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Abstract 

 The MexCD-OprJ multidrug efflux pump of Pseudomonas aeruginosa is a RND-type efflux 

system that is capable of exporting, and thus providing resistance to, multiple classes of clinically-relevant 

antibiotics such as fluoroquinolones, β-lactams and macrolides. Although quiescent in wild-type P. 

aeruginosa, mexCD-oprJ is induced by membrane-damaging agents such as detergents and the biocide 

chlorhexidine (CHX), which perturb the cell envelope. Induction of mexCD-oprJ by membrane-damaging 

agents requires the envelope stress sigma factor AlgU, an indication that MexCD-OprJ is a component of 

the envelope stress response in P. aeruginosa. In the absence of CHX-mediated envelope stress, the 

expression of mexCD-oprJ is regulated solely by the NfxB repressor, which binds as a tetramer to the 

nfxB-mexC intergenic region to repress transcription of the mexCD-oprJ operon. Recently, a second 

repressor of mexCD-oprJ with homology to NfxB, EsrC, was discovered. In the absence of CHX-

mediated envelope stress, the expression of esrC is negatively regulated by NfxB. In the presence of 

CHX-mediated envelope stress, the repressor activity of NfxB is alleviated and EsrC is produced, where it 

contributes to moderate repression of the mexCD-oprJ operon, which is expressed at moderate levels. 

Interestingly, EsrC requires NfxB in order to act as a repressor of the mexCD-oprJ operon. Consistent 

with previous research, this study demonstrated a physical interaction between NfxB and EsrC. In 

addition, this study showed that the C-terminal domains of NfxB and EsrC are required for the NfxB-EsrC 

interaction to occur. The demonstration of an interaction between NfxB and EsrC suggests that these two 

repressors co-regulate the expression of the mexCD-oprJ operon in the presence of envelope stress to 

either prevent the potentially detrimental effects of MexCD-OprJ overexpression, or to modulate mexCD-

oprJ expression in response to multiple envelope stress signals which are recognized by the NfxB and 

EsrC components of the heteromultimeric repressor. 
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Chapter 1 

Introduction 

 Pseudomonas aeruginosa is a gram-negative opportunistic human pathogen capable of persisting 

in a variety of environments and causing significant morbidity and mortality in immunocompromised 

individuals (1–3). Central to the challenge of treating P. aeruginosa infections is this microorganism’s 

ability to thrive in the presence of antimicrobial agents and its intrinsic resistance to antibiotics that are 

typically used to resolve infections (2, 3). In order to combat treatment regimens, P. aeruginosa possesses 

an arsenal of antibiotic resistance mechanisms, one of which is efflux pumps (4). While multiple families 

of efflux pumps are represented in P. aeruginosa, four efflux systems (MexAB-OprM, MexXY-OprM, 

MexEF-OprN and MexCD-OprJ) belonging to the RND (Resistance Nodulation Division) family are of 

particular clinical significance due to their ability to export multiple classes of antibiotics, such as 

fluoroquinolones, β-lactams and aminoglycosides, at clinically-relevant levels (3). In addition to 

accommodating antibiotics, these pumps can export substrates such as dyes, detergents, biocides and 

homoserine lactone molecules involved in cell-to-cell signaling (5). The expression of efflux pumps often 

involves complex regulatory pathways and multiple trans-acting regulators, with mutations in genes 

encoding efflux pump transcriptional regulators occurring readily in laboratory and clinical settings (5). 

These mutations result in the overexpression of efflux systems by P. aeruginosa, which in turn confers 

resistance to a broad range of substrate antimicrobials. Although MexAB-OprM, MexXY-OprM, MexEF-

OprN and MexCD-OprJ export multiple classes of antibiotics, their expression is generally not induced by 

antibiotics (6, 7). This observation, as well as their ability to export a variety of non-antimicrobial 

compounds, is evidence of efflux pumps having a primary function other than antibiotic export. Indeed, 

studies indicate that efflux pump expression is induced by environmental stressors that P. aeruginosa 

encounters in the various ecological niches it inhabits (8–12), such as oxidative [MexXY-OprM (8)] and 

nitrosative [MexEF-OprN (9)] stress. An additional efflux pump that responds to environmental stress in 
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P. aeruginosa is MexCD-OprJ, which is induced under envelope stress conditions caused by membrane-

damaging agents such as the biocide chlorhexidine (10, 13). 
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Chapter 2 

Literature Review 

2.1 Pseudomonas aeruginosa 

 Ubiquitous in the environment, Pseudomonas aeruginosa is a highly adaptive microorganism that 

has been isolated from soil and marine environments as well as from human and plant tissues (1, 14). 

Central to the ability of this bacterium to survive in diverse habitats is its metabolic versatility (15). P. 

aeruginosa can utilize a variety of different carbon sources, has minimal nutritional requirements and is 

capable of growing in anaerobic conditions by using nitrate as its terminal electron acceptor (15, 16). 

Approximately 90% of the P. aeruginosa genome consists of a group of “core” genes that are highly 

conserved among strains, while the additional 10% of genes are found within regions of genomic 

plasticity, termed the “accessory” genome (15, 17). Genes belonging to the accessory genome often confer 

certain traits to a strain, in order for that strain to colonize a particular niche (17). Further aiding 

acclimation of P. aeruginosa to its environment is the high proportion (8.4-9.4%) of its genome encoding 

predicted regulatory genes, which facilitate adaptation to rapidly changing environments (1). This 

remarkable adaptability is problematic in clinical settings, where P. aeruginosa continues to be a common 

pathogen and prominent cause of healthcare-associated infections [HAI (18, 19)], particularly in intensive 

care units (2, 20). Although P. aeruginosa is an opportunistic pathogen and therefore does not cause 

infection in healthy individuals, members of the population can be carriers (2), facilitating the colonization 

of those who are prone to infection. Individuals who are susceptible to P. aeruginosa infection include 

those with compromised immune systems, such as cancer and HIV patients, those with breaches in 

mucosal barriers, such as burn patients and patients using mechanical ventilators, and individuals with 

cystic fibrosis, a genetic condition which predisposes the individual to chronic P. aeruginosa infection (2, 

21). Colonization of P. aeruginosa can lead to infections such as acute conjunctivitis, urinary tract 

infection, pneumonia, chronic respiratory disease, bacteremia and sepsis, which can result in significant 
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morbidity and mortality (2, 22–24). Infections caused by P. aeruginosa are difficult to resolve due to its 

intrinsic resistance to antibacterial agents and multidrug-resistant (MDR) phenotype, defined as an 

increased resistance to multiple classes of antibiotics that are commonly used during the course of 

treatment (3). Preventing the colonization of P. aeruginosa by screening individuals for MDR isolates 

before surgical procedures, practicing proper hand hygiene, using barrier precautions, following aseptic 

technique and adequately disinfecting hospital equipment is therefore of the utmost importance to limit the 

transfer of the bacterium to susceptible individuals (25–27). However, precautionary measures are not 

always followed diligently in a high-traffic clinical setting with rapid patient turnover, leading to the 

spread of infection (28, 29). Although P. aeruginosa is resistant to many classes of clinically-used 

antibiotics, antimicrobial therapy continues to be the primary course of action for individuals with 

pseudomonal infections (30, 31).  

 

2.2 Antibacterial agents and their modes of action 

 Antibacterial agents are defined as substances that inhibit the growth (bacteriostatic) or cause the 

death (bactericidal) of bacteria (32), though they can exhibit both bacteriostatic and bactericidal activities 

in a clinical environment depending on concentration, duration of treatment and bacterial species (33). 

Antibacterial agents include antibiotics, which are used as therapeutic drugs for infection treatment, and 

certain biocides, chemical agents found within antiseptics and disinfectants used in healthcare settings 

(34). As they are administered to the human host, antibiotics must have a specific bacterial target, which is 

usually highly conserved, and adverse effects on the host must be minimal (35). The dosage must also be 

sufficient to combat the bacterial infection, as sub-inhibitory (non-lethal) antibiotic concentrations have 

been shown to promote bacterial resistance (36, 37). While the effects of antibiotics on their specific 

bacterial targets are generally well characterized, the modes of action of biocides are inadequately 

understood (34). In contrast to antibiotics and with some exceptions, biocides act on multiple bacterial 

target sites (38, 39). Initially, most biocides must interact with and disrupt the cell surface to either gain 
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access to their cellular target sites or exert their bacteriostatic or bactericidal effects (38). In general, all 

antibacterial agents interfere with a limited number of bacterial targets and/or essential metabolic 

pathways found in bacteria. Antibiotics target cellular components involved in DNA replication, RNA 

synthesis, protein synthesis and cell envelope synthesis, while biocides exert their effects on the cell 

envelope (38, 40). 

 

2.2.1 Antibacterials targeting nucleic acid synthesis 

 Antibiotics interfering with nucleic acid synthesis include trimethoprim, sulfonamides, quinolones 

and aminocoumarins (32) . In bacteria, the synthesis of folate cofactors is essential for the formation of 

thymidine and purines used in nucleic acid synthesis, and therefore the survival of the cell (41). 

Trimethoprim and sulfonamides interfere with enzymes crucial for folic acid biosynthesis, dihydrofolate 

reductase and hydropteroate synthetase, respectively (42, 43). The quinolone class of antimicrobial agents 

was developed synthetically, and quinolone compounds been increasingly modified for clinical use in 

order to treat bacterial infections (44). The discovery of nalidixic acid, the first quinolone compound (45), 

led to the modification of the quinolone nucleus to generate more potent, broad-spectrum antibiotics (46). 

One such modification, the addition of a fluorine substituent, resulted in the creation of the 

fluoroquinolones, quinolones with activity against gram-positive bacteria and enhanced activity against 

gram-negative bacteria (44, 47). The quinolones inhibit DNA replication by preventing topoisomerase II 

(DNA gyrase) and topoisomerase IV, essential bacterial enzymes, from rejoining DNA strands after their 

cleavage during replication and transcription (48, 49). This leads to the accumulation of DNA breaks and 

the arrest of DNA synthesis (50). Fluoroquinolones commonly used for treatment of bacterial infections 

include ciprofloxacin, levofloxacin and moxifloxacin (20, 35, 51). Aminocoumarins (e.g. novobiocin) 

have a similar mechanism of action to quinolones, whereby they compete with ATP to bind the DNA 

gyrase GyrB subunit, competitively inhibiting DNA gyrase and preventing DNA synthesis (52, 53). 
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2.2.2 Antibacterials targeting protein synthesis  

 Classes of antibiotics resulting in the inhibition of mRNA translation include macrolides, 

amphenicols, tetracyclines and aminoglycosides, and these can be further categorized into two subclasses 

based on the component of the bacterial ribosome which they target: the 50S subunit or 30S subunit (32, 

54). These subunits, composed of ribosomal RNA (rRNA) and associated proteins, form a complex (the 

70S ribosome) at the translation initiation site (55, 56). The 30S subunit associates with mRNA during the 

initiation of translation and is responsible for decoding the mRNA, whereby mRNA codon and tRNA 

anticodon base-pairing interactions result in the addition of the corresponding amino acid to the growing 

polypeptide chain (55, 57). The 50S subunit contains the peptidyl transferase center, the catalytic site 

responsible for peptide bond formation during protein elongation and for the release of the completed 

polypeptide chain (58, 59). Within this catalytic domain are the following sites: the A-site, where 

aminoacyl-tRNA enters the ribosome, the P-site, where peptidyl-tRNA peptide bond formation and 

polypeptide chain elongation occur, and the E-site, where tRNA exits following transfer of the amino acid 

to the growing chain (57, 58). Macrolides (e.g. erythromycin) bind the 50S subunit to physically prevent 

the growth of the nascent polypeptide chain, resulting in the dissociation of peptidyl-tRNA from the 

ribosome and accumulation of incomplete peptides (60, 61). Amphenicols (e.g. chloramphenicol) bind to 

the peptidyl transferase site of the 50S subunit, blocking the A-site and preventing the entrance of 

aminoacyl-tRNAs (60). Tetracyclines also prevent the association of aminoacyl-tRNAs with the A-site of 

the ribosome, yet do so by binding the 30S subunit (62). The aminoglycosides, a broad-spectrum 

bactericidal class of antibiotics including streptomycin, kanamycin and tobramycin, typically bind to the 

16S rRNA component of the bacterial ribosomal 30S subunit to inhibit protein synthesis (63, 64). In 

general, binding induces a conformational change of the complex formed between the mRNA codon and 

its associated aminoacyl-tRNA, leading to protein mistranslation through the incorporation of incorrect 

amino acids (55, 63). 
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2.2.3 Antibacterials targeting the cell envelope 

 The cell envelope is a structurally complex and highly selective permeability barrier that is the 

bacterium’s primary line of defense against harmful compounds in the extracellular environment (65). The 

outermost component of the gram-negative cell envelope is the outer membrane, consisting of the 

glycolipid lipopolysaccharide (LPS), phospholipids and proteins (66). Beneath the outer membrane is the 

peptidoglycan layer, a cross-linked sugar polymer cytoskeleton that provides rigidity and structure to the 

cell envelope while ensuring that cells do not lyse due to internal osmotic pressure (65). An aqueous 

compartment known as the periplasm is located between the peptidoglycan layer and cytoplasmic 

membrane. The periplasm is densely packed with proteins, such as those involved with cell envelope 

biogenesis and maintenance (65). The cytoplasmic membrane, a phospholipid bilayer containing a 

multitude of proteins responsible for processes such as lipid biosynthesis and transport (66), separates the 

periplasmic space from the interior bacterial cytoplasm. Antibiotics, such as β-lactams, and cationic 

antibacterial agents that interfere with the cell envelope often physically disrupt membranes, which leads 

to the leakage of cytoplasmic contents and triggers cell lysis (32, 39).  

 β-lactam antibiotics continue to be developed for the therapeutic treatment of bacterial infections 

(40). Since the discovery of the first β-lactam, penicillin, a myriad of derivatives with varying spectrums 

of activity have been synthesized, prompting their categorization into classes:  cephalosporins (e.g. 

cefepime), monobactams (e.g. aztreonam) and carbapenems [e.g. meropenem (67)]. β-lactam antibiotics 

inhibit the action of bacterial transpeptidases [also known as penicillin-binding proteins (PBPs)], which 

are responsible for catalyzing the peptide bond formation during peptidoglycan synthesis (68, 69). By 

blocking the cross-linking of peptidoglycan components, the structural integrity of the peptidoglycan, and 

thus the cell envelope, is lost, resulting in cell lysis (67). Cationic antibacterial agents, such as the 

antibacterial peptide polymyxin B and biocide chlorhexidine, bind with high affinity to the negatively 

charged LPS component of the bacterial outer membrane in order to permeabilize this barrier and pass 

through the membrane (70–73). These cationic compounds are then free to interact with phospholipids and 
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insert themselves into the cytoplasmic membrane, which results in a decrease in membrane fluidity and is 

accompanied by the leakage of intracellular contents (38, 74). 

 

2.3 Mechanisms of antibiotic and biocide resistance 

 Despite the varied mechanisms of action and distinct target sites of antibiotics, successful 

treatment with these agents has long been plagued by the existence of bacterial resistance (75). Indeed, the 

discovery of bacterial strains producing penicillinases (β-lactamases), enzymes capable of inactivating β-

lactams, preceded the implementation of penicillin as a therapeutic drug (76). The modification of existing 

antibiotics to create more potent derivatives and the introduction of these compounds into clinical practice 

has ultimately selected for resistance as bacteria adapt (75). Resistance mechanisms can be intrinsic to the 

bacterial species, whereby they are chromosomally-encoded, or acquired by the bacterial species through 

horizontal gene transfer or spontaneous mutation (77). P. aeruginosa exhibits high intrinsic resistance to 

antibiotics, and can adopt a multidrug resistant (MDR) phenotype by acquiring mutations that cause a 

further increase in resistance, even during the course of an infection (2, 78). This allows P. aeruginosa to 

combat the effects of multiple classes of antibiotics, thereby limiting successful treatment options for 

patients (78, 79). Strategies employed by P. aeruginosa in order to resist the action of antibiotics and 

biocides include drug inactivation or alteration, target site modification, reduction of access to the target 

due to impermeability and prevention of drug accumulation by efflux (80, 81).  

 

2.3.1 Enzymatic inactivation or modification  

 The structure and chemical composition of antibiotics are crucial for interaction with their specific 

bacterial targets (32). In order to circumvent the action of antibiotics, bacteria have evolved to produce a 

myriad of enzymes responsible for inactivating or modifying these compounds (82). Inactivation of β-

lactams is accomplished by β-lactamases, enzymes which hydrolytically cleave the amide bond of the β-

lactam ring, rendering the antibiotic ineffective (67). P. aeruginosa possesses a chromosomally-encoded 
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β-lactamase, AmpC, which contributes to β-lactam resistance in clinical isolates (83–85). This 

microorganism can also acquire additional plasmid and transposon-encoded β-lactamases (e.g. extended-

spectrum β-lactamases and carbapenemases), which are capable of inactivating a wider range of β-lactams 

(3). P. aeruginosa also expresses a variety of aminoglycoside-modifying enzymes, which alter the 

structure of these antibiotics via phosphorylation, acetylation or adenylation and therefore impair their 

ability to bind the bacterial ribosome (86). As a result, these enzymes are significant determinants of 

aminoglycoside resistance in P. aeruginosa. 

 

2.3.2 Target site modification 

 The modification of antibiotic targets within bacterial cells can often result in a substantial 

decrease in the affinity of the antibiotic for its respective bacterial target, thereby promoting resistance. As 

these targets are usually crucial for bacterial growth and survival, alterations must not interfere with their 

ability to function (82). Target site modifications leading to resistance can arise through spontaneous 

mutation of target-encoding genes, whereby mutations that confer resistance while retaining cellular 

function are selected for. This is commonly observed in fluoroquinolone-resistant P. aeruginosa isolates, 

which can acquire one or more mutations in genes encoding DNA gyrase (gyrA and gyrB) and 

topoisomerase IV [parC and parE (87, 88)]. The acquisition of a single mutation is often associated with 

low-level fluoroquinolone resistance, while multiple mutations in these genes have been linked to high-

level fluoroquinolone resistance (89–91). Enzymatic modification of target sites leading to resistance has 

also been reported in P. aeruginosa, carried out by ribosomal methyltransferases (e.g. RmtA) that 

methylate the 16S rRNA component of the 30S ribosomal subunit (92, 93). This sterically inhibits the 

binding of antibiotics targeting this ribosomal subunit, such as aminoglycosides. 
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2.3.3 Reduction of access to targets 

 P. aeruginosa possesses additional resistance mechanisms, such as an extremely impermeable 

outer membrane (94, 95), in order to prevent antimicrobial compounds from reaching their cytoplasmic 

targets. Once thought to be the primary determinant of antimicrobial resistance, it was later discovered 

that low outer membrane permeability acts in combination with active efflux in order to prevent drug 

accumulation (96). Permeability is dependent on the expression of porins, channel-forming trans-outer-

membrane proteins that permit the passage of compounds into or out of the cell (97). The porin OprD, 

which mediates the influx of basic amino acids, is also permeable to carbapenems (98) and its loss in 

mutants leads to carbapenem resistance (99, 100).  

 

2.3.4 Efflux 

 The innate resistance of P. aeruginosa to multiple classes of antibiotics is primarily due to efflux, 

whereby antimicrobial agents that have entered the cytoplasm or periplasm unchallenged by other 

resistance mechanisms are exported by membrane-spanning pumps (101). Efflux pumps range in their 

specificity, with some exporting only a single antimicrobial and others capable of extruding multiple 

structurally-dissimilar compounds (5). They are categorized into five superfamilies: ATP binding cassette 

(ABC), multidrug and toxic compound extrusion (MATE), major facilitator superfamily (MFS), small 

multi-drug resistance (SMR) and resistance nodulation division (RND) (6). Categorization is based on the 

energy source used by the pump, the number of structural components the pump has (either one or 

multiple) and the types of substrates it exports (6). With the exception of pumps from the ABC 

superfamily, which are driven by ATP hydrolysis, energy for substrate extrusion is provided by the proton 

motive force, an electrochemical gradient that couples proton/ion influx with substrate export (101).  
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2.4 RND multidrug efflux pumps  

 Among gram-negative bacteria, RND efflux pumps are significant determinants of MDR due to 

their ability to export clinically-relevant levels of antibiotics that are normally used to treat infection (5). 

They have a tripartite architecture, consisting of a RND-type transporter protein (RND) located in the 

cytoplasmic membrane, an outer membrane factor (OMF) located in the outer membrane and a 

periplasmic membrane fusion protein (MFP), which links these two components [Figure 2-1 (102)]. The 

mechanism of substrate capture and extrusion is largely based on the well-studied E. coli RND efflux 

pump AcrAB-TolC, whose components have been individually crystallized, revealing that the RND 

transporter protein AcrB exists as a trimer (103–105). Studies using crystal structures of the AcrAB-TolC 

efflux pump during drug interaction demonstrated that individual monomers of the AcrB trimer cycle 

sequentially through three conformations; access, binding and extrusion. The access state permits 

substrate entry, the binding state promotes interaction of the substrate with the RND transporter protein 

and the extrusion state shuttles the substrate from the periplasm or cytoplasmic surface to the outer 

membrane factor (106, 107). Genes encoding RND efflux pump components share a high degree of 

homology across different bacterial species, thus RND efflux pumps in P. aeruginosa likely operate in a 

similar manner to AcrAB-TolC (108). 

 

2.5 Significance of P. aeruginosa RND multidrug efflux pumps 

 Eleven RND-type efflux pumps are present in P. aeruginosa, four of which are responsible for 

this microorganism’s resistance to a broad range of antibiotics. These are the Mex (Multidrug efflux) 

pumps; MexAB-OprM, MexXY-OprM, MexEF-OprN and MexCD-OprJ (5). The substrate profiles of the 

Mex pumps overlap significantly, with all four contributing to the efflux of major antibiotic classes [Table 

2-1 (5)]. Hyperexpression of these pumps, which occurs due to the accumulation of mutations within 

genes encoding efflux pump transcriptional regulators, is a commonly encountered mechanism of 

resistance in both P. aeruginosa laboratory and clinical isolates (109–112). While RND efflux pumps are 
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Figure 2-1: Diagrammatic representation of a RND efflux pump 

Schematic illustration of a RND efflux pump. The cytoplasmic transporter protein (RND) is linked to the 
outer membrane factor (OMF) by the periplasmic membrane fusion protein (MFP). Efflux pumps 
belonging to the RND family export substrate antimicrobials from the cytoplasm or periplasm to the 
extracellular space, a process that is driven by proton motive force. Figure was modified from (102). 
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Table 2-1: Antimicrobial substrates of RND multidrug efflux pumps in P. aeruginosaa  

Pump Antimicrobial substrates Reference(s) 

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

TG 

(113–119)  
 

MexXY-OprM FQ, ML, BL, AG, TC, TG (117, 118, 120–122) 

 

MexEF-OprN FQ, CM, TS (119, 123) 

MexCD-OprJ FQ, ML, BL, TC, CM, TS, NV, 

CHX, TG, DPb 

(10, 110, 118, 119) 

 

AG, aminoglycosides, BL, β-lactams, CHX, chlorhexidine, CM, chloramphenicol, FQ, fluoroquinolones, ML, 
macrolides, NV, novobiocin, TC, tetracycline, TP, trimethoprim, TS, triclosan, TG, tigecycline. 
a Adapted from (5). 
b 2,2ʹ-dipyridyl. An nfxB mutant hyperexpressing mexCD-oprJ was selected on minimal medium containing the iron 
chelator 2,2ʹ-dipyrdyl. 
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significant determinants of antibiotic resistance in this microorganism, they have been implicated in 

additional processes, such as pathogenicity and intracellular communication (6, 124–126). Reflecting their 

involvement with various cellular functions, efflux pumps export a variety of non-clinical compounds, 

such as quorum sensing molecules, organic solvents and dyes (5). Importantly, efflux pumps are generally 

not induced by their substrate antimicrobials, suggesting that antibiotic export is not their primary function 

and is instead merely a fortuitous effect of pump expression (6, 7). Indeed, increasing evidence points to 

efflux pump expression occurring in response to environmental stressors, such as oxidative (8), nitrosative 

stress (9) and envelope (10) stress. Efflux pump expression in P. aeruginosa is therefore driven by the 

need to respond to and alleviate harmful environmental stimuli encountered by the microorganism.  

