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Abstract 

 
Chemotherapeutic treatment of Pseudomonas aeruginosa, a Gram-negative 

opportunistic pathogen, is substantially challenged by several membrane-spanning, 

multidrug-efflux pumps of the three-component RND family. Of these pumps, MexXY-

OprM contributes to the intrinsic resistance of this organism by exporting clinically 

relevant antibiotics, most notably the ribosome-targeting aminoglycosides. 

Overproduction of MexXY-OprM is the most common mechanism providing pan-

aminoglycoside resistance to P. aeruginosa cystic fibrosis clinical isolates. The mexXY 

genes are located in an operon, the expression of which is induced by ribosome-targeting 

antimicrobials. The mexXY operon is negatively regulated by MexZ, a repressor protein 

encoded by the divergently-transcribed gene mexZ. A second gene, PA5471, is also 

induced by ribosome-targeting antibiotics and is required for antibiotic induction of 

mexXY expression. One possibility is that PA5471 interacts with MexZ to alleviate 

repression of mexXY, thereby providing a mechanism for PA5471-dependent drug 

inducibility of mexXY. PA5471 interaction with MexZ was confirmed using a bacterial 

two-hybrid assay. To identify residues/regions of PA5471 important for interaction with 

MexZ, random chemical mutagenesis of the mexZ and PA5471 genes was carried out and 

the effects of these mutations on interaction of their protein products was assessed using 

the bacterial two-hybrid assay. Mutations of PA5471 that compromised interaction with 

MexZ included P68S, G76C, R216C, R221W, R221Q, G231D, and G252S, which occur 

within or in close proximity to a predicted surface-exposed α-helix of a PA5471 structural 

model that may contribute to the MexZ-interaction domain. Representative mutations 
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P68S, G76C, R216C and R221W were placed into the chromosome of P. aeruginosa to 

assess their impact on drug-inducible mexXY expression. All of these mutations 

significantly reduced mexX upregulation in the presence of spectinomycin, where 

mutations R216C and R221W resulted in the near complete ablation of this antibiotic 

induction. These data suggest that PA5471 acts as a direct antirepressor of MexZ and that 

this interaction is key to mexXY upregulation in response to ribosome-targeting induction 

signals.   
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Chapter 1  

Introduction 

 

1.1 Pseudomonas aeruginosa 

Pseudomonas aeruginosa is a ubiquitous Gram-negative, monotrichously-

flagellated bacillus, found in soil, water, and man-made environments (267, 305). It is 

considered to be strictly aerobic, capable of using a myriad of carbon sources for energy; 

however, it is also found in anoxic environments through its capacity for denitrification 

(308). This environmental and metabolic pervasiveness is afforded by the genetic 

adaptability of the species. It harbours a conserved core genome as well as a highly 

plastic so-called accessory genome consisting of horizontally-transferred plasmids and 

chromosomally integrated DNA (144). Of particular importance to humans, it is a 

prevalent nosocomial pathogen. It has been suggested that P. aeruginosa filled a niche 

opened by the introduction of pre-antipseudomonal penicillin usage, and the decline of 

competing pathogenic bacteria in hospital acquired infections (HAI) (24). Since that time, 

it has consistently been responsible for ~8-22% of all HAI in North America and Europe 

despite continual research into its treatment (107, 130, 357). P. aeruginosa is truly 

opportunistic – rarely found colonizing healthy individuals (though 4-12% of people are 

fecal carriers), it is common in those who are immunocompromised (24), including burn, 

cancer, and HIV patients, where it causes conjunctivitis, urinary infection, chronic 

respiratory disease, pneumonia, pulmonary obstruction, bacteremia and sepsis among 

many other complications (10, 94, 142, 210, 244, 291). P. aeruginosa is a pathogen of 

particular note to cystic fibrosis (CF) patients, acting as a major determinant of morbidity 
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and mortality in these individuals (301). Highly adapted to the hypoxic conditions of the 

CF patient lung, P. aeruginosa is recalcitrant to treatment due to innate antibiotic 

resistance and adoption of a biofilm-producing mucoid phenotype (31, 101). While 

attempts to find novel treatment methods for these patients include use of bacteriophage, 

type III secretion system inhibitors, quorum-sensing inhibitors, immunization, and 

immunotherapy, antibiotics are generally the major determinant in treatment efficacy (70, 

100, 122).   

 

1.2 The use of antibiotics and their mode of action  

Ideally, within hospital settings, preventative measures like admission surveillance 

for colonized individuals, barrier nursing, hand-washing, and aseptic technique ensure no 

propagation of bacterial infections (139, 327). This is, however, wholly unrealistic in a 

high-traffic, high-patient-turnover, clinical setting where compliance with proper hygiene 

standards is often lacking (132, 248). Inevitable bacterial infections that arise, nosocomial 

or otherwise, are generally treated with antibiotic chemotherapy (140). Antibiotics were 

initially defined in 1941 by Waksman as small, microbe-derived molecules that act 

antagonistically towards other microbes, compromising their growth; penicillin, 

streptomycin and erythromycin were the first used microbially-derived β-lactam, 

aminoglycoside and macrolide antibiotics, respectively (140, 329). This definition has 

expanded to include a variety of fully- and semi-synthetic drugs designed to mimic or 

enhance the potency of naturally-derived antibiotics, e.g., the synthetic fluoroquinolones 

and semi-synthetic aminoglycosides such as dibekacin and amikacin (72, 150, 238). 

Regardless of origin, antibacterial drugs are targeted towards essential components of the 
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bacteria – targets which are commonly unique to prokaryotic cell function and thus ensure 

little to no anti-eukaryotic activity (57). Some antibiotics such as the polymyxins, which 

are nephro- and neurotoxic, are used as a last-resort treatment measure due to their 

nonspecific target effects (15). Discussed below are common antibiotic targets in bacteria, 

including essential enzymes and precursors involved in construction of the cell wall, 

plasma membrane, nucleic acid synthesis, metabolite synthesis, and protein synthesis. 

 

1.2.1 Cell wall-targeting antibiotics  

Discovery of cell wall-targeting antibiotics, and indeed antibiotics at large, began 

with the work of Alexander Fleming in 1928 (21). After he fortuitously left a culture plate 

of Staphylococcus open on a lab bench, it was exposed to the fungus Penicillium natatum. 

Penicillin, the prototypical cell-wall-targeting β-lactam antibiotic, was produced by the 

fungus and killed off the Staphylococcus at the margin of fungal growth (21). Since then, 

many more β-lactams, continually among the most successful antibiotics, have since been 

discovered and categorized based on their core structure into classes known as penicillins, 

penams, penems, carbapenems, cephalosporins, and monocyclic β-lactams (36, 60, 66). 

They function by inhibiting peptidoglycan synthesis within the bacterial cell wall, which 

would otherwise provide structural support and prevent osmotic lysis (140). P. 

aeruingosa is intrinsically resistant to penicillin, leading to the development of 

antipseudomonal cephalosporin and carbapenem β-lactams (31, 245). However, these 

antibiotics have had variable efficacy owing to spread of β-lactamases encoded by 

horizontally-transferred genes such as ampC (245). To counter this, β-lactamase 

inhibitors, such as the most recently discovered diazabicyclooctanes, are employed 
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alongside β-lactams to circumvent their hydrolytic degradation in vivo (36, 52, 66). 

Glycopeptides, another cell-wall targeting class of antibiotics, are used against Gram-

positive bacteria due to their lack of lipopolysaccharide (LPS), which protects Gram-

negative organisms from these agents (131, 258). Glycopeptides such as the clinically 

relevant vancomycin inhibit peptidoglycan synthesis by binding the acyl-D-alanyl-D-

alanine constituent of the pentapeptide chain of peptidoglycan; this interferes with 

polymerization, the final step of peptidoglycan synthesis (131, 258). Fosfomycin, a 

phosphonic acid derivative, also disrupts the cell wall, though by targeting a pyruvyl 

transferase involved in providing a linker pyruvate moiety important to peptidoglycan 

structure (133, 269).   

 

1.2.2 Plasma membrane-targeting antibiotics  

Antibiotics that disrupt plasma membrane integrity are usually lipopeptides, 

amphipathic molecules comprised of cyclic or chained amino acids bound with covalent 

ester and/or amide bonds to hydrophobic fatty acids (270). Daptomycin, the first 

approved cyclic lipopeptide antibiotic, was found to bind irreversibly to the plasma 

membrane of Gram-positive bacteria in a Ca2+ ion-dependent manner, disrupting 

membrane potential and subsequent uptake of vital metabolic precursors (18, 326). 

Treatment of antibiotic resistant P. aeruginosa infections with lipopeptides like 

polymyxin B and colistin (polymyxin E) has been considered a last line of defense due to 

their nephro- and neurotoxicity (15, 168). Polymyxins disrupt the permeability of the 

negatively charged outer membrane in P. aeruginosa and other Gram-negative bacteria 

through a concentration-dependent interaction with LPS, causing LPS aggregation (65, 
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324). Subsequently, through an unknown mechanism, these cationic antimicrobials are 

thought to enter the periplasmic space to cause cytoplasmic membrane disruption (65, 

285).  

 

1.2.3 Nucleic acid synthesis-targeting antibiotics  

Nucleic acid synthesis is inhibited by quinolones, furanes, ansamycins, 

aminocoumarins, sulfonamides, and trimethoprim. Sulfonamides and trimethoprim 

competitively inhibit 2 enzymes, dihydropteroate synthetase and dihydropteroate 

reductase respectively, which are involved in folic acid synthesis, a precursor required in 

the generation of nucleotides (115, 264). Due to their common mode of action, 

sulfonamides and trimethoprim are often used in combination (140, 272). The enzyme 

targets of fluoroquinolones, a large subset of clinically relevant quinolones, were 

identified through genome sequencing of resistant isolates, and localization of the 

causative resistance-forming mutations within DNA gyrase genes gyrA/gyrB (6, 226, 354) 

and topoisomerase IV genes parC/parE (74, 79, 228). DNA gyrase and topoisomerase IV 

both cleave DNA during its replication, either to relax the build-up of positive 

supercoiling or separate daughter strands, respectively (74). Fluoroquinolones facilitate 

the stabilization of topoisomerase IV or DNA gyrase binding to DNA, ultimately leading 

to accumulation of DNA strand breaks and fatal disruption of DNA synthesis (74). 

Aminocoumarins, such as novobiocin, also act on DNA gyrase competing with ATP in 

binding the GyrB ATPase subunit (74, 315). Furanes, such as nitrofuran and derivatives 

cause single strand DNA breaks. These antibiotics are metabolized by intracellular 

reductases to produce reactive intermediary molecules that target DNA and, as some 
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evidence suggests, protein synthesis (197, 199). The generation of mRNA during 

transcription is subject to targeting by antibiotics of the ansamycin family of metabolites. 

Rifamycins such as rifampicin, fall into this category – they sterically hinder activity of 

DNA-dependent RNA polymerase (99, 339).  

 

1.2.4 Protein synthesis-targeting antibiotics  

 Among the various classes of protein synthesis inhibitors are the 

aminoglycosides, tetracyclines, glycylcyclines, phenicols, macrolides, lincosamides, 

streptogramins, and oxazolidinones. Many of these are bacteriostatic, meaning that they 

inhibit bacterial growth, as opposed to being bacteriocidal, meaning they produce a 

killing event (e.g., transient protein synthesis disruption is a reversible cell state, whereas 

membrane lysis is not). The mode of action of these antibiotics is varied, though they 

typically target the RNA components of the prokaryotic 30S or 50S ribosomal subunits 

(198). These subunits, comprised of RNA and multiple core proteins, form a complex at 

the initiation of translation (the 70S ribosome) where the 30S subunit facilitates 

recognition of mRNA and the translational start site, and the 50S subunit contains the 

peptidyl transferase centre – a catalytic domain responsible for peptide bond formation 

and peptide release (39, 234). The 50S subunit contains 3 sites of interest: the A-site 

where aminoacyl-tRNA enters the ribosome, the P-site, where peptidyl-tRNA undergo 

peptide bond formation and chain elongation, and the E-site where tRNA exit upon amino 

acid transfer to the growing peptide chain (234, 249).  Aminoglycosides have been found 

to bind to various sites on the 16S rRNA of the 30S ribosomal subunit, which normally 

ensures correct amino acid incorporation into nascent peptides (39, 211). Binding of these 
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drugs causes mistranslation due to incorrect recognition between codon-anticodon of 

mRNA and aminoacyl-tRNA respectively (39). Tetracycline and glycylcyclines, too, 

interact with the 30S subunit to have their effect, though subunit protein S7 as well as 16S 

rRNA has been implicated in drug binding (46). Once bound, these drugs are responsible 

for blocking the entry of aminoacyl-tRNA into the A-site of the ribosome (46). 

Macrolides, lincosamides and streptogramin B (MLS) classes of antibiotic are grouped by 

their similar functionality; all are thought to bind the 50S ribosomal subunit, disrupting 

translocation of the nascent peptide within the ribosome to cause the incomplete peptide 

to drop off the ribosome (321). The length of peptide produced before this dislocation is 

drug dependent and pertains to the proximity of drug binding to the peptidyl transferase 

centre; there is a loose correlation where the further away the drug binds, the longer the 

peptide grows before being dislocated (321). Streptogramin antibiotics also have an A 

subgroup, which binds the 50S subunit to prevent access to the A-site, and to cause 

conformation changes within this subunit that enhance affinity of streptogramin B for 

ribosome binding (325). This is in agreement with the observation that both A and B 

subgroups appear to act synergistically – used in combination they are bactericidal while 

used separately they are bacteriostatic (97). Phenicols such as chloramphenicol are similar 

to MLS antibiotics in that they, too, block the catalytic peptidyl transfer centre of the 50S 

subunit, specifically at the A-site where cognate aminoacyl-tRNAs arrive (198). 

Oxazolidinones, used primarily against Gram-positive bacteria, bind the 50S subunit at a 

similar site to chloramphenicol, though oxazolidinones do not disrupt peptidyl transfer 

(29). Instead, they appear to sterically hinder the formation of the initiation complex 
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where the 30S and 50S subunits, along with other initiation machinery, combine to form 

an active ribosome (29).  

 

1.3 Antibiotic resistance mechanisms 

Despite their varied targets and mechanisms, antibiotics fail for many reasons 

related to drug penetration into tissues, patient tolerance, and perhaps most significantly, 

the resistance of the target organism (17, 172, 276). Resistance mechanisms are either 

considered innate to an organism, by being chromosomally encoded, or acquired through 

spontaneous mutation or horizontal gene-transfer. Acquisition of novel resistance 

mechanisms in an already resistant organism can give rise to multi-drug resistant (MDR 

commonly meaning resistance to at least three classes of antibiotic) strains of bacteria. 

Indeed some isolates of MDR P. aeruginosa have acquired resistance mechanisms against 

almost all clinically relevant antibiotics, leaving patients with limited treatment options 

and poor prognosis (118, 173, 233, 331). Resistance mechanisms employed by these 

bacterial pathogens include their intrinsic membrane impermeability, drug inactivation, 

drug target modification, target overexpression and removal of drug from a cell by efflux. 

 

1.3.1 Impermeability and biofilms 

 Impermeability is a fairly nonspecific innate resistance mechanism and can 

therefore provide a MDR phenotype to pathogenic bacteria (230, 332). P. aeruginosa is 

unique in that it has an extraordinarily impermeable outer membrane that acts as a 

contributor to antibiotic resistance  (13, 355). This impermeability phenomenon was 

originally attributed as the major determinant of  MDR, though the presence of 
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membrane-spanning efflux pumps was later discovered to greatly contribute (87, 174, 

254, 255).  In P. aeruginosa, porin proteins, such as the major porin OprF, modify outer 

membrane permeability by providing channels for nonspecific entry of compounds into 

the cell (96).  While loss of OprF has been tentatively linked to antibiotic resistance in 

select clinical isolates, generally it is the expression of another porin, OprD, that is 

involved in antibiotic permeation of the outer membrane (95, 260).  Indeed, decreased 

production of OprD is seen in carbapenem resistant mutants showing decreased influx of 

drug (236). There are also several porins involved in innate resistance through export, 

rather than decreased influx of antibiotic from the cell. These include OpmH, a porin 

upregulated by a two-component system PhoP-PhoQ – expression of which mediates 

polymyxin resistance (176, 356) – as well as efflux-pump-associated porins including 

OprM, OprJ, and OprN, which allow passage of a variety of antimicrobials (95). 

In addition to modified porin expression, pan-aminoglycoside resistant P. 

aeruginosa isolates have been shown to modify their lipopolysaccharide structure, as 

discussed below (33, 145). LPS is comprised of three major domains: lipid A, comprised 

of a disaccharide backbone attached to outer membrane-anchored fatty acids, a core 

oligosaccharide attached to lipid A, and the O polysaccharide side-chains (141, 145). 

Though each of these domains can be modified, aminoglycoside resistance in particular is 

correlated with a transition from a ‘smooth’ to a ‘rough’ LPS layer due to lack of O 

polysaccharide production (33, 50, 145, 202). This is consistent with the role of these 

side-chains in ionic binding of aminoglycosides, polymyxins, and other polycationic 

antibiotics (213); selective pressure of prolonged antibiotic treatment has been shown to 

cause a reduction and then loss of O side chain production (141, 273). As LPS is a major 

9 
 



component of Gram-negative bacterial outer membranes, there appear to be a large 

number of genes, including multiple 2-component systems, that are involved in issuing 

structural changes to the LPS of P. aeruginosa, modifying its permeability (33, 69, 200, 

332). This impermeability is not only seen in P. aeruginosa, but also many pathogenic 

Gram-negative bacteria and mycobacteria; the latter in particular are have been shown to 

demonstrate 10-fold slower diffusion of β-lactams than even P. aeruginosa can provide 

(126). 

