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ABSTRACT 

Production of exotoxin A, the most toxic of the virulence factors produced 
by the opportunistic pathogen Pseudomonas aeruginosa, is a complicated, 
highly regulated process involving several genes. In this study, we describe the 
isolation and characterization of two new regulatory genes for toxA expression, 
ptxR and ptxS. The presence of extra copies of ptxR in PA01 results in a 
fivefold increase in exotoxin A activity. Subcloning, complementation, 
nucleotide sequence analyses, and T7 expression experiments revealed that 
the ptxR open reading frame (ORE) encodes a 34 kDa protein. Computer 
analysis for amino acid homology revealed that the product of ptxR (RxR) 
belongs to the LysR family of transcriptional activators and contains a putative 
helix-turn-helix DNA binding motif. Transcriptional studies using RNA analysis 
and a tox>A-/acZ fusion disclosed that pfx/? enhances both toxA and regA 
transcription. These results suggest ptxR acts through regA to enhance toxA 
expression. Further studies confirmed that the presence of a 2.1 kbp fragment 
5' of ptxR reduced the enhancement in exotoxin A by threefold. Nucleotide 
sequence analysis and expression experiments revealed that this fragment 
carries an ORE, ptxS, encoding a 38 kDa protein, RxS. Computer analysis of 
the amino acid sequence indicated that RxS belongs to the GalR-LacI family of 
repressors. The presence of a helix-turn-helix motif suggests a DNA binding 
function for PtxS. Additional experiments, using pfxP-/acZfusions, provided 
evidence that ptxS affects ptxR expression directly. The presence of three 
potential GaIR binding sites in the ptxR upstream region suggests that RxS 
might interfere with pfxP function at the transcriptional level by binding to its 
upstream region. We have also examined ptxR expression and the effect of 
ptxR on toxA expression throughout the growth cycle of Pseudomonas 
aeruginosa strains PA01 and PA103 using fox>A-/acZ chromosomal integrates 
and the pfxP-/acZfusion plasmid. These experiments suggest that while the 
enhancement in toxA transcription by ptxR continues at later stages of the 
growth cycle, pfx/? expression declines; and, that pfxP expression in 
Pseudomonas aeruginosa is iron-independent. 
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CHAPTER I 
INTRODUCTION 

General Characteristics of Pseudomonas aeruginosa 
Pseudomonas aeruginosa is a ubiquitous gram-negative 

nonfermentative bacillus usually found in water, soil, or in association with 
plants (Gilligan, 1995; Wick eta!., 1990a; Vasil, 1986). The organism can 
survive on minimal nutrients, utilizing over 80 organic substrates for growth 
(Wick etal., 1990a). The natural ecologic role for P. aeruginosa is the 
breakdown of organic matter (Wick etal., 1990a). While P. aeruginosa grows 
best in an aerobic environment, the bacillus can grow under both micro-
aerophilic and anaerobic conditions (Gilligan, 1995; Vasil, 1986; Bergan, 
1981a). Growth under these latter conditions requires the presence of nitrate 
which serves as the terminal electron acceptor or arginine which serves to 
generate ATP by substrate phosphorylation (Gilligan, 1995; Vasil, 1986; 
Bergan, 1981 a). P. aeruginosa survives at 4°C and can grow over a 
temperature range of 20° to 43°C (Bergan, 1981a; Wick etal., 1990a). The 
preference of P. aeruginosaior moist environments has led to its invasion of 
hospitals where it resides in disinfectants, soaps, irrigation fluids, whirlpools, 
respiratory therapy equipment, and humidifiers (Gilligan, 1995; Grundmann et 
al., 1993; Morrison and Wenzel, 1984). 

Pseudomonas aeruginosa as a Pathogen 

P. aeruginosa is considered the most important human pathogen in the 

genera Pseudomonas and Burkeholderia (Pollack, 1995). Infections produced 

by P. aeruginosa range from superficial skin infections to fulminant sepsis 

(Gilligan, 1995). Although P. aeruginosa surrounds us in the environment, it is 

an infrequent cause of disease in non-immunocompromised humans. P. 

aeruginosa is rarely found as part of the normal human microflora (Pollack, 

1995). Most Infections seen In healthy individuals are localized and are the 

result of association with contaminated water or solutions. Such infections 

include "whirlpool" folliculitis (Gustafson etal., 1993; Highsmith etal., 1985; 

Centers for Disease Control, 1982; Jacobson etal., 1976 ), "swimmer's ear" 

(otitis externa) (Sundstrom etal., 1996; van Asperen etal., 1995), corneal ulcers 

1 



associated with contact lens use (Gilligan, 1995), and the more serious "tennis 
shoe" osteomyelitis in children (Graham and Gregory, 1984). 

P. aeruginosa is a far more serious opportunistic pathogen, causing life-
threatening infections in patients with chronic diseases such as cystic fibrosis 
(CF), patients with traumatic injuries including severe burns, and the Immuno
compromised (Gilligan, 1995; Pollack, 1995; Vasil, 1986; Bergan, 1981b). P. 
aeruginosa has been associated with endocarditis among intravenous drug 
abusers, many of whom are also immunocompromised (Pollack, 1995; El-
Khatib etal., 1976). The organism is also a leading cause of nosocomial 
infections including lower respiratory tract infection, urinary tract infection, and 
surgical wound infection (Pollack, 1995; Rello etal., 1994; Schaberg etal., 
1991). 

P. aeruginosa infection in cvstic fibrosis 

P. aeruginosa Is the predominant pathogen in patients with CF (Koch 
and Hoiby, 1993; Vasil, 1986) which Is caused by mutations in the CF 
transmembrane conductance regulator (Romling etal., 1994). These mutations 
result in a generalized dysfunction of salt and water transport by exocrine 
glands which leads to abnormal mucus accumulation and electrolyte secretion 
(Romling etal., 1994). Once P. aea/gf/r70sacolonization occurs in the CF 
patient (which happens in 60 to 90% of patients), the organism Is almost 
impossible to eradicate by antimicrobial therapy (Romling etal., 1994; Govan 
and Nelson, 1992; Pick etal., 1992). Persistent infection with P. aeruginosa, 
accompanied by periods of acute exacerbation, results in a cycle of progressive 
tissue damage which leads to the deterioration in lung function (Romling et al., 
1994; Govan and Nelson, 1994). Ultimately, the tissue damage caused by the 
organism and the host immune response ends in respiratory failure and an 
abbreviated life span (Gilligan, 1995; Romling etal., 1994; Birret and Cripps, 
1993; Govan and Nelson, 1992). 

P. aeruginosa wound infections 

Traumatic injuries, especially severe bums, predispose these victims to 

P. aeruginosa vjoun6 infections (Haberal etal., 1996; Gilligan, 1995; Pollack, 

1995; Holder, 1993). The number of burned patients Infected with P. 

aeruginosa has decreased due to the availability of improved topical antibiotic 
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therapy (Haberal etal., 1996; Pollack, 1995). However, when P. aeruginosa 
infections do occur in these patients, the infections often result in sepsis and 
subsequently carry a high mortality rate (Gilligan, 1995; Pandit etal., 1993; 
Holder, 1993). Despite new antibiotics, P. aeruginosa still remains a major 
cause of infection among burned and traumatically injured patients (Vindenes 
and Bjerknes, 1995; Schlager etal., 1994). 

P. aeruginosa and the immunocompromised 

Patients with cancer who become neutropenic mn a great risk of 
acquiring P. aert/gf/nosainfections (Meunier, 1995; Pollack, 1995; Fergie etal., 
1994; Bergan, 1981a). The use of intensive chemotherapy, administration of 
prophylactic antibiotics, and the increasing use of indwelling devices also 
increase the risk of infection among these patients (Koll and Brown, 1995; 
Baron and Hollander, 1993). Granulocytopenia (count < 500/mm3) which 
occurs following cytotoxic therapy in leukemia patients is a known risk for the 
development of P. aeruginosa infections (Meunier, 1995; Baron and Hollander, 
1993). Such Infections include septicemia, pulmonary Infection, and/or soft 
tissue Infections (Meunier, 1995; Flores etal., 1993). Patients with human 
immunodeficiency virus (HIV) infection, especially those who have progressed 
to acquired immunodeficiency syndrome (AIDS), represent another 
immunocompromised group at risk for developing P. aeruginosa infections 
(Baron and Hollander, 1993). These infections can be community acquired or 
nosocomial (Schuster and Norris, 1994; Baron and Hollander, 1993). Overall, 
the HIV patient who contracts a P. aeruginosa Infection has a 19 to 22% risk of 
dying (Dropulic etal., 1995; Schuster and Norris, 1994). Finally, those patients 
who are hospitalized for any length of time mn the risk of acquiring P. 
aeruginosa infection (Monison and Wenzel, 1984). The organism Is the fourth 
leading cause of nosocomial infections throughout the hospital population, but 
is the leading cause of nosocomial infections in patients in intensive care units 
(Pollack, 1995; Trilla, 1994; Silver etal., 1992). Patients who receive ventilator-
assisted breathing are at risk for respiratory tract infections which can result in 
death. Rello et al. (1994) reported a death rate of 32% in this population. The 
most serious infection Is bacteremia leading to sepsis which carries a mortality 
rate of 33 to 66% despite antibiotic therapy (Pollack, 1995). In neonates, P. 
aeruginosa Infection is very serious. More common among infants of low birth 
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weight (< 1500 grams), these neonates contract bacteremia or meningitis and 

50% die (Leigh etal., 1995). 

Pseudomonas aemginosa and Its Virulence Factors 
P. aeruginosa is both invasive and toxinogenic, and produces many 

virulence factors (Gilligan, 1995; Pollack, 1995; Wick etal., 1990a; Vasil, 1986; 
Cash et al., 1983; Bergan, 1981b). Some of these factors are cell-associated, 
including pill (fimbriae), flagella, lipopolysaccharide (LPS or endotoxin), 
alginate, and exoenzyme S (Gilligan, 1995; Pollack, 1995; Vasil, 1986; Bergan, 
1981b). Many are secreted Into the environment. Among these factors are 
elastase, alkaline protease, phospholipase C, rhamnolipid, siderophores 
(pyochelin and pyoverdine), exoenzyme S and exotoxin A (Pollack, 1995; 
Crosa, 1989; Vasil, 1986; Woods and Iglewski, 1983; Bergan, 1981b). Most of 
these virulence factors play a role in the establishment of P. aeruginosa 
infection which occurs in three stages: (1) bacterial attachment and 
colonization; (2) local invasion; and (3) dissemination and production of 
systemic disease (Pollack, 1995; Vasil, 1986; Bergan 81b). 

Virulence factors involved in attachment and colonization 

In order for an organism to produce an infection, it first must attach to the 
host and colonize the surface. P. aeruginosa produces pill (fimbriae) which are 
responsible for adherence to respiratory epithelial cells (Tang etal., 1995; 
Prince, 1992; Woods etal., 1980). These type 4 pill bind to surface ganglioside 
receptors (Strom and Lory, 1993; Prince, 1992). There is evidence that 
proteases produced by the organism and/or the patient (at least in CF patients) 
break down the fibronectin coating of the epithelial cells exposing the receptors 
and enhancing attachment (Prince, 1992; Woods etal., 1981). The alginate 
"slime" (an extracellular polysaccharide) produced by P. aeruginosa occurs 
most frequently In CF patients (Vasil, 1986). Alginate forms a matrix around the 
bacterium anchoring It to the environment (Anwar etal., 1992; Ramphal etal., 
1987; Goldberg and Ohman, 1984). In addition, the alginate protects P. 
aeruginosa from host defense factors Including the mucociliary action, 
phagocytosis, antibodies, and complement (Anwar etal., 1992; Simpson etal, 
1988; Baltimore and Mitchell, 1980). The growth of the organism then occurs in 
a blofilm which renders It less susceptible to antibiotics (Anwar etal., 1992). 
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Haas etal. (1991) proposed that the siderophores play a role in colonization of 
the lung by aiding the organism in its acquisition of iron. Finally, exoenzyme S 
can be found on the surface of P. aeruginosa where it functions as an adhesin 
for glycosphingolipids on respiratory epithelial cells (Cobum, 1992; Baker etal., 
1991). 

Virulence factors involved in local tissue invasion 

P. aeruginosa secretes several extracellular enzymes which break down 
local physical barriers, further undermine the host Immune defense, and 
provide a more conducive environment (physical and nutritional) for 
reproduction (Pollack, 1995; Liu, 1974; Lory and Tai, 1985; Vasil, 1986). 
Foremost among these enzymes are the elastases, LasB (Schad etal., 1987; 
Bever and Iglewski, 1988) and LasA (Ohman etal., 1980b; Schad and Iglewski, 
1987). LasB produces both necrosis and hemorrhage due to the solubilization 
of elastin-containing lung tissue and the degradation of laminin and elastin in 
vascular tissue (Pollack, 1995; Nicas and iglewski, 1986). LasA aids the action 
of LasB by nicking the elastin molecule (Kessler etal., 1993). In addition, the 
elastolytic activity of LasB results In the cleavage of collagen and the 
inactivation of immunoglobulins A and G, complement factors, alpha-1-
proteinase inhibitor, interferon gamma, and tumor necrosis factor (Birret and 
Cripps, 1993; Peters etal., 1992; Galloway, 1991; Morihara and Homma, 
1985). Alkaline protease also produces necrosis and mediates anticoagulant 
activity by hydrolyzing fibrin and fibrinogen (Shibuya etal., 1991). Two 
hemolysins contribute further to the local invasion process. These are the heat-
labile phospholipase C and the heat-stable rhamnolipid (Berî a and Vasil, 1981; 
Johnson and Boese-Marazzo, 1980). Together, these hemolysins act In 
synergy to breakdown lipids and lecithin, thus, contributing to invasion (Pollack, 
1995). Phospholipase C also degrades the lung surfactant component 
phosphatidylcholine resulting in atelectasis (Vasil etal., 1991). 

Virulence factors associated with dissemination and 
systemic disease 

Once P. aeruginosa has begun the local invasion process, additional 

virulence factors come Into play. The factors most likely responsible for 

dissemination and systemic disease are LPS (endotoxin), exoenzyme S, and 
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exotoxin A (Pollack, 1995; Vasil, 1986; Morihara and Homma, 1985). Indirect 
evidence implicates LPS in the clinical syndromes associated with gram-
negative sepsis (Pollack, 1995). The sepsis syndrome includes fever, 
hypotension, oliguria, increased or decreased white blood cell count, 
disseminated intravascular coagulation, and/or adult respiratory distress 
syndrome (ARDS) (Pollack, 1995). LPS activates the clotting, fibrinolytic, kinin, 
and complement systems (Pollack, 1995). It also stimulates production of 
prostaglandins and leukotrienes (Pollack, 1995). Furthermore, LPS induces the 
production and release of tumor necrosis factor, a mediator of septic shock 
(Mathison etal., 1988). The production of exoenzyme S also correlates with the 
ability of P. aeruginosa to spread to the bloodstream of the host (Nicas et al., 
1985; Nicas and Iglewski, 1984, 1985). Exoenzyme S is the second ADP-
ribosyl transferase enzyme found in P. aeruginosa (Iglewski etal., 1978). Its 
target is several low molecular weight GTP-binding proteins of the ras 
supergene family (Coburn, 1992; Cobum etal., 1989). Thus, exoenzyme S 
contributes to tissue damage and possibly Impairs local defense mechanisms 
(Coburn, 1992; Woods etal., 1989). As in the colonization stage of infection, 
the siderophores are thought to play a role in providing P. aeruginosa cells with 
iron during their transition into the bacteremic state (Bjorn etal., 1978; 
Ankenbauer etal., 1986; Griffiths, 1987). The siderophores can extract iron 
from the transferrin found in serum or lactoferrin found in secretions (Heinrichs 
and Poole, 1993). Finally, most clinical isolates produce the ADP-ribosyl 
transferase enzyme, exotoxin A (Bjorn etal., 1978; Pollack and Taylor, 1977). 
Based on the LD50 in mice (0.1 |xg/kg), exotoxin A Is considered the most toxic 
of all the virulence factors secreted by P. aeruginosa (Iglewski and Kabat, 
1985). Exotoxin A is a potent inhibitor of mammalian protein synthesis (Iglewski 
and Kabat, 1985). The enzyme catalyzes the transfer of the ADP-ribosyl moiety 
of NAD+ to the diphthamide residue of elongation factor 2 in the eukaryotic cell 
(Iglewski and Kabat, 1985). This results in the inhibition of protein synthesis 
and eventually ends in cell death (Pollack, 1995; Wick etal., 1990a; Iglewski 
and Kabat, 1985). Exotoxin A mediates both local and systemic disease 
processes (Wick etal., 1990a; Pollack, 1980). The necrotizing activity of 
exotoxin A leads to lesions at the site of localization (Pollack, 1995). It also 
facilitates P. aerL/gf/nosa dissemination via parenchymal invasion and leads to 
the elicitation of an inflammatory response (Pollack, 1995). In addition, exotoxin 
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A also plays an immunosuppressive role for both human B lymphocyte (Pollack, 
1995) and human T lymphocyte (Staugas etal., 1992) functions. Further 
support for exotoxin A as a major vimlence factor came from the discovery that 
antibodies to exotoxin A provide protection from the devastation of P. 
aeruginosa infection in humans (Pollack and Young, 1979). High titers of 
neutralizing anti-exotoxin A antibodies were found in sera from patients who 
had recovered from serious P. aeruginosa infections (Cross etal., 1980; Jagger 
etal., 1982). Conversely, patients who succumbed to their P. aeruginosa 
infections were found to have low titers of the exotoxin A-neutralizing antibodies 
in their sera (Cross et al., 1980). 

The siderophores 

During the transition to disseminated infection, P. aeruginosa 
encounters iron-limited conditions. In humans (and animals), most iron is found 
intracellularly stored in ferritin or bound in heme (Griffiths, 1987). Extracellular 
iron is bound tightly to the high affinity Iron-binding glycoproteins (transferrin, 
which is found in serum; and lactoferrin, which is found in secretions) (Griffiths, 
1987). To obtain this iron, P. aeruginosa releases specific iron-scavenging 
molecules called siderophores. (Crosa, 1989; Neilands, 1981). Siderophores 
are low molecular weight chelators (with a high affinity for iron) that remove iron 
from transferrin and deliver it to the bacterium via specific receptor proteins on 
the surface of the cell (Neilands, 1982). P. aeruginosa elaborates two known 
siderophores, pyoverdine (Cox and Adams, 1885) and pyochelin (Cox, 1980). 
P. aeruginosa strains elaborating pyoverdine, the superior siderophore for 
removal of iron from transferrin, grow well In the presence of serum and 
transferrin (Sriyosachati and Cox, 1986; Ankenbauer etal., 1986). Pyochelin is 
less efficient at promoting growth in the presence of transferrin (Ankenbauer et 
al., 1985) but remains important to the virulence of P. aeruginosa (Heinrichs 
and Poole, 1993; Liu and ShokranI, 1978). Production of the siderophores is 
negatively regulated by Iron through the fur (ferric uptake regulator) system 
described below (Heinrichs and Poole, 1993; Prince etal., 1991, 1993). 

The Molecular BioloQv of Exotoxin A 

The role of exotoxin A as a major virulence factor in severe localized 

infections and In the dissemination of P. aeruginosa as well as the 
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development of sepsis has led to thorough Investigation of the stnjcture and 

function of this protein at the molecular level. 

Thetox^genp 

ToxA (exotoxin A) is encoded by the gene, toxA, which is carried as a 
single copy in the chromosome of P. aeruginosa (Gray etal., 1984; Vasil etal., 
1986). Analysis of the deduced amino acid sequence encoded by toxA 
revealed that ToxA is synthesized as a 638 a.a. polypeptide (71 kDa precursor 
protein). ToxA contains eight cysteine residues capable of forming four 
disulfide bonds (Gray etal., 1984). The first 25 a.a. of the amino terminus 
region of ToxA appear to form a typical leader peptide as found in other 
secreted prokaryotic proteins (Gray etal., 1984). Chen etal. (1987) located the 
transcriptional start site for toxA at -88 bp upstream of the ATG initiation codon. 
Mutational analysis was used to determine that the promoter region for toxA 
includes an additional 72 bp upstream from the transcriptional start site (Tsaur 
and Clowes, 1989). Based on these results, Tsaur and Clowes (1989) 
suggested the presence of a binding site for a positive regulator contiguous with 
the binding site for the RNA polymerase. 

Structure and function of the ToxA protein 

Lory etal. (1983) have shown through studies of toxA expression that 
exotoxin A is synthesized as a 71 kDa precursor polypeptide. The leader 
peptide Is cleaved and exotoxin A is secreted to the outside as a toxic 
proenzyme lacking enzymatic activity (Vasil etal., 1977). The ADP-ribosyl 
transferase activity is only expressed in vivo when the proenzyme molecule is 
cleaved by either host or P. aeruginosa proteases to expose the previously 
sequestered enzymatically active portion of the protein (Leppla etal., 1978; 
Vasil et al., 1977; Lory and Collier, 1980). Reduction of two of the four disulfide 
bonds is also required for enzymatic activity (Wick etal., 1990a). Exotoxin A 
can be activated in vitro by reduction of the disulfide bonds and denaturation of 
the molecule in the presence of urea (Leppla etal., 1978). Vasil etal. (1977) 
demonstrated by immunoblot analysis that a 27 kDa ToxA-cross reacting 
fragment found in the supematant from the toxigenic P. aeruginosa strain 
PA103 carried the ADP-ribosyl transferase activity. A similar fragment was 
found following limited proteolysis of the exotoxin A protein (Lory and Collier, 

8 



1980; Chung and Collier, 1977). This enzymatically active polypeptide was 
further shown to be nontoxic for animals and cell cultures (Lory and Tai, 1985). 

In 1986, Allured etal. reported the three-dimensional crystallographic 
structure for exotoxin A, the first bacterial toxin to be crystallized. Using the 
deduced amino acid sequence of ToxA (Gray etal., 1984) and the crystalline 
structure. Allured etal. (1986) proposed a three domain structure for the inactive 
proenzyme. The first domain Is divided into two regions. The amino terminal 
end including residues 1-252 (Domain la) and the central residues 365-404 
(Domain lb) together comprise Domain I which is composed of anti-parallel B-
strands (Allured etal., 1986). Domain II, the remainder of the central region 
(a.a. 253-364), is composed of six consecutive a-helices (Allured etal., 1986). 
The carboxy terminus region (a.a 405-613) comprises Domain III which 
includes an extended cleft region (Allured etal., 1986). The crystalline structure 
also revealed that the eight cysteine residues form four disulfide bonds, the first 
three in Domain I while the fourth lies in Domain II (Allured etal., 1986). 

Subsequent studies have assigned specific biologic function to the three 
structural domains of exotoxin A (Wick etal., 1990; Hamood etal., 1989). 
Domain la was shown by deletion and mutational analysis to function in 
attachment of the protein to eukaryotic cell receptors (Jinno etal., 1988; Hwang 
etal., 1987; Guidi-Rontoni and Collier, 1987). Similar studies revealed that 
Domain II is required for internalization of the toxin (Domain III) by translocation 
across the eukaryotic membrane (Jinno etal., 1989; Madshus and Collier, 
1989; Chaudhary etal., 1988; Hwang etal., 1987). Siegall etal. (1989) 
demonstrated that Domain III carries the enzymatic activity. 

Environmental factors influencing exotoxin A production 

Liu (1973) has previously shown that the production of exotoxin A by 
P. aeruginosa is controlled by multiple environmental factors. Optimum yield of 
exotoxin A is obtained from cultures grown to stationary phase at 32°C with 
maximum aeration in TSB-DC medium (Liu, 1973; Ohman etal., 1980a). TSB-
DC medium is dialyzed tryptlcase soy broth which is chelexed to remove iron 
and which contains added glycerol and glutamic acid (Ohman etal., 1980a). 
The addition of Fe3+ in more than 5 ^M amounts was found to inhibit exotoxin A 
production (Bjorn etal., 1978). Lory (1986) used Northern blot hybridization 



experiments to show that the presence of iron in the culture medium negatively 

regulates exotoxin A production at the transcriptional level. 

Regulation of Exotoxin A Production 
Regulation of toxA in P. aeruginosa is a complex phenomenon which 

involves several genes. The most well-characterized of these genes is regA 
(Hedstrom etal., 1986; Hindahl etal., 1987; Wozniak etal., 1987; Wick etal., 
1990a). Other genes involved in the process of toxA regulation include regB 
(Wick etal., 1990a, 1990b; Storey, 1991), fur (Prince etal., 1991,1993), vfr 
(Westefa/., 1994b), and pvdS (Ochsner ef a/., 1996). In addition, as described 
In this study, we have recently isolated a new positive regulatory gene for 
exotoxin A production, ptxR (Hamood etal., 1996). 

regA 

The regA gene was cloned from P. aeruginosa strain PA103 during a 
search for the toxA gene by complementation of the hypotoxigenic mutant 
PA103-29 (Hedstrom et al., 1986; Wick et al., 1990a). PA103-29, a strain 
deficient in exotoxin A, was isolated in 1980 (Ohman etal., 1980a). It was 
thought to be a structural mutant for the toxA gene, which had not yet been 
cloned. However, when toxA was cloned in 1984 (Gray etal., 1984), a plasmid 
carrying toxA did not complement the defect of the mutant PA103-29 in exotoxin 
A synthesis. Thus, it became apparent that regA (the complementing gene) was 
a regulatory gene. Nucleotide sequence analysis of the cloned gene revealed 
that the regA open reading frame (ORF) encodes a 29 kDa protein, RegA 
(Hindahl etal., 1988), which has been localized to the cytoplasmic membrane 
of both E. coli and P. aeruginosa (Hamood and Iglewski, 1990). 

