eh1 087 

4.0. Introduction 
The Group 1 genes from Eh1087 and the PCA operons from fluorescent pseudomonads 

are both responsible for the production of PCA, while the Group 1 genes are also 

required for the production of PDC. Comparison of the two groups identified EhpA as 

the most likely candidate for enabling this difference in the phenazines produced by 

these homologous pathways. Comparison to related proteins with known structures 

indicated differences between EhpA, PhzAX and PhzBY in the vicinity of an a-helix 

that helps form a hydrophobic substrate binding pocket, and has been implicated in 

substrate specificity. It was therefore proposed that EhpA is functionally different to 

PhzAXlBY and allows the Groupl proteins to produce both PCA and PDC (see Chapter 

3). The current chapter deals with an experimental investigation to determine if, and in 

what way, EhpA affects phenazine production by the Group 1 proteins. 

4.0.1. The Group 1 and peA operon genes encode similar 
proteins/path ways 

It is generally accepted that a common pathway for the synthesis of PCA exists in the 

fluorescent pseudomonad phenazine producers (Mavrodi et al. 1998; Mavrodi et al. 

2001; McDonald et aI. 2001; Parsons et al. 2003). The seven-gene PCA operon encodes 

the proteins necessary for the production of PCA from chorismate. These Phz proteins 

are similar to the products of the Group 1 genes, ehpABCDE, with the notable absence 

of a second copy of the ehpA gene and no match for the phzCIF gene in Eh1087 (see 

Section 3.1). Despite these differences, Eh1087 and the fluorescent pseudomonads are 

expected to operate the same general pathway for the production of PCA, only differing 

in their ability to produce PDC. 

In Ehl087, the Group 1 genes are part of a 15-gene operon responsible for AGA 

production (Giddens 2002; Giddens et al. 2002). Screening of mini-Tn5-induced 

mutants for loss of AGA production (measured as antibiotic activity) led to the isolation 

of a collection of phenazine-deficient strains. These mutants lacked the protein product 

of the one or more of the 15 ehp genes, depending on the orientation of the transposon. 
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Orientation 1 (01) mutants express ehp genes upstream and downstream of the 

transposon insertion, while orientation 2 (02) mutants are unable to express 

downstream ehp genes. The AGA-deficient mutants were divided into four groups by 

Giddens (2002) on the basis of accumulation of coloured AGA intermediates. 

Determination of the DNA sequence of the AGA cluster showed that the division of 

mutants into groups agreed with the predicted locations of ORFs and the putative ehp 

genes were, therefore, divided into the same four groups-AGA cluster genes interrupted 

in mutants producing the same colour intermediate were grouped together (Giddens 

2002; Giddens et al. 2002). 

The first five genes of the AGA cluster, ehpABCDE, are responsible for PCA and PDC 

production and are designated as Group 1. Mutants with transposon insertions in 

ehpABCDE did not produce any phenazines, while group 2 mutants (with active Group 

1 genes upstream) accumulated only t~e yellow phenazines PDC and PCA. Group 1 01 

mutants, in which all other ehp genes are functional, were able to produce AGA when 

supplied with PDC. This showed that these mutants lack the ability to synthesize PDC 

but are able to carry out the subsequent conversion of POC to AGA (Giddens 2002; 

Giddens et al. 2002). 

4.0.2. PDC: a common precursor phenazine? 
The production of PDC is not only interesting because of the difference between the 

Eh1087 and pseudomonad pathways, but also because understanding the reason for the 

difference may shed light on the mechanism of formation of the phenazine ring 

structure. 

PDC has long been considered as the chemically logical product of dimerisation of two 

symmetrical chorismate-derived phenazine precursors (see Section 1.5). PDC is known 

to be an intermediate of phenazine production in Streptomyces spp. (Buckland et al. 

1981b; Buckland et al. 1981a; Turner and Messenger 1986), although it has not been 

established whether the pathway or the genes involved are similar to Group 1 or the 

PCA operon. 

The biosynthesis of PCA by fluorescent pseudomonads has been partially characterised 

and the proposed dimerisation mechanism was expected to form PDC, followed by 

decarboxylation to give PCA. Recently, however, McDonald et ai. (2001) have shown 
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that, at least for P. fluorescens 2-79 under the conditions used, PDC is not a precursor of 

PCA. Cell-free extracts of E. coli expressing all seven PCA operon genes were unable 

to convert PDC into PC A, suggesting that the decarboxylation occurs during 

dimerisation (see Section 4.0.3 and Figure 4-1). 

4.0.3. Current understanding of the PCA biosynthetic pathway 
While early biochemical studies in various phenazine producers established the role of 

shikimate, via chorismate, and glutamine as the feedstocks of phenazine biosynthesis 

(see Section 1.5), it has only been recently that a picture of the pathway has begun to 

emerge. The isolation and characterisation of the genes involved and the application of 

this genetic information to biochemical studies has allowed several of the steps involved 

to be elucidated. Even more recently, several investigators have embarked upon 

structural investigations of phenazine biosynthetic enzymes, which promise to provide 

further details of the pathway (Parsons·et al. 2003; Mavrodi et al. 2004; Ahuja et al. 

2004). 

The isolation of the seven-gene PCA operon from 2-79 and its similarity to genes from 

30-84 led Mavrodi et al. (1998) to propose, on the basis of sequence similarity, a 

common pathway for PCA biosynthesis in the pseudomonads. McDonald et al. (2001) 

have tested some of the proposed enzyme activities in cell-free extracts of E. coli 

containing 2-79 phz genes. It was also shown that ADIC and another compound, 

DHHA, are phenazine precursors. Extracts containing all seven PCA operon products, 

PhzABCDEFG, did not convert PDC into PCA. 

These data led to some modification of the proposed model and the current 

understanding of the pathway can be summarised as follows (Figure 4-1). 
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Figure 4-1: Summary model for PCA biosynthesis in pseudomonads. Involvement of DHOA is 
hypothetical and has not yet been demonstrated. Primary metabolism is shown in blue. PEP, 

phosphoenol pyruvate; E-4-P, erythrose-4-phosphate. 
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PhzC probably serves as an alternative DAHP synthase, enhancing the suppl y of 

chorismatc for phenazine biosynthesis by divertin g PEP and E-4-P to DAHP .. Shikimate 

pathway enzymes then convert DAHP to chori smate (Mavrodi et af .. 2001; Mavrodi et 

af.. 1998 ) .. 

The next step is the PhzE-mediated amination of chorismate to form ADIC, the first true 

intermedi ate of the phenazine pathway (McDonald et al .. 200 I ) .. This reaction is similar 

to the formation of anthranilate by AS , except that ADIC is a product rather than an 

intermediate .. EhpC and PhzE both exhibit similarity to the two components of AS (see 

Table 3-1 ), the enzyme complex that converts chorismate to anthranilate via an enzyme 

bound ADIC intermediate (Morollo and Bauerle 1993). EhpC and PhzE are equivalent 

to an AS in which the two components are fu sed together (Xie et af.. 2003) .. These 

proteins only possess the ADIC synthase activity of AS component J (AS I) and lack the 

ADIC lyase activity of AS component II (ASU). which is respon sible for the removal of 

pyruvate from ADJC to form anthranilate (Morollo and Bauerle 1993) , The ammonia 

for the first AS half-reaction catalyzed by EhpC/PhzF is provided by the s ide chain 
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amide of glutamine and it is therefore at this point that the nitrogen atoms of the 

phenazine nucleus are incorporated (see Chapter 6). 
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The defective ADIC lyase activity of EhpC/PhzE appears to have been replaced in the 

phenazine biosynthetic pathways of Eh1087 and the pseudomonads by EhpBlPhzD. 

PhzD has been shown to catalyse the conversion of ADIC to DHHA, the second 

intermediate in the PCA pathway, instead of anthranilate, the product of AS (McDonald 

et al. 2001; Parsons et al. 2003). PhzD has also been shown to carry out the related 

reactions of chorismate and isochorismate and determination of the structure of PhzD 

from P. aeruginosa has confirmed that it is a member of the isochorismatase family of 

enzymes (Parsons et al. 2003). 

DHHA is then converted to PCA in several steps that are not well understood but are 

known to require PhzG and PhzF (McDonald et al. 2001). The phenazine ring system is 

probably formed by dimerisation, in a head-to-tail orientation, of two DHHA-derived 

molecules. It was originally proposed that PhzG functions to oxidise DHHA, while 

PhzF may stabilise the putative product, DHOA, in an orientation favourable to 

dimerisation (McDonald et al. 2001). It has recently been shown that this is not the case 

(see Section 4.10.1). PhzA and PhzB have been shown to be involved in steps 

subsequent to DHHA formation and their absence from cell-free extracts resulted in a 4-

or 8-fold decrease in PCA production (McDonald et al. 2001). However, Mavrodi et ai. 

(2001; 1998) have suggested that the non-essential but important role of these proteins 

may be to stabilise a hypothetical PCA-synthesizing multienzyme complex. 

4.1. Rationale and experimental approach 
While some functional and structural information about EhpA has been inferred (see 

Chapter 3), definitive functional assignment requires experimental and biological 

investigation. It is hypothesised that there is a functional difference between the EhpA 

and PhzAXIBY proteins, and that this difference determines the relative amounts of the 

phenazines PDC and PCA that are produced by the products of the Group 1 genes. 

However, no catalytic activity has been demonstrated previously for either EhpA or 

PhzAB/XY. Indeed, it has been proposed that PhzAB/XY function by stabilising a 

hypothetical multienzyme complex (Mavrodi et al. 1998; McDonald et al. 2001), i.e. 

that they act as factors, not enzymes. The aims of the following sections therefore, were 
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to examine the influence of EhpA on the production of POC and PCA, and to determine 

whether this role is likely to be enzymatic rather than simply due to an interaction of 

EhpA with a possible phenazine-synthesising complex. 

4.1.1. Eh1087 derivative strains as experimental tools for analysis of the 
PDCIPCA biosynthetic pathway 

The collection of AGA-deficient mini-Tn5 mutants isolated by Giddens (2002) allowed 

the genetics of the AGA pathway to be established and, together with the structures of 

several intermediates, provided some information about the biochemistry of phenazine 

production in Eh 1087. The involvement of the Group 1 genes in AGA production was 

demonstrated by measurement of inhibition zones on bioassay plates, accumulation of 

phenazine intermediates by AGA-deficient mutants, and mutant-mutant cross-feeding. 

Mutants with insertions in genes thought to modify POC (Group 2) were shown to 

accumulate both POC and PCA, and production of AGA by Group 1 mutants was 

restored by POC, supplied exogenously orby downstream mutants (Giddens et ai. 

2002; Giddens 2002). This evidence, and homology to genes from the PCA operon (see 

Section 3.1), formed the basis of the conclusion that the Group 1 genes and their 

products, EhpABCOE, are necessary for POC and PCA production by Eh1087. 

However, these results can not be considered definitive as the involvement of other ehp 

gene products cannot be excluded. 

In order to further investigate the role of Group 1, specifically EhpA, in POC/PCA 

formation, and to allow its manipulation, expression of Group 1 genes independently of 

the other ehp genes was required. The general approach, therefore, was to assemble 

plasmid-bourne constructs expressing appropriate sets of ehp genes to test the 

hypotheses that the Group 1 genes are required for the production of POC and PCA, and 

that EhpA controls their relative amounts (see Sections 4.3 to 4.6). 

Eh8.Ab, a derivative of Eh1087 missing the entire AGA cluster, served as a host for the 

expression of the various Group 1 constructs, and analysis of the resulting phenazine 

production. Eh8.Ab was created by replacing the AGA cluster region with a 

streptomycin-resistance cassette (Giddens 2002). The lack of all ehp genes eliminated 

their potential involvement with the introduced Group 1 constructs and reduced the 
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chances for homologous recombination between regions of the AGA cluster, while 

allowing expression of Group 1 genes in an Eh1087 background. 

4.1.2. Analysis of phenazine production 
In order to analyse phenazine production patterns by strains containing various 

combinations of phenazine biosynthetic genes, a sensitive and accurate method for 

detection of phenazines was required. Previous work on phenazine production by 
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Eh 1087 has relied predominantly on overlay plate bioassays (see Section 2.5) to 

determine the antibiotic activity (assumed to be solely due to AGA) of strains of interest 

(Giddens 2002; Giddens et al. 2002). This method does not provide sufficient 

quantitative information or allow the detection of AGA intermediates (other than by 

colour) such as PDC, and is, therefore, not useful for analysis of phenazines by strains 

only possessing early segments of the AGA pathway or subsets thereof. It was 

necessary to establish a new method for detection of the phenazines produced by 

Ehl087 and derivative strains. 

Analysis of phenazine production by high-performance liquid chromatography 

A reverse-phase HPLC method capable of resolving the phenazines produced by 

Ehl087 and derivative strains was developed (see Section 2.17). Samples were prepared 

from culture supernatants by solid phase extraction and separated on a C18 column with 

a methanol/water/acetic acid mobile phase. These conditions allowed the separation, 

and identification of PDC, AGA, GA and PCA in a 15-20 min isocratic run. Peaks were 

initially identified by comparison with previously characterised strains and authentic 

samples (Giddens 2002; Giddens et al. 2002). Absorbance spectra of peaks with 

appropriate retention time were then used for identification of the phenazines detected 

in samples. When quantitative or semi-quantitative results were calculated, peak areas 

were normalised according to the OD600 readings of the cultures from which the 

samples were prepared, to allow comparison of cultures with different cell densities. 
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Results 

4.2. The group 1 genes are required for PCA and PDC production by Ehl087 
Analysis of mini-Tn5 mutants has previously shown that the Group 1 genes are 
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involved in production of PDC and PCA by Eh1087 (Giddens 2002; Giddens et al. 

2002). To confirm these results and to establish phenazine levels and ratios (especially 

for PDCIPCA), representative mutant strains were assessed for phenazine production by 

HPLC. 

The supernatants from cultures of the wild-type Eh1087, a representative 01 mutant for 

each Group 1 gene, the AGA-cluster deletion strain Eh~Ab, and an ehpF 02 mutant 

were analysed for phenazines. Typical results for these strains are shown in Figure 4-2. 

As expected, the four phenazines isolated and characterized by Giddens et al. (PDC, 

AGA, GA and PCA) were consistently detected in samples prepared from the 

supernatants of Eh1087 cultures. Mutants with 01 insertions in ehpBCDE, although 

able to express other ehp genes, did not produce detectable levels of any phenazines, 

giving the same result as Eh~Ab-an isogenic strain which does not possess any ehp 

genes. EhehpF(02), which expresses ehpABCDE, was shown to produce quite high 

levels of PDC and PCA, in comparison to Eh1087 (Figure 4-2). EhehpF(02) does not 

express ehpF-O and is therefore unable to modify PDC and/or PCA. Interestingly, 

EhehpA(O 1) produces very low levels of phenazines which were beyond the detection 

limit of the standard analysis. Samples prepared from larger supernatant volumes by 

SPE or by solvent extraction (see Section 2.17.1) showed that PDC, AGA, GA and PDC 

are produced by EhehpA-albeit in far lower quantities than Eh1087. The absence of 

ehpA resulted in an approximate lO-fold decrease in PCA production from the Eh1087 

level. 
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Figure 4-2: Typical HPLC chromatograms of phenazines produced by the wild-type Ehl087 (top) 
and various mutants (lower panels). Peaks were identified by UV-visible spectra as in Figure 2-6. 
rnA U, milli-absorbance units. Chromatograms were monitored at wavelengths from 200-600nm. 
The peak which appears at about 4 min did not have an absorbance spectrum characteristic of 

phenazines. Note: peak areas on chromatogram not normalised by culture OD. 

Table 4-1: Semi-quantitative comparison of phenazines produced by Ehl087 and 
AGA-deficient mutants 

Strain 
Phenazines produced 

PDC AGA GA PCA 
EhlO87 + ++ +++ ++ 
EhLlAb 
EhehpA(Ol) ± ± ± ± 
EhehpBICIDIE (01) 

Notes: + / ++ / +++ I ++++ denote relative levels of each compound produced. indicates that no 
phenazine was detected. ± is used for phenazine levels close tolbelow the limit of detection for analysis of 
samples prepared using the standard SPE method. 
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4.3. The ehpBCDE genes are sufficient for PDC and PCA production but ehpA 
is required for increased production 

The function of the Group J genes in isolation from the rest of the AGA cluster was 

investigated to confirm that they are sufficient for POC and PCA production, and to 

eliminate any influence by other chp genes. This approach provides a definitive 

experimental test of the putative function(s) of ehpABCDE inferred by sequence 

homology to proteins encoded by the pseudomonad PCA operon. 

To express the entire set of Group J genes a 5,156 bp fragment containing the ehpR

ehpA intergenic region and ehpABCDE was cloned (Figure 4-3 A) (see Section 2. J 3. L) 

in pENTR/SO/O-TOPO to create pEhpGrpJ . The ehpR-ehpA intergenic region contains 

the major promoter (P~hp) for the ehpA-O genes (Giddens 2002) and was included in 

order to express the Group J genes under control of their native promoter. To test 

whether the ehpBCDE genes are sufficient for POC and/or PCA biosynthesis (i.e. to test 

whether ehpA is required), a second construct was assembled. Separate fragments of 

424 and 4,060 bp, containing P~"I' and ehpBCDE respectively, were amplified by PCR. 

Ligation of the two fragments and subsequent PCR amplification allowed a 4,488 bp 

fragment to be cloned in pENTR/SO/O-TOPO to create pEhpBCOE. BamHI sites were 

introduced during the first round of PCR to allow ligation of the two fragments such 

that the initiation codon of ehpB would replace that of ehpA, in the same location 

relative to PelilJ (Figure 4-3 B) (Section 2. J 3.3). 

A 

B 
Xbal 

~_,~.: .. ~~~~~,m .• ~~J 

500bp 
'-----' 

Figure 4-3: Schematics of the Group 1 constructs. (A): pEhpGrpJ; a 5,156 bp PCR-amplified 
region was cloned into pENTR/SDID-TOPO. (8): pEhpBCDE; a 4,484 bp region was amplified, 
after ligation of two smaller fragments, and cloned into pENTR/SDID-TOPO. P""I' denotes the 

AGA-cluster promoter and the positions of Group 1 genes are shown by coloured arrows. 

The identit ies of the cloned regions and the fidelity of PCR amplifications were verified 

by ONA sequencing, in each direction where possible. The two plasm ids, pEhpGrpJ 
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and pEhpBCDE, were then transferred to EhL'lAb. In order to confirm that the 

appropriate genes were being expressed and their cognate proteins produced, whole cell 

extracts of EhL'lAb(pEhpGrp I) and EhL'lAb(pEhpBCDE) were subjected to SDS-PAGE 

analysis in comparison to a pBR322-based clone (pBB7) containing the ehpR-P region 

(Figure 4-4) (Section 2.(5) . Proteins corresponding to four Group 1 proteins, identified 

previously as EhpA, EhpB, EhpD and EhpE by mini-cell analysis (Giddens 2002; 

Giddens ct al. 20(2), were observed. An additional rrotein b:..tnd with an estimated 

molecular weight of 66 kDa was also observed and provisionally identified as EhpC, 

which was predicted to have a molecular weight of 70.2 kDa . These results were 

confirmed by automatic analysis of b:..tnds using the Kodak Digital Science 10 image 

an:..tlysis software, and show that all five Group 1 proteins are produced when pEhpGrpl 

is prescnt in Eh6Ab (lane 2). As expected, ehpHCJ)E, but not ehpA, are expressed from 

pElhpBCDE (lane 3). 
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Figure 4-4: SDS-PAGE of whole cell extracts from cultures of Ehtv\.b. Lane 1: EhMb control; 2: 
Eh~Ab(pEhpGrpl); 3: Eh~Ab(pEhpHCJ)E); 4: Eh~Ab(pBR7). Numbers on right indicate sizes of 
standard hands in kDa. Arrows indicate positions of Ehp proteins, if present, as labelled by single 

le.ttcr codes. Kill/! is the kanamyl'in resistance protein encoded hy pENTRlSl)/l)-TorO. 
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HPLC analysis of supernatants from cultures of Ehi1Ab(pEhpGrp1) confirmed that the 

Group 1 genes alone are sufficient for PDC and PCA production (Figure 4-5, top panel). 

Consistent with the results for EhehpA cultures, supernatants from Ehi1Ab(pEhpBCDE) 

cultures were found to contain lower levels of both PDC and PCA (Figure 4-5, lower 

panel). In the absence of ehpA, PDC and PCA production are decreased by around 8-

and 9-fold (see Table 4-2). A similar reduction, in PCA biosynthesis, was observed 

when phzA and phzB were absent from the 2-79 PCA operon (Mavrodi et al. 1998; 

McDonald et al. 2001). 
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Figure 4-5: HPLC chromatograms of samples prepared from the supernatants of EhMb cultures 
containing pEhpGrpl (top panel) or pEhpBCDE (lower panel). Note: peak areas on chromatogram 

not normalised by culture OD. 

4.4. ehpA gene dosage influences the ratio of PDC:PCA 
To examine the possibility that simply having a single copy of a phzAX/BY-type gene in 

the Eh1 087 version of the PCA operon is responsible for the production of PDC, the 

effect of increasing the relative gene dosage of ehpA was assessed. 

A DNA fragment containing Pehp and ehpA, was cloned to pACYC184 to create 

pACehpA (Section 2.13.4). This vector was chosen as it is compatible with ColEl

based plasmids (such as pENTRlSD/D-TOPO) and possesses a resistance marker (cmR) 

complementary to those already in use for Eh1087 derivative strains (Chang and Cohen 

1978). Plasmid pACehpA was thus able to be selected for and maintained in Ehi1Ab 
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strains harbouring pEhpGrpl or pEhpBCDE (requiring streptomycin and kanamycin 

selection). The pENTRfSD/D-TOPO origin of replication is the same as that of the pUC 

series of plasmids and results in a copy number, in E. coli, of ~50 per genome 

equivalent (Invitrogen, Lin-Chao et al. 1992). In the presence of Cm, pACYC184 was 

maintained in E. coli at a copy number of around 200 per genome equivalent (Chang 

and Cohen 1978). Introduction of pACehpA to cells harbouring pENTR-based ehp gene 

constructs was therefore predicted to increase the relative dosage of ehpA by 

approximately four times. 
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Figure 4-6: HPLC chromatograms showing PDC and PCA production by strains harbouring the 
Group 1 genes with varying ehpA copy numbers. The top panel shows production at the normal 

(1:1) dosage, the middle panel at -5:1 dosage, and the bottom panel at -4:1 dosage. Peaks adjacent 
to PDC peaks are unidentified but do not have spectra characteristic of phenazines and may be 

related to the chloramphenicol. Note: peak areas on chromatogram not normalised by culture OD. 

The effect of pACehpA on PDC and PCA production was determined by HPLC 

analysis of PDC and PCA production by cultures of EhAAb(pEhpGrp 1 +pACehpA) and 

EhAAb(pEhpBCDE+pACehpA). Samples prepared from cultures supplemented with 
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chloramphenicol (for pACehpA selection) gave rise to a peak which is not completely 

resolved from PDC peaks. This insufficient resolution means PDC peak areas are likely 

to be underestimated. Nevertheless, the results (Figure 4-6 and Figure 4-7) show that 

altering relative ehpA dosage increases both the total and relative amounts of PDC and 

PCA produced. 

[ I PDC I c::::::J PCA 

6 

2 

O...!....-------r--'----
pEhpGrp1 pEhpGrp1 pEhpBCDE pEhpBCDE 

+ + 
pACehpA pACehpA 

Figure 4-7: Comparison of peak areas for PDC and PCA produced by EbMb strains. Plasmids 
barboured by eacb strain are listed below bars; Peak areas were normalised using OD600 readings 

of the cultures from which the samples were prepared; Positive standard error bars are shown, 
n=3. 

Interestingly, no phenazines were detected in the culture supernatant of 

EhehpA(pACehpA). However, masking by interfering peaks associated with 

chloramphenicol, as mentioned above, and the ability of this strain to convert PDC into 

other phenazines may account for the failure to detect phenazines. Consistent with the 

results of McDonald et al. (2001), strains expressing ehpA alone do not produce any 

phenazines. 
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4.5. P. aeruginosa PAOlphzAl-Gl genes expressed in EhMb result in 
production of PCA only 

Intracellular conditions in pseudomonads may result in complete conversion of PDC to 

PCA, while in Eh1087 some PDC remains. In this case, the functions of the Group 1 

and the PCA operon genes would be identical and expression of the PCA operon in an 

Eh1087 background predicted to result in both PDC and PCA production. 

Mavrodi et al. have cloned genes responsible for phenazine biosynthesis from P. 

aeruginosa PA01 (Mavrodi et al. 2001), and pUCP-A1G1 contains a PCA operon 

(phzAl-Gl) from PAOl. In order to test the function of this operon in Eh1087, this 

plasmid was introduced to EMAb and culture supernatants of the resulting strain 

analysed for phenazine production (Figure 4-8). No phenazines other than PCA were 

detected, indicating that the cellular environment is unlikely to be responsible for the 

difference in phenazine production between the Group 1 genes and the PCA operon. 

1000 EMAb(pUCP-A 1 G1) (3 251 nm 
a.. 

:::J 
~ 500 

o~==============~================~============~j __ -:~ o 5 10 15 
Minutes 

Figure 4-8: HPLC analysis of phenaziue production hy EhMh expressing the P. aeruginosa PAOl 
phzAI-Gl operon. Note: the mAU scale differs from previous chromatograms. 

4.6. Replacing ehpA with phzAB results in production of PCA exclusively 
The hypothesis that the function(s) of the phzAB genes differ slightly to that of ehpA 

suggested that exchanging these genes would result in altered phenazine production. In 

other words, replacement of ehpA withphzAB, in the context ofthe Group1 genes, was 

predicted to result in increased production of PCA. Conversely, in the PCA operon, 

exchanging phzAB with ehpA was predicted to result in biosynthesis of both PCA and 

PDC. 

To test this withphzAB and the Group 1 genes, the Pehp region from the AGA cluster 

and the phzA1Bl region from PAOl were fused together using a PCR-based technique 

known as splicing by overlap extension (SOE) (Horton et al. 1989) (see Section 2.11.1). 
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The P"h,,-phzAB construct (Figure 4-9a) was designed in a similar manner to the 

ehpBCDE construct (Figure 4-3b), with the ATG codon of phzA replacing that of ehpA. 

Attempts to splice this 1.4 kb region to a 4 kb region containing ehpBCDE using the 

SOE approach were unsucccssfu 1. The full-length construct (Figure 4-9b) was instead 

assembled using a conventional cloning approach (see Section 2.13.5) . The pc/I,J-phzAB 

and ehpBCDE fragments were cloned in pGem T-easy by ligation at a Clal site to create 

pGemPhzAB-Grpl. 

A 
Sacl Clal 500bp 

L--.......J 

B 
Sacl Clal Xbal 

, . J 

Figure 4-9: Schematics of phzAB constructs. (A) a 1,437 bp fragment was produced by SOE-PCR 
and cloned in pGem T-easy to create pGemPhzAB. (B) a 4,065 bp region was amplified by PCR, 

cloned in pGem T-easy. An EcoRI-ClaI fragment, released from pGemPhzAB, was then inserted to 
create pGemPhzAB-Grpl. P,"p denotes the AGA-cluster promoter and the positions of phzlehp 

genes are shown by coloured arrows. 

As for the Group 1 constructs (see Section 4.3), the cloned regions were sequenced to 

verify their identity and ensure that no errors were introduced by the PCR 

amplifications. SDS-PAGE analysis was again used to assess production of the 

expected proteins by Eh~Ab strains harbouring pGemPhzAB and pGemPhzAB-

Grp 1 (Figure 4- 10). Proteins of the expected size for PhzA and PhzB (ca. J 9 kDa 

(Mavrodi et al. 1998)) were observed in extracts from cells containing both plasmids. 

By comparison to Eh~Ab(pEhpGrp 1) extracts, proteins corresponding in size to the 

expected Group j proteins (EhpBCDE) were identified in extracts from cells harbouring 

pGemPhzAB-Grp 1. 
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Figure 4-10: SDS-PAGE of whole cell extracts from cultures of Eh~Ah. Lane I: Eh~Ab control; 2: 
EhMb(pEhpGrpl); 3: Eh~Ab(pGeIllPhzAB); 4: EhMb(pGemPhzAB-Grpl). Numhers on the left 
indicate sizes of standard hands in kDa. Arrows indicate positions of expech.'d proteins, if present, 

as label'led by single letter codes. Km){ is the kanamycin resistance protein encoded by 
p ENTRISDID-TOPO. 

Considerable Llifficulty was experienced in obtaining strains harbouring pGcmPhz.AB

Orp I. Transformation of E. coli with ligation proLlucts expected to include 

pGemPhzAB-Grp I resulted in very few colonies growing on selective pla~es -the 

majority or these colonies LliLi not contain the correct plasmiLi. EhL'.Ab strains 

transformed with pGemPhzAB-Orp I grew slowly on LB and the plasmid was not 

maintained stably, even with ampicillin selection at Ihree timcs the standard 

concentration (see Section 2.2. I). 1n addition, I-A cultures of EhL'.Ab(pGcmPhzAB

Orp I) ror HPLC analysis often gre\v poorly (0 Dh()() < 0.5) and culturcs that grcw well 

(OD01l1l ~ 1) had, in most cases, lost the plasmid, as assessed by agarose gel 

electrophoresis (see Section 2.6.5). For these reasons, pGcmPhzAB was instead llsed to 

provide phzAB, ill trails. This meant having to utilise strains harbouring two plasm ids , 

which, while not ideal, nevertheless proviJed some interesting results. 
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Figure 4-11: HPLC chromatogram showing phenazines produced by strains harbouring Group 1 
with ehpA missiug (top panel) andphzAB instead of eltpA (bottom panel). Samples were prepared 

from cultures of differing cell density and chromatograms can therefore be compared qualitatively 
only. 

Results of HPLC analysis of Eh~Ab(pEhpBCDE ± pGemPhzAB) showed that the 

presence of phzAB results in production of PCA only (Figure 4-11). The amount of PCA 

produced in the presence of phzAB showed a ca. l.6-fold increase over levels produced 

by cells with ehpBCDE alone and was ca. 6.5-fold lower than when Group 1 is intact 

(pEhpGrpl). No PDC or other phenazines were detected, even when samples were 

prepared and concentrated from larger culture volumes. This indicates that phzAB from 

PAOI is able to partially complement Group 1 for the function of ehpA and suggests 

that there is some functional difference between the proteins from Eh1087 and PAOl. 

Similar results were obtained when pGemPhzAB was introduced to EhehpA(Ol), with 

no phenazines other than PCA detected (Figure 4-12). 
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Figure 4-12: Comparison of HPLC chromatograms of samples prepared from Eh1087 and a mini
Tn5 mutant with an insertion in ehpA, with and without pGemPhzAB. Note: peak areas on 

chromatogram not normalised by culture OD. 

4.7. Quantitative results: EhpA increases PDC ratio while PhzAB allow PCA 
production only 

In addition to the mainly qualitative results presented in the preceding sections, 

quantitative comparison of PCA and PDC production levels was also carried out. PDC 

and PCA concentrations, in ~ml, were estimated using the external standard method 

(Meyer 1994) (see Section 2.17.3). 

Table 4-2 lists the values obtained for a number of the strains tested and, where 

applicable, the ratio of PDC:PCA concentrations-several trends are apparent: Firstly, 

the presence of ehpA is not absolutely required for PDC or PCA production but does 

enhance the level of production. Secondly, increasing the relative copy number (dosage) 

of ehpA results in a higher PDC to PCA ratio. Thirdly, the replacement of ehpA with 

phzAB results in partial complementation: PCA production is somewhat restored, but 

PDC is not produced. 
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Table 4-2: Comparison of PDC and PCA concentrations 

Strain Concentration (I:.!:g/ml) Ratio 
PDC PCA PDC:PCA 

Eh1087 to.OO O. to.03 1:7 

EhehpF(02) 0.25 to.04 2.21 to.39 1:9 

EhehpA(pGemPhzAB) 0 0.06 to.OO 

EMAb(pEhpgrpl) 0.27 to.02 4.32 tl.35 1 :16 

EMAb(pEhpgrp1 +pACehpA) 1.94 to.80 6.32 to.53 1:3 

EMAb(pEhpBCDE) 0.02 to.OO OAO to. 13 1:18 

EMAb(pEhpBCDE+pACehpA) 0.30 to.05 3.30 to.99 1:11 

EMAb(pEhpBCDE+pGemPhzAB) 0 0.65 to.l7 

Notes: Values given are means t standard error; n=3 

4.8. Summary, conclusions, and predictions 
Comparison of EhpA with the PhzAX/BY proteins, and structural relatives suggested 

that there may be a functional difference between these proteins from otherwise similar 

pathways, and it was proposed that this difference was responsible for the ability of 

Eh1087 to produce PDC via the same pathway as PCA 

HPLC analysis of Eh1087 strains expressing all or a subset of the Group 1 genes 

showed that EhpA is not absolutely required for PDC and PCA biosynthesis, but greatly 

enhances production of these two phenazines. Increasing the gene dosage of ehpA 

resulted in a higher ratio of PDC:PCA production and replacement of ehpA with phzAB 

from PAOlled to exclusive production of PCA, indicating that EhpA is indeed 

responsible for the ability of Eh1087 to produce PDC. 

Taken together, these results suggest a more direct role for EhpA in phenazine 

biosynthesis than simply enhancing overall efficiency through stabilisation of a protein

complex, as suggested previously. 

4.8.1. Phenazine biosynthesis 
The role of PDC in phenazine biosynthesis, particularly its relationship to PCA, is still 

unclear. Evidence suggests that PDC is not an intermediate in peA biosynthesis in 

