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Abstract 

MexCD-OprJ is an RND-type multidrug efflux pump present in P. aeruginosa and is 

capable of exporting, and as such providing resistance to, several clinically important 

antimicrobials including fluoroquinolones, cephems, macrolides, and several biocides including 

chlorhexidine (CHX).  Expression of mexCD-oprJ is negatively regulated by NfxB, a LacI-type 

repressor.  The promoter region of mexCD-oprJ was identified and included two inverted repeat 

operator sites, B1 and B2, both of which are required in order for NfxB to bind, thereby 

repressing mexCD-oprJ.  NfxB oligomerizes into a tetramer in solution and likely functions as a 

dimer of NfxB homodimers.  In addition to being derepressed by loss of NfxB, MexCD-OprJ is 

inducible by a variety of non-antibiotic membrane-damaging agents (MDAs) such as CHX.  A 

homologue of NfxB, PA4596, was found to be induced in response to CHX-promoted envelope 

stress in an AlgU-dependent manner and is directly repressed by NfxB.  Loss of PA4596 resulted 

in increased resistance to the biocide CHX, shown to be a result of increased CHX-dependent 

expression of mexCD-oprJ.  Susceptibility to CHX was restored upon expression of PA4596 from 

the plasmid pAK1900 as was decreased expression of mexCD-oprJ in the presence of CHX, 

indicating that PA4596 contributes to mexCD-oprJ repression in the presence of CHX.  PA4596 

was found to form oligomers in solution, likely dimers and tetramers.  In the absence of NfxB, 

PA4596 is unable to contribute to repression of mexCD-oprJ.  However, NfxB and PA4596 

interact and together form a repressor capable of regulating mexCD-oprJ expression.  Screening 

of transposon mutants for increased resistance to erythromycin potentially indicative of increased 

mexCD-oprJ expression lead to the identification of several novel genes including PA0479, 

cupA3, faoA, PA3259, mucD, and clpA whose loss generated a multidrug resistance profile 

consistent with increased production of MexCD-OprJ.  However, further studies are required to 

determine how each of these genes may be affecting expression of mexCD-oprJ. 
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Chapter 1  

Introduction 

1.1 Pseudomonas aeruginosa 

Discovered in the late 19
th
 century, Pseudomonas aeruginosa is a Gram-negative 

microorganism common to a wide range of environments, yet is best known clinically as an 

opportunistic human pathogen known to cause a variety of community-acquired (1) and 

nosocomial infections, notably in cases where the immune system of the patient has been 

compromised (2-6).  In relation to other bacterial pathogens, P. aeruginosa nosocomial infections 

are associated with high morbidity and mortality (7).  P. aeruginosa also demonstrates a high 

incidence of infection in cystic fibrosis (CF) patients.  By the age of three, 97.5% of CF patients 

demonstrate evidence of being infected (8).  Moreover, CF patients with a chronic P. aeruginosa 

pulmonary infection had a poorer prognosis including an expedited deterioration of pulmonary 

function, greater morbidity and shortened life expectancy (9). This is complicated by the 

increasing incidence of epidemic strains of P. aeruginosa demonstrating multidrug resistance 

(MDR) that infect CF patients and are increasingly unresponsive to treatment with antimicrobials 

(10).   

P. aeruginosa is notable for considerable resistance to a variety of antimicrobials (11, 

12).  In a report surveying 314 isolates of P. aeruginosa, the majority of strains were found to be 

resistant when treated with ampicillin alone (98.4% of strains), ampicillin/sulbactam 

combinations (85.3% of strains), and ampicillin supplemented with the β-lactamase inhibitor 

clavulanic acid (83.8% of strains) and widespread resistance was observed against the 

fluoroquinolone antibiotic ofloxacin (68.4% of strains) (13).  P. aeruginosa strains demonstrating 
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MDR, on average, are associated with four times the mortality rate, ten times the incidence of 

secondary bacteremia, and three times the duration of hospital stay resulting in a profound 

increase in the medical costs associated with treating this organism (14).   

 

1.2 Acute and Chronic Infections Strategies Exhibited by P. aeruginosa 

The ability of P. aeruginosa to precipitate such a wide range of infections can be 

attributed to the multitude of virulence factors expressed by the organism (15).  Upon 

transmission into the host, P. aeruginosa will typically establish an acute infection characterized 

by expression of cell-associated and secreted virulence factors including exotoxins, type III 

secretion systems (T3SS), anti-host factors (proteases, phospholipase C, pyoverdine, pyocyanin, 

pyocins, elastase) and motility structures which promote dissemination of the bacteria throughout 

colonizable tissue.  Motility structures, flagella and pili, have additional functions as an adhesins 

that assist in tethering the microbe to epithelial cells during infection (16-20).  In fact, pili-

dependent adhesion and twitching motility are considered crucial to P. aeruginosa virulence (21-

23).  LPS, an essential component of the P. aeruginosa outer membrane can also act as an 

adhesin (23).  LPS is a bacterial endotoxin and an activator of the immune system (16).  After 

adherence is completed, several exotoxin effectors are secreted into the host cell through a type 

III secretion system, which facilitates invasiveness during infection and promote dissemination of 

the microbe throughout the host (24).  In addition, P. aeruginosa secretes several other virulence 

factors into the extracellular environment (25-32).  Despite the fulminant nature of acute 

infections, P. aeruginosa colonization of the lung can be amenable to treatment with 

antimicrobials allowing eradication of the bacterium, even in CF patients (15). However, P. 

aeruginosa can undergo a microevolution process in the lung involving substantial genetic, 
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phenotypic, and morphological changes resulting in a recalcitrant and treatment-resistant chronic 

infection (15, 33).  As opposed to the expansion and dissemination strategy exhibited during 

acute infection, chronic infections employ an entrenchment strategy that includes downregulation 

of virulence and motility genes, modification of metabolic processes to utilize different nutrients, 

secretion of alginate and growth as a biofilm (34-39).  Many of these virulence factors are 

regulated by complex hierarchical quorum sensing regulatory systems, involved in controlling 

gene expression based on cell-density.  During chronic infection decreased expression of 

virulence factors can often be attributed to an acquired loss-of-function mutation in the gene 

encoding LasR (40).  A mucoid phenotype is generated from an overproduction of alginate, a 

exopolysaccharide virulence factor, which grants protection from host immune factors and 

antimicrobials (41, 42).  Loss-of-function mutations in mucA, encoding a suppressor of alginate 

production, is often observed to be responsible in vivo for the mucoid phenotype (41, 43).  

Although it is unclear what regulatory processes are responsible, the shift from planktonic growth 

to biofilm protects the bacteria from environmental stressors, inhibit phagocytosis, and prevent 

microbial clearance (41, 42).  Chronic infections also demonstrate an phenotype known as 

hypermutability where inactivation of the methyl-directed DNA mismatch repair and/or the 

guanine 8-oxo-deoxyguanosine systems result in a significant increases in mutation frequency 

(44, 45).  One advantage of hypermutation is a rapid acquisition of beneficial mutations that 

promote adaptation to the lung environment.  Additionally, there is a striking increase of the 

heterogenicity of the P. aeruginosa population that can take advantage of the many niche 

conditions encountered in the CF-lung and can facilitate survival during enormous fluctuations in 

growth environments (33, 46, 47).  
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1.3 Antimicrobials and Their Mechanisms of Action 

Antimicrobial agents specifically inhibit or disrupt essential bacterial cellular processes in 

order to prevent microbial growth (bacteriostatic) or kill the microorganism (bactericidal).  

Mortality and morbidity attributed to infectious disease has been drastically reduced in the last 

century due to the discovery and subsequent widespread clinical deployment of antimicrobial 

compounds (48, 49).  The targets of these compounds are often strongly conserved in bacteria but 

absent or inaccessible in their mammalian hosts and so allow specific destruction of pathogens 

while minimizing host toxicity.  Bacterial processes targetted by antimicrobial drugs include 

essential metabolic pathways, cell wall synthesis, DNA replication, RNA transcription, and 

protein synthesis (50).   

Folate is an essential metabolite required for nucleic acid synthesis.  In contrast to 

humans, which obtain folate through diet, bacteria must synthesize folate through a unique 

metabolic pathway.  In the first step of this pathway, dihydropteroic acid is synthesized by the 

enzyme dihydropteroate synthetase from p-aminobenzoic acid (PABA) and 7,8 dihydro-6-

hydroxymethylpterin-pyrophosphate (DHPPP).  Sulfonamide antimicrobials are structurally 

similar to PABA and act as competitive inhibitors of dihydropteroate synthetase resulting in a 

disruption of dihydropteroic acid synthesis (75).  In a later step of this pathway, dihydrofolic acid 

is metabolized into tetrahydrofolic acid by the enzyme dihydrofolate reductase, a reaction that can 

be competitively inhibited by the antimicrobial trimethoprim (76, 77).  Often sulfonamides and 

trimethoprim are administered together allowing for potent inhibition of bacterial folate synthesis. 

The cell wall (envelope) constitutes a barrier between the cellular contents and the 

external environment and is fortified by a complex mesh-like layer of peptidoglycan which 

provides tensile support to the envelope and prevents intracellular osmotic pressure from lysing 
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the cell (51).  Synthesis of peptidoglycan is impaired by a broad class of antimicrobials known as 

β-lactams that include penicillins, monobactams, cephalosporins, and carbapenems (52-55).  

Penicillin binding proteins (PBPs) are responsible cross-linking peptidoglycan strands through a 

transpeptidation reaction, a process critical for the integrity of the peptidoglycan layer.  β-lactam 

antimicrobials disrupt the activity of these PBPs and, so, prevent peptidoglycan cross-linking (51, 

56, 57).  Additionally, β-lactam antimicrobials can activate cell wall hydrolases and autolysins 

resulting in further degradation of the peptidoglycan layer (57).  Structurally distinct from β-

lactams are another class of peptidoglycan-targeting antibiotics called glycopeptides such as 

vancomycin.  These antimicrobials bind to the terminal D-alanine residue and preventing cross-

linking of the peptide stems (58, 59).   

During DNA replication, DNA-helicase catalyses the separation of the DNA strands. A 

consequence of this separation is an accumulation of positive twists in the DNA molecule that 

create torsional strain (69).  The enzymes DNA gyrase and DNA topoisomerase IV relieve this 

torsional strain by introducing negative supercoils into the DNA strand through a process of 

cleaving, rotating, and rejoining the DNA backbone.  Quinolones and their clinically-used 

derivatives fluoroquinolones prevent DNA gyrase and DNA topoisomerase IV from rejoining the 

DNA backbone leading to a lethal accumulation of DNA breaks (68-71). 

The process of transcription can be disrupted through inhibition of DNA-dependent RNA 

polymerase (RNAP) by a structurally varied set of drugs including rifampicin (72, 73).  

Rifampicin blocks transcription by occluding the exit channel of RNAP, which stalls further 

elongation of the RNA transcript (72, 74). 

Protein synthesis (translation) occurs at the 70S bacterial ribosome, which is composed of 

a 50S subunit and a 30S subunit.  The bacterial ribosome is structurally distinct from the 80S 
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eukaryotic ribosome allowing for selective disruption of bacterial translation (50).  Several 

classes of antimicrobials including macrolides, chloramphenicol, aminoglycosides, and 

tetracyclines function by disrupting prokaryotic translation (50).  Macrolides and 

chloramphenicol are known to bind to and interfere with the 50S subunit (60).  Macrolides 

stimulate inappropriate dissociation of peptidyl-tRNA from the ribosome thereby halting 

translation (61), whereas chloramphenicol disrupts peptidyl transferase activity i.e. inhibits 

formation of the peptide bond (62).  Aminoglycosides and tetracyclines interfere with the activity 

of the 30S subunit (63, 64).  Aminoglycosides decrease the fidelity of translation resulting in the 

production of mistranslated proteins (65).  Tetracyclines interfere with the binding of the 

aminoacylated tRNA to the ribosomal A-site (66, 67). 

 

1.4 Mechanisms of Antimicrobial Resistance 

Many of the early antibiotics were derived from naturally-occurring microorganisms and 

so it is unsurprising that antimicrobial resistance evolved to protect bacteria from these 

compounds.  However, in the last century large scale commercial production and clinical and 

non-clinical usage of antimicrobials has selected for increasingly resistant bacteria which has 

dramatic implications on our ability to treat infectious disease (78-85).  There are three major 

ways in which bacteria can avoid the toxic effects of antimicrobials and these include 

modification of antimicrobial target, enzymatic inactivation of the antimicrobial or exclusion of 

antimicrobial from the cell via efflux (86). 
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1.4.1 Target Site Modification 

Antimicrobials act by interfering with obligate cellular processes that are unique to the 

bacterial pathogen.  Mutational or enzymatic modification of the antimicrobial target can 

drastically reduce the efficacy of the drug while retaining cellular function (87).  For example, 

expression of alternative PBPs such as PBP2a, encoded by the mecA gene of some Methicillin-

resistant S. aureus strains, which unlike most PBPs demonstrate very little affinity for β-lactams 

including methicillin (57, 88).  Methylation of the peptidyl transferase centre of the ribosome by 

methyl transferases was found to provide resistance by sterically excluding chloramphenicol, 

macrolides, and ketolides (60,89-91).  Certain alternations, methylase-dependent or mutational, of 

the ribosomal 16S component can result in aminoglycoside resistance (92,93).  Finally, as little as 

a single point mutation in the genes coding for DNA gyrase or topoisomerase IV can prevent their 

protein products from interating with fluoroquinolone antimicrobials (70, 94-97). 

 

1.4.2 Inactivation 

Inactivation is another general mechanism of resistance, where the antimicrobial is 

rendered nonfunctional through modification or cleavage before it can disrupt its cellular target 

(98).  One of the earliest documented examples of inactivation was β-lactamases, which are 

modified PBPs capable of enzymatically cleaving the β-lactam ring rendering the β-lactam non-

functional (56, 98-103).  Tetracycline and tigecycline can be inactived by a monooxygenase, 

TetX, which destroys the antimicrobial using activated oxygen (104-106).  Although there are 

other mechanisms capable of contributing to aminoglycoside resistance, enzymatic inactivation is 

the principle mechanism of resistance.  This occurs through several potential enzyme-catalized 

modifications including O-phosphorylation, O-adenylylation, or N-acetylation which renders the 
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aminoglycoside unable to interact with the ribosome (107-109).  Similarly, chloramphical that has 

been acetylated by chloramphenicol acetyltransferase is unable to bind to the ribosome (110) and 

quinolones that are acetylated by Aac(6)-Ib-cr are unable to bind to topoisomerases (111). 

 

1.4.3 Efflux 

While the cytoplasmic conditions of bacteria are carefully controlled, the conditions of 

the external environment are highly variable necessitating the cell to use a barrier in order to 

prevent these environment conditions from perturbing sensitive cellular physiology and obstructs 

the entry of naturally-occurring toxic compounds such as reactive oxygen species or heavy metals 

(112,113).  In Gram-negative bacteria, this barrier, known as the envelope, is composed of the 

outer membrane and the inner membrane separated by the periplasm which includes a mesh-like 

layer of peptidoglycan (51,113).  In addition to using the envelope to exclude the entry of noxious 

compounds, many bacteria possess efflux pumps that are capable of exporting various 

compounds such as antimicrobials and thus contribute to resistance (114).  Interestingly, efflux 

pumps are thought to also have roles in detoxification of intracellular metabolites, host 

pathogenesis, and intercellular communication (82, 115-117).  It may be that the contributions of 

efflux in clinical antimicrobial resistance, while considerable, may usually only be a fortuitous 

result of the innate presence of efflux pumps and have little to do with their intended evolved 

functions.  Efflux pumps range from being highly specific and only able to export and, so, 

provide resistance to a single antimicrobial to being highly promiscuous in their substrate 

selection and are capable of effluxing a wide-range of structurally-dissimilar antimicrobials (114, 

118).  Such promiscuity in antimicrobial selection allows these pumps to contribute to MDR.  

Efflux pumps are categorized into five families which are the major facilitator (MF) superfamily,  
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the ATP-binding cassette (ABC) family, the resistance-nodulation-division (RND) family, the 

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

(MATE) family whose structural assembly is shown in Figure 1.1 (119).   

 

1.5 Non-RND Type Efflux Systems 

Members of the three efflux families MF, SMR, and MATE usually consist of a single 

component that in Gram-negative bacteria are located in the inner membrane.  As Gram-positive 

organisms only possess a single membrane, these pumps alone are sufficient to transport 

compounds out of the cell (121), yet in Gram-negative bacteria the pumps must associate with an 

outer membrane porin which allows substrates to then traverse the outer membrane (119). 

Among the families of efflux pumps, the MF superfamily is considered to be the largest 

and most varied in prokaryotes emcompassing 25% of all transporters (122).  These pumps are 

powered by the proton motive force (PMF) (114).  Although individual members of the MF 

superfamily typically have strict substrate specificity, the overall multiplicity of this family 

allows it to accommodate an expansive range of substrates many of which are antimicrobials 

(123).  Examples of MF efflux pumps include the well-characterized Tet family capable of 

exporting tetracycline and structurally similar compounds (124).  This system is observed in 

many different species of bacteria due the tet genes being localized on mobile genetic elements 

which permits extensive horizontal transfer (125). In the Tet family, there are 23 different genes 

encoding efflux pumps.  Principally found in Gram-positive bacteria are TetK and TetL, whereas 

in in Gram-negative bacteria are TetA-E, G, H, I, J, Z with Tet A-E being widely distributed 

among Pseudomonas ssp. (119, 124, 125).   Many strains of P. aeruginosa also carry the  
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Figure 1.1. Organization of antimicrobial efflux pumps in Gram-negative bacteria 

 

Structure of the five families of multidrug efflux pumps found in Gram-negative bacteria 

including major facilitator (MF), ATP-binding cassette (ABC), resistance-nodulation-division 

(RND), small multidrug resistance (SMR), and multidrug and toxic compound extrusion 

(MATE). The tripartite multidrug efflux systems also include an outer membrane protein (OMP) 

and a membrane fusion protein (MFP).  Figure modified from (319). 
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transposon Tn1696 encoding another MF-type exporter, CmlA, capable of exporting the 

antibiotic chloramphenicol (126). 

The SMR family is a subset of the larger and more general drug/metabolite transporter 

superfamily (114).   Powered by the PMF, members of the SMR family have been shown to 

contribute to resistance to a wide-range of antimicrobials including β-lactams, dihydrofolate 

inhibitors, and aminoglycosides, as well as a variety of quaternary ammonium compounds and 

lipophilic cations (114,127).  Like the previously discussed Tet system, genes encoding SMR 

pumps are often localized on mobile genetic elements such as plasmids and transposon allowing 

horizontal transfer between bacterial species (128).  Of the three SMR subfamilies, only two, the 

small multidrug pumps (SMP) and paired SMR (PSMR) pumps are associated with MDR 

(129,130,131).  One such SMR-type exporter, EmrE, is present in P. aeruginosa and contributes 

to intrinsic resistance of aminoglycosides (132).   

The MATE family is another class of transporters that is associated with antimicrobial 

resistance and members have been identified in all domains of life (133).  PmpM encoded in P. 

aeruginosa accommodates several biocides including benzalkonium chloride (BZK), and 

fluoroquinolones (134).  Several pumps in the MATE family use the Na
+
 gradient instead of the 

PMF-associated proton gradient to export substrates although none of this subtype has of yet been 

identified in P. aeruginosa (114,135).   

In contrast to the other familes of efflux pumps, the ABC superfamily is powered by ATP 

hydrolysis (114,136).  Members of the ABC are often able to export multiple substrates, yet these 

pumps are rarely found to contribute to antimicrobial resistance and, in cases where they do, only 

efflux a single antimicrobial (114, 119, 137).  Despite this, there remain a few examples of ABC 

transporters that can export several different antimicrobials conferring a MDR phenotype.  
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Examples include LmrA in the Gram-positive Lactococcus lactis (138, 139) and MacAB-TolC, 

an exporter of macrolides, in the Gram-negative E. coli (140).  However, no ABC-type 

antimicrobial efflux systems have been identified in P. aeruginosa. 

 

1.6 RND Type Efflux Systems 

Of all class of efflux pumps, the RND superfamily is most associated with antimicrobial 

efflux (manifesting as an increase in antimicrobial resistance) in terms of distribution of these 

pumps among bacteria, breadth of clinically-related antimicrobials accommodated by these 

pumps, and impact on minimum inhibitory concentrations of antimicrobials (120,141).  Although 

RND-type efflux pumps have been identified in eukaryotic organisms as well, their role as a 

determinant of antibiotic resistance is mostly restricted to Gram-negative prokaryotes, one of 

which is P. aeruginosa (142).  RND-type efflux pumps have a tripartite architecture. The RND 

component is localized in the inner membrane and directly connects an outer membrane protein 

(OMP) component, localized to the outer membrane, forming a channel.  The third component, 

the membrane fusion protein (MFP), complexes around the RND component – OMP component 

linkage stabilizing the overall structure (119,143).  Much of the initial characterization of the 

structure and function of this family of efflux pumps was derived from studies on AcrAB-TolC, 

an RND-type multidrug efflux pump present in Enterobacteriaceae (143-146).  In this pump, 

AcrA functions as the MFP component, AcrB functions as the RND component, and TolC 

functions as the OMP component (143,147).  The crystal structures of each of the three 

components have been resolved.  This revealed that AcrB assembles as an asymmetrical 

homotrimer in the inner membrane (148).  Pumping of substrates through AcrB occurs as a three-

step cycle transitioning between access, binding, and extrusion states essentially comprising a 
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peristaltic mechanism.  Transitioning between states requires a proton to be transferred back 

across AcrB.  Initially in the access state, substrate may interact with a superficial binding pocket 

exposed to the periplasm.  After switching to the binding state, a vestibular pocket is exposed and 

the substrate binds deeper into the pump.  In the extrusion state, substrate is expelled into the 

central channel to continue through the rest of the pump (147, 149).  The OMP component TolC, 

like AcrB, assembles as a homotrimer, which likely facilitates the linkage between the two 

components.  At the linkage site, the AcrB homotrimer has a funnel-like opening which surrounds 

the periplasmic opening of TolC (144,150).  This periplasmic pore of TolC normally maintains a 

tightly closed configuration to prevent uptake of extracellular compounds.  However, upon 

substrate reception from AcrB the helical coils at the periplasmic opening of TolC relax which 

dilates pore allowing substrate entry (151).  The AcrB-TolC linkage is stabilized and sealed by 

the MFP component AcrA (152,153).   

Genetic organization of RND-type efflux pump encoding genes is generally consistent 

starting with the MFP coding gene followed by the RND component gene and then the OMP 

component gene.   However, there are many instances where the OMP component gene is 

unlinked to the other two (i.e. is found elsewhere in the genome and individually regulated) (154-

159). 

 

1.7 Characterization of P. aeruginosa RND Multidrug Efflux Pumps 

Currently, twelve RND-type efflux pumps have been identified in P. aeruginosa 

including MexAB-OprM (156, 160), MexCD-OprJ (161), MexEF-OprN (162), MexXY (163, 

164), MexJK (165, 166), MexGHI-OpmD (167), MexVW (168), MexPQ-OpmE (169), 

MexMN(169), TriABC (170), CzeCBA(171), and MuxABC-OpmB(172).  OprM, which is 



 

14 

 

constitutively expressed, is used as the OMP for efflux systems that do not encode their own.  

However, MexJK can alternately associate with OpmH, and TriABC can only function with 

OpmH (165,170).   Of the twelve efflux pumps only four, MexAB-OprM, MexCD-OprJ, MexEF-

OprN, and MexXY, are thought to be clinically-relevant as contributors of antimicrobial 

resistance (173).  Genetic organization of these four systems is shown in Figure 1.2.   

 

1.7.1 MexAB-OprM 

MexAB-OprM was the first multidrug efflux pump identified in P. aeruginosa.  Arranged 

in the typical RND-type genetic organization, the mexAB-oprM operon encodes the MFP, RND, 

and OMP components, respectively (154).  MDR attributable to MexAB-OprM hyperexpression 

has been observed in both clinical and laboratory isolates.  Such hyperexpression is usually the 

result of a mutation in one of the negative regulators of mexAB-oprM expression including mexR 

(previously known as nalB), nalC, and nalD (175-178). 

In P. aeruginosa, MexAB-OprM is one of the greatest determinants of intrinsic 

antimicrobial resistance.  This is because MexAB-OprM is constitutively expressed at levels that 

allow it to contribute to resistance and it can accommodate an extensive range of structurally-

dissimilar and clinically-relevant antimicrobials (160,179). The RND component, MexB, 

determines substrate specificity and the amino acids involved in this have been identified (180-

183).  Included in the expansive range of MexAB-OprM substrates are β-lactams, 

fluoroquinolones, tetracycline, macrolides, chloramphenicol, sodium dodecyl sulfate (SDS), and 

ethidium bromide (142, 160, 184).   

Multiple crystal stuctures for the components of MexAB-OprM have been obtained (185-

187) and show much in common with AcrAB-TolC including component and overall architecture 
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Figure 1.2. Gene organization of clinically relevant RND multidrug efflux transporters in P. 

aeruginosa 

 

P. aeruginosa RND efflux pump genes are organized to encode the membrane fusion protein 

component (red), the RND component (blue), the outer membrane protein component (yellow), 

and adjacent regulators (green).  Used the with authors permission from (319). 
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 and efflux mechanism (185, 186).  Structural studies of MexA have confirmed that it acts as the 

MFP stabilizing the MexB and OprM linkage (187).  Although not yet completely conclusive, 

current studies support that a MexA homodimer associates with each of the OprM monomers 

ultimately forming a MexA-hexamer OprM-trimer functional unit (188).   

 

1.7.2 MexEF-OprN 

MexEF-OprN is quiescent under normal laboratory conditions (i.e. does not contribute to 

antimicrobial resistance).  However, it can be mutationally upregulated as was observed in certain 

mutants of mexT (162, 189), mexS (190), or mvaT (191).  Additionally, mexEF-oprN expression 

increased in strains where MexAB-OprM was functionally impaired (192).  P. aeruginosa strains 

with mutations in mexT resulting in increased mexEF-oprN expression and MDR have also been 

derived clinically (193).  MexE, MexF, and OprM function as the MFP, RND, and OMP 

components, respectively (162).  The MexEF complex seems to be responsible for determining 

what substrates can be accommodated by this efflux system (194).  These substrates include 

fluoroquinolones, chloramphenicol, trimethoprim, and aromatic hydrocarbons (142, 194). 

 

1.7.3 MexXY 

Although MexXY is quiescent under normal laboratory conditions, it contributes to 

intrinsic antimicrobial resistance in P. aeruginosa because its expression is inducible by many of 

its antimicrobial substrates.  Additionally, expression of MexXY, and consequently its 

contribution to antimicrobial resistance, is increased in mexZ mutants or strains where MexAB-

OprM activity is compromised (192,195).  Co-transcribed, mexX encodes the MFP component 
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and mexY encodes the RND component.  The OMP component of this system, OprM, originates 

from expression of MexAB-OprM (163).  There is evidence that MexXY may be able to associate 

with other OMPs, although it is unclear how much impact, if any, this has on the function of 

MexXY or if these observations are more artifactual (196). 

Substrates of the MexXY-OprM system include aminoglycosides, erythromycin, 

tetracyclines, the tetracycline-related glycylcyclines, and fluoroquinolones (195, 197-199).  All of 

these agents, with the exception of fluoroquinolones, target the ribsome and are inducers of 

mexXY expression (197).   

MexXY-OprM is crucial for the development of adaptive resistance to aminoglycosides, 

a phenomenon where continuous exposure of P. aeruginosa strains to sub-lethal concentrations of 

aminoglycosides results in cells that are more resistant to the antimicrobial. This change is non-

mutational and is lost upon cessation of exposure to the aminoglycoside (198).  This phenomenon 

is of particular concern among CF patients, many of whom are prescribed daily aminoglycoside 

treatments as this therapy will select for resistant P. aeruginosa populations (198).   

 

1.7.4 MexCD-OprJ 

The mexCD-oprJ operon is arranged in the typical RND-efflux pump fashion.  The first 

gene mexC codes for the MFP which is followed by mexD, encoding the RND inner membrane 

component, and terminated with oprJ, the OMP component coding gene (154, 161).  Expression 

of MexCD-OprJ is typically quiescent and thus it does not contribute to intrinsic resistance to 

antimicrobials.  Conversely, expression is significant in nfxB strains which produce a defective 

variant of NfxB, the repressor of mexCD-oprJ (161, 200-203).  Alternatively, mexCD-oprJ can be 

induced in response to envelope stress (204-206).  Either mechanism leads to appreciable 
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production of MexCD-OprJ manifesting as resistance to MexCD-OprJ-effluxed antimicrobials 

(200, 206).  Mutants of nfxB have been selected by sustained exposure to several different 

compounds including 2,2’ dipyridyl (156), a nonmetabolizable chelator, ciprofloxacin (202, 207), 

norfloxacin (203) (for which nfxB is named), and ofloxacin (208) all fluoroquinolones, 

azithromycin (209), an azalide (a sub-class of macrolides), and cefpirome (208), a cephalosporin 

(a sub-class of β-lactam antimicrobials) indicating that MexCD-OprJ conveys resistance to these 

compounds. 

In addition to the compounds mentioned previously as selecting nfxB strains, this efflux 

system provides resistance to a variety of different antimicrobials including: β-lactams, 

fluoroquinolones, sulfonamides, trimethoprim, macrolides, chloramphenicol, tetracyclines, 

lincomycin, novobiocin as well as some biocides (e.g. chlorhexidine [CHX] and benzalkonium 

chloride [BZK]), organic solvents, detergents, and dyes (174, 179, 184, 210-212).  Earlier studies 

reported that exported β-lactam substrates were limited to 4
th
 generation cephems; instead, the 

substrate profile of MexCD-OprJ has be shown to also include ordinary cephems (e.g. 

ceftazidime), many penicillins, carbapenems (although not imipenem), and penems (179, 208, 

213, 214).  There is an inverse relationship between expression of mexCD-oprJ and mexAB-

oprM, although the mechanism is unclear (192).  Consequently, upregulation of mexCD-oprJ 

increases susceptibility to MexAB-OprM-effluxed antimicrobials such as carbenicillin (213). 

 

1.8 Regulatory Paradigms in P. aeruginosa 

P. aeruginosa is notable for its ability to colonize a range of disparate environments from 

soil and water systems to animal hosts (3, 215).  Central to this adaptability are a variety of 

inducible processes that convey competitive advantage in specific environments.  To ensure 
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appropriate expression of such systems, P. aeruginosa has evolved complex regulatory schemes.  

In fact, regulation is so crucial to P. aeruginosa that 9.3% of its genes are devoted to this (154), 

more than double that of E. coli, in which 4.15% of genes are involved in regulation (216).  Such 

extensive regulatory mechanisms make P. aeruginosa an excellent model for investigating 

regulatory paradigms.  

Regulatory systems of gene expression have evolved to be particularly diverse, complex, 

specific, and above all tightly controlled as inappropriate gene expression can impose a heavy 

fitness burden on the cell.  An excellent illustration of this is the universally employed 

mechanism of expression restriction occurring as a result of intentional RNAP paucity.  Such 

limitation of available RNAP minimizes inappropriate transcription of unnecessary genes (217).  

Gene regulation can occur at four different points: transcription, post-transcriptional, translation, 

and post-translation.  An individual gene may be regulated directly or indirectly at one or multiple 

levels.  Moreover, individual regulators often control expression of a multitude of genes – its 

regulon – altogether allowing complex, intricate, and precise control of gene expression (218).  

Regulators of gene expression usually fall into one of three types: sigma factors (219), activators 

(220), and repressors (220).  Other less common mechanisms have been observed, however, as 

they have not been observed to be involved with regulating expression of multidrug efflux pumps 

in P. aeruginosa, they will not be discussed here.  

 

1.8.1 Sigma Factors 

Sigma factors interact with the RNAP holoenzyme and help determine what specific 

consensus sequences that the enzyme is capable of binding to and, consequently, initiate 

transcription.  Moreover, sigma factors can play a role in separating the DNA strands, another 
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mechanism for aiding initiation of transcription (219).  Among the different classes of regulators 

sigma factors are associated with by far the largest regulons and thus constitute global regulators 

of gene expression (219).  Prokaryotes typically have a single master sigma factor devoted to 

regulating genes involved in housekeeping functions of the cell (218).  In P. aeruginosa, σ
70

 

functions as this master sigma factor (221).  In addition to the master sigma factor, cell encode 

several other alternative sigma factors responsible for orchestrating specialized cellular responses 

such as heat shock responses, envelope stress responses, or directing flagella biosynthesis (218, 

219, 220, 223).   

The typical mechanism of regulation of sigma activity is through suppression via 

sequesterization by a cognate anti-sigma factor which isolate the sigma factor from interacting 

with RNAP (222).  A hallmark of this arrangement is that it allows a relatively fast response as 

the sigma only needs to be released in order to direct gene expression.  Mechanistically, 

desequestration of the sigma factor can occur several different ways although the most common is 

enzymatic degration, as seen with MucA release of AlgU in P. aeruginosa, or extrusion out of the 

cell (221, 224).   

 

1.8.2 Activators 

Transcriptional activators positively influence gene expression by recruiting RNAP to the 

promoter region (220, 223).  To do so the activator binds to an activator specific consensus 

sequence at the regulatory region and either the α or σ subunit of RNAP, appropriately placing 

RNAP to initiate transcription (220).  Alternatively, activators can positively influence gene 

expression allostery by assisting in the creation of an open complex required for gene 

transcription (220, 223).  This can subdivided into activators that influence the conformational 



 

21 

 

state of RNAP such as NtrC (220) and into activators that influence the conformational state of 

the promoter DNA such as MerR (225), both examples being found in P. aeruginosa (226).  

Specifically, NtrC has ATPase activity which allows it to induce a conformational change in 

RNAP which promotes separation of DNA strands at the transcriptional start site facilitating 

initiation of transcription by RNAP (220,223).  In contrast, MerR, in the presence of mercury, 

binds to the merT promoter and contorts the DNA into a conformation that facilitates initiation of 

transcription by RNAP (223, 225, 226).  In P. aeruginosa, MexT is a LysR-type activator 

associated with regulation of a multidrug efflux operon (227). 

 

1.8.3 Repressors 

In the early 1960’s, Jacob and Monod, while studying the phenomenon of diauxic 

growth, conceptualized a model of gene regulation.  This model explained how an operon, a 

group of genes involved in a particular cellular process, could be coordinately regulated by a 

repressor molecule expressed from a repressor gene (228).  Repressors typically act to suppress 

gene transcription by binding to a specific operator sequence in the target gene’s promoter and 

blocking RNAP or a transcriptional activator from binding (220, 223).  Derepression can occur by 

downregulating repressor expression, sequestering the repressor through interaction with another 

protein, or interaction of an inducing molecule with the repressor causing a conformational 

change in the repressor and loss of affinity for the operator (229).  Repressors are often found to 

belong to one of several prototypical families.  Among them the MarA, TetR, and LacI families 

have been linked to regulation of multidrug efflux in P. aeruginosa. 

Members of the MarA family have been found to be involved in regulating a wide range 

of cellular functions such as antibiotic resistance determinants, production of antimicrobial 
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agents, sensing of aromatic compounds, and virulence factors (230-233).  Despite showing 

considerable diversity at the primary amino acid level, repressors in the MarA family demonstrate 

remarkably structural similarity when folded (234).  This is likely the reason that the MarA 

family is capable of accommodating such a range of effector molecules and DNA targets (233).  

MexR a regulator of the mexAB-oprM multidrug efflux operon is a MarR-type repressor in P. 

aeruginosa (235). 

The TetR family is another diverse class of repressors with members involved in 

regulation of determinants of antimicrobial resistance, production of antimicrobial agents, 

catabolic pathway enzymes, osmotic stress, and virulence factors (236-241).  These repressors 

display a well conserved helix-turn-helix (HTH) domain that upon repressor homodimerization is 

capable of binding to palindromic inversted DNA repeats (236).  In P. aeruginosa, there are 

several examples of TetR-family repressors of multidrug efflux operons including MexZ (242), 

NalC (176), and NalD (177) 

The Lac repressor, LacI, is one of the first repressors that were characterized and is the 

prototypical member of the extensive LacI-like family of repressors (229,243).  The LacI 

monomer consists of four distinct functional units including the N-terminal DNA-binding Helix-

turn-Helix (HTH) domain, a hinge region, a core region involved in dimerization and inducer 

binding, and a C-terminal tetramerization domain.  LacI monomers initially assemble into stable 

homodimers, the functional unit of LacI, via an extensive interaction interface.  Homodimers 

through an interaction with their C-terminal tetramerization domains can form a tetramer (229).  

