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Abstract 
 

Pseudomonas aeruginosa is an opportunistic pathogen found in soil and aquatic 

environments that possesses a broad range of intrinsic antibiotic resistance mechanisms, 

including a highly impermeable outer membrane and several RND-type efflux pumps that export 

a number of clinically relevant antibiotic classes. Chronic P. aeruginosa infections in cystic 

fibrosis (CF) patients gradually develop high levels of resistance to antimicrobial therapy due to 

conditions that favour the acquisition and selection of numerous chromosomal mutations, the 

nature of which are poorly understood. To identify chromosomal contributors to aminoglycoside 

resistance a P. aeruginosa transposon mutant library was screened for increases in 

aminoglycoside susceptibility. Six genes of interest (pstB, lptA, faoA, amgR, PA0392, and 

PA2798) were identified, the deletion of which meaningfully decreased aminoglycoside 

minimum inhibitory concentrations in wild-type P. aeruginosa. Combinations of gene deletions 

were constructed to determine if any of these genes contributed to aminoglycoside resistance via 

a common mechanism or whether they operated independently to promote intrinsic 

aminoglycoside resistance. In all cases, double deletion had an additive impact on 

aminoglycoside susceptibility, suggesting that each gene of interest contributes to resistance 

through an independent mechanism. Deletions in pstB, lptA, faoA, amgR, PA0392, and PA2798 

were introduced into pan-aminoglycoside-resistant CF-lung isolates where they dramatically 

compromised aminoglycoside resistance, indicating that these genes also contribute to acquired 

aminoglycoside resistance in chronic P. aeruginosa infections. A fluorimetric assay was 

developed to measure aminoglycoside-induced membrane depolarization using the voltage 

sensitive probe DIBAC4(3). Gentamicin-induced membrane depolarization was found to be 

substantially increased in the amgR, pstB, and PA0392 mutant strains when compared to wild-
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type P. aeruginosa. These increases in depolarization paralleled declines in cell viability as 

measured by a gentamicin killing assay, suggesting that the cytoplasmic membranes of these 

mutant strains are more sensitive to the membrane perturbing effects of aminoglycoside-induced 

mistranslated proteins, and supporting a role for the disruption of the selective barrier of the 

cytoplasmic membrane in the bactericidal activity of the aminoglycosides. This study describes 

novel contributors to intrinsic and acquired aminoglycoside resistance in P. aeruginosa, and 

highlights the importance of membrane functions in resisting these activities.   
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Chapter 1 

Introduction 

 

 
Pseudomonas aeruginosa is a Gram-negative aerobic bacillus that is ubiquitous in nature 

and belongs to the γ-proteobacteria class of bacteria (Spiers, et al., 2000). While it is incapable of 

fermentation, its basic nutritional requirements mean that it can survive in a multitude of 

environments, including water, and most commonly, soil (Silby, et al., 2011). The chromosome 

of P. aeruginosa encodes nearly 6000 genes, many of which are regulatory, and this complexity 

is thought to contribute to its metabolic versatility, ability to engage in multiple communal 

behaviours and phenotypic variations, and aptitude for survival in diverse environments (Stover, 

et al., 2000); the fact that many of these genes are paralogous (meaning they have no known 

homologues) suggests that P. aeruginosa has evolved to participate in multiple ecological niches 

(Silby, et al., 2011). 

P. aeruginosa is an opportunistic pathogen that is a leading cause of nosocomial 

infections, particularly in immunocompromised patients (Floret, et al., 2009; Strateva and 

Yordanov, 2009). While P. aeruginosa generally does not colonize humans, breaches in the 

immune system can result in P. aeruginosa infections that, once established, are difficult to 

eradicate (Lister, et al., 2009). Hospital-acquired infections of P. aeruginosa can include, but are 

not limited to, burn wound infections, urinary tract infections, pneumonias, septicemias, and 

transplant infections (Driscoll, et al., 2007). In addition, chronic P. aeruginosa lung infections 

are the primary source of morbidity and mortality in persons with cystic fibrosis (CF), 

necessitating the use of  long-term antibiotic therapy for management (Ratjen, et al., 2009). 

Treatment of P. aeruginosa infections is often made difficult by pre-existing and/or the 
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development of antibiotic resistance mechanisms, limiting the choice of effective antibiotics and 

complicating treatment (Bonomo and Szabo, 2006). Antibiotic-resistant P. aeruginosa infections 

have been linked to increases in morbidity and mortality, time spent in hospitals, need for 

surgical intervention, and cost of care (Lister, et al., 2009). 

Many of the mechanisms that help P. aeruginosa adapt to and survive in various 

environments also appear to be important in determining antimicrobial susceptibility in the 

clinic, and indeed appear to aid the adaptation and persistence of P. aeruginosa infections in the 

human host (Mesaros, et al., 2007). These intrinsic properties that contribute to antibiotic 

resistance include a highly impermeable outer membrane, the expression of numerous non-

specific efflux pumps capable of exporting multiple major classes of antibiotics, and phenotypic 

variations like the formation of biofilms, small-colony variant (SCV) cells or persisters 

(Breidenstein, et al., 2011). These resistance mechanisms can work in tandem with other 

acquired antibiotic resistance mechanisms which can be on found on mobile genetic elements 

such as plasmids or transposons encoding drug-specific efflux pumps, inactivating enzymes, or 

drug target modifiers (Mesaros, et al., 2007). The growing spectre of antibiotic resistance has 

caused a significant shift in research focus to encompass all genes which contribute or potentially 

contribute to antibiotic resistance as part of the collective antibiotic ‘resistome’ (Wright, 2007). 

Nowhere is such an approach more relevant than in P. aeruginosa, which has a high intrinsic 

resistance to all antibiotics (Livermore, 2002), and demonstrates practically all known 

mechanisms of antibiotic resistance (Strateva and Yordanov, 2009). Furthermore, in the context 

of the chronic P. aeruginosa infections that persist in the lungs of CF patients, antibiotic 

resistance generally develops as a series of stepwise mutations of chromosomally-encoded genes 

that result in graduated increases in antibiotic insensitivity in a phenomenon termed ‘creeping 



3 

 

baselines’ (Fernández, et al., 2011). Multiple studies have attempted to define the antibiotic 

resistome of P. aeruginosa by identifying genes important in resistance to fluoroquinolones 

(Breidenstein, et al., 2008; Dötsch, et al., 2009), β-lactams (Alvarez-Ortega, et al., 2011), and 

aminoglycosides (Gallagher, et al., 2011; Schurek, et al., 2008), the three major bactericidal 

classes of antibiotics used to treat chronic P. aeruginosa infections in the lungs of CF patients. 

Our efforts in this study were to explore chromosomally-encoded determinants of intrinsic 

aminoglycoside resistance in P. aeruginosa. 

 

1.1 Aminoglycoside antibiotics 

The aminoglycosides are a class of bactericidal antibiotics that have been used for over 

50 years. Streptomycin was the first aminoglycoside identified in 1944, and it was followed by 

many other natural (neomycin, kanamycin, tobramycin, gentamicin, and paromomycin) and 

synthetic derivative compounds (amikacin, netilmicin, dibekacin, arbekacin, amikacin, and 

isepamicin) (Shakil, et al., 2008). The aminoglycosides are used for their widespread efficacy 

against Gram-negative organisms, and are also effective in the treatment of certain Gram-

positive infections (staphylococci, enterococci) and mycobacteria (Kohanski, et al., 2010; 

Vakulenko and Mobashery, 2003). Aminoglycoside therapy can result in the development of 

serious adverse effects, such as hearing loss or kidney damage, which has limited usage in recent 

years (Mingeot-Leclercq and Tulkens, 1999). However, the decline of new antibiotic drug 

development concurrent with the rise of multi-drug resistance (MDR) is reviving interest in this 

highly effective class of antibiotics (Durante-Mangoni, et al., 2009; Houghton, et al., 2010). 

The aminoglycosides exhibit broad spectrum bactericidal action, with rapid, 

concentration-dependent cell killing, and synergize with other antibiotics active against the cell-
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wall like the β-lactams, a practice which facilitates cell killing and reduces the risk of resistance 

developing (Durante-Mangoni, et al., 2009; Jana and Deb, 2006). The broad specificity of the 

aminoglycosides and dependence on concentration rather than duration for bactericidal effect are 

responsible for the potent activity of these antibiotics (Durante-Mangoni, et al., 2009), and they 

also induce a post-antibiotic effect, inhibiting bacterial growth for several hours after exposure 

(Isaksson, et al., 1988). As uptake appears to depend on an active electron transport chain, the 

aminoglycosides are more effective against aerobic Gram-negative bacilli; however, co-therapy 

with a β-lactam agent can facilitate uptake in anaerobes, allowing activity against enterococci 

(Jana and Deb, 2006). Usage of the aminoglycosides is limited by ototoxicity which can affect 

both hearing and vestibular functions, nephrotoxicity, neuromuscular blockade, and rarely, 

hypersensitivity reactions, as well as the development of resistance (Silva and Carvalho, 2007). 

Empirical aminoglycoside usage is advocated in the treatment of severe bacterial 

infections of the abdomen, urinary tract, or heart, in nosocomial lung infections, and can also be 

prophylactic (Durante-Mangoni, et al., 2009; Jana and Deb, 2006). Gentamicin is generally used 

in combination with a β-lactam for treatment of sensitive enterococcal infections (infective 

endocarditis), while tobramycin and amikacin are considered the most efficacious 

aminoglycosides against bacterial infections caused by P. aeruginosa (Durante-Mangoni, et al., 

2009; Jana and Deb, 2006). Due to the high solubility of all aminoglycosides, they are poorly 

absorbed orally, so delivery is generally parenteral, and most aminoglycosides are excreted 

unchanged in the urine, aiding treatment of difficult urinary tract infections (Durante-Mangoni, 

et al., 2009). Nebulized formulations of gentamicin, tobramycin, and amikacin are also available 

for localized delivery to the lungs, and are used in the management of chronic bacterial 

infections such as those found in patients with CF, where the etiological agent is most often P. 
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aeruginosa (Ratjen, et al., 2009). The use of once-daily doses or localized delivery via nebulized 

formulations have both been demonstrated to reduce the incidence of toxic side effects (Ratjen, 

et al., 2009).  

 

1.1.1 Chemical structure, classification, and properties 

Key aminoglycoside structural features can be seen in Figure 1-1. The core structure of 

the aminoglycosides is an aminocyclitol ring linked to at least one amino-sugar side group (Silva 

and Carvalho, 2007). The related compound, spectinomycin, contains an aminocyclitol 

backbone, but lacks amino-sugar side groups and as a result exhibits bacteriostatic activity, 

rather than the bactericidal activity that is characteristic of all other aminoglycosides (Jana and 

Deb, 2006). Most aminoglycosides contain a 2-deoxystreptamine aminocyclitol ring substituted 

at either the 4,5-(neomycin, paromomycin) or 4,6-positions (kanamycin, gentamicin, tobramycin, 

amikacin) (Silva and Carvalho, 2007). Streptomycin and spectinomycin are structurally unique, 

as they are based upon streptidine and spectinamine aminocylitol rings, respectively (Silva and 

Carvalho, 2007). Due to the presence of multiple amino groups on the aminoglycoside structures, 

the aminoglycosides are highly polar, and are cationic at physiological pH (Silva and Carvalho, 

2007). Conditions that negatively affect aminoglycoside uptake include anaerobic, low pH, and 

hyperosmotic environmental conditions (Jana and Deb, 2006). 
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Figure 1-1: Aminoglycoside structure and classification: A) The structures of 4,6-

deoxystreptamine aminoglycoside antibiotics that are commonly used in the clinic. Other 

structurally similar aminoglycosides include: kanamycin, dibekacin, arbekacin, sisomicin, and 

netilmicin. B) The structures of 4,5-deoxystreptamine aminoglycoside antibiotics commonly 

used. C) The structures of the related compounds streptomycin and spectinomycin. Streptomycin 

contains a streptidine ring backbone, while the related bacteriostatic aminocyclitol 

spectinomycin contains a spectamine backbone ring and no aminoglycosidic bonds. Figure from 

Jana and Deb (2006).  
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1.1.2 Interaction with the ribosome 

Initial studies localized the site of action of the aminoglycosides to the ribosome, 

demonstrating that streptomycin inhibited translation of ribosomes isolated from E. coli, but not 

those strains with mutations that confer resistance (Mager, et al., 1962; Speyer, et al., 1962). 

These in vitro studies showed definitive ribosomal inhibition (up to 70%), and established the 

aminoglycosides as members of the broad class of protein synthesis inhibitor antibiotics 

(Kohanski, et al., 2010). This straightforward view of aminoglycoside activity was quickly 

challenged by the finding that aminoglycosides induce misreading of transcripts, resulting in the 

production of mistranslated proteins (Davies, et al., 1964). Indeed, this finding was consistent 

with the demonstrated necessity of active translation for aminoglycoside bactericidal activity 

(Anand and Davis, 1960), and this misreading activity explains how sublethal aminoglycoside 

concentrations are able to abrogate the specific amino acid needs of auxotrophic mutants (Gorini 

and Kataja, 1964). The apparently contradictory effects of aminoglycoside treatment at inducing 

ribosomal misreading (requiring active translation) and ribosomal blockade were resolved by 

studies on initiating versus elongating ribosomes (Davis, 1987). The aminoglycosides, as well as 

other established protein synthesis inhibitors (spectinomycin, erythromycin), blocked formation 

of the ribosomal initiation complex, accounting for their inhibitory activity on translation, 

whereas blockade was not observed on chain-elongating ribosomes (Tai, et al., 1974; Wallace, et 

al., 1974). In contrast to other protein synthesis inhibitors, though, the aminoglycosides were also 

able to bind chain-elongating ribosomes, where interaction decreased not only the rate of 

translation, but also the fidelity (Davis, 1987; Wallace and Davis, 1973). These apparent 

differences in interaction at the level of the ribosome hint at the overall differences in cellular 

activity exerted by the bactericidal aminoglycosides versus the other bacteriostatic protein 
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synthesis inhibitors, including the related aminocyclitol spectinomycin; the effects of 

aminoglycosides on misreading versus blockade is crucial to explaining the traditional unified 

model of the mechanism of bactericidal activity of the aminoglycosides (Davis, 1987), which 

will be considered shortly. 

The interactions of aminoglycosides with ribosomes have been expanded upon in more 

recent structural studies of ribosomes in the presence of various ribosomal inhibitors (Vakulenko 

and Mobashery, 2003). The bacterial ribosome, composed of two subunits, a large 50S subunit 

and a small 30S subunit, has three sites important for functional translation: an A-site 

(aminoacyl), a P-site (peptidyl), and an E-site (exit) (Green and Noller, 1997). The A-site, 

located on the small 30S subunit, is the site of entry for the aminoacyl tRNA, and is important 

for the decoding of mRNA and the recognition of cognate (correct) aminoacyl tRNAs (Ogle, et 

al., 2003).The 16S rRNA, located in close proximity to the codon-anticodon interaction, is 

important in maintaining the specificity of this interaction, and consequently, the fidelity of 

translation; this is the binding site of 2-deoxystreptamine aminoglycosides (Figure 1-2) (Ogle, et 

al., 2003). Two conserved adenine residues on the 16S rRNA, A1492 and A1493, normally face 

inwards on helix 44 of the 16S rRNA, yet binding of a cognate tRNA to the mRNA being 

translated results in a ‘flipped out’ conformation of these two residues, enhancing the specificity 

of the interaction and promoting incorporation of the correct amino acid into the growing peptide 

chain (Ogle, et al., 2003). Aminoglycosides bind near these two residues on helix 44 of the 16S 

rRNA (Moazed and Noller, 1987), and induce the flipped out conformation, stabilizing the 

interaction of noncognate (incorrect) aminoacyl tRNAs with the mRNA (depicted in Figure 1-

2b) thus promoting the incorporation of incorrect amino acids (Vakulenko and Mobashery, 

2003). Aminoglycosides have also been demonstrated to bind to helix 69 of the large ribosomal  
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Figure 1-2: Interaction of aminoglycosides with the 30S ribosomal subunit. (a) General structure 

of the 30S subunit with major regions involved in codon-anticodon interactions highlighted 

around the A-site. The A-site tRNA anticodon stem-loop (ASL) is depicted in gold. (b) Close up 

view of the A-site during anticodon recognition. The A-site ASL (gold) can be seen interacting 

with the codon on the mRNA transcript (purple). The ‘flipped-out’ adenine residues A1492 and 

A1493 of helix 44 of the 16S rRNA (turquoise) can be seen contacting the site of codon-

anticodon interaction. Aminoglycoside binding (as depicted with the representative agent 

paromomycin, green) can be observed just below the A-site on the helix 44(H44) of the 16S 

rRNA. Streptomycin (fuschia) binds a short distance away, and contacts the ribosomal protein 

S12 as well, which interacts closely with the A-site as depicted (tan). Spectinomycin (not shown) 

interacts with helix 34 (H34) of the 16S rRNA (periwinkle). Figure from Ogle, et al. (2003)  
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subunit, preventing the dissociation of the ribosomal subunits following the termination of 

translation, and preventing recycling of the ribosome (Borovinskaya, et al., 2007); a finding 

which may account for the previously observed inhibitory effects of aminoglycosides on 

translation (Davis, 1987). 

Streptomycin binds in a location slightly adjacent to that of the other aminoglycosides, 

contacting the negatively charged phosphate backbone of a number of 16S rRNA helixes and the 

S12 (RpsL) small subunit ribosomal protein in close proximity to the A-site (Figure 1-2b) 

(Carter, et al., 2000). The interaction of streptomycin with the ribosome results in the 

stabilization of a high affinity for aminoacyl-tRNA state (also termed ribosomal ambiguity, ram), 

which accounts for the misreading effects of streptomycin on amino acid incorporation during 

elongation (Carter, et al., 2000). Spectinomycin binds to helix 34 (Figure 1-2b) of the 16S rRNA, 

obstructing movement of the 30S ribosomal subunit head, and preventing A-site to P-site 

peptidyl-tRNA translocation (Carter, et al., 2000). Mutations in small subunit protein S5 can 

cause resistance to spectinomycin in E. coli (Wittman-Liebold and Greuer, 1978), presumably 

due to an increase in ribosomal head flexibility (Carter, et al., 2000). 

 

1.1.3 Aminoglycoside uptake 

Uptake, rather than transport, is used to describe the influx of aminoglycosides into the 

cell at all particular stages of drug accumulation, as partitioning of aminoglycoside into the cell 

exhibits diffusion kinetics, and isolation of necessary transporters has resisted considerable 

efforts, or been disproven (Taber, et al., 1987). Uptake into susceptible cells is divided into three 

independent stages: ionic binding (an energy-independent phase), energy-dependent phase I 

(EDPI), and energy-dependent phase II (EDPII) (Bryan and van den Elzen, 1977; Hancock, et 
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al., 1981; Taber, et al., 1987). This multi-step model helps explain how uptake is altered at 

particular stages by particular experimental conditions, and provides a framework for the 

understanding of how various resistance mechanisms can affect uptake and/or activity.  

 

1.1.3.1 Ionic binding 

Ionic binding, the energy-independent phase of aminoglycoside uptake, occurs 

immediately upon bacterial exposure and involves the reversible and concentration-dependent 

interaction of the aminoglycoside with the bacterial cell surface (Taber, et al., 1987). The 

polycationic aminoglycosides bind electrostatically to anionic side groups present on the 

bacterial cell surface, either lipopolysaccharide (LPS), polar heads of phospholipids, and outer 

membrane proteins in Gram-negative bacteria, or teichoic acids and polar heads of phospholipids 

in Gram-positive bacteria (Taber, et al., 1987). The LPS comprises the outer layer of the outer 

membrane (OM), and is composed of a proximal lipid-A, core oligosaccharide, and hydrophilic 

O-antigen, the site of aminoglycoside primary interaction (Vanhoof, et al., 1995). Through ionic 

binding, the cationic aminoglycosides displace divalent cation (Mg
2+

, Ca
2+

) cross-bridges 

between LPS molecules in the OM, increasing its permeability (Hancock, et al., 1981; Loh, et al., 

1984). The disruption of the LPS layer destabilizes the OM, resulting in bilayer membrane 

vesicle release and subsequent hole formation in the OM, allowing the nonspecific diffusion of 

aminoglycosides (as well as other OM-impermeable molecules like lysozyme) into the 

periplasm, and contributes to bactericidal activity (shown in Figure 1-3, step 2) (Hancock, et al., 

1981; Martin and Beveridge, 1986; Vanhoof, et al., 1995). This interaction with the OM can be 

anatagonized by exogenous divalent cations, various salts, and polyamines (Bryan and van den 

Elzen, 1977; Campbell and Kadner, 1980), and polymxyin B and EDTA induce a similar 
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permeabilization of the OM due to a similar divalent cation displacement mechanism (Hancock, 

et al., 1981).  

 

1.1.3.2 Energy-dependent phase I 

Energy-dependent phase I, the initial stage of uptake during which small amounts of 

aminoglycoside initially traverse the cytoplasmic membrane (CM), is known to require the 

proton motive force (Δp), and is considered the rate-limiting step in terms of aminoglycoside 

activity (Bryan and van den Elzen, 1977; Davis, 1987; Taber, et al., 1987). The actual process 

whereby the aminoglycoside enters the cytoplasm is unclear, and a number of mechanisms have 

been proposed to explain this stage of uptake (depicted in Figure 1-3, step 3), including 

electrophoresis across the cytoplasmic membrane (Davis, 1987), a quinone-dependent 

mechanism of transfer across the cytoplasmic membrane (Bryan and Kwan, 1983), or even 

defects in the selective barrier of the CM due to zones of growth and/or intrinsic levels of 

transcript misreading (Taber, et al., 1987). Uncouplers of oxidative phosphorylation (DNP, 

CCCP) which dissipate the proton gradient across the CM, and cytochrome mutations abolish 

aminoglycoside uptake at this stage, establishing the necessity of the proton motive force (Bryan 

and van den Elzen, 1977; Campbell and Kadner, 1980). The inherent resistance of anaerobically-

grown bacteria to aminoglycoside therapy can thus be explained as a lack of uptake across the 

cytoplasmic membrane, due to the absence of Δp while the addition of nitrate or fumarate as a 

terminal electron acceptor to establish a proton gradient partially restores susceptibility (Bryan, 

et al., 1979; Campbell and Kadner, 1980). Interestingly, aminoglycoside uptake in EDPI is 

dependent on drug concentration and the membrane potential (ΔΨ) component of the Δp and a 

certain threshold value of ΔΨ seems to be required for initial uptake (Bryan and Kwan, 1983; 
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Damper and Epstein, 1981). As well, there appears to be the requirement of an active electron 

transport chain for aminoglycoside uptake during EDPI, as two conditions which inhibit electron 

transport but leave ΔΨ intact, potassium cyanide (KCN) treatment and quinone depletion, also 

abolished aminoglycoside uptake during EDPI (Bryan and Kwan, 1983). 

