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Abstract 

Intrinsic antimicrobial resistance of the opportunistic human pathogen 

Pseudomonas aeruginosa has mainly been attributed to the presence of several 

chromosomally-encoded multidrug efflux systems.  The MexAB-OprM system exports 

the largest range of structurally unrelated antimicrobial agents and its expression is 

modulated by multiple regulatory controls.  To develop a better understanding of mexAB-

oprM overexpression in nalC mutants, which characteristically produce the effector 

protein PA3719 that binds and disrupts MexR transcriptional repression of mexAB-oprM, 

the PA3719-MexR interaction domains were investigated.  Using a bacterial two-hybrid 

system, the C-terminus of PA3719 was found to be sufficient to mediate MexR-binding, 

and the binding region was found to be distinct from the MexR DNA-binding motif.  The 

two-hybrid system was also used in an attempt to understand the role of PA3720, a 

protein of unknown function that is also overexpressed in nalC mutants.  Results from 

this study confirm that PA3720 does not function to bind and alleviate NalC 

transcriptional repression of the PA3720-PA3719 operon.  This study also attempted to 

identify the signals involved in overexpressing PA3720-PA3719, in the hopes to 

elucidate the natural function of MexAB-OprM.  Random transposon mutagenesis using 

a PA3720-PA3719 promoter-lacZ fusion containing P. aeruginosa strain was conducted, 

but failed to clearly identify any disrupted genes associated with PA3720-PA3719 

overexpression.  Using the same PA3720-PA3719 promoter-lacZ fusion, expression of 

these genes was assessed as a function of growth in both wildtype and nalC mutant P. 

aeruginosa strains.  Interestingly, PA3720-PA3719 expression was found to be growth-
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regulated, with an increased amount of expression occurring in late log/early stationary 

phase, even in the absence of nalC.  This suggests that another regulator(s) is/are 

involved in modulating PA3720-PA3719 levels in late log/early stationary phase.  Since 

PA3719 ultimately influences mexAB-oprM expression, its involvement in mediating 

growth-phase mexAB-oprM expression was assessed by examining mexA expression in 

both wildtype and PA3719 deletion P. aeruginosa strains.  PA3719 was found to be 

involved in some, but not all, of the growth phase control of mexAB-oprM.  These results 

suggest that mexAB-oprM growth-phase regulation is complex, as both MexR-dependent 

and MexR-independent regulatory pathways seem to exist.  Overall, this study has 

produced a better understanding of mexAB-oprM regulation in nalC mutant P. aeruginosa 

strains.  
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Chapter 1 

Introduction 

Pseudomonas aeruginosa is a Gram-negative bacillus and one of the most 

common opportunistic human pathogens to cause hospital-acquired infections within 

immunocompromised populations.  It is an aerobic pathogen that frequently causes 

pneumonias, infections of the urinary and respiratory tracts, as well as infections of soft 

tissue, eyes, ears, and often burns (Baltch and Smith, 1994).  Among those susceptible to 

P. aeruginosa infections, people with cystic fibrosis (CF) are particularly at risk.  

Infections within CF patients trigger chronic inflammation of the airways that often lead 

to respiratory failure and death (Hutchison and Govan, 1999; Driscoll et al., 2007).  

Typically, people with CF are unable to clear P. aeruginosa infections, even with the aid 

of antimicrobial chemotherapy, and suffer from recurrent exacerbations resulting in 

deterioration of pulmonary function.  P. aeruginosa is an extremely adaptable organism 

that can survive in a variety of different environments.  Its adaptability contributes to it 

being a significant health concern, as this organism is able to persist in many aquatic 

ecosystems, such as drinking water, sinks and showers, and non-aquatic environments 

like soil (Spiers et al., 2000).  Two key characteristics that allow P. aeruginosa to persist 

in hospitals and other environmental niches are its ability to utilize multiple carbon 

sources and to form protective biofilms (Driscoll et al., 2007).  Treatment of P. 

aeruginosa infections are further complicated by the fact that this organism exhibits 

resistance to a variety of antibacterial agents, and that resistant strains are often selected 

for during long-term antimicrobial chemotherapy (Driscoll et al., 2007).  Selection of 



 

 2 

multidrug resistant bacterial populations is also promoted by the improper and overuse of 

antimicrobial agents, with treatment of resistant bacterial infections resulting in increased 

costs, mortality and duration of hospital stays (Obritsch et al., 2005).  The fact that P. 

aeruginosa is intrinsically resistant to many widely used antimicrobials and biocides 

(antiseptics/disinfectants), and has many environmental reservoirs, explains why this 

organism is a common cause of nosocomial infections.   

Bacteria have devised an array of mechanisms to deal with antimicrobial/biocide 

threats (Wright, 2003).  As more and more antimicrobial agents are used, bacteria 

respond by developing more complex and wide-ranging mechanisms to survive.  Among 

the many resistant mechanisms, multidrug efflux pumps have become of particular 

interest, as the occurance of multidrug resistant organisms seems to be on the rise 

(Driscoll et al., 2007).  In fact, multiple efflux pumps are responsible for providing a 

large amount of multidrug resistance in P. aeruginosa (Schweizer, 2003).  My research 

focuses on the regulation of one specific efflux pump in P. aeruginosa, MexAB-OprM, 

and attempts to identify the environmental signal(s) involved in its production.  

Understanding the environmental pressures involved in producing this significant 

resistance determinant could potentially allow for more successful health outcomes.  

 

1.1  Targets of Antimicrobial Agents  

Antimicrobial agents act to either kill (bactericidal) or inhibit the growth 

(bacteriostatic) of bacteria by interfering with specific cellular processes.  There are a 

limited number of cellular functions that antimicrobials can interfere with, since they 
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must affect a target unique to the bacterial cell.  In fact, antimicrobials can be categorized 

into five groups based on their mechanism of action, which includes those that 

compromise the integrity of the bacterial cell wall, disrupt transcription, translation or 

DNA replication, and agents that alter the permeability of the cellular membrane (Russell 

and Chopra, 1996; Walsh, 2000).   

The bacterial cell wall is an extremely important antimicrobial target because it 

protects the bacterium from changes in osmotic pressure, and thus, weakening of the wall 

will consequently lead to lysis of the bacterial cell (Walsh, 2000).  In fact, multiple 

antimicrobial agents exert their toxic effects by interfering with proper cross-linking of 

the peptidoglycan layer.  β-lactams inhibit cell wall synthesis by covalently binding 

transpeptidases (also called penicillin-binding proteins, PBPs), preventing them from 

cross-linking components of the peptidoglycan layer.  The glycopeptide vancomycin, 

binds peptidoglycan precursor molecules and inhibits cell wall cross-linking via steric 

hinderance.  Both mechanisms result in the incomplete formation of the peptidoglycan 

layer and cell death.             

There are many classes of antimicrobials that hinder translation by directly 

targeting the 30S or 50S subunits of the bacterial ribosomes.  Bacterial ribosomes are 

excellent targets for antimicrobials, because they are structurally distinct from those 

found in eukaryotics (Prescott et al., 2002).  Major groups of antimicrobials that inhibit 

translation include tetracyclines, macrolides (e.g. erythromycin), chloramphenicol and 

aminoglycosides (e.g. streptomycin).  Briefly, tetracyclines disrupt protein synthesis by 

blocking access to the aminoacyl-tRNA binding site on the 30S subunit of the ribosome, 
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aminoglycosides prevent the release of the growing polypeptide chains (resulting in 

messenger RNA (mRNA) misreading and often early termination), macrolides cause 

peptidyl-tRNA dissociation from the ribosome and hence inhibition of protein synthesis, 

and chloramphenicol blocks translocation by inhibiting ribosomal peptidyl transferase 

activity (Russell and Chopra, 1996). 

  Nucleic acid synthesis can be inhibited at multiple stages during cell growth and 

replication.  Some antimicrobials, like sulphonamides and trimethoprim, interfere with 

nucleic acid synthesis by preventing production of precursor molecules required for 

purine and pyrimidine biosynthesis (Prescott et al., 2002).  Other antimicrobials act at the 

RNA level to inhibit translation.  For example, rifamycins (e.g. rifampin) are inhibitors of 

transcription, and mediate their effects by binding to the DNA-dependent-RNA 

polymerase to prevent transcription of mRNA (Prescott et al., 2002).  Fluoroquinolones 

and quinolones (e.g. nalidixic acid) inhibit DNA gyrase and topoisomerase IV, which are 

enzymes important for DNA replication and repair mechanisms (Hooper, 2001).  In the 

presences of these antimicrobials, DNA gyrase and topoisomerase IV form quinolone-

enzyme-DNA complexes that impede the movement of the replication fork and create 

double-stranded DNA breaks that result in bacterial cell death.   

In terms of cellular membrane integrity, polymyxins are antimicrobials capable of 

causing major disorganization of cellular membranes, rendering them more permeable 

and allowing for cellular contents to escape from the interior of the bacterial cell (Russell 

and Chopra, 1996).   
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1.2    Antimicrobial Resistance     

Resistance has developed in response to the use of antimicrobials.  The most 

common mechanisms of resistance include: modification of the drug target, enzymatic 

destruction/alteration of the antibiotic itself, and limiting the amount of drug able to enter 

into the pathogen by preventing drug influx or promoting active efflux (Poole, 2002a).  

Resistance can also be acquired or intrinsic.  Acquired resistance occurs either by the 

development of certain chromosomal mutations or by horizontal gene transfer involving 

resistance plasmids, transposons or integrons (Normark and Normark, 2002).  In addition 

to being able to acquire resistance, many microorganisms are naturally or intrinsically 

resistant to antimicrobials (e.g. via outer membrane impermeability), meaning that each 

member of the bacterial species mediates resistance in the absence of additional gene 

alterations.  Both intrinsic and acquired resistance mechanisms are responsible for 

protecting P. aeruginosa against many clinically used antibiotics and biocides (Bonomo 

and Szabo, 2006).   

 

1.2.1  Impermeability of the Outer Membrane 

 The outer membrane (OM) of Gram-negative organisms provides a degree of 

intrinsic resistance to most antimicrobials, because it acts as a barrier to impede the entry 

of many agents into the bacterial cell (Nikaido, 1994).  The lipopolysaccharide (LPS) is 

one of the major constituents of the OM that prevents antimicrobials from entering the 

bacterial cell.  The LPS is a highly cross-linked structure that is located in the outer 

leaflet of the OM , where it provides an overall negative charge that helps prevent the 
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influx of many antimicrobial agents (Kumar and Schweizer, 2005).  The presence of 

porins in the OM permits the influx of small hydrophilic molecules, and some 

antimicrobials have taken advantage of these ‘gateways’ into the interior of the cell 

(Yoshimura and Nikaido, 1985; Nikaido, 2003).  The intrinsic resistance provided by the 

OM for P. aeruginosa is even greater than that of most Gram-negative organisms, due to 

the fact that it only contains low-efficiency porins that allow small molecules to diffuse, 

but at a rate 100 times slower than that of other Gram-negative organisms like E. coli 

(Nikaido, 1994).  Further resistance can occur, as many organisms can reduce the 

permeability of their OM by altering the expression of specific porins to limit 

antimicrobial entrance into the cell.  For example, carbapenems select for P. aeruginosa 

mutants with reduced production of OprD, a basic amino acid porin that also facilitates 

carbapenems entry, as a protective mechanism against these agents (Kohler et al., 1999).  

Overall, the impermeability of the OM as a resistance mechanism is thought to function 

synergistically with other resistance mechanisms, such as active efflux, to provide 

intrinsic antimicrobial resistance for P. aeruginosa (Poole, 2002b).   

 

1.2.2  Enzymatic Inactivation and Modification 

 The production of enzymes that function to modify or destroy antimicrobials is 

another effective method of inhibiting agents from interacting with their intracellular 

targets (Walsh, 2000).  The classical example used to describe inactivation mechanisms 

of resistance are the β-lactamases.  These enzymes hydrolyze the β-lactam ring of most β-

lactams, rendering them unable to bind transpeptidases and interfere with peptidoglycan 
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cross-linking.  In terms of P. aeruginosa, both intrinsic and acquired β-lactamases 

contribute to β-lactam resistance (Poole, 2004).  A chromosomally-encoded, inducible, 

broad-spectrum β-lactamase (ampC) is the primary mediator of β-lactam resistance in this 

organism, which hydrolyzes most antipseudomonal β-lactams apart from carbapenems 

and most 4
th
 generation cephalosporins.  The acquisition of additional 

plasmid/transposon-encoded β-lactamases further complicates treatment, since they 

protect the bacterial cell from many cephalosporins and carbapenems not hydrolyzed by 

AmpC.  An example of resistance resulting from drug modification is chemical alteration 

of aminoglycosides by aminoglycoside-modifying enzymes (Wright, 2005).  Three 

different types of aminoglycoside-modifying enzymes have been identified, including 

aminoglycoside phosphoryltransferases (APH), aminoglycoside acetyltransferases (ACC) 

and aminoglycoside nucleotidyltransferases (ANT), which act to prevent 

aminoglycosides from binding their ribosomal target.  All three aminoglycoside-

modifying enzymes have been found to mediate resistance in P. aeruginosa (Bonomo 

and Szabo, 2006).   

 

1.2.3  Target Modification 

 Alteration of antimicrobial targets is another mechanism bacterial organisms 

employ to evade the effects of antimicrobial agents (Alekshun and Levy, 2007).  This 

protective mechanism inhibits the toxic effects of an antimicrobial even if they gain entry 

into the cell at lethal concentrations, because antimicrobials are unable to recognize/bind 

to their intracellular targets.  Resistance to many fluoroquinolones and quinolones has 
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developed from the generation of target site mutations in both DNA gyrase and 

topoisomerase IV genes (Hooper, 2001).  Mutations within these genes are responsible 

for the majority of quinolone/fluoroquinolone resistance found in P. aeruginosa and 

acquisition of multiple mutations within these genes can render the organism even more 

resistant to these agents (Normark and Normark, 2002; Higgins et al., 2003).  Other 

examples of target modifications include mutations in transpeptidases that make them 

less able to bind β-lactams, which is utilized by P. aeruginosa (Gotoh et al., 1990), and 

methylation of the 50S ribosomal subunit to impair macrolide-binding (Alekshun and 

Levy, 2007).      

 

1.2.4   Active Efflux 

Efflux-mediated tetracycline resistance was first characterized in Escherichia coli 

and attributed to the plasmid-encoded Tet protein (Ball et al., 1980) .  This single 

component efflux system provides resistance via the active export of tetracycline across 

the cytoplasmic membrane.  Essentially, antimicrobials are unable to accumulate within 

the interior of the bacterial cell due to their rapid and constant export.  Since this first 

identification of efflux as an antimicrobial resistance mechanism, a variety of different 

efflux systems, both chromosome and plasmid-encoded, have been described in many 

organisms (Li and Nikaido, 2004; Poole, 2005).  Efflux systems can be further divided 

into drug/class-specific or multidrug systems.  Class and drug-specific export systems 

export a single class of antimicrobial agent, and are thought to be acquired by mobile 

elements originating from antibiotic-producing bacterial strains (Reynes et al., 1988; 
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Dairi et al., 1995).
 
 Alternatively, multidrug efflux systems tend to be chromosomally-

encoded and export a broad range of structurally unrelated substrates.  Multidrug efflux 

systems, including those important for antimicrobial resistance in P. aeruginosa and their 

intended functions are discussed below.   

   

1.3  Multidrug Efflux Pumps 

Five classes of bacterial efflux systems capable of exporting antimicrobials have 

been identified, including the major facilitator (MF) superfamily, the ATP-binding 

cassette (ABC) family, the resistance-nodulation division (RND) family, the small 

multidrug resistance (SMR) family and the multidrug and toxic compound extrusion 

(MATE) family (Fig. 1-1) (Putman et al., 2000).  A common feature among these efflux 

systems is the presence of a cytoplasmic membrane-associated drug-ion antiporter, with 

the exception of the ABC transporters that utilize ATP as its energy source.   

Multidrug transporter structure varies depending on whether they are present in 

Gram-positive or Gram-negative bacteria.  Gram-positive bacteria lack an OM, and so a 

single component transporter located within the cytoplasmic membrane (inner membrane, 

IM) of the organism is sufficient to mediate antimicrobial export (Kumar and Schweizer, 

2005).  Multidrug export systems in Gram-negative organisms often consist of three 

components, a cytoplasmic membrane-embedded drug-proton antiporter, an outer 

membrane channel-forming (OMF) component and a periplasmic membrane fusion 

protein (MFP) (Eswaran et al., 2004).  The organization of these tripartite systems, allows  
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Figure 1-1.  Schematic diagram of the five families of multidrug efflux systems.   
Major facilitator (MF) superfamily, the small multidrug resistance (SMR) family, the 

multidrug and toxic compound extrusion (MATE) family, the resistance-nodulation 

division (RND) family, and the ATP-binding cassette (ABC) family.  Examples from 

different species are highlighted. (Kumar and Schweizer, 2005). 
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for the active export of clinically-relevant antimicrobials and other substrates directly 

from the cytoplasm to the extracellular environment.  Of the efflux families, only 

members of the ABC family, MF superfamily and RND family have been found to form 

three component systems (Eswaran et al., 2004).   

 

 

1.3.1  Major Facilitator (MF) Superfamily 

Multidrug transporter proteins belonging to this family are found in an array of 

bacteria, archaea, and eukaryotic species. Structurally, they contain either 12 or 14  

transmembrane segments (TMS) that span the cytoplasmic membrane (Marger and Saier, 

Jr., 1993; Pao et al., 1998).  MF superfamily transporters can function as a single 

component system, like the QacA and QacB multidrug transporters of Staphylococcus 

aureus, which mediate resistance to antiseptics and disinfectants commonly used in 

hospital settings (Paulsen et al., 1996a).  Members of this family can also form tripartite 

structures with OMF and MFP components in Gram-negative organisms, as illustrated by 

the EmrAB-TolC multidrug system of E. coli, which confers quinolone and 

thiolactomycin resistance (Lomovskaya and Lewis, 1992).    

