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Abstract 

Pseudomonas aeruginosa is a common soil organism as well as an opportunistic human 

pathogen. Treatment of P. aeruginosa infections is often complicated by innate resistance to a 

variety of antimicrobials mediated by multidrug efflux systems. The MexAB-OprM efflux system 

is constitutively expressed in wildtype strains and contributes to innate antimicrobial resistance, 

while hyperexpression of the system results in acquired high levels of resistance. MexAB-OprM 

is hyperexpressed in nalC mutants containing mutations in the gene encoding NalC, a repressor 

of a two-gene operon, PA3720-armR. armR encodes a protein modulator of MexR, a repressor of 

mexAB-oprM expression. Previous reports showed that genes encoding the MexAB-OprM efflux 

system are upregulated in response to pentachlorophenol (PCP), a phenolic compound that is a 

common environmental contaminant. Induction of mexAB-oprM and PA3720-armR by PCP was 

confirmed using RT-PCR, and MexAB-OprM was shown to be involved in PCP resistance. An 

electromobility shift assay (EMSA) showed that PCP interacts with NalC, interfering with its 

binding to the PA3720-armR promoter region and thereby promoting PA3720-armR expression.  

Nonetheless, the increase in ArmR did not drive mexAB-oprM expression suggesting that PCP 

induction of this efflux operon occurred via a different mechanism. A direct PCP-MexR 

interaction could not be demonstrated using an EMSA. PCP exposure did, however, reduce 

expression of nalD, encoding a second repressor of mexAB-oprM, which might explain the PCP-

promoted increase in mexAB-oprM expression. PCP is unlikely to be the intended 

inducer(s)/substrate(s) for this system but probably resembles these. Several compounds related 

to PCP were tested for an interaction with NalC but all were negative in EMSAs. Plants produce a 

variety of phenolic compounds, which are often antimicrobial and, so, root extracts of various 

plants were tested for an ability to interact with NalC and interfere with promoter binding.  
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Extracts from Boehmeria tricuspis, Uncaria tomentosa and Ixiolirion tataricum were shown to 

interact with NalC, suggesting that plant compounds may be the intended inducers/substrates for 

NalC/MexAB-OprM.   
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Chapter 1 

Introduction 

 

Pseudomonas aeruginosa is a Gram-negative bacillus that is a common soil organism and 

is able to survive in diverse ecological environments (Spiers et al., 2000). P. aeruginosa is also an 

opportunistic human pathogen that causes pneumonias, septicemias, wound infections and urinary 

tract infections (Driscoll et al., 2007) and a common hospital-acquired infection affecting 

immunocompromised patients, including those with severe burns, HIV and cancer (Mena and 

Gerba, 2009). Cystic fibrosis patients are especially susceptible to P. aeruginosa infections, 

which often lead to respiratory failure and death (Gómez and Prince, 2007; Murray et al., 2007). 

These infections are difficult to treat, as the organism exhibits intrinsic resistance to a variety of 

antibiotic treatments and highly resistant strains can be selected for during antimicrobial 

treatment (Poole and Srikumar, 2001).  

Many pathogenic bacteria have adapted to antibiotic treatment directed against them by 

employing multi-drug resistant (MDR) efflux pumps to export these and other harmful substances 

out of the cell (Schweizer, 2003). In order to control this important function, these organisms 

have also developed sophisticated methods to regulate efflux systems so that they are expressed 

only when required (Paulsen, 2003). P. aeruginosa, a leading cause of MDR infections, has 

evolved to take full advantage of its efflux systems, while tightly controlling their use (Poole and 

Srikumar, 2001).  

Multidrug efflux systems in many kinds of bacteria confer resistance to a number of 

natural substances, suggesting that the natural function of these efflux systems is not drug efflux 

but a response to an environmental or cellular signal (Piddock, 2006b; Martinez et al., 2009). It 



 

 

 

2 

seems that drug export may be a convenient by-product of the actual physiological purpose of 

these pumps. My research examined the regulation of one MDR efflux system, MexAB-OprM, 

particularly in response to environmental signals, in order to identify its natural function.  

 

1.1 Action of Antimicrobial Agents  

Antimicrobial agents can be either bactericidal and cause bacterial death, or bacteriostatic 

and inhibit bacterial growth (Chopra et al., 2002). In order to be effective, antimicrobial agents 

must interfere with processes unique to bacterial growth without affecting the host. Groups of 

antimicrobial agents are categorized based on their targets, which include cell wall biosynthesis, 

protein synthesis and DNA replication and repair (Walsh, 2000; Franklin and Snow, 2005; 

Kohanski et al., 2010).  

 Antimicrobial agents that interfere with cell wall biosynthesis, including "-lactam-

containing penicillins and cephalosporins, act by preventing the normal cross-linking of peptide 

chains in the peptidoglycan layer (Pollack and Pollack, 1996). Peptidoglycan molecules in the 

cell wall, covalently cross-linked by amide linkages, confer structural support to bacteria. These 

glycan strands are synthesized through the addition of new peptidoglycan molecules, which are 

cross-linked by transpeptidases, also called penicillin binding proteins (PBPs) (Sauvage et al., 

2008). Penicillins, cephalosporins and other "-lactam antibiotics inhibit peptide cross-linking by 

binding to PBPs, causing cell lysis due to interference with peptidoglycan (Georgopapadakou, 

1993). 

 The prokaryotic ribosome is an attractive target for antimicrobials that inhibit protein 

synthesis (Poehlsgaard and Douthwaite, 2005; Böttger, 2006). The 70S ribosome of bacteria, 

composed of 30S and 50S subunits, is an ideal target for antimicrobials because the structure 
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differs from the 80S ribosomes of eukaryotes, ensuring that these drugs will not affect the host. 

This class includes macrolides, tetracycline, chloramphenicol and the aminoglycosides. 

Macrolides act by binding the 50S subunit of the ribosome, causing dissociation of the peptidyl 

tRNA from the ribosome and halting protein synthesis (Menninger and Otto, 1982). Tetracycline 

prevents binding of the aminoacyl tRNA to the ribosomal acceptor site by binding to the 30S 

subunit and inhibiting codon interactions between tRNA and mRNA (Pioletti et al., 2001). 

Chloramphenicol directly binds to the 23S ribosomal subunit and inhibits the peptidyl transferase 

reaction by interfering with the ribosomal structure required for this operation (Vester and 

Garrett, 1988).  

 Bacterial DNA replication and repair is inhibited by antimicrobials such as those of the 

quinolone family (Appelbaum and Hunter, 2000; Hooper, 1999). These agents target the enzyme 

DNA gyrase, which unwinds double-stranded DNA so that the replication machinery can access 

the DNA strand. DNA gyrase prevents supercoiling of DNA during separation by introducing 

breaks into the phosphodiester bonds of the double helix (Walsh, 2000). Quinolones, like 

nalidixic acid bind to the DNA gyrase in complex with the DNA and prevent re-ligation of the 

broken DNA strand. This causes an accumulation of breaks in the DNA chain, preventing 

movement of DNA and RNA polymerases (Sugino et al., 1977). Novobiocin also binds to the 

DNA gyrase subunit, but at a site overlapping with the ATP–binding site. This interferes with 

ATP hydrolysis by the gyrase enzyme, inhibiting its function (Maxwell and Lawson, 2003). 

 

1.2 Mechanisms of Antimicrobial Resistance 

In order to inhibit bacterial growth, antimicrobial compounds must accumulate in the cell 
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and interact with their targets.  Bacteria attempt to prevent this by eliciting a number of changes 

in the cell, including altering or destroying the antimicrobial, altering the target of the drug, or 

actively removing the drug from the cell using efflux mechanisms (Walsh, 2000). The rapid 

generation time of bacteria allows them to evolve quickly, becoming resistant to antimicrobials 

within a short time of their introduction.  

Bacterial resistance to antimicrobials can either be acquired, due to transfer of resistance 

genes or selection of resistant individuals during drug treatment, or it can be intrinsic, and 

conferred by chromosomal genes (Courvalin, 2008). These latter resistance mechanisms are 

inherent to bacteria and are not a result of mutations in the cell (Fajardo et al., 2008). Both types 

contribute to resistance in P. aeruginosa, making treatment of these infections very difficult. 

 

1.2.1 Inactivation and Modification of Antibiotics 

Bacteria may resist the action of antibiotic drugs by producing enzymes that modify or 

destroy them (Wright, 2005). The best example of this is the "-lactamase enzymes, which 

hydrolyse the cyclic amide bond in the "-lactam molecule, preventing it from binding to PBPs 

(Buynak, 2006; Neu, 1986). Resistance to aminoglycosides can be provided by enzymes that add 

chemical groups to the structure of the antibiotic, including acetyl transferases, adenylyl 

transferases and phosphyl transferases, and preventing them from binding to RNA (Wright, 1999; 

Vetting et al., 2004). 

 

1.2.2 Target Site Modification 

Although organisms cannot directly mutate their genes, mutations that interfere with 

antimicrobial action may be selected for as a result of antibiotic pressure (Lambert, 2005). For 
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example, mutations that occur spontaneously in PBPs create a low binding affinity for the drug 

and are selected for in the presence of "-lactam antibiotics (Poole, 2004b). Mutations that cause 

alterations in amino acid residues of ribosomes are also selected for, as they prevent drugs from 

binding to this target (Yonath, 2005). Quinolone resistance often develops from mutations in a 

region in the gene encoding DNA gyrase, which causes a conformational change that does not 

interfere with functioning of the enzyme but prevents binding of the antibiotic (Ruiz, 2003). 

Another mechanism of resistance occurs through the enzymatic modification of antibiotic targets. 

Methyl transferases, for example, methylate ribosomal RNA and prevent binding of antibiotics 

such as macrolides and chloramphenicol from binding due to steric hindrance (Kehrenberg et al., 

2005; Maravic, 2004). 

 

1.2.3 Active Efflux 

In order to have their effect on bacterial cells, antimicrobial agents must pass through the 

cell membrane to reach their targets. Bacteria can prevent accumulation of these drugs by actively 

exporting them via chromosomally encoded efflux pumps (Kumar and Schweizer, 2005). 

Compared to other resistance mechanisms, which may alter a target or drug to block the action of 

one type of antimicrobial, efflux systems often confer multidrug resistance due to their broad 

substrate specificities (Le Thomas et al., 2001). 

 

1.3 Multidrug Efflux Systems 

There are five families of efflux pumps associated with multidrug resistance, each 

classified by their number of pump components, energy source used and type of substrate: the 

ATP-binding cassette (ABC) family, the small multidrug resistance (SMR) family, the multidrug 
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and toxic compound extrusion (MATE) family, the major facilitator superfamily (MFS) and the 

resistance-nodulation-division (RND) family (Fig 1-1) (Poole, 2005). With the exception of the 

ABC family, which uses energy from the hydrolysis of ATP, all other efflux systems use a proton 

motive force as an energy source to actively transport compounds across the membrane. The most 

significant family of efflux systems, due to the variety of clinically relevant antimicrobials they 

accommodate, is the RND family (Ruiz, 2003).   

 Efflux pumps can be single or multi-component. Gram-positive bacteria, which have only 

one membrane that must be crossed by a substance, employ single component pumps. 

Meanwhile, Gram-negative bacteria use both single component pumps to export drugs across the 

outer membrane (OM), and multi-component pumps to transport molecules across both the OM 

and the inner membrane (IM) (Poole, 2004a). Multiple MDR efflux pumps can function in a 

single organism. P. aeruginosa expresses multiple Mex (multiple efflux) pumps, including 

MexAB-OprM, MexCD-OprJ, MexEF-OprN and MexXY-OprM, as well as MATE pumps such 

as PmpM, and ABC drug transporters (He et al., 2004; Zhou et al., 2006; Stover et al., 2000).  

 

1.3.1 ATP-Binding Cassette (ABC) Superfamily 

ATP-binding cassette (ABC) superfamily members are transmembrane proteins that may 

be single or multi-component and couple ATP-hydrolysis to transport of compounds across the 

membrane (Higgins, 2001). Although ABC pumps are usually associated with transport of 

cellular molecules such as protein, peptides and polysaccharides, there are some examples of 

ABC-type MDR efflux systems (Fath and Kolter, 1993; Lubelski et al., 2007). For example, the 

EfrAB system of Enterococcus faecalis exports fluoroquinolones and tetracycline, as well as 

antiseptics and dyes, while the LmrA efflux protein of Lactococcus lactis exports  
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Figure 1-1. Schematic of the families and functions of multidrug resistance efflux systems.  

Small multidrug resistance (SMR) family, major facilitator superfamily (MFS), multidrug and 

toxic compounds extrusion (MATE) family, ATP-binding cassette (ABC) family and resistance-

nodulation-division (RND) family. Examples of exported compounds are highlighted. AG, 

aminoglycosides; FQ, fluoroquinolones; ML, macrolides; BL, "-lactams; TC, tetracycline; OM, 

outer membrane; PP, periplasmic space; IM, inner membrane.
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aminoglycosides, macrolides, quinolones, tetracycline, chloramphenicol and ethidium (Lee et al., 

2003; Putman et al., 2000a).  

 

1.3.2 Small Multidrug Resistance (SMR) Family 

Members of the small multidrug resistance (SMR) family are present in Gram-positive 

and Gram-negative bacteria and confer resistance to several classes of antibiotics including "-

lactams and aminoglycosides as well as lipophilc cations and detergents (Paulsen et al., 1996b). 

Examples of this family include the Staphylococcus aureus QacH pump, which confers resistance 

to a number of disinfectants (Heir et al., 1998) and the EmrE transporter from Escherichia coli, 

which transports tetracycline, antiseptics and dyes (Ma and Chang, 2004). 

 

1.3.3 Major Facilitator Superfamily (MFS) 

The major facilitator superfamily (MFS) is wide-spread in bacteria and can be either 

single component, such as the QacA efflux system in S. aureus, or multi-component such as the 

EmrAB-TolC pump in E. coli (Pao et al., 1998). These pumps export antimicrobials such as 

fluoroquinolones, macrolides and tetracycline, as well as small solutes such as sugars (Mitchell et 

al., 1998; Tanabe et al., 2009; Marger and Saier, 1993). 

 

1.3.4 Multidrug and Toxic Compound Extrusion (MATE) Family 

The multidrug and toxic compound extrusion (MATE) family provides multidrug 

resistance in both Gram-positives, including the S. aureus MepA transporter of tetracycline, 

detergents and dyes, and Gram-negatives, such as PmpM in P. aeruginosa, whose substrates 
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include fluoroquinolones, ethidium bromide and disinfectants (He et al., 2004; Kaatz et al., 

2006). Unlike other efflux families, some members of this family use a Na
+
 gradient rather than a 

proton gradient as an energy source to transport compounds across the membrane (Morita et al., 

2000).  

  

1.3.5 Resistance-Nodulation-Division (RND) Family 

Most multi-component efflux pumps belong to the resistance-nodulation-division (RND) 

family (Blair and Piddock, 2009). This group is one of the most important efflux mechanisms for 

antibiotic resistance in Gram-negative bacteria as these pumps are able to transport almost all 

clinically relevant antimicrobial drugs (Ruiz, 2003; Tseng et al., 1999; Stoitsova et al., 2008). 