 

1.1.3.3 Energy-dependent phase II 

Energy-dependent phase II (EDPII) is the accelerated secondary phase of cytoplasmic 

uptake that occurs following the interaction of the aminoglycoside with its target, the ribosome 

(Bryan and van den Elzen, 1977). EDPII exhibits diffusion kinetics, is irreversible, and also 

depends on the electron transport chain, as inhibitors of electron transport (KCN) or uncouplers 

of oxidative phosphorylation (DNP, CCCP) prevent uptake during this phase (Taber, et al., 

1987). Indeed, interaction with actively translating ribosomes has been demonstrated to be 

necessary for this step of uptake, as inhibitors of protein synthesis, when added prior to or 

concurrently with aminoglycosides, abolish the accelerated rate phase of uptake (EDPII), but not 

the slow accumulation phase (EDPI), which additionally prevented bactericidal activity (Anand 

and Davis, 1960; Muir, et al., 1984). The necessity of ribosomal interaction for EDPII uptake is 

clear, as strains of E. coli with ribosomal mutations that confer aminoglycoside resistance or 

contain aminoglycoside modifying enzymes, both of which are resistance mechanisms that 

prevent interaction with the ribosomal target, do not undergo EDPII (Bryan and van den Elzen, 

1977). The finding that intermediate concentrations of puromycin, a protein synthesis inhibitor 

that mimics the aminoacyl-tRNA, promoting the premature release of nascent polypeptides from 

the elongating ribosome (Azzam and Algranati, 1973), could induce aminoglycoside EDPII 
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uptake in a strain of E. coli with streptomycin-resistant ribosomes hinted at the connection 

between ribosomal interaction and aminoglycoside uptake (Hurwitz, et al., 1981).  

An apparent explanation for the observed necessity of active translation for 

aminoglycoside uptake in EDPII, and consequently bactericidal activity, rested in the previously 

observed misreading effect of aminoglycosides on elongating ribosomes (Davies, et al., 1964). 

As a consequence of aminoglycoside-induced misreading, mistranslated proteins (that is, 

proteins with incorrect amino acids randomly incorporated into the elongating polypeptide chain, 

due to an alteration in the highly specific codon-anticodon interaction that normally maintains 

protein translation fidelity) were demonstrated to be the product of aminoglycoside treatment, 

altering the overall protein profile of the cell, and increasing the insoluble residual fraction of 

total cellular protein (Davis, et al., 1986). In aminoglycoside-treated cells, overall protein levels 

remained unchanged, however decreased levels of periplasmic proteins, and an increase in the 

insoluble residual fraction indicated an profound shift in the overall localization of cell protein 

(Davis, et al., 1986). The localization of post-translationally processed alkaline phosphatase, 

normally a periplasmic protein, to the residual fraction, indicated that this protein had likely 

become stuck in the membrane during secretion, presumably due to the random incorporation of 

incorrect amino acid residues into these proteins during translation in the presence of 

aminoglycoside antibiotics (Davis, et al., 1986). These findings then indicated that the so-called 

membrane damage, and the previously reported nonspecific loss of permeability in 

aminoglycoside-treated cells, occurred as a consequence of the insertion of mistranslated 

proteins into the cytoplasmic membrane due to aminoglycoside-induced transcript misreading 

(Davis, 1987). They also explain the apparent necessity of active protein translation in the 

bactericidal activity and accelerated uptake of aminoglycosides during EDPII (Taber, et al., 
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1987). Though the exact mechanism by which mistranslated proteins incorporate into the 

membrane and produce membrane damage is not known, hypotheses include the snagging of 

mistranslated periplasmic proteins in the membrane during secretion, the exposure and 

subsequent aggregation of hydrophobic regions of proteins misfolded due to mistranslation, or 

the loss of channel specificity or gating in cytoplasmic membrane proteins, allowing nonspecific 

traffic through the membrane (Davis, et al., 1986). 

 

1.1.3.4 Membrane damage 

The CM is essential for bacterial viability, as it is home to a third of bacterial proteins, 

maintains a selective barrier against the external environment for the concentration and exclusion 

of particular nutrients and wastes, and is the site of energy production through the establishment 

and harnessing of the proton motive force (Δp) (Hurdle, et al., 2011). The postulation that 

membrane damage is the logical downstream event of mistranslated proteins being produced by 

aminoglycoside-induced transcript misreading yielded a clear explanation of the chain of events 

which link activity and uptake in the final stage of EDPII, and explains many of the observed 

secondary effects of aminoglycoside treatment on cells, particularly the observed loss of 

impermeability of the CM (Davis, 1987). Indeed, the apparently contradictory facts that 

aminoglycoside uptake was irreversible, yet appeared to enter the cell via accelerated nonspecific 

diffusion in EDPII was a matter of some debate (Nichols, 1987), yet a possible explanation exists 

in the fact that the cell may break down the mistranslated proteins, trapping the antibiotic within 

the cell in a ‘caging’ effect, and contributing to bactericidal activity through irreversible 

inhibition of protein synthesis initiation (Busse, et al., 1992). The irreversibility of uptake could 
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also be explained by the high affinity of polycationic aminoglycosides for anionic 

macromolecules (proteins, DNA, RNA) present inside the cell (Davis, 1987). 

Evidence that aminoglycosides induced membrane damage included a number of studies 

that showed a nonspecific loss of impermeability to various small molecules. Particularly, 

impermeability to K
+
 was found to be lost (Dubin and Davis, 1961), and depending on the 

extracellular concentration, K
+
 influx or efflux occurs post-aminoglycoside treatment (Busse, et 

al., 1992). As well, loss of nucleotides and amino acids (Anand and Davis, 1960), increased 

permeability to citrate, and a general loss of impermeability to other small molecules, cations and 

anions were all observed in various experiments examining the physiological effects of 

aminoglycoside treatment on cells (Davis, 1987). As would be expected, aminoglycoside 

treatment also results in a loss of membrane potential (ΔΨ) (Bryan and Kwan, 1983; Kohanski, 

et al., 2008), and membrane vesicles prepared from aminoglycoside-pretreated cells are unable to 

maintain the proton motive force (Δp) (Eagon, et al., 1982), presumably due to a nonspecific loss 

of permeability due to membrane damage. Membrane damage also explains the accelerated 

uptake of aminoglycoside observed during EDPII as in strains with ribosomal mutations 

conferring resistance to streptomycin, streptomycin uptake can be induced by gentamicin 

(Höltje, 1979), or toluene, an organic solvent that nonspecifically permeabilizes membranes 

(Anand and Davis, 1960). 

 

1.1.4 Bactericidal activity 

A unified model of aminoglycoside uptake and activity can thus be presented (Figure 1-

3). In Gram-negative bacteria the aminoglycosides first interact with the OM, where these 

positively charged molecules displace divalent cation cross-bridges between LPS moieties,  
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Figure 1-3: Uptake and bactericidal activity of the aminoglycoside class of antibiotics. 1) 

Depicted is a Gram-negative bacterial cell with an intact cytoplasmic and outer membrane. 2) 

Ionic binding: Aminoglycosides bind to LPS molecules (the red ovals) and displace divalent 

cross-bridges. This causes non-specific permeabilization of the outer membrane, allowing access 

to the periplasm. 3) Energy-dependent phase I: Aminoglycosides traverse the cytoplasmic 

membrane in an unknown process that depends on a standing membrane potential and active 

electron transport chain. Uptake into the cytoplasm is minimal at this point. 4) Ribosomal 

interaction: Aminoglycosides bind to elongating ribosomes, inducing transcript misreading, and 

resulting in the production of mistranslated proteins (orange squiggles). 5) Mistranslated proteins 

insert into the cytoplasmic membrane, and cause a disruption of its barrier function. This allows 

small molecules (including the aminoglycosides) to leak across the cytoplasm, and causes 

cytoplasmic membrane depolarization. Membrane damage results in a secondary accelerated 

phase of aminoglycoside uptake in energy-dependent phase II, which is irreversible. Reactive 

oxygen species (ROS) are produced as a result of cellular metabolic disruption due to 

aminoglycoside-induced mistranslated proteins, and contribute to cell death.  
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permeabilizing the outer membrane and facilitating diffusion into the periplasm (Loh, et al., 

1984). The aminoglycosides then traverse the CM through EDPI, which is dependent on an 

active membrane potential (Bryan and Kwan, 1983; Taber, et al., 1987). Upon entering the 

cytoplasm, the aminoglycosides bind to the 16S rRNA at the A-site of elongating ribosomes and 

reduce the fidelity of translation by promoting tRNA mismatching (Davis, 1987; Houghton, et 

al., 2010). As a result, mistranslated, or aberrant, polypeptides are produced which insert into the 

CM, where they are thought to cause damage, or create non-specific channels, that facilitate 

further aminoglycoside uptake in EDPII (Figure 1-3, step 5) (Davis, et al., 1986). Davis 

attributes the final bactericidal activity of the aminoglycosides to the irreversibility of uptake, 

and the ultimate total inhibition of protein synthesis due to the observed effects of 

aminoglycosides on initiating ribosomes (Davis, 1987). However, this conclusion, though 

persuasively presented, is based on argument rather than experimental evidence, and it is unclear 

how exactly this proposed mechanism results in killing, and how this activity differs from the 

related compound spectinomycin, which also binds the ribosome and inhibits protein synthesis, 

but is bacteriostatic (Busse, et al., 1992; Kohanski, et al., 2008). 

An alternative explanation for the bactericidal activity of the aminoglycosides was 

recently proposed, whereby aminoglycoside-induced metabolic perturbations stimulate the 

production of reactive oxygen species (ROS) that contribute to cellular death by damaging 

proteins, lipids, and DNA (Kohanski, et al., 2007). The disruption of central cellular metabolic 

processes, such as the tri-carboxylic acid cycle, induces the hyperactivation of the electron 

transport chain, which rapidly depletes NADH reducing equivalents; the rapid increases in 

NADH oxidation lead to the overproduction of the ROS superoxide, which by reacting with iron-

sulfur clusters present in cellular proteins via the Fenton reaction, yields large quantities of the 
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toxic hydroxyl radicals that contribute to cell death (Kohanski, et al., 2007). Cell death, and the 

production of oxidative stress, in aminoglycoside-treated cells were linked to the production 

mistranslated proteins, suggesting that aminoglycosides perturb cellular metabolism by nature of 

their misreading effect on elongating ribosomes (Kohanski, et al., 2008). The disruption of 

membrane protein trafficking functions in E. coli, important for the correct folding and 

processing of membrane proteins, drastically increased aminoglycoside susceptibility, indicating 

that damage at the level of the CM is linked to the killing mechanism of the aminoglycosides; 

certainly, cytoplasmic membrane depolarization was observed concurrently with ROS 

production, and both physiological events coincided with the overall loss of cell viability 

following aminoglycoside exposure (Kohanski, et al., 2008). These findings place a greater 

emphasis on the membrane damaging effects of aminoglycoside-induced mistranslated proteins 

in the overall bactericidal activity of this class of antibiotics, and better explain the effects of 

these mistranslated proteins on cellular physiology (Figure 1-3); indeed, a role for the Cpx 

envelope stress two-component system was implicated in this overall killing mechanism 

(Kohanski, et al., 2008). Of note, ROS production was demonstrated in both E. coli and 

Staphylococcus aureus upon treatment with aminoglycosides, fluoroquinolones, and β-lactams, 

indicating that these three main bactericidal classes of antibiotics may induce a common 

endpoint in both Gram-negative and Gram-positive bacteria (Kohanski, et al., 2007). Antibiotic-

induced ROS oxidize guanine nucleotides from the cellular nucleotide pool to 8-oxoguanine, and 

the incorporation of 8-oxo-deoxyguanosine into replicating DNA results in double-strand breaks, 

accounting for the toxicity of fluoroquinolones and β-lactams (Foti, et al., 2012). Remarkably, 

ROS-induced DNA double-stranded breaks only partly accounted for the killing activity of 

kanamycin, and it was suggested that oxidized guanine bases on cellular transcripts could also be 
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contributing to protein mistranslation (Foti, et al., 2012). These findings suggest that the 

contribution of ROS to aminoglycoside activity is due to a feedforward chain reaction in which 

aminoglycosides induce transcript misreading, resulting in mistranslated proteins which cause 

ROS production and membrane damage; the ROS produced oxidize guanine residues on existing 

transcripts, contributing to the misreading effect, and resulting in further protein mistranslation 

(Foti, et al. 2012). 

 

1.2 Aminoglycoside resistance mechanisms in P. aeruginosa 

While antibiotic resistance in bacteria is not a new phenomenon, it is a growing concern 

due to the decline in new antibiotic development and the overall increase in the prevalence and 

significance of antibiotic resistance mechanisms (Levy and Marshall, 2004). The opportunistic 

pathogen P. aeruginosa is one such organism that has joined the ranks of the superbugs: 

organisms that exhibit multi-drug resistance (MDR), or resistance to 3 or more major classes of 

antibiotics (Piddock, 2006). Of particular interest is the panoply of chromosomally-encoded 

antibiotic resistance mechanisms, many of which are specific to P. aeruginosa, which through 

intrinsic expression, induction due to specific environmental conditions (adaptive), or mutational 

upregulation, can contribute to or facilitate the development of MDR (Lister, et al., 2009; Poole, 

2011). These mechanisms act in addition to horizontally-acquired mobile genetic elements like 

plasmids, transposons, and integrons, which are disseminated among multiple species of 

bacteria, and are traditionally considered the primary determinants of resistance (Lister, et al., 

2009; Poole, 2011). Many resistance mechanisms are important in resisting the activity of the 

aminoglycosides, a class of antibiotics that has demonstrated exceptional usefulness in the 

treatment of the various incarnations of P. aeruginosa infections (Durante-Mangoni, et al., 



24 

 

2009). General mechanisms of resistance to aminoglycosides in bacteria include drug 

inactivation through enzymatic modification, drug target alteration, and impairment of drug 

accumulation inside the bacterial cell, either through active efflux or decreased permeability of 

the bacterial cell wall (Jayaraman, 2009; Nikaido, 2009): these have all been reported in P. 

aeruginosa, and will be explained at length below. In addition, resistance mechanisms can be 

classified as intrinsic (chromosomally-encoded, inherently expressed), adaptive (chromosomally-

encoded, inducible), or acquired (not normally present, acquired through alterations in genetic 

composition) (Fernández, et al., 2011). 

 

1.2.1 Aminoglycoside modifying enzymes (AMEs) 

Aminoglycoside resistance in bacterial clinical isolates most often occurs through the 

action of aminoglycoside modifying enzymes (AMEs), which chemically alter the antibiotic 

upon entry to the cytoplasm and prevent interaction with the target A-site on the 30S ribosome 

(Azucena and Mobashery, 2001; Vakulenko and Mobashery, 2003). AMEs fall into three general 

classes: aminoglycoside N-acetyltransferases (AACs), aminoglycoside O-phosphotransferases 

(APHs), and aminoglycoside O-nucleotidyltransferases (ANTs) (Wright, 1999). Classes of 

AMEs are referred to by their respective three-letter acronyms and number in brackets, which 

describes the location of substrate modification; the roman numeral specifies an enzyme type 

with a particular resistance profile, and the lower-case letter that follows serves to identify the 

individual enzyme [ex. APH(3’)-IIIa, which specifies a specific modifying enzyme exhibiting a 

unique resistance profile (IIIa) by phosphorylating a specific hydroxyl group found at the 3’ 

position on the aminoglycoside general structure] (Wright, 1999). Interestingly, the general 

acquisition of aminoglycoside resistance through AMEs in P. aeruginosa has been shown to 



25 

 

differ from resistance emergent due to local trends in aminoglycoside usage in other local 

bacterial pathogens, reflecting the general complexity of resistance in this bacterial pathogen 

(Miller, et al., 1997). Many of the known AMEs were first discovered in clinical isolates of P. 

aeruginosa, indicating the importance of modifying enzymes in conferring aminoglycoside 

resistance in this opportunistic pathogen (Vakulenko and Mobashery, 2003). 

 

1.2.1.1 Aminoglycoside N-acetyltransferases (AACs) 

Aminoglycoside acetyltransferases transfer an acetyl group from acetyl-CoA to the –NH2 

group at either the (1), (3), (2’), or (6’) positions on the general aminoglycoside structure 

(Houghton, et al., 2010; Wright, 1999); interestingly, many of these are found to exist in 

actinomycetes, which are the producers of many of the naturally-derived aminoglycosides 

(Vakulenko and Mobashery, 2003). As the 6’-amino group on aminoglycosides interacts with the 

ribosomal rRNA upon binding, many acetyltransferases belong to the AAC(6’) subfamily and 

confer resistance to a wide spectrum of clinically relevant aminoglycosides (Houghton, et al., 

2010). AAC(6’)-Ib is considered to the greatest AAC contributor to aminoglycoside resistance in 

clinical infections caused by Gram-negative bacteria (Ramirez and Tolmasky, 2010); indeed, 

members of the AAC(6’) subclass are the most frequently found acetyltransferases in P. 

aeruginosa, with AAC(6’)-I endowing resistance to tobramycin, netilmicin, and amikacin, while 

AAC(6’)-II endows resistance to tobramycin, netilmicin, and gentamicin (Poole, 2005; 

Vakulenko and Mobashery, 2003). While only the phosphotransferase modifying enzymes are 

considered to confer high levels of aminoglycoside resistance (Vakulenko and Mobashery, 

2003), acetyltransferases like AAC(6’)-I and AAC(6’)-II, which result in high levels of 

resistance to the clinically used aminoglycosides tobramycin and amikacin, have been frequently 
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associated with other resistance mechanisms, particularly the reported ‘impermeability-type’ 

resistance in P. aeruginosa (Miller, et al., 1997; Över, et al., 2001). The newest AAC(6’)-I 

subtype, AAC(6’)-Iaf, was recently identified in MDR clinical isolates of P. aeruginosa from 

Japan (Kitao, et al., 2009). Several members of the AAC(3)-I subclass [AAC(3)-Ia, AAC(3)-Ib, 

AAC(3)-Ic, and AAC(3)-Ie] are commonly found encoded on integrons in P. aeruginosa and 

confer resistance to gentamicin (Poole, 2005; Ramirez and Tolmasky, 2010). The entire subclass 

of AAC(3)-III  provides resistance to tobramycin, gentamicin, dibekacin, kanamycin, and 

paromomycin, and has been found in P. aeruginosa (Vakulenko and Mobashery, 2003; 

Vliegenthart, et al., 1991). The hybrid acetyltransferases, which combine the resistance profiles 

of two distinct modifying enzymes,  AAC(6’)-30/AAC(6’)-Ib and AAC(3)-Ib/AAC(6’)-Ib, have 

also been found encoded on integrons in P. aeruginosa (Dubois, et al., 2002; Mendes, et al., 

2004). 

 

1.2.1.2 Aminoglycoside O-phosphotransferases (APHs) 

The phosphotransferases transfer a γ-phosphoryl from ATP to the specified hydroxyl on 

the aminoglycoside molecule; many have been found encoded on R-plasmids, transposons, and 

integrons responsible for MDR (Houghton, et al., 2010). All APH(3’) enzymes are capable of 

modifying kanamycin, and the ubiquity of this subclass of phosphotransferases has ensured that 

kanamycin is no longer considered clinically useful in the treatment of bacterial infections (Kim 

and Mobashery, 2005). While APH(3’)-I and -II are well documented in clinical specimens of P. 

aeruginosa  (Miller, et al., 1994), the high intrinsic resistance of P. aeruginosa to kanamycin is 

likely explained by APH(3’)-IIb, which is chromosomally-encoded by aph(3’)-IIb, and confers 

resistance to kanamycin and neomycin (Hächler, et al., 1996). As well, a predicted APH(3’’) 
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conferring resistance to streptomycin, is found chromosomally-encoded by the str gene in the 

standard reference strain PAO1 (the Pseudomonas project; http://www.pseudomonas.com); str, as 

well as aph (6)-Id, and a second aph (3′)-II kanamycin resistance gene were found present in the 

chromosome of the clinical P. aeruginosa isolate PA7 (Roy, et al., 2010). APH(6)-Ic, APH(6)-

Id, and APH(3’’)-Ib have also been recognized in isolates of P. aeruginosa, where they were 

associated with horizontally-transferable genetic elements (Ramirez and Tolmasky, 2010).  

 

1.2.1.3 Aminoglycoside O-nucleotidyltransferases (ANTs) 

ANT(6), ANT(9), ANT(4’), ANT(2’’), and ANT(3’’) have all been described in the 

literature and act by substituting an adenosine monophosphate (AMP) onto the denoted hydroxyl 

group of the target aminoglycoside (Houghton, et al., 2010). ANT(2’’)-Ia has been known for 

some time to confer resistance to gentamicin, kanamycin and tobramycin and is often found 

encoded on plasmids or integrons in many disease-causing Gram-negative bacteria, including P. 

aeruginosa (Bongaerts and Molendijk, 1984; Jana and Deb, 2005; Ramirez and Tolmasky, 

2010).  ANT(4’)-I enzymes are often plasmid-encoded, and confer resistance to amikacin, 

kanamycin and tobramycin in Gram-positive organisms like S. aureus, yet have not been 

described in Gram-negative organisms (Vakulenko and Mobashery, 2003). The related ANT(4’)-

IIa and ANT(4’)-IIb modifying enzymes also confer similar resistance profiles to ANT(4’)-I, and 

have been identified on both plasmids and the chromosome of P. aeruginosa isolates (Jacoby, et 

al., 1990; Sabtcheva, et al., 2003). ANT(3’’), which confers resistance to streptomycin and 

spectinomycin (through adenylation of position 9), is considered to be the most ubiquitous class 

of nucleotidyltransferases across all bacteria, and multiple variants have been found encoded on 

integrons in P. aeruginosa (Ramirez and Tolmasky, 2010). The most common and thus clinically 

http://www.pseudomonas.com/
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relevant enzymatic determinants of aminoglycoside resistance in P. aeruginosa are AAC(3)-I 

and –II, AAC(6’)-I and –II, and ANT(2’’) (Strateva and Yordanov, 2009). 

 

1.2.2 Target modification 

While enzymatic modification is certainly the most common form of aminoglycoside 

resistance in bacteria, resistance resulting from the modification of the 16S rRNA target is 

becoming an increasing threat, due to the fact that this mechanism confers resistance to all 

aminoglycosides, rather than a select few (Poole, 2005). 16S rRNA methylases are produced by 

the actinomycetes (Streptomyces and Micromonospora), which through the methylation of the 

16S rRNA, protect these species from their own naturally produced aminoglycosides by 

preventing drug binding , and recently, pathogenic bacteria have begun to acquire 16S rRNA 

methylases with some sequence homology to those expressed in actinomycetes (Doi and 

Arakawa, 2007). In 2003, a 16S rRNA methylase (RmtA) was discovered in multiple clinical 

isolates of P. aeruginosa in Japan that conferred high-level resistance to all clinically used 

aminoglycosides (Yokoyama, et al., 2003). The RmtD 16S rRNA methylase was found in a pan-

resistant strain of P. aeruginosa in Brazil in 2005 conferring resistance to all 4,6-

deoxystreptamine aminoglycosides (Doi, et al., 2007). These are worrying developments because 

these genes have been associated with transposable elements on transferable plasmids, making 

possible horizontal transfer, and are indiscriminate determinants of aminoglycoside resistance 

(Strateva and Yordanov, 2009). Modification of the aminoglycoside target via mutations is only 

a significant determinant of resistance in Mycobacterium tuberculosis, as mutations in the sole 

16S rRNA operon and in the ribosomal protein gene S12 (rpsL) have both been shown to confer 

resistance to streptomycin in M. tuberculosis (Finken, et al., 1993; Meier, et al., 1994). Mutations 
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in the S12 ribosomal protein (rpsL mutants) have also been well-described in E. coli, where they 

are responsible for resistance to streptomycin, but not other aminoglycosides (Höltje, 1979). 

