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ABSTRACT 

Exotoxin A production in Pseudomonas aeruginosa is a complex, highly 

regulated process which includes both environmental and genetic factors. Several genes 

have been identified which increase the expression of exotoxin A, the most prominent 

being regAB. Another regulatory gene, ptxR, has been shown to positively influence 

exotoxin A synthesis by acting through regAB. A negative exotoxin A regulatory gene 

was located upstream of ptxR in the opposite orientation. This gene, ptxS, interferes with 

the effect of ptxR on exotoxin A expression through an unknown mechanism. PtxS 

belongs to the GalR-LacI family of transcriptional repressors. Due to the nature of this 

family of proteins, it is possible that ptxS acts as a negative regulator of ptxR expression 

by binding to its upstream region. Alternatively, ptxS may regulate another gene which 

then exerts its effects on ptxR transcription. The aim of this study is to determine how 

ptxR and/or ptxS are regulated. The ptxS gene was found to autoregulate its synthesis by 

binding to a 14 bp palindromic sequence within the ptxS upstream region. This 

palindrome represents the PtxS operator site. Any change within this sequence affects 

either the binding of PtxS to the operator, the expression of the ptxS gene, or both. 

However, the autoregulation is most likely not the only means of regulation within the 

ptxR-ptxS intergenic region. Deletion analysis of the ptxS upstream region localized the 

promoter region to approximately 700 bp upstream of the ptxS translational start site. 

Within this sequence, two additional regions of DNA binding activity were localized 

which were not due to PtxS binding. These results suggest that the ptxR-ptxS intergenic 

region is under the control of several potential factors. A second PtxS operator sequence 

was found downstream of ptxS which specifically bound PtxS. This target site was 

located upstream of four putative carbohydrate utilization genes. A P. aeruginosa ptxS 

isogenic mutant was unable to grow in the presence of 2-ketogluconate as a sole carbon 

source. Therefore, it was tested and proved that PtxS negatively regulates a putative 2-

ketogluconate utilization operon by binding to its upstream region. This binding activity 

is modulated in response to the specific inducer metabolite, 2-ketogluconate. It appears 

that/^/Jc^ is the first gene in the 2-ketogluconate utilization operon. 
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CHAPTER I 

INTRODUCTION 

General Characteristics 

Pseudomonas aeruginosa is a gram-negative, rod-shaped, motile bacterium that is 

capable of inhabiting a wide variety of environments (Vasil et al., 1986; Wick et al., 

1990b). Its ubiquitous nature is due to its simple growth requirements, ability to grow at 

a wide range of temperatures (4-42°C), and capacity to utilize many different carbon 

sources (Campa et al., 1993). Although P. aeruginosa prefers to grow aerobically, the 

bacteria can grow in oxygen-limiting environments if nitrate is supplied as an electron 

acceptor (Gilligan, 1995; Vasil et al., 1986). 

P. aeruginosa in the environment 

In nature, P. aeruginosa most commonly exists in its planktonic form in moist 

environments. It can live in soil and in water (Gilligan, 1995). The bacteria flourish in 

aqueous environments including lakes and pools, household plumbing, and even "sterile"" 

environments such as hospital respirators and saline solutions (Rolston and Bodey, 1992). 

This fastidious nature presents a serious threat to susceptible hosts (Wood, 1976). 

P. aeruginosa as a human pathogen 

P. aeruginosa continues to infect a growing number of populations (Montie, 

1998). Although most commonly an opportunistic pathogen, P. aeruginosa can also be 

isolated from immune-competent patients (Doggett, 1979). 

P. aeruginosa in healthy patients 

Infections in healthy patients include corneal infections, "swimmers ear" 

infections, and urinary tract infections (Gilligan, 1995). Most comeal infections occur in 

contact lens wearers who have used P. aeruginosa-coniamimLiQd saline solution 

(Gilligan, 1995). Swimmers ear infections are caused by swimming in contaminated 

water, including hot tubs, where the bacteria can survive at high temperatures (Sundstrom 
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et al., 1996). The majority of P. aeruginosa urinary tract infections are seen in the 

hospital setting where a urinary catheter was used (Gilligan, 1995). Localized infections 

such as these listed above can be spread from person to person through contact of a 

contaminated object (Wood, 1976). 

P. aeruginosa in immunocompromised hosts 

In the compromised host, P. aeruginosa is the causative agent of pulmonary 

infections, local tissue infections, and bacteremias (Wood, 1976). The severity of these 

infections is complicated even further by the fact that P. aeruginosa is known to be 

resistant to most antibiotics (Brown, 1975). Patients most often afflicted include cystic 

fibrosis patients, thermally injured patients, cancer patients, and AIDS patients (Govan 

andDeretic, 1996). 

P. aeruginosa infections in cystic fibrosis patients 

Cystic fibrosis (CF) patients must constantly battle infections with P. aeruginosa 

throughout the course of their life (Govan and Deretic, 1996; Hilman, 1997). CF is the 

most common inheritable disease among Caucasians affecting approximately 1 in 2500 

live births (Govan and Deretic, 1996; Govan and Nelson, 1992). The disease is 

characterized by an abnormally high secretion of chloride from epithelial cells due to a 

defective gene termed the cystic fibrosis transmembrane regulator (CFTR) (Govan and 

Deretic, 1996; Hilman, 1997). This mutation causes the lung to produce very sticky, 

dehydrated mucus which makes it difficult to purge the bacteria from the lungs (Govan 

and Deretic, 1996). In addition, the CF lung environment induces P. aeruginosa to 

produce an extracellular slime layer called alginate (Govan and Nelson, 1992) The 

alginate provides an additional anchor for the bacterium to attach to and colonize the lung 

(Govan and Deretic, 1996). 

Stages of a P. aeruginosa infection 

Over the course of an infection, P. aeruginosa undergoes three major stages of 

development (Montie, 1998). The first, and most critical, of these stages is bacterial 



attachment and colonization. During this stage, the bacteria uses cell surface-associated 

components to attach to and colonize its niche (Gilligan, 1995). Once the bacteria have 

successfully colonized an area, they will begin to spread throughout the tissue in search 

of nutrients (Gilligan, 1995). This is the second and most critical stage of infection. If 

the infection is not treated at this stage, it is very difficult to stop the onset of the third 

stage of infection, systemic dissemination (bacteremia) (Gilligan, 1995; Nicas and 

Iglewski, 1985). 

Virulence factors produced by P. aeruginosa 

Throughout each stage of the infection, P. aeruginosa produces a wide array of 

virulence factors in an effort to evade the immune response and spread throughout the 

host. Some of the factors are cell-associated while others are secreted into the 

extracellular environment (Nakazawa, 1996). 

Cell-associated virulence factors 

Flagellum 

Most of the cell-associated factors are predominantly used during initial 

attachment and colonization of the bacteria (Montie, 1998). P. aeruginosa contains a 

single, polar flagella which rapidly moves the bacterium through its surroundings 

(Montie, 1998). Once a suitable environment is encountered, the bacteria adhere to 

epithelial cells by a variety of ligands (Gilligan, 1995; Montie, 1998). 

Pili 

Small, hair-like projections protruding from the periphery of the cell, called pili, 

bind to receptors on epithelial cells (Woods et al., 1980). The pili are believed to have 

the initial contact with the eukaryotic cell surface (Hahn, 1997). The structure is 

retractable and can therefore bring the bacterial and eukaryotic cells close enough for the 

other cell-associated factors to produce their effects (Hahn, 1997). 



Exoenzyme S 

In conjunction with the pili, exoenzyme S has also been shown to play a role in 

adherence to epithelial cells (Baker et al., 1991). Exoenzyme S (ExoS) is an ADP-

ribosylating enzyme that causes cell death in a number of eukaryotic cells (Cobum, 

1992). The protein has been shown to localize to the cell membrane where it is exposed 

to the extracellular environment (Baker et al., 1991). In this position, exoenzyme S acts 

as a ligand by binding to a specific carbohydrate stmcture present in glycosphingolipid of 

buccal cells (Baker et al., 1991; Lingwood et al., 1991). Exoenzyme S has also been 

shown to degrade fibronectin, thereby exposing additional receptors for the bacteria to 

attach (Bergan, 1981; Woods et al., 1981). 

Alginate 

The alginate capsule (slime layer) is possibly P. aeruginosa's most important cell-

associated virulence factor (Martin et al., 1993). The alginate layer is an extracellular 

polysaccharide that consists of repeating polymers of glucuronic and mannuronic acid 

(Gacesa, 1998). It not only provides an alternate means of adherence, it also provides 

protection for the bacterium from host defenses (Gacesa, 1998). Production of alginate is 

most commonly observed in strains isolated from CF lungs (Mathee et al., 1999). When 

a non-mucoid P. aeruginosa environmental strain enters the CF lung, certain factGr(s) in 

the local environment trigger the bacteria to produce alginate, thereby becoming a 

mucoid strain (Mathee et al., 1999). The effector that induces mucoidy is not certain. 

However, Mathee et al. (1999) propose that the effector is the patient's own 

inflammatory response to the infection. Although most often associated with CF patients, 

mucoid strains of P. aeruginosa have also been isolated from other infected patients. 

This phenomenon is most often due to the formation of biofilms by the mucoid strains 

(Gacesa, 1998; Mathee et al., 1999). A biofilm is an aggregation of bacteria encased in 

alginate (Kolter and Losick, 1998). This formation protects the bacteria from host 

defenses and from treatment with antibiotics (Brubaker, 1999; Kolter and Losick, 1998). 



Secreted virulence factors 

Once a bacterium has attached to a suitable niche, it begins to colonize. During 

the colonization stage, the bacteria produce an array of secreted factors involved in 

nutrient acquisition and invasion of the local tissues (Gilligan, 1995). 

Hemolysins 

P. aeruginosa produces several hemolysins that are known to lyse red blood cells 

(Pollack, 1995). One of the hemolysins appears to be almost identical to phospholipase C 

while another is a lecithinase (Berka and Vasil, 1982). The hemolysins act 

synergistically to break down lipids and lecithin (Pollack, 1995). In addition, they have 

been shown to be toxic to alveolar macrophages (Pollack, 1995). 

Phospholipase C 

The precise role of phospholipase C (PLC) in the pathogenesis of infection is 

unclear. However, PLC has been shown to affect several areas of the host system (Berka 

et al., 1981). In vivo, PLC causes tissue necrosis (Berka and Vasil, 1982). In vitro, PLC 

increases bacterial adherence to epithelial cells, aggregates blood platelets, and produces 

cytotoxic effects on a number of cell types (Sage and Vasil, 1997). P. aeruginosa 

produces two types of PLC: one that is hemolytic (PlcH) and one that is non-hemolytic 

(PlcN) (Vasil et al., 1991). The hemolytic phospholipase C has been shown to suppress 

the bacterium-induced neutrophil respiratory burst (Terada et al., 1999). This strategy 

aids the bacterium in surviving the inflammatory response of the host (Terada et al., 

1999). 

Cytotoxin 

The P. aeruginosa cytotoxin is a pore-forming protein that was originally named 

'leukocidin' due to its affect on neutrophils (Pollack, 1995). It is now known that the 

cytotoxin affects most eukaryotic cells, causing cell death (Pollack, 1995). The cytotoxin 

acts in concert with the hemolysins and phospholipase C to acquire nutrients from the 

host (Montie, 1998; Sage and Vasil, 1997). 



Proteases 

P. aeruginosa produces four extracellular proteases: elastases A and B, alkaline 

protease, and a newly defined protease IV (Bever and Iglewski, 1988; Engel et al., 1998; 

Nicas and Iglewski, 1985; Ohman et al., 1980a; Schad et al., 1987). While elastase A 

does have elastolytic activity, elastase B (LasB) appears to be the dominant protein 

(Bever and Iglewski, 1988; Schad et al., 1987). Elastase exhibits several activities related 

to virulence. The enzyme cleaves collagen, IgG, IgA, and complement (Nicas and 

Iglewski, 1985). In addition, it aids in binding bacteria to epithelial cells by lysing 

fibronectin, thereby exposing additional receptors for attachment (Blackwood et al., 

1983). Elastase has also been shown to be an important virulence factor in bum wound 

infections (Rumbaugh et al., 1999). Mutants defective in elastase production were not 

able to spread as effectively through burned tissue and therefore did not disseminate into 

the bloodstream (Rumbaugh et al., 1999). Alkaline protease interferes with fibrin 

formation and will lyse fibrin (Howe and Iglewski, 1984). This allows the bacterium to 

spread effectively through tissue. The most recently described protease, protease IV, is 

genetically distinct from the previously mentioned elastases and alkaline protease and has 

been implicated in comeal infections (Engel et al., 1998). 

Siderophores 

As a mechanism for iron acquisition, P. aeruginosa secretes two main 

siderophores into the environment, pyochelin and pyoverdine. Siderophores are powerful 

iron chelators that solubilize and transport iron from the environment into the cell via 

specific membrane receptors (Crosa, 1989). Both siderophores are able to obtain iron 

from the natural environment, soil and water, and from the human host (Gensberg et al., 

1992). Pyochelin is a phenolate siderophore which has a relatively low affinity for iron 

(Gensberg et al., 1992). In contrast, pyoverdine is a chromophore-containing peptide 

which has a high affinity for iron (Gensberg et al., 1992) (Crosa, 1989). Pyoverdine 

production results in a yellow-green fluorescent bacterial culture (Crosa, 1989). 

Although different in structure, both siderophores function equally well in competing 

with transferrin for iron in the human host (Crosa, 1989). 



Both pyochelin and pyoverdine play a role in pathogenicity. In vivo studies have 

shown that pyochelin stimulates bacterial growth in murine infections (Crosa, 1989). 

Similarly, a mutant defective in pyoverdine produced significantly decreased mortality 

rates compared to the parent strain (Meyer et al., 1996). 

Exoenzyme S 

Exoenzyme S is an ADP-ribosylating enzyme that catalyzes the transfer of ADP-

ribose onto several eukaryotic GTP-binding proteins (Bergan, 1981). The enzyme 

preferentially acts on proteins within the H- and K-Ras family (Cobum and Gill, 1991). 

These proteins function as central components of signaling pathways regulating 

intracellular vesicle transport, cell proliferation and differentiation (Bourne et al., 1990). 

In vitro assays showed that ADP-ribosyltransferase activity depends on the addition of a 

eukaryotic protein, FAS for factor activating exoenzyme S (Cobum et al., 1991). FAS is 

a member of a widely-distributed family of eukaryotic proteins involved in the regulation 

of eukaryotic enzyme activities (Aitken et al., 1995). Due to the cellular targets and 

requirement for FAS, exoenzyme S is believed to disrupt normal cellular functions, 

thereby causing cell death of eukaryotic cells (Frank, 1997). 

Exotoxin A 

Exotoxin A is a second ADP-ribosylating enzyme produced by P. aeruginosa and 

is considered the most toxic of the secreted factors (Iglewski and Kabat, 1975). Exotoxin 

A is genetically distinct from exoenzyme S and catalyzes the transfer of an ADP-ribosyl 

moiety from NAD-i- to the diphthamide residue of elongation factor 2 of eukaryotic cells 

(Iglewski and Kabat, 1975). This process halts protein synthesis resulting in cell death 

(Iglewski and Kabat, 1975). The role of exotoxin A in the pathogenesis of P. aeruginosa 

infection is two-fold. The toxin acts at both the local level, allowing the bacteria to 

spread within the surrounding tissue, and at the systemic level through dissemination 

(Montie, 1998). 

Animal models prove the importance of exotoxin A in pathogenesis, as the LD50 

in mice is only 9.1 fig of toxin/kg body weight (Iglewski and Kabat, 1975). In addition. 



further research on the importance of the toxin as a vimlence factor led to the discover} 

that high anti-exotoxin A antibodies correlated with increased survival rates of patients 

infected with P. aeruginosa (Cross et al., 1980). Those patients who succumbed to 

infection had a much lower anti-exotoxin A antibody titer (Cross et al., 1980). Because 

of its apparent importance in the infection process, the biology of exotoxin A was 

investigated at the molecular level. 

Molecular biology of exotoxin A 

The role of exotoxin A (toxin A) in severe infections, including local tissue 

damage and dissemination into the bloodstream, has created great interest in discerning 

the molecular biology of the structure and function of this protein (Nakazawa, 1996). 

toxA gene 

The toxin A protein (ToxA) is encoded by the gene toxA, which is present as a 

single copy on the P. aeruginosa chromosome (Gray et al., 1984; Vasil et al., 1986). The 

nucleotide sequence of toxA encodes a predicted protein sequence of 638 amino acids 

(Gray et al., 1984). This polypeptide makes up a 71 kiloDalton (kDa) precursor protein 

which includes eight cysteine residues capable of forming four disulfide bonds (Gray et 

al., 1984). The 71 kDa precursor contains an N-terminal leader peptide which directs 

ToxA across the cytoplasmic membrane where it is processed (the leader peptide is 

cleaved) (Lory et al., 1983). The toxin is then released to the periplasm as a 68 kDa 

mature molecule (Lu et al., 1993; Strom and Lory, 1991). The transcriptional start site of 

toxA was located 88 base pairs (bp) upstream of the ATG initiation codon (Chen et al., 

1987). The promoter region of toxA was found to be an additional 72 bp upstream of the 

transcriptional start site (Tsaur and Clowes, 1989). Tsaur and Clowes (1989) suggested 

that this region contained a binding site for a positive regulator that would act in concert 

with the RNA polymerase to initiate transcription. 
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Regulation of exotoxin A 

The production of exotoxin A is regulated by multiple factors, including 

environmental and genetic elements (Nakazawa, 1996). Certain factors allow maximal 

expression of ToxA, while others repress its expression. This multiple level of control on 

toxin expression is vital to the pathogenicity of the bacterium (Nakazawa, 1996). 

Environmental regulation of exotoxin A production 

Liu (1973) has previously shown that several environmental factors regulate the 

production of exotoxin A. Optimum expression is obtained when cultures are grown to 

stationary phase at 32°C under maximal aeration in TSB-DC medium (Liu, 1973; Ohman 

et al., 1980a). TSB-DC medium is dialyzed trypticase soy broth that has been treated 

with Chelex to remove iron and that is supplemented with glycerol and glutamic acid 

(Ohman et al., 1980a). Iron was shown to repress exotoxin A expression at levels greater 

than 5 |iM Fê "̂  (Bjom et al., 1978). Northem blot hybridization experiments confirmed 

that iron represses exotoxin A expression at the transcriptional level (Lory, 1986). 

Genetic regulation of exotoxin A production 

Genetic regulation of exotoxin is multifactorial involving several positive and 

negative regulators. The known positive regulators include regA, regB, vfr, lasR, pvdS, 

and ptxR (Hamood et al., 1996; Hedstrom et al., 1986; Ochsner et al., 1996; Storey et al., 

1991; West et al., 1994b; Wick et al., 1990a). The known negative regulators ait fur and 

ptxS (Colmer and Hamood, 1998; Prince et al., 1991). 

regA 

During a search for the toxA gene by complementation of the hypotoxigenic 

mutant PA 103-29, the regA gene was cloned from P. aeruginosa strain PA 103. PA 103-

29 is a P. aeruginosa exotoxin A deficient strain isolated in 1980 (Ohman et al., 1980b). 

It was originally thought to be an exotoxin A stmctural mutant, since the toxA gene had 

not yet been cloned. However, in 1984, toxA was cloned (Gray et al., 1984), and it was 

found that a plasmid carrying the toxA gene did not complement the defect in PA 103-29. 



Therefore, it was assumed that the gene that did complement the mutation in PA 103-29 

was a regulatory gene, regA. Further analysis of this gene revealed that the regA open 

reading frame (ORE) encoded a 29 kDa protein, RegA (Hindahl et al., 1988), which 

localized to the cytoplasmic membrane of both P. aeruginosa and E. coli (Hamood and 

Iglewski, 1990). 

Transcriptional analyses of regA from PA 103 revealed the presence of two major 

transcripts, Tl and T2 (Frank and Iglewski, 1988; Frank et al., 1989; Wick et al., 1990b). 

Each transcript initiates from its own promoter, PI and P2, respectively (Frank and 

Iglewski, 1988; Frank et al., 1989; Wick et al., 1990b). Similar to the regulation of toxA 

transcription by iron, studies confirmed that regA transcription was also regulated by the 

presence of iron in the growth medium (Frank et al., 1989; Wick et al., 1990b). 

Additional studies demonstrated that PI is not responsive to the level of iron in the 

growth media and Tl transcripts occur early in the growth cycle. In contrast, 

transcription from the P2 promoter is tightly iron-regulated and T2 transcripts appear 

later in the growth cycle (Frank et al., 1989; Wick et al., 1990b). Transcription from the 

two regA promoters results in biphasic expression of toxA mRNA and exotoxin A 

production in PA103 (Frank and Iglewski, 1988; Frank et al., 1989). 

Further transcriptional analysis found that regA positively regulates toxA at the 

transcriptional level (Wick et al., 1990b). Although the exact mechanism of this 

regulation is not understood, several hypotheses have been tested. It was first suggested 

that RegA is a DNA binding protein that regulates exotoxin A transcription (Hamood and 

Iglewski, 1990). However, Hamood and Iglewski (1990) were unable to show binding 

activity of purified RegA to the toxA upstream region by the gel shift assay. It was also 

hypothesized that RegA may interact with the P. aeruginosa RNA polymerase (RNAP) 

to affect transcription of toxA (Walker et al., 1994). Walker et al. (1994) showed that 

toxA transcription was enhanced in vitro by the addition of purified RegA (Walker et al., 

1994; Zimniak et al., 1989). Based on this finding, the same authors suggested that RegA 

modifies P. aeruginosa RNAP to regulate toxA transcription. Further work showed that 

RegA increases the rate of isomerization of the RNAP-promoter complex from the closed 

state to the open state during toxA transcription initiation (Walker et al., 1995). 
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regB 

Located 3' of regA is another gene that is transcribed concomitantly with regA 

from the PI promoter (Wick et al., 1990a). The gene was cloned and sequenced and 

termed regB (Wick et al., 1990a), as part of the regAB operon. The regB gene was 

implicated as a secondary toxA regulatory gene (Storey et al., 1991; Wick et al., 1990a, 

1990b). Exotoxin A production was reduced five- to sevenfold in the absence of a 

functional regB gene (Wick et al., 1990b). Comparison of the regB genes from the 

hypertoxigenic P. aeruginosa strain PA 103 and the wild-type P. aeruginosa strain PAOl 

showed that PAOl carries a nonfunctional regB gene. The regB gene in PAOl lacks an 

ATG initiation codon (Wick et al., 1990b). When regB is nonfunctional, the first phase 

of toxA transcription was eliminated (Storey et al., 1991; Wick et al., 1990a, 1990b). 