Transcriptional analyses of regA from PA103 disclosed that two major 
transcripts are produced, a larger transcript (T1) and a smaller transcript (T2) 
(Frank and Iglewski, 1988; Frank etal., 1989; Wick etal., 1990a). Further 
studies confirmed that regA contains two separate promoters, PI which 
produces the T1 transcript and P2 which produces the T2 transcript (Frank and 
Iglewski, 1988; Frank etal., 1989; Wick etal., 1990a). Additional studies 
revealed that transcription from the PI promoter is not regulated by iron and 
occurs early In the growth cycle, while transcription from the P2 promoter is 
tightly iron-regulated and occurs later in the growth cycle (Frank etal., 1989; 
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Wick etal., 1990a). Transcription from these two regA promoters results in a 
biphasic expression of toxA mRNA and exotoxin A production in PA103 (Frank 
and Iglewski, 1988; Frank etal., 1989). Further transcriptional analysis has 
shown that regA positively regulates toxA at the transcriptional level (Wick et al., 
1990a), although the exact mechanism of this regulation is not understood. It is 
known that high levels of iron negatively regulate regA at the transcriptional 
level (Lory, 1986; Wick etal., 1990a). Thus, toxA is Indirectly regulated by iron 
through regA. It has been suggested that RegA is a DNA-binding protein 
(Hamood and Iglewski, 1990) or that it may interact with the P. aeruginosa RNA 
polymerase (RNAP) (Walker etal., 1994). Hamood and Iglewski (1990) were 
unable to show binding of purified RegA to the toxA upstream region of P. 
aeruginosa using gel shift experiments. However, in the presence of a purified 
RegA (Zimniak etal., 1989), the in vitro transcription of toxA was enhanced 
(Walker etal., 1994). Based on these findings, Walker etal. (1994) suggested 
that RegA plays a role as a modifier of the P. aeruginosa RNAP. Further 
analysis of RegA by the same authors showed that RegA increases the rate of 
isomerization of the RNAP-promoter complex from the closed to open state 
during transcription initiation at the toxA promoter (Walker et al., 1995). 

rsgB 
Studies of the region 3' of regA revealed a second ORF which is 

transcribed together with regA from the PI promoter (Wick etal., 1990b). This 
gene, regB, has been cloned and sequenced (Wick etal., 1990b). Wick etal. 
(1990b) suggested that regA and regB constitute an operon. The regB gene 
has been Implicated as an additional toxA regulatory gene (Wick etal., 1990a; 
Wick et al., 1990b; Storey et al., 1991). In the absence of a functional regB, 
exotoxin A production by P. aeruginosa was reduced by five- to sevenfold (Wick 
etal., 1990b). Comparison of the regfSgenes from PA103 and PA01 showed 
that PA01 carries a nonfunctional regB (it lacks the ATG initiation codon) (Wick 
et al., 1990b). Later studies suggested that the expression of regAB was 
autoregulated by the product of regB (RegB) (Storey etal., 1991). When regAB 
carries a nonfunctional regB, the first phase of toxA transcription was 
eliminated (Wick et al., 1990a, 1990b; Storey etal., 1991). Based on these 
results, Storey etal. (1991) suggested that RegB Is required for the expression 
from the regA PI promoter. 
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M 
A second regulatory system involved in the regulation of exotoxin A 

production by P. aeruginosa Is fur, the ferric uptake regulator. Exotoxin A 
production in P. aeruginosa is negatively regulated by iron through Fur (Prince 
etal., 1991,1993). The fur sysXem was originally described in E. coli and has 
been shown to negatively regulate the expression of siderophore genes in 
response to iron (Hantke, 1984). In the absence of iron. Fur Is inactive and 
siderophore production ensues. In the presence of iron, Fur forms an active 
Fur-Fe(ll) complex which interferes with the transcription of the siderophore and 
siderophore-related genes (Bagg and Neilands, 1985; Caldenvood and 
Mekalanos, 1987; Prince et al., 1993). Many of these genes contain a 
consensus sequence In their promoter regions to which the Fur-Fe(ll) complex 
binds. This sequence (GATAATGATAATCATTATC) is called the Fur binding 
box (Bagg and Neilands, 1985; Caldenvood and Mekalanos, 1987). Prince et 
al. (1991) described the isolation and characterization of the far-homologue 
from P. aeruginosa. Fur was shown to influence the iron-independent 
transcription from the regAB PI promoter in PA103 (Prince etal., 1991). 
Analysis of specific P. aeruginosa Fur mutants showed that they were 
deregulated in both siderophore and exotoxin A production with respect to iron 
(Prince etal., 1993). Subsequent analysis of the role of Fur in the regulation of 
siderophore production and exotoxin A synthesis focused on the promoter 
regions of iron-regulated genes (Ochsner etal., 1995). Gel shift assays and 
DNA footprinting analysis revealed that Fur-Fe(ll) binds to the promoters of the 
siderophore regulatory genes including, pcfiR (a positive transcriptional 
activator for pyochelin production) (Poole etal., 1993; Ochsner etal., 1995) and 
pvdS (a positive regulator for pyoverdine synthesis) (Cunliffe etal., 1995; 
Ochsner etal., 1995). However, no Interaction was seen between Fur and the 
promoter regions of toxA or regAB (Ochsner et al., 1995). This led to the 
assumption that Fur indirectly regulates exotoxin A production in P. aeruginosa 
through other (yet unidentified) regulatory factors (Ochsner etal., 1995). 

Jd5r 
The vfr gene was Isolated by the complementation analysis of several 

toxA regulatory mutants (PA103-15, PA103-16, and PA103-19) (Ohman etal., 

1980a). These mutants were Isolated earlier by nonspecific mutagenesis and 

12 



were not complemented by plasmids canying either toxA or regA. West et al. 
(1994b) reported that vfr is a positive activator of regA PI promoter activity and 
the alkaline protease genes in P. aeruginosa. The 28.5 kDa protein encoded 
by vfr has a strong homology to the E. coli CAP protein (West et al., 1994b). In 
addition, Vfr contains many of the conserved residues within the region required 
for cyclic AMP binding and the region required for the interaction with the CAP-
RNA polymerase (West etal., 1994b). A specific helix-tum-helix DNA binding 
motif was also identified (West etal., 1994b). However, it Is not know yet if Vfr 
directly interacts with either the regA PI promoter or the toxA upstream region. 

pvdS 
One of the most recent additions to the list of genes involved in exotoxin 

A synthesis is pvdS. The pvdS gene was first isolated as a positive regulator for 
production of the siderophore pyoverdine (Cunliffe etal., 1995; MiyazakI etal., 
1995). PvdS is a putative member of a family of alternative sigma factors 
(Cunliffe etal., 1995). Recently, Ochsner etal. (1996) showed that exotoxin A 
production is reduced significantly when pvdS is deleted. In addition, there was 
no detectable toxA or regAB mRNA (Ochsner etal., 1996). When PvdS was 
overexpressed in the P. aeruginosa strain PA01, exotoxin A production was 
significantly increased and was iron independent (Ochsner etal., 1996). 
However such deregulation of exotoxin A production was not observed In a 
strain that lacks regAB (Ochsner etal., 1996). Thus, Ochsner etal. (1996) 
suggested that PvdS Is required for the activation of the regAB promoters. A 
recent study by Barton etal. (1996) confirmed that exotoxin A production in 
P. aeruginosa Is a complex process and involves different genes. When grown 
in an oxygen-rich versus an oxygen-deprived environment, P. aeruginosa Fur 
mutants showed alteration In iron-dependent repression of exotoxin A and 
siderophore production (Barton etal., 1996). These results suggest that 
additional, yet unidentified, genes are Involved in the regulation of the complex 
cycle of P. aeruginosa exotoxin A production (Barton etal., 1996). 

The Purpose of This Studv 

The goal of the research described in the following chapters has been to 

further investigate the complex regulatory cycle that governs toxA transcription 

in Pseudomonas aeruginosa. Five specific objectives were addressed: 

13 



1. To characterize a newly isolated P. aeruginosa gene, ptxR, which 
positively regulates both toxA and regA at the transcriptional level. 

2. To isolate and characterize another new P. aeruginosa gene, ptxS, 
which interferes with the effect of ptxR on exotoxin A production. 

3. To isolate different isogenic mutants from the P. aemginosa strain PA01 
that are defective In either ptxR, ptxS, or ptxR and ptxS. The effect 
of these different mutations on exotoxin A production would be 
determined. 

4. To determine the effect of multiple copies of ptxR on toxA transcription 
throughout the growth cycle of P. aemginosa. 

5. To examine the expression of pfxR throughout the growth cycle of P. 
aemginosa under iron-limited conditions and to determine if iron has a 
negative effect on such expression. 

14 



CHAPTER II 

ISOLATION AND CHARACTERIZATION OF A 
PSEUDOMONAS AERUGINOSA GENE, 

PTXR, WHICH POSITIVELY REGULATES 
EXOTOXIN A PRODUCTION 

Introduction 

Pseudomonas aeruginosa produces several extracellular virulence 
factors one of which is Exotoxin A (Liu, 1974). Exotoxin A catalyzes the transfer 
of the ADP-ribosyl moiety of oxidized NAD+ to elongation factor 2 of the 
eukaryotic cell causing inhibition of protein synthesis and cell death (Iglewski 
and Kabat, 1975). Exotoxin A production in P. aemginosa is influenced by 
several environmental factors including growth temperature, the concentration 
of iron in the growth medium, and the presence of certain nucleotides and 
amino acids In the growth medium (Liu, 1973). One of the most well-charac
terized of these factors is iron. Maximum production of exotoxin A occurs when 
P. aeruginosa Is grown in Iron limited medium (Bjorn et al., 1978). Iron 
negatively regulates exotoxin A production in P. aemginosa at the transcrip
tional level (Grant and Vasil, 1986; Hindahl etal., 1987; Lory, 1986). 

The regulation of exotoxin A production in P. aeruginosa is a complicated 
process that involves several genes including regA, regB, fur, vfr, and lasR 
(Hindahl etal., 1987; Wozniak etal., 1987; Wick etal., 1990b; Prince etal., 
1991; West etal., 1994b; Gambello etal., 1993). The most extensively 
analyzed of these genes is regA which enhances toxA transcription. The regA 
gene codes for a 28 kDa membrane associated protein (RegA) (Hindahl etal., 
1988; Zimniak etal., 1989). Despite several studies, the exact function of RegA 
is not known. RegA, synthesized In E. coli, showed no binding activity to the 
toxA upstream region (Hamood and Iglewski, 1990). Recent in vitro 
transcription studies suggested that RegA interacts with the P. aeruginosa RNA 
polymerase (RNAP) and increases the rate of isomerization of the RNAP-
promoter complex from the closed to the open state during transcription 
initiation at the toxA promoter (Walker etal., 1995). 

The regB gene is located at the 3' end of regA and available evidence 

suggest that it codes for an additional toxA regulatory gene (Wick etal., 1990a, 
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1990b). In the absence of a functional regB gene, exotoxin A production In P. 
aemginosa was reduced by five- to sevenfold (Wick et al., 1990b). The P. 
aemginosa /l/r negatively regulates exotoxin A and siderophore production in 
response to iron. P. aemginosa fur mutants were deregulated in exotoxin A and 
siderophore production with respect to iron (Prince etal., 1993). However, 
recent analysis suggests that Fur indirectly regulates exotoxin A production in P. 
aeruginosa (Ochsner etal., 1995). The /asPgene which is a transcriptional 
activator of the lasB and lasA genes slightly enhances exotoxin A and alkaline 
protease production in P. aemginosa (Gambello and Iglewski, 1991; Gambello 
et al., 1993). The Wirgene, which was isolated by the complementation analysis 
of P. aemginosa toxA regulatory mutants, positively regulates both exotoxin A 
and protease production (West etal., 1994b). The 28 kDa protein encoded by 
Wir shares a significant amino acid homology with the E. co//cyclic AMP receptor 
protein (CAP) (West etal., 1994b). 

In this paper, we report the cloning and characterization of another toxA 
positive regulatory gene, ptxR, which regulates toxA and regA at the 
transcriptional level. The deduced amino acid sequence of the ptxR product 
(RxR) exhibits a significant homology to several proteins of the LysR family of 
transcriptional activators. 

Materials and Methods 
Bacterial strains, plasmids. and growth media 

Bacterial strains and plasmids used in this study are listed in Table 2.1. 
E CO//strains were grown in LB medium (1% Bacto-Tryptone (Difco 
Laboratories, Detroit, Ml), 0.5% yeast extract, and 1% sodium chloride). For 
exotoxin A production, P. aemginosa v/as grown In Chelexed Tryptlcase (BBL 
Microbiology System, Cockeysvllle, MD) soy broth dialysate to which 1% 
glycerol and 0.05 M monosodium glutamate were added (TSB-DC) (Ohman et 
al., 1980a). TSB-DC contains about 0.05 îg/ml of Fe2+ (Frank etal., 1989). To 
maximize exotoxin A production, P. aemginosa was grown at 32°C with 
vigorous shaking. For expression experiments, E co//cells were grown in M-9 
minimal medium (Miller, 1972) containing all amino acids but methionine. 
Antibiotic concentrations were used as follows: for E coli, 15 .̂g of tetracycline 
per ml, 100 îg carbenlclllin per ml, or 50 îg kanamycin per ml; for 
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Table 2.1. Bacterial strains and plasmids used in the study of ptxR 

Strain or plasmid 

Strains 

P. aemginosa 

PA01 

PA0-EXC1 

PAOII 

PA 103 

PAO::ptxR 

PA103::ptxP 

E coli 

HB101 

K38 

Description 

Prototroph 

Excretion deficient mutant of PA01 

PA01 v.toxA-lacZ 

Prototroph, hypertoxigenic strain 

Ap&fP.-.tef 

Ap6fP;.tef 

"'Sm^ pro,leu,thi,lacY,hsd -20, 
endA, recA,ara-^ 4,galK,supE44 

HfrC, host for pT7 expression system 

Source/reference 

Ho Noway etal., 
1979 

Hamood etal., 
1992 

This work 

Liu, 1966 

This work 

This work 

Boyer and 
Rolland-Dussoix, 
1969 

Tabor and 
Richardson, 1985 
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Table 2.1. Continued. 

Strain or plasmid 

Plasmids 

pLAFRI 

pUC18 and 
pUC19 

pKT230 

pGP1-2 

pT7-5 and pT7-6 

pDF203 

pSW226 

pAH50 

pAH54 

pAH54-1 

Description 

iTcr,Kmr,lncP,lambda cos+, broad 
host range cloning vector 

Ap^ general cloning vectors 

Km^ Sm^ p. aemginosa cloning 
vector 

Kmr,P15A,cl857, carries T7 
polymerase gene 

Ap'', ColEI, carries T7 promoter 

pLAFRI carrying regA on 1.9 kbp 
fragment 

Apr, toXi4-/acZ fusion 

pLAFRI canying 25 kbp EcoRI 
fragment of PA01 

pUC18 containing 5.4 kbp H/ndlll-
EcoRI fragment of pAH50 

pAH54 carried on pKT230 

Source/Reference 

Friedman etal., 
1982 

Yanisch-Perron et 
al., 1985 

Bagdasarian & 
Timmis, 1982 

Tabor & 
Richardson, 1985 

S. Tabor, 1985 

Hindahl etal., 
1987 

S. West, 1994 

This work 

This work 

This wori< 
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Table 2.1. Continued. 

Strain or plasmid 

pJAC7 

PJAC7-1 

pAH69 

pAH69-1 

pAH70 

pAH70-1 

pAH71 

pAH74 

pAH75 

pJAC8 

pKT.18 

pMK20 

Description 

pUC19 containing 2.5 kbp Kpn\-Bgl\\ 
fragment of pAH54 

pJAC7 carried on pKT230 

Kpn\-BamH\ deletion of pJAC7 

pAH69 carried on pKT230 

BamH\-Bgl{\ deletion of pJAC7 

pAH70 carried on pKT230 

pT7-6 containing the 2.5 kbp Kpn\-
Bgl\\ fragment of pAH54 

Kpn\-BamH\ deletion of pAH71 

BamH\-Bgl\\ deletion of pAH71 

pAH54 with Tc"" cassette replacing 
most of ptxR 

Sm ,̂ Apr, pKT230 canying pUC18 

A pKT230-pUC18 recombinant 
plasmid in which regA is expressed 
from the lac promoter 

Source/Reference 

This work 

This worî  

This wori< 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 
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Table 2.1. Continued. 

Strain or plasmid 

pPI I 

Description 

PI-caf transcriptional fusion vector 

Source/Reference 

Storey etal., 1990 

"̂ Abbreviations: Ap, amplcillin; Km, kanamycin; Tc, tetracycline; Sm, 
streptomycin; ̂ , resistance; IncP, incompatibility group P; ColEI, 
ColEI origin of replication. 
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p. aeruginosa, 80 |ig tetracycline per ml, 400 |ig carbenicillin per ml, 500 îg 
kanamycin per ml, and 100 p-g rifampicin per ml. 

DNA manipiilatinn.q 

Restriction endonucleases, T4 DNA ligase, and DNA polymerases were 
purchased from GIBCO-BRL (Grand Island, NY) and used according to their 
recommendations. The alkaline lysis procedure was used for plasmid isolation. 
Plasmids were purified by the CsCI density gradient centrifugation as described 
previously (Ausubel etal., 1988). Plasmids were transferred to P. aeruginosa 
by eithertriparental mating (Ditta etal., 1980) or electroporation (Smith and 
Iglewski, 1989). 

The agar oel immunodiffusion assay 

A pLAFRI-PA01 gene bank in the E co//strain HB101 was transferred to 
PA0-EXC1 by triparental mating using the conjugative plasmid pRK2013 as a 
helper (Ditta et al., 1980). The agar gel immunodiffusion assay was done as 
previously described (Ohman etal., 1980a) with slight modification. Individual 
colonies of the gene bank transconjugants were picked on to TSB-DC plates 
and the plates were incubated at 32°C for 18 hours. The colonies were picked 
again on TSB-DC plates (for maximum production of exotoxin A). After 12 
hours of growth at 32°C, small wells were cut in the TSB-DC plates (between 
the colonies) and each well was filled with 10̂ .1 of exotoxin A-specific 
antiserum. The plates were then incubated In humid chambers at 32^0 for an 
additional 10 hours. After that, the plates were examined for the presence of an 
Immunoprecipitation band between each colony and the adjacent well of 
exotoxin A antiserum. 

SDS-PAGE and immunoblotting experiments 

P. aeruginosa strains were grown In TSB-DC for 14 hours at 32°C. 
Before harvesting, the cultures were adjusted to an OD540 of 3.5 and the 

amount of protein in each supernatant fraction was determined. Equal amounts 

of protein from each supernatant fraction were serially diluted and loaded on 

10% SDS-polyacrylamide gels (Hamood etal., 1989). Immunoblotting 

experiments were done as previously described using specific exotoxin A 

polyclonal antiserum and [i25i].|abeled staphylococcal protein A as previously 

21 



described (Hamood etal., 1989). The levels of exotoxin A protein in each 
dilution was determined by the densltometric analysis of the autoradiographs 
using a computer assisted image analysis system (Biolmage Visage 2000, Ann 
Arbor, Ml). 

Integration of the tox>\-/acZfusion in the chromosome of PA01 

The source of the tox>A-/acZfusion was plasmid pSW226 (West etal., 
1989; S. West, personal communication, 1994 ). This plasmid was generated 
using the /acZfusion vector pMLB1034 (Silhavy etal., 1984). The 740 bp of 
toxA upstream region plus the region coding for the exotoxin A leader peptide 
and the first 30 amino acids of the mature toxin were fused inframe with the lacZ 
gene. In order to Integrate pSW226 into the chromosome of PA01, the 1.8 kbp 
Pst\ fragment (which is required for the stable replication of ColEI plasmids in 
P. aemginosa [Olson etal., 1982]) was deleted from pSW226. The resulting 
plasmid was introduced Into PA01 by electroporation and transformants were 
selected on carbenicillin plates. Since the plasmid cannot replicate stably in 
P. aeruginosa. It may integrate Into the chromosome of PA01 by homologous 
recombination through a single cross over event. This Integration will result in 
carbenicillin-reslstant colonies. All carbenicillln-resistant colonies were grown 
(individually) in TSB-DC broth at 32°C for 14 hours, lysed, and the Intracellular 
level of B-galactosidase activity was determined. The presence of the toxA-lacZ 
fusion plasmids in the chromosome of PA01 was confirmed by Southern blot 
hybridization experiments using p2p]-iabeled pMLB1034 as a probe (Ausubel 
etal., 1988) (data not shown). 

Expression experiments 

The translational product of the gene(s) earned on the 2.1 kbp Kpn\-Bgl[\ 

fragments was determined using the pT7 expression system as previously 

described (Hamood and Iglewski, 1990; Tabor and Richardson, 1985). E coli 

cells K38(pGP1-2) containing different plasmids were grown in LB broth 

containing carbenicillin and kanamycin to an ODeoo oi 0.6. A 300 \i\ sample of 

the culture was isolated and the cells were collected by centrifugation. The 

pellet was resuspended in one ml of M-9 minimal medium containing all amino 

acids but methionine. After three hours of growth at 30°C, the culture was 

shifted to 42°C for 20 minutes, rifampicin was added (200 |xg/ml) and the 
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incubation continued for additional 20 minutes. The culture was then shifted 
back to 30°C for 30 minutes and was pulsed with 80 îCi of p5s]-methionine 
(1,111 Ci/mmol; Dupont, NEN Research Products, Boston, MA) for five minutes. 
Pellets were resuspended in 50 îl of the loading buffer (60 mM Tris 
hydrochloride (pH 6.8), 1% sodium dodecyl sulfate, 1% 2-mercaptoethanol, 
10% glycerol, 0.01% bromophenol blue), boiled for four minutes, and subjected 
to SDS electrophoresis using 10% SDS-PAGE gels. Gels were soaked in 
Amplify (Amersham Corp., Arlington Heights, IL) for 30 minutes, dried and 
exposed to X-ray film. 

Enzvme assays 

The ADP-ribosyl transferase activity In the supernatant of P. aemginosa 
strains containing different plasmids was determined as previously described 
(Vasil et al., 1977). 8-galactosidase assays were performed as described by 
Miller (1972) using one ml samples of each culture. The cell membranes were 
disrupted by sonication. 

The chloramphenicol acetyltransferase (CAT) assay was used to 
determine the activity of the regA PI promoter. Cells were grown overnight in 
TSB-DC containing 20 îg of Fe2+ per ml. The cells were washed twice in TSB-
DC and an aliquot was resuspended in TSB-DC to an OD540 of 0.02. The CAT 
assay was done as described by Neumann et al. (1987). Units of CAT activity 
were generated using a purified E coli CAT (Pharmacia, PIscataway, NJ). 

RNA analvsis 

Total RNA was prepared from P. aemginosa grown in TSB-DC medium 
to an OD540 of 4.0. The RNA was isolated by either the hot-phenol procedure 
as previously described (Frank and Iglewski, 1988; Frank etal., 1989), or the 
Tri-REAGENT^ (Molecular Research Center, Inc., Cincinnati, OH) as 
recommended by the manufacturer. RNA samples prepared by either method 
were treated with the RNase-free DNase (Promega Corp., Madison, Wl), 
precipitated with ethanol and resuspended in distilled water. 

Northern blot analysis was performed as previously described (Ausubel 
etal., 1988). Ten p.g of each RNA sample was denatured and analyzed by 
electrophoresis using 1.2% agarose-formaldehyde gels (Ausubel etal., 1988). 
RNA size markers were obtained from GIBCO-BRL (Grand Island, NY). 
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Electrophoresed samples were transferred to nylon membranes (Amersham 
Corp.) and hybridized with either toxA or regA probes as previously described 
(Ausubel et al., 1988). Strips of the nylon membrane containing the molecular 
size standards were hybridized with [32p].|abeled lambda DNA. 

Slot-blot assays were done as previously described (Frank and Iglewski, 
1988; Frank et al., 1989). Nylon membrane blots were hybridized with either 
toxA or regA probes, washed, dried, and exposed to Kodak X-AR films. 

Preparation of toxA and regA probes 

Analysis of toxA mRNA was performed using the 1530 bp toxA internal 
BamH\ fragment as a probe (Frank and Iglewski, 1988). Plasmid pMS151 
(Hamood etal., 1989) was used as source of the fragment. For the regA mRNA 
accumulation study, the 368 bp regA internal Sal\ fragment (Frank and Iglewski, 
1988; Frank et al., 1989) was used as a probe. The fragment was obtained 
from pMH220 (Hindahl etal., 1987). DNA fragments were purified from 
agarose gels using DEAE paper (Schleicher and Schuell, Keene, NH). Purified 
DNA fragments were radio-labeled with [32p]-dCTP (3,000 Cl/mmol) 
(Amersham Corp.) using nick translation kits (Amersham Corp.). 

DNA sequence analvsis 
The 2.1 kbp Kpn\-BamH\ fragment was cloned into the Blue Script II® 

sequencing vectors pKS and pSK (Stratagene Cloning Systems, LaJolla, CA). 
Smaller subclones were generated using the same vectors. Single stranded 
DNA templates were recovered from the Blue Script subclones using helper 
phage as recommended by the manufacturers (Stratagene, 1994). DNA 
sequencing was performed by the dideoxy chain termination method of Sanger 
et al. (1977) using sequencing kits (Sequenase version 2, Amersham Life 
Science Inc., Ariington Heights, IL) and the Ml 3 universal or reverse primers. In 
the absence of suitable restriction sites, DNA sequencing was performed using 
oligonucleotides (Integrated DNA Technologies, Coralville, lA) as primers. Due 
to the high GC content of P. aemginosa chromosomal DNA, which leads to 
severe compressions, 7-deaza-dGTP was used in the sequencing reaction. 
Additional compressions were resolved by mnning the sequencing reaction on 
40% formamide sequencing gels. DNA sequence analysis was done using the 
Strider I program (Institute de Recherche Fondamentale, Commissariat al 
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Energie, France). Comparisons of the nucleotide sequence and translated 

sequence were performed using the University of Wisconsin Genetic Computer 

Group Software Package (Devereux etal., 1984). 

Nucleotide sequence accession number 

The nucleotide sequence of ptxR has been submitted to the GenBank 
nucleotide sequence databases under the accession number U35068. 

Results 
Isolation of the P. aemginosa chromosomal fragment 
that affects exotoxin A svnthesis 

We will refer to the process of transfemng exotoxin A and other virulence 
factors to the extracellular environment of P. aemginosa as excretion. We have 
previously described a PA01 excretion deficient mutant (PA0-EXC1) that was 
genetically distinct from previously described P. aemginosa excretion mutants 
(Hamood et al., 1992). Although exotoxin A is not excreted in PA0-EXC1, it is 
processed and transfen-ed to the outer membrane (Hamood etal., 1992). To 
isolate a new excretion-related gene, we mobilized a PAO-pLAFRI gene bank 
into PA0-EXC1 by triparental mating (Ditta etal., 1980) and screened the 
transconjugants for exotoxin A production by the previously described agar gel 
immunodiffusion assay (Ohman etal., 1980a). Of the 2,000 transconjugants 
screened, one colony (PAO-EXC1/pAH50) showed a band of immunoprecip
itation with exotoxin A antiserum. These results were confirmed by the ADP-
ribosyl transferase assay (Vasil etal., 1977) and immunoblotting experiments. 
Intact mature exotoxin A protein was detected in the supernatant of PAO-
EXC1/pAH50 (data not shown). 

Results of several experiments confirmed that pAH50 does not 
complement the excretion defect in the PA0-EXC1. Rather, it enhances 
exotoxin A synthesis. First, the intracellular level of exotoxin A in PAO-
EXC1/pAH50 (as determined by the ADP-ribosyl transferase activity) was five-
to sixfold higher than that in PA0-EXC1 strain containing pLAFRI alone (data 
not shown). Second, although PA0-EXC1 has a pleiotropic defect in the 
excretion of exotoxin A, phospholipase C, and elastase (Hamood etal., 1992), 
neither the elastase nor phospholipase C were secreted to the supernatant of 
PAO-EXC1/pAH50 (data not shown). Third, exotoxin A was detected in the 
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supernatant of PA0-EXC1 under other conditions In which exotoxin A synthesis 
was enhanced. Such conditions include the introduction of either a plasmid 
carrying the toxA positive regulatory gene regA or a plasmid in which toxA is 
expressed from the /ac promoter (data not shown). Fourth, the presence of 
pAH50 in the P. aemginosa prototrophic strain PA01 resulted in a four- to 
fivefold increase In exotoxin A synthesis (Table 2.2). Although we have ruled 
out cell lysis as a possible cause for such a phenomenon (similar results were 
obtained in cells grown to either eariy or late stages of growth), we do not know 
if it is related to the nature of the mutation in PAO-EXC1. However, since 
pAH50 affects exotoxin A synthesis in general, further analysis was done using 
the prototrophic strain PA01. 

The presence of pAH50 in PA01 had no effect on the synthesis of 
elastase, exoenzyme S, and phospholipase C (data not shown). However, 
pAH50 affects siderophore production In PA01. P. aemginosa produces two 
types of siderophores, pyoverdine and pyochelin (Crosa, 1989). On regular 
siderophore plates (the Chrome-Azurol blue agar plates) (Schwyn and 
Neilands, 1987), siderophore production was detected in both PA01 carrying a 
cloning vector and PA01 carrying pAH50 (data not shown). However, when 
iron was added to the siderophore plates, siderophores were produced only by 
PA01 containing pAH50 (data not shown). Further experiments will be 
conducted to determine the specific effect of pAH50 on the production of the 
pyoverdine and the pyochelin and the relationship between the gene(s) carried 
on pAH50 and the P. aemginosa fur. 

Initial restriction analysis showed that the original cosmid (pAH50) 
carries a 25 kbp EcoRI fragment of PA01 chromosomal DNA (Fig. 2.1). 
Different complementation experiments mled out the possibility that pAH50 
carries a toxA structural gene or the toxA regulatory operon regAB. Plasmid 
pAH50 failed to complement the defect of the P. aemginosa regA mutant 
PA103-29 (data not shown). In addition, no hybridization bands were detected 
when the 25 kbp EcoRI fragment was examined by Southern blot hybridization 
experiments (under low stringency conditions of hybridization) using a 1.9 kbp 
Xba\-Pst\ fragment which carries the regAB locus (Hindahl etal., 1988) as a 
probe (data not shown). Plasmid pAH50 also failed to complement the defect in 
other previously described toxA regulatory mutants (PA103-15, PA103-16, 
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Table 2.2. The effect of pAH50 and its derivatives on the level 
of exotoxin A produced by P. aemginosa strain PA01. 

