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ABSTRACT 

Burkholderia pseudomallei is a gram negative pathogen that displays 

extremely high levels of resistance to the action of cationic antimicrobial peptides 

including poly-L-lysine, protamine sulfate, human neutrophil peptide (HNP-1) and 

polymyxins. Studies in our laboratory have been aimed at determining how B. 

pseudomallei resists the killing action of cationic antimicrobial peptides. B. 

pseudomallei strains are capable of replicating in media containing polymyxin B 

(PMB) at concentrations in excess of 100 mglml. Using transposon mutagenesis, 

we isolated five PMB-susceptible mutants. Two distinct groups of PMB- 

susceptible mutants were identified: (I) those with disruptions in genes predicted 

to be involved in lipopolysaccharide core biosynthesis and (2) those with 

disruptions in the IytB gene homolog. Both groups of mutants exhibited 

differences in their outer membrane protein profiles compared to wild type B. 

pseudomallei suggesting that the integrity of this permeability barrier may be 

compromised. The PMB-susceptible mutants remained resistant to the action of 

poly-L-lysine, protamine sulfate and HNP-1. Interestingly, we observed that a 

purified metalloprotease from 6. pseudomallei effectively degrades protamine 

sulfate and defensins implicating protease activity as a potential mechanism of 

resistance. lsogenic mutants harbouring disruptions in three different protease 

genes were constructed. These mutants were assessed for changes in 

susceptibility to various cationic peptides. It is clear that the ability of B. 

pseudomallei to resist the killing action of cationic peptides is multi-factorial and 

likely plays an important role in the pathogenesis of this infection. 
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1. INTRODUCTION 



1 .I Burkholderia pseudomallei and Burkholderia thailandensis 

1 .I .I B. pseudomallei 

Burkholderia pseudomallei is a gram negative bacterium that is the 

causative agent of a collection of diseases known as melioidosis. B. 

pseudomallei is an obligate aerobe, is free living, and is motile by means of 

lophotrichous flagella (66). This organism is a bacillus that demonstrates bipolar 

staining when observed by light microscopy. Analysis of the genomic nucleotide 

sequence shows a high proportion of G+C residues totalling as much as 68% of 

the total chromosomal DNA (96). B. pseudomallei is nutritionally diverse and can 

grow on a wide range of organic compounds (109). Growth temperatures range 

from 18 to 42OC with an optimum of 37OC. In addition, this organism 

demonstrates resistance to drying and can survive a wide range of pH levels. 

Colony morphology on solid media varies from smooth to rough colonies and 

colony color ranges from a faint brown tinge to a definite brown pigmentation 

(147). In all cases cultures on solid media take on a dry, crusty appearance after 

several days of incubation (92). 

B. pseudomallei is a natural inhabitant of soil and stagnant water in 

endemic areas and is primarily considered an opportunistic pathogen (133). The 

majority of cases occur during monsoons or rainy seasons in endemic regions, 

and this is thought to be due to a rise in the water table which brings the 

organisms to the soil surface thereby increasing host exposure to this pathogen 

(22). Those individuals particularly susceptible to 6. pseudomallei include 

diabetics, alcoholics and those with chronic renal failure (22). 
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B. pseudomallei is thought to be acquired through inhalation of 

contaminated soils, ingestion of organisms, or entry through damaged surface 

tissues (66, 146). The incubation period has not been defined with certainty but 

can range from 2 days to 26 years (125). 

6. pseudomallei produces a variety of cell associated and secreted 

products and is resistant to a variety of antimicrobials. This organism is resistant 

to such agents as penicillin, ampicillin, narrow spectrum cephalosporins, 

streptomycin, gentamicin, tobramycin, and polymyxins (28, 34, 92, 101, 106). B. 

pseudomallei possesses the ability to survive and multiply \~ithin macrophages 

suggesting it is an intracellular parasite, and it is resistant to oxidative killing 

mechanisms (70, 74, 116). In addition, this organism is resistant to killing by 

normal human serum in vitro (33, 70). This resistance to killing by these 

substances makes 6. pseudomallei a difficult pathogen for the immune system to 

clear. 

1 .I .2 B. thailandensis 

B. thailandensis is similar to B. pseudomallei. It is a gram negative 

bacillus that is motile due to the presence of a polar flagella, grows at 

temperatures ranging from 25 to 42OC and produces a variety of secreted 

products, similar to those produced by B. pseudomallei (12, 13 , 33, 70). The 

resistance and susceptibility profiles of 6. thailandensis to a variety of 

antimicrobials is the same as that determined for B. pseudsmallei. When 6. 

thailandensis is grown on modified Ashdown's selective media it appears smooth 
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and glossy with pink pigmentation while B. pseudomallei appears rough and 

wrinkled with purple pigmentation (12, 13, 33, 70). B. thailandensis 

demonstrates the ability to assimilate arabinose (Ara+) whereas B. pseudomallei 

does not (Ara-). Additionally, B. thailandensis does not express at least two of 

the capsular polysaccharides expressed by B. pseudomallei (1 1 1, 1 19). 

However, the major difference between these two species is their ability to cause 

disease, B. thailandensis is avirulent and has not been correlated with human 

disease; B. pseudomallei on the other hand is highly virulent (12, 13). B. 

thailandensis is a particularly useful laboratory tool for genetic manipulations in 

an avirulent background which may contribute to the understanding of functions 

common to B. pseudomallei 

1.2 Melioidosis 

Melioidosis is a glanders-like disease of humans and animals (26). It was 

first described in Rangoon, Burma in 1912 and was predominantly observed in 

morphine addicts (147). This disease occurs most frequently in tropical regions 

particularly in South East Asia, although sporadic cases have appeared in other 

parts of the world (22, 26, 66). Following infection with R. pseudomallei, a 

human host may present with a wide range of symptoms. Melioidosis manifests 

itself as either an acute, sub-acute, or chronic form of disease (27, 66, 123, 145, 

149). Acute forms of the disease are characterized by rapidly occurring 

symptoms including high fever and pulmonary distress followed by visceral 

abscesses, and without treatment, death. Alternatively, acute disease may be in 



the form of septicemia which also results in death if left untreated. Treatment of 

acute melioidosis requires immediate, extremely aggressive administration of 

antimicrobial therapy, and treatment does not guarantee recovery or prevent 

relapse (22, 25, 95). 

Sub-acute melioidosis is described as a prolonged febrile illness. The 

presence of abscesses on various organs of the body may occur. This condition 

often is misdiagnosed, and, without appropriate treatment, death results (133). 

Chronic melioidosis is likely the most common presentation; it is essentially a 

carrier state and lacks overt symptoms. Diagnosis occurs only when the disease 

is activated by a trauma of some sort or following post mortern examinations. 

B. pseudomallei is very difficult to treat and is intrinsically resistant to 

most commonly used antibiotics and a variety of antimicrobial substances. 

Effective treatments include ceftazidime-cotrimoxazole, kanamycin-tetracycline 

and chloramphenicol-doxycycline-cotrimoxazole but it is recommended that 

treatment regimes for acute illness contain ceftazidime or imipenem (67, 92). 

Even with aggressive antimicrobial therapy, recurrent infections are frequently 

encountered and mortality remains high. 

1.3 Virulence Factors 

B. pseudomallei expresses a variety of putative virulence determinants 

including both cell associated and secreted antigens. These factors have 

remained relatively poorly defined until relatively recently. A variety of systems 

for genetic manipulation of B. pseudomallei and B. thailandensis have been 
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implemented including transposon mutagenesis and allelic exchange (32, 106). 

These systems have been useful for the assessment of the involvement of 

specific genes in the virulence of B. pseudomallei. Additionally, B. thailandensis 

has been a particularly useful tool for the identification and preliminary 

assessment of genes as mutant phenotypes can be initially assessed in an 

avirulent background. Several genetic studies have facilitated the identification 

and characterization of a variety of genetic loci associated with some putative 

virulence determinants of B. pseudomallei (1 9, 32, 33, 106, I 19). The roles of 

some of these factors in the pathogenesis of B. pseudomallei infection are 

becoming more clearly defined. B. thailandensis produces most of the same cell 

associated and secreted antigens as B. pseudomallei with the exception of EPS 

structures which have only been found associated with B. pseudomallei strains 

( I  2, I 19). 

1.3.1 Cell Associated 

B. pseudomallei possesses a variety of cell associated antigens including 

LPS, EPS, flagella, pili and a surface bound acid phosphatase. Initial studies 

involving the structural characterization of B. pseudomallei LPS demonstrated 

the presence to two distinct 0-PS moieties designated type I 0-PS and type II 0- 

PS (83, 114). Type 1 0-PS has been reclassified as a capsular 

exopolysaccharide and is discussed below. Type II 0-PS is an unbranched 

heteropolymer with repeating D-glucose and L-talose residues having the 

structure -3)-P-D-glucopyranose-(I -3)-6-deoxy-a-L-talopyramose-(I -, in which 
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-66% of the talose residues contain 2-0-acetyl substituents and the remaining 

-33% contain 2-0-methyl and 4-0-acetyl substituents. The 0-PS from B. 

pseudomallei and B. thailandensis have been shown to have identical structures 

and are involved in the serum resistance phenotype displayed by these 

organisms (1 2, 13, 33). B. pseudomallei transposon mutants lacking 0-PS were 

shown to be susceptible to the bactericidal activities of 30% normal human 

serum (NHS) (33). Additionally, mutants lacking 0-PS were shown to have 

reduced virulence in three animal models of B. pseudomallei infection (33). 

Recent review of the literature indicates that B. pseudomallei produces 

three or possibly four structurally distinct EPSs (81, 99, 11 1, 119, 136). 

Steinmetz et a1 initially generated a mAb (designated MAb 301 5) that was shown 

to be specific for a polysaccharide structure distinct from 0-PS (1 11, 136). This 

mAb was shown to bind to an exopolysaccharide (EPS) outside of the outer 

membrane of the cell resulting in a capsule-like appearance. The molecular 

weight of this EPS was shown to be >I50 kDa. It was purified from B. 

pseudomallei NCTC 7431 and determined to be a linear tetrasaccharide 

repeating unit consisting of three galactose residues, one bearing a 2-linked O- 

acetyl group and a 3-deoxy-D-manno-2-octulosonic acid (KDO) residue having 

the structure [3)-p-D-(2-0-Ac)Galp-(I 4)-d-Galp-(I 1)-D-p-Galp-(I 5)-p-KDO-(21, 

( I  11, 136). Independently, Masoud et al, proposed the identical structure for an 

EPS purified from B. pseudomallei 304b (99). Additionally, Kawahara et a1 

purified an EPS with the same structure from B. pseudomallei NCTC 1688 and 

refer to it as CP-I b (81). This particular tetrasaccharide EPS has been shown to 
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be associated with B. pseudomallei and is absent from B. thailandensis strains 

suggesting a role in virulence (136). However, the specific role of this EPS in the 

pathogenesis of B. pseudomallei infection has not yet been elucidated. 

The existence of a second EPS structure in virulent B. pseudomallei 

strains has been suggested by Steinmetz et a1 and by Kawahara et a1 (81, 136). 

This EPS structure has been shown to contain galactose and other sugar 

components. Kawahara et a1 refer to this EPS as CP-2 and have determined 

that it contains galactose, rhamnose, manose, glucose and uronic acid in a ratio 

of approximately 3:1:0.3:1:1. A report by Denisov identified a polysaccharide 

component from B. pseudomallei slime as having a sugar composition similar to 

CP-2 (29, 81). These reports, however, do not reveal the exact structure and 

immunological properties of this galatose EPS. 

Kawahara et a1 suggest the presence of a third 'EPS capsule from B. 

pseudomallei NCTC 1688, it has been designated CP-la and is thought to be a 

l,4-linked glucan (81). No further characterization of this EPS has been 

reported. 

More recently, the polysaccharide previously designated type I 0-PS has 

been redesignated as an EPS capsule (119). This EPS is an unbranched 

homopolymer having the structure -3)-2-0-acetyl-6-deoxy-P-D-manno- 

heptopyranose-(I- with a molecular weight of about 200 kDa. The gene cluster 

responsible for the biosynthesis of this EPS has been identified and B. 

pseudomallei strains harbouring mutations in this gene cluster have been shown 

to have significantly reduced virulence in the Syrian golden hamster model of 
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infection (1 19). This EPS has been shown to play a major role as a virulence 

determinant of B. pseudomallei, but its specific function has not yet been 

determined. 

B. pseudomallei and B. thailandensis strains are motile due to the 

presence of flagella. Antibodies raised against B. pseudomallei flagellin proteins 

cross react with 6. thailandensis, and the fliC genes encoding the structural 

subunit of their flagella are highly homologous (14, 15, 32). The role of flagella 

and motility in the pathogenesis of B. pseudomallei infection has been assessed 

using mutants with disruptions in genes essential for motility and using passive 

immunization studies. A B. pseudomallei mutant harbouring a transposon 

integration in the fliC gene was rendered non-motile, however, there was no 

significant difference in virulence between this mutant and the wild type parent 

strain in two animal models of infection (15, 32). In contrast, polyclonal rabbit 

sera containing anti-flagellin antibodies passively protected diabetic rats when 

challenged with wild type B. pseudomallei (1 5). 

B. pseudomallei has been shown to express pili on its cell surface, but 

these structures remain relatively uncharacterized at the structural and genetic 

levels. Preliminary studies have revealed the presence of two unlinked genetic 

loci demonstrating significant homology to the type I pili (fim) genes and the type 

IV pili (pil) genes (1 18). Further analysis of these gene clusters along with 

structural studies are necessary for further analysis of these antigens and their 

putative role in B. pseudomallei pathogenesis. 
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Several studies by Kondo et a1 have detected the acid phosphatase (AP) 

activity associated with B. pseudomallei strains (84, 85, 88). The AP activity of 

5. pseudomallei has been attributed to the presence of a surface bound 

glycoprotein (76, 77, 89). This surface bound glycoprotein has been shown to be 

thermostable with optimal activity at pH 5.5 (76, 77, 89). It has been suggested 

that this AP is most likely a protein tyrosine phosphatase and may function as 

part of a signal transfer system to manage a variety of environmental stimuli (77). 

Additionally, two separate studies by Kanai et a1 suggest that the B. pseudomallei 

AP acts as a receptor to bind insulin and has a strong affinity for host cell 

glycolipids (Asialo Gml and Asialo Gm2) (78, 79). This dissertation reports the 

identification of a gene encoding an acid phosphatase in both 5. pseudomallei 

and B. thailandensis, and the assessment of its role as a virulence determinant in 

B. pseudomallei infection. 

1.3.2 Secreted Antigens 

Several putative extracellular virulence factors have been identified, but 

have not been well characterized. Such factors include a thermolabile toxin, a 

protease, antigens with lipase and lecithinase activities, a hemolysin and a water 

soluble siderphore. 

Several studies from the 1950s showed that intraperitoneal (i.p.) injections 

of filter sterilized B. pseudomallei supernatants were lethal for mice and hamsters 

(1 09). This suggested that B. pseudomallei may be capable of secreting a lethal 

toxin. lsmail et a/, reported the purification of a thermolabile toxin determined to 
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be a protein with a molecular weight (MW) of 31,000 (68-70). More recently, 

Haase et a1 have reported the existence of cytotoxin activity in 6. pseudomallei 

culture filtrates (54). Their results indicate that a cytolethal toxin antigen of < 

10,000 Da in size is present in culture supernatants suggesting that the observed 

cytotoxic activity may be a peptide molecule. A more recent study by Haussler et 

a1 describes the purification of cytotoxic exolipid from B. pseudomallei NCTC 

10274 (61). The glycolipid purified was determined to be acidic in nature, 762 Da 

in sire and consisted of two rhamnose molecules and two P- 

hydroxytetradecanoic acid molecules having the following structure: 2-0-a-L- 

rhamnopyranosyl-a-L-rhamnopyranosyl-~-hydroxytetradecanoyl-~- 

hydroxytetradecanoate (61 ). The purified exolipid demonstrated remarkable 

toxicity on both phagocytic and non-phagocytic cell line (61). Additionally, it had 

considerable haemolytic activity on erythrocytes of different species. It has been 

suggested that, based on the structure of the purified exolipid, a detergent-like 

action is most probable (61). The role of this exolipid in the pathogenesis of 

melioidosis requires further investigation. 

B. pseudomallei and B. thailandensis produce a variety of secreted 

products with each species producing a distinct antigen profile as determined by 

Western blot analysis (12). Ashdown and Koehler showed that 911100 B. 

pseudomallei strains assessed were positive for protease, lipase and lecithinase 

(phospholipase) activity (6). DeShazer et a1 reported the identification of B. 

pseudomallei Tn5-OT182 mutants with complete loss of protease, lipase and 

lecithinase activities (31). This led to the identification of the type II general 
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secretory pathway (GSP) gene cluster, however, no protease, lipase or 

lecithinase structural genes were identified (31). Virulence assessment of a B. 

pseudomallei GSP mutant in the Syrian hamster model of infection revealed a 3 

to 13 fold increase in the 50% lethal dose (LDS0) of the mutant compared to the 

wild type (31). These results indicated that the products secreted by the type II 

GSP pathway likely play a minor role in B. pseudomallei pathogenesis. 

In addition to the type II secretion genes identified in B. pseudomallei, type 

Ill secretions genes have also been identified (1 51, 152). The products of these 

genes and their role in pathogenesis have not been reported. 

Studies by Sexton et a1 reported the purification a 36,000 kDa protease 

from B. pseudomallei supernatants (129). This enzyme was determined to be a 

metalloprotease requiring iron with optimal activity at pH 8.0 and 60°C (129). 

More recently, Lee and Liu have reported the sequencing and characterization of 

a serine metalloprotease from B. pseudomallei (91). The gene encoding this 

protease was designated mprA, and western blot analysis showed the gene 

product to be approximately 50 kDa in size (91). N-terminal sequence 

determined for the protease purified by Sexton et a1 was present in the predicted 

amino acid sequence for mprA indicating these are probably the same proteases. 

The reason for the size differences remains unclear (91, 129). The specific role 

of protease activity in B. pseudomallei pathogenesis remains to be clearly 

defined. It has been reported that a protease deficient B. pseudomallei mutant 

316C-W37 resulted in significantly less lung damage compared to the parent 

strain in a rat model of lung infection (129). Gaultier et a1 reported that B. 
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pseudomallei ATCC 23343, a low protease producer, was avirulent in SWISS 

mice when inoculated by the i.p. route (41). However, their results with other 5. 

pseudomallei strains did not reveal a correlation between protease production 

and virulence in the same animal model (41). 

A recent report by Korbsrisate et a1 describes the cloning and 

characterization of phosphatidyl choline-hydrolyzing phospholipase C (PC-PLC) 

gene from B. pseudomallei (90). The enzyme encoded by this gene was 

predicted to encode a product of 700 amino acid with a 34 amino acid signal 

sequence which should result in a 73 kDa mature protein (90). The expressed 

PC-PLC was shown to be heat stable, non-hemolytic for sheep erythrocytes and 

active between pH 2-8 (90). Western blot analysis using melioidosis patient 

sera demonstrated the presence of antibodies against the PC-PLC protein (90). 

It has been suggested that this enzyme may be involved in the intracellular 

survival and cell-to-cell spread of B. pseudomallei within the host. 

Ashdown and Koehler assessed the hemolytic activity of 100 B. 

pseudomallei strains, and results indicated the presence of two hemolysins (6). 

4% of strains demonstrated a strong hemolytic active on sheep blood agar plates 

while 93% of strains demonstrated only weak hemolytic activity (6). The strongly 

active hemolysin is thought to occur infrequently, be heat labile and able to 

produce clear zones of a-hemolysis on sheep blood agar (6). In contrast, the 

weakly active hemolysin is heat stable and is represented by only small 

hemolytic zones around heavy growth on sheep blood agar (6). It has been 

suggested that the cytotoxic exolipid described above may be responsible for the 
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heat stable hemolytic activity observed in most B. pseudomallei strains. The 

specific roles of hemolysins in the pathogenesis of B. pseudomallei infection 

have not been clearly established. 

In order to successfully establish infection within a host, bacteria require 

the ability to acquire iron. Studies by Yang et a1 assessed 84 B. pseudomallei 

strains for siderophore production using the chrome azurol S (GAS) assay; all 

strains tested positive for siderphore production (1 54). The siderophore produced 

by B. pseudomallei U7 was analyzed and determined to be 1000 Da in size, 

water soluble and associated with a yellow-green pigment (154). This 

siderophore was termed malleobactin and shown to belong to the hydroxymate 

class (154). Studies demonstrated that malleobactin could scavenge iron from 

both transferrin and lactoferrin (153). Genetic analysis of the loci responsible for 

malleobactin production have not been reported. 

1.4 Polymyxin B (PMB) and other Cationic Antimicrobial peptides (CAPS) 

Peptide antibiotics can be divided into two different classes, the non- 

ribosomally synthesized peptides and the ribosomally synthesized peptides (56). 

The non-ribosomally synthesized peptides include polymyxins, gramicidins, 

bacitracins and glycopeptides (56). The ribosomally synthesized peptides are 

found throughout nature and are important parts of innate immunity (56). The 

potential of both natural and synthetic antimicrobial peptides are being 

investigated as treatments for a variety of indications in humans. It is, however, 
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important to understand how microorganisms resist the action of antimicrobial 

peptides prior to their use in treatment. 

1.4.1 PMB 

The polymyxins are lipopeptide antibiotics that are highly active against 

most gram negative bacteria. They are not synthesized by ribosomes, but rather 

by large peptide synthetases. Peptides belonging to the non-ribosomally 

synthesized class are generally made by bacteria, fungi and streptomyces. 

Polymyxins are a group of basic peptide antibiotics produced by Bacillus 

polymyxa. Polymyxins are relatively small peptide antibiotics ( I  000-1 200 Da) 

made up of a heptapeptide ring that is positively charged (+5), a high content of 

2,4-diaminobutyric acid (DAB) and a side chain ending in a fatty acid residue 

(Figure 1). There are several classes of polymyxins (A, B1, 82, C, D l ,  D2, E l  

and E2) all of which are highly toxic, and only polymyxins B and E are of clinical 

use in humans. The fatty acid tail residue is required for optimal bactericidal 

activity of the polymyxin molecules and is in part responsible for the toxic effects 

of polymyxins (1 26, 142). 

Polymyxins are thought to act by interfering with the structure and 

function of the outer and cytoplasmic membranes causing severe damage and 

ultimate leakage of cellular contents. Interactions occur between the negative 

charges on LPS molecules and phospholipids of the outer membrane and the 

positive charges on the polymyxin molecule. In addition, divalent cations are 

displaced from neighboring phosphate groups of phopholipids by the polymyxin 
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molecule resulting in destabilization of the outer membrane. In this way 

polymyxins promote their own uptake into cells. This mechanism of interaction of 

polymyxins is thought to be the same as for other CAPS (56). It is has been 

demonstrated that the fatty acid tail is required for the bactericidal action of 

polymyxins (126), and it is likely that the ultimate target of these antimicrobial 

peptides is the cytoplasmic membrane The exact mechanism by which 

polymyxins actually kill gram negative organisms has not been clearly defined. 

In general, PMB is thought to be an effective antimicrobial and is 

employed in a variety of topical agents used for treatment of gram negative 

infections. Unfortunately, polymyxins are poorly diffusible and significantly toxic 

and, therefore, are unsafe for use orally or parenterally in human clinical 

situations. These molecules, however, are highly valuable as a model for the 

design of similarly acting synthetic peptide antimicrobials. 



L-DAB - D-Phe- L-Leu 

R- L-DAB - L-Thr- L-DAB- L-DAB 

L-Thr - L-DAB- L-DAB 

Figure 1. Polymyxin B structure. R = 6-methyloctanoyl (C56H98N16013) 

DAB = diaminobutyric acid 



1.4.2 Other CAPs 

There have been more than 200 natural antimicrobial peptides identified 

from various sources including plants, invertebrates and vertebrates. The 

majority of these belong to the ribosomally synthesized class of CAPs that can 

be divided into four groups: P-sheet structures stabilized by disulfide bonds, 

amphipathic a-helices, extended structures and loops. These CAPs are 

widespread, and they are recognized as an important part of innate immunity. 

These peptides are found in macrophages, neutrophils and at most mucosal 

surfaces, they can be constitutively expressed or induced by the exposure of the 

mucosa to bacterial products including LPS or to various pro-inflammatory 

cytokines (49). The majority of peptides in this class of CAPs consist of 12 to 50 

amino acids and have a molecular weight of <10,000 Da. These structures are 

generally amphipathic with a net positive charge of +2 to +9 due to an excess of 

positively charged amino acids and contain at least 50% hydrophobic amino 

acids (55-58). 

CAPs exist in a variety of species, and a single species can harbour a 

number of structurally different peptides. For example, cattle express 38 different 

CAPs including P-sheet defensins, a-helical peptides, the extended peptide 

indolicin and the loop peptide bactenectin (55-57). Humans express a-defensins 

in neutrophils and from Paneth cells, and P-defensins come from epithelial cells. 

Magainins are a-helical peptides expressed by the granular glands of skin of 

amphibians, and melittin is found in bee venom. The insect cecropins are found 
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within the hemolymph of the cecropia moth while the porcine cecropin P I  have 

been shown to be present in the upper intestinal tract. These are only a few 

examples of naturally occurring CAPs, and in addition to these molecules a 

number of synthetic CAPs exist. 

Protamine sulfate (PS) is a CAP derived from salmon spermatozoan 

nuclei that consists of 32 amino acids of which 21 are arginine (44, 72). It has a 

broad spectrum of activity against bacteria and fungi and is non-toxic to humans. 

PS is the prototypical antimicrobial compound used for assessment of resistance 

to physiologically relevant CAPs including defensins, magainins and cecropins 

(44). 

The mechanism by which CAPs act is thought to be the same as that 

described for PMB. The cationic and hydrophobic portions of CAPs are 

important for the initial interactions between the peptide and the bacterial 

membrane. Due to the fact that CAPs have a higher affinity for LPS molecules 

than the divalent cations (ca2' and ~ g ~ ' )  that bridge them, the CAPs 

competitively displace these ions and disrupt the outer membrane. In this way 

the CAPs permeablize the outer membrane and self-promote their uptake. The 

properties of cationicity and hydrophobicity are important for promoting the 

interaction with both the outer and cytoplasmic membranes. In fact, increased 

hydrophobicity may actually increase the binding of peptides to membranes. The 

exact mode of bacterial killing is unclear as the bactericidal effects of CAPs are 

rapid and are not easily monitored. Various lines of evidence indicate that 

voltage dependant ion-permeable channels form, leading to loss of ions (55, 58). 
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A recent study by Fernandez-Lopez et a/, demonstrated that cyclic D,L-a- 

peptides form rings that stack into tubes in lipid membranes and make pores that 

are permeable to molecules up to 10,000 MW (38). Additionally, it has been 

suggested that the peptides enter the cytoplasm and interact with polyanions 

such as DNA and RNA (56). 