RND pumps use a drug/proton antiport mechanism to couple the movement of hydrogen ions 

across the membrane with the transport of drugs through a tripartite system of efflux proteins 

(Paulsen et al., 1996a). The crystal structures of the AcrAB-TolC efflux system of E. coli and the 

MexAB-OprM efflux system from P. aeruginosa have been solved, revealing that RND systems 

consist of an RND transporter protein in the inner membrane connected to an outer membrane 

protein (OMP) by a membrane fusion protein (MFP) in the periplasmic space (Symmons et al., 

2009; Putman et al., 2000b). The RND transporter protein consists of three monomers that form a 

complex in the inner membrane with a pore-forming domain extending into the periplasm 

(Murakami et al., 2002; Seeger et al., 2006; Murakami et al., 2006; Sennhauser et al., 2009). The 

OMP is a "-barrel anchored to the outer membrane with a long #-helical domain extending into 

the periplasm and, when assembled, forms a pore for transport of substances across the membrane 

(Koronakis et al., 2000; Koronakis et al., 2004; Akama et al., 2004a). Binding of the MFP to the 

inner membrane RND protein results in the outer membrane protein being recruited to the 
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complex in an open state and stabilizes the complex (Symmons et al., 2009; Eswaran et al., 2004; 

Akama et al., 2004b). 

 

1.4 Multidrug Efflux Systems of P. aeruginosa  

There are nine RND family efflux pumps identified in P. aeruginosa: MexAB-OprM 

(Poole et al., 1993), MexCD-OprJ (Poole et al., 1996), MexEF-OprN (Kohler et al., 1997), 

MexXY-OprM (Mine et al., 1999), MexJK-OprM (Chuanchuen et al., 2002), MexGHI-OpmD 

(Aendekerk et al., 2002), MexVW-OprM (Li et al., 2003), MexPQ-OpmE (Mima et al., 2005) 

and MexMN-OprM (Mima et al., 2005). Of these efflux systems, MexAB-OprM is the most 

significant, since it, along with MexXY-OprM, is constitutively expressed and exports a wide-

range of clinically important drugs (Schweizer, 2003). However, overexpression of MexCD-OprJ 

and MexEF-OprN has also been found to result in increased resistance to antimicrobials and 

biocides in laboratory and clinical strains (Ziha-Zarifi et al., 1999; Sobel et al., 2003; 

Chuanchuen et al., 2001).  

 

1.4.1 MexAB-OprM 

The MexAB-OprM efflux system of P. aeruginosa is constitutively expressed at high 

levels in wild type strains (Masuda et al., 2000a). The crystal structures of the three components 

of this efflux system, MexA, OprM and MexB have been solved (Sennhauser et al., 2009; Akama 

et al., 2004a; Akama et al., 2004b). The inner membrane-embedded RND antiport protein, MexB, 

is connected to the OMP OprM in the outer membrane through the MFP MexA in the periplasm 

(Fig 1-2). Three monomers of MexB form a complex in the IM that is folded to create a pore. 
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Figure 1-2. Schematic model of the assembled tripartite system of MexAB-OprM based on 

the AcrAB-TolC system of E. coli. MexB (shown in green), the transporter protein in the inner 

membrane (IM), is connected to OprM (shown in red) in the outer membrane (OM). A ring of 

MexA (shown in blue) molecules surrounds MexB and OprM in the periplasm. OprM is shown in 

the open state in contact with MexA and MexB (Adapted from Eswaran, 2004).
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Each monomer cycles through three different conformations, creating a pumping action. MexA is 

a periplasmic protein that binds to the MexB protein in the C-terminus and connects it to the N-

terminus of OprM in the OM (Akama et al., 2004b). MexA is thought to interact with both MexB 

and OprM by forming a ring around them in the periplasm (Eswaran et al., 2004). The crystal 

structure of OprM revealed a "-barrel anchoring the protein to the OM and an #-barrel forming a 

cavity. In resting state, the small outer membrane porin and tightly closed periplasmic end do not 

allow passage of antibiotics (Akama et al., 2004a). Interaction of OprM with MexA and MexB 

induces conformational changes in the protein that allow passage of substrates, including 

antibiotic drugs (Yoshihara et al., 2009).  

Substrates of this system include "-lactams, fluoroquinolones, tetracycline, trimethoprim, 

chloramphenicol and macrolides, and overexpression of this system increases resistance to these 

compounds (Masuda et al., 2000b; Srikumar et al., 1998). In addition to antibiotic drugs, dyes, 

biocides, detergents and solvents are exported by MexAB-OprM (Li et al., 2003; Li et al., 1998). 

 

1.4.2 MexCD-OprJ 

MexCD-OprJ is not constitutively expressed in P. aeruginosa; however, it is inducible by 

a number of non-antibiotic compounds, including biocides widely used in healthcare (Fraud et al., 

2008; Morita et al., 2003). Expression of this system in both clinical and laboratory strains is also 

seen in nfxB strains (Jeannot et al., 2005), resulting in resistance to "-lactams, fluoroquinolones, 

chloramphenicol, macrolides, tetracycline, biocides, detergents and dyes (Chuanchuen et al., 

2001; Masuda et al., 2000b; Li et al., 1998).   
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1.4.3 MexEF-OprN 

MexEF-OprN is not expressed under normal conditions, however, it is expressed in 

strains containing mutations in mexT (Kohler et al., 1999), mexS (Sobel et al., 2005) and mvaT 

(Westfall et al., 2006) and to compensate for loss of MexAB-OprM activity (Li et al., 2000). 

MexEF-OprN exports substrates such as fluoroquinolones, chloramphenicol, imipenem and 

aromatic hydrocarbons (Maseda et al., 2000b). 

 

1.4.4 MexXY-OprM 

 The operon encoding the MexXY efflux system does not encode an OMP and so uses 

OprM, the OMP of MexAB-OprM (Mine et al., 1999). Unlike other efflux systems in P. 

aeruginosa, MexXY-OprM is induced by almost all of its substrates, including gentamycin, 

erythromycin and tetracycline (Masuda et al., 2000b). Interestingly, only ribosome-targeting 

antibiotics are inducers of mexXY, suggesting that the function of this efflux system may be to 

respond to ribosome damage (Jeannot et al., 2005).  

 

1.5 Regulation of Bacterial Efflux Pump Gene Expression 

While transport of harmful antimicrobials out of the cell is often essential for the survival 

of pathogenic organisms, excessive expression of efflux pumps may result in the disruption of 

bacterial cell membranes or the unwanted export of essential molecules due to the broad substrate 

specificity of MDR efflux pumps (Grkovic et al., 2001; Lister et al., 2009). Therefore, it is 

important to regulate the expression of these genes.  

Many efflux pumps are regulated by proteins that bind to sequences upstream of the 

efflux genes they control and may be activators or repressors (Gralla, 1996).  Mutations in the 
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genes encoding these repressors may, therefore, prevent repressor activity and allow transcription 

of target genes to proceed or, if the regulator is a transcriptional activator, result in decreased 

expression. Although organisms cannot directly mutate their genes, these mutations may be 

selected for under selective pressure of antibiotics (Grkovic et al., 2001). Additionally, regulators 

may bind directly to the toxic compounds that are transported by the pumps that they control, 

either decreasing activity of transcriptional repressors or increasing activity of activators and 

resulting in increased expression of the MDR efflux system in response to the presence of the 

toxic substance (Terán et al., 2006).  

Several families of efflux gene regulators have been identified, including a number that 

are present in P. aeruginosa. Most regulators are assigned to their respective families based on 

sequence similarity, although there are also differences in function between families. The most 

common efflux gene transcriptional regulators are members of the TetR family, which share 

homology with TetR, a regulator of genes responsible for resistance to tetracycline in E. coli 

(Ramos et al., 2005). Members of this family contain a helix-turn-helix (HTH) domain in the C-

terminus. Proteins in this family are believed to be involved in adaptation, as they are abundant in 

microbes living in environments subject to changes in pH, heat or nutrients and are not present in 

intracellular pathogens that experience a generally unchanging environment (Ramos et al., 2005).  

LacI/GalR family members are categorized based on amino acid sequence homology to 

LacI and GalR repressors, especially in the N-terminal DNA-binding domain region where the 

HTH DNA binding domain is located (Swint-Kruse and Matthews, 2009). Functions of members 

of this family include expression of catabolic genes in response to available nutrients (Weickert 

and Adhya, 1992), toxin expression (Colmer and Hamood, 1998) and metabolism and transport of 

carbohydrates (Nguyen and Saier, 1995).  
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Members of the LysR family of regulators are the most abundant bacterial transcriptional 

regulators (Maddocks and Oyston, 2008). Members of this family have sequence homology to the 

transcriptional activator LysR in two functional domains: an HTH DNA binding domain in the N-

terminal region and a C-terminal domain responsible for binding of co-inducers, which are 

necessary for transcriptional activation or repression. These proteins regulate genes with a wide 

variety of functions, including virulence, metabolism, motility and quorum sensing (Kovacikova 

and Skorupski, 1999; Lehnen et al., 2002; Kim et al., 2004). 

Members of the MarR family of transcriptional repressors have sequence homology to 

the winged HTH domain of the MarR repressor of the multiple antibiotic resistance (mar) operon 

in E. coli (Alekshun and Levy, 1999; Alekshun et al., 2000). These proteins often also possess 

effector molecule recognition and binding properties (Alekshun et al., 2000) Members of this 

family are involved in such functions as regulation of virulence factor production and response to 

antibiotic and oxidative stress (Rouanet et al., 2004; Saito et al., 2001; Buchmeier et al., 1997). 

 

1.5.1 Regulation of Efflux Gene Expression in P. aeruginosa 

The genes encoding efflux systems are generally encoded in operons with the MFP gene 

preceding the RND protein followed by the gene encoding the OMP, although in some cases the 

OMP gene may be encoded elsewhere in the genome (Paulsen, 2003). A number of these efflux 

systems are tightly controlled by gene repressors and are not expressed in wildtype strains of P. 

aeruginosa but are hyperexpressed in acquired multidrug resistant strains. Multidrug efflux can 

benefit bacteria such as P. aeruginosa, especially in clinical settings where they encounter 

antibiotic drug treatments. Overexpression of these systems allows the bacteria to thrive in 

environments that may normally be unfavourable to them. However, regulation of the expression 
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of these systems is necessary to ensure that efflux system functions do not become excessive, 

while still being available when they are required. In terms of prevention of antibiotic resistance, 

manipulation of efflux gene regulators may be a possible avenue for disrupting MDR systems 

(Schumacher and Brennan, 2002).  

 

1.5.2 MexCD-OprJ 

The MexCD-OprJ efflux system is not expressed in wildtype strains of P. aeruginosa. 

Rather, expression of MexCD-OprJ occurs in the absence of repression by NfxB, a transcriptional 

repressor (Poole et al., 1996). Mutations to the nfxB gene result in overexpression of the system 

and increased resistance to fluoroquinolones, "-lactams and aminoglycosides (Okazaki et al., 

1991) MexCD-OprJ is also inducible by membrane damaging agents, including biocides (Fraud 

et al., 2008). 

 

1.5.3 MexEF-OprN 

Like MexCD-OprJ, levels of MexEF-OprN are undetectable in wildtype P. aeruginosa. 

Expression of MexEF-OprN, and subsequent increases in resistance to chloramphenicol, 

quinolones and imipenem is referred to as the nfxC phenotype (Kohler et al., 1997). Unlike the 

other efflux systems, MexEF-OprN is regulated by a transcriptional activator, MexT. The MexT 

protein appears to be inactive in wildtype cells and mutations that revert the protein to an active 

state are responsible for increased expression of the MexEF-OprN efflux system (Maseda et al., 

2000a). Mutations to another gene, mexS, also result in an increase in mexEF-oprN expression 

and antibiotic resistance (Sobel et al., 2005). 

 



 

 

 

17 

 

1.5.4 MexXY-OprM 

Unlike other P. aeruginosa efflux system genes, mexXY is induced by its antibiotic 

substrates, which include aminoglycosides, tetracycline and erythromycin (Masuda et al., 2000a). 

The expression of MexXY-OprM is repressed by MexZ, a member of the TetR family of 

transcriptional regulators (Aires et al., 1999; Westbrock-Wadman et al., 1999). mexZ is one of the 

most frequently mutated genes in the cystic fibrosis lung, most likely due to the on-going 

treatment of chronic P. aeruginosa infections with antibiotics (Smith et al., 2006).  

 

1.5.5 MexAB-OprM 

 The constitutively expressed MexAB-OprM efflux system is the major exporter of 

clinically relevant antimicrobials. The operon encoding the MexAB-OprM efflux system is 

controlled by a complex system of regulators (Fig 1-3). Disruption of three separate genes, mexR, 

nalC and nalD, is associated with upregulation of the mexAB-oprM operon in both clinical and 

laboratory strains (Ziha-Zarifi et al., 1999; Llanes et al., 2004). MexAB-OprM has also been 

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

 

1.5.5.1 MexR 

MexR is a member of the MarR family of repressors and is encoded by a gene located 

upstream and in the opposite direction of the mexAB-oprM operon gene (Poole et al., 1996). 

MexR negatively regulates expression of mexAB-oprM and itself, as a shared promoter/operator
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Figure 1-3. Genetic organization of the mexAB-oprM efflux system operon in P. aeruginosa. 

MexR binding to the mexR-mexA intergenic region at promoter site I (PI) directly represses 

mexAB-oprM expression and autoregulates mexR. NalD negatively regulates mexAB-oprM 

expression at a separate promoter site (PII) in the mexR-mexA intergenic region. ArmR (PA3719) 

is a protein modulator of MexR, which directly binds it, inhibiting repression of mexAB-oprM. 

ArmR is negatively regulated by NalC, which is encoded upstream of PA3720-armR and is also 

autoregulated. The function of PA3720 is unknown.
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region exists between the regulator gene and the operon. It is in this intergenic region that MexR 

binding takes place, causing repression of both the regulatory protein itself and the MDR efflux 

operon (Saito et al., 2003; Evans et al., 2001). Mutations in mexR (previously nalB) result in 

derepression of the mexAB-oprM operon and increased resistance to antibiotics, including 

tetracycline, chloramphenicol and nalidixic acid (Srikumar et al., 2000).  

 

1.5.5.2 NalC  

NalC (ORF PA371) is a TetR transcriptional repressor of a two-gene operon (PA3720-

armR) that also regulates its own expression (Cao et al., 2004). nalC mutants display mexAB-

oprM hyperexpression, increased production of MexB and MexR and a phenotype that includes 

resistance to chloramphenicol and carbenicillin (Cao et al., 2004). Although expression of 

mexAB-oprM and resistance levels are lower in nalC mutants than mexR mutants, NalC does not 

directly impact mexAB-oprM expression, as PA3720-armR is required for increased expression of 

the operon. 