Strain 

PA01/pLAFRI 

PAO1/pAH50 

PA01/pKT.18 

PA01/pAH54-1 

PA01/pJAC7-1 

PA01/pAH69-1 

PAO1/pAH70-1 

ADP-ribosyl transferase activity'' 
CPM/10 |il of supernatant 

1050 ±132.3 

4500.0 ± 400.0 

914.8 ±85.8 

4766.7 ± 585.4 

4800.0 ± 360.5 

974.3 ±125.0 

876.7 ± 72.5 

•"For maximum production of exotoxin A, cells were grown 
in Tryptlcase soy broth dialysate treated with Chelex-100 
(TSB-DC) at 32°C with maximum aeration (Ohman etal., 
1980a). All cultures were adjusted to an OD540 of 3.5 before 
harvesting. The level of ADP-ribosyl transferase activity in the 
supematant fraction of each culture was determined as 
previously described (Vasil etal., 1977). Each number 
represents the average of three independent experiments 
± the standard error of the mean (SEM). 
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PA103-19, and PAOT-20) (Gray and Vasil, 1981; Ohman etal., 1980a) (data not 
shown). 

Subcloning the chromosomal fragment that affects 
exotoxin A synthesis 

Through subcloning and complementation experiments we localized the 
effect on exotoxin A synthesis in PA01 to a 5.4 kbp H/ndlll-EcoRI fragment 
(Fig. 2.1). Using several restriction enzymes, a restriction map of the 5.4 kbp 

fragment was constructed (Fig. 2.1). All subclones were first generated in the 

ColEI plasmids pUC18 or pUC19. However, ColEI plasmids do not replicate 
stably in P. aeruginosa (Olson et al., 1982). Thus, the constructs were then 
subcloned in to the P. aeruginosa vector pKT230 and the resulting recombinant 
plasmids were transferred to PA01 by triparental mating (Ditta etal., 1980) or 
electroporation (Smith and Iglewski, 1989). Further subcloning and 
complementation experiments localized the effect on exotoxin A synthesis in 
PA01 to a 2.1 kbp Kpn\-Bgl{\ fragment (which is carried on pJAC7-1) (Fig. 2.1, 
Table 2.2). Deletions within the 2.1 kbp Kpn\-Bgl\\ fragment interfered with the 
effect on exotoxin A synthesis. For example, deletion of the Kpn\-BamH\ 
fragment from pJAC7-1 (pAH69-1) destroyed its ability to stimulate exotoxin A 
synthesis (Fig. 2.1, Table 2.2). Similar results were obtained with pAH70-1 (in 
which the BamH\-Bgl\\ fragment of pJAC7-1 was deleted) (Fig. 2.1, Table 2.2). 
Since the 2.1 Kpn\-Bgl\\ fragment activates exotoxin A production in trans, we 
named the gene contained in this fragment ptxR (Pseudomonas exotoxin A 
regulator). 

Expression of otxR 

The translational products of ptxRv/ere examined In E co//using the T7 
expression system (Tabor and Richardson, 1985). Based on the results of 
subcloning experiments, the 2.1 kbp Kpn\-Bgl\\ fragment was cloned in the pT7-
6 expression system. In the resulting plasmid (pAH71), the T7 RNA polymerase 
transcribed from the Kpn\ toward the Bgl{\ end. In comparison with the E coli 
containing pT7-6 alone, pAH71 expressed a 34 kDa protein (Fig. 2.2). In 
correlation with functional analysis, derivative plasmids pAH74 (in which the 
Kpnl-Ba/77HI fragment was deleted) and pAH75 (in which the BamHI-B^/ll 
fragment is deleted) produced no detectable protein (Fig. 2.2). To confirm these 
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Figure 2.2. The translational product of the gene (pfxR) carried on the 2.1 kbp 
Kpn\-Bgl[\ fragment in the E coli K38(pGP1-2). The fragment was 
cloned in the pT7-6 expression vector (Tabor & Richardson, 1985). 
In the recombinant plasmid pAH71, the direction of transcription of 
the T7 promoter is from the Kpn\ toward the Bgl\\ end of the 2.1 kbp 
fragment. Proteins from cells containing different plasmids were 
labeled as previously described (Hamood & Iglewski, 1990; Tabor 
and Richardson, 1985). Protein products were analyzed by 10% 
SDS-polyacrylamide gels and autoradiography. 

Lanes: (1) K38(pGP1-2)/pT7-6; (2) K38(pGP1-2)/pAH71; 
(3) K38(pGP1-2)/pAH74;(4) K38(pGP1-2)/pAH75. The sizes of 
the molecular mass standards are shown on the left side of the 
autoradiogram. 
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findings, we examined the effect of pAH71, pAH74, and pAH75 on exotoxin A 
production in the P. aemginosa strain ADD1976. ADD1976 is a PA01 strain in 
which the T7 RNA polymerase gene (under the control of the lac repressor) was 
stably integrated into the chromosome (Brunschwig and Darzins, 1992). 
Plasmids pAH71, pAH74, and pAH75 were subcloned into pKT230 and the 
resulting plasmids (pAH71-1, pAH74-1, and pAH75-1) were mobilized into the 
ADD1976 strain (Ditta ef a/., 1980). Only plasmid pAH71-1 (which expressed 
the 34 kDa protein in E coli) enhanced exotoxin A production in ADD1976 
(data not shown). Despite several attempts, exclusive labeling of the proteins 
encoded by the T7-expressed genes in ADD1976 was not successful. 

ptxR sequence analysis 

The nucleotide sequence of the 2.1 kbp Kpn\-Bgl\\ fragment was 
determined by the Sanger dideoxy sequencing method (Sanger etal., 1977). 
Computer analysis of the nucleotide sequence revealed the presence of one 
large open reading frame (pfxP) which extends from nucleotide 557 to 
nucleotide 1495 and codes for a 34.97 kDa protein (Fig 2.3). The molecular 
weight of the predicted protein compares closely with the 34 kDa protein 
produced by the T7 system (Fig. 2.2). The amino terminus end of the 34.97 kDa 
predicted protein lacks the typical prokaryotic signal peptide (von Heijne, 1985) 
(Fig. 2.3). In addition, the direction of transcription of ptxR (which is from the 
Kpn\ towards the Bgl\\ end of the 2.1 kbp fragment) is the same as the direction 
of transcription of the gene that codes for the 34 kDa protein. Furthermore, 
deletion subclones that contain part of pfxP coding sequence (pAH74 and 
pAH75) produced no detectable protein by the T7 system (Fig. 2.2). 

The codon usage of ptxR agrees with the typical codon usage of 
P. aeruginosa (West and Iglewski, 1988). Putative -10 and -35 sites have been 
identified (Fig 2.3). In addition, a potential ribosome binding site was 
determined at 9 nucleotides upstream of the translation initiation codon (Fig. 
2.3). The Chou and Fasman algorithm (Chou and Fasman, 1974) was used to 
analyze the possible secondary structure of RxR. A putative helix-tum-helix 
(HTH) motif (DNA binding motif) was located at the amino terminus region of 
RxR at a. a. 28 to a. a. 48 (Fig. 2.4). The hydropathy analysis of RxR revealed 
no stretches of hydrophobic residues that may suggest a transmembrane 
protein. 
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1 GGTACCTCTTGGTGCTGTTCTTATTGGTGTGTCCGGCTGGTCTTCGCCAG 

5 0 CGGATGCCAGGAGTTGAAACCGGTTTCAGAAAATACCAGAAGGCCGATGC 

100 CCGTCAACGGGAAAAAAACGCCTACCGGGGCCGAGCCAGGCATGAGGCCA 

150 GGACGTTGTTCATGAAAACCGAATAATCGTTTCGAATGATGGTTTGCAAT 

200 TATTAATGTCGAATGGAATGAATGTGCCATATCTCCATAAATAAAAAGGA 

250 AGTTTGTCCAATACTTGAGAAACTACTTTAAGAAGGTTTTGTCGGTAGAA 

300 AGCGATCAATCAGGCGAGCTTCGCTGACATGAAAAGCACCCGGCCGACCG 

350 TCTGAAGCAGTTCTCATTTATCGGAAAACGAAGGTGGGGGGGTGAAACTT 
-35 -10 

4 00 ATGCGCGCCTGGCGGTCTTTATCGACGACCTGACCGCCCGGTCGCGTCAT 

450 CACGCTCACCGATCGTTGCGGGTCCTGTCGAATGCCGCCGTTCCGTCGCA 

500 GCAGGATTTTTCGACAAGACCCGTCCGGACCCACTTCCCGGCTAAQGAAT 
rbs 

550 GACAGGATGAGCGCCGCCCTGGAGCGATTGAATCATCTGAACCTGAATCA 
M S A A L E R L N H L N L N H 
PtxR > 

600 CTTGTATGCCTTCGTCGCCGTCGCCGAACACAACAGCTTCACCGCCGCGG 
L Y A F V A V A E H N S F T A A A 

650 GCCCTGGGCTTGTCGAAATCGCTACTCAGCGAGCAGTTGCGACGCCTGGA 
L S K S L L S E Q L R R L E A D 

700 GGCCGACCTCGGGATCCAGTTGCTGACCCGTACCACCCGTCGCATGACCC 
L G I Q L L T R T T R R M T L T D 

750 TTACCGATCGCGGCGAACTGCTGTTCGGCGTGGCCCAGCGCATGCTCGGC 
R G E L L F G V A Q R M L G E L D 

800 GAGCTGGACGGCGCGCTCTCCGATGTGCGCGACCTGCAGGGCGAGCCCAG 
G A L S D V R D L Q G E P S G R 

850 TGGCCGGTTGCGCATCACCGCGCCGCAGGACTTCGTCAAGTGGCACATCA 
L R I T A P Q D F V K W H I S S V 

Figure 2.3. Nucleotide sequence of the 2141 kbp Kpnl-Bglll 
fragment that carries ptxR, The potential -10, 
-35, and ribosome binding sites are underlined. 
Arrow indicates the direction of transcription 
of ptxR. Single letters beneath the sec^uence 
represent the deduced amino acid sequence of 
PtxR. 
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900 GCAGCGTTTCCGCGGCGTTCATCCGGCAGTTTCCCAAGGTCCAGGTGGAA 
S A A F I R Q F P K V Q V E M L A 

950 ATGCTGGCCGATGACCAGTTCAGCGATCTGGTCGGCCAGCGCATCGATCT 
D D Q F S D L V G Q R I D L A V 

1000 CGCAGTACGTATCGGCTGGCCGCGCGACTCCGGCCTGCATGCCAGCAAGC 
R I G W P R D S G L H A S K L C D 

1050 TGTGCGACTTCCAGCAGGTTGCCGTGGCGACGCCGGGATACCTCGCCGGC 
F Q Q V A V A T P G Y L A G L P P 

1100 CTGCCGCCGGTGCTCCAGCCGCACGACCTGGCGCGTTGCGAATGGATCGG 
V L Q P H D L A R C E W I G H T 

1150 CCATACCCGCCTGAGCACGCCCTGGACCTGGACCTTCGAACGCCAGCGCG 
R L S T P W T W T F E R Q R E R A 

1200 AGCGTGCCACGGTACAGACCCGAGGGCGCCTGCTGGCGAACAACACCCTG 
T V Q T R G R L L A N N T L A V Y 

1250 GCGGTGTACCGCCTGGTGCTCGACGGTGCCGGCGTCAGCGTGCTGCCGAG 
R L V L D G A G V S V L P S F L 

1300 CTTCCTGGTAGCCCGCGAGATCGCCCGCGGACGGCTGGTCCGGCTGCTGC 
V A R E l A R G R L V R L L P G W 

1350 CCGGTTGGCGCCTGCCGCAGGGCGGCATCTATGCCCTGTACCCCTCGGCG 
R L P Q G G I Y A L Y P S A R Y M 

14 00 CGCTACATGCCGGTGCGGGTCAGGGCGTTCATCGAGTCGCTGCGCGAGCA 
P V R V R A F I E S L R E H L G 

1450 TCTCGGTCGCGAGCCGTTCCGCCTGGCGCAGAGCGAATGAGGCTGGGCAT 
R E P F R L A Q S E * 

1500 CCGTGCTGGGGGGGCTGTAGGGCGAATAACGCACAGGCTTATCCGCCGCC 

1550 GACGTCACGGATAGGCGGCGGATAACCGCGAGCGGTTATTCGCCCTACGG 

1600 ATCGGGCTTCGGCAGCATCTCGGTCGCAAGCCATTCCAACTGGCGTAGGG 

1650 CGAATAACGCACAGGCTTATCCGCGCCGACGTCGTGGATAGGCGGCGATA 

1700 ACCGGAGCGTTATTCGCCCTACGGCCCCAGGCTGCCCAGGTAGCCGGCGA 

1750 GGCGCCTGGGATGTGCTATCCTCCAGGCCGCCGGCGACCGCGCGCATGGT 

1800 CGCGCTGTTGCCGCGCCTTGCCGTCGCGGAAGCCGTGCAACTGGGTTGCC 

Figure 2.3. Continued. 
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1850 AGGTATTCCGCCCATTGCCCGGCCAGGCGGCCTTCAGCGCCGCCAGGCCC 

1900 TGGGCGGCGGGCCCGTGGCAGGTGACGCAGGGCGGTACGCCGCCGTGCGC 

1950 CAGGCCGTTCTCGAAGAGCTGGCGGCCGCGTTCGCGTTGCCTCGGGTCGG 

2000 CCAGGGTCTGCTCGCCGGCACTCATGCGCTGGGCGGCGAACCAGGCGGAG 

2050 ACGTTGACCACATCCGCCGCGCTCAGCTCCTCGCCGCGGCCGTTGGTGGC 

2100 CGGGTTGCGCCGGCGCTGGGCTTGAGGTCGTAGATC 2141 

Figure 2.3. Continued. 
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The GenBank data base was searched (using the University of 
Wisconsin GCG DNA-protein analysis software) for proteins with amino acid 
sequence similarity with PtxR. A significant homology was detected between 
RxR and several proteins of the LysR family of prokaryotic transcriptional 
activators (Henikoff etal., 1988). The LysR family proteins activate other genes 
through DNA binding via a helix-tum-helix motif common to these proteins. The 
highest degree of homology was detected with the Vibrio cholerae iron-
regulated IrgB (Goldberg etal., 1991) (29.1% identity, 51.3% similarity), the E 
coli LysR (Dodd and Egan, 1987; Pabo and Sauer, 1984) (25.8%, 46.8% 
similarity), and OxyR, a positive regulatory protein of the hydrogen peroxide 
inducible gene in E co//and Salmonella (Christman etal., 1989) (23.4% 
identity, 45.7% similarity). Alignment of RxR and seven proteins of the LysR 
family revealed that the greater similarity is within the amino terminus region 
which contains the putative DNA binding region (HTH motif) (Fig. 2.4). 

Further nucleotide sequence analysis suggested the presence of two 
additional open reading frames, one at the 5' end of ptxR (0RF2) and one at the 
3'ofptxP(ORF3)(Fig.2.1). 

Enhancement of toxA expression in PAQ1 bv ptxR 

The increase in exotoxin A synthesis in PA01 by pfxP could be the result 
of enhanced toxA transcription. To examine the effect of ptxR on toxA 
transcription, we examined the effect of pJAC7-1 (Fig. 2.1) on the level of 
6-galactosidase activity expressed from pSW226 (West etal., 1989; S. West, 
personal communication, 1994). Plasmid pSW226 (which has been used 
previously in other toxA regulatory studies [West etal., 1989]) was constructed 
by the inframe fusion of the toxA upstream region and the region coding for the 
leader peptide plus the first 30 amino acids of the mature exotoxin A to the lacZ 
gene (S. West, personal communication, 1994). The tox>A-/acZfusion carried on 
pSW226 was introduced Into the chromosome of PA01 generating strain PAOII 
as described in the Material and Methods. 

Plasmid pJAC7-1 was introduced into the fox>4-/acZfusion strain (PAOII) 
and the cells were grown in TSB-DC at 32°C. The amount of the B-galacto
sidase activity in PAOII/pJAC7-1 was determined as previously described 
(Miller, 1972). Plasmid pDF203 (Hindahl etal., 1987) which carries an intact 
copy of regA was used as a positive control. The presence of pJAC7-1 in PAOII 
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caused a four- to fivefold increase in the level of the B-galactosidase activity (in 
comparison with PAOII containing cloning vector alone) (Fig. 2.5). This 
increase In B-galactosidase activity was very similar to the observed increase in 
exotoxin A protein (Table 2.2). 

The tox>A-/acZfusion carried on pSW226 is a translational fusion. Thus, 
the observed increase in B-galactosidase activity encoded by this fusion could 
be due to the effect of ptxR on either toxA transcription or exotoxin A translation. 
RNA analysis was done to distinguish between these two alternatives. Cells 
were grown to a stationary phase of growth in an iron limited medium (TSB-DC) 
and total RNA was isolated. The RNA was probed with the 1530 bp internal 
BamHl fragment of toxA (Frank and Iglewski, 1988). A relatively stable toxA 
mRNA which correlated In size with the one previously described (Frank and 
Iglewski, 1988) was obtained (Fig. 2.6). It Is clear that in comparison with PA01 
containing the vector alone, PA01/pJAC7-1 has accumulated more toxA mRNA 
(Fig. 2.6). In addition to the Northern blot, quantitative analysis of toxA mRNA 
was done using the slot-blot assay (Frank and Iglewski, 1988; Frank etal., 
1989). As shown in Figure 2.7, the amount of toxA mRNA encoded by 
PA01/pJAC7-1 Is approximately fivefold higher than that encoded by PA01 with 
vector alone. These differences are comparable to the previously observed 
differences between the two strains in the amount of exotoxin A protein and the 
level of B-galactosidase activity (Fig. 2.5, Table 2.2). 

Examining the effect of ptxR on regA expression: 

It is known that toxA transcription in P. aemginosa is positively regulated 

by regA (Frank and Iglewski, 1988; Frank etal., 1989; Hindahl etal., 1987). 

Since toxA Is also regulated by ptxR, RNA analysis was done to determine the 

relationship between regA and ptxR. It is possible that ptxR exerts its function 

on toxA through regA. The accumulation of regA mRNA was determined by 

Northern blots and slot-blot assays using the 368 bp Sa/I internal fragment of 

regA as a probe (Frank and Iglewski, 1988). As previously described by Frank 

etal. (1989), regA mRNA was quickly degraded in P. aeruginosa grown to a 

stationary phase of growth (data not shown). However quantitative analysis (by 

the slot-blot assay) showed that more regA mRNA accumulated in PA01/ 

pJAC7-1 than in PA01 carrying the cloning vector alone (Fig. 2.7). Thus, ptxR 

appears to regulate both toxA and regA transcription. 
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Figure 2.5. Induction of the fox>A-/acZfusion in PAOII by ptxR. Cells were 
grown in TSB-DC at 32**C for 14 hours (Ohman etal., 1980a). 
Units of B-galactosidase activity were determined as previously 
described (Miller, 1972). The data represent the mean of three 
separate experiments ± SEM. 
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Figure 2.6. Northern blot analysis of toxA mRNA from PAOI containing extra 
copies of ptxR. Cells were grown In TSB-DC (Ohman et al., 
1980a) at 32°C with maximum aeration and total RNA was 
isolated as previously described (Frank & Iglewski, 1988). RNA 
samples (10 ^g each) were separated on 1.2% agarose-
formaldehyde gels (Ausubel etal., 1988) and transferred to nylon 
membranes. The nylon membrane was probed with the 1530 bp 
BamHl fragment of toxA. 

Lanes: (1) PA01/pKT.18; (2) P. aertyp/nosa strain WR5 which 
lacks toxA (Vasil etal., 1986) (negative control); (3) PAOI/ 
pJAC7-1; (4) PAO1/pDF203 (positive control). Molecular weight 
standards (in kbp) (the RNA ladder probed with lambda DNA) are 
shown on the left side of the blot. 

41 



20 

0) 
> 

•(5"E 

C 3 

0.(0 
10 

fox4 transcript reg4 transcript 

Figure 2.7. The accumulation of fox>A and regA mRNA In PAOI containing 
extra copies of ptxR. Growth conditions and RNA extraction were 
done as described In Figure 2.6. Slot-blot assays were done as 
previously described (Frank etal., 1989). The nylon membranes 
were probed with either the 1530 bp BamHl fragment of fox>A or 
the 368 bp Sa/I fragment of regA. Quantitative analysis of fox>A 
and regA mRNA was done by the densitometer tracing of the 
exposed film and expressed in ariDitrary units. Results are the 
means of three independent experiments ± SEM. Dotted bars 
represent mRNA from PA01/pKT.18, closed bars represent mRNA 
from PAO1/pDF203, and shaded bars represent mRNA from 
PA01/pJAC7-1. 
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Isolation nf a pfyP isogenic mutant 

The isolation of a ptxR isogenic mutant of P. aemginosa is necessary for 
the analysis of pfxPfunction. A 1420 bp BamH\-Bgli\ fragment was deleted from 
pAH54 and replaced with a 1.4 kbp Bgl\\ fragment which carries the Tc*" gene. 
The deleted 1420 bp BamH\-Bgl\\ fragment contains 778 bp of the ptxR open 
reading frame (Fig. 2.8A). This deletion extends 650 bp past the 3* end of pfxR 
and into another potential ORF that is predicted to encode another protein that 
showed good P. aeruginosa codon bias (data not shown). The resulting 
plasmid (pJAC8) was introduced into PAOI and PA103 by electroporation (Ditta 
et al., 1980). The insertion of the Tc*" gene within ptxR was confirmed by 
Southern blot hybridization experiments as described in the experimental 
procedures (Fig. 2.8B). Initial characterization of the PAOI isogenic mutants 
showed that they produced lower levels of exotoxin A than that produced by the 
parent strain PAOI (Table 2.3). In addition, these defects were complemented 
in trans by pJAC7-1 (Table 2.3). When the PAOI mutants were extensively 
subcultured in LB broth (to determine their stability) and then grown in TSB-DC 
medium for exotoxin A expression, their level of exotoxin A was comparable to 
that of PAOI (Table 2.3). The reason for this "reversion" is not clear at this time. 
However, despite this apparent phenotypic reversion, the presence of pJAC7-1 
in the "revertant" mutant enhances exotoxin A production (Table 2.3). The ADP-
ribosyl transferase activity produced by the PA103 isogenic mutants was 
approximately two-fold less than that produced by PA103 (Table 2.3). However, 
quantitative analysis of exotoxin A protein (Fig. 2.9, Table 2.4) revealed more 
significant differences. The level of exotoxin A protein produced by PA103 
isogenic mutants was about fivefold less than that produced by PA103 (Table 
2.4). The observed variations between the results of the two assays is most 
likely due to the increase in the sensitivity of the quantitative Western blot assay 
over the ADP-ribosylatlon assay. Thus, a specific mutation in ptxR caused a 
fivefold reduction in toxin A synthesis in PA103. 

Since the PA103::pfxP mutants were stable, additional experiments 
were done to characterize them. The effect of the ptxR mutation on the 
expression of the regA PI and P2 promoters was determined using promoter 
fusion vectors (Storey etal., 1991). Exotoxin A is produced by the P. 
aemginosa strain PA103 in two phases, an eariy phase and a late phase. This 
is due to the production of two regA transcripts: an early large transcript (T1) 
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Figure 2.8. Gene replacement scheme and Southern blot hybridization 
confirmation for the construction of the ptxR isogenic mutant of 
PAOI. 

A. Replacement of the 1.4 kbp BaniH\-Bgl\\ fragment which carries 
778 bp of ptxP with the 1.4 kbp Bgl\\ fragment which carries the Tc"" 
gene. Expected changes In the sizes of the Hincil hybridizing 
bands are indicated. 

B. Southern blot hybridization experiment demonstrating the 
replacement of the 1.4 kb BamHlBglW fragment with the 1.4 kbp Tc'' 
cassette. Chromosomal DNA samples from different strains were 
digested to completion with HincW and hybridized with the 
32p.|abeled 1995 bp HincW fragment shown previously. 

Lanes: (1) PAOI; (2) one of the PAOI: :pfxP mutants. 
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Table 2.3. Levels of exotoxin A produced by PAOI, PA103, 
and their ptxR isogenic mutants. 

Strain ADP-ribosyl transferase activity"• 
CPM/10 |xl of supernatant 

PAOI 

PAO::ptxR-^^ 

PAO:.pfxP-123 

PAO-pfxP-12/pJAC7-1 

PA103 

PA103: :ptxP 

PA103::pfx/^pJAC7-1 

PA103::pfxPypMK20 

1156.7 ± 237.9 

555.7 ± 69.6 

1232. 3 ± 494.6 

2500.0 ± 200.0 

6966.6 ±416.3 

2990.0 ±165.2 

7983.3 ± 453.8 

10775.0 ±1025.3 

"•The growth conditions and the ADP-ribosyl transferase assay 
were as described in table 2.2. Each number represent the 
average of three independent experiments ± the standard error 
of the mean. 

2The initial isolate of the ptxR isogenic mutant. 

3The ptxR isogenic mutant subcultured 12 times in carbenicllin-
free LB broth. 
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Figure 2.9. Levels of exotoxin A protein produced by PA103 and PA103::pfxP. 
Cells were grown and harvested as described in the experimental 
procedures. The cultures were adjusted to an OD540 of 3.5 
before harvesting. There was no difference in the growth rate 
between the two strains. Equal amounts of proteins (80 |ig) from 
the supernatant of each culture were serially diluted, separated on 
SDS-PAGE gels , and immunoblotted using specific exotoxin A 
antiserum and C^Sij-staphylococcal protein A. Autoradiographs of 
the immunoblots are shown. 

Lanes: (1) purified exotoxin A (1 \ig), positive control; (2-8) two
fold serial dilution of the samples (1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 
and 1:128, respectively). 
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Table 2.4 Quantitative analysis of exotoxin A protein produced by PA103 
andPA103::pfxP 

Strain 

PA103 

PA^03::ptxR 

Level of exotoxin A in Artsritrary Units 

1:16 dil. 

27.22 

5.41 

(5.0-fold less) 

1:32 dil. 

9.91 

1.74 

(5.6-fold less) 

1:64 dil. 

4.35 

0.82 

(5.3-fold less) 

1:128 dil. 

2.275 

0.453 

(5.0-fold less) 

The autoradiographs of the immunoblots shown in Figure 2.9 were analyzed 
using an image analysis system (Biolmage Visage 2000). Due to the over 
saturation of the antigen-antibody reactions, the amount of toxin in the 
undiluted, 1:2,1:4,1:8 dilution are not shown. 
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which is controlled by the regA PI promoter, and a late small transcript (T2) 
controlled by the P2 promoter (Frank and Iglewski, 1988; Storey etal., 1990). 
Plasmids pP11 (which carries a PI-CAT fusion) and pP21 (which carries a P2-
CATfusion) (Storey etal., 1991) were introduced into PA103 and PA103::pfxP 
and the level of the CAT activity was determined. Preliminary experiments 
showed no measurable difference in the level of CAT activity expressed from 
the P2 promoter between PA103 and PA103::pfxP (data not shown). However, 
the level of the CAT activity expressed from PI promoter in PA103::pfxP was 
significantly lower than that expressed from the PI promoter in PA103 (Fig. 
2.10). Similar results were obtained during a previous analysis of other PA103 
toxA regulatory mutants (West etal., 1994a). In PA103-8, PA103-15, PA103-16, 
and PA103-19 the level of CAT activity expressed from the PI promoter was 
less than that expressed from the PI promoter in PA103 (West etal., 1994a). 
These three mutants appear to cany defects in the Wir gene. Their defects in 
exotoxin A synthesis were complemented by a plasmid carrying an intact copy 
of vfr (West ef a/., 1994b). 