CAPs possess a variety of activities including antibacterial, antifungal, 

anti-endotoxin, anti-enveloped virus, anti-cancer and anti-parasite (55-57). The 

target must possess a membrane and the properties of the membrane in each 

case are important. For example, non-toxic peptides discriminate based on the 

lipid composition of a membrane and its transmembrane potential (57). The 

activities of some CAPs also depend on other factors including cation 

concentration, polyanions, serum, apolipoprotein A-I , serpins and proteases 

(57). 

In general, most bacteria are susceptible to the action of CAPs, and 

minimal inhibitory concentrations (MICs) are usually about 1-8 pg/ml (55, 56). 

Furthermore, CAPs do not induce the appearance of resistant mutants. However 

there are some naturally resistant bacteria. 

1.4.3 Resistance to PMB and other CAPs 

Nearly all species of gram negative bacilli are highly sensitive to the action 

of PMB, and resistance to this antimicrobial peptide is not readily acquired. 

Exceptions do occur as both acquired and inherently resistant strains have been 

isolated. Bacterial resistance to PMB and other CAPs can be acquired or 
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inherent. The main mechanisms of resistance are: (1) expression or activation of 

resistance determinants including modification of LPS molecules, (2) exclusion of 

the peptide from its target due to the presence of an impermeable outer 

membrane, (3) degradation of CAPs by proteases and (4) efflux of CAPs. 

Acquired resistance is seen in organisms such as Escherichia coli, 

Salmonella typhimurium, and Klebsiella pneumoniae. This resistance has been 

attributed to modifications in lipopolysaccharide (LPS) moieties such that PMB 

binding sites are altered (62-64, 112). These modifications confer a thirty to one 

hundred fold increases in resistance to the action of PMB, thereby increasing 

minimum inhibitory concentrations (MICs) from about 0.02-1 pglml to about 6- 

100pg/ml (1 12). Examples of organisms that are inherently resistant to the 

action of PMB are Serratia marcesens, Proteus spp, Brucella spp, pathogenic 

Nesseria spp, Yersinia spp and Burkholderia spp. The intrinsic resistance levels 

reported for S. marsescens, B. aborfis, B. cepacia, 6. pseudomallei and are > 

1000 pglml, and those for Proteus mirabilis are > 6400 pglml (36, 98, 100, 143, 

148). The MIC of S. marsescens to polymyxin E (colistin) has been reported to 

be > 10,000 pglml (20). Resistance levels to PS are > I000 pglml in most of 

these species (72). These species also demonstrate high levels of resistance to 

a variety of natural and synthetic CAPs. 6. pseudomallei has been shown not 

only to survive in the presence of human defensin HNP-1, but also grow in its 

presence (74). 

In S. typhimurium, resistance to PMB and other CAPs is under 

transcriptional control. Resistance to various CAPs has been shown to be 
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controlled by a two component regulatory system termed PhoP-PhoQ that 

positively and negatively regulates over 40 loci (39, 45, 46, 51, 52, 103). The 

PhoQ is a membrane bound kinase that senses environmental signals and 

phosphorylates PhoP to activate pag (PhoP activated gene) and repress prg 

(PhoP repressed gene) transcription (50-52). It senses a number of extracellular 

signals including changes in ion concentrations and pH (103). The pag loci are 

activated while the bacterium is inside acidified macrophage phagosomes where 

S. typhimurium survives and replicates (2, 8, 50). The importance of all of the 

individual pag gene products in virulence has not be shown, but PhoP- and 

PhoQ- mutants are hypersensitive to the action of defensins (specifically rabbit 

NP-1) and are attenuated for virulence in the mouse model (45, 51). 

A second two component regulatory system in Salmonella is PmrA-PmrB. 

This system interacts with PhoP-PhoQ and regulates resistance to PMB by 

stimulating expression of genes that lead to LPS modifications (51). These 

modifications lead to changes in LPS so that PMB can no longer efficiently 

interact with the LPS molecules. Typical LPS modifications seen in Salmonella 

include substitution at the 4' phosphate of lipid A with 4-amino-4-deoxy-L- 

arabinose (Ara4N) (pagA), replacement of the myristate acyl group of lipid A by 

2-OH myristate, increased acylation of lipid A by the addition of palmitate (pagP) 

and increased amounts of phosphoethanolamine (PEtN) in the core 

oligosaccharide region (49, 117). Increased acylation of lipid A alters the fluidity 

of the outer membrane by increasing hydrophobic interactions between the 

increased number of fatty acyl tails (52). Substitution with Ara4N and PEtN act to 
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reduce the overall negative charge of the LPS molecules and is also seen in 

PMB-resistant mutants of E. coli, K. pneumoniae and P. aeruginosa. Additional 

LPS modifications involved in bacterial resistance to CAPs include acetylation of 

0-antigens and possibly hydroxylation of fatty acids (49, 117). 

A number of bacteria intrinsically resistant to PMB and other CAPs have 

been shown to have constitutively expressed LPS modifications. It has been 

demonstrated that aminoarabinose substitutions are present on the lipid A 

moieties of inherently resistant bacteria including P. mirabilis and B. cepacia (82, 

100). Interestingly, Kawahara et a1 have demonstrated that aminoarabinose is 

absent from lipid A moieties of 6. pseudomallei strain GlFU 12046 (82). A 

recent report by McCoy et a1 demonstrated that alterations in the lipid A and 0- 

antigen regions of P. mirabilis LPS result in markedly increased susceptibility to 

PMB and protegrin analogs (100). Analysis revealed that the lipid A moieties of 

the PMB and protegrin susceptible mutants were devoid of aminoarabinose 

(100). A number of studies have demonstrated that 6. cepacia displays high 

levels of resistance to PMB, and Moore et a1 have shown that B. cepacia is not 

permeablized by dansyl polymyxin (DPX) (36, 105). It is thought that the LPS 

from B. cepacia is arranged in such a way in the outer membrane that the 

negative charges are masked and that aminoarabinose is present on the lipid A 

moieties of B. cepacia LPS (105). Recent studies by Gunn et al, have shown 

that B. cepacia mutants with alterations in their LPS molecules have increased 

susceptibility to the action of PMB. 
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Bordetella bronchiseptica demonstrates resistance to the action of PS and 

HNP-1, and this resistance has been attributed to the fact that the LPS molecules 

of B. bronchiseptica are highly charged due to the presence of uronic acids in the 

0-specific side chains and may act to shield the negative charges present on the 

membranes and thereby prevent an efficient membrane attack by the peptides 

(7). B. bronchiseptica mutants lacking 0-PS side chains also demonstrated 

increased susceptibility to melittin, cecropin 9, magainin-ll-amide, but not to 

cecropin P or HNP-1 (7). The outer membranes of Brucella spp. have been 

shown to be resistant to the bactericidal action of CAPs (98). Studies by 

Martinez De Tejada et a/, have demonstrated that B. abortus rough LPS mutants 

have decreased resistance to CAPs compared to smooth LPS strains (98). 

Additionally, B. abortus smooth LPS has been shown to have reduced affinity for 

polycations, specifically PMB. This group concluded that the core-lipid A region 

of B. abortus LPS plays a major role in polycation resistance as does the 0- 

antigen side chain density (98). 

Proteases have been implicated in CAP resistance for example, the E. coli 

extracytoplasmic protease, OmpT, was shown to be involved in PS resistance. 

Stumpe et a1 showed that the OmpT protease at the external face of the outer 

membrane could degrade PS and inactivate the killing action of this peptide 

(137). Studies by Guina et a1 have shown that S. typhimurium constitutitively 

expresses an outer membrane protease (PgtE) that can degrade the a-helical 

peptide, C18G (47). The localization of this protease to the outer membrane is 

dependant on a PhoP-PhoQ dependant mechanism after transcription. Mutants 
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in the pgtE gene demonstrate increased susceptibility to the a-helical CAPs 

C18G and human peptide LL-37, but not to rabbit defensin NP-1 and porcine 

protegrin PG-1 (47). Proteases that degrade CAPs have also been implicated in 

the resistance phenotype of S. marcescens (55). 

It has been reported that PS and melittin resistance in S. typhimurium is 

due to the presence of the sapABCDE gene cluster that is thought to encode an 

ABC transporter (45). It has been suggested that this system may act to 

transport toxic peptides into the cytoplasm for inactivation by proteases or that it 

may be a receptor that detects the presence of toxic peptide and initiates a 

regulatory cascade that activates appropriate resistance determinants (45). The 

exact function of the Sap proteins has not been clearly defined, but it has been 

shown that a similar system exists in Erwinia chrysanthemi and is important in 

CAP resistance in this organism (45, 94). A sapD homolog has been identified in 

P. mirabilis and a mutant, designated JG948, in this gene was shown to have 

increased susceptibility to PMB (100). Interestingly, JG948 also demonstrated 

LPS defects; the reason for these defects was unclear. However, it was 

suggested that the Sap proteins may indirectly affect LPS biosynthesis or 

modification via interactions with LPS precursors or other proteins involved in 

LPS construction within the inner membrane (1 00). 

Shafer et al, have reported that the modulation of Neisseria gonorrhoeae 

susceptibility to vertebrate antibacterial peptides is due to a member of the 

resistance/nodulationldivision efflux family (130). N. gonorrhoeae is resistant to 

the action of human and rabbit defensins, but demonstrated susceptibility to the 
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protegrin PG-1 and the human a-helical peptide LL-37; however, loss of the 

MtrC-MtrD-MtrE efflux proteins results in increased susceptibility to these CAPs 

(1 30). 

Studies by Bengoechea and Skurnik have shown that Yersinia 

enterocolitica is resistant to CAPs when grown at 37OC (9). The mechanism of 

CAP resistance in this organism is dependant on an efflux pumplantiporter 

system formed by ROSA and RosB proteins. It is activated by a temperature shift 

to 37OC and the presence of CAPs and is thought to protect the bacteria by 

acidifying the cytoplasm to prevent CAP action and by pumping the CAPs out of 

the cell (9)l. A Y. enterocolitica mutant in the rosA and rosB genes demonstrated 

increased susceptibility to PMB, melittin and cecropin P I .  

Additionally, it has been reported by Fehlner-Gardiner et a1 that a B. 

cepacia mutant with a mini-transposon integration in a gene showing homology 

to the norM gene of Vibrio parahemolytica demonstrates increased susceptibility 

to PMB and defects in intracellular survival (36). The norM gene encodes an 

efflux pump in V. parahemolytica (1 07). The function of its homolog in B. cepacia 

has yet not been defined, but it has been suggested to be involved in efflux of 

PMB. 

There are multiple mechanisms of resistance to PMB and other CAPs in 

bacteria and in some cases a resistant phenotype may be considered a virulence 

determinant. This dissertation investigated CAP resistance mechanisms in B. 

pseudomallei using PMB as a model system. 
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1.5 Thesis Objectives. 

Prior to these studies, the mechanism(s) by which B. pseudomallei resists 

the action of the polymyxins and other peptide antibiotics had remained relatively 

poorly defined. The objective of this research was to elucidate the mechanism(s) 

of resistance of B. pseudomallei to the bactericidal effects of cationic molecules 

using PMB as a model. In order to achieve these objectives, studies focused on 

both the structural and functional analyses of the resistance mechanisms as well 

as the analysis of genetic loci related to this phenomenon. 

Our current hypothesis for resistance to these antimicrobial molecules 

states that structural features of the cell envelope of B. pseudomallei provide an 

efficient permeability barrier against these molecules, which in turn translates into 

a high level of intrinsic resistance. In order to test our hypothesis, we have 

identified a number of specific aims which were: 

1. To determine the levels of resistance of B. pseudomallei to polymyxins, 

specifically PMB, and then to generate and screen for mutants susceptible to the 

action of these antimicrobial peptides. Once such mutants were identified, they 

were characterized in terms of sensitivity to PMB along with a variety of other 

membrane permeabilizing agents. 

2. To characterize mutants sensitive to PMB in terms of structural and 

functional attributes, specifically dealing with permeabilization of the outer 

membrane. 
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3. To characterize at the molecular level, those genes and gene products 

involved in resistance of 6. pseudomallei to PMB.  



2. MATERIALS AND METHODS 
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2.1 Characterization of B. pseudomallei and B. thailandensis Resistance to 

PMB. 

2.1.1 Bacterial strains and growth conditions. The bacterial strains used in 

this section are shown in Table 1. Cultures were grown at 37OC on Luria-Bertani 

(LB) base (Miller's: log tryptone, 59 yeast extract, l og  NaCI) agar plates or in LB 

broth unless otherwise stated. Antibiotics were purchased from Sigma Chemical 

Co. (St. Louis, MO) and lnvitrogen Life Technologies (Carlsbad, CA). All B. 

pseudomallei strains were grown in the Level 3 Biocontainment Facility at the 

University of Calgary Health Sciences Center. 

2.1.2 Effects of PMB on 6. pseudomallei and 6. thailandensis growth. 

2.1.2.1 Susceptibility testing MICs. Susceptibility- testing was performed using 

broth and agar dilution methods (108) as well as using E-test strips and paper 

discs as follows. 

2.1.2.1.1 Growth of B. pseudomallei and B. thailandensis strains in the 

presence of PMB or PS. Bacteria were grown overnight at 37OC with aeration in 

3 ml of Mueller-Hinton (MH). 100 pl of overnight culture were sub-cultured into 3 

ml of MH broth and grown at 37OC 250 rpm to mid-log phase (;OD600 of 0.5 - 0.6). 

20 pI of each culture was added to 2 ml of MH broth, MH broth containing 10 

mglml of PMB or MH broth with 10 mglml of PS. Following overnight incubation 
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at 37OC with aeration, ODsoo readings were determined in a Beckman DU 640 

Spectrophotometer. Assays were performed on two times on two separate days. 

2.1.2.1.2 PMB and PS liquid killing assays. The liquid killing assay was 

adapted from the method of Banemann et a/, and was performed as follows (7). 

PMB and PS were dissolved in dH20 at concentrations of 100 mglml and 10 

mglml respectively, and 50 PI of either PMB or PS were transferred to individual 

wells of 96-well microtiter plate. Bacterial strains were grown in MH broth at 37OC 

250 rpm for 4 - 5 hours until reaching an ODso0 0.5 - 0.6. The bacteria were 

then diluted in PBS, and 50 pI of the bacteria were added to each well in the 

microtiter plate to a final concentration of 1-5 x l o 4  CFUIml. After 1 h of 

incubation at 37"C, 50 pl of each sample were diluted in 450 pl of MH, and the 

number of surviving bacteria was determined by plating 10-fold serial dilutions on 

LB agar plates. All experiments were carried out in triplicate. InStat software was 

used to analyze the data for their statistical significance. 

2.1.2.1.3 E-tests. E-tests for PMB and colistin (polymyxin E) were obtained from 

AB Biodisk (Solna, Sweden) and used as per manufacturer's instructions. In 

each test, the inocula were diluted in sterile PBS to be equivalent to a McFarland 

standard of 0.5 and spread onto a MH agar plate using a sterile cotton swab. An 

E-test strip was then placed onto the agar. The plates were then inverted and 

incubated for 24-48 hours. 
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2.1.2.1.4 Polyrnyxin B discs. Paper discs containing 300 units of PMB were 

obtained from Oxoid (Basingstoke, UK) and were used according to 

manufacturer's instructions. lnocula were applied on to MH agar as described for 

E-tests (section 2.1.2.1.2), and plates were inverted and incubated for 24-48 

hours. 

2.1.3 Radial diffusion assays. The following cationic peptide antibiotics were 

obtained from Sigma Chemical Co., M: cecropin A, cecropin B, cecropin PI, 

(~la~.'~.'~)-magainin II amide, melittin, poly-L-lysine and PS. All peptides were 

dissolved in sterile dH20 and stored at -20°C. The radial diffusion assays were 

performed as previously described by Lehrer et a1 and Banemann (7, 93). Briefly, 

bacteria were grown in MH broth to an ODsoo = 0.2. 400 pl of this suspension 

was added to 20 ml of melted 1 % low-electroendosmosis agarose type I (Sigma 

Chemical Co.) in MH medium. The agarose was dispensed into a 128 mm X 86 

mm Omni Tray (Nunc Cat No. 24281 1) and allowed to solidify. Holes (diameter, 3 

mm) were made with an aspirator punch, and 5 pg of the various peptides diluted 

in H20 (1 pglpl) were placed therein. Exceptions were poly-L-lysine for which 25 

pg were added to each well from a 5 mglrnl stock solution, and PS for which 100 

pg were added from a 10 mglml stock solution. Peptides were allowed to diffuse 

at room temperature for 4 h, and the plates were overlaid with 20 ml of sterile MH 

agarose. After incubation at 37"C, the resulting inhibition zones were measured 

with a metric ruler. All assays were performed in triplicate. 
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2.1.4 1 D and 2D gel analysis of B. pseudomallei and B. thailandensis grown 

in the presence of PMB. 

2.1.4.1 Growth conditions and sequential extraction protocol. 5 ml from 

overnight cultures of B. thailandensis or B. pseudomallei were used to inoculate 

flasks containing 500ml of low salt LB broth ( log tryptone, 5g yeast extract, 5g 

NaCI) alone or containing 500 mglml of PMB. The flasks were incubated at 37OC 

with aeration for approximately 5-6 hours until the ODsoo of the culture reached 

0.9. Cells were harvested via centrifugation (15 minutes at 10000xg), the 

supernatants were discarded and the pellets were washed three times with 15-20 

ml of ice cold wash buffer (10 mM Tris, 75 mM NaCl pH 8.0). Following the final 

wash, each pellet was resuspended in 2 ml of extraction buffer A (40 mM Tris pH 

8.0) which resulted in spontaneous cell lysis. Subsequently, 10 pI of 200 mM 

MgCI2 was added to the lysate along with RNase and DNase to a final 

concentration of 20 pglml. This mixture was incubated on ice for 20-30 minutes, 

vortexed periodically and then pelleted in a microcentrifuge for 10 minutes at top 

speed. The supernatants obtained were collected, filter sterilized through a 

0.22 pM filter (Millipore Corp., Bedford, MA) and designated fraction 1. The 

insoluble pellets was washed twice with extraction buffer A then resuspended in 

1 ml of extraction buffer B (8M urea, 4% CHAPS, 0.2% Bio-Lyte 3/10 in 

extraction buffer A; Tributylphosphine (TBP) was added to a concentration of 

2mM prior to use). Following 2-3 minutes of vortexing, the mixture was pelleted 

in a microfuge at top speed for 10 minutes. The supernatants were carefully 
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removed, filter sterilized and designated fraction 2. All fractions were quantitated 

for protein content using a BCA protein assay kit (Pierce, Rockford, IL) and 

stored at -70°C. 

2.1.4.2 I D  gel analysis. Fractions 1 and 2 from the extraction protocol 

described in section 2.1.4.1 were added to SDS-PAGE sample buffer and 

subjected to SDS-PAGE on a 12% separating1 5% stacking gel (124). 

2.1.4.3 IEF conditions. Fractions 1 and 2 from the extraction protocol described 

in section 2.1.4.1 were subjected to IEF in a Bio-Rad Protean IEF machine. 

Samples were prepared and focused according to manufacturer's instructions. 

Approximately 75 pg of protein in a total of 450 pl of rehydration buffer (8M urea, 

1% CHAPS, 2mM TBP, 0.1% Bio-Lytes, 0.001% Bromophensl Blue) were added 

to a 17 cm IPG Ready Strip (Bio-Rad Laboratories) pH 3-10 and allowed to 

passively rehydrate for 16 hours at room temperature. Hydrated strips were 

subjected to a 15 min conditioning step at 250V for 15 minutes, followed by a 

voltage ramping step 250V - 10000V over 5 hours; the samples then underwent 

a final focusing step for 6 hours (60000 VH). Focused strips were stored at - 

2O0C. 

2.1.4.4 2D Gel analysis. Prior to running the second dimension, the focused 

IPG strips were equilibrated in SDS-PAGE equilibration buffer (6M urea, 0.375 M 

Tris pH 8.8, 2% SDS, 20% glycerol) containing 130 mM dithiothreitol (DTT) and 
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then SDS-PAGE equilibration buffer containing 135 mM iodoacetamide (IAA). 

Equilibrated strips were loaded onto PROTEAN II Ready Gel Precast Gels (10- 

20% Tris-HCI) as per manufacturer's instructions. Samples were 

electrophoresed at a constant current of 24 mA/gel in a PROTEAN II cell. The 

resulting gels were silver stained using a Silver Staining Kit - Protein (Amersham 

Pharmacia Biotech, Uppsala, Sweden). Silver stained gels were photographed 

and analyzed using Melanie II software release 2.2 (Bio-Rad Laboratories). 



Table I. Strains used in "Results" section 3.1 

1 1026b 
I 

1 clinical isolate; D. A. B. 

Strain 
B. ~seudomallei 

Source 

B. thailandensis 

316c 
375a 

Dance (32) 
6' 

'1 

E264 

E251 

environmental isolate 
(1 3) 
" 

E. coli 
HBlOl (37) 



2.2 Generation and screening for PMB-susceptible mutants. 

2.2.1 Bacterial strains, plasmids and growth conditions. The bacterial 

strains and plasmids used in this section are shown in Table 2. Cultures were 

grown at 37OC on Luria-Bertani (LB) base agar plates or in LB broth. Antibiotics 

were purchased from Sigma Chemical Co. and Invitrogen. For E.coli, antibiotics 

were used when appropriate at the following concentrations: ampicillin (Ap) 

100yg/ml, kanamycin (Km) 25yg/ml, chloramphenicol (Cm) 25pg/ml, 

streptomycin (Sm) 1 OOpglml, tetracycline (Tc)15 yglml, trimethoprim (Tp) 

1.5mglml, and Zeocin (Ze) 25pglml. For B. pseudomallei and B. thailandensis, 

antibiotic concentrations were: Km 50pg/ml, Tc 50pg/ml, Tp 100pglml and Ze 

100ygIml unless otherwise stated. Antibiotics were purchased from Sigma 

Chemical Co. and Invitrogen. Plasmids were purified using Wizard minipreps for 

plasmid DNA (Promega, Madison, WI) or QlAprep spin plasmid minipreps 

(Qiagen). Conjugations were performed essentially as previously described (32). 

2.2.2 Tn5-OT182 mutagenesis. B. pseudomallei 1026b was mutagenized with 

Tn5-0T182 as previously described (32). B. pseudomallei conjugations were 

incubated at 37OC for 8 hours. Transconjugants were selected on LB agar plates 

containing Sm 100 pglml and Tc 50 pglml. Five separate mutagenesis 

experiments were performed. 
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2.2.3 Screening of Tn5-OT182 mutants for PMB-susceptible phenotypes. 

PMB susceptible mutants were isolated using a replica plating method in which 

Tn5-OTl82 mutants were screened on LB agar plates with or without 200pg/rnl 

of PMB. Those mutants that failed to grow on the media containing PMB 200 

pg/ml were retested and retained for further analyses. 

2.2.4 Susceptibility to PMB and other antibiotics. Minimal inhibitory 

concentrations (MICs) were determined using MH based agar plates or MH broth 

(Becton Dickinson Microbiology Systems) as well as using E-test strips (AB 

Biodisk) and PMB discs (Oxoid). Antibiotics were obtained from Sigma Chemical 

Co. (St. Louis, MO) unless otherwise stated. 

The MlCs of the 5. pseudomallei PMB-susceptible mutants were 

determined for PMB, colistin, benzalkonium chloride and SDS (Bio-Rad 

Laboratories) using an agar dilution method in which doubling dilutions of 

antibiotics were incorporated into MH agar. Standard NCCLS protocols were 

followed for agar dilution assays (108). Overnight cultures of 6. pseudomallei 

strains were sub-cultured 1/30 into 3 ml MH broth and grown to OD600 = 0.4 and 

subsequently dispensed into the wells of a multi-inoculator (Cathra, St. Paul, MN) 

for the inoculation of the MH agar plates containing various concentrations of 

antibiotic. Plates were allowed to dry, inverted and incubated at 37OC overnight. 

E. coli HBIOI was used as a negative control. 

For MIC testing in excess of 5 mglml, PMB, PS or poly-L-lysine were 

solubilized directly in MH broth and filter sterilized, then inoculated with mid 
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logarithmic phase cultures of the B. pseudomallei strains as described in section 

2.1.2.1 .I. Additionally, PS was solubilized directly in M9 broth and filter sterilized 

then inoculated with mid logarithmic phase bacteria as previous studies by Jones 

et a1 (74). Cultures were incubated at 37OC shaking at 250 rpm overnight, visible 

growth and plating were used for assessment of survival. E. coli HBlOl was 

used as a negative control, and uninoculated broth was used as a sterility 

control. 

E-test strips containing PMB, colistin, tobramycin, gentamicin, kanamycin, 

streptomycin and bacitracin were used as described in section 2.1.2.1.3. PMB 

discs were employed as described in section 2.1.2.1.4. 

2.2.5 Dansyl polyrnyxin (DPX) binding assay. The interaction of DPX with B. 

pseudomallei strains was examined using standard assay conditions as 

previously described (106). The DPX used in this study was generously provided 

by Dr. R.E.W. Hancock, University of British Columbia, Vancouver. A 1.5 mM 

stock solution of DPX was stored at -20 OC and diluted appropriately for assays. 

B. pseudomallei 1026b, PMB-4, PMB-7 and PMB-20 were grown to mid 

logarithmic phase, pelleted, washed and resuspended to an ODsoo = 0.5 in 5mM 

sodium Hepes buffer pH 7.0, 5mM sodium azide. DPX binding assays were 

performed in quartz cuvettes containing 1 ml of bacterial suspension to which 

500 pmol aliquots of DPX were added up to the point of saturation. 

Fluorescence was measured using an F-2000 fluorescent spectrophotometer 
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(Hitachi) set at an excitation wavelength of 340 nm and an emission wavelength 

of 485 nm. 

2.2.6 Outer membrane protein isolation and characterization. Outer 

membrane proteins were prepared as previously described by Gotoh et a1 (43). 

Briefly, 500 ml overnight cultures were pelleted, resuspended in 30mM Tris 20% 

sucrose, sonicated (5 x 3 min), treated with Triton X-100 and subjected to 

ultracentrifugation. The resulting membrane pellets were washed then further 

separated on a 60-70% sucrose gradient as previously described. A Bio-Rad 

protein assay was used to quantitate the amount of protein in each sample. 

Samples were stored in 10 mM Tris pH 8.0 at -70°C. Approximately 25 pg of 

each protein sample were added to SDS-PAGE loading buffer without P- 

mercaptoethanol, boiled and subjected to SDS-PAGE analysis on a 12% 

separating/5% stacking gel. Protein was visualized with CBB R-250 staining. 