 Antibiotics face further challenges to cell entry when target bacteria are surface-

attached, growing as biofilms. Biofilms are extracellular matrices of protein, nucleic acid, 

and polysaccharide, containing either a heterogeneous population of, in some cases, 

several hundred bacterial species, to as few as one species (9, 81). This matrix affords the 

bacteria within up to 1000-fold greater antibiotic resistance to select antibiotics (229, 

259). Inhibition of drug motility through the matrix appears to be minimally contributory 

to resistance against most antibiotics, except for the cationic aminoglycosides and 

polymyxins that are caught up in ionic bonds with positively charged matrix polymers, as 

demonstrated in P. aeruginosa  biofilms (90, 330). Mathematical models predict little 

impediment to most antibiotics traversing biofilms (310). More recently it has been 

suggested that nutritional competition within biofilms promotes metabolic depression in 

cells (12, 330). As many antibiotics need metabolically active and growing cells to have 

their effects, their potency decreases with decreased cell metabolic activity (180).  

Chronic P. aeruginosa infection within the lungs of cystic fibrosis patients is associated 

with conversion to an alginate-producing mucoid phenotype (23). Overproduction of 

alginate, an exopolysaccharide, leads to highly ordered biofilm architecture, significant 
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antibiotic tolerance and increased mortality in those CF patients colonized in such a 

manner (92, 104).  

 

1.3.2 Antibiotic inactivating and modifying enzymes 

 Over the course of the evolutionary arms race between antibiotics and resistance 

mechanisms to counter them, bacteria have unwittingly adapted pre-existing enzymes to 

accept antimicrobials into their catalytic domains (184). This has given rise to a plethora 

of β-lactam, aminoglycoside, macrolide, and other antibiotic inactivating and modifying 

enzymes that serve to cleave or alter antibiotics such that they no longer bind their 

respective targets and are removed from the cell (214, 344). Resistance to β-lactams in P. 

aeruginosa  clinical isolates is due in part to the presence of a chromosomally encoded β-

lactamase, AmpC (88, 263). β-lactamases are enzymes capable of hydrolyzing amide 

bonds in the lactam core of β-lactams (214).  Aminoglycoside modifying enzymes, 

enzymes capable of acetylation, phosphorylation, and adenylation, are significant 

determinants of aminoglycoside resistance in P. aeruginosa (250). These modifying 

enzymes are so varied and rapidly expanding in number that they have their own 

confusing nomenclature (266). P. aeruginosa has also been found to possess a 

chloramphenicol acetyltransferase (338). Intriguingly, however,  it has no contribution to 

overall chloramphenicol resistance. Other organisms, such as Streptomyces antibioticus, 

possess macrolide modifiers that cause macrolide antibiotics to be glycosylated or 

methylated (265). 
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1.3.3 Modification of antibiotic targets 

 Another resistance approach is to overproduce, or structurally modify antibiotic 

targets within a bacterium such that they have decreased affinity for antibiotic binding. 

Overproduction of drug-targets has received little attention compared to other resistance 

mechanisms, perhaps owing to the elegantly simple nature of this stoichiometric 

mechanism (45). In contrast, modification of cell-targets is well reviewed (117, 154, 271). 

These alterations are either controlled by genetic determinants – seen in LPS modification 

in response to antibiotics as mentioned previously – or selected for as beneficial, 

spontaneous mutations in drug-target-encoding genes; mutations that yield drug-resistant 

targets that do not detrimentally affect the cellular functions of the mutated gene product 

(154). Proteins essential to cell-wall synthesis and that are targeted by the β-lactams are 

also known as penicillin-binding proteins (PBP). Genes encoding PBPs PenA, PenB, 

MtrR, and PonA of Neisseria spp., for example, are frequently found to be structurally 

modified by mutation to decrease their binding affinity for β-lactam antibiotics (75, 76, 

89). In the case of resistance to 30S subunit-targeting antibiotics like aminoglycosides, an 

attractive target for modification is the 16S rRNA, shown to be modified by 

methyltransferases RmtA, RmtB, RmtC and RmtD (63, 64, 328, 349, 353) in several 

species including clinical isolates of P. aeruginosa (63, 349, 353). The 30S subunit-

associated ribosomal protein S12, encoded by rpsL, was found to be modified in 

Mycobacterium tuberculosis (306), Bifidobacterium bifidum (283) and E. coli (287), also 

affecting aminoglycoside efficacy in these organisms. The 50S ribosomal subunit, too, 

can be modified by methylation at its 23S rRNA, affecting affinity of MLS(B) and 

oxazolidinones antibiotics in a number of Gram-positive and Gram-negative bacteria 
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(154). Quinolone resistance is afforded by spontaneous mutation of topoisomerase IV and 

DNA gyrase encoding genes (i.e. gyrA, gyrB, parC and parE) that change as little as a 

single amino acid, though multiple changes typically correlate with increased resistance 

(79, 116, 228). These are but a few examples of commonly identified resistance-forming 

modifications in the cell, other targets for enzymatic modification or mutation include 

RNA polymerase mutations (93, 158), modification of peptidoglycan precursors by 

enzymes (34, 335) as well as mutations in metabolic enzymes (55, 154, 300). 

 

1.3.4 Efflux of antibiotics 

 Antibiotics that have traversed into the periplasm or intracellular milieu, 

unchallenged by modifying or inhibiting enzymes, are subject to removal from the cell by 

efflux pumps found in Gram-positive bacteria, Gram-negative bacteria, and mycobacteria 

alike (58, 162, 182, 232). Highlighting their abundance, a screen for sequence homology 

to efflux system genes accounted for between 5-12% of all genes in a group of 18 

different prokaryotes (241). There are 5 major families/superfamilies of efflux pump 

capable of providing MDR phenotypes to prokaryotes expressing them chromosomally or 

from plasmids (262). The division of these families is based on the number of structural 

components that comprise the pumps, the number of membranes they span, their energy 

source, and their substrate profile (247). They include the major facilitator (MF) 

superfamily, ATP-binding cassette (ABC), multidrug and toxin extrusion (MATE), 

resistance-nodulation-division (RND), and small multidrug resistance (SMR) families 

(Fig 1-1) (262). For all groups, except for ABC transporters which use ATP hydrolysis, 

the energy driving the extrusion of drug is provided by secondary transport – drug  
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Shown embedded in Gram-positive (A.) and Gram-negative (B.) membranes are 
examples of proteins of the major facilitator superfamily (MFS), ATP-binding cassette 
(ABC), multidrug and toxin extrusion (MATE), resistance-nodulation-division (RND), 
and small multidrug resistance (SMR) families of efflux pumps. FQ, fluoroquinolone; 
CM, chloramphenicol; TC, tetracycline; ML, macrolides, MD, multidrug. Adapted from: 
Poole, K. 2005. Efflux-mediated antimicrobial resistance. J. Antimicrob. Chemother. 
56:20-51. 
 

  

Figure 1-1: Diagrammatic representation of bacterial efflux pumps:   



extrusion coupled to proton or ion influx (251). Given their profusion (i.e. multiple pumps 

and families of pumps in single organisms), and the facile nature with which they are 

horizontally transferred between pathogenic and non-pathogenic organisms alike, these 

protein transporters are considered to be evolutionarily ancient, modified from their 

natural function to accommodate a wide variety of antimicrobial agents (231, 277). What 

their original function was, or still is, is not certain, though we can speculate that there has 

always been a selective need for extrusion of toxic products within a cell.  

 

1.4 Non-RND efflux systems  

  To date, P. aeruginosa  has been found to possess at least one chromosomally 

encoded (i.e., SMR, MATE and ABC) or plasmid-expressed (i.e., SMR and MF) example 

of each of the non-RND efflux pumps families capable of exporting antimicrobials (Table 

1-1). Typically in prokaryotes, ABC efflux systems exist as homo-dimers of half-

transporters, a transmembrane domain and energy-providing ATP-binding cassette 

domain, together spanning a single lipid-bilayer (56). In Gram-negative bacteria the 

presence of an outer-membrane component can allow export of drug across both 

membranes (56). Genome-wide surveys of multiple prokaryotes indicated that the 

majority (>50%) of all identified efflux systems belonged to the ABC and MF 

superfamilies of transporter, though between species the prevalence of any one type of 

pump is highly variable (240, 243). Despite this, ABC transporters appear to be poor 

determinants of antibiotic resistance, and their clinical relevance is yet to be realized 

(246). Indeed, the ABC pump encoded by operon PA1875–1876–1877 of P. aeruginosa,  
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Table 1-1: Efflux mechanisms of antimicrobial resistance found in P. aeruginosaa 
Pumpb Antimicrobial substrates Family Reference(s) 
Cml (CmlA)c CM MF (166, 292, 345) 
Tetc TC MF (274) 
EmrE AG SMR (164) 
QacEc QAC SMR (135) 
QacFc QAC SMR (128, 286) 
QacGc QAC SMR (155) 
PmpMd FQ, BC MATE (102) 
PA1875–1876–
1877 

AGe ABC (359) 

MexAB-OprM FQ, ML, BL, TC, CM, TS, NV, TP, 
TG 

RND (47, 59, 91, 163, 193, 254, 
293) 

MexCD-OprJ FQ, ML, BL, TC, CM, TS, NV, CH, 
TG, DPf 

RND (47, 59, 83, 253) 

MexEF-OprN FQ, CM, TM, TS RND (147) 
MexXY-OprM FQ, ML, BL, AG, TC, TG RND (3, 59, 192, 209, 336) 
MexJK-
OprM(H)g 

TC, TS, ERY RND (48, 49) 

MexHI-OpmDh NOR RND (2, 294) 
MexMN-OprMh CM RND (206) 
MexPQ-OpmEh ML, FQ, Cui RND (206) 
MexVW-OprMh FQ, TC, CM, ERY, CP RND (165) 
MuxABC-OpmBh AZ, ML, NV, TC RND (205) 
TriABC-OpmH TS RND (204) 
AG, aminoglycosides, AZ, aztreonam, BL, β-lactams, BC, benzalkonium chloride, CH, 
chlorhexidine, CM, chloramphenicol, CP, cefpirome, ERY, erythromycin, FQ, fluoroquinolones, 
ML, macrolides, NOR, norfloxacin, NV, novobiocin, QAC, quaternary ammonium compounds, 
TC, tetracycline, TP, trimethoprim, TS, triclosan, TG, tigecycline. 
a Adapted from: Poole, K. 2013. Pseudomonas efflux pumps. In E. Yu (ed.), Microbial efflux 
pumps., in press. Horizon Scientific Press, Hethersett, UK. 
bUnless otherwise indicated efflux systems are encoded by endogenous chromosomal genes. 
cEfflux genes carried by mobile genetic elements. 
dContribution to resistance was confirmed following deletion and reintroduction of cloned pmpM 
from/into a mutant lacking mexAB, mexCD-oprJ, mexEF-oprN and mexXY. 
eImplicated in biofilm-specific resistance to aminoglycosides. 
f2,2ʹ-dipyridyl. An nfxB mutant hyperexpressing mexCD-oprJ was selected on minimal medium 
containing the iron chelator 2,2ʹ-dipyrdyl. 
gContribution to resistance was observed following mutational overexpression or cloning of the 
efflux genes in a mutant lacking mexAB-oprM and mexCD-oprJ. 
hContribution to resistance was observed following mutational overexpression or cloning of the 
efflux genes in a mutant lacking mexAB, mexCD-oprJ, mexEF-oprN and mexXY. 
imexPQ-opmE is inducible by Cu and pump mutants show elevated sensitivity to Cu  
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for example, was only found to contribute to aminoglycoside resistance in mutants 

lacking RND pump genes mexAB, mexCD-oprJ, mexEF-oprN and mexXY (359). 

 The MF superfamily represents the largest group of antiport efflux systems. 

Several of these pumps have been crystalized from E. coli, (119, 352), Shewanella 

oneidensis (227) and Oxalobacter formigenes (109); generally described, they are 

symmetrical structures comprised of 2 separate transmembrane domains bounding a pore 

for antibiotic passage across the cytoplasmic membrane, and like ABC transporters, they 

are sometimes linked to an outer membrane component. Unlike ABC transporters, the MF 

have demonstrated efflux of clinically-relevant agents, primarily resistance to 

aminoglycosides, tetracyclines, phenicols, quinolones, and MLS class antibiotics (68, 

261, 298, 317).   

 The MATE efflux pumps also display wide substrate affinity, accommodating 

quinolones, glycylcyclines, ethidium bromide, and biocides (67, 102, 196, 347). Unlike 

the other secondary transporters that exclusively use H+ ion gradients, MATE antiport has 

been reported to rely on either Na+ ion gradients (67, 120, 217), or H+ ion gradients (102, 

314) for energy. Structurally, MATE pumps are single component and strongly conserved 

(~40% conserved sequence identity), with multiple trans-membrane helices forming a 

pore at their core (103). P. aeruginosa possess at least one MATE pump, encoded by 

pmpM ,capable of exporting benzalkonium chloride, fluoroquinolones and ethidium 

bromide (102). 

 The SMR efflux systems are generally homo-oligomers of uniquely small (~110 

amino acids) transmembrane domains consisting of only four membrane-spanning regions 

(242, 351). These relatively small efflux systems are frequently encoded by genes present 
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on plasmids, allowing their horizontal transfer (19). This is true of P. aeruginosa, which 

has demonstrated plasmid-expression of SMR genes qacE, qacF and qacG (128, 135, 

155).  SMR pumps are noted for exporting  cationic drugs, such as biocides (e.g., 

chlorhexidine and benzalkonium chloride) and dyes (e.g., ethidium bromide) (170, 320).  

  

1.5 RND efflux systems 

 Among pathogenic Gram-negative bacteria, the RND efflux systems are major 

determinants of MDR resistance in laboratory strains and clinical isolates, extruding 

essentially every efficacious class of antimicrobial used in their treatment (41, 53, 179, 

206, 237, 251). A multiple sequence alignment study of whole genomes of a number of 

Gram-negative bacteria indicated that, on average, 6 RND pumps were found per 

organism, indicating high duplication rates (105). These RND systems are tripartite 

complexes comprised of an outer membrane factor (OMF), the drug-binding RND 

antiporter of the inner membrane and a membrane fusion protein (MFP), which connects 

them in the periplasm (251). Generally, 2 large periplasmic loops of the RND component 

determine substrate specificity (71, 181, 189, 224). The crystal structures of the RND 

component of the most studied RND efflux pumps, AcrB of E. coli (223), and MexB of 

P. aeruginosa (295), have been resolved, showing that these antiporters are homotrimers. 

Mechanistic studies of AcrB, using pumps crystalized during drug interaction, show that 

each monomer of the antiporter trimer cycles through a drug-accepting, drug-bound and 

drug-extruding state, powered by the proton motive force (221, 318). The binding pocket 

residues of AcrB are rich with aromatic side chains and some polar ones, allowing for 

hydrophobic, aromatic and hydrogen bonding interactions with a variety of structurally 
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distinct antimicrobials within the pump (222). Crystal structures of the MFP MexA (5) 

and OMF OprM (4) of MexAB-OprM have also been resolved. OprM, like the RND 

component, was found to be homotrimeric, consisting of a membrane-anchored β-barrel 

enclosed pore and a cavity-forming α-barrel that extended into the periplasm. In order to 

allow exit, but not entry, of antibiotics it appears that the resting state of the OprM β-

barrel structure is a tightly closed pore configuration, insufficiently sized for drug passage 

(4). There is some uncertainty as to the number of MexA monomers within a functional 

trimeric pump, although all models share the commonality that MexA clearly functions to 

connect the OMF and RND components in the periplasm (5). 

 

1.6 RND pumps of P. aeruginosa and their significance 

 To date there have been 9 Mex (Multidrug efflux) RND pumps identified within 

P. aeruginosa (251), of which 4, MexAB-OprM (254), MexXY-OprM (209, 336), 

MexCD-OprJ (253) and MexEF-OprN (147) are considered to be the primary 

determinants of MDR (Table 1-1). Their naming scheme is such that MexA,X,C,E, 

OprM,J,N and MexB,Y,D,F are the MFP, OMF, and RND pump components 

respectively. Only MexAB-OprM and  MexXY-OprM (which shares its OMF with 

MexAB-OprM) contribute to intrinsic resistance where the former is constitutively 

expressed and the latter is drug-inducible (175, 219, 336). Hyperexpression of these 

pumps is possible through mutations in regulatory genes; this is frequently documented in 

clinical isolates where multiple such mutations are required in combination for their MDR 

phenotype (143, 201, 301).  
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The MexAB-OprM efflux pump is responsible for innate resistance  to a plethora 

of drugs including fluoroquinolones, macrolides, tetracyclines, and chloramphenicol (163, 

193, 254).  Most significantly it exports nearly all classes of β-lactams, bar carbapenems 

(191). MexXY is the major contributing pump to pan-aminoglycoside resistance in CF 

isolates (113, 124, 193, 250, 303), but is also known to export fluoroquinolones, 

macrolides, tetracyclines and β-lactams (3, 59, 192, 209, 336). Interestingly MexXY 

expression is induced by the presence of ribosome-disrupting agents, e.g., tetracycline, 

chloramphenicol, and aminoglycosides, all of which are pump substrates (127). Studies of 

P. aeruginosa MDR isolates show they are significantly more likely to overexpress OprM 

than non-MDR isolates, illustrating the importance of this outer membrane porin as it is 

shared by multiple pump systems (143, 175). Indeed, hyperexpression-causing mutations 

in regulatory genes of the OprM-associated pumps MexXY and MexAB are frequently 

found to be coinciding in these isolates (143). MexCD-OprJ is largely similar in substrate 

profile to MexAB-OprM, though it exports a much more limited array of β-lactams (e.g., 

cephalosporins and some cephems) (193, 224). MexCD-OprJ is typically quiescent in 

wild-type cells grown under standard laboratory conditions; identified by differential 

selection as significantly involved in pumping newer classes of fluoroquinolone, this 

pump plays a role in adaptive resistance to the antimicrobials it exports (148). Expression 

of MexCD-OprJ was found to be induced by clinically-used disinfectants such as 

benzalkonium chloride and chlorhexidine, dyes, cytotoxic agents like ethidium bromide 

and membrane-disrupting agents such as benzalkonium chloride (83, 218). Interestingly, 

mutations that cause hyperexpression of this pump coincide with downregulation of 

mexAB-oprM, thereby increasing susceptibility to β-lactams exported by MexAB-OprM 
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but not MexCD-OprJ (e.g., carbenicillin, aztreonam, and some cephems) (91, 108, 161).  