Based on this finding. Storey et al. (1991) suggested that RegB is required for expression 

of regAB from the regA PI promoter as a means of autoregulation. 

vfr 

Complementation analysis of several toxA regulatory mutants isolated a global 

vimlence factor regulator, vfr (Ohman et al., 1980b; West et al., 1994a). These mutants 

were isolated by nonspecific mutagenesis and were not complemented by plasmids 

carrying either toxA or regA (West et al., 1994a). West et al. (1994) reported that vfr is a 

positive regulator of both regA PI promoter activity and the alkaline protease genes in P. 

aeruginosa. The vfr gene encoded a 28.5 kDa protein which showed strong homology to 

the E. coli cyclic AMP receptor protein (CRP) (West et al., 1994a). Vfr was found to 

have many of the conserved residues within the region responsible for binding cyclic 

AMP and the region required for interaction with the CRP-RNA polymerase (West et al., 

1994a). West et al. (1994) also identified a specific helix-tum-helix DNA binding motif 

However, it was not determined whether Vfr interacts directly with either the regA PI 

promoter or the toxA upstream region (West et al., 1994b). 

pvdS 
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The pvdS gene was originally isolated as a positive regulator for the production of 

the siderophore pyoverdine (Cunliffe et al., 1995; Miyazaki et al., 1995). PvdS is a 

putative member of a family of altemative sigma factors which is required for gene 

expression from a variety of pyoverdine promoters (Cunliffe et al., 1995; Miyazaki et al., 

1995). PvdS is negatively regulated by Fur, which likely explains the iron-regulated 

production of pyoverdine in P. aeruginosa (Ochsner et al., 1996). A study on the 

production of vimlence factors by a pvdS isogenic mutant showed that exotoxin A 

production was significantly reduced (Ochsner et al., 1996). In addition, no toxA nor 

regAB mRNA was detected from the mutant (Ochsner et al., 1996). When pvdS was 

present on a multi-copy plasmid in P. aeruginosa strain PAO 1, exotoxin A production 

was significantly increased and was expressed regardless of the presence of iron (Ochsner 

et al., 1996). However, this independence from iron regulation was not observed in a 

strain lacking regAB (Ochsner et al., 1996). Based on these findings, Ochsner et al. 

(1996) suggested that PvdS is required for the activation of the regAB promoters. 

PvdS has also recently been implicated in the regulation of another exotoxin A 

regulatory gene, ptxR (Vasil et al., 1998). Vasil et al. (1998) reported that transcription of 

ptxR was dependent on PvdS. RNA analysis and P-galactosidase expression of ptxR in a 

wild-type P. aeruginosa strain versus a pvdS mutant suggested that ptxR expression 

required/7vJ5 (Vasil et al., 1998). 

lasR 

The lasR gene was originally isolated from the P. aeruginosa strain PA 103 as a 

positive regulator of elastase expression (Gambello and Iglewski, 1991). The 716 bp 

lasR gene codes for a 27 kDa protein which has homology to the LuxR positive activator 

of Vibrio fischeri (Gambello and Iglewski, 1991). LasR was identified as the elastase 

regulator, promoting both lasB and lasA expression (Gambello and Iglewski, 1991). 

Since then, LasR has been implicated as a global vimlence factor regulator (Gambello et 

al., 1993; Storey et al., 1998). Further studies have found that LasR regulates alkaline 

protease, alginate, and exotoxin A synthesis (Gambello et al., 1993; Storey et al., 1998). 

The effect of lasR on exotoxin A expression appeared to occur within the upstream 
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region of toxA (Gambello et al., 1993). However, LasR did not affect the expression of 

regA, in contradiction to many other toxA regulators (Gambello et al., 1993). It is now 

known that LasR acts as the transcriptional regulator of one of the two quomm sensing 

systems in P. aeruginosa (Albus et al., 1997). 

ptxR 

A newly recognized positive regulatory of exotoxin A expression was isolated 

during the search for a toxin secretion gene from a P. aeruginosa excretion mutant 

(Hamood et al., 1992). Complementation experiments confirmed that ptxR does not 

complement the excretion defect, but enhances exotoxin A synthesis (Hamood et al., 

1996). Subcloning and nucleotide sequence analysis identified a 939 bp ORE that 

produced a 34 kDa protein (Hamood et al., 1996). The protein, PtxR, showed a high 

degree of homology to the LysR family of transcriptional activators (Hamood et al., 

1996). The amino terminus of PtxR contained the greatest similarity including a helix-

tum-helix motif consistent with other members of the family (Hamood et al., 1996). The 

upstream region of ptxR contains two promoters; PI, which is located approximately 312 

bases upstream of the ptxR start codon, and P2, which is localized at -166 and has been 

shown to be iron-regulated (Vasil et al., 1998). 

Studies to determine the effect of ptxR on exotoxin A revealed that toxA 

expression was increased 4- to 5-fold in the presence of multiple copies of ptxR (Hamood 

et al., 1996). This regulation occurred at the transcriptional level. RNA analysis also 

confirmed i\\ai ptxR increases regA transcription (Hamood et al., 1996). Hamood et al. 

(1996) suggested ihai ptxR regulates exotoxin A production through regA. 

PtxR has also been shown to regulate siderophore production (Hamood et al., 

1996). Previous results of siderophore production in the presence of multiple copies of 

ptxR showed that ptxR enhances siderophores irrespective of the presence of iron 

(Hamood et al., 1996). Subsequent research localized a pyoverdine chromophore operon 

(pvcABCD) upstream of ptxR in the opposite orientation (Stintzi et al., 1999). This 

operon was shown to be involved in the biosynthesis of pyoverdine (Stintzi et al., 1999). 

A P. aeruginosa ptxR mutant lacked pyoverdine expression, while a plasmid carrying 
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ptxR promoted high-level pvc expression. Again, this regulation was irrespective of the 

presence of iron (Stintzi et al., 1999). Stintzi et al. (1999) also showed that PtxR 

mediated the effect of PvdS (the pyoverdine altemative sigma factor) on pvcABCD 

expression. A P. aeruginosa mutant defective in pvdS produced low, but detectable 

levels of pyoverdine; whereas, the ptxR isogenic mutant produced no pyoverdine 

expression. However, constitutive expression of the ptxR gene in the pvdS mutant 

restored high levels of pyoverdine production (Stintzi et al., 1999). 

fur 

An important negative regulator of exotoxin A production in P. aeruginosa is fur, 

for ferric uptake regulator (Prince et al., 1993, 1991). The fur system was originally 

described in E. coli in which Fur regulates the expression of the siderophores (iron 

chelators) (Hantke, 1984). When iron is readily available. Fur forms a complex with the 

ferrous form of iron (Fe""̂ ) (Bagg and Neilands, 1987; Calderwood and Mekalanos, 

1987). This complex binds to a "fur binding box" (a consensus sequence to which Fur is 

believed to bind) within the upstream regions of the siderophore genes to repress 

transcription (Bagg and Neilands, 1987; Calderwood and Mekalanos, 1987). Whereas, 

when iron is scarce, fur does not form a complex and transcription of the/wr-regulated 

genes is active. A P. aeruginosa fur homologue was isolated and characterized by Prince 

et al. (1991). They showed that exotoxin A production was negatively regulated by iron 

through/Mr (Prince etal., 1993, 1991). 

ptxS 

An ORF was identified upstream of ptxR that interfered with the effect of ptxR on 

exotoxin A expression (Colmer and Hamood, 1998). P-galactosidase studies were 

performed using a toxAwlacZ fusion that was integrated into the P. aeruginosa strain 

PAOl chromosome. Results showed that a plasmid carrying ptxR and its 5" ORF 

increased toxA expression in P. aeruginosa approximately five-fold compared to the 

vector control (Colmer and Hamood, 1998). In contrast, a plasmid that carried only ptxR 

caused a 32-fold increase in toxA expression compared to the vector control (Colmer and 
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Hamood, 1998). This suggested that the 5' ORF was somehow interfering wiihptxR's 

enhancement of toxA transcription. Colmer and Hamood (1998) showed that this ORF 

did not have an effect on the ability of ptxR to regulate siderophores. The 5' open 

reading frame was termedptxS. A PAOl isogenic mutant in the ptxS gene produced 

approximately three times the level of exotoxin A activity compared to its parent strain, 

confirming its involvement in toxin regulation (Colmer and Hamood, 1998). 

The ptxS gene is divergently transcribed from ptxR on the opposite strand of DNA 

with an intergenic region of 545 bases (Colmer and Hamood, 1998). This region was 

found to contain several direct and indirect repeats, indicative of DNA binding regions. 

In addition, three potential cAMP-CRP binding sites were identified (Colmer, 1997). 

Mapping of the transcriptional start site of ptxS was performed, but a start site for either 

one or two potential transcripts was not confirmed. Analysis of the ptxS open reading 

frame showed that it encoded a 37 kDa protein, PtxS, which had a high degree of 

homology to the GalR-LacI family of transcriptional repressors (Colmer and Hamood, 

1998). Studies were performed to determine if PtxS negatively regulated/7r.rP 

transcription directly. TwoptxR.ilacZ fusion plasmids were constmcted: one fusion 

contained ptxR alone fused to lacZ while the other fusion carried the intact ptxS gene 

upstream of the fusion (Colmer and Hamood, 1998). Results of the assays confirmed that 

the presence of the ptxS gene interferes with the expression of ptxR (Colmer and 

Hamood, 1998). Whether this regulation occurred by directly binding to the upstream 

region or through some other indirect mechanism was not confirmed. 

The purpose of this study 

The regulation of exotoxin A expression in P. aeruginosa is very complex and 

multifactorial. We have identified two genes within our lab that regulate toxin 

expression: a positive regulator of transcription {ptxR) and a negative regulator of 

expression {ptxS). The goal of the research described in the following chapters was to 

determine how these regulatory genes themselves are being regulated. This goal led to 

the following objectives: 

1. Isolate a DNA binding protein that binds to and regulates ptxS transcription. 
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2. Determine the target sequence for this DNA binding protein. 

3. Localize the ptxS promoter region. 

4. Determine the function of the DNA binding protein. 
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CHAPTER II 

MATERIALS AND METHODS 

Bacterial strains, plasmids, media and growth conditions 

Bacterial strains and plasmids used in this work are listed in Table 2.1. 

Escherichia coli strains were routinely grown in Luria Bertani (LB) medium (1% bacto-

tryptone [Difco Laboratories, Detroit, MI], 0.5% yeast extract, and 1% NaCl). Cultures 

were incubated with maximum aeration at 37°C with the addition of the appropriate 

antibiotics. P. aeruginosa strains were grown in Chelexed trypticase soy broth dialysate 

(BBL Microbiology Systems, Cockeysville, MD) to which 1% glycerol and 0.05M 

monosodium glutamate were added (TSB-DC) (Ohman et al., 1980b) except where 

otherwise noted. P. aeruginosa strains PAOl and its ptxS isogenic mutant were grown in 

M-9 media (Miller, 1972) with the addition of 10 mM glucose, 2-ketogluconate, 

gluconate, glucose-6-phosphate, or 6-phosphogluconate (Sigma Chemical Co., St. Louis, 

MO) as indicated. A calcium-free solution of 100 mM 2-ketogluconate was prepared as 

follows: 1.45g of 2-ketogluconic acid salt (Sigma, H20 content 1.5 mol/mol) was 

dissolved in 48 ml of dH20, heated to 70°C for 10 min and 12 ml of 10.5 M potassium 

phosphate buffer (pH 7.0) were added. After centrifugation for 15 min at 6.0 x g, the 

resulting 100 mM 2-ketogluconate solution was decanted from the insoluble calcium 

phosphate and filter sterilized. P. aeruginosa cultures were grown at 32°C with vigorous 

aeration with the addition of the appropriate antibiotics. Growth conditions for specific 

assays are described in the text. Antibiotics were used at the following concentrations: E. 

coli: ampicillin, 75 |ag/ml; carbenicillin, 100 |Lig/ml; chloramphenicol, 15 |ig/ml; nalidixic 

acid, 20 |Llg/ml; streptomycin, 100 |lg/ml. P. aeruginosa: carbenicillin, 300 fig/ml; 

rifampicin, 80 |ig/ml; streptomycin, 400 ^g/ml; gentamycin, 10 ^g/ml. 

DNA manipulations 

Plasmid DNA was prepared by the alkaline lysis method as previously described 

(Ausubel, 1988). DNA modifications and restriction digestions were performed as 

suggested by the enzyme supplier (Promega, Madison, WI). E. coli cells were made 
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Table 2.1. Bacterial strains and plasmids 

Strains 
Pseudomonas 

aeruginosa 
PAOl 
PAO\::ptxS 

Escherichia coli 
DH5a 
K38 

Plasmids 
pUC18 
pKS 
pLAFR 
pSW205 

pBS8-4 
pAH56 

pT7-5, pT7-6 

pJAC17 

pKS-HHK 

pBS47 
pBS50 
pMP190 

pBS54 
pBS56 

Description 

Prototroph 
AptxS::Q.,Sm''' 

supE44, thil, recAl, gyrA, nar"" 
HfrC, host for pT7 expression system 

CbVAp"̂  ColEl, general cloning vector ̂  
pBluescript cloning vector 
Tc^ Km\ broad host range cloning vector ̂  
p-galactosidase cloning vector carrying the 
1.8 kb P. aeruginosa stability fragment 
Cb^ a ptxS-lacZ fusion in pSW205 
pUC18 carrying the 2.2 kbp BamUVHindm 
fragment which contains ptxS 
Cloning vectors for the T7 expression system 

T7-5 carrying the Hincll-Hindlll fragment 
containing the intact ptxS open reading frame 
pKS carrying the 520 bp Kpnl/Hindlll 
fragment downstream of ptxS 
pUC18 carrying the 5.7 kb BamHl fragment 
pT7-6 carrying the 5.7 kb BamHl fragment 
Sm^ Cm\ p-galactosidase transcriptional 
fusion vector ̂  
kgu promoter fusion in pMP190 
pBS55 carrying Q in the Styl site of ORFl '' 

Source/Reference 

(Hollowayetal., 1979) 
(Colmer and Hamood, 
1998) 

(Ausubel, 1988) 
(Tabor and Richardson, 
1985) 

Stratagene 
Stratagene 
(Friedman, 1982) 
(Storey et al., 1991) 

(Swanson et al., 1999) 
(Hamood et al., 1996) 

(Tabor and Richardson, 
1985) 
(Colmer and Hamood, 
1998) 
This study 

This study 
This study 
(Spaink, 1987) 

This study 
This study 

a) Abbreviations: A, deletion; Q, the 2.0 kb Smal omega fragment; Sm, streptomycin; 
nal, nalidixic acid; Tc, tetracycline; Km, kanamycin; Ap, ampicillin; Cb, 
carbenicillin; ColEl, ColEI origin of replication; Cm, chloramphenicol; r, resistant. 
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competent as previously described (Ausubel, 1988) and transformed with approximately 

1 |ig of DNA. Plasmid DNA was introduced into P. aeruginosa by electroporation as 

previously described (Smith and Iglewski, 1989) using a Bio-Rad Gene Pulser (Bio-Rad 

Laboratories, Richmond, CA). 

Preparation of cell extracts 

The P. aeruginosa strain PAOl was grown in 100 mL of TSB-DC at 30°C for 14 

hours. The cells were harvested, resuspended in 10 mL of distilled water (lOX 

concentration), and lysed by passing them twice through a French pressure cell at 1000 

lb/in" (American Instmments Company, Silver Spring, MD). Lysed cells were 

centrifuged at 240 x g and the supematant fraction (which represents the cell lysate) was 

aspirated and divided into several aliquots. The amount of protein in each sample was 

determined by the method of Lowry et al. (Lowry, 1951). 

Gel-shift assay 

DNA fragments containing different segments of the ptxS upstream region were 

obtained by either restriction digestions or polymerase chain reaction (PCR) (Maniatis, 

1982). The fragments were labeled with [y-'̂ ^PJ-ATP (Amersham, Arlington Heights, IL) 

by the end labeling technique using T4 polynucleotide kinase (Ausubel, 1988). The 

binding experiments were performed as previously described (Ausubel, 1988). The 

binding reaction (20 |LI1 total) contained: DNA binding buffer (lOmM Tris-HCl, pH 7.4; 

ImM EDTA; lOmM KCl; O.lmM DTT; 5% glycerol; 50 ^ig/mL BSA), 1 |ig/mL 

poly(d[I-C]) (Boehringer-Mannheim, Indianapolis, IN) (for non-specific binding), and 

25|jg of the lOx PAOl lysate. Approximately 1x10^ cpm of radiolabeled DNA probe 

was added and the reaction was incubated at 30°C for 30 minutes. Approximately 3 pi of 

DNA tracking dye (50% sucrose, 0.6% bromphenol blue) was added to the reaction and 

loaded on an 8% polyacrylamide gel in Ix Tris-Borate-EDTA (TBE) buffer (Ausubel, 

1988). The gel was electrophoresed at 180 volts for 2.5 hours. The gels were dried and 

exposed to X-ray film. 
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Column Purification 

Three steps of column chromatography were employed in an attempt to purify the 

DNA binding protein(s). These steps included a heparin-sepharose column, a DEAE-

sepharose column, and a biotin/streptavidin DNA affinity column. 

Heparin-sepharose column 

The first step of purification required a HiTrap heparin-sepharose column 

(Pharmacia, Piscataway, NJ) which was used to isolate putative DNA binding proteins 

from other proteins of the PAOl cell lysate. Heparin acts as a cation exchanger, due to 

its anionic sulphate groups, and binds positively charged proteins (most DNA binding 

proteins are positively charged). The column was initially rinsed and calibrated with five 

column volumes of column buffer (DNA binding buffer less dithiothreitol and bovine 

semm albumin). Whole cell lysate was collected as described above and 1 milliliter (ml) 

(approximately 2.0 mg) was applied to the column. The unbound proteins were washed 

from the column with three column volumes of column buffer. The bound proteins were 

eluted from the heparin column using a step-wise potassium chloride gradient (0.1 -

l.OM KCl). One column volume of each KCl concentration was passed through the 

column to elute the proteins into ten separate fractions. Each fraction was then desalted 

and concentrated using a Microcon-10 spin column (Pharmacia). The fractions were 

applied to the spin columns and centrifuged at 12 x g. The lower chamber (containing 

the salt buffer) was decanted and the upper chamber (containing the proteins) was 

washed three times with column buffer to remove any residual salt. After the final wash 

the protein fraction was brought up to a final volume of 250 )LI1 in column buffer. The 

fractions were measured for protein content using the Bradford protein assay 

(Pharmacia). These fractions were then used in the gel shift assay. 

DEAE-sepharose column 

Heparin fractions that exhibited DNA binding activity were further fractionated 

using a HiTrap DEAE-Sepharose column (Pharmacia). DEAE columns are anion 

exchange columns that bind proteins based on their charge. The procedure for applying 
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and eluting proteins using the HiTrap DEAE column was the same as that used for the 

HiTrap Heparin column. Briefly, the heparin fraction which contained the putative DNA 

binding protein was applied to the column, rinsed of unbound proteins, and eluted using a 

step-wise KCl gradient. Each fraction was collected, desalted, and purified as described 

above. The fractions were screened for the binding protein using the gel shift assay. 

Biotin/Streptavidin DNA affinity column 

The DNA binding protein(s) was only partially purified using the heparin- and 

DEAE-sepharose columns. To isolate the protein(s), a DNA affinity column was 

prepared by fusing tandem repeats of the 52 bp binding fragment onto the column resin. 

This constmction would allow greater binding capacity and specificity for the DNA 

binding protein. To prepare this column, the 52 bp fragment was synthesized by PCR. 

The fragments were then fused to one another in a ligation reaction. Ligation products of 

approximately eight 52-bp repeats were collected and cloned into a vector. The vector 

was then digested with appropriate restriction enzymes to obtain the 52 bp polymer with 

a 3' overhang on one end. The 3' overhang was then biotinylated with biotin-dATP 

(Boehringer-Mannheim) using T4 DNA polymerase. The biotinylated polymer was 

mixed with a slurry of streptavidin-agarose beads to allow binding to occur. Biotin binds 

irreversibly to streptavidin without the use of a catalyst. The resulting biotin/streptavidin 

bead complex was poured into a 1 ml column. The protein fraction that retained DNA 

binding activity from the DEAE column was then applied to the biotin/streptavidin 

column. The DNA binding protein bound specifically to the 52 bp fragment. All other 

proteins were washed through the column with column buffer containing 1 \ig/\i\ 

poly[d(I-C)]. The binding protein was then eluted using 0.5M, l.OM, and 2.0M KCl. 

The fractions were desalted and concentrated and assayed for binding activity. 

DNase I protection analysis 

The 103 bp fragment, which corresponds to the ptxS upstream region, was 

synthesized by PCR. Oligonucleotides were constmcted to incorporate a Kpnl restriction 

site into one end of the PCR product. The fragment was end-labeled with [y-'^'Pl-ATP 
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using T4 polynucleotide kinase (Ausubel, 1988). The fragment was then digested with 

Kpnl to remove one of the radiolabeled ends. The single-labeled DNA fragment was 

incubated with 5-25 pg of the partially purified protein using the same reaction mixture 

described above for the gel shift assay. After 30 minutes of incubation at 30°C. the 

reaction mixture was manipulated as per the manufacturer's instmctions (Core 

Footprinting System, Promega). Fifty microliters (jil) of Ca~^/Mg^^ solution was added 

and incubated for 1 minute at room temperature, approximately 3.5x10'^ units of DNase I 

was added and incubated for 1 minute at room temperature, and the reaction was stopped 

by the addition of 75 [i\ Stop Solution supplied in the footprinting kit. The reaction was 

phenol extracted and precipitated in ethanol. The DNA was resuspended in loading 

buffer and separated on a 10% sequencing gel. The complementary sequence was 

determined by single stranded sequencing using the oligonucleotide which did not 

contain the Kpnl restriction site as a primer. 

DNA sequencing 

Fragments to be sequenced were cloned into the pBluescript II sequencing vector 

pKS or pSK (Stratagene, LaJolla, CA). Single stranded DNA templates were recovered 

from the clones using helper phage as recommended by the manufacturer (Stratagene). 

DNA sequencing was performed by the dideoxy chain termination method of Sanger et 

al. (1977) using a sequencing kit (Sequenase version 2, Amersham) and the -40 primer or 

oligonucleotides. 