2.3 Identification of genetic loci involved in PMB resistance. 

2.3.1 DNA manipulation and transformation. Restriction endonucleases and 

T4 DNA Ligase were purchased from lnvitrogen Life Technologies, Boerhinger 

Mannheim, and New England BioLabs and were used according to the 

manufacturer's instructions. A Gene Clean II kit (Bio 101 Inc, Carlsbad, CA) was 

used for purification of DNA fragments that were excised from agarose gels and 

used in cloning procedures. Isolation of chromosomal DNA was performed using 
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a Wizard genomic DNA purification kit (Promega, Madison, VVI). General cloning 

procedures were performed as described by Sambrook et a1 (1 24) 

2.3.2 Cloning of DNA flanking Tn5-OT182 integrations. Cloning of DNA 

immediately flanking Tn5-0T182 insertions was performed as previously 

described. In brief, approximately 5 pg of chromosomal DNA from Tn5-OT182 

mutants were digested with restriction enzyme, boiled for 5 minutes and 

precipitated with 1/10 volume 3M sodium acetate and 2 volumes of 100% 

ethanol. This mixture was placed at -20°C or -70°C for at least 30 minutes, 

centrifuged and washed with 70% ethanol. The resulting DNA was air dried, 

resuspended in distilled water and ligation reactions prepared. Transformations 

were performed with 2-10 pI of ligation mixture using chemically competent E. 

coli DH5a or Top 10 cells. 

2.3.3 DNA sequencing and sequence analysis. DNA sequencing was 

performed by University Core DNA Services (University of Calgary). Sequences 

were further analyzed by performing database searches to establish homology to 

known gene sequences using the gapped BLASTX and BLASTP programs (4). 

DNA and protein sequences were analyzed using DNASIS v2.5 (Hitachi). 

2.3.4 Construction of allelic exchange mutants. Allelic exchange was 

performed in B. pseudomallei DD503 and 6. thailandensis DM1503 using the rpsL 

based vector pKAS46 as previously described (106, 132). Both DD503 and 
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DW503 are smS due to deletion of the amrR-oprA operon, but smR due to a 

mutation in the rpsL gene (106). A typical allelic exchange procedure consisted 

of first transforming SMlO h pir with a pKAS46 derivative harbouring an 

insertionally inactivated allele. Each gene was disrupted with an antibiotic 

cassette next to an origin of replication. This was followed by conjugation of this 

SMlO h pir strain to DD503 as previously described. Transconjugants were 

selected for on LB plates containing PMB 50 pglml and ZelOO pglml or Tp 100 

pglml. The P M B ~  and zeR lTpR transconjugants were then plated on Sm 100 

pglml and either ZelOO pglml or Tp 100 pglml to select for loss of the vector. 

These mutants were then tested on plates containing Km 50 pglml to confirm 

loss of the vector; this was indicated by absence of growth. Mutations were 

confirmed by either Southern blot analysis or self-cloning and sequencing of the 

DNA flanking the oriZeo or oriTp cassettes. 

For construction of MB100 and BT100, the waaF gene was digested with 

Xhol (Klenow treated) and ligated to an oriZeo cassette (Klenow treated). The 

disrupted gene, waaF::Zeo, was ligated into pKAS46 and used for allelic 

exchange in DD503 and DW503. 

For construction of MB203 and BT203, the lytB gene was digested with 

Sfil (Klenow treated) and ligated to an oriTp cassette (Klenow treated). The 

disrupted gene, lytB::oriTp, was ligated into pKAS46 and used for allelic 

exchange in DD503 and DW503. 
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For construction of MB300, the udg gene was digested with EcoRl and 

ligated to a similarly digested oriTp cassette. The disrupted gene, udg::oriTp, was 

ligated into pKAS46 and used for allelic exchange in DD503. For construction of 

MB301 and BT301, the waaE gene was digested with EcoRV ligated to an oriZeo 

cassette (Klenow treated). The disrupted gene, waaE::oriZeo, was ligated into 

pKAS46 and used for allelic exchange in DD503 and DW503. 

2.3.5 PCR amplification of wild type genes, cloning and sequencing of PCR 

products. The waaF, IyfB, udg and waaE genes were amplified from B. 

pseudomallei 1026b chromosomal DNA by polymerase chain reaction (PCR). 

The oligodeoxyribonucleotide primers used to amplify the waaF gene were rfaF- 

5'(5'GGGGTACCGAGCGTCGCGTTTACG3') containing a Kpnl linker and 

rfaF-3' (5CGTCTAGATGAATCGGGTGCGGGTGCGC3')' containing an Xbal 

linker. The waaF gene was PCR-amplified in a 100pI reaction mixture containing 

500ng of genomic DNA, 1X PCR Buffer (Invitrogen Life Technologies), 200pM of 

each dNTP, 0.5pM of each primer, 1.5mM MgC12 (Invitrogen Life Technologies) 

and 5U Taq DNA polymerase (Invitrogen Life Technologies). This mixture was 

placed in a GeneAmp PCR system 9600 (Perkin Elmer Cetus) thermal cycler and 

subjected to the following conditions: a 5 minute denaturation step at 97OC 

followed by 30 cycles at 97OC for 45 s, 53 OC for 30 s and 72 OC for 90 s. The 

reaction was then held at 72 OC for 10 minutes. 

The oligodeoxyribonucleotide primers used to amplify the IytB gene were 

lytB-5' (5'GCTCTAGAATCCAAGTTGGGGCGATCGG3') containing an Xbal 
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linker.and IytB-3' (S'GGGGTACCGCGGATAGCGTTTTGTTGCC3') containing an 

Xbal linker. The PCR conditions were the same as those described above 

except that the annealing step was performed at 55 OC rather than 53 OC. 

The primer sequences used for the amplification of the udg gene were 

udg-5' (5'GCTCTAGAAGCCGGGCGGACGCCGTTCG3') containing an Xbal 

linker.and udg-3' (5'GGGGTACCGACTTCGCGATCTGCTCGCG3') containing a 

Kpnl linker. The PCR conditions were the same as those used for amplification of 

the waaF gene. 

The waaE gene was PCR amplified using the udg-5' and the waaE-3' 

(GCTCTAGAGATGAGAGTATGCGTACGGC) primers. The fragment obtained 

contained both the udg and waaE genes. The waaE gene alone was excised 

from this fragment by digestion with EcoRl which cuts at the 3' end of the udg 

gene and Xbal which cuts at the 3' end of the waaE gene. The resulting 1 . I  kb 

fragment carried an intact waaE gene. 

The PCR products were analyzed by agarose (1%) gel electrophoresis 

and were cloned into pCR2.1-TOP0 using the TOP0 TA Cloning Kit (Invitrogen 

Life Technologies). The cloned PCR products were sequenced using the T7 and 

M I  3R universal primers to confirm that the desired gene was obtained. 

2.3.6 Complementation of allelic exchange mutants. Broad host range 

vectors, either pUCP28T or pUCP31T (127)' containing wild type copies of the 

waaF, IytS, udg and waaE genes were used for complementation analyses. E. 

coli SMlO h pir strains containing the appropriate vectors were conjugated to B. 
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pseudomallei MB100, MB203, MB300 or MB301 followed by selection on 

appropriate antibiotics. MlCs and LPS profiles were then determined for the 

complemented strains. Complemented strains were designated MBIOOC, 

MB203C, MB300C and MB3Ol C. 

2.3.7 Nucleotide accession numbers. The waaF gene sequence was 

submitted under accession number AF097748. The lytB gene sequence number 

was submitted under accession number AF098521. The ud,g, waaE and gmhD 

gene sequences were submitted to GenBank under accession number 

AFI  59428. 

2.4 Characterization of PMB-susceptible mutants. 

2.4.1 MlCs to PMB and colistin. MlCS of allelic exchange mutants were 

determined by both the agar dilution method described in section 2.2.4 and using 

E-tests and PMB discs as described in sections 2.1.2.1.3 and 2.1.2.1.4. 

2.4.2 DPX binding assay. The interaction of DPX with the allelic exchange 

mutants MB100, MB203 and MB300 was assessed using the DPX assay 

described in section 2.2.5. 

2.4.3 LPS characterization. LPS was characterized using ELISA, Western blot 

and silver staining techniques. 



2.4.3.1 LPS isolation from PMB-7. 1 L of LB broth containing Tc 50 pglml was 

inoculated with 1 ml from an overnight culture of PMB-7 and incubated at 37OC 

for 36 hours. LPS was purified from B. pseudomallei PMB-7 as previously 

described Brett and Woods (15). The resulting LPS preparation was subject to 

NMR analysis by Dr. M. B. Perry. 

2.4.3.2 ELlSA with 0-PS specific mAb. B. pseudomalki 1026b and PMB- 

susceptible strains were assayed for the presence of 0-polysaccharide (0-PS) 

moieties via ELlSA using an 0-PS specific mAb (Pp-PS-W) as previously 

described (33). The wells of a microtiter plate were coated with approximately 

l o6  bacteria in 100 pI of 0.05 M carbonate buffer pH 9.6 and incubated at 37OC 

for 2 hours. The wells were washed with PBS containing 0.05% Tween-20, 

blocked with 3% skim milk in PBS-Tween at 37OC for 1 hour and washed again. 

The primary antibody (11500 dilution of mAb Pp-PS-W) was added followed by 

incubation at 37OC for 1 hour. The wells were washed, the secondary antibody 

(1110000 dilution of anti-mouse IgM HRP conjugate) was added, and the plate 

was incubated at 37OC for I hour. The wells were again washed, and the HRP 

substrate was added. The wells were developed for 20 minutes at which time the 

OD405 was determined. 

2.4.3.3 Western blot analysis. lmmunoblot analyses were performed using the 

0-PS specific mAb (Pp-PS-W) (16) and with polyclonal rabbit serum raised 
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against a B. pseudomallei polysaccharide-flagellin conjugate (15). This serum 

contained antibodies that recognized both LPS and EPS moieties. For analysis 

of LPS preparations, between 3 and 30 pg of LPS in solubilized in dH20 were 

added to SDS-PAGE sample buffer containing P-mercaptoethanol, boiled for 5 

min and subjected to SDS-PAGE on a 12% gel. For whole cells, lysates were 

prepared by the method of Hitchcock and Brown (65). Briefly, overnight bacterial 

cultures (50 pl) were pelleted, resuspended in lysis buffer (4% SDS, 10% 

glycerol, 5% P-mercaptoethanol and bromophenol blue in 1M Tris buffer pH 6.8). 

The sample were boiled for 5 minutes then treated with 25 pg of Proteinase K 

(dissolved in 10 p1 of lysis buffer) for 1 hour at 65OC. Samples were then boiled 

for 5 min and loaded onto a 12% SDS-PAGE gel. Electrophoretic transfer of 

antigens to nitrocellulose membrane was performed in a Trans-Blot Cell (Bio-Rad 

Laboratories) operating at 40 V overnight at 4OC using the method of Towbin et a1 

(140). The immunoblot procedures were performed as previously described (1 5). 

Tris buffered saline (TBS) was used as a buffer for all steps, and HRP 

conjugated secondary antibodies were developed with HRP Color Development 

Reagent (Bio-Rad Laboratories). 

2.4.3.4 Silver stain analysis. Whole cell lysates of B. pseudomallei strains were 

prepared by the method of Hitchcock and Brown as described in section 2.4.3.3. 

Samples were subjected to SDS-PAGE on a 12% gel, and gels were silver 

stained using the method of Tsai and Frasch (141). 
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2.4.4 HNP-1 susceptibility assay. The bactericidal activity of human neutrophil 

peptide 1 (HNP-1) was tested against B. pseudomallei 1026b, PMB-4, PMB-7, 

PMB-20, DD503, MB203, MB100, and MB301 using a previously described 

method (60, 74). HNP-1 was stored as a 1 mglml stock solution in 0.01 % acetic 

acid at -70°C (generously provided by Dr. M. Selsted, University of California, 

Irvine). Overnight cultures were subcultured (1130 dilution) and grown to mid log 

phase. The cells were then washed with 10 mM sodium phosphate buffer 

(NaPB) pH 7.4. Approximately 1 o4 organisms in 10 p1 were added to 90 pI I OmM 

phosphate buffer plus 1% TSB, containing 5 pg of HNP-1 or an equivalent 

volume of 0.01% acetic acid as a control. Following 2 hours incubation at 37OC 

reactions were stopped with the addition of 0.15 M NaCI. Colony forming units 

were determined by plating serial dilutions of each reaction mixture. 

2.4.5 CAP testing (radial diffusion assays). Radial diffusion assays were 

performed using Cecropin A, Cecropin B, Cecropin PI,  ( ~ l a ~ ~ ' ~ ~ ' ~ ) - ~ a ~ a i n i n  II 

Amide, Melittin and Poly-L-Lysine as described in section 2.1.3. 

2.4.6 lntracellular survival assays: J774A.I and PU5-1.8 cells. Murine 

macrophage cell lines J774A.1 (ATCC TIB-67) and PU5-1.8 (ATCC TIB-61) were 

obtained from the American Type Tissue Culture Collection (Rockville, MD) and 

were employed for intracellular survival assays. The J774A.1 cells were 

maintained in Dubelco's modified Eagle's medium (DMEM) medium 

supplemented with 10% fetal bovine serum; the PU5-I .8 cells were maintained in 
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RPMI 1640 medium supplemented with 10% fetal bovine serum. Both contained 

a standard antibiotic mixture (100 U penicillin, 0.1 mg streptomycin and 0.25 pg 

of amphotericin B per ml, Sigma Chemical Co., St. Louis, MO). 24 well plates 

were seeded with J774A.1 or PU5-1.8 cells at a concentration of 5 x l o5  cells per 

well in the appropriate medium with FBS and grown overnight at 37OC with 5% 

Cop. The ability of B. pseudomallei 1026b, PMB-4, PMB-7, PMB-20, DD503, 

MB100, MB203, MB301 and E. coli, HBlOl to survive within J774A.1 and PU5- 

1.8 cells was assessed using the methods of Elsinghorst modified by Burns et a1 

and Saini et a1 (17, 35, 122). Monolayers of cells were washed with PBS, and 1 

ml of fresh media without antibiotics was added to each well. Bacteria were 

grown to mid-logarithmic phase and added to the monlayers in triplicate in a 

volume of 100 pI at a multiplicity of infection (M.O.I.) of 1-10 bacteria. After 2 

hours of incubation at 37OC, 5% C02, monolayers were washed with PBS, and 1 

ml of culture media containing 500 pglml of Km was added for an additional 2 

hours to extracellular bacteria. At this time, the culture media was removed, 

fresh culture media containing 25 pglml of Km was added and the plates were 

incubated at 37OC 5% CO:! for a further 18 hours. Following incubation, culture 

media was removed, the wells were washed with PBS and macrophages were 

lysed by adding Triton X-100 to a 1 % (vlv) final concentration. The lysates were 

serially diluted and plated onto LB agar plates, incubated for 24 - 48 hours at 

37OC and the number of surviving intracellular bacteria were quantitated. 
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2.4.7 30% NHS and HS killing assays. Serum bactericidal assays were 

performed as previously described for B. pseudomallei (33). Human sera was 

obtained from six healthy volunteers at the University of Calgary, pooled and 

stored at -70°C. Briefly, assays were performed in 1.5 ml microfuge tubes: 1 o6 

bacteria in 100 pI were added to 300 pI of NHS and 600 pI of PBS or 900 pI of 

PBS alone (negative control). Each tube was incubated at 37OC for 2 hours at 

which time serial dilutions were performed to determine numbers of viable 

bacteria. Assays were performed in triplicate. 

2.4.8 Relative virulence of B. pseudomallei MB100, MB203 and MB301 in the 

Syrian golden hamster model of infection. The virulence of the B. 

pseudomallei strains MB100, MB203 and MB301 was assessed in the Syrian 

golden hamster model of infection using the method of Brett et a/, 1997 (12). 

Overnight B. pseudomallei cultures were subcultured 1/30 into 3 ml of LB broth 

and grown at 37OC, 250 rpm to an ODsoo = 0.5. Female Syrian golden hamsters 

(6-8 weeks old) were injected intraperitoneally (i.p.) with 100 pI of one of a 

number of serial dilutions of logarithmic phase culture adjusted appropriately with 

sterile PBS. Four hamsters were used per dilution. As a control, strain 1026b 

was administered at doses consisting of 3 x 10' and 3 x 10' CFU in 100 pl. 

Strains MB100, MB203 and MB301 were administered at doses consisting of 3 x 

lo1, 3 x lo2, 3 x lo3, 3 x l o 4  and 3 x l o 5  CFU in 100 PI. The LD50 values were 

calculated when appropriate as previously described by Reed and Muench (120). 
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Table 2. Strains and plasmids used in "Results" sections 3.2, 3.3, 3.4. 

- 

Strain or Description Reference or 
plasmid source 

Strain 

E. coli 

SMlO Mobilizing strain, transfer genes of RP4 
integrated in chromosome; KmR smS 

(1 31 

SMlO h pir 

SURE 

6. 
pseudomallei 

1 026b 

SRM 117 

PMB-7 

PMB-20 

SMIO with a h prophage carrying the pir (104) 
gene 

e l  4-(mcrA) A(mcrC6-hsdSMR-mrr)17 1 Stratagene 
endA I supE44 thi-I gyrA96 relA I lac recB 
recJ sbcC umuC::Tn5 uvrC [F' proAB 
1acpZ~M 1 5 Tn 101 KmR T C ~  

F- 480dlacZ AM 1 5 A(1acZYA-argF)U 1 69 Bethesda 
endA 1 recA I hsdR17 deoR thi-I supE44 Research 
gyrA 96 relA I Laboratories 

Clinical isolate; ~m~ GmR P M B ~  smR TC' 
~ p '  zeS 

1026b derivative; allelic exchange strain; 
A(amrR-oprA)( KmS GmS smS); rpsL (smR) 

1 026b derivative; wbil : :Tn5-0T182;~~~ 



MBIOOC 

MB203C 

MB300C 

MB3Ol C 

B. 
thailandensis 

E264 

BTIOO 

Plasmid 

pOT182 

Environmental isolate; KrnR GmR P M B ~  
smR TcS 

E264 derivative; allelic exchange strain; 
A(amrR-oprA); KrnS GrnS smS; rpsL smR 

DW503 derivative; waaE::shble-pl5A oriV; 
zeR 

Vector containing self-cloning T M P ~  
cassette; dhfrb-pl5AoriV 

Vector containing self-cloning zeR 
cassette; shble-pl5AoriV 

4.0 kb BamHl fragment from PMB-7 
obtained by self cloning; contains partial 
waaF gene; ApR TcR 

4.5 kb Sstl fragment from PMB-4 obtained 
by self-cloning; contains partial lytB gene; 

T C ~  

8.0 kb Hind 11 1 fragment from PMB-20 
obtained by self-cloning; contains partial 
udg gene ApR T C ~  



pPMB-20Ss 

pKAS46 

p46waaFZ 

p46lytBTp 

p46udgTp 

p46waaEZ 

pUCP28T 

pUCP31T 

p28waaF 

p3l  lytB 

p3l  udg 

p28waaE 

5.2 kb Sstl fragment from PMB-20 
obtained by self cloning; contains waaE 
gene; ~p~ T C ~  

Allelic exchange vector; rpsL smS 

pKAS46 containing the waaF gene with an 
oriZeo cassette 

pKAS46 containing the IyfS gene with an 
oriTp cassette 

pKAS46 containing the udg gene with an 
oriTp cassette 

pKAS46 containing the waaE with an 
oriZeo cassette 

Broad-host-range vector' lncP OriT; 
pR01600 ori; ~p~ 

Broad-host-range vector' lncP OriT; 
pROl6OO ori; ~m~ 

pUCP28T with 1.3 kb XballKpnl fragment 
containing B. pseudomallei waaF gene; 
TpR 
pUCP31 T with 1.0 kb XballKpnl fragment 
containing B. pseudomallei 1y-B gene; 
~ r n ~  
pUCP31T with 1.5 kb XballKpnl fragment 
containing B. pseudomallei udg gene; 
~m~ 

pUCP28T with I. 1 kb EcoRIIXbal 

(1 9) 

(1 32) 
This study 

This study 

This study 

This study 

(127) 

(1 27) 

(1 9) 

This study 

This study 

This studv 
fragment containing B. pseudomallei waaE 
gene; T P ~  



2.5 Investigation of PS-resistance. 

2.5.1 Screening for Tn5-OT182 mutants susceptible to PS. 6. pseudomallei 

1026b and B. thailandensis E264 were mutagenized with Tn5-OT182 as 

previously described (32). Four separate mutagenesis experiments were 

performed. PS susceptible mutants were identified using a replica plating method 

in which Tn5-OT182 mutants were inoculated onto LB agar plates containing Sm 

100 pglml and Tc 50 pglml or MH 1% agarose plates with 1.5 mglml of PS. 

Plates were incubated at 37OC and checked for growth at 24 and 48 hours. 

2.5.2 Screening of a 1026b cosmid library. B. pseudomallei 1026b and B. 

thailandensis E264 cosmid libraries (1 632 clones per library) were constructed in 

pSCosBCl as previously described (134) and were screened for the expression 

of genes responsible for PS resistance. E. coli cosmid clones were transferred 

from 96 well plates onto MH agarose plates containing 200 pglml of PS. Plates 

were incubated for 48 hours at 37OC and assessed for growth. 

2.5.3 PS digestion with a purified B. pseudomallei protease. PS was 

incubated with purified B. pseudomallei protease at various pHs. The protease 

used was previously purified by Sexton et a1 (129). In a typical reaction, 50pg of 

PS was added to Buffer A (pH 5, 6, 7, 8 or 10) to a final volume of 50 pI followed 

by incubation at 3 7 ' ~  for 1 or 2 hours. Reactions were set up with PS alone, PS 

with approximately 0.55 pg purified protease (0.5 pl of 1 .I mglml preparation) or 
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PS with 0.55 pg of purified protease and 10 pI of 0.5 M EDTA (final concentration 

I OOmM). Following incubation, SDS-PAGE loading buffer with P- 

mercaptoethatnol was added to each reaction followed by boiling for 5 minutes. 

SDS-PAGE analysis on a 15% separating gel was performed followed by 

staining with CBB R250. 

2.5.4 PS, HNP-I and HNP-2 digestion with B. pseudomallei and B. 

thailandensis supernatants. Overnight cultures (3ml) were grown in LB broth 

to an OD600 = 1.2, and 1 ml of culture was pelleted and the supernatant were 

filter sterilized through a 0.22 pm filter prior to use. PS, HNP-1 and HNP-2 were 

obtained from Sigma Chemical Co. In a typical reaction, 50pg of PS was added 

to Buffer A (pH 7.0) or 5 pg of HNP-I or HNP-2 in dH20, and 20 p1 of filter 

sterilized supernatant from overnight cultures of B. pseudomallei 1026b or 6. 

thailandensis E264 were added and reactions were incubated at 37OC for 2 

hours. Following incubation, SDS-PAGE loading buffer with p-mercaptoethatnol 

was added to each reaction followed by boiling for 5 minutes. For PS, SDS- 

PAGE analysis was performed using a 15% separating gel followed by staining 

with CBB-R250. For HNP-1 and HNP-2, SDS-PAGE analysis was performed 

using a 10-20% gradient gel followed by staining with CBB-R250. 

2.5.5 Growth of B. thailandensis in the presence of PS, PMB and 

dithiothreitol (DTT). B. thailandensis was grown in MH broth overnight and sub- 
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cultured 11100 into MH broth alone, MH broth with 1mM DTT, MH broth with 500 

pglml PS, MH broth with 500 pglml PMB, MH broth with ImM DTT with 500 

pglml PS and MH broth with ImM DTT with 500 pglml PMB. The cultures were 

grown overnight at 37OC 250 rpm in triplicate. ODGo0 readings were taken, and 

serial dilutions of these cultures were performed in order to determine viable CFU 

counts. 

2.6 Development of a TnphoA Mutagenesis system in B. pseudomallei and 

B. thailandensis 

2.6.1 Bacterial strains and plasmids. The bacterial strains and plasmids used 

in this section are shown in Table 3. Growth conditions are as decribed in section 

2.2.1. DNA manipulation and transformations were performed as described in 

section 2.3.1 

2.6.2 Tn5-OT182 mutagenesis and screening for mutants lacking 

phosphatase activity. B. pseudomallei 1026b and B. thaila,ndensis E264 were 

mutagenized with Tn5-OT182 as previously described (32). 6. pseudomallei 

conjugations were incubated at 37OC for 8 hours while B. thailandensis were 

incubated at 37OC for 2 hours. Transconjugants were selected for on LB agar 

plates containing Sm I00 pglml and Tc 50 pglml with XP 40 pglml. White 

colonies were retained for further analyses. 
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2.6.3 Cloning of DNA flanking Tn5-0T182 integrations in B. pseudomallei 

APM403 and B. thailandensis APM501. Cloning of DNA immediately flanking 

Tn5-OT182 insertions was performed as described in section 2.3.2. A primer 

walking strategy was employed to obtain the entire double stranded sequence for 

both the B. pseudomallei and B. thailandensis acpA genes. 

2.6.4 PCR amplification of acpA from B. pseudomallei 1026b.The acpA gene 

homolog was amplified from B. pseudomallei 1026b chromosomal DNA via 

polymerase chain reaction (PCR). The oligodeoxyribonucleotide primers used 

were AP-5' (GCTCTAGACGAGCGGACGGGAAATGGCG) containing an Xbal 

linker and AP-3' (GGGGTACCTCTTGTCTACCGTACCGACC) containing a Kpnl 

linker. PCR amplification was performed a 100 pI reaction mixtures containing 

approximately 500 ng of genomic DNA, 1X PCR tiuffer (Invitrogen Life 

Technologies), a 200 mM concentration of each deoxynucleoside triphosphate, a 

0.5 mM concentration of each primer, 2 mM MgCI2 (Invitrogen Life 

Technologies), 1X Q-solution (Qiagen) and 5U of Taq DNA polymerase 

(Invitrogen Life Technologies). This mixture was placed in a GeneAmp PCR 

system 9600 (Perkin-Elmer Cetus) thermal cycler and subjected to a 5 min 

denaturation step at 95OC followed by 30 cycles at 95OC for 45 s, 56OC for 30 s 

and 72OC for 90 s. The reaction mixture was held at 7Z°C for 10 min and then 

placed at 4OC until analyzed on a 1% agarose gel. The resulting PCR product 

was digested with Kpnl and Xbal and cloned into similarly digested pUCl9. The 

cloned PCR product was sequenced on both strands. 



2.6.5 Complementation of APM403 and APMSOI. A wild type copy of the acpA 

gene obtained by PCR from 6. pseudomallei 1026b DNA was cloned into the 

broad host range vector pUCP29T. This construct designated, p29acpA, was 

transformed into E. coli SMlO h pir and conjugated to B. pseudomallei APM403 

and B. thailandensis APM501 for 5 hours followed by selection on LB agar plates 

containing Sm 100 pglml and Tp 100 pglml. The resulting strains were 

inoculated onto similar LB agar plates with XP 40 pglml and blue colonies 

retained. Complemented strains were designated APM403C and APM501 C. 