 

2.6 Bacterial gene regulation 

 Adaptation to rapidly changing environments is contingent on the ability of P. aeruginosa to sense 

and respond to alterations in the extracellular environment, such as changes in pH, temperature and 

nutrient availability (1, 127). Within bacteria, adaptation to different environments is mediated by stress 

responses, whereby the cell detects specific stress-associated ligands and responds by eliciting a 

physiological change (128, 129). Regulation of gene expression is extremely complex, involving 

numerous pathways and the interplay of multiple trans-acting proteins such as sigma factors, repressors 

and/or activators (130, 131). While gene expression is controlled at transcriptional, post-transcriptional, 

translational and post-translational levels, the regulation of transcription is a common mechanism of 

genetic control (132). 

 

2.6.1 RNA polymerase 

 The multi-subunit bacterial RNA polymerase (RNAP) is an essential component of transcriptional 

regulation and binds to promoter sequences upstream of genes to initiate transcription (130). The core 

enzyme is composed of five subunits; β, β’, α2 and ω, and is sufficient for non-specific DNA binding and 
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initiation of transcription at DNA nicks and ends (133). In order to identify and transcribe specific genes, 

however, the core enzyme requires the addition of a sixth component [the σ subunit (sigma factor)], to 

form the RNAP holoenzyme (130). In order to ensure that only transcripts that are required by the cell are 

synthesized, the amounts of available RNAP and sigma factors are limited, thus there is competition 

amongst promoters for binding of the RNAP holoenzyme (134). The presence of elements within 

promoter sequences, such as -35 and -10 regions (35 and 10 nucleotides upstream of the transcription start 

site, respectively), influence the binding affinity of the RNAP holoenzyme to the promoter region in order 

to fine-tune transcription levels (133). Generally, these promoter element sequences are similar to a 

consensus sequence that increases the strength of binding of the RNAP holoenzyme, resulting in enhanced 

transcription of downstream genes (130). However, not all promoters contain consensus sequences, thus 

gene expression involves additional mechanisms of control (135). These mechanisms are mediated by 

various trans-acting proteins and their corresponding effector molecules, which can either mediate binding 

of the RNAP holoenzyme (e.g. sigma factors) or bind directly to the RNAP holoenzyme or to/near 

promoter sequences (e.g. repressors and activators) to down- or upregulate RNA synthesis (130, 136). 

 

2.6.2 Sigma factors 

 Sigma factors are a class of proteins that recognize specific promoter sequences upstream of the 

genes that they regulate, position the RNAP holoenzyme at these target promoters and facilitate DNA 

unwinding at the transcriptional start site (133). All species of bacteria possess a primary sigma factor that 

directs expression of genes that are essential to cell survival. In both E. coli and P. aeruginosa, this is the 

RpoD (a.k.a. σ70) sigma factor (137, 138). In addition to σ70, bacteria possess various alternative sigma 

factors that direct the RNAP holoenzyme to specific sets of genes (i.e: regulons) that are associated with 

cellular stress responses or physiological changes (129, 136). One example is the P. aeruginosa alternative 

sigma factor AlgU (a.k.a. RpoE, or σ22) (136), which was first associated with directing the expression of 

genes involved in the alginate biosynthesis pathway (139). Alginate production is necessary for 
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conversion of P. aeruginosa to a mucoid phenotype, which is common in chronic pulmonary infections of 

patients with cystic fibrosis (140, 141). Regulation of sigma factor activity is complex and multi-faceted, 

although a common mechanism of control involves anti-sigma factors, which sequester their 

corresponding alternative sigma factor away from the RNAP core enzyme to prevent transcription of 

genes under conditions where they are not required (130).  

 

2.6.3 Transcriptional regulators 

 Prokaryotic transcriptional regulators are generally two-domain proteins consisting of a regulatory 

domain that senses changes in the extracellular environment, often by ligand binding, and a DNA-binding 

domain that is responsible for signal transduction (142). They have been categorized into various groups 

based on sequence analysis, including the LysR, MarR and TetR superfamilies (143–145). Transcriptional 

regulators within each superfamily often share a common function (repressor, activator or dual-regulator), 

type of DNA-binding motif, number of amino acid residues and, in some cases, physiological class of 

genes that they regulate (146). Among prokaryotic transcriptional regulators, the helix-turn-helix (HTH) 

DNA-binding motif is by far the most common (147). The location of this motif (either at the N- or C-

terminus of the protein) is often conserved among members of each family and correlates with activity, 

with the HTH motif located at the N-terminus for most repressors and at the C-terminus for most 

activators (146). In the majority of cases, the regulatory domain of transcriptional regulators, which often 

binds effector molecules capable of modulating activity, is less conserved (147), consistent with the varied 

functions of transcriptional regulators and their recognition of a diverse group of effector molecules. 

  Transcriptional regulators of the LysR family have been termed dual-regulators, based on the 

position of their HTH DNA-binding domain, which is located at the N-terminus regardless of their role as 

an activator or repressor (143). Members of this family [such as the activator of the mexEF-oprN operon, 

MexT (148)] are varied in their structure, with some operating as dimers and others binding to target sites 

as tetramers (143). The MarR family of transcriptional regulators is named after its prototypical member, 
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the MarR repressor of the marRAB efflux operon in E. coli (149, 150). Members of this family, such as 

MexR, the repressor of the mexAB-oprM operon (151), contain a winged HTH DNA-binding motif at their 

N-terminus and form dimers in order to repress their respective operons (144, 152, 153). The majority of 

known transcriptional regulators mediating expression of the Mex pumps belong to the TetR family. 

These include repressors regulating the expression of MexAB-OprM [NalC and NalD (154, 155)], 

MexXY-OprM [MexZ (122)] and MexCD-OprJ (NfxB and EsrC). This family is named for its 

prototypical member, the TetR regulator. TetR binds as dimer to repress the tetA tetracycline resistance 

gene, whose expression results in tetracycline export (145, 156). As is the case for many of the 

transcriptional regulator families, TetR-like proteins have a high degree of sequence conservation within 

the N-terminal HTH DNA-binding domain with little sequence conservation outside of this region (145). 

Reflecting the differences in C-terminal regions of TetR-like transcriptional regulators are varied DNA-

binding forms; some members of this family bind as dimers to repress their respective operons, while 

others form tetramers (145, 157). 

 

2.6.4 Mechanisms of repression and activation 

 The simplest mechanism of transcriptional repression involves binding of the repressor to a DNA 

sequence within or in close proximity to the promoter region (130). In these cases, the RNAP holoenzyme 

is unable to recognize its corresponding promoter elements due to steric hindrance caused by repressor 

binding, and transcription of the downstream gene is reduced. Certain repressors function by binding to 

sites both proximal and distal to the downstream gene and interacting, resulting in the looping of DNA 

and blocking access to upstream promoter elements (130). In addition, the conformation of repressors can 

be modified by antirepressor proteins in order to prevent the repressor from occupying its binding site. 

Antirepressors can occlude the DNA-binding site of the repressor (158), inactivate the repressor through 

site-specific proteolysis (159) or interrupt the interaction between monomers of multimeric repressors 

(160). Transcriptional regulators with roles as activators can bind to a target sequence upstream of the 



18 

 

promoter region and recruit the RNAP holoenzyme to the promoter by interacting directly with its 

subunits (130). In some cases, an activator is required to alter the topology of promoter sequences in order 

to permit recognition and binding by the RNAP holoenzyme. Typically, this is accomplished by binding 

of the activator directly to or near to the promoter elements (130). 

 

2.7 Regulation of P. aeruginosa RND multidrug efflux pumps 

 The RND-type multidrug efflux pumps are organized as operons within the P. aeruginosa 

chromosome, with each operon consisting of genes encoding MFP, RND and OMF components, in that 

order (2). The MFP components are MexA, X, E and C, the RND components are MexB, Y, F and D and 

the OMF components are OprM, N and J (Figure 2-2). Only the mexXY operon does not encode its own 

OMF, instead using OprM from the mexAB-oprM operon (120, 161). Associated genes encoding 

transcriptional repressors are divergently transcribed from their respective efflux pumps (MexR for 

MexAB-OprM, MexZ for MexXY-OprM and NfxB for MexCD-OprJ) with the exception of MexEF-

OprN, which is controlled by a transcriptional activator (MexT) that is transcribed in the same direction as 

the mexEF-oprN operon (Figure 2-2). Although transcriptional regulators are often in close proximity to 

the efflux operons, additional regulatory genes may be located elsewhere on the chromosome. Expression 

of these efflux pumps is tightly regulated in P. aeruginosa, as their overexpression can be energetically 

unfavourable or result in the excessive efflux of required substrates, thereby incurring a fitness cost on the 

cell. However, hyperexpression of efflux operons is a common mechanism of antibiotic resistance, and is 

often due to the accumulation of spontaneous mutations in genes encoding repressors or activators of these 

pumps (5).  
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Figure 2-2: Schematic of RND multidrug efflux operon arrangement in P. aeruginosa 

The RND multidrug efflux operons are chromosomally encoded in P. aeruginosa. Genes encoding 
membrane fusion proteins (MFP) are highlighted in dark blue (mexA, X, E and C), genes encoding the 
RND transporter proteins (RND) are highlighted in teal (mexB, Y, F and D) and genes encoding the outer 
membrane factor proteins are highlighted in light blue (oprM, N and J). Indicated in red are the genes 
encoding transcriptional repressors (mexR, mexZ and nfxB) and activators (mexT) of corresponding efflux 
pumps. 
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2.7.1 MexAB-OprM 

 In wild-type cells, MexAB-OprM is expressed constitutively at moderate levels and thus 

contributes to intrinsic antimicrobial resistance in P. aeruginosa (115, 162) . This pump exports a broad 

range of substrates, including clinically-relevant classes of antibiotics such as fluoroquinolones, β lactams, 

macrolides, tetracycline and chloramphenicol [Table 2-1 (5)]. Expression of the mexAB-oprM operon is 

controlled by multiple transcriptional regulators, one of which is the MexR repressor (151, 163). MexR 

binds as a dimer to two inverted repeat sequences within the mexA-mexR intergenic region to repress its 

own transcription and that of mexAB-oprM [Figure 2-3 (153, 164, 165)]. Studies indicate that mexAB-

oprM expression is regulated by two promoters and the distal promoter is under the control of MexR (155, 

164). Interestingly, MexR appears to sense and respond to oxidative stress, whereby oxidation leads to 

disulphide bond formation between two redox-sensitive cysteine residues and alters the structure of MexR 

(11, 166). This confirmational change prevents MexR from binding its target DNA, suggesting that 

oxidative stress may contribute to the upregulation of mexAB-oprM. An additional mechanism of MexAB-

OprM upregulation involves ArmR, an antirepressor of MexR that is part of the two-gene operon PA3720-

armR (167). The expression of armR from this operon is controlled by the repressor NalC [Figure 2-3 

(154)]. Mutations in nalC result in derepression of the PA3720-armR operon and ArmR expression (154). 

ArmR subsequently binds MexR at a site separate from its DNA-binding domain to elicit a conformational 

change that prevents MexR from binding to and repressing the mexAB-oprM operon (167, 168). A third 

regulatory protein, NalD, acts as a second direct repressor of the mexAB-oprM operon (155). Whereas 

MexR binds to a promoter distal to the efflux pump operon, NalD binds to a more proximal promoter in 

order to repress mexAB-oprM expression [Figure 2-3 (155)], resulting in synergistic control of the operon 

by both MexR and NalD. Mutations in mexR (163, 169), nalC (154, 170) or nalD (171) genes, encoding 

transcriptional regulators of the mexAB-oprM operon, have been discovered in both laboratory and clinical 

settings, leading to the upregulation of MexAB-OprM and increased resistance to antimicrobial substrates 

of this pump.  
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Figure 2-3: Diagrammatic representation of RND multidrug efflux operon regulation in P. 
aeruginosa 

Genes encoding transcriptional regulators of corresponding efflux pumps are coloured, and the regulatory 
effects of their protein products are indicated by solid black lines. Lines ending with a short stroke denote 
negative regulation, while lines ending with an arrow and labeled with (+) denote positive regulation. This 
figure was adapted from (172). 
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2.7.2 MexXY-OprM 

 Unlike the other efflux pumps discussed herein, MexXY is induced by many of its substrate 

antibiotics, such as tetracyclines, macrolides and aminoglycosides [Table 2-1 (5)], and thus contributes to 

intrinsic resistance in P. aeruginosa (161, 173). MexXY-OprM is also unique in that it exports 

aminoglycosides (117, 121) and is a major determinant of aminoglycoside resistance in P. aeruginosa, 

especially among pulmonary isolates from cystic fibrosis patients (86, 174, 175). Expression of mexXY is 

governed by MexZ (121, 122), which binds as a dimer to an inverted repeat sequence within the mexZ-

mexX intergenic region in order to repress its own transcription and that of the mexXY operon [Figure 2-3 

(176, 177)]. Mutations in mexZ result in hyperexpression of mexXY and increased resistance to MexXY-

OprM-efflux antibiotics. A second regulator of mexXY expression is ArmZ, an antirepressor of MexZ that 

is part of the two-gene operon armZ-PA5470 (178). ArmZ interacts with MexZ to reduce its affinity for its 

target-binding site, thereby resulting in derepression of the mexXY operon and upregulation of MexXY-

OprM [Figure 2-3 (179, 180)]. Although mutations in mexZ have been reported in P. aeruginosa, 

derepression of this pump, leading to antimicrobial resistance, occurs in the absence of mutations in 

regulatory genes (170, 173, 175). Indeed, the induction of both armZ and the mexXY operon occurs upon 

treatment with ribosome-perturbing agents (178). Thus induction of mexXY occurs in response to 

ribosome perturbation caused by antibiotics targeting protein synthesis [tetracyclines, macrolides and 

aminoglycosides (173, 181)].  The disruption of protein synthesis results in the production of abnormal 

(i.e: truncated or mistranslated) polypeptides (54, 182), which are prone to cell-mediated oxidation, 

perhaps targeting them for removal (183, 184). MexXY-OprM may therefore contribute to the removal of 

abnormal proteins that accumulate in response to ribosome perturbation (8). This observation is consistent 

with the absence of mexXY induction in response to antimicrobials acting on different cellular targets, such 

as fluoroquinolones and β lactams (161, 173).  
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2.7.3 MexEF-OprN 

 When compared to the other Mex pumps of P. aeruginosa, MexEF-OprN has the narrowest 

substrate range, though it does contribute to the export of clinically-relevant antibiotics such as 

fluoroquinolones [Table 2-1 (5)]. Under standard laboratory conditions, MexEF-OprN is not expressed by 

P. aeruginosa and therefore does not contribute to intrinsic resistance (123). MexEF-OprN is unique in 

that its expression is positively regulated by the transcriptional activator, MexT, located upstream of the 

mexEF-oprN operon [Figure 2-3 (123, 148)]. Typically, many “wild-type” designated P. aeruginosa 

strains carry deactivating mutations in the mexT gene. Reversions of these mutations, which restore the 

function of MexT, have been reported in strains expressing MexEF-OprN (185). Interestingly, the mexEF-

oprN operon is also induced in response to nitrosative stress upon treatment with nitric oxide (NO-) 

generating agents such as S-nitrosoglutathione [GSNO (9)]. Induction of the mexEF-oprN operon in 

response to nitrosative stress-generating agents was demonstrated to be dependent on MexT, suggesting 

that this efflux pump and MexT may be associated with the nitrosative stress response in P. aeruginosa 

(9). More recently, mexEF-oprN induction was demonstrated in response to diamide, an agent that 

generates disulfide stress (186). Disulfide stress is a form of oxidative stress characterized by the 

accumulation of non-native disulfide bonds in cytoplasmic proteins. The formation of non-native disulfide 

bonds may lead to protein misfolding, and improper protein function (187). MexT was shown to 

oligomerize in response to diamide-induced stress, and oxidation promoted binding of MexT to its target 

promoters (186). Based on these observations, oxidative stress is capable of activating MexT and this 

activator may thus play a role in mediating disulfide stress resistance in P. aeruginosa. 

 

2.7.4 MexCD-OprJ 

 Normally quiescent in wild-type P. aeruginosa strains, MexCD-OprJ exports major classes of 

antibiotics such as fluoroquinolones, β-lactams and macrolides [Table 2-1 (5)] upon expression. Induction 

of MexCD-OprJ occurs in response to treatment with membrane-damaging agents (MDAs) including 



24 

 

organic solvents, detergents, dyes and biocides such as chlorhexidine (CHX), which are substrates of this 

pump (10, 188, 13). Common among the agents that induce mexCD-oprJ expression is their effect on the 

cell, namely, perturbation of the cell envelope (10, 13). Support for the induction of this efflux pump in 

response to envelope stress is the observation that induction of mexCD-oprJ expression by MDAs requires 

AlgU (10), an alternative sigma factor with homology to RpoE, the envelope stress response sigma factor 

of E. coli (189, 190). These sigma factors were shown to be functionally interchangeable in both E. coli 

and P. aeruginosa (191), indicating that AlgU is the envelope stress response sigma factor of P. 

aeruginosa. Although it is required for the induction of mexCD-oprJ expression mediated by envelope 

stressors such as CHX, the mechanism by which AlgU responds to agents that cause cell envelope stress is 

unknown. 

 Under standard laboratory conditions (i.e: in the absence of CHX-mediated envelope stress), the 

mexCD-oprJ operon is repressed by the transcriptional autoregulator and repressor NfxB (110, 192), 

which binds as a multimer, likely as a tetramer, to two inverted repeats within nfxB-mexC intergenic 

region [Figure 2-3 (193)]. Mutations in nfxB, resulting in mexCD-oprJ hyperexpression and antibiotic 

resistance, have been isolated from both laboratory and clinical P. aeruginosa strains (110, 194). In the 

presence of CHX-mediated envelope stress, derepression of mexCD-oprJ occurs through alleviation of 

NfxB repressor activity (193). The signal to which NfxB responds is currently unknown, although TetR 

family transcriptional regulators often bind effector molecules that elicit a conformational change, thereby 

abrogating repressor binding (145). As mexCD-oprJ is induced in response to envelope stress, envelope 

stress-causing agents are potential candidates for effectors molecules. However, although envelope stress-

causing agents were thought to act as effector molecules, treatment with CHX failed to reverse the binding 

of NfxB to the nfxB-mexC intergenic region in in vitro DNA binding assays, suggesting that MDAs 

themselves do not act as NfxB effectors (195). Instead, products of envelope stress may act as effector 

molecules to alleviate NfxB activity and permit mexCD-oprJ expression. 
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 Recently, a second transcriptional regulator of the mexCD-oprJ operon, EsrC (formerly known as 

PA4596), was discovered, showing 60% identity and 76% similarity to NfxB (196). EsrC binds to the 

nfxB-mexC intergenic region, likely as a dimer, to repress transcription of the mexCD-oprJ operon (196). 

Transcription of the esrC gene is negatively regulated by NfxB [Figure 2-3 (196)]. Therefore, in the 

absence of CHX-mediated envelope stress, NfxB acts as the sole repressor of the mexCD-oprJ operon 

since EsrC is not produced (196). In the presence of CHX-mediated envelope stress, EsrC is produced and 

contributes to repression of the mexCD-oprJ operon (196). However, despite the role of EsrC as a direct 

repressor of this operon, mexCD-oprJ expression still occurs in the presence of EsrC and envelope stress 

(196). Thus, EsrC-mediated repression of mexCD-oprJ is less effective than that of the NfxB multimer. 

Although EsrC expression is negatively regulated by NfxB, EsrC requires NfxB in order to act as a 

repressor of mexCD-oprJ expression, an indication that NfxB and EsrC likely interact to regulate 

expression of the mexCD-oprJ operon (196). 

 

2.8 Experimental Aim 

 Despite the role of MexCD-OprJ as a significant determinant of multidrug resistance in P. 

aeruginosa, studies have indicated that this efflux pump is induced in response to membrane-damaging 

agents such as chlorhexidine (10, 13). This observation, as well as the requirement of the envelope stress 

response sigma factor AlgU for mexCD-oprJ expression under conditions of envelope stress (10), 

implicates MexCD-OprJ as part of the envelope stress response in P. aeruginosa. The regulation of the 

mexCD-oprJ operon in response to envelope stress is mediated by two repressors, NfxB and EsrC. It is 

hypothesized that, in the absence of envelope stress, NfxB is produced and forms a tetramer in order to 

repress the mexCD-oprJ operon and the esrC gene (Figure 2-4: A). In the presence of envelope stress, 

NfxB undergoes a conformation change due to the binding of an envelope stress-generated effector 

molecule. As a result, NfxB repressor activity is alleviated and derepression of esrC occurs, which leads to  
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Figure 2-4: Proposed model of mexCD-oprJ regulation in P. aeruginosa 

A) In the absence of envelope stress, NfxB multimerizes in order to form a homotetrameric repressor, 
which binds to the nfxB-mexC intergenic region to prevent its own transcription and that of the mexCD-
oprJ operon. NfxB also represses transcription of the esrC gene. B) In the presence of envelope stress, 
NfxB undergoes a conformational change due to the binding of an envelope stress-generated effector 
molecule, which is represented by the yellow asterisk. As a result, NfxB repressor activity is alleviated 
and EsrC is produced. EsrC then associates with NfxB to form a heterotetrameric repressor, which is 
capable of binding to the nfxB-mexC intergenic region to repress the mexCD-oprJ operon, albeit to a lesser 
extent than the homotetrameric NfxB repressor. 
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EsrC production. The envelope stress-induced conformational change of NfxB enhances its association 

with EsrC in order to form a heterotetrameric repressor capable of repressing the mexCD-oprJ operon 

(Figure 2-4: B), presumably to a lesser extent than the homotetrameric NfxB repressor. To assess this, the 

interaction of NfxB and EsrC in the presence and absence of CHX-mediated envelope stress was 

examined using a pull-down assay. Residues and regions of NfxB and EsrC required for the NfxB-EsrC 

interaction and for self-association were identified by random mutagenesis of the nfxB and esrC genes, 

and by screening for mutant genes whose protein products had lost the ability to interact with their 

respective protein partners and to self-associate. Regions of NfxB and EsrC required for the NfxB-EsrC 

interaction and self-association were investigated by constructing truncations of the nfxB and esrC genes 

and assessing the ability of their protein products to interact with their respective protein partners and to 

self-associate.  
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Chapter 3 

Materials and Methods 
 

3.1 Bacterial strains and growth conditions 

 Bacterial strains used in this study are described in Table 2-1. Unless otherwise stated, P. 

aeruginosa and E. coli strains were grown at 37°C with shaking in Luria broth (L-broth; Miller’s Luria 

broth base [Difco] supplemented with 2.5g/L NaCl) or on Luria agar (L-broth containing 1.5% agar 

(wt/vol) [Difco]), with antibiotics where appropriate. 

 

3.2 Plasmids 

 Plasmids used in this study are described in Table 2-2. Plasmid pMS604 and its derivatives were 

maintained in E. coli with tetracycline (10 µg/ml). Plasmid pDP804 and its derivatives were maintained in 

E. coli with ampicillin (100 µg/ml). Plasmid pET23a and its derivatives were maintained in E. coli with 

ampicillin (100 µg/ml). Plasmid pUCP18 and its derivatives were maintained in E. coli with ampicillin 

(100 µg/ml) and in P. aeruginosa with carbenicillin (200 µg/ml). 