However, unlike dimerization, tetramerization does little to alter the overall conformation of the 

molecule and more likely functions as a tether only holding the two homodimers together (229).  

Formation of a dimer spaces the HTH region of each monomer appropriately so that they can 
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bind onto the major groove of the DNA operator sequence (244).  Although many types of 

repressors use a HTH motif, LacI-type repressors are unique in that the hinge region will interact 

with the minor groove of the operator (245, 246).    LacI derepression occurs when allolactose, or 

a compound that mimics it, interacts with LacI and causes the protein to undergo a 

conformational change which considerably lowers the repressor’s affinity for the operator (247).  

An example of a LacI-type repressor is NfxB, the repressor of mexCD-oprJ, encoding a multidrug 

efflux pump (200) 

 

1.9 Regulation of P. aeruginosa Multidrug Efflux Pumps 

1.9.1 MexAB-OprM 

MexAB-OprM is unique in P. aeruginosa in that it is constitutively expressed at a level 

where it can contribute to antimicrobial resistance (160).  Moreover, MexAB-OprM 

hyperexpression has been found in mexR (previously called nalB) (175), nalC (176), and nalD 

(177, 178) mutants or in strains with increased expression of armR (176).  mexR belongs to the  

MarA-type family of repressors and is divergently expressed from mexA (235).  MexR as a 

homodimer represses expression of mexR and mexA upon binding to their overlapping promoter 

regions (175, 189, 248, 249).  Two Cys residues (30 and 62) were found to be redox-active and in 

the presence of oxidative stress form a disulphide bond between MexR protomers that alters the 

conformational shape of the repressor making it unable to bind to the operator and leads to an 

upregulation of mexAB-oprM expression (250, 251).  Alternatively, ArmR is capable of binding 

to MexR and stabilizes MexR in a conformational state that is unable to interact with the DNA 

operator thereby causing an upregulation of mexAB-oprM (252, 253).  armR is repressed by the 
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product of the divergently-expressed gene nalC (176).  In nalC mutants, mexAB-oprM expression 

is increased as a result of ArmR modulation of MexR activity (252, 253).  Repressor activity of 

NalC is relieved by binding of certain effector molecules such as chlorinated phenols and 

potentially plant phenolic antimicrobial compounds, resulting in mexAB-oprM upregulation (254-

256).  Another regulator, NalD, represses mexAB-oprM expression from a second promoter by 

binding the mexA regulatory region downstream of the mexR binding site (177, 178). 

 

1.9.2 MexEF-OprN 

Unlike MexAB-OprM, MexEF-OprN is quiescent under normal laboratory conditions 

and as such does not contribute to antimicrobial resistance; however, it is expressed in so-called 

nfxC strains which hyperexpress mexEF-oprN usually from a mutation in the adjacent gene mexT 

encoding a LysR-type positive transcriptional regulator (162, 189).  While mexT can be encoded 

as an inactive form, it has been found that specific mutations in mexT are able to restore activity 

and inducibility (227, 257).  Among other genes in its diverse regulon, MexT positively regulates 

mexEF-oprN and mexS, encoding a putative oxidoreductase (190, 227).  Interestingly, 

inactivating mutations in mexS cause a MexT-dependent induction of MexEF-OprN (190).  It has 

been suggested that MexS and MexEF-OprN function as a dual response that is upregulated by an 

increase in toxic cellular metabolites (conditions that would include an as of yet unidentified 

effector molecule or signal capable of activating MexT) and assists in their detoxification.  As 

such, loss of MexS would enhance MexEF-OprN expression due to a further accumulation of 

toxic cellular metabolites and resultant activation of MexT(190).  MvaT is a newly described 

indirect negative regulator of MexEF-OprN that acts independently of mexT and mexS (191); 

MvaT shows homology to H-NS regulatory proteins (258).  Although H-NS proteins normally 
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function to stabilize and compact DNA, they can also negatively influence gene expression (259).  

Regions of compacted DNA and the genes encoded on them cannot be accessed by RNAP 

resulting in a lack of expression of those genes (260). Loss of MvaT would reverse compaction of 

the region encoding mexEF-oprN and allow access of RNAP, bringing about an increase in 

expression (191, 261). 

 

1.9.3 MexXY 

Similar to MexEF-OprN, MexXY is not expressed under normal laboratory conditions, 

yet can be mutationally upregulated in mexZ mutants or induced by ribosomal disruption or 

oxidative stress (195, 197, 242, 262-264).  mexZ is transcribed divergently from mexX, which 

allows the protein product of mexZ to repress both mexZ and mexX by binding their overlapping 

regulatory regions.  MexZ belongs to the TetR class of transcriptional repressors (242).  MexXY 

was found to be induced during impairment of ribosomal function through direct interaction of 

ribosome-targeting antimicrobials with the ribosome (265) and this was dependent on armZ, a 

gene also upregulated in response to ribosomal-targeting antibiotics (262, 266).  However, ArmZ 

was not required for mexXY induction in the absence of MexZ (267). In light of this observation, 

it was subsequently shown that ArmZ directly modulates MexZ activity (263, 268).  Interestingly, 

MexXY is one of few examples where agents that induce its expression (e.g. aminoglycosides, 

tetracyclines, macrolides) are also substrates for efflux (197).   
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1.9.4 MexCD-OprJ 

MexCD-OprJ expression is quiescent in wild-type P. aeruginosa under normal laboratory 

conditions but can be hyperexpressed in nfxB mutants.  Such mutants (e.g. the P. aeruginosa 

strain K1536) have a mutated nfxB gene that encodes a repressor of mexCD-oprJ (161, 200-203).  

While NfxB was originally classified as part of the LysR family of repressors, it has been 

reassigned to the LacI family of transcriptional regulators because of the conservation of amino 

acids forming a hinge region motif distinct to LacI-type repressors (200, 201, 229).  The nfxB 

gene is divergently transcribed from mexCD-oprJ, and its protein product binds to and represses 

overlapping regulatory regions of nfxB and mexCD-oprJ (200).  Electrophoretic mobility shifts 

assays (EMSAs) and DNase 1 protection assays indicate that NfxB binds at two distinct sites on 

the mexCD-oprJ promoter region (200).  The architecture of the inverted repeats and the spacing 

between them suggests that NfxB, like the prototypical LacI repressor, binds as a dimer of 

homodimers (229).  NfxB likely also possesses an effector binding domain where binding of an 

inducer causes NfxB to dissociate from the mexCD-oprJ promoter and derepresses mexCD-oprJ; 

unfortunately, it is unclear what amino acids are involved in that domain.  nfxB is annotated in the 

Pseudomonas genome database as a gene of 564 nucleotides that codes for a protein of 187 amino 

acids with a molecular mass of ~21 kDa (154).  However, two forms of NfxB have been 

observed, the predicted ~21 kDa form and a ~23 kDa form (200).  This ~23kDa form correlates 

with an alternative upstream ATG start site that is in frame with the rest of the nfxB coding 

sequence (154).  It remains unclear which of these NfxB products acts as the functional repressor. 

In addition to being depressed by loss of NfxB, MexCD-OprJ is inducible by a variety of 

non-antibiotic membrane-damaging agents (MDAs) such as BZK and CHX both of which are 

biocides widely used in healthcare (204-206).  Consequently, the healthcare-associated resistance 
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as a result of biocide induction of MexCD-OprJ elicits concerns regarding the treatment of this 

organism.  Induction of mexCD-oprJ by MDAs is thought to occur as part of the AlgU-mediated 

envelope stress response; induction does not occur in the absence of AlgU (205).  However, 

analysis of the mexCD-oprJ promoter reveals no AlgU binding sequence, and EMSA studies 

show no promoter-AlgU interaction (A. Campigotto, unpublished).  Therefore, it is possible that 

there are additional regulatory steps that occur between release of AlgU from its cognate anti-

sigma factor, MucA, and mexCD-oprJ induction.  Overexpression of AlgU alone does not cause 

induction of mexCD-oprJ (S. Fraud, unpublished), either because another secondary signal is 

normally generated by envelope stress and is required for mexCD-oprJ induction or that 

overexpressed AlgU is not functional.  Potentially, MucA may have an additional role where it 

primes AlgU so that it is functionally active upon release.  Consistent with this theory, loss of 

MucA results in a decrease in AlgU activity (S. Fraud, unpublished).   

 

1.10 Natural Roles of Multidrug Efflux Pumps in P. aeruginosa 

P. aeruginosa, that is present in several highly-competitive environments - soil systems 

for example - is exposed to antibiotic compounds synthesized by other organisms.  Only in the 

last 70 or so years have antibiotics been manufactured on a scale that provide a sufficiently strong 

selective force to select for antimicrobial resistance.  One interesting observation is that isolates 

of P. aeruginosa harvested before the creation of quinolone antibiotics are already capable of 

extruding these drugs (269).  Specifically, it seems that clinical antimicrobial exposure alone does 

not explain the multiplicity of multidrug efflux pumps encoded by P. aeruginosa.  More likely is 

that these multidrug efflux pumps have natural functions and only fortuitously are capable of 

contributing to antimicrobial resistance (82).  It is unsurprising that microbes with the greatest 
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diversity of MDR efflux pumps are usually found in the soil or associated with plants, 

environments remarkable for the abundance of physical and chemical stresses (270).  To date, 

several cellular stress responses have been identified in P. aeruginosa that involve expression of 

an RND-type efflux pump (197, 205, 250, 251, 262, 271, 272).  To gain further insight into the 

functional roles of these efflux pumps, it is important to understand the nature of the signals that 

induce efflux pump expression and what role these pumps play in alleviating stress associated 

with the signal. 

 

1.10.1 MexAB-OprM Oxidative and Phenolic Stress Responses 

MexR, the direct regulator of mexAB-oprM, contains two cysteine amino acids that are 

redox-active.  In the presence of oxidative stress they form an intermonomer disulphide bond in 

the MexR dimer (250).  This bond contorts the MexR dimer making it unable to associate with 

the mexAB-oprM promoter region, which results in an upregulation of MexAB-OprM (251).  

Potentially MexAB-OprM could have a role in exporting the oxidizing agents, thus alleviating the 

stress, although it is not yet clear if this is the case.  Microarray data indicated that mexAB-oprM 

was strongly upregulated during exposure to the environmental contaminant pentachlorophenol 

(PCP) (254) through suppression of NalC repression pathway (255, 256).  While PCP is not a 

natural product, it closely resembles many plant-made phenolic antimicrobial compounds which 

may be among the intended natural targets of the MexAB-OprM efflux system (255, 273).  In 

fact, deletion of mexAB-oprM sensitized the cell to PCP supporting that in addition to being 

induced by such phenolic compounds, MexAB-OprM plays an important role in providing 

resistance to them (254). 
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1.10.2 MexEF-OprN Nitrosative Stress Response 

Originally implicated as a determinant of antimicrobial resistance, MexEF-OprN has a 

role in other cellular processes.  Co-regulated with mexEF-oprN by MexT is mexS which codes 

for a putative oxidoreductase likely involved in responding to oxidative stress (227).  MexEF-

OprN is induced by loss of mexS, which presumably increases the state of oxidative stress in the 

cell (190).  MexEF-OprN can also be induced by disulphide stress (274), a type of oxidative 

stress, and nitrosative stress (272).  It is possible that MexEF-OprN has a role to efflux oxidative 

and nitrosative stress products thereby protecting the cell from their negative effects.  A 

transcriptome analysis revealed that P. aeruginosa upregulates mexEF-oprN when exposed to 

primary normal human airway epithelial cells (PNHAEs) (275). PNHAEs are involved in the host 

inflammatory response to infectious agents (276).  This phenotype could include production of 

oxidative and nitrosative stress products capable of inducing expression of mexEF-oprN.   

Loss of the virulence regulator VqsR results in a decrease in mexEF-oprN expression in 

P. aeruginosa cells exposed to 10 mM H2O2, a ROS (271).  Although VqsR is essential for 

production of autoinducer molecules involved in quorum sensing (271), mexEF-oprN expression 

is unaffected by these compounds (191) indicating that VqsR promotes expression of mexEF-

oprN through a different mechanism.  VqsR did not impact mexEF-oprN expression in the 

absence of ROS, suggesting that it plays a role in inducing meEF-oprN when oxidative stress is 

sensed (271).  Together, these results suggest that MexEF-OprN plays a role in virulence 

potentially by protecting P. aeruginosa from oxidative and nitrosative stress agents synthesized 

by the host immune system during infection. 
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1.10.3 MexXY Ribosomal and Oxidative Stress Responses 

Several studies have shown that impairment of ribosomal function whether it be from 

antimicrobials (197) or disruption of ribosomal proteins (267) result in induction of MexXY 

expression as part of a ribosome protection response.  This induction is dependent on ArmZ 

which derepresses mexXY by interacting with its cognate repressor MexZ (263).  P. aeruginosa 

inhabits environments such as soil where competing organisms produce anti-ribosomal 

compounds (e.g. streptomycin produces by Streptomyces griseus) (277), and so it would be 

reasonable to evolve protection from such compounds - in this case via efflux. 

Alternatively, exposure to ROS was found to induce MexXY expression (264).  Long-

term treatment of P. aeruginosa cells to peroxide (mimicking chronic ROS exposure encountered 

in vivo during pulmonary infection) selected MexXY hyperexpressing strains (262) suggesting 

that MexXY has a role in responding to oxidative stress.  The selection of MexXY 

hyperexpressing strains during exposure to ROS, like induction of MexXY in response to 

ribosome perturbation, required ArmZ, indicating that both have a common mechanism (262).  It 

may be that ROS themselves, like ribosome-targeting antimicrobials, perturb the ribosome 

resulting in the production of abnormal polypeptides whose accumulation is toxic to the cell.  

These abnormal peptides could be the effector sensed by ArmZ (i.e. inducing expression of 

mexXY) and are natural substrates for the MexXY-OprM efflux pump.   

 

1.10.4 MexCD-OprJ Envelope Stress Response 

The bacterial envelope is composed of an outer and an inner membrane and acts as a 

barrier between the cytosol and the environment outside (113).  Perturbations to the bacterial 

envelope are countered with envelope stress responses (ESRs).  To date several envelope stress 
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response systems have been identified including the envelope stress sigma factor mechanism 

(modeled after the σ
E
 response in E. coli) (278), CpxAR (279), BaeSR (280), the phage shock 

response (281, 282), and the vesiculation response (283, 284).  In P. aeruginosa envelope stress is 

predominately countered with the AlgU envelope stress response, a system closely matching the 

well-defined σ
E
 response in E. coli (224). 

AlgU, originally linked to alginate production, is now known to be the sigma factor 

responsible for directing a response to envelope stress.  AlgU in P. aeruginosa is thought to be 

the functional equivalent of the E. coli envelope stress response sigma factor σ
E
.  They share 66% 

sequence identity (154, 285).  Mutants lacking algU in P. aeruginosa or rpoE, encoding σ
E
, in E. 

coli can be complemented with the other gene underscoring their considerable functional and 

mechanistic conservation (224).  The operons of AlgU, algUmucABCD, and σ
E
, rpoErseABC, are 

strikingly similar in the layout of homologous genes (224).  AlgU is negatively regulated by its 

anti-sigma factor MucA, a homologue of RseA in E. coli (224, 286).  MucA localizes to the inner 

membrane with an N-terminal AlgU sequestering domain in the cytoplasm and a C-terminal 

domain in the periplasm (286, 287).  MucB, a homologue of RseB (288), interacts with the 

periplasmic C-terminal domain of MucA and enhances its ability to bind AlgU and makes MucA 

more resistant to degradation, which further lowers AlgU transcriptional activity (289).  The 

operon algU-mucABCD includes an AlgU binding sequence in its promoter.  As such, expression 

of AlgU is linked with expression of its anti-sigma factor MucA and its negative repressor MucB 

(224). Envelope stress triggers desequestration of AlgU via regulated intramembrane proteolysis 

(RIP) of MucA.  Specifically, byproducts of envelope stress such as misfolded proteins and small 

peptides induce a proteolytic cascade by activating AlgW, which in turn cleaves MucA (290, 

291).  This cleavage allows the protease MucP to also cleave MucA, releasing AlgU still bound to 
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a small fragment of MucA into the cytoplasm (290).  The remaining MucA fragment attached to 

AlgU is degraded by the ClpXP protease, leaving AlgU free to interact with RNAP and direct 

expression of the AlgU regulon (292).  AlgW can also be activated by accumulation of MucE 

(PA4033), a small membrane-associated protein, in the envelope (293).  The serine protease 

MucD is another negative regulator of AlgU activation.  It has been proposed that MucD prevents 

initiation of RIP of MucA by degrading misfolded proteins, a trigger of the ESR, or preventing 

activation from MucE accumulation (293, 294).  MucD shows homology to the Escherichia coli 

serine protease HtrA (DegP), which degrades misfolded proteins (295-298).  Loss of MucD 

renders activation of the ESR independent of AlgW although MucP is still required (293, 299).  It 

is unclear mechanistically how this occurs. 

MexCD-OprJ, although typically quiescent, was induced in an AlgU-dependent manner 

in response to several membrane-damaging agents including biocides such as CHX and BZK 

(204), antimicrobial cationic peptides, solvents, and detergents (205).  This response implicates 

MexCD-OprJ as a member of the AlgU ESR.  MexCD-OprJ may have a role in exporting 

envelope perturbing compounds such as CHX, a known substrate of MexCD-OprJ (204), or 

potentially exporting damaged cellular components that are generated as a result of the envelope 

stress, thus lessening their negative impact on cell physiology.  CHX and BZK are known to be 

two of the best inducers of the AlgU ESR (204, 205).  Mechanistically, they damage the envelope 

by reducing membrane fluidity (367).  This compromises the integrity of the envelope barrier and 

results in perturbation of cellular physiology.  Membrane fluidity can be restored by removing 

saturated long-chain fatty acids (LCFAs) from LPS and membrane phospholipids and replacing 

them with shorter unsaturated fatty acids, a process known to be upregulated by the AlgU ESR 

(224, 363).  This leads to an accumulation of LCFAs in the envelope.  Fatty acids have well 
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documented antimicrobial properties although the exact mechanism of toxicity is unclear (300). 

The exometabolome of an nfxB strain has a significantly increased proportion of LCFAs 

including myristic acid, and palmitic acid (301) suggesting that they are being actively secreted 

by MexCD-OprJ, thereby protecting the envelope from their toxic effects. 

P. aeruginosa strains responsible for chronic pulmonary infections in CF patients often 

possess loss-of-function mutations in the gene encoding MucA, responsible for sequestering 

AlgU and thereby increasing expression of the AlgU regulon (41, 43).  MexCD-OprJ as part of 

the AlgU regulon may also become permanently induced, indicating it may provide a fitness 

benefit during long term chronic infection such as protecting the cell from host-produced 

antimicrobial fatty acids.  

 

1.11 Statement of Purpose 

Recent studies have shown that MexCD-OprJ is an important determinant of 

antimicrobial resistance in P. aeruginosa; however, little is known about how this system is 

regulated other than negative regulation by the repressor NfxB and induction as part of the AlgU 

envelope stress response.  This study will help define how NfxB functions as a repressor, 

characterize PA4596, a novel regulator of MexCD-OprJ, and attempt to identify other genes 

whose loss can influence expression of MexCD-OprJ. 
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Chapter 2  

Functional Characterization of NfxB, a Repressor of the mexCD-oprJ 

operon encoding an RND-type Multidrug Efflux Pump 

 

2.1 Abstract 

MexCD-OprJ is an RND-type multidrug efflux pump present in P. aeruginosa and is 

capable of exporting, and as such providing resistance to, several clinically important 

antimicrobials.  Expression of mexCD-oprJ is negatively regulated by NfxB, a LacI-type 

repressor.  Of two potential translational start sites, NfxB was shown to be translated at the 

upstream AUG codon resulting in a protein of 199 residues with a molecular mass of 23 kDa.  

The promoter region of mexCD-oprJ was identified and included two inverted repeat operator 

sites, B1 and B2, both of which are required for NfxB to bind, thereby repressing mexCD-oprJ.  

NfxB self-associates as shown with LexA 1-hybrid studies and oligomerizes into a tetramer, 

potentially a dimer of NfxB homodimers.  Attempts were made to identify an effector molecule 

capable of interacting with NfxB to alleviate repression of mexCD-oprJ but were unsuccessful.  

Several nfxB missense mutants that disrupt repressor function and hyperexpress mexCD-oprJ 

were generated and assessed for how such mutations impacted functional activities of NfxB.  

Residue substitutions S48R and G166D caused DNA-binding defects and were unable to interact 

with the mexCD-oprJ regulatory region while H99R, F147S, and G192D NfxB variants were 

unable to self-associate, thus compromising repressor activity. 
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2.2 Introduction 

Pseudomonas aeruginosa is a clinically-relevant opportunistic pathogen notable for 

intrinsic resistance to a variety of antimicrobials and this is largely attributed to expression of 

Resistance-Nodulation-Division (RND)-type multidrug efflux pumps (302).  These membrane-

localized pumps export a wide variety of structurally dissimilar compounds including 

antimicrobials and prevent such compounds from accumulating to toxic concentrations (173).  

Twelve such systems have been identified in P. aeruginosa, yet only four MexAB-OprM, 

MexXY-OprM, MexEF-OprN, and MexCD-OprJ, significantly contribute to antimicrobial 

resistance (156, 160-172). MexAB-OprM and MexXY-OprM contribute to intrinsic antimicrobial 

resistance (160, 195); conversely, MexEF-OprN and MexCD-OprJ are typically quiescent, but 

can be induced in response to certain conditions or mutationally upregulated, and, so, increase 

resistance to antimicrobials (161, 162, 205, 272).   

The MexCD-OprJ efflux system displays architecture consistent with RND-type efflux 

pumps with the inner-membrane RND-component MexD forming a pump with the outer-

membrane protein OprJ which is stabilized by the periplasmic membrane fusion protein MexC 

(161).  Together these components export, and as such provide to resistance to, antimicrobials 

including fluoroquinolones, cephems, macrolides, and several biocides (179, 205, 208). 

MexCD-OprJ can be hyperexpressed in nfxB mutants (200) and several of these have 

been identified in clinical isolates (202, 303-305).  Such mutants (e.g. P. aeruginosa K1536) 

carry a mutation in nfxB that encodes a repressor of mexCD-oprJ expression (161, 200-203). 

NfxB likely belongs to the LacI family of transcriptional regulators considering sequence 

homology and the conservation of amino acids forming a hinge region motif distinct to LacI-type 

repressors (200, 201, 229).  Although, nfxB is annotated in the Pseudomonas database as a 564 bp 
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gene coding for a 187 amino acid protein product with a molecular weight of 21.1 kDa (154), 

Shiba et al. reported a 23 kDa NfxB product whose size was consistent with protein expression 

initiating at an alternate in-frame ATG start codon found 36 nucleotides upstream of the 

annotated translational start site (200).  Examination of the mexCD-oprJ operator region reveals 

that it possesses two inverted repeats, B1 and B2, with spacing appropriate for NfxB to bind as a 

dimer of NfxB homodimers.  It is unclear if one or both inverted repeats in the mexCD-oprJ 

promoter region are essential for NfxB to bind. 

In addition to being depressed by loss of NfxB, MexCD-OprJ is inducible by a variety of 

non-antibiotic membrane-damaging agents (MDAs) such as benzalkonium chloride (BZK) and 

chlorhexidine (CHX) both of which are biocides widely used clinically (204-206). Induction of 

mexCD-oprJ by MDAs occurs as part of the AlgU-mediated envelope stress response (205).  As 

part of the induction mechanism alleviation of NfxB repression of mexCD-oprJ would have to 

occur, yet it is unclear to what signal NfxB responds.  One possibility is that like LacI, NfxB may 

use an effector-derepression mechanism where an effector molecule interacts with the effector-

binding pocket of repressor and initiates repressor conformational change that significantly 

lowers the affinity of the repressor for its cognate operator (247).  Since NfxB repression of 

mexCD-oprJ has been shown to be lost during envelope stress (205), potential effector molecules 

include MDAs generating envelope stress, such as CHX, or a product of the resultant envelope 

stress response; in either possibility the presence of the effector molecule would signal that 

MexCD-OprJ expression is appropriate.   

This study elucidates functional activities of NfxB – oligomerization and DNA binding - 

and then assesses the impact of several missense mutations and truncations on these functional 

activities NfxB to define the responsible residues / domains.    
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2.3 Materials and Methods 

2.3.1 Bacterial strains and plasmids 

The bacterial strains and plasmids used in this study are listed in Table 2.1.  Bacterial 

cells were cultured in Luria broth (L-broth) and on Luria agar (L-agar) with antimicrobials, as 

necessary, at 37°C. Plasmids pEX18Tc and its derivatives were maintained in E. coli with 

tetracycline (10 μg/ml).  Plasmids pK18mobsacB and its derivatives were maintained in E. coli 

with kanamycin (50 μg/ml). Plasmids pMS604 and its derivatives were maintained in E. coli with 

tetracycline (10 μg/ml). Plasmids pET23a (Novagen, Madison, Wisconsin) and its derivatives 

were maintained in E. coli with ampicillin (100 μg/ml).  Plasmids pAK1900 and its derivatives 

were maintained in E. coli with ampicillin (100 μg/ml) and in P. aeruginosa strain K1542 with 

carbenicillin (5 μg/ml).  Plasmids pMP190 and its derivatives were maintained with 

chloramphenicol in E. coli (10 μg/ml) and in P. aeruginosa (200 μg/ml). 

 

2.3.2 DNA methods 

Standard protocols were used for restriction endonuclease digestion, ligation, 

transformation, plasmid isolation, agarose gel electrophoresis, and preparation of chemically 

competent (CaCl2) E. coli cells as described by Sambrook and Russell (306).  Electrocompetent 

P. aeruginosa cells were prepared as described by Choi and Schweizer (307).  Chromosomal  

DNA was extracted from P. aeruginosa using the DNeasy® Blood and Tissue kit 

(Qiagen Inc., Mississauga, Ontario).  Plasmids were prepared from E. coli using a GeneJET™ 

Plasmid Miniprep kit (Fermentas Canada Inc., Burlington, Ontario) according to the protocol  
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Table 2.1. Bacterial strains and plasmids 

   

Strain or plasmid Relevant characteristicsa Reference 

E. coli   

DH5α Φ80d lacZ∆M15 endA1 recA1 hsdR17 (rK
- mK

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

375 

S17-1 thi pro hsdR recA Tra+ 376 

SU101 PromotersulA(op+/op+)-lacZ 336 

BL21 (DE3)  BL21 (DE3) (pLysS) 377 

P. aeruginosa   

K767 PAO1 prototroph 249 

K1542 K767 ΔmexB ΔmexXY 199 

K3285 K1542 nfxBS48R This study 

K3286 K1542 nfxBK49Q This study 

K3287 K1542 nfxBH99R This study 

K3288 K1542 nfxBF147S This study 

K3289 K1542 nfxBG166D This study 

K3290 K1542 nfxBG192D This study 

K3291 K1542 nfxBStop200C This study 

K372 met-90111 amiE200 rpsL pvd-9 pchR 378 

K385 K372 nfxBH87R 156 

K1536 K767 nfxBStop200C 207 

K2951 K767 ΔnfxB 319 

Plasmids   

pSTBlue-1 
AccepTor™  

Cloning Vector Apr EMD 

pEX18Tc Gene Replacement Vector; oriT+ sacB Tcr 312 

pPS856 Source of Gmr cassette 312 
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pFLP2 Source of Flp recombinase; Apr Cbr 312 

pACP100 pEX18Tc::nfxB This study 

pACP101 pEX18TC::nfxBH99R This study 

pACP102 pEX18TC::nfxBF147S This study 

pACP103 pEX18TC::nfxBG192D This study 

pK18mobsacB Gene replacement vector derived from plasmid 
pK18; Mob+ sacB Kmr 

379 

pACP104 pK18mobsacB::nfxBH99R This study 

pACP105 pK18mobsacB::nfxBF147S This study 

pACP106 pK18mobsacB::nfxBG192D This study 

pACP109 pEX18Tc:: ΔnfxB-Gmr This study 

pAK1900 E. coli – P. aeruginosa shuttle cloning vector; 
ApR/CbR 

161 

pNFX-1 pAK1900::nfxB (2.2kb fragment) 161 

pACP110 pAK1900::nfxBM1A This study 

pACP111 pAK1900::nfxBM13A This study 

pMS604 LexA1-87WT-Fos Zipper Tcr 380 

pACP113 pMS604::nfxB1-199 This study 

pACP114 pMS604::nfxB13-199 This study 

pACP141 pMS604::nfxB59-199 This study 

pACP115 pMS604::nfxB79-199 This study 

pACP116 pMS604::nfxB118-199 This study 

pACP117 pMS604::nfxB1-124 This study 

pET23a Expression vector; Apr Novagen 

pACP118 pET23a::nfxB This study 

pACP119 pET23a::nfxBS48R This study 

pACP120 pET23a::nfxBF147S This study 

pACP121 pET23a::nfxBG166D This study 

pACP122 pET23a::nfxBG192D This study 

pACP123 pET23a::nfxB13-199 This study 

pACP124 pAK1900::nfxBS48R This study 

pACP125 pAK1900::nfxBH99R This study 

pACP126 pAK1900::nfxBF147S This study 
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pACP127 pAK1900::nfxBG166D This study 

pACP128 pAK1900::nfxBG192D This study 

pMP190 Broad-host-range, lowcopy-number lacZ fusion 
vector; CmR SmR 

381 

pMXC-1 pMP190::RI (1.63 kb mexCD-oprJ regulatory 
region-containing fragment) 

161 

pACP141 pMP190::RII (nfxB-mexC intergenic region 
fragment) 

This study 

a.Tc
r
, tetracycline resistance; Gm

r
, gentamicin resistance; Ap

r
, ampicillin resistance; Cb

r
, 

carbenicillin resistance; Km
r
,
 
kanamycin resistance; Cm

r
, chloramphenicol resistance; Sm

r
, 

streptomycin resistance 
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provided by the manufacturer.  The Wizard® SV Gel and PCR Clean-Up System kit (Promega 

Corp., Nepean, Ontario) was used to purify PCR-amplified and restriction endonuclease-treated 

DNA and to solubilize DNA fragments excised from agarose gels.  Oligonucleotides were 

synthesized by Integrated DNA Technologies (IDT, Coralville, Iowa, USA) and nucleotide 

sequencing was performed by ACGT Corp. (Toronto, Ontario).  Polymerase chain reaction (PCR) 

was carried out using one of three polymerases: Phusion, Vent, or Taq.  The standard 50 μl PCR 

reaction mixture when using Phusion DNA polymerase contained 1 μg of chromosomal P. 

aeruginosa K767 DNA as template, 1 μM of each primer, 0.3 mM each deoxynucleoside 

triphosphate (dNTP), 1 x GC Phusion polymerase buffer,  and 1 U Phusion DNA polymerase 

(New England Biolabs, Finnzymes Oy, Espoo, Finland).  Following an initial denaturation step at 

98°C for 3 min, the mixture was subjected to 30 cycles of denaturation at 98°C for 30 sec, 

annealing at a reaction-specific temperature for 30 sec, and extension at 72°C for a reaction-

appropriate time (15 sec/kb), before finishing with a 10 min incubation at 72°C.  The standard 

PCR reaction mixture for Vent polymerase included 1 μg of chromosomal P. aeruginosa K767 

DNA as template, 1 μM of each primer, 0.3 mM each deoxynucleoside triphosphate (dNTP), 1 x 

Thermopol buffer,  10% (vol/vol) dimethyl sulfoxide (DMSO) and 1 U Vent DNA polymerase 

(New England Biolabs, Ipswich, Massachusetts).  Following an initial denaturation step at 95°C 

for 3 min, the mixture was subjected to 30 cycles of heating at 95°C for 30 sec, annealing at a 

reaction-specific temperature for 30 sec, and extension at 72°C for a reaction-appropriate time 

(1min / kb), before finishing with a 10 min incubation at 72°C.  A colony PCR approach was 

used to confirm construction of in-frame gene deletions (308).  Specifically, chromosomal DNA 

was prepared by resuspending P. aeruginosa cells in 30 µl dH2O and then incubating them for 5 

min at 95°C.  The lysed cell solution was first cooled on ice and then centrifuged for 1 min at 
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13,000 rpm.  The supernatant was used as the source of the chromosomal DNA for the PCR 

reaction.   The standard 50 μl colony PCR reaction mixture contained 1 μl of the P. aeruginosa 

chromosomal DNA solution as template, 1 μM of each primer, 0.3 mM each deoxynucleoside 

triphosphate (dNTP), 1 x Thermopol buffer, 10% (vol/vol) DMSO, and 1 U Taq DNA 

polymerase (New England Biolabs, Ipswich, Massachusetts).  Following an initial denaturation 

step at 95°C for 3 min, the mixture was subjected to 30 cycles of denaturation at 95°C for 30 sec, 

annealing at a reaction-specific temperature for 30 sec, and extension at 72°C for a reaction-

appropriate time (1 min/kb), before finishing with a 10 min incubation at 72°C.   

 

2.3.3 mexCD-oprJ transcription initiation site identification using 5’RACE 

The mexCD-oprJ transcriptional start site was identified using the 5’/3’ RACE kit 2
nd

 

Generation (Roche Diagnostics Canada, Laval, Quebec) according the manufacturer’s 

instructions.  Total RNA was extracted from P. aeruginosa K1536 an nfxB strain which 

hyperexpresses mexCD-oprJ and consequently will have increased amount of transcript.  Reverse 

transcription of the mexCD-oprJ transcript into cDNA was carried out according protocol 

provided by the company and using the primer CDJ 5RACE 1 (5’- 

ATCGAAGTCCTGCTGGCT-3’).  A homo-polymeric A-tail was added to the 3’ end of the 

resultant cDNA strand using the terminal transferase and protocol provided by the manufacturer.  

The dA-tailed cDNA was amplified with Phusion polymerase in Phusion GC buffer using the kit-

provided Oligo dT-Anchor Primer and the nested primer CDJ 5RACE 2 (5’- 

TCGATCTGGAACAGCAGG-3’) with an annealing temperature of 61°C and an extension time 

of 1 min.  Another round of enrichment was performed using a second nested primer CDJ 

5RACE 4 (5’- CACCGGCAACACCATTTC-3’) and the kit-provided PCR Anchor Primer using 
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the same PCR conditions as before although decreasing the annealing temperature to 56°C.  The 

enriched PCR product was incubated with Taq polymerase at 72°C for 15 min to create 

overhangs and then cloned into the vector pSTBlue-1 AccepTor™ (EMD Chemicals, Gibbstown, 

New Jersey) according to instructions provided by the manufacturer.  The resultant vector was 

sequenced using the primer CDJ 5RACE 4 and aligned against the PAO1 genome sequence of 

mexCD-oprJ to elucidate the transcriptional start site. 

 

2.3.4 Construction of mexCD-oprJ promoter region-lacZ fusions and assessment of LacZ 

expression  

In a previous study, a 1653 bp DNA fragment containing the mexCD-oprJ putative 

promoter region, here designated R1, was prepared as a SalI-restricted fragment and cloned into 

the promoterless-lacZ plasmid pMP190 creating pMXC-1 (161).  The DNA fragment R2, 

consisting of the nfxB-mexC intergenic region, was PCR amplified from P. aeruginosa genomic 

DNA using Phusion polymerase under the standard conditions with primers mexC pro F SalI (5’-

ACACGTCGACTGTGCAGAAAACTGGCCT-3’; SalI site underlined) and mexC 5’ R KpnI (5’-

CCAAGGTACCGACACACCCGACCGTTGATT-3’; KpnI site underlined), GC Phusion 

polymerase buffer, an annealing temperature of 60°C and an extension time of 30 s.  The 

fragment was cloned into pMP190 using SalI and KpnI restriction enzymes creating pACP141.  

lacZ expression from the cloned promoter fragments was quantified with a β-galactosidase assay 

(Miller assay) (309) in E. coli DH5α, P. aeruginosa WT (K767) and nfxB (K1536).  Cells grown 

in L-broth supplemented with chloramphenicol (E. coli, 10 µg/ml; P. aeruginosa, 200  µg/ml) at 

37°C overnight were diluted 1:49 in L-broth supplemented with 1mM IPTG and grown at 37°C to 
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an absorbance at 600 nm of 0.4 to 0.6. The β-galactosidase assay was carried out as described 

previously (309). 

