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Abstract 

Multidrug efflux systems are important determinants of antimicrobial resistance in the human 

pathogen Pseudomonas aeruginosa where they compromise anti-pseudomonal chemotherapy. The major 

multidrug efflux system in P. aeruginosa is encoded by the mexAB-oprM operon, expression of which is 

regulated by a MexR repressor whose activity is negatively modulated by the anti-repressor protein, ArmR. 

armR occurs as part of a two-gene operon, PA3720-armR, that is regulated by the product of the 

divergently-transcribed nalC repressor gene, with nalC mutants showing elevated PA3720-armR 

expression and, so, elevated mexAB-oprM expression and multidrug resistance. The function of the PA3720 

protein is unknown. We show here that PA3720 functions as a non-specific RNA binding protein that binds 

to and destabilizes the adjacent armR-bearing mRNA. Expression of armR is also shown to be 

translationally coupled to PA3720. In an earlier study, aminoglycosides were shown to induce expression 

of PA3720-armR, suggesting that these drugs may also promote mexAB-oprM expression dependent on 

ArmR. Consistent with this, aminoglycosides promoted expression of mexAB-oprM; however, this was 

independent of ArmR. Instead, the aminoglycoside-responsive AmgRS two-component system mediated 

aminoglycoside induction of this efflux system. Consistent with this, mutational activation of the AmgS 

sensor kinase yielded elevated levels of mexAB-oprM expression, and purified AmgR bound specifically to 

the mexAB-oprM promoter region. Screening of P. aeruginosa strain PAO1 transposon mutants for 

increased sensitivity to carbenicillin- carbenicillin is a MexAB-OprM substrate and carbenicillin sensitivity 

is a surrogate for loss of mexAB-oprM expression - led to the identification of several genes with probable 

roles in mexAB-oprM expression or activity. The gene disrupted in one of these mutants, bamB, encodes 

for a component of the outer membrane β-barrel protein assembly machinery and was assessed for its role 

in facilitating the assembly of OprM, a β-barrel outer membrane protein. Western immunoblotting revealed 

that BamB is not required for OprM insertion into the outer membrane. These studies provide additional 

insights into the regulation of mexAB-oprM expression in P. aeruginosa. 
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Chapter 1 

Introduction 

The discovery and routine administration of antimicrobials to treat bacterial infections has 

undoubtedly revolutionized modern medicine, allowing for the development and implementation 

of sophisticated medical approaches such as surgery, organ transplantation, and management of 

immunocompromised patients (2). Unfortunately, the intensive and inappropriate use of 

antimicrobials in human clinical settings and in animals has contributed to the emergence of 

multidrug-resistant (MDR) bacteria, which threaten current therapeutic options (3). Indeed, the 

World Health Organization named antibiotic resistance as one of the most important public health 

threats of the 21st century (4). Bacterial pathogens such as Acinetobacter baumannii, Klebsiella 

pneumoniae, and Pseudomonas aeruginosa are of increasing clinical importance due to their 

intrinsic resistance to multiple agents and their ability to develop high-level multidrug resistance 

(5). Together with the current limited investment in research and development of novel 

antimicrobials (2, 5), these and other MDR organisms are threatening to bring about the end of the 

antibiotic era, propelling the world into the post-antibiotic era.  

 Of the diverse array of antimicrobial resistance mechanisms that bacteria employ, it is 

becoming increasingly appreciated that poly-specific active efflux systems, which export and, 

thus, provide resistance to multiple antibiotics, are important determinants of intrinsic and high-

level acquired resistance to multiple clinically-relevant antimicrobials (i.e. multidrug resistance) 

in bacterial pathogens (6). Antimicrobial efflux systems have been grouped into 7 families, 

although the major multidrug efflux systems that are responsible for intrinsic and acquired 

multidrug resistance in Gram-negative bacteria utilize a drug-proton antiporter belonging to the 
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resistance-nodulation-division (RND) superfamily (6, 7). This cytoplasmic membrane (CM) 

transporter functions with an outer membrane channel-forming protein (OMP) and a CM–linked 

membrane fusion protein (MFP) that joins the membrane proteins (8). Once assembled, the 

tripartite complex forms a conduit that traverses the CM, periplasm, and outer membrane (OM), 

and allows for drug extrusion across both membranes (8). In the case of the opportunistic human 

pathogen, P. aeruginosa, the first multidrug efflux system identified in this organism belonged to 

the RND family, and was named MexAB-OprM (9). MexAB-OprM is a major contributor to the 

intrinsic (10) and acquired antimicrobial resistance of this organism (11-13) and has been linked 

to multidrug resistance in clinical isolates of P. aeruginosa (11-21). Of the 12 RND efflux systems 

that have been characterized in P. aeruginosa, MexAB-OprM exhibits the broadest substrate 

profile, accommodating a wide variety of clinically-relevant antimicrobials and biocides (e.g. 

antiseptics and disinfectants) (10, 12, 22).  

The genes encoding for the MexAB-OprM efflux system occur as an operon, mexAB-oprM, 

which is expressed constitutively in wild-type (WT) P. aeruginosa strains grown under standard 

laboratory conditions (i.e. rich media and at 37°C) (10). As such, MexAB-OprM contributes to 

intrinsic resistance to various antimicrobials – deletion of the efflux genes in WT P. aeruginosa 

results in a multidrug susceptible phenotype (10). Mutational hyperexpression of mexAB-oprM 

has been reported in a variety of lab and clinical isolates showing enhanced multidrug resistance 

(23). Regulation of mexAB-oprM expression is highly complex and is governed by several 

regulators (repressors and activators), that speaks to this system responding to multiple signals 

and, so, contributing to a variety of processes within the cell (23). Indeed, despite the contribution 

of MexAB-OprM and other RND efflux systems to multidrug resistance, it is increasingly clear 

that these are recruited in response to a variety of environmental factors (e.g. oxidative stress, 
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nitrosative stress, and envelope stress) and play diverse, often protective stress response roles in 

the cell, each mediated by different control mechanisms (23, 24). The purpose of this study is to 

define some of the natural inducing signals, providing insight into the natural function of MexAB-

OprM, and to unravel the details of its complex regulation.  
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Chapter 2 

Literature Review 

2.1. Pseudomonas aeruginosa 

 

In a detailed report published in 1916 regarding Pseudomonas aeruginosa infections 

(referred to then as Bacillus pyocaneus), Leonard Freeman gravely stated, “death in a few days is 

the usual outcome” (25). More than a century later, and despite the golden era of antibiotics, P. 

aeruginosa infections are still associated with high morbidity and mortality, mainly due to the 

continued emergence and spread of MDR strains (26-29). Multidrug resistance is defined as 

acquired, non-susceptibility to at least one agent in three or more classes of antimicrobials based 

on in vitro susceptibility test results (30). Recently, the World Health Organization included P. 

aeruginosa in its first ever list of critical MDR “priority-pathogens” due to the urgency of need 

for new antibiotics to treat this organism (31).  

P. aeruginosa is a rod-shaped, Gram-negative facultative anaerobe that thrives in what may 

arguably be the most diverse of ecological niches for any bacterial species, including terrestrial 

(32), aquatic (33), and sub-orbital spaceflight environments (34, 35), and is capable of infecting 

insects (36), plants (36, 37), and animals (36, 38-40). It is, however, best known clinically as an 

opportunistic human pathogen that can cause a wide-range of community-acquired (41-49)  and 

hospital-acquired (nosocomial) infections (41, 50-53). Community-acquired P. aeruginosa 

infections are commonly associated with ear, skin, and eye infections in individuals that have been 

in contact with contaminated swimming pools (42, 45), hot tubs (42), whirlpools (42-44), or 

contact lens solution (54). Although rare, there are several case reports of previously healthy 

individuals with community-associated P. aeruginosa pneumonia infections that are rapidly 
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progressive and fatal (46-49). Serious P. aeruginosa infections can either be acute or chronic, and 

are predominantly hospital-acquired as this organism infects patients that are 

immunocompromised as a result of burns or other severe trauma, underlying diseases, deliberate 

immunosuppression, and/or age (50). According to the National Health Care Safety Network, 

approximately 8% of all reported health-care associated infections in the United States in 2015 

were caused by P. aeruginosa (55). Although P. aeruginosa is rarely carried by healthy individuals 

(2–10% of individuals), 50-60% of hospitalized patients may be colonized by this organism during 

their hospital stay (56). Outbreak of P. aeruginosa nosocomial infections are frequently reported 

and have been linked to contaminated water sources such as taps, showers, sink traps, and drains 

(41, 57, 58), contaminated medical equipment (59-61), and carriage on the hands of health-care 

workers (62, 63). In the hospital setting, this pathogen is highly endemic in intensive care units, 

where it causes bronchopulmonary infections, urinary tract and surgical wound infections, and 

bacteremia (62, 64-66).  

P. aeruginosa plays an important role in chronic and recurrent pulmonary infections in 

patients with cystic fibrosis (CF) and is the major cause of morbidity and mortality in these patients 

(67, 68). CF is a human genetic disorder caused by mutations in the gene encoding for the CF-

transmembrane conductance regulator (CFTR) protein (69, 70). The CFTR protein is an epithelial 

ion channel that regulates the passive diffusion of chloride anions in various tissues including the 

lung, pancreas, and gastrointestinal tract (71, 72). Mutations in the gene encoding for this protein 

disrupts electrolyte secretion leading to a hyperosmolar viscous mucus in the lung, which impairs 

lung defense mechanisms that normally protect against bacterial pathogens (73, 74). As a result, 

CF patients are hypersusceptible to lung infections caused by P. aeruginosa (75) and other 

pathogens (76). Indeed, 97.5% of CF patients were found to be infected with this organism by the 
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age of 3 years (77). Moreover, CF patients chronically infected with P. aeruginosa experience 

acute pulmonary exacerbations, which have been negatively linked with physical and psychosocial 

quality life outcomes (78), and failure to return to baseline lung function (79). Unfortunately, P. 

aeruginosa is essentially ineradicable in CF patients (80), as these isolates are often MDR owing 

to repeated rounds of antibiotic selection pressure and hypermutator phenotypes, which facilitates 

acquisition of MDR phenotypes (80-82).  

Due to the synergistic action between the low OM permeability (83) and expression of 

multidrug efflux systems (84), which effectively exclude antimicrobials (85), P. aeruginosa 

exhibits a high level of intrinsic antimicrobial resistance. Consequently, current anti-pseudomonal 

treatment is dependent on a limited number of antimicrobials that are used alone or in combination, 

and these include the aminoglycoside (AG), the fluoroquinolone (FQ), and the b-lactam (used in 

combination with a b-lactamase inhibitor) classes of antimicrobials (86). Anti-pseudomonal 

treatment is further complicated by the fact that P. aeruginosa can develop multidrug resistance 

as a result of mutations in chromosomal genes or acquisition of exogenous genetic determinants 

(e.g. plasmids and transposons) that promote resistance (80). This situation is worsened by limited 

efforts at research and development of novel antimicrobials, resulting in the emergence of almost 

untreatable infections (80, 87). As the last resort, clinicians have had no choice but to return to the 

use of older drugs such as the nephrotoxic and neurotoxic polymyxins (e.g. colistin) to treat MDR 

P. aeruginosa (80, 87, 88). MDR strains account for approximately 13% of healthcare-associated 

P. aeruginosa infections and 440 deaths per year in the USA (55). In a recent in vitro study of 

1743 P. aeruginosa clinical isolates, up to 30% of these strains demonstrated resistance to major 

antipseudomonal drugs, although none demonstrated resistance to colistin (86). Several risk 

factors for acquiring MDR P. aeruginosa infections have been identified and include advanced 
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age, use of invasive devices, hospital ward stay, and inappropriate antibiotic therapy (26). 

Infections caused by MDR P. aeruginosa are associated not only with an increase in morbidity 

and mortality, but also in resource utilization and costs (26, 27, 29).  

2.2 Antimicrobials and their mechanisms of action  

 

Antibiotics can be broadly classified based on their target site and mode of action as inhibitors 

of specific cellular processes that induce cell death (bactericidal drugs) or inhibit cell growth 

(bacteriostatic) (89). Bacterial processes targeted by antimicrobials include DNA replication, RNA 

synthesis, protein synthesis, cell-wall synthesis, cell membrane function, and essential metabolic 

pathways (2).  

2.2.1 Inhibition of nucleic acid synthesis  

 

 Bacterial DNA replication requires the essential enzymes DNA gyrase and topoisomerase 

IV, both of which are targeted by several classes of antimicrobials including the synthetic 

quinolones (e.g. nalidixic acid) and their clinically-relevant derivatives fluoroquinolones (FQs) 

(e.g. ciprofloxacin), the naturally occurring aminocoumarins (e.g. novobiocin), and 

polythioamides (e.g. closthioamide) (90-93). DNA gyrase and topoisomerase IV regulate the 

underwinding (negative supercoiling) or overwinding (positive supercoiling) of intertwined DNA 

that forms during essential cellular processes such as transcription, DNA replication, and 

chromosomal segregation (91, 92, 94-98). During transcription and DNA replication, positive 

supercoiling forms ahead of the transcription machinery or replication fork and if left unresolved 

can impede RNA synthesis or arrest DNA replication, respectively (99). To overcome these 

topological problems, both DNA gyrase and topoisomerase IV differentially modulate DNA 
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supercoiling by catalyzing transient DNA breakage and religation reactions (95, 100-104). DNA 

gyrase and topoisomerase IV function as heterotetrameric enzymes comprised of either two 

monomeric subunits of GyrA and GyrB or ParC and ParE, respectively (95, 100-103). These 

enzymes can relax positively supercoiled DNA, but only DNA gyrase can introduce negative 

supercoils into relaxed DNA (95, 96). The energy for this reaction is derived from the hydrolysis 

of ATP by the GyrB subunit (95, 100). Topoisomerase IV utilizes the energy of ATP hydrolysis 

to decatenate (unlink) newly replicated chromosomal DNA, thus allowing for the proper 

partitioning of replicated DNA to the daughter cells (91, 105).  

Quinolones and FQs interact with the DNA gyrase- and topoisomerase IV-DNA complexes 

and trap these enzymes at the DNA cleavage stage, preventing strand religation (91, 93, 106). 

Formation of stable quinolone-topoisomerase-DNA complexes results in the inhibition of DNA 

replication, an accumulation of double-strand DNA breaks, and subsequent cell death (101, 106). 

Despite the functional similarities between DNA gyrase and topoisomerase IV, quinolones 

primarily target topoisomerase IV in Gram-positive bacteria and DNA gyrase in Gram-negative 

bacteria; however, quinolones can target both enzymes in the same organism (103, 107-109). 

Aminocoumarins, which are no longer used clinically due to their toxicity, inhibit the DNA gyrase 

ATPase reaction by competing with ATP for binding to the GyrB subunit (94, 95). The 

polythioamide, closthioamide, blocks DNA replication by allosterically inhibiting the ATPase 

activity of both DNA gyrase and topoisomerase IV of Gram-positive bacteria (92). 

The process of transcription is inhibited by the rifamycin (e.g. rifampicin) class of semi-

synthetic antimicrobials (110). These agents bind with high affinity to the bacterial RNA 

polymerase β-subunit (encoded by the rpoB gene) at the DNA:RNA binding cleft and block RNA 

extension beyond the length of 2-3 nucleotides from the active site of the enzyme (110).  
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2.2.2 Inhibition of protein synthesis 

 

Several classes of antimicrobials inhibit various steps of ribosome-mediated protein 

synthesis. The 70S bacterial ribosome is composed of two ribonucleoprotein subunits, the large 

50S subunit and small 30S subunit, and three ribosomal RNAs (rRNAs: 16S, 23S, and 5S) (111). 

Macrolides (e.g. erythromycin), amphenicols (e.g. chloramphenicol), lincosamides (e.g. 

clindamycin), and oxazolidinones (e.g. linezolid) interfere with translation by acting on the 50S 

ribosomal subunit, while tetracyclines and aminoglycosides (AGs) target the 30S ribosomal unit 

(111). Macrolides bind within the nascent peptide exit tunnel near the peptidyl transferase center 

(PTC), which is where peptide-bond formation occurs (112, 113). Here, macrolides inhibit the 

catalysis of peptide bond formation in a context-specific manner, that is, the action of these agents 

depends on the amino acid sequence of the synthesized protein (114-122). More specifically, 

macrolides, such as erythromycin (ERY), prevent peptide bond formation between a nascent 

peptide chain with a penultimate arginine or lysine residue and an incoming arginine or lysine 

charged tRNA (119). Amphenicols, such as chloramphenicol (CAM) inhibit peptide bond 

formation by blocking aminoacylated-tRNA binding at the aminoacyl-site (A-site) of the ribosome 

(123). Lincosamides also inhibit peptide bond formation and cause premature dissociation of the 

peptidyl-tRNA from the ribosome (123, 124). Oxazolidinones can inhibit the initiation phase of 

translation and can block binding of the aminoacyl moiety of the aminoacyl-tRNA (125, 126). 

Tetracycline (TET) binds to the 16S rRNA, overlapping the binding position of the anticodon-

stem loop of an A-site tRNA, which in turn blocks the binding of the aminoacylated tRNA, thus 

inhibiting polypeptide synthesis (127, 128). AGs also interact with the 16S rRNA where they 

decrease the fidelity of translation, resulting in the production of mistranslated proteins (129-131). 

It has been suggested that mistranslated proteins damage the CM in bacteria, causing an increase 
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in AG uptake and irreversible inhibition of the ribosome (132, 133). In addition, AG-generated 

mistranslated/ misfolded proteins are also prone to oxidation by intracellular levels of hydrogen 

peroxide (H2O2) (134). Oxidation of these aberrant proteins promotes transient, toxic protein 

aggregates in bacteria (134). AGs are bactericidal, whereas macrolides, lincosamides, 

oxazolidinones, CAM, and TET, are generally considered bacteriostatic; however, they can be 

bactericidal depending on the concentration of drug used or species being targeted (124, 135-138).  

2.2.3 Inhibition of cell wall synthesis  

 
The bacterial cell envelope is a complex multilayered structure and has been a primary 

target for antimicrobial development for over 70 years (139). The b-lactam class of antimicrobials, 

including penicillins, monobactams, cephalosporins, and carbapenems, disrupt peptidoglycan 

(PG) biogenesis by inactivating enzymes called penicillin binding proteins (PBPs), which are 

responsible for PG cross-linking (139). While the lethal activity of b-lactams is mainly thought to 

be due to loss of cell wall integrity and cell lysis (140), they have recently been shown to promote 

bacterial killing by stimulating the PG biogenesis machinery to undergo a deleterious, futile cycle 

of PG synthesis and degradation that depletes cellular resources (141). Glycopeptide 

antimicrobials (e.g. vancomycin) also inhibit PG synthesis by binding to the acyl-D-alanyl-D-

alanine terminus of the uncrosslinked PG precursor pentapeptide, thereby physically inhibiting the 

action of PBPs that generate the cross-linked PG required for the mechanical strength of the cell 

wall (142-144). While b-lactams can be used to treat both Gram-negative and Gram-positive 

bacteria, glycopeptides are effective only against Gram-positive bacteria because they cannot cross 

the OM of Gram-negative bacteria (145). Phosphonic acids (e.g. fosfomycin) inhibit cell wall 

synthesis of both Gram-negative and Gram-positive bacteria at an earlier step than the action of b-
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lactams and glycopeptides (146). Fosfomycin, for example, inactivates the MurA enzyme, which 

is responsible for the formation of the PG precursor, UDP-N-acetylmuramic acid (147, 148).  

2.2.4 Cell membrane damage  

 

Bacterial cell membranes may be directly targeted by several classes of antimicrobials 

including the lantibiotics, lipopeptides, and polymyxins (PMXs). Lantibiotics (e.g. nisin), which 

are ribosomally-synthesized peptides produced by Gram-positive bacteria, are predominantly used 

in food preservation and exert their antimicrobial effect by forming pores in the target cell 

membrane and/or inhibiting PG synthesis (149-151). The lipopeptide, daptomycin, which is active 

only against Gram-positive bacteria, acts by intercalating into lipid microdomains associated with 

the cell wall synthetic machinery, where it interferes with membrane-bound PG and lipid synthesis 

processes (152). PMXs (e.g. colistin and polymyxin B) are polycationic antimicrobial peptides 

that are currently the last-resort antimicrobials used to treat MDR Gram-negative bacterial 

infections (153). The mechanism of action of PMXs involves an initial stage of electrostatic 

interaction with the negatively-charged lipid A component of lipopolysaccharide (LPS), and, in 

doing so, displace the divalent cations that normally stabilize the OM by serving as a bridge 

between adjacent LPS molecules (154). This leads to a self-promoted uptake mechanism of the 

PMX molecules across the OM and is thought to disrupt the OM, leading to bacterial cell death; 

however, subsequent events leading to cell death are not completely understood (155). It has also 

been reported that polymyxin B inhibits vital respiratory enzymes located in the CM, such as 

NADH-quinone oxidoreductase, thereby interfering with bacterial respiration, and this may also 

contribute to the bactericidal effect of these agents (156).  
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2.2.5 Inhibition of essential metabolic pathways 

 

Eukaryotic cells can utilize dietary folate, an essential cofactor and precursor for the 

biosynthesis of purines, pyrimidines, and amino acids via uptake through a transport system that 

bacteria lack (157, 158). The latter must synthesize folate de novo through a unique metabolic 

pathway involving the enzyme, dihydropteroate synthase (DHPS), which catalyzes the 

condensation of p-aminobenzoate (PABA) with 2-amino-4-hydroxy-6-hydroxymethyl-7,8 

dihydropteridine pyrophosphate to form dihydropteroate (159). The sulfonamide class of 

antimicrobials are structural analogs of PABA and, thus, competitively inhibit DHPS (157, 160). 

In a later step of folate synthesis, dihydrofolate is reduced to tetrahydrofolate by the enzyme 

dihydrofolate reductase (DHFR), which can be competitively inhibited by the antimicrobial, 

trimethoprim (159, 161). Often, trimethoprim and sulfonamides are administered together as the 

combination of the drugs results in a broader spectrum of antimicrobial activity, is more rapidly 

bactericidal, and is less susceptible to the development of resistance than the individual 

components (162).   

2.3 Mechanisms of antimicrobial resistance  

 

Bacteria harbour a multitude of antimicrobial resistance mechanisms that impede the 

interaction of the antibiotic with its target. These mechanisms may be classified as intrinsic, 

acquired, and adaptive. Intrinsic resistance mechanisms are specified by naturally-occurring genes 

found on the bacterial chromosome (163). Acquired antimicrobial resistance can result from de 

novo mutations in chromosomal genes, or genetic elements (e.g. promoter elements) or acquisition 

of foreign DNA carrying resistance genes through horizontal gene transfer (163). Adaptive 

resistance is an inducible phenomenon, and is dependent on the growth conditions or 
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environmental stimuli that can rapidly trigger changes in gene expression and recruitment of 

resistance determinants (163). Unlike intrinsic and acquired resistance, the effects of adaptive 

resistance are transient, as they can be reversed upon removal of the inducing condition and may 

involve multiple antimicrobial resistance mechanisms (163, 164). Furthermore, it is becoming 

increasingly appreciated that environmental stress conditions can affect numerous adaptive and 

protective responses that also influence antimicrobial susceptibility due to stress-dependent 

recruitment of antimicrobial resistance determinants (165). Pathogenic bacteria encounter many 

different stresses in their native environments and hosts, where they respond by altering their gene 

expression patterns and cell physiology so as to permit survival (166). The fact that mutational 

expression of antimicrobial resistance mechanisms, including efflux pumps (see below) can be 

selected for and enriched in the absence of antimicrobial exposure (167, 168) is a clear indication 

that environmental conditions can impact resistance. Examples include exposure to nutrient 

starvation/limitation, reactive oxygen and nitrogen species, membrane damage, increased 

temperatures, and ribosome disruption, all of which have been shown to trigger bacterial stress 

responses that positively impact recruitment of resistance determinants or promote physiological 

modifications that counteract antimicrobial activity [for a review see (165)]. In addition, 

antimicrobials themselves induce stress responses in bacteria, recruiting resistance-promoting 

adaptive responses, and, so, driving resistance to themselves (165). Ultimately, bacteria can 

survive the action of antimicrobials by employing a plethora of resistance mechanisms including 

i) modification or degradation of the antimicrobial, ii) modification of the antimicrobial target, iii) 

reduced antimicrobial uptake or increased efflux (2). 
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2.3.1 Modification or degradation of the antimicrobial  

 

 A well-studied mechanism of antimicrobial resistance involves the production of enzymes 

that inactivate an antimicrobial, either by adding a specific chemical moiety to the drug or 

degrading it, preventing the drug from interacting with its target (2). The majority of antimicrobials 

that are affected by chemical modifications are those that target the ribosome. For example, AG 

inactivation in resistant bacterial strains involves the modification of their hydroxyl or amino 

groups by enzymes that phosphorylate (AG phosphotransferases), acetylate (AG 

acetyltransferases), or adenylate (AG nucleotidyltransferases) an AG (169). Several bifunctional 

enzymes have been identified that harbour two AG-modifying activities, and is likely the result of 

gene fusion events that presumably occurred under selective pressure from antibiotics present in 

the environment (170). Intriguingly, a variant of an AG acetyltransferase has been identified that 

allows it to modify, and, thus, inactivate the FQs, ciprofloxacin and norfloxacin (171). CAM can 

also be enzymatically inactivated by O-acetylation by different acetyltransferases (172) and by O-

phosphorylation by phosphotransferases (173, 174).  

A classic example of antimicrobial degradation involves a hydrolytic enzyme, β-lactamase, 

which cleaves the amide bond of the β-lactam ring, rendering the antimicrobial ineffective (175). 

To date, more than 1000 different β-lactamases have been described that are capable of inactivating 

penicillins, cephalosporins, carbapenems, and/or monobactams (2, 176, 177). The main 

mechanism of resistance to macrolides involves hydrolysis of the macrolactone ring of these drugs 

by esterases (e.g. EreA and EreB) (178-180). TETs can be modified by the addition of a single 

hydroxyl group mediated by the flavoprotein monooxygenase, TetX, and this leads to the 

spontaneous, non-enzymatic breakdown of the drug (181-184). In all cases, modification results 

in a decrease in the ability of the antimicrobial to bind to its target, and this manifests in an increase 
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in the minimum inhibitory concentration (MIC) of drug required to inhibit growth or kill the 

organism. 

2.3.2 Modification of the antimicrobial target 

 

Most antibiotics exert their activity by binding to specific cellular targets, thus 

compromising the normal activity of the target (89). Alterations to the target structure that impedes 

antibiotic binding, but does not impair the function of the target, can also confer resistance (2). 

These changes in target structure may result from point mutations in the genes encoding the target, 

enzymatic modifications of the drug-binding site on the target, replacement of the original target 

with a drug-resistant target, or protection of the target (2). Mutational resistance to rifampicin has 

been reported (185, 186) and occurs via a single-step point mutation in the rpoB gene resulting in 

an amino acid substitution that decreases the affinity of the drug for RNAP, but spares the catalytic 

activity of the polymerase (110). The most frequent mechanism of resistance to FQs results from 

mutations in the genes encoding the DNA gyrase and topoisomerase IV subunits (99, 187-191). 

FQ-promoting mutations in these genes occur in a discrete region of the protein subunits known 

as the quinolone resistance-determining region (QRDR) (187-191). Mutations in the QRDRs 

results in amino acid substitutions that alter the protein structure and reduce the affinity of 

quinolones/FQs for the topoisomerase-DNA complex, ultimately leading to drug resistance (192). 

Most ribosome-targeting antimicrobials interact with rRNA, therefore, mutations in the gene 

encoding for rRNA can directly prevent these agents from binding, leading to resistance (193-

195). For example, mutations in the 16S rRNA gene have been described that provide resistance 

to AGs (193-195) or tetracyclines  (196, 197). Macrolide resistance in clinical isolates of Gram-

positive and Gram-negative bacteria have been linked to mutations of specific nucleotides in the 
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23S rRNA, preventing macrolide binding (198). In addition, a three-amino acid deletion in the 

ribosomal protein, L22, has also been shown to confer macrolide resistance; although, resistance 

is thought to arise indirectly by inducing conformation changes in the associated 23S rRNA that 

hinders macrolide binding (199). Importantly, since bacteria harbour multiple copies of rRNA 

genes, mutations need to occur in all copies of these genes in order to confer a resistance phenotype 

(200). Resistance to trimethoprim-sulfonamide has also been well-characterized. Development of 

resistance to these agents may involve mutations in the genes encoding for DHPS and DHFR, 

acquisition of genes encoding for drug-insensitive DHPS/DHFR, and promoter mutations that 

overproduce both enzymes (2, 158, 201). Overproduction of these enzyme results in drug 

sequestration and permits folate production and bacterial survival in the face of antibiotic assault. 

Modification of the antibiotic drug-binding site can also reduce the affinity of the drug for 

its target, with methylation of rRNA by methyltransferases being one of the best-studied and 

clinically-relevant examples (111). To date, 11 types of 16S rRNA methyltransferases have been 

reported in several nosocomial pathogens, including P. aeruginosa, which provide a high level of 

resistance to AGs (195, 202-206). Erm (erythromycin ribosomal methylation) methyltransferases 

mono- or di-methylate 23S rRNA, which confers resistance to macrolides, lincosamides, and 

streptogramin B (111, 207, 208).  

 Bacteria are also capable of acquiring antimicrobial-insensitive targets that carry out the 

same functions as the original target. In the case of methicillin-resistant Staphyloccous aureus 

(MRSA), acquisition of a foreign gene designated mecA, which encodes for a β-lactam-insensitive, 

PBP2a, allows for cell wall biosynthesis to occur despite inhibition of the native PBP by β-lactams 

(209-211). Enterococci elegantly resist the action of vancomycin via the acquisition of the van 

gene cluster, which encodes for machinery that remodels PG structure (212). More specifically, 



17 

 

resistance results from the substitution of the last D-alanine (D-ala) of the D-ala-D-ala moiety to 

either D-lactate or D-serine, thus decreasing the binding affinity of vancomycin (213). In addition, 

the van gene cluster also encodes for an enzyme that hydrolyses the D-ala-D-ala precursor, but not 

D-ala-D-lactate, thereby enriching for PG containing only the D-ala-D-lactate moiety (214, 215).  

Finally, target protection is another mechanism of resistance employed by bacteria. For 

example, resistance to TET can occur via the acquisition of the genes encoding for the ribosome 

protection proteins, TetO and TetM, which catalyze the release of TET from the ribosome in a 

GTP-dependent manner (216, 217). More recently, TetM has been shown to directly interact with 

the TET-binding site on the ribosome and dislodge and release TET from the 16S rRNA, and, in 

doing so, alters the conformation of the ribosome to prevent the rebinding of TET (218, 219).  

2.3.3 Reduced drug uptake and efflux 

 

Many antimicrobials used in clinical practice have intracellular targets and, therefore, must 

first penetrate the outer and/or inner membrane to exert their effects. Not surprisingly, bacteria 

have developed mechanisms that decrease the uptake of antimicrobials and prevent them from 

reaching their intracellular targets (220). In general, Gram-negative and Gram-positive bacteria 

can resist the action of cationic antimicrobial peptides (e.g. PMXs) by reducing the net negative 

charge of major cell wall components, including LPS, phospholipids, PG, and teichoic acids, 

which minimizes the interaction of these agents with the bacterial cell envelope (221-224). 

However, compared to Gram-positive bacteria, Gram-negative species are intrinsically less 

permeable to many antimicrobials, since their OM provides a formidable barrier (83). Hydrophilic 

antimicrobials such as β-lactams, TETs, and some FQs utilize water-filled porins to passively 

diffuse across the OM (83, 225). Changes in the level/type of porin expressed, or impairment of 
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porin function are ways in which Gram-negative reduce the uptake of antimicrobials resulting in 

an increase in resistance (226, 227). For example, in P. aeruginosa, loss of the OM porin, OprD, 

which facilitates the uptake of the carbapenem, imipenem, is a major contributor to imipenem 

resistance in this organism (228-230). Similarly, decreased production of the OM porins OmpF 

and/or OmpC is a significant mechanism of carbapenem resistance in clinical isolates of E. coli 

(231, 232).  

 Reduced intracellular drug accumulation may also be achieved through the active export 

of antimicrobials via efflux pumps (233). Drug efflux as a mechanism of antibiotic resistance was 

first described in 1980 by McMurry et. al. for a plasmid-encoded active efflux system that exports 

TET in E. coli, known as the TetA pump (234). Since then, numerous plasmid- and chromosome-

encoded efflux pumps have been identified in bacteria that are either drug/class-specific or are 

capable of accommodating a range of structurally dissimilar antimicrobials (233). The latter are 

known as multidrug efflux systems. The genes for agent-specific efflux systems often occur on 

mobile genetic elements (e.g. transposons, plasmids, integrons) whose acquisition from other 

organisms drives resistance (235). In contrast, multidrug efflux systems are encoded by 

chromosomal genes (236), where the constitutive expression of these genes contributes to the 

intrinsic resistance of some bacterial species to certain antimicrobials, and mutational upregulation 

of the efflux genes promotes acquired multidrug resistance (236). To date, there are seven known 

families of bacterial efflux systems capable of accommodating antimicrobials, and they are 

classified based on three criteria- the energy source utilized, substrate specificity, and phylogeny 

(7). The families include i) the ATP-binding cassette (ABC) family, ii) the small multidrug 

resistance (SMR) family, iii) the proteobacterial antimicrobial compound efflux (PACE) family, 

iv) the p-aminobenzoyl-glutamate transporter (AbgT) family v) the major facilitator superfamily 
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(MFS), vi) the multidrug and toxic compound extrusion (MATE) family, vii) and the resistance-

nodulation-division (RND) family (Fig. 2.1) (7). Of the seven families, the ABC family function 

mainly as primary active transporters that utilize the energy derived from the hydrolysis of 

adenosine triphosphate (ATP) to transport antimicrobials across the membrane (237). In contrast, 

the other families function as secondary active transporters that use the energy provided by the 

proton motive force (PMF) and/or sodium (Na+) gradient to export antimicrobials out of the 

bacterial cell (7).  
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Figure 2.1 Cartoon illustration of the seven families/superfamilies of bacterial multidrug efflux 
systems. The cytoplasmic membrane (CM) and outer membrane (OM) of Gram-negative bacteria 
are illustrated. From left to right. The ABC superfamily uses free energy of ATP hydrolysis to export 
substrates across the CM. The SMR, PACE, AbgT, MFS, MATE, and RND families/superfamilies 
utilize the energy of the PMF (H+) for substrate translocation across the CM and/or OM of Gram-
negative bacteria. The MATE superfamily can also utilize the sodium (Na+) for substrate 
translocation. OMF, outer membrane factor; MFP, membrane fusion protein, IMP, inner membrane 
protein. Figure taken from Chitsaz, M., et. al 2017. Permission for re-use of figure granted from 
Portland Press.  

Essays in Biochemistry (2017) 61 127–139
DOI: 10.1042/EBC20160064

Figure 1. Schematic illustration of the seven families/superfamilies of multidrug transport proteins
Each group is shown by a distinct shape and highlighted with a different colour. Where available, a crystal structure of the functional unit

or monomer of a representative protein of each group is shown in a similar colour to the corresponding diagram. Symmetric structures in

proteins are visualized with different colours but in the same category of colours that matches the diagram’s colours. Two crystal structures

of the transporter contain a substrate that is represented as a green sphere. The CM and OM of Gram-negative bacteria are illustrated.

The ABC superfamily (cyan rectangle), uses free energy of ATP hydrolysis catalysed by the NBDs of the transporter. The crystal structure of

S. aureus Sav1866 (pdb: 2HYD), composed of a dimer (green and cyan), contains two TMDs and two NBDs and representing a functional

unit of the ABC transporter is shown. Five singlet system secondary active transporter families/superfamilies: MFS, MATE, PACE, SMR

and AbgT are shown by oval, rectangle, circle, chord and parallelogram shapes respectively. Crystal structures of the E. coli MFS MdfA

(pdb: 4ZOW), V. cholerae MATE NorM (NorM VC) (pdb: 3MKT), E. coli SMR EmrE (pdb: 3B5D) and N. gonorrhoeae AbgT MtrF (pdb: 4R1I)

representative transport proteins are shown. A diagram containing four TMS representing the PACE family AceI transporter is also shown. The

multicomponent RND superfamily system is shown by a diagram containing the CM-bound, MFP and OMF components, each highlighted

by a different colour. Crystal structures of the E. coli AcrB (pdb: 2DRD) representing the integral CM protein, AcrA (pdb: 2F1M) the MFP and

TolC (pdb: 2VDE) the OMF of an RND efflux system, are shown.

Drug efflux pumps are present in all bacterial species and other organisms. In bacteria, they play a key role not
only in drug resistance but also in the movement of pathogenicity factors, e.g. by modulation of biofilm formation
and possibly other physiological processes. They can also interact synergistically with other AMR mechanisms, the
cumulative effects of which can result in AMR of clinical importance. Many efflux transporters can accommodate
an extremely wide range of antimicrobial compounds (MDR efflux pumps), whereas others only export a specific
substrate and its closely related derivatives. Both types are found in Gram-positive and Gram-negative bacteria and
can contribute to clinical resistance. This review focuses on describing the known MDR export systems in bacteria
and their affect on AMR.

The ABC superfamily
ABC transporters represent one of the largest superfamilies of proteins known in prokaryotes and eukaryotes involv-
ing both importers and exporters. Members of this superfamily translocate a wide range of substrates including sugars,
amino acids, lipids and antimicrobial compounds. This substrate diversity reflects the numerous physiological roles
that ABC transporters play in the cell, e.g. nutrient uptake, removal of waste and toxic products and export of cellular
components such as cell wall polysaccharides [6]. LmrA from Lactobacillus lactis is a well-described ABC MDR
efflux pump that exports a wide variety of substrates including antibiotics, toxic ions, lipids, antimicrobial peptides
and antiseptics [7]. The E. coli MacB protein, another ABC MDR efflux pump, which are similar to RND pumps (de-
scribed in the next section), functions together with its cognate membrane fusion protein (MFP) MacA and the outer
membrane (OM) channel TolC, to confer resistance to macrolides [8]. The orthologous MacAB pump of Neisseria

128 c⃝ 2017 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society
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2.4 Antimicrobial efflux pumps  

2.4.1 ATP-binding cassette (ABC) superfamily  

 

The ABC transporters are a large superfamily with diverse functions and are expressed 

ubiquitously in all kingdoms of life (238). In bacteria, ABC transporters are responsible for the 

transport of a wide range of substrates including, ions, amino acids, sugars, peptides, proteins, 

polysaccharides, and antimicrobials (238). The minimal functional unit of an ABC transporter 

consists of two transmembrane domains (TMD) and two nucleotide binding domains (NBDs) 

(239). The TMDs are responsible for substrate specificity and translocation, whereas the NBDs 

energizes the transporter by binding and hydrolyzing ATP (239). Bacterial ABC antimicrobial 

extrusion systems typically function as either a homo- or hetero-dimer, whereby each monomer 

consists of a single TMD fused with a single cytoplasmic NBD (239). One exception, however, is 

the DrrAB anticancer drug exporter of Streptomyces peucetius in which the TMD (DrrB) and NBD 

(DrrA) are expressed as two separate polypeptides (240). The genes encoding for this system are 

organized in operon, and expression of drrB is translationally coupled to drrA (translation of the 

downstream gene is dependent on translation of the upstream gene) (241). The assembly of the 

DrrAB complex is thought to depend on the co-folding of the two proteins, which requires that the 

genes be maintained in cis in a translationally coupled manner (241).  

