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Abstract 
 
 

Polymyxins are cationic lipopeptide antibiotics, and are considered to be drugs of 

last resort to fight against multidrug resistant Gram negative bacteria. In this study 

the gene cluster encoding the non-ribosomal peptide synthetase which catalyses 

polymyxin biosynthesis was identified and sequenced in Paenibacillus polymyxa 

PKB1. T he gene c luster consists of  three biosynthetic ge nes and t wo ABC 

transporter-like genes. Disruption of a biosynthetic gene resulted in complete loss 

of antibiotic production whereas deletion of one or both transporter genes resulted 

in reduced antibiotic production. Two antibacterial compounds were identified in 

the wild type culture supernatants by HPLC analysis and agar diffusion bioassay. 

LC-MS and bioinformatic analysis suggested these compounds to be  analogs of  

polymyxin B2 and B1, containing a D-DAB instead of L-DAB residue in position 

three of the molecules. (129 words) 
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1. Introduction 

Polymyxins are cationic lipopeptide antibiotics produced by Gram positive 

bacteria vi a non -ribosomal pe ptide synt hetase (NRPS) mechanisms. P olymyxin 

was first isolated in 1947 from Bacillus polymyxa (Stansly and Schlosser 1947). 

At the same time polymyxin was reported to be isolated from Bacillus aerosporus 

by A insworth a nd c o-workers a nd they na med it a erosporin. ‘ Polymyxin’, the 

name given by Stansly and Shepherd was taken as the official name for this group 

of a ntibiotics a t a  s ymposium o f the New Y ork A cademy of  S ciences i n 1948 

(Vogler and Studer 1966). The chemical composition and structure of polymyxin 

B1 was f irst el ucidated in 1954 by Hausmann a nd C raig (Hausmann a nd C raig 

1954). Later i n 1961 Vogler c onfirmed t he s tructure (Paulus a nd G ray 1964;  

Wilkinson and Lowe 1964).  

Although p olymyxins a re ve ry pot ent a ntibiotics, t hey ha ve not  be en i n 

routine use due to their inherent toxicity to the human host and the availability of 

other a ctive a nd less t oxic ant ibiotics. However, the em ergence of  m ultidrug 

resistant G ram ne gative ba cteria a nd their intrinsic s usceptibility to polymyxins 

led t o a  r econsideration of  t hese a ntibiotics. A lthough many studies have be en 

reported on t he c hemical a nd t herapeutic pr operties of  pol ymyxins, studies on  

molecular mechanisms of  their b iosynthesis are st ill very limited. Only recently 

whole genome sequences of two Paenibacillus polymyxa strains have been made 

public and one of  t hem ha s be en reported to h ave pol ymyxin pr oducing N RPS 

genes and produce polymyxin (Choi et al. 2009). 
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1.1 Polymyxin-producing bacteria 

Polymyxins are mainly produced by different species of Bacillus (Storm et 

al. 1977) . T he f irst pol ymyxin r eported t o be i solated was f rom B. polymyxa 

(Stansly a nd S chlosser 1947) . A  number of  ot her Bacillus species ha ve been 

reported t o pr oduce d ifferent pol ymyxins, f or e xample pol ymyxin E by B. 

colistinus (Evans e t a l. 1999)  and Paenibacillus amylolyticus (DeCrescenzo 

Henriksen e t a l. 2007) , pol ymyxin M by Paenibacillus kobensis (Martin et al . 

2003) and polymyxins by P. polymyxa (Li et al. 2007). The polymyxin producing 

Bacillus strains were r enamed Paenibacillus in 1993 ba sed on t heir 16 S r RNA 

gene sequ ence si milarity (Ash e t a l. 1993; Jurtshuk e t a l. 1992). O ther t han 

polymyxins, s trains of  Paenibacillus produce m any other pe ptides a nd 

lipopeptides with antimicrobial properties (Storm et al. 1977). As soil organisms, 

these a ntimicrobial metabolites lik ely provide Paenibacillus spp. w ith a  gr owth 

advantage in t he c ompetitive s oil e nvironment. S ome of  t he s trains of  

Paenibacillus also display antagonistic activity against plant pathogenic fungi by 

producing v arious d egradative enzymes a nd a ntifungal a ntibiotics. P. polymyxa 

was r eported t o pr oduce f usaricidin, an a ntifungal a ntibiotic a ctive a gainst 

Leptosphaeria maculans, the c ausative agent of  blackle g disease o f C anola 

(Beatty and Jensen 2002). 

 

1.2 Chemistry of polymyxins 

Like typical non-ribosomal lipopeptides, polymyxins have both L- and D-

amino acids. Polymyxins cons ist of  10 amino acids with a cha racteristic 
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polycationic he ptapeptide r ing. A t ypical structure of pol ymyxin B  i s s hown i n 

Figure 1.2 .1. T he pe ptide r ing i s l inked t o t he f atty a cid s ide c hain by a  l inear 

tripeptide c hain that f orms a n amide bond  w ith a f atty acid moiety. 2, 4-

Diaminobutyric acid (DAB) is a major building block of polymyxins and there are 

six DAB r esidues pr esent i n e ach molecule. I nitial s tructure de termination of  

polymyxin B suggested that one of the six DAB residues is a D isomer and most 

probably it was the amino acid at position 1 (Hausmann and Craig 1954). Later, it 

was proven that all six DAB residues are in the L configuration in polymyxin B 

(Paulus a nd G ray 1964;  W ilkinson a nd L owe 1964) . Most r ecently, the sam e 

result w as published f or pol ymyxin M  ( Mattacin) p roduced by P. kobensis 

(Martin et al. 2003). In contrast, the first genetic characterization of a polymyxin 

synthetase g ene c luster suggested t hat t he source orga nism, P. polymyxa E681, 

must pr oduce a pol ymyxin i n w hich t he third D AB re sidue is  in  D  form, and 

hence they identified it as a different form of polymyxin, polymyxin A (Choi et 

al. 2009).  

In a ll pol ymyxins t he peptide ring i s f ormed t hrough c yclization of  t he 

carboxyl group of L-Thr at the position 10 with the α-amino group of  the DAB 

residue at position 4, and the γ-amino group of this DAB residue is attached to the 

tripeptide side cha in (Storm e t a l. 1977). The molecular weights of  po lymyxins 

vary among the different types with a range from 1129 to 1202 Da. The fatty acid 

side c hains of  pol ymyxins a re us ually he ptanoic a cid or  oc tanoic a cid or t heir 

methyl derivatives (Orwa et al. 2001; Price et al. 2007). Nonanoic acid as a fatty 

acid side c hain has a lso been reported for s ome pol ymyxins (G ovaerts e t a l. 
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2002b). T he c harged pe ptide m oiety a nd t he h ydrophobic fatty a cid tail g ive 

polymyxins a n a mphipathic na ture. T his a mphipathic pr operty a llows t hem t o 

disperse homogenously into both aqueous and non-aqueous media which leads to 

a hi gh s olubility i n bo dy f luids a s w ell a s i n pr okaryotic and e ukaryotic l ipid 

membranes (Hermsen et al. 2003). 

 

1.3 Types of polymyxin 

All of the pol ymyxins c an be  di vided i nto five major gr oups a nd e ach 

group is divided into many sub-groups mainly based on variations in the fatty acid 

side chain. The major groups of polymyxin are named Polymyxin A, B, D, E (E is 

also known as colistin) (Stansly and Brownlee 1949), and M (known as mattacin) 

(Martin et al. 2003). All of the polymyxins share a common basic structure. They 

vary by the amino acid composition in certain positions of the peptide ring and by 

the fatty acid side chain length. Most of the variations have been described for the 

amino acids in pos ition 6 and 7, among t he t ypes of  pol ymyxins (Storm e t a l. 

1977). The di fferent t ypes of  pol ymyxins a nd t heir c hemical c ompositions a re 

given in Table 1.3.1.  

 

1.4 Therapeutic properties and use of polymyxins 

1.4.1 Spectrum and mode of action of polymyxins 

Polymyxins are mainly effective against Gram negative bacteria, and most 

Enterobacteriaceae and non-fermentative spe cies ar e f ound t o be su sceptible t o 

polymyxins. Polymyxins generally do not  have any effect on Gram-positive 
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bacteria (Evans et al. 1999; Hermsen et al. 2003). Although it is not apparent that 

the mechanism of  action of  polymyxin has anything to do w ith t he presence of  

oxygen, a naerobes a re resistant t o polymyxins. Pseudomonas aeruginosa and 

Acinetobacter species hi ghly r esistant to most a ntibiotics w ere found t o b e 

intrinsically sensitive to polymyxin B (Gales et al. 2006). Polymyxins (Colistin) 

were also found to be active against Haemophilus influenzae, Bordetella pertussis 

and Legionella pneumophila (Li et al. 2005).  

Although i t i s m ore t han ha lf a  c entury s ince t he pol ymyxins w ere 

discovered, their exact m echanism of action i s not  ye t f ully unde rstood. Their 

degree of  activity varies w ith t he concentration; us ually pol ymyxins are 

bacteriostatic in low concentrations a nd ba cteriocidal a t hi gh c oncentrations. 

Polymyxins have a  high affinity for lipopolysaccharide (LPS) of Gram negative 

bacteria, can bind to it strongly, and then cause permeability changes to the inner 

membrane, eventually r esulting in c ell death (Storm e t a l. 1977) . Polymyxin 

molecules have a net charge of +5 which is greater than that of the Ca2+ and Mg2+ 

present in t he L PS. Therefore, polymyxins bi nd t o t he L PS by c ompetitively 

displacing these two ions which usually play a role in stabilizing the LPS in outer 

membrane. These in itial e lectrostatic interactions s tabilize the  t ransient L PS-

polymyxin complex, and allow the non-polar fatty acid side chain of polymyxin 

to come into close proximity with the outer membrane and interact further. This 

amphipathic interaction of polymyxin helps it to be deeply inserted into the outer 

membrane (Clausell e t al. 2007 ; H ancock 199 7; H ancock a nd L ehrer 1998;  

Schindler and Osborn 1979; Velkov et al. 2010). This overall effect of polymyxin 
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can be considered as a detergent-like act ion which produces a  physico-chemical 

disruption o f t he c ell e nvelope (Hermsen e t a l. 2003) . Recent st udies on the 

structure of  polymyxin-LPS co mplexes by nuclear m agnetic r esonance ( NMR) 

spectroscopy and isothermal titr ation calorimetry (ITC) illustrated in details the 

electrostatic and hydrophobic interactions between them. Upon initial contact of  

polymyxin with t he L PS, t he i nsertion of t he f atty acid si de cha in and the 

interaction of the hydrophobic part of the peptide ring (usually the position 6 and 

7 amino acids) l oosen the pa cking of t he f atty aci d cha ins of  adjacen t l ipid A 

molecules in the outer membrane. This in turn, leads to the loss of integrity of the 

outer membrane (Velkov e t a l. 2010). Polymyxins s ubsequently pass across t he 

outer m embrane b y a  hypot hetical pr ocess c alled ‘self-promoted upt ake’ 

(Hancock 1 997; H ancock 1984 ). After pa ssing t hrough t he out er membrane, 

polymyxins bind and disrupt the physical barrier of  the phospholipid bi-layer of  

the i nner membrane, leading to the formation of transient pores. This results in  

osmotic imbalance and eventually cell lysis (Clausell et al. 2007; Hancock 1997; 

Velkov et al. 2010). Other cell perturbing molecules including other antibiotics or 

toxic products may get into the cells through these transient pores and accelerate 

the process of cell death (Hancock 1997). 

 

1.4.2 Resistance to polymyxins 

Resistance to polymyxins can be acquired through mutation or adaptation. 

Most of  the resistance s tudies have been carried out  focusing on P. aeruginosa. 

Bacteria re sistant to one t ype of  pol ymyxin typically also exhibit resistance t o 
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other types due to their structural homology (Evans et al. 1999). Since LPS is the 

anchoring poi nt for pol ymyxins, most of t he resistance mechanisms to 

polymyxins are achieved through modification of  the LPS moiety especially the 

lipid A  of  t he out er m embrane ( Zavascki e t a l. 2007) . In Salmonella enterica 

serovar Typhimurium two two-component systems were reported to be involved 

in t he r esistance t o po lymyxins. The P hoP/PhoQ t wo-component s ystem c an 

sense low concentrations of  Mg2+ in the outer membrane and become activated, 

and then activate the PmrA/PmrB two component system which then regulates the 

modification of lipid A w ith 4-amino-4-deoxy-L-arabinose o r 

phosphoethanolamine. This modification leads to a reduction in net charge of the 

outer m embrane, t hus r educe t he affinity f or pol ymyxins (Delgado e t al. 2006;  

Gunn et al. 1998; Gunn et al. 2000). The PmrA/PmrB two-component system is 

also regulated by the presence of  Fe3+ and low pH (Kato e t a l. 2003;  Perez and 

Groisman 2007). The genes required for the biosynthesis of 4-amino-4-deoxy-L-

arabinose and i ts transfer t o l ipid A  a re us ually p resent on a n ope ron, pmr, 

containing ge nes pmrHFILKJM. T his t ype of  modification of  l ipid A  has a lso 

been r eported f or ot her G ram-negative ba cteria suc h as P. aeruginosa, 

Burkholderia cepacia, and Yersinia pestis (Falagas et al. 2010). 

In Burkholderia cenocepacia, two different r esistance m echanisms ha ve 

been de scribed f or c ationic l ipopeptide a ntibiotics i ncluding pol ymyxins. A  f ull 

length LPS containing he ptose ( reduced negative ch arge) i s t he f irst l ine of 

defense against polymyxins. The second line of defense is not associated with the 

membrane pe rmeability. Rather i t involves p roteins p reliminarily identified as 
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some st ress r esponse r egulatory proteins and  pe riplasmic prot eases t hat ac t 

independently when the outer membrane is disrupted, although their mechanisms 

of action have not yet been identified (Loutet et al. 2010).  

Vibrio cholerae has been r eported t o ha ve a porin, O mpU, regulated by  

ToxR, which confers resistance t o cat ionic an tibiotics including po lymyxin B  

sulphate (Mathur a nd W aldor 2004) . The development of  a n e fflux pum p/ 

potassium system has also been reported for Yersinia spp. linked to the resistance 

to polymyxins (Bengoechea and Skurnik 2000). 

Finally, Klebsiella pneumoniae showed resistance to polymyxin by simply 

overproducing capsular polysaccharide, providing a physical barrier between the 

cell surface and the antibiotic (Campos et al. 2004).  

 

1.4.3 Clinical use of polymyxins 

Polymyxin B a nd pol ymyxin E  a re t he two pol ymyxins t hat ha ve been 

used clinically; polymyxin E (colistin) was more widely used than polymyxin B 

(Li et al. 2006). Colistin methane sulfonate was first introduced clinically in 1962 

to treat an infection caused by Pseudomonas pyocyanea (Evans et al. 1999). This 

methane sulfonate de rivative of  coli stin was also used successfully to treat a P. 

aeruginosa infection in cystic fibrosis patients (Jensen et al. 1987). A parenteral 

formulation of  pol ymyxin B  i s a vailable a s t he s ulphate s alt a lthough t he 

intramuscular injection is no longer recommended because it causes severe pain at 

the site of administration. Polymyxin B sulphate is also available in combination 

with other antibiotics in topical, ophthalmic and otic formulations and the topical 
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formulation is used to prevent rather than to treat infections. Colistin is available 

as bot h sulphate a nd s ulfomethyl sal ts bu t t he sulpha te s alt of  coli stin is no t 

recommended for pa renteral us e b ecause of  i ts highe r toxicity compared t o t he 

sulfomethyl sal t. Nebulized colistin is al so recommended for c hronic c ystic 

fibrosis pa tients (Hermsen e t a l. 20 03). Bacterial inf ections w ith carbapenem-

resistant E nterobacteriaceae and A. baumannii remain a l eading cause of  pos t-

transplantation morbidity and mortality. Polymyxin B is one of the few antibiotics 

available t o treat carbapenem-resistant G ram-negative i nfections su ccessfully 

(Patel e t a l. 2010) . Recently carbapenemase-producing K. pneumoniae isolates 

have been reported to have higher polymyxin B MICs. However, a combination 

of polymyxin B with r ifampin or  doxicycline appeared to reduce the polymyxin 

MIC f or t his ba cterium (Elemam e t a l. 2010) . In t he t reatment of  s epsis, it ha s 

been proven that removing LPS from the patient is the best opt ion compared to 

the others because release of LPS i s an early step which t riggers the process of  

sepsis. In Japan pol ymyxin B  i s us ed a s a n e mbedded c omponent i n 

hemoperfusion cartridges which are used to remove LPS from the blood to block 

the initial process of sepsis (Rachoin et al. 2010).  

 

1.4.4 Toxicity of polymyxins 

Neurotoxicity a nd n ephrotoxicity a re t he t wo m ajor toxicities a ssociated 

with polymyxin t reatments (Li e t a l. 2006) . Neurotoxicity due to polymyxins i s 

usually l ess f requent than ne phrotoxicity a nd i s l ess s evere. B oth types of  

toxicities a re dos e de pendent a nd usually resolve w ith t he di scontinuation of  
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treatment (Evans et al. 1999). The neurotoxicity of polymyxin is characterized by 

dizziness, muscular weakness, facial and peripheral paraesthesia, partial deafness, 

visual disturbances, vertigo, hallucinations and ataxia. Polymyxins interfere with 

the receptor sites of neurons and block the release of acetylcholine to the synaptic 

gap c ausing ne uromuscular b lockade. The ne uromuscular bl ockade, in very 

severe cases, can cause apnea or respiratory failure, although these complications 

have not  be en obs erved i n t he l ast 15 ye ars (Falagas a nd Kasiakou 2006) . T he 

common form of nephrotoxicity is damage to the convoluted tubule epithelium of 

the kidney. Acute t ubular ne crosis i s asso ciated with al buminuria, renal 

insufficiency, and increased serum creatinine and blood urea (Evans et al. 1999). 

 

1.4.5 Non-therapeutic use of polymyxins 

Polymyxins ha ve been used as a st andard in assays for de tecting LPS 

binding affinity of  many di fferent compounds. At present, polymyxin integrated 

electrodes have been generated to detect LPS in many di fferent samples in situ. 

Ferrocene-attached polymyxin B (PMB-Fc) can  be  used for t he el ectrochemical 

detection of LPS at a concentration as low as 50 ng/ ml with a detection time of 5 

min (Iijima e t a l. 2010). H yperbranched pol y (N-isopropyl a crylamide) (H B-

PNIPAM) pol ymers, when c onjugated with the antibiotic polymyxin-B ( HB-

PNIPAM-pmx), have been proposed for use as a dressi ng material to selectively 

remove G ram ne gative ba cteria t o r educe t he ba cterial load i n w ounds. T his 

material is be tter than the currently available opt ions in some aspe cts and the 
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inclusion of  polymyxins added the ability t o bind to t he LPS of  Gram negative 

bacteria (Shepherd et al. 2010).  

 

1.4.6 Prospects of polymyxins 

The polymyxins had largely fallen out of favor as chemotherapeutic agents 

due to their toxicity to the host, as suggested by clinical reports in the early 1970s. 

However, recent studies suggested that the toxicities associated with polymyxins 

might be less severe and less frequent than earlier reported (Arnold et al. 2007). 

The emergence of multi-drug resistant Gram-negative bacteria and their resistance 

to all currently available antibiotics except polymyxins has led to a re-evaluation 

of polymyxins as potential chemotherapeutic agents. Several outbreaks caused by 

multidrug resistant P. aeruginosa and A. baumannii have be en r eported 

worldwide r ecently a nd t hese ba cteria h ave b een f ound t o be  s ensitive onl y t o 

polymyxins (Bonomo and Szabo 2006; Go et al. 1994). Therefore polymyxins are 

now c onsidered to be a dr ug of la st re sort to  tre at infections caus ed by these 

multidrug r esistant G ram-negative bacteria. I n one s tudy i t w as f ound t hat the 

bacteria w ere c leared in 88% of  p atients inf ected with P. aeruginosa and A. 

baumannii after polymyxin B treatment, but 14% of the patients developed renal 

failure (Ouderkirk e t a l. 2003) . Many s tudies h ave be en reported to r educe t he 

toxicity of polymyxins. At the very beginning of chemotherapeutic applications of 

polymyxin, the t oxicity w as r educed by m aking t heir sulphate or  m ethane 

sulfonate sal ts. Polymyxins c onjugated with hi gh m olecular w eight 

polysaccharides like dextran 70 w ere reported to have reduced toxicity, with the 
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same endotoxin-neutralizing ability (Bucklin et al. 1995). Because the fatty acid 

side chain is considered to be responsible for polymyxin toxicity, a new approach 

has be en t aken t o r educe pol ymyxin t oxicity by pr oducing pol ymyxin 

nonapeptide. T he pol ymyxin B  no napeptide ( PMBN) i s a  t runcated pol ymyxin 

molecule ha ving ni ne a mino a cids a nd no f atty a cid side c hain. PMBN ha s no 

antimicrobial activity itself, but it c an interact with bacterial LPS (referred to as 

sensitizing activity). PMBN can b e us ed a s a c ombination t herapy with ot her 

antibiotics as i t he lps ot her a ntibiotics t o g ain e ntry to t he c ells, a nd t hus 

facilitates th e a bility of the  ot her a ntibiotics to act on the c ells (Tsubery et al . 

2002).  

Similar a ttempts ha ve been r eported by m any ot her r esearch gr oups to 

make a nalogs of  pol ymyxin. P olymyxin B  a nd E  de rivatives c arrying t hree 

cationic charges instead of five have been generated and found to have bacterial 

sensitizing activity with a low er a ffinity to the host’s ki dney br ush bor der 

membrane. These analogs can be used with other antibiotics with the reduced risk 

of ne phrotoxicity. It h as al so been seen that, without c ompromising t he ne t 

charge, removing DAB r esidues f rom t he pe ptide r ing a nd re-introducing the 

DAB residues in the side chain reduces the antibacterial activity of polymyxins. It 

has also been seen that changing only one amino acid in the second position of the 

polymyxin molecule can decrease the MIC by up to eight fold. This indicates that 

the changes in the amino acid compositions and their positions have a great effect 

on the biochemical properties of polymyxin (Vaara 2010; Vaara and Vaara 2010). 
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1.5 Non-ribosomal peptide synthetases 

Non-ribosomal pe ptide s ynthetases (N RPS) produce a  va riety of  pe ptide 

secondary m etabolites i n microorganisms l ike ba cteria a nd f ungi. These non -

ribosomally synt hesized pe ptide m etabolites ar e ve ry diverse i n their c hemical 

compositions, s tructures a nd bi ological activities. These pe ptides help t he 

producing organisms to survive in adverse conditions like low nutrient habitats by 

accumulating nutrients or  by allowing t o t hem compete more suc cessfully with 

other m icroorganisms by being toxic t o t hem. A s ignificant num ber of  non -

ribosomal peptides have great  therapeutic value because they have antimicrobial 

activity and can be used as antibiotics and many of them are immunosuppressant. 

In fact, penicillin, the f irst a ntibiotic di scovered, is pr oduced by  a  N RPS 

mechanism, although the non-ribosomal mechanism of peptide synthesis was only 

reported i n 1970 by Lipmann and c o-workers (Lipmann 1971;  L ipmann e t a l. 

1971; Lipmann 1973).  

One of  t he ha llmarks of  non -ribosomally s ynthesized peptides i s t he 

presence of  non -proteinogenic r esidues l ike ( D)-amino a cids. M ore than 300 

different bui lding bl ocks c an be  i ncorporated i nto non -ribosomal pe ptides, 

whereas r ibosomal pe ptide synt hesis i s l imited to the s tandard 20 amino acids 

(Marahiel 1992) . T his w ide r ange of  bui lding c omponents pr ovides e ndless 

possibilities of pr oducing pe ptides w ith r emarkable s tructural d iversity by t he 

NRPS mechanisms. P olymyxins ha ve D -leucine or D -phenylalanine i n t he 6t h 

amino a cid pos ition i n their s tructure a nd the n on-proteinogenic a mino a cid di-

amino butyrate (DAB) in positions 1, 3, 4, 5, 8 and 9 (Figure 1.2.1). 
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NRPSs ar e m ultimodular enzyme sys tems in w hich t he m odules a re 

organized to act a s an  assem bly line and e ach m odule i s r esponsible f or t he 

incorporation of one amino acid into the peptide product it generates (Marahiel et 

al. 1997;  von D ohren e t a l. 1997) . Schematic r epresentation of t he module a nd 

domain organization of  a N RPS i s gi ven i n Figure 1.5. 1. A ccording t o t he 

assembly mechanisms us ed to produce peptide pr oducts, NRPS s ystems ha ve 

been classified into three groups  (Mootz e t a l. 2002) . T ype A  N RPSs ar e 

designated as l inear N RPSs a nd a re a nalogous t o type-I pol yketide synthases 

(PKSs) (Fischbach a nd W alsh 2006;  S taunton a nd Weissman 2001) . I n t ype A  

NRPS, each module i s used only once and catalyzes on ly one round of peptide 

chain elongation to produce a fully assembled linear peptide product. The number 

and or der of t he s ubstrate a mino a cids i n t he f inal pe ptide pr oduct c an b e 

predicted from the amino acid sequence of the type A NRPS since the order of the 

amino acids in the NRP is co-linear with the modules of its producing NRPS. The 

structural o rganization of the  N RPSs will be  discussed i n detail in the ne xt 

section. Type B NRPS systems are designated as i terative NRPSs. As the name 

implies, i n t his s ystem t he modules or domains a re us ed more t han once i n t he 

assembly of a single peptide product. Type B NRPSs first produce repeated short 

identical p eptide s equences and then assemble t hese sho rt seque nces to make a 

final peptide product which is a multimer of the initial short sequences. Therefore 

the number of modules in the type B NRPS is equal to the number of amino acids 

in one initial short peptide sequence. Type C NRPSs are designated as non-linear 

NRPSs and  ha ve at  least one  unu sual arrangement i n t heir m odules or  c ore 
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domains. Type C NRPSs also differ from the type A NRPSs by the fact that they 

catalyze an unusual internal cyclization in the final peptide product or carry out a 

branch-point peptide biosynthesis. S pecialized c ondensation or l igase do mains 

that incorporate sm all m olecules suc h as amines i nto the non -ribosomally 

assembled peptide can a lso be  found in this type of  NRPS (Mootz e t a l. 2002) . 

Since t he pol ymyxin molecule ha s a  pe ptide r ing, i t c an be  a ssumed t o be  a n 

example of a peptide that is produced by a type C NRPS. 