Similarly, loss of mexAB-oprM expression causes mexEF-oprN upregulation, suggesting 

that some global compensatory regulation of efflux occurs in P.aeruginosa, though 

MexEF-OprN and MexCD-OprJ together provide a weaker MDR phenotype than 

MexAB-OprM (161). Like MexCD-OprJ, MexEF-OprN expression is typically quiescent 

in wild-type cells grown under standard laboratory conditions; differential selection on 

chloramphenicol- and ciprofloxacin-containing media lead to the generation of mutants 

showing increased mexEF-oprN expression and resistance to quinolones, imipenem, 

trimethoprim (147). MexEF-OprN and MexAB-OprM appear to not only be determinants 

of resistance but are also involved in cell-to-cell signaling, possibly indicating regulation 

of efflux pumps by cell-density (149, 187, 208). As eukaryotes also recognize bacterial 

quorum sensing molecules (e.g., N-acyl homoserine lactones) these pumps may be 

involved in affecting P. aeruginosa-host interaction (e.g., host immune response) (98). 

 

1.7 Gene regulation in prokaryotes 

 Since resistance mechanisms are often only transiently required in the presence of 

a stress-inducing signal (e.g., antibiotic or reactive oxygen species), and may come at the 

cost of cell fitness, regulation of resistance gene expression is essential (61). Indeed, 

expression of resistance genes has been associated with several physiological 

ramifications, including decreased virulence, motility and growth rates (11, 134, 235, 281, 

311).  Expression of MDR associated pumps is often selected against in stress-free 

environments, and upon drug challenge, i.e., post-antibiotic treatment in colonized 

patients, are expressed at a variable cost to the cell (11, 281, 289, 312). The regulatory 
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schemes that modify MDR efflux pump expression are therefore unsurprisingly complex, 

and commonly occur at the level of gene transcription. These often stress-induced local 

and global regulatory changes require mediation by transcription factors such as 

activators, repressors, sigma factors, and a myriad of other co-modulators that act 

synergistically and antagonistically to them (i.e. coinducer molecules, anti-sigma factors, 

antiactivators and antirepressors). Examples of the mechanisms by which these 

transcription factors regulate efflux in bacteria will be discussed briefly herein.  

 

1.7.1 RNA polymerase 

 DNA-dependent RNA polymerase (RNAP) is an essential component of the 

transcription machinery that binds to upstream promoter sequences of genes at highly 

conserved recognition sequences (32). The catalytically competent core enzyme of RNAP 

is comprised of multiple subunits including β, β’, α, ω. This core enzyme targets DNA 

nonspecifically and thus DNA interaction must be mediated by a σ (sigma) subunit, or 

sigma factor. It is the combination of the core enzyme and this sigma factor that create the 

holoenzyme, able to bind promoter recognition sites (32). As evidenced in E. coli, sigma 

factors and RNAP are a limited resource and there is competition between promoters for 

binding of the RNAP holoenzyme (178). Distribution of RNAP holoenzyme on the 

genome, and subsequently the rate of gene transcription, is modulated by transcription 

factors. Frequently binding to palindromic or pseudopalindromic DNA sequences within 

or near to promoters, transcription factors act by modifying the ability of RNA 

polymerase to bind and initiate transcription at their corresponding genes (26).  
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1.7.2 Sigma factors 

 Within all bacteria are housekeeping sigma factors which direct essential gene 

expression from a large portion of available promoters (239). Within both P. aeruginosa 

and E. coli this is the RpoD (σ70) sigma factor (257). In addition, there are alternate sigma 

factors responsible for the recruitment and coordination of RNAP to sets of genes (i.e. a 

regulon) involved in specific response mechanisms (239). In P. aeruginosa the sigma 

factor AlgU was first identified due to its involvement in conversion of strains to a 

mucoid phenotype associated with production of the exopolysaccharide alginate (183) .  

In clinical isolates of CF patient lungs, activation of this sigma factor is caused by 

mutations in a gene, mucA, of the algU-mucA-mucB locus (28).  mucA encodes an anti-

sigma factor, MucA, which targets AlgU for direct binding and inhibition by 

sequestration (346). AlgU has also been shown to be regulated by proteolysis (343). In an 

additional layer of regulation in bacteria anti-sigma factors can be exported from the cell 

(121), and are themselves sequestered or covalently modified by anti-anti-sigma factors 

(82, 225). Increased production of AlgU is associated with direct (i.e., promoter binding) 

and indirect (i.e. via upregulation of a positive activator genes such as ppyR and algR) 

activation of a variety of genes including the psl operon, producing exopolysaccharide, 

lecA and lecB genes involved in pilus production and twitching motility, lptA and lptB 

lipoprotein production genes, and oprF, resulting in increased porin production  (20, 80).  

More recently the AlgU sigma factor has been implicated in an envelope stress response. 

When exposed to membrane-damaging agents such as chlorhexidine, the MexCD-OprJ 

RND pump was upregulated in an AlgU dependent manner (83). P.aeruginosa has other 

alternate sigma factors such as RpoN, involved in nitrogen assimilation, flagellin 
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production and quorum sensing (106, 322), PvdS, required for synthesis of the 

siderophore pyoverdine (160), RpoF, also implicated in flagellin production  (309), RpoS, 

regulating genes involved in quorum sensing (340), as well as many others that are poorly 

characterized (257).  

 

1.7.3 Mechanisms of activators 

Activators are transcription factors that act primarily to stabilize and enhance 

RNAP binding at a promoter and/or to cause isomerization of RNAP to its open complex 

where bound DNA is uncoiled and transcription can occur (35). As transcription factors 

can have multimerization domains and varying binding sites within the RNAP 

holoenzyme both cooperative and synergistic binding can occur, further increasing RNAP 

affinity for DNA binding (22). Activators operate by many mechanisms including class I 

activation where activators bind upstream of and recruit RNAP to target promoters; class 

II activators bind close to promoters and activate transcription upon binding the RNAP 

sigma factor; pre-recruitment activators that bind RNAP prior to scanning for and binding 

promoter DNA; activation by binding remote DNA, causing localized DNA folding to 

allow activator-RNAP contact and RNAP isomerization to the open complex; activation 

by bending DNA to properly align RNAP on its conserved recognition sequences; lastly, 

activation can require co-dependent activators or inducing molecules (35).  

In P. aeruginosa the MexEF-OprN efflux pump is to date the only pump known to 

be regulated by an activator, MexT, a member of the LysR family of transcriptional 

activators (146). Members of this family are usually autoregulatory, associated with a 

coinducer molecule and in the presence of said coinducer can cause conformational 
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change in promoter-proximal DNA, permitting RNAP binding and transcription (177, 

284). In E. coli, expression of TolC , the OMF component of several RND pumps, is 

regulated by 4 promoters, 2 of which are regulated by multiple pre-recruitment activators, 

MarA, SoxS, and Rob, via a single binding site (358). MarA, SoxS, and Rob, are of the 

AraC family of transcriptional activators that regulate stress response genes by binding to 

DNA as monomers, causing DNA bending and, subsequently, recruitment, binding, and 

isomerization of RNAP to an open complex (185). 

 

1.7.4 Mechanisms of repressors 

 Repressors of transcription are often bound to DNA sequences in close association 

with or overlapping the promoter sequence to cause steric hindrance of RNAP binding 

(32). Repressors may also cause localized DNA bending to block access to promoter 

DNA, or by modulating the activity of a required activator (32). Repressors, too, are 

modulated by antirepressor proteins through cleavage, cognate DNA mimicry – where an 

antirepressor protein is conformed to occupy a repressor’s DNA-binding domain – and in 

repressors that act as multimers, antirepressors can act by interrupting intermonomer 

bonding (27, 159, 194).  

In P. aeruginosa, RND efflux operons are often regulated by divergently 

transcribed repressors of the TetR (e.g., NalC, NalD), MarR (e.g., MexR), and LacI/GalR 

(e.g., NfxB) families (38, 73, 190, 215). Based on the crystal structures of representative 

members of these groups of repressor, they generally bind DNA via a variably structured 

helix-turn-helix (HTH) domain, and in the case of LacI repressors, require a coregulatory 

molecule (7, 157, 290, 316). 
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1.7.5 Transcriptional and translational attenuation 

In addition to transcription factors, secondary RNA structures of gene transcripts 

can regulate expression of downstream sequences. This occurs mainly through a 

mechanism known as transcriptional attenuation (30). In prokaryotes, transcription and 

translation are simultaneous; thus, the translational status of a short upstream open 

reading frame (ORF), encoding a ‘leader’ peptide, can dictate whether the transcription of 

a downstream gene occurs. The first known example of this was discovered in regulation 

of the trp operon, encoding genes for tryptophan synthesis (350). In the presence of 

tryptophan ribosomes are able to quickly synthesize new proteins, promoting formation of 

a secondary stem-loop attenuator structure within the leader sequence and attenuating 

downstream transcription. If tryptophan is limiting the ribosome stalls on sequences 

involved in this stem-loop structure, preventing its formation, and downstream 

transcription of tryptophan synthesis genes can occur. Translational attenuation occurs by 

a similar mechanism, however the stem-loop structures form within ribosome recognition 

sequences instead of those of RNAP. Both transcriptional and translational attenuation 

mechanisms have been described in the regulation of bacterial resistance mechanisms 

(137, 153, 207). Indeed, a transcriptional attenuation mechanism has been described in 

the regulation of P.aeruginosa gene PA5471 (Fig 1-2); a leader peptide is encoded by an 

ORF PA5471.1, the translational status of which dictates transcription of the downstream  

PA5471 (216).  
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Figure 1-2: Drug-induction of PA5471 via a transcriptional attenuation of 
mechanism: 

Transcription of PA5471 from an upstream promoter (P>) also results in transcription of 
an ORF, PA5471.1, which encodes a leader peptide (LP). (A) In the absence of drug, 
ribosomes bind the Shine-Dalgarno (SD) site of PA5471.1 and translation proceeds from 
the AUG start codon to the UAA stop codon. This permits the mRNA sequence encoding 
the PA5471.1 LP (S1) to form a stem-loop structure with a downstream sequence (S2; i.e. 
forming S1-2). In the presence of S1-S2 stem-loop formation, an additional stem-loop 
also forms (S3-S4) further downstream, acting as a transcriptional attenuator located just 
before the PA5471 encoding sequences. Under drug-free growth conditions transcription 
is terminated prior to the PA5471encoding region. (B) When ribosome-perturbing 
antibiotic is present, ribosome stalling within the PA5471.1 S1 sequence during 
translation makes it unavailable for stem-loop formation with S2, leading to alternate 
mRNA folding and a stem-loop between S2-S3. S2-S3 forms an anti-terminator structure 
which prevents formation of the transcriptional terminator, S3-S4, and downstream 
PA5471is transcribed. Adapted from: Poole, K. 2013. Pseudomonas efflux pumps. In E. 
Yu (ed.), Microbial efflux pumps., in press. Horizon Scientific Press, Hethersett, UK 
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1.8 RND efflux regulation in P. aeruginosa 

 The genetic organization of efflux pumps in P. aeruginosa is consistent with their 

naming scheme; an operon consisting of a MFP, RND component, and OMF in that order. 

Frequently associated with these operons are divergently transcribed repressor genes, 

whose products bind to promoter sequences between their ORF and that of the efflux 

pump operons (38, 73, 190, 215). Elsewhere on the chromosome there may be other 

regulatory genes encoding additional activators or repressors of the efflux operon 

promoters (Fig 1-3). Hyperexpression of the pumps in an MDR phenotype is generally 

attributed to selection of spontaneous mutation in sequences encoding pump operon 

repressors, promoter sequence or activators (78, 190, 204, 279, 307). Tight regulatory 

control of these pumps is necessary for energy economy of the cell as well as prevention 

of the over-export of low-molecular weight substrates; the latter being documented in 

MexCD-OprJ overexpression leading to fitness defects in stationary phase growth (252, 

312).  

 

1.8.1 MexAB-OprM 

 MexAB-OprM is expressed from genes following the generic organizational 

scheme mentioned previously (Fig 1-3), with the pump operon divergently transcribed 

from a repressor, mexR, located upstream (256). MexR shares significant sequence 

homology with MarR and is thus referred to as a MarR family repressor, binding as a 

dimer to 5 bp inverted-repeat sequences within target promoters (73). Evidence suggests 

that 2 promoters are involved in the regulation of this pump system with one more 

proximal to the pump operon causing constitutive expression, and another located more  
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Figure 1-3: Diagrammatic representation of four major P.aeruginosa efflux pump 
operons:  
Arrows indicate the direction of labeled open reading frames (ORF), showing the 
mexA,X,C,E, oprM,J,N, and mexB,Y,D,F genes of the membrane fusion protein, outer 
membrane factor and resistance nodulation division pump components respectively. In 
addition are coloured regulatory genes of each pump; the modulatory effects of their 
protein products are shown with solid black lines. Lines ending with a short stroke 
indicate negative regulation. Lines ending with arrows and marked with (+) indicate 
positive regulation.  
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distally, which is under the regulatory control of MexR (73). The crystal structure of 

MexR has been resolved indicating that it has typical winged-helix domains to bind DNA 

and a flexible hydrophobic dimerization domain (167). Interestingly, MexR binding to 

DNA is affected by an oxidation-sensing mechanism where 2 redox-sensitive cysteine 

residues of MexR are oxidized causing interprotomer bonding and blocking of the DNA-

binding HTH domain (44). This suggests that oxidative stress caused by antimicrobial 

action may be contributory to the upregulation of this pump.  MexR is a repressor of its 

own expression as well as the pump operon as the promoter for both mexAB-oprM and 

mexR genes falls in the intergenic region dividing them (282). Mutations within mexR are 

frequently associated with upregulation of this pump and, so, MDR (1, 278, 279, 307). 

The repression activity of MexR is augmented by the presence of an antirepressor, ArmR; 

a relatively small peptide of 53 aa encoded in a 2-gene operon consisting of armR and the 

hypothetical protein PA3720 (54). The crystal structure of the interaction between ArmR 

and MexR has been reported, indicating that a small, kinked alpha helix of ArmR binds 

close within the hydrophobic pocket of the flexible MexR dimerization domain. This 

effectively causes conformational change where the space between the HTH domains 

increases, to the detriment of DNA binding (341). Expression of the armR-PA3720 

operon is regulated by another protein, NalC, a TetR family repressor, encoded by nalC 

located just upstream, and divergently transcribed from the operon (38) . This gene is 

associated with the so-called nalC-type resistance phenotype, where mutations in nalC 

cause modest upregulation of mexAB-oprM compared to mexR mutations (38). This 

upregulation seems solely due to the modulatory effects of NalC on armR regulation 

rather than PA3720, as loss the latter does not restore MexAB-OprM levels to wild-type 
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(38). What the function of PA3720 is, considering its co-regulation in an operon with 

armR, is yet unknown. One final regulatory protein, NalD, also of the TetR family of 

repressors, is encoded elsewhere on the chromosome. It, like MexR, acts as a repressor of 

the MexAB-OprM operon, though unlike MexR, its binding is to the promoter more 

proximal to the pump operon (215). As is the case with mexR and nalC, mutations in 

nalD are correlated with upregulation of mexAB-oprM and its MDR phenotype in 

laboratory and clinical isolates of P. aeruginosa (302). The level of resistance afforded by 

these mutations are akin to nalC mutants, i.e. lower than those of mexR mutations.  

 

1.8.2 MexCD-OprJ 

 Typically quiescent in wild-type P. aeruginosa, MexCD-OprJ expression is 

induced by disinfectants and membrane-disrupting agents (83, 218). That these drugs act 

as inducers may indicate a role for this pump in the envelope stress response. 

Concordantly, in P. aeruginosa transcriptional regulation in response to envelope stress is 

mediated by the sigma factor AlgU, encoded by algU, knockouts of which prevent 

induction of MexCD-OprJ by membrane-disrupting agents like chlorhexidine (83). 

Upstream and divergently transcribed from the mexCD-oprJ pump operon is a gene nfxB 

encoding the repressor NfxB, originally identified by association with norfloxacin 

resistance (108) (Fig 1-3). This repressor, of the LacI/GalR family of repressors, 

negatively regulates mexCD-oprJ as well as nfxB at their overlapping promoters (190, 

253). Mutations within nfxB, cause MexCD-OprJ overexpression, but are infrequently 

selected for in clinical isolates presumably due to the additional cost of fitness defects to 

the cell (312). 
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1.8.3 MexEF-OprN 

 Expression of mexEF-oprN, like mexCD-oprJ, is quiescent in wild-type cells. 