 

1.3.2  ATP-Binding Cassette (ABC) Family 

 ABC transporters are also found in a large number of species, including bacteria, 

archaea, and eukaryotes (Fath and Kolter, 1993; Putman et al., 2000).  Multidrug 

transporter proteins belonging to this family contain 6 TMSs and utilize ATP to actively 
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export antimicrobials, activity which is typically provided by cytoplasmic membrane-

associated proteins.  Although ABC multidrug transporters are rarely found in bacteria, 

they have been identified in both Gram-positive and Gram-negative species, exemplified 

by the LmrA multidrug transporter of Lactococcus lactis and the VcaM transporter of 

Vibrio cholera, respectively (van Veen et al., 1996; Huda et al., 2003).  LmrA exports 

many clinically-relevant antimicrobials, including aminoglycosides and tetracyclines, and 

VcaM provides resistance to fluoroquinolones, kanamycin and streptomycin.    

 

1.3.3  Small Multidrug Resistance (SMR) Family 

The smallest of all the drug efflux pumps, SMR pumps are found in both Gram-

positive and negative organisms (Paulsen et al., 1996b).  Each SMR transporter protein 

contains 4 TMS, and it is believed that the oligomerization of these small proteins form a 

functional transporter in the cytoplasmic membrane.  The first SMR transporter was 

discovered in S. aureus (Smr) and was found to confer resistance to ethiduim bromide 

and biocides (Grinius et al., 1992).  The EmrE multidrug transporter of E. coli lowers the 

susceptibility of this organism to many antimicrobials (e.g. tetracycline and sulfadiazine), 

and an aminoglycoside-exporting homolog has been identified in P. aeruginosa 

(Yerushalmi et al., 1995; Li et al., 2003a).   

 

1.3.4  Multidrug and Toxic Compound Extrusion (MATE) Family 

Originally classified as members of the MF superfamily, the most recently 

discovered MATE efflux pumps are now recognized as a distinct group of transporters.  
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Structurally they share some of the same characteristics as MF family transporters, 

including the presence of 12 helical TMSs embedded in the cytoplasmic membrane. 

However, the two families do not share sequence homology (Kumar and Schweizer, 

2005).  Another unique feature of the MATE transporters is that they can employ proton 

or sodium ion gradients as energy sources for substrate transport.  The first member of 

the MATE family (NorM) was discovered in Vibrio parahaemolyticus, and was found to 

mediate resistance to fluoroquinolones and aminoglycosides (Morita et al., 1998).  NorM 

homologues have been identified in other Gram-negative species including, E. coli 

(YdhE), $eisseria species and P. aeruginosa (PmpM), where they also provide multidrug 

resistance (Morita et al., 1998; Rouquette-Loughlin et al., 2003; He et al., 2004). MATE 

transporters also provide multidrug resistance in Gram-positive organisms.  For example, 

the MepA transporter of S. aureus has recently been discovered to export 

fluoroquinolones and biocides (Kaatz et al., 2005).   

 

1.3.5  Resistance-Nodulation-Cell Division (RND) Family 

 RND multidrug transporters are found in Gram-positive bacteria, archaea, and 

eukaryotic species, although they are uncommon, and their purpose within these 

organisms is not completely understood (Kumar and Schweizer, 2005).  Multidrug RND 

transporters are most frequently found in Gram-negative bacteria, and are known to 

export a variety of clinically-relevant antimicrobial agents.  RND transport proteins 

consist of 12 TMSs with 2 large loops that extend into the periplasm that have been 

shown to be important for substrate specificity (Elkins and Nikaido, 2002; Mao et al., 
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2002).  Tripartite RND multidrug efflux systems consisting of the transporter, an OMF 

and MFP component, provide resistance to the largest range of clinically-relevant 

antimicrobial agents in comparison with other efflux families (Li and Nikaido, 2004).  

The AcrAB-TolC system of E. coli, and the homologous Mex systems of P. aeruginosa 

are some of the best-studied multidrug RND transporter systems. 

 

1.4  Multidrug Efflux Systems of Pseudomonas aeruginosa 

There are nine characterized RND multidrug efflux systems in P. aeruginosa.  

These include the MexAB-OprM (Poole et al., 1993b),
 
MexCD-OprJ (Poole et al., 

1996a), MexEF-OprN (Kohler et al., 1997), MexXY-OprM (Westbrock-Wadman et al., 

1999), MexJK-OprM (Chuanchuen et al., 2002), MexGHI-OpmD (Sekiya et al., 2003), 

MexVW-OprM (Li et al., 2003c), MexPQ-OpmE (Mima et al., 2005) and the MexMN-

OprM (Mima et al., 2005) systems.  Clinical isolates and laboratory strains have been 

found to harbour mutations resulting in MexAB-OprM, MexCD-OprJ, MexEF-OprN and 

MexXY-OprM overproduction, leading to the generation of more highly resistant strains 

(Jakics et al., 1992; Fukuda et al., 1995; Ziha-Zarifi et al., 1999; Sobel et al., 2003).  Of 

these systems, MexAB-OprM and MexXY-OprM are constitutively expressed in 

wildtype P. aeruginosa and contribute to intrinsic antimicrobial resistance (Li et al., 

1995; Masuda et al., 2000b).  Although MexCD-OprJ and MexJK-OprM are not 

expressed in wildtype cells, overproducing strains are selected for in response to certain 

biocides, generating cross-resistance to antimicrobial agents (Chuanchuen et al., 2001; 

Chuanchuen et al., 2002).  MexGHI-OpmD, MexVW-OprM, MexPQ-OpmE, and 
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MexMN-OprM multidrug efflux are not currently thought to be clinically significant, as 

they only contribute to antimicrobial resistance when overproduced in a P. aeruginosa 

strain that lacks the four major multidrug efflux systems (i.e. MexAB, MexCD-OprJ, 

MexEF-OprN and MexXY) (Sekiya et al., 2003; Li et al., 2003c; Mima et al., 2005).  

The majority of efflux-mediated antimicrobial resistance is mediated by MexAB-OprM, 

as it has the broadest substrate range of all the P. aeruginosa Mex systems and is 

constitutively produced in wildtype strains (Schweizer, 2003). 

 

1.5   MexAB-OprM 

The components of the MexAB-OprM system are best-characterized, since the 

crystal structures of MexA, OprM and the MexB homologue, AcrB, have been solved 

(Murakami et al., 2002; Akama et al., 2004a; Akama et al., 2004b).  The cytoplasmic 

membrane-embedded RND drug-proton antiporter (i.e. MexB), the outer membrane 

channel-forming component (i.e. OprM) and a periplasmic membrane fusion protein (i.e. 

MexA) together produce the functional multidrug efflux pump (Fig. 1-2).  As mentioned 

previously, IM transporters of the RND family contain 12 TMSs with two large domains 

that extend into the periplasm.  Based on the crystal structure of AcrB, MexB is thought 

to be composed of three subunits (homotrimer) that together form a central cavity to 

allow the passage of antimicrobials and other substrates (Murakami et al., 2002).  At the 

distal-end of the MexB periplasmic extensions, the trimer forms a funnel-like structure 

that likely interacts with OprM to permit the rapid export of substrates to the exterior of 

the cell.  OprM, too, has been found to also exist as a trimer, but it is imbedded in the OM  
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Figure 1-2.  A model of the assembled tripartite structure of MexAB-OprM.  This 

model depicts MexB (shown in white) in the inner membrane (IM), where it interacts 

with OprM (shown in green), situated in the outer membrane (OM).  A ring of nine 

MexA molecules (shown in blue) is believed to form a sheath around MexB and OprM in 

the periplasm.  OprM is represented in its open state, as it is associated with MexB and 

MexA.  (Higgins et al., 2004).   
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and has a long periplasmic extension that gradually constricts to form a sealed proximal 

end (Akama et al., 2004a).  The small pore size and tapered periplasmic end presumably 

prevent entry of antimicrobials when OprM is in a resting state.  Opening of the OprM 

channel was found to occur in a gated-channel manner, as key residues were identified 

and found to be important for mediating conformational changes needed for opening 

(Yoshihara et al., 2002).  It is believed that OprM adopts an open state capable of 

exporting multiple substrates upon interaction with MexA and MexB, which induce the 

necessary conformational changes to permit drug export across the OM (Yoshihara et al., 

2002).  MexA is a periplasmic protein that is believed to interact with both MexB and 

OprM, allowing for a stable interaction between these components by forming a sheath 

around them in the periplasm (Eswaran et al., 2004).   

MexAB-OprM exports many clinically-relevant antimicrobials, including 

fluoroquinolones, β-lactams, tetracyclines, macrolides, chloramphenicol, novobiocin, 

trimethoprim, sulphonamides, and tigecycline (Kohler et al., 1996; Masuda et al., 2000a).  

Other substrates, such as dyes (Germ et al., 1999; Li et al., 2003a), detergents, biocides 

(Schweizer, 1998), homoserine lactones (Evans et al., 1998), and organic solvents (Li et 

al., 1998) are also exported by MexAB-OprM.  The export of numerous non-

antimicrobial substrates has raised many questions into the cellular functions of MexAB-

OprM and other multidrug efflux in the bacterial cell.    
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1.6  Natural Functions of Multidrug Efflux Pumps 

 Drug and class-specific efflux systems are hypothesized to have originated from 

antibiotic-producing microorganisms as self-protecting mechanisms, that are then 

acquired by other bacterial species via mobile genetic elements (Poole, 2005).  Although 

drug/class-specific efflux systems may have evolved from non-drug exporters, the 

extrusion of antimicrobial agents seems to be the primary function of these export 

systems.  The primary or natural function of multidrug efflux systems is much less clear 

and much debate about this can be found in the literature.   

Some argue that antimicrobial export is the intended function of multidrug efflux 

systems, based on evidence that many are inducible/upregulated by the antimicrobials 

they export (Grkovic et al., 2002).  For example, expression of mexXY in P. aeruginosa  

was found to be upregulated in the presence of gentamycin, erythromycin and 

tetracycline, all of which are accommodated by this efflux system (Masuda et al., 2000b).  

Others believe that since multidrug efflux systems also extrude many substrates not 

antimicrobial in nature, that exporting antimicrobials is not the sole purpose of these 

systems (Piddock, 2006).  It is, however, generally believed that multidrug efflux systems 

likely function to remove harmful compounds from the bacterial cell, which could be 

either endogenously- or exogenously-derived (Piddock, 2006).   

 

1.6.1  Cellular Signals Induce Multidrug Efflux Expression 

Counter to the argument that the intended function of mexXY is to transport 

antimicrobials (since its expression is induced by antimicrobial agents), a recent study 
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has found that induction only occurs in the presence of ribosome-inhibiting antibiotics 

(Jeannot et al., 2005).  In fact, the drug-ribosome interaction itself is required for mexXY 

induction, as other antimicrobials exported by MexXY-OprM that do not target the 

ribosome were unable to induce mexXY expression (Jeannot et al., 2005).  The fact that a 

cellular signal, in this case the impairment of ribosomal activity, could induce expression 

of mexXY suggests that it plays a physiological role within the cell (e.g. ribosome stress 

response).  The mexCD-oprJ operon codes for another inducible multidrug efflux system 

of P. aeruginosa, and has been found to be upregulated in the presence of benzalkonium 

chloride and chlorohexidine (i.e. biocides that cause membrane-damage), ethidium 

bromide, rhodamine 6G, and acriflavine (Morita et al., 2003).  Hyperexpression of this 

system, however, does not occur in response to fluoroquinolones, chloramphenicol, 

erythromycin, carbenicillin, streptomycin or tetracycline, even though these agents are 

also exported by MexCD-OprJ.  Similar to mexXY expression, it has been proposed that 

agents capable of inducing mexCD-oprJ expression also produce a cellular response that 

then stimulates the upregulation of this efflux system (Poole, 2005).  In fact, recent 

studies have shown that membrane-damaging agents (e.g. detergents, ethanol and 

chlorhexidine) have been found to upregulate mexCD-oprJ expression (Campigotto, 

unpublished).  This supports the theory that efflux of antimicrobials is not the natural 

function of this system. 
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1.6.2  Virulence, Fitness and Invasiveness 

Evidence that MexAB-OprM is involved in cellular processes unrelated to drug 

efflux stems from studies showing that it exports molecules important for the overall 

fitness and virulence of P. aeruginosa (Evans et al., 1998; Hirakata et al., 2002).  P. 

aeruginosa produces two $-acyl homoserine lactone (AHL) autoinducer signals, known 

as $-(3-oxododecanoyl) (3-oxo-C12-HSL) and $-butyryl homoserine lactone (C4-HSL) of 

the las and rhl quorum sensing systems, respectively (Waters and Bassler, 2005).  Studies 

have shown that although the smaller of the two AHLs (C4-HSL) is able to passively 

diffuse through the bacterial membrane, MexAB-OprM is involved in the active export of 

3-oxo-C12-HSL (Pearson et al., 1999).  Quorum sensing involves the production and 

accumulation of autoinducers in the environment, which are then able to stimulate a 

response by modulating changes in gene expression once the concentration has reached a 

certain threshold amount (Waters and Bassler, 2005).  As such, it is not surprising that 

genes regulated by the las system are affected by MexAB-OprM cellular levels.  In fact, 

overexpression of the mexAB-oprM-encoded efflux pump has been associated with 

reduced expression of known las-regulated virulence factors, including pyocyanin, casein 

protease, and elastase (Evans et al., 1998).  It has been hypothesized that the 

overproduction of MexAB-OprM interferes with bacterial communication by actively 

exporting the 3-oxo-C12-HSL autoinducer of the las quorum sensing system (Evans et al., 

1998).  Export ultimately prevents the re-entry of 3-oxo-C12-HSL into the cell, and, thus, 

inhibits it from activating regulators involved in the production of important las-regulated 

virulence factors.  Decreased fitness was also seen in MexAB-OprM and MexCD-OprJ 
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overproducing mutants, in which these mutants showed reduced survival rates in water, 

decreased production of proteases, and reduced overall virulence (Sanchez et al., 2002).  

Furthermore, mexAB-oprM deletion mutants were found to be compromised in their 

ability to invade epithelial cell monolayers and cause fatal infections in mice (Hirakata et 

al., 2002).  Reduced invasiveness was also documented in P. aeruginosa mexEF-opr$ 

and mexXY deletion strains, although it was not as pronounced as that seen in mexAB-

oprM mutants (Hirakata et al., 2002).  It seems that both overproduction and loss of 

MexAB-OprM production have detrimental effects on the overall fitness, virulence and 

invasiveness of P. aeruginosa.  This suggests that a moderate level of MexAB-OprM is 

required for mediating natural physiological functions within the bacterial cell, and that 

this multidrug efflux system is important for more than just antimicrobial efflux. 

 Another study also found reduced virulence in P. aeruginosa strains 

overproducing MexEF-OprN and MexCD-OprJ efflux systems.  This was found to result 

from decreased expression of the P. aeruginosa type III secretion system (T3SS) (Linares 

et al., 2005).
 
 Like quorum sensing, type III secretion is also important for mediating 

virulence, as it is required for delivering toxins into the cytoplasm of host cells via a 

needle-like structure (Galan and Collmer, 1999).  The exact mechanism involved in 

reduced expression of the T3SS still needs to be elucidated.  Again, a relationship 

between virulence and multidrug efflux system expression can be seen, and further 

supports the theory that multidrug efflux systems are involved in cellular processes.   
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1.6.3  Multidrug Efflux as a Protective Mechanism 

The AcrAB-TolC efflux system of E. coli, the homologue of MexAB-OprM, has 

been found to mediate the export of toxic fatty acids and bile salts (Ma et al., 1995; 

Thanassi et al., 1997).  The active efflux of bile salts is thought to act as a protective 

mechanism for intestine-dwelling organisms like E. coli, since bile salts are detergents 

and can disrupt cellular membranes.  More recent studies have revealed that the AcrAB-

TolC system is actually inducible by certain fatty acids and bile salts, consequently 

leading to the export of multiple detergents, dyes and antimicrobial agents (Rosenberg et 

al., 2003).  Similar multidrug efflux-mediated protective mechanisms for bile salts have 

also been characterized in other microorganisms, including $eisseria gonorrhoeae 

(Hagman et al., 1995) and Vibro cholerae (Chatterjee et al., 2004).   

 

1.6.4  Export of Cellular Metabolites  

Exporting by-products of metabolism may be another potential function of 

multidrug efflux systems (Poole, 2005).  This theory is exemplified by a study that found 

increased AcrAB-TolC production in nalidixic acid resistance E. coli strains resulted 

from mutation in genes involved in the biosynthesis of adenine, glutamate, methionine 

and cysteine (Helling et al., 2002).  From this finding, it was hypothesized that nalidixic 

acid resistance occurred in response to the accumulation of biosynthetic intermediates, 

which subsequently triggered acrAB and tolC overexpression (Helling et al., 2002).  

Nalidixic acid is presumably not the intended substrate of the AcrAB-TolC, but was 

transported due to the broad specificity associated with multidrug efflux systems. 
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1.7  Regulation of Multidrug Efflux Systems 

Based on the premise that multidrug efflux systems have physiological roles 

within the bacterial cell, the expression level of these systems would need to be tightly 

regulated, considering their potential involvement in maintaining normal cellular 

functions.  For example, without regulatory control, overexpression of multidrug efflux 

systems could result in the export of essential metabolites, due to their ability to export a 

broad range of substrates (Grkovic et al., 2002).
 