 

1.6 Catalytic domains of NRPSs 

There a re three main domains, the a denylation ( A) domain, t he pe ptidyl 

carrier p rotein (PCP) domain and t he c ondensation ( C) domain r equired for t he 

non-ribosomal bi osynthesis o f a pe ptide c hain. T ogether t hey f orm a  module 

named the minimal e longation module (Lautru and Challis 2004) . The ini tiation 

(first) m odule of  a  N RPS us ually doe s no t c ontain a  C  domain, s ince i t 

incorporates t he f irst amino acid and there is not ye t an acceptor amino acid t o 

form the peptide bond. T he growing amino acid chain i s usually tethered to the 

PCP domain and to release the fully assembled peptide from the last module, an 

additional domain named the thioesterase (TE) domain or termination domain is 

usually f ound f ollowing t he P CP domain of  t he last m odule. T he T E do main 

catalyses a nucleophilic hydr olase reaction that l eads t o t he release of  a  linear 

peptide. I t can also catalyse an internal nucleophilic reaction resulting in the 

release of  a  peptide with concomitant in tramolecular c yclization (Challis a nd 

Naismith 2004) . S ince n on-ribosomal pe ptides a re s tructurally ve ry di verse, the 
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peptide synthetases can also contain additional opt ional domains a long with the 

basic peptide elongation domains. These additional domains are present in many 

modules a nd m odify t he pe ptide p roducts to g ive a dditional s tructural features 

like branched chains or cyclic structures or they can result in addition of certain 

other chemical groups to the peptide chain. Epimerization (E) domains are seen in 

certain m odules f ollowing t he P CP do main a t t he C  t erminus o f t he m odule. 

These E domains catalyse epimerisation reactions to convert (L) amino acids to 

their ( D) f orms e ither be fore or  a fter pe ptide bond f ormation t akes pl ace. C y 

domains c an be  f ound in some modules instead of  t he C  domains. C y domains 

catalyze a condensation reaction as well as the intramolecular heterocyclisation of 

serine, cys teine or  t hreonine r esidues. Methyltransferase ( MT) do mains ar e 

present in the A domains in some NRPSs. The MT domain is responsible for the 

methylation of  t he a mine gr oup of  many amino a cids i n non -ribosomally 

synthesized pe ptides. All of  t he domains i n a  m odule a re c onnected t hrough 

flexible linker regions. 

Fatty a cid s ynthases a nd pol yketide s ynthases are us ually f ound i n 

homodimeric forms and the cat alytic ac tivity of t he do mains de pends o n t he 

formation of  t his f unctional di mer. Homodimeric f orms o f do mains i n N RPSs 

have not been observed so far. However the first report of heterodimer formation 

by a NRPS domain came from the VibF of vibriobactin synthesis. VibF can act on 

acyl chains in trans as well as in cis and therefore suggests a different dimension 

of diversity in peptide biosynthesis (Hillson and Walsh 2003). 
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1.6.1 Adenylation domain 

The chemical principle of non-ribosomal peptide biosynthesis is given in 

Figure 1.6.1.1. The adenylation (A) domain activates the appropriate amino acid 

as an aminoacyl ade nylate by selecting it f rom the  a vailable s ubstrate opt ions 

(Dieckmann e t a l. 1995 ). T his is the ve ry first st ep in no n-ribosomal peptide 

biosynthesis. The activation of  an amino acid as an aminoacyl adenylate occurs 

with the hydrolysis of an ATP in the presence of Mg2+ (Dieckmann et al. 1995). 

The A domain shows diversity in substrate recognition and so plays a key role in 

the activation of  both proteinogenic and non-proteinogenic amino acid residues. 

The direct activation of (D)-amino acids has even been reported for a few NRPSs 

(Li and Jensen 2008; Yin and Zabriskie 2006). 

The A domain is a member of the adenylate-forming enzyme superfamily 

(Challis and Naismith 2004) and the enzymes of this superfamily share a common 

group of  m otifs, de scribed a s A MP-binding m otifs (Bairoch a nd B oeckmann 

1991). Therefore t his s uperfamily of enz ymes i s al so called an AMP-binding 

protein f amily a nd ha s be en s ubdivided i nto four c lasses ba sed on s equence 

similarities. Class I mainly consists of the eukaryotic acyl-CoA-synthetases, class 

II enzymes are m ostly associated with non-ribosomal pe ptide s ynthetases, a nd 

acetyl-CoA-synthetases ar e group ed into class III. Class I V is t he m ost 

structurally and functionally diverse group and it contain all other AMP-binding 

proteins including luciferases and other acyl-CoA synthetases of prokaryotic and 

plant origin (Fulda et al. 1994). The class II enzymes differ from the others by the 

fact that they do not  transfer the respective activated amino acyl intermediates to 
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CoA (Pavela-Vrancic et al. 1994). In this case, an intra-enzymatical transfer of the 

activated a mino acid to t he t hiol gr oup of  a 4' -phospho-pantetheine ( ppan) 

cofactor covalently attached to carrier protein occurs and from there it undergoes 

a directed condensation reaction (Stein et al. 1994). 

The crystal s tructures of four di fferent A do mains have been determined 

so far. These include the phenylalanine-activating A domain (PheA) present in the 

first m odule of  t he g ramicidin S  s ynthetase A  of  Bacillus brevis (Conti e t a l. 

1997), the 2, 3 -dihydroxybenzoate ( DHB)-activating A  (DhbE) domain of  

Bacillus subtilis (May et al. 2002) and the D-alanyl carrier protein ligase (DltA) 

of Bacillus cereus (Du et al. 2008) and B. subtilis (Yonus et al. 2008). DhbE is an 

unusual ade nylating enzyme be cause af ter activating the D BH, it tra nsfers the  

activated substrate t o a separate P CP do main that i s enc oded by the dhbB and 

there i s no link between DhbE and DhbB proteins (May e t al. 2002). DltA also 

resembles an A domain of a NRPS by catalyzing the ATP dependent activation of 

D-alanine and subsequent transfer of the activated substrate to the D-alanyl carrier 

protein DltC ( Du e t a l. 2008 ). Although t he s equences of  t he m embers of  t he 

adenylate f orming e nzyme s uperfamily di ffer substantially, all sha re a si milar 

folding pattern consisting of two structural subunits. The large N-terminal subunit 

is a bout 42 0 a mino a cids i n l ength a nd l inked t o t he 110 a mino a cid l ong C -

terminal subunit by a  hinge-like region. The active site is located at the junction 

of the two subunits.  Comparison of the amino acid sequence in the active site of 

DbhE a nd P heA a s r evealed by  t he c rystal s tructure, along w ith the s equence 

alignment of other A domains showed that 10 amino acids (A1-A10) in the active 
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site were crucial for substrate recognition and activation (Conti et al. 1997). From 

the c rystal structure of  PheA, it w as obs erved that t hese r esidues a re l ocated 

within a  radius of  ~ 5.5 Å  f rom t he phe nylalanine s ubstrate bound i n t he a ctive 

site. T herefore a  pr edictive m ethod w as de scribed ba sed on t hese hi ghly 

conserved 10 amino acid sequences in the active s ite of  the A domain and they 

were designated as forming a ‘specificity-conferring code’ for peptides produced 

via t he N RPS mechanism (Challis e t a l. 200 0; S tachelhaus e t a l. 1 999). T he 

specificity of unc haracterized A  do mains c an be  de termined by a ligning t heir 

sequences with t hose of ot her A  domains of  know n s pecificity (Challis et  al . 

2000), or  more s imply by c omparing onl y t he  10 specificity-conferring a mino 

acid sequences of the active site (Stachelhaus et al. 1999).  

Very recently a new transductive support vector machine (TSVMs)-based 

approach h as be en de scribed f or f unctional s ub-typing of  t he substrate 

specificities of  t he A  do main ba sed on t he ph ysico-chemical f ingerprint of  the  

amino acid residues at  the a ctive s ite. Instead of a 10 amino acid (A10)-based 

codon, a signature sequence of 34 a mino acids, excluding the A10 core motif of 

the A domains, of  known specificity has been used in this system to generate a  

database. Analysis of these data was used to generate an algorithm based on t he 

physico-chemical pr operties ( the n umber of  hydr ogen bo nd donor s, polarity, 

volume, secondary structure pref erences f or b eta-turns, b eta-sheets a nd alpha-

helices, hydr ophobicity a nd t he i so-electric p oint) of  t hese a mino a cids. The 

substrate specificity of a new A domain is predicted by analyzing and comparing 

the sequ ence of  t he A  dom ain with this d atabase. Although t he p rediction 
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accuracy i s very high, this method does not  r educe the va lue of  t he ‘ specificity 

conferring c ode’ m ethod, a s a  d irect w ay t o pr edict s pecificity. Rather, a  

combination of  both methods will give a  powerful tool to predict accurately the 

substrate specificity of  unknown A domains. Thus, this will make i t possible to 

deduce a  p utative s tructure of  a  n on-ribosomally s ynthesized pe ptide f rom t he 

nucleotide sequence of its synthetase genes (Rausch et al. 2005). 

 

1.6.2 Peptidyl carrier protein or thiolation domain 

The ne xt s tep i n non-ribosomal pe ptide b iosynthesis i s to transfer the 

activated a mino acid to the p eptidyl c arrier protein (PCP) dom ain. The PC P 

domain i s about 80 -100 a mino a cids i n length and is t he s econd dom ain of  a  

minimum elongation module. This domain is called PCP because of its functional 

and s tructural s imilarity w ith the acyl c arrier protein (ACP) of  f atty acid and 

polyketide s ynthases (Marahiel 199 7). This is a lso know n a s t he t hiolation ( T) 

domain because i t forms a c arboxy-thioester int ermediate with the a ctivated 

amino acid (Stachelhaus et al. 1996a). The activated amino acid is transferred to 

the thiol moiety of a 20 Å long cofactor 4'-phospho-pantetheine (ppan) covalently 

tethered to a P CP dom ain. T he c ofactor ppan binds to the si de ch ain of an 

invariant S er (S) residue of P CP at pos ition 4 5 l ocated in a  ve ry c onserved 

sequence LGG(HD)S(LI) known a s m otif 6 (Stachelhaus et  al . 1996a). T he 

binding of  t he c ofactor ppan t o a PCP do main converts i t f rom its  a po form to  

holo f orm, and t he t ransfer of  t he c ofactor i s c atalyzed by ppa n t ransferase 

(Schwarzer et al. 2003). The cysteamine thiol group of the cofactor ppan on t he 
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PCP domain then becomes the binding site for the activated amino acid (Lambalot 

et al. 1996). This mode of substrate flow along the synthetase has been described 

as the multiple-carrier thiotemplate mechanism (Stachelhaus et al. 1996b; Stein et 

al. 1996). Dissection studies of the different domains of a module showed that the 

PCP domain is a segment of a synthetase enzyme and has no autonomous activity. 

It c an onl y a ct i n c ooperation w ith ot her do mains. T he f irst A  do main o f 

gramicidin S synthetase was shown to activate the amino acid (Phe) but without 

the f ollowing P CP do main, i t could not  c atalyze t he f ormation of  t he t hioester 

intermediate. T his pr ovided s trong s upport f or t he m odular s tructure of  pe ptide 

synthetases and the multiple-carrier thiotemplate mechanism (Stein et al. 1996) .  

 

1.6.3 Condensation domain 

Condensation ( C) dom ains a re a bout 450 a mino a cids in l ength a nd a re 

always pre sent on the N -terminal e nds of  minimum e longation modules. 

Condensation domains catalyze the formation of peptide bonds in non-ribosomal 

peptide biosynthesis, resulting in the elongation of the peptide chain from N to C 

terminal. T he nu mber of  peptide bo nds i n a  f ully a ssembled pe ptide pr oduct i s 

usually e qual t o t he nu mber of  C  do mains i n its s ynthetase (Stachelhaus et al . 

1998). Each C domain virtually has two sites, one acceptor site and one donor site 

and these two sites then interact with the ppan tethered activated amino acids on 

its two adjacent P CP do mains. According to the m ultiple c arrier thi otemplate 

model (Stein et al. 1996), a peptide bond i s formed by the nucleophilic action on 

the t hioester bond , t hrough w hich t he a ctivated a mino a cid i s t ethered t o t he 
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acceptor P CP do main. Therefore, the gr owing pe ptide c hain i s tethered t o t he 

ppan on t he donor  PCP domain by the f ree amino group of  the activated amino 

acid already tethered to it  (Mootz a nd M arahiel 1997) . The accepto r si te ha s 

higher a ffinity for the a ctivated a mino a cid on the P CP dom ain t han t he donor  

site, and that is how the direction of peptide elongation is maintained (Mootz et al. 

2000; Mootz et al. 2002).  Biochemical studies of many C domains demonstrated 

that the acceptor site exhibits selectivity towards both the stereochemistry (L- or 

D- isomer) and the nature of the side chain of the amino acid to be incorporated.  

Therefore, i n a ddition t o t he A  do main, t he C  do main a cts a s a  s econd l ine of  

substrate selection fidelity (Ehmann et al. 2000). 

The crystal st ructure of  VibH i s t he onl y a tomic m odel f or a  C  dom ain 

available to date. VibH is an freestanding enzyme that catalyses the formation of a 

peptide bond between the α amino group of norspermidine and 2,3-

dihydroxybenzoate ( DBH) tethered to ppan on a s eparate p rotein, VibB, i n t he 

biosynthesis of  t he s iderophore vi briobactin i n Vibrio cholerae (Keating et al . 

2002). H owever, f rom the de gree of s equence ho mology between V ibH a nd 

conventional C  do mains, i t w as pr edicted that a ll C  dom ains w ill ha ve s imilar 

structure (Keating et al. 2002).  

VibH has an N- terminal and a C  t erminal domain, which a re both very 

similar and have a characteristic αβα sandwich structure. Therefore VibH is 

described as a ‘ pseudo-dimeric’ f orm of  a  monomeric p rotein (Keating et al . 

2002).  
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Although a very weak sequence homology has been observed among the 

CoA dependent acyltransferases and the C and E domains of NRPSs, they share a 

conserved H HxxxDG motif (Keating e t a l. 2 002). T he H is195 r esidue i n t he 

conserved motif of chloramphenicol acetyl transferase (CAT), homologous to the 

His126 of VibH, was found to be a general base to attack the thioester bond by 

activating the pr imary hydr oxyl gr oup of  c hloramphenicol as a n ucleophile 

(Lewendon et al. 1994). However, studies of the conserved HHxxxDG motifs of 

many C oA-dependent a cyltransferases r evealed t hat not  al l of  t he st ructurally 

related acyltransferase enzymes us e hist idine residues f or t he sam e role i n 

acyltransfer cat alysis (Keating e t al. 2002) . A  more de fined r ole f or t hese 

conserved histidine residues will require further study.  

 

1.6.4 Thioesterase Domain 

The l ast s tep i n non -ribosomal pe ptide bios ynthesis is t he r elease of  t he 

fully assembled pe ptide pr oduct f rom t he bi osynthetic machinery, a nd t his 

reaction is catalyzed by the thioesterase domain (TE) or termination domain. The 

cleavage of  t he fully a ssembled pe ptide pr oduct makes t he NRPS r eady for t he 

next round of peptide biosynthesis (Schwarzer et al. 2003). Typically two types of 

TE domains can be seen in NRPS systems (Challis and Naismith 2004) . Type I  

TE (TEI) domains are usually involved in this cleavage reaction to release newly 

synthesized peptides. T E do mains are a bout 2 80 a mino a cids i n l ength a nd a re 

located at the C terminus of the last module of NRPSs systems (Kohli and Walsh 

2003). The cleavage of the mature peptide product from the NRPS machinery is a 
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two s tep process. First, the full length peptide chain tethered to the ppan on t he 

PCP do main of  t he l ast m odule i s t ransferred f rom t he ppa n c ofactor t o t he 

hydroxyl g roup of  a  hi ghly c onserved s erine (S) residue l ocated i n t he GxSxG 

core m otif of t he T E d omain. T his r esults i n t he f ormation of  a  pe ptidyl-O-TE 

intermediate. The next step is the deacylation of this intermediate by cleaving the 

ester bond with t he nucleophilic a ttack of a w ater molecule t o produce a  l inear 

peptide product, or by an intermolecular nucleophilic reaction to produce a cyclic 

or branched chain peptide (Bruner et al. 2002). 

The f irst in sights in to the f unctional a nd structural pr operties of  TE 

domains ca me f rom t he cr ystal st ructure of  t he T E do main (SrfTE) of  t he 

surfactin pr oducing N RPS i n B. subtilis. Based on structural f eatures, SrfTE i s 

classified as a member of the α/β hydrolase family. From its structural homology 

to serine esterases, it was hypothesized that the Ser80, His207 and Asp107 of the 

SrfTE form the  a ctive s ite c atalytic triad, which is invol ved in the 

macrocyclization a nd cleavage of  t he pe ptide product (Bruner e t al. 2002). The 

crystal s tructure of  a nother T E d omain ( FenTE) of  a  N RPS, pr oducing t he 

antibiotic f engycin i n B. subtilis has r ecently been de termined and the s tructure 

suggested that F enTE i s al so a m ember of  α/β hydrolase family (Samel e t a l. 

2006).   

The co-crystal structure of SrfTE attached to the seven amino acid linear 

chain of surfactin, and biochemical data suggest that only the last two residues of 

surfactin (Leu7 and Leu6) bind specifically to the active site of the Srf TE domain 

and this bi nding is c rucial f or e fficient m acrocyclization. Residue s ubstitution 
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mutation studies revealed that the  Glu in position 1 i n the surfactin molecule is 

also crucial for macrocyclization, although it was not required for the cleavage of 

the pe ptide product. T his s uggested t hat t he G lu1 r esidue is i mportant f or t he 

intramolecular nucleophilic attack to form macrocycliclactone from the peptidyl-

O-TE intermediate (Tseng et al. 2002).  

Many of the NRPS gene clusters so far analysed also contain Type II TE 

domains, a lthough t heir exact function i s not  clear. They a re c alled Type I I TE 

domains because of their sequence homology to the TEIIs of vertebrate fatty acid 

synthases whereas t hey ha ve onl y 10% s equence hom ology w ith t he TEIs of  

NRPS s ystems. T hey d o how ever s hare t he G xSxG c ore motif (Schneider a nd 

Marahiel 1998). TEIIs are not mandatory for non-ribosomal peptide biosynthesis 

but are i mportant be cause t heir r emoval de creases produ ct yie ld significantly 

although it does not completely abolish the biosynthesis of the product (Schneider 

and M arahiel 1998) . R ecent w ork r evealed t hat t hey a re i nvolved i n hydrolytic 

removal of  a cetyl g roups t hat i nactivate a nd bl ock t he NRPS machinery by  

binding to the ppan on PCP domains. Therefore, they play role in regenerating the 

NRPS machinery by  c atalyzing the ‘d eblocking after m ispriming’ s teps 

(Schwarzer et al. 2002). 

 

1.6.5 Modifying Domains or Tailoring Domains 

Other t han t he r egular d omains, there ar e some additional d omains t hat 

can be p resent in s ome N RPSs ( Figure 1.5.1 ). T hese additional dom ains a re 

responsible f or much of t he s tructural di versity of non -ribosomally synthesized 
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peptides by carrying out the modification of amino acid substrates during peptide 

biosynthesis. M oreover, t hese c hemical m odifications c an i mpart i ncreased 

structural rigidity and stability against proteolytic degradation to the natural non-

ribosomal peptides.  

The c yclization ( Cy) d omain i s a bout 450 a mino a cids i n l ength and 

substitutes f or t he C  d omain i n m any N RPSs (Lautru a nd C hallis 2 004). N o 

structure of  a C y do main i s a vailable t o da te. C y do mains e xhibit a  very hi gh 

sequence h omology w ith C  do mains a nd c atalyze bot h c ondensation a nd 

cyclization reactions (Challis a nd N aismith 2004) . C y do mains ha ve a  DxxxxD 

core m otif i nstead of  a  N HxxxDG m otif ( core m otif of  C do mains), a nd t he 

conserved Asp (D) residues are c rucial f or bot h the c ondensation a nd 

heterocyclization reactions (Keating e t a l. 20 02). I t ha s been s hown t hat t he 

catalytic r eaction of C y domains i s a t wo step process: f irst i t cat alyzes t he 

formation of the peptide bond a nd then the cyclization of the thiol side chain of 

cysteine or  hydr oxyl s ide c hain o f t hreonine or  s erine (Walsh e t al. 2001) . 

Cyclodehydration of  t he pe ptide b ond c atalyzed by C y do mains ge nerates r igid 

five-membered he terocycles, oxa zolines f rom t hreonine a nd s erine, a nd 

thiazolines from cysteine (Schneider et al. 2003). 

In some NRPSs, another domain called an oxidation (Ox) domain is found 

to be strictly associated with the Cy domain. It is about 250 amino acids in length 

and c an be  f ound i n t wo di fferent pos itions w ith r espect t o the bounda ries of  

NRPS modules: either at the C-terminal part of A domain of the same module, or 

downstream of the PCP domain of the previous module. Ox domains are found to 
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be involved in the oxidation of thiazoline and oxazoline rings formed by the Cy 

domain into aromatic thi azole o r oxa zole rings r espectively, us ing f lavin-

mononucleotide as a cofactor (Du et al. 2000).  

One of  t he s tructural f eatures of  many non -ribosomally s ynthesized 

peptides i s t he pr esence of  methylated a mino a cids. T he addition of  t he methyl 

group to the am ino acids i s us ually catalyzed by a methyltransferase ( MT) 

enzyme. MT do mains can be cl assified into two types b ased on the si te of  

methylation: N -methylation i s c arried out  by N -methyltransferases ( N-MT) a nd 

C-methylation is by C-methyltransferases (C-MT). Usually a MT domain is found 

to be inserted in the module responsible for the activation of the amino acid to be 

methylated, and methylation can take place either before or after the activation of 

the amino acid (Walsh et al. 2001). The N-MT is usually 420 amino acid in length 

and present immediately after the C terminal end of the A domain. Therefore, a 

typical domain order for th is module would be  C–A(MT)–PCP (Grunewald and 

Marahiel 2006). The occurrence of N-MT domains is more frequent than C-MT 

domains in NRPSs or in hybrid PKS/NRPSs (Walsh et al. 2001). 

One of  t he examples of  di versity i n t he c omposition of  non -ribosomal 

peptides i s t he pr esence of  D -amino acids. D-amino a cids c an b e incorporated 

directly into non-ribosomal peptides or they can arise from the conversion of an 

already incorporated L-amino acid to its D-form. This stereochemical conversion 

is cat alyzed by a  dom ain c alled a n e pimerization ( E) dom ain (Stachelhaus a nd 

Walsh 2000). E domains are about 450 amino acids in length and are located at 

the C-terminal end of the PCP domain of a module that is eventually responsible 
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for t he i ncorporation of  a  D -amino a cid. E  dom ains e xhibit a  w eak s equence 

homology to C  domains but  share a c onserved HHxxxDG motif (Keating et a l. 

2002). M utation s tudies on t he tyrocidine synthetase system r evealed that the 

second hi stidine r esidue i n t he c onserved H HxxxDG motif i s c rucial for t he 

epimerisation reaction (Stachelhaus a nd W alsh 2000) . From the ir s tructural 

similarity, it is  proposed tha t E  domains might have a risen f rom the C domains 

through e volutionary p rocesses (Challis a nd N aismith 2004) . E  dom ains c an 

catalyze the epimerization reaction either before or after the formation of peptide 

bond, a nd t he t iming de pends on t he position of  the E dom ain i n t he N RPS 

system. E domains located in an initiation module usually catalyze epimerization 

before condensation of the amino acids, whereas, E domains in chain elongation 

modules catalyze epimerization after the formation of the peptide bond (Luo et al. 

2002).  

It is not clear how substrate selectivity is ensured by E domains. However 

the most supported mechanisms of epimerization reaction catalyzed by E domain 

is called a two-base mechanism, in which one enzymic base deprotonates the Cα, 

and it is then reprotonated by the cognate enzymic acid. It is assumed that the E 

and C  dom ains f orm a  t emporary di mer t o carry out  the e pimerization and 

subsequent condensation r eaction by r ecognizing t he r ight s tereo i somer o f t he 

amino acid (Luo et al. 2002).  

 

1.6.6 Post assembly tailoring 
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In addition to the modification done by the integrated tailoring domains of 

the N RPS assem bly line, some modifications can take p lace i n the NRPs b y 

independent e nzymes t emporally associated with NRPS sys tem. Post assembly 

modification is  ve ry important f or m any NRP a ntibiotics be cause th is 

modification can make the antibiotic bioactive. For example ACV, the immediate 

precursor of penicillin, is an acyclic tripeptide with no antibiotic activity. The post 

assembly tailoring enzyme isopenicillin N synthase ( IPNS) conve rts t he acyc lic 

ACV to isopenicillin N w ith the characteristic bi cyclic ring required for its  

bioactivity (Roach et al. 1997). Post assembly modifications are also essential for 

two other ve ry active a ntibiotics, va ncomycin a nd da ptomycin, to be come 

bioactive (Nolan and Walsh 2009).  

 

1.7 Proofreading 

The t ransmission a nd e xpression of  ge netic i nformation has t o be  ve ry 

pricise to maintain the he redity a nd that i s why t hey a re c arried o ut us ing a 

template-dependent synthesis process. Fidelity in the substrate selection according 

to the te mplate is  a lso very important to  re tain the information correctly. T he 

enzymes i nvolved i n r eplication, transcription and t ranslation follow a  c ommon 

mechanism t o e nsure f idelity. DNA and RNA pol ymerases ca n efficiently 

differentiate be tween structurally s imilar s ubstrates and select the c orrect 

substrate, n ucleoside t riphosphates ( NTPs) a nd a minoacyl-tRNAs ( aa-tRNAs), 

respectively. The pr inciple of  th is pr ocess of  s ubstrate s election is the  

complementary base pa iring of  the  s ubstrate o r the  s ubstrate carrier, with the 
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respective t emplate. In ribosomal pe ptide biosynthesis, using t he m RNA a s a  

template, ribosomes select the correct aminoacyl-tRNA (aa-tRNA) from a pool of 

available su bstrates on the ba sis of  t he complementary base pa iring between 

codon on t he m RNA and the a nticodon on t RNA (Rodnina a nd W intermeyer 

2001). In ribosomal peptide biosynthesis, 20 amino acids are incorporated via 61 

possible amino-acyl tRNAs, whereas in non-ribosomal peptide synthesis there are 

more than 300 different building blocks that can be incorporated (Marahiel 1992). 

Therefore t he que stion i s how  NRPSs ensure f idelity during t he non-ribosomal 

peptides biosynthesis. 

The 10 a mino a cid po sitions in the a ctive s ite of  a n A domain, the 

‘specificity conferring code’, serve as a “codon ” for the se lection of the correct 

substrate avoiding the wrong one. Therefore an A domain will activate only one 

substrate th at perfectly fit in  the  a ctive s ite by  int eracting with the ‘specificity 

conferring code’. T his di scrimination i n s ubstrate s election by A  do mains 

provides the f irst l ine of s pecificity t o m aintain t he f idelity of  non -ribosomal 

peptide biosynthesis (Challis et al. 2000).  