 

2.3.5 Antimicrobial susceptibility testing 

The antimicrobial susceptibilities of various P. aeruginosa strains were assessed in 96-

well microtitre plates using two-fold serial dilutions as described previously (196).  The minimum 

inhibitory concentration (MIC) of a compound was the lowest concentration that prevented 

visible growth after 18 hours of incubation.   

 

2.3.6 Quantitative real-time polymerase chain reaction 

P. aeruginosa cells grown in L-broth overnight at 37°C were subcultured (1:49) in fresh 

L-broth and incubated at 37°C while shaking for 2.5 hours.  Total bacterial RNA was isolated 

from 1 ml of log-phase culture using the High Pure RNA Isolation kit (Roche Diagnostics 

Canada, Laval, Quebec) according to the protocol provided by the manufacturer.  Samples were 

treated with Turbo DNA-Free DNase (Ambion Inc., Streetsville, Ontario; 2 U enzyme per 50 μl 

sample for 45 min at 37°C) and were subsequently tested for DNA contamination by PCR.  RNA 

was converted into cDNA using the iScript cDNA Synthesis kit (Bio-Rad, Mississauga, Ontario) 

according to the manufacturer’s instructions.  Quantitative RT-PCR (qRT PCR) of the cDNA was 

performed on a CFX96™ Real-Time PCR Detection System (Bio-Rad, Mississauga, Ontario) in 

20 μl reaction mixtures consisting of 10 μl of SsoFast EvaGreen Supermix (Bio-Rad, 

Mississauga, Ontario), 0.6 μM of each the two primers corresponding to the gene being amplified 

mexD: q mexD F (5’-CTCGAGCTATACGTGCCTAAC-3’) and q mexD R (5’-
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GTCCCTCTTCCCATTTCACG-3’) and rpsL: q rpsL F (5’-GGCGTGCGTTACCACACCGT-3’) 

and q rpsL R (5’- GGACGCTTGGCGCCGTACTT-3’) and 5 μl of 1:24 cDNA diluted in dH2O.  

After an initial 3 min denaturation, the mixture was subjected to 40 cycles of 10 sec at 95°C and 

30 sec at 60°C.  Following the completion of the 40 cycles, a melt curve was generated by 

denaturing the DNA for 10 sec at 95°C and then reducing the temperature by 0.5°C every 5 sec to 

determine if a unique PCR product was produced.  Expression of mexD was normalized to rpsL 

using the ΔΔC(t) method of the CFX-manager software version 1.6 (Bio-Rad, Mississauga, 

Ontario).  Biological triplicates and technical replicates were performed for all samples.  A “no-

template” control was also included to ensure that there was no genomic DNA contamination. 

In one case semi-quantitative RT PCR was used to assess gene expression. RNA was 

prepared as described above.  Reverse transcription and amplification of 500 ng of RNA was 

carried out using the Qiagen One Step RT-PCR kit according to the protocol provided by the 

manufacturer.  For assessment of mexD expression, corresponding to expression of mexCD-oprJ, 

the primers mexD F (5’-TCTTCATCAAGCGGCCGAAC-3’) and mexD R (5’-

AGGGTAGCGGTCTGGATCGC-3’) with an annealing temperature of 55°C were used over 30 

and 33 reaction cycles.  For assessment of rpsL expression, which was used to standardize 

samples, the primers rpsL F (5’-GCAACTATCAACCAGCTG- 3’) and rpsL R (5’-

GCTGTGCTCTTGCAGGTTGTG-3’) with an annealing temperature of 60°C were used over 19 

and 21 reaction cycles.  The reaction mixture was incubated at 50°C for 30 min followed by 15 

min at 95°C.  After which the mixture was subjected to cycles (number of cycles designated by 

which gene is being assessed) of 95°C for 30 sec, a gene-specific annealing temperature for 30 

sec, 72°C for 30 sec. After cycles were completed the reaction mixture was incubated for 10 min 

at 72°C.   
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2.3.7 Construction of nfxB deletion strain 

Deletions of nfxB were constructed using the method outlined by Choi and Schweizer 

(310).  The gentamicin resistance cassette (Gm
R
) was amplified from the vector pPS856 using 

Vent polymerase under reaction conditions described above using primers Gm-F and Gm-R 

(described in (310)), an annealing temperature of 60°C and an extension time of 90 sec.  The 

500bp upstream and downstream regions flanking nfxB were amplified, fused using PCR to the 

gentamicin resistance cassette fragment and cloned into pEX18Tc.  The nfxB upstream region 

was amplified with Vent polymerase (standard protocol described above) from P. aeruginosa 

K767 genomic DNA with the primers nfxB U F BamHI (5’-

AACCGGATCCTCGATCTGGAACAGCAGG-3’; BamHI site underlined) and nfxB U R Gm 

(5’- TCAGAGCGCTTTTGAAGCTAATTCGGGGAAATCAGGGTCATCG-3’; region 

overlapping with Gm
R
 Cassette underlined), an annealing temperature of 58°C, and an extension 

time of 1 minute.  Similar PCR reaction conditions were used for amplification of the nfxB 

downstream region although instead using the primers nfxB D F Gm (5’- 

AGGAACTTCAAGATCCCCAATTCGTACCCTGGAGCAGATGTTC-3’; region overlapping 

with Gm
R
 Cassette underlined) and nfxB D R HindIII (5’- 

AACCAAGCTTCATCAACAGGACCAGCAA-3’; HindIII site underlined).  The nfxB upstream 

and downstream fragments were fused to the overlapping sequence on the Gm
R
 cassette using 

PCR.  The 50 μl reaction consisted of 50 ng of each of the upstream and downstream nfxB 

regions and the Gm
R
 cassette in 1 x HF Phusion polymerase buffer supplemented with 3% (vol / 

vol) DMSO, 3.5 mM MgCl2, 0.3 mM dNTPs, and 1 U Phusion DNA polymerase.  After an initial 

3 min incubation at 95°C and three cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min, 
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1 μM of each of the primers nfxB U F BamHI and nfxB D R HindIII were added.  The reaction 

was subjected to another 25 cycles of 95°C for 1 min, 63°C for 1 min, and 72°C for 5 min and 

then a final 5 min incubation at 72°C.  The PCR product was run on a gel and a deletion-carrying 

2 kb fragment was excised and purified.  Using BamHI and HindIII the ΔnfxB::Gm
R
 fragment 

was cloned into the gene replacement vector pEX18Tc to create pACP109.  The upstream and 

downstream regions were sequenced to ensure no errors had been introduced during the PCR 

amplification.  pACP109 was mobilized into P. aeruginosa K767 from E. coli S17-1 via a 

previously described conjugation protocol (311).  Transconjugants were selected on L-agar 

containing gentamicin (50 μg/ml) and then subsequently streaked on 10% (wt / vol) sucrose L-

agar supplemented with 50 μg/ml gentamicin to select for ΔnfxB::Gm
R
.  The Gm

R
 cassette was 

excised using a Flp recombinase as described previously (312).  Loss of nfxB was confirmed 

using colony PCR as described above using the primers nfxB U F BamHI and nfxB D R HindIII, 

an annealing temperature of 58°C and an extension time of 2 min. 

 

2.3.8 Construction of nfxB translational start codon mutants 

P. aeruginosa nfxB mutants and null strains were complemented with the previously 

described pNFX-1, a pAK1900 derivative with a 2.2 kb insert that included nfxB (161).  Using 

site-directed mutagenesis, the two possible ATG start codons were individually mutated so that 

they could not act as a translational start site.   Site-directed mutagenesis using the QuikChange® 

Lightening Site-Directed Mutagenesis kit was carried out as described above using  pNFX-1 as 

template, an annealing temperature of 62°C, and an extension time of 4 min. In one derivative of 

pNFX-1, the upstream ATG translational start site codon was changed to GCG (encoding an 

M1A residue substitution in NfxB; NfxBM1A) creating pACP110 using the primers SDM nfxB 
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M1A F (5’- AGTTTTCTGCACAGCGCGCACAATCAGA-’3) and SDM nfxB M1A R (5’- 

TCTGATTGTGCGCGCTGTGCAGAAAACT-3’).  As only the downstream ATG start site 

remains, only the 21 kDa NfxB that initiated at M13 can be produced by this vector.  Similarly, 

the downstream originally annotated ATG was changed to GCG (encoding an M13A residue 

substitution in NfxB; NfxBM13A) using the primers SDM nfxB M13A F (5’- 

GGACCCATCGGCGACCCTGATTTCC-3’) and SDM nfxB M13A R (5’- 

GGAAATCAGGGTCGCCGATGGGTCC-3’) creating pACP111 which can only produce the 23 

kDa NfxB.  Both vectors and the parent vector pNFX-1 were individually electroporated into the 

nfxB strain P. aeruginosa K385.   

 

2.3.9 Generation of a structural model of the NfxB protein 

The NfxB model was threaded based primarily on the crystal structure of a probable 

transcriptional regulatory protein, RHA5900, from Rhodococcus jostii RHA1 (PDB code: 2IBD, 

chain B) using the SWISS-MODEL program (313). The model was visually inspected and 

subjected to energy minimization using GROMOS (314).  

 

2.3.10 Selection of spontaneous nfxB missense mutants 

P. aeruginosa K1542 cells grown overnight in L-broth at 37°C were plated on 

erythromycin (128 μg/ml) L-agar.  Erythromycin-resistant mutants were recovered and assessed 

for their resistance to the MexCD-OprJ-effluxed antimicrobials via ability to grow on L-agar 

supplemented with ciprofloxacin, cefepime, and erythromycin so as to identify mutants that 

upregulate mexCD-oprJ.  The nfxB gene was sequenced in strains that showed increased 
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resistance to all three antimicrobials.  A fragment containing nfxB was amplified using the 

standard Phusion polymerase protocol with primers Seq nfxB F (5’- 

CGAGCTAATTGAGTCAATATTG-3’) and Seq nfxB R (5’- TCCCGAGTGTCGAGCAG-3’) 

with an annealing temperature of 60°C and an extension time of 30 sec.  The amplified product 

was sequenced with the same primers.  Strains with single novel nfxB missense mutations 

encoding NfxBS48R, NfxBK49Q, and NfxBG166D variants were archived for further study. 

 

2.3.11 NfxB self-association assay 

To assess a potential NfxB-NfxB interaction and how missense mutations in NfxB may 

disrupt that interaction, wild-type and mutated nfxB was cloned into the N-terminal LexA1-87 

fusion vector pMS604.  The nfxB gene was amplified by PCR using the primers nfxB FL pMS604 

F BstEII (5’- ACACGGTGACCATGCGCACAATCAGAAAAACC-3’; BstEII site underlined) 

and nfxB pMS604 R PvuII (5’- ACACCAGCTGTCAGGAGCGAGCCGGATT-3’; PvuII site 

underlined) using Phusion DNA polymerase with an annealing temperature of 65°C, and an 

extension time of 30s.  Restriction digest of pMS604 with endonucleases BstEII and PvuII 

allowed excision of the fos zipper gene and insertion of the nfxB BstEII-PvuII-restricted PCR 

products to create pACP113.  The nfxB insert was sequenced to confirm that no additional 

mutations had been introduced during PCR amplification.  Several NfxB truncations were also 

constructed in pMS604 including nfxB13-199, amplified with nfxB Orig pMS604 F BstEII (5’- 

GATCGGTGACCATGACCCTGATTTCCCATGAC-3’; BstEII site underlined) and nfxB 

pMS604 R PvuII, nfxB59-199, amplified with nfxB R59 pMS604 F BstEII (5’- 

ACACGGTGACCCGGGACAACCTGGTGCAG-3’; BstEII site underlined) and nfxB pMS604 R 

PvuII, nfxB79-199, amplified with nfxB MC pMS604 F BstEII (5’- 
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ACACGGTGACCGCCTGCGACCTGGAGCAT-3’; BstEII site underlined) and nfxB pMS604 R 

PvuII, nfxB118-199, amplified with nfxB C pMS604 F BstEII (5’-

ACACGGTGACCGACCCGCACGGCGAAGGC-3’; BstEII site underlined) and nfxB pMS604 

R PvuII, and nfxB1-124, amplified with nfxB FL pMS604 F BstEII and nfxB NM pMS604 R PvuII 

(5’- ACACCAGCTGTCAGCCTTCGCCGTGCGGGTC-3’; PvuII site underlined).  PCR 

amplifications were carried out using Phusion polymerase using identical cycling conditions as 

for full length nfxB.  Each fragment was digested with BstEII and PvuII and then ligated into 

BstEII-PvuII-restricted pMS604.  Plasmids were then transformed into the E. coli strain SU101, a 

strain harboring a lacZ gene linked to the wild-type LexA operator. The natural LexA is able to 

dimerize and bind to this operator, thus repressing transcription of lacZ. The LexA protein 

encoded on the plasmid pMS604 lacks the dimerization domain and can only function as a 

repressor if fused to a protein that is able to self-associate. Consequently, lacZ expression is 

downregulated in the event of fusion protein self-association, which is measurable by a β-

galactosidase assay (described previously).  Specifically, pMS604 and derivative were 

individually cloned into E. coli SU101 harboring the LexA-repressible lacZ gene.  These strains 

were grown overnight at 37°C in L-broth supplemented with tetracycline (5 µg/ml) and then 

diluted 1:49 in L-broth supplemented with 1mM IPTG and grown at 37°C to an absorbance at 

600 nm of 0.4 to 0.6. In all instances, whole-cell protein extracts were prepared and screened 

(using immunoblotting with anti-LexA antibodies) for the production of LexA-NfxB fusions, to 

ensure production of wild-type and mutant versions of these proteins.  Immunoblotting was 

carried out as described previously (252). 
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2.3.12 PCR-based random mutagenesis 

Error-Prone PCR mutagenesis was performed on the plasmid pACP114 (pMS604::nfxB37-

600) with the 50 μl PCR reaction mixture containing 1 μl of pACP114 as template, 1 μM of each 

of the primers nfxB Orig pMS604 F BstEII, and nfxB pMS604 PvuII R, 0.3 mM each 

deoxynucleoside triphosphate (dNTP), 1 x Thermopol buffer,  and 5 U Taq DNA polymerase 

(New England Biolabs, Ipswich, Massachusetts). Following an initial denaturation step at 95°C 

for 3 min, the mixture was subjected to 30 cycles of heating at 95°C for 30 sec, 62°C for 30 sec, 

and 72°C for 1 min, before finishing with a 10 min incubation at 72°C.  The mutagenized nfxB 

product was digested with BstEII and PvuII, ligated into BstEII-PvuII-restricted pMS604, and 

then transformed into E. coli SU101 which was then plated on MacConkey agar supplemented 

with lactose (10 g/L) and grown overnight at 37°C.  As mentioned before, self-association of 

NfxB encoded on pMS604 results in a decrease in β-galactosidase activity through repression of 

lacZ.  On MacConkey agar minimal β-galactosidase activity manifests as a white colony 

phenotype (315).  Conversely, lacZ is expressed when NfxB is unable to self-associate resulting 

in increased β- galactosidase activity and a red colony phenotype on MacConkey agar.  E. coli 

colonies that appeared red on the MacConkey agar plates, indicating the mutagenized NfxB was 

unable to self-associate, were recovered.  Loss of self-association manifesting as an increase in β- 

galactosidase activity was confirmed using a β-galactosidase assay as described above.  pMS604 

containing the mutated nfxB was isolated from the E. coli SU101 strains confirmed to have 

increased β- galactosidase activity and then sequenced with the primers nfxB Orig pMS604 F 

BstEII. Several nfxB missense mutations were identified that encoded a product incapable of self-

association, including NfxBH99R, NfxBL100P, NfxBF147S, NfxBF156S.  
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2.3.13 Construction of nfxB missense mutants in P. aeruginosa K1542 

The nfxB missense mutations identified as encoding NfxB variants incapable of self-

association, NfxBH99R, NfxBF147S, and an nfxB mutation encoding the previously described 

functionally-compromised NfxBG192D (209) were each introduced into P. aeruginosa K1542 

(ΔmexB ΔmexXY) in place of the WT nfxB gene.  This was accomplished by constructing the 

respective nfxB mutation in pK18mobsacB and then introducing them into P. aeruginosa K1542 

via a homologous recombination approach described previously (212).  Specifically, a 2 kb 

fragment including WT nfxB was amplified using PCR using Phusion polymerase under the 

standard condition described above with primers swi nfxB F BamHI (5’-

ACACGGATCCATCGAAGTCCTGCTGGCT-3’; BamHI site underlined) and swi nfxB R 

HindIII (5’- ACACAAGCTTCAGGGTCAGGTAGAGGGAT-3’; HindIII site underlined), a 

reaction mixture supplemented with 3% (vol/vol) DMSO, an annealing temperature of 65°C and 

an extension time of 45 sec.  The PCR reaction products were separated on an agarose gel and the 

fragment containing the nfxB and flanking DNA was excised and solubilized as described above.  

The purified DNA fragment was digested with BamHI and HindIII, and cloned into BamHI –

HindIII-restricted pEX18Tc to form pACP100.  Missense mutations were introduced into the 

nfxB gene present on pACP100 using the QuikChange® Lightning Site-Directed Mutagenesis kit  

(Stratagene, Agilent Technologies, La Jolla, California) according to the protocol provided by the 

manufacturer and using an extension time of 4.5 min for the PCR amplification.  The mutation 

encoding NfxBH99R was introduced using the primers SDM nfxB H99R F (5’-

GCAGCGCCTGATCAAGGAACGCCTCACCCACCGCGAGCTGC-3’) and SDM nfxB H99R 

R (5’-GCAGCTCGCGGTGGGTGAGGCGTTCCTTGATCAGGCGCTGC-3’) and an annealing 

temperature of 60°C.  The mutation encoding NfxBF147S was introduced using the primers SDM 
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nfxB F147S F (5’- GGACAGCAGAAAGGCGTGTCTCGCATCGACATCACGGCG-3’) and 

SDM nfxB F147S R (5’- CGCCGTGATGTCGATGCGAGACACGCCTTTCTGCTGTCC-3’) 

and an annealing temperature of 62°C.  The mutation encoding NfxBG192D was introduced using 

the primers SDM nfxB G192D F (5’- 

GAGCAGATGTTCCTCCATGACGCCTCCAATCCGGCTCGC-3’) and SDM nfxB G192D R 

(5’- GCGAGCCGGATTGGAGGCGTCATGGAGGAACATCTGCTC-3’) and an annealing 

temperature of 62°C.  The nfxB-containing inserts including the missense mutations were excised 

with BamHI and HindIII and cloned into BamHI-HindIII-restricted pK18mobsacB.  The resultant 

plasmids were mobilized into P. aeruginosa K1542 from E. coli S17-1 via a previously described 

conjugation protocol (311) and P. aeruginosa transconjugants harboring chromosomal inserts of 

pK18mobsacB were selected on L-agar containing kanamycin (600 μg/ml).  Elimination of the 

pK18mobsacB plasmid backbone was achieved by streaking transconjugants onto L-agar 

containing sucrose (10% wt/vol).  Sucrose-resistant colonies were screened on ciprofloxacin (0.5 

μg/ml) and cefepime (1 μg/ml) L-agar plates as indicators of mexCD-oprJ hyperexpression 

indicating incorporation of the mutant nfxB gene.  To confirm introduction of the nfxB missense 

mutation in P. aeruginosa K1542, the nfxB gene was amplified and sequences as described 

above. 

 

2.3.14 Expression and purification of polyhistidine (His-) tagged NfxB protein 

To facilitate the purification of NfxB, the nfxB gene was amplified using Phusion DNA 

polymersase from P. aeruginosa K767 chromosomal DNA under the standard Phusion PCR 

conditions with an annealing temperature of 62°C, an extension time of 30 sec, and the primers 

Exp nfxB F NdeI AS (5’- ACACCATATGCGCACAATCAGAAAAAC-3’; NdeI site underlined) 
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and Exp nfxB R HindIII (5’- ACACAAGCTTGGAGCGAGCCGGATTGG-3’; HindIII site 

underlined).  The PCR product was digested with NdeI and HindIII and subsequently cloned into 

NdeI-HindIII-restricted-pET23a to make pACP118.  nfxB missense mutant-expressing pET23a 

plasmids were generated using the same approach, however, P. aeruginosa K1542 chromosomal 

DNA with the appropriate nfxB missense mutation was substituted as the template for the PCR 

amplification.  An N-terminal truncation of NfxB was generated using the same approach and 

Phusion DNA polymerase PCR amplification protocol with the substitution of Exp nfxB F NdeI 

(5’- ACACCATATGACCCTGATTTCCCATGA-3’; NdeI site underlined) as the forward 

primer.  All constructs were sequenced to ensure that no additional mutations were introduced 

during PCR amplification.   

Each of the NfxB-His expression vectors was individually introduced into E. coli BL21 

(DE3) carrying the pLysS plasmid, and induction and purification of the NfxB-His products were 

carried out using a modified version of a previously described protocol (316).  Specifically, E. 

coli BL21 strains carrying pLysS and the appropriate nfxB-encoding pET23a vector were grown 

overnight at 37°C in L-broth supplemented with ampicillin (100 µg/ml) and then diluted 1:49 in 

L-broth and incubated at 27°C.  At higher incubation temperatures NfxB-His was only present in 

the insoluble fraction after cellular lysis indicating that the protein was being denatured and likely 

sequestered in inclusion bodies.  At 27°C production of NfxB-His is slowed allowing the cell to 

maintain the protein in solution.  When the cultures reached an OD600 between 0.5 and 0.6 they 

were supplemented with 1 mM IPTG (or 0.5 mM in the case of the strain expressing the NfxBS48R 

mutant) to induce NfxB-His expression and then incubated for another two hours at 27°C (22°C 

in the case of the strain expressing the NfxBS48R mutant).  Cells were harvested by centrifugation 

(10000xg for 10 min at 4°C) and subsequently resuspended in 6 ml of Buffer A (0.3 M NaCl, 50 
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mM Na2HPO4) supplemented with 5 mM imidazole, 2.5 mM MgCl2, and 0.5 mM CaCl2.  After 

lysis of cells by sonication (3 x 30 sec at power 40 using a VibraCell Sonicator [Sonics & 

Materials Inc., Danbury Connecticut, USA]), cellular lysates were pelleted by centrifugation 

(16000 x g, 60 min, 4°C).  The NfxB-His-containing supernatant was treated with 200 μl of 1 

mg/ml Deoxyribonuclease 1 (Sigma Aldrich, St. Louis, Missouri) for 30 min at 20°C, and then 

incubated for 30 min at 20°C with 500 μl of Ni-NTA agarose resin (Qiagen Inc., Mississauga, 

Ontario) which was equilibrated with 10 ml of Buffer A supplemented with 5 mM imidazole.  

The NfxB-His-bound Ni-NTA agarose resin was washes three times with Buffer A containing 5 

mM imidazole (10 ml for the first two washes and 2 ml for the final wash) and then once with 

500 μl Buffer A supplemented with 50 mM imidazole.  NfxB-His was then eluted from the Ni-

NTA agarose resin with 500 μl of Buffer A containing 300 mM imidazole.  The eluted material 

was resolved on SDS-polyacrylamide gels to confirm recovery and purity of NfxB-His.  The 

concentration of NfxB-His was quantified using a BCA Protein Assay Kit (Pierce, Illinois, USA) 

according to the protocol provided by the manufacturer.   

For the analytical ultracentrifugation studies purified NfxB was supplemented with 10% 

(vol/vol) glycerol and dialyzed to remove imidazole.  Specifically, 3 ml of eluted NfxB was 

loaded into a G2 Slide-A-Lyzer cassette 10k MWCO (Thermo Scientific, Rockford, Illinois) and 

then allowed to dialyze against 1 L of buffer A containing 10% (vol/vol) glycerol containing for 

two hours at room temperature replacing the surrounding buffer after one hour.  All protein 

extractions were stored at -80°C in 10 % (vol/vol) glycerol. 
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2.3.15 Electrophoretic mobility shift assay 

The interaction of NfxB and its derivatives with the mexCD-oprJ regulatory region was 

assessed using an electrophoretic mobility shift assay (EMSA).  Target DNA fragments included 

a 200 bp fragment encompassing the mexCD-oprJ regulatory region previously used by Shiba et 

al. (200), the 124 bp mexC-nfxB intergenic region, a 76 bp fragment containing both of the NfxB 

putative binding sites B1 and B2 and 10 bp of flanking DNA, and fragments containing the 

individual nfxB binding sites (B1, 16 bp; B2, 19bp) alone or carrying an additional 5 or 10 bp of 

flanking DNA.  The 200bp fragment was amplified using Phusion DNA polymerase using the 

standard conditions described above including a 30 sec extension time and the primers EMSA 

mexC reg F (5’- TCATGGGAAATCAGGGTCAT-3’) and EMSA mexC reg R (5’- 

TATTGCACGCAAATCAGCC-3’) and an annealing temperature of 56°C whereas the 124 bp 

fragment was amplified with the primers EMSA mexC-nfxB intergenic F (5’- 

TGTGCAGAAAACTGGCCT-3’) and EMSA mexC-nfxB intergenic R (5’- 

GACACACCCGACCGTTGA-3’) and an annealing temperature of 60°C.  All other DNA targets 

were ordered as single-stranded DNA custom oligos, resuspended in dH2O, and annealed by 

heating the oligo mixture to 90°C and slowly decreasing the temperature to 20°C over 30 min to 

form the double-stranded DNA target.  The sequence of these DNA fragments were as follows: 

the 87 bp target including both B1 and B2 sites (5’- 

GAATTAGCTGTCAAAAGATCATTTGAGACAATATTGACTCAATTAGCTCGAAAAAGT

ACCATTCGATCCGTTTTCA-3’), B1 alone (5’- TCAAAAGATCATTTGA-3’), B1 + 5 bp of 

flanking DNA (5’- AGCTGTCAAAAGATCATTTGAGACAA-3’), B1 + 10 bp of flanking DNA  

(5’-GAATTAGCTGTCAAAAGATCATTTGAGACAATATTG-3’), B2 alone (5’- 

TCGAAAAAGTACCATTCGA-3’), B2 + 5 bp of flanking DNA (5’-
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TTAGCTCGAAAAAGTACCATTCGATCCGT-3’), B2 + 10 bp of flanking DNA (5’- 

CTCAATTAGCTCGAAAAAGTACCATTCGATCCGTTTTCA-3’).   

EMSAs were performed using the Electrophoretic Mobility Shift Assay Kit (Molecular 

Probes Inc., Eugene, Oregon) based on the protocol supplied by the manufacturer.  Specifically, 

in a 10 µl reaction 50 ng of the DNA target was incubated with purified NfxB ranging from 50 to 

400 ng in 1 x Binding Buffer (750 mM KCl, 0.5 mM dithiothreitol, 0.5 mM EDTA, 50 mM Tris-

HCl, pH7.4) for 20 min.  Two µl of kit-provided EMSA gel-loading solution was added to each 

sample and then samples were run (100 V) on 6% (wt / vol) non-denaturing polyacrylamide gel in 

1 x TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA) until the gel-loading solution dye 

line was 1 cm from the bottom of the gel.  The gel was inclubated for 20 min in a kit-provided 1 x 

SYBR® Green EMSA nucleic acid gel stain in 1 x TBE buffer.  After which the gel was rinsed 

once and then destained for 5 min in dH2O and then photographed with a S6656 SYPRO filter 

(Molecular Probes Inc., Eugene, Oregon).  Where specified, chlorhexidine or fatty acids (50 µM) 

solubilized in 0.01% Brij-58 (Sigma-Aldrich, St. Louis, Missouri) were added to the EMSA 

binding reaction. 

 

2.3.16 Size-exclusion chromatography 

Analytical size-exclusion chromatography of NfxB and its missense mutant variants 

(1500 µl of 400 ng/µl) was carried out on a Superdex 200 10/300 GL column (GE Healthcare 

Bio-Sciences AB, Uppsala, Sweden) connected to an ÄKTA fast protein liquid chromatographic 

system (GE Healthcare Bio-Sciences AB, Uppsala, Sweden).  Samples were separated in the 

presence of Buffer A at 0.5 ml/min, collected in 1 ml fractions, and analyzed at 280 nm.  Elution 
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fractions pertaining to the A280 peaks observed on size-exclusion chromatograph were resolved 

using SDS-PAGE to determine if NfxB was present.   

A standard curve was generated by plotting of log(M) versus [VE-Vo]/[VC-Vo] (M, 

molecular mass; VE, elution volume; Vo, void volume; VC, column volumn) (317) for defined 

Bio-Rad (Mississauga, Ontario) Gel Filtration Standards (M, VE) including γ-globulin (bovine) 

(158 kDa, 12.75 ml), Ovalbumin (chicken) (44 kDa, 15.4 ml), Myoglobin (horse) (17 kDa, 17.3 

ml), Vitamin B12 (1350 Da, 20.4 ml).  This standard curve was used to generate molecular mass 

approximations (M) from the elution volume (VE) corresponding to the A280 peaks containing 

NfxB. 

 

2.3.17 Analytical ultracentrifugation 

The potential association states of NfxB were evaluated by sedimentation velocity 

analysis, performed at 20°C in a Optima XL-I analytical ultracentrifuge (Beckman Coulter, 

Mississauga, Ontario). Samples to be analyzed by AUC were first dialyzed against Buffer A 

supplemented with 10% (vol/vol) glycerol as described previously. Four hundred µL of purified 

NfxB (400 ng/µl) was loaded into each sample cell containing a 2-sector Epon-charcoal 

centerpiece with a 12 mm optical path, and housed in an An-60 Ti rotor. An aliquot of dialysis 

buffer was saved to be used in the reference sector of each sample cell. Sedimentation behavior 

resulting from a rotor speed of 25,000 rpm was observed using 250 concentration gradient scans 

recorded at 2-minute intervals by the XL-I interference optics.  

The 250 scans obtained for each cell were fitted according to the continuous c(S) Lamm 

equation model in the SEDFIT software package (version 9.4) (318) in order to obtain the relative 
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prevalence of each sedimenting species. Estimates of buffer density and viscosity used as 

parameters for curve-fitting were estimated utilizing the program SEDNTERP. 

 

2.4 Results 

2.4.1 Identification of transcriptional start site and functional promoter of mexCD-oprJ 

Previous studies have identified the translated reading frame that codes MexCD-OprJ 

(161).  Defining the transcriptional start site would be pertinent in understanding the 

topographical relationship between NfxB binding to the mexCD-oprJ operator and RNA 

polymerase (RNAP) binding to initiate mexCD-oprJ expression.  A 5’RACE approach was used 

which identified a thymine nucleotide 18 bp upstream of the start codon as the site where 

transcription of mexCD-oprJ is initiated (Figure 2.1).  One consideration is that a step in the 

5’RACE approach involves adding a poly-A tail to cDNA reversed transcribed from the RNA 

transcript.  After PCR amplification, sequencing and alignment, the transcriptional start site is 

identified as the first nucleotide in the alignment that follows the poly-T sequence.  It is then 

possible that transcription of mexCD-oprJ initiated at the cytosine nucleotide 17 bp upstream of 

the start codon and that the initial thymine nucleotide originated from the poly-A tail addition 

step.   

Defining the functional promoter region of mexCD-oprJ was integral to understanding 

how NfxB acted as a repressor of mexCD-oprJ expression.  In a previous study, a large SalI-

restricted DNA fragment, here designated R1, that extended upstream 96 bp into nfxB and 

downstream 242 bp into mexD, was cloned upstream of a promoterless lacZ gene forming 

pMXC-1 (161) (region shown in Figure 2.2A).  In E. coli DH5α, pMXC-1 was capable of  
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Figure 2.1. Sequence of DNA surrounding the mexC translational start codon 

 

DNA region showing mexCD-oprJ transcriptional start site (bold and underlined) and the location 

of the MexC translational start site at 1 (italicized) 
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Figure 2.2. Promoter activity of cloned mexCD-oprJ regulatory region fragments in E.coli 

DH5α and P. aeruginosa WT and nfxB 

A) Map of nfxB-mexCD genes indicating location of regions, R1 and R2, cloned into lacZ 

transcriptional fusion vector pMP190.  Empty pMP190 (---) and R1 and R2-cloned pMP190 

vectors were assessed in B) E. coli DH5α, P. aeruginosa C) WT (strain K767) and D) nfxB (strain 

K1536) for their ability to generate β-galactosidase activity indicative of promoter activity.  

Values shown are means + standard deviation (SD) (error bars) from at least three independent 

determinations.   
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generating 2180 Miller units of β-galactosidase activity indicative of the presence of a functional 

promoter in R1 (Figure 2.2B).  The large size of the R1 fragment makes it difficult to determine 

the exact location of the promoter region and so a smaller fragment, R2, consisting of the nfxB-

mexC intergenic region (region shown in Figure 2.2A) was fused to lacZ in pMP190 (pACP141).  

In E. coli DH5α, R2 generated 1283 Miller units of β-galactosidase activity (Figure 2.2B), 

approximately half that of R1 indicating that while R2 does include a functional promoter the 

additional flanking sequences present in R2 enhance the ability to promote expression.  To 

confirm that the observed promoter activities of R1 and R2 were conserved in their natural 

regulatory environment, R1 and R2 fused to lacZ were assessed in WT P. aeruginosa K767 

(Figure 2.2C).  Consistent with the results in E. coli, both fragments R1 and R2 were both found 

to promote β-galactosidase activity, 1294 and 1015 Miller units respectively.  Curiously, the 

discrepancy between R1 and R2 activities was minimized indicating that flanking DNA was 

having less of an impact on promoter function in WT P. aeruginosa.  To explore whether the 

cloned promoter fragments were NfxB repressible, the activity of R1 and R2 was assessed in an 

nfxB mutant strain P. aeruginosa K1536 (Figure 2.2D).  In the absence of a functional NfxB, the 

promoter activity of R1 increased 4-fold to 6054 Miller units indicating that this promoter 

fragment is capable of being repressed by NfxB.  Likewise, the promoter activity of the smaller 

DNA fragment, R2, increased 3459, yet this was only a 3- fold increase compared to when a 

functional NfxB is present indicating that in P. aeruginosa the larger R2 fragment acts as a 

stronger promoter consistent with what was observed in E. coli. 
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2.4.2 Identification of the translation start site of NfxB 

The nfxB gene includes two in-frame potential ATG codons and it is not clear which of 

these is used to initiate translation of NfxB (200).  In a previous study, an nfxB-containing DNA 

fragment with both potential ATG translational start codons cloned into pAK1900, forming 

pNFX-1, restored NfxB repression of mexCD-oprJ in an nfxB mutant strain (319).  Site-directed 

mutagenesis was used to individually modify each of the ATG codons on pNFX-1, replacing 

them with an alanine coding codon (GCG) incapable of acting as a translation initiation site 

(pACP110 and pACP111 encoding NfxBM1A and NfxBM13A, respectively).  These nfxB cloning 

vectors were mobilized into the nfxB mutant strain P. aeruginosa K385, which hyperproduces 

MexCD-OprJ, and were assessed for their ability to restore susceptibility to MexCD-OprJ-

effluxed antimicrobials as an indicator of functional repressor activity of the cloned nfxB (Table 

2.2).  NfxBM13A was comparable to WT NfxB expressed from pNFX-1 in its ability to restore 

susceptibility to MexCD-OprJ effluxed antimicrobials suggesting that translation of NfxB does 

not initiate at the second start codon.  However, expression of NfxBM1A was unable to restore 

susceptibility to MexCD-OprJ-exported fluoroquinolones, ciprofloxacin and norfloxacin, 

indicating that translation of NfxB initiates at the upstream AUG start codon.  Assessment of the 

impact of these nfxB cloning constructs on mexCD-oprJ expression using semi-quantitative RT 

PCR supported the previous result as it revealed only that the NfxBM13A expressing vector is able 

to reduce mexCD-oprJ expression in an nfxB background (Figure 2.3). 