Constmction of pBS8-4 

The 740 bp BamHl/Scal fragment containing 726 bp of the ptxS upstream region 

and 14 bp of the ptxS stmctural gene was isolated from pJAC13 (Colmer and Hamood, 

1998). The 3' and 5' ends were converted to blunt ends and the fragment was cloned into 

the Smal site of pUC 18. The ptxS upstream region was then isolated from the resulting 

recombinant plasmid as a BamHl/EcoRl fragment. The 5' ends were converted to blunt 

ends and the fragment was cloned in the Smal site of the lacZ translational fusion vector 

pSW205 (West et al., 1994a). Through these different manipulations, a 7 bp pUC18 
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sequence was added to the 14 bp of ptxS stmctural gene. Nucleotide sequence analysis 

was performed to confirm the constmction of pBS8-4. 

Enzyme assay 

Levels of p-galactosidase activity were determined as previously described 

(Ausubel, 1988). Cultures were grown in the appropriate medium under maximum 

aeration. A 1 ml cell pellet was washed, resuspended in 100 fxl of distilled water, and the 

membranes were disrupted by sonication. Units of P-galactosidase activity were 

calculated as previously described (Miller, 1972). Statistical analysis was determined by 

the paired t-test (Steel and Torrie, 1960) using the computer program InStat 2.01 

(GraphPad Software, San Diego, CA). 

Expression experiments 

PtxS and the kgu proteins were overproduced in the E. coli strain K38 using the 

T7 expression system as previously described (Colmer and Hamood, 1998; Tabor and 

Richardson, 1985). Plasmid pJAC17 is a pT7-5 recombinant plasmid in which ptxS is 

expressed from the T7 promoter. Similarly, pBS50 is a pT7-5 recombinant plasmid in 

which the kgu operon is expressed from the T7 promoter. E. coli K38 (pGPl-2) carrying 

either plasmid was grown to an OD590 of >0.4 to <0.6. A 200|il sample of cells was 

harvested, washed, and resuspended in 1 ml of M-9 minimal medium containing all 

amino acids minus methionine and cysteine. Following incubation at 32°C for 3 hours, 

the cultures were grown at 42°C for 20 minutes. Rifampicin (200 |J.g/ml) was then added 

and the cells were incubated at 42°C an additional 15 minutes. The cultures were 

allowed to recover at 32°C for 30 minutes and then they were pulse-labeled with 10 

microcuries Tran-[^^S]-methionine/cysteine (ICN Pharmaceuticals, Inc., Costa Mesa, 

CA) for five minutes. For the gel shift assay, PtxS was expressed under the same 

conditions but with the addition of unlabeled methionine and cysteine. 
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Sequence acquisition and analysis 

DNA sequences downstream of ptxS were obtained from the P. aeruginosa 

genome website (www.pseudomonas.com). The sequences were downloaded and 

entered into the DNA Strider program (Institute de Recherche Fondamentale, 

Commissariat al Energie, France) for sequence analysis including restriction site maps, 

ORF searches, predicted molecular weights, and codon usage. The sequences were also 

entered into the NCBI Blast program (www.ncbi.nlm.nih.gov) to search for homology to 

known proteins. The predicted nucleotide sequence of each potential ORF was entered, 

translated into an amino acid sequence, and compared to the sequences of other 

eubacterial proteins. Alternatively, nucleotide sequence comparisons were performed 

using the University of Wisconsin Genetics Computer Group (GCG) Software Package 

(Devereux, 1984). 

In vitro mutagenesis 

Nucleotide changes within the ptxS upstream region were incorporated by 

following the QuikChange Site-Directed Mutagenesis Kit instmctions (Stratagene). 

Briefly, a pBluescript KS+ plasmid carrying the 720 bp BamHl/Kpnl ptxR-ptxS fragment 

(pBS9) was used as a template to generate the mutations. Complementary 

oligonucleotides of approximately 30 bp in length were constmcted as suggested to 

incorporate specific nucleotide changes into the plasmid. The oligonucleotides that were 

used to constmct a 14 bp deletion within the ptxS upstream region were 

GGATGCCAGGAGTGAA AATACCAGAAGG (mutl4-l) and its complement (mutl4-

2). Different oligonucleotides that were used in the synthesis of specific nucleotide 

mutations corresponded to the region GCCAGGAGTTGAAACCGGTTTCA 

GAAAATACC of the ptxS upstream region. Each oligonucleotide was modified to 

incorporate the required mutations in any specific nucleotide. The site-directed 

mutagenesis kit instmctions were followed precisely: the mutagenesis oligos were used in 

a PCR reaction with the template (pBS9) to generate products containing the mutations. 

The PCR products were then digested with Dpnl (methylation sensitive) to digest the 

parental DNA. The reaction was then transformed into supercompetent XLI blue cells 
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provided in the kit and resulting constmcts were confirmed by single-stranded DNA 

sequencing. 
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CHAPTER ni 

THE PSEUDOMONAS AERUGINOSA EXOTOXIN A 

REGULATORY GENE, PTXS: 

EVIDENCE FOR NEGATIVE AUTOREGULATION 

Introduction 

Pseudomonas aeruginosa is a Gram-negative pathogen that causes a variety of 

infections including wound infections, nosocomial infecUons, and lung infections in 

cystic fibrosis patients (Bodey et al.. 1983: Wood, 1976). The ability of P. aeruginosa to 

cause these infections is due to the production of several extracellular \ imlence factors 

(Woods and Iglewski, 1983). Among these different vimlence factors, exotoxin A is 

considered the most toxic. Exotoxin A is an ADP-ribosyl transferase enzyme that 

catalyzes the transfer of the ADP-ribosyl moiety of NAD"̂  onto elongation factor 2 of 

eukaryotic cells causing cessation of the protein synthesis process and subsequent cell 

death (Iglewski and Kabat, 1975). The in vitro production of exotoxin A by P. 

aeruginosa is controlled by different environmental factors. These factors include the 

level of iron in the growth medium, the growth temperature, and the presence of certain 

amino acids and nucleotides in the growth medium (Bjom et al., 1978; Liu, 1973). 

Exotoxin A production by P. aeruginosa is a complicated process that involves 

several positive and negative regulatory genes (Gambello et al., 1993: Prince et al., 1993; 

West et al., 1994b; Wick et al., 1990b). One of the most extensively analyzed of these 

genes is regA, which is required for maximum production of exotoxin A by P. 

aeruginosa (Wick et al., 1990b). A P. aeruginosa mutant defective in regA. produces 

neither regA nor toxA mRNA (Storey et al., 1991; Wick et al., 1990b). The regA gene, 

which codes for a 28 kDa protein, enhances exotoxin A production at the transcriptional 

level (Wick et al., 1990b). We have previously described another toxA regulatory gene, 

ptxR (Hamood et al., 1996). The presence of a plasmid carrying ptxR in P. aeruginosa 

enhances exotoxin A production by 4-5 fold (Hamood et al., 1996). The ptxR gene 

encodes a 34 kDa protein that belongs to the LysR family of transcriptional activators and 

enhances toxA transcription through regA (Hamood et al., 1996). However, the exact 

mechanism of this regulation is still unknown. In addiuon to exotoxin A, ptxR positively 
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regulates the production of the P. aeruginosa siderophores pyochelin and pyoverdine 

(Colmer and Hamood, 1998). However, the mechanism of this regulafion appears to be 

different from that of exotoxin A. Although ptxR enhances exotoxin A production in P. 

aeruginosa, it does not interfere with the negative regulation of exotoxin A synthesis by 

iron (Hamood et al., 1996). In contrast, siderophore production in P. aeruginosa carrying 

aptxR plasmid is deregulated with respect to iron (Colmer and Hamood, 1998). 

We have recently described another toxA regulatory gene, ptxS, which interferes 

with the effect of ptxR on toxA transcription (Colmer and Hamood, 1998). The product 

of ptxS, PtxS, is a 37 kDa protein which belongs to the GalR family of transcriptional 

repressors (Colmer and Hamood, 1998). Although the exact mechanism of PtxS function 

is not known, available evidence suggest that ptxS negatively regulates the transcription 

of ptxR (Colmer and Hamood, 1998). The ptxS gene, which is located 5' of ptxR, is 

transcribed in the opposite orientation of ptxR (Colmer and Hamood, 1998). Between the 

ptxR and ptxS translational start codons is a 562 bp intergenic region (Colmer and 

Hamood, 1998). Despite the analysis of ptxR and ptxS functions, the mechanisms 

through which these genes are regulated are unknown. In this study, we attempted to 

determine if P. aeruginosa contains a protein that specifically binds to either the ptxR or 

the ptxS upstream regions (a potential DNA binding regulatory protein). Our results 

showed that PtxS negatively autoregulates its own synthesis by binding specifically to the 

ptxS upstream region. 

Results 

IdenUfication of the potenfial DNA binding protein 

Despite our previous analysis of the P. aeruginosa ptxR gene, its effect on the 

expression of the toxA and regA genes, and the interaction between/7rx/? and ptxS genes: 

we still do not know the factors or the specific conditions that regulate the expression of 

either gene. One possible mechanism for such regulation is through transcriptional 

factors (posiuve or negative) that specifically bind to the upstream region of ptxR, ptxS, 

or both. Computer analysis revealed that the ptxR and ptxS upstream regions contain 

specific sequences that might represent binding sites for regulatory proteins (Colmer and 
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Hamood, 1998). Therefore, we have ufilized the DNA gel shift assay to determine if P. 

aeruginosa contains a protein(s) that specifically binds to the ptxS ox ptxR upstream 

region. The source of the putative protein was the lysate of the P. aeruginosa strain 

PAOl (both ptxR andptxS were originally isolated from PAOl) that was grown in an 

iron-deficient media (TSB-DC). The probe for inifial gel shift experiments was the 720 

bp BamHl-Kpnl fragment containing 553 bp of ptxR-ptxS intergenic region {ptxR and 

ptxS are divergently transcribed) (Colmer and Hamood, 1998) and 167 bp of the ptxR 

stmctural gene (Fig. 3.1). Two gel shift bands were detected when the P. aeruginosa 

lysate was incubated with the 720 bp fragment (Swanson, 1999a). Since this intergenic 

fragment contains both ptxS and ptxR upstream regions, we attempted to assign the 

observed binding to either the ptxR or the ptxS upstream region by dividing the fragment. 

The 720 bp fragment was divided into three smaller fragments using available restriction 

sites: a 257 bp BamHl-Dpnl fragment containing the putative upstream region of ptxR 

and a portion of its open reading frame, a 157 bp Dpnl-Dpnl intergenic fragment, and a 

304 bp Dpnl-Kpnl fragment containing the putative upstream region of ptxS (Fig. 3.1). 

Two gel shift bands with strong intensity were detected when the 304 bp probe was 

incubated with the PAOl lysate (Swanson, 1999a). A fainter gel-shift band was detected 

when the 157 bp probe was incubated with the PAOl lysate (Swanson, 1999a). Since the 

binding to the 304 bp probe was consistently detected and remained very intense, further 

experiments were conducted focusing on the localization and purification of the potential 

DNA binding protein(s). Additional subcloning and gel shift experiments further 

identified that the binding activity could be assigned to two separate DNA regions: a 201 

bp fragment and a 103 bp fragment (Swanson et al., 1999a; Fig. 3.2a). Since the 103 bp 

fragment was located immediately upstream of ptxS and represented a putative/7rjc5 

regulatory region, we chose to focus on the purification of this potential DNA binding 

protein and define the specific sequence to which it binds. The 103 bp fragment was 

subsequently divided into two smaller fragments: a 52 bp fragment and a 63 bp fragment 

(Fig. 3.1). Since no suitable restricfion sites were available to generate these two 

fragments, they were synthesized by PCR. A gt\ shift band was detected with the 52 bp 

fragment only (Fig. 3.2a). The binding specificity was confirmed by competition 
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Figure 3.1. Diagram of the different probes (within the ptxR-ptxS intergenic region) used 
in the gel shift assays. The 304 and 103 bp fragments of the ptxS upstream region were 
generated by restriction digestion using available restriction sites {B=BamHl, D=Dpnl, 
H=//mcII, K=Kpnl). The 52 and 63 bp fragments were synthesized by PCR. Arrows 
indicate the direcfion of transcription of ptxR and ptxS. 
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Figure 3.2. Localization of the DNA binding region. (A) Electrophoretic mobility shift 
assay of three different probes incubated with the lysate of the P. aeruginosa strain 
PAOl. The binding reactions are described in Materials and Methods. Each 
DN A/protein reaction contains 25 pg of the PAOl lysate. Free probe is indicated with an 
"F" and the DNA/protein complex is marked with a "C". Lanes: (1) 103 bp probe alone; 
(2) 103 bp -H PAOl lysate; (3) 52 bp probe alone; (4) 52 bp + PAOl lysate; (5) 63 bp 
probe alone; (6) 63 bp -i- PAOl lysate. (B) Compefifive gel shift assay using labeled 103 
bp probe and either unlabeled 52 bp or 63 bp fragment. The DNA/protein binding 
reacfions contain 25 pg of PAOl lysate. Lanes: (1) 103 bp probe alone; (2) 103 bp probe 
-h PAOl lysate -I- 52 bp fragment; (3) 103 bp probe -i- PAOl lysate -i- 63 bp fragment; (4) 
103 bp probe -i- PAOl lysate (control). 
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experiments using the 103 bp probe and unlabelled 52 bp or 63 bp fragment. Only when 

an excess of unlabelled 52 bp fragment was added to the binding reaction (103 bp probe 

and PAOl lysate) did the binding band disappear (Fig. 3.2b). These results suggest that 

the PAOl lysate contains a potenfial DNA binding protein that specifically binds to the 

ptxS upstream region. 

Purification of the potential P. aeruginosa DNA binding protein 

To isolate the potenfial DNA binding protein, the PAOl cell lysate was 

fractionated through a series of column purifications. These steps involved the use of a 

heparin-sepharose column, a DEAE-sepharose column and a biotin/streptavidin affinity 

column. 

Heparin-sepharose column 

Heparin columns can be used to isolate putative DNA-binding proteins. The 

proteins bind to the matrix and are eluted using a step-wise salt gradient. The PAO 1 cell 

lysate was applied to the heparin column, washed of unbound proteins, and eluted with a 

step-wise gradient of 0.1 M-1.0 M KCl. Each protein fraction was subsequently desalted, 

concentrated, and electrophoresed on an SDS-PAGE gel (Fig. 3.3a). The same fractions 

were also examined for DNA-binding acfivity by the gel-shift assay. A single fraction 

(0.3 M KCl) retained DNA-binding activity (Fig. 3.3b). SDS-PAGE showed that 

although the 0.3 M KCl fraction was greatly reduced in the number of proteins compared 

to the whole cell lysate (not shown), the DNA binding protein could not be identified 

(Fig. 3.3a). For this reason, the 0.3 M KCl fracfion was fractionated through a second 

step of purification in an attempt to separate the putative binding proteins based on their 

relative charge. 

DEAE-sepharose column 

The DEAE-sepharose column is an anionic exchange column which will bind 

negatively-charged proteins and release them based on their charge when eluted with a 

salt gradient. The 0.3 M KCl fraction was applied to the column, washed of unbound 
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Figure 3.3. Heparin-sepharose column fractions. (A) The proteins obtained from 
fractionation of the PAO 1 lysate through the heparin column were electrophoresed on a 
12% SDS-PAGE gel. The gel was silver-stained for enhanced sensitivity. Each lane is 
labeled according to the molarity of KCl used to elute the proteins. (B) Gel shift assay of 
the 52 bp probe incubated with approximately 5 |LLg of each individual heparin fraction. 
Lanes: (1) 52 bp probe alone; (2) 52 bp probe -i- 0.1 M fracfion; (3) 52 bp probe -i- 0.2 M 
fracfion; (4) 52 bp probe -i- 0.3 M fracfion; (5) 52 bp probe -i- 0.4 M fracfion; (6) 52 bp 
probe -I- 0.5 M fracfion; (7) 52 bp probe -h 0.6 M fracfion; (8) 52 bp probe -i- 0.7 M 
fracfion; (9) 52 bp probe -\- 0.8 M fracfion; (10) 52 bp probe -f- 0.9 M fracfion; (11) 52 bp 
probe -I- 1.0 M fracfion; (12) 52 bp probe -\- PAOl (control). 
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proteins, and eluted with 0.1 M-1.0 M KCl. Each fraction was desalted and concentrated 

in the same manner as the heparin fractions. The fractions were electrophoresed on an 

SDS-PAGE gel (Fig. 3.4a) and examined for binding activity (Fig. 3.4b). The putative 

DNA binding protein was mosUy retained within two fractions, the 0.2 M and 0.3 M KCl 

fractions (Fig. 3.4b). Once again, it was difficult to determine which protein was 

responsible for the binding acfivity based on examinafion of the protein gel (Fig. 3.4a). 

The next purification step capitalized on the specificity of the protein for the 52 bp 

fragment. 

Biotin/streptavidin column 

The biotin/streptavidin column can be tailored to purify a wide variety of proteins, 

including DNA binding proteins. Streptavidin-agarose beads are used as the matrix of 

the column. For purification of the DNA binding protein, we created a biotinylated 

nucleotide repeat of the 52 bp fragment (which contains the binding site) as described in 

Materials and Methods. The biotinylated polymer was then mixed with a slurry of 

streptavidin-agarose beads and poured into a 1 ml column (Material and Methods). The 

protein fractions that retained DNA binding activity from the DEAE-sepharose column 

(0.2M and 0.3M) were applied to the biotin/streptavidin column. The DNA binding 

protein bound specifically to the 52 bp fragment. All other proteins were washed through 

the column with column buffer containing 1 |ig/|il poly[d(I-C)]. The DNA binding 

protein was then eluted from the column using three separate high salt washes of KCl 

(0.5M, l.OM and 2.0M). The resulting fracfions were assayed for DNA binding acfivity 

(Fig. 3.5a) and electrophoresed on a 12% SDS-PAGE gel (Fig. 3.5b). After two rounds 

of purification, the quantity of protein seen on the gel was not sufficient to determine 

which protein was responsible for the DNA binding acfivity. In addition, there were sfill 

several proteins within the binding fracfions that could represent the DNA binding 

protein. For these reasons, an effort to increase the final yield of the protein was 

undertaken. This required using much larger volumes of lysates and columns. 

Concomitantly, the hypothesis that the observed binding may be an autoregulation 

phenomenon was examined. 
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Figure 3.4. DEAE-sepharose column fractions. (A) Protein fractions obtained from the 
DEAE column were electrophoresed on a 12% SDS-PAGE gel. The gel was silver-
stained for enhanced sensitivity. Lanes: molecular weight standards; 0.3 M = the heparin 
fraction that retained binding activity; all other lanes are labeled according to the molarity 
of KCl used to elute the proteins from the DEAE column. (B) Gel shift assay of the 52 
bp probe incubated with approximately 5 |ig of each individual DEAE fraction. Lanes: 
(1) 52 bp probe alone; (2) 52 bp probe -i- 0.3 M heparin fraction (control); (3) 52 bp probe 
-H wash; (4) 52 bp probe -i- 0.1 M fracfion; (5) 52 bp probe -i- 0.2 M fracfion; (6) 52 bp 
probe -I- 0.3 M fracfion; (7) 52 bp probe -i- 0.4 M fracfion; (8) 52 bp probe + 0.5 M 
fracfion; (9) 52 bp probe + 0.6 M fracfion; (10) 52 bp probe + 0.7 M fracfion; (11) 52 bp 
probe + 0.8 M fracfion; (12) 52 bp probe + 0.9 M fraction; (13) 52 bp probe + l.OM 
fraction. 
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Figure 3.5. Biotin/streptavidin column fractions. (A) The gel shift assay of the 52 bp 
fragment incubated with approximately 5 jig of the biotin/streptavidin fractions. Lanes: 
(1) 52 bp probe alone; (2) 52 bp probe -i- wash; (3) 52 bp probe -h 0.5M fracfion: (4) 52 bp 
probe -I- l.OM fraction; (5) 52 bp probe -i- 2.0M fracfion. (B) The proteins obtained from 
the biofin/streptavidin column were electrophoresed on a 12% SDS-PAGE gel and silver-
stained. The lanes indicate the molecular weight standards and the KCl concentration 
used to elute the proteins. 
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Binding of PtxS to the ptxS upstream region 

Homology searches showed that PtxS belongs to the family of GalR-LacI 

repressors (Colmer and Hamood, 1998). Many proteins of this family are known to 

autoregulate their synthesis (Gerlach et al., 1990; Meng et al., 1990; Weickert and Adhya, 

1993a). This autoregulation is accomplished through the specific binding of these 

proteins to the promoter region of their own genes (Gerlach et al., 1990; Meng et al., 

1990). If, similar to these proteins, PtxS autoregulates its own synthesis in P. 

aeruginosa, the specific gel shift band that the PAOl lysate produces with the 52 bp 

fragment may represent binding of PtxS to its promoter region. To examine this 

possibility, we have utilized the P. aeruginosa strain PAO\::ptxS which is aptxS isogenic 

mutant of PAOl (Colmer and Hamood, 1998). This mutant was constmcted by the gene 

replacement technique as previously described (Colmer and Hamood, 1998). The 

constmction of the mutant was confirmed by Southem blot hybridization experiments 

using a specific ptxS probe (Colmer and Hamood; data not shown). Both PAOl and 

PAO\::ptxS were grown in TSB-DC medium and the lysates were examined for binding 

activity to the 52 bp fragment. As seen in Figure 3.6a, the specific gel shift band was 

detected with the PAOl lysate only. Complementation experiments were conducted to 

confirm that the absence of the binding activity in the PAO\::ptxS lysate was due to the 

loss of ptxS. For these experiments, plasmid pAH56, which carries an intact copy ofptxS 

(Hamood et al., 1996), was introduced into PAO\::ptxS. A specific gel shift band was 

detected when the lysate of PA01::/7/x>S/pAH56 was incubated with the 52 bp fragment 

(Fig. 3.6a). This band parallels the typical gel shift band that we usually detect when the 

PAOl lysate is incubated with the 52 bp fragment (Fig. 3.6a). These results suggest that 

ptxS contributes to the observed binding to the ptxS upstream region. 