pseudomonads. However, Eh 1087 possesses phenazine-biosynthesis genes which 

encode similar proteins to the PCA operon and produces PDC, presumably via a 

pathway nearly identical to that for PCA production in pseudomonads (see Section 3.1). 

~~~~ ........ ~-...... . ----------- ................ --
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As such, an investigation of the pathway encoded by the Group 1 genes of Eh1087 was 

anticipated to shed light on the role of PDC. 

Phenazine production by pseudomonads and the role of PDC 

The ability of Ehl087 to produce PDC suggests that PDC may well be an intermediate 

in the phenazine pathway encoded by the PCA operon. Failure to establish the role of 

PDC, if any, in PCA production by the fluorescent pseudomonads could be due to 

several possibilities. Decarboxylation of PDC to form PCA may be integral to the 

process in pseudomonads and the final dimerisation steps of the pathway in Eh1087 

may be different; conversion to PCA may be too rapid for detectable levels of PDC to 

accumulate; intermediates may be sequestered or enzyme-bound until final release of 

the product, PCA, in which case PDC would, therefore, not be released and exogenous 

PDC would not be able to enter the pathway. 

The PCA operon has two genes which encode proteins, PhzA and PhzB, which are 

similar to EhpA. The structure of PhzA from P. fluorescens has been determined but 

publication awaits further characterisation of its biological function (W. Blankenfeldt 

pers. comm.). Although their function(s) in phenazine biosynthesis are unknown, PhzA 

and PhzB are known to be involved in steps past DHHA formation (McDonald et al. 

2001) and appear to enhance the formation of PCA from product( s) of PhzF (Parsons et 

al. 2004a). The present investigation into the role of EhpA in the corresponding steps of 

the Ehl087 pathway will therefore contribute to the ongoing investigation of this 

interesting problem. 

A mutienzyme PCA-synthesising complex? 

The existence of a multienzyme phenazine biosynthetic complex was first proposed by 

Chang et al. (1990). Although there has never been any direct evidence for the existence 

of such a complex, it has been used invoked as a possible explanation for several poorly 

understood aspects of phenazine biosynthesis. For example, before it was known that 

ADIC is the initial phenazine precursor, Essar et al. (1990) suggested that the lack of 

incorporation of anthranilic acid into phenazines might be due to a multienzyme 

complex that was inaccessible to anthranilate. 

The similarity of the isochorismatase PhzDI A to EntB from E. coli was noted by 

Pierson III et al. (1995) and Mavrodi et al. (1998). EntE is an enzyme involved in 
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biosynthesis of the siderophore enterobactin and removes an enol pyruvate group from 

isochorismate in a reaction analogous to the conversion of ADIC to DHHA by PhzD 

(Ozenberger et al. 1989). EntB has also been proposed to stabilize the enterobactin

synthesising multi enzyme complex. It was suggested that PhzDI A might serve a similar 

role in phenazine biosynthesis. 

4.9. The influence of EhpA on PCA and PDC production 
On the basis of the analyses of EhpA and comparison of Group 1 to the PCA operon, it 

was hypothesised that the EhpA protein determines the relative amounts of the 

phenazines PDC and PCA that are produced by the products of the Group 1 genes. 

Two further hypotheses were developed that might explain how the absence of the gene 

duplication in Ehl087 has led to the difference in phenazine production between Group 

1 and the PCA operon. 

One possibility is that the EhpA and PhzAXlBY proteins have the same function but the 

lack of a second copy of the phzAXIBY-type gene results in a lower amount of EhpA 

relative to the other Group 1 proteins. AI: 1 ratio, instead of the 1 ratio for the 

equivalent proteins encoded by the PCA operon, might result in formation of PDC as an 

additional product of PCA biosynthesis. In this case, an increase in relative copy 

number of ehpA, leading to higher amounts of EhpA, would be expected to result in 

more efficient production of PCA. In other words, the low relative amount of EhpA 

results in a 'less efficient' PCA pathway which also forms PDC. Replacement of ehpA 

with phzAB should also lead to more efficient PCA production, meaning less PDC 

would be formed. 

An alternative scenario is that the function of EhpA differs from that of the PhzAXlBY 

proteins. EhpA would still be involved in the same steps of the pathway, and have the 

same function in general, but would allow production of PDC as well as PCA. The 

protein functions may have diverged after the duplication of the phzAXIBY gene and the 

function(s) of EhpA may differ from one, or both, of the PhzAXIBY proteins that 

together ensure PCA production only. Increasing ehpA gene dosage in this case would 

not be expected to favour PCA production but instead might result in higher levels of 

PDC. Due to the differing functions of their products, replacement of ehpA with phzAB 

would be expected, in this case, to result in the exclusive production of PCA. 
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Expression of the Group 1 and phzAB genes and possible limitations 

The ehp/phz-gene constructs described in Sections 2.13 and 4.3-4.6 were designed with 

several considerations in mind. Firstly, a system for expression of Group 1 genes that 

would allow for comparison of phenazine production by specific sets of these genes was 

required. Analysis of the Group 1 genes in the absence of other AGA cluster genes was 

necessary to ensure that modification of the potential products PDC and PCA to other 

phenazines did not take place. 

Secondly, plasmids were used as vectors for the constructs to provide multiple copies of 

each gene. It was hoped that this might lead to higher levels of phenazine which would 

therefore be more readily detected. Where more than one plasmid was required per cell, 

the pl5a-based plasmid pACYC184 was used in conjunction with the pUC/ColEl

based plasmids. These two replicons are able to be maintained within the same cell 

(Chang and Cohen 1978). 

The AGA cluster promoter (Pehp) was used to drive transcription of genes from the 

constructs for two reasons: 1) to create an expression system as close as possible to 

wild-type. Group 1 genes are already known to be expressed efficiently from this 

promoter; and 2) to ensure the genes of interest were expressed at appropriate times. 

Production of phenazines, many of which are antibacterial, during certain phases of 

growth may affect the viability of the host cell. 

Finally, genes to be expressed were spliced to the Pehp region with the same spacing 

from the predicted promoter elements as for ehpA in the wild-type AGA cluster. It was 

hoped that this would ensure an efficient level of expression. However, it is possible 

that relative expression levels of genes in these constructs were altered from the wild

type levels. Several factors such as mRNA stability, introduction of restriction 

endonuclease recognition sites near the ribosome binding site, and alterations of 

downstream box sequences could be responsible for alterations in relative expression 

levels (Baneyx 1999). 

Nucleotide sequencing and SDS-PAGE analysis were carried out to verify that the DNA 

sequence of each construct was intact and to ensure, at least qualitatively, that the 

expected proteins were being produced by the host strain, EhAAb. Several of the 

constructs, particularly pGemPhzAB-Grpl and to a lesser extent pEhpBCDE, were 
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observed to affect the viability of EhilAb. This was also reflected in a high rate of 

failure for E. coli transformation for many of the ligation steps involved in assembly of 

the constructs. It seems likely that the presence of genes responsible for all or part of the 

PDC/PCA biosynthetic pathway led to the production of toxic products. E. coli was 

found to be sensitive to phenazines produced by P. fluorescens 2-79 and P. 

aureofaciens 30-84 (Thomashow and Weller 1988; Pierson III and Thomashow 1992) 

and to AGA (Giddens 2002). However E. coli strains have been used to express the 

phzABCDE genes (Mavrodi et al. 2001; McDonald et al. 2001) and transformants 

expressing the Group 1 genes were obtained during the present study. Mavrodi et al. 

have also experienced difficulties with phzA/B recombinants and in the absence of 

PhzAB, a mixture of unidentified compounds are produced by the actions of the other 

Phz proteins. It is possible that some of these products of a defective PDCIPCA 

biosynthesis pathway are toxic. The detrimental effect of some of the ehplphz-gene 

constructs on EhilAb is likely to favour the loss of the plasmid. Indeed, the 

pGemPhzAB-Grpl construct was not stably maintained. Plasmid DNA was prepared 

from cultures for HPLC analysis and plasmid maintenance assessed by gel 

electrophoresis. While this method was unable to accurately quantify plasmid 

maintenance, cultures for which the expected bands were absent or faint were not used 

for analysis. 

4.9.1. EhpA differs in function to PhzAB 
HPLC analysis has confirmed that Eh1087 produces at least four phenazines (PDC, 

AGA, GA and PDC) and that the Group 1 genes are responsible for the production of 

PDC and PCA by Eh1087 and a deletion strain (EhilAb) harbouring only these genes. 

Production of phenazines is severely reduced in the absence of ehpA, providing 

experimental evidence that EhpA has a similar role in the PDCIPCA pathway to that of 

PhzAXlBY. Further support for the prediction that the Group 1 gene products 

participate in a similar pathway to those of the PCA operon was given by the 

demonstration that ehpBCDE alone were sufficient for PDC and PCA production. 

Investigation of the important, but not absolutely required, role of EhpA found an 

influence on the relative amounts of PDC and PCA produced. Increasing the dosage of 
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ehpA relative to the other Group 1 genes led to an increase in the ratio of PDC:PCA that 

was accumulated. 

Introduction ofthe phzAl-Gl PCA operon genes from P. aeruginosa PAOl to Eh~Ab 

resulted in production of large amounts of PCA. No PDC was detected, indicating that 

the difference in phenazine production between the Ehl087 and pseudomonad 

PDC/PCA pathways is not simply due to strain-specific differences such as intracellular 

conditions. Expression of phzAB in the same strain as ehpBCDE partially 

complemented the missing ehpA function-resulting in production of PC A only. 

These sets of results suggest that the difference in PDC/PCA production is due to the 

function of EhpA differing from that of PhzAB and is not simply due to the lack of a 

second copy of the protein. Taken together with the information from structural 

relatives of EhpA and PhzAB, this suggests that these proteins are likely to have a direct 

catalytic role in the biosynthesis of PD~/PCA rather than serving to stabilise a 

hypothetical multienzyme complex. However, the possibility that differences in the 

other Group 1 proteins andlor their interactions with EhpA are, at least in part, 

responsible for the differences in phenazine production cannot be completely excluded. 

To assess these possibilities, similar analyses using phzA/B individually and ehpA with 

phzCDEFG will be required. 

Until recently, no other direct evidence in favour of a catalytic function for 

EhpAlPhzAB has been obtained. The established requirement of PhzAB for efficient 

PCA production was consistent with a role in stabilising a multienzyme PCA

synthesising complex. Recent findings by Parsons et at. and Blankenfeldt et al. 

published within the last month have shed light on possible mechanisms for PCA 

formation and support the conclusion that EhpA and PhzAB have catalytic roles in 

phenazine biosynthesis (Parsons et at. 2004b; Parsons et al. 2004a; Blankenfeldt et at. 

2004). It should be noted that these reports have been published after the design, 

execution and majority of interpretation for the current investigation and, as such, 

represent independent corroboration of some of the hypotheses arising from this work. 

4.10. The structure of PhzF 
The structure of PhzD from P. fluorescens 2-79 has recently been independently 

determined by two groups (Parsons et al. 2004a; Blankenfeldt et al. 2004) and consists 
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of two similar domains, each composed primarily of a ~-barrel wrapped around a 

central a-helix (Figure 4-13). PhzF exists as a dimer in solution and is thought to act as 

a DHHA isomerase. 

Figure 4-13: (A) Structure of the PhzF dimer without bound substrate. The active sites are found in 
the cleft formed at the ends of the two central a-helices of each domain. Sulphates bound in the 

active sites are shown as spheres. (8) Structure of PhzF dimer with bound DHHA (shown as 
spheres), showing the closed conformation. 

4.10.1. New possibilities for the roles of PhzF, PhzG, and PhzA 

Using in vitro experiments with purified enzymes, Parsons et al. (2004a) found that 

DHHA was efficiently converted to PCA when incubated with PhzABFG but not 

PhzA/B/G alone. In the presence of PhzF alone DHHA was rapidly depleted, after 

extended incubation PCA was formed, and an intermediate lacking the conjugated 

phenazine ring system was postulated. When DHHA was treated with PhzF briefly, the 

enzyme removed and the reaction mixture then incubated with PhzA and/or PhzB, a 

compound with the characteristic UV absorbance spectrum of phenazines but not 

identical to PCA was detected. When PhzG was included in this reaction, a compound 

with the characteristics of PCA was formed and the rate was enhanced (Parsons ef al. 

2004a). PhzG is thought to be a flavin-dependent oxidase (Parsons et al. 2004b). On the 

basis of this evidence, and NMR spectroscopy, a mechanism for the formation of PCA 

was proposed (Figure 4-14 Scheme 1) in which DHHA is first oxidised to form 1 which 

then tautomerises to form the 3-ketone 2. Dimerisation could then occur, even without 

enzyme catalysis, to form 3 which is then oxidised by PhzG to give PCA. 
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Blankenfeldt et al. (2004) have obtained evidence that supports a different mechanism. 

In addition to the structure of PhzF, the structures in complex with the substrate DHHA 

and an inhibitor have been determined and show that the enzyme has an 'open' and a 

'closed' conformation which is generated upon substrate binding (Figure 4-13). The 

movement, which is likely to be coordinated between the two subunits, makes the active 

sites inaccessible to solvent and results in the formation of a cavity between the two 

subunits. The products of the active sites could only be released through this cavity 

which is large enough to accommodate a tricyclic phenazine intermediate. This is 

consistent with the ability of PhzF alone to catalyse formation of PCA from DHHA. 

Examination of residues in the active site cleft showed that the side-chain carboxylate of 

E45 and the C3 carbon (Figure 4-14) are in close proximity. Mutation of E45 to alanine 

or glutamine led to complete loss of activity and it was proposed that E45 abstracts a 

proton from C3 of DHHA. This idea is supported by the observation that other active 

site-ligand interactions decrease the pKa of the C3 proton. The proposed mechanism 

(Figure 4-14 Scheme 2) therefore, involves the oxidation of DHHA to A which 

tautomerises to form B, a 3-ketone. This product would then dimerise to form C. 

HPLC-MS and UV analyses support the formation of the proposed species and show 

that it rapidly undergoes oxidative decarboxylation to D which is then converted to 

PCA. These final two steps are thought to occur spontaneously without catalysis. NMR 

spectroscopy supported this sequence of reactions and also showed that a mixture of 

compounds are formed when DHHA is incubated with PhzF, as might be expected due 

to the instability of some of the proposed intermediates. 
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Figure 4-14: Reaction pathways for the conversion ofDHHA to peA proposed by Parsons et al. 
(Scheme 1 (Parsons et al. 2004a)) and Blankenfeldt et al. (Scheme 2 (Blankenfeldt et al. 2004)). The 
side chains of PhzF residues thought to be involved are labeled with their respective residne code 

and number. 

In support of the earlier proposal of McDonald (2001), both hypothetical mechanisms 

require the formation of 3-ketone derivatives of DHHA which then undergo 
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dimerisation. The resulting intermediate would then be converted to PCA via several 

steps which may not all require enzyme catalysis. However, the mechanisms and 

proposed roles of E45 differ, leading to formation of different 3-ketone derivatives of 

DHHA. Consequently the subsequent steps leading to PCA formation are also different. 

The proposed mechanism of Blankenfeldt et al. (2004) is better supported by structural 

evidence and is consistent with the requirement of PhzA/B/G for efficient conversion of 

DHHA to PCA. These proteins appear to act on PhzF product(s), perhaps by protecting 

intermediates from side reactions and/or by catalysing the dimerisation themselves. In 

the absence of PhzAB, a complex mixture of heterocyclic and aromatic compounds is 

formed (Mavrodi et al. 1998; McDonald et aI. 2001; Parsons et al. 2004a; Blankenfeldt 

et aI. 2004). 

4.11. Conclusions and predictions 

Investigation of the role of ehpA in PDCIPCA production and its replacement with 

phzAB has demonstrated that the corresponding proteins determine the nature of the 

products of the PDCIPCA pathway. EhpA favours the formation of both PDC and PCA, 

while PhzAB ensure that only PCA is formed. Interestingly, the dimerisation of 

oxidized DHHA intact would yield PDC but PCA is the major product formed, even by 

PhzF alone. It has been variously suggested that the required decarboxylation is integral 

to the dimerisation (McDonald et al. 2001); that an intermediate (C, Figure 4-14) 

undergoes oxidative decarboxylation (Blankenfeldt et al. 2004); and that PhzF itself 

takes part in the decarboxylation (Parsons et al. 2004a). The current findings suggest 

that the EhpAlPhzAB proteins influence the decarboxylation but do not suggest at what 

stage, or in what manner, this influence might be exerted. Parsons et al. (2004a) have 

suggested that their data are consistent with PhzA and PhzB facilitating the dimerisation 

of the 3-ketone DHHA derivative (2, Figure 4-14) to form the hypothetical intermediate 

(3) which lacks the second carboxylate. The exact nature of the intermediates involved 

in these final steps of PCA biosynthesis is unclear and potentially complicated by side 

reactions of unstable intermediates, as demonstrated by the accumulation of a mixture 

of compounds in the absence of PhzAB-it is possible that PDC is among these 

unidentified compounds. 
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In light of these suggestions and the differences found between EhpA and the 

PhzAXlBY proteins (Chapter 3), it is proposed that decarboxylation of PDC or an 

appropriate intermediate takes place within the putative hydrophobic pocket of 

EhpAlPhzAB. This reaction may be carried out before or after dimerisation of oxidized 

DHHA. It is also hypothesized that as a result of structural changes within the putative 

binding pocket of these proteins, the function of EhpA differs from the PhzAB proteins. 

Investigations into the nature of the EhpAlPhzAlPhzB substrate(s) and determination of 

the structures of enzyme-substrate complexes will be required to determine the validity 

of these hypotheses. 
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Chapter 5: Analysis of the Group 4 proteins 

5.0. Introduction 

The final step in the AGA biosynthetic pathway of Eh1087 is the addition of aD-alanyl 

residue to GA (Figure 5-1). This final modification of the phenazine derived from PDC 

is catalysed by the products of the Group 4 genes, EhpMNO. Preliminary analysis of the 

amino acid sequences by Giddens (2002) found that EhpM and EhpN are similar to 

components of non-ribosomal peptide synthetases (NRPSs). It was predicted that EhpM 

is a membrane-bound periplasmic protein that activates D-alanine, while EhpN 

catalyses the condensation between GA and the activated D-alanine. Although required 

for AGA production, no function was proposed for EhpO. On this basis, together with 

predictions and functional information about the roles of the Group 3 proteins, it was 

proposed that the modification of GA to AGA takes place in the periplasm. 

OH 

+ HOfy 
NH2 

D-alanine 

Figure 5-1: Modification of GA to AGA carried out by EhpMNO 

5.0.1. Preliminary analysis of the Ehl087 AGA biosynthesis pathway 
The Ehl087 AGA biosynthesis pathway is encoded by fifteen genes, which were 

divided into groups on the basis of production of coloured intermediates (Sections l.6.1 

and 4.0.1). Preliminary sequence and functional analyses carried out by Giddens et al. 

allowed putative roles to be assigned to many of the Ehp proteins (Giddens 2002; 

Giddens et al. 2002) and a summary of their conclusions is given in the following two 

sections. 

The role of the Group 3 proteins: AP2-:)GA 

The Group 3 proteins EhpIJKL convert the red-coloured AP2 to GA. Group 3 mutants 

accumulate at least two different phenazine intermediates, which were collectively 

designated AP2 (antibiotic precursor 2). Attempts to purify these compounds for 
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stlUctural analysis, however, proved unsuccessful. On the basis of sequence analysis of 

the Group 3 proteins, putative functions were assigned to EhpIJK but not to EhpL. EhpI 

was found to possess a methyl transferase motif and, therefore, thought to be 

responsible for the methoxy group attached to C9 of GA (Figure 5-1). EhpK was also 

proposed to directly modify AP2, as it was shown to have similarity to short chain 

dehydrogenases. 

EhpJ exhibited similarity to a group of transmembrane transport proteins and was 

predicted by TMHMM (Krogh et al. 2001) to have fourteen membrane-spanning 

helices. The membrane topology of EhpJ was experimentally confirmed by the 

generation of miniTn5phoA fusions. Alkaline phosphatase (PhoA) is not active in the 

cytoplasm but will function if localized to the periplasm (Manoil and Beckwith 1985). 

Active PhoA fusions were only obtained to regions of EhpJ that were predicted to be 

located towards theperiplasmic side of the inner membrane (1M). EhpJ was, therefore, 

predicted to facilitate controlled transport across the membrane during or after the 

conversion of AP2 to GA. 

It was found that Group 3 mutants were the only Eh1087 derivatives able to release AP2 

Giddens (2002). Group 4 mutants, which would presumably accumulate downstream 

intermediates, release GA but not AP2. Together with the predicted functions of 

EhpIJK, these observations were taken to indicate that, if present, the Group 3 proteins 

efficiently convert AP2 to GA and release it from the cell, and that AP2 is only released 

in the absence of this controlled modification/export system. 

The role of the Group 4 proteins: GA -7 AGA 

The Group 4 proteins are required for the conversion of GA to AGA, which, according 

to the model proposed by Giddens (2002) (Figure 5-2), takes place in the periplasm. 

Group 4 mutants accumulate GA, while EhpMNO, independently from all other Ehp 

proteins, allow a host cell to convert GA to AGA. As for the other deduced products of 

the AGA cluster, preliminary sequence analysis was carried out by Giddens to obtain 

clues about the function of the Group 4 proteins. 

EhpM and EhpN were found to be similar to components of non-ribosomal peptide 

synthetases (NRPSs): EhpM was, therefore, predicted to sequester and activate D

alanine, with EhpN catalyzing the condensation with GA. Analysis with TMHMM 
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(Krogh et ai. 2001) suggested that the N-terminal 75 residues of EhpM are cytoplasmic, 

followed by a transmembrane helix of 19 residues, and that the remaining 397 residues 

are localized to the periplasm-Iending support to the idea that the conversion of GA to 

AGA takes place in the periplasm. The lower ~-galactosidase activity of an EhpM-LacZ 

fusion with the predicted peri plasmic domain, as compared to a fusion with the first 80 

residues of EhpM, also appeared to support the prediction. Similarity to 3-ketoacyl

[acyl-carrier protein] synthase III proteins of fatty-acid biosynthesis was detected for 

EhpO but no function was proposed (Giddens et al. 2002). 

Summary of the model proposed by Giddens et ai. 

The analyses briefly described above, and mutant cross-feeding experiments, provided 

clues about the roles of the Group 3 and 4 proteins in the AGA pathway. Based on this 

information, Giddens et al. proposed a model for the conversion of AP2 to GA and 

AGA by EhpIJKL and EhpMNO (Figure 5-2). 

periplasm 

inner 
membrane 

cytoplasm 

GA--

«-- D-alanine 

Figure 5-2: Cartoon representation of model proposed by Giddens (2002) for conversion of AP2 to 
AGA. Ehp proteins are labelled with their corresponding letter. Relative sizes and associations are 

purely illustrative. 

In this scenario, conversion of AP2 to GA is carried out by the putative 

methyltransferase EhpI and the putative oxidoreductase EhpK, in association with EhpL 

and the probable membrane efflux protein EhpJ. Export of GA occurs during or after 

formation from AP2. The addition of a D-alanyl residue to GA to form AGA is carried 
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out by EhpMNO in the periplasm. The membrane-anchored EhpM activates D-alanine 

and EhpN is then responsible for initiating a condensation between GA and the 

activated D-alanine to produce the final product of Eh1087 phenazine biosynthesis, 

AGA. 

5.0.2. Overview of non-ribosomal peptide, fatty-acid, and polyketide 
biosynthesis pathways 

In light of the apparent similarity of EhpM and EhpN to NRPS components and of 

EhpO to an enzyme of fatty-acid biosynthesis, it is useful at this point to review the 

general features of these systems. The synthesis of non-ribosomal peptides is carried out 

by large multifunctional enzymes, the non-ribosomal peptide synthetases (NRPSs). 

These enzymes are responsible for selecting, activating, and catalysing peptide bond 

formation between the constituent amino acids of their products. A NRPS is generally 

composed of a number of mechanistically equivalent modules (Figure 5-3), each 

module comprised of domains responsible for the utilisation of a specific amino acid or 

similar substrate (Finking and MarahieI2004). In general, the order and number of these 

modules determines the linear sequence of amino acids in the product (von Dohren et 

al. 1999). 

Figure 5-3: Hypothetical NRPS showing typical organization of modules and domains. Module 1 is 
an initiation module and therefore lacks a Codomain. A, adeuylation domain; PCP, peptidyl carrier 
protein (domain); C, condensation domain; TE, thioesterase domain. The wavy line depicts the PPT 

cofactor attached to PCP domains. 

The adenylation (A)-domain selects and activates the substrate and is the primary 

determinant of the sequence of the peptide product (Challis et aI. 2000). The activated 

amino acid is then tethered to the cognate PCP domain via a labile thioester bond to a 

phosphopantetheine (PPT) cofactor. The PPT group acts as a 'swinging arm', which 

allows the attached amino acid to move between various active sites of the NRPS 
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(Staunton and Weissman 2001). A condensation (C) domain is then responsible for 

catalysing the formation of peptide bonds between the PCP-tethered amino-acyl 

substrates of neighbouring modules (Stachelhaus and Marahiel 1995). The modules of a 

NRPS are commonly arranged in a linear fashion on a single polypeptide (type I) or on 

several separate proteins encoded by genes in an operon (type II) (Finking and Marahiel 

2004). 

Non-ribosomal peptide synthesis has similarities to both fatty acid and polyketide 

biosynthesis, most notably the use of a carrier protein with a PPT cofactor. Fatty acid 

biosynthesis is also carried out by a large multifunctional enzyme, fatty acid synthase 

(FAS) (Magnuson et al. 1993; Rock and Jackowski 2002). The FAS carries out an 

iterative process of chain elongation using carboxylic acids, rather than amino acids, as 

building blocks. Fatty-acid synthesis is initiated by ~-ketoacyl synthase (KAS) III, 

which catalyses decarboxylative condensation of a C2 unit with a tethered malonyl

ACP. The nascent fatty acid remains attached to the PPT arm of a central acyl carrier 

protein (ACP) during the successive rounds of elongation. FASs of most eukaryotes are 

found as single large multifunctional proteins (type I), while those of prokaryotes and 

plants are complexes of distinct enzymes that carry out each step (type II) (Rock and 

Jackowski 2002). 

Polyketide biosynthesis pathways are similar to both NRPS and FAS systems and 

examples of hybrid NRPS/polyketide systems are known (Finking and Marahiel 2004). 

In much the same manner as a non-ribosomal peptide synthesis, polyketide pathways 

begin with the selection and activation of a building block. An acyl transferase (AT)

domain selects an acyl-CoA substrate and transfers it to the PPT arm of the cognate 

ACP domain. A ketosynthase (KS) domain then catalyses condensation of this starter 

unit with an extender substrate attached to the ACP of the adjacent downstream module 

(Staunton and Weissman 2001). As for NRPS and FAS pathways, PKSs may consist of 

a single large multifunctional protein (type I) or separate proteins that fonn a PKS 

complex (type II). In addition, a third type ofPKS (type III, chalcone synthase-like) is 

found in plants and some bacteria (Shen 2003). This class ofPKS, exhibits a similar 

mechanism for C-C bond formation, and is similar to KAS III. Type III PKSs utilize 
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differing starter molecules and carry out a series of iterative condensations to produce 

polyketides of varying length (Austin and Noel 2003). 

5.0.3. Rationale 

EhpM was predicted to consist of a periplasmic domain anchored by an N-terminal 

cytoplasmic domain and transmembrane helix. It was, therefore, hypothesized that 

EhpM is an inner membrane (IM)-attached protein and will be associated with the 

membrane, rather than the soluble, protein fraction of Ehl 087 cells. It follows that 

EhpN and EhpO would also be associated with the 1M or localized to the periplasmic 

space in order to collaborate with the putative periplasmic domain of EhpM for the 

addition of the D-alanyl moiety to GA. 

The aims of the work described in this chapter were two-fold: 

146 

(1) To conduct a comprehensive analysis of the deduced EhpMNO amino acid 

sequences in order to identify sequence homologs and structure relatives of known 

function. Comparison of these related proteins was anticipated to lead to refinement of 

the hypotheses concerning the functions of EhMNO in the production of AGA, and 

perhaps provide examples of subcellular localisation. 

(2) To initiate an investigation into the subcellular location of the EhpMNO proteins by 

isolating cellular fractions of Eh1087 cells for analysis by SDS-PAGE. 

5.1. Identification of proteins related to EhpMNO 

The preliminary sequence analysis of the Group 4 proteins carried out previously 

(Giddens 2002; Giddens et al. 2002) provided some clues about the functions of 

EhpMNO and tentative roles in AGA production were assigned to EhpM and EhpN. 

However, simply identifying sequence homology often does not provide accurate or 

detailed structural/functional information about a protein of interest (Section 3.0.1). In 

addition, the functional predictions made previously for EhpM and EhpN are not 

entirely consistent with the known characteristics of apparently similar proteins 

(discussed in Section 5.3). Therefore, it was important to further investigate the roles of 

Group 4-like proteins in their respective pathways. 
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5.1.1. EhpM is a member of the acyl-adenylate/thioester-forming enzyme 
superfamily 

Sequence homology: BLASTP and RPS-BLAST 
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BLASTP analysis of the deduced EhpM amino acid sequence returned >500 hits (full 

results in Section A4.6) to proteins in the database. An examination of these hits 

revealed that the majority (> 250) were to proteins annotated as non-ribosomal peptide 

synthetases (NRPSs). Also included were PKSs (ca. 10), amino acid 

adenylating/activating enzymes (ca. 10), D-alanine-D-alanyl carrier protein ligases (9), 

and acyl-CoA synthetases from fatty acid metabolism (5). Table 5-1 lists the ten 

highest-scoring BLASTP hits and several others that were identified as interesting based 

on their having similar functions to that hypothesized for EhpM. Also listed is the only 

hit to a protein of known structure ranked in the top 500 hits (lAMU). All of these 

enzymes possess at least one instance of a conserved AMP-binding domain. An RPS

BLAST search confirmed that residues '42-420 of EhpM share this CD (100% aligned, 

AMP-binding, pfam 00501) with these proteins. Proteins containing this domain are all 

members of the acyl-adenylate/thioester-forming, or ACS-like (SCOP), protein 

superfamily. 

The most significant BLASTP hit was to SyrB 1, an enzyme that forms part of the 

syringomycin peptide synthetase complex. SyrBI binds threonine, which is thought to 

be a precursor of the last amino acid of syringomycin (Guenzi et al. 1998). 

Consistent with the putative role of EhpM, a number of hits to amino acid activating 

enzymes from Gram-positive bacteria that bind D-alanine were detected. D-alanine

D-alanyl carrier protein ligases (DCLs) activate D-alanine and transfer it to the 

phosphopantetheine (PPT) cofactor of a D-alanyl carrier protein (DCP). The activated 

alanine is then transported across the cell wall and incorporated into teichoic acids, 

important components of the Gram-positive cell wall. 
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Table 5-1: Relevant BLASTP hits for EhpM 
Descriptiona Organism Score E value %IDb 

Syringomycin biosynthesis SyrB 1 Pseudomonas syringae 179 1e-43 27 
Peptide synthetase Bacillus cereus 164 4e-39 28 
Peptide synthetase Anabaena sp. 90 164 6e-39 21-27(2) 

Syringopeptin synthetase C Pseudomonas syringae 162 2e-38 22-26 (12) 
BmyC protein Bacillus amyloliquefaciens 158 4e-37 24-26 (2) 
FxbC peptide synthetase homolog Mycobacterium smegmatis 156 le-36 22-25 (4) 
PstD Mycobacterium avium 155 2e-36 28 
Bacillomycin D synthetase C Bacillus subtilis 155 2e-36 24-26 (2) 
Daptomycin biosynthetic protein Streptomyces roseosporus 154 4e-36 27 
subunit 
Arthrofactin synthetase B Pseudomonas sp. MIS38 153 ge-36 22-26 (4) 

'D-alanine-D-alanyl carrier protein Staphylococcus 123 1e-26 25 
ligase ep ide rmidis 

C A TP-dependent serine activating Xanthomonas axonopodis 122 3e-26 25 
enzyme 
'D-alanine-activating enzyme Photorhabdus luminescen 113 1e-23 28 
CPhenylalanine racemase (ATP- Bacillus brevis 107 ge-22 22 
hydrolyzing) 
c1 AMU Phe activating domain of Bacillus brevis 104 5e-21 22 
gramicidin S synthetase I 