 Alternatively, in instances where an 

efflux system is not adequately expressed, due to a lack of activation, toxic metabolites 

and other cellular products destined for the extracellular environment could accumulate 

intracellularly (Grkovic et al., 2002).  Furthermore, understanding how specific genes are 

regulated allows investigators to develop insight into the physiological functions that 

proteins play within the bacterial cell.  These types of studies often fill voids left from 

structure-function based research, as it is frequently hard to perform structure-function 

studies for proteins that are difficult to purify and crystallize (Paulsen, 2003).  Regulation 

studies have revealed a large amount of information on multidrug efflux systems, as their 

components are closely associated with cellular membranes and hard to purify.  

Multidrug efflux systems belonging to the RND family are typically regulated at the 

transcriptional level, however, multidrug efflux regulation (Grkovic et al., 2001) at the 

translational level (ex. transcriptional attenuation)  has been documented (Speer et al., 

1992).   

Prokaryotic transcriptional regulators generally bind to palindromic or 

pseudopalindromic DNA sequences located near or within the promoter regions of the 



 

 24 

genes they modulate (Huffman and Brennan, 2002).  A common feature amongst 

prokaryotic transcriptional regulators is they all contain at least one DNA-binding motif 

that typically consists of an α-helix-turn-α-helix (HTH) motif.  The HTH is consists of 

two α-helices connected by a small four residue turn that generates a 120
o
 angle between 

the helices (Brennan and Matthews, 1989).  The second helix in the HTH domain is 

called the recognition helix, as it inserts into the major groove of target DNA and is 

important in determining the binding specificity of the transcriptional regulator.  These 

motifs alone, however, are generally not enough for DNA-binding, as a third α helix is 

typically required to stabilize the DNA-binding motif.  HTH motifs can also be 

embedded in larger DNA-binding domains, like that of the winged helix (WH) domain, 

which consists of the HTH followed by one or two β-hairpin wings (Gajiwala and Burley, 

2000).  Both HTH motifs and WH domains are utilized by bacterial transcriptional 

regulators of multidrug efflux systems (Grkovic et al., 2002).   

Members of the MarR and TetR family of transcriptional repressors have been 

found to be important for regulating mexAB-oprM expression in P. aeruginosa (Evans et 

al., 2001; Cao et al., 2004; Sobel et al., 2005).  MarR represses transcription of the mar 

(multiple antibiotic resistance) operon in E. coli by utilizing a WH DNA-binding motif 

(Huffman and Brennan, 2002).  Unsurprisingly, members of the MarR family are 

typically involved in regulating multiple antibiotic resistance mechanisms (Sulavik et al., 

1995).  TetR is a repressor of a tetracycline efflux pump gene in E. coli, and contains a 

HTH domain.  Generally, TetR family of repressors are involved in regulating expression 

of antibiotic biosynthesis genes and efflux systems and, in fact, the majority of multidrug 
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efflux systems are regulated by transcriptional repressors belonging to this TetR family 

(Grkovic et al., 2002; Ramos et al., 2005).   

 

1.7.1  Regulation of Multidrug Efflux Systems in P. aeruginosa 

In P. aeruginosa, each of the RND multidrug efflux systems capable of exporting 

antimicrobials has their own independent regulatory mechanisms.  In most cases, a local 

transcriptional regulator gene is linked to the same operon encoding the multidrug efflux 

system it modulates (Li and Nikaido, 2004).  Many transcriptional regulators have been 

shown to alter efflux expression by binding to substrates exported by the efflux system 

they regulate.  For example, BmrR, the transcriptional activator of the Bmr multidrug 

efflux system of Bacillus subtilis was found to increase the rate of bmr transcription upon 

binding multiple substrates exported by this efflux pump (Ahmed et al., 1994).  QacR is 

another transcriptional regulator that interacts directly with pump substrates to increase 

expression of the qacA multidrug transporter of S. aureus.  In this case ligand-binding 

alleviates QacR transcriptional repression (Grkovic et al., 1998).  Mutations in local 

transcriptional repressor genes can also result in the overexpression of multidrug efflux 

systems, resulting in increased resistance to a variety of different antimicrobial agents.  

For example, strains with mutations in the local transcriptional repressor (mexR) of the 

mexAB-oprM operon, have been found to overproduce MexAB-OprM (Poole et al., 

1996b).  Unlike local regulators, global regulatory genes are not located adjacent to the 

encoding region of the efflux systems they control.  Instead, they are dispersed 

throughout the chromosome and generally regulate the transcriptional level of multiple 
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genes simultaneously.  Global regulation is also thought to be involved in mexAB-oprM 

expression, since an inverse relationship between mexAB-oprM expression and the 

expression of both mexCD-oprJ and mexEF-opr$ exists (Li et al., 2000). 

 

1.8  Regulation of MexAB-OprM 

The constitutively expressed MexAB-OprM multidrug efflux system of P. 

aeruginosa is the major mediator of resistance to many clinically-used antimicrobials.  In 

addition, the deletion/disruption of three separate regulatory genes (i.e. mexR, nalD and 

nalC)  have been associated with increased mexAB-oprM expression in both clinical and 

laboratory strains (Fig. 1-3) (Masuda and Ohya, 1992; Llanes et al., 2004).  Other 

unidentified regulatory pathways also likely exist, as mexAB-oprM expression has shown 

to be growth-phase regulated (Evans and Poole, 1999).   

 

1.8.1  mexR 

Overexpression of mexAB-oprM in nalB mutants results from the disruption of 

mexR, a gene that codes for a local transcriptional repressor located upstream of mexAB-

oprM operon (Poole et al., 1996b).  MexR is a member of the MarR family of 

transcriptional regulators and binds within the mexR-mexA intragenic region as a dimer 

(Evans et al., 2001).  MexR has been found to bind to two distinct sites within the 

intragenic region, where it can repress transcription of mexAB-oprM and itself.  The  
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Figure 1-3. Regulatory controls of mexAB-oprM in P. aeruginosa.  Expression of 

mexAB-oprM is controlled locally by the transcriptional repressor MexR.  MexR 

dimerization and subsequent binding to the mexR-mexA intragenic region encompassing 

the promoter site I (PI), which permits MexR to negatively regulate mexAB-oprM and 

itself.  The transcriptional repressor NalD also negatively regulates mexAB-oprM 

expression by controlling expression of a distinct promoter (PII) within the mexR-mexA 

intragenic region.  Production of the effector polypeptide PA3719 is associated with 

increased mexAB-oprM expression, as it is able to directly bind MexR and inhibit its 

repressor activity.  PA3719 is regulated by another transcriptional regulator, NalC, which 

is encoded upstream of the PA3720-PA3719 operon.  The function of PA3720 is 

unknown.       
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crystal structure of MexR has been solved, and has revealed that MexR dimers are very 

flexible (Lim et al., 2002).  MexR dimers are hypothesized to have two major 

conformations, an open and closed state, that respectively either allow or prevent DNA-

binding.  Spacing between the DNA-binding domains is thought to be the major 

difference between these two conformations, and ultimately determine the DNA-binding 

activity of MexR (Lim et al., 2002).  Essentially, reduced spacing between the DNA-

binding domains in the proposed closed conformation of MexR renders it incompatible 

with adjacent major grooves of the operator sequence, and prevents MexR from 

repressing mexAB-oprM expression.  Furthermore, from this study, it was suggested that 

there is likely an effector molecule capable of binding and inducing the closed 

conformation under normal cellular conditions (Lim et al., 2002).  This would ultimately 

result in the alleviation of MexR repression and increase mexAB-oprM expression.  

Overexpression of mexAB-oprM in nalB strains can occur from mutations that 

destabilize/abrogate MexR production, or interfere with dimerization or DNA-binding 

(Adewoye et al., 2002).   

 

1.8.2  nalD 

Transposon-based mutagenesis studies identified another gene (i.e. nalD or 

PA3574) involved in mexAB-oprM regulation (Sobel et al., 2005).  NalD is a member of 

the TetR family of transcriptional repressors, and has recently been found to negatively 

regulate the mexAB-oprM expression by interfering with the activity of a second 

promoter (PII) located within the mexR-mexA intragenic region (Morita et al., 2006).  This 
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promoter region is situated more proximal to the mexA gene than the promoter repressed 

by MexR (called PI).  Negative transcriptional regulation of PII does not affect mexR 

expression and, so, regulates mexAB-oprM expression in a MexR-independent manner 

(Morita et al., 2006). 

 

1.8.3  nalC 

The nalC gene (i.e. PA3721) encodes a TetR transcriptional repressor that  

negatively regulates the expression of an adjacent two-gene operon (PA3720-PA3719), 

such that nalC mutants overexpress PA3719 and PA3720 (Cao et al., 2004).  

Interestingly, overexpression of PA3720-PA3719 has been associated with increased 

mexAB-oprM expression, with PA3719 production alone being sufficient to mediate 

upregulation of mexAB-oprM (Cao et al., 2004).  Further experimentation revealed that 

PA3719 was capable of increasing mexAB-oprM expression by directly binding MexR, 

where it interferes with MexR DNA-binding activity and consequently alleviates efflux 

gene repression (Daigle et al., 2007).  PA3719 is a small protein (53 amino acids) with 

predicted C-terminal secondary structure, however, exactly how it functions to modulate 

MexR repression is still unknown.  The functional significance of PA3720 is even less 

well understood, as both the deletion and overexpression of this protein in P. aeruginosa 

has failed to produce increased antimicrobial resistance (Cao et al., 2004).   
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1.8.4  Growth-Phase Regulation  

Studies have shown that mexAB-oprM expression varies depending on the stage 

of bacterial growth, with minimal expression in lag phase and increased expression in log 

to late log phase (Evans and Poole, 1999).  This growth-phase trend of mexAB-oprM 

expression was also found in nalB strains (i.e. lacking functional MexR), indicating that 

MexR may not be involved in the growth phase regulation of this efflux system.  

Regulatory controls involved in the growth phase expression of mexAB-oprM still need to 

be identified.   

   

1.9  Experimental Focus 

Insights into the natural function of MexAB-OprM may be gained by studying the 

regulatory controls that govern its expression.  Given the contribution of MexAB-OprM 

to antimicrobial resistance in P. aeruginosa, developing a better understanding of the 

cellular/environmental signals that promote mexAB-oprM expression could be important 

from a medical standpoint.  The purpose of my research is to obtain a better 

understanding of mexAB-oprM overexpression in nalC mutant P. aeruginosa strains.  An 

attempt was made to identify genes/mutations involved in stimulating PA3720-PA3719 

production, to indirectly determine the physiological or environmental signals involved in 

mexAB-oprM overexpression by the nalC regulatory pathway.   
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Chapter 2 

Materials and Methods 

 

2.1  Bacterial Strains and Growth Conditions 

 The bacterial strains and plasmids used in the current study are listed in Table 2-1.  

P. aeruginosa and E. coli strains were cultured in Luria broth (L-broth; Miller’s Luria 

broth base [Difco]) supplemented with 0.2% NaCl (wt/vol), with appropriate antibiotics 

added when necessary, and grown shaking at 37ºC (~200 rpm).  Solid medium was made 

by adding agar (1.5% [wt/vol]) to the described L-broth mixture.  BM2-succinate 

minimal medium [0.04 M K2HPO4·3H2O, 0.02 M KH2PO4, 8 mM (NH4)2SO4 and 0.03 M 

Succinic acid adjusted to pH 7.0] supplemented with 1mM MgSO4 and 0.1 µM FeCl3 

(from a 100 µM FeCl3 0.1N HCl stock), was also employed during this study.  Solid 

minimal medium was obtained by autoclaving 1.5% agar (wt/vol) in H2O and then 

combining the described BM2-succinate components.  The plasmid pMS604 and all of its 

derivatives were maintained in E. coli SU202 and SU101 with 10µg/ml of tetracycline.  

Plasmid pDP804, and all plasmids derived from it were maintained in E. coli SU202 with 

100µg/ml of ampicillin.  The plasmids mini-CTX1, mini-CTX-lacZ and their cloned 

promoter fusions were maintained with 10µg/ml of tetracycline in E. coli.  Plasmid 

pDSK519 and its derivatives were maintained with 50µg/ml of kanamycin in E. coli and 

750µg/ml of kanamycin in P. aeruginosa K1454 (nalC).  The plasmid pRK415 and all 

asd construct containing plasmids were maintained with 10µg/ml of tetracycline in E.  
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Table 2-1. Bacterial strains and plasmids. 

 

 

Strain or  

plasmid 

Relevant characteristic
a
 Source or reference 

E. coli   

 

DH5α 

 

ϕ80d lacZDM15 endA1 hsdR17 

supE44 thi-1 recA gyrA96 relA1  

F- 3(lacZYA-argF) U169 

 

 

(Ausubel et al., 1992) 

S17-1 thi pro hsdR recA Tra
+
 (Simon et al., 1983) 

 

Sm10(λpir) thi-1 thr lec tonA lacY supE 

recA::RP4-2-Tc::Mu; Kmr λpir 

(Miller and Mekalanos, 

1988) 

 

SU202  lexA71::Tn5 sulA211 sulA::lacZ 

3(lacIPOZYA)169 F’ lacI
q
 lacZ 

3M15::Tn9 

 

(Dmitrova et al., 1998) 

 

 

SU101   lexA71::Tn5 sulA211 sulA::lacZ 

3(lacIPOZYA)169 F’ lacI
q
 lacZ 

3M15::Tn9 

 

(Dmitrova et al., 1998)  

MM294 glnV44(AS) endA1 thi-1 hsdR17 

creC510  

(Figurski and Helinski, 

1979) 

 

P. aeruginosa 

 

  

K767  PA01 wildtype (Masuda and Ohya, 

1992) 

 

K1454  Spontaneous nalC mutant of K767 (Srikumar et al., 2000) 

 

K2276  K1454 ∆3719 (Cao et al., 2004) 

 

K2516   PAO1 ∆asd::Gm
r
FRT  (Hoang et al., 1997) 

 

K2792 K767::PPA3720-lacZ  This study  

 

K2793 K767::nalC-PPA3720-lacZ This study  

 

K2794 K1454::PPA3720-lacZ This study  
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Strain or  

plasmid 

Relevant characteristic
a
 Source or reference 

K2795 K1454::nalC-PPA3720-lacZ This study 

 

K2796 K767 ∆3719 This study 

 

Plasmids 

 

  

pMP604 LexA1-87WT-Fos zipper fusion; Tc
r 

 
(Dmitrova et al., 1998) 

pDP804 LexA1-87408-Jun zipper fusion; Ap
r 

 
(Dmitrova et al., 1998) 

pLK452 pMS604::mexR (Adewoye et al., 2002)

  

pSF001 pDP804::PA3719 

 

(Daigle et al., 2007) 

pRLK001 pDP804::PA3719 (S25-Y53) 

 

(Daigle et al., 2007) 

pRLK002 pMS604::mexR (R32-T98) 

 

This study 

pRLK003 pMS604::PA3719 

 

This study 

pRLK004 pMS604::PA3720 

 

This study 

pRLK005 pDP804::nalC  

 

This study 

mini-CTX-1  integration vector, Ω-FRT-attP-MCS; 

ori, int, oriT; Tc
r
  

 

(Hoang et al., 2000) 

pFLP2  source of Flp recombinase; Ap
r
 (Hoang et al., 1998) 

 

pRLK006 mini-CTX-1::asd1(begins 33 bp  

upstream of predicted ATG  of asd) 

 

This study 

 

pRK415 broad-host-range cloning vector; Plac 

MCS; Tc
r 

 

(Keen et al., 1988)  

 

pMMB207 broad-host-range cloning vector; Ptac 

MCS; CAM
r
 

(Morales et al., 1991)  

 

 

pRLK007 pRK415::asd2 (cloned construct 

beginning 12 bp downstream of the 

predicted ATG of asd in the same 

orientation as Plac promoter) 

This study 
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Strain or  

plasmid 

Relevant characteristic
a
 Source or reference 

pRLK008 pMMB207::asd2 (construct cloned in 

the opposite orientation as Ptac 

promoter) 

 

This study 

pRLK009 pRK415::asd3 (cloned construct 

beginning 17 bp upstream of the 

predicted ATG of asd in the same 

orientation as Plac promoter) 

 

This study 

pRLK010 pMMB207::asd3 (construct cloned in 

the opposite orientation as Ptac 

promoter) 
 

This study 

pRLK011 pRK415::asd4 (cloned construct 

beginning 10 bp upstream of the 

predicted ATG of asd in the same 

orientation as Plac promoter) 
 

This study 

pRLK012 pMMB207::asd4 (construct cloned in 

the opposite orientation as Ptac 

promoter) 

 

This study 

pRLK013 pRK415::asd5 (cloned construct 

beginning at the predicted ATG  

of asd in the same orientation as  

Plac promoter) 

 

This study 

pRLK014 pMMB207::asd5 (construct cloned in 

the opposite orientation as Ptac 

promoter) 

 

This study 

mini-CTX-lacZ integration vector, Ω-FRT-attP-MCS-

lacZ; ori, int, oriT; Tc
r
 

(Becher and Schweizer, 

2000) 

 

pRLK015 mini-CTX::PPA3720-lacZ (contains the 

predicted PA3720-19 promoter region 

fused to promoter-less lacZ) 

 

This study 
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Strain or  

plasmid 

Relevant characteristic
a
 Source or reference 

pRLK016 

 

mini-CTX::nalC-PPA3720-lacZ 

(contains the upstream nalC gene in 

addition to the predicted PA3720-19 

promoter region fused to lacZ) 

 

This study 

pDSK519 broad-host-range cloning vector; Km
r
 

 

(Keen et al., 1988)  

 

pLC1 pDPSK19::nalC
 

(Cao et al., 2004) 

 

pUT::mini-Tn5-tet  mini-Tn5-tet delivery vector; Ap
r
 Tc

r
 
 

(de Lorenzo et al., 

1990) 

 

pHP45ΩTc pHP45 plasmid carrying the Ω-Tc
r
 

cassette 

 

(Prentki and Krisch, 

1984) 

pBluescript II SK (+) 

 

cloning vector; Ap
r
 Strategene 

pMP190 transcriptional fusion vector 

containing a promoterless lacZ gene; 

CAM
r
 

 

(Spaink et al., 1987) 

pYM025 pMP190::PI-lacZ (Morita et al., 2006) 

 

pYM030 pMP190::PII-lacZ (Morita et al., 2006) 

 

pYM031 pMP190::PI+II-lacZ (Morita et al., 2006) 

 

pEX18Tc broad-host-range gene replacement 

vector; sacB; Tc
r 

 

(Hoang et al., 1998) 

pLC8  pEX18Tc::∆3719 (Cao et al., 2004) 

 

pRK2013 Ori ColE1, RK2 transfer genes; Km
r
  (Figurski and Helinski, 

1979) 
 

a
 Ap

r
, ampicillin resistant; CAM

r
, chloramphenicol resistant; Gm

r
, gentamicin resistant; 

Km
r
, kanamycin resistant; Tc

r
, tetracycline resistant. 
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coli and 75µg/ml of tetracycline in P. aeruginosa (K2516).  Plasmid pMMB207 and its 

derivatives were maintained with 10µg/ml (in E. coli) and 75µg/ml (in P. aeruginosa) of 

chloramphenicol.  The plasmid pUT-mini-Tn5-tet was maintained in E. coli with either 

tetracycline (10µg/ml) or ampicillin (100µg/ml).  The cloning vector pBluescriptII SK(+) 

(Stratagene) and all of its derivatives were maintained in E. coli with 100µg/ml of 

ampicillin.  Finally, pMP190 and its promoter-containing derivatives were maintained in 

P. aeruginosa with 50µg/ml of chloramphenicol in liquid culture and 200µg/ml on solid 

agar medium.             