To further explore functional differences in NfxB translated from either ATG start site, a 

His-tagged version of each variant was constructed and purified resulting in NfxB1-199-His and 

NfxB13-199-His.  Shiba et al. had shown using an EMSA that purified NfxB binds a 200 bp DNA 

fragment that encompassed the mexCD-oprJ regulatory region (200).  The two purified proteins  
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Table 2.2. Influence of nfxB start codon modification on susceptibility to MexCD-OprJ -

effluxed antimicrobials in P.aeruginosa K385
a
 

 

  

Plasmid nfxB
b CP NOR CHX

-
d

-
e 4 16 20

pAK1900 - 4 16 20

pNFX-1 WT 0.5 2 7.5

pACP110 NfxBM1A 4 16 10

pACP111 NfxBM13A 1 4 7.5

a. prototroph encoding non-functional NfxBH99R variant

b. NfxB expressed from plasmid

c. CP, ciprofloxacin; NOR, norfloxacin; CHX, chlorhexidine

d. no plasmid

e. no cloned nfxB

MIC (µg/ml) for
c
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Figure 2.3. Impact of cloned nfxB and nfxB start codon mutants on mexCD-oprJ expression 

in the P. aeruginosa nfxB strain K385 

 

Expression of mexD as an indicator of mexCD-oprJ and rpsL were assessed in the nfxB mutant 

strain P. aeruginosa K385 alone (lane 1), with pAK1900 (no insert, lane 2), with pAK1900 

encoding NfxB WT (lane 3), NfxBM1A (lane 4), NfxBM13A (lane 5) by semi-quantitative RT-PCR.  

The PCR portion was carried out at 30 (top mexD panel) and 33 (bottom mexD panel) or 19 (top 

rpsL panel) and 21 (bottom rpsL panel) cycles. 
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NfxB1-199-His and NfxB13-199-His were assessed for their ability to bind this DNA fragment.  

NfxB1-199-His bound the target DNA at a lower concentration than NfxB13-199-His indicating that 

NfxB translated from the second ATG is comparatively defective for DNA binding (Figure 2.4). 

 

2.4.3 Determination of DNA region required for NfxB binding of the mexCD-oprJ operator 

Shiba et al. (200) identified two sets of inverted repeats, annotated here as B1 and B2 

(Figure 2.5A), that could potentially act as binding sites of an NfxB dimer.  However, it was 

unclear if a single site was sufficient for binding NfxB.  Shiba et al. showed that purified NfxB 

interacted with a large 200 bp DNA fragment encompassing the mexC-oprJ regulatory region (I) 

(Figure 2.5A).  Consistent with this finding, we found that 200 ng of NfxB partially shifted and 

400 ng of NfxB fully shifted the DNA fragment I as assessed with an EMSA (Figure 2.5B, panel 

1).  It was noted that 20 ng of purified NfxB was found to shift this fragment in Figure 2.4.  These 

earlier EMSA experiments were completed with a different batch of the EMSA buffers, which 

may have influenced the concentration of NfxB required to interact.  For all EMSAs, results were 

found to be repeateable and consistent between multiple extractions of NfxB-His and the DNA 

target.  In order to define the minimal region required for an interaction with NfxB, truncated 

version of the original fragment I were constructed.  These included a 124 bp fragment consisting 

of the mexC-nfxB intergenic region (II) and a 76 bp fragment containing both of the NfxB 

putative binding sites B1 and B2 and 10 bp of flanking DNA (III) shown in Figure 2.5A.  

Interestingly, as little as 100 ng of NfxB was capable of partially shifting these fragments, 

although, unlike with fragment I, 400 ng of NfxB was unable to fully shift fragments II and III 

(Figure 2.5B, panels 2 and 3).  It is unclear why the shorter fragments exhibit different dynamics 

of interaction with NfxB; although, one potential explanation concerns the molarity of the DNA  
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Figure 2.4. Assessment of the ability of NfxB1-199 and NfxB13-199 to interact with the mexCD-

oprJ regulatory region  

 

EMSA of A) NfxB1-199 and B) NfxB13-199 (0 ng, lane 1; 20 ng, lane 2; 60 ng, lane 3; 100 ng, lane 

4) with 50 ng of a 200 bp DNA fragment encompassing the mexCD-oprJ regulatory region  
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Figure 2.5. Assessment of the ability of NfxB to interact with mexCD-oprJ regulatory region 

fragments  

A) Location of DNA fragments assessed for ability to interact with purified NfxB; translational 

start codons of nfxB and mexC (bold); location of inverted DNA repeats B1 and B2.  B) EMSA of 

increasing concentrations of purified NfxB-His (0 ng, lane 1; 50 ng, lane 2; 100 ng, lane 3; 200 

ng, lane 4; 400 ng, lane 5) incubated with 50 ng of DNA fragments of the mexCD-oprJ regulatory 

region (panels 1 – 5) or 25 ng of each fragment IV and fragment V (panel 6). 
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targets in the EMSA.  The molecular weight of the fragment will decrease with fragment size.  

The same mass of each DNA target (50 ng) is used in each EMSA experiment resulting in smaller 

fragments having a higher molarity and thus a higher quantity of DNA fragments available to 

bind DNA (i.e. 50 ng of fragment III [200 bp] will have almost three times the molarity of 50 ng 

of fragment I [76 bp]).  The higher molarity of the DNA target will shift the equilibrium of the 

interaction towards binding NfxB consistent with the observation that the least amount of NfxB 

(100 ng) was capable of shifting fragment III.  Furthermore, since a higher molar quantity of 

fragment III is present, a proportionally higher molar quantity of NfxB would be required to fully 

shift it explaining why 400 ng of NfxB shifts progressively less DNA with decreasing fragment 

size.  In spite of this peculiarity, it is clear that the 76 bp fragment III is sufficient for interaction 

with NfxB.  To determine if either of the inverted repeats B1 or B2 alone were sufficient to 

interact with NfxB fragments including B1 or B2 and 10 bp of their respective flanking DNA 

(fragments IV and V shown in Figure 2.5A) were tested for their ability to interact with NfxB 

using the EMSA approach.  Even at the highest concentration of NfxB (400 ng) no shifting 

occured with either fragment indicating that both inverted repeats were required in order to bind 

NfxB (Figure 2.5B, panels 4 and 5).  However, an equimolar mixture of fragment IV with 

fragment V was not shifted even by 400 ng of NfxB demonstrating that in order to interact with 

NfxB the inverted repeats must be present on the same fragment (Figure 2.5B, panel 6). 

 

2.4.4 Investigation of effector molecules potentially involved in the NfxB derepression 

mechanism 

Interaction with a cognate effector molecule causes LacI to undergo a conformational 

change and release the operator, thereby allowing gene expression to occur (229).  The 
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mechanism is common to many repressors of the LacI family and it is possible that NfxB 

derepresses using a similar mechanism.  Since NfxB repression of mexCD-oprJ is lost during 

envelope stress (205), it is possible that the effector molecule is either a causative agent of the 

envelope stress or a product of the resultant envelope stress response.  MDAs known to be 

inducers and substrates of MexCD-OprJ such as CHX could be functioning directly as effector 

molecules.  However, even 100 µg/ml CHX (50-fold the concentration of CHX known to induce 

expression of mexCD-oprJ) did not reverse the binding of NfxB to the mexC operator region 

DNA (Figure 2.6A) indicating that MDAs do not directly act as NfxB effector molecules.   

Another potential candidate for an NfxB effector molecule is a product that is 

upregulated during the envelope stress response; one study observed that saturated long-chain 

fatty acids (LCFAs) including 3-hydroxy capric acid, myristic acid, palmitic acid, and stearic acid 

were secreted in a MexCD-OprJ-dependent fashion (301).  LCFAs may act as an effector 

molecule of NfxB and cause induction of MexCD-OprJ expression, creating an elegant negative 

feedback loop.  Addition of these fatty acids, however, did not impact NfxB’s ability to bind 

mexC operator DNA in an EMSA suggesting that this is not the case (Figure 2.6B). 

 

2.4.5 NfxB core domain is responsible for self-association 

Inverted DNA repeats are typically bound by a dimer of a repressor with the HTH motif 

of each protomer of the repressor adhering to one of the half sites (229).  The observation that 

NfxB interacts with the DNA fragment containing two inverted repeats suggests that NfxB is 

binding each inverted repeat as a dimer.  To confirm NfxB self-association, a 1-hybrid approach 

was used, where NfxB was cloned in frame with an N-terminal LexA DNA-binding domain 

(LexADBD) on pMS604 and assessed for its ability to repress a LexA-regulated lacZ gene in  
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Figure 2.6. Impact of chlorhexidine and fatty acids on the NfxB interaction with the 

mexCD-oprJ regulatory region   

A) EMSA of NfxB (-, 0 ng; +, 200 ng) with a 200 bp DNA fragment (I; shown in Figure 2.5A) 

encompassing the mexCD-oprJ regulatory region (-, 0 ng; +, 50 ng) in the presence of CHX 

(µg/ml) B) EMSA of NfxB (-, 0 ng; +, 200 ng) with a 200 bp DNA fragment (I; shown in 

Figure7A) encompassing the mexCD-oprJ regulatory region (-, 0 ng; +, 50 ng).  0.01% Brij-58 

was included in lanes 4 – 8 and fatty acids (50 µM) were included in lane 5 (3-hydroxy capric 

acid, 3OH-C10), lane 6 (myristic acid, C14), lane 7 (palmitic acid, C16), and lane 8 (stearic acid, 

C18) 

  



 

74 

 

 

 



 

75 

 

E. coli SU101.  The LexADBD can only bind to the operator and repress lacZ expression when 

dimerized, requiring an association between the C-terminal NfxB fusions.  Therefore, reduction 

in β-galactosidase activity compared to the LexA DNA-binding domain alone as assessed with a 

β-galactosidase assay represents a measure of NfxB self-association (320).  Full-length NfxBM1-

S199 fused to LexADBD produced twelvefold less β-galactosidase activity than the LexADBD alone 

indicating that NfxB self-associates (Figure 2.7, lanes 1 and 2).  To further delineate the region on 

NfxB required for self-association, several mutants of nfxB were constructed encoding NfxB 

truncations (truncation points shown on NfxB structural model in Figure 2.10), cloned in-frame 

with LexADBD and assessed for their impact on β-galactosidase activity.  Truncation of the C-

terminus (NfxBM1-G124) resulted in a sixfold increase in β-galactosidase activity compared to full 

length NfxB indicating that the region including residues 125-199 was required for an NfxB-

NfxB interaction (Figure 2.7, lane 3). NfxBM13-S199 (representing NfxB if it was transcribed from 

the downstream potential ATG start codon) and NfxBR59-S199 (lacking the N-terminal HTH DNA-

binding domain) produced β-galactosidase activity similar to that of the full length NfxBM1-S199 

indicating that the first 58 amino acids of NfxB are not required for self-association (Figure 2.7, 

lanes 4 and 5).  However, any further N-terminal truncation of NfxB (NfxBA80-S199 and NfxBD119-

S199) resulted in an increase in β-galactosidase activity comparable to that observed with the 

negative control (Figure 2.7, lanes 6 and 7).  Altogether, NfxB residues 59-199 are essential for 

multimerization. 

 

2.4.6 NfxB can oligomerize into a tetramer 

The 1-hybrid approach is a useful tool for determining if self-association activity is 

present but it is unable to distinguish between formation of a dimer or higher order oligomers.  
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Figure 2.7. LexA 1-hybrid assessment of self-association of NfxB and NfxB truncations 
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β-galactosidase activity (Miller units) of E.coli SU101 strains expressing LexA DNA-binding 

domain alone (---) or fused to NfxB or NfxB truncations (NfxB residues defined on x-axis; full-

length NfxB comprises M1-S199) from plasmid pMS604. A reduction in β-galactosidase activity 

is indicative of the fused NfxB being able to self-associate. Values shown are means + standard 

deviation (SD) (error bars) from at least three independent determinations.   
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Inverted repeats are typically bound by a dimer with the HTH of each protomer unit adhering to 

one of the half sites.  Two inverted repeats have been identified in the mexCD-oprJ operator 

region, which suggests that two NfxB homodimers bind to this region.  Moreover the spacing 

between these inverted repeats is consistent with the two NfxB dimers functioning as a single 

tetrameric unit – a dimer of NfxB homodimers (200).  Size-exclusion chromatography (SEC) was 

used to determine the oligomeric state of purified WT NfxB (Figure 2.8A). Of the four peaks 

observed on the chromatographic profile of WT NfxB, only two of them were found, using SDS-

PAGE of the elution fraction (data not shown), to contain NfxB.  The remaining two peaks 

correspond to molecular weights of 25.8 kDa and 97.6 kDa suggesting that NfxB was present as a 

monomer and a tetramer.   

To validate the results of the size-exclusion chromatography the oligomeric state of 

purified NfxB was also assessed using sedimentation velocity analytical ultracentrifugation 

(Figure 2.9).  The subsequent analysis revealed that 78.1% of the sample formed a species with a 

predicted molecular weight of 30.7 kDa, which likely corresponds to an NfxB monomer.  Of the 

sample 14.2% formed a species with a predicted molecular weight of 163 kDa potentially an 

NfxB pentamer.  Size exclusion chromatography and analytical ultracentrifugation separates 

proteins according to their Stokes radius (the radius of a hard sphere that will diffuse at the same 

rate as the molecule) (317).  The more elongated a protein, the larger its Stokes radius becomes 

proportionate to its molecular weight (317).  Imidazole, which blinds the optics in the analytical 

ultracentrifuge due to its intense optical signal at 280 nm, was removed by dialysis from the NfxB 

samples and, to prevent loss of imidazole from causing protein precipitation, this was done in the 

presence of 10% (vol/vol) glycerol.  Glycerol, often used as a stabilizing agent, can promote 

hydration of protein which increases its Stokes radius (321).  Considering this, the 30.7 kDa peak  
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Figure 2.8. Size-exclusion chromatographic profile of NfxB WT, NfxBG166D, and NfxBG192D  

 

Purified His-tagged A) NfxB, B) NfxBG166D, and C) NfxBG192D separated on a size-exclusion 

column indicating the absorbance at 280 nm measured in milliabsorbance units (mAU) of the 

eluent.  Molecular masses corresponding to the observed peaks were calculated from a standard 

curve generated from pre-run samples of known molecular mass.   
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Figure 2.9. Sedimentation velocity analytical ultracentrifugation profile of NfxB  

Purified His-tagged NfxB (400 ng/µl) assessed with sedimentation velocity analytical 

ultracentrifugation scanning with interference optics.  A) Movement of interference fringes 

through centrifugation cell radius (mm) as a result of NfxB sedimentation over 250 scans with 

fringe error shown in B).  C) Predicted molecular weights of species based on their sedimentation 

co-efficient (s) as a function of relative concentration c (s).  Molecular weights annotated as 

predicted molecular weights along with minimum statistically possible molecular weight as 

calculated by SEDFIT software. 
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could reasonably correspond to an NfxB monomer.  Assuming that NfxB tetramerizes as a dimer 

of dimers, the resultant Stokes radius would be much larger than a compact globular tetramer.  

Thus the 163 kDa signature more closely fits the profile of a dimer of NfxB homodimers.  To the 

authors knowledge, no examples of a LacI-type repressor forming a pentamer have been reported.  

Moreover, the functional unit of LacI-type repressors is a dimer where there HTH of each 

promoter binds one side of the inverted repeat of the operator, inconsistent with a pentameric 

structure. 

 

2.4.7 Selection of functionally-defective nfxB missense mutants  

To gain more insight into NfxB functional domains, several nfxB missense mutants were 

isolated and examined their effect on activities of the molecule.  These missense mutants were 

generated in one of three ways.  The first involved selecting mutants of P. aeruginosa strain 

K1542 (ΔmexB- ΔmexXY) that were able to survive on L-agar supplemented with erythromycin 

(128 µg /ml).  Some of these mutants has mutations in nfxB encoding a faulty repressor resulting 

in hyperexpression of MexCD-OprJ increasing resistance to antimicrobials exported by this 

pump.  Mutants were then assessed for resistance to other antimicrobials effluxed by MexCD-

OprJ in order to identify strains whose resistance was attributed to MexCD-OprJ 

hyperexpression.  In strains with a MDR profile consistent with MexCD-OprJ, nfxB was 

amplified and sequenced resulting in the identification of three novel nfxB missense mutations 

encoding functionally defective NfxB variants S48R, K49Q, and G166D.  Surprisingly, 

approximately half of the strains sequenced contained a mutation in the nfxB stop codon A600C, 

which encoded Stop200C resulting in the production of a longer NfxB protein.  This mutation has 

been reported before in the P. aeruginosa K1536 nfxB strain (207).  Other novel nfxB missense 
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mutants were identified by generating nfxB mutants with random mutagenesis PCR and screening 

them with a 1-hybrid approach assessing for loss of self-association.  This strategy revealed 

another four nfxB missense mutations encoding NfxBH99R, NfxBL100P, NfxBF147S, and NfxBF156S, 

that compromised the NfxB-NfxB interaction.  The mutations encoding NfxBH99R and NfxBF147S 

were introduced into P. aeruginosa K1542.  Finally, a recent study identified several nfxB 

missense mutants that resulted in increased mexCD-oprJ expression (209).  One such mutation, 

coding for an NfxBG192D amino acid substitution variant, was introduced into P. aeruginosa 

K1542.  The location of the amino acid substitutions in the NfxB variants assessed in this study is 

illustrated in Figure 2.10. 

In P. aeruginosa K1542, introduction of the nfxB missense mutations resulted in at least a 

32-fold increase in resistance to ciprofloxacin, an 8-fold increase in resistance to cefepime, and a 

16-fold increase in resistance to erythromycin, all of which are MexCD-OprJ-effluxed 

antimicrobials, (Table 2.3) consistent with an increase in mexCD-oprJ expression.  Increased 

expression of mexCD-oprJ in the nfxB missense mutants was confirmed with qRT PCR (Figure 

2.11).  Unexpectantly, the missense mutation encoding NfxBG192D resulted in mexCD-oprJ 

expression more than four times that of any of the other missense mutants (Figure 2.11) despite 

conveying similar resistance to MexCD-OprJ-effluxed antimicrobials (Table 2.3).  In fact, 

expression of mexCD-oprJ in an nfxB deletion strain was closer to that of the NfxBG192D variant 

indicating that this amino acid substitution almost completely ablates NfxB repressor activity 

(Figure 2.11).  It may be that there is a fitness cost (such as unintentional export of important 

natural cellular substrates) associated with increasing MexCD-OprJ production, negating any 

additional resistance benefit.  Interestingly, the P. aeruginosa K1542 nfxB mutant encoding 

NfxBStop200C, a longer 267 residue variant of NfxB, was less resistant than the nfxB missense  
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Figure 2.10. Structural model of full-length NfxB  

 

Structural model generated using the SWISS-MODEL program and then was visually inspected 

and subjected to energy minimization using GROMOS.  The Helix-turn-Helix (HTH) motif is 

shaded black.  Truncation points of NfxB variants assessed in the 1-hybrid self-association 

studies are annotated in italics.  NfxB residue substitutions encoded from missense mutations are 

shown and ones that compromise self-association flagged with an *. 
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Table 2.3. Influence of nfxB mutations on susceptibility to MexCD-OprJ -effluxed 

antimicrobials in P. aeruginosa K1542 

 

  

Strain NfxB
a CP CFPM ERY

K1542 WT 0.03125 0.25 64

K3285 S48R 1 4 1024

K3286 K49Q 1 2 1024

K3287 H99R 1 4 2048

K3288 F147S 2 4 2048

K3289 G166D 1 2 1024

K3290 G192D 2 4 2048

K3291 Stop200C
c 0.5 1 512

a. NfxB variant produced by strain

b. CP, ciprofloxacin; CFPM, cefepime; ERY, erythromycin

c. NfxBStop200C is a 267 residue protein produced from mutation of the stop codon (nfxB A600C)

MIC (µg/ml) for
b
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Figure 2.11. Impact of nfxB mutations on mexCD-oprJ expression  

The expression of mexD as an indicator of mexCD-oprJ was assessed using real-time quantitative 

PCR.  Expression was normalized to rpsL and is reported relative to expression in P. aeruginosa 

K1542.  Values shown are means + standard deviation (SD) (error bars) from at least three 

independent determinations.  NfxB missense variants encoded and assessed in P. aeruginosa 

K1542. NfxBStop200C and the nfxB deletion encoded and assessed in P. aeruginosa K767. 
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mutants to all three of the assessed MexCD-OprJ-effluxed antimicrobials (Table 2.3) despite 

having a similar level of mexCD-oprJ expression (Figure 2.11).  The reason for this discrepancy 

is unclear.    

 

2.4.8 Impact of nfxB missense mutations on functional activities of NfxB 

Although it was clear from the previous experiments that the nfxB missense mutations 

resulted in a defective NfxB product and, consequently, increased mexCD-oprJ expression, it was 

of interest to assess which specific activities of NfxB were being disrupted with each mutation.  

To gain further insight functional activities of NfxB were assessed using the following 

approaches.   

The LexA 1-hybrid approach was used to assess whether the missense mutations in nfxB 

resulted in a product that was unable to self-associate (Figure 2.12, lanes 1-7).  Only the NfxBS48R 

and NfxBG166D variants showed a decrease in β-galactosidase activity comparable to WT NfxB, 

evidence of these variants being capable of self-associating.  However, NfxB variants H99R, 

F147S, and G192D demonstrated β-galactosidase activity more consistent with the negative 

control (the LexADBD alone) suggesting that these variants are incapable of self-association.  As 

the mutations encoding L100P and F156S variants were already present in the vector pMS604, 

they were assessed as well (Figure 2.12, lanes 8-11).  Neither demonstrated a decrease in β-

galactosidase activity indicating that they too were incapable of self-associating.  To investigate 

how the NfxB missense mutations may affect their ability to oligomerize, purified NfxBG166D and 

NfxBG192D were assessed using size-exclusion chromatography.  The S48R, H99R, and F147S 

NfxB variants were not assessed using this approach because solubility problems precluded 

purifying these proteins to sufficient concentrations for the experiment.  In the chromatographic  
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Figure 2.12. LexA 1-hybrid assessment of self-association of NfxB and NfxB missense 

variants  
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β-galactosidase activity (Miller units) of E.coli SU101 strains expressing LexA DNA-binding 

domain alone (---) or fused to NfxB (WT) or NfxB missense variants (NfxB residues residue 

substitutions defined on x-axis) from plasmid pMS604. Lanes 9 – 11 include WT, L100P, and 

F156S variants assessed as part of a truncated NfxB13-199. A reduction in β-galactosidase activity 

is indicative of the fused NfxB being able to self-associate. Values shown are means + standard 

deviation (SD) (error bars) from at least three independent determinations. 
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profile of NfxBG166D shown in Figure 2.8B, two peaks were observed but only the peak, 

corresponding to a predicted molecular weight of 19.5 kDa, was found to contain NfxB.  This 

single peak likely corresponds to an NfxBG192D monomer indicating that this variant does not 

multimerize contradicting the results of the 1-hybrid assay.  One possibility is that the NfxBG166D 

variant behaves abnormally in vitro and that the 1-hybrid assay is a better indicator of self-

association activity.  The size-exclusion chromatographic profile of NfxBG192D shown in Figure 

2.8C contains two peaks with predicting molecular weights of 19.5 kDa and 49.4 kDa likely 

corresponding to a monomer and a dimer, respectively.  NfxBG192D formation of a dimer species 

is inconsistent with the 1-hybrid results which indicated that this variant was unable to self-

associate. Again, this may be due to irregulaties as a result of the in vitro nature of the size-

exclusion chromatography experiment. Either way, an inability to form a functional tetramer 

would explain why repressor activity is compromised in the G166D and G192D NfxB variants.   

EMSAs were used to investigate which NfxB mutations disrupted the ability of the 

repressor to bind the mexCD-oprJ regulatory region.  The S48R and H99R NfxB variants were 

not assessed using this approach because solubility problems precluded purifying these proteins 

to sufficient concentrations for the experiment.  However, as a lower concentration of protein is 

used for EMSA experiments compared to size-exclusion chromatography, it was possible to 

purify NfxBF147S in sufficient quantities without solubility issues.  Despite showing reduced 

repressor activity in previous experiments, NfxB proteins with F147S, G166D, and G192D 

substitutions bound to the mexCD-oprJ regulatory region (Figure 2.13).  However, while 200 ng 

NfxBWT partially shifted and 400 ng completely shifted the DNA target (Figure 2.13, panel 1), at 

least 400 ng of NfxBF147S and NfxBG166D (Figure 2.13, panels 2 and 3) was required to partially 

shift the DNA target suggesting that these NfxB variants bind the mexCD-oprJ operator region  
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Figure 2.13. Ability of NfxB and NfxB missense mutants to bind mexCD-oprJ regulatory 

region DNA  

EMSA of increasing concentrations (0 ng, lane 1; 50 ng, lane 2; 100 ng, lane 3; 200 ng, lane 4; 

400 ng, lane 5) of purified NfxB-His  (NfxB variant indicated to the right of the panel) incubated 

with 50 ng of DNA fragment II (shown in Figure 2.5A) encompassing the mexCD-oprJ 

regulatory region  
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much more weakly than WT NfxB.  The NfxBG192D variant shifted the DNA fragment a shorter 

distance as seen in Figure 2.13 panel 4 (proportions of the gel were maintained in assembling the 

figure) suggesting that NfxBG192D oligomerizes as a lower order species, potentially a dimer, 

consistent with size-exclusion chromatography results.  As an additional control, the presence of 

200 ng of competing sheared salmon sperm DNA was shown to have no impact on the shifts 

indicating that the interaction between the mexCD-oprJ operator DNA and NfxB WT or NfxB 

missense variants is specific (data not shown).  NfxB mutations could potentially cause large 

scale changes in protein structure resulting in a non-specific loss of NfxB activity.  To distinguish 

NfxB mutations that restricted the resultant protein’s ability to bind and repress mexCD-oprJ but 

not dimerization activity, a negative dominance approach, originally outlined by Herskowitz 

(322), was used.  In WT P. aeruginosa, NfxB is responsible for repressing mexCD-oprJ 

expression.  An NfxB mutant expressed in this strain that can oligomerize will interact with the 

WT NfxB protein.  If the NfxB mutant protein is otherwise non-functional the resultant NfxB 

WT-NfxB mutant oligomer will have a reduced ability or inability to repress mexCD-oprJ 

manifesting as a measurable increase in mexCD-oprJ expression.  Each of the NfxB missense 

mutants was expressed in a WT P. aeruginosa strain and their impact on mexCD-oprJ expression 

is shown in Figure 2.14.  Both the S48R and G166D NfxB variants (lanes 3 and 6) were dominant 

negative as indicated by an increase in mexCD-oprJ expression. This evidence suggesting that 

NfxBG166D is capable of multimerizing is consistent with results of the 1-hybrid experiments.  The 

other NfxB variants did not impact mexCD-oprJ function signifying that they are unable to 

interact with WT NfxB. 
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Figure 2.14. Impact of plasmid-encoded NfxB variants on mexCD-oprJ expression in WT P. 

aeruginosa 

 

The expression of mexD as an indicator of mexCD-oprJ was assessed using real-time quantitative 

PCR.  Strains assessed include P. aeruginosa K1542 with: no plasmid (lane 1), pAK1900 (lane 

2), pAK1900 encoding NfxB variants (lanes 4-7).  Functionally compromised NfxB species still 

capable of associating with WT NfxB will exert negative dominance resulting in an increase in 

mexCD-oprJ expression.  Expression was normalized to rpsL and is reported relative to 

expression in P. aeruginosa K1542.  Values shown are means + standard deviation (SD) (error 

bars) from at least three independent determinations.   
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2.5 Discussion 

To define the promoter region of mexCD-oprJ, two fragments potentially containing the 

putative mexCD-oprJ promoter region were cloned upstream of a promoterless lacZ gene and 

assessed for their ability to drive gene expression through a measurement of LacZ expression.  

The smaller fragment R2, containing only the intergenic region between nfxB and mexC, was able 

to drive expression in both E. coli and WT P. aeruginosa indicating that it is of sufficient size to 

allow gene expression.  The much longer fragment R1 demonstrated a stronger ability to drive 

expression as seen in E. coli DH5α (does not encode nfxB) and P. aeruginosa K767, an nfxB 

mutant strain. One explanation is that the additional DNA present in fragment R1 may stabilize 

binding of RNAP to the promoter region, thereby enhancing expression. However, the difference 

in ability to drive expression was minimized in P. aeruginosa K767 WT.  The additional flanking 

DNA present in fragment R1 may stabilize binding of NfxB as well leading to further repression 

of R1 cancelling out the enhancement of expression from stabilizing the binding of RNAP.   

A 5’RACE approach was used to identify a thymine residue 18 bp upstream of the ATG 

start site of mexC as the transcription initiation site.  Most bacterial RNA transcripts have a 

Shine-Dalgarno (SD) sequence starting between 20 and 13 bp upstream of the translational start 

site responsible for correctly aligning the RNA’s start codon during initiation of translation at the 

ribosome (323, 324); examination of the region upstream of mexC reveals a sequence GGTCGG 

between the -13 and -7 nucleotide positions relative to the translational start codon that could act 

as a the SD sequence for mexC (154).  As such, initiation of mexC transcription 18 bp upstream of 

the designated translational start codon is sufficient to include the SD sequence required for 

translation.  In addition to the SD site, several factors are thought to play a role in the efficiency 

of translation initiation including RNA secondary structure and local electrostatic interactions that 
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help orient the transcript in the ribosome (325).  In light of this, it is potentially advantageous for 

mexCD-oprJ transcription to have such a short pre-AUG leader sequence because it limits the 

likelihood that secondary structure of the RNA transcript will obscure the AUG start site. 

Several features of the NfxB protein have resulted in it being classified as a member of 

the LacI family of transcriptional repressors.  The Lac repressor, the subject of a comprehensive 

recent review by Lewis (229), is the prototypical member for which the LacI family was named.  

The LacI monomer consists of four distinct functional units including the N-terminal Helix-turn-

Helix (HTH) domain and hinge region involved in binding DNA, a core region involved in 

dimerization and inducer binding, and a C-terminal tetramerization domain (229).  NfxB also 

possesses an HTH motif that retains several amino acids observed in the LacI HTH that are 

thought to be important for binding of the DNA operator (S48 and T51) (154, 244).  The hinge 

region of LacI interacts with the minor groove of the operator using residues N50 and Q54 which 

bind to the phosphate backbone of DNA.  L56 acts as a molecular lever to pry open the minor 

groove (326).  Interestingly, NfxB includes residues D60 (aspartic acid is biochemically similar 

to asparagine), Q64, and L66 having spacing consistent with the corresponding residues in LacI 

implying that they perform a similar function (154).   

In this study we determined that NfxB produced from the upstream translational start 

codon was more effective at binding a DNA fragment encompassing the mexCD-oprJ regulatory 

region than NfxB produced from the downstream translational start codon.  Moreover, only 

expression of the longer NfxB product was able to fully restore repression of mexCD-oprJ in the 

P. aeruginosa nfxB mutant K385 indicating that translation of NfxB is initiated at the upstream 

ATG codon, contrary to what is reported in the Pseudomonas database (154).  Additionally, there 

is a SD site (CGAGG) situated 20 bp upstream of this alternate ATG codon appropriate for 
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translation to initiate there.  No such SD site exists in the respective location for the currently 

annotated downstream translational ATG start site making it an unlikely translation initiation site.  

In the Shiba study, purification of NfxB expressed from a large 1.1 kb nfxB-containing DNA 

fragment yielded a 23 kDa protein with an N-terminal sequence of MRTIRK consistent with 

translation occurring at the upstream ATG.  However, a minor product was also purified which 

had a molecular weight of 21 kDa and an N-terminal sequence of TLISHDERLI (200).  This 

product could have resulted from translation from the annotated nfxB ATG start codon indicating 

that, while translation usually occurs at the upstream AUG, on occasion translation initiates at the 

annotated AUG.  The absence of the initial methionine residue on the N-terminus of the 21 kDa 

fragment is unsurprising considering that during the translation of many proteins the initial 

methionine is removed by methionine aminopeptidase after deformylation by peptide 

deformylase (327).  In a collaborative effort with the Jia laboratory to purify NfxB for 

crystallization, two products with molecular weights of 21 kDa and a 23 kDa were observed (M. 

Lee, personal communication).  A new NfxB-pET23a expression vector was constructed where 

the downstream ATG translational start codon was replaced with GCG instead coding for alanine 

and it was predicted this would prevent translation of 21 kDa NfxB contaminating product.  

Purification of NfxB expressed from this new vector still yielded the 21 kDa and 23 kDa products 

suggesting the 21 kDa NfxB is not a result of translation at the downstream ATG (M. Lee, 

personal communication).  Instead, it may be produced from degradation of the 23 kDa NfxB 

product.  This would also explain why the methionine residue was absent in N-terminal sequence 

of the 21 kDa NfxB product.  Indeed, it was shown that NfxB translated from the downstream 

ATG producing a shorter peptide was severely limited in its capacity to bind the mexCD-oprJ 

promoter region.  One possibility is that NfxB derepression could occur through a degradation 
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mechanism.  Such a mechanism is not unprecedented.  For example, LexA is a repressor of 

several genes that have roles in the SOS DNA repair response (328).  In response to DNA 

damage, RecA binds to LexA and activates LexA self-cleavage (329) resulting in LexA 

dissociating from its DNA targets and induction of the SOS regulon (328). 

EMSA studies were used to locate the mexCD-oprJ operator bound by NfxB.  The 

smallest fragment bound by NfxB included both B1 and B2 inverted repeats.  When both inverted 

repeats were present but on different fragments no binding took place.  Together this data 

supports that a pre-formed NfxB tetramer (a dimer of NfxB homodimers) binds both inverted 

DNA repeats simultaneously.  Interestingly, the longer mexC-nfxB intergenic fragment (II) and 

the longest fragment (I) showed a progressively more complete shift.  This is consistent with 

flanking DNA enhancing the affinity of NfxB for the operator sequence which could occur 

through secondary structure of the DNA influencing the topography of the operator making it 

more compatible for binding. There is a possibility that ancillary NfxB operators exist in the 

flanking DNA and facilitate binding of NfxB as is observed with the Lac repressor (330).  

Transcription of mexC was found to initiate 11 bp downstream of the B2 inverted repeat 

supporting that NfxB represses mexCD-oprJ expression by occluding the RNAP binding site.  

Attempts were made to identify an effector molecule capable of causing NfxB 

derepression.  In Neisseria gonorrhoeae, mtrCDE encodes a tripartite multidrug efflux pump 

whose expression is activated by MtrA.  The nonionic detergent Triton X-100, a MDA and 

substrate of MtrCDE, functions as an effector molecule for MtrA, increasing MtrA affinity for the 

mtrCDE promoter by 2-fold, resulting in increased production of MtrCDE and efflux of Triton X-

100 (331).  Similarly, MexCD-OprJ is induced in the presence of envelope stress (205) so it was 

proposed that MDAs, compounds capable of producing envelope stress, were also NfxB effector 
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molecules.  In fact, regulators of multidrug efflux pumps often contain voluminous effector 

binding pockets or overlapping mini-pockets that facilitate promiscuous binding of structurally 

dissimilar effector molecules (332) thus it would be reasonable for NfxB to bind a variety of 

effector molecules.  However, a MDA, CHX, an inducer and substrate of MexCD-OprJ, did not 

reverse binding of NfxB to the mexCD-oprJ regulatory region at physiologically relevant 

concentrations indicating that MDAs do not directly act as effector molecules of NfxB.   