 

1.2.3 Reduced aminoglycoside accumulation 

P. aeruginosa is known to have a highly impermeable outer membrane (Yoshimura and 

Nikaido, 1982) that is thought to account for its high intrinsic resistance to multiple classes of 

antibiotics, including the aminoglycosides (Breidenstein, et al., 2011). Aminoglycoside 

resistance can also arise due to the reduction of drug uptake through changes in membrane 

permeability or through active drug extrusion via efflux pumps (Jana and Deb, 2006; Magnet and 

Blanchard, 2005). Often, resistance mechanisms found in clinical isolates from the lungs of 

cystic fibrosis patients include the so-called ‘impermeability’ resistance, which is characterized 

by a decreased accumulation of all aminoglycosides (MacLeod, et al., 2000; Shawar, et al., 

1999).  

 

1.2.3.1 Impermeability resistance 

While aminoglycoside modifying enzymes most typically account for aminoglycoside 

resistance in isolates from acute P. aeruginosa infections, they do not usually account for 

resistance observed in isolates from the chronically-infected CF lung (MacLeod, et al., 2000; 

Ramsey, et al., 1999). Impermeability-type resistance was initially a poorly understood acquired 

aminoglycoside resistance mechanism found in a high proportion of resistant clinical isolates of 

P. aeruginosa, and, in contrast to modifying enzymes, decreases susceptibility to all 

aminoglycosides (Hurley, et al., 1995; Miller, et al., 1997). Impermeability-type resistance has 

been shown in combination with aminoglycoside modifying enzymes to yield high levels of 
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aminoglycoside resistance (Hurley, et al., 1995; Miller, et al., 1997),  and it was suggested this 

resistance mechanism involved either changes to the outer membrane and/or active efflux 

(MacLeod, et al., 2000). Changes in the LPS layer can increase the hydrophobicity of the OM by 

altering its ionic composition (Makin and Beveridge, 1996), and such changes have been 

demonstrated in aminoglycoside resistant clinical isolates of P. aeruginosa, indicating that such 

LPS modifications may contribute to aminoglycoside resistance through decreased permeability 

(Bryan, et al., 1984; Kadurugamuwa, et al., 1993). However, impermeability-type resistance is 

now attributed in large part to the overexpression of the MexXY-OprM efflux pump, as deletions 

of the genes encoding for this efflux pump lead to a restoration of wild-type aminoglycoside 

sensitivity in clinical isolates of P. aeruginosa with impermeability-type resistance (Sobel, et al., 

2003; Vogne, et al., 2004; Westbrock-Wadman, et al., 1999). Recently a synergistic effect 

between modifying enzymes and impermeability resistance has been experimentally confirmed 

in the PA7 clinical isolate of P. aeruginosa, in which active efflux (via the MexXY-OprA efflux 

pump) greatly potentiated the activity of the chromosomally-encoded modifying enzyme 

AAC(6’)-Iae, producing high-level resistance to multiple aminoglycosides (Morita, et al., 2012). 

This evidence confirms the role of the MexXY-OprM efflux pump in impermeability resistance, 

and how this mechanism can work in tandem with modifying enzymes to contribute to high 

levels of resistance to aminoglycosides in clinical isolates. 

 

1.2.3.2 MexXY-OprM efflux pump system 

The chromosome of P. aeruginosa encodes a number of efflux pumps of the resistance-

nodulation-division (RND)-type, including MexAB-OprM, MexCD-OprJ, MexEF-OprN, and 

MexXY-OprM, which contribute to multidrug resistance to clinically used antibiotics (Lister, et 
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al., 2009; Poole, 2007). In addition to exporting fluoroquinolones, chloramphenicol, tetracycline, 

and select β-lactams (cefepime), all of which are antibiotic substrates for other multidrug efflux 

pumps expressed by P. aeruginosa, MexXY-OprM uniquely exports the aminoglycoside class of 

antibiotics (Masuda, et al., 2000). Expression of mexXY is induced by the ribosomal interaction 

of protein synthesis inhibitors (aminoglycosides, tetracycline, erythromycin), leading to the 

production of MexXY-OprM, which confers resistance to these agents (Jeannot, et al., 2005); 

thus MexXY-OprM is an important contributor to intrinsic aminoglycoside resistance in P. 

aeruginosa (Aires, et al., 1999; Masuda, et al., 2000). MexXY-OprM is also considered to be 

primarily responsible for the phenomenon described as ‘adaptive resistance’ (Hocquet, et al., 

2003), a transiently-inducible pan-aminoglycoside-resistant phenotype that arises due to prior 

exposure of P. aeruginosa cultures to sub-inhibitory concentrations of aminoglycoside; a 

reversion to wild-type susceptibility is observed following removal of aminoglycoside inducer 

(Barclay, et al., 1996; Karlowsky, et al., 1996). 

Aminoglycoside resistance owing to the overproduction of MexXY-OprM is common in 

clinical isolates of P. aeruginosa, and MexXY-OprM is considered the most important 

aminoglycoside resistance mechanism in the P. aeruginosa infections which afflict the CF lung 

(Henrichfreise, et al., 2007; Islam, et al., 2009; Vettoretti, et al., 2009). Inactivating mutations in 

mexZ, encoding a repressor of mexXY (Matsuo, et al., 2004), are quite often the most frequently 

identified mutations in P. aeruginosa isolates from the lungs of CF patients, and lead to 

aminoglycoside resistance through the hyperexpression of MexXY-OprM (Islam, et al., 2004; 

Smith, et al., 2006).  Induction of mexXY via the interaction of the aminoglycosides and other 

ribosome-targeting agents with the ribosome is dependent on the gene product PA5471, whose 

transcription is also increased by these antimicrobial agents (Morita, et al., 2006). Mutations 
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identified in genes which encode ribosomal proteins causing similar ‘ribosomal disruption’ can 

also induce mexXY expression dependent on PA5471 (Caughlan, et al., 2009; Lau, et al., 2012). 

The finding that exposure of P. aeruginosa to ROS leads to PA5471-dependent increases in 

mexXY expression indicates that the environment of the CF lung, which is rich in ROS due to the 

inflamed conditions that occur as a result of chronic infection, may be contributing to the 

development of aminoglycoside resistance through overproduction of the MexXY-OprM efflux 

pump (Fraud and Poole, 2011). Thus, MexXY-OprM significantly contributes to intrinsic and 

acquired aminoglycoside resistance, through its aminoglycoside- and ROS-inducible expression, 

and through the potential acquisition of mutations which lead to mexXY hyperexpression  (Poole, 

2011). As MexXY-OprM can accommodate a number of other antimicrobial substrates, 

conditions that induce upregulation or overexpression of mexXY, can lead to meaningful 

increases in resistance to fluoroquinolone and certain β-lactam (cefepime) antibiotics, 

contributing to multi-drug resistance, and complicating clinical management of such P. 

aeruginosa infections (Poole, 2011). Interestingly, the well-known antagonistic effect of 

exogenous divalent cations (Mg
2+

 and Ca
2+

) on aminoglycoside uptake (Bryan and van den 

Elzen, 1977) appears to be dependent on the presence of the MexXY-OprM efflux pump in P. 

aeruginosa, suggesting that intrinsic aminoglycoside resistance in P. aeruginosa may rely on the 

synergy between a highly impermeable outer membrane and the active extrusion of drug (Mao, 

et al., 2001). 

 

1.2.4 Adaptive resistance 

Phenotypic growth variations can bring about altered metabolic states which differ from 

that found in planktonic cultures of P. aeruginosa grown under standard laboratory conditions; 
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these phenotypic variations are most often due to changes in expression of existing chromosomal 

genes, and can be induced via specific environmental stimuli and/or antibiotics, ultimately 

contributing to antibiotic resistance through so-called ‘adaptive resistance’ mechanisms 

(Breidenstein, et al., 2011). Many of these adaptive resistance mechanisms can and do provide 

meaningful changes in resistance to the aminoglycoside class of antibiotics. 

 

1.2.4.1 Biofilms 

Biofilm production has been implicated in the continued persistence of P. aeruginosa 

chronic infections of the CF lung, despite antibiotic treatment (Hassett, et al., 2010; Wagner and 

Iglewski, 2008). Indeed, biofilms are thought to be thousands-fold more resistant to antibiotic 

therapy than planktonically grown cultures, indicating a large chasm between in vitro studies of 

antibiotic activity and resistance mechanisms versus in vivo efficacy (Fernández, et al., 2011). 

Specifically, biofilm formation in P. aeruginosa has been demonstrated to increase 

aminoglycoside resistance, as inactivation of a regulatory protein involved in switching off the 

biofilm phenotype, PvrR, was demonstrated to increase the frequency with which biofilm-

producing colonies arose that exhibited marked increases in kanamycin resistance (Drenkard and 

Ausubel, 2002).  Exopolysaccharide and alginate, two components of the extracellular 

polysaccharide matrix present in large quantities in P. aeruginosa biofilms, have been shown to 

inhibit the diffusion of aminoglycosides (Hatch and Schiller, 1998; Nichols, et al., 1988), 

indicating that aminoglycoside resistance in biofilms may be a product of a reduced ability to 

reach their cellular targets due to reduced diffusion within the biofilm matrix. As extracellular 

DNA (eDNA) is also present in the biofilm matrix, it has been suggested that negatively charged 

eDNA may compete with the bacterial cell for binding to the cationic aminoglycosides, thus 
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increasing resistance of the biofilm community due to reduced diffusion (Mulcahy, et al., 2008). 

Modification of the ionic composition of the LPS layer is also known to mediate aminoglycoside 

resistance in P. aeruginosa, as changes that make the LPS more positively-charged reduce the 

affinity of aminoglycoside-binding during the initial stages interaction with the Gram-negative 

bacterial cell (Kadurugamuwa, et al., 1993). Such LPS-modifications can be induced by the two-

component systems PhoPQ and PmrAB, which respond to decreased divalent cation 

concentrations (Mg
2+

 and Ca
2+

) (Gooderham and Hancock, 2009); divalent cation limitation may 

also be induced by the eDNA present in the biofilm matrix, due to its net negative charge, with 

the end result being a reduction in aminoglycoside sensitivity in P. aeruginosa due to PhoPQ- or 

PmrAB-induced LPS modification (Mulcahy, et al., 2008). However, biofilm-specific 

aminoglycoside resistance in P. aeruginosa appears to be dependent on the production of 

periplasmic glucans in P. aeruginosa (Mah, et al., 2003). These periplasmic glucans, whose 

production depends upon the ndvB gene, were shown to interact specifically with tobramycin, 

and by virtue of their localization in the periplasm, suggest that aminoglycoside diffusion in P. 

aeruginosa biofilms is not meaningfully impeded by the above-mentioned barriers (Mah, et al., 

2003). Aminoglycosides have also been shown to induce biofilm production in P. aeruginosa, a 

process dependent on the identified arr gene (PA2818); mutation of this locus reduced biofilm 

production in the presence of aminoglycoside, and susceptibility was increased (Hoffman, et al., 

2005). Interestingly, the induction of biofilm formation by Arr appeared to be dependent on the 

second messenger bis-(3’-5’)-cyclic di-guanosine monophosphate (c-di-GMP), which also 

mediates biofilm induction via ribosomal stress generated by aminoglycosides and other protein 

synthesis inhibitors in E. coli (Boehm, et al., 2009; Hoffman, et al., 2005). As biofilm formation 

within the CF-lung is thought to restrict oxygen diffusion, it has been suggested that different 
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subpopulations of P. aeruginosa undergoing varying degrees of aerobic and anaerobic 

respiration exist in this varied environment (Hassett, et al., 2010). Because anerobic respiration is 

known to severely limit aminoglycoside uptake (Schlessinger, 1988), an anaerobic environment 

in the CF-lung may also be contributing to the resistance of P. aeruginosa colonies to 

aminoglycoside therapy. Interestingly, fosfomycin co-treatment was demonstrated to increase 

tobramycin uptake in P. aeruginosa in an energy-dependent fashion, leading to increased activity 

(MacLeod, et al., 2012); this enhanced energy-dependent uptake may explain how co-

administration of the compound fosfomycin with an aminoglycoside improves treatment of 

experimentally infected rats with biofilm-positive colonies of P. aeruginosa (Cai, et al., 2009). 

 

1.2.4.2 Small-colony variants (SCVs) 

Small-colony variants (SCVs) are a phenotypic variation of pathogenic bacteria with 

distinct physiological traits. Generally, SCVs grow slower, are more pathogenic, and exhibit 

higher levels of antibiotic resistance than their wild-type brethren, despite retaining the ability to 

revert to a wild-type phenotype as they are genetically identical (Proctor, et al., 2006). SCVs 

have been isolated from the lungs of CF patients with chronic P. aeruginosa infections; these 

isolates exhibited increased resistance to aminoglycosides and colistin, and were associated with 

markers that indicated decline in lung function (Häußler, et al., 1999). Indeed, the development 

of SCVs in P. aeruginosa is not specific to the CF-lung as SCVs were also isolated from 

mechanically ventilated patients who underwent aminoglycoside-β-lactam co-therapy, and have 

also been isolated in vitro (Langford, et al., 1989; Reinhardt, et al., 2007).  Interestingly, analysis 

of global changes in gene expression indicated the upregulation of a number of intrinsic 

chromosomally-encoded antibiotic resistance mechanisms in one particular P. aeruginosa SCV 
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isolate, including increased expression of the MexXY-OprM and MexAB-OprM RND-type 

efflux pumps (Wei, et al., 2011). As well, P. aeruginosa SCVs appear to be hyperpiliated, 

autoaggregative, demonstrate a greater capacity for biofilm formation, and in some cases are 

more pathogenic due to the upregulation of specific virulence factors (Häußler, et al., 2003; von 

Götz, et al., 2004). 

 

1.2.4.3 Persisters 

Another phenotypic variation common to bacterial pathogens is the formation of persister 

cells. Persister cells are a dormant subpopulation present in biofilms and planktonic bacterial 

cultures that display a reduced or lack of growth, decreased activity of biosynthetic pathways, 

and resistance to high concentrations of antibiotics (Lewis, 2007). In E. coli, very few persister 

cells are formed during exponential phase of growth, but this subpopulation makes up 

approximately 1% of the population in stationary phase (Lewis, 2007). Persisters can be isolated 

from liquid cultures through exposure to a supra-MIC concentration of antibiotic for 3 hours, 

after which only persisters remain, representing a phenotypic variation that is multi-drug 

resistant, yet is genetically identical to, and can revert to the wild-type phenotype (Keren, et al., 

2004). The existence of persisters in biofilm communities in chronic P. aeruginosa infections of 

the lungs of patients with CF could explain why particular infections upon laboratory testing 

appear to be antibiotic sensitive, yet persist despite overwhelming eradication efforts: persisters 

could survive the antibiotic therapy through tolerance, and then later revert to wild-type 

phenotype and replenish the initial biofilm colony (Lewis, 2007). Indeed, significant numbers of 

clinical isolates of P. aeruginosa from the lungs of CF patients have been demonstrated to 

contain hip mutations which confer a high frequency of persister formation in a population: this 
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explains why although these isolates appear to be antibiotic sensitive through standard laboratory 

testing, infections persist despite long-term antibiotic therapy (Mulcahy, et al., 2010). Although 

persister cells display a decreased rate of translation, this is not the reason for the insensitivity of 

these cells to aminoglycoside therapy; co-treatment with specific sugar hydrocarbons re-

establishes a proton motive force in E. coli, allowing uptake of aminoglycoside across the 

cytoplasmic membrane in energy-dependent phase I, thus sensitizing persister cells to successful 

eradication via aminoglycoside therapy (Allison, et al., 2011). 

 

1.2.4.4 Swarming 

Another phenotypic variation that has been demonstrated to play a role in adaptive 

aminoglycoside resistance in P. aeruginosa is swarming (Breidenstein, et al., 2011). It is a 

unique form of motility utilized on viscous surfaces, and changes to this phenotype have been 

shown to result in the upregulation of a number of virulence-associated genes, as well as 

resistance to polymyxin B, gentamicin, and ciprofloxacin (Overhage, et al., 2008). Swarming is 

thought to play a role in the pathogenicity of P. aeruginosa in the lung due to the particular 

environmental cues that induce swarming (viscous medium, use of amino acids for nitrogen) 

being present (Breidenstein, et al., 2011). Interestingly, the increased antibiotic resistance 

demonstrated by cells exhibiting this phenotypic behaviour appears to be related to cell density, 

and the speed of movement of the group, as cells still appear to be susceptible to antibiotic 

therapy (Butler, et al., 2010). 
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1.2.5 Mutational resistance 

In the context of cystic fibrosis, chronic P. aeruginosa infections generally acquire 

resistance through the step-wise accumulation of chromosomal mutations, such as those which 

lead to the overproduction of the MexXY-OprM efflux pump, which extrudes aminoglycosides 

among other clinically relevant antibiotics (Ratjen, et al., 2009). In fact, the general environment 

of the cystic fibrosis lung is thought to promote the emergence of chromosomal mutations in P. 

aeruginosa that lead to multi-drug resistance (MDR), due to constant exposure to bactericidal 

antibiotics and inflammation, both of which contribute to an environment rich in ROS (De Rose, 

2002; Dwyer, et al., 2009; Kohanski, et al., 2007). As sublethal concentrations of antibiotics 

have been shown to increase the mutation rate of treated bacteria through the generation of 

DNA-damaging ROS (Dwyer, et al., 2009; Kohanski, et al., 2010), it follows that the continual 

exposure to ROS in the CF lung environment and the constant selective pressure exerted by 

antibiotic treatment lead to the generation and selection of strains of P. aeruginosa with acquired 

antibiotic resistance due to multiple chromosomal mutations. 

In addition to the ROS produced by inflammation and antibiotic treatment, mutations in 

DNA repair genes can further facilitate the development of mutations leading to resistance in so-

called hypermutator strains (Breidenstein, et al., 2011). Mutations in DNA mismatch repair 

systems (mutL, mutS, uvrD, radA) in P. aeruginosa have been found in many instances to lead to 

resistance to numerous antibiotics through the tendency to develop multiple secondary mutations 

with roles in resistance, providing a selective advantage (the so-called ‘mutator-phenotype’) 

(Schurek, et al., 2008). Deficiencies in DNA mismatch repair, such as those caused by mutations 

in mutL, mutS, or mutY, caused an increase in the mutation rate of P. aeruginosa, and were found 

in a third of P. aeruginosa isolates from the lungs of patients with CF in one particular study, 
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where these strains exhibited large increases in antibiotic resistance over those that were 

nonmutators (Oliver, et al., 2000). Although P. aeruginosa isolates from the lungs of patients 

with CF often contain many mutations, the majority are not hypermutators, and it has been 

suggested that hypermutators may be important in the early colonization of the CF-lung, due to 

their isolation from environmental samples (Kenna, et al., 2007). 

Thus, although mutations account for the majority of antibiotic resistance in P. 

aeruginosa infections of the CF-lung, not all strains are hypermutators, and the actual mutations 

that contribute to the increased resistance phenotype are still poorly understood. Based on what 

is known about aminoglycoside uptake and mechanism of action, it can be inferred that 

mutations in genes that enable many of the key physiological events in activity or uptake 

contribute to resistance to this class of antibiotic. The interaction of aminoglycosides with the 

LPS of the outer membrane during the energy-independent phase of aminoglycoside uptake is 

important as it allows the antibiotic access into the bacterial cell, where it exerts its bactericidal 

function (Taber, et al., 1987). In P. aeruginosa, the O-antigen of the LPS is composed of A-

bands and B-bands, which are antigenically and chemically distinct: the A-band has a neutral 

charge, whereas the B-band is negatively charged at physiological pH and important for 

associating with metal cations (Langley and Beveridge, 1999; Makin and Beveridge, 1996; 

Rivera and McGroarty, 1989). Specimens of P. aeruginosa from infections in patients with 

cystic fibrosis often exclusively display the A-band LPS O-antigen; evidently, this reduces 

susceptibility to gentamicin, which has a higher affinity for the B-band (Kadurugamuwa, et al., 

1993). Transposon insertion in a number of genes associated with the A-band O-antigen LPS 

have been implicated in P. aeruginosa resistance to aminoglycosides (wbpZ, wbpY, wzt, wzm, 

wbpW), and were also confirmed to make the outer membrane more impermeable to 
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aminoglycosides, as the self-promoted phase of uptake of tobramycin was lessened (Schurek, et 

al., 2008). 

Screens of transposon mutant libraries for gene disruptions which yielded increases in 

aminoglycoside resistance have identified a number of cellular function/gene networks important 

in uptake and activity, including DNA replication and repair, LPS biosynthesis, carbon 

metabolism, amino acid biosynthesis, NADH reduction, and energy metabolism (Dötsch, et al., 

2009; Fajardo, et al., 2008; Schurek, et al., 2008). Indeed, a membrane potential and active 

proton motive force have been known for some time to be a prerequisite for energy-dependent 

uptake phase I of aminoglycosides across the cytoplasmic membrane, as mutations in genes 

encoding cytochromes conferred aminoglycoside resistance in previously identified P. 

aeruginosa mutants (Bryan and Kwan, 1981; Bryan, et al., 1980). Another screen of a random 

transposon insertion mutants in P. aeruginosa identified four genes (galU, nuoG, mexZ, and 

rplY) whose disruption resulted in decreased susceptibility to aminoglycosides; the stepwise 

addition of mutations in each of these genes yielded cumulative increases in aminoglycoside 

resistance in a manner suggestive of the process by which strains of P. aeruginosa in CF-lungs 

may step-wise develop resistance (El'Garch, et al., 2007). MexZ is a transcriptional repressor of 

mexXY expression, so it is no surprise that defects in mexZ contribute to aminoglycoside 

resistance (Westbrock-Wadman, et al., 1999). nuoG contributes to the proton motive force across 

the cytoplasmic membrane, while galU is important the formation of complete LPS molecules, 

disruptions of both would lead to alterations of aminoglycoside uptake, impairing activity 

(El'Garch, et al., 2007). Finally, rplY is a ribosomal protein, whose disruption led to slight 

increases in mexXY expression, and increases in aminoglycoside resistance independent of this 

effect (El'Garch, et al., 2007). Thus, the collective antibiotic resistome, or the collection of all 



41 

 

genes which can potentially or do contribute to resistance, can also refer to genes whose 

disruption or inactivation of expression via mutation can contribute to development of antibiotic 

resistance. These findings highlight how resistomic studies can shed light on the cellular 

processes important for aminoglycoside activity, and thus how mutations can overcome 

aminoglycoside sensitivity in a step-wise fashion, accounting for the high levels of resistance 

observed in clinical P. aeruginosa isolates from the lungs of patients with cystic fibrosis. 

 

1.2.6 Intrinsic aminoglycoside resistance in P. aeruginosa 

Given what is known about how P. aeruginosa develops resistance in the context of CF 

lung infection, and the definitive trend towards increased multidrug resistance over time (Lister, 

et al., 2009; Livermore, 2002; McGowan, 2006) it seems particularly relevant to study the 

underlying chromosomal factors that can or do contribute to overall antibiotic resistance. A 

number of recent studies have found other distinct chromosomally-encoded mechanisms that 

contribute to aminoglycoside resistance in P. aeruginosa. These mechanisms appear to work in 

tandem with the well-defined highly impermeable outer membrane (Yoshimura and Nikaido, 

1982) and the aminoglycoside-inducible efflux pump MexXY-OprM (Hocquet, et al., 2003), to 

provide P. aeruginosa with an impressive arsenal of intrinsic aminoglycoside defenses. 