 

2.2  DNA Manipulations 

 All procedures used for plasmid manipulation and construction were taken from 

Sambrook and Russell (2001), including restriction enzyme digestions, ligations, 

transformations, plasmid isolation and agarose gel electrophoresis.  Plasmids were also 

isolated from E. coli using the QIAprep Spin Miniprep kit or Qiafilter Plasmid Midi kit, 

according to the protocols provided by the manufacturer (Qiagen Inc., Mississauga, 

Ontario).  Genomic DNA was isolated from P. aeruginosa strains using the DNeasy 

Tissue Kit (Qiagen, Inc.).  Chemical competent (CaCl2) DH5α and S17-1 E. coli cells 

were made using the protocol described by Sambrook and Russell (2001).  

Electrocompetent E. coli DH5α, SU202 and SU101 cells were obtained using the 

protocol outlined by Ausubel et al., (1992).  Electrocompetent P. aeruginosa cells were 

prepared as previously described by Choi et al, (2006).  Prior to electroporation all 

plasmids/ligation mixtures were first dialyzed against H20 using Millipore Type VM 
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0.05µm filter discs, in which the samples were incubated on filters over water for 15-20 

min at room temperature before combining the samples with the electrocompetent cells.  

All DNA fragments used for cloning were purified using the Wizard
®
 SV Gel and PCR 

Clean-Up System (Promega Corp., Nepean, Ontario).  Oligonucleotides used for PCR 

amplification were synthesized by Integrated DNA Technologies (IDT) (Coralville, 

Iowa) and nucleotide sequencing was performed by ACGT Corp. (Toronto, Ontario).      

 

2.3  Construction of Bacterial Two-Hybrid Plasmids  

 The region encoding the winged helix DNA-binding domain of MexR, namely 

mexR (R32-T98), was cloned into pMS604 following PCR amplification of this region 

using the primers mexR (R32-T98)-For (5’–GTGCACCGGTGCGACTCGACCTGACC 

CG-3’; AgeI site is underlined) and mexR (R32-T98)-Rev (5’-GCTACTCGAGTCAAGG 

TGAGGAAGAGCTGGAAGC-3’; XhoI site is underlined).  In a final reaction volume of 

50µl, 30 pmol of each primer was combined with 1 µg of chromosomal P. aeruginosa 

K767 DNA (template), 0.2 mM of each deoxynucleoside triphosphate (dNTP), 1x 

ThermoPol reaction buffer (New England Biolabs, Mississagua, Ontario), 5% (vol/vol) 

dimethyl sulfoxide (DMSO) and 2 U of Vent DNA polymerase (New England Biolabs).  

The PCR reaction mixture was denatured at 94ºC for 3 min, followed by 35 cycles of 

94ºC for 1 min, 63ºC for 1 min and 72ºC for 30 sec, before ending with a 10 min 

incubation at 72ºC.  The resulting PCR fragment was subsequently purified using the 

Wizard
®
 SV Gel and PCR Clean-Up System (Promega Corp.), digested with AgeI (5 U) 

and XhoI (20 U) in a  reaction containing 1x NEB buffer and 1x bovine serum albumin 
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(BSA), and repurified using the same kit, before being cloned into AgeI-XhoI digested 

pMS604 to yield pRLK002.  Nucleotide sequencing confirmed that no mutations were 

introduced during PCR.  To clone the C-terminus of PA3719 into pDP804, two 

complementary 110 bp oligonucleotides (each flanked by XhoI and BglII sites) 

containing the sequence encoding PA3719 (S25-Y53) were obtained from IDT, annealed 

together and cloned into XhoI-BglII digested pDP804.  Briefly, annealing was carried out 

by incubating 800 pmol of each oligonucleotide in 1x T4 ligation buffer (New England 

Biolabs) for 3 min at 95ºC, and then cooled at room temperature for 5 hrs.  The resulting 

double stranded 110 bp DNA fragment was then purified using the Wizard
®
 SV Gel and 

PCR Clean-Up System (Promega Corp.) before being cloned into pDP804 to obtain 

pRLK001.  Nucleotide sequencing verified that the cloned fragment was correct and that 

it did not contain any mutations.  Plasmids pRLK001 and pRLK002 were then mobilized 

directly into E. coli SU202 via electroporation.   

 PA3719 was cloned into pMS604 following the PCR amplification of the gene 

from chromosomal P. aeruginosa K767 DNA using the primers PA3719(lexA)-For (5’-

GCTCACCGGTGTCCCTGAACACTCCGCGC-3’; AgeI site is underlined) and 

PA3719(lexA)-Rev (5’-GCTACTCGAGTCAGTAGAAGTGCTCGCCG-3’; XhoI site is 

underlined).  PCR amplification of PA3720 was achieved by using the primer pair 

PA3720(2
nd
ATG-lexA)-For (5’-GCTCACCGGTGAATGCCCCCGCTAAGAGCC-3’; 

AgeI site is underlined) and PA3720(lexA)-Rev (5’GCTACTCGAGTCACCAGTTCAT 

CCCCGTC-3’; XhoI site is underlined).  Similarly, nalC was also amplified with the use 

of PA3721(lexA)-For (5’-GCTAGCGCGCAACGATGCTTCTCCCCGT C-3’; BssHII 
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site is underlined) and PA3721(lexA)-Rev (5’-GCTCAGATCTTCAGCCCTGCGCGGG 

-3’; BglII site is underlined).  Except for the use of different primer pairs, the same 

reaction mixtures and PCR settings (below) were used for the amplification of all three 

genes.  The reaction mixtures were created as described above for the PCR of mexR 

(R32-T98), and were then denatured at 94ºC for 3 min, followed by 30 cycles of 94ºC for 

1 min, 60ºC for 1 min and 72ºC for 1 min, and finished off with a final  incubation of 

72ºC for 10 min.  The resulting DNA fragments were purified with the Wizard
®
 SV Gel 

and PCR Clean-Up System (Promega Corp.), digested with the appropriate restriction 

enzymes, repurified using the same system, and ligated into AgeI-XhoI digested pMS604 

or BssHII-BglII digested pDP804, as appropriate.  The resulting plasmids were sequenced 

and renamed pRLK003 (pMS604::PA3719), pRLK004 (pMS604::PA3720) and 

pRLK005 (pDP804::nalC). 

 

2.4  Bacterial Two-Hybrid System 

 To determine whether an interaction between the WH domain of MexR and 

PA3719 occurs in vivo, the plasmids pRLK002 (pMS604::mexR (R32-T98)) and pSF001 

(pDP804::PA3719) were electroporated into E. coli SU202 and selected on L-broth agar 

containing tetracycline (10µg/ml) and ampicillin (100µg/ml).  E. coli SU202 is a reporter 

strain that contains an operator sequence-lacZ chromosomal fusion that specifically binds 

two distinct LexA DNA-binding domains (LexAWT and LexA408 DBD), encoded on 

pMS604 and pDP804, respectively (Dmitrova et al., 1998).  This system relies on the fact 

that LexA dimerization is required to bind this operator and successfully repress lacZ 
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expression.  Sequence encoding the natural dimerization domain of LexA has been 

replaced with sequence of two leucine zippers known to interact, fos and jun, that are 

fused in-frame with the sequences encoding the LexA DNA-binding domains of pMS604 

and pDP804, respectively.  Since Fos and Jun interact, they will promote the dimerization 

of LexAWT and LexA408 DBDs of pMS604 and pDP804, such that lacZ expression of E. 

coli SU202 carrying these vectors will be repressed.  By engineering PA3719 and its 

truncated derivative into pDP804, and mexR and the region encoding the WH domain 

into pMS604, we can assess interaction by testing for the ability to promote dimerization 

of the LexA DBDs and cause repression of lacZ expression in E. coli SU202.  Following 

the mobilization and antibiotic selection of pMS604 (or its derivatives) and pDP804 (or 

its derivatives) into E. coli SU202, standard β-galactosidase assays were performed as 

described below (see β-galactosidase assay).  Whole cell extracts of each plasmid-

containing E. coli SU202 strain were immunoblotted using anti-LexA specific antibodies 

to ensure that the LexA DBD-fusion proteins were expressed (see SDS-PAGE and 

Immunoblotting).  An interaction between PA3720 and NalC was also assessed using this 

system.    

A similar method was also employed to determine whether PA3719 oligomerizes 

in vivo.  The E. coli reporter strain SU101 was used for this experiment, and like E. coli 

SU202 it also contains an operator-lacZ chromosomal fusion, however, it only binds the 

wildtype LexA DNA-binding domain in a dimeric form (Dmitrova et al., 1998).  PA3719 

was fused in-frame with the LexAWT DNA-binding domain of pMS604 (above), and then 

transformed into E. coli SU101.  E. coli SU101 containing pMS604 or its derivatives 
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were maintained on L-broth agar containing 10µg/ml of tetracycline and were then 

subjected to standard β-galactosidase assays as described below.  Reduced β-

galactosidase activity will only occur upon the successful dimerization of PA3719.   

 

2.5  β-Galactosidase Assay 

 E. coli SU202 strains transformed with pMS604 (or its derivatives) and pDP804 

(or its derivatives) were grown overnight (approximately 18 hrs) at 37ºC shaking in L-

broth containing tetracycline (10µg/ml) and ampicillin (100µg/ml).  E. coli SU101 strains 

containing pMS604 (or its derivatives) were growth overnight in L-broth supplemented 

with tetracycline (10µg/ml) at 37ºC.  All cultures were diluted 1:50 in fresh antibiotic-

containing L-broth and incubated at 37ºC with shaking until an OD600 between 0.7-1.0 

was reached.  Standard β-galactosidase assays were performed as described by Miller 

(1992).     

 

2.6  Construction of a PA3720-PA3719 Promoter Reporter System 

 To provide an indicator of PA3720-PA3719 promoter activity, in order to identify 

PA3720-PA3719 overexpressing mini-Tn5-tet mutants, attempts were made to fuse the 

PA3720-PA3719 promoter (hereafter referred to as PPA3720) to a promoterless essential 

gene (i.e. asd) and introduce it into a P. aeruginosa ∆asd strain (K2516).  In the absence 

of asd, K2516 growth is dependent on diaminopimelic acid (DAP) supplementation, 

however DAP-independent growth would occur in mutants with PPA3720-promoted asd 

expression.  Initially, we needed to obtain an asd containing fragment that carried 
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translational initiation sequences but had no promoter activity to fuse to PPA3720.  Five 

different asd-containing fragments that varied in 5’ sequences were amplified from the 

chromosome of P. aeruginosa K767 and tested for the presence of asd promoter activity 

by cloning them into mini-CTX-1 (in the case of asd1) or into the expression vectors 

pRK415 and pMMB207.  Promoter activity was tested by cloning the asd fragments in 

the same orientation as the plasmid-borne promoter (in pRK415) and in the opposite 

orientation of the plasmid-borne promoter (in pMMB207), and introducing them into P. 

aeruginosa K2516 to see if they provided for growth on DAP-deficient medium.  Thus, 

constructs that promoted P. aeruginosa K2516 growth when expressed from pRK415, 

but not pMMB207, would presumably carry the needed asd open reading frame and 

ribosome binding site (RBS), but not the asd promoter and, so, could be fused to the 

PPA3720.  The same reverse primer, asd-Rev (5’-GCTAGGTACCACCTTCGCCCAGG 

CAATC-3’; KpnI site is underlined) was used for the production of all five asd 

constructs, and was used in conjunction asd1-For (5’-GATCAAGCTTAAGCTTGCCAG  

CTCACTTCTCTCATATAGG-3’), asd2-For (5’-GATCAAGCTTAAGCTTGGTCTGA 

TCGGTTGGCGCGGG-3’), asd3-For (5’-GATCAAGCTTAAGCTTCATATAGGTGTA 

GTTGCGATG-3’), asd4-For (5’-GATC AAGCTTAAGCTTTGTAGTTGCTGCGATG 

AAA-3’) and asd5-For (5’GATCAAGCTTAAGCTTATGAAGCGTGTAGGTC-3’) to 

generate all five asd PCR fragments (tandem HindIII sites are underlined).  The PCR 

reaction mixture (50µl) for all five constructs contained approximately 1 µg of P. 

aeruginosa K767 chromosomal DNA as template, 0.2 mM of each dNTP, 30 pmol of 

asd-Rev and the appropriate forward primer, 1x ThermoPol buffer, 5% (vol/vol) DMSO 
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and 2 U of Vent DNA polymerase (New England Biolabs).  All PCR reactions were 

initially denatured at 94ºC for 3 min, followed by 30 cycles of 94ºC for 1 min, annealed 

at varying temperatures (specified below) for 1 min and elongated at 72ºC for 1min 30 

sec, before being incubated for another 10 min at 72ºC.  The annealing temperatures are 

as follows; both asd1 and asd5 fragments were generated using 63ºC, asd2 with 66ºC, 

asd3 with 68ºC and asd4 with 55ºC.  The resultant PCR fragments were purified with the 

Wizard
®
 SV Gel and PCR Clean-Up System (Promega Corp.), digested with HindIII and 

KpnI, and then cloned into pRK415 and pMMB207, except for asd1 which was cloned 

into mini-CTX-1.  All asd-containing plasmids were mobilized into CaCl2 competent E. 

coli DH5α and then subsequently used in a triparental mating with P. aeruginosa K2516 

(K2516) and the plasmid-mobilizing E. coli MM294 (pRK2013) strain.  Briefly, 600 µl 

of P. aeruginosa K2516 was pelleted with 300 µl of pRK2013-carrying E. coli and E. 

coli DH5α (containing the plasmid to be conjugated).  The combined strains were then 

resuspended in 100 µl of L-broth, which was then spotted and incubated for 5 hrs on L-

agar supplemented with 200µg/ml of DAP.  Bacterial cells were collected and selected by 

plating on L-agar containing 200µg/ml DAP, 0.5 µg/ml imipenem (to counter-select for 

E. coli) and either 75µg/ml of tetracycline for pRK415 (or its derivatives) or 100µg/ml 

chloramphenicol for pMMB207 (or its derivatives).  Isolated P. aeruginosa colonies were 

then tested for asd expression by patching on L-broth agar with or without DAP 

supplementation.    