 

3.2.1 pUCP18 derivatives 

  Plasmid pAM001, a pUCP18 derivative carrying esrC-his, was constructed by amplifying a DNA 

fragment encompassing the ribosome binding site (RBS) and polyhistidine (His-) tagged esrC from 

pACP130 (pET23a::esrC), using primers PA4596-His pUCP18-F (5’-

ACACGAATTCAAGAAGGAGATATACAT-3’; EcoRI site underlined) and PA4596-His pUCP18-R 

(5’-ACACAAGCTTTCAGTGGTGGTGGTGGT-3’; HindIII site underlined). The 50 µl reaction mixture 

contained 5 ng template DNA (plasmid pACP130), 0.6 µM of each primer, 0.2 mM of each 

deoxynucleoside triphosphate (dNTP), 1X Phusion polymerase GC buffer and 1 U Phusion polymerase
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 Table 3-1: Bacterial strains used in this study 

Strain Relevant characteristics Reference 

 
E. coli 
 

  
  

DH5α Φ80d lacZΔM15 endA1 recA1 hsdR17 (rK
- mK

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

(197) 

BL21 (DE3) pLysS F–, ompT, hsdSB (rB
–, mB

–), dcm, gal, λ(DE3),  
     pLysS, Cmr 

(198) 

SU101 PromotersulA (op+/op+)-lacZ (199) 

SU202 PromotersulA (op408/op+)-lacZ (199) 
 
P. aeruginosa 

  

   
K767 PA01 prototroph (200) 

K2951 K767 ΔnfxB (193) 

K2952 K767 ΔesrC (196) 

K2955 K767 ΔnfxB ΔesrC (196) 
 

 Cmr, chloramphenicol resistance 
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    Table 3-2: Plasmids used in this study 

Plasmid Relevant characteristicsa Source/Reference 
pET23a His tag E. coli expression vector; Apr Novagen 
pACP118 pET23a::nfxB (193) 
pACP130 pET23a::esrC (196) 
pUCP18 E. coli-P. aeruginosa shuttle expression vector; Apr/Cbr (201) 
pAM001 pUCP18::esrC-his This study 
pAM002 pUCP18::nfxB This study 
pAM003 pUCP18::nfxB esrC-his This study 
pAM004 pUCP18::esrC (EcoRI/HindIII) This study 
pAM005 pUCP18::esrC nfxB This study 
pAM006 pUCP18::nfxB-his This study 
pAM007 pUCP18::esrC (EcoRI/BamHI) This study 
pAM008 pUCP18::esrC nfxB-his This study 
pMS604 LexA1-87-WT-Fos zipper fusion; Tcr (199) 
pACP142 pMS604::nfxB (S48R)b (193) 
pACP143 pMS604::nfxB (H99R) (193) 
pACP144 pMS604::nfxB (F147S) (193) 
pACP145 pMS604::nfxB (F156S) (193) 
pACP146 pMS604::nfxB (G166D) (193) 
pACP147 pMS604::nfxB (G192D) (193) 
pACP113 pMS604::nfxB (1-600; NfxB M1-S199)c (193) 
pACP114 pMS604::nfxB (37-600; NfxBM13-S199) (193) 
pACP141 pMS604::nfxB (175-600; NfxBR59-S199) (193) 
pACP115 pMS604::nfxB (238-600; NfxBA80-S199) (193) 
pACP116 pMS604::nfxB (355-600; NfxBD119-S199) (193) 
pACP117 pMS604::nfxB (1-372; NfxBM1-G124) (193) 
pAM009 pMS604::esrC (1-636; EsrCM1-P211)d This study 
pACP135 pMS604::esrC (118-636; EsrCM40-P211) (195) 
pAM010 pMS604::esrC (205-636; EsrCR69-P211) This study 
pAM011 pMS604::esrC (268-636; EsrCS90-P211) This study 
pAM012 pMS604::esrC (385-636; EsrCA129-P211) This study 
pAM013 pMS604::esrC (1-399; EsrCM1-D133) This study 
pDP804 LexA1-87408-Jun zipper fusion; Apr (199) 
pACP136 pDP804::nfxB (37-600; NfxBM13-S199)c (195) 
pAM014 pDP804::nfxB (1-600; NfxBM1-S199) This study 
pAM015 pDP804::esrC (1-636; EsrCM1-P211)d This study 

        a Apr, ampicillin resistance; Cbr, carbenicillin resistance, Tcr, tetracycline resistance 
        b Plasmid pMS604-encoded nfxB expressing mutant NfxB proteins (amino acid changes indicated in parantheses)            
        c Plasmid pMS604 derivatives carrying full-length or truncated nfxB genes (base pairs indicated in parentheses 
           prior to semi-colon) producing WT (1-199) or truncated (first and last amino acids indicated in subscript after  
           semi-colon) NfxB proteins. 
         d Plasmid pMS604 derivatives carrying full-length or truncated esrC genes (base pairs indicated in parentheses  
           prior to semi-colon) producing WT (1-211) or truncated (first and last amino acids indicated in subscript after  
           semi-colon) EsrC proteins. 
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  (Promega, Madison, WI). After an initial denaturation step at 98°C for 5 min, the reaction was subjected to 

30 cycles of denaturation at 98°C for 30 sec, annealing at 68.1°C for 30 sec and extension at 72°C for 15 

sec before a 5 min incubation at 72°C. The fragment containing esrC-his was purified and digested with 

EcoRI and HindIII before being cloned into EcoRI-HindIII-digested pUCP18 to generate pAM001. 

  Plasmids pAM002 (carrying untagged nfxB) and pAM003 (carrying untagged nfxB and His-

tagged esrC) were constructed by amplifying the untagged nfxB gene, including its RBS, from pACP118 

(pET23a::nfxB) using primers NfxB-His pUCP18-F (5’-ACACGAATTCAAGAAGGAGATATACAT-3’; 

EcoRI site underlined) and nfxB notag pUCP26-R (5’-AGACCTGCAGTCAGGAGCGAGCCGGAT-3’; 

PstI site underlined) for cloning into pAM002 and using primers NfxB-His pUCP18-F (listed above) and 

nfxB notag pUCP18 esrC-R (5’- ACACGAATTCTCAGGAGCGAGCCGGAT-3’; EcoRI site 

underlined) for cloning into pAM003. The PCR reaction mixture and cycling conditions were carried out 

as described above, with the following exceptions: pACP118 was used as template DNA, 1X Phusion 

polymerase HF buffer with 5% (vol/vol) DMSO (dimethyl sulfoxide) was used instead of GC buffer, and 

an annealing temperature of 54°C was employed. Following purification, the nfxB fragment intended for 

pAM002 was digested with EcoRI and PstI and cloned into EcoRI-PstI-digested pUCP18. The nfxB 

fragment intended for pAM003 was purified, digested with EcoRI and cloned into EcoRI-digested 

pAM001. 

  Plasmids pAM004 (carrying untagged esrC) and pAM005 (carrying untagged esrC and nfxB) 

were constructed by amplifying the untagged esrC gene, including its RBS from pACP130 

(pET23a::esrC) using primers PA4596-His pUCP18-F (5’-ACACGAATTCAAGAAGGAGATATACAT-

3’; EcoRI site underlined) and pUCP18 esrC-untag-R HindIII (5’-

GTGTAAGCTTTCAAGGGCTGGCAGG-3’; HindIII site underlined) for cloning into pAM004 and 

using primers PA4596-His pUCP18-F (listed above) and pUCP18 esrC-untag-R EcoRI (5’-
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CACAGAATTCTCAAGGGCTGGCAGG-3’; EcoRI site underlined) for cloning into pAM005. The PCR 

reaction mixture and cycling conditions were carried out as described previously, with the following 

exceptions: annealing temperatures used for amplification of esrC fragments intended for pAM004 and 

pAM005 were 63.6°C and 58.8°C, respectively. Following purification, the esrC fragment intended for 

pAM004 was digested with EcoRI and HindIII and cloned into EcoRI-HindIII-digested pUCP18. The 

esrC fragment intended for pAM005 was digested with EcoRI and cloned into EcoRI-digested pAM002. 

  Plasmid pAM006, a pUCP18 derivative carrying His-tagged nfxB, was generated by amplifying 

nfxB-his, including its RBS, from pACP118 (pET23a::nfxB) using primers F-BamHI pUCP18 NfxB-his 

(5’-ACACGGATCCAAGAAGGAGATATACAT-3’; BamHI site underlined) and NfxB-His pUCP18-R 

(5’-ACACCTGCAGTCAGTGGTGGTGGTGGTG-3’; PstI site underlined). The PCR reaction mixture 

and cycling conditions were carried out as described previously, with the following exceptions: pACP118 

template DNA was used, 1X Phusion polymerase HF buffer with 5% (vol/vol) DMSO was used instead of 

GC buffer, and an annealing temperature of 58.8°C was employed. The nfxB-his fragment was purified, 

digested with BamHI and PstI and cloned into BamHI-PstI-restricted pUCP18, yielding pAM006.  

  Plasmid pAM007 (carrying untagged esrC) and pAM008 (carrying untagged esrC and His-tagged 

nfxB) were constructed by amplifying untagged esrC, including its RBS, from pACP130 (pET23a::esrC) 

using primers PA4596-His pUCP18-F (5’-ACACGAATTCAAGAAGGAGATATACAT-3’; EcoRI site 

underlined) and R-BamHI pUCP18 esrC ut (5’-ACACGGATCCTCAAGGGCTGGCAGGTT-3’; BamHI 

site underlined). The PCR reaction mixture and cycling conditions were carried out as described 

previously, with the following exceptions: pACP130 was used as template DNA, 1X Phusion polymerase 

HF buffer with 5% (vol/vol) DMSO was used instead of GC buffer, and an annealing temperature of 

58.8°C was employed. After purification, the esrC fragment was digested with EcoRI and BamHI and 
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cloned into EcoRI-BamHI-digested pUCP18 and EcoRI-BamHI-digested-pAM006 to generate pAM007 

and pAM008, respectively. 

 

3.2.2 pMS604 derivatives 

 Plasmid pAM009, a pMS604 derivative carrying full-length esrC, was constructed by amplifying 

esrC from P. aeruginosa K767 chromosomal DNA using primers pMS full esrC-F (5’- 
ACACGGTGACCATGACACTCGCTCCCAG-3’; BstEII site underlined) and pMS full esrC-R (5’- 
ACACCAGCTGTCAAGGGCTGGCAGGTTG-3’; PvuII site underlined). The 50 µl reaction mixture 

contained 50 ng chromosomal DNA, 0.6 µM of each primer, 0.2 mM of each dNTP, 5% (vol/vol) DMSO, 

1X Phusion polymerase HF buffer and 1 U Phusion polymerase (Promega, Madison, WI). After an initial 

denaturation step at 98°C for 5 min, the reaction was subjected to 30 cycles of denaturation at 98°C for 30 

sec, annealing at 65.9°C for 30 sec and extension at 72°C for 15 sec before a 5 min incubation at 72°C. 

The esrC PCR product was purified, digested with BstEII and PvuII and cloned into BstEII-PvuII-digested 

pMS604 to generate pAM009.  

 A series of esrC truncations were constructed in pMS604. 5’ truncations of esrC (205-636), esrC 

(268-636) and esrC [385-636 (base pair end points indicated in parentheses)], expressing N-terminal 

truncations of EsrC, EsrCR69-P211, EsrCS90-P211, and EsrCA129-P211, respectively, were amplified from P. 

aeruginosa K767 chromosomal DNA using forward primers pMS esrC-F 69-211 (5’-

ATATGGTTACCCGCGAAGGTCTCAAGCGG-3’), pMS esrC-F 90-211 (5’-

ATATGGTTACCAGCGCCGCCCTGCAGCGG-3’) and pMS esrC-F 129-211 (5’- 

ATATGGTTACCGCCGGGCATGGGGACGCC-3’ BstEII sites underlined), respectively, and the reverse 

primer pMS full esrC-R (5’-ACACCAGCTGTCAAGGGCTGGCAGGTTG-3’; PvuII site underlined). 

The 3’ truncation of esrC (1-399), expressing the C-terminal truncation of EsrC, EsrCM1-D133, was 
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amplified from P. aeruginosa K767 chromosomal DNA using primers pMS full esrC-F (5’-

ACACGGTGACCATGACACTCGCTCCCAG-3’; BstEII site underlined) and pMS esrC R 1-133 (5’-

ATATCAGCTGTCAGTCCCCATGCCCGGC-3’; PvuII site underlined). The PCR reaction mixture and 

cycling conditions were carried out as described above, with the following exceptions: DMSO was absent 

from the reaction as 1X Phusion polymerase GC buffer was used instead of HF buffer, and annealing 

temperatures of 69.5°C, 69.5°C, 68.1°C and 65.9°C were used for the amplification of esrC (205-636), 

esrC (268-636), esrC (385-636) and esrC (1-399), respectively. The truncated esrC PCR products were 

each purified, digested with BstEII and PvuII and cloned into BstEII-PvuII-digested pMS604 to generate 

pAM010 (EsrCR69-P211), pAM011 (EsrCS90-P211), pAM012 (EsrCA129-P211)  and pAM013 (EsrCM1-D133). 

 

3.2.3 pDP804 derivatives 

 Plasmids pAM014 and pAM015, pDP804 derivatives carrying full-length nfxB and full-length 

esrC, respectively, were constructed by amplifying nfxB from P. aeruginosa K767 chromosomal DNA 

using primers pDP full nfxB-F (5’-GCAGGCGCGCATGCGCACAATCAGAAA-3’; BssHII site 

underlined) and pDP full nfxB-R (5’-GCGGAGATCTTCAGGAGCGAGCCGGATT-3’; BglII site 

underlined) for cloning into pAM014 and amplifying esrC using primers pDP PA4596-F (5’-

ACACCTCGAGATGACACTCGCTCCCA-3’; XhoI site underlined) and pDP PA4596-R (5’-

ACACAGATCTTCAAGGGCTGGCAGGT-3’; BglII site underlined) for cloning into pAM015. The 

annealing temperatures used for amplification of nfxB and esrC were 67.5°C and 58.8°C, respectively. 

The nfxB PCR product was purified, digested with BssHII and BglII and cloned into BssHII-BglII-

digested pDP804 to yield pAM014. The esrC PCR product was purified, digested with XhoI and BglII 

and cloned into XhoI-BglII-digested pDP804 to yield pAM015. 
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3.3 DNA manipulations 

 Unless otherwise specified, kit manufacturers’ instructions were followed without deviation and 

standard protocols were used for transformation, agarose gel electrophoresis, sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and the preparation of chemically competent (CaCl2) E. 

coli cells according to Sambrook and Russell (202). Electrocompetent P. aeruginosa cells were prepared 

as described by Choi et al (203). Restriction endonuclease digestions were performed using FastDigest 

enzymes (Fermentas, Burlington, ON) according to the supplied protocol. When single enzyme plasmid 

digests were performed, vectors were treated with calf intestinal alkaline phosphatase [CIP (New England 

Biolabs, Whitby, ON)] prior to ligation with desired insert DNA to prevent plasmid recircularization. In 

these cases, inserts were screened for correct orientation. Ligations were carried out using the Rapid DNA 

Ligation Kit (Roche, Mississauga, ON). Restriction enzyme-digested DNA fragments, PCR products and 

hydroxylamine hydrochloride mutagenized plasmids were purified from reaction mixtures using the 

Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI). Plasmids were isolated from E. coli 

using the GeneJET Plasmid Miniprep kit (Fermentas, Burlington, ON) with the exception of those used 

for hydroxylamine hydrochloride mutagenesis (pACP135 and pACP136), which were isolated using the 

QIAfilter Plasmid Midi Kit (Qiagen, Mississauga, ON). Oligonucleotides were synthesized by Integrated 

DNA Technologies (IDT, Coralville, IA) and DNA sequencing was performed by ACGT Corporation 

(Toronto, ON). 

  Chromosomal DNA was isolated from P. aeruginosa cells using a modified version of the 

supplied protocol for the DNeasy® Blood & Tissue Kit (Qiagen, Mississauga, ON). Proteinase K, spin 

columns and all buffers were supplied as part of the kit. Overnight cell culture (1 ml) was pelleted by 

microcentrifugation at 13,000 rpm for 2 min. The cell pellet was resuspended in 180 µl Buffer ATL and, 

following the addition of 20 µl Proteinase K, was mixed by vortexing and incubated at 55°C for 20 min. 
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RNase A (40 µl of 10 mg/ml) was added, the sample was incubated at room temperature for 2 min and 

vortexed for 15 sec before adding 200 µl of Buffer AL. The mixture was vortexed thoroughly and 

incubated at 70°C for 10 min before adding 200 µl of 95% ethanol and subjecting the sample to further 

vortexing. The solution was then transferred to a DNeasy mini spin column, centrifuged at 8000 rpm for 1 

min, and flow-through was discarded. The column was placed in a new tube before adding 500 µl Buffer 

AW1 and centrifuged at 8000 rpm for 1 min. This step was repeated with Buffer AW2, with centrifugation 

at 13,000 rpm for 3 min. Chromosomal DNA was eluted with 200 µl Buffer AE, incubated at room 

temperature for 1 min, centrifuged at 8000 rpm for 1 min and stored at 4°C. 

 

3.4 Expression and purification of polyhistidine (His)-tagged NfxB and EsrC proteins 

His-tagged NfxB and EsrC were expressed and purified for the purpose of raising antibodies 

against NfxB and EsrC, to allow for detection of these proteins by Western blotting. The expression vector 

pACP118 (pET23a::nfxB-his), was transformed into the E. coli BL21 (DE3) strain carrying the pLysS 

plasmid. Cultures of E. coli strain BL21 (DE3) carrying pLysS and pACP118 were grown overnight in L-

broth supplemented with 10 µg/ml chloramphenicol and 100 µg/ml ampicillin and subcultured 1:50 in 500 

ml of the same medium. Subcultures were grown at 27°C until an optical density at 600 nm (OD600) of 

between 0.6 and 0.7 was reached. Cultures were then supplemented with 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) to induce expression of NfxB-His, and incubated for two hours at 27°C. 

Cells were harvested by centrifugation (9000xg for 20 min at 4°C) and resuspended in 7 ml of Buffer A 

(0.3 M NaCl, 50 mM Na2HPO4, pH 8.0) containing 5 mM imidazole. Cells were lysed by sonication (7 x 

30 sec at power 40) using a Vibra-Cell Sonicator (Sonics & Materials Inc., Newton, CT). Cell lysates were 

pelleted by centrifugation (13,000xg for 60 min at 4°C) and cell supernatants were incubated for 20 min 

with 500 µl nickel-nitrilotriacetic acid (Ni-NTA) agarose resin (Qiagen, Mississauga, ON), which was 
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previously equilibrated with 10 ml Buffer A containing 5 mM imidazole. The Ni-NTA agarose resin 

(bound by NfxB-His) was washed three times with Buffer A containing 50 mM imidazole [10 ml for the 

first and second washes, and 2 ml for the third wash (10 min incubations)]. Two elutions were performed 

by incubating the Ni-NTA resin with sequential volumes of 500 µl Buffer A containing 500 mM 

imidazole (15 min incubations). All incubations were performed at room temperature and following each 

incubation, the mixture was centrifuged (3000xg for 3 min at 4°C) and the protein-containing supernatant 

was collected. Wash and elution fractions were visualized by SDS-PAGE to evaluate the yield and purity 

of NfxB-His and the elution fractions containing NfxB-His were pooled. 

Conditions employed for the expression and purification of EsrC-His [encoded by pACP130 

(pET23a::esrC-his)], were identical to those used for the expression of NfxB-His, with the exception of 

the imidazole concentration used for elution steps. Two elutions were performed by incubating the Ni-

NTA resin with sequential volumes of 500 µl Buffer A containing 300 mM and 500 mM imidazole (15 

min incubations). Wash and elution fractions were visualized by SDS-PAGE to evaluate the yield and 

purity of EsrC-His, and the 300 mM and 500 mM imidazole elution fractions containing EsrC-His were 

pooled. 

 

3.5 Trichloroacetic acid (TCA) precipitation of His-tagged NfxB and EsrC proteins 

In order to obtain antisera against NfxB and EsrC for detection by immunoblotting, elution 

fractions containing NfxB-His and EsrC-His were concentrated by trichloroacetic acid (TCA) 

precipitation. In brief, 0.11 volumes of ice-cold 100% TCA was added to either 100 µl (for EsrC-His) or 

200 µl (for NfxB-His) of the pooled elution fractions. The samples were placed on ice for 10 min and, 

after adding 500 µl of ice-cold 10% TCA, were incubated on ice for an additional 20 min. After 

centrifuging the mixture (16,000xg for 30 min at 4°C), the supernatants were removed by pipetting and 
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discarded. The protein pellets were washed with 500 µl acetone and centrifuged (16,000xg for 10 min at 

4°C). The supernatants were removed by pipetting and discarded. The protein pellets were air dried at 

23°C for approximately 15 min before being dissolved in 50 µl resuspension buffer [80 mM NaOH, 3% 

SDS (sodium dodecyl sulfate)]. Concentrated NfxB-His and EsrC-His samples were visualized using 

SDS-PAGE and quantified using a BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL). Gel 

slices containing 3 mg of each purified protein were sent to Cedarlane Inc. (Burlington, Ontario) for the 

production of anti-NxB and anti-EsrC rat polyclonal antibodies. 

 

3.6 Antimicrobial susceptibility testing 

Antimicrobial susceptibilities of various P. aeruginosa strains were evaluated in 96-well 

microtitre plates using two-fold serial dilutions, as described previously (204). Antimicrobials were 

serially diluted across 96-well plates, 50 µl per well, and 50 µl of P. aeruginosa cells (diluted 1:2000 from 

overnight cultures) were added. The minimum inhibitory concentration (MIC) of a compound was 

recorded as the lowest concentration that prevented visible growth at 37°C after an 18 hour incubation, 

based on at least two biological replicates. Determination of chlorhexidine (CHX) MICs required using 

overlapping sets of two-fold serial dilutions to improve sensitivity. 

 

3.7 Pull-down assay 

To assess an interaction between NfxB and EsrC, a pull-down assay was performed, where P. aeruginosa 

cell lysates expressing His-tagged “bait” and untagged “prey” proteins were incubated with Ni-NTA 

agarose resin. The “bait” protein is capable of binding to Ni-NTA agarose resin, while the “prey” protein 

is typically not able to bind the resin. In the event of a protein-protein interaction between the “bait” and 

“prey” proteins, the “prey” protein is indirectly retained by the Ni-NTA resin due to its association with 
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the “bait protein. Following multiple washes with imidazole-containing buffer, the “bait-prey” complex 

can be recovered by elution with buffer containing a higher concentration of imidazole. To ensure that the 

retention of the “prey” protein by the Ni-NTA resin is due to its interaction with the “bait” protein, P. 

aeruginosa cell lysates expressing the “prey” protein alone were also incubated with Ni-NTA resin. 

 

3.7.1 EsrC-His and NfxB as the “bait” and “prey” proteins, respectively 

 Initially, a pull-down assay using EsrC-His as the “bait” protein and untagged NfxB as the “prey” 

protein was performed. Cultures of P. aeruginosa strain K2955 (∆nfxB ∆esrC) expressing EsrC-His and 

NfxB [encoded by pAM003 (pUCP18::nfxB esrC-his)] or expressing NfxB alone [encoded by pAM002 

(pUCP18::nfxB)] were grown overnight in L-broth broth supplemented with 200 µg/ml carbenicillin and 

subcultured 1:50 in 100 ml of the same medium. Upon reaching an OD600 of 0.6-0.7, subcultures were 

either treated with CHX at [1/4 minimum inhibitory concentration (MIC)]; 0.75 µg/ml for K2955 carrying 

pAM003 and 1 µg/ml for K2955 carrying pAM002, or left untreated, and grown for an additional 30 min. 