Alternatively, an effector molecule that is produced directly from envelope stress or as 

part of the ESR would make a reasonable candidate for a molecule to trigger NfxB derepression 

of mexCD-oprJ.  One study observed that saturated LCFAs including 3-hydroxy capric acid, 

myristic acid, palmitic acid, and stearic acid were secreted in a MexCD-OprJ-dependent fashion 

(301).  It has been suggested that fatty acid content is modified during the AlgU envelope stress 

response (301).  MexCD-OprJ may assist export fatty acids that have been removed from 

phospholipids during remodeling and thus prevent them from accumulating to toxic 

concentrations, thereby comprising a fatty acid detoxification mechanism.  Fatty acids have well 

documented antimicrobial properties and are produced as an innate immune defense against 

microbial infection, although the exact mechanism of toxicity is unclear (300). Moreover, while 

the length of the fatty acid tail may differ, the biochemical composition of the head group and 

fatty acid saturation would allow an effector site to bind many types of these fatty acids 

facilitating flexibility of the induction mechanism.  However, inclusion of various candidate 

LCFAs (50 µM) did not disrupt binding of NfxB to mexCD-oprJ operator DNA in an EMSA 

indicating that LCFAs are not NfxB effector molecules.  A recent study demonstrated using 

EMSAs that LCFAs act as effector molecules for the repressor PsrA (334).  PsrA regulates 

expression of several genes, such as faoAB, encoding enzymes in the β-oxidation pathway used to 
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break down fatty acids, which are produced during normal cellular processes.  Specifically, 50 

µM of several candidate LCFAs including myristic acid and palmitic acid solubilized in Brij-58 

(0.01% wt/vol) reversed binding of PsrA to a DNA fragment containing the faoAB regulatory 

region (334).  Export of fatty acids by MexCD-OprJ constitutes a more extreme response to 

accumulation of toxic fatty acids in the membrane as exported fatty acids are unavailable for 

future use by the cell.  Therefore, it makes sense that PsrA would be more sensitive to LCFA 

effector molecules than NfxB as induction of the β-oxidation pathway is a more appropriate first 

response. Consequently, while 50 µM LCFAs are enough to reverse an interaction of PsrA with 

its cognate operator, it may be insufficient to influence binding of NfxB to the mexCD-oprJ 

regulatory region.  In future studies, higher concentrations of LCFAs should be assessed for their 

impact on NfxB binding.   

MexCD-OprJ hyperexpressing nfxB mutants were selected on erythromycin.  Curiously, 

out of almost 40 nfxB mutants, only four had frameshift or non-sense mutations capable of 

severely disrupting NfxB suggesting that such mutations incur a fitness disadvantage and are 

outcompeted.  Approximately half of the nfxB mutants had an A600C mutation that codes for a 

Stop200C replacement and continued translation of NfxB resulting in a protein of 267 residues, 

68 residues longer than WT.  Additional residues would be added onto the C-terminus, which 

considering the structural model of NfxB, are unlikely to directly perturb the N-terminal HTH.  In 

this study we demonstrated that the core region of NfxB is essential for the formation of NfxB-

NfxB interactions and that mutants unable to self-associate were defective in their ability to 

repress mexCD-oprJ expression.  As such, the close proximity of the additional C-terminal 

residues to the core region may interfere with the longer NfxB variant’s ability to self-associate 

and so compromise its ability to repress mexCD-oprJ.  An nfxB strain, K1536, described 
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previously in the literature as a hyperexpressor of MexCD-OprJ (207); the nfxB gene was found 

to have an A600C nfxB missense mutation.  Still it is surprising that among so many potential 

mutations that could disrupt NfxB function, mutations causing major disruption to NfxB activity 

are so rare and the A600C mutation is so common.  An nfxB null strain was constructed to 

determine the magnitude of MexCD-OprJ expression in the absence of NfxB repression.  

Previous attempts to construct an nfxB deletion mutant using standard approaches had been 

unsuccessful (K Poole, unpublished) requiring our group to use an accelerated marked deletion 

approach pioneered by HP Schweizer (310).  Compared to WT, deletion of nfxB resulted in 441-

fold increase in mexCD-oprJ expression.  Again compared to WT, the introduction of the 

nfxBA600C missense mutation resulted in only an 86-fold increase in mexCD-oprJ expression (a 

quarter of the ΔnfxB strain).  Moreover, the ΔnfxB strain was more resistant the nfxBA600C strain to 

MexCD-OprJ-effluxed antimicrobials (data not shown) consistent with heightened expression of 

mexCD-oprJ.  One exception was that the nfxBA600C strain was more resistant than the ΔnfxB 

strain to the MDA and MexCD-OprJ substrate, CHX.  This could be because envelope stress 

compounds the fitness defect inherent to the ΔnfxB strain sensitizing it to envelope perturbation.  

Curiously, among the nfxB null strain stock there is a subpopulation that demonstrated an 

alternate colony morphology, nfxB WT levels of mexCD-oprJ expression and drug resistance and 

were confirmed to be nfxB-null.  These strains had potential secondary suppressor mutations that 

counter mexCD-oprJ hyperexpression (data not shown).  This indicates that the level of 

hyperexpression of mexCD-oprJ that occurs in the absence of nfxB is detrimental to the cell and 

thus is rapidly counterselected.  The nfxB mutants derived in this study demonstrated far less 

mexCD-oprJ upregulation than the nfxB null strain.  Only the NfxB G192D variant showed mexCD-

oprJ expression similar to the nfxB null strain, but this mutant was reconstructed after being 
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identified in a previous study so little can be concluded regarding the comparative fitness impact 

of this mutation.  Altogether, complete loss of nfxB seems to incur a dramatic fitness cost to the 

organism.  The existence of MexCD-OprJ and its induction during envelope stress suggests that it 

plays an important protective/restorative natural role, but when fully derepressed may export 

inappropriate substrates or excessively export its intended ones.  Hypothetically, export of 

unneeded fatty acids during membrane remodeling is useful but exporting fatty acids even if they 

are needed is detrimental.   

In this study several nfxB mutants were generated and assessed for functional activities to 

better understand what domains and residues are important for NfxB function.  Moreover, these 

mutations can provide key insights into how NfxB mechanistically functions.   

The NfxBS48R variant has an amino acid substitution in the second helix of the HTH 

region, which is thought to be the most important region for interaction with the DNA operator.  

This mutant analyzed with the 1-hybrid approach demonstrated self-association activity equal to 

that of WT.  Moreover, in the negative dominance studies, this mutant most successfully 

disrupted regulation by the endogenous NfxB.  Together, this implies that NfxBS48R has a fully 

functional core domain responsible for dimerization and a distorted HTH compromised for its 

ability to bind the operator.  Such an outcome is consistent with our structural prediction model of 

NfxB which clearly separates the HTH DNA-binding domain from the core domain of the 

protein.   

In contrast, the NfxBH99R demonstrates almost no propensity to self-associate in the 1-

hybrid studies and was unable to exert negative dominance over endogenous WT NfxB.  The 

same was observed with the NfxBF147S mutant.  EMSA studies showed that high concentrations of 

NfxBF147S were able to interact with the DNA fragment II encompassing the mexCD-oprJ 
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regulatory region indicating that some measure of functional activity remains, albeit much less 

than WT, and explains why these mutations do not result in complete derepression of mexCD-

oprJ  as is observed in the nfxB-null strain.  The NfxB core region is predicted to fold as five α-

helices in parallel forming a rough cylinder (Figure 2.10).  The F147 residue is predicted to sit 

inside of the loop between two of the α-helices and H99 residue is predicted to be buried in the 

axial core of the five helices.  Therefore, it is unlikely that these residues are responsible for 

directly interacting with another protomer; instead their topographical location likely gives them 

considerable influence on the overall structure of NfxB and, through this, could allow these 

residues to influence the folding of (or disruption of) the dimerization face. 

NfxBG166D demonstrated a moderate (but not WT level) propensity to self-associate and 

was able to exert some negative dominance over exogenously expressed NfxB suggesting that 

this mutant retains an ability to oligomerize.  Moreover, NfxBG166D was able to bind mexC nfxB 

intergenic operator DNA (fragment II), albeit not to the same extent as NfxB WT.  In light of this, 

it is puzzling that the size-exclusion chromatogram of NfxBG166D revealed only one NfxB-

containing peak corresponding to a molecular weight of 19.5 kDa, roughly that of an NfxB 

monomer.  This observation is likely an artifact of the in vitro nature of the size-exclusion 

chromatography experiment; all other in vivo data supports NfxBG166D oligomerization.  Since 

G166 remains far from the hinge region and HTH domain it is unlikely that it directly influences 

the DNA-binding domain.  However, substitution at this residue could contort the geometry of the 

NfxB homodimer resulting in a misalignment in the DNA-binding domains of the protomers thus 

preventing them from binding the operator. 

NfxBG192D by all biochemical assessments seems to be the most defective of the NfxB 

variants.  It showed very little potential to self-associate in the 1-hybrid assay and was not able to 
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exert negative dominance suggesting that it cannot interact with WT NfxB.  The size-exclusion 

chromatograph showed two peaks, one with a predicted molecular weight of 19.5 kDa – 

potentially a monomer, and one with a predicted molecular weight of 49.4 kDa – potentially a 

dimer.  The SWISS-MODEL predicted structural model of NfxB places G192 at the start of a 

small C-terminal tail coming off of the core domain roughly in line with its rotational axis and 

opposite to the N-terminal HTH and hinge DNA-binding domain.  In comparison to LacI 

structure, G192D is appropriately placed to be involved in forming the tether between two NfxB 

homodimers (229).  The inability of NfxBG192 to form a tetramer negatively impacts it ability to 

interact with the mexCD-oprJ regulatory region.  In support, NfxBG192D was unable to bind the 

DNA fragment (II) encompassing the mexCD-oprJ regulatory region; interestingly, at the highest 

concentration of NfxBG192D (400 ng) a smaller shift was observed consistent with NfxB weakly 

binding as a lone homodimer instead of as a tetramer.    

Although the NfxB structure prediction model is useful in theorizing how missense 

mutations may affect NfxB, it is no substitute for a crystal structure.  A crystal structure would 

allow a more accurate interpretation of the missense mutant phenotypes and help flag key regions 

such as the dimerization plane or inducer binding pocket that could be investigated in future 

NfxB functional characterizations.   
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Chapter 3  

Characterization of PA4596, a novel regulator of the multidrug efflux 

operon mexCD-oprJ in Pseudomonas aeruginosa 

 

3.1 Abstract 

MexCD-OprJ is an RND-type multidrug efflux pump present in P. aeruginosa. It 

accomodates, and as such provides resistance to, several clinically important antimicrobials.  

mexCD-oprJ is negatively regulated by NfxB, a LacI-type repressor.  A homologue of NfxB, 

PA4596, was induced in response to envelope stress in an AlgU-dependent manner and is directly 

repressed by NfxB.  Loss of PA4596 resulted in increased resistance to the biocide chlorhexidine 

(CHX), also an inducer of the AlgU envelope stress response, shown to be a result of increased 

expression of mexCD-oprJ in the presence of CHX.  Susceptibility to CHX was restored upon 

expression of PA4596 from the plasmid pAK1900 as was decreased expression of mexCD-oprJ 

in the presence of CHX indicating that PA4596 contributes to mexCD-oprJ repression in the 

presence of CHX.  Translation of PA4596 was initiated at an alternate AUG start codon 177 bp 

upstream of the currently annotated start codon.  PA4596, shown to self-associate in a 1-hybrid 

approach, is capable of forming multimers in solution as determined using size exclusion 

chromatography.  In the absence of NfxB, PA4596 is unable to contribute to repression of 

mexCD-oprJ.  However, NfxB and PA4596 interact and together form a repressor capable of 

regulating mexCD-oprJ expression.   
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3.2 Introduction 

Pseudomonas aeruginosa, a Gram-negative microorganism, is a clinically-relevant 

opportunistic pathogen that is challenging to treat due to considerable intrinsic antimicrobial 

resistance.  This resistance is the result of a highly impermeable envelope that is complemented 

by several Resistance-Nodulation-Division (RND)-type multidrug efflux pumps (302).  These 

membrane-localized pumps export an extensive range of structurally dissimilar compounds 

including antimicrobials allowing the cell to avoid their toxic effects (173).  Currently, twelve 

RND-type multidrug efflux systems are encoded in the P. aeruginosa genome; however, only 

four, MexAB-OprM, MexXY-OprM, MexEF-OprN, and MexCD-OprJ, are thought to contribute 

to antimicrobial resistance (156, 160-172).  MexAB-OprM and MexXY-OprM function as 

intrinsic antimicrobial resistance determinants (160, 195).  MexEF-OprN and MexCD-OprJ can 

also contribute to antimicrobial resistance when their expression is mutationally upregulated or 

induced under certain conditions (161, 162, 205, 272).   

The MexCD-OprJ efflux system has a structure typical of three-component RND-type 

efflux pumps: the inner-membrane RND-component MexD forms a peristaltic pump with the 

outer-membrane porin OprJ. The MexD-OprJ linkage is seal and stabilized by the periplasmic 

membrane fusion protein MexC (161).  Together these components export, and as such contribute 

to resistance to, antimicrobials including fluoroquinolones, cephems, macrolides, and several 

biocides (179, 205, 208). 

MexCD-OprJ can be hyperexpressed in nfxB mutants (200), several of which have been 

identified as clinical isolates (202, 303-305).  These mutants (e.g. P. aeruginosa K1536) carry a 

mutation in nfxB that encodes a repressor of mexCD-oprJ expression (161, 200-203). NfxB likely 

belongs to the LacI family of transcriptional regulators considering sequence homology and the 
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conservation of amino acids forming a hinge region motif distinct to LacI-type repressors (200, 

201, 229).  NfxB represses expression of mexCD-oprJ by oligomerizing into a dimer of NfxB 

homodimers which then bind to two inverted repeats, here designated B1 and B2, located in the 

mexCD-oprJ regulatory region thereby obstructing binding of RNA polymerase (RNAP) (A. 

Purssell, unpublished). 

In addition to being derepressed by loss of NfxB, MexCD-OprJ is inducible by a variety 

of non-antibiotic membrane-damaging agents (MDAs) which kill bacteria by compromising the 

integrity of the envelope.  Examples of these compounds include benzalkonium chloride (BZK) 

and CHX, both of which are biocides widely used clinically (204-206). Induction of mexCD-oprJ 

by MDAs occurs as part of the AlgU-mediated envelope stress response (205).  AlgU is normally 

sequestered by its anti-sigma factor MucA, which is anchored in the inner membrane (224, 286).  

A second protein MucB binds the periplasmic face of MucA, further stabilizing MucA and, 

consequently, acts as a negative regulator of AlgU (286, 287, 289).  Envelope stress triggers a 

regulated intramembrane proteolysis of MucA which releases AlgU so it can interact RNAP, 

thereby causing an upregulation of the AlgU regulon allowing the cell to respond to the envelope 

stress (290, 292).  One member of this regulon is mexCD-oprJ, although currently it is unclear 

what role MexCD-OprJ plays in the envelope stress response (205).   

PA4596 is a gene located adjacent to oprJ in both P. aeruginosa and Pseudomonas 

putida and encodes a protein product with 60% identity (76% similarity) to NfxB (154) (Figure 

3.1).  RNA microarray data showed that PA4596 was upregulated in response to CHX-induced 

membrane stress in an AlgU-dependent fashion (i.e. PA4596 is not induced by CHX in a ∆algU 

strain) (C. Dean and D. Daigle, unpublished), which mirrors how mexCD-oprJ is induced.   
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Figure 3.1. Alignment of PA4596 and NfxB amino acid sequence   

 

BLASTP alignment of PA4596 (top row) and NfxB (bottom row) indicates a sequence identity of 

60% and similarity of 76%.  Residue number shown to left of row.  In the middle row indicating 

conserved residues, a letter indicates an identical residue, + indicates a similar residue, and a 

blank space indicates that residues are not similar. 
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Considering the close similarity of its protein product to NfxB and location next to mexCD-oprJ, 

PA4596 may have a role in regulating mexCD-oprJ expression.   

 

3.3 Materials and Methods 

3.3.1 Bacterial strains and plasmids 

The bacterial strains and plasmids used in this study are listed in Table 3.1.  Bacterial 

cells were cultured in Luria broth (L-broth) and on Luria agar (L-agar) with antimicrobials, as 

necessary, at 37°C. Plasmids pEX18Tc and its derivatives as well as plasmids pMS604 and its 

derivatives were maintained in E. coli with tetracycline (10 μg/ml).  Plasmids pET23a (Novagen, 

Madison, Wisconsin) and its derivatives as well as pDP804s and its derivatives were maintained 

in E. coli with ampicillin (100 μg/ml).  Plasmids pAK1900 and its derivatives were maintained in 

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

 

3.3.2 DNA methods 

Standard protocols were used for restriction endonuclease digestion, ligation, 

transformation, plasmid isolation, agarose gel electrophoresis, and preparation of chemically 

competent (CaCl2) E. coli cells as described by Sambrook and Russell (306).  Electrocompetent 

P. aeruginosa cells were prepared as described by Choi and Schweizer (307).  Chromosomal 

DNA was extracted from P. aeruginosa using the DNeasy® Blood and Tissue kit (Qiagen Inc., 

Mississauga, Ontario).  Plasmids were prepared from E. coli using a GeneJET™ Plasmid 

Miniprep kit (Fermentas Canada Inc., Burlington, Ontario) according to the protocol provided by 

the manufacturer.  The Wizard® SV Gel and PCR Clean-Up System kit (Promega Corp., Nepean,  
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Table 3.1. Bacterial strains and plasmids 

   

Strain or 
plasmid Relevant characteristicsa Reference 

E. coli   

DH5α Φ80d lacZ∆M15 endA1 recA1 hsdR17 (rK
- mK

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

375 

S17-1 thi pro hsdR recA Tra+ 376 

SU101 PromotersulA(op+/op+)-lacZ 336 

SU202 PromotersulA(op408/op+)-lacZ 336 

BL21 (DE3)  BL21 (DE3) (pLysS) 377 

P. aeruginosa   

K767 PAO1 prototroph 249 

K1536 K767 nfxBStop200C 207 

K2951 K767 ΔnfxB 319 

K2952 K767 ΔPA4596 319 

K2443 K767 ΔalgU 205 

K3292 K767 ΔPA4596 ΔalgU This study 

K2953 K1536 ΔPA4596 319 

K2955 K767 ΔPA4596 ΔnfxB - Gmr This study 

Plasmids   

pEX18Tc Gene Replacement Vector; oriT+ sacB Tcr 312 

pPS856 Source of Gmr cassette 312 

pFLP2 Source of Flp recombinase; Apr Cbr 312 

pACP109 pEX18Tc:: ΔnfxB-Gmr This study 

pACP129 pEX18Tc:: ΔPA4596-Gmr This study 

pET23a Expression vector; Apr Novagen 

pACP118 pET23a::nfxB This study 

pACP130 pET23a::PA4596 This study 

pACP131 pET23a::PA4596-FLAG This study 

pAK1900 E. coli – P. aeruginosa shuttle cloning vector; 
ApR/CbR 

161 

pACP132 pAK1900::PA4596 This study 
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pACP133 pAK1900::PA4596M1A This study 

pACP134 pAK1900::PA4596M40A This study 

pMS604 LexA1-87WT-Fos Zipper Tcr 380 

pACP114 pMS604::nfxB This study 

pACP135 pMS604::PA4596 This study 

pDP804 LexA1-87408-Jun Zipper Apr 336 

pACP136 pDP804::nfxB This study 

a.Tc
r
, tetracycline resistance; Gm

r
, gentamicin resistance; Ap

r
, ampicillin resistance; Cb

r
, 

carbenicillin resistance 
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Ontario) was used to purify PCR products and to gel-purify DNA fragments generated by 

restriction endonuclease digestion.  Oligonucleotides were synthesized by Integrated DNA 

Technologies (IDT, Coralville, Iowa, USA) and nucleotide sequencing was performed by ACGT  

Corp. (Toronto, Ontario).  Polymerase chain reaction (PCR) was carried out using one of three 

polymerases: Phusion, Vent, or Taq.  The standard 50 μl PCR reaction mixture when using 

Phusion DNA polymerase contained 1 μg of chromosomal P. aeruginosa K767 DNA as template, 

1 μM of each primer, 0.3 mM each deoxynucleoside triphosphate (dNTP), 1 x GC Phusion 

polymerase buffer,  and 1 U Phusion DNA polymerase (New England Biolabs, Finnzymes Oy, 

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

subjected to 30 cycles of denaturation at 98°C for 30 sec, annealing at a reaction-specific 

temperature for 30 sec, and extension at 72°C for a reaction-appropriate time (15s / kb), before 

finishing with a 10 min incubation at 72°C.  The standard PCR reaction mixture for Vent 

polymerase included 1 μg of chromosomal P. aeruginosa K767 DNA as template, 1 μM of each 

primer, 0.3 mM each deoxynucleoside triphosphate (dNTP), 1 x Thermopol buffer,  10% 

(vol/vol) dimethyl sulfoxide (DMSO) and 1 U Vent DNA polymerase (New England Biolabs, 

Ipswich, Massachusetts).  Following an initial denaturation step at 95°C for 3 min, the mixture 

was subjected to 30 cycles of heating at 95°C for 30 sec, annealing at a reaction-specific 

temperature for 30 sec, and extension at 72°C for a reaction-appropriate time (1min / kb), before 

finishing with a 10 min incubation at 72°C.  A colony PCR approach was used to confirm 

construction of in-frame gene deletions (308) under conditions described in Chapter 2.   
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3.3.3 Alignment algorithms 

Alignment of PA4596 and NfxB amino acid sequences were carried out using the basic 

local alignment search tool protein (BLASTP) (335).  Alignment of nucleic acid sequences of the 

region upstream of PA4596 and mexCD-oprJ were carried out using the basic local alignment 

search tool nucleotide (BLASTN) (335). 

 

3.3.4 Antimicrobial susceptibility testing 

The antimicrobial susceptibilities of various P. aeruginosa strains were assessed in 96-

well microtitre plates using two-fold serial dilutions as described previously (196).  The minimum 

inhibitory concentration (MIC) of a compound was the lowest concentration that prevented 

visible growth after 18 hours of incubation.  Assessment of the chlorhexidine MIC involved using 

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

 

3.3.5 Quantitative real-time polymerase chain reaction 

P. aeruginosa cells grown in L-broth overnight at 37°C were subcultured (1:49) in fresh 

L-broth and incubated at 37°C while shaking for 2.5 hours.  Total bacterial RNA was isolated 

from 1 ml of log-phase culture using the High Pure RNA Isolation kit (Roche Diagnostics 

Canada, Laval, Quebec) according to the protocol provided by the manufacturer.  Samples were 

treated with Turbo DNA-Free (Ambion Inc., Streetsville, Ontario; 2 U enzyme per 50 μl sample 

for 45 min at 37°C) and were subsequently tested for DNA contamination by PCR.  RNA was 

converted into cDNA using the iScript cDNA Synthesis kit (Bio-Rad, Mississauga, Ontario) 

according to the manufacturer’s instructions.  Quantitative RT-PCR of the cDNA was performed 
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on a CFX96™ Real-Time PCR Detection System (Bio-Rad, Mississauga, Ontario) in 20 μl 

reaction mixtures consisting of 10 μl of SsoFast EvaGreen Supermix (Bio-Rad, Mississauga, 

Ontario), 0.6 μM of each the two primers corresponding to the gene being amplified mexD: q 

mexD F (5’-CTCGAGCTATACGTGCCTAAC-3’) and q mexD R (5’-

GTCCCTCTTCCCATTTCACG-3’), rpsL: q rpsL F (5’-GGCGTGCGTTACCACACCGT-3’) 

and q rpsL R (5’- GGACGCTTGGCGCCGTACTT-3’), PA4596: q PA4596 F (5’- 

GTTGGCAGTCCTATGTCGAAG-3’) and q PA4596 R (5’- 

ATGAAGAGTTCGCTGAAGGTC-3’), and nfxB: q nfxB F (5’- 

TGATTTCCCATGACGAGCGACTCA-3’) and q nfxB R (5’- 

AGGCCTGGATGATCTGGTTCAGTA-3’) and 5 μl of 1:24 diluted cDNA.  After an initial 3 

min denaturation, the mixture was subjected to 40 cycles of 10 sec at 95°C and 30 sec at 60°C.  

Following the completion of the 40 cycles, a melt curve was generated by denaturing the DNA 

for 10 sec at 95°C and then reducing the temperature by 0.5°C every 5 sec to determine if a 

unique PCR product was produced.  Expression of mexD, PA4596, and nfxB was normalized to 

rpsL using the ΔΔC(t) method of the CFX-manager software version 1.6 (Bio-Rad, Mississauga, 

Ontario).  Biological triplicates and technical replicates were performed for all samples.  A “no-

template” control was also included to ensure there was no genomic DNA contamination. 

 

3.3.6 Construction of nfxB and PA4596 deletions 

Deletions of nfxB were constructed using the method outlined by Choi and Schweizer 

(310) specifically described in Chapter 2.  Deletions of PA4596 were constructed using a similar 

approach.  The 585 bp upstream and 369 bp downstream regions flanking PA4596 were 

amplified, fused with a gentamicin resistance cassette and cloned into pEX18Tc.  The PA4596 
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upstream region was amplified with Vent polymerase (standard protocol described above) from 

P. aeruginosa K767 genomic DNA with the primers PA4596 U F BamHI (5’- 

AACCGGATCCCAGGGAGATGTCCTTGAGG-3’; BamHI site underlined) and PA4596 U R 

Gm (5’- TCAGAGCGCTTTTGAAGCTAATTCGAATGATTGACCATCGCGGT-3’; region 

overlapping with Gm
R
 cassette underlined), an annealing temperature of 58°C, and an extension 

time of 1 minute.  Similar PCR reaction conditions were used for amplification of the nfxB 

downstream region although instead using the primers PA4596 D F Gm (5’- 

AGGAACTTCAAGATCCCCAATTCGACCTGATCTACGGCATGGT-3’; region overlapping 

with Gm
R
 cassette underlined) and PA4596 D R HindIII (5’- 

AACCAAGCTTAAGGCACGCTACGAGAGT -3’; HindIII site underlined).  The PA4596 

upstream and downstream fragments were fused to the overlapping sequence on the Gm
R
 cassette 

using PCR.  The 50 μl reaction consisted of 50 ng of each of the upstream and downstream nfxB 

regions and the Gm
R
 cassette in 1 x HF Phusion polymerase buffer supplemented with 3% (vol / 

vol) DMSO, 3.5 mM MgCl2, 0.3 mM dNTPs, and 1 U Phusion DNA polymerase.  After an initial 

3 min incubation at 95°C and three cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min, 

1 μM of each of the primers PA4596 U F BamHI and PA4596 D R HindIII were added.  The 

reaction was subjected to another 25 cycles of 95°C for 1 min, 63°C for 1 min, and 72°C for 5 

min followed by a final 5 min incubation at 72°C.  The PCR product was run on an agarose gel 

and a 2 kb fragment was excised and purified.  Using BamHI and HindIII the ΔPA4596-Gm
R
 

fragment was cloned into the gene replacement vector pEX18Tc to create pACP129.  The 

upstream and downstream regions were sequenced to ensure no errors had been introduced during 

the PCR amplification.  pACP129 was mobilized into P. aeruginosa K767 from E. coli S17-1 via 

a previously described conjugation protocol (311).  Transconjugants were selected on L-agar 
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containing gentamicin (50 μg/ml) and then subsequently streaked on 10% (wt / vol) sucrose L-

agar supplemented with 50 μg/ml gentamicin to select for ΔPA4596::Gm
R
.  The Gm

R
 cassette 

was excised using a Flp recombinase as described previously (312).  Loss of PA4596 was 

confirmed using colony PCR as described above using the primers PA4596 U F BamHI and 

PA4596 D R HindIII, an annealing temperature of 60°C and an extension time of 2 min. 

When constructing the nfxB deletion in the P. aeruginosa strain K2952 (K767 ΔPA4596), 

the Gm
R
 cassette was not removed with Flp recombinase because it was not possible to excise the 

Gm
R
 cassette without also excising the mexCD-oprJ operon due to the presence of an FRT scar 

that remained from constructing the PA4596 deletion.   

 

3.3.7 Expression and purification of polyhistidine (His-) tagged NfxB and PA4596 protein 

and FLAG-tagged PA4596 

In order to facilitate the purification of NfxB, the nfxB gene was amplified using Phusion 

DNA polymersase from P. aeruginosa K767 chromosomal DNA under the standard Phusion 

PCR conditions with an annealing temperature of 62°C, an extension time of 30 sec, and the 

primers Exp nfxB F NdeI AS (5’- ACACCATATGCGCACAATCAGAAAAAC-3’; NdeI site 

underlined) and Exp nfxB R HindIII (5’- ACACAAGCTTGGAGCGAGCCGGATTGG-3’; 

HindIII site underlined).  The PCR product was digested with NdeI and HindIII and subsequently 

cloned into NdeI-HindIII-restricted-pET23a to make pACP118.    PA4596 was introduced into 

pET23a using an identical approach only differing in the PCR primers Exp PA4596 F NdeI AS 

(5’ ACACCATATGACACTCGCTCCCAGATC-3’; NdeI site underlined) and Exp PA4596 R 

XhoI (5’- ACACCTCGAGAGGGCTGGCAGGTTGTGC-3’; XhoI site underlined) and the 

restriction enzymes used NdeI and XhoI to produce pACP130.  Constructs were sequenced to 
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ensure no mutations were introduced.  NfxB-His and PA4596-His were purified using the 

approach described in Chapter 2.   

A PA4596-FLAG expressing construct was also produced.  The complementary ssDNA 

strands of FLAG tag-encoding DNA were ordered as custom oligos FLAG-tag XhoI + precut (5’- 

TCGAGGACTACAAGGACGATGACGACAAGTGAC-3’; XhoI site underlined) and FLAG-tag 

XhoI – precut (5’- TCGAGTCACTTGTCGTCATCGTCCTTGTAGTCC-3’; XhoI site 

underlined), resuspended to a concentration of 60 µM in dH2O, and annealed by heating the oligo 

mixture to 90°C and slowly decreasing the temperature to 20°C over 30 min to form the double-

stranded DNA flanked by XhoI compatible sticky ends.  The FLAG-tag was cloned into XhoI-

restricted pACP130 creating pACP131, which had the FLAG tag encoding sequence in frame 

with the 3’ end of the PA4596 gene and a downstream TGA stop codon to prevent translation of 

the polyhistidine-tag.   

The PA4596 expression vector, pACP131, was introduced into E. coli BL21 (DE3) 

carrying the pLysS plasmid.  Induction of PA4596-FLAG expression was carried out under the 

same conditions as described for PA4596-His.  Preparation of PA4596-FLAG-containing lysate 

and treatment with Deoxyribonuclease 1 were also carried in a similar fashion with the exception 

that imidazole was omitted from all buffers.  The PA4596-FLAG fusion protein was purified 

using Anti-FLAG M2 affinity gel (Sigma-Aldrich, St. Louis, Missouri) according to a protocol 

provided by the manufacturer.  Specifically, 500 µl of Anti-Flag M2 affinity gel was equilibrated 

in 10 ml of Buffer A and then incubated for 30 min at 20°C with the PA4596-FLAG-containing 

lysate.  The PA4596-FLAG-bound Anti-Flag M2 affinity gel was washes three times with Buffer 

A (10 ml for the first two washes and 2 ml for the final wash).  PA4596-FLAG was then eluted 

from the Anti-Flag M2 affinity gel with 500 μl of Buffer A containing 150 ng/µl 3X FLAG 
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peptide (Sigma-Aldrich, St. Louis, Missouri).  The eluted material was resolved on SDS-

polyacrylamide gels to confirm recovery and purity of PA4596-FLAG.  The concentration of 

PA4596-FLAG was quantified using a BCA Protein Assay Kit according to the protocol provided 

by the manufacturer.  All protein extractions were stored at -80°C in 10 % (vol/vol) glycerol. 

 

3.3.8 Electrophoretic mobility shift assay 

The interaction of NfxB and PA4596 with the mexCD-oprJ regulatory region was 

assessed using an electrophoretic mobility shift assay (EMSA).  Target DNA fragments included 

a 200 bp fragment (M1) encompassing the mexCD-oprJ regulatory region previously used in a 

study by Shiba et al. (200) and a 124 bp fragment (M2) consisting of the mexC-nfxB intergenic 

region.  Both of these fragments contain the B1 and B2 inverted repeats thought to be essential 

for NfxB-binding (A Purssell, unpublished).  The 200bp fragment was amplified using Phusion 

DNA polymerase using the standard conditions described above including a 30 sec extension 

time and the primers EMSA mexC reg F (5’- TCATGGGAAATCAGGGTCAT-3’) and EMSA 

mexC reg R (5’- TATTGCACGCAAATCAGCC-3’) and an annealing temperature of 56°C 

whereas the 124 bp fragment was amplified with the primers EMSA mexC-nfxB intergenic F (5’- 

TGTGCAGAAAACTGGCCT-3’) and EMSA mexC-nfxB intergenic R (5’- 

GACACACCCGACCGTTGA-3’) and an annealing temperature of 60°C.  Similarly, a fragment 

(P1) that including the 200 bp upstream of the annotated PA4596 translational start codon was 

amplified with primers EMSA PA4596 U200 F (5’-ACCTGACGCGAAGCAA-3’) and EMSA 

PA4596 R (5’- GCCAGTTCTCCCATGG-3’) and annealing temperature of 60°C.    

EMSAs were performed using the Electrophoretic Mobility Shift Assay Kit (Molecular 

Probes Inc., Eugene, Oregon) based on the protocol supplied by the manufacturer that is 
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specifically described in Chapter 2.  Where appropriate, the location of PA4596-FLAG was 

resolved using an anti-FLAG immunoblot.  After SYBR® Green staining and visualization, the 

EMSA gel was washed twice with dH2O.  Contents of the acrylamide gel were electrotransferred 

onto an Immobilon-P polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, 

Massachusetts) in a Mini Trans-Blot® Cell (Bio-rad, Mississauga, Ontario) in 1 x TBE buffer 

over 30 minutes at 50 V.  The membrane was then blocked with EMSA blocking buffer (5% 

[wt/vol] SDS, 125 mM NaCl, 25 mM Na2HPO4, pH 7.2) for one hour at 20°C.  After washing 

three times with phosphor-buffered saline with Tween-20 (PBST; 1x PBS is 137 mM NaCl, 12 

mM Phosphate, 2.7 mM KCl, pH 7.4 supplemented with 0.1% (vol/vol) Tween-20), membrane 

was incubated for one hour at 20°C submerged in rabbit anti-FLAG antibody (Sigma-Aldrich, St. 

Louis, Missouri) diluted 1:1000 in PBST supplemented with 1% (wt/ vol) bovine serum albumin 

(BSA).  The membrane was washed three times again with PBST and then incubated for one hour 

at 20°C submerged in Goat Anti-Rabbit IgG (H + L)-HRP Conjugate (Bio-rad, Mississauga, 

Ontario) diluted 1:10000 in PBST supplemented with 1% BSA.  The membrane was washed 

three times with PBST, then treated with Western Lighting-ECL (Perkin Elmer, Waltham, 

Massachusetts) according to protocols described by the manufacturer and exposed to Super RX 

X-ray film (Fujifilm) for 30s.  Film was developed using an X-OMAT 2000 processor (Kodak). 

 

3.3.9 Cloning of PA4596 and construction of PA4596 translation start codon mutants 

To complement loss of PA4596, a PA4596 containing fragment was cloned into the 

vector pAK1900.  The fragment was amplified with Vent polymerase from K767 chromosomal 

DNA using the standard protocol using the primers Com PA4596 F HindIII (5’- 

ACTGAAGCTTATTGATCCAAATCAGTCTCA-3’) and Com PA4596 R BamHI (5’- 
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ACTGGGATCCAGCGGGTAAACGTGTGGGAA-3’) with an annealing temperature of 60°C 

and an extension time of one minute.  The PCR product was digested with HindIII and BamHI 

and cloned into HindIII-BamHI-restricted pAK1900 to create pACP132.  Using site-directed 

mutagenesis, the two possible PA4596 ATG start codons were individually mutated so that they 

could not act as a translational start site and so define the true ATG start site.   Site-directed 

mutagenesis using the QuikChange® Lightening Site-Directed Mutagenesis kit was carried out as 

described above with pACP132 being used as template, an annealing temperature of 62°C, and an 

extension time of 6 min.  In one derivative of pACP132, the upstream ATG translational start 

codon was changed to GCG (encoding an M1A amino acid substitution) creating pACP133 using 

the primers SDM PA4596 M1A F (5’- AAAACCTCAAAAGCGACACTCGCTCCCAGATCCG 

-’3) and SDM PA4596 M1A R (5’- CGGATCTGGGAGCGAGTGTCGCTTTTGAGGTTTT-

3’).  As only the downstream ATG start codon remains, only a 19 kDa PA4596 product can be 

produced by this vector.  Similarly, the downstream ATG, originally annotated as the start codon 

for the gene (223), was changed to GCG (encoding an M40A amino acid substitution) using the 

primers SDM PA4596 M40A F (5’- CTGGCCACCGCGGCGGTCAATCATCCG-3’) and SDM 

PA4596 M40A R (5’- CGGATGATTGACCGCCGCGGTGGCCAG-3’) creating pACP134 

which can only produce a 23 kDa PA4596 product. 