MexEF-OprN is unique in that it is the only positively-regulated pump, affected by 

activity of an activator, MexT . MexT is a member of the LysR family of regulators, 

encoded by mexT, found upstream and transcribed in tandem with the mexEF-oprN efflux 

pump operon. (146) (Fig 1-3). It is inactivated in most purported wild-type cells due to 

the presence of an 8bp insertion in the mexT sequence; mutational loss of this insert is 

associated with increased expression of MexEF-OprN and MDR in so-called nfxC-type 

strains (186). nfxC mutants also show a concomitant decrease in OprD expression, an 

important porin responsible for the carbapenem resistance of these strains (236). In strains 

harbouring wild-type mexT but showing increased MexEF-OprN expression, MexEF-

OprN MDR can result from mutations in mexS. This gene is located immediately 

upstream of mexT, and encoding MexS, a probable oxidoreductase (304). Another gene, 

mvaT, when knocked out, causes resistance to chloramphenicol and norfloxacin via 

upregulation of mexEF-oprN (as well as several ABC transporter genes) (337). mvaT 

knockouts, too, downregulate OprD, desensitizing these strains to imepenem (337). There 

is further evidence to suggest there are other regulatory elements, including a putative 

repressor of MexEF-OprN, and that this pump may respond also to metabolic stresses, 

though the nature of these transcriptional regulators and the genes encoding them remains 

to be elucidated (152, 188).  
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1.8.4 MexXY-OprM 

 The mexXY operon encodes no OMF porin gene, with MexXY components 

utilizing OprM, the OMF component of MexAB-OprM (192). Similar to other pump 

operons, mexXY, too, has a divergently transcribed repressor-encoding gene mexZ (3) (Fig 

1-3). The crystal structure of MexZ, a TetR family repressor, has been solved (8). To 

repress mexXY, it binds as a homodimer to the mexZ-mexX intergenic region at a 10bp 

inverted repeat via an N-terminal HTH domain (8, 195). Mutations in mexZ disrupting the 

function of MexZ, thus causing mexXY upregulation and MDR, are of the most common 

mutations in pan-aminoglycoside resistant clinical isolates of P. aeruginosa, especially 

from CF patient lungs (78, 123, 201, 301). Evidence suggests there are additional mexXY 

regulatory schemes that also overproduce MexXY, .i.e. due to other genes or to mutations 

that lay outside of mexZ or the mexXY promoter region (113, 123, 175). Recently a 2-

component system, ParR-ParS, has been implicated in such a role; in vitro selection of 

amikacin-resistant mutants showing increased mexXY expression and intact mexZ had 

mutations localized to parR (220). Clinical isolates overexpressing mexXY were also 

shown to display a number of different parR mutations (220). Mutant clinical isolates of 

P. aeruginosa displaying upregulation of mexXY appear to be mostly selected by the 

presence of aminoglycosides, and antipseudomonal cephems (112, 113, 336, 342).  

Uniquely to MexXY-OprM, sub-minimum inhibitory concentrations (MIC) of 

ribosome-targeting antibiotics that it exports, such as chloramphenicol, spectinomycin, 

tetracycline, and azithromycin, are responsible for induction of mexXY expression (127). 

Ribosome-targeting antibiotics were shown not to bind or directly modulate MexZ 

binding to the mexX promoter, precluding the possibility that these drugs induce mexXY 

34 
 



through effects on MexZ (195). That antibiotic induction of mexXY is compromised by 

plasmid expression of ribosome-protecting ermBP and tetO, erythromycin and 

tetracycline resistance genes respectively, suggests that mexXY is upregulated in response 

to ribosome perturbation rather than antibiotics themselves (127). Concordantly, 

mutations within fmt, which encodes a methionyl-tRNA-formyltransferase, and folD, 

involved in folate biosynthesis, negatively impact protein synthesis and also cause the 

upregulation of mexXY (40).  

 Expression of a gene, PA5471, is required for antibiotic-inducibility of mexXY in a 

MexZ-dependent manner (219), and PA5471, too, is induced by ribosome-targeting 

antibiotics through a transcriptional attenuation mechanism that is responsive to ribosome 

perturbation through antibiotic exposure or mutation (Fig 1-2) (156, 216). Indeed, 

reduced expression of ribosome-associated proteins from the rplU-rpmA operon, via a 

promoter mutation, cause a mexXY upregulation, dependent on PA5471 (156). Based on 

the crystal structure of MexZ, Alguel et al. proposed that a general regulator is likely to 

bind to the MexZ C-terminal domain, altering its conformation and causing MexZ drop-

off from target DNA (8). PA5471, is a likely candidate for this modulation of MexZ 

activity through interaction with the repressor (219, 348). 

Within the lungs of cystic fibrosis patients, chronic infections of P. aeruginosa are 

frequently associated with the generation of reactive oxygen species caused by chronic 

lung inflammation, both in response to P. aeruginosa and due to the nature of the CFTR 

defect of this disease (51, 275). Microarray analysis of P.aeruginosa exposed in vitro to 

oxidative stress via the antiseptics hydrogen peroxide and peracetic acid showed a ~4-fold 

and ~11-fold increase in PA5471 expression, respectively (42, 43). In addition, long-term 
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in vitro exposure of P. aeruginosa to hydrogen peroxide resulted in recovery of pan-

aminoglycoside resistant mutants dependent on PA5471 and MexXY (84). As pan-

aminoglycoside resistant isolates overproducing MexXY-OprM are readily selected from 

the CF lung, this suggests that this reactive oxygen species-rich environment may provide 

selective pressure for upregulation of mexXY, dependent on PA5471 (84, 124, 250, 303).  

Oxidative stress induced via hydrogen peroxide has been shown to cause RNA damage, 

translational infidelity and ribosomal dislocation in E. coli (151, 169, 171).  Similarly, 

oxidation of mRNA in eukaryotes has been linked to ribosome stalling and reduced 

protein synthesis (296, 297). It is perhaps not unreasonable then to envision a scenario 

where oxidative stress causes RNA and/or ribosome dysfunction leading to upregulation 

of PA5471 via its attenuation mechanism and, subsequently, increased mexXY expression.  

 

1.9 Experimental aim 

 MexXY-OprM is a major determinant of MDR in pan-aminoglycoside resistant P. 

aeruginosa CF lung isolates (124, 250, 303). Understanding the regulatory mechanisms 

underlying expression of this efflux pump system  is key to developing effective 

treatments for chronic CF lung infections caused by P. aeruginosa in these patients. Data 

suggests that PA5471 and MexXY are positively coregulated by the impact of ribosome-

targeting antibiotics (127, 216, 219) and it is hypothesized here that this antibiotic 

induction of mexXY is through PA5471 interaction with MexZ causing mexXY 

derepression, also in response to antibiotic induction signals. To this end, the experiments 

herein are designed to further elucidate the role of PA5471 in regulating mexXY drug-

inducible expression and the nature of its interaction with its putative binding target, 
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MexZ. Specifically, the identification, via mutational analysis, of key residues of PA5471 

and MexZ that facilitate their interaction and to confirm that this interaction is necessary 

for induction of mexXY in the presence of ribosome-targeting antibiotics by assessing the 

effects of these mutations on mexXY drug-inducibility. 
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Chapter 2 

 Materials and Methods 

 

2.1 Bacterial strains and growth conditions 

All bacterial strains used in this study are described in Table 2-1. Unless specified 

otherwise, strains of P. aeruginosa and Escherichia coli  were cultured in Luria (L; 

Miller’s Luria broth base [Difco] supplemented with 2.5 g/L NaCl) -broth and L-agar 

(containing 1.5% (wt/vol) agar [Difco]), with antibiotics where appropriate, and grown at 

37°C shaking. Strains were stored long-term at -80°C as 1 mL aliquots of overnight 

culture mixed (by 10 sec vortex) with 75 μL DMSO.  

 

2.2 Plasmids 

All plasmids used in this study are described in Table 2-2. Plasmids pEX18Tc, 

pRK415 and their derivatives were maintained with 10 (in E. coli) or 50 (in P. 

aeruginosa) μg/mL tetracycline. Plasmid pMS604 and derivatives were maintained in E. 

coli with 10 μg/mL tetracycline. Plasmids pDP804 and derivatives were maintained in E. 

coli with 100μg/mL ampicillin.  

Plasmid pSF004, a pMS604 derivative carrying mexZ, was constructed by 

amplifying mexZ from P. aeruginosa K767 chromosomal DNA using primers MSmexZ-F 

(5’-GACTCTGCAGGTGGCCAGGAAAACCAAA-3’; PstI site underlined) and 

MSmexZ-R (5’-GACTCAGCTGTCAGGCGTCCGCCAGCAA-3’; PvuII site 

underlined). The 50 μL PCR reaction mixture contained 1 μg of chromosomal DNA, 30 

μM of each primer, 0.2 mM each deoxynucleoside triphosphate (dNTP), 5% (vol/vol)  

38 
 



 
  

Table 2-1: Bacterial strains used in this study 
Strain  Relevant Characteristics Reference 

P. aeruginosa   

K767 PA01 wild-type (114) 
K2152 Clinical isolate (303) 
K2153 Clinical isolate (303) 
K2158 Clinical isolate (303) 
K2160 Clinical isolate (303) 
K2162 Clinical isolate (303) 
K2163 Clinical isolate (303) 
K2413 K767 ∆PA5471 (219) 
K2415 K767 ∆mexZ (219) 
K3258 K767 ∆PA5471 ∆mexB This study 
K3259 K767 ∆mexZ ∆mexB This study 
K3240 K767 PA5471 (P68S) a This study 
K3241 K767 PA5471 (G76S) This study 
K3242 K767 PA5471 (R216C) This study 
K3243 K767 PA5471 (R221W) This study 
E. coli   

DH5α Φ80d lacZΔM15 endA1 recA1 hsdR17 (rK
- mK

+) supE44 
thi-1 gyrA96 relA1 F- Δ(lacZYA-argF)U196 

(16) 

S17-1  thi pro hsdR recA Tra+  (299) 
SU202 PromotersulA(op408/op+)-lacZ (62) 
a The PA5471 products encoded by their respective PA5471 mutant strains are mutated at 
residues indicated in parentheses. 
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a Apr, ampicillin resistance; Tcr tetracycline resistance. 
b Plasmid pDP804 encoded PA5471 genes produce PA5471 products mutated at residues 
indicated in parentheses. 
c Plasmid pDP804 encoded PA5471 genes produce truncated PA5471 products 
correlating to wild-type PA5471 residues indicated in parentheses. 
d The PA5471 gene on pRK415 encodes PA5471 protein hisidine tagged at its C-
terminus.  

Table 2-2: Plasmids used in this study 
Plasmid Relevant Characteristics a Reference 

pDP804 LexA1-87408-Jun zipper fusion; Apr (62) 
pMS604 LexA1-87WT-Fos zipper fusion; Tcr (62) 
pSF004  pMS604::mexZ S. Fraud 
pSF005  pDP804::PA5471  S. Fraud 
pTH001 pDP804::PA5471 (P68S)b This study 
pTH002 pDP804::PA5471 (G76S) This study 
pTH003 pDP804::PA5471 (R216C) This study 
pTH004 pDP804::PA5471 (R221W) This study 
pTH005 pDP804::PA5471 (G231D) This study 
pTH006 pDP804::PA5471 (G252S) This study 
pTH007 pDP804::PA5471 (L192-P260)c This study 
pTH008 pDP804::PA5471 (L192-T370) This study 
pTH009 pDP804::PA5471 (M1-L191) This study 
pEX18Tc Broad-host-range gene replacement vector; sacB, Tcr (111) 
pRSP81 pEX18Tc::ΔmexB (110) 
pTH010 pEX18Tc::PA5471 (WT) This study 
pTH011 pEX18Tc::PA5471 (P68S) This study 
pTH012 pEX18Tc::PA5471 (G76S) This study 
pTH013 pEX18Tc::PA5471 (R216C) This study 
pTH014 pEX18Tc::PA5471 (R221W) This study 
pTH015 pEX18Tc::PA5471 (C40R) This study 
pTH016 pEX18Tc::PA5471 (R41C) This study 
pTH017 pEX18Tc::PA5471 (D119E) This study 
pTH018 pEX18Tc::PA5471 (G190S) This study 
pTH019 pDP804::mexZ This study 
pTH020 pMS604::PA5471 This study 
pRK415 Cloning vector; low-copy, broad-host-range, Tcr (136) 
pTH021 pRK415::PA5471-Hisd This study 
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DMSO, 1 x Phusion polymerase HF buffer and 1 U Phusion polymerase (Promega, 

Madison, WI). Following an initial denaturation step at 98°C for 3 min, the mixture was 

subjected to 30 cycles of 98°C for 30 sec, 65°C for 45 sec and 72°C for 2 min, before 

finishing with a 5 min incubation at 72°C (unless specified otherwise, all other 

pDP804/pMS604 derivatives were constructed using the same reaction mixture and PCR 

conditions as above). The mexZ PCR product was gel-purified, digested with PstI and 

PvuII and cloned into PstI-PvuII-restricted pMS604, generating pSF004. Plasmid 

pSF005, a pDP804 derivative carrying PA5471, was constructed by amplifying 

PA5471from P. aeruginosa K767 chromosomal DNA using primers with primers 

DP5471-F (5’-GACTCTCGAGATGGGCAACTACATCAAG-3’; XhoI site underlined) 

and DP5471-R (5’-GACTAGATCTTCATCGGCAGCACTCCCC-3’; BglII site 

underlined). The resulting PCR product was digested with XhoI and BglII and cloned into 

XhoI-BglII-restricted pDP804. Plasmid pTH019, a pDP804 derivative containing mexZ, 

was constructed by amplifying mexZ from P. aeruginosa K767 chromosomal DNA using 

primers using primers DPmexZ-F (5’-GACTAGATCTGTGGCCAGGAAAACCAAA-

3’; BglII site underlined) and DPmexZ-R (5’-GACTGAGCTCCAGGCGTCCGCCAG- 

CAA-3’; SacI site underlined). The resulting PCR product was digested with BglII and 

SacI and cloned into BglII-SacI-restricted pDP804. Plasmid pTH020, a pMS604 

derivative carrying PA5471, was constructed by amplifying PA5471 from P. aeruginosa 

K767 chromosomal DNA using primers using primers MS5471-F (5’-GACTCTGCAGA-

TGGGCAACTACATCAAG-3’; PstI site underlined) and MS5471-R (5’-GACTCTCGA-

GTCATCGGCAGCACTCCCC-3’; XhoI site underlined). The resulting PCR product 

was digested with PstI and XhoI and cloned into PstI-XhoI-restricted pDP804.  
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Derivatives of pDP804 carrying truncations of PA5471 L192-P260, L192-T370, 

and M1-L191 were named pTH007, pTH008 and pTH009, respectively. PCR conditions 

used in construction of these plasmids are the same as other pDP804 derivatives with the 

exception of annealing temperature which was 71.5°C.  Plasmid pTH007 was constructed 

with primers AR5471-F (5’-GACTCTCGAGCTGCTCGACGGCAGCCTG-3’; XhoI site 

underlined) and AR5471-R (5’-GACTAGATCTTCACGGGGTGGCGCCCTTGCG -3’; 

BglII site underlined).   Plasmid pTH008 was constructed with primers CT5471-F (5’-

GACTCTCGAGCTCGACGGCAGCCTGGAA-3’; XhoI site underlined) and CT5471-R 

(5’-GACTAGATCTTCAGGTCAGCACCGGCTTCAG-3’; BglII site underlined).  

Plasmid pTH008 was constructed with primers NT5471-F (5’-GACTCTCGAGATGGG- 

CAACTACATCAAGCCTTTGT-3’; XhoI site underlined) and NT5471-R (5’-GACT-

AGATCTTCACAGGCCGGCGTGGCCGTG-3’; BglII site underlined). The PA5471 

truncation PCR products were all digested with XhoI and BglII and cloned into XhoI-

BglII-restricted pDP804.   

Plasmid pTH010 was derived from pEX18Tc; PA5471 was cloned with primers: 

EX5471-F (5’-CGATGGTACCCCGGCAAGGAGTCCTTCATGACCTT-3’; KpnI site 

underlined) and EX5471-R (5’-CGATCTGCAGGCGCTCCGCGCCGATGAA-3’; PstI 

site underlined) using high fidelity Phusion polymerase. The PCR mixture and conditions 

were the same as for pDP804 and pMS604 derivatives, however the mixture was 

subjected to a 68°C annealing temperature.  

Plasmid pTH021, a pRK415 derivative carrying C-terminally His-tagged PA5471, 

was constructed by amplifying PA5471 from P. aeruginosa K767 chromosomal DNA 

using primers CHIS5471-F (5’-CGATCTGCAGGATGGGCAACTACATCAAGCCTT-
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TGT-3’; PstI site underlined) and CHIS5471-R (5’-CGATGGATCCTCAGTGGTGAT-

GGTGATGATGTCGGCAGCACTCCCCACGGGTCTTG-3’; BamHI site underlined, 

6xHis tag in bold). The 50 μL PCR reaction mixture contained, 1 μg of chromosomal 

DNA, 1 mM of each primer, 0.3 mM each dNTP , 1 x Exact PCR buffer, 1x 5P-Solution, 

and 2.5 U Exact polymerase (5 PRIME Inc, Gaithersburg, MD). Following an initial 

denaturation step at 95°C for 5 min, the mixture was subjected to 30 cycles of 94°C for 45 

sec, 69.5°C for 45 sec and 72°C for 1 min, before finishing with a 5 min incubation at 

72°C. The PA5471-His encoding PCR product was gel-purified, digested with PstI and 

BamHI and cloned into PstI-BamHI-restricted pRK415. All PCR reactions were carried 

out in a Biometra T-gradient thermocycler (Biometra, Goettingen).   

 

2.3 DNA manipulations 

Unless otherwise specified, kits were used according to the manufacturer’s 

protocol and resultant DNA was stored at -20°C. Plasmid DNA was isolated using the 

GeneJET Plasmid Miniprep Kit (Fermentas, Burlington, ON). Restriction endonuclease 

digestions were performed with enzymes from New England Biolabs (NEB, Ipswich, 

MA) using manufactures specifications for single digestions. Double digests were 

performed in single reactions if enzymes had compatible incubation times without star 

activity, otherwise serial single digestions were performed. Ligation of endonuclease 

digested products was performed with T4 DNA ligase (NEB, Ipswich, MA). PCR 

products, restriction endonuclease digested DNA fragments, and hydroxylamine 

hydrochloride mutagenized plasmids were all purified using The Wizard® SV Gel and 
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PCR Clean-Up System Kit (Promega, Madison, WI), either from reaction mixtures or 

following excision from agarose gels.  