2.6.6 Construction of AacpA strains by allelic exchange. Allelic exchange 

was performed in 6. pseudomallei DD503 and 6. thailandensis DW503 using the 

rpsL based vector pKAS46 as described in section 2.3.4. Allelic exchange 

experiments in the present study employed the vectors, p46MB401Z or 

p46MB401X which were constructed using a deleted version of the acpA gene 

homolog from B. pseudomallei. The steps in construction of these vectors is 

described below and is also shown in Figure 24C. A 4.5 kb SstllHpal (klenow 

treated) fragment containing nucleotides 1 to 1633 of the acpA gene was excised 

from pAPM403E and inserted into pUC19 creating pMB401. A 2.8 kb Xhol 

fragment was then excised from pMB401, and the vector was ligated back 

together with or without an oriZeo cassette resulting in pMB401X or pMB401Z 

(1 1). Each of these fragments containing the AacpA gene homolog was 



59 

separately inserted into pKAS46 to create p46MB401Z or p46MB401X. SMlO h 

pir strains containing these vectors were used in conjugation experiments with 

either DD503 or DW503. Transconjugants were selected for on LB agar 

containing Pm 50 pglml, Km 50 pglml and Ze 100 pgll when appropriate. 

Transconjugants were subsequently plated on Sm 100 pglml alone or with Ze 

100 pglml to select for loss of the vector. These mutants were plated on LB agar 

plates containing Km 50 pglml to confirm a double cross over event as indicated 

by lack of growth. Allelic exchange mutants were confirmed by Southern blot 

analysis. 

2.6.7 Acid phosphatase assay. Acid phosphatase activity assays were 

performed in triplicate using a previously described method (85, 86). 

Supernatants, periplasmic proteins and whole cells were prepared from 1 ml of 

overnight cultures grown at 37OC. Supernatants were harvested and filter 

sterilized through a 0.22pm filter (Millipore) for use in supernatant assays. Whole 

cells were pelleted, resuspended in 1 ml of 0.01 M Tris HCI pH 8.0 and used in 

whole cell assays. Periplasmic proteins were extracted using a previously 

described chloroform extraction method (5). In a typical assay, 20pl of the test 

sample, 20 11 of p-nitrophenol phosphate (0.2% solution), 160 pI of 0.1 M sodium 

acetate buffer pH 5.5 were added together and incubated at 37OC for 30 minutes 

in microtiter wells. 100 p1 of 0.5 M NaOH were then added and the color was 

allowed to develop for 5 minutes. Plates were read at 405 nm. 



2.6.8 Relative virulence of MB401 in the Syrian golden hamster model of 

infection. The virulence of the B. pseudomallei MB401, the AacpA mutant was 

assessed in the Syrian golden hamster model of infection using the method of 

Brett et al, 1997 (1 2). Saturated B. pseudomallei cultures were subcultured 1/30 

into 3 ml of LB broth and grown at 37OC, 250 rpm to an OD600 = 0.5. Female 

Syrian golden hamsters (6-8 weeks old) were injected i.p. with 100 pl of one of a 

number of serial dilutions of logarithmic phase culture adjusted appropriately with 

sterile PBS. Five hamsters were used per dilution. As a control, strain 1026b 

was administered at doses consisting of approximately 8 x 10' and 8 x 10' CFU 

in I 0 0  pl. Strain MB401 was administered at doses consisting of 1 .I x 1 oO, 1.7 x 

lo', 2 x 1 02, 2 x l o3  and 2 x l o 4  CFU in 100 p.1. The LDSo values were calculated 

at 48 hours (120). 

2.6.9 Mutagenesis with TnphoA and mini-OphoA. In a typical TnphoA 

mutagenesis experiment approximately 5 p1 of an overnight culture of SMlO h pir 

(pRT733) containing TnphoA (138) and 5 pI of either 6. pseudomallei MB401Z or 

B. thailandensis DW4OlZ were mixed together on an LB agar plate and 

incubated at 37 OC for 18 hours. Eight to ten separate conjugations were carried 

out on a single plate concurrently along with donor and recipient alone as 

controls. Each individual conjugation was plated on to a single agar plate. B. 

pseudomallei and B. thailandensis transconjugants were selected for on LB agar 
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containing Km 300 pglml, Sm 100 pglml, Ze 100 pglml and XP 40 pglml. Plates 

were incubated at 37OC for 48 hours, and blue colonies were retained for further 

analysis. 

For the self-cloning plasposon, mini-OphoA (lo), B. pseudomallei MB401 

and B. thailandensis DW401 strains were recipient strains for mutagenesis 

experiments. Conjugations were performed as described for TnphoA using 5 pI 

of donor and recipient strains on LB agar plates at 37OC for 18 hours. 

Transconjugates of B. pseudomallei and B. thailandensis were selected for on LB 

agar plates containing Sm 100 pglml, Gm 15 pglml and XP 40 pglml. 

2.6.10 Cloning of the DNA flanking TnphoA and mini-OphoA integrations. 

The DNA immediately flanking the TnphoA integration was cloned as previously 

described (138). Typically, genomic DNA was isolated from PhoA+ strains, 

digested with BamHl or Sall and ligated to similarly digested cloning vector 

pBR322 followed by transformation into competent E. coli cells. The resulting 

plasmids were isolated and sequenced using a previously described primer 

sequence (1 38). 

Self-cloning of the DNA immediately flanking mini-OphoA integrations was 

performed essentially as previously described for Tn5-OT182 (32). Briefly, 

genomic DNA of mutants harboring mini-OphoA was isolated, digested with Notl 

at 37OC for I hour, these reactions were then heat inactivated followed by 

ethanol precipitation. Ligation reactions were set up for 1 hour at room 

temperature or overnight at 16OC then transformed into chemically competent E. 
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coli DH5a or Top 10 cells. The resulting plasmids were isolated and sequenced 

using the Pho-LT and Gm-RT primers (10). 

2.6.11 DNA sequencing and analysis. DNA sequencing was performed by 

University Core DNA Services (University of Calgary). The previously described 

oligodeoxyribonucleotide primers OT182-RT and OT182-LT (32) were used for 

sequencing of plasmid DNA obtained by self-cloning of Tm5-OT182 mutants. 

The previously described primer sequence (5'-AATATCGCCCTGAGC-3') was 

used for sequencing plasmids from TnphoA clones obtained in this study (138). 

Two deoxyoligonucleotide primers Pho-LT (5'- 

CAGTAATATCGCCCTGAGCAGC-3') and Gm-RT (5'- 

GCCGCGCAATTCGAGCTC-3') were used for sequencing of mini-OphoA 

clones. Custom designed primers were synthesized by University Core DNA 

Services and used in a primer walking strategy to obtain the sequence of both 

strands of the acpA gene hornologs. 

The DNA sequences obtained in this study were analysed using DNASIS 

v2.5 (Hitachi) for the presence of open reading frames, restriction endonuclease 

cleavage sites, sequence alignment and for translation to amino acid sequences. 

BLASTX and BLASTP programs were used to perform database searches in 

order to establish homology to known gene sequences (4). 
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2.6.12 Nucleotide sequence accession numbers. The acpA gene sequences 

from B. pseudomallei and B. thailandensis were submitted to GenBank under 

accession no. AF252862 and no. AF252863, respectively. 



Table 3. Strains and plasmids used in "Results" section 3.6. 

Strain or Plasmid Description Reference 
Strains 
E. coli 
DH5a 

Top 10 

SMlO h pir 
B.pseudomallei 
1026b 

MB401 
6. thailandensis 
E264 
DW503 

Plasmids 
pOT182 

F- $80dlacZ AM1 5 A(1acZYA-argF)U I69 endA 1 Bethesda 
recA I hsdRl7 deoR thi-I supE44 gyrA96 Research 
relA 1 Laboratories 
F- mcrA A(mrr-hsdRMS-mcrBC) +80lacZ AM I 5 lnvitrogen 
AlacX74 deoR recA I araD 139 A(ara-leu)7697 
galU galK rpsL (smR)end~ 1 nupG 
SMIO with a h prophage carrying the pir gene (104) 

Clinical isolate (human); ~m~ ~m~ pmR smR 
TC' 
1026b derivative; allelic exchange strain; 
A(amrR-oprA); KrnS GmS srnS rpsL srnR 
1026b derivative; 0RF::TnS-OT182 
1026b derivative; apcA::Tn5-OTI 82 
APM403 (p29acpA) 
DD503 derivative; acpAA(nt 1-1 139)::shble- 
pl5Aori; zeR 
DD503 derivative; acpA A(nt 1-1 139) 

Environmental isolate; ~ r n ~  ~m~ pmR smR T C ~  
E264 derivative; allelic exchange strain; 
A(amrR-oprA); KrnS GrnS smS; rpsL srnR 
E264 derivative; udp-rfaH::TnS-OT182 
E264 derivative; apcA::TnSOTI 82 
APM501 (p29acpA) 
DW503 derivative; acpAA(nt 1-1 139)::shble- 
pl5Aori; zeR 
DW503 derivative; acpA A(nt 1-1 139) 

Cloning vector New England 
Biolabs 

Cloning vector; pUC ori; KmR lnvitrogen Life 
Technologies 

Broad-host range vector; lncP OriT; pR016OO (1 27) 
ori; T~~ 
Vector containing self-cloning zeR cassette; 
shble-pl5oriV 

(11) 



Allelic exchange vector; rpsL smS 
0.7-kb EcoRl fragment from APM402 obtained 
by self-cloning; ~p~ TcR 
8.0-kb EcoRl fragment from APM403 obtained 
by self-cloning; ApR TcR 
5.5-kb Hindlll fragment from APM403 obtained 
by self-cloning; TcR 
1.6-kb Sstl fragment from APM501 obtained by 
self-cloning; ~p~ T C ~  
6.5-kb Hindlll fragment from APM501 obtained 
by self-cloning; ApR T C ~  

0.5-kb EcoRl fragment from APM502 obtained 
by self-cloning; ~p~ TcR 
pUC19 containing 4.5 kb HpallSstl fragment 
containing nt 1-1 633 of the acpA gene 
pMB401 A(2.8-kb Xhol fragment) 
pMB401 A(2.8-kb Xhol fragment); shble- 
p l 5 ~ o r i ~ ; ~ e ~  
pKAS46 containing 1.3-kb fragment from 
pMB401X 
pKAS46 containing 2.7-kb fragment from 
pMB401Z 
pUCP29T with 1.8 kb XballKpnl fragment 
containing B. pseudomallei acpA ene 9, oriR6K mobRP4 TnphoA; Km 
pMBl oriR, Tn5 tnp, RP4 oriT, phoA; ~ r n ~  
Cloning vector oriColE1; TcR 
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2.7 Identification of Putative Protease Genes in B. pseudomallei and B. 

thailandensis. 

2.7.1 Bacterial strains and plasmids. The bacterial strains and plasmids used 

in this section are shown in Table 4. Growth conditions are as decribed in section 

2.2.1. DNA manipulation and transformations were performed as described in 

section 2.3.1 

2.7.2 Searches of the B. pseudomallei genome sequence. Known protease 

amino acid sequences in the GenBank database were used to search the 6. 

pseudomallei Kg6243 genome sequence database at the Sanger Center 

[http:llwww.sanger.ac.uk/projectslB~pseudomallei/blastsewer.html] with the 

TBLASTN search tool (4). A variety of known protease amino acid sequences 

were used to identify several putative protease genes present in the B. 

pseudomallei database. Additionally, B. pseudomallei and B. thailandensis DNA 

sequences showing homology to protease genes that were identified by phoA 

mutagenesis (see table) were assessed for homology to the 6. pseudomallei 

Kg6243 database using the BLASTN search tool (4). The mprA gene sequence 

was obtained from the GenBank accession no. AF254803. 

2.7.3 PCR amplification of putative protease genes. The zmp, nmp and mprA 

gene homologs were amplified from B. pseudomallei 1026b chromosomal DNA 

via polymerase chain reaction (PCR). The oligodeoxyribonucleotide primers 
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used for zmp were MP-5' (GGGGTACCTGTAGAACCACGCGCGCTGC) 

containing a Kpnl linker and MP-3' (GAAGATCTTACAAACCGGTGTTCAAC) 

containing an Xbal linker. The oligodeoxyribonucleotide primers used for the 

nmp gene were NP5' (CGGGATCCGTTCGAAGGTACCTCTCACG) containing a 

BamHl linker and NP3' (GCTCTAGAATCGTCACGTGCGCTTATCGG) 

containing an Xbal linker. The oligodeoxyribonucleotide primers used for the mpr 

gene were SMP5' (CAGGTCCGTGCCGTCGCCGG) and SMP3' 

(GGCCGGGATGCGGCAGAAGC). PCR amplification was performed a 100 pI 

reaction mixtures containing approximately 500 ng of genomic DNA, 1X PCR 

buffer (Invitrogen Life Technologies), a 200 mM concentration of each 

deoxynucleoside triphosphate, a 0.5 mM concentration of each primer, 2 mM 

MgCI2 (Invitrogen Life Techonologies), 1X Q-solution (Qiagen) and 5U of Taq 

DNA polymerase (Invitrogen Life Techonologies) per pl. This mixture was placed 

in a GeneAmp PCR system 9600 (Perkin-Elmer Cetus) thermal cycler and 

subjected to a 5 min denaturation step at 97OC followed by 30 cycles at 97OC for 

45 s, 55OC for 30 s and 72OC for 90 s. The reaction mixture was held at 72OC for 

10 min and then placed at 4OC until analyzed on a 1 % agarose gel. 

2.7.4 Cloning of PCR products. The PCR products were cloned into pCR2.1- 

TOPO using the TOPO TA Cloning Kit (Invitrogen Life Technologies). The cloned 

PCR products were sequenced using the T7 and M13R universal primers to 

confirm that the desired gene was obtained. The cloned PCR products were 

sequenced on both strands. 
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2.7.5 Sequence analysis of putative protease genes. DNA sequencing was 

performed by University Core DNA Services (University of Calgary). Sequences 

were further analyzed by performing database searches to establish homology to 

known gene sequences using the gapped BLASTX and BLASTP programs (4). 

DNA and protein sequences were analyzed using DNASIS version 2.5 (Hitachi). 

The SignalP V1 .I world wide web server 

[http://www.cbs.dtn.dk~services/SignalP/#submission] was employed for the 

identification of putative signal sequence cleavage sites. 

2.7.6 Southern blot analysis. Chromosomal DNA was isolated from 

Burkholderia strains using a Wizard Genomic Isolation kit (Promega) and was 

digested with appropriate restriction endonucleases for 2 hours to overnight at 

37OC as per manufacturer's instructions. The digested DNA was separated by 

agarose gel (0.8%) electrophoresis followed by transfer to Gene Screen plus" 

membrane (Du pont, NEN Research Products, Boston, MA) as per 

manufacturer's instructions. Southern blot analysis using the appropriate DNA 

fragment labelled with [CX-~~PI~CTP (Oligolabelling kit, Arnersham Pharmacia 

Biotech) was performed overnight at 65OC. Membranes were washed twice with 

2XSSC at 25OC, twice with 2XSSC with 1 % SDS at 60°C and twice with O.1XSSC 

at 25OC. The membrane was then exposed to Kodak Biomax film and developed 

for visualization. 
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2.7.7 Construction of protease gene knockouts by allelic exchange. Allelic 

exchange was performed as described in section 2.3.4. 

For construction of MB600 and AW600, the zmp gene was digested with 

Mlul (klenow treated) and ligated to an oriZeo cassette (klenow treated). The 

disrupted gene, zmp::oriZeo, was ligated into pKAS46 and used for allelic 

exchange in DD503 and DW503. The resulting mutants were confirmed by PCR 

amplification of the mutated allele from chromosomal DNA and by Southern blot 

analysis. 

For construction of MB700 and AW700, the nmp gene was digested with 

Agel (klenow treated) and ligated to a Zeocin cassette (klenow treated). The 

disrupted gene, nmp::Zeo, was ligated into pKAS46 and used for allelic 

exchange in DD503 and DW503. The resulting mutants were confirmed by 

Southern blot analysis. 

For construction of MI3800 and AW800, the mprA gene was digested with 

Notl (klenow treated) and ligated to an oriTp cassette (klenow treated). The 

disrupted gene, mproriTp, was ligated into pKAS46 and used for allelic 

exchange in DD503 and DW503. The resulting mutants were confirmed by 

Southern blot analysis. 

2.7.8 Assay for protease activity. Protease activity was assessed by growing 

strains on 3% skim milk agar as previously described (31, 135). The presence of 

a zone of clearing around individual colonies indicated protease activity. All 

plates were examined for activity following incubation for 48 hours at 37OC. 
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2.7.9 PMB and PS susceptibility testing. Susceptibility to PMB was 

determined using E-test strips as described in section 2.1.2.1.3. Plates were 

incubated at 37OC, and growth was monitored at 24 and 48 hours. PS 

susceptibility was tested on MH agarose plates containing PS 1.5 mglml and in 

M9 broth containing PS 10 mglml. lncubations were performed at 37OC, and 

growth was monitored at 24 and 48 hours. 

2.7.10 PS digestion with supernatants. The ability of supernatants to cleave 

PS was assessed using filter sterilized supernatants from B. pseudomallei 

DD503, MB600, MB700 and MB800 and from B. thailandensis DW503, AW600, 

AW700, AW800. Assays were performed essentially as described in section 

2.5.4. Overnight cultures (3ml) were grown in LB broth to an ODsoo = 1.2. In each 

reaction 50 pg of PS in Buffer A pH 7.0 and 25 pI of supernatant was used. 

Incubations were performed at 37OC for 2 hours following by analysis on 15% 

SDS-PAGE gels. 

2.7.11 lntracellular survival assay J774A.1. lntracellular survival assays were 

performed as described in section 2.4.6. 

2.7.12 Relative virulence assessment of MB600, MB700 and MB800 in the 

Syrian golden hamster model of infection. The virulence of 6. pseudomallei 

strains MB600, MB700 and MB800 were assessed in the Syrian golden hamster 

model of infection using the method of Brett et al, 1997 (12). Saturated 6. 
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pseudomallei cultures were subcultured 1130 into 3 ml of LB broth and grown at 

37OC. 250 rpm to an ODsoo = 0.5. Female Syrian golden hamsters (6-8 weeks 

old) were injected i.p. with 100 pl of one of a number of serial dilutions of 

logarithmic phase culture adjusted appropriately with sterile PBS. Five hamsters 

were used per dilution. As a control, strain 1026b was administered at doses 

consisting of 1 x lo0, 1.3 x 10' and 1.7 x l o2  CFU in 100 pl. Strains MB600, 

MB700 and MB800 were administered at doses consisting of approximately 1.3 x 

1 o', 1 x 1 02, 1 x 1 03, 1 x 1 o4 and 1 x 1 o5 CFU in 100 pl. The LDSo values were 

calculated at 48 hours (120). 



Table 4. Strains used in "Results" section 3.7. 

Strain Description Reference 

6. pseudomallei 

DD503 1026b derivative; allelic 
exchange strain; A(amrR- 
oprA ~ m '  ~ m '  smS); rpsL a( (Sm ) 

This study 

This study 

This study 

B. thailandensis 

DW503 E264 derivative; allelic 
exchange strain; A(amrR-oprA)( 
~ r n '  ~ m '  smS); rpsL (smR) 

DW503 derivative;zmp::shble- 
PI 5A oriv;zeR 

This study 

DW503 derivative;nmp::dhfrIlb- 
p15A oriV; ~p~ 

DW503 derivative; 
mprA::dhfrllb-pl5A oriV; T~~ 

This study 

This study 

E. coli 

F- +80dlacZ AM1 5 A(1acZYA- 
argF)U 169 endA I recA I 
hsdRl7 deoR thi-I supE44 
gyrA 96 relA I 

F' mcrA A(mrr-hsdRMS-mcrBC) 
$80lacZ AM 1 5 AlacX74 deoR 
recA I araDl39 A(ara-leu)7697 
galU galK rpsL (smR)end~ I 
n u ~ G  

Bethesda 
Research 
Laboratories 

Top 10 lnvitrogen Life 
Technologies 

SMlO h pir SMlO with a h prophage 
carrying the pir gene 



Plasmids 1 I 
lnvitrogen Life 
Technologies 

(1 32) 

pCR2.1 -TOP0 

pKAS46 

TOPO-TA cloning vector; ~ p ~ ,  
~ r n ~  

Allelic exchange vector; rpsL 
smS 

Vector containing self-cloning 
zeR cassette: shble-ol5oriV 

pTOPOMP 

pTOPONP 

pTOPOSMP 

pEM71Zeo 

Vector containing self-cloning 
T P ~  cassette; dhbfrllb-PI 5oriV 

pCR2.1 -TOPO::zmp 

pCR2.1 -TOPO::nmp 

pCR2.1 -TOPO::mprA 

Vector containing zeR cassette 

This study 

This study 

This study 

This study 

lnvitrogen Life 
Technoloaies 

p46MporiZ 

p46NPZ 

p46NPoriTp 

This study 

pKAS46 containing zmp:: shble- 
p l 5 ~ o r i ~ ; ~ e ~  

pKAS46 containing nmp::shble; 
zeR 

pKAS46 containing 
nmp::dhbfrllb-pl5Aori; ~p~ 

This study 

p46SMPoriTp pKAS46 containing 
mprA::dhbfrllb-pl 5Aori; T~~ 

This study 



3. RESULTS 
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3.1 Characterization of 6. pseudomallei and B. thailandensis resistance to 

PMB. 

3.1 .I Overnight growth of B. pseudomallei and B. thailandensis strains in 

PMB and PS. The ability of B. pseudomallei and B. thailandensis strains to 

survive in the presence of high concentrations of PMB and PS was initially 

assessed using an overnight liquid media growth assay. Ten different strains of 

6. pseudomallei and ten different strains of B. thailandensis were able to survive 

and grow in the presence of 10 mglml of PMB or PS (Figure 2). As expected, 

E.coli and S. typhimurium were killed under the same conditions. Interestingly, 

B. pseudomallei strain 375a did not grow to the same ODGo0 as the other nine B. 

pseudomallei strains when grown in the presence of 10 mglml PMB. The reason 

for this observation is unclear, however, it may be due to an as yet undescribed 

phenotypic change. 

3.1.2 PMB and PS killing assays. One hour killing assays were performed in 

96 well plates as previously described for Bordetella spp (7). PMB was used at a 

concentration of 5 mg per well, and PS was used at a concentration of 0.5 mg 

per well. Ten different B. pseudomallei strains and ten different B. thailandensis 

strains were tested. All 6. pseudomallei and B. thailandensis strains survived the 

killing assays while E.coli HBI 01 was killed (Figures 3 & 4). 



Figure 2. Overnight growth of A) 6. thailandensis and B )  B. pseudomallei strains 

in M H  broth alone or with 10 mglml of PMB or PS. Briefly, 2ml of MH broth, 

MH+PMB or MH+PS were inoculated with 20 p1 (11100 dilution) and incubated at 

37OC 250 rpm for 20-24 hours. E. coli HBIOI was employed as a susceptible 

control. Assays were performed two times on two separate days, and average 

OD600 readings are shown. Error bars indicate standard deviation. 



MH alone 
FZa MH + PMB 
n M H +  PS 

B. thailandensis st rain 

MH alone 
Em3 MH + PMB 
I M H +  PS 

B. pseudomallei strain 



Figure 3. PMB liquid killing assay. A) B. thailandensis strains. B) B. 

pseudomallei strains. Assays were performed in 96 well plates: 1 - 5 x 1 o4 cfu in 

50 ml were added to each well along with 50 pg of PMB in 50 pl. Plates were 

incubated at 37OC for 1 hour at which time 10-fold serial dilutions were performed 

and viable counts determined. E. coli HBIOI and S. typhimurium 14028s were 

employed as a susceptible controls. Assays were performed in triplicate; error 

bars indicate standard deviation. 



B. thailandensis strain 

B. pseudomallei strain 



Figure 4. PS liquid killing assay. A) B. thailandensis strains. B )  B. pseudomallei 

strains. Assays were performed in 96 well plates: 2 - 5 x l o4  cfu in 50 ml were 

added to each well along with 50 pg of PS in 50 PI. Plates were incubated at 

37OC for 1 hour at which time 10-fold serial dilutions were performed and viable 

counts determined. E. coli HBlOl and S. typhimurium 14028s were employed 

as a susceptible controls. Assays were performed in triplicate; error bars indicate 

standard deviation. 



E251 E264 E265 E266 E276 E285 E290 E293 E295 E299 HB101 14028 

6. thailandensis st rain 

B. pseudomallei st rain 
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3.1.3 PMB E-tests and PMB discs. PMB E-test strips and PMB discs were 

employed to determine if B. pseudomallei 1026b and 6. thailandensis E264 

growth could be inhibited. Following 24 and 48 hours growth at 37OC, there were 

no zones of inhibition observed by either of these methods. The MlCs for both B. 

pseudomallei 1026b and B. thailandensis E264 were >I024 pglml. 

3.1.4 Cationic antimicrobial peptides (CAPs) testing: radial diffusion 

assays. A sensitive radial diffusion assay was employed to assess the ability of 

B. pseudomallei and B. thailandensis to resist the action of a variety of CAPs. B. 

pseudomallei 1026b and B. thailandensis E264 were assesseld for zones of 

inhibition due to the presence of CAPs including cecropin A, cecropin B, cecropin 

PI,  (~ la~s '~ . '~ ) -ma~a in in  II amide, melittin, poly-L-lysine and PS. E. coli HB101 

was used as a susceptible control. Neither 6. pseudomallei 1026b nor 6. 

thailandensis E264 was inhibited by the presence of any of the CAPs tested 

following 24 or 48 hours at 37OC while zones of inhibition were present for E. coli 

HBlOl in all cases (Table 5). 

3.1.5 1 D SDS-PAGE analysis of 6. pseudomallei and 6. thailandensis grown 

with PMB. B. pseudomallei 1 O26b and B. thailandensis E264 were grown 

overnight in the presence of PMB or PS, and whole cell lysates were analyzed by 

1 D SDS-PAGE (Figure 5 & 6). No obvious changes were observed in the protein 

banding patterns when bacteria were grown in the presence of PMB or PS 



Table 5. Radial diffusion assays with cationic antimicrobial peptides. 

Zones of Inhibition 
-- 

B. thailandensis 

E264 

Cationic Antimicrobial 

Peptide 

B. pseudomallei 

1026b 

E. coli 

HBlOl 

Cecropin A (5 pg) 

Cecropin B (5 pg) 

Cecropin P I  (5 pg) 

( ~ l a ~ ~ ' ~ . ' ~ ) - ~ a g a i n i n  II 

Amide (5 pg) 

Melittin (5 pg) 

Poly-L-Lysine (25 pg) 

a) assays were performed in triplicate. 