 

1.5.5.3 ArmR and PA3720 

ArmR (anti-repressor of MexR; ORF PA3719) is a small protein that is a modulator of 

MexR repressor activity (Daigle et al., 2007). The gene encoding ArmR is located in a two-gene 

operon, PA3720-armR, located downstream and divergently transcribed from nalC and 

negatively regulated by the NalC protein (Cao et al., 2004). The crystal structure of ArmR in 

complex with MexR has been solved, and revealed that ArmR stabilizes a conformational change 

in MexR that prevents DNA-binding (Wilke et al., 2008). The C-terminal residues of ArmR 

occupy a hydrophobic binding cavity at the centre of MexR, partially overlapping potential 
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binding sites of effector molecules of other MarR family proteins. This binding site is separate 

from the DNA binding site, as mutations compromising ArmR binding do not affect MexR-DNA 

binding (Daigle et al., 2007). Although armR is transcribed in an operon with PA3720, and both 

are regulated by NalC, the function of PA3720 remains unknown as it has no homology to any 

known protein and neither deletion nor overexpression of this protein in P. aeruginosa has any 

effect on antimicrobial resistance (Cao et al., 2004). Interestingly, although armR is dependent on 

a promoter upstream of PA3720, cloned armR restores the nalC phenotype in a nalC!PA3720-

armR strain.  

 

1.5.5.4 NalD 

NalD (ORF PA3572) is a second, independent repressor of mexAB-oprM expression that 

is distantly located from the operon and binds at a second promoter site upstream of mexA but 

downstream of the MexR binding site. The nalD gene is located adjacent to a MFS efflux system 

but is not involved in its regulation. Rather, NalD is a TetR family repressor with homology to 

SmeT and TtgR repressors of the Stenotrophomonas maltophilia efflux operon smeDEF and the 

Pseudomonas putida operon ttgABC respectively (Morita et al., 2006). Mutations in this gene 

have been shown to increase expression of mexAB-oprM and produce a MDR phenotype in lab 

and clinical isolates of P. aeruginosa. This phenotype shows resistance to chloramphenicol, 

carbenicillin, nalidixic acid and novobiocin at levels lower than mexR mutants but similar to nalC 

mutants (Sobel et al., 2005).  
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1.6 Natural Function of Efflux Systems 

Antibiotic resistance is often blamed on the overuse of antibiotics, however, resistance 

predates the wide-spread use of antibiotics (Abraham and Chain, 1940) and does not always 

require prior exposure to the antibiotic (Piddock et al., 2002). A recent examination of 154 strains 

of bacteria isolated from 170-259 m below the land surface found high levels of multidrug 

resistant bacteria. Depending on location, between 62% and 86% of strains found were resistant 

to at least two of the 13 antibiotics tested (Brown and Balkwill, 2008). Since these bacteria have 

either never been exposed to antibiotics or have been isolated from antibiotics long enough to 

remove their selective pressure, the mechanism that confers antibiotic resistance must offer 

another advantage to the bacteria. 

MDR efflux pumps are major contributors to antimicrobial resistance in many different 

pathogenic organisms. However, although various antimicrobials are substrates of efflux pumps, 

most do not induce these systems (Grkovic et al., 2002). This suggests that antimicrobial 

resistance is not the natural or intended function of the system and that it is merely a side effect of 

another physiological purpose. Further support for this is the fact that multiple MDR pumps in 

the same organism transport the same antimicrobials from the cell but are independently 

regulated. For example, P. aeruginosa expresses three efflux systems, MexAB-OprM, MexCD-

OprJ and MexXY-OprM, which export "-lactams and fluoroquinolones and have different 

regulatory proteins (Masuda et al., 2000b; Piddock 2006a). This redundancy is further evidence 

that MDR pumps have a more natural, if not more important, role in the cell than conferring 

antibiotic resistance (Poole, 2008). The complex regulatory mechanisms that control efflux 

systems have also been cited as further evidence that antimicrobial efflux is not the natural 

function of efflux systems in bacteria. Regulation of mexAB-oprM, for example, is repressed by 
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two independent regulators, MexR and NalD, which bind at separate binding sites upstream of the 

mexAB-oprM operon (Evans et al., 2001; Morita et al., 2006). Further control of the system 

occurs through ArmR, a protein modulator of MexR, which is controlled by the NalC repressor 

(Cao et al., 2004; Daigle et al., 2007). The MexEF-OprN is activated in strains with a functional 

MexT (Kohler et al., 1999) while mutations in the mexS gene result in increased mexEF-oprN 

expression (Sobel et al., 2005). MexT and MexS do not act independently, however, as an in-

frame deletion of mexT in a mexS mutant strain prevents mexEF-oprN expression. Additionally, 

mexEF-oprN expression appears to be controlled by a global regulator, as mvaT mutants show 

increased expression of mexEF-oprN but the MvaT protein does not regulate MexT or MexS 

(Westfall et al., 2006). It is possible that the purpose of such complex regulatory pathways is so 

that each regulator may respond to different natural signals and affect expression of the efflux 

system in a different way. Various natural signals have been proposed as being the natural 

substrate or inducer of MDR efflux pumps, including environmental signals and cellular signals, 

which may be a response to stress within the cell. 

 

1.6.1 Bacterial Stress Responses 

 Pathogens are subjected to harsh conditions in the host environment, including antibiotic 

treatments and host responses to infection (which may involve host antimicrobials) (Fajardo and 

Martínez, 2008). MDR efflux pumps may be involved in preventing these harmful substances 

from causing stress to the bacteria by removing them in the same way they export antibiotics.  

Oxidation is a major bacterial stressor that may result from host antimicrobials (Cabiscol 

et al., 2000). In the human body, one of the ways that white blood cells, specifically neutrophils, 
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fulfill their role as immune cells is by exposing invading microbes to reactive oxygen. These cells 

produce an oxidase enzyme that creates H2O2 in the cell, which generates highly reactive and 

toxic hydroxyl radicals and single oxygen molecules (Roos et al., 2003). Oxidative stress caused 

by direct addition of H2O2 has been shown to induce mexXY expression and select for MexXY-

OprM-dependent aminoglycoside resistant mutants (S. Fraud, unpublished). The selection of 

antibiotic resistant mutants in the absence of the antibiotic itself is compelling evidence for an 

alternate function of MDR efflux systems.  

One specific target of stress-inducing substances is the bacterial cell membrane. The 

human gastrointestinal tract contains elevated levels of bile, a liver secretion that functions 

physiologically as a detergent for the solubilization of fats and as an excretory fluid for the 

elimination of insoluble compounds. The properties of bile also allow it to solubilize 

phospholipids of bacterial cell membranes and induce lysis (Begley et al., 2005). In order to 

survive in this environment, bacteria in the human intestine such as E. coli and Campylobacter 

jejuni, must be able to tolerate high levels of bile (Begley et al., 2005). CmeABC, an antibiotic 

efflux pump of C. jejuni, contributes to resistance of the organism to some bile salts through an 

efflux mechanism that is also essential for growth of the organism in chicken intestines (Lin et 

al., 2005). E. coli also contains a number of MDR efflux pumps that may remove bile from the 

cell. acrAB mutants are hypersusceptible to bile salts as well as to antibiotics (Ma et al., 1995) 

and, using a fluorescent dye and everted (inside out) membrane vesicles, AcrAB-TolC was shown 

to export bile salts (Thanassi et al., 1997). 

Antiseptics, detergents and solvents can also cause membrane damage (Gilbert and 

Moore, 2005). Two commonly used hospital disinfectants, chlorhexidine and the quaternary 

ammonium compound benzalkonim chloride, are inducers of the P. aeruginosa efflux system 
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MexCD-OprJ, which also confers resistance to a number of antibiotics, including 

fluoroquinolones, macrolides, tetracycline and some "-lactams (Fraud et al., 2008; Morita et al., 

2003).  

Pentachlorophenol (PCP) is a synthetic chlorinated phenolic compound that is used mainly as a 

wood preservative and is considered an environmental contaminant. PCP accumulates in the soil 

and is toxic to plants and animals in low concentrations (Jensen, 1996). In response to PCP stress, 

P. aeruginosa demonstrates significant upregulation of mexAB-oprM and its regulators (Muller et 

al., 2007). Although PCP does not occur naturally in the environment and is unlikely a natural 

substrate of the system, many similar phenolic compounds, including plant derivatives frequently 

do (Bais et al., 2006). Therefore, PCP may mimic a naturally occurring substance that has a 

similar effect on P. aeruginosa, resulting in increased mexAB-oprM expression.  

 

1.6.2  Cell-Cell Communication 

Large groups of bacteria are able to carry out activities that solitary bacterial cells are 

incapable of. For example, the desired effect of an enzyme produced by a bacterium may require 

a higher concentration than one bacterium can produce. Therefore, cells must be able to sense 

each other in order to coordinate a release effort (Fuqua et al., 1996). In order to signal to cells in 

their proximity, many Gram-negative bacteria produce signals in the form of homoserine lactone 

molecules, called auto-inducers (AIs) that coordinate the activity of large groups of cells. When 

other bacteria detect these signals, expression of certain genes is altered and all affected cells may 

act in unison (Waters and Bassler, 2005). This process, called quorum sensing, is utilized by P. 

aeruginosa for metabolism, protein synthesis and virulence; deletions in quorum sensing genes in 

this organism result in attenuated virulence (Smith and Iglewski, 2003). The MexAB-OprM 
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efflux system of P. aeruginosa, can export AI molecules, preventing upregulation of AI-

dependent genes (Evans et al., 1998; Pearson et al., 1999). As this offers no obvious advantage 

for the cell, it is not likely the intended function of the system but another example of a side effect 

of the natural function. 

 

1.6.3 Virulence  

 Mutation analysis of a number of MDR efflux systems in different pathogens has 

demonstrated that efflux pumps are necessary in many cases for virulence (Linares-Rodriguez 

and Martinez-Menendez, 2005). Efflux pumps may export virulence factors from the cell or they 

may increase the fitness of an organism by removing toxic compounds from the cell.   

The AcrAB-TolC MDR efflux system of Salmonella enterica is necessary for virulence, 

as acrB and tolC mutants are unable to adhere to and invade intestinal cells and macrophages 

(Buckley et al., 2006). MexAB-OprM is also involved in virulence, as mutants in P. aeruginosa 

lacking MexAB-OprM fail to cause infection in mice, while complementation of the deletion 

strain with cloned mexAB-oprM restores invasiveness (Hirakata et al., 2002).  

The phytotoxin toxoflavin of the plant pathogen Burkholderia glumae, and the cause of 

rice grain rot, is one example of a virulence factor that may be directly exported by an efflux 

pump. The four genes responsible for toxoflavin transport in this organism, toxF, toxG, toxH, 

toxI, are similar to other RND efflux proteins, and without these genes it is unable to cause 

disease symptoms in rice (Kim et al., 2004). Another plant pathogen, Pseudomonas syringae, 

secretes two phytotoxins, syringomycin and syringopeptin, as well as antibiotics, including 

macrolides and tetracycline, via the RND pump PseABC (Kang and Gross 2005).  
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1.6.4 Efflux of Plant-Derived Chemicals by Bacteria 

Plants often produce compounds in response to microbial attacks such as flavonoids, 

isoprenoids and alkaloids (Piddock 2006a). In turn, microbes have developed mechanisms to 

resist these compounds, including active efflux. The enterobacterium Erwinia amylovora, cause 

of fire blight on plants of the family Rosaceae, must endure a variety of antimicrobials produced 

by its host including flavonoids, isoprenoids and alkaloids. In order to export these substances, E. 

amylovora expresses a homolog of the AcrAB RND efflux system of E. coli. In addition to its 

role as an exporter of tetracycline and erythromycin, AcrAB has been shown to be involved in 

tolerance to plant antimicrobials, and acrAB mutants are more susceptible to total leaf extracts as 

well as the flavanoids naringenin, quercetin and catechin (Kang and Gross 2005; Burse et al., 

2004). Induction of neomycin resistance by flavonoids and isoflavonoids in Agrobacterium 

tumefaciens, the cause of tumours on a number of plants, identified a three-gene locus, ifeABR, 

with homology to bacterial efflux pump operons. In an ifeABR mutant, the isoflavonoid 

coumestrol accumulates in the cell. As well, ifeABR has been shown to be induced by 

isoflavonoids found in alfalfa roots (Palumbo et al., 1998). The broad-host plant-based pathogen 

Ralstonia solanacearum encodes two MDR efflux pump genes, acrA and dinF, and, when these 

are mutated, resistance of the organism to the plant-produced antimicrobials caffeic acid and 

tomatine is reduced (Brown et al., 2007). 

Regardless of their natural function, MDR pumps compromise treatment of infections by 

rendering antibiotics less effective. However, understanding the natural function, mechanisms of 

regulation and environmental circumstances that affect efflux pumps is necessary to allow for 

predicting and avoiding situations that lead to antibiotic resistance, especially in clinical settings. 

For example, bacterial infections in the human host attract white blood cells, which create 
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oxidative stress in the environment. Examination of P. aeruginosa in the lungs of cystic fibrosis 

patients, where oxidative stress is high, identified efflux pump genes as the most frequently 

mutated, especially mexZ, a negative regulator of the MexXY-OprM system (Smith et al., 2006). 

Since it has been demonstrated that reactive oxygen can induce the MexXY-OprM system 

(Morita et al., 2003), and that MexXY-OprM mediated resistance is the most common 

mechanism of aminoglycoside resistance in P. aeruginosa infections associated with cystic 

fibrosis (Sobel et al., 2003), the reactive oxygen in this particular environment may be 

responsible for mutations that could ultimately result in antibiotic resistance.  

 

1.7 Experimental Focus 

The contribution of MexAB-OprM to resistance of P. aeruginosa to antimicrobial drugs 

is significant, however it does not appear to be the natural function of the system. Therefore, 

increased levels of resistance in response to natural signals may be an important consideration 

during treatment of these infections. The purpose of my research was to determine whether 

MexAB-OprM is involved in the response of P. aeruginosa to PCP and how this relates the to 

efflux system’s natural function. This involved confirming that PCP induces gene expression of 

mexAB-oprM, determining whether this corresponds to increased resistance to PCP and other 

substrates of MexAB-OprM and examining the mechanism by which PCP acts on the system, 

specifically looking at its effect on regulatory pathways. Finally, we examined compounds with 

similarities to PCP and plant root extracts for their effect on MexAB-OprM in order to explore 

potential natural signals for this efflux system.  
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Chapter 2 

Materials and Methods 

 

2.1 Bacterial Strains and Growth Conditions 

The bacterial strains and plasmids used in this study are listed in Table 2-1. P. aeruginosa 

and E. coli strains were grown in Luria broth (L-broth; Miller’s Luria broth base [Difco] and 2.5g 

of NaCl per liter of H2O) and agar (L-broth with 1.5% agar [wt/vol]) with antibiotics as 

necessary, and shaking at 37°C. Plasmid pET23a and its derivatives were maintained in E. coli 

with ampicillin (100µg/ml). Plasmid mini-CTX-lux and its derivatives were maintained in E. coli 

with tetracycline (10µg/ml). Plasmid pEX18Tc and its derivatives were maintained in E. coli with 

tetracycline (10µg/ml).  