Chromosomal DNA was extracted from P. aeruginosa strains using a modified 

protocol of the DNeasy® Blood & Tissue Kit (Qiagen, Mississauga, ON). Cells were 

pelleted by microcentrifugation of 1 mL of overnight culture at 13,000rpm for 2 min. 

Pellets were resuspended in 180 μL of kit buffer ATL, mixed by vortexing with 20 μL of 

kit supplied Proteinase K, and incubated at 55°C for 20 min. RNase A (40 μL of 

10mg/mL ) was added, incubated at room temperature for 2 min, and then vortexed for 15 

sec prior to addition of 200 μL of kit buffer AL. This mixture was vortex and incubated 

for 10 min at 70 °C followed by addition of 200 μL of 95% ethanol, and further 

vortexing. The solution was then transferred to a DNeasy® spin column and centrifuged 

in a microfuge1 min at 8000 rpm. Flow-through was discarded and 500 μL of buffer 

AW1 was added to the column prior to further microcentrifugation at 8000 rpm for 1 min. 

This was repeated with buffer AW2, using 13000 rpm for 3 min. Finally, chromosomal 

DNA was eluted with 200 μL of kit buffer AE by microcentrifugation for 1 min at 8000 

rpm, and stored at 4°C. 

DNA was visualized using 0.8% (wt/vol) agarose gels (supplemented with 0.5 

μg/mL ethidium bromide) electrophoresed in Tris-Acetate-EDTA buffer (TAE; 40 mM 

Tris-HCl pH 8.5, 20 mM acetic acid, 1 mM EDTA) at 130 V. Appropriately sized 

Generuler DNA ladders (Fermentas), 1kb or 100bp, were used to estimate DNA fragment 

sizes. Gels were visualized with an ultraviolet light transilluminator.  
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DNA sequencing was performed by ACGT Corporation (Toronto, ON) and 

oligonucleotides were synthesized by Integrated DNA Technologies (IDT, Coralville, 

IA).  

 

2.4 Calcium chloride competent E. coli 

 Overnight cultures of E. coli were grown in L-broth containing appropriate 

antibiotics. Subcultures were inoculated 1/100 in L-broth containing appropriate 

antibiotics and incubated 2-3 hours until an absorbance at 600nm (A600) 0.35-0.45 was 

reached. Subsequent operations were performed always on ice or in a 4°C walk-in 

refrigeration unit. Subcultures, when ready, were placed on ice for 20 min to chill and 

then decanted into sterile centrifuge tubes (maximum tube volume was double the culture 

volume) for centrifugation at 1000xg (up to 5000xg if pellets were smeared) for 10 min at 

4°C. Pellets were then resuspended by gentle pipetting addition of 40 mL (per 100mL 

starter subculture) of sterile, ice cold, 0.1 M CaCl2. Again the culture was left on ice for 

20 min (up to 1 hour permissible), before further centrifugation at 1000xg for 10 min at 

4°C. Resuspension of the pellet was in 4 mL (per 100 mL starter subculture) of sterile, 

ice-cold, 0.1 M CaCl2 and 15% glycerol (vol/vol). Resuspended cells were left on ice, at 

4°C for 20 hours and then divided into 200 μL aliquots for storage in microcentrifgue 

tubes at -80°C. Transformations were performed by addition of plasmid (50-100 ng) to 

competent cells (200 μL), previously thawed on ice, and gentle agitation to mix. The 

mixture was kept on ice for 30 min prior to heat shock at 42°C for 90 sec, followed by 

addition of 1 mL L-broth, and a 1 hour recovery at 37°C, rotating. Cell suspensions 
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(100μL) were then plated on L-agar with appropriate antibiotics or used for conjugation 

with P. aeruginosa as below. 

 

2.5 Electrocompetent E. coli 

Colonies of E. coli were scraped from L-agar plates and resuspended in 5 mL of 

SOC media (per 0.5 L: 10 g bacto tryptone, 2.5 g bacto yeast extract, 0.25 g NaCl, 1.25 

mL 1M KCl, 5 mL MgCl2, 10 mL sterile 1M glucose, pH 7) to an A600 of 0.75-0.8. 

Resuspensions were inoculated in 0.5 L (1/100 dilution) SOC media for 18 hour 

overnight culturing at 37°C. Overnight cultures were harvested by centrifugation with a 

Beckman J2-21M floor model centrifuge, using a JA-10 rotor, at 3500rpm, for 20 min at 

4°C. Pellets were washed with 400 mL ice cold dH2O, centrifuged as above, washed with 

100 mL ice cold dH2O, centrifuged again, and washed with 40 mL ice cold dH2O 

supplemented with 15% (vol/vol) glycerol.  After a final centrifugation step, the pellet 

was resuspended in ice cold dH2O containing 15% (vol/vol) glycerol to an A600 of 1.8; 

measured by taking 1/20 dilutions of cell suspension. Competent cells were then frozen in 

microcentrifuge tubes at -80°C in 110 μL aliquots. Transformations were performed by 

mixing plasmid (50-100 ng) with 35 μL of competent cells (thawed on ice) by gentle 

agitation. The mixture was pipetted into electroporation cuvettes (Bio-Rad Labs, 

Richmond, CA) and pulsed at 2500 V, 200 Ω using a BTX ECM399 electroporator 

(Inovid Biomedical Corporation, Blue Bell, PA). Pulsed cells were then immediately 

recovered in 1 mL SOC media for 2 hours at 37°C rotating. Recovered cells were then 

either plated on appropriate antibiotic-containing L-agar or used for conjugation with P. 

aeruginosa as described below. 
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2.6 Conjugation 

 E. coli S17-1 (donor) was used to mobilize plasmids into P. aeruginosa (recipient) 

via conjugation. Donor E. coli, containing the desired plasmid for transfer, was either 

grown overnight or used in conjugation directly after recovery from a transformation 

event. Recipient P. aeruginosa were grown overnight in 10 mL L-broth cultures at 42°C 

without shaking. One mL of donor cells and 300 μL of recipient cells were mixed and 

pelleted together at 8000rpm for 1 min in a microfuge tube using a Heraeus Biofuge Pico 

microfuge. Pellets were resuspended in 100 μL of L-broth and then spotted –  by pipetting 

– onto the centre an antibiotic-free L-agar plate. Spotted cells were allowed to dry and 

adhere to the plate at room temperature prior to a 4-hour incubation at 37°C to allow 

conjugation to occur. Cells were recovered from the plate with 1 mL of L-broth, by 

washing and collection of the suspension from the plate. The recovered mixture was 

plated on L-agar containing 5 μg/mL chloramphenicol (to counter-select donor E. coli) 

and antibiotics appropriate for the maintenance of the conjugated plasmid in recipient P. 

aeruginosa.  

 

2.7 Generation of mexB knockouts and verification by colony PCR 

Knockouts of mexB were made in P. aeruginosa ΔPA5471 (K2413) and ΔmexZ 

K767 (K2415) strains by mobilizing plasmid from E. coli S17-1 carrying plasmid 

pRSP81 (pEX18Tc::ΔmexB) as described above. When conjugating using pEX18Tc for 

chromosomal insertion, colonies isolated after conjugation were streaked on sucrose (10% 

wt/vol) supplemented L-agar to promote loss of sacB-expressing pEX18Tc. Verification 
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of mexB deletion was performed via colony PCR with chromosomal template DNA 

prepared from whole cell lysates – a single colony was resuspended in 30 μL of dH2O, 

heated (5 min, 95°C), centrifuged (1 min, 13000 rpm) and cell lysates were harvested by 

pipetting from the supernatant. The 50 μL PCR mixture consisted of  1 x 

Thermopolymerase Buffer (New England Biolabs), 1% DMSO, 0.3mM dNTPs, 45 μM of 

each primer, 1 μL colony lysate, and 1.25 U of Taq DNA polymerase (New England 

Biolabs). The primers used to amplify mexB were KOmexB-F (5’-GAGACGGTGCA-

GGACACC-3’) and KOmexB-R (5’-ACCATCTCGCCCTTGTCG-3’). The PCR 

involved an initial denaturation step at 94°C for 2 min, after which the mixture was 

subjected to 29 cycles of 94°C for 1 min, 62°C for 1 min and 72°C for 2 min 30 sec, 

before finishing with a 5 min incubation at 72°C. All reactions were carried out in a 

Biometra T-gradient thermocycler (Biometra, Goettingen).   

  

2.8 Hydroxylamine mutagenesis 

Chemical mutagenesis with hydroxylamine hydrochloride was adapted from the 

method of Garinot-Schneider et al (85). Briefly, plasmids (10 μg) were incubated in a 

waterbath at 70°C for between 45-65 min (treatment time was plasmid-dependent and 

based on achieving a 1% transformation efficiency for the mutagenized plasmid 

compared to unmutagenized controls) in 500 μL of potassium phosphate buffer (pH 6.0; 

45mM) containing  EDTA (5 mM) and hydroxylamine hydrochloride (0.46 M). The 

mixture was removed from 70°C at the variable 40-65 min time-point, and 

hydroxylamine hydrochloride was inactivated by addition of 180 μL Tris-HCl (pH 8.0; 

100 mM final concentration), EDTA (10 mM final concentration) and placement on ice 
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prior to purification. The Wizard® SV Gel and PCR Clean-Up System Kit (Promega, 

Madison, WI) was used to concentrate and purify DNA on a column, which was eluted 

with 30μL of nuclease-free water. Purified, mutagenized plasmid DNA was then used in 

bacterial-2-hybrid assays, or complementation experiments described herein.  

 

2.9 Bacterial-2-hybrid assay 

Assessment of protein-protein interaction was performed using a bacterial-2-

hybrid assay (62). This assay uses a strain of E. coli, SU202, containing a chromosomally 

encoded lacZ reporter gene under the control of a hybrid lexA operator sequence. Only 

heterodimers of LexAWT and LexA408 DNA-binding domains, expressed from plasmids 

pMS604 and pDP804, respectively, can bind this operator. The C-terminal dimerization 

domains of LexA are replaced by proteins of interest such that interaction between the 

resultant LexA fusion proteins facilitates binding of LexA DNA-binding domains to the 

operator sequence, preventing lacZ expression and subsequent β-galactosidase activity. 

Plasmids pMS604 and pDP804 natively express LexA fusions with leucine-zipper 

proteins Jun and Fos, which act as a strong positive interaction control, repressing lacZ. 

Non-interacting partners, via mutational modification or otherwise, are unable to repress 

lacZ and result in measurable β-galactosidase activity. 

Screening for mutated or truncated protein interaction for performed by 

transforming E. coli SU202 harbouring one of pMS604, pDP804 or derivatives with 

constructed or mutagenized plasmid expressing the other fusion-protein of interest. 

Transformants were plated on L-agar containing 5mM Isopropyl β-D-1-

thiogalactopyranoside (IPTG; an unmetabolizable, gratuitous lacZ inducer), 5-bromo-4-
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chloro-indolyl-β-D-galactopyranoside (X-gal, 80μg/mL; a β-galactosidase substrate), 

tetracycline (10 mg/mL; to maintain pMS604 and derivatives), and ampicillin (100 

mg/mL; to maintain pDP804 and derivatives). After incubation for 18 hours at 37°C, 

plates were visually inspected for the desired phenotype; blue colonies indicated weak to 

no interaction depending on colour intensity and white colonies suggested strong 

interaction. Colony colour was more pronounced after incubation at 4°C and thus some 

colonies were selected after colour was allowed to develop and stronger phenotype 

differentiation was possible.  

To quantify β-galactosidase activity of E. coli SU202 colonies selected by plate 

screening, a liquid version of this assay (the Miller assay) was performed. E. coli SU202 

strains harbouring pMS604 and pDP804, or derivatives, were incubated shaking for 18 

hours at 37ºC in L-broth containing tetracycline (10μg/mL) and ampicillin (100μg/mL). 

All cultures were subcultured 1/50 in 10mL fresh antibiotic-containing L-broth and 

incubated at 37ºC with shaking until an A600 between 0.6-0.8 was reached. Standard β-

galactosidase assays were then performed as described by Miller (203). Strains with ≥2-

fold increase or decrease in β-galactosidase activity compared to wild-type 

PA5471/MexZ interaction were frozen for long term storage. 

 

2.10 Screening for modified protein interaction 

Several screens to identify mutant PA5471 or MexZ proteins with enhanced or 

blocked interaction were performed using the E. coli SU202 based bacterial-2-hybrid 

assay. Using this approach E. coli SU202 was made CaCl2 competent and transformed 

with PA5471/MexZ carrying pMS604 or pDP804 derivatives pSF004, pSF005, pTH019, 
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pTH020 or in the case of MexZ second-site suppressor mutation screens, pTH003 

[PA5471 (R216C)].  Plasmid derivatives of pMS604 or pDP804 carrying the desired 

interaction partner (i.e., MexZ or PA5471) were mutated using hydroxylamine and 

transformed into E. coli SU202 harbouring the aforementioned pMS604/pDP804 

derivatives either by heat-shock or when screening for MexZ second-site suppressor 

mutants, by electroporation. These E. coli SU202 transformants were plated and inspected 

for the desired phenotype as described in section 2.9 and  significant mutants (determined 

by liquid β-galactosidase assays and Western blots) were further characterized by 

antibiotic susceptibility assays and qRT-PCR after incorporation, by site-directed 

mutagenesis, into P. aeruginosa. 

Screening for PA5471 with enhanced MexZ interaction was performed via a 

complementation method in P. aeruginosa. Using this method E. coli S17-1 was 

transformed via electroporation with previously hydroxylamine mutagenized plasmid 

pTH021 (pRK415::PA5471-His). E. coli S17-1 transformants were recovered for 

immediate conjugation with either K2413 or K3258 strain of P. aeruginosa, harbouring a 

single PA5471 or double PA5471/mexB knockout, respectively.  Transconjugants were 

recovered and plated on media containing norfloxacin (a substrate of MexXY-OprM but 

not an inducer of mexXY) 0.5 μg/mL in an attempt to recover resistant colonies suggestive 

of PA5471 mutations .   

 

2.11 Whole cell protein isolation and Western blotting 

To ensure that mutant PA5471- and MexZ-LexA fusion proteins were being 

expressed in bacterial-2-hybrid experiments, immunoblotting of whole cell protein 
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extracts of E. coli SU202 harbouring pDP804, pMS604 or derivatives with anti-LexA 

antibodies was performed. Briefly, plasmid-carrying E. coli SU202 strains were grown 

overnight and subcultured 1/50 in 10 mL L-broth containing 5mM IPTG and appropriate 

antibiotics to an A600 of 0.5-0.6. Cells (from 1.5 mL of culture) were pelleted at 16000xg 

using a microfuge, and the cells were resuspended in 200 µL phosphate buffered saline 

(PBS; 1L dH2O containing 0.23 g NaH2PO4•H2O, 1.15 g Na2HPO4, 8.5 g NaCl), 180 µL 

gel loading buffer (4 mL 10% SDS; 4 mL glycerol; 2.5 mL 1M Tris pH 6.8; 1.5 mL 

dH2O; 0.35 g bromophenol blue) and 20 µL ß-mercaptoethanol. The mixture was heated 

at 95°C for 5 min, and then sonicated to lyse the cells (for 20 sec at power 40 using a 

VibraCell Sonicator [Sonics & Materials Inc., Danbury Connecticut, USA]). Then 10 µL 

samples were electrophoresed on 10% (wt/vol) polyacrylamide gels as described by 

Sambrook and Russell (280), using a constant voltage of 100V until the dye front cleared 

the stacking gel, and 150V while the dye traversed the running gel. Proteins were then 

electrotransferred from the gel onto methanol-soaked nitrocellulose membranes 

(Millipore, Bedford, MA) sandwiched between whatman paper wetted with transfer 

buffer (1L volume containing 800 mL dH2O, 200  mL methanol, 5.82 g Tris, 2.93 g 

Glycine, 0.38 g SDS) at a constant 25 V for 30 min using a Trans-Blot SD Semi-Dry 

Transfer Cell (Bio-Rad Labs, Richmond, CA). Membranes were blocked with 10% 

(wt/vol) milk powder in PBST (PBS with 0.2% [vol/vol] Tween-20) for 1 hour at room 

temperature and then briefly washed with fresh PBST twice for 5 min. LexA fusion 

proteins were detected using polyclonal rabbit anti-LexA antibodies (Abcam Inc, 

Cambridge, MA) diluted 1/10000 in 10 mL PBST containing 1% (wt/vol) BSA. The 

membrane was incubated at room temperature with rocking for 1 hour. The membrane 
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was again washed with fresh PBST twice for 5 min. Goat anti-rabbit IgG HRP conjugated 

antibodies (Bio-Rad Labs, Richmond, CA) were diluted 1/10000 in 10mL PBST 

containing 1% (wt/vol) BSA were added to the membrane which was incubated in this 

solution while rocking for 1 hour at room temperature. Two final 5 min washes with 

PBST preceded treatment with Western Lightning Chemiluminecence Reagent (Perkin 

Elmer, Boson, MA) as directed by the manufacturer. The membrane was then sealed in a 

plastic bag before 3-5 min exposure of the membrane to X-ray film (FUJIFILM Canada 

Inc, Mississauga, ON) in an autoradiography cartridge. Film was developed with an 

automatic developer and aligned with the protein ladder on the original membrane to 

determine protein size. 

 

2.12 Antibiotic susceptibility testing 

 P. aeruginosa strains were tested for antibiotic susceptibility with a 96-well plate, 

2-fold serial dilution technique (129); results defined the MIC of antibiotic. Antibiotics 

were serially diluted 2-fold in L-broth across 96-well plates, 50 μL per well, followed by 

addition of 50 μL of P. aeruginosa strains diluted 1/2000 from overnight cultures. Plates 

incubated for 20 hours at 37°C were assessed by visual inspection for the presence or 

absence of growth. MIC was recorded as the lowest concentration of antibiotic required to 

inhibit visible growth based on at least 2 biological replicates.  