The ‘multiple carrier thio-template’ mechanism of NRP synthesis provides 

another means to ensure f idelity. When the substrate amino acid passes through 

the domains in a module, recognition of the substrate on an upstream domain by a 

downstream dom ain i s a lso ve ry i mportant f or t he f idelity of  t he pr ocess. T he 

incorporation of correct amino acids by non-ribosomal peptide synthetases occurs 

in t wo steps: activation of  subs trate as an aminoacyl-adenylate f ollowed by a  

transfer to  ppan on a PCP do main to form a  thi oester intermediate. Therefore, 
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during the amino acid incorporation, fidelity can be ensured by rejecting either the 

mis-formed aminoacyl adenylate or the mis-acylated thioester (Pavela-Vrancic et 

al. 1999).  

The ppan transferases have a bro ad tolerance to CoA derivatives and can 

transfer only ppan alone as well as acyl-ppan to PCP domains. Transfer of acyl-

ppan to PCP domains is called mispriming of PCP domains. The misprimed PCP 

domains are not recognized by the immediate downstream C domain, resulting in 

blocking of  t he N RPS machinery (Schwarzer e t a l. 2003 ). Type I I t hioesterase 

(TEII) has been reported to be involved in the regeneration of misprimed NRPS 

machinery by catalyzing hydrolysis of these acyl groups (Yeh et al. 2004). The C 

domain a lso has a role in the f idelity of  the non-ribosomal peptide biosynthesis 

process.  An incorrectly loaded substrate cannot be recognized by the respective C 

domain w hich i ncreases the half lif e of  the  unprocessed substrate enz yme 

intermediate. The increased half life of the unprocessed substrate intermediate can 

be kinetically detected by a TEII which then hydrolytically removes the incorrect 

acyl group from the PCP domain. This process of proofreading is very similar to 

that of ribosomal peptide synthesis (Yeh et al. 2004).    

 

1.8 Non-ribosomally synthesized lipopetides 

Non-ribosomally s ynthesized pe ptides ve ry of ten ha ve a n N -terminally 

attached fatty acid cha in and hence are called lipopeptides. This f atty a cid part 

gives them more structural diversity and amphipathic properties. Non-ribosomally 

synthesized lipopeptides have received considerable attention for their surfactant-
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type a ntimicrobial pr operties. H owever i n N RPSs, no dom ains a re f ound t o be  

involved in fatty acid biosynthesis. Therefore, it has been suggested that the fatty 

acid moieties of  l ipopeptides a re synt hesized by separate P KSs and are 

incorporated into peptide products by direct t ransfer to the f irst activated amino 

acid of  t he peptide chain. A lthough t he enzymes cat alyzing the t ransfer of  t he 

fatty acid moiety have not been identified so far, a condensation domain at the N 

terminal end of the first NRPS module was reported to be found in all lipopeptide 

synthetase e nzyme complexes. Therefore, it i s assumed t hat this c ondensation 

domain in the f irst module of  the NRPS catalyzes the incorporation of  the fatty 

acid (Schwarzer et al. 2003).  

The l ipopeptides p roduced by va rious s pecies of  ba cteria, e specially 

various s trains of  Bacillus, can be  c lassified i nto t wo s ubgroups ba sed on t heir 

types of fatty acids. The first group includes the lipopeptides, surfactin, lichenysin 

and fengycin which contain β-hydroxy f atty a cids. T he m embers of  t he s econd 

group a re i turin, m ycosubtilin a nd bacillomycin w hich contain a β-amino fatty 

acid. Gene clusters responsible for synthesis of several members of  both groups 

have been completely sequenced and characterized (Duitman et al. 1999; Moyne 

et a l. 2004 ). T he f irst i nsights i nto t he s ynthesis of  the s econd gr oup of  

lipopeptides c ame f rom t he s equence of  t he m ycosubtilin ope ron. T he 

mycosubtilin ope ron di splays a  t ypical m odular a rrangement o f pe ptide 

synthetases along with a  functional dom ain ho mologous t o f atty a cid s ynthases 

and PKS. An amino transferase domain was also found at the N-terminal end of 

the f irst module of  the NRPS ( the second ORF of  the operon), and this domain 
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was pr oposed t o be  r esponsible f or t he a ctivation of  a  l ong c hain f atty a cid. 

However no ge nes ha ve be en i dentified t o account f or t he s ynthesis a nd 

incorporation of the β-hydroxy f atty a cid m oieties i n g roup one l ipopeptides in 

either t he p eptide s ynthetase ope ron or  t he f lanking r egions (Konz e t a l. 1999;  

Steller e t a l. 1999) . I n the c ase of  daptomycin, t wo ge nes dptE and dptF were 

assumed to be involved in N-terminal lipidation of the peptide part. The deduced 

product of  dptE was s hown t o c ontain a c onserved m otif of  a denylate f orming 

enzymes and was assumed to catalyze the acylation of the fatty acid chain which 

is t hen transferred t o the f irst a mino a cid of  da ptomycin by D ptF. DptF, t he 

deduced pr oduct of  dptF, was f ound t o be  hom ologous t o a cyl c arrier pr oteins 

(ACP). This mode of free fatty acid activation was also shown in Mycobacterium 

tuberculosis. The product of one of the fadD genes in M. tuberculosis was found 

to catalyze the formation of acyl-adenylates of long chain fatty acids (Trivedi et 

al. 2004). However the exact mechanisms of the t ransfer of the fatty acid to the 

peptide c hain ha ve not  ye t be en made c lear. P olymyxins ha ve N -terminally 

attached heptanoic acid or octanoic acids and so they do not fit clearly into either 

of these two subgroups.  

 

1.9 Hybrid PKS/ NRPS 

Non-ribosomal peptide synthetases and polyketide synthases are involved 

in t he s ynthesis of  many s econdary metabolites w ith i mportant t herapeutic a nd 

antimicrobial pr operties. H owever, recently it has be en shown that t hese t wo 

multimodular e nzyme s ystems c an w ork t ogether t o s ynthesis hybr id na tural 
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products. The hybrid systems of these two different modular enzyme complexes 

are of special interest for combinatorial biosynthesis, because the combination of 

PKS and NRPS activities can lead to the endless possibility of synthesis of natural 

products with even greate diversity in structure and activity. 

Although P KSs a nd NRPSs sha re a si milar modular a rrangement, t he 

biosynthetic pr inciple of PK Ss is e ven more s imilar t o that of  f atty acid 

biosynthesis. PKSs can be classified into three types but the hybrid NRPS/ PKS 

systems contain mainly type I PKS components. Like NRPS, a typical elongation 

module of a type I PKS consists of three core domains: acyltransferase (AT), acyl 

carrier p rotein (ACP) and ketoacyl synt hase (KS). Polyketide s ynthesis usually 

starts w ith the t ransfer of a  t wo, t hree or  f our c arbon bu ilding b lock s uch a s 

acetyl-CoA, pr opionyl-CoA or  but yryl-CoA t o t he A CP do main o f the  P KS 

system. The transfer of these already activated substrates is catalyzed by the AT 

domain. In contrast to the A domain of a NRPS, the AT domain of the PKS does 

not need to activate the substrate, only catalyze the t ransfer r eaction. Following 

transfer, acyl-substrate i s t ethered to a  ppan cofactor, covalently a ttached to t he 

ACP domain by a  thioester bond and this step is very similar to the step carried 

out by P CP of  a  NRPS. Then the KS domain catalyzes the condensation of  the 

two a cyl-substrates tethered on t wo a djacent ACP do mains. T he c ondensation 

reaction is catalyzed in two steps: f irst the incoming acyl-substrate binds to the 

KS do main by f orming a  t hioester bond w ith a  c onserved cysteine r esidue a nd 

then t he K S do main de carboxylates t he acyl-substrate o n the accep tor A CP 

domain a nd t ransfers the i ncoming residue ont o i t t o elongate the chain. L ike 
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NRPSs, P KSs ha ve so me t ailoring enzymes l ike ke toreductases ( KR), 

dehydratases (DH) and enoyl reductases, involved in the reduction of the β-keto 

acyl int ermediates. All three a re re quired for t he c omplete re duction to yield a 

saturated fatty acid chain and lack of any of them results in only partial reduction. 

When the full length product is formed, a thioesterase domain (TE) catalyzes the 

cleavage of t he f inal p roduct f rom t he bi osynthetic m achinery w ith o r w ithout 

macrocyclization (Keating and Walsh 1999; Staunton and Weissman 2001).  

Integrated NRPS/PKS systems are classified into three different types. In 

the f irst type the  unreleased product of  a  PKS is di rectly transferred to  a NRPS 

multi-enzyme. In this case the gene encoding the PKS i s not  l inked to the gene 

encoding t he NRPS. Examples of  t his t ype i nclude rapamycin, e pothilon a nd 

mycobactin. A n acyl transferase d omain (AT) i s a ssumed to be i nvolved i n 

transfer of the immediately synthesized polyketide to the N terminal condensation 

domain of t he f irst m odule of  t he N RPS. T he s econd t ype i s c haracterized by  

integrated genes where both NRPS and PKS domains a re found within a  s ingle 

protein. T he e xamples of  t his type a re m ycosubtilin, the a ntibiotic T A, and 

yersiniabactin. I n t his c ase a  put ative a mino t ransferase d omain i s f ound t o be  

involved in the transfer of polyketide chain to the NRPS machinery (Tillett et al. 

2000).  In the third type of hybrid system, a fatty acid intermediate is synthesized 

by PKS and transformed into a CoA derivative which is then transferred to the N 

terminal condensation domain of the first module of the NRPS system. One of the 

examples of this system is surfactin, in which the β-hydroxy f atty a cid i s 
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transferred by SrfD, an acyltransferase enzyme from β-hydroxymyristoyl-CoA to 

the Glu module of NRPS (Steller et al. 2004) 

 

1.10 Rational design 

The in-depth analysis of the different NRPS systems and other processes 

provided a  good unde rstanding of  how non -ribosomal pe ptides a nd po lyketides 

are pr oduced i n na ture by modular a ssembly l ine e nzyme machinery. T his 

profound know ledge of  m odular or ganization of  N RPSs a nd P KSs has l ed t o a  

new er a r esearch t o make novel c ompounds by m anipulating the m odular 

assembly l ine of  t he bi osynthetic enzymes or by applying a  c ombination of  

chemical and biological approaches. The  NRPSs and PKSs employ very similar 

systems to produce peptides and polyketides respectively. Domains with different 

catalytic fuctions of these enzyme complexes are responsible for the activation of 

specific precursor units, their subsequent modification, maturation and release of 

the final product. This type of catalytically active functional modular arrangement 

implies that any synthetase that contains the appropriate number of these modules 

in t he c orrect or der c ould s ynthesize a ny de fined pr oduct (Kopp a nd M arahiel 

2007). S equence a nalysis of  m any bacterial a nd f ungal non -ribosomal pe ptide 

synthetases has shown that there are certain levels of sequence homology present 

in every different functional domain. As each adenylation domain is responsible 

for a ctivating a  pa rticular a mino a cid, c hanging a n A  do main c an l ead t o t he 

incorporation of a different amino acid in the final peptide product (Schneider et 

al. 1998). So by knowing the roles of the different component amino acids in the 
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peptide, it will be possible to design a new peptide with more bioactivity but less 

toxicity by di rectly changing its biosynthesis enzyme template. Biochemical and 

genetic studies of several biosynthesis systems have revealed the minimal size of 

each functional domain and the interdomain and intermodule linking regions. This 

knowledge gi ves researchers the o pportunity t o l ocate a nd a mplify a  pa rticular 

domain encoding region responsible for substrate recognition and activation, from 

various pe ptide s ynthetase a nd po lyketide s ynthase e ncoding ge nes in bacterial 

and fungi (Stachelhaus et al. 1995).  

The basic principle for combinatorial biosynthesis of a natural product is 

to c ombine c omponents of  t he s ynthesizing m achinery of  di fferent m etabolites 

rationally t o pr oduce a  ne w molecule of  i nterest. T herefore, i n combinatorial 

biosynthesis, t he c hoice of  t he fusion s ite be tween modules or  do mains i s ve ry 

important. Biochemical and structural studies have led to precise identification of 

the domain borders as well as the linker regions in between the modules (Mootz et 

al. 2000).  

The linker regions between the domains within a module are different than 

the l inker r egions be tween t he m odules i n a  N RPS. H ighly c onserved r esidues 

were found in the linker r egions and these linker r egions of fer an advantage by 

providing a location to cut and link domains or modules from different NRPS to 

form a  totally new NRPS. A minimal e longation module of  a  NRPS consists of  

three core  do mains present i n the or der C-A-PCP, s uggesting three di fferent 

fusion points for recombination of domains: i) intramodular fusion between the C 

and A  dom ain, i i) intramodular f usion be tween t he A  a nd PCP do main a nd i ii) 
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intermodular fusion between the PCP and C domains (CAPCP-CAPCP) (Mootz et 

al. 2000). Although it is possible to swap individual domains, better productivity 

of the engineered NRPS is found when a whole module is changed. The possible 

reason may be that the cognate PCP or C  domain is most compatible with its A 

domain.       

The s econd a pproach f or s ynthesizing non -natural pe ptide us ing N RPS 

machinery is cal led a che moenzymatic process. The ba sic pr inciple of 

chemoenzymatic biosynthesis of a product is to modify a chemically synthesized 

product by using certain biologically active enzymes in vitro. It was demonstrated 

that t he e xcised T E do main f rom a m odular biosynthetic s ystem was abl e t o 

catalyze t he spe cific m acrocyclization reaction of  che mically synthesized acyl 

substrates in vitro. This offers great potential t o di versify t he na tural pr oducts 

synthesized by various NRPSs and PKSs (Kohli et al. 2002).  In chemoenzymatic 

synthesis of daptomycin, a linear precursor peptide chain synthesized entirely by 

solid state pe ptide synthesis, a chemical synt hesis proc ess w as converted t o 

daptomycin by stereo- and regioselective macrocyclization reaction catalyzed by 

an i solated TE do main. To imitate the na tural c onditions for T E do main to 

catalyze the reactions, the artificial peptide chain was activated by tethering the 

C-terminal e nd to N -acetylcysteamine ( SNAC), w hich mimics a ppa n molecule 

(Grunewald et al. 2004).    
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1.11 Transporter Genes 

Transporter-like genes have been reported for almost all NRPS systems in 

bacteria a nd fungi (Guillemette e t al. 2004;  M enges e t a l. 2007; P earson e t a l. 

2004). Transporter genes usually are present in the flanking region of the NRPS 

gene c luster a nd are transcriptionally or iented i n bot h d irections, either in  th e 

same or opposite, compared to the NRPS genes. Most of these transporter genes 

fall into the ATP-binding cassette (ABC) superfamily.  ABC transporters usually 

transport a  va riety of molecules ranging from very small (ions , amino acids) to  

large m olecules ( peptides, polysaccharides) i n or out  of  t he cel ls. Most of  t he 

ABC transporters transport molecules unidirectionally through the cell membrane 

and are c alled primary transporters. A BC tra nsporters a re classified into two 

families based on t heir polarity of transport: export or import. Those involved in 

the export of various peptides or polysaccharides and hydrophobic antibiotics fall 

into the ABC-A t ransporter f amily a nd t hose involved i n the i mport of  va rious 

solutes fall int o the ABC-B tra nsporter f amily. The tra nsporter pr oteins of  the 

ABC-B family are components of periplasmic binding protein-dependent (BPD) 

uptake sys tems. Proteins of  e ach f amily c an be  f urther d ivided i nto t wo s ub-

families ba sed on t heir s econdary s tructure: A BC-A1, ABC-A2 and ABC-B1, 

ABC-B2. A characteristic structural feature of the ABC transporter system is that 

it con tains a m embrane spa nning (MS) dom ain a nd a n A BC module. T he M S 

domains and ABC modules can be presen t i n t he sam e p rotein or i n sepa rate 

proteins and it is  believed that they function as homodimers (Saurin et al. 1999). 
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The ABC modules are considered to be the most conserved regions, which consist 

of the WalkerA, WalkerB motifs and the linker peptide (Walker et al. 1982). 

 

1.12 Research proposal 

Although p olymyxins w ere di scovered m ore t han ha lf a  century a go, 

molecular characterization of  t he ge nes e ncoding t he N RPS f or p olymyxin 

synthesis is very limited. Only one gene sequence of a polymyxin gene cluster is 

so far available i n GenBank, a nd i t is an out come of  the w hole genome 

sequencing of a natural isolate, P. polymyxa E681. Very recently a whole genome 

sequence of another strain of the same species, P. polymyxa SC2, was deposited 

in t he G enBank, but  preliminary e xamination of  t he s equence f or the ge nes 

encoding the N RPS f or pol ymyxin pr oduction i ndicates t hat t hey m ay c ontain 

errors and need further editing.  

It i s w ell established t hat pol ymyxins a re p roduced vi a a non-ribosomal 

peptide s ynthetase m echanism. Structural ins ights into the m echanism of  non -

ribosomal pe ptide s ynthesis have be en obt ained i n r ecent ye ars and t his 

knowledge c an be  e xploited f or t he bi osynthesis of  n ew or  m odified na tural 

products. Therefore, i t should be  p ossible t o m ake na tural non-toxic a nalogs of  

polymyxins by introducing changes into the NRPS by modification of the genes. 

Combinatorial b iosynthesis, s emi-enzymatic bi osynthesis, o r s wapping domains 

or modules of NRPSs have been reported for many antibiotics as ways to change 

their c omposition. T herefore, decoding the ge netic i nformation for polymyxin 
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biosynthesis is very important as a f irst step to take this antibiotic to a new level 

for combating multidrug resistant Gram negative bacteria.  

Therefore, the m ain goal of  t his r esearch was t o i dentify t he ge nes 

encoding the NRPS that catalyzes the production of  polymyxins in P. polymyxa 

PKB1. P. polymyxa PKB1 i s a n e nvironmental i solate, i dentified ba sed on i ts 

biochemical and growth characteristics and  i ts 16S  r RNA ge ne seque nce 

similarity. P. polymyxa PKB1 has been reported to produce polymyxins and the 

antifungal antibiotic fusaricidin (Beatty and Jensen 2002; Li et al. 2007). 
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Figure 1.6. 1.1: T he ove rall r eaction mechanisms for no n-ribosomal pe ptide 

biosynthesis. T he c ondensation, a denylation, thiolation and t hioesterase N RPS 

domains are labelled C, A, T and TE respectively, and the panthetheinyl arms of 

thiolation domains are indicated by w avy l ines. The numbers in the grey circles 

indicate t he r eaction steps cat alyzed by i ndividual dom ains (Adapted from 

Marahiel and Essen 2009).  
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2. Materials and Methods 

2.1 Bacterial and fungal strains, plasmids, reagents and media 

All of the bacterial and fungal strains used in this s tudy are described in 

Table 2.1.1. Paenibacillus polymyxa PKB1 and the antifungal indicator organism, 

Leptosphaeria maculans, were p rovided by  t he A lberta R esearch C ouncil 

(Vegreville, Alberta). All of the genomic l ibraries of  P. polymyxa PKB1 in 

cosmid a nd f osmid vectors and t he pl asmid c onstructs containing t he 

ApraRCmRoriT antibiotic r esistance cas sette used f or P CR-targeted ge ne 

disruption were obtained from the previous study of fusaricidin production in P. 

polymyxa PKB1 (Li, 2007; Li et al. 2007). All other bacterial strains and plasmids 

used in this study were commercially available (Table 2.1.2).  

The chemicals used in this study were reagent grade and the growth media 

were m icrobiological g rade, pur chased f rom Sigma and Difco L aboratories, 

unless ot herwise m entioned. The re striction enzymes and other DNA  

manipulating a nd c loning pr oducts us ed w ere manufactured by R oche, N ew 

England Biolabs and Fermentas Life Sciences. All of the oligonucleotide primers 

used w ere p repared by Integrated DNA T echnologies, I nc. ( IDT) and s upplied 

through M olecular B iology S ervices uni t (MBSU, D epartment of  Biological 

Sciences, University of Alberta).  

Hybond-N nylon membranes used for colony lifts and Southern analysis 

were m anufactured by Amersham B ioscience (Buckinghamshire, U K) a nd the 

0.45µ HAWP disc filters used for mating of bacteria and filtration of solvents for 

HPLC analysis were manufactured by Millipore. 
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2.2 Growth conditions for bacteria 

E.coli strains were routinely grown i n L B br oth ( 1.0% t ryptone, 0.5% 

yeast ext ract, 0.5% N aCl) or  super opt imal br oth ( SOB; 2.0% T ryptone, 0.5%  

yeast e xtract, 0.05%  N aCl, 2.5 mM K Cl, pH  7.0)  m edium unl ess ot herwise 

mentioned, at 37⁰C for 16 h in a shaker at 250 rpm (Model G-25, New Brunswick 

Scientific C o., E dison, N J) or  t ube r oller (Bellco, B iotechnology). Antibiotics 

were added t o t he m edium when a ppropriate, alone or  i n c ombination, at th e 

following concentrations: a mpicillin 10 0 µg/ml; a pramycin 50 µ g/ml; 

chloramphenicol 25  µ g/ml; ka namycin 50 µ g/ml; s treptomycin 50 µ g/ml a nd 

spectinomycin 100 µg/ml to select certain strains of bacteria or maintain antibiotic 

resistance genes. LBA (LB agar) medium was prepared by adding 1.5% agar to 

the LB. 

E. cloni ReplicatorTM strains containing the fosmid clones were grown in 

TB medium (Bacto tryptone 11.8 g/l, yeast extract 23.6 g/l, dipotassium hydrogen 

phosphate 9.4 g/l, potassium di hydrogen ph osphate 2.2  g/ l, gl ycerol 2 g/ l) 

containing 12.5 µg/ml chloramphenicol and 1x Replicator induction (L-arabinose 

solution, Lucigen, Middleton, WI) solution for 16 h at 37⁰C with shaking at 225 

rpm. L-arabinose was used to induce the production of TrfA replicator protein of 

E. cloni to activate the medium-copy origin replicator (oriV) of the fosmid vector 

to increase its number to 20-50 copies per cell.  

P. polymyxa PKB1 s trains w ere r outinely gr own i n G B m edium ( 1.0% 

glucose, 1.0% peptone, 0.2% beef extract, 0.1% yeast extract and 0.5% NaCl) or 

Brain Heart Infusion (BHI) at 37⁰C in a tube roller for 16 h. In some instances P. 
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polymyxa was grow n in t he s ame medium at  28 ⁰ C i n a rotary s haker. W hen 

required 1.5 %  agar was added to GB medium or BHI and used with or without 

antibiotics as required.  

L. maculans was grown on potato dextrose agar (PDA) at 28⁰C for 3 d for 

use as an indicator st rains f or antifungal bi oassay a s w ell a s f or making s pore 

stocks. 

 

2.3 Storage of bacterial strains 

All of the bacterial strains used in this study were stored in 20% glycerol 

at -80⁰C. E. coli strains were gr own i n 2 ml L B or  SOB media a t 37 ⁰C unless 

otherwise mentioned for 16 h in a tube roller. After incubation, 1.5 ml of culture 

was harvested at 5000 r pm for 1 min in bench-top centrifuge (Eppendorf 5424), 

900 µl of  the culture supernatant was removed and 400 µ l of 50% glycerol was 

added to make a f inal glycerol concentration 20%, and stored at -80⁰C. E. cloni 

fosmid-bearing clones were gr own i n T B medium for 16 h  at 37 ⁰C a nd a  20%  

glycerol s tock c ulture w as pr epared f ollowing t he s ame procedure de scribed 

above and stored at -80⁰C.  

  P. polymyxa PKB1 was grown in GB medium at 37⁰C for 16 h in a tube 

roller and stored in 20% glycerol at -80⁰C. 

L. maculans grown on PDA at 28⁰C for 3 d was scraped with a spatula, re-

suspended in 20% glycerol in 1.5 ml microcentrifuge tube and stored at -80⁰C. 
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2.4 Making electro competent cells 

2.4.1 E. coli DH5α 

The E. coli DH5α cells were grown in 2 ml SOB medium for 16 h at 37⁰C 

and 2 ml of this was used as a pre-culture to inoculate 200 ml of SOB medium in 

a 500 ml flask. The culture was grown at 37⁰C at 250 rpm until the OD600 reached 

0.5-0.6. The culture was then chilled on ice and harvested by centrifuging at 3000 

× g f or 5 m in at 4 ⁰C. T he cel ls were w ashed first w ith 200 ml of  4 ⁰C 10% 

glycerol a nd then with 100 ml f ollowed by 50 m l o f 4 ⁰C 10% gl ycerol. T he 

washed cells were re-suspended in 3-4 ml of ice-cold 10% glycerol and dispensed 

in 40 µ l a liquots, f lash frozen in a  dry i ce-ethanol ba th and s tored a t -80⁰C fo r 

future use. 

 

2.4.2 E. coli BW25113/pIJ790 

Electrocompetent E. coli BW25113/pIJ790 c ells us ed in t he P olymerase 

Chain Reaction (PCR) targeted mutagenesis were grown in 2 ml of SOB medium 

containing chloramphenicol (25 µg/ml), at 30⁰C for 16 h and 0.1 ml of this was 

used as a pre -culture to inoculate 50 m l of  S OB m edium containing 

chloramphenicol ( 25 µg/ml), and 20 mM MgSO4. The c ulture was i ncubated at 

30⁰C, to maintain the te mperature s ensitive pIJ790 plasmid, f or a bout 3 t o 4 h  

until the OD600 reached about 0.6. The SOB medium was also supplemented with 

10mM L -arabinose when the λ-RED f unctions e ncoded on pI J790 w ere to be  

expressed. The cell culture was then chilled to 4⁰C and harvested by centrifuging 

at 3000 × g for 5 min at 4⁰C. The cells were washed with 50 ml of ice-cold 10% 
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glycerol f ollowed b y two washes with 25 m l of  i ce-cold 10%  g lycerol. T he 

washed cells w ere r e-suspended i n 150 µ l of i ce-cold 10%  gl ycerol. 

Electrocompetent c ells of E. coli BW25113/pIJ790 w ere prepared f resh e very 

time before use for transformation.  

 

2.4.3 E. coli ET12567/pUZ8002 

Electrocompetent E. coli ET12567/pUZ8002 c ells u sed f or i ntergeneric 

conjugation were grown in 5 ml of LB medium containing kanamycin (25 µg/ml) 

and chloramphenicol (25 µg/ml) to maintain selection for pUZ8002 and the dam 

mutation at 37⁰C for 16 h and 2 ml of this was used as a pre-culture to inoculate 

200 ml of LB medium containing the same antibiotics. The culture was grown at 

37⁰C for  about 3 t o 4 h  until the OD600 reached about 0.6.  The cell culture was 

then chilled to 4⁰C and harvested by centrifuging at 3000 × g for 5 min at 4⁰C. 

The cells were washed first with 200 ml of 4⁰C 10% glycerol and then with 100 

ml followed by 50 m l of 4⁰C 10% glycerol. The washed cells were re-suspended 

in 3-4 ml of 4⁰C 10% glycerol. The washed cell suspension was then dispensed in 

40 µl aliquots, flash frozen in a dry ice-ethanol bath and stored at -80⁰C for future 

use.  