 

2.2 DNA Manipulations 

DNA manipulations, including plasmid isolation, restriction endonuclease digestion, 

ligation, transformation and agarose gel electrophoresis, were performed as described by 

Sambrook and Russell (2001). Chemically competent (CaCl2) E. coli DH5# and S17-1 cells were 

prepared according to the protocol described by Sambrook and Russell (2001). Electrocompetent 

P. aeruginosa cells were prepared as described by Choi and Shwiezer (2004). Chromosomal 

DNA was extracted from P. aeruginosa using the DNeasy Tissue Kit (Qiagen, Inc., Mississauga, 

Ontario). Plasmids were isolated from E. coli DH5# using the GeneJET Plasmid Miniprep Kit   
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Table 2-1. Bacterial strains and plasmids. 

Strain Relevant Characteristic
a
 Reference or Source 

P. aeruginosa   

K767 PAO1 prototroph (Masuda and Ohya, 1992) 

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

K1455 Spontaneous nalB mutant of K767 (Srikumar et al., 2000) 

K1523 K767 !mexB  (Hirakata et al., 2002) 

K2220 K1454 !PA3720-armR (Cao et al., 2004) 

K2276 K1454 !armR (Cao et al., 2004) 

K2543 K767 nalD::mini-Tn5-tet (Morita et al., 2006) 

K2568 K767 !mexR (Morita et al., 2006) 

K3141 K767::mexA-lux
b 

This study 

K3145 K767 !armR This study 

K3146 K767 !PA3720 This study 

   

E. coli   

DH5# $80! lacZ!M15 endA1 recA1 hsdR17 (rK
-
 mK

+
) 

supE44 thi-1 gyrA96 relA1 F- !(lacZYA-

argF)U169 

(Ausubel et al., 1992) 

K113 BL21 (DE3) (pLysS) (Studier et al., 1990) 

K114 BL21 (DE3) (pLysE) (Studier et al., 1990) 

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

NovaBlue recA
-
 endA

- 
lacI

q 
Novagen 

   

Plasmids   

pET23a His-tag expression vector; Ap
r 

Novagen 

pEX18Tc broad-host-range gene replacement vector; 

sacB; Tc
r
 

(Hoang et al., 1998) 

mini-CTX-lux integration vector, promoterless luxCDABE %-

FRT-attP-MCS-lux; ori, int, oriT; Tc
r 

(Becher and Schweizer, 

2000) 

pFLP2 source of FLP recombinase; Ap
r 

(Hoang et al., 1998) 

pKLE1 pET23a::mexR (Evans et al., 2001) 
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pLC8 pEX18Tc::!armR (Cao et al., 2004) 

pLMS1 pEX18Tc::!PA3720  This study 

pLMS2 mini-CTX::mexA-lux This study 

pLMS3 pET23a::nalC This study 

 

a
Ap

r
, ampicillin resistant; Km

r
, kanamycin resistant; Tc

r
, tetracycline resistant.  

 
b
The mexR-mexA intergenic region upstream of a promoterless lux gene. 
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(Fermentas, Inc., Burlington, Ontario) according to the manufacturer’s protocol. The Wizard& 

SV Gel and PCR Clean-Up System Kit (Promega, Corp., Nepean, Ontario) was used to purify 

PCR products and DNA fragments generated by restriction endonuclease digestion from agarose 

gels. Oligonucleotides were synthesized by Integrated DNA Technologies (IDT, Coralville, Iowa, 

USA) and nucleotide sequencing was performed by AGCT Corp. (Toronto, Ontario).   

 

2.3 Antibiotic Susceptibility Testing  

To assess susceptibility of P. aeruginosa strains to antibiotics and PCP, dilutions were 

made in LB in 96-well plates according to the previously described two-fold serial dilution 

technique (Jo et al., 2003). Overnight cultures were diluted 1:2000 and 50µl was added to 50µl 

serial dilutions of antibiotics or PCP and incubated for 18 hours at 37°C. For cells pre-treated 

with PCP prior to being tested for susceptibility to antibiotics, 0.75mM PCP was added to diluted 

overnight cultures before adding cultures to 96-well plates containing dilutions of antibiotics. The 

MIC was the lowest concentration of antibiotic that completely inhibited visible growth of 

bacteria. 

 

2.4 Construction of an !armR Mutant in K767 

The previously constructed plasmid pLC8 (pEX18Tc::!armR) was cloned into E. coli 

S17-1 and then mobilized into P. aeruginosa K767 using a previously described protocol (Poole 

et al., 1993) to produce strain K3145 . P. aeruginosa K767 cells carrying the plasmid integrated 

in the chromosome were selected on L-broth plates with tetracycline (75µg/ml) and 

chloramphenicol (5µg/ml) to counter-select donor E. coli and then streaked onto 10% sucrose 
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(wt/vol) plates. To confirm the in-frame deletion of armR, colonies were picked and colony PCR 

was performed using primers 3719 UF (5’-CGGTGAGCGTGGCGCCG-3’) and 3720 DR (5’-

TGGGCTCTTTACCTCAAGT-3’) (Sheu et al., 2000). This was done by suspending colonies in 

30µl water and incubating them for 3-4 min at 100°C before cooling them on ice. This solution 

(2µl) was then used as a template in a 10µl PCR reaction containing 30pmol each primer, 0.2mM 

each dNTP, 1x ThermoPol buffer, 10% (wt/vol) DMSO and 0.5 U Taq DNA polymerase (New 

England Biolabs, Pickering, Ontario). Reactions were subjected to 95°C for 5 min followed by 30 

cycles of 30 sec at 94°C, 30 sec at 60°C, 1 min at 72°C and a final 5 min elongation at 72°C. An 

amplified fragment 162bp smaller than the fragment amplified from wildtype colonies 

(corresponding to the size of the deleted armR gene), visualized on a 2% (wt/vol) agarose gel, 

was used to confirm the deletion of the armR gene. 

 

2.5 Construction of a !PA3720 Mutant in K767 

A deletion of PA3720 was introduced into wildtype P. aeruginosa K767 to produce strain 

K3146 by constructing a deletion construct in pEX18Tc. A ~1kb fragment corresponding to 

sequences 5’ to the PA3720 deletion was amplified using primers 3720 UF (5’-

GCTAGAATTCGTAGGTGGTGAAGCCGAGC-3’; EcoRI site underlined) and 3720 UR (5’-

GCTAGGTACCTGACGCCGCCATGTCCCT-3’; KpnI site underlined). A ~1kb fragment 

corresponding to sequences 3’ to the deletion was amplified using primers 3720 DF (5’-

GCTAGGTACCCATGGGGGGACTCCTGCG-3’; KpnI site underlined) and 3720 DR (5’-

GCTAAAGCTTCCTGGTCCTGGCGACACG-3’; HindIII site underlined). The 50µl reactions 

contained 1µg of chromosomal P. aeruginosa K767 DNA as template, 1"M of each primer, 

0.3mM each dNTP, 1X Exact buffer, 1X 5P buffer and 2.5 U Exact DNA polymerase (5 PRIME, 
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Inter Medico, Markham, Ontario). The PCR reaction was subjected to an initial denaturation step 

at 95°C for 5 min followed by 30 cycles of the following conditions: 94°C for 45 sec, annealing 

at 63°C for 30 sec, elongation at 72°C for 1 min and a final incubation at 72°C for 10 min. The 

PCR products were gel purified, digested with EcoRI and KpnI or KpnI and HindIII as 

appropriate and separately cloned into digested pEX18Tc. Following nucleotide sequencing to 

confirm the absence of mutations, the 3’ downstream fragment was excised from pEX18Tc by 

digestion with EcoRI and KpnI and cloned into EcoRI-KpnI digested plasmid containing the 5’ 

upstream fragment. The resulting plasmid, pLMS1 (pEX18Tc::!PA3720), was introduced into E. 

coli S17-1 and mobilized into wildtype P. aeruginosa K767 using a previously described protocol 

(Poole et al., 1993) to create strain K3146. Strains carrying the chromosome-integrated plasmid 

were selected on L-broth plates supplemented with tetracycline (50µg/ml) and chloramphenicol 

(5µg/ml) to counter-select donor E. coli and then streaked on 10% (wt/vol) sucrose plates. To 

verify the in-frame deletion of PA3720, colony PCR was performed on colonies selected from 

sucrose plates with primers 3720 UF and 3720 DR using the previously described parameters and 

an annealing temperature of 55°C. Amplification of a DNA fragment 428bp smaller than the 

fragment amplified from wildtype (corresponding to the size of the deleted PA3720 gene) was 

used to confirm the deletion of PA3720. 

 

2.6 RT-PCR  

Total bacterial RNA was isolated from overnight cultures of P. aeruginosa strains 

subcultured (1:50) in L-broth medium and incubated at 37°C with shaking for 2.5 hours. When 

applicable, PCP was added at a concentration of 0.75mM which is one quarter of the MIC. This is 

the highest concentration of the compound that allows for sufficient growth in the time frame 
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required to assess its effect on the cells. Uncaria tomentosa root extract was added at a 

concentration of 5mg/ml to the subculture for 1 h before harvesting. RNA was isolated from 1ml 

of late-log phase cultures using the RiboPure' Bacteria Kit (Ambion, Inc., Streetsville, Ontario) 

or the High Pure RNA Isolation Kit (Roche Diagnostics) using the manufacturers’ protocols, and 

resuspended in 50µl elution buffer. Samples were treated with Turbo DNA-Free (2 U enzyme per 

10 µg of RNA for 60 min at 37°; Ambion, Inc.) and the absence of DNA contamination was 

confirmed using Taq DNA polymerase (New England Biolabs) and PCR conditions previously 

described with the primers rpsL-F (5’-GCAACTATCAACCAGCTG-3’) and rpsL-R (5’-

GCTGTCCTCTTGCAGGTTGTG-3’). RNA samples confirmed to be DNA-free by the absence 

of a PCR fragment were used as a template for reverse-transcriptase PCR (RT-PCR) using the 

Qiagen OneStep RT-PCR Kit according to the manufacturer’s protocol. The 20µl RT-PCR 

reaction contained ~50µg of RNA, 400µM each dNTP, 1X buffer, 1X Q solution, 0.6µM each 

primer and 4% (vol/vol) OneStep RT-PCR Enzyme Mix. The PCR reaction was first incubated 

for 30 min at 50°C followed by 95°C for 15 min and then various cycles (see below) consisting of 

a 30 sec denaturation at 94°C, annealing for 30 sec at 60°C for rpsL, mexA and PA3720 or 65°C 

for nalD, and a 1 min elongation step at 72°C and finally incubation at 72°C for 7 min. The 

number of cycles for each gene was determined empirically based on the visible amount of 

message detected in order to show results at two different intensities and to ensure that bands 

were not saturated. Expression of rpsL was measured using the primer pair rpsL-F and rpsL-R 

with a range of 19-23 cycles. Expression of the mexA gene was measured using the primer pair 

mexA-RT F (5’-GCCATGCGTGTACTGGTTCC-3’) and mexA-RT R (5’-

TGACGTCGCTGCCTTCCTT-3’) with a range of 26-34 cycles. Expression of the PA3720 gene 

was measured using the primer pair 3720-RT F (5’-CCGCTAAGAGCCTGTTGG-3’) and 3720-
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RT R (5’-GTAGACAGCCTGCAGCACC-3’) with a range of 32-34 cycles. Expression of the 

nalD gene was measured using the primer pair nalD-RT F (5’-TGGCCGCCGAGGAACTGTT-

3’) and nalD-RT R (5’-GATCAGCGCGTGCAAGCG-3’) with a range of 27-32 cycles.  

 

2.7 Construction of a mexAB-oprM Transcriptional Reporter System  

In order to measure mexAB-oprM promoter activity in the presence of PCP, the mexR-

mexA intergenic region, containing the promoter region of the operon, was fused to a promoter-

less luxCDABE (lux) operon and introduced into wildtype P. aeruginosa K767 (Becher and 

Schweizer, 2000). The 338bp DNA fragment containing the mexR-mexA intergenic region was 

amplified using the primer pair mexRA-F-KpnI (5’-

GATCGGTACCTCCGCACATGCTGGAAGAC-3’; KpnI site underlined) and mexRA-R-HindIII 

(5’-GCTAAAGCTTAGCGTTGTCCTCATGAGCG-3’; HindIII site underlined). The 50µl 

reaction contained 1µg of chromosomal P. aeruginosa K767 DNA as template, 30pmol of each 

primer, 0.2mM each dNTP, 10% (vol/vol) DMSO, 1X ThermoPol buffer and 2.5 U Vent DNA 

polymerase. The PCR reaction was subjected to an initial denaturation step at 94°C for 3 min 

followed by 35 cycles of the following conditions: 94°C for 30 sec, annealing at 60°C for 30 sec, 

elongation at 72°C for 30 sec and a final incubation at 72°C for 5 min. The PCR product was 

purified and digested with HindIII and KpnI, cloned into HindIII-KpnI digested plasmid mini-

CTX-lux and sequenced to confirm the absence of mutations. This plasmid, named pLMS2, was 

transformed into chemically competent E. coli S17-1 and mobilized into P. aeruginosa K767 

using a conjugation protocol described by Poole et al. (1993). The integration plasmid mini-CTX-

lux transfers a single copy of the mexA-lux fusion into the P. aeruginosa chromosome at the attB 

phage attachment site (Hoang et al., 1998). P. aeruginosa containing the mexA-lux fusion were 
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selected on L-broth plates supplemented with tetracycline (75µg/µl) and chloramphenicol 

(5µg/µl) to counter-select donor E. coli. To remove the mini-CTX-lux backbone integrated into 

the chromosome, the fusion-containing strain was electroporated with plasmid pFLP2, which 

encodes the Flp recombinase and is maintained on carbenicillin (150µg/µl) supplemented 

medium. The pFLP2 plasmid also encodes the sacB gene so that strains containing the pFLP2 

plasmid can be counter-selected on sucrose (10% wt/vol) plates (Hoang et al., 1998). Integration 

of the plasmid was verified by colony PCR as described above for the !armR mutant using 

primers specific for the attB integration site (Pser Down; 5’-

AGTTCGGCCTGTGGAACAACTCG -3’) and the mexAB-oprM promoter region (mexRA-R-

HindIII).  

 

2.8 Luciferase Assays  

Cultures of P. aeruginosa K767 carrying the mexA-lux fusion were subcultured (1:50) in 

2ml of L-broth at 37°C with shaking for 4h or 4.5h at which time 0.75mM PCP (one quarter of 

the MIC) (when added) was added and cultures were grown a further 30 min or 1h before reading 

luciferase activity. Luminescence of 200µl of culture was measured in an opaque 96-well plate 

using the GloMax( 96 Microplate Luminometer (Promega). Relative luminescence units (RLU) 

were normalized to cell number by dividing luminescence by the OD600 for each culture.  