Several ABC-type transporters of Gram-positive bacteria have been described that are 

capable of accommodating antimicrobials (242). For example, the first described bacterial ABC-

type transporter was the homodimeric ABC-type transporter, LmrA from Lactococcus lactis (243). 

Expression of LmrA in a drug-sensitive E. coli strain rendered the cells resistant to AGs, 

lincosamides, macrolides, quinolones, streptagramins, TETs and CAM (243). The S. aureus AbcA 
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transporter is related to LmrA (65% amino acid similarity) and contributes to the intrinsic 

resistance of this organism to the phosphoglycolipid, moenomycin A - deletion of abcA increased 

the susceptibility of S. aureus to this agent (244). In contrast, overexpression of AbcA in S. aureus 

promoted resistance to β-lactams, phosphoglycolipids, and daptomycin (244, 245), indicating that 

AbcA can contribute to acquired resistance to these agents.  

Gram-negative bacteria also possess ABC-type transporters implicated in antimicrobial 

resistance. For example, expression of the MsbA transporter of E. coli, which is also homologous 

to LmrA, in L. lactis promoted a high level of resistance to ERY in this organism (246). 

Intriguingly, the E. coli MsbA macrolide transporter was recently shown to require both ATP 

hydrolysis and the PMF for substrate translocation, challenging the current understanding of how 

ATP-type transporters operate in bacteria (247). In addition, ABC-transporters have been shown 

to function as tripartite systems that traverse the entire Gram-negative cell envelope. These dual-

membrane spanning systems consist of the inner membrane ABC-transporter, an OMP and a MFP 

that links the transporter with the OMP (237). For example, the macrolide-specific MacAB-TolC 

efflux system from E. coli, consists of the MacB ABC-type transporter, the TolC OMP, and the 

MacA MFP (248). Although poorly characterized, three putative ABC transporters have been 

reported to contribute to antimicrobial resistance in P. aeruginosa (249, 250). One ABC 

transporter encoded by the genes PA1874-1877 was shown to contribute to FQ and AG resistance 

- deletion of these genes increased the sensitivity of biofilm - grown P. aeruginosa to these agents 

(249). The PA2812 gene encoding for a second probable ABC-type transporter has also been 

linked to FQ resistance (250). Finally, a third putative ABC-transporter encoded by PA4456-4452, 

was shown to provide resistance to TET, ciprofloxacin, CAM, and trimethoprim - deletion of the 
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gene encoding for the ATP-binding component of an ABC transporter, PA4456, increased the 

susceptibility of P. aeruginosa to these agents (249-251).  

2.4.2 Small multidrug resistance (SMR) family 

 

The SMR family of secondary active transporters are the smallest known multidrug 

transporters found in prokaryotes (252). SMR family members are encoded chromosomally or on 

mobile genetic elements, including both plasmids and the 3’ regions of class I integrons (252-254). 

As their name suggests, SMR family transporters are short in length (100-170 amino acids), and 

typically operate as homodimers in the CM (255-257). Some SMR transporters are composed of 

two dissimilar, but homologous subunits, and are classified as paired SMR (PSMR) transporters 

(258, 259). In general, SMR/PSMR transporters confer drug resistance to toxic lipophilic 

quaternary ammonium compounds (QACs) that include industrial surfactants, membrane 

disrupting detergents, antiseptics, toxic dyes, reactive oxygen-generating compounds (e.g methyl 

viologen), and a limited range of antibiotics (252).  

The E. coli SMR transporter, EmrE is the archetypal member of the SMR protein family, 

and confers resistance to several antibiotics,  ERY (260), TET (260), and sulfadiazine (260),as 

well as toxic dyes (258, 260), methyl viologen (260) (261), and QACs (258, 262). Until recently, 

it was unclear how the substrates that these systems export into the periplasm are released across 

the OM in Gram-negative bacteria. Beketskaia et. al. demonstrated that the OMP, OmpW, 

participates in the efflux of EmrE-specific substrates across the OM (263).  It is unclear if EmrE 

forms a multipartite dual membrane-spanning complex with OmpW. In any case, these 

observations suggest that other Gram-negative SMR proteins may also operate with OMPs. In P. 

aeruginosa, an EmrE homolog encoded by the gene PA4990 conferred resistance to AGs - deletion 
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of PA4990 compromised resistance to these agents (264). However, the contribution of this 

transporter to AG resistance is apparent only in low-ionic strength medium since AG action is 

antagonized by the elevated cation levels found in high ionic strength media (i.e. Luria Bertani 

broth) (264).  In addition, several other SMR proteins have been described in Pseudomonas spp. 

that occur on mobile genetic elements and accommodate QACs (265-267). Finally, while 

SMR/PSMR transporters of Gram-positive bacteria confer resistance to antiseptics, toxic dyes and 

QACs, very few have been shown to be able to accommodate antibiotics (256). One example is 

the SMR pump, QacC, of S. epidermidis, which was shown to confer resistance to several β-

lactams (268).  

2.4.3 Proteobacterial antimicrobial compound efflux (PACE) and the p-aminobenzoyl-

glutamate transporter (AbgT) families 

 

Recently, studies have identified two new secondary active transporters involved in the 

efflux of antimicrobials: the PACE (269) and AbgT families (270). The first described PACE 

pump, AceI, was identified in Acinetobacter baumannii where it provides adaptive resistance to 

the widely-used biocide, chlorhexidine (CHL) (269). Expression of the chromosomally encoded 

aceI gene is CHL-inducible and deletion of this gene increases the susceptibility of A. baumannii 

to CHL (269). However, AceI did not mediate resistance to other antimicrobials (269). The aceI 

gene encodes for a 150-amino acid membrane protein and likely utilizes the energy of the PMF to 

directly export CHL from A. baumannii (269). Homologs of the AceI PACE efflux system have 

been identified in some Gram-negative bacteria (e.g. E. coli, K. pneumoniae, and P. aeruginosa), 

and like AceI, many of these homologs confer resistance to CHL (271). Several of the AceI 

homologs identified also confer resistance to additional biocides, including benzalkonium chloride 

(BZK), dequalinium, proflavine, and acriflavine (271). Of note, an AceI-homolog identified in P. 
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aeruginosa was also shown to be CHL-inducible and to contribute to CHL resistance in this 

microorganism (271).  

 The most recently identified bacterial drug transporter is MtrF of N. gonorrhoeae, which 

belongs to the newly created AbgT family of transporters (270). The MtrF protein was shown to 

utilize the energy of the PMF to export the folate precursor PABA and the structurally-related 

sulfonamide class of antimicrobials (270). The YdaH protein of Alcanivorax borkumensis, a 

hydrocarbonoclastic bacterium (uses oil hydrocarbons as its exclusive source of carbon and 

energy) is also a member of the AbgT family (272). YadH is also capable of exporting PABA and 

sulfonamides, although, unlike MtrF, substrate efflux is both PMF- and Na+-dependent (272). To 

date, approximately 13, 000 putative members of the AbgT have been identified and are commonly 

found in both Gram-negative and Gram-positive bacteria (272). 

2.4.4 Major facilitator superfamily (MFS) 

 

The major facilitator superfamily (MFS) is distributed throughout all kingdoms of life and 

represents a very large and rapidly expanding group of transporters that is currently composed of 

82 families (273). Members of the MFS transport a range of structurally-diverse substrates 

including sugars, amino acids, nucleic acids, inorganic anions and cations, and antimicrobial 

agents (274-276). MFS transporters range from 400-600 amino acid residues in length and consist 

of 12-14 transmembrane helices (TMH) that span the lipid bilayer of the inner cell membrane 

(277). These transporters utilize the PMF for substrate translocation (277). Of the 82 families, 6 

families contain multidrug transporters (276, 278). Currently, three of the families of multidrug 

transporters have been linked to antibiotic resistance in bacteria: the 12-TMH drug/H+ antiporter 

1 family (DHA-1) (279-281) (276), the 14-TMH DHA-2 family (276, 281-284), and the 14 TMH 
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DHA-3 family (281, 285) (276).  In bacteria, MFS pumps typically function as specific exporters 

for certain classes of antimicrobials (172, 286-288); although several MFS pumps have been 

shown to accommodate multiple classes of antibiotics (289-292).  In addition, MFS pumps can 

function as a single component in both Gram-positive and Gram-negative bacteria or as a 

multicomponent system in Gram-negative bacteria (290-295).  

The best known example of MFS pumps involved in antibiotic resistance are the TET 

exporting Tet-pumps found in both Gram-negative and Gram-positive bacteria (287, 288). To date, 

24 different genes encoding for MFS Tet efflux pumps, which can occur in both chromosomes or 

mobile genetic elements (e.g. plasmids and transposons), have been identified in bacteria, and are 

divided into 6 phylogenetic groups (288).  The Group 1 tet(A), tet(B), tet(C), tet(D), and tet(E) 

genes encoding for MFS Tet-pumps are widely-distributed among Gram-negative bacteria, 

including Pseudomonas spp (235). Recently, a transposon-carrying a tetA gene encoding for an 

MFS-type Tet efflux pump was identified in a P. aeruginosa isolate taken from a healthy snake 

held in captivity, and may exemplify the first step in the possible dissemination of an antibiotic 

resistant gene to other bacterial pathogens in nature and transmission of a resistant organism 

between animals and humans (296). Resistance to CAM not due to enzymatic inactivation was 

first described in 1979 in P. aeruginosa, (297) and was later shown to be dependent on the presence 

of the transposon Tn1696 carrying the gene encoding for an MFS pump, dubbed CmlA (298, 299). 

The Cml pump is widely-distributed among Gram-negative bacteria and can occur in 

chromosomes, plasmids, and transposons (172, 298). 
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2.4.5 Multidrug and toxic compound extrusion (MATE) family  

 

 Found in all domains of life, the MATE family of efflux pumps exhibit membrane topology 

similar to the MFS family, but does not share sequence homology to members of MFS (300). 

MATE family members consist of 400-550 amino acids, with 12 transmembrane segments (TMS) 

that span the CM (277). These efflux systems utilize the electrochemical potential of sodium ions, 

protons, or both, as an energy source for driving substrate export (7, 277). To date, 17 MATE 

proteins from 11 bacterial species have been characterized that contribute to multidrug resistance 

(277). The first identified MATE pump identified was the NorMVP Na+/drug antiporter of Vibrio 

parahaemolyticus, and was shown to promote resistance to certain FQs  and AGs when expressed 

in E. coli (301). The PmpM efflux system of P. aeruginosa was one of the first reported MATE 

H+-drug antiporters (302). Deletion of the pmpM gene in P. aeruginosa compromised resistance 

to BZK, ethidium bromide (EtBr), and acriflavin, whereas overexpression of PmpM in this mutant 

increased resistance to these agents as well as fluoroquinolones (302). The best characterized 

MATE in Gram-positive bacteria is the MepA H+-drug antiporter of S. aureus, which has been 

shown to confer resistance to FQs, tigecyclines, biocides, and toxic dyes (303).  

2.4.6 Resistance-Nodulation-Division (RND) efflux systems  

 

Of the known multidrug transporters, those within the RND superfamily are major 

contributors to resistance to clinically-relevant antimicrobials in Gram-negative bacteria and play 

a key role in the development of multidrug resistance in these microorganism’s (6). RND pumps 

are found ubiquitously in bacteria, archaea, and eukaryotes, and fall into eight phylogenetic 

families (304). Three of these families are restricted to Gram-negative bacteria, and one in 
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particular, known as the hydrophobic/amphiphilic (HAE) efflux family is responsible for 

multidrug efflux (304, 305).  

RND-type efflux pumps of the HAE family, including AcrB of E. coli, and MexB of P. 

aeruginosa, are able to accommodate antimicrobials that not only have cytosolic targets, but also 

have targets in the periplasmic space (306). The RND protein is approximately 1000 amino acids 

in length and spans the CM and extends into the periplasm (304, 305, 307-309). RND-type drug 

exporters operate as a tripartite system, with a CM drug/proton antiporter (the RND component), 

linked to an OMP by a periplasmic MFP, that spans the entire cell envelope (306).  Several recent 

structures of AcrAB-TolC (310-312)  and MexAB-OprM  (312)  revealed that these tripartite 

complexes assembled in a stoichiometry of 3:6:3, comprising of an RND trimer, a MFP hexamer, 

and an OMP trimer. Furthermore, these studies revealed that the OMP TolC and AcrB do not 

interact and are bridged together in the periplasm entirely through the hexameric MFP, AcrA 

(311). This interaction between AcrA and TolC stabilizes TolC in its open conformation, which is 

thought to remain open throughout the transport cycle (310). In addition, two small, single-

transmembrane polypeptides known as, YajC (313), and AcrZ (314), have been shown to directly 

interact and influence AcrB selectivity for particular antibiotics (313, 314). Once assembled, RND 

transporters utilize the energy of the PMF for compound extrusion from the periplasm or 

cytoplasm directly to the extracellular environment (315).  

Characterization of the operation of RND efflux systems was largely derived from a series 

of landmark crystallization studies of the E. coli, AcrB (315, 316) and P. aeruginosa, MexB (307) 

RND components. Crystal structures of AcrB and MexB indicated that the RND pumps exists as 

an asymmetric homotrimer, with individual monomers adopting one of three conformations that 

are related to different stages of ligand binding and extrusion, and are designated as loose (L), tight 
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(T), and open (O) monomers (also referred to as access, binding, and extrusion, respectively) (307-

309). Each monomer cycles sequentially through these conformations in what has been termed a 

functionally rotating mechanism (308, 315). A substrate enters the RND pump (L-monomer) from 

the outer leaflet of the CM (317-319) and/or possibly the cytosol (317, 318, 320), binds to a 

multisite binding pocket (T-monomer), and is extruded (O-monomer) from the RND pump 

towards the OMP (308, 315). The cycle of conformational changes is coupled to proton antiport 

(315). Of note, the multisite binding pockets present with the RND pump are thought to be 

responsible for the broad substrate, poly-specificity that these pumps exhibit (321).  

2.5 RND pumps of P. aeruginosa 

 

The widely-studied P. aeruginosa reference strain, PAO1, possesses 12 RND efflux 

systems that have been characterized with respect to their substrate profiles (Table 2.1). Of these 

efflux systems, MexAB-OprM, MexXY-OprM, MexCD-OprJ, and MexEF-OprN contribute to 

multidrug resistance in both lab and clinical isolates (23). Both MexAB-OprM and MeXY-OprM 

contribute to intrinsic and acquired antimicrobial resistance (23). In contrast, MexCD-OprJ and 

MexEF-OprN are typically quiescent in WT strains under normal growth conditions (i.e. rich 

media), contribute to acquired antimicrobial resistance via upregulation of the efflux genes (23). 

It is, however, becoming increasingly clear that the physiological roles of these efflux systems 

extend beyond antibiotic efflux (23). Indeed, a plethora of data indicate that RND efflux systems 

in P. aeruginosa and other Gram-negative organisms are recruited in response to environmental 

stress (e.g. oxidative stress, nitrosative stress, and envelope stress) and therefore, function as 

components of their stress responses (24). 

Typically, the genes encoding RND efflux systems are organized as an operon (322). The 
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first gene of the operon encodes for the MFP, and is followed by a second gene that encodes for 

the RND transporter (322). The gene encoding for the MFP and RND proteins are usually co-

transcribed, whereas the gene encoding for the OMP may be encoded in the same operon (e.g. 

mexAB-oprM) or is unlinked (e.g. mexXY) (323, 324). For example, OprM functions with MexAB 

(9) and other RND-type efflux pumps in P. aeruginosa (refer to Table 2.1). Directly upstream of 

the efflux operon often resides a regulatory gene that is transcribed in either the same orientation 

or divergently from the efflux operon (322). The product of the regulatory gene often functions as 

either a local repressor or activator of efflux gene expression (322). Regulation of these efflux 

systems, often, however, extends beyond these local regulators (84). Over the last twenty years, 

the regulation of P. aeruginosa RND efflux pumps have been studied intensively, revealing that 

the regulation of RND efflux gene expression is highly complex and allows for the integration of 

multiple environmental signals into the control of efflux gene expression (see Table 2.1 for 

inducers of RND pump expression) (84). This likely reflects that RND efflux systems play 

important and broad physiological roles within the cell, unrelated to drug efflux, and this is 

consistent with antimicrobial efflux not being their intended function.  
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         Table 2.1 RND efflux systems of P. aeruginosa 

RND Efflux Pump Inducers of pump 
expressiona 

Antimicrobial substratesa References 

MexAB-OprM CMH, NOV, PCP,  AGb, βLM, βLMI, CAM, 
CBPd, CEPH, CHIR, COLc, 
FQ, MB, ML, NOV, TET, 
TMP, QL, SUL, CV, EB, OS, 
QS, SDS, TRI 

(12, 264, 325-337) 

MexCD-OprJ ACR, BZK, CHL, 
EB, R6G, TPC   

CAM, CEPH, CHX, CHIR, 
COLc, FQ, ML, TET, TMP, 
TET, QL, TRI, OS, QAC  

(325, 333, 337-344) 

MexEF-OprN CAM, DIA, GSNO CAM, CHIR, DIA, FQ, TET, 
TMP, TRI, QS  

(337, 343, 345-348) 

MexXY-OprM 
(OpmB)e 

AG, CAM, HP, 
ML, POL, TET 

AG, βLM, CAM, CEPH, FQ, 
ML, TET, ACR, EB 

(133, 323, 324, 333, 349-
355) 

MexGHI-OpmDf HI, IND, LL-37, 
MV, PCA, PYO 

FQ, TET, ACR, EB, PCA, 
QS, TPC, Va2+ 

(356-360) 

MexJK-OprM/OpmHg - ML, TET, TRI (361, 362) 

MexMN-OprM - CAM, THL (363) 

MexPQ-OpmE Cu2+ ML, QL, Cu2+, TPC (363) 

MexVW-OprM - CAM, FQ, ML, QL, TET, 
ACR, EB 

(364) 

MuxABC-OpmBh - AZT, COLc, ML, NOV, TET (325, 363, 365) 
TriABC-OpmHi - TRI (366, 367) 

CzcCBA Cu2+, Zn2+ Cd2+, Zn2+ (368-370) 
aACR; acriflavin; AG, aminoglycoside; AZT, aztreonam; βLM, β-lactams; BZK, benzalkonium chloride; βLM, β-lactamase 
inhibitors;  CAM, chloramphenicol; CBP, carbepenams; CEPH, cephalosporins; CHIR-090, LpxC inhibitor; CHL; chlorhexidine; 
COL, colistin; CV, crystal violet; DIA, diamide; EB, ethidium bromide; FQ, fluoroquinolones; GSNO, s-nitrosoglutathione; HI, 7-
hydroxyindole; HP, hydrogen peroxide; IND, indole; MB, monobactams; LL37, human defense protein; ML, macrolides; MV, 
methylviologen; NOV, novobiocin; OS, organic solvents; PCA, 5-methylphenazine-1-carboxylic acid, POL, polymyxins; PYO, 
pyocyanin; QL, quinolones; QS; quorum-sensing molecules; R6G, rhodamine 6G: SDS, sodium dodecyl sulfate; SUL, 
sulfonamides; TMP, trimethoprim: TRI, triclosan; QAC, quaternary ammonium compounds; TET, tetracycline; THL, 
thiolactomycin; TPC, tetraphenylphosphonium chloride; Cd2+, cadmium;  Cu2+, copper;  Va2+, vanadium; Zn2+, zinc. 
b Resistance to AGs only demonstrated in low-ionic strength media (264). 
c Efflux system provided for colistin tolerance in in biofilm cells (325). 
dCarbapenems, except for imipenem (333). 
eMexXY can operate with OpmB (350).  
f FPs, TriA and TriB, are engaged by the TriC transporter and are required for complex functionality (367).  
gMexJK requires OprM for erythromycin efflux, but not for triclosan efflux. Instead, MexJK requires OpmH for triclosan efflux 
(361). 
h The MuxABC-OpmB systems possess two RND transporters, MuxC and MuxB (363). 
iTwo different MFPS, TriA  and TriB, associate with the TriC transporter and are required for pump operation (367). 
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2.6 Regulation of RND efflux gene expression 

2.6.1 General concepts  

 

Mutations in regulatory genes are predominantly responsible for hyperexpression of RND 

efflux systems and multidrug resistance observed in clinical isolates of P. aeruginosa (23). As 

such, it is important to understand and identify regulatory pathways that drive the recruitment of 

efflux gene expression, and ultimately, multidrug resistance in this pathogen. Regulation of RND 

efflux operons in P. aeruginosa and other Gram-negative bacteria occurs mainly at the level of 

transcription via sigma factors, activators, repressors, and two-component systems (TCS) (371). 

Recent evidence showing post-transcriptional regulation of the AcrAB-TolC efflux system in E. 

coli (372, 373), suggests that post-transcriptional regulation of RND efflux systems may occur in 

P. aeruginosa, as well as other Gram-negative bacteria.  

2.6.2 Sigma factors  

 

 In prokaryotes, the evolutionary conserved, multi-subunit core RNA polymerase (RNAP) 

requires a dissociable subunit, namely a sigma (σ) factor to direct it to the appropriate transcription 

start site and to initiate transcription (374). Binding of the sigma factor to RNAP forms the fully 

functional RNAP holoenzyme (375). Bacteria possess a single essential housekeeping sigma 

factor, σ70, that promotes transcription of thousands of so-called housekeeping genes required for 

cell viability (375). In P. aeruginosa, σ70 is encoded by the rpoD gene (376). While sigma factors 

specifically recognize and bind to promoter sequences, they are not able to bind DNA on their 

own, and must first interact with RNAP to form the RNAP holoenzyme (374). Once associated 

with RNAP, the DNA-binding domains of the sigma factor are exposed allowing it to interact with 

promoter elements centered at -35 bp and -10 bp upstream of the transcriptional start site (374). 
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Thereafter, the sigma factor is involved in stabilizing the transcription bubble, in which the DNA 

around the transcriptional start site is melted, interacting with transcription activators, stimulating 

early steps of RNA synthesis, and mediating the transition from transcriptional initiation to 

elongation (promoter escape) (374, 375, 377). Once RNAP escapes the promoter, the sigma factor 

dissociates from the RNAP (375).   

 Though σ70 is responsible for the bulk of transcription during active growth, changes in 

growth phases or environmental conditions requires alternative sigma factors that redirect RNAP 

to distinct promoters to drive expression of specific genes necessary for adaptation to such changes 

(377). The ability of alternative sigma factors to capture RNAP to form a holoenzyme is dictated 

by their free concentration and affinity for RNAP, and, as such, there are several mechanisms for 

regulating the cellular concentration and activity of alternative σ factors (378). A common 

mechanism of sigma factor control is via sequestration by anti-σ factors that block the ability of 

an alternative sigma factor to bind RNAP (377, 378). Liberation of the sigma factor from the anti-

sigma factor typically occurs in response to a specific stress (e.g. heat shock) and often involves 

proteolysis of the anti-sigma factor (377). In general, regulated proteolysis involves the sequential 

cleavage of an anti-sigma factor bound to an extracytoplasmic sigma factor and liberation of the 

sigma-factor (377, 379).  

2.6.3 Transcription factors  

 

 In addition to sigma factors, the promoter selectivity of the RNAP holoenzyme can be 

further modulated by transcription factors (TFs), which are also DNA-binding proteins (380). TFs 

function by altering the promoter strength by regulating the binding of the RNAP holoenzyme 

(381). The affinity of TFs for their target DNA sequence depends on ligand-binding, 
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phosphorylation, or other post-translational modifications of the sensor domain (380). The DNA-

binding domain is responsible for directly interacting with a target DNA sequence (382). These 

are specific sequence of base pairs that are palindromic or pseudopalindromic sequences (382). In 

prokaryotes, most transcription factors contain the classical helix-turn-helix DNA binding domain 

(383). TFs function as homodimers, tetramers, hexamers, and in a few cases heterodimers (380), 

and typically bind to regions near/within various promoter elements (e.g. -35 element) (384), but 

have also been found to bind within genes (385), or between convergent genes (386, 387). TFs can 

function as repressors, which negatively regulate transcription of their target genes, and activators, 

which positively regulate transcription of their target genes (388).  

2.6.4 Repressors  

 

 Several mechanisms have been described for the repression of transcription initiation. 

Repressors can bind to operators that overlap promoter elements and, thus, sterically hinder 

binding of the RNAP holoenzyme to the promoter region (389). At some promoters, the 

simultaneous binding of repressors to two separate operator sites can give rise to a loop in the local 

DNA structure, which blocks binding of the RNAP-holoenzyme to the promoter region (388, 390). 

Of note, some promoters can be bound by two or more different repressors, and this can lead to 

tight repression of the target gene (391, 392). At some promoters, a repressor can function as an 

anti-activator whereby it blocks transcription initiation by binding to and inhibiting an activator 

(see below) (393). In addition to blocking transcription initiation, repressors can impair the 

transition of the promoter from the closed to open complex, block RNAP promoter clearance, and 

prevent RNAP from moving along the template DNA during elongation (389). Derepression can 

occur by downregulating repressor gene expression or by conformational changes in the repressor 
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that reduce its affinity for its operator sequence. The latter may be caused by loss-of-function 

mutations (12, 392), interactions with a cognate anti-repressor protein (394, 395), binding of an 

effector molecule (396, 397), or post-translational modifications (327). 

2.6.5 Activators  

 

Activators increase the activity of a promoter to positively influence gene expression by 

one of three mechanisms: class I activation, class II activation, or activation by a promoter 

conformation change (388). Class I activation, typified by the E. coli catabolite activator protein 

(CAP) that acts at the lac promoter, involves binding of the activator to its target DNA upstream 

of the promoter elements, where it then recruits the RNAP holoenzyme to regulate expression of 

genes associated with lactose metabolism (398). The activator-RNAP interaction occurs without 

any structural change in either partner, and therefore, the interaction is often referred to as 

‘molecular velcro’ (399). Importantly, class I activation occurs at promoters where one or more of 

the promoter elements are suboptimal for the binding of RNAP holoenzyme (388). In Class II 

activation, the activator first binds to a region that overlaps the -35 element of the promoter and 

then recruits the RNAP through direct interactions with various components of RNAP and 

facilitates the transition of RNAP from the closed to the open complex (388, 400). The best-studied 

example of activator-mediated changes in promoter conformation involves members of the MerR 

family of activators (401). The target promoters for members of this family are defective because 

of non-optimal spacing between -10 and -35 elements of their target promoters (401, 402). Thus, 

after the RNAP holoenzyme binds to the promoter, the -10 element is misplaced in relation to the 

-35 element and transcription initiation does not occur (401, 402). However, binding of these 

activators between the -10 and -35 elements induces a localized distortion in the DNA that properly 
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aligns the -10 and -35 elements thereby permitting transcription (401, 402).  

While some transcription factors function solely as activators (or repressors), others can 

function as both. For example, members of the LysR family of transcriptional regulators can 

function as both a repressor and activator (403). Members of this family typically repress 

transcription in the absence of an effector molecule and initiate transcription upon binding of a 

ligand (403).  

2.6.6 Two-component systems (TCSs) 

 

TCSs are the predominant form of signal transduction used by prokaryotes to regulate gene 

expression in response to changing environmental conditions (404). Classical TCSs consist of a 

homodimeric, transmembrane sensor histidine kinase and a cytoplasmic response regulator, which 

is often a transcription factor (404). When the periplasmic input domain of the sensor kinase 

interacts with an effector, the transmitter domain of the kinase utilizes ATP to autophosphorylate 

at a conserved cytoplasmic histidine (His) residue (404). Subsequently, the sensor kinase then 

transfers the high-energy phosphoryl group to an aspartate (Asp) residue found in the receiver 

domain of its cognate response regulator. In turn, this triggers a conformation change in the 

response regulator that alters its affinity for target promoters (404). Since bacteria harbor many 

different TCSs, the specificity of the signal transduction pathway is maintained by the coevolution 

of amino acids residues located at the interface of where the cognate sensor kinase and response 

regulators interact (405, 406). These interfaces prevent cross-talk by discriminating against non-

cognate partners (405, 406). In addition, most sensor kinases also act as phosphatases that stimulate 

the dephosphorylation of the cognate response regulator (407). Phosphatase activity allows the 

sensor kinase to modulate the level of pathway output and to turn off the pathway in the absence 
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of a signal (407).  

2.7 Regulation of RND-efflux systems in P. aeruginosa 

2.7.1 MexCD-OprJ 

 

The MexCD-OprJ efflux system is quiescent in WT strains of P. aeruginosa under normal 

growth conditions (10); however, it is hyperexpressed in nfxB-type mutants (344). Mutational 

upregulation of this efflux system contributes to resistance to a broad range of antimicrobials 

(Table 2.1) including, FQs, CAM, TET, fourth-generation cephalosporins, macrolides (344) as 

well as biocides [e.g. CHL (339) and triclosan (343)]. Macrolides (e.g. azithromycin)(408), FQs 

(409), and triclosan (343) have been shown to readily select for mexCD-oprJ hyperexpressing 

mutants that are resistant to these agents in vitro. This efflux system has also been implicated in 

FQ resistance in clinical isolates taken from CF patients (410) and non-CF patients (411).  

Based on the level of MexCD-OprJ expression and antimicrobial resistance, MexCD-OprJ 

overproducing mutants have been classified into two groups: type A and type B (412). Type A 

mutants express moderate levels of MexCD-OprJ resulting in resistance to ERY, ofloxacin, and 

zwitterionic cephems, while type B mutants express higher levels of MexCD-OprJ than type A 

mutants, and are additionally resistant to TET and CAM (412). Remarkably, type B mutants are 

hypersusceptible to some b-lactams (e.g. carbenicillin) (413, 414), which appears to be due to the 

downregulation of the MexAB-OprM efflux system (414) (section 2.8.4) and the AmpC b-

lactamase (415) in such mutants. Type B mutants are also hypersusceptible to AGs (e.g. 

gentamicin) (412, 413), which are unique substrates of the MexXY-OprM efflux system (323, 

416), suggesting that this efflux system may also be downregulated in type B mutants. Notably, 

the coordinated expression of RND efflux systems has been demonstrated in P. aeruginosa, where 
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an increase expression of one efflux system is compensated for by a decrease in another (417), 

indicating that some form of global regulation controls net efflux gene expression in this organism.  

 As seen in Fig. 2.2, expression of the mexCD-oprJ operon is negatively regulated by the 

NfxB and EsrC repressors, whose genes are located upstream and downstream of this efflux 

operon, respectively (341, 418, 419). NfxB functions as a tetramer and binds to the nfxB-mexC 

intergenic region where it blocks expression of this efflux operon (341). nfxB mutations leading to 

an increase in mexCD-oprJ expression and multidrug resistance have been identified in both lab 

(344, 413, 420) and clinical isolates (20, 81, 421-423). A homologue of NfxB and regulated by 

NfxB, EsrC, is expressed and operates under envelope stress conditions to modulate mexCD-oprJ 

expression (419). Expression of mexCD-OprJ is inducible by various membrane-damaging 

disinfectants such as BZK and CHL, which are also substrates for this efflux system (339). 

Induction of mexCD-oprJ by these agents requires the AlgU envelope stress response sigma factor 

(339). It is, however, unclear whether AlgU controls mexCD-oprJ expression directly or indirectly.  
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Figure 2.2 Regulation of mexCD-oprJ expression. Expression of mexCD-oprJ is 
repressed by NfxB and EsrC. Envelope stress triggered by CHL (chlorhexidine) or BZK 
(benzalkonium chloride) activates AlgU-dependent induction of both mexCD-oprJ and 
esrC.  Negative regulation is denoted by red lines. Positive regulation is denoted by green 
lines. Dotted green lines indicate that the regulators also positively influence gene 
expression, but the pathway has not been elucidated. 
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    2.7.2 MexEF-OprN 

 

 MexEF-OprN is also quiescent in WT cells of P. aeruginosa under standard laboratory 

conditions and thus, deletion of the mexE gene in a WT strain does not affect antimicrobial 

susceptibility (424). This efflux operon is, however, expressed in nfxC-type multidrug resistant 

strains in lab (409, 424) and clinical isolates (347, 425, 426). nfxC-type mutants display an increase 

in resistance to CAM, quinolones, FQs, and trimethoprim (427). nfxC mutants overexpressing 

mexEF-oprN also demonstrate an increase in resistance to the carbapenem, imipenem, but this is 

due to a concomitant decrease in production of the OMP, OprD, and not expression of MexEF-

OprN (424). OprD is an imipenem channel and a primary route of entry of this agent in P. 

aeruginosa (230), and whose absence is often reported in imipenem-resistant strains of P. 

aeruginosa (229, 428). While FQs can readily select for mexEF-oprN expressing nfxC-type 

mutants in vitro (409, 424), there are few reports of FQ-resistant clinical nfxC-type mutants 

isolated from CF-patients (410) and non-CF patients (425). Interestingly, in a model of acute P. 

aeruginosa pneumonia in rats, the FQ trovafloxacin preferentially selected for strains 

hyperexpressing MexCD-OprJ, while the FQ ciprofloxacin selected for MexEF-OprN 

overproducers (167), suggesting that differences in pharmacokinetics and host-bacterial 

interactions may influence the emergence of specific efflux mutants. 

As seen in Fig. 2.3, expression of the mexEF-oprN operon is positively regulated by MexT, 

whose gene is present upstream of the mexEF-oprN operon (347). MexT is also responsible for 

negatively regulating oprD expression at the transcriptional and post-transcriptional levels, 

although the exact mechanisms are unclear (347). In many so-called WT P. aeruginosa cells, 

inactivating mutations are present in the mexT gene, with reversal of these mutations in nfxC 

mutants ultimately restoring MexT function/production, and therefore, promoting mexEF-oprN 
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expression (347). In strains harbouring a functional mexT gene, mutations in a second gene, mexS, 

have been associated with an increase in mexEF-oprN expression and multidrug resistance (347). 

The mexS gene is located directly upstream, but divergently transcribed, from the mexT gene (347). 

Inactivating mutations in mexS promotes MexT-dependent mexEF-oprN expression and multidrug 

resistance (429). It has been suggested that loss of MexS, a predicted quinone oxidoreductase, 

results in the intracellular accumulation of toxic metabolites that stimulate MexT-dependent 

transcription of mexEF-oprN and, thus, both MexS and MexEF-OprN cooperate to rid the cells of 

an as-of-yet-unidentified toxic metabolite (429). mexEF-oprN is induced by reactive nitrogen 

species (RNS) (348), diamide (DIA) (345), and the antibiotic CAM (348), in a manner dependent 

on MexT, although the precise inducing signal is unknown. CAM has been shown to select for 

mexEF-oprN expressing mexS mutants in vitro (429); however, this agent is not used to treat P. 

aeruginosa infections (86).  

The TCS, ParRS, implicated in adaptive resistance to cationic antimicrobial peptides such 

as the polymyxins, positively controls expression of mexEF-oprN - deletion of parR or parS led 

to a reduction in expression of this efflux operon (430). Expression of mexEF-oprN is also 

negatively regulated by the global regulator MvaT, which regulates genes involved in virulence, 

housekeeping, and biofilm formation - inactivating mutations in the gene encoding for MvaT 

yielded an increase in mexEF-oprN expression and multidrug resistance independent of MexT 

(431). Similarly, inactivating mutations in the global regulator AmpR, which regulates over 500 

genes including the ampC gene encoding for a b-lactamase, also yielded an increase in mexEF-

oprN expression and multidrug resistance independent of MexT (432). The influence of these two 

global regulators appears to be indirect as MvaT does not bind to the mexE-mexT intergenic region 

(431) and there is no obvious AmpR-binding site consensus sequence within this region (432).  
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The biofilm-specific regulator BrlR, also promotes expression of mexEF-oprN and mexAB-

oprM, and does so by binding directly to the promoter regions of these efflux operons (433). 

Intriguingly, the secondary messenger cyclic-dinucleotide-GMP (c-di-GMP), in which high 

concentrations of this molecule correlate with the biofilm-mode of growth (434), was shown to 

bind to BrlR (435) and enhance its DNA-binding activity for the promoter regions of mexEF-oprN 

and mexAB-oprM (436). BrlR activation is indirectly dependent on the two-component hybrid 

histidine kinase, SagS, which promotes biofilm development by increasing c-di-GMP levels (436). 

This increase in c-di-GMP then activates BrlR-dependent induction of mexAB-oprM (and mexEF-

oprN) expression (435, 436), and ultimately increased antimicrobial resistance of P. aeruginosa 

biofilms to several classes of antimicrobials including the FQ norfloxacin, the AGs kanamycin 

(KAN) and tobramycin (TOB) , trimethoprim, and TET, via the MexEF-OprN and MexAB-OprM 

efflux systems (433). The nature by which MexEF-OprN and MexAB-OprM contribute to AG 

resistance is unclear, as these agents are not substrates for either pump. 
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Figure 2.3 Regulation of mexEF-oprN expression. Expression of mexEF-oprN is 
directly regulated by the local activator MexT. MexT promotes mexEF-oprN expression 
in response to reactive nitrogen species (RNS), diamide (DIA), and chloramphenicol 
(CAM). The c-di-GMP responsive BrlR regulator directly and positively regulates mexEF-
oprN expression. The ParRS two component system also positively influence mexEF-
oprN expression. MvaT and AmpR negatively influence mexEF-oprN expression. 
Negative regulation is denoted by red lines. Positive regulation is denoted by green lines. 
Dotted green lines indicate that the regulators also positively influence gene expression, 
but the exact pathway has not been elucidated. 
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 2.7.3 MexXY-OprM 

 

 The MexXY-OprM efflux system accommodates a broad range of antimicrobials including 

b-lactams, macrolides, FQs, CAM, TETs (333), and AGs (323, 416). Unlike many other RND-

type efflux systems in P. aeruginosa, mexXY expression is inducible by many of the antimicrobials 

that it exports, and was the first RND efflux system shown to be inducible by its substrates (349, 

355, 437). Induction of mexXY expression by many of its antimicrobial substrates, indicates that it 

plays a role in the intrinsic resistance to these agents. Indeed, mutants lacking this pump are more 

susceptible to these agents (349, 355). In particular, expression of the mexXY operon is inducible 

by agents known to target the ribosome, such as AGs, macrolides, TET, and CAM (168, 349, 355, 

437). Consistent with ribosome disruption or defects in translation promoting mexXY expression, 

antimicrobial-induction of this operon was lost upon expression of ribosome protection 

mechanisms (437). Moreover, mutations in ribosomal genes or genes that are involved in protein 

synthesis have been reported that promote mexXY gene expression (351, 438-441). Upregulation 

of mexXY by ribosome -targeting agents or mutation is dependent on the anti-repressor of MexZ 

protein, ArmZ, whose expression is also dependent on ribosome-disrupting antimicrobials or 

mutation (Fig. 2.4) (442, 443). Induction of armZ expression is governed by a transcriptional 

attenuation mechanism that involves a short 13-amino acid leader peptide upstream of armZ (354). 