 

2.13 Introduction of point mutations into PA5471 using site directed mutagenesis   

Site directed mutagenesis was performed on plasmid pTH010 

(pEX18Tc::PA5471) using the QuikChange Lightning Site-Directed Mutagenesis Kit 
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(Agilent Technologies, La Jolla, CA) according to the manufacturer’s instructions. The 

primers in Table 2-3 were used to separately introduce 8 mutations into PA5471cloned 

into pEX18Tc (i.e. pTH010) with the following amino acid changes: P68S, G76S, 

R216C, R221W, C40R, R41C, D119E and G190S. The resultant plasmids, pTH009- 

pTH018, were sequenced within PA5471to confirm their respective mutations and then 

electroporated into E. coli S17-I to be mobilized into P. aeruginosa strain K767 by 

conjugation as described previously. Once conjugated, P. aeruginosa colonies isolated on 

L-agar plates containing 50 μg/mL tetracycline and 5 μg/mL chloramphenicol were 

picked and screened for chromosomal insertion of PA5471 point mutations by identifying 

paromomycin-sensitive K767 mutants on L-agar supplemented with 128 ug/mL(1/2 MIC 

for K767) paromomycin (mutants defective in interaction are predicted to be 

compromised for paromomycin induction of mexXY and so will be paromomycin 

sensitive).  

 

2.14 Quantitative real-time RT-PCR 

Overnight cultures of P.aeruginosa strains were subcultured (1/50) in L-broth and 

whole-cell RNA extraction was performed on late-log phase (A600 0.6-0.8) cells using a 

High Pure RNA isolation Kit (Roche, Mississauga, ON) followed by a secondary DNAse 

step using Turbo DNA-free DNase (Applied Biosystems Canada, Streetsville, ON), both 

performed according to the manufacturers’ specifications (RNA was stored at -20°C).  

When assessing gene induction by spectinomycin, subcultures were grown for one hour 

prior to addition of  1/4 MIC (K767, 128 μg/mL; K3240 and K3241, 32 μg/mL; K3242 
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and K243, 16 μg/mL) of drug and then grown until late-log phase (A600 0.6-0.8). 

Removal  

   

Table 2-3: QuikChange Lightning Site-Directed Mutagenesis primers 
 
 

Mutation 
in PA5471 

  

Primersa 

P68S F 5’-CGTTCTTCTCCGTCGGTCGCTTCTATTCGGCGCTGGTCGGCAACG-3’ 

R 5’-GCAAGAAGAGGCAGCCAGCGAAGATAAGCCGCGACCAGCCGTTGC-3’ 

G76S F 5’-GGCGCTGGTCGGCAACGACATCAGCTGTGGCATGGCCCTGTGGG-3’ 

R 5’-CCGCGACCAGCCGTTGCTGTAGTCGACACCGTACCGGGACACCC-3’ 

R216C F 5’-GCTGCGCTTCGCCGAGGGTAACTGCCAGCTCATCGCCCGGCGC-3’ 

R 5’-CGACGCGAAGCGGCTCCCATTGACGGTCGAGTAGCGGGCCGCG-5’ 

R221W F 5’-GGGTAACCGCCAGCTCATCGCCTGGCGCATTCTCGAACGCTTGCG-3’ 

R 5’-CCCATTGGCGGTCGAGTAGCGGACCGCGTAAGAGCTTGCGAACGC-3’ 

C40R F 5'-CGCCGAACTGGACGGCATGCGCCGCGTCGTCGGTCTCCCG-3' 

R 5'-GCGGCTTGACCTGCCGTACGCGGCGCAGCAGCCAGAGGGC-3' 

R41C F 5'-GCCGAACTGGACGGCATGTGCTGCGTCGTCGGTCTCCCGG-3' 

R 5'-CGGCTTGACCTGCCGTACACGACGCAGCAGCCAGAGGGCC-3' 

D119E F 5'-CGACTGCATCGAAGCCCTGGAGCTACCGGCCCGCGAGCACTGGC-3' 

R 5'-GCTGACGTAGCTTCGGGACCTCGATGGCCGGGCGCTCGTGACCG-3' 

G190S F 5'-GCCTGCACGGCCACGCCAGCCTGCTCGACGGCAGCCTGG-3' 

R 5'-CGGACGTGCCGGTGCGGTCGGACGAGCTGCCGTCGGACC-3' 
aDesired mutations are bold and underlined. 
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of contaminant DNA was confirmed  by failure to amplify rpoD using Taq polymerase 

PCR and primers rpod-F (5'-GATCCGGAACAGGTGGAAGAC-3') and rpod-R (5'- 

CAGCAGTTCCACGGTACCC- 3'). The PCR mixture and amplification conditions were 

the same as in section 2.7, however 1 μg of template DNA was used and the reaction was 

performed with an annealing temperature of 60°C for 30 sec. RNA was converted to 

cDNA with an iScript cDNA Synthesis Kit (Bio-Rad Labs, Richmond, CA) in a reaction 

mixture formulated as described manufacturer which was incubated for 5 min at 25°C, 30 

min at 42°C and 5 min at 85°C and the resulting cDNA was stored at       -20°C. 

Quantitative real-time RT-PCR probing mexX, PA5471 and rpoD expression was 

performed using sealed 96-well plates in a CFX96TM Real-Time PCR Detection System 

(Bio-Rad, Mississauga, ON). PCR amplification reactions were performed in 20 μL 

reaction volumes containing 10 μL of SsoFast EvaGreen Supermix (Bio-Rad, 

Mississauga, Ontario), 0.3 μM (mexX) or 0.6 μM (PA5471, rpoD) of each primer set to 

amplify target genes (mexX: qPCR-mexX-F, 5’-CTATCGGCATCACCAGCG-3’ and 

qPCR-mexX-R, 5’-ATCTGGAACAGCACGGTG-3’; PA5471: qPCR-PA5471-F, 5’-

CATCAAGCCTTTGTCCGC-3’ and qPCR-PA5471-R, 5’-CGGTGGTTTGCAGTT-

GCT-3’; rpoD:  qPCR-rpoD-F, 5’-ATCCTGCGCAACCAGCAGAA-39 and qPCR-rpoD-

R, 5’-TCGACATCGCGCGGTTGATT-3’) and 5 μL of 1/200 diluted cDNA (156). 

Following an initial 3 min denaturation at 95°C, the mixture was subjected to 40 cycles of 

10 sec at 95°C and 15 sec at 60°C. A melting curve was obtained following amplification 

to verify amplicon specificity using an initial 10 sec treatment at 95°C and involving 5 

sec incubations of 0.5°C increments beginning at 65°C. The expression levels of mexX 

and PA5471 were normalized to that of the reference gene rpoD. All samples were run 
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using technical and biological triplicates, and  ‘no-template’ controls were performed in 

technical triplicates for all primer sets to verify absence of genomic DNA contamination.  

 

2.15 PA5471 structural model 

A structural model of PA5471 was produced using the PHYRE2 homology-

modeling server (138). Using this server, the PA5471 amino acid sequence was aligned 3-

dimensionally based on the known crystal structures of an RtcB homolog protein 

(PH1602, extein protein,PDB code: 1UC2, chain B) from Pyrococcus horikoshii and 

another RtcB-like protein (TTHA1785, PDB code: 2EPG chain B) from Thermus 

thermophilus. Ninety-seven % of residues were modelled at >90 % confidence. Ligand 

interface prediction was performed using 3DLigandSite ( homologous structures with 

bound ligands are superimposed onto the model inputted to the server to predict a ligand 

binding site) (334). Images of the model were produced using PyMOL (288). 
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Chapter 3 

Results 

 

3.1 Identification of mutations in PA5471 blocking MexZ interaction 

 Interaction between PA5471 and MexZ has been previously suggested using a 

yeast-2-hybrid assay (348).  To confirm these results a related bacterial-2-hybrid assay 

was employed in which PA5471 and MexZ were cloned in frame with LexAWT and 

modified LexA408 DNA-binding domain sequences expressed from plasmids pMS604 and 

pDP804, respectively. Within an E. coli strain, SU202, production of β-galactosidase 

from a chromosomal reporter gene, lacZ, is controlled by an LexA operator sequence to 

which only a heterodimer of LexAWT and LexA408 can bind, causing lacZ repression. 

Strength of the interaction between PA5471 and MexZ fused to these LexA DNA binding 

domains determines the level of lacZ expression and subsequent β-galactosidase 

production. Thus, activity of β-galactosidase acts as an indirect measure of protein-protein 

interaction, where strong interaction blocks β-galactosidase production and weak or no 

interaction is permissive to β-galactosidase production. Plasmids pMS604 and pDP804 

natively produce LexAWT-Fos and LexA408-Jun fusion proteins, respectively, and these 

proteins (which are known to interact) cause near complete cessation of β-galactosidase 

production. The interaction between PA5471 and MexZ appeared to be weak using this 

assay, with IPTG-promoted production of PA5471 and MexZ from plasmids pDP804 and 

pMS604 being required in order for reduction of β-galactosidase to be observed. This is 

in contrast to the positive control of strongly interacting Jun and Fos leucine-zipper 

proteins which require no induction signal to repress lacZ expression to near undetectable 
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levels (Fig 3-1). Nonetheless, the PA5471-MexZ interaction was demonstrable and 

therefore a mutagenic study to define their putative interaction residues was undertaken 

using this assay.  

 Mutations in PA5471 that negatively affected its ability to bind with MexZ were 

referred to as ‘deactivating’. Prospective mutants of PA5471-LexA produced from 

hydroxylamine-mutagenized pDP804::PA5471 (pSF005) were evaluated for interaction 

potential with pSF004 expressed wild-type MexZ-LexA fusions. Deactivating mutations 

of PA5471 were initially screened using a plate assay to identify colonies that were 

subjectively ‘more blue’ in colour, indicative of β-galactosidase activity. As presence of 

β-galactosidase is an indicator of weak or no interaction between the 2-hybrid partners, 

these colonies were recovered as potential PA5471 deactivating mutation candidates. 

Screening of ~10,000 colonies yielded 101 such candidate mutants to be screened for 

increased β-galactosidase activity in liquid (Miller) assays. Those mutants with a 

reproducibly ≥ 2-fold increase in β-galactosidase activity relative to wild-type were 

considered significant. A representative selection of these mutants  shows that several had 

significantly disrupted interaction with MexZ compared to wild-type PA5471 (Fig 3-1).  

Mutations in PA5471 that block protein production (e.g., nonsense mutations) or 

generally destabilize its structure will also compromise interaction with MexZ. To 

eliminate these from further study PA5471 mutants were verified for correct protein size 

and expression levels by whole-cell Western blotting with anti-LexA antibodies. From the 

101 PA5471 mutants identified by plate screening, 7 had a reproducibly (n≥2) deactivated 

phenotype in Miller assays, correct size and expression levels on Western blots, and these 

contained single missense mutations identified by sequencing of PA5471. These  
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Figure 3-1: Representative PA5471 mutants with altered MexZ interaction: 
β-galactosidase activity of E. coli SU202 harbouring pMS604::mexZ and either wild-type 
(WT) or mutated (1-38) pDP804::PA5471 plasmids. Individual plasmid-carrying E. coli 
SU202 colonies showing a blue phenotype (indicative of increased β-galactosidase 
activity and decreased interaction between mutant PA5471 and MexZ) were recovered 
from X-gal-containing plates. These were assessed for β-galactosidase activity in liquid 
(Miller) assays. Results are presented as fold change β-galactosidase activity relative to E. 
coli SU202 producing wild-type PA5471. The dotted line denotes 2-fold increase in 
activity; mutants with ≥2-fold change in activity were considered significantly reduced in 
MexZ interaction ability. Values are the mean from n≥2 independent experiments using 
technical triplicates. β-galactosidase activity was measured in Miller Units. 
 

 

  

60 
 



 

  

61 
 



mutations included P68S, G76S, R216C, R221W, R221Q, G231D and G252S (Fig 3-2).  

In addition to mutants with decreased interaction, several mutants showed enhanced 

interaction compared to wild-type (Fig 3-1) when evaluated by Miller assay. However, 

sequencing of these mutants gave wild-type PA5471sequence. 

 

3.2 Impact of PA5471 mutations blocking MexZ interaction on mexXY drug 

inducibility 

The interaction between PA5471 and MexZ is important for drug induction of 

mexXY expression in P. aeruginosa and mutations in PA5471 that inhibit MexZ 

interaction are expected to inhibit this induction. To evaluate the impact on mexXY 

antibiotic induction by PA5471 mutations within the context of P. aeruginosa, a site 

directed mutagenesis protocol was employed. Of the 7 mutations identified by bacterial-

2-hybrid screening, 4 in particular, P68S, G76S, R216C, and R221W, were chosen for 

chromosomal insertion due to their close proximity on a PA5471 structural model (Fig 3-

3). As the 4 mutations were within or close to an PA5471 surface-exposed α-helix, they 

were considered likely to be clustered around a putative interaction domain.  

Antibiotic susceptibility assays acted as a preliminary assessment of the effects of 

the 4 chromosomally-encoded PA5471 mutations on drug-induced mexXY expression; 

strains more susceptible to MexXY-substrate antibiotics presumably were unable to 

derepress the mexXY operon due to inadequate PA5471-mutant and wild-type MexZ 

interaction. Based on this assumption, aminoglycoside and aminocyclitol susceptibility 

assays were performed on PA5471 mutants. Interestingly, spectinomycin, which provides 

the strongest induction signal (C. Lau; personal communication), was very potent against  
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Figure 3-2: Mutations of PA5471 compromising interaction with MexZ: 
A.  β-galactosidase activity of E. coli SU202 expressing MexZ (from pMS604) and 
PA5471 mutants P68S, G76S, R216C, R221W, R221Q, G231D and G252S (from 
pDP804). Plasmids pMS604 natively expressing Fos leucine-zipper protein or pDP804 
expressing Jun leucine-zipper protein are indicated by (-). Expression of wild-type MexZ 
or PA5471 is indicated by (+). B. Western blots showing relative expression levels of 
MexZ and PA5471 mutants from E. coli SU202. Values are the mean ± SEM from n≥3 
independent experiments using technical triplicates.  
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Figure 3-3: Structural model of PA5471 highlighting mutations that compromise 
interaction with MexZ:  
The model is shown as a ribbon representation with mutations of PA5471 P68S, G76S, 
R216C, R221W, G231D and G252S identified with black arrows and blue coloured stick 
projections. The model was produced by threading the PA5471 amino acid sequence onto 
the crystal structure of the PH1602-extein protein from Pyrococcus horikoshii (PDB 
code: 1UC2, chain B) and protein TTHA1785from Thermus thermophiles (PDB code: 
2EPG chain B). The rendition was produced using the PyMOL Molecular Graphics 
System, Version 1.5.0.4 Schrödinger, LLC.   
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all PA5471 mutant P. aeruginosa strains compared to wild-type (Table 3-1) with 

mutations P68S and G76C showing a 4-fold increase in susceptibility and R216C and 

R221W showing an 8-fold increase (compared to wild-type).  

Antibiotic susceptibility provided only an indirect measure of the impact of these 

PA5471 mutations on mexXY antibiotic induction and so qRT-PCR-assessment of mexX 

expression, as a measure of mexXY operon expression, was pursued. As spectinomycin 

provides the strongest mexXY antibiotic induction signal – likely to reveal the most 

significant differences in gene expression between wild-type and mutants – cultures of 

PA5471 mutant-expressing P. aeruginosa were grown in the presence or absence of 

spectinomycin prior to RNA extractions. Data from qRT-PCR experiments revealed that 

all 4 mutations (P68S, G76S, R216C, and R221W) markedly reduced mexX upregulation 

compared to wild-type in the presence of spectinomycin (Fig 3-4), with the latter 

mutations R216C and R221W almost completely ablating the drug-inducible mexXY 

expression – recapitulating results from preliminary drug susceptibility assays.  

 

3.3 Localization of a PA5471 interaction domain 

 Given the clustering of previously identified MexZ-interaction-inhibiting 

mutations around an α-helix within the PA5471 structural model (Fig 3-3), it was possible 

that this region might define a MexZ-binding domain. To assess this three truncations of 

PA5471 were designed and dubbed the N-terminal, C-terminal and ‘active region’ 

domains (Fig 3-5). The N-terminal (M1-L191), and C-terminal (L192-T370) domains 

divided PA5471 such that interaction-critical residues (i.e. R216 and R221) were 

localized in the C-terminal domain, and the putative non-interacting N-terminal domain,  
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Table 3-1: Impact of PA5471 mutations on antibiotic susceptibility of P. aeruginosa   
 

 
  

MICa (µg/mL) 
 

Strain 
 

PA5471b
 

 

TOB 
 

AMI 
 

GEN 
 

KAN 
 

PAR 
 

SPC 

K767 WT 1 2 2 64 256 512 

K2413 --- 0.5 1 1 32 16  64 

K3240 P68S 0.5 1 1 32 32 128 

K3241 G76S 0.5 1 1 32 32 128 

K3242 R216C 0.5 1 1 32 32 64 

K3243 R221W 0.5 1 1 32 32 64 
 

a Minimum inhibitory concentration. TOB, tobramycin;  AMI, amikacin; GEN, gentamicin ; KAN, 

kanamycin; PAR, paromomycin; SPC, spectinomycin 
b The amino acid substitution in PA5471 in associated PA5471 mutant strains is indicated. WT, 

wild- type PA5471; ---, PA5471 deleted. 
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Figure 3-4: Impact of PA5471 mutations on spectinomycin-inducible mexXY 
expression in P. aeruginosa: 
P. aeruginosa strains expressing wild-type (WT) or mutated PA5471 (P68S, G76S, 
R216C and R221W) were assessed by qRT-PCR for mexX expression in the presence 
(grey bars) and absence (white bars) of spectinomycin (SPC). Results are the fold change 
in mexX expression compared to wild-type P. aeruginosa K767 not exposed to SPC and 
are normalized to the rpoD housekeeping gene. Values are the mean ± SEM from n≥3 
independent experiments using technical triplicates. 
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Figure 3-5: Truncations of PA5471 mapped to a structural model:  
Numbering 1-4, shows progressive clockwise rotation of the model around the vertical 
axis. The N-terminal domain (Met1-Leu191) is highlighted in red, the C-terminal domain 
(Leu192-Thr370) is highlighted in blue and green, and ‘active region’ (Leu192-Pro260) is 
the green portion of the C-terminal domain. The green ‘active region’ is the putative 
binding interface between MexZ and PA5471. The rendition was produced using the 
PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC.   
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serving as a negative control, had no critical residues. Residues P68 and G76 were located 

in the N-terminal domain based on their weaker impact on MexZ-binding which 

suggested they acted to indirectly affect a MexZ binding domain. A third truncation was a 

further reduction of the C-terminal domain (i.e. L192-P260) incorporating only structures 

near to or containing presumed interaction-required residues R221 and R216. When 

incorporated as LexA fusion proteins into the bacterial-2-hybrid system, these truncations 

failed to show evidence of interaction with MexZ – β-galactosidase activity did not 

decrease, reminiscent of non-interacting controls (Fig 3-6).  