To further support the possibility that ptxR regulates toxA through regA, 
we examined the effect of pKM20 on exotoxin A production in PA103::pfxP. In 
pKM20 regA is expressed from the heterologous lac promoter (i.e., the 
expression of regA on this plasmid will be independent of the ptxR effect). As 
shown In Table 2.3, exotoxin A production In PA103::pfxB^pKM20 was 
enhanced considerably. These results strongly suggest that ptxR enhances 
toxA transcription directly or indirectly through regA. 

Pulsed field gel electrophoresis (PFGE^ mapping of ptxR 

To determine the location of ptxR gene on the P. aemginosa PAOI 

chromosome, we performed transverse alternating pulsed field electrophoresis 

on Spel and Dpn\- digested genomic DNA (Shortridge etal., 1991). In 

Southern blot analysis the ptxR probe hybridized to the 57 kbp Spel fragment 

(Fragment X) and a 75 kbp Dpn\ fragment (Fragment B) (data not shown). 

These data indicate that the pfxPgene is located between 49.5 and 50* on the 

PAOI chromosome (Holloway etal., 1994). 
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Figure 2.10 Expression of the CAT activity from the regA PI promoter in PA103 
and PA103::pfxP. PA103 and PA103::pfxP containing pP11 were 
grown in TSB-DC and the level of CAT activity was determined as 
described In the experimental procedures. There was no major 
difference in the growth rate between PA103/pP11 and 
PA103::pfx/l/pP11. Since the PI promoter is induced at an early 
stage of the growth cycle (Frank et al, 1989), the CAT activity was 
determined at 4 and 8 hours of growth. 
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Discussion 

Results of the present study indicate that ptxR is another P. aemginosa 
regulatory gene which enhances toxA production at the transcriptional level. 
However, unlike the previously described toxA regulatory gene (regA/toxR 
(Wick etal, 1990a; Wozniak etal, 1987), ptxR is not the major factor in the toxA 
regulatory cycle. While a regA plasmid enhances exotoxin A production in P. 
aeruginosa by tenfold, a ptxR plasmid enhances exotoxin A production by fi ve
to sixfold (Table 2.2). Moreover, the inactivation of ptxR In P. aemginosa did not 
abolish exotoxin A production. In contrast to the P. aemginosa regA-mutant 
PA103-29 (which produces a very low level of exotoxin A (Vasil et al, 1989), 
the pfxP isogenic mutant of PA103 (PA103::pfxP) produced about fivefold less 
than the level of exotoxin A produced by PA103 (Table 2.3). Other previously 
described P. aeruginosa regulatory genes have been shown to have a similar 
moderate effect on exotoxin A synthesis. The regB gene, which is part of the 
regAB operon, enhances exotoxin A production in P. aemginosa by five- to 
sixfold (Wick etal, 1990b). In addition, Gambello etal (1993), have 
demonstrated that exotoxin A activity In the supernatant of PAO-RI (a PAOI lasR 
isogenic mutant) was 30% less than that in the supernatant of PAOI (Wick etal, 
1990a). The /asP gene is a transcriptional activator of lasB and lasA (Gambello 
etal, 1993). Considering the complicated process of exotoxin A synthesis in 
P. aeruginosa, the presence of several genes that regulate exotoxin A 
production at different levels is not surprising. Together with ptxR, there are 
now seven confirmed genes that regulate exotoxin A synthesis in P. aemginosa 
(regA [Wick etal, 1990a], regB\\N\ck etal, 1990b], fur [Prince etal, 1993], vfr 
[West etal, 1994a], /asP[Gambello etal, 1993]), and pv^dS[Cunliffe etal, 
1995; Ochsner et al, 1996]). In contrast to ptxR, fur, vfr, and pvdS (which affect 
the expression of both toxA and regA) (Prince etal, 1993; West etal, 1994; 
Ochsner et al, 1996), available evidence suggests that lasR has no effect on 
regA expression (Gambello etal, 1993). In comparison with the PAOI strain, 
the expression of the regA PI and P2 promoters in the PAOI lasR mutant PAO-
RI was not affected (Gambello etal, 1993). 

The observed increase In fox>A and regA transcription by ptxR (Fig. 2.6 
and 2.7) suggests that ptxR modulates fox>A expression directly or indirectly 
through regA transcription. Analysis of the PA103::pfxP mutant supports such a 
possibility. For example, the CAT expression from the regA PI promoter in the 
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PA103::pfxP was significantly less than that in the PA103 parent strain (Fig. 
2.10). In addition, the level of regA mRNA produced by PA103::pfxP was about 
fivefold less than that produced by the PA103 (data not shown). Furthermore, 
exotoxin A production in PA103::pfxP containing pKM20 (in which regA is 
expressed from the lac promoter) was both significantly enhanced (Table 2.3) 
and deregulated with respect to iron (data not shown). 

One possible scenario to explain ptxR function is that, similar to other 
prokaryotic transcriptional activators, it specifically binds to the regA upstream 
region and enhances regA transcription. Almost all DNA-binding transcriptional 
activators are known to contain a specific DNA binding motif (a helix-tum-helix 
motif or the leucine-zlpper motif) that recognizes a specific sequence within the 
promoter region of the regulated gene. Similar to other LysR transcriptional 
activators, the amino terminus region of PtxR contains a putative helix-turn-helix 
motif (Fig. 2.4) (Henikoff etal, 1988). In addition, the regA upstream region 
contains a specific sequence (GCCGCCACCAACCAGGCCTGGCGGC^ which 
has most of the characteristic features of a LysR binding region (Goethals et al, 
1992) (Frank etal, 1989). However, additional structural studies (including 
DNA binding experiments) will be required to determine the authenticity of this 
regA upstream sequence as a PtxR binding site. On the other hand, because 
the alternative sigma factor like gene, pvdS, has been shown to regulate both 
toxA and the regAB operon (Ochsner et al, 1996), It is possible that ptxR is an 
activator for the transcription of pvdS. With the availability of ptxR and pvdS 
mutants this possibility should be easy to test (Ochsner et al, 1996). It is still 
also possible that the sequence 3' to ptxR (0RF3) (that was deleted during the 
construction of the Isogenic mutant) (Fig. 2.1) encodes a protein that affects the 
synthesis of exotoxin A. Currently, we are constructing a PA103 isogenic 
mutant that carries a deletion within the pfxPORF only. 

The amino acid sequence of RxR shares a significant homology with the 
amino acid sequence of several proteins of the LysR family of transcriptional 
activators (Henikoff etal., 1988). Although the LysR family represents 
prokaryotic regulatory proteins that are involved in diverse and unrelated 
functions, most of these proteins are required for different metabolic pathways 
(Henikoff etal, 1988). However, IrgB, with which RxR shares the most 
significant homology, regulates the expression of the V. cholerae virulence-
related gene irgA (Goldberg etal, 1991). The irgA gene codes for a 77 kDa 
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iron-regulated outer membrane protein (Goldberg et al, 1991). In addition to 
the amino acid sequence homology, RxR shares many of the characteristic 
features that are common for LysR proteins. For example, the amino terminus 
end of RxR has the typical 20-residue segment which contains the potential 
helix-turn-helix motif (Fig. 2.4). In addition, RxR consists of 313 residues which 
is typical of LysR proteins (most of the previously reported LysR proteins are 
within the range of 300± 20 residues (Brumbley etal, 1993)). Moreover, as 
with other LysR proteins, analysis of the deduced amino acid sequence 
revealed that RxR has a high content of arginine (34/313) and a low content of 
lysine (4/313) (data not shown). This is different from other P. aemginosa toxA 
regulatory proteins. For example, the recently described Wir has an arginine 
content of 18/214 and a lysine content of 14/214 (West etal, 1994b). The 
presence of a high arginine content was thought to be related to the role of 
arginine residues in the function of LysR proteins. Such functions include: a 
recognition site for other cellular proteins, a modulate triplet to control protein 
translation, and a positively charged binding site for proteins that interact with 
anions (Viale etal, 1991). 

Despite these similarities, however, RxR differs from the LysR proteins in 
other features. The most prominent of these features Is the location of ptxR with 
respect to its target gene. Most genes of LysR proteins are divergently 
transcribed (either from the same strand or from the complementary strand) from 
the gene that they regulate (Henikoff etal, 1988). Thus, If regA is directly 
regulated by RxR (i.e., regA is the target gene for RxR), ptxR is not adjacent to 
regA (neither the 5' nor the 3* end). Moreover, PFGE mapping of the ptxR gene 
revealed that it is located at approximately 49.5' to 50' on the PAOI 
chromosome, while regA is located between 66.5' and 70.5'. Instead of being 
the target of RxR, the gene which is divergently transcribed from ptxR appears 
to regulate ptxR function. We have determined the nucleotide sequence of the 
region 5' of ptxR and identified a gene that is divergently transcribed from ptxR 
(0RF2 In Fig. 2.1) (Colmer and Hamood, submitted). Both computer and 
experimental analyses suggest that this gene codes for a protein that is highly 
similar to a large class of prokaryotic repressors. The role of this repressor in 
ptxR function Is not known. 

One of the unexpected findings in this study was the instability of the 
PAO.-.ptxR mutant. On its initial Isolation, the mutant produced a significantly 
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lower level of exotoxin A than PAOI (Table 2.3). However, upon repeated 
subculturing, the mutant gradually reverted to the parental phenotype (Table 
2.3). It is not clear how this "revertant" was generated. It is unlikely that the 
continuous subculturing in LB broth would select for a mutation in the ptxR 
target sequence. The ability of pJAC7-1 to enhance exotoxin A production In 
the revertant (Table 2.3) indicates that the revertant is still responding to the 
effect of ptxR. In addition, the revertant was still tetracycline resistant and 
Southern blot hybridization experiments confirmed that the To"" cassette was still 
within the ptxR (data not shown). Whatever the mechanism for this reversion, it 
was not detected with PA103::pfxP mutants (these mutants consistently 
produced lower levels of exotoxin A than PA103 ) (Table 2.3). Unlike PAOI, 
PA103 strain is an exotoxin A hyper-producing strain (Liu, 1966). In addition, 
differences between the two strains in other regulatory genes have been 
reported. For example, whereas PA103 carries a functional regB, a mutation In 
the initiation codon of the PAOI regB rendered it non-functional (Wick etal, 
1990a). Similarly, although /asP exists in both PAOI and PA103, the gene is 
defective in PA103 (Gambello and Iglewski, 1991). Whether these differences 
can be extended to ptxR is yet to be determined. 
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CHAPTER 111 
CHARACTERIZATION OF PTXS, A PSEUDOMONAS 

AERUGINOSA GENE WHICH INTERFERES WITH THE 
EFFECT OF PTXP ON EXOTOXIN A SYNTHESIS 

Introduction 
Pseudomonas aeruginosa is a ubiquitous gram-negative bacillus 

responsible for variety of opportunistic infections. The organism has a 
propensity for causing infections in burned patients or those with other traumatic 
injuries (Bodey etal, 1983). Infection with P. aemginosa is also the leading 
cause of mortality among patients with cystic fibrosis, immunocompromised 
patients, and hospitalized patients who contract nosocomial infections (Pitcher-
Wilmott etal, 1982). The ability of P. aemginosa to cause such infections is 
due to the tissue damage produced in relation to the production of multiple 
vimlence factors including exotoxin A, exoenzyme S, alkaline protease, 
elastase, hemolysin (phospholipase C), siderophores, and LPS (Cash et al, 
1983; Woods and Iglewski, 1983). Exotoxin A is one of the most toxic of these 
virulence factors (Iglewski and Kabat, 1975). It is an ADP-ribosyl transferase 
enzyme which inactivates eukaryotic elongation factor 2 by transferring the 
ADP-ribosyl moiety of NAD+ to EF2 resulting in cessation of protein synthesis 
and subsequent cell death (Iglewski and Kabat, 1975; Wick etal, 1990a). 
Several environmental factors have been shown to influence the level of 
exotoxin A production in P. aemginosa. These factors include the growth 
temperature, amount of aeration, presence of certain nucleotides in the growth 
medium, and the level of iron available to the organism (Liu, 1973; Bjorn et al, 
1978; Lory, 1986). In addition, several P. aeruginosa genes that regulate 
exotoxin A production have been identified. These genes include regAB, vfr, 
fur, and pvdS. The regAB genes positively regulate exotoxin A production at 
the transcriptional level (Wick etal, 1990a, 1990b; Chen etal, 1987; Grant and 
Vasil, 1986). The global regulator, vfr, which positively regulates exotoxin A 
and protease production, shares a high degree of homology with E coli 
catabollte gene activator protein (CAP) (West etal, 1994b). The fur gene 
negatively regulates exotoxin A and siderophore production with respect to iron 
(Prince etal, 1993). The recently described pv̂ ofS, is suggested to encode an 
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alternative sigma factor which activates the regAB promoters (Ochsner et al, 
1996). 

We have recently described the isolation and characterization of another 
positive regulatory gene for exotoxin A production, pfxP(Hamood etal, 1996). 
The presence of a plasmid carrying ptxR in either P. aemginosa strain PAOI or 
PA103 enhanced exotoxin A synthesis four- to fivefold (Hamood etal, 1996). 
Computer analysis of the predicted protein product of ptxR revealed that PtxR 
shares homology with the LysR family of transcriptional activators (Hamood et 
al, 1996). In addition, the amino terminus region of PtxR contains the putative 
helix-turn-helix (DNA binding) motif which is a common characteristic of the 
LysR family of proteins (Hamood etal, 1996; Henikoff etal, 1988). Subsequent 
transcriptional analyses confirmed that the presence of extra copies of ptxR 
increases transcription of both toxA and regA in P. aeruginosa strain PAOI 
(Hamood etal, 1996). Based on these results, Hamood etal (1996) suggested 
that ptxR regulates exotoxin A production at the transcriptional level, possibly 
through transcriptional activation of regA. 

In addition to ptxR, we have also suggested the presence of another 
open reading frame (0RF2) which Is located at the 5' regions of ptxR and is 
transcribed In the opposite orientation of ptxR (Hamood etal, 1996). Initial 
experiments suggested that the product of 0RF2 interferes with the effect of ptxR 
on exotoxin A synthesis (Hamood etal, 1996). In this study, we describe the 
isolation and characterization of this gene. Based on both experimental 
evidence and computer analysis , we propose that ptxS codes for a 37.4 kDa 
protein which regulates the expression of p/xP directly, possibly by inhibiting 
pfxP transcription. 

Materials and Methods 

Bacterial strains, plasmids. and growth media 

The bacterial strains and plasmids used In this study are listed in Table 
3.1. E CO//and P. aeruginosa strains were grown in LB medium (1% Bacto-
Tryptone (Difco), 0.5% yeast extract, and 1% NaCI). For expression 
experiments, E co//cells were grown in M-9 minimal medium (Miller, 1972) 
containing all the amino acids except methionine and cysteine. For exotoxin A 
production, pyoverdine analysis, or B-galactosidase activity, P. aemginosa y^as 
grown In Chelexed Tryptlcase Soy Broth (BBL Microbiology System) dialysate 
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Table 3.1 Strains and plasmids used in the study of ptxS 

Strains/Plasmids Description Source/Reference 

P. aemginosa 

PAOI 

PA103 

PA103TZ 

PAOI ::ptxR 

PAOI ::ptxS 

PAO^::ptxR-
ptxS 

Prototroph 

Prototroph, hypertoxigenic strain 

PA103 carrying a tox>4-/acZ fusion In 
the chromosome, Cb"" 

AptxR.net; Tc"" 

ApfxS.vft, Sm"" 

AptxR-ptxS::Cl,Sn\^ 

Holloway et al, 
1979 

Liu, 1966 

This work 

Hamood et al, 
1996 

This work 

This work 

E. coli 

K38 HfrC, host for pT7 expression system Tabor and 
Richardson, 1985 

Plasmids 

pUC18, pUC19 Ap'' ColEI, general cloning vectors Yanlsch-Perron et 
a/., 1985 
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Table 3.1. Continued. 

Strains/Plasmids 

pKT230 

pi 8.230 

pR01614 

pGP1-2 

pSW205 

pT7-5, pT7-6 

pAH54 

pAH54-1 

PJAC7-1 

pJAC2 

Description 

Km"" Sm ,̂ P. aemginosa cloning vector 

Cbr Kmr, pKT230 canying pUC18 

pBR322 (Apr Tor ColEI) carrying the 
1.8 kbp Ps1\ stability fragment 

Km"" P15A C1857, carries T7 
polymerase gene 

Cb^ promoteriess /acZ fusion vector, 
carrying the 1.8 kbp Ps/1 stability 
fragment 

Apr ColEI, carries T7 promoter 

pUCI 8 canying the 5.4 kbp H/A7dlll-
EcoRI fragment which contains ptxR 

Cbr Kmr, pKT230 carrying pAH54 

Cb"" Kmf, a recombinant plasmid of 
pKT230 and pUC19 carrying ptxR on 
a 2.1 kbp Kpn\-Bgl\\ fragment 

Cb ,̂ pROI 614 carrying the 5.4 kbp 
H/ndlll-EcoRI fragment which contains 
both ptxR and ptxS 

Source/Reference 

Bagdasarian and 
Timmis, 1982 

This work 

Olson etal, 1992 

Tabor and 
Richardson, 1985 

S. West, 1994; 
Storey et. al, 
1990 

S. Tabor, 1985 

Hamood et al, 
1996 

Hamood et al, 
1996 

Hamood etal, 
1996 

This work 
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Table 3.1. Continued. 

Strains/Plasmids 

p J AC10 

pJAC13 

pSW226 

pJAC24 

pJAC26 

pAH73 

pAH76 

pJAC16 

pJAC17 

p J AC 18 

Description 

Cbr, pROI 614 carrying the 4.0 kbp 
Kpn\-EcoR\ fragment which contains 
ptxR and its downstream region 

Cb ,̂ pROI 614 carrying the 2.1 kbp 
Kpn\-Bgl[\ fragment which contains 
ptxR 

Ap^ tox>A-/acZfusion 

Cb ,̂ a pfxP-/acZfusion In pSW205 

Cb^ a pfxP-/acZfusion in pSW205; 
the same as pJAC24 but carries the 
region that codes for RxS 

pT7-5 containing the 2.1 kbp Hin6\\\-
BamH\ fragment of pAH54 

pT7-6 containing the 2.1 kbp H/ndlll-
BamHI fragment of pAH54 

Kpn\ A of pAH73 

pT7-5 canying the 1487 bp HincW-
Hin6\\\ fragment from pAH73 

pT7-5 carrying the 1460 bp Scal-
HindWl fragment from pAH73 

Source/Reference 

This woric 

This work 

S. West 

This work 

This work 

This yNork 

This wori< 

This work 

This work 

This work 
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Table 3.1. Continued. 

Strains/Plasmids 

pJAC9 

pJAC27 

Description 

pAH54 in which the 1582 bp Kpn\-
BamH\ fragment was deleted and 
replaced with the 2.0 kbp Smal Q 
fragment 

pAH54 in which the 862 bp Kpn\ 
fragment was deleted and replaced 
with the 2.0 kbp Smal Q fragment 

Source/Reference 

This work 

This work 

Abbreviations: A, deletion; tet, tetracycline resistance cassette; Q, omega 
fragment carrying transcriptional stop codons and translational termination 
signals in both orientations; ColEI, ColEI origin of replication; Cb, carbenicillin; 
Tc, tetracycline; Sm, streptomycin; Ap, amplcillin; Km, kanamycin; r, resistance 
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to which 1% glycerol and 0.05 M monosodium glutamate were added (TSB-DC) 
(Ohman etal, 1980a). To optimize exotoxin A production, the cultures were 
grown at 32°C with vigorous aeration (Liu, 1973). CAS (chrome azurol S/ 
iron(lll)/hexadecyltrimethylammonium bromide indicator) agar plates were 
used for the detection of siderophore production. (Schwyn and Neilands, 1987). 
Antibiotics were used at the following concentrations: For E coli: 20 p-g/ml 
tetracycline, 100 îg/ml ampiclllin, 50 \iglm\ kanamycin, or 100 îg/ml 
streptomycin; For P. aeruginosa: 80 |ig/ml tetracycline, 400 jxg/ml carbenicillin, 
500 \ig/m\ kanamycin, 100 |ig/ml rifampicin, or 200-400 |j.g/ml streptomycin. 

DNA manipulations 

Restriction endonucleases, T4 DNA ligase, and DNA polymerases were 
purchased from Promega Corporation (Madison, Wl) and used as 
recommended by the manufacturer. Plasmid DNA extraction, E coli 
transformation, and Southern blot hybridization experiments were done as 
described by Manlatis etal (1982) or Ausubel etal (1988). Plasmids were 
transferred into P. aeruginosa by either electroporation (Smith and Iglewski, 
1989) or triparental mating (Ditta etal, 1980). 

Constmction of subclones that are deletions within the 
regions upstream and downstream of ptxR 

Plasmid pJAC2 was constructed by cloning the 5.4 kbp H/ndlll-EcoRI 
fragment (which carries both ptxS and ptxR Into pR01614) was used as a 

source for the deletion subclones. In the first subclone (pJACIO), the 1.4 kbp 

Hind\\\-Kpn\ fragment upstream of pfxP was deleted. The second subclone 
(pJAC13) was constmcted by deleting both the upstream and the 1.9 kbp Bgl\\-
EcoRI downstream regions leaving a 2.1 kbp Kpn\-Bgl\\ fragment which carries 
ptxR. The recombinant plasmids were transferred into different P. aemginosa 
strains by electroporation as previously described (Smith and Iglewski, 1989). 

Construction of the pfxP-/acZ fusions 

The /acZ fusion vector pSW205 was used to construct two fusions. 

Plasmid pSW205 is a pMLB1034 vector (Silhavy etal, 1984) containing the 1.8 

kbp Ps1\ stability fragment which is necessary for the stable replication of ColEI 

plasmids in P. aeruginosa (West, personal communication, 1994; Storey etal, 
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1990). In the first constmct, the 720 bp Kpn\-BamH\ fragment which carries the 
upstream region of pfxP together with the region encoding the first 55 a.a. of 
RxR was fused inframe with the lacZgene. The fragment was isolated from 
pJAC5 as an EcoRI-SamHl fragment and cloned into pSW205. This 
recombinant plasmid (pJAC23) was then digested with BamHl, the 5' ends 
filled, and religated to produce an inframe fusion (pJAC24). In the second 
construct, the 2.1 kbp Hin6\\\-BamH\ fragment (which cames the entire ptxS 
open reading frame, the ptxR-ptxS intergenic region and the first 55 a.a. of PtxR) 
was isolated from pJAC22 as an EcoR\-BamH\ fragment and cloned into 
pSW205 producing pJAC25. Similar to pJAC23, the region coding for the first 
55 a.a. of RxR was fused Inframe with the B-galactosidase stmctural gene 
(pJAC26). The fusion vector (pSW205), pJAC24, and pJAC26 were transferred 
into P. aeruginosa strains PAOI and PA103 by electroporation (Smith and 
Iglewski, 1989). 

Nucleotide sequence analysis 

The 2.1 kbp fy/ndlll-SamHI fragment was cloned into the pBluescript-ll® 
sequencing vectors KS and SK (Stratagene, La Jolla, CA). Additional 
subclones were generated based on available restriction endonuclease sites. 
Single-stranded DNA templates were recovered from the pBluescript subclones 
using the VCM13 helper phage as recommended by the manufacturer 
(Stratagene, 1994). DNA sequencing was performed by the dideoxy chain 
termination method as described by Sanger etal (1977) using Sequenase 
Version 2 sequencing kits (Amersham Corporation, Ariington Heights, IL) and 
the fonvard and reverse primers. In the absence of suitable restriction sites, 
DNA sequencing was continued using oligonucleotides (Integrated DNA 
Technologies, Coralville, lA) as primers. To obviate the problem of the high GC 
content of P. aeruginosa DNA which leads to severe compressions, the 
7-deaza-dGTP was used in the sequencing reactions. Further compressions 
were resolved by running the sequencing reactions on 40% formamide gels. 
Nucleotide sequence analysis was carried out using the Strider I program 
(Institute de Recherche Fondamentale, Commissariat al Energie. France). 
Comparisons of the nucleotide sequence and translated amino acid sequences 
were performed using the University of Wisconsin Genetics Computer Group 
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software package (Devereux etal., 1984). The program BLAST was used to 
compare the sequences with those in the GenBank database. 

Nuclentirie sequence accession number 

The nucleotide sequence of ptxS has been submitted to the GenBank 
nucleotide sequence database and assigned an accession number. 

Expression experiments 

The translational product of the gene carried on the 2.1 kbp Hind\\\-
Ban?HI fragment was determined using the pT7 expression system as described 
(Hamood and Iglewski, 1990; Tabor and Richardson, 1985). The 2.1 kbp 
fragment was cloned Into the expression vectors pT7-5 and pT7-6 producing 
the recombinant plasmids pAH73 and pAH76, respectively. In these two 
recombinant plasmids, the gene(s) that is carried on the 2.1 kbp fragment is 
transcribed in both orientations in relation to the T7 phage 10 promoter. A T7 
recombinant plasmid (pJAC16) in which the 862 bp Kpn\ fragment encoding the 
first 284 a.a. of RxS was deleted from pAH73 was constructed. In addition, two 
other plasmids (pJAC17 and pJAC18) that carried specific deletions within the 
ptxS ORF or upstream region were generated from pAH73. E coli K38(pGp1 -2) 
cells containing these different plasmids were grown to an ODsgo of >0.4 to 
<0.6. A 200 1̂ sample of cells was harvested, washed, and resuspended in 1 
ml of M-9 minimal medium containing all the amino acids except methionine 
and cysteine. Following incubation at 32°C for 3 hours, the cultures were 
shifted to 42°C for 20 minutes. Rifampicin was added (200 |ig/ml) and 
incubation at 42°C continued for an additional 20 minutes. The cultures were 
then shifted back to 32°C for 30 minutes and pulsed with 10 ^Ci Tran-[35s]-
methionlne (ICN Pharmaceuticals, Inc., Costa Mesa, CA) for five minutes. Cell 
pellets were resuspended in 50 1̂ of loading buffer (60 mM Tris-HCI [pH 6.8], 
1% SDS, 1% 2-mercaptoethanol, 10% glycerol, 0.1% bromophenol blue), 
boiled for 5 minutes, and subjected to electrophoresis using 10% SDS-PAGE 
gels. Gels were soaked in Amplify (Amersham Corporation) for 45 minutes , 
dried, and exposed to X-ray film. 
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Constnjctinn of the isogenic mutants 

The ptxS and ptxR-ptxS isogenic mutants were constmcted by the gene 
replacement technique as previously described (Gambello and Iglewski, 1991; 
Stibitz etal, 1986) using the 2.0 kbp Q fragment which canies the T4 
transcriptional stop codon and translational termination signal in both 
orientations (Prentki and Krisch, 1984). To constmct the ptxR-ptxS mutant, the 
720 bp /<pA7l-BarnHI fragment carrying the ptxR-ptxS intergenic region and the 
region encoding the first 55 a.a. of RxR was deleted from pAH54. The 5' and 3* 
protmding ends of pAH54 were converted to blunt ends. The Sma\ Q fragment 
was then Inserted In the blunt ends of pAH54 producing pJAC9. Plasmid 
pJAC9 was electroporated into PAOI and the transformants were selected on 
streptomycin plates. All Sm"" colonies were screened for carbenicillin-sensitive 
ones. Such colonies indicate a possible allelic exchange through which the 
wild type genetic region is replaced by the Sm''-mari<ed region. Using a similar 
approach, the ptxS mutant was constmcted by deletion of the 862 bp Kpn\ 
fragment which contains most of the RxS ORF and replacing it with the Q 
fragment. This recombinant plasmid (pJAC27) was electroporated into PAOI 
and the transformants were selected and screened as described above. 
Construction of both mutants was confirmed by Southern hybridization (Ausubel 
etal, 1988), using the 2.0 kbp Smal Q fragment as a probe to confirm the 
presence of the marked genes in the chromosome of the mutants. The 518 bp 
H//xllll-K'pA7l fragment was used to probe HincW digested chromosomal DNA of 
both PAOI v.ptxR-ptxS and PAOI v.ptxS. 