Antimicrobial-induced ribosome stalling at this leader peptide permits transcription of the 

downstream armZ gene, and ultimately, induction of mexXY expression (354). In turn, ArmZ binds 

to and inhibits the MexZ repressor, which in the absence of inducer negatively controls expression 

of the mexXY operon by binding to the mexXY promoter region (323, 395, 443). Intriguingly, 

mutations inactivating MexZ are frequently observed in CF-pulmonary isolates of P. aeruginosa 

expressing mexXY (444, 445). CF patients are routinely treated with AGs (i.e. TOB), and such 
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treatment may select for inactivating mutations in the mexZ gene that ultimately promote mexXY 

expression and, thus, AG resistance in P. aeruginosa.  

Like mexEF-oprN, mexXY expression is also regulated by the ParRS TCS (353, 446). 

Activation of the ParRS TCS by mutation or exposure to the membrane-damaging polycationic 

antimicrobials (e.g. colistin), promotes mexXY expression, and does so independently of the ArmZ-

MexZ pathway (353, 446). Activation of a second TCS, AmgRS, which responds to envelope 

stress, via AG exposure or mutation, also positively influences mexXY expression (133). Moreover, 

AmgRS-promoted mexXY induction was lost in mutants lacking the AmgRS-regulated genes htpX 

and PA5528, which encode for a cytoplasmic membrane-associated protease, and a membrane 

protein of unknown function, respectively (133). The implication was that envelope stress caused 

by AG-generated CM-damaging aberrant polypeptides activates the AmgS sensor kinase that then 

phosphorylates AmgR to drive expression of the htpX of the PA5528 genes (133). The activities 

of HtpX and PA5528 in an as-of-yet unknown way promote expression of the mexXY operon in a 

manner dependent on ArmZ (133).  
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Figure 2.4 Regulation of mexXY expression. This efflux operon is controlled by a local repressor, MexZ. 
MexZ repressor activity is directly inhibited by ArmZ. Protein synthesis inhibitors (e.g. AGs, TET, CAM) 
depicted by the yellow lightning bolt promotes armZ transcription via a translation attenuation mechanism 
that involves the upstream leader peptide, PA5471.1. AG-generated envelope stress activates the AmgS 
sensor kinase, which in turn activates the AmgR response regulator. AmgR drives expression of the htpX 
and PA5528 genes, whose products, in some, unknown manner, promote expression of the mexXY operon. 
Polymyxins (PMXs) activate the ParS sensor kinase, which in turn activates the ParR response regulator. 
ParR then promotes mexXY expression; however, it is currently unknown if the ParR response regulator 
directly regulates mexXY expression. Negative regulation is denoted by red lines. Positive regulation is 
denoted by green lines. Dotted green lines indicate that the regulators also positively influence gene 
expression, but the exact pathway has not been elucidated. 
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2.7.4 MexAB-OprM 

 

The MexAB-OprM efflux system is also a major contributor to intrinsic and acquired 

resistance to various antimicrobials and exhibits one of the broadest substrate profiles of the RND-

type pumps in P. aeruginosa (Table 2.1) (84). This pump has been linked to resistance to a limited 

number of agents in CF and non-CF clinical isolates including FQs (81, 447), b-lactams [e.g. 

penicillins (448-450) and meropenem (451)]. MexAB-OprM is one of the best studied RND efflux 

systems in P. aeruginosa and as such, regulation of the mexAB-oprM operon is the most complex 

and involves numerous transcription factors that finely-tune the expression of this system, and 

permits the integration of multiple signals into the control of its expression (Fig. 2.5). This operon, 

which shows moderate levels of expression during growth under standard laboratory conditions 

(i.e. cultured in rich media and at 37°C), is controlled directly or indirectly by the MexR (452), 

NalC (12), and NalD (392) repressors. Mutations in mexR, nalC, and nalD have been reported in 

clinical isolates resistant to b-lactams (453-455). 

MexR, encoded by a gene that is adjacent to and divergently transcribed from the mexAB-

oprM operon, regulates expression of the operon from a mexAB-oprM-distal promoter, P1 (452, 

456). This promoter also overlaps the promoter for mexR, and therefore, mexR expression is subject 

to autoregulation (452). Among clinical isolates, the mexR gene is the target of mutation in 

MexAB-OprM-overexpressing multidrug-resistant nalB-type strains (11, 15, 16, 18-21). The 

MexR repressor was shown to be responsive to mediators of oxidative stress, including hydrogen 

peroxide (H2O2) and cumene hydroperoxide (CHP) (327, 328). Upon oxidative stress, oxidation 

of redox-sensitive cysteine residues in MexR caused it to dissociate from the PI promoter, resulting 

in the upregulation of the efflux genes (327, 328).  Thus, this regulatory system appears to integrate 
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redox signals into its control of mexAB-oprM, although the physiological relevance of MexAB-

OprM recruitment in response to such signals is unclear. MexR repressor activity is modulated by 

the product of the armR anti-MexR repressor gene, which binds to MexR and negatively impacts 

its ability to bind to the mexAB-oprM PI promoter region (394). armR occurs as part of the two-

gene operon PA3720-armR that is regulated by the product of the divergently-transcribed nalC 

repressor gene, with nalC mutants showing elevated PA3720-armR expression and, so, elevated 

mexAB-oprM expression and multidrug resistance (12, 394). PA3720 encodes a 15.6 kDa 

polypeptide that lacks homology to any known protein (12). Expression of PA3720-armR is also 

inducible by the environmental contaminant, pentachlorophenol (PCP), a NalC effector that drives 

derepression of PA3720-armR, and, ultimately, promotes mexAB-oprM expression and multidrug 

resistance (326, 396). Inhibition of NalC repressor activity by PCP occurred at high levels (high 

µM to low mM) for an effector molecule, suggesting that it only mimics an intended NalC effector, 

and ultimately, inducer of mexAB-oprM (326). Mutational inactivation of nalC has been reported 

in lab (11, 12), environmental (17) and clinical (457) isolates, with elevated expression of the 

pump leading to increased resistance. NalD, which is encoded by a gene unlinked to mexR/mexAB-

oprM, regulates mexAB-oprM expression via a second, mexAB-oprM-proximal promoter, PII 

(392). Interestingly, NalD binding to PII is dependent upon MexR binding to PI - in the absence 

of MexR, NalD repression of mexAB-oprM is not evident (392). Novobiocin, a substrate of the 

MexAB-OprM efflux system, was recently shown to induce mexAB-oprM expression by directly 

binding to and inhibiting NalD repressor activity (329).  

Recently, CpxR, a homolog of the CpxR response regulator involved in the cell envelope 

stress response in Escherichia coli, was shown to promote mexAB-oprM expression by directly 

binding to the PI promoter (458). CpxR appears to be important for the multidrug resistance 
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phenotype in nalB-type P. aeruginosa isolates (458). Like mexEF-oprN, the AmpR regulator was 

also shown to positively influence mexAB-oprM expression, possibly by repressing expression of 

the mexR gene -  deletion of ampR resulted in an increase in mexR expression (432).   

Expression of MexAB-OprM is also growth-phase dependent, and reaches maximum 

expression levels at stationary phase, although this is independent of MexR (459). Consistent with 

cell-density dependent regulation of mexAB-oprM expression, addition of the quorum-sensing 

molecule, N-butyryl-l-homoserine lactone promoted expression of MexAB-OprM; however, this 

induction was lost in the presence of a plasmid-encoded MexT regulator, suggesting that MexT 

negatively influences mexAB-oprM expression (459).  

In P. aeruginosa biofilms, which are highly structured, surface-associated communities, 

mexAB-oprM expression is regulated by several additional mechanisms. Two homologous loci, 

roc1 and roc2, which encode for TCSs that control the expression of the cup genes involved in 

fimbriae synthesis and biofilm formation have been implicated in regulation of mexAB-oprM 

expression (460). The roc1 loci encodes for a RocS1 sensor kinase and RocA1 response regulator 

that work together to control cup gene expression (460). The roc2 loci encodes for a RocS2 sensor 

kinase that can also activate the RocA1 response regulator to control cup gene expression (460). 

Both the RocS1 and RocS2 sensor kinases can act via the roc2-encoded RocA2 response regulator, 

which represses mexAB-oprM expression - expression of mexAB-oprM increases in a rocA2 

mutant, with a concomitant increase in antimicrobial resistance (460). However, the exact details 

of the RocS1/S2-RocA2 regulatory cascade involved in regulating this efflux locus have not been 

elucidated. As mentioned in Section 2.7.2, in response to ci-di-GMP, the biofilm-specific regulator 

BrlR also promotes expression of mexAB-oprM (and mexEF-oprN), and does so by binding 

directly to the promoter regions of these efflux operons (433).  
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Expression of mexAB-oprM has been shown to vary with the stage of biofilm development 

(i.e. developing vs mature). For example, in a developing biofilm, mexAB-oprM is maximally 

expressed at the biofilm substratum (461), whereas in a mature biofilm, mexAB-oprM expression 

is highest in a metabolically active subpopulation of cells located at the surface the biofilm, where 

this efflux pump contributed to colistin tolerance (462). The contribution of MexAB-OprM to 

colistin tolerance is unclear as it is not accommodated by this efflux system. Intriguingly, both 

MexAB-OprM and MexCD-OprJ are essential for biofilm formation in the presence of a sub-

inhibitory concentration of the macrolide, azithromycin (342). Deletion of both the mexAB-oprM 

and mexCD-oprJ efflux genes prevented biofilm formation in the presence of azithromycin; 

however, individual deletions of the efflux genes did not impact biofilm formation in the presence 

of this agent, indicating that either pump can confer resistance to azithromycin to permit biofilm 

development (342).  
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Figure 2.5 Regulation of mexAB-oprM expression. MexR directly represses mexAB-oprM expression 
by binding to the mexAB-oprM-distal promoter, P1. MexR is a redox-responsive regulator that upon 
oxidation of its critical, intermolecular cysteine pairs in the presence of hydroperoxide (HP) or hydrogen 
peroxide (H2O2) is rendered unable to bind to PI. This in turn, results in derepression of mexAB-oprM. 
NalD directly represses mexAB-oprM expression by binding to the mexAB-oprM-proximal promoter, P2.  
NalD binding to the P2 promoter region is obviated via direct interactions with novobiocin (NOV), 
resulting in derepression of mexAB-oprM. NalC is a direct repressor of the PA3720-armR operon whose 
binding to the PA3720 promoter region is blocked by pentachlorophenol (PCP). ArmR interacts with and 
blocks MexR binding to P1, and so, derepresses of mexAB-oprM. The RocS1 or RocS2 sensor kinases can 
both act via the RocA2 response regulator to repress mexAB-oprM expression. It is unclear whether RocA2 
directly or indirectly regulates mexAB-oprM expression. CpxR directly binds immediately upstream of the 
P1 promoter region to promote mexAB-oprM expression. BrlR directly binds to the mexR-mexA intergenic 
region to promote mexAB-oprM expression. AmpR also positively influences mexAB-oprM expression 
and a putative AmpR DNA-binding consensus sequence has been identified within the mexA-mexR 
intergenic region; however, direct evidence demonstrating the binding of AmpR to this region is lacking. 
Negative regulation is denoted by red lines. Dotted red lines also indicate negative regulation, but the 
exact mechanism of repression is unknown. Positive regulation is denoted by green lines. Dotted green 
lines indicate that the regulators also positively influence gene expression, but the exact mechanism is 
unknown.  
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2.8 Statement of Purpose  

 

 The MexAB-OprM multidrug efflux system of P. aeruginosa is a major contributor to 

antimicrobial resistance in this organism. To date, a number of regulators that control expression 

of mexAB-oprM have been described and, in a few instances, their effectors identified that drive 

expression of this efflux system. In most cases, the physiological role that MexAB-OprM plays in 

response to inducing signals is poorly understood. As well, beyond inducible expression, mexAB-

oprM is constitutively expressed under standard laboratory conditions, and it is unclear if specific 

genes are involved with this. Thus, the purpose of this study is to further elucidate the details of 

the regulation of the mexAB-oprM efflux operon, to identify potential signals that induce 

expression of this system, and to identify novel genes whose protein products are involved in the 

constitutive expression of the mexAB-oprM efflux system.  
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Chapter 3 

 Materials and Methods  

3.1. Bacterial strains and plasmids 

 

The bacterial strains and plasmids used in this study are described in Table 3.1. Primers 

used in the study are listed in Table 3.2. Bacterial cells were cultured in Luria broth (LB) and on 

Luria agar (L-agar) with antimicrobials, as necessary, at 37°C. Plasmids pEX18Tc, pRK415, mini-

CTX1 and their derivatives were maintained in E. coli with TET (10 µg/ml). Plasmid pRK415 and 

its derivatives were maintained in P. aeruginosa with TET (50 µg/ml). Plasmid pET23a (Novagen, 

Madison, WI, USA) and its derivatives were maintained in E. coli with ampicillin (100 µg/ml). 

Plasmid pLysE was maintained in E. coli with CAM (30 µg/ml). Plasmid pFLP2 was maintained 

in E. coli with ampicillin (100 µg/ml) and in P. aeruginosa with carbenicillin (200 µg/ml). Plasmid 

pACP137 (463) containing the Ez-Tn5 element a gentamicin resistance cassette (Epicenter) was 

maintained in E. coli with gentamicin (10 µg/ml). Plasmid pBlueScript (-) (Agilent) was 

maintained in E. coli with ampicillin (100 µg/ml).  

3.2 DNA methods 

 

Standard protocols were used for restriction endonuclease digestions, ligations, 

transformations, plasmid isolations, agarose gel electrophoresis, and preparation of CaCl2 

competent E. coli cells as described by Sambrook and Russell (464). Electrocompetent P. 

aeruginosa cells were prepared as described by Choi and Schweizer (465). Chromosomal DNA 

was extracted from P. aeruginosa using the DNeasy® Blood and Tissue kit (Qiagen, Mississauga, 

ON, Canada) according to the protocol provided by the manufacturer. Plasmids were isolated from 
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E. coli using a GeneJET Plasmid Miniprep kit (Thermo Fisher Scientific, Rockford, IL, USA), 

with the exception of pRK415, which was isolated using the Qiagen Plasmid Midi kit (Qiagen). 

The Wizard® SV Gel and PCR Clean-Up System kit (Promega Corp., Nepean, ON, Canada) was 

used to purify PCR products and to gel-purify restriction-endonuclease-digested DNA fragments. 

Oligonucleotides were synthesized by Integrated DNA Technologies (IDT, Coralville, IA, USA) 

and nucleotide sequencing was carried out by AGCT Corp. (Toronto, ON, Canada).  

3.3 Construction of P. aeruginosa mutant strains 

3.3.1 Introduction of a premature stop codon in the PA3720 gene of a nalC strain 

 

Using site-directed mutagenesis, the ninth codon of the PA3720 gene in the chromosome 

of a nalC strain (K1454) was mutated to an amber stop codon (am) to yield strain nalC PA3720am 

(K3733). To generate a template for site-directed mutagenesis, a ~2 kb fragment containing the 

PA3720 gene was PCR amplified from the chromosome of strain K1454 with the primers PA3720-

For and PA3720-Rev in a 50 µl mixture that contained 1 µg of nalC chromosomal DNA, 0.6 µM 

of each primer, 0.2 mM of each dNTP, 1 x Phusion GC buffer, and 1 unit (U) of Phusion DNA 

polymerase (Finnzymes, New England Biolabs, Pickering, ON, Canada). The mixture was heated 

for 30 sec at 98°C, followed by 30 cycles of 30 sec at 98°C, 30 sec at 63.1°C, 1 min at 72°C, 

concluding with 7 min at 72°C. The PA3720-containing PCR product was gel-purified, digested 

with EcoRI and BamHI and cloned into the EcoR1-BamHI-restricted plasmid pEX18Tc to 

generate pEX18Tc::PA3720 (pMJF1). Following nucleotide sequencing of the cloned DNA to 

confirm the absence of PCR-generated mutations, an amber mutation was introduced into the 

PA3720 gene on plasmid pFJM1 via site-directed mutagenesis using the QuikChange® Lightning 

Site-Directed Mutagenesis kit (Agilent Technologies, Mississauga, ON, Canada), primers 
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PA3720am-For and PA3720am-Rev, and a protocol described by the manufacturer. The mutagenic 

primers contained a BamHI restriction endonuclease site located immediately downstream of the 

amber mutation to be used for screening purposes. Following temperature cycling, the methylated 

parental plasmid DNA was digested with DpnI (Agilent Technologies) as described by the 

manufacturer. Subsequently, DpnI-treated DNA was transformed into E. coli DH5α, and 

transformants were selected on TET 10 µg/ml. Plasmid DNA was recovered and sequenced to 

confirm the presence of the amber mutation in the PA3720 gene. The resultant plasmid, 

pEX18Tc::PA3720am (pMJF2), was then mobilized into the nalC strain (K1454) from E. coli S17-

1 via conjugation (416). K1454 transconjugants harbouring chromosomal inserts of pMJF2 were 

selected on L-agar plates containing TET (75 µg/ml) and CAM (5 µg/ml; to counterselect E. coli). 

The transconjugants were then streaked onto L-agar plates containing sucrose (10% [wt/vol]), and 

sucrose-resistant colonies were screened for the chromosomal PA3720am mutation by amplifying 

the PA3720 gene using colony PCR (466) followed by digestion with BamHI. A 10 µl colony PCR 

reaction mixture contained 2 µl of the chromosomal DNA solution as the template, 0.6 µM of each 

of primer PA3720-For and PA3720-Rev, 0.2 mM of each dNTP, 1 x Thermopol buffer, 5% 

(vol/vol) dimethyl sulfoxide (DMSO), and 1 U of Taq DNA Polymerase (New England Biolabs, 

Whitby, ON, Canada). The mixture was heated for 3 min at 95°C, followed by 30 cycles of 30 sec 

at 95°C, 45 sec at 64.5°C, 2.5 min at 72°C, concluding with 5 min at 72°C. The presence of the 

chromosomal PA3720am mutation was ultimately confirmed by amplifying the PA3720 gene with 

primers PA3720-For and PA3720-Rev and Phusion DNA polymerase (New England Biolabs) 

(parameters detailed above) and sequencing the resulting PCR product.  
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3.3.2 Deletion of the PA3720-armR operon in the nalC strain 

 

Deletion of the PA3720-armR operon in the nalC strain was carried out in a manner similar 

to that described by Starr et. al (326). However, since the gene replacement plasmid used by Starr 

et. al. (326) harboured the WT nalC gene, it was possible that following homologous 

recombination the mutant nalC gene could be replaced by the WT nalC gene. Thus, following 

deletion of the PA3720-armR operon, the nalC gene was PCR amplified from the chromosome of 

the newly generated ΔPA3720ΔarmR strain and sequenced to ensure that the nalC mutation 

(Ser118Pro) was retained.  

3.3.3 Mutational inactivation of the PA3720 protein in a nalC mutant background 

 

In order to inactivate the PA3720 protein while maintaining the full-length PA3720 reading 

frame with its native stop codon, two point mutations were introduced within the open reading 

frame (ORF) of PA3720. The one mutation shifted the reading frame early (Q18fs; frame shifting 

change with Q18 as the affected amino acid) and the second mutation restored the reading frame 

(V110fs; frame shifting change with V110 as the affected amino acid) so that expression of the 

mutated PA3720 protein terminates at its native stop codon. Thus, the intervening amino acid 

sequence between the two frame shift mutations of PA3720 was altered, yielding PA3720dfs (dfs; 

double frame shift). To inactivate the PA3720 protein in the P. aeruginosa nalC mutant strain, a 

DNA fragment containing the WT PA3720 gene was first amplified from the chromosome of the 

nalC mutant strain and then cloned into the gene replacement vector pEX18Tc. Briefly, a 1,928-

bp fragment including ~550 bp upstream of the PA3720 start codon and ~950 bp downstream of 

the native PA3720 stop codon was amplified using PCR. Amplification was achieved using 

primers PA3720-1928-For and PA3720-1928-Rev in a 50 µl reaction mixture containing 1 µg of 
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purified P. aeruginosa nalC chromosomal DNA, 0.6 µM of each primer, 0.2 mM of each dNTP, 

1 x Phusion HF buffer, 5% (vol/vol) DMSO, and 1 U of Phusion polymerase (New England 

Biolabs). The mixture was heated at 98°C for 30 sec, followed by 30 cycles of 30 sec at 98°C, 30 

sec at 65°C, 45 sec at 72°C, concluding with 5 min at 72°C. The PCR product was subsequently 

gel purified and cloned into plasmid pEX18TC as an EcoRI and BamHI restricted fragment to 

yield plasmid, pMJF3. A single base pair deletion at position 51 cytosine of the PA3720 ORF, 

which affected codon 18 was first introduced into the PA3720 gene on plasmid pMJF3 via site-

directed mutagenesis using the QuikChange® Lightning Site-Directed Mutagenesis kit (Agilent 

Technologies, Mississauga, ON, Canada), primers PA3720 Q18fs -For and PA3720 Q18fs -Rev, 

and a protocol described by the manufacturer to generate pEX18Tc:: PA3720 Q18fs (pMJF4). 

Following temperature cycling, the methylated parental plasmid DNA was digested with DpnI 

(Agilent Technologies) as described by the manufacturer. Subsequently, DpnI-treated DNA was 

transformed into E. coli DH5α, and plasmid DNA was recovered and sequenced to confirm the 

presence of the Q18fs mutation in the PA3720 gene. Not surprisingly, deletion of cytosine at 

position 51 of the PA3720 ORF, generated a premature stop codon at position 115 of the new 

reading frame. Thus, to correct the frame shift, a single base pair (cytosine) was inserted upstream 

of the premature stop codon at codon 110 (V110fs). Using pEX18Tc::PA3720Q18fs  (pMJF4) as 

the new template, the V110fs mutation was introduced into the PA3720 gene via site-directed 

mutagenesis, and the resulting vector, pEX18Tc::PA3720dfs (pMJF5), was transformed into E. coli 

DH5α. The plasmid DNA was recovered and sequenced to confirm the presence of the V110fs 

mutation. In order to identify derivatives of the nalC mutant in which the PA3720 gene contained 

both mutations, we took advantage of the observation that introduction of the Q18fs mutation in 

the attB-localized PA3720 gene compromised resistance to known MexAB-OprM substrates, 
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whereas introduction of both the Q18fs and V110fs mutations in the attB-localized PA3720 gene 

did not impact antimicrobial resistance (data not shown). Thus, mutations in the chromosomal 

copy of the PA3720 gene were introduced consecutively in a nalC mutant background. Plasmid 

pEX18Tc::PA3720 Q18fs (pMJF4) was first mobilized into P. aeruginosa strain nalC  from E. coli 

strain S17-1, and P. aeruginosa transconjugants harboring chromosomal inserts of 

pEX18Tc::PA3720 Q18fs were selected on L-agar plates containing TET ( 50 µg/ml) and CAM 

(5 µg/ml; to counterselect E. coli). These transconjugants were then streaked onto L-agar plates 

containing sucrose (10% [wt/vol]). To identify nalC mutants harbouring the chromosomal PA3720 

Q18fs mutation, the resultant sucrose-resistant colonies were screened for carbenicillin sensitivity 

on L-agar plates containing carbenicillin (64 µg/ml). The nalC-PA3720-armR locus was then 

colony PCR-amplified from a sucrose-resistant colony that demonstrated carbenicillin sensitivity, 

and the resulting amplicon sequenced to ensure the presence of the PA3720Q18fs mutation. Next, 

pMJF5 was mobilized into the newly generated nalC PA3720 Q18fs strain from E. coli strain S17-

1, as described above, and the nalC PA3720 Q18fs –Q110fs mutant, referred to as nalC PA3720dfs 

(K3744), was recovered, again as described above, using sucrose selection, screening for 

restoration of carbenicillin resistance (64 µg/ml), amplification of the nalC-PA3720-armR locus, 

and DNA sequencing.  

3.3.4 Deletion of the nalD gene in P. aeruginosa  

 

To generate an in-frame nalD deletion in WT and mexR-null P. aeruginosa strains, 1 kb 

fragments upstream and downstream of nalD were PCR amplified and cloned into the gene 

replacement plasmid, pEX18Tc. The nalD upstream fragment was PCR amplified using DnalD 

Up-For and DnalD Up-Rev and the nalD downstream fragment was amplified using primers 
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DnalD Dn-For and DnalD Dn-Rev. The 1 kb upstream and downstream fragments were PCR 

amplified from the chromosome of P. aeruginosa strain PAO1 in two, separate 50 µl mixtures that 

contained 1 µg of PAO1 chromosomal DNA, 0.6 µM of the appropriate primer set, 0.2 mM of 

each dNTP, 1 x Phusion GC buffer, and 1 unit (U) of Phusion DNA polymerase (Finnzymes, New 

England Biolabs, Pickering, ON, Canada). The mixture was heated for 30 sec at 98°C, followed 

by 30 cycles of 30 sec at 98°C, 30 sec at 65.0°C, 45 sec at 72°C, concluding with 7 min at 72°C. 

The PCR products were subsequently gel-purified and digested with EcoRI and KpnI or KpnI and 

BamHI, as appropriate, and separately cloned into appropriately restricted pEX18Tc, yielding 

plasmids pMJF6 (upstream fragment) and pMJF7 (downstream fragment). Following nucleotide 

sequencing to confirm the absence of mutations in the cloned fragments, the downstream fragment 

was excised from pMJF7 by digestion with KpnI-BamHI and was cloned into KpnI-BamHI-

restricted pMJF6, yielding pMJF8. Plasmid pMFJ8 was then transformed into E. coli S17-1 and 

mobilized into P. aeruginosa as previously described (326), and the chromosomal nalD deletion 

was identified using colony PCR with primers nalD Up-For and nalD DN-Rev. A 10 µl colony 

PCR reaction mixture contained 2 µl of the chromosomal DNA solution as the template, 0.6 µM 

of each of primer nalD Up-For and nalD DN-Rev, 0.2 mM of each dNTP, 1 x Thermopol buffer, 

5% (vol/vol) dimethyl sulfoxide (DMSO), and 1 U of Taq DNA Polymerase (New England 

Biolabs, Whitby, ON, Canada). The mixture was heated for 3 min at 95°C, followed by 30 cycles 

of 30 sec at 95°C, 45 sec at 60.0°C, 2.5 min at 72°C, concluding with 7 min at 72°C. 

3.3.5 Construction of mexB deletions in the selected TN mutants.  
 

The mexB gene was deleted in the carbenicillin sensitive TN mutants by mobilizing the 

DmexB gene replacement vector, pRSP81 into the TN mutants using the protocol previously 
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described for making a mexB deletion in K767 (467). However, selection of transconjugants of 

transposon mutants K3777 and K3799 on L-agar was carried out on L-agar plates containing TET 

75 µg/ml and CAM 5 µg/ml, transconjugants of the transposon mutant K3776 on L-agar containing 

TET (40 µg/ml) and CAM (5 µg/ml; to counterselect E. coli), transconjugants of transposon 

mutant K3780 on TET (30 µg/ml) and ampicillin (32 µg/ml; to counterselect E. coli), and, finally, 

K3781 was plated on TET (30 µg/ml) and imipenem (5 µg/ml; to counterselect E. coli). For reasons 

that are currently unclear, we were unable to make a mexB deletion in transposon mutant K3778. 

The chromosomal deletion of mexB was confirmed by colony PCR using primers DmexB-For and 

DmexB-Rev. The 10 µl colony PCR reaction contained 2 µl of the chromosomal DNA solution as 

template, 300 µM of each dNTP, 0.4 µM of each primer DmexB-For and DmexB-Rev, 10% 

(vol/vol) DMSO, 1 x LongAmp Taq reaction buffer, and 1 U of LongAmp Taq DNA polymerase 

(New England Biolabs). The mixtures were heated to 95°C for 3 min, followed by 30 cycles of 30 

sec at 95°C, 30 sec at 56.2°C, and 6.5 min at 72°C, concluding with 10 min at 72°C.  

3.3.6 Deletion of the bamB, PA5052 and oprM genes 
  

To generate an in-frame oprM deletion in WT P. aeruginosa, 1 kb fragments upstream and 

downstream of oprM were PCR amplified and cloned into the gene replacement plasmid, 

pEX18Tc. The oprM upstream and downstream fragments were PCR amplified using primers 

DoprM Up-For and DoprM Up-Rev and DoprM Dn-For and DoprM-Dn Rev, respectively. The 1 

kb upstream and downstream fragments were PCR amplified from the chromosome of P. 

aeruginosa strain PAO1 in two, separate 50 µl mixtures that contained 1 µg of PAO1 chromosomal 

DNA, 0.6 µM of the appropriate primer set, 0.2 mM of each dNTP, 1 x Phusion HF buffer, and 1 

unit (U) of Phusion DNA polymerase (Finnzymes, New England Biolabs, Pickering, ON, Canada). 
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The mixture was heated for 30 sec at 98°C, followed by 30 cycles of 30 sec at 98°C, 30 sec at 

60.1°C, 45 sec at 72°C, concluding with 7 min at 72°C. The PCR products were subsequently gel-

purified and digested with EcoRI and XbaI or XbaI and HindIII, respectively, and separately 

ligated into appropriately restricted pEX18Tc, yielding plasmids pMJF9 (upstream fragment) and 

pMJF10 (downstream fragment). Following nucleotide sequencing to confirm the absence of 

mutations in the cloned fragments, the downstream fragment was excised from pMJF10 by 

digestion with XbaI-HindIII and was cloned into XbaI-HindIII-restricted pMJF9, yielding 

pMJF11. Plasmid pMJF11 was then transformed into E. coli S17-1 and subsequently mobilized 

into P. aeruginosa. TET resistant colonies were recovered following mobilization of the oprM 

deletion construct into P. aeruginosa and then subsequently streaked on L-agar supplemented with 

10% (wt/vol) sucrose and the chromosomal oprM deletion was identified using colony PCR with 

primers OprM Up-For and OprM DN-Rev. A 10 µl colony PCR reaction mixture contained 2 µl 

of the chromosomal DNA solution as the template, 0.6 µM of each of primer OprM Up-For and 

OprM DN-Rev, 0.2 mM of each dNTP, 1 x Thermopol buffer, 5% (vol/vol) dimethyl sulfoxide 

(DMSO), and 1 U of Taq DNA Polymerase (New England Biolabs, Whitby, ON, Canada). The 

mixture was heated for 3 min at 95°C, followed by 30 cycles of 30 sec at 95°C, 45 sec at 61.0°C, 

2.5 min at 72°C, concluding with 7 min at 72°C. 

To generate an in-frame deletion of PA5052 in WT P. aeruginosa and the mexB knockout 

derivative, strain K1523, 1 kb fragments upstream and downstream of PA5052 were PCR 

amplified and cloned into pEX18Tc. The PA5052 upstream and downstream fragments were PCR 

amplified using primers PA5052 Up-For and DPA5052 Up-Rev and PA5052 Dn-For and 

DPA5052 Dn-Rev, respectively. The 1 kb upstream and downstream fragments were PCR 

amplified from the chromosome of P. aeruginosa strain PAO1 in two, separate 50 µl mixtures that 
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contained 1 µg of chromosomal PAO1 DNA, 0.6 µM of the appropriate primer set, 0.2 mM of 

each dNTP, 1 x Phusion HF buffer, and 1 unit (U) of Phusion DNA polymerase (Finnzymes, New 

England Biolabs, Pickering, ON, Canada). The mixture was heated for 30 sec at 98°C, followed 

by 30 cycles of 30 sec at 98°C, 30 sec at 64.5°C, 45 sec at 72°C, concluding with 7 min at 72°C. 

The PCR products were subsequently digested with EcoRI and BamHI or BamHI and HindIII, as 

appropriate, and separately cloned into appropriately restricted pEX18Tc, yielding plasmids 

pMJF12 (upstream fragment) and pMJF13 (downstream fragment). Following nucleotide 

sequencing to confirm the absence of mutations in the cloned fragments, the downstream fragment 

was excised from pMJF13 by digestion with BamHI-HindIII and was cloned into BamHI-HindIII-

restricted pMJF12, yielding pMJF14. Plasmid pMJF14 was then transformed into E. coli S17-1 

and subsequently mobilized into K767 and K1523 and transconjugants plated on LB-agar plates 

containing TET (50 µg/ml) and CAM (5 µg/ml; to counterselect E. coli). Tetracycline resistant 

colonies were recovered following mobilization of the PA5052 deletion construct into PAO1 and 

K1523 and then subsequently streaked on L-agar supplemented with 10% (wt/vol) sucrose and 

those carrying the PA5052 deletion identified using colony PCR with primers PA5052 Up-For and 

PA5052 Dn-Rev. A 10 µl colony PCR reaction mixture contained 2 µl of the chromosomal DNA 

solution as the template, 0.6 µM of each of primer PA5052 Up-For and PA5052 Dn-Rev, 0.2 mM 

of each dNTP, 1 x Thermopol buffer, 5% (vol/vol) dimethyl sulfoxide (DMSO), and 1 U of Taq 

DNA Polymerase (New England Biolabs, Whitby, ON, Canada). The mixture was heated for 3 

min at 95°C, followed by 30 cycles of 30 sec at 95°C, 45 sec at 65.0°C, 2.5 min at 72°C, concluding 

with 7 min at 72°C. 

To generate an in-frame deletion of bamB in WT P. aeruginosa and the mexB knockout 

derivative, strain K1523, 1 kb fragments upstream and downstream of bamB were PCR amplified 
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and cloned into pEX18Tc. The bamB upstream and downstream fragments were PCR amplified 

using primers bamB Up-For and DbamB Up-Rev and bamB Dn-For and DbamB Dn-Rev, 

respectively. The 1 kb upstream and downstream fragments were PCR amplified from the 

chromosome of P. aeruginosa strain PAO1 in two, separate 50 µl mixtures that contained 1 µg of 

chromosomal DNA, 0.6 µM of the appropriate primer set, 0.2 mM of each dNTP, 1 x Phusion HF 

buffer, and 1 unit (U) of Phusion DNA polymerase (Finnzymes, New England Biolabs, Pickering, 

ON, Canada). The mixture was heated for 30 sec at 98°C, followed by 30 cycles of 30 sec at 98°C, 

30 sec at 64.5°C, 45 sec at 72°C, concluding with 7 min at 72°C. The PCR products were 

subsequently digested with KpnI and XbaI or XbaI and HindIII, as appropriate, and separately 

cloned into appropriately restricted pEX18Tc, yielding plasmids pMJF15 (upstream fragment) and 

pMJF16 (downstream fragment). Following nucleotide sequencing to confirm the absence of 

mutations in the cloned fragments, the downstream fragment was excised from pMJF16 by 

digestion with XbaI-HindIII and was cloned into XbaI-HindIII-restricted pMJF15, yielding 

pMJF17. Plasmid pMJF17 was transformed into E. coli S17-1 and subsequently mobilized into 

K767 and K1523 and transconjugants plated on LB-agar plates containing TET (50 µg/ml) and 

CAM (5 µg/ml; to counterselect E. coli). TET resistant colonies were recovered following 

mobilization of the bamB deletion construct into PAO1 and K1523 and then subsequently streaked 

on L-agar supplemented with 10% (wt/vol) sucrose and those carrying the bamB deletion identified 

using colony PCR with primers bamB Up-For and bamB Dn-Rev. A 10 µl colony PCR reaction 

mixture contained 2 µl of the chromosomal DNA solution as the template, 0.6 µM of each of 

primer bamB Up-For and bamB Dn-Rev, 0.2 mM of each dNTP, 1 x Thermopol buffer, 5% 

(vol/vol) dimethyl sulfoxide (DMSO), and 1 U of Taq DNA Polymerase (New England Biolabs, 

Whitby, ON, Canada). The mixture was heated for 3 min at 95°C, followed by 30 cycles of 30 sec 
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at 95°C, 45 sec at 65.0°C, 2.5 min at 72°C, concluding with 7 min at 72°C. Despite several 

attempts, we were unable to obtain transconjugants following the initial cross-over event for both 

767 and K1523 when mated with the bamB deletion construct. bamB is the second last gene in a 

nine-gene operon and resides upstream of the gene, PA3799, which encodes for a putative GTP-

binding protein involved in ribosome biogenesis. Homologs of this GTP-binding protein have been 

shown to be essential in other species of bacteria (468, 469). It is therefore possible that following 

the first cross-over event in which the deletion vector is integrated into the chromosome via 

homologous recombination, the intervening plasmid DNA separates the PA3799 gene from its 

native promoter resulting in reduction/loss of PA3799 expression. As a result, this reduction/loss 

in PA3799 gene expression is lethal, and we therefore cannot recover transconjugants. To 

circumvent this problem, a constitutive promoter was cloned into the PA3800 deletion plasmid in 

a manner that would support transcription of the PA3799 gene following the first recombination 

event. The P. aeruginosa rpsL promoter-containing region was PCR amplified with the primers 

Prpsl-For and Prpsl-Rev in a 50µl mixture that contained 1 µg of chromosomal PAO1 DNA, 0.6 

µM of each primer, 0.2 mM of each dNTP, 1 x Phusion GC buffer, and 1 unit (U) of Phusion DNA 

polymerase (Finnzymes, New England Biolabs, Pickering, ON, Canada). The mixture was heated 

for 30 sec at 98°C, followed by 30 cycles of 30 sec at 98°C, 30 sec at 60 °C, 15 sec at 72°C, 

concluding with 5 min at 72°C. The rpsL promoter-containing PCR product was gel-purified, 

digested with EcoRI and KpnI and cloned into the EcoRI-BamHI-restricted plasmid pMFJ17, to 

generate pMFJ18. Plasmid pMFJ18 was then transformed into E. coli S17-1 and subsequently 

mobilized into P. aeruginosa strain K767 and K1523. Transconjugants were selected on L-agar 

plates containing TET (50 µg/ml) and CAM (5 µg/ml; to counterselect E. coli S17-1) and then 

subsequently streaked onto L-agar plates containing sucrose (10% [wt/vol]) (470). Sucrose-
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resistant colonies were screened for the chromosomal bamB deletion identified using colony PCR 

described above. Surprisingly, although we were unable to recover a bamB deletion in K767, we 

were able to recover a bamB deletion in strain K1523.  