 

3.4 PA5471 does not self-associate 

 As PA5471 is a large protein (predicted to be 41 kDa) compared with other 

antirepressors such as ArmR (predicted 6.1 kDa), it was likely that PA5471 had domains 

required for functions other than binding MexZ – one possibility was that these regions 

were involved in multimerization (Pseudomonas genome http://www.pseudomonas.com). 

This possibility was evaluated by bacterial-2-hybrid assay where PA5471 was cloned into 

both pDP804 and pMS604. No evidence of interaction was observed as there was no 

significant reduction in β-galactosidase expression  relative to non-interacting controls 

(Fig 3-7). However, the N-terminal attachment of the LexA DNA-binding domain to 

PA5471 may impact self-association and these experiments may not reflect the 

multimerization ability of unmodified PA5471.  
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Figure 3-6: Impact of PA5471 truncations on interaction with MexZ:   
β-galactosidase activity of E. coli SU202 expressing LexA-fusion proteins from plasmids 
pMS604  pDP804. Truncations of PA5471 are indicated by AR (active region; Leu192-
Pro260), CT (C-terminal domain; Leu192-Thr370) and NT (N-terminal domain; Met1-
Leu191). Expression of wild-type MexZ (from pMS604) or PA5471 (from pDP804) is 
indicated by (+). Plasmids pMS604 natively expressing Fos leucine-zipper protein or 
pDP804 expressing Jun leucine-zipper protein are indicated by (-).Values are the mean ± 
SEM from n≥2 independent experiments using technical triplicates. 
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Figure 3-7: PA5471 self-association: 
β-galactosidase activity of E. coli SU202 expressing LexA-fusion proteins from plasmids 
pMS604 and pDP804. Expression of wild-type PA5471 is indicated by (+) with values 
from self-association experiments shown in grey bars. Plasmid pMS604 natively 
expressing Fos leucine-zipper protein or pDP804 expressing Jun leucine-zipper protein 
are indicated by (-).Values are the mean ± SEM from n≥2 independent experiments using 
technical triplicates. 
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3.5 Screening for PA5471 mutants showing enhanced MexZ interaction 

 In the presence of a ribosome-disrupting drug signal, PA5471 expression is 

increased leading to binding to MexZ and depression of the mexXY operon. 

Overexpression of PA5471 in the absence of drug signal is insufficient to cause maximal  

mexXY induction seen in the presence of ribosome-perturbing antibiotics (216). Using the 

bacterial-2-hybrid assay, the interaction between PA5471 and MexZ appeared to be weak 

as it required IPTG induction of the respective fusion proteins for interaction to be 

evident. This is in contrast to the relatively strong interaction between the antirepressor 

ArmR and repressor MexR (54).  To explain this weak interaction in the bacterial-2-

hybrid assay it is possible that the attachment of a LexA DNA-binding domain to the 

PA5471/MexZ proteins affected their interaction. It is also possible that PA5471-MexZ 

interaction is enhanced by affecters produced during ribosome stress (e.g., through 

antibiotic exposure). Thus, attempts were made, using bacterial-2-hybrid screening, to 

select ‘activated’ PA5471 mutants or those with enhanced MexZ interaction, i.e. 

presumably mimicking PA5471 conformation in the presence of a ribosome stress-

dependent affecter. Using this assay, interaction of wild-type PA5471 and MexZ produces 

a light-blue colony colour (i.e. weak interaction) on plates where ‘activated’ PA5471 

mutants, displaying decreased β-galactosidase activity and more strongly interacting with 

MexZ, would produce white colonies. The low efficiency with which mutagenized 

plasmid pDP804::PA5471 was transformed into E. coli SU202 meant that a limited 

number of mutant candidates were available for screening. Subsequently, an alternate 

screening method was attempted.  
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As a surrogate for measuring mexXY expression, resistance to a known substrate 

of MexXY-OprM, norfloxacin, which does not produce a ribosome-disrupting induction 

signal, would be used to assess MexXY-OprM production levels resulting from mexXY 

derepression through mutant PA5471 interaction with MexZ. Colonies of  ΔPA5471 P. 

aeruginosa K767 transformed with hydroxylamine mutated plasmid expressing PA5471 

would be screened on norfloxacin-containing plates for increased norfloxacin resistance 

indicative of ‘activated’ PA5471. This plasmid expressed PA5471 was histidine tagged to 

later check protein production levels by Western blot with anti-His antibodies. 

Complementation of a ΔPA5471 strain appeared to be possible by wild-type PA5471-His 

as evaluated by drug-susceptibility assays (Table 3-2). Norfloxacin resistant colonies 

plasmid-expressing ‘activated’ PA5471 would presumably bind MexZ optimally, 

depressing mexXY in the absence of inducing signal, and would, at best, have the same 

phenotype as a ΔmexZ K767 strain. Therefore, in order for an ‘activated’ PA5471 screen 

to be possible, the susceptibility to norfloxacin would have to be significantly different 

(i.e. promoting differential growth on plates) between a ΔmexZ and wild-type K767 

strain. However, while norfloxacin susceptibility assays of a ΔmexZ K767 strain indicated 

that the difference between this strain and wild-type K767 was 2-fold (K767, 0.25 µg/mL; 

K2415 0.5 µg/mL), differential selection on norfloxacin-containing plates was not 

possible. As MexAB-OprM also exports norfloxacin, removal of this efflux pump was 

hypothesized to enhance the difference between a wild-type and a MexXY-producing 

strain such as K767 ΔmexZ. The creation of a ΔmexZ ΔmexB P. aeruginosa strain and 

norfloxacin susceptibility testing indicated a 4-fold decrease in norfloxacin susceptibility 

of K767 ΔPA5471 ΔmexB compared to K767 ΔmexZ ΔmexB (K767 ΔPA5471 ΔmexB,  
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Table 3-2: Antibiotic susceptibility of  K767 ∆PA5471 and PA5471 

complementation 
   

MICa (µg/mL) 
 

Strain 

 

Genotype 

 

Plasmid 
 

NOR 
 

ERY 
 

SPC 
 

K767 
 

WT 

 

- 
 

.25 
 

256 
 

512 

K2413 K767 ∆PA5471 - .25 128 128/64 

K2413 K767 ∆PA5471 pRK415 .25/.125 128/64 128/64 

K2413 K767 ∆PA5471 pTH021 .25 256 256 
 

a Minimum inhibitory concentration. NOR, norfloxacin; ERY, erythromycin ; SPC, 

spectinomycin 
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0.25 µg/mL; K767 ΔmexZ ΔmexB 1 µg/mL). Complementation with PA5471-His-

expressing plasmid of a ΔPA5471 ΔmexB strain was also possible (Table 3-3). However, 

despite attempting a screen with these conditions, differential selection on norfloxacin-

containing agar plates of K3258 expressing putative mutant PA5471 was inconsistent, 

and efforts using this method were suspended.  

 

3.6 Identification of PA5471 mutations in MexXY-overproducing clinical isolates 

 Several aminoglycoside-resistant clinical isolates of P. aeruginosa ( K2158, 

K2160, K2162 and K2163) have been shown to overexpress the MexXY-OprM efflux 

system to varying degrees and in the absence of any mutations in mexZ or the mexZ-mexX 

intergenic promoter region (303).  This suggests other genes or mutations are responsible 

for MexXY-OprM overexpression in these isolates – one possibility being mutations in 

PA5471 that enhance MexZ interaction and subsequent mexXY derepression. Sequencing 

of PA5471 from these isolates revealed mutations unique to these isolates (Table 3-4).  

Given that mexXY is variably expressed in these isolates it was assumed that common 

mutations in PA5471 would not account for this inconsistency and so isolate-specific 

mutations C40R, R41C, D119E and G190S were chosen for incorporation, via site-

directed mutagenesis, into the P. aeruginosa chromosome. Assuming these mutations 

enhanced PA5471 interaction with MexZ and led to mexXY derepression, selection of 

putative mutant PA5471-carrying P. aeruginosa colonies on wild-type K767 growth-

inhibitory concentrations of norfloxacin would select MexXY-OprM overproducers. 

However, no such resistant mutants were isolated based on this technique, and while not 

providing direct evidence that these mutations (i.e. C40R, R41C, D119E and G190S)  
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Table 3-3: Antibiotic susceptibility of K767 ∆PA5471 ∆mexB and PA5471 

complementation 
   

MICa (µg/mL) 
 

Strain 

 

Genotype 

 

Plasmid 
 

NORb 
 

PAR 
 

K767 
 

WT 

 

- 
 

1 
 

512 

K2413 K767 ∆PA5471 ∆mexB - .25 64/32 

K2413 K767 ∆PA5471 ∆mexB pRK415 .25 32 

K2413  K767 ∆PA5471 ∆mexB pTH021 1 512/256 
 

a Minimum inhibitory concentration. b NOR, norfloxacin; PAR, paromomycin 
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  Table 3-4: PA5471 mutations within P. aeruginosa clinical isolates 
 

 
Mutation 

Straina
 

 

K2158 
 

K2160 
 

K2162 
 

K2163 
 

L88P 
 

+ 
 

+ 
 

+ 
 

+ 
 

D161G 
 

+ 
 

- 
 

+ 
 

+ 
 

H182Q 
 

+ 
 

- 
 

+ 
 

+ 
 

V243A 
 

+ 
 

- 
 

- 
 

+ 
 

C40R 
 

- 
 

- 
 

- 
 

+* 
 

R41C 
 

- 
 

- 
 

+* 
 

- 
 

D119E 
 

- 
 

+* 
 

- 
 

- 
 

G190S 
 

+* 
 

- 
 

- 
 

- 
 

a +, mutation present; -, mutation absent; +*, mutations unique to a given strain 
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were insignificant, they could not be verified as being responsible for increased MexXY-

OprM production in their respective isolate of origin.  

 

3.7 Screening for MexZ mutations abrogating or enhancing PA5471 interaction 

 As with mutagenic screening of PA5471, interaction-enhancing and interaction-

blocking mutations within mexZ were screened initially using the bacterial-2-hybrid  

assay. In this instance E. coli SU202 containing pDP804::PA5471 was made CaCl2 

competent for transformational uptake of mutagenized pMS604::mexZ. However, low 

transformation frequencies of mutagenized plasmid resulted in insufficient numbers of 

transformants being obtained for screening. This may have been due to mutations within 

plasmid replication sequences or genes (e.g., OriC) or within the resistance cassette which 

would cause successfully transformed cells to be selected against on antibiotic-containing 

media. Alternatively, it was possible that pDP804 carrying E. coli SU202 somehow had 

weaker transformational efficiency compared to pMS604-harbouring E. coli SU202 used 

in previous PA5471 mutagenesis screening. To address this, PA5471 was cloned into 

pMS604 and transformed into E. coli SU202 to be made competent for transformational 

uptake of mutagenized mexZ-expressing pDP804. However, this had little impact on the 

number of transformants recovered, and an alternate method was chosen as a secondary 

approach.  

 

3.8 Screening for second-site suppressor mutations of PA5471 (R216C) in MexZ 

Second-site suppressor mutations are mutations in a gene that alleviate the 

phenotypic effects of an already existing genetic mutation. In the context of protein-

protein interaction, these are mutations causing expression of a protein with restored 
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interaction potential with its already mutated interaction partner. As putative interaction-

critical residues had previously been identified in PA5471 (i.e. R216C and R221W) it was 

hypothesized that second-site suppressor mutations within mexZ could be screened and 

identify MexZ residues likely involved in its putative PA5471-interaction domain. In this 

instance, mutagenized pMS604::mexZ was transformed into E. coli SU202 harbouring 

PA5471 (R216C) and using the bacterial-2-hybrid assay second-site suppressor mutations 

in mexZ were screened for. As transformation of CaCl2 competent cells was repeatedly 

unsuccessful in yielding sufficient transformants for screening, electroporation was 

subsequently optimized as the method of transformation. Using the bacterial-2-hybrid 

assay for plate screening, E. coli SU202 producing PA5471 (R216C) and MexZ, which 

do not interact, also produce β-galactosidase and, thus, a blue colony colour.  Screening 

was carried out for interaction-enhancing second-site suppressor mutations in mexZ. 

Colonies of E. coli SU202 with reduced β-galactosidase activity (white colour, or 

subjectively lighter blue colonies) were recovered from plates. Liquid β-galactosidase 

assays of these putative second-site-supressed mexZ mutants for decreased β-

galactosidase activity compared to PA5471 (R216C)/MexZ interaction levels revealed 

that many of these mutants had reproducibly decreased β-galactosidase activity (Fig 3-8). 

The mexZ genes from 9 isolates showing greatly decreased β-galactosidase activity (≥2-

fold decrease) had no mutations upon sequencing. 
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Figure 3-8: Representative MexZ mutants with altered PA5471 (R216C) interaction: 
β-galactosidase activity of E. coli SU202 harbouring wild-type (WT) or mutated (1-27) 
pMS604::mexZ and pDP804::PA5471 expressing PA5471 (R216C). Individual plasmid-
carrying E. coli SU202 colonies showing a white phenotype (indicative of decreased β-
galactosidase activity  and increased interaction of PA5471 (R216C) interaction with 
mutant MexZ) were recovered from plates containing X-gal. These were assessed for β-
galactosidase activity  in liquid (Miller) assays. Results are presented as fold change β-
galactosidase activity relative to E. coli SU202 producing wild-type MexZ and PA5471 
(R216C). The dotted line denotes 2-fold decrease in activity; MexZ mutants with ≥2-fold 
decrease in activity were considered significantly enhanced for interaction  with PA5471 
(R216C). Values are the mean from n≥2 independent experiments using technical 
triplicates. β-galactosidase activity was measured in Miller Units.  
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Chapter 4 

Discussion 

 

Antibiotic resistance in P. aeruginosa is a continuing deterrent to the health and 

well-being of those affected by it. Immunocompromised individuals, especially those 

with cystic fibrosis, rely on effective antibiotic treatment, which is compromised by the 

prevalence of MDR P. aeruginosa infections (107, 130, 301, 357). CF patients 

chronically infected with P. aeruginosa are commonly treated with nebulized 

aminoglycoside antibiotics and are therefore significantly affected by pan-aminoglycoside 

resistant isolates (268). The most common mechanism of aminoglycoside resistance in 

these CF isolates is overexpression of MexXY-OprM, an RND efflux pump known to 

export this class of antibiotic (124, 268, 303). The lungs of CF patients chronically 

infected with P. aeruginosa are rich in reactive oxygen species owing both to the 

infection and the nature of the CFTR defect (51, 275). How this reactive oxygen rich 

environment impacts MexXY-OprM production has been studied by attempting to mimic 

long-term exposure of P. aeruginosa to reactive oxygen using hydrogen peroxide (84). 

These in vitro experiments lead to the selection of pan-aminoglycoside isolates that are 

generally dependent on mexXY expression for this resistance (84). In addition to reactive 

oxygen, expression of mexXY is increased in the presence of ribosome-targeting 

antibiotics such as aminoglycosides, chloramphenicol, spectinomycin and tetracycline 

(127). This induction is dependent on another gene, PA5471, which is upregulated in 

response to ribosomal stress as well as reactive oxygen species (42, 43, 219). As a 

previous yeast-2-hybrid experiment suggested MexZ and PA5471 interact (348), it is 
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possible that in the presence of inducing signals PA5471 acts to derepress the mexXY 

operon via antirepressor activity against MexZ. To assess this, experiments were 

performed to confirm PA5471-MexZ interaction, identify mutations of these proteins that 

highlight residues and domains required for this interaction, and assess the effects of 

those mutations on mexXY induction in the presence of antibiotic induction signals. 