 

2.9 Expression and Purification of Polyhistidine (His)-Tagged NalC Protein 

To assess binding of the NalC protein to the nalC-PA3720 intergenic region of DNA, a 

polyhistidine (His)-tagged NalC protein was generated to use in an electromobility shift assay 
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(EMSA). The nalC gene was amplified by PCR using primers: nalC-Fwd-NdeI (5’-

GATCCATATGAACGATGCTTCTCCCCGTCTG-3; NdeI site underlined) and nalC-Rev-SalI 

(5’-GATCGTCGACGCCCTGCGCGGGGCTCTG-3’; SalI site underlined) in a 50µl PCR 

reaction that contained 1µg chromosomal P. aeruginosa K767 DNA as template, 1 U Phusion& 

polymerase (Finnzymes, New England Biolabs), 30pmol each primer, 0.2mM each 

deoxynucleoside triphosphate (dNTP), 1X Phusion& High Fidelity (HF) buffer and 3% (vol/vol) 

DMSO. The PCR reaction was heated at 94°C for 30 sec before 30 cycles of the following 

conditions: 94°C for 30 sec, annealing at 54°C for 30 sec, elongation at 72°C for 30 sec and 

finally incubation at 72°C for 10 min. PCR products were purified and digested with SalI and 

NdeI and cloned into NdeI-XhoI digested pET23a (Novagen, Madison, Wisconsin, USA) to yield 

pLMS3 which encodes a NalC protein with a N-terminal His tag. Nucleotide sequencing 

confirmed the absence of mutations. pLMS3 was then transformed into E. coli BL21 (DE3) 

expression strain carrying the pLysS plasmid (strain K113) according to the protocol described by 

Studier et al. (1991). An overnight culture of K113 carrying plasmid pLMS3 was diluted 1:50 in 

LB (50ml) and incubated at 37°C until the optical density at 600 reached 0.5-0.6, at which time 

NalC-His expression was induced with 1mM isopropyl-"-D-1-thiogalactopyranoside (IPTG) for 

2 h according to the protocol described by Srikumar et al. (1998). Cells were harvested by 

centrifugation for 10 min at 10000xg at 4°C and pellets were resuspended in 6 ml buffer A (0.3M 

NaCl, 50mM Na2HPO4) containing 5mM imidazole and sonicated (three sonic bursts of 30 sec, 

power 40 with a VibraCell Sonicator [Sonics & Material Inc., Danbury, Connecticut, USA]). 

Following centrifugation for 60 min at 16000xg, the supernatant was applied to 500µl Ni-NTA 

Agarose resin (Qiagen, Inc.) equilibrated with 10ml buffer A containing 5mM imidazole. The 

supernatant and resin were washed twice with 10ml buffer A containing 5mM imidazole, once 
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with 2ml buffer A containing 5mM imidazole, then washed with 500µl buffer A containing 

increasing amounts of imidazole (50, 100, 150mM) for 10 min with shaking at room temperature 

and centrifuged for 3 min at 3000xg after each wash step. The NalC-His protein was eluted with 

buffer A containing 250mM imidazole and stored at -20°C in 20% (vol/vol) glycerol. Protein 

concentration was determined using the BCA Protein Assay Kit (Pierce, Illinois, USA) and yield 

was approximately 800ng/50ml of ~95% pure protein.   

 

2.10 Purification of MexR Protein for EMSA 

Plasmid pKLE1, a previously constructed pET23a derivative encoding a MexR-His 

protein, was transformed to BL21 (DE3) expression strain carrying the pLysE plasmid (strain 

K114), purified using the His-tag purification protocol described above and eluted with buffer A 

containing 200mM imidazole. Protein concentration was determined using the BCA Protein 

Assay Kit (Pierce). 

 

2.11 Protein Extracts and SDS-Polyacrylamide Gel Electrophoresis 

Whole cell protein extracts were prepared from L-broth grown K113 or K114 cells 

carrying pET23a derivatives as described (Redly and Poole, 2003) and subjected to SDS-PAGE 

(Lugtenberg et al., 1975).  

 

2.12 Electromobility Shift Assays 

 EMSAs were used to assess DNA binding of MexR and NalC (Hellman and Fried, 

2007). Fragments containing suspected binding sites were PCR amplified and gel purified. The 
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205bp DNA fragment containing the entire nalC-PA3720 intergenic region was amplified from 

the chromosome of P. aeruginosa K767 using primers nalC-3720 Fwd 1 (5’-

TGGGGGGACTCCTGCGGG-3’) and nalC-3720 Rev 2 (5’-GAGCGGTATCGGGCCTCG-3’). 

The PCR reaction (50µl) contained 1µg chromosomal P. aeruginosa K767 DNA, 0.2mM of each 

dNTP, 30pmol of each primer, 1X ThermoPol buffer, 10% (vol/vol) DMSO and 2 U Taq DNA 

polymerase (New England Biolabs). The PCR reaction mixture was heated at 94°C for 30 sec 

before 30 cycles of the following conditions: 94°C for 30 sec, annealing at 63°C for 30 sec, 

elongation at 72°C for 30 sec and finally incubated at 72°C for 10 min. The 107bp fragment distal 

to PA3720 was amplified using the above reaction mixture with primers nalC-3720 Rev 2 and 

nalC-3720 9 Fwd (5’-CTAACGAGAAACGCTC-3’). This PCR reaction was heated at 94°C for 

45 sec before 30 cycles of the following conditions; 94°C for 45 sec, annealing at 50°C for 45 

sec, elongation at 72°C for 45 sec and finally incubated at 72°C for 10 min. The 102bp fragment 

proximal to PA3720 was amplified from the nalC-PA3720 intergenic region using primers nalC-

3720 Fwd 1 with nalC-3720 8 Rev (5’-TTAGGGTTGACGCTGGTCA-3’). The 50µl reaction 

contained 1µg of chromosomal P. aeruginosa K767 DNA as template, 1"M of each primer, 

0.3mM each dNTP, 1X Exact buffer and 2.5 U Exact DNA polymerase (5 PRIME, Inter Medico). 

The reaction was heated at 95°C for 5 min before 30 cycles of the following conditions: 94°C for 

30 sec, annealing at 65°C for 30 sec, elongation at 72°C for 1 min and finally incubated at 72°C 

for 7 min. The 351bp fragment from the mexR-mexA intergenic region containing the MexR 

binding site was amplified using the primers K9 (5’-

CTGAAGATCTGTTGCATAGCGTTGTCCTCA-3’) and K10 (5’-

ACGGGGTACCCGGGGTAGTTCATTGGTTTG-3’). This PCR reaction (100"l) contained 1µg 

of chromosomal P. aeruginosa K767 DNA as template, 30pmol each primer, 0.2mM each dNTP, 
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1X ThermoPol Buffer, 1.5mM MgCl2 and 2.5 U Taq DNA polymerase. The reaction was heated 

at 94°C for 5 min before 30 cycles of the following conditions; 94°C for 1 min, annealing at 56°C 

for 2 min, elongation at 72°C for 1.5 min and finally incubated at 72°C for 30 min PCR products 

were gel purified using the Wizard& SV Gel and PCR Clean-Up System kit (Promega) and used 

in the EMSA Kit (Molecular Probes, Inc., Invitrogen, Burlington, Ontario) according to the 

manufacturer’s protocol. Briefly, 50ng of DNA was incubated with increasing amounts of His-

tagged NalC or MexR protein (50, 100, 200, 250, 400, 500, 800, 10000 ng) for 20 min at room 

temperature in 10µl reactions containing 1X binding buffer (750mM KCl, 0.5mM dithiothreitol, 

0.5mM EDTA, 50mM Tris, pH 7.4). 1X EMSA gel-loading solution (Molecular Probes) was 

added and bands were separated by electrophoresis on a non-denaturing polyacrylamide gel (10% 

wt/vol) in 0.5X TBE buffer (89mM Tris base, 89mM Boric acid, 1mM EDTA, pH 8.0), stained 

with 1X SYBR green nucleic acid stain (Molecular Probes). For competitor experiments, 50ng or 

100ng salmon sperm DNA was added to the reaction mixtures prior to the addition of protein. 

Compounds tested for the ability to interfere with protein-DNA binding, including chemicals and 

plant root extracts (provided by S. Gibbons, University of London, UK), were added to the 

reaction prior to adding the protein. In all of these experiments, the solvent used to dissolve the 

compound/extract (100mM NaOH, 10% (vol/vol) DMSO or 10% (vol/vol) acetone) was added in 

the highest concentration used in the EMSA reaction as a control. DNA was then visualized using 

digital photography with an S6656 SYPRO photographic filter. 

 

2.13 Mapping the PA3720 Transcription Start Site 

To identify the transcription start site for the PA3720 gene, the 5’ rapid amplification of 

cDNA ends (RACE) protocol (Frohman, 1993) and a 5’/3’ RACE Kit, 2nd Generation (Roche 
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Diagnostics) was used. Total RNA was prepared from a nalC mutant (K1454) (overexpressing 

PA3720) using the Roche High Pure RNA Isolation Kit according to the manufacturer’s protocol. 

Contaminating DNA was removed using the Turbo DNase Kit (Ambion) and digestion carried 

out for 1h at 37°C. cDNA was synthesized from total RNA (1µg) with PA3720-specific primer 

3720 RACE Sp1 (5’-GGCGGATAGACCAGGG CGAAAT-3’) which anneals 131bp 

downstream of the PA3720 ATG start site. The 20µl reaction mixture contained ~0.2mg RNA, 

1mM each dNTP, 0.625µM primer, 1X cDNA synthesis buffer and 25 U Transcriptor Reverse 

Transcriptase. Following incubation at 55°C for 1h, and 85°C for 5 min, RNA was purified using 

the Roche High Pure PCR Purification Kit. After incubation at 94°C for 3 min in 1X Reaction 

Buffer (Roche) with 0.2mM dATP, a homopolymeric A-tail was added to the 3’ end of the total 

cDNA using 80 U Terminal Transferase and incubating at 37°C for 20 min. The Terminal 

Transferase was then deactivated by incubation at 70°C for 10 min. The dA-tailed cDNA (5µl) 

was PCR amplified using an oligo (dT)-anchor primer (5’-GACCACGCGTA TC-

GATGTCGACTTTTTTTTTTTTTTTTV-3’) and a second PA3720-specific primer (3720 RACE 

Sp2 [5’-CGGCCAGCTCGCGGGGCATCT-3’]), which anneals 57bp downstream of the PA3720 

ATG start site. The 50µl reaction contained 0.7µM oligo dT-anchor primer, 0.25µM 3720 RACE 

Sp2 primer, 0.2mM each dNTP, 1X ThermoPol buffer and 2.5 U Taq DNA polymerase. The PCR 

reaction was heated at 94°C for 2 min before 10 cycles of the following conditions: 94°C for 15 

sec, 55°C for 30 sec, 72°C for 40 sec then 25 cycles of the following conditions: 94°C for 15 sec, 

55°C for 30 sec, 72°C for 40 sec in the first cycle and then an additional 20 sec for each 

subsequent cycle, and finally 72°C for 7 min. The PCR product was purified using the Wizard& 

SV Gel and PCR Clean-Up System kit (Promega) and 2µl was used in a ligation with pETBlue-1 

AccepTor' Vector (50ng) (EMD Chemicals, Gibbstown, New Jersey, USA) with 1X 
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Clonables' Ligation Premix (EMD Chemicals) and incubated at 16°C for 1h. A portion of the 

ligation reaction (1µl) was used to transform chemically competent NovaBlue Giga Singles 

Competent Cells (Novagen) by heat shocking for 30 sec at 42°C. SOC Medium (250µl) was then 

added and cells were incubated at 37°C for 1h to recover. Bacteria containing RACE plasmids 

were selected on kanamycin (50mg/ml) and tetracycline (15mg/ml) and those with inserts were 

identified using blue white screen. Test digests using BamHI and XhoI were used to confirm the 

presence of insert DNA, which was sequenced and aligned with the PAO1 genome sequence to 

identify the 5’ end of cloned DNA corresponding to the 5’ start of PA3720 mRNA.
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Chapter 3 

Results 

 

3.1 PCP Upregulates the mexAB-oprM and PA3720-armR Operons 

 Transcriptome analysis previously showed that mexA, mexB, oprM, mexR, nalC, armR 

and PA3720 genes were all upregulated in response to PCP stress (Muller et al., 2007). To 

confirm this, we measured expression of the mexAB-oprM and PA3720-armR operons in 

wildtype P. aeruginosa K767 after exposure to one quarter of the MIC of PCP (Fig 3-1A) using 

semi-quantitative RT-PCR. Expression of mexAB-oprM expression was measured using primers 

specific for the mexA indicator gene for the operon and PA3720-armR expression was measured 

using primers specific to the PA3720 indicator gene for the operon. Consistent with the 

transcriptome data, expression of both mexA and PA3720 increased after treatment with PCP (Fig 

3-1B. Lane 2) as compared to untreated cells (Fig 3-1B. Lane 1).  

A mexA-lux fusion, in which the mexAB-oprM promoter was fused to a promoterless lux 

gene and increased luciferase activity was used as an indicator of mexAB-oprM expression in 

response to PCP, also showed that mexAB-oprM is PCP inducible. No luminescence was 

observed in wildtype cells (Fig 3-2. K767 -plasmid), while luciferase activity increased after 

treatment with PCP as compared to untreated cells (Fig 3-2. mexA-lux), although the increase 

after 60 min (Fig 3-2. mexA-lux +PCP 60) was not significantly greater than after 30 min (mexA-

lux +PCP 30). 
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Figure 3-1. Expression of mexA, PA3720 and rpsL in P. aeruginosa K767 exposed to PCP 

assessed using semi-quantitative RT-PCR. A. The chemical structure of pentachlorophenol 

(PCP). B. RNA was isolated from wildtype P. aeruginosa K767 cells grown for 2.5h either 

without PCP (–) or exposed to 0.75mM PCP (one quarter of the MIC) for 60 min (+) before 

harvesting. The rpsL reaction served as an internal control that ensured equal amounts of RNA 

were used in all of the RT-PCR reactions. mexA and PA3720 reactions were amplified for 32 (top 

panel) and 34 (bottom panel) cycles and rpsL reactions were amplified for 19 (top panel) and 21 

(bottom panel) cycles.
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Figure 3-2. PCP-dependent induction of a chromosomal mexA-lux fusion in wildtype P. 

aeruginosa K767. Luciferase activity was measured as an indicator of mexAB-oprM expression 

in wildtype P. aeruginosa K767 grown for 5h either without PCP (mexA-lux) or exposed to 

0.75mM PCP (one quarter of the MIC) for 30 min (mexA-lux +PCP 30) or 60 min (mexA-lux 

+PCP 60) before measuring luminescence. Luminescence of wildtype P. aeruginosa (K767) 

without the chromosome integrated mexA-lux fusion was also measured as a control. Error bars 

correspond to standard deviations of three replicates. Data are representative of at least three 

independent experiments. 
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3.2 MexAB-OprM Contributes to PCP Resistance 

 The increase in mexAB-oprM gene expression in response to PCP suggests that this efflux 

system may be involved in resistance to PCP. To assess whether MexAB-OprM is involved in 

PCP resistance, the effect of pump loss on PCP resistance was examined by determining the MIC 

of PCP of a !mexB deletion strain (K1523). The loss of the MexAB-OprM pump decreases the 

MIC of PCP four-fold compared to wildtype P. aeruginosa K767 (Table 3-1), indicating that 

MexAB-OprM does contribute to PCP resistance. To assess the effect of pump overproduction on 

PCP resistance, the MIC of PCP in both a mexR deletion strain (K2568) and a nalC mutant 

(K1454) was determined. Both of these strains show higher levels of mexAB-oprM expression, 

however, the mexR deletion strain is known to produce a higher level of pump overproduction 

than the nalC mutant, because MexR is a direct repressor of the operon while NalC acts indirectly 

via ArmR to prevent mexAB-oprM repression by MexR (Srikumar et al., 2000; Daigle et al., 

2007). Unexpectedly, neither of these strains showed an increase in the MIC of PCP compared to 

the wildtype strain (Table 3-1). It is possible that PCP inducible expression of mexAB-oprM is 

comparable to expression levels in the nalC and mexR strains, as PCP acts on this regulatory 

pathway, and therefore, PCP resistance is not significantly greater in these mutants as compared 

to PCP-treated wildtype cells.  