Notes: aNCBI description taken from Entrez database entry. bpercentage of identical aligned amino acid 
residues. cProteins below the line were not in the top ten hits but were considered interesting as discussed 
in the text. Where multiple hits to the same protein occur, the number is indicated in brackets. See A4.6.1 
for full results. 

Fold identification: 3D-PSSM and mGenThreader analysis 

3D-PSSM analysis identified five possible structural relatives above a cutoff of 50% 

certainty (Table 5-2). With one exception, these proteins of known structure all belong 

to the acetyl-CoA synthetase (ACS)-like SCOP superfamily, which corresponds to the 

AMP-dependent synthetase and ligase Pfam domain (Bateman et al. 2004). The best 

alignment, with 95% certainty, was to the phenylalanine-activating domain of 

gramicidin S synthetase I from Bacillus brevis (lAMU). 

Four of the top five 3D-PSSM hits were also assigned as structural relatives of EhpM by 

mGenThreader, along with two other proteins above an E-value cutoff of 0.001. Again 

these proteins are adenylate-forming AMP-dependent synthetases and ligases from the 

ACS-like SCOP superfamily. Indeed, one of these structural relatives is the 

Saccharomyces cerevisiae ACS itself. 
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Top five hits returned by 3D~PSSM for EhpM 

ID 
E value Family Protein 

domain of 
GrsA from Bacillus brevis 

IMD9 0.160 17 528 ACS-like ACS-like Dihydroxybenzoate-AMP 
ligase from Bacillus subtillis 

INMA 0.206 18 633 Sialidases Influenza Influenza virus N9 
neuraminidase neuraminidase 

lLCI 0.338 16 523 ACS-like ACS-like Luciferase from Photinus 
pyraUs (Firefly) 

lRY2 0.391 17 615 ACS-like ACS-like ACS from Saccharomyces 
cerevisiae 

Notes: °Protein DataBank (PDB) identifier. bpercentage of identical aligned amino acids. cAmino acid 
length. dSCOp (Structural Classification Of Proteins) assignments. See A4.6.3 for full results. 

Table 5-3: mGenTHREADER results for EhpM with confidence level of certaina 

pyra/is 
(Firefly) 

lAMU 0.949 4e-5 17.8 509 473 Phe activating domain of GrsA 
from Bacillus brevis 

lRY2 0.951 4e-5 15.2 640 490 Acetyl-coenzyme A synthetase 
from Saccharomyces cerevisiae 

1MD9 0.950 4e-5 16.4 536 482 Dihydroxybenzoate-AMP ligase 
from Bacillus subtillis 

1ULT 0.951 4e-5 16.2 533 481 Long chain fatty-ACS from 
Thermus thermophilus 

1T5D 0.949 4e-5 17.8 504 464 Chlorobenzoate-CoA ligase from 
Alcaligenes sp. AL3007 

Notes: aConfidence level of certain: E-value >O.OOl.b Protein DataBank (PDB) identifier. cPercentage of 
identical aligned amino acids. d Amino acid length. See A4.6.4 for full results. 

Structural relatives of EhpM 

Analysis of the deduced EhpM amino acid sequence using both sequence-based and 

fold recognition methods has identified six members of the acyl-adenylatelthioester

forming superfamily with known structure and function as possible homologs. What 

features do these enzymes have in common that might be consistent with the putative 

function of EhpM in activating D-alanine? 

The acyl-adenylate/thioester-forming superfamily (SCOP: ACS-like) has ca. 2,300 

members including both prokaryotic and eukaryotic proteins within a number of 

families, including firefly luciferase, acyUaryl-CoA synthetases and amino acid 
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adenylating/activating domains such as those found in NRPS and PKS enzyme 

complexes (Gulick et aZ. 2004; Finking and MarahieI2004). These enzymes all catalyse 

the ATP-dependent adenylation of a carboxylate group of their respective substrates 

(Figure 5-4, step one). A second half-reaction forms a thioester intermediate (with CoA 

or the PPT group of a carrier domain/protein) or, in the case of luciferase, a product 

from the acyl-adenylate (Branchini et aZ. 2003) (Figure 5-4, step two). 

Gramicidin S synthetase I is one of two multifunctional enzymes, which form a five

module NRPS complex, responsible for the synthesis of the cyclic peptide gramicidin S. 

Gramicidin S synthetase I (GrsA) activates L-phenylalanine by adenylation, inverts its 

configuration, and transfers the D-phenylalanine moiety to gramicidin S synthetase II 

(GrsB) (Figure 5-4). GrsB is responsible for formation of the peptide bonds of 

gramicidin S. The N-terminaI556-residue fragment of GrsA (PheA, 1AMU) is a NRPS

type A domain and has structural similarity to firefly luciferase (lLCI) (Conti et aZ. 

1997). 

Firefly luciferase (1LCI) functions as a monooxygenase and was the first enzyme of the 

adenyl ate-forming ACS-like superfamily for which the structure was determined (Conti 

et aZ. 1996; Branchini et aZ. 2003). Luciferase activates its substrate luciferin for 

oxidative decarboxylation, allowing the production of light. The reaction, which 

requires Mg-ATP and molecular oxygen, involves an adenylated luciferin intermediate 

(Figure 5-4, step one) which is then oxidized to produce excited oxy-Iuciferin (Figure 

5-4, step two). Yellow-green light is emitted when oxy-Iuciferin returns to its ground 

state. 

The siderophore bacillibactin is synthesized by a three-module NRPS encoded by the 

dhb operon. DhbE (1MD9) carries out activation of 2,3-dihydroxybenzoate (DHB, 

Figure 5-4), the first step in bacillbactin synthesis (Figure 5-4). DhbE is essentially an 

isolated NRPS-type A domain but carries out adenylationlactivation of the aryl acid 

DHB, rather than an amino acid, and is then passed to the carrier domain of DhbB (May 

et aZ. 2002). 
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Figure 5-4: Reaction schemes for acyl-adenylate/thioester-forming superfamily members identified 
as structural relatives of EhpM. Step one is the ATP-dependent activation of the substrate. Step 2 is 

the formation of a thioester bond with the PPT moiety of a carrier protein or CoA (except 
luciferase). Abbreviations used: R = CH3 for ACS, R = CI2-CIS aliphatic side chain for LC-FACS. 

Phe, phenylalanine; PCP, peptidyl carrier protein; DHB, 2,3-dihydroxybenzoic acid; 4CBA, 4-
chlorobenzoic acid. 

The acetyl-CoA synthetase (ACS) from Saccharomyces cerevisiae (lRY2, BC 6.2.1.1) 

forms acetyl-CoA from acetate, ATP and CoA via an acetyl-AMP intermediate (step 

one) in the manner characteristic of the superfamily (Figure 5-4). Most living organisms 

possess ACS enzymes, reflecting the importance of the product, acetyl-CoA, in the 

citric acid cycle and in glucose and fatty acid metabolism (Garrett and Grisham 1999). 

Long chain fatty acyl-CoA synthetases (LC-FACSs) are responsible for the activation of 

long chain fatty acids (LC-FAs) in the same way that ACS activates acetate, the 

formation of a thioester with CoA (Figure 5-4). The LC-FACS from Thermus 

thermophilus (lULT, BC 6.2.1.3) is able to catalyse the ATP- and CoA-dependent 

formation of the corresponding acyl-CoA for saturated fatty acids with chain lengths of 
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12-18 carbons (Hisanaga et al. 2004). The activation of LC-FAs is the first step in their 

degradation by bacteria, plants, and mammals. The LC-FACS enzymes of E. coli and S. 

cerevisiae are also involved in the transport of exogenous LCFAs across the plasma 

membrane-a similar system is thought to operate in mammals (Black and DiRusso 

2003; Gargiulo et al. 1999). 

The 4-chlorobenzoate (4CBA)-CoA ligase (CBAL) from Alcaligenes sp. AL3007 

(1 T5D, EC 6.2.1.33) catalyses the formation of 4CBA-CoA from 4CBA and CoA with 

concurrent hydrolysis of ATP (Figure 5-4). This is the first step in the degradation 

pathway of 4-chlorobenzoate, a breakdown product of polychlorinated biphenyl 

compounds (Gulick et al. 2004). 

Despite the generally low sequence similarity (typically 20-30%) between members of 

the acyl-adenylate/thioester-forming superfamily, they all have similar tertiary structure, 

as can be seen in Figure 5-5 for structural relatives of EhpM. These proteins have a 

large N-terminaldomain, formed by helices and strands in an a~a~a sandwich 

arrangement (Hisanaga et al. 2004), and a small C-terminal domain, also containing 

both helices and strands. The relative orientation of the C-terminal domain differs in 

some of the crystal structures and it is thought that this represents different 

conformations induced by substrate binding and/or involved in catalysis of the two 

separate half-reactions (Gulick et al. 2004). 

There are a number of regions highly conserved among the acyl-adenylate/thioester

forming enzymes, most notably the glycine-rich P-loop motif (motif I, consensus 

sequence: TSG[S/T]TGxPKg) (Chang et al. 1997). This region spans 10 amino acid 

residues that form a loop between two ~-strands in the N-terminal domain. It is thought 

that these residues playa role in binding the ~- and y-phosphates of ATP (Conti et al. 

1997; Gulick et al. 2004). A P-loop lysine and a highly conserved arginine, from the 

loop region which connects the N- and C-terminal domains, are thought to coordinate 

the pyrophosphate leaving group. A second (motif II, consensus sequence: YGxTE) and 

a third region (motif III, consensus sequence: Y[RlKlX]TGD) are also conserved 

(Chang et al. 1997). Many of the conserved residues are clustered in the active sites of 

these enzymes formed by the cleft between the opposing faces of the two domains. An 

invariant lysine residue located in a loop, which extends from the C-terrninal domain 
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towards the active site, is thought to interact with the substrates (Conti ef al. 1997) and 

has been shown to be involved in adenyJation, but not thioester formation, by propionyl

CoA synthetase, ACS , and luciferase (Branchini e/ al. 2003). 

Figure 5-5: Tertiary structures of EhpM structural relatives. (A) lAMU, the phenylalanine
activating domain of GrsA. (B) ILCI, firefly luciferase. (C) IMD9, the DHB-activating enzyme 

from the bacillihactin synthetase system shown with bound AMP (sticks) and DHB (spheres). (0) 
1 RY2, the LC-FACS from S. cerevisiac shown with bound AMP. The small C-terminal domains are 

coloured green while the larger N-terminal domains are coloured by secondary structure. The 
conserved active site Iysines are shown in red with their side chains. 
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Multiple sequence alignment of EhpM with structural relatives 

In order to visualize similarities between EhpM and other members of the adenylating 

enzyme superfamily, and to identify regions where structurally or functionally 

important differences might occur, a multiple sequence alignment (MSA) was prepared. 

Included were the sequences of the six structural relatives discussed above (PheA, 

luciferase, DhbE, ACS, LC-FACS, and CBAL) and DltA, a D-alanine-D-alanyl carrier 

protein ligase-a representive of the DCL class of BLASTP hits for EhpM. DltA from B. 

subtillus was included as it has the same amino acid specificity as that predicted for 

EhpM and has been shown to be required for D-alanylation of cell wall teichoic acids 

(Perego et al. 1995; Peschel et al. 1999). 

The low sequence identity between the enzymes of the adenylating superfamily and the 

differences in orientation of the C-terminal domain make it difficult to obtain an 

accurate structure-based alignment (Chang et al. 1997). For this reason, ClustalW 

(Thompson et al. 1994) was used to generate a sequence-based MSA, allowing highly 

conserved regions of potential importance for structure and function to be identified. 

The resulting MSA (Figure 5-6) shows that EhpM shares a number of highly conserved 

positions with its putative structural relatives, and with DltA. Specifically, the amino 

acid sequence of EhpM conforms to the consensus sequences for the P loop/motif I 

(156TSGTGEPKL 165), motif II eOOYGPSE304), and motif III e69YMTGD373) described 

by Chang et al. (1997) and Gulick et al. (2004). Also conserved is the essential lysine 

(K4S0) found in the C-terminal domain (Conti et al. 1997; Branchini et al. 2003). 
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Figure 5-6: ClustalW multiple sequence alignment 
of EhpM with structural relatives 
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5.1.2. EhpN is a member of the acyl carrier protein-like superfamily 

Sequence homology: BLASTP and RPS-BLAST analysis 

156 

BLASTP analysis of the deduced amino acid sequence of EhpN returned ca. 250 hits to 

possible homologs. As for EhpM, most of these hits were to proteins annotated as 

NRPS and PKS enzymes. In this case, a large number of hits (? 100) were generated to 

putative or predicted proteins where any functional annotation is merely hypothetical. 

Table 5-4 lists the 10 highest-scoring hits and illustrates the previous point -nine of 

these hits have function assignments predicted by sequence similarity alone. The 

exception is the probable acinetobactin biosynthesis protein BasB from Acinetobacter 

baumannii. BasB is part of an operon involved in biosynthesis of the siderophore 

acinetobactin (Ab). Genes from the bas locus are similar to various NRPS enzymes and 

basD was shown to be required for Ab production (Mihara et aZ. 2004). While a 

requirement for BasB itself has not been experimentally established, its similarity to 

NRPS modules from Vibrio choZerae (VibF) is consistent with involvement in the Ab 

pathway. Residues 9-56 of EhpN align with 194-241 ofBasB, a region annotated as a 

PPT attachment/binding site. 

Previous analysis of the EhpN sequence by Giddens (2002) had identified a match to 

the Pro site PPT-site profile (PS50012) (Hulo et aZ. 2004) but not to domains in the 

CDD. A recent RPS-BLAST search, however, was able to align residues 23-60 of EhpN 

with the PPT-binding CD of acyl carrier proteins (56.7% aligned, pfam00550). 

Presumably the addition of new sequences to the database has broadened the specificity 

of the consensus sequence for this CD and allowed detection of the relationship with 

EhpN. 
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Table 5-4: BLASTP results for EhpN 
Description

Q 
Organism Score E value %IDb 

Putative NRPS with PPT Acinetobacter sp. ADP1 43 0.002 34 
binding domain 

Predicted NRPS module/related Crocosphaera watsonii 41 0.007 33 
protein 

Hypothetical protein SA V0179 Staphylococcus aureus 40 0.016 38 

Putati ve NRPS Staphylococcus aureus subsp. aureus 40 0.016 38 
MSSA476 

Putative NRPS Staphylococcus aureus subsp. aureus 40 0.016 38 
MRSA252 

Putative PKS E. coli CFr073 40 0.021 30 

Probable acinetobactin Acinetobacter baumannii 40 0.021 37 
biosynthesis protein BasB 

Putative gramicidin S synthetase Streptococcus mutans UA159 39 0.046 40 

Putative siderophore Yersinia pestis C092 38 0.06 30 
biosysnthesis protein 

Hypothetical protein y3412 Yersinia pestis KIM 38 0.06 30 

Notes: QNCBI description taken from Entrez database entry. bpercentage of identical aligned amino acid 
residues. See Section A4.7.1 for full results. . 

Fold recognition: 3D-PSSM and mGenThreader analysis 

To gain some idea of the possible tertiary structure of EhpN, fold recognition searches 

were used to identify potential structural relatives of EhpN. Consistent with the 

identification of the PPT-binding domain by Prosite and RPS-BLAST, members of the 

acyl carrier protein (ACP)-like SCOP superfamily were identified by 3D-PSSM and 

mGenThreader as structural relatives. As can be seen from Table 5-5, a peptidyl carrier 

protein, Tyc-PCP (lDNY), from B. brevis was the highest-scoring hit for both methods, 

with a rating of 95% certainty from 3D-PSSM. The remaining 3D-PSSM hits and all 

hits for mGenThreader have much lower scores and quite high E-values, meaning that 

the expected error rate is high. Therefore, hits to proteins with functions inconsistent 

with the predicted role of EhpN are not listed here as they are likely to be erroneous (see 

Section A4.7.3 for full results). 
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Table 5-5: Fold recognition results for EhpN 
3D-PSSM 

PDBG E Identitl Template Super- Familyd Protein 
ID value (%) LengthC famill 

lDNY 1.78e 17 76 ACP- Peptidyl carrier protein Tyc-PCP 
-5 like carrier domain from B. brevis 

2AF8 0.932e 19 86 ACP- Acyl carrier PKS apo-acyl carrier protein from 
like protein S. coelicolor 

IHQB 1.23e 13 80 ACP- apo-D-alanyl apo-D-alanyl carrier protein from 
like carrier protein L. casei 

lACP 1.51e 12 77 ACP- Acyl carrier Acyl carrier protein from E. coli 
like protein 

mGenThreader 

PDB" Net 
E value' 

Identity Structure Alignment 
Protein 

ID score' (%/ lengthC lengthC 

lDNY 0.347 10 18.7 
from B. brevis 

lACP 0.267 10 16 75 56 Acyl carrier protein from E. coli 

2AF8 0.328 10 21.3 75 64 PKS acyl carrier protein from S. 
coelicolor 

,-----""-'" 
Notes: GProtein DataBank (PDB) identifier. bpercentage of identical aligned amino acids. cAmino acid 
length. dSCOp (Structural Classification Of Proteins) assignments. e3D-PSSM values rated below 50% 
certainty. fmGenThreader scores rated as guess: E value ~0.5. See Sections A4.7.3 and A4.7.4 for full 
results. 

Based on sequence similarity and fold recognition, EhpN appears to be a novel member 

of the ACP-like superfamily, which includes proteins from bacteria, fungi, plants and 

animals. Members of this superfamily are postranslationally modified by attachment of 

the cofactor PPT to a conserved serine (Figure 5-7) and serve as carriers for the 

activated carboxyl-containing substrates of fatty acid, non-ribosomal peptide, and 

polyketide biosynthesis. The PPT prosthetic group tethers the substrate to the carrier 

protein via a thioester linkage which is able to be hydolysed in subsequent steps 

(Finking and MarahieI2004), The ACP-like superfamily is subdivided into several 

families: acyl carrier protein (ACP), peptidyl carrier domain (PCP), and apo-D-alanyl 

carrier protein (Murzin et al. 1995), The members of the first two families commonly 

occur together as domains of large multifunctional enzymes such as Type I F ASs and 

PKSs (as ACP domains) (Rock and Jackowski 2002; Staunton and Weissman 2001), or 

NRPSs (as PCP domains downstream of an A domain) (Finking and MarahieI2004), 
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The commonplace association of members of the ACP-like and acyl

adenylate/thioester-forming superfamilies, as domains, or separate proteins, provides 

examples of how EhpM and EhpN might interact. 

000 

HS~ ~ )l(C0-~-0-3"5'-ADP 
N N I 
H H 0-

OH 

coenzyme A 
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~)IIso 

000 
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H H ~ ~ ~ I 
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4-phosphopantetheine (PPT) 

PCP/ACP holo-enzyme 

Figure 5-7: Post-translational modification of apo-PCP/ACP-like proteins to form the active holo
enzyme. The PPT group of coenzyme A is attached via a phosphodiester bond to the side chain of 

an invariant serine. 

Figure 5-8: General scheme for transfer of an activated amino acid to the PPT prosthetic group of a 
PCP. A similar system operates in PKS and FAS systems for the transfer of activated carboxylate

containing substrates to ACPs. The PCP/ACP may occur as a domain of a large multifunctional 
enzyme or as a separate polypeptide. 

Structures for several members of this superfamily have been elucidated and all exhibit 

a similar overall fold (Figure 5-9 A-D). An examination of members most similar to 

EhpN, as judged by fold recognition, is likely to offer some clues as to the structure and 

function of EhpN. 
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In B. brevis, a type II NRPS enzyme complex consisting of three proteins, TycA, TycB, 

and TycC, is responsible for production of tyrocidine, a cyclic decapeptide (D-Phe-Pro

Phe-D-Phe-Asn-Gln-Tyr-Val-Om-Leu) (Mootz and MarahieI1997). The PCP domain 

of the third of the six modules of TycC (TycC3) is located adjacent to a tyrosine

activating A domain and acts as a tether for activated tyrosine which is then 

incorporated into tyrocidine by the neighbouring C domain. TycC3 was cloned and 

expressed as a separate protein in order to serve as a prototype for NRPS PCP domain 

structure (1DNY) (Weber et al. 2000). 

An example of a carrier-protein domain that naturally exists as a separate protein is 

given by the actinorhodin (Act) type II PKS of S. coelicor, which utilizes separate 

enzymes for the sequential steps of chain assembly (McDaniel et ai. 1994). The Act 

ACP (2AF8) is an essential component of the complex that synthesises an initial 

polyketide intermediate, which is then converted to actinorhodin by downstream 

tailoring enzymes. 

The solution structure of E. coli ACP was the first to be determined for the ACP-like 

superfamily and has been refined a number of times (lACP) (Rock and Cronan 1979; 

Kim and Prestegard 1989; Kim and Prestegard 1990). In E. coli, as for all bacteria, fatty 

acid biosynthesis is carried out by a type II F AS complex comprised of separate 

enzymes which carry out activation, chain initiation, and elongation. Intermediates are 

attached to the PPT arm of ACP throughout the process (Magnuson et ai. 1993; Rock 

and Jackowski 2002). 

The incorporation of D-alanine into lipoteichoic acids of Gram-positive bacterial cell 

walls not only requires DCL, as noted above, but also requires D-alanyl carrier protein 

(DCP) to which the activated D-alanine is transferred. The DCP from Lactobacillus 

casei (1HQB) (Volkman et ai. 2001) was identified by 3D-PSSM as a possible 

structural relative of EhpN. 
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Figure 5-9: Comparison of EhpN and structural relatives. Ribbon diagrams showing tertiary 
structures of (A) PCP (lDNY); (B) Act ACP (2AF8); (C) ACP (IACP); (D) Dcp (lHQll). The side 

chains of the conserved serines are shown in red as stick models. Structure-based multiple sequence 
alignment (E) of EhpN with the proteins shown above. Black bars indicate postions of helices. 
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The ACP-like superfamily members are small proteins (80-100 aa) and generally fold 

into an anti-parallel four-helix bundle. There are two major a-helices (l and 2) onto 

which the two smaller N-terminal helices pack, via side chain interactions, to form a 

hydrophobic core (Weber et al. 2000; Finking and MarahieI2004). There is some 

variability in the relative orientations of the helices with helices 1 and 3 having different 

lengths in some members of the family. The amino terminal of helix 2 contains a 

conserved motif (DSL) and includes the invariant serine to which the PPT cofactor is 

attached (Crump et al. 1997). The structure of helix 2 is conserved and it is thought to 

playa role in recognition of ACP-like proteins by associating proteins (Volkman et al. 

2001; Rock and Jackowski 2002). It is also thought that the ACP-like proteins exhibit 

inherent flexibility, especially in helix 2, and that this may reflect an ability to adjust to 

the different proteins and substrates that the ACP-like proteins interact with (Finking 

and Marahiel 2004). 

While Act ACP (2AF8), the E. coli FAS ACP (lACP), and DCP (lHQB) are individual 

proteins, TycC3 (lDNY) normally exists as a domain within a large protein. However, 

it was concluded from the structure of TycC3 that PCP domains have a structural core, 

corresponding to the ACP-like fold, which extends 37 residues either side of the 

invariant serine (Weber et al. 2000). 

Multiple sequence alignment of EhpN with structural relatives 

The amino acid sequences of EhpN and the possible structural relatives described above 

were compared to verify that EhpN possesses the defining primary structural feature of 

the ACP-like superfamily. A VAST structure-based alignment of TycC3 (lDNY) and 

DCP (lHQB) was obtained from the NCB I CDD (Marchler-Bauer et al. 2003). The 

sequences of E. coli ACP (lACP), Act ACP (2AF8), and EhpM were then added to this 

alignment using the threading algorithm of Cn3D (Hogue 1997). Members of the ACP

like superfamily have low sequence similarity to each other (Weber et al. 2000; Finking 

and Marahiel2004) and a structure-based alignment was therefore used to improve 

comparison of structurally equivalent residues (Gibrat et al. 1996). 

Residues 1-66 of EhpN aligned with the defined structural core of PCP domains (Weber 

et al. 2000) (Figure 5-9). EhpN possesses the invariant serine PPT attachment site but 

the flanking residues differ from the D-S-L consensus. There are no other positions 
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invariant in all the aligned sequences and EhpN shares some conserved positions while 

differing at others. The most striking feature, however, is that, relative to the other 

sequences, 8-10 amino acids appear to be missing from between residues 56 and 57 of 

EhpN. This region corresponds to helix 3 and the loop region connecting it to helix 4 in 

the known structures. As mentioned above, helix 3 is shortened in some members of the 

superfamily-it would appear that EhpN is lacking this helix entirely. 

5.1.3. EhpO is a member of the thiolase-like acyl-condensing enzyme 
superfamily 

Sequence homology: BLASTP and RPS-BLAST 

As for EhpN, a BLASTP search of the EhpO sequence against the database returned a 

large number of hits to proteins with functional annotations derived by homology (> 40 

out of a total of 120 hits, Section A4.8.1). Approximately three-quarters of the proteins 

are annotated as ketoacylJoxoacyl-ACP synthase (KAS) enzymes, which belong to the 

thiolase-like SCOP superfamily (Murzin et al. 1995) and are involved in fatty-acid and 

polyketide biosynthesis. Of the ten highest-scoring hits (Table 5-6), only two have 

experimental evidence supporting their functional assignment. The putative keto acyl

ACP synthase from Streptomyces roseochromogenes was identified by sequence 

analysis of the cloned clorobiocin pathway (Pojer et al. 2002). Similarly, the keto acyl

ACP synthase from Streptomyces rishiriensis was identified by analysis of a gene 

cluster responsible for the related coumeromycin Al pathway (Wang et al. 2000). 

An RPS-BLAST search with EhpO confirmed the presence of the ketoacyl-ACP 

synthase (KAS) III CD (cd00830, FabH) and indicated a strong resemblance to 

"initiating" condensing enzymes (cd00827) and the chalcone/stilbene synthase N

terminal domain. The "initiating" condensing enzyme class includes KAS III, type III 

PKS and chalcone synthase (Marchler-Bauer et al. 2003). 
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Table 5~6: BLASTP results for EhpO 
Descriptiona Organism Score E value %IDb 

Predicted ketoacyl-ACP synthase III Thermus themlOphilus 74 6e-12 26 

Predicted ketoacyl-ACP synthase III Symbiobacterium 55 2e-6 27 
thermophilum 

Predicted ketoacyl-ACP synthase III Chlamydophila caviae 55 2e-6 21 

Hypothetical ketoacyl synthase protein Nodularia spumigel1a 53 le-5 21 

Putative ketoacyl-ACP synthase Streptomyces 53 le-5 21 
roseochromogenes 

Predicted ketoacyl-ACP synthase III Exiguobacterium sp. 255- 52 le-5 23 
15 

Predicted ketoacyl-ACP synthase III Fusobacterium nucleatum 51 3e-5 22 

Predicted ketoacyl-ACP synthase III Bacillus subtilis 50 5e-5 23 

Ketoacyl-ACP-synthase Streptomyces rishiriensis 50 7e-5 21 

COG0332: Predicted ketoacyl-ACP Desulfovibrio 50 7e-5 23 
synthase III desulfuricans 

IMZJ, beta-ketosynthase from the Streptomyces sp. Rl128 34 4.0 26 
Rl128 polyketide biosynthetic pathway 

Notes: ~CBI description taken from Entrez database entry. bpercentage of identical aligned amino acid 
residues. See A4.8.1 for full results. . 

Fold recognition: 3D-PSSM and mGenThreader analysis 

As for EhpM and EhpN, fold recognition for EhpO was carried out in order to identify 

proteins that might provide useful information about the possible structure and function 

of EhpO. Both 3D-PSSM and mGenThreader returned at least ten significant hits 

(Section A4.8.3) with the highest-scoring listed in Table 5-7 and Table 5-8. In 

agreement with the BLASTP results, structurally characterised proteins that were 

identified by 3D-PSSM or mGenThreader as probable relatives of EhpO are all 

members of the thiolase-like SCOP superfamily. Within the superfamily, these proteins 

belong to two families: the thiolase-related and the chalcone synthase families, which 

can be further subdivided according to their known functions in either fatty-acid 

metabolism or polyketide biosynthesis. 
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PDB 
ID 

lEBL 

lUB7 

ID6F 

IHZP 

IMZJ 

Table 5-7: 3D-PSSM results for EhpO above 95% certainty cutoff 

E value 
Identity Template 
(%) length 

3.0le-8 15 309 

0.00311 16 320 

0.00341 14 389 

0.00358 16 334 

0.00406 14 334 

Super-
family 

Thiolase-
like 

Thiolase
like 

Family 

Thiolase-
related 

Thiolase-
related 

Protein 

~-ketoacyl-ACP synthase III 
(FabH) from E. coli 

~-ketoacyl-ACP synthase III 
(FabH) from Thermus 
thermophilus 

Thiolase- Chalcone Chalcone synthase CI64A mutant 
like synthase from Medicago sativa (Alfalfa) 

Thiolase- Thiolase- ~-ketoacyl-ACP synthase III from 
like related Mycobacterium tuberculosis 

Thiolase- Thiolase- ZuhH ketosynthase from 
like related Streptomyces sp. 

Notes: aProtein DataBank (PDB) identifier. bpercentage of identical aligned amino acids. cAmino acid 
length. dSCOp (Structural Classification Of Proteins) assignments. See A4.8.3 for full results. 

Table 5-8: mGenThreader results for EhpO rated as certain 
PDBh Net E Identity Structure Alignment Protein 
ID score value (%t lengthd- lengthd 

lTED 0.968 2E-5 14.9 372 271 Type 3 polyketide synthase PKZS18 
from Mycobacterium tuberculosis 

lUOM 0.968 2E-5 14.2 348 257 Tetrahydroxynaphthalene synthase 
(THNS) from Streptomyces coelicolor 

IHN9 0.969 2E-5 14.9 317 264 ~-ketoacyl-ACP synthase III from E. coli 

IBIS 0.967 3E-5 14.9 388 267 Chalcone synthase from Medicago sativa 
(Alfalfa) 

lTVZ 0.965 3E-5 12.9 387 263 3-Hydroxy-3-methylglutaryl-CoA 
synthase from Staphylococcus aureus 

lAFW 0.871 0.0002 8.4 390 258 PeroxisomaI3-ketoacetyl-CoA thiolase 
from Saccharomyces cerevisiae 

Notes: aConfidence level of certain: E-value >O.OOl.b Protein DataBank (PDB) identifier. cPercentage of 
identical aligned amino acids. d Amino acid length. See Section A4.8.4 for full results. 

The highest-scoring 3D-PSSM hit was to KAS III (FabH, lEBL) from E. coli (Davies et 

al. 2000), which is a member of the thiolase-related SCOP family and is active as a 

dimer. KAS III initiates elongation in type II FAS systems by catalyzing the 

decarboxylative condensation of acetyl-CoA and malonyl-ACP to form acetoacetyl

ACP (Figure 5-10). Also detected by 3D-PSSM were the KAS III enzymes from 

Thermus thermophilus (1 DB7) and Mycobacterium tuberculosis (1HZP). Similarity to a 

second E. coli KAS III structure (lHN9) (Qiu et al. 1999) was detected by 

mGenThreader, giving further confidence in the prediction that EhpO is structurally 

related to KAS III. 
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The second major class of fold-recognition hits belong to the chalcone synthase SCOP 

family and are involved in type III PKS systems (Austin and Noel 2003). The type III 

PKSs are exemplified by plant chalcone synthase (CHS) but are also found in bacteria 

and exhibit functional diversity (Section 5.0.2). 3D-PSSM and mGenThreader predicted 

EhpO to have a similar fold to the alfalfa CHS enzyme (ID6F, IBI5) which catalyses 

the formation of chalcone fromp-coumaryl-CoA and three malonyl-CoA units (Figure 

5-1O)(Jez et al. 2000). Two bacterial type III PKSs were also identified by 

mGenThreader as structural relatives (l TED, 1 DOM). The type III PKS from 

Mycobacterium tuberculosis (l TED) synthesizes a variety of a-pyrones by 

condensation of malonyl CoA with acyl-CoAs of varying chain lengths 

(Sankaranarayanan et al. 2004). Another type III PKS 1,2,6,8-tetrahydroxynapthalene 

synthase (THNS, 1 DOM) from Streptomyces coelicolor, on the other hand, synthesises 

its product from five malonyl-CoA units (Figure 5-10) (Austin et al. 2004). 

IKAS 1111 o 0 0 0 

-OAAS-ACP AAS-ACP 

acetyl-CoA 
----lIII,.. .... 
~ acetoacetyl-ACP 

CO2 + CoA 

+ malonyl-ACP 

o 

lS-COA 0 0 

-oAAS-COA 
HO 

p-coumaryl-CoA + 3 malonyl-CoA HO 

CO2 +CoA 

5 malonyl-CoA pentaketide intermediate 

THN 

Figure 5-10: Examples of reactions catalysed by thiolase-like enzymes. 

Several other members of the thiolase-like superfamily were also among the high

scoring fold recognition results and serve to illustrate the functional diversity of this 
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superfamily of enzymes. The Staphylococcus aureus 3-hydroxy-3-methylglutaryl

coenzyme A (HMG-CoA) synthase (l TVZ) catalyses the condensation of acetyl-CoA 

with acetoacetyl-CoA to form HMG-CoA (Campobasso et al. 2004). The 3-ketoacetyl

CoA thiolase from S. cerevisiae (lAFW) catalyses the cleavage of a 3-ketoacyl-CoA 

into an acyl-CoA and acetyl-CoA (Mathieu et al. 1997). This reaction is essentially the 

reverse of the condensation catalysed by KAS III and forms part of the ~-oxidation 

pathway for fatty acid degradation (Stahl et al. 2001). ZuhH (1MZJ) from Streptomyces 

sp. is a keto synthase required for the initiation of the type II pathway which leads to the 

aromatic polyketide R1128 (Meadows and Khosla 2001). 

The thiolase-like, or acyl-condensing enzyme, superfamily contains enzymes with roles 

in diverse pathways that are nonetheless evolutionary and mechanistically related 

(Finking and MarahieI2004). All functionally characterized members of this 

superfamily catalyse carbon-carbon bond formation, except for thiolases which favour 

the reverse reaction. Two-carbon units, derived from malonyl-ACP/CoA, are added to a 

growing fatty acid or polyketide chain in a series of sequential condensation reactions 

(Section 5.0.2) (Austin and Noel 2003; Rock and Jackowski 2002). 

Despite a lack of obvious sequence homology in many cases, all members of the 

thiolase-like superfamily share a common a~a~a core fold consisting of N-terrninal 

and C-terrninal domains with similar topology (Staunton and Weissman 20.01). Also in 

common are the dimerisation interface, and an active-site cysteine to which 

intermediates are covalently attached (Figure 5-11) (Austin and Noel 2003). The core 

fold essentially provides a scaffold, while insertions and structural differences in loop 

regions are responsible for substrate selectivity and catalysis (Qiu et al. 2001). The 

active site, in many cases involving a Cys-His-Asn triad, is located at the end of a 

narrow tunnel that binds the PPT arm of ACP or CoA. Binding of PPT places the 

attached substrate in position for catalysis (Austin et al. 2004). The active sites also 

contain binding pockets which provide suitable environments for moieties such as the 

methyl group of acetyl-CoA (Qiu et al. 1999) or the p-coumaryl aromatic ring (Jez et al. 

2000). 
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Figure 5-11: Comparison of tertiary and quarternary structures of EhpO relatives. Ribbon 
diagrams of: (A) E. coli KAS III; lEBL. (B) T. thermophiLus KAS III; IUB7. (C) M. tubercuLosis 

CHS; 1 TED. (D) S. coeLicoLor THNS; 1 UOM. One monomer of each dimer is coloured by secondary 
structure (cyan helices, pink strands), while for the other monomer the N- and C-terminal domains 

are coloured blue and green, respectively. The active site Cys-His-Asn residues are shown as 
spheres with the essential cysteine in red. (D) Diagrammatic representation of VAST structure 
alignment showing aligned (red) and unaligned (gaps) regions. 1 UOM is not shown as a VAST 

alignment has is not yet available. 

Multiple sequence alignment of EhpO with structural rel atives 