Figure 5. SDS-PAGE analysis of B. pseudomallei and B. thaijandensis whole 

cell lysates. 1.5 ml of overnight culture were pelleted and resuspended in 200 ml 

of lysis buffer. Samples were boiled prior to loading 25 pI into wells of a 12% 

polyacrylaminde gel. A) B. pseudomallei lysates: lane 1, bacteria grown in MH 

broth; lane 2, bacteria grown in MH broth containing 500 pglml PMB; lane 3, 

bacteria grown in MH broth containing 10 mglml PMB; lane 4, bacteria grown in 

MH broth containing 500 pglrnl PS; lane 5, bacteria grown in MH broth containing 

10 mglml PS. MW, BENCHMARK prestained protein ladder (Invitrogen Life 

Technologies), kDa. B) B. thailandensis lysates: lane 1, bacteria grown in MH 

broth; lane 2, bacteria grown in MH broth containing 500 pglm~l PMB; lane 3, 

bacteria grown in MH broth containing 10 mglml PMB; lane 4, bacteria grown in 

MH broth containing 500 pglml PS; lane 5, bacteria grown in RAH broth containing 

10 mglml PS. MW, BENCHMARK prestained protein ladder (Invitrogen Life 

Technologies), kDa. 







Figure 6. SDS-PAGE analysis of 6. pseudomallei and B. thailandensis 

sequential extraction fractions. Proteins were obtained using the sequential 

extraction protocol described in the Material and Method section. Approximately 

20 pg of protein were added to sample buffer with P-mercaptoethanol, boiled for 

5 minutes and loaded on to a 12% SDS-PAGE gel. A) B. pseudomallei fractions 

grown with or without PMB. Lane I, fraction 1 "soluble extract" from bacteria 

grown in LB; lane 2, fraction 1 from bacteria grown in LB with PMB 500pglml; 

lane 3, fraction 2 "less soluble" from bacteria grown in LB, lane 4, fraction 2 from 

bacteria grown in LB with PMB 500 pglml; MW, BENCHMARK prestained protein 

ladder (Invitrogen Life Technologies). B) 6. thailandensis fractions grown with or 

without PMB. Lane I, fraction 1 "soluble extract" from bacteria grown in LB; lane 

2, fraction 1 from bacteria grown in LB with PMB 500pglml; lane 3, fraction 2 

"less soluble" from bacteria grown in LB, lane 4, fraction 2 from bacteria grown in 

LB with PMB 500 pglml; MW, BENCHMARK prestained protein ladder (Invitrogen 

Life Technologies). 
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compared to bacteria grown in MH broth alone. Additionally, I assessed whole 

cell extracts of 6. pseudomallei 1026b and B. thailandensis E264 grown in the 

presence of PMB 500 pglml (Figure 6). Again, no obvious changes were 

apparent. 

3.1.6 2D gel analysis of B. pseudomallei and B. thailandensis grown with 

PMB. Due to the fact that no obvious changes were observed using 1 D SDS- 

PAGE of B. pseudomallei 1026b and B thailandensis E264, we employed 2D 

SDS-PAGE in order to assess changes in protein expression profiles. Figures 7 

and 8, show the 2D SDS-PAGE gels of the proteins from the soluble extracts of 

B. thailandensis and B. pseudomallei grown with or without PMB. In the absence 

of PMB, the 6. thailandensis soluble fraction was assessed, and 121 protein 

spots were identified (Figure 7A). Similarly, in the presence of PMB, 120 protein 

spots were identified (Figure 7B). These results showed the presence of 1 extra 

protein when bacteria were grown in the in absence of PMB. Similar results were 

obtained by 2D SDS-PAGE when the B. pseudomallei soluble fraction proteins 

were assessed. Figure 8A shows the proteins in the soluble fraction extract from 

B. pseudomallei grown in the absence of PMB; 85 protein spots were identified. 

Figure 8B shows the proteins in the soluble fraction extract from B. pseudomallei 

grown in the presence of PMB; 89 spots were identified. There were 3 protein 

spots present in Figure 8A that were absent in Figure 8B; these are indicated by 

squares. There were 7 protein spots present in Figure 8B that are absent in 

Figure 8A, these are indicated by circles. 
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Figure 9 shows the 2D SDS-PAGE gel of the proteins obtained from the 

less soluble extracts of B. thailandensis grown with or without PMB. In the 

absence of PMB, the B. thailandensis less soluble fraction was assessed, and 

222 protein spots were identified (Figure 9A). In the presence of PMB, the B. 

thailandensis less soluble fraction was assessed, and 226 protein spots were 

identified (Figure 9B). There were 4 differences identified j~hen bacteria were 

grown in the presence of PMB; these are indicated on Figur'e 9B. These results 

indicated that it is unlikely that the PMB resistant phenotypes demonstrated by B. 

thailandensis and B. pseudomallei are due to the induction of expression of 

various proteins. However, the number of proteins isolated and visualized in the 

2D gel experiments performed in this study represent only a small proportion of 

the actual number of proteins encoded by the B. thailandensis and B. 

pseudomallei genomes. It would there for be beneficial to perform experiments to 

determine whether or not PMB resistance is induced by the presence of PMB or 

is due to the constitutive expression of various factors. Such experiments would 

include growing these strains in the presence and absence of PMB with the 

addition of transcription and translation inhibitors. If the strains failed to survive 

in the presence of such inhibitors when PMB was present this would indicate that 

PMB resistance is transcriptionally or translationally controlled. On the other 

hand, if these strains survived in the presence of these inhibitors and PMB, this 

would indicate that PMB resistance is due to constitutively expressed factors. 

Due to the high levels of resistance displayed to PMB by 6. t,hailandensis and B. 

pseudomallei, it seems likely PMB resistance is due to products constitutively 
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expressed by these organisms. However, it is also possible that both 

constitiutively expressed and inducible factors contribute to the PMB resistant 

phenotype observed. 



Figure 7. 2D gel electrophoresis of B. thailandensis E264 proteins extracted in 

the first extraction of a sequential extraction protocol. These proteins represent 

the "soluble fraction". A) Extract from a culture grown in LB broth. B) Extract 

from a culture grown in LB broth containing 500 pglml PMB. Precast 10-20% 

acrylamide gels (Biorad Laboratories) were subjected to electrophoresis in 

tandem, followed by silver staining. The circle indicates a spat present in A, but 

absent in B. 





Figure 8. 2D gel electrophoresis of 6. pseudomallei 1026b proteins extracted in 

the first extraction of a sequential extraction protocol. These proteins represent 

the "soluble fraction". A) Extract from a culture grown in LB broth. B) Extract 

from a culture grown in LB broth containing 500 pglml PMB. Precast 10-20% 

acrylamide gels (Biorad) were subjected to electrophoresis in tandem, followed 

by silver staining. The squares indicate spots present in A but absent in B and 

the circles indicate spots present in B and absent in A. 





Figure 9. 2D gel electrophoresis of B. thailandensis E264 proteins extracted in 

the second extraction of a sequential extraction protocol. The proteins represent 

the " less soluble fraction". A) Extract from a culture grown in LB broth. B) 

Extract from a culture grown in LB broth containing 500 pglml PMB. Precast 10- 

20% acrylamide gels (Biorad) were subjected to electrophoresis in tandem, 

followed by silver staining. The squares indicate spots present in A but absent in 

B and the circles indicate spots present in B and absent in A. 





3.2 Isolation of PMB-susceptible mutants 

3.2.1 Identification of PMB-susceptible Tn5-OT182 mutants. In order to 

identify specific genes necessary for resistance of B. pseudomallei to PMB, the 

virulent clinical isolate 1026b was mutagenized with the transposon Tn5-OT182 

(Figure 10). Transposon mutants were replica plated onto LB agar with 

tetracycline 50 pglml and LB agar with 200pglml PMB. A total of 17,000 colonies 

from 5 separate mutagenesis experiments were screened, and 7 polymyxin 0 

susceptible mutants were obtained. These mutants were designated PMB-4, 

PMB-7 PMB-9, PMB-1 I ,  PMB-14, PMB-17, and PMB-20. Growth curves were 

determined for these mutants, and two mutants, PMB-9 and PMB-11, were 

shown to be growth impaired and were no longer investigated. 

3.2.2 PMB susceptible mutants: MlCs to PMB. The minimal inhibitory 

concentrations of the PMB-susceptible mutants to PMB and colistin (polymyxinE) 

were determined using the agar dilution method and using E-test strips (Table 6). 

Recent studies have determined that the agar dilution method of MIC testing was 

most accurate and reproducible when using PMB (40). However, we found E- 

tests results were in good agreement. Compared to the wild type, the PMB- 

susceptible mutants had remarkably lower MlCs to both PMB and colistin in the 

microgram amount range. The PMB and colistin MlCs determined for the PMB- 

susceptible mutants were >I00 fold less than the parent strain 1026b. 



L 
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lacZ bla ori tetR tetA 

Figure 10. Physical map of Tn5-0T182, 10,705 bp in length. The arrows 

represent the location and direction of transcription of genes. The black box 

represents the pBR325 ori of replication. IacZ, promoterless gene encoding P- 

galactosidase; bla, p-lactamase; ori, pBR325 origin of replication; tetAR, 

tetracycline resistance genes from RP4; tnp, transposase. [GenBank accession 

number U73849. 



Table 6. MlCs of TnSOT182 mutants to PMB. 

B. pseudomallei Strain MIC~:  PMB mg/ml 

a) shown to be growth impaired. 

b) determined by the agar dilution method. 

c) determined using E-test strips. 

MICC: PMB pg/ml 
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3.2.3 Interaction of DPX with PMB-susceptible Tn5-OT182 mutants. In order 

to explore the interaction of PMB with lipid A moieties, DPX binding assays were 

conducted using B. pseudomallei 1026b, PMB-7, PMB-20 and PMB-4 (PMB-4, 

PMB-14 and PMB-17 were determined to have disruptions in a IytB gene 

homolog, therefore PMB-4 was used as a representative IytB mutant). The PMB- 

susceptible mutants bound more DPX as indicated by an increase in 

fluorescence as compared to wild type (Figure 11). These results indicate that 

the DPX is able to permeablize the outer membrane and interact with the lipid A 

moieties and phospholipids of the Tn5-OTI 82 mutants. 



0 10'00 20'00 30100 40'00 50100 6i00 

DPX Conc (pM) 

Figure 11. Dansyl polymyxin (DPX) binding assay results. (a) DPX binding of 

1026b and Tn5-OT182 mutants. Assays were performed in quartz cuvettes a 

follows: bacteria were diluted to an ODsoo of 0.4 to 0.6 in 1 ml of 5 mM Hepes 

buffer with KCN, mixed with 5 pl increments of I00  pM DPX solution an 

fluorescent units were recorded with each addition. Excitation wavelength wa 

340 nm and emmision wavelength was 485 nm. Fluorescence was measure 

using an F-2000 fluorescent spectrophotometer (Hitachi). 



3.3 Identification of genes involved in PMB resistance. 

3.3.1 Sequence analysis of DNA flanking Tn5-0T182 integrations in PMB 

susceptible mutants. The DNA sequences immediately flanking Tn5-OT182 

integrations in all five mutants were obtained by self-cloning. The resultant 

plasmids were sequenced, and database searches for homology to known gene 

sequences were performed. The Tn5-0T182 integrations in PMB-7, PMB-20, 

and PMB-4, 14, 17 mapped to three physically distinct loci (Table 7, Figure 12). 

Each gene was fully sequenced through primer walking or wbcloning, allowing 

for the identification of putative start codons and ribosome binding sites for each 

open reading frame. 

3.3.2 waaF gene. PMB-7 had a Tn5-OT182 integration in a gene whose product 

shows homology to heptosyl transferases of a number of gram negative bacteria, 

specifically the waaF (rfaF) gene of Pseudomonas aeruginosa (Table 7). The B. 

pseudomallei waaF gene was shown to comprise an open reading frame of 1041 

bp beginning with an ATG start codon and ending with a TGA stop codon. The 

G+C content was determined to be 68.2%. The predicted amino acid sequence 

was 347 aa in length with a predicted molecular weight of 30004 Da. Previous 

studies have shown that a mutation in the waaF homolog of B. pseudomallei 

results in the loss of Type 0-PS and serum susceptibility (33). Interestingly, it has 

been previously shown that the rfaF gene of Ralstonia solanacaerum plays an 

important role in resistance to the action of antimicrobial peptides produced by a 
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variety of plants (139). The position at which the waaF gene is predicted to act is 

shown in Figure 18. 

3.3.3 lytB gene PMB-4, 14, and 17 had Tn5-0T182 integrations in an open 

reading frame whose product shows homology to the lytB locus found in a variety 

of gram negative bacteria (Table 7). The sequence we identified in B. 

pseudomallei demonstrated highest homology to the P. aeruginosa LytB protein 

homolog having 55% identity and 70% similarity. The B. pseudomallei lytS gene 

was determined to be 942bp in length with an ATG start codon, a TAA stop 

codon and a G+C content of 67%. The predicted product was 314 amino acids 

in length with an estimated molecular weight of 33815 Da. The ERGO search 

tool [http://wit.integratedgenomics.com/lGwit/l was employed to perform 

homology searches of 65 bacterial genome sequences, and results indicated that 

lytB gene homologs are present in 56 genomes of 49 different bacterial species. 

The lyfB gene was originally identified by in E-coli Gustafson et a1 (53). This gene 

was previously designated off316 in the ileS-lsp operon, but was renamed lytB 

as temperature-sensitive mutants in this gene were shown to be "lysis-tolerant" to 

penicillin at their restrictive temperatures (53). The product (LytB) has previously 

been shown to be involved in the stringent response in E. coli (53) and has 

recently been identified as a regulator of the E. coli relA gene product (1 15). In 

addition, it has been shown to affect both peptidoglycan and phospholipid 

biosynthesis in E. coli (32,33) likely leading to alterations in cell permeability. 
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More recent studies by Cunningham et a/, implicate the IyfB gene in the non- 

mevalonate pathway of isoprenoid biosynthesis (24). 

3.3.4 udg-waaE-gmhD genes. PMB-20 had a Tn5-OT182 integration at the 3' 

end of an open reading frame whose product showed homology to UDP-glucose 

dehydrogenases of other species (Table 7). The B. pseudomallei udg gene was 

determined to be 1401 bp in length with a G+C content of 66%. An ATG start 

codon and a TAA stop codon were identified for the udg gene. The predicted 

product was 467 amino acids in length with an estimated molecular weight of 

50699 Da. The pmrE locus of Salmonella typhimurium (formerly pagA or udg) 

has been predicted to encode a UDP-glucose dehydrogenase and has been 

implicated in the resistance of S. typhimurium to PMB (48). This locus is 

involved in complex carbohydrate and capsule synthesis in a variety of bacterial 

species and is thought to be involved in LPS modifications that lead to PMB 

resistance in normally susceptible bacteria. In addition, the wlbA gene homolog 

of Bordetella bronchiseptica has been shown to been involved in cationic peptide 

resistance, and it is thought to encode a dehydrogenase involved in LPS 

biosynthesis (7). It is, therefore, not surprising that the udg gene homolog of wild 

type B. pseudomallei may influence LPS biosynthesis and may be in part 

responsible for conferring a PMB-resistant phenotype. 

Analysis of the sequence immediately downstream of the udg gene 

revealed open reading frames whose products demonstrated homology to the 

waaE (rfaE) and gmhD (rfaD) genes of a variety from Gram negative bacteria. In 
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fact, the Tn5-OT182 integration in PMB-20 was adjacent to the 5' end of B. 

pseudomallei waaE gene encoding a putative ADP-heptose synt hase. The waaE 

gene was determined to be 924 bp in length with a G+C co~ntent of 70.1%. A 

GTG start codon and a TGA stop codon were identified for the waaE gene. The 

predicted product of the waaE gene was 308 amino acids long with a predicted 

molecular weight of 331 19 Da. Complementation studies revealed that a wild 

type copy of the B. pseudomallei waaE gene effectively complemented PMB-20 

(data not shown). 

Adjacent to the waaE gene was the gmhD gene which was determined to 

be 993 bp in length with a G+C content of 63.6%. An ATG start codon and a 

TAA stop were identified for the gmhD gene, and the predicted product was 331 

amino acids in length with an estimated molecular weight of 37043 Da. 

Homology searches revealed that the putative product of the B. pseudomallei 

gmhD gene was an ADP-glyceromannoheptose epimerase. Both the waaE and 

gmhD gene products are involved in the biosynthesis pathway of ADP-heptose 

in a variety of bacterial species (144). Disruptions in either of these genes in 

Ralstonia eutrophus lead to the production of heptose-deficient LPS molecules 

(1 44). 

These udg, waaE and gmhD genes do not appear to be part of an LPS 

core biosynthetic gene cluster and do not appear to be located near the waaF 

gene. These genes are involved in or affect LPS core biasynthesis in other 

organisms and likely share the similar functions in B. pseudomallei. The 
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evidence presented in this study indicates that such genes contribute to PMB- 

resistant phenotype displayed by this organism. 



Table 7. Homology search results of DNA sequences flanking Tn5-OTI 82 

integrations of PMB susceptible mutants. 

Gene Gene Similar Gene Product Putative Function GenBank 
(product) Size Accession 

No. 

waaF 1040 Heptosyl transferase II - P. heptosyl transferase U70983 
(WaaF) bp aeruginosa I I 

ADP-heptose:heptosyl transferase 
hornolog - P. aeruginosa 

ADP-heptose:heptosyl transferase II 
- N. gonorrheae 

rfaF - R. solanacaerum 

ADP-heptose - LPS 
heptosyltransferase II - E. coli 

udg (Udg) 1401 UDP-glucose dehydrogenase - UDP-glucose 
bp Xanthomonas campestris dehydrogenase 

UDP-glucose dehydrogenase - 
Sinorhizobium meliloti 

Nucleotide sugar dehydrogenase - 
Aquifex aeolicus 

UDP-glucose dehydrogenase - 8. 
subtilus 

Product similar to Pseudomonas 
aeruginosa GDP-rnannose-6- 
dehydrogenase protein 

waa E 924 bp Autotrophic growth protein homolog ADP-heptose U32828 
(WaaE) - H. influenza synthase 



ADP-heptose synthase - H, 
influenza 

Putative kinase - E. coli 

Probable LPS core synthesis - V. 
cholerae 

ADP-heptose synthase - Aquifex 
aeolicus 

gmhD 993 bp ADP-L-glycero-D-rnannoheptose - ADP-glycero- LO7845 
(GrnhD) N. gonorrheae rnannoheptose 

epirnerase 

ADP-L-glycero-D-rnanno-heptose- 
6-epirnerase - E. coli 

ADP-L-gIycero-D-manno-heptose- 
6-epirnerase - S. typhimurium 

ADP-L-glycero-D-rnanno-heptose- 
6-epimerase - H. influenza 

ADP-L-glycero-D-manno-heptose- 
6-epirnerase - V. cholerae 

IytB (LytB) 941 bp LytB - E. coli 

Hypothetical protein HI1 007 - H. 
influenza 

LytB - H. influenza 

LytB - M. tuberculosis 

regulator of the relA AEOOOI 13 
gene product 

LytB' - M. tuberculosis 



Figure 12. Map of genetic loci involved in PMB resistance. Location of Tn5- 

OT182 integrations in the mutants PMB-7, PMB-20, PMB-4, PMB-14, and PMB- 

17. (a) The waaF gene is shown with the approximate position of the Tn5-OT182 

integration. (b) The lytB gene is shown with the approximate positions of the 

three different Tn5-OT182 integrations. (c) The udg, waaE and gmhD genes are 

shown with the approximate position of the TnSOT182 integration in the udg 

gene. The direction of transcription of these genes relative to one another is 

shown by arrows. The positions of the disruptions in the PMB-susceptible allelic 

exchange mutants are indicated. 



Tn5-OT 1 82 
integration 

UDP-glucose dehydrogenase waaE gmhD 

approx. 1 kb 



3.4 Characterization of PMB susceptible mutants 

3.4.1 MlCs of PMB mutants to PMB and other antibiotics. The MlCs were 

determined for the PMB-susceptible mutants and proved to be 500 to 4000 fold 

lower than the parent strain 1026b (Tables 6 and 8). Additionally, all of the PMB- 

susceptible mutants demonstrated similar MlCs to colistin (polymyxin E) as to 

PMB. The MIC for 6. pseudomallei SRM 117, a Tn5-OT182 mutant in the wbil 

gene, lacking the 0-antigen moiety of the LPS was determined to be similar to 

that of 1026b in the agar plate dilution assay. The MlCs for B. thailandensis 

E264, an organism that possesses only LPS, and B. pseudomallei SR1015, a 

capsule deficient strain, were the same as that for B. pseudomallei 1026b. 

The PMB-susceptible mutants also demonstrated decreased MlCs to a 

number of antimicrobial substances including gentamicin, tobramycin, 

kanamycin, benzalkonium chloride and SDS (Table 8). These mutants did not 

show increased susceptibility to the action of cationic peptides such as PS and 

pol y-L-lysine. 

3.4.2 OMP profiles. The outer membrane proteins from 1026b, PMB-4, PMB- 

14, PMB-17, PMB-7 and PMB-20 were isolated and subjected to SDS-PAGE 

(Figure 13). All of the PMB mutants isolated showed alterations in their outer 

membrane protein profile compared to wild type B. pseudomallei 1026b. The 

PMB 4, 14, and 17 are all missing a protein band with a M, = 110 kDa. PMB 7 

clearly lacks a well conserved band at approximately 15 kDa, and 
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Table 8. MlCs for B. pseudomallei and B. thailandensis strains in this study. 

Strain PMB Colistin Gm Km Tm Benzalkonium SDS 

ND, not determined. 



Figure 13. Outer membrane protein preparations. Approximately 20 pg of 

protein were solubilized in sample buffer with p-mercaptoethanol and boiled 

for 5 minutes. Lane 1, 1026b; lane 2, PMB-4; lane 3, PMB-14; lane 4, PMB- 

17; lane 5, PMB-7; lane 6, PMB-20, and lane MW, prestained protein 

molecular weight standards (GibcoBRL); apparent molecular weights are 

shown in kDa. Arrows indicate the positions of missing protein bands. 
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PMB-20 was missing a number of bands throughout its outer membrane protein 

profile. These changes could potentially affect the permeability of the bacterial 

cell by compromising its effectiveness as a barrier. 

3.4.3 LPS profiles. Silver stain analysis of PMB-7 revealed alteration of the LPS 

moiety, specifically truncation of the lipid A-core oligosaccharide region (Figure 

16). ELlSAs and Western blot analyses of both purified LPS and whole cells of 

PMB 7 demonstrated a loss of LPS 0-PS. Figure 14 shows the lack of LPS 0- 

antigen expression as indicated by loss reactivity in with a mAb scepfic for 0-PS. 

In addition, 13c NMR analysis demonstrated that PMB-7 had only capsular EPS 

(113). These results indicate that a disruption in the waaF gene leads to 

production of an incomplete LPS molecule. Analysis of whole cells of PMB-20 

clearly demonstrates the loss of LPS 0-PS in both ELlSA and Western blot 

analyses (Figure 14 & 15). Several attempts were made to purify PMB-20 LPS 

by the previously described methods without success. It is suspected that the 

LPS molecules of this mutant are deep rough moieties and are, therefore, too 

small to purify by the method used for PMB-7. PMB-4 was shown to possess 

intact 0-PS moieties as shown by ELlSA (data not shown). 

It is clear from the analysis of the LPS profiles of PMB-7 that mutations 

causing LPS to become truncated in the lipid A-core region lead to PMB 

susceptibility. The exact position of the truncation of the PMB-7 LPS has not 

been quantitatively determined, however, it is likely it occurs between the two 

heptose residues in the inner core region, see Figure 18. B. pseudomallei SRM 
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117, a mutant lacking only the LPS 0-PS (33), but maintaining what appeared to 

be an intact lipid A-core oligosaccharide region is not susceptible to the action of 

PMB. These results suggest that alterations in LPS moieties such that both the 

outer core and 0-antigen were lost, appeared to be necessary for increases 

susceptibility to the action of PMB. 

3.4.4 Allelic exchange mutants. Allelic exchange mutants were constructed in 

6. pseudomallei DD503 and B. thailandensis DW503. The waaF gene was 

disrupted using an oriZeo cassette, and the resulting strains were designated B. 

pseudomallei MBIOO and B. thailandensis BTI 00. The lytB gene was disrupted 

with an oriTp cassette, and the resulting strains were designated B. pseudomallei 

MB203and B. thailandensis BT203. The udg gene was disrupted with an oriTp 

cassette and designated B. pseudomallei MB300. The waaE gene was disrupted 

with an oriZeo cassette, and the resulting strains were designated B. 

pseudomallei MB301 and B. thailandensis BT301. 

3.4.4.1 MlCs to PMB. The MlCs of B. pseudomallei MB100, MB203, MB300 and 

MB301 as well as B. thailandensis BT100, BT203 and BT301 to PMB and colistin 

are shown in Table 9. All mutants show increased susceptibility to PMB and 

colistin compared to the parent strains. Figure 18 clearly demonstrates the 

increased susceptibility of MB100, MB203, MB300, MB301, BT100, BT203 and 

BT301 to PMB compared to DD503 and DW503 as indicated by the presence of 

zones of inhibition around the PMB discs. 



MBlOO 

Strain 

Figure 14. ELlSA with an 0-PS specific mAb (Pp-PS-W). The numerical values 

are the mean of a single experiment performed in triplicate + standard deviation 

(error bars). OD 405 nm is the optical density at 405 nm. 



Figure 15. Western blot analysis of PMB-7 and PMB-20 using polyclonal 

antisera raised against a PS-ADH-FLA conjugate molecule. (A) lmmunoblot 

analysis of LPS from B. pseudomallei 1026b, B. thailandensis E264, and B. 

pseudomallei PMB-7. Approximately 3pg of purified LPS from 1026b (lane 1 ), 

3pg of purified LPS from E264 (lane 2), and 30pg of purified LPS from PMB-7 

(lane 3) were reacted with 1 :250 dilution of polyclonal rabbit sera containing 

antibodies specific for 6. pseudomallei EPS and 0-PS. (B) lmmunoblot analysis 

of LPS from B. pseudomallei strains 1026b and PMB 20. Approximately 50 pl 

from overnight cultures of 1026b (lane I) and PMB 20 (lane 2) were proteinase K 

treated, boiled and reacted with 1 :250 dilution of polyclonal rabbit sera containing 

antibodies specific for EPS and 0-PS. Lanes MW, prestained protein molecular 

weight standards (GibcoBRL); apparent molecular weights are shown in kDa. 





Figure 16. Silver stain analysis of 1 O26b, PMB 7, and MB100. 

Approximately 50 p1 from overnight cultures of 1026b (lane A), 

PMB-7 (lane B) and MB100 (lane C) were proteinase K treated, 

boiled and silver stained. The power was terminated when the 

dye was front approximately 2 cm from the bottom of the gel. 

Lane MW, protein molecular weight standards (GibcoBRL); 

apparent molecular weight of bovine serum albumin, 69 kDa, is 

marked. 



Figure 17. Zones of growth inhibition of B. pseudomallei and B. thailandensis 

strains in the presence of discs containing PMB 300U (Oxoid). Overnight cultures 

were diluted equivalent to McFarland standard 0.5 and spread onto MH plates. 