Confirming the binding of PtxS to the ptxS upstream region 

The above results showed that a funcfional ptxS gene is required to produce the 

specific binding activity to the 52 bp fragment. However, PtxS may either bind direcUy 

to the 52 bp fragment or it may induce another P. aeruginosa protein to bind. Thus, to 

confirm that the observed gel shift band is due to PtxS, we have conducted additional gel 
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Figure 3.6. Gel shift assays to determine if the DNA/protein complex that was detected 
with the 52 bp probe represents binding of PtxS. (A) The lysate from aptxS isogenic 
mutant (PAO\::ptxS) resulted in no specific gel shift band. The gel shift band was 
regenerated when a plasmid (pAH56) carrying an intact copy of ptxS was introduced into 
the mutant. Lanes: the 52 bp probe was incubated with either (1) no lysate; (2) 
PAOlv.ptxS lysate; (3) PAOl lysate; or (4) PAO\::ptxS/ipAll56 lysate. Each reaction 
contains 25 |ag of cell lysate. (B) PtxS synthesized in E. coli (by the T7 expression 
system) binds specifically to the 52 bp probe. The lysates from the E. coli K38 strain 
containing either pJAC17 {ptxS expression plasmid) or pT7-5 (vector control) were 
obtained and incubated with the 52 bp probe. Lanes: (1) 52 bp probe alone; (2) 52 bp 
probe -h K38/pT7-5 (10 pg); (3) 52 bp probe -h K38/pJAC17 (3.0 pg); (4) 52 bp probe + 
K38/pJAC17 (1.5 pg); (5) 52 bp probe -\- PAOl (25 pg). (C) Incubation of radiolabeled 
PtxS (using the T7 expression system) with unlabeled 52 bp fragment. In parallel with 
the typical gel shift assay using labeled 52 bp probe and K38/pJAC17 lysate (lanes 1-3), 
radiolabeled PtxS was incubated with unlabeled 52 bp probe and assayed for binding 
acfivity (lane 5). The posifion of the band exacfiy parallels that of the typical gel shift 
band. Lanes: (1) labeled 52 bp probe alone; (2) 52 bp probe -i- K38/pT7-5 lysate (10 pg); 
(3) 52 bp probe -h K38/pJAC17 lysate (3 pg); (4) labeled PtxS alone; (5) labeled PtxS -i-
unlabeled 52 bp fragment. 
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shift experiments using the lysate of the E. coli strain K38/pJAC17 in which/?rx5 is 

expressed from the T7 promoter (Colmer and Hamood, 1998). Plasmid pJAC17 was 

constmcted by cloning the Hincll-Hindlll fragment which carries the intact ptxS open 

reading frame in the Smal-Hindlll sites of pT7-5 (Colmer and Hamood, 1998). 

Expression experiments showed that K38/pJAC17 produced a 37 kDa protein (Colmer 

and Hamood, 1998). Thus, PtxS was synthesized in K38/pJAC17 using the previously 

described protocol (Colmer and Hamood, 1998) except that labeled cysteine and 

methionine were replaced with unlabeled cysteine and methionine. K38 carrying the 

cloning vector pT7-5 was used as a negative control. As shown in Figure 3.6b, the lysate 

of K38/pT7-5 produced no gel shift band with the 52 bp fragment; whereas, the lysate of 

K38/pJAC17 produced the typical gel shift band (Fig. 3.6b). To provide further evidence 

that the binding protein in the lysate of K38/pJAC17 is PtxS, PtxS was selecfively labeled 

using " S-labeled cysteine and methionine as previously described. The lysates of the 

labeled cells were incubated with the unlabeled 52 bp fragment. In a parallel experiment, 

the lysate of K38/pJAC17 that was prepared with unlabeled amino acids was incubated 

with the "^"P-labeled 52 bp fragment. The incubation of the ''^S-labeled lysate with the 

unlabeled 52 bp fragment produced a specific gel shift band (Fig. 3.6c). This band 

migrated in exactly the same position as the typical gel shift band that was produced by 

incubating the unlabeled lysate with the '̂ ^P-labeled 52 bp fragment (Fig. 3.6c). These 

results strongly suggest that the PtxS protein specifically binds to the ptxS upstream 

region. 

Autoregulation of PtxS synthesis 

After proving that PtxS binds specifically to the ptxS upstream region, it was 

important to determine if the binding of PtxS causes autoregulafion of PtxS synthesis. To 

examine this possibility, we have utilized the ptxS-lacZ fusion plasmid pBS8-4 (see 

Materials and Methods for constmction). Plasmid pBS8-4 was introduced into both 

PAOl and PAO\::ptxS. PA01/pBS8-4 and PAOl::/7rA:5/pBS8-4 were grown in TSB-DC 

medium for 14 hours and the level of the P-galactosidase activity was determined as 

previously described (Miller, 1972). As depicted in Figure 3.7, the level of P-galacto-
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Figure 3.7. Autoregulation of ptxS expression in P. aeruginosa. Plasmid pBS8-4 (which 
carries aptxS-lacZ fusion) was introduced into PAOl and PAOl AptxS. Cells were grown 
in TSB-DC medium for 14 hours and the level of p-galactosidase activity was determined 
as previously described (Miller, 1972). PAOl carrying pSW205 (negafive control) 
produced no P-galactosidase activity. Values represent the average of three independent 
experiments ± SEM. 
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sidase activity produced by PAO\::ptxS/pBSS-4 was 4-5 fold higher than that produced 

by PA01/pBS8-4. These results suggest that PtxS negatively autoregulates its own 

synthesis in P. aeruginosa. 

Identification of the specific ptxS sequence 
to which PtxS binds 

The precise ptxS sequence to which PtxS binds was identified by DNase I 

protection analysis as previously described using PtxS synthesized by the E. coli strain 

K38/pJAC17 (Colmer and Hamood, 1998). PtxS protected a 20 bp region from DNase I 

digestion (Fig. 3.8a). Within the 20 bp protected region, there is a 14 bp sequence of 

dyad symmetry (Fig. 3.8b). We have confirmed thatprjc^" is expressed in E. coli using a 

ptxS-lacZ fusion (data not shown). However, we have not been able to determine the 

ptxS transcriptional start site. Since ptxS is expressed in E. coli, we tried to determine if 

the ptxS promoter resembles the E. coli a promoters (Hawley and McClure, 1983). We 

have identified potential -10 and -35 sequences within the 20 bp protected region. The 

-10 sequence (which is located 97 bp from the GTG translation start codon) contains four 
70 

of the six bases (TAT A AT) that are found within the -10 sequence of a promoters; 

whereas, the -35 site contains five of the six bases (TTGACA) that are found within the 

-35 sequence of â ^ promoters (Fig. 3.8b). In addition, similar to a''̂  promoters, the 

distance between the -10 and -35 sites is 17 bp (Fig. 3.8b). 

Discussion 

Results presented in this study confirm that PtxS negatively autoregulates its 

synthesis in P. aeruginosa. Based on our previous analysis, we have suggested that PtxS 

belongs to the GalR-LacI family of transcriptional repressors (Colmer and Hamood, 

1998). The most significant homology between PtxS and proteins of the GalR-LacI 

family is within the helix-tum-helix mofif (DNA-binding motif) (Colmer and Hamood, 

1998). Among the different proteins within this family, three are known to negafively 

autoregulate their own synthesis: the galactose isorepressor GalS (Weickert and Adhya, 

1993a), the cytidine repressor CytR (Gerlach et al., 1990), and the purine regulon 
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repressor PurR (Meng et al., 1990). Several previous transcriptional studies have shown 

that the negative autoregulation of GalS, CytR, and PurR is weak (about 2-3 fold) 

(Gerlach et al., 1990: Meng et al.. 1990; Weickert and Adhya, 1993a). However, these 

studies utilized transcriptional fusions that were carried either in the chromosome or on 

low copy number plasmids. For example, the level of galS expression from a galS-lacZ 

fusion carried in the chromosome of an E. coli galS mutant was increased by 2-fold 

(Weickert and Adhya, 1993a). Similarly, in a cytR mutant, the levels of c>'rP expression 

from a cytR-lacZ fusion carried on a low copy number plasmid was increased by 2-fold 

(Gerlach et al., 1990). In comparison, the increase in the level of ptxS expression in 

PAOlv.ptxS is slighfiy higher (4- to 5-fold) (Fig. 3.7). The copy number of iheptxS-lacZ 

fusion plasmid (pBS8-4), and other plasmids that carry the 1.8 kb Pstl stability fragment 

(Olsen et al., 1982; West et al., 1994c), is not known. However, if the copy number of 

pBS8-4 is assumed to be high, the autoregulafion of PtxS is similar to CytR and GalS. 

Altematively, if the copy number is low, the levels of ptxS autoregulafion may be even 

more significant. Currently, we are constmcfing aptxS-lacZ fusion using the low copy 

number, broad host range, /<3cZ transcripfional fusion vector pMP190 (Spaink, 1987). 

This fusion should help us direcfiy compare the level of autoregulation between ptxS and 

the other three galR-lacI genes. 

The ptxS upstream region shares several characteristic features with the upstream 

regions of galS, cytR, and purR. For example, all three genes autoregulate their own 

synthesis by binding to specific regions (operator sites) within their genes (Gerlach et al., 

1990; Meng et al., 1990; Weickert and Adhya, 1993a). Many proteins of the GalR-LacI 

family bind to multiple operator sites either within the upstream region or within the 

stmctural region of the genes that they regulate (Weickert and Adhya, 1992). The 

presence of multiple operator sites is thought to be important in augmenting the 

repression of the regulated genes (Choy and Adhya, 1993). For example, galE. galS, 

galP, and galR are known to contain two operator sites; one within the promoter region 

and another within the stmctural gene (Weickert and Adhya, 1993b). The purR gene 

contains two operator sites that are located downstream of the transcription initiation site 

(Meng et al., 1990; Rolfes and Zalkin, 1990). The cytR gene contains only one operator 
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site upstream of the transcripfion start site (Gerlach et al., 1990). Each operator site 

contains a consensus binding sequence that is specific for each protein (Gerlach et al., 

1990; Meng et al., 1990; Rolfes and Zalkin, 1990; Weickert and Adhya, 1993a). The 

nucleotides within these consensus sequences are arranged in dyad symmetry, or a 

palindrome, to allow their respecfive proteins to bind as dimers (Weickert and Adhya, 

1993b). As we have shown in this study, PtxS binds to a single site within the 103 bp 

fragment upstream of the GTG translational start codon (Fig. 3.8b). This ptxS binding 

region contains a 14 bp palindromic sequence that may represent a potential PtxS 

operator site (Fig. 3.8b). The 5' half of this palindromic sequence contains all three 

conserved nucleotides (... AAC) that are usually detected within the DNA binding half 

sites for several proteins of the GalR-LacI family (Weickert and Adhya, 1992). The 

location of the PtxS operator site with respect to the ptxS transcriptional start site is not 

known at this time. Despite several attempts, we were not able to determine the ptxS 

transcripfion start site. However, if ptxS is a â ^ promoter that utilizes the potential -10 

and -35 sites that we have identified (Fig. 3.8b), ihe ptxS transcripfional start site may be 

within the DNase I protected region. If this proves to be tme, then, unlike galS, purR, 

and cytR, the ptxS operator site would be within the ptxS transcriptional start site. 

PtxS may autoregulate its own synthesis by a mechanism that resembles those 

utilized by some proteins of the GalR-LacI family. However, the specific environmental 

signal to which PtxS responds, as well as the exact mechanism through which PtxS 

regulates its target genes (other ihai ptxS), is not known. Most proteins of the GalR-LacI 

family function in response to certain environmental signals called effectors. These 

effectors include carbohydrates, nucleosides, and modified amino acids (Bouchez and 

Toumeur, 1991; Weickert and Adhya, 1992). Within the stmcture of many of the GalR-

LacI proteins, there are conserved regions to which different effectors may bind 

(Weickert and Adhya, 1992). As we have shown previously, the strongest homology 

between PtxS and the different GalR-LacI proteins is within the amino-terminus DNA-

binding motif (Colmer and Hamood, 1998). Although a second region of homology has 

been identified, this region does not involve the effector binding sequences (Colmer and 

Hamood, 1998). The lack of conserved effector sequences within PtxS suggests that the 
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protein may not utilize the effector- binding system for its funcfion. PtxS was originally 

identified through its negative effect on exotoxin A synthesis (Colmer and Hamood, 

1998). Exotoxin A synthesis in P. aeruginosa is regulated by different environmental 

signals (especially iron, which negatively regulates toxA expression) (Bjom et al., 1978; 

Liu, 1973; Wick et al., 1990b). However, PtxS binding to its promoter was not affected 

by the presence of iron in the growth medium (data not shown). Whether iron affects 

PtxS binding to other genes remains to be determined. 

With respect to the PtxS target gene, we have previously shown that ptxS modifies 

the function of the toxA transcriptional aciiwator ptxR (Colmer and Hamood, 1998). The 

ptxS gene is divergently transcribed from ptxR from the opposite strand (Colmer and 

Hamood, 1998). Based on recent transcriptional analysis of ptxR (using aptxR-lacZ 

fusion plasmid), we have suggested that PtxS may interfere with ptxR expression in P. 

aeruginosa (Colmer and Hamood, 1998). However, this effect is not likely to be 

accomplished through direct binding of PtxS to the ptxR promoter. PtxS (that was 

produced in E. coli by the T7 expression system) did not bind to different segments of the 

ptxR upstream region (Swanson et al., 1999a). In addition, computer analysis revealed 

that the ptxR upstream region lacks the 14 bp palindromic sequence (PtxS operator site). 

Therefore, it is possible that PtxS regulates ptxR expression through another regulatory 

gene. 
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CHAPTER IV 

AUTOREGULATION OF THE PSEUDOMONAS AERUGINOSA 

PROTEIN, PTXS, OCCURS THROUGH A SPECIFIC 

OPERATOR SFTE WFTHIN THE PTXS ITSTREAM REGION 

Introduction 

Pseudomonas aeruginosa is a gram-negative opportunistic pathogen that causes 

serious infections in burned patients and immunocompromised hosts (Bodey et al.. 1983; 

Wood, 1976). Damage caused by P. aeruginosa is due to the production of several 

extracellular and cell-associated virulence factors (Montie, 1998; Woods and Iglewski, 

1983). Exotoxin A, which is the most toxic of the extracellular vimlence factors, 

catalyses the transfer of the ADP-ribosyl moiety onto elongation factor 2 in eukaryotic 

cells (Iglewski and Kabat, 1975). This results in the inhibition of the protein synthesis 

process and cell death (Iglewski and Kabat, 1975). It is known that exotoxin A 

production by P. aeruginosa is controlled by both positive and negative regulatory genes 

(Prince et al., 1993; West et al., 1994b; Wick et al., 1990b). We have previously 

described two P. aeruginosa genes,ptxR andptxS, that regulate exotoxin A synthesis 

(Colmer and Hamood, 1998; Hamood et al., 1996). The ptxR gene codes for a protein 

that belongs to the LysR family of transcriptional activators and enhances exotoxin A 

synthesis at the transcriptional level (Hamood et al., 1996). The ptxS gene codes for a 

protein that belongs to the GalR-LacI family of transcriptional repressors (Colmer and 

Hamood, 1*̂ )98). .Available evidence suggests that PtxS interferes with the enhancement 

of exotoxin A synthesis by ptxR (Colmer and Hamood, 1998). 

Despite previous analyses, the mechanism(s) through which the expression of 

pt.xS and pt.xR is regulated is not known. We ha\ e recently provided evidence which 

suggests that pt.xS negati\ ely autoregulates its own synthesis in P. aeruginosa (Swanson 

et al., 1999). The level of P-galactosidase acti\ ity produced by apt.xS-lacZ fusion 

plasmid in the ptxS isogenic mutant P.\0\::ptxS was 4-5 fold higher than that produced 

by its parent strain, PAOl (Swanson et al., 1999). DN.-\ gel shift experiments showed 

that PtxS specifically binds to a 52 bp fragment w ithin the pt.xS upstream region 

(Swanson et al., 1999). In addition. DNase protection experiments localized PtxS 
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binding to a 20 bp fragment (Swanson et al., 1999). This 20 bp fragment contains a 14 

bp sequence with complete dyad symmetry (a palindromic sequence). In this study, we 

have utilized site-directed mutagenesis to determine if the 14 bp sequence consfitutes a 

putafive PtxS operator site. We have also tried to determine the role of specific 

nucleofides within the 14 bp sequence in PtxS binding and ptxS expression. 

Results 
Analysis of the PtxS binding to the 14 bp 
palindromic sequence 

Computer analysis revealed that the 20 bp ptxS upstream fragment to which PtxS 

binds contains a 14 bp sequence with complete dyad symmetry (palindrome) that may 

constitute a potential PtxS operator site (Fig. 4.1). The 14 bp sequence contains the three 

most conserved nucleotides (5' AA-C 3') within the operator sites of the GalR-LacI 

repressors (Weickert and Adhya, 1992). Therefore, in this study, we tried to determine if 

PtxS binds to this palindromic sequence and the role of the specific nucleotides within the 

palindromic sequence in PtxS binding. The deletion as well as specific mutafions were 

generated using plasmid pBS9 (Fig. 4.1), which carries the 720 bp BamHl/Kpnl fragment 

of the ptxS upstream region (Swanson et al., 1999). The constmction of the mutated 

plasmids was accomplished by in vitro mutagenesis and was confirmed by nucleofide 

sequence analysis as described in Materials and Methods. The probes that were used in 

the DNA-gel shift experiments were either the 52 bp fragments or the 38 bp delefion 

fragment that were generated from the mutated plasmids by PCR (White, 1997). The 52 

bp fragment, which is located 50 bp 5' of the ptxS start codon, was used as a probe in 

previous DNA-gel shift experiments (Swanson et al., 1999). The 38 bp fragment 

represents the 52 bp fragment from which the 14 bp sequence was deleted. As shown in 

Figure 4.2, PtxS did not bind to the 38 bp fragment as opposed to the 52 bp wild-type 

probe, which supports the possibility that the 14 bp sequence is the PtxS binding site. 

The first conserved nucleotide that we mutated was the adenine at position 5 within the 

right half of the palindrome (a transversion of A to C, plasmid pBS9A5)(Fig. 4.1). This 

mutation reduced PtxS binding (Fig. 4.2). Quantitafive analysis revealed that in 

comparison to the PtxS binding to the 52 bp fragment (a posifive control), PtxS binding 
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Figure 4.1. DNA sequence of the potenfial PtxS operator (dyad symmetry) site within the 
ptxS upstream region. Boxed regions indicate the right (bottom, 3' sense sequence) and 
left (top 5' antisense sequence) halves of the dyad symmetry. The nucleotides are 
numbered (1-7) for the right half and (1 '-7') for the left half Closed circles indicate the 
position of the nucleotides that were mutated in this study. The type and the location of 
the mutations were indicated. Plasmids that carry either deletion of the dyad symmetry 
or specific nucleotide mutations were divided into two groups. In group I, the deletion 
and individual mutations were generated in plasmid pBS9 (which carries the 720 bp 
fragment) by site-directed mutagenesis. The 38 bp deletion fragment and the 52 bp 
fragments that carried different mutations were synthesized from pBS9 and its derivatives 
by PCR and used in the DNA gel shift assay as described in the text. For expression 
experiments, different 720 bp fragments that carried the required mutations were isolated 
from the pBS9 derivafives and cloned into the lacZ fusion vector pSW205 generating the 
indicated derivafives of plasmid pBS8 (group II). 
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Figure 4.2. DNA gel shift experiments of mutated 52 bp fragments. Gel shift 
experiments were performed to examine the effect of different mutations on the binding 
of the 52 bp fragment to the partially purified PtxS. The lysate of the E. coli strain 
K38/pJAC17 was used as a source of the PtxS protein as previously described (Swanson 
et al., 1999). Each DNA binding mixture contained 1x10^ cpm of the labeled 52 bp 
fragment and approximately 2 pg of the cell lysate. In 1,3, 4, 5, 6, and 7, the DNA 
binding reactions contained the 52 bp fragment that was obtained from plasmids pBS9, 
pBS9A5, pBS9A5/5', pBS9A4, pBS9G2, and pBS9C7, respecfively (see figure 4.). The 
binding reaction in 2 contained the 38 bp fragment that was obtained from plasmid 
pBS9A. -) indicates the DNA binding reactions that contained the probe only. +) 
indicates the DNA binding reactions that contained the probe incubated with cell lysate. 
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to the mutated 52 bp fragment was significanfiy reduced (data not shown). In addition to 

this mutation, we changed the other adenine at the same posifion within the left half of 

the symmetry (a transifion of A to C, plasmid pBS9A5-5') (Fig. 4.1). As shown in Figure 

4.2, changing the adenine in both halves of the dyad symmetry eliminated PtxS binding 

to the 52 bp fragment (Fig. 4.2). We have also tried to determine the effect of mutating 

the other two conserved nucleotides at posifions 4 (a transition of A to C, plasmid 

pBS9A5) and 7 (a transition of C to A, plasmid pBS9C7) within the right half of the 

palindrome (Fig. 4.1). While the mutation of A at position 4 caused a reduction in PtxS 

binding, the mutafion of C eliminated PtxS binding (Fig. 4.2). Furthermore, we have 

tried to examine the effect of mutating other nucleotides within the palindromic sequence 

(other than the conserved AA-C residues). We have synthesized a 52 bp fragment in 

which the G at position 2 within the right half of the palindromic sequence was replaced 

with T (plasmid pBS9G2) (Fig. 4.1). However, this mutation had no effect on PtxS 

binding to the 52 bp fragment (Fig. 4.2). 

The effect of different mutations on ptxS expression 

The expression of ptxS that carries different mutations was performed using the 

previously described /acZ translational fusion vector pSW205 (Spaink, 1987). The 720 

bp fragments that contain either the deletion or specific mutations were isolated from 

pBS9 derivatives and inserted into the EcoRlIBamHl sites of pSW205. In the 

recombinant plasmids (pBS8A, pBS8A5, pBS8A5/5', pBS8A4, pBS8G2, and pBS8C7), 

the ptxS upstream region plus the region that codes for the first three amino acids of ptxS 

was fused in-frame with the p-galactosidase gene. The previously described ptxS-lacZ 

translafional fusion plasmid pBS8-4 (Swanson et al., 1999) was used as a control. 

Recombinant plasmids were introduced into the P. aeruginosa strain PAOl by 

electroporafion. Cells were grown in the iron-deficient medium TSB-DC (Ohman et al., 

1980b) for 14 hours and the level of p-galactosidase acfivity was determined as 

previously described (Miller, 1972). As shown in Figure 4.3, levels of p-galactosidase 

activity by plasmids carrying either a deletion oflhe 14 bp sequence or specific mutations 

within the 14 bp sequence were significantly higher than that produced by pBS8-4. The 
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Figure 4.3. The effect of the deletion and different bp mutafions on ptxS expression. 
Fusion plasmids containing different mutations were introduced into the P. aeruginosa 
strain PAOl by electroporation. Cells were grown in TSB-DC medium and the level of 
P-galactosidase acfivity was determined as previously described (Miller, 1972). The 
description of each plasmid is shown in Figure 4.1. Values represent the average of three 
independent experiments ± SEM. 
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highest level of ptxS expression (increase in p-galactosidase acfivity) was detected with 

plasmid pBS8A which carries a delefion of the 14 bp sequence (48-fold increase) (Fig. 