DNA fragments encompassing the predicted promoter region of PPA3720 and the 

promoter region together with the upstream nalC (hereafter referred to as nalC-PPA3720) 
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gene were amplified from the chromosome of P. aeruginosa K767.  The 155 bp DNA 

fragment encompassing the promoter region was amplified using primers pPA3720-19-

For (5’-GCTAGGTACCTCGGAAGGTGCGCATGGTG -3’; KpnI site is underlined) 

and pPA3720-19-Rev (5’-GATCAAGCTTAAGCTTGCAAGGCGGAGGAATGAGC-

3’; tandem HindIII sites are underlined).  The PCR product produced by this primer pair 

generates a fragment located within the nalC-PA3720 intragenic region that encodes up 

to the first 20 bp upstream of the translational start site of PA3720.  To amplify the nalC-

PPA3720 promoter fragment, pPA3720-19-Rev was used in conjunction with PA3721-

pPA3720-19-For (5’-GCTAGGTACCAACTGCCGGGCCAGGCGC-3’; KpnI site is 

underlined).  The PCR reaction (50 µl) for each primer pair consisted of 1 µg of 

chromosomal P. aeruginosa K767 DNA, 0.2 mM of each dNTP, 30 pmol of pPA3720-

19-Rev and the appropriate forward primer, 1x ThermoPol buffer, 5% (vol/vol) DMSO 

and 2 U of Vent DNA polymerase (New England Biolabs).  All PCR reactions were 

denatured at 94ºC for 3 min before being subjected to 30 cycles of the following 

conditions; 94ºC for 1 min, annealed at 58ºC for 1 min and elongated at 72ºC for 45 sec 

or 1min (specified below), and finally incubated at 72ºC for another 10 min.  An 

elongation time of 45 sec was used to amplify the PPA3720 promoter fragment and 1 min 

was used to generate nalC-PPA3720.  Both fragments were digested with HindII and KpnI, 

cloned into HindIII-KpnI digested mini-CTX-lacZ and sequenced to obtain pRLK015 and 

pRLK016, containing PPA3720-lacZ and nalC-PPA3720-lacZ, respectively.  These plasmids 

were transformed into chemical competent E. coli S17-1 and then mobilized into P. 

aeruginosa K767 and K1454 (nalC) using a previously described conjugation protocol 



 

 45 

(Poole et al., 1993a).  With the use of the integration plasmid mini-CTX-lacZ, a single 

copy of the promoter-lacZ fusion was transferred into the chromosome at a designated P. 

aeruginosa phage attachment site called attB (Becher and Schweizer, 2000).  Plating on 

L-broth agar supplemented with tetracycline selected for P. aeruginosa K767 (75µg/ul) 

and K1454 (150µg/ml) promoter-lacZ fusion strains (addition of chloramphenicol 

[5µg/ml] was also used to counter-select E. coli S17-1 plasmid-containing cells).  P. 

aeruginosa K767 and K1454 fusion strains were electroporated with pFlp2, selected for 

on carbenicillin (150µg/ml) and then streaked on 10% (wt/vol) sucrose L-broth plates 

(Hoang et al., 1998).  Excision of unwanted integrated mini-CTX-lacZ backbone 

sequences was mediated by the Flp recombinase encoded by pFlp2, which is maintained 

by plating on carbenicillin supplemented medium.  The plasmid pFlp2 also contains a 

sacB gene which permits selection of pFlp2-free strains (after the removal of mini-CTX-

lacZ backbone) on sucrose.  Proper integration of the promoter-lacZ fusions were verified 

by PCR using a primer specific for the attachment site (Pser-down; 5’-AGTTCGGCCTG 

GTGGAACAACTCG-3’) and the promoter region itself (pPA3720-19-Rev).  This was 

achieved through the resuspension of individual colonies in 30 µl of water, which were 

subsequently incubated at 100 ºC for 5 min before being cooled on ice.  The resultant 

colony solution (2 µl) was then used as template in a PCR reaction (10 µl) consisting of 

0.2 mM of each dNTP, 30 pmol of each primer, 1x ThermoPol buffer, 5% (vol/vol) 

DMSO and 0.5 U of Taq DNA polymerase (New England Biolabs).  Reactions were 

subjected to incubation at 94ºC for 3 min, followed by 30 cycles of 30 sec at 94ºC, 30 sec 

at 60ºC, and 1 min at 72ºC, before being elongated again for 5 min at 72ºC.  From these 
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experiments, an 828 bp DNA fragment from PPA3720-lacZ containing strains and a 1547 

bp product in nalC-PPA3720-lacZ promoter-fusion strains was used as verification of 

proper integration.  The PCR settings used for the verification of both promoter-lacZ 

fusion were almost identical, with the exception of a 1 min 30 sec elongation time at 72ºC 

used for the larger nalC-containing promoter region.  The resulting P. aeruginosa strains 

were termed K2792 (K767::PPA3720-lacZ), K2793 (K767::nalC-PPA3720-lacZ), K2794 

(nalC:: PPA3720-lacZ) and K2795 (nalC::nalC- PPA3720lacZ).  β-galactosidase assays were 

used to measure PA3720-PA3719 promoter activity in these strain in random 

mutagenesis and growth curve studies (below). 

 

2.7  Transposon Mutagenesis 

P. aeruginosa K2793 carrying the nalC-PPA3720-lacZ fusion was randomly 

mutagenized with the mini-Tn5-tet transposon via the mobilization of pUT::mini-Tn5-tet 

from E. coli SM10 λpir using a mating protocol similar to that previously described 

(Poole et al., 1993a).  Briefly, 300 µl of overnight P. aeruginosa recipient and 600 µl of 

log phase E. coli donor culture grown in L-broth (with the appropriate antibiotics) at 42ºC 

and 37ºC, respectively, were combined, pelleted and resuspended in a 100 µl of L-broth 

in a microfuge tube.  This conjugation mixture was then spotted on a L-broth agar plate 

and incubated for 5 hrs at 37ºC.  Bacterial growth was then recovered in 1 ml of L-broth 

medium and K2793 harbouring mini-Tn5-tet insertions were selected on L-broth plates 

containing tetracycline (75µg/ml) and chloramphenicol (5µg/ml to counter-select the 

donor E. coli cells).     
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2.8  β-Galactosidase Assays in 96-well Microplates 

 Individual mini-Tn5-tet mutagenized P. aeruginosa K2793 colonies were patched 

onto L-broth plates containing 75µg/ml of tetracycline and 5µg/ml of chloramphenicol.  

From these master plates, a sample of each was inoculated with a sterile toothpick into 

96-well microplates (Sarstedt Inc., Newton, North Carolina) containing 125 µl L-broth 

and were incubated overnight at 37ºC.  Overnight cultures were then mixed thoroughly 

with a 12-channel multichannel pipette prior to taking OD600 readings with the use of a 

Thermo Electron Varioskan (Thermo Electron Corp.).  A modified version of a 

previously described permeabilization buffer [ 1% (vol/vol) TritonX-100, 48µg/ml 

Polymyxin B, 1.9 mM dithiothreitol, 1.9 mM ethylenediaminetetraacetic acid (EDTA), 8 

mM Na2HP04, 24 mM Tris-HCl pH 7.8) was prepared, and 100 µl was aliquoted into a 

second set of 96-well microplates (Schupp et al., 1995).  Following the addition of 25 µl 

of overnight mutant culture to the dispensed permeablization buffer, solutions were 

mixed gently 5-6 times using a multichannel pipette.  Next, 30 µl of o-nitrophenyl-β-D-

galactopyranoside (ONPG; 4mg/ml stock) was added to each well and reactions were 

incubated at room temperature for 30-40 min before being stopped with the addition of 

70 µl of 1M Na2C03.  Absorbance readings at OD420 and OD550 were taken using the 

Thermo Electron Varioskan.  From these values, Miller units were calculated as 

previously described (Miller, 1992) and compared to the values obtained for non-

mutageneized K2793 (K767::nalC-PPA3720-lacZ) and K2795 (nalC::nalC-PPA3720-lacZ), 

which were used as negative and positive controls for PA3720-PA3719 expression.  

These two control strains were inoculated on every 96-well microplate to ensure that the 



 

 48 

reactions were working properly and to determine when to halt the β-galactosidase 

reaction with Na2C03.   

 

2.9  SDS-PAGE and Immunoblotting  

 Whole-cell extracts were prepared from E. coli SU202 and SU101 plasmid-

containing overnight cultures grown in L-broth medium (supplemented with the 

appropriate antibiotics) as described previously (Redly and Poole, 2003).  Samples were 

then subjected to SDS-polyacrylamide gel electrophoresis and Western blotting to 

confirm expression of LexA DBD-protein fusions, with the use of polyclonal anti-LexA 

antibodies (Invitrogen Corp., Burlington, Ontario) according to already described 

protocols (Srikumar et al., 1998).  

 

2.10  Southern Hybridization 

 Genomic DNA from multidrug resistant mini-Tn5-tet mutants was extracted using 

the DNeasy Tissue Kit (Qiagen) and was PstI digested before being examined by 

Southern hybridization as described previously (Li et al., 2003b).  A hybridization probe 

specific for the tetracycline resistance gene of mini-Tn5-tet transposon was engineered to 

compare the mutant band patterns to determine whether they have the same transposon 

integration sites (i.e. same gene disruptions).  The tetracycline resistance gene was 

excised from pHP45ΩTc (contains the same gene as pUT::mini-Tn5-tet) with HindIII and 

then subsequently digoxigenin (DIG)-labelled using concentrations of hexanucleotide 

mix and PCR DIG labelling mix as directed by the manufacturer (Roche Diagnostics, 
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Laval, Quebec).  Briefly, approximately 300 ng of denatured (boiled for 10 min) excised 

tet gene, 1x hexanucleotide mix, 1x PCR DIG labelling mix and 3-9 U of the DNA 

polymerase I Klenow fragment (Invitrogen) was added to a 20 µl final volume and 

incubated at 37ºC for 20 hrs until the reaction was stopped by the addition of 4µM 

EDTA.  Genomic DNA was electrophoresed on a 0.8% (wt/vol) agarose gel, transferred 

to a positively charged nylon membrane (Amersham Pharmacia Biotech., Amersham 

Place England) by the capillary transfer method and then hybridized with the DIG-

labelled tet probe as outlined in the protocol of the DIG High Prime DNA Labeling and 

Detection Starter kit II (Roche Diagnostics).  Note that anti-DIG-horse-radish peroxidise 

conjugated antibodies were used instead of the alkaline phosphatase conjugated 

antibodies suggested by the protocol.     

 

2.11  Sequencing of mini-Tn5-tet Insertion Mutants  

 Chromosomal DNA from a small subset of multidrug resistant mini-Tn5-tet 

mutants presumed to show increased PA3720-PA3719 expression was PstI digested and 

cloned into PstI-digested pBluescript II SK(+), before being transformed into 

electrocompetent E. coli DH5α.  Plasmids containing the mini-Tn5-tet transposon with 

flanking chromosomal DNA were selected for on tetracycline-containing (10µg/ml) L-

broth agar.  Following plasmid purification, nucleotide sequencing using the primer mini-

Tn5-Right (5’-GCTTGCTCAATCAATCACC-3’) and mini-Tn5-Left (5’-GCTTGCTCA 

ATCAATCACC-3’), specific to the opposite ends of the transposon element, were used 

to sequence flanking DNA.  Genes disrupted by mini-Tn5-tet were identified by 



 

 50 

comparing the DNA flanking sequences with that of the P. aeruginosa genome sequence 

(http://www.pseudomonas.com; Stover et al., 2000) using BLASTN 

(http://www.pseudomonas.com/blast.jsp).   

 

2.12  Growth Phase Reporter Assays 

 To assess the impact of growth on PA3720-PA3719 expression, the β-

galactosidase activity of P. aeruginosa K2792, K2793, K2794 and K2795 carrying the 

chromosomal PPA3720 promoter-lacZ fusions (described above) were measured as a 

function of growth.  Overnight stationary phase cultures grown at 37ºC with shaking (200 

rpm) were sub-cultured into fresh BM2-succinate minimal medium (100 ml) to obtain a 

starting OD600 of 0.2.  Samples (2 ml) were collected hourly over a span of 9-10 hrs, of 

which 800 µl was used to determine the OD600 for each time point.  Based on the 

obtained absorbance values, the volume of culture required to attain an OD600 of 0.25 in 2 

ml of fresh BM2-succinate was calculated, made up to 2 ml, and stored on ice until 

samples for all the time points were collected.  Once representatives of each time point 

were recovered and incubated on ice for at least 30 minutes, modified β-galactosidase 

assays based on a protocol previously described by Evans and Poole (1999) were 

performed.  Briefly, 500 µl of the adjusted culture was combined with 400 µl of Z-buffer 

(60 mM Na2HPO4·H2O, 40 mM NaH2PO4·H2O, 10 mM KCl, 1 mM MgSO4·7H2O, 50 

mM β-mercaptoethanol), 50 µl 0.1% (wt/vol) sodium dodecyl sulfate and 50 µl 

chloroform.  The remainder of the β-galactosidase assay protocol followed the Miller 
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protocol (see β-Galactosidase assay; Miller, 1992).  For each culture and time point, the 

assays were done in duplicate.   

 

2.13  Construction of a ∆ PA3719 Mutant 

 The previously-constructed pLC8 (pEX18Tc::∆3719) was introduced into E. coli 

S17-1 and then mobilized into wildtype P. aeruginosa K767 with the use of a previously 

described protocol (Poole et al., 1993a).  P. aeruginosa K767 cells harbouring the 

chromosome-integrated plasmid were selected on L-broth plated supplemented with 

tetracycline (75µg/ml) and chloramphenicol (5µg/ml), and then subsequently streaked 

onto 10% (wt/vol) sucrose-containing L-agar.  To verify the in-frame deletion of 

PA3719, colonies were picked from sucrose plates and subjected to colony PCR (as 

described previously) with primers PA3719(lexA)-For and PA3719(lexA)-Rev using 

already specified parameters (see construction of bacterial two-hybrid plasmids).     

  

2.14  RT-PCR 

 Overnight cultures of P. aeruginosa K767, K2796 (K767 ∆3719), K1454 (nalC) 

and K2276 (nalC ∆3719) were subcultured (1:50) in fresh L-broth medium (25 ml) and 

incubated at 37ºC with shaking to log (OD600 ~0.6-0.7) and stationary phase (OD600 ~1.6-

1.7).  The cell density was then adjusted in L-broth to obtain an OD600 of 0.3, prior to the 

isolation of total bacterial RNA with the Qiagen RNeasy Plus Mini Kit (Qiagen, Inc) 

using the protocol supplied by the manufacturer.  The resulting RNA preperations (50 µl) 

were tested for potential DNA contamination with Taq DNA polymerase (New England 
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Biolabs).  For this, a small volume of each RNA sample (0.5 µl) was combined with 0.2 

mM of each dNTP, 1x ThermoPol buffer, 5% (vol/vol) DMSO, 30 pmol of rpsL-F (5’-

GCAACTATCAACCAGCTC-3’) and rpsL-R (5’-GCTGTGCTCTTGCAGGTTGTG-

3’), and 0.5 U of Taq DNA polymerase in 10 µl volume reactions.  The PCR parameters 

included an initial incubation of 3 min at 94ºC, followed by 30 cycles of 30 sec at 94ºC, 

30 sec at 55ºC and 1 min at 72ºC, before finishing with  another 7 min at 72ºC.  

Production of a PCR fragment indicates that the samples are DNA contaminated and 

need to be repurified.  RNA samples deemed DNA-free were then used as the template 

for reverse transcription-polymerase chain reaction (RT-PCR) with the Qiagen OneStep 

RT-PCR kit.  The protocol used was taken from the instructions provided by the 

manufacturer, although a smaller total reaction volume was used (20 µl instead of the 

recommended 50 µl reaction).  The amount of RNA added to each reaction was 

standardized using the above primer pair specific for assessing rpsL expression, which 

codes for a constitutively expressed 30S ribosomal protein (S12) in P. aeruginosa, and is 

often used as an internal control in RT-PCR experiments.  Reaction mixtures containing 

0.9 µM of each rpsL primer were prepared as recommended by the Qiagen Onestep RT-

PCR kit Handbook.  Reaction mixtures were initially incubated for 30 min at 50ºC, 

followed by 15 min at 95ºC, and then subjected to 18-24 cycles of 30 sec at 94ºC, 30 sec 

at 60ºC and 1 min at 72ºC, before ending with another 7 min at 72ºC.  The same general 

PCR reaction mixtures and parameters were used for measuring the expression level of 

PA3719 and PA3720 from RNA isolated from P. aeruginosa K767 log and stationary 

phase cells, except 24 and 26 cycles were used with the primer pair PA3719(lexA)-For 
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and PA3719(lexA)-Rev and 34 and 36 cycles with primers PA3720 (2
nd
ATG-lexA)-For 

and PA3720(lexA)-Rev.  The expression of mexA was also assessed in P. aeruginosa 

K767, K2796, K1454 and K2276 with the primers mexA(RT-PCR)-For (5'-CCGCTTTC 

GCTCATGAGGA-3’) and mexA-(RT-PCR)-Rev (5’-ATGATGCCGTTCAAATGGG-3’) 

and using the same settings RT-PCR (above) with a range of 28-36 cycles.              

 

2.15  Growth-Phase Regulation of mexAB-oprM using Transcriptional 
Reporter Plasmids 

 To assess the possible influence of growth on mexA PI and PII promoter activies, 

previously constructed plasmid pMP190 derivatives with PI, PII or PI+PII fused to the 

promoterless lacZ gene present on this vector, were introduced into P. aeruginosa K767 

using the previously described protocol (Poole et al., 1993a; Morita et al., 2006).  

Plasmids were maintained in P. aeruginosa K767 on agar with 200µg/ml of 

chloramphenicol and in liquid cultures with 50µg/ml chloramphenicol.  Overnight 

cultures incubated at 37ºC with shaking were subcultured 1:50 into fresh 

chloramphenicol-supplemented medium and both log (OD600 ~0.5-0.7) and stationary 

phase (OD600 ~1.8-2.3) cells were collected.  Individual promoter activities were 

examined with the use of β-galactosidase assays (see β-galactosidase assay).    