 

1.2.6.1 Oxidative stress responses 

The recent finding that bactericidal antibiotics, including the aminoglycosides, induce the 

production of ROS, which contribute to cell death through the damage of lipids, proteins and 

DNA (Kohanski, et al., 2007), indicates that the effects exerted by antibiotics on cells resemble 

commonly encountered environmental stresses, and thus it seems likely that intrinsic defense 
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mechanisms, such as those that respond to oxidative stress, contribute to antibiotic resistance 

(Poole, 2012). In P. aeruginosa, aminoglycoside exposure generates oxidative stress dependent 

on the presence of ferrous iron (Fe
2+

), as deletion of the gene encoding for ferric reductase 

reduced aminoglycoside sensitivity, supporting a role for Fe
2+

-catalyzed generation of ROS in 

aminoglycoside-induced cell death (Yeom, et al., 2010). Aminoglycoside exposure also induced 

recA, the gene product of which activates the SOS response to DNA damage, suggesting that 

aminoglycoside-induced ROS production yields DNA damage in P. aeruginosa (Yeom, et al., 

2010). Thus RecA, and the SOS response, likely contribute to aminoglycoside resistance in P. 

aeruginosa, and disruption of recA should enhance aminoglycoside activity, as was 

demonstrated in E. coli (Kohanski, et al., 2007). Interestingly, H2S gas, which is produced by P. 

aeruginosa, E. coli, and S. aureus, has been shown to have anti-oxidant effects, and disruption of 

the genetic machinery responsible for H2S gas production yielded increased aminoglycoside 

sensitivity in these organisms (Shatalin, et al., 2011). Polyamines have long been known to 

antagonize aminoglycoside activity in P. aeruginosa, (Mager, et al., 1962), and this effect was 

attributed to competition for binding to the OM, as polyamines are also positively charged, yet 

their interactions with the LPS result in OM stabilization rather than disruption (Peterson, et al., 

1985). However, recent findings indicate that the polyamine spermidine also has an anti-oxidant 

effect in P. aeruginosa, as it was shown to protect against gentamicin-induced lipid peroxidation 

(Johnson, et al., 2012). Although the natural function of the MexXY-OprM efflux pump is not 

known, its expression can be induced by both oxidative stress and aminoglycoside treatment, 

indicating that it may have a role in ameliorating oxidative stress, or some byproduct of oxidative 

stress (Fraud and Poole, 2011). 
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1.2.6.2 Stringent response (SR) 

The stringent response (SR) is a physiological adaptation that bacteria undergo when 

starved of amino acids, and is characterized by a decreased rate of protein, cell wall, and RNA 

synthesis (Gilbert, et al., 1990). The SR metabolic state is controlled by the polyphosphorylation 

of GTP or GDP by the relA or spoT gene products, yielding the signalling molecule guanosine 

5’-(tri)diphosphate, 3’-diphosphate [(p)ppGpp] which enhances or inhibits gene expression at the 

transcriptional level (Potrykus and Cashel, 2008). Bacterial cells in the SR metabolic state 

generally display an enhanced resistance to multiple antibiotics (Gilbert, et al., 1990). Although 

the resistance of amino acid-starved bacteria was initially thought to be due to a reduction in 

metabolic activity, leading to decreased activity of antibiotic cellular targets, and thus a reduction 

in killing, it was recently demonstrated that the resistance phenotype of P. aeruginosa in the SR 

metabolic state is due to an active process (Nguyen, et al., 2011). SR-mediated resistance to 

gentamicin, although not as pronounced as that observed for other antibiotics, was abolished in 

artificially-starved P. aeruginosa cells in which relA and spoT had been deleted (Nguyen, et al., 

2011). Thus, aminoglycoside resistance under starvation conditions in P. aeruginosa depends on 

the activation of the SR through the production of (p)ppGpp via RelA and SpoT (Nguyen, et al., 

2011). Interestingly, activation of the SR yielded increases in the production of the oxidant 

defense proteins, superoxide dismutase (SOD) and catalase; thus the increased aminoglycoside 

resistance observed in SR-activated cells can be explained by the upregulation of oxidative stress 

effectors which ameliorate the antibiotic-induced oxidative stress (Nguyen, et al., 2011). 
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1.2.6.3 Proteolytic pathways 

 The selective barrier of the CM is essential for cell viability , and as the incorporation of 

misfolded proteins into the CM can lead to membrane perturbation, which is toxic to the cell, 

bacteria have evolved mechanisms to respond to membrane stresses such as these (Davis, et al., 

1986; Ito and Akiyama, 2005). Proteolytic degradation  is particularly important in the removal 

of toxic misfolded proteins from the CM and cytoplasm, and several cytoplasmic and membrane 

proteases have been directly implicated in the intrinsic resistance of P. aeruginosa to 

aminoglycosides (Hinz, et al., 2011; Kindrachuk, et al., 2011; Marr, et al., 2007). A screen for 

genes induced by sublethal concentrations of gentamicin in P. aeruginosa indicated that lon, 

encoding the cytoplasmic Lon protease previously implicated in resistance to ciprofloxacin 

(Brazas, et al., 2007), was upregulated in response to aminoglycoside treatment (Marr, et al., 

2007). In addition to impairing biofilm formation and swarming, deletion of lon increased 

susceptibility to aminoglycosides, indicating a role for the Lon protease in aminoglycoside 

resistance in P. aeruginosa (Marr, et al., 2007). The two-component system AmgRS was 

identified as a significant contributor to aminoglycoside resistance, as disruption of genes 

encoding for AmgRS increased susceptibility to tobramycin 16-fold, as well as enhanced biofilm 

clearance, and reduced virulence in a mouse model (Lee, et al., 2009). The adaptive membrane 

stress response regulated by AmgRS was found to depend on the functions of the HtpX 

membrane protease, the PA5528 membrane protein of unknown function, and YccA modulator 

protein, each of which distinctly contributed to aminoglycoside resistance (Hinz, et al., 2011). 

Additionally, the FtsH membrane protease, known to degrade misfolded proteins in E. coli (Ito 

and Akiyama, 2005), and the HslVU cytoplasmic protease were found to be important for 

aminoglycoside resistance in P. aeruginosa (Hinz, et al., 2011). Gene expression analysis of P. 
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aeruginosa cells treated with lethal concentrations of tobramycin revealed that heat shock genes 

are upregulated, indicating a role for the heat shock response in aminoglycoside resistance 

(Kindrachuk, et al., 2011). As heat shock causes damage to or denaturation of cellular proteins, 

the heat shock response involves many chaperones and proteases which work to either degrade 

or refold these altered proteins and is under control of the σ
H
 sigma factor (Meyer and Baker, 

2011). Deletion of σ
H
 in P. aeruginosa yielded an increase in aminoglycoside susceptibility, 

supporting a role for the heat shock response in aminoglycoside resistance, and aminoglycoside-

induced heat shock gene expression was found to be dependent on the cytoplasmic ATP-

dependent PA0779/AsrA protease (Kindrachuk, et al., 2011). Thus proteases, through the 

removal of toxic aminoglycoside-induced misfolded proteins, form essential components of the 

intrinsic aminoglycoside resistome in P. aeruginosa. 

 

1.3 Approaches to defining the intrinsic aminoglycoside resistome in P. aeruginosa 

The findings highlighted above indicate that much progress has been made in 

understanding the intrinsic determinants of aminoglycoside resistance in P. aeruginosa. Despite 

these efforts, many unknowns still exist. Several recent studies have attempted to define the 

intrinsic aminoglycoside resistome in P. aeruginosa in an effort to untangle the many intrinsic, 

adaptive and acquired resistance mechanisms, as well as yet undefined mechanisms (Dötsch, et 

al., 2009; El'Garch, et al., 2007; Fajardo, et al., 2008; Gallagher, et al., 2011; Kindrachuk, et al., 

2011; Lee, et al., 2009; Schurek, et al., 2008; Struble and Gill, 2009). Several generalizations can 

be made regarding these approaches: aminoglycoside resistance is quite complex, and mediators 

of intrinsic aminoglycoside resistance appear to have little overlap with those of other antibiotic 

classes; intrinsic mechanisms of aminoglycoside resistance and those genetic disruptions that 
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increase susceptibility are general to the entire class of aminoglycosides; frequency with which 

genetic disruptions produce resistance in vitro can have some bearing on those mutations which 

can cause clinically-meaningful aminoglycoside resistance (ie. mexZ, mutS mutations); and 

despite best efforts to be comprehensive, overlap of studies with similar approaches/aims tends 

to be partial, but not total. Generally, though, these studies try to catalogue all genes contributing 

to aminoglycoside resistance in P. aeruginosa, but do not address why and how particular 

intrinsic resistance determinants act and are important. By taking a more targeted approach and 

focussing on a subset of intrinsic resistance genes, this study attempts to provide greater 

illumination into the overall understanding of aminoglycoside resistance in P. aeruginosa, and 

the complex interplay of bacterial physiology with aminoglycoside activity. 

 

1.4 Statement of purpose 

P. aeruginosa is intrinsically resistant to antibiotic therapy and, when present in the 

chronic infections which afflict the cystic fibrosis lung, can gradually become highly resistant 

through the acquisition of mutations in existing chromosomal resistance mechanisms, the nature 

of which are poorly understood. A number of genes (amgR, faoA, pstB, lptA, PA0392, and 

PA2798), whose products localize to the cytoplasmic membrane, and whose disruption increases 

the susceptibility of P. aeruginosa to the aminoglycoside class of antibiotics, have been 

previously identified in a transposon mutagenesis screen (Table 1-1). The purpose of this study 

was to characterize the roles played by these genes in aminoglycoside resistance in P. 

aeruginosa. Genetic deletions in wild-type PAO1, as well as resistant clinical isolates of P. 

aeruginosa from the lungs of chronically infected patients with cystic fibrosis were used to 

demonstrate the contribution of these genes to intrinsic and acquired aminoglycoside resistance, 
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respectively. Combinations of double deletions of the selected genes of interest were generated 

and used to assess whether the mechanism by which each of these genes contribute to 

aminoglycoside resistance was independent. Gene expression analysis was implemented to better 

describe the global effects of the deletion of each of these genes in an attempt to explain why the 

deletion of each gene compromises aminoglycoside resistance. A fluorimetric membrane 

depolarization assay was performed to measure changes in membrane potential over time upon 

exposure to the aminoglycoside gentamicin, and a killing assay was used to measure parallel 

decreases in cellular viability. In this study, we endeavour to better understand the role of the 

cytoplasmic membrane in the bacterial cell’s ability to resist the bactericidal activity of the 

aminoglycosides, and to add to the understanding of the complex intrinsic antibiotic resistome of 

P. aeruginosa. 
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Table 1-1: Genes of interest in this study, identified as contributors to  

aminoglycoside resistance in P .aeruginosa 

Gene Known/Predicted Function of Product 

Previously 

Implicated in 

Resistance? 

amgRS 
Membrane stress response two-component 

system that responds to misfolded proteins
& Yes

& 

lptA 

Lysophosphatidic acid acyltransferase, involved 

in the second step of phospholipid biosynthesis, 

PlsC homologue (E. coli)
~ 

No 

pstB 
ATP-binding component of ABC phosphate 

specific transporter (Pst)
# Yes

& 

faoA 
α-subunit of a fatty acid β-oxidase complex 

(FadBA5)
$ Yes

* 

PA0392 
Hypothetical conserved membrane protein, 

orthologue of E. coli osmotic regulator YggT
^ Yes

* 

PA2797/PA2798 
Probable two-component regulator, predicted 

anti-anti-sigma factor
^ No 

&
 (Lee, et al., 2009) 

*
 (Gallagher, et al., 2011) 

$
 (Kang, et al., 2008) 

#
 (Nikata, et al., 1996) 

~
 (Baysse, et al., 2005) 

^
 (by the Pseudomonas project; http://www.pseudomonas.com) 

 

http://www.pseudomonas.com/


49 

 

Chapter 2 

Materials & Methods 

 

2.1 Bacterial strains and growth conditions 

The bacterial strains and plasmids referred to and used in this study are displayed in 

Table 2-1. Cultures of P. aeruginosa and E. coli were grown at 37ºC continuously shaking in 

Miller’s Luria broth (L-broth), [Difco], with 2.5g NaCl added/litre of growth medium, unless 

otherwise specified, and plated on L-broth with 1.5% agar (wt/vol) [Difco]. Overnight cultures 

were grown in 3 ml L-broth for 16-18 hours at 37ºC with aeration until stationary phase.  

Tetracycline (TET) was used to maintain the presence of pEX18Tc plasmids and derivatives at a 

concentration (dry weight) of 5 µg/ml in liquid media and 10 µg/ml on solid media. 

 

2.2 DNA protocols 

 Relevant DNA protocols, such as gel electrophoresis, plasmid preparation and 

transformation, bacterial conjugation, and colony polymerase chain reaction (PCR) for genetic 

deletion confirmation were performed in general accordance with protocols outlined in 

Sambrook and Russell (2001). Plasmids were maintained in E. coli strain DH5α and isolated 

using the GeneJET Plasmid Miniprep Kit and the instructions provided (Fermentas, Inc., 

Burlington, Ontario). Transformation of prepared plasmids into competent S-17 cells [prepared 

as described previously, (Sambrook and Russell, 2001)] was accomplished using heat shock at 

42ºC for 90 seconds as described in the laboratory protocol. Primers for PCR and quantitative 

real-time PCR were ordered from Integrated DNA Technologies (IDT, Coralville, Iowa, USA).  
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Table 2-1: Bacterial strains and plasmids referred and used in this study 

Strain or Plasmid Description Source or Reference 

P. aeruginosa   

K767 PAO1 wild-type strain (Masuda and Ohya, 1992) 

K3159 K767 ΔamgR C. Gilmour 

K3160 K767 ΔpstB C. Gilmour 

K3161 K767 ΔfaoA C. Gilmour 

K3162 K767 ΔPA2798 C. Gilmour 

K3163 K767 ΔPA2797 C. Gilmour 

K3164 K767 ΔPA0392 C. Gilmour 

K3165 K767 ΔlptA J. Tilak 

K3173 K767 ∆amgR ∆pstB This study 

K3174 K767 ΔamgR ΔfaoA This study 

K3175 K767 ∆amgR ∆PA2798 This study 

K3176 K767 ∆amgR ∆PA2797 This study 

K3177 K767 ∆amgRΔPA0392 This study 

K3178 K767 ∆lptA ∆amgR C. Lau 

K3179 K767 ∆pstB ∆lptA This study 

K3180 K767 ∆pstB ∆faoA This study 

K3181 K767 ∆pstB ∆PA0392 This study 

K3182 K767 ∆pstB ∆PA2798 This study 

K3183 K767 ∆lptA ∆PA0392 This study 

K3184 K767 ∆faoA ∆PA0392 This study 

K3185 K767 ∆lptA ∆faoA This study 

K4000 K767 ΔPA2798 ΔfaoA This study 

K2156 Pan-aminoglycoside-resistant clinical isolate (Sobel, et al., 2003) 

K4001 K2156 ΔamgR C. Gilmour 

K4002 K2156 ΔpstB This study 

K4003 K2156 ΔfaoA This study 

K4004 K2156 ΔPA2798 C. Gilmour 

K4005 K2156 ΔPA0392 This study 

K4006 K2156 ΔlptA C. Gilmour 

K2160 Pan-aminoglycoside-resistant clinical isolate (Sobel, et al., 2003) 

K3192 K2160 ΔamgR C. Gilmour 

K3193 K2160 ΔpstB This study 

K3194 K2160 ΔfaoA This study 

K3195 K2160 ΔPA2798 C. Gilmour 

K3196 K2160 ΔPA0392 This study 

K3197 K2160 ΔlptA C. Gilmour 

K2162 Pan-aminoglycoside-resistant clinical isolate (Sobel, et al., 2003) 

K3198 K2162 ΔamgR C. Gilmour 

K3199 K2162 ΔpstB This study 

K3200 K2162 ΔfaoA This study 

K3201 K2162 ΔPA2798 C. Gilmour 

K3202 K2162 ΔPA0392 This study 

K3203 K2162 ΔlptA C. Gilmour 

E. coli   

DH5α 
Φ80ΔlacZΔM15endA1recA1hsdR17 (rK

- 
mL

+
) supE44 

thi-1 gyrA96 relA1 F- Δ(lacZYA-argF)U169 
(Ausubel, et al., 1992) 



51 

 

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

Plasmids   

pEX18Tc 
 

(Hoang, et al., 1998) 

pCG005 pEX18Tc:: ΔamgR C. Gilmour 

pCG006 pEX18Tc:: ΔpstB C. Gilmour 

pCG007 pEX18Tc:: ΔfaoA C. Gilmour 

pCG008 pEX18Tc:: ΔPA2797 C. Gilmour 

pCG009 pEX18Tc:: ΔPA2798 C. Gilmour 

pCG010 pEX18Tc:: ΔPA0392 C. Gilmour 

pJDT1 pEX18Tc:: ΔlptA J. Tilak 

(Ausubel, et al., 1992; Hoang, et al., 1998; Masuda and Ohya, 1992; Simon, et al., 1983)  
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2.3 Construction of genetic deletions in P. aeruginosa 

 Genetic deletions were constructed in wild-type K767 and the CF-lung isolates K2156, 

K2160, and K2162 as per the methodology described previously (Sobel, et al., 2003). Genetic 

deletion constructs were introduced into pEX18Tc plasmids (Table 2-1) in DH5α and delivered 

to the P. aeruginosa chromosome via homologous recombination. E. coli strain S-17 containing 

the plasmid with the relevant genetic construct was grown overnight in L-broth  (37ºC aerated) 

supplemented with TET 5 µg/ml for plasmid maintenance and conjugated with the parent P. 

aeruginosa strain, which was grown overnight at 42ºC static. Conjugation (both strains mixed) 

and control plates (donor or recipient) were prepared and grown overnight at 37ºC. Colonies 

from the conjugation and control plates were diluted and plated using glass beads on L-broth 

agar plates containing TET (75 µg/ml) and chloramphenicol (CAM, 5 µg/ml) to select for P. 

aeruginosa colonies that had acquired the plasmid through conjugation. Growth was generally 

observed on the mated tetracycline selection plates after 3-4 days incubation at 37ºC, but not in 

the donor or recipient control plates. Colonies that grew on the conjugation plates supplemented 

with TET were then streaked on L-broth agar plates supplemented with 10% sucrose (wt/vol), 

and grown overnight at 37ºC to select against cells retaining the plasmid. Colonies that grew 

were patched on L-broth agar plates [10% sucrose (wt/vol) for which growth should be observed, 

and TET 75 µg/ml CAM 5 µg/ml for which growth should not be observed] and genetic 

deletions were screened for via colony PCR using primers specific for each gene of interest as 

described in specific subsections below. 
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2.3.1 Deletion of amgR in K767 single deletion mutants and the CF clinical isolates K2156, 

K2160, and K2162 

 The previously constructed plasmid pCG005 (pEX18Tc:: ΔamgR)  was used to construct 

in-frame deletions of amgR via homologous recombination in the P. aeruginosa strains 

K767ΔfaoA, K767ΔpstB, K767ΔPA0392, K767ΔPA2797, K767ΔPA2798, K2156, K2160, and 

K2162 as per the protocol described above. Colonies of potential genetic deletions were screened 

for via colony PCR, and observance of shortened PCR products through gel electrophoresis 

indicated successful deletion of amgR. Colony PCR was carried out using the Taq DNA 

polymerase and the primers amgRUp-F (5’-GAC TGA ATT CCT GTA GAA GTC CTG GCG 

GT-3’) and amgRDown-R (5’-GAC TCT GCA GCG GCG CTG GAGA AAA CTG GT-3’). The 

standard conditions for a colony PCR reaction were as follows: an initial 5 minute denaturing 

step at 95ºC, 35 cycles of the following sequence: denaturing for 45 seconds at 95ºC; annealing 

for 45 seconds at 65ºC; extension for 3 minutes at 72ºC, followed by a final 5 minute extension 

step at 72ºC. Each 10 µl PCR reaction contained 30 pmol each of the forward and reverse 

primers, 10% DMSO (vol/vol), 1 µl of TP buffer, 0.5 U Taq polymerase, and 0.2 mM of each 

deoxynucleoside triphosphate (dNTP). 

 

2.3.2 Deletion of pstB in K767 single deletion mutants and the CF clinical isolates K2156, 

K2160, and K2162 

 The previously constructed plasmid pCG006 (pEX18Tc:: ΔpstB) was used to construct 

in-frame deletions of pstB via homologous recombination in the P. aeruginosa strains 

K767ΔlptA, K767ΔfaoA, K767ΔPA0392, K767ΔPA2798, K2156, K2160, and K2162 as per the 

protocol described above. Screening for pstB deletions was facilitated by an observed green 
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colony and culture phenotype in all ΔpstB mutants, likely due to the overproduction of 

pyocyanin (Hassett, et al., 1992). Colonies of potential genetic deletions were screened for via 

colony PCR, and observance of shortened PCR products through gel electrophoresis indicated 

successful deletion of pstB. Colony PCR was carried out using the Taq DNA polymerase and the 

primers pstBUp-F (5’-GAC TGA ATT CCA AGG TCC TGG AAG AGC AGC-3’) and 

pstBDown-R (5’-GAC TAA GCT TCG TCA TCC ACC ACT AGC GCG-3’). The standard 

conditions for colony PCR reaction as described above were used to screen for successful 

deletions, however an extension time of 2 minutes 30 seconds was used for the extension step. 

An internal primer, pstBmid.rev (5’-TCG ACA CTT TCG GAA GCC A-3’) in reaction with 

pstBUp-F was used to confirm the isolation of K2160ΔpstB, with an annealing temperature of 

60.9ºC and an extension time of 1 minute, and the lack of a detectable amplicon as visualized 

through gel electrophoresis confirmed the lack of pstB gene in the two isolated K2160ΔpstB 

mutants. 

 

2.3.3 Deletion of faoA in K767ΔPA0392 and the CF clinical isolates K2156, K2160, and 

K2162 

 The previously constructed plasmid pCG007 (pEX18Tc::ΔfaoA) was used to construct 

in-frame deletions of faoA via homologous recombination in the P. aeruginosa strains 

K767ΔPA0392, K2156, K2160, and K2162 as per the protocol described above. Colonies of 

potential genetic deletions were screened for via colony PCR, and observance of shortened PCR 

products through gel electrophoresis indicated successful deletion of faoA. Colony PCR was 

carried out using the Taq DNA polymerase and the primers faoAUp-F (5’-TGA CGA ATT CTG 

ACT CTA GAA GTC CAG AGC AAT GTC CTG C-3’) and faoADown-R (5’-GAT CTC TAG 
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ACT TGA GGT CCT TCA GCA CA-3’). The standard conditions for colony PCR reaction as 

described for amgR above were used to screen for successful deletions. 