4.3). Plasmids pBS8A5, pBS8A5/5', and pBS8C7, in which the A, A/A', and C at 

positions 5, 5/5', and 7 respectively, were mutated, produced comparable increases in 

ptxS expression (approximately 38-fold increase in p-galactosidase acfivity) (Fig. 4.3). 

The increase in the level of ptxS expression by plasmid pBS8G2, which carries the 

transition of G to T at position 2, was relatively lower that produced by other plasmids 

(23-fold) (Fig. 4.3). The simplest increase in ptxS expression was detected with plasmid 

pBS8A4 (a transifion of A to C at posifion 4) (7.5-fold) (Fig. 4.3). 

Discussion 

These results indicate that the deletion of or specific changes within the 14 bp 

sequence either eliminated PtxS binding, significanfiy reduced its binding, or had no 

effect on PtxS binding (Fig. 4.2). The dyad symmetry of the 14 bp sequence, combined 

with the failure of PtxS to bind to a DNA fragment in which the 14 bp sequence is 

deleted, suggests that PtxS binds as a dimer to its operator site (each subunit of the dimer 

binds to one half of the dyad symmetry). Such a mechanism was suggested for several 

repressors of the GalR-LacI family, including Lad, GalR, GalS, and PurR, which are 

known to bind as dimers to their respective operator sites (Weickert and Adhya, 1992). 

Both GalS and PurR are also known to autoregulate their synthesis by binding to the 

operator sites within the upstream region of their genes (Rolfes and Zalkin, 1990; 

Weickert and Adhya, 1993a). However, two noficeable differences exist between the 

PtxS potential operator site and the operator sites of the other regulators. First, whereas 

the potential PtxS operator site contains a complete dyad symmetry (Fig. 4.1), the 

operator sites of these proteins contain only partial symmetry (the left and right halves of 

the symmetry share conserved sequences) (Weickert and Adhya, 1992). Second, with the 

exception of the galactose transport gene, mgl (Weickert and Adhya, 1993b), many of 

these repressors have two operator sites (one within the upstream region of the target 

gene and another within the upstream region of the protein-coding region of the target 

genes (Rolfes and Zalkin, 1990; Weickert and Adhya, 1993a). Binding of both operator 
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sites by the repressor is essenfial for the complete repression of these genes (Meng et al., 

1990; Rolfes and Zalkin, 1990; Weickert and Adhya, 1993a). Previous analyses 

suggested that the occupation of both operator sites by their respective repressors causes 

looping of the intervening DNA sequence and interferes with the transcription of these 

genes (Adhya, 1996). As we have shown in this study, PtxS has only one potential 

operator site within its upstream region. We have recently identified another PtxS 

operator site which is located 3' of ptxS and is likely to be involved in regulafing the 

genes downstream of ptxS (Swanson and Hamood, manuscript in preparation). These 

differences suggest that ptxS autoregulates its own synthesis by a mechanism that is not 

completely similar to the ones employed by other proteins of the GalR-LacI family. 

As stated above, mutation of individual nucleotides within the 14 bp palindromic 

sequence produced variable effects on PtxS binding. Based on the comparison of these 

results with the results of other previous studies, the following comments regarding the 

specific nucleotides can be made. First, changing either of the two adenines at positions 

4 and 5 reduced but did not eliminate PtxS binding (Fig. 4.2). These two adenines, which 

are located within the central part of the GalR-LacI operator sites, are thought to be 

directly involved in binding the repressors (Weickert and Adhya, 1992). Previous studies 

suggested that the two adenines contact the first two amino acids within the recognition 

helix of GalR (valine and alanine)(Adhya, 1996). Similar to GalR, the first two amino 

acids within the DNA recognition region of PtxS are lysine and alanine (Colmer and 

Hamood, 1998). Our results suggest that although either of these two adenines may 

contact PtxS subunits, efficient binding of PtxS to its operator site may not depend on 

only one of these nucleofides. Such a possibility is supported by the finding that the 52 

bp probe that carries a mutation in the A at position 5 within both halves of the 14 bp 

sequence did not bind PtxS (Fig. 4.2). We have not tested the effect of the single 

mutafion at posifion 5' on PtxS binding. Therefore, we cannot mle out the possibility 

that PtxS binds to the two halves of the palindrome with different efficiencies. However, 

since the nucleotide sequence of both halves is the same, it is more likely that the 

combined mutations in both adenines interfered vvith the binding of the two PtxS subunits 

to either half 
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Second, the guanine at position 2 does not seem to play a role in PtxS binding 

(Fig. 4.2). As with the PtxS operator, this guanine exists at the same position within both 

halves of the GalR operator sites Oi and OE (Weickert and Adhya, 1993b). Majumdar 

and Adhya (1987) have previously shown that GalR retarded the methylafion of the N7 

positions of the guanine by dimethyl sulfate which indicates that this nucleotide 

participates in the direct contact of GalR with its operators (Majumdar, 1987). This 

nucleofide is located within the peripheral region of the GalR-LacI operators (Weickert 

and Adhya, 1992). Unlike the nucleotides within the central region of the operators, 

nucleotides within the peripheral regions are thought to play a role in defining the 

specificity of binding of their respecfive repressors (Weickert and Adhya, 1992). Thus, 

the failure of the mutation at this bp to affect PtxS binding may be related to the 

specificity of PtxS binding. Whether other nucleotides within the peripheral region of 14 

bp sequence contribute to the specificity of PtxS binding is yet to be determined. 

Third, among the tested nucleotides, the one that appears to be essential for PtxS 

binding is the cytosine residue at position 7 (Fig. 4.1) which is a conserved nucleotide in 

GalR-LacI operators (Weickert and Adhya, 1992). Unlike the two adenines, the mutation 

at this cytosine eliminated PtxS binding (Fig. 4.2). This cytosine is located at the 

junction of the two halves of the 14 bp palindromic sequence (Fig. 4.1). Therefore, the 

mutation of C to A at this position may have altered the DNA stmcture at the palindromic 

sequence and interfered with the interaction with PtxS. 

The results of the ptxS expression study presented here clearly show that either a 

deletion of or a specific mutafion within the 14 bp palindromic sequence derepressed/7fx5 

expression in P. aeruginosa. The loss of PtxS binding as well the significant increase in 

ptxS expression upon the deletion of the 14 bp sequence confirms that this sequence is the 

putative PtxS operator site. However, analysis of specific mutations clearly showed that 

the increase in ptxS expression does not always correlate with the loss of PtxS binding to 

its operator site. For example, the mutation of guanine at posifion 2 produced a 

significant increase in ptxS expression but had no effect on PtxS binding (Figs. 4.2 and 

4.3). Similarly, the mutafion of adenine at posifion 5 (which reduced PtxS binding) 

produced an increase in ptxS expression that was comparable to that produced by the 
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mutation of adenines at the 5/5' posifions (which eliminated PtxS binding) (Figs. 4.2 and 

4.3). Thus, it is likely that the mere binding of PtxS to its operator is not sufficient to 

repress ptxS expression. Rather, the proper posifioning of bound PtxS, through its 

interaction with certain critical nucleotides within the palindromic sequence, may be 

required for the optimum interference with ptxS expression. Therefore, any possible 

changes in the stmcture of the DNA that alters this positioning would cause derepression 

of ptxS expression despite PtxS binding. We have previously idenfified a possible ptxS 

promoter which overlaps with the ptxS operator site (based on the presence of a sequence 

that contains most of the conserved nucleofides within the -10 and -35 regions of sigma 

70 promoters) (Swanson et al., 1999). However, further transcripfional studies (see 

Chapter V) have localized the potenfial ptxS promoter(s) to a region 500 bp 5' of the 

GTG start site. Based on these findings, the distance between the potential ptxS 

promoter(s) and the ptxS operator site is approximately 635 bp. Thus, it is unlikely that 

binding of PtxS to the operator site would interfere with the binding of the P. aeruginosa 

polymerase to the ptxS promoter (the steric hindrance mechanism). Rather, binding of 

PtxS to its operator site may interfere with the processivity of the RNA polymerase. 

Comparison of the present results with our previously reported analysis of ptxS 

(Swanson et al., 1999) showed that the increase in ptxS expression in P. aeruginosa due 

to a change within the PtxS operator site is more pronounced than the one that resulted 

from the absence of PtxS. We have previously shown that the level of p-galactosidase 

activity produced by pBS8-4 in theptxS isogenic mutant PAOlv.ptxS strain was 4-5 fold 

higher than that produced in PAOl (Swanson et al., 1999). In comparison, the level of p-

galactosidase acfivity produced by plasmids carrying specific mutations in the PtxS 

operator was 7.5 to 48-fold higher than that produced by pBS8-4 (Fig. 4.3). At this time, 

the cause for these variations is not known. However, it is possible that changing the 

DNA stmcture at the operator site (by changing specific nucleofides) may enhance the 

binding of the P. aeruginosa RNA polymerase to the ptxS promoter and/or facilities the 

processivity of the bound RNA polymerase. Altematively, these changes in the DNA 

stmcture may potentiate the binding of a positive ptxS regulator. One possible candidate 

for this positive regulator is a P. aeruginosa homologue of the CRP protein. We have 
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recently identified a sequence within the ptxS upstream region that contains most of the 

conserved nucleofides within the binding site of the E. coli CRP protein (data not shown). 
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CHAPTER V 

ANALYSIS OF THE PROMOTER REGION OF THE 

PSEUDOMONAS AERUGINOSA EXOTOXIN A 

REGULATORY GENE, PTXS 

Introduction 

Exotoxin A production in Pseudomonas aeruginosa is a complicated process that 

involves several positive and negative regulatory genes (Hamood et al., 1996; Prince et 

al., 1993; West et al., 1994b; Wick et al., 1990b). The products of these genes are likely 

to interact with each other and function in a regulatory cascade that enhances toxin A 

expression (Frank et al., 1989; Hamood et al., 1996). This type of multilevel regulafion 

exemplifies the importance of exotoxin A as a vimlence factor and the strategies for 

regulating it. The most extensively analyzed of these genes is regAB (Wick et al., 

1990b). Several studies have shown that regA is essential for toxA expression (Wick et 

al., 1990b). The regB gene is thought to be involved in regulating expression from one of 

the regA promoters, PI (Storey et al., 1991). Several P. aeruginosa genes (including vfr, 

pvdS, and ptxR) have been shown to be directly involved in enhancing toxA expression 

(Hamood et al., 1996; Miyazaki et al., 1995; West et al., 1994b). We have recenUy 

isolated and characterized ptxR, which codes for a 34 kDa protein that belongs to -the 

LysR family of transcriptional acfivators (Hamood et al., 1996). Further studies 

suggested ihai ptxR enhances toxA transcripfion through regA (Hamood et al., 1996). 

However, the exact mechanism of this regulation is still unknown. 

We have recently described another toxA regulatory gene, ptxS, which interferes 

with the effect of ptxR on toxA transcription (Colmer and Hamood, 1998). The product 

of ptxS, PtxS, is a 37 kDa protein which belongs to the GalR-LacI family of 

transcriptional repressors (Colmer and Hamood, 1998). Although the exact mechanism 

of PtxS funcfion is not known, available evidence suggests that ptxS negatively regulates 

the transcription of ptxR (Colmer and Hamood, 1998). The ptxS gene, which is located 5" 

of ptxR, is transcribed in the opposite orientafion of ptxR (Colmer and Hamood, 1998). 

Between the ptxR and ptxS translational start codons is a 562 bp intergenic region 
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(Colmer and Hamood, 1998). The mechanism of regulafion of this region has recently 

been under invesfigation. Swanson et al. (1999) reported that PtxS autoregulates its 

synthesis by binding to a 14 bp palindrome within the ptxS upstream region. Mutafional 

analysis of the PtxS binding sequence corroborated that PtxS binding is probably not the 

only level of regulation (Swanson et al., 1999b). These results suggest ihai ptxS contains 

a complex regulatory region; however, understanding the exact mechanism of this 

regulation has been difficult due to the lack of promoter analysis. In this work, we have 

localized the promoter region of ptxS in an effort to determine the region required for 

regulation. Additionally, we have localized other putative regulatory domains within the 

ptxS upstream region. 

Results 

Mapping the ptxS promoter region 

The expression of ptxS was analyzed using a previously constmcted ptxS::lacZ 

promoter fusion which contains 728 bp of the ptxS upstream region (Swanson et al., 

1999). Nested delefions within this fusion were created by PCR using specific 

oligonucleotides designed to produce DNA fragments that carry different size deletions 

from the 5' end of the ptxS upstream region. Using this approach, three specific deletion 

fragments that contain a 24 bp, 46 bp, and 167 bp delefions from the 5' end of the ptxS 

upstream region were generated. The fragments were cloned into the lacZ translational 

fusion vector pSW205 generating plasmids pBS33, pBS29, and pBS31, respecfively (Fig. 

5.1). In each plasmid, the ptxS upstream region plus the region that codes for the first 7 

amino acids of PtxS was fused in frame with the region that codes for the P-galactosidase 

gene. The resulting constmcts were introduced into the P. aeruginosa strain PAOl and 

assayed for p-galactosidase activity. Cultures were grown in TSB-DC media at 32°C 

under aerobic conditions for 16 hours. The four diiffexeniptxS::lacZ promoter fusions 

tested produced varying levels of p-galactosidase acfivity (Fig. 5.1). Plasmid pBS8-4 

(which carried 728 bp of ptxS upstream region) produced the highest level of p-

galactosidase activity (Fig. 5.1). In contrast, plasmid pBS31 produced no detectable level 

of p-galactosidase acfivity (Fig. 5.1). However, in comparison with pBS8-4, plasmids 
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Promoter fusion constmct Plasmid 

Units of P-
galactosidase 
activity 

728 bp 
lacZ 

-24 bp 
704 bp 

lacZ 

pBS8-4 83.80 ±6.87 

pBS33 19.22 ±3.33 

-46 bp 
682 bp 

lacZ pBS29 6.13 ±1.56 

-167 bp-
561 bp 

lacZ pBS31 0.00 

Figure 5.1. Identification of the ptxS promoters. Four DNA fragments that carry the 
indicated bp deletions from the 5' end of the ptxS upstream region were synthesized by 
PCR. The fragments were cloned into the lacZ transcriptional fusion vector pSW205. 
Recombinant plasmids (in which the ptxS upstream region plus the region that codes for 
the first seven a. a. of PtxS is translated in frame with the P-galactosidase gene) were 
introduced into PAOl and the cells were grown in TSB-DC medium at 32°C for 16 
hours. The level of p-galactosidase activity was determined as previously described 
(Miller, 1972). The negative control vector produced no p-galactosidase acfivity in 
PAOl. The values represent the average of three independent experiments ± the SEM. 
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pBS29 and pBS33 produced low levels of P-galactosidase activity, approximately 4-fold 

and 12-fold less, respectively (Fig. 5.1). These results suggest that the 167 bp region 5' 

of ptxS (which is deleted in pBS31) is essenfial for ptxS expression. In addifion, the 

significant reducfion in the level of p-galactosidase activity produced by pBS33 suggests 

that at least the 24 bp region is required for the full expression of ptxS. 

Identification of potential regulatory domains 

During our inifial analysis of the 720 bp ptxR-ptxS intergenic region (using DNA 

gel-shift experiments), we identified three potential P. aeruginosa proteins that 

specifically bind to this region. As discussed above, one of these proteins is PtxS which 

binds to the ptxS upstream region. To localize the binding of the other proteins, the 

region was divided into three fragments: a 257 bp BamHl-Dpnl fragment which contains 

the putative upstream region of ptxR and a portion of its open reading frame, a 157 bp 

Dpnl-Dpnl intergenic fragment, and a 304 bp Dpnl-Kpnl fragment containing the 

putative upstream region of ptxS (Fig. 5.2). The 257 bp BamHl-Dpnl probe produced no 

binding activity when incubated with the PAOl lysate (data not shown). The 157 bp 

Dpnl-Dpnl fragment displayed a faint band of DNA binding activity with the PAO 1 

lysate (Fig. 5.3a). In addition, two intense bands of DNA binding acfivity were observed 

when the 304 bp Dpnl-Kpnl fragment was incubated with the lysate of PAOl (Fig. 5.3b). 

The 304 bp fragment was subsequently divided into two smaller fragments: a 201 bp 

Dpnl-Hincll fragment and a 103 bp Hincll-Kpnl fragment (Fig. 5.2). Each fragment 

produced one band of DNA binding acfivity upon its incubafion with the PAOl lysate 

(Fig. 5.3c). The 103 bp DNA binding protein was determined to be PtxS (Swanson et al., 

1999). However, the specific binding to the 201 bp and 157 bp fragments is likely to be 

produced by other proteins (other than PtxS). No DNA binding band was detected when 

the lysate of K38/pJAC17 (in which PtxS is overproduced) was incubated with either the 

201 bp or the 157 bp probes (data not shown). 
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BamHl Dpnl Dpnl Hindi Kpnl 

ptxR 
ptxS 720 bp 

BamHl Dpnl 

257 bp 

Dpnl Dpnl 

157 bp 

Dpnl Kpnl 

304 bp 

Dpnl Hindi 

201 bp 

Hindi Kpnl 

103 bp 

Figure 5.2. Map of the ptxR-ptxS intergenic region. The intergenic region was digested 
with appropriate restriction enzymes to prepare probes for the gel-shift assay. The size of 
each probe (in bp) is shown on the right side of the diagram. Arrows indicate the 
direcfion of transcription of ptxR and ptxS. 
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Figure 5.3. Identification of potential proteins (within the P. aeruginosa strain PAOl) 
that specifically bind to different regions of the 720 bp fragment. PAOl was grown in 
either iron-sufficient or iron-deficient TSB-DC medium for 16 hours at 32°C. Each 
probe was incubated with 25 p,g of the cell lysate. (A) Incubation of the lysate with the 
157-bp Dpnl/Dpnl probe. Lanes: (1) 157-bp probe alone; (2) 157-bp probe + PAOl (no 
iron); (3) 157-bp probe -h PAOl (high iron). (B) Incubation of the lysate with the 304 bp 
DpnVKpnl probe. Lanes: (1) 304-bp probe alone; (2) 304-bp probe -H PAOl (no iron); (3) 
304-bp probe + PAOl (high iron). (C & D) The 304-bp fragment was divided into two 
fragments (201-bp Dpnl/Hindl and 103-bp HindVKpnl) and the lysate was incubated 
with each probe separately. C) Incubafion of the lysate with the 201-bp probe. Lanes: (1) 
201-bp probe alone; (2) 201-bp -i- PAOl (no iron); (3) 201-bp -t- PAOl (high iron). D) 
Incubafion of the lysate with the 103-bp probe. Lanes: (1) 103-bp probe alone; (2) 103-bp 
+ PAOl (no iron); (3) 103-bp -H PAOl (high iron). 
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Partial purification of the DNA binding protein(s) 

We have attempted to partially purify the DNA binding protein(s) that bound to 

the 157 bp Dpnl-Dpnl fragment and the 201 bp Dpnl-Hindl fragment. The DNA 

binding proteins from the lysate of the P. aeruginosa strain PAOl were fractionated 

through a heparin sepharose column as described in Materials and Methods. After 

passing the PAOl lysate through a heparin-sepharose column, the putafive DNA binding 

proteins that bound to the column were eluted using a step-wise salt gradient of 

potassium chloride (0.1 M-1.0 M KCl). When the 201 bp fragment was incubated with 

each heparin fracfion in a typical gel-shift reacfion, a DNA binding band was detected 

with the 0.4 M KCl fracfion only (Fig. 5.4a). However, the binding acfivity to the 157 bp 

fragment was localized to the 0.6 M KCl fracfion (Fig. 5.4b). We have also tried to 

examine the protein content of the 0.4 M and 0.6 M KCl fracfions (that showed DNA 

binding acfivity) using SDS-PAGE. However, as shown in Figure 5.5, it is difficult at 

this fime to assign the observed binding acfivifies to one specific protein in each fracfion. 

Discussion 

Despite several attempts, we were not able to determine the ptxS transcriptional 

start site (data not shown). However, results presented in this study suggest that there are 

two possible promoters for ptxS. One promoter is located within the region -728 to -704 

bp 5' of the ptxS translational start codon (Fig. 5.1). A deletion within this region (as in 

subclone pBS33) produced a significant reduction in the level of P-galactosidase activity 

(Fig. 5.1). The other possible promoter is located within the -682 to -561 bp region 5' of 

ptxS. Delefions within this region eliminated all P-galactosidase acfivity (Fig. 5.1). We 

have previously constmcted two additional subclones that carried 103 bp and 450 bp 5' 

of the GTG start site of ptxS fused in frame with the lacZ gene. However, neither of 

these subclones produced detectable P-galactosidase activity (data not shown). Several 

other P. aeruginosa regulatory genes have been shown to have two promoters. These 

genes include to the toxA regulatory genes, regA and ptxR, and the siderophore and toxA 

regulatory gene, pvdS (Ochsner et al., 1995; Storey et al., 1990; Vasil et al., 1998). In 

comparison with other prokaryotic promoters, the location of these potential promoters 
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Figure 5.5. SDS-PAGE of the proteins contained within each heparin fraction. The 
proteins were electrophoresed on a 12% gel and the gel was stained with silver stain (to 
enhance the detecfion of the proteins). Lanes: (1) M.W. standards; (2) protein content in 
the wash fraction; (3-12) proteins within the fractions that were eluted with a step-wise 
(0.1-l.OM) KCl gradient. 
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(704 bp and 561 bp 5' of the GTG start site) appears to be unusual. However, this 

organization bears some resemblance to the location of the two promoters of the deoR 

operon of E. coli. The deo operon of E. coli encodes nucleotide and nucleoside 

catabolizing enzymes (Dandanell et al., 1991; Valenfin-Hansen et al., 1982). Both in 

vivo and in vitro transcriptional studies showed that the inifiation of transcripfion of deo 

occurs from the separate sites within the deo upstream region. In addition, other 

regulatory studies confirmed the presence of two promoter operator sites in the deo 

operon (deoPI and ^eoP2)(Valenfin-Hansen et al., 1982). Although transcripfion for 

deoP2 starts at 47 bp 5' of the ATG codon, the transcription from the deoPI starts at 647 

bp 5' of the ATG codon (the distance between deoPl and deoP2 is 600 bp)(Valenfin-

Hansen et al., 1982). As shown in Figure 5.1, ptxS transcription from the farthest 

promoter appears to be more efficient than the nearest promoter (83 versus 19 units of P-

galactosidase activity). ptxS expression from these two promoters may be regulated 

differentially. In addition, PtxS may function to interfere with the expression from one 

promoter with more affinity than the other. Recent preliminary RNase protection 

experiments suggest the presence of two ptxS transcriptional start sites (U. Ochsner, 

personal communication). However, additional experiments (including the constmcfion 

of a lacZ fusion subclone that carries either one of these potential promoters) will be 

necessary to confirm these possibilifies. 