Enzvme assavs 

ADP-ribosyl transferase activity In the supematant and lysate of P. 
aemginosa strains containing different plasmids or the isogenic mutant strains 
was determined as previously described (Vasil, 1977). The amount of protein in 
each sample was determined by the method of Lowry et al (1951). The 
B-galactosidase assays were performed as described by Miller (1972). The 
pellets from two-ml samples were resuspended in 100 \i\ of water and the 
membranes were disrupted by sonication. For the pyoverdine assay, P. 
aeruginosa strains containing different plasmids were grown for 14 hours at 
32°C in TSB-DC to which Iron was added to a final concentration of 20 |ig/ml. 
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The level of pyoverdine in the supernatant of each culture was determined by 
reading at 460 nm (Poole etal, 1991). 

Primer extension analysis 

The P. ae/u^/nosa strains PA103 and PA103/pAH54-1 were grown in 
TSB-DC to either an early log phase (OD540 1.0) or to a late log phase (OD540 
2.5). Total RNA was obtained from these cultures by the hot phenol method as 
previously described (Frank and Iglewski, 1988; Frank etal, 1989). The primer 
extension experiments were done using the oligonucleotide PTXS/PEX (5'-
GAC CCG TCA TGA CTT GGT AAG TGC CTG-3') which is homologous to the 
DNA region that codes for the first seven a. a. of RxS and the first four 
nucleotides 5' of the GTG initiation codon. The oligonucleotide was labeled 
with [Y-32p]-ATP using the T4 polynucleotide kinase as previously described 
(Manlatis et al, 1982). Each reaction was done using 25 îg of total RNA that 
was dissolved In the hybridization buffer (3 M NaCI, 0.5 M HEPES [pH7.5], ImM 
EDTA [pH 8.0]). The RNA and the labeled primer (about 1-5 x 10"* cpm) were 
precipitated together and resuspended in 30 l̂l of the hybridization buffer. The 
annealing of the RNA with labeled PTXS/PEX was done by incubating the 
reaction mixture at 90°C for one minute and cooling at room temperature for 10 
minutes (Yahr and Frank, 1994). The reaction was then incubated overnight at 
30°C. For the extension reaction, the mixture was precipitated and 
resuspended in 25 \i\ of reverse transcriptase mix at 42°C for 45 minutes. The 
reverse transcriptase mix consisted of 3.5 \i\ 4 mM dNTPs, 5 îl 5X RT buffer 
(250 mM Tris-HCI[pH8.3], 250 mM KCI. 50 mM MgCl2, 50 mM DTT, 2.5 mM 
spermidine), 1.5 nl RNAsIn (25 U), 2.5 1̂ 40 mM sodium pyrophosphate, and 20 
U of the avian myeloblastosis virus reverse transcriptase (Promega 
Corporation) (Manlatis etal, 1982). The extension reaction was stopped by the 
addition of 1̂ 1 0.5 M EDTA. Unhybridized RNA was then digested with 1 ̂ il of 1 
mg/ml RNase A for 30 minutes at 37°C. The samples were phenol-chloroform 
extracted, precipitated, and resuspended in 3 \i\ TE buffer and 4 \i\ formamide 
loading buffer (98% formamide, 10 mM EDTA, 0.1% xylene cyanole, 0.1% 
bromophenol blue) (Manlatis etal, 1982). The size of the primer extension 
transcripts were determined by comparison with a regular sequencing reaction 
(Sanger etal, 1977) using oligonucleotide PTXS/SEQ (5'-CTG GGC AGT ACT 
GAA CCA TTC ACG GAC-3') which Is complementary to the DNA region 
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encoding the primer extension oligonucleotide. The primer extension products 
and the DNA sequencing reactions were boiled for 3 minutes and separated on 
a 6.6% polyacrylamide-7 M urea gel (Manlatis etal, 1982; Ausubel etal, 
1988). 

Results 
Isolation of the gene that interferes with pforPfrjnctinn 

We have shown previously that the ptxR ORF Is localized to a 2.1 kbp 
Kpn\-Bgl\\ fragment (Hamood etal, 1996). Plasmids carrying this fragment 
caused a four- to fivefold increase in exotoxin A synthesis in P. aemginosa. 
However, further experiments revealed that plasmids which carry the 1.4 kbp 
H/ndlll-/<pnl fragment (which is located 5' of ptxR) have a less pronounced 
effect on exotoxin A synthesis. While this difference in the effect on exotoxin A 
synthesis was detected in both PAOI and PA103 strains, it was more 
pronounced in PA103 (data not shown). This is possibly due to the fact that 
PA103 produces significantly higher levels of exotoxin A than PAOI (Wick etal 
1990a). Therefore, further analysis was done using the PA103 strain. As 
shown in Figure 3.1, in comparison with the effect of pJAC2, a plasmid in which 
the 1.4 kbp H/ndlll-/<pnl fragment was deleted (pJACIO) caused a significant 
enhancement in the levels of exotoxin A activity. A similar significant 
enhancement was obtained with a plasmid that carries the 2.1 Kpn\-Bgl\\ 
fragment only (pJAC13) (Fig. 3.1). Thus, the gene(s) that interferes with ptxR 
function is probably located 5' of ptxR. Similar enhancements in the levels of 
exotoxin A protein were detected using quantitative Immunoblotting 
experiments (data not shown). Furthermore, preliminary nucleotide sequence 
analysis of the DNA region 5' of ptxR suggested the presence of an open 
reading frame that Is transcribed in the opposite orientation from ptxR (data not 
shown). As shown in Figure 3.1, the deletion of the region downstream of ptxR 
results in an additional enhancement of exotoxin A activity. We have previously 
Indicated the presence of another open reading frame (0RF3) In this region. 
The role of 0RF3 In pfxP function Is not known at this time. 

Using a fox>4-/acZfusion, we have shown previously that PtxR enhances 
exotoxin A production in P. aemginosa at the transcriptional level (Hamood et 
al, 1996). Thus we tried to determine if the presence of the 2.1 kbp Hin6\\\-Kpn\ 
fragment alters the effect of RxR on toxA transcription. To do this, we have 

66 



# 

67 



CQ 
C 

o 
CO. 
»- • 
CD 
CO 

7; 

fi) 

03 
CO 

CQ 

® cn<2. 

CO 3" O ^ ^ C CD 3.v< ^ 

3 CD 3 ^ (O 

§ o r y-. q -^ ® o g 
.CD 3 ^ 3 - 0 

e ® CO.0 

m 

3 

g « ^ S: a a 3-^3 CD :r 

o ^ ^ ^ - o 

^ ? 0 D § 8 
S © O m ^ 

^ < ; ^ ® fi) 

CD 5 . 5' 3 CO 

| f s « § 
3 — fi) ^ 
CD > 3 5 ^ 
o- O 9-. ® =r 0) "0 g <̂  "̂  
CO ' »"-̂  

o' CO 3 

3 Q - " - * 

C 5^ CD =n̂  C^ 

«L fi) «9. 3 tf 
a^=,w o 
CD ®1o = - ^ 

^ CD CD O CD 
^ ST fi) 3 : A Q) CD $^ =^ 

3 a 



CO {/) 
O CO 

<l-

o -̂  

> . Q . 

CO 

in 
CO 

CO 

in 
' ^ o 

CO 
CO 
CO 
00 

00 

O) D) 

c 
o 
O 
o 
o 

> 

D) 

t 
I 

is 
a 

CO 

t t 

*E 
CO 

CO 

O 
DC 

CO 

o CO ; r 

CO < 
Q . 

CM 
O 
< 

CO 

o 
< 
Q -

o 
< 

CO 

o 
< 
CL 

co 
o 
< 

CO 

o 
< 
Q . 

68 

-^ 



constmcted a PA103 strain that carries the tox>A-/acZfusion in the chromosome. 
Plasmid pSW226, in which the toxA upstream region and the region that codes 
for the leader peptide and the first 30 amino acids of exotoxin A are fused 
inframe with the lacZgene (West, personal communication, 1994; West etal, 
1989), was introduced into the chromosome of PA103 as previously described 
(Olson etal, 1982; Smith and Iglewski, 1989). The resulting fusion strain 
(PA103TZ) was confirmed by Southern blot hybridization experiments (data not 
shown). As shown in Table 3.2, the presence of pAH54-1 in PA103TZ 
produced a fivefold increase in the level of B-galactosidase activity (compared 
to PA103TZ carrying the cloning vector [pi8.230]), whereas the presence of 
pJAC7-1 in the fusion strain caused an almost 32-fold increase in the level of B-
galactosidase activity. Thus, it is likely that the expression of 0RF2 (which is 
carried on the 2.1 kbp H/ndlll-Kpnl fragment) somehow interferes with the ability 
of ptxR to enhance toxA transcription in P. aeruginosa. 

The effect of ptxR and ptxS on siderophore production 
in P. Q^iygingsQ 

Besides exotoxin A, it has been shown that the only other P. aemginosa 
virulence factor affected by ptxR is the production of siderophores. However, 
the effect of ptxR on siderophore production appears to be unique and different 
from its effect on exotoxin A. We have shown previously (using the siderophore 
plate assay [Schwyn and Neilands, 1982]), that in the presence of a plasmid 
carrying only ptxR, siderophore production by P. aeruginosa was deregulated 
with respect to iron while exotoxin A production was still under iron regulation 
(Hamood etal, 1996). P. aeruginosa produces two types of siderophores, 
pyoverdine (Cox and Adams, 1985) and pyochelin (Cox, 1980). To examine 
the effect of the plasmid on pyoverdine production, PA103 canying either 
pJACIO, pJACII, pJAC13, or the cloning vector was grown in iron-sufficient (20 
|xg/ml) TSB-DC and the level of pyoverdine in the supernatant was determined 
as previously described (Poole etal, 1991). Cultures of the cells carrying 
pJACIO and pJAC13 grown in the iron-sufficient TSB-DC produced a greater 
level of pyoverdine than did cells carrying either the cloning vector (pR01614) 
or pJAC11 (Table 3.3). Similar results were obtained using P. aemginosa 

strains PAOI and PAK (data not shown). At this time, it is not known if these 

plasmids have similar effects on pyochelin production by P. aemginosa. Thus, 
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Table 3.2. The effect of plasmids carrying either ptxR or ptxS 
on the level of B-galactosidase activity produced by PA103 carrying 
a fox>A-/acZ chromosomal integrate. 

Strain 

PA103TZ/p18.230 

PA103TZ/pAH54-1 

PA103TZ/pJAC7-1 

Units of B-galactosidase Activity"• 

0.47 ±0.0102 

2.23 ± 0.6642 (5.foid increase)3 

14.94 ± 1.0732 (32-fold increase)3 

1PA103TZ cells containing different plasmids were grown overnight 
(16 hours) In TSB-DC without added iron. Two-ml pellets were 
harvested and the cell membranes were disrupted by sonication. The 
B-galactosidase assay was performed as described by Miller (1972). 

Units of B-galactosidase activity = [ODAon - (ODt;t;n x 1.75)] x 1000 
volume X time x ODeoo 

2The data represent the mean of three separate experiments ± SEM. 

^This indicates the increase in the level of B-galactosldase activity 
produced by this strain in comparison with PA103TZ/p18.230 (cloning 
vector). 
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although the mechanism through which ptxR regulates the expression of 
exotoxin A and siderophore production may be different, the gene that is earned 
on the 2.1 kbp fragment appears to affect both functions. We decided to refer to 
the gene that is carried on the 2.1 kbp H/ndlll-/<p/7l fragment as ptxS (the gene 
that is next to ptxR). 

Nucleotide sequence of ptxS 

The nucleotide sequence of the 2102 bp Hin6\\\-BamH\ fragment was 
determined to verify the presence of ptxS. Computer analysis of the nucleotide 
sequence revealed the presence of an open reading frame (ORF) of 1023 
nucleotides that codes for a 37.34 kDa protein (Fig. 3.2). The ORF Is 
transcribed from the other DNA strand and in the opposite orientation of ptxR 
(Fig. 3.2). The codon usage of the ORF agrees with the typical codon usage of 
P. aeruginosa (West and Iglewski, 1988). The putative start codon of the protein 
encoded by the ORF Is GTG (valine) Instead of ATG (methionine) (Fig. 3.2). We 
have also identified potential -10 and -35 sites. Two possible ribosome binding 
sites (Shine DelGarno sequences) were located at 4 bp and 13 bp 5' of the 
GTG codon (Fig. 3.2). Besides this ORF, smaller open reading frames that use 
the usual ATG codon as start sites were identified. However, no potential 
ribosome binding sites were located near any of these ORFs. In addition, the 
codon usage of these ORFs did not correlate with the codon usage of P. 
aeruginosa. When the gene carried on the 2.1 kbp fragment was expressed, a 
38 kDa protein was detected (see below). 

The data base was searched (using the GCG computer programs 
(Devereaux etal, 1984)) for possible homology between the deduced amino 
acid sequence of the protein encoded by ptxS and other previously 
characterized prokaryotic proteins. The search revealed homology between the 
amino acid sequence of RxS and several proteins of the GalR-LacI family of 
repressors (Weickert and Adhya, 1992). The greatest overall homology was 
detected with the Escherichia co//cytidlne transriptional repressor, CytR (56% 
similarity, 26% identity) (Valentin-Hansen etal, 1986). Similar homology was 
seen with the E coli purine nucleotide synthesis repressor, PurR (53% 
similarity, 28% identity) (Rolfes and Zaikin, 1988); the Salmonella typhimurium. 
fructose phosphotransferase system repressor, FmR (54% similarity, 25% 
identity) (Jahrels etal, 1991); and the Klebsiella pneumoniae sucrose operon 
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Table 3.3. The effect of plasmids canying either ptxR or 
pfxS on the level of pyoverdine production in PA103. 

Strain 

PA103/pRO1614 

PA103/pJAC2 

PA103/pJAC10 

PA103/pJAC13 

Units of Pyoverdine'' 

0.175 ±0.0032 

0.303 ±0.0172 

0.994 ±0.0612 

1.476 ±0.1392 

'^Pseudomonas aemginosa strain PA103 containing 
different plasmids was grown for 14 hours at 32°C in 
TSB-DC (Ohman etal, 1980a) to which iron (FeCIs) 
was added to a final concentration of 20 p.g/ml. The 
level of pyoverdine in the supernatant of each culture 
was determined as previously described (Poole et al, 
1991). One Unit of pyoverdine equals 1.0 at 460 nm 
(OD460)-

2The data represent the mean of three separate 
experiments ± SEM. 
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1 GGATCCCGAGGTCGGCCTCCAGGCGTCGCAACTGCTCGCTGAGTAGCGAT 
CCTAGGGCTCCAGCCGGAGGTCCGCAGCGTTGACGAGCGACTCATCGCTA 

I G L D A E L R R L Q E S L L S 

51 TTCGACAAGCCCAGGGCCTCCGCCGCGGCGGTGAAGCTGTTGTGTTCGGC 
AAGCTGTTCGGGTCCCGGAGGCGGCGCCGCCACTTCGACAACACAAGCCG 
K S L G L A E A A A T F S B H E A 

101 GACGGCGACGAAGGCATACAAGTGATTCAGGTTCAGATGATTCAATCGCT 
CTGCCGCTGCTTCCGTATGTTCACTAAGTCCAAGTCTACTAAGTTAGCGA 
V A V F A Y L H N L N L H N L R 

151 CCAGGGCGGCGCTCATCCTGTCATTCCTTAGCCGGGAAGTGGGTCCGGAC 
GGTCCCGCCGCGAGTAGGACAGTAAGGAATCGGCCCTTCACCCAGGCCTG 
E L A A S M < PtxR 

201 GGGTCTTGTCGAAAAATCCTGCTGCGACGGAACGGCGGCATTCGACAGGA 
251 CCCGCAACGATCGGTGAGCGTGATGACGCGACCGGGCGGTCAGGTCGTCG 
301 ATAAAGACCGCCAGGCGCGCATAAGTTTCAGCGCGCCACCTTCGTTTTCC 
351 GATAAATGAGAACTGCTTCAGACGGTCGGCCGGGTGCTTTTCATGTCAGC 
401 GAAGCTCGCCTGATTGATCGCTTTCTACCGACAAAACCTTCTTAAAGTAG 
451 TTTCTCAAGTATTGGACAAACTTCCTTTTTATTTATGGAGATATGGCACA 
501 TTCATTCCATTCGACATTAATAATTGCAAACCATCATTCGAAACGATTAT 
551 TCGGTTTTCATGAACAACGTCCTGGCCTCATGCCTGGCTCGGCCCCGGTA 
601 GGCGTTTTTTTCCCGTTGACGGGCATCGGCCTTCTGGTATTTTCTGAAAC 

-32 -16 
651 CGGTTTCAACTCCTGGCATCCGCTGGCGAAGACCAGCCGGACACACCAAT 

rbs rbs 
701 AAGAACAGCACCAAGAGGTACCAGGTCCGTGAATGGTTCAGTACTGCCCA 

* PtxS > V N G S V L P S 

751 GCCGTGGCCGCGTCACCATCAACCAGGTGGCCGAGGCCGCCGGCGTCTCC 
R G R V T I N Q V A E A A G V S 

801 AAGGCCAGCGTGTCGCGCTATATCGGCGGCGACCGCCAGTTGCTCGCCGA 
K A S V S R Y I G G D R Q L L A D 

Figure 3.2. Nucleotide secjuence of the ptxS gene and 
its deduced amino acid sequence. The 
potential -35,-10, and ribosome binding 
sites are underlined. The possible 
transcriptonal start sites are indicated by 
asterisks. The ptxR upstream region and 
part of the ptxR ORF are also shown. 
Arrows indicate the direction of 
transcription of either PtxR or PtxS. 
Letters indicate the deduced amino acid 
secjuence of PtxS and partial sequence of 
PtxR. 
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851 TGCCACCGCCCGGCGCATCGAGCGCGCCATCGACCAGCTCGACTACCGCC 
A T A R R I E R A I D Q L D Y R P 

901 CCAACCAGATGGCCCGAGGCCTCAAGCGCGGGCGCACACGGCTGATCGGA 
N Q M A R G L K R G R T R L I G 

951 ATGCTGGTGGCGGACATCCTCAACCCCTACTCCGTGGCCGTCATGCATGG 
M L V A D I L N P Y S V A V M H G 

1001 CGTGGAAACCGCCTGCCGCGAACACGGCTACAGCCTGGTGGTGTGCAATA 
V E T A C R E H G Y S L V V C N T 

1051 CCGACCGCGACGACGAGCAGGAGCGTCATCACCTGGCCGCCCTGCAGTCC 
D R D D E Q E R H H L A A L Q S 

1101 TACAACGTCGAAGGACTGATCGTGAACACCCTCGGCCACCATCCCGGCGA 
Y N V E G L I V N T L G H H P G E 

1151 ATTGCGCGCCCTGCACCGCGAACTGCCGATGGTGCTGGTGGACCGCCAGT 
L R A L H R E L P M V L V D R Q L 

1201 TGGCCGAGCTGGATACCGACCTGGTCGGCCTGGACAACGCCGACGCCGTC 
A E L D T D L V G L D N A D A V 

1251 GAACAGGCCCTCGACCACCTGCAGCACCGCGGCTTCCGCGACATCCTGCT 
E Q A L D H L Q H R G F R D I L L 

1301 GGTCACCGAACCGCTCGACGGCACCAGCTCGCGGATCGAGCGGGTCCAGG 
V T E P L D G T S S R I E R V Q A 

1351 CCTTCAATGCCTCCATCGGCCGGCGACCGGCGCTCAAGGGCCAGGTCCTG 
F N A S I G R R P A L K G Q V L 

1401 CAAACCGACGACTTCTTCCGCGACGGCCTGCGCGCCTTCCTTTCGGCCAG 
Q T D D F F R D G L R A F L S A S 

1451 CGGCCCCGGGCCGAAGGCGCTGTTCACCTGCAACGGCGTCGCCACCCTCT 
G P G P K A L F T C N G V A T L C 

1501 GCGCCACCCGCCAACTGCGCGACCTCGGCTGCCGGCTGTTCGATGAGGTC 
A T R Q L R D L G C R L F D E V 

1551 GGCCTGCTGGCCCTGGACGAACTCGACTggtaccCACTGGTGGGCAGCGG 
G L L A L D E L D W Y P L V G S G 

1601 CATCACCGCCCTCGCCCAACCCACCGACGAAATCGGCCGCACCGCCTTCG 
I T A L A Q P T D E I G R T A F E 

1651 AGCGCCTCCTGGCGCGACTCGAAGGCGACCGCGAGCCGGCGCGCCGGGTG 
R L L A R L E G D R E P A R R V 

Figure 3.2. Continued. 
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1701 ACCTTCCCGGCGCAACTGATCGTTCGCGGCTCGACCCATCCACGCGGCTA 
T F P A Q L I V R G S T H P R G * 

1751 GCGGCCCGGGGCCGGCGCGTTGCCGGCGGCTTTCGCACGGCTTGAAATGA 
1801 AACCGGTTTCAGAGGATCGCCAATGTCCCTTCACCCCGTCTCCATCAGTC 
1851 TTTCCAGCTATGGCGCGGACCTCGTTCGCAGTCGCGGCCAGGCCAGCTTC 
1901 CTGCCCTTGCTGGCGATGGCCGGCGCGCAGCGCGTGGAACTGCGCGAGGA 
1951 ACTCTTCGCCGGCCCGCCGGATACCGAGGCGCTGACCGCCGCCATCCAGT 
2001 TGCAGGGGCTGGAGTGCGTGTTCTCCTCACCCCTCGAGCTGTGGCGCGAA 
2051 GACGGCCAGTTGAACCCCGAGCTGGAGCCGACCCTGCGCCGCGCCGAAGC 
2101 TT 2102 

Figure 3.2. Continued. 
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repressor, ScrR (53% similarity, 26% identity) (Jahreis and Lengeler, 1993). 
Similar to ptxS, the genes encoding four proteins of the GalR-LacI family (CytR; 
FmR; Lad, the E co//lactose operon repressor (Farabaugh, 1978); and CcpA, 
the Bacillus megateriumcataboWte control protein (Hueck etal, 1994)) utilize 
the GTG as the initiation codon. 

Multiple alignment of RxS with four representatives of the GalR-LacI 
family of repressors (CytR, PurR, FmR, and ScrR) identified two conserved 
regions, one at the amino terminus end and another within the first third of 
RxS (Fig. 3.3). The amino terminus region, which Involves a.a. 11 to a.a. 38 of 
the predicted PtxS protein, showed homology ranging from 75% similarity, 
53.6% identity with ScrR to 50% similarity, 42.3% identity with PurR (Fig. 3.3). 
This region contains putative the helix-turn-helix DNA binding motif (Weickert 
and Adhya, 1992) (Fig. 3.3). The second region involves a.a. 49 to a.a. 93 of 
the predicted protein (ranging from 69.8% similarity, 41.9% identity with ScrR to 
46.5% similarity, 23.3% identity with Lad) (Fig. 3.3). This region has not been 
assigned a specific function (Weickert and Adhya, 1992). 

Expression experiments in the E co//T7 svstem 

The translational product of pfxS was examined using the E coli T7 
expression system (Hamood and Iglewski, 1990; Tabor, personal commun
ication, 1985; Tabor and Richardson, 1985). The 2.1 kbp H/ndlll-SamHI 
fragment which carries the intact ptxS ORF was cloned in both orientations with 
respect to the T7 phage 10 promoter using the pT7-5 and pT7-6 expression 
vectors (Hamood and Iglewski, 1990; Tabor, personal communication, 1985). 
The protein product of the gene carried on the 2.1 kbp H/ndlll-BamHI fragment 
was analyzed using SDS-PAGE gels and autoradiography (Ausubel et al, 
1988). Recombinant plasmid pAH76 (in which the direction of transcription of 
the T7 promoter is opposite to that of ptxS) produced no detectable protein 
(data not shown). However, a 38 kDa protein was detected from plasmid 
pAH73 (in which the direction of transcription of the T7 promoter matched that 
of ptxS) (Figs. 3.4, 3.5). The molecular mass of this protein correlates closely 
with the calculated molecular mass of PtxS (37.4 kDa). To further support this 
correlation, a deletion subclone of pAH73 was constmcted. In this 
plasmid (pJAC16), an 862 bp Kpn\ Internal fragment of pfxS was deleted 
resulting In loss of 284 a.a. of RxS (Fig. 3.4). As shown in Figure 3.5, 
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1 i 

66.2-1 

4 5 . 0 -

31.0-

21.5-

Figure 3.5. The translational product of ptxS using the T7 expression 
system. The 2.1 kbp fragment which carries pfxS was cloned in 
both orientations (in relation to the T7 phage 10 promoter) using 
the T7-5 and T7-6 vectors. The different deletion derivatives are 
described in Figure 3.4. Cells containing different plasmids were 
labeled as previously described (Hamood and Iglewski, 1990; 
Tabor and Richardson, 1985). Protein products were analyzed by 
10% SDS-polyacrylamide gels and autoradiography. 

Lanes: 1, K38(pGP1-2)(pT7-5); 2, K38(pGP1-2)(pJAC16); 
3, K38(pGP1-2)(pAH73); 4, K38(pGP1-2)(pJAC17); 
5, K38(pGP1-2)(pJAC18). The sizes of the molecular mass 
standards are shown on the left side of the auto radiograph. 
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expression of pJAC16 revealed the absence of the 38 kDa protein. Two 
additional recombinant plasmids were constmcted to confirm that GTG is the 
initiation codon utilized for RxS. In the first plasmid, pJAC17, the 1487 bp 
H/'/xjII-H/rTdlll fragment which includes the GTG codon and the entire ORF of 
RxS was cloned into the pT7-5 vector (Fig. 3.4). In the second plasmid, 
pJAC18, the 1460 bp Scal-H/Vidlll fragment in which the GTG codon was 
eliminated along with the coding region for the first 5 a.a. of PtxS was cloned 
into the same vector (Fig. 3.4). Expression of these clones confimied that the 38 
kDa protein is detected only when the GTG initiation codon is present (Fig. 3.5). 

The effect of the ptxS on ptxR expression 

It is possible that ptxS Interferes with PtxR function directly by binding to a 
specific sequence within the ptxR upstream region. Alternatively, the product of 
ptxS may interfere with RxR function through a protein-protein interaction or by 
binding competitively to the upstream region of another toxA regulatory gene, 
such as regAB, or to toxA. To examine the first possibility, we have constructed 
two pfxf?-/acZ fusion plasmids using the /acZ fusion vector pSW205 (Storey et 
al, 1990). In one plasmid (pJAC24), the 567 bp region upstream of ptxR plus 
the region coding for the first 55 a.a. of the mature protein was fused inframe 
with the B-galactosidase gene. In the second, plasmid (pJAC26), the region 
carrying the entire RxS ORF, the ptxS-ptxR Intergenic region, and the region 
coding for the first 55 a.a. of RxR was fused inframe with the 3-galactosidase 
gene. These recombinant plasmids were introduced individually into PAOI as 
previously described (Smith and Iglewski, 1989). PAOI carrying either pJAC24 
or pJAC26 was grown in iron-limited TSB-DC and the level of B-galactosidase 
was determined (Miller, 1972). As shown In Table 3.4, PA01/pJAC24 produced 
a detectable level of B-galactosidase activity. In contrast, both PA01/pJAC26 
and PAOI carrying the vector control, produced no detectable B-galactosidase 
activity (Table 3.4). These results suggest that RxS has a direct effect on ptxR 
expression. 

Isogenic mutants 

We have previously described the isolation of ptxR isogenic mutants in 

both PAOI and PA103 (Hamood etal, 1996). To understand the effect RxS on 

pfxf? function, we constructed two additional Isogenic mutants. One 
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Table 3.4. The effect of ptxS on the level of ptxR expression in 
PAOI. 

Strain 

PAO1/pSW2052 

PA01/pJAC242 

PA01/pJAC262 

Units of B-galac:tosidase Acjtivity'' 

0.029 ± 0.0083 

0.402 ±0.0123 

0.028 ± 0.0093 

"•PAOI cells containing different plasmids were grown over
night (16 hours) in TSB-DC without iron. Four ml pellets were 
harvested and the cell membranes were dismpted by sonication. 
The B-galactosidase assay was performed as described by 
Miller (1972) (See Table 3.2). 