 

2.5 Transformation of competent cells 

In t his s tudy bot h e lectrocompetent a nd c hemically c ompetent E. coli 

strains were used. For the t ransformation of  frozen competent E. coli stains, the 

cells were s lowly thawed on i ce before use. An appropriate amount of  l inear or 
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circular DNA was added to a microcentrifuge tube containing 40 µl of competent 

cells, m ixed w ell ge ntly a nd held a t 4 ⁰C for  2 -3 min. I n t he c ase of  

electrocompetent c ells the e ntire contents of t he microcentrifuge t ube w as 

transferred carefully w ith a  m icropipette i nto t he bot tom of  a  2 mm gap s ize, 

disposable pr e-sterilized electroporation cuvette (Molecular B ioproduct Inc, 

Thermo Fisher Scientific). The cuvette was placed in a BIO-RAD Gene Pulser®II 

and an electric pulse was applied to the cells with the instrument setting: 25 µF, 

200Ω and 2.5 kV. In the case of chemically competent cells, the cells mixed with 

the a ppropriate a mount of DNA we re hel d at 4⁰C for 30 m in and t hen a he at 

shock was applied for 30 sec at 42⁰C. Immediate after the electric pulse or heat 

shock, 1 m l of LB or SOB medium was added to the cell-DNA mixture and the 

suspension was transferred to a pre-sterilized microcentrifuge tube and allowed to 

recover by i ncubating a t 37 ⁰C for 1 h . A n a ppropriate vol ume o f the cel l 

suspension w as spre ad on a  solid a gar m edium containing appropriate 

antibiotic(s) and was incubated at 37⁰C unless otherwise recommended for 16-24 

h to select for the desired transformants. In those cases with blue-white selection, 

80 µ l of  X -gal (5 -bromo-4-Chloro-3-β-D-galactopyranoside) w as spr ead along 

with or without 40µl of 100nM IPTG (isopropyl-β-thiogalactopyranoside) on each 

plate before applying the cell suspension. 

 

2.6 Isolation of DNA from bacterial culture 

2.6.1 Preparation of plasmids, cosmids or fosmids 
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Appropriate ba cterial s trains w ith desired plasmids, c osmids or f osmids 

were grown under appropriate conditions. Usually 1 m l of culture was harvested 

by c entrifugation in a n Eppendorf m icrocentrifuge a t 10,000 r pm for 1 m inute. 

The supernatant was removed and cells were subjected to alkaline lysis (Birnboim 

method) (Birnboim a nd D oly 19 79). The c rude pl asmid, c osmid or  f osmid 

preparations were t reated w ith R Nase A , e xtracted w ith buf fered phe nol-

chloroform and w ashed twice with c hloroform-iso a myl a lcohol m ixture. T wo 

volume of 95% e thanol w as a dded t o the f inal pl asmid, c osmid or  f osmid 

preparation to pr ecipitate t he D NA. The precipitated DNA w as coll ected by 

centrifuging at 15,000 rpm in an Eppendorf microcentrifuge for 10 min, washed 

with 70%  e thanol a nd r e-dissolved i n s terilized T E buf fer or  s terile doubl e 

distilled water. 

 

2.6.2 Isolation of genomic DNA from P. polymyxa PKB1 

A modified ve rsion of  a  pr otocol or iginally used f or t he i solation of 

genomic DNA from Streptomyces (Hoopwood et al. 1985) was used for preparing 

the genomic DNA from P.polymyxa PKB1. The culture was grown in 50 ml BHI 

at 28⁰C for 16  h at 250 r pm in a  rotary shaker and the ce lls were harvested by  

centrifuging a t 12 ,000 × g for 10  m in at 4⁰C. The c ulture s upernatant w as 

removed and the cel l pe llet w as w ashed twice with an equal vol ume of 10.3%  

sucrose solution and re-suspended in 4 m l of freshly prepared lysozyme solution 

(25 mM Tris-HCl, 25 mM EDTA, 0.3 M sucrose, pH 8.0, lysozyme 4 mg/ml and 

RNase A 100 µg/ml). The sample was incubated at 37⁰C and after 45 min SDS 
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and pr oteinase K  w as added t o a  f inal c oncentration of  2. 0% a nd 0.2 mg/ml, 

respectively, and incubated at the same temperature for another 15 min. The cell 

lysate was then extracted twice with equal volume of buffered phenol-chlorofom-

isoamyl a lcohol ( 25:24:01 v/ v) solution and s ubsequently w ashed twice with 

equal vol ume o f c hloroform-isoamyl a lcohol ( 24:1 v/ v). T he a queous por tion 

containing the genomic DNA was transferred into a new tube and two volume of 

ice c old 95 % e thanol and 0.1 vol ume of  3M  s odium a cetate w ere a dded t o 

precipitate the DNA. The tube was gently inverted until the DNA was seen as a 

fibrous material f loating in the l iquid, and then kept i n at 4⁰C f or 30 m in. T he 

genomic DNA was collected by c entrifuging the tube at 12,000 × g for 10 m in.  

The DNA pellet was washed with 70% ethanol, air dried and re-dissolved in 0.5 

ml of 10 mM Tris-HCl buffer (pH 8.5) and stored at 4⁰C.  

For s creening of  di fferent m utant P. polymyxa strains, Sigma® 

GenEluteTM Bacterial G enomic D NA prepa ration kit w as used according to th e 

manufacturer’s instructions using 1.5 ml of BHI culture grown at 37⁰C for 16 h.     

 

2.7 DNA methods 

2.7.1 Polymerase chain reaction 

Polymerase Chain Reactions (PCR) were routinely carried out i n 200 µ l 

thin w alled PCR t ubes using a  T -Gradient th ermocycler (Biometra, Goettingen, 

Germany). A typi cal reaction m ixture contained 50  ng of  pl asmid or  c osmid 

DNA or 150 ng of genomic DNA as template, 10 pmol of each primer, 0.25 µl of 

Taq D NA p olymerase ( Produced b y F ermentation S ervice Unit, D epartment o f 
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Biological Sciences, University of  Alberta) in 1x Taq buf fer (50 mM Tris-HCl, 

pH 9.0, 1.5  mM M gCl2, 0.4 mM β-mercaptoethanol, 0.1 mg/ml bovi ne s erum 

albumin, 10 mM ammonium sulphate, 0.2 mM of each dNTP) in a final volume 

of 12.5 µl. Primers used in this study are shown in Table 2.7.1.1.   

The amplification of antibiotic resistance cassettes for PCR-targeted gene 

disruption was scaled up to give a total volume of 250 µl distributed in five PCR 

tubes.  

 

2.7.2 Gel electrophoresis 

Agarose ge l el ectrophoresis w as r outinely us ed t o f ractionate DNA 

fragments of dif ferent si zes, to check the status of  r estriction enzyme digestion, 

purity of DNA preparations and to identify PCR products. Although 0.8% agarose 

gels in 1xT AE buf fer ( 40 mM T ris-Acetate a nd 1 mm E DTA, p H 8 .0) w ere 

routinely used, depending on t he sizes of expected DNA fragments, 0.5%, 1.0% 

and 1.5%  a garose g els were also used in so me i nstances. The D NA sam ples 

loaded in a gel were f ractionated by electrophoresis a t 50-100V through the gel 

submerged in 1X TAE buffer.   

After el ectrophoresis, gels were stained with e thidium bromide (2µg/ml) 

for 5 -10 min, and observed unde r UV l ight. The si zes of DN A ba nds were 

estimated by c omparing w ith molecular w eight m arkers. L ambda phage DNA  

samples digested w ith BstEII or  PstI w ere routinely used as m olecular w eight 

markers unless othe rwise m entioned. Commercial m olecular w eight markers 

manufactured by Fermentas Inc. were used in some special instances.    
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2.7.3 Gel purification of DNA 

Restriction endonuclease dige sted DNA f ragments or  PCR pr oduct(s) 

fractionated by e lectrophoresis on  s tandard 0 .8% or  1.0 % a garose gels w ere 

routinely extracted by using QIAquick Gel Extraction Kits (Qiagen, Mississauga, 

ON). T he de sired bands of D NA f rom e thidium br omide stained agarose ge ls, 

visualized under UV light were excised carefully with a blade and transferred into 

sterile 1.5 ml microcentrifuge tubes. The DNA was then extracted from the gel by 

following t he i nstructions pr ovided by t he manufacturer a nd stored i n e lution 

buffer which came with the kit at -20⁰C. 

 

2.7.4 Quantification of DNA 

DNA preparations ( plasmid, c osmid, f osmid or ge nomic D NA), ge l 

purified DNA fragments and PCR primers were quantified and checked for purity 

either by  us ing a  U V-spectrophotometer ( UNICAM U V/Vis S pectrophotometer 

UV3, A TI U nicam, C ambridge, UK) or  a NanoDrop® ND-1000 

Spectrophotometer ( NanoDrop Technologies, I nc., W ilmington, D E). When 

measuring with the Nanodrop, sterile Milli-Q™ water was read as blank and then 

1.5 t o 2.0 µ l of  D NA pr eparation w as r ead. T he i nstrument c alculates t he 

concentration of  D NA a nd pr ovides r esults a s n g of  D NA/µl a nd a lso provides 

A260:A280 ratio of t he sam ple as a m easure of  pur ity. When U V/Vis 

Spectrophotometer was us ed, sterile Milli-Q™ w ater was used t o bl ank the 

instrument, and t he D NA s ample di luted w ith Milli-Q™ wa ter was s canned at 

220 nm to 320 nm. Absorbance at 260 nm was measured and the concentration of 
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DNA was calculated by multiplying the absorbance with the di lution factor and 

33 and expressed as µg of DNA /ml. 

 

2.8 Cloning of DNA 

2.8.1 Cloning of endonuclease digested fragments 

Plasmids w ere r outinely us ed a s ve ctors f or c loning of  D NA fragments. 

The r equired plasmid was dige sted with the a ppropriate r estriction 

endonuclease(s) under the conditions specified by the enzyme manufacturer. On 

some oc casions t he d igested plas mid was al so treated with Shrimp Alkaline 

Phosphatase ( SAP) ( Fermentas I nc.) w hich w as i nactivated as pe r t he 

manufacturer’s instruction before t he l inearized plasmid was us ed for l igation 

reactions. The pr ogression of  digestion was c hecked by a garose g el 

electrophoresis. The DNA fragment that was to be cloned was digested with the 

same enzyme or with another enzyme that gave compatible ends for ligation. The 

desired DNA fragment was fractionated by gel electrophoresis and identified by 

comparing w ith m olecular m arker. T he D NA f ragment w as ge l purified, 

quantified and mixed with linear vector (suitable plasmid) in 3:1 ratio. A typical 

20 µl ligation mix contained 1 µl of T4 DNA ligase in 1x T4 DNA ligation buffer 

and incubated at 16⁰C for 16 h . After the ligation, 1-3 µl of the reaction mixture 

was t ransformed into E. coli DH5α electrocompetent cells and the resultant 

transformants were isolated on LB plates containing appropriate antibiotic(s).  

Shot-gun cloning was used when all the fragments of a large DNA clone 

were required to be cloned. In this instance the fosmid clones were digested with 
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appropriate restriction enzymes and the progression of digestion was checked by 

gel el ectrophoresis. The dige sted DNA was extr acted with an equal vol ume o f 

buffered phenol-chlorofom followed by t wo equal volume chloroform washes to 

remove t he r estriction enzymes. The DNA fragments were preci pitated and re-

dissolved in a suitable volume of sterile double distilled water. The concentration 

of t he di gested D NA was de termined a nd l igated w ith l inearized pU C119 

(digested with the same restriction enzyme) according to the procedure describe 

above.  After the ligation reaction, 3 µl of the reaction mix was transformed into 

E. coli DH5α electrocompetent cells and the resultant transformants were isolated 

by blue-white selection on LB plate containing ampicillin 100 µg/ml. 

 

2.8.2 Direct cloning of PCR products 

The cloning of  a  PCR product in a  plasmid vector was carried out  using 

the pCR® 2.1-TOPO kit (Invitrogen, Carlsbad, CA). A PCR product was directly 

cloned i nto T OPO ve ctor by f ollowing t he manufacturer ins truction and the 

resulting transformants were isolated on LB agar plates by blue-white selection.  

 

2.9 DNA sequencing and sequence analysis 

Sequencing of  D NA was r outinely c arried out us ing the BigDye® 

Terminator v3.1 C ycle S equencing Kit ( Applied B iosystems, C alifornia, U SA).  

A reaction mixture of 20 µl was prepared with 250ng of plasmid DNA or 100 ng 

of gel purified DNA fragments, 4 µl of BigDye reaction ready mix, 4 µ l of 2.5x 

BigDye sequencing buffer, 5 pmol of primer. The sequencing reaction was carried 
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out for 30 cycles using a T-Gradient thermocycler with conditions set as follows: 

dissociation temperature 96⁰C for 30 sec, annealing temperature varied depending 

upon the primer used, and elongation at 60⁰C for 1 t o 2 min depending upon the 

length of t he te mplate. After the  re action cycle th e re action mixture was 

transferred to a 1.5 ml microcentrifuge tube and 2 µl of BigDye salt solution and 

80 µl 4⁰C 95% ethanol were added and held at 4⁰C for 20 m in. The sample was 

then centrifuged at 15,000 rpm in an Eppendorf microcentrifuge for 5 min and the 

pellet w as w ashed w ith 1 ml o f 70% e thanol, a nd a ir d ried f or 5 m in. The 

microcentifuge t ube co ntaining the dri ed pellet w as sen t t o MBSU f acility 

(Department of Biological Sciences, University of Alberta) to obtain the sequence 

information. The nucleotide sequence was analyzed and compiled using computer 

programs i ncluding GeneTool 2.0, L asergene 7.0 and onl ine B LAST 

(http://blast.ncbi.nlm.nih.gov/). 

 

2. 10 Colony lifts 

In order to screen the clones from the P. polymyxa PKB1 genomic library 

prepared i n pS MART fosmid dur ing t he f usaricidin s tudy by J ingru L i, c lones 

were patched with sterile toothpicks on L B agar plates containing ampicillin 100 

µg/ml. T he 12x 12 i nch2 plates were di vided into 625 s ections t o ke ep track of 

individual clones. The LB plates were incubated at 37⁰C for 16 h  and chilled at  

4⁰C for 30 min before the colony lift. Hybond-N nylon membranes of appropriate 

size w ere carefully p laced on the agar su rface of  t he L B plates to transfer the 

growth of colonies to the membranes. The position of the membranes was marked 

http://blast.ncbi.nlm.nih.gov/�
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on the back of the plate and one corner of the membrane was trimmed, so that the 

membrane can be sup erimposed after p rocessing. After 1  m in the m embranes 

were removed from the plates and were subjected to a series of treatments to lyse 

the cells and release the fosmid DNA onto the membranes. The membranes were 

first placed with the colony side up onto a 3MM paper saturated with 10% SDS 

for 1 m in. The membranes were then soacked with denaturation solution (0.5 M 

NaOH, 1.5 M  NaCl) for 5 m in followed by s oaking with neutralization solution 

(1.5 M NaCl, 0.5 M Tris-HCl, pH 7.5) for 2×3 min. The membranes were washed 

vigorously in 2x SSC solution (0.3 M NaCl, 0.03 M tri-sodium citrate) to remove 

the cell debris and air dried. The membranes were then baked at 80⁰C for 2 h to 

fix the DNA . Once t he DNA wa s f ixed the m embranes w ere stored at room  

temperature in a sealed plastic bag.  

 

2.11 Transfer of DNA onto nylon membranes for Southern analysis 

In or der to i dentify P. polymyxa genes i nvolved i n po lymyxin 

biosynthesis, fragments of DNA from fosmid clones were subjected to Southern 

analysis. T he f osmid clones w ere digested w ith r estriction e ndonucleases, 

fractionated by agarose gel electrophoresis, and stained minimally with ethidium 

bromide so that any hybridizing bands could be t racked after Southern analysis. 

Before transferring DNA f ragments f rom the  agarose gels to nylon membranes, 

the ge ls were treated by soaking in depurination solution (0.125 M HCl) for 10  

min with gentle a gitation followed by soaking i n de naturation  buffer ( 1.5 M  

NaCl, 0.5 M NaOH) for 30 min with gentle agitation. Gels were then washed with 
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neutralization buf fer ( 1.5 M  N aCl, 0.5 M  T ris-HCl, pH  7. 5) f or 30 min with 

gentle agitation a nd t ransferred on to 3M bl otting pa per s oaked w ith 2 0x S SC 

solution. Hybond –N- nylon membranes were placed on the agarose gels and the 

fractionated D NA w as tra nsferred by capillary blotting overnight onto t he 

membranes. The membranes were then marked for proper position, transferred to 

a vacuum oven and baked for 2 h at 80⁰C to fix the DNA. The membranes were 

used immediately or stored at room temperature in plastic bags for future use. 

 

2.12 Preparation and Labelling of DNA probes 

In this study a non-radioactive method was used to label DNA probes by 

using t he DIG High Prime DNA L abelling and D etection Starter K it I (R oche 

Applied Science). In this method digoxigenin (DIG), a steroid hapten, was used to 

label t he D NA pr obes. T he hybr idized p robes w ere de tected by immunoassay 

with a nti-digoxigenin-AP F ab f ragments a nd vi sualized with the c olorimetric 

substrate. To label probes, gel purified DNA fragments of interest were quantified 

and 1 µg amounts were taken and diluted to a volume of 20 µl with sterile double 

distilled w ater. T he D NA w as t hen l abelled by f ollowing t he m anufacturer’s 

instructions with Dig-High Prime according to random primed labelling technique 

to make DIG-labelled DNA. 

 

2.13 Hybridization of nylon blots 

Nylon membranes containing the fixed DNA were transferred and washed 

into a hybridization bottle (Robbins Scientific) containing DigEasy hybridization 
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solution for 30 min in a hybridization chamber. Membranes were then incubated 

with DIG-labelled D NA pr obes and proc essed according to the m anufacturer’s 

instructions. A fter proc essing, the DNA ba nds t hat hybridized with the specific 

probes were identified by superimposing with the ethidium bromide stained photo 

of the original gel or with the plate containing the colonies (In the case of colony 

hybridization). 

 

2.14 Generation of P. polymyxa PKB1 mutants 

P. polymyxa mutants w ere ge nerated us ing R EDIRECT© technology: a  

PCR-targeting s ystem or iginally de veloped f or Streptomyces adapted f or 

Paenibacillus by Jingru Li (Li et al. 2007). In this method a cosmid clone carrying 

the gene(s) of interest was transferred into E. coli BW25113 with pIJ790 plasmid 

encoding λ-RED mediated homologous r ecombination functions. A P CR 

amplified antibiotic resistance cassette was used to delete or disrupt the gene(s) of 

interest present on the cosmid clone. 

 

2.14.1 Preparation of cassette for gene disruption 

In this study a PCR amplified ApraRCmRoriT antibiotic resistance cassette 

was used for PCR-targeted gene disruption. The PCR product was generated by 

using a gel purified 2.5 kb BglII fragment from pJL9 plasmid as template and two 

primers specific to the gene(s) of interest and the antibiotic resistant cassette. The 

forward pr imer w as 59  bp l ong w ith t he f irst 39 bp hom ologous t o the region 

upstream of the gene to be disrupted including the first codon and the remaining 
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20 bp was designed to target the disruption cassette. The reverse primer was 58 bp 

long with the first 39 bp homologous to the region downstream of the gene to be 

disrupted (may include the stop codon) and the remaining 19 bp was designed to 

target the disr uption cassette. The a mplified P CR pr oduct c ontained t he 

apramycin resistance gene aac(3)IV (originally f rom pI J773 pl asmid), 

chloramphenicol r esistant ge ne ( originally f rom pC 194 p lasmid), oriT of t he 

plasmid RP4, and two FRT sites flanking at the two ends. The 50 µl reaction mix 

was set up with 50ng of template DNA, 50 pmol of each primer, 50 µmol of each 

dNTPs, 1 µl of Taq DNA polymerase, 1 µl of 1/50 dilution of pfu polymerase and 

1x T aq buf fer ( 200 m M T ris-Hcl p H 8.3, 500  mM K Cl, 2 5 mM M gCl2). T he 

reaction mix was subjected to 30 cycle of amplification under the following PCR 

conditions: 95⁰C for 3 min, 10 cycle of 95⁰C for 45 sec, 50⁰C for 45 sec and 72⁰C 

for 2 min; 20 more cycle of 95⁰C for 45 sec, 55⁰C for 45 sec and 72⁰C for 2 min 

with a final elongation at 72⁰C for 5 min. 

 

2.14.2 PCR-targeted gene disruption 

The anti biotic r esistance cassette us ed for P CR-targeted ge ne di sruption 

was an ApraRCmRoriT disruption cassette, amplified by PCR using a gel-purified 

2.5 kb BglII fragment of pJL9 as template. The pJL9 was constructed during the 

study of  f usaricidin (Li e t a l. 200 7). T he a mplified linear P CR pr oduct w as 

introduced by electroporation into E. coli BW25113/pIJ790 containing a cosmid 

clone containing the target genes. The plasmid pIJ790 encodes the λ-RED 

function which promoted the homologous recombination between the target genes 
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and t he P CR a mplified antibiotic r esistant cassette. The resulting m utants w ere 

screened on a gar p lates with appropriate a ntibiotics at 37 ⁰C to eliminate the 

temperature-sensitive p IJ790 pl asmid. T he c osmid c lones in w hich the t arget 

genes w ere replaced with the dis ruption cassette were isolated a nd t ransformed 

into E. coli ET12567/pUZ8002 s train t o transfer t he m utation to P. polymyxa 

PKB1 by intergeneric conjugation.  

 

2.14.3 Transfer of mutated cosmid by intergeneric conjugation 

In this study intergeneric conjugation was done by using E. coli ET12567, 

a non-methylating strain which contains a non-transmissible plasmid pUZ8002, as 

a donor c ell. To prepare f or t he i ntergeneric conjugation, E. coli 

ET12567/pUZ8002 containing t he m utant c osmid w as gr own i n 50 m l o f B HI 

with appropriate antibiotics at 37⁰C and wild type P. polymyxa PKB1 was grown 

in 50 ml of BHI at 28⁰C at 250 rpm for about 4-6 h until both cultures reached an 

OD600 of 0.4 to 0.6.  The cultures were then harvested by centrifuging at 3000 × g 

for 5 min and washed separately three times with equal volumes of BHI. Both the 

donor a nd r ecipient c ells w ere r e-suspended i n 1 ml of  BHI a nd then mixed 

together in 3:1 ratio. The mixture (a 0.2 m l amount) was then transferred onto a 

0.22 µm HAWP filter (13 mm in diameter) (Millipore Corporation, Bedford, MD) 

placed on  a  B HI a gar plate a nd incubated at 28 ⁰C f or 16 -18 h. After the 

incubation the filters were transferred from the BHI plate into a tube and the cell 

mixture was re-suspended in 1ml of BHI broth.  Two hundred microlitre aliquots 

of the  c ulture w ere spread on G B a gar pl ates c ontaining c hloramphenicol ( 5 
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µg/ml) a nd pol ymyxin B  (25 µ g/ml) a nd i ncubated a t 37 ⁰C f or 24 h. 

Chloramphenicol w as u sed t o s elect t he P. polymyxa PKB1 ex-conjugants and 

polymyxin B  t o c ounter s elect the donor  E. coli ET12567/pUZ8002 s train. 

Chloramphenicol r esistant colonies that a ppeared a fter the i ncubation w ere 

patched on a fresh BHI plate containing higher concentrations of chloramphenicol 

(10 µ g/ml) a nd pol ymyxin B  ( 50 µ g/ml) t o c onfirm t he c hloramphenicol 

resistance of  the P.polymyxa conjugants and to e liminate any remaining E. coli. 

The ex-conjugants were checked for the presence of the mutation in the genome 

by PCR. 

 

2.15 Production of Antibiotics 

To assess a ntibiotic p roduction, the w ild t ype and m utant s trains of  P. 

polymyxa PKB1 w ere gr own i n G lucose-Starch-Calcium c arbonate (G SC) 

medium (glucose 20  g/ l, s tarch 20  g/ l, (NH4)2SO4 20 g/l, ye ast e xtract 10  g/ l, 

K2HPO4 2.6 g/ l, FeSO4·7H2O 0.1 g/ l, M gSO4·7H2O 0. 5 g/ l, NaCl 0.25 g/ l, 

CaCO3 9.0 g/ l) i n a  r otary s haking i ncubator f or 3 d at 3 0⁰C a t 250 rpm. T he 

culture w as ha rvested by c entrifuging a t 3 000 × g a t 4 ⁰C f or 10 min and t he 

supernatant was mixed with methanol to give a final concentration of methanol of 

20% (v/v) and held at 4⁰C for 30 min. The methanol-culture supernatant mix was 

centrifuged at 15,000  rpm in be nch-top c entrifuge ( Eppendorf 5424 ) and the 

supernatant was ana lyzed for anti bacterial ac tivity by agar dif fusion bioassay 

against E. coli strains a nd a lso a nalyzed by  high pe rformance l iquid 

chromatography (HPLC).  
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2.16 Concentrating bioactive compounds 

Bioactive compounds f rom the culture supernatants were concentrated to 

improve the HPLC analysis. Ten milliliters of culture supernatant containing 20% 

methanol was passed through a Sep-Pak C18 cartridge (Waters Corporation) that 

had been activated by passing 5 ml of methanol followed by 5 ml of water.  The 

loaded cartridge was then washed with 5 ml of water and the sample was eluted 

with 3 m l of  80%  m ethanol f ollowed by 2 ml o f 100 % m ethanol. The two 

methanol e luants w ere combined a nd t hen dried c ompletely under a stream of  

compressed air while being held at 4⁰C. The residue was re-dissolved in 0.5 ml of 

the same mobile phase as that used for HPLC analysis. 

 

2.17 Agar diffusion bioassay 

2.17.1 Antibacterial activity 

Production of antibacterial compounds by w ild type and different mutant 

P. polymyxa PKB1 strains was checked by agar diffusion bioassay against E. coli 

DH5α and E. coli ESS strains as representative of Gram negative bacteria. E. coli 

DH5α and E. coli ESS strains were grown in 2 ml amount of LB at 37⁰C for 16 h 

and 100 µl of the cultures was added to 100 ml of molten LB agar cooled down to 

45⁰C and plates were prepared. An 8 mm sterilized borer was used to punch holes 

in t he a gar medium a nd 100 µ l of  t est s olution was appl ied in each well. T he 

plates w ere t hen incubated at 37 ⁰C for 16  h and t he z ones o f inhi bition were 

measured. 
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2.17.2 Antifungal activity 

The a ntifungal a ctivity of  fusaricidin pr oduced by P. polymyxa PKB1 

strains w as checked b y a gar d iffusion bi oassay a gainst L. maculans as an  

indicator f ungus. P DA pl ates w ere s pread w ith 20 µ l o f s pore st ock of L. 

maculans, wells were punched with a sterile 10 mm borer and 150 µ l of culture 

supernatants were added to each well. The plates were incubated at 28⁰C for 3 d 

and the zones of inhibition were measured. 