The detection of specific binding bands when the PAOl lysate was incubated with 

two separate fragments of the ptxS-ptxR intergenic region suggests the presence of at 

least two addifional potenfial proteins that regdaie ptxS and/or ptxR expression (Fig. 5.3). 

As we have shown previously (Colmer and Hamood, 1998; Swanson et al., 1999), the 

ptxR-ptxS intergenic region is complex and contains several potenfial binding sites for 

regulatory proteins. For example, the ptxR-ptxS intergenic region contains several direct 

and indirect repeats (Colmer and Hamood, 1998). In addition, three potential CRP-

cAMP binding sites are located within this region (Colmer, 1997). The 201 bp fragment, 

which binds to one of the potential proteins, contains a putative CRP-cAMP binding site 

(Colmer, 1997). The 157 bp fragment, which binds to the other potential protein, 

contains one putative CRP-cAMP binding site (data not shown. Fig. 5.2). Furthermore, 
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the region contains a sequence that carries most of the conserved nucleotides within the 

Fur binding site (Vasil et al., 1998). Whether any of these sites represents a binding site 

for one of the potential regulatory proteins is not known at this time. However, although 

the role of the potential binding proteins regulating ptxS or ptxR expression (posifively or 

negafively) is yet to be determined, one or more of the proteins is likely to regulate ptxR 

expression. Besides the potenfial binding site described above, the 157 bp fragment also 

contains the recently described prxP T2 transcriptional start site and the 201 bp fragment 

contains ihe ptxR T2 transcripfional start site (Vasil et al., 1998) (Fig. 5.2). In addition, 

ptxR's expression was shown to be iron-regulated, which poses a potenfial role for the 

putafive Fur binding site in regulafing prxP. As shown in Figure 5.3, the binding band 

with the 201 bp fragment is more pronounced than that with the 157 bp fragment. This 

suggests that the binding of one protein to the 201 bp fragment is more efficient than the 

binding of the other protein to the 157 bp fragment. Altematively, the rate of synthesis of 

one protein is less than that of the other. Further DNA binding studies are being 

performed to determine the putative regulatory proteins that are binding to the highly 

complex ptxR-ptxS intergenic region. 
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CHAPTER VI 

ISOLATION OF A PSEUDOMONAS AERUGINOSA 

OPERON THAT IS REGULATED BY 

2-KETOGLUCONATE THROUGH THE PTXS GENE 

Introduction 

Pseudomonas aeruginosa is a Gram-negative pathogen that causes a variety of 

infections including wound infections, nosocomial infections, and lung infections in 

cystic fibrosis pafients (Bodey et al., 1983; Wood, 1976). The abihty of P. aeruginosa to 

cause these infections is due to the production of several extracellular vimlence factors 

(Woods and Iglewski, 1983). Among these different vimlence factors, exotoxin A is 

considered the most toxic. Exotoxin A is an ADP-ribosyl transferase enzyme that 

catalyzes the transfer of the ADP-ribosyl moiety of NAD^ onto elongation factor 2 of 

eukaryotic cells causing cessation of the protein synthesis process and subsequent cell 

death (Iglewski and Kabat, 1975). Exotoxin A production by P. aeruginosa is a 

complicated process that involves several regulatory genes (Gambello et al., 1993; Prince 

et al., 1993; West et al., 1994b; Wick et al., 1990b). We have previously described one of 

the exotoxin A positive regulatory genes, ptxR (Hamood et al., 1996). 

When carried on a plasmid, ptxR causes a 4-5 fold increase in exotoxin A 

synthesis in P. aeruginosa (Hamood et al., 1996). The enhancement in exotoxin A 

synthesis by ptxR appears to occur at the transcriptional level (Hamood et al., 1996). 

Available evidence suggests that ptxR enhances toxA transcription through the previously 

described toxA transcriptional regulator, regA (Hamood et al., 1996). We have also 

identified another gene, ptxS, which codes for a protein that belongs to the GalR-LacI 

family of transcriptional repressors and appears to interfere with the enhancement in 

exotoxin A synthesis by ptxR (Colmer and Hamood, 1998). ptxS, which is located 5" of 

ptxR, is transcribed in the opposite orientation of ptxR from the other strand of DNA. 

PtxS shares some of the characteristic features of the GalR-LacI repressors. For 

example, similar to other repressors (such as GalS, PurR, and CytR), PtxS autoregulates 

its synthesis by binding to its upstream region (Swanson et al., 1999). DNase I protection 
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analysis showed that PtxS binds to a 20 bp fragment within the ptxS upstream region that 

contains a 14 bp palindromic sequence which may represent the PtxS binding site 

(Swanson et al., 1999). In addifion, ptxS expression (as determined by the level of p-

galactosidase acfivity produced by aptxS-lacZ fusion) in the P. aeruginosa isogenic 

mutant PAOl::ptxS was 4-5 fold higher than that in PAOl (Swanson et al., 1999). 

However, unlike many of the GalR repressors which are known to regulate target genes 

and bind to specific effector molecules, no specific effector molecules for PtxS have been 

idenfified. In this study, we have tried to determine if the PtxS binding site exists in other 

regions of the P. aeruginosa chromosome. We have identified a PtxS binding site 

immediately 3' of ptxS. This sequence is located within the upstream region of an operon 

that appears to be involved in the ufilizafion of 2-ketogluconate. 

Results 
Identification a second PtxS binding site 

We have previously shown that PtxS binds to a 20 bp region within the ptxS 

upstream region (Swanson et al., 1999). Within this 20 bp fragment exists a 14 bp 

palindrome which may represent the PtxS operator site (Swanson et al., 1999). In this 

study, we tried to determine if the palindromic sequence exists in other regions of the P. 

aeruginosa chromosome and if PtxS specifically binds to this sequence. The presence of 

such a sequence within the upstream region of other genes may indicate that the 

expression of these genes is regulated by PtxS. We have searched the complete 

nucleotide sequence of the P. aeruginosa strain PAOl (at www.pseudomonas.com) for 

potential PtxS binding sites. The 14 bp palindrome was identified at two locations; one 

within ihe ptxS upstream region (as previously determined (Swanson et al., 1999)) and 

the other immediately 3' of ptxS (in the same orientation). Initial DNA binding 

experiments were conducted to determine if the DNA fragment that carries this 

palindromic sequence specifically binds to PtxS. Analysis of the region downstream of 

ptxS revealed that the second potential PtxS binding site is carried on a 520 bp 

Kpnl/Hindlll fragment (data not shown). The 520 bp fragment was obtained from 

plasmid pKS-i-HK, which we have constmcted previously during the isolation and 

characterization of ptxR and ptxS (Hamood et al., 1996; Colmer and Hamood, 1998). The 
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fragment was end-labeled using T4 polynucleotide kinase as previously described 

(Swanson et al., 1999) and incubated in a typical DNA binding reacfion with the cell 

lysate of E. coli K38/pJAC17 (in which PtxS was overproduced). Incubafion of the 520 

bp fragment with the lysate of K38/pJAC17 produced a gel shift band (Fig. 6.1). The 

specificity of this binding band was confirmed by competition experiments in which the 

gel shift band was eliminated upon the addition of excess unlabeled 520 bp fragment 

(Fig. 6.1). These results indicate that PtxS specifically binds to this palindromic 

sequence. 

Identification of a potenfial 2-ketogluconate utilization operon 

The newly identified 14 bp palindromic sequence may be located within the 

upstream region of a gene(s) that is regulated by PtxS. To examine such a possibility, we 

searched the available P. aeruginosa genomic sequence for a potenfial open reading 

frame(s) (ORFs) in the region 3' of ptxS. We have idenfified four potenfial ORFs that are 

transcribed in the same direcfion (Fig. 6.2). There were no clear transcripfion initiation 

or transcripfion termination signals between these genes. 

ORFl, ORF2, ORF3, and ORF4 

The 783 bp ORFl, which is located 72 bp downstream of ptxS and has a G + C 

content of 67%, encodes a 261-amino-acid protein with a predicted molecular weight of 

28.9 kDa (Fig. 6.2a). The amino acid sequence of this predicted protein showed no 

significant similarity to other proteins in the database. However, it does contain all of the 

conserved amino acid residues of the aldose-1 epimerase family (Table 6.1). A putative 

Shine-Dalgamo sequence was identified 12 bp from the predicted ATG start codon (Fig. 

6.2b). However, based on comparisons to known E. coli promoters, no -10 or -35 sites 

were found upstream of this start codon. 0RF2 is located 28 bp 3" of ORFl and is 912 

nucleotides in length with 67.8% G -i- C content (Fig. 6.2a). A putative Shine-Dalgamo 

sequence was identified 7 bp from the predicted ATG start codon (Fig 6.2b). The 32.6 

kDa protein encoded by ORF2 displayed a high degree of homology to several 

carbohydrate kinases. The most significant homology was detected with the 2-keto-3-
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Figure 6.1. PtxS binding to the labeled 520 bp Kpnl/Hindlll fragment which is located 3" 
of ptxS and carries OP2. The probe was incubated with 1 pg of the lysate of the E. coli 
strain K38/pJAC17 (in which PtxS is overproduced). The specificity of this binding was 
determined by a gel shift competition experiment in which an excess (20X) of unlabeled 
520 bp fragment was added to the binding reacfion. Lanes: (1) 520 bp probe alone: (2) 
520 bp probe -i- PAOl lysate: (3) 520 bp probe -h PAOl::ptxS lysate; (4) 520 bp probe + 
K38/pT7-5: (5) 520 bp probe -h the lysate of K38/pJAC17; (6) 520 bp probe + the lysate 
of K38/pJAC17-H 20X of unlabeled 520 bp fragment. 
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OPl OP2 

^ ptxS 'j^;:Jl\T^i:^E^ kguK ^ — | kguT ^>fTJ^<D ^ 

repressor epimerase kinase permease dehydrogenase 

1023 bp 783 bp 912 bp 1308 bp 987 bp 

37.4 kDa 28.9 kDa 32.6 kDa 48.1 kDa 35.6 kDa 

B 

1 TGAACAACGTCCTGGCCTCATGCCTGGCTCGGCCCCGGTAGGCGTTTTTTTCCCGTTGAC 6 0 

61 GGGCATCGGCCTTCTGGTATTTTCTGAAACCGGTTTCAACTCCTGGCATCCGCTGGCGAA 12 0 

121 GACCAGCCGGACACACCAATAAGAACAGCACdAAGAGGtTACCAGGTCCGTGAATGGTTCA 180 
V N G S 

181 GTACTGCCCAGCCGTGGCCGCGTCACCATCAACCAGGTGGCCGAGGCCGCCGGCGTCTCC 240 
V L P S R G R V T I N Q V A E A A G V S 

2 41 AAGGCCAGCGTGTCGCGCTATATCGGCGGCGACCGCCAGTTGCTCGCCGATGCCACCGCC 3 00 
K A S V S R Y I G G D R Q L L A D A T A 

3 01 CGGCGCATCGAGCGCGCCATCGACCAGCTCGACTACCGCCCCAACCAGATGGCCCGAGGC 3 60 
R R I E R A I D Q L D Y R P N Q M A R G 

3 61 CTCAAGCGCGGGCGCACACGGCTGATCGGAATGCTGGTGGCGGACATCCTCAACCCCTAC 42 0 
L K R G R T R L I G M L V A D I L N P Y 

4 2 1 TCCGTGGCCGTCATGCATGGCGTGGAAACCGCCTGCCGCGAACACGGCTACAGCCTGGTG 4 8 0 
S V A V M H G V E T A C R E H G Y S L V 

4 81 GTGTGCAATACCGACCGCGACGACGAGCAGGAGCGTCATCACCTGGCCGCCCTGCAGTCC 540 
V C N T D R D D E Q E R H H L A A L Q S 

541 TACAACGTCGAAGGACTGATCGTGAACACCCTCGGCCACCATCCCGGCGAATTGCGCGCC 6 00 
Y N V E G L I V N T L G H H P G E L R A 

601 CTGCACCGCGAACTGCCGATGGTGCTGGTGGACCGCCAGTTGGCCGAGCTGGATACCGAC 660 
L H R E L P M V L V D R Q L A E L D T D 

Figure 6.2. Mapping of ptxS and the putative downstream genes. (A) The physical map of 
the putative kgu operon. The size (in bp and in predicted molecular weight) of each operon 
reading frame is indicated. OPl and OP2 indicate the position of the PtxS operator site (the 
14 bp palindromic sequence). (B) The nucleotide sequence of ptxS and the downstream genes 
including the amino acid sequence of the predicted proteins. The PtxS operator sites are 
underlined with solid black lines. Potential ribosomal binding sites are indicated by the 
boxed nucleofides. Putative -10 and -35 sites, based on homologies with E. coli 6^^ 
promoters, are underlined with dashed lines. Opposing arrows indicate the rho independent 
termination signal. 
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6 6 1 CTGGTCGGCCTGGACAACGCCGACGCCGTCGAACAGGCCCTCGACCACCTGCAGCACCGC 72 0 

L V G L D N A D A V E Q A L D H L Q H R 
7 2 1 GGCTTCCGCGACATCCTGCTGGTCACCGAACCGCTCGACGGCACCAGCTCGCGGATCGAG 7 8 0 

G F R D I L L V T E P L D G T S S R I E 
7 8 1 CGGGTCCAGGCCTTCAATGCCTCCATCGGCCGGCGACCGGCGCTCAAGGGCCAGGTCCTG 8 4 0 

R V Q A F N A S I G R R P A L K G Q V L 
8 4 1 CAAACCGACGACTTCTTCCGCGACGGCCTGCGCGCCTTCCTTTCGGCCAGCGGCCCCGGG 9 0 0 

Q T D D F F R D G L R A F L S A S G P G 
9 0 1 CCGAAGGCGCTGTTCACCTGCAACGGCGTCGCCACCCTCTGCGCCACCCGCCAACTGCGC 9 60 

P K A L F T C N G V A T L C A T R Q L R 
9 6 1 GACCTCGGCTGCCGGCTGTTCGATGAGGTCGGCCTGCTGGCCCTGGACGAACTCGACTGG 1 0 2 0 

D L G C R L F D E V G L L A L D E L D W 
1 0 2 1 TACCCACTGGTGGGCAGCGGCATCACCGCCCTCGCCCAACCCACCGACGAAATCGGCCGC 1 0 8 0 

Y P L V G S G I T A L A Q P T D E I G R 
1 0 8 1 ACCGCCTTCGAGCGCCTCCTGGCGCGACTCGAAGGCGACCGCGAGCCGGCGCGCCGGGTG 1 1 4 0 

T A F E R L L A R L E G D R E P A R R V 
1 1 4 1 ACCTTCCCGGCGCAACTGATCGTTCGCGGCTCGACCCATCCACGCGGCTAGCGGCCCGCC 12 00 

T F P A Q L I V R G S T H P R G * 
12 0 1 GCCGGCGCGTTGCCGGCGGCTTTCGCACGGCTTGAAATGAAACCGGTTTCJAGAGGAlrCGC 12 6 0 

12 6 1 CAATGTCCCTTCACCCCGTCTCCATCAGTCTTTCCAGCTATGGCGCGGACCTCGTTCGCA 13 2 0 
M S L H P V S I S L S S Y G A D L V R S 

1 3 2 1 GTCGCGGCCAGGCCAGCTTCCTGCCCTTGCTGGCGATGGCCGGCGCGCAGCGCGTGGAAC 13 80 
R G Q A S F L P L L A M A G A Q R V E L 

1 3 8 1 TGCGCGAGGAACTCTTCGCCGGCCCGCCGGATACCGAGGCGCTGACCGCCGCCATCCAGT 1 4 4 0 
R E E L F A G P P D T E A L T A A I Q L 

1 4 4 1 TGCAGGGGCTGGAGTGCGTGTTCTCCTCACCCCTCGAGCTGTGGCGCGAAGACGGCCAGT 1 5 0 0 
Q G L E C V F S S P L E L W R E D G Q L 

1 5 0 1 TGAACCCCGAGCTGGAGCCGACCCTGCGCCGCGCCGAAGCTTGCGGAGCCGGATGGCTCA 1 5 6 0 
N P E L E P . T L R R A E A C G A G W L K 

1 5 6 1 AGGTCTCGCTCGGCCTTCTGCCGGAACAGCCCGATCTCGCCGCCCTCGGCCGGCGCCTGG 1 6 2 0 
V S L G L L P E Q P D L A A L G R R L A 

1 6 2 1 CGCGCCACGGCTTGCAACTGCTGGTGGAGAACGACCAGACGCCCCAGGGCGGCCGGATCG 1 6 8 0 
R H G L Q L L V E N D Q T P Q G G R I E 

16 81 AGGTGCTGGAACGCTTCTTCCGCCTCGCCGAACGCCAGCAGCTGGACCTGGCGATGACCT 1740 
V L E R F F R L A E R Q Q L D L A M T F 

1741 TCGACATCGGCAACTGGCGCTGGCAGGAGCAGGCGGCCGACGAAGCCGCCCTGCGCCTTG 1800 
D I G N W R W Q E Q A A D E A A L R L G 

1801 GCCGCTATGTCGGCTACGTGCACTGCAAGGCGGTGATCCGCAACCGCGACGGCAAGCTGG 18 60 
R Y V G Y V H C K A V I R N R D G K L V 

1861 TCGCGGTGCCGCCGTCGGCCGCCGACCTGCAGTACTGGCAGCGCCTGCTGCAGCATTTCC 192 0 
A V P P S A A D L Q Y W Q R L L Q H F P 

1921 CGGAAGGCGTGGCGCGGGCCATCGAATACCCGCTGCAGGGCGACGACCTGCTCAGTCTCA 19 8 0 
E G V A R A I E Y P L Q G D D L L S L S 

19 81 GCCGCCGGCACATCGCCGCCCTCGCCCGCCTCGGCCAGCCCCAGGAGGAACGCCAGCATG 2 040 
R R H I A A L A R L G Q P Q E E R Q H G 

2 041 GCTGACTTCGAGATCCTCTGCTTCGdCGAGAqCATGGCCATGTTCGTCGCCGAACAGCCC 2100 
* M A M F V A E Q P 

2101 GGCGAACTGGACCGGGTCGAGCAGTTCGGCAAGCGCATCGCCGGCGCCGACAGCAACGTC 216 0 
G E L D R V E Q F G K R I A G A D S N V 

Fig. 6.2. confinued 
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2161 GCCATCGGCCTCGCCCGCCTCGGCTTCGCGGTGGCCTGGCTGAGCCGGGTCGGCGACGAC 22 2 0 
A I G L A R L G F A V A V J L S R V G D D 

2221 TCGCTCGGCCGCTTCGTACTCGACAGCCTGACCCGCGAGGGCCTCGACTGCCGCTTCGTC 22 80 
S L G R F V L D S L T R E G L D C R F V 

22 81 GAGGTCGACGCGCAAGCGCCCACCGGGTTCCAGATGAAGTCCCGCGAGGTCGATGGTGCC 23 40 
E V D A Q A P T G F Q M K S R E V D G A 

2 3 41 GACCCGCGGGTCGAGTACTTCCGCCGCGGCTCGGCGGCCAGCCGGCTGGGCCTCGCCCAT 2 40 0 
D P R V E Y F R R G S A A S R L G L A H 

2401 ATCCGCGAAGAAATGCTCGGCGCCCGCCACCTGCACGCCACCGGCATTCCGCCGGCACTC 2 460 
I R E E M L G A R H L H A T G I P P A L 

2 461 TCGGCGAGTGCCTGCGAACTGTCCCACGAACTGATGCGGCGCATGCGCGGCAAGGGCGCC 2 52 0 
S A S A C E L S H E L M R R M R G K G A 

2 521 AGCCTGTCCTTCGACCCCAACCTGCGGCCCTCGCTGTGGCCCAGCGAGCGCCGCATGATC 2 5 8 0 
S L S F D P N L R P S L W P S E R R M I 

2 5 81 GCCGAGATCAACGCCCTCGCCGCGCATGCCCACTGGGTCCTGCCGGGCCTGGAGGAAGGC 2 640 
A E I N A L A A H A H W V L P G L E E G 

2 641 CGCCTGCTCAGCGGCTGGCAGGAACCCGCGGATATCGCCGCGTTCTACCTGGACATGGGC 2700 
R L L S G W Q E P A D I A A F Y L D M G 

2 7 01 GTCGACGCGGTGGCGATCAAGCTCGGCCCGAGCGGCGCCTACTATCGCGATGCCCACGGC 27 6 0 
V D A V A I K L G P S G A Y Y R D A H G 

27 61 GAAGGGCTGGTCCCCGGCGTGCCGGTGGCGACCGTGGTGGACACCGTGGGCGCCGGCGAC 2 82 0 
E G L V P G V P V A T V V D T V G A G D 

2 821 GGCTTCGCGGTCGGGGTGGTCAGCGCGCTGCTGGAAGGCCTGCCGCTGCCCGACGCGGTG 2 8 80 
G F A V G V V S A L L E G L P L P D A V 

2 8 81 GCGCGCGGCAACTGGATCGGCAGCCGCGCGGTACAGGTCCGCGGCGACATGGAGGGGCTG 2 940 
A R G N W I G S R A V Q V R G D M E G L 

2 9 41 CCGAAACGCAGCCAACTGCTCGACCGCGAGCGCCGCAGGAGCGCCTGAACCCGCCGCCCA 3 000 
P K R S Q L L D R E R R R S A * 

3 001 CGCGGCACCTGTTGCGACAAGAACAAGACAAGCIjCAGGAbATACCCGACCATGACCATGC 3 060 
M T M P 

3 061 CTCGCCTCGCCAGCAGCCGCTGGTGGTACATCATGCCGATCGTTTTCGTCACCTACAGCC 312 0 
R L A S S R W W Y I M P I V F V T Y S L 

3121 TGGCCTACCTGGACCGCGCCAACTACGGCTTCGCCGCCGCCTCCGGGATGGCCGACGACC 3180 
A Y L D R A N Y G F A A A S G M A D D L 

3181 TGCGGATCACTCCCGGGCTGTCCTCGCTGCTGGGCGCGCTGTTCTTCCTCGGTTACTTCT 3 2 40 
R I T P G L S S L L G A L F F L G Y F F 

3 2 41 TCTTCCAGGTGCCGGGGGCGATCTACGCGGAAAAGCGCAGCGTCAAGAAGCTGATCTTCG 3 3 00 
F Q V P G A I Y A E K R S V K K L I F V 

3 3 01 TCAGCCTGATCCTCTGGGGCGGACTGGCCACCCTGACCGGGATGGTCGCCAACGTCTATC 3 3 60 
S L I L W G G L A T L T G M V A N V Y L 

3 3 61 TGCTGATCGGCATCCGCTTCCTCCTCGGCGTGGTCGAGGCGGCGGTGATGCCAGCGATGC 3 42 0 
L I G I R F L L G V V E A A V M P A M L 

3 421 TGGTCTACCTCTGCCACTGGTTCACCCGCGCCGAGCGCTCGCGGGCGAACACCTTCCTGA 3 4 80 
V Y L C H W F T R A E R S R A N T F L I 

3 4 81 TCCTCGGCAACCCGGTGACCATCCTCTGGATGTCGGTGGTCTCCGGCTACCTGGTGGAGC 3 540 
L G N P V T I L W M S V V S G Y L V E H 

3 541 ATTTCAGCTGGCGCTGGATGTTCATCATCGAAGGCCTGCCGGCGGTGATCTGGGCCTTCA 3 600 
F S W R W M F I I E G L P A V I W A F I 

3 601 TCTGGTGGCGCCTGGTGGATGACCGCCCGCGCCAGGCCGCCTGGCTGAGCGGCTCGGAAA 3 6 6 0 
W W R L V D D R P R Q A A W L S G S E K 
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3 661 AACGCGACCTGGAAGACGCCCTGGCCGCCGAGCAGCAGGGCATCAAGCCAGTGAAGAACT 3 72 0 
R D L E D A L A A E Q Q G I K P V K N Y 