 

 



 

 54 

Chapter 3 

Results 

3.1   Defining Interaction Domains of MexR and PA3719 

An interaction between MexR and PA3719 has been previously demonstrated 

(Daigle et al., 2007).  Furthermore, random mutagenesis studies identified three point 

mutations in the WH DNA-binding domain of MexR that prevented PA3719-binding 

(Daigle et al., 2007).  Based on these findings, it was hypothesized that PA3719 interacts 

with the WH domain of MexR to disrupt MexR binding to the mexR-mexA intragenic 

region, allowing mexAB-oprM overexpression.  To assess an interaction between the WH 

domain of MexR (R32-T98) and PA3719, a bacterial two-hybrid system was used 

(Dmitrova et al., 1998).  In brief, the DNA encoding the WH region of MexR (R32-T98) 

and PA3719 were fused in-frame to LexA DNA-binding domains (DBDs) coded for by 

pMS604 and pDP804, respectively.  These resultant plasmids (i.e. pRLK002 and 

pSF001) were then introduced in E. coli SU202, a reporter strain that contains a 

chromosomal LexA operator-lacZ fusion that specifically binds a heterodimer consisting 

of a wildtype LexA DBD (i.e. LexAWT coded for by pMS604) and a mutated variant of 

the LexA DBD (i.e. LexA408 coded for by pDP804).  Dimerization of these two LexA 

DBDs is required for operator binding and subsequent lacZ repression, and is dependent 

on an interaction occurring between MexR (R32-T98) and PA3719 fused to the LexA 

DBDs encoded by pMS604 and pDP804, respectively.  Therefore, β-galactosidase 

activity will only be reduced if the two fusion proteins interact to promote dimerization 
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and, thus, operator binding of the LexA DBDs.  As a positive control, the two-hybrid 

vectors contain sequences encoding the Fos and Jun zipper motifs, two motifs that are 

known to interact, fused to the LexA DBD sequences of pMS604 and pDP804 

respectively.  As such, expression of the unaltered vectors in E. coli SU202 will result in 

repression of lacZ (Table 3-1; Fig. 3-1).  The jun and fos zippers were subsequently 

replaced with mexR (R32-T98) and PA3719 coding sequences, allowing for the 

determination of an interaction based on β-galactosidase activity.  A low-level of β-

galactosidase activity was measured in E. coli SU202 containing pMS604::mexR and 

pSF001, in agreement with a previous study (Daigle et al., 2007) and confirming an 

interaction of full-length MexR and PA3719 (Table 3-1).  In contrast, a substantial 

amount of β-galactosidase activity was found in E. coli SU202 containing pRLK002 and 

pSF001, suggesting that there is no evidence of an interaction between PA3719 and the 

WH domain of MexR (Table 3-1).  

PA3719 contains only one predicted secondary structure (α-helix coded by amino 

acids 31-46) and mutagenesis-based studies identified two point mutations in this region 

that compromised PA3719’s ability to bind MexR (Daigle et al., 2007).  Based on these 

findings, the C-terminus of PA3719 (S25-Y53) was hypothesized to be involved in MexR 

binding.  To test for an interaction between PA3719 (S25-Y53) and MexR, the LexA 

two-hybrid system was employed (Dmitrova et al., 1998).  DNA encoding PA3719 (S25-

Y53) was fused in-frame with the LexA DBD of pDP804, and mexR was cloned in-frame 

with the DBD of pMS604.  The resulting plasmids were introduced into E. coli SU202 

and β-galactosidase activity was measured (Fig. 3-1).  A considerable amount of β- 
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Figure 3-1.  Components of the LexA two-hybrid system.  E. coli SU202 contains a 

chromosomal fusion of the lexA operator sequence to the lacZ gene.  The lexA operator 

sequence has been modified to recognize a heterodimer of two distinct LexA DNA-

binding domains (DBDs), encoded for by pMS604 and pDP804 respectively.  These 

hybrid vectors lack natural LexA dimerization domains, such that dimerization of 

LexAWT and LexA408, depends on the association of the proteins encoded by the sequence 

cloned into pMS604 and pDP804, respectively.  Dimerization of the LexA DBD 

promoted by protein-protein interaction, allows for subsequent operator binding and lacZ 

repression that is measurable by β-galactosidase assays.  (A) As a positive control, 

unaltered pDP804 and pMS604 containing the jun and fos zipper motifs are transformed 

into E. coli SU202.  These two zipper motifs are known to interact, and successfully bind 

the operator and prevent lacZ expression.  (B) To test for an interaction between MexR 

and PA3719 (S25-Y53), the mexR gene was cloned in-frame with the LexAWT DNA-

binding domain encoded by pMS604, and the sequence coding for PA3719 (S25-Y53) 

was cloned in-frame with the LexA408 DNA-binding domain of pDP804.  These plasmids 

were transformed and expressed in E. coli SU202 and the β-galactosidase activity was 

determined as a measure of interaction.  Transcriptional repression of lacZ will only 

occur upon dimerization of MexR and PA3719 (S25-Y53).  High β-galactosidase activity 

will result if they do not interact and fail to bind the LexA operator sequence.  (Cao, 

2006).      
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Table 3-1.  Assessing interactions between the MexR WH domain and PA3719, and 

the PA3719 C-terminal region and MexR.  

 

 

 

Two-Hybrid Plasmid Combination 

 

pMS604-encoded protein 

 

pDP804-encoded protein 
 

β-Galactosidase Activity
a
 

(Miller Units) 

Jun Fos 31 ± 3 

 

MexR PA3719 32 ± 18 

 

MexR (R32-T98) PA3719 1110 ± 67 

 

Jun PA3719 (S25-Y53) 1984 ± 222 

 

MexR Fos 773 ± 73 

 

MexR PA3719 (S25-Y53) 23 ± 6 
 

 

a
 β-galactosidase activity of E. coli SU202 transformed with pMS604 and pDP804 

vectors expressing wildtype MexR and PA3719, the DNA-binding motif of MexR and 

the C-terminus of PA3719.  Values presented represent the mean of four independent 

experiments ± standard deviation. 
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galactosidase activity was recorded for E. coli SU202 strains containing pMS604::mexR 

and pDP804, and pMS604 and pDP804::PA3719 (S25-Y53), verifying that 

MexR/PA3719 do not interact with the Jun and Fos zippers (Table 3-1).  When 

pMS604::mexR and pDP804::PA3719 (S25-Y53) were introduced together into E. coli 

SU202, the amount of β-galactosidase activity was substantially reduced (Table 3-1), 

confirming that the C-terminal region of PA3719 (S25-Y98) is sufficient to mediate 

MexR-binding.     

    

3.2  PA3719 Functions as a Monomer 

 PA3719 is a very small protein (53 amino acids) with limited secondary structure 

and, so, might be expected to function as a multimer.  To test this possibility, a LexA-

based two-hybrid system engineered to assess homodimerization was utilized (Dmitrova 

et al., 1998).  DNA encoding PA3719 was cloned in-frame with the LexAWT DBD 

encoded by pMS604, and introduced into E. coli SU101, a reporter strain carrying a 

chromosomal lacZ gene under the control of a LexA operator sequence that binds dimeric 

wildtype LexA DBDs.  Thus, reduced β-galactosidase activity of E. coli SU101 carrying 

pMS604::PA3719 would indicate that a PA3719-PA3719 interaction, indeed, occurs.  

When unaltered pMS604 was introduced into E. coli SU101 as a control, a high-level of 

β-galactosidase activity (2846 ± 536) was produced, which was comparable to the 

activity produced by  E. coli SU101 carrying pMS604::PA3719 (3882 ± 466).  This 
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suggests that PA3719 does not homodimerize in vivo, and, so, presumably functions as a 

monomer.      

 

3.3  PA3720 Does Not Interact with NalC  

 NalC negatively regulates the expression of both PA3719 and PA3720 (Cao et al., 

2004).  While the role of PA3719 within the cell is better understood (i.e. as a modulator 

of MexR repressor activity), there are still no clues as to the functional significance of 

PA3720.  Furthermore, the cellular/environmental signal(s) involved in alleviating NalC 

repression of these genes is also unclear.  All that is known is that nalC mutations lead to 

the overexpression of PA3719 and PA3720, which consequently overproduces MexAB-

OprM and increases antimicrobial resistance (Cao et al., 2004).  Still, it is expected that 

some natural signal/environmental condition would stimulate PA3720-PA3719 

overexpession by modulating the repressor activity of NalC.  Since PA3719 is a small 

modulator protein, it is most likely incapable of binding a secondary ligand or cofactor in 

addition to MexR and, so, its activity is likely controlled at the level of production.  Thus, 

either NalC is able to detect cellular signals and adjust its repressor activity accordingly 

to produce a suitable amount of PA3720-PA3719, or another protein(s) is/are involved.  

One possible function of PA3720 could be as a modulator of NalC repressor activity, in 

which PA3720 acts by directly binding NalC to alleviate repression and promote 

expression of PA3720-PA3719 (Daigle et al., 2007).  To test this theory, LexA-based 

protein-protein interaction studies were conducted to determine if PA3720 and NalC 
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interact.  PA3720 was cloned in-frame with the LexA DBD-encoding sequence of 

pMS604, and nalC was cloned into pDP804.  They were then expressed in E. coli SU202 

and standard β-galactosidase assays were performed using the controls described above 

(Table 3-2).  The high-level of β-galactosidase activity observed indicates that there is no 

evidence of an interaction between PA3720 and NalC, and that PA3720 likely does not 

function as the anti-repressor of NalC.   

 

3.4  Isolation of Mutants Overexpressing PA3720-PA3719 

To gain insight into the natural function of MexAB-OprM, transposon 

mutagenesis was undertaken to isolate PA3720-PA3719 overexpressing mutants.  

Identification of genes/mutations involved in overexpressing PA3720-PA3719 could 

potentially elucidate a natural cellular signal involved in stimulating PA3719 expression 

and subsequent mexAB-oprM hyperexpression.  For example, disruption of a synthesis 

pathway may result in the accumulation of a metabolite or the production of a stress 

signal that induce PA3720-PA3719 expression (Poole, 2005).  Identifying this potential 

pathway would lead to a better understanding of the natural function(s) of MexAB-

OprM.  Previous attempts to select MexAB-OprM-overproducing transposon mutants (to 

identify gene disruptions associated with MexAB-OprM recruitment) were based on 

increased resistance to known antimicrobial substrates of this efflux system (Cao et al., 

2004).  By using this screening approach, only mutants containing regulatory gene 

disruptions (i.e. nalC and nalD) were identified, suggesting that antimicrobial resistance  
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Table 3-2. PA3720 does not interact with /alC.  

 

Two-Hybrid Plasmid Combination 

 

pMS604-encoded protein 

 

pDP804-encoded protein 

 

β-Galactosidase Activity
a
 

(Miller Units) 

Jun Fos 31 ± 7 

 

Jun NalC 1181 ± 446 

 

PA3720 Fos 1135 ± 207 

 

PA3720 NalC 1425 ± 80 
 

a
 β-Galactosidase activity of E. coli SU202 transformed with pMS604 and pDP804 

vectors expressing wildtype PA3720 and NalC proteins.  Values presented represent the 

mean of four independent experiments ± standard deviation. 
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selection may be biased for generating certain types of mutations.  Thus, to identify genes 

involved in PA3720-PA3719 expression, and hence MexAB-OprM overproduction, a 

different screening method was needed.   

To avoid the use of antimicrobial resistance selection, we chose to fuse the PPA3720 

to an essential gene, and use PPA3720-promoter driven expression of this essential gene as 

an indicator of PA3720-PA3719 overexpression in subsequent transposon mutants.  The 

asd gene of P. aeruginosa was chosen for this screening method, as asd is required for 

the synthesis of a key enzyme (aspartate-β-semialdehyde dehydrogenase) involved in the 

biosynthesis of diaminopimelic acid (DAP), lysine, methionine and threonine (Hoang et 

al., 1997).  DAP is a component of the peptidoglycan layer and is involved in producing 

the overall cross-linked structure of the cell wall.  In the absence of DAP, the structural 

integrity of the cell wall is compromised and bacterial cells will undergo rapid lysis. By 

fusing PPA3720 to the promoterless asd gene, the plan was to select PA3720-PA3719 

overexpressing transposon mutants of P. aeruginosa ∆asd (K2516) on DAP-deficient 

medium.  Thus, mutants not expressing PA3720-PA3719 would be lysed.  Before the 

fusion of PPA3720, the predicted RBS and downstream asd protein-coding sequence (i.e. 

asd1) was integrated into the chromosome of P. aeruginosa K2516 (Fig. 3-2).  This was 

done to confirm that a lack of complementation occurred on DAP-deficient medium, 

owing to the absence of the asd promoter.  The asd1 fragment (containing 32 bp 

upstream of the predicted translational start site) in theory should not have promoter 

activity, and it was expected that P. aeruginosa K2516 would be unable to grow on  
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Figure 3-2.  5’ primers used to amplify the nucleotide sequence of the asd constructs.  
The primers used to generate asd1 (blue arrow), asd2 (red arrow), asd3 (green arrow), 

asd4 (orange arrow) and asd5 (black arrow) are illustrated. The same reverse primer was 

used for all the amplification reactions, but is not depicted in this figure.  The predicted 

translational start site (ATG) is shown in red.         
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regular L-broth agar, since it does not contain DAP.  Following nucleotide sequencing 

and verification of asd1 integration, K2516 was found to be viable on L-broth agar.  This 

indicates that the cloned asd fragment retained intrinsic promoter activity.     

In an attempt to generate a promoterless asd construct, four other 5’ truncated 

variants of asd (i.e. asd2-5) were assessed for promoter activity, by testing for their 

ability to complement asd function when cloned into plasmids in two orientations (i.e. 

cloned the same or opposite to a plasmid-borne promoter) and introduced into P. 

aeruginosa K2516.  Essentially, we wanted to obtain an asd construct that complemented 

P. aeruginosa K2516 growth on DAP-deficient medium when cloned in the same 

orientation as a plasmid-borne promoter (i.e. expresses functional ASD), but unable to 

complement growth when cloned in the opposite orientation (i.e. still contains the asd 

coding sequence but does not have promoter activity).  Both asd3 and asd4 encompassed 

the entirety of the asd gene plus additional sequence upstream of the predicted 

translational start site, and were able to complement P. aeruginosa K2516 growth on L-

broth agar when cloned downstream of the lac promoter of pRK415.  These two 

constructs were found to also complement P. aeruginosa K2516 growth when cloned into 

pMMB207, in the opposite orientation of the plasmid-borne tac promoter.  Thus, asd3 

and asd4 both have promoter activity even though they only contain 18 bp and 10 bp, 

respectively, upstream of the predicted translational start site (Fig. 3-2).  Two other asd 

constructs were also tested for intrinsic promoter activity in this manner, with the 5’ 

sequence of asd5 beginning at the predicted translational start site (i.e. lacked a ribosome 
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binding site), and asd2 missing the first twelve base pairs of the annotated asd gene (Fig. 

3-2).  The construct asd5 promoted DAP-independent growth when cloned into pRK415 

and pMMB207, and subsequently introduced into P. aeruginosa K2516.  This suggests 

that asd5 still retained promoter activity.  Interestingly, asd2 was unable to promote 

DAP-independent growth of P. aeruginosa K2516 when expressed from the Plac promoter 

of pRK415, indicating that asd2 does not code for a functional ASD protein.  Even after 

the construction of all the described asd constructs, we were still unable to identify the 

region important for mediating promoter activity.  The attempt to use this approach for 

mutagenesis-based studies was therefore halted.   

 

3.5  Use of PPA3720-lacZ Fusion 

Having failed in our attempt to use an essential gene as a reporter of PA3720-

PA3719 expression, we subsequently chose to fuse the PPA3720 to lacZ and use increased 

β-galactosidase activity as an indicator of PA3720-PA3719 expression.  To select for 

mutants with upregulated PA3720-PA3719 expression, PPA3720 was fused to the 

promoterless lacZ gene of mini-CTX-lacZ (Becher and Schweizer, 2000).  The resulting 

plasmid, termed pRLK015, was transformed into wildtype P. aeruginosa K767 and the 

successful integration of a single copy of the promoter-lacZ fusion into the chromosome 

was verified by PCR (Hoang et al., 2000).  The resulting P. aeruginosa strain was termed 

K2792.  Another promoter fusion containing the predicted PPA3720 promoter region plus 

the upstream nalC gene (i.e. nalC- PPA3720) was also cloned into mini-CTX-lacZ to 
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generate pRLK016, which was subsequently integrated into the chromosome of P. 

aeruginosa K767.  The resultant strain was named K2793.  To verify the activity of the 

promoter constructs, since PPA3720 is not active to any great extent in wildtype P. 

aeruginosa, the same promoter-lacZ fusions were engineered into a nalC mutant strain 

(K1454) and the β-galactosidase activity was compared between 767 and nalC fusion 

strains.  As expected, the β-galactosidase activity was higher in the nalC fusion strains 

K2794 (contains PPA3720-lacZ) and K2795 (contains nalC-PPA3720-lacZ), compared to 

K767 fusion strains (i.e. K2792 and K2793) (data not shown).  Moreover, cloned nalC 

reduced the β-galactosidase activity of K2794, verifying that the PPA3720-lacZ fusion is 

responsive to NalC (Table 3-3).  Cloned nalC was also found to reduce the β-

galactosidase activity of P. aeruginosa K2795, a result that is not completely understood, 

as it would be expected that the loss of chromosomal nalC would be complemented by 

the nalC gene engineered as part of the PPA3720-lacZ fusion insert, and indicates that the 

nalC gene of the promoter-lacZ fusion is not functional (Table 3-3).  This result, 

however, also confirms that the nalC-PPA3720 fusion of P. aeruginosa K2795 is responsive 

to NalC.  For reasons that were not entirely clear, the promoter fusion that contained the 

nalC gene (i.e. nalC-PPA3720-lacZ ) was more active than the fusions containing just the 

predicted promoter region (data not shown).  Based on this data, P. aeruginosa K2793 

carrying nalC- PPA3720-lacZ was chosen to be randomly mutagenized and approximately 

5000 mini-Tn5-tet insertion mutants were screened for increased β-galactosidase activity, 

as an indicator of PA3720-PA3719 overexpression.  
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Table 3-3. Influence of cloned nalC on the β-Galactosidase activity of PPA3720-lacZ 

fusion-containing nalC P. aeruginosa strains K2794 and K2795.   

 

Fusion Construct Cloned nalC
b
 β-Galactosidase Activity

c
 

(Miller Units) 

 —
a
 — 4 ± 1 

 

—  + 6 ± 0.2 

 

PPA3720-lacZ — 21 ± 1.5 

 

PPA3720-lacZ + 5 ± 0.3 

 

nalC-PPA3720-lacZ — 20 ± 2 

 

nalC-PPA3720-lacZ + 5 ± 0.4 

 
a
 No chromosomal promoter-lacZ fusion 

 
b 
Plasmid pDSK519 with (+) or without (—) the nalC gene was introduced into P. 

aeruginosa K2794 and K2795. 

 
c
 Values presented represent the mean of two independent experiments ± standard 

deviation. 
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Two-hundred and forty-nine mutants were identified as having increased β-

galactosidase activity and β-galactosidase assays were repeated on these mutants (Table 

3-4).  A range of Miller units was observed within this mutant population, with some 

having β-galactosidase activity similar to the parent P. aeruginosa K2793 strain (e.g. 