Cultures were adjusted by diluting cells to a final OD600 of 0.9 in L-broth, harvested by centrifugation 

(9000xg for 20 min at 4°C) and resuspended in 2 ml of Buffer A (0.3 M NaCl, 50 mM Na2HPO4, pH 8.0) 

containing 5 mM imidazole. Cells were treated with Halt Protease Inhibitor Cocktail [(10 µl/ml) Thermo 

Scientific, Waltham, MA] and lysed by sonication (9 x 30 sec at power 40) using a Vibra-Cell Sonicator 

(Sonics & Materials Inc., Newton, CT). Cell lysates were pelleted by centrifugation (13,000xg for 60 min 

at 4°C) and cell supernatants were incubated for 20 min with 500 µl Ni-NTA agarose resin (Qiagen, 

Mississauga, ON), which was previously equilibrated with 10 ml Buffer A containing 5 mM imidazole. 

The Ni-NTA resin was washed three times with Buffer A containing 5 mM imidazole [10 ml for the first 

and second washes, 2 ml for the third wash (10 min incubations)]. Resin-bound proteins were eluted by 

incubating Ni-NTA resin with 500 µl Buffer A containing 500 mM imidazole for 15 min. All incubations 
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were performed at room temperature and following each incubation, the mixture was centrifuged (3000xg 

for 4 min at 4°C) and the protein-containing supernatant was collected. The presence of EsrC-His and 

NfxB in the elution fractions was assessed using immunoblotting as described below.  

 

3.7.2 NfxB and EsrC as “bait” and “prey” proteins, respectively  

 The initial pull-down assay demonstrated that untagged NfxB was able to bind the Ni-NTA resin.  

Therefore, untagged NfxB was employed as the “bait” protein, while untagged EsrC was used as the 

“prey” protein. Cultures of P. aeruginosa strain K2955 (∆nfxB ∆esrC) expressing NfxB and EsrC 

[encoded by pAM005 (pUCP18::esrC nfxB)] or expressing EsrC alone [encoded by pAM004 

(pUCP18::esrC)] were grown as described above, with the exception of the CHX concentration used: 1 

µg/ml for K2955 carrying pAM005 and 1.25 µg/ml for K2955 carrying pAM004. Cell lysates were 

prepared and affinity chromatography was performed as described above. The presence of NfxB and EsrC 

in the elution fractions was assessed using immunoblotting as described below.  

 

3.7.3 Defining buffer conditions for pull-down assay 

 Previous pull-down assays revealed that both untagged NfxB and EsrC were able to bind the Ni-

NTA resin. It was assumed, however, that His-tagged proteins would bind more tightly and that untagged 

proteins would not be retained at higher imidazole concentrations. In order to define binding conditions 

that would allow for specific retention of the “bait” protein and removal of the “prey” protein, elutions 

using varying concentrations of imidazole-containing buffer were carried out. Plasmids expressing NfxB-

His, NfxB, EsrC-His and EsrC [from plasmids pAM006 (pUCP18::nfxB-his), pAM002 (pUCP18::nfxB), 

pAM001 (pUCP18::esrC-his) and pAM004 (pUCP18::esrC), respectively] were individually introduced 

into P. aeruginosa strain K2955, and cultures were grown as described above, in the absence of CHX. 
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Cell lysates were prepared and affinity chromatography was performed as described above, with the 

exception of the elution buffers used; resin-bound proteins were eluted by incubating the resin with 

sequential 500 µl volumes of Buffer A containing increasing volumes of imidazole [first elution: 50 mM, 

second: 100 mM, third: 200 mM, fourth: 300 mM and fifth: 500 mM (15 min incubations)]. The presence 

of NfxB and EsrC in the elution fractions was assessed using immunoblotting as described below.  

 

3.7.4 Identifying buffer conditions for specific retention of NfxB-His, the “bait” protein 

 After identifying NfxB-His and EsrC as “bait” and “prey” proteins, respectively, buffer conditions  

for the specific retention of NfxB-His were tested. Cultures of K2955 expressing either NfxB-His [from 

pAM006 (pUCP18::nfxB-his)] or EsrC [from pAM004 (pUCP18::esrC)] were grown as described above, 

in the absence of CHX. Cell lysates were prepared affinity chromatography was performed as described 

previously, with the exception of the wash buffer used, which was Buffer A containing 100 mM 

imidazole. The presence of NfxB and EsrC in the elution fractions was assessed using immunoblotting as 

described below. Upon discovering that the “bait” protein (NfxB-His) was removed from the resin, this 

experiment was repeated, instead using Buffer A containing 50 mM imidazole for the three washes. 

 

3.7.1 Confirmation of the NfxB-EsrC interaction 

A pull-down assay using NfxB-His and EsrC as the “bait” and “prey” proteins, respectively, was  

carried out in order to demonstrate that NfxB and EsrC interact. Cultures of P. aeruginosa strain K2955 

expressing NfxB-His and EsrC [encoded by pAM008 (pUCP18::esrC nfxB-his)] or expressing EsrC alone 

[encoded by pAM007 (pUCP18::esrC)] were grown as described above, with the exception of the CHX 

concentration used: 0.875 µg/ml for K2955 carrying pAM008 and 1 µg/ml for K2955 carrying pAM007. 

Cell lysates were prepared and affinity chromatography was performed as described previously, with the 
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exception of the wash buffer used, which was Buffer A containing 50 mM imidazole. The presence of 

NfxB and EsrC in the elution fractions was assessed using immunoblotting as described below.  

 

3.8 Hydroxylamine mutagenesis 

 Chemical mutagenesis of the nfxB gene using hydroxylamine hydrochloride was adapted from the 

method of Garinot-Schneider et al (205). A 500 µl reaction mixture consisting of 10 µg plasmid pACP136 

(pDP804::nfxB), 5 mM EDTA (pH 8.0), 45 mM potassium phosphate buffer (pH 6.0) and 0.46 M 

hydroxylamine hydrochloride was incubated in a waterbath at 70°C for 45-60 min. Treatment time was 

dependent on achieving 1% transformation efficiency for the mutagenized plasmid relative to 

unmutagenized plasmid controls. At this time point, 180 µl of 10X TE buffer (100 mM Tris-HCl, 10 mM 

EDTA, pH 8.0) was added to inactivate the hydroxylamine hydrochloride, and the sample was placed on 

ice prior to purification using the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI). 

Purified hydroxylamine-mutagenized plasmid was then used in bacterial two-hybrid experiments. 

 

3.9 Bacterial two-hybrid assay 

 Protein-protein interaction was assessed by performing a bacterial two hybrid assay using the E. 

coli reporter strain SU202 (199). This strain carries a chromosomally-encoded lacZ gene under the control 

of the sulA promoter, which contains a hybrid LexA operator sequence. The hybrid operator sequence can 

only be recognized by a heterodimer of LexAWT and LexA408 DNA-binding domains, which are expressed 

from plasmids pMS604 and pDP804, respectively. Dimerization domains of LexA variants are absent, 

thus genes encoding two proteins of interest can be cloned in frame with LexA DNA-binding domains, 

resulting in the expression of protein fusions. An interaction between the proteins of interest facilitates 

binding of the LexA DNA-binding domains to the hybrid operator sequence, resulting in lacZ repression. 
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Proteins that do not interact, or those that have lost their ability to interact (e.g. due to chemical 

mutagenesis) are unable to bind the hybrid operator, resulting in lacZ expression and measurable β-

galactosidase production. 

 Screening for loss of protein interaction was accomplished by transforming mutagenized 

pACP136 (pDP804::nfxB) into E. coli SU202 harbouring pACP135 (pMS604::esrC) and plating on 

MacConkey agar [50 g/L (EMD Millipore, Billica, MA)] supplemented with tetracycline (10 µg/ml) and 

ampicillin (100 µg/ml). Plates were incubated 16 hr at 37°C and assessed for a loss-of-interaction 

phenotype [represented by red (lac+) colonies] relative to the interaction of wild-type NfxB and EsrC 

[represented by white/pink (lac-) colonies]. 

 

3.10 Bacterial self-association assay 

 Protein dimerization was assessed by performing a bacterial self-association assay using the E. 

coli reporter strain SU101 (199). This strain carries a chromosomally-encoded lacZ gene under the control 

of the sulA promoter, which contains a wild-type LexA operator sequence. The operator sequence can 

only be recognized by a homodimer of LexAWT DNA-binding domains, which are expressed from plasmid 

pMS604. The dimerization domain of LexAWT is absent, thus the gene encoding the protein of interest can 

be cloned in frame with the LexAWT DNA-binding domain, resulting in the expression of protein fusions. 

Self-association of the protein of interest facilitates binding of the LexAWT DNA-binding domains to the 

operator sequence, resulting in lacZ repression. Proteins that do not self-associate or those that have lost 

their ability to self-associate (e.g. due to the production of a truncated protein) are unable to bind the 

operator, resulting in measurable β-galactosidase production. 
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3.11 Immunoblotting using anti-NfxB and anti-EsrC antibodies 

To ensure that NfxB and EsrC proteins were being expressed in bacterial two-hybrid assays, 

immunoblotting of whole cell protein extracts of E. coli strain SU202 carrying pDP804, pMS604 or 

plasmid derivatives pACP135 (pMS604::esrC) and hydroxylamine-mutagenized pACP136 

(pDP804::nfxB) was performed using antisera raised against NfxB and EsrC. Whole cell extracts were 

prepared from plasmid-carrying E. coli SU202 strains which were grown overnight in L-broth 

supplemented with tetracycline (10 µg/ml) and ampicillin (100 µg/ml) and subcultured 1:50 in L-broth 

containing 1 mM IPTG. When an OD600 of 0.6-0.7 was reached, cells (from 1.5 ml culture) were harvested 

by microcentrifugation at 16,000xg for 2 min. Cell pellets were resuspended in 200 µl phosphate buffered 

saline [PBS (1.67 mM NaH2PO4•H2O, 8.1 mM Na2HPO4, 145.45 mM NaCl)], 180 µl gel loading buffer 

(4 ml glycerol, 4 ml 10% SDS, 2.5 ml 1M Tris pH 6.8, 1.5 ml dH2O, 0.35 g bromophenol blue) and 

20 µl β-mercaptoethanol. Samples were heated at 85°C for 7 min, then sonicated [for 25 sec at power 40 

using a Vibra-Cell Sonicator (Sonics & Materials Inc., Newton, CT)] in preparation for SDS-PAGE. 

 Detection of NfxB and EsrC proteins in pull-down assay elution fractions was accomplished by 

immunoblotting using antisera raised against NfxB and EsrC. Pull-down samples were prepared for SDS-

PAGE by adding 18 µl gel loading buffer and 2 µl β-mercaptoethanol to 20 µl of the elution fraction. 

Prepared protein samples were electrophoresed on 12% (wt/vol) polyacrylamide gels as described by 

Sambrook and Russell (202). Proteins were electrotransferred from the gels to methanol-activated 

nitrocellulose membranes and sandwiched between pieces of whatman paper soaked in transfer buffer [48 

mM Tris base, 39 mM glycine, 0.13 mM SDS, 20% (vol/vol) methanol] at 25 V for 30 min using a Trans-

Blot SD Semi-Dry Transfer Cell (Bio-Rad Labs, Mississauga, ON). Membranes were blocked with 10% 

skim milk powder in PBS-Tween [PBS with 0.1% (vol/vol) Tween-20)] for 16 hrs at 4°C with rocking. 

Membranes were briefly rinsed and then washed with PBST twice for 5 min. NfxB and EsrC proteins 
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were detected using rat anti-NfxB antibodies or rat anti-EsrC antibodies, respectively, diluted 1:500 in 10 

ml PBST containing 1% (wt/vol) bovine serum albumin (BSA). Membranes were incubated at room 

temperature with rocking for 1 hr, rinsed briefly and washed twice for 5 min with PBST. Membranes were 

then incubated at room temperature for 1 hr with rabbit anti-rat IgG HRP conjugated antibodies (Sigma-

Aldrich, St. Louis, MO) diluted 1:80000 in 10 ml PBST containing 1% (wt/vol) BSA. Membranes were 

again rinsed briefly and washed twice with PBST for 5 min. Washed membranes were treated with 

Western Lightning-ECL (Perkin Elmer, Boston, MA) according to manufacturer recommendations, 

vacuum-sealed in plastic bags and exposed to CL-XPosure film (Thermo Scientific, Waltham, MA) for 

15-20 min. Film was processed using an automatic developer, and aligned with the protein ladder on the 

original membrane in order to determine protein molecular weight.    
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Chapter 4 

Results 

4.1 Assessing the NfxB-EsrC interaction 

 An interaction between NfxB and EsrC was previously demonstrated using a bacterial two-hybrid 

assay, where plasmid-encoded genes were expressed in E. coli and relative interaction was assessed by β-

galactosidase expression (195). To demonstrate an interaction between NfxB and EsrC in P. aeruginosa 

and to determine whether the presence or absence of envelope stress has an effect on their association, a 

pull-down assay was performed. This approach consisted of growing P. aeruginosa cultures of strain 

K2955 (ΔnfxB ΔesrC) expressing plasmid-encoded His-tagged “bait” (NfxB or EsrC) and untagged 

“prey” (EsrC or NfxB) proteins in the presence or absence of the envelope stressor chlorhexidine (CHX). 

Since either NfxB or EsrC could be used as “bait” for this assay, both were tested as possible “bait” 

proteins. Cell lysates obtained from K2955 expressing the “bait” and “prey” proteins were incubated with 

Ni-NTA agarose resin, an affinity chromatography matrix, in order to capture the His-tagged “bait” 

protein. Due to its interaction with the “bait” protein, the “prey” protein was indirectly retained by the 

resin. To ensure the “prey” protein did not bind directly to the resin, cell lysates from K2955 expressing 

the “prey” protein alone were incubated with Ni-NTA resin. Multiple washes with imidazole-containing 

buffer removed non-specifically bound proteins from the resin, and a possible “bait-prey” protein complex 

was eluted with buffer containing a higher concentration of imidazole. To confirm the presence of the 

proteins of interest in elution fractions, immunoblotting was carried out using antisera raised against NfxB 

and EsrC.  
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4.1.1 Detection of NfxB and EsrC using antisera raised against NfxB and EsrC 

 As anti-NfxB and anti-EsrC antibodies were required for the detection of NfxB and EsrC in pull-

down assays, plasmid-encoded His-tagged NfxB and EsrC were expressed, purified by affinity 

chromatography, concentrated and subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE). 

Gel slices were sent to a custom antibody supplier for the generation of rat polyclonal antibodies against 

NfxB and EsrC. Immunoblotting using α (anti-) NfxB antibody from rat 1 did not exhibit cross-reactivity 

with EsrC, demonstrating that α NfxB antibody could be used to detect NfxB specifically (Figure 4-1: A). 

The NfxB protein appeared as a doublet, an occurrence observed in additional studies (192, 193). The 

NfxB doublet may arise due to degradation of the NfxB protein, or may correspond to two possible forms 

of NfxB, which have predicted molecular masses of 21 kDa and 23 kDa (192). Although initial 

immunoblots using anti-EsrC antibodies from test bleeds did not show cross-reactivity with NfxB, α  

(anti-) EsrC antiserum obtained from rat 1 from terminal bleeds demonstrated cross-reactivity with NfxB 

(Figure 4-1: B). However, the α EsrC antiserum obtained from rat 2 did not cross react with NxB, and 

could therefore be used to detect EsrC specifically (Figure 4-1: C).  

 

4.1.2 NfxB-His and EsrC-His complementation 

 There was a possibility that the incorporation of a His-tag could interfere with proper folding of 

NfxB and EsrC, rendering the proteins non-functional and compromising the NfxB-EsrC interaction. To 

ensure that the His-tag did not interfere with the function of either protein, complementation of the P. 

aeruginosa nfxB or esrC deletion strain with the corresponding His-tagged genes was assessed. The loss 

of nfxB (in the nfxB deletion strain K2951) results in hyperexpression of MexCD-OprJ and an increased 

resistance to MexCD-OprJ antimicrobial substrates [Table 4-1 (110)]. Complementation of the nfxB 

deletion should therefore lower MexCD-OprJ expression, reducing resistance and antimicrobial MIC
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Figure 4-1: Assessing specificity of α NfxB and α EsrC antisera 

Immunoblots using α NfxB antiserum from rat 1 (A), α EsrC antiserum from rat 1 (B) or α EsrC antiserum 
from rat 2 (C) of whole cell extracts from P. aeruginosa strain K2951 (ΔnfxB) expressing NfxB [from 
pAM002 (pUCP18::nfxB)] and P. aeruginosa strain K767 (wild-type) expressing EsrC [from pAM004 
(pUCP18::esrC)].  
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Table 4-1: Influence of plasmid-encoded NfxB-His on susceptibility to MexCD-OprJ-effluxed 

antibiotics 

   MIC (μg/ml)a 

Strain Genotype Plasmid CP NOR CM 

K767 WT - 0.125 0.25 25 

K2951 K767 ΔnfxB - 2 8 100 

K2951 K767 ΔnfxB pUCP18 2 8 100 

K2951 K767 ΔnfxB pAM006 0.125 0.5 25 

a MIC, minimum inhibitory concentration; CP, ciprofloxacin; NOR, norfloxacin; CM, chloramphenicol 

pAM006 = pUCP18::nfxB-his 
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 (minimum inhibitory concentration) values. Indeed, complementation of K2951 with NfxB-His restored 

susceptibility to MexCD-OprJ-effluxed substrates (Table 4-1), indicating that the His-tag did not interfere 

with the function of NfxB-His. EsrC does not impact mexCD-oprJ expression except under conditions of 

envelope stress, where its loss (in the esrC deletion strain K2952) leads to increased expression of 

MexCD-OprJ and increased resistance to the MexCD-OprJ-effluxed substrate and envelope stressor CHX 

[Table 4-2 (196)]. Complementation of K2952 with EsrC-His led to reduced CHX resistance, represented 

by reduced CHX MIC values (Table 4-2), consistent with its ability to repress mexCD-oprJ expression. 

Thus, the His-tag did not interfere with the function of EsrC-His.  

 

4.1.3 Pull-down assay utilizing His-tagged EsrC and untagged NfxB as the “bait” and “prey” 

proteins, respectively 

 Initial attempts at using a pull-down assay to demonstrate the NfxB-EsrC interaction employed 

EsrC-His as the “bait” protein and untagged NfxB as the “prey” protein. P. aeruginosa cultures of the 

nfxB and esrC deletion strain K2955 expressing either EsrC-His and NfxB or NfxB alone were grown in 

the presence or absence of CHX to late-log phase. Cell lysates from these cultures were incubated with 

Ni-NTA agarose resin in order to capture EsrC-His and any associated NfxB. K2955 cell lysates 

expressing NfxB alone were applied to Ni-NTA resin in order to ensure that the “prey” protein did not 

bind directly to the resin. Immunoblotting of elution fractions with α EsrC and α NfxB antisera revealed 

that EsrC-His, the “bait” protein, was retained by and subsequently eluted from the Ni-NTA resin (Figure 

4-2: A, lanes 3 and 4). The “prey” protein, NfxB, was retained by the Ni-NTA resin in the presence of 

EsrC-His (Figure 4-2: B, lanes 3 and 4). However, NfxB was also detected in the absence of EsrC-His 

(Figure 4-2: B, lanes 1 and 2), indicating that NfxB was capable of binding directly to the resin. As it was 

not possible to differentiate between NfxB associated with EsrC-His and resin-bound NfxB, the NfxB-

EsrC interaction could not be verified.  
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Table 4-2: Influence of plasmid-encoded EsrC-His on susceptibility to CHX 

   MIC (μg/ml)a 

Strain Genotype Plasmid CHX 

K767 WT - 7 

K2952 K767 ΔesrC - 9 

K2952 K767 ΔesrC pUCP18 9 

K2952 K767 ΔesrC pAM001 4 

a MIC, minimum inhibitory concentration; CHX, chlorhexidine 

pAM001 = pUCP18::esrC-his 
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Figure 4-2: Assessing the NfxB-EsrC interaction by employing EsrC-His and NfxB as the “bait” and 
“prey” proteins, respectively 

Cultures of P. aeruginosa strain K2955 (ΔnfxB ΔesrC) expressing plasmid-encoded EsrC-His and/or 
NfxB were grown in the presence (+) and absence (-) of CHX (1/4 MIC) to late-log phase (OD600 0.6-0.8). 
Cell lysates were prepared and incubated with the Ni-NTA resin. After multiple washes, Ni-NTA-bound 
proteins were eluted with buffer containing 500 mM imidazole, separated by SDS-PAGE and subjected to 
immunoblotting with antisera raised against EsrC (A) or NfxB (B). Lanes 1 and 2: K2955 carrying 
pAM002 (pUCP18::nfxB). Lanes 3 and 4: K2955 carrying pAM003 (pUCP18::nfxB esrC-his). Lanes 
containing wash fractions have been omitted, although all lanes in A or B were from the same blot.  
 
 
 
 



 

 

 

53 

 
4.1.4 Pull-down assay utilizing untagged NfxB and EsrC as the “bait” and “prey” proteins, 

respectively  

 Given that untagged NfxB bound directly to the Ni-NTA resin, it was reasoned that NfxB could 

be used as the “bait” protein without the need for a His-tag, and untagged EsrC could be used as the 

“prey” protein. P. aeruginosa cultures of strain K2955 expressing NfxB and EsrC, or EsrC alone were 

grown to late-log phase in the presence or absence of CHX. Cell lysates from these cultures were isolated 

and incubated with Ni-NTA agarose resin in order to capture NfxB and any associated EsrC. K2955 cell 

lysates expressing EsrC alone were also applied to Ni-NTA resin in order to ensure that the “prey” protein 

did not bind directly to the affinity chromatography matrix. Western blotting of elution fractions with α 

NfxB and α EsrC antisera indicated that NfxB, the “bait” protein, was retained by and subsequently eluted 

from the Ni-NTA resin (Figure 4-3: A, lanes 3 and 4). The “prey” protein, EsrC, was retained by the resin 

in the presence of NfxB (Figure 4-3: B, lanes 3 and 4).  However, EsrC was also detected in the absence 

of NfxB (Figure 4-3: B, lanes 1 and 2), indicating that EsrC was capable of binding directly to the resin. 

As it was not possible to differentiate between EsrC associated with NfxB and resin-bound EsrC, the 

NfxB-EsrC interaction could not be demonstrated. 

 

4.1.5 Defining pull-down assay buffer conditions for specific retention of the “bait” protein on the 

Ni-NTA resin 

 As untagged and His-tagged versions of both NfxB and EsrC bound directly to the Ni-NTA resin, 

attempts were made to identify buffer conditions under which the “bait” protein would be retained by the 

Ni-NTA resin while the “prey” protein would not. This approach involved performing individual stepwise 

elutions of “bait” and “prey” proteins from the Ni-NTA resin, using varying concentrations of imidazole 

in order to define an imidazole concentration that removed the “prey” protein while retaining the “bait” 

protein. pUCP18 derivatives expressing NfxB, NfxB-His, EsrC or EsrC-His were introduced individually
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Figure 4-3: Assessing the NfxB-EsrC interaction by employing NfxB and EsrC as the “bait” and 
“prey” proteins, respectively 

Cultures of P. aeruginosa strain K2955 (ΔnfxB ΔesrC) expressing plasmid-encoded NfxB and/or EsrC 
were grown in the presence (+) and absence (-) of CHX (1/4 MIC) to late-log phase (OD600 0.6-0.8), and 
cell lysates were prepared and incubated with the Ni-NTA resin. After multiple washes, Ni-NTA-bound 
proteins were eluted with buffer containing 500 mM imidazole, separated by SDS-PAGE and subjected to 
immunoblotting with antisera raised against NfxB (A) or EsrC (B). Lanes 1 and 2: K2955 carrying 
pAM004 (pUCP18::esrC). Lanes 3 and 4: K2955 carrying pAM005 (pUCP18::esrC nfxB). Lanes 
containing wash fractions have been omitted, although all lanes in A or B were from the same blot. 
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into the P. aeruginosa nfxB and esrC deletion strain K2955. Cell lysates were prepared and incubated with 

Ni-NTA resin and multiple washes were carried out using buffer containing 5 mM imidazole. Elutions 

were then performed using successive 500 µl volumes of buffer containing increasing concentrations of 

imidazole (first elution: 50 mM, second: 100 mM, third: 200 mM, fourth: 300 mM and fifth: 500 mM). 