 

3.3 PCP Increases Resistance of P. aeruginosa to Antibiotics 

Because the MexAB-OprM efflux system provides resistance to various antimicrobials, 

and since mexAB-oprM expression is increased in response to PCP, we examined whether PCP 

exposure would result in increased resistance of P. aeruginosa K767 to antibiotics. Exposure to  
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Table 3-1. Antibiotic and PCP susceptibility of P. aeruginosa strains. 

MIC
a
 (!g/ml) of: 

Strain Genotype CAM CAR NAL NOV TET PCP 

(mM) 

K767 WT 16 32 32 256 8 3 

K1454 nalC –
d 

– – – – 3 

K1455 nalB (mexR) – – – – – 3 

K1523 !mexB – – – – – 0.75 

K2220 nalC !armR – – – – – 3 

K2276 
nalC 

!PA3720-

armR 

– – – – 
– 

3 

K2543 nalD 32 256 256 1024 – 3 

K2568 !mexR 128 – – >1024 – 3 

K3145 !armR 16 32 32 256 8 3 

K3146 !3720 16 32 32 256 – 3 

 
a
 CAM, chloramphenicol; CAR, carbenicillin; NAL, nalidixic acid; NOV, novobiocin; TET, 

tetracycline; PCP, pentachlorophenol. 

 
b
 –, not determined.
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PCP resulted in a four-fold (nalidixic acid and novobiocin) or two-fold (chloramphenicol and 

carbenicillin) increase in resistance as compared to untreated cells (Table 3-2), demonstrating that 

increased expression of mexAB-oprM genes in response to PCP results in a functional change, 

where resistance to various antibiotics is increased. 

 

3.4 NalC Binds in the nalC-PA3720 Intergenic Region 

 The overexpression of PA3720-armR seen in response to PCP (Fig 3-1) is reminiscent of 

the increase in PA3720-armR expression seen in a nalC mutant. Therefore, we hypothesized that 

induction of PA3720-armR by PCP was a result of an interaction between PCP and NalC, the 

repressor of the PA3720-armR operon, obviating repressor activity.  

 NalC is encoded upstream of and transcribed divergently from the PA3720-armR operon 

and regulates its own expression (Cao et al., 2004). Therefore, the binding site of NalC is 

suspected to be located in the 207bp nalC-PA3720 region. In order to assess the effect of PCP on 

repression of PA3720-armR, it was necessary to first confirm that NalC regulates the operon by 

binding in the nalC-PA3720 intergenic region using EMSA experiments. His-tagged NalC was 

overexpressed in E. coli cells (Fig 3-3A) and purified to ~95% pure (Fig 3-3B). This protein 

shifted DNA fragments at concentrations of 300ng and greater (Fig 3-4A. Lanes 3-9), although a 

complete shift of the DNA, as determined by loss of the DNA only band, only occurred in the 

presence of 800ng (Fig 3-4A. Lane 6) or more of protein. Binding of NalC to the nalC-PA3720 

intergenic region was shown to be specific, since NalC binding was not abrogated in the presence 

of excess salmon sperm DNA (Fig 3-4B. Lanes 4-6). 

 The nalC-PA3720 intergenic region contains a possible binding site that overlaps the -10 

sites of both nalC and PA3720 (Fig 3-5A). To narrow the exact location of NalC binding, ~100bp 
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Table 3-2. Antibiotic susceptibility of P. aeruginosa exposed to PCP. 

MIC
b
 (!g/ml) of: 

Strain Treatment
a 

CAM CAR NAL NOV 

K767 - PCP 16 64 64 512 

 + PCP 32 128 256
 

2048 

K767!armR - PCP "8 64 64 512 

 + PCP 32 128 128 1024 

 
a
 Cultures were grown in the presence (+) or absence (-) of 0.75mM PCP (one quarter of the 

MIC) in the LB broth along with the appropriate antibiotic for 24 hours.
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Figure 3-3. Expression of NalC-His in E. coli BL21 (DE3). A. Coomassie blue-stained 10% 

(wt/vol) SDS-polyacrylamide gel showing whole cell protein extracts from E. coli BL21/DE3 

carrying pLMS3 (pET23a::nalC) with (lane 2) or without (lane 3) IPTG induction for 2h. B. 

Coomassie blue-stained 10% (wt/vol) SDS-polyacrylamide gel showing His-tagged NalC protein 

purified by nickel affinity chromatography and the bulk of the protein was eluted with 250mM 

imidazole (lane 2). The predicted size of the fusion protein is 27kDa. Sizes of molecular weight 

markers are indicated (lane 1).
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Figure 3-4. NalC binds to the nalC-PA3720 intergenic region. A. EMSA in which 50ng of the 

207bp DNA fragment containing the nalC-PA3720 intergenic region was incubated without NalC 

(lane 1) or with 200ng (lane 2) 300ng (lane 3), 400ng (lane 4), 500ng (lane 5), 800ng (lane 6), 

1000ng (lane 7) 2000ng (lane 8) or 3000ng (lane 9) of purified His-tagged NalC protein. B. The 

nalC-PA3720 intergenic region-containing DNA fragment (50ng) was incubated without NalC 

(lane 1) or with 800ng (lanes 2 and 5) or 3000ng (lanes 3, 4 and 6) of purified NalC-His and 50ng 

(lane 4) or 100ng (lanes 5 and 6) of sonicated salmon sperm (S.S.) DNA as competitor.
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Figure 3-5. Organization of the nalC-PA3720 intergenic region. A. Nucleotide sequence of the 

nalC-PA3720 intergenic region with the correct PA3720 ATG start site boxed. The predicted 

transcriptional initiation site (using neural network promoter prediction software provided by M. 

G. Reese at http://www.fruitfly.org/seq_tools/promoter.html) is bolded. The two potential 

transcription initiation sites identified by 5’-RACE are underlined and putative nalC and PA3720 

-10/-35 sites are highlighted. An inverted repeat sequence is italicized. Primer sequences used to 

amplify short fragments used in EMSAs to narrow the NalC binding site are identified with 

arrows above the sequence. B. 5’-RACE product (lane 2) from K1454 obtained with a PA3720-

specific primer and the anchor primer provided with the 5’-RACE kit (Roche). Lane 1, 100bp 

ladder.
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fragments amplified from the nalC-PA3720 intergenic region were used in the EMSA reaction 

with NalC. The 102bp fragment proximal to PA3720 and containing the suspected NalC binding 

site (amplified by primers (3) and (4) in Fig 3-5A) was able to bind NalC (Fig 3-6. Lanes 2-5), 

while the 107bp fragment distal to PA3720 not containing the suspected binding site (amplified 

by primers (1) and (2) in Fig 3-5A) did not (Fig 3-6. Lanes 7-10). This data narrowed the binding 

site of NalC to within ~100bp in the nalC-PA3720 intergenic region and identifies a possible 

binding site for the protein. 

 

3.5 PCP Prevents NalC Binding to the nalC-P3720 Intergenic Region  

 To test the hypothesis that PCP affects NalC-DNA binding, resulting in increased 

expression of PA3720-armR, PCP was added in increasing concentrations to the EMSA reaction 

with the minimum concentration of NalC protein (800ng) required to shift 50ng of nalC-PA3720 

intergenic region-containing DNA. As increasing concentrations of PCP (10-750µM) were added 

to the EMSA reaction, the shift was lost, with a complete loss of shift at 500µM PCP (Fig. 3-7. 

Lane 6). Therefore, an interaction between NalC and PCP prevents binding of the repressor to its 

binding site, explaining the induction of PA3720-armR by PCP. 

 

3.6 The 5’ Transcriptional Start Site of PA3720 

Having shown that NalC binds to the ~100bp proximal to PA3720 in the nalC-PA3720 

intergenic region and that PCP interferes with this binding, we attempted to further characterize 

this region. If the binding site of NalC does overlap the promoter of PA3720-armR, it was 

necessary to find the transcriptional start site of PA3720. Previous data has shown that the true
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Figure 3-6. NalC binds to the 102bp proximal to PA3720 in the nalC-PA3720 intergenic 

region. EMSA in which 50ng of DNA amplified from either the 102bp proximal to PA3720 

(lanes 1-5) or the 107bp distal to PA3720 (lanes 6-10) in the nalC-PA3720 intergenic region were 

incubated without NalC (lanes 1 and 6) or with 300ng (lanes 2 and 7), 500ng (lanes 3 and 8), 

800ng (lanes 4 and 9) or 1000ng (lanes 5 and 10) of purified NalC-His protein.
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Figure 3-7. PCP prevents NalC binding to the nalC-PA3720 intergenic region. EMSA 

demonstrating the disruption of the NalC-DNA complex in the presence of PCP. Purified NalC-

His protein (800 ng) was incubated with 50ng of a nalC-PA3720 intergenic region-containing 

DNA fragment and 10µM (lane 3), 50µM (lane 4), 100µM (lane 5), 500µM (lane 6) or 750µM 

(lane 7) PCP. Lane 1, DNA only control.
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start site of PA3720 is in the same reading frame but 160bp downstream of the annotated start site  

(by the Pseudomonas project; http://www.pseudomonas.com) (Cao et al., 2004). A transcription 

initiation site was predicted for PA3720 (using neural network promoter prediction software 

provided by M. G.  Reese at http://www.firefly.org/seq_tools/promoter.html) to be 60bp upstream 

of this ATG start site. We attempted to identify the transcriptional start site of PA3720 using 

5’RACE. Fragments from the 5’ end of PA3720 (Fig 3-5B) were cloned and five clones 

sequenced. We were able to identify the start site as being one of two possible base pairs, 58 and 

59bp upstream of the ATG start site. This location is consistent with the suspected NalC binding 

site (Fig 3-5A). 

 

3.7 PCP-Dependent Induction of mexAB-oprM is Not Mediated by ArmR 

 Induction of PA3720-armR by PCP can be explained by an interference with NalC 

repressor activity by PCP. Given that ArmR interacts with and prevents repressor activity of 

MexR, it was likely that PCP-dependent induction of mexAB-oprM was mediated by ArmR. To 

test this hypothesis, the impact of armR loss on induction of mexAB-oprM by PCP was examined. 

If PCP induced armR expression, which is known to result in increased expression of mexAB-

oprM due to loss of repression by MexR, induction by PCP should be lost in an armR deletion 

strain. Semi-quantitative RT-PCR, in which both wildtype P. aeruginosa K767 and an armR 

deletion strain were cultured in the presence or absence of one quarter of the MIC of PCP, was 

used with mexA specific primers. Unexpectedly, loss of armR does not result in a loss of 

induction of mexAB-oprM by PCP, as the induction of mexA seen in the armR deletion strain 

(K3145) in response to PCP (Fig 3-8. Lane 4) compared to the untreated cells (Fig 3-8. Lane 3) 

was similar to the induction of mexA in the wildtype strain (K767) in response to PCP (Fig 3-8. 
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Figure 3-8. Expression of mexA and rpsL in wildtype and !armR P. aeruginosa strains 

exposed to PCP assessed using semi-quantitative RT-PCR. RNA was isolated from wildtype 

P. aeruginosa K767 and K3145 (!armR) grown for 2.5h either without PCP (–) or exposed to 

0.75mM PCP (one quarter of the MIC) for 60 min (+) before harvesting. Induction of mexAB-

oprM by PCP occurs in both wild-type (K767) P. aeruginosa and a K767!armR strain after 

induction with 0.75mM PCP (one quarter of the MIC) for 1h. The rpsL reaction served as an 

internal control that ensured equal amounts of RNA were used in all of the RT-PCR reactions. 

mexA reactions were amplified for 28 (top panel) and 30 (bottom panel) cycles, and rpsL 

reactions were amplified for 19 (top panel) and 21 (bottom panel) cycles.
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Lane 2) compared to untreated cells (Fig 3-8. Lane 1).  

 As a second assay of mexAB-oprM expression, MICs of PCP were measured in an armR 

deletion strain (K3145). No change in the MIC of PCP occurred in the armR deletion strain as 

compared to wildtype, consistent with loss of armR not mediating PCP-dependent induction of  

mexAB-oprM (Table 3-1). The above results were also confirmed using drug MICs as an indirect 

measure of mexAB-oprM production. When the armR deletion strain was grown in the presence 

of one quarter of the MIC of PCP, the MICs of the antibiotics tested increased in similar 

proportions as in the wildtype K767 strain (ie. at least a two-fold change in chloramphenicol, 

carbenicillin, novobiocin and nalidixic acid) (Table 3-2), indicating that armR is not required for 

PCP to create increased resistance to antibiotics. From these results, it is clear that ArmR does not 

mediate PCP-dependent induction of mexAB-oprM , even though the only known function of 

NalC, which is affected by PCP, is repression of PA3720-armR. Therefore, another target of PCP 

likely mediates its effect on expression of mexAB-oprM. 

 

3.8 PCP Does Not Affect MexR-DNA Binding 

The unexpected result that PCP-dependent induction of mexAB-oprM is not mediated by 

ArmR led us to examine alternate targets of PCP. It was possible that, in addition to preventing 

NalC-DNA binding, PCP acts directly on MexR to prevent its binding to the mexAB-oprM 

promoter. To test this, MexR-DNA binding was assessed in the presence of PCP in an EMSA 

reaction. MexR binds to its 295bp binding site in the mexR-mexA intergenic region (Fig 3-9. Lane 

2), as has previously been shown (Evans et al., 2001). When increasing amounts of PCP (10-

750µM; comparable to amounts required to prevent NalC-DNA binding) were added to the 

EMSA reaction, no interference with MexR-DNA binding was observed (Fig 3-9. Lanes 3-7), 
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Figure 3-9. PCP does not affect MexR-DNA binding. EMSA in which 50ng of DNA 

containing the mexR-mexA intergenic region was incubated without MexR (lane 1) or with 500ng 

(lanes 2-7) of purified MexR-His protein without PCP (lane 2) or with 10µM (lane 3), 50µM 

(lane 4), 100µM (lane 5), 500µM (lane 6) or 750µM (lane 7) PCP. Lane 8, 100mM NaOH 

(solvent control).
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indicating that PCP does not directly affect MexR repression of mexAB-oprM. 

 

3.9 PCP Decreases Expression of nalD 

NalD is a second direct repressor of mexAB-oprM expression that binds at a site upstream 

of mexA but downstream of the MexR binding site in the mexR-mexA intergenic region  

(Morita et al., 2006). NalD is not believed to be involved in the NalC-ArmR-MexR regulatory 

pathway and, since PCP does not affect mexAB-oprM expression through armR, nor does it 

interact with MexR, NalD is an attractive target for PCP. Efforts to purify NalD protein in order 

to assess whether PCP interferes with nalD-DNA binding were unsuccessful. However, it was 

possible that PCP affects expression of nalD indirectly, resulting in derepression of mexAB-oprM.   