Table 3-4; Mutant Number 3), and other mutants having substantially increased activity 

(e.g. Table 3-4; Mutant Number 50).  One possibility for many mutants having β-

galactosidase activity similar to the parent strain is that false positives could have been 

selected for during the original screening process.  These results do not correspond with 

those originally obtained, and for this reason all 249 mutants were tested for increased 

antimicrobial resistance to known MexAB-OprM substrates.  This was done to determine 

if the original increased β-galactosidase activity detected in these mutants was associated 

with increased MexAB-OprM production.  Mutants were initially screened on the basis 

of nalidixic acid resistance, by patching them onto L-broth plates containing a range of 

nalidixic acid concentrations (16-512µg/ml) (Table 3-5).  The parent strain P. aeruginosa 

K2793 grew on plates containing 64µg/ml and, so, mutants that grew on plates containing 

higher concentrations were deemed nalidixic acid resistant.  Nalidixic acid resistant 

mutants were then tested for novobiocin and chloramphenicol resistance in the same 

manner, and those capable of growing at concentrations higher than P. aeruginosa K2793 

were considered to be multidrug resistant (Table 3-5).  From these studies a small group 

of multidrug resistant mutants were identified.  Furthermore, with many of them having 

increased resistance to three different MexAB-OprM substrates it suggested that they  
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Table 3-4. Sample of β-Galactosidase activity of P. aeruginosa K2793 transposon 

mutants. 

Strain or 

Mutant Number 

β-Galactosidase Activity
a
 

(Miller units) 

K2793  

 

215 ± 0.6 

K2795 (nalC) 

 

431 ± 10 

2 

 

193 ± 9 

3 

 

219 ± 10 

15 

 

268 ± 9 

33 

 

209 ± 10 

50 

 

338 ± 1 

64 

 

317 ± 49 

69 

 

256 ± 3 

76 

 

247 ± 22 

87 

 

327 ± 7 

116 

 

217 ± 76 

126 

 

252 ± 65 

140 

 

142 ± 8 

142 

 

200 ± 15 

146 

 

193 ± 13 

160 

 

326 ± 54 

161 

 

212 ± 122 

175 

 

89 ± 9 
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Strain or 

Mutant Number 

β-Galactosidase Activity
a
 

(Miller units) 

180 130 ± 33 

 

207 256 ± 15 

 

209 216 ± 16 

 

233 208 ± 1 

 

236 248 ± 1 

 

245 239 ± 1 

 
 

a 
Values presented represent the mean of two independent experiments ± standard 

deviation. 
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Table 3-5.  Antibiotic susceptibilities of nalidixic acid resistant transposon P. 

aeruginosa K2793 mutants originally selected on the basis of increased β-

galactosidase activity. 

 

MIC
a
 (µg/ml) of: 

 

Strain or Mutant 

/umber 

/AL /OV CAM 

K2793 

 

128 1024 32 

2 

 

256 2048 128 

3 

 

256 1024 64 

15 

 

>1024 4096 >256 

33 

 

256 2048 128 

50 

 

256 1024 64 

64 

 

256 2048 128 

69 

 

1024 2048 128 

76 

 

256 1024 64 

87 

 

512 2048 128 

116 

 

256 1024 64 

126 

 

256 1024 64 

140 

 

256 4096 256 

142 

 

1024 2048 128 

146 

 

256 1024 64 

160 

 

256 2048 128 

161 

 

256 1024 64 
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MIC
a
 (µg/ml) of: 

 

Strain or Mutant 

/umber 

/AL /OV CAM 

175 256 2048 128 

 

180 256 2048 128 

 

207 

 

256 2048 128 

209 

 

256 1024 64 

223 

 

256 1024 128 

233 

 

>1024 4096 >256 

236 

 

1024 2048 128 

245 512 2048 128 

 

 

a
 NAL, nalidixic acid; NOV, novobiocin; CAM, chloramphenicol. 
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were likely MexAB-OprM overproducing mutants.  Several mutants from the multidrug-

resistant population were then tested for carbenicillin resistance, another known substrate 

of MexAB-OprM, and subjected to another series of β-galactosidase assays (data not 

shown).  Oddly enough, none of the mutants tested were carbenicillin resistant and β-

galactosidase assays failed to show increased lacZ expression (data not shown).   

One possibility for this finding is that the original screening process failed and no 

mutants overexpressing PA3720-PA3719 were recovered.  Another possible explanation 

for the loss of β-galactosidase activity within these multidrug resistant mutants is that the 

disrupted genes are actually linked to PA3720-PA3719 overexpression, but a secondary 

mutation compensated for the original multidrug resistance and restored PA3720-PA3719 

expression to wildtype levels.    Since a limited number of genes would likely be 

associated with increased PA3720-PA3719 expression, we would expect a small number 

of transposon integration sites to exist within the multidrug-resistant population.  In 

contrast, the identification of many disrupted genes would indicate that the screening 

process failed and spontaneous multidrug resistant mutants were recovered.  To 

determine whether the loss of PA3720-PA3719 expression might have occurred as a 

consequence of a secondary chromosomal mutation, the band patterns of ten multidrug 

resistant mutants (#15, 64, 69, 87, 142, 160, 180, 233, 236 and 245) were compared to 

see if they share common mini-Tn5-tet insertion sites.  These mutants were selected as 

representatives of the different groups of antimicrobial susceptibility profiles seen in 

Table 3-5.  Southern blot analysis using a probe specific against the transposon 
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tetracycline resistance gene was hybridized to PstI digested mutant genomic DNA, and 

revealed that the majority of the tested multidrug resistant mutants had different band 

patterns indicative of multiple integration sites (Fig 3-3).  Two sets of mutants, however, 

did have similar band patterns (Fig. 3-3; Mutant #15 and 233, Lanes 2 & 3 and Mutant 

#69 and 160, Lanes 6 & 8) and the disrupted genes of these mutants were identified by 

sequencing the chromosomal regions flanking the mini-Tn5-tet insert with transposon-

specific primers.  The disrupted genes were identified and found to be different in the 

four multidrug resistant mutants tested.  The identified insertions occurred within the 

open reading frames of a probable ABC transporter protein (PA3253), a probable LysR 

transcriptional regulator (PA1128), a regulator of secondary metabolites (rsmA) and a 

hypothetical protein (PA4523).  This confirms that all ten multidrug resistant mutants had 

different integration sites, and further suggests that mutants originally believed to harbour 

gene disruptions related to PA3720-PA3719 are not involved in their overexpression.  To 

verify that the PA3720-PA3719 operon was overexpressed, RT-PCR using primers 

specific for PA3720 was performed on RNA isolated from several multidrug resistant 

mutants.  The level of PA3720 expression was not found to be overexpressed in any of 

the tested mutants and was similar to that seen for K2793 (data not shown).  This further 

suggests that the selection method did not select for PA3720-PA3719 overexpressing 

mutants.  

 

 



 

75 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3.  Southern blot of PstI digested chromosomal D/A from a subset of 

multidrug resistant mini-Tn5-tet insertion mutants of P. aeruginosa K2793.  Lane 1, 

K2793;  Lane 2, mutant #15;  Lane 3, mutant #233;  Lane 4, mutant #236;  Lane 5, nalC-

mini-Tn5-tet strain;  Lane 6, mutant #69;  Lane 7, mutant #87;  Lane 8, mutant#160;  

Lane 9, mutant #64;  Lane 10, mutant #245;  Lane 11, mutant #142; Lane 12, mutant 

#180.   
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3.6  PA3720-PA3719 Expression is Growth-Phase Regulated  

Previous experiments have found that mexAB-oprM expression is growth-phase 

regulated, with expression found to increase throughout log phase until it became 

maximal in late log phase (Evans et al., 1998).  To see if PA3720-PA3719 played a role 

in growth-phase regulation of mexAB-oprM, the nalC-PPA3720-lacZ-containing P. 

aeruginosa K2793 strain was examined for β-galactosidase activity as a function of 

growth.  As seen in Fig. 3-4, roughly a three-fold increase in β-galactosidase activity was 

observed when P. aeruginosa K2793 was grown from OD600 0.2 to approximately an 

OD600 of 1.4.  Thus, like mexAB-oprM, PA3720-PA3719 expression also increases with 

growth.  Increased PA3719 production in late log/early stationary phase would then act to 

disrupt MexR repressor activity, and could explain for increased mexAB-oprM expression 

in late log phase.  To determine whether NalC is involved in growth phase expression of 

PA3720-PA3719 (i.e. that NalC repressor activity decreases with increased growth), 

expression of PA3720-PA3719 was assessed in the nalC mutant carrying nalC- PPA3720-

lacZ P. aeruginosa strain (i.e. P. aeruginosa K2795).  Similar to what was seen in P. 

aeruginosa K2793, a three-fold increase in β-galactosidase activity was also found in late 

log/early stationary phase cells (Fig. 3-5).  From this result, it was determined that 

growth-phase control of PA3720-PA3719 expression is not mediated by NalC.  Thus, 

another regulatory control must be involved in stimulating PA3720-PA3719 expression 

in late log/early stationary phase.  To verify that PA3720-PA3719 expression is indeed 

increased in stationary phase cells, semi-quantitative RT-PCR was performed using total 

bacterial RNA isolated from wildtype P. aeruginosa K767 grown to log (OD600  
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Figure 3-4.  Growth phase mediated expression of PA3720-PA3719 in P. aeruginosa 

K2793.  β-Galactosidase activity was measured as an indicator of nalC-PPA3720 promoted 

expression of lacZ  in the wildtype P. aeruginosa K2793 fusion strain as a function of 

growth (solid circles).  Culture density was also recorded at each time point (open 

circles).  To calculate the plotted β-galactosidase activity, the difference between the 

average Miller units for P. aeruginosa K2793 and K767 containing the mini-CTX-lacZ 

insert were taken.    
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Figure 3-5.  Growth phase mediated expression of PA3720-PA3719 in P. aeruginosa 

K2795.  β-Galactosidase activity was measured as an indicator of nalC-PPA3720 promoted 

expression of lacZ  in the nalC mutant P. aeruginosa K2795 strain as a function of 

growth (solid squares).  Culture density was also recorded at each time point (open 

squares).  To calculate the plotted β-galactosidase activity, the difference between the 

average Miller units for P. aeruginosa K2793 and K767 containing the mini-CTX-lacZ 

insert were taken.   
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~0.6-0.7) and stationary phase (OD600~1.6-1.9) and primers specific for PA3719 and 

PA3720.  Expression of both PA3719 and PA3720 were shown to increase in stationary 

phase cells (Fig. 3-6. Lane 2) relative to log phase cells (Fig. 3-6. Lane 1).   

Since PA3719 is known to derepress mexAB-oprM expression by directly 

interacting with MexR, increased expression of PA3719 in stationary phase cells could be 

responsible for growth phase expression of mexAB-oprM (i.e. increased expression in 

stationary phase cells).  To determine whether PA3719 is required for mediating growth-

phase expression of mexAB-oprM, a P. aeruginosa K767 PA3719 deletion strain (K2796) 

was constructed and the expressional level of mexA was assessed in P. aeruginosa K767 

and K2796 strains grown to log and stationary phase using RT-PCR.  As expected, mexA 

expression was substantially greater in stationary phase P. aeruginosa K767 relative to 

log phase cells (Fig. 3-7A, compare Lanes 1 & 2).  In contrast, only a moderate increase 

in mexA expression was seen in P. aeruginosa K2796 stationary phase cells when 

compared to log phase K2796 cells (Fig. 3-7A, compare Lanes 3 & 4).  These results    

suggest that PA3719 modulation of MexR is involved in some, but not all, growth phase 

control of mexAB-oprM expression.  Thus, there are likely both MexR-dependent and -

independent growth phase effects on mexAB-oprM expression.   

To determine whether nalC is required for growth phase regulation of mexAB-

oprM, the expression of mexA was monitored in P. aeruginosa nalC (K1454) and a nalC 

∆3719 strain (K2276) grown to log and stationary phase.  The expression of mexA in P. 

aeruginosa K1454 appeared to be relatively equal in log and stationary phase cells (Fig.  
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Figure 3-6.  Expression of PA3719, PA3720 and rpsL in P. aeruginosa K767 using 

semiquantiative RT-PCR.  Lane 1 represents reactions using RNA isolated from log 

phase P. aeruginosa K767 cells and Lane 2 from stationary phase cells.  Reactions were 

standardize with primers specific for rpsL, which was used as an internal control that 

allowed for equal amounts of RNA to be added to all of the RT-PCR reactions.  PA3719 

reactions were amplified for 24 (top panel) and 26 cycles (bottom panel), and PA3720 

reactions were carried out for 34 (top panel) and 36 cycles (bottom panel).
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Figure 3-7.  Expression of mexA and rpsL in P. aeruginosa K767, K2796, K1454 and 
K2276 using semiquantitative RT-PCR.  (A) Expression of mexA and rpsL in wildtype 

P. aeruginosa K767 and K2796 (K767 ∆3719).  RT-PCR reactions using RNA isolated 

from K767 are shown in Lane 1 (log phase) and Lane 2 (stationary phase).  Reactions 

using RNA isolated from K2796 are shown in Lane 3 (log phase) and Lane 4 (stationary).  

(B) Expression of mexA and rpsL in K1454 (nalC) and K2276 (K1454 ∆3719).  RT-PCR 

reactions using RNA isolated from K1454 are depicted in Lane 5 (log phase) and Lane 6 

(stationary phase).  Reactions using RNA isolated from K2276 are shown in Lane 7 (log 

phase) and Lane 8 (stationary phase).  All reactions were standardized using rpsL 

reactions as an internal control that ensures that equal amounts of RNA are added to all 

RT-PCR reactions.     
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3-7B, compare Lanes 1 & 2), which may have resulted from the constitutive high-level 

expression of mexA associated with the nalC phenotype.  As expected mexA expression 

was reduced in P. aeruginosa K2276, since it does not produce PA3719 which is required 

for overexpressing mexAB-oprM in nalC strains (Fig. 3-7B, Lanes 7 & 8).  Similar to that 

seen with the loss of PA3719 in wildtype P. aeruginosa K767, loss of PA3719 in nalC 

still showed evidence of modest growth-phase regulation (Fig. 3-7B, compare Lanes 7 & 

8), with a greater level of mexA expression observed in stationary phase than log phase 

cells.  This suggests that nalC is not involved in mexAB-oprM growth phase expression, 

and agrees with the previous growth curve experiment results.  This further suggests that 

a signal other than PA3719 is involved in overexpressing mexAB-oprM in stationary 

phase cells.   

 

3.7  Contribution of PI and PII: Growth-Phase Regulation of mexAB-oprM 

 Growth-phase regulated expression of mexAB-oprM appears to occur by 

PA3719/MexR-mediated control and by a secondary regulatory mechanism that functions 

independently of MexR/PA3719.  As mentioned previously, NalD is another 

transcriptional repressor of mexAB-oprM, and exerts its control by interfering with the 

activity of a second promoter (PII) that is distinct from the promoter modulated by MexR 

(PI) (Morita et al., 2006).  To gain a better understanding of mexAB-oprM growth phase 

expression, the activity of both promoters was analyzed by measuring β-galactosidase 

activity promoted by PI, PII and the entire mexA promoter region (PI + PII), which were 

fused upstream of the promoterless lacZ gene of pMP190 and expressed in wildtype P. 
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aeruginosa K767.  Individual promoter activity was measured in P. aeruginosa K767 

cells grown to log (OD600~0.5-0.7) and stationary phase (OD600~1.8-2.3) with the use of 

standard β-galactosidase assays.  No evidence of a growth phase effect on PI and PII 

activity alone was seen, as the β-galactosidase activity of log and stationary phase P. 

aeruginosa K767 cells containing plasmids with PI-lacZ and PII-lacZ fusions were 

approximately the same (Table 3-6).  Still, the promoter fusion carrying both PI and PII 

(i.e. PI+PII-lacZ) showed growth phase expression, with increased β-galactosidase 

activity occurring in stationary phase cells, which is consistent with earlier findings 

(Table 3-6).   
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Table 3.6. Contribution of mexAB-oprM PI and PII promoters to growth phase 

expression. 

 

Fusion Growth Phase
a
 

(OD600) 
β-Galactosidase Activity

b
 

(Miller Units) 

PI-lacZ Log (0.66) 255 ± 5 

 Log (0.54) 

 

316 ± 5 

 Stat (2.22) 320 ± 44 

 Stat (2.05) 323 ± 6 

 

PII-lacZ Log (0.50) 32 ± 6 

 Log (0.56) 30 ± 3 

 

 Stat (1.61) 30 ± 15 

 Stat (1.51) 36 ± 17 

 

PI+PII-lacZ Log (0.57) 296 ± 19 

 Log (0.71) 360 ± 10 

 

 Stat (1.88) 612 ± 7 

 Stat (2.06) 644 ± 6 

 

 
a
 Log, log phase cells; Stat, stationary phase cells.  The bracketed values represent the 

cell density (OD600).   

 
b 
β-galactosidase activity of P. aeruginosa K767 expressing mexAB-oprM promoters PI 

and PII fused to lacZ in the plasmid pMP190.  The background activity (i.e. β-

galactosidase activity of P. aeruginosa K767 carrying pMP190) was subtracted from the 

average β-galactosidase activity for each culture to obtain the final Miller units. 
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Chapter 4 

Discussion 

Treatment of P. aeruginosa infections is often complicated by the intrinsic 

antimicrobial resistance mechanisms this organism possesses.  In addition to limited outer 

membrane permeability, P. aeruginosa also utilizes several chromosomally-encoded 

multidrug efflux systems to protect the organism against a large number of structurally 

unrelated antimicrobial compounds.  The MexAB-OprM multidrug efflux system is the 

major transporter involved in conferring antimicrobial resistance, and its intended 

function is highly debated (Poole, 2005).  Some believe that the primary function of this 

system is to protect the bacterial cell against toxic compounds, whereas others feel that 

antimicrobial export is merely a secondary function that results from the diverse substrate 

profile of MexAB-OprM (Piddock, 2006).  Both the loss and overproduction of MexAB-

OprM has been associated with reduced invasiveness of P. aeruginosa, suggesting that it 

indeed has an intended function unrelated to antimicrobial efflux (Evans et al., 1998; 

Hirakata et al., 2002).  Furthermore, the identification of multiple regulatory controls 

capable of altering mexAB-oprM expression suggests that this efflux system is likely 

recruited in response to numerous environmental or cellular signals (Poole, 2005).  