 

3.3.10 Growth curves 

P. aeruginosa strains grown overnight at 37°C in L-agar were diluted to an OD600 of 

0.0025 in L-broth supplemented with CHX (¼ of the MIC of WT P. aeruginosa strain K767, 2 

µg/ml), and 100 µl was then incubated in 96-well flat-bottom plates.  Growth was assessed by 
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measuring the OD600 every 15 minutes for 18 hours at 37°C using a Varioskan microplate reader 

(Thermo Scientific, Vantaa, Finland).   

 

3.3.11 LexA 1-hybrid self-association assay 

In order to assess the ability of PA4596 to self-associate a LexA 1-hybrid approach was 

used.  PA4596 was amplified with Vent polymerase from P. aeruginosa K767 chromosomal 

DNA using the standard PCR conditions with primers PA4596 pMS604 F BstEII (5’-

GATCGGTGACCATGGTCAATCATCCGCGC-3’, BstEII site underlined) and PA4596 

pMS604 R XhoI (5’-GATCCTCGAGTCAAGGGCTGGCAGGTTG-3’, XhoI site underlined), an 

annealing temperature of 58°C, and an extension time of 1 min.  The fragment was cloned into 

pMS604 using the restriction enzymes BstEII and XhoI to form the vector pACP135. nfxB was 

amplified with Phusion polymerase from P. aeruginosa K767 chromosomal DNA using the 

standard PCR conditions with primers nfxB Orig pMS604 F BstEII (5’- 

GATCGGTGACCATGACCCTGATTTCCCATGAC-3’; BstEII site underlined) and nfxB 

pMS604 R PvuII, an annealing temperature of 65°C, and an extension time of 30 min.  

Restriction digest of pMS604 with endonucleases BstEII and PvuII allowed excision of the fos 

zipper gene and insertion of the nfxB BstEII-PvuII-restricted PCR products to create pACP114.   

These plasmids, pACP135 and pACP114, were individually transformed into the E. coli strain 

SU101, a strain harboring a lacZ gene linked to the wild-type LexA operator. The natural LexA 

protein is able to dimerize and bind to this operator, thus repressing transcription of lacZ. The 

LexA1-87 protein encoded on the plasmid pMS604 lacks the dimerization domain and can only 

function as a repressor if fused to a protein that is able to self-associate. Consequently, lacZ 

expression is downregulated in the event of fusion protein self-association, which is measurable 
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using a β-galactosidase assay.  E. coli SU101 harboring  pMS604 or derivatives were grown 

overnight at 37°C in L-broth supplemented with tetracycline (5 µg/ml) and then diluted 1:49 in L-

broth supplemented with 1mM IPTG and grown at 37°C to an absorbance at 600 nm of 0.4 to 0.6. 

The β-galactosidase assay was carried out as described previously (309).   

 

3.3.12 Size exclusion chromatography 

Analytical size-exclusion chromatography of PA4596 protein (1500 µl of 400 ng/µl) was 

carried out on a Superdex 200 10/300 GL column (GE Healthcare Bio-Sciences AB, Uppsala, 

Sweden) connected to an ÄKTA fast protein liquid chromatographic system (GE Healthcare Bio-

Sciences AB, Uppsala, Sweden).  Samples were run in the presence of Buffer A at 0.5 ml/min, 

collected in 1 ml fractions, and analyzed at 280 nm.  Elution fractions pertaining to the A280 peaks 

observed on size-exclusion chromatograph were resolved using SDS-PAGE to determine if 

PA4596 was present.   

A standard curve was generated by plotting of log(M) versus [VE-Vo]/[VC-Vo] (M, 

molecular mass; VE, elution volume; Vo, void volume; VC, column volumn) (317) for defined 

Bio-Rad (Mississauga, Ontario) Gel Filtration Standards (M, VE) including γ-globulin (bovine) 

(158 kDa, 12.75 ml), Ovalbumin (chicken) (44 kDa, 15.4 ml), Myoglobin (horse) (17 kDa, 17.3 

ml), Vitamin B12 (1350 Da, 20.4 ml).  This standard curve was used to generate molecular mass 

approximations (M) from the elution volume (VE) corresponding to the A280 peaks containing 

PA4596. 
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3.3.13 LexA 2-hybrid interaction assay 

For assessment of an NfxB-PA4596 interaction, the modified LexA 2-hybrid approach 

developed by Dmitrova was used (336).  The E. coli strain SU202 includes a lacZ gene with a 

hybrid LexA-repressible operator engineered into its promoter.  This hybrid operator can only be 

bound by a heterodimer of LexA (LexADBD) and LexA408 (LexA408DBD) DNA-binding domains 

encoded on pMS604 and pDP804 respectively.  Lacking the natural LexA dimerization domain, 

heterodimerization of the two DNA-binding domains can be promoted through an interaction of 

fused proteins which allows binding to the LexA-repressible operator, resulting in a decrease in 

lacZ expression which is quantifiable with a β-galactosidase assay (309).  A decrease in β-

galactosidase activity is indicative of an interaction between the fused proteins encoded in 

pMS604 and pDP804.  nfxB was amplified with primers nfxB F BssHII (5’-

GCAGGCGCGCATGACCCTGATTTCCCATGAC-3’, BssHII site underlined) and nfxB R BglII 

(5’-GCGGAGATCTTCAGGAGCGAGCCGGATT, BglII site underlined) using Vent 

polymerase with an annealing temperature of 60°C and an extension time of 1 min.  This 

fragment was cloned into pDP804 using the restriction enzymes BssHII and BglII to make 

pACP136.  pACP135 expressing LexADBD-PA4596 (whose construction is described above), and 

pACP136 expressing LexADBD408-NfxB were simultaneously transformed into E. coli SU202 

selecting on L-agar containing tetracycline (5 µg/ml) and ampicillin (100 µg/ml).  Cells were 

grown overnight at 37°C in L-broth supplemented with tetracycline (5 µg/ml) and ampicillin (100 

µg/ml) and then diluted 1:49 in L-broth supplemented with 1mM IPTG and grown at 37°C to an 

absorbance at 600 nm of 0.4 to 0.6. The β-galactosidase assay was carried out as described 

previously (309). 
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3.4 Results 

3.4.1 PA4596 negatively influences expression of mexCD-oprJ 

NfxB has been well documented as a repressor of mexCD-oprJ expression (161, 200).  

Comparison of the proteins NfxB and PA4596 revealed considerable sequence identity (60%) and 

similarity (76%) (Figure 3.1).  Thus, PA4596 may have functions similar to that of NfxB. 

Deletion of nfxB results in hyperexpression of MexCD-OprJ, manifesting as a clear 

measurable increase in resistance to MexCD-OprJ-effluxed antimicrobials (203); however, no 

increase in resistance (Table 3.2) was seen upon deletion of PA4596 in P. aeruginosa K767.   

Furthermore, qRT PCR revealed that deletion of PA4596 had very little impact on mexCD-oprJ 

expression, consistent with a lack of increased resistance to MexCD-OprJ-effluxed antimicrobials 

(Figure 3.2).  Loss of PA4596 did, however, yield an increase in resistance to CHX (Table 3.3), 

an envelope stress inducing compound and substrate of MexCD-OprJ (204). Complementation of 

the ΔPA4596 strain with pAK1900-encoded PA4596 (pACP132) restored susceptibility to CHX 

(Table 3.3).  Moreover, although loss of PA4596 appeared to have little impact on the ability of 

P. aeruginosa to grow in the presence of CHX, expression of PA4596 from pAK1900 resulted in 

growth inhibition (Figure 3.3).  One possible explanation is that PA4596 requires the presence of 

envelope stress to contribute to repression of mexCD-oprJ.  The influence of PA4596 on mexCD-

oprJ expression was examined in the presence of CHX (envelope stressing conditions).  Loss of 

PA4596 resulted in an almost 12-fold increase in mexCD-oprJ induction relative to CHX-exposed 

WT (Figure 3.2); consistent with PA4596 repressing mexCD-oprJ.  Furthermore, this 

enhancement of mexCD-oprJ induction was lost upon deletion of algU (Figure 3.2) in agreement 

with previous data that mexCD-oprJ transcription is dependent on this sigma factor (205).  

Interestingly, in the absence of algU a comparably small (3-fold) level of mexCD-oprJ induction  



 

124 

 

 

 

 

 

 

 

 

Table 3.2. Impact of PA4596 on resistance to MexCD-OprJ-effluxed antimicrobials in P. 

aeruginosa  

 

  

Strain PA4596
a NAL CP NOR CM

K767 + 64 0.125 0.5 25

K2952 - 64 0.125 0.5 25

a. PA4596 chromosomally encoded (+) or absent (-)

b. NAL, nalidixic acid; CP, ciprofloxacin; NOR, norfloxacin; CM, chloramphenicol

MIC (µg/ml) for
b
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Figure 3.2. Influence of PA4596 and algU on mexCD-oprJ expression in response to 

envelope stress  

 

The expression of mexD as an indicator of mexCD-oprJ was assessed using real-time quantitative 

PCR in P. aeruginosa K767 (WT) and PA4596 and algU null derivatives grown in the absence of 

CHX (lanes 1, 3, 5, and 7) or exposed for 30 min to CHX (1/4 MIC: 2 µg/ml AlgU
+
, 0.5 µg/ml 

AlgU
-
 ) (lanes 2, 4, 6, and 8).  Expression was normalized to rpsL and is reported relative to 

expression in P. aeruginosa K767 (WT).  Values shown are means + standard deviation (SD) 

(error bars) from at least three independent determinations.   
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Table 3.3. Impact of PA4596 on resistance to chlorhexidine  

  

Strain
a

Plasmid
b

PA4596
c

MIC (µg/ml) for CHX
d

WT - 8

ΔPA4596 - 10

ΔPA4596 pAK1900 10

ΔPA4596 pACP132 WT 5

ΔPA4596 pACP133 PA4596M1A 8

ΔPA4596 pACP134 PA4596M40A 6

a. MIC assessed in P. aeruginosa K767 (WT) or PA4596 null derivative

b. strain does not contain a plasmid (-) or harbors plasmid as indicated

c. PA4596 variant expressed from plasmid

d. CHX, chlorhexidine
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Figure 3.3. Impact of cloned PA4596 on growth of P. aeruginosa cells in the presence of 

CHX-promoted envelope stress 

 

Growth of P. aeruginosa strains at 37°C in L-broth in the presence of ¼ of the WT MIC of CHX 

(2 µg/ml) was monitored by measuring the optical density at 600 nm (OD600) every 15 minutes 

over 18 hours.  Strains included P. aeruginosa K767 (WT) as well as a PA4596 null derivative 

(ΔPA4596) with no plasmid or harboring pAK1900 (no insert) or pAK1900 encoding PA4596.  

The results shown are representative of 3 independent experiments. 
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remained signifying that an algU-independent pathway of MexCD-OprJ induction may exist 

(Figure 3.2). 

Since nfxB and mexCD-oprJ have overlapping promoter regions (both are coordinately 

repressed by binding of NfxB) (161), it was likely that nfxB expression would also be induced in 

response to envelope stress.  Quantification of nfxB expression in the presence of CHX-promoted 

envelope stress demonstrated that nfxB expression increased more than 8-fold (Figure 3.4A).  

Moreover, induction of nfxB expression in response to envelope stress was lost upon deletion of 

algU (Figure 3.4A) indicating that, like mexCD-oprJ, its expression is dependent on AlgU. 

 

3.4.2 PA4596 is induced in response to envelope stress in an AlgU-dependent fashion 

PA4596 contributed to the repression of mexCD-oprJ, although only in the presence of 

CHX-promoted envelope stress.  This could be because PA4596 expression is normally 

quiescent; however, in the presence of envelope stress, such as that generated by exposure to 

CHX, PA4596 is induced and therefore capable of repressing expression of mexCD-oprJ.  As 

well, MexCD-OprJ was shown to be induced in response to envelope stress, which also required 

the presence of AlgU (Figure 3.2), indicating that mexCD-oprJ and PA4596 may be regulated 

through the same mechanism.  In fact, RNA microarray data showed that PA4596 was 

upregulated in response to CHX-induced membrane stress in an AlgU-dependent fashion (i.e. 

PA4596 is not induced by CHX in a ∆algU strain) (C. Dean and D. Daigle, unpublished).  qRT 

PCR showed that PA4596 was induced 20-fold in the presence of CHX-generated envelope 

stress, which was absent in an ΔalgU strain (Figure 3.4B).   
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Figure 3.4. Impact of AlgU and envelope stress on expression of nfxB and PA4596 

 

The expression of A) nfxB and B) PA4596 was assessed using real-time quantitative PCR in P. 

aeruginosa K767 (WT) and an algU null derivative grown in the absence of CHX (lanes 1 and 3) 

exposed for 30 min to CHX (1/4 MIC: 2 µg/ml AlgU
+
, 0.5 µg/ml AlgU

-
 ) (lanes 2 and 4).  

Expression was normalized to rpsL and is reported relative to expression in P. aeruginosa K767 

(WT).  Values shown are means + standard deviation (SD) (error bars) from at least three 

independent determinations.   
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3.4.3 PA4596 is negatively regulated by NfxB 

Because mexCD-oprJ and PA4596 have similar expression patterns, it was possible that 

PA4596 was repressed by NfxB.  In the absence of nfxB, PA4596 expression increased 22-fold 

(Figure 3.5A), although this was substantially less than the 376-fold increase in mexCD-oprJ 

expression resulting from loss of nfxB (Figure 3.5B).  This result indicates that NfxB represses 

PA4596. 

NfxB could be either be directly or indirectly repressing PA4596.  EMSAs were used to 

investigate if NfxB could bind to the PA4596 regulatory region.  One hundred ng of purified 

NfxB-His shifted a fragment (P1) that consisted of the 200 bp upstream of the annotated PA4596 

translational start codon (Figure 3.6) demonstrating that NfxB repression of PA4596 expression is 

direct.  NfxB regulates mexCD-oprJ expression by binding to two inverted repeats, B1 and B2, 

found in the mexCD-oprJ regulatory region (A Purssell, unpublished).  Curiously, comparison of 

mexCD-oprJ and PA4596 regulatory regions reveals only a modestly similar B1 site and no 

equivalent B2 site (Figure 3.7) making the NfxB is binding site in the PA4596 regulatory region 

unclear. 

 

3.4.4 PA4596 and mexCD-oprJ can be induced in response to envelope stress in the absence 

of NfxB  

Interestingly, expression of mexCD-oprJ could be induced by envelope stress 1.7-fold in 

the absence of nfxB and 2.8-fold in the isogenic nfxB mutant P. aeruginosa K1536 (Figure 3.5B).  

Similarly, expression of PA4596 could be induced by envelope stress 1.6-fold in the absence of 

nfxB and 2.2-fold in the isogenic nfxB mutant P. aeruginosa K1536 (Figure 3.5A) signifying that 

induction of mexCD-oprJ and PA4596 in response to envelope stress does not occur solely  
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Figure 3.5. Impact of NfxB and envelope stress on the expression of PA4596 and mexCD-

oprJ  

The expression of A) PA4596 was assessed using real-time quantitative PCR in P. aeruginosa 

K767 (WT) and an nfxB null derivative (Δ) and an isogenic nfxBA600C mutant (A600C) grown in 

the absence of CHX (-) exposed for 30 min to CHX (+)  (1/4 MIC: 2 µg/ml in WT, 3.5 µg/ml in 

ΔnfxB, 5 µg/ml in nfxB ).  The expression of B) mexD as an indicator of mexCD-oprJ expression 

was assessed using real-time quantitative PCR in P. aeruginosa K767 (WT) and PA4596 null 

derivatives (Δ) and nfxB null derivatives (Δ) and isogenic nfxBA600C mutants (A600C)  grown in 

the absence of CHX (-) exposed for 30 min to CHX (+)  (1/4 MIC: 2 µg/ml in WT, 3.5 µg/ml in 

ΔnfxB, 5 µg/ml in nfxBA600C ).  Expression was normalized to rpsL and is reported relative to 

expression in P. aeruginosa K767 (WT).  Values shown are means + standard deviation (SD) 

(error bars) from at least three independent determinations.   
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Figure 3.6. Assessment of ability of NfxB to interact with the PA4596 regulatory region 

 

EMSA of increasing concentrations of purified NfxB-His (0 ng, lane 1; 50 ng, lane 2; 100 ng, 

lane 3; 200 ng, lane 4; 400 ng, lanes 5 and 6) incubated with 50 ng of the DNA fragment (P1) that 

consisted of the 200 bp upstream of the annotated PA4596 translational start codon (lanes 1 – 5) 

or in the absence of DNA (lane 6).  
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Figure 3.7. Sequence comparison of the mexCD-oprJ and PA4596 regulatory regions  

 

BLASTN alignment of nucleic acid sequences of the region upstream of mexCD-oprJ (top row) 

and PA4596 (bottom row).  Inverted DNA repeats, B1 and B2 (underlined), known to be bound 

by NfxB are indicated on the sequence of the region upstream of mexCD-oprJ.   
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through alleviation of NfxB repression.  Instead, it is likely that NfxB-independent induction of 

mexCD-oprJ and PA4596 may occur directly from additional AlgU-mediated recruitment of 

RNAP to PA4596 and mexCD-oprJ promoters consistent with CHX-induction of expression of 

mexCD-oprJ and PA4596 being AlgU-dependent.   

 

3.4.5 Determination of PA4596 translational start site 

Examination of the DNA sequence upstream of the annotated start codon of PA4596 

reveals that PA4596 has more than one potential translational start site (154).  Site-directed 

mutagenesis was used to individually modify each of the ATG start codons on PA4596, replacing 

them with an alanine coding codon (GCG) incapable of acting as a translation initiation site; this 

created pACP133 and pACP134 encoding PA4596M1A and PA4596M40A respectively.  These 

PA4596 constructs were mobilized into the PA4596-deletion strain P. aeruginosa K2952 and 

were assessed for their ability to restore susceptibility to CHX and impact on mexCD-oprJ 

expression.  Expression of PA4596 (WT) in P. aeruginosa ΔPA4596 strain resulted in an increase 

in susceptibility to CHX to a MIC of 5 µg/ml (Table 3.3).  Moreover, it reduced induction of 

mexCD-oprJ 5.2-fold compared to the pAK1900 vector control (Figure 3.8) demonstrating that 

expression of PA4596 from pAK1900 was capable of complementing loss of PA4596.  In 

contrast, expression of PA4596M1A in P. aeruginosa ΔPA4596 increased susceptibility to CHX to 

an MIC of 8 µg/ml (Table 3.3) and reduced induction of mexCD-oprJ only 1.2-fold compared to 

the pAK1900 vector control (Figure 3.8) indicating that PA4596M1A transcribed from the 

downstream ATG start codon is functionally defective. Therefore, translation of PA4596 likely 

occurs from the upstream ATG start codon.  Interestingly, expression of PA4596M40A also had a 

limited impact on susceptibility to CHX (MIC of 6 µg/ml) (Table 3.3) and reduction of mexCD- 
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Figure 3.8. Impact of cloned PA4596 and PA4596 start codon mutants on induction of 

mexCD-oprJ expression in response to envelope stress  

The expression of mexD as an indicator of mexCD-oprJ was assessed using real-time quantitative 

PCR in P. aeruginosa K767 (WT) (lanes 1 and 2) and PA4596 null derivative (Δ) (lanes 3-12) 

grown in the absence of CHX (-) (lanes 1, 3, 5, 7, 9, and 11) or exposed for 30 min to CHX (+) (2 

µg/ml) (lanes 2, 4, 6, 8, 10, and 12) having no plasmid (lanes 1-4), harboring pAK1900 with no 

insert (lanes 5 and 6) or harboring pAK1900 expressing PA4596 (WT) (lanes 7 and 8), 

PA4596M1A (M1A) (lanes 9 and 10) or PA4596M40A (M40A) (lanes 11 and 12).  Expression was 

normalized to rpsL and is reported relative to expression in P. aeruginosa K767 (WT).  Values 

shown are means + standard deviation (SD) (error bars) from at least three independent 

determinations.   
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oprJ induction (1.9-fold) (Figure 3.8) compared to complementation with WT PA4596.  Likely 

this is because the substitution of an alanine at residue 40 compromises the protein, rendering it 

less able to repress mexCD-oprJ.  Alternatively, this could be interpreted the occurrence of some 

initiation of translation at the downstream ATG, and so loss of this ATG start site would decrease 

the amount of PA4596 being produced.  While there are some examples of multiple ATG start 

codon’s being used in eukaryotic systems (337), it is unusual in prokaryotes and so it is unlikely 

that PA4596 is also translated at the downstream ATG start codon. 

 

3.4.6 PA4596 interacts with the mexCD-oprJ regulatory region 

PA4596 negatively regulates mexCD-oprJ expression in the presence of CHX-promoted 

envelope stress.  Considering the similarity of PA4596 to NfxB, it was likely that it did so by 

directly interacting with the mexCD-oprJ regulatory region.  As little as 50 ng of His-tagged 

PA4596 was able to shift the DNA fragment M1, a 200 bp fragment encompassing the mexCD-

oprJ regulatory region (Figure 3.9, lane 3).  Interestingly, 200 ng of His-tagged PA4596 

generated a second complex with a longer migration distance consistent with a higher-order 

PA4596 oligomer interacting with the DNA target (Figure 3.9, lane 4). The migration distance of 

this second band was identical to that seen for DNA bound by NfxB (data not shown). Since 

NfxB is thought to bind as a tetramer (A Purssell, unpublished), and PA4596 and NfxB have very 

similar molecular weights it is then likely that the second band with a longer migration distance is 

formed by two PA4596 homodimers binding the DNA target.   
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Figure 3.9. Assessment of ability of PA4596 to interact with the mexCD-oprJ regulatory 

region  

 

EMSA of increasing concentrations of purified PA4596-His (0 ng, lane 1; 50 ng, lane 2; 100 ng, 

lane 3; 200 ng, lanes 4 and 6; 400 ng, lane 5) incubated with 50 ng of the DNA fragment (M1) a 

200 bp fragment encompassing the mexCD-oprJ regulatory region (lanes 1 – 5) or in the absence 

of DNA (lane 6).  
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3.4.7 PA4596 is capable of self-associating and can interact with NfxB 

Since NfxB is capable of self-associating and forming higher order oligomers, PA4596 

may be similarly capable.  To confirm PA4596 self-association, a 1-hybrid approach was used 

where NfxB was cloned in frame with an N-terminal LexA DNA-binding domain (LexADBD) on 

pMS604 and assessed for its ability to repress a LexA-regulated lacZ harbored in E. coli SU101.  

The LexADBD can only bind to the operator and repress lacZ expression when dimerized, which 

requires an association between the C-terminal NfxB fusions.  Therefore, reduction in β-

galactosidase activity compared to the LexA DNA-binding domain alone as assessed with a β-

galactosidase assay represents a measure of PA4596 self-association (320).  PA4596 fused to 

LexADBD produced almost 4-fold less β-galactosidase activity than the LexADBD alone indicating 

that PA4596 self-associates (Figure 3.10).  This is not as large of a reduction in β-galactosidase 

activity (12-fold) as observed by NfxB fused to the LexADBD.  One interpretation is that PA4596 

having a lower self-association ability compared to NfxB.  Although equally possible is that 

PA4596 does not tolerate the LexA1-87 N-terminal fusion as well as NfxB does.   

The 1-hybrid approach, while a useful tool for determining if self-association activity is 

present, is unable to distinguish between formation of a dimer or a higher order oligomer.  Size-

exclusion chromatography (SEC) was used to determine the oligomeric state of purified His-

tagged PA4596 (Figure 3.11).  Two peaks were observed in the PA4596 size exclusion 

chromatograph having predicted molecular weights of 30.1 kDa, which could correspond to a 

PA4596 monomer, and 86.2 kDa, which while appearing to indicate formation of a PA4596 

trimer is not inconsistent with formation of PA4596 dimers and tetramers.  

As PA4596 and NfxB are similar and self-associate, there was the potential for the 

proteins to form a PA4596-NfxB heterocomplex.  A LexA 2-hybrid approach was used which is a  
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Figure 3.10. LexA 1-hybrid assessment of self-association of PA4596 
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β-galactosidase activity (Miller units) of E.coli SU101 strains expressing LexA DNA-binding 

domain alone (---) or fused to NfxB or PA4596 from plasmid pMS604. A reduction in β-

galactosidase activity is indicative of the fused protein (NfxB or PA4596) being able to self-

associate.  Values shown are means + standard deviation (SD) (error bars) from at least three 

independent determinations. 
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Figure 3.11. Size-exclusion chromatographic profile of PA4596 

 

Purified His-tagged PA4596 run through a size-exclusion column indicating the absorbance at 

280 nm measured in milliabsorbance units (mAU) of the eluent.  Molecular masses corresponding 

to the observed peaks were calculated from a standard curve generated from pre-run samples with 

known molecular weights.   
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modified version of the LexA 1-hybrid approach described previously.  The E. coli strain SU202 

includes a lacZ gene with a hybrid LexA-repressible operator engineered into its promoter.  This 

hybrid operator can only be bound by a heterodimer of LexA and LexA408 DNA-binding 

domains encoded on pMS604 and pDP804 respectively.  Heterodimerization of these two DNA-

binding domains can be accomplished through an interaction between respective C-terminal fused 

proteins, NfxB and PA4596 in this case.  This allows binding to the hybrid LexA-repressible 

operator and results in a decrease in lacZ expression which is quantifiable with a β-galactosidase 

assay as described by Miller (309).  In brief, a decrease in β-galactosidase activity is indicative of 

an interaction between the fused proteins encoded in pMS604 and pDP804.  The vectors pMS604 

and pDP804 encoding LexADBD-Fos and LexA408DBD-Jun protein fusions (positive control) had a 

β-galactosidase activity of 236 Miller units in E. coli SU202 (Figure 3.12).  Negative controls 

consisted of LexADBD-PA4596 and LexA408DBD-Jun protein fusions expressed together in E. coli 

SU202 having a β-galactosidase activity of 856 Miller units and LexADBD-Fos and LexA408DBD-

NfxB protein fusions expressed in E. coli SU202 having a β-galactosidase activity of 980 Miller 

units (Figure 3.12).  Expression of LexADBD-PA4596 and LexA408DBD-NfxB protein fusions in E. 

coli SU202 resulted in a β-galactosidase activity of 290 Miller units (Figure 3.12), a value 

comparable to the positive control (Fos and Jun) indicating that PA4596 and NfxB interact. 

 

3.4.8 NfxB enhances PA4596 binding to the mexCD-oprJ promoter region 

Although NfxB and PA4596 interact, it was unclear what effect the formation of an 

NfxB-PA4596 heterocomplex may have on binding of the mexCD-oprJ regulatory region.  

EMSA studies were performed to assess the ability of PA4596 alone or in the presence of 100 ng 

of NfxB to bind the DNA fragment (M2), a 124 bp fragment consisting of the mexC-nfxB 
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Figure 3.12. 2-hybrid assessment of a PA4596-NfxB interaction 
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β-galactosidase activity (Miller units) of E.coli SU202 strains expressing the LexA DNA-binding 

domain fused to Fos or PA4596 from plasmid pMS604 and the LexA408 DNA-binding domain 

fused to Jun or NfxB from plasmid pDP804. A reduction in β-galactosidase activity is indicative 

of an interaction between the fused proteins being able to self-associate. Values shown are means 

+ standard deviation (SD) (error bars) from at least three independent determinations. 
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intergenic region.  PA4596 was purified with a C-terminal FLAG-tag so that the location of 

PA4596 could be resolved using an anti-FLAG immunoblot to determine if the protein co-

localized with the shifted DNA.  Consistent with the results of the previous EMSA, as little as 50 

ng of PA4596-His was capable of shifting a 74 bp that consisted of the mexC-nfxB intergenic 

region (Figure 3.13, lane 2); however, at least 200 of PA4596-FLAG was required to shift the 

same DNA fragment (Figure 3.14A, lane 8).  These results indicate that the FLAG tag partially 

disrupted the ability of PA4596 to bind the target.  In spite of this discrepancy, PA4596-FLAG 

was still able to bind, allowing the assessment of the capability of NfxB to enhance this binding.  

Interestingly, addition of 100 ng of NfxB-His resulted in the formation of a second band in the 

presence of as little as 200 ng of PA4596 (Figure 3.14A, lane 3).  The migration distance of this 

band was consistent with a tetramer-DNA complex.  As this band did not form in the absence of 

PA4596-FLAG (Figure 3.14A, lane 8), it cannot be a result of NfxB-His alone binding DNA.  

Moreover, an anti-FLAG immunoblot of the contents of the EMSA gel (which had been 

transferred onto a PVDF membrane) revealed that PA4596-FLAG was present (Figure 3.14B).  

This band is likely the result of a PA4596-NfxB heterotetramer binding to the DNA target 

indicating that NfxB is capable of functioning with PA4596 to form a repressor that can repress 

mexCD-oprJ expression. 

 

3.4.9 PA4596 repression of mexCD-oprJ is dependent on NfxB 

The previous EMSA experiments had indicated that NfxB and PA4596 together form a 

repressor of mexCD-oprJ.  It was then of interest to see if NfxB was capable of functioning with 

PA4596 in vivo to repress mexCD-oprJ expression.  As shown (Figure 3.5B, lanes 2 and 4), in the 

presence of envelope stress promoted by CHX (conditions where PA4596 expression would be  
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Figure 3.13. Assessment of PA4596-His binding of the mexCD-oprJ regulatory region  

 

EMSA of increasing concentrations of purified PA4596-His (0 ng, lane 1; 50 ng, lane 2; 100 ng, 

lane 3; 200 ng, lane 4; 400 ng, lane 5) incubated with 50 ng of the DNA fragment (M2) a 124 bp 

fragment consisting of the mexC-nfxB intergenic region (lanes 1 – 5). 
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Figure 3.14. Impact of NfxB on PA4596 binding of the mexCD-oprJ regulatory region  

A) EMSA of increasing concentrations of PA4596-FLAG (0 ng, lane 5; 50 ng, lanes 1 and 6; 100 

ng, lanes 2 and 7; 200 ng, lanes 3, 8, and 10; 400 ng, lanes 4 and 9) in the absence of NfxB-His (-

) (lanes 5 – 10) or in the presence of 100 ng of NfxB-His (+) (lanes 1 – 4) incubated with 50 ng of 

the DNA fragment (M2), a 124 bp fragment consisting of the mexC-nfxB intergenic region (lanes 

1 – 9) or in the absence of DNA (lane 10).   B) Anti-FLAG immunoblot of EMSA showing 

PA4596-FLAG  
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induced) loss of PA4596 resulted in a 12-fold increase in mexCD-oprJ expression, showing that 

PA4596 contributed to the repression of mexCD-oprJ under envelope-stressing conditions.  

However, under similar conditions but in an nfxB null background, loss of PA4596 had no 

significant impact on expression of mexCD-oprJ as determined using an unpaired t test (t = 1.889, 

p = 0.1995) (Figure 3.5B, lanes 6 and 8).  Furthermore, under similar conditions but in an nfxB 

mutant background encoding a partially functional NfxB variant, loss of PA4596 resulted in only 

a modest yet significant 2-fold increase in mexCD-oprJ expression as determined using an 

unpaired t test (t = 2.591, p = 0.0810) (Figure 3.5B, lanes 10 and 12) once again demonstrating 

that the ability of PA4596 to contribute to repression of mexCD-oprJ is contingent on the 

functionality of NfxB.  Therefore, it seems that the contribution of PA4596 to repression of 

mexCD-oprJ in vivo comes exclusively from the formation of a PA4596-NfxB heterocomplex 

which is then capable of regulating mexCD-oprJ expression. 

 

3.5 Discussion 

In this study we identified a novel gene, PA4596, whose protein product was capable of 

repressing expression of mexCD-oprJ, like its homologue (60% identity) NfxB.  Examination of 

the DNA sequence upstream of the annotated start codon of PA4596 revealed that PA4596 has a 

potential different translational start site (154).  Our results indicated that initiation of translation 

of PA4596 occurs at the upstream codon resulting in a protein of 211 amino acid residues.  Most 

bacterial RNA transcripts have a Shine-Dalgarno (SD) sequence starting between 20 and 13 bp 

upstream of the translational start site responsible for correctly aligning the RNA’s start codon 

during initiation of translation at the ribosome (323, 324), yet, no corresponding SD sites were 

found for either of the potential PA4596 AUG start codons. Although it is uncommon for genes 
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to be expressed without an encoded SD sequence to guide initiation of translation, there are 

several examples in the literature of this taking place (338, 339).  In the absence of the SD site 

several factors are thought to play a role in the site and strength of translation initiation including 

RNA secondary structure and local electrostatic interactions that help orient the transcript in the 

ribosome (325).  Optimization of such factors is likely how translation of PA4596 occurs despite 

the absence of an SD sequence. 

The expression of mexCD-oprJ and PA4596 are typically quiescent due to repression by 

NfxB.  Thus, PA4596 does not contribute to repression of mexCD-oprJ and loss of PA4596 will 

not influence mexCD-oprJ expression and by extension will not influence resistance to MexCD-

OprJ-effluxed antimicrobials.  Alternatively, under envelope stressing conditions such as those 

generated from exposure to the membrane damaging agent CHX, PA4596 expression is induced, 

resulting in a decrease in expression of mexCD-oprJ.  PA4596 may have a role in suppressing 

mexCD-oprJ induction in response to envelope stress.  mexCD-oprJ hyperexpressing nfxB-

deletants rapidly give rise to mutants that express mexCD-oprJ at WT levels (A Purssell, 

unpublished), which suggests that there is a significant fitness cost associated with 

overexpression of MexCD-OprJ.  If overexpression of MexCD-OprJ incurs a fitness cost, then 

PA4596 may play a role in tempering induction of mexCD-oprJ to a more appropriate level.  

Since PA4596 is repressed by NfxB and induced in response to envelope stress by AlgU, the 

expression of PA4596 is proportionate to the intensity of the envelope stress response.  As such, 

PA4596 functions as an expression-dampening mechanism, having essentially no impact during 

low-level envelope stress and a large effect during peak activation of the envelope stress 

response.  Consistent with this, loss of PA4596 resulted in only a 2-fold increase in mexCD-oprJ 

expression when measured one hour after the cells were exposed to CHX-mediated envelope 
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stress (A Purssell, unpublished) considerably less than the 12-fold increase in mexCD-oprJ 

expression that was observed after 30 minutes of exposure.  At the later time point, the cell has 

had the opportunity to respond effectively to the membrane damaging agent and requires less 

induction of the envelope stress response resulting in declining expression of mexCD-oprJ (340).  

As a result mexCD-oprJ expression less strongly induced and requires less dampening by 

PA4596.  Alternately, modifications to the mexCD-oprJ promoter region could be used to reduce 

mexCD-oprJ expression although the effect would be independent of AlgU activation.  

Consequently, this mechanism would result in underexpression of mexCD-oprJ during a modest 

envelope stress response and would be less effective at preventing mexCD-oprJ overexpression 

during intense activation of AlgU.   

To determine what type of oligomers PA4596 forms, purified PA4596 was assessed with 

size exclusion chromatography.  This revealed two peaks with predicted molecular weights of 

30.1 kDa and 86.2 kDa. Assuming the first peak pertains to a monomer, the second peak would 

suggest that a PA4596 trimer is forming, although that is inconsistent with the binding 

mechanism of LacI-type repressors – each HTH in the repressors dimer binds half of the inverted 

DNA repeat.  A well-documented phenomenon in size exclusion chromatography results when a 

protein has a rapid rate of interconversation between monomer and oligomer; the peaks blend 

together and a single peak is resolved at the midpoint (317).  The PA4596 monomer, dimer, and 

tetramer have molecular weights of 24.8, 49.6, and 99.2 kDa, respectively.  If the dimer and 

tetramer rapidly interconvert they would resolve theoretically at 74.4 kDa.  Size exclusion 

chromatography separates proteins according to their Stokes radius (the radius of a hard sphere 

that will diffuse at the same rate as the molecule) rather than by their true molecular weight (317).  

The more elongated a protein is in solution, the larger its Stokes radius becomes proportionate to 
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its molecular weight (317).  A Phyre2 structural prediction of PA4596 (341) suggests that the 

protein has a more elongated shape, and consequently a larger Stokes radius, so it would be 

expected to have an inflated predicted molecular weight in size exclusion chromatography.  In 

The data is consistent with PA4596 existing as a monomer, dimer, or a tetramer in solution.  