3.4 Cloning  

3.4.1 Cloning of the PA3720-armR genes at the phage D113 attB site of the 

nalCΔPA3720ΔarmR strain  

 

The PA3720-armR operon with the WT (PA3720WT) or mutant (PA3720am) gene were 

inserted into the chromosome of the nalCΔPA3720ΔarmR (K3734) at the phage D113 attB site 

and expressed as a single transcript. In case important regulatory sequences governing operon 

expression overlapped with the PA3720-adjacent nalC gene, the mutant nalC gene (Ser118Pro) 

was included on the PA3720-armR operon-containing DNA fragments to be cloned at the attB 

site. The nalC-PA3720WT-armR and the nalC-PA3720am-armR loci were, thus, individually PCR 

amplified with primers N3A-For and N3A-Rev in a 50 µl PCR reaction containing 1 µg of purified 

nalC or nalC PA3720am chromosomal DNA, 0.6 µM of each primer, 0.2 mM of each dNTP, 1 x 

Phusion HF buffer, 5% (vol/vol) DMSO, and 1 U of Phusion polymerase (New England Biolabs). 

The mixtures were heated at 98°C for 30 sec, followed by 30 cycles of 30 sec at 98°C, 30 sec at 

64.5°C, 30 sec at 72°C, concluding with 7 min at 72°C. The resulting amplicons were gel-purified 

and digested with EcoRI and KpnI and cloned into EcoRI-KpnI-restricted mini-CTX1 plasmid, to 

generate plasmids mini-CTX1::nalC-PA3720WT-armR (pMJF19) and mini-CTX1::nalC-

PA3720am-armR (pMJF20). These plasmids were then mobilized into P. aeruginosa from E. coli 

S17-1 in a similar manner as previously described (441), and P. aeruginosa transconjugants 

harbouring chromosomal inserts of the mini-CTX1 plasmids at the phage D113 attB site were 
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selected on L-agar plates containing TET (75 µg/ml) and CAM (10 µg/ml; to counterselect for E. 

coli S17-1). The plasmid backbone was then cured from the chromosome of each transconjugant 

using the pFLP2-encoded Flp recombinase as previously described (441). Following the excision 

of the plasmid backbone, colony PCR (466) was carried out to confirm the presence of the various 

PA3720-armR loci at the chromosomal attB site using primers T7 and T3. The 10 µl colony PCR 

reaction contained 2 µl of the chromosomal DNA solution as template, 300 µM of each dNTP, 0.4 

µM of each primer (T7 and T3), 10% (vol/vol) DMSO, 1 x LongAmp Taq reaction buffer, and 1 

U of LongAmp Taq DNA polymerase (New England Biolabs). The mixtures were heated to 95°C 

for 3 min, followed by 30 cycles of 45 sec at 95°C, 30 sec at 51.4°C, and 4 min at 72°C, concluding 

with 5 min at 72°C.   

3.4.2 Cloning of a ribosomal binding site directly upstream of armR 

 

 In order to assess if PA3720 and armR are translationally coupled, a strong ribosome 

binding site derived from the pET23a vector was inserted between the PA3720WT or PA3720am 

genes and armR gene into the nalCΔPA3720ΔarmR chromosome at the phage D113 attB site. The 

nalC-PA3720WT and nalC-PA3720am genes were individually PCR amplified with primers N3-

For and N3-Rev in a 50 µl reaction containing 1 µg of either the nalC strain or nalC-PA3720am 

strain chromosomal DNA, 0.6 µM of each primer, 0.2 mM of each dNTP, 1 x Phusion HF buffer, 

5% (vol/vol) DMSO, and 1 U of Phusion polymerase (New England Biolabs). The mixture was 

heated at 98°C for 30 sec, followed by 30 cycles of 30 sec at 98°C, 30 sec at 65.0°C, 30 sec at 

72°C, concluding with 5 min at 72°C. The PCR products containing the nalC-PA3720WT or nalC-

PA370am were purified, restriction digested with EcoRI and HindIII and individually ligated into 

EcoRI-HindIII restricted mini-CTX1 plasmid, yielding plasmids, pMJF21 and pMJF22, 
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respectively. Next the armR gene was PCR amplified with primers armR-RBS-For, which 

possesses the ribosomal binding site from pET23a, and armR-Rev in in a 50 µl reaction containing 

1 µg of the nalC strain chromosomal DNA, 0.6 µM of each primer, 0.2 mM of each dNTP, 1 x 

Phusion HF buffer, 5% (vol/vol) DMSO, and 1 U of Phusion polymerase (New England Biolabs). 

The mixture was heated at 98°C for 30 sec, followed by 30 cycles of 30 sec at 98°C, 30 sec at 

60.0°C, 15 sec at 72°C, concluding with 5 min at 72°C. The PCR product was gel purified, digested 

with HindIII and KpnI and ligated into HindIII-KpnI restricted pMJF21 and pMJF22 vectors, so 

that the armR gene resides immediately downstream of PA3720WT or PA3720am to generate 

plasmids pMJF23 and pMJF24, respectively. Nucleotide sequencing confirmed the absence of 

undesired mutations. These plasmids were then individually mobilized into the P. aeruginosa 

nalCΔPA3720ΔarmR mutant from E. coli S17-1. Following Flp-mediated excision of the plasmid 

backbone, the presence of the genes of interest at the attB site was confirmed by colony PCR using 

the T7 and T3 primers in the same manner as described above (section 3.4.1). 

3.4.3 Cloning of the PA3720 and armR genes 

 

The WT PA3720 (PA3720WT) gene was PCR amplified using primers PA3720-pRK415F 

and PA3720-pRK415R in a 50 µl mixture containing 1 µg of purified P. aeruginosa PAO1 

chromosomal DNA, 0.6 µM of each primer, 0.2 mM of each dNTP, 1 x Phusion HF buffer, 5% 

(vol/vol) DMSO, and 1 U of Phusion polymerase (New England Biolabs). The mixture was heated 

at 98°C for 30 sec, followed by 32 cycles of 30 sec at 98°C, 30 sec at 60.9°C, 1 min at 72°C, 

concluding with 7 min at 72°C. The PCR product was subsequently digested with EcoRI and 

HindIII and cloned into EcoRI-HindIII-restricted pRK415 to yield pRK415::PA3720 (pMJF25) 

and then sequenced to ensure that no mutation had been introduced during PCR. The armR gene 



68 

 

was PCR amplified with primers armR-pRK415F and armR-pRK415R in a 50 µl reaction 

containing 1 µg of purified PAO1 chromosomal DNA, 0.6 µM of each primer, 0.2 mM of each 

dNTP, 1 x Phusion HF buffer, 5% (vol/vol) DMSO, and 1 U of Phusion polymerase (New England 

Biolabs). The mixture was heated at 98°C for 30 sec, followed by 30 cycles of 30 sec at 98°C, 30 

sec at 56.2°C, 30 sec at 72°C, concluding with 7 min at 72°C. The PCR product was subsequently 

digested with EcoRI and HindIII, cloned into EcoRI-HindIII-restricted pRK415 to yield 

pRK415::armR (pMJF26) and sequenced.  

3.4.4 Cloning of armR and FLAG-tagged PA3720 under control of the P>PA3720-armR promoter 

 

To generate pRK415 expressing C-terminally FLAG-tagged PA3720 under the control of 

the PA3720-armR promoter, site-directed mutagenesis using the QuickChange Lightning Site-

Directed Mutagenesis Kit (Agilent Technologies, Mississauga, ON, Canada) using plasmid 

pMJF25 as the template, primers PA3720-FLAG-For and PA3720-FLAG-Rev and a protocol 

described by the manufacturer to generate plasmid mini-CTX1::nalC-PA3720-FLAG-armR 

(pMJF27). Following temperature cycling, the methylated parental plasmid DNA was digested 

with DpnI (Agilent Technologies) as described by the manufacturer. Subsequently, DpnI-treated 

DNA was transformed into E. coli DH5α, and plasmid DNA was recovered and sequenced to 

identify plasmids carrying the desired FLAG-tag sequence. Next, the PA3720-FLAG gene and its 

native promoter were PCR amplified using primers PA3720 FLAG 2-For and PA3720 FLAG 2-

Rev in a in a 50 µl mixture containing 10 ng of plasmid pMJF27, 0.6 µM of each primer, 0.2 mM 

of each dNTP, 1 x Phusion HF buffer, 5% (vol/vol) DMSO, and 1 U of Phusion polymerase (New 

England Biolabs). The mixture was heated at 98°C for 30 sec, followed by 30 cycles of 30 sec at 

98°C, 15 sec at 65 °C, 15 sec at 72°C, concluding with 5 min at 72°C. The PCR product was 
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subsequently digested with KpnI and HindIII and cloned into KpnI-HindIII-restricted pRK415 to 

yield pRK415::PA3720-FLAG (pMJF28) and then sequenced to ensure that no mutation had been 

introduced during PCR. Similarly, the PA3720-FLAG-armR operon under control of its native 

promoter was PCR amplified using pMJF27 as the template and cloned in the exact same manner 

as PA3720-FLAG, with the exception that the primer armR-Rev was used instead of PA3720-

FLAG-Rev, yielding plasmid pMJF29. To generate pUCP19::armR for the in vivo RNA pull-down 

experiments (see below) the armR-containing fragment was released from vector pMJF26 using 

the restriction enzymes EcoRI and HindIII, gel purified and subsequently ligated into EcoRI-

HindIII-restricted pUCP19, yielding pMJF30. Plasmids pMJF28 and pMJF29 were individually 

electroporated into nalCΔPA3720ΔarmR and plasmid-bearing cells were selected for on L-agar 

plates containing tetracycline (75 µg/ml), yielding strains K3745 and K3746, respectively. Plasmid 

pUCP19 or pMJF30 were individually electroporated into strain K3745 and plasmid-bearing cells 

were selected for on L-agar plates containing tetracycline (75 µg/ml) and carbenicillin (200 µg/ml), 

yielding strains K3747 and K3748. Plasmid pUCP19 was electroporated into strain K3746 

plasmid-bearing cells were selected for on L-agar plates containing tetracycline (75 µg/ml) and 

carbenicillin (200 µg/ml), yielding strain K3749. Plasmid pMJF30 and pRK415 were 

simultaneously electroporated into nalCΔPA3720ΔarmR, yielding strain K3750. pRK415 or 

pMJF28 were individually electroporated into strain nalC PA3720dfs, to yield strains K3751 and 

K3752, respectively.  

3.4.5 Cloning of the desA gene 

 

Cloning of the desA gene was carried out by Sebastien Fraud (unpublished). The desA gene 

was PCR amplified with primers desA-For and desA-Rev in a 50 µl reaction containing 1 µg of 
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purified PAO1 chromosomal DNA, 1.0 µM of each primer, 0.3 mM of each dNTP, 1 x Thermopol 

buffer, 5% (vol/vol) DMSO, and 1 U of Vent polymerase (New England Biolabs). The mixture 

was heated at 95°C for 30 sec, followed by 30 cycles of 15 sec at 98°C, 15 sec at 60.0°C, 30 sec 

at 72°C, concluding with 5 min at 72°C. The PCR product was subsequently digested with SalI 

and HindIII, cloned into SalI-HindIII-restricted pUCP18, yielding plasmid pSF2017, and 

subsequently sequenced to ensure that no mutation had been introduced in desA during the PCR.   

3.4.6 Cloning of the bamB gene 

 

The bamB gene was amplified by PCR with primers bamB-For and bamB-Rev in a 50µl 

reaction mixture containing 1 µg of chromosomal PAO1 DNA, 0.6 µM of each primer, 0.2 mM of 

each dNTP, 1 x Phusion HF buffer, and 1 unit (U) of Phusion DNA polymerase (Finnzymes, New 

England Biolabs, Pickering, ON, Canada). The mixture was heated for 30 sec at 98°C, followed 

by 30 cycles of 30 sec at 98°C, 30 sec at 63.1 °C, 45 sec at 72°C, concluding with 7 min at 72°C. 

The PCR product was subsequently digested with HindIII and BamHI and cloned into HindIII-

BamHI-restricted pRK415 to yield pMJF31. Nucleotide sequencing was carried out to ensure that 

no mutation had been introduced in bamB during the PCR.  

3.5 Protein purification  

3.5.1 Purification of the polyhistidine-tagged PA3720 protein.  

 

In order to facilitate the purification of PA3720, a C-terminal polyhistidine tag was 

engineered onto PA3720 by cloning the PA3720 gene into plasmid pET23a. The PA3720 gene 

was amplified by PCR using primers PA3720-His-For and PA3720-His-Rev in a 50 µl PCR 

mixture that contained 1 µg P. aeruginosa strain PAO1 chromosomal DNA, 0.6 µM of each 
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primer, 0.2 mM of each dNTP, 1 x Phusion GC buffer, and 1 U of Phusion polymerase (New 

England Biolabs). The mixture was heated for 30 sec at 98°C, followed by 30 cycles of 30 sec at 

98°C, 30 sec 65.0°C, 30 sec at 72°C, concluding with 7 min at 72°C. The PCR product was gel-

purified, digested with NdeI and XhoI and cloned into NdeI-XhoI-restricted pET23a to yield 

plasmid pET23a::PA3720 (pMJF32) encoding His-tagged PA3720 (PA3720-His). Following 

nucleotide sequencing of the cloned gene to confirm the absence of PCR-generated mutations, 

plasmid pET23a::PA3720 was introduced into E. coli Bl21(DE3) harbouring the pLysE plasmid 

and transformants were plated on LB-agar containing both ampicillin (100 µg/ml) for election of 

pET23a and CAM (30 µg/ml) for maintain pLysE. 

PA3720-His was then expressed and purified from 1 L of culture in a similar manner as 

previously described (326), except that following induction of PA3720 expression with isopropyl-

β-d-thiogalactopyranoside (IPTG) and harvesting of the cells by centrifugation, the cell pellet was 

resuspended in buffer A (0.3 M NaCl, 50 mM Na2HPO4) supplemented with 5 mM imidazole and 

1 x EDTA-free, HaltTM Protease inhibitor cocktail (Thermo Fisher Scientific). The PA3720-His 

protein was eluted from the nickel-nitrilotriacetic acid (Ni-NTA) column with 12 ml of buffer A 

containing 500 mM imidazole (6 x 2 ml). To confirm recovery of the purified PA3720-His protein, 

eluted fractions were resolved by sodium dodecyl sulfate (SDS)-polyacrylamide gel 

electrophoresis (SDS-PAGE) using a 12% (wt/vol) acrylamide gel. Protein concentration was 

determined using the BCA Protein Assay kit (Thermo Fisher Scientific). Purified protein 

(approximately 145 mg) was stored on ice at 4°C since pilot experiments suggested that freezing 

at -20°C or -80°C in the presence or absence of glycerol resulted in significant loss of activity.  
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     3.5.2 Size-exclusion chromatography 

 

  Ni-NTA-purified PA3720-His was further purified via size-exclusion chromatography 

(SEC) using a HiLoad 16/600 Superdex 75 pg column (GE Healthcare Bio-Sciences AB, Uppsala, 

Sweden) by fast protein liquid chromatography. Briefly, Ni-NTA-purified PA3720-His was 

concentrated approximately 2-fold in buffer A (see above) using an Amicon® Ultra-15 Centrifugal 

filter (30 min at 3000 x g) (Millipore Corporation, Billerica, MA, USA) and 5 ml of concentrated 

protein was then passaged on a HiLoad 16/600 Superdex 75 pg column in the presence of buffer 

A at a flow rate of 1.2 ml/min, with 1.5 ml fractions collected and analyzed at a wavelength of 280 

nm (A280). Two protein-containing peaks were recovered, of higher (PA3720HMW) and lower 

(PA3720LMW) molecular weight, and were resolved using SDS-PAGE and native PAGE (see 

below). Protein concentrations of the PA3720HMW and PA3720LMW fractions were determined 

using the BCA Protein Assay kit (Thermo Fisher Scientific).  

To ensure that Hfq or other RNA-binding proteins were not contaminating Ni-NTA and 

SEC purified PA3720 protein fractions, a mock Ni-NTA and SEC purification was carried out in 

the same manner as PA3720-His isolation and purification (described above) with the exception 

that E. coli Bl21(DE3) harboured both the pLysE and empty pET23a plasmids. 

3.5.3 Expression and purification of the poly-histidine tagged PA3720 from an E. coli hfq- 

strain 

For PA3720 purification from the E. coli hfq strain, expression of PA3720-His from the 

pET23a vector was placed under the control of the IPTG-inducible tac promoter (471). Using the 

vector pMMB206 as the DNA template, a 121-bp fragment containing the tac promoter was 

amplified by PCR with primers tac-For and tac-Rev in a 50 µl PCR reaction mixture containing 

10 ng of template, 0.3 µM of each primer, 0.2 mM of each dNTP, 1 x Phusion HF buffer, 5% 
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(vol/vol) DMSO, and 1 U of Phusion polymerase (New England Biolabs). The mixture was heated 

for 30 sec at 98°C, followed by 30 cycles of 30 sec at 98°C, 30 sec 65°C, 30 sec at 72°C, concluding 

with 5 min at 72°C. The resulting PCR fragment was gel purified, digested with BglII and XbaI 

and cloned in place of the T7 promoter on the pET23a::PA3720-His vector, generating 

pET23a::Ptac-PA3720 (pMJF33). Following nucleotide sequencing of the cloned tac promoter to 

confirm the absence of PCR-generated mutations, plasmid pMJF33 was introduced into the E. coli 

hfq strain JW4130. PA3720-His was then expressed and purified from 50 ml of culture in a similar 

manner as previously described (326), except that E. coli hfq (pMJF33) was grown at 37 °C in LB 

medium supplemented with 0.4% glucose and 2 mM MgSO4 and expression of PA3720-His was 

induced by the addition of 1 mM IPTG for 2 hours. The cells were then harvested and the cell 

pellet resuspended in buffer A, and then lysed by sonication. PA3720-His was purified by Ni-

affinity chromatography following a standard protocol (326).  

3.5.4 Expression and purification of the polyhistidine-tagged AmgR protein  

 

In order to facilitate the purification of AmgR, a C-terminal polyhistidine tag was 

engineered onto AmgR by cloning the amgR gene into plasmid pET23a. The amgR gene was 

amplified by PCR using primers AmgR-His For and AmgR-His Rev in a 50 µl PCR mixture that 

contained 1 µg P. aeruginosa strain PAO1 chromosomal DNA, 0.6 µM of each primer, 0.2 mM 

of each dNTP, 1 x Phusion GC buffer, and 1 U of Phusion polymerase (New England Biolabs). 

The mixture was heated for 30 sec at 98°C, followed by 30 cycles of 30 sec at 98°C, 30 sec 65.0°C, 

30 sec at 72°C, concluding with 7 min at 72°C. The PCR product was gel-purified, digested with 

NdeI and XhoI and cloned into NdeI-XhoI-restricted pET23a to yield pET23a::amgR (pMJF34) 

encoding His-tagged AmgR (AmgR). Following nucleotide sequencing of the cloned gene to 
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confirm the absence of PCR-generated mutations, plasmid pMJF34 was introduced into E. coli 

Bl21(DE3) harbouring the pLysE plasmid. AmgR-His was then expressed and purified from 50 

ml of culture in a similar manner as previously described (326), except that induction with IPTG 

was carried out for 90 minutes.    

3.6 Quantitative real-time PCR 

 

P. aeruginosa cells grown overnight in L-broth at 37°C were subcultured (1:49) in the 

same medium and incubated at 37°C until cultures reached an OD600 of 0.6-0.8. Total RNA was 

isolated, purified and reverse transcribed into cDNA as described previously (341). Where 

specified, the 1 x MIC of PAR, NEO, GEN, TOB, KAN, DIA, CAM, TET, ERY, and AZI were 

added for 30 minutes prior to harvesting cells (refer to Table A.10 of the Appendix for MIC 

values). In some experiments P. aeruginosa was pretreated with CAM (128 µg/mL) for 15 min 

prior to the addition of 1x MIC of neomycin. The primers used in quantitative real-time PCR (qRT-

PCR) were designed to amplify gene fragments with lengths of 138 bp (mexA), 123 bp (armR), 

188 bp (PA3720), 91 bp (rpsl), 187 bp (desA). The rpoD reference gene was amplified as described 

previously (441). The amplification efficiencies of the qRT-PCR primer sets were 102.8% 

(correlation co-efficient, r2 = 0.997) for mexA, 100.3% for armR (r2 = 0.997), 101.2% for PA3720 

(r2 = 0.994), 103.2% (r2 = 0.996) for desA, and 102.5% (r2 = 0.997) for rpsL. The qRT-PCR 

reaction mixtures, amplification parameters, and melt curve analyses were performed as 

previously described (326). Where indicated the expression levels of mexA, PA3720, armR, and 

desA were normalized to that of the reference genes rpsL or rpoD using the ΔΔC(t) method 

provided by the CFX-manager software version 1.6 (Bio-Rad) and are reported as fold change 

relative to that in the P. aeruginosa PAO1 wild-type strain, unless otherwise specified. A minimum 
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of three biological replicates each performed in triplicate were carried out for all samples. In all 

instances, no-template controls were carried out to ensure the absence of DNA contamination. 

Where indicated, two-tailed unpaired t-tests were used for data analyses when comparing two 

groups. Statistical analyses were performed using Prism 7 and NEJM formatting was used for P 

values (GraphPad Software, Inc., La Jolla, CA).  

3.7 Half-life determination of the armR and PA3720 mRNA  

 

  P. aeruginosa strains nalC, nalC PA3720am, and nalC PA3720dfs were cultured in LB broth 

at 37 °C to an optical density at 600 nm (OD600) of 0.5-0.6 at which point rifampicin (100 µg/ml) 

was added to inhibit transcription. At 2-min time intervals, 1.5 ml aliquots were taken for each of 

the strains and immediately frozen in liquid nitrogen and then stored at – 80°C. Total RNA was 

purified and the amount of armR and PA3720 mRNA determined by qRT-PCR.  

3.8 Antimicrobial Susceptibility testing 

 

The antimicrobial susceptibility of various P. aeruginosa strains was assessed using the 2-

fold microtiter broth dilution method as described previously (472). The minimum inhibitory 

concentration (MIC) was recorded as the lowest concentration of antibiotic inhibiting visible 

growth after 18 hours of incubation at 37°C.  

3.9 Nucleic acid electrophoretic mobility shift assays 

3.9.1 In vitro synthesis of RNAs 

 

To generate RNA targets for use in electrophoretic mobility shift assays (EMSAs) and 

surface plasmon resonance (SPR) studies with the PA3720 protein, target RNAs were in vitro-
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transcribed using PCR products as the template. To generate the template for PA3720-armR RNA 

(794 bp), the PA3720-armR operon was amplified using 0.6 µM each of primers T7 PA3720-armR 

For and T7 PA3720-armR Rev in a 50 µl reaction mixture that contained 1 µg of the P. aeruginosa 

PAO1 strain chromosomal DNA, 0.2 mM of each dNTP, 1 x Phusion HF buffer, 5% (vol/vol) 

DMSO, and 1 U of Phusion polymerase (New England Biolabs). The mixture was heated for 30 

sec at 98°C, followed by 30 cycles of 30 sec at 98°C, 30 sec 64.5°C, 15 sec at 72°C, concluding 

with 5 min at 72°C. To generate the template for armR RNA (182bp), the armR gene was amplified 

using 0.6 µM each of primers T7 armR For and T7 armR Rev in a 50 µl reaction mixture that 

contained 1 µg of P. aeruginosa PAO1 chromosomal DNA, 0.2 mM of each dNTP, 1 x Phusion 

HF buffer, 5% (vol/vol) DMSO and 1 U of Phusion polymerase (New England Biolabs). The 

mixture was heated for 30 sec at 98°C, followed by 30 cycles of 30 sec at 98°C, 30 sec at 63.1°C, 

15 sec at 72°C, concluding with 5 min at 72°C. To generate the template for mexC-derived RNA 

(182 bp), an internal fragment from within the mexC gene was amplified using 0.6 µM each of 

primers T7 mexC For and T7 mexC Rev in a 50 µl reaction that contained 1µg of P. aeruginosa 

PAO1 chromosomal DNA, 0.2 mM of each dNTP, 1 x Phusion HF buffer, 5% (vol/vol) DMSO, 

and 1 U of Phusion polymerase (New England Biolabs). The mixture was heated for 30 sec at 

98°C, followed by 30 cycles of 30 sec at 98°C, 30 sec at 60.0°C, 15 sec at 72°C, concluding with 

5 min at 72°C. The PCR products were gel-purified and then used as templates for synthesis of 

RNAs. RNAs were synthesized in vitro using the HiScribeTM T7 High Yield RNA Synthesis kit 

(New England Biolabs) according to the manufacturer’s instruction. Briefly, a 20 µl mixture 

containing 0.5-1 µg of PCR template, 7.5 mM of each ribonucleotide, 0.75 x reaction buffer, and 

1.5 µl of T7 RNA polymerase mix, was incubated at 37°C for 18 hours. The PA3720-armR RNA 

was column-purified using the High Pure RNA isolation kit (Roche Life Sciences, Laval, QC, 
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Canada) according to the protocol provided by the manufacturer. The armR and mexC RNAs were 

purified using the Direct-zolTM RNA Microprep kit (Zymo Research, CA, USA) as described by 

the manufacturer. RNA concentration and purity was assessed using a NanodropTM 2000 

Spectrophotometer (Thermo Fisher Scientific).  

3.9.2 Biotinylation of RNAs 

 

For RNA-EMSAs and SPR studies, the RNA targets were 3’ end-labeled using a RNA 3’ 

End Biotinylation kit (Thermo Fisher Scientific) according to the manufacturer’s protocol. The 

biotinylated PA3720-armR RNA was purified using the kit-described isoamyl-purification 

protocol (Thermo Scientific Pierce). The biotinylated armR and mexC RNAs were purified using 

the Direct-zolTM RNA Microprep kit (Zymo Research). For the RNAse A protection assays, target 

RNAs were simultaneously transcribed and biotinylated with biotin-16-UTP using the Biotin RNA 

Labeling Mix kit (Roche Life Sciences) and a protocol provided by the manufacturer. In all cases, 

biotinylated-RNA concentration and purity was assessed using a NanodropTM 2000 

Spectrophotometer (Thermo Fisher Scientific).  

3.9.3 RNA electrophoretic mobility shift assay 

 

RNA EMSAs were carried out using the Light Shift Chemiluminescent RNA EMSA kit 

according to the protocol provided by the manufacturer (Thermo Fisher Scientific). For all RNA-

EMSAs, a final concentration of 5 nM of 3’-end biotin-labeled target RNAs was used in the 

binding reaction with the exception of the PA3720-armR transcript where 0.5 nM of biotin-labeled 

RNA was used. Biotin-labeled target RNAs were first heated for 4 min at 85°C and cooled to room 

temperature and then incubated at room temperature for 30 min with increasing amounts of SEC-
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purified PA3720HMW or PA3720LMW protein in 20 µl reactions containing the kit-provided RNA-

EMSA binding buffer (Thermo Fisher Scientific). Samples were then subjected to electrophoresis 

on 4% (wt/wol) native polyacrylamide gels in 0.5 x TBE running buffer for 45 min at 4°C. 

Following electrophoresis, the RNA-protein complexes were then electroblotted onto a positively 

charged Immobilon®-P transfer membrane (Millipore) as described by the manufacturer of the 

Light Shift Chemiluminescent RNA EMSA kit (Thermo Fisher Scientific). Biotin-labeled RNA 

was visualized using the Chemiluminescent Nucleic Acid Detection kit in accordance with the 

instructions provided by the manufacturer (Thermo Fisher Scientific).  

3.9.4 DNA electrophoretic mobility shift assay 

 

The binding of purified AmgR to PCR-amplified target DNAs was assessed using the 

electromobility shift assay as described previously (326). Briefly, 40 ng of target DNA was 

incubated with Ni-NTA-purified AmgR for 20 min at room temperature in a 10 µl reaction mixture 

containing 1× binding buffer (750 mM KCl, 0.5 mM dithiothreitol, 0.5 mM EDTA, 50 mM Tris-

HCl, pH 7.4). Following the addition of EMSA gel-loading solution, mixtures were separated by 

electrophoresis on a non-denaturing 6% (wt/vol) polyacrylamide gel in 1x TBE buffer (89 mM 

Tris-HCl, 89 mM boric acid, 2 mM EDTA, pH 8.0) and gels were stained with 1× SYBR Green 

EMSA nucleic acid stain (Life Technologies). DNA was then visualized using digital photography 

with a S6656 SYPRO photographic filter (S6656). 

AmgR target DNAs for the EMSA included the mexA-mexR intergenic region containing 

the 5’ends of the mexA and mexR genes, Fragment a (315 bp), fragment containing the mexAB-

oprM promoter, PI, Fragment b (163 bp), a fragment containing the mexAB-oprM promoter, PII 

(134 bp), Fragment c, and a smaller fragment containing both mexAB-oprM promoters, Fragment 
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d (181 bp). Amplification of Fragment a was achieved using primers K9 and K10 (456) in a 50 µl 

reaction mixture containing 1 µg of purified P. aeruginosa PAO1 chromosomal DNA, 0.6 µM of 

each primer, 0.2 mM of each dNTP, 1 x Phusion HF buffer, 5% (vol/vol) DMSO, and 1 U of 

Phusion polymerase (New England Biolabs). The mixture was heated at 98°C for 30 sec, followed 

by 30 cycles of 30 sec at 98°C, 30 sec at 65.0 °C, 15 sec at 72°C, concluding with 7 min at 72°C. 

Fragments b and c were individually PCR amplified using primers, PI-For/-Rev, and PII-For/-Rev 

in 50 µl reaction mixtures containing 1 µg of purified P. aeruginosa PAO1 chromosomal DNA, 

0.6 µM of each primer, 0.2 mM of each dNTP, 1 x Phusion HF buffer, 5% (vol/vol) DMSO, and 

1 U of Phusion polymerase (New England Biolabs). The mixture was heated at 98°C for 30 sec, 

followed by 30 cycles of 30 sec at 98°C, 30 sec at 60.9 °C, 15 sec at 72°C, concluding with 7 min 

at 72°C. Amplification of Fragment d was achieved using primers A3-For and A3-Rev in a 50 µl 

reaction mixture containing 1 µg of purified P. aeruginosa PAO1 chromosomal DNA, 0.6 µM of 

each primer, 0.2 mM of each dNTP, 1 x Phusion GC buffer, and 1 U of Phusion polymerase (New 

England Biolabs). The mixture was heated at 98°C for 30 sec, followed by 30 cycles of 30 sec at 

98°C, 30 sec at 63.1 °C, 15 sec at 72°C, concluding with 7 min at 72°C. In all cases, DNA targets 

were gel purified and quantified using a NanodropTM 2000 Spectrophotometer (Thermo Fisher 

Scientific). To assess the specificity of any binding observed, excess salmon sperm DNA (100 

µM) was added to the reaction mixtures prior to the addition of protein. 

3.10 Surface plasmon resonance 

 

To assess the kinetics of PA3720HMW binding to the 182 bp armR RNA, SPR was carried 

out using a Biacore 3000 machine (Uppsala, Sweden) and a streptavidin (SA)-coated sensor chip 

(GE Healthcare Life Sciences) at 25°C. Unconjugated streptavidin was first removed from the 
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sensor chip by three consecutive injections (100 µl, 50µl/min) of conditioning buffer (1 M NaCl, 

50 mM NaOH), followed by equilibration of the sensor with running buffer (0.01 M HEPES pH 

7.4, 0.15 M NaCl, 0.005% [vol/vol] surfactant P20) (HBS-P; GE Healthcare Life Sciences) for 10 

min at a flow rate of 20 µl/min. 3’-biotinylated armR RNA in HBS-P buffer was heated at 85°C 

for 4 min, cooled to room temperature and then immobilized on the SA surface by manually 

injecting the RNA at a flow rate of 5 µl/min. To reduce effects attributable to mass transport, a 

small amount of RNA (90-110 response units) was immobilized on the surface for all experiments. 

The PA3720HMW protein was passaged over the RNA-immobilized surface at concentrations of 

0.78 µM, 0.15 µM, 0.31 µM, 0.62 µM, 1.25 µM and 2.5 µM using a flow rate of 20 µl/min for 4 

min and this was followed by a 4 min dissociation period in which running buffer was passaged 

over the surface. To regenerate the surface, bound protein was removed with a 30 sec wash with 

buffer containing 10 mM sodium acetate (pH 4.0) (GE Healthcare Life Sciences) and 0.5 M NaCl. 

Data were corrected for non-specific binding seen in a control cell lacking immobilized RNA. The 

resultant sensograms were analyzed using the BIAevaluation version 4.1 software (BIAcore). The 

data were fitted to a 1:1 Langmuir binding model corrected for mass transport using a global fitting 

method.  

3.11 In vivo RNA-protein crosslinking and immunoprecipitation  

 

To assess if the PA3720 protein interacts specifically with the armR transcript in vivo, an 

RNA-protein immunoprecipitation assay (RIPA) was carried out using a modified version of a 

previously described protocol (473). Cells were subcultured in 30 ml of LB shaking at 37 °C to an 

OD600= 0.6. At this point, formaldehyde (1% vol/vol final concentration) was added to initiate 

crosslinking and the cultures were incubated for 10 min with shaking at 37 °C. Crosslinking 
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reactions were quenched by the addition of glycine (final concentration of 0.125M) at room 

temperature for 5 minutes and then cells were placed on ice for 5 minutes. After chilling, cells 

were harvested by centrifugation (5000xg, 10 min at 4 °C), and cell pellets were washed twice in 

10 ml of 1 x phosphate buffered saline (137 mM NaCl, 10 mM Na2HPO4, 2 mM KH2PO4, 2.7 mM 

KCl, pH of 7.4) (473, 474). Cell pellets were then stored overnight at -80 °C. Pellets were 

resuspended in 750 µl of resuspension buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl) 

supplemented with Superase×In (Life Technologies) and 1 x EDTA-free, HaltTM Protease 

inhibitor cocktail (Thermo Fisher Scientific). Following lysis of cells by sonication on ice (4 x 25 

sec at power 40 using a VibraCell Sonicator [Sonics & Materials Inc., Danbury Connecticut, 

USA]) unbroken cells and debris were removed by centrifugation (16, 900 x g, 30 min, 4 °C). 

Anti-FLAGÒ M2 Affinity Gel (Sigma-Aldrich, St. Louis, Missouri) (50 µl) was resuspended with 

1 ml of resuspension buffer containing protease and RNAse inhibitor in a 1.5 ml microcentrifuge 

tube and incubated at room temperature with rotating for 10 min. The affinity gel was collected 

using a microcentrifuge at 6000 rpm for 1 minute and the supernatant was discarded. Cellular 

lysate was then mixed with the Anti-FLAGÒ M2 Affinity Gel and incubated with rotation for 2 

hours at room temperature. The beads were then collected by centrifugation at 6000 rpm for 1 min 

and the supernatant discarded. The beads were washed 6 times with wash buffer (50 mM Tris-

HCl, pH 7.5, 500 mM NaCl, supplemented with protease and RNAse inhibitor). PA3720-FLAG 

was then eluted from the Anti-FLAG M2 affinity gel with 100 µl of resuspension buffer containing 

150 ng/µl of 3 x FLAG peptide (Sigma-Aldrich, St. Louis Missouri). PA3720-RNA crosslinks 

were broken by incubation at 70 °C for 1 hour. An aliquot from each sample was taken and the 

presence of the PA3720-FLAG was assessed by SDS-PAGE and western immunoblotting using 

anti-PA3720 polyclonal antibodies. RNA was isolated from the eluted samples and purified using 
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the TRIzolÒ LS Reagent (Ambion, Life Technologies) according to the protocol described by the 

manufacturer. Samples were then treated with Turbo DNA-Free DNAse (Ambion Inc., 

Streetsville, Ontario; 2 U enzyme per 50 µl of sample for 1 hour at 37 °C). RNA concentration 

and purity was assessed using a NanodropTM 2000 Spectrophotometer (Thermo Fisher Scientific). 

RNA was converted into cDNA using the iScript cDNA synthesis kit (Bio-Rad, Mississauga, 

Ontario) according to the manufacturer’s instructions. RT-PCR was carried out using armR, rpsl, 

and desA specific primers in reaction mixtures containing 2 µl of 1/5 diluted cDNA as the template, 

0.6 µM of each primer, 0.2 mM of each dNTP, 1 x Thermopol buffer, 5% (vol/vol) dimethyl 

sulfoxide (DMSO), and 1 U of Taq DNA Polymerase (New England Biolabs, Whitby, ON, 

Canada). For amplification of both armR and desA, the mixture was heated for 3 min at 95°C, 

followed by 25 cycles of 30 sec at 95°C, 30 sec at 58.6°C, 15 sec at 72°C, concluding with 5 min 

at 72°C. Ten microliters of each reaction was electrophoresed on a 1 % wt/vol agarose gel and 

visualized by ethidium bromide staining.  