Mutations within three regulatory genes (i.e. mexR, nalD, nalC) phenotypically produce 

MexAB-OprM multidrug resistant strains, with MexR functioning as the local repressor 

acting on PI and NalD negatively regulating PII activity (Evans et al., 2001; Morita et al., 

2006).  NalC regulates a two-gene operon (i.e. PA3720-PA3719), whose expression in 
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nalC mutants is associated with increased mexAB-oprM expression (Cao et al., 2004).  

The function of PA3720 is still unknown, however PA3719 has been found to alleviate 

MexR repression of mexAB-oprM by directly binding MexR.  To generate a better 

understanding of the natural role of MexAB-OprM in the bacterial cell, this study focused 

on the last regulatory mechanism mentioned.  More specifically, the cellular signals 

involved in PA3720-PA3719 overexpression were investigated.      

 

4.1  Allosteric Mechanism of MexR Regulation by PA3719 

Protein-protein interaction studies were conducted to gain insight into how 

PA3719 might modulate the repressor activity of MexR.  Originally it was hypothesized 

that PA3719 likely interacts with the WH DNA-binding domain of MexR to disrupt 

MexR-DNA binding, and consequently interfere with its transcriptional repressor 

activity.  This is based on previous mutagenesis experiments that identified three 

mutations in the recognition helix of the MexR DNA-binding motif that prevented 

PA3719 interaction (Daigle et al., 2007).  Certainly, the activities of other transcriptional 

regulators belonging to the MarR family are controlled by direct effects on DNA-binding 

domains, with effector-binding sites commonly located within these domains (Wilkinson 

and Grove, 2006).  For example, repression of genes required for carotenoid biosynthesis 

in Myxococcus xanthus by CarA is modulated by a small effector protein, CarS, which 

binds to the region of CarA required for DNA-binding (Perez-Marin et al., 2004).  To 

determine whether PA3719 interacts with MexR in a comparable manner, DNA coding 
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for the WH domain of mexR (i.e. R32-T98) was assessed for its ability to mediate 

PA3719-binding using a bacterial two-hybrid system (Dmitrova et al., 1998).  PA3719 

binding to the WH domain of MexR was not observed, suggesting that PA3719 does not 

interfere with MexR repression by impeding the binding activity of MexR.  Ruling out a 

PA3719-WH interaction allows for a more accurate proposal of the repressor disruption 

mechanism used by PA3719.  Most likely an allosteric method is employed, in which 

PA3719-binding to MexR at a site other than the DBD domain induces a conformational 

change that leads to altered spacing between the MexR DNA-binding domains, rendering 

them unable to form a productive interaction with its target DNA-binding site (Lim et al., 

2002).  This theory is based on crystallography studies of MexR, in which the MexR 

dimers were demonstrated to be very flexible and observed to take on multiple 

conformations (Lim et al., 2002).  In other words, PA3719-binding to MexR could cause 

a reduction in the spacing between the DNA-binding domains, making them incompatible 

with adjacent major grooves of the operator sequence and preventing MexR repression of 

mexAB-oprM.     

 

4.2  Identification of the PA3719 Interaction Domain 

The C-terminal domain of PA3719 (i.e. S25-Y53) was also tested for its ability to 

mediate MexR-binding.  This region of PA3719 is of particular interest, as it codes for 

the only predicted secondary structure of the protein (α-helix that extends from amino 

acids 31-46) and two point mutations within this region were previously found to obviate 
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MexR binding (Daigle et al., 2007).  An interaction between the C-terminus of PA3719 

and MexR was shown to occur using the LexA two-hybrid system (Dmitrova et al., 

1998).    Furthermore, PA3719 was also shown not to homodimerize, suggesting that it 

functions as a monomer in vivo.  Together these findings add to what is currently known 

about how PA3719 functions to modulate MexR activity.   

 

4.3  PA3720 Does Not Function as the Anti-Repressor of NalC 

In addition to PA3719 overexpression, enhanced production of PA3720 is also 

seen in nalC mutants, with NalC being the repressor of the PA3720-PA3719 operon (Cao 

et al., 2004).  The function of PA3720 is unclear, as neither the deletion nor 

overexpression of PA3720 has any observable impact on the phenotype of P. aeruginosa 

(Cao et al., 2004).  PA3720 has been hypothesized to be an effector of NalC, possibly 

involved in responding to cellular signals that subsequently alleviate NalC repression of 

PA3720-PA3719 (Daigle et al., 2007).  This theory is based primarily on the fact that like 

PA3719, PA3720 is a small protein with no homology to any proteins in available 

databases, and since it is overexpressed with PA3719 it also likely functions to recruit 

MexAB-OprM.  To test this hypothesis, the LexA two-hybrid system was used to assess 

whether PA3720 interacts directly with NalC to possibly disrupt repression of both itself 

and PA3719.  This would ultimately result in MexAB-OprM overproduction, which is 

known to occur in response to PA3719 overexpression.  Results from this study indicate 

that there is no evidence of a PA3720-NalC interaction.  This does not rule out the 
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possible role of PA3720 in signaling PA3719 and mexAB-oprM overexpression, it just 

suggests that PA3720 does not directly interact with NalC to modulate its repressor 

activity.   

 

4.4  No Cellular Signals Could be Identified to Stimulate the nalC Circuit 

To try to gain insight into PA3719-MexR regulation of mexAB-oprM, an attempt 

was made to identify the cellular signals involved in overexpressing PA3719, as it is 

normally produced in undetectable levels (by RT-PCR) due to NalC repression in 

wildtype P. aeruginosa (Cao et al., 2004).  The identification of other genes associated 

with stimulating the production of PA3719 could potentially connect MexAB-OprM 

overproduction with known cellular responses and would ultimately shed light on the 

natural function of this efflux system in P. aeruginosa.  An attempt was made to create a 

selection method that did not rely on antimicrobial resistance to screen for random mini-

Tn5-tet mutants overexpressing PA3719.  Instead, PA3719 overexpressing mutants were 

to be selected for on the basis of production of an essential gene.  A promoterless asd 

gene, which codes for an essential metabolic enzyme involved in the biosynthesis of a 

peptidoglycan layer component, was to be fused to PPA3720 and integrated into a ∆asd 

strain of P. aeruginosa strain (K2516).  In theory, by plating on DAP-deficient medium 

only mutants producing ASD in response to promoter activation would be able to survive, 

with all other mutants lysing due to weakened cell walls.  Unfortunately, even after the 

construction of four different asd fragments that differed in terms of the upstream asd 
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region they encompassed, the sequence important for driving asd expression could not be 

identified, as all four fragments retained intrinsic promoter activity.  One possibility is 

that the asd gene was annotated incorrectly, although alignments with known asd genes 

of other organisms suggest that it is correctly defined.  In addition, the asd construct that 

began after the annotated translational start site failed to produce functional ASD (i.e. did 

not complement K2516) when cloned downstream of a vector-borne promoter.  This 

further suggests that the asd gene was correctly annotated.  It remains unclear, therefore, 

how asd with minimal to no upstream sequence was able to complement P. aeruginosa 

K2516 growth when expressed without a vector-borne promoter.  One possible, though 

unlikely, explanation for the complementation of ∆asd function in P. aeruginosa K2516 

by the plasmid-borne asd constructs is homologous recombination.  The asd deletion 

strain still contains a small region of asd sequence (approximately 80 bp) that could 

potentially allow for recombination with the homologous asd sequence in the 

chromosome of P. aeruginosa K2516 (which retains the 5’ asd sequence including the 

promoter) (Hoang et al., 1997).  As well, in addition to asd, there is another probable 

aspartate-β-semialdehyde dehydrogenase gene (orfA) encoded just downstream of the asd 

gene.  The orfA gene shares similarity with the asd gene of Vibrio species, but is believed 

to be functionally inactive in P. aeruginosa due to the presence of a frame shift mutation 

(Hoang et al., 1997).  Furthermore, deletion of a single residue was found to produce a 

protein very similar in amino acid composition to the ASD of Vibrio species (Hoang et 

al., 1997).  During conjugation there may have been selective pressure to produce a 
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functional OrfA protein, as DAP is normally synthesized intracellularly and P. 

aeruginosa may not effectively import it from the DAP-supplemented medium.  This of 

course does not explain why P. aeruginosa K2516 was able to grow on DAP-deficient 

medium with all the asd constructs except asd2, which is believed to code for a 

nonfunctional ASD protein.  Following the unsuccessful attempt to create a selection 

method by cloning the PA3720-PA3719 promoter to asd, the commonly used lacZ 

reporter gene was used.        

A single copy of the promoter-lacZ fusion (i.e. nalC-PPA3720-lacZ) was integrated 

into the chromosome of wildtype P. aeruginosa K767 and the resulting strain was then 

subjected to random mini-Tn5-tet mutagenesis.  Over five thousand colonies were 

screened for β-galactosidase activity, narrowing the potential PA3720-PA3719 

overexpressing mutants down to two hundred and forty-nine.  These mutants were then 

assessed for resistance to three known substrates of the MexAB-OprM efflux system, (i.e. 

nalidixic acid, chloramphenicol and novobiocin) and a small subset of twenty-five 

mutants were deemed multidrug resistant and set aside for further experimentation.  

Surprisingly, these multidrug resistant mutants were susceptible to carbenicillin, another 

characteristic substrate of MexAB-OprM, and failed in later experiments to show 

evidence of increased PA3720-PA3719 expression in β-galactosidase assays and RT-

PCR.  Secondary mutations occurring elsewhere in the chromosome may explain the loss 

of β-galactosidase activity, as the overexpression of PA3720-PA3719 may have produced 

unfavourable cellular conditions that then selected for compensatory mutations to reduce 
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the cellular stress.  Thus, these compensatory mutations would ultimately result in the 

loss of PA3720-PA3719 promoter activity and, thus, β-galactosidase activity.  For 

example, if PA3719 and PA3720 are involved in recruiting MexAB-OprM in response to 

the accumulation of a biosynthetic intermediate, then mutants overexpressing PA3720-

PA3719, and mexAB-oprM as a result, would provide export for this intermediate even 

under circumstances where it is not being produced in excess.  A resultant deficiency of 

this intermediate (and loss of a possible biosynthetic end-product) may have selected for 

secondary mutations to decrease PA3720-PA3719 and, so, mexAB-oprM expression, 

explaining the loss of PPA3720-promoted β-galactosidase activity.  If this theory is correct, 

then the mini-Tn5-tet disrupted genes of these mutants may actually be linked to 

increased PA3720-PA3719 expression, and identification of them might provide insights 

into the cellular signals involved in overexpressing PA3720-PA3719.  It is likely that 

there are a limited number of genes whose disruption would increase mexAB-oprM 

expression via PA3720-PA3719 and, thus, a small number of transposon integration sites 

should exist within our population of mutants.  To look for evidence of non-random gene 

disruption in the mutants, Southern blot analysis using a probe against the transposon 

tetracycline cassette was performed on a subset of mutants.  Of the ten mutants tested, all 

had different transposon integration sites.  This suggests that the screening process did 

not specifically select for PA3720-PA3719 overexpressing mutants and that false 

positives were initially recovered.  Furthermore, it seems that a spontaneous multidrug 

resistant population was selected on the tetracycline plates used to identify mini-Tn5-tet 
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insertion mutations.  Still, plating P. aeruginosa on tetracycline in the absence of 

pUT::mini-Tn5-tet did not yield any spontaneous tetracycline resistant/multidrug 

mutants. 

 

4.5  MexR-Dependent and -Independent Growth-Phase Control of mexAB-
oprM Expression  

Although the mutagenesis studies were not successful at elucidating the natural 

signal(s) or pathway(s) involved in PA3720-PA3719 overexpression, the involvement of 

these two proteins in mediating growth phase expression of mexAB-oprM was assessed 

using the promoter-lacZ fusion P. aeruginosa strains.  PA3720-PA3719 promoter activity 

(measured by β-galactosidase assays) was found to increase in late log/early stationary 

phase in both wildtype P. aeruginosa (K2793) and nalC (K2795) strains carrying a 

PPA3720-lacZ fusion.  This suggests that NalC is not involved in the growth phase 

expression of PA3719 and PA3720, and that another, unidentified regulatory control of 

PA3720-PA3719 exists.  Still, the fact that PA3719 is expressed at high levels in 

stationary phase cells relative to log, suggests that it is likely involved in the growth-

phase regulated expression of mexAB-oprM.  There is, however, conflicting evidence as 

mexAB-oprM was found to retain growth-phase regulation in nalB strains (i.e. lacking a 

functional mexR), and it is known that PA3719 alters mexAB-oprM expression by 

modulating MexR activity (Evans and Poole, 1999; Cao et al., 2004).  PA3719’s 

involvement in growth-phase regulated expression of mexAB-oprM was assessed by 

comparing mexA expression levels in wildtype and ∆3719 P. aeruginosa strains.  Growth 
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phase expression of mexA was found to occur in the absence of PA3719, but not nearly to 

the same extent as that seen in wildtype P. aeruginosa.  This suggests that PA3719 

contributes to the growth-phase regulated expression of mexAB-oprM, presumably by 

modulating MexR repressor activity, but that it is not the only protein/control involved in 

growth-phase regulation of this multidrug efflux system.  Thus, in addition to a signal 

(yet undefined) that acts on NalC to modulate PA3720-PA3719 expression and an 

unidentified regulator of growth phase control of PA3720-PA3719 and, so mexAB-oprM, 

yet another regulator that responds to growth phase also influences mexAB-oprM 

expression.   

RT-PCR showed no difference in mexA expression between log and stationary 

phase nalC cells, which seems to contradict the previous growth curve fusion data (i.e. 

where PPA3720-lacZ showed increased β-galactosidase activity in stationary phase relative 

to log phase in a nalC background and, so, would be expected to increase mexAB-oprM 

expression).   One possibility is that the increase of PA3719 resulting from the cells being 

in stationary phase is insufficient to further increase the already overexpressed mexAB-

oprM genes in nalC log phase cells.  Another possible explanation is that the RT-PCR 

reactions were saturated and not representative of actual mexA expression levels.  This is 

further supported by the fact that nalC ∆3719 (K2276) retained the growth-phase 

regulated mexA expression profile previously seen in wildtype P. aeruginosa.  As with 

the loss of PA3719 in wildtype, the deletion of PA3719 in P. aeruginosa K2276 reduced 

mexA expression but still retained modest growth-phase regulation (i.e. there was a weak 
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increase in stationary phase relative to log phase).  Altogether, these results support the 

theory that there is both PA3719-dependent and -independent growth phase control of 

mexAB-oprM, with the PA3719-dependent mechanism exerting its effects by directly 

interacting with MexR to alleviate efflux gene repression.  Furthermore, the current study 

also suggests that in addition to NalC regulation of PA3720-PA3719 expression, another 

regulator appears to modulate its expression in response to growth phase.   

 

4.6  PI and PII are involved in mexAB-oprM Growth-Phase Expression  

To gain a better understanding of mexAB-oprM promoter activation, the contribution 

of PI and PII activation in regards to growth phase expression of this multidrug efflux 

system was evaluated.  Since MexR acts only on PI to repress mexAB-oprM expression 

and PA3719 production is increased in stationary phase, it was originally expected that 

that there would be some influence of growth phase on PI activation.  However, when 

cloned individually, neither PI or PII appeared to have increased promoter activity in 

stationary phase cells, but when both promoter sequences were present on DNA cloned 

upstream of lacZ there was approximately a three-fold increase in β-galactosidase activity 

in stationary phase compared to log phase cells.  This suggests that the entire promoter 

region is required for growth phase expression of mexAB-oprM.  While both PI and PII 

were shown to be active individually, their activity could possibly be suboptimal when 

cloned alone, which could explain why growth phase control from these individual 
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promoters was not observed.  Perhaps more complex and necessary players cannot 

interact with individual (and artificial) PI or PII constructs.       

4.7  Concluding Remarks 

 The regulatory network involved in modulating mexAB-oprM is likely even more 

complicated than originally expected, as this study suggests that another unknown signal 

is involved in growth phase expression of the PA3720-PA3719 operon.  Although 

PA3719 overexpression can account for some of the increase in mexAB-oprM expression 

in stationary phase cells, clearly MexR-independent growth phase regulation of mexAB-

oprM also occurs [see Evans and Poole, (1999)].  Deletion of PA3719 in wildtype P. 

aeruginosa was found to moderately reduce the growth phase expression of mexA, which 

further supports the concept of mexAB-oprM expression being regulated by MexR-

dependent (via PA3719) and MexR-independent pathways.  More studies need to be 

performed in this area to obtain a clearer understanding of mexAB-oprM expression and 

hopefully determine the intended function of this multidrug efflux system.  
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