2piasmld pSW205 is a cloning vector (negative control); 
pJAC24 contains a pfx/?-/acZinframe fusion; plasmid pJAC26 
is the same as pJAC24 but contains the region that codes for 
an intact RxS. The construction of these fusion plasmids is 
described In the text. 

3The data represent the mean of 3 separate experiments ± SEM. 
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mutant is defective in ptxS only, while the other is defective in both ptxR and 
ptxS. Comparing the level of exotoxin A produced by each mutant will help us 
understand the mechanism of any possible interaction between RxS and ptxR. 
The mutants were generated by the gene replacement technique as described 
in the Material and Methods. To constmct a ptxS Isogenic mutant, an 862 bp 
Kpn\ fragment which contains the region that codes for 284 a.a of PtxS was 
deleted from pAH54 and replaced by the 2.0 kbp Sma\ Q fragment. To 
construct the mutant defective in both ptxS and ptxR, a fragment which contains 
the region encoding the first 55 a.a. of RxR and the intergenic region of ptxR-
ptxS was deleted from pAH54 and replaced with the 2.0 kbp Sma\ Q fragment. 
The Kpnl fragment which contains the region that codes for 284 a.a of RxS was 
deleted from pAH54 and replaced by the 2.0 kbp Sma\ Q fragment. To 
construct the mutant defective In both ptxS and ptxR, a fragment which contains 
the region encoding the first 55 a.a. of RxR and the intergenic region of ptxR-
ptxS was deleted from pAH54 and replaced with the 2.0 kbp Sma\ Q fragment. 
The presence of the Q fragment within the ptxS-ptxR intergenic region or the 
pfxS ORF was confirmed by Southern blot hybridization experiments (Ausubel 
etal, 1988) (data not shown). The PAOI parent strain and the PAOI ::ptxSand 
PAOI ::ptxS-ptxR mutants were grown in iron-limited TSB-DC and the level of 
ADP-ribosyl transferase activity was determined (Vasil etal, 1977). PAOI ::ptxR 
produced approximately half of the level of exotoxin A activity of the PAOI 
parent strain (Table 3.5). In contrast, the Isogenic ptxS mutant produced almost 
three times the level of exotoxin A activity seen in the parent strain (Table 3.5). 
The ptxR-ptxS double mutant also produced less exotoxin A activity than the 
parent strain (Table 3.5). These results further corroborate that RxS directly 
interferes with the effect of ptxR on exotoxin A production. These data also 
suggest that the loss of both genes has a negative Impact on the level of 
exotoxin A production In P. aemginosa. 

Analysis of the ptxS upstream region 

Analysis of the ptxS upstream region revealed that, similar to the ptxR 

upstream region, it is AT rich (Fig 3.6). Two stretches of oligo-Ts (at -253 to -249 

and at -124 to -118) are also present in the ptxS upstream region (Fig. 3.6). In 

addition, as shown in Figure 3.6, the ptxS upstream region contains several 

areas of direct and indirect repeats. We have identified potential 
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Table 3.5. The level of ADP-ribosyl transferase activity 
produced by the ptxR, ptxS, and the ptxR-ptxS isogenic 
mutants of PAOI. 

Strain 

PAOI 

PAOI v.tet-ptxR 

PAOI ::a-ptxS 

PAOI ::ptxR-Q-ptxS 

ADP-Ribosyl Transferase 
Acrtivity 

CPM/10 îlof 
Supernatant 

678 

324 

1973 

470 

Strains were grown in LB broth overnight. Two ml cell 
pellets were washed twice with TSB-DC and the cells 
resuspended In 300 \i\ TSB-DC. The cell suspension 
was used to inoculate fresh TSB-DC medium to a 
starting OD540 of 0.04 to 0.06. The cultures were grown 
for 16 hours at 32°C with vigorous shaking. The amount 
of ADP-ribosyl transferase activity from 10 |j.l of super
natant was determined as previously described (Vasil 
etal., ^977). 
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•313 GATCGCTTTCTACCGACAAAACCTTCTTAAAGTAGTTTCTCAAGTATTGG 
1 > 1 -

-263 

- 2 1 3 

ACAAACTTCCTTTTTATTTJHTGGAGfi.TJ^TGGCApATTCATTCCATTCGAC 
> 2 > 

> 

ATTAATAATTGCAAACCATCATTCGAAACGATTATTCGGTTTTCATGAAC 
A > 2 > < A 

3 > 

1 6 3 AACGTCCTGGCCTCATGCCTGGCTCGGCCCCGGTAGGCGTTTTTTTCCCG 
4 > 5 >g > 

5 > B > < B 

•264 

•214 

- 1 6 4 

- 1 1 4 

1 1 3 TTGACGGGCATCGGCCTTCTGGTATT'llTaTGA[?y^CCGG^'TC;^CTCCTG 

C ' 4 
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7 > 7-

- 6 4 

- 6 3 GCATCCGCTGGCGAAGACCAGCCGGACACACCAATAAGAACAGCACCAAG 
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> 

30 

3 • 5 ' . 
-13 AGGTACCAGGTCCGTGAATGGTTCAGTACTGCCCAGCCGTGGC 

ValAsnGlySerValLeuProSerArgGly 
PtxS > 

Figure 3.6. DNA secjuence of the 343 bp ptxS upstream region. 
Underlined regions indicate the putative -35, -10, 
and ribosome binding sites. Areas of direct 
repeats are identified by broken arrows, whereas 
areas of indirect repeats are solid arrows. 
Numbers refer to different regions of direct 
repeats while letters refer to different regions 
of inverted repeats. Boxed secjuences at 
nucleotides -242 to -238/-233 to -229, -86 to 
-82/-75 to -71, and -84 to -80/-73 to -69 
indicate potential binding sites for the cAMP-CAP 
complex. Asterisks indicate the potential 
transcriptional start sites for ptxS, The dotted 
line above the secjuence indicates the oligo
nucleotide synthesized for the primer extension 
experiments. 
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-10, -35, and ribosome binding sites with the ptxS upstream region (Fig. 3.6). 
Furthermore, we have identified three sequences that contain many of the 
conserved nucleotides within the consensus sequence for cAMP-CAP binding 
sites (TGTGANNNNNNTCACA) (Valentin-Hansen etal, 1986). These 
sequences are located at -243 to -227, -86 to -71, and from -84 to -69 from the 
GTG initiation codon (Fig. 3.6). These potential cAMP-CAP binding sequences 
are also within 20 to 39 bp of AT rich regions, one of which might represent the -
10 site for translation initiation (Fig. 3.6). It is known that the cAMP-CAP binding 
sites lie within 20 -40 bp of the -10 site within the promoter region of the genes 
that they regulate (Valentin-Hansen etal, 1986). 

Determination of the pfxS transcriptional start site 

The start site for the pfxS transcript in vivo was determined by primer 
extension experiments using reverse transcriptase (Promega) (Ausubel et al, 
1988; Maniatis etal, 1982; Yahr and Frank, 1994). The primer used for the 
extension experiments Is indicated in Fig. 3.6 (see Materials and Methods for 
description). Total RNA was obtained from PA103/pAH54-1 that was grown in 
TSB-DC for 10 or 18 hours (Ausubel etal, 1988; Frank and Iglewski, 1989). 
Three prominent bands representing pfxS transcription products were detected 
(Fig. 3.7). Based on the size of the largest transcript, the ptxS transcriptional 
start site is at position -44 (nucleotide A) upstream of the GTG initiation site 
(Figs. 3.6, 3.7). However, according to the size of the smaller transcripts, ptxS 
transcription begins at position -34 (nucleotide A) or at position -23 (nucleotide 
G) (Figs. 3.6, 3.7). Although any of these bands may represent the ptxS 
transcriptional start site, the smallest transcript at -23 may represent either a 
degradation product of the larger transcripts or a region of pausing of the 
reverse transcriptase. Inspection of the ptxS upstream region revealed the 
presence of potential secondary stmctures that may cause such pausing. Thus, 
further mapping of the promoter region will be necessary to determine whether 
the larger or one of the smaller transcripts represents the tme start site, or If 
there are two transcriptional start sites for ptxS. 

Discussion 

In this report, we have described the isolation and characterization of a 

gene, the product of which Interferes with the function of the toxA 
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Figure 3.7. Mapping of the 5' end of ptxS mRNA by primer extension 
analysis. The RNA for the primer extension experiment was 
obtained from PA103/pAH54-1 that was grown In TSB-DC to early 
log phase (OD540 1.0) or late log phase (OD540 2.5). The primer 
extension experiments were done as described in Material and 
Methods. Asterisks indicate the presence of the ptxS 
transcripts. 

Lanes: 1, PA103/pAH54-1 early phase; 2, PA103/pAH54-1 late 
phase; C, T, A, and G represent the sequencing reaction 
performed using an oligonucleotide that is complementary to the 
5' sequence. 
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transcriptional activator ptxR. Our results suggest that ptxS regulates ptxR 
expression directly, possibly by inhibiting pfxR transcription. Despite this 
negative regulation, pfxS does not seem to completely inhibit pfx/? expression 
or the pfx/? function on exotoxin A production. As shown in Table 3.4, the level 
of B-galactosidase activity produced by a plasmid that cames a pfxR-/acZ fusion 
only Is 13-fold higher than that produced by a plasmid that carries the same 
pfxf?-/acZfusion and which includes ptxS. In addition, the level of ptxR mRNA 
encoded by pJAC24 which contains intact ptxR only was higher than that 
produced by pJAC26 which carries both intact ptxR and ptxS (data not shown). 
However, in the presence of ptxS, the enhancement of exotoxin A activity 
caused by pfx/? was reduced by twofold (i.e., pfxR still produces a detectable 
effect on exotoxin A synthesis) (Fig. 3.1). The ability of ptxR at this low level to 
produce an effect on exotoxin A producjtion is not surprising. It is known that 
genes that code for the LysR family of proteins (to which RxR belongs [Hamood 
etal, 1996]), are transcribed or expressed at a low level (Doty etal, 1993). 
According to the results of this study, in the absence of ptxS, the level of 
B-galactosidase activity produced by the ptxR-lacZ fusion is low (0.402 Miller 
units), and the level of ptxR mRNA Is also low (data not shown). One possible 
mechanism through which ptxS produces its direct effect on ptxR is by binding 
to certain sequences within the ptxR upstream region. Such binding may be 
accomplished by RxS alone or require other cellular factors. As we have 
shown in this study, RxS carries a predicted DNA binding motif (helix-turn-
helix) at its amino terminus region (Fig. 3.3). In addition, the ptxR upstream 
region appears to carry three potential PtxS binding sequences (Colmer et al, 
1997a). 

The high degree of overall homology between PtxS and several proteins 
of the GalR-LacI family of repressors suggests that RxS shares functional 
similarity with these proteins. This amino acid similarity is found in regions 
involving specific functions of these proteins, such as the DNA binding motif, the 
effec:tor binding sites, and the dimerizatlon region (Brennan and Matthews, 
1989; Sams et al, 1984; Haber and Adhya, 1988) (Fig. 3.3). PtxS contains 
many conserved residues within the helix-turn-helix motif found at the amino 
terminus of the protein (Fig. 3.3). The presence of this motif suggests that 
RxS interferes with the pfx/? function through binding to either the ptxR 
upstream region or to the upstream region of a gene that regulates ptxR. 
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However, it is more likely that RxS has a direct effect on pfxf? expression. As 
shown in Table 3.4, the expression from ptxR (as measured by the level of 
B-galactosidase activity) was completely eliminated in the presence of an intact 
ptxS. In addition, the level of exotoxin A production in the PAOI ::ptxS isogenic 
mutant was higher than that of the parent strain (Table 3.5). Most of the genes 
that are regulated by GalR-type repressors contain specific sequences within 
their upstream regions to which the repressors bind. Part of the binding region 
for several of the GaIR proteins have been identified, including the genes that 
are regulated by CytR, GaIR, and PurR (Geriach etal, 1990; Majumdar and 
Adhya, 1987; Rolfes and Zaikin, 1990). Computer analysis revealed that certain 
parts of the ptxR upstream region share homology with the proposed binding 
sites of these same GalR-family proteins. For example, the region from 
positions -166 to -159 (GCTGAAAC) upstream of the ATG site matches many of 
the conserved nucleotides detected within the GaIR binding site (GTGKAANC) 
(Colmer etal, 1997a; Weickert and Adhya, 1992). Similarly, the region from 
positions -156 to -148 (ATGCGCGCC) contains most of the conserved bases 
found within the CytR binding site (ATGCGATCC), while positions -105 to -98 
(ACGCTCAC) shares most of the conserved nucleotides of the PurR binding 
site (ACGCAAAC) (Colmer et al, 1997a; Weickert and Adhya, 1992). One of 
these regions may represent a PtxS binding site. Recent preliminary DNA/gel 
shift experiments using P. aemginosa lysates and the ptxR upstream region 
disclosed the presence of a specific gel shift band (Swanson, Colmer, and 
Hamood, unpublished results). Whether such a band represents RxS binding 
is not known at this time. 

PtxS also shares homology with another functional region of the GaIR 
repressors, the effector (or Inducer) binding region (data not shown). It is known 
that GaIR repressors bind to different effectors (Sams etal, 1989). Most of 
these effectors are metabolites, including carbohydrates (e.g., galactose, 
raffinose, and ribulose (Vyas etal, 1991), nucleotides (such as cytidlne, 
adenine, and guanine) (Hammer-Jespersen, 1983), and amino acids (opines) 
(Bonchez and Tourneur, 1991). If this region of PtxS contains biological activity. 
It is possible that the activation of PtxS requires a certain Inducer. Liu (1973) 
has previously suggested that the presence of certain nucleotides in the growth 
medium is one of the factors that effects exotoxin A production by P. aeruginosa. 
The presence of yeast RNA in the nondialyzed tryptic soy broth had some 
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inhibitory effect on exotoxin A production by P. aemginosa (Liu, 1973). 
However, when the yeast RNA was autoclaved (which may break down the 
RNA to nucleotides) the inhibitory effect on exotoxin A production was 
signific:antly enhanced (Liu, 1973). We have tried to determine if this approach 
would enhance the inhibitory effect of RxS on pfxR function. However, the 
presence of either autoclaved yeast RNA or Individual nucleotides in dialyzed 
tryptlcase soy broth (TSB-DC) did not Interfere with ptxR expression (as 
measured by B-galactosidase activity) (data not shown). Furthermore, the 
presence of these factors did not augment the interference of RxS on ptxR 
enhancement of exotoxin A synthesis (data not shown). 

As expected, the region upstream of the potential ptxS transcriptional 

start site showed no homology with the E. coli o^^-^0 and -35 regions. 

Several P. aemginosa genes, including the ptxR, either lack any homology with 
the conserved E. co//-10 and -35 boxes or have limited homology (Frank etal, 
1989; Poole etal, 1993). However, the region (CTGGCATCCGCTGGCGA) at 
-32 to -16 bp upstream of the second potential transcription start site for ptxS 
shows strong homology to the promoter regions of E. coli genes that are 
regulated by nitrogen such as the gInALG operon (Fig. 3.6). The promoter 
regions of these genes contain a consensus sequence 
(CTGGYAYRNNNNTTGCA) located at -27 to -10 bp from the transcription start 
site (Magasanik and Neidhardt, 1987). This sequence is recognized by RNA-

polymerase carrying o ^ (Magasanik and Neidhardt, 1987). However, the 

relevance of this region to ptxS function Is not known at this time. In addition, 
the upstream region of ptxS contains several characteristic features. Although 
the AT richness of the upstream region of several P. aemginosa genes is not 
unusual (Poole etal, 1993; Frank etal, 1989), there are two stretches of oligo-

T nucleotides (Fig. 3.6). Poole etal (1993) have previously described the 

presence of oligo-T stretches In the upstream region of the ferripyoverdine 

receptor gene, fpvA. These oligo-Ts were suggested to be a binding site for a 

pyoverdine responsive transcriptional activator (Poole etal, 1993). The 
significance of these oligo-T stretches for pfxS function is not known at this time. 
We are currently constmcting a p/xS-/ac:Zfusion that can be used to determine 

the different environmental conditions that affect the expression ptxS. Similarly, 

the ptxS upstream region contains several areas of direct and Indirect repeats 

(Fig. 3.6). These repeats are likely to play a specific role In the regulation of 
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ptxS expression. For example, the inverted repeats (dyad symmetry) may 
represent sequences to which certain regulatory proteins bind (Frank et al, 
1989). Recent DNA/gel shift experiments (using the ptxS upstream region) 
support this possibility. The ptxS upstream region appears to specifically bind 
to at least two P. aemginosa proteins (Swanson, Colmer, and Hamood, 
unpublished results). Finally, analysis of the ptxS upstream region suggests 
that ptxS expression Is less likely to be directly regulated through the function 
of the P. aemginosa Fur. Several P. aemginosa genes that are directly 
regulated by Fur carry many of the nucleotides within the conserved Fur-binding 
site (GATAATGATAATCATTATC) (Heinrichs and Poole, 1993; Prince etal, 
1991). However, the ptxS upstream region lacks such a sequence (Fig. 3.6). 

Another interesting feature of the ptxS upstream region is the presence of 
three sequences that exhibit homology to the conserved cAMP-CAP complex 
binding sites (Valentin-Hansen etal, 1986) (Fig. 3.6). This suggests that 
ptxS expression Is regulated by either the cAMP-CAP complex or other 
homologous proteins. West etal (1994) have recently described a P. 
aeruginosa toxA regulatory gene, vfr, which codes for a protein that has a high 
degree of homology with the E. coli CAP. We have mled out a possible direct 
interaction between the product of Wir and the ptxS upstream region. In DNA/gel 
shift experiments using the pfxS upstream region, we detected no difference in 
the binding pattern between the lysate of the Wr mutant PA103-19 (Ohman et 
al, 1980a) and Its parent strain PA103 (Swanson and Hamood, unpublished 
results). However, the ptxS expression may be regulated by the cAMP-CAP 
complex or its homologues. West etal (1994) have overexpressed the E. coli 
crp gene (by expressing it from the strong lac promoter). The presence of a 
plasmid carrying such a construct In the P. aemginosa strain PA103 resulted in 
a four- to fivefold reduction in exotoxin A production (West et al, 1994). Thus, it 
is possible that activation of the ptxS (by CAP or Its P. aemginosa homologue) 
would cause the negative regulation of ptxR expression. This in turn would 
result In the detected interference (by RxS) with pfxP function on exotoxin A 
production. 

We have previously reported several of the characteristic features that 
RxR shares with other proteins of the LysR family of transcriptional activators 
(Hamood etal, 1996). In this study, we describe additional unique features of 
ptxR. For example, unlike the genes that code for LysR family of proteins ptxR 
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Is not divergently transcribed from the gene that it regulates (i.e., toxA or regA). 
Instead, ptxR itself is regulated by another gene (ptxS) which is divergently 
transcribed from it (Fig. 3.2). Preliminary nucleotide sequence analysis 
revealed that the region 3' of ptxR contains two additional open reading frames 
(ORF3 and ORF4) (M. Vasil, personal communication, 1996). These open 
reading frames which are transcribed in the opposite orientation of pfxP share a 
high degree of homology with the E. coli 4-hydroxyphenylacetate 3-hydroxy-
lase B and C genes (M. Vasil, personal communication, 1996; Prieto and 
Garcia, 1994). Although 0RF3 and 0RF4 have some effect on exotoxin A 
production, they appear to be part of an operon that is involved in siderophore 
production in P. aeruginosa (K. Poole, personal communictation, 1997). Similar 
to other lysRgenes (Doty etal, 1993) and unlike some P. aemginosa 
regulatory genes (Storey et al., 1991; Seed et al, 1995), ptxR appears to be 
expressed In P. aemginosa at a very low level. The presence of extra copies of 
a pfxP-/acZ fusion carried on pSW205 vector in P. aemginosa did not cause a 
dramatic increase in the level of B-galactosidase activity (only 0.402 Miller units) 
(Table 3.4). In contrast, when a rep/A-ZacZfusion (carried on the same vector) 
was expressed in P. aemginosa, the level of B-galactosidase activity was 
increased considerably (Storey etal, 1991). Unlike several genes of the LysR 
proteins which are constitutively expressed, the expression of ptxR in P. 
aeruginosa is regulated by ptxS (Tables 3.4, 3.5). The ptxR shares this 
characteristic feature with the IrgB gene of V. cholerae (Goldberg etal, 1991). 
The irgB gene (which regulates the expression of irgA) is negatively regulated 
by the level of Iron In the growth medium through the V. cholerae Fur 
homologue (Goldberg etal, 1991). The presence of multiple copies of ptxRin 
P. aeruginosa does not interfere with the regulation of exotoxin A production by 
several environmental factors. For example, we have shown previously that the 
presence of multiple copies of ptxR in P. aemginosa does not seem to interfere 
with the negative regulation of toxA expression by iron (Hamood etal, 1996). 
In addition, neither the growth temperature (37°C versus 32°C) nor the growth 
medium (dialyzed versus nondialyzed TSB) appear to affect ptxR expression in 
P. aemginosa (data not shown). Furthermore, our preliminary analysis 
suggests that the expression of ptxR in P. aemginosa is not regulated by iron 
(Colmer et al, 1997a). 
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CHAPTER IV 
DIFFERENTIAL EXPRESSION OF PTXR AND ITS EFFECT ON TOXA 

EXPRESSION DURING THE GROWTH CYCLE OF 

PSEUDOMONAS AERUGINOSA 

Introduction 

Exotoxin A is one of several virulence factors produced by Pseudomonas 
aeruginosa (Liu, 1974). The production of exotoxin A by P. aeruginosa is 
regulated by several environmental factors, including: the level of iron as well 
as the presence of certain nucleotides in the growth medium, the amount of 
aeration, and incubation temperature (Bjorn etal, 1978; Liu, 1973). Several 
genes involved in regulating exotoxin A production by P. aeruginosa have been 
described. These genes include the well-characterized regAB, and vfr, lasR, 
fur, and pv̂ ofS (Hedstrom etal, 1986; Hindahl, etal, 1987; Wozniak etal, 
1987; Wick etal, 1990a; West etal, 1994; Gambello etal, 1993; Prince etal, 
1991; Ochsner etal, 1996). In addition, we have recently described a new 
gene, ptxR, which regulates exotoxin A production in P. aeruginosa at the 
transcriptional level (Hamood et al, 1996). The presence of a plasmid carrying 
ptxR in P. aeruginosa results in a four- to fivefold increase in exotoxin A 
synthesis (Hamood etal, 1996). Available evidence suggests that ptxR 
enhances toxA transcription through regA (Hamood etal, 1996). Computer 
analysis of the protein product of ptxR, RxR, revealed that it belongs to the LysR 
family of transcriptional activators (Hamood et al, 1996). PtxR contains the 
typical LysR helix-turn-helix motif (DNA-binding motif) within its amino terminus 
sequence (Hamood etal, 1996). However, the mechanism by which PtxR 
regulates toxA transcription remains to be elucidated. 

Earlier studies have shown that throughout the growth cycle of P. 
aeruginosa, toxA and regA expression are tightly coupled (Frank and Iglewski, 
1988). In the presence of multiple copies of regA, exotoxin A production in the 
P. aeruginosa strain PA103 occurs in two phases, an early and a late phase 
(biphasic growth curve) (Frank and Iglewski, 1988). The early phase is iron-
independent while the late phase is repressible by iron (Frank and Iglewski, 
1988). Such a phenomenon is due to the expression from the regA tandem 
promoters PI and P2. Expression from the PI promoter is not regulated by Iron 
and occurs early In the growth cycle, whereas expression from the P2 promoter 
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is tightly regulated by iron and occurs at later stages of the growth cycle (Frank 
etal, 1989). The expression from the PI promoter appears to be autoregulated 
by RegB. However, additional analysis in the P. aemginosa strain PAOI, 
showed that the expression of the regA PI promoter continues toward later 
stages of the growth cycle and is iron regulated (Storey etal., 1991). Based on 
these results. Storey etal (1991) suggested that at different stages of the 
growth cycle, PI responds to different environmental signals. At eariy stages of 
growth these environmental signals are iron-independent, while at later stages 
of growth they are iron-dependent (Storey etal, 1991). Our recent analysis of 
the regA promoters suggested a possible interaction between RxR and the 
regA PI promoter (Hamood et al., 1996). It was found that while the expression 
of regA from its P2 promoter was similar In PA103 and Its pfxP deletion 
derivative, the level of regA expression from the PI promoter in the PA103 
mutant was significantly lower than that of the PA103 strain (Hamood et al, 
1996). 

In this study we have examined the effect of multiple cx)pies of ptxR on 
toxA transcription as well as the expression of pfxP throughout the growth cycle 
of P. aeruginosa strains PAOI and PA103 under iron-depleted and iron-replete 
conditions. Our results indicate that the effect of ptxR on toxA transcription 
starts eariier in the growth cycle in PAOI than In PA103. However, ptxR has a 
significant effect on toxA transcription toward the end of the growth cycle In both 
strains. In both strains, ptxR expression reaches a peak at early stages of 
growth and continues to decline as the cells enter stationary phase. We have 
also found that ptxR expression In P. aemginosa Is not negatively regulated by 
the level of Iron in the growth medium. 

Materials and Methods 

Bacterial strains, plasmids. and growth media 

Bacterial strains and plasmids used in this study are listed in Table 4.1. 

P. aemginosa was grown In Luria Bertani (LB) broth or in Chelexed Tryptlcase 

soy-broth (BBL Microbiology Systems) dialysate to which 1% glycerol and 

0.05 M monosodium glutamate were added (TSB-DC) (Ohman etal, 1980a) for 

exotoxin A production. TSB-DC contains approximately 0.05 \iglm\ of Fe2+ 

(Frank and Iglewski, 1988). To maximize exotoxin A production, the cultures 

were grown with vigorous shaking at 32°C. To examine the effect of high 
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Table 4.1. Strains and plasmids used to examine the effect of ptxR on toxA 
expression 

Strains/Plasmids Description Source/Reference 

Pseudomonas 

PAOI 

PA103 

PA01TZ 

PA103TZ 

Prototroph 

Prototroph, hypertoxigenic strain 

PAOI carrying a tox>A-/acZ fusion in 
the chromosome; Cb"' 

PA103 carrying a f0Xi4-/acZfusion in 
the chromosome; Cb"" 

Holloway etal. 
(1979) 

Liu (1966) 

This work 

This work 

Plasmids 

pSW226 

pSW205 

pi 8.230 

PJAC7-1 

Cb^ foxyA-/acZfusion 

Cb^ promoteriess /acZ fusion vector, 
carrying the 1.8 kb Pst 1 stability 
fragment 

Cbr Kmr, pKT230 canying pUC18 

Cb"" Km^ a recombinant plasmid of 
pUC19 and pKT230 canying ptxR on 
a 2.1 kb/Cpnl -BglW fragment 

S. West, 1994 

S. West; 1994; 
Storey et al 
(1990) 

Hamood et al 
(1996) 

Hamood et al 
(1996) 
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Table 4.1., continued 

Strains/Plasmids 

pJAC5 

pJAC24 

pMJ21 

Description 

Cbr, pUCI 8 containing a 2.1 kb Kpn\-
Bgh\ fragment which carries ptxR in 
pUC18 

Cb^ a pfxP-/ac:Zfusion; the ptxR 
upstream region plus the region 
coding for the first 55 a.a. of RxR 
fused Inframe with the /acZstmctural 
gene 

2.7 kb Psfl-EcoRI fragment carrying 
toxA from PAOI cloned In pUC18 
vector 

Source/Reference 

This work 

This work 

Hamood et al 
(1990) 

Cb, cariDenicillin; Km, kanamycin; ^ resistant 
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levels of Fe2+ on exotoxin A synthesis, 20 jig/ml of Fe2+ was added to the 
TSB-DC. Antibiotic concentrations were used for P. aemginosa as follows: 400 
|ig/ml carbenicillin, 500 |xg/ml kanamycin, 100 pig/ml rifampicin. 