 

2.18 High performance liquid chromatography 

High performance liquid chromatography (HPLC) was u sed for the 

separation and i dentification of  bioactive c ompound present i n t he c ulture 

supernatant a nd also w as us ed t o determine t he r elative concentration of  t he 

compound present i n wild t ype a nd di fferent mutants. The H PLC a nalysis w as 

carried out using an Alliance 2695 separation module (Waters, Milford, MA) with 

Photodiode Array (PDA) de tector ( Waters M odel 996)  c ontrolled b y Waters 

Millenium32 Software ( version 3.2 0; W aters, Milford, M A). The sa mple w as 

analyzed by injecting 25-100 µl into a reverse phase Phenomenex® Bondclone C18 

column (8 mmx100 mm, 10 µ m) (Phenomenex, Torrance, CA) with the mobile 

phase c onsisting 0.1 M d isodium phos phate (pH 3.0 w ith phos phoric acid) and 

acetonitrile (77:23) at a flow rate of 2.0 ml/min. Each sample was run for 20-25 

min, the ab sorbance w as de termined at 212 nm and the data w as pr ocessed by 

Waters Millenium32 Software (version 3.20; Waters, Milford, MA). All the water 

used in HPLC system has low conductivity produced by Milli-Q™ ion exchange 
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filtration s ystem. Fractions are col lected for ea ch 30 sec ( equivalent to 1 m l of  

eluent) of a runtime of 25 min with fraction collector (FRAC-100, Pharmacia) and 

150 µl of  each fraction was assayed for antimicrobial activity against E. coli by 

agar diffusion bioassay. 

 

2.19 Liquid chromatography–mass spectrometry (LC-MS) 

Liquid chromatography–mass spectrometry (LC-MS) analysis of  c ulture 

supernatants of wild type and different mutant P. polymyxa was carried out using 

an Alliance 2695 HPLC system (Waters Corporation) with PDA detector (Waters 

Model 996) coupled with a single quadrupole spectrometer (Micromass ZMD-2) 

controlled by MassLynx software. Samples were analyzed by injecting 5 µl to 10 

µl into a reverse phase XTerra®MS C18 column (2.1 mmx 150 m m, 5 µm) with 

the m obile pha se c onsisting 0.1%  f ormic a cid ( pH 3.0 w ith a mmonium 

hydroxide) and acetronitrile (77: 23) a t a  f low ra te 0.2 ml/min for 20  min. The  

column was kept at a constant temperature of 25°C in a heated column chamber.  

The UV da ta for each sample were coll ected online with a PDA de tector se t at  

212 n m be fore i ntroduction i nto t he mass s pectrometer. T he mass s pectral da ta 

were a cquired f or t he t otal i on c urrent of  t he samples i onized ove r time w ith 

electrospray ionization operated in a positive ion mode. The other MS parameters 

set were source temperature 150⁰C, desolvation temperature 300⁰C, cone voltage 

15V, and nitrogen gas flow 15 liter/minute. The nitrogen gas was provided from a 

Whatman ni trogen ga s generator w ith a  c onstant pr essure of 90 ps i. F ull m ass 

spectra w ere acqu ired over an  ext ensive mass r ange of  m /z 450  t o 1400 for 20  
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min with a scan time of 1.0 second and inter scan time of 0.1 second to obtain the 

total inf ormation of  t he s ample c omposition. The spe ctra w ere ana lyzed using 

Masslynx™ 4.0 (Waters corporation) software.  
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3. Results and Discussion 

3.1 Background from previous studies 

Paenibacillus polymyxa PKB1 i s an environmental isolate studied for i ts 

ability t o p roduce a ntimicrobial pe ptides (Beatty a nd J ensen 2002) . D uring a  

previous investigation of the fusaricidin synthetase gene cluster, a genomic library 

of P. polymyxa PKB1 was constructed by partial digestion of genomic DNA with 

Sau3A1 and packaging in SuperCos1, a cosmid vector (Li 2007). Screening of the 

cosmid ge nomic l ibrary w ith a  P CR pr oduct pr obe, d esigned t o de tect T hr-

specific no n-ribosomal pe ptide s ynthetase ( NRPS) ge ne f ragments ( part of  

adenylation dom ains) yielded m any pos itive clones, a s expected, s ince T hr i s 

present in bot h f usaricidin a nd pol ymyxin. Initially, one of  t he pos itive c lones, 

Col-8, was believed to contain ge nes encoding t he N RPS for fus aricidin 

biosynthesis because it was t he onl y c lone t hat hybridized w ith bot h T hr- and 

Asn-specific NRPS gene fragment probes. The fusaricidin molecule contains both 

Thr and Asn. Therefore, a s a  pa rt of  the  fusaricidin s tudy, the Col-8 insert was 

completely sequenced, but it was found to contain putative polymyxin-producing 

genes rather than fusaricidin-producing genes.  

Further an alysis as pa rt of  t he present pro ject show ed that the cl uster 

appeared to be  i ncomplete in Col-8 and the order of  t he genes suggested that a 

rearrangement m ay have oc curred. Southern a nalysis o f a Col-8 di gest in 

comparison w ith a  g enomic D NA di gest revealed C ol-8 ha s non -contiguous 

chromosomal f ragments. Although C ol-8 a ppeared to be  r earranged, restriction 

digestion pa ttern m apping a nd S outhern a nalysis of  t he remaining hybridizing 
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clones revealed four cosmid clones, Col-9, Col-10, Col-15, and Col-20, to contain 

fragments ove rlapping with t hat o f C ol-8 a nd t herefore t o be  candidates f or 

containing a putative polymyxin-producing NRPS.  

 

3.2 Analysis of the cosmid clones 

The f ive c osmid c lones (Col-8, C ol-9, C ol-10, C ol-15 a nd C ol-20) 

obtained f rom t he pr evious s tudy w ere transformed i nto E. coli DH5α cells to 

analyze them f urther. T he E. coli cells containing the d ifferent cos mid clones 

were grown in LB medium with appropriate antibiotics at 37⁰C for 16 h in a tube 

roller. The c osmids w ere is olated from the  re sulting cultures a nd digested with 

EcoR1, and restriction digestion patterns were compared (Figure 3.2.1) . A 14.1-

kb EcoR1 f ragment w as f ound t o be c ommon t o a ll f ive clones and a 7.5 -kb 

fragment w as c ommon t o f our c lones bu t not Col-8. Since the c omplete 

nucleotide sequence of Col-8 was known, the EcoR1 sites in the Col-8 sequence 

were analyzed in silico using the software Laser Gene 7 and Gene Tools 2. The 

in-silico EcoR1 restriction map matche the actual EcoR1 digest of  Col-8 except 

for the absence of the 6.9-kb fragment which is present in the actual digest but not 

in the in silico map. This 6.9-kb fragment represents the linear cosmid vector that 

was edited out of the Col-8 sequence during making the contig.  

At this time there was no sequence of polymyxin encoding genes available 

for c omparison within GenBank. After a de tailed literature sear ch a pa tent 

application was f ound c laiming t o i dentify a  gene c luster e ncoding p olymyxin 

biosynthesis genes, one  of the outcomes of full genome sequencing of  a natural 



 

 

79 
 

isolate of  P. polymyxa E681 (Choi et a l. 2009) . In this p atent a pplication the 

sequences of three ORFs encoding NRPS genes, named pmxA, pmxB and pmxE, 

were gi ven. I n the p resent s tudy the ge nes f rom P. polymyxa E681 w ill be  

designated as pmxE681. The s equences of  t hese ge nes, ob tained by scanning a  

printout of  a pdf  f ile u sing c haracter r ecognition s oftware, were an alyzed and 

compared with the nucleotide sequence of  Col-8 us ing the software Gene Tools 

2.0 and the NCBI BLAST program (on-line), and the corresponding regions were 

found to be very s imilar with a  nucleotide sequence homology of  about 92%. I t 

was also found from the sequence comparison that the EcoR1 fragment from the 

3’ end of the insert in Col-8, which was 5.1 kb in size, should probably have been 

a 7.5 -kb f ragment a s f ound i n pmxEE681 (Figure 3.2.2) . Since a ll of  t he ot her 

cosmid clones except Col-8 have a 7.5-kb fragment in common, it was considered 

to be  t he s ame fragment a s f ound i n t he s imulated EcoR1 di gest of  pmxEE681. 

Further sequence analysis and comparison to pmxE681 sequence revealed that Col-

8 ha s on ly the m iddle portion of  t he put ative pol ymyxin ge ne cluster a nd i t 

appears to lack about 5.5 kb of  sequence from the 3’ end of pmxE and 2 kb f rom 

the 5’ end of pmxA.  

 

3.3 Primer walking with cosmid clones 

Primer walking was chosen as the initial approach to sequence beyond the 

Col-8 boundaries. Primers were designed based on t he known sequence of Col-8 

and on the pmxE681 sequence available in the patent application, as the sequences 

of the pmxE681 genes were very similar to those of Col-8. Two primers, pSHA03 
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(homologous to an area upstream of the 3`end of the 5.1 EcoR1 fragment of Col-

8) a nd pS HA04 ( homologous t o a n a rea in t he 7.5 -kb EcoR1 fragment fr om 

pmxEE681), were de signed a nd us ed t o a mplify a P CR pr oduct w ith C ol-15 a nd 

Col-20 as templates. A PCR product of the expected size of 750 bp was observed, 

gel pur ified and sequenced with the sam e pri mers. The s equence of  t he P CR 

product f rom bot h C ol-15 a nd C ol-20 w as f ound t o be  ho mologous t o t he 

sequence of  t he corresponding r egion of  pmxEE681. More p rimers were designed 

and us ed t o a mplify and s equence t he remaining pa rt of  t he 7.5 -kb EcoR1 

fragment us ing t he c osmid c lones Col-15 a nd C ol-20 as t emplates. Since t he 

sequences o f t he P. polymyxa PKB1 P CR pr oducts w ere f ound to b e hi ghly 

similar to the pmxEE681 sequences, the r everse primer of  a  set of  pri mers w as 

designed based solely on pmxEE681 sequence to amplify and sequence a fragment 

extending from within, to beyond the 3’ end of the 7.5-kb EcoR1 fragment using 

the P. polymyxa PKB1 cos mid clones as t emplate. The s equence r evealed the 

presence of an EcoR1 site in a position, which supported the proposal that the 5.1-

kb EcoR1 fragment of Col-8 was originally a 7.5-kb EcoR1 fragment in the PKB1 

genome. Since the pmxEE681 sequence is very similar to the sequence obtained by 

primer walking from Col-15 and Col-20, i t was speculated that the downstream 

sequence would also be very similar, but a comparison of EcoR1, SalI, ScaI and 

BstZ171 restriction maps of these two cosmid clones with the in silico restriction 

map of the pmxEE681 sequence did not support the speculation.  

Primers w ere a lso de signed t o obtain additional D NA s equence 

information from upstream of the discontinuity located near the 5’ end of the Col-
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8 insert in order to complete the pmxA gene sequence, but no useful information 

was obt ained us ing a ny of  t he c osmid c lones a s t emplate. T his s uggested that 

these ot her c osmid c lones may a lso c ontain di scontinuities i n t his r egion. T he 

discontinuities and rearrangements observed in Col-8 were not a  new feature in 

the PKB1 cosmid l ibrary. This ambiguity was also observed during the study of 

fusaricidin in P. polymyxa PKB1 (Li 2007). 

 

3.4 Screening of fosmid library 

Since none of the cosmid clones were found to be sufficient to complete 

the sequence of the entire polymyxin gene cluster, a second genomic library of P. 

polymyxa PKB1, prepared in the copy control fosmid, pSMART was considered 

to be an alternative. This pSMART fosmid genomic library was also made during 

the study of the fusaricidin synthetase gene cluster (Li 2007), and was relatively 

small containing only 550 c lones. Two di fferent probes were used to screen the 

entire fosmid library to identify the clones possibly containing the areas needed to 

complete t he sequ ence of  t he e ntire N RPS ge ne c luster f or polymyxin 

biosynthesis (Figure 3.4.1). The first probe was a 1.0 kb D NA fragment obtained 

from a 1.11-kb PCR product generated with primers pSHA09 and pSHA10 using 

Col-15 a s a  t emplate. The P CR p roduct w as cloned into the T opo 2. 1 ve ctor, 

transformed into E. coli DH5α, and grown in LB with appropriate antibiotics. The 

clone containing the PCR product was digested with EcoR1 to completion and the 

gel purified EcoR1 digested PCR product was labeled non-radioactively to use it 

as a probe. Thus this probe is homologous to the last 1.0 kb from the 3’ end of the 
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7.5-kb EcoR1 fragment, which was common in Col-9, Col-10, Col-15 and Col-20. 

Fifteen c lones w ere f ound t o hyb ridize w ith this pr obe, s uggesting t hat these 

clones may c ontain t he 3’ e nd of  t he pol ymyxin pr oducing N RPS ge ne c luster.  

The s econd pr obe w as t he 1.67 -kb EcoR1 f ragment f rom C ol-8, w hich w as 

considered t o be  t he l ast pi ece of  legitimate s equence ne ar t he 5’  e nd of  t he 

polymyxin producing NRPS ge ne c luster, p resent i n the C ol-8. T he 1.67 -kb 

EcoR1 fragment w as sub -cloned i nto pS L1180, t ransformed i nto E. coli DH5α, 

and grown in LB with appropriate antibiotics to provide increased amounts of the 

fragment. Eventually the f ragment w as exc ised f rom t he s ub-clone a nd l abeled 

non-radioactively to use as a  probe. The boundary of the legitimate sequence of  

the po lymyxin pr oducing N RPS ge ne c luster i n C ol-8 w as de termined by 

comparing to the sequence of pmxE681. Eleven clones were found to hybridize with 

this probe, and 10 of them are common to the clones that hybridized with the first 

probe. This indicated that 10 clones hybridized with both of the probes and should 

therefore contain almost the entire or the entire gene cluster encoding the NRPS 

for pol ymyxin bi osynthesis. T his i s a n unus ually h igh nu mber of  c lones 

apparently containing t he de sired D NA i nsert to be  f ound in a  relatively s mall 

library (550 clones). However, cultures of all 16 of the hybridizing fosmid clones 

were grown in TB medium containing 1x induction solution (used to increase the 

fosmid copy number) with appropriate antibiotics and used to isolate fosmids. The 

fosmid preparations were checked by PCR with the same primers (pSHA09 and 

pSHA10) used to generate the 1.11-kb probe (Figure 3.4.2). Thirteen clones were 

found to generate a strong band for the 1.11-kb PCR product, indicating that the 
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majority of the  c lones ide ntified from the  hybridization re sults w ere ‘ true’. 

Finding a large number of positive clones in screening the PKB1 genomic library 

is not unprecedented.  Similar results were also seen in the study of fusaricidin. A 

possible e xplanation f or t his c ould be  t hat P. polymyxa PKB1 pr oduces many 

non-ribosomal pe ptides, and t he N RPSs a re or ganized i n m odules a nd do mains 

which have conserved motifs with very similar nucleotide sequences, leading to 

cross hybridization with the probes. However, it is really very unusual to find the 

same region of the genome represented in 10 di fferent c lones in a small library 

since the calculated number of clones that would be expected from this library is 

about one tenth of the number found experimentally. 

 

3.5 Selecting the right fosmid clones 

It w as no t f easible t o p roceed with al l 16 c lones f or s equence a nalysis; 

therefore, to narrow down the selection, a ll of  the pos itive c lones were digested 

with EcoR1 and their restriction patterns were compared to the EcoR1 restriction 

patterns of  t he f ive c osmid c lones analyzed e arlier (Figure 3.5.1) . Based on t he 

presence of  the 14.1-kb and/ or  7.5-kb EcoR1 fragments, and the amount of  the 

PCR product generated with pSHA09 and pSHA10, four clones: 1B3, 2E5, 3A8 

and 6C12, were chosen as candidates for containing the 3’ end of the pmxE gene 

encoding N RPS f or pol ymyxin bi osynthesis. T he P CR pr oducts ge nerated w ith 

pSHA09 and pSHA10 using these four clones as templates were sequenced and 

were f ound m atch t he s equence of  t he P CR pr oduct ge nerated w ith t he s ame 

primers using Col-15 as a template which reinforces the finding that these clones 
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have genes encoding NRPS for polymyxin biosynthesis. Fosmid 3A8 was chosen 

as the best candidate for containing the 3’ end of the gene cluster and downstream 

because i t did not  ha ve t he 14.1 -kb EcoR1 f ragment but  di d h ave the 7.5 -kb 

EcoR1 f ragment. T his i ndicated t hat 3A 8 w as more l ikely t o c ontain the DNA 

sequence from downstream of the 7.5-kb EcoR1 fragment.  On the other hand, the 

4F9 c lone was c onsidered t o be  the be st c andidate t o c ontain t he 5’  e nd a nd 

upstream of the gene cluster since it did not give any PCR product with pSHA09 

and pSHA10 and it did not have either 7.5-kb or the 14.1-kb EcoR1 fragments.  

 

3.6 Shot-gun cloning 

Shot-gun cloning and end sequencing of sub-clones was considered to be 

one of the fastest ways to obtain sequence information from the positive fosmid 

clones. To sequence fosmid clones 4F9 and 3A8, shot-gun cloning was carried out 

in the plasmid vector pUC119. The sequencing information from the sub-clones 

was obt ained by e nd-sequencing t he c loned D NA w ith primers s pecific to the 

multi cloning site (MCS) of pUC119. 

 

3.6.1 Shot-gun subcloning of the fosmid clone 3A8 and sequencing 

In order to do the shot-gun cloning, the 3A8 fosmid clone was digested to 

completion w ith EcoR1 a t 37º C f or 16 h  and the f ragments w ere cl oned into 

pUC119. T he c loning vector pUC119 w as l inearized by digesting w ith EcoR1 

followed by a  S hrimp alkaline phosphatase ( SAP) t reatment t o prevent sel f-

ligation. T he r esulting sub-clones were t ransformed i nto E. coli DH5α and the 
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colonies w ere i solated on a  L B pl ate c ontaining a ppropriate a ntibiotics. F orty-

three sub -clones w ere pi cked a nd g rown i n L B medium c ontaining a ppropriate 

antibiotics. Plasmid DNA w as prepa red from t hese cl ones and digested with 

EcoR1 to check the size of the inserts. Based on the sizes of t he inserts 13 sub-

clones were end-sequenced with primers specific to the MCSs of the vector. The 

sub-clone 9A, containing a 6.3-kb insert, was found to have sequence homologous 

to t he r egion i mmediately f ollowing t he 7.5 -kb EcoR1 fragment o f t he C ol-15 

cosmid c lone, by c omparing t he sequence with the c orresponding r egion of  

pmxEE681. The sequence of the other end of the sub-clone showed no similarity to 

genes encoding NRPS, which indicated that 9A should contain the remaining 3’ 

end of the gene cluster and beyond.  

 

3.6.2 Sequencing of 9A, a sub-clone from fosmid clone 3A8 

The 9A  s ub-clone w as dige sted with several restriction endonucleases 

based on the sites available in the MCS of pUC119.  HindIII and PstI were found 

to give fragments suitable for end-sequencing, and PstI was chosen. The 9A sub-

clone was digested with PstI and fragments were again sub-cloned into pUC119. 

This t ime the pUC119 was l inearized with PstI and treated with SAP before the 

ligation r eaction. S ixteen c lones w ere pi cked a nd c lones c ontaining t he t hree 

inserts of t he expected size were obtained a nd e nd-sequenced using the sam e 

primers specific to the MCS of pUC119. The sequence analysis of these clones, 

when aligned with the pmxEE681 sequence, indicated that 9A contains almost the 

entire 3’ end of the polymyxin synthetase gene cluster but homologous sequence 
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stopped at 221 bp short of the expected end of the cluster and switched abruptly to 

unrelated s equence. This i ndicated t hat t he s ub-clone 9A  a nd he nce t he f osmid 

clone 3A 8 c ontained a  non -contiguous f ragment of  P KB1 ge nome. This 

hypothesis was a lso s upported by the f act t hat t he site w here the d iscontinuity 

appeared was a Sau3A1 site, and the PKB1 genomic DNA library was made by 

partial digestion with Sau3A1.  

 

3.6.3 Shot-gun sub-cloning of the fosmid clone 4F9 and sequencing 

The f osmid c lone 4F 9 was di gested w ith EcoR1 t o c ompletion a nd t he 

fragments w ere c loned i nto pU C119. A s de scribed pr eviously, t he ve ctor w as 

linearized with the s ame re striction enzyme, EcoR1, and treated with SAP to 

prevent s elf l igation. T he c lones w ere t ransformed into E. coli DH5α and the 

colonies were isolated on LB plates containing the appropriate antibiotic. Thirty 

eight c olonies w ere pi cked a nd gr own i n L B medium c ontaining a ppropriate 

antibiotics. Plasmid DNA w as prepa red from t hese cl ones and digested with 

EcoR1 to check the sizes of the inserts. Based on the sizes of the inserts, 16 clones 

were end-sequenced with the primers, CAN68 and CAN69. The remaining 5’ end 

of the gene cluster encoding NRPS for polymyxin biosynthesis was obtained from 

one of these sub-clones and the sequence was identified as part of the gene cluster 

encoding the NRPS for polymyxin biosynthesis by comparison to the homologous 

area of the pmxE681 gene cluster. Unfortunately, a discontinuity was again found in 

the sub-clone at 23 bp upstream of the 5’ end of the gene cluster.  
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3.7 Searching for other fosmid clones to complete the gene cluster 

encoding the NRPS for polymyxin biosynthesis 

Since the two fosmid clones chosen initially, 3A8 and 4F9, gave only the 

5’ e nd of  t he ge ne c luster a nd 23 b p of  ups tream s equence ( 4F9), a nd di d not  

contain t he s equence i nformation needed to c omplete the 3’  end of  the ge ne 

cluster encoding the NRPS for polymyxin biosynthesis (3A8), new fosmid clones 

were s ought. T o i dentify s uitable c lones t o c omplete t he sequence of  the ge ne 

cluster, a ll of t he pos itive fosmid c lones f rom t he f irst r ound of  s creening were 

explored e ither by S outhern a nalysis o r by  P CR. U nfortunately, i nternal 

rearrangement w as f ound t o be  a  major pr oblem for e ach f osmid a nd c osmid 

clone studied. 

 

3.7.1 Searching for other fosmid clones to obtain sequence information 

beyond the 5’ end of the gene cluster 

Although there were 16 positive clones found in the initial screening, there 

was no good c andidate containing sequence f rom be yond t he 5 ’ e nd of  t he 

polymyxin synthetase gene cluster. To find an alternative fosmid clone that might 

be useful to get sequence information from further upstream of the gene cluster, 

PCRs were carried out with the pr imers pSHA11 and pSHA12 (Figure 3.7.1.1) . 

These t wo primers w ere or iginally de signed t o a mplify a  r egion 1.1 kb 

downstream from the beginning of the polymyxin synthetase gene cluster and to 

provide sequence information to join the 5’ end of the gene cluster obtained from 

fosmid clone 4F9 to the 5’  end of  the region within the Col-8 sequence derived 
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from t he po lymyxin ge ne c luster. Unfortunately, no f osmid c lone e xcept 4F 9 

generated the expected 1.1-kb PCR product. 

 

3.7.2 Searching for other fosmid clones to obtain the 3’ end of the gene 

cluster 

Since the 3A8 fosmid clone was found to have a non-contiguous fragment 

of P KB1 g enomic D NA, t he ot her pos itive f osmid c lones w ere checked by 

Southern analysis to identify an alternative fosmid clone containing the 3’ end of 

the gene cluster and sequence downstream. All of the 16 fosmid clones and three 

cosmid clones were digested again with EcoR1 to completion, f ractionated in a  

0.8% a garose ge l a nd transferred to a  nyl on m embrane. Southern a nalysis w as 

carried out with a 9A sub-clone specific probe (Figure 3.7.2.1). The probe was a 

1.0-kb P CR pr oduct g enerated w ith t he pr imers pS HA13 a nd pS HA14 w hich 

were us ed to s equence an i nternal region of  o ne of  t he s ub-clone of  9A . T he 

specificity o f t he pr imers w as f irst c hecked w ith f osmid c lones 6C 12, 1B3 a nd 

2E5, and all of them generated the same 1.0-kb PCR product. The PCR product 

generated with clone 9A as template was then gel-purified and was labelled non-

radioactively. U pon Southern a nalysis of  t he digested D NA, many bands f rom 

different f osmid c lones a nd c osmid c lones w ere f ound t o hybr idize w ith t he 

probe. As a positive control, the expected non-contiguous 6.3-kb band from 3A8 

was l abelled w ith t he pr obe. A gain hybr idization of  t his hi gh nu mber of ba nds 

from different clones can be explained by the fact that NRPSs have modules with 

very high sequence homology which makes them very difficult to investigate by 
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Southern analysis. Four clones were originally chosen from the 16 positive fosmid 

clones as good candidates for containing the 3’ end of the gene cluster encoding 

NRPS for polymyxin biosynthesis, and all of these four fosmid clones produced 

the 1.0 -kb PCR pr oduct t hat was us ed a s a  pr obe. Of t hese four c lones, t wo of  

them, 6 C12 a nd 2E 5 (Figure 3.7.2.1)  s hared a  c ommon 5 .1-kb ba nd t hat w as 

considered t o pos sibly r epresent t he t rue si ze o f t he adjace nt fragment. A  ne w 

primer, pSHA18, was designed to hybridize upstream of the discontinuity point of 

the 9A  s ub-clone ( inside of  t he pol ymyxin ge ne c luster) and i t w as used f or 

sequencing with both of the fosmids as templates. Sequence information obtained 

with pSHA18 from both fosmid clones, 6C12, and 2E5, was found to be identical 

and homologous t o t he corresponding r egion o f t he pmxE681 gene cl uster. Since 

the sequence information f rom both t he fosmid clones was identical, t he 5.1 -kb 

EcoR1 fragment was considered to be the true representative of the PKB1 genome 

and hence, r epresents t he 3 ’ en d of t he g ene cl uster enc oding NRPS for 

polymyxin biosynthesis.   

 

3.8 Sequence analysis of the polymyxin synthetase gene cluster 

The com plete sequ ence of  t he ge ne c luster encoding t he N RPS for 

polymyxin biosynthesis in P. polymyxa PKB1 was obtained by pi ecing together 

the s equence i nformation f rom s everal c osmid a nd f osmid c lones f rom P KB1 

genomic l ibraries. None of the cosmid and fosmid clones were found to contain 

the whole gene cluster and most of them were found to be rearranged. It seemed 

that NRPS genes were more l ikely to be  l igated together during construction of  
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the ge nomic l ibrary than ot her g enomic D NA because N RPS c ontaining clones 

always seemed t o be o ver-represented in the l ibraries. Perhaps t his i s somehow 

due to the high homology of the domain sequences.  