To further determine how closely EhpO resembles members of the thiolase-like 

superfamily and , in particul ar, if active s ite residues are conserved in EhpO. A VAST 

structure-hased alignment of 1 EBL, 1 UB7, and 1 TED used as the basis for the 

alignment (Gibrat ef al. J 996). The 1 UOM and EhpO sequences were then added to the 

alignment using the BLAST-PSSM and Blocks algorithms of Cn3D (Hogue 1997). 
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An examination of the MSA (Figure 5-12) shows that a number of positions are 

invariant across all the sequences aligned. EhpO possesses the invariant cysteine 

(C160), essential for catalysis, and an adjacent alanine (A61), which is thought to be 

involved in positioning of the cysteine (Qiu et al. 1999). In EhpO, the highly conserved 

histidine and asparagine residues also involved in catalysis, appear to be replaced by 

threonine (T217) and histidine (H248), respectively. However, there is a histidine 

(H216) adjacent to T217 suggesting the alignment of this region may not be ideal. EhpO 

also shares a conserved phenylalanine residue (F33) with the E. coli and T. 

thermophilus KAS III sequences (1EBL, 1UB7). In the E. coli enzyme, the 

phenylalanine sidechain of one monomer extends into the active site of the other 

monomer and is thought to interact with the methyl group of acetyl-CoA (Qiu et al. 

1999). 

Interestingly, EhpO appears to be missing a large portion ofthe N-terminus when 

compared to other members of the thiolase-like superfamily. This region corresponds to 

the first 54 residues of the E. coli KAS III protein (IEBL), a region that forms the first 

~-strand of the N-terminal core domain and an entire insertion region. EhpO also 

appears to differ in sections that form two loops (residues 95-99 and 140-177). In KAS 

III, these loops and insertions are known to be involved in substrate specificity and 

catalysis (Qiu et at. 2001). 

Although the potential structural relatives of EhpO catalyse the formation of diverse 

products, they share a general mechanism. These features do not offer any obvious 

insight into any that might be reactions catalysed by EhpO. Additionally, EhpO may 

only possess one of the essential catalytic residues and appears to be missing a region 

essential for activity. Given the prediction that EhpM and EhpN are NRPS-type amino 

acid activating and carrier proteins, the similarity of EhpO to thiolase-like proteins may 

simply reflect an ability to provide a binding site for the PPT cofactor arm of EhpN. 
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Figure 5-12: Structure-based alignment of EhpO with highest-scoring fold-recognition hits, Aligned 
residues are in uppercase and coloured according from blue (variable) to red (conserved). 

Unaligned regions are shown in lowercase gre)'. 

5.1.4. Are EhpMNO membrane or exported proteins? 
Membrane proteins are estimated (0 comprise about one third of all proteins encoded by 

most genOr!1CS (Krogh et al. 200 I) but are strongly under-represented in the PDB, 

meaning that structural information is scarce (Torres et al. 2003 ; Melen et al. 2003 ). 
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Membrane proteins are notoriously difficult to purify in amounts suitable for NMR 

analysis or to crystalise for X-ray crystallography (von Heijne 1999). Recently, progress 

has been made in these areas and in the application of alternative methods, such as cryo

electron and atomic-force microscopy, for investigating membrane proteins (Werten et 

ai.2002). 

Prediction of membrane toplogy 

As a result of the difficulties in obtaining structural information about membrane 

proteins, computational methods for predicting transmembrane regions and topology 

have been developed. Predictions of membrane topology can be used to design 

experimental investigations and interpret results. Topology prediction methods typically 

use physico-chemical properties and/or machine learning algorithms to predict the 

occurrence and location of membrane-spanning segments (Krogh et al. 2001; Zhou and 

Zhou 2003). Benchmarking of a variety of these methods against datasets of proteins 

with experimentally determined membrane topology has produced estimates of their 

accuracy ranging from 55-85% (Melen et ai. 2003). Among the best performing 

prediction methods are two hidden Markov model (HMM)-based algorithms, TMHMM 

and HMMTOP (Moller et ai. 2001; Ikeda et ai. 2002). 

Predicted membrane topologies for EhpM 

The prediction method originally used by Giddens et ai. (Giddens 2002; Giddens et ai. 

2002) to predict membrane topologies for EhpJ and EhpM was TMHMM 2.0 (Krogh et 

ai. 2001). Five of the seven periplasmic loops predicted for EhpJ were confirmed 

experimentally with PhoA fusions (Giddens 2002; Giddens et al. 2002). TMHMM 2.0 

uses a HMM developed by training with a dataset of proteins with known membrane 

topologies. The algorithm is then used to classify the location of amino acid residues 

and predict the probable topology of query sequences (Krogh et ai. 2001). 

To assess the reliability of the TMHMM 2.0 prediction, several alternative prediction 

algoritbms were also employed. The HMMTOP 2.0 program (Tusmidy and Simon 

2001) also uses a HMM to predict the most likely path of the sequence through the 

model. TMHMM 2.0 and HMMTOP 2.0 have recently been shown to have prediction 

accuracies of 63% and 70%, respectively, for the prediction of the number and position 
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of transmembrane helices (Ikeda et ai. 2002). THUMB UP, a simpler method, which 

incorporates a measurement of the burial propensity of amino acids, is claimed to 

provide comparable accuracy to the HMM-based methods (Zhou and Zhou 2003). An 

alternative approach is used by the ConPred II predictor. The outputs of several 

different algorithms are used to provide a consensus prediction (Arai et ai. 2004). For 

prokaryotic sequences, ConPred II uses five different prediction methods, including 

TMHMM 2.0 and HMMTOP 2.0 to provide the consensus topology prediction. 

Table 5-9: Predictions of EhpM membrane topology 
Prediction method Length Residues TopologyO 

TMHMM2.0 20 

HMMTOP2.0 17 80-96 

107-123 
out-in-out 

17 

ThumbUp 16 76-91 
in-out-in 

-9 207-215 

ConPred II 21 76-96 
in-out-in 

21 202-222 

Notes:aOverall topology, starting from the N-terminus 
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The results returned by the various prediction algorithms are shown in Table 5-9. All 

methods predicted that residues near 76-96 might form a transmembrane helix, but 

differed in the orientation of this helix and whether a second transmembrane helix was 

predicted. It is worth noting that, although below the threshold for a positive prediction, 

TMHMM did predict an increased probability for a transmembrane region in the 

residues around 200-220, which would make the predicted topology in-out-in. The 

EhpN and EhpO sequences were also assessed by TMHMM and ConPred II with no 

probable transmembrane regions detected. 

Export signals for the Group 4 proteins? 

In order for the Group 4 proteins to function in the AGA pathway as predicted by 

Giddens et ai. (2002), they must first be exported from the cytoplasm. The major route 

for protein export from the cytoplasm in bacteria is the general secretory (GSP or sec) 

pathway in which proteins move across the 1M via the membrane embedded translocase 

complex (de Keyzer et al. 2003). Exported proteins possess a relatively hydrophobic N-
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terminal signal sequence that is removed during translocation. Many inner membrane 

proteins also require the sec pathway for insertion into the 1M but often do not have a 

signal peptide, relying instead on their hydrophobic (transmembrane) segments as a 

signal (de Keyzer et al. 2003). It is thought that transmembrane helices insert into the 

1M by movement laterally out of the translocase membrane channel (Pugsley et al. 

2004). 
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The deduced amino acid sequences of EhpMNO were analysed for N-terminal signal 

sequences using SignalP 3.0 (Bendtsen et al. 2004). SignalP 3.0 uses neural network 

and HMM algorithms to predict the presence and location of signal sequence cleavage 

sites. As for the membrane topology predictors, SignalP is trained on a curated set of 

proteins with known signal peptide cleavage sites and was evaluated to have ca. 90% 

accuracy for sequences from Gram negative bacteria. SignalP analysis of EhpMNO did 

not detect any signal peptide cleavage sites and the Group 4 proteins were rated as non

secretory. 

5.2. Preliminary investigation into the subcellular location of the Group 4 
proteins 

The putative model of the AGA biosynthetic pathway proposes that the GA to AGA 

conversion is carried out in the periplasm by EhpMNO and it was, therefore, 

hypothesised that these proteins are localised to the periplasm and/or the outer side of 

the 1M. However, differing predictions of membrane topology for EhpM, the lack of 

predicted signal sequences for all three Group 4 proteins, and features of related 

proteins have suggested that this may not be the case. Thus, a preliminary investigation 

into the subcellular locations of the Group 4 proteins was required as a prelude to more 

detailed analyses. 

Determination of subcellular location 

Experimental data about the location of a protein of interest within a bacterial cell can 

be obtained in several ways. One approach is to fractionate lysed cells into soluble and 

membrane fractions which can then be analysed for the presence of specific groups of 

proteins. In the case of Gram negative bacteria, the membrane fraction can be further 

fractionated into inner (1M) and outer (OM) membrane fractions. 1M and OM have 
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differing densities and can therefore be separated by ultracentrifugation on density 

gradients (Nikaido 1994). Periplasmic proteins can be obtained by subjecting intact 

cells to osmotic shock or by treatment with lysozyme/EDTA (French el al. 1996). The 

proteins present in each fraction may then be detected by enzyme assay or visualized 

after SDS-PAGE. 

5.2.1. Expression of the Group 4 genes 

A plasmid-based construct expressing the Group 4 genes was designed with the 
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intention that the high copy number would enhance detection of the EhpMNO proteins 

against the background of host-strain proteins. Expression of the ehpMNO genes in 

isolation from the other ehp genes ensured phenazines that might affect the viability of 

host strains would not be produced. As for the constructs used to express Group I genes 

(Section 2.13), the EhpMNO construct was designed to express EhpMNO under the 

control of PeNe . A 424 bp SacI-BamHI fragment containing Pell!) was cloned into 

pBluescript KS , followed by insertion of a 3,194 bp BamHI-SalI fragment containing 

ehpMNO to create pKSehpMNO (Figure 5-13) (Section 2.13 .6). DNA sequencing was 

carried out to ensure the cloned fragments were error-free and pKSehpMNO transferred 

to Eh~Ab. 

Sail 

~-EmIin-""'-c::::::rniJ'ilL., ) 
500bp 
L----.J 

Figure 5-13: Schematic of the Group 4 construct, pKSehpMNO. Fragments of 424 bp and 3194 bp 
were cloned into the Sad-Sa/I region of pBluescript KS. Prllp denotes the AGA-cluster promoter 

and the positions of Group 1 genes are shown by coloured arrows. 

Eh~Ab(pKSehpMNO) is able to convert exogenous GA to AGA 

To confirm expression of the ehpMNO genes from pKSehpMNO. the ability to confer 

GA-AGA conversion activity on a host strain was assessed. Aliquots (5~1) of overnight 

cultures of Eh~Ab(pKSehpMNO) were applied to discs impregnated with GA and 

placed on Ea8862 overlay plates (Figure 5-14) (Section 2.5). 
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An additional functional test of the ehpMNO construct was carried out by placing mixed 

aliquots (5/11 each) of Eh~Ab(pKSehpMNO) and EhehpM(O 1) or EhehpM(02) on 

Ea8862 overlay plates (Figure 5-15). 

GA A 

2 

Figure 5-14: Conversion of GA into AGA by EhMb(pKSehpMNO) as indicated by halos on 
Ea8862 lawns grown on (A) minimal I-A and (B) LB media. Clockwise from top left: (1) Eh1087 

positive control; GA negative control; (2) Eh~Ab(pKSehpMNO) negative control; 
EhMb(pKSehpMNO) + GA. 

Figure 5-15: Crossfeeding of mixed colonies. as indicated by halos on Ea8862 lawns grown on (A) 
minimal1-A and (B) LB media. In rows left to right: (1) Ehl087 positive control; (3) Eh~Ab + GA 

negative control; (4) EhehpM(Ol) negative control; (5) EhehpM(02) negative control; (2) 
Eh~Ab(pKSehpMNO) + (4) EhehpM(01); (2) EhMb(pKSehpMNO) + (5) EhehpM(02). 

When supplied with GA, Eh~Ab(pKSehpMNO) was able to produce AGA, 

demonstrating that the ehpMNO genes were expressed and confirming the earlier results 

of Giddens et al. (2002). The lower production compared to the Eh 1087 wild-type 

control may be explained by several factors. Firstly, the GA supplied to 
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Ehf..Ab(pKSehpMNO) is a fixed amollnt, "vhile Eh IO~7 is presumably able to 

continuously produce phen<lzine intermediates. Secondly. Ehf..Ab does not possess the 

AGA resistance gene, ehpR, and is therefore likely to be sensitive to any AGA 

produced. In the case of the mixed colonies, the GA may be produced at relatively low 

IeveJs by the ehpM mutants and must exit the cell before entering 

Ehf..Ab(pKSehpMNO) cells. An alternative explanation is that the exrrcssion of the 

ehpMNO genes is low. 

5.2.2. Fractionation of P. aggiomeralls cells 
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Several alternative methods for fractionation of P. agglomeralls cells were investigated 

and 3 modification of a protocol described by FrencJl et al. ( 1996) was subsequently 

used for the preparation of fractions from cultures of P. agg/()lIlcrans (see Section 2.16 ). 

T he perip\asmic fract ion was obtained by osmotic shock after a sucrosc!lysozyme 

treatment. Cells were then sonicated 3ncltlw resulting lysate serarated by l~entrirugation 

into the so luble/cytoplasmic fraction alH.ithe Il1cll1br~Inc fraction . The periplasmic 

concentrations were further concentrated and equal amounts (for samples within each 

type) were analysed by SDS-PAGE. 

200 

116 
97 

66 

45 

31 

21.5 

14.4 

6.5 

P1 P2 P3 P4 M1 M2 M3 M4 
200 --.. 

116 

97 

66 

45 

31 

21.5 

14.4 

6.5 

51 52 53 54 ~ 

Figure 5-16: SDS-PAGE 4-20 % gradient gels of cell fractions stained with Coomassie. P, 
periplasmic fraction; M, memhrane fradion; S, soluhlelcytoplasmic fraction. Lanes: 1. Ehl087; 2, 

EhilAb control; 3, EhilAb(pKSchpMNO); 4, EhilAb(pB1uescript KS) control. Arrows indicate 
hands of the expected sizes for Group 4 proteinsthat were only dcteded in experimentallancs (l 

and 3). 
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Results obtained were variable from batch to batch and the resolution of bands for a 

sample, particularly in the membrane fraction, was found to deteriorate over time, 

however, distinct bands were seen for each fraction. Gels were stained with Coomassie 

blue and digital images were analysed with Kodak Digital Science ID image analysis 

software (KDS ID) which was used to automatically detect and assign molecular 

weights to protein bands. The predicted molecular weights (kDa) for the Group 4 

proteins (ehpMIN/O) are: 55.9; 8.5; and 34.0, while bands of ca. 56kDa and ca. 12kDa 

have been experimentally observed for EhpM and EhpN, respectively (Giddens 2002; 

Giddens et al. 2002). 

SDS-PAGE results for a typical set of samples are shown in Figure 5-16. The positions 

of bands similar to the expected sizes of EhpMNO, which were not detected in 

neighbouring control lanes, are indicated. It is apparent that EhpN is found in the 

soluble/cytoplasmic fraction. Bands of a similar size may also be present in the 

periplasmic and membrane fractions but are obscured by the strong lysozyme band 

originating from the TENSL buffer. In the membrane fraction, bands of the expected 

sizes for EhpM and EhpO were detected by IillS ID but were less distinct than the 

bands for EhpN due to the high background. Also detected was a band present in both 

the periplasmic and soluble/cytoplasmic fractions for samples prepared from 

EMAb(pBluescript KS), which suggests that some cross-contamination of the 

periplasmic and cytoplasmic fractions had occurred but that the membrane fraction is 

relatively free of proteins from these fractions. These observations are preliminary and 

require confirmation in any future investigation. 

5.3. Discussion 

The final step in the the Ehl087 phenazine biosynthetic pathway is the addition of a D

alanyl moiety to GA to form AGA, the active antibiotic. Previous work by Giddens et 

al. (2002) led to the proposal that this conversion takes place in the periplasm. Several 

lines of reasoning were used by Giddens et al. (2002) to support the periplasmic 

conversion model (Section 5.0.1), however, several interesting points may contradict 

this model. 
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Firstly, EhpM was predicted to possess a single transmembrane helix, which would 

anchor the peri plasmic C-terminal domain to the outer face of the 1M, and it was 

proposed that the Group 4 proteins would be exported to the periplasm, or inserted into 

the IM. Although, as will be discussed below, it is not clear if and how this might occur. 

Secondly, EhpJ was found to be a probable transmembrane transporter of the major 

facilitator superfamily, a class of membrane transporters that utilize the proton motive 

force to import or export substrates (Abramson et al. 2003; Huang et at. 2003). The 

Group 3 proteins were, therefore, proposed to export GA as it is formed. In contrast to 

other Group 3 mutants in which the downstream ehpMNO genes are functional, 

EhehpJ(OI) is not able to efficiently convert exogenous GA to AGA. Strains expressing 

the ehpMNO genes alone however, are able to produce AGA from GA. It was suggested 

that the Group 4 proteins do not require EhpJ to function, but that an intact ehpJ is 

necessary for full expression of the downstream ehpMNO genes and therefore 

conversion of GA to AGA (Giddens 2002). An alternative explanation is that, while not 

absolutely required, EhpJ enhances the conversion of GA to AGA perhaps by export 

from the cytoplasm. 

Thirdly, AP2 is only released when the putative modification/export apparatus formed 

by the Group 3 proteins is defective. It was also found that exogenous GA was 

converted to AGA, by cells with the Group 4 proteins, more efficiently than exogenous 

PDC, consistent with the proposal that GA only has to enter the periplasm in order to be 

converted to AGA. Lastly, it was suggested that D-alanine in the cell wall, required for 

peptidoglycan biosynthesis, would provide a supply of D-alanine. It was also noted that 

the conversion of GA to AGA in the peri plasm would provide a convenient method for 

recycling exogenous GA generated by the hydrolysis of AGA. 

Although the availability of D-alanine in the periplasm and the export of GA during its 

conversion might supply the substrates for AGA formation, at least two other factors are 

likely to be required. The activation of amino acids by adenylating enzymes, which 

EhpM appears to be related to, requires A TP which may not be available in the 

periplasm. ACP-like enzymes, similar to EhpN, require post-translational modification 

with PPT to act as carrier proteins. This modification requires a holo-ACP synthase 
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which transfers PPT from coenzyme A (Finking and MarahieI2004). Again, it is 

unclear whether these components are available in the periplasm. 

Possible functions of the Group 4 proteins 

In order to gain a better idea of the possible functions of the Group 4 proteins, and to 

establish whether any related systems might function in a similar manner to that 

proposed for EhpMNO, a comprehensive search for related proteins of known 

structure/function was carried out. 
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EhpM is similar to amino acid-activating NRPS A domains and ACS-like enzymes 

(Section 5.1.1). One of the closest EhpM structural relatives, PheA, is responsible for 

activating phenylalanine in this manner. Interestingly, sequence alignment of these two 

proteins indicates that two of the side-chains, which line the phenylalanine side-chain 

binding pocket of PheA, appear to have been replaced with bulky phenylalanine side

chains, while residues which form hydrogen binds with the phenylalanine amide are 

conserved in EhpM. These observations are consistent with EhpM being responsible for 

selecting and activating D-alanine for addition to GA. 

EhpN appears to be related to members of the ACP-like superfamily, which act as 

carriers of substrates and intermediates of non-ribosomal peptide, polyketide, and fatty 

acid biosynthetic pathways (Section 5.1.2). EhpN possesses the conserved serine 

residue to which the PPT prosthetic group of these enzymes is covalently attached. 

EhpN, therefore, could act in a similar manner to the NRPS PCP domains, with its 

flexible PPT arm allowing movement of an attached D-alanine between active sites 

found in EhpM and EhpO. This role is in contrast to that proposed by Giddens et al. 

(2002), where it was suggested that EhpN might be responsible for juxtaposing and 

initiating the condensation between D-alanine and GA. 

Significantly, EhpM/N are also similar to DCLIDCP proteins from the D-alanyl

lipoteichoic acid pathway of Gram-positive bacteria, further supporting the idea that, 

together, EhpM/N carry out a similar function in activating D-alanine. 

EhpO is predicted to have a similar fold to the acyl-condensing enymes of the thiolase

like superfamily (Section 5.1.3). The active site of this group of enzymes is located in a 

pocket at the end of a PPT-binding tunnel. While an essential active site cysteine is 

conserved in EhpO, other conserved residues differ and a large portion of the N-
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terminal region appears to be missing. The N-terminal region has been implicated in 

substrate selectivity and catalysis (Qiu et ai. 2001) and changes in this region might 

reflect a divergent role for EhpO. It seems likely that the role of EhpO involves the 

binding of the PPT group of EhpN with its attached D-alanine. The identification of 

chalcone synthase-like proteins as possible structural relatives provides another clue 

about how EhpO might function. Substrates and products of several of these enzymes 

have cyclic aromatic structures which are bound by hydrophobic pockets within the 

active site (Austin et ai. 2004; Austin and Noel 2003), suggesting that EhpO might also 

be capable of binding GA. EhpO may simply provide a binding pocket to bring the D

alanine and GA together. The process would presumably be more efficient if EhpO 

ensured the correct orientation and/or deprotonated the hydroxyl moiety of GA for 

attack on the D-alanyl-PPT thioester. 

Are the Group 4 proteins likely to be membrane associated or exported? 

EhpM was predicted by TMHMM to have two transmembrane helices with an in-out-in, 

or out-in-out topology. However, other similar members of the ACS-like superfamily 

have not been reported to possess this feature (Section 5.1.1), although the NCB I Entrez 

protein entry for DhbE (accession no. P40871) also lists two potential transmembrane 

regions. DhbE is responsible for activating DHB during bacillibactin biosynthesis (May 

et ai. 2001). 

To check how these predictions compare with the structural information, the residues 

corresponding to the predicted transmembrane helices were examined on the structures 

of DhbE (lMD9, May et al. 2002) and the gramicidin S synthetase PheA domain 

(IAMU, Conti et ai. 1997). Both regions are almost completely buried within the large 

C-terminal domains and do not appear to protrude in a manner that might allow 

traversal of the fM with an intervening loop region. While the structure of EhpM may 

differ from these proteins, the large differences required to create the predicted 

transmembrane topology seem unlikely and the prediction of transmembrane helices 

may simply reflect their hydrophobic nature due to being buried in the core of the 

protein. 

Interestingly, several members of the ACS-like superfamily have been found to be 

membrane-associated although the nature of the association is unclear. Fatty-acyl-CoA 
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synthetases (FACSs), such as LC-FACS, from many organisms are thought to be 

associated with the 1M (Stahl et al. 2001; Black and DiRusso 2003) and mammalian 
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F ACS has been shown to be an integral membrane protein in a mouse adipocyte cell 

line (Gargiulo et al. 1999). E. coli ACP, in addition to its role in FAS, is also required 

for the biosynthesis of membrane-derived-oligosaccharide biosynthesis. This activity is 

membrane-associated and does not require the PPT cofactor which participates in all 

other functions of ACP (Tang et al. 1997). 

Perhaps of more relevance to the EhpMNO proteins as a group, is the report that 

components of the E. coli enterobactin NRPS pathway have been detected in total 

membrane fractions (Hantash and Earhart 2000). Mass spectrometry analysis of 

membrane fractions derived from Myxococcus xanthus has also identified five peptides 

derived from a hybrid PKSINRPS responsible for synthesis of the antibiotic TA 

(Simunovic et al. 2003). 

The model proposed by Giddens et al. suggests that the Group 4 proteins would need to 

be inserted into the 1M or exported to the periplasm. EhpN and EhpO were not 

predicted to have any transmembrane regions and none of the Group 4 proteins appear 

to possess sec pathway signal sequences. An alternative protein export system, the twin

arginine-transport (TAT) pathway exists that, unlike the sec pathway, is able to 

transport folded proteins across the 1M. Many of the TAT pathway substrates are 

enzymes which must acquire cofactors in the cytoplasm (Berks et al. 2003). Although 

there is no evidence at this stage, it is tempting to consider that the TAT pathway may 

be able to translocate the Group 4 proteins, particularly EhpN with an attached PPT, to 

the periplasm. 

Subcellular locations of the Group 4 proteins 

Due to contradictory predictions about the locations of the Group 4 proteins, an 

investigation into the subcellular location of the Group 4 proteins was initiated. 

A common approach for determining the subcellular location and/or membrane 

topology of proteins is to create hybrid proteins in which the protein or domain of 

interest is fused to a reporter genes that is only active in specific locations. Alkaline 

phosphatase and ~-galactosidase are two commonly used fusion partners that are active 

only when exported from the cytoplasm (Manoil and Beckwith 1985). Alternatively, 
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fusions to LacZ, which is only active in the cytoplasm, may be used (Silhavy and 

Beckwith 1985). The topology of a transmembrane protein can be mapped by 

generating fusions to different regions of the target protein and assessing the activity of 

the resulting hybrid protein (ManoilI990). A potential limitation of this approach is 

that the presence of the reporter domain may cause misfolding or affect the localisation 

of the hybrid protein (Silhavy and Beckwith 1985). 

A variety of microscopy techniques can be used to visualise the location of proteins 

within intact cells and to monitor the dynamics of their localisation (Fasolato and 

Rizzuto 1999). The proteins of interest must first be specifically labelled, achieved with 

fluorescent-tagged antibodies specific to the proteins of interest, or with green 

fluorescent protein fusion (Fung and Theriot 1998; Levin 2002). 

Fractionation of cells into soluble and membrane fractions can also be used to determine 

the localisation of proteins of interest and has additional advantage of avoiding potential 

restrictions which may be imposed on folding and localisation by hybrid proteins. 

Proteins present in each fraction may be detected by enzymatic assay or visualized by 

staining after SDS-PAGE. In addition to simple staining of all proteins, specific and 

sensitive methods such as Western blotting are available (Hames and Rickwood 1981). 

Cross-contamination of fractions, however, can be a problem with this approach and 

proteins of known subcellular localisation are often used as a measure of fraction purity 

(Nikaido 1994). 

The cellular fractionation approach was chosen for the Group 4 proteins as it did not 

require the isolation and characterisation of additional mutants with gene fusions. A 

method for obtaining periplasmic, membrane, and soluble cytoplasmic fractions from 

Ehl087 cells was developed. Although different patterns of bands were observed for 

each fraction, some common bands were present in two fractions, suggesting that some 

cross-contamination did occur. Identification of P. agglomerans proteins of known 

subcellular location would enable the purity of each fraction to be assessed. 

Nonetheless automatic detection and sizing of bands, in comparison with controls, did 

allow a tentative assessment of Group 4 protein localisation. Bands of the expected size 

for EhpN (IOkDa) were observed in soluble/cytoplasmic fractions, although it was 

apparent that some cross-contamination of these fractions with the periplasmic fractions 
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had occurred. Bands of the expected sizes for EhpM and EhpO were detected in the 

membrane fraction and did not appear to be present in the periplasmic or 

soluble/cytoplasmic fraction. 
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In light of the revised functional predictions for the Group 4 proteins, and their tentative 

cellular locations, some alterations to the original model of AGA biosynthesis have 

been proposed. It is hypothesised that the Group 4 proteins form a single hybrid 

NRPSIPKS module responsible for the addition of D-alanine to GA. EhpM can be 

thought of as the A-domain and would be responsible for activating D-alanine as an 

acyl-adenylate. The next step would be transfer of the activated D-alanine to the PPT 

arm of the putative PCP-domain, EhpN, in a manner similar to that of the type II NRPS 

systems. EhpO is then proposed to function in an analagous manner to the KAS/KS 

domains of fatty acid and type III polyketide synthesis, binding the PPT-tethered D

alanyl residue and aligning it with GA. EhpO may also initiate the condensation 

reaction by activating the hydroxyl group of GA for attack on the labile D-alanine-PPT 

thioester bond. 

In contrast to the previous model, EhpM does not have a periplasmic domain anchored 

by a transmembrane helix, but may instead be associated with the cytoplasmic side of 

the IM along with EhpO. EhpN would then need to interact with EhpM/O to complete 

the hybrid NRPS/KS complex. The conversion of GA to AGA, therefore, is proposed to 

occur in the cytoplasm, not the periplasm. This hypothetical EhpMNO complex may 

associate with the probable membrane transporter EhpJ which would serve to protect 

the cell from the toxic effects of AGA by immediately exporting the antibiotic across 

the 1M. 

Obviously, there are a lot of interesting questions regarding these final steps of AGA 

production by Eh1087 that remain to be answered. The current investigation has 

provided some interesting predictions which could be tested experimentally. 
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Chapter The role of glutamine in phenazine 

production by Pantoea agglomerans Eh1087 

6.0. Introduction 
This chapter deals with an investigation of the role of glutamine as the major source of 

the two phenazine ring nitrogens. In Brevibacterium and Pseudomonas, the ring 

nitrogens have been shown to be derived from glutamine (Figure 4.1). A mini-Tn5-

induced mutant of Eh1087 served as a tool for testing this case for P. agglomerans. 

Mutants with blocked primary metabolic pathways have been used previously to study 

the biosynthesis of phenazines. For example, auxotrophic and prototrophic mutants 

blocked at various steps of the aromatic amino acid pathway were used to determine 

that chorismate is the branchpoint for phenazine biosynthesis (Calhoun et at. 1972; 

Longely et al. 1972). The principal findings of this chapter have been published in the 

Canadian Journal of Microbiology (Galbraith et al. 2004) (Appendix AS). 

6.0.1. The role of glutamine and glutamine synthetase in nitrogen 
metabolism 

The amino acid glutamine is an important component of cellular metabolism, both as a 

component of proteins, and via donation of its amide nitrogen to metabolites such as 

nucleotides, and other amino acids (Reitzer 1996). The final step in glutamine 

biosynthesis is the addition of ammonia to glutamate to form glutamine in a reaction 

catalyzed by glutamine synthetase (GS, L-glutamate:ammonia ligase [ADP-forming], 

EC 6.3.1.2). This reaction is the only route for ammonia assimilation under conditions 

of nitrogen limitation (Woods and Reid 1993). The GS-catalysed reaction, therefore 

stands at a major branchpoint of cellular metabolism (Figure 6-1). The product, 

glutamine, is utilized for the synthesis of cellular building blocks and is essential for 

ammonia assimilation. The importance of GS is reflected in the multiple complex and 

interlinked mechanisms that control its synthesis and activity. In E. coli, GS is encoded 

by glnA and exists as a homododecamer of ca. 600 kDa. The subunits consist of 468 

amino acids and are arranged in two hexagonal rings, with six active sites located at the 

interface between the two rings (Woods and Reid 1993; Colombo and Villafranca 

1986). 
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Figure 6-1: Overview of the role of glutamine in nitrogen metabolism. GS, glutamine synthetase; 
GOGAT, glutamate synthase. Adapted from Reitzer (1996). 

The side-chain amide of glutamine provides nitrogen for the synthesis of a variety of 

cellular building blocks (Figure 6-1). The transfer of the glutamine amide to these other 

compounds is catalysed by glutamine amidotransferases (Zalkin 1993). Most of these 

enzymes are thought to utilize a two-step reaction in which the amide is first removed 

from glutamine by a glutamine amide transfer (GAT) domain followed by addition to 

the substrate by a synthase/synthetase domain (Xie et al. 2003). 

6.0.2. Source of phenazine ring nitrogen atoms 

Early biochemical studies demonstrated that the common phenazine nucleus consists of 

two identical units derived from chorismic acid (Longely et al. 1972; Calhoun et al. 

1972; McDonald et al. 2001; Turner and Messenger 1986). Hollstein and McCamey 

(1973) proposed that the two units were synthesised in a manner analogous to 

anthranilic acid, by amination of chorismate at C1 or C6, and ADIC was proposed as a 

likely intermediate in the formation of this immediate precursor of the phenazine 

nucleus (Herbert et al. 1982) (see Sections 1.5 and 4.0.3). 
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Figure 6-2:Amination of chorismate to form the phenazine precursor ADIC. Numbering of 
chorismic acid follows Hollstein and McCamey 1973. 
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Subsequently, it was shown that [C015NH2]glutamine was incorporated into iodinin by 