 

4.1 PA5471 and MexZ interact in an E. coli SU202 bacterial-2-hybrid assay 

In order to confirm an interaction between PA5471 and MexZ, a bacterial-2-

hybrid assay was used. While an interaction was observable using this assay, it was 

relatively weak in comparison to other antirepressor/repressor interactions, such as 

between ArmR and MexR, which serves to increase expression of another P. aeruginosa 

efflux pump, MexAB-OprM (54). Production of MexZ and PA5471 from pMS604 and 

pDP804 plasmids harboured by E. coli SU202 required IPTG induction and resulted in a 

~3-fold decrease in measured β-galactosidase activity compared to non-interacting 

controls. This is in contrast to the ~100-fold reduction caused by interaction between 

ArmR and MexR, which required no IPTG induction to be observed (54). Hyper-

expression of PA5471 has been shown to cause mexXY upregulation independent of 

antibiotic induction, however, PA5471 hyperexpressing strains show less mexXY 

upregulation than chloramphenicol-exposed wild-type K767 (216). One possibility is that 

the interaction between PA5471 and MexZ may be mediated or enhanced by some yet 

unknown cofactor/coactivator of P. aeruginosa produced in the presence of antibiotic or 

reactive oxygen induction signals and this enhancement would not be observed in the 

context of E. coli SU202 2-hybrid assays. Considering the size of PA5471 (379 amino 
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acids) relative to other antirepressors such as ArmR (52 amino acids), it is unlikely that 

PA5471 would have a similar antirepression mechanism (i.e., ArmR binds internally 

within MexR to cause its conformational change and block MexR cognate DNA binding) 

(341). Rather, PA5471 is more reminiscent of larger multi-domain antirepressors such as 

NifL (315 amino acids) found in certain diazotrophic gamma Proteobacteria.  In these 

organisms transcription of nitrogen fixation (i.e., nif) genes is under the regulatory control 

of protein-protein interaction between NifA-NifL, where NifA acts as a transcriptional 

activator, negatively modulated by NifL, which responds to the redox status of the cell 

(212). Another protein, GlnK, is produced in response to nitrogen-limiting conditions and 

interacts with NifL to relieve its inhibition of NifA (14, 125, 313). Similar to this trimeric 

interaction, it is possible that PA5471, too, has multiple interaction domains to facilitate 

and regulate its binding with MexZ.  

 

4.2 PA5471 mutations blocking MexZ interaction are generally localized to the C-

terminal domain 

Using the bacterial-2-hybrid assay several PA5471 mutations were identified that 

caused decreased binding ability of PA5471 protein with MexZ. These mutations, P68S, 

G76S, R216C, R221W, R221Q, G231D and G252S, were localized within or near a large, 

surface-exposed α-helix within the C-terminal domain of the PA5471 structural model 

(Fig 3-3). Within the context of P. aeruginosa, chromosomally-introduced, representative 

mutations (i.e., P68S, G76S, R216C, and R221W) were verified by qRT-PCR as residues 

that significantly affected PA5471-dependent mexXY depreression in response to 

spectinomycin. Mutations R216C and R221W cause substitutions of polar, hydrophilic 
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arginine residues, with nonpolar, hydrophobic cysteine and tryptophan residues. That 

hydrophilic arginine residues are frequently found on the surface of proteins and these 

mutations caused hydrophobic residue substitutions gives credence to the PA5471 model 

accurately reflecting the surface-exposed nature of this helix (77). Consistent with this 

apparent surface location, R216C and R221W mutations strongly blocked MexZ binding 

in 2-hybrid assays and almost completely abolished PA5471-dependent mexXY 

spectinomycin induction – implying direct involvement of these residues in MexZ 

binding. By comparison, mutations P68S and G76C caused weaker disruption of MexZ 

binding in 2-hybrid assays and also produced a more modest impact in preventing mexXY 

induction by spectinomycin. As these mutations are imbedded within the PA5471 

structural model in close proximity to the α-helix residues R216 and R221 reside in, they 

may indirectly impact the disposition of this α-helix. Mutation G76C had a greater effect 

on mexXY spectinomycin-inducibility than P68S, and its location within the PA5471 

structural model was more proximal to the R216C and R221W mutations found at the C-

terminal end of the α-helix. This suggests that MexZ interaction with PA5471 is most 

strongly affected by disruption of the C-terminus of this helix near residues R216 and 

R221 and that this region contains a MexZ binding interface.  

 

4.3 Screening for PA5471 and MexZ mutations enhancing their interaction 

Considering PA5471 residues involved in MexZ-interaction were generally 

localized to the C-terminal domain of the structural model, the function of the remainder 

of the PA5471 protein was unclear. The remaining PA5471 domains were possibly 

involved in responding to other cellular signals that modulate its repression of MexZ, 

85 
 



reminiscent of other similarly sized antirepressors such as AppA (450 amino acids), YcgF 

(403 amino acids) and NifL (315 amino acids), which also respond to signals/cofactors 

that modulate their antirepressor activity (194, 212, 323). That interaction between 

PA5471 and MexZ was weak in the bacterial-2-hybrid assay – despite the requirement for 

their interaction in order to depreress mexXY – suggested that cofactors might enhance 

this interaction in the presence of ribosome-stress signals produced by P. aeruginosa. 

During bacterial-2-hybrid screens of PA5471 mutants showing decreased interaction with 

MexZ (blue colonies), several white colonies indicative of enhanced MexZ interaction 

were also observed. Liquid β-galactosidase assays confirmed these mutants had reduced 

β-galactosidase activity (Fig 3-1; c.f. mutants 1, 3, 32 and 38 ). However, sequencing of 

the PA5471 gene from pDP804 harboured by these colonies revealed no mutation, 

suggesting that they had garnered plasmid mutations that caused this phenotype; these 

may have been within lexA sequences leading to enhanced operator binding by LexA 

independent of fusion protein interaction, or within the pDP804 promoter region causing 

increased fusion gene expression. Overproduction of PA5471 or MexZ may well show 

enhanced interaction in bacterial-2-hybrid experiments. IPTG induced production of 

PA5471 and MexZ fusions from plasmids pDP804 and pMS604 in E. coli SU202 showed 

evidence of interaction that was lacking in the absence of this inducer. 

Several screens attempting to obtain MexZ or PA5471 mutations that mimicked 

their conformation in the presence of a potential cofactor or ribosome-stress signal were 

unsuccessful. There are certain limitations to the methodology used in these screens that 

may have contributed to this failure. For example, mutagenesis using hydroxylamine 

hydrochloride only causes C to T and G to A transition mutations, limiting the number of 
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prospective mutations that can be screened; there are fewer and quite specific mutations 

that would lead to a gain-of-function compared to those that cause a loss-of-function and 

these specific mutations may not be retrievable using hydroxylamine mutagenesis. When 

screening for PA5471 mutations enhancing MexZ binding via a plasmid complementation 

method there were sequential methodological steps that had the potential to additively 

decrease the likelihood of successfully recovering the desired mutants; for example, the 

efficacy of electroporating previously hydroxylamine mutagenized plasmid pTH021 

(pRK415::PA5471-His) into E. coli S17-1 would impact how many transformants were 

available for the conjugation event that immediately followed – this conjugation, too, was 

prone to variable rates of success.  

Despite failed screens for PA5471 mutants with enhanced MexZ interaction, there 

still remained a large portion of PA5471 with currently unknown function as it is 

presumably not involved with binding MexZ. Mutations of residues C40 and C41 were 

identified within the PA5471 gene of clinical isolates K2163 and K2162.  Interestingly, a 

protein binding site prediction server, 3DLigandSite, – where homologous structures with 

bound ligands were superimposed onto the PA5471 model – predicted ligand binding of 

PA5471 facilitated by residues C40 and R41 (334). Single gain-of-function mutations in 

proteins have been shown to change or enhance their function to bypass requirement of 

other gene products; e.g., mutation of the E. coli gene ftsA bypasses the requirement for 

the zipA gene usually essential to cell division (86). This premise was the basis for 

attempting to introduce PA5471 mutations from clinical isolates into the P. aeruginosa 

chromosome; as resistance of the clinical isolates was dependent on MexXY-OprM and 

there were no mutations within mexZ or the mexXY promoter region, it was possible that 
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PA5471 had gain-of-function mutations that mimicked the presence of an induction signal 

or coactivator to enhance MexZ binding. Selection of P. aeruginosa putatively containing 

these site-directed mutations (e.g., C40R and R41C) was attempted by screening for 

increased resistance (resulting from predicted enhanced PA5471 binding to MexZ and 

subsequent mexXY derepression) compared to wild-type PA5471-expressing strains using 

norfloxacin-containing plates. While attempts to select resistant mutants failed, this was 

not necessarily reflective of these PA5471 mutations having no impact on MexZ binding. 

It was also possible that screening attempts failed due to a low frequency of plasmids 

pTH009- pTH018 (pEX18Tc carrying point mutated PA5471) being mobilized by 

conjugation from E. coli S17-1 into P. aeruginosa. In addition, screening for resistance 

was performed on antibiotic plates that inhibited wild-type K767 growth and permitted 

growth of K2415 (K767 ∆mexZ), it was possible that the putative activation mutations 

had an intermediate resistance phenotype that plate selection at the concentrations of 

norfloxacin used would not permit. Attempts to select for these mutations in the P. 

aeruginosa chromosome may be worth repeating using a high resolution melt analysis 

method in lieu of plate selection (156). Using this approach, DNA is harvested from 

putative mutation-harbouring P. aeruginosa colonies and used to amplify a short ~50 bp 

segment of PA5471 where the mutation is expected to be present. A melt curve analysis 

of this DNA between 65°C to 95°C is carried out in the presence of a DNA-binding 

fluorescent dye such that at the temperature at which the DNA strands separate a change 

in fluorescent signal is detectable and the melting temperature of the DNA can be 

recorded. Mutants are identified if there is a detectable difference in melting temperature 

between the wild-type and expected mutation containing PA5471 amplicons.   
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4.4 MexZ second-site suppressor mutations 

In attempting to screen for mutations in MexZ that suppressed the interaction-

inhibitory effects of the R216C mutation in PA5471 several mutant candidates were 

identified by bacterial-2-hybrid assay. However, although this enhanced interaction was 

confirmed via liquid (Miller) assays sequencing of MexZ revealed no mutations. As this 

was also the case in the aforementioned bacterial-2-hybrid screens for PA5471 mutants 

with enhanced MexZ binding a similar explanation may account for these false positive 

phenotypes; mutations within lexA enhancing LexA DNA binding independent of 

MexZ/PA5471(R216C) binding or mutations in mexZ expressing pMS604 promoter 

sequences may have caused overproduction of MexZ fusions. This screen was limited by 

the use of hydroxylamine mutagenesis; the existence of a MexZ mutation that would 

suppress the effects of PA5471 (R216C) was already uncertain and the potential pool of 

mutations that would have a suppressor effect was further limited by hydroxylamine 

causing only C to T and G to A transition mutations.  This approach may be more 

successful with MexZ suppressor mutations screened for against alternate PA5471 

interaction-blocking mutations such as R221W and the use of a more encompassing 

mutation method such as error-prone PCR using a mutated Taq polymerase.  
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4.5 Truncations of PA5471 

 Localization of an interaction domain between a repressor and antirepressor has 

been shown previously in the case of ArmR and MexR.  Mutations L36P and W45A of 

ArmR blocked interaction of this antirepressor with MexR, and an N-terminal truncation 

of ArmR containing these residues was able to interact with MexR in a bacterial-2-hybrid 

assay.  In contrast, evaluation of MexZ interaction with N-terminal (M1-L191), C-

terminal (L192-T370), and ‘active region’(L192-P260) truncations of PA5471, in a 

bacterial-2-hybrid assay, showed that these truncations did not bind MexZ. This suggests 

that either the full-length PA5471 protein is required for correct folding or that these 

truncations do not contain residues required to maintain the structure of the MexZ-

interaction domain. Alternatively, the location of the LexA DNA-binding domain fusion 

to PA5471 (i.e., N- versus C-terminal attachment) may impact the function of the protein. 

Western blots would reveal if these truncations were stable and whether they being 

produced at detectable levels as low level expression would also explain a lack of 

interaction with MexZ. The folding of the PA5471 structural model shows that N-

terminal domain residues (e.g., P68 and G76) of PA5471 are found in close proximity to, 

and presumably, given the negative effect of mutations P68S and G76C, contribute to the 

stability of the C-terminal domain α-helix putatively responsible for MexZ interaction. If 

residues P68 and G76 are indeed important to maintaining the structure of the MexZ 

interaction domain of PA5471 then another truncation encompassing these residues may 

more accurately reflect a localized MexZ interaction domain. Thus, a PA5471 truncation 

consisting of residues F60-T260 would contain all putative MexZ-interaction residues as 
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well as closely associated N-terminal domain residues assumed to ensure correct folding 

and might be considered for assessment for MexZ interaction by bacterial-2-hybrid assay.     

 

4.6 Future directions 

 Alguel et al. (8) have proposed that there are several mutations (i.e., P151L, 

L154P, S202F, and L205P) outside of the MexZ DNA binding domain that do not affect 

MexZ DNA binding but are perhaps involved in interaction with a regulator. 

Incorporation of these mutations into MexZ and assessment of their interaction with 

PA5471 in the E. coli SU202 2-hybrid assay would possibly provide insight into the 

currently unknown MexZ interaction domain. 

 Multiple screening attempts for modified PA5471/MexZ interaction using 

norfloxacin susceptibility as a surrogate measure of mexXY expression have failed.    

When screening for PA5471 mutants with enhanced MexZ interaction, presumably 

leading to MexXY production and increased resistance, selection of norfloxacin resistant 

colonies was inconsistent. Patching seemingly resistant colonies onto fresh norfloxacin-

containing plates to verify their phenotype frequently resulted in no growth. The apparent 

lack of sensitivity in this assay may be due to unexpected differences in norfloxacin 

concentration on plates, or pleiotropic effects of a mexB knockout used in these screens 

on the requirement for oprM expression. As this variability in growth is not easily 

explainable, it may be suitable to attempt another screening method not dependent on 

growth selection. Fusions of lacZ or luxAB to the mexXY promoter allowing for coloured 

or bioluminescent colony phenotype selection would give a range of phenotypes rather 

than a binary growth/no-growth selection.  
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 A large portion of PA5471 is presumably not involved in MexZ interaction and 

may be involved in interaction with other cofactors/coactivators.  To determine if this is 

the case, attempts to obtain putative interaction partners could be performed via co-

immunoprecipitation assays.  Proteins or other putative cofactors could be assessed by 

mass-spectrometry.  

     

4.7 General discussion  

 PA5471 is hypothesized here to not only interact with MexZ as a direct 

antirepressor but to respond to an intercellular condition that arises from ribosome 

perturbation. Aminoglycoside antibiotics are known to cause mistranslation and aberrant 

polypeptide formation, which could act as such a signal (37). However, this does not 

explain why ribosome-targeting spectinomycin, a bacteriostatic protein synthesis 

inhibitor, provides the strongest induction signal for mexXY drug-induced expression (C. 

Lau; personal communication); spectinomycin is not known to cause protein 

mistranslation, unlike aminoglycosides such as streptomycin, but rather blocks tRNA and 

mRNA translocation, stalling ribosomes during translation (25, 37). Reactive oxygen 

species have also been implicated in inducing PA5471 and mexXY in a PA5471-

dependent manner (42, 43, 84). In eukaryotes, reactive oxygen has been shown to readily 

cause oxidative damage of ribosomal and messenger RNA, causing ribosome stalling and 

decreased protein production (296). Oxidative damage to RNA by hydrogen peroxide has 

also been reported in E. coli, and may, too, facilitate ribosome stalling (171). This is 

consistent with mexXY inducibility by reactive oxygen species (84) and ribosome-

targeting antibiotics (219) being dependent on PA5471 and that this gene is under the 
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control of a transcriptional attenuation mechanism where ribosome stalling leads to its 

upregulation (216). In addition, PA5471 is in a two-gene operon with PA5470, which is 

annotated as a peptide release factor based on conserved amino acid motifs (Pseudomonas 

genome; http://www.pseudomonas.com). The protein product of PA5470 may act in 

tandem with PA5471 in a collective effort to rescue ribosome stalling by aborting current 

translation attempts, and mediating the upregulation of genes involved in the removal of 

ribosome-targeting antibiotics and conceivably the accumulated aberrant polypeptides 

produced by their presence. Thus, it is possible that induction of mexXY is in response to 

ribosome stalling caused by ribosome-targeted antibiotics and reactive oxygen species 

rather than the secondary effects of aminoglycoside-induced mistranslation and 

generation of aberrant polypeptides.  

 As an alternate explanation for the function of the PA5471 residues not involved 

in MexZ interaction, structural homology to RtcB-like proteins, from which a model of 

PA5471 was generated, may indicate a similar function of PA5471 as a tRNA/mRNA 

ligase (319). While PA5471 shows clear evidence of acting as an antirepressor, it is 

possible that this protein is multifunctional, reminiscent of other proteins such as CysG 

from E. coli. CysG is a 457 amino acid protein that can be truncated into an enzymatically 

active C-terminal domain of 255 amino acids, where expression of this truncation does 

not restore a ΔcysG E. coli strain to a wild-type phenotype (333). Evidence shows that the 

remaining protein N-terminal domains are required for the alternate enzymatic functions 

of this protein. PA5471 may, too, serve a dual function in binding MexZ as an 

antirepressor and, in the remaining portion of this protein, as an RNA ligase. RNA ligase 

activity would be consistent with the strong upregulation of PA5471 in response to 
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oxidative stress (42, 43) as this protein may aid in the repair of the putative tRNA/mRNA 

damage that results from oxidative modification. Experiments designed to assess possible 

PA5471 RNA ligase activity, as described previously (319), may elucidate an alternate 

function of PA5471.   

  

4.8 Concluding remarks 

The data presented herein suggest that PA5471 has a MexZ-interaction surface 

particularly involving a surface-exposed alpha-helix, and that interaction between these 

protein partners – as evidenced by interaction blocking PA5471 mutations – facilitates 

mexXY upregulation in response to ribosome-targeting induction signals. Translation 

within the cell is negatively impacted by ribosome-targeting drugs or oxidative damage, 

leading to PA5471 upregulation through a transcriptional attenuation mechanism. Direct 

binding of PA5471 with MexZ causes depreression of mexXY and expression of this 

pump promotes removal of ribosome-targeting drugs from the cell. A large portion of the 

PA5471 protein structure not involved with MexZ interaction has a hitherto unknown 

purpose, but given that PA5471 acts as a direct antirepressor, it is possible that it forms 

complexes with other proteins to modulate its MexZ binding activity.   
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