Cultures were incubated for 24 and 48 hours at 3 7 ' ~  with identical results. A) B. 

pseudomallei 1 O26b and PMB-susceptible Tn5-OT182 mutants. B) B. 

pseudomallei PMB-susceptible allelic exchange mutants. C) B. thailandensis 

DW503 and PMB-susceptible allelic exchange mutants. 





Glc Glc 

waa F 

Figure 18. Structure of the LPS core-oligosaccharide region of 6. pseudomallei 

GlFU 12046 (adapted from Ref. 82). Hep, heptose; Glc, glucosamine; KDO, 3- 

deoxy-D-manno-2-octulosonic acid; a K ~ ,  D-glycero-D-talo-oct-2- 

ulopyranosylonic acid. 



3.4.4.2 DPX binding assay. The B. pseudomallei allelic exchange mutants, 

MBI 00, MB203, and MB300 demonstrated increased binding of DPX compared 

to 1026b (Figure 19). These results support the results of obtained with the 

PMB-susceptible TnSOT182 mutants and confirm the involvement of the genes 

identified in conferring a PMB-resistant phenotype. 

3.4.4.3 LPS profiles. Allelic exchange mutants constructed in the waaF, udg 

and waaE genes B pseudomallei were shown to lack 0-PS moieties using an 

ELlSA (Figure 14). A mutant, MB203, constructed in the IytB gene was shown 

to have intact 0-PS using ELlSA (Figure 15). Silver stain analyses of whole cell 

lysates of B pseudomallei and 6. thailandensis mutants showed loss of 0-PS 

and alteration of the lipid A-core oligosaccharide region is evident in the waaF 

and waaE mutants, whereas the lyfB mutant displayed a wild type LPS profile 

(Figure 20). 

3.4.4.4 Complementation of allelic exchange mutants. The B. pseudomallei 

allelic exchange mutants, MB100, MB203, MB300 and MB301, were subjected to 

complementation analysis with wild type copies of the waaF, r'ytB, udg and waaE 

genes, respectively. Wild type copies of each gene were obtained from the B. 

pseudomallei 1 O26b chromosome by PCR amplification. The wild type genes 

were ligated into broad host range vectors with appropriate antibiotic resistance 

markers and conjugated to the appropriate allelic exchange mutants. The 

resulting strains were designated MBIOOC, MB203C, MB300C and MB301C. 
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MlCs to PMB were determined for these strains, and they were assessed for the 

presence of 0-PS, results are shown in Table 9 and Figure 21. The disrupted 

waaF, udg and waaE genes were effectively complemented by the presence of 

copies of wild type genes in trans. The PMB resistant phenotype was restored as 

was expression of 0-PS. The presence of a wild type copy of the lyfB gene only 

partially complemented MB203. The reasons for this result are not clear, but it 

may be due effects of the plasmid copy number. 

3.4.5 HNP-1 defensin assays. The antimicrobial activity of the defensin HNP-1 

against PMB-susceptible B. pseudomallei mutants was determined. There was 

no significant difference in the ability of the PMB-susceptible Tn5-OT182 

mutants, PMB-4, PMB-7 and PMB-20, to resist the antimicrobial effects of HNP-1 

when compared to the parent strain 1026b (Figure 22). Additionally, there was 

no significant difference in the ability of the PMB-susceptible allelic exchange 

mutants MBI 00, MB203 and MB301, to resist the antimicrobial effects of HNP-1 

when compared to the parent strain DD503. The decrease in the number of 

viable E.coli HB101 cells was statistically significant ( ~ ~ 0 . 0 5 )  during the 2 hour 

incubation. 

3.4.6 CAP testing. The allelic exchange mutants B. pseudomallei MB100. 

MB203 and MB301, and B. fhailandensis BT100, BT203 and BT301, were 

assessed for the ability to resist the killing action of a variety of CAPS including 

cecropin A, cecropin B, cecropin P I ,  ( ~ l a ~ ~ ' ~ ~ ' ~ ) - m a ~ a i n i n  II amide, melittin, poly 



DPX Conc (pM) 

Figure 19. DPX binding assay results for 1026b and PMB-susceptible allelic 

exchange mutants. 1026b, wild type; MB100, waaF gene mutant; MB203, lytS 

gene mutant; MB300, udg gene mutant. Error bars indicate standard deviation. 



Figure 20. Silver stain analysis of PMB susceptible allelic exchange mutants. A) 

6. pseudomallei strains: lane 1, 1026b; lane 2, DD503; lane 3, MBIOO; lane 4, 

MB301; lane 5, MB203. B) B. thailandensis strains: lane 1, DW503; lane 2, 

BT100; lane 3, BT301; lane 4, BT203. Whole cell lysates were loaded onto a 

12% polyacrylamide gel, electrophoresed until the dye front was approximately 1 

cm from the bottom of the gel and subsequently silver stained. 
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Table 9. MlCs of B. pseudomallei allelic exchange mutants to PMB and Colistin 

as determined by the agar dilution method. 

Strain 

B. thailandensis 

6. pseudomallei 

PMB (pglml) Colistin (pglml) 

Agar 

Dilution 

DW503 

BTl 00 

E-tests 

> I  024 

32 

Agar 

Dilution 

>I024 

12 

E-tests 

ND 

ND 

> 1 024 

1 



Figure 21. Complementation vectors for PMB-susceptible allelic 

exchange mutants. A) Lanes 1, 3, 5, and 7, 1 kb plus ladder 

(Invitrogen Life Technologies), the 4 kb markder is indicated by a black 

triangle. Lane 2, p28waaF digested with Kpnl and Xbal; lane 4, 

p3llytB digested with Kpnl and Xbal; lane 6, p3ludg digested with 

Kpnl and Xbal; lane 8, p28waaE digested with EcoRl and Xbal. 
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L-lysine and PS. All strains demonstrated resistance to the killing action of these 

CAPS as no zones of inhibition were observed in all cases. 

3.4.7 lntracellular survival of PMB-susceptible mutants. Survival of PMB-4, 

PMB-7, PMB-20 and MB100, MB203, MB301 inside J774A.I and PU5-I .8 cells 

did not differ significantly from that of the parent strains, 1026b and DD503 

(Table 1 1 ). 

3.4.8 30% NHSlHS killing assays. The abilities of B. pseudomallei DD503, 

PMB-4, MB203, PMB-7, MB100, PMB-20, MB301 and E. coli HB101 to survive 

the bactericidal activity of 30% NHS were assessed using a previously described 

serum-cidal assay (33). Results indicated that mutants harbouring disruptions in 

the waaF gene (PMB-7 and MB100) and the waaE gene (PMB-20 and MB301) 

were serum sensitive, and the numbers of viable bacteria decreased by 4 log 

orders (Figure 23). These mutants lack 0-PS moieties which has been 

previously shown to be required for a serum resistant phenotype. The IyfB 

mutants, PMB-4 and MB203, were unaffected by the 30% MHS as was DD503. 

The E. coli HBl 01 control was killed by 30% NHS as expected. 

The abilities of B. pseudomallei DD503, MB203, MBIOO, MB301 and E. 

coli HBlOl to survive the bactericidal activity of 30% HS were assessed as 

previously described (Figure 21) (33). DD503 and MB203 were unaffected by 

the 30% HS as was the E. coli control. However, MB100 and 
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Table 10. lntracellular survival of 6. pseudomallei strains and E.coli in J774A1 

cells and in PU5-1.8 cells. 

Strain Survivala in J774A1 cells Survivala in PU5-1.8 cells 

1026b 5.9 1 o4 + 5.6 1 o3 9 . 5 ~ 1 0 ~ + 4 . 9 ~  l o 3  

PMB-7 3.8 x l o 4  + 1.4 x l o 3  4.8 x l o 4 +  3 . 8 ~  l o 3  

PMB-4 5.8 x l o 4  + 1.7 l o 3  1.7 x l o 5  + 4.9 x l o 3  

PMB-20 5.7 x l o 4  + 1.7 x l o 3  6.1 l o 4  + 1. 0 l o 3  

HBlOl 5.4 x loi 23.9 x loib 6 . 0 ~  l o 1 +  1 . 2 ~  l oqb  

a) 1-5 x 1 o5 tissue culture cells were incubated with 100 pI of bacteria to give an 

M.O.I. of 1-10 bacteria per eukaryotic cell. Bacteria were incubated with the 

J774 cells for 1 hour at 37OC in 5% C02 to allow for bacterial uptake, followed by 

a 2 hour incubation in media containing 200 pglml kanamycin to kill extracellular 

bacteria. Subsequently, fresh media containing 25 pglml kanamycin was added, 

and cells were incubated at 37OC with 5% C02 for 18 hours. The J774 cells were 

then lysed using 1 % Triton X-100, and intracellular bacteria were quantitated by 

plating serial dilutions of the lysate. Data are expressed as mean + S.D. of 3 

wells per experiment. 

b) p<0.05 (t-test) compared to 6. pseudomallei strains. 
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Table 11. lntracellular survival of B. pseudomallei strains and E-coli in J774A1 

cells. 

Experiment 1 

Strain 

1026b 

DD503 

MBI 00 

MB203 

MB301 

HB101 
NU, not aone 

lnoculum 

(cful I00 PI) 

Survivala (cfulwell) 

Experiment 2 

Inoculum 

(cful 100 pI) 

2.4 x l o 6  

1.4 x l o 6  

1.1 x l o 6  

7.1 x l o 6  

2.4 x l o 6  

5.1 x l o 6  

Survivala (cfulwell) 

a) 1-5 x 1 o5 tissue culture cells were incubated with 100 pI of bacteria to give an 

M.O.I. of 1-10 bacteria per eukaryotic cell. Bacteria were incubated with the 

J774 cells for 1 hour at 37OC in 5% C02 to allow for bacterial uptake, followed by 

a 2 hour incubation in media containing 200 pglml kanamycin to kill extracellular 

bacteria. Subsequently, fresh media containing 25 pglml kanamycin was added, 

and cells were incubated at 37OC with 5% C02 for 18 hours. The PU5-1.8 cells 

were then lysed using 1 % Triton X-100, and intracellular bacteria were 

quantitated by plating serial dilutions of the lysate. Data are expressed as mean 

+ S.D. of 3 wells per experiment. 

b) pc0.05 (t-test) compared to 6. pseudomallei strains. 



Figure 22. Antimicrobial activity of human defensin HNP-1 against B. 

pseudomallei strains and E.coli HB101. Incubations were performed in 1.5 ml 

microfuge tubes using mid-log phase bacterial cultures. Approximately l o4  

organisms in 10 pI were added to 90 pl 10mM phosphate buffer plus 1 % TSB, 

containing 5 pg of HNP-1 or an equivalent volume of 0.01?40 acetic acid as a 

control. Following 2 hours incubation at 37OC, reactions were stopped with the 

addition of 0.1 5 M NaCI. Colony forming units were determined by plating serial 

dilutions of each reaction mixture. Results shown are of a single experiment 

performed in triplicate. Error bars indicate SD. 
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Figure 23. Serum bactericidal assays of B. pseudomallei strains incubated with 

30% NHS or 30% HS. Assays were performed in 1.5 ml microfuge tubes using a 

total volume of lml. l o 6  bacteria in 100 pl were added to 900 pl of PBS for 

controls, or to 900 pl of 30% NHS or 30% HS for test samples followed by 

incubation at 37OC for 2 hours. Serial dilutions were performed to determine 

viable bacterial counts. PMB-4, PMB-7 and PMB-20 were tested with PBS and 

30% NHS only. All other strains were tested with PBS, 30% NHS and 30% HS. 

The results shown are of a single experiment performed in triplicate. Error bars 

indicate SD. 
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MB301 displayed increased susceptibility to the 30% HS, and numbers of viable 

organisms decreased by 2-3 log units. 

3.4.9 Relative virulence of 6. pseudomallei MB100, MB203 and MB301 in the 

Syrian golden hamster model of infection. In order to assess the relative 

virulence of the PMB-susceptible mutants compared to the wild type strain, we 

used the Syrian golden hamster model of B. pseudomallei infection. The LD50 

value of 1026b was <I2 organisms in 48 hours. The LD50 values for MB100, 

MB203 and MB301 are shown in Table 12. The LD50 value for MB203 was 

similar to that of 1026b. However, the LD50 values for MBlOlO and MB301 were 

significantly increased and could not be determined until 8 days post inoculation. 

The animals in all 4 groups were found to be bacteremic at the time of death. 

The MB100, MB203 and MB301 were re-isolated from the blood of several 

infected animals and demonstrated the presence of appropriate antibiotic 

resistance markers (either zeR or ~ p ~ )  used for their construction. The growth 

curves for MB100, MB203 and MB301 were determined to be similar to the 

parent strain DD503 (data not shown). 
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Table 12. L D 5 0 ~  of PMB susceptible 6. pseudomallei allelic exchange mutants in 

the Syrian golden hamster model of infection. L D 5 0 ~  are expressed as number of 

organisms. 

6. 

pseudomallei 

straina 

1026b 

MB100 

MB203 

MB301 

LD50D LD50 LD50 LD50 LD50 L D50 

Day 2 Day 3 Day 8 Day 9 Day11 Day13 

a) 6-8 week old female hamsters were inoculated intraperitoneally with 100 pI of 

a number of serial dilutions of mid log phase bacteria. 

b) LDSOs were determined by the method of Reed and Muench (120). 



3.5 Screening for PS susceptible mutants. 

3.5.1 Tn5-OT182 and cosmid library screening. B. pseudomallei and B. 

thailandensis were mutagenized with Tn5-0T182, and resulting mutants were 

assessed for sensitivity to PS. A replica plating strategy in which mutants were 

transferred to MH 1% agarose plates containing I .5 mglml of PS was employed 

to screen 7000 B. pseudomallei TnSOT182 mutants and 10 000 B. thailandensis 

Tn5-OT182 mutants. All mutants grew in the presence of PS 1.5 mglml. 

In another attempt to identify genes involved in PS resistance we used a 

reverse screen in which we plated E. coli clones from a B. pseudomallei 1026b 

cosmid library onto MH 1% agarose plates containing 1 mglml of PS. The same 

strategy was used with a B. thailandensis E264 cosmid library. A total of 3264 

cosmid clones were screened, but no growth was observed following a total of 96 

hours incubation at 37OC. We were unable to identify genes involved in PS 

resistance in 6. pseudomallei and 6. thailandensis using these strategies. 

3.5.2 PS is degraded by purified B. pseudomallei protease. An interesting 

observation that we made was that PS is effectively cleaved by a purified 

protease from 6. pseudomallei. A protease previously purified by Sexton et a1 

was incubated with PS and subjected to SDS-PAGE analysis (Figure 24). The 

N-terminal sequence of this particular protease demonstrated identical predicted 

N-terminal sequence to the product of a serine metalloprotease (mprA) gene 

recently described by Lee and Liu (91). We demonstrated that this protease 
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could cleave PS at a variety of pH levels and its activity could be inhibited by the 

addition of EDTA (Figure 24). PS digestion was indicated by multiple bands on a 

CBB-R250 stained SDS-PAGE gel while undigested PS showed only one band. 

Purified protease alone on a CBB-R250 stained SDS-PAGE gel did not show any 

bands (data not shown). 

3.5.3 PS, HNP-1 and HNP-2 are degraded by B. pseudomallei and B. 

thailandensis supernatants. Filter sterilized supernatants of both B. 

pseudomallei and B. thailandensis were incubated with PS, HNP-1 and HNP-2 

and analyzed by SDS-PAGE. The resulting gels are shown in Figure 25; it 

appears that supernatants from both of these organisms degrade PS, HNP-1 and 

HNP-2. 

3.5.4 Growth of B. thailandensis in the presence of PS, PMB and DTT. The 

metalloprotease inhibitors EDTA and DTT have previously been shown to inhibit 

the activity of a purified protease from B. pseudomallei. The activity of this 

purified protease was reduced to 5% of a control in the presence of 1mM DTT. 

Due to the fact that the purified protease was shown to cleave PS, we chose to 

test the ability of B. thailandensis cells to survive and grow in the presence of 

DTT and PS or PMB. Our results indicated visible growth in all cultures, but the 

growth in the tube containing DTT and PS was reduced compared to the culture 

grown in DTT or PS alone. Viable colony counts were determined and are 

shown in Figure 26. Growth in the presence of DTT and PS revealed an 
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approximate 2 log decrease in CFUs and growth in the presence of DTT and 

PMB revealed an approximate a 1 log decrease in CFUs. These results 

indicated that protease production by B. thailandensis may play a role in 

resistance to PS and PMB. 



Figure 24. Digestion of PS by a purified B. pseudomallei protease at 

various pHs. In a typical reaction, 50pg of PS were added to Buffer A 

(pH 5, 6, 8 or 10) in a final volume of 50 p1 followed by incubation at 37OC 

for 1 hour. In reactions where protease was present, 0.5 pg of purified 

protease was added. In reactions where EDTA was present, 10 pI of 0.5 

M EDTA (final concentration 100rnM) was added. Following incubation, 

reactions were electrophoresed on a 15% SDS-PAGE gel and stained 

with CBB R250. Lanes 1-3, pH 5; lanes 4-6, pH 7; lanes 7-9, pH 8; lanes 

10-12, pH 10. Lanes 1, 4, 7 and 10 contain PS alone; lanes 2, 5, 8 and 

11 contain PS + purified protease; lanes 3, 6, 9 and 12 contain PS + 

purified protease + EDTA. MW, prestained molecular weight markers, 

low range (GibcoBRL). 



Figure 25. Digestion of PS, HNP-1 and HNP-2 by B. pseudomallei and B. 

thailandensis supernatants. Reactions were set up in microfuge tubes using 20 

pl of filter sterilized supernatants with 50pg of PS in Buffer A (pH 7 )  or 5 pg of 

HNP-2 in dHsO and incubated at 37OC for 2. Following incubation samples were 

electrophoresed on a 12% SDS-PAGE gel and stained with coomassie brilliant 

blue. A) Lane 1, PS alone; lane 2, PS incubated with B. thailandensis E264 

supernatant; lane 3, PS incubated with B. pseudomallei 1026b supernatant. B )  

Lane I, HNP-2 alone; lane 2, HNP-2 incubated with B. thailandensis E264 

supernatant; lane 3, HNP-2 incubated with B. pseudomallei 1026b supernatant. 

C )  Lane 1, HNP-1 alone; lane 2, HNP-1 incubated with B. thailandensis E264 

supernatant; lane 3, HNP-1 incubated with B. pseudomallei 1026b supernatant. 

MW, BENCHMARK prestained protein ladder.; LMW, molecular weight standards - 

low range (GibcoBRL). 



LMW 1 2 3 
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Growth Condition 

Figure 26. Growth of 6. thailandensis in the presence of PS, PMB and 

dithiothreitol (DTT). B. thailandensis E264 was grown in MH broth overnight and 

sub-cultured 11100 into MH broth alone, MH broth with I m M  DTT, MH broth with 

500 pglml PS, MH broth with 500 pglml PMB, MH broth with 1mM D l 7  with 500 

pg/ml PS and MH broth with ImM DTT with 500 pg/ml PMB. The cultures were 

grown overnight at 37OC 250 rpm in triplicate. OD600 readings were taken, and 

serial dilutions of these cultures were performed in order to determine viable 

CFUs. 
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3.6 Development of a TnphoA Mutagenesis system in B. pseudomallei and 

B. thailandensis. 

3.6.1 Identification of Tn5-0Tl82 mutants lacking phosphatase activity. B. 

pseudomallei has been previously shown to exhibit phosphatase activity due to a 

surface bound acid phosphatase molecule (77, 85, 87). In order to identify B. 

pseudomallei and B. thailandensis mutants devoid of phosphatase activity, we 

employed Tn5-OT182 mutagenesis. Transconjugants were grown on media 

containing the chromogenic substrate XP. Bacterial cells appear blue if they 

have the ability to hydrolyze XP; those unable to hydrolyze XP appear white. We 

identified 2 white colonies of B. pseudomallei designated APM402 and APM403 

and 2 white colonies of B. thailandensis, designated APM501 and APM502. The 

DNA flanking the Tn5-OT182 integrations was cloned and subjected to single 

stranded sequence reactions (SSSR). Approximately 500 bp of sequence was 

obtained and homology searches were performed. The genetic loci disrupted in 

these mutants are shown in Table 13 and Figure 27B. 

3.6.2 acpA genes in B. pseudomallei and B. thailandensis. The nucleotide 

sequence of the acpA gene homolog from B. pseudomallei 1026b was 

determined on both strands. These sequence demonstrated 23% identity and 

36% similarity with the acid phosphatase gene (acpA) product of F. tularensis 

(Figure 27A). The G+C content of the acpA gene was determined to be 69%. 

An open reading frame of 1734 bp was identified beginning with the ATG codon 
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and ending with the TGA codon for 6. pseudomallei, and a GTG start codon was 

identified for B. thailandensis. A putative Shine-Dalgarno sequence was identified 

-6 to -10 base pairs upstream of the putative ATGIGTG start codons. The 

nucleotide sequence obtained for B. thailandensis was 94% identical to the B. 

pseudomallei acpA sequence. The Tn5-0T182 integration in APM403 occurred 

at nucleotide number 1633 of the acpA open reading frame while the Tn5-OTI 82 

integration in APM501 occurred at nucleotide number 365. The putative protein 

encoded by acpA was predicted to be 578 amino acids in length, and the 

calculated molecular mass of AcpA was estimated to be approximately 62860 

Da. This does not, however, take into account any putative post translational 

modifications that may occur. There are 15 amino acids different between 6. 

pseudomallei and B. thailandensis AcpA, reflecting the close relationship 

between these species. 

3.6.3 Complementation of APM403 and APM501. The acpA gene was PCR 

amplified using the AP-5' and AP-3' primers, cloned and sequenced to confirm 

that it was in fact the acpA gene homolog. This 1.8 kb DNA fragment was cloned 

into pUCP29T (Figure 28), a broad host range vector that is efficiently conjugated 

to B. pseudomallei and B. thailandensis strains. The presence of p29acpA was 

able to restore the acid phosphatase activity of APM403 and APM501. The 

complemented strains were designated APM403C and APM501 C, and colonies 

were shown to be blue on LB agar plates containing XP and exhibited activity by 

AP activity assay (Figure 29). These results indicate that the AP negative 
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phenotype observed in APM403 and APM501 is due to the Tn5-OT182 

disruption in their acpA gene homologs, and that this gene encodes a product 

that is responsible for the acid phosphatase activity observed in these organisms. 

3.6.4 Construction of AP negative allelic exchange mutants: MB401 and 

DW401. AP negative mutants were constructed by allelic exchange as 

previously described using B. pseudomallei DD503 and B. thailandensis DW503 

using the vectors p46MB401Z and p46MB401X (Figure 27C). These vectors 

contained a 2.8 kb deletion encompassing nucleotides 1-1 139 of the acpA gene 

along with 1.5 kb of upstream DNA that has not yet been sequenced. We chose 

to make a deletion of this size so that we could ensure stable disruption of the 

acpA gene. The B. pseudomallei AacpA mutants were designated MB401Z and 

MB401, and the B. thailandensis AacpA mutants were designated DW401Z and 

DW401. The strains MB401 and DW401 have a stable deletion in their acpA 

genes and lack the oriZeo marker present in the other AP negative allelic 

exchange mutants, thus, eliminating the need for the presence of Ze in selective 

media. As a result of the acpA gene disruption, strains MB401ZlMB401 and 

DW401Z/DW401 were unable to hydrolyze the chromogenic substrate XP when 

present in LB agar. This was consistent with the observation that Tn5-OT182 

disruptions in the acpA homolog caused APM403 and APM501 to display a white 

phenotype. 



Table 13. Table of homology of DNA flanking TnSOT182 integrations in 

phosphatase negative mutants. 

Strain Homology Function 

not known 

acpA (F. tularensis) 

not known 

acid phosphatase 

6. pseudomallei 

APM402 

APM403 

B. thailandensis 

APM501 acpA (F. tularensis) acid phosphatase 

APM502 rfa H (E. coli) global regulator 



Figure 27. 6. pseudomallei and B. thailandensis AcpA: homology searches, 

positions of TnSOT182 integrations and construction of a vector for deletion of 

acpA by allelic exchange. A) BLASTX search results of the 5. pseudomallei 

acpA homolog. B) Plasmids containing acpA genes used in this study. Relative 

locations of TnSOT182 integrations in the acpA gene (black arrow) in acid 

phosphatase negative mutants, APM403 and APM501, are shown. Fragments 

obtained by self-cloning are shown, pAPM403E and pAPM403H. The fragment 

from pMB401 used for construction of strains for use in TnphoA mutagenesis is 

shown. The 2.8 kb fragment deleted encompassing nucleotides 1-1 139 of the 

acpA gene is shown as a thicker black line. C) Scheme used for deletion of a 

portion of the B. pseudomallei acpA gene (black arrow on inside of plasmid) and 

subsequent construction of vectors for allelic exchange. Restriction sites are as 

follows: EcoRl (E), Hindlll (H), Xhol (Xh), Sstl (Ss), Hpal (Hp) and BamHl (B). 