B. iodinum at a similar level to that of e4C]shikimate (Herbert et al. 1982), indicating 

that the nitrogen of the aminated intermediate originates from the side chain amide of 

glutamine. eSN]Ammonium sulfate was also incorporated into iodinin but at a lower 

level, which was further reduced when unlabelled glutamine was fed with the 

eSN]ammonium sulfate. Significant dilabelling of iodinin by [C015NH2]glutamine 

indicates that glutamine can act as the source of both nitrogen atoms of the phenazine 

core. Additional support for these conclusions was provided by further analysis which 

demonstrated that [C015NH2]glutamine, but not [lSNjammonium sulfate, when fed as 

large batches resulted in higher than statistical dilabelling of iodinin, while feeding of 

[C01SNH2jglutamine at a low, constant rate gave a statistical distribution of label 

(Romer and Herbert 1982). 

These results indicated that glutamine is rapidly utilised for phenazine biosynthesis and 

is therefore able to swamp the nitrogen pool and be used as the single nitrogen source 

for phenazine biosynthesis, when fed as a large batch. eSN]ammonium sulfate on the 

other hand is much more slowly utilised, does not swamp the glutamine pool available 

for phenazine biosynthesis and, therefore, gives a statistical distribution of label, 

regardless of the feeding method. Finally, examination of the incorporation pattern of 
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eSN]Ammonium sulfate into PCA showed that glutamine is also the source of both 

nitrogen atoms in phenazines produced by P. aureofaciens. Additionally, it was found 

that iodoacetamide and diazooxonorleucine (DON) inhibited iodinin production. The 

former is an inhibitor of enzymes such as TrpAb (ASH) (Romer and Herbert 1982), the 

glutaminase component of anthranilate synthase (AS) (Xie et al. 2003), while DON is a 

structural analogue of glutamine (Srinivasan and Rivera 1963). 

Taken together, these results strongly supported the role of glutamine as the primary 

source of both nitrogen atoms in the phenazine nucleus and along with the earlier 

demonstrations that chorismate is a precursor of phenazines (see Section 1.5), suggested 

that a similar pathway to the biosynthesis of anthranilate is utilised for phenazine 

production (Herbert et al. 1982) (Figure 6-2). One of the putative phenazine precursors, 

ADIC, is also an intermediate in the biosynthesis of anthranilic acid from chorismate 

and L-glutamine, where it remains enzyme bound (Xie et al. 2003). Accordingly, the 

PCA operons from Pseudomonas sp. and the AGA cluster from Eh1087 have been 

shown to contain genes whose deduced amino acids sequences exhibit similarity to AS 

(Mavrodi et al. 2001; Mavrodi et al. 1998; Giddens et al. 2002). It has also recently 

been confirmed that ADIC is an intermediate of PCA produced by P. fluorescens 2-79 

(McDonald et al. 2001). 

6.0.3. P. agglomerans mutant Eh7.1 

Our preliminary investigations into factors involved in phenazine (AGA) production by 

Eh 1087 included the isolation of transposon-induced mutants with altered antibiotic 

production(Giddens 2002; Giddens et al. 2002). The characterisation of one of two 

AGA-deficient mutants with insertions outside the AGA cluster is reported here. Mutant 

Eh7.1 is auxotrophic for glutamine and produces less antibiotic than its parent strain, 

Eh1087, on rich (LB) media. 

6.0.4. Rationale 

Given the apparent similarity of the AGA cluster products to those of the PCA operon, 

which are thought to utilise glutamine in the synthesis of phenazine precursors, it was 

hypothesized that glutamine is the primary source of nitrogen for phenazine 

biosynthesis in Eh1087. The availability of a mutant lacking glutamine synthetase and 
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of eSN]ammonium sulfate provided a simple low cost alternative, to the feeding of 

e5N]glutamine, for testing this hypothesis (see Section 6.3.1). 

Results 

6.1. Isolation of phenazine-defective Eh1087 mutants 
In order to identify genes involved in antibiotic (phenazine) production by Eh1087, 
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mini-Tn5lacZ2 mutants were generated, in collaboration with Giddens (2002). Loss or 

alteration of phenazine antibiotic production was screened for in an Ea8862 overlay 

plate assay (Section 2.5). Of 5000 mini-Tn5lacZ2 mutants screened, 86 'AGA-negative' 

mutants were isolated. Approximately 0.1 % of mutants obtained were auxotrophic and 

insertions within the AGA cluster were evenly distributed and in both orientations, 

indicating that the mutagenesis generated random insertions throughout the genome. 

Mutants carrying more than one transposon insertion were discarded, leaving 84 AGA

negative mutants. 

6.1.1. A mutation outside the AGA cluster affects antibiotic production 
The positions and orientations of mini-Tn5lacZ2 insertions were mapped by restriction 

digestion analysis and Southern hybridisation. Of the 84 AGA-negative mutants 

obtained, 82 had transposon insertions that mapped within the plasmid-borne AGA 

cluster and have been described elsewhere (Giddens 2002; Giddens et al. 2002). The 

remaining two mutants (Eh7.l and Eh56F2) had insertions that did not alter the size of 

DNA fragments belonging to the AGA cluster. It was concluded that these two mutants 

had insertions outside this region. Mutant Eh7.1 was chosen for further analysis because 

of its requirement of glutamine for phenazine production in addition to growth and the 

probable role of glutamine for other phenazine producers. 

6.1.2. The Eh7.1 mutation affects a chromosomal gene 
In order to confirm the earlier finding of Keams and Mahanty (1998), that the AGA 

cluster resides on a plasmid, and to gain further information about the location of the 

Eh7.1 mini-Tn5 insertion, analysis of the 200 kb Eh1087 plasmid was carried out. A 

modification of the method published by Kado and Liu (1981) (Section 2.6.1) allowed 

both plasmid and chromosomal DNA to be visualized on agarose gels (Figure 6-3 A) 

and subsequently transferred to nylon membrane for Southern hybridisation. 
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A probe specific for the mini-Tn5 kanamycin-resistance gene hybridised only to 

plasmid DNA from EhehpC, a mutant with an insertion in the AGA cluster gene ehpC 

(Figure 6-3 B). Bybridisation was also detected to chromosomal DNA from Eh7.1, 

Eh56F2 and EhehpC (lanes 3-5) but not from strains without mini-Tn5 insertions (lanes 

1 and 2). 

Strong hybridisation to plasmid DNA from strains with the AGA cluster was observed 

when a ca. 7 kb BamBI fragment from pBB7 was used as a probe (lanes 1 and 3-5 

Figure 6-3 C). Weaker hybridisation to chromosomal DNA from these strains, but not 

EhilAb, was also evident-presumably as a result of fragmentation of the plasmid. 

Finally, when a probe for the genomic region containing the transposon insertion was 

used, hybridisation to chromosomal, but not plasmid, DNA from all five strains was 

seen (lanes 1-5 Figure 6-3 D). 

On the basis of these results, it can be concluded that the AGA cluster resides on the ca. 

200 kb plasmid of Eh1087 and that the transposon insertion in strain Eh7.1 affects a 

chromosomal, not plasmid-borne, gene. 
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-
Figure 6-3: (A) Agarose gel electrophoresis of DNA prepared from Ehl087 (lanes 1-5) and 

corresponding autoradiographs of the Southern blot when probed with J2P-labelled DNA specitic to 
(8) the mini-1'n5 kanamycin-resistance gene and detected lIsing STORM; (C) the antibiotic gene 

cluster and detected using STORM; (D) the gillA region and exposed to X-ray film. Lalle I = 
EhlllR7,2 = EhAAb, 3 = Eh7.1, 4 = Eh56F2, 5 = EhehpC(Ol), 6 = pROBE (positive control for (8», 

7 = pBR7 (positive control for (C», S = pKSP1.8recA. Note the smallel' size of the plasmid from 
EhAAb from which the ehp genes have been deleted. 

6.2. Phenotypic and genetic characterisation of mutant Eh7.1 

6.2.1. Eh7.1 is a glutamine auxotroph 

Mut.lOt Eh7.1 is an auxotroph that requires glutamine ror growth on minimal (I-A) 

meJia. Even when grown in rich mcJia such as LB. Eh7. I grows more slowly (Figure 

6-4) and produces smaller zones of inhibition (i.e. less AGA) on Ea8862 lawns (Tablc 

6-1 ) than its parent strain, Eh 1087. Whcn LB or J -A media were supplementeJ with ~ 5 

mM glutamine, Eh7. J not only grew but also produced antibiotic to wild-type levels. in 

_._--- ._-- -_._---_.-- --_._--- ------- ------ - - -- - -- - --
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addition, Eh7.1 was unable to grow on I-A when supplemented with the glutamine 

precursor glutamate (5 mM) with or without excess nitrogen in the form of ammonium 

sulfate (up to 15 mM). 

o 

-I 

-2 

o 3 

,-

6 9 

--EhI087 

··· .. ·Eh7.1 

12 15 18 21 24 

Hours 

Figure 6-4: Growth curves of Ehl087 and Eh7.1 in LB broth over 24 hours. LoglO values given are 
averages calculated from optical density readings at 600 nm of three independent experiments, 

standard error bars are shown, n = 3. 

Table 6-1: Inhibition zones on Ea8862 lawns. 

Strain 

Eh1087 
Eh1087(pBRgln6) 
Eh7.1 
Eh7.1(pGlnAl) 
Eh7.1(pBRgln6) 
EhR7.1 

Inhibition zone (mmt 
LB 
7 (1) 
7 (0) 
1 (1) 
6 (1) 
6 (0) 
1 (1) 

lA 
10 (1) 
8 (0) 
0(0) 
9 (1) 
6 (0) 
0(0) 

lA + gIn 
11 (1) 
10 (0) 
10 (2) 
11 (0) 
7 (1) 

10 (1) 

Notes: "Inhibition zones measured as distance from edge of colony to edge of clearing in Ea8862 lawn. 
Assay was conducted on LB, I-A, and I-A + 5 mM glutamine (I-A + gIn) media with Ea8862 in a soft
agar overlay. Values are means with standard deviations in parentheses, n 4. 

6.2.2. Eh7.1 harbours a transposon insertion affecting a putative glnA gene 
Once Eh7.1 had been phenotypically characterised as a glutamine auxotroph, the 

genetic basis for the glutamine dependency of Eh7.1 was initially established by 

analysis of the DNA sequence flanking the mini-Tn5lacZ2 insertion point. The region 

upstream of the insertion was sequenced from a clone, pKSEh7.1P9 (see Section 

2.13.7), containing the Eh7.1 transposon insertion point, along with some flanking 
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genomic DNA. The 369 bp of P. agglomerans genomic DNA sequence obtained 

aligned most closely with the ginA genes from E. coli, Salmonella typhimurium and 

Enterobacter gergoviae (Table 6-2). On this basis it was assumed that the Eh7.1 mini

Tn5iacZ2 insertion affects the Eh1087 ginA gene. 

Table 6-2: BLASTN hits on sequence flanking Eh7.1 transposon insertion 

Organism 
GenBank Length of Score 

E value 
accession no. alignment (bE) (bits2 

E. coli ECGLN 225 232 4e-58 
E. coli ECGLNAB 211 228 7e-57 
S. typhimurium STYGLNA 208 214 Ie-52 
E. gergoviae AF072440 211 188 6e-45 
Vibrio alginolyticus VIBGLNNTR 161 153 3e-34 
Proteus PVGLNABC 106 131 1e-27 

6.2.3. Isolation and characterisation of the Ehl087 ginA locus 

Cosmids containing the Ehl087 glnA locus 
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In order to isolate the intact Eh1087 glnA gene, cosmids were isolated from an Eh1087 

genomic library (Kearns and Mahanty 1998) by their ability to complement Eh7.1 for 

prototrophy (see Section 2.9). A sample of the cosmid library was introduced to Eh7.1 

by conjugation and the resulting transconjugants were screened for growth on I-A 

media. Four complementing cosmids (designated pGlnAI to pGlnA4) were isolated 

using this procedure and cosmid pGlnAl was shown to also complement Eh7.1 for 

antibiotic production (Table 6-1). 

The mini-Tn5 insertion in Eh7.1 is responsible for glutamine auxotrophy 

To confirm that the glutamine requirement and reduced AGA production of Eh7.1 was 

linked to the mini-Tn5 insertion in the putative gInA gene, the transposon insertion was 

reintroduced into Eh1087 by homologous recombination to create Eh7.1R. Briefly, the 

insertion was transferred from pKSEh7.1P9 to cosmid pGlnAI to create the gInA-minus 

cosmid pL\glnAl (see Section 2.13.7). This cosmid was unable to complement Eh7.1 

and was introduced to Eh1087 by conjugation. Homologous recombination between 

pL\glnAl and the Ehl 087 genome resulted in transfer of the transposon insertion to 

recreate the Eh7.1 mutation. The resulting strain, Eh7.1R, exhibited reduced phenazine 
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production and a requirement for glutamine (Table 6-1), confirming that the transposon 

insertion was responsible for the phenotypes observed for Eh7.1. 

Cos mid pGlnAI complements an E. coli gInA mutant 

To functionally test the role of the putative Eh1087 gInA, E. coli strain TH16 and its 

parent strain YMClO were obtained from Alexander Ninfa at the University of 

Michigan. TH16 is a glutamine auxotroph that has a Tn5 insertion in gInA (Backman et 

al. 1981; Reitzer and Magasanik 1986) and therefore does not possess GS activity. 

Cosmid pGlnAI was introduced to TH16 and, as with Eh7.1, pGlnAI complemented 

TH16 for glutamine auxotrophy, restoring the ability to grow in minimal media. This 

confirms that the Eh1087 gInA can serve the same role as the E. coli gInA. 

Characterisation of the Eh1087 gInA locus 

Complementaion ofTH16 provided a simplified approach to the isolation ofthe Eh1087 

gInA locus itself by providing afunctional test in a strain compatible with cloning 

strategies. The gInA-containing region of pGlnAI was initially defined by screening a 

library of pGlnAI fragments cloned in pBR322 for complementation of THI6, leading 

to the isolation of a 6 kb Sal! fragment (designated pBRgln6, Figure 6-5, Section 

2.13.8) containing the wild-type Eh1087 ginA locus. 

When Ehl087 and Eh7.1 harbouring pBRgln6, and therefore possessing multiple copies 

of gInA, are grown on LB, no increase in inhibition zones was apparent (Table 6-1), as 

would be expected given the tight regulation of GS in E. coli. Interestingly, inhibition is 

reduced on I-A and I-A + 5 mM glutamine for both Eh1087 and Eh7.1 containing 

pBRgln6, indicating that in the presence of pBRgln6, factors other than glutamine 

become limiting for phenazine production. 

The minimum DNA region required for complementation of Eh7.1 and TH16 was 

further localized by SUbjecting pBRgln6 to mini-TnlO cam insertional mutagenesis. E. 

coli S 17 -1 containing pBRgln6 was infected with the mini-Tnl 0 delivery vehicle 

ANK1324. All insertions into pBRgln6 that abolished complementation of the glnA

minus phenotype ofTH16 mapped within adjacent 0.5 and 1.3 kb EcoR! fragments 

(Figure 6-5). 
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Figure 6-5: Genetic map of Ehl087 gInA regiou. The thin black bar represents the 6 kb region 
cloned from cosmid pGlnAl. The black triangle indicates the mini-TnSlacZ2 insertion point in 

Eh7.1. The white arrow represents the gInA ORF and the thick black bar shows the region covered 
by the nucleotide sequence submitted to Genbank. Mini-TnlOcam insertions fell within the two 

EcoRI fragments. 

6.2.4. The Ehl087 glnA encodes a type I glutamine synthetase 
The EcoRI fragments containing the Eh1087 gInA locus were subcloned to pBluescript 

KS+ and their DNA sequences determined. The nucleotide sequence data for the 

Eh1087 glnA gene are stored in GenBank under accession number AY144623. Analysis 

of this ca. 1.8 kb region using GeneMark (http://opal.biology.gatech.edu/GeneMarkl) 

(Besemer and Borodovsky 1999) identified an ORF of 1,410 bp (Figure 6-5). The 

nucleotide sequence of this ORF exhibits similarity to sequences from Erwinia 

carotovora (85-87%) E. coli (83-85%), Shigellaflexneri (83%), Yersinia spp. (84-85%), 

Enterobacter gergoviae (84-85%), and Salnwnella spp. (82-87%). Table 6-3 lists the 

details of matches with actual glnA genes. The deduced 469-amino acid sequence of the 

Eh1087 GS has 89% identity to GS from E. coli (Colombo and Villafranca 1986), 

amongst others (Table 6-3). Analysis with RPS·BLAST identified the conserved 

catalytic (pfam00120) and beta-grasp (pfam03951) domains of GS enzymes from 

residues 102-383 and 14-83 respectively (http://www.ncbLnlm.nih.govIBLAST/) 

(Altschul et al. 1997). Analysis of the deduced amino acid sequence using InterProScan 

(http://www.ebLac.uklinterpro/scan.html) also identified the ATP-binding and 

adenylation sites of a type I GS (GSI). 
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Table 6-3: Nucleotide and amino acid sequence similarities of glnA and GS from 
Ehl087 

Organism BLASTNa BLASTPa 

lengthb (bQ) % identit,Y lengthb (aa) % identit,Y 
E. carotovora nd 469 95 
E. coli 1337 83 469 89 
E. gergoviaeC 68/425/915 85/85/84 469 88 
S. typhimuriumc 822/459 83/83 469 89 

Notes: aBLASTN uses nucleotide-nucleotide sequence comparison, BLASTP uses protein-protein 
sequence comparison; the deduced amino acid sequence of Eh 1 087 GS was used. bLength of significant 
alignments in base pairs for nucleotides and amino acids for proteins. BLASTN hits are only listed for 
matches where the glnA gene is identified. CNucleotide sequence alignments contained one or more gaps; 
regions are listed separately. nd, no significant similarity detected. 

The mini-Tn5 insertion in Eh7.1 is located 17 bp upstream from the predicted 

translation initiation codon of the glnA gene (Figure 6-5). The lack of gInA expression 

in Eh7.1 is presumably due to blocked transcription as a result of the transposon 

insertion. 

6.3. The role of glutamine in phenazine production by Ehl087 
Once it was established that Eh7.1lacked GS, and given the importance for glutamine 

in phenazine synthesis by P. aureofaciens and B. iodinum (Herbert et al. 1982; Romer 

and Herbert 1982), it became apparent that Eh7.1 could be used as a tool to test the 

hypothesis that glutamine is the nitrogen source for phenazine production by Eh1087. 

6.3.1. Experimental approach 
The wild-type Eh1087 is able to utilize ammonium sulfate as a source of nitrogen for 

the synthesis of glutamine, via GS, as evidenced by its ability to grow on minimal I-A 

media containing ammonium sulfate as the sole nitrogen source. In contrast, since Eh7.1 

lacks GS and is therefore unable to synthesize glutamine using ammonium sulfate, it 

was predicted that it would not be able to incorporate nitrogen from ammonium sulfate 

into glutamine. Thus Ehl 087, but not Eh7.1, was predicted to be able synthesize 

eSN]glutamine from [15N]ammonium sulfate. If glutamine is the source of phenazine 

ring nitrogen, then Ehl087, but not Eh7.1, would produce labelled phenazines from 

eSN]ammonium sulfate via eSN]glutamine (Figure 6-6), 
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Figure 6-6: Pathway by which Eh1087, but not Eh7.1, is able to incorporate [,sN) from ammonium 
sulfate into GA and AGA. GS, glutamine synthetase; X indicates step at which Eh7.1 is blocked. 

Red nitrogen atoms in indicate potentiallabelIing positions. 

To measure the incorporation of [1'iN] into phenazines produced by Eh 1087 and Eh7 . 1, 

cultures were set up in I-A media with [i 'i N]ammonium sulfate ( JO% enriched): Eh 1087 

(A); Eh7 .1 (B, with 10 mM glutamine to allow growth) . Additionally a culture of 

Eh 1087 with 10 mM glutamine (C) and a culture grown with unlabelled ammonium 

sulfate (D) were set up to allow assessment of background incorporation of [i 'iN] into 

phenazines. 

6.3.2. Glutamine is the source of phenazine ring nitrogen atoms in Ehl087 

Phenazines were extracted from each culture and subjected to LC-MS analysis (Section 

2.18). Since AGA hydrolyses to GA in aqueous conditions, mass spectrometry data 

were collected for the GA peak. Incorporation of ( ' N] into GA in cultures A-C, relative 

to GA synthesized in the absence of ('N]-enriched ammonium sulfate (culture D), was 

calculated. Results f rom four replicates are presented in Table 6-4. 

Table 6-4: Incorporation of eSN] into griseoluteic acid by cultures fed 
[J5N]ammonium sulfate. 

Culture 
(A) Eh 1 087 
(B) Eh7.1 " 
(C) Eh i087+gln 

Percentage griseoluteic acid" 
unlabelled monolabell ed dilabelled 
~2.5 (0.72) 16.3 (0.54) 1.2 (0.27) 
100.0 (0.71) 0.0 (0.71) 0 .0 (0.00) 
93.1 0.31 ) 6.8 (0.94) 0.2 (0.36) 

Notes: "PercentClge of ~riseoluteic ac id with no ( NJ incorroration (unl abelled), or with [I )NI at either 
(monolabelled) or both (dilabelled) pos ilions . hEh7. 1 culture supplementcu with glutamine (gIn ) to allow 
growth. Values are means with standard de viations in parentheses, 1/ == 4. 
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As predicted, Eh1087 is able to incorporate [lsNJ from ammonia into the phenazine 

nucleus: sixteen percent of the GA produced by culture A (EhI087) was labelled at 

either position and one percent at both positions (Figure 6-6). In contrast to Eh1087, 

Eh7.1 (B) was unable to incorporate [lsN] from ammonia into GA. These results 

indicate that blocking the synthesis of [lsNJglutamine (from [lsNJammonia in this case) 

prevents e~] incorporation into GA, and presumably other phenazines, produced by 

Eh1087. The two nitrogens in the phenazine nucleus must, therefore, predominantly 

originate from glutamine. 

To provide a measure of competition between synthesized and extracellular (unlabelled) 

glutamine for incorporation into phenazines, and since Eh7.1 had to be supplemented 

with 10 mM glutamine for growth, eSNJ incorporation was also measured for Eh1087 

grown in minimal media containing 10 mM glutamine (C). The presence of exogenous 

glutamine reduced, but did not abolish, the incorporation of eSN] into GA (7 % 

monolabelled, 0.2 % dilabelled), demonstrating that exogenous glutamine can compete 

as a nitrogen donor and that some of the nitrogen in GA is sourced from intracellularly 

synthesized glutamine, even when exogenous glutamine is present. 

6.4. Conclusions and discussion 
A mutant of Eh1087 which lacks GS activity was used to test the hypothesis that 

glutamine is the source of the phenazine ring nitrogens in Ehl 087. Mutant Eh7.1 was 

found to harbour a mini-Tn5 insertion immediately upstream of glnA, the gene encoding 

GS. Consequently, Eh7.1lacks GS activity and is auxotrophic for glutamine. The wild

type ginA gene was subsequently cloned and its nucleotide sequence determined. GS 

enzymes, even those from distantly related organisms, exhibit high levels of similarity 

(Baumann and Baumann 1978; Kumada et ai. 1993), particularly in regions of 

functional importance. Accordingly, the nucleotide sequence of the Eh1087 glnA gene 

exhibits high similarity to ginA genes from other members of the Enterobacteriaceae 

and the deduced amino acid sequence of the Eh1087 GS exhibits the conserved 

functional domains of GS enzymes. Specifically, Eh1087 possesses a type I GS, typical 

of the Enterobacteriaceae (Woods and Reid 1993). To the author's knowledge, this is 

the first reported characterization of the glnA gene from the genus Pantoea. 
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When supplied with [lsN]ammonium sulfate, Eh1087, but not Eh7.l, was able to 

produce eSN]-labelled phenazines. Eh7.1 lacks GS activity and therefore cannot 

synthesize glutamine from glutamate and ammonia. It is concluded that the synthesis of 

phenazines in Eh1087 involves the GS-mediated transfer of nitrogen from a source such 

as ammonium sulfate to glutamate to create glutamine, and that glutamine is utilized by 

products of the ehp genes as the donor of the two nitrogen atoms present in the 

phenazine ring system. 

Glutamine, via its side chain amide, provides nitrogen for amino sugars, coenzymes 

such as NAD(P), p-aminobenzoate, nucleotides, and the amino acids histidine, 

tryptophan and asparagine (Reitzer 1996). At least 16 glutamine amidotransferases 

function to transfer the amide from glutamine to precursors of these primary metabolites 

(Zalkin 1993). These enzymes provide possible routes for the redistribution of the eSN] 

label from glutamine synthesised by Ehl087. However, during growth on minimal 

media, it is unlikely that a large excess of glutamine would have been available for these 

types of processes. Redistribution would also be expected to dilute the label and, 

therefore, result in an absence of dilabelled phenazines. Feeding of labelled glutamine in 

batches, a method employed by Herbert et at. (1982; Romer and Herbert 1982), might 

be expected to provide an excess of glutamine from which the label could be 

redistributed. A high level of dilabelling of phenazines was obtained. The labelled 

glutamine was also able to initially swamp the nitrogen pool utilized for phenazine 

biosynthesis providing further evidence of its role as the primary nitrogen source. 

However, the label was also quickly removed to other pathways, such as those 

involving the amidotransferases (Herbert et al. 1982; Romer and Herbert 1982). 

The current investigation utilized an alternative feeding route that is unlikely to have 

allowed excess levels of labelled glutamine to become available. This approach is 

complementary to that of Herbert and Romer (Herbert et al. 1982; Romer and Herbert 

1982) and has shown that a similar pathway exists in Eh1087. 

The demonstration that glutamine is incorporated into phenazines by Eh1087 also 

serves to provide indirect support for the putative glutamine amidotransferase function 

of EhpC. EhpC and its counterpart from Pseudomonas, PhzE, each exhibit similarities 

to both domains of AS (Giddens et al. 2002; Mavrodi et aI. 2001; Mavrodi et aI. 1998), 
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the glutamine amidotransferase that catalyses the formation of anthranilic acid from 

chorismate and glutamine. ADIC has recently been shown to be a precursor of 

phenazines and is an enzyme-bound intermediate in anthranilic acid formation by AS. It 

is likely that EhpC and PhzE catalyse the formation of ADIC, from chorismate and 

glutamine, in a similar manner to the first half-reaction of AS (see Section 3.1.3). The 

products of the PCA operon and the Group 1 genes of the AGA cluster, therefore, utilise 

two primary metabolites, glutamine and chorismate, for the production of the phenazine 

scaffold. 

Glutamine is an essential intermediate of nitrogen metabolism, both as a donor of its 

amide nitrogen to other compounds and as an intermediate in the assimilation of 

ammonia (Figure 6-1). GS, the critical enzyme in glutamine biosynthesis, is therefore 

tightly regulated at the levels of transcription and enzyme activity (Woods and Reid 

1993). GSI enzyme activity is controll~d by feedback regulation by end products of 

glutamine metabolism. Activity is also affected by adenylylation at tyrosine 401 in 

response to the cellular ratio of glutamine to a-ketoglutarate. The GSI of Eh1087 

possesses the conserved adenylylation site and is therefore likely to be regulated in the 

same manner. 

It is, therefore, interesting that such a key metabolic intermediate supplies nitrogen for 

the production of phenazines by Eh1 087. This has implications for survival fitness and 

competitiveness, particularly in nitrogen-limiting conditions where the use of such an 

important intermediate in nitrogen metabolism would need to be compensated by the 

competitive advantage(s) of producing AGA. 
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Pantoea agglomerans Eh1087 was originally isolated during a screen for organisms 

capable of suppressing the Fireblight disease of apple and pear trees (Kearns and Hale 

1996). Eh1087 was found to produce a broad-spectrum antibiotic compound, the 

phenazine AGA, to which the Fireblight pathogen is susceptible (Kearns and Mahanty 

1998). It was subsequently demonstrated that the production of AGA is required for 

disease suppression in planta (Giddens et al. 2003). The genes responsible for AGA 

production were identified and characterised, the so-called AGA cluster, and the 

structures of several phenazine intermediates were determined (Giddens 2002; Giddens 

et al. 2002). This information, along with mutant-mutant cross-feeding and sequence 

analysis of the AGA cluster genes and their products, allowed putative functional 

assignments, and a model for AGA production was proposed. The aim of the present 

study, therefore, was to further refine and test some of the hypotheses arising from this 

preliminary characterisation of the AGA biosynthetic pathway. 

7.0. Research Summary 

7.0.1. EhpA is predicted to have an enzymatic role in PDCIPCA 
production in Eh1087 

Comparison of the proteins encoded by the Eh1087 Group 1 genes and the 

pseudomonad PCA operon identified EhpA as the most likely determinant of the 

difference in the products of the respective pathways-the ability of Group 1 to produce 

both PCA and PDC. 

EhpA is a member of the NTF2-like superfamily 

Sequence analysis of EhpA identified probable structural relatives as members of the 

NTF2-like protein superfamily. These proteins have a fold which consists of a-helices 

packed against a ~-sheet to form a barrel structure with a hydrophobic binding pocket. 

Reactions of non-polar substrates are catalysed by active site residues buried within the 

hydrophobic pocket. EhpA was found to share residues involved in the lining of the 

pocket and involved in substrate binding. 
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EhpA is similar to PhAXlBY from the PCA operon 

In order to identify differences between EhpA and the PhzAXIBY proteins that might 

be responsible for altered phenazine production, the amino acid sequences of these 

proteins were compared by multiple sequence alignment. All the sequences were highly 

similar, with the N-terminal region not well conserved between all proteins. EhpA and 

the PhzAX group were found to differ from the PhzBY group in a central 18-residue a

helical region that has been implicated in substrate binding and specificity for other 

members of the NTF2-like superfamily. 

An enzymatic role in PDC/PCA formation? 

Together, these findings suggested that EhpA might be capable of binding PCA and/or 

PDC, or an intermediate in their formation. Differences between EhpA and PhzAB in 

the a-helix that forms part of the wall of the hydrophobic pocket, while not abolishing 

activity, might be the cause of the diffenng phenazine production by their respective 

pathways. It was therefore proposed that EhpA has a direct enzymatic role in PCA and 

PDC production and that there is a functional difference between EhpA and PhzAXIB Y 

that allows Group 1 to produce both phenazines. 

7.0.2. EhpA influences PCA and PDC production 

Eh6.Ab strains expressing the Group 1 genes with, or without ehpA, or phzAB, were 

used to assess the influence of EhpA and PhzAB on PCA and PDC production by P. 

agglomerans. 

EhpA enhances the production of PDC and PCA 

An important, but non-essential, role in phenazine production by Group 1 was 

demonstrated for EhpA. PCA and PDC production by Eh6.Ab expressing only the 

ehpBCDE genes was reduced approximately lO-fold compared to the same strain 

expressing all Group 1 genes. A similar reduction in phenazine levels was also observed 

for EhehpA(Ol). These results agree with earlier studies of the PCA operon in 

pseudomonads and suggest that the role of EhpA is similar to PhzAXIB Y. 
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EhpA and PhzAB influence the ratio of PDC to PCA produced 

Increasing the dosage of ehpA, relative to the other Group 1 genes, was found to 

increase the ratio of PDC produced relative to PCA. On the other hand, replacing ehpA 

with phzAB resulted in production of PCA only. These results show that EhpA is 

predominantly responsible for the difference in phenazine production, and also suggest 

that this is due to a functional difference from PhzA/B rather than simply the lack of a 

second copy of the ehpA gene. 

7.0.3. The Group 4 proteins are unlikely to act in the periplasm 
The original model of Eh 1 087 phenazine synthesis suggested that the final step, the 

conversion of GA to AGA, is carried out by the Group 4 proteins, EhpMNO, in the 

periplasm. The main basis for this proposal was the putative involvement of a 

transmembrane efflux protein in the previous step, the formation of GA, and the 

prediction that EhpM had a transmembrane helix anchoring a C-terminal domain to the 

periplasmic side of the inner membrane. To further refine hypotheses regarding the 

functions of EhpMNO, a search for homologous proteins of known structure and 

function, and a preliminary investigation into the cellular localisation of EhpMNO, were 

carried out. 

EhpM is a putative D-alanine-activating enzyme 

EhpM was found to be similar to a superfamily of acyl-adenylate/thioester-forming 

enzymes involved in the activation of carboxyl-containing substrates by adenylation and 

subsequent transfer to the phosphopantetheinyl arm of carrier proteins, or coenzyme A. 

Significantly, amino acid-activating domains from non-ribosomal peptide synthases, 

and a D-alanine-activating enzyme involved in teichoic acid synthesis, were identified 

as relatives of EhpM. 

EhpN is a putative peptidyl carrier protein 

EhpN appears to be a member of the acyl carrier protein-like superfamily. These 

proteins are found as separate proteins, or as domains, involved in the biosyntheses of 

fatty acids, polyketides, and non-ribosomal peptides. The post-translational attachment 

of a phosphopantetheine cofactor allows these proteins to act as carriers for activated 

substrates, facilitating movement between successive active sites of activation and 
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condensation domains. EhpN was found to be similar to a number of peptidyl carrier 

proteins, responsible for the tethering of activated amino acids, including carrier-protein 

domains of non-ribosomal peptide synthetases and a D-alanyl carrier protein required 

for teichoic acid synthesis. 

EhpO is similar to thiolase-like acyl-condensing enzymes 

EhpO is a member of the thiolase-like superfamily that includes the ketosynthase 

domains of fatty acid and polyketide synthases. These domains are responsible for the 

elongation of carrier protein-attached fatty acid or polyketide chains by catalyzing their 

condensation with extender units. The active sites of the thiolase-like enzymes are 

found at the end of a phosphopantetheine-binding tunnel. In the case of the chalcone 

synthase-like family, to which EhpO is similar, the active site contains hydrophobic 

pockets for binding of aromatic groups. EhpO possesses the conserved active 

cysteine of the thiolase-like superfamily but appears to be missing a portion of the N

terminal region thought to be essential for activity. 

Cellular localisation of the Group 4 proteins 

To further examine the proposed membrane topology of EhpM, a number of topology 

prediction algorithms were used to analyse the amino acid sequence of EhpM for the 

presence of potential transmembrane helices. The consensus prediction suggested that 

EhpM possesses two transmembrane helices and has an in-out-in topology. This did not 

agree with the existing model in which a periplasmic C-terminal domain of EhpM 

collaborated with EhpN and EhpO, presumably also located in the periplasm, in the 

conversion of GA to AGA. 

Periplasmic, membrane, and soluble/cytoplasmic fractions of P. agglomerans cells 

expressing the Group 4 proteins were prepared and analysed by SDS-PAGE for the 

presence of EhpMNO. The results suggested that EhpM and EhpO are membrane 

associated, while EhpN is found in the soluble/cytoplasmic portion of the cell. 

7.0.4. The nitrogen atoms of the phenazine nucleus are derived from 
glutamine 

During the course of a transposon mutagenesis screen for mutants unable to produce 