3.12 Transposon mutagenesis 

 

P. aeruginosa reference strain PAO1 (strain K767) was mutagenized using the EZ-Tn5 

transposome developed by Epicentre Biotechnologies (Madison, Wisconsin). A custom made EZ-

Tn5 transposon containing a gentamicin-resistance cassette (GmR) was used in this study and its 

construction has been previously described (463). Briefly, the 1,200 bp transposon fragment was 

released from plasmid pACP137 (463) using the restriction enzyme PshAI and separated on an 

agarose gel and purified. As recommended by Epicentre Biotechnologies, the transposome was 

prepared in a 4 µl reaction mixture containing 65 ng of the transposon fragment, 2 µl of the EZ-

Tn5 transposase (Epicentre Biotechnologies, Madison, Wisconsin), and 1 µl of glycerol and 
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incubated at room temperature for 30 minutes. Following electroporation of 1 µl of the 

transposome into 80 µl of electrocompetent WT PAO1 strain K767 prepared using a previously 

described protocol (465), cells were resuspended in 1 ml of L-broth and allowed to recover for 2 

hrs with end-over-end rotation at 37°C. To select for successful transposon recipients, cells were 

subsequently diluted by ten-fold (1 ml in 9 ml of L-broth) and 100 µl aliquots were plated on 

approximately 100 L-agar plates containing 20 µg/ml of gentamicin and incubated overnight at 37 

°C, which yielded approximately 15, 000 colonies. Of these, 14, 400 colonies were screened for 

carbenicillin sensitivity by replica plating the transposon mutants first onto L-agar plates 

containing carbenicillin 16 µg/ml, which permits growth of K767, but not a  mexB-null strain 

(K1523), and then onto L-agar plates containing gentamicin 20 µg/ml. Transposon mutants that 

failed to grow or demonstrated reduced growth (small colonies) on carbenicillin 16 µg/ml plates 

were saved for further study. After ruling out TN insertions in the mexAB-oprM locus (see below), 

the transposon-inserted genes were identified by shotgun cloning and sequencing. Briefly, the Ez-

Tn5::GmR transposon element and flanking chromosomal DNA from the selected mutants were 

obtained following PstI digestion of isolated chromosomal DNA and cloning of a Ez-Tn5-Gm-

carrying PstI fragment into PstI-restricted pBluescript Sk(-). The resultant plasmids were 

transformed into E. coli DH5a and plated on L-agar containing gentamicin 10 µg/ml to select for 

pBscript Sk(-) carrying the Ez-Tn5::GmR and flanking chromosomal DNA. The plasmid was then 

recovered from gentamicin-resistant colonies and sequenced with the reverse sequencing primer, 

pMODä-2 SqRP (Epicentre Biotechnologies).  
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3.13 Colony PCR amplification of the mexAB-oprM locus  

 

To rule out TN insertions in the mexAB-oprM efflux genes and promoter region, the 

mexAB-oprM operon and upstream mexR-mexA intergenic region of the carbenicillin sensitive 

transposon mutants were amplified by colony PCR (466). In order to PCR amplify the entire 

mexAB-oprM locus, four separate colony PCR reactions were carried out per transposon mutant 

using the overlapping primer sets MexR-MexB-For and MexR-MexB-Rev (amplicon 1), MexB-

For and MexB-Rev (amplicon 2), MexB-OprM-For and MexB-OprM-Rev (amplicon 3), and 

OprM-For and OprM-Rev (amplicon 4). The standard 10  µl colony PCR reaction mixture 

contained 2 µl of the chromosomal DNA solution as the template, 0.6 µM of each primer, 0.2 mM 

of each dNTP, 1 x Thermopol buffer, 5% (vol/vol) dimethyl sulfoxide (DMSO), and 1 U of Taq 

DNA Polymerase (New England Biolabs, Whitby, ON, Canada). For each primer set, the mixture 

was heated for 3 min at 95°C, followed by 30 cycles of 30 sec at 95°C, 30 sec at 53.8 °C, 3 min at 

72°C, concluding with 5 min at 72°C. PCR products were then separated on an 0.8% agarose gel 

and DNA visualized by ethidium bromide staining.  

3.14 Ethidium bromide accumulation assay 

 

Overnight cultures of P. aeruginosa grown in LB-broth were subcultured 1:49 into the 

same medium and grown to late exponential phase (i.e. an OD600 of 0.8-1) and the ethidium 

bromide accumulation assay carried out as previously described (264). Briefly, late exponential 

cells were then harvested at 5000 x g for 15 min at room temperature, washed once with 50 mM 

sodium phosphate buffer (pH 7.0) containing 100 mM NaCl and 0.1% (vol/vol) glycerol. Cells 

were then resuspended in the same buffer to an OD600 of 5. Using an Opti-Plate-96 black opaque 

microplate (Perkin Elmer) bacterial cells were diluted to a final OD600 of 1 and the accumulation 
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of ethidium bromide (50 µM final concentration) by P. aeruginosa cells was monitored with a 

Varioskan microplate reader (Thermo Electron Corporation) at 37°C with constant agitation. The 

excitation and emission wavelengths were 520 and 590 nm, respectively.  

3.15 Membrane permeability assay 

 

To determine whether the outer membranes of the TN mutants were compromised, the 1-

N-phenylnaphthylamine (NPN) uptake assay was carried out as previously described (475). 

Briefly, overnight cultures of P. aeruginosa grown in LB-broth were subcultured 1:49 to an OD600 

of 0.5 and then harvested at 5000 x g for 10 minutes at room temperature. Cells were washed twice 

with 5 mM HEPES buffer, pH 7.2 and resuspended to an OD600 of 0.5 in the same buffer. Next, 

carbonyl cyanide m-chlorophenyl hydrazine (CCCP; final concentration of 5 µM) was added to 

the resuspended cells to inhibit active efflux of NPN and then allowed to sit at room temperature 

for 30 min before use. A final concentration of 10 µM of NPN was added to 3 ml of cell suspension 

and the NPN fluorescence intensity was monitored in a Varian Cary eclipse fluorescent 

spectrophotometer (Agilent) using excitation and emission wavelengths of 350 and 420 nm, 

respectively,  

3.16 Whole cell protein extracts and immunoblotting  

 

Whole-cell protein extracts of P. aeruginosa, prepared as described previously (22), were 

separated using SDS-PAGE and electroblotted onto Immobilin®-P membrane (Millipore) as 

described elsewhere (476). Membranes were then probed with the primary rabbit anti-MexB 

polyclonal antibodies or primary rat anti-PA3720 polyclonal antibodies (1:500 dilution; see 

section X for generation of anti-PA3720 antibody) (22). Anti-rabbit (Biorad) or anti-rat (Sigma) 
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HRP-conjugated secondary antibodies were used and the blots were developed using a previously 

described protocol (476). 

3.17 Cell envelope preparation and immunoblotting 

 

  P. aeruginosa cell envelopes were isolated as described by Grijpsta et. al 2013 (477). Cell 

envelopes were separated using SDS-PAGE or semi-native PAGE using methods described 

elsewhere (476, 477). Prior to semi-native SDS-PAGE, 2x sample buffer without b-

mercaptoethanol (b-Me), but containing 0.1% SDS (wt/vol) was added to the cell envelope 

preparations and samples were either boiled for 5 min or kept on ice. Semi-native SDS-PAGE was 

then carried out as previously described (477) with the exception that the running buffer contained 

0.1% SDS (wt/vol). Following electrophoresis, the semi-native gel still contained between the 

glass plates was wrapped in aluminum foil and exposed to steam for 20 minutes prior to removal 

and preparation for blotting. This allowed OprM to be denatured within the gel facilitating 

recognition by the anti-OprM antibody, which was made using denatured OprM protein (333). 

Western blotting using murine anti-OprM monoclonal antibodies (1:100 dilution) (kindly provided 

by Naomosa Gotoh) (333) was then carried out at as previously described (478).  

3.18 SDS-, Native- and urea-denaturing PAGE 

 

PA3720HMW and PA3720LMW were resolved by SDS- and native-PAGE. For SDS-PAGE, 

protein samples were prepared as described previously (22) with the exception that a total of 2.5 

µg of protein was resolved using a 12% (wt/vol) polyacrylamide gel. Native-PAGE was carried 

out as described by Arndt et. al (479) with a total of 2.5 µg of protein resolved on a continuous 

native 10 % (wt/vol) polyacrylamide gel. In both instances, protein was visualized with Coomassie 
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brilliant blue staining (480). For evaluation of RNA transcript quality (see below), biotinylated 

RNAs (preparation described below) were electrophoresed under denaturing conditions on an 8% 

(wt/vol) polyacrylamide gel containing 7 M urea as previously described (481). Biotinylated-RNA 

bands were detected using the Chemiluminescent Nucleic Acid Detection kit in accordance with 

the instructions provided by the manufacturer (Thermo Fisher Scientific). 

3.19 Generation of anti-PA3720-His polyclonal antibodies 

 

To generate a polyclonal antibody to PA3720-His, approximately 2 mg of Ni-NTA-

purified PA3720 was electrophoresed on an SDS-polyacrylamide gel using several lanes and bands 

corresponding to the 16-kDa PA3720-His protein were excised from the gel and used to immunize 

Wister rats for antibody production (Cedarlane Laboratories, Burlington, ON, Canada).  
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Table 3.1 Bacterial strains used in this study 

Strain                                        Relevant genotype                                                Source 

E. coli 

DH5α φ80ΔlacZΔM15 endA1 recA1 hsdR17(rK
-mK

+) 
supE44 thi-1 gyrA96 relA1 F- Δ(lacZYA-argF) 
U169 

(482) 

S17-1 thi pro hsdR recA Tra+ (483) 
E. coli Bl21 DE3 (pLysE) F-ompTrB

- mB
-; DE3 is a lambda derivative 

carrying lacI and a T7 RNA polymerase gene 
under placUV5 control 

(484) 

E. coli JW4130 D(araD-araB)567 DlacZ4787(::rrnB-3) l-  
rph-1 D(rhaD-rhaB)568 Dhfq-722::kan hsdR514 

(471) 

E. coli SU101 Promoter sulA (op+/op+)-lacZ (485) 
P. aeruginosaa   
K767  PAO1 wild-type P. aeruginosa (486) 

K1454 Spontaneous nalC mutant of PAO1; harbours a 
Ser118Pro mutation in NalC  

(11) 

K3151 nalC strain carrying an unmarked, in-frame 
PA3720 deletion  

(326) 

K3733 nalC strain carrying an amber stop mutation 
located at the ninth codon of the PA3720 gene  

This study   

K3734 nalC strain carrying an unmarked, in-frame 
PA3720-armR deletion  

This study   

K3735 nalCΔPA3720ΔarmR strain carrying the 
PA3720WT-armR operon integrated at the phage 
D113 attB site  

This study   

K3736 nalCΔPA3720ΔarmR strain carrying the 
PA3720am-armR operon integrated at the phage 
D113 attB site  

This study   

K3737 nalCΔPA3720ΔarmR strain carrying the 
PA3720 WT and armR genes with the pET23a 
derived RBS inserted between the two genes 
integrated at the phage D113 attB site 

This study   

K3738 nalCΔPA3720ΔarmR strain carrying the 
PA3720 am and armR genes with the pET23a 
derived RBS inserted between the two genes 
integrated at the phage D113 attB site 

This study   

K3744 nalC PA3720dfs  This study 
K1491 K767DmexR (487) 
K3415 K767DarmR (326) 
K1523 K767DmexB (467) 
K1525 K767DmexXY (416) 
K1542 K767DmexXYDmexB (339) 
K3793 K767DnalD This study 
K3794 K767DmexRDnalD This study 
K3519 K767DamgR (488) 
K3583 K767DamgS (488) 
K3260 K767 derivative carrying the amgSV121G  

mutation 
 

(488) 
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K3249 K767 derivative carrying the amgSR182C  
mutation 
 

(488) 

K1523 K767DmexB (467) 
K3698 K767DoprM This study 
K3776 K767 PA4830:: Ez-Tn5::GmR This study 
K3777 K767 chpA:: Ez-Tn5::GmR This study 
K3778 K767 PA5052:: Ez-Tn5::GmR This study 
K3779 K767 PA5198:: Ez-Tn5::GmR This study 
K3780 K767 PA3990:: Ez-Tn5::GmR 

 
This study 

K3781 K767 bamB:: Ez-Tn5::GmR This study 
K3782 K767DPA5052 This study 
K3783 K767DmexBDPA5052 This study 
K3784 K767DmexBDbamB This study 
K3785 K3776DmexB This study 
K3786 K3777DmexB This study 
K3787 K3779DmexB This study 
K3788 K3780DmexB This study 
   
Plasmids    
pEX18Tc Broad-host-range gene-replacement plasmid; 

oriT+ sacB TcR 
(470) 

pRK415 Broad-host-range cloning plasmid; plac MCS 
TcR 

(489) 

pET23a Expression plasmid; ApR Novagen 
pMMB206 Source of tac promoter (490) 
mini-CTX1 Integration plasmid; TcR (491) 
pFLP2 Source of Flp recombinase; ApR CbR (470) 
pACP137 
 

pMOD-2::Ez-Tn5(GmR) 
 

(463) 

pBluescript SK (-) 
 

Cloning vector; ApR 

 
Agilent  

pRSP81 pEX18Tc:: DmexB (467) 
pMJF1 pEX18Tc:: 1000bp-PA3720WT-1000bp This study 
pMJF2 pEX18Tc:: 1000bp-PA3720am-1000bp This study 
pMJF3 pEX18Tc:: 550bp-PA3720WT-950bp This study 
pMJF4 pEX18Tc:: 550bp-PA3720 Q18fs-950bp This study 
pMJF5 pEX18Tc:: 550bp-PA3720 Q18fs-Q110fs-

950bp 
This study 

pMJF8 pEX18Tc::DnalD This study 
pMJF11 pEX18Tc::DoprM This study 
pMJF14 pEX18Tc::DPA5052 This study 
pMJF17 pEX18Tc::DbamB This study 
pMJF18 pEX18Tc::PrpsL-DbamB This study 
pMJF19 mini-CTX1::nalC-PA3720WT-armR This study 
pMJF20 mini-CTX1::nalC-PA3720am-armR This study 
pMJF21 mini-CTX1::nalC-PA3720WT This study 
pMJF22 mini-CTX1::nalC-PA3720am This study 
pMJF23 mini-CTX1::nalC-PA3720WT-RBS-armR This study 
pMJF24 mini-CTX1::nalC-PA3720am-RBS-armR This study 
pMJF25 pRK415::PA3720 This study 
pMJF26 pRK415::armR This study 
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pMJF27 mini-CTX1::nalC-PA3720-FLAG-armR This study 
pMJF28 pRK415::PPA3720- PA3720-FLAG This study 
pMJF29 pRK415::PPA3720- PA3720-FLAG-armR This study 
pMJF30 pUCP19::armR This study 
pMJF31 pRK415::bamB This study 
pMJF32 pET23a::PA3720 This study 
pMJF33 pET23a::Ptac-PA3720 This study 
pMJF34 pET23a::amgR This study 
pSF2017 pUCP18::desA This study 

a Poole lab strain designation. 
bTcR, tetracycline resistance; ApR, ampicillin resistance; CbR, carbenicillin resistance; Gm, gentamicin.  
cMCS, Multiple cloning sites. 
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           Table 3.2 Primers used in this study 

Primer Name  Sequence (5’-3’)  
PA3720-1928-For GACTGAATTCCCACCACCAGGCGATAGAG 

PA3720-1928-Rev GACTGGATCCCCTTGAGCAACGTGCCAAGAC 
Ptac-For GACTAGATCTGCGCCGACATCATAACGGTTC 

             BglII 
Ptac-Rev GACTTCTAGAGGTGCCTAGTTTCCTGTGTG 

           XbaI 
PA3720-For GACTGAATTCTGCTCGAACGTACCCTGC 

             EcoRI 
PA3720-Rev GACTGGATCCGGCAAGCAACCAGGTGAAG 

              BamHI 
PA3720am-For* GCCCCCGCTAAGAGCCTGTAGGATCCCGATGCCTTTCCC 

                                                       BamHI 
PA3720am -Rev* CGGGGGCGATTCTCGGACATCCTAGGGCTACGGAAAGGG 

                                                       BamHI 
PA3720 Q18fs-For CGATGCCTTTCCCTTGGTCAGGTCCGCGAGATGCCC 
PA3720 Q18fs-Rev GGGCATCTCGCGGACCTGACCAAGGGAAAGGCATCG 
PA3720 V110fs-For GGTGCTGCAGGCTGTCCTACGGCCCGCCGGTGAG 

PA3720 V110fs-Rev CTCACCGGCGGGCCGTAGGACAGCCTGCAGCACC 
PA3720 FLAG-For GACGGGGATGAACTGGGACTACAAGGATGACGACGATAA

GTGACGCCGCCATGTC 
PA3720 FLAG-Rev GACATGGCGGCGTCACTTATCGTCGTCATCCTTGTAGTCCC

AGTTCATCCCCGTC 
N3-For GACTGAATTCCTGGTCACCGAGAGATCCACCTCAC 

N3-Rev GACTAAGCTTTCACCAGTTCATCCCCGTC 

armR-RBS-For GACTAAGCTTTTAACTTTAAGAAGGAGATATACATATGTCC
CTGAACACTCCGCGCAAC 

armR-RBS-Rev GACTGGTACCCGCTCTGCGCGGATTCTGATAG 

PA3720-pRK415F CGATAAGCTTAGCATCGTTCATGAGCGG  
            HindIII 

PA3720-pRK415R CGATGAATTCGACAGCTTCGGTCTCGGTG 
            EcoRI  

armR-pRK415F GACTAAGCTTCATGGCGAAGGCACTGCTGAG 
             HindIII 

armR-pRK415R GACTGAATTCAGCCCAGGAATCAAACGATG 
             EcoRI 

N3A-For  GACTGAATTCCTGGTCACCGAGATCCACCTCAC 
            EcoRI 

N3A-Rev GACTGGTACCCGCTCTGCGCGGATTCTGATAG 
             KpnI 

N3-For GACTGAATTCCTGGTCACCGAGATCCACCTCAC 
             EcoRI 

N3-Rev GACTAAGCTTTCACCAGTTCATCCCCGTC  
             HindIII 

armR-F1 GACTGTCGACGAAGGCACTGCTGAGCGGGC 
              SalI 

armR-R1 GACTGGTACCCGCTCTGCGCGGATTCTGATAG 
             KpnI 

PPA3720-For GACTCTCGAGGGATCCGTTTGCTGAGAGCGTTTCTCG 
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                XhoI      BamHI 
PPA3720-Rev GACTCTCGAGGGGGGGACTCCTGCGGGGA 

               XhoI 
armR-F2 GACTCTCGAGGGCGACGGGGATGAACTGG 

              XhoI 
armR-R2 GACTGGTACCCGCTCTGCGCGGATTCTGATAG 

              KpnI 
N3-F2 GACTGCGGCCGCCTGGTCACCGAGATCCACCTCAC 

                 NotI 
N3-R2 GACTCCCGGGTCACCAGTTCATCCCCGTC 

              SmaI 
PPA3720 For GACTCTCGAGGGATCCGAGAAGCATCGTTCATGAGC 

              XhoI 
PPA3720 Rev GACTAAGCTTGGGGGGACTCCTGCGGGGAG 

            HindIII 
PA3720-His For GATCCATATGAATGCCCCCGCTAAGAG 

            NdeI 
PA3720-His Rev GATCCTCGAGCCAGTTCATCCCCGTCGC 

             XhoI 
desA-For GACTGTCGACGTCGACGGCCCTCATCACTCCC 

              SalI 
desA-Rev GACTAAGCTTAAGCTTTCAGGCGGGACGCAGC 

            HindIII 
T7 PA3720-armR-For TAATACGACTCACTATAGGGACTGTTTTGGCAAGCACTTCC 

      T7 Promoter  
T7 PA3720-armR-Rev CTTGAGGTAAAGAGCCCAGGAATCAAACGATGTG 

T7 armR-For TAATACGACTCACTATAGGGATGTCCCTGAACACTCCGCG 
      T7 Promoter 

T7 armR-Rev TCAGTAGAAGTGCTCGCCGTACAGGTCCCAGG 

T7 mexC-For TAATACGACTCACTATAGGGCTGAGTTCGGAACTGCCTGG 
     T7 Promoter 

T7 mexC-Rev ACCGCAGCCTTCAGCGGTG 
 

AmgR-His-For GATCCATATGTCGAACCCTGCCGCCCT 
                NdeI 

AmgR-His-Rev GATCCTCGAGGGCCTTGCGCGCGTTGCCGTC 
                 XhoI 

K9 CTGAAGATCTGTTGCATAGCGTTGTCCTCA 
K10 ACGGGGTACCCGGGGTAGTTCATTGGTTTG 
PI For   TGGTTTGGCCGAGTAAACCT 
PI Rev  CTCGCGTGAAAACACCTGAAACG 
PII For  CGTTTCAGGTGTTTTCACGCGAG 
PII Rev  AGCGTTGTCCTCATGAGCG 
A3-For GTAAATGTGGTTGATCCAGTC 

A3-Rev GAAGGCAGGCAAAATACTTAC 
DnalD up-For  GACTGAATTCCATAGGCGAGAAACAGGCG 

             EcoRI 
DnalD up-Rev GACTGGTACCCATGCTGTGCTGGGTAGTCGA 

             KpnI 
DnalD Dn-For  GACTGGTACCGAACACCTGCTGGAGCCGAT 

               KpnI 
DnalD Dn-Rev GACTGGATCCGGCGAAGAATGGAGAACATGG 

              BamHI 
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MexR-MexA-MexB For GCAGCTTCCAGCTCTTCCTC 
MexR-MexA-MexB Rev GGTCACGGTGATGGTCATG 
MexB-For CTCAGTCTGCCGGTCAACC 
MexB-Rev CACGGTCGATGAAATCGTTG 
MexB-OprM-For CTGGAGATCGACGACGAGAAG 
MexB-OprM-Rev GATGTCCTTCTGGATCTTCGC 
OprM-PA0428-For CAGACCTGCTGACCGAAGT 
OprM-PA0428-Rev GTAATCGCGATCCGGAAGAG 
DmexB-For CGCCAGCCATTGCGTGTACTGGTTC 
DmexB-Rev GATCGACGGCTGGAACAAC 
DbamB Up-For GACTGGTACCGCTGGAAACCTGGGG 

           KpnI 
DbamB Up-Rev GACTTCTAGACATCTCAGGCCTCTCCC 

            XbaI 
DbamB Dn-For GACTTCTAGATAGACTGGGTTTCAAGT 

            XbaI 
DbamB Dn-Rev GACTAAGCTTCCATGCCATCCCACTTG 

            HindIII 
DPA5052 Up-For GACTGAATTCCGCTTCAACGAGATTTCCCTG 

            EcoRI 
DPA5052 Up-Rev GACTGGATCCGGCGGGTTTCTTCTTTGCCATGG 

            BamHI 
DPA5052 Dn-For GACTGGATCCCTGTTACAGCAACGCAAGG 

            BamHI 
DPA5052 Dn-Rev GACTAAGCTTCCTTCTGGATCTCCTGTTCG 

            HindIII 
DoprM Up-For GACTGAATTCGACGAACCGCAGTACAAGC 

           EcoRI 
DoprM Up-Rev GACTTCTAGAGGACCGTTTCATATCATTGCCC 

            XbaI 
DoprM Dn-For GACTTCTAGACAGGCTTGATCGCCTTCC 

              XbaI 
DoprM Dn-Rev GACTAAGCTTCCATGTGGTCAACTACGAGC 

            HindIII 
PrpsL-For GACTGGTACCCTATAGCTCCACTGATTGTC 

            KpnI 
PrpsL-Rev GACTGAATTCGCATCAACGACAAGCCC 

             EcoRI 
bamB-For GACTAAGCTTCTACGAGAAAGCCAAGCAGTC 

            HindIII 
bamB-Rev GACTGGATCCGGCTCTCCACGAGAATTCAG 

             BamHI 
qRT-PCR  
qmexA-For CAGCAGCTCTACCAGATCG 
qmexA-Rev CGTACTGCTGCTTGCTCA 
qarmR-For CAACAAACCGTCCCGCAC 
qarmR-Rev GTAGAGGTCCCAGGCATTGC 
qPA3720-For GATGCCTTTCCCTTGGTCCA 
qPA3720-Rev TCCTTGAGCCACAACACCAG 
qrpsL-For GGCGTGCGTTACCACACCGT  
qrpsL-Rev  GGACGCTTGGCGCCGTACTT 
qdesA-For  GCTGCAGCACTTCTTCCGTTTC 
qdesA-Rev  GTTCTTCGCCTCGGCCTTGTAC 

*Bolded sequence encodes for premature stop codon  
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Chapter 4 

Characterization of PA3720: a novel regulator of the PA3720-armR operon in 

Pseudomonas aeruginosa 

4.1. Background 

The MexAB-OprM multidrug efflux system is major contributor to intrinsic and acquired 

antimicrobial resistance in P. aeruginosa (23). The product of the mexR gene, which occurs 

upstream of the efflux genes (452), controls mexAB-oprM expression from one of two promoters 

(i.e. PI) for this efflux operon (456). MexR repressor activity is modulated by the product of the 

armR anti-MexR repressor gene, which binds to MexR and negatively impacts its ability to bind 

to the mexAB-oprM PI promoter region (394). armR occurs as part of the two-gene operon, 

PA3720-armR that is regulated by the product of the divergently-transcribed nalC repressor gene, 

with nalC mutants showing elevated PA3720-armR expression and, so, elevated mexAB-oprM 

expression and multidrug resistance (12), as a result of ArmR inhibition of MexR's repressor 

activity (394). An enduring mystery, however, is the function of the 15.6 kDa PA3720 gene 

product. Herein, we have identified a function for PA3720 and a possible role for it in indirectly 

modulating mexAB-oprM expression by influencing armR transcript stability. 

 Deletion of PA3720 compromises armR and mexAB-oprM expression and cannot be 

complemented in trans 

 

It has previously been shown (12), and reconfirmed here (Table 4.1), that an in-frame deletion 

of PA3720 in a nalC mutant (strain K3151) reduces resistance to known antimicrobial substrates 

of MexAB-OprM, an indication that the gene product of PA3720 may play a role in regulating 
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expression of this efflux operon. In agreement with this, mexA gene expression, as a measure of 

mexAB-oprM expression, was reduced in strain K3151 (Fig. 4.1A). Consistent with these results, 

MexB protein expression was also reduced in this strain (Fig. 4.1B, Lane 4). To verify this link 

between PA3720 and mexAB-oprM expression, PA3720 was expressed in trans in strain K3151 

and the impact on mexA gene expression and antimicrobial resistance was assessed. Surprisingly, 

and despite the fact that plasmid-borne PA3720 yielded mRNA and protein levels that were 

comparable to those seen in the nalC parent strain, K1454 (Fig. 4.1C and D), it failed to restore 

mexA expression (Fig. 4.1A) and antimicrobial resistance (Table 4.1) to nalC mutant levels.  

A possible explanation for the failure of PA3720 to complement the PA3720 deletion in 

K3151 is that deletion of PA3720 destabilized the PA3720-armR transcript, compromising 

expression of the ArmR anti-repressor needed to drive mexAB-oprM expression, with plasmid-

borne PA3720 unable to reverse the ArmR deficiency. Consistent with this, armR expression 

decreased 2-fold in the nalCΔPA3720 strain (Fig. 4.1A; see strain K3151) and introduction of a 

plasmid-borne armR gene into the nalCΔPA3720 strain restored mexA expression (Fig. 4.1F) and 

multidrug resistance (Table 4.1). In an attempt to disrupt PA3720 protein production while 

avoiding adverse impacts on armR transcript levels, an amber mutation was engineered into the 

ninth codon of the chromosomal PA3720 gene in the nalC strain to generate strain nalC PA3720am 

(see strain K3733), and the impact on mexA expression and antimicrobial resistance was assessed. 

As with the PA3720 deletion, the PA3720am mutation led to a reduction in mexA expression (Fig. 

4.1A), MexB protein production (Fig. 4.1B), and antimicrobial resistance (Table 4.1). Again, 

however, the PA3720am mutation reduced armR mRNA levels by approximately 2-fold (Fig. 

4.1A), and plasmid-borne armR, but not PA3720, increased mexA expression (Fig. 4.1E) and 

antimicrobial resistance in the nalC PA3720am strain (Table 4.1). Intriguingly, levels of the 
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PA3720-encoding region of the PA3720-armR mRNA were modestly impacted by the PA3720am 

mutation (Fig. 4.1F), indicating that disruption of PA3720 had a pronounced and specific polar 

effect on the downstream armR-bearing portion of the transcript.  

 

 

Table 4.1 Impact of cloned PA3720 and armR on antimicrobial resistance in PA3720-null mutants 

of P. aeruginosa 

	                                                                  MIC (µg/ml)a for: 

Strain Genotype	 Plasmid CAR          CAM         NAL          NOV 

K767 Wild-type -b 64 32 128 1024 

K1454 nalC - 256 128 1024 2048 

K3151 nalCΔPA3720 - 64               64 128 1024 

K3733 nalC PA3720am -  64               32 128 1024 

K3151 nalCΔPA3720 pRK415 64 16 64 512 

K3151 nalCΔPA3720 pRK415::PA3720 64               16 128 512 

K3151 nalCΔPA3720 pRK415::armR 256 64 512 1024 

K3733 nalC PA3720am pRK415 32               16 64 512 

K3733 nalC PA3720am pRK415::PA3720 32               16 128 512 

K3733 nalC PA3720am pRK415::armR 128               64 256 1024 
                            aCAR, carbenicillin; CAM, chloramphenicol; NAL, nalidixic acid; NOV, novobiocin. 

    bNo plasmid. 
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Figure 4.1 Loss of PA3720 compromises mexA and armR expression in P. aeruginosa, and in trans 
expression of PA3720 fails to restore expression of these genes. (A) Expression of mexA and armR were 
assessed in the nalC (K1454), nalCDPA3720 (K3151) and nalC PA3720am (K3733) strains carrying no 
plasmid or pRK415 (empty plasmid) or pRK415::PA3720 (pPA3720) using qRT-PCR. Expression was 
normalized to rpsL and is reported relative to the wild-type (WT) P. aeruginosa reference strain PAO1 
(K767) (fold-change). Values are means ± standard error of the means (SEMs) from at least three 
independent determinations, each performed in triplicate. (B) Production of the MexB protein in K767, 
DmexB (K1523), nalC (K1454), nalCDPA3720 (K3151) and nalC PA3720am (K3733) strains was assessed 
in the nalC and by subjecting whole-cell protein extracts of log phase cells (OD600 = 0.5) to SDS-PAGE and 
immunoblotting with anti-MexB polyclonal antiserum. (C) The expression of PA3720 was assessed in the 
nalC (K1454) and nalCDPA3720 (K3151) strains carrying no plasmid (-), or plasmids pRK415 (empty 
plasmid) or pRK415::PA3720 (pPA3720) using qRT-PCR. Expression was normalized to rpsL and is 
reported relative to K767 (fold-change). Values are means ± SEMs from at least three independent 
determinations, each performed in triplicate. (D) Production of the PA3720 protein in strains K767 (WT), 
nalC (K1454), or nalCDPA3720 (K3151) carrying no plasmid (-), or plasmids pRK415 (empty vector) or 
pRK415::PA3720 (pPA3720) was assessed by subjecting whole-cell protein extracts of log phase cells 
(OD600 = 0.5) to SDS-PAGE and immunoblotting with anti-PA3720 polyclonal antiserum. (E) Expression 
of mexA was assessed in the nalC (K1454), nalCDPA3720 (K3151) and nalC PA3720am (K3733) carrying 
no plasmid, or plasmids pRK415 (empty plasmid) or pRK415::armR (pArmR) using qRT-PCR. Expression 
was normalized to rpsL and is reported relative to the K767 = (fold-change). Values are means ± SEMs 
from at least three independent determinations, each performed in triplicate. (F) Expression of PA3720 was 
assessed in the nalC strain (K1454) and nalC PA3720am (K3733) strains using qPCR. Expression was 
normalized to rpsL and is reported relative to the wild-type K767 reference strain (fold-change). Values are 
means ± SEMs from at least three independent determinations, each performed in triplicate. 
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 armR expression is translationally coupled to expression of PA3720 

 

In bacteria, transcription and translation are tightly coupled, which allows for the 

coordinated regulation of gene expression in response to physiological cues (492). There are 

numerous examples in which interruption of translation of a bi- or poly-cistronic mRNA in one 

gene causes a marked decrease in the expression of the downstream gene(s) (241, 493-498). This 

polarity may result from the premature termination of transcription, a mechanism that is dependent 

upon the Rho-termination factor, which acts at Rho-dependent terminators (499). A nonsense 

mutation in the upstream gene of an operon releases the ribosome and allows Rho to bind to cryptic 

rut (Rho utilization) sites in nascent mRNA and moves in the 5’-3’ direction along the mRNA to 

terminate transcription upon contact with RNA polymerase (499). To assess if the observed 

reduction in armR transcript levels in the PA3720am is Rho-dependent, several attempts were made 

to delete the gene encoding for the Rho-termination factor in both the nalC and nalC PA3720am 

strains, but all were unsuccessful. In several species of bacteria, including E. coli and Salmonella, 

rho is an essential gene (500, 501). Given that the Rho termination factor in P. aeruginosa shares 

82% amino acid sequence similarity to the E. coli Rho protein, and that there are no previously 

reported transposon mutants or deletions in the rho gene of P. aeruginosa strain PAO1, the Rho 

termination factor is also likely essential in this organism. Thus, we were unable to rule out the 

possible contribution of the Rho-termination factor in influencing armR transcript levels in the 

nalC PA3720am mutant. 

Another well-studied mechanism of polarity has also been described, whereby efficient 

translation of the downstream gene is dependent on complete translation of the preceding gene in 

an operon (494-496, 498). This is known as translational coupling and ensures equimolar synthesis 

of functionally related proteins expressed from the same operon (502). The PA3720-armR operon 
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displays several features that are frequently observed in translationally coupled operons. For 

example, it is well documented that translational coupling involves operons containing either 

overlapping genes or genes that are divided by short intergenic regions (503-505). Short intergenic 

regions between open reading frames (ORFs) of a polycistronic message are thought to minimize 

the number of binding sites for endoribonucleases, and therefore, increase the stability of the 

mRNA transcript due to ribosome protection (504). The PA3720 and armR ORFs do not overlap, 

but are separated by a very short intergenic region of 7 bp. The armR gene appears to lack an 

obvious ribosomal binding site (RBS) - an indication that translation of armR may be dependent 

on translation of PA3720. Orthologues of PA3720 and armR have been identified in two other 

Pseudomonas species, including P. denitrificans and P. otitidis and the genetic organization of this 

two-gene operon is conserved, possibly due to the need to sequentially express these proteins 

(376). In some cases, a premature stop codon in the upstream gene of translationally coupled 

operon may enhance mRNA degradation of the downstream transcript, as the naked mRNA is not 

protected with actively translating ribosomes enhancing its susceptibility to cellular RNases (498, 

506). Thus, introduction of the premature stop codon in PA3720 may terminate translation too 

early resulting in a reduction/lack of translation of the armR transcript. This in turn, may lead to a 

decrease in stability of the armR transcript, which manifests as a decrease in armR transcript levels 

as measured by qPCR.  

To assess if a decrease in translation efficiency of the armR-bearing mRNA is responsible 

for the observed reduction in armR transcript levels in the nalC PA3720am mutant, a strong RBS 

was inserted immediately upstream of the armR ORF in the PA3720am-armR operon. Introduction 

of a strong RBS should enhance the translation efficiency and, thus, stability of the armR 

transcript, which in turn would manifest as an increase in armR transcript levels. In contrast, if 
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premature transcriptional termination was responsible for reduced production of the armR 

transcript, then armR transcript levels should remain unaffected in the PA3720am strain carrying 

the strong RBS upstream of armR, as there would be no armR mRNA for the ribosome to bind. 

To assess this, the nalC-PA3720-armR locus with the WT or mutant (amber) PA3720 gene were 

first recapitulated at the phage D113 attB site of a nalC strain lacking the chromosomal PA3720-

armR genes (see Fig. 4.2A). As expected, the re-engineered PA3720WT-armR operon was 

functional at the attB site, promoting both armR and mexA gene expression (Fig. 4.2B and C; see 

strain K3734) and antimicrobial resistance (Table 4.2) at levels comparable to the nalC strain. In 

contrast, the attB-localized PA3720am-armR version of the operon did not promote mexA and armR 

expression (Fig. 4.2B and C, see strain K3736) or antimicrobial resistance (Table 4.2). 