DNA manipulations 

Restriction endonucleases, T4 ligase, and DNA polymerases were 
purchased from Promega Corp. (Madison, Wl) and used in accordance with 
their Instmctions. The alkaline lysis method was used for plasmid isolation 
(Ausubel etal, 1988). Plasmids were transferred into P. aemginosa by 
electroporation (Smith and Iglewski, 1989) or by conjugation (Ditta etal, 1980). 

Construction of PA01TZ and PA103TZ 
Plasmid pSW226 was used as the source of the tox>4-/acZfusion (S. 

West, personal communication). In pSW226 the 740 bp upstream region of 
toxA, together with the region coding for the leader peptide and the first 30 a. a. 
of the mature exotoxin A, was fused Inframe with the lacZgene using the lacZ 
fusion vector pMLB1034 (Silhavy etal, 1984). To allow integration of pSW226 
into the chromosome of the P. aemginosa strains, the 1.8 kbp Pst\ stability 
fragment required for replication of ColEI plasmids in P. aemginosa (Olson et 
al, 1982) was first deleted from pSW226. The deletion plasmid was then 
Introduced into the P. aeruginosa strains PAOI and PA103 by electroporation 
(Smith and Iglewski, 1989). Transformants were selected on carbenicillin 
plates. Since the plasmid can no longer replicate stably In P. aemginosa, it 
may integrate into the chromosome of the PAOI or PA103 via homologous 
recombination as a single crossover event, resulting in carbenicillin-reslstant 
colonies. Individual carbenicillin-reslstant colonies were screened (by agarose-
gel electrophoresis) to determine the loss of Independently replicating 
plasmids. In addition, DNA hybridization experiments (using part of the 
B-galactosldase gene as a probe ) were done to confirm the integration of the 
toXi4-/acZ fusion plasmid Into the PAOI and PA103 chromosomes. Colonies 
with a potential chromosomal integration of the toxA-lacZ were grown in TSB-
DC for 16-18 hours and the Intracellular level of B-galactosldase activity was 
determined as previously described (Miller, 1972). 
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Constmction of the pfxff-/acZ fusion 

The /acZfusion vector pSW205 (Storey etal, 1990) was used to 
constmct a pfxP-/acZfusion. The 720 bp KpnI-BamHI fragment canying the 
region upstream of ptxR as well as the region encoding the first 55 a. a. of RxR 
was isolated from pJAC5 as an EcoRI-BamHI fragment and cloned into 
pSW205 producing pJAC23. Plasmid pJAC23 was then digested with BamHl, 
the 5' ends were filled, and the plasmid religated to produce pJAC24, an 
Inframe fusion between the region that codes for the pfxP stmctural gene and 
the B-galactosldase structural gene. Both the fusion vector (pSW205) and 
pJAC24 were Introduced Into P. aemginosa strains PAOI and PA103 by 
elecjtroporation. 

Culture conditions for growth curve 

P. aemginosa cells containing different plasmids were grown overnight 
in 10 ml LB broth with appropriate antibiotics. Cells from four ml of the overnight 
culture were harvested, washed three times with TSB-DC, and resuspended in 
TSB-DC. TSB-DC medium with antibiotics was inoculated with the 
resuspended cells to produce a starting optical density at 540 nm (OD540) of 
0.03 to 0.04. Cultures were incubated at 32°C with vigorous shaking. At two 
hour intervals throughout the 24 hour growth cycle samples were obtained and 
the OD540 was determined. Portions of each sample were used for the 
B-galactosldase assay, RNA analysis, and extracellular ADP-ribosyl 
transferase activity. 

For determination of pfxP expression in cells grown under iron-sufficient 
conditions, 20 M.g of Fe2+ was added per ml of TSB-DC. The cultures were 
inoculated, grown, and harvested as described above. 

Northern blot hvbridization experiments 

Total RNA was Isolated from P. aemginosa that was grown in TSB-DC 

medium with or without the addition of Fe2+ as described above. The RNA was 

isolated by the hot phenol method as previously described (Frank and Iglewski, 

1988; Frank etal, 1989). The RNA samples were then treated with RNase-free 

DNase (Promega Corp.), precipitated with ethanol, and resuspended in distilled 

water. Northern blot hybridization experiments were performed as previously 

described (Ausubel etal, 1988). Ten ^g of each RNA sample was denatured 
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and separated by electrophoresis using 1.2% agarose-formaldehyde gels 
(Ausubel etal, 1988). The electrophoresed samples were transferred to nylon 
membranes (Amersham) and hybridized with either toxA, ptxR, or lacZ gene 
probes as previously described (Ausubel etal, 1988). In addition, slot-blot 
assays were performed using 10 îg RNA as described by Frank and Iglewski 
(1988). Hybridized membranes were washed (Ausubel etal, 1988), air dried 
and exposed to X-ray film. 

The toxA probe consisted of the 1530 bp BamH\ internal fragment of the 
toxA stmctural gene obtained from pMJ21 (Table 4.1) (Hamood etal, 1990). 
The probe for ptxR consisted of the 257 bp Dpn\'BamH\ fragment which 
includes 92 bp 5' of the Initiation codon (ATG) and the 165 bp encoding the first 
55 a. a. of PtxR. The B-galactosldase probe was the 1443 bp Aval internal 
fragment of lacZ that was obtained from pSW205 (Storey et al, 1990). 

Enzvme assays 

The B-galac:tosidase assays were performed as described by Miller 
(1972). The pellets from two-ml samples were resuspended in 100 M̂I of water 
and the membranes were disrupted by sonication. ADP-ribosyl transferase 
acrtivity In the supernatant and lysate of P. aeruginosa strains containing 
different plasmids was determined as previously described (Vasil etal, 1977). 
The amount of protein in each sample was determined by the method of Lowry 
etal (^95^). 

Results 

We have examined the effect of multiple copies of ptxR on toxA 
expression in two different P. aemginosa strains, PAOI and PA103. Strain 
PAOI usually produces significantly lower levels of exotoxin A than PA103. It 
has been suggested that this difference is due to the presence of a 
nonfunc:tlonal regB gene In PAOI (Wick etal, 1990b). However, since ptxR 
was originally isolated from PAOI, we decided to CK)mpare the influence of 
pJAC7-1 (which carries ptxR) on toxA expression in both PAOI and PA103 
strains. 

The effect of pJAC7-1 on toxA transcription was determined by 
measuring the level of B-galactosldase activity produced by the fox>A-/acZ fusion 
plasmid pSW226. This plasmid carries an Inframe fusion of the toxA upstream 
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region together with the region encoding the leader peptide and the first 30 
amino acids of the mature toxin with the lacZ gene (West, personal 
communication, 1994). Plasmid pSW226 was introduced into the chromosome 
of P. aemginosa strains PAOI and PA103 as previously described (Smith and 
Iglewski, 1989), resulting in strain PA01TZ and PA103TZ respectively. Direct 
determination of toxA transcription was done using Northern blot hybridization 
experiments (Ausubel etal, 1988). In addition, the effect of pJAC7-1 on 
exotoxin A synthesis was determined by examining the level of ADP-ribosyl 
transferase activity (Vasil etal, 1977) produced in the supernatant of the P. 
aemginosa strains. 

The effect of otxR on toxyA transcription in PAQ1TZ 

PA01TZ carrying either pJAC7-1 or a cloning vector (pi 8.230) (Table 
4.1) was grown in iron-depleted TSB-DC at 32°C. Samples were collected 
every two hours over a 24 hour period. As shown in Figure 4.2A, the growth 
rate of PA01TZ/pJAC7-1 was similar to that of PAOITZ/pl 8.230 indicating that 
the presence of pJAC7-1 in PA01TZ had no significant effecrt on the general 
growth characteristics of that strain. 

In comparison with PAOI TZ/pl 8.230, the initial increase in the level of 
B-galactosldase activity produced by PA01TZ/pJAC7-1 started as early as the 2 
hour time point of growth. The initial Increase reached a peak at the 4 hour time 
point and decreased over the 6 and 8 hour time points. After that, the level of 
B-galactosldase ac:tivity remained almost unchanged until the 12 hour point of 
growth. A second increase in the level of B-galac:tosidase activity was initiated 
at the 12 hour point of growth that continued throughout the growth cycle (Fig. 
4.2A). Between the 12 and 24 hour time points of growth, the level of 
B-galactosidase activity produced by PA01TZ/pJAC7-1 was significantly higher 
(P<0.05) than that produced by PAOI TZ/pl 8.230. 

These results suggest that In PAOI TZ the effect of pJAC7-1 on toxA 
transcription occurs at two levels: an eariy low level of enhancement which 
starts at 2 hours and peaks at the 4 hour time point; and a higher level of 
enhancement which starts at 12 hours and continues throughout the remaining 
growth cycle. Such a unique effect on toxA expression does not appear to be 
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Figure 4.1. Examination of the effect of pJAC7-1 on the growth of PA01TZ 
and PA103TZ. The growth conditions of the culture are described 
In Material and Methods. Samples were obtained every two hours 
and the optical density at 540 nm (OD540) was determined. 
Values represent the mean of three separate experiments ± SEM. 

A. Optical density measurements of PAOI TZ/pl 8.230 (cloning 
vector) (—0—) and PA01TZ/pJAC7-1 (—•—). 

B. Optical density measurements of PA103TZ/p18.230 (cloning 
vector) (—0--) and PA103TZ/pJAC7-1 ( - : • - ) . 
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Figure 4.2. The effect of pfxP on fox>A expression in PA01TZ. Each value 
represents the mean of three Independent experiments ± SEM. 

A. The B-galactosidase activity produced by PA01TZ carrying 
either a cloning vector (pi 8.230) orpJAC7-1 . Cells were grown 
in TSB-DC for 24 hours. Samples were obtained every two hours 
and the level of B-galactosidase was determined as previously 
described (Miller, 1972) (See Table 3.2). 
PAOI TZ/ pi 8.230 (—0—) or PA01TZ/pJAC7-1 (—•—). 

B. The effect of pJAC7-1 on the level of the ADP-ribosyl 
transferase activity produced by PA01TZ . Cells were grown in 
TSB-DC as described in Materials and Methods and the amount of 
ADP-ribosyl transferase activity from the supernatant of each 
sample was determined as previously described (Vasil, 1977). 
The amount of protein in each sample was determined as 
described by Lowry ef a/. (1951). 
PA01TZ/ pi 8.230 (—0—) or PA01TZ/pJAC7-1(—•—) . 
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related to the expression of ptxR itself (see below). However, it may be related 
to the possible interactions of ptxR with other toxA regulatory genes including 
regAB. 

Examination of toxA mRNA In PA01TZ 

The tox>A-/acZfusion we have used in this study contains the region that 
codes for part of the exotoxin A protein. To confirm that the observed 
enhancement in B-galactosidase activity reflects the enhancement of toxA 
transcription, we have determined the level of toxA mRNA in several of the 
tested samples. This was done by Northern blot hybridization experiments 
using the 1530 bp internal BamHl fragment of toxA as a probe (Ausubel etal, 
1988). At most of the time points, the enhancement In the level of toxA mRNA in 
PA01TZ/pJAC7-1 correlates with the enhancement in the level of B-galacto
sidase activity (data not shown). 

The effect of ptxR on the level of exotoxin A activity in PAQ1TZ 

We have shown previously that the presence of extra copies of ptxR in P. 
aeruginosa results in a four- to fivefold enhancement in both exotoxin A 
synthesis and tox>4 transcription (Hamood etal, 1996). Thus, we examined the 
effect of multiple copies of ptxR on exotoxin A translation throughout the growth 
cycle of PA01TZ. This was accomplished by determining the level of the ADP-
ribosyl transferase activity In the supernatant of PA01TZ/pJAC7-1 at different 
time points. As shown in Figure 4.2B, unlike the early enhancement in toxA 
transcription, no early enhancement in exotoxin A activity was seen in the 
supernatant of PA01TZ/pJAC7-1 (between the 2 hour and 10 hour time points). 
A similar disparity between the level of exotoxin A activity from the supernatant 
of P. aemginosa and toxA mRNA at early stages of growth has been previously 
reported (Frank and Iglewski, 1988). Frank and Iglewski (1988) have shown 
that such a difference is due to the secretion of exotoxin A in P. aeruginosa, 
which does not occur at early stages of growth. At early stages of growth, the 
first peak of increase in toxA transcription correlated well with the intracellular 
level of exotoxin A (Frank and Iglewski, 1988). However, no exotoxin A was 
detected In the supematant until later stages of growth (Frank and Iglewski, 
1988). Thus, we determined the intracellular level of exotoxin A activity in 
PA01TZ/pJAC7-1. In contrast to the level of extracellular exotoxin A, the 
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intracellular level of exotoxin A showed an initial increase which correlated well 
with the observed enhancement in toxA transcription that occurred at 4 hours, 
(data not shown). Through a series of semi-quantitative immunoblotting 
experiments (using IgG-specific exotoxin A antibodies), we have confirmed that 
this enhancement in exotoxin A activity reflects the enhancement in the level of 
exotoxin A protein (data not shown). These results suggest that extra copies of 
ptxR enhance exotoxin A production at both the transcriptional and translational 
levels. 

The effect of otxR on toxA transcription in PA1Q3TZ 

The P. aeruginosa strain PA103 usually produces significantly higher 
levels of exotoxin A protein than PAOI (Wick etal, 1990b). One reason for 
such a difference was suggested to be the presence of a functional regB in 
PA103 but not in PAOI which reduces the level of exotoxin A producrtion in 
PAOI by five- to sevenfold in comparison with PA103 (Wick etal, 1990b). We 
have previously shown that ptxR enhances regAB transcription by four- to 
fivefold (Hamood etal, 1996). Thus, we examined the effect of multiple copies 
of ptxR on toxA expression in PA103TZ and cx)mpared that with the effect on 
PA01TZ to determine if regB plays a role In the effect of ptxR on toxA 
expression. Similar to PA01TZ, the presence of pJAC7-1 had no effect on the 
growth charac t̂eristics of PA103TZ (Fig. 4.1 B). 

As shown in Figure 4.3A, the level of B-galac:tosidase ac;tivity production 
by PA103TZ/pJAC7-1 exhibits features that distinguish It from PA01TZ/ 
pJAC7-1. In contrast to the observed effect in PA01TZ/pJAC7-1, at early stages 
of growth (between 2 and 8 hour time points) the presence of pJAC7-1 caused 
no enhancement in the level of B-galactosidase ac:tivity in PA103TZ (Fig. 4.3A). 
At later stages of growth, however, PA103TZ/pJAC7-1 produced significantly 
(P<0.05) higher levels of B-galactosidase activity than PA 103TZ/p18.230 (Fig. 
4.3A). Despite the similarity of this late stage effect to the effect observed with 
PA01TZ, It differs In that the increase in the level of B-galactosidase activity at 
the 20 to 24 hour times points was sharp and abrupt (Fig. 4.3A). In addition, the 
general increase in the level of B-galactosidase activity produced by 
PA103TZ/pJAC7-1 (from the 12 to 24 hour time points) is higher than that seen 
in PA01TZ/pJAC7-1 (1 to 5.6 Miller units versus 0.1 to 0.34 Miller units) (Figs. 
4.2A, 4.3A). 
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Figure 4.3. The effect of ptxR on toxA expression in PA103TZ. Each value 
represents the mean of at least two independent experiments ± 
SEM. 

A. B-galactosidase activity produced by PA103TZ canying either a 
cloning vector (pi 8.230) or pJAC7-1. Cells were grown in TSB-
DC for 24 hours. Samples were obtained every two hours and the 
level of B-galactosidase was determined as previously described 
(Miller, 1972) (See Table 3.2). 
PA103TZ/ pi 8.230 (---Q-) or PA103TZ/pJAC7-1 ( - - • - ) . 

B. The effect of pJAC7-1 on the level of the ADP-ribosyl 
transferase activity produced by PA103TZ. Cells were grown in 
TSB-DC as described in Materials and Methods and the amount of 
ADP-ribosyl transferase activity from the supernatant of each 
sample was determined as previously described (Vasil, 1977). 
The amount of protein In each sample was determined as 
described by Lowry ef a/. (1951). 
PA103TZ/p18.230 (—A—) or PA103TZ/pJAC7-1 (—A—). 
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Accumulation of toxA mRNA in PA1 Q3TZ/pJAC7-1 

As seen with PA01TZ/pJAC7-1, analysis of toxA mRNA (by Northern blot 
hybridization experiments) from several time points confirmed that the presence 
of pJAC7-1 in PA103TZ resulted in a significant enhancement in the level of 
toxA mRNA (Fig. 4.4A, 4.4B). 

The effect of otxR on the level of exotoxin A activity in PA103TZ 

In agreement with the effect on toxA transcription, the effect on exotoxin A 
synthesis in PA103TZ/pJAC7-1 started at the 12 hour time point and continued 
for the remaining growth cycle (Fig 4.3B). However, unlike the enhancement in 
B-galactosidase activity, there was no sharp increase in exotoxin A activity 
during the last three time points (20, 22, and 24 hours) (Fig 4.3B). Instead, the 
increase In exotoxin A activity was gradual. Analysis of intracellular levels of 
ADP-ribosyl transferase activity from the 2 to 10 hour time points showed that. In 
contrast to PA01TZ/pJAC7-1, there was no enhancement of intracellular 
exotoxin A synthesis (data not shown). 

Construction of a pfxP-/acZfusion 
One possible explanation for the difference in the effect of multiple copies 

of ptxR on toxA expression between PAOI and PA103 could be the difference 
in ptxR expression. Several variations between these two strains have been 
previously reported. Thus, It is possible that unlike in PAOI, ptxR is not 
expressed in PA103 until the later stages of growth (12 hour time point). 
Alternatively, these observed differences may be due to other P. aeruginosa 
factors with which PtxR needs to interact to produce its effect on toxA 
transcription. To examine such possibilities, we have utilized the previously 
described fusion vector pSW205 to constmct a pfxP-/acZfusion. In the resulting 
fusion plasmid (pJAC24), the pfxP upstream region. Including the region that 
codes for the first 55 a. a. of RxR, was fused in frame with the /acZgene (Fig. 
4.5). Preliminary experiments confirmed that, in comparison with the cloning 
vector (pSW205), pJAC24 produced a detectable level of B-galactosidase 
activity In P. aemginosa (data not shown). 

110 



s 
^ 

111 



Figure 4.4. The effect of multiple copies of ptxR on the accumulation of toxA 
mRNA in PA103TZ. Cells were grown in TSB-DC as described in 
Materials and Methods, and samples were obtained every two 
hours over a 24 hour period. Total RNA was obtained from each 
sample as described before (Frank etal, 1989). The RNA from 
each sample was separated on 1.2% agarose-formaldehyde gels 
and the presence of toxA mRNA was determined by Northern blot 
hybridization experiments using the 1530 bp toxA internal BamHl 
fragment as a probe (Ausubel etal, 1988). About 10 ng of RNA 
was loaded in each lane. For the quantitative analysis of toxA 
mRNA, the autoradiograph of each hybridization experiment was 
analyzed using an image analysis system (Biolmage Visage 
2000). 

A. The accumulation of toxA mRNA in PA103TZ carrying either 
pi 8.230 (cloning vector) or pJAC7-1. Samples were obtained at 
8,12, 16, 18, and 24 hours. 

B. Autoradiograph of the Northem blot hybridization experiment of 
PA103TZ samples described in 3A. (I) PA103TZ/p 18.230, 
(ll)PA103TZ/pJAC7-1. 

Lanes: 1 and 5, 8 hour samples; 2 and 6,12 hour samples; 3 and 
7, 16 hour samples; 4 and 9, 18 hour samples; and 5 and 10, 24 
hour samples. 
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Expression of ptxRm PAOI 

In comparison with the cloning vector (pSW205), the presence of 
pJAC24 in PAOI did not alter the growth characteristics of PAOI (Fig. 4.6A). As 
shown in Figure 4.7A, when PA01/pJAC24 was grown in an iron-limited 
medium, ptxR expression (as measured by the level of B-galactosidase activity) 
was detected as early as the 4 hour time point of growth. The level of 
B-galactosidase activity reached a peak at the 6 hour time point, after which it 
gradually declined toward the end of the 24 hour growth cycle (Fig. 4.7A). At 
the end of the growth cycle, the level of B-galactosidase activity produced by 
PA01/pJAC24 was very low, but still higher than the background level 
produced by PAO1/pSW205 (0.4 versus 0.006 Miller units) (Fig. 4.7A). 

These results suggest that when grown in an iron-limited medium, ptxR 
expression in PAOI starts and reaches a peak during the early stage of growth, 
but gradually declines toward the end of the growth cycle. When compared to 
toxA expression, both toxA and pfxP expression are enhanced and reach a 
peak at early stages of growth (2-6 hours) (Figs. 4.2A, 4.7A). However, unlike 
toxA expression which continues to increase, pfxP expression decreases 
toward the end of the growth cycle. Furthermore, ptxR appears to be expressed 
in PAOI at a low level (maximum level about 3 Miller units) (Fig. 4.7A). This 
supports the findings of other studies which suggested that the genes for LysR-
type proteins are expressed at low levels (Doty et al, 1993). Such a low level of 
ptxR expression is different from other toxA regulatory genes such as regAB. 
The level of B-galactosidase activity produced by a regf^-/acZ fusion (which was 
carried on the same cloning vector that we have used for the ptxR-lacZ fusion 
[pSW205]) in PAOI was significantly higher than that produced by the ptxR-lacZ 
fusion (pJAC24) (Fig. 4.7A) (Storey etal, 1991). 

Expression of ptxR in PA103 

We have also examined pfxP expression in PA103. Again, the presence 

of pJAC24 in PA103 had no effect on the growth characteristics of the strain 

(Fig. 4.6B). When PA103/pJAC24 was grown in an iron-limited medium, the 

level of B-galactosldase activity was detected as early as the 2 hour time point. 

Similar to the level In PAOI, the level of B-galactosidase activity reached a peak 

at 6 hours and gradually declined until the end of the growth cycle (Fig. 4.7B). 

However, at all points of growth, the level of B-galactosidase activity produced 
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Figure 4.6. Examination of the effect of pJAC24 on the growth of PAOI and 
PA103. The growth conditions of the culture are described in 
Material and Methods. Samples were obtained every two hours 
and the optical density at 540 nm (OD540) was determined. 

A. Optical density measurement of PAO1/pSW205 (cloning 
vector) (—0—) and PA01/pJAC24 (—.—). 

B. Optical density measurement of PA103/pSW205 (--§-) and 
PA103/pJAC24 (--[}"). 
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Figure 4.7. Expression of ptxR throughout the growth cycle of PAOI and 
PA103. Cells were grown In TSB-DC as described in Materials 
and Methods. The level of B-galactosidase activity was 
determined as described previously (Miller, 1972) (See Table 3.2). 
Each value represents the mean of at least two Independent 
experiments. 

A. B-galactosidase activity produced by either PAO1/pSW205 
(cloning vector) (—o—) or PA01/pJAC24 (— • —). 

B. B-galactosidase activity produced by either PA103/pSW205 
(--D--) or PA103/pJAC24 (—§-). 
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by PA103/pJAC24 was lower than that produced by PA01/pJAC24 (Figs. 4.7A, 
4.7B). These results suggest that in an iron-limited medium, the pattern of ptxR 
expression in PAOI and PA103 is almost the same (Figs. 4.7A, 4.7B), although 
the pattern of the effect of ptxR on toxA expression is different (Figs. 4.2A, 4.3 A). 

Expression of PtxR under hioh iron conditions 

One of the interesting characteristics of pfxP function is its effect on 
exotoxin A production with respect to iron. In an Iron-limited medium, exotoxin 
A produced in P. aeruginosa carrying multiple copies of ptxR is enhanced by 
four- to fivefold (Hamood etal, 1996). However, in an iron-sufficient medium, 
exotoxin A was not produced (i.e., extra copies of pfxP did not deregulate 
exotoxin A production with respect to iron) (Hamood etal, 1996). This 
characteristic is different from that of the regAB effect on exotoxin A. In the 
presence of extra copies of regAB, exotoxin A produced in P. aeruginosa was 
partially deregulated with respect to iron. In addition, similar to toxA, regAB 
expression in P. aeruginosa is negatively regulated by iron (Frank etal, 1989). 
The observed difference between the effect of these two genes on toxA 
expression is likely due to their interaction with iron or with an iron-induced 
factor. Thus, we tried to determine if pfxP expression in P. aeruginosa is 
negatively regulated by iron throughout the growth cycle, or at certain stages of 
the growth cycle. 

When PA103/pJAC24 was grown in an iron sufficient medium, the 
highest level of B-galactosldase acjtivity was detected at the 2 hour time point, 
as shown in Figure 4.8. The level then decreased until the 6 hour point at which 
time It increased until the 10 hour time point. This was followed by a sharp fall 
at the 12 hour point and a gradual reduction until the end of the growth cycle 
(Fig. 4.8). In PA103/pJAC24 grown in an iron-limited medium, the level of B-
galactosidase activity increased until the 6 hour time point (Fig. 4.8). In contrast, 
in PA103/pJAC24 grown in iron-sufficient medium, the level of B-galactosidase 
decreased until the 6 hour point of growth and then increased until the 10 hour 
time point (Fig. 4.8). However, at later stages of growth the level of B-
galactosidase activity was almost Identical regardless of the presence or 
absence of iron In the medium (Fig 4.8). Instead of having a negative effect on 
pfx/? expression, Iron appears to enhance pfxP expression, especially at 
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Figure 4.8. The effect of Iron on ptxR expression throughout the growth cycle 
of PA103. PA103/pJAC24 was grown in both iron-limited and 
iron-supplemented (20 \iglm) TSB-DC as described in Materials 
and Methods. Samples were obtained every two hours over a 24 
hour period. B-galactosidase activity was determined as 
previously described (Miller, 1977) (See Table 3.2). 
PA103/pJAC24 grown without iron (—Q-) and PA103/pJAC24 
grown with added iron (—A—). Each value represents the mean 
of at least two independent experiments. 
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early stages of growth. The level of B-galactosidase activity produced by 
PA103/pJAC24 grown in high iron medium was higher than that produced by 
PA103/pJAC24 grown in a low iron medium (Fig. 4.8). These results suggest 
that ptxR expression in P. aemginosa is not negatively regulated by iron. 

Analvsis of the otxR upstream region 

Despite several attempts, we were not able to determine the 
transcriptional start site of ptxR. We have utilized different techniques including 
the RNase protection assay, primer extension experiments, and SI mapping 
(Ausubel et al, 1988). Computer analysis of the ptxR upstream region revealed 
the presence of several strong secondary structures (Figure 4.9) (Zuker, 1989). 
These structures are probably the primary cause of our failure to determine the 
ptxR transcriptional start site. Whether these secondary stmctures play a role in 
the regulation of ptxR at either the transcriptional or translational level is not 
known at this time. Since neither the ptxR transcriptional start site nor the 
promoter region is defined yet, we consider the 251 bp sequence upstream of 
the ATG start codon as the ptxR upstream region. Another feature of the ptxR 
upstream region is its AT richness (the upstream regions of several P. 
aeruginosa genes are known to be AT rich) (Frank etal, 1989; Poole etal, 
1993) In addition, the ptxR upstream region contains areas of direc:t and 
indirect repeats (Fig. 4.10). These inverted repeat regions may represent 
protein binding sites. We have recently identified a gene (ptxS) which is 
divergently transcribed from ptxR and codes for a protein that belongs to the 
GalR-LacI family of repressors (Colmer etal, 1997b). The product of ptxS 
appears to have a direct effect on pfxPexpression (Colmer etal, 1997b). Thus, 
we scanned the ptxR upstream region for a possible conserved sequence that 
may represent a binding site for a GalR-type protein. As shown in Figure 4.10, 
the ptxR upstream region contains three sequences that have a high degree 
homology to the binding sites of three of the GaIR proteins. The regions 
(nucleotides -166 to -159, -156 to -148, and -105 to -98) contain many of the 
conserved nucleotides within the binding sites of GaIR, CytR, and PurR (6 of 8, 7 
of 9, and 6 of 8 nucleotides), respectively (Fig. 4.10) (Weickert and Adhaya, 
1992). Based on these homologies, we have done several preliminary DNA/gel 
shift experiments to determine if the P. aemginosa lysate contains a potential 
regulatory protein that binds to the ptxR upstream region. A specific 
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Figure 4.9. Computer analysis of the ptxR upstream region for RNA secondary 
structure. The figure includes the 251 bp ptxR upstream region 
together with the region encoding the first 55 a.a. of PtxR. The 
MFold program (Zuker, 1989) was used to examine the region. 
Energy given is in kcal/mole. 
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DNA/protein binding band was identified (Swanson, Colmer, and Hamood, 
unpublished results). Further experiments will be done to determine the nature 
of the binding protein. 