AGA, a mutant with poor production on LB was isolated. This mutant was found to be a 
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glutamine auxotroph and provided a tool to assess the role of glutamine as the source of 

the nitrogen atoms of the phenazine nucleus. 

Characterization of the glutamine synthase (ginA) gene 

The glutamine requirement of Eh7.1 was found to be due a mini-Tn5 insertion 

immediately upstream of a putative Eh1087 ginA gene. This was confirmed by the 

ability of the wild-type Eh1087 ginA region to complement an E. coli ginA mutant. The 

nucleotide sequence of the Eh1087 ginA was determined and analysis confirmed that the 

1.4 kb ORF encodes a type I glutamine synthetase. 

Glutamine is the source of the phenazine nucleus nitrogen atoms 

It was envisaged that the inability of Eh7.1 to produce glutamine could be exploited to 

examine the incorporation of lSN from ammonium sulfate, via glutamine, into 

phenazines. When grown on media containing eSN]ammonium sulfate, the wild-type 

Eh1087, but not the glutamine auxotroph Eh7.1, incorporated lSN into phenazines. The 

addition of exogenous unlabelled glutamine was found to reduce, but not abolish, lsN 

incorporation by Eh1087. These results demonstrated that the side-chain amide of 

glutamine serves as the primary source of the nitrogen atoms of the phenazine nucleus 

and agreed with earlier reports for Brevibacterium iodinum and Pseudomonas 

aureofaden,';. 

7.1. Current knowledge and revised model for phenazine biosynthesis by 
Eh1087 

The major objective of the current investigation was to further the understanding of 

phenazine biosynthesis in Eh1087 by testing and refining predictions made on the basis 

of the preliminary characterization of the ehp genes and the AGA pathway. The findings 

described in the preceding chapters have uncovered some of the finer details of AGA 

biosynthesis and allow a revised model of the pathway to be proposed (Figure 7-1). 

The initial steps of the AGA pathway are proposed to be identical to the biosynthesis of 

PCA in the fluorescent pseudomonads and this part of the model is based on the 

activities of the PhzDEFG proteins. The first step, catalysed by EhpC, is the formation 

of ADIC from chorismate and ammonia (derived from the side-chain amide of 

glutamine). EhpB is then responsible for removing pyruvate from ADIC to form DHHA 

which is isomerised to a 3-ketone derivative by EhpD. The steps by which PCA and 
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POC are formed from thi s putative 3-ketone intermediate are likely to require EhpO in 

conjunction with EhpE, and to be enhanced by the presence of EhpA. It is also proposed 

that EhpA determines the ratio of POC to PCA formed by controlling the 

decarboxylation of PDC or an intermediate in the formation of PDC. POC is then 

converted to the hypothetical phenazine intermedi ate, AP2, by the combined activities 

of the EhpFGH proteins. It is then proposed that the conversion of AP2 to GA is 

catalysed by the EhpIKL proteins and poss ibl y involves EhpJ . In contrast to the model 

of Giddens et at. (2002), it is proposed that the final step, the addition of a D-alanine 

res idue to GA, is carried out by EhpMNO, which may be associated with cytoplasmic 

s ide of the inner membrane. It is suggested that EhpJ, rather than being a specific 

exporter for GA, is a general phenazine exporter that serves to protect the producing cell 

from the antibiotic activities of AGA and the other phenazines. 
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Figure 7-1: Current model for phenazine biosynthesis by Ehl087. Arrows are labelled with the Ehp 
proteins proposed to be involved in that step. glu-NH 2 = glutamine, glu = glutamate. Export denotes 

transport out of the cytoplasm across the inner membrane. 
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7.2. Future investigations 

While the current investigation has confirmed that, functionally, the Group 1 genes are 

similar to the PCA operon, many of the predicted functions of the Ehp proteins encoded 

within the AGA cluster remain to be tested. 

The specific activities of the EhpD, EhpE, and EhpA proteins remain unclear and, 

because of their similarity to PhzF/G/ AB, an investigation into the steps carried out by 

these proteins would benefit the understanding of the pseudomonad phenazine pathway. 

The present investigation found a difference between the function of EhpA and PhzAB 

together. Determining the exact nature of the difference between EhpA and PhzA/B will 

require an investigation of the influence of PhzA and PhzB separately. It will also be 

useful to determine if other Group 1 proteins affect the ability of Eh1087 to produce 

PDC. Introduction of EhpA into the PCA operon would eliminate the possible 

involvement of the other Group 1 proteins, and allow their influence to be assessed. The 

finding that Group 1 allows both PCA and PDC to be produced, and that their ratio is 

influenced by EhpA, suggests that proposed mechanisms for the formation of PCA, in 

which decarboxylation is integral to dimerisation, may need to be re-evaluated. 

The Group 2,3, and 4 proteins, responsible for the subsequent modification of PDC, 

present many additional functional predictions worth investigating and an understanding 

of these proteins is likely to require knowledge of the numerous pathways in which 

similar proteins are thought to be involved. 

The cellular localisation of the Group 4 proteins, and indeed all of the Ehp proteins, is 

another question that warrants further investigation. The use of a sensitive method for 

detection of Ehp proteins in sub-cellular fractions, and visualization in intact cells 

would be of advantage. For example, green fluorescent protein fusions could be used for 

tagging and visualized using fluorescence microscopy (Feilmeier et ai. 2000). It would 

also be interesting to determine the interactions between the Ehp proteins, which may 

form one or more multienzyme complexes, or metabolons (Srere 1987), required for the 

efficient biosynthesis of AGA. 

As demonstrated by the recent reports for PhzD (Parsons et ai. 2003), PhzF (Parsons et 

ai. 2004a; Blankenfeldt et ai. 2004), and PhzG (Parsons et ai. 2004b), structural studies 

have contributed valuable information about the functions of phenazine biosynthesis 

proteins and have highlighted further areas for experimentation. Particularly in the case 
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of EhpA, structural information would be useful for comparison with PhzA/B, and for 

assessing their ability to bind potential substrates such as 3-keto-DHHA or PDC/PCA. 

7.3. General comments and relevance 
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The Eh1087 phenazine biosynthetic pathway is of interest for a number of reasons, the 

most obvious being the biological control potential of Eh1087, and the similarity of the 

early steps to PCA biosynthesis in fluorescent pseudomonads. However, there are a 

number of additional points of interest which are relevant to secondary metabolite 

biosynthesis and metabolism in general. 

The AGA biosynthetic pathway appears to have been assembled by the recruitment of 

enzymes from diverse systems. The Group 1 proteins appear to have a common origin 

with the enzymes of pseudomonad phenazine biosynthesis, and several are related to 

enzymes of the shikimate pathway. The remainder of the Ehp proteins are similar to 

enzymes from diverse pathways: EhpJ -appears to be a membrane transporter; EhpM and 

EhpN are similar to components of both NRPS and PKS systems; EhpO belongs to a 

group of enzymes involved in fatty acid and polyketide synthesis. AGA biosynthesis in 

Eh1087, therefore, is an interesting example of the assembly of a hybrid secondary 

metabolic pathway and there is evidence that the AGA cluster did not originate in 

Eh1087 (Giddens 2002). 

While no direct evidence has yet been obtained, associations between the Ehp proteins 

to form AGA-synthesising metabolons may explain their apparent functioning as 

distinct groups in which all members are required for normal activity. The channelling 

of intermediates within these hypothetical metabolons would provide several 

advantages such as sequestration of unstable and/or toxic intermediates, and greater 

efficiency (Srere 1987; Huang et al. 2001). The existence of multi-enzyme complexes 

between the Ehp proteins would have implications for the evolution of such hybrid 

pathways and might be of interest in the study and manipulation of secondary 

metabolite pathways. For example, associations between NRPS- and PKS-type domains 

would require specific interactions between domains from different systems. 

Interactions of this sort are likely to be of interest in the study and manipulation of 

NRPS and PKS pathways (Finking and MarahieI2004). 
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The probable interaction of the Group 4 proteins with the membrane raises the 

possibility that EhpMNO associate with the putative phenazine efflux protein, EhpJ, 

ensuring that AGA produced is immediately exported, and therefore serving as a self

protection mechanism to prevent suicide of the producing cell. For example, a number 

of antibiotic-producing organisms have been found to possess ABC transporters which 

couple antibiotic efflux to ATP hydrolysis (Mendez and Salas 2001). 

7.4. Concluding remarks 
The current research has contributed to knowledge of the Eh1087 AGA biosynthesis 

pathway, and to phenazine biosynthesis in general. Several interesting aspects, 

originally identified by analysis of the nucleotide sequences of the genes involved, were 

investigated. In this respect, knowledge of phenazine biosynthesis in Eh1087 is 

beginning to move from predominantly genetic information towards an understanding 

offunction. However, this proc.ess is by no means complete and many of the ehp genes 

and their products have not been subjected to more than a preliminary examination. 

Further understanding of the AGA pathway will require the application of experimental 

and bioinformatics analyses to solve the sequence/structure/function relationships 

specific to the Eh1087 AGA cluster. 
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Appendix A1: Buffers, solutions and bacteriological media 

All solutions made up in dH20 and stored at room temperature unless otherwise stated. 
Amounts and volumes of constituents are given for stocks of commonly used solutions, 
and final/working concentrations are given in parentheses. Bacteriological media, and 
solutions where stated, were autoc1aved for 15 ruin at 121°C, 15 psi. 

A1.I. Buffers and solutions 

A1.1.1.EDTA pH 8.0, 0.5 M 

Per 200 ml: 
Na2EDTA 
Adjusted to pH 8.0 with NaOH pellets 

37.2 g 
-4g 

AI.I.2.Solutions for alkaline lysis plasmid DNA purification 

Solution I 

Stored at 4°C, per 100 ml: 
1 M Tris- HCI, pH 8.0 (25 mM) 
0.5 M EDTA pH 8.0 (to mM) 
1 M Glucose (50 mM) 
Glucose added after autoc1aving 

Solution II 

Prepared fresh, per to ml: 
to% SDS (1%) 
2 M NaOH (0.2 M) 
dH20 

Solution III 

Stored at 4°C, per 100 ml: 
N a3Acetate (3 M) 
Glacial acetic acid to pH 4.8 

A1.I.3. T toE! (TE) buffer 

Tris- HCI pH 8.0 (10 mM) 
EDTApH 8.0 (1 mM) 

A1.I.4.Kado & Liu (KL) lysis solution 

Prepared fresh, per 100 ml: 
10% SDS (3%) 
Tris (50mM) 
Adjusted to pH 12.6 with NaOH 
Filtered (2 Jlm) 

2.5 ml 
2ml 
5ml 

1 ml 
1 ml 
8ml 

40.8g 
-40ml 

30ml 
60 g 
-1.6 ml 
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Al.1.S.GES solution for genomic DNA purification 
Per 100 ml: 
Guanidium thiocyanate (5 M) 60 g 
EDTA pH 8.0 (100 mM) 20 mI 
dH20 20mI 
heated at 65°C until dissolved, then added: 
10% N-Iaurylsarcosine 5 mI 
dH20 tolOO mI, filtered (0.45 ~m) 

Al.l.6.DNA Loading buffer (6x) 

30% Glycerol 
0.25% Bromophenol blue 
0.25% Xylene cyanol 

Al.l.7.TAE (SOx) 

PerL: 
Tris base 
0.5 M EDTA pH 8.0 
Glacial acetic acid to pH8.0 

Al.l.S.DNA standards 

1 kb ladder 

1 ~g/~11 kb ladder (Invitrogen) (35 ng/~l) 
6x DNA loading buffer 
TE 
5 ~lloaded for 12 lane gel 

A HindilI fragments 

242 g 
100mI 
-54mI 

0.5 ~g/~l A HindilI fragments (25 ng/~l) 5 ~l 
6x DNA loading buffer 15 ~l 
TE 80 ~l 
Heated 5 min at 65°C before use, 5 ~lloaded for 12 lane gel 

Al.l.9.ECL gold hybridization buffer 

Prepared as per manufacturer's instructions, stored at -20°C: 
ECL gold buffer 
Blocking agent (5%) 
NaCl (0.5 M) 
Heated to 42°C before use. 
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Al.1.10. Pre-Hybridization buffer 
For hybridization with e2P]dCTP-labelled DNA probes: 
SSC (6x) 
Denhardt's solution (5x) 
SDS (0.5%) 
Herring sperm DNA (l00 Ilg/ml) 

Al.1.11. e2p]-hybridization buffer 
For hybridization with e2P]dCTP-Iabelled DNA probes: 
SSC (6x) 
SDS (0.5%) 
Herring sperm DNA (100 Ilg/ml) 

A1.1.12. 

Stored at 4°C, per L: 
NaCl (3 M) 
Na3Citrate (0.3M) 

20xSSC 

In dH20, pH adjusted to 7.0 with HCl 

A1.1.13. Stringency wash buffers 

175.3 g 
88.2 g 

Stored at 4°C, heated to required temperature before use. 

ECL primary wash buffer low stringency 

Per 100 ml: 
SDS (4%) 
20x SSC (0.5x) 

ECL primary wash buffer high stringency 

Per 100 ml: 
SDS (4%) 
20x SSC (O.lx) 

4g 
25 ml 

4g 
5ml 

p32 -hybridization primary wash buffer low stringency 

Per 100 ml: 
SDS(O.l%) 
20x SSC (2x) 

0.1 g 
lOml 

p32 -hybridization primary wash buffer high stringency 

Per 100ml: 
SDS (0.1%) 
20x SSC (0.2x) 

0.1 g 
1ml 
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AI.I.14. SDS·PAGE sample treatment buffer (2x) 

Stored -20°C, per 4.5 ml: 
1 M Tris-HCI pH 8.0 
10% SDS 
Glycerol 
2-Mercaptoethanol 
1 % bromophenol blue 
dH20 

A1.1.IS. 
Per 2L: 
Tris 
Glycine 
10% SDS 

SDS-PAGE running buffer 

125 ~l 
2ml 
Iml 
500 ~l 
125 ~l 
750 ~l 

6.0 g 
28.8 g 
20ml 

AI.1.16. Coomassie brilliant blue stain 
Per 100 ml: 
Coomassie brilliant blue R-250 (0.1 %) 
Glacial acetic acid 
Methanol 
dH20 
Stir 20-30 min, filter 

A1.1.17. Destain 
Per litre: 
Methanol (5%) 
Glacial acetic acid (10%) 

A1.I.IS. TENSL buffer 
Prepared fresh, per 100 ml: 
1 M Tris pH 7.4 (200 mM) 
0.5 M EDTA (1 mM) 
1 % Sodium azide (0.02%) 
Sucrose (20%) 
Lysozyme (1 mg/ml) 

A1.I.19. TENAz buffer 

Stored at 4°C, per 100 ml: 
1 M Tris pH 7.4 (20 mM) 
0.5 M EDTA (1 mM) 
1 % Sodium azide (0.02%) 

AI.2. Bacteriological growth media 

0.1 g 
lOml 
50ml 
40ml 

50ml 
100ml 

20ml 
200 ~l 
2m! 
20 g 
100mg 

2ml 
200 ~l 
2ml 

For the preparation of solid media, 1.5% bacteriological agar was added prior to 
autoclaving. 
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A1.2.I.Luria Bertani medium 
Per litre: 
Bactotryptone (1 %) 
Yeast extract (O.S%) 
NaCI (O.S%) 

A1.2.2.10x A salts 
Per litre: 
K2HP0 4 

KH2P04 

(NH4)zS04 
N a3Citrate' 2H20 

AI.2.3.I-A medium 
Per 100 ml: 
lOx A salts 
20% Glucose (0.2%) 
1 M MgS04 (1 roM) 
1 % Thiamine (BI) (S J.,Lg/ml) 
And where required: 
1 % Niacin (B 3)(S J.,Lg/ml) 

A1.2.4.S0C medium 
Per 100 ml: 
Bactotryptone (2%) 
Yeast Extract (0.5%) 
S M NaCI (10 mM) 
1 M KCI (2.S roM) 
1 M MgCh (10 mM) 
1M MgS04 (10 roM) 
1M Glucose (20 mM) 

AI.2.S.0verlay agar 
Prepared immediately before use, per 10 ml: 

109 
Sg 
Sg 

lOS g 
4S g 
109 
Sg 

lOml 
1 ml 
100 J.,LI 
SO J.,LI 

SO J.,LI 

2g 
O.S g 
200 J.,LI 
2S0 J.,Ll 
1ml 
1ml 
2ml 

Ix A salts (O.Sx) S ml 
Molten I.S% agar (0.7S%) S ml 
Overnight culture of test strain 20 J.,LI 
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Molten agar at -6SoC was added to room Ix A salts, followed by the aliquot of the 
overnight culture, and pre-warmed plates overlaid immediately with 2.S ml of overlay. 

A1.2.6.H-Top 
PerL: 
Bactotryptone (1 %) 
NaCl (0.8%) 
Agar (0.8%) 

109 
8g 
8g 
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A1.2.7.TBMM 

perL: 
Bactotryptone (1 % ) 
NaCl (0.5%) 
Added after autoc1aving: 
20% Maltose (0.2%) 
1M MgS04 (10 mM) 
1 % Thiamine (Bl) (1 j..lg/ml) 

109 
5g 

lOml 
lOml 
100 j..ll 
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Appendix A2: PCR primers and products 

Primers were obtained from Invitrogen and estimated annealing temperatures (temp) are 
given for entire primers and for the portions annealing to native Ehl087 DNA. 
Annealing and elongation temperatures and times used for PCRs are listed for each 
primer pair. Primer annealing sites on the sequence to be amplified are underlined. 
Restriction sites, and 5' CACC tails, incorporated by primers are in italics and 
lowercase, respectively. Translation initiation and termination codons are highlighted in 
bold and putative promoter elements are boxed. For SOE primers and products, 
complementary overlap regions are highlighted. 

A2.1. Amplification of Pehp fragment 

Temp 
Pfwd: 5'-CACCGAGCTCGATTCCTCCTITTGTATAAC-3' 30 bp 78/44 
Prev: 5'-GGATCCACCTCATTTAATTAGATCAA-3' 26 bp 60/40 

Anneal temperatures: 45°C/60°C 
Elongation temperature/time: 72°C/45 sec 

Amplified product (428 bp): 
caccGAGCTOGATTCCTCCTTTTGTATAACAAACGAAACAGGATTTTCCATTAACATTTTAATCCATTAC 
TTAACCTTAATGGTTTGACAGTATTTAAGCAATATTTTTGCAGCAAATATACTTCTGCAAAGGATTTTCT 
GGTTATTATTGACAGTTTTTTAGCTAGCAATAATCAATAAACTTGCTTCAAAGGCGCTTTTTCCGGTTTA 
AAAAGTATTTATTATTTCCGGAAAATTTCCTTTTTTGGAATTTTATAGTTATTAGATTATTTAGTGATCA 
ACTTATTTTTTAAAGAAAAATATATTAGTGAAGTTGACTCAAACGATTTTGAATGTTAAAAAATCGACAC 
ATTCAACATCCCATTAACCTACTTGAAACATCATCAATTGTGGpGTTTCGCGTTG~TCTAA~TAAATGAG 
GTGGATCC 

A2.2. Amplification of BCDE fragment 

Temp 
BCDEfwd: 5'-CACCGGATCCATGTACAGAACCTTAAAGTC-3' 30 bp 78/44 
BCDErev: 5 '-TCTAGATCAAGGCTGTAATCTTTCAT-3 , 26 bp 60/44 

Anneal temperatures: 40°C/60°C 
Elongation temperature/time: 68°C/3 min 

Amplified product (4,070 bp): 
caccGGATC~TGTACAGAACCTTAAAGTCTGAGTCCTATAGTTTATCTAATATCATTATACCTGATGAA 

CAGCCTTTGGCGTGGAATATAGAACCACAACGTAGTGCGCTATTAGTTCACGATATGCAACGTTATTTTG 
TTGATGCGCTTCCATGTGAACCTGTCGACACTGTTATTCATTCAATTTCACTGATACTAAAGTGGGCAAG 
AATAAATGAGATACCGGTATTTTATAGTGCGCAGCCAGGTGGAATGACTCCGGAACAGCGCGGCTTGCTG 
AATGATTTATGGGGCCCAGGAATGAGGACGACTGAGGATGAGCGGAAGATTATCACTGAGCTTACACCTT 
CTCCGGGTGATACAGTTTTGACTAAATGGCGCTACAGTGCTTTTTATCGGTCTCCATTAGCCGAAATGCT 
AAAGAACGATCAGCGTGACTCCTTAATTATTACAGGCATTTATGCGTCAGTAGGTATATCTGCGACCGCT 
ATTGACGCTTTTACGCAAGATATTAAACCCTTTGTCACAGCCGATGGAATTGCTGATTTCTCACTAGCCG 
GACATCAGCAGGCAATCAATTACCTTGCTGATAATTGCGCCAAAATAATCTCAACTGATGGGGTGGTAAA 
CAATGTCTGATTCCCTGACACACATTCTGTCACAGCCCCATAAACCTTATGCTTTACTGTATCGGCCCGC 
AGTCTCGATGGATAGTGTTGAAATTTTGCACCTTACTTGCGGAAAAACACACTCCCTGGATAAAGCTCTT 
AGCGCAGATAGCCATCACGGTAAGCTTTTAGTTGTTCCATTTTGCCAGGTAGCCAAACGTGGCTATCACG 
CTATCAATGATGAAACACCGATTCTGACGATGCCAATCACTGCGCGTCAAAGCTTGCCATTATCAGAAGT 
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AATTAGCAGGCTACCGGATTTGCCTATTTCGGTCACGAACACTAACTTTAACCTTGACGATATACAGTTT 
GGGCAACGTATCAGTCAGTTAATCGAACATGAAATTGGGCAGGGAGCAGGTTCGAATTTCGTGCTTCATC 
GTAAGCTACGTACCTCGCTTGTAGATTATCATCCTGAACAACTTCTTAGCCTTTTTCGACGCCTTTTGCA 
GACTGAATCCTCCGCATATTGGTGTTTTTTAATTAACACTGGTGATGAGGCTTTTATTGGTGTATCTCCA 
GAGTTACATGCATCACTAGATAATGGTGAGATGTGCATGAACCCAATCAGCGGAACTTTACGTTATCCAG 
AACAGGGCGAAACAATCGAAGCTCTGCTTGAATTCCTCACCAATCAGAAAGAAACCAATGAGCTTTACAT 
GGTGGTGGATGAGGAACTAAAAGTAATGTCCAGGCTGTGTGAACGTGGAGCGCAGGTGAGCGACTTGCGA 
CTCAAACAACTAAGTCAGGTTATTCACACTGAATATGTCTTAAAAGGAAAAACGAAAGCCAGTATTTCGG 
ATATATTGACTGAAACGTTACCAGCACCAACGATCATTGGTAGTCCAGTGCAAAATGCCTGCCAGGTCAT 
TGCCCGTTACGAGCCAGAAGGGCGCAGATATTATAGCGGCGTAGTAGCTCTGGTTGACGGTACACATGAT 
AATCCCCGTCTGGACTCAGCTATTTGTATTCGTACGGCTGAAGTGACTGCTGATGGAAAAGTAGAGATTG 
GCGTTGGGGCAACTATAGTTCGTGACTCTGTGCCTTTGGATGAAGCGGAAGAAACGCGCAGTAAAGCGCA 
ATCACTTTATGCTGCATTGACGCAAGATAGTTTGCCGGCCAAAAAGAAAGTGACACCTGCCAGCCTTAAA 
AAATTAAAGCTTGGTGATAATCCTAAGGTTCGCCCTTTGCTGAACGAACGTAATAACAGGATTTCGAAAT 
TCTGGTTAAGTGATCCTGAAAAGCGTCACAATCGTATATATTCTTTCGCTGACAAGAAAATATTAATACT 
GGACGGTAATGATGCTTTTACTGCCATGTTTAAAACACTTTTCTCTTCACTGGGCGCACTTGCTCATGTG 
GAAAAAGTCTGTAGCGGCATTGACCTCCAGGGTTGGGATTTAGTAGTAGCTGGGCCGGGCCCGGGGAATC 
CACTTGATGTTAATGATTTCAGAGTTAATGCAATGCGCGAAGCCATTATAAAAATGAGAGCGACTGGCCA 
GCCTTTCTTTGCTGTATGCCTGAGCCACCAATTGCTTTGTCTGCAGCTCGGCTTACCAGTCGCCCGCCTC 
TCTCCACCCAACCAGGGAGTACAAAAAGAAATCCTCCTGGATAGGAACCTTGAAACAGCAGGTTTTTATA 
ACACTTTCTGTGCCAGTATTAATGCTGTAACGCACTCTCAAATGCGGCAAAGAGGTATAGAGGTTTACAG 
CGATCCAGATAATGGAAACGTTCATGCGCTTCGGGCTCACTCATTTTCATCAGTTCAGTTTCATCTCGAA 
TCGGTACTCACTTTAAATGGTCAAGCGCTGCTCGAAAGATTTGTCGCTCCTCTTTTCCAAAAAAATTATT 
CAGGAATGGCTTCTTAATGGAAGGATATCAGGTTGATTACACGGTATTAAATGCCTTCACACATTCTCCT 
CTTGAAGGAAATCCGGTTGCCGTTTTTCATGATACAGAAAAACTCTCTGAAGCTGTCATGCAGGCGATTG 
CACGTCAGCTGCAGCTTTCAGAAAGTACTTTTATCAGTGAAAAGACTGTTGATGGTCAGGCTCGAGTGCG 
AATTTTCACGCCCGTCAATGAATTGCCTTTTGCTGGTCATCCACTAATGGGAACCGCCAGTGCATATTCA 
CGGCGCCATGGTCTGGATCAATTTGTATTTCATACAGCTCTTGGCGCCGTCAGCATTTCGGTTGAACACC 
ACACCGAAACACTCAGTACGGTGAAAATCGAAGTGCCTCTAGCAAGAACTGTCCCTTTTAAGGAAGAGAA 
GCGTCTGCTTAAGGCGCTGGGGCTGGAACAAAGTGTGCTTCCTGTGGAAATGTACGATGCAGGAGCCAGG 
CATGTACTGGTTTCCGTCGACAGTATTGAAACCTTACGTGAGCTAAGGCCAGACCATCAGGTCCTCGCTG 
AATTTGAAAATCTTGCAGTTAACTGTTTCGCCTGGTGTGGATTTCAGGCGGAAAACCGGATGTTCTCACC 
AGCTTATGGGGTAAAAGAAGATGCTGGTACCGGTTCAGTTGTCGGGCCAATTGCACTTCACCTGATGAAA 
CACGGACAGTTAAAAGCTAACGAAAAAATCATGATTGAGCAGGGGATTTTGCTCAATCGCCGCTGCGTGA 
TGTATGGCGAAATCAAACAGGAAAATGAAATTGCTTCTCATATTGAACTCTCCGGGCAGGTTACCTTGTT 
TTCTGATTGCAGGGCCTTGCTGAGTAATAGCGGAAAATGATTCGCTTAATTTGAATGTGCTGTTTTAGGT 
ATGAAAAGTGAAAAGACTCGAATCGCTAACCGGAATAACGGATCTTCCGTTTCCGCAATATGACGCGCCG 
CCTGTGGTGCCTTATGAAATTTTACATAACTGGATGCAACTGGCGCATCATGAAAATGTACGTGAACCTG 
ATGCATGGACCCTCGCGACCAGAAGTGACGCTGGTATGATTTCAATGCGCACCATATTTCCAGTTCGAAT 
GAATGGAGAAGATCTATGGTGCGCTACTCATCTTGGCAGTCGAAAGAGTCTCGATATGTGTGCCAACAAA 
GCGGTCTCCTGCCATATTTACTGGCGTGAGCTGGGGCGACAGGTGAGCTTAACTGGTAATGCAAAACTGC 
TGTCAGATGATATCGCCGATCAAATCTGGCACAGCCGTGCTTCTGCATATGATCCTGTCTCAGTAGCATC 
TCATCAAAGTGAGCCATTAAACGATCTTACTACTTTGCAAGCGAAGATAGCTGGAATAGGTTGCGGAAAG 
CTGGAACGTCCTGAGCGTTTTGTAGTATGGGGGCTGGCTTTTGACACCTATGAGTTCTGGTCAGCATCGT 
CCTCTCGAATCCATAAACGTCTGTTATATACACGTAATGAACTGGGGTGGAAGCATGAAAGATTACAGCC 
TTGATCTAGA 
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A2.3. Amplification of Pebp + BeDE fragment 

Temp 
Pfwd: 5'-CACCGAGCTCGATICCTCCTTTIGTATAAC-3' 30 bp 78/44 

BCDErev: 5'-TCTAGATCAAGGCTGTAATCTITCAT-3' 26 bp 60/44 

Anneal temperatures: 40°C/64°C 
Elongation temperature/time: 68°C/4 min 

Amplified product (4,488 bp): 
caccGAGCTOGATTCCTCCTTTTGTATAACAAACGAAACAGGATTTTCCATTAACATTTTAATCCATTAC 
TTAACCTTAATGGTTTGACAGTATTTAAGCAATATTTTTGCAGCAAATATACTTCTGCAAAGGATTTTCT 
GGTTATTATTGACAGTTTTTTAGCTAGCAATAATCAATAAACTTGCTTCAAAGGCGCTTTTTCCGGTTTA 
AAAAGTATTTATTATTTCCGGAAAATTTCCTTTTTTGGAATTTTATAGTTATTAGATTATTTAGTGATCA 
ACTTATTTTTTAAAGAAAAATATATTAGTGAAGTTGACTCAAACGATTTTGAATGTTAAAAAATCGACAC 
ATTCAACATCCCATTAACCTACTTGAAACATCATC~TTGTGGPGTTTCGCGTTG~TCTAA~TAAATGAG 
GT~TGTACAGAACCTTAAAGTCTGAGTCCTATAGTTTATCTAATATCATTATACCTGATGAACA 
GCCTTTGGCGTGGAATATAGAACCACAACGTAGTGCGCTATTAGTTCACGATATGCAACGTTATTTTGTT 
GATGCGCTTCCATGTGAACCTGTCGACACTGTTATTCATTCAATTTCACTGATACTAAAGTGGGCAAGAA 
TAAATGAGATACCGGTATTTTATAGTGCGCAGCCAGGTGGAATGACTCCGGAACAGCGCGGCTTGCTGAA 
TGATTTATGGGGCCCAGGAATGAGGACGACTGAGGATGAGCGGAAGATTATCACTGAGCTTACACCTTCT 
CCGGGTGATACAGTTTTGACTAAATGGCGCTACAGTGCTTTTTATCGGTCTCCATTAGCCGAAATGCTAA 
AGAACGATCAGCGTGACTCCTTAATTATTACAGGCATTTATGCGTCAGTAGGTATATCTGCGACCGCTAT 
TGACGCTTTTACGCAAGATATTAAACCCTTTGTCACAGCCGATGGAATTGCTGATTTCTCACTAGCCGGA 
CATCAGCAGGCAATCAATTACCTTGCTGATAATTGCGCCAAAATAATCTCAACTGATGGGGTGGTAAACA 
ATGTCTGATTCCCTGACACACATTCTGTCACAGCCCCATAAACCTTATGCTTTACTGTATCGGCCCGCAG 
TCTCGATGGATAGTGTTGAAATTTTGCACCTTACTTGCGGAAAAACACACTCCCTGGATAAAGCTCTTAG 
CGCAGATAGCCATCACGGTAAGCTTTTAGTTGTTCCATTTTGCCAGGTAGCCAAACGTGGCTATCACGCT 
ATCAATGATGAAACACCGATTCTGACGATGCCAATCACTGCGCGTCAAAGCTTGCCATTATCAGAAGTAA 
TTAGCAGGCTACCGGATTTGCCTATTTCGGTCACGAACACTAACTTTAACCTTGACGATATACAGTTTGG 
GCAACGTATCAGTCAGTTAATCGAACATGAAATTGGGCAGGGAGCAGGTTCGAATTTCGTGCTTCATCGT 
AAGCTACGTACCTCGCTTGTAGATTATCATCCTGAACAACTTCTTAGCCTTTTTCGACGCCTTTTGCAGA 
CTGAATCCTCCGCATATTGGTGTTTTTTAATTAACACTGGTGATGAGGCTTTTATTGGTGTATCTCCAGA 
GTTACATGCATCACTAGATAATGGTGAGATGTGCATGAACCCAATCAGCGGAACTTTACGTTATCCAGAA 
CAGGGCGAAACAATCGAAGCTCTGCTTGAATTCCTCACCAATCAGAAAGAAACCAATGAGCTTTACATGG 
TGGTGGATGAGGAACTAAAAGTAATGTCCAGGCTGTGTGAACGTGGAGCGCAGGTGAGCGACTTGCGACT 
CAAACAACTAAGTCAGGTTATTCACACTGAATATGTCTTAAAAGGAAAAACGAAAGCCAGTATTTCGGAT 
ATATTGACTGAAACGTTACCAGCACCAACGATCATTGGTAGTCCAGTGCAAAATGCCTGCCAGGTCATTG 
CCCGTTACGAGCCAGAAGGGCGCAGATATTATAGCGGCGTAGTAGCTCTGGTTGACGGTACACATGATAA 
TCCCCGTCTGGACTCAGCTATTTGTATTCGTACGGCTGAAGTGACTGCTGATGGAAAAGTAGAGATTGGC 
GTTGGGGCAACTATAGTTCGTGACTCTGTGCCTTTGGATGAAGCGGAAGAAACGCGCAGTAAAGCGCAAT 
CACTTTATGCTGCATTGACGCAAGATAGTTTGCCGGCCAAAAAGAAAGTGACACCTGCCAGCCTTAAAAA 
ATTAAAGCTTGGTGATAATCCTAAGGTTCGCCCTTTGCTGAACGAACGTAATAACAGGATTTCGAAATTC 
TGGTTAAGTGATCCTGAAAAGCGTCACAATCGTATATATTCTTTCGCTGACAAGAAAATATTAATACTGG 
ACGGTAATGATGCTTTTACTGCCATGTTTAAAACACTTTTCTCTTCACTGGGCGCACTTGCTCATGTGGA 
AAAAGTCTGTAGCGGCATTGACCTCCAGGGTTGGGATTTAGTAGTAGCTGGGCCGGGCCCGGGGAATCCA 
CTTGATGTTAATGATTTCAGAGTTAATGCAATGCGCGAAGCCATTATAAAAATGAGAGCGACTGGCCAGC 
CTTTCTTTGCTGTATGCCTGAGCCACCAATTGCTTTGTCTGCAGCTCGGCTTACCAGTCGCCCGCCTCTC 
TCCACCCAACCAGGGAGTACAAAAAGAAATCCTCCTGGATAGGAACCTTGAAACAGCAGGTTTTTATAAC 
ACTTTCTGTGCCAGTATTAATGCTGTAACGCACTCTCAAATGCGGCAAAGAGGTATAGAGGTTTACAGCG 
ATCCAGATAATGGAAACGTTCATGCGCTTCGGGCTCACTCATTTTCATCAGTTCAGTTTCATCTCGAATC 
GGTACTCACTTTAAATGGTCAAGCGCTGCTCGAAAGATTTGTCGCTCCTCTTTTCCAAAAAAATTATTCA 
GGAATGGCTTCTTAATGGAAGGATATCAGGTTGATTACACGGTATTAAATGCCTTCACACATTCTCCTCT 
TGAAGGAAATCCGGTTGCCGTTTTTCATGATACAGAAAAACTCTCTGAAGCTGTCATGCAGGCGATTGCA 
CGTCAGCTGCAGCTTTCAGAAAGTACTTTTATCAGTGAAAAGACTGTTGATGGTCAGGCTCGAGTGCGAA 
TTTTCACGCCCGTCAATGAATTGCCTTTTGCTGGTCATCCACTAATGGGAACCGCCAGTGCATATTCACG 
GCGCCATGGTCTGGATCAATTTGTATTTCATACAGCTCTTGGCGCCGTCAGCATTTCGGTTGAACACCAC 
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ACCGAAACACTCAGTACGGTGAAAATCGAAGTGCCTCTAGCAAGAACTGTCCCTTTTAAGGAAGAGAAGC 
GTCTGCTTAAGGCGCTGGGGCTGGAACAAAGTGTGCTTCCTGTGGAAATGTACGATGCAGGAGCCAGGCA 
TGTACTGGTTTCCGTCGACAGTATTGAAACCTTACGTGAGCTAAGGCCAGACCATCAGGTCCTCGCTGAA 
TTTGAAAATCTTGCAGTTAACTGTTTCGCCTGGTGTGGATTTCAGGCGGAAAACCGGATGTTCTCACCAG 
CTTATGGGGTAAAAGAAGATGCTGGTACCGGTTCAGTTGTCGGGCCAATTGCACTTCACCTGATGAAACA 
CGGACAGTTAAAAGCTAACGAAAAAATCATGATTGAGCAGGGGATTTTGCTCAATCGCCGCTGCGTGATG 
TATGGCGAAATCAAACAGGAAAATGAAATTGCTTCTCATATTGAACTCTCCGGGCAGGTTACCTTGTTTT 
CTGATTGCAGGGCCTTGCTGAGTAATAGCGGAAAATGATTCGCTTAATTTGAATGTGCTGTTTTAGGTAT 
GAAAAGTGAAAAGACTCGAATCGCTAACCGGAATAACGGATCTTCCGTTTCCGCAATATGACGCGCCGCC 
TGTGGTGCCTTATGAAATTTTACATAACTGGATGCAACTGGCGCATCATGAAAATGTACGTGAACCTGAT 
GCATGGACCCTCGCGACCAGAAGTGACGCTGGTATGATTTCAATGCGCACCATATTTCCAGTTCGAATGA 
ATGGAGAAGATCTATGGTGCGCTACTCATCTTGGCAGTCGAAAGAGTCTCGATATGTGTGCCAACAAAGC 
GGTCTCCTGCCATATTTACTGGCGTGAGCTGGGGCGACAGGTGAGCTTAACTGGTAATGCAAAACTGCTG 
TCAGATGATATCGCCGATCAAATCTGGCACAGCCGTGCTTCTGCATATGATCCTGTCTCAGTAGCATCTC 
ATCAAAGTGAGCCATTAAACGATCTTACTACTTTGCAAGCGAAGATAGCTGGAATAGGTTGCGGAAAGCT 
GGAACGTCCTGAGCGTTTTGTAGTATGGGGGCTGGCTTTTGACACCTATGAGTTCTGGTCAGCATCGTCC 
TCTCGAATCCATAAACGTCTGTTATATACACGTAATGAACTGGGGTGGAAGCATGAAAGATTACAGCCTT 
GATCTAGA 

A2.4. Amplification of EhpGrp1 fragment 

Grp lfwd: 5'-CACCCCTCCTITTGTAT AACAAACG-3' 

Grplfev: 5'-GAAAAGTGCCAGCGCATTAA-3' 

Anneal temperature: 58°C 
Elongation temperature/time: 68°C/5 min 

Temp 
25 bp 62 
20 bp 48 

Amplified product (5,160 bp): 
caccCCTCCTTTTGTATAACAAACGAAACAGGATTTTCCATTAACATTTTAATCCATTACTTAACCTTAA 
TGGTTTGACAGTATTTAAGCAATATTTTTGCAGCAAATATACTTCTGCAAAGGATTTTCTGGTTATTATT 
GACAGTTTTTTAGCTAGCAATAATCAATAAACTTGCTTCAAAGGCGCTTTTTCCGGTTTAAAAAGTATTT 
ATTATTTCCGGAAAATTTCCTTTTTTGGAATTTTATAGTTATTAGATTATTTAGTGATCAACTTATTTTT 
TAAAGAAAAATATATTAGTGAAGTTGACTCAAACGATTTTGAATGTTAAAAAATCGACACATTCAACATC 
CCATTAACCTACTTGAAACATCATC~TTGTGqGGTTTCGCGTTG~TCTAA~TAAATGAGGTTTATATAT 
GTATCTGACTGATGAAGATGCAATCCGTATTCGTGAAATTAACCGTCAAGTAGTATCTCAGTATTTGTCA 
TCGACTCGCGGCATAGCTCGTCTTAAAAGGCATGAGCTTTTTGCTGAAGATGGCGAAGGCGGTTTATGGA 
CCACTGAAACTGGTGAGCCTATAATTATACGCGGTATTGAAAACTTAGAAAAGCATGCTAAATGGTCTCT 
TGAGTGTTTTCCTGACTGGGAGTGGTATAATATTAAAATCTTCACCACCGACAACCCTGACCATGTTTGG 
GTTGAATGTGACGGCCGAGGGTTAATTCGCTTCCCGGGATATCCTGAAAGTTATTATGAAAATCATTTTA 
TTCATTCATTTGAATTGCGTAATGGTCTTATCGTTCGTAATCGAGAATTTATGAATCCTGTTACTCAATT 
GAAATGTTTAGGTATAGATGTTCCACGTATCAAGCGTGAGGGTATACCCAGCTAACTTCTGTAAGAATTC 
TATCGCCAGTATTAATACTGAATTTTTTTCGCGATATTTACATTTATACGAAATTAAATTTTCTATTAAT 
TCATTTGGCACGCGTAATAAACTTTTTCAGAAAAGGCCGAGTTATCTGATGTACAGAACCTTAAAGTCTG 
AGTCCTATAGTTTATCTAATATCATTATACCTGATGAACAGCCTTTGGCGTGGAATATAGAACCACAACG 
TAGTGCGCTATTAGTTCACGATATGCAACGTTATTTTGTTGATGCGCTTCCATGTGAACCTGTCGACACT 
GTTATTCATTCAATTTCACTGATACTAAAGTGGGCAAGAATAAATGAGATACCGGTATTTTATAGTGCGC 
AGCCAGGTGGAATGACTCCGGAACAGCGCGGCTTGCTGAATGATTTATGGGGCCCAGGAATGAGGACGAC 
TGAGGATGAGCGGAAGATTATCACTGAGCTTACACCTTCTCCGGGTGATACAGTTTTGACTAAATGGCGC 
TACAGTGCTTTTTATCGGTCTCCATTAGCCGAAATGCTAAAGAACGATCAGCGTGACTCCTTAATTATTA 
CAGGCATTTATGCGTCAGTAGGTATATCTGCGACCGCTATTGACGCTTTTACGCAAGATATTAAACCCTT 
TGTCACAGCCGATGGAATTGCTGATTTCTCACTAGCCGGACATCAGCAGGCAATCAATTACCTTGCTGAT 
AATTGCGCCAAAATAATCTCAACTGATGGGGTGGTAAACAATGTCTGATTCCCTGACACACATTCTGTCA 
CAGCCCCATAAACCTTATGCTTTACTGTATCGGCCCGCAGTCTCGATGGATAGTGTTGAAATTTTGCACC 
TTACTTGCGGAAAAACACACTCCCTGGATAAAGCTCTTAGCGCAGATAGCCATCACGGTAAGCTTTTAGT 
TGTTCCATTTTGCCAGGTAGCCAAACGTGGCTATCACGCTATCAATGATGAAACACCGATTCTGACGATG 
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CCAATCACTGCGCGTCAAAGCTTGCCATTATCAGAAGTAATTAGCAGGCTACCGGATTTGCCTATTTCGG 
TCACGAACACTAACTTTAACCTTGACGATATACAGTTTGGGCAACGTATCAGTCAGTTAATCGAACATGA 
AATTGGGCAGGGAGCAGGTTCGAATTTCGTGCTTCATCGTAAGCTACGTACCTCGCTTGTAGATTATCAT 
CCTGAACAACTTCTTAGCCTTTTTCGACGCCTTTTGCAGACTGAATCCTCCGCATATTGGTGTTTTTTAA 
TTAACACTGGTGATGAGGCTTTTATTGGTGTATCTCCAGAGTTACATGCATCACTAGATAATGGTGAGAT 
GTGCATGAACCCAATCAGCGGAACTTTACGTTATCCAGAACAGGGCGAAACAATCGAAGCTCTGCTTGAA 
TTCCTCACCAATCAGAAAGAAACCAATGAGCTTTACATGGTGGTGGATGAGGAACTAAAAGTAATGTCCA 
GGCTGTGTGAACGTGGAGCGCAGGTGAGCGACTTGCGACTCAAACAACTAAGTCAGGTTATTCACACTGA 
ATATGTCTTAAAAGGAAAAACGAAAGCCAGTATTTCGGATATATTGACTGAAACGTTACCAGCACCAACG 
ATCATTGGTAGTCCAGTGCAAAATGCCTGCCAGGTCATTGCCCGTTACGAGCCAGAAGGGCGCAGATATT 
ATAGCGGCGTAGTAGCTCTGGTTGACGGTACACATGATAATCCCCGTCTGGACTCAGCTATTTGTATTCG 
TACGGCTGAAGTGACTGCTGATGGAAAAGTAGAGATTGGCGTTGGGGCAACTATAGTTCGTGACTCTGTG 
CCTTTGGATGAAGCGGAAGAAACGCGCAGTAAAGCGCAATCACTTTATGCTGCATTGACGCAAGATAGTT 
TGCCGGCCAAAAAGAAAGTGACACCTGCCAGCCTTAAAAAATTAAAGCTTGGTGATAATCCTAAGGTTCG 
CCCTTTGCTGAACGAACGTAATAACAGGATTTCGAAATTCTGGTTAAGTGATCCTGAAAAGCGTCACAAT 
CGTATATATTCTTTCGCTGACAAGAAAATATTAATACTGGACGGTAATGATGCTTTTACTGCCATGTTTA 
AAACACTTTTCTCTTCACTGGGCGCACTTGCTCATGTGGAAAAAGTCTGTAGCGGCATTGACCTCCAGGG 
TTGGGATTTAGTAGTAGCTGGGCCGGGCCCGGGGAATCCACTTGATGTTAATGATTTCAGAGTTAATGCA 
ATGCGCGAAGCCATTATAAAAATGAGAGCGACTGGCCAGCCTTTCTTTGCTGTATGCCTGAGCCACCAAT 
TGCTTTGTCTGCAGCTCGGCTTACCAGTCGCCCGCCTCTCTCCACCCAACCAGGGAGTACAAAAAGAAAT 
CCTCCTGGATAGGAACCTTGAAACAGCAGGTTTTTATAACACTTTCTGTGCCAGTATTAATGCTGTAACG 
CACTCTCAAATGCGGCAAAGAGGTATAGAGGTTTACAGCGATCCAGATAATGGAAACGTTCATGCGCTTC 
GGGCTCACTCATTTTCATCAGTTCAGTTTCATCTCGAATCGGTACTCACTTTAAATGGTCAAGCGCTGCT 
CGAAAGATTTGTCGCTCCTCTTTTCCAAAAAAATTATTCAGGAATGGCTTCTTAATGGAAGGATATCAGG 
TTGATTACACGGTATTAAATGCCTTCACACATTCTCCTCTTGAAGGAAATCCGGTTGCCGTTTTTCATGA 
TACAGAAAAACTCTCTGAAGCTGTCATGCAGGCGATTGCACGTCAGCTGCAGCTTTCAGAAAGTACTTTT 
ATCAGTGAAAAGACTGTTGATGGTCAGGCTCGAGTGCGAATTTTCACGCCCGTCAATGAATTGCCTTTTG 
CTGGTCATCCACTAATGGGAACCGCCAGTGCATATTCACGGCGCCATGGTCTGGATCAATTTGTATTTCA 
TACAGCTCTTGGCGCCGTCAGCATTTCGGTTGAACACCACACCGAAACACTCAGTACGGTGAAAATCGAA 
GTGCCTCTAGCAAGAACTGTCCCTTTTAAGGAAGAGAAGCGTCTGCTTAAGGCGCTGGGGCTGGAACAAA 
GTGTGCTTCCTGTGGAAATGTACGATGCAGGAGCCAGGCATGTACTGGTTTCCGTCGACAGTATTGAAAC 
CTTACGTGAGCTAAGGCCAGACCATCAGGTCCTCGCTGAATTTGAAAATCTTGCAGTTAACTGTTTCGCC 
TGGTGTGGATTTCAGGCGGAAAACCGGATGTTCTCACCAGCTTATGGGGTAAAAGAAGATGCTGGTACCG 
GTTCAGTTGTCGGGCCAATTGCACTTCACCTGATGAAACACGGACAGTTAAAAGCTAACGAAAAAATCAT 
GATTGAGCAGGGGATTTTGCTCAATCGCCGCTGCGTGATGTATGGCGAAATCAAACAGGAAAATGAAATT 
GCTTCTCATATTGAACTCTCCGGGCAGGTTACCTTGTTTTCTGATTGCAGGGCCTTGCTGAGTAATAGCG 
GAAAATGATTCGCTTAATTTGAATGTGCTGTTTTAGGTATGAAAAGTGAAAAGACTCGAATCGCTAACCG 
GAATAACGGATCTTCCGTTTCCGCAATATGACGCGCCGCCTGTGGTGCCTTATGAAATTTTACATAACTG 
GATGCAACTGGCGCATCATGAAAATGTACGTGAACCTGATGCATGGACCCTCGCGACCAGAAGTGACGCT 
GGTATGATTTCAATGCGCACCATATTTCCAGTTCGAATGAATGGAGAAGATCTATGGTGCGCTACTCATC 
TTGGCAGTCGAAAGAGTCTCGATATGTGTGCCAACAAAGCGGTCTCCTGCCATATTTACTGGCGTGAGCT 
GGGGCGACAGGTGAGCTTAACTGGTAATGCAAAACTGCTGTCAGATGATATCGCCGATCAAATCTGGCAC 
AGCCGTGCTTCTGCATATGATCCTGTCTCAGTAGCATCTCATCAAAGTGAGCCATTAAACGATCTTACTA 
CTTTGCAAGCGAAGATAGCTGGAATAGGTTGCGGAAAGCTGGAACGTCCTGAGCGTTTTGTAGTATGGGG 
GCTGGCTTTTGACACCTATGAGTTCTGGTCAGCATCGTCCTCTCGAATCCATAAACGTCTGTTATATACA 
CGTAATGAACTGGGGTGGAAGCATGAAAGATTACAGCCTTGAAATAGATGCTGTCATGAAGGCAGCCCAG 
ATAAATGACACTAATAATTTTGTTCAGGCATTAATGCGCTGGCACTTTTC 
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A2.S. Amplification of MNO fragment 

Temp 
MNOfwd: 5'-CACCGGATCCATGATGCAGAAATTAACCCC-3' 30 bp 80/46 
MNOrev: 5'-GTCGACTTAATTATTACTCCTTTCTG-3' 28 bp 66/40 

Anneal temperature: 43°C/66°C 
Elongation temperature/time: 68°C/3 min 

Amplified product (2,786 bp): 
caccGGATCCATGATGCAGAAATTAACCCCCAGGCAAGTCCGCACAAAGTTAAAGACTATAAATGATTCA 
ATAAATCATATGCTGAGAGATAATTCGGAAGCTATGGCGGTAAATGATGGTGAAACTAGCTTAACGTGGA 
AGCAAATGTATGAGCGTGCAGTAGAAATCATAAGATATTTTGATAAAGCGGGCATGTTGCCTGGCCAGAG 
ACTTGCTCTTGATGCGCCTAGGTCTATAGAATTATATCTGATGGTTTTAGCATGCCTGCTATCCGGGATT 
TCATTTATTTCTGTACCAAGAAATATGAATAAGCAGCAAAAATACCAGTTTGCTATAAGCATAGGTTGCT 
CAGGAATCTGCTCGTCATTATGCAAATTTGAGGAATTACAAAGCACTTACATTGGCGAGTGGTGTCTTGG 
TGTAACAACCCGAGAATGTAGAGCCTCATATAGCAATGAGGTGTATTGTGTAAGGACATCTGGTACCACT 
GGAGAACCTAAACTTGTACCAATTCACATCGCTCAGGTTAATGCATTTTTGCAGAATACCCATAGCGAAA 
TCCCGGTAAAGAAAAAAATTAACTGGTCGTGGATTCACGATCTAACTTTTGACTTTTCTATCTGGGAATT 
GTTTGGAGCACTGAGTTATGGTGGATGCCTAGTAGTTATTAGTGAACAGATAAAACTTGATCCGACCAAA 
ACTCGTGAGATATTGGAGAAATCTAATGTTCACTTGCTATCTGTCACGCCCTCAGAATTTCGCTACATAT 
TTGGTAGCCAGTCTCCGGCGATTTTTAAAAAATTATGTCTTAAGCAGATGGTGTTTTGCGGCGAGAAACT 
GACAGCTGAAACTCTTCGTGTATTTTTTCCCATCTTTAATGAGCTTAAGGTTCAATTGCTGAATACTTAC 
GGCCCTTCAGAAGCAACTGTTTTTTGTTCTGCCTGGAAGGTGAGTCAGGACGACTTAACCTACGATATTA 
TACCAATTGGCAAGCCATTTCCGGGTATGGTATTTTCTTTAGAGGAATGCAGGAAAGAAGGGAGTGGGAA 
TCTAGTATTACAAGGGGGGCAGGTTTTTTCCGGTTATGAAGGCCGCGACCCTATAGTTGCTGGTTACATG 
ACGGGAGATATTTGCCGCAGCGATAACGATGGTGTATGGCACTATATAGGTCGCAATGAAGGCTATTATA 
AAATAAATGGCTTCCGAGTTGATCCTCTGGAGATAGAGGAGTTTCTTCAATCTATACCGGGTGTATTTGA 
GGCTGTAGTATGGATGGAGGAATCTTCCACAGCGCCGGCACTATTAAAAGCTTGTGTTAACGTTTCGAGA 
GGAAATAATCTAAGTACTCGTGATCTTAGACGCGCTTGCATGACAATGTCTCCTTGGCTAAGGCCTGCAC 
AATATTTAATTATATCCCAAAATGAGTGGCCAATAAATTCACGTGGAAAATCTGATCGCGCAGAGATAAA 
AAGGAAGTTTTATGGAGTGTAAGCAGAAAGGTCATCAAGTTATAGTTGAAGAAATTAAATATATGTTGAA 
AGAAATGGACGTCAGGATGGATGACAATTTTACCGATTTAGGAGGGAACTCAATCATGGCTATGATAATT 
ACGGATAATTTGCAGAAAAAATATTCTATTAATATAGAGTTAGCCCAACTGCTGGGTAGTAAGATTGGTG 
AAATTGAACTGAAACCTCTGGGCAAGTAAATGAAAATATTAAGTACAGGGCATACATTATCGCGAGCCGC 
ACATCTTGACGAAGTTGATCATCCTAATCAGTTACAGCTAGAAGCGATCAAACGTGCGGGTTATAAGCAA 
TTCTGGACTGAATCTCAGAGCGTTCGGGAAATGGCTGCCTCAGCTGCACGAAATGCACTGGAACAATTCC 
ATTTATCTTCCGAAGATGTAGGGTTTATTGTCGCTGGGTTTTCGGGAGTTCCCGATTTTATTGGTATCGA 
CTTAGCCTGTCAGGTTGGAGCAGAACTAAATTGTAATCAGATTCGTACACTCAACTTAGTTGAGGGTTGT 
GCTACGGCTGTCAGTGTTTGGAAGCATGCATCTTCACTTTGTACTGAGATGCCAGAAGGTAAATTTGGGC 
TGGTAGTACTGGCGCAGCGCATGAGCGATACTCATCAGGACAGATTCGGACTTATGAATGCTGCGTTAAG 
TGATGGAGCAGTTGCTTGCGTGGTAGGAAAGGCAATCACATATGCAGATCAGCCCGGATTGCGTTATATA 
TCTACAGAAGATATTTCTGACTGCCGTTATGTAGATATGATGCGCATAGAATATGGTGGTGGACATTTAC 
CTTTCCTACCTGAAGGAAGAGATAGCAAAAAAGATAAATTAGGTCGAGAGCGAATTATGGATAATTATTG 
TTTCTCATCTCAGGATTTAATGAATTTTTTAATTTTACGCGAAAATAACAGTATCAATGTCATTCGTCGT 
GTATTGGAGAAATCTGTAAGCCTAGATACTCCTCCTTTTCTACTACATACTCTCGAAGGAAAACAGAGCA 
TAGAAAATTTATGTAACCGAATTGGTATTCCGATTGAGAGAAGTAATATTAGCTTGTTATCGGAGTTAGG 
ACATGTAGGTTGCGCCGACCCGCTGTTGTCATTTCGATTGATGATGCAGCGTGGGATAATCAGTCCTGGT 
TCAGAGATTGTCATGAGTACTATTTCTACCGGCATGAAATGGGGAGCATCCCTTTTCCGGTATGAAACCG 
CTATAAGTAAGGATAATGTAAGCTATAAACCAGAAAGGAGTAATAATTAAGTCGAC 
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A2.6. Amplification ofsoePebp (An) fragment 

Temp 
Pfwd (A): 5'-CACCGAGCTCGATICCTCCTTITGTATAAC-3' 30 bp 78/44 

soePrev (B): 5'-YlWNWMMATITAATIAGATC-3' 28 bp 72/20 

Anneal temperature: 30°C172°C 
Elongation temperature/time: 72°C/45 sec 