Western blots of elution fractions using α NfxB and α EsrC antisera demonstrated that His-tagged NfxB 

bound strongly to Ni-NTA resin and could be eluted using buffer containing the highest concentration of 

imidazole used [500 mM (Figure 4-4: A, lane 6)], although some NfxB-His was removed from the resin 

by lower concentrations of imidazole [50 mM and 100 mM (Figure 4-4: A, lanes 2 and 3)]. By 

comparison, lower concentrations of imidazole (50 mM and 100 mM) were capable of removing the 

majority of untagged NfxB protein from the resin (Figure 4-4: B, lanes 2 and 3), making it an unsuitable 

“bait” protein. However, some untagged NfxB was still detectable in the 500 mM elution fraction (Figure 

4-4: B, lane 6), making it an unsuitable “prey” protein. The majority of His-tagged EsrC protein was 

eluted at concentrations lower than 300 mM imidazole (Figure 4-4: C, lanes 3-5), making it an unsuitable 

“bait” protein. EsrC-His was also detected in the 500 mM imidazole fraction (Figure 4-4: C, lane 6), 

making it an unsuitable “prey” protein. In contrast, untagged EsrC was not detected in the 300 or 500 mM 

imidazole elution fractions (Figure 4-4: D lanes 5 and 6). Since NfxB-His was retained by the Ni-NTA 

resin using imidazole concentrations at which untagged EsrC could be removed from the resin, NfxB-His 

was selected as the “bait” protein, while EsrC was selected as the “prey” protein.  

 

4.1.6 Determining buffer conditions for the pull-down assay utilizing NfxB-His and EsrC as the 

“bait” and “prey” proteins, respectively 

 In order to precisely define an imidazole wash concentration that would remove untagged EsrC 

(the “prey” protein) from the Ni-NTA resin prior to the final elution of the “bait-prey” complex, cultures 

of K2955 expressing either plasmid-encoded NfxB-His or plasmid-encoded EsrC were grown until
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Figure 4-4: Determining pull-down assay buffer conditions that permitted specific retention of the 
“bait” protein by the Ni-NTA resin 

Cultures of P. aeruginosa strain K2955 (ΔnfxB ΔesrC) expressing NfxB-His (A), NfxB (B), EsrC-His (C) 
or EsrC (D) from pAM006 (pUCP18::nfxB-his), pAM002 (pUCP18::nfxB), pAM001 (pUCP18::esrC-his) 
or pAM004 (pUCP18::esrC), respectively, were grown to late-log phase (OD600 0.6-0.8). Cell extracts 
were prepared (lane 1) and incubated with the Ni-NTA resin. After multiple washes, successive elutions of 
Ni-NTA-bound proteins were performed with buffer containing 50, 100, 200, 300 and 500 mM imidazole 
(lanes 2-6). Proteins were separated by SDS-PAGE and subjected to immunoblotting using antisera raised 
against NfxB (A and B) or EsrC (C and D). Lanes containing wash fractions have been omitted, although 
all lanes in A, B, C or D were from the same blot. 
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late-log phase and cell lysates were prepared and incubated with the Ni-NTA resin. Multiple washes were 

carried out using buffer containing 100 mM imidazole, since previous elution profiles indicated that EsrC 

could be removed from the resin at this concentration (Figure 4-4: D, lane 3) with minimal removal of 

NfxB-His from the resin (Figure 4-4: A, lane 3). Following the wash steps, elutions were carried out with 

buffer containing 500 mM imidazole. Immunoblotting with α NfxB and α EsrC antisera revealed that, 

while the “prey” protein (EsrC) was completely removed from the resin, the “bait” protein (NfxB-His) 

was also completely removed from the resin (data not shown). This was due to the higher concentration of 

imidazole in the wash buffer (100 mM), relative to the concentration used for previous pull-down attempts 

(5 mM). As a result, the experiment was repeated using a lower concentration of imidazole (50 mM) in the 

wash buffer. Washes using 50 mM imidazole-containing buffer demonstrated that EsrC was not retained 

upon eluting with 500 mM imidazole  (Figure 4-5: B, lane 5).  Surprisingly, however, minimal EsrC was 

detected in the 50 mM imidazole wash fractions (Figure 4-5: B, lanes 2-4). As high volumes of buffer 

containing 50 mM imidazole were used for wash steps (10 ml vs. 500 µl used for the previous 

experiment), the sample loaded for SDS-PAGE in Figure 4-5 was substantially diluted, resulting in 

difficulty detecting EsrC upon immunoblotting. As expected, NfxB-His was retained by the Ni-NTA resin 

despite washes using 50 mM imidazole, as it could be eluted at higher imidazole concentrations [(500 

mM) Figure 4-5: A lane 5]. Thus, specific retention of NfxB-His by the Ni-NTA resin could be achieved 

using a wash buffer containing 50 mM imidazole, with subsequent elution of the NfxB-His “bait” protein 

and any associated EsrC “prey” protein using buffer containing 500 mM imidazole.  

 

4.1.7 NfxB and EsrC interact in the presence and absence of CHX-mediated envelope stress 

 After identifying an imidazole concentration at which untagged EsrC was not retained by the Ni-

NTA resin, a pull-down assay employing NfxB-His as the “bait” protein and untagged EsrC as the “prey” 

protein was performed. Cultures of P. aeruginosa strain K2955 expressing plasmid-encoded NfxB-His
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Figure 4-5: Defining pull-down assay buffer conditions for specific retention of NfxB-His  

Cultures of P. aeruginosa strain K2955 (ΔnfxB ΔesrC) expressing NfxB-His (A) or EsrC (B) from 
pAM006 (pUCP18::nfxB-his) and pAM004 (pUCP18::esrC), respectively, were grown to late-log phase 
(OD600 0.6-0.8). Cell lysates were prepared (lane 1) and incubated with Ni-NTA resin. After multiple 
washes with buffer containing 50 mM imidazole (lanes 2-4), Ni-NTA-bound proteins were eluted with 
buffer containing 500 mM imidazole (lanes 5). Proteins were separated using SDS-PAGE and subjected to 
immunoblotting with antisera raised against NfxB (A) or EsrC (B). 
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and/or EsrC were grown in the presence or absence of CHX until late-log phase. Cell lysates from these 

cultures were incubated with Ni-NTA resin in order to capture NfxB-His and any associated EsrC. Cell 

lysates expressing EsrC alone were also incubated with resin to confirm that the “prey” protein did not 

bind directly to the affinity chromatography matrix. Following multiple washes with buffer containing 50 

mM imidazole, resin-bound proteins were eluted with buffer containing 500 mM imidazole. Coomassie 

staining of protein samples prior to immunoblotting indicated minimal interfering proteins in pull-down 

elution fractions. Immunoblotting of elution fractions with α NfxB and α EsrC antisera demonstrated that 

NfxB-His, the “bait” protein, was retained by and subsequently eluted from the Ni-NTA resin (Figure 4-6: 

A, lanes 4 and 5). The “prey” protein, EsrC, was retained by the resin in the presence of NfxB (Figure 4-6: 

B, lanes 4 and 5). Importantly, EsrC was not retained by the resin in the absence of NfxB-His (Figure 4-6: 

B, lanes 2 and 3), indicating that NfxB and EsrC interact. This result is supported by data obtained using 

the bacterial two-hybrid assay, which demonstrated an association between NfxB and EsrC (195). As the 

NfxB-EsrC interaction was observed in both the absence and presence of CHX, CHX-mediated envelope 

stress does not appear to be required in order for the NfxB-EsrC interaction to occur. 

 

4.2 Defining residues of NfxB required for the NfxB-EsrC interaction 

 In order to identify residues of NfxB required for its interaction with EsrC, the plasmid-borne 

nfxB gene was mutagenized and a loss of NfxB interaction with EsrC was assessed using the bacterial 

two-hybrid assay. The bacterial two-hybrid assay involved cloning the nfxB and esrC genes in frame with 

the LexA408 and LexAWT DNA binding domains, encoded by plasmids pDP804 and pMS604, respectively. 

These plasmids were then introduced into the E. coli reporter strain SU202, which carries a 

chromosomally-encoded lacZ gene under the control of the sulA promoter. The promoter region contains a 

LexA-repressible hybrid operator which can only be bound by a heterodimer of LexAWT and LexA408 

resulting in lacZ repression. An interaction between NfxB and EsrC, which are fused to these LexA DNA- 
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Figure 4-6: NfxB and EsrC interact in the presence and absence of CHX-mediated envelope stress 

Cultures of P. aeruginosa strain K2955 (ΔnfxB ΔesrC) expressing plasmid-encoded NfxB-His and/or 
EsrC were grown in the presence (+) and absence (-) of CHX (1/4 MIC) to late-log phase (OD600 0.6-0.8). 
Cell lysates were prepared (lane 1) and incubated with Ni-NTA resin. After multiple washes with 50 mM 
imidazole, Ni-NTA-bound proteins were eluted with buffer containing 500 mM imidazole (lanes 2-5), 
separated by SDS-PAGE and subjected to immunoblotting with antisera raised against NfxB (A) or EsrC 
(B). Lanes 1, 4 and 5: K2955 harbouring pAM008 (pUCP18::esrC nfxB-his). Lanes 2 and 3: K2955 
carrying pAM007 (pUCP18::esrC). Lane 6: cell lysate of K2955 carrying pAM007 (pUCP18::esrC) prior 
to incubation with Ni-NTA resin, confirming the expression of EsrC before resin washes. Lanes 
containing wash fractions have been omitted; lanes 1-5 from A or B were from the same blot, while lane 6 
was derived from a separate blot. Results are representative of two independent experiments. 
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binding domains, is indicated by lacZ repression and measured by a reduction in β-galactosidase activity. 

Thus, mutations in nfxB that compromise the NfxB-EsrC interaction should result in increased lacZ 

expression and an increase in β-galactosidase activity. This can be assessed directly by using MacConkey 

agar as a phenotypic screen, or by performing liquid β-galactosidase assays (where β-galactosidase 

activity is expressed in Miller Units).  

 Following hydroxylamine mutagenesis of pDP804::nfxB, E. coli SU202 strains harbouring 

mutagenized pDP804::nfxB and pMS604::esrC were screened for increased β-galactosidase activity (i.e: 

red colonies) on MacConkey lactose indicator plates. Most colonies were white/pink, indicative of 

decreased β-galactosidase activity and consistent with NfxB and EsrC interacting, although several red 

colonies were also observed. Approximately 120 colonies were chosen and subjected to liquid β-

galactosidase assays to confirm the increase in β-galactosidase production. Of these, 23 colonies 

demonstrated reproducibly (n=2) high β-galactosidase activities, defined as a 2-fold increase in activity 

compared to that of E. coli SU202 expressing wild-type NfxB and EsrC (Figure 4-7). Mutations in nfxB 

could prevent full-length protein expression (e.g. due to the introduction of a stop codon) or result in 

protein destabilization, both of which would disrupt the NfxB-EsrC interaction. Since the aim of this 

experiment was to identify residues of NfxB important for its interaction with EsrC, immunoblotting was 

performed to confirm both full-length NfxB and EsrC were being expressed at wild-type levels by the 23 

colonies selected. Of these, 12 variants yielded wild-type levels of full-length NfxB and EsrC, and 

immunoblotting of these variants was repeated to verify these results (Figure 4-8). The plasmids 

expressing these variants were isolated and sent for sequencing of the nfxB gene. Upon sequence analysis, 

only 1 nfxB gene was found to possess a mutation. However, this mutation was found within the N-

terminal predicted DNA-binding domain of NfxB, and thus likely did not have an effect on the NfxB-EsrC 

interaction.  
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Figure 4-7: Screening for NfxB variants demonstrating a loss of interaction with EsrC  

E. coli SU202 expressing mutant NfxB proteins compromised for the NfxB-EsrC interaction were 
identified using a bacterial two-hybrid assay, where interaction of NfxB (expressed from pDP804) with 
EsrC (expressed from pMS604) leads to repression of lacZ expression and reduced β-galactosidase 
activity (measured in Miller Units). Loss of interaction is represented by an increase in lacZ expression 
and increased β-galactosidase activity. The β-galactosidase activities of E. coli SU202 expressing wild-
type (WT) EsrC (from pMS604) and either wild-type or mutant (1-23) NfxB (from pDP804) are indicated. 
Results shown are representative of two independent experiments. 
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Figure 4-8: Expression of EsrC and mutant NfxB proteins in E. coli SU202  

Immunoblots of whole-cell extracts of E. coli SU202 expressing EsrC (from pMS604) and either wild-
type NfxB (+) or mutant NfxB proteins [(1-12) from pDP804], developed with α NfxB (A) or α EsrC (B) 
antisera. -, E. coli SU202 harbouring pDP804 with no insert. 
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 As nfxB mutagenesis failed, several previously generated nfxB mutations (193) were chosen to 

evaluate their impact on the NfxB-EsrC interaction, again using the bacterial two-hybrid assay. These 

included NfxB variants with residue substitutions H99R, F147S, F156S, G166D and G192D, located 

within the predicted C-terminal multimerization region of NfxB, and S48R, located within the predicted 

N-terminal DNA-binding domain of the protein. NfxB variants NfxBS48R, NfxBH99R, NfxBF147S, NfxBF156S, 

NfxBG166D and NfxBG192D (expressed from pMS604 derivatives) were assessed for their ability to interact 

with wild-type EsrC (expressed from pDP804). E. coli SU202 strains expressing wild-type EsrC and the 

NfxB variants NfxBH99R, NfxBF147S, NfxBF156S or NfxBG192D showed an increase in β-galactosidase activity 

relative to E. coli SU202 expressing wild-type EsrC and NfxB, an indication that these mutations 

compromised the NfxB interaction with EsrC (Figure 4-9). NfxBS48R retained its ability to interact with 

EsrC, as indicated by unchanged β-galactosidase levels of E. coli SU202 expressing wild-type EsrC and 

NfxBS48R when compared to the same strain expressing wild-type EsrC and NfxB. Interestingly, the ability 

of NfxBG166D to interact with EsrC appears to be enhanced relative to wild-type NfxB, as a reduction in β-

galactosidase activity of E. coli SU202 expressing wild-type EsrC and NfxBG166D was observed relative to 

the expression of wild-type EsrC and NfxB (Figure 4-9). 

 The impact of the above NfxB mutations on NfxB dimerization was previously investigated (193) 

and reconfirmed in this study using the bacterial protein self-association assay. This assay involved 

cloning nfxB genes expressing mutant NfxB proteins in frame with the LexAWT DNA binding domain, 

encoded by plasmid pMS604. These plasmids were then introduced into the E. coli reporter strain SU101, 

which carries a chromosomal lacZ gene under the control of the sulA promoter. This promoter region 

contains a LexAWT-repressible operator, which can only be bound by a homodimer of LexAWT DNA-

binding domains fused to a protein capable of dimerization, resulting in lacZ repression. NfxB self-

association is represented by lacZ repression and a reduction in β-galactosidase activity. Mutations in
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Figure 4-9: Impact of NfxB mutations on the NfxB-EsrC interaction  

β-galactosidase activity (measured in Miller Units) of E. coli SU202 cells expressing pDP804-borne wild-
type EsrC (+) and pMS604-borne wild-type (+) or mutant [S48R, H99R, F147S, F156S, G166D or 
G192D (amino acid changes indicated)] NfxB proteins. -, E. coli SU202 harbouring pMS604 with no 
insert. Results shown are the mean ± SEM from n=3 independent experiments, each performed in 
triplicate. 
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NfxB that compromise the NfxB-NfxB interaction should therefore result in an increase in lacZ 

expression and in β-galactosidase activity. E. coli SU101 strains expressing NfxBH99R, NfxBF147S, 

NfxBF156S or NfxBG192D showed increased β-galactosidase activity relative to the expression of wild-type 

NfxB by the same strain (Figure 4-10),  an indication that these mutations disrupted the NfxB-NfxB 

interaction. Thus, residue substitutions H99R, F147S, F156S and G192D compromise NfxB self-

association as well as the NfxB-EsrC interaction. In contrast, NfxBS48R retained its ability to self-associate 

and therefore does not impact NfxB dimerization or the NfxB-EsrC interaction. Interestingly, the residue 

substitution G166D had a moderate impact on NfxB self-association, demonstrated by a moderate increase 

in β-galactosidase activity of E. coli SU101 expressing NfxBG166D (Figure 4-10), suggesting that this 

substitution does not completely disrupt the dimerization capabilities of NfxB.    

 

4.3 Determining regions of NfxB required for the NfxB-EsrC interaction 

 In order to investigate regions of NfxB required for the NfxB-EsrC interaction, truncations 

[expressed from pMS604 (193)] were assessed for their ability to associate with EsrC (expressed from 

pDP804), using the bacterial two-hybrid system described previously. β-galactosidase activities of E. coli 

SU202 expressing NfxB13-199, NfxB59-199 and NfxB80-199 were comparable to those reported for E. coli 

SU202 expressing wild-type NfxB (Figure 4-11), indicating that the loss of up to 79 amino acids from the 

N-terminus of NfxB had no effect on the NfxB-EsrC interaction. In contrast, an increase in β-

galactosidase activity was seen for E. coli SU202 expressing NfxB119-199 relative to the same strain 

expressing wild-type NfxB (Figure 4-11: compare D119-S199 with M1-S199), demonstrating that 

removal of residues 1-118 resulted in a loss of NfxB-EsrC interaction. Interestingly, the removal of 74 

amino acids from the C-terminus of NfxB had only a moderate impact on the NfxB-EsrC interaction 

(Figure 4-11: M1-G124).  
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Figure 4-10: Impact of NfxB mutations on NfxB self-association  

The impact of NfxB mutations on the NfxB-NfxB interaction was assessed using a bacterial self-
association assay, where dimerization of NfxB (expressed from pMS604) in the reporter strain E. coli 
SU101 leads to repression of lacZ and reduced β-galactosidase activity (measured in Miller Units). β-
galactosidase activity of E. coli SU101 cells expressing pMS604-borne wild-type (+) or mutant [S48R, 
H99R, F147S, F156S, G166D or G192D (amino acid changes indicated)] NfxB proteins are shown. -, E. 
coli SU101 harbouring pMS604 with no insert. Results shown are the mean ± SEM from n=3 independent 
experiments, each performed in triplicate. 
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Figure 4-11: Impact of NfxB truncations on the NfxB-EsrC interaction  

β-galactosidase activity (measured in Miller Units) of E. coli SU202 cells expressing pDP804-borne full-
length EsrC (+) and pMS604-borne full-length (M1-S199) or truncated (M13-S199, R59-S199, A80-S199, 
D119-S199 and M1-G124) NfxB proteins. -, E. coli SU202 harbouring pMS604 with no insert.  Results 
shown are the mean ± SEM from n=3 independent experiments, each performed in triplicate. 
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 The effect of the above nfxB truncations on self-association was previously investigated (193) and 

confirmed in this study using the bacterial protein self-association assay and the SU101 reporter strain. 

Truncations of NfxB that compromise the NfxB-NfxB interaction should result in increased lacZ 

expression and in β-galactosidase activity. Loss of the first 58 amino acids, encompassing a predicted 

helix-turn-helix (HTH) DNA-binding motif, from NfxB had no effect on NfxB self-association (Figure 4-

12: R59-S199), indicating that this region does not appear to be required for self-association or the NfxB-

EsrC interaction.  However, truncations of over 58 amino acids from the N-terminus resulted in a loss of 

NfxB self-association (Figure 4-12: A80-S199, D119-S199). This contrasts with results of NfxB-EsrC 

association, where removal of the first 79 amino acids from the N-terminus of NfxB did not appear to 

have an impact on the NfxB-EsrC interaction. Similar to the impact of the removal of residues 125-199 

from NfxB on the NfxB-EsrC interaction, loss of 74 amino acids from the C-terminus of NfxB had a 

moderate effect on self-association (Figure 4-12: M1-G124). 

4.4 Determining regions of EsrC required for the NfxB-EsrC interaction and self-

association 

 To identify regions of EsrC important for the NfxB-EsrC interaction and self-association, 

truncations of the esrC gene were constructed based on the previously generated nfxB truncations (Figure 

4-13). As NfxB and EsrC share 60% protein sequence identity, it was hypothesized that they have 

comparable structures, and possibly, similar requirements for self-association and interaction with one 

another. Truncations of esrC  (expressed from pMS604) were evaluated for their ability to associate with 

NfxB (expressed from pDP804), using the bacterial two-hybrid assay and the SU202 reporter strain. β-

galactosidase activities of E. coli SU202 expressing wild-type NfxB and EsrC40-211, EsrC69-211 and EsrC90-211 

were comparable to that of E. coli SU202 expressing wild-type NfxB and wild-type EsrC (Figure 4-14), 

demonstrating that loss of up to 89 amino acids from the N-terminus of EsrC had no effect on the
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Figure 4-12: Impact of NfxB truncations on self-association  

E. coli SU101 expressing pMS604-borne full-length (M1-S199) or truncated [M13-S199, R59-S199, A80-
S199, D119-S199 and M1-G124 (first and last amino acids indicated)] NfxB proteins. -, E. coli SU101 
harbouring pMS604 with no insert. Results obtained are the mean ± SEM from n=3 independent 
experiments, each performed in triplicate. 
 

 

 

 

 

 



 

 

 

73 

 

 

 

 

 

 

 

 

 

Figure 4-13: Alignment of NfxB and EsrC amino acid sequences  
BLASTP alignment of NfxB (top row) and EsrC (bottom row). The numbers to the left and right of each 
row represent the position of amino acid residues. Residues 1-9 (of NfxB) and residues 1-19 (of EsrC) 
were omitted due to lack of sequence similarity at the extreme N-terminus of the protein. The middle row 
indicates identical residues (represented by a letter), similar residues (+) and non-similar residues 
(represented by a blank space). Amino acid end points of NfxB and EsrC truncations described in this 
study are indicated by red and blue arrows, respectively.   
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Figure 4-14: Impact of EsrC truncations on the NfxB-EsrC interaction  

β-galactosidase activity (measured in Miller Units) of E. coli SU202 cells expressing pDP804-borne full-
length NfxB (+) and pMS604-borne full-length (M1-P211) or truncated [M40-P211, R69-P211, S90-
P211, A129-P211 and M1-D133 (first and last amino acids indicated)] EsrC proteins. -, E. coli SU202 
harbouring pMS604 with no insert. Results shown are the mean ± SEM from n=3 independent 
experiments, each performed in technical triplicate. 
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NfxB-EsrC interaction. In contrast, the removal of residues 1-128 (Figure 4-14: A129-P211) and residues 

134-211 (Figure 4-14: M1-D133) from EsrC resulted in a loss of interaction with NfxB, indicating that the 

C-terminal region of EsrC is necessary for the NfxB-EsrC interaction.  