 

2.3.4 Deletion of PA2798 in K767ΔfaoA and the CF clinical isolates K2156, K2160, and 

K2162 

 The previously constructed plasmid pCG009 (pEX18Tc::ΔPA2798) was used to 

construct in-frame deletions of PA2798 via homologous recombination in the P. aeruginosa 

strains K767ΔfaoA, K2156, K2160, and K2162 as per the protocol described above. Colonies of 

potential genetic deletions were screened for via colony PCR, and observance of shortened PCR 

products through gel electrophoresis indicated successful deletion of PA2798. Colony PCR was 

carried out using the Taq DNA polymerase and the primers 2798UP-F (5’GAC TGA ATT CCC 

GTA CGT GAT GCT GCC GTT-3’) and 2798Down-R (5’-GAC TAA GCT TGG TCT CGC 

GCA TCT ATC GCT-3’). The standard conditions for the colony PCR reaction as described for 

amgR above were used to screen for successful deletions. 

 

2.3.5 Deletion of PA0392 in K767ΔlptA and the CF clinical isolates K2156, K2160, and 

K2162 

 The previously constructed plasmid pCG010 (pEX18Tc::ΔPA0392) was used to 

construct in-frame deletions of PA0392 via homologous recombination in the P. aeruginosa 

strains K767ΔlptA, K2156, K2160, and K2162 as per the protocol described above. Colonies of 

potential genetic deletions were screened for via colony PCR, and observance of shortened PCR 

products through gel electrophoresis indicated successful deletion of PA0392. Colony PCR was 

carried out using the Taq DNA polymerase and the primers 0392Up-F (5’GAC TGA ATT CCG 
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AAC TGC TGC TGG ACC TGA-3’) and 0392Down-R (5’-GAC TAA GCT TCG AAG TTG 

ACC AGG GCG TGG-3’). The standard conditions for colony PCR reaction as described for 

amgR above were used to screen for successful deletions. 

 

2.3.6 Deletion of lptA in K767ΔamgR, K767ΔfaoA and the clinical isolates K2156, K2160, 

and K2162 

 The previously constructed plasmid pJDT1 (pEX18Tc::ΔlptA) was used to construct in-

frame deletions of lptA via homologous recombination in P. aeruginosa strains K767ΔamgR, 

K767ΔfaoA, K2156, K2160, and K2162 as per the protocol described above. Colonies of 

potential genetic deletions were screened for via colony PCR, and observance of shortened PCR 

products through gel electrophoresis indicated successful deletion of lptA. Colony PCR was 

carried out using the Taq DNA polymerase and the primers lptAUp-F (5’-GAC TGA ATT CCT 

GTA GAA GTC CTG GCG GT-3’) and lptADown-R (5’-GAC TCT GCA GCG GCG CTG 

GAG AAA CTG GT-3’). The standard conditions for colony PCR reaction as described for 

amgR above were used to screen for successful deletions.  

 

2.4 Assessment of antimicrobial susceptibility 

 Antimicrobial susceptibility was assessed in wild-type and mutant strains of P. 

aeruginosa using the two-fold serial dilution technique, and a growth assay over time in the 

presence of gentamicin (killing assay). Antibiotic stocks were prepared using the concentrations 

listed below (represented as dry weight/volume of a specified solvent). All aminoglycosides 

(gentamicin, paromomycin, streptomycin, tobramycin, amikacin, kanamycin, and 

spectinomycin) were solubilized in dH2O (50 mg/ml). Puromycin, polymyxin B, piperacillin, 
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carbenicillin were all solubilized in dH2O (50 mg/ml), as was cefoperazone (10 mg/ml), 

cefepime (10 mg/ml) and imipenem (5 mg/ml). Chloramphenicol was solubilized in ethanol (50 

mg/ml) and tetracycline in methanol (50 mg/ml). Norfloxacin was solubilized in a 0.1 N NaOH 

solution (10 mg/ml). Cultures were grown in standard L-broth unless otherwise specified. 

 

2.4.1 Minimum inhibitory concentration determination 

 The standard two-fold serial dilution method was used to assess antimicrobial 

susceptibility of bacterial strains in this study by determining the minimum inhibitory 

concentration (MIC) (Jo, et al., 2003). Antibiotics were serially diluted two-fold in L-broth on 

96-well plates, and overnight cultures of relevant bacterial strains were diluted 1:2000 and added 

to wells to a final volume of 100 µl. Plates were incubated for 20 hours overnight at 37ºC and 

inhibition of growth was assessed visually. Results represent the consensus of at least two 

independent experiments. 

 

2.4.2 Gentamicin killing assay 

In order to better characterize the enhanced susceptibility of the selected deletion mutants 

to aminoglycosides, a killing assay in the presence of gentamicin was performed following the 

protocol outlined in Kohanski, et al. (2008). Subcultures of wild-type and mutant P. aeruginosa 

were prepared (1 ml in 100 ml L-broth dilution) and grown at 37ºC shaking at 200 RPM until 

early logarithmic phase [defined as an optical density measured at 600 nm (OD600) between 0.3-

0.5]. Subcultures were then split into two 45 ml subcultures, to which either gentamicin (to a 

final concentration of 5 µg/ml) or water (4.5 µl, for untreated control) were added. The 

concentration of 5 µg/ml of gentamicin was used, as it is above the MIC for both the wild-type 
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and single deletion strains of P. aeruginosa examined in this study, is consistent with the 

concentration of gentamicin used by Kohanski, et al. (2008) to induce cell killing, hydroxyl 

radical formation, and membrane depolarization in E. coli, and is a physiologically relevant 

approximation of local gentamicin concentrations in the clinical setting (Kohanski, et al., 2008). 

Gentamicin-treated and untreated subcultures were then grown as above, and samples were taken 

at each hour from 0 hours to 3 hours post-exposure. Samples were serially diluted in chilled L-

broth, and 100 µl of multiple serial dilutions were plated on L-broth agar. Plates were grown 

overnight for 18-24 hours, colonies counted, and the colony-forming units were calculated based 

on the inoculum, colonies counted, and the dilution of the sample. 

 

2.5 Design and application of fluorometric assays for the measurement of aminoglycoside-

induced hydroxyl radical production and membrane depolarization 

 As hydroxyl radical production and membrane depolarization are aminoglycoside-

induced physiological events reported previously in E. coli, and are known to be important in the 

bactericidal activity of these antibiotics (Kohanski, et al., 2008), we attempted to design similar 

assays using fluorescent probes to measure these events in our mutants of interest in P. 

aeruginosa. 

 

2.5.1 Fluorimetric assay for the measurement of hydroxyl radical production 

Although the growth conditions, antibiotic treatment time, and dye concentration and 

exposure time previously used could be successfully replicated (Kohanski, et al., 2008), we 

lacked a flow cytometer with which to measure changes in probe fluorescence corresponding to 

changes in hydroxyl radical formation in individual cells. As such, we attempted to design a 
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similar assay, based upon the methods of Kohanski, et al. (2008), but using fluorescent 

spectrophotometry to assess hydroxyl radical production with the fluorescent dye hydroxyphenyl 

fluorescein (HPF) (Invitrogen), which is reactive to hydroxyl radicals. A chemical reaction of 

FeSO4  (100 µM) and H2O2 (1 mM) with 10 µM HPF in 3 ml PBS buffer as described previously 

(Setsukinai, et al., 2003) was used to confirm that production of hydroxyl radicals yielded 

detectable fluorescence in a Varian Cary Eclipse fluorescent spectrophotometer. Gentamicin-

treated P. aeruginosa cells (2 hour exposure time) were prepared in multiple ways for the 

optimization of the fluorimetric assay, including resuspension of pelleted samples in PBS or 

HEPES buffers, normalization to multiple final OD600 values, the use of wash steps, and 

sonication steps (Kuczyńska-Wiśnik, et al., 2010). As well, multiple concentrations of HPF dye 

ranging from 1-100 µM were used to stain gentamicin-treated cells, for variable periods of 

staining time. Fluorescent emission of stained cells was confirmed visually using a Leitz 

Aristoplan fluorescent microscope. Although some difficulty was encountered in accurately 

discerning between cells that should produce hydroxyl radicals as previously reported (those 

gentamicin-treated) and cells that should not (the untreated control cells) (Kohanski, et al., 

2008), eventually we developed a methodology which consistently demonstrated increases in 

fluorescence in treated versus untreated cultures, corresponding to the production of hydroxyl 

radicals in gentamicin-treated cells. Wild-type P. aeruginosa was subcultured in L-broth (1 ml in 

100 ml L-broth dilution) at 37°C shaking at 200 RPM until early logarithmic phase (OD600 of 

0.3-0.5) at which point the subculture was split into two 45 ml subcultures as above: a 

gentamicin-treated (5 µg/mL) and untreated (4.5 µl dH2O) control group. Samples (1.5 mL) of 

each subculture were taken at every hour (0-3 hrs) and pelleted at 8000 RPM for 2 minutes, and 

resuspended in PBS buffer containing 100 µM HPF dye to permeate through the highly 
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impermeable outer membrane of P. aeruginosa (Yoshimura and Nikaido, 1982). Cells were 

stained for 40 minutes in the dark, and then pelleted again at 8000 RPM for 2 minutes. Cells 

were resuspended in 1 ml PBS buffer, and sonicated for 30 seconds. The supernatant (containing 

dye that had reacted with intracellular hydroxyl radicals) was then diluted in 2 ml 1xPBS buffer, 

and fluorescence measured in the fluorescent spectrophotometer. The excitation and emission 

wavelengths used were 490 nm and 518 nm, respectively, and a PMT of 1000 V was used with 

excitation and emission slit widths set at 2.5 nm. This protocol yielded a replicable increase in 

fluorescence, corresponding to increased intracellular hydroxyl radical formation in gentamicin-

treated cells when compared to untreated cells, however the high concentrations of dye and 

prohibitively time-consuming cell preparation steps, prevented us from applying this assay to all 

time points (0-3 hours) post-treatment with gentamicin in all mutant strains of interest. 

 

2.5.2 Fluorimetric assay for the measurement of membrane depolarization 

A methodology for the measurement of aminoglycoside-induced membrane 

depolarization was also designed based on the protocol described by Kohanski, et al. (2008), and 

adapted for the use of a fluorescent spectrophotometer, with some insight from studies of 

daptomycin activity in S. aureus (Silverman, et al., 2003) and the toxin IbsC in E. coli (Mok, et 

al., 2010). The voltage-sensitive dye DIBAC4(3) [bis-(1,3-dibutylbarbituric acid) trimethine 

oxonol, Invitrogen] was used to measure membrane depolarization, as entry of DIBAC4(3) is 

prevented by an established membrane potential, whereas dye partitions into cells that have lost 

membrane polarization, binding to hydrophobic and lipid-rich intracellular constituents and 

emitting fluorescence (Jepras, et al., 1997). For the development and optimization of a 

fluorimetric assay to measure membrane depolarization with DIBAC4(3), multiple experimental 
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conditions were used. The uncoupler of oxidative phosphorylation CCCP, which depolarizes 

cells (Ghoul, et al., 1989), was used as a positive control for assay optimization at a 

concentration of 100 µM. CCCP-treated P. aeruginosa cells were prepared in multiple ways, 

including resuspension in PBS or HEPES buffers, resuspension to multiple final OD600 values, 

and the use of wash steps. As well, fluorescence of samples was independently confirmed in a 

Thermo Electron Corporation Varioskan 96-well plate reader. Multiple concentrations of 

DIBAC4(3) solubilized in DMSO were used ranging from 0.5 µg/ml to 100 µg/ml, and 

incubation times and conditions with dye were varied. The optimal protocol that successfully 

measured membrane depolarization is described below. 

 Wild-type and mutant strains of P. aeruginosa were subcultured in L-broth (1 ml in 100 

ml L-broth dilution) at 37°C shaking at 200 RPM until early logarithmic phase (OD600 of 0.3-

0.5) at which point they were split into two 45 ml subcultures as above: a gentamicin-treated (5 

µg/mL) and untreated (4.5 µl dH2O) control groups. Samples (5 mL) of each subculture were 

taken at every hour (0-3 hours) and exposed to the DIBAC4(3) at a final concentration of 10 

µg/mL for 5 minutes rotating in the dark at 37°C. Dye-exposed samples were then pelleted (3000 

RPM for 10 minutes) and resuspended in PBS buffer. Membrane depolarization-dependent 

fluorescent emission was measured using a Varian Cary Eclipse fluorescent spectrophotometer 

for 2 mL resuspended samples corrected to an OD600 of 0.1in quartz cuvettes. The settings used 

for the fluorescent spectrophotometer were a PMT voltage of 800V, excitation and emission slit 

widths of 5 nm, an excitation wavelength of 490 nm, and an emission wavelength of 518 nm. A 

modification of this assay was designed for the measurement of early membrane depolarization 

in selected double deletion mutants. Subcultures were prepared as above, but samples were taken 

at 0 minutes, 30 minutes, and 60 minutes. A single deletion mutant parent was included as a 
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control for each individual experiment (as opposed to the wild-type, which was the control for 

the single deletion mutant depolarization assay). Samples were exposed to DIBAC4(3) as above, 

however the spin-down time was reduced to 5 minutes at 4000 RPM due to time constraints. 

Samples were resuspended in PBS buffer, and fluorescence measured as described above. Data 

collected from the membrane depolarization assay was measured in arbitrary units (AU), and 

background (determined by the fluorescence of the untreated control at each particular time 

point) was subtracted prior to analysis of data. 

 

2.6 qRT-PCR measurement of gene expression 

 Gene expression was assessed using quantitative real-time PCR (qRT-PCR) as per the 

methods described previously (Starr, et al., 2012). Briefly, 1:50 dilution 10 ml subcultures, or in 

the case of the slow-growing ΔpstB, ΔPA2798, and ΔpstBΔPA2798 mutant strains, 1:25 dilution 

10 ml subcultures, were prepared and grown until logarithmic phase (OD600: 0.6-0.8). Samples 

(1.5 ml) of growing subcultures were taken and RNA extracted using the High Pure RNA 

Isolation Kit (Roche Diagnostics). Elution buffer (50 µl) was used to elute RNA bound to the 

column, and a second step of DNAse treatment (2U) [Turbo DNA-Free (Ambion, Inc)] for 30 

min was used to remove any remaining DNA contaminants. Extracted RNA was then converted 

to cDNA using the iScript cDNA Synthesis Kit according to the instructions provided (Bio-Rad, 

Mississauga, Ontario). qRT-PCR was performed using a Bio-Rad, CFX96
TM

 Real-Time PCR 

Detection System (Bio-Rad, Mississauga, Ontario). A 20 µl reaction was used, containing 10 µl 

of the manufacturer’s SsoFast EvaGreen Supermix (Bio-Rad, Mississauga, Ontario), 0.6 µM 

each of a forward and reverse primer, and 5 µl of cDNA (100 ng/µl) diluted 1:50 in nuclease free 

distilled H2O. The primers used for the measurement of gene expression were as follows: arcB: 
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arcB RT1-F, 5’-CCA CAA CAG CGA GAC CAA GG-3’ and arcB RT1-R, ‘5-TGT AGG GCG 

ACT CGA AGA CG-3’; grpE: grpE RT2-F, 5’-CCC TGA AGA TGT TCG ACG ACA-3’ and 

grpE RT2-R 5’-AAG CGC TTT CCT GCA TGG-3’; norB: norB RT2-F, 5’GAA GGC GTG 

TGG GAA CTG A-3’ and norB RT2-R, 5’GCC ACT TCT CGA TCA CCT CG-3’; rpsP: rpsP 

RT2-F, 5’-TGA CCA ACA GCC GCA ATG-3’ and rpsP RT2-R, 5’-TCG ACG GAC AGA 

CGC ACT T-3’; rpoD: q rpoD-F, 5’-ATC CTG CGC AAC CAG CAG AA-3’ and q rpoD-R, 5’-

TCG ACA TCG CGC GGT TGA TT-3’. The qRT-PCR reaction conditions used were as 

follows: an initial 3-minute denaturing at 95ºC, 40 cycles of 10 seconds denaturing at 95ºC and 

30s extension/annealing at 60ºC, and a final melt-curve from 65-95ºC to determine the purity of 

the amplified cDNA product. Expression levels of each gene were measured in triplicate in each 

experiment, and were normalized to expression of the reference housekeeping sigma factor 

rpoD, as previously recommended (Savli, et al., 2003), and analyzed as relative fold-changes to 

expression levels in the wild-type P. aeruginosa K767. Control wells containing only primers 

and reaction mixture were included in every reaction, to ensure the absence of DNA 

contaminants. Results presented represent the mean of three independent experiments, using 

separately isolated cDNA from distinct cell cultures. 

 

 

  



64 

 

Chapter 3 

Results 

 

3.1 Identification of amgR, faoA, pstB, PA0392, PA2797/PA2798, and lptA and their 

contribution to aminoglycoside resistance in P. aeruginosa 

Screening of a transposon mutagenesis library previously performed identified insertion 

mutants in a number of genes with increased susceptibility to the aminoglycoside paromomycin. 

Of the genes identified, the gene products of six (amgR, faoA, pstB, lptA, PA0392, PA2798) are 

confirmed to or are predicted to localize to the cytoplasmic membrane (Table 1-1) (by the 

Pseudomonas project; http://www.pseudomonas.com). In-frame deletions of each of the six genes 

were constructed and introduced into K767 (wild-type strain PAO1) via homologous 

recombination and antimicrobial susceptibility was confirmed by determination of minimum 

inhibitory concentrations (MIC) as described in the Methods and Materials (Table 3-1). Deletion 

of each of the genes of interest (as well as the predicted sensor phosphatase of the predicted two-

component system PA2797/PA2798, PA2797) confirmed an increased susceptibility to 

paromomycin, and all single deletion mutants displayed enhanced susceptibility to all 6 

aminoglycosides tested (Table 3-1). Although some 2-fold changes in susceptibility were 

observed, consistent increases in susceptibility were observed for all single deletion strains to all 

aminoglycosides tested, and generally most increases in susceptibility were 4-fold or greater. 

Changes in sensitivity to spectinomycin, the bacteriostatic aminocyclitol, in the single deletion 

mutants were either negligible or not as pronounced as those changes seen in aminoglycoside 

sensitivity (Table 3-1). Most notably, the ΔPA2798 and ΔPA2797 deletion mutants displayed 8-

fold increases in susceptibility to gentamicin and amikacin, two of the most common clinically-

http://www.pseudomonas.com/
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used aminoglycosides, and a 16-fold increase in susceptibility to paromomycin. The consistency 

between the MIC values for each aminoglycoside tested in ΔPA2798 and ΔPA2797 also supports 

the prediction that these two genes are expressed and function as a two-component system, and 

thus the deletion of one can be considered equivalent to the deletion of the other in terms of 

functional inactivation of the two-component system. Complementation of each individual gene 

expressed on plasmid pRK415 restored aminoglycoside resistance of the single deletion mutant 

strains to wild-type P. aeruginosa levels (Christie Gilmour, personal communication). 

To determine whether the observed enhanced sensitivity of the single deletion mutants to 

the  aminoglycosides was specific, and thus somehow related to specific interactions of 

aminoglycosides with the bacterial cell, the MICs of each mutant were determined to a panel of 

antibiotics representing other major classes with different modes of action (Table 3-2). 

Chloramphenicol and tetracycline are bacteriostatic protein synthesis inhibitors that bind to the 

50S and 30S subunits of the ribosome, respectively (Kohanski, et al., 2010). Fluoroquinolones 

kill cells via the inhibition of DNA gyrase during DNA replication, which leads to double-

stranded DNA breaks, and β-lactams inhibit peptidoglycan cross-linking by binding to penicillin-

binding proteins, leading to cell death via osmotic pressure (Kohanski, et al., 2010). Norfloxacin 

is a representative fluoroquinolone, and β-lactam antibiotics tested were carbenicillin and 

pipericillin (penicillins), cefepime and cefoperazone (cephalosporins), and imipenem 

(carbapenem) (Kohanski, et al., 2010). Overall, the susceptibility to any of these non-

aminoglycoside compounds showed a lack of appreciable differences from wild-type (Table 3-2) 

indicating that the single deletion mutants do not possess inherent growth defects that would 

impair their ability to grow in this particular assay (and affect the result of the experiment) and  
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Table 3-1: Susceptibility of single deletion mutants to aminoglycosides 

Strain Genotype 
Minimum Inhibitory Concentration (µg/ml)

a, b 

GEN TOB AMI KAN PAR STR SPC 

K767 Wild-type PAO1 2 0.5 2 64 256 16 512 

K3159 ∆amgR 0.5 (4) 0.25 (2) 0.25 (8) 16 (4) 32 (8) 4 (4) 256 (2) 

K3160 ∆pstB 0.5 (4) 0.25 (2) 1 (2) 16 (4) 32 (8) 4 (4) 256 (2) 

K3161 ∆faoA 1 (2) 0.25 (2) 0.5 (4) 16 (4) 64 (4) 8 (2) 512 (1) 

K3162 ∆PA2798 0.25 (8) 0.125 (4) 0.25 (8) 16 (4) 16 (16) 4 (4) 128 (4) 

K3163 ∆PA2797 0.25 (8) 0.125 (4) 0.25 (8) 16 (4) 16 (16) 4 (4) 128 (4) 

K3164 ∆PA0392 1 (2) 0.25 (2) 1 (2) 32 (2) 32 (8) 8 (2) 256 (2) 

K3165 ∆lptA 1 (2) 0.25 (2) 1 (2) 32 (2) 64 (4) 8 (2) 512 (1) 
a
 abbreviations used: GEN, gentamicin; TOB, tobramycin; AMI, amikacin; KAN, kanamycin; PAR, paromomycin; 

STR, streptomycin; SPC, spectinomycin 
b
 bracketed values represent the fold-increases in antibiotic susceptibility when compared to the parent wild-type 

strain K767 
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Table 3-2: Susceptibility of single deletion mutants to agents 

representative of several major classes of antibiotics 

Strain Genotype 
Minimum Inhibitory Concentration (µg/ml)

a,b 

CAM TET NOR CAR PIP FEP CFPZ IMI 

K767 Wild-type PAO1 32 16 1 64 4 2 16 0.5 

K3159 ∆amgR 32 (1) 16 (1) 0.5 (2) 32 (2) 4 (1) 1 (2) 8 (2) 0.5 (1) 

K3160 ∆pstB 32 (1) 8 (2) 0.5 (2) 32 (2) 4 (1) 1 (2) 16 (1) 0.5 (1) 

K3161 ∆faoA 32 (1) 16 (1) 1 (1) 64 (1) 8 (0.5) 2 (1) 32 (0.5) 0.5 (1) 

K3162 ∆PA2798 32 (1) 16 (1) 1 (1) 64 (1) 4 (1) 1 (2) 16 (1) 0.5 (1) 

K3163 ∆PA2797 32 (1) 16 (1) 1 (1) 64 (1) - - - - 

K3164 ∆PA0392 32 (1) 16 (1) 1 (1) 64 (1) 8 (0.5) 2 (1) 16 (1) 1 (0.5) 

K3165 ∆lptA 64 (0.5) 16 (1) 1 (1) 128 (0.5) 16 (0.25) 2 (1) 32 (0.5) 0.25 (2) 
a
 abbreviations used: CAM, chloramphenicol; TET, tetracycline; NOR, norfloxacin; CAR, carbenicillin; PIP, 

piperacillin; FEP, cefepime; CFPZ, cefoperazone; IMI, imipenem 
b
 bracketed values represent the fold-increases in antibiotic susceptibility when compared to the parent wild-type 

strain K767 

- not determined 
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Table 3-3: Susceptibility of single deletion mutants to other atypical antimicrobials 

Strain Genotype 
Minimum Inhibitory Concentration (µg/ml)

a, b 

PMXB PUR 

K767 Wild-type PAO1 2 1024 

K3159 ∆amgR 1 (2) 512 (2) 

K3160 ∆pstB 1 (2) 256 (4) 

K3161 ∆faoA 1 (2) 512 (2) 

K3162 ∆PA2798 1 (2) 1024 (1) 

K3163 ∆PA2797 - - 

K3164 ∆PA0392 2 (1) 1024 (1) 

K3165 ∆lptA 1 (2) 1024 (1) 
a
 abbreviations used: PMXB, polymyxin B; PUR, puromycin 

b
 bracketed values represent the fold-increases in antibiotic susceptibility when  

compared to the parent wild-type strain K767 

- not determined 
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that the particular defect in each mutant strain specifically undermines resistance to exclusively 

aminoglycoside antibiotics. 