Intriguingly, introduction of the strong RBS upstream of the armR gene in the attB-localized 

PA3720am-armR version of the operon restored both armR and mexA transcript levels (Figure 4.2 

B and C; see strain K3738) and antimicrobial resistance to levels exhibited by the nalC mutant 

(Table 4.2). These results suggest that inefficient translation manifests as a decrease in stability of 

the armR-bearing mRNA. Therefore, the observed decrease in armR mRNA levels in the 

PA3720am mutant is likely due to inefficient translation increasing the susceptibility of the armR-

bearing portion of the transcript to ribonucleases. Interestingly, introduction of the strong RBS 

upstream of armR in the attB-localized PA3720WT-armR version of the operon led to a further 

increase in armR transcript levels compared to the nalC strain (Fig. 4.2B; see strain K3737). Even 

when translation terminates at the normal PA3720 stop codon, the presence of a strong RBS further 

increases armR translation, and ultimately transcript levels, consistent with enhanced translation 

stabilizing the armR-bearing portion of the transcript. These results suggest that PA3720 and armR 

are translationally coupled, and that introduction of a premature stop codon in PA3720 decreases 
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the stability of the armR-bearing portion of the transcript.  
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Figure 4.2 armR is translationally coupled to PA3720 expression. (A) Reconstruction of the nalC-
PA3720-armR locus of the nalC strain (K1454) or the nalC-PA3720am-armR locus of the nalC 
PA3720am   strain (K3733) and their transcriptional orientations are shown, including the nalC-
PA3720 intergenic region and the T4 transcriptional terminators (W) at the phage D113 attB site of 
the nalCΔPA3720ΔarmR strain. K3735, PA3720WT-armR operon; K3736, PA3720am-armR operon; 
K3737, PA3720WT-armR operon with pET23a-derived ribosomal binding site (rbs) upstream of the 
armR gene; K3738, PA3720am-armR operon with pET23a-derived ribosomal binding site (rbs) 
upstream of the PA3720-armR genes. Expression of (B) armR and (C) mexA in P. aeruginosa carrying 
the reconstituted PA3720-armR loci described in (A) as well as the nalCDPA3720DarmR strain 
(K3734) as measured using qRT-PCR. Expression was normalized to rpsL and is reported relative to 
the wild-type P. aeruginosa PAO1 reference strain (fold-change). Values are means ± SEMs from at 
least three independent determinations, each performed in triplicate. 
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Table 4.2 Impact of introducing a RBS site between the PA3720 and armR genes on antimicrobial 
resistance in P. aeruginosa 

 

 

 

 

 

 

 

aCAR, carbenicillin; CAM, chloramphenicol; NAL, nalidixic acid; NOV, novobiocin.  
bGenes inserted at phage D113 attB site of strain nalC∆PA3720∆armR. 
c No DNA was integrated at the phage D113 attB site.   
d The pET23a-derived ribosome binding sequence (rbs) was inserted between the PA3720am armR genes 
   at the phage D113 site 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                   MIC (µg/ml)a for: 

Strain attB-inserted PA3720-armR locusb CAR CAM NAL NOV 

K767 -c 64 32 128 1024 
K1454 - 256 128 1024 2048 

K3734 - 64 64 128 1024 
K3735 PA3720WT-armR 512 256 512 2048 
K3736 PA3720am-armR 64 64 256 1024 

K3738 PA3720am-rbs-armRd 512 1024 1024 4096 
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 Uncoupling PA3720 translation from armR decreases the stability of the armR mRNA  

 

 Given that inhibition of translational coupling may enhance the rate of mRNA decay (498, 

506), the stability of the armR-bearing portion of the PA3720-armR transcript was assessed in the 

nalC PA3720am mutant. To examine this, the half-life of the armR-bearing portion of the PA3720-

armR bicistronic mRNA was determined in strains expressing either the PA3720WT (strain K1454) 

or PA3720am (strain K3733) genes. Cells were grown to mid-log phase, rifampicin was added to 

block transcription initiation, and total cellular RNA was extracted at 2-minute time intervals and 

analyzed by qRT-PCR with armR-specific primers. While the nalC strain carrying the PA3720WT 

gene showed substantial armR expression, which declined steadily over time post rifampicin 

treatment (Fig. 4.3A; t1/2=2.09 ± 0.230 min; data mean ± SEM of 6 independent determinations), 

the abundance of the armR transcript in the nalC mutant harbouring the PA3720am mutation was 

too low for half-life determination (Fig. 4.3A). These data are consistent with loss of translational 

coupling in the PA3720am mutant impacting the stability of the downstream armR gene. In 

contrast, the average half-live of the PA3720 transcript was similar in both the nalC strain carrying 

the PA3720WT and PA3720am genes (nalC PA3720WT, t1/2=2.30 ± 0.886 min, data mean ± SEM of 

4 independent determinations; nalC PA3720am, t1/2=1.86 ± 0.37 min, data mean ± SEM of 4 

independent determinations; not significantly different, p-value=0.66). However, the initial 

abundance of the PA3720 transcript following rifampicin treatment in the nalC strain expressing 

PA3720am is substantially lower than the nalC strain expressing PA3720WT (Fig 4.3B; see strain 

K3733). These data suggest that reduced translation of PA3720 in the PA3720am mutant also 

negatively impacts the stability of the PA3720-bearing portion of the transcript, but not to the same 

extent as the armR-bearing portion of the transcript. Thus, there appears to be a gradient of 

instability, with the 3’ end of the PA3720-armR mRNA being more unstable than the 5’ prime end 
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of this transcript. Therefore, introduction of an amber mutation in PA3720 appears to have a 

greater negative impact on the stability, and presumably, translation of the armR-bearing portion 

of the transcript.  
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Figure 4.3 Uncoupling of PA3720 compromised the stability of the armR-bearing portion of 
the transcript in vivo.  armR (A) or PA3720 (B) transcript levels were measured at the indicated 
time intervals following rifampicin addition to the nalC (K1454) and nalC PA3720am (K3733) 
strains by qRT-PCR. Expression of armR and PA3720 were normalized to rpsL and is a percentage 
reported relative to strain K1454 at t=0. Each point is the mean of at least three independent 
experiments. 
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 The PA3720 protein negatively modulates armR RNA levels 

 

To elucidate the function of the PA3720 protein in P. aeruginosa without terminating it 

prematurely, and, so, adversely impacting the stability of the armR mRNA, two point mutations 

were introduced in the PA3720 ORF. One of the two mutations introduced was a 1 bp deletion, 

which led to a frame-shift change with Glu 18 as the first affected amino acid. This resulted in the 

new reading frame being open for only 114 amino acids and a premature stop codon at position 

115. The second mutation was a 1 bp insertion at codon 110 of the new ORF, which realigned the 

PA3720 ORF so that translation of the PA3720 mRNA terminates at its native stop codon. As a 

result of the double frame-shift mutations, the intervening amino acid sequence between codons 

18 to 110 of the PA3720 protein were altered, generating a non-functional PA3720 protein (herein 

referred to as PA3720dfs for double frame-shift) in the nalC mutant background (see strain K3744). 

Since expression of PA3720 and armR are tightly coupled, and are therefore likely involved in the 

same physiological process, the role of PA3720 in modulating armR and mexA transcript levels, 

and antimicrobial resistance was assessed. Inactivation of the chromosomally-encoded PA3720 

protein in the nalC PA3720dfs mutant led to a modest increase in armR transcript levels (58.7%± 

9.8%; data mean ± SEM of 7 independent determinations) relative to the parent strain, K1454 (Fig 

4.4A), although mexA transcript levels (Fig. 4.4B) and antimicrobial resistance (Table 4.3) were 

not affected. These results suggest that the PA3720 protein may function to negatively influence 

armR transcript levels. One possibility, is that PA3720 may play a role in fine-tuning armR 

transcript levels by somehow destabilizing the armR transcript. To assess this, the half-life of the 

armR transcript was measured in the nalC PA3720dfs mutant (strain K3744). As seen in Fig. 4.5C, 

inactivation of the PA3720 protein in the nalC PA3720dfs mutant led to an increase in the average 

half-life of the armR-bearing portion (t1/2= 2.88 ± 0.16 min; data mean ± SEM of 3 independent 
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determinations) compared to the average half-life in the nalC PA3720WT mutant (t1/2= 1.973 ± 0.08 

min; data mean ± SEM of 4 independent determinations) (p-value <0.05), consistent with PA3720 

negatively influencing the stability of the armR RNA. 
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Figure 4.4 Mutational inactivation of PA3720 increased armR transcript levels and stability. 
Expression of armR (A) or mexA (B) were assessed in the nalC strains expressing either WT PA3720 
(K1454) or mutated PA3720 (dfs; K3744) using qRT-PCR. Expression was normalized to rpsL and 
is reported relative to strain K1454 (fold-change). Values are means ± SEMs from at least three 
independent determinations, each performed in triplicate. (C) The average half-life of the armR 
transcript was determined in the nalC strains expressing either WT PA3720 (K1454) or mutated 
PA3720 (dfs; K3744) by measuring armR transcript levels at 2-minute time intervals following 
rifampicin addition. Values are means ± SEMs from three independent determinations. ***, P<0.001; 
** P-value is between 0.001 and 0.01; * P-value is between 0.01 and 0.05; ns, not significant. 
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Table 4.3 Inactivation of PA3720 does not impact antimicrobial resistance to known MexAB-OprM 
substrates 

 

 

aCAR, carbenicillin; CAM, chloramphenicol; NAL, nalidixic acid; NOV, novobiocin. 
                      bWT, wild-type; dfs, double frame-shift mutant.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                   MIC (µg/ml)a for: 

Strain PA3720b CAR CAM NAL NOV 

K767 WT 64 32 128 1024 
K1454 WT 256 128 1024 2048 
K3744 dfs 256 128 1024 2048 
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 PA3720 binds armR mRNA  

 

The observation that PA3720 functions to impact armR RNA levels and stability, 

suggested that PA3720 may be binding to the armR portion of the PA3720-armR mRNA. PA3720 

binding to the native 794 bp PA3720-armR transcript was, thus, examined in vitro using an RNA 

electrophoretic mobility shift assay (RNA-EMSA). In purifying PA3720 for use in RNA-EMSA, 

two PA3720 protein-containing peaks were recovered following size exclusion chromatography, 

one of low molecular weight and possibly monomeric, and one of high molecular weight and 

presumably multimeric (Fig 4.5A and B.). The lower molecular weight species (PA3720LMW) 

failed to bind the 794 bp PA3720-armR RNA, while the higher molecular weight species 

(PA3720HMW) bound (Fig. 4.5C). In subsequent attempts to assess binding of PA3720 to the armR-

bearing portion of the transcript alone, it was noted that the 182 bp armR transcript yielded four 

discrete bands on the native gel used in the EMSA assay (Fig. 4.5D), despite producing a single 

band on a denaturing urea gel (Fig. 4.5E see Lane 1). This was likely due to the armR RNA 

molecule assuming multiple secondary structures. Nonetheless, addition of PA3720HMW, but not 

PA3720LMW, resulted in reduced mobility of all bands, consistent with PA3720HMW binding to this 

RNA (Fig. 4.5D). To determine the binding kinetics of the interaction between the PA3720HMW 

protein and armR RNA, surface plasmon resonance (SPR) was employed. Biotinylated armR RNA 

was immobilized on a streptavidin chip, and varying concentrations of the PA3720HMW protein 

were passaged over the RNA while the interaction of PA3720HMW with the armR RNA in the 

mobile fluid phase was monitored. PA3720HMW bound the armR RNA (Fig. 4.5F) with a KD of 

106 ± 30.9 nM and a 1:1 (mol:mol) stoichiometry (Fig. 4.5F). For a summary of the kinetic and 

affinity constants of interaction of PA3720HMW with the 182 bp armR RNA refer to Table 4.4). 
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Figure 4.5 The PA3720 protein binds to RNA in vitro. Purified PA3720-His protein following size 
exclusion chromatography of the Ni-NTA-purified protein and visualization of the PA3720 protein on 
native-polyacrylamide gels. (A) PA3720-His recovered from Ni-NTA was subjected to size exclusion 
chromatography on a HiLoad 16/600 Superdex 75 pg column and eluted fractions were analyzed at a 
wavelength of 280 nm. Two protein-containing peaks were recovered of higher molecular weight 
(HMW) and lower molecular weight (LMW). (B) Size exclusion chromatography-purified HMW and 
low LMW PA3720 (2.5 µg) was electrophoresed on a native polyacrylamide gel and visualized with 
coomassie blue staining. RNA-EMSA was performed with in vitro transcribed 3’ biotinylated (C) 794 
bp PA3720-armR RNA and (D) 182 bp armR RNA. (E) Visualization of 3’end-biotinylated RNA 
transcripts. 3’ end-biotinylated armR (50 fmol; lane 1), or mexC-derived (50 fmol; lane 2) RNAs were 
electrophoresed on a denaturing 8% (wt/vol) polyacrylamide gel containing 7 M urea, and the 
biotinylated-RNA detected using the Chemiluminsescent Nucleic Acid Detection kit (Thermo Fisher 
Scientific). Vertical line indicates non-contiguous lanes within a gel. (F) Representative sensogram of 
fitted data from the kinetic analysis of PA3720HMW protein binding to the 182 bp armR RNA immobilized 
on a streptavidin chip. Approximately 110 response units (RU) of RNA were immobilized on the sensor 
chip. The black lines represent the binding responses for injections of the indicated concentrations of 
PA3720HMW protein passaged over the immobilized RNA. The 0.625 µM and 0.312 µM curves were run 
in duplicate. Gray lines superimposed on the response curves represent a global fit of the data to a 1:1 
Langmuir interaction model with a correction for mass transport. The dissociation constant (KD) and the 
standard error of the mean were obtained from four independent experiments. The values of the 
calculated parameters for the kinetic analysis of all four experiments are listed in Table 4.4. 
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Table 4.4. Summary of the kinetic and affinity constants for the interaction of PA3720HMW with the 

182 bp armR RNA 
 

aSE, standard error  
bSEM, Standard error of the mean 

 

 

 

 

 

 

 

 

Experiment ka (M-1s-1)±SEa kd (s-1)±SEa KD (M) Chi2 

1  (6.43 ± 0.316) x 103  (7.79 ± 0.488) x 10-4 1.21 x 10-7   0.479 

2  (3.55 ± 0.035) x 103 (6.29 ± 0.314) x 10-4 1.62 x 10-7 1.86 

3  (2.09 ± 0.027) x 104  (3.68 ± 0.083) x 10-4 1.76 x 10-8 0.497 

4 (6.91 ± 0.185) x 103 (8.59 ± 0.255) x 10-4 1.24 x 10-7 0.434 

Average 
±SEMb (9.53 ± 3.85) x 103 (6.59 ± 1.08) x 10-4 (1.06 ± 0.309) x 10-7  
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To assess the specificity of the PA3720-armR RNA interaction, unlabeled armR RNA 

(cold competitor) or unlabeled yeast tRNA (EMSA kit-provided control RNA) were added to the 

binding reactions of the EMSA assay. As expected, addition of the cold competitor abolished 

binding of the PA3720HMW species to the labeled armR RNA (Fig. 4.6A; Lane 3). Interestingly, 

binding to the armR RNA was also abolished in the presence of an excess of yeast tRNA (Fig. 

4.6A; Lane 4), an indication that PA3720HMW binds to RNA non-specifically. This was further 

verified by demonstrating that PA3720HMW bound to an armR-sized internal fragment derived 

from the mexC gene of the unrelated mexCD-oprJ multidrug efflux operon of P. aeruginosa (Fig. 

4.6B). It should be noted that the 182 bp mexC-derived fragment also yielded multiple discrete 

bands on the native gel used in the EMSA assay (Fig. 4.6B), but produced a single band on a 

denaturing urea gel (Fig. 4.5E, see Lane 2). Nonetheless, in vitro, PA3720 appears to function as 

a nonspecific RNA-binding protein - it can bind to different RNAs in vitro without the requirement 

for an obvious well-defined RNA sequence - and as a result it is not possible to delineate a PA3720 

RNA-binding sequence within the armR transcript.  
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Figure 4.6 The PA3720 protein binds non-specifically to RNA in vitro. (A) Assessing the 
specificity of PA3720 binding to armR RNA. 3’-biotinylated armR RNA was incubated with 
or without PA3720HMW in the presence or absence of excess unbiotinylated armR RNA (250 
nM) or yeast tRNA (250 nM) and the impact of PA3720HMW binding to the armR RNA was 
assessed using an EMSA assay. Data are representative of three independent experiments. (B) 
RNA-EMSA showing binding of the PA3720HMW protein to a 182 bp internal RNA fragment 
derived from the P. aeruginosa mexC gene. 
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Recently, the E. coli RNA binding protein Hfq was shown to contaminate Ni-NTA purified 

RNA-binding proteins recovered from E. coli, which can lead to false positive results (471). To 

confirm that possibly contaminating Hfq is not responsible for the RNA-binding seen for 

PA3720HMW, a mock protein purification was carried out using an E. coli recombinant protein 

expression strain harbouring the empty pET23a vector, and the eluted fractions were further 

purified via size exclusion chromatography. As seen in Fig 4.7A, 3 minor peaks are present in the 

mock protein purification and are eluted from the column at similar retention times as seen for 

PA3720HMW protein and these could contaminate PA3720HMW preparations. To assess if these 

contaminants possess any RNA-binding activity, RNA EMSAs were carried out using excess 

volumes of the fractions containing the contaminating proteins. Addition of the contaminating 

proteins to the RNA binding reaction did not result in an observable shift in the 182 bp armR RNA, 

suggesting that there are no contaminating RNA binding proteins, present in the SEC-purified 

PA3720HMW fraction (Fig. 4.7B). To further rule out the possibility that Hfq is co-purifying with 

PA3720, polyhistidine-tagged PA3720 was overexpressed and purified from an hfq-deficient E. 

coli strain using a one-step Ni-NTA purification protocol, and an RNA-EMSA was carried out 

using the armR RNA as the target. As seen in Fig. 4.7C, titration of the PA3720-His protein, which 

was successfully purified from the hfq-deficient E. coli strain (Fig 4.7D), bound to the armR 

transcript. Moreover, PA3720 purified from the hfq-deficient E. coli strain also bound to the mexC-

derived RNA (Fig. 4.7E). Taken together, these data confirm that binding of RNA is due to 

PA3720HMW and not contaminating RNA-binding proteins such as Hfq.  
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Figure 4.7 RNA-binding proteins do not contaminate PA3720 protein recovered from E. coli. (A) 
Elution profile of the Ni-NTA mock purified control following size exclusion chromatography. (B) Peaks 
A-D were used in the RNA-EMSA mock control experiments as these contaminating peaks overlay with 
SEC purified PA3720 HMW fraction. Addition of mock SEC purified A, B, C, or D fractions containing 
contaminating proteins to 5 nM of the 3’-end biotinylated 182 bp armR RNA. PA3720 protein recovered 
from an E. coli hfq-null strain binds to (C) armR and (D) mexC-fragment RNA. (E) Immunoblot analysis of 
Ni-NTA purified PA3720-His (2.5 µg) isolated from an E. coli hfq strain following SDS-PAGE. Antibodies 
were directed against PA3720. 
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 PA3720 binds armR mRNA in vivo. 

 

In vitro, PA3720 appears to bind RNA in a non-specific manner, but in vivo, PA3720 is 

expected to be specific for the armR-bearing portion of the PA3720-armR transcript. One 

possibility is that PA3720 may function locally (near the site of its translation), where it 

specifically binds to and influences armR transcript levels. Consistent with this, microarray data 

revealed that deletion of PA3720 in a nalC mutant affects the expression of a minimum number 

of genes including armR and mexA (K. Poole, personal communication). To determine whether 

PA3720 functions in cis only in vivo, the ability of PA3720 to bind to armR mRNA expressed 

from either the same (cis) or separate (trans) plasmids was assessed using an RNA-protein 

immunoprecipitation assay (RIPA). To assess if PA3720 binds armR mRNA when expressed in 

cis, the P. aeruginosa strain, nalCDPA3720DarmR (strain K3734), co-expressing FLAG-tagged 

PA3720 (PA3720-FLAG) and armR as a single transcript from one plasmid was subcultured to 

mid-log phase, at which point cells were treated with formaldehyde to crosslink RNA-protein 

complexes. Cells were then lysed by sonication and the PA3720-FLAG-RNA complexes were co-

immunoprecipitated (co-IP) using the anti-FLAG M2 affinity column followed by several 

stringent washes. The protein-RNA crosslinks were then reversed by heat treatment, RNA was 

purified and converted to cDNA, and the presence of armR RNA was assayed via reverse 

transcription PCR (RT-PCR) using armR-specific primers. To control for non-specific binding of 

the armR mRNA to the anti-FLAG M2 affinity column, the nalCDPA3720DarmR strain 

expressing armR alone from either a high copy- or low copy-number vector was assessed using 

RIPA. As expected, the absence of PA3720-FLAG, the armR RT-PCR products were not 

amplified (Fig. 4.8, Lanes 1 and 3), and, therefore armR mRNA was not interacting with the 
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affinity column. As seen in Lane 4 of Fig. 4.8, the armR RNA co-purified with cis-expressed 

PA3720-FLAG protein, which is consistent with PA3720 acting locally to impact armR RNA 

levels. The observation that PA3720 and armR are translationally coupled, suggests that PA3720 

may act in a cis-dominant manner to influence the stability of the nearby armR mRNA. Thus, to 

rule out the possibility that PA3720 may function in trans to impact armR levels, the RIPA was 

carried out using P. aeruginosa strain, K3734, co-expressing PA3720-FLAG and armR on two 

different plasmids (in trans). Unexpectedly, armR RNA co-purified with trans-expressed PA3720-

FLAG protein (Fig. 4.8; Lane 2). Thus, despite the PA3720-armR genes being physically linked 

and translationally coupled in the chromosome of P. aeruginosa, PA3720 does not appear to 

function in a cis-dominant manner. These results suggest that PA3720 does not function solely in 

cis (locally) in vivo, and in contrast to the in vitro results PA3720 binds armR mRNA specifically 

in vivo.  
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armR

PA3720

Figure 4.8 PA3720 binds to the armR RNA transcript in vivo. (A) Upper panel, RT-PCR 
analysis of the co-IP RNA using armR specific primers. Lane 1, co-IP sample from strain 
K3734 (nalCDPA3720DarmR) harbouring vectors pUCP19::armR and pRK415; Lane 2, 
co-IP sample from strain K3734 harbouring pUCP19::armR and pRK415::PA3720-FLAG; 
Lane 3, co-IP sample K3734 harbouring pRK415::armR and pUCP19; Lane 4, co-IP 
sample of K3734 harbouring pRK415::PA3720-FLAG-armR and pUCP19. Lower panel, 
immunoblot analysis of co-IP samples using anti-PA3720 antibodies. Lanes correspond to 
those described in the upper panel. RIPA assay was performed three independent times. 
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To ensure that binding of the armR RNA to the PA3720-FLAG protein was not occurring 

on the anti-FLAG M2 affinity column, the RIPA was carried out in the absence of formaldehyde. 

As seen in 4.9A, no armR RT-PCR product was present in the uncrosslinked RIP fractions despite 

elution of the PA3720-FLAG protein from the anti-FLAG column, indicating that the PA3720 

protein-armR RNA interaction was occurring in vivo and not in vitro. To assess the specificity of 

PA3720 for armR in vivo using RIPA, binding to the highly expressed, chromosomal rpsL gene 

was also assayed for by RT-PCR using rpsL-specific primers. As expected, rpsl was present in the 

total RNA isolated from the strain nalCDPA3720DarmR (Fig. 4.9B, Lane 1); however, no rpsl 

product was detected in the PA3720-FLAG-RNA immunoprecipitated fractions (Fig, 4.9, Lanes 

2-6). These data suggest that cis- and trans-expressed PA3720 preferentially binds to the armR 

RNA in vivo.  
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Figure 4.9 PA3720-FLAG preferentially binds armR in vivo. (A) RT-PCR analysis of 
uncrosslinked-co-IP RNA using armR specific primers. Lane 1, total RNA isolated from 
K3734; Lane 2, co-IP sample from K3734 harbouring pUCP19::armR and pRK415; Lane 3, 
co-IP sample K3734 harbouring pUCP19::armR and pRK415::PA3720-FLAG; Lane 4, co-IP 
sample K3734 harbouring pRK415::armR and pUCP19; Lane 5, co-IP sample of K3734 
harbouring pRK415::PA3720- FLAG-armR and pUCP19. Lane 6, co-IP sample of K3734 
harbouring pUCP19 and pRK415::PA3720-FLAG. Lower panel, immunoblot analysis of co-IP 
samples using anti-PA3720 antibodies. Lanes correspond to those described in the upper panel. 
RIPA assay was performed three independent times. (B) Upper panel, RT-PCR analysis of the 
co-IP RNA using rpsl specific primers. Lane 1, total RNA isolated from the K3734 
(nalCDPA3720DarmR); Lane 2, co-IP sample from strain K3734 harbouring pUCP19::armR 
and pRK415; Lane 3, co-IP sample K3734 harbouring pUCP19::armR and pRK415::PA3720-
FLAG; Lane 4, co-IP sample K3734 harbouring pRK415::armR and pUCP19; Lane 5, co-IP 
sample of K3734 harbouring pRK415::PA3720-FLAG-armR and pUCP19. Lane 6, co-IP 
sample of K3734 harbouring pUCP19 and pRK415::PA3720-FLAG; Lane 7, RT-PCR no 
template control sample. RIPA assay was performed three independent times. Lower panel 
immunoblot analysis of co-IP samples using anti-PA3720 antibodies. Lanes correspond to those 
described in the upper panel. RIPA assay was performed three independent times. 
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 PA3720 binds RNA non-specifically in vivo  

 

The failure of PA3720 to bind rpsL mRNA in vivo may be due to low levels of 

chromosomally-expressed rpsL compared to multicopy plasmid-expressed genes. To assess the 

specificity of PA3720 for mRNA in vivo, binding of PA3720-FLAG to pull-down the arbitrarily 

chosen, plasmid-expressed P. aeruginosa desA mRNA using RIPA was also examined. 

Surprisingly, desA RNA co-purified with trans-expressed PA3720-FLAG protein (Fig. 4.10, Lane 

2), while in the absence of PA3720-FLAG, desA RT-PCR product was not detected (Fig. 4.10, 

Lane 1). These data, are consistent with the in vitro RNA-EMSA results and indicate that PA3720 

binds mRNA non-specifically in vivo.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10  PA3720 binds to the desA RNA transcript in vivo. RT-PCR analysis of 
the co-IP RNA using armR specific primers. Lane 1, co-IP sample from strain K3734 
(nalCDPA3720DarmR) harbouring vectors pUCP18::desA and pRK415; Lane 2, co-IP 
sample strain K3734 harbouring pUCP18::desA and pRK415::PA3720-FLAG; Lower 
panel, western blot of co-IP samples using anti-PA3720 antibodies. 
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One possibility for PA3720 being able to bind both the armR or desA transcript in vivo may 

be due to the abundance and spatial expression of the plasmid-expressed armR or desA transcripts 

relative to plasmid-expressed PA3720-FLAG. Previous studies have demonstrated that multicopy 

plasmids cluster and localize in specific locations within the bacterial cell (507-509). More 

specifically, RK2 plasmids (pRK415) and ColE1-based vectors (pUCP18) were independently 

shown to localize to similar regions within the E. coli cell (507, 509). That is, the ability of 

PA3720-FLAG to bind to the armR mRNA in vivo when expressed from two different plasmids 

may actually be an artifact of plasmid co-localization and reflects PA3720 binding non-

specifically, but locally. In an attempt to set up a truly trans experiment, the ability of plasmid 

expressed PA3720-FLAG to interact with chromosomally-expressed armR RNA was assessed in 

strain K3744 (nalC PA3720dbfs). As seen in Fig. 4.11 A, the chromosomally-expressed armR 

transcript co-purified with PA3720-FLAG (Fig. 4.11 A, Lane 2), while no armR RT-PCR product 

was detected in the absence of PA3720-FLAG (Fig. 4.11 A, Lane 1). Therefore, in trans- and in 

cis- expressed PA3720 can interact with either plasmid- or chromosomally-expressed armR 

mRNA. Consistent with PA3720 being capable of binding armR mRNA in trans, introduction of 

plasmid-borne PA3720WT in the nalC PA3720dfs mutant modestly reduced armR transcript levels 

(Fig 4.4B). This did not, however, impact antimicrobial susceptibility (Table 4.5). These data 

suggest that PA3720 can function both locally and at a distance to interact with and influence armR 

transcript levels in vivo. However, it still remains to be determined if PA3720 binding to the desA 

transcript is a cis-dependent phenomenon.  
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Figure 4.11 PA3720 binds to the chromosomally-expressed armR RNA transcript in vivo. (A) 
Upper panel, RT-PCR analysis of the co-IP RNA using armR specific primers. Lane 1, co-IP sample 
from strain K3744 (nalC PA3720dfs) harbouring vector pRK415; Lane 2, co-IP sample strain K3744 
harbouring pRK415::PA3720-FLAG; Lower panel, western blot of co-IP samples using anti-PA3720 
antibodies. Lanes correspond to those described in the upper panel. RIPA assay was performed three 
independent times. (B) Expression of the armR transcript levels were assessed in strain K3744 (nalC 
PA3720dfs) carrying plasmid pRK415 (empty plasmid) or pRK415::PA3720 (pPA3720) using qPCR. 
Expression was normalized to rpsL and is reported relative to K3744 carrying the empty plasmid, 
pRK415. Values are means ± SEMs from at least three independent determinations, each performed 
in triplicate. * P-value is between 0.01 and 0.05. 
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Table 4.5. Cloned PA3720 in the nalC PA3720dfs mutant strain does not impact 
antimicrobial resistance to known MexAB-OprM substrates 

 
 
 
 
 
 
 
 
 
 
                          aCAR, carbenicillin; CAM, chloramphenicol; NAL, nalidixic acid; NOV, novobiocin. 
                           bdfs, double frame-shift mutant.  
    c-, no plasmid; pRK415, empty plasmid. 

 

 

 

 

 

 

 

 

                    MIC (µg/ml)a for: 

Strain PA3720b Plasmidc CAR CAM NAL NOV 

K3744 dfs - 
256 128 1024 2048 

K3744 dfs pRK415 256 128 512 2048 

K3744 
dfs pRK415::PA3720 

256 128 512 2048 
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Chapter 5 

Aminoglycosides promote mexAB-oprM efflux gene expression in 

Pseudomonas aeruginosa dependent on the AmgRS two-component system 

5.1 Background 

The AmgRS envelope stress-responsive TCS contributes to intrinsic AG resistance in 

Pseudomonas aeruginosa (133, 488, 510, 511). AmgRS responds to CM damage caused by AG-

generated mistranslated/misfolded proteins, and protects cells from such proteins by inducing 

expression of putative CM proteases that turn over these misfolded proteins (133, 488). In the 

present work, we demonstrate that in response to certain AGs, AmgRS directly and positively 

regulates expression of the mexAB-oprM operon. However, AGs are not MexAB-OprM substrates, 

suggesting that the MexAB-OprM efflux system is recruited in response to an AG-generated 

signal, possibly envelope stress, in P. aeruginosa. 

5.2 Paromomycin induction of PA3720-armR, and mexAB-oprM gene expression 

 

In an earlier study, DNA microarray analysis of P. aeruginosa strain PAO1 (i.e. K767) 

treated with 1X the MIC of the AG, paromomycin (PAR), demonstrated an increase in expression 

of the PA3720-armR two-gene operon (K. Poole, personal communication). To validate the results 

of the transcriptome analysis, log-phase K767 cells were similarly treated with PAR, and 

expression of the PA3720 and armR genes were assessed using qPCR. Consistent with the 

microarray data, treatment with PAR led to a ~4-fold increase in expression of the PA3720 and 

armR genes (Fig. 5.1A). It was then hypothesized that the increase in armR expression, and 
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subsequently, ArmR-mediated abrogation of MexR repressor activity would promote an increase 

in mexAB-oprM gene expression. As expected, PAR provided for a ~2-fold increase in mexA gene 

expression compared to the untreated K767 strain (Fig. 5.1A). Interestingly, mexAB-oprM 

expression was still PAR-inducible in the absence of armR (Fig. 5.1B; see strain K3415) These 

results suggest that another mechanism of regulation is responsible for AG induction of the 

mexAB-oprM efflux operon.  

 

 

 

 

A B 

Figure 5.1 Impact of PAR exposure on expression of the PA3720-armR and mexA genes. (A) 
Expression of PA3720, armR, and mexA were assessed in log-phase WT K767 following a 30-
minute treatment with 1 x the MIC of the AG, paromomycin (PAR) using qRT-PCR. Expression 
was normalized to rpoD and is reported relative to the untreated K767 (fold-change). Values are 
means ± SEMs (error bars) from at least three independent determinations, each performed in 
triplicate. (B) The expression of mexA was measured in the armR-null strain, K3145, following 
exposure to 1 x the MIC PAR. Expression was normalized to rpoD and is reported relative to the 
untreated strain K3415 (fold-change). Values are means ± SEMs (error bars) from at least three 
independent determinations, each performed in technical triplicate. ***, P<0.001; *, P<0.01. 
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5.3 AG induction of mexAB-oprM expression  

 

Having demonstrated PAR induction of mexAB-oprM gene expression, it was of interest to 

assess whether additional AGs, including the clinically relevant agents, gentamicin (GEN) and 

tobramycin (TOB), and non-clinically relevant agent’s neomycin (NEO) and kanamycin (KAN), 

were capable of upregulating mexAB-oprM efflux gene expression. In addition to PAR, NEO and 

KAN promoted a ~2- and ~ 3-fold induction of mexA gene expression, respectively, while GEN 

provided for a modest increase (~1.64-fold) in mexA gene expression (Fig. 5.2). In contrast, TOB 

failed to induce mexA gene expression at 1 x MIC (Fig. 5.2). Thus, there appears to be some 

variability with respect to a given AG’s ability to promote mexA gene expression. 

 

 

 

 

 

 

 

 

 

Figure 5.2. Impact of several different AGs on mexAB-oprM gene expression. The expression 
of mexA was assessed in log-phase WT K767 following a 30-minute treatment with 1 x the MIC 
of the AGs, paromomycin (PAR), neomycin (NEO), gentamicin (GEN) and kanamycin (KAN) 
using qRT-PCR. Expression was normalized to rpoD and is reported relative to the untreated 
K767 (fold change). Values are means ± SEMs (error bars) from at least three independent 
determinations, each performed in triplicate. ***, P<0.001; ** P-value is between 0.001 and 
0.01;* P-value is between 0.01 and  0.05; ns, not significant. 
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5.4 AG induction of the mexAB-oprM operon is independent of the MexR and NalD 
repressors   

 

To gain insight into the details of AG inducible mexAB-oprM expression, including the 

identity of the gene(s) required for this, we first sought to assess the possible involvement of the 

known mexAB-oprM repressors MexR and NalD in mediating AG induction of mexAB-oprM 

expression. To address this, the impact of a mexR or nalD deletion on AG induction of mexAB-

oprM expression was assessed. If AGs obviate MexR or NalD repressor activity in promoting 

increased mexAB-oprM expression, then AG induction of mexAB-oprM expression should be lost 

in either a mexR or nalD knockout strain. As expected, individual deletions of the mexR gene (see 

strain K1491) and nalD gene (see strain K3793) in the WT K767 strain, led to an increase in mexA 

gene expression (Fig. 5.3). Despite the increased levels of mexA expression in the mutants, 

exposure to the AG, NEO still resulted in an increase in mexA expression, indicating that AG 

induction of mexA is independent of the MexR and NalD transcriptional repressors (Fig. 5.3). 

Another possibility, however, is that AGs may impede both MexR- and NalD-mediated repression 

of the mexAB-oprM efflux operon, and therefore, AG induction of mexAB-oprM expression was 

also assessed using DmexRDnalD double knockout strain. While deletion of both the mexR and 

nalD genes in combination in the WT K767 strain (see strain K3794) provided for a further 

increase in mexA gene expression levels, exposure to the AG NEO still induced mexAB-oprM 

expression in the double mutant (Fig. 5.3).  
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Figure 5.3 Contribution of MexR and NalD on AG induction of mexAB-oprM. The expression 
of mexA was assessed in strains DmexR (K1491), DnalD (K3793), DmexRDnalD (K3794) following 
a 30-minute treatment with 1 x the MIC of neomycin (NEO). Expression was normalized to rpoD 
and is reported relative to the untreated WT K767 strain (fold change). Values are means ± SEMs 
(error bars) from at least three independent determinations, each performed in technical triplicate. 
** P-value is between 0.001 and 0.01;* P-value is between 0.01 and  0.05. 
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5.5 AmgRS mediates AG induction of mexAB-oprM expression  
 

Recently, the AmgRS TCS in P. aeruginosa, which functions as part of an envelope stress 

response to AG-induced CM-damaging aberrant polypeptides, was shown to mediate AG 

induction of mexXY expression (133, 488, 510). In light of these findings, one possibility, then, is 

that the AmgRS TCS also regulates expression of the mexAB-oprM efflux genes in response to 

AGs. To assess this, PAR induction of mexA gene expression was measured in both the amgR and 

amgS deletion strains following exposure of log-phase cells to this AG. As seen in Fig. 5.4A, PAR 

induction of mexA gene expression was lost in the amgR deletion strain. PAR-mediated induction 

of mexAB-oprM was also reduced in the amgS deletion strain; however, there was still a modest 

increase in mexA expression in this mutant following PAR treatment (Fig. 5.4A). Together, these 

data indicate that the AmgRS TCS positively regulates mexAB-oprM gene expression in response 

to PAR. Loss of amgR also compromised NEO, KAN, and GEN induction of mexA gene 

expression (Fig 5.4B). To assess if AG-mediated induction of PA3720-armR was also dependent 

on the AmgRS TCS, PA3720 and armR expression were measured in both the amgR and amgS 

null strains following exposure of log-phase cells to PAR at 1X MIC. Expression of PA3720 and 

armR were still PAR-inducible in the amgR- and amgS-null mutants, clearly indicating that AG 

induction of this two-gene operon is acting through a pathway independent of the AmgRS TCS 

(Fig 5.4C).  

Previously, two gain-of-function mutations had been identified in the AmgS sensor kinase, 

V121G and R182C, which were individually shown to activate the AmgRS TCS and promote AG 

resistance in both lab and clinical strains of P. aeruginosa (488). It was therefore of interest to 

assess if these mutations also promoted mexAB-oprM expression in the K767 derivatives 

harbouring the chromosomally-located AmgS mutations, V121G (strain K3260) and R182C 
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(strain K3249). As seen in Fig. 5.4D, both AmgS gain-of-function mutations increased mexA gene 

expression and this is consistent with AmgRS positively regulating mexAB-oprM expression. The 

extent of mexA induction in these mutants was lower than was seen following PAR and NEO 

exposure, suggesting that these gain-of-function mutations partially activate this TCS. 

Nonetheless, the observed increase in mexAB-oprM expression in these mutants was generally not 

sufficient to drive antimicrobial resistance to known MexAB-OprM substrates (Table 5.1). 

Curiously, the AmgSV121G mutant demonstrated a two-fold increase in sensitivity to CAM and a 

2-fold increase in resistance to NOV; however, the reason for this is currently unclear (Table 5.1).  
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Figure 5.4 Impact of the AmgRS TCS on mexAB-oprM and PA3720-armR expression following 
AG treatment. (A) Expression of mexA was assessed in log-phase cultures of the P. aeruginosa PAO1 
strains K767 (WT), K3159 (DamgR), and K3583 (DamgS) exposed to 1X MIC of PAR for 30 min before 
harvesting for RNA extraction and qPCR analysis. (B) The expression of mexA was assessed in log-
phase cultures of the P. aeruginosa PAO1 strains K767 (WT; white bars) and K3159 (DamgR; grey 
bars) exposed to 1X MIC of the indicated antimicrobials (-, no antimicrobial; NEO, neomycin; GEN, 
gentamicin; KAN; kanamycin) for 30 min before harvesting for RNA extraction and qPCR analysis. 
(C) Expression of armR and PA3720 were assessed in log-phase cultures of K767 (WT), K3159 
(DamgR), and K3583 (DamgS) exposed to 1X MIC of PAR or not for 30 min before harvesting for RNA 
extraction and qPCR analysis. The status of the amgS or amgR gene in each strain is indicated as WT 
(wild-type) or – (deletion) (D) The expression of mexA was assessed in strains expressing WT AmgS 
(767), mutant AmgSV121G (K32680) or mutant AmgSR182C (K3249) using qRT-PCR. The status of the 
amgS gene in each strain is indicated (WT, wild-type), as is the identity of any mutations. In all cases, 
expression was normalized to rpoD and is reported to that of the untreated WT K767. Values are means 
± SEMs (error bars) from at least three independent determinations, each performed in technical 
triplicate. *, P-value is between 0.01 and 0.05; ns, not significant. 
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Table 5.1. Effect of amgS mutations on resistance to known MexAB-OprM substrates in P. 
aeruginosa 

 

 

 

 

 
 aCAR, carbenicillin; CAM, chloramphenicol; NAL, naladixic acid; NOV, novobiocin.  

  bStatus of the amgS gene. WT, wild-type.  
 

 

 

 

 

 

 

 

 

                   MIC (µg/ml)a for: 

Strain AmgSb CAR CAM NAL NOV 

K767 WT 64 
 

64 128 1024 

K3260 V121G 64 32 128 2048 

K3249 R182C 64 64 128 1024 
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5.6 AmgR binds to the mexR-mexA intergenic region 

 

The regulation of mexAB-oprM by AmgRS is most simply explained by AmgR directly 

controlling expression of the efflux operon from one of the two promoters, PI and PII (Fig. 5.5A). 