Inverted repeats are typically bound by a repressor dimer with the HTH of each protomer 

unit adhering to one of the half sites (229).  Two inverted repeats, B1 and B2, have been 

identified in the mexCD-oprJ operator region which suggests that two NfxB homodimers are 

binding to this region.  In fact, it seems that NfxB forms a dimer of NfxB homodimers – a 

tetramer - that binds both inverted repeats simultaneously (A Purssell, unpublished).  

Interestingly, an NfxBG192D variant, that while is able to form homodimers is unable to 

tetramerize, was found to bind to the mexCD-oprJ regulatory region as dimer indicating that the 

dimeric form of NfxB retains some DNA-binding activity (A Purssell, unpublished).   In presence 

of envelope stress an effector molecule likely interacts with NfxB and initiates a conformational 

change in NfxB resulting in the repressor dissociating from the operators of mexCD-oprJ and 

PA4596 thereby increasing expression of both (205) (A Purssell, unpublished).   

PA4596 forms homodimers which can then interact with the mexCD-oprJ regulatory 

region.   Moreover, at higher concentrations of PA4596, a further band shift occurred, indicating 

that two PA4596 homodimers interacted with the mexCD-oprJ regulatory region.  However, these 

species do not seem to play a role in regulating mexCD-oprJ because PA4596 in the absence of 

NfxB cannot contribute to mexCD-oprJ repression in vivo even in the presence of envelope stress.  

However, PA4596 interacts with NfxB and in the presence of NfxB formed a tetrameric complex 

that was capable of binding the mexCD-oprJ regulatory region.  Furthermore, and in a 

background that contained NfxB, PA4596 was found to contribute to mexCD-oprJ repression.  It 
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seems that PA4596 alone or effector-bound NfxB are poor repressors of mexCD-oprJ but 

together they can form a complex that restores repressor activity (albeit less than the tetramer of 

NfxB).  Since the functional unit of PA4596 and NfxB is a homodimer, the hybrid repressor 

complex is probably a homodimer of PA4596 bound to a homodimer of NfxB. 

  



 

154 

 

Chapter 4  

Identification of novel genes involved in the regulation of mexCD-oprJ 

 

4.1 Abstract 

MexCD-OprJ is an RND-type multidrug efflux pump present in P. aeruginosa and is 

capable of exporting, and as such providing resistance to, several clinically important 

antimicrobials including erythromycin, cefepime and ciprofloxacin.  It is negatively regulated by 

nfxB and can be induced in response to envelope stress in an AlgU-dependent manner.  To 

identify other genes who loss can influence the expression of mexCD-oprJ, transposon mutants in 

P. aeruginosa PA14 and K1542 (a PAO1 strain lacking mexB and mexXY) were screened for 

resistance to erythromycin, a substrate of MexCD-OprJ, to find mutants that have increased 

expression of mexCD-oprJ.  In the PA14 screen, four novel genes were identified, PA0479, 

cupA3, faoA, and PA3259, that when disrupted resulted in increased resistance to antimicrobials 

consistent with MexCD-OprJ hyperexpression; however, qRT PCR did not show increased 

mexCD-oprJ expression in these strains.  In the K1542 screen, transposon insertions in another 

four genes morA, PA3346, mucD, and clpA, were found to result in increased resistance to 

antimicrobials exported by MexCD-OprJ, consistent with increased mexCD-oprJ expression 

which was confirmed with qRT PCR.   

 

4.2 Introduction 

Pseudomonas aeruginosa is a clinically-relevant opportunistic pathogen notable for 

intrinsic resistance to a variety of antimicrobials, and this largely attributed a highly impermeable 
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envelope supplemented by the activity of several Resistance-Nodulation-Division (RND)-type 

multidrug efflux pumps (302).  These membrane-localized pumps export a wide variety of 

structurally dissimilar compounds including antimicrobials and prevent such compounds from 

accumulating to toxic concentrations (173).  Twelve such RND-type multidrug efflux systems 

have been identified in P. aeruginosa.  Of these only four, MexAB-OprM, MexXY-OprM, 

MexEF-OprN, and MexCD-OprJ, have been found to contribute significantly to antimicrobial 

resistance (156, 160-172). MexAB-OprM and MexXY-OprM play a role in intrinsic 

antimicrobial resistance (160, 195).  MexEF-OprN and MexCD-OprJ are typically quiescent, and 

thus do not normally have an impact on antimicrobial resistance, but they can be induced in 

response to certain conditions or mutationally upregulated manifesting as an increase in resistance 

to their antimicrobial substrates (161, 162, 205, 272).   

The MexCD-OprJ efflux system assembles in the standard fashion of three-component 

RND-type efflux pumps with the inner-membrane-localized RND-component MexD forming a 

peristaltic pump with the outer-membrane protein (OMP) OprJ all of which is stabilized by the 

periplasmic membrane fusion protein (MFP) MexC (161).  Functioning together these 

components export (i.e. provide to resistance to) a multitude of structurally-diverse antimicrobials 

that includes fluoroquinolones, cephems, macrolides, and several biocides (179, 205, 208). 

MexCD-OprJ can be hyperexpressed in nfxB mutants (200) and several of these have 

been identified in clinical isolates (202, 303-305).  Such mutants (e.g. P. aeruginosa K1536, 

specifically an nfxBA600C mutant) carry a mutation in the nfxB gene that encodes a repressor of 

mexCD-oprJ expression (161, 200-203). In addition to being depressed by loss of NfxB, MexCD-

OprJ is inducible by a variety of membrane-damaging agents (MDAs) such as benzalkonium 

chloride (BZK) and chlorhexidine (CHX) both of which are biocides that are often employed in 
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clinical practice as an antiseptic measure (204-206). Induction of mexCD-oprJ by these MDAs 

occurs as part of the AlgU envelope stress response (ESR) (205).  AlgU, named as such because 

it was first identified as a regulator of alginate production, is a sigma factor that shows 

remarkable similarity with the E. coli envelope stress sigma factor σ
E
 (224).  The mechanism of 

AlgU activation closely resembles that of E. coli’s σ
E
 (224).  AlgU is normally sequestered by its 

anti-sigma factor MucA, which is anchored in the inner membrane (286, 287).  Perturbation of 

the bacterial envelope will produce a signal that results in the cleavage of AlgU’s anti-sigma 

factor MucA, and so will free AlgU to direct RNAP towards specific genes (290).  One theory is 

that this signal is an accumulation of misfolded proteins and small peptides in the envelope which 

activates the protease AlgW that will in-turn will cleave MucA (290, 291).  Another signal, 

accumulation of MucE in the envelope, has been shown to activate RIP of MucA and 

release/activation of AlgU (293).  Conversely, MucD, an envelope-associated serine protease, 

inhibits activation of AlgU potentially by degrading misfolded proteins that would otherwise 

activate cleavage of MucA (294, 299).   

Previous experiments were unable to determine if AlgU was capable of directly 

interacting with the mexCD-oprJ promoter region (A. Campigotto, unpublished) raising the 

possibility that AlgU increases expression of mexCD-oprJ indirectly i.e. through additional 

intermediate regulatory steps.  Moreover, induction of mexCD-oprJ would require alleviation of 

NfxB repression, potentially through an as-of-yet unidentified effector molecule binding to NfxB.   

This study expanded our knowledge of the genes and signals involved in induction of 

mexCD-oprJ.  Two P. aeruginosa transposon insertion libraries were screened for mutants with 

increased expression of mexCD-oprJ.  Potentially, disrupted genes could lead to a production of 

the effector molecule that alleviates NfxB repression or a signal that activates AlgU ESR, thereby 
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providing clues to the natural signals to which these systems respond.  Otherwise, this approach 

could identify genes with protein products that can influence activation of the AlgU ESR. 

 

4.3 Materials and Methods 

4.3.1 Bacterial strains and plasmids 

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

cells were cultured in Luria broth (L-broth) and on Luria agar (L-agar) with antimicrobials, as 

necessary, at 37°C. Plasmid pK18mobsacB and its derivatives were maintained in E. coli with 

kanamycin (50 μg/ml).   

 

4.3.2 DNA methods 

Standard protocols were used for restriction endonuclease digestion, ligation, 

transformation, plasmid isolation, agarose gel electrophoresis, and preparation of chemically 

competent (CaCl2) E. coli cells as described by Sambrook and Russell (306).  Electrocompetent 

P. aeruginosa cells were prepared as described by Choi and Schweizer (307).  Chromosomal 

DNA was extracted from P. aeruginosa using the DNeasy® Blood and Tissue kit (Qiagen Inc., 

Mississauga, Ontario).  Plasmids were prepared from E. coli using a GeneJET™ Plasmid 

Miniprep kit (Fermentas Canada Inc., Burlington, Ontario) according to the protocol provided by 

the manufacturer.  The Wizard® SV Gel and PCR Clean-Up System kit (Promega Corp., Nepean, 

Ontario) was used to purify PCR products and to gel-purify DNA fragments generated by 

restriction endonuclease digestion.  Oligonucleotides were synthesized by Integrated DNA 

Technologies (IDT, Coralville, Iowa, USA) and nucleotide sequencing was performed by ACGT  
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Table 4.1. Bacterial strains and plasmids 

   

Strain or 
plasmid Relevant characteristicsa Reference 

E. coli   

DH5α Φ80d lacZ∆M15 endA1 recA1 hsdR17 (rK
- mK

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

375 

S17-1 thi pro hsdR recA Tra+ 376 

P. aeruginosa   

PA14 Clinical isolate 382 

PA14_06260 PA14 PA0479-Tn 342 

PA14_47930 PA14 PA1259-Tn 342 

PA14_43310 PA14 PA1639-Tn 342 

PA14_38350 PA14 PA2023(galU)-Tn 342 

PA14_37030 PA14 PA2130(cupA3)-Tn 342 

PA14_25080 PA14 PA3014(faoA)-Tn 342 

PA14_21990 PA14 PA3247-Tn 342 

PA14_21860 PA14 PA3259-Tn 342 

PA14_60860 PA14 PA4600(nfxB)-Tn 342 

PA14_65350 PA14 PA4946(mutL)-Tn 342 

K1542 K767 ΔmexB ΔmexXY 199 

K3293 A2; K1542 mutS-Tn This study 

K3294 A3; K1542 morA-Tn This study 

K3295 A4; K1542 Tn (insertion point unknown) This study 

K3296 A5; K1542 PA3346-Tn This study 

K3297 A8; K1542 Tn (insertion point unknown) This study 

K3298 A9; K1542 mucD-Tn This study 

K3299 A11; K1542 nfxB-Tn This study 

K3300 A12; K1542 Tn (insertion point unknown) This study 

K3301 A13; K1542 nfxB-Tn This study 

K3302 A14; K1542 clpA-Tn This study 

K3303 A18; K1542 Tn (insertion point unknown) This study 

K3304 A20; K1542 Tn (insertion point unknown) This study 

K3305 B41; K1542 mutL-Tn This study 

K3306 B49; K1542 Tn (insertion point unknown) This study 

K3307 B57; K1542 mutL-Tn This study 

K3308 B61; K1542 Tn (insertion point unknown) This study 

K3309 K1542 morA-Tn ΔalgU This study 

K3310 K1542 PA3346-Tn ΔalgU This study 

K3311 K1542 clpA-Tn ΔalgU This study 
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K3312 K1542 ΔmorA This study 

K3313 K1542 ΔPA3346 This study 

K3314 K1542 ΔmucD This study 

Plasmids   

pPS856 Source of GmR cassette 312 

pMOD-2 Transposon construction plasmid Epicentre 

pACP137 pMOD-2::Tn(GmR) This study 

pBluescript SK (-) Cloning vector; Apr Agilent 

pK18mobsacB Gene replacement vector derived from 
plasmid pK18; Mob+ sacB Kmr 

379 

pACP138 pK18mobsacB::ΔmorA This study 

pACP139 pK18mobsacB::ΔPA3346 This study 

pACP140 pK18mobsacB::ΔmucD This study 

pSF01 pK18mobsacB::ΔalgU 205 

a.Gm
r
, gentamicin resistance; Ap

r
, ampicillin resistance; Km

r
,
 
kanamycin resistance 
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Corp. (Toronto, Ontario).  The standard 50 μl PCR reaction mixture when using Phusion DNA 

polymerase to amplify DNA contained 1 μg of chromosomal P. aeruginosa K767 DNA as 

template, 1 μM of each primer, 0.3 mM each deoxynucleoside triphosphate (dNTP), 1 x GC 

Phusion polymerase buffer,  and 1 U Phusion DNA polymerase (New England Biolabs, 

Finnzymes Oy, Espoo, Finland).  Following an initial denaturation step at 98°C for 3 min, the 

mixture was subjected to 30 cycles of denaturation at 98°C for 30 sec, annealing at a reaction-

specific temperature for 30 sec, and extension at 72°C for a reaction-appropriate time (15 sec/ 

kb), before finishing with a 10 min incubation at 72°C.  A colony PCR approach was used to 

confirm construction of in-frame gene deletions (308).  Specifically, chromosomal DNA was 

prepared by resuspending P. aeruginosa cells in 30 µl dH2O and then incubating them for 5 min 

at 95°C.  The lysed cell solution was first cooled on ice and then centrifuged for 1 min at 13,000 

rpm.  The supernatant was used as the source of the chromosomal DNA for the PCR reaction.   

The standard 50 μl colony PCR reaction mixture contained 1 μl of the P. aeruginosa 

chromosomal DNA solution as template, 1 μM of each primer, 0.3 mM each deoxynucleoside 

triphosphate (dNTP), 1 x Thermopol buffer, 10% (vol/vol) DMSO, and 1 U Taq DNA 

polymerase (New England Biolabs, Ipswich, Massachusetts).  Following an initial denaturation 

step at 95°C for 3 min, the mixture was subjected to 30 cycles of denaturation at 95°C for 30 sec, 

60°C for 30 sec, and then extension at 72°C for a reaction-appropriate time (1 min/kb), before 

finishing with a 10 min incubation at 72°C.   

 

4.3.3 Antimicrobial susceptibility testing 

The antimicrobial susceptibilities of various P. aeruginosa strains were assessed in 96-

well microtitre plates using two-fold serial dilutions as described previously (196).  The minimum 
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inhibitory concentration (MIC) of a compound was the lowest concentration that prevented 

visible growth after 18 hours of incubation.  Assessment of the chlorhexidine MIC involved using 

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

Strains were assessed for their ability to grow on L-agar supplemented with a defined 

concentration of antimicrobial.   96-well round-bottom plates containing the strains were thawed 

and transferred to a new 96-well round-bottom plates containing 100 µl of sterile L-broth in each 

well with a sterilized 96-pin replicator.  The replicator was re-sterilized and used to stamp the 

diluted cultures onto L-agar supplemented with the antimicrobial.  After being incubated at 37°C 

for 24 hours, L-agar was checked for visible growth. 

 

4.3.4 Quantitative real-time polymerase chain reaction 

P. aeruginosa cells grown in L-broth overnight at 37°C were subcultured (1:49) in fresh 

L-broth and incubated at 37°C while shaking for 2.5 hours.  Total bacterial RNA was isolated 

from 1 ml of log-phase culture using the High Pure RNA Isolation kit (Roche Diagnostics 

Canada, Laval, Quebec) according to the protocol provided by the manufacturer.  Samples were 

treated with Turbo DNA-Free (Ambion Inc., Streetsville, Ontario; 2 U enzyme per 50 μl sample 

for 45 min at 37°C) and were subsequently tested for DNA contamination by PCR.  RNA was 

converted into cDNA using the iScript cDNA Synthesis kit (Bio-Rad, Mississauga, Ontario) 

according to the manufacturer’s instructions.  Quantitative RT-PCR of the cDNA was performed 

on a CFX96™ Real-Time PCR Detection System (Bio-Rad, Mississauga, Ontario) in 20 μl 

reaction mixtures consisting of 10 μl of SsoFast EvaGreen Supermix (Bio-Rad, Mississauga, 

Ontario), 0.6 μM of each the two primers corresponding to the gene being amplified mexD: q 

mexD F (5’-CTCGAGCTATACGTGCCTAAC-3’) and q mexD R (5’-
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GTCCCTCTTCCCATTTCACG-3’) and rpsL: q rpsL F (5’-GGCGTGCGTTACCACACCGT-3’) 

and q rpsL R (5’- GGACGCTTGGCGCCGTACTT-3’) and 5 μl of 1:24 diluted cDNA.  After an 

initial 3 min denaturation, the mixture was subjected to 40 cycles of 10 sec at 95°C and 30 sec at 

60°C.  Following the completion of the 40 cycles, a melt curve was generated by denaturing the 

DNA for 10 sec at 95°C and then reducing the temperature by 0.5°C every 5 sec to ensure a 

unique PCR product was produced.  Expression of mexD was normalized to rpsL using the 

ΔΔC(t) method of the CFX-manager software version 1.6 (Bio-Rad, Mississauga, Ontario).  A 

“no-template” control was also included to ensure there was no genomic DNA contamination. 

 

4.3.5 Identification of erythromycin resistant-strains from the PA14 transposon library  

The Harvard P. aeruginosa PA14 transposon mutant library (342) was screened for 

erythromycin resistance as an indicator of potential MexCD-OprJ hyperexpression.  An 

erythromycin L-agar MIC was determined by spotting 1 µl of a 1 in 100 dilution of an overnight 

culture of P. aeruginosa PA14 L-agar supplemented with a range of concentrations of 

erythromycin 64 – 2048 µg/ml.  No growth of PA14 occurred on L-agar containing erythromycin 

(512 µg/ml) so this concentration was used to screen for increased erythromycin resistance in the 

P. aeruginosa PA14 transposon mutants.  Ninety-six-well round-bottom plates containing the 

transposon mutants were thawed and transferred to a fresh 96-well round-bottom plates 

containing 100 µl of sterile L-broth in each well with a sterilized 96-pin replicator.  The replicator 

was re-sterilized and used to stamp the diluted cultures onto L-agar plates containing 

erythromycin (512 µg/ml), which were then incubated at 37°C for 24 hours.  Strains that were 

able to grow were saved for further analysis.   
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4.3.6 Generation and selection of P. aeruginosa K1542 transposome mutants showing 

increased mexCD-oprJ expression 

The transposome approach developed by Epicenter Biotechnologies was used to generate 

transposon mutants in P. aeruginosa K1542.  For this study a custom transposon was constructed 

with a gentamicin-resistance cassette (Gm
R
) in the vector pMOD-2.  Specifically, the Gm

R
 

cassette containing fragment was released from vector pPS856 using the restriction enzyme SacI 

and was ligated into SacI-restricted pMOD-2 to create pACP137.  The restriction enzyme PshAI 

was used to excise the transposon fragment from pACP137. The transposon fragment was then 

separated on an agarose gel; the transposon containing band was excised and subsequently 

purified.  As recommended by Epicentre Biotechnologies, the transposome was prepared by 

combining 1 µl of (50 ng/µl) purified transposon DNA with 2 µl of transposase (Epicentre 

Biotechnologies, Madison, Wisconsin), and 1 µl filter-sterilized glycerol and then incubating the 

solution for 30 min at room temperature.  One µl of the transposome solution was transformed 

into 100 µl of electrocompetent P. aeruginosa K1542 prepared using the protocol described by 

Choi and Schweizer (307).  Electro-transformed cells were resuspended in 1 ml of L-broth and 

allowed to recover for one hour at 37°C.  Cells were then diluted 1 in 4, and 100 µl aliquots were 

plated onto L-agar plates containing gentamicin 10 µg/ml to select for successful transposon 

recipients which yielded approximately 12,000 colonies.  Of these, 10,800 colonies were 

replicated onto L-agar plates containing erythromycin at 128 and 256 µg/ml and onto L-agar 

plates containing gentamicin at 10 µg/ml.  Erythromycin-resistant cells were again replicated onto 

a consolidated L-agar plate containing gentamicin 10 µg/ml and patched onto separate L-agar 

plates containing erythromycin 128, 256 and 512 µg/ml and ciprofloxacin 0.1 and 1 µg/ml, and 

cefepime 0.5, 2 µg/ml to screen for resistance to MexCD-OprJ-exported antimicrobials indicative 

of increased mexCD-oprJ expression. 
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4.3.7 Sequencing of transposon mutants 

Transposon insertions were sequenced using two strategies: the rapid amplification of 

transposon ends (RATE) approach and the cloning approach.  The RATE approach was 

developed by Thomas F. Ducey and David W. Dyer (Epicentre Forum) as a method for 

sequencing the flanking DNA around the transposon insertion site.  A 60 µl reaction mixture was 

prepared consisting of 1 U Taq polymerase (New England Biolabs, Ipswich, Massachusetts), 1 x 

Thermopol buffer, 5% (vol/vol) DMSO, 0.3 mM each deoxynucleoside triphosphate (dNTP), 1.2 

mM Inv pMOD-2 GmR F (5’- CCGCGGAGTTGTTCGGTAAAT-3’), and 1 µl of chromosomal 

DNA (prepared from the transposon insertion mutant) in dH2O.  The cycling protocol consisted 

of an initial 5 min incubation at 95°C, then 30 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 3 

min, then 30 cycles of 95°C for 30 s, 30°C for 30 s, 72°C for 2 min, the 30 cycles of 95°C for 30 

s, 55°C for 30 s, 72°C for 2 min.  Twenty-four µl of the PCR product was combined with 30 µl of 

dH2O supplemented with 1 x NEB Buffer 3, 1.5 μl of Calf Alkaline Phosphatase and 0.15 

Exonuclease 1, followed by incubation at 37°C for 1 hour and then 85°C for 15 min.  The product 

was sequenced with the primer pMOD-2 SqRP supplied by Epicentre Biotechnologies.  In cases 

where the RATE protocol was unsuccessful, a cloning approach was used.  Chromosomal DNA 

was isolated from the transposon insertion mutant and digested with PstI for 10 minutes at 37°C 

and then cloned into PstI-restricted pBluescript SK (-).  The resultant plasmids were transformed 

into E. coli DH5α and plated on L-agar containing gentamicin 10 µg/ml which selects for E. coli 

DH5α that have received a plasmid containing the transposon.  The plasmid was isolated from the 

resultant gentamicin-resistant
 
colony and sequenced with the primer pMOD-2 SqRP supplied by 

Epicentre Biotechnologies. 
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4.3.8 Construction of gene deletions in P. aeruginosa K1542  

In-frame deletions were generated using the standard homologous recombination 

approach.  Deletions of algU were constructed using pSF01, a derivative of pK18mobsacB, 

developed in a previous study (205).  To delete morA, PA3346, and mucD 1 kb fragments 

upstream and downstream of the gene were amplified and cloned into pK18mobsacB.  All 

amplification reactions used Phusion polymerase under the standard conditions described above, 

an annealing temperature of 60°C, and an extension time of 30 sec.  Fragments were amplified 

using the following primers morA upstream, del morA UF BamHI (5’- 

ACACGGATCCTTCCCATGACGAGCGACT-3’; BamHI site underlined) and del morA UR 

XbaI (5’- ACACTCTAGACGAGCATCAACAGGACCA-3’; XbaI site underlined); morA 

downstream, del morA DF XbaI (5’- ACACTCTAGAGACGTGCTGTTCATGTTCAAC-3’; 

XbaI site underlined) and del morA DR HindIII (5’- 

ACACAAGCTTCTTGAAGCACACCGCCTT-3’; HindIII site underlined); PA3346 upstream, 

del PA3346 UF BamHI (5’- ACACGGATCCTCGGCAAGTTCGACATGG-3’; BamHI site 

underlined) and del PA3346 UR XbaI (5’- ACACTCTAGATGTCCTCGGCGATGAGAA-3’; 

XbaI site underlined); PA3346 downstream, del PA3346 DF XbaI (5’- 

ACACTCTAGAGCGAATTGTCCGATCGTT-3’; XbaI site underlined) and del PA3346 DR 

HindIII (5’- ACACAAGCTTAGCTGCAGGTATTCGGGA-3’; HindIII site underlined); mucD 

upstream, del mucD UF BamHI (5’- ACCAGGATCCTGAAGTCGCTGCTGCTGA-3’; BamHI 

site underlined) and del mucD UR XbaI (5’- ACACTCTAGAATCGCAGCCATACAGCGT-3’; 

XbaI site underlined); mucD downstream, del mucD DF XbaI (5’- 

ACACTCTAGAACGCGCCAGCTTCATTAC-3’; XbaI site underlined) and del mucD DR 
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HindIII (5’- ACACAAGCTTAGACCACGCCGAGGTAGTT-3’;   HindIII site underlined).  The 

downstream fragment and pK18mobsacB were digested with XbaI and HindIII and then ligated 

together.  Subsequently, upstream fragments and the pK18mobsacB derivative cloned with the 

corresponding downstream fragment were digested with BamHI and XbaI and then ligated 

together.  This created the vectors pACP138, pACP139, and pACP140 for constructing deletions 

of morA, PA3346, and mucD respectively.  Plasmids were mobilized into P. aeruginosa K1542 

from E. coli S17-1 via a previously described conjugation protocol (311).  Transconjugants were 

plated on L-agar containing kanamycin 600 μg/ml to select for chromosomal integration of the 

plasmid and then subsequently streaked on L-agar supplemented with 10% (wt /vol) sucrose to 

select for loss of the plasmid backbone.  Colony PCR as described earlier was used to verify loss 

of each gene. 

 

4.4 Results 

4.4.1 Screening of a P. aeruginosa PA14 transposon insertion library for mutants whose 

gene disruption results in increased expression of mexCD-oprJ 

Several attempts have been made to identify novel genes whose disruption results in 

increased expression of mexCD-oprJ, which could then provide insight into the regulators and 

signals that influence expression of mexCD-oprJ.  For example, mexCD-oprJ hyperexpressing 

strains have been isolated from P. aeruginosa WT K767 after exposure to lethal concentrations of 

mexCD-oprJ-effluxed antimicrobials such as ciprofloxacin (207), azithromycin (209), and 

erythromycin (A Purssell, unpublished).  These approaches have been effective for isolating a 

variety of nfxB mutants which hyperexpress mexCD-oprJ, but have been ineffective at identifying 

other genes whose loss results in increased mexCD-oprJ expression.   
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In an alternate approach, a P. aeruginosa PA14 defined transposon insertion library of 

5459 strains (342) was screened for an increased resistance to erythromycin (512 µg/ml).  One 

hundred and two transposon mutants demonstrating increased resistance to erythromycin were 

identified.  These mutants were then assessed for the ability to grow on separate L-agar plates 

containing 512 µg/ml and 800 µg/ml erythromycin in order to confirm resistance to 

erythromycin.  They were also assessed for growth on separate L-agar plates containing 1 µg/ml 

and 2 µg/ml cefepime or 0.5 µg/ml and 1 µg/ml ciprofloxacin.  Ten strains that demonstrated 

multidrug resistance (MDR) consistent with MexCD-OprJ hyperexpression (Table 4.2). 

One of the mutants had a transposon disruption of mutL encoding a DNA repair protein 

whose interruption has been shown to generate a hypermutation phenotype (343).  Previous 

screens of the PA14 library for resistance to antimicrobials including ceftazidime, tobramycin, 

and ciprofloxacin also identified mutator genes including mutL (344).  It is unlikely that 

disruption of mutL directly results in an increase in mexCD-oprJ expression.  Instead 

hypermutation would result in mutations in genes such as nfxB, which can clonally expand and 

cause the parent strain to appear resistant. Consequently, the mutL strain was not followed up.  

Another of the isolated strains had a transposon interruption in nfxB, the negative regulator of 

mexCD-oprJ (200) and this was not followed up because its role in influencing mexCD-oprJ 

expression is already well-defined by previous studies.  The remaining eight genes whose 

disruption in P. aeruginosa PA14 led to MDR consistent with increased production of MexCD-

OprJ were PA0479, PA1259, PA1639, PA2023 (galU), PA2130 (cupA3), PA3014 (faoA), 

PA3247, and PA3259.  GalU is a UDP-glucose pyrophosphorylase essential for the synthesis of a 

complete LPS outer core (345). CupA3 is an usher protein involved in assembly of fimbrial  
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Table 4.2. Antibiotic resistance of P. aeruginosa PA14 transposon insertion mutants  

 

  

Description 512 800 1 2 0.5 1

PA0479
putative transcriptional 

regulator, LysR family + + + ++ + ~

PA1259
conserved hypothetical 

protein + - ++ ++ - -

PA1639
conserved hypothetical 

protein + + + - - -

PA2023 galU
UTP-glucose-1-phosphate 

uridylyltransferase - - + ++ - ~

PA2130 cupA3 usher - - ++ ++ + +

PA3014 foaA
fatty-acid oxidation 

complex alpha-subunit + + + ~ ~ -

PA3247
putative aspartyl 

aminopeptidase + ~ ~ ~ - -

PA3259
conserved hypothetical 

protein ++ + ++ ++ + +

PA4600 nfxB
transcriptional regulatory 

protein NfxB ++ ++ ++ ++ ++ ++

PA4946 mutL
DNA mismatch repair 

protein MutL + ++ ++ ++ + +

Growth on (µg/ml)
bDisrupted gene

a

Name

a. Gene disrupted by insertion of a transposon in P. aeruginosa PA14

b. Density of growthc of cells inoculated onto L-agar supplemented with a ERY, erythromycin; 

CFPM, cefepime; CP, ciprofloxacin (concentration shown underneath)

c. -, no growth; ~, modest growth; +, moderate growth; ++, strong growth

ERY CFPM CP



 

169 

 

structures (346).  FaoA is an enzyme in the β-oxidation pathway that degrades long-chain fatty 

acids (LCFAs) (334).  Little is known about the function of the remaining five genes. 

Resistance to MexCD-OprJ-effluxed antimicrobials erythromycin, cefepime, and 

ciprofloxacin was quantified in the eight remaining transposon insertion mutants by determining 

MICs (Table 4.3).  Despite a few exceptions, MICs reflected ability to grow on L-agar plates 

supplemented with the respective antimicrobial; discrepancies can be attributed to the error 

inherent to screening for antimicrobial resistance on LB-agar.  MICs, in comparison, are the gold-

standard for accurately quantifying antimicrobial resistance.   

The mutants with transposon insertions in PA1259 and PA2023 only show an increase in 

resistance to two of the three tested MexCD-OprJ-effluxed antimicrobials, yet we would expect 

with increased mexCD-oprJ expression to see an increase in resistance to all three.  These strains 

also have a 4-fold increase in resistance to carbenicillin, which is not a substrate of MexCD-OprJ.  

Together this indicates that while these strains demonstrate an increase in antimicrobial resistance 

it is likely not related to MexCD-OprJ. Similarly, the mutant with a transposon insertion in 

PA1639 has no increase in resistance to ciprofloxacin and the mutant with a transposon insertion 

in PA3247 has no increase in resistance to cefepime and erythromycin indicating that there is 

likely no upregulation of mexCD-oprJ expression in these strains.  Mutants with transposon 

insertions in PA0479, PA2130 (cupA3), PA3014 (faoA), and PA3259 had increased resistance to 

all three MexCD-OprJ-effluxed antimicrobials indicating that loss of these genes has likely 

positively influenced mexCD-oprJ expression.  

Surprisingly, expression of mexCD-oprJ in all of the transposon mutants was found to be 

the same as the PA14 parent strain as assessed using qRT PCR (Figure 4.1).  This indicates that 

despite several of the mutants demonstrating a MDR profile consistent with increased MexCD- 
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Table 4.3. Antibiotic resistance of P. aeruginosa PA14 transposon insertion mutants  

  

CP CFPM ERY CB

-
c 0.25 4 512 1024

PA0479 4 16 1024 1024

PA1259 1 4 4096 4096

PA1639 0.25 8 2048 128

PA2023 galU 0.25 8 2048 4096

PA2130 cupA3 4 8 2048 1024

PA3014 faoA 1 32 2048 128

PA3247 0.5 4 512 256

PA3259 2 16 8192 512

a. Gene disrupted by insertion of a transposon in P. aeruginosa PA14

b. CP, ciprofloxacin; CFPM, cefepime; ERY, erythromycin; CB, carbenicillin

c. no insert, WT

MIC for (µg/ml)
b

Disrupted gene
a
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Figure 4.1. mexCD-oprJ expression in P. aeruginosa PA14 transposon insertion mutants  
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The expression of mexD as an indicator of mexCD-oprJ was assessed using real-time quantitative 

PCR.  Strains assessed include P. aeruginosa PA14 (---) and derivatives with transposon 

insertions in the indicated genes.  Expression was normalized to rpsL and is reported relative to 

expression in P. aeruginosa PA14.  This experiment was only completed once as it was intended 

as a screen for increased mexCD-oprJ expression.   

  



 

172 

 

OprJ production that, in fact, mexCD-oprJ expression is not increased in any of these strains and 

the increased resistance is attributable to another unknown mechanism.  Alternatively, it may be 

that the primers used to assess mexD and rpsL expression or the qRT PCR cycling parameters, 

optimized for a PA01 strain of P. aeruginosa, are not properly optimized for assessment of mexD 

expression in the PA14 strain.  In future studies, these transposon mutants could be reconstructed 

as true deletions in a P. aeruginosa PA01 strain and then assessed for their ability to impact 

mexCD-oprJ expression.  One other explanation is that expression of mexCD-oprJ does not 

increase until the stationary growth phase which would be detected with an MIC but not with 

qRT PCR of cells harvested at the logarithmic growth phase. 

 

4.4.2 Identification of genes capable of regulating mexCD-oprJ expression using a 

transposome mutagenesis approach 

Previously, mexCD-oprJ hyperexpressing strains have been isolated from P. aeruginosa 

WT K767 after exposure to lethal concentrations of mexCD-oprJ-effluxed antimicrobials such as 

ciprofloxacin (207).  Unfortunately, this approach has only yielded nfxB mutants which 

hyperexpress mexCD-oprJ.  MexAB-OprM and MexXY, present in P. aeruginosa K767, are 

known to have overlapping exported substrate profiles with MexCD-OprJ and consequently may 

mask increases in drug resistance from mutations that lead to a more modest increase in 

expression of mexCD-oprJ (179).  In the absence of MexAB-OprM and MexXY, it may be 

possible to detect more subtle increases in resistance to MexCD-OprJ-exported antimicrobials 

conveyed by increased mexCD-oprJ expression.  A transposon insertion mutant library was 

developed from the strain P. aeruginosa K1542 (ΔmexB ΔmexXY) and mutants were screened for 

increased resistance to the MexCD-OprJ-effluxed antimicrobial erythromycin, which could 
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indicate increased expression of mexCD-oprJ.  Of the 10,800 transposon recipients screened, 16 

mutants were recovered and were found to have increased resistance to three MexCD-OprJ-

effluxed antimicrobials, ciprofloxacin, cefepime, and erythromycin (Table 4.4).  A preliminary 

assessment of mexCD-oprJ expression was performed on resistant strains using qRT PCR (Figure 

4.2 and Table 4.4).  K1542 transposon insertion mutants A11 and A13 were highly resistant to 

MexCD-OprJ-effluxed antimicrobials and subsequently found to have interrupted nfxB genes 

(Table 4.4).  Several mutants showed enhanced multidrug resistance but qRT PCR revealed no 

evidence of increased mexCD-oprJ expression (Figure 4.2 and Table 4.4).  Sequencing of these 

mutants revealed that they had transposons inserted in either mutS or mutL, genes responsible for 

repairing genetic damage and preventing spontaneous mutations.  These strains will have a large 

sub-population of spontaneous mutants some of which will occur in nfxB.  When they are 

assessed for drug susceptibility those resistant mutants in the strain population can grow 

simulating resistance.  As it is unlikely that loss of mutS or mutL is directly having an impact on 

expression of mexCD-oprJ, these mutants were not studied further.  Despite several attempts, 

sequencing was unsuccessful with seven of the transposon insertion strains and consequently they 

too were not examined further.  Four mutants (A3, A5, A9, and A14) showed increased resistance 

to MexCD-OprJ-exported antimicrobials (Table 4.4) and demonstrated moderate upregulation of 

mexCD-oprJ as assessed by qRT PCR (Figure 4.3).  Sequencing of each of these strains revealed 

that the transposon had inserted in morA in the mutant A3, PA3346 in the mutant A5, mucD in 

the mutant A9, and clpA (PA2620) in the mutant A14.  Sequencing of nfxB gene in each of the 

strains revealed that no spontaneous mutations occurred, which could have potentially also 

caused mexCD-oprJ hyperexpression. 
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Table 4.4. Antibiotic resistance of P. aeruginosa K1542 transposon insertion mutants  

 

 

 

Transposon Mutant Disrupted gene
a

CP CFPM ERY

WT
d

ND
e 0.0156 0.125 32 1

A2 mutS 1 1 128 1.33

A3 morA 0.125 0.25 64 13.34

A4 ND 0.5 1 512 2.24

A5 PA3346 0.25 0.5 256 3.01

A8 ND 0.5 1 64 1.05

A9 mucD 0.5 0.5 512 4.4

A11 nfxB 2 4 2048 228.81

A12 ND 0.25 1 128 1.89

A13 nfxB 2 2 1024 ND

A14 clpA 0.125 0.5 128 2.45

A18 ND 0.0625 0.5 128 1.34

A20 ND 0.5 1 512 1.26

B41 mutL 1 2 128 2.78

B49 ND 1 1 128 3.11

B57 mutL 0.25 0.5 256 4.3

B61 ND 0.125 0.5 128 3.09

a. Gene disrupted by insertion of a transposon in P. aeruginosa K1542 (ΔmexB ΔmexXY )

b. CP, ciprofloxacin; CFPM, cefepime; ERY, erythromycin

c. Relative mexCD-oprJ expression compared to WT strain K1542 as shown in Figure 4.2

d. Wild type strain K1542

e. Not determined

MIC (μg/ml)
b Relative mexCD-oprJ 

expression
c
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Figure 4.2. mexCD-oprJ expression in P. aeruginosa K1542 transposon insertion mutants  

 

The expression of mexD as an indicator of mexCD-oprJ was assessed using real-time quantitative 

PCR.  Strains assessed include P. aeruginosa K1542 and derivatives with transposon insertions.  