To examine this possibility, RT-PCR was used to measure nalD expression in wildtype P. 

aeruginosa K767 exposed to one quarter of the MIC of PCP. Interestingly, nalD expression 

decreases in cells treated with PCP (Fig 3-10. Lane 2) as compared to untreated cells (Fig 3-10. 

Lane 1). This result shows that PCP has an effect on nalD expression, which may be partially 

responsible for the increased expression of mexAB-oprM seen in response to PCP, as NalD is a 

repressor of that operon. However, nalD has no known regulators and is not known to be 

autoregulated (ie. no potential NalD binding site exists upstream of the nalD gene). Therefore, 

even if PCP does interfere with NalD functioning, this would not explain the decreased 

expression of nalD seen in response to PCP. This suggests that PCP has another target in the cell 

that affects nalD expression and that the NalD regulatory pathway is more complex than 

previously thought.    
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Figure 3-10. Expression of nalD and rpsL in wildtype P. aeruginosa K767 exposed to PCP 

assessed using semi-quantitative RT-PCR. RNA was isolated from wildtype P. aeruginosa 

K767 cells grown for 2.5h either without PCP (–) or exposed to 0.75mM PCP (one quarter of the 

MIC) for 60 min (+) before harvesting. The rpsL reaction served as an internal control that 

ensured equal amounts of RNA were used in all of the RT-PCR reactions. nalD reactions were 

amplified for 28 (top panel) and 30 (bottom panel) cycles and rpsL reactions were amplified for 

21 (top panel) and 23 (bottom panel) cycles.
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3.10 nalD Expression Does Not Depend on NalC 

Because PCP interacts with NalC (Fig 3-7), it was possible that the decrease in nalD 

expression in response to PCP was not due to the presence of the chemical but to the absence of 

NalC repressor activity. In order to assess this possibility, nalD expression was measured in 

wildtype P. aeruginosa K767 and a spontaneous nalC mutant (K1454). Expression levels of nalD 

did not change in the nalC mutant (Fig 3-11. Lane 2) as compared to K767 (Fig 3-11. Lane 1), 

indicating that nalD expression is not impacted by NalC status of the cell. 

 

3.11 Effects of Other Compounds on NalC Binding 

PCP is a synthetic compound that, while commonly found in the soil environments 

inhabited by P. aeruginosa, is not likely the natural inducer/substrate of MexAB-OprM. 

However, the structure of the PCP molecule may be related to the inducer/substrate and so, 

identifying other compounds with similar structures that affect the efflux system in the same way 

may provide clues as to what the natural compound may be. We tested pentachloroanisole, a 

metabolite of PCP, five other chlorinated phenols, including 2-chlorophenol, dichlorophenol, 

2,4,6-trichlorophenol, 2,3,5,6-tetrachlorophenol and 2,4,5,6-tetrachlorophenol, and eleven 

compounds with structural similarity to PCP, including vanillin, gallic acid, umbelliferone, 

cinnamic acid, salicylic acid, coumaric acid, apigenin, scopoletin, guaiacol, quercetin and 

reserpine in the EMSA reaction for the ability to abrogate NalC-DNA binding (Fig 3-12A). 

However, although similar in structure to PCP, none of these compounds prevented NalC-DNA 

binding (Fig 3-12B). 
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Figure 3-11. Expression of nalD and rpsL in wildtype P. aeruginosa K767 and a nalC mutant 

assessed using semi-quantitative RT-PCR. RNA was isolated from wildtype P. aeruginosa 

K767 and K1454 (nalC mutant). The rpsL reaction served as an internal control that ensured 

equal amounts of RNA were used in all of the RT-PCR reactions. nalD reactions were amplified 

for 30 (top panel) and 32 (bottom panel) cycles and rpsL reactions were amplified for 19 (top 

panel) and 21 (bottom panel) cycles.
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Figure 3-12. Compounds that are structurally/chemically similar to PCP do not affect NalC-

DNA binding. A. Structural diagrams of compounds tested in EMSA reactions for an effect on 

NalC-DNA binding. B. EMSA demonstrating binding of 800ng of purified NalC-His incubated 

with 50ng of a DNA fragment containing the nalC-PA3720 intergenic region in the presence of 

500µM of various compounds. Lane 1, DNA-only control; lane 2, positive binding control; lane 

3, PCP; lane 4, vanillin; lane 5, gallic acid; lane 6, umbelliferone; lane 7, cinnamic acid; lane 8, 

salicylic acid; lane 9, coumaric acid; lane 10, reserpine; lane 11, apigenin; lane 12, scopoletin; 

lane 13, guaiacol; lane 14, 2-chlorophenol; lane 15, dichlorophenol; lane 16, quercetin; lane 17, 

2,5,6-trichlorophenol; lane 18, 2,3,5,6-tetrachlorophenol; lane 19, 2,4,5,6-tetrachlorophenol; lane 

20, 100mM NaOH (solvent control); lane 21, pentachloroanisole; lane 22, 10% (vol/vol) acetone 

(solvent control). 100mM NaOH.
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3.12 Plant Root Extracts Prevent NalC-DNA Binding 

 Having excluded a number of compounds with similar structures and/or properties to PCP 

as having a similar effect as PCP on MexAB-OprM, plant root extracts were examined. Plants 

produce a variety of phenolic compounds that are natural inducers of MDR efflux pumps in a 

number of different bacteria. The AcrAB transport system of E. amylovora is induced by and 

important for transport of phytoalexin, an antimicrobial produced by plants of Rosaceae, while an 

isoflavonoid-inducible efflux pump in A. tumefaciens, IfeABR, has been shown to be important 

for reducing accumulation of isoflavonoid in the bacterial cells (Burse et al., 2004; Palumbo et 

al., 1998). Pseudomonas are common soil organisms and are likely to encounter plant products in 

their environment. Because none of the phenolic compounds we tested showed similar effects as 

PCP, whole plant root extracts were tested in EMSA reactions. The rationale for this was that if 

an extract containing many compounds could be identified with similar effects as PCP, further 

analysis of that extract may reveal the compound(s) affecting NalC and mexAB-oprM expression. 

Plant root extracts provided by S. Gibbons (University of London, UK) were used in the EMSA 

reaction. Of fourteen plant root extracts tested (see Fig 3-13 legend for plants used), Boehmeria 

tricuspis (Fig 3-13A. Lanes 5 and 6), Uncaria tomentosa (Fig 3-13A. Lanes 7 and 8) and 

Ixiolirion tataricum (Fig 3-13B. Lane 12) root extracts prevented NalC-DNA binding in a manner 

similar to PCP. The disruption of NalC-DNA binding seemed more complete in response to U. 

tomentosa root extract; however, because the concentration of the compound(s) responsible for 

this is unknown, a conclusion on the ability of one extract to prevent binding compared to another 

cannot be made. Nevertheless, further examination of the effect of U. tomentosa was performed 

in an attempt to identify the compound(s) responsible for this disruption. 

 Seven fractions of U. tomentosa root extract (provided by S. Gibbons), isolated based on 
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Figure 3-13. NalC-DNA binding in the presence of root extracts. A. EMSA demonstrating 

disruption of binding of 800ng of purified NalC-His protein to 50ng of nalC-PA3720 intergenic 

region DNA in the presence of 2.5mg/ml (lane 5) or 5mg/ml (lane 6) of B. tricuspis root extract 

and 2.5mg/ml (lane 7) or 5mg/ml (lane 8) of U. tomentosa root extract but not 2.5mg/ml (lane 3) 

or 5mg/ml (lane 4) of Brassica napa root extract. Lane 1, DNA only control; lane 2, positive 

binding control; lane 9, 10% (vol/vol) DMSO (solvent control). B. EMSA demonstrating the 

NalC-DNA complex forming in the presence of the following root extracts: Amacrinum memoria-

corsii Howardii (lane 3), Amaryllis belladonna, (lane 4), Erythronium albidum (lane 5), 

Erythronium americanum (lane 6), Erythronium californicum (lane 7), Erythronium tuolumnense 

(lane 8), Galanthus atkinsii (lane 9), Galanthus elwesii (lane 10), Galanthus woronowii (lane 11), 

Pancratium maritimum (lane 13) and the disruption of the complex in the presence of I. tataricum 

(lane 12). Lane 1, DNA only control; lane 2, positive binding control. 
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their relative polarities using a SPE (C-18) chromatography column, were added to the EMSA 

reaction to assess their effect on NalC-DNA binding. Fractions 1-4 (Fig 3-14. Lanes 4-7) and 

fraction 6 (Fig 3-14. Lane 9) all disrupted NalC-DNA binding while fraction 5 (Fig 3-14. Lane 8)  

and fraction 7 (Fig 3-14. Lane 10) did not. Fraction 6 seemed to completely prevent the DNA 

shift, as no DNA only band is seen in lane 9, however, once again, conclusions on the degree of 

protein-DNA binding disruption of any fraction cannot be made without information on the 

concentration of the compound(s) in the extract. However, because the fractions are isolated 

based on polarity, it is unlikely that any of the compound(s) in fraction 6 are eluted with fraction 

1. Therefore, it seems that there is more than one compound in U. tomentosa root extracts that 

interfere with NalC-DNA binding. Further analysis of these fractions will identify the 

compound(s) in the U. tomentosa root extract that is interacting with NalC and the potential 

natural inducer(s)/substrate(s) of MexAB-OprM. 

To assess whether U. tomentosa root extract, in addition to interfering with NalC-DNA 

binding, caused mexAB-oprM hyperexpression in a manner similar to PCP, expression of mexA 

was measured in wildtype P. aeruginosa K767 grown in the presence of 5mg/ml of U. tomentosa 

root extract. The plant root extract had no effect on mexAB-oprM (represented by mexA 

expression) or PA3720-armR (represented by PA3720 expression) (Fig 3-15). However, a 

decrease in nalD expression in cells treated with the root extract (Fig 3-15. Lane 2) compared to 

untreated cells (Fig 3-15. Lane 1), similar to the decrease in nalD expression seen in response to 

PCP, was observed. Because we were limited by the extraction process to small yields of root 

extract, it is possible that the root extract concentration used to induce cultures for RT-PCR 

analysis was not high enough to show a similar effect on mexA and PA3720 as PCP.  
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Figure 3-14. NalC-DNA binding in the presence of U. tomentosa root extract fractions. 

EMSA demonstrating disruption of binding of 800ng of purified NalC-His protein to 50ng of 

nalC-PA3720 intergenic region-containing DNA in the presence of 0.5mg/ml total U. tomentosa 

root extract (lane 3), fraction 1 (lane 4), fraction 2 (lane 5), fraction 3 (lane 6), fraction 4 (lane 7) 

and fraction 6 (lane 9) but not fraction 5 (lane 8) or fraction 7 (lane 10). Fractions were numbered 

in the order in which they were eluted from the C-18 column in order of decreasing polarity. Lane 

1, positive binding control; lane 2, DNA only control. 
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Figure 3-15. Expression of mexA, PA3720 and rpsL in P. aeruginosa K767 exposed to U. 

tomentosa root extract assessed using semi-quantitative RT-PCR. RNA was isolated from 

wildtype P. aeruginosa K767 cells grown for 2.5h without (–) or with the addition of 5mg/ml of 

U. tomentosa root extract for 60 min (+) before harvesting. The rpsL reaction served as an 

internal control that ensured equal amounts of RNA were used in all of the RT-PCR reactions. 

mexA, PA3720 and nalD reactions were amplified for 28 (top panel) and 30 (bottom panel) cycles 

and rpsL reactions were amplified for 19 (top panel) and 21 (bottom panel) cycles.
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Chapter 4 

Discussion 

 

 P. aeruginosa is an important opportunistic human pathogen that is difficult to treat, as it 

displays high levels of intrinsic resistance to antimicrobial agents (Driscoll et al., 2007). Several 

chromosomally-encoded efflux systems in P. aeruginosa make a considerable contribution to this 

resistance, facilitating the expulsion of antimicrobials from the cell. Mutations that lead to 

hyperexpression of these efflux systems also result in acquired elevated resistance to various 

antimicrobials (Poole and Srikumar, 2001). MexAB-OprM is an important efflux system in P. 

aeruginosa, as it is constitutively expressed and exports a wide variety of clinically relevant 

antibiotic drugs. Additionally, this efflux system has been implicated in the export of dyes, 

detergents and organic solvents (Li et al., 2003, Li et al.; 1998, Kohler et al., 1996). This, along 

with the highly complex regulatory mechanisms controlling the system, suggests that 

antimicrobial efflux is not the natural function of the efflux system and that an environmental or 

cellular signal is the intended substrate (Piddock, 2006b). Environmental compounds are an 

attractive possibility, as P. aeruginosa is a common environmental organism that is ubiquitous in 

a variety of environments, including water and soil (Spiers et al., 2000). This study examines the 

effect of PCP, an environmental pollutant, on mexAB-oprM expression and attempts to identify 

environmental signals that PCP may mimic.  

In order to characterize the natural function of an efflux system, it is necessary to further 

understand the regulatory pathways that control it. Expression of mexAB-oprM is controlled by a 

complex system of regulatory proteins including NalC, ArmR, MexR and NalD. Mutations in 
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genes encoding these proteins (mexR, nalC and nalD) can result in overexpression of mexAB-

oprM and, in turn, increased resistance to the antimicrobial substrates of the system (Saito et al., 

2001; Cao et al., 2004; Morita et al., 2006). In order to better understand the mechanism of action 

of the natural signals of MexAB-OprM, this study also examines the regulatory mechanisms 

controlling mexAB-oprM expression, especially in response to the potential natural signals. 

 

4.1 NalC Binds to the nalC-PA3720 Intergenic Region 

In order to understand how the natural signal(s) of the MexAB-OprM efflux system 

affects its expression, the regulatory pathways that control this expression must be defined. 

Therefore, prior to testing the hypothesis that PCP affects mexAB-oprM expression by interacting 

with a regulator of the system, it was necessary to further characterize the regulatory pathway. 