To assess this, binding of AmgR to the mexAB-oprM promoter regions was assessed using a DNA 

EMSA. The amgR gene was cloned into the pET23a vector, expressed as a poly-histidine tagged 

in E. coli, isolated and purified using one-step Ni-NTA column for use in DNA EMSAs. Initially, 

AmgR was assessed for binding to a 351 bp DNA fragment (Fragment a) encompassing both 

mexAB-oprM promoters (Fragment a). As seen in Fig. 5.5B, purified AmgR bound to this DNA 

fragment and binding was retained in the presence of excess competitor DNA (Fig. 5.8C), an 

indication that binding was specific. In an attempt to further localize the AmgR binding site, AmgR 

was assessed for binding to smaller fragments carrying the PI promoter or PII promoter regions. 

The PI-containing 163 bp DNA fragment (Fragment b) showed substantial binding, though only 

at high concentrations of AmgR (Fig. 5.5D), while the PII-containing 134 bp DNA fragment 

(Fragment c) showed moderately less binding (Fig. 5.5E). By separating the intergenic region into 

two fragments, it was possible that sequences necessary for optimal AmgR binding had been 

excluded in constructing Fragments b and c. Thus, a smaller fragment of 181 bp (Fragment d) 

encompassing both promoter regions extending 8 bp upstream of the -35 element of PI and 8 bp 

downstream of the -10 element of PII was assessed for binding by AmgR. As seen in Fig. 5.5F 

AmgR bound to Fragment d, an indication that AmgR binds within a region encompassing both 

promoters of the mexAB-oprM efflux system. Further studies are required to delineate the AmgR 

binding site within the mexAB-oprM promoter region.  
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AGTCAACTATTTTGCTTATTTTAGTTGACCTTATCAACCTTGTTTCAGGTTCTGAATATGGGCCA

TGGCGCCGGGTGGATAACCGGCCATCGAGCTAAAACGTTTCAGGTGTTTTCACGCGAGGCTTT

CGGACGTTTACAAACACCTATGAATGTAAGTATTTTGCCTGCCTTCTTCGAGCCGGTGCAGCGC
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Figure 5.5 Assessing if AmgR binds to the mexAB-oprM promoter region. (A) Nucleotide 
sequence of the mexR-mexA intergenic region. The start codons of mexA and mexR are underlined 
and bent arrow demarcate the direction of transcription. The canonical -35 and -10 regions of the 
distal [-35(I) and -10 (I)] and proximal [-35(II) and -10 (II)] regions are underlined.  Solid arrows 
demarcate the end-points of the fragments used in the DNA EMSAs (a, fragment a; b, fragment b; 
c, fragment c; d fragment d).  (B-F) DNA electrophoretic mobility shift assay with purified AmgR 
and various DNA targets. (B) Increasing concentrations of purified AmgR incubated with 40 ng of 
DNA Fragment a [PCR-amplified with primers K9 and K10; see (A)]. (C) DNA Fragment a was 
incubated without AmgR, with 2.2 µM of AmgR, or with 2.2 µM of AmgR and 200 ng of 
competing sheared salmon sperm DNA (sssDNA). (D-F) Increasing concentrations of AmgR were 
incubated with 40 ng of (D) DNA Fragment b (PCR-amplified with primers PI For and PI Rev) or 
(E) Fragment c (PCR-amplified with primers PII For and PII Rev) or (F) Fragment d (PCR-amplified 
with primers A3 For and A3 Rev). For primer sequences refer to Table 3.2.  
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5.7. MexAB-OprM does not contribute to AG resistance 

 

Since mexA expression is AG inducible, it was possible that MexAB-OprM is capable of 

accommodating AGs, and therefore provides resistance to this class of antimicrobials. In a 

previous study, MexAB-OprM was shown to contribute to AG resistance only in the presence of 

low-ionic-strength medium such as Nutrient Broth (NB) (264). Since the action of AGs are 

antagonized by high ionic strength and by high divalent cation concentration, MICs were carried 

out using NB (264). NB has been shown to both lower the AG MICs and to make the contribution 

of efflux pumps more visible (512), whereas Luria-Bertani (LB) broth has a higher ionic strength 

than NB (264). As seen in Table 5.2, when compared to LB, NB broth lowers AG MICs; however, 

the MICs for the ∆mexB strain in both NB and LB medium remained unchanged compared to the 

WT strain, K767 in the same medium. These observations are inconsistent with previous reports 

in which the MexAB-OprM efflux system was shown to accommodate AGs in NB media (264).  

Another possibility is that the contribution of MexAB-OprM to AG resistance is masked 

by the AG-inducible, MexXY efflux system (a major contributor to AG resistance), thus, the role 

of MexAB-OprM in accommodating AGs was assessed in the absence of the MexXY efflux pump. 

As seen in Table 5.3, MexAB-OprM does not contribute to AG resistance in the absence of 

MexXY, as deletion of the mexB gene in a mexX null strain did not further enhance the sensitivity 

of this strain to AGs when compared to the mexX deletion strain. Taken together, these data 

confirm that MexAB-OprM does not contribute to AG-resistance in P. aeruginosa, but it is likely 

recruited to ameliorate AG-generated stress.  
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Table 5.2. Assessing the involvement of the MexAB-OprM efflux system in contributing to 
AG resistance in low-ionic-strength media 

 
 Strain 

 MIC (µg/ml)a for: 

Genotype       PAR                  NEO               KAN             GM           TOB 

K767      WTb     1 (256)              1.024 (32)        1 (64)        0.512 (4)      0.256 (1) 
 

K1523   DmexB     1 (256)              1.024 (32)        1 (64)       0.512 (4)       0.256 (1) 
 

aMIC values were determined in NB medium and the MIC values in parentheses were determined in LB 
medium.  Abbreviations: PAR, paromomycin; NEO, neomycin; KAN, kanamycin; GM, gentamicin; TOB, 
tobramycin.  
bWT, wild-type 
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Table 5.3. Assessing the involvement of the MexAB-OprM efflux system in contributing to 
AG resistance in the absence of the MexXY efflux system 

 
 
 
 
 
	
	
	

	
	
 

aGM, gentamicin; PAR, paromomycin; NEO, neomycin; KAN, kanamycin; 
bWT, wild-type 

 

 

 

 

 

 

 

 

 

                   MIC (µg/ml)a for: 

Strain Genotype  GEN PAR NEO KAN 

K767 WTb 4 256 64 128 

K1523 DmexB 4 256 64 128 

K1525 DmexXY 2 32 32 64 

K1542 DmexXYDmexB 2 32 32 64 
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5.8 Role of CM perturbation in AG-induced mexAB-oprM expression   

 

It has been demonstrated that AmgRS responds to and protects cells from envelope stress 

caused by AG-generated mistranslated/misfolded proteins that damage the CM (133, 488, 511). 

Previous reports demonstrated that treatment of WT P. aeruginosa with CAM, a protein translation 

inhibitor, prior to the addition of an AG, blocked AG-promoted CM damage, consistent with is 

blockage of mistranslated protein synthesis (133). To assess if AG-promoted CM damage is 

responsible for AmgRS-dependent induction of mexAB-oprM expression by AGs, WT P. 

aeruginosa cells were pretreated with CAM prior to the addition of NEO and mexA expression 

was measured. CAM pretreatment of cells prevented NEO induction of mexAB-oprM expression 

(Fig 5.6A), consistent with it blocking AG-generated mistranslated/misfolded proteins and 

subsequent CM damage. Still, it was also observed that CAM alone negatively influenced mexAB-

oprM expression (Fig 5.6A). These data suggest that the negative impact of CAM treatment on 

mexA expression likely overrides any influence of AG-generated mistranslated proteins on mexAB-

oprM expression.  

 In addition to the contribution of AGs to CM damage, AGs [e.g. streptomycin (STR)] have 

also been shown to cause protein aggregation in E. coli, also as a result of AG-induced 

mistranslation (134). Like AGs, the thiol-specific oxidant, diamide (DIA) has been shown to 

promote protein misfolding and aggregation (513-516). Treatment of WT cells with 1 x MIC of 

diamide resulted in a ~3.5-fold increase in mexA gene expression levels, and, this was also 

dependent on the AmgR regulator - DIA-mediated induction of mexA gene expression was lost in 

an amgR null mutant (Fig. 5.6B). These data are consistent with generation of protein aggregates 

somehow triggering the AmgRS TCS to recruit the MexAB-OprM efflux system.  
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A B 

Figure 5.6 Impact of chloramphenicol pretreatment on AG induction of mexAB-oprM gene 
expression (A) and impact of AmgRS on mexAB-oprM expression following diamide exposure 
(B). (A) The expression of mexA was assessed in wild-type P. aeruginosa strain K767 exposed (+) 
to 128 µg/ml of chloramphenicol (CAM), 1X MIC of neomycin (NEO), or pretreated with 128 
µg/ml CAM followed by treatment with NEO. (B) Expression of mexA was assessed in log-phase 
cultures of the P. aeruginosa strains K767 (AmgR+) and K3159 (AmgR -) exposed to 1 x MIC of 
diamide (4 mM) for 30 min before harvesting for RNA extraction and qPCR analysis. Expression 
was normalized to rpoD and is reported to that of the untreated wild-type strain K767 (-) for both 
(A) and (B). Values are means ± SEMs (error bars) from at least three independent determinations, 
each performed in technical triplicate. 
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5.9 mexAB-oprM is inducible by additional ribosome-perturbing agents 

 

Given the uncertainty regarding the actual signal generated by AGs and DIA in activating 

AmgRS-mediated induction of mexAB-oprM expression, and in an attempt to ascertain whether 

CM membrane damage/protein aggregation was important in this, the ability of additional 

ribosomal-targeting agents, which do not cause these effects, to induce mexAB-oprM expression 

was assessed. Thus, the ability of additional ribosomal targeting agents tetracycline (TET), and the 

macrolides, erythromycin (ERY) and azithromycin (AZI), to induce mexAB-oprM expression was 

examined. As with CAM, treatment of WT cells with 1 x MIC of TET resulted in a 2-fold decrease 

in mexA gene expression (Fig. 5.7A). In contrast, treatment of WT cells with 1x the MIC of ERY 

or AZI resulted in a ~2.5-fold induction of mexAB-oprM gene expression (Fig. 5.7 A). Still, this is 

independent of AmgR - ERY or AZI induction of mexA expression was not lost in an amgR null 

mutant (Fig. 5.7 B) - an indication that macrolide induction of mexAB-oprM expression is mediated 

through another regulatory pathway. These data indicate that drug-induced ribosomal 

perturbations alone are not sufficient to trigger AmgRS-driven mexAB-oprM expression, and that 

CM damage and/or protein aggregation are required for this.  
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A B 

Figure 5.7 Impact of non-AG ribosome targeting agents on mexAB-oprM expression. (A) 
Expression of mexA was assessed in log-phase cultures of the P. aeruginosa PAO1 strains K767 
exposed to exposed to 1X MIC of tetracycline (TET), erythromycin (ERY) and azithromycin (AZI) 
for 30 min before harvesting for RNA extraction and qRT-PCR analysis. Expression was 
normalized to rpoD and is reported to that of the untreated (-) WT strain K767. Values are means 
standard errors of the means (SEMs) from at least three independent determinations, each performed 
in triplicate. ***, P<0.001; ** P-value is between 0.001 and 0.01; * P-value is between 0.01 and 
0.05. (B) Expression of mexA was assessed in log-phase cultures of the P. aeruginosa strains K767 
(AmgR+) and K3159 (AmgR -) exposed to 1 x MIC of ERY or AZI for 30 min before harvesting 
for RNA extraction and qRT-PCR analysis. Expression was normalized to rpoD and is reported to 
that of the untreated (-) strain K767. Values are means ± SEMs (error bars) from at least three 
independent determinations, each performed in technical triplicate. 
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Chapter 6 

Identification of additional genes involved in the regulation or activity of the 

MexAB-OprM efflux system in P. aeruginosa 

6.1 Background 

 

     While a number of mexAB-oprM regulators have been identified and, in some cases, their 

effectors identified that induce expression of this efflux system, it is unclear if specific genes are 

involved in the constitutive expression of this efflux system. The purpose of this study is to identify 

genes possibly involved in the constitutive expression of the mexAB-oprM efflux operon, and 

therefore, important for its contribution to intrinsic antimicrobial resistance in P. aeruginosa.  

6.2. Identification of genes contributing to expression or activity of the MexAB-OprM efflux 

system  

 

To identify additional genes involved in controlling expression or activity of the MexAB-

OprM efflux system in WT P. aeruginosa, strain K767 was subjected to an EZ-Tn5-GmR 

transposon (TN) insertion mutagenesis. Initially, 14,400 TN mutants were screened for loss of 

carbenicillin (CAR) resistance - CAR being a MexAB-OprM substrate and surrogate for loss of 

MexAB-OprM expression or activity (517). CAR-sensitive TN mutants were then screened for an 

increase in susceptibility to other known MexAB-OprM substrates including CAM, NOV, and 

NAL. After ruling out TN insertions within the mexAB-oprM operon and promoter, 6 TN mutants 

were identified that demonstrated an increase in sensitivity to MexAB-OprM antimicrobial 

substrates compared to WT K767.  These mutants were, however, less sensitive than the mexB null 

mutant strain, K1523 (Table 6.1), suggesting that MexAB-OprM expression or activity is only 
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partially diminished in these mutants. Subsequent recovery of the Ez-Tn5-GmR element from these 

TN mutants and sequencing of flanking chromosomal DNA identified the disrupted genes as bamB 

(strain K3780), chpA (strain K3777), PA5198 (strain K3779), PA4830 (strain K3776), PA5052 

(strain K3778), and PA3990 (strain K3780) (Table 6.1). The bamB gene encodes for an OM 

protein that is a non-essential component of the β-barrel OM machinery (Bam) complex that 

facilitates the assembly and insertion of β-barrel OMPs into the OM lipid bilayer. bamB is the 8th 

gene of a 9-gene operon, where it resides upstream of PA3799 and, as such, its impact on 

antimicrobial resistance could be linked to polar impacts on PA3799. chpA encodes for a complex 

signal transduction protein that regulates type IV pilus-mediated motility in P. aeruginosa (518-

520). chpA is the 3rd gene of a 6-gene operon, and its impact on antimicrobial resistance could be 

linked to polar impacts on the downstream genes. The TN-disrupted gene PA5198 encodes for a 

LD-carboxypeptidase that is involved in PG recycling (521). TN-disrupted genes PA3990, 

PA4830, PA5052 encode for unclassified, and unknown proteins (522). Gene PA4830, is the 1st 

gene in a two-gene operon, where it resides upstream of a possible TetR transcriptional regulator 

(PA4831), and thus, its impact on antimicrobial resistance may be linked to polar impacts on 

PA4831.  
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Table 6.1. Drug Susceptibility of the P. aeruginosa transposon insertion mutant strains to known 
MexAB-OprM substrates 

 
Strain TN 

Disruptedb  
Gene 

Description MIC (µg/ml)a for: 
 

   CAR CAM NAL NOV 
K767 - WT 64 64 128 1024 
K1523 - DmexB 1 8 16 64 
K3776 PA4830 unknown, unclassified 16 16 32 512 

K3777 chpA complex signal 
transduction protein 

16 16 64 512 

K3778 PA5052 unclassified, 
hypothetical protein 

16 16 64 512 

K3779 PA5198 LD-carboxypeptidase 16 16 64 512 
K3780 PA3990 unclassified, 

hypothetical protein 
16 8 64 64 

K3781 bamB OMP assembly factor, 
BamB 

 

16 32 32 256 

                aCAR, carbenicillin; CAM, chloramphenicol; NAL, nalidixic acid; NOV, novobiocin. 
                b-, no genes are disrupted by the Ez-Tn5-GmR cassette.  
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6.3. TN mutants are not compromised for MexAB-OprM production 

 

To assess if the observed increase in drug susceptibility for the TN mutants to MexAB-

OprM substrates can be explained by a decrease in MexAB-OprM production, western 

immunoblotting demonstrated no change in MexB production in any of the TN mutants (Fig. 6.1. 

Lanes 3-8; cf, lane 1). These data suggest that MexAB-OprM activity may be impaired in these 

mutants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 MexB production in the TN insertion mutants. Western immunoblot of whole-cell 
lysates of P. aeruginosa strains with antibodies specific to MexB. Lane 1, K767 (WT); lane 2, K1523 
(K767ΔmexB); lanes 3-8, lane 3, K767 PA4830::TN; lane 4, K767 chpA::TN; lane 5, K767 
PA5052::TN; Lane 6, K767 PA5198::TN; Lane 7, K767 PA3990::TN; and Lane 8, K767 bamB::TN.  
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6.4. MexAB-OprM dependence of TN mutants impact on drug susceptibility  

 

Initially, to assess whether the decrease in antimicrobial resistance of the TN mutants are 

linked to MexAB-OprM, possibly by impacting the activity of this efflux system, mexB deletions 

were individually engineered in the TN mutants. Should the TN disrupted genes contribute to 

MexAB-OprM activity, such that their loss decreases MexAB-OprM activity, and thus, decrease 

in antimicrobial resistance, then deletion of mexB gene in the TN mutants should have no 

additional effect on antimicrobial susceptibility than loss of mexB in WT K767. The mexB gene 

was successfully deleted in the PA4830, chpA, PA5198 and PA3990 mutant strains; however, for 

reasons that are unclear, we were unable to delete the mexB gene in the PA5052 and bamB mutants. 

To engineer strains individually doubly disrupted in mexB and these genes, then, attempts were 

made to introduce deletions of PA5052 and bamb into an available DmexB strain. Deletion of 

PA5052 was successfully made in both the DmexB strain, K1523, and in K767. While we were 

able to delete bamB in the DmexB strain, we were unable to recover a bamB deletion in K767. 

Deletion of mexB in the PA4830, chpA, PA5198, PA3990, and bamB TN mutants yielded 

antimicrobial susceptibility profiles similar to the ΔmexB strain, K1523 (Table 6.2), consistent 

with these TN-disrupted genes being linked to MexAB-OprM activity being partially impaired in 

these mutants. In contrast, deletion of the mexB gene in the PA5052 deletion mutant increased the 

antimicrobial susceptibility beyond that of a ∆mexB mutant, suggesting that loss of PA5052 in 

impacting antimicrobial susceptibility is independent of MexAB-OprM, and it was therefore 

precluded from further analyses.  
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Table 6.2.  Drug susceptibility of the transposon insertion mutant strains in which the mexB gene 
has been deleted 

 
 

Strain Genotype  MIC (µg/ml)a for:  
  CAR CAM NAL NOV 
K1523 ΔmexB 1 8 16 64 
K3784 ΔbamBΔmexB 1 8 16 64 
K3785 PA4830::TN ΔmexB 0.5 8 16 64 
K3776 chpA::TN ΔmexB 1 16 8 64 
K3777 PA5198::TN ΔmexB 0.5 8 8 64 
K3788 PA3990::TN ΔmexB 1 8 32 32 
K3783 ΔPA5052 ΔmexB 0.5 4 4 8 

        aCAR, carbenicillin; CAM, chloramphenicol; NAL, nalidixic acid; NOV, novobiocin.  
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6.3. Impact of TN mutations on MexAB-OprM efflux activity  

To directly assess whether disruption of the various genes in the TN insertion mutants 

compromises MexAB-OprM activity, efflux activity was assessed in WT K767, ΔmexB, and the 

TN mutants using an ethidium bromide (EtBr) accumulation assay. Efflux activity can be assessed 

by monitoring the accumulation of EtBr by intact cells. EtBr is a fluorescent molecule that 

passively enters cells and is actively exported by MexAB-OprM (523). Once inside the cell, EtBr 

binds to DNA and becomes strongly fluorescent, and so, its active export, via MexAB-OprM, 

results in a decrease in fluorescence that can be measured by a fluorescence spectrophotometer  

(523). Thus, efflux activity is reflected in reduced EtBr accumulation. The mexB deletion strain 

demonstrated a marked increase in EtBr accumulation compared to its WT parent strain, K767 

(Fig 6.2), consistent with loss of MexAB-OprM activity. The mutants with TN insertions in the 

genes PA5198, PA4830, and PA3990, exhibited higher levels of fluorescence emission, also 

consistent with loss of efflux activity, though levels seen were greater than those exhibited by the 

mexB deletion strain (Fig. 6.2). Since it has previously been reported that several RND efflux 

systems in P. aeruginosa are capable of EtBr extrusion, one possibility is that the gene disrupted 

in these mutants adversely impacts the activity efflux systems in addition to MexAB-OprM. 

However, we cannot exclude the possibility that the observed increase in EtBr accumulation may 

be due to some loss of OM barrier function, which would also be consistent with an increase 

antimicrobial susceptibility. Strikingly, transposon insertion in the chpA gene resulted in lower 

levels of EtBr accumulation than WT K767, suggesting that efflux and/or increased OM 

impermeability are enhanced in this mutant. Given the current available information regarding 

chpA function, a clear link to MexAB-OprM activity and decrease in antimicrobial resistance for 

this mutant is not obvious.  



151 

 

While mutants with TN-disrupted PA4830, PA5198, and PA3990 genes, may somehow be 

defective in MexAB-OprM activity, no clear links could be made between the identified 

transposon disrupted gene and MexAB-OprM operation, and thus, they were precluded from 

further analyses. Transposon insertion in the bamB gene mutant demonstrated a marked increase 

in fluorescence emission comparable to the ΔmexB strain, and this is consistent with a decrease in 

MexAB-OprM efflux activity. Since BamB facilitates the assembly and insertion of OM β-barrel 

proteins (560, 561) and OprM is anchored to the OM via its β-barrel domain, loss of BamB may 

hinder the assembly and insertion of OprM into the OM, thus, compromising MexAB-OprM 

activity. Therefore, the contribution of BamB to MexAB-OprM activity was studied further. 
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Figure 6.2 Impact of the Tn-disrupted genes of P. aeruginosa on ethidium bromide accumulation. 
Strain K767 (WT), K1523 (DmexB), K3779 (PA5198::TN), K3776 (PA4830::TN), K3780 
(PA3990::TN), K3781 (bamB::TN), K3777 (chpA::TN) were grown in LB medium to mid-log phase, 
harvested, washed, and resuspended in 100mM NaCl-50mM sodium phosphate buffer containing 0.1% 
(vol/vol) glycerol to a final OD600 of 1. EtBr was added at a final concentration of 50 µM and 
accumulation monitored overtime using a spectrofluorometer. A no-cell control was included (Buffer). 
The data are the mean±SEM of three independent determinations. 
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6.4. Complementation of the bamB transposon mutant with cloned bamB  

To ensure that the observed increase in antimicrobial susceptibility and activity of the 

bamB::TN mutant is not due to a polar effect of the TN in the bamB gene on the downstream 

PA3799 gene, a plasmid-encoded copy of the WT bamB gene was introduced into the bamB::TN 

mutant. The cloned bamB gene complemented the bamB mutant with respect to antimicrobial 

resistance (Table 6.3) and efflux activity (Fig. 6.3), as it restored antimicrobial resistance and 

efflux activity to levels seen for WT K767. This indicates that disruption of the bamB gene was 

indeed responsible for the observed reduction in antimicrobial resistance and efflux activity. These 

data are consistent with BamB positively influencing MexAB-OprM activity, possibly by 

facilitating the assembly and insertion of OprM into the OM of P. aeruginosa, thus. forming a 

fully functional pump.  
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Table 6.3. Impact of cloned bamB on antimicrobial resistance to MexAB-OprM substrates by the bamB::TN 

mutant 
 

                                                                 MIC (µg/ml)a for:  

Strain Plasmid CAR          CAM         NAL          NOV  

K767 (WT) -b 64 64 128 1024  

K3781 (bamB::TN) - 16 32 32 256  

K767 (WT) pRK415 32 64 64 512  

K3781 (bamB::TN) pRK415 16 16 32 128  

K3781 (bamB::TN) pRK415::bamB 32 32 128 512  
               aCAR, carbenicillin; CAM, chloramphenicol; NAL, nalidixic acid; NOV, novobiocin.  

                bNo plasmid.  
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Figure 6.3 Impact of the cloned bamB gene on EtBr accumulation in the bamB::TN mutant. 
The strains K767 (WT), K1523 (DmexB), K3781 (bamB::TN), harbouring pRK415 (empty 
plasmid) or  pRK415::bamB were grown in LB medium, harvested, washed, and resuspended in 
100mM NaCl-50mM sodium phosphate buffer containing 0.1% (vol/vol) glycerol to a final 
OD600 of 1. EtBr was added at a final concentration of 50 µM and accumulation monitored 
overtime using a spectrofluorometer. A no-cell control was included (Buffer). The data are the 
mean±SEM of three independent determinations.  
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6.5. Assessing the role of BamB in facilitating OprM assembly in the cell envelope of P. 

aeruginosa 

 

Incorrect assembly of OMPs can result in their degradation by periplasmic proteases (524). 

To assess if BamB plays a role in OprM assembly and its loss in the bamB::TN mutant adversely 

impacts the stability of OprM, cell envelopes were isolated from the WT and bamB::TN strains, 

and the presence of OprM assessed via western blotting using monoclonal anti-OprM antibodies. 

As seen in Fig. 6.4A, disruption of the bamB gene did not impact the stability of OprM, as there 

are similar amounts of OprM present in both the WT and bamB-null strains. Thus, BamB does not 

appear to facilitate the proper assembly of OprM into the OM. Still, it should be noted that 

improperly assembled OMPs can accumulate as aggregates in the periplasm that co-sediment with 

cell envelopes during centrifugation, and therefore, can lead to erroneous conclusions regarding 

no defect in OprM assembly (477). Consistent with this, depletion of the essential component of 

the Bam complex, BamA, in N. meningitidis resulted in the accumulation of unfolded OMP 

aggregates in the periplasm (525). Thus, the absence of an observable decrease in cell envelope 

levels of OprM in the bamB::TN mutant is not proof that BamB does not facilitate OprM assembly. 

A second approach to examining the possible impact of bamB TN-disruption on OprM assembly 

is to assess the native oligomeric status of OprM in cell envelope preparations. A characteristic 

feature of several OMPs, including OprM, is that they retain their native conformation and 

oligomerization status (typically trimers) following cell envelope purification and subsequent 

electrophoresis on semi-native SDS-PAGE gels (477, 526). However, improperly assembled 

OMPs that aggregate in the cell envelope do not retain their native conformation/oligomerization 

status, and appear as monomers on a semi-native gel (477). Therefore, if BamB mediates the 

proper assembly of OprM into the OM, then OprM should appear as a monomer when the cell 
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envelopes of the bamB-null strain are analyzed by semi-native SDS-PAGE.  In contrast, if OprM 

is properly assembled then it should appear as a trimer when the cell envelope is isolated from the 

WT K767 strain and analyzed under similar conditions. As seen in Fig. 6.4B, under semi-native 

conditions OprM remains in its native trimeric conformation in both the WT and bamB-deficient 

strains, which is consistent with BamB not mediating the folding and insertion of OprM into the 

OM. In addition, both strains produced similar amounts of the OprM trimer. These results 

demonstrate that BamB does not facilitate OprM assembly into the OM of P. aeruginosa. 
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Figure 6.4 Impact of the TN-disrupted bamB gene on OprM levels and assembly. (A) 
Cell envelopes isolated from P. aeruginosa strains, WT K767 (Lane 1), K767DoprM 
(K3698), and K3781 (K767 bamB::TN) were analyzed by Western blotting using murine 
monoclonal antibodies against OprM following SDS-PAGE.  (B) Cell envelopes isolated 
from from P. aeruginosa strains, WT K767 (Lane 1) and K3781 (K767 bamB::TN) (Lane 
2) were analyzed by Western blotting using murine monoclonal antibodies against OprM 
following semi-native SDS-PAGE. 
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6.6. Impact of loss of BamB on OM permeability of P. aeruginosa  

 

The accumulation of EtBr in the bacterial cell results from the interplay between cell 

envelope permeability and active efflux, such that any increase in fluorescence can be attributed 

to not only a decrease in active efflux but also an increase in uptake owing to a loss of OM barrier 

function. Indeed, it is well known that meaningful antimicrobial efflux is dependent on a properly 

functioning OM barrier (85). To assess whether the integrity of the OM is compromised in the 

bamB::TN mutant, a 1-N-phenylnaphthylamine (NPN) uptake assay was carried out. NPN is a 

hydrophobic fluorescent probe that, in Gram-negative bacteria, is normally excluded from entry 

into the cell by the LPS layer, but can enter through regions where the membranes have been 

damaged (527). NPN fluoresces weakly in aqueous environments, but fluoresces strongly in the 

hydrophobic environments of cell membranes and, so, fluorescence is a measure of an increase in 

NPN uptake and, thus, OM integrity (527). As seen in Fig. 6.5. deletion of mexB did not impact 

NPN uptake compared to WT cells, indicating that NPN is not a substrate of the MexAB-OprM 

efflux system. Disruption of bamB in the bamB::TN mutant led to an increase in NPN uptake 

compared to K767, an indication that the OM permeability barrier was compromised in this 

mutant. The cloned bamB gene reduced NPN uptake (Fig. 6.5), consistent with loss of bamB being 

responsible for the observed increase in OM permeability of the bamB::TN mutant. These data 

suggest that disruption of the bamB gene compromises the permeability of the OM of P. 

aeruginosa and this manifested as an apparent loss of efflux activity and explains the increased 

susceptibility of this mutant to MexAB-OprM antimicrobial substrates. 
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Figure 6.1 Impact of loss of bamB gene on OM permeability. OM permeability, as 
assessed by NPN fluorescence, was measured over time in the WT (K767), K1523 
(DmexB), K3781 (bamB::TN) strains harbouring pRK415 (empty plasmid) or  
pRK415::bamB. A no-cell control was included (Buffer). NPN uptake was monitored at 
an excitation wavelength of 350 nm and an emission wavelength of 420 nm. The data 
are the means of three independent experiments.  
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Chapter 7 

Discussion 

7.1 Mechanism of translational coupling of the PA3720-armR operon  

 

A previous study suggested that PA3720 is essential for the multidrug resistance phenotype 

of a nalC mutant - a PA3720 deletion reversed the multidrug resistance of a nalC strain (12). We 

now report that the stability, and possibly, translation of the armR message is coupled to translation 

of PA3720, and is a likely explanation for these earlier observations. Translational coupling of an 

operon is a ubiquitous mechanism that helps to maintain a constant ratio between proteins 

expressed from the same operon, and has been shown to impact a wide range of biological 

processes (502, 505, 529-533). Introduction of a premature stop codon in the PA3720 ORF 

abolished the multidrug resistance phenotype of a nalC mutant and this was due to a substantial 

decrease in the stability of the armR mRNA, and consequently, production of the ArmR anti-

repressor needed to drive mexAB-oprM expression. In contrast, mutations that inactivated the 

PA3720 protein, but did not alter its reading frame, and allowed the ribosome to terminate at its 

native stop codon, did not impact the multidrug resistance phenotype of a nalC mutant. These 

observations indicate that the PA3720 protein is dispensable for the multidrug resistance 

phenotype of a nalC-type strain. The observed decrease in armR transcript levels and stability in 

the PA3720am mutant must be due to premature termination of PA3720 translation, which in turn 

likely affects the presence of ribosomes binding to and protecting the armR-bearing portion of the 

transcript from cellular nucleases (Fig. 7.1). It is known that ribosomes can act as protective 

barriers that impede mRNA cleavage (528); however, introduction of a premature stop codon in 
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the upstream gene of a translationally coupled operon may enhance mRNA degradation of the 

downstream transcript, as the naked mRNA is not protected with actively translating ribosomes 

(498, 506). 
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Figure 7.1 A mechanistic model of translational coupling of armR to PA3720. (A) Translation of 
the bicistronic PA3720-armR operon in a nalC-type mutant. The image shows the ribosome binding 
site (RBS superimposed on yellow rectangle), the PA3720 and armR start codons (AUG superimposed 
on green rectangle), PA3720 mRNA (deep sky blue), armR mRNA (baby blue), the PA3720 and armR 
stop codons (TGA superimposed on red rectangles), the PA3720-armR intergenic region (black square), 
and ribosomes (stacked, shaded yellow circles). Normally (as in the nalC-type mutant), a ribosome 
binds to the RBS upstream of PA3720 and translates PA3720. Following translation of PA3720, the 
ribosome dissociates and reassembles (reinitiates) near the armR ORF and continues on to translate the 
armR coding sequence. Translating ribosomes on the armR mRNA act as a protective barrier that 
impedes mRNA cleavage by cellular RNases and, thus, the armR message is successfully translated, 
which ultimately drives mexAB-oprM expression and multidrug resistance. (B) When translation of 
PA3720 terminates prematurely, as in the nalC PA3720am mutant, the ribosome dissociates and is 
unable to reinitiate translation at the armR ORF. As a result, the armR mRNA is not protected by 
ribosomes resulting in a marked increase in the decay rate of the armR mRNA as it is more susceptible 
to cellular RNases. This results in a substantial reduction in armR transcript levels and ultimately, 
production of ArmR, which is required to drive mexAB-oprM expression in nalC-type mutants.  
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To date, two interrelated models of translational coupling have been proposed (494, 498, 

504, 529, 532, 534, 535). One model for translational coupling suggests that in the absence of 

translation of an upstream gene in a polycistronic message, an inhibitory secondary structure 

sequesters the RBS of the coupled downstream gene (498, 505, 529, 534). Thus, movement of a 

ribosome along the upstream mRNA removes this structural barrier, while simultaneously creating 

a high local concentration of ribosomes that reinitiate translation at the second ORF (531). In 

addition, removal of this structural barrier may also permit de novo ribosome access to the 

occluded RBS (495, 498, 536). Interestingly, M-fold analysis of a sequence beginning 50 bp 

upstream and ending 20 bp downstream of the armR start codon predicted two potential secondary 

structures, one of which sequesters a sequence that includes the armR start codon and possibly its 

RBS, suggesting that both secondary structures may act to prevent armR translation in the absence 

of PA3720 translation (Fig. 7.2). One possibility is that in the absence of PA3720 translation, 

formation of this secondary structure may block translation initiation of armR mRNA. Still, the 

observation that the plasmid-encoded armR gene, including 50 bp upstream of the armR start 

codon can restore mexAB-oprM expression and antimicrobial resistance in the PA3720 null nalC-

type mutant strain, suggests that armR can be translated independently of PA3720 and that the 

predicted inhibitory secondary structures do not impede armR translation.  
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The second model for translational coupling suggests that ribosomes translating the first 

ORF of a polycistronic message do not fully dissociate from the transcript and continue to translate 

the downstream gene (504, 534, 535). This so-called ‘restart mechanism’ is based on the 

observation that gradually increasing the intergenic distance between two genes in a bicistronic 

message negatively impacts translation of the downstream gene, as the probability of the ribosome 

detaching from the bicistronic mRNA and returning to the cytosolic ribosome pool increases over 

longer distances (495, 504, 534, 535). Therefore, the greater the intergenic distance, the greater 

the decrease in the translation efficiency of the second ORF (504). Consistent with this mechanism 

operating for PA372-armR, introduction of a premature stop codon in PA3720, which dramatically 

increased the distance between the PA3720 stop codon and armR start codon (~400 bps), led to a 
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Figure 7.2 Predicted most stable secondary structures of the mRNA 
region surrounding the armR start codon. The image shows the WT 
sequence surrounding the armR start codon. The armR start codon and 
PA3720 stop codon are indicated by squiggly brackets.  The structural 
analysis was performed using M-fold with the default settings and at 
37°C (1). The predicted stability of this structure is DG=-28.1. 
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substantial reduction in armR transcript levels and stability, which can be explained by reduced 

translation efficiency of armR. These observations are consistent with a re-start mechanism being 

predominantly responsible for armR translation.  

The premature termination of PA3720 translation on armR mRNA transcript levels can 

also be explained by Rho-dependent premature transcription termination of the armR message in 

the PA3720am mutant. We were, however, unable to recover a rho deletion, likely because it is an 

essential gene in P. aeruginosa. Nonetheless, if Rho was responsible for the observed decrease in 

armR transcript levels in the PA3720am, then insertion of the strong RBS immediately upstream of 

the armR ORF should have had no impact on armR transcript levels, as Rho would prevent the 

synthesis of the armR transcript. The observation, however, that a strong RBS inserted upstream 

of the armR gene in the PA3720am-armR operon restored armR transcript levels, clearly indicates 

that Rho-dependent termination is not responsible for the substantial decrease in armR transcript 

levels in the PA3720am mutant, which provides further support for PA3720-armR being 

translationally coupled. Therefore, the decrease in armR mRNA in the PA3720am mutant is best 

explained by loss of this coupling, resulting in an increase in turnover of unprotected (by 

ribosomes) mRNA.  

7.2. PA3720 negatively influences armR translation 

 

We show here that PA3720 functions as an RNA-binding protein that negatively influences 

the stability of the adjacent armR-bearing mRNA, although the mechanism by which PA3720 does 

this remains unclear. In bacteria, several regulatory RNA-binding proteins have been described 

that control the stability of their target mRNA by influencing the efficiency of its translation by 

either directly competing with ribosomes for binding to the RBS (537-540) or by altering the 
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secondary structure of the mRNA near this site (541). For example, Hfq regulates the stability of 

ompA mRNA by competing with the ribosome for binding to the 5’ untranslated region of ompA - 

increasing the susceptibility of this transcript to endonuclease attack (538). The global regulator, 

CsrA of E. coli, binds to regions that overlap with the RBS (537, 540), translation initiation codon 

(539), or sites that are present within the coding region (542), reducing the translation efficiency 

of its target mRNAs by competing with the ribosome for binding, and in some instances this leads 

to mRNA degradation (540, 543, 544). In P. aeruginosa, binding of RsmA, a CsrA ortholog, to 

one of its target mRNAs stabilizes a hairpin structure in the region spanning the RBS, preventing 

ribosome binding, although the impact on the stability of its target mRNA was not assessed (541). 

One example of an RNA-binding protein influencing the stability of an mRNA by altering its 

secondary structure involves the E. coli ‘cold shock’ family protein, CspA (545). CspA 

destabilizes mRNA secondary structures and functions as a chaperone to maintain RNA in a 

single-stranded state, a conformation that favours degradation (545). Further delineating the 

PA3720 binding site on the armR transcript may provide insight into how PA3720 controls the 

stability of the armR message in P. aeruginosa.  