The Hp and B sites were located on the ends of Tn5-OTI 82. 



g i )  662839 (L39831) acid phosphatase [Francisella tularensis (var. novicida)] 
Length = 514 

Score = 110 bits (273), Expect = 3e-23 
Identities = 117/463 (25%), Positives = 185/463 (39%), Gaps = 38/463 (8%) 
Frame = +2 

AQWDGKRYMIGEHDIVGLPNA--PFVIPDAQGKPLPNGVITRDLWHRYQNQMQINGGR 622 
V+G + E++ PN P+ + D +P H ++Q NGG 

---VNGLTKQLLENN----PNTKNPYRL-DRNFQPCSQN-------HEYHQEISSGGL 140 

KDQFAAWA---------DSGGWMGHYRNSAETLRLWNLARGYTFCDKFFMAAFGGSWLN 775 
++F t G VMGtY t T LWN A+ + D F FG S 

MNKFVEHGGHDNDTYKQNCDGQVMGYYDGNTVTA-LWNYAQNFALNDNTFGTTFGS--- 196 

HIFLISAQAPLYPDVHQSPAKHLVSWEGDDPAGTRLKLAADSPASALGPPKFENDGLF 955 
P L A+ PA + G EN 

.............................. TPGALNLVAGANGPAMSPSG--NLEN---- 220 

TPDGYAVNTMAPPYQPSSVRPPVEGNPAYADPSNPRVLPPQHYATIGDLSEKGVDWAWY 1135 
+ Y + +  P Y  S G+ +N V IG L++KG+ W W+ 

IENNYIIDDPNPYYDDCSYGTSKSGD------TNTAVAKITDGYNIGHYLTQKGITWGWF 274 

GGAWQYALEHRDTGSVP------------DFQYHHQPFNYASYAPGTEARRRHLRD 1270 
G ++ T D+ HH+PENY+ + HL D 
QGGFKPTSYSGKTAICDAMSTNKFGVKSRDYIPHHEPFNYWKE----- TSNPHHLAPSDD 329 

AGLGDDPSTNHLI------ADIDAGRLPTVTFYKPQGNLNMGYADVSGDRHIATVIE 1432 
+G + NH tD + P V + + K  G + HGY+t t I 

KYIGSNDQANHQYDISEFWKALDQNNMPAVSYLKAPGYQDGHGGYSNPLDEQEWLVNTIN 389 

VDHTLYDTNSILRFISRVHGL 1657 
VDH+L + S+L+FI G+ 

F-t.: 4 5 0  VDHSLLNQASVLKFIEYNWGI 470  





4.5 kb SstllHpal (klenow 
treated) fragment from 

pAPM403E was ligated into 
SstllSmal digested pUC19 to 

create pMB401 

Xhol digested to excise 

re-ligation leaving a 2-8 kb fragment re-ligation with an 
2.8 kb deletion J I or i~eo cassette 

excised SstllHindlll fragment 
containing ~ a c p A  (with or without 
oriZeo cassette) and ligated into 
pKAS46 to create p46MB401X or 

pMB401Z 

allelic exchange 



3 kb- 

Figure 28. Complementation of the 6. pseudomallei acpA gene. 0.8% 

agarose gel. Lanel, 1 kb plus DNA ladder (Invitrogen Life Technologies); lane 

2, broad host range vector pUCP29T digested with Kpnl and Xbal; lane 3, 

p29acpA digested with Kpnl and Xbal. 
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3.6.5 Acid phosphatase assays. AP activity has previously been characterized 

for B. pseudomallei, and it has been shown that optimal activity occurs at pH 5.5 

and at 37OC (77, 85, 87). In order to confirm that the mutant strains isolated in 

this study lacked any AP activity, both the parent strains and the mutant strains 

were assayed as described in the Materials and Methods section; results are 

shown in Figure 29. B. pseudomallei 1026b and B. thailandensis E264 

demonstrated similar levels of acid phosphatase activity. Results of this assay 

indicated that Tn5-OT182 mutants, APM403 and APM501, lacked any 

observable AP activity. In contrast, APM402 had considerable AP activity 

restricted to the periplasmic fraction, and APM502 retained observable amounts 

of AP activity in both the periplasmic and whole cell fractions. 

Allelic exchange strains, MB401Z/MB401 and DW401Z/DW401, were 

assessed using an acid phosphatase assay (Figure 29). The allelic exchange 

mutants were essentially devoid of AP activity at pH 5.5 compared to wild type 

strains. The absence of phosphatase activity and the inability of these strains to 

display blue color when grown on agar containing XP made them good 

candidates as recipients for mutagenesis with TnphoA and thus, for the 

identification of extracytoplasmic products. 



1.25 
0 Supernatant 
EZI Peri plasmi c Protein 

1 .oo 
I Whole Cell 

0.75 c 

B 
8 0.50 

0.25 

0.00 

Strain 

Figure 29. Acid phosphatase activity of B. pseudomallei and B. thailandensis 

strains. Supernatant, periplasmic and whole cell fractions were prepared from 

overnight cultures grown at 37OC. In a typical assay, 20pl of the test sample, 20 

pI of p-nitrophenol phosphate (0.2% solution), 160 ml of 0.1 M sodium acetate 

buffer pH 5.5 were added together and incubated at 37OC for 30 minutes in 

microtiter wells. Following this, 100 pl of 0.5 M NaOH were added and the color 

was allowed to develop for 5 minutes. Plates were read at an optical density 

(O.D.) of 405 nm. The values are means and standard deviations of a single 

experiment performed in triplicate. 
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3.6.6 Virulence testing of APM403. The virulence of the Tn5-0T182 acid 

phosphate mutant APM403 was assessed in the Syrian hamster model of B. 

pseudomallei infection. There was no difference between the LD50 of B. 

pseudomallei APM403 (<8 organisms) and that previously reported for wiid type 

strain 1026b (<I2 organisms). The hamsters died within 48 hours and were 

confirmed to be bacteremic. These results indicate that the product of the acpA 

gene in B. pseudomallei probably does not play a significant role in disease in 

this animal model of infection. 

3.6.7 TnphoA and mini-OphoA mutagenesis. Two Tn5 based transposons 

containing truncated phoA genes were employed in this study (Figure 30). 

Initially, TnphoA was delivered to MB401Z and DW401Z on the vector pRT733 

as previously described (138). This system worked efficiently for B. 

pseudomallei and B. thailandensis resulting in approximately 1000-1 200 smR 

~m~ transconjugants per mutagenesis experiment, 1% of which were PhoA 

positive. Southern blot analysis using BamHl digested chromosomal DNA from 

TnphoA mutants confirmed that TnphoA integrated only once per chromosome in 

four randomly selected B. pseudomallei and 6. thailandensis PhoA positive 

mutants. 

Although this system is functional in these strains, cloning procedures had 

a low efficiency, approximately 25%. This is suspected to be due in part to the 

size of the transposon and the fact that the cloning vector, pBR322 has a size 

limit on the DNA inserts that it can efficiently accept (approximately 7 kb). Upon 
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digestion of PhoA positive mutant chromosomal DNA with BamHl or Sall, at least 

5 kb of transposon remains along with the chromosomal DNA immediately 

flanking the fragment. The cloning of DNA fragments containing TnphoA and 

adjacent chromosomal DNA into pBR322 resulted in only relatively small (<2 kb) 

flanking DNA sequences being obtained. 

We chose to employ a second transposon designated mini-OphoA (10, 

30). Due to the presence of an origin of replication, cloning procedures for 

obtaining the DNA sequences flanking mini-OphoA integrations were simpler and 

more efficient than those for TnphoA. The mini-OphoA system was found to be 

equivalent in transposition frequency to TnphoA in 6. pseudomallei and 6. 

thailandensis with the occurrence of PhoA positive colonies being 0.5%. Cloning 

efficiency was 90% when chemically competent E. coli Top 10 cells (Invitrogen 

Life Technologies) were used. The chromosomal DNA of four random smR ~m~ 

transconjugants of 6. pseudomallei and B. thailandensis was isolated, digested 

with Notl and probed with [a3*p] labelled mini-OphoA. All eight mutants 

contained single copies of this transposon suggesting that mini-OphoA integrates 

randomly into the chromosomes of B. pseudomallei and 6. thailandensis. 

3.6.8 Putative genes identified by TnphoA and mini-OphoA mutagenesis. 

The plasmids resulting from cloning of TnphoA integrations were sequenced, and 

BLASTX searches were performed. Sequences showing significant homology 

over at least 300 bp of flanking DNA are shown in Table 14. 
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The DNA from a number of PhoA positive B. pseudomallei and B. 

thailandensis mini-OphoA mutants was self-cloned and subjected to single 

stranded sequencing in order to characterize the DNA flanking the transposon 

integrations. Approximately, 500-700 bp of sequence was obtained on each side 

of the mini-OphoA integrations. Subsequently, database searches were 

performed in order to establish homologies to known gene sequences. Some of 

the sequences obtained from the Pho-LT primer demonstrated significant 

homology over at least 300 bp and are shown in Table 14. A number of putative 

genes were identified which encoded proteins showing homology to secreted 

proteins confirming the ability of this system to identify extracytoplasmic products 

expressed by B. pseudomallei and B. thailandensis. 

The DNA sequences adjacent to TnphoA and mini-OphoA integrations in 

a number of PhoA positive mutants did not show any significant homology to 

sequences currently in the GenBank database. These sequences are of 

significant interest and may represent as yet undefined genes encoding exported 

products. 



Figure 30. Transposons used in this study containing phoA genes lacking a 

signal sequence. A) TnphoA (138); BamHl (Ba) and Sall (Sa) restriction sites 

are shown; these are useful for cloning the gene fusions with the 'phoA gene. 

Restriction enzymes that do not cut within TnphoA can also be used for cloning 

fragments carrying the insertion plus DNA flanking both ehds of the fusion joint; 

these include Xbal Stul, Sad and EcoRV B) mini-OphoA (10); restriction sites 

useful for self cloning are shown, Sfil (Sf), Avrll (Av), Fsel (Fs), Sgtl (Sg), Pvul 

(Pv), Ascl (As), BssHll (Bs), Nsil (Ns), PpulOl (Pp), Sall (Sa), Pacl (Pa), Asel 

(Ae), Swal (Sw), Spel (Sp), Notl (No). 



Tn5 central 
IS50L with 'phoA insert , region lS50R 

I I +  

t 'phoA 
fusion joint 

Sf-Av-Fs-Sq-Pv-As-Bs-Ns-Pp-Sa Pa-Ae-Sw-Sp-No 

'phoA oriR ~ r n ~  



Table 14. Table of homologies of TnphoA and mini-OphoA flanking sequences. 

PhoA Positive YO % Homology Entrez 
Mutants Identity Similarity Protein ID 

B. pseudomallei 
TnphoA 
mutants 
PHOA8 40 43 putative cell wall protein of AL137165 

Streptomyces coelicolor 
PHOAl6 99 99 gspG (B. pseudomallei) type AAD05177.1 

I I secretion pathway gene 
PHOA20 23 33 Hydroxyproline-rich 228938 

glycoprotein of Zea 
diploperennis 

PHOA39 3 1 38 ExiT protein (exochelin ABC AAC32046.1 
transporter) from 
~~cobacteriurn smegmatis 

PHOA47 32 50 Outer membrane protein C BAA05664.1 
of Pseudomonas 
aeruginosa 

B. pseudomallei 
mini-OphoA 
mutants 
PHOG4 33 43 Penicillin binding protein of AAFI 0059.1 

Deinococcus radiodurans 
PHOG9 45 63 Periplasmic serine protease AAC07399.1 

from Aquifex aeolicus 
PHOG18 52 76 Putrescine-binding AAC73941.1 

periplasmic protein 
precursor; permease protein 
from Escherichia coli 

PHOG28 69 84 Phosphate binding AAB70458.1 
periplasmic protein 
precursor of Ewinia 
carotovora 

PHOG29 37 50 Outer membrane porin BAA09892.1 
protein OpcPl of 
Burkholderia cepacia 

B. thailandensis 
mini-OphoA 
mutants 
PHOGI 03 36 44 putative YMEI ATP AAC31223.1 

dependant zinc protease of 
Arabidopsis thaliana 
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3.7 Identification of Putative Protease Genes in B. pseudomallei and B. 

fhailandensis. 

3.7.1 Putative protease genes identified from the B. pseudomallei Kg6243 

genome sequence. In order to identify putative protease genes present in B. 

pseudomallei and 6. thailandensis, two approaches were taken. First, DNA 

sequences identified by phoA mutagenesis that demonstrated homology to 

protease genes were used to perform BLASTX (4) searches of the B. 

pseudomallei Kg6243 genome sequence. Second, a number of amino acid 

sequences encoding a variety of bacterial proteases from the GenBank non- 

redundant database were selected, and TBLASTN (4) searches of the B. 

pseudomallei Kg6243 genome sequence were performed. Seven different DNA 

sequences encoding putative proteases were identified and are shown in Table 

15. The first three proteases listed in Table 15 were predicted to be extracellular 

and were chosen for further study. 

3.7.2 PCR amplification of protease genes. In order to obtain wild type copies 

of the zmp, nmp and mprA genes, primers were designed based on the B. 

pseudomallei Kg6243 DNA sequences and used to amplify these three genes 

from 6. pseudomallei 1026b genomic DNA. Figure 31 shows the PCR products 

obtained. The zmp PCR product obtained was I .5 kb, the nmp PCR product 



Table 15. Protease genes identified from the B. pseudomallei Kg6243 genome 
sequence. 

Putative Protease Homolog % % 
Identity Similarity 

zinc metalloprotease zinc metalloprotease from 35 55 

neutral 
metalloprotease 
(nmp) 

serine 
metalloprotease 
(mprA) 

ATP-dependant 
protease LA 

serine protease 
(AIgW homolog) 

serine protease 
(MucD homolog) 

serine protease 
(PicP homolog) 

~accharomices cerevisiae 

putative integral membrane zinc- 
metalloprotease from Campylobacter 
jejuni 

putative metalloproteinase from 
Strep tomyces coelicolor 

probable neutral zinc metalloprotease 
(bacillolysin precursor) from Bacillus 
cereus 

serine metalloprotease from 
Burkholderia pseudomallei 

extracellular protease precursor from 
Xanthomonas campestris pv. 
campestris 

ATP-dependent protease LA (Ion 
protease) from Escherichia coli 

ATP-dependent protease LA (Ion 
protease) from Vibrio 
parahaemolyticus 

AlgW protein from Pseudomonas 
aeruginosa 

probable DO serine protease from 
Chlamydia trachomatis 

serine protease MucD from 
Pseudomonas aeruginosa 

putative periplasmic serine protease 
from Neisseria meningiditis 
pseudomonapepsin precursor from 
Pseudomonas aeruginosa 

xanthomonapepsin from 
Xanthomonas SD. 
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obtained was 1.8 kb, and the mprA PCR product obtained was 1.5 kb. Each 

PCR product was individually cloned into pCR2.1TOPO for further analysis and 

manipulations. 

3.7.3 zinc metalloprotease gene (zrnp). The open reading identified and 

designated zrnp demonstrated homology to a number of zinc metalloproteases 

(Table 15). The nucleotide sequence of the B. pseudomallei 1026b zrnp gene 

was determined on both strands and found to comprise an open reading frame of 

1260bp (Figure 32). The ORF began with an ATG start codon and ended with a 

TGA codon. A putative Shine-Dalgarno, AGCG, sequence was identified at 

position -7 to -10 immediately upstream of the zrnp start codon. The G + C 

content of zrnp was 67.6%. The protein encoded by zrnp was predicted to be 

420 aa with an estimated molecular weight of 46576 Da; this does take into 

account any post translational processing. An HEXXH motif was identified at 

position 279-283, and a putative signal peptide cleavage site was identified 

following amino acid number 19. 

3.7.4 neutral zinc metalloprotease (nmp) gene. The open reading frame 

identified and designated nmp demonstrated homology to a number of neutral 

zinc metalloproteases. The nucleotide sequence of the nmp gene was 

determined on both strands and found to comprise an open reading frame of 

181 5bp (Figure 33). The ORF began with an ATG start codan and ended with a 

TGA codon. A putative Shine-Dalgarno sequence, GGGG, was identified at 
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position -6 to -9 immediately upstream of the nmp start codon. The G + C content 

of nmp was determined to be 68.8%. The protein encoded by nmp was 

predicted to be 566 aa in length with an estimated molecular weight of 60015 Da. 

However, a putative signal peptide cleavage site was identi,fied following amino 

acid number 24, and a putative pro-sequence that may be cleaved can be 

identified by alignment of the N-terminal sequence obtained from a purified B. 

cepacia 36 kDa protease (23). The N-terminal sequence from the B. cepacia 

protease AAATGTGRSLYYG (23) can be aligned with the predicted B. 

pseudomallei Nmp sequence at amino acids 218-230. The resulting protein has 

a predicted molecular weight of 37076 Da. An HEXXH motif was identified at 

amino acid number 376-380. 

3.7.5 serine metalloprotease (mprA) gene. The mprA gene encoding a serine 

metalloprotease has been previously described by Lee and Lui (91). Alignment 

of the N-terminal sequence (VVPNDTRYSEQWGYFNPTAG) obtained from a 

purified B. pseudomallei protease (129) aligned with amino acid numbers 14-33 

of the predicted amino acid sequence of MprA. 

3.7.6 Southern blot analysis. In order to confirm whether the three putative 

protease genes, zmp, nmp, and mprA, were present in other Burkholderia 

species, Southern blot analysis using chromosomal DNA from B. thailandensis, 

B. mallei and B. cepacia was performed. Figure 34 shows the results of three 

separate Southern blots using zmp, nmp or mprA as a probe. All three of these 



Figure 31. PCR amplification of B. pseudomallei protease genes. The 

zmp gene, nmp gene and mprA gene were amplified from B. 

pseudomallei 1026b chromosomal DNA as described in the methods 

section. 20 pI from each PCR reaction was analyzed on a 1 % agarose 

gel. Lanes 1, 3 and 5, 1 kb plus DNA ladder (Invitrogen Life 

Technologies), the 3 kb marker is indicated by an arrow; lane 2, PCR 

product harbouring the zmp gene; lane 4,  PCR product harbouring the 

nmp gene; lane 6, PCR product harbouring the mprA gene. 
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1  AGTGTGCTGGAATTCGCCCTTGGGGTACCCAAGAACATATMTTCTCGCATAGATACCCA 

1 M S A Y T F T L L F A V A I V A  
61 CCAGCGCCTTCGATGTCCGCCTATACCTTCACCCTGCTCTTCGCCGTCGCGATCGTCGCG 

1 6 M T G T K L W L A S R Q V R F V A A H R  
121 ATGACGGGCACCAAGCTGTGGCTCGCGTCGCGGCAGGTCCGCTTCGTCGCCGCGCATCGC 

3 6 A R V P A Q F R E T I P L A A H Q R A A  
181 GCCCGCGTGCCCGCGCAGTTCCGCGAAACGATCCCGCTCGCCGCGCACCAGCGCGCCGCC 

5 6 D Y T I E R T R L T M F E I V V A S A V  
241 GACTACACGATCGAGCGCACGCGGCTCACGATGTTCGAGATCGTCGTCGCCTCGGCGGTG 

7 6 L V G L T L L G G V G A L D S L L A G W  
301 CTTGTCGGCCTCACGCTCCTCGGGGGCGTCGGCGCGCTCGATTCGCTGCTCGCCGGCTGG 

9 6 L G H G Y G Q Q V A L V A A V L V I S S  
361 CTCGGCCACGGCTACGGCCAGCAGGTGGCGCTCGTCGCCGCGGTGCTCGTGATCTCCAGC 

1 1 6 A A D L P F E Y Y R Q F G I E E R F G F  
421 GCGGCCGATCTGCCGTTCGAGTACTACCGCCAGTTCGGCATCGMGAGCGCTTCGGCTTC 

1 3 6 N R M T K R L F F T D L A K N A L L G A  
481 AACCGGATGACGAAGCGGCTGTTCTTCACCGATCTCGCGACGCGCTGCTCGGCGCG 

1 5 6 A L G L P L L F V V L W L M N Q A G A L  
541 GCGCTCGGCCTGCCGCTCCTGTTCGTCGTGCTGTGGCTGATGMCCAGGCGGGCGCGCTA 

1 7 6 W W L W T W I V W V G F Q M L V L V L Y  
601 TGGTGGCTGTGGACGTGGATCGTGTGGGTCGGCTTCCAGATGCTCGTTCTCGTGCTCTAC 

1 9 6 P T F I A P I F N K F E P L S D D A L R  
661 CCGACCTTCATCGCGCCGATCTTCMCAAGTTCGAGCCGCTTTCCGACGACGCGCTGCGC 

2 1 6 A R I E G L M K R C G F A A K G L E V M  
721 GCGCGCATCGAAGGGCTGATGAAGCGCTGCGGCTTCGCGGCGMGGGCCTCTTCGTGATG 

2 3 6 D G S R R S A H G N A Y F T G F G A S K  
781 GACGGCAGCCGCCGCTCCGCGCACGGGAACGCGTACTTCACGGGCTTCGGCGCGTCGAAG 

2 5 6 R I V F F D T L L A R L T G G E I E A V  
841 CGGATCGTGTTCTTCGATACGTTGCTCGCCCGCCTGACGGGCGGGGAGATCGMGCGGTG 

2 7 6 L A H E L G H F K R R H V M K R M L W T  
901 CTCGCGCACGAGCTCGGCCATTTCAAGCGCCGCCACGTGATGAAGCGGATGCTGTGGACC 

2 9 6 F A L S L A L L A L L G W P A Q R A W F  
961 TTCGCGCTCAGCCTCGCGCTGCTCGCGCTGCTCGGCTGGCCCGCGCAGCGCGCGTGGTTC 

3 1 6 Y T G L G V M P S L S G S N A G I A L V  
1021 TACACGGGCCTCGGCGTGATGCCGTCGCTCTCGGGCAGCACGCGGGCATCGCGCTCGTG 

3 3 6 L F F L S M P V F L F F V T P L G S Q S  
1081 CTGTTCTTCCTGTCGATGCCGGTGTTCCTGTTCTTCGTCACGCCGCTTGGCAGCCAGAGC 

3 5 6 S R K H E F E A D A F A A S Q T D A R D  
1141 TCGCGCAAGCACGAGTTCGAGGCCGACGCGTTCGCCGCGAGCCAGACCGATGCGCGCGAT 



3 7 6 L V N A L V K L Y E D N A S T L T P D P  3 9 6  
1 2 0 1  C T C G T C A A C G C G C T C G T G A A G C T C T A C G A A G A C A A T G C G T C C C G C C C G A C C C C  1 2 6 0  

3 9 6 V C T A F Y Y S H P P A S Q R I D R L L  4 1 6  
1 2 6 1  GTCTGCACCGCGTTCTACTACTCGCATCCGCCCGCGTCGCAGCGTATCGACCGGCTGCTC 1 3 2 0  

1 3 2 1  CAGCACTCATGA 

Figure 32. Nucleotide sequence and predicted amino acid composition of a 

putative zinc metalloprotease (zmp gene) from B. pseudomallei 1026b. The ATG 

start and TGA stop codons are shown in bold. The putative Shine-Dalgarno 

sequence is underlined; the predicted active site (HEXXH motif) is bolded and 

underlined. 



2 K L S C L L S V T A I S L A C L S A F A  
61 AAACTGTCCTGCCTGCTGTCGGTCACCGCGATTTCCCTTGCATGCCTCAGCGCGTTCGCG 

4 2 S A F H L A A G S A A R T L K F A G A Q  
181 TCCGCCTTCCACCTCGCCGCCGGCAGCGCCGCGCGCACGCTGAAGTTCGCCGGCGCGCAA 

6 2 A K A P A D G D Q F Q V R D V I V D A D  
241 GCGAAGGCGCCGGCGGACGGCGACCAGTTCCAGGTGCGCGACGTGATCGTCGACGCCGAC 

8 2 G T E H V R F D R F Y A G L P V I G G D  
301 GGCACCGAGCACGTGCGCTTCGATCGCTTCTACGCGGGGCTGCCCGTGATCGGCGGCGAC 

GTCGTCGTCCATTCGAACCAGGGGCAACTGAAGCAGGCGAGCCTCACGCAGCCCGCGCCG 

I D L A G K I G K V G E R F V V R N A P  
ATCGATCTCGCGGGCAAGATCGGCAAGGTGGTGGGCGAGCGCTTCGTCGTGCGCAACGCGCCC 

D V G A D A A R R V A S K R F G A D V R  
GACGTGGGCGCGGACGCGGCAAGACGCGTCGCGTCGAAGCGCTTCGGCGCGGACGTGCGC 

R V D G A D L V V F A R D A A P T L A Y  
CGCGTCGACGGCGCGGATCTCGTCGTGTTCGCGCGCGACGCCGCGCCGACGCTCGCCTAC 

A V R V Y G K A T D A H G E A V I Y Y V  
GCGGTGCGCGTGTACGGCAAGGCGACCGACGCGCACGGCGAGGCCGTGATCTACTACGTC 

D A R T G N V L D A Q D L I K T A S V T  
GACGCGCGCACGGGCAACGTGCTGGACGCGCAGGACCTGATCAAGACCGCCTCCGTGACG 

G T G R S L Y Y G N L S L T T D Q T G T  
GGCACCGGCCGCTCGCTGTACTACGGCAACCTGTCGCTCACGACCGATCAGACCGGCACG 

N A Y R M L D P T R G S G S V Y D G R G  
AACGCGTACCGGATGCTCGATCCGACGCGCGGCAGCGGCTCGGTCTACGACGGGCGCGGC 

L S S D E V E Q A S D L P I F T S S T N  
CTGAGCTCGGACGAAGTCGAGCAGGCGAGCGACCTGCCGATCTTCACGAGCAGCACGAAC 

V W G N N T T S D R Q T V A A D I D Y G  
GTGTGGGGCAACAACACGACGAGCGACAGGCAGACCGTCGccGccGAcATcGAcTAcGGc 

L A L T W D Y Y K T T H N R N G I F N D  
CTCGCGCTGACGTGGGATTACTACAAGACCACGCACAACCGCAACGGCATCTTCAACGAC 

G R G V R S Y A H V V F D T G S G T T G  
GGCCGCGGCGTGCGCAGCTACGCGCACGTGGTGTTCGACACCGGCAGCGGCACGACGGGC 

A N A A W L S S R V M V Y G D G E P G T  
GCGAACGCCGCGTGGCTGTCGTCGCGCGTGATGGTGTACGGCGACGGCGAGCCGGGCACG 

R L P K P V V S V D V A G H E M S H G V  
CGGCTGCCGAAGCCCGTCGTGTCGGTCGACGTGGCCGGGCACGAGATGAGCCACGGCGTG 



4 4 2 D G R S Y S C Y P S G G F S W A N P R H  
1381 GACGGCCGCTCATACAGTTGCTACCCGTCCGGCGGCTTCTCGTGGGCGmTCCGCGCCAC 

4 6 2 D P H Y T S G V G N R F F Y L L A E G P  
1441 GATCCGCACTACACGTCGGGCGTCGGCAACCGGTTCTTCTATCTGCTCGCGGMGGCCCG 

5 4 2 D L Y G V N S L E S A T V A R A W S A A  
1681 GATCTGTACGGCGTGAATTCGCTCGAGAGCGCAACGGTCGCGCGCGCGTGGAGCGCCGCC 

562 G V  N  * 566 
1741 GGCGTGAACTGA 1752 

Figure 33. Nucleotide sequence and predicted amino acid composition of a 

putative neutral zinc metalloprotease (nmp gene) from B. pseudomallei 1026b. 

The ATG start and TGA stop codons are shown in bold. The putative Shine- 

Dalgarno sequence is underlined; the predicted active site (HEXXH motif) is 

bolded and underlined. The amino acid sequence demonstrating similarity to the 

N-terminal sequence of a B. cepacia 36 kDa protease is double underlined. 



Figure 34. Southern blot analysis of Burkholderia strains using 6. pseudomallei 

putative protease genes as probes. A) Probe: P32- labeled zmp gene. Lane 1, 

B. pseudomallei 1026b chromosomal DNA; lane 2, B. mallei ATCC23344 

chromosomal DNA; lane 3, 6. thailandensis E264 chromosomal DNA; lane 4, B. 

cepacia K56-2 chromosomal DNA: lane 5, B. cepacia 715j chromosomal DNA. B) 

Probe: P32 labeled nmp gene. C) Probe: P32- labeled mprA gene. B and C: 

Lane 1, 6. pseudomallei 1026b chromosomal DNA; lane 2, 6. thailandensis E264 

chromosomal DNA; lane 3, B. mallei ATCC23344 chromosomal DNA; lane 4, B. 

cepacia K56-2 chromosomal DNA. Chromosomal DNA was digested with 

appropriate restriction endonucleases, separated on 0.8% agarose gels, 

transferred to Genescreen Plus membrane, and hybridization was performed at a 

temperature of 6 5 ' ~  with one of three P32-labeled DNA fragments. 
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putative protease genes were shown to be present in all four Burkholderia 

species assessed. 