Cosmid c lone C ol-8 was s equenced pr eviously dur ing a  s tudy on 

fusaricidin bi osynthesis (Li 2007)  and w as found t o c ontain m ost of  t he 

polymyxin synthetase gene c luster. However, i t i s a lso notable that while Col-8 

contained t he m iddle po rtion of  t he ge ne c luster, bot h of  t he f lanking r egions 

included non-continuous pi eces of  PKB1 ge nomic D NA. This r earrangement a t 

the end of the cosmid or fosmid inserts was found in almost all of the clones even 

though the PKB1 genomic l ibraries were prepared three times in di fferent hos ts 

with special precautions meant to minimize such problems.  

The whole gene cluster consists of five open reading frames and is 40.8 kb 

in size. Three ORFs (pmxAPKB1, pmxBPKB1 and pmxEPKB1) are the NRPS encoding 

genes, a nd t he r emaining t wo ( pmxCPKB1 and pmxDPKB1) e ncode putative ABC 

transporter-like genes (Figure 3.8.1). Only 23 bp  of sequence upstream from the 

5’end of  the c luster w as obt ained due  t o t he l ack of  a ppropriate c lones a nd 

extensive DNA rearrangement problems. A bout 1.6 kb of  D NA w as sequenced 

downstream of  t he 3’  e nd of  t he ge ne c luster by pr imer w alking us ing f osmid 

6C12 and 2E5 as templates and an ORF was found which showed similarity only 

to hypothetical proteins deposited in the data bank. The protein has a  very high 

homology with the hypothetical protein of Geobacillus sp. Y412MC10 (GenBank 

Accession No.: 003243619)  a nd most s imilar proteins, a s i dentified by BLAST 

analysis were not apparently related to NRPS gene clusters.  



 

 

91 
 

As discussed earlier, identification of the pmxE681 polymyxin gene cluster 

was t he ou tcome of  a  c omplete ge nome s equencing pr oject, and the ge nome 

sequence information w as only deposited i n t he G enBank very recently 

(Accession N o. CP000154.1). C omplete ge nome i nformation of  yet another P. 

polymyx strain, P. polymyxa S2C, was published only in Gen Bank in September, 

2010. Since t he pmxE681 sequence is ve ry similar t o the pmxPKB1 sequence, t he 

region downstream from the 3’ end of the pmxE681 gene cluster was examined in 

the ne wly released genome seque nce and found not t o e ncode a  hypot hetical 

protein similar to that located downstream of the 3’ end of the PKB1 polymyxin 

gene cluster. 

Since i t was not  possible to obtain sufficient DNA sequence information 

flanking the pmxPKB1 gene c luster to l ook f or additional g enes w ith f unctions 

possibly r elated t o pol ymyxin bi osynthesis, the f lanking r egions of  t he pmxE681 

were che cked for r elevant ge nes. T here w ere no ge nes f ound i mmediately 

adjacent to the pmxE681 gene cluster that showed any similarity to genes involved 

in fatty acid synthesis or in formation of  the amide bond be tween the fatty acid 

and pe ptide c hain. S imilarly no r egulatory ge nes w ere a pparent in the re gion. 

Therefore t he pol ymyxin ge ne c luster, a t l east i n P. polymyxa E681, appears t o 

comprise onl y t hree N RPS e ncoding ge nes a nd t wo A BC-transporter e ncoding 

genes. 
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3.9 Modular organization of polymyxin synthetase 

The bi osynthetic ge nes for pol ymyxin pr oduction a re di vided i nto t hree 

ORFs: pmxAPKB1, pmxBPKB1 and pmxEPKB1. pmxAPKB1 is 14. 8 kb i n s ize a nd 

encodes 4,918 amino acids, pmxBPKB1 follows immediately after pmxA PKB1 and is 

3.3 kb, e ncoding 1,102 amino acids. pmxEPKB1 is the largest of the all ORFs and 

consists of 18,759 bp encoding 6,253 amino acids. Sequence analysis of all three 

ORFs showed that they are t he p arts of  a N RPS. Analysis of the translated 

product of  each ORF with onl ine s oftware pr ograms 

(http://nrps.igs.umaryland.edu/nrps/ and http://www.nii.res.in/nrps-pks.html) that 

analyze the domain and module arrangement of  NRPS/ PKS revealed that these 

three ORFs contain NRPS domains for production of a peptide composed of ten 

amino acids (Figure 3.9.1).   

 

3.9.1 Condensation domains 

The c ondensation (C) d omain i n a  NRPS module i s responsible f or the 

formation of the peptide bond between two adjacent amino acids activated by the 

two a denylation dom ains. N RPS a nalysis s howed t hat pmxEPKB1 of po lymyxin 

synthetase contained f our c ondensation dom ains, pmxAPKB1 has f our a nd 

pmxBPKB1 has one  c ondensation do main. In a ddition to t hese ni ne c ondensation 

domains pmxE PKB1 has one  more c ondensation do main w hich i s not  ve ry 

homologous t o o ther C  dom ains f ound i n the pol ymyxin s ynthetase. T his N  

terminal C domain i s not very common but  has been reported for hybr id NRPS 

systems which produce lipo-peptides in which this C domain is responsible for the 

http://nrps.igs.umaryland.edu/nrps/�
http://www.nii.res.in/nrps-pks.html�


 

 

93 
 

formation of an amide bond be tween the first amino acid of the peptide product 

and a fatty acid molecule. The at tachment of  the fatty acid by the N terminal C 

domain is essential and considered to be an early step in lipopeptide biosynthesis. 

This N terminal C domain is usually present at the very beginning of the NRPS 

gene immediately upstream of an A domain and followed by a  T domain in the 

initiation m odule. T his ki nd of  i nitiation m odule has be en r eported f or NRPS 

systems, like t he g ene cluster f or arthrofactin s ynthetase in Pseudomonas sp. 

(Roongsawang e t a l. 20 03). In P. polymyxa PKB1 this ty pe of  N  te rminal C  

domain ha s been r eported for t he NRPS s ystem for fusaricidin bi osynthesis too 

(Li et al. 2007). The amino acid sequence homology of the N terminal C domain 

of polymyxin synthetase with t he corresponding C  domain of fusA is ve ry high 

(97%). The core motifs of all of the C domains were aligned with the core motifs 

of a  consensus C domain predicted by c omparing C domains f rom many NRPS 

(Marahiel et al. 1997). The core motifs of all C domains align very well with the 

consensus core motif sequences and it was also observed that the C domains that 

are r esponsible f or c atalyzing t he p eptide bond s be tween L  a nd D  a mino a cid 

have a higher homology to each other than to other C domains (Figure 3.9.1.1). 

 

3.9.2 Adenylation (A) domain 

In an NRPS system adenylation (A) domains are responsible for selecting 

the r ight a mino a cid f rom t he po ol a nd f or t he a ctivation of  t he a mino a cid to 

incorporate it int o th e f inal pe ptide p roduct. It w as r eported that i n non-

ribosomally-synthesized pe ptides, substrate s ubstitution may be po ssible a t 
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defined pos itions and t he a mino a cid c omposition of  t he pe ptide p roducts c an 

even vary d epending up on t he a vailability a nd the r elative concentration of t he 

substrate a mino a cids i n t he gr owth medium (Ruttenberg a nd M ach 1966) . 

However,  c omparing the amino acids forming the substrate binding pocket of A 

domain and the crystal structure of the Phe-activating A domain from gramicidin 

S synt hetase al lowed researchers to determine t he “spe cificity codon” of  an A 

domain (Stachelhaus e t a l. 1999;  Lautru a nd Challis 200 4). There a re seve ral 

online a lgorithms available t hat can analyze a  NRPS domain and de termine the 

substrate specificity of the A domain by c omparing the substrate binding pocket 

amino acids to those of other A domain sequences available in GenBank.  

In t his s tudy two pr ograms, http://nrps.igs.umaryland.edu/nrps/ and 

http://www.nii.res.in/nrps-pks.html, were used to analyze the modular structure of 

the pol ymyxin s ynthetase a nd de termine t he s ubstrate s pecificity of t he A  

domains (Figure 3.9.2.1). Both of these programs identified the presence of 10 A 

domains i n pol ymyxin s ynthetase. S ix of  t he A  dom ains w ere identified as 

activating ornithine (orn) by one  program http://nrps.igs.umaryland.edu/nrps/ and 

were una ble t o be  c lassified by t he other pr ogram. B y c omparing t he s equence 

homology of pmxA,B,C,D,EPKB1 with pmxA,B,C,D,EE681 it was deduced that these 

A domains must activate the non-proteinogenic amino acid diamino butyric acid 

(DAB). Ornithine a nd DAB s hare a  ve ry similar c hemical s tructure a nd onl y 

differ by one  c arbon i n l ength ( Figure 3.9.2. 2). F urthermore, t he order and 

arrangement of  t he A  d omains sugge sted that t he A  do main for t he f irst amino 

acid ( DAB) of   pol ymyxin i s p resent i n the pmxEPKB1 which also contain three 

http://nrps.igs.umaryland.edu/nrps/�
http://www.nii.res.in/nrps-pks.html�
http://nrps.igs.umaryland.edu/nrps/�
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other A domains incorporating DAB molecules in position 3, 4 and 5 of  the final 

peptide pr oduct. T he A  dom ains f or t he f irst a nd t hird po sition D AB r esidues 

share exactly the same specificity codon. The other two A domains for the fourth 

and f ifth po sition D AB r esidues a lso s hare a  common s pecificity c odon but  i t 

differs in two pos itions compared to the specificity codon for the one and three 

position DAB residues of the polymyxin molecule. Two A domains for the DAB 

residues in position eight and nine are present in the pmxAPKB1 gene and share the 

common specificity codon with the A domain for DAB in positions four and five. 

Although the module t hat i ncorporates DAB in pos ition three of t he po lymyxin 

molecule eventually incorporates a D-DAB, there is no difference observed in the 

specificity codon of this A domain compared to all the rest which incorporate L-

DAB residues.  

The A  do main f or t he s econd pos ition amino a cid w as pos tulated to 

activate L-Thr and share the same specificity codon with the L-Thr specifying A 

domain of bacillomycin.  

The A domain for Phe in pos ition six is present in pmxAPKB1 and shares 

the s ame s pecificity c odon w ith t he P he s pecifying A  do main of  g ramicidin 

except for the 331 position amino acid of the substrate binding pocket.  

The A domain for the amino acid in pos ition six is present in pmxAPKB1 

and was predicted as activating Leu or  I le by the two di fferent a lgorithms. The 

specificity c odons f or L eu a nd I le s how r emarkable va riation i n pos itions 279,  

299 and 331 of the substrate binding pocket. By comparing the specificity codons 

with different L eu and Ile  in corporating A do mains it was not  pos sible to 
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determine whether the A domain in position six in polymyxin would activate Leu 

or Ile, but since Leu is more commonly found in polymyxins, Leu was chosen. 

The A domain for the last amino acid of polymyxin is present in pmxBPKB1 

and activates Thr. This A domain shares the same specificity codon as that of the 

A domain for Thr in position two of polymyxin. In this last module of the NRPS 

for polymyxin biosynthesis a thioesterase (TE) domain was also observed, which 

indicates the t ermination and release of  the mature peptide f rom the synthetase. 

There i s no specific information available in the gene sequence to indicate how 

the T E dom ain catalyzes t he cyc lization reaction between t he tenth and fourth 

amino a cid. S ince t he chemical s tructure is kn own f or many pol ymyxins, t he 

structure of the polymyxin produced by P. polymyxa PKB1 was deduced from the 

substrate amino acids predicted by  the A  domains (Figure 3.9.2.3) . A lthough A 

domains for the DAB residues have substrate binding pocket sequences that are 

different from those activating other amino acid substrates, the core motifs of all 

of the A domains for DAB align very well with each other and with the consensus 

core m otif of  a n A  dom ain, a s pr edicted by comparing A  do mains f rom many 

NRPS ( Figure 3.9.2 .4) (Marahiel et a l. 1997) . The c ore m otifs f or t he ot her A  

domains pr esent in t he N RPS f or pol ymyxin s howed c omparatively poor  

homology with the standard core motif sequences (Figure 3.9.2.5). 

Although the pmxPKB1 genes generally showed very high similarity to the 

corresponding pmxE681 genes, there were two notable regions in pmxA where this 

similarity was much lower. The regions of  decreased similarity corresponded to 

the s pecificity c onferring r egions of  a denylation do mains 6 and 7. Similarity in 
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these regions was as low as 60% whereas most regions showed similarities >90%. 

These differences in sequence were reflected in the fact that the first two domains 

of pmxAE681 specify different amino acids (D-leu and L-thr) than those specified 

by pmxAPKB1 (D-phe a nd L-leu). Otherwise, t he two f orms of  p olymyxin 

contained the same amino acids, including D-DAB in position 3.  

 

3.9.3 Thiolation (T) domains 

There are ten thiolation (T) domains present in the polymyxin synthetase 

gene cluster. Five T domains are present in pmxEPKB1, four in pmxAPKB1 and one 

in pmxBPKB1. Six out of 10 c arry the unusual amino acid derivative DAB during 

synthesis of  pol ymyxin. T here a re t wo T  dom ains w hich a re ups tream o f 

epimerization domains r ather than condensation domains. The presence of  an E 

domain after the T domain has been reported for many NRPS systems and these E 

domains are involved in the biosynthesis of peptides or lipopeptides containing D-

amino acids. Each E domain is responsible for the stereochemical conformational 

changes of  t he subs trate am ino acid activated by its r elated A do main and the 

epimerization takes p lace a fter activation but before the  formation of  t he amide 

bond by t he C domain. Although, the presence of an E domain is the most usual 

way of incorporating D-amino acid, there have been a few NRPSs reported which 

do not  c ontain E  dom ains but  i nstead c ontain A  dom ains t hat c an activate D  

amino acids directly. The fusaricidin synthetase in P. polymyxin PKB1 has one A 

domain in the sixth module which activates D-Ala without having a E domain in 

the module (Li and Jensen 2008).  
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The T  do mains ups tream of E  do mains sha re a co mmon core m otif 

LGGDSIK whi ch i s di fferent f rom t he c ore m otifs of  T  do mains t hat a re not  

adjacent t o E do mains. T he ot her s ix T  do mains, w hich do not  ha ve a ny E  

domains dow nstream, ha ve t he core motif L GGHSLR, w hich i s c ommon f or T  

domains without downstream E domains (Marahiel et al. 1997). It was suggested 

that the aspartate residue (D) immediately before the serine (S) residue is required 

for proper interaction with the E domain and for the stereochemical conversion of 

the L-amino acid to its D form (Linne et al. 2001). In addition to the H/D and L/I 

difference in the core motif, a gap is also shown in the amino acid sequence of TE 

domain motifs compared to T domain motif sequences. The same observation also 

has been reported in the phylogenetic analysis of TE domains of different NRPS 

systems from many cyanobacteria (Rounge et al. 2008). Downstream of the last T 

domain, there is a TE domain, which is involved in the cyclization and cleavage 

of t he pol ymyxin molecules. T his N  t erminal T  do main ( TN) ha s the  motif 

LGGNSLR and it is proposed that the asparagine residue before the serine residue 

may interact with the TE domain and be involved in the cyclization of the f inal 

product. In addition to the difference in core motif, the amino acid sequence of the 

TN domain motif is  not iceably different c ompared t o ot her T  do mains ( Figure 

3.9.3.1).    

 

3.9.4 Epimerization domain 

Non-ribosomally synthesized peptides may have more than 300 different 

building bl ocks, i ncluding D-amino a cids. Usually an L -amino acid is act ivated 
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by the A domain, which is then incorporated directly, or less often converted to its 

D form by an epimerization domain (E) domain. There are two E domains present 

in t he po lymyxin s ynthetase encoding ge ne c luster of  P. polymyxa PKB1. The 

first E domain is present in the pmxEPKB1 and involves stereochemical change of 

the DAB residue at position three. The second E domain is in the pmxAPKB1 and 

involves s tereochemical c hange of  t he P he r esidue a t po sition s ix. A s econd 

mechanism of i ncorporating D -amino acids has be en r eported f or many N RPS 

systems, i n w hich L-amino a cids c an be  converted to D -amino a cids dur ing 

incorporation without the presence of any E domain. In this instance the C domain 

catalyzes t he conde nsation as w ell as t he e pimerization re action (Yin a nd 

Zabriskie 2006; Balibar et al. 2005; Roongsawang et al. 2003). None of the well 

known types of polymyxins have D-DAB in position three, but in this study an E 

domain was observed for the DAB residue in position three. There has been only 

one other gene c luster encoding a NRPS for polymyxins reported to date and it 

also contains an E domain in the third module of the NRPS suggesting a D-DAB 

in the position three. It seems very unusual that polymyxins have been identified 

and analyzed from many different ba cterial cu ltures over the ye ars a nd many 

different va riants of  polymyxins have been di scovered, but none , except for the 

very r are po lymyxin A, has a  D -DAB r esidue i n pos ition t hree or  i n a ny ot her 

position. It i s pos sible t hat ot her pol ymyxin pr oducers ha ve ge ne c lusters 

encoding NRPS for polymyxin that do not  contain an E domain at position three 

or i f they d o ha ve an E  dom ain, t hat it i s not  active. T he amino a cid sequence 

analysis of the E domains of polymyxin synthetase in PKB1 revealed that both of 
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the E  domains s hared the same c onserved motifs ( Figure 3.9.4.1). The deduced 

structure of the most common form of polymyxin, polymyxin B, suggests that it 

has a D-Phe residue in position six which is consistent with the E domain present 

in module six of polymyxin synthetase in PKB1, but that is the only D-amino acid 

residue p resent i n t he molecule. T herefore t he pol ymyxins pr oduced by P KB1, 

which ha ve a  D -DAB r esidue i n pos ition t hree, represent nove l f orms of  

polymyxin. 

 

3.9.5 Thioesterase domain 

A thioesterase (TE) domain was found in the last module of the NRPS for 

polymyxin bi osynthesis, pr esent in t he pmxBPKB1 gene. TE r eleases t he f inal 

peptide pr oduct f rom t he N RPS s ystem a nd s ometimes i s a lso i nvolved i n t he 

macrocyclization of  the peptide product. The TE domain in PKB1 showed high 

structural s imilarity with the TE domain of the NRPS for surfactin in which the 

TE domain catalyzes the formation of a loop of seven amino acids. 

 

3.10 Sequence analysis of the transporter-like genes  

The transporter-like genes pmxCPKB1 and pmxDPKB1 in P. polymyxa PKB1 

are similar in size but pmxCPKB1 is slightly larger; pmxCPKB1 is 1824 bp in size and 

pmxDPKB1 is 1731 bp. These two genes are overlapping by 2 bp, but the nucleotide 

sequence homology between them is very poor. BLAST analysis using GenBank 

revealed that the pmxCPKB1 and pmxDPKB1 genes were highly homologous (98% at 

the nuc leotide le vel) to  the ir counterparts, pmxCE681 and pmxD E681 from P. 



 

 

101 
 

polymyxa E681 respectively. Further analysis of the sequence and comparison of 

the translated amino acid sequences with GenBank showed that both of them are 

members of t he ABC membrane super-family. ABC transporter genes have been 

reported for many NRPS gene clusters and they have been found to play a role in 

transport of  t he c orresponding pe ptide p roducts. T he m ultidomain pr operties of  

these two pr oteins, PmxC a nd PmxD, are very similar to the m ultidomain 

properties of the MdlB protein, which is an ABC-type multidrug transport system 

containing ATPase and permease com ponents, a nd which acts as a de fense 

mechanism against antibiotics. The N terminal domain of these two proteins also 

showed hi gh hom ology t o t he MsbA pr otein, which i s an essential A BC 

transporter i nvolved in l ipid-A export i n E. coli and i s c losely r elated to multi- 

drug r esistance proteins of  e ukaryotic or igin. T he s econdary s tructure of P mxC 

and P mxD proteins w as de termined by us ing the S OSUI t ool ( Hirokawa e t a l. 

1998; Mitaku and Hirokawa 1999; Mitaku et al. 2002) and six membrane helices 

for pmxD and five membrane helices of pmxC were predicted. The ATP binding 

domain w as a lso obs erved f or bot h of  t hem at t he C  t erminal r egion ( Figure 

3.10.1).  

 

3.11 Mutational analysis 

Mutational analysis of the genes present in the gene cluster encoding the 

NRPS for pol ymyxin bi osynthesis i s a n approach de signed t o s how t heir true 

involvement i n pol ymyxin pr oduction. T he t wo t ransporter-like ge nes, 

pmxCPKB1and pmxDPKB1 are present i n the middle of  t he NRPS gene c luster for 
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polymyxin. In a n e arlier s tudy on P. polymyxa PKB1, no  ABC t ransporter-like 

genes w ere found i n t he ge ne cluster f or f usaricidin b iosynthesis. S ince the 

pmxCPKB1and pmxDPKB1 genes resemble ABC transporter genes, they might have 

a role in the transport of polymyxin out of the cell into the growth medium. In the 

cyanobacterium Microcystis aeruginosa, inactivation of the ABC transporter gene 

mcyH, which is present in the middle of the microcystin gene cluster resulted in 

loss of production of the toxin microcystin (Pearson et al. 2004). In Amycolatopsis 

balhimycina inactivation of  tba, a n A BC t ransporter ge ne, resulted in 

accumulation of  t he gl ycopeptide antibiotic b alhimycin i nside t he cells to a  

concentration 10 f old hi gher t han normal w ithout a ffecting t he gr owth of  t he 

organism (Menges et al. 2007). Therefore, to investigate the possible association 

of t he pmxC and pmxD genes w ith pol ymyxin t ransport or  bi osynthesis, P KB1 

mutants w ere ge nerated by s ingle a nd/or dou ble de letion of  t hese t wo ge nes. 

PKB1 mutants w ere a lso ge nerated by di srupting t he pmxEPKB1 to p rove t he 

involvement of the pmx gene cluster in polymyxin production.  

Since the complete sequence of Col-8 was known, it was initially chosen 

for mutational analysis, but due to unidentified reasons, Col-8 behaved strangely 

when it was transformed into the E. coli BW 25113 strain used for PCR targeted 

mutagenesis. No colonies were ever obtained after t ransforming the E. coli BW 

25113 strain containing the cosmid clone Col-8 with the linear PCR product for 

PCR-targeting, de spite repeated t rials. It s eemed t hat f or unknown r easons, t he 

cells containing Col-8 lysed extensively upon e lectroporation in the presence of  

the linear PCR products. Since pmxCPKB1, pmxDPKB1 and part of pmxEPKB1 are all 
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contained within the 14.1- kb EcoR1 fragment, and since this fragment is known 

to be  present in cosmids Col-9, Col-10, Col-15 and Col-20, these cosmids were 

checked as al ternative t emplates to carry out t he PCR-targeting ge ne di sruption 

and a ll w ere f ound t o be  us efull. Eventually Col-9 w as c hosen t o c arry out  t he 

mutational analysis. 

 

3.11.1 Preparation of the ApraRCmRoriT cassette for mutational analysis 

An ApraRCmRoriT cassette was constructed dur ing the previous s tudy of  

fusaricidin bi osynthesis in P. polymyxa PKB1 a nd the p lasmid c arrying t he 

cassette w as na med pJL9 ( Li 2007) . T his a ntibiotic r esistance cassette w as 

constructed by combining acc(3)IV, a nd, oriTRK2 from t he pl asmid, pI J773 a nd 

cat from t he pl asmid, pC 194, t o gi ve a  c assette that allows f or i ndependent 

selection of apram ycin resistance ( ApraR, encoded by acc(3)IV) in E. coli and 

chloramphenicol r esistance ( CmR, encoded by  cat) in P. polymyxa PKB1. The 

cassette is also flanked by FRT sites to allow eventual removal by FLP mediated 

recombination, i f de sired. T o us e t he A praRCmRoriT cassette f or P CR t argeted 

mutational analysis it was gel purified from pJL9 as a 2.5-kb BglII fragment and 

then amplified by PCR with a Redirect primer pair specific to the sites of the gene 

to be disrupted (Figure 3.11.1.1). The Redirect forward primer was a 59-bp single 

stranded oligonucleotide containing 39 bp specific to the 5’ site of the target gene 

followed by 20 bp s pecific t o t he 5 ’ e nd of  t he c assette. T he R edirect r everse 

primer i s a  58 bp ol igonucleotide containing 39 bp  specific to the 3’ s ite of  the  

target gene followed by 19 bp specific to the 3’ end of the cassette. Thus the PCR 
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amplified disruption cassette w ill h ave the  a ntibiotic resistance cassette f lanked 

with DNA sequence homologous to the two ends of the gene to be disrupted.  

 

3.12 Generation of mutants and their phenotypes 

3.12.1 Generation of a pmxDPKB1 mutant 

In or der t o assess t he i nvolvement of t hese t ransporter-like pr oteins, t he 

pmxDPKB1 gene was deleted by the PCR targeting gene disruption method (Gust et 

al. 2003) . The ove rall s chematic di agram f or g enerating a P. polymyxa PKB1 

mutant by PCR t argeted ge ne d isruption is g iven in F igure 3.12.1.1 us ing a 

∆pmxC+DPKB1 mutant as an example. The same principle was used for generating 

the other PCR targeted gene disruption mutants. 

Two PCR primers were designed targeting the whole pmxDPKB1 gene (start 

codon to s top codon). Using pr imers pSHA15 and pSHA16, the ApraRCmRoriT 

cassette was amplified to produce a PCR product about 2.5 kb in size, which was 

subsequently t ransformed i nto E. coli BW 251 13. T his E. coli BW25113 s train 

carrying the plasmid pIJ790 with the λ RED recombination functions had already 

been transformed pr eviously w ith t he c osmid c lone C ol-9 c arrying t he 

chromosomal f ragment of  P KB1 c ontaining pmxCPKB1 and pmxDPKB1.  

Homologous recombination mediated by the λ RED genes between the linear 

PCR product and Col-9, generated the mutant form of Col-9 (∆pmxDPKB1 Col-9) 

by replacing the pmxDPKB1 with the ApraRCmRoriT cassette. Colonies carrying the 

mutant cosmid were selected on LB agar plates containing appropriate antibiotics. 

Six of them were chosen, grown in LB medium with antibiotics and cosmid DNA 
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was prepared. The mutant cosmid from one of these was transformed into E. coli 

ET12567 in preparation for transfer of the mutation from E. coli to P. polymyxa 

PKB1 by intergeneric conjugation. The intergeneric conjugation was mediated by 

oriTRK2 which was present on the ApraRCmRoriT cassette, and a non-transmissible 

plasmid pUZ8002, already present in the E.coli ET12567 strain. The resulting ex-

conjugants were screened on a GB agar plate containing 25 µg/ ml polymyxin and 

5 µg/ ml chloramphenicol and were further reconfirmed by patching the colonies 

on a GB agar plate containing double the concentrations of the same antibiotics. 