The resistance of the selected single deletion mutants was also determined against a 

couple of atypical antimicrobials that have particular overlap with different stages of 

aminoglycoside activity. Puromycin, though bacteriostatic, induces the premature release of  

nascent polypeptides from elongating ribosomes by interfering with peptidyl transferase activity 

(Azzam and Algranati, 1973), and can also induce transient increases in membrane permeability 

(Davis, 1987). Polymyxin B is a cationic antimicrobial peptide that binds to the outer membrane 

of the Gram-negative cell in a manner similar to aminoglycoside ionic binding (Hancock, 1984). 

We observed slight changes in polymyxin B sensitivity in all single deletion strains except 

K767ΔPA0392.  As well, slight changes in susceptibility to puromycin were observed in 

K767ΔfaoA and K767ΔamgR and deletion of pstB increased puromycin susceptibility 4-fold 

when compared to wild-type PAO1 (Table 3-3). Generally, the modest changes in susceptibility 

observed in the single deletion mutants for puromycin and polymyxin B do not appear to be 

substantial enough to draw conclusions, although they are not inconsistent with explanations for 

the observed increased susceptibility of these strains to aminoglycosides that centre on 

aminoglycoside mechanism of action.  

 

3.2 Effect of double deletions on antimicrobial susceptibility 

 Though the impact of the deletion of amgR, faoA, pstB, lptA, PA0392, and 

PA2797/PA2798 on aminoglycoside sensitivity is apparent (Table 3-1), we did not completely 

understand the function of each gene product and how they contribute to overall aminoglycoside 

resistance in P. aeruginosa. We hypothesized that since each gene product contributes to 
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aminoglycoside resistance and is known or predicted to localize to the cytoplasmic membrane, 

that subsets of these may be linked in regulatory pathways that presumably contribute to 

aminoglycoside resistance by counteracting the known effects of aminoglycoside-induced 

mistranslated proteins at the level of the membrane (Davis, 1987). Step-wise double deletions 

were thus generated using the existing genetic deletion constructs, and assessed for antimicrobial 

susceptibility. Presumably the deletion of two genes linked in a regulatory pathway would yield 

similar decreases in aminoglycoside resistance as was observed in one of the single deletion 

parents. 

As AmgRS is a two-component system known to control an adaptive response to 

membrane stress that contributes to aminoglycoside resistance (Lee, et al. 2009), we wanted to 

determine if any of the other genes identified in this study formed part of this membrane stress 

response. Indeed, the implication of genes with known or predicted roles in fatty acid 

biosynthesis in aminoglycoside resistance (lptA, faoA, pstB) is relatively novel, and as our screen 

also identified these genes in addition to the AmgRS membrane stress response, it seemed 

plausible that this two-component system also coordinated a response to membrane stress 

through the modulation of genes involved in lipid biosynthetic pathways. Deletion of amgR in 

combination with deletion of any of the other genes of interest (faoA, pstB, lptA, PA0392, 

PA2797, and PA2798) dramatically increased aminoglycoside sensitivity (Table 3-4), but 

generally had little-to-no effects on susceptibility to other classes of antimicrobials (Table 3-5). 

One exception was spectinomycin, the related aminocyclitol compound, which demonstrated 

marked increases in susceptibility in the ∆amgR∆PA2798 and ∆amgR∆PA2797 double deletion 

strains (Table 3-5). We concluded that AmgR, the sensor kinase of the AmgRS two-component 

system (Lee, et al. 2009), did not appear to regulate any of the other selected genes of interest, as  
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Table 3-4: Susceptibility of amgR double deletion mutants to aminoglycosides 

Strain Genotype 
Minimum Inhibitory Concentration (µg/ml)

a, b 

GEN TOB AMI KAN PAR STR 

K767 Wild-type PAO1 2 0.5 2 64 256 16 

K3159 ∆amgR 0.5 (4) 0.25 (2) 0.25 (8) 16 (4) 32 (8) 4 (4) 

K3172 ∆lptA∆amgR 0.25 (8) 0.25 (2) 0.125 (16) 16 (4) 16 (16) 2 (8) 

K3173 ∆amgR∆pstB 0.03125 (64) 0.0625 (8) 0.0625 (32) 4 (16) 4 (64) 0.5 (32) 

K3174 ∆amgRΔfaoA 0.125 (16) 0.0625 (8) 0.0625 (32) 8 (8) 8 (32) 1 (16) 

K3175 ∆amgR∆PA2798 0.03125 (64) 0.03125 (16) 0.03125 (64) 2 (32) 2 (128) 0.5 (32) 

K3176 ∆amgR∆PA2797 0.0625 (32) 0.03125 (16) 0.0625 (32) 4 (16) 2 (128) 0.5 (32) 

K3177 ∆amgRΔPA0392 0.0625 (32) 0.0625 (8) 0.0625 (32) 4 (16) 4 (64) 0.5 (32) 
a
 abbreviations used: GEN, gentamicin; TOB, tobramycin; AMI, amikacin; KAN, kanamycin; PAR, 

paramomycin; STR, streptomycin 
b
 bracketed values represent the fold-increases in antibiotic susceptibility when compared to the 

parent wild-type strain K767 
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Table 3-5: Susceptibility of amgR double deletion mutants to agents 

representative of several major classes of antibiotics 

Strain Genotype 
Minimum Inhibitory Concentration (µg/ml)

a, b 

SPC CAM TET NOR CAR 

K767 Wild-type PAO1 512 32 16 1 64 

K3159 ∆amgR 256 (2) 32 (1) 16 (1) 0.5 (2) 32 (2) 

K3172 ∆lptA∆amgR 512 (1) 32 (1) 16 (1) 0.5 (2) 64 (1) 

K3173 ∆amgR∆pstB 64 (8) 16 (2) 8 (2) 0.5 (2) 32 (2) 

K3174 ∆amgRΔfaoA 128 (4) 16 (2) 16 (1) 0.5 (2) 32 (2) 

K3175 ∆amgR∆PA2798 32 (16) 16 (2) 8 (2) 0.5 (2) 32 (2) 

K3176 ∆amgR∆PA2797 32 (16) 16 (2) 16 (1) 1 (1) 32 (2) 

K3177 ∆amgRΔPA0392 64 (8) 16 (2) 8 (2) 0.5 (2) 32 (2) 
a
 abbreviations used: SPC, spectinomycin; CAM, chloramphenicol; TET,  

tetracycline; NOR, norfloxacin; CAR, carbenicillin 
b
 bracketed values represent the fold-increases in antibiotic susceptibility  

when compared to the parent wild-type strain K767 
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the changes in aminoglycoside susceptibility observed in Table 3-4 appeared to be cumulative or 

greater than cumulative of the fold-changes observed in the single deletion mutants in Table 3-

1.Therefore, it appears that AmgRS contributes to aminoglycoside resistance independently of 

the gene products of the other genes of interest. Remarkably, 64-fold increases in gentamicin 

sensitivity were observed in K767∆amgR∆pstB (K3175) and ∆amgR∆PA2798 (K3177) (Table 3-

4), greater than what would be expected by the addition of the fold-changes in susceptibility 

observed in the amgR (4-fold), pstB (4-fold), and PA2798 (8-fold) single deletion strains (Table 

3-1). As well, the 32-fold increase in gentamicin susceptibility measured in 

K767∆amgRΔPA0392 (K3177) (Table 3-4) is far above what would be expected from the 

addition of the observed effects of amgR and PA0392 deletion on changes in sensitivity (4- and 

2-fold changes, respectively, Table 3-1). Finally, the little-to-no changes in resistance to 

tetracycline, chloramphenicol, norfloxacin, and carbenicillin (Table 3-5) indicate that the double 

deletions did not affect strain fitness in this assay. 

The deletion of pstB yielded meaningful increases in aminoglycoside susceptibility (4-

fold increase in susceptibility to gentamicin, and 8-fold to paromomycin) when compared to 

wild-type P. aeruginosa (Table 3-1), and these changes appeared to be as significant as those 

observed in the amgR deletion strain, which has been singled out for its important contribution to 

intrinsic aminoglycoside resistance (Lee, et al., 2009). As well phosphate limitation, which is 

induced by the deletion of the phosphate-specific transport system, Pst, is known to cause 

alterations in the membrane profile of bacterial cells (Minnikin and Abdolrahimzadeh, 1974). As 

the contribution of CM composition to aminoglycoside resistance is poorly characterized, we 

hoped that deletions in the other genes with roles in lipid biosynthesis, lptA and faoA (Baysse, et 

al., 2005; Kang, et al., 2008), as well as the uncharacterized membrane proteins, PA0392 and   
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Table 3-6: Susceptibility of pstB double deletion mutants to aminoglycosides 

Strain Genotype 
Minimum Inhibitory Concentration (µg/ml)

a, b 

GEN TOB AMI KAN PAR STR 

K767 Wild-type PAO1 2 0.5 2 64 256 16 

K3160 ∆pstB 0.5 (4) 0.25 (2) 1 (2) 16 (4) 32 (8) 4 (4) 

K3173 ∆amgR∆pstB 0.03125 (64) 0.0625 (8) 0.0625 (32) 4 (16) 4 (64) 0.5 (32) 

K3179 ∆pstB∆lptA 0.25 (8) 0.25 (2) 0.5 (4) 16 (4) 16 (16) 2 (8) 

K3180 ∆pstB∆faoA 0.25(8) 0.125 (4) 0.25 (8) 8 (8) 16 (16) 2 (8) 

K3181 ∆pstB∆PA0392 0.25 (8) 0.125 (4) 0.25 (8) 8 (8) 8 (32) 2 (8) 

K3182 ∆pstB∆PA2798 0.125 (16) 0.0625 (8) 0.125 (16) 4 (16) 4 (64) 2 (8) 
a
 abbreviations used: GEN, gentamicin; TOB, tobramycin; AMI, amikacin; KAN, kanamycin;  

PAR, paramomycin; STR, streptomycin 
b
 bracketed values represent the fold-increases in antibiotic susceptibility when compared to  

the parent wild-type strain K767 

 

  



75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3-7: Susceptibility of pstB double deletion mutants to agents 

representative of several major classes of antibiotics 

Strain Genotype 
Minimum Inhibitory Concentration (µg/ml)

a, b 

SPC CAM TET NOR CAR 

K767 Wild-type PAO1 512 32 16 1 64 

K3160 ∆pstB 256 (2) 32 (1) 8 (2) 0.5 (2) 32 (2) 

K3173 ∆amgR∆pstB 64 (8) 16 (2) 8 (2) 0.5 (2) 32 (2) 

K3179 ∆pstB∆lptA 256 (2) 32 (1) 4 (4) 0.25 (4) 64 (1) 

K3180 ∆pstB∆faoA 256 (2) 32 (1) 8 (2) 0.25 (4) 64 (1) 

K3181 ∆pstB∆PA0392 128 (4) 16 (2) 4 (4) 0.25 (4) 64 (1) 

K3182 ∆pstB∆PA2798 64 (8) 16 (2) 8 (2) 0.5 (2) 32 (2) 
a
 abbreviations used: SPC, spectinomycin; CAM, chloramphenicol; TET,  

tetracycline; NOR, norfloxacin; CAR, carbenicillin 
b
 bracketed values represent the fold-increases in antibiotic susceptibility when  

compared to the parent wild-type strain K767 
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PA2798, would shed further light on their roles in resistance.  Hence, we deleted pstB in the 

ΔlptA, ΔPA0392, ΔPA2798, ΔfaoA single deletion strain backgrounds, and assessed 

antimicrobial susceptibility. The effects of double deletions of pstB and other genes of interest 

appeared to be mostly additive, as gentamicin-susceptibility changes of K767∆pstB∆lptA 

(K3179), K767∆pstB∆faoA (K3180), K767∆pstB∆PA0392 (K3181), and K767∆pstB∆PA2798 

(K3182) all displayed what one would expect from the additive fold-changes of pstB and the 

secondary gene deletions (Table 3-1, Table 3-6) on gentamicin susceptibility. These results 

suggest that pstB contributes independently to aminoglycoside resistance and that it does not 

share regulatory overlap with faoA, lptA, PA0392, or PA2797/PA2798. The pstB PA2798 double 

deletion showed marked increases in paromomycin (64-fold) and gentamicin (16-fold) sensitivity  

(Table 3-6). Changes in susceptibility to other major representative classes of antibiotics in the 

pstB double deletion strains (Table 3-7) were either not appreciable (CAM, CAR) or muted 

(TET, NOR) when compared to the changes observed in aminoglycoside sensitivity (Table 3-6). 

Still, the ∆pstB∆lptA and ∆pstB∆PA0392 demonstrated 4-fold increases in susceptibility to both 

tetracycline and norfloxacin (Table 3-7). Interestingly, all strains in which the pstB deletion was 

introduced, exhibited an overproduction of pyocyanin, indicative of phosphate starvation 

(Hassett, et al., 1992). 

A number of other paired double deletions were made with other combinations of the 

genes of interest: K767∆PA0392∆lptA (K3183), K767∆faoA∆PA0392 (K3184), 

K767ΔlptAΔfaoA (K3185), and K767 ΔPA2798ΔfaoA (K4000). As with the pstB double 

deletions constructed, we wanted to better characterize the contribution of CM composition to 

aminoglycoside resistance. The deletion of each of these genes may have unpredictable effects 

on the architecture of the CM, and by reconstituting these effects simultaneously in double  
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Table 3-8: Susceptibility of other double deletion mutants to aminoglycosides 

Strain Genotype 
Minimum Inhibitory Concentration (µg/ml)

a, b 

GEN TOB AMI KAN PAR STR 

K767 Wild-type PAO1 2 0.5 2 64 256 16 

K3161 ∆faoA 1 (2) 0.25 (2) 0.5 (4) 16 (4) 64 (4) 8 (2) 

K3164 ∆PA0392 1 (2) 0.25 (2) 1 (2) 32 (2) 32 (8) 8 (2) 

K3165 ∆lptA 1 (2) 0.25 (2) 1 (2) 32 (2) 64 (4) 8 (2) 

K3162 ∆PA2798 0.25 (8) 0.125 (4) 0.25 (8) 16 (4) 16 (16) 4 (4) 

K3184 ∆faoA∆PA0392 0.25 (8) 0.125 (4) 0.25 (8) 8 (8) 16 (16) 4 (4) 

K3185 ΔlptAΔfaoA 0.125 (16) 0.0625 (8) 0.25 (8) 8 (8) 8 (32) 2 (8) 

K3183 ∆PA0392∆lptA 0.25 (8) 0.125 (4) 0.25 (8) 16 (4) 16 (16) 4 (4) 

K4000 ΔPA2798ΔfaoA 0.125 (16) 0.0625 (8) 0.25 (8) 8 (8) 8 (32) 4 (4) 
a
 abbreviations used: GEN, gentamicin; TOB, tobramycin; AMI, amikacin; KAN,  

kanamycin; PAR, paramomycin; STR, streptomycin 
b
 bracketed values represent the fold-increases in antibiotic susceptibility when  

compared to the parent wild-type strain K767 
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Table 3-9: Susceptibility of other double deletion mutants to agents 

representative of several major classes of antibiotics 

Strain Genotype 
Minimum Inhibitory Concentration (µg/ml)

a, b 

SPC CAM TET NOR CAR 

K767 Wild-type PAO1 512 32 16 1 64 

K3161 ∆faoA 512 (1) 32 (1) 16 (1) 1 (1) 64 (1) 

K3164 ∆PA0392 256 (2) 32 (1) 16 (1) 1 (1) 64 (1) 

K3165 ∆lptA 512 (1) 64 (0.5) 16 (1) 1 (1) 128 (0.5) 

K3162 ∆PA2798 128 (4) 32 (1) 16 (1) 1 (1) 64 (1) 

K3184 ∆faoA∆PA0392 128 (4) 32 (1) 16 (1) 0.5 (2) 64 (1) 

K3185 ΔlptAΔfaoA 128 (4) 64 (0.5) 16 (1) 0.5 (2) 256 (0.25) 

K3183 ∆PA0392∆lptA 256 (2) 64 (0.5) 16 (1) 0.5 (2) 128 (0.5) 

K4000 ΔPA2798ΔfaoA 128 (2) 32 (1) 16 (2) 0.5 (2) 64 (1) 
 a

 abbreviations used: SPC, spectinomycin; CAM, chloramphenicol; 

 TET, tetracycline; NOR, norfloxacin; CAR, carbenicillin 
 b

 bracketed values represent the fold-increases in antibiotic susceptibility 

 when compared to the parent wild-type strain K767 

 

  



79 

 

deletion strains, we hoped to better understand how they undermine aminoglycoside resistance 

through subtle alterations in the lipid composition of P. aeruginosa. As well, we hoped to 

understand if these genes are co-regulated, and thus may be expressed to re-stabilize the CM 

under particular conditions of membrane stress, such as those caused by aminoglycoside-induced 

mistranslated proteins (Davis, et al., 1986).  Most of the double deletions appear to have 

straightforward effects on aminoglycoside sensitivity, displaying cumulative fold-change-

increases in sensitivity in line with those seen in the single deletions (Table 3-8). As well, 

changes observed in susceptibility to other major antimicrobials with different modes of action 

were largely unremarkable (Table 3-9). One exception was the double deletion strain, 

K767ΔlptAΔfaoA (K3185). Though the individual deletions of lptA and faoA appear to increase 

gentamicin susceptibility by 2-fold each, K3185 was 16-fold more sensitive to gentamicin (Table 

3-8). Unexpectedly, K3185 was 4-fold more resistant to carbenicillin (Table 3-9), however the 

significance of this is unknown (expanded upon in the discussion). These results indicate that the 

genes we have identified contribute to the integrity of the CM through different pathways; yet 

the subtle effects of the disruption of each of these independent pathways cumulatively impact 

the underlying susceptibility of the cell to aminoglycoside exposure. Generally, these effects on 

susceptibility appear to be limited to the aminoglycoside class of antibiotics, and owing to their 

known localization to the membrane, the effects of the deletion of each gene can be speculated to 

increase the sensitivity of the CM to perturbation by the insertion of aminoglycoside-induced 

mistranslated proteins.  
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Table 3-10: Aminoglycoside susceptibility of P. aeruginosa clinical isolates  

and genetic deletion derivatives 

Strain Genotype 
Minimum Inhibitory Concentration (µg/ml)

a, b 

GEN TOB AMI KAN PAR SPC 

K767 Wild-type PAO1 2 0.5 2 64 256 512 

K2160 Pan-aminoglycoside-resistant clinical isolate 32 8 32 256 1024 512 

K3192 K2160 ΔamgR 8 (4) 1 (8) 4 (8) 64 (4) 512 (2) 256 (2) 

K3193 K2160 ΔpstB 8 (4) 2 (4) 16 (2) 64 (4) 512 (2) 256 (2) 

K3194 K2160 ΔfaoA 4 (8) 2 (4) 8 (4) 64 (4) 256 (4) 256 (2) 

K3195 K2160 ΔPA2798 4 (8) 1 (8) 4 (8) 64 (4) 256 (4) 256 (2) 

K3196 K2160 ΔPA0392 4 (8) 2 (4) 8 (4) 64 (4) 256 (4) 256 (2) 

K3197 K2160 ΔlptA 8 (4) 2 (4) 8 (4) 128 (2) 512 (2) 512 (1) 

K2162 Pan-aminoglycoside-resistant clinical isolate 256 32 128 1024 >4096 2048 

K3198 K2162 ΔamgR 64 (4) 8 (4) 32 (4) 512 (2) 4096 1024 (2) 

K3199 K2162 ΔpstB 16 (16) 16 (2) 16 (8) 256 (4) 2048 1024 (2) 

K3200 K2162 ΔfaoA 64 (4) 16 (2) 32 (4) 512 (2) 1024 2048 (1) 

K3201 K2162 ΔPA2798 8 (32) 4 (8) 8 (16) 512 (2) 1024 1024 (2) 

K3202 K2162 ΔPA0392 16 (16) 8 (4) 16 (8) 256 (4) 1024 1024 (2) 

K3203 K2162 ΔlptA 64 (4) 8 (4) 32 (4) 512 (2) 4096 2048 (1) 
a
 abbreviations used: GEN, gentamicin; TOB, tobramycin; AMI, amikacin; KAN, kanamycin;  

PAR, paramomycin; STR, streptomycin; SPC, spectinomycin 
b
 bracketed values represent the fold-increases in antibiotic susceptibility when compared to  

the parent wild-type strain K767 
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3.3 Assessment of contribution of amgR, faoA, lptA, pstB, PA0392, and PA2798 to pan-

aminoglycoside-resistance in clinical isolates of P. aeruginosa 

While the single and double deletions in K767 (wild-type P. aeruginosa PAO1) clearly 

established a role for amgR, faoA, pstB, lptA, PA0392, and PA2797/PA2798 in intrinsic 

resistance to the aminoglycosides, the relevance and significance of these genes and their 

products in the clinical scenario were not established. Consequently, single deletions of each 

gene of interest were introduced into 3 pan-aminoglycoside-resistant P. aeruginosa isolates from 

the lungs of chronically infected cystic fibrosis patients [K2156, K2160, and K2162 (Sobel, et 

al., 2003)] and antimicrobial susceptibility was assessed to multiple aminoglycosides. Table 3-10 

displays the changes in aminoglycoside susceptibility observed in the clinical isolates K2160 and 

K2162 upon the deletion of each gene of interest. Aminoglycoside resistance was dramatically 

compromised in resistant CF-lung isolates upon the deletion of each gene of interest, indicating 

that pstB, lptA, faoA, amgR, PA0392, and PA2798 also contribute to acquired aminoglycoside 

resistance in chronic P. aeruginosa infections, and have clinical relevance. The deletion of 

PA2798 in K2160 and K2162had the most pronounced impact on the MIC for gentamicin, as 8- 

and 32-fold respective increases in susceptibility were observed, indicating that the unknown 

function of this two-component system significantly contributes to the aminoglycoside resistance 

phenotypes, acquired or otherwise of these clinical strains investigated. Likewise, the deletion of 

PA0392 exhibited remarkable increases in the susceptibility of K2160 and K2162 to 

aminoglycosides, as 8-fold and 16-fold increases in gentamicin sensitivity, respectively, were 

observed upon deletion of PA0392 in these strains (Table 3-10). This is in contrast to the 2-fold 

changes in susceptibility to gentamicin observed in wild-type derivative K767ΔPA0392 Table 3-

1. Clearly, the contribution of PA0392 and PA2798 to aminoglycoside resistance, both intrinsic 
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and acquired, is quite notable and warrants further study. Susceptibility of single deletion strains 

derived from K2156 could not be assessed due to difficulty growing the strains in the standard 

conditions used for MIC testing, and the variability in those results. 