Discussion 
The results of the present study suggest that at early stages of growth the 

expression of ptxR In PAOI coordinates closely with the observed enhance
ment in toxA transcription. (Both pfxP expression and the enhancement in toxA 
transcription were detected as early as the 4 hour time point [Figs. 4.7A, 4.2A].) 
The absence of a gap between pfxP expression and the enhancement in toxA 
transcription suggests that the accumulation of PtxR within the cell is not 
necessary for the initial enhancement in toxA transcription. The concomitant 
enhancement In ptxR expression and toxA transcription at early stages of 
growth resembles the effect of another toxA transcriptional activator, regAB, on 
toxA expression In a different P. aeruginosa strain. Using the P. aeruginosa 
strain PA103, Frank and Iglewski (1988) have shown previously that in the 
presence of extra cx)pies of regAB both regA and toxA transcription were 
enhanced at as early as two hours. At later stages of growth, ptxR expression is 
completely different from toxA expression in PA103. In contrast to the decline in 
ptxR expression in PAOI, toxA expression In PA103 was enhanced at later 
stages of growth (Fig. 4.7A) (Frank and Iglewski, 1988). However, in both 
strains, toxA transcription increased at later stages of growth. Based on our 
previous findings, we have suggested that the observed enhancement in toxA 
transcription is due to the effect of ptxR on the regA transcription level (Hamood 
etal, 1996). However, those experiments were conducted using neither a 
single strain (PAOI or PA103) nor a specific stage of growth (early versus late). 
For example, in PAOI that was grown to a stationary phase, we have shown 
that extra copies of ptxR cause a four- to fivefold increase in toxA and regA 
transcription (Hamood etal, 1996). However, to examine the effect of ptxRon 
the expression of the regA promoters (PI and P2), we had to utilize a ptxR 
isogenic mutant of PA103 because the ptxR Isogenic mutant of PAOI was 
unstable (Hamood et al, 1996). In comparison with Its parent strain, the 
expression from the regA PI promoter In PA103::pfxPwas significantly reduced 
(Hamood et al, 1996). No effect was detected on the expression from the P2 
promoter (Hamood etal, 1996). We have tried to determine the effect of 
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pJAC7-1 on the acx̂ umulation of the regA T1 and T2 transcripts (the T1 
transcript Is produced from the PI promoter; the T2 transcript from the P2 
promoter) in PAOI. In samples observed at 2,4, and 6 hour time points, 
pJAC7-1 had no effect on the accumulation of T2 transcripts (data not shown). 
However, at later stages of growth (14,16,18, and 24 hour time points), 
pJAC7-1 causes an increase In the amount of accumulated T2 transcripts (data 
not shown). These findings suggest that ptxR has a unique effect on toxA 
transcription throughout the growth cycle of PAOI. 

One possible explanation for these findings is that, depending on the 
stage of growth, pfxP affects toxA expression in PAOI through two mechanisms. 
At eariy stages of growth, ptxR may enhance toxA transcription through a 
mechanism that Is independent of regA. At later stages of growth, the effect of 
ptxR requires the regAB. This explanation is based on two assumptions: (1) 
that the amount of RxR required to affect toxA transcription is limited (i.e., PtxR 
is synthesized during different stages of the growth cycle in excess of the need 
to enhance toxA transcription; and (2) that RxR enhances toxA transcription 
indirectly. As we have shown in this study, and similar to the genes that encode 
other LysR proteins, the level of ptxP transcription at all stages of growth is low 
(Figs. 4.7A, 4.7B). If the amount of RxR needed to enhance toxA transcription is 
limited, its effect will be detected at all stages of growth. However, at later 
stages of growth other factors that are necessary to produce the effect of PtxR 
on regA may be synthesized (i.e., the limiting factor In the enhancement of toxA 
and regA transcription is the intermediate regulator). Thus, if the amount of this 
intermediate regulator Is enhanced toward the end of the growth cycle, the 
enhancement in toxA transcription caused by RxR would be detected despite 
the reduction In the level of RxR. Our recent studies (using DNA/gel shift 
experiments) support such a possibility. These studies revealed that when RxR 
is synthesized In E. coli (by the T7 expression system), it showed no binding 
activity to either the toxA or the regA upstream regions (Swanson, Colmer, and 
Hamood, unpublished results). An alternative possibility to explain these 
findings Is that, toward the end of the growth cycle, either the stability of ptxR 
mRNA or the efficiency of RxR translation is Increased. It Is clear from our 
findings that the rate of ptxR transcription is decreased toward the end of the 
growth cycle (Figs. 4.7A, 4.7B). Thus, If the effect on tox>A transcription requires 
a limited amount of RxR, and if ptxR mRNA is more stable or more efficiently 
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translated, then toxA transcription will be enhanced at late stages of growth 
despite the reduction in the rate of pfxP transcription. 

Unlike in PAOI, the presence of extra copies of ptxR had no effecTt on 
toxA transcription in PA103 at early stages of growth (Fig. 4.3A). This further 
supports the possibility that at early stages of growth the effect of ptxR on toxA 
transcription is Independent of regA. It has been shown previously that in PAOI 
the eariy phases in toxA and regA transcription (which Is due to the function of 
the regA PI promoter) does not occur (Wick etal, 1990a; Storey etal, 1991). 
Such a phenomenon was thought to be due to the fact that PAOI does not 
contain a functional regB (which autoregulates regAB expression through Its 
effect on the regA PI promoter) (Storey etal, 1991). Thus, if pfxPfunctions 
through regA, extra copies of ptxR may either compensate for the loss of 
functional regB; or it may have a unique effect on toxA that may or may not be 
dependent on regA. li RxR affects regA, then extra copies of ptxR may affect the 
regA PI promoter. However, such a scenario is less plausible since the 
presence of extra copies of ptxR in PA103 (which contains a functional regB), 
the eariy phase in toxA transcription was not detectable (Fig. 4.3A) (see below). 
At the present, the cause for the difference In the effect of ptxR on toxA 
transcription at early stages of growth between PAOI and PA103 Is not known. 
Although variations between the two strains within the regB gene exist, such 
differences (or other differences within regAB) are less likely to be the cause of 
these variations. Rather, the pfxPgene may be different between PAOI and 
PA103. The pfxPthat we have used in this study was Isolated from PAOI. 
Such a ptxR may function differently in PA103. It is clear that the level of the 
expression of ptxR is higher In PAOI than that in PA103 (3.0 Miller units versus 
1.18 Miller units) (Figs. 4.7A, 4.7B). We have excluded a possible major 
rearrangement within the pfxP from PA103. The restriction digestion of PA103 
chromosomal DNA showed that the 1955 bp Hincil fragment (which carries 
ptxR) appears to be the same size as that from PAOI (data not shown). 
However, minor nucleotide sequence changes that may contribute to the 
observed differences can not be excluded at this time. We are cun-ently trying to 
isolate pfxP from PA103 and determine Its nucleotide sequence. The PA103 
nucleotide sequence can then be compared with that of ptxR from PAOI. 
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At later stages of growth, the effect of pfxPon toxA transcription in both 
PAOI and PA103 Is similar (Figs. 4.2A, 4.3A). If this effect is to occur through 
regA, RxR would enhance the expression of the regA P2 promoter (the one that 
is functional at later stages of growth [Wick et al, 1990b]). In both 
PA01TZ/pJAC7-1 and PA103TZ/pJAC7-1, we detected an increase In the 
amount of T2 transcripts (which are expressed from the P2 promoter). However, 
the effect on the regA PI promoter, specifically In PAOI, cannot be excluded. 
Although previous studies suggest that the expression from the PI promoter 
occurs at early stages of growth only, further analysis of the PAOI strain 
revealed that expression from the PI promoter continued until later stages of 
growth (Storey etal, 1991). In addition, our recent deletion analysis of the PI 
and P2 promoters supports such a possibility. The effect of a plasmid which 
carries the regAB structural gene and the P2 promoter only on exotoxin A 
synthesis in PAOI and PA103 (at later stages of growth) was significantly less 
than that which carries the intact regAB (Swanson and Hamood, unpublished 
results). 

We have shown in this study that ptxR expression In P. aemginosa Is not 
negatively regulated by Iron. In contrast, the level of pfxP expression in cells 
grown under iron-sufficient conditions Is higher than that In cells grown In iron-
limited conditions (Fig. 4.8). Again, such a phenomenon is different from the 
expression of regAB in P. aemginosa. It is known that regA expression in P. 
aeruginosa is negatively regulated by iron (Frank etal, 1989). Based on these 
findings ptxR is less likely to be a part of the toxA regulatory system that 
responds to Iron. In support of this conclusion, we have previously shown that 
the presence of extra copies of ptxR does not Interfere with the inhibitory effect 
of Iron on fox>A expression (Hamood etal, 1996). In addition, the presence of 
pJAC7-1 In either PAOI or PA103 did not alleviate the inhibitory effect of Iron on 
toxA transcription at different points of growth (data not shown). Thus, ptxR 
(which is not regulated by Iron) may supplement the effect of other toxA 
regulatory factors that are regulated by iron such as regAB. We have 
demonstrated previously that besides exotoxin A, the only other factor that is 
regulated by ptxR is the siderophores (Colmer et al, 1997b). However, with 
respect to Iron, the effect of ptxR on exotoxin A production Is different from its 
effect on siderophore production. The presence of multiple copies of ptxR in P. 
aemginosa deregulated siderophore production with respect to iron (Colmer ef 
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a/., 1997b). The deregulation of the siderophore production by multiple copies 
of ptxR Is not through a direct effect on the expression of the /l/r gene (Vasil, 
personal communication, 1994). The product of fur (Fur) negatively regulates 
the production of both exotoxin A and siderophores in P. aemginosa (Prince et 
al, 1993). Thus, if pfxP affects Fur, It would deregulate the production of both 
exotoxin A and the siderophores with respect to iron. However, the possibility 
that RxR only interferes with the effect of Fur on the siderophores can not be 
excluded at this time. It is also possible that the different effects on exotoxin A 
and the siderophores are localized to different domains of PtxR. Our recent 
analysis of the pfxP-/acZfusion (pJAC24) in the ptxR isogenic mutant of PAOI 
provides some evidence for the existence of such a mechanism. The presence 
of pJAC24 In PAOI ::ptxR resulted in a significant enhancement in exotoxin A 
production (Colmer and Hamood, unpublished results). However, pJAC24 did 
not deregulate siderophore production in PAOI ::pfxP with respect to iron 
(Colmer and Hamood, unpublished results). The amino terminus region of RxR 
(which is included in the pfxP-/acZfusion) contains the putative helix-turn-helix 
DNA binding motif. Thus, the effect of RxR on exotoxin A production may be 
localized to the amino terminus region while the effect on the siderophores is 
localized to the carboxy terminus region. Currently, we are trying to determine 
any possible relationship between PtxR and any of the siderophore regulatory 
genes (such as pchR). 
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CHAPTER V 
GENERAL DISCUSSION 

The ptxR gene which Is described In this study is a new positive 
regulatory gene for the production of exotoxin A in Pseudomonas aeruginosa 
(Hamood etal, 1996) As shown by both tox>A-/acZfusion experiments and 
Northern blot hybridization experiments, pfxP appears to enhance exotoxin A 
synthesis at the transcriptional level (Hamood etal, 1996). The two important 
questions that need to be addressed after the establishment of these facts are: 
(1) Is there any relationship between this gene and other toxA regulatory 
genes, specifically the regAB, fur, pvdS, and vfr genes? and (2) What Is the 
mechanism of this enhancement? The regAB gene, which is a major regulator 
of exotoxin A production, enhances toxA transcription in P. aeruginosa by 
tenfold (Wick etal, 1990b). However, as shown by several previous studies, 
the expression of the regAB in P. aemginosa is complicated (Storey et al, 1990, 
1991; Wick et al, 1990a, 1990b). The regAB operon contains two separate 
promoters (PI and P2) that are differentially expressed during the growth cycle 
of P. aeruginosa (Frank etal, 1989; Storey etal, 1990; Wick etal, 1990a). It is 
clear that the pfxP effect on exotoxin A requires a functional regAB (the 
presence of a ptxR plasmid in the P. aeruginosa regA mutant PA103-29 
produces no effect on exotoxin A) (Hamood etal, 1996). In addition, we have 
established that pfxP enhances tox>A transcription through regA (i.e., multiple 
copies of pfxPenhances both toxA and regA transcription) (Hamood etal, 
1996) (Fig. 5.1). Furthermore, based on our analysis of the ptxR Isogenic 
mutant PA103::ptxR, ptxR appears to have no effect on the regA P2 promoter 
but highly regulates the regA PI promoter (Hamood etal 1996) 
(Fig. 5.1). Computer analysis provided some evidence concerning PtxR 
function. RxR (which belongs to the LysR family of transcriptional activators) 
contains the typical putative helix-turn-hellx (DNA binding motif) at its amino 
terminus region (Hamood etal, 1996). Thus, RxR is likely to accomplish its 
effect by binding to the upstream regions of the regulated genes. Despite 
several experiments, we were unable to establish a possible direct interaction 
between the PtxR and regA. Computer analysis of the regAB upstream region 
revealed the existence of a possible RxR binding site (Hamood etal, 1996). 
However, DNA/gel shift binding experiments (using an overexpressed RxR) 
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failed to show any specific binding between RxR and the regA upstream region 
(Swanson, Colmer, and Hamood, unpublished results) (Fig. 5.1). Due to 
different experimental considerations (including the lack of a purified PtxR), we 
can not rule out this possibility at this time. If no direct interaction exists 
between PtxR and regA, other possibilities including an interaction between 
RxR and another regulatory gene which Interacts with regAB are valid (Fig. 
5.1). Whatever the mechanism of pfxP action on regAB, the possible unique 
effect of RxR on the regAB PI promoter remains to be carefully examined. 
Through both computer analysis and examination of different fur mutants (Vasil, 
personal communication, 1994), we have mled out the possibility that ptxR 
regulates the expression of the fur gene (Fig. 5.1). However, RxR may interfere 
with the effect of Fur on siderophore production only (see below). Similariy, we 
have excluded the possibility that ptxR Is directly regulated by Wr(when ptxR is 
expressed from the exogenous lac promoter, it did not complement the defects 
of a P. aeruginosa vfr mutant PA103-19 [Ohman etal, 1980] in exotoxin A 
production) (Fig. 5.1). However, it is not known at this time if ptxR affects the 
expression of vfr. 

Besides exotoxin A, the only other P. aemginosa virulence factors that 
are affected by ptxR are the siderophores (Hamood etal, 1996). However the 
mechanism through which ptxR Influences siderophore production is different 
from that through which ptxR afiects exotoxin A. Unlike exotoxin A, the 
presence of a ptxR plasmid deregulates siderophore production with respect to 
iron (Fig. 5.1). It is clear that the expression of ptxR Itself Is not regulated by 
iron. In addition, the effect of ptxR on either the transcription or translation of the 
far gene is a less plausible possibility. The production of both exotoxin A and 
the siderophores Is negative regulated by Iron through Fur (Prince etal, 1991). 
Thus, If pfxP affects Fur, It would have deregulated the production of exotoxin A 
as well with respect to Iron. Therefore, ptxR may interfere with the function of 
Fur on the siderophores only (Fig. 5.1). Although several mechanisms 
(including the presence of two separate domains within RxR, one for toxA and 
one for the siderophores) can be proposed, direct proof of such a possibility is 
lacking at this time. Through our analysis of the pfxP-/acZfusion (which carries 
the region that contains the RxR helix-turn-hellx motif) in the PAOI ::ptxR 
isogenic mutant, we have obtained limited support for such a possibility. The 
presence of the ptxP-/acZfusion In the mutant caused a high-level 
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enhancement in exotoxin A activity but had no effect on siderophore production. 
Further experiments including analysis of the effect of ptxR on the expression of 
different siderophore receptor genes and the siderophore regulatory genes 
pchR and pvdS (Fig. 5.1), will be required to test these possibilities. Dr. Keith 
Poole (personal communication, 1997) has recently isolated an operon which 
codes for a new siderophore system. In an attempt to isolate the gene that 
regulates this operon. Dr. Poole has isolated ptxR. Analysis of this new operon 
and its relationship to ptxR will help us determine the exact role of ptxR In the 
siderophore production by P. aemginosa. 

Throughout the growth cycle of P. aemginosa, ptxR expression and its 
effect on toxA transcription has three major features: (1) the effect of ptxR on 
toxA transcription in PAOI at early stages of growth Is unique; (2) the level of 
pfxR transcription declines toward the end of the growth cycle, while its effect on 
toxA transcription rises; and (3) unlike other toxA regulatory genes, ptxR 
expression is independent of Iron. Although at later stages of growth the effect 
of multiple cx)pies of ptxR on toxA transcription in PA103 and PAOI is the same, 
this effect Is quite different at early stages of growth. This difference is unique 
and significant since It shows an early peak In PAOI but not in PA103. Such an 
effect is exactly opposite to the effect of regA on toxA expression (an early peak 
of toxA and regA transcription are produced in PA103 but not in PAOI) (Frank 
and Iglewski, 1988; Frank etal, 1989). The early peak in fox>A transcription In 
PA103 was thought to be due to the presence of functional RegB and its effect 
on the regAB PI promoter (PAOI lacks a functional RegB) (Wick etal 1990b; 
Storey etal, 1991). Thus, if RxR affects toxA transcription through regA, one 
would expect to see the early peak In both PAOI and PA103. The simplest 
explanation for these results Is that the effect of ptxR on the early transcription of 
toxA Is rep^-jndependent. However, several specific experiments will be 
required to test such an assumption. For example, a direct comparison of the 
accumulated regA T1 transcript (which is produced from the PI early promoter) 
between PA103 and PAOI canying a ptxR plasmid will help determine if regA 
expression Is affected. An alternative explanation for these findings Is the 
possible existence of nucleotide differences in certain specific sequences within 
the regAB upstream region. Determining the nucleotide sequence of regAB 
from PAOI and comparing it with that of PA103 will be needed to examine such 
a possibility. The expression of ptxR Is exactly opposite to its effect on toxA 
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transcription. While ptxR expression declines toward the end of the growth 
cycle, toxA expression In P. aemginosa containing multiple copies of ptxR is 
enhanced. We have previously described several possible explanations for 
such a phenomenon (Chapter IV). The most plausible of these possibilities is 
that toward late stages of growth the stability of ptxR mRNA Is increased. To test 
that simply, the accumulation of ptxR mRNA In P. aemginosa strains carrying 
extra copies of ptxR would be detemilned. 

One of the unique characteristics of ptxR Is that its expression is not 
regulated (directly or indirectly) by iron throughout the growth cycle of P. 
aeruginosa. On the contrary, the level of ptxR expression was higher in P. 
aeruginosa grown in an iron-supplemented medium. Iron Is known to be a 
major regulatory factor for toxA expression (Bjorn etal, 1978; Lory, 1986). The 
expression of both toxA and regAB is negatively regulated by iron (Bjorn et al, 
1978; Lory, 1986; Wick etal, 1990a). Similar to the E. co//Fur, the P. 
aeruginosa Fur is likely to require iron to produce its Inhibitory effect on toxA 
and regAB expression (Prince etal, 1993). Unlike Fur, ptxRdoes not seem to 
interact with iron (In the presence of Iron, ptxR produced no detectable effect on 
exotoxin A production). The inhibition of p/xP effect on toxA expression by iron 
Is very likely to be due to the direct effect of iron or iron-Induced factors on regA 
expression. Other environmental factors (including the growth temperature, the 
aeration of the culture, and the presence of certain nucleotides in the growth 
medium [Liu, 1973]) that affe<:t toxA expression have no effect on ptxR 
expression. However, other yet unidentified conditions may exist that enhance 
ptxR expression. These conditions may be related to the production of both 
exotoxin A and the siderophores. Thus, one may envision a scenario in which a 
specific environmental condition causes a significant enhancement in ptxR 
expression. This significant enhancement In ptxR expression may then produce 
some limited Increase in exotoxin A production (despite the strong inhibitory 
effect of iron). Based on this. It Is possible that P. aemginosa contains a 
separate set of factors that regulates exotoxin A production in an iron-
independent fashion. Such a set of factors may be essential to ensure that 
exotoxin A (which is an Important vimlence factor [Pollack, 1995]) Is produced in 
P. aemginosa even under severe inhibitory conditions such as the presence of 
iron. Similarly, such factors, If they are not absolutely dependent on regAB (for 
example. If we prove later that the effect of ptxR on toxA In PAOI at early stages 
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of growth is independent of regA), may help provide a limited substitution for the 
loss of regA. Previous analysis of the PA103 regA mutant PA103-29 provides 
some support for such a possibility. While certain studies showed that the P. 
aemginosa regA mutant PA103-29 produced no exotoxin A or toxA mRNA 
(Storey etal, 1991; Iglewski, personal communication, 1991), other studies 
confirmed that PA103-29 produces a basal level of toxA protein (Vasil etal, 
1989). Future studies. Including details of the interaction of pfxP with toxA and 
the siderophore genes may help provide some credibility for such a scenario. 

Although we were not able to define the conditions that positively 
regulate ptxR expression, we have Identified another gene that negatively 
regulates ptxR expression. The product of ptxS, PtxS, which belongs to the 
GalR-LacI family of repressors cx)ntains a typical DNA binding motif (helix-tum-
helix) at Its amino terminus region (Weickert and Adhya, 1992). We have 
already shown that PtxS directly regulates ptxR expression (Fig. 5.1). In 
addition, we have identified three potential RxS binding sites within the ptxR 
upstream region. The fact that RxS belongs to the GalR-LacI family of 
repressors provided us with some clues as to the nature of the environmental 
conditions that negatively regulate pfxP expression. Similar to other GaIR 
proteins, RxS cx)ntains most of the conserved residues within the effector (or 
inducer) binding regions. Most of these effectors are metabolites such as 
sugars or nucleotides (Vyas etal, 1991; Hammer-Jesperson, 1983). Since a 
previous study speculated about a possible role of certain nucleotides In 
regulation of exotoxin A production in P. aemginosa (Liu, 1973), we have 
examined the effect of these nucleotides on ptxR expression. However, no 
detectable effect was observed. Other nucleotides may potentiate the effect of 
RxS on ptxR expression. Alternatively, the homology between RxS and other 
GaIR proteins in the Inducer binding region may not represent a functional 
Importance for RxS. Analysis of the ptxS upstream region provided us with 
some evidence that may help us determine the mechanism through which 
ptxS and ptxR are regulated. The ptxS upstream region contains sequences 
that have a high homology with the cAMP-CAP binding sites (Valentin-Hansen, 
1986). More interestingly, we have identified at least two potential P. 
aemginosa proteins that bind specifically to the ptxS upstream region . It has 
been suggested that CAP (which Is a DNA-binding protein) activates the 
transcription of the gene that It regulates through interaction with the RNA 
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polymerase (Beckwith, 1987). At this time, besides the computer analysis, the 
only experimental evidence for any potential effect that the CAP may have on 
ptxR expression is the newest analysis of the E. coli crp gene in P. aemginosa. 
West et al (1994b) have shown that overproduction of CAP resulted in a 
significant decrease In the level of exotoxin A produced by PA103. Thus, 
increased levels of CAP in P. aemginosa may enhance ptxS expression which 
In turn interferes with the pfxP effect on exotoxin A production (Fig. 5.1). To 
examine such a model, it is important to obtain CAP mutants of PA103 and 
PAOI. Once the mutants are obtained, several experiments including 
examining the expression of toxA, regA, ptxS, and ptxR can be conducjted. 
Although the CAP-pfxS interaction model may carry some credibility, it Is still 
essential to determine if ptxS expression Is regulated by iron and If other 
regulatory conditions can be identified. More importantly, the Identification and 
characterization of the potential binding proteins will help us identify either a 
new or a previously characterized regulatory protein that participates in this 
complicated cycle. 

Future Studies 

Purification of RxR Is essential for future experiments to help determine 
the mechanism of toxA regulation by ptxR. The purified RxR can be used in 
several in vitro transcription experiments with a P. aemginosa lysate to 
determine if RxR direcjtiy affects regA and/or toxA. In addition, the purified PtxR 
can be used In several gel shift experiments to determine If RxR binds 
specifically to fox>A or regA upstream regions. If it does not bind, the purified 
RxR can be used to determine the possible chromosomal DNA fragment(s) to 
which it does bind. 

We have shown previously that the pfxP-/acZ fusion plasmid (pJAC24) 
enhances exotoxin A production In the PAOI isogenic mutant PAO::ptxR, but 
not in PAOI. However, the level of ptxR expression Is substantially lower In the 
mutant than In PAOI. It is important to note that the level of ptxR expression In 
these studies Is measured by the level of the B-galactosidase activity. The 
production of a detectable B-galactosldase activity requires the formation of a 
tetramer by four B-galactosidase molecules (Beckwith, 1987). Thus, It is 
Important to first examine the transcription of the lacZgene (using Northern 
blot hybridization experiments) to prove that the pfxP-/acZfusion is transcribed 
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in the mutant. In addition, the amount of the p/xP-/acZfusion protein can be 
determined using B-galactosidase antibodies. Although it Is difficult at this time 
to explain the reduction in the level of B-galactosldase activity produced by 
PAO::pfxH/t)JAC24 the significant enhancement in exotoxin A activity is not 
completely surprising. The pfxP-/acZfusion contains the part of pfxP which 
codes for the DNA binding region (functional region). Based on this, it is less 
likely that the reduction in the B-galactosidase activity produced by ptxR-lacZ 
fusion in PAO::ptxR is due to the loss of a possible positive autoregulation of 
ptxR (i.e., the expression of the ptxR-lacZis positively-regulated by the 
chromosomally-encoded ptxR). One possible hypothetical model to explain 
these findings is based on the facts that DNA binding regulatory proteins (like 
RxR) usually bind as dimers to the upstream regions of the genes that they 
regulate, and that ptxR expression in P. aeruginosa Is low (even when ptxR is 
carried on a multicopy plasmid). Therefore, in PAOI carrying the ptxR-lacZ 
fusion, a heterodimer of PtxR and PtxR-LacZ may not bind efficiently or correctly 
to pfxP-regulated genes, thus no enhancement In exotoxin A production occurs. 
The PtxR-LacZ molecules can still tetramerize to produce B-galactosidase 
ac:tlvlty. In PAO::ptxR, on the other hand, homodlmers of PtxR-LacZ will be 
sufficient to cause an enhancement in exotoxin A activity by binding to the 
upstream regions of the regulated genes. The utilization of the RxR-LacZ 
molecules in DNA binding may not leave enough molecules for tetramizeration 
and the production of B-galactosldase activity. Purification of the fusion protein 
using immunoaffinlty chromatography (anti-B-galactosidase antibody columns) 
will be essential for other future studies. 

One possible way to identify the proteins that are regulated by ptxR is to 
cx)mpare the cellular proteins of PAOI and Its ptxR Isogenic mutant using two-
dimensional gels. Direct comparison of the protein profile of these strains may 
help us Identify proteins that are enhanced by ptxR, and possibly proteins that 
are repressed by it. 

The next important step In the analysis of ptxS Is to identify the proteins 
that bind to the ptxS upstream regions. Using biotlnylated-DNA-streptavidin 
columns, these potential proteins may be purified. Although a limited amount of 
each protein would be obtained, the amino terminus sequence of 10-15 
residues of each protein can then be detennined. If a GenBank search reveals 
that such residues do not exist in the already published database, 
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oligonucleotides that correspond to the coding sequence of the amino acids 

can be synthesized and used to isolate the genes that code for these proteins. 
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