Finally, six P. polymyxa PKB1 ∆pmxDPKB1 mutants (D1-D6) were grown in BHI 

without antibiotics, and genomic DNA was isolated. PCR was used to check for 

the a bsence of  pmxDPKB1, the prese nce of  t he anti biotic r esistance m arker, and 

also the location of the antibiotic resistance marker in the chromosome. All of the 

PCR conditions were verified using WT PKB1 genomic DNA as a control (Figure 

3.12.1.2). The de sired deletion mutants r esulting f rom a  doubl e c rossover e vent 

should give rise to a 382-bp fragment when their genomic DNA is amplified with 

primer pa ir pS HA27 a nd RED-SEQ-UP, a  59 0-bp f ragment w ith pr imer pa ir 

pSHA28 a nd RED-SEQ-DWN, a nd no pr oduct w ith pr imer pa ir pS HA29 a nd 

pSHA30 (1,084-bp fragment in the wild type). The double crossover homologous 

recombination was found to have occurred in three out of six mutants, and mutant 

D4 was chosen for further study. 

 

3.12.2 Phenotype of the pmxDPKB1 mutant 



 

 

106 
 

The D4 P. polymyxa PKB1 ∆pmxDPKB1 mutant and the WT P. polymyxa 

PKB1 were grown in GSC medium for 3 d at 28⁰C on a rotary shaker at 250 rpm. 

The culture was harvested by centrifugation at 3000 x g for 10 min at 4⁰C and the 

culture s upernatant w as mixed w ith methanol t o 20% . T he c ulture s upernatant 

methanol mixture was kept at 21⁰C for 30 m in and then centrifuged at 3000 x g  

for 10 min. Antimicrobial activity was determined by a gar diffusion bioassay by 

applying 100 μl of the culture supernatant mixture to a well cut into an LB agar 

plate inoculated to 0.1% (v/v) with a 16 h c ulture of E. coli DH5α. The zone of 

inhibition was measured after 16 h of  incubation at 37⁰C and was found to be 21 

mm for WT and 18 mm for ∆pmxDPKB1 mutant. Based on t he reduced zone size 

for t he ∆pmxDPKB1 mutant, it a ppears tha t pmxDPKB1 is i nvolved i n p olymyxin 

biosynthesis, but is not essential. 

 

3.12.3 Generation of the pmxCPKB1 mutant 

The transporter-like genes pmxCPKB1 and pmxDPKB1 are both present in the 

middle of the polymyxin synthetic gene cluster and deletion of pmxDPKB1 resulted 

in r educed antibacterial c ompound production. Therefore, t he ot her t ransporter 

like gene, pmxCPKB1, was also deleted to check whether this has a similar effect on 

antibiotic p roduction. The pmxCPKB1 gene w as de leted using the s ame P CR 

targeting gene disruption method. Two new PCR primers were designed targeting 

the entire pmxCPKB1 gene (start codon to stop codon) and using these two primers 

pSHA22 a nd pS HA23, t he same A praRCmRoriT cassette w as am plified to 

produce a  P CR pr oduct of  a bout 2. 5 kb i n s ize. T his P CR a mplified a ntibiotic 
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resistant cassette was subsequently transformed into the E. coli BW25113 s train 

carrying the plasmid pIJ790 with the λ RED recombination functions and cosmid 

clone C ol-9 c arrying t he c hromosomal f ragment of  P KB1 c ontaining pmxCPKB1 

and pmxDPKB1. Homologous recombination mediated by the λ RED gene between 

the l inear P CR product and C ol-9 ge nerated t he m utant f orm of  C ol-9 

(∆pmxCPKB1 Col-9) by  r eplacing the pmxCPKB1 gene w ith t he A praRCmRoriT 

cassette. Colonies ca rrying the m utant co smid clone w ere selected on LB aga r 

plates containing appropriate antibiotics. Six of them were chosen, grown in LB 

medium w ith the a ppropriate a ntibiotics and c osmid D NA w as pr epared. The 

mutant cosmid from one of these was transformed into E. coli ET12567/pUZ8002 

and subsequently transferred into P. polymyxa PKB1 by intergeneric conjugation. 

The r esulting ex-conjugants w ere s creened on a G B a gar pl ate c ontaining 25 

µg/ml pol ymyxin a nd 5 µ g/ml c horamphenicol a nd w ere f urther c onfirmed by  

patching the colonies on a GB agar plate containing double the concentrations of 

the same antibiotics. Finally six P. polymyxa PKB1 ∆pmxCPKB1 mutants (C1-C6) 

were grown in BHI without antibiotics and genomic DNA was made. PCR was 

used to ch eck for the abs ence o f pmxCPKB1, the pr esence of  the  antibiotic 

resistance marker, and also the location of the antibiotic resistance marker in the 

chromosome. All of the PCR conditions were verified using WT PKB1 genomic 

DNA as a control (Figure 3.12.3.1). The desired deletion mutants resulting from a 

double crossover event should give rise to a 457-bp fragment when their genomic 

DNA i s a mplified with pr imer pa ir pS HA32 a nd RED-SEQ-UP, a  406 -bp 

fragment w ith pr imer pa ir pS HA33 a nd RED-SEQ-DWN, a nd no  pr oduct w ith 
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primer pair pSHA34 and pSHA35 (995-bp fragment in the wild type). The double 

crossover homologous recombination was found to have occurred in f ive out  of  

six mutants and C6 was chosen for further study.  

 

3.12.4 Phenotype of the pmxCPKB1 mutant 

The C 6 P. polymyxa PKB1 ∆pmxCPKB1 mutant a nd W T P. polymyxa 

PKB1 were grown in GSC medium and the culture supernatants bioassayed for 

polymyxin as described in 3.12.2. The zone of inhibition was measured after 16 h 

of i ncubation a t 37 ⁰C and w as f ound t o be  21 m m for W T a nd 17 m m for 

∆pmxCPKB1 mutant. Therefore, it appears that pmxCPKB1 is involved in polymyxin 

biosynthesis, but like pmxDPKB1, is not essential. 

 

3.12.5 Generation of the pmxC+DPKB1 mutant 

Deletion of pmxCPKB1 and pmxDPKB1 individually each reduce the ability 

of P. polymyxa PKB1 to produce antibiotic by at least twofold as determined by 

an agar d iffusion bi oassay. T herefore t hey a ppear to ha ve i ndividual o r 

overlapping roles in the production or re lease of the  antibiotic to the media. To 

determine whether deletion of both of the transporter-like genes has a more severe 

effect on p olymyxin bi osynthesis, both of  t hem were de leted u sing the P CR 

targeting ge ne di sruption method. I n t his case t he f orward pr imer, pS HA22 

targeting the be ginning of  pmxCPKB1 and the r everse p rimer, pSHA16 ta rgeting 

the e nd of  pmxDPKB1, were us ed t o a mplify t he A praRCmRoriT cassette and the 

linear PCR product was subsequently transformed into E. coli BW 25113 carrying 



 

 

109 
 

the plasmid pIJ790 with the λ RED recombination functions and the cosmid clone 

Col-9 c arrying t he c hromosomal f ragment of  P KB1 c ontaining pmxCPKB1 and 

pmxDPKB1 and flanking sequences. Homologous recombination mediated by the λ 

RED genes between the linear PCR product and Col-9 generated the mutant form 

of Col-9 (∆pmxC+DPKB1 Col-9) by replacing the pmxCPKB1 and pmxDPKB1 genes 

with the ApraRCmRoriT cassette. Transformants carrying the mutant cosmid clone 

were se lected on LB ag ar pl ates co ntaining appropriate antibiotics. The m utant 

cosmid was i solated from t he E. coli BW 2511 3 s train a nd t ransformed i nto E. 

coli ET12567-pUZ8002 a nd f rom t here i ntroduced i nto P. polymyxa PKB1 by  

intergeneric conjugation. The resulting ex-conjugants were screened on a GB agar 

plate c ontaining 25 µ g/ml pol ymyxin a nd 5 µ g/ml c horamphenicol and w ere 

further confirmed by pa tching the colonies on GB agar plates containing double 

the conc entrations of  t he sam e anti biotics. Finally, eight P. polymyxa PKB1 

∆pmxC+DPKB1 mutants (C D1-CD8) w ere gr own in BHI w ithout antibiotics and 

genomic DNA was isolated. PCR was used to check for the absence of pmxCPKB1 

and pmxDPKB1, the pre sence of  t he anti biotic r esistance marker, and also the 

location of  t he a ntibiotic r esistance marker i n t he c hromosome ( Figure 3.12.5.1  

and 3.12.5.2). All of the PCR conditions were verified using WT genomic DNA 

as a control. True double crossover mutants should not give a product with either 

of pr imer pa irs pS HA34 a nd pS HA35, a nd pS HA29 a nd pSHA30, whereas t he 

wild t ype s hould gi ve 995 -bp a nd 1,084-bp products r espectively, and t rue 

mutants should give 457-bp and 590-bp products with primer pairs pSHA32 and 

RED-SEQ-UP and p SHA28 a nd RED-SEQ-DWN, r espectively. D ouble 
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crossover homologous recombination was found to have occurred in four out  of  

eight mutants, and mutant CD6 was chosen for further study.  

 

3.12.6 Phenotype of the pmxC+DPKB1 mutant 

The CD6 P. polymyxa PKB1 ∆pmxC+DPKB1 mutant and WT P. polymyxa 

PKB1 were grown in GSC medium and the culture supernatants bioassayed for 

polymyxin as described in 3.12.2. The zone of inhibition was measured after 16 h 

of i ncubation a t 37 ⁰C a nd w as f ound t o be  21 m m f or WT a nd 17 m m f or 

∆pmxC+DPKB1 mutant (Figure 3.12.6.1). Therefore, it appears that pmxCPKB1 and 

pmxDPKB1 are not  essential for polymyxin biosynthesis, but  they are involved in 

polymyxin production and t hat t he c ombined pmxC+D mutation doe s not  ha ve 

any more severe effect on polymyxin production than the pmxC mutation alone. 

 

3.12.7 Generation of the pmxEPKB1 mutant 

To verify the role of the NRPS genes pmxEPKB1 was disrupted by using the 

PCR t argeting ge ne di sruption m ethod. A  ne w s et of  pr imers, pS HA36 a nd 

pSHA37 was designed targeting about the first 2 kb of the pmxEPKB1 gene and the 

ApraRCmRoriT cassette was amplified with these primers. The PCR product was 

transformed into E. coli BW 25113 carrying the plasmid pIJ790 with the λ RED 

recombination f unctions, a s w ell a s t he c osmid c lone, C ol-9. Homologous 

recombination mediated by the λ RED genes, and taking place between the linear 

PCR product and Col-9, generated the mutant form of Col-9 (∆pmxEPKB1 Col-9) 

by disrupting the pmxEPKB1 gene with the ApraRCmRoriT cassette. Transformants 
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carrying the mutant cos mid were sel ected on LB aga r plat es co ntaining 

appropriate antibiotics. Six of them were chosen, and grown in LB medium with 

antibiotics, and then c osmid D NA was pr epared. The mutant c osmid DNA was 

transformed into E. coli ET12567-pUZ8002 and subsequently was introduced into 

P. polymyxa PKB1 by intergeneric conjugation. The resulting ex-conjugants were 

screened on  a  G B a gar pl ates c ontaining 25  µ g/ml pol ymyxin a nd 5 µ g/ml 

choramphenicol a nd w ere f urther reconfirmed by pa tching the c olonies on G B 

agar plates containing double concentration of the same antibiotics. Finally eight 

P. polymyxa PKB1 (∆pmxEPKB1) mutants (E 1-E8) w ere g rown i n B HI w ithout 

antibiotics and genomic DNA was made. PCR was used to check for the absence 

of the replaced part of pmxEPKB1 the presence of the antibiotic resistance cassette 

and a lso t he l ocation of t he a ntibiotic re sistance cassette i n t he c hromosome 

(Figure 3.12.7.1). Primer pa irs pSHA40 and RED-SEQ-UP, pSHA39 and RED-

SEQ-DWN, and pSHA41 and pSHA42, were expected to give a 358-bp band, a 

415-bp band, and no b and, respectively, for t rue mutants, whereas the wild type 

should give a 797-bp band with primer pair pSHA41 and pSHA42 only. All of the 

PCR conditions were verified using WT genomic DNA as a control. The double 

crossover homologous recombination was found to have occurred in all eight of 

the mutants and E3 and E7 were chosen for further study. 

 

3.12.8 Phenotype of the pmxEPKB1 mutant 

The E 3 a nd E 7 P. polymyxa PKB1 ∆pmxEPKB1 mutants a nd W T P. 

polymyxa PKB1 were gr own i n GSC medium a nd t he c ulture supernatants 
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bioassayed for pol ymyxin a s de scribed i n 3.1 2.2. The z one of  i nhibition w as 

measured after 16 h of incubation a t 37⁰C and was found to be  21 m m for WT 

and no zone was observed for the ∆pmxEPKB1 mutant (Figure 3.12.6.1). Based on 

these results  i t can  b e conc luded t hat t he pmxPKB1 gene cluster is  de finitely 

involved in pol ymyxin bi osynthesis a nd unde r t he s tudied c onditions no ot her 

antibiotic w as pr oduced t hat i nhibited t he gr owth of  E. coli DH5α. This also 

implies t hat t he de crease i n z one of  i nhibition s izes seen in pmxCPKB1 and 

pmxDPKB1 mutants must be associated with residual polymyxin production s ince 

no other antibiotics are detected under these conditions.  

 

3.12.9 Generation of an in-frame pmxC+DPKB1 mutant 

Deletion of  bot h pmxCPKB1 and pmxDPKB1 resulted in a  r eduction of  

antibiotic production and from the bioassay, it could be concluded that there was 

no additive or synergistic effect of deletion of both the transporter-like genes on 

antibiotic pr oduction c ompared t o de letion of  pmxCPKB1alone. H owever, s ince 

pmxCPKB1 and pmxDPKB1 are immediately upstream of pmxEPKB1, the question of 

possible polar effects can be raised. No transcriptional information is available for 

this ge ne c luster, but  l arge m ulti-cistronic ope rons a re of ten i nvolved i n N RPS 

production. S ince pmxEPKB1 was s hown t o be  a n e ssential ge ne f or pol ymyxin 

production, conceivably, de letion of  pmxCPKB1 and pmxDPKB1 might have no  

effect related to the loss of the products of these genes. Rather, the insertion of the 

ApraRCmRoriT cassette m ight b e de creasing expr ession of  t he do wnstream 

pmxEPKB1 gene l eading t o d ecreased a ntibiotic pr oduction. To eliminate th e 
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question of a polar effect, an in-frame ∆pmxC+DPKB1 P. polymyxa PKB1 mutant 

was made. The protocol described by Gust et. al. (Gust et al. 2003) for making in-

frame de letion mutants f ree of  se lectable m arkers w as f ollowed with some 

modification. The schematic di agram f or generating ∆pmxC+DPKB1-IF-P. 

polymyxa PKB1 mutants is given in Figure 3.12.9.1. 

The pr ocedure be gan with t he i ntroduction of  the ∆pmxC+DPKB1 Col-9 

mutant c osmid i nto E. coli BT340, a n E.coli DH5α derivative strain carrying a 

plasmid that expresses FLP r ecombinase. FLP recombinase r ecognizes the FRT 

sites flanking the a ntibiotic r esistance (A praRCmRoriT) casset te and catalyzes 

FRT site specific recombination to remove the intervening sequence between the 

FRT sites leaving a 81-bp “scar”. Since the number of nucleotides in the scar is a 

multiple of  t hree, the scar should keep the downstream sequence in-frame, t hus 

eliminating any question of polarity in the downstream region of the gene cluster. 

The F LP r ecombinase plasm id is t emperature sens itive and once t he F LP 

recombinase mediated recombination had taken place,  the plasmid was removed 

by gr owing t he c ells a t 42 ⁰C. C olonies w ere i solated and che cked for l oss of  

apramycin and chloramphenicol resistance i ndicating that the casse tte had been 

flipped out of the mutant Col-9 cosmid. Because the CmR gene is the only suitable 

antibiotic re sistance m arker know n f or P. polymyxa PKB1, t his c reated a dded 

complications. The resulting Col-9 mutant cosmids now have an 81-bp in-frame 

scar in place of pmxCPKB1 and pmxDPKB1, rather than ApraRCmRoriT cassette, but 

no selectable m arker us eful i n P. polymyxa PKB1 remains. Therefore, a ne w 

selectable marker was r equired be fore t ransforming the mutant cosmid with the 
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‘scar’ in to E. coli ET12567 t o p roceed w ith t he i ntergeneric c onjugation. 

Streptomycin was ini tially believed to be a  s uitable selectable a ntibiotic when 

used at a c oncentration, 20 µg/ml to i nhibit the gr owth of w ild t ype P KB1. 

Therefore, a st reptomycin resistance ge ne ca ssette w as i ntroduced into the 

∆pmxC+DPKB1Col-9 in-frame mutant in place of the kanamycin resistance marker 

of SuperCos1 by again following the PCR targeting gene disruption method. Two 

primers: ‘ kan r eplace f wd’ a nd ‘ kan r eplace r ev’ w ere de signed t o amplify t he 

streptomycin resistant cassette, isolated by gel pur ification as a EcoR1/HindIII 

fragment f rom pI J778, with ends t argeting the kanamycin r esistance gene. A λ-

RED mediated r ecombination be tween t he l inear P CR pr oduct a nd t he 

∆pmxC+DPKB1-IF (in-frame) Col-9 mutant took place in E. coli BW25113 and the 

streptomycin resistant f orm of  the  C ol-9 ∆pmxC+DPKB1-IF mutant cos mid w as 

isolated from E. coli BW25113 a nd t ransformed i nto E. coli ET12567. 

Unfortunately, how ever a fter s everal a ttempts a t c onjugation be tween E. coli 

ET12567 carrying t he ne w ∆pmxC+DPKB1-IF-Col-9-StR mutant c osmid 

(streptomycin resistant) and either ∆pmxC+DPKB1 P. polymyxa PKB1 or  WT 

PKB1, no ex-conjugants with the desired in-frame ‘scar’ were generated. Further 

analysis revealed t hat the high  de nsities of  P. polymyxa PKB1 cells n eeded for 

intergeneric conjugation gave rise only to false positive streptomycin resistant ex-

conjugants. 

As an alternative approach to select the ex-conjugants making use of the 

chloramphenicol r esistant m arker, t he ∆pmxC+DPKB1-IF Col -9 m utant c osmid 

clone was further modified. The ApraRCmRoriT cassette was reintroduced into the 
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∆pmxC+DPKB1-IF Col -9 mutant c osmid c lone by r eplacing t he r esident 

kanamycin resistance marker (kan) of SuperCos1 with the ApraRCmRoriT cassette 

by a nother round of  P CR t argeting ge ne di sruption. I n t his c ase t he f orward 

primer, ‘kan replace fwd’ targeting the 5’ end of the kan gene of SuperCos1, and 

the re verse primer, ‘kan replace re v’ ta rgeting the 3’  e nd of kan were us ed to 

amplify t he A praRCmRoriT cassette. The l inear P CR prod uct w as subs equently 

transformed into E. coli BW 25113 carrying the plasmid pIJ790 with the λ RED 

recombination f unctions, a nd ∆pmxC+DPKB1-IF Col-9 m utant c osmid.  

Homologous recombination mediated by the λ RED genes took place between the 

linear P CR product a nd C ol-9 to g enerated the m utant C ol-9 by  replacing kan 

with the ApraRCmRoriT cassette. Transformants carrying the mutant cosmid clone 

were sel ected on LB ag ar plat e cont aining appropriate antibiotics. T he mutant 

cosmid ∆pmxC+DPKB1-IF-ApraRCmRoriT, w as transformed i nto E. coli 

ET12567/pUZ8002 t o transfer th e mutations f rom E. coli to wild type  P. 

polymyxa PKB1 by  intergeneric c onjugation. With t his m utant c osmid, 

chloramphenicol resistance could only arise in P. polymyxa PKB1, if the cosmid 

recombined with the PKB1 chromosome by s ingle crossover in the region of the 

polymyxin synthetase gene cluster. The resulting ex-conjugants were screened on 

GB agar plates containing 25 µg/ml polymyxin and 5 µg/ml choramphenicol. To 

remove t he SuperCos1 vector c arrying t he ApraRCmRoriT cassette f rom t he 

genome of PKB1, the ex-conjugants were grown without any antibiotic selection 

for thr ee g enerations and t hen gr own i n l iquid c ulture t o f orm s pores. T he 

sporulated c ulture w as boi led f or 1 5 min and r e-isolated on L B a gar medium 
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without s election. R esulting c olonies w ere c hecked for c hloramphenicol 

sensitivity and sensitive strains were grown in BHI medium without selection at 

37⁰C for 16 h. Genomic DNA was prepared from 10 of these isolates and checked 

by PCR for the presence of the in-frame ‘scar’ (Figure 3.12.9.2). Strains in which 

the transfer of the mutation was unsuccessful should give a 4.6 kb-band, the same 

size as the wild type, whereas strains in which the pmxC+D genes were replaced 

by a n i n-frame s car s hould gi ve a  1,128-bp ba nd. T wo of  the c hloramphenicol 

sensitive isolates (IF9 and IF10) were found to contain the 81-bp in-frame ‘scar’. 

Therefore in these new mutants the expression of pmxEPKB1 should not be altered 

by any polar effect due to the deletion of pmxC+DPKB1.  

 

3.12.10 Phenotype of the ∆pmxC+DPKB1-IF mutant 

The I F9 a nd I F10 P. polymyxa PKB1 ∆pmxC+DPKB1-IF, ∆pmxC+DPKB1 

mutants a nd t he W T w ere gr own i n G SC medium a nd t he culture s upernatants 

bioassayed for pol ymyxin a s de scribed i n 3.1 2.2. The z one of  i nhibition w as 

measured after 16 h of incubation a t 37⁰C and was found to be  21 m m for WT 

and 17 m m f or t he ∆pmxC+DPKB1 mutant a nd a lso f or t he ∆pmxC+DPKB1-IF 

mutant. Therefore, the decrease in antibiotic production seen in strains carrying a 

deletion of  pmxCPKB1 and pmxDPKB1 does not  r esult f rom a pol ar ef fect on 

pmxEPKB1 expression. Rather, the reduction of antimicrobial activity is due to the 

deletion of the transporter-like genes ∆pmxC and pmxDPKB1.  
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3.13 Concentrating the antibiotics 

.Since mutation of the transporter-like genes caused only a partial loss of 

antibiotic production, it was i mportant t o e nsure t hat t he bioactivity was due  to 

polymyxin only, and that the transporter mutations did not cause loss of one of a 

mixture of  a ntibiotics. To i dentify t he c ompound t hat w as r esponsible f or th e 

reduced amount or complete loss of antimicrobial activity of the ΔpmxC+DPKB1 

and ΔpmxEPKB1 mutants r espectively, H PLC was c hosen. T o s implify t he 

purification of t he c ompound, t he c ulture s upernatant w as concentrated us ing a  

Sep-Pak C18 cartridge (Waters Corporation). Five millilitres of culture supernatant 

containing 20% methanol was passed through a Sep-Pak C18 cartridge and all of 

the a ntibiotic a ctivity w as bound t o t he pa cking m aterial of t he c artridge. T he 

cartridge was washed with 5 ml of water and eluted with 5 ml portions of 20%, 

40%, 60%, 80% and 100% methanol, and 100μl of the water wash and of each 

eluant was assayed against E. coli DH5α. No antimicrobial activity was obtained 

with t he w ater w ash or  20%  m ethanol, ve ry l ittle w ith 4 0% a nd m ost of  t he 

activity e luted w ith 60%  a nd onw ard. T herefore, i t w as decided t o use 80%  

followed by 100%  methanol as eluant to extract the antibiotic from the Sep-Pak 

C18 cartridge. Before ana lysis by HPLC, the eluant w as dried completely by 

flushing with air in an ice bath. The dried sample was dissolved in mobile phase 

for the HPLC analysis. 
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3.14 Amount of polymyxin produced by the WT and mutants 

Since the phenotype of the WT and mutants were compared with respect 

to the amount of antibiotic produced as determined by agar diffusion bioassay, the 

relative amounts of antibiotic produced were determined by c omparing the sizes 

of t he z ones of  i nhibition t o t hose pr oduced by di fferent c oncentrations of  a  

standard polymyxin B sulphate solution. A standard curve was plotted using the 

data obtained with different concentrations of polymyxin B sulphate solution and 

the correlation coefficient was calculated (Figure 3.14.1). Good correlation of the 

standard antibiotic c oncentration w ith t he s izes of  t he z one of  i nhibition w as 

obtained with a R value 0.99, although the slope of the standard curve was very 

shallow. B ased on the standard c urve, t he a ntibiotic concentrations i n c ulture 

supernatants w ere e xpressed a s m g/ ml pol ymyxin B  s ulphate e quivalent. T he 

amount of  the antibiotic produced by the WT was estimated to be 0.5 mg/ml of  

polymyxin B sulphate equivalent, and ΔpmxC+DPKB1 mutant p roduced 0.25  

mg/ml of polymyxin B sulphate equivalent. 

 

3.15 Effect of mutations on fusaricidin production 

In an earlier study on P. polymyxa PKB1 there w ere no transporter-like 

genes observed in gene cluster for fusaricidin biosynthesis (Li et al. 2007), and it 

was spe culated that t ransporter ge nes f rom so me othe r gene cl uster involved in 

production of NRP type peptide might be responsible for transport of fusaricidin 

into the growth medium. Therefore, the three day old culture supernatants of the 

various pmx mutants an d WT were assaye d for f usaricidin by a gar di ffusion 
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bioassay against Leptosphaeria maculans as indicator or ganism. The aga r 

diffusion bioassay showed that the WT and the ΔpmxEPKB1 mutant produced the 

same amount of fusaricidin but the ΔpmxCPKB1, ΔpmxDPKB1 and ΔpmxC+DPKB1 

mutants produced reduced amounts of fusaricidin (Figure 3.15.1). A ΔfusA mutant 

of PKB1 (Li 2007; Li et al. 2007) was also grown under the same conditions and 

the 3 d old culture was checked by agar diffusion bioassay against L. maculans as 

a negative control. Therefore, it was evident that the deletion of ABC transporter-

like ge nes of t he pol ymyxin ge ne c luster a lso had an e ffect on t he t ransport of  

fusaricidin. It can be speculated from this observation that these ABC transporters 

might be  i nvolved i n e xporting cationic lipopeptide type molecules f rom i nside 

the c ells. H owever, i n t he c urrent study i t c ould not  be  proven c onclusively 

because t he c omplementation of  pmxC+DPKB1 could no t be  a ccomplished. 

However, there is no i ndication that the fusaricidin and polymyxin gene clusters 

are located near one another and so there was no reason to suspect that disruption 

of pmxC+DPKB1 would have any polar effects on fusaricidin production. 