 

3.4 Effect of deletion of each gene of interest on aminoglycoside killing activity over time 

Since the aminoglycosides act at multiple levels in the bacterial cell, we hoped that a 

killing assay would shed some light on the particular defects of each mutant strain that result in 

their marked increase in aminoglycoside susceptibility. A killing assay in the presence of 

gentamicin (5 µg/ml) was conceived and performed on the single deletion mutants K3159 

(ΔamgR), K3160 (ΔpstB), K3161 (ΔfaoA), K3162 (ΔPA2798), K3164 (ΔPA0392), and K3165 

(ΔlptA) compared to the wild-type control (K767). As the bactericidal action of gentamicin does 

not result in cell lysis, bacterial viability was determined by the plating of serial dilutions at each 

time point, and colony-forming units/ml (CFU/ml) were graphed over time (Figure 3-1A). Figure 

3-1B depicts the mean percentage killing over time of each gentamicin-treated culture, calculated 

as a ratio of viable cells at each time point post-exposure to gentamicin to the average initial 

population present in exposed and unexposed cultures at time zero. Both analyses demonstrate 

marked increases in overall numbers of cells killed, as cell death was approximately 2 orders of 

magnitude more severe in the ΔamgR, ΔpstB, ΔPA2798, ΔPA0392, and ΔlptA mutant strains 

than what was observed in the wild-type P. aeruginosa strain K767 at all time points post- 

exposure to gentamicin. Although limited conclusions can be drawn from just two time points, it 

also appeared that cellular death occurred at an accelerated rate in the ΔamgR, ΔpstB, ΔPA2798, 

ΔPA0392, and ΔlptA mutant strains, when compared to the wild-type K767, suggesting that  
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Figure 3-1: Gentamicin-induced killing of wild-type and mutant strains of P. aeruginosa over 

time. A) Mean numbers of viable cells over time, as represented by CFU/ml. Cultures were 

exposed to gentamicin (5 μg/ml) or were unexposed controls that were isogenic to the exposed 

culture. Error bars represent the mean result of 3 independent experiments. B) The results of A) 

displayed as percentage killed of the initial population present in the culture prior to gentamicin 

exposure. 
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the rate-limiting step of aminoglycoside uptake, EDPI (Bryan and van den Elzen, 1977), may be 

cut short in these mutants, resulting in an increase in aminoglycoside uptake during EDPII, 

corresponding with the observed increases in rate and overall cell death for these strains. Despite 

the definite increases in aminoglycoside susceptibility observed in MIC measurements of the 

ΔfaoA single and double deletion mutants (Table 3-1, Table 3-4, Table 3-6, Table 3-8, Table 3-

10), the K767 ΔfaoA strain tested in here did not exhibit increases in susceptibility to gentamicin 

over the wild-type control  when assessed using the gentamicin killing assay (Figure 3-1A,B). 

 

3.5 Impact of single gene deletions on aminoglycoside-induced membrane depolarization 

Due to the observed increases in aminoglycoside sensitivity of the single deletion mutant 

strains as measured by both the minimum inhibitory concentrations and the killing assay, and the 

known or predicted localization of the amgR, pstB, PA2798, PA0392, faoA and lptA gene 

products to the CM (Table 1-1), we hypothesized that these mutant strains exhibited defects that 

compromised membrane stability. The increased sensitivity of these mutant strains could 

therefore be explained by a more unstable CM being more susceptible to disruption by the 

mistranslated proteins that aminoglycosides are known to induce the production of, and which 

are known to accumulate in the CM (Davis, et al., 1986). Membrane permeabilization has long 

been known to be a product of aminoglycoside exposure (Anand and Davis, 1960), and one 

consequence of this is a loss of membrane potential (Bryan and Kwan, 1983). Hence, membrane 

depolarization as a result of aminoglycoside exposure was assessed in all single deletion strains 

using the fluorimetric assay designed as described in the Materials & Methods. A sample 

experiment, and the mean of at least three experiments can be observed in Figure 3-2A and 

Figure 3-2B, respectively. In all strains of P. aeruginosa tested, membrane depolarization occurs 



86 

 

rapidly between 0 and 1 hours, and peaks at 2 hours post-exposure to supra-inhibitory 

concentrations of gentamicin (5 µg/ml) (Figure 3-2A). In contrast, membrane depolarization as 

measured by DIBAC4(3) remained constant in control cultures that were not exposed to 

gentamicin (Figure 3-2A). These findings confirm the previous observations that the 

aminoglycosides induce membrane depolarization (Bryan and Kwan, 1983; Kohanski, et al., 

2008), and membrane depolarization coincided with cellular death (Figure 3-1, Figure 3-2). 

Interestingly, certain single deletion mutants (K767ΔpstB and K767 ΔPA0392) exhibited overall 

increases membrane depolarization over the wild-type at all time points post-exposure to 

gentamicin (Figure 3-2A). For further analysis, measurements from each gentamicin-treated 

culture were normalized to the level of wild-type depolarization from the same experiment, and 

results were averaged and plotted. As can be seen in Figure 3-2B, 4 single deletion mutants 

(K767 ΔpstB, K767ΔPA0392, K767 ΔamgR, K767 ΔfaoA) displayed much greater levels of 

membrane depolarization at the 1 hour time point compared to wild-type (which due to the 

normalization, is represented as 100% at each time point). Remarkably, this increase in relative 

depolarization is co-incident with the increased overall cell death observed in the killing assay 

(Figure 3-1B), in which subcultures were grown under identical conditions. These results suggest 

a mechanistic explanation for the observed increased susceptibilities of the K767 ΔpstB, 

K767ΔPA0392, and K767 ΔamgR mutant strains: inherent defects in CM composition or in 

intrinsic membrane stress defenses, weaken the overall architecture of the CM, making it more 

susceptible to perturbation by aminoglycoside-induced mistranslated proteins. Thus, upon 

aminoglycoside exposure, the membrane is rapidly perturbed, resulting in drastic increases in 

membrane depolarization (Figure 3-2B) and cellular killing (Figure 3-1B) possibly due to 

marked increases in energy-dependent aminoglycoside uptake (Davis, 1987; Taber, et al., 1987). 
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Figure 3-2: Gentamicin-induced membrane depolarization in wild-type and mutant strains of P. 

aeruginosa over time. Gentamicin (5 µg/ml) was added at time=0 hours. 

A) Sample membrane depolarization experiment, and untreated isogenic cultures for control 

[labelled as (no GEN)]B) Mean gentamicin-induced membrane depolarization (n≥3) of single 

deletion mutant strains normalized to the levels of membrane depolarization observed in the 

control, wild-type P. aeruginosa strain K767, in parallel experiments.  
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Interestingly, K767ΔfaoA displayed increases in membrane depolarization over wild-type at the 

1 hour time point (Figure 3-2B), yet did not demonstrate increases in cellular death over the 

wild-type during this time period (Figure 3-1B). As well, the K767ΔPA2798 and K767ΔlptA 

mutant strains exhibited increases in killing over the first hour and thereafter (Figure 3-1B), but 

not detectable increases in membrane depolarization over the wild-type control (Figure 3-2B). 

Additionally, the K767 ΔlptA appeared to be consistently less depolarized than the wild-type 

K767 strain upon gentamicin exposure (Figure 3-2A, Figure 3-2B). These findings defy obvious 

explanation. 

 

3.6 Impact of double gene deletions on aminoglycoside-induced membrane depolarization 

 As two specific single deletion mutants exhibited (K767ΔpstB and K767ΔPA0392) the 

most significant enhancements in membrane depolarization we decided to investigate the effects 

of related double deletion mutants on aminoglycoside-induced membrane depolarization over 

time. We hypothesized that as the disruption of these genes yielded dramatic increases  in 

membrane perturbation as measured by the membrane depolarization assay (Figure 3-2), double 

deletions may exhibit further increases in depolarization, consistent with our explanation for why 

these mutant strains exhibit increased susceptibility to the aminoglycosides. Therefore, 

membrane depolarization was assessed in the double mutants K767ΔpstBΔPA0392 and 

K767ΔamgRΔPA0392 in comparison to the single deletion parents K767ΔpstB  and 

K767ΔamgR, and K767ΔPA0392 (Figure 3-3). The membrane depolarization assay was 

modified so as to accommodate the measurement of samples at the 0, 30 minutes, and 60 minutes 

time points (Materials & Methods), as we predicted that increases in depolarization might be 

more rapid due to the inherent weakness of these double deletion strains’ CMs, perhaps 



90 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3: Assessment of membrane depolarization in selected double deletion mutant strains. 

Results represent the mean fluorescence at each time point of at least two experiments. 
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supported by the MIC measurements of marked increases in aminoglycoside susceptibility 

(Table 3-4, Table 3-6). Although we observed slight increases in membrane depolarization in the 

K767ΔpstBΔPA0392 and K767ΔamgRΔPA0392 mutant strains at the 30 and 60 minute time 

points (Figure 3-3), the changes were not statistically significant. It appears that the particular 

assay used is not sensitive enough to discern the differences between the two. It may very well 

be due to a theoretical maximal level of membrane depolarization which can be achieved, and 

that the single deletions ΔpstB and ΔamgR exhibit near maximal depolarization as is. Despite 

this, our results indicate slight increases in both the rate and overall membrane depolarization in 

the double deletion mutants K767ΔpstBΔPA0392 and K767ΔamgRΔPA0392, which may 

account for their increased susceptibility to aminoglycoside treatment. 

 

3.7 Gene expression analysis 

Microarray analysis was used to explore the changes in global gene expression which 

occurred as a result of the deletion of each gene of interest. cDNA of each of the corresponding 

single deletion strains ΔpstB, ΔfaoA, ΔlptA, ΔPA2798, and ΔPA0392 was sent for microarray 

analysis so as to provide insight into the effects of deletion of each gene on the overall gene 

expression profile in the cell (unpublished data). In Kohanski, et al. (2008), a number of genetic 

regulatory networks were shown be dysregulated in E. coli upon exposure to the supra-MIC 

concentration of 5µg/mL gentamicin. These networks (largely defined by functionality) included 

a respiration/metabolic network (ArcAB), a network related to unfolded protein/heat shock 

response (the sigma factor σ
H
 regulon), and a network involved in sugar and phosphate transport 

(Kohanski, et al., 2008). In our previous microarray studies, gene expression analysis indicated 

that genes corresponding to heat shock proteins (grpE, dnaK) were downregulated in the ΔpstB, 
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ΔfaoA, and ΔPA2798 strains, whereas expression of arcB and norB (nitric oxide reductase) was 

upregulated in the ΔpstB, ΔfaoA, and ΔPA2798 strains. Presumably, the dysregulation of these 

gene expression networks, which appear to mirror those changes found in gentamicin-treated E. 

coli (Kohanski, et al., 2008), could contribute to the effects of aminoglycosides upon the cell, 

thus providing an explanation for the increases in susceptibility to aminoglycosides found in 

these three strains. As well, ArcAB has been linked to the generation of toxic ROS, which 

contribute to aminoglycoside-induced cellular death in E. coli (Kohanski, et al., 2008). The heat 

shock regulon has been shown to be significantly upregulated by lethal concentrations of 

tobramycin, indicating that it may comprise an important response to aminoglycoside-induced 

misfolded proteins in P. aeruginosa (Kindrachuk, et al., 2011). Consequently, quantitative real-

time PCR (qRT-PCR) was performed in these three mutant strains, as well as two derivative 

double deletion strains, to confirm the changes in gene expression suggested by previous 

microarray analysis (unpublished data), and to determine whether this hypothesis explained the 

observed increases in aminoglycoside sensitivity as measured by MIC. qRT-PCR was used to 

measure the expression of grpE, rpsP (a ribosomal protein), arcB, and norB in wild-type K767 

and the mutant strains ∆pstB, ∆faoA, ∆PA2798, ∆pstB∆faoA, and ∆pstB∆PA2798: the results of 

which can be observed in Figure 3-4. In the previous microarray analysis, rpsP and norB were 

found to be significantly downregulated and upregulated, respectively, in the pstB, faoA, and 

PA2798 single deletion strains (Figure 3-4, overlaid numbers indicate previous changes in gene 

expression as observed by microarray analysis). While the changes in gene expression of rpsP 

and norB in strains ∆pstB and ∆PA2798 were consistent with the microarray data, the effect of 

pstB, faoA, or PA2798 deletion on arcB and grpE expression did not align with the changes in 

gene expression predicted by microarray analysis (Figure 3-4). As well, changes in gene 
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expression in the double deletion strains ∆pstB∆faoA and ∆pstB∆PA2798 were not consistent (ie. 

cumulative increases/decreases) with the changes in aminoglycoside susceptibility observed in 

Table 3-1 and Table 3-6.  
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Figure 3-4: qRT-PCR analysis of gene expression in selected deletion strains presented as fold-

change from wild-type K767 (normalized to 1). Error bars represent experiments done in 

triplicate. Overlaid numbers represent the previously observed fold-changes in gene expression 

in deletion strains compared to wild-type K767 in microarray analysis (unpublished data). N/C 

indicates no change in expression noted in the microarray analysis. Microarray analysis was not 

performed on the double deletion strains K767 ∆pstB∆PA2798 (K3182) and K767 ∆pstB∆faoA 

(K3180), and thus no microarray gene expression analysis value was available for these two 

strains regarding the four genes probed.  
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Chapter 4 

Discussion 

 

The aim of this study was to further define the intrinsic aminoglycoside resistome in P. 

aeruginosa, and in the process we hoped to shed further light on the physiological effects of the 

aminoglycosides and how bacterial cells respond to them. Our screen highlighted six genes of 

interest (pstB, lptA, faoA, amgR, PA0392, and PA2798) the respective gene products of which, 

are predicted, or known to be, of membrane localization in the cell (Table 1-1). Of these genes, 

several have known roles in maintaining the structure of the cytoplasmic membrane (lptA, faoA) 

(Baysse, et al., 2005; Kang, et al., 2008), or whose disruption could hypothetically undermine 

membrane homeostasis (amgRS, pstB) (Lee, et al., 2009; Minnikin and Abdolrahimzadeh 1974). 

As well, two genes were of unknown function (PA0392, PA2797/PA2798). We hypothesized 

that all, or a subset, of these genes play a role in maintaining the overall integrity of the 

cytoplasmic membrane, which given the known effects of aminoglycoside activity, could 

contribute to overall cell susceptibility, and thus play an important role in the aminoglycoside 

resistome of P. aeruginosa. As the mechanism of action of the aminoglycosides is known to 

involve the production, and insertion into the cytoplasmic membrane, of aberrant polypeptides 

(Davis, 1987), we hypothesized that this subset of genes and their respective products, which 

through their pro-homeostatic effects on the CM act to alleviate the imposed stress of the 

aberrant polypeptide products on the cytoplasmic membrane, thereby contributing to intrinsic 

aminoglycoside resistance. By studying the cellular effects of the deletion of each of these genes 

we hoped to shed some light on their overall role of the maintenance of the architecture of the 
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CM in the context of aminoglycoside resistance, as well as improve understanding of this critical 

step in the killing activity of the aminoglycosides. 

Analysis of the effects of pstB, lptA, faoA, amgR, PA0392, and PA2798 deletion on 

antimicrobial susceptibility in wild-type P. aeruginosa confirmed that each gene contributes 

considerably to the intrinsic aminoglycoside resistance of P. aeruginosa to aminoglycosides, but 

generally not to other major classes of antibiotics (Table 3-1). This specific role in intrinsic 

aminoglycoside resistance was restored to levels of wild-type P. aeruginosa via the 

complementation of each individual gene expressed on the plasmid pRK415 (Christie Gilmour, 

personal communication). Remarkably, each gene of interest appears to contribute to intrinsic 

aminoglycoside resistance through an independent mechanism, as double deletions of various 

combinations displayed cumulative or greater fold-changes in susceptibility when compared to 

single deletion constructs (Table 3-4, 3-6, 3-8). These findings suggest that these genes do not 

share regulatory overlap, but the dramatic effects of certain double deletions (K767ΔlptAΔfaoA 

[K3185], K767ΔamgRΔpstB [K3173], K767ΔamgRΔPA0392 [K3177], K767ΔamgRΔPA2798 

[K3175]) may indicate some degree of functional overlap. These findings are consistent with our 

hypothesis about the presumed importance of membrane biogenesis in resisting the activity of 

the aminoglycosides at the level of the CM, and the disruption of these mechanisms through 

genetic deletions in compromising resistance. 

As well, deletions of each gene of interest in the pan-aminoglycoside-resistant P. 

aeruginosa isolates from the lungs of CF patients K2160 and K2162 (Table 3-10) suggest that 

these genes also make a clinically-relevant contribution to aminoglycoside resistance in P. 

aeruginosa, and that their function is not compromised in the specific conditions that drive 

evolution in chronic P. aeruginosa infections of the CF lung (Smith, et al., 2006). These findings 
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also indicate that each gene of interest is a major contributor to acquired resistance in P. 

aeruginosa although the exact contribution is beyond the scope of this study. The remarkable 

fold-changes observed due to specific gene deletions in K2160 (ΔfaoA and ΔPA0392, 8-fold 

change each) and K2162 (ΔpstB, ΔPA0392, and ΔPA2798, 16-fold, 16-fold, and 32-fold 

respectively) indicate that these genes, either through changes in expression and/or gene product 

function, are contributing comparatively more to aminoglycoside resistance in these pan-

aminoglycoside resistant clinical isolates than in the wild-type strain PAO1 (K767). 

Accordingly, these genes may represent attractive targets for the development of small molecule 

inhibitors, which when co-administered with aminoglycosides could potentiate aminoglycoside 

activity, increasing cell killing while diminishing the chances of resistance emerging (Lee, et al., 

2009). AmgRS has been previously implicated as a potential target for combinatorial therapy, as 

inactivation of amgRS yielded increased the susceptibility of P. aeruginosa to aminoglycoside 

therapy in a mouse infection model, and decreased virulence (Lee, et al., 2009). 

The complexity of aminoglycoside uptake and activity has been examined in detail in the 

introduction. Aminoglycosides electrostatically bind to the outer membrane, displacing divalent 

cation cross-bridges between LPS moieties; this results in so-called ‘self-promoted uptake’ 

through the permeabilization of the outer membrane and non-specific diffusion into the 

periplasm (Hancock, 1984). In a poorly understood process dependent on active electron 

transport and a standing membrane potential, the aminoglycosides then traverse the cytoplasmic 

membrane and enter the cytoplasm during energy-dependent phase I (Bryan and Kwan, 1983). In 

the cytoplasm, aminoglycosides bind to elongating ribosomal targets, inducing transcript 

misreading, and the production of misfolded, or aberrant, polypeptides (Davies, et al., 1964). 

These aberrant polypeptides then accumulate in the cytoplasmic membrane, where they cause 
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nonspecific permeabilization, and an accelerated secondary energy-dependent phase of uptake 

(EDPII) occurs, allowing further entry of aminoglycoside into the cytoplasm (Davis, et al., 

1986). While it was initially hypothesized that cell death occurred as a result of total translational 

inhibition, due to the irreversibility of aminoglycoside uptake in EDPII (Davis, 1987), recent 

findings highlight the importance of ROS in the bactericidal activity of aminoglycosides 

(Kohanski, et al., 2008).  

 The importance of each step of aminoglycoside uptake and activity has been highlighted 

by the isolation of mutants defective in genes important in these cellular processes. Mutations 

that affect the composition of the outer membrane decrease aminoglycoside uptake by inhibiting 

ionic binding and self-promoted uptake (Hancock, 1984). This is clearly demonstrated by the 

isolation of P. aeruginosa strains from the lungs of CF patients that display OM alterations 

(Ernst, et al., 2007; Kadurugamuwa, et al., 1993) and the isolation of other mutant strains 

displaying resistant phenotypes due to outer membrane alterations (Bryan, et al., 1984). It is 

plausible, then, that the deletion of our genes of interest may have some effect on the 

permeability and/or ionic composition of the OM, facilitating binding/uptake, and consequently 

increasing cell susceptibility. However, our analysis indicates that this is not the case for any of 

the single deletion mutants. Increases in susceptibility to polymyxin B, a cationic antimicrobial 

peptide that undergoes a quite similar interaction with the OM and self-promoted uptake step as 

the aminoglycosides (Hancock, 1984), were diminished or unchanged (Table 3-3) by the deletion 

of pstB, lptA, faoA, amgR, PA0392, or PA2798 in wild-type P. aeruginosa when compared to the 

effects these deletions have on aminoglycoside susceptibility (Table 3-1). As well, the uptake of 

1-N-phenylnaphythylamine (NPN), a fluorescent dye that measures the nonspecific permeation 

of the OM, indicated no changes in the rate or magnitude of self-promoted uptake/ 
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permeabilization of the OM in any of the single deletion mutants as compared to wild-type P. 

aeruginosa (Justin Tilak, personal communication). 

 In light of the findings that ROS production and membrane depolarization underscore 

aminoglycoside-induced lethality (Kohanski, et al., 2008) we decided to investigate whether 

these key physiological events were altered by the deletion of any of the genes of interest. 

Although efforts to analyze hydroxyl radical production in wild-type and mutant strains of P. 

aeruginosa using the fluorescent probe HPF were ultimately unsuccessful, we were able to 

successfully assess changes in membrane depolarization using the membrane potential sensitive 

probe DIBAC4(3), using a developed fluorimetric assay (Figure 3-2). Notably, we found that the 

single deletion mutants K3159 (K767ΔamgR), K3161 (K767ΔfaoA), K3160 (K767ΔpstB), and 

K3164 (K767ΔPA0392) displayed marked increases in membrane depolarization at 1 hour post-

exposure to the supra-MIC gentamicin concentration of 5 µg/ml (Figure 3-1). This increase in 

membrane depolarization over the wild-type appeared to coincide with an increased rate of and 

total cell killing compared to wild-type P. aeruginosa, as seen in the killing assay at 1 hour post-

exposure to the same concentration of gentamicin (Figure 3-1), hinting at a mechanistic 

explanation for the increased susceptibility to aminoglycosides. To better characterize the 

changes in the kinetics of aminoglycoside activity effect by the deletion of each gene of interest, 

it would seem relevant to perform a killing assay with more time points, particularly between the 

critical 0 and 1 hour time intervals (Figure 3-1). 

Aminoglycosides have long been known to induce membrane depolarization (Bryan and 

Kwan, 1983), and looking at this phenomenon in a broader context, this appears to be part of the 

well-documented effects of aminoglycosides on increasing the permeability of the cytoplasmic 

membrane, as a result of the production, and incorporation into the CM, of aberrant polypeptides 
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(Davis, et al., 1986). This loss of impermeability of the CM is thought to be nonspecific, as it 

results in the flux of many small molecules, including cations (particularly K
+
), anions, amino 

acids, nucleotides, and other metabolites, but not macromolecules like proteins (Davis, 1987). 