An example whereby an RNA-binding protein influences translational coupling has been 

described in E. coli for the IF3 operon, whose gene products are involved in ribosome biogenesis 

(546). This operon is comprised of the infC, rpmL and rplT genes, encoding initiation factor 3 

(IF3), and two ribosomal proteins, L35 and L20, respectively, and is regulated by two different 

translational negative feedback loops (546). L20, encoded by the final gene of the operon, is also 

an RNA-binding protein and represses the translation of the upstream rpmL gene by binding to a 

site upstream of rpmL (547-549). L20 inhibits rpmL translation by competing with the ribosome 

for binding to the leader mRNA region (549). When translation of rpml is blocked, the half-life of 
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the mRNA in the 3’ portion of the infC-rpml-rplT polycistronic message also decreases (548), 

reminiscent of the impact of the amber mutation in PA3720 on armR stability. Thus, PA3720 may 

function to uncouple translation of armR from PA3720, possibly by outcompeting ribosomes for 

binding to the armR mRNA, and increasing the susceptibility of this message to RNases (see Fig. 

7.3 for an overall model).  
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Figure 7.3. A mechanistic model of PA3720-mediated post-transcriptional regulation of 
armR. (i) The image shows the ribosome binding site (RBS superimposed on yellow rectangle), 
the PA3720 and armR start codons (AUG superimposed on green rectangle), PA3720 mRNA 
(deep sky blue), armR mRNA (baby blue), the PA3720 and armR stop codons (TGA 
superimposed on red rectangles), the PA3720-armR intergenic region (black square), and 
ribosomes (stacked, shaded yellow circles). In a nalC-type mutant, PA3720 is translated, and 
locally produced PA3720 protein binds to a site (s) (dotted lines) on the armR mRNA, where it 
blocks translation of the armR message. (ii) Blocking of armR translation results in a decrease 
in ribosome binding to the armR transcript, which allows for cellular RNases to degrade the 
armR mRNA. 
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7.3 Specificity of the PA3720 protein for armR mRNA 

 

Paradoxically, PA3720 can bind RNA non-specifically in vitro and in vivo, but it appears 

to have a specific effect on armR mRNA in vivo. RNA-binding proteins are considered non-

specific if the protein binds to sites that are devoid of any defined sequence or structural motifs 

(550). In contrast, specific RNA-binding proteins preferentially interact with defined RNA 

sequences, structural motifs or a combination of the two (550). One possibility is that PA3720 

possesses a higher affinity for the armR transcript, and lower affinity for non-relevant RNA. 

Recently, the eukaryotic RNA-binding protein, polycomb repressive complex 2 (PRC2) was 

shown to bind multiple RNA molecules in vitro with varying affinities, but as with PA3720, with 

no apparent specificity (551). While PRC2 can bind to physiologically-relevant RNAs and non-

relevant RNAs both in vivo and in vitro (551, 552), the affinity of PRC2 for non-relevant RNAs is 

lower than its affinity for physiologically-relevant RNAs (551). For this reason, PRC2 has been 

referred to as a specific, but promiscuous RNA-binding protein. Nonetheless, there is no obvious 

RNA motif that explains the differences in affinity of PRC2 for its preferred targets (551). Thus, 

PA3720 may also be promiscuous, and this would explain its ability to bind different RNA 

molecules in vivo and in vitro, but it is specific as it binds preferentially to the armR transcript. 

The fact that PA3720 is translated in the immediate vicinity of the armR transcript in the 

chromosome of P. aeruginosa, where the local concentration of the PA3720 protein and armR 

transcript is likely to be higher, may effectively make PA3720 specific for the armR transcript. 

We hereby rename PA3720 as ArbA for armR RNA-binding protein A.  

A second paradox is that PA3720 bound to the arbitrarily-chosen, non-relevant desA 

transcript in vivo in the presence of other potentially competing cellular RNAs. One possibility is 
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that the plasmids encoding PA3720 and desA co-localize within the cell, and that translation of 

PA3720 in the vicinity of the desA transcript permits an interaction between the locally 

concentrated PA3720 protein and desA mRNA that can be captured by RIPA. Consistent with this, 

RK2 plasmids (pRK415::PA3720) and ColE1-based vectors (pUCP18::desA), which were used in 

this study, were independently shown to localize to similar regions within the E. coli cell (507, 

509). The observations that plasmid-expressed PA3720 can interact with and decrease transcript 

levels of the chromosomally-expressed armR transcript in the presence of other potentially 

competing cellular RNAs, indicates that PA3720, despite its ability to bind RNA non-specifically, 

preferentially binds armR mRNA in vivo.  

7.4 Post-transcriptional regulation of armR by PA3720 

 

The dual regulation of armR expression at the transcriptional level by the NalC repressor 

and at the post-transcriptional level by PA3720, with PA3720 also regulated by NalC, raises 

questions as to the purpose of the PA3720 influence on armR mRNA. One possibility, is that 

PA3720 may play a role in fine-tuning armR transcript levels so as to prevent cellular 

concentrations of ArmR, and ultimately, MexAB-OprM from exceeding a certain level. Given the 

modest increase in armR transcript levels observed in the absence of a functional PA3720 protein 

(PA3720dfs), PA3720 may be minimally active in the nalC-type strain under the conditions tested. 

Thus, it is possible that PA3720 responds to certain effectors that are generated in the cell in 

response to some environmental condition that induces expression of the PA3720-armR operon, 

and once activated, PA3720 functions as a regulatory switch that either blocks armR translation 

and/or destabilizes the armR transcript, effectively preventing ArmR production. In any case, the 

nature of the signal(s) to which PA3720 responds to effect armR expression remains unknown.  



170 

 

7.5. MexAB-OprM is involved in the envelope stress response of P. aeruginosa 

 

The AmgRS TCS of P. aeruginosa is an envelope stress response regulatory system that 

responds to CM perturbation caused by AG-promoted mistranslated/misfolded polypeptides (133, 

488). Here we demonstrate that AmgRS activation by AGs, DIA, or mutation promotes mexAB-

oprM expression. Both AGs and DIA have been shown to cause protein misfolding and formation 

of protein aggregates in bacteria (134, 514, 515), suggesting the possibility that AG- and DIA- 

induced protein aggregation may somehow activate the AmgRS TCS to then recruit the MexAB-

OprM efflux system. Although it is unclear what role MexAB-OprM plays in response to AG or 

DIA, the observation that expression of this efflux system is regulated by a known envelope stress-

responsive TCS implicates it in alleviating some adverse consequence of membrane perturbation 

in P. aeruginosa. Indeed, it is becoming increasingly appreciated that RND efflux systems in P. 

aeruginosa and other organisms play important physiological roles in addition to their roles in 

multidrug resistance (23, 553). For example, MexAB-OprM has been implicated in the oxidative 

stress response (327, 328), export of quorum sensing signaling molecules  (554, 555), and 

virulence (556) in P. aeruginosa.  

In a previous study, AmgRS activation (via AG exposure or mutation) was shown to 

indirectly (unpublished data), positively influence expression of a second RND efflux system, 

MexXY-OprM, a drug efflux pump involved in AG resistance (133). AmgRS-promoted mexXY 

induction was lost in mutants lacking the AmgRS-positively regulated genes htpX and PA5528, 

which encode a CM-associated protease and a membrane protein of unknown function, 

respectively (133). The implication is that degradation of AG-promoted aberrant polypeptides by 

AmgRS-regulated proteases somehow drives expression of mexXY, which in turn is thought to 

export these degradation products (133, 488). The co-regulation of mexXY (indirect) and mexAB-
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oprM (direct) by the AmgRS TCS upon AG exposure clearly indicates that these two RND efflux 

systems play unique roles in ameliorating AG-promoted envelope stress. In either case, the precise 

physiological role of each of the RND efflux systems remains unknown.   

Puzzlingly, several AGs induced mexAB-oprM expression with the exception of TOB. 

These results are consistent with a previous study in which TOB at 1x the MIC failed to activate 

AmgRS in promoting AmgR-dependent expression of the htpX gene, while other AGs did so at 1 

x MIC (488). These data suggest that the strength of the inducing signal generated by TOB at 1 x 

the MIC is insufficient to trigger the AmgRS signaling pathway. Consistent with membrane 

perturbation being an important signal for AmgRS-dependent expression of mexAB-oprM, 

treatment of WT P. aeruginosa with TOB at 1 x and even 2.5 x the MIC was previously shown to 

be markedly less membrane-damaging than other AGs at 1x the MIC (133). One possibility, then, 

is that TOB at 1 x MIC, unlike other AGs, does not produce CM-damage sufficient to trigger the 

AmgRS TCS, and, ultimately, induce mexAB-oprM expression.  

7.6 Identification of novel signals that impact mexAB-oprM expression  

 

Attempts to more directly link membrane perturbation to AmgRS-dependent induction of 

mexAB-oprM expression by blocking AG-induced protein mistranslation/misfolding were made 

by pre-treating P. aeruginosa cells with CAM. While CAM did block AG-mediated induction of 

mexAB-oprM expression, consistent with mistranslated proteins promoting expression of this 

efflux system, it also decreased mexAB-oprM expression on its own. Interestingly, another 

translation-inhibiting agent, TET, also decreased mexAB-oprM expression, suggesting that some 

endogenous mistranslation may be occurring in P. aeruginosa, even in the absence of AGs that 

triggers AmgRS-dependent induction of mexAB-oprM. Thus, one possibility, then, is that TET and 
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CAM block endogenous production of mistranslated/misfolded proteins that trigger AmgRS-

dependent induction of mexAB-oprM expression. This is unlikely, however, given the observation 

that in the absence of AGs, deletion of either amgS or amgR does adversely impact mexAB-oprM 

expression, indicating that AgmRS does not drive expression of mexAB-oprM in response to 

endogenously produced mistranslated/misfolded proteins. A more likely explanation, then, is that 

CAM and TET directly or indirectly negatively impact mexAB-oprM expression.  

In a subsequent attempt to show that only ribosome-targeting agents that cause 

mistranslation activate AmgRS-dependent induction of mexAB-oprM expression, the ability of 

macrolides, which target the ribosome, but do not cause mistranslation, were assessed. 

Unexpectedly, the macrolides, ERY and AZI, induced expression of mexAB-oprM, although this 

was independent of the AmgRS TCS, which is consistent with CM damage/protein aggregation 

being responsible for triggering AmgRS-dependent induction of mexAB-oprM expression, 

indicating that macrolides operate via another mechanism to induce mexAB-oprM expression. 

Interestingly, unlike AGs, macrolides are accommodated by the MexAB-OprM efflux system. 

Recently, NOV, which is another MexAB-OprM substrate, was also shown to induce expression 

mexAB-oprM, by binding to and blocking binding of the NalD repressor to the mexAB-oprM 

promoter (329). Notably, both NOV and macrolides are naturally produced by members of the 

Streptomyces species, and like P. aeruginosa, are found in the soil (557-559). One possibility then, 

is that both NOV and macrolides are natural inducers and substrates of the mexAB-oprM efflux 

system, whose recruitment permits the survival of P. aeruginosa in the presence of NOV-

/macrolide- producing Streptomyces species. In any case, the mechanism by which macrolides 

induce mexAB-oprM expression is currently unclear and warrants further investigation.  
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7.7 Identification of genes impacting MexAB-OprM activity   

 

While several mexAB-oprM regulators have been identified that are linked to inducible 

expression of mexAB-oprM [e.g. NOV and NalD (397), PCP and NalC (396), peroxides and MexR 

(328), AGs/DIA and AmgRS (this study)], it is unclear if there are additional regulators that 

contribute to the constitutive expression of this efflux system under standard laboratory conditions. 

Herein, we recovered several TN insertion mutants of WT P. aeruginosa with increased 

susceptibility to CAR, as a surrogate for decreased or lost mexAB-oprM expression; however, none 

of these mutants demonstrated a loss in MexB production, suggesting that MexAB-OprM activity 

may be impaired in these mutants. Although several genes were identified whose disruption 

resulted in an increase in susceptibility to MexAB-OprM antimicrobial substrates and therefore 

possible loss of efflux activity, we could not readily make an obvious link between the predicted 

or known protein functions of the TN-disrupted genes and MexAB-OprM. One exception, 

however, was the bamB::TN mutant, where BamB could have contributed to OprM assembly, 

since it is known to facilitate the assembly of similar OM proteins in E. coli (560, 561). Still, it is 

clear that the observed impact of a bamB-null mutation on antimicrobial resistance and efflux 

activity was due to an increase in the OM permeability of this mutant. In agreement with this, Lee 

K-M, et. al 2017, isolated a bamB TN mutant from a genetic screen aimed at identifying novel 

targets that renders P. aeruginosa sensitive to lysozyme, an agent normally not able to penetrate 

the OM, consistent with loss of bamB compromising the OM barrier of P. aeruginosa (562). The 

authors of this paper also demonstrated that a bamB-null mutant is sensitive to agents that target 

cell wall synthesis, including vancomycin, ampicillin, and ceftazidime, further support for the 

permeability of the OM being increased in this mutant (562).  
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A second gene identified, whose disruption may compromise operation of MexAB-OprM 

in P. aeruginosa is PA5198, which encodes for a cytoplasmic LD-carboxypeptidase involved in 

PG recycling (521). RND efflux pumps are multicomponent structures that span the entire cell 

envelope including the PG layer. Thus, defects in PG synthesis could alter the operation of the PG-

spanning MexAB-OprM efflux system. Interestingly, deletion of the gene encoding for an LD-

carboxypeptidase enzyme, Pgp2, in C. jejuni led to a motility defect in this organism, suggesting 

that this enzyme mediates the proper assembly and/ or function of the flagellar apparatus (563). It 

was suggested that loss of Pgp2 results in changes in the PG structure that may hinder the 

interaction of PG with the MotB flagellar protein involved in generating torque for flagellar 

rotation (563). Still, loss of PA5198 in P. aeruginosa led to a substantial increase in intracellular 

EtBr accumulation greater than the mexB deletion strain, suggesting that loss of PA5198 may not 

only interfere with MexAB-OprM operation, but possibly all efflux systems that span the PG layer, 

as EtBr is often used as general measure of efflux activity (302, 324, 364, 564). Another possible 

explanation is that both efflux activity and the OM barrier are compromised in the PA5198 TN 

mutant. Consistent with the OM barrier being compromised in this mutant, alterations in PG 

metabolism have been linked to an increase in OM permeability and b-lactam sensitivity in P. 

aeruginosa (565). In any case, whether or not the OM barrier is compromised and/or operation of 

multiple efflux systems are impaired in this mutant remains unclear.  
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Chapter 8 

Summary and Future Directions 

 In summary, we have elucidated a role for the hypothetical PA3720 protein in P. 

aeruginosa, and have shown that it functions as an RNA-binding protein that negatively influences 

the stability of the adjacent armR mRNA. The mechanism by which PA3720 destabilizes the 

armR-bearing transcript remains unclear. It is currently thought that binding of PA3720 to the 

armR transcript interferes with its translation by reducing the density of ribosomes on the 

transcript, which increases the susceptibility of the transcript to cellular ribonucleases. It is also 

unclear how PA3720 would bind to an mRNA that is presumably occupied by translating 

ribosomes. One possibility is that when the ribosome terminates translation at the stop codon of 

PA3720 it temporarily disassembles at the junction of PA3720 and armR, which may expose a site 

that is recognized by PA3720. Here, the locally-expressed PA3720 protein would bind to and block 

translation of the downstream armR mRNA and expose this transcript to cellular RNases. 

 In order to directly assess if PA3720 influences translation of the armR message, future 

studies will involve assessing the impact of WT or mutant (dfs) PA3720 on production of ArmR 

using a cell free in vitro transcription and translation system. It is currently hypothesized that 

inactivation of PA3720 will result in an increase in ArmR protein levels when compared to WT 

PA3720 being expressed upstream of the armR mRNA. In addition, mapping of the precise 

PA3720 binding site(s) on the armR transcript (e.g. RBS, armR start codon, within the coding 

region) by determining the footprint of PA3720 on the armR transcript will provide insight into 

how PA3720 negatively influences armR transcript levels, and presumably translation.  
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To assess if PA3720 negatively impacts the stability of the armR transcript by 

outcompeting ribosomes for binding to the armR-bearing portion of the transcript, ribosome 

occupancy along the PA3720-armR bicistronic message will be assessed in vivo by determining 

the ribosome footprint profile across this transcript in the absence or presence of PA3720.  

 PA3720 may also co-operate with other proteins in vivo to preferentially bind the armR 

transcript. In the case of YopD, a component of the type III secretion system (T3SS) of Yersinia 

species, it also functions in complex with the secretion chaperone, LcrH, to post-transcriptionally 

repress translation of the T3SS genes under high calcium conditions (non-permissive condition for 

secretion) (566, 567). YopD associates with the 30S ribosomal components in a manner requiring 

LcrH to block translation of the T3SS, but the precise mechanism remains unclear (566). It has 

been proposed that YopD perturbs the formation of the 30S complex to prevent translation 

initiation from occurring (566) and this may result in enhanced degradation of the transcript by 

RNases (567). One, possibility, then, is that PA3720 also functions in complex with other proteins 

or the ribosome to block translation of armR. In vitro protein pull-down experiments using Ni-

NTA immobilized polyhistidine-tagged PA3720 as the bait and cell lysates of P. aeruginosa 

reference strain PAO1 as the prey have been carried out but failed to identify any PA3720 

interacting protein partners (data not shown). However, these experiments were carried out in the 

absence of any chemical cross-linkers and therefore, we cannot exclude the possibility that 

PA3720 forms transient and/or weak protein-protein interactions in its control of armR translation. 

To assess if PA3720 functions in complex with other proteins, future work will involve carrying 

out an in vivo protein-pull down assay.  

 Since PA3720 binds RNA non-specifically, one possibility is that PA3720 possesses a 

higher affinity for the armR mRNA than non-preferred RNAs. Thus, determining its binding 
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affinity for non-relevant target RNAs may provide insight into how PA3720 preferentially selects 

for the armR transcript in vivo. In addition, the ability of PA3720 to interact with desA in vivo is 

thought to be due to the co-localization of the plasmids expressing these genes and that translation 

of PA3720 in the vicinity of the desA transcript permits an interaction between the locally 

concentrated PA3720 protein and desA mRNA. Thus, to assess if PA3720 binding to the desA 

transcript is an artifact of plasmid co-localization and is actually a cis-dominant phenomenon, the 

ability of plasmid-expressed PA3720 to bind chromosomally-expressed desA (in trans) will be 

assessed using RIPA.  

 Herein, we have identified several additional signals that positively influence mexAB-oprM 

expression, including AGs, DIA, and macrolides. We demonstrated that AGs and DIA induce 

expression of mexAB-oprM in a manner dependent on the envelope stress-responsive AmgRS 

TCS. The precise AmgS activating signal generated by these agents is unknown; however, both 

AGs (134, 568)  and DIA (513-516)  have the ability to cause protein misfolding and the formation 

of protein aggregates. One possibility is that protein aggregation somehow activates the AmgS-

AmgR phosphorylation cascade and recruits the MexAB-OprM efflux system. To assess if protein 

aggregation is responsible for AmgRS-mediated induction of mexAB-oprM expression, P. 

aeruginosa will be exposed to elevated temperatures or solvent exposure (EtOH), which are both 

well-known to cause intracellular protein aggregation in bacteria (569), and expression of mexAB-

oprM measured. Should heat shock and/or solvent exposure promote mexAB-oprM expression then 

the role of the AmgRS TCS in mediating this induction will be assessed.  

In addition to protein aggregation, both AGs and DIA are capable of generating oxidative 

stress. In bacteria, AGs stimulate the formation of hydroxyl radicals (570). On the other hand, DIA 

induces disulphide stress, a subcategory of oxidative stress, by oxidizing thiols and creating the 
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formation of aberrant disulfide bonds (571, 572). While protein oxidation can also result in the 

formation of intracellular aggregates (573), another possibility is that AmgS directly senses 

oxidative stress to then activate AmgR-mediated induction of mexAB-oprM expression.  In 

agreement with this, the CpxR-regulon of E. coli was induced in response to diminished 

superoxide dismutase activity (574), which is responsible for dismuting superoxide (O2
-) to H2O2 

(575), suggesting a role for this TCS in sensing oxidative stress. Given that AmgRS is functionally 

homologous to CpxRA, AmgRS may also respond to oxidative stress. To assess this, mexAB-oprM 

expression will be measured in the WT PA01 and ΔamgR strains in the absence and presence of 

superoxide-generating agents (e.g. paraquat and phenazine methosulfate) (576).  

It is also possible that AGs and/ or DIA directly interact with the AmgS sensor kinase and 

trigger the phosphorylation cascade. There are instances where an antibiotic directly binds to a 

sensor kinase. For example, the sensor kinase VanS, a component of the VanRS TCS that mediates 

vancomycin resistance, directly binds vancomycin, leading to activation of the VanR response 

regulator that promotes expression of genes required for the synthesis of alternate PG precursors 

that have a lower affinity for vancomycin (577-579). The sensor kinase VbrK associated with β-

lactam resistance in Vibrio parahaemolyticus is directly activated by β-lactam antibiotics, and this 

leads to phosphorylation of its cognate response regulator, VbrR, which promotes expression of a 

β-lactamase (580). Unlike these systems, which recruit specific resistance determinants that 

ameliorate the effects of the antimicrobial, AGs recruit MexAB-OprM but are not accommodated 

by this efflux system. Given the role of AmgRS in the envelope stress response of P. aeruginosa 

it is unlikely that AmgS directly responds to AGs. In any case, this study further supports 

accumulating evidence that RND efflux systems in P. aeruginosa play roles in stress responses 

independent of their contribution to antimicrobial efflux. 
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 Finally, we also demonstrated that macrolides induce mexAB-oprM expression 

independent of the AmgRS TCS. One possibility is that macrolides are effectors of any one of the 

known regulators of the mexAB-oprM efflux operon, and it will be of interest to first assess if 

macrolides induce mexAB-oprM expression dependent on these regulators.  

In summary, these studies further highlight the complexity of multidrug efflux gene 

expression control in P. aeruginosa and the potential for a myriad of environmental (and 

mutational) triggers to impact efflux gene expression and multidrug resistance in this organism. 
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Appendix 

A.1 Increasing the intergenic distance between PA3720 and armR adversely impacts armR 

transcript levels 
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Figure A.1. Impact of increasing the intergenic distance between PA3720 and armR on armR, mexA, 
and PA3720 transcript levels. (A) Reconstruction of the nalC-PA3720-armR locus and their 
transcriptional orientations are shown, including the nalC-PA3720 intergenic region and the T4 
transcriptional terminators (W) at the phage D113 attB site of the nalCΔPA3720ΔarmR strain. K3735, 
PA3720WT-armR operon; K3736, PA3720am-armR operon; K3740, PA3720WT-armR operon with 150 
bp of spacer DNA between the PA3720-armR genes; K3741, PA3720WT-armR operon with 250 bp of 
spacer DNA between the PA3720-armR genes. (B) The PA3720 and armR genes are expressed as larger 
transcripts upon insertion of spacer DNA between the two genes cloned at the phage D113 attB site. RT-
PCR was used to detect PA3720-armR transcripts in P. aeruginosa strain PAO1 (wild-type; lane 1), nalC 
(lane 2), and nalCΔPA3720ΔarmR (K3734) derivatives with no attB insert (lane 3), PA3720WT-armR 
cloned at the attB site (strain K3735; lane 4) and PA3720WT-armR cloned at the attB site with 150 bp (strain 
K3740; lane 5) or 250 bp (strain K3741; lane 6) of spacer DNA between the PA3720 and armR genes. 
Vertical white line indicates non-contiguous lanes within a gel. C-E Expression of (C) armR, (D) mexA, 
and (E) PA3720 in P. aeruginosa carrying the reconstituted PA3720-armR loci described in (A) as 
measured using qRT-PCR. Expression was normalized to rpsL and is reported relative to the wild-type P. 
aeruginosa PAO1 reference strain (fold-change). Values are means ± standard error of the means (SEMs) 
from at least three independent determinations, each performed in triplicate. 
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Table A.1 Impact of increasing the intergenic distance between PA3720 and armR 
on susceptibility to MexAB-OprM substrates 

 
 
 
 
 
 
 
 
 
 
 
 
 

aCAR, carbenicillin; CAM, chloramphenicol; NAL, nalidixic acid; NOV, novobiocin.  
bGenes inserted at phage D113 attB site of strain nalC∆PA3720∆armR. 
c No DNA was integrated at the phage D113 attB site.   
d150 bp of spacer DNA inserted between the PA3720WT armR genes at the phage D113 site. 
e 250 bp of spacer DNA inserted between the PA3720WT armR genes at the phage D113 site. 

 
 

 

 

 

 

 

 

 

                   MIC (µg/ml)a for: 

Strain attB-inserted PA3720-armR locusb CAR CAM NAL NOV 

K767 -c 64 32 128 1024 
K1454 - 256 128 1024 2048 

K3734 - 64 64 128 1024 
K3735 PA3720WT-armR 512 256 512 2048 
K3736 PA3720am-armR 64 64 256 1024 

K3740 PA3720WT-150 bp-armRd 256 256 256 2048 

K3741 PA3720WT-250 bp-armRe 64 64 64 1024 
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A.2 Translational coupling of lacZ with PA3720 increases lacZ transcript and protein levels  

 

 

 
 
Figure A.2. Impact of translational coupling of lacZ with PA3720 on lacZ transcript levels. lacZ transcript levels 
were measured in log-phase cells of P. aeruginosa strain nalCDPA3720DarmR (K3734) carrying the lacZ gene cloned 
downstream of the wild-type (WT) or amber mutation (am) –carrying PA3720 genes at the phage D113 attB site, 
strains K3743 and K3742, respectively, using qRT-PCR. Expression was normalized to rpsL and is reported relative 
to strain K3742 (fold-change). Values are means ± standard error of the means (SEMs) from at least 6 independent 
determinations, each performed in triplicate. The primers used were designed to amplify gene fragments with lengths 
of 109 bp (lacZ), 91 bp (rpsl), The amplification efficiencies of the qRT-PCR primer sets were 108.0% lacZ (r2 = 
0.996). 
 

 
Table A.2. Impact of translational coupling of lacZ with PA3720 on β-galactosidase activity 

 

     a Genes inserted at phage D113 attB site of strain nalC∆PA3720∆armR. 
         bβ-galactosidase assays were carried out on log phase cells of P. aeruginosa as described by Miller. J.H. 1993        
       (581).  
         cK3742, nalCDPA3720DarmR attB:: nalC-PA3720am-armR; K3743, nalCDPA3720DarmR attB:: nalC-  
        PA3720WT-armR 

 
 

 

 

 

 

Strainc attB-inserted	PA3720-armR	
locusa 

β-galactosidase activity (Miller 
Units)b 

K3724 PA3720am-lacZ 77.27±4.10 
K3743 PA3720WT-lacZ 624.29±22.50 
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A.3 Assessing if PA3720 influences armR transcript levels in response to PCP and H2O2 

 

 

Figure A.3. PA3720 does not influence armR RNA transcript levels in response to PCP or H2O2. (A) 
and (B) armR transcript levels were measured in the WT K767, nalC (K1454), and nalC PA3720dfs (K3744) 
strains expressing following exposure or not to ¼ MIC of PCP (0.75mM) or H2O2 (10 mM) using qRT-
PCR. Expression was normalized to rpsL and is reported relative to the wild-type P. aeruginosa PAO1 
reference strain (fold-change). Values are means ± standard error of the means (SEMs) from at least three 
independent determinations, each performed in triplicate.  
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A.4 Impact of inactivation of PA3720 in the presence of a functional NalC repressor on 
armR transcript levels and antimicrobial resistance 

 

 

 

 

 

 

 

 

 

 

Figure A.4. Impact of PA3720 inactivation in the presence of a functional NalC repressor on armR transcript 
levels. Expression of armR was assessed in P. aeruginosa mutants strains nalC (K1454) or nalC PA3720dfs (K3744) 
carrying plasmid pDSK519 (empty plasmid, grey bar) or pDSK519::nalC (pnalC, dark grey bars) using qPCR. 
Expression was normalized to rpsL and is reported relative to WT K767. Values are means ± standard error of the 
means (SEMs) from at least three independent determinations, each performed in triplicate. ***, P<0.001; ** P-value 
is between 0.001 and 0.01;* P-value is between 0.01 and  0.05; ns, not significant.  

 

Table A.3. Inactivation of PA3720 in the presence of WT NalC repressor does not impact antimicrobial 
resistance to known MexAB-OprM substrates. 

 
 
 
 
 

 

 

 

 

 
 

aCAR, carbenicillin; CAM, chloramphenicol; NAL, nalidixic acid; NOV, novobiocin. 
bNo plasmid.  
c pDSK519::nalC was previously constructed by Cao, L., et. al. 2004 (12) 

                   MIC (µg/ml)a for: 

Strain Plasmid CAR CAM NAL NOV 

K767 -b 64 32 128 1024 

K1454 (nalC) - 256 128 1024 2048 

K3744 (nalC PA3720dfs) - 256 128 1024 2048 

K1454 (nalC) pDSK519 256 256 1024 2048 

K1454 (nalC) pDSK519::nalCWT
c 32 16 128 512 

K3744 (nalC PA3720dfs) pDSK519 256 256 1024 2048 

K3744 (nalC PA3720dfs) pDSK519::nalCWT 32 16 128 512 

       



221 

 

A.5 PA3720 oligomerizes in vitro 

 

 

 

 

 

 

 

 

 

 

 

Figure A.5. Visualization of the SEC-purified PA3720 protein on an SDS-polyacrylamide gels and western 
immunoblotting. Immunoblot analysis of the HMW and LMW PA3720 (2.5 µg) fractions treated with or without b-
mercaptoethanol (final concentration of 0.715 M) and/or denaturation at 95°C for 5 minutes as indicated prior to SDS-
PAGE. Antibodies were directed against PA3720.  
 

 

 

 

 

 

 

 

 

PA3720HMW PA3720LMW

!-ME
Heat

-

- -

-+

+ +

+ -

- -

-+

+ +

+



222 

 

A.6 In vivo PA3720 self-association assay 

 

 

 

 

 

 

Figure A.6. LexA one-hybrid assessment of PA3720 self-association.   E. coli SU101 carrying  the empty pMS604 
plasmid (-, empty plasmid) or the indicated pMS604 plasmid derivatives expressing LexA fusions to wild-type MexT 
(positive control) or PA3720 was grown to mid log -phase and assayed for b-galactosidase activity as previously 
described (581). Results are the means± SEMs from three independent experiments carried out in triplicate.  
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A.7 Impacting of PA3720 mutations on armR transcript levels and multidrug resistance 

 

Figure A.7. Location of mutations impacting PA3720 function. The three-dimensional model of the PA3720 
monomer, comprising of 4 α-helices and 4 b-sheets, was creating by homology modelling on the crystal structure of 
the eukaryotic holliday junction-resolving enzyme GEN1(wt)2 in complex with product DNA, Mg2+ and Mn2+  ions, 
which was identified using the Phyre2 web portal for protein modeling (582). The amino acids that were mutated and 
their side chains (red sticks) are labeled.  
 

 

 

 

 

 

Figure A.8. Impact of various PA3720 mutations on armR transcript levels. Expression of armR was 
assessed in the strain K3734 harbouring various PA3720 mutations expressed on the same transcript as 
armR at the phage D113 site using qRT-PCR. Expression was normalized to rpsL and is reported relative 
to the wild-type P. aeruginosa PAO1 reference strain (fold-change). Values are means ± SEM from at least 
three independent determinations, each performed in triplicate. ***, P<0.001; ** P-value is between 0.001 
and 0.01;* P-value is between 0.01 and  0.05; ns, not significant.  

 

 
 

Cys83

Met22

Met127

C



224 

 

 
 
 
 
 
 

Table A.4. Impact of introducing mutating putative redox sensitive amino acid residues in PA3720 on 
antimicrobial resistance in P. aeruginosa 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

aCAR, carbenicillin; CAM, chloramphenicol; NAL, nalidixic acid; NOV, novobiocin.  
bGenes inserted at phage D113 attB site of strain nalC∆PA3720∆armR. 
c No DNA was integrated at the phage D113 attB site.   

 
 
 
 
 
 
 
 
 
 

                   MIC (µg/ml)a for: 

Strain attB-inserted 
PA3720-armR locusb CAR CAM NAL NOV 

K767 (WT) -c 64 32 128 1024 

K1454 (nalC) - 256 128 1024 2048 

K3734 (nalC∆PA3720∆armR) - 64 64 128 1024 

K3734 (nalC∆PA3720∆armR) PA3720WT-armR 512 256 512 2048 

K3734 (nalC∆PA3720∆armR) PA3720am-armR 64 64 256 1024 

K3734 (nalC∆PA3720∆armR) PA3720C83S-armR 

 
 
 
 
 

512 256 512 2048 

K3734 (nalC∆PA3720∆armR) PA3720M22A-armR 

 
256 N/Ad 512 N/Ad 

K3734 (nalC∆PA3720∆armR) PA3720M22I-armR 

 
256 N/Ad 512 N/Ad 

K3734 (nalC∆PA3720∆armR) PA3720M22Q-armR 

 
256 N/Ad 512 N/Ad 

K3734 (nalC∆PA3720∆armR) PA3720M127A-armR 

 
256 N/Ad 512 N/Ad 

K3734 (nalC∆PA3720∆armR) PA3720M127I-armR 

 
256 N/Ad 512 N/Ad 

K3734 (nalC∆PA3720∆armR) PA3720M127Q-armR 

 
256 N/Ad 512 N/Ad 
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A.8 desA transcript levels in P. aeruginosa strains used in the RIPA 

 

 

 

 

 

 

 

 

 

 

Figure A.9. Plasmid-expressed desA transcript levels in strains used in RIPA. Expression of desA was assessed 
in strains nalC∆PA3720∆armR harbouring no plasmids (-) or nalC∆PA3720∆armR harbouring pUCP19::desA and 
pRK415, or puCP19::desA and pRK415::PA3720 using qRT-PCR. Expression was normalized to rpsL and is reported 
relative to WT P. aeruginosa strain K767. Values are means ± standard error of the means (SEMs) from at least three 
independent determinations, each performed in triplicate.  
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A.9 PA3720 protects RNA from RNAse A digestion in vitro 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.10. PA3720 protects in vitro-generated RNA transcripts from RNAse A-mediated degradation. 182 bp 
UTP-biotinylated (A) armR and (B) mexC-derived RNA were incubated with RNAse A (0.01 ng/µl) in the absence or 
presence of high (PA3720HMW) or low (PA3720LMW) molecular weight PA3720 as indicated and the remaining RNAs 
resolved using denaturing polyacrylamide PA3720 gel electrophoresis. (C) PA3720-HIS purified from an E. coli hfq-
null strain. Data are representative of at least three independent experiments. Target RNAs were simultaneously 
transcribed and biotinylated with biotin-16-UTP using the Biotin RNA Labeling Mix kit (Roche Life Sciences) and a 
protocol provided by the manufacturer. Biotinylated-RNA concentration and purity was assessed using a NanodropTM 

2000 Spectrophotometer (Thermo Fisher Scientific). For RNAse A protection assays, purified PA3720 protein was 
incubated with biotinylated RNA prior to addition of RNAse A (0.01 ng/µl). RNAse A digestion was then stopped 
and samples prepared as described by Feng et. al (481) for electrophoresis on urea-containing polyacrylamide gels. 
Biotinylated RNAs were electrophoresed under denaturing conditions on an 8% (wt/vol) polyacrylamide gel 
containing 7 M urea as previously described (481). Biotinylated-RNA bands were detected using the 
Chemiluminescent Nucleic Acid Detection kit in accordance with the instructions provided by the manufacturer 
(Thermo Fisher Scientific). 
 

 

 

 

 

RNase A

PA3720 !M

- + +

2.561.92

+

- -

A B 

C 



227 

 

A.10 MIC values for WT K767, DamgR, and DamgS strains to various antimicrobials 

 

 Table A.5. MIC values for WT K767, DamgR, and DamgS strains  

 
 aGEN, gentamicin; PAR, paromomycin; NEO, neomycin; KAN, kanamycin; TOB, tobramycin; CAM, 
chloramphenicol; TET, tetracycline; DIA, diamide, ERY, erythromycin; AZI, azithromycin.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

MIC (µg/ml)a for:  

Strain GEN PAR NEO KAN TOB CAM TET DIA ERY AZI 

K767 2 256 64 128 1 32 16 4mM 512 512 

K3519 (DamgR) 0.5 16 4 16 0.25 ND 16 4mM 512 512 

K3583 (DamgS) ND 16 ND ND ND ND ND ND ND ND 
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A.11 Differential induction of mexA expression by AGs is not due to the absolute 

concentration of AG 

 

 

 

 

 

 

 

Figure A.11. Impact of AG concentration on induction of mexAB-oprM expression. The expression of mexA was 
assessed in the mexXY null strain, K1525 exposed to 1X MIC of PAR (for 32 µg/ml) for 30 min before harvesting for 
RNA extraction and qRT-PCR analysis. Expression was normalized to rpoD and is reported relative to the untreated 
mexXY null strain, K1525 (fold change). Values are means ± SEMs (error bars) from at least three independent 
determinations, each performed in technical triplicate. Error bars represent the standard error of the means (SEMs) of 
the triplicates. *, P-value is between 0.01 and 0.05.  
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A.12. Drug Susceptibility of the P. aeruginosa transposon insertion mutant strains to non-
MexAB-OprM substrates 
 

Table A.6. Drug Susceptibility of the P. aeruginosa transposon insertion mutant strains to non-
MexAB-OprM substrates 

 
Strain Tn Disruptedb  

Gene 
Description MIC (µg/ml)a 

for: 
 

   KAN POL 
K767 - WT 64 2 
K1523 - DmexB 64 2 
K3776 PA4830 unknown, unclassified 64 2 

K3777 chpA complex signal transduction 
protein 

64 2 

K3778 PA5052 unclassified, hypothetical 
protein 

64 2 

K3779 PA5198 LD-carboxypeptidase 64 2 
K3780 PA3990 unclassified, hypothetical 

protein 
32 2 

K3781 bamB OMP assembly factor, 
BamB 

 

256 1 

            aKAN, kanamycin; POL, polymyxin B.  
           b-, no genes are disrupted by the Ez-Tn5-GmR cassette.  
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A.13. mexXY expression in the P. aeruginosa bamB::TN mutant strain 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A.12. Impact of the TN-disrupted bamB gene on mexXY expression. Expression of mexX was assessed in 
WT PAO1(K767) and PAO1 bamB::TN (K3781) using qRT-PCR. Expression was normalized to rpoD and is reported 
relative to K767(fold change). Values are means ± SEMs (error bars) from at least three independent determinations, 
each performed in technical triplicate. Error bars represent SEMs of the triplicates.  

 

 

 

 

 

 

 

 

 

 

 

 