 

3.16 HPLC analysis of mutants 

The bioassay results suggested that all of the mutants that were developed 

in this s tudy showed reduced or  no  antibiotic production compared to WT. The 

antibacterial compounds that were responsible for the b ioactivity against E. coli 

DH5α were subjected to HPLC analysis to try to separate and identify the 

bioactive components. Different solvent systems and HPLC conditions were tried, 

and e ventually 0.1M  N a2HPO4 adjusted to pH  3.0 with phos phoric a cid: 
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acetonitrile (77:23) was found to be the best solvent system with a Phenomenex® 

Bondclone C 18 column at 25⁰C, a  f low rate of  2.0 ml/min, and de tection at 212 

nm. Within the chromatographic profile two peaks with retention times of 8.0 min 

and 15.3 min were resolved and found to be present in the WT but absent in the 

ΔpmxEPKB1 mutant and reduced in size in the ΔpmxC+DPKB1 mutants ( Figure 

3.16.1). The HPLC fractions were collected for the WT a nd ΔpmxEPKB1 mutant 

and 100 μl of each fraction was checked by agar diffusion bioassay against E. coli 

DH5α. Bioactivity was observed for these two peaks from the WT culture 

supernatant and no activity was observed for the corresponding fractions from the 

ΔpmxEPKB1 mutant ( Figure 3.16 .2). T herefore, it c an be in ferred that a ll of  th e 

bioactivity was due to these two peaks. It can be seen from the chromatogram that 

the peak heights of both of the peaks in the ΔpmxC+DPKB1 mutant a re m uch 

smaller than those of the corresponding peaks in WT suggesting that the amount 

of polymyxin produced by ΔpmxC+DPKB1 mutant i s much reduced compared to 

WT, but  t he a gar di ffusion bi oassay s uggested onl y a  50%  r eduction i n t he 

amount of antibiotic produced by the ΔpmxC+DPKB1 mutant compared to the WT. 

The s ame re sults w ere obt ained with the IF  m utants, w hich s trengthens the 

interpretation that there were no polar effects on the downstream gene due to the 

deletion of pmxC+DPKB1 (Figure 3.16.3). To identify the compounds represented 

by t he p eaks i n the WT c hromatogram, t he pr ofile w as c ompared t o t he 

chromatogram o f s tandard pol ymyxin B  s ulphate ( Sigma-Aldrich) s olution, but  

the m ajor p eaks in  the  s tandard chromatogram e luted with different re tention 

times compared to the peaks present in the WT, suggesting that the peaks in the 
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standard c hromatogram are not  due  t o t he s ame c ompounds pr esent in the  W T 

samples ( Figure 3.16.4). T o c onfirm t his f inding, t he s tandard po lymyxin B  

sulphate solution was mixed with the culture supernatant of the WT and a portion 

of the mixture was analyzed under the same chromatographic conditions and the 

same results were obtained. This confirms that the bioactive compounds present 

in the WT culture supernatant are not authentic polymyxin B1 and B2.  

 

3.17 Mass spectrometric analysis 

HPLC ana lysis and the agar d iffusion bioassay sugge sted t hat t he pe aks 

isolated in the HPLC analysis have antimicrobial properties, but that the peaks do 

not r epresent any known form of  p olymyxin B . T herefore, t o obt ain a dditional 

information about the compounds and whether they are polymyxins or not, mass 

spectrometric ana lysis was car ried out . The fractions co rresponding t o the 

bioactive peaks collected from the HPLC system were analysed by matrix assisted 

laser desorption/ionization-time of  flight  (MALDI-TOF) mass spectrometry, but 

the results were inconclusive because of the presence of salt in the samples (The 

MALDI-TOF ana lysis was done  i n the Mas s spe ctrometry facility of  t he 

Department of Chemistry, U of A). Therefore, the Sep-Pak C18 cartridge purified 

samples of WT, ΔpmxC+DPKB1 and ΔpmxEPKB1 mutant culture supernatants were 

analyzed by LC-MS. For LC-MS analysis the HPLC system coupled with single 

quadrupole mass spe ctrometer ( Micromass Z MD-2, W aters C orporation) w as 

used. Although the conditions used for HPLC analysis as described above were 

able to resolve the bioactive peaks, the solvent system and the column used in the 
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HPLC ana lysis w ere no t suit able f or L C-MS ana lysis be cause of  t he hi gh flow 

rate of solvent and the presence of salt in the mobile phase. Therefore, different 

solvents containing only volatile components with isocratic and gradient mobile 

phase systems were tested with an XTerra®MS C18 column (150 mm x 2.1 mm, 5 

µm) t o i dentify a  s ystem t hat w ould gi ve go od s eparation of  t he a ntibiotic 

compounds. A mobile phase consisting of 0.1% formic acid (adjusted to a pH 3.0 

with ammonium hydroxide) and acetonitrile (77:23) was found to be the best to 

resolve the antibiotic compounds. In the UV chromatogram at 212 nm, two peaks 

with retention t imes of  4.48 a nd 6 .10 m in were f ound a nd t he c orresponding 

peaks were not observed for the ΔpmxEPKB1 mutant (Figure 3.17.1). In the mass 

chromatogram t he r elative a bundance of  i ons w as pl otted ove r t ime a nd t here 

were t wo peaks obs erved for t he WT sa mples w ith retention times of  4 .58 a nd 

6.21 min (representing the two peaks with retention times of   4.48a nd 6.10 min 

respectively f ound i n t he U V c hromatogram) w here t he a bundance of  i ons w as 

very high.  In the mass chromatogram for the ΔpmxEPKB1 sample, no pe aks were 

found ne ar t he c orresponding a rea a nd t his f inding c orrelates w ith the H PLC 

analysis. The m ass spe ctra of  t hese t wo peaks r evealed t hat t he p eak with 

retention time 4.58 min has ions with m/z 595.68 [M+2H]2+ and 1189.54 [M+H]+ 

and the peak with retention time 6.21 min has ions with m/z 602.7 [M+2H]2+ and 

1203.57 [ M+H]+ (Figure 3.17 .2). This obs ervation i s c onsistant with the 

protonated molecular mass of  pol ymyxin B 2 (Theoretical m ass 1188 ) a nd B 1 

(Theoretical mass 1202), respectively. However, the modular arrangement of the 

NRPS domains found in P. polymyxa PKB1 suggested that the PKB1 polymyxins 
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have D-DAB in pos ition three in the molecule instead of  L-DAB as i s found in 

the polymyxin B standard. Since the molecular masses of the PKB1 polymyxins 

are the same as the two main forms of polymyxin B found in the standard, but the 

stereochemistry is different and the PKB1 polymyxins do not co-chromatograph 

with authentic polymyxin B , t hese two PKB1 polymyxins c an be  considered a s 

novel forms of polymyxin B.    
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Figure: 3.2.1: EcoR1 restriction pattern of five cosmid clones. The cosmid clones 

were di gested w ith EcoR1 a t 37 ⁰C f or 16 h and w ere f ractionated i n a  0.5%  

agarose gel followed by staining with ethidium bromide. The numbers on the left 

show t he f ragment si zes of  Col-8, t he num bers on t he r ight s how t he fragment 

sizes of the λBstEII digest.  
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Figure: 3.2.2: Comparison of the pmx sequence of P. polymyxa E681 (Top) with 

the sequence of Col-8 (Bottom). The in silico EcoR1 restriction map for both the 

pmx sequence and Col-8 sequence are shown to compare the fragments by sizes. 

This w as t he i nitial co mparison made w ith pmx sequence w hen the pmxC and 

pmxD sequence was not known for P. polymyxa E681. The dotted lines indicate 

the homologous area between the Col-8 sequence and the pmx gene cluster. The 

double lines on the map indicate truncated ORFs. 
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Figure 3.4.1 : S creening of  t he P. polymyxa PKB1 fosmid l ibrary by S outhern 

analysis w ith non -radioactively labelled DNA pr obes. The f irst bl ot (A ) 

containing the cloned DNA was probed with a non-radioactively labeled 1.67 kb 

EcoR1 f ragment f rom Col-8. T he s econd bl ot ( B) w as pr obed w ith a  non -

radioactively l abeled 1. 1 kb P CR p roduct ge nerated w ith t he pr imers, pS HA09 

and pSHA10 and Col-15 as template. The fosmid clones that hybridized with the 

probes are indicated on t he blot. (C)The gray shaded area shows the position of  

the probes on a pmxPKB1 EcoR1 restriction map. 
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Figure 3.4.2 : P CR c onfirmation of  t he f osmid c lones that h ybridized to pr obes 

from each end of the Col-8 insert. The 1.1 kb band is a PCR product generated by 

the primers pSHA09 and pSHA10 with different fosmid clones as template. The 

same 1.1 kb PCR product generated by the same primers with Col-15 as template 

was used as a probe in the Southern analysis. All of the fosmid clones except 4F9, 

2B5 and 6D3 produced the 1.1 kb PCR product.  
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Figure: 3.5.1: The EcoR1 restriction digestion pattern of 16 positive fosmid clones 

and three cosmid c lones. One microgram amounts of  cosmid and fosmid clones 

were digested with EcoR1 to completion at 37⁰C for 16 h and fractionated in an 

0.8% a garose ge l. T he numbers on t he l eft s how t he f ragment s izes of  λBstEII 

digest. T he arrows on the r ight s how t he 14.1 kb, 7.5 kb and 6.9 kb fragment 

sizes. The 6.9-kb fragment is considered to be the linear cosmid or fosmid vector. 
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Figure 3.7.1.1 PCR identification of fosmid clones representing the 5’ end of the 

gene cluster encoding NRPS for polymyxin. PCR was carried out with the primers 

pSHA11 and 12 w ith the positive fosmid clones (clones that hybridized with the 

probes in Figure 3.5.2) as template. pSHA11 and pSHA12 were used to sequence 

the area of the gene cluster 1.1 kb d ownstream from the beginning of the cluster 

from the fosmid clone, 4F9. Thus 4F9 was the positive control in this experiment. 
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Figure 3.7.2.1: Southern analysis of the EcoR1 digested fosmid clones and cosmid 

clones. Cosmid and fosmid DNA was digested to completion with EcoR1 at 37⁰C 

for 16 h and f ractionated i n a n 0.8 % a garose gel. T he EcoR1 f ragments of  t he 

clones w ere t ransferred t o a  ny lon membrane f ollowed by hybridization w ith a  

non-radioactively l abelled 1.1-kb PCR pr oduct ge nerated w ith the pr imers, 

pSHA13 and pSHA 14 using 9A as a template (9A is a sub-clone of fosmid clone 

3A8). ( A) T he e thidium br omide stained agarose ge l ( also show n pr eviously i n 

Figure 3.5.1). (B) Corresponding nylon blot hybridized with the probe. The 6.3-kb 

band s hown i n a  c ircle i n 3A 8 w as t he pos itive c ontrol a nd t he 5.1 kb ba nds 

shown in circles in 2E5 and 6C12 were proposed to be true 

representatives of the genomic DNA for this area.  
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Figure 3.9. 1: M odule and dom ain a rrangement of  t he N RPS for polymyxin 

biosynthesis. The di stribution of  domains in di fferent ORFs i s shown by bl ocks 

with different patterns. Both pmxAPKB1 and pmxEPKB1 contain one E domain which 

is r esponsible for t he st ereochemical conversion of  subs trate L-amino acid. The 

unusual feature of the gene cluster is that polymyxin biosynthesis begins from the 

last ORF (pmxEPKB1) which incorporates the first five amino acids of polymyxin 

molecule. 
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Figure 3.9.2.4: Alignment of the amino acid sequences of core motifs A3 to A6 of 

the A domains for the six DAB residues of polymyxin. The amino acid positions 

of the substrate binding pocket that confer the substrate specificity are shown in 

red. Nine of the substrate specificity conferring amino acids are present in the A3 

to A6 region and the tenth amino acid is at position 517, which is always a lysine 

(K). T he c ore m otifs A 3 a nd A 6 a re s hown s haded i n ye llow (Marahiel e t al . 

1997). 
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Figure 3.11. 1.1: P reparation and P CR a mplification of the  apraRCmRoriT cassette f or 

PCR-targeted mutational analysis. (A) Isolation of the apraRCmRoriT cassette as a BglII 

fragment from pJL9. The 2.5 kb ( lower band) is the apraRCmRoriT cassette, which was 

gel pur ified a nd us ed as a  t emplate f or P CR a mplification. ( B) T he P CR a mplified 

apraRCmRoriT cassette generated by using the Redirect primers pSHA15 and pSHA16 to 

disrupt the pmxDPKB1.   
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Figure 3.12.1.1:  S chematic r epresentation of  P CR t argeted mutagenesis t o ge nerate P. 

polymyxa ΔpmxC+DPKB1 mutants. 
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Figure 3.12. 1.2: C onfirmation of  P. polymyxa ΔpmxDPKB1 mutants by  PCR.  P CR wa s 

carried out with 3 sets of pr imers with the genomic DNA of  s ix ex-conjugant (D1-D6) 

candidate P. polymyxa ΔpmxDPKB1 mutants a nd WT P. polymyxa. (A) T wo sets of  

primers ( pSHA27 a nd RED-SEQ-UP) w ere us ed to determine the l ocation o f t he 

antibiotic c assette a t the 5’  end. (B) T wo pr imers pS HA28 a nd RED-SEQ-DWN were 

used to determine the location of the antibiotic cassette a t the 3’ end. (C) Two primers 

pSHA29 and pSHA30 were used to detect the presence of pmxDPKB1 (WT should produce 

a PCR product of 1084 bp). 
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Figure 3.12. 3.1: C onfirmation of  P. polymyxa ΔpmxCPKB1 mutants by P CR.  P CR w as 

carried out with three sets of primers with the genomic DNA of six ex-conjugant (C1-C6) 

candidate P. polymyxa ΔpmxCPKB1 mutants and WT P. polymyxa. (A) Two sets of primers 

(pSHA32 a nd RED-SEQ-UP) w ere us ed to determine the l ocation of t he a ntibiotic 

cassette a t t he 5’  e nd.  ( B) T wo pr imers pS HA33 a nd RED-SEQ-DWN were us ed to 

determine the location of the antibiotic cassette at the 3’ end. (C) Two primers pSHA34 

and pSHA35 were used to detect the presence of pmxCPKB1 (WT should produce a PCR 

product of 995 bp). 
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Figure 3.12.5.1: Confirmation of loss of pmxC+D in P. polymyxa ΔpmxC+DPKB1 mutants 

by PCR.  PCR was carried out with two sets of primers with the genomic DNA of eight 

ex-conjugant ( CD1-CD8) candi date P. polymyxa ΔpmxC+DPKB1 mutants a nd W T P. 

polymyxa. ( A) T wo s ets of  pr imers ( pSHA34 a nd pS HA35) w ere us ed t o de tect t he 

presence of  pmxCPKB1. (B) Two pr imers pSHA29 and pSHA30 were used to detect the 

presence of pmxDPKB1. 
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Figure 3.12 .5.2: C onfirmation of  t he pr esence of  the ApraRCmRoriT cassette in P. 

polymyxa ΔpmxC+DPKB1 mutants by PCR. PCR was carried out with two sets of primers 

with t he g enomic D NA of  e ight e x-conjugant ( CD1-CD8) candi date P. polymyxa 

ΔpmxC+DPKB1 mutants a nd W T P. polymyxa. (A) T wo s ets of  pr imers (pSHA32 a nd 

RED-SEQ-UP) were used to determine the orientation of the antibiotic cassette at the 5’ 

end. (B) T wo pr imers pS HA28 a nd RED-SEQ-DWN were us ed t o determine the 

orientation of the antibiotic cassette at the 3’ end. 
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Figure 3.12. 6.1: Agar di ffusion bi oassay of  s upernatant of  3 d ol d c ultures of  W T, 

∆pmxC+DPKB1 and ∆pmxEPKB1 P. polymyxa PKB1. The bacterial strains were grown in 

GSC medium at 30⁰C for 3 da ys in a rotary shaker at 250 rpm. The culture supernatant 

was harvested by centrifugation and mixed with methanol to a final concentration of 20% 

methanol. The mixture was centrifuged again and the clear supernatant was bioassayed.    
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Figure 3.12.7.1:  C onfirmation o f P. polymyxa ΔpmxEPKB1 mutants by P CR. PCR wa s 

performed with three sets of primers with the genomic DNA of eight ex-conjugant (E1-

E8) c andidate P. polymyxa ΔpmxEPKB1 mutants a nd WT P. polymyxa. ( A) T wo s ets of  

primers ( pSHA40 a nd RED-SEQ-UP) w ere us ed to determine t he location o f t he 

antibiotic c assette a t the 5’  end. (B) T wo pr imers pS HA39 a nd RED-SEQ-DWN were 

used to determine the  location of the antibiotic cassette a t the 3’  end. (C) Two primers 

pSHA41 a nd pS HA42 w ere us ed t o de tect the a bsence of  t he de leted por tion o f 

pmxEPKB1. The double l ine i ndicates that the 5 ’ e nd of  pmxEPKB1 was r emoved by t he 

mutation.  
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Figure 3.12 .9.1: S chematic r epresentation of  P CR t argeted m utagenesis t o 

generate P. polymyxa ΔpmxC+DPKB1 in-frame mutants. 
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Figure 3.12.9.2: C onfirmation of  t he i n-frame (IF) mutant of  ΔpmxC+DPKB1 by 

PCR. Two primers, pSHA32 and pSHA28, were used to detect for the presence of 

the 81-bp ‘scar’. These two primers amplify the entire pmxC+D genes in the wild 

type strain. The numbers on the right indicate the size of the PCR product for WT 

(4.6 kb) and for the in-frame ΔpmxC+DPKB1 mutant (1.13 kb containing the 81 bp 

‘scar’). 
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Figure 3.16.2: Antibacterial activity profile of the HPLC fractions collected from 

WT culture supernatant analysis. In the figure the UV chromatograph at 212 n m 

for the WT sample is shown. Thirty-second fractions were collected for the entire 

run a nd e ach f raction was c hecked f or bi oactivity by a gar di ffusion bi oassay 

against E. coli DH5α. Bioactivity was only observed with the fractions 

corresponding to the peaks 1 a nd 2. T he zone of inhibition was measured in mm 

and is shown in the right axis. 
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Figure 3.17 .1: T he U V-absorbance c hromatograph a t 2 12 n m from L C-MS 

analysis of WT and ΔpmxEPKB1 culture supernatants. The peaks at retention times 

4.48 min and 6.10 min observed in the WT chromatograph (A) and missing in the 

ΔpmxEPKB1 chromatograph (B) were speculated to be peaks for polymyxins.  
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Figure 3.17 .2: T otal ion current c hromatogram f rom the  mass s pectrometric 

analysis of  P. polymyxa PKB1 WT and ΔpmxEPKB1 culture s upernatants. T he 

peaks at retention times 4.58 and 6.21 min observed in the WT chromatogram (A) 

and missing in the ΔpmxEPKB1 chromatogram (B) were shown to have molecular 

masses of 1188.54 and 1202.57 respectively. 
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4. Conclusion and significance 

Polymyxins a re c linically important lipopeptide antibiotics pr oduced by 

various species of Paenibacillus. Identification and characterization of the genes 

responsible for pol ymyxin pr oduction c ould a id i n unde rstanding t he de tailed 

mechanisms of polymyxin biosynthesis. 

The f irst c haracterization of  a  g ene c luster i nvolved i n pol ymyxin 

production was reported for P. polymyxa E681 in 2009 and was an outcome of a 

complete genome sequencing project (Choi et al. 2009). In this present study, the 

gene cluster encoding the NRPS for polymyxin production in P. polymyxa PKB1 

has be en identified and cha racterized. The ge ne c luster f or pol ymxyin i n P. 

polymyxa PKB1 w as c ompared w ith t hat in P. polymyxa E681 a nd a  hi gh 

homology a t t he nuc leotide level was obs erved. I n bo th or ganisms t he g ene 

clusters consist of  f ive ORFs: t hree e ncode t he N RPS ge nes, t wo e ncode t wo 

ABC type transporter genes and all five ORFs are transcriptionally oriented in the 

same direction. The genes are al so arranged in the same unusual order with the 

gene encoding the first five modules of the NRPS coming at the end of the cluster. 

Significant information about the genes flanking the polymyxin gene cluster in P.  

polymyxa PKB1 was not obtained in this s tudy due  to a  lack of  suitable c lones. 

However the adjacent areas of the polymyxin gene cluster of P.  polymyxa E681 

were s tudied, but  no genes f or biosynthesis of  t he f atty a cid m oiety of  

polymyxins, or genes with regulatory functions were identified.  

Mutational studies were carried out to verify the involvement of the genes 

of the polymyxin gene cluster in polymyxin biosynthesis in P. polymyxa PKB1. 
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The P CR t argeting ge ne di sruption m ethod de veloped f or Streptomyces was 

adapted t o m ake different P. polymyxa PKB1 m utants w ith the ApraRCmRoriT 

cassette, previously used in the fusaricidin biosynthetic gene cluster study in the 

same organism. No trace of polymyxins was detected by a gar diffusion bioassay 

against E. coli as well as by HPLC analysis in the culture supernatant of a pmxE -

disrupted P. polymyxa PKB1 mutant. This observation confirmed the involvement 

of t he pmxEPKB1 biosynthetic ge ne o f t he polymyxin ge ne c luster in pol ymyxin 

production. M utants w ere a lso g enerated by de leting pmxCPKB1 and pmxDPKB1 

individually a nd by de leting bot h together t o determine t heir i nvolvement i n 

polymyxin pr oduction. A ll of  t hese m utations r educed t he p roduction of 

polymyxin in t he c ulture s upernatants t hereby pr oving t heir a ssociation w ith 

polymyxin production. An in-frame mutation of these transporter genes was also 

made t o eliminate t he pos sibility of a pol ar ef fect on the d ownstream synthetic 

genes.   

Deletion of the ABC transporter-like genes also reduced the production of 

fusaricidin in the culture supernatants. A possible explanation for this observation 

is t hat t hese A BC t ransporters m ight be  i nvolved i n e xporting bo th t ypes of  

lipopeptide metabolites from inside the cells.  

The chemical structure of the polymyxins was identified shortly after they 

were discovered. Polymyxins are decapeptides and for the most common varieties 

of pol ymyxins, s ix out  of t en of  t he a mino a cids a re L -DAB. The di fferences 

among the different polymyxins are due to the variations in the component amino 

acids i n position s ix a nd s even and also due t o different f atty acid moieties. 
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However, t he gene c luster for pol ymyxin bi osynthesis i n P. polymyxa PKB1 as 

well as i n P. polymyxa E681 suggested that the D AB residue pr esent i n t he 

position three i s a  D -Dab, a s t he N RPS module t hat i s r esponsible f or t he 

incorporation of the amino acid in the third position has an E domain. The HPLC 

and LC-MS ana lysis su ggested that unde r the studied con ditions P. polymyxa 

PKB1 pr oduces a t least t wo f orms of  pol ymyxins a nd t heir m olecular w eights 

match the molecular weights of polymyxin B1 and B2. No forms of polymyxin B 

have be en reported so far con taining a D -DAB i n pos ition t hree.  However t he 

information obtained from the NRPS specificity codon and domain arrangement 

suggested a  D -DAB i n pos ition three i n the ne wly i dentified po lymyxin 

molecules. T his f inding w as s trengthened by t he obs ervation t hat t he 

commercially a vailable pol ymyxin B  di d not  c o-elute u pon H PLC w ith t he 

polymyxins pr oduced i n t he c ulture s upernatant of  P.  polymyxa PKB1. No 

polymyxins other than B1 and B2 are known to have the same molecular weight as 

the polymyxins produced by P. polymyxa PKB1, and yet they are not polymyxin 

B1 and B 2. Therefore, these t wo polymyxins are cons idered as ne w forms o f 

polymyxin B, a nd he nce a re referred t o a s D -DAB-polymyxin B 1 and D -DAB-

polymyxin B2. 
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5. Future study 

This s tudy identified the gene c luster encoding the NRPS for polymyxin 

biosynthesis i n P. polymyxa PKB1. T his ge netic i nformation pr ovided i nsights 

into how the peptide parts of  the polymyxin molecules are synthesized and also 

indicated possible m echanisms of  t heir exp ort ou tside t he cells. D espite 

considerable effort, the adjacent areas of the polymyxin gene cluster could not be 

explored fully due to a lack of appropriate clones. Therefore, the complete picture 

for polymyxin biosynthesis is still not available. However, the complete genome 

sequence of Paenibacillus polymyxa E681, a polymyxin A producing bacterium, 

has become ava ilable recently (GenBank Accession No.: CP000154). Exploring 

the a djacent a rea of  i ts pol ymyxin ge ne c luster di d no t r eveal a ny s ignificant 

information about the regulation of the polymyxin genes or the biosynthesis of the 

fatty a cid moiety of  t he pol ymyxin molecules. T he f atty a cid moiety of  t he 

polymyxin molecules is of  gr eat i mportance f or t heir a ntibacterial activity a s i t 

supports a dditional in teraction with the  G ram negative ba cterial c ell envelope. 

Therefore, studies a imed a t unde rstanding t he bi osynthesis of  t he f atty acid 

component, its m echanism o f t ransfer t o be come bound t o t he pe ptide and t he 

factors that determine the type of  fatty acid attached to the peptide part are st ill 

needed.  

Since t he a mino acid composition a nd a rrangement i n t he pol ymyxin 

molecule are ve ry im portant de terminants of  bi ological p roperties l ike toxi city 

and antimicrobial a ctivity, in-depth a nalysis is  s till r equired to establish the 

relationships be tween a mino a cid c omposition a nd pos ition i n t he p olymyxin 
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molecules a nd t heir t herapeutic pr operties. N on-proteinogenic a mino a cids s uch 

as D-amino aci ds a re generally believed to make t he peptide more anti bacterial 

but a lso may make i t more toxic. Optimal combinations of  these unusual amino 

acids might give polymyxins that are more antibacterial but have less toxicity to 

the hum an host. T he t hird pos ition D -DAB f ound i n t he P. polymyxa PKB1 

polymyxins is unusual; therefore more complete validation of the identity of that 

residue is required.   

An evolutionary study of polymyxin gene clusters is also of interest. The 

polymyxin ge ne c luster i n P. polymyxa E681 shows very high homology at t he 

nucleotide level to that in P. polymyxa PKB1. However, P. polymyxa E681 has 

been r eported t o pr oduce po lymyxin A  w hereas P. polymyxa PKB1 pr oduces 

novel f orms of  pol ymyxin B. These va riations appe ar to be due  t o differences 

encoded in their polymyxin synthetase genes rather than merely due to amino acid 

substitutions based on c omposition of the growth medium. Therefore, these gene 

clusters f or pol ymyxin bi osynthesis m ust ha ve be en c hanged dur ing t heir 

evolutionary journey by s wapping domains or  modules f rom other NRPS genes 

obtained by lateral or horizontal gene transfer. As sequences for more polymyxin 

gene clusters become available their relationships will become more clear. 
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