Expression was normalized to rpsL and is reported relative to expression in P. aeruginosa K1542.  

This experiment was only completed once as it was intended as a screen for increased mexCD-

oprJ expression.   
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Figure 4.3. mexCD-oprJ expression in selected P. aeruginosa K1542 transposon insertion 

mutants and their algU null derivatives  

 

The expression of mexD as an indicator of mexCD-oprJ was assessed using real-time quantitative 

PCR.  Strains assessed include P. aeruginosa K1542 (-) and derivatives with transposon 

insertions in the genes morA, PA3346, clpA, and mucD in strains where algU was present (+) or 

where algU was absent (-).  Expression was normalized to rpsL and is reported relative to 

expression in P. aeruginosa K1542.  Values shown are means + standard deviation (SD) (error 

bars) from at least three independent determinations for K1542 transposon insertion mutants 

encoding AlgU and two independent determinations for those that lacked AlgU with the 

exception of the morA transposon mutant that lacked AlgU where only one determination was 

completed.   
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4.4.3 Assessment of genes thought to impact mexCD-oprJ expression 

Potentially, interruption of a gene could be causing increased expression of mexCD-oprJ 

by knocking out a negative regulator of the AlgU envelope stress response or producing a signal 

that causes activation of AlgU.  Both of these mechanisms are dependent on AlgU, and, so, 

mexCD-oprJ upregulation should be lost upon deletion of algU.  Alternatively, if disruption of a 

gene in these mutants results in the production of the effector that binds NfxB and in turn 

alleviates NfxB repression then loss of AlgU should not reverse the gains in mexCD-oprJ 

expression.  In the morA, PA3346, and clpA transposon-insertion strains, loss of algU did not 

impact mexCD-oprJ expression indicating that increased expression is occurring through a 

mechanism downstream of AlgU (Figure 4.3).  Attempts to construct an algU deletion in the 

mucD transposon insertion mutant were unsuccessful so the influence of AlgU could not be 

determined. 

There are many examples in the literature of transposon insertions having unexpected 

effects, including hyperexpression of adjacent genes (293) or lack of expression of genes 

downstream in the operon (347).  To ensure that the observed increases in mexCD-oprJ 

expression are not artifacts of the transposon insertion, true deletions of morA, PA3346, and 

mucD were constructed in P. aeruginosa K1542.  Despite several attempts a ΔclpA strain could 

not be obtained.  The transposon in clpA inserted 1.6 kb into the open reading frame of the gene 

and so may have only disrupted the last 660 bp of the gene. Thus, even with transposon insertion 

clpA may have been able to produce a partially functional protein.  The complete loss of clpA 

may be lethal.  Deletion of mucD resulted in a similar increase in mexCD-oprJ expression (3.2-

fold; Figure 4.4) as to what was observed with the transposon interruption (4.3-fold; Figure 4.3).  

Conversely, loss  
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Figure 4.4. Impact of select gene deletions on mexCD-oprJ expression in P. aeruginosa  
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The expression of mexD as an indicator of mexCD-oprJ was assessed using real-time quantitative 

PCR.  Strains assessed include P. aeruginosa K1542 (WT) and morA, PA3346, and mucD null 

derivatives.  Expression was normalized to rpsL and is reported relative to expression in P. 

aeruginosa K1542.  Values shown are means + standard deviation (SD) (error bars) from at least 

two independent determinations with the exception of the morA null strain where only one 

determination was completed.   
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of morA did not cause an increase in mexCD-oprJ expression suggesting that there is some other 

reason for increased mexCD-oprJ expression in the mutant with a transposon insertion in morA.  

Deletion of PA3346 resulted only in a very modest 1.42 increase in mexCD-oprJ expression 

(Figure 4.4), half of what was seen with the transposon mutant (Figure 4.3).  Such a modest 

impact suggests that PA3346 does not have a meaningful role in influencing mexCD-oprJ 

expression. 

 

4.5 Discussion 

The purpose of this study was to identify new genes whose disruption results in increased 

mexCD-oprJ expression to provide additional insight into the signals and proteins that govern 

expression of mexCD-oprJ.  The screen of the P. aeruginosa PA14 defined transposon insertion 

library revealed four genes PA0479, cupA3, faoA, and PA3259 whose disruption lead to MDR 

profile consistent with increased production of MexCD-OprJ including increased resistance to 

ciprofloxacin, cefepime, and erythromycin and equal or decreased resistance to carbenicillin.  

Curiously, there was no increase in expression of mexCD-oprJ in any of these strains as assessed 

by qRT PCR indicating that increased resistance was the result of some other mechanism.  

However, the MDR profile aligns with increased expression of mexCD-oprJ (179).  Especially 

telling is an observed concomitant decrease in resistance to carbenicillin in some strains that is 

often associated with increased production of MexCD-OprJ (192, 213). As such, it would be 

surprising for this multidrug profile to be a product of another mechanism, especially since it 

would have to occur in all strains. Altogether it seems that, despite the qRT PCR evidence, there 

is likely increased production of MexCD-OprJ in these strains.   
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Transposon insertions in two previously uncharacterized genes, PA0479 and PA3259, 

demonstrated a substantial increase in resistance to all three tested MexCD-OprJ substrates 

supporting that mexCD-oprJ is hyperexpressed.  Since little is known about these genes, there are 

no grounds to speculate on how they influence expression of mexCD-oprJ without further study.   

The mutant with a transposon insertion in cupA3 (PA2130) also displayed a MDR profile 

consistent with MexCD-OprJ hyperexpression.  The cup gene cluster is involved in assembly of 

fimbrial structures that play a role in surface adherence and are thought to aid in biofilm 

formation (346).  CupA3 is the usher protein of this system and is located in the outer membrane.  

Fimbrial usher proteins function as an assembly platform for the growing fimbria that receives 

fimbrial subunits from its cognate periplasmic chaperone, CupA2 (346, 348).  Disruption of 

CupA3 could lead to an accumulation of fimbrial subunits in the periplasm and trigger activation 

of the AlgU envelope stress response leading to an induction of mexCD-oprJ expression.   

Interruption of faoA (PA3014; alternatively known as fadB) also brought about an 

increase in resistance to MexCD-OprJ-effluxed antimicrobials suggesting loss of faoA results in 

increased mexCD-oprJ expression.  FaoA is part of a β-oxidation pathway that degrades LCFAs.  

Moreover, faoAB expression is induced by LCFAs such as myristic acid (C14), and palmitic acid 

(C16) (334). Interestingly, the exometabolome of an nfxB strain (hyperexpressing mexCD-oprJ)  

was found to have a significantly increased proportion of LCFAs including myristic acid, and 

palmitic acid which may be actively secreted likely by MexCD-OprJ (301).  If the natural role of 

MexCD-OprJ is to export LCFAs then it is possible that LCFAs also act as an effector molecule 

for NfxB and lead to NfxB dissociating from the mexCD-oprJ regulatory region allowing 

expression.  It has been shown that LCFAs act as an effector molecule for PsrA, the repressor of 

faoA expression (334).  Accumulation of LCFAs in the envelope causes an alleviation of PsrA 
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repression of faoA and other genes encoding β-oxidation enzymes which can then break down the 

excess LCFAs (334).  This would explain mexCD-oprJ hyperexpression in the mutant with a 

transposon insertion in faoA, where disruption of LCFA β-oxidation would lead to LCFA 

accumulation.  The accumulated LCFAs could act as effectors molecules for NfxB resulting in 

increased expression of mexCD-oprJ. 

In the K1542 transposon mutagenesis screen for erythromycin resistance, a potential 

indicator of increased mexCD-oprJ expression, four genes, morA, PA3346, mucD, and clpA, were 

identified whose disruption was shown to influence expression of mexCD-oprJ.  In addition to 

those four genes, two transposon mutants of nfxB were isolated, unsurprisingly, as NfxB directly 

represses mexCD-oprJ expression, as were mutS and mutL insertions previously known to come 

up in antimicrobial resistance screens (344).   

Loss of mucD when recapitulated in P. aeruginosa K1542 was found to result in 

increased expressed of mexCD-oprJ.  MucD is a serine protease that negatively influences 

activation of the AlgU potentially by degrading misfolded proteins that would otherwise activate 

cleavage of MucA (294, 299).  Loss of mucD has been shown to result in increased alginate 

synthesis consistent with activation of the AlgU regulon (349); here we show that mexCD-oprJ 

too, another member of the AlgU regulon, becomes expressed in the absence of mucD.  To 

determine if increases in mexCD-oprJ in the absence of mucD occur through increased activation 

of AlgU, attempts were made to construct a ΔmucD ΔalgU double knockout strain but these were 

unsuccessful.  Since both MucD and the AlgU ESR are mechanisms for dealing with misfolded 

proteins in the envelope, loss of both may expose the cell to a lethal degree of envelope stress.  A 

potential future study could involve performing a transposon mutagenesis on K1542 ΔmucD and 
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screening for restored susceptibility to MexCD-OprJ-effluxed antimicrobials.  This would allow 

the identification of genes whose disruption negatively influences mexCD-oprJ expression.   

Another gene whose interruption was found to increase expression of mexCD-oprJ was 

PA3346.  Currently, there is no link between PA3346 and the regulation of mexCD-oprJ.  An 

isogenic ΔPA3346 strain was found to have a modest 1.42 increase in mexCD-oprJ expression 

compared to WT (P. aeruginosa K1542) which is unlikely to have a meaningful impact on 

antimicrobial resistance.    

Out of the four genes identified, the mutant with a transposon insertion in morA was 

found to have the highest expression of mexCD-oprJ (13.56 fold).  Yet preliminary experiments 

showed that deletion of morA in P. aeruginosa K1542 gave no increase in mexCD-oprJ 

expression, indicating it is the presence of the transposon in morA that is responsible for 

hyperexpression of mexCD-oprJ.  MorA localizes to the cytoplasmic membrane and has domains 

that suggest it may be involved in the turnover of c-di-GMP, an important signal molecule (350, 

351).  Although, the morA gene with the transposon insertion may still be capable of producing a 

partial protein that causes membrane perturbation.  This would initiate an envelope stress 

response and induce mexCD-oprJ expression.  However, the increased mexCD-oprJ expression in 

the morA transposon mutant was AlgU-independent, indicating that mexCD-oprJ is not being 

induced by the AlgU envelope stress response. morA lies adjacent to the mexCD-oprJ repressor 

nfxB (154) and the transposon inserted in morA is oriented so that, potentially, transcription of the 

gentamicin resistance gene in the transposon could result in transcriptional interfere of nfxB 

expression (352) which would explain the increase in mexCD-oprJ expression. 

ATP-dependent proteases are essential for removing damaged, misfolded, or aggregated 

proteins from the cell especially those that can occur during heat shock or stress (353).  In E. coli 
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ClpAP forms one such protease complex with ClpP acting as the protease and ClpA functioning 

as a regulatory subunit determining both substrate specificity and binding as well as unfolding 

proteins for degradation (354-356).  In Pseudomonas putida, ClpAP was found to be important 

for preventing cellular damage during polyhydroxyalkanoate accumulation, a process triggered 

by nutrient limitation (357).  Alternatively, ClpP can form a protease complex with the regulatory 

subunit ClpX, which recognizes different substrates (358).  In both P. aeruginosa and E. coli, 

ClpXP is responsible for degrading the remaining portion of the envelope stress sigma factor’s 

anti-sigma factor after it has been released from the membrane, enhancing activation of the AlgU 

regulon (292).  Interestingly, ClpA was able to influence quorum sensing-regulated phenotypes in 

P. aeruginosa.  Although the mechanism by which it does this is unclear, it has been suggested 

that ClpAP may degrade regulatory proteins or sigma factors and so modulate regulatory 

pathways (359).  Potentially, ClpAP may have a regulatory role like ClpXP and is able to 

influence mexCD-oprJ expression by degrading regulatory proteins.    

This study identified several novel genes whose disruption resulted in increased 

expression of mexCD-oprJ.  However, further studies are required to define exactly how these 

genes are influencing mexCD-oprJ expression.   
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Chapter 5 

General Discussion 

 

5.1 AlgU directs transcription of mexCD-oprJ  

AlgU has been well established as the master sigma factor controlling the predominant 

envelope stress response in P. aeruginosa.  The operon mexCD-oprJ encoding an RND-type 

multidrug efflux pump was found to be part of the AlgU regulon as it is induced in response to 

envelope stress in an AlgU-dependent manner (205).  However, not all genes in the AlgU regulon 

are directly regulated by AlgU; instead expression of these genes is modulated by secondary 

regulators that are themselves influenced by AlgU.  For example, AlgU negatively impacts 

flagellum biosynthesis by increasing expression of ArmZ, which then represses fleQ encoding the 

“master switch” of the flagellar regulatory circuit (360, 361).  Therefore, it is unclear if AlgU 

directly regulates expression of mexCD-oprJ or if a secondary regulatory circuit is involved.  

Previous studies by A. Campigotto (unpublished) were inconclusive regarding AlgU’s potential 

interaction with the mexCD-oprJ regulatory region. 

Early studies of AlgU demonstrated that expression of the E. coli envelope stress sigma 

factor σ
E
 (RpoE) complemented loss of algU (362).  This observation indicates conservation of 

structure and function between RpoE and AlgU, and it can be inferred that both proteins target a 

common consensus sequence useful in determining direct regulatory targets of AlgU.  RpoE 

promoters have well conserved -10 and -35 regions (289, 363).  Promoter strength increased with 

the presence of up to three AT-rich UP-elements (364).  The mexCD-oprJ promoter region 

includes -10 and -35 region similar to those found in RpoE promoters and possesses three UP-
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elements (154).  Interestingly, loss of algU even in an nfxB strain resulted in a complete 

abrogation of mexCD-oprJ expression.  If transcription of mexCD-oprJ was directed even partly 

by another sigma factor, some increased expression of mexCD-oprJ would be maintained in the 

absence of algU.  Therefore, AlgU probably directly influences transcription of mexCD-oprJ.   

AlgU is negatively regulated by its anti-sigma factor MucA.  MucA localizes to the inner 

membrane and orients with an N-terminal AlgU sequestering domain in the cytoplasm and a C-

terminal domain in the periplasm (286, 287).  MucB interacts with the periplasmic C-terminal 

domain and enhances the ability of MucA to bind AlgU which further lowers AlgU 

transcriptional activity (289).  Mutations in mucA leading to increased activation of AlgU have 

been identified as a major cause of conversion to the mucoid phenotype manifesting from 

production of capsular polysaccharide alginate (41, 293, 365).  Thus, the mucoid phenotype can 

be used to identify mucA mutants with increased AlgU activity.  A characterization of 55 mucoid 

strains isolated from CF patients revealed that 84% of them had mutations in mucA.  Among 

these mucA mutants, only one encoded a protein product that had a defect in the region that 

associates with AlgU (365).  Unlike the other defective MucA varients assessed in the study, 

expression of WT mucA from a plasmid did not eliminate the mucoid phenotype in this strain 

suggesting that other unidentified mutations were responsible for alginate production.  Other 

studies have isolated mucA mutants and, interestingly, all of them contained a WT N-terminal 

AlgU-binding domain (43, 286, 287, 289, 290, 292).  Hypothetically, disruption of the N-terminal 

domain resulting in an inability of MucA to bind AlgU would be an effective mechanism for 

precipitating a mucoid phenotype, and so the conservation of this domain indicates that it has 

some other essential role on top of sequestering AlgU.  One possibility is that AlgU initially folds 

into an inactive conformation that is unable to interact with RNA polymerase (RNAP).  
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Interaction with MucA primes AlgU into an active state so that upon release it can interact with 

RNAP and direct it to transcribe genes in the AlgU regulon.  This would also explain why EMSA 

studies were unable to show AlgU binding to the mexCD-oprJ regulatory region – the purified 

AlgU used in the experiment had not yet been primed by an interaction with MucA.  One way to 

explore this priming effect would be to perform random mutagenesis on algU and screen for 

mutants that do not require priming from MucA.  This mutant could then be tested for its ability 

to interact with the mexCD-oprJ regulatory region.  Alternatively AlgU could be purified from a 

strain that hyperexpresses the MucA25 variant.  This variant binds AlgU yet is extremely 

unstable and will rapidly degrade, releasing the activated AlgU for purification and usage in an 

EMSA (292).  Another possibility is that the C-terminal His-tag placed on AlgU (to facilitate 

purification) is obstructing the interaction of AlgU with the mexCD-oprJ regulatory region.  AlgU 

belongs to the σ
70

 family of sigma factors (219, 224).  In this family of sigma factors, residues 

near the C-terminus form a helix-turn-helix motif which is responsible for binding to the -35 

element of the promoter (366).  Occluding the C-terminus with the addition of a His-tag could 

then prevent AlgU from binding to the mexCD-oprJ regulatory region.  To determine if this is the 

case, an N-terminal His-tagged AlgU should be produced instead and assessed for the ability to 

bind mexCD-oprJ regulatory region.  

 

5.2 Repression mechanism for NfxB 

Before AlgU can direct RNAP to initiate expression of mexCD-oprJ, NfxB must be 

removed so the regulatory region becomes accessible.  It is unclear what signal causes NfxB 

derepression or by what mechanism this occurs. Since mexCD-oprJ is induced in response to 

envelope stress, the signal for NfxB derepression must be present under those conditions.  This 
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signal could be a byproduct of membrane damage or it could be a factor that is synthesized as part 

of the envelope stress response itself.   

Several types of membrane damaging agents have been identified as inducers of mexCD-

oprJ through the AlgU envelope stress response including detergents (SDS), solvents (ethanol, n-

hexane, p-xylene, chelators (EDTA), and antimicrobial peptides (V8, V681), but by far the best 

inducer of mexCD-oprJ was the cationic biocide chlorhexidine (CHX) (205).  In another study, 

benzalkonium chloride (BZK), also a cationic biocide, was shown to be a potent inducer of 

mexCD-oprJ (204).  However, it is unlikely that these compounds are directly inducing 

expression of mexCD-oprJ (i.e. acting as an effector molecule that activates release of AlgU or 

alleviates NfxB repression of mexCD-oprJ) because it is possible to induce mexCD-oprJ 

expression in the absence of these compounds.  For example loss of MucD, an envelope-localized 

serine protease, was found to induce mexCD-oprJ expression potentially via accumulation of 

misfolded proteins in the envelope which then activated the AlgU envelope stress response (ESR) 

(294, 299).  Considering this, it is more likely that it is the nature of the membrane perturbation 

caused by CHX and BZK that results in induction of mexCD-oprJ than the presence of these 

compounds alone.  Both interact with bacterial membranes causing a loss of fluidity (367).  The 

appropriate response by the cell would be to exchange saturated long chain fatty acids (LCFAs) 

in the membrane (which decrease membrane fluidity) with shorter unsaturated fatty acids (which 

increase membrane fluidity).  Members of the AlgU envelope response regulon include fatty acid 

synthesis and membrane remodeling proteins (224, 363).  This process would release an 

abundance of LCFAs whose accumulation would be toxic to the cell. Fatty acids have well 

documented antimicrobial properties and are produced as an innate immune defense against 

microbial infection, although the exact mechanism of toxicity is unclear (300).   The 
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exometabolome of an nfxB strain was found to have a significantly increased proportion of 

LCFAs including myristic acid, and palmitic acid (301).  One possibility is that they are being 

actively secreted by MexCD-OprJ and, therefore comprising a LCFA detoxification mechanism 

(301).  It is reasonable that LCFAs would also act as NfxB-binding effector molecules relieving 

negative repression of mexCD-oprJ allowing for detoxification, i.e., export of LCFAs.  Another 

mechanism of LCFA detoxification would be through their catabolism via the β-oxidation 

pathway.  Interestingly, we found that transposon disruption of faoA encoding a β-oxidation 

pathway enzyme resulted in a multidrug resistance profile consistent with increased mexCD-oprJ 

expression, possible from an accumulation of LCFAs instigating NfxB derepression.  Other 

MDAs (solvents, chelators, cationic antimicrobial peptides) may be less effective inducing agents 

of mexCD-oprJ expression because their principle toxic effects do not as effectively generate 

LCFAs either directly or from membrane remodeling.  In a similar paradigm, it is theorized that 

MexS, an oxidoreductase, and MexEF-OprN, a RND-type multidrug efflux pump, are each 

mechanisms for dealing with nitrosative stress (190, 227, 272).  Loss of MexS enhances mexEF-

oprN expression due to a further accumulation of nitrosative stress toxic metabolites that activate 

MexT, the activator of mexEF-oprN (190). 

Inclusion of several candidate LCFAs (50 µM), however, did not disrupt binding of NfxB 

to mexCD-oprJ operator DNA in an EMSA indicating that LCFAs may not be NfxB effector 

molecules (A Purssell, unpublished).  LCFAs were found to act as the effector molecule for PsrA 

(334).  PsrA regulates expression of genes such as faoA which encode enzymes of β-oxidation 

pathway used to break down fatty acids which are produced during normal cellular processes 

(334).  Specifically, it was found that 50 µM of several candidate LCFAs including myristic acid 

and palmitic acid reversed binding of PsrA to a DNA fragment containing the faoAB regulatory 
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region (334).  Export of fatty acids by MexCD-OprJ constitutes a more extreme response to 

accumulation of toxic fatty acids in the membrane as exported fatty acids are unavailable for 

future use by the cell.  Therefore, it makes sense that PsrA would be more sensitive to LCFA 

effector molecules than NfxB, as induction of the β-oxidation pathway is a more appropriate first 

response. Consequently, while 50 µM LCFAs are enough to reverse an interaction of PsrA with 

its cognate operator, it may be an insufficient concentration to influence binding of NfxB to the 

mexCD-oprJ regulatory region.   

A crystal structure of PsrA revealed a C-terminal tunnel thought to be the area that 

LCFAs bind.  PsrA mutants that had modifications to this tunnel were unresponsive to LCFA 

(368).  Examination of the NfxB structural model reveals that it too possesses a tunnel that could 

function as a LCFA binding site (Figure 5.1). 

A potential way to implicate LCFAs as effectors of NfxB would be to assess the effect of 

loss of psrA in the presence of envelope stress on mexCD-oprJ expression.  Loss of psrA would 

result in upregulation in the β-oxidation enzymes which would degrade LCFAs that are produced 

during envelope stress but would otherwise not affect the envelope stress response.  If LCFAs are 

the NfxB effector molecule, then specifically lowering their concentration should suppress 

mexCD-oprJ induction while not affecting the expression of other AlgU regulated genes such as 

algD.  Alternatively, faoAB or the fad pathway encoding LCFA β-oxidation enzymes could be 

overexpressed in P. aeruginosa to elucidate if this results in a decrease of mexCD-oprJ 

expression (369).  Conversely, deletions could be made in the faoAB or fad pathway genes to 

cause an accumulation of LCFAs, which, if LCFAs function as effector molecules of NfxB, 

should result in increased mexCD-oprJ expression.  
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Figure 5.1. Structural model of full-length NfxB  

 

Structural model generated using the SWISS-MODEL program and then was visually inspected 

and subjected to energy minimization using GROMOS.  The Helix-turn-Helix (HTH) motif is 

shown in orange.  A putative long chain fatty acid (LCFA) binding tunnel is indicated with an 

arrow.  Residues that form one extrance to the tunnel are shown in red.  Additional residues that 

form the other entrance to the tunnel are shown in green. 
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We found that even in the absence of AlgU, there remained a three-fold increase in 

mexCD-oprJ expression when cells were exposed to CHX-promoted envelope stress; however, 

loss of AlgU would preclude mexCD-oprJ upregulation from increased AlgU-dependent 

recruitment of RNAP to the mexCD-oprJ regulatory region and would prevent expression of 

proteins from the AlgU regulon.  Moreover, this would also prevent manufacture of byproducts of 

AlgU-directed processes such as membrane remodeling.  We can conclude two things from these 

observations.  Firstly, expression of mexCD-oprJ must be driven mainly by the sigma factor 

AlgU, but another sigma factor is capable of initiating transcription in the absence of AlgU.  

Secondly, increased expression of mexCD-oprJ can only come from a decrease in repression by 

NfxB, which suggests that envelope stress directly generates the NfxB effector molecule.  Again 

this is consistent with LCFAs acting as the effector, as they would be displaced from the 

membrane during envelope perturbation and therefore able to interact with NfxB, albeit less so 

than would occur during the process of membrane remodeling.   

NfxB is localized to the cytoplasm, yet free fatty acids are typically not soluble in 

aqueous environments and thus remain solubilized in the membrane.  This raises the question of 

how NfxB might interact with LCFAs.  It may be possible that free fatty acids are present in the 

cytoplasm at concentrations high enough to act as an effector molecule for NfxB.  Alternatively, 

NfxB may interact closely with the membrane and so be exposed to membrane solubilized 

LCFAs. Another possibility is that another membrane protein chaperones LCFAs to NfxB.  

LCFAs act as effector molecules for PsrA, and, like NfxB, PsrA is localized to the cytoplasm 

(334).  While the mechanism is unclear, there must be a way for cytoplasmic repressors to gain 

access to free LCFAs.  However, it is possible that LCFAs do not act directly as effector 

molecules for NfxB.  Instead, they could interact with a fatty acid receptor in the membrane 
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which then could then interact with NfxB and cause alleviation of NfxB repression of mexCD-

oprJ.   

LCFAs, while toxic in high concentrations due to their ability to perturb membrane 

architecture, are an important metabolite of the cell.  Their export by MexCD-OprJ may be 

critical during envelope stress or membrane remodeling to prevent them from accumulating to 

toxic concentration; however, indiscriminate export of LCFAs would place an unnecessary fitness 

burden on the cell.  This would explain why nfxB deletion strains, which hyperexpress mexCD-

oprJ, are so rapidly outcompeted by mutants that contain secondary suppressing mutations that 

restore mexCD-oprJ expression to WT levels.  It is then not surprising that P. aeruginosa may 

have additional mechanisms to prevent overexpression of mexCD-oprJ. 

Another potential mechanism for relieving NfxB repression could occur through 

proteolytic degradation of NfxB.  Such a mechanism is not unprecedented.  For example, in 

E.coli, LexA is a repressor of several genes that have roles in the SOS DNA repair response 

(328).  In response to DNA damage, RecA binds to LexA and activates LexA self-cleavage 

dividing the protein into an N-terminal fragment and a C-terminal fragment (329). The cleaved 

LexA dissociates from its operator targets which results in an induction of the SOS regulon (328).  

After self-cleavage, the LexA N-terminal and C-terminal fragments are degraded by the ClpXP 

protease (370).  Loss of NfxB repression may occur through a similar mechanism.  In a previous 

study, purification of NfxB resulted in the isolation of two products, a 23 kDa NfxB product and 

a 21 kDa NfxB product (200).  In our studies, a vector expressing only the 23 kDa NfxB was able 

to complement an nfxB mutant, yet the a vector expressing only a 21 kDa NfxB was unable to 

complement an nfxB mutant indicating the smaller NfxB is functionally compromised.  

Interestingly, the 21 kDa NfxB was still detected by the Jia laboratory during isolation of NfxB 
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from E. coli, even when a downstream ATG translational start codon was removed (M. Lee, 

personal correspondence) indicating that the smaller NfxB is not a product of the downstream 

translational start codon but instead results from degradation of the 23 kDa NfxB.  It is then 

possible that alleviation of NfxB repression occurs through a cleavage mechanism.  Under 

mexCD-oprJ inducing conditions NfxB is cleaved either through autolysis, like LexA, or by 

another protease to a 21 kDa product which is unable to repress mexCD-oprJ.  Interestingly, this 

model still allows for the possibility that LCFAs act as effector molecules for NfxB.  As opposed 

to directly decreasing the ability of NfxB to bind to the mexCD-oprJ regulatory region, 

interaction of LCFAs could make NfxB more susceptible to cleavage (i.e. increases the rate that 

NfxB is degraded to the functionally compromised 21 kDa product).  This idea could explain why 

NfxB binding of the mexCD-oprJ regulatory region was not lost in the presence of LCFAs in the 

EMSA.  A LCFA-promoted increase in NfxB’s susceptibility to cleavage would have no effect if 

the protease required to cleave NfxB was not present.   

 

5.3 PA4596 attenuates activation of mexCD-oprJ  

PA4596 is a homologue of NfxB capable of repressing mexCD-oprJ expression and 

likely escaped earlier identification because it only has a meaningful impact on mexCD-oprJ 

expression during envelope stress.  The influence of PA4596 measured 30 minutes after exposing 

the cell to envelope stress is dramatic – loss of PA4596 results in a 12-fold increase in mexCD-

oprJ expression, yet in the absence of envelope stress PA4596 does not contribute to the 

repression of mexCD-oprJ.  It has been observed that mexCD-oprJ hyperexpressing nfxB-

deletants rapidly give rise to mutants that express mexCD-oprJ at WT levels (A Purssell, 

unpublished), which suggests that there is a significant fitness cost associated with 



 

194 

 

overexpression of MexCD-OprJ.  If overexpression of MexCD-OprJ is detrimental to cell 

survival, then PA4596 may play a role in tempering induction of mexCD-oprJ to a more 

appropriate level. 

In this study we found that an NfxB-PA4596 complex (likely a tethered dimer of NfxB 

and PA4596 homodimers) bound DNA better than a complex of PA4596 alone.  In fact, in vivo 

PA4596 was unable to contribute to the repression of mexCD-oprJ in the absence of nfxB.  This 

indicates that contribution of PA4596 to repression of mexCD-oprJ in vivo comes exclusively 

from the formation of a PA4596-NfxB heterocomplex.  PA4596 is induced when NfxB repression 

is alleviated.  An effector molecule interacting with NfxB could result in NfxB dissociating from 

the mexCD-oprJ regulatory region or NfxB being cleaved to a 21 kDa product which then 

dissociates from the mexCD-oprJ regulatory region.  Because PA4596 can contribute to 

repression in the presence of envelope stress, PA4596 may restore some repressor activity to the 

effector-bound and/or cleaved NfxB.  This likely occurs through a homodimer of PA4596 

interacting with a homodimer of effector-bound/cleaved NfxB to form a heterocomplex with 

repressor activity.   

Regulation by heterodimers has been described previously.  For example, RcsB and 

GadE of the LuxR-like family form a heterodimer which can bind upstream and activate 

expression of gadA in E. coli (371).  Another regulatory paradigm with startling similarity to the 

one that this study described with PA4596 and NfxB can be observed with the H-NS-type 

repressors MvaT and MvaU in P. aeruginosa.  MvaT and MvaU share 47% identity and are both 

capable of homo-oligomerizing to form a repressor of cup gene expression, arginine metabolism 

genes, and pyocyanin synthesis (372, 373).  This is similar to NfxB and PA4596, which are both 

capable of self-associating, although it was found that homo-oligomerized PA4596 is incapable 
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of contributing to the repression of mexCD-oprJ.  MvaU also represses MvaT expression, so even 

during loss of MvaU a portion of its regulatory impact is retained from an increase in MvaT 

(372), mirroring the way which PA4596 contributes to repression of mexCD-oprJ under inducing 

conditions (envelope stress) that alleviate NfxB repression.  Also, MvaT represses expression of 

MvaU (374).  Considering that a complex involving PA4596 would repress mexCD-oprJ by 

binding to the small nfxB-mexC intergenic region, it is likely that when expressed PA4596 also 

contributes to repression of NfxB.  Moreover, MvaT and MvaU are also capable of forming 

hetero-oligomers with repressor activity although what the regulatory impact of such a complex is 

unclear (372).  One theory is that this regulatory organization contributes to preventing 

inappropriate expression of genes in the MvaT/MvaU regulon that would incur a fitness cost 

(372).  Such an interpretation is consistent with our theory on the role of PA4596, which is to 

prevent inappropriate overexpression of mexCD-oprJ.  No examples as of yet have been 

described of LacI-type repressors functioning as hetero-oligomers, and so NfxB and PA4596 

would be the first published example of such a mechanism.   

 

5.4 A proposed model of the regulation of mexCD-oprJ  

In light of the above results and discussion, I propose a potential model for the regulation 

of mexCD-oprJ (Figure 5.2).  Under non-envelope stressing conditions, mexCD-oprJ and PA4596 

are repressed by NfxB.  Exposure to CHX decreases membrane fluidity and otherwise perturbs 

the membrane leading to an activation of the AlgU envelope stress response.  Part of this 

response involves membrane remodeling, including replacement of LCFAs with shorter 

unsaturated fatty acids to restore membrane fluidity resulting in an accumulation of free LCFAs 

in the membrane.  These LCFAs act as effector molecules by interacting with NfxB.  This in turn  
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Figure 5.2. A proposed model for regulation of mexCD-oprJ by NfxB and PA4596 and a 

mechanism of induction in respose to envelope stress 

A) Expression of mexCD-oprJ and PA4596 are repressed by a dimer of NfxB homodimers. B) 1. 

Exposure to chlorhexidine (CHX) decreases envelope fluidity compromising the integrity of the 

barrier. 2. Membrane perturbation activates AlgW through an undefined mechanism.  3. AlgW 

and then MucP cleave MucA resulting in desequestration of AlgU. 4. AlgU directs RNAP to 

express genes in the AlgU regulon among them genes encoding LPS and membrane remodeling 

proteins. 5. These proteins remove long-chain fatty acids (LCFAs) from LPS and phospholipids 

and replace them with shorter unsaturated fatty acids restoring membrane fluidity.  Free LCFAs 

accumulate to potentially toxic concentrations.  6. LCFAs act as an effector of NfxB resulting in 

NfxB dissociating from the regulatory regions of mexCD-oprJ and PA4596. 7. The RNAP-AlgU 

complex transcribes mexCD-oprJ and PA4596.  8. MexCD-OprJ levels in the envelope increase. 

MexCD-OprJ exports the accumulated LCFAs out of the cell, thereby avoiding their toxic effects. 

C) PA4596 can interact with the effector-bound NfxB forming a heterotetramer capable of 

repressing expression of mexCD-oprJ and PA4596. 
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causes NfxB to dissociate from its cognate DNA operator resulting in expression of mexCD-oprJ 

and PA4596.  A dimer of PA4596 interacts with a dimer of effector-bound NfxB to form a 

tetrameric repressor, which partially restores repression of mexCD-oprJ, thereby preventing 

mexCD-oprJ overexpression to a level that would be harmful to the cell.  MexCD-OprJ exports 

the accumulated LCFAs, thereby avoiding their toxic effects.  The resultant decrease in free 

LCFAs in the membrane is paralleled by a decrease in effector-bound NfxB and thus restores full 

repression of mexCD-oprJ and PA4596.   
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