3.7.7 Construction of allelic exchange knockouts in three putative protease 

genes. Allelic exchange was performed to construct knockouts in 6. 

pseudomallei DD503 and B. fhailandensis DW503 in each protease gene (zmp, 

nmp, mprA). The zmp gene was disrupted using an oriZeo cassette, and the 

resulting mutants were designated 6. pseudomallei MB600 and 6. thailandensis 

AW600. The nmp gene was inactivated using zeR cassette to construct 6. 

pseudomallei MB700. The nmp gene was inactivated using an oriTp cassette to 

construct B. thailandensis AW700. The mprA gene was disrupted using an oriTp 

cassette, and the resulting strains were designated B. pseuclomallei MB800 and 

B. thailandensis AW800. 

3.7.8 Protease activity on 3% SM plates. The proteolytic activity of B. 

pseudomallei strains 1026b, DD503, MB600, MB700 and MB800, and 6. 

thailandensis E264, DW503, AW600, AW700 and AW800, were assessed on 3% 

skim milk agar plates. All strains demonstrated proteolytic activity as indicated 

by a zone of clearing around individual colonies. 

3.7.9 MlCs to PMB and PS. The MlCs of MB600, MB700, MB800, AW600, 

AW700 and AW800 were determined using PMB E-test strips. Following 24 

hours of incubation at 37OC, zones of inhibitions were seen in 2 of the protease 
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mutants (Figures 35 & 36), but not in the parent strains, DD503 and DW503. 

Following 48 hours of incubation at 37OC, the zones of inhibition were no longer 

present. This indicates that these mutants were initially inhibited by PMB but 

were able to effectively overcome its bactericidal effect. 

The ability of MB600, MB700, MB800, AW600, AW700 and AW800 to 

grow in the presence of PS was virtually unaffected. All strains grew at levels 

similar to wild type following 24 and 48 hours of incubation at 37OC. 

3.7.10 Digestion of PS by supernatants. In order to test the ability of the 

protease mutants to cleave PS, the supernatants from overnight cultures of B. 

pseudomallei and B. fhailandensis strains were incubated with PS and subjected 

to SDS-PAGE analysis. The resulting gels are shown in Figure 37. These 

results indicate that supernatants from DD503 and DW503 can degrade PS, and 

all of the mutants strains retain the ability to cleave PS to varying degrees. 

3.7.11 lntracellular survival of MB600, MB700 and MB800. In order to assess 

the ability of the B. pseudomallei protease mutants to survive intracellularly, a 

murine macrophage cell line was employed. Survival of MB600, MB700, and 

MB800 inside J774A.l cells did not differ significantly from that of the parent 

strains, 1026b and DD503. Results are shown in Table 16. 
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3.7.12 Relative virulence of MB600, MB700, MB800 in the Syrian golden 

hamster model of infection. In order to assess the relative virulence of the 6. 

pseudomallei protease mutants compared to the wild type strain, we used the 

Syrian golden hamster model of 6. pseudomallei infection. The LDS0 values 

determined are shown in Table 17. At 48 hours post inoculation, MB800 had an 

LD50 value similar to wild type 6. pseudomallei while ME600 had a slightly 

increased LD50 that decreased by 72 hours post-inoculation. Interestingly, MB700 

had a 2 log increase in its LDS0 in this animal model of B. pseudomallei infection. 

The surviving groups of animals infected with MB700 did not die within 6 days of 

inoculation and were euthanized at this time. These studies indicate that the 

product of the nmp gene is likely important in disease in this animal model of 6. 

pseudomallei infection. All animals were confirmed to be septicemic at the time 

of death. 



Figure 35. PMB E-tests with B. pseudomallei MB600, MB700, MB800. Plates 

were incubated at 37OC for 24 hours then photographed. A) DD503 B) MB600 

C) MB700 D) MB800. 







Figure 36. PMB E-tests with B. fhailandensis AW600, AW7Q0, AW800. Plates 

were incubated at 37OC for 24 hours then photographed. A) DW503 B) AW600 

C) AW700 D) AW800. 







Figure 37. PS digestion by B. pseudomallei and B. thailandensis supernatants. 

Overnight cultures (3ml) were grown in TSBDC broth to an ODGo0 = 1.2; 1 ml of 

cells were pelleted and supernatants were filter sterilized. In each reaction, 50 

pg of PS in Buffer A pH 7.0 and 20 p1 of supernatant was incubated at 37OC for 2 

hours. Reactions were subsequently analyzed on 15% SDS-PAGE gels. A) B. 

pseudomallei strains: lane 1, PS alone; lane 2, 1026b; lane 3, DD503; lane 4, 

MB600; lane 5, MB700; lane 6 , MB800. B) B. thailandensis strains: lane 1, PS 

alone; lane 2, E264; lane 3, DW503; lane 4, AW600; lane 5, AW700; lane 6, 

AW800. MW, BENCHMARK prestained protein ladder (Invitrogen Life 

Technologies). 
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Table 16. lntracellular survival of B. pseudomallei strains in J774A. 1 cells. 

Strain lnoculum (cful100 pI) Survivala (cfulwell) 

a) 1-5 x l o 5  tissue culture cells were incubated with 100 p1 of bacteria to give an 

M.O.I. of 1-10 bacteria per eukaryotic cell. Bacteria were incubated with the 

J774 cells for 1 hour at 37OC in 5% C02 to allow for bacterial uptake, followed by 

a 2 hour incubation in media containing 200 pglml kanarnycin to kill extracellular 

bacteria. Subsequently, fresh media containing 25 pglml kanamycin was added 

and cells were incubated at 37OC with 5% C02 for 18 hours. The J774 cells were 

then lysed using 1 % Triton X-100, and intracellular bacteria were quantitated by 

plating serial dilutions of the lysate. Data are expressed as mean f S.D. of 3 

wells per experiment. 

b) pc0.05 (t-test) compared to B. pseudomallei strains. 
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Table 17. LDSOs for B. pseudomallei protease knockouts. 

LD50 6 days B. pseudomallei 

Strain 

4 3  orgs 

~ ~ 5 0 ~  48 hours 

1026b 

DD503 

MB6OO 

MB700 

a) 6-8 week old female hamsters were inoculated intraperitoneally with a 100 pI 

LD50 72 hours 

of a number of serial dilutions of mid log phase bacteria. 

< I 3  orgs 

<8 orgs 

18 orgs 

5.3 x102 orgs 

b) LDS0s were determined by the method of Reed and Muench (120). 

- 

- 

<4 orgs 

5.3 x102 orgs 

- 

- 

- 

5.3 x l o 2  orgs 



4. DISCUSSION 



I 8 9  

B. pseudomallei is intrinsically resistant to a variety of antibiotics including 

most p-lactams, aminoglycosides and polymyxins (34, 106). 6. pseudomallei 

produces a chromosomally encoded p-lactamase (42). Resistance to 

streptomycin, tobramycin and kanamycin have been shown to be due to the 

presence of an efflux pump encoded by the amrRAB-oprA operon (106). There 

are a variety of antibiotic combinations that are used to treat B. pseudomallei 

infection including ceftazidime-cotrimoxazole, meropenem, kanamycin- 

tetracycline, and chloramphenicol-doxycycline-cotrimoxazole (21, 25, 71). 

Unfortunately, despite aggressive therapy with antimicrobials that are effective 

against this pathogen, the mortality rate due to acute septicemic B. pseudomallei 

infection remains unacceptably high (22). 

B. pseudomallei has previously been shown to resist the killing action of 

professional phagocytic cells. In fact, it has been demonstrated that B. 

pseudomallei can survive and replicate in alveolar macrophages, cultured RAW 

cells and polymorphonuclear leukocytes (PMNs) (74). Professional phagocytes 

such as neutrophils and mononuclear phagocytes are major effectors of 

antibacterial defense. Neutrophils are important circulating phagocytes forming 

the first line of defense against invading bacteria. Jones et a/ demonstrated that 

B. pseudomallei resists both the oxygen-dependent and oxygen-independent 

bactericidal effects of PMNs (73, 74). It has been shown that B. pseudomallei 

induces only a weak respiratory burst or inhibits the respiratory burst activity of 

PMNs and that B. pseudomallei is resistant to the killing action of defensins (73, 

74). Preliminary studies have demonstrated that a phagosomal-lysosomal fusion 
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event occurs (128) which would expose intracellular bacteria to the antimicrobial 

peptides contained within the neutrophil lysosome. Additionally, it is possible 

that B. pseudomallei may encounter CAPs during respiratory infections upon 

colonization of the respiratory epithelium. 

The effects of the human defensin HNP-1 on wild type and invasion 

deficient B. pseudomallei strains has previously been assessed, and results 

indicate that this organism actually grows in the presence of defensins (74, 75). 

B. pseudomallei showed a 0.42-0.54 loglo increase during exposure to HNP-1 

(74, 75). The resistance of this organism to intracellular killing by defensins may 

allow escape from the short lived PMN thereby allowing them to be taken up by 

less bactericidal mononuclear phagocytes (75). This strategy may allow for 

prolonged intracellular survival. The ability of B. pseudomallei to survive 

intracellularly and to resist the killing action of many antibiotics including CAPs 

may be important in the pathogenesis of this infection. 

In the present studies we investigated the CAP resistant phenotypes of 6. 

pseudomallei and B. thailandensis using PMB and PS as model systems. 

Results indicated that both of these species have the capacity to survive and 

grow in the presence of extremely high concentrations of both PMB and PS. In 

fact, we have found that B. pseudomallei 1026b and B. thailandensis E264 

survived and multiplied at all achievable concentrations of PMB and PS. 

Additionally, both organisms demonstrated resistance to magainin-ll-amide, 

melittin, cecropins A, B and P I  as well as to poly-L-lysine, which is not surprising 
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given the resistance displayed to PS. As expected, E.coli and S. typhimurium 

were killed in the presence of modest concentrations of PMB and PS. 

Two component regulatory systems are commonly used by bacteria to 

alter gene expression in response to changes in the surrounding environment. 

S. typhimurium has been shown to employ a number of different two component 

regulatory systems to alter gene expression in response to changes in 

environmental stimuli (46, 50, 51). In order to make a preliminarily assessment 

of PMB resistance in B. pseudomallei and B. thailandensis was under 

transcriptional control, we employed I D  and 2D SDS-PAGE analysis to assess 

the expression of various factors in the presence of PMB. Our results indicated 

that it is unlikely that these organisms depend on inducible expression of specific 

factors for PMB resistance, as few changes were observed between cells grown 

in the presence PMB compared to those grown in the absence of PMB. This is 

consistent with the observation that bacteria relying on expression of specific 

genes in the presence of PMB for resistance show much lower levels of 

resistance to PMB. 

The initial approach we employed to gain insight into the mechanism(s) of 

PMB resistance in 6. pseudomallei was transposon mutagenesis in combination 

with replica plate screening. We isolated PMB-susceptible TnSOT182 mutants 

of B. pseudomallei that could not grow on LB media containing 200 pglml of 

PMB. The MlCs determined for the B. pseudomallei PMB-susceptible mutants 

were in the 32 - 256 pglml range, which is considerably lower than the parent 
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strain. However, these MlCs are still higher than those seen for other PMB- 

susceptible bacterial species such as E. coli. 

Data from DPX binding experiments indicated that PMB is unable to 

permeablize the outer membrane of wild type B. pseudomallei 1026b. The PMB- 

susceptible Tn5-OTl82 mutants obtained in this study had increased abilities to 

bind DPX indicating their outer membranes possessed alterations such that PMB 

could interact with hydrophobic regions that were inaccessible in the parent 

strain. These results indicated that the outer membrane barrier in these strains 

was compromised and had become more permeable to PMB.. In addition, these 

mutants demonstrated decreased MlCs to a number of other antimicrobial 

compounds, supporting the notion that the permeability of the bacterial outer 

membranes was considerably altered. DPX binding to B. pseudomallei LPS was 

not directly quantitated, but due to the fact that the PMB-susceptible mutants 

were able to bind DPX, it can be inferred that PMB is able to interact with B. 

pseudomallei LPS but is prevented from doing so in wild type cells. Additionally, 

it had been shown that LPS from the closely related 6. cepacia can bind to DPX 

(1 06). 

In these studies two distinct groups of mutants were identified: (1) those 

with disruptions in genes predicted to be involved in or that affect LPS core 

oligosaccharide biosynthesis resulting in incomplete LPS molecules and (2) 

those with disruptions in the IytB gene. Both groups of mutants exhibited 

differences in their outer membrane protein profiles compared to wild type B. 

pseudomallei suggesting that the integrity of this permeability barrier may be 
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compromised. In addition, it is well established that bacterial LPS is a 

permeability barrier that confers resistance to a variety of antimicrobial agents 

(1 10). Alteration of this barrier often leads to increased sensitivity to hydrophobic 

and cationic compounds (49, 1 10). 

The genetic loci disrupted in the PMB-susceptible Tn5-OT182 mutants 

were identified and sequenced. Allelic exchange was then employed for the 

construction of defined mutations in each specific gene identified. These 

mutants were then subjected to MIC determination and DPX binding assays. 

The results obtained confirmed that the genes identified by transposon 

mutagenesis were responsible for conferring a PMB-resistant phenotype in B. 

pseudomallei and B. thailandensis. 

The PMB-susceptible mutants possessing mutations affecting lipid A-LPS 

core biosynthesis were shown to be susceptible to the killing action of 30% NHS, 

while the lytB mutants were not. This is consistent with previous data 

demonstrating that the 0-PS is required for serum resistance. Additionally, the 

PMB-susceptible LPS mutants were shown to have increased susceptibility to 

the action of 30% HS compared to the wild type strain and the lyfB mutant. 

These results support the idea that these mutants have severely compromised 

outer membrane barriers. 

The PMB-susceptible mutants demonstrated changes in their ability to 

cause disease in the Syrian golden hamster model of infection. The virulence of 

the lyfB mutant was only slightly attenuated compared to the wild type strain, but 
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the LPS mutants were severely attenuated for virulence in this model of B. 

pseudomallei infection as demonstrated by increased LDS0 values. 

The data collected in the present study indicate that it is the architecture of 

the B. pseudomallei cell that prevents PMB molecules from interacting with target 

groups on LPS molecules and phospholipids. The core structure of 6. 

pseudomallei has been described and is shown in Figure 18. It has been shown 

to have a similar structure to 6. cepacia, but lacks the aminoarabinose 

substitutions that are present on B. cepacia LPS (82, 150). Unfortunately, the 

structure of the lipid A of 6. pseudomallei has not yet been elucidated. The 

results obtained in this study indicate that the 0-antigen and outer core 

components of B. pseudomallei LPS likely act as a protective barrier, possibly in 

combination with other membrane components, in order to prevent PMB 

molecules from interacting with potential binding sites found in the inner core and 

lipid A regions of the moiety. This is clearly seen in mutants of 6. pseudomallei 

that possess incomplete LPS molecules, specifically those with disruptions in 

genes involved in or affecting LPS core biosynthesis. Thus, in order to achieve a 

PMB-susceptible phenotype in this organism, LPS alterations must be such that 

both outer core and 0-antigen moieties of LPS are absent. 

It appears that there is another mechanism of PMB resistance that is LPS 

independent. This is seen in the mutants that contain mutations in the IytS gene. 

These mutants possess a wild type LPS profile as no obvious changes were 

identified using Western blot or silver staining techniques, yet significantly 

reduced MlCs to PMB are apparent. This may be explained in part by the fact 
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that the lyfB gene product in other organisms has been shown to affect 

phospholipid and peptidoglycan biosynthesis (53, 59, 1 15, 121 ) leading to 

changes in membrane permeability. Possible factors affecting membrane 

integrity include changes in phospholipid arrangement and stability as well as the 

destabilization of cross bridges between neighbouring LPS molecules. More 

recently, it has been shown that IyfB is involved in isoprenoid biosynthesis (3, 

24). In any case, there are complex changes that occur due to disruption of the 

IytB gene leading to PMB susceptibility. These changes are not yet fully 

understood and are being further investigated. 

Following screening for PMB-susceptible mutants of B. pseudomallei, we 

have confirmed that LPS core biosynthesis genes are implicated in cationic 

peptide resistance, and this is consistent with the findings of a number of 

previous studies (1, 7, 139). Further investigation is required in order to 

determine the exact lengths of the truncated LPS molecules, the presence or 

absence of potential PMB binding sites, and the charges on the LPS molecules. 

With this information it can be assessed whether or not PMB and possibly other 

antibiotics can efficiently attack the membrane of B. pseudomallei cells. In 

addition, we have identified a possible LPS independent mechanism of PMB 

resistance, but the exact nature of this susceptibility requires further 

investigation. 

Salmonella has been shown to grow at moderate concentrations of PS (up 

to 100 pglml) and is not significantly affected by exposure to HNP-1. In contrast, 

B. pseudomallei has been shown to be able to survive and grow in the presence 
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of > 1 mglml of PS demonstrates resistance to HNP-1 and actually increases 

following incubation with HNP-1 (74). The PMB-susceptible mutants isolated in 

this study were shown to remain resistant to the action of other CAPs including 

cecropins A, B and PI,  magainin-ll-amide, melittin, PS, poly-L-lysine, and 

defensin HNP-I. This indicates that resistance to these CAPs is likely due to 

other properties of the 6. pseudomallei cells. Resistance to some of these CAPs 

in other organisms has been shown to involve other mechanisms including 

protease degradation of CAPs and efflux pumps (47,94, 100, 130, 137). 

Attempts to isolate specific genes in PS resistance using Tn5-OT182 

mutagenesis were unsuccessful suggesting that more that one gene or a gene 

cluster is responsible for such resistance. Additionally, we could not identify 

specific genes involved in PS resistance via screening of cosmid libraries in the 

presence of PS. It is suspected that this resistance is due to multiple factors 

expressed by B. pseudomallei and B. thailandensis. 

Proteases have been implicated in CAP resistance in E. coli, S. 

typhimurium and S. marscesens. It has been shown that the ompT and pgtE 

proteases of E.coli and S. typhimurium, respectively, are involved in PS and a- 

CAP resistance at least in the initial stages of infection (47, 137). In the present 

study we made the observation that a purified B. pseudomallei protease could 

cleave PS. The protease used in these experiments was an extracellular serine 

metalloprotease. This protease was shown to cleave PS at pHs 5-10, and this 

could be inhibited by the addition of EDTA. Additionally, we observed that when 

bacteria were grown in the presence of a PS and ImM DTT which is known to 
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inhibit this protease, the number of viable cells was 2 logs less than when the 

bacteria were grown with PS or DTT alone. In order to further study this 

phenomenon, we chose to investigate the role of protease genes in CAP 

resistance. 

In order to identify protease gene sequences we chose to develop a phoA 

fusion mutagenesis system in B. pseudomallei and B. thailandensis. The system 

we chose to investigate and implement in this study was the TnphoA fusion 

vector system. The phoA gene fusion approach relies on the fact that the 

periplasmic bacterial alkaline phosphatase (PhoA) must be located 

extracytoplasmically for enzymatic activity to occur (97, 138). TnphoA utilises a 

Tn5 transposon containing a truncated phoA gene which lacks a signal 

sequence. This transposon can randomly generate phoA gene fusion upon 

integration into the recipient bacterial chromosome (97, 135). If the targeted 

gene encodes an exported protein the hybrid protein expressed will exhibit PhoA 

activity, and the resulting colony will appear blue when grown on media 

containing the chromogenic substrate XP. Due to the fact that exported proteins 

are frequently involved in pathogenesis, this system provides a means by which 

the selection for the identification of virulence genes is enhanced. There are a 

number of instances in the literature in which TnphoA mutagenesis has been 

used successfully for the identification of virulence factors . 

B. pseudomallei has previously been shown to possess AP activity, in fact 

both 6. pseudomallei and B. thailandensis are able to hydrolyze the chromogenic 

substrate XP. In this study, we have demonstrated the presence of acpA gene 
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homologues in B. pseudomallei, and B. thailandensis. Tn5-0T182 mutagenesis 

was successfully used in combination with an XP screen to identify these gene 

homologues in both B. pseudomallei and B. thailandensis. We have also shown 

that the acid phosphatase activity associated with these strains is due to the 

presence of a functional acpA gene homolog. The nucleotide sequence of the B. 

pseudomallei acpA gene obtained from a Tn5-OTl82 mutant was used to design 

PCR primers for complementation analyses. The identification of the acpA 

genes in these organisms has allowed for the construction of strains devoid in 

acid phosphatase activity through allelic exchange. These acid phosphatase 

negative strains have been successfully mutagenized with Tn5 based 

transposons containing truncated phoA genes. Such procedures have been 

useful for the identification of genes that potentially contribute to the 

pathogenesis of melioidosis. 

It is clear that Tn5 based transposons containing truncated phoA genes 

can be successfully used efficiently in B. pseudomallei and B. thailandensis 

strains. Two transposons, TnphoA and mini-OphoA, were used in these 

organisms. The strains constructed in this study and the phoA mutagenesis 

procedures employed will be useful in future investigations involving 

extracytoplasmic products. The B. thailandensis strain DW401 will be particularly 

useful as it is a non-virulent strain that can be used as a laboratory tool for the 

identification of genes likely to be present in highly virulent but closely related B. 

pseudomallei strains. 



199 

The phoA mutagenesis approach used in this study has led to the 

identification of a number of genes encoding exported proteins. Further 

investigation of the genes sequences identified thus far will be useful to 

characterize of the role of specific gene products in the pathogenesis of 

melioidosis. Construction of isogenic mutants in specific genes will allow us to 

assess the contribution of particular genes to particular phenotypes and will be 

useful in virulence assessment. 

Preliminarily studies with regard to the role of the acpA gene product in 

the pathogenesis of B. pseudomallei infections indicate that the disruption of the 

acpA gene does not significantly alter virulence. The mutants harbouring 

disrupted acpA genes may be useful for future studies regarding the specific 

functioning of the acpA gene and its product. 

We were able to identify DNA sequences demonstrating homology to two 

different proteases using the phoA fusion mutagenesis approach. The 

sequences identified demonstrated homology to a putative ATP-dependant zinc 

protease from Arabidopsis thaliana and a periplasmic serine protease from 

Aquifex aeolicus. Another protease gene designated mprA was already present 

in the Genbank database. Fortunately for our studies, the 5. pseudomallei 

genome sequencing project has recently been completed at the Sanger Center 

and we were able to employ BLAST search tools to identify several putative 

protease genes. 

Using the putative protease sequences we identified by the phoA fusion 

approach as well as a variety of protease gene sequences from other organisms 
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present in the GenBank database, we were able to identify seven putative 

protease genes in the B. pseudomallei genome sequence. Three putative 

protease genes we selected for further study. The mprA gene has recently been 

described by Lee and Lui and was shown to encode a serine metalloprotease. 

The nmp gene was predicted to encode a neutral metalloprotease, and the zmp 

gene was predicted to encode a zinc metalloprotease. All three of these 

proteases were predicted to be extracellular. PCR amplification was used to 

obtain these genes from the B. pseudomallei 1026b chromosome. Southern blot 

analysis revealed that zmp, nmp and mprA are present in 4 different Burkholderia 

species. This reflects how closely related these species are. 

Allelic exchange was used to construct knockouts in these genes in both 

B. pseudomallei and in B. thailandensis. All knockout strains retained protease 

activity when grown on 3% skim milk agar. This supports the presence of 

multiple proteases in these organisms and may be the reason why previous 

transposon mutagenesis studies were unsuccessful in identifying protease 

structural genes. 

The B. pseudomallei and 8. thailandensis protease knockout strains were 

assessed for susceptibility to PS and PMB. All strains remained resistant to PS 

and PMB, however, transient susceptibility to PMB as determined by E-test strips 

was observed in MB600lAW600 and MB700lAW700 following 24 hours of 

incubation at 37OC. Zones of growth inhibition were present around the PMB E- 

test strips for strains MB600lAW600 and MB800lAW800, but not for 

MB800lAW800 or the parent strains. Following 48 hours of incubation at 37OC, 
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these zones were no longer present. These results indicated that products of the 

nmp and zmp genes may play a small role in PMB resistance probably in the 

initial stages of growth but it is unclear exactly how. It is possible that these 

proteases may act to cleave and inactivate defensins, and thereby resist their 

killing action. Although the phago-lysosomal pH is likely too acidic for these 

bacterial proteases to act, it is possible that proteolytic activity may be effective 

immediately following phagocytosis prior to acidification. It has been established 

that there is a brief period of increased endosomal pH that provides optimum 

conditions for defensin activity (80). It may be at this time that proteases can act 

to degrade defensins, however, evidence for this theory is lacking. 

The B. pseudomallei protease knockout strains MB600, MB700 and 

MB800 were assessed for their abilities to survive intracellularly in the mouse 

macrophage cell line J774A.1. All of these strains demonstrated wild type levels 

of intracellular survival in this cell line. Additionally, these strains were assessed 

for virulence in the Syrian golden hamster model of infection. The LD50 value 

determined for the mprA mutant, MB800 was similar to that of the parent strain. 

The zmp gene mutant, MB600 demonstrated a slightly increased LD50 value 

when assessed at 48 hours, however, by 72 hours this strain demonstrated wild 

type levels of virulence. The nmp mutant, MB700 was less virulent than the wild 

type strain demonstrating at least a 2 log increase in its LDS0 value compared to 

wild type 6. pseudomallei. These results implicate the nmp gene product, a 

predicted neutral metalloprotease, as playing a role in the pathogenesis of B. 

pseudomallei infection. 
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Results of the present studies indicate that CAP resistance in 6. 

pseudomallei and 6. thailandensis is multifactorial. We were able to identify 

specific genes involved in PMB resistance. These loci were demonstrated to be 

important in the virulence of 6. pseudomallei, and the products of these genes 

may be considered as potential drug targets. The lipid AILPS core- 

oligosaccharide biosynthesis genes that were identified are specific to bacterial 

cells and therefore could be assessed for their potential as drug targets. 

Additionally, the IyfB gene identified was shown to have homologs in a variety of 

other bacterial species and has been shown to be essential in E.coli (3), making 

it a possible drug target. 

We were unable to identify specific loci involved in PS resistance in B. 

pseudomallei and B. thailandensis. It may be that the genes involved in this 

resistance are essential and that their disruption is lethal for the bacterial cells. It 

is also possible that resistance to PS is conferred by more than one specific 

genetic locus, and in order to obtain a PS-susceptible strain, multiple loci may 

have to be disrupted. 

CAPs represent a unique class of antibiotics and many synthetic CAPs 

exist and are being evaluated clinically. However, prior to the implementation of 

such treatments, it is important to understand the ways in which microorganisms 

resist the killing action of CAPs. This study has provided insight into some of the 

mechanisms of resistance to CAPs in 6. pseudomallei and 6. thailandensis. 
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