Due to the increased expression of PA3720-armR in response to PCP (Fig 3-1) we suspected that 

PCP acts on NalC, the repressor of this operon. The gene encoding NalC is located upstream of 

and transcribed divergently from the PA3720-armR operon, which it has been shown to repress 

(Cao et al., 2004). Mutations in nalC result in induction of mexAB-oprM due to increased 

expression of armR, which encodes a protein modulator of MexR, the mexAB-oprM repressor 

(Daigle et al., 2007). However, NalC had not previously been shown to bind to the PA3720-armR 

promoter. This study confirmed that NalC regulates expression of PA3720-armR, as well as its 

own expression, by binding to the nalC-PA3720 intergenic region (Fig 3-4). This region contains 

an inverted repeat sequence with overlapping -10/-35 sites of nalC and PA3720 (Fig 3-5) that is 

likely the binding site of NalC. Indeed, the binding site of NalC has been localized to a ~100bp 

fragment containing this sequence (Fig 3-6). This further characterizes NalC as a repressor of 

PA3720-armR expression that has an impact on expression of mexAB-oprM. 
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4.2 MexAB-OprM and PCP-Induced Stress in P. aeruginosa  

 Previous studies identified MexAB-OprM as having an important role in the response of 

P. aeruginosa to PCP stress (Muller et al., 2007). We confirmed this result using semi-

quantitative RT-PCR data (Fig 3-1) and a transcriptional reporter fusion (Fig 3-2) to show that 

mexAB-oprM expression increases in response to PCP stress. Additionally, MexAB-OprM is 

important for resistance of P. aeruginosa to PCP, as a mexB deletion strain is less resistant to the 

chemical than a wildtype strain (Table 3-1). PCP exerts its toxic effect on cells as an uncoupler of 

oxidative phosphorylation, causes oxidative stress and cytotoxicity and induces the expression of 

general stress proteins (Escher et al., 1999; Wang et al., 2001; Blom et al., 1992). In bacteria, it is 

suspected that PCP causes membrane disruption by modifying the composition of membrane fatty 

acids and altering their degree of saturation, thus affecting the integrity of the membrane 

(Dercová et al., 2004). Membrane disruption is known to cause stress in bacterial cells that 

upregulates other efflux pumps. For example, membrane damage is a signal for mexCD-oprJ 

induction, especially in response to chlorhexidine, a biocide that affects membrane integrity. 

Solvents, detergents and cationic antimicrobials, all membrane damaging agents, also induce 

mexCD-oprJ expression, suggesting that MexCD-OprJ plays a role in the envelope stress 

response of P. aeruginosa (Fraud et al., 2008). However, it is unlikely that membrane disruption 

by PCP is responsible for the upregulation of mexAB-oprM, as, unlike all other membrane 

disruptors, PCP does not induce mexCD-oprJ (Fraud et al., 2008; Muller et al., 2007). 

Additionally, there is no evidence that membrane-disrupting agents induce mexAB-oprM, so this 

efflux system does not seem to respond to membrane stress. Alternatively, it is possible that PCP 

creates oxidative stress in the cell that a regulator of mexAB-oprM responds to. The MexR 

repressor of mexAB-oprM has been shown to dissociate from mexAB-oprM promoter DNA in 
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response to oxidative stress caused by peroxide (Chen et al., 2008). Although PCP does not 

directly affect MexR-DNA binding, it is possible that PCP generates oxidative stress, which 

produces reactive oxygen that may interact with MexR. However, this seems unlikely, since PCP 

does directly interact with NalC. Finally, it is possible that PCP is a direct effector of the system 

and changes in gene expression seen in response to PCP is a result of PCP interacting with a 

regulator of the system. 

  

4.3 Possible Mechanisms of Action of PCP 

In order to determine whether the effect of PCP on mexAB-oprM is indirect, and due to 

cell damage caused by the chemical, or if PCP is a direct effector of the system, we examined 

whether PCP directly interacts with a regulator of the system. Binding of effector molecules to 

proteins often results in conformational changes that cause the repressor to lose DNA-binding 

ability and allows transcription to take place (Routh et al., 2009). Due to the increased expression 

of PA3720-armR in response to PCP, it was possible that NalC, the repressor of the operon, was 

being prevented from binding in the presence of PCP. To test this, we added the chemical to 

EMSA reactions and showed that PCP does prevent NalC from binding to the nalC-PA3720 

intergenic region thought to contain the PA3720-armR promoter (Fig 4-1A). In this case, PCP 

seems to be a direct effector of MexAB-OprM and the effect of PCP on PA3720-armR does not 

seem to be caused by PCP-induced cell damage. 

Increased expression of the PA3720-armR operon is explained by the interference with 

NalC repressor activity by PCP. A possible explanation for induction of mexAB-oprM by PCP, 

then, was increased production of ArmR. As a protein modulator of MexR, increased ArmR 
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Figure 4-1. Possible mechanisms of PCP action on mexAB-oprM. A. Derepression of PA3720-

armR occurs in the presence of PCP due to a direct interaction between the chemical and NalC. 

The effect on mexAB-oprM expression was thought to occur via modulation of MexR by 

increased amounts of ArmR, however EMSA experiments ruled this out. B. PCP may also 

interact directly with NalD, preventing repression of mexAB-oprM at PII. C. Decreased activity of 

NalD in the presence of PCP may also occur either through a direct interaction with PA3720, 

which is upregulated due to derepression by NalC, or due to repression of nalD expression by 

PA3720. Derepression of mexAB-oprM by NalD due to increased expression of PA3720 in the 

presence of PCP may be sufficient to mask the effects of MexR on expression of the operon in the 

absence of armR. D. PCP may induce mexAB-oprM expression by affecting both MexR and NalD 

repressor activity through upregulation of PA3720 and armR by interacting with NalC. PCP is 

represented by an orange hexagon. 
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production would result in decreased MexR activity and derepression of mexAB-oprM. We then 

tested whether induction of mexAB-oprM by PCP was mediated by ArmR by measuring 

expression of mexAB-oprM in response to PCP in an armR deletion strain. Expression of mexAB-

oprM still increased in response to PCP in this strain (Fig 3-8), indicating that ArmR does not 

mediate PCP-dependent induction of mexAB-oprM. This suggests that NalC either has a function 

in addition to regulation of PA3720-armR that impacts mexAB-oprM expression or, more likely, 

another regulatory mechanism involved in control of mexAB-oprM is affected by PCP. Another 

possible mechanism of induction of mexAB-oprM by PCP was the direct interaction of PCP with 

the repressor MexR, preventing its binding to the mexAB-oprM promoter. Therefore, we tested 

whether PCP also affects MexR binding to the mexAB-oprM promoter in an EMSA reaction and 

showed that PCP does not prevent MexR-DNA binding (Fig 3-9) and likely has another target in 

the mexAB-oprM regulatory pathway. Finally, a third possible explanation for increased 

expression of mexAB-oprM by PCP was that the chemical acts on NalD, another repressor of 

mexAB-oprM (Fig 4-1B). NalD binds at a second promoter site upstream of mexA but 

downstream of the MexR binding site and nalD mutations result in increased expression of 

mexAB-oprM independently of NalC and MexR (Morita et al., 2006; Sobel et al., 2005). 

Attempts to purify a functional NalD protein following the protocol used to purify NalC were 

unsuccessful and NalD was undetectable even in whole cell extracts. In case this was due to a 

toxic effect of NalD on the E. coli expression strain used, we tried to express the protein in an 

strain in which expression of the protein was more stringently controlled. We also used different 

affinity tags, including a C-terminal His tag and a N-terminal GST tag, in case the N-terminal tag 

or the His tag itself was interfering with production or folding of the protein. However, NalD was 

not expressed under any of these conditions. Because we were unable to test for a direct 
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interaction between NalD and PCP, we measured the effect of PCP on nalD expression using RT-

PCR. Interestingly, nalD expression decreases after PCP treatment (Fig 3-10). This could be 

evidence that PCP does not directly interact with NalD if the nalD gene is autoregulated. If nalD 

were autoregulated and PCP directly interacted with it, we would expect to see an increase in 

nalD expression in response to PCP, as is the case with nalC. However, it is unknown whether 

NalD is autoregulated since there is no sequence with similarity to binding sites for TetR family 

repressors located upstream of the nalD gene. Whether NalD is autoregulated or not could be 

assessed using a reporter fusion in a nalD deletion strain to determine whether loss of functional 

NalD increases nalD gene expression. This could help to resolve whether the effect of PCP on 

NalD is due to a direct interaction of NalD with the chemical. The decrease in nalD expression in 

response to PCP could also be evidence of another gene or genes negatively influencing nalD. In 

any case, the decrease in nalD expression in response to PCP is consistent with increased 

expression of mexAB-oprM, since NalD is a direct repressor of mexAB-oprM expression. Further 

work to purify NalD in order to determine whether the protein is directly affected by PCP in the 

same manner as NalC would also be useful. 

PA3720 is a small protein with no homology to any known proteins. Like armR, which is 

transcribed in the same operon, PA3720 may be an effector protein of a regulator that is specific 

to P. aeruginosa and, therefore have no equivalent protein in other organisms. Although NalD 

does not regulate PA3720, as a mutation in nalD has been shown to have no affect on PA3720-

armR expression (Cao et al., 2004), it is possible that PA3720 affects nalD and this is the 

mechanism by which mexAB-oprM expression is increased in response to PCP (Fig 4-1C), since 

PA3720 expression increases under these conditions (Fig 3-1). Future work should examine 

whether a connection exists between PA3720 and nalD. To test this, the effect of loss of PA370 
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on PCP inducibility of mexAB-oprM could be measured in a PA3720 deletion strain. In addition 

to possibly having an effect on nalD expression, PA3720 may directly interact with NalD. This 

could be assessed in vivo using a two-hybrid system to detect an interaction between the proteins.  

It is possible that loss of armR alone is insufficient to affect PCP-dependent induction of 

mexAB-oprM and that the effect of PA3720 compensates for loss of ArmR (Fig 4-1C). A 

PA3720-armR double knockout should be tested to determine whether loss of both of these genes 

results in the loss of induction of mexAB-oprM. Regulation of mexAB-oprM by PA3720, which 

may affect NalD repression, and ArmR, which modulates MexR, both of which are upregulated 

in response to PCP due to loss of NalC function, could be an example of fine-tuned regulation of 

an efflux system in response to various signals (Fig 4-1D).  

 

4.4 Plant Root Compounds May Be a Natural Signal of MexAB-OprM 

As a synthetic compound, PCP is not likely the natural substrate of MexAB-OprM. 

Additionally, the concentration of PCP required to affect NalC binding (800µM) is too high to be 

physiologically relevant. It is likely, however, that the natural substrate(s)/inducer(s) of the 

MexAB-OprM system shares some properties with PCP. In order to determine what these 

properties may be, we tested other chemicals for an effect on NalC-DNA binding. Five other 

chlorinated phenols, a metabolite of PCP and ten compounds with structural similarity to PCP 

were tested in the EMSA reaction. None of these compounds had an effect on NalC-DNA binding 

(Fig 3-12), suggesting that a characteristic of PCP not shared by the other chlorinated phenols or 

other compounds, possibly the specific charge distribution of this molecule, is responsible for the 

effect on NalC.  
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P. aeruginosa is found widely in the environment, including soil marshes, marine 

environments and on plant tissues (Mena and Gerba, 2009). In these environments, P. aeruginosa 

is in contact with compounds produced by plants to protect them from microbes (Bais et al., 

2006). PCP is a phenolic compound and many plants make phenolic antimicrobial compounds so 

it is possible that PCP mimics a compound from plants. MDR efflux systems are an important 

response to plant-derived compounds in many environmental bacteria. One example is the 

IfeABR efflux system of A. tumefaciens, which is upregulated in response to, and has been shown 

to extrude, an antimicrobial isoflavonoid present in plant roots (Palumbo et al., 1998). Therefore, 

we initially tested a variety of plant root extracts and identified three that interfere with NalC-

DNA binding: B. tricuspis, U. tomentosa and I. tataricum (Fig 3-13). Attempts were then made to 

identify the compound in U. tomentosa responsible for this action by separating the extract into 

fractions based on their polarity using a C-18 chromatography column and adding those fractions 

to the EMSA reaction. Five of the seven fractions tested showed disruption of NalC-DNA 

binding (Fig 3-14). The results of this experiment suggest that more than one compound found in 

the root extract may be involved, as fractions with very different polarities were shown to have an 

effect on NalC-DNA binding. Since these fractions contain multiple compounds, it is difficult to 

draw conclusions about the nature of the compound responsible for the action of this root extract 

on MexAB-OprM. However, further efforts to fractionate the extracts that do have an effect, 

through the EMSA assay used here and possibly using NMR analysis, may identify a single 

compound, or several compounds, which may be a natural signal of this efflux system.  

Having identified root extracts with similar effects as PCP on NalC-DNA binding, we 

tested whether one of these root extracts, from U. tomentosa, also affected gene expression in the 

same way. While a decrease in nalD expression in response to U. tomentosa root extract, similar 
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to that seen in response to PCP, was observed, increased expression of mexAB-oprM and 

PA3720-armR was not (Fig 3-15). This could be attributed to the fact that, due to limitations in 

the plant root extraction process, we were unable to induce P. aeruginosa cultures with levels of 

root extract comparable to the concentration of PCP used for RT-PCR experiments. Additionally, 

amounts of extract required to cause disruption of NalC-DNA binding in EMSA experiments is 

likely lower than that required to affect gene expression because the compound does not have to 

enter the cell in an EMSA reaction. Finally, since the concentration of the compound responsible 

for affecting mexAB-oprM in the root extract is unknown, it is not possible to induce cells with 

amounts comparable to amounts of PCP required to affect expression levels. The decrease in 

nalD expression in response to U. tomentosa root extract does suggest that the root extract has a 

similar effect as PCP but the concentration required to elicit a change in mexAB-oprM and 

PA3720-armR expression is higher than that used in this experiment. It is also possible that, since 

it is not part of the same regulatory pathway as NalC, nalD expression is affected by something 

that responds to inducers at lower concentrations than mexA and PA3720-armR.  

Many of the plant-derived compounds produced in response to soil bacteria have similar 

structures to PCP. The phenolic compound salicylic acid, for example is an important plant 

signaling molecule that induces expression of AcrAB and EmrAB efflux pumps in E. crysanthemi 

(Ravirala et al., 2007). Although our study found no similar effect of salicylic acid on the 

MexAB-OprM efflux system, the structural similarity of this compound to PCP suggests that a 

characteristic of these phenolic compounds may be related to efflux activity. The fact that 

expression of these efflux systems is increased in the presence of compounds found in the 

environment has clinical significance because, regardless of the inducer of the system, increased 

expression of efflux systems results in increased resistance to antimicrobials. This is an example 
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of resistance to a compound developing in the absence of that compound, a phenomenon that 

could potentially complicate treatment of bacterial infections. However, knowledge of the 

inducers and substrates of these efflux systems will improve drug design, as certain chemical 

structures can be avoided when developing drug treatments.  

 

4.5 Concluding Remarks 

While we have not defined a pathway or mechanism by which PCP induces mexAB-oprM 

expression, we have determined that it does not do so via ArmR and that it does not directly 

interact with MexR. We suggest that, although PCP interacts with NalC, the downstream effect of 

this, increased expression of armR, is not the cause of mexAB-oprM induction by PCP and, 

therefore, the impact of PCP on NalC may not be related to induction of mexAB-oprM. We have 

also shown possible involvement of NalD in the induction of mexAB-oprM by two possible 

mechanisms. PCP may affect a gene or genes that influence nalD expression or it may interact 

directly with NalD. Whether NalD is autoregulated or not will be important to answer this 

question, as it is unlikely that the observed decrease in nalD expression in response to PCP would 

occur if NalD were autoregulated and interacted with PCP directly. Finally, we suggest that PCP 

is a mimic of a compound found in plant roots and that the effects of PCP and plant root extracts 

on MexAB-OprM could be evidence that the system is involved in protection of P. aeruginosa 

from plant antimicrobials.
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