Amplified product AB (432 bp): 
caccGAGCTOGATTCCTCCTTTTGTATAACAAACGAAACAGGATTTTCCATTAACATTTTAATCCATTAC 
TTAACCTTAATGGTTTGACAGTATTTAAGCAATATTTTTGCAGCAAATATACTTCTGCAAAGGATTTTCT 
GGTTATTATTGACAGTTTTTTAGCTAGCAATAATCAATAAACTTGCTTCAAAGGCGCTTTTTCCGGTTTA 
AAAAGTATTTATTATTTCCGGAAAATTTCCTTTTTTGGAATTTTATAGTTATTAGATTATTTAGTGATCA 
ACTTATTTTTTAAAGAAAAATATATTAGTGAAGTTGACTCAAACGATTTTGAATGTTAAAAAATCGACAC 
ATTCAACATCCCATTAACCTACTTGAAACATCATC~TTGTG~GGTTTCGCGTTGA@CTAA~AAA~ 
ggcggcgcatga 

A2.7. Amplification of soePhzAB (CD) fragment 

Temp 
soePhzFwd (C): 5'- ACGGTCAGCGGTA-3' 28 bp 84142 
soePhzRev (D): 5'-CAGATAACCTCGCCTICAGGTGGGAATGC-3' 29 bp 80/34 

Anneal temperature: 38°C/82°C 
Elongation temperature/time: 72°CIl min 

AmG1ified ;roduct CD (1,024 bp): 
®H~g!4AcGGTCAGCGGTACAGGGAAACACCCCTCGACATCGAGCGTCTGCGGCGCCTGAA 
TCGCGCCACGGTGGAGCGCTACATGGCAATGAAGGGGGCCGAACGGTTACAGCGGCACAGCCTGTTCGTC 
GAGGACGGCTGCGCCGGCAACTGGACCACGGAAAGCGGCGAACCCCTGGTTTTCCGGGGCCATGAGAGCC 
TCAGGCGGCTCGCCGAGTGGCTCGAGCGCTGCTTCCCCGACTGGGAGTGGCACAACGTGCGGATCTTCGA 
GGCCGAGGATCCGAACCACTTCTGGGTCGAGTGCGACGGGCGCGGCAAGGCGCTGGTCCCGGGGTATCCG 
CAGGGCTATTGCGAGAACCACTACATCCATTCCTTCGAACTCGAGAACGGCCGGATAAAACGTAATCGCG 
AGTTCATGAACCCGATACAGAAACTGCGTGCATTGGGAATAGCCGTTCCGCAAATAAAACGTGACGGTAT 
TCCCACTTGAATGACATCTACCGCCAAGGAGCATTGACGATGCCTGATACGACAAATCCAATCGGTTTCA 
CCGATGCCAACGAACTTCGCGAAAAGAATCGCGCCACCGTCGAGAAGTACATGAATACCAAAGGCCAGGA 
TCGCCTGCGCCGCCATGAACTTTTCGTCGAGGACGGCTGTGGCGGTTTATGGACCACCGATACCGGCTCG 
CCCATCGTCATTCGTGGCAAAGACAAACTTGCGGAACATGCCGTCTGGTCATTGAAGTGCTTTCCCGATT 
GGGAGTGGTACAACATAAATATATTCGGAACCGACGACCCCAATCATTTCTGGGTCGAATGCGACGGTCA 
CGGCAAGATTCTTTTCCCCGGATATCCCGAAGGATATTACGAAAACCACTTCCTGCATTCCTTCGAACTT 
GAAGACGGCAAGATCAAGCGCAACCGCGAATTCATGAACGTCTTCCAGCAATTGCGCGCCTTGAGCATTC 
CGGTCCCGCAGATCAAACGCGAAGGCATTCCCACCTGAATCGAT 
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A2.8. Creation of EhpPhzAB SOE (AD) fragment 

Pfwd (A): 5'-CACCGAGCTCGATTCCTCCTTITGTATAAC-3' 

soePhzRev (D): 5'-CAGATAACCTCGCCTTCAGGTGGGAATGC-3' 

Anneal temperature/time: 50°C/2 min 
Elongation temperature/time: 72°C/I min 

Temp 
30 bp 78/44 
29 bp 80/34 

SOE product AD (1,441 bp): 
caccGAGCTOGATTCCTCCTTTTGTATAACAAACGAAACAGGATTTTCCATTAACATTTTAATCCATTAC 
TTAACCTTAATGGTTTGACAGTATTTAAGCAATATTTTTGCAGCAAATATACTTCTGCAAAGGATTTTCT 
GGTTATTATTGACAGTTTTTTAGCTAGCAATAATCAATAAACTTGCTTCAAAGGCGCTTTTTCCGGTTTA 
AAAAGTATTTATTATTTCCGGAAAATTTCCTTTTTTGGAATTTTATAGTTATTAGATTATTTAGTGATCA 
ACTTATTTTTTAAAGAAAAATATATTAGTGAAGTTGACTCAAACGATTTTGAATGTTAAAAAATCGACAC 
ATTCAACATCCCATTAACCTACTTGAAACATCATC~TGTGGpGTTTCGCGTTGAfuCTAA~AAA~ 
MIiIii"&ft#ACGGTCAGCGGTACAGGGAAACACCCCTCGACATCGAGCGTCTGCGGCGCCTGAATCG 
CGCCACGGTGGAGCGCTACATGGCAATGAAGGGGGCCGAACGGTTACAGCGGCACAGCCTGTTCGTCGAG 
GACGGCTGCGCCGGCAACTGGACCACGGAAAGCGGCGAACCCCTGGTTTTCCGGGGCCATGAGAGCCTCA 
GGCGGCTCGCCGAGTGGCTCGAGCGCTGCTTCCCCGACTGGGAGTGGCACAACGTGCGGATCTTCGAGGC 
CGAGGATCCGAACCACTTCTGGGTCGAGTGCGACGGGCGCGGCAAGGCGCTGGTCCCGGGGTATCCGCAG 
GGCTATTGCGAGAACCACTACATCCATTCCTTCGAACTCGAGAACGGCCGGATAAAACGTAATCGCGAGT 
TCATGAACCCGATACAGAAACTGCGTGCATTGGGAATAGCCGTTCCGCAAATAAAACGTGACGGTATTCC 
CACTTGAATGACATCTACCGCCAAGGAGCATTGACGATGCCTGATACGACAAATCCAATCGGTTTCACCG 
ATGCCAACGAACTTCGCGAAAAGAATCGCGCCACCGTCGAGAAGTACATGAATACCAAAGGCCAGGATCG 
CCTGCGCCGCCATGAACTTTTCGTCGAGGACGGCTGTGGCGGTTTATGGACCACCGATACCGGCTCGCCC 
ATCGTCATTCGTGGCAAAGACAAACTTGCGGAACATGCCGTCTGGTCATTGAAGTGCTTTCCCGATTGGG 
AGTGGTACAACATAAATATATTCGGAACCGACGACCCCAATCATTTCTGGGTCGAATGCGACGGTCACGG 
CAAGATTCTTTTCCCCGGATATCCCGAAGGATATTACGAAAACCACTTCCTGCATTCCTTCGAACTTGAA 
GACGGCAAGATCAAGCGCAACCGCGAATTCATGAACGTCTTCCAGCAATTGCGCGCCTTGAGCATTCCGG 
TCCCGCAGATCAAACGCGAAGGCATTCCCACCTGAATCGAT 

A2.9. Amplification of claBCDE fragment 

Temp 
c1aBCDEfwd: 5'-CACCATCGATGAGGTTATCTGATGTACAGAACCT-3' 34 bp 88/44 

BCDErev: 5'-TCTAGATCAAGGCTGTAATCTTTCAT-3' 26 bp 60/44 

Anneal temperature: 35°CI74°C 
Elongation temperature/time: 68°C/3 min 

Amplified product (4,081 bp): 
caccATCGATGAGGTTATCTGATGTACAGAACCTTAAAGTCTGAGTCCTATAGTTTATCTAATATCATTA 
TACCTGATGAACAGCCTTTGGCGTGGAATATAGAACCACAACGTAGTGCGCTATTAGTTCACGATATGCA 
ACGTTATTTTGTTGATGCGCTTCCATGTGAACCTGTCGACACTGTTATTCATTCAATTTCACTGATACTA 
AAGTGGGCAAGAATAAATGAGATACCGGTATTTTATAGTGCGCAGCCAGGTGGAATGACTCCGGAACAGC 
GCGGCTTGCTGAATGATTTATGGGGCCCAGGAATGAGGACGACTGAGGATGAGCGGAAGATTATCACTGA 
GCTTACACCTTCTCCGGGTGATACAGTTTTGACTAAATGGCGCTACAGTGCTTTTTATCGGTCTCCATTA 
GCCGAAATGCTAAAGAACGATCAGCGTGACTCCTTAATTATTACAGGCATTTATGCGTCAGTAGGTATAT 
CTGCGACCGCTATTGACGCTTTTACGCAAGATATTAAACCCTTTGTCACAGCCGATGGAATTGCTGATTT 
CTCACTAGCCGGACATCAGCAGGCAATCAATTACCTTGCTGATAATTGCGCCAAAATAATCTCAACTGAT 
GGGGTGGTAAACAATGTCTGATTCCCTGACACACATTCTGTCACAGCCCCATAAACCTTATGCTTTACTG --TATCGGCCCGCAGTCTCGATGGATAGTGTTGAAATTTTGCACCTTACTTGCGGAAAAACACACTCCCTGG 
ATAAAGCTCTTAGCGCAGATAGCCATCACGGTAAGCTTTTAGTTGTTCCATTTTGCCAGGTAGCCAAACG 
TGGCTATCACGCTATCAATGATGAAACACCGATTCTGACGATGCCAATCACTGCGCGTCAAAGCTTGCCA 
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TTATCAGAAGTAATTAGCAGGCTACCGGATTTGCCTATTTCGGTCACGAACACTAACTTTAACCTTGACG 
ATATACAGTTTGGGCAACGTATCAGTCAGTTAATCGAACATGAAATTGGGCAGGGAGCAGGTTCGAATTT 
CGTGCTTCATCGTAAGCTACGTACCTCGCTTGTAGATTATCATCCTGAACAACTTCTTAGCCTTTTTCGA 
CGCCTTTTGCAGACTGAATCCTCCGCATATTGGTGTTTTTTAATTAACACTGGTGATGAGGCTTTTATTG 
GTGTATCTCCAGAGTTACATGCATCACTAGATAATGGTGAGATGTGCATGAACCCAATCAGCGGAACTTT 
ACGTTATCCAGAACAGGGCGAAACAATCGAAGCTCTGCTTGAATTCCTCACCAATCAGAAAGAAACCAAT 
GAGCTTTACATGGTGGTGGATGAGGAACTAAAAGTAATGTCCAGGCTGTGTGAACGTGGAGCGCAGGTGA 
GCGACTTGCGACTCAAACAACTAAGTCAGGTTATTCACACTGAATATGTCTTAAAAGGAAAAACGAAAGC 
CAGTATTTCGGATATATTGACTGAAACGTTACCAGCACCAACGATCATTGGTAGTCCAGTGCAAAATGCC 
TGCCAGGTCATTGCCCGTTACGAGCCAGAAGGGCGCAGATATTATAGCGGCGTAGTAGCTCTGGTTGACG 
GTACACATGATAATCCCCGTCTGGACTCAGCTATTTGTATTCGTACGGCTGAAGTGACTGCTGATGGAAA 
AGTAGAGATTGGCGTTGGGGCAACTATAGTTCGTGACTCTGTGCCTTTGGATGAAGCGGAAGAAACGCGC 
AGTAAAGCGCAATCACTTTATGCTGCATTGACGCAAGATAGTTTGCCGGCCAAAAAGAAAGTGACACCTG 
CCAGCCTTAAAAAATTAAAGCTTGGTGATAATCCTAAGGTTCGCCCTTTGCTGAACGAACGTAATAACAG 
GATTTCGAAATTCTGGTTAAGTGATCCTGAAAAGCGTCACAATCGTATATATTCTTTCGCTGACAAGAAA 
ATATTAATACTGGACGGTAATGATGCTTTTACTGCCATGTTTAAAACACTTTTCTCTTCACTGGGCGCAC 
TTGCTCATGTGGAAAAAGTCTGTAGCGGCATTGACCTCCAGGGTTGGGATTTAGTAGTAGCTGGGCCGGG 
CCCGGGGAATCCACTTGATGTTAATGATTTCAGAGTTAATGCAATGCGCGAAGCCATTATAAAAATGAGA 
GCGACTGGCCAGCCTTTCTTTGCTGTATGCCTGAGCCACCAATTGCTTTGTCTGCAGCTCGGCTTACCAG 
TCGCCCGCCTCTCTCCACCCAACCAGGGAGTACAAAAAGAAATCCTCCTGGATAGGAACCTTGAAACAGC 
AGGTTTTTATAACACTTTCTGTGCCAGTATTAATGCTGTAACGCACTCTCAAATGCGGCAAAGAGGTATA 
GAGGTTTACAGCGATCCAGATAATGGAAACGTTCATGCGCTTCGGGCTCACTCATTTTCATCAGTTCAGT 
TTCATCTCGAATCGGTACTCACTTTAAATGGTCAAGCGCTGCTCGAAAGATTTGTCGCTCCTCTTTTCCA 
AAAAAATTATTCAGGAATGGCTTCTTAATGGhAGGATATCAGGTTGATTACACGGTATTAAATGCCTTCA 
CACATTCTCCTCTTGAAGGAAATCCGGTTGCCGTTTTTCATGATACAGAAAAACTCTCTGAAGCTGTCAT 
GCAGGCGATTGCACGTCAGCTGCAGCTTTCAGAAAGTACTTTTATCAGTGAAAAGACTGTTGATGGTCAG 
GCTCGAGTGCGAATTTTCACGCCCGTCAATGAATTGCCTTTTGCTGGTCATCCACTAATGGGAACCGCCA 
GTGCATATTCACGGCGCCATGGTCTGGATCAATTTGTATTTCATACAGCTCTTGGCGCCGTCAGCATTTC 
GGTTGAACACCACACCGAAACACTCAGTACGGTGAAAATCGAAGTGCCTCTAGCAAGAACTGTCCCTTTT 
AAGGAAGAGAAGCGTCTGCTTAAGGCGCTGGGGCTGGAACAAAGTGTGCTTCCTGTGGAAATGTACGATG 
CAGGAGCCAGGCATGTACTGGTTTCCGTCGACAGTATTGAAACCTTACGTGAGCTAAGGCCAGACCATCA 
GGTCCTCGCTGAATTTGAAAATCTTGCAGTTAACTGTTTCGCCTGGTGTGGATTTCAGGCGGAAAACCGG 
ATGTTCTCACCAGCTTATGGGGTAAAAGAAGATGCTGGTACCGGTTCAGTTGTCGGGCCAATTGCACTTC 
ACCTGATGAAACACGGACAGTTAAAAGCTAACGAAAAAATCATGATTGAGCAGGGGATTTTGCTCAATCG 
CCGCTGCGTGATGTATGGCGAAATCAAACAGGAAAATGAAATTGCTTCTCATATTGAACTCTCCGGGCAG 
GTTACCTTGTTTTCTGATTGCAGGGCCTTGCTGAGTAATAGCGGAAAATGATTCGCTTAATTTGAATGTG 
CTGTTTTAGGTATGAAAAGTGAAAAGACTCGAATCGCTAACCGGAATAACGGATCTTCCGTTTCCGCAAT 
ATGACGCGCCGCCTGTGGTGCCTTATGAAATTTTACATAACTGGATGCAACTGGCGCATCATGAAAATGT 
ACGTGAACCTGATGCATGGACCCTCGCGACCAGAAGTGACGCTGGTATGATTTCAATGCGCACCATATTT 
CCAGTTCGAATGAATGGAGAAGATCTATGGTGCGCTACTCATCTTGGCAGTCGAAAGAGTCTCGATATGT 
GTGCCAACAAAGCGGTCTCCTGCCATATTTACTGGCGTGAGCTGGGGCGACAGGTGAGCTTAACTGGTAA 
TGCAAAACTGCTGTCAGATGATATCGCCGATCAAATCTGGCACAGCCGTGCTTCTGCATATGATCCTGTC 
TCAGTAGCATCTCATCAAAGTGAGCCATTAAACGATCTTACTACTTTGCAAGCGAAGATAGCTGGAATAG 
GTTGCGGAAAGCTGGAACGTCCTGAGCGTTTTGTAGTATGGGGGCTGGCTTTTGACACCTATGAGTTCTG 
GTCAGCATCGTCCTCTCGAATCCATAAACGTCTGTTATATACACGTAATGAACTGGGGTGGAAGCATGAA 
AGATTACAGCCTTGATCTAGA 
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Appendix A3: The complete nucleotide sequence of the Ehl087 ginA gene 

The presumed translation initiation codons are in bold, ribosome binding site is 
underlined, and the mini-Tn5kmlacZ2 insertion point in Eh7.1 is highlighted in black. 

LOCUS: AY144623 1659 bp DNA linear BCT 09-0CT-2002 
DEFINITION: Pantoea agglomerans glutamine synthetase (gInA) gene, 

cds. 
SOURCE: Pantoea agglomerans (Erwinia herbicola) 

ORGANISM Pan toea agglomerans 
Bacteria; Proteobacteria; Gammaproteobacteria; 
Enterobacteriales; Enterobacteriaceae; Pantoea. 

REFERENCE: bases 1 to 1659 
AUTHORS: Galbraith,M.D. 
TITLE: Direct Submission 
JOURNAL: Submitted (27-AUG-2002) Plant and Microbial Sciences, 

University of Canterbury, Christchurch 8004, New Zealand 
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1 GCGCTGAAGA TTTCCTGCGC TCTTCCGGCA TCGCTGATAC CGTACTGTTT GGACCAGAAC 
61 CAGAATTCGC TTTATCTAAA TCAAGCGTAA ACGCCAGACA GATGTCGGTT GAAGAGCGTG 

121 CCGGAAGAGG TTGGTCAGGG AGTTGTTTTC CCGCAACGTA TTCCGGAAAC GACGTTTCCT 
181 CGCCATGTAG ATAATGAAAG ACCATiiCCA GGAGAGTTGA GTATGTCCGC TGAACACGTT 
241 CTCTCGATGATGAACGAGCA TGAAGTTAAG TTTGTTGACC TGCGTTTTAC CGATACCAAA 
301 GGTAAAGAAC AGCACGTTAC GATCCCTGCT CACCAGGTTA ACGCTGACTT CTTCGAAGAA 
361 GGCAAAATGT TCGATGGTTC GTCTATTGGC GGCTGGAAAG GCATTAACGA ATCAGACATG 
421 GTGCTGATGC CTGACGCCAC CACGGCGGTC ATGGATCCTT TCTTCGAAGA TTCTACGCTG 
481 ATCATCCGTT GTGACATCCT CGAGCCAGGC ACCATGCAGG GCTACGACCG CGATCCACGC 
541 TCTATCGCTA AGCGCGCTGA AGATTTCCTG CGCTCTTCCG GCATCGCTGA TACCGTACTG 
601 TTTGGACCAG AACCAGAATT CTTCCTGTTC GATGACATCC GTTTCGGCTC ATCGACGTCC 
661 GGTTCACACG TTGCTATCGA CGATATCGAA GCGGCATGGA ACACCGGTAA AGAGTACGAA 
721 GGCGGTAACA AAGGTCACCG TCCAGGTCTG AAAGGCGGCT ACTTCCCGGT TCCACCGGTT 
781 GACTCATCAC AGGACATCCG TTCTGCCATG TGTCTGACCA TGGAGCAGAT GGGCCTGGTT 
841 GTTGAAGCGC ATCACCACGA AGTGGCGACC GCGGGTCAGA ACGAAGTGGC AACCCGCTTC 
901 AATACCATGA CCAAAAAAGC GGACGAAATT CAGATTTACA AATATGTGGT TCACAACGTT 
961 GCGCATGCTT ACGGCAAAAC CGCGACCTTT ATGCCGAAGC CTATGTTTGG CGACAACGGT 

1021 TCAGGCATGC ACTGCCATAT GTCACTCTCC AAAGGTGGCC AGAACCTGTT TGCCGGCGAT 
1081 AAGTACGGCG GCCTGTCTGA AATGGCGCTG TTCTACATCG GCGGTATCAT CAAGCACGCT 
1141 AAAGCGATCA ACGCCCTGGC GAACCCGACC ACCAACTCTT ACAAGCGTCT GGTCCCGGGT 
1201 TACGAAGCAC CGGTTATGCT GGCTTACTCT GCCCGTAACC GTTCAGCCTC AATCCGTATT 
1261 CCGGTTGTTG CCAGCCCGAA AGCGCGTCGT ATCGAAGCGC GCTTCCCGGA TCCAGCGGCT 
1321 AACCCATACC TGGCGTTCAC CGCACTGCTG ATGGCTGGCC TGGATGGCAT CATCAACAAA 
1381 ATCCATCCTG GCGATGCGAT GGACAAAAAC CTGTATGACC TGCCACCGGA AGAAGAAGCT 
1441 GAGATTCCAA AAGTTGCAGG CTCTCTGGAA GAAGCGCTGA ATGCACTGAA CGAAGACCGC 
1501 GAGTTCCTGA CCCGCGGCGG AGTATTCACT GACGAATCGA TCGATGCTTA CATCGAACTG 
1561 CGTAAAGCAG AGATGGATCG CGTTCGCATG ACGCCACACC CGGTTGAGTT CGAGCTCTAC 
1621 TACAGCGTTT AACTGGTCAG ACGTTTTTTG TTGCCGTGG 

Translation (469 amino acids): 
MSAEHVLSMMNEHEVKFVDLRFTDTKGKEQHVTIPAHQVNADFFEEGKMFDGSSIGGWKGINESDMVLMP 
DATTAVMDPFFEDSTLIIRCDILEPGTMQGYDRDPRSIAKRAEDFLRSSGIADTVLFGPEPEFFLFDDIR 
FGSSTSGSHVAIDDIEAAWNTGKEYEGGNKGHRPGLKGGYFPVPPVDSSQDIRSAMCLTMEQMGLVVEAH 
HHEVATAGQNEVATRFNTMTKKADEIQIYKYVVHNVAHAYGKTATFMPKPMFGDNGSGMHCHMSLSKGGQ 
NLFAGDKYGGLSEMALFYIGGIIKHAKAINALANPTTNSYKRLVPGYEAPVMLAYSARNRSASIRIPVVA 
SPKARRIEARFPDPAANPYLAFTALLMAGLDGIINKIHPGDAMDKNLYDLPPEEEAEIPKVAGSLEEALN 
ALNEDREFLTRGGVFTDESIDAYIELRKAEMDRVRMTPHPVEFELYYSV 
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Appendix A4: DNA and protein database search results 

A4.1. EhpA homology search and fold recognition results 

A4.1.1. BLASTP EhpA search against non-redundant protein database 
Score E 

Sequences producing ficant alignments: (bits) Value 

gb1AAN40890.11 EhpA [Pantoea agglomerans] 
refl 50591.11 probable phenazine biosynthesis protein 
gb1AAC46304.11 PhzY [Pseudomonas chlororaphis] 
refl 52900.11 probable phenazine biosynthesis protein 
gb1AAT50095.11 PA4211 [ constructJ 
gb1AAC18901.11 shows strong homology to PhzA gene product 
refl 0139558.11 COG0635: Coproporphyrinogen III oxidase 
refl 52899.11 probable phenazine biosynthesis protein 
gb1AAT50082.11 PA4210 [ constructJ 
gb1AAF17496.11 PhzB [Pseudomonas chlororaphis] 
gb1AAC64489.11 PhzA [Pseudomonas aeruginosaJ 
refl 0137692.11 hypothetical protein Paer03001832 
refl 139557.1! protein Paer03003641 
gb!AACI8900.1! shows strong homology to phzB gene product 
refl 50590.11 probable phenazine biosynthesis protein 
gb AAD45624.1 phenazine biosynthesis protein PhzA 
gb AAF17495.1 PhzA [Pseudomonas chlororaphis] 
gb AAT50052.1 PA1899 [ constructJ 
refl 0215404.11 hypothetical protein Bcepa03003001 
refl 50794.11 putative phenazine antibiotic biosynth 
gb1AAC46303.11 PhzX [Pseudomonas chlororaphis] 
refl 0276577.11 COG3631: Ketosteroid isomerase-related 
ref!NP_071116.1! hypothetical protein AF2291 [Archaeoglobus 

301 
198 
197 
194 
194 
194 
192 
179 
179 
177 
177 
176 
175 
175 
174 
172 
172 
172 
169 
166 
165 

42 
34 

A4.1.2. RPS-BLAST EhpA search against CDD 
PSSMs producing significant alignments 
gnl!CDDIS042 PHZA]HZB, Phenazine biosynthesis protein AlB 

Score(bits) 
199 

A4.1.3. PSI-BLAST results for EhpA 

3e-81 
3e-50 
5e-50 
4e-49 
4e-49 
6e-49 
3e-48 
2e-44 
2e-44 
6e-44 
ge-44 
le-43 
4e-43 
4e-43 
6e-43 
2e-42 
2e-42 
3e-42 
2e-41 
2e-40 
3e-40 
0.004 
1.3 

E value 
2e-S2 

The first round of PSI-BLAST is a standard BLASTP search. Only new hits for 
subsequent iterations are shown. Searching was stopped after 5 iterations as large 
numbers of hypothetical and unknown proteins were found. 

Sequences producing significant alignments: 
Iteration 2 new hits 
ref 52022.11 hypothetical protein PA3331 
ref 88568.11 yesE Ius subtilis subsp. subtilis 
pdb IS5AID Chain D, Crystal Structure Of Hypothetical 
ref 69145.11 blr2505 [Bradyrhizobium japonicum USDA 
ref 91541.11 YesE Ius licheniformis DSM 13J 
Iteration 3 new hits 
ref! 1801.11 hypothetical protein SC07769 
refl 0947.1! hypothetical protein CC2144 
refIZP_00301920.11 COG3631: Ketosteroid isomerase-related 
refINP_I04846.1! hypothetical protein ml13824 

Score E 
(bits) Value 

59 3e-08 
57 2e-07 
52 5e-06 
43 0.003 
42 0.005 

78 6e-14 
66 2e-l0 
50 2e-05 
48 6e-05 
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Iteration 4 new hits 
pdbllTUHIA Chain A, Structure Of Bal32a From A Soil-
ref 1 0631.11 hypothetical protein BC0846 [Bacillus 
gb1AAK28597.11 hypothetical protein [uncultured bacterium] 
refl 05974.11 hypothetical protein mlr5282 
refINP_825174.11 hypothetical protein SAV3997 
gb1AAL17925.11 hypothetical protein [Mycobacterium 
refl 173.11 hypothetical protein glr0227 
refl 5807.11 conserved hypothetical protein protein 
refl 5080.11 hypothetical protein BT972 737 
refl 13731.11 hypothetical protein Bcepa02005094 
refl 26942.11 hypothetical protein gll3996 
refl 54772.11 hypothetical protein BA_1412 [Bacillus 
refl 89046.11 unknown [Nostoc sp. PCC 7120] 
reflzP_00338147.11 COG1224: DNA helicase TIP49, TBP-
refINP_977240.11 hypothetical protein BCE0918 llus 
refl .11 Hypothetical protein BTZK0724 [Bacillus 
refINP_535353.11 hypothetical protein Atu4875 [Agrobacter 
refl 0091405.11 COG3631: Ketosteroid isomerase-related 
reflzP_00106679.11 COG0272: NAD-dependent DNA ligase 
reflzP_00279816.11 hypothetical protein Bcep02005125 
refl 1878.11 CONSERVED HYPOTHETICAL PROTEIN [Ralstonia 
dbj IBAD27469.11 putative ketosteroid isomerase 
refl 53275.11 AGR_C_416p [Agrobacterium tumefaciens 
Iteration 5 new hits [hypothetical/unknown removed] 
dbj IBAD27469.11 putative ketosteroid isomerase 
AAS78785.11 putative taurine dehydrogenase small 
refl 51063.11 putative hydrolase [Erwinia carotovora 
gb1AAS78793.11 putative taurine dehydrogenase small 
reflzP_00166559.11 COG3631: Ketosteroid isomerase
gb1AAS78802.11 putative taurine dehydrogenase small 
emb1CAG26862.11 taurine dehydrogenase small subunit 
reflzP_00196541.11 COG1200: RecG-like helicase 
gb1AAT49703.11 PA1817 construct] 
ref 74073.11 blr7433 zobium japonicum 
ref ZP_00091405.11 COG3631: Ketosteroid isomerase-
ref ZP_00166018.11 COG3631: Ketosteroid isomerase
pdb 1BUQIB Chain B, Solution Structure Of Delta-5-3 
ref ZP_00281922.11 COG3631: Ketosteroid isomerase
gb1AAQ89663.11 At1g71480 [Arabidopsis thaliana] 
pdbl10CVID Chain D, The F116w Mutant Structure Of 
splp00947IsDIS_COMTE Steroid delta-isomerase (Delta-5-
reflzP_00161360.11 COG3631: Ketosteroid isomerase
pdbl1QJG D Chain D, Crystal Structure Of Delta5-3 
pdbl1QJG F Chain F, Crystal Structure Of Delta5-3 
pdbl8CHO Crystal Structure Of Delta5-3-Ketosteroid 
pdbl1ISK B Chain B, 3-0xo-Delta5-Steroid Isomerase, 
pdbl1QJG E Chain E, Crystal Structure Of Delta5 3 
refIZP_00139474.1 COG3631: Ketosteroid isomerase
reflzP_00170510.1 COG3631: Ketosteroid isomerase
reflzP_00163403.1 COG5485: Predicted ester 
pdbl1SJWlA Chain A, Structure Of Polyketide 
gb1AAA99000.11 methylaklanonic acid cyclase 
reflzP_00220336.11 COG4308: Limonene-1,2-epoxide 
reflzP_00266347.11 COG3631: Ketosteroid isomerase
pdbl10GZIA Chain A, Crystal Structure Of 5-3-Ketosteroid 
gb1AA006915.11 GdmX [Streptomyces hygroscopicus] 
refINP_887776.11 putative [Bordetella 
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52 5e-06 
52 5e-06 
52 6e-06 
52 6e-06 
51 6e-06 
50 ie-OS 
49 3e-05 
48 6e-05 
48 7e-05 
47 1e-04 
46 4e-04 
45 5e-04 
45 6e-04 
45 7e-04 
43 0.002 
43 0.002 
43 0.002 
43 0.003 
43 0.003 
43 0.003 
42 0.004 
42 0.005 
42 0.005 

84 ge-16 
71 8e-12 
71 1e-11 
70 2e-11 
69 2e-11 
69 2e-11 
69 4e-11 
65 6e-l0 
64 1e-09 
61 8e-09 
61 1e-08 
59 4e-08 
57 ge-08 
57 1e-07 
56 3e-07 
56 3e-07 
55 5e-07 
55 6e-07 
55 6e-07 
54 7e-07 
54 ge-07 
54 1e-06 
54 1e-06 
54 1e-06 
53 2e-06 
53 2e-06 
53 3e-06 
53 3e-06 
52 3e-06 
52 4e-06 
52 5e-06 
52 5e-06 
52 5e-06 
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ref! 0125588.11 COG3631: Ketosteroid isomerase-
gb!AAA83420.1! RdmA [Streptomyces purpurascens] 
gb!AAP42871.11 Nan I [Streptomyces nanchangensis] 
ref!NP_279450.11 Vng0367h [Halobacterium sp. NRC-1] 
ref! 0227684.11 COG5485: Predicted ester cyclase 
reflzP_00213338.11 COG3631: Ketosteroid isomerase-
gb!AAF70112.11 AknH [Streptomyces galilaeus] 12827 
ref NP_485585.11 steroid delta-5-3-ketosteroid isomerase 
ref ZP_00175505.11 COG0477: Permeases of the or 
ref 70628.1 bl13988 [Bradyrhizobium japonicum 
ref 67352.1 blr0712 [Bradyrhizobium j 
ref NP 883336.1 cyclase [Bordetella 
ref ZP_00274587.11 COG5485: Predicted ester 
gb!AAM97361.11 RubK [Streptomyces collinus] 
emb1CAB07540.11 4,5delta ketosteroid isomerase 
gb1AAF94277.11 transcriptional regulator, 

IAAT41853.11 At5g01740 [Arabidopsis thalianal 
reflzP_00331727.11 COG3631: Ketosteroid isomerase-
CAA77012.1! limonene-1,2 hydrolase 
ref NP_774074.11 blr7434 [Bradyrhizobium japonicum 
ref ZP_00216228.11 COG5485: Predicted ester 
ref 0305342.11 COG5485: Predicted ester 
gb!AAF01813.11 nogalonic acid methyl ester 
refINP_925836.11 ketosteroid isomerase 
refIZP_00306980.11 COG3631: Ketosteroid isomerase
reflNP_691209.11 steroid delta-isomerase 
dbjlBAD38416.11 nuclear transport factor 2 (NTF2) 
reflzP_00216229.11 COG5485: Predicted ester cyclase 
ref! 03590.11 probable RNA polymerase sigma 
reflzP_00137649.11 COG4319: Ketosteroid isomerase 
pdb!lNU3lB Chain B, Limonene-1,2-Epoxide 
ref!ZP_00284733.11 COG5485: Predicted ester 
refl 08285.11 putative cytoplasmic protein of 
gb!AAD30467.11 cvm2 [Streptomyces clavuligerus] 
dbj1BAD38417.11 nuclear transport factor 2 (NTF2) 
gbIAAA91365.1! delta-5-3-ketosteroid isomerase-like 
ref 0282904.11 COG5485: Predicted ester cyclase 
ref ZP_00243190.1! COG3631: Ketosteroid isomerase-
ref 37960.11 RNA sigma factor, 
ref NP_857006.11 PROBABLE ALTERNATIVE RNA POLYMERASE 
ref NP_217845.11 sigJ [Mycobacterium tuberculosis H3 

51 
51 
51 
50 
50 
50 
50 
50 
50 
49 
49 
49 
49 
48 
48 
47 
46 
46 
46 
46 
46 
46 
46 
46 
46 
46 
45 
44 
44 
44 
44 
44 
44 
43 
42 
42 
42 
42 
42 
42 
42 
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7e-06 
7e-06 
le-05 
1e-05 
2e-05 
2e-05 
2e-05 
2e-05 
2e-05 
2e-05 
2e-05 
3e-05 
4e-05 
5e-05 
5e-05 
ge-05 
2e-04 
2e-04 
2e-04 
3e-04 
3e-04 
3e-04 
3e-04 
3e-04 
4e-04 
4e-04 
7e-04 
8e-04 
8e-04 
0.001 
0.001 
0.001 
0.002 
0.003 
0.003 
0.003 
0.003 
0.004 
0.004 
0.005 
0.005 
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A4.1.4. 3D-PSSM results for EhpA 
Fold Template PSSM SuperFamily Protein ID 
Librar~ Length E value 
c1s5aa 135 8.77e- Chain: A: PDB PDBTitle: crystal structure of Is5a 
19%i.d. 14 Molecule:hypothetical hypothetical protein apc1l16 

protein yese;. from2 bacillus subtilis . 
clsjwa 142 0.0123 Chain: A: PDB PDBTitle: structure of polyketide Isjw 
15%i.d. Molecule:nogalonic cyclase snoal . 

acid methyl ester 
cyclase;. 

c1nu3a 141 0.0155 Chain: A: PDB PDBTitle: limonene-l,2-epoxide Inu3 
15%i.d. Molecule:limonene-l,2- hydrolase in complex with 

epoxide hydrolase;. valpromide. 
dlqjga 125 0.713 NTF2-like Delta-5-3-ketosteroid isomerase, lqjg 
18%i.d. steroid delta-isomerase, KSI 

A4.1.5.mGenThreader results for EhpA 

Conf. 
Net 

E-value PairE SolvE Aln Score 
Aln Alignment SCOP 

Score Len Len Len Codes 
CERT 0.868 0.0002 -172.2 -1.0 288.0 130 131 158 1tuhAO 

CERT 0.847 0.0003 -131.0 -1.8 311.0 137 142 158 1sjwAO 
CERT 0.835 0.0004 -115.8 0.3 334.0 139 139 158 Is5aAO 
HIGH 0.748 0.003 -109.9 -0.0 214.0 132 141 158 IhkxAO 
HIGH 0.715 0.005 -58.9 -1.9 253.0 131 145 158 InwwAO 
GUESS 0.340 10 -64.4 -1.5 73.0 110 123 158 lopyOO d.17.4.3 

a.138.1.3 
GUESS 0.325 10 -90.9 -2.7 69.0 136 568 158 1qjdAO c.3.1.4 

d.l 68. 1.1 
GUESS 0.291 10 21.8 -4.0 65.0 156 338 158 lxelOO c.2.1.2 
GUESS 0.311 10 -54.9 -4.6 62.0 137 182 158 Ijn5BO d.17.4.2 

c.31.1.3 
GUESS 0.310 10 -71.9 -0.8 61.0 132 537 158 IpvdAO c.36.1.1 

A4.1.6. Multiple sequence alignment of EhpA, PhzAX, and PhzBY with 
structural relatives (next page) 

The sequences of the EhpA, PhzAX, and PhzBY proteins were added to aVAST (Wang 
et al. 2002) alignment of 1QJG, INU3, and 1SJW, using the BLOCKS algorithm of 
Cn3D (Hogue 1997). Aligned residues are coloured from red to blue according to 
conservation at each position. 
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10 20 30 40 50 60 

I I I I I I 
lQJG_A 1 1 
lNU3_B 1 58 
lSJW_A 1 38 
EhpA 1 51 
PhzA_2-79 55 
PhzB_ 2-79 1 55 
PhzX 30-84 1 5S 
PhzY 30-84 1 56 
PhzA_PAOl 1 55 
PhzB PAOI 1 55 
PhzA_PA14 55 
PhzB PA14 1 55 
PhzA_ PCL1391 1 55 
PhzB_PCL1391 

70 80 90 100 110 120 

I I I I I I 
lQJG_A 42 --se 88 
lNU3_B 59 106 
lSJW_A 39 87 
EhpA 52 102 
PhzA_2-79 56 106 
PhzB 2-79 56 112 
PhzX 30-84 56 112 
PhzY 30-84 57 113 
PhzA_PAOl 56 112 
PhzB_ PAOl 56 112 
PhzA_PA14 56 112 
PhzB_PA14 56 112 
PhzA_ PCL1391 56 gep 'F 106 
PhzB PCL1391 56 ap i I GKA AER 11 

130 140 150 160 170 180 

I I I I I I 
lQJG_A 89 125 
lNU3 B 107 149 -
lSJW_ A 88 - IH 
EhpA 103 157 
PhzA_2-79 1Q7 161 
PhzB 2-79 113 161 
PhzX 30-84 lU 16l 
PhzY_30-84 114 162 
PhzA_ PA01 113 161 
PhzB_PAOl 113 . 161 
PhzA_PA14 113 - p 161 
PhzB_ PA14 113 - I' 161 
PhzA_PCL1391 107 Iv -pg y P l6l 
PhzB_PCL139l 113 P 1 1 

1QJG_ A 
lNU3 _ B 
lSJW_A 
EhpA 158 S 158 
PhzA_2-79 162 163 
PhzB 2-79 162 1 62 
PhzX_30-84 162 163 
PhzY 30-84 163 163 
PhzA_PAOl 162 162 
PhzB_PAOl 162 162 
PhzA_PA14 162 ]62 
PhzB_ PA14 162 162 
PhzA PCL1391 162 163 
PhzB_PCLI391 162 162 
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A4.2. EhpB homology search results 

A4.2.1. BLASTP EhpB search against non-redundant protein database 
Score E 

Sequences producing ficant alignments: (bits) Value 

gb AAN40891.11 EhpB [Pantoea agglomerans] 422 
AAB00329.11 phzA gene product 206 

gb AAF17498.11 PhzD [Pseudomonas chlororaphis] 203 
AAC18903.11 shows strong homology to isochorismatase 201 
AAV78029.11 isochorismatase [Salmonella enterica 197 

ref NP_455173.11 isochorismatase [Salmonella enterica 197 
ref YP_050793.11 phenazine antibiotic biosynth 195 
ref ZP_00215405.11 COG1535: Isochorismate 193 

IAAT49887.11 PA1902 [synthetic construct] 192 
ref NP_252902.11 biosynthesis PhzD 191 
ref NP_706450.11 2,3 ,3-dihydroxybenzoate 189 
ref NP_752613.11 Isochorismatase [Escherichia coli 189 
pdb 1NF81A Chain A, Structure Of Phzd Protein 187 

IAAG31129.11 MxcF [Stigmatella aurantiaca] 185 
refINP_836223.11 2,3 ,3-dihydroxybenzoate 185 
refIYP_133480.11 2,3-dihydro-2,3- 184 
dbj I BAC87907 .11 acine.tobactin s prot 182 
refIYP_093406.11 llus licheniformis DSM 13] 181 
refINP_391077.11 isochorismatase [Bacillus subtilis 181 
reflzP_00236767.11 isochorismatase [Bacillus cereus 178 
refINP_978711.11 isochorismatase [Bacillus cereus ATCC 177 
refIYP_036473.11 isochorismatase [Bacillus thuringiensis 177 
refIYP_028468.11 isochorismatase [Bacillus anthracis str. 177 
ref!YP_083721.11 isochorismatase [Bacillus cereus ZK] 176 

IBAC16759.11 2, 3-dihydro-2, 3 176 

A4.2.2. RPS-BLAST EhpB search against CDD 
PSSMs producing significant alignments: 

gnl1CDD127796 cd010l3, isochorismatase, Isochorismatase, also known as 2,3 d ... 
gnl1CDD127793 cd00431, cysteine_hydrolases, Cysteine hydrolases; This family ... 
gnl1CDD127798 cd01015, CSHase, N-carbamoylsarcosine amidohydrolase (CSHase) 
gnl1CDD127795 cdOlOl2, YcaC_related, YcaC related amidohydrolases; E.coli Yc .. . 
gn11CDD127797 cd01014, nicotinamidase_related, Nicotinamidase_ related amido .. . 
gnl1CDD127794 cdOl 0l1, nicotinamidase, Nicotinamidase/pyrazinamidase (PZase) .. . 
gnllCDD124482 pfam00857, Isochorismatase, Isochorismatase family. This famil... 
gnllCDDI11249 C0G1535, EntB, Isochorismate hydrolase [Secondary metabolites .. . 
gnl!CDDllI051 C0G1335, PncA, Amidases related to nicotinamidase [Secondary m .. . 

A4.3. EhpC homology search results 

Score 
(bits) 
310 
135 
81.1 
67.5 
64.9 
39.8 
184 
229 
87.6 

e-117 
4e-52 
2e-51 
1e-50 
1e-49 
le-49 
7e-49 
3e-48 
4e-48 
le-47 
5e-47 
5e-47 
1e-46 
5e-46 
7e-46 
2e-45 
4e-45 
8e-45 
le-44 
7e-44 
1e-43 
2e-43 
2e-43 
3e-43 
3e-43 

E 
value 
le-85 
3e-33 
8e-17 
le-12 
7e-12 
2e-04 
6e-48 
2e-61 
ge-19 

A4.3.1. BLASTP EhpC search against non-redundant protein database 

Sequences producing s ficant alignments: 

gb!AAN40892.11 EhpC [Pantoea agglomerans] 
spl 1519I PHZB_PSECL Anthranilate synthase, 

IAAC18904.11 the final one-third shows 
!AAF17499.11 PhzE [Pseudomonas chlororaphis] 

Score 
(bits) 

1259 
488 
487 
482 

E 
Value 

0.0 
e-136 
e-136 
e-134 
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ref I 52903.11 biosynthesis PhzE 
refl 0137703.11 COG0147: Anthranilate/para-
reflzP_00139567.11 COG0147: Anthranilate 
reflzP_00215406.11 COG0147: Anthrani 
refIYP_050792.JI phenazine antibiotic biosynth 
refINP_626374.11 putative anthranilate 
pirllT03800 anthranilate synthase - Streptomyces 
refINP_827260.:.1 putative anthranilate 
refl .11 anthranilate synthase [Nostoc sp. 
refl 0159500.21 COG0147: Anthranilate/para-
refl 58.11 anthranilate synthase 
refIYP_127037.11 Anthranilate synthase 
refl 5760.11 anthranilate synthase (glutamine 
refl 4017.11 Anthranilate synthase [Legionella 
refl 55246.11 AGR_C_4162p [Agrobacterium tumefaciens 
refIZP_00194643.21 COG0147: Anthranilate/para-
refINP_104035.11 anthranilate synthase zobium 
refIZP_00110122.11 COG0147: Anthranilate/para
refINP_539366.11 ANTHRANILATE SYNTHASE 
gb1AAK27443.11 anthranilate synthase component I 
refl 98561.11 anthranilate synthase suis 

A4.3.2. RPS-BLAST EhpC search against CDD 

240 

473 e-132 
473 e-132 
470 e-131 
426 e-118 
421 e-116 
398 e-l09 
396 e-l09 
378 e-l03 
134 le-29 
133 le-29 
127 ge-28 
127 1e-27 
127 1e-27 
126 2e-27 
125 3e-27 
124 8e-27 
123 1e-26 
122 2e-26 
122 3e-26 
120 2e-25 
119 2e-25 

PSSMs producing significant alignments: Score E 
(bits) value 

gn11CDD116723 pfam00425, Chorismate_bind, chorismate binding enzyme. 156 8e-39 
gnllCDDI24370 pfamOO1l7, GATase, Glutamine amidotransferaseclass-I 64.2 4e-ll 
gnllCDDl10022 COGOI47, TrpE, Anthranilate/para-aminobenzoate synthases compo ... 192 ge-50 
gnllCDDl10888 COGl169, MenF, Isochorismate synthase [Coenzyme metabolism... 121 2e-28 
gnllCDDII0383 COG0512, PabA, Anthranilate/para-aminobenzoate synthases compo ... 74.0 4e-14 

A4.4. EhpD homology search results 

A4.4.1. BLASTP EhpD search against non-redundant protein database 

Sequences producing significant alignments: 

gb1AAN40893.11 EhpD [Pantoea agglomerans] 
refl 52904.11 probable biosynthesis protein 
gb1AAT51041.11 PA1904 [ construct] 
refl 0137704.11 COG0384: Predicted epimerase,PhzC/PhzF 
gb AAC18905.11 putative [Pseudomonas fluorescens] 
gb AAF17500.11 PhzF [Pseudomonas chlororaphis] 
gb AAB00331.11 phzC gene >gi115865031 I 
refIZP_00215407.11 COG0384: Predicted epimerase,PhzC/PhzF 
refIYP_050790.11 putative phenazine antibiotic biosynth 
refl 95881.11 PhzF [Halobacterium sp. NRC-1] 
refINP_929528.11 hypothetical protein plu2271 
refINP_354353.11 AGR_C_2485p [Agrobacterium tumefaciens 
refl 32036.11 phenazine antibiotic biosynthesis 
refINP_350036.11 Predicted epimerase, PhzC/PhzF homolog 
refl 89847.11 hypothetical protein BLi00185 
refl 36.11 unnamed product [Candida 
refIYP_051101.11 hypothetical protein ECA3011 [Erwinia 
gb1AAQ58605.11 probable biosynthesis 
refl 731.11 unnamed product [Debaryomyces 

Score E 
(bits) Value 

568 e-161 
244 2e-63 
241 2e-62 
240 3e-62 
238 le-61 
234 2e-60 
232 7e-60 
225 ge-58 
219 8e-56 
120 5e-26 
113 5e-24 
113 6e-24 
113 6e-24 
112 1e-23 
109 7e-23 
104 3e-21 
102 1e-20 
101 2e-20 
100 5e-20 
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ref ZP_00192529.21 COG0384: Predicted ,PhzC/PhzF 
emb CAD31747.11 aes1 [Schizosaccharomyces pombe] 
ref ZP_00129005.11 COG0384: Predicted ,PhzC/PhzF 
ref ZP_00244027.11 COG0384: Predicted epimerase,PhzC/PhzF 
ref ZP_00212237.11 COG0384: Predicted ,PhzC/PhzF 
ref NP_386874.11 hypothetical protein SMc03984 

A4.4.2. RPS·BLAST EhpD search against CDD 
PSSMs producing significant alignments: 

gn11CDD125925 pfam02567, PhzC-PhzF, Phenazine biosynthesis-like protein. Phz ... 
gnliCDDl10258 COG0384, Predicted epimerase, PhzClPhzF homolog [General funct... 

A4.S. EhpE homology search results 

100 
99 
99 
99 
98 
97 

Score 
(bits) 
165 
196 

241 

7e-20 
ge-20 
1e-19 
2e-19 
2e-19 
5e-19 

E 
value 
5e-42 
3e-51 

A4.S.1. BLASTP EhpE search against non-redundant protein database 

Sequences producing significant alignments: 

gb1AAN40894.11 EhpE [Pantoea agglomerans] 
refINP_252906.11 probable pyridoxamine 5'-phosphate 
refINP_252905.11 probable pyridoxamine 5 ' -phosphate 
gb1AAT49780.11 PA1905 [synthetic construct] 
gb1AAB00332.11 phzD gene product >gi12499452 
refIZP_00139569.11 COG0259: pyridoxamine-phosphate 
gb1AAF17501.11 PhzG [Pseudomonas chlororaphis] 
gb1AAC18906.11 shows homology to bacterial pyridoxamine 
refIZP_00215408.11 COG0259: Pyridoxamine-phosphate 
refIYP_050789.11 putative phenazine antibiotic biosynth 
refIZP_00207912.11 COG0259: pyridoxamine-phosphate 
reflzP_00186135.11 COG0259: Pyridoxamine-phosphate 
refINP_929832.11 pyridoxamine 5'-phosphate oxidase 
reflzP_00218762.11 COG0259: Pyridoxamine-phosphate 
gb1EAA78486.11 hypothetical protein FG11500.1 [Gibberella 
refINP_718467.11 pyridoxamine 5'-phosphate oxidase 
refINP_522239.11 PROBABLE PYRIDOXAMINE 5' PHOSPHATE 
gb1AAF96972.11 pyridoxamine 5'-phosphate oxidase [Vibrio 
refINP_419734.11 pyridoxamine 5'-phosphate oxidase 
refIYP_133660.11 putative Pyridoxamine-phosphate oxidase 
refIYP_l07479.11 putative pyridoxamine 5'-phosphate 
refIYP_l02177.11 pyridoxamine 5 ' -phosphate oxidase 
gb1AAD53919.11 pyridoxamine 5 '-phosphate oxidase 
reflzP_00244307.11 COG0259: pyridoxamine-phosphate 
reflzP_00213980.11 COG0259: Pyridoxamine-phosphate 

A4.S.2. RPS-BLAST EhpE search against CDD 
PSSMs producing significant alignments: 

gnllCDDI25718 pfam01243, Pyridox_oxidase, Pyridoxamine 5'-phosphate oxidase 
gnIlCDDI10134 COG0259, PdxH, Pyridoxamine-phosphate oxidase 

Score 
(bits) 

437 
157 
157 
157 
157 
156 
149 
145 
142 
121 

97 
91 
91 
89 
88 
88 
87 
87 
86 
86 
86 
86 
86 
86 
85 

Score 
(bits) 
50.7 
135 

E 
Value 

e-122 
2e-37 
2e-37 
2e-37 
2e-37 
3e-37 
4e-35 
5e-34 
7e-33 
le-26 
2e-19 
1e-17 
2e-17 
5e-17 
2e-16 
2e-16 
3e-16 
3e-16 
4e-16 
6e-16 
6e-16 
6e-16 
8e-16 
8e-16 
1e-15 

E 
value 
Ie-07 
5e-33 
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A4.6. EhpM homology search results 

A4.6.1. BLASTP EhpM search against non-redundant protein database 
Score E 

Sequences producing s ficant alignments: (bits) Value 

gb1AAN40902.11 EhpM [Pantoea agglomeransJ 
gb1AAA85160.21 syringomycin biosynthesis enzyme 1 
ref I 0123734.11 COG1020: Non-ribosomal 
refl 0111185.11 
refINP_832214.11 synthetase 
refl 0262988.11 COG1020: Non-ribosomal 

IAA072425.11 syringopeptin synthetase C [Pseudomonas 
emb CAC01603.11 peptide synthetase [Anabaena sp. 90J 
ref 05400.11 COG1020: Non-ribosomal 
ref 158361.21 COG1020: Non-ribosomal peptide 
gb1AA017441.11 unknown [Pseudomonas aeruginosa] 
emb1CAEl1248.11 BmyC [Bacillus amyloliquefaciensJ 
gb1AAN07014.11 bacil D synthetase C 
gb1AAC82550.11 FxbC [Mycobacterium smegmatis] 
gb1AAF63833.11 PstD [Mycobacterium avium] 
gb1AAB96629.11 daptomycin biosynthetic subunit 
dbj BAC67535.11 synthetase B [Pseudomonas 
ref 905.11 hypothetical protein plu2670 
ref 1641.11 probable non-ribosomal 
ref 29146.11 hypothetical protein plu1878 
ref 22202.11 PROBABLE PEPTIDE SYNTHETASE PROTEIN 
ref ZP_00128383.11 COG1020: Non-ribosomal 
ref 0125933.21 COG1020: Non-ribosomal 
gbi 0470.11 probable peptide synthetase 
refl 1640.11 probable non-ribosomal 

A4.6.2. RPS-BLAST EhpM search against CDD 
PSSMs producing significant alignments: Score E 
(bits) value 

1007 0.0 
181 3e-44 
181 4e-44 
167 6e-40 
165 3e-39 
164 7e-39 
164 7e-39 
163 ge-39 
162 le-38 
161 3e-38 
160 7e-38 
159 le-37 
157 5e-37 
157 6e-37 
156 le-36 
155 2e-36 
155 3e-36 
154 4e-36 
154 4e-36 
154 5e-36 
154 5e-36 
154 5e-36 
154 7e-36 
152 3e-35 
152 3e-35 

gnllCDDI25528 pfarn00501, AMP-binding, AMP-binding enzyme 194 3e-50 
gnllCDDl10748 COG1020, EntF, Non-ribosomal peptide synthetase modules and re... 174 3e-44 
gnllCDDllOl92 COG0318, CaiC, Acyl-CoA synthetases (AMP-forming)... 157 2e-39 
gnllCDDl10239 COG0365, Acs, Acyl-coenzyme A synthetases/AMP-(fatty) acid lig... 119 8e-28 
gnllCDDl10749 COOlO2l, EntE, Peptide arylation enzymes [Secondary metabolite... 61.9 2e-1O 
gnllCDDl10750 COOl022, FAA 1 , Long-chain acyl-CoA synthetases (AMP-forming) ... 51.1 3e-07 
gnllCDDl10750 COG 1022, FAA1, Long-chain acyl-CoA synthetases (AMP-forming) ... 37.2 0.005 

A4.6.3. 3D-PSSM results for EhpM 
Template PSSM 

SuperFamily Protein ID Library Length E value 
dlamua 

509 
2.01 

Firefly luciferase-like 
Phenylalanine activating domain 

1amu 19%i.d. e-05 of gramicidin synthetase 1 
c1md9a 

528 0.16 Firefly luciferase-like lmd9 17%i.d. 
clnnma 

633 0.206 1nnm 
18%i.d. 
dllci 

523 0.328 Firefly luciferase-like Luciferase lIci 
17%i.d. 
c1ry2a 

615 0.391 
Chain: A: acetyl-coenzyme a Crystal structure of yeast acetyl-

lry2 
16%i.d. synthetase 1 coenzyme a synthetase 
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d1rpxa 
230 9.17 

Ribulose-phoshate binding D-ribulose-5-phosphate 3-
1rpx 

7%i.d. barrel epimerase 

clvhla 
Chain: A: 3-deoxy-manno-

Crystal structure of cmp-kdo 
233 9.29 octulosonate Ivhl 

21 %i.d. 
cytidy1y Itransferase;. 

synthetase 

clfqva 
325 9.67 

Chain: A: PDB Molecule: scf ubiquitin ligases: structure of 
lfqv 

11 %i.d. skp2 the skpl-skp2 complex 
clrv8a 

297 9.89 Aldolase lrv8 
13%i.d. 

clj33a 
Nicotinate mononucleotide: 

333 9.9 5,6-dimethylbenzimidazole Ij33 
13%i.d. phosphoribosyltransferase 
clfmta 

308 lO.1 
Chain: A: methionyl-tRNA Methionyl-tRNAfmet 

Ifmt 
14%i.d. fmet formyltransferase;. formyltransferase 
clcjca 

455 10.1 
Chain: A: adrenodoxin Adrenodoxin reductase of 

1cjc 
12%i.d. reductase mitochondrial p4502 systems 
dltdLI 331 lO.2 

Tryptophan synthase beta Threonine deaminase N-terminal 
1tdj 

15%i.d. subunit-like PLP-dependent domain 
d1a5C2 

166 10.5 
P-1oop containing nucleotide /),,' subunit of DNA polymerase 1a5t 

14%i.d. triphosphate hydro lases III, N-terminal 
dlbjwa 

381 10.6 PLP -dependent transferases Aspartate aminotransferase Ibjw 
15%i.d. 