 The truncated EsrC variants were also assessed for their ability to dimerize using the bacterial 

protein self-association assay and reporter strain SU101. E. coli SU101 expressing EsrC40-211 and EsrC69-211 

exhibited β-galactosidase activities similar to the same strain expressing wild-type EsrC (Figure 4-15), 

suggesting that residues 1-68 (encompassing a predicted HTH DNA-binding motif) are not required for 

self-association. These residues are also not required for the NfxB-EsrC interaction. However, larger N-

terminal truncations of EsrC (yielding variants EsrC90-211, EsrC129-211) resulted in a loss of self-association, 

indicating that the C-terminal region is necessary for EsrC dimerization. This differs with the requirements 

of EsrC for its interaction with NfxB, where a more substantial loss of the N-terminus (up to residue 89) 

of EsrC had no effect on the NfxB-EsrC interaction. The extreme C-terminus of EsrC appears to be 

necessary for self-association, as loss of residues 133-211 impacts EsrC dimerization (Figure 4-15; M1-

D133). This observation is consistent with the requirements of EsrC for interaction with NfxB, where loss 

of the extreme C-terminus also abrogates the NfxB-EsrC interaction. 

 

 

 
  

 

 

 

 

 



 

 

 

77 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-15: Impact of EsrC truncations on EsrC self-association  

β-galactosidase activity (measured in Miller Units) of E. coli SU101 cells expressing pMS604-borne full-
length (M1-P211) or truncated [M40-P211, R69-P211, S90-P211, A129-P211 and M1-D133 (first and last 
amino acids indicated)] EsrC proteins. -, E. coli SU101 harbouring pMS604 with no insert. Results shown 
are the mean ± SEM from n=3 independent experiments, each performed in technical triplicate. 
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Chapter 5 

Discussion 
 

5.1 NfxB and EsrC interact in the presence and absence of envelope stress 

 This study proposed an experimental model of mexCD-oprJ regulation in which, under standard 

laboratory conditions (i.e: in the absence of envelope stress), NfxB binds as a tetramer to the nfxB-mexC 

intergenic region to repress the mexCD-oprJ operon. In the presence of envelope stress, NfxB undergoes a 

conformational change that results in the alleviation of its repressor activity, thereby resulting in 

derepression of both the mexCD-oprJ operon and the esrC gene. It was postulated that NfxB and EsrC 

then interact in order to form a heterotetrameric repressor that is capable of moderate mexCD-oprJ 

repression and that this interaction is enhanced in the presence of envelope stress. Co-retention of EsrC by 

NfxB in the presence and absence of chlorhexidine (CHX) was assessed using a pull-down assay on Ni-

NTA agarose beads. Results showed that the NfxB-EsrC interaction occurred in both the absence and 

presence of CHX-mediated envelope stress, indicating that CHX-mediated envelope stress is not required 

for the NfxB-EsrC interaction. Importantly, experimental conditions were designed to ensure adequate 

production of NfxB and EsrC, thus both proteins were constitutively expressed at high levels from 

plasmid-encoded genes in both the absence and presence of CHX. However, as EsrC is not produced in 

the absence of envelope stress, the conditions employed for the pull-down assay only mimicked those 

associated with the presence of envelope stress. Although CHX-mediated envelope stress did not have an 

impact on the NfxB-EsrC interaction, envelope stress is required for the alleviation of NfxB repressor 

activity (193), which results in EsrC production (196) and the subsequent formation of the 

heterotetrameric NfxB-EsrC repressor.  

 Based on the results of this study, the proposed model of mexCD-oprJ regulation in the presence 

of CHX-mediated envelope stress was modified. In the presence of envelope stress, the repressor activity 
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of NfxB is alleviated due to a conformational change, resulting in derepression of mexCD-oprJ and 

production of EsrC. NfxB and EsrC then associate to form a heterotetrameric repressor that is capable of 

repressing the mexCD-oprJ operon, and CHX-mediated envelope stress is not necessary for the NfxB-

EsrC interaction to occur (Figure 5-1: B). Instead, the NfxB-EsrC interaction likely depends on the 

relative concentrations of both repressors within the cell. In the presence of envelope stress, EsrC may 

competitively associate with NfxB, resulting in increasing amounts of the NfxB-EsrC heterotetrameric 

repressor relative to the NfxB homotetrameric repressor. NfxB may also have a higher affinity for EsrC, 

thus NfxB may preferentially interact with EsrC to form a heterotetramer that is then capable of 

moderately repressing mexCD-oprJ expression. Moderate repression of mexCD-oprJ in the presence of 

envelope stress may be necessary to prevent the overexpression of this efflux system, which can be 

damaging to P. aeruginosa. Indeed, nfxB deletion strains exhibiting extremely high levels of mexCD-oprJ 

expression have been shown to revert to wild-type levels of mexCD-oprJ expression, indicating that 

overexpression of mexCD-oprJ is detrimental to the cell (195). While EsrC expression and subsequent 

interaction with NfxB under envelope stress conditions may primarily serve to produce a heteromultimeric 

moderate repressor in order to avoid excessive mexCD-oprJ expression, it is more likely that the 

heteromultimeric repressor responds to additional envelope stress-related signals through EsrC. Signal 

integration through EsrC would allow for moderate or high levels of mexCD-oprJ expression depending 

on the number of stress signals present, and thus, the amount of MexCD-OprJ required.  

 The envelope stress-generated effector molecules that interact with NfxB to alleviate its repressor 

activity remain to be elucidated, as do those that may bind to EsrC. Potential effector molecules of NfxB 

and EsrC could be components of the cell membrane, as CHX destabilizes the membrane by decreasing its 

fluidity (74). Membrane destabilization promotes membrane remodeling by the cell to restore stability 

(206, 207), which in this case can be accomplished by decreasing the proportion of saturated fatty acids 

and increasing the proportion of unsaturated fatty acids within phospholipid and LPS components of the  
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Figure 5-1: Revised model of mexCD-oprJ operon regulation in P. aeruginosa  
In the absence of envelope stress (A), NfxB is expressed, multimerizes and binds as a homotetramer to the 
nfxB-mexC intergenic region in order to repress the mexCD-oprJ operon. NfxB also negatively regulates 
the expression of esrC. In the presence of envelope stress (B), NfxB is expressed although its repressor 
activity is alleviated due to the binding of an envelope stress-generated effector molecule, resulting in the 
derepression of both mexCD-oprJ operon and the esrC gene. The increased production of EsrC results in 
the interaction of NfxB with EsrC to form a heterotetrameric repressor, which represses the mexCD-oprJ 
operon, albeit to a lesser extent than the homotetrameric NfxB repressor. The formation of this 
heterotetrameric repressor may then permit moderate expression of the mexCD-oprJ operon. However, it 
is more likely that the heterotetrameric repressor responds to additional envelope stress-generated signals 
through EsrC. The binding of an effector molecule to the EsrC component of the heterotetrameric 
repressor would result in alleviation of heterotetrameric repressor activity, and high levels of mexCD-oprJ 
expression. 
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bacterial cell envelope (208, 209). Given that the exometabolome of an nfxB mutant has significantly 

elevated levels of fatty acids (210), MexCD-OprJ may play a role in exporting membrane constituents that 

are removed in order to free space for the incorporation of membrane stabilizing components. Possibly, 

then, fatty acids may signal through NfxB and EsrC to induce an appropriate level of mexCD-oprJ 

expression in the presence of a certain degree of envelope stress.  

 Although the involvement of multiple repressors in transcriptional control is common in bacteria 

(211, 212), instances of operon control by two interacting transcriptional regulators have been much less 

frequently described. Cross-reactivity studies of LysR family transcriptional regulators in E. coli 

demonstrated that some of these regulators were able to form heteromultimers with one another in 

addition to forming homomultimers (213), drawing parallels with the oligomerization capabilities of NfxB 

and EsrC. A specific example of a heteromultimeric regulator is the FlhC-FlhD complex of E. coli, which 

activates genes involved in flagellar biosynthesis (214). Both FlhC and FlhD are capable of forming 

homodimers in vitro, and DNA binding studies indicate that binding of FlhC to target promoter sequences 

is strengthened by FlhD, which does not appear to bind DNA independently (214–216).  Another instance 

of co-regulation by two interacting repressors, although not a bacterial example, has been found in 

Saccharomyces cerevisiae, involving the transcription factors SWI6 and SWI4. SWI6 activates the 

transcription of SWI4, and the two regulators form a complex that then activates the transcription of cell 

cycle regulator genes involved in the transition to S phase (217, 218). Despite limited examples of co-

regulation by transcriptional regulators in response to stress, the regulation of mexCD-oprJ by a 

heteromultimeric complex of NfxB and EsrC may represent a novel mechanism of transcriptional 

regulation within P. aeruginosa. 
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5.2 Mutations in nfxB generated by chemical mutagenesis 

 In order to identify residues of NfxB required for its interaction with EsrC, the plasmid-borne 

nfxB gene was chemically mutagenized and a loss of NfxB interaction with EsrC was assessed using a 

liquid version of the bacterial two-hybrid assay, which involves measuring β-galactosidase activity. After 

confirming that full-length NfxB and EsrC proteins were expressed by E. coli SU202 strains harbouring 

the plasmid-encoded mutagenized nfxB gene and wild-type esrC gene, sequencing of the nfxB genes from 

these strains revealed that the nfxB genes did not contain any mutations. The one exception was an nfxB 

gene containing a mutation within the predicted DNA-binding domain, which is unlikely to have an 

impact on the NfxB-EsrC interaction. Further investigation revealed that the E. coli SU202 reporter strain 

used for β-galactosidase assays was composed of a mixed population of cells. The SU202 strain alone (in 

the absence of plasmids) should exhibit a high β-galactosidase activity (~1500-2000 Miller Units), owing 

to a lack of lacZ repression and constitutive lacZ expression (199). However, individual colonies 

originating from the E. coli SU202 parent strain exhibited vastly different β-galactosidase activities. 

Unfortunately, the E. coli SU202 strains harbouring the control plasmids used to assess a loss of the NfxB-

EsrC interaction were obtained prior to the E. coli SU202 strains used for nfxB mutagenesis. As such, 

basal β-galactosidase activities of E. coli SU202 strains harbouring control plasmids and E. coli SU202 

strains harbouring mutagenized plasmids differed significantly. Thus, apparent loss-of-interaction nfxB 

mutants were, in reality, wild-type.  

 

5.3 Impact of nfxB mutations on the NfxB-EsrC interaction and self-association 

 To determine the importance of specific residues of NfxB for its interaction with EsrC, several 

previously-generated nfxB mutations (193) were assessed for their impact on the NfxB-EsrC interaction 

using the bacterial two-hybrid assay. These mutations were mapped to a predicted NfxB model (Figure 5-

2) based on the crystal structure of a probable transcriptional regulator from Rhodococcus jostii (193). As 
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Figure 5-2: Location of mutations negatively impacting the NfxB-EsrC interaction and self-
association 

The three-dimensional model of an NfxB monomer, composed of eight α helices and based on the crystal 
structure of probable transcriptional regulatory protein RHA5900 from Rhodococcus jostii, is shown. 
Residues whose mutation negatively impacts the NfxB-EsrC interaction are underlined, while those whose 
mutation negatively impacts NfxB self-association are indicated with asterisks. Figure adapted from (193). 
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observed for NfxB self-association, mutations in the N-terminal DNA-binding domain of NfxB (residue 

substitution S48R) did not impact the NfxB-EsrC interaction, whereas mutations in the C-terminal domain 

of NfxB (residue substitutions H99R, F147S, F156S and G192D) blocked the NfxB-EsrC interaction. 

However, the G166D substitution, which is also located in the C-terminal region of NfxB, did not prevent 

the NfxB-EsrC interaction and only resulted in a moderate loss of self-association (Figure 5-2) indicating 

that G166 may not be directly involved in the NfxB-EsrC interaction or self-association. Indeed, the 

G166D substitution appeared to enhance the NfxB-EsrC interaction (assuming that β-galactosidase levels 

can be interpreted as being inversely related to strength of interaction), as a decrease in β-galactosidase 

activity was seen for this NfxB variant relative to that observed for wild-type NfxB. Possibly, the G166D 

substitution causes a conformational change that enhances NfxB binding to EsrC. This indicates that, 

while the structural requirements of NfxB for interaction with itself and with EsrC are essentially the 

same, there are some differences.  

 

5.4 Impact of NfxB truncations on the NfxB-EsrC interaction and self-association 

 Previously-generated nfxB gene truncations were used to identify regions of NfxB self-association 

that were required for the NfxB-EsrC interaction. These truncated NfxB variants were previously 

subjected to immunoblotting using anti-LexA antibody in order to confirm the production of NfxB protein 

(193). In agreement with the impact of nfxB mutations, the C-terminal domain of NfxB was required for 

both the NfxB-EsrC interaction and NfxB self-association. Interestingly, while NfxB80-199 (lacking 

residues 1-79, which encompass α helices 1-4) did not impact the NfxB-EsrC interaction, NfxB119-199 

(lacking residues 1-118, which encompass α helices 1-5) completely disrupted the ability of NfxB to 

interact with EsrC. This indicates that residues 81-199, encompassing α helices 5-8, appear to be required 

for the NfxB-EsrC interaction (Figure 5-3: A). In contrast, residues 60-199 (encompassing α helices 4-8) 

seem to be essential for NfxB self-association (Figure 5-3: B), suggesting that a more substantial binding 
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Figure 5-3: Structural requirements of NfxB for the NfxB-EsrC interaction and NfxB self-
association 

Regions of the NfxB monomer that are required for the NfxB-EsrC interaction (A) and NfxB self-
association (B) are indicated in red. N-terminal truncation start points (R59, A80 and D119) and C-
terminal truncation end points (G124) are indicated by a short line on the structures. A larger binding 
interface is required for NfxB self-association (α helices 4-8) than for the NfxB-EsrC interaction (α helices 
5-8). The EsrC monomer has identical requirements for both EsrC self-association and interaction with 
NfxB. Figure adapted from (193). 
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interface is required for NfxB self-association than for the NfxB-EsrC interaction. It is also possible that α 

helix 4 is needed for the proper orientation of α helix 5-8 in order for NfxB to self-associate, yet is 

dispensable for the interaction of NfxB with EsrC. The NfxB1-124 variant (lacking C-terminal residues 125-

199, which encompass α helices 6-8) showed a relatively moderate loss of NfxB self-association and 

NfxB-EsrC interaction. This could suggest that a smaller C-terminal region is required for both NfxB self-

association (α helix 5) and the interaction of NfxB with EsrC (α helices 4 and 5), although it is unlikely 

that such a large portion of the C-terminal region of NfxB (α helices 6-8) would not be involved in 

multimerization, therefore this region is likely required. 

 

5.5 Impact of EsrC truncations on the NfxB-EsrC interaction and self-association 

 To determine whether similar regions of EsrC were required for interaction with NfxB, gene 

truncations of esrC were constructed based on the nfxB truncations discussed previously and assessed for 

their impact on the NfxB-EsrC interaction. Although immunoblotting of truncated EsrC variants was not 

performed, it was highly likely that EsrC protein was produced given that immunoblotting of equivalent 

truncated NfxB variants yielded NfxB protein. Although a structural model of EsrC was not generated in 

this study, EsrC shares a high amino acid sequence identity with NfxB and thus the two proteins were 

predicted to share substantial structure. As seen with NfxB, where α helices 5-8 were sufficient for 

interaction with EsrC, the same region of EsrC was required for interaction with NfxB (Figure 5-3: A), 

indicating that these repressors have equivalent requirements for their interacting domains. The loss of C-

terminal residues 134-211 from EsrC (producing EsrC1-133) resulted in complete abrogation of the NfxB-

EsrC interaction, as opposed to the moderate loss of NfxB-EsrC interaction that was observed for NfxB 

lacking the corresponding C-terminal residues. This suggests that the C-terminal region of EsrC is crucial 

for its interaction with NfxB. As with NfxB self-association, the region encompassing α helix 4-8 was 
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needed for EsrC self-association (Figure 5-3: B). For both repressors, a larger region is required for self-

association than for the NfxB-EsrC interaction. 

 

5.6 Concluding Remarks 

 This study has demonstrated a physical interaction between NfxB and EsrC, a finding that is 

consistent with the NfxB-EsrC two-hybrid interaction data. This observation supports our hypothesis of 

mexCD-oprJ regulation being governed by a heteromultimeric repressor composed of NfxB and EsrC 

subunits. Although the NfxB-EsrC interaction was observed in the presence of CHX, an interaction 

between these two repressors also occurred in the absence of CHX. Envelope stress is therefore not 

essential for the NfxB-EsrC interaction, which is an indication that these repressors have an innate ability 

to associate. Thus, in vivo, the formation of the heteromultimeric complex is controlled solely by the 

regulation of esrC expression. As such, formation of the heteromultimer under CHX-mediated envelope 

stress conditions is not due to a stress-induced conformational change facilitating an interaction between 

NfxB and EsrC, but simply a result of the stress-induced production of EsrC. This study has also 

determined that NfxB and EsrC require a larger portion of the C-terminal domain for self-association (α 

helices 4-8) than for the NfxB-EsrC interaction (α helices 5-8), indicating that α helix 4 contributes to the 

self-association of both NfxB and EsrC. Although we have demonstrated an interaction between NfxB and 

EsrC, further research must be done to improve our understanding of their association. The construction of 

additional C-terminal deletion derivatives of NfxB and EsrC may aid in more precisely mapping the 

interaction domains of both repressors. In addition, the mutagenesis of esrC and subsequent identification 

of loss-of-function mutations using the bacterial two-hybrid assay would identify specific residues 

required for EsrC self-association and the NfxB-EsrC interaction. Crystal structures of NfxB and EsrC 

would likely aid in defining specific residues or regions involved in multimerization and effector binding. 

The identification of envelope stress-generated effector molecules that interact with NfxB to alleviate its 
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repressor activity and those that potentially bind to EsrC in order to alleviate the activity of the NfxB-EsrC 

heteromultimeric repressor, would also assist in determining how NfxB and EsrC control mexCD-oprJ 

expression. Regardless, the demonstration of an interaction between NfxB and EsrC is a step towards 

better characterizing their association and clarifying their role in mexCD-oprJ regulation, which possibly 

constitutes a novel mechanism of transcriptional regulation in P. aeruginosa.

 

 

 
  



 

 

 

89 

References 

 

1.  Stover CK, Pham XQ, Erwin AL, Mizoguchi SD, Warrener P, Hickey MJ, 
 Brinkman FSL, Hufnagle WO, Kowalik DJ, Lagrou M, Garber RL, Goltry L, 
 Tolentino E, Westbrock-Wadman S, Yuan Y, Brody LL, Coulter SN, Folger KR, 
 Kas A, Larbig K, Lim R, Smith K, Spencer D, Wong GK-S, Wu Z, Paulsen IT, 
 Reizer J, Saier MH, Hancock REW, Lory S, Olson MV. 2000. Complete genome 
 sequence of Pseudomonas aeruginosa PAO1, an opportunistic pathogen. Nature 
 406:959–964. 

2.  Lister PD, Wolter DJ, Hanson ND. 2009. Antibacterial-resistant Pseudomonas  
 aeruginosa: clinical impact and complex regulation of chromosomally encoded 
 resistance mechanisms. Clin, Microbiol. Rev. 22:582–610. 
3.  Poole K. 2011. Pseudomonas aeruginosa: resistance to the max. Front. Microbiol. 2:65. 
4.  Breidenstein EBM, de la Fuente-Núñez C, Hancock REW. 2011. Pseudomonas 
 aeruginosa: all roads lead to resistance. Trends Microbiol. 19:419–426. 
5.  Poole K. 2013. Pseudomonas aeruginosa efflux pumps, p. 173–204. In Microbial efflux 
 pumps: current research. Caister Academic Press, Norfolk, U.K. 
6.  Piddock LJV. 2006. Multidrug-resistance efflux pumps−not just for resistance. Nat. Rev. 
 Microbiol. 4:629–636. 
7.  Poole K. 2008. Bacterial multidrug efflux pumps serve other functions. Microbes  
 3:179–185. 
8.  Fraud S, Poole K. 2011. Oxidative stress induction of the mexXY multidrug efflux genes 
 and promotion of aminoglycoside resistance development in Pseudomonas aeruginosa. 
 Antimicrob. Agents Chemother. 55:1068–1074. 
9.  Fetar H, Gilmour C, Klinoski R, Daigle DM, Dean CR, Poole K. 2011. mexEF-oprN 
 multidrug efflux operon of Pseudomonas aeruginosa: regulation by the MexT activator in 
 response to nitrosative stress and chloramphenicol. Antimicrob. Agents Chemother. 
 55:508–514. 
10.  Fraud S, Campigotto AJ, Chen Z, Poole K. 2008. MexCD-OprJ multidrug efflux 
 system of Pseudomonas aeruginosa: involvement in chlorhexidine resistance and 
 induction by membrane-damaging agents dependent upon the AlgU stress response sigma 
 factor. Antimicrob. Agents Chemother. 52:4478–4482. 
11.  Chen H, Yi C, Zhang J, Zhang W, Ge Z, Yang C-G, He C. 2010. Structural insight 
 into the oxidation-sensing mechanism of the antibiotic resistance of regulator MexR. 
 EMBO Rep. 11:685–690. 
12.  Starr LM, Fruci M, Poole K. 2012. Pentachlorophenol induction of the Pseudomonas 
 aeruginosa mexAB-oprM efflux operon: involvement of repressors NalC and MexR and 
 the antirepressor ArmR. PLoS ONE 7:e32684. 
13.  Morita Y, Murata T, Mima T, Shiota S, Kuroda T, Mizushima T, Gotoh N, Nishino 
 T, Tsuchiya T. 2003. Induction of mexCD-oprJ operon for a multidrug efflux pump by 
 disinfectants in wild-type Pseudomonas aeruginosa PAO1. J. Antimicrob. Chemother. 
 51:991–994. 



 

 

 

90 

14.  Spiers AJ, Buckling A, Rainey PB. 2000. The causes of Pseudomonas diversity. 
 Microbiology 146:2345–2350. 
15.  Kung VL, Ozer EA, Hauser AR. 2010. The accessory genome of Pseudomonas 
 aeruginosa. Microbiol. Mol. Biol. Rev. 74:621–641. 
16.  Hassett DJ, Cuppoletti J, Trapnell B, Lymar SV, Rowe JJ, Sun Yoon S, Hilliard 
 GM, Parvatiyar K, Kamani MC, Wozniak DJ, Hwang S-H, McDermott TR, 
 Ochsner UA. 2002. Anaerobic metabolism and quorum sensing by Pseudomonas 
 aeruginosa biofilms in chronically infected cystic fibrosis airways: rethinking antibiotic 
 treatment strategies and drug targets. Adv. Drug Deliv. Rev. 54:1425–1443. 
17.  Mathee K, Narasimhan G, Valdes C, Qiu X, Matewish JM, Koehrsen M, Rokas A, 
 Yandava CN, Engels R, Zeng E, Olavarietta R, Doud M, Smith RS, Montgomery P, 
 White JR, Godfrey PA, Kodira C, Birren B, Galagan JE, Lory S. 2008. Dynamics of 
 Pseudomonas aeruginosa genome evolution. Proc. Natl. Acad. Sci. U. S. A.  
 105:3100–3105. 
18.  Zhanel GG, Adam HJ, Baxter MR, Fuller J, Nichol KA, Denisuik AJ, Lagacé-Wiens 
 PRS, Walkty A, Karlowsky JA, Schweizer F, Hoban DJ. 2013. Antimicrobial 
 susceptibility of 22746 pathogens from Canadian hospitals: results of the CANWARD 
 2007–11 study. J. Antimicrob. Chemother. 68:i7–i22. 
19.  Sievert DM, Ricks P, Edwards JR, Schneider A, Patel J, Srinivasan A, Kallen A, 
 Limbago B, Fridkin S. 2013. Antimicrobial-resistant pathogens associated with 
 healthcare-associated infections: summary of data reported to the National Healthcare 
 Safety Network at the Centers for Disease Control and Prevention, 2009–2010. Infect. 
 Control Hosp. Epidemiol. 34:1–14. 
20.  Neuhauser MM, Weinstein RA, Rydman R, Danziger LH, Karam G, Quinn JP. 
 2003. Antibiotic resistance among gram-negative bacilli in us intensive care units: 
 implications for fluoroquinolone use. JAMA. 289:885–888. 
21.  Folkesson A, Jelsbak L, Yang L, Johansen HK, Ciofu O, Høiby N, Molin S. 2012. 
 Adaptation of Pseudomonas aeruginosa to the cystic fibrosis airway: an evolutionary 
 perspective. Nat. Rev. Microbiol. 10:841–851. 
22.  Martínez-Solano L, Macia MD, Fajardo A, Oliver A, Martinez JL. 2008. Chronic 
 Pseudomonas aeruginosa infection in chronic obstructive pulmonary disease. Clin. Infect. 
 Dis. 47:1526–1533. 
23.  Mahar P, Padiglione AA, Cleland H, Paul E, Hinrichs M, Wasiak J. 2010. 
 Pseudomonas aeruginosa bacteraemia in burns patients: risk factors and outcomes. Burns 
 36:1228–1233. 
24.  Lambert M-L, Suetens C, Savey A, Palomar M, Hiesmayr M, Morales I, Agodi A, 
 Frank U, Mertens K, Schumacher M, Wolkewitz M. 2011. Clinical outcomes of 
 health-care-associated infections and antimicrobial resistance in patients admitted to 
 European intensive-care units: a cohort study. Lancet Infect. Dis. 11:30–38. 
25.  Doshi RK, Patel G, MacKay R, Wallach F. 2009. Healthcare-associated infections: 
 epidemiology, prevention, and therapy. Mt. Sinai J. Med. 76:84–94. 
26.  Stone PW. 2009. Economic burden of healthcare-associated infections: an American 
 perspective. Expert Rev. Pharmacoecon. Outcomes Res. 9:417–422. 
 