3 7 21 ACCGCGAGGCGTTCCGTTCGCCAAAGGTCATCGTCCTCTCGCTGCAGTACTTCTGTTGGA 3 7 8 0 
R E A F R S P K V I V L S L Q Y F C W S 

3 7 81 GCATCGGCGTCTATGGCTTCGTCCTCTGGCTGCCGTCGATCCTCAAGCACGGTGCCAACA 3 840 
I G V Y G F V L W L P S I L K H G A N I 

3 841 TCGACATCATAGAAGCCGGCTGGCTGTCGGCGCTGCCCTACCTGGCGGCGGTGATCGCCA 3 9 00 
D I l E A G W L S A L P Y L A A V I A M 

3 9 01 TGCTCGGGGTGTCCTGGGCCTCGGACCGGTTGCAGAAACGCAAGCGTTTCGTCTGGCCGC 3 9 6 0 
L G V S W A S D R L Q K R K R F V W P P 

3 9 61 CGCTGCTCATCGCGTCCATCGCCTTCTACGGTTCCTACGCCCTCGGCAGCGAGCACTTCT 402 0 
L L I A S I A F Y G S Y A L G S E H F W 

4021 GGCTGTCCTACGCCCTGCTGGTGCTGGCCGGGGCCTGCATGTACGCGCCCTACGGACCGT 4080 
L S Y A L L V L A G A C M Y A P Y G P F 

40 81 TCTTCGCCATCGTCCCGGAAGTCCTCCCGGCCAACGTCGCCGGCGGCGCCATGGCGCTGA 4140 
F A I V P E V L P A N V A G G A M A L I 

4141 TCAACAGCATGGGCGCGCTGGGCTCGTTCTCCGGCTCCTGGCTGGTCGGCTACCTGAACG 42 00 
N S M G A L G S F S G S W L V G Y L N G 

42 01 GCATCACCGGCGGGCCCGGGGCTTCCTATCTGTTCATGAGCGGAGCGCTGCTGCTGTCGG 42 60 
I T G G P G A S Y L F M S G A L L L S V 

42 61 TGCTGCTCACCGTGTTCCTCAACCCGCACGCCGACAAGCGCGAGCCCGATGCCGCTCGCG 43 2 0 
L L T V F L N P H A D K R E P D A A R A 

43 21 CGCACGCCTCGCGGCGGGCGGCGCCGGCCCACCCCTGACCGACTcdGGAGbATCCGATGA 43 80 
H A S R R A A P A H P * M K 

43 81 AGAAAGTGGTTCTCTACAAACGTCTCTCCGCGCCCCTGATGGAACGCCTGCGCGAACGGG 4440 
K V V L Y K R L S A P L M E R L R E R V 

4441 TCGAGGTGCTCCTGGTCGAGGAGCCCGGCCGCGACGGCCTGGCCCGCCTGCGCGACGCCC 4500 
E V L L V E E P G R D G L A R L R D A L 

45 01 TGCCCGAGGCCCACGGCCTGCTCGGCGCCAGCCTGCGCCTGGACGCCGGACTGCTCGACC 45 60 
P E A H G L L G A S L R L D A G L L D L 

45 61 TGGCACCGCGACTGGAAGCCATCGCCAGCGTCTCGGTGGGCGTCGACAACTATGACATCG 462 0 
A P R L E A I A S V S V G V D N Y D I D 

4621 ACTACCTCGACCGCCGCGGCATCCTCCTCAGCAATACCCCCGACGTGCTCACCGAGACCA 46 80 
Y L D R R G I L L S N T P D V L T E T T 

4 6 81 CCGCCGACACCGGCTTCGCGCTGATCCTGGCGACAGCCCGGCGGGTAGTGGAACTGGCCG 47 40 
A D T G F A L I L A T A R R V V E L A G 

47 41 GCTGGGTGCGCGCCGGGGAATGGAAGAAGAGCGTCGGCGCCGCCCAGTTCGGTACCGACG 4 800 
W V R A G E W K K S V G A A Q F G T D V 

4 801 TGCATGGCAAGACCCTCGGTATCGTCGGCATGGGCCGCATCGGCGAGGCCCTGGCCCGGC 4 860 
H G K T L G I V G M G R I G E A L A R R 

4 8 61 GCGGGCACCACGGCTTCGGCATGCGCGTGCTGTACCACAGCCATAGCCCGAAGCCCCACG 492 0 
G H H G F G M R V L Y H S H S P K P H V 

4 921 TCGAAGAACGCTACGCAGCGAGCTACCGCCCCCTCGACGCGCTGCTCGAGGAATCCGACT 49 8 0 
E E R Y A A S Y R P L D A L L E E S D F 

49 81 TCGTCTGCCTGACCCTGCCGCTGACCGCCGCCACCGAAGGCCTGATCGGTGCCGCGCAGT 5040 
V C L T L P L T A A T E G L I G A A Q F 

5041 TCGCCCGGATGCGCCCGCAGGCGATCTTCATCAACATCTCCCGTGGCCGGGTGGTCGACG 5100 
A R M R P Q A I F I N I S R G R V V D E 

5101 AGGCGGCCCTGATCGAGGCCCTGGCCCAGCGGCGGATCCGCGCCGCCGGCCTCGACGTGT 5160 
A A L I E A L A Q R R I R A A G L D V F 
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5161 TCGAGCGCGAGCCGCTGTCTCCCGACTCGCCGCTGCTGCGCCTGCCGAACGTGGTGGCCA 522 0 
E R E P L S P D S P L L R L P N V V A T 

5221 CTCCCCACATCGGCTCGGCCACCGAGGAAACCCGCGAAGCCATGGCCCGCTGCGCGGTAG 52 80 
P H I G S A T E E T R E A M A R C A V D 

52 81 ACAACCTGCTGGCCGCCCTCGCCGGCGCGCGGCCGCTGAACCTGGTCAATCCTTCGGCCT 53 40 
N L L A A L A G A R P L N L V N P S A W 

5341 GGGCGCGACGGCGAGGCGCCTGAAGGCCGCGCCGGGCCGACGCCCGGCGCGCCGTTCTGC 540 0 
A R R R G A * ^ "^ 

5401 TTCACTTGCCGGTATT 5416 

Fig. 6.2. continued 
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Table 6.1. Properties of the ORFs in the kgu locus of P. aeruginosa and homologies with 
gene products of other bacteria 

ORF 

ORFl 

ORF2 

ORF3 

ORF4 

Similar Gene 
Product 

epimerase motif 

Bacillus subtilis 2-dehydro-3-
deoxygluconokinase (51%) 
Agrobacterium vitis putative 
tartrate transporter (32%) 
Escherichia coli putative 
dehydrogenase (57%) 

Proposed Function 

epimerase 

2-ketogluconokinase 

2-ketogluconate transporter 

2-ketogluconate-6-
phosphate dehydrogenase 

Designated 
Name 

kguE 

kguK 

kguT 

kguD 
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deoxygluconate kinase of Bacillus subtilis (46% idenfity and 59% similarity) (Table 6.1). 

The protein belongs to the PflcB family of carbohydrate kinases (Wu et al., 1991). Both 

signatures 1 and 2 of this family were detected at the amino and carboxy terminus regions 

of the predicted protein (Fig. 6.3). In addifion, the protein contains a putafive ATP-

binding motif (a. a. 256 to a. a. 277) (Fig. 6.3). 0RF3 is located 62 bp downstream of 

ORF2. It contains 1308 nucleofides, 66.3% G -i- C content, and a potenfial Shine-

Dalgamo (SD) sequence 16 bases upstream of the ATG start codon (Fig. 6.2). Although 

potential -10 and -35 sites that resemble those of the E. coli o^^ were identified, these 

sequences overlap the SD site and are less likely to function in the transcription of 0RF3 

(Fig. 6.2b). Hydropathy analysis of the 48.1 kDa predicted protein encoded by ORF3 

showed several hydrophobic regions which suggest that the protein is an integral 

membrane protein (Fig. 6.4). In addition, the amino acid sequence of the protein showed 

similarity to several transporter proteins. The highest degree of similarity was to the 

putative tartrate transporter of Agrobacterium vitis (50% similarity and 32% identity) 

(Table 6.1). The protein is likely to belong to the anion:cation symporter (ACS) family 

of transporters (Pao et al., 1998). It contains all but one of the amino acids within the 

conserved G(X)2E(X)4P(X)8W(X)P(X)2ER (data not shown) (Pao et al., 1998). ORF4 is 

located 18 bp 3' of ORF3. It consists of 987 nucleotides, 70.8% G -f- C content, and a 

potential SD sequence 10 bases upstream of the ATG start codon (Fig. 6.2). The-amino 

acid sequence of the 35.59 kDa protein encoded by 0RF4 showed a high degree of 

homology to several known dehydrogenases (data not shown). The most significant 

resemblance (57% idenfity and 68% similarity) was to the E. coli putative dehydrogenase 

(Table 6.1). The protein contains most of the conserved amino acids within the 2-

hydroxyacid dehydrogenase signal (a. a. 157 to a. a. 185 and a. a. 207 to a. a. 229) (Fig. 

6.5). In addition, other potential motifs (such as the ATP/GTP and cyclic nucleotide 

binding mofifs) were identified (Fig. 6.5). 
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PA ORF2 
BS KdgK 
KP ScrK 
ST ScrK 
EC CscK 
VA ScrK 
PF MtlZ 

1 
MADFEILCFG 
-MKLDAVTFG 
-MNGKIWVLG 
-MNAKVWVLG 
-MSAKVWVLG 
~MN.QVWVTG 

MYLVCG 

60 

151 
PA 0RF2 ELSHELMRRM 
BS KdgK DFTYHVMNDM 
KP ScrK STTFAALEAI 
ST ScrK STTFAAMESI 
EC CscK TSAFTAMTAI 
VA ScrK SSTFEAIKRA 
PF MtlZ DTLLSLVKR. 

ETMAMFVAEQ 
ESMAMFYANE 
DAWDLLPDG 
DAWDLLPES 
DAWDLLPES 
DAWDLIPES 
EALFDFFSEE 

PGELDRVEQF GKRI.AGADS 
YGGLHEVSTF SKGL.AGAES 
EGR LLQCEGGAPA 
EGR LLQCEGGAPA 
DGR LLPCEGGAPA 
ETS LLKCEGGAPA 
DASGQASKVT YKAIi^GGSPF 

NVAIGLARLG 
NVACGLARLG 
NVAVGVARLG 
NVAVGVARLG 
NVAVGIARLG 
NVAVAIARLS 
NVAVGLRRLG 

FAVAWLSRVG 
FRMGWMSKVG 
GDSGFIGRVG 
GNSGFIGAVG 
GTSGFIGRVG 
GKSAFFGRVG 
lEAGLFGGLS 

•pfkB kinase signature 1 

210 
RGKGASLSFD 
RNAGKTISFD 
KRAGG"!i!VSFD 
RSAGGFVSFD 
RHAGGFIVSFD 

:SFD 
:SLD 

KAAGGFI 
ESGKRLI 

PNLRPSLWPS 
PNVRPSLWPD 
PNIRSDLWQD 
PNIRPDLWQD 
PNIREDLWQD 
PNLRDEVWQD 
PNVRLNPQPD 

ERRMIAEINA LAAR?HWVLP 
QATMVHTIND LAGLi^DWFFP 
PQDLRDCLDR ALAL^^DAIKL 
QALLLACLDR ALHl^NWKL 
EHLLRLCLRQ ALQL^^DWKL 
QSEIQAWMK AVAM^^DWKF 
IQLWRDRVAE LAKHi^DLIKV 

GLEEG^LLSG 
GIAEG iLLTG 
SEEEL\FISG 
SEEEL/FISS 

SEEEWRLISG 
SEEEL^FLTD 

SDEDL^LLYP 
• _ • * • * _ * _ * 

substrate recognition sites 

251 

PA ORF2 
BS KdgK 
KP ScrK 
ST ScrK 
EC CscK 
VA ScrK 
PF MtlZ 

•ATP binding sequence-^ 

VPGVltVATW 
LEGCFJVDRW 
. PARlVv. AV 
.NAREVA.SV 
AGM^VN.CV 
.TGQ\|vS.PI 
QPAQF{yV._MA_ 

DTVGAGDGFA VGWSAlJ. . . 
DTVGAGDGFA VGVISGll. . . 
DTTGAGDAFV AGLLAGLJAAH 

DTTGAGDAFV AGLLASIJAAN 

DSTGAGDAFV AGLLTGllsST 
DTTGAGDAFV GGLLAClisRH 
DTVGAGpTF£ _AALI AWIJTEH 
* * _ * _ • • • • * • 

^ pfkB kinase 
signature 2 

LE GLPLPDAVAR 
LD GLSYKDAVQR 

GIPD N LAALAPDLAL 
GMPT D MTALEPTLTL 
GLST D EREMRRIIDL 
ADWK N HPWSSAIQW 
QLDSVQGLQQ LTRVQIDAML 

310 

GNWIGSRAVQ 
GNAIGALQVQ 
AQTCGALATT 
AQTCGALATT 
AQRCGALAVT 
ANGCGALATT 
GFAIRAAALT 

Figure 6.3. Multiple sequence alignment of the protein encoded by ORF2 and other 
bacterial fmctokinases. The amino acid sequences are from B. subtilis (BS KdgK, 
accession number P5084), K. pneumoniae (KP ScrK, accession number P26420), S. 
typhimurium (ST ScrK, accession number P26984), E. coli (EC Csck, accession number 
P4071), V. alginolyticus (VA Scrk, accession number P22824), and P.fluorescens (PF 
MtlZ, accession number 030496). Consensus mofifs are boxed. The conserved residues 
in each motif are identified by asterisks. 
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Hydrophobic 

I I I I I I I I I t I I 

2M 9oa «0 

Hydrophilic 

Figure 6.4. Hydropathy analysis of the predicted amino acid sequence of ORF3. The 
Kyte-Doolittle algorithm was performed on ORF3 using PepPlot of the GCG Package. 
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PA ORF4 
EC YiaE 
BS YcvT 
MJ SerA 
ML SerA 
PS PtxD 

PA ORF4 
EC YiaE 
BS YcvT 
MJ SerA 
ML SerA 
PS PtxD 

PA 0RF4 
EC YiaE 
BS YcvT 
MJ SerA 
ML SerA 
PS PtxD 

151 
DVHGKTLGIV 
DVHHKTLGIV 
DVHHQTLGII 
ELYGKTLGVI 
EIFGKTVGW 
GLDNATVGIL 

GMGRIGEALA 
GMGRIGMALA 
GMGRIGEQAA 
GLGRIGQQW 
GLGRIGQLVA 
GMGAIGLAMA 

RRGHHGFGMR VLYHS 
QRAHFGFNMP ILYNA 
RRAKFGFDME VLYHlS 
KRAK.AFGMN IIGYD 
ARIA.AFGAH VIAYD 
DRLQ.GWGAT LQYHEAKALD 

• * • * * _ • * • * . 

HSPK 
RRHH 
RHRK 
PYIP 
PYVA 

200 
PHVEERYAAS 
KEAEERFNAR 
QETEDSIGVK 
KEVAESMGVE 
PARAAQLGIE 
TQTEQRLGLR 

• • _ * • 

D-2-hydroxyacid — 
dehydrogenase signature 1 

201 I 
YRP.LDALLE 
YCD.LDTLLQ 
YAE.LDTLLE 
LVDDINELCK 
LM.SFDELLA 
QV.ACSELFA 

ESDFVCLTLP 
ESDFVCLILP 
QSDFILLITP 
RADFITLHVP 
RADFISVHLP 
SSDFILLALP 

LTAATEGLIG 
LTDETHHLFG 
LTDETYHMIG 
LTPKTRHIIG 
KTPETAGLID 
LNADTQHLVN 

AAQFARMRPQ 
AEQFAKMKSS 
EREFKLMKNS 
REQIALMKKN 
KEALAKTKPG 
AELLALVRPG 

250 
AIFINISRGR 
AIFINAGRGP 
AIFVNISRGK 
AIIVNCARGG 
VIIVNAARGG 
ALLVNPCRGS 

_ * • • * _ * * _ * * • _ * 

M D- 2-hydroxyacid • 
dehydrogenase signature 2 

251 
VVDEAALIEA LAQRRIRAAG LDV?ERE. 
VVDENALIAA LQKGEIHAAG LDV?EQE. 
TVDEKALIRA LQEGWIRGAG LDVi'EKE. 
LIDEKALYEA LKEGKIRAAA LDV ̂-EEE . 
LVDEVALADA VRSGHVRAAG LDV^ATE. 
VVDEAAVLAA LERGQLGGYA ADV î EMEDWA 

300 
.PLSPDS PLLRLPNWA 
.PLSVDS PLLSMANWA 
.PVTQDN PLLQLDNVTL 
.PPK.DN PLLTLDNVIG 
.PCT.DS PLFELSQVW 

RADRPRLIDP ALLAHPNTLF 
* * * _ • * * _ * 

M— Cyclic nucleotide — • 
binding domain signature 

Figure 6.5. Multiple sequence alignment of the product of 0RF4 with other bacterial 
dehydrogenases. The amino acid sequences are from E. coli (EC YiaE, accession number 
P37666), B. subtilis (BS YcvT, accession number H70032), Methanococcus jannaschii 
(MJ SerA, accession number Q58424), M. leprae (ML SerA, accession number 033116), 
P. stutzeri (PS PtxD, accession number AF061070). Consensus motifs are boxed. The 
conserved residues in each motif are identified by asterisks. 

82 



Expression of ORFl and ORF2 in E. coli 

To determine the translational products encoded by the potential ORFs, we 

expressed the genes from the T7 promoter and selecfively labeled their products using the 

T7 expression system (Tabor and Richardson, 1985). The DNA fragment that carries an 

intact ORFl, ORF2, and ORF3 was obtained from the original cosmid (pAH50) that 

contains ptxS and ptxR (Hamood et al., 1996). Based on the available nucleotide 

sequences of the three ORFs, we were able to isolate a 5.7 kb BamHl fragment that 

carries these ORFs from pAH50 and clone them into the BamHl site of the pT7-6 

expression vector generafing pBS50 (Fig. 6.6a). The orientation of the genes that are 

carried on the fragment was confirmed using available restriction sites. The cloned genes 

were expressed from the T7 promoter and their products selectively radiolabeled with 

"^^S-methionine as previously described (Tabor and Richardson, 1985). The E. coli K38 

strain containing the plasmid vector pT7-6 was utilized as a negative control. As shown 

in Figure 6.6b, three bands that represent proteins encoded by the different ORFs were 

detected (lane 2). The band at approximately 37 kDa most likely represents PtxS (based 

on previous analysis) (Colmer and Hamood, 1998). The 32 kDa and 29 kDa polypepfides 

most likely represent the products encoded by ORF2 and ORFl, respectively (based on 

the comparison with the size of the predicted proteins (Fig. 6.2a)). No polypepfide that 

represents the predicted product of ORF3 was detected. The reason for our failure to 

detect this product is not known at this time. 

Involvement of ORF1-ORF4 in 2-ketogluconate 
utilization in P. aeruginosa 

The above results suggest that ORF1-ORF4 may constitute a potential operon that 

is involved in carbohydrate metabolism in P. aeruginosa. To examine this possibility, 

the ability of an isogenic mutant of this operon to grow in a minimal medium containing 

either glucose or other glucose metabolites as a sole carbon source was examined. An 

isogenic mutant that carries a delefion within ORFl was constmcted in the P. aeruginosa 

strain PAOl as previously described (Stibitz et al., 1986). In this mutant {PAO\::kgu), a 

276 bp Styl intemal fragment of ORFl was deleted and replaced by the 2.0 kb omega 
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A 

BamHl BamHl 

1 ptxS 1 kguE 

> 

kguK k}^uT II kguD 

Tl transcription 

B 

1 2 

107.0 kDa 

74.0 kDa 

49.3 kDa 

36.4 kDa 

28.5 k D a — 

20.9 k D a — 

Figure 6.6. Expression studies of the putafive 2-ketogluconate ufilizafion genes using the 
E. coli Tl expression system. (A) Diagram of the plasmid (pBS50) used to express the 
putative genes in E. coli. The BamHl fragment was cloned direcfiy under the T7 
promoter. The last open reading frame was not included in its enfirety on the BamHl 
fragment. (B) The SDS-PAGE gel of the radiolabeled products expressed from the E. 
coli Tl expression strain K38 carrying either the vector control alone (lane 1) or pBS50 
(lane 2). 
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Styl Styl 

ptxS kguE kguK kguT 

276 bp 

^ 

Figure 6.7. Diagram of the PAOlv.kgu mutant constmct. An intemal Styl fragment was 
deleted from ORFl and replaced with a 2.0 kb Q fragment which carries streptomycin 
resistance and transcriptional/translational stop codons in both directions. 
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fragment which carries transcripfion termination and translation stop codons in both 

orientations (Prentki and Krisch, 1984) (Fig. 6.7). The constmcfion of the mutant was 

confirmed by Southem blot hybridizafion experiments. The mutation in ORFl would 

have a polar effect on the transcription of the other genes within the potenfial operon. 