clgeya 

335 10.8 
Chain: A: histidinol-phosphate Crystal structure of histidinol-

Igey 
13%i.d. aminotransferase;. phosphate aminotransferase 
cldxha 

335 lO.9 
Chain: A: ornithine Catabolic ornithine 

Idxh 
13%i.d. carbamoyltransferase;. carbamoyl transferase 
dla4ya 

460 10.9 RNI-like Ribonuclease inhibitor la4y 
lO%i.d. 
d2chC1 244 11 

Enolase C-terminal domain- Chlormuconate cyc1oisomerase 2chr 
14%i.d. like 
dlpii_2 

198 11 
Ribulose-phoshate binding N-(5'phosphoribosyl) antranilate 

Igey 
PRAI 

A4.6.4. mGenThreader results for EhpM 

Conf. 
Net 

E-value PairE 

CERT 0.952 3e-05 -849.0 1 
CERT 0.949 4e-05 -1280.6 -23.0 1486.0 473 509 493 1amuAO 
CERT 0.951 4e-05 -1059.1 -13.1 1356.0 490 640 493 1ry2AO 
CERT 0.950 4e-05 -1260.3 -17.0 1308.0 482 536 493 1md9AO e.23.1.l 
CERT 0.951 4e-05 -1124.6 -15.0 1308.0 481 533 493 1ultAO 
CERT 0.949 4e-05 -1351.3 -29.3 1240.0 464 504 493 It5dXO 

a.118.1.2 
LOW 0.548 0.171 -446.8 -15.8 192.0 326 728 493 Ih6kAO a.118.1.2 

a.118.1.2 
LOW 0.517 0.334 -515.0 -30.0 202.0 377 728 493 1mjgMO e.26.1.3 

LOW 0.515 0.348 -482.5 -28.4 198.0 359 691 493 1cb6AO 
c.94.1.2 
c.94.l.2 
a.118.1.6 

LOW 0.506 0.416 -824.6 -20.8 189.0 354 893 493 le8xAO 
b.7.1.1 
d.15.1.5 
d.l44.l 
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A4.7. EhpN homology search results 

A4.7.1. BLASTP EhpN search against non-redundant protein database 
Score E 

Sequences producing ficant alignments: (bits) Value 

gb1AAN40903.11 EhpN [Pantoea agglomerans] 150 
refIYP_047337.11 putative nonribosomal 43 
refIZP_00179480.11 COG1020: Non-ribosomal 41 
refl 44968.11 hypothetical protein MW0153 40 
ref I 70703.11 protein SAV0179 40 
refl 9645.11 non-ribosomal 40 
refl 60.11 putative polyketide [Escherichia 40 

IBAC87898.11 probable acinetobactin biosynthesis 40 
refINP_721708.11 putative gramicidin S 39 
refINP_994708.11 siderophore biosysnthesis 38 
emb1CAD60102.11 peptide synthetase [Anabaena sp. 90] 38 
refINP_670711.11 hypothetical protein y3412 [Yersinia 38 
refINP_251092.11 probable non-ribosomal synthetase 38 
refl 0140124.21 38 
gb1AAA81775.21 non-ribosomal peptide 37 
refIYP_071788.11 high molecular 37 
refINP_534178.11 non-ribosomal peptide 37 

IBAB69699.11 iturin A synthetase B [Bacillus subtilisl 37 
pirl IA69679 polyketide pksK - Bacillus subtilis 37 
refINP_389598.21 polyketide synthase of type I [Bacillus 37 
gb1AAN07013.11 bacillomycin D synthetase B llus 37 
ref 0110696.11 COG1020: Non-ribosomal 37 
ref 0294190.11 COG1020: Non-ribosomal 36 
emb CAE52339.11 Polyketide non-ribosomal synthase 36 
emb CAD70195.11 non-ribosomal peptide i type I 36 

A4.7.2. RPS-BLAST EhpN search against CDD 
PSSMs producing significant alignments: Score 

(bits) 
33.6 gnllCDDI25546 pfam00550, PP-binding, Phosphopantetheine attachment site. A 4 ... 

A4.7.3. 3D-PSSM results for EhpN 

ACP-like 
Peptidyl carrier protein (PCP), 

e-05 thioester domain 

73 0.722 ACP-like 

86 0.932 ACP-like 
Actinorhodin polyketide synthase 

19%i.d. acyl carrier protein, ACT ACP 
clhqba 

80 1.23 
Chain: A: apo-d-alanyl Tertiary structure of apo-d-alanyl 

13%i.d. carrier protein;. carrier protein. 
dlacp 

77 l.51 ACP-like Acyl carrier protein 
12%i.d. 

clklpa 
Chain: A: Solution structure of acyl carrier 

19%i.d. 
ll5 2.05 meromycolate extension protein from2 mycobacterium 

acyl carrier protein tuberculosis. 
clnq4a 

95 2.27 ACP-like 
16%i.d. 
clh67a 108 3.65 Chain: A: calponin NMR structure of the ch domain 

ge-36 
0.002 
0.007 
0.016 
0.016 
0.016 
0.021 
0.021 
0.048 
0.062 
0.062 
0.062 
0.081 
0.081 
0.11 
0.11 
0.11 
0.11 
0.18 
0.18 
0.18 
0.18 
0.24 
0.24 
0.24 

E 
value 
0.006 

10 

Idny 

lf80 

lafS 

Ihqb 

lacp 

lklp 

Inq4 

Ih67 
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19%i.d. alpha;. of calponin . 
c1or5a 

82 4.4 ACP-like lor5 25%i.d. 
dlfipa 

73 4.67 FIS-like FlS protein lfip 
12%i.d. 
c1n81a 

76 6.51 
Chain: A: fatty acid Solution structure of the type i rat 

In81 
13%i.d. synthase;. fatty acid synthase acp domain .. 
dlbvsa2 

71 10 
DNA helicase RuvA DNA helicase RuvA subunit, 

lbvs 
14%i.d. subunit, middle domain middle domain 
dlqlsa 

95 10.8 EF-hand Calcyclin (S 100) lqls 
12%i.d. 

elucpa 
Chain: A: apoptosis-

NMR structure of the pyrin 
20%i.d. 

91 12.1 associated speck-like 
domain of human asc . 

lucp 
protein. 

c1h40a 
69 12.7 1h40 

22%i.d. 
dlcuk_2 

78 12.8 
DNA helicase RuvA DNA helicase RuvA subunit, 

lcuk 
ll%i.d. subunit, middle domain middle domain 
d2cro 

65 14 
lambda repressor-like 

ero 434 2cro 
15%i.d. DNA-binding domains 
d1bax 

94 14.6 
Retroviral matrix Mason-pfizer monkey virus 

1bax 
20%i.d. proteins matrix protein 

dIffh_1 
Domain of the 

Signal sequence recognition 
87 15.4 SRP/SRP receptor G- lffh 

15%i.d. 
proteins 

protein Ffh 

clec5a_ 
48 16.1 Ferritin-like 1ec5 

A4.7.4. mGenThreader results for EhpN 

Conf. 
Net 

E-value PairE SolvE Aln Score 
Ain Str Seq Alignment SCOP 

Score Len Len Len Codes 
GUESS 0.347 10 -46.5 -4.1 81.0 63 76 75 1dnyAO a.28.1.2 
GUESS 0.272 10 -7.3 -8.7 67.0 63 140 75 li1gAO a.4.5.32 

d.58.4.2 
GUESS 0.267 10 18.7 -3.6 64.0 56 77 75 lacpOO a.28.1.1 
GUESS 0.278 10 -52.1 -7.8 58.0 64 503 75 1a6dAO a.129.1.2 

c.8.5.2 
d.56.1.2 

GUESS 0.328 10 -75.7 -0.7 57.0 64 86 75 2af800 a.28.L1 
GUESS 0.333 10 -97.0 -2.8 56.0 65 137 75 Ihl6BO 
GUESS 0.272 10 -35.2 -7.3 55.0 72 262 75 Isa3AO 
GUESS 0.295 10 -55.9 -4.4 55.0 60 86 75 luOsAO 
GUESS 0.327 10 -81.3 -0.4 55.0 73 151 75 19rjOO 
GUESS 0.278 10 -51.1 -6.2 54.0 64 278 75 li60AO c.1.15.4 

A4.S. EhpO homology search results 

A4.S.1. BLASTP EhpO search against non-redundant protein database 
Score E 

Sequences producing significant alignments: (bits) Value 

gb1AAN40904.11 EhpO [Pantoea agglomerans] 618 e-176 
ref YP_004318.11 3-oxoacyl-[acyl-carrier-protein] ... 74 6e-12 
ref NP_829350.11 3-oxoacyl-( ) ... 55 2e-06 
ref YP_076020.11 3-oxoacyl-(acyl-carrier-protein) ... 55 2e-06 
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gb1AA064411.11 hypothetical protein [Nodularia spumigena 
gb1AAN65231.11 putative 3-ketoacyl-[ACPJ-synthetase 
refIZP_00182346.21 COG0332: 3-oxoacyl [ -carrier .. . 
reflzP_00144961.11 3 [acyl-carrier-protein] .. . 
refINP_389015.11 beta-ketoacyl-acyl carrier protein .. . 
gb1AAG29787.11 3-ketoacyl-[ACP]-synthase [Streptomyces 
refIZP_00130973.11 COG0332: 3-oxoacyl [ -carrier .. . 
emb1CAA78410.11 beta-ketoacyl-acyl carrier protein .. . 
refINP_213748.11 3-oxoacyl [acyl-carrier-protein] .. . 
splp51196IFABH_PORPU 3 [acyl-carrier-proteinJ ... 
refIYP_066529.11 probable 3-oxoacyl-[acyl-carrier- .. . 
refIYP_074637.11 3-oxoacyl (acyl-carrier-protein) .. . 
refIZP_00177878.21 COG0332: 3-oxoacyl-[acyl-carrier- ... 
refINP_561984.11 3-oxoacyl-[acyl-carrier-proteinJ .. . 
refINP_484283.11 beta-ketoacyl-acyl carrier protein .. . 
reflzP_00162676.11 COG0332: 3-oxoacyl-[ 
refIZP_00271571.11 COG0332: 3-oxoacyl-[ 
reflzP_00105926.11 COG0332: 3-oxoacyl-[ -carrier- .. . 
reflzP_00335317.11 COG0332: 3-oxoacyl-[acyl-carrier- .. . 
refIYP_090822.11 FabHA licheniformis DSM 13J 
refINP_347450.11 3-oxoacyl [acyl-carrier-protein] ... 

A4.8.2. RPS-BLAST EhpO s~arch against eDD 
PSSMs producing significant alignments: 

gnllCDDI27985 
gnllCDDI27982 
gnllCDDI5947 
gnllCDDl10206 
gnl1CDD112756 

cd00830, KAS_III, Ketoacyl-acyl carrier protein synthase III ... 
cd00827, iniCcond3nzymes, "initiating" condensing enzymes ... 
pfam00195, Chal_sti_synCN, Chalcone and stilbene synthases ... 
COG0332, FabH, 3-oxoacy1-[acy1-carrier-protein] 
COG3425, PksG, 3-hydroxy-3-methylglutaryl CoA synthase ... 

A4.8.3. 3D-PSSM results for EhpO 
Fold Template PSSM SuperFamily 
Librar~ Length E value 

53 
53 
52 
51 
50 
50 
50 
50 
50 
50 
49 
49 
49 
48 
48 
48 
47 
47 
47 
47 
46 

Score 
(bits) 
83.3 
74.8 
37.5 
77.6 
42.2 

c1ebla 309 3.01e- Chain: A: PDB Crystal structure and active site 
15%i.d. 08 Mo lecule: beta-ketoacy 1- architecture of ~-ketoacyl-[acyl 

246 

le-05 
le-05 
le-05 
3e-05 
6e-05 
7e-05 
7e-05 
ge-05 
ge-05 
ge-05 
2e-04 
2e-04 
2e-04 
3e-04 
4e-04 
4e-04 
5e-04 
5e-04 
6e-04 
6e-04 
0.001 

E 
value 
3e-17 
1e-14 
0.002 
2e-15 
8e-05 

ID 

leb1 

ACP synthase III carrier protein] synthase III (FabH) 
club7a 320 0.00311 Chain: A: 3-oxoacyl- Crystal analysis of ~-ketoacyl- lub7 
16%i.d. [ACP] synthase [ACP] synthase III (FabH) 
cld6fa 389 0.00341 Chain: A: chalcone Chalcone synthase c164a mutant. 1d6f 
14%i.d. synthase 
clhzpa 334 0.00358 Chain: A: 3-oxoacyl- Crystal structure of the Ihzp 
16%i.d. [acyl-carder-protein] Mycobacterium ~-ketoacyl-acyl 

synthase III carrier protein synthase III 
c1mzja 334 0.00406 Chain: A: beta- Crystal structure of the priming ~- lmzj 
14%i.d. ketoacylsynthase III ketosynthase from the r1128 

polyketide biosynthetic pathway 
dlebla2 140 0.0889 Thiolase-like Ketoacyl-ACP synthase III (FabH) lebl 
15%i.d. 
d1bi5a2 154 0.278 Thiolase-like Chalcone synthase Ibi5 
13%i.d. 
dld9bal 174 0.373 Thiolase-like Ketoacyl-ACP synthase III (FabH) Id9b 
14%i.d. 
d1bi5a1 234 0.864 Thiolase-like Chalcone synthase Ibi5 
lO%i.d. 
cldlva 389 9.75 Chain: A: biosynthetic Biosynthetic thiolase from Zoogloea Idlv 
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12%i.d. thiolase ramigera in complex with CoA 
dlqfla2 124 16.6 Thiolase-like Biosynthetic thiolase lqfl 
13%i.d. 
clb3na 411 18.2 Chain: A: ketoacyl acyl ~-Ketoacyl carrier protein synthase Lb3n 
12%i.d. carrier protein synthase crystal structure of a complex with 

II the inhibitor cerulenin 
dlafwa2 124 19.1 Thiolase-like Thiolase lafw 
14%i.d. 
dlkas_2 161 22.1 Thiolase-like ~-Ketoacyl-ACP synthase II lkas 
12%i.d. 
dlpdz_2 139 24.5 Enolase N-terminal Enolase Ipdz 
9%i.d. domain-like 
clafwa 390 25.6 Chain: A: 3-ketoacetyl- Crystal structure of the dimeric lafw 
11 %Ld. CoA thiolase;. peroxisomal thiolase 
dleOta3 117 25.9 Pyruvate kinase, C- Pyruvate kinase, C-terminal domain leOt 
13%i.d. terminal domain 
cleo6a 116 27 Chain: A: golgi- Crystal structure of gate-16 leo6 
9%i.d. associated ATPase 

enhancer of 16 kd;. 
dlqflal 264 27.8 Thiolase-like Biosynthetic thiolase lqfl 
11 %Ld. 
c1ox3a 108 28 Chain: A: fibritin;. Crystal structure of mini-fibritin . lox3 

A4.8.4. mGenThreader results for EhpO 

Conf. 
Net 

E-value PairE SolvE Aln Score 
Aln Str Seq Alignment SCOP 

Score Len Len Len Codes 
CERT 0.968 2e-05 -913.4 -9.2 699.0 271 372 309 ItedAO 
CERT 0.968 2e-05 -616.2 -7.8 652.0 257 348 309 luOmAO 

CERT 0.969 2e-05 -948.8 -11.0 646.0 264 317 309 Ihn9AO 
c.95.1.1 
c.95.1.1 

CERT 0.967 3e-05 -1073.4 -9.3 594.0 267 388 309 Ibi5AO c.95.1.2 
c.95.1.2 

CERT 0.965 3e-05 -829.0 -9.2 530.0 263 387 309 ltvzAO 

CERT 0.871 0.0002 -583.0 -7.3 240.0 258 390 309 lafwAO 
c.95.1.1 
c.95.1.l 

HIGH 0.759 0.002 -939.5 -5.4 190.0 243 406 309 Idd8AO 
c.95.1.1 
c.95.1.1 

MEDIUM 0.575 0.097 -823.8 -13.7 158.0 237 402 309 ItqyBO 
LOW 0.550 0.164 -503.8 -23.3 154.0 224 323 309 IstzAO 
LOW 0.514 0.354 -968.9 -14.6 145.0 238 421 309 ltgi:AO 

A4.9. Ehl087 Glutamine synthetase (GS/GlnA) homology search results 

A4.9.1. BLASTP Ehl087 GS search against non-redundant protein 
database 

Score E 
Sequences producing significant alignments: (bits) Value 

gb1AAN37400.11 glutamine [Pantoea agglomerans] 951 0.0 
refIYP_048159.11 glutamine synthetase [Erwinia... 917 0.0 
refINP_991429.11 glutamine synthetase [Yersinia pestis... 900 0.0 
refINP_671098.11 glutamine synthetase [Yersinia pestis... 900 0.0 
gb1AAV79616.11 glutamine synthetase [salmonella... 868 0.0 
refINP_839012.:.1 glutamine synthetase [ la... 867 0.0 
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pdbl2GLSIL Chain L, Refined Atomic Model Of Glutamine .. . 
refINP_290495.11 glutamine synthetase [Escherichia coli .. . 
pirllAJEBQT glutamate-ammonia (EC 6.3.1.2) 
pdbllF521L Chain L, Crystal Structure Of Glutamine ... 
gb1AAA23879.11 glutamine synthetase 

IAAC69320.11 glutamine synthetase [Enterobacter ... 
emblcAA28806.11 unnamed protein product [Escherichia coli] 
refINP_927600.11 glutamine synthetase 
emb1CAA48234.11 glutamate--ammonia ligase [Proteus .. . 
refINP_796500.11 glutamate-ammonia ligase [Vibrio .. . 
refl 1565.11 putative glutamate-ammonia ligase .. . 
gb1AA009392.11 Glutamine synthetase [Vibrio vulnificus ... 

IIAJVCQA glutamate-ammonia ligase (EC 6.3.1.2) .. . 
IAAF95885.11 glutamate--ammonia I [Vibrio .. . 

refINP_719933.11 glutamine synthetase, type I ... 
dbj1BAB11930.11 glutamine synthetase [Shewanella benthical 
dbj1BAB11926.11 glutamine synthetase [Shewanella violaceal 
refl 14120.11 glutamine synthetase, type I ... 

IIAJAVQ glutamate-ammonia ligase (EC 6.3.1.2} ... 

A4.9.2. RPS-BLAST Ehl087 GS search against CDD 
PSSMs producing significant alignments: 

gnllCDDI22916 pfam00120, Gln-synt_C, Glutamine synthetase, catalytic domain 
gnllCDDI23505 pfam03951, Gln-syncN, Glutamine synthetase, beta-Grasp domain 
gn11CDDI13274 COG3968, Uncharacterized protein related to glutamine syntheta ... 

866 
865 
865 
864 
857 
855 
851 
830 
815 
800 
793 
786 
784 
783 
752 
739 
737 
715 
696 

Score 
(bits) 
336 
123 
52.8 

248 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

E 
value 
3e-93 
5e-29 
8e-08 

A4.9.3. BLASTN Ehl087 glnA search against non-redundant nucleotide 
database 

Sequences producing significant alignments: 

gb1AY144623.11 Pantoea agglomerans glutamine synthetase 
emb1BX950851.11 Erwinia carotovora subsp. atroseptica 
gb1AE016770.11 Escherichia coli CFT073 section 16 of 18 
dbjIBA000007.21 Escherichia coli 0157:H7 DNA, complete 
gb1AE005617.1 AE005617 Escherichia coli 0157:H7 EDL933 
gb1AE015401.1 flexneri 2a str. 301 section 364 
gb1AE016990.1 Shigella flexneri 2a str. 2457T section 
gb1L19201.11ECOUW87 E. coli chromosomal region from 87.2 
gb1U00096.21 Escherichia coli K-12 MG1655 complete 
gbIM13746.1IECOGLNAB E.coli gInA gene encoding glutamine 
emblx05173.11ECGLN E.coli ginALG operon with gene 
emb1BX936398.11 Yersinia pseudotuberculosis IP32953 

IAE013983.11 Yersinia pestis KIM section 383 of 415 
gb1AE017127.11 Yersinia biovar Medievalis str. 
emb1AJ414141.11 Yersinia pestis strain C092 complete 
gb AF072440.11AF072440 Enterobacter gergoviae GTPase 
gb CP000026.11 Salmonella enterica . enterica 
gb AE008887.11 Salmonella typhimurium LT2, section 191 
gb M14536.1ISTYGLNA S.typhimurium gInA gene encoding 
gb AE016846.11 Salmonella enterica subsp. enterica 
emb1AL627280.11 Salmonella enterica serovar Typhi 
emb1X85104.11sTNTRBC S.typhimurium gInA, ntrB and ntrC 
gb1AF415517.11 Salmonella enterica strain 120 serovar 
gb1AF41568l.11 Salmonella enterica strain 86 serovar 
gb1AF415660.11 Salmonella enterica strain 19 1 serovar 

Score E 
(bits) Value 

3289 0.0 
1328 0.0 

977 0.0 
946 0.0 
942 0.0 
918 0.0 
918 0.0 
918 0.0 
918 0.0 
890 0.0 
872 0.0 
726 0.0 
718 0.0 
718 0.0 
718 0.0 
688 0.0 
589 e-165 
581 e-162 
567 e-158 
565 e-157 
565 e-157 
311 3e-81 
283 7e-73 
278 4e-71 
278 4e-71 
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Role of glutamine synthetase in phenazine 
antibiotic production by Pantoea aggiomerans 
Eh1087 

Matthew D. Galbraith, Stephen R. Giddens, H. Khris Mahanty, and Bruce Clark 

Abstract: Pantoea agglomerclI!s strain Eh 1087 produces the phenazine antibiotic D-alany 19riseoluteic acid, A glutamine 
auxotroph harboring an insertion in a putative ginA gene was obtained by transposon-mutagenesis of Eh1087 that pro
duced less D-alanylgriseo!uteic acid than the parental strain (strain Eh7,1), Cosmids encoding the Ehl087 ginA were 
isolated by their ability to complement the mutant for proto trophy. The role of the Eh 1087 ginA locus was functionally 
confirmed by complementation of an Escherichia coli ginA mutant. Analysis of the nucleotide and deduced amino acid 
sequences of the Ehl087 ginA gene indicated a high degree of similarity to the gInA genes and glutamine synthetase 
enzymes of other Enterobacteriaceae, Isotopic labelling experiments with 15N-labelled ammonium sulfate demonstrated 
that wild-type Ehl087 incorporated 15N into griseoluteic acid more readily than the ginA mutant Eh7.L We conclude 
that the 2 nitrogens in the phenazine nucleus originate from glutamine and the intracellular glutamine synthesized by 
Ehl087 is a source of the phenazine nucleus nitrogens even in glutamine-rich environments. 

Key words: phenazine, Pan toea, Envil1ia, glutamine synthetase, biosynthesis. 

Resume: La souche Ehl087 de Pall toea agglomeralls produit I'antibiotique de type pbenazine acide D-alanylgriseoluteique 
(AGA), Un auxotrophe de la glutamine renfermant une insertion dans Ie gene putatif ginA a ete obtenu par mutagenese 
par transposon de Ehl087, et celui-ci produisait moins de AGA que la souche parentale (souche Eh7.1), Des cosmides 
codant Ie gene ginA de Ehl087 ont ete isoles grace a leur capacite a complementer Ie mutant pour la phototrophie. Le 
r6le du locus Ehl087 ginA a ete confirmes fonctionnellement par complementation d'un mutant ginA de E, cali. Une 
analyse des sequences de nucleotides et d'acides amines deduits du gene Ehl087 ginA ont signale un haut degre de si-
militude aux gInA et aux enzymes glutamine synthetase d'autres Enterobacteriaceae, Des experiences de mar-
quage isotopique avec du sulfate d'ammonium 15N ont demontre que la Ehl087 sauvage incorporait du 15N plus 
facilement que Ie mutant ginA, Eh7.L Nous en deduisons que les deux azotes dans Ie noyau phenazine proviennent de 
la glutamine, et que la glutamine intracellulaire synthetisee pal' Eh1087 est une source d'atomes d'azote pour Ie noyau 
phenazine meme dans des environnements riches en glutamine, 

Mats cies : phenazine, Pall toea, Envinia, glutamine synthetase, biosynthese. 

[Traduit par la Redaction] 

Investigations into the suppression of the fire blight patho
gen Erwil1ia amylovora by Pan toea agglomerans (Erwinia 
herbicola) strain Eh1087 have been a major focus of this 
laboratory for a number of years (Kearns 1993; Kearns and 
Hale 1995, 1996; Kearns and Mahanty 1998; Giddens et aL 
2002), Antibiotic produetion by Ehl087 is essential for sup
pression of E. amylovora both in vitro and on immature pear 
slices (Kearns and Hale 1996) and on apple blossom stigmas 
where the suppression of E. amylovom is essential to pre-

vent the development of fire blight (Giddens 2002; Giddens 
et al. 2003), Kearns and Mahanty (1998) found that a num
ber of the genes involved in antibiotic production were lo
cated on a large plasmid indigenous to Eh1087, Recently, 
Giddens et al. (2002) demonstrated that a cluster of 16 con
tiguous genes present in Eh1087 are sufficient for this strain 
to produce the phenazine antibiotic D-alanylgriseoluteic acid 
(AGA) along with a number of other phenazines including 
griseoluteic acid (GA), a precursor of AGA 

Received 30 January 2004. Revision received 25 June 2004, Accepted 30 June 2004, Published on the NRC Research Press Web 
site at http://cjm,nrc,ca on 1 December 2004. 
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Phenazines are a group of around 80 nitrogen-containing 
heterocyclic compounds often implicated in the competitive
ness and virulence of the producing organisms (Kerr 2000; 
Turner and Messenger 1986). Phenazines are produced by a 
number of bacterial genera including Brevibacterium, 
Pseudomonas, Streptomyces, Vibrio, and Pantoea (Turner 
and Messenger 1986; Giddens et a1. 2002; Sato et a1. 1995). 
It is generally accepted that the biosynthesis of phenazines 
branches from the shikimate pathway subsequent to 
chorismate formation. The phenazines share a common nu
cleus composed of 2 units derived from chorismic acid 
joined by 2 nitrogen atoms (Longely et a1. 1972; Calhoun et 
a1. 1972; McDonald et a1. 2001; Turncr and Messenger 
1986). The probable source of the 2 nitrogen atoms in the 
phenazine nucleus was identified by experiments in which 
Pseudomonas aureofaciens and Brevibacterium iodinum 
were fed 15N-labelled glutamine, glutamate, and ammonia. 
These studies indicated that glutamine is the predominant 
source of the 2 nitrogen atoms in the nuclei of phenazines 
produced by P. aureofaciens and B. iodinum (Herbert et a1. 
1982; Romer and Herbert 1982). 

Our preliminary investigations into factors involved in 
phenazine (AGA) production by Eh1087 included the 
screening of 5000 mini-Tn5lacZ2 mutants of Eh1087 for al
tered antibiotic production (Giddens 2002; Giddens et al. 
2002). Of 84 AGA-negative mutants isolated, 82 had 
transposon insertions that defined the plasmid-borne AGA 
gene cluster and have been described elsewhere (Giddens et 
a1. 2002), whereas 2 mutants had insertions outside this re
gion that were located on the chromosome. 

The present study deals with 1 of the 2 mutants with in
sertions outside the AGA gene cluster: Eh7.l is an 
auxotroph that requires glutamine for growth on minimal 
media. Even on rich media such as Luria-Bertani (LB), 
Eh7.1 grows more slowly (Fig. I) and produces smaller 
zones of inhibition on E. amy/ovora Ea8862 lawns (Table 1) 
than the wild-type Eh1087. When rich (LB) or minimal (1-
A) (Miller 1992) growth media were supplemented with 
5 mmollL glutamine, Eh7.1 not only grew but also produced 
antibiotic to wild-type levels, demonstrating that Eh7.1 re
quires glutamine for growth and antibiotic production. Fur
thermore, Eh7.1 does not grow on minimal media when 
supplied with the glutamine precursor glutamate 
(5 mmollL) , with or without excess nitrogen in the form of 
ammonium sulfate (up to 15 mmollL), demonstrating that 
Eh7.l is unable to convert glutamate to glutamine, even in the 
presence of excess ammonia. To establish if the transposon 
insertion was wholly responsible for the glutamine depend
ency and reduced antibiotic production phenotypes of Eh7.1, 
the mutation was recreated in the wild-type background. 
Briefly, the transposon insertion was transferred from a 
clone of the Eh7.1 transposon insertion point back into 
Eh1087 by homologous recombination to recreate the muta
tion in the wild-type background. The resulting strain 
(EhR7.1) was also a glutamine auxotroph, confirming that 
the transposon insertion was responsible for the phenotypes 
observed for Eh7.1. Once Eh7.l had been phenotypically 
characterized as a glutamine auxotroph, and given the impor
tance for glutamine in phenazine synthesis by P. aureofaciells 
and B. iodil1ulIl (Herbert et a1. 1982; Romer and Herbert 
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Fig. 1. Growth curves of Ehl087 and Eh7.1 in LB broth over 
24 h. The loglo values given are averages calculated from optical 
density readings at 600 nm of 3 independent experiments. 
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Table 1. Inhibition zones on Ea8862 lawns. 

Inhibition zone (mm) 

Strain LB I-A I-A + 

Eh1087 7 (1) 10 (1) 11 (I) 
Ehl087 (pBRgln6) 7 (0) 8 (0) 10 (0) 
Eh7.1 1 (1) 0(0) 10 (2) 
Eh7.1 (pGlnAI) 6 (1) 9 (1) 11 (0) 
Eh7.1 (pBRgln6) 6 (0) 6 (0) 7 (1) 
EhR7.1 1 (1) o {OJ 10 (1) 

Note: Inhibition zones were measured as the distance from the edge of 
colony to the of the clearing in the Ea8862 lawn. The assay was 
conducted on I-A. and I-A + 5 mmollL glutamine (l-A + gIn) media 
with Ea8862 in a soft-agar overlay. Values are llleans with standard devia
tions in parentheses (n 4). 

1982), it was apparent that Eh7.1 could be used as a tool to 
determine if glutamine is the predominant source of the 2 ni
trogen atoms in the nucleus of the phenazines produced by 
Eh1087. 

The genetic basis for the glutamine dependency of Eh7.1 
was initially established by analysis of the DNA sequence 
flanking the mini-Tn51acZ2 insertion point in Eh7.l, which 
aligned most closely with the ginA genes from Escherichia 
coli and Salmonella spp. In E. coli, ginA encodes glutamine 
synthetase (GS) (L-glutamate: ammonia (ADP form
ing), EC 6.3.1.2), which is responsible for the addition of 
ammonia to glutamate to form glutamine, the final step in 
glutamine biosynthesis (Reitzer 1996). On this basis, we as
sumed that Eh7.1 carried a mini-Tn51acZ2 insertion in the 
EhlO87 gInA gene. 

To isolate the Eh 1087 ginA gene, 4 different cosmids were 
isolated from an Eh I 087 genomic library by their ability to 
complemcnt Eh7.1 for prototrophy (designated pGlnAl-4). 
Cosmid pGlnAl was shown to also complement Eh7.1 for 
antibiotic production (Table 1). To functionally test the role 
of the putative Eh1087 ginA gene, the E. coli ginA mutant 
TH16 (Backman et a1. 1981; Reitzer and Magasanik 1986) 
was transformed with pGlnAI and assessed for restoration 
of growth in minimal media. As with Eh7.1, pGlnAl con-

© 2004 NRC Canada 
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Fig. 2. Genetic map of the Eh1087 ginA The thin bar represents the 6-kbp region cloned from cosmid pGlnAI. The triangle in-
dicates the mini-Tn5lacZ2 insertion point in Eh7.1. The arrow rcpresents the gInA open reading frame and the thick bar shows the re
gion covered by the nucleotide sequence submitted to GenBank. Mini-TnlOcam insertions fell within the 2 EcoRI fragments. 

AY144623 

600 bp 
L-----J 

ferred prototrophy to THI6, confirming that the putative 
Ehl087 ginA can serve the same function as the E. coli 
ginA. The ginA-containing region was further defined by 
screening a library of pGlnAI fragments cloned in pBR322 
for complementation of THI6, leading to the isolation of a 6 
kilobase pair (kbp) Sail fragment (designated pBRgln6) 
(Fig. 2) containing the wild-type Eh1087 ginA locus. When 
Ehl087 and Eh7.l harboring pBRgln6, carrying ginA in 
multicopy, are grown on LB, no increase in inhibition zones 
is apparent (Table 1), as would be expected given the tight 
regulation of OS in E. coli. Interestingly, inhibition is re
duced on I-A and I-A + 5 mmollL glutamine for both 
Eh1087 and Eh7 J containing pBRgln6, indicating that in 
the presence of pBRgln6, factors other than glutamine be
come limiting for phenazine production. The minimum 
DNA region required for complementation of Eh7.1 and 
TH16 was further localized by SUbjecting pBRgln6 to mini
TnlOcam insertional mutagenesis by infecting E. coli S 17-1 
(Simon et al. 1983) containing pBRgln6 with ANK1324 as 
described by Kleckner et aI. (1991). All insertions abolish
ing complementation of the gInA-minus phenotype of TH16 
mapped within a 1.6-kbp region bounded by EcoRI sites 
(Fig. 2), which was subcloned to pBluescript KS+ and the 
DNA sequence determined. 

Analysis of the DNA sequence of this 1.6-kbp region for 
gene signatures using OeneMark (http://opal.biology.gatech. 
edu/OeneMarkl) (Besemer and Borodovsky 1999) identified 
an open reading frame of 1410 bp. The nucleotide sequence 
of this open reading framc exhibits similarity to scquences 
from E. coli (83%-84%), Shigella flexneri (83%), Enterobacter 
gergoviae (84%), Yersinia pestis (84%), and Salmonella spp. 
(83%-84%) (BLASTN). The deduced 469 amino acid se
quence of Eh 1087 OS has 89% identity with OS from E. coli 
(Colombo and Villafranca 1986), among others (BLASTX), 
and possesses the conserved catalytic (pfam00120) and beta
grasp (pfam03951) domains of OS enzymes (BLASTP) 
(http://www.ncbi.nlm.nih.gov/BLAST/) (Altschul et aL 
1997). Analysis of the deduced amino acid sequence using 
InterProScan (http://www.ebLac.uklinterpro/scan.html) identi
fied the ATP-binding and adenylation sites of a type I OS 
(GSI) typical of the Enterobacteriaceae (Woods and Reid 
1993). OS enzymes, even those from distantly related organ
isms, exhibit high levels of similarity (Baumann and 
Baumann 1978), particularly in regions of functional impor
tance. Accordingly, thc nucleotide sequence of the Eh 1 087 
ginA gene exhibits high similarity to ginA genes from other 
members of thc Enterobacteriaceae, and the deduced amino 
acid sequence of the Eh1087 GS exhibits the conserved 

Table 2. Incorporation of 15N into GA by cultures fed 15N_ 

labelled ammonium sulfate. 

Culture 

(A) Eh1087 
(B) Eh7.1b 
(C) Eh1087 + 

%GA 

Unlabelled Monolabelled Dilabelled 

16.3 (0.54) 
0.0 (0.71) 
6.8 (0.94) 

1.2 (0.27) 
0.0 (0.00) 
0.2 (0.36) 

Note: Percentage of GA with no incorpor'ation (unlabelled) or wilh 
"N at either (monolabelled) or both (dilahelled) positions. The Eh7..l cul
ture was supplemented with glutamine (gIn) to allow growlh. Values are 
means with standard deviations in parentheses (II = 4). 

functional domains of OS enzymes. Based on these data, we 
conclude that the open reading frame mutated in Eh7.1 is the 
Ehl087 ginA gene, which encodes a type lOS. The nucleo
tide sequence data for the Eh 1087 ginA gene is stored in 
OenBank under accession No. A Y144623. To our knowl
edge, this is the first reported characterization of the gInA 
gene from the genus Pantoea. 

The ginA mutant Eh7.l was then employed to test whether 
glutamine could serve as a source of the 2 nitrogen atoms in 
the nucleus of phenazines produced by Eh1087. The wild
type Eh I 087 is able to utilize ammonium sulfate as a source 
of nitrogen for the synthesis of glutamine via OS, as evi
denced by its ability to grow on minimal I-A media contain
ing ammonium sulfate as the sole nitrogen source. In 
contrast, since Eh7.l lacks OS and is therefore unable to 
synthesize glutamine using ammonium sulfate, it should not 
be able to incorporate nitrogen from ammonium sulfate into 
glutamine. Thus, Eh1087, but not Eh7.l, should be able syn
thesize 15N-Iabelled glutamine from 15N-Iabelled ammonium 
sulfate and incorporate 15N into the phenazines that it pro
duces. To measure the incorporation of 15N into phenazines 
by Eh1087, lO-mL I-A media cultures, supplemented with 
15N-Iabelled ammonium sulfate (10% enriched) (Aldrich), of 
Eh1087 (A) and Eh7.1 (B) (with 10 mmollL glutamine to al
low growth) were grown for 48 h. Additionally, a culture of 
Eh1087 (C) with 10 mmollL glutamine and a final culture of 
Ehl087 (D) grown with unlabelled ammonium sulfate en
abled the assessment of background 15N incorporation into 
OA. Phenazines were extracted from each culture with 
10 mL of chloroform and evaporated to dryness. The result
ing residues were dissolved (55% methanol in 0.45% aque
ous formic acid) and analyzed by LC-MS. Injections 
(20 ilL) were separated on a Zorbax SB-C18 column 
(2.1 mm x 250 mm, 5-llm particle size, 55% acetonitrile in 
0.5% aqueous formic acid). Since AOA hydrolyses to OA in 
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aqueous conditions, mass spectrometry data were collected 
for the GA peak (eluted at approximately 4.9 min, molecular 
mass 284) using an LCT mass spectrometer coupled to a 
Waters 2790 with a Waters 996 photodiode an'ay detector. 
Data were processed with Masslynx version 4 (Micromass). 
Incorporation of 15N into GA in cultures A-C, relative to 
GA synthesized in the absence of lsN-enriched ammonium 
sulfate (culture D), was calculated using the Iso program 
(Lewis PaneH, National Institutes of Health). 

The results of the mass spectrometry analysis of GA (Ta
ble 2) demonstrate that Eh1087 can incorporate lsN from 
ammonia into the phenazine nucleus: 16% of the GA pro
duced by culture A (EhI087) was labelled at either position 
with 15N and 1% at both positions. In contrast with Ehl087, 
Eh7 .1 (culture B) was unable to incorporate 15N from am
monium into GA. These results indicate that blocking the 
synthesis of 15N-labelled glutamine (from 15N-Iabelled am
monia in this case) prevents 15N incorporation into GA, and 
presumably other phenazines, produced by Eh1087. The 2 
nitrogens in the phenazine nucleus must, therefore, predomi
nantly originate from glutamine. Given that Eh7.1 lacks GS 
and cannot synthesize glutamine from glutamate, we con
clude that the synthesis of phenazine in Eh1087 involves the 
GS-mediated transfer of nitrogen from a source such as am
monium sulfate to glutamate to create glutamine and that 
glutamine is then the nitrogen donor responsible for the 2 ni
trogens present in the phenazine nucleus. 

To provide a measure of competition between synthesized 
and extracellular (unlabelled) glutamine for incorporation 
into phenazines, and since Eh7.1 had to be supplemented 
with 10 mmollL glutamine for growth, 15N incorporation 
was also analyzed from Eh1087 grown in minimal media 
containing 10 mmollL glutamine (culture C). The presence 
of exogenous glutamine reduced, but did not abolish, the in
corporation of lsN into GA (Table 2) (7% monolabelled, 
0.2% dilabelled), demonstrating that exogenous glutamine 
can compete as a nitrogen donor and that some of the nitro
gen in GA is sourced from intracellularly synthesized 
glutamine even when exogenous glutamine is present. This 
finding provided further support for the role of glutamine as 
the source of nitrogcn and showed that thc lack of ISN incor
poration displayed by Eh7.1 is not likely to be solely the re
sult of competition by exogenous (unlabelled) glutamine. 
The evidence presented here is consistent with previous in
vestigations with B. iadinum and P. aureafadens using 15N_ 
labelled glutamine that showed that glutamine is the pre
dominant source of nitrogen for phenazine biosynthesis by 
these strains (Herbert et at 1982; Romer and Herbert 1982). 

A candidate for catalyzing the transfcr of the amide group 
from glutamine to a precursor of phenazines in Eh1087 is 
the product of the AGA cluster gene ehpC. The nucleic acid 
sequence of ehpC exhibits similarity to phzE, a gene re
quired for synthesis of phenazine-l-carboxylic acid by 
P. fluorescens 2-79 (Giddens 2002; Giddens et at 2002). 
The C-terminus of PhzE resembles a class I ami do
transferase, a group of enzymes able to transfer an ammonia 
group from glutamine to a number of substrates (Mavrodi et 
aL 1998; Pittard 1996). The deduced amino acid sequence of 
EhpC also possesses this domain (Giddens et aI. 2002). 

The amino acid glutamine is an important component of 
cellular metabolism, both as a component of proteins and via 
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donation of its amide nitrogen to metabolites such as nucleo
tides and other amino acids (Reitzer 1996). The final step in 
glutamine biosynthesis is the addition of ammonia to gluta
mate to form glutamine in a reaction catalyzed by GS. This 
reaction is essential for ammonia assimilation and, as such, 
plays an important part in the nitrogen metabolism of the 
cell, particularly under conditions of ammonia limitation 
(Woods and Reid 1993). It is therefore interesting that such 
a key metabolic intennediate supplies nitrogen for the pro
duction of phenazines by Eh 1087. This has implications for 
survival fitness and competitiveness, particularly in 
nitrogen-limiting conditions where the use of such an impor
tant intermediate in nitrogen metabolism would need to be 
compensated for by the competitive advantage(s) of produc
ing AGA. In line with this, the production of AGA does pro
vide Eh1087 with a significant advantage over other 
organisms attempting to colonize the same niche and is im
portant for competition with the fire blight pathogen 
E. amyiovora Ea8862 on apple blossom stigmas (Giddens et 
al. 2003). 

The present study furthers the findings of Kearns and 
Mahanty (l998),and Giddens et at (2002) by demonstrating 
that the biosynthesis of phenazines in Ehl087 not only re
quires the products of a plasmid-encoded gene cluster but 
also utilizes intermediates (glutamine and probably 
chorismate) produced by proteins encoded by chromosomal 
genes such as ginA. In contrast, other phenazine biosynthetic 
pathways described to date appear to be encoded solely by 
chromosomal genes (Chin-A-Woeng ct at 2001; Mavrodi et 
at 1998; Pierson et al. 1995; Mahajan-Miklos et at 1999). 
Finally, we found that the product of ginA, GS, was neces
sary for the transfer of nitrogcn from a source such as am
monium sulfate to glutamate to create glutamine, which was 
concluded to be the nitrogen donor responsible for the 2 ni
trogens present in the nucleus of phenazines synthesized by 
Eh1087, in agreement with the findings of Romer and Her
bcrt for P. aureafaciens and B. iodinum (Herbert et at 1982; 
Romer and Herbert 1982). 
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