 

 

 

91 

27.  Sydnor ERM, Perl TM. 2011. Hospital epidemiology and infection control in acute-care 
 settings. Clin. Microbiol. Rev. 24:141–173. 
28.  Pittet D. 2001. Improving adherence to hand hygiene practice: a multidisciplinary 
 approach. Emerg. Infect. Dis. 7:234–240. 
29.  Koutsogiannou M, Drougka E, Liakopoulos A, Jelastopulu E, Petinaki E, 
 Anastassiou ED, Spiliopoulou I, Christofidou M. 2013. Spread of multidrug-resistant 
 Pseudomonas aeruginosa clones in a university hospital. J. Clin. Microbiol. 51:665–668. 
30.  Kanj SS, Kanafani ZA. 2011. Current concepts in antimicrobial therapy against resistant 
 gram-negative organisms: extended-spectrum β-lactamase–producing enterobacteriaceae, 
 carbapenem-resistant enterobacteriaceae, and multidrug-resistant Pseudomonas 
 aeruginosa. Mayo Clin. Proc. 86:250–259. 
31.  Høiby N. 2011. Recent advances in the treatment of Pseudomonas aeruginosa infections 
 in cystic fibrosis. BMC Med. 9:32. 
32.  Kohanski MA, Dwyer DJ, Collins JJ. 2010. How antibiotics kill bacteria: from targets 
 to networks. Nat. Rev. Microbiol. 8:423–435. 
33.  Pankey GA, Sabath LD. 2004. Clinical relevance of bacteriostatic versus bactericidal 
 mechanisms of action in the treatment of gram-positive bacterial infections. Clin. Infect. 
 Dis. 38:864–870. 
34.  Russell A. 2003. Biocide use and antibiotic resistance: the relevance of laboratory 
 findings to clinical and environmental situations. Lancet Infect. Dis. 3:794–803. 
35.  Leekha S, Terrell CL, Edson RS. 2011. General principles of antimicrobial therapy. 
 Mayo Clin. Proc. 86:156–167. 
36.  Gullberg E, Cao S, Berg OG, Ilbäck C, Sandegren L, Hughes D, Andersson DI. 2011. 
 Selection of resistant bacteria at very low antibiotic concentrations. PLoS Pathog. 
 7:e1002158. 
37.  Andersson DI, Hughes D. 2014. Microbiological effects of sublethal levels of 
 antibiotics. Nat. Rev. Microbiol. 12:465–478. 
38.  Maillard J-Y. 2002. Bacterial target sites for biocide action. J. Appl. Microbiol.  
 92:16S–27S. 
39.  Chapman JS. 2003. Biocide resistance mechanisms. Int. Biodeterior. Biodegrad.  
 51:133–138. 
40.  Lewis K. 2013. Platforms for antibiotic discovery. Nat. Rev. Drug Discov. 12:371–387. 
41.  Bermingham A, Derrick JP. 2002. The folic acid biosynthesis pathway in bacteria: 
 evaluation of potential for antibacterial drug discovery. BioEssays 24:637–648. 
42.  Roland S, Ferone R, Harvey RJ, Styles VL, Morrison RW. 1979. The characteristics 
 and significance of sulfonamides as substrates for Escherichia coli dihydropteroate 
 synthase. J. Biol. Chem. 254:10337–10345. 
43.  Hawser S, Lociuro S, Islam K. 2006. Dihydrofolate reductase inhibitors as antibacterial 
 agents. Biochem. Pharmacol. 71:941–948. 
44.  Andriole VT. 2005. The quinolones: past, present, and future. Clin. Infect. Dis.  
 41:S113–S119. 
45.  Lesher GY, Froelich EJ, Gruett MD, Bailey JH, Brundage RP. 1962. 1,8-
 naphthyridine derivatives: a new class of chemotherapeutic agents. J. Med. Pharm. Chem. 
 91:1063–1065. 



 

 

 

92 

 
46.  Owens RC, Ambrose PG. 2005. Antimicrobial safety: focus on fluoroquinolones. Clin. 
 Infect. Dis. 41:S144–S157. 
47.  Appelbaum PC, Hunter PA. 2000. The fluoroquinolone antibacterials: past, present and 
 future perspectives. Int. J. Antimicrob. Agents 16:5–15. 
48.  Chen CR, Malik M, Snyder M, Drlica K. 1996. DNA gyrase and topoisomerase IV on 
 the bacterial chromosome: quinolone-induced DNA cleavage. J. Mol. Biol. 258:627–637. 
49.  Drlica K, Zhao X. 1997. DNA gyrase, topoisomerase IV, and the 4-quinolones. 
 Microbiol. Mol. Biol. Rev. 61:377–392. 
50.  Drlica K, Malik M, Kerns RJ, Zhao X. 2008. Quinolone-mediated bacterial death. 
 Antimicrob. Agents Chemother. 52:385–392. 
51.  MacDougall C, Harpe SE, Powell JP, Johnson CK, Edmond MB, Polk RE. 2005. 
 Pseudomonas aeruginosa, Staphylococcus aureus, and fluoroquinolone use. Emerg. 
 Infect. Dis. 11:1197–1204. 
52.  Smith DH, Davis BD. 1967. Mode of action of novobiocin in Escherichia coli. J. 
 Bacteriol. 93:71–79. 
53.  Hooper DC, Wolfson JS, McHugh GL, Winters MB, Swartz MN. 1982. Effects of 
 novobiocin, coumermycin A1, clorobiocin, and their analogs on Escherichia coli DNA 
 gyrase and bacterial growth. Antimicrob. Agents Chemother. 22:662–671. 
54.  Harms JM, Bartels H, Schlünzen F, Yonath A. 2003. Antibiotics acting on the 
 translational machinery. J. Cell Sci. 116:1391–1393. 
55.  Carter AP, Clemons WM, Brodersen DE, Morgan-Warren RJ, Wimberly BT, 
 Ramakrishnan V. 2000. Functional insights from the structure of the 30S ribosomal 
 subunit and its interactions with antibiotics. Nature 407:340–348. 
56.  Shajani Z, Sykes MT, Williamson JR. 2011. Assembly of bacterial ribosomes. Annu. 
 Rev. Biochem. 80:501–526. 
57.  Beringer M, Rodnina MV. 2007. The ribosomal peptidyl transferase. Mol. Cell  
 26:311–321. 
58.  Polacek N, Mankin AS. 2005. The ribosomal peptidyl transferase center: structure, 
 function, evolution, inhibition. Crit. Rev. Biochem. Mol. Biol. 40:285–311. 
59.  Wohlgemuth I, Beringer M, Rodnina MV. 2006. Rapid peptide bond formation on 
 isolated 50S ribosomal subunits. EMBO Rep. 7:699–703. 
60.  Schlünzen F, Zarivach R, Harms J, Bashan A, Tocilj A, Albrecht R, Yonath A, 
 Franceschi F. 2001. Structural basis for the interaction of antibiotics with the peptidyl 
 transferase centre in eubacteria. Nature 413:814–821. 
61.  Tenson T, Lovmar M, Ehrenberg M. 2003. The mechanism of action of macrolides, 
 lincosamides and streptogramin B reveals the nascent peptide exit path in the ribosome. J. 
 Mol. Biol. 330:1005–1014. 
62.  Chopra I, Roberts M. 2001. Tetracycline antibiotics: mode of action, applications, 
 molecular biology, and epidemiology of bacterial resistance. Microbiol. Mol. Biol. Rev. 
 65:232–260. 
63.  Kotra LP, Haddad J, Mobashery S. 2000. Aminoglycosides: perspectives on 
 mechanisms of action and resistance and strategies to counter resistance. Antimicrob. 
 Agents Chemother. 44:3249–3256. 



 

 

 

93 

 
64.  Vakulenko SB, Mobashery S. 2003. Versatility of aminoglycosides and prospects for 
 their future. Clin. Microbiol. Rev. 16:430–450. 
65.  Silhavy TJ, Kahne D, Walker S. 2010. The bacterial cell envelope. Cold Spring Harb. 
 Perspect. Biol. 2:a000414. 
66.  Bos MP, Robert V, Tommassen J. 2007. Biogenesis of the gram-negative bacterial outer 
 membrane. Annu. Rev. Microbiol. 61:191–214. 
67.  Drawz SM, Bonomo RA. 2010. Three decades of beta-lactamase inhibitors. Clin. 
 Microbiol. Rev. 23:160–201. 
68.  Tipper DJ, Strominger JL. 1965. Mechanism of action of penicillins: a proposal based 
 on their structural similarity to acyl-D-alanyl-D-alanine. Proc. Natl. Acad. Sci. U. S. A. 
 54:1133–1141. 
69.  Wise EM, Park JT. 1965. Penicillin: its basic site of action as an inhibitor of a peptide 
 cross-linking reaction in cell wall mucopeptide synthesis. Proc. Natl. Acad. Sci. U. S. A. 
 54:75–81. 
70.  Kuyyakanond T. 1992. The mechanism of action of chlorhexidine. FEMS Microbiol. 
 Lett. 100:211–215. 
71.  Barrett-Bee K, Newboult L, Edwards S. 1994. The membrane destabilising action of 
 the antibacterial agent chlorhexidine. FEMS Microbiol. Lett. 119:249–253. 
72.  Zhang L, Dhillon P, Yan H, Farmer S, Hancock REW. 2000. Interactions of bacterial 
 cationic peptide antibiotics with outer and cytoplasmic membranes of Pseudomonas 
 aeruginosa. Antimicrob. Agents Chemother. 44:3317–3321. 
73.  Velkov T, Thompson PE, Nation RL, Li J. 2010. Structure-activity relationships of 
 polymyxin antibiotics. J. Med. Chem. 53:1898–1916. 
74.  Gilbert P, Moore L. 2005. Cationic antiseptics: diversity of action under a common 
 epithet. J. Appl. Microbiol. 99:703–715. 
75.  Davies J, Davies D. 2010. Origins and evolution of antibiotic resistance. Microbiol. Mol. 
 Biol. Rev. 74:417–433. 
76.  Abraham EP, Chain E. 1940. An enzyme from bacteria able to destroy penicillin. 
 Nature 10:677-678. 
77.  Tenover FC. 2006. Mechanisms of antimicrobial resistance in bacteria. Am. J. Med. 
 119:S3–S10. 
78.  Paterson DL. 2006. The epidemiological profile of infections with multidrug-resistant 
 Pseudomonas aeruginosa and Acinetobacter species. Clin. Infect. Dis. 43:S43–S48. 
79.  Aloush V, Navon-Venezia S, Seigman-Igra Y, Cabili S, Carmeli Y. 2006. Multidrug-
 resistant Pseudomonas aeruginosa: risk factors and clinical impact. Antimicrob. Agents 
 Chemother. 50:43–48. 
80.  Poole K. 2002. Mechanisms of bacterial biocide and antibiotic resistance. Symp. Ser. 
 Soc. Appl. Microbiol. 92:55S–64S. 
81.  Allen HK, Donato J, Wang HH, Cloud-Hansen KA, Davies J, Handelsman J. 2010. 
 Call of the wild: antibiotic resistance genes in natural environments. Nat. Rev. Microbiol. 
 8:251–259. 
82.  Wright GD. 2005. Bacterial resistance to antibiotics: enzymatic degradation and 
 modification. Adv. Drug Deliv. Rev. 57:1451–1470. 



 

 

 

94 

 
83.  Jacoby GA. 2009. AmpC β-lactamases. Clin. Microbiol. Rev. 22:161–182. 
84.  Vettoretti L, Floret N, Hocquet D, Dehecq B, Plésiat P, Talon D, Bertrand X. 2009. 
 Emergence of extensive-drug-resistant Pseudomonas aeruginosa in a French university 
 hospital. Eur. J. Clin. Microbiol. Infect. Dis. 28:1217–1222. 
85.  Cabot G, Ocampo-Sosa AA, Tubau F, Macia MD, Rodríguez C, Moya B, Zamorano 
 L, Suárez C, Peña C, Martínez-Martínez L, Oliver A. 2011. Overexpression of AmpC 
 and efflux pumps in Pseudomonas aeruginosa isolates from bloodstream infections: 
 prevalence and impact on resistance in a Spanish multicenter study. Antimicrob. Agents 
 Chemother. 55:1906–1911. 
86.  Poole K. 2005. Aminoglycoside resistance in Pseudomonas aeruginosa. Antimicrob. 
 Agents Chemother. 49:479–487. 
87.  Akasaka T, Tanaka M, Yamaguchi A, Sato K. 2001. Type II topoisomerase mutations 
 in fluoroquinolone-resistant clinical strains of Pseudomonas aeruginosa isolated in 1998 
 and 1999: role of target enzyme in mechanism of fluoroquinolone resistance. Antimicrob. 
 Agents Chemother. 45:2263–2268. 
88.  Lee JK, Lee YS, Park YK, Kim BS. 2005. Alterations in the GyrA and GyrB subunits 
 of topoisomerase II and the ParC and ParE subunits of topoisomerase IV in ciprofloxacin-
 resistant clinical isolates of Pseudomonas aeruginosa. Int. J. Antimicrob. Agents  
 25:290–295. 
89.  Yoshida H, Bogaki M, Nakamura M, Nakamura S. 1990. Quinolone resistance-
 determining region in the DNA gyrase gyrA gene of Escherichia coli. Antimicrob. Agents 
 Chemother. 34:1271–1272. 
90.  Heisig P, Tschorny R. 1994. Characterization of fluoroquinolone-resistant mutants of 
 Escherichia coli selected in vitro. Antimicrob. Agents Chemother. 38:1284–1291. 
91.  Lindgren PK, Karlsson Å, Hughes D. 2003. Mutation rate and evolution of 
 fluoroquinolone resistance in Escherichia coli isolates from patients with urinary tract 
 infections. Antimicrob. Agents Chemother. 47:3222–3232. 
92.  Yokoyama K, Doi Y, Yamane K, Kurokawa H, Shibata N, Shibayama K, Yagi T, 
 Kato H, Arakawa Y. 2003. Acquisition of 16S rRNA methylase gene in Pseudomonas 
 aeruginosa. Lancet 362:1888–1893. 
93.  Yamane K, Wachino J, Suzuki S, Shibata N, Kato H, Shibayama K, Kimura K, Kai 
 K, Ishikawa S, Ozawa Y, Konda T, Arakawa Y. 2007. 16S rRNA methylase–
 producing, gram-negative pathogens, Japan. Emerg. Infect. Dis. 13:642–646. 
94.  Yoshimura F, Nikaido H. 1982. Permeability of Pseudomonas aeruginosa outer 
 membrane to hydrophilic solutes. J. Bacteriol. 152:636–642. 
95.  Angus BL, Carey AM, Caron DA, Kropinski AM, Hancock RE. 1982. Outer 
 membrane permeability in Pseudomonas aeruginosa: comparison of a wild-type with an 
 antibiotic-supersusceptible mutant. Antimicrob. Agents Chemother. 21:299–309. 
96.  Poole K. 2001. Multidrug resistance in gram-negative bacteria. Curr. Opin. Microbiol. 
 4:500–508. 
97.  Hancock REW, Brinkman FSL. 2002. Function of Pseudomonas porins in uptake and 
 efflux. Annu. Rev. Microbiol. 56:17–38. 
 



 

 

 

95 

98.  Trias J, Nikaido H. 1990. Protein D2 channel of the Pseudomonas aeruginosa outer 
 membrane has a binding site for basic amino acids and peptides. J. Biol. Chem. 
 265:15680–15684. 
99.  Yoneyama H, Nakae T. 1993. Mechanism of efficient elimination of protein D2 in outer 
 membrane of imipenem-resistant Pseudomonas aeruginosa. Antimicrob. Agents 
 Chemother. 37:2385–2390. 
100.  Pirnay J-P, De Vos D, Mossialos D, Vanderkelen A, Cornelis P, Zizi M. 2002. 
 Analysis of the Pseudomonas aeruginosa oprD gene from clinical and environmental 
 isolates. Environ. Microbiol. 4:872–882. 
101.  Poole K. 2005. Efflux-mediated antimicrobial resistance. J. Antimicrob. Chemother. 
 56:20–51. 
102.  Alvarez-Ortega C, Olivares J, Martínez JL. 2013. RND multidrug efflux pumps: what 
 are they good for? Front. Microbiol. 4:7. 
103.  Murakami S, Nakashima R, Yamashita E, Yamaguchi A. 2002. Crystal structure of 
 bacterial multidrug efflux transporter AcrB. Nature 419:587–593. 
104.  Mikolosko J, Bobyk K, Zgurskaya HI, Ghosh P. 2006. Conformational flexibility in 
 the multidrug efflux system protein AcrA. Structure 14:577–587. 
105.  Koronakis V, Sharff A, Koronakis E, Luisi B, Hughes C. 2000. Crystal structure of the 
 bacterial membrane protein TolC central to multidrug efflux and protein export. Nature 
 405:914–919. 
106.  Murakami S, Nakashima R, Yamashita E, Matsumoto T, Yamaguchi A. 2006. 
 Crystal structures of a multidrug transporter reveal a functionally rotating mechanism. 
 Nature 443:173–179. 
107.  Seeger MA, Schiefner A, Eicher T, Verrey F, Diederichs K, Pos KM. 2006. Structural 
 asymmetry of AcrB trimer suggests a peristaltic pump mechanism. Science 
 313:1295–1298. 
108.  Piddock LJV. 2006. Clinically relevant chromosomally encoded multidrug resistance 
 efflux pumps in bacteria. Clin. Microbiol. Rev. 19:382–402. 
109.  Saito K, Yoneyama H, Nakae T. 1999. nalB-type mutations causing the overexpression 
 of the MexAB-OprM efflux pump are located in the mexR gene of the Pseudomonas 
 aeruginosa chromosome. FEMS Microbiol. Lett. 179:67–72. 
110.  Poole K, Gotoh N, Tsujimoto H, Zhao Q, Wada A, Yamasaki T, Neshat S, 
 Yamagishi J, Li XZ, Nishino T. 1996. Overexpression of the mexC-mexD-oprJ efflux 
 operon in nfxB-type multidrug-resistant strains of Pseudomonas aeruginosa. Mol. 
 Microbiol. 21:713–724. 
111.  Kiser TH, Obritsch MD, Jung R, MacLaren R, Fish DN. 2010. Efflux pump 
 contribution to multidrug resistance in clinical isolates of Pseudomonas aeruginosa. 
 Pharmacotherapy 30:632–638. 
112.  Feliziani S, Luján AM, Moyano AJ, Sola C, Bocco JL, Montanaro P, Canigia LF, 
 Argaraña CE, Smania AM. 2010. Mucoidy, quorum sensing, mismatch repair and 
 antibiotic resistance in Pseudomonas aeruginosa from cystic fibrosis chronic airways 
 infections. PLoS ONE 5:e12669. 
 
 



 

 

 

96 

113.  Poole K, Krebes K, McNally C, Neshat S. 1993. Multiple antibiotic resistance in 
 Pseudomonas aeruginosa: evidence for involvement of an efflux operon. J. Bacteriol. 
 175:7363–7372. 
114.  Gotoh N, Tsujimoto H, Poole K, Yamagishi J, Nishino T. 1995. The outer membrane 
 protein OprM of Pseudomonas aeruginosa is encoded by oprK of the mexA-mexB-oprK 
 multidrug resistance operon. Antimicrob. Agents Chemother. 39:2567–2569. 
115.  Li XZ, Nikaido H, Poole K. 1995. Role of mexA-mexB-oprM in antibiotic efflux in 
 Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 39:1948–1953. 
116.  Schweizer HP. 1998. Intrinsic resistance to inhibitors of fatty acid biosynthesis in 
 Pseudomonas aeruginosa is due to efflux: application  of a novel technique for generation 
 of unmarked chromosomal mutations for the study of efflux systems. Antimicrob. Agents 
 Chemother. 42:394–398. 
117.  Masuda N, Sakagawa E, Ohya S, Gotoh N, Tsujimoto H, Nishino T. 2000. Substrate 
 specificities of MexAB-OprM, MexCD-OprJ, and MexXY-oprM efflux pumps in 
 Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 44:3322–3327. 
118.  Dean CR, Visalli MA, Projan SJ, Sum P-E, Bradford PA. 2003. Efflux-mediated 
 resistance to tigecycline (GAR-936) in Pseudomonas aeruginosa PAO1. Antimicrob. 
 Agents Chemother. 47:972–978. 
119.  Chuanchuen R, Beinlich K, Hoang TT, Becher A, Karkhoff-Schweizer RR, 
 Schweizer HP. 2001. Cross-resistance between triclosan and antibiotics in Pseudomonas 
 aeruginosa is mediated by multidrug efflux pumps: exposure of a susceptible mutant 
 strain to triclosan selects nfxB mutants overexpressing MexCD-OprJ. Antimicrob. Agents 
 Chemother. 45:428–432. 
120.  Mine T, Morita Y, Kataoka A, Mizushima T, Tsuchiya T. 1999. Expression in 
 Escherichia coli of a new multidrug efflux pump, MexXY, from Pseudomonas 
 aeruginosa. Antimicrob. Agents Chemother. 43:415–417. 
121.  Aires JR, Köhler T, Nikaido H, Plésiat P. 1999. Involvement of an active efflux system 
 in the natural resistance of Pseudomonas aeruginosa to aminoglycosides. Antimicrob. 
 Agents Chemother. 43:2624–2628. 
122.  Westbrock-Wadman S, Sherman DR, Hickey MJ, Coulter SN, Zhu YQ, Warrener 
 P, Nguyen LY, Shawar RM, Folger KR, Stover CK. 1999. Characterization of a 
 Pseudomonas aeruginosa efflux pump contributing to aminoglycoside impermeability. 
 Antimicrob. Agents Chemother. 43:2975–2983. 
123.  Ko¨hler T, Michéa-Hamzehpour M, Henze U, Gotoh N, Kocjancic Curty L, Pechère 
 J-C. 1997. Characterization of MexE–MexF–OprN, a positively regulated multidrug 
 efflux system of Pseudomonas aeruginosa. Mol. Microbiol. 23:345–354. 
124.  Linares JF, López JA, Camafeita E, Albar JP, Rojo F, Martínez JL. 2005. 
 Overexpression of the multidrug efflux pumps MexCD-OprJ and MexEF-OprN is 
 associated with a reduction of type III secretion in Pseudomonas aeruginosa. J. Bacteriol. 
 187:1384–1391. 
125.  Tian Z-X, Mac Aogáin M, O’Connor HF, Fargier E, Mooij MJ, Adams C, Wang  
 Y-P, O’Gara F. 2009. MexT modulates virulence determinants in Pseudomonas 
 aeruginosa independent of the MexEF-OprN efflux pump. Microb. Pathog. 47:237–241. 
 