Both PAOl and PAOl::kgu were grown in minimal media containing either lOmM 

glucose, 2-ketogluconate, gluconate, glucose-6-phosphate, or 6-phosphogluconate 

(products of the P. aeruginosa glucolysis cycle) as a sole carbon source. In comparison 

with PAOl, PAOl::kgu grew in all media tested except the one that contained 2-

ketogluconate as a sole carbon source (Table 6.2). These results suggest that ORFl-

ORF4 constitute a potenfial operon that is involved in the metabolism of 2-ketogluconate 

in P. aeruginosa {kgu operon). 

Depending on the growth conditions, glucose is metabolized by P. aeruginosa to 

the intermediate 6-phosphogluconate by three possible pathways (Hunt and Phibbs, 

1983). Each pathway converts glucose to 6-phosphogluconate (6-PG) which is then 

further catabolized via the Entner-Doudoroff pathway in the cytoplasm (Lessie and 

Phibbs, 1984). Under anaerobic or oxygen-limiting conditions, glucose directly enters 

the cell via a glucose binding protein and enters a phosphorylative pathway. During 

aerobic growth, glucose is sequentially oxidized to gluconate and 2-ketogluconate by 

membrane-bound glucose and gluconate dehydrogenases (Cuskey et al., 1985). 

Gluconate is imported into the periplasm by a specific permease (which is encoded by the 

gnuT gene) and assimilated into 6-phosphogluconate by a gluconokinase (encoded by the 

gnuK gene) (Hager, 1999). Hunt et al. have previously suggested that 2-ketogluconate is 

actively transported across the cytoplasmic membrane of P. aeruginosa (KguT) and 

converted into 2-ketogluconate 6-phosphate by an ATP dependent kinase (KguK) and 

reduced to 6-phosphogluconate by an NADP(H)-dependent reductase (KguR) (Hunt and 

Phibbs, 1983) (Fig. 6.8). Although the products of 0RF1-0RF4 have not been 

biochemically characterized, their amino acid homology to other previously characterized 

proteins (Table 6.1) suggests that they are required for different aspects of 2-

ketogluconate utilization. The specific function of the putative epimerase (kguE) is not 

known at this time. 
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Table 6.2._Growth of PAOl, PAOl ::kgu, and PAOl ::ptxS 
in M-9 media containing different carbon sources 

Carbon source (lOmM) 

glucose 
gluconate 

2-ketogluconate 
mannitol 
fructose 
succinate 
glycerol 
citrate 

PAOl 

-h 

-1-

+ 
-1-

+ 
-1-

-1-

-1-

Growth in M-9 (48hrs) 
PA01::^^M 

-1-

+ 
— 

-\-

+ 
-\-

+ 
-1-

FAOl: iptxS 

+ 
+ 
— 

-1-

-1-

+ 
+ 
-h 

Gluconate 

gluconate 
dehydrogenase 

2-ketogluconate 

f 2-ketogluconate transporter 

2-ketogluconate 

A T P ^ 

ADP 

2-keto-
^yA gluconokinase 

2-ketogluconate 
6-phosphate 

NADP - ^ 

NADPH ^ . 

2-ketogluconate 6-P 
dehydrogenase 

6-phosphogluconate 

Figure 6.8. The proposed 2-ketogluconate utilizafion pathway (Lessie and Phibbs, 1985). 
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Identification of the PtxS molecular inducer 

Binding of PtxS to the upstream region of kguE suggests that the potential kgu 

operon is regulated by PtxS (Fig. 6.2). Similar to other GalR-LacI proteins, this binding 

may be modulated by an effector molecule (one of the metabolites of the 2-ketogluconate 

utilizafion pathway). Therefore, to identify the PtxS molecular inducer, the effect of 

different metabolites on the in vitro binding of PtxS to the PtxS operator (14 bp 

palindrome) was examined. In a typical protein/DNA binding reaction, the lysate of the 

E. coli strain K38/pJAC17 was incubated with the 520 bp kguE upstream fragment in the 

presence of either lOmM glucose, 2-ketogluconate, gluconate, glucose-6-phosphate, or 6-

phosphogluconate. As shown in Figure 6.9a, the binding acfivity of PtxS to the kguE 

upstream region is lost in the presence of 2-ketogluconate (i.e., it interferes with PtxS 

regulafion). None of the other sugars tested caused any detectable change (Fig. 6.9a). 

We also examined the effect of 2-ketogluconate on PtxS binding to the ptxS 

upstream region. The lysate of E. coli K38/pJAC17 was incubated with the 52 bp ptxS 

upstream fragment in the presence of glucose or its metabolites. The presence of 2-

ketogluconate interfered with the PtxS binding to the 52 bp fragment (i.e., it interferes 

with autoregulafion) (Fig. 6.9b). Previous studies have shown that effector molecules 

interfere with the binding of several GalR-LacI autoregulated proteins to the upstream 

region of their genes (Hiratsuka et al., 1998; Jahreis and Lengeler, 1993; Weickert and 

Adhya, 1992). Other tested metabolites produced no detectable effect (Fig. 6.9b). These 

results suggest that 2-ketogluconate is the molecular inducer that affects both PtxS 

autoregulation and the regulation of the kgu operon by PtxS. 

Determining if ptxS is part of the kgu operon 

The presence of the 14 bp palindromic sequence within the upstream region of 

kguE (Fig. 6.2) suggests that the kgu operon is regulated by the adjacent, but separate, 

ptxS gene. However, it is also possible that ptxS, which is separated from kguE by only 

72 bp and is transcribed in the same direction as kguE (Fig. 6.2), is part of the kgu 

operon. Thus, to determine if ORF1-ORF4 constitute a separate operon, we investigated 

the presence of a potential promoter within the 520 bp Kpnl/Hindlll fragment which 
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Figure 6.9. Gel shift experiments to determine the effect of different sugars on the 
binding of PtxS to the two different probes that carry OPl and OP2. A) The 520 bp 
probe (which carries OP2) was incubated with the lysate of the E. coli strain 
K38/pJAC17 (in which PtxS is overproduced) in the presence of 10 mM of the indicated 
sugar. Lanes: (1) 520-bp probe alone: (2) 520-bp probe -H K38/pJAC17 lysate: (3) 520-
bp probe -h K38/pJAC17 lysate 4-glucose; (4) 520-bp probe -H K38/pJAC17 lysate + 2-
ketogluconate; (5) 520-bp probe -i- K38/pJAC17 lysate -i- D-gluconic acid; (6,) 520-bp 
probe -h K38/pJAC171ysate + D-glucose-6-phosphate; (7) 520-bp probe -H K38/pJAC17 
lysate -i-6-phosphogluconate. B) The 52 bp fragment (which carries OPl) was incubated 
with the lysate of K38/pJAC17 in the presence of 10 mM of the indicated sugar. Lanes: 
(1) 52-bp probe alone; (2) 52-bp probe -\- K38/pJAC17 lysate; (3) 52-bp probe -h 
K38/pJAC17 lysate + glucose; (4) 52-bp probe -h K38/pJAC17 lysate + 2-ketogluconate; 
(5) 52-bp probe -h K38/pJAC17 lysate -I- D-gluconic acid; (6) 52-bp probe + K38/pJAC17 
lysate + D-glucose-6-phosphate; (7) 52-bp probe -h K38/pJAC17 lysate + 6-
phosphogluconate. 
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carries the ptxS-kguE intergenic region (Fig. 6.2). The 520 bp fragment was cloned into 

the lacZbroad host range vector pMP190 (Spaink, 1987) and the resulfing plasmid 

(pBS54), in which the lacZ gene is transcribed in the same direction as kguE, was 

introduced into PAOl. Cells were grown in LB broth containing 2% glucose (to induce 

the potenfial kgu operon). The presence of high levels of glucose in the growth media 

has been shown to induce 2-ketogluconate utilization in P. aeruginosa (Lessie and 

Phibbs, 1984). However, the level of p-galactosidase acfivity produced by pBS54 was 

similar to that produced by the control strain (PAOl carrying the cloning vector pMP190) 

(data not shown). This suggests that ptxS together with the other four genes constitute an 

operon. 

To further support this possibility, we examined the ability of the previously 

constructed/7rx5 isogenic mutant {PAOl::ptxS) (Colmer et al., 1998) to grow in minimal 

medium containing 2-ketogluconate as the sole carbon source. If ptxS is a separate gene, 

PAOl::ptxS would grow better than its parent strain PAOl in this medium (the negative 

regulation of the kgu operon is eliminated). Altematively, if ptxS is part of the kgu 

operon, the PAOl::ptxS mutant would not grow in this medium (similar to the 

PAOl::kguE isogenic mutant described above). The M-9 minimal medium containing 2-

ketogluconate as the sole carbon source supported the growth of PAOl but not 

PAOl::ptxS (Table 6.2). These results suggest thatptxS is the first gene in the kgu 

operon. 

Discussion 

Results presented in this study suggest that the identified gene cluster represents 

an operon that is involved in the utilization of 2-ketogluconate in P. aeruginosa and is 

negatively regulated by PtxS. This suggesfion is supported by several findings. First, a 

P. aeruginosa mutant that carries a mutation in the second gene of the operon {kguE) was 

not able to grow in minimal medium containing 2-ketogluconate as the sole carbon 

source. Second, the defect of the previously described 2-ketbgluconate utilization mutant 

gtu-11 was complemented by a plasmid that carries the intact operon (Hunt and Phibbs, 

1983) (data not shown). Third, the in vitro binding of PtxS to its operator sites within the 
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upstream regions of ptxS and kguE was inhibited in the presence of 2-ketogluconate (Fig. 

6.9). Fourth, the predicted funcfions of the proteins encoded by the ORFs appear to 

correspond to those of the previously proposed enzymes of the 2-ketogluconate pathway 

(Fig. 6.2, Table 6.1). Although other P. aeruginosa genes that are required for 2-

ketogluconate ufilization may exist, those genes are less likely to be part of the kgu 

operon. We have identified a strong rho-independent transcripfional termination signal 4 

bp 3' of kguT (a 10 bp inverted repeat which forms a stem-loop stmcture) (Fig. 6.2). 

With regard to the relationship between PtxS and the kgu operon, our results point 

out two unique features. First, although our in vitro binding studies suggest that PtxS 

negatively regulates the expression of the kgu operon (Fig. 6.9), ptxS appears to be part of 

the kgu operon. Both computer analysis and experimental approach failed to identify 

either a potential transcriptional start site or a potential promoter within the upstream 

region of ORFl (data not shown). In addifion, the PAOl ::ptxS isogenic mutant failed to 

grow in minimal medium in which 2-ketogluconate was the sole carbon source (Table 

6.2). Second, two PtxS operator sites were identified; one within the ptxS upstream 

region (OPl) and another (0P2) within the upstream region of kguE (Fig. 6.2). Most of 

the genes that code for the GalR-LacI repressors are known to be independently 

transcribed from their target genes (Weickert and Adhya, 1992). In addition, the operator 

sites for these proteins are usually located within the upstream region of their gene and 

the upstream region of the target gene(s) that they regulate (Weickert and Adhya, 1992). 

Furthermore, the GalR-LacI proteins that are known to be autoregulated possess two 

operator sites; one within the upstream region of their gene and one within the coding 

sequence of their gene (Weickert and Adhya, 1992; Weickert and Adhya, 1993b). Hager 

et al. (1999) recently described a P. aeruginosa gene, gnuR, which is divergently 

transcribed from gnuT and gnuK genes and codes for a protein, GnuR, that belongs to the 

GalR family of repressors (Hager, 1999). GnuR negatively regulates the expression of 

gnuT and gnuK (Hager, 1999). Similar to PtxS, GnuR contains a helix-tum-helix motif 

(DNA binding motiO- In addition, gluconate appears to be the inducer metabolite of 

gluconate operon (Hager, 1999). Three GnuR operator sites exist, each within the 

upstream regions of gnuR, gnuK, and gnuT (Hager, 1999). 
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The presence of a negative regulatory gene and its target genes in a single 

transcripfional unit has been previously reported (Hiratsuka et al., 1998). The sucrose 6-

phosphate gene of Streptococcus mutans, scrB, and its negative regulatory gene, scrR, are 

located within the same operon (however scrR is 3' of ^crP) (Hiratsuka et al., 1998). In 

Bacillus subtilis, the first gene in the kdgRKAT operon (which is involved in the late 

stages of galacturonic acid ufilization) codes for the negative regulator KdgR (Pujic et al., 

1998). Both ScrR and KdgR belong to the GalR-LacI family of repressors (Hiratsuka et 

al., 1998; Pujic et al., 1998; Weickert and Adhya, 1992). However, nnlike ptxS, a 

mutafion in scrR elevated the expression of scrB. This can be explained by the 

arrangement of the genes; scrR is downstream of the scrB gene and therefore a mutation 

in scrR would not interfere with the synthesis of scrB. Similarly, transcription of the kdg 

operon in the B. subtilis kdgR knock out mutant was galacturonate independent (Pujic et 

al., 1998). 

Results presented in this study confirm our previous analysis that suggests the 14 

bp palindromic sequence (OPl and OP2) is the PtxS operator site (Swanson et al., 1999). 

We have previously shown that deletion of, or single base pair changes within, the 14 bp 

sequence interfered with PtxS binding and significantly enhanced ptxS expression 

(Swanson et al., 1999b). The 14 bp sequence appears to be the only operator site for PtxS 

within the P. aeruginosa chromosome. During our search of the PAOl genomic 

sequence, we have identified several regions that contain most of the nucleotides within 

the 14 bp sequence. However, none of these sequences contain the exact 7 bp inverted 

repeats (data not shown). The two most probable of these sequences contained 12 of the 

14 bp of the palindrome. They lack the T and A nucleotides from each end of the repeat. 

Both sequences are located within the upstream regions of two P. aeruginosa genes; the 

wbpW locus (which is involved in the synthesis of lipopolysaccharides (Rocchetta et al., 

1998)) and the parC gene (which codes for the topoisomerase IV subunit (Akasaka et al.. 

1999)). However, preliminary DNA gel shift experiments revealed no specific binding 

activity between PtxS and a DNA fragment that carries the 12 bp sequence within the 

upstream region of the wbpW locus (data not shown). 
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Available evidence suggests that in P. aeruginosa, PtxS appears to have a direct 

effect on 2-ketogluconate ufilizafion and an indirect effect on exotoxin A producfion 

(through its effect on the toxA positive regulatory- gene, ptxR) (Figs. 1 and 6, Tables 2 and 

3. Colmer and Hamood. 1998). Whether these effects are dependent on each other is not 

known at this time. Recent studies suggested that glucose may influence the expression 

of certain vimlence factors in Gram-negative bacteria (possibly through an increase in the 

acfivity of the cAMP-CRP complex) (Edwards and Schifferli, 1997; Skompski and 

Taylor. 1997). However, it has been previously shown that the presence or absence of 

repressing carbon sources had no effect on the intracellular level of cAMP in P. 

aeruginosa (Phillips and Mulfinger. 1981: Siegel et al., 1977). In addition, although we 

have idenfified a potenfial CRP binding site within the PtxS operator region (Colmer. 

1997), this site plays no role in either PtxS binding to OPl or in ptxS expression (data not 

shown). Therefore, it is possible that PtxS binding to the ptxS upstream region may 

interfere with the efficient transcription of ptxR (ptxR is di\ergently transcribed from 

ptxS). Such an effect, \\ hich may be influenced by the level of 2-ketogluconate in the 

medium, is less likely to be through the initiation of ptxR transcription. The recently 

identifiedpfxP transcriptional start sites Tl and T2 do not overlap with OPl. However. 

OPl may overlap with the binding site of another ptxR regulatory protein. Preliminar\ 

DNA gel shift experiments showed that the ptxS-ptxR intergenic region specifically binds 

to other P. aeruginosa proteins (other than PtxS). At this fime, we do not know if the 

presence of different levels of 2-ketogluconate (as a sole carbon source) would affect 

either/7r;cP expression and/or exotoxin A synthesis. 
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CHAPTER v n 

GENERAL DISCUSSION 

The P. aeruginosa gene ptxS was originally identified as an exotoxin A 

modulatory gene. The product of ptxS, PtxS, belongs to the GalR family of 

transcripfional repressors and was determined to interfere with the expression of ptxR. 

However, the mechanism(s) through which either/7r.xP or ptxS are regulated was not 

defined. In this study, we sought to determine (using the gel shift assay) how ptxR and/or 

ptxS is being regulated. We found that PtxS autoregulates its own synthesis and 

negatively regulates the putati\e 2-ketogluconate operon which is located downstream of 

ptxS. However, these findings do not answer the question of how PtxS exerts its negati\ e 

effects on ptxR. At least two hypotheses can be suggested to explain this phenomenon: 1) 

PtxS acts directly on ptxR expression by binding to the ptxR upstream region and 

inhibiting ptxR transcription or 2) ptxS acts indirectly by affecting the expression of 

another gene which then regulates ptxR transcription. Previous studies by Colmer and 

Hamood (1998) showed that the P. aeruginosa strain PAOl carrying aptxR::lacZ fusion 

produced 5-fold higher p-galactosidase acfivity than aptxR::lacZ fusion containing the 

DNA that codes for PtxS (Colmer and Hamood, 1998). This suggested that the presence 

of ptxS in cis with ptxR interfered with the transcription of ptxR (Colmer and Hamood, 

1998). 

The observation that PtxS autoregulates its synthesis by binding to a 14 bp 

palindromic sequence (operator) within the ptxS upstream region may support the first 

hypothesis. The PtxS operator sequence is located within the 545 bp ptxR-ptxS intergenic 

region. Presumably, the ptxR and ptxS promoters overlap within this region. The PtxS 

operator is centered 170 bp 5' of the recenfiy described/7fA-P Tl transcnpfional start site 

(Vasil et al., 1998). In addifion to the PtxS binding region, there are several other 

proposed regulatory binding sites including a putative Fur binding box (Vasil et al., 1998) 

and two putative CRP-cAMP binding sites (Colmer and Hamood, 1998). The binding of 

PtxS in addition to these other putative regulatory proteins and RNA polymerase may 

interfere with ptxR transcription through the steric hindrance hypothesis. This 
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mechanism of ptxR regulafion by PtxS was not tested in this study but deserves attention 

in the future as a possible mechanism through v^hich ptxS regulates toxA expression. 

The second hypothesis is not supported by our experimental findings. For 

example, as we have shown in this study, there are only two PtxS operator sites (OPl and 

OP2) within the P. aeruginosa chromosome. Several other partial palindromes were 

idenfified within the genome which contained 12 of the 14 bp. One of these 12 bp 

palindromes was located upstream of a gene involved in lipopolysaccharide synthesis. 

However, DNA gel shift experiments showed that PtxS failed to bind to a DNA fragment 

that carried the 12 bp palindromic sequence. 

Several approaches may be used to determine if PtxS directly inhibits ptxR 

transcription. One such approach is the in vitro transcription assay using ptxR as a 

template. The level of ptxR transcripfion may be reduced by the addition of purified PtxS 

to the in vitro transcripfion reaction. Such experiments should be done using purified P. 

aeruginosa RNA polymerase and not E. coli RNA polymerase. Available evidence 

suggests that ptxR is not expressed in E. coli. If purified PtxS had no effect on ptxR 

transcription, it is possible that addifional cellular factors are required to accomplish the 

effect of PtxS. The same in vitro transcription experiments may be repeated (with the 

addition of cell lysates of the P. aeruginosa PAOl ::ptxS strain) to the in vitro 

transcription reactions. Altematively, the effect of PtxS on ptxR expression can be 

determined using lacZ fusion experiments. Such experiments may include comparing the 

level of P-galactosidase activity produced by aptxR::lacZ fusion and aptxR::lacZ fusion 

in which the 14 bp PtxS operator site is deleted. 

PtxS was also determined to bind to an identical 14 bp palindromic sequence 

downstream of ptxS (0P2) Based on experimental evidence, it is believed that PtxS 

negatively regulates the expression of a 2-ketogluconate ufilizafion operon located 3' of 

the OP2. The 2-ketogluconate operon consists of four open reading frames that are 

transcribed in the same orientafion as ptxS. This is a fairly unusual arrangement of the 

target genes and its regulator, as many GalR regulators are transcribed in the opposite 

orientafion of the genes they regulate (Adhya, 1996). However, it appears ihai ptxS may 

actually be part of the 2-ketogluconate operon. No promoter activity was detected from 
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the region between ptxS and the first ORF of the 2-ketogluconate utilization genes. 

Addifionally. a mutafion in ptxS abrogated the ability of PAOl to grow in the presence of 

2-ketogluconate. Several experiments will be required to continue this study. For 

example, RNase protection experiments and Northem blot hybridization experiments v\ ill 

help determine the actual size of the kgu transcript (if it is a long transcript). In addition, 

these studies may help determine if ptxS or the operon is transcribed from two separate 

promoters and the locafion of each of these promoters. Furthermore, in collaboration 

with Dr. Paul Phibbs at East Carolina University, we are currently trying to characterize 

the biochemical funcfion of each open reading frame of the kgu operon. 

The main role of PtxS appears to be a regulator involved in 2-ketogluconate 

utilization. The negative regulation of toxin A producfion through ptxR may be a 

secondary function for PtxS. It is possible that toxin A production in P. aeruginosa is 

regulated through PtxS in response to the level of 2-ketogluconate in the growth medium. 

We have shown that 2-ketogluconate interferes with the binding activity of PtxS to its 

operator. When P. aeruginosa is grown in the presence of 2-ketogluconate as a sole 

carbon source, the ketogluconate would be intemalized and would interfere with PtxS 

binding to OPl and OP2. This, in tum, would remove the negative regulatory affects of 

PtxS on ptxR transcription. It is known that toxin A production in P. aeruginosa is 

maximal when the cells are grown in a medium that contains glycerol as a sole carbon 

source (Liu, 1973). Therefore, it is important first to determine the level of toxin A 

produced by P. aeruginosa that is grown in the presence of different sugars (glucose, 2-

ketogluconate, D-gluconic acid, D-glucose-6-phosphate, and 6-phosphogluconate) as sole 

carbon sources. In addition, in this analysis, we have examined the effect of only one 

concentrafion of 2-ketogluconate (lOmM). It is possible that a specific effect on toxin A 

production is produced in response to different levels of 2-ketogluconate (higher or 

lower). Therefore, the effect of variable concentrafions of 2-ketogluconate on the level of 

toxin A produced by P. aeruginosa should be examined. 
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