 

 

 

97 

126.  Evans K, Passador L, Srikumar R, Tsang E, Nezezon J, Poole K. 1998. Influence of 
 the MexAB-OprM multidrug efflux system on quorum sensing in Pseudomonas 
 aeruginosa. J. Bacteriol. 180:5443–5447. 
127.  Silby MW, Winstanley C, Godfrey SAC, Levy SB, Jackson RW. 2011. Pseudomonas 
 genomes: diverse and adaptable. FEMS Microbiol. Rev. 35:652–680. 
128.  Poole K. 2012. Bacterial stress responses as determinants of antimicrobial resistance. J. 
 Antimicrob. Chemother. 67:2069–2089. 
129.  Kazmierczak MJ, Wiedmann M, Boor KJ. 2005. Alternative sigma factors and their 
 roles in bacterial virulence. Microbiol. Mol. Biol. Rev. 69:527–543. 
130.  Browning DF, Busby SJW. 2004. The regulation of bacterial transcription initiation. 
 Nat. Rev. Microbiol. 2:57–65. 
131.  Grkovic S, Brown MH, Skurray RA. 2002. Regulation of bacterial drug export systems. 
 Microbiol. Mol. Biol. Rev. 66:671–701. 
132.  Haugen SP, Ross W, Gourse RL. 2008. Advances in bacterial promoter recognition and 
 its control by factors that do not bind DNA. Nat. Rev. Microbiol. 6:507–519. 
133.  Saecker RM, Record MT, deHaseth PL. 2011. Mechanism of bacterial transcription 
 initiation: RNA polymerase - promoter binding, isomerization to initiation-competent 
 open complexes, and initiation of RNA synthesis. J. Mol. Biol. 412:754–771. 
134.  Ishihama A. 2000. Functional modulation of Escherichia coli RNA polymerase. Annu. 
 Rev. Microbiol. 54:499–518. 
135.  Meysman P, Collado-Vides J, Morett E, Viola R, Engelen K, Laukens K. 2014. 
 Structural properties of prokaryotic promoter regions correlate with functional features. 
 PLoS ONE 9:e88717. 
136.  Potvin E, Sanschagrin F, Levesque RC. 2008. Sigma factors in Pseudomonas 
 aeruginosa. FEMS Microbiol. Rev. 32:38–55. 
137.  Burton Z, Burgess RR, Lin J, Moore D, Holder S, Gross CA. 1981. The nucleotide 
 sequence of the cloned rpoD gene for the RNA polymerase sigma subunit from E coli 
 K12. Nucleic Acids Res. 9:2889–2903. 
138.  Tanaka K, Takahashi H. 1991. Cloning and analysis of the gene (rpoDA) for the 
 principal sigma factor of Pseudomonas aeruginosa. Biochim. Biophys. Acta.  
 1089:113–119. 
139.  Hershberger CD, Ye RW, Parsek MR, Xie ZD, Chakrabarty AM. 1995. The algT 
 (algU) gene of Pseudomonas aeruginosa, a key regulator involved in alginate 
 biosynthesis, encodes an alternative sigma factor (sigma E). Proc. Natl. Acad. Sci.  
 U. S. A. 92:7941–7945. 
140.  Martin DW, Schurr MJ, Mudd MH, Govan JR, Holloway BW, Deretic V. 1993. 
 Mechanism of conversion to mucoidy in Pseudomonas aeruginosa infecting cystic 
 fibrosis patients. Proc. Natl. Acad. Sci. U. S. A. 90:8377–8381. 
141.  DeVries CA, Ohman DE. 1994. Mucoid-to-nonmucoid conversion in alginate-producing 
 Pseudomonas aeruginosa often results from spontaneous mutations in algT, encoding a 
 putative alternate sigma factor, and shows evidence for autoregulation. J. Bacteriol. 
 176:6677–6687. 
142.  Babu MM, Teichmann SA. 2003. Evolution of transcription factors and the gene 
 regulatory network in Escherichia coli. Nucleic Acids Res. 31:1234–1244. 



 

 

 

98 

 
143.  Maddocks SE, Oyston PCF. 2008. Structure and function of the LysR-type 
 transcriptional regulator (LTTR) family proteins. Microbiology 154:3609–3623. 
144.  Wilkinson SP, Grove A. 2006. Ligand-responsive transcriptional regulation by members 
 of the MarR family of winged helix proteins. Curr. Issues Mol. Biol. 8:51–62. 
145.  Ramos JL, Martínez-Bueno M, Molina-Henares AJ, Terán W, Watanabe K, Zhang 
 X, Gallegos MT, Brennan R, Tobes R. 2005. The TetR family of transcriptional 
 repressors. Microbiol. Mol. Biol. Rev. 69:326–356. 
146.  Pérez-Rueda E, Collado-Vides J. 2000. The repertoire of DNA-binding transcriptional 
 regulators in Escherichia coli K-12. Nucleic Acids Res. 28:1838–1847. 
147.  Huffman JL, Brennan RG. 2002. Prokaryotic transcription regulators: more than just 
 the helix-turn-helix motif. Curr. Opin. Struct. Biol. 12:98–106. 
148.  Köhler T, Epp SF, Curty LK, Pechère JC. 1999. Characterization of MexT, the 
 regulator of the MexE-MexF-OprN multidrug efflux system of Pseudomonas aeruginosa. 
 J. Bacteriol. 181:6300–6305. 
149.  Seoane AS, Levy SB. 1995. Characterization of MarR, the repressor of the multiple 
 antibiotic resistance (mar) operon in Escherichia coli. J. Bacteriol. 177:3414–3419. 
150.  Alekshun MN, Levy SB. 1997. Regulation of chromosomally mediated multiple 
 antibiotic resistance: the mar regulon. Antimicrob. Agents Chemother. 41:2067–2075. 
151.  Poole K, Tetro K, Zhao Q, Neshat S, Heinrichs DE, Bianco N. 1996. Expression of the 
 multidrug resistance operon mexA-mexB-oprM in Pseudomonas aeruginosa: mexR 
 encodes a regulator of operon expression. Antimicrob. Agents Chemother. 40:2021–2028. 
152.  Alekshun MN, Levy SB, Mealy TR, Seaton BA, Head JF. 2001. The crystal structure 
 of MarR, a regulator of multiple antibiotic resistance, at 2.3 Å resolution. Nat. Struct. 
 Mol. Biol. 8:710–714. 
153.  Lim D, Poole K, Strynadka NCJ. 2002. Crystal structure of the MexR repressor of the 
 mexRAB-oprM multidrug efflux operon of Pseudomonas aeruginosa. J. Biol. Chem. 
 277:29253–29259. 
154.  Cao L, Srikumar R, Poole K. 2004. MexAB-OprM hyperexpression in NalC-type 
 multidrug-resistant Pseudomonas aeruginosa: identification and characterization of the 
 nalC gene encoding a repressor of PA3720-PA3719. Mol. Microbiol. 53:1423–1436. 
155.  Morita Y, Cao L, Gould VC, Avison MB, Poole K. 2006. nalD encodes a second 
 repressor of the mexAB-oprM multidrug efflux operon of Pseudomonas aeruginosa. J. 
 Bacteriol. 188:8649–8654. 
156.  Beck CF, Mutzel R, Barbé J, Müller W. 1982. A multifunctional gene (tetR) controls 
 Tn10-encoded tetracycline resistance. J. Bacteriol. 150:633–642. 
157.  Schumacher MA, Miller MC, Grkovic S, Brown MH, Skurray RA, Brennan RG. 
 2002. Structural basis for cooperative DNA binding by two dimers of the multidrug-
 binding protein QacR. EMBO J. 21:1210–1218. 
158.  Navarro-Avilés G, Jiménez MA, Pérez-Marín MC, González C, Rico M, Murillo FJ, 
 Elías-Arnanz M, Padmanabhan S. 2007. Structural basis for operator and antirepressor 
 recognition by Myxococcus xanthus CarA repressor. Mol. Microbiol. 63:980–994. 
159.  Bose B, Auchtung JM, Lee CA, Grossman AD. 2008. A conserved anti-repressor 
 controls horizontal gene transfer by proteolysis. Mol. Microbiol. 70:570–582. 



 

 

 

99 

 
160.  Masuda S, Bauer CE. 2002. AppA Is a blue light photoreceptor that antirepresses 
 photosynthesis gene expression in Rhodobacter sphaeroides. Cell 110:613–623. 
161.  Masuda N, Sakagawa E, Ohya S, Gotoh N, Tsujimoto H, Nishino T. 2000. 
 Contribution of the MexX-MexY-OprM efflux system to intrinsic resistance in 
 Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 44:2242–2246. 
162.  Srikumar R, Kon T, Gotoh N, Poole K. 1998. Expression of Pseudomonas aeruginosa 
 multidrug efflux pumps MexA-MexB-OprM and MexC-MexD-OprJ  in a multidrug-
 sensitive Escherichia coli strain. Antimicrob. Agents Chemother. 42:65–71. 
163.  Srikumar R, Paul CJ, Poole K. 2000. Influence of mutations in the mexR repressor gene 
 on expression  of the MexA-MexB-OprM multidrug efflux system of Pseudomonas 
 aeruginosa. J. Bacteriol. 182:1410–1414. 
164.  Evans K, Adewoye L, Poole K. 2001. MexR repressor of the mexAB-oprM multidrug 
 efflux operon of Pseudomonas aeruginosa: identification of MexR binding sites in the 
 mexA-mexR intergenic region. J. Bacteriol. 183:807–812. 
165.  Saito K, Eda S, Maseda H, Nakae T. 2001. Molecular mechanism of MexR-mediated 
 regulation of MexAB-OprM efflux pump expression in Pseudomonas aeruginosa. FEMS 
 Microbiol. Lett. 195:23–28. 
166.  Chen H, Hu J, Chen PR, Lan L, Li Z, Hicks LM, Dinner AR, He C. 2008. The 
 Pseudomonas aeruginosa multidrug efflux regulator MexR uses an oxidation-sensing 
 mechanism. Proc. Natl. Acad. Sci. U. S. A. 105:13586–13591. 
167.  Daigle DM, Cao L, Fraud S, Wilke MS, Pacey A, Klinoski R, Strynadka NC, Dean 
 CR, Poole K. 2007. Protein modulator of multidrug efflux gene expression in 
 Pseudomonas aeruginosa. J. Bacteriol. 189:5441–5451. 
168.  Wilke MS, Heller M, Creagh AL, Haynes CA, McIntosh LP, Poole K, Strynadka 
 NCJ. 2008. The crystal structure of MexR from Pseudomonas aeruginosa in complex 
 with its antirepressor ArmR. Proc. Natl. Acad. Sci. U. S. A. 105:14832–14837. 
169.  Ziha-Zarifi I, Llanes C, Köhler T, Pechere JC, Plesiat P. 1999. In vivo emergence of 
 multidrug-resistant mutants of Pseudomonas aeruginosa overexpressing the active efflux 
 system MexA-MexB-OprM. Antimicrob. Agents Chemother. 43:287–291. 
170.  Llanes C, Hocquet D, Vogne C, Benali-Baitich D, Neuwirth C, Plésiat P. 2004. 
 Clinical strains of Pseudomonas aeruginosa overproducing MexAB-OprM and MexXY 
 efflux pumps simultaneously. Antimicrob. Agents Chemother. 48:1797–1802. 
171.  Sobel ML, Hocquet D, Cao L, Plesiat P, Poole K. 2005. Mutations in PA3574 (nalD) 
 lead to increased MexAB-OprM expression and multidrug resistance in laboratory and 
 clinical isolates of Pseudomonas aeruginosa. Antimicrob. Agents Chemother.  
 49:1782–1786. 
172.  Hay T. 2013. PA5471 modulation of the Pseudomonas aeruginosa mexXY multidrug 
 efflux pump operon repressor MexZ: identification of important interaction residues and 
 domains. Queen’s University, Department of Microbiology and Immunology. 
173.  Jeannot K, Sobel ML, Garch F El, Poole K, Plésiat P. 2005. Induction of the MexXY 
 efflux pump in Pseudomonas aeruginosa is dependent on drug-ribosome interaction. J. 
 Bacteriol. 187:5341–5346. 
 



 

 

 

100 

174.  MacLeod DL, Nelson LE, Shawar RM, Lin BB, Lockwood LG, Dirk JE, Miller GH, 
 Burns JL, Garber RL. 2000. Aminoglycoside-resistance mechanisms for cystic fibrosis 
 Pseudomonas aeruginosa isolates are unchanged by long-term, intermittent, inhaled 
 tobramycin treatment. J. Infect. Dis. 181:1180–1184. 
175.  Sobel ML, McKay GA, Poole K. 2003. Contribution of the MexXY multidrug 
 transporter to aminoglycoside resistance in Pseudomonas aeruginosa clinical isolates. 
 Antimicrob. Agents Chemother. 47:3202–3207. 
176.  Matsuo Y, Eda S, Gotoh N, Yoshihara E, Nakae T. 2004. MexZ-mediated regulation 
 of mexXY multidrug efflux pump expression in Pseudomonas aeruginosa by binding on 
 the mexZ-mexX intergenic DNA. FEMS Microbiol. Lett. 238:23–28. 
177.  Alguel Y, Lu D, Quade N, Sauter S, Zhang X. 2010. Crystal structure of MexZ, a key 
 repressor responsible for antibiotic resistance in Pseudomonas aeruginosa. J. Struct. Biol. 
 172:305–310. 
178.  Morita Y, Sobel ML, Poole K. 2006. Antibiotic inducibility of the MexXY multidrug 
 efflux system of Pseudomonas aeruginosa: involvement of the antibiotic-inducible 
 PA5471 gene product. J. Bacteriol. 188:1847–1855. 
179.  Yamamoto M, Ueda A, Kudo M, Matsuo Y, Fukushima J, Nakae T, Kaneko T, 
 Ishigatsubo Y. 2009. Role of MexZ and PA5471 in transcriptional regulation of mexXY 
 in Pseudomonas aeruginosa. Microbiology 155:3312–3321. 
180.  Hay T, Fraud S, Lau CH-F, Gilmour C, Poole K. 2013. Antibiotic inducibility of the 
 mexXY multidrug efflux operon of Pseudomonas aeruginosa: involvement of the MexZ 
 anti-repressor ArmZ. PLoS ONE 8:e56858. 
181.  Morita Y, Gilmour C, Metcalf D, Poole K. 2009. Translational control of the antibiotic 
 inducibility of the PA5471 gene required for mexXY multidrug efflux gene expression in 
 Pseudomonas aeruginosa. J. Bacteriol. 191:4966–4975. 
182.  Hermann T. 2005. Drugs targeting the ribosome. Curr. Opin. Struct. Biol. 15:355–366. 
183.  Dukan S, Farewell A, Ballesteros M, Taddei F, Radman M, Nyström T. 2000. Protein 
 oxidation in response to increased transcriptional or translational errors. Proc. Natl. Acad. 
 Sci. U. S. A. 97:5746–5749. 
184.  Dean RT, Fu S, Stocker R, Davies MJ. 1997. Biochemistry and pathology of radical-
 mediated protein oxidation. Biochem. J. 324:1–18. 
185.  Maseda H, Saito K, Nakajima A, Nakae T. 2000. Variation of the mexT gene, a 
 regulator of the MexEF-oprN efflux pump expression in wild-type strains of 
 Pseudomonas aeruginosa. FEMS Microbiol. Lett. 192:107–112. 
186.  Fargier E, Aogáin MM, Mooij MJ, Woods DF, Morrissey JP, Dobson ADW, Adams 
 C, O’Gara F. 2012. MexT functions as a redox-responsive regulator modulating disulfide 
 stress resistance in Pseudomonas aeruginosa. J. Bacteriol. 194:3502–3511. 
187.  Leichert LIO, Scharf C, Hecker M. 2003. Global characterization of disulfide stress in 
 Bacillus subtilis. J. Bacteriol. 185:1967–1975. 
188.  Li X-Z, Zhang L, Poole K. 1998. Role of the multidrug efflux systems of Pseudomonas 
 aeruginosa in organic solvent tolerance. J. Bacteriol. 180:2987–2991. 
189.  Rouvière PE, Las Peñas A De, Mecsas J, Lu CZ, Rudd KE, Gross CA. 1995. rpoE, 
 the gene encoding the second heat-shock sigma factor, sigma E, in Escherichia coli. 
 EMBO J. 14:1032–1042. 



 

 

 

101 

190.  Mecsas J, Rouviere PE, Erickson JW, Donohue TJ, Gross CA. 1993. The activity of 
 sigma E, an Escherichia coli heat-inducible sigma-factor, is modulated by expression of 
 outer membrane proteins. Genes Dev. 7:2618–2628. 
191.  Yu H, Schurr MJ, Deretic V. 1995. Functional equivalence of Escherichia coli sigma E 
 and Pseudomonas aeruginosa AlgU: E. coli rpoE restores mucoidy and reduces 
 sensitivity to reactive oxygen intermediates in algU mutants of P. aeruginosa. J. 
 Bacteriol. 177:3259–3268. 
192.  Shiba T, Ishiguro K, Takemoto N, Koibuchi H, Sugimoto K. 1995. Purification and 
 characterization of the Pseudomonas aeruginosa NfxB protein, the negative regulator of 
 the nfxB gene. J. Bacteriol. 177:5872–5877. 
193.  Purssell A, Poole K. 2013. Functional characterization of the NfxB repressor of the 
 mexCD-oprJ multidrug efflux operon of Pseudomonas aeruginosa. Microbiology 
 159:2058–2073. 
194.  Jakics EB, Iyobe S, Hirai K, Fukuda H, Hashimoto H. 1992. Occurrence of the nfxB 
 type mutation in clinical isolates of Pseudomonas aeruginosa. Antimicrob. Agents 
 Chemother. 36:2562–2565. 
195.  Purssell A. 2013. Characterization of NfxB and PA4596, two repressors of the mexCD-
 oprJ operon encoding an RND-type multidrug efflux pump in Pseudomonas aeruginosa. 
 Queen’s University, Department of Microbiology and Immunology. 
196.  Purssell A, Fruci M, Mikalauskas A, Gilmour C, Poole K. 2015. EsrC, an envelope 
 stress-regulated repressor of the mexCD-oprJ multidrug efflux operon in Pseudomonas 
 aeruginosa. Environ. Microbiol. 17:186–198. 
197.  Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG, Smith JA, Struhl K. 
 1992. Short protocols in molecular biology: a compendium of methods from current 
 protocols in molecular biology, 2nd ed. John Wiley & Sons, Inc., Brooklyn, New York, 
 NY. 
198.  Studier FW, Rosenberg AH, Dunn JJ, Dubendorff JW. 1990. Use of T7 RNA 
 polymerase to direct expression of cloned genes. Methods Enzymol. 185:60–89. 
199.  Dmitrova M, Younès-Cauet G, Oertel-Buchheit P, Porte D, Schnarr M, Granger-
 Schnarr M. 1998. A new LexA-based genetic system for monitoring and analyzing 
 protein heterodimerization in Escherichia coli. Mol. Gen. Genet. 257:205–212. 
200.  Masuda N, Ohya S. 1992. Cross-resistance to meropenem, cephems, and quinolones in 
 Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 36:1847–1851. 
201.  Schweizer HP. 1991. Escherichia-Pseudomonas shuttle vectors derived from pUC18/19. 
 Gene 97:109–112. 
202.  Sambrook J, Russell DW. 2001. Molecular cloning: a laboratory manual, 3rd ed. Cold 
 Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y. 
203.  Choi K-H, Kumar A, Schweizer HP. 2006. A 10-min method for preparation of highly 
 electrocompetent Pseudomonas aeruginosa cells: application for DNA fragment transfer 
 between chromosomes and plasmid transformation. J. Microbiol. Methods 64:391–397. 
204.  Jo JTH, Brinkman FSL, Hancock REW. 2003. Aminoglycoside efflux in Pseudomonas 
 aeruginosa: involvement of novel outer membrane proteins. Antimicrob. Agents 
 Chemother. 47:1101–1111. 
 



 

 

 

102 

205.  Garinot-Schneider C, Pommer AJ, Moore GR, Kleanthous C, James R. 1996. 
 Identification of putative active-site residues in the DNase domain of colicin E9 by 
 random mutagenesis. J. Mol. Biol. 260:731–742. 
206.  Sinensky M. 1974. Homeoviscous adaptation—a homeostatic process that regulates the 
 viscosity of membrane lipids in Escherichia coli. Proc. Natl. Acad. Sci. U. S. A.  
 71:522–525. 
207.  Zhang Y-M, Rock CO. 2008. Membrane lipid homeostasis in bacteria. Nat. Rev. 
 Microbiol. 6:222–233. 
208.  Diefenbach R, Heipieper H-J, Keweloh H. 1992. The conversion of cis into trans 
 unsaturated fatty acids in Pseudomonas putita P8: evidence for a role in the regulation of 
 membrane fluidity. Appl. Microbiol. Biotechnol. 38:382–387. 
209.  Aricha B, Fishov I, Cohen Z, Sikron N, Pesakhov S, Khozin-Goldberg I, Dagan R, 
 Porat N. 2004. Differences in membrane fluidity and fatty acid composition between 
 phenotypic variants of Streptococcus pneumoniae. J. Bacteriol. 186:4638–4644. 
210.  Stickland HG, Davenport PW, Lilley KS, Griffin JL, Welch M. 2010. Mutation of 
 nfxB causes global changes in the physiology and metabolism of Pseudomonas 
 aeruginosa. J. Proteome Res. 9:2957–2967. 
211.  Babu MM, Luscombe NM, Aravind L, Gerstein M, Teichmann SA. 2004. Structure 
 and evolution of transcriptional regulatory networks. Curr. Opin. Struct. Biol. 
 14:283–291. 
212.  Balleza E, López-Bojorquez LN, Martínez-Antonio A, Resendis-Antonio O, Lozada-
 Chávez I, Balderas-Martínez YI, Encarnación S, Collado-Vides J. 2009. Regulation 
 by transcription factors in bacteria: beyond description. FEMS Microbiol. Rev.  
 33:133–151. 
213.  Knapp GS, Hu JC. 2010. Specificity of the E. coli LysR-type transcriptional regulators. 
 PLoS ONE 5:e15189. 
214.  Liu X, Matsumura P. 1994. The FlhD/FlhC complex, a transcriptional activator of the 
 Escherichia coli flagellar class II operons. J. Bacteriol. 176:7345–7351. 
215.  Claret L, Hughes C. 2000. Functions of the subunits in the FlhD2C2 transcriptional 
 master regulator of bacterial flagellum biogenesis and swarming. J. Mol. Biol.  
 303:467–478. 
216.  Claret L, Hughes C. 2002. Interaction of the atypical prokaryotic transcription activator 
 FlhD2C2 with early promoters of the flagellar gene hierarchy. J. Mol. Biol. 321:185–199. 
217.  Andrews BJ, Moore LA. 1992. Interaction of the yeast SWI4 and SWI6 cell cycle 
 regulatory proteins in vitro. Proc. Natl. Acad. Sci. U. S. A. 89:11852–11856. 
218.  Sidorova J, Breeden L. 1993. Analysis of the SWI4/SWI6 protein complex, which 
 directs G1/S-specific transcription in Saccharomyces cerevisiae. Mol. Cell Biol. 
 13:1069–1077. 
 
 