Nonspecific increases in permeability also account for the accelerated uptake of aminoglycosides 

during EDPII (Davis, et al., 1986), an effect that can be reproduced by use of the nonspecific 

membrane permeabilization agent toluene (Anand and Davis, 1960) or intermediate 

concentrations of puromycin (Hurwitz, et al., 1981). Thus, it appears that the increases in 

membrane depolarization observed in K3159 (K767ΔamgR), K3161 (K767ΔfaoA), K3160 

(K767ΔpstB), and K3164 (K767ΔPA0392) (Figure 3-2B) when compared to the wild-type due to 

an increase in overall membrane perturbation as a result of aberrant peptides induced by 

aminoglycoside-treatment. The enhanced killing observed in the killing assay (Figure 3-1) 

suggests that cellular death in these mutant strains is likely as a result of the increases in 

membrane perturbation manifested by the loss of these genes. These findings suggest that amgR, 

faoA, pstB, and PA0392 play important roles in either the underlying integrity of the CM, or the 

maintenance of that integrity in the face of stressful stimuli, such as the aminoglycoside-induced 

aberrant peptides. Conversely, these findings highlight the roles of membrane biogenesis 

pathways and membrane stress response pathways in resisting the activity of the 

aminoglycosides at the level of the cytoplasmic membrane. 

 The parallels we observed between membrane depolarization (Figure 3-2) and 

gentamicin-induced cell death (Figure 3-1) lend support to the hypothesis put forward by 

Kohanski, et al. (2008), which highlights the importance of membrane depolarization and ROS 

production in bactericidal action of the aminoglycosides. Interestingly, we observed maximal 

changes in cellular viability and depolarization in the first hour post-exposure to gentamicin in 
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wild-type and mutant strains of P. aeruginosa whereas using similar conditions in E. coli evoked 

maximal cell death and membrane depolarization between 1 and 2 hours post-exposure to 

gentamicin (Kohanski, et al., 2008). However, disruptions of the hflKC genes in E. coli yielded 

drastic increases in the rate of cell killing, net cell death, and a peak in membrane depolarization 

1 hour post-exposure to gentamicin (Kohanski, et al., 2008). In E. coli, HflKC regulates and 

forms a membrane-bound complex with the FtsH protease which is responsible for maintaining 

peptide quality control in the CM by cleaving misassembled peptides in an ATP-dependent 

process (Ito and Akiyama, 2005). In P. aeruginosa, hflK, hflC, and ftsH were all demonstrated to 

contribute intrinsic aminoglycoside resistance, as deletion, particularly of ftsH, increased 

susceptibility to tobramycin (Hinz, et al., 2011). These findings highlight the importance of 

membrane proteases as stress responses for the removal and degradation of aberrant polypeptides 

at the level of the CM, and how disruption of these functions can lead to increases in 

aminoglycoside susceptibility through increases in CM perturbation. 

The two-component regulator, AmgRS, has been previously identified in a transposon 

mutant library screen, where it was singled out as a potential target for combination therapy to 

potentiate aminoglycoside activity in P. aeruginosa (Lee, et al., 2009). Disruption of amgRS 

resulted in significant increases in aminoglycoside susceptibility as measured by standard 

laboratory test procedures in wild-type strain PAO1 and resistant clinical isolates, in a biofilm 

model, and in a mouse infection model (Lee, et al., 2009). As well, amgR mutants displayed 

reduced pathogenesis, increased salt sensitivity, and increased sensitivity to alkaline pH (Lee, et 

al., 2009). Our results confirm the dramatic increases in susceptibility observed in both 

laboratory and clinical strains of P. aeruginosa upon the deletion of amgR, and provide further 

insight into the mechanism by which AmgRS may overcome the aberrant polypeptides induced 
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by the interaction of aminoglycosides with elongating ribosomes. AmgRS is known to contribute 

to intrinsic aminoglycoside resistance by regulating three known or predicted genes with roles in 

proteolytic functions: PA5528, htpX, and yccA (Hinz, et al., 2011). This AmgRS-coordinated 

response may thus be as important as FtsH in responding to and degrading misfolded proteins 

incorporated into the CM and are the cause of its disruption, as we demonstrate that inactivation 

of amgR results in increased membrane perturbation coincident with increased cellular death 

relative to wild-type, as was observed for hflKC mutants in E. coli (Kohanski, et al., 2008). 

Indeed, a double deletion of amgR and ftsH in P. aeruginosa yielded a 500-fold increase in 

tobramycin susceptibility, indicating the importance of this functional role in intrinsic 

aminoglycoside resistance (Hinz, et al., 2011). In support of this role, a randomly isolated 

mutation in mexF that yielded a hybrid MexF-PhoA protein was extremely toxic in the absence 

of amgRS, and in amgRS
+
 strains, yielded an increased sensitivity to tobramycin; presumably the 

insertion of this hybrid protein into the cytoplasmic membrane overloaded the AmgRS adaptive 

stress response to aminoglycoside aberrant peptide production, resulting in increased drug 

susceptibility, and ΔamgRS strains are deficient in the ability to remove this hybrid protein from 

the membrane (Lee, et al., 2009). 

In the recently proposed model of aminoglycoside activity in E. coli, it was demonstrated 

that ROS production and membrane depolarization coincided with loss of cell viability, and that 

rapid killing was dependent on the Cpx envelope stress response two-component system 

(Kohanski, et al., 2008). The finding that ROS production and initial rapid killing by gentamicin 

were severely compromised in the Cpx null mutants led the authors to conclude that the 

overproduction of ROS was a product of the overactivation of the Cpx envelope stress response 

to gentamicin-induced aberrant polypeptides, leading to cell death (Kohanski, et al., 2008). 
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However, in the killing assays performed, Cpx null strains showed wild-type levels of membrane 

depolarization and overall cell death by 6 hours post-treatment with gentamicin (Kohanski, et al., 

2008), indicating that membrane permeabilization, as represented by the loss of membrane 

potential, may be at least as important at determining overall cell survival. Although protein 

mistranslation has been demonstrated to increase oxidative stress in E. coli (Dukan, et al., 2000), 

it is unclear whether this is the definitive bactericidal mechanism of action for the 

aminoglycosides. Iron chelators, which block hydroxyl radical formation, have been shown to 

inhibit bactericidal activity in P. aeruginosa by aminoglycosides, as well as the fluoroquinolones 

and β-lactams, lending support to the notion that hydroxyl radicals are responsible for 

bactericidal activity of these antibiotics (Yeom, et al., 2010). However, oxidative stress was 

noticeably absent in the activity of gentamicin, as well as ampicillin and norfloxacin in Listeria 

monocytogenes (Feld, et al., 2012). Though sequence homology indicates that AmgRS in P. 

aeruginosa may be most similar to OmpR-EnvZ in E. coli, AmgRS appears to have more 

functional similarity with CpxRA, which is also reported to respond to misfolded proteins (Lee, 

et al., 2009). This is despite the findings that Cpx null mutants in E. coli abolish ROS production, 

and consequently aminoglycoside-induced cell killing, according to the Kohanski, et al. (2008) 

model, although CpxRA inactivation has also been shown to increase susceptibility to 

tobramycin (Zhou, et al., 2003). Clearly, the complexity of the bactericidal mechanism of action 

of the aminoglycosides is not yet completely understood, and more studies must done to 

delineate between the primary and secondary effects, so as to determine which events are crucial 

to cell killing, and the roles of the Cpx system and its homologues in other systems. 

Apparently encoding another two-component system, PA2797-PA2798 was found to 

substantially contribute to both intrinsic and acquired aminoglycoside resistance in P. 
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aeruginosa. The identification of PA2797-PA2798 and its role in aminoglycoside resistance is 

entirely novel, as no resistomic screen to date has identified this locus prior to this study. 

According to the Pseudomonas genome website (http://www.pseudomonas.com), the PA2797-

PA2798 designated operon is predicted to encode the sensor phosphatase and response regulator, 

respectively, of a two-component regulator with anti-anti-sigma factor functions. 

Aminoglycoside sensitivity of both PA2798 and PA2797 single deletion strains of P. aeruginosa 

was identical, indicating that, at least in terms of aminoglycoside resistance, the function of the 

sensor phosphatase PA2797 is mediated through the response regulator PA2798, and thus the 

single deletion strains can be considered functionally equivalent. PA2797-PA2798 display 

homology with the SpoIIAA and SpoIIE proteins, which control sporulation in Bacillus subtilis 

by causing release of the anti-sigma factor SpoIIAB from σ
F
 (Igoshin, et al., 2006), and also 

display homology with the RbsU and RvsV proteins which release σ
B
 from the anti-sigma factor 

RbsW, activating a general stress response broadly conserved in Gram-postive bacteria (Hecker, 

et al., 2007). Indeed, the general stress response mediated by σ
B
 has recently been shown to 

contribute to oxidative stress resistance in B. subtilis (Reder, et al., 2012), and in L. 

monocytogenes, and a role for resistance to aminoglycosides and tetracycline has been 

implicated (Zhou, et al., 2012), suggesting that this sigma factor may well be involved in 

intrinsic aminoglycoside resistance in Gram-positive bacteria. As well, PA2798 also displays 

46% similarity with the E. coli response regulator Hnr (by the Pseudomonas project; 

http://www.pseudomonas.com). Hnr, also known as RssB, regulates the activity of the RpoS 

general stress sigma factor in E. coli, by promoting its proteolytic degradation by ClpXP 

(Battesti, et al., 2011), suggesting that PA2797-PA2798 may regulate the RpoS sigma factor. 

Whatever the function of PA2797-PA2798, it is clearly quite important in intrinsic 

http://www.pseudomonas.com/
http://www.pseudomonas.com/
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aminoglycoside resistance in P. aeruginosa. Single deletions of PA2798 led to 8-fold increases 

in gentamicin sensitivity (Table 3-1), while 64-fold increases in gentamicin sensitivity were 

observed in the double deletion mutant K3175 (K767∆amgR∆PA2798) (Table 3-4). While the 

sigma factor σ
H
 has been demonstrated to play a role in intrinsic resistance to aminoglycosides in 

P. aeruginosa (Kindrachuk, et al., 2011), our transcriptional analysis of grpE, a gene encoding a 

heat shock protein regulated by σ
H
, demonstrated no significant changes in expression in a 

PA2798 deletion strain, suggesting that PA2798 does not regulate σ
H
 (Figure 3-4). 

PstB forms part of the phosphate specific ATP-binding cassette transporter complex, 

PstSCAB, that is encoded by the pst operon and is important in the uptake of inorganic 

phosphate in phosphate limited conditions (Nikata, et al., 1996). Disruption of pstB has been 

previously reported to increase aminoglycoside sensitivity (Lee, et al., 2009),  as has pstS 

(Gallagher, et al., 2011), which encodes a periplasmic protein also important in the transport of 

inorganic phosphate in limiting conditions (Poole and Hancock, 1984). Inactivation of the pst 

operon is known to cause a phosphate-limited phenotype (Nikata, et al., 1996), and indeed we 

observed a green phenotype in those strains of P. aeruginosa in which pstB had been deleted, 

indicating overproduction of pyocyanin, which is known to be induced by phosphate limitation 

(Hassett, et al., 1992). Concentration of inorganic phosphate is essential for phospholipid 

biosynthesis, and pst mutations have been shown to alter the fatty acid composition of the CM, 

increasing the proportion of unsaturated over saturated fatty acids in E. coli (Lamarche and 

Harel, 2010). This should have the predicted effect of making the CM more fluid, and thus more 

susceptible to perturbation. Upon gentamicin-exposure, we observed drastic increases in 

membrane depolarization in pstB deletion mutants when compared to the wild-type (Figure 3-

2B), supporting the notion that membrane alterations as a result of pstB deletion increase 
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susceptibility to aminoglycoside antibiotics through a weakening of the overall CM membrane 

structure. Interestingly, we also observed a 4-fold increase in susceptibility to the peptidyl-

transferase inhibitor puromycin (Figure 3-3) in the K767ΔpstB mutant. Puromycin is a protein 

synthesis inhibitor which is not bactericidal, but through the premature release of nascent 

elongating peptides, which are thought to insert into the CM, can also induce transient membrane 

permeabilization (Davis, 1987), and thus can reproduce aminoglycoside uptake in EDPII 

(Hurwitz, et al., 1981). This finding has previously been used to discount a role for membrane 

damage in the bactericidal activity of aminoglycosides (Davis, 1987), but is consistent with a 

more fluid membrane which exhibits enhanced susceptibility to the altered membrane protein 

composition induced by both aminoglycosides and puromycin. 

 faoA and faoB form a two-gene operon (also known as fadBA5) that encodes proteins 

important in the β-oxidation of long-chain fatty acids, a function which is known to be 

upregulated in P. aeruginosa  strains present in the CF-lung (Kang, et al., 2008). Deletion of 

faoA in the CF-lung clinical isolates K2160 and K2162, yielded comparatively greater increases 

in gentamicin susceptibility than in the wild-type [(Table 3-10), 8- and 4-fold, respectively, 

versus 2-fold in wild-type P. aeruginosa (Table 3-1)], consistent with a more pronounced role 

for this operon in the context of the CF-lung. Our results indicate that the function of faoA is 

important in ameliorating aminoglycoside-induced stress at the level of the cytoplasmic 

membrane, as deletion of faoA results in marked increases in CM depolarization upon 

gentamicin exposure (Figure 3-2). Both faoA and faoB have been previously identified in a 

transposon screen for genes whose disruption increased sensitivity to aminoglycosides in P. 

aeruginosa (Gallagher, et al., 2011). Thus FaoAB may play an important role in turning over 

lipids damaged as a result of the insertion or removal of aminoglycoside-induced aberrant 
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polypeptides into the CM, or the timely replacement of lipids to overall maintain CM 

homeostasis, as β-oxidation intermediates can directly fuel the biosynthesis of new fatty acids 

(Yuan, et al., 2012). Resistance to organic solvents like toluene, long known to induce non-

specific permeabilization of the CM (Anand and Davis, 1960), can involve changes to the 

specific fatty acids present in the CM (Ramos, et al., 2002), and this role may explain the 

contribution of FaoAB to intrinsic aminoglycoside resistance. 

 Though the functions of lptA in P. aeruginosa are well-characterized (Baysse, et al., 

2005), its role in aminoglycoside resistance identified in this study is novel and poorly 

understood. LptA is known to catalyze the second step of phospholipid biosynthesis, and 

inactivation of lptA results in a membrane with decreased fluidity due to a greater proportion of 

long-chain fatty acids (Baysse, et al., 2005). This change in CM composition was implicated in 

the activation of a stress response, as the altered fatty acid profile resulting from lptA inactivation 

caused a relA-dependent increase in the production of quorum sensing signals, indicating 

activation of the stringent response (SR) (Baysse, et al., 2005). Interestingly, the stringent 

response has been shown to play an active role in the tolerance of nutritionally starved cells to 

antibiotics, including the aminoglycosides (Nguyen, et al., 2011). However, activation of the SR 

due to alterations in the fatty acid profile of the CM resulting from lptA inactivation would be 

predicted to increase aminoglycoside resistance, as the SR increases the expression of oxidative 

stress-responsive genes like superoxide dismutase (SOD) and catalase, which would counteract 

antibiotic-induced oxidative stress (Nguyen, et al., 2011). Interestingly, we observed increases in 

resistance to β-lactam antibiotics in lptA deletion mutants, as well as faoA deletion mutants: the 

double deletion mutant K3185 (K767 ΔlptAΔfaoA) displayed a four-fold increase in resistance to 

carbenicillin (Table 3-9). So although these findings suggest a similar role for FaoA and LptA in 
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CM homeostasis and intrinsic aminoglycoside resistance, activation of the SR, which also may 

be induced by faoA deletion, may not play as much of a role in aminoglycoside resistance as it 

does in other bactericidal agents. Interestingly, the SR and formation of persister cells is 

similarly regulated through the alarmone (p)ppGpp (Harrison, et al., 2005), and persister cells 

have been shown to be re-sensitized to aminoglycoside treatment via the re-establishment of the 

proton motive force through the supplementation of specific sugar metabolites (Allison, et al., 

2011). Thus the SR may not be as important in aminoglycoside resistance as previously implied 

(Nguyen, et al., 2011), but may be contributing to the increases in carbenicillin resistance 

observed in the faoA and lptA deletion mutants. These findings may explain the complex effects 

of lptA and faoA deletion on cells, and how these effects may mediate an increase in 

aminoglycoside sensitivity, possibly through the undermining of essential fatty acid biosynthesis 

and remodelling pathways, which compromise the cell’s ability to respond to membrane damage. 

Whatever the individual effects of lptA and faoA deletion on P. aeruginosa, it appears that they 

play overlapping roles, as the double deletion mutant K3185 (K767 ΔlptAΔfaoA) exhibits a 

dramatic increase in sensitivity to aminoglycosides (16-fold for gentamicin, Table 3-8) yet the 

cumulative increases in resistance to β-lactam antibiotics (4-fold for carbenicillin, Table 3-9) 

remain unclear and defy obvious explanation. 

 Finally, the function of PA0392 is not known, yet its contribution to aminoglycoside 

resistance has been previously identified in a transposon mutant screen (Gallagher, et al., 2011). 

PA0392 is a conserved predicted cytoplasmic membrane protein of unknown function (by the 

Pseudomonas project; http://www.pseudomonas.com). An ortholog of PA0392, YggT, plays an 

important role in osmotic regulation through the maintenance of K
+
 homeostasis (Ito, et al., 

2009). Potassium homeostasis may indeed play a greater role in mediating intrinsic 

http://www.pseudomonas.com/


111 

 

aminoglycoside resistance, as deletions of trkA and trkH, genes encoding members of the Trk 

potassium uptake system, also increase sensitivity to aminoglycosides (Gallagher, et al., 2011). 

Indeed, control of potassium flux and the chemiosmotic gradient are tightly linked in bacteria, 

and the inward flux of potassium ions can reduce the proton gradient across the CM, whereas 

absence of potassium movement can lead to membrane hyperpolarization (Bakker and 

Mangerich, 1981). As quantative increases in membrane potential above a certain threshold can 

increase aminoglycoside uptake (Taber, et al., 1987), it is plausible that the deletion of PA0392 

causes some defect in K
+
 transport, which hyperpolarizes the cell, increasing aminoglycoside 

energy-dependent uptake, accounting for the increasing susceptibility we have observed in these 

cells. Interestingly, the PA0392 deletion mutant showed the most marked increases in relative 

membrane depolarization due to gentamicin-exposure (Figure 3-2), which is consistent with the 

existence of a hyperpolarized state in K767ΔPA0392, if depolarization reaches a constant 

theoretical maximum across all P. aeruginosa strains tested. Potassium transport and its 

regulation are also important for maintaining survival in the face of osmotic changes, particularly 

sudden osmotic shock (Holtmann, et al., 2003). Thus potassium transporters, and quick changes 

in potassium flux, may be important in resisting the sudden osmotic changes caused by the non-

specific permeabilization of the CM as a result of aminoglycoside-induced aberrant polypeptides 

(Anand and Davis, 1960); this may explain the increased susceptibility of PA0392 deletion 

mutants in P. aeruginosa, as well as the observed effects of trkA and trkH deletion (Gallagher, et 

al., 2011). Interestingly, though the regulation of membrane proteases can explanation the 

contribution of AmgRS  to aminoglycoside resistance, they do not entirely explain the observed 

osmotic sensitivity of an ΔamgRS deletion mutants, indicating that other as-yet-unidentified 

genes may be responsible for this observed osmotic sensitivity (Hinz, et al., 2011). As we noted 
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marked increases in aminoglycoside sensitivity in K3177 (K767ΔamgRΔPA0392), which 

exhibited a 32-fold increase in susceptibility to gentamicin (Table 3-4) when compared to the 

single deletion of PA0392, which only demonstrated a 2-fold increase in aminoglycoside 

sensitivity (Table 3-1); PA0392 may have overlapping functions with the unidentified osmotic 

regulatory functions of AmgRS. 

 Although complementation of the single deletion mutants indicated that the absence of 

these genes are responsible for the observed effects on aminoglycoside sensitivity, this study 

does little to delineate between whether changes in susceptibility are due to primary or secondary 

effects of gene deletion. Indeed, microarray analysis (unpublished data) shows fairly prominent 

changes in global gene expression, indicating that the dysregulation of the expression of other 

genes due to the deletion of our genes of study could be accounting for the observed changes in 

aminoglycoside sensitivity. However, it is important to note that this is a general limitation to 

such an approach as ours, as although reductionist approaches are useful for identifying unknown 

targets, bacteria are complex dynamic biological systems, and thus even single genetic deletions 

can have pleiotropic, unintended secondary consequences. Taking this concern into 

consideration, the cumulative or greater impact of the double genetic deletions generated in this 

study on aminoglycoside sensitivity seem to indicate prominent, distinct, and specific 

mechanisms at work which underlie intrinsic aminoglycoside resistance in P. aeruginosa. 

Certainly, previous studies have demonstrated that the two-component AmgRS controls an 

adaptive response to membrane stresses such as the mistranslated proteins induced by 

aminoglycoside therapy, and that this role of AmgRS in aminoglycoside resistance is mediated 

through HtpX, YccA, and PA5528 (Hinz, et al., 2011). These findings seem to indicate that our 

observations regarding the amgR deletion mutant are primary. The deletion of pstB and PA0392 



113 

 

seem to affect aminoglycoside susceptibility through global effects on phosphate and potassium 

homeostasis, respectively. Deletion of pstB results in a phosphate starvation phenotype, which is 

seemingly abolished (in addition to the aminoglycoside sensitive phenotype) by the secondary 

deletion of phoR (C. Lau, personal communication), which as part of the PhoRB two-component 

system, is responsible for initiating the response to low phosphate conditions (Gooderham and 

Hancock, 2009). The orthology of PA0392 to a known potassium regulator (Ito, et al., 2009) and 

the identification of other potassium uptake genes in another aminoglycoside resistance gene 

screen (Gallagher, et al., 2011) point to a global role for potassium homeostasis in 

aminoglycoside resistance. Given the prediction that PA2797-PA2798 is involved in sigma 

factor regulation, it seems likely that changes due to altered sigma factor regulation explain the 

observed changes in aminoglycoside resistance in the ΔPA2798 mutant strain. 

 So although at this point we cannot draw conclusions about the direct effects of the 

deletions of gene of interest, this study is exploratory, and defines some previously unknown 

contributors to intrinsic aminoglycoside resistance, adding to our understanding of 

aminoglycoside mechanism of action and how cells resist these activities. Indeed, both the focus 

of this study on aminoglycoside resistance at the level of the CM, and the finding that each gene 

of interest appears to contribute to resistance through an independent mechanism is quite novel. 

As the contribution of CM composition to aminoglycoside resistance/susceptibility is not 

understood, one future direction of this study would be to subject the lptA, faoA, and pstB single 

deletion mutants to a fatty acid profile analysis as done previously (Baysee, et al., 2005). It also 

would be interesting to include psrA [which is known to regulate faoA expression (Kang, et al., 

2008)] and pgpA [another fatty acid biosynthesis gene also implicated in intrinsic 

aminoglycoside resistance (Gallagher, et al., 2011)] deletion mutants for analysis. The generation 
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of a psrA faoA double deletion mutant would also help shed further light on the role of faoA in 

intrinsic aminoglycoside resistance. Changes in membrane composition are known to affect 

sensitivity to organic solvents (Ramos, et al., 2002) and thus it would be interesting to assess the 

susceptibility of our mutants of interest to exposure to organic solvents. 

 As AmgRS is implicated in an envelope stress response (Lee, et al., 2009), it might be 

similarly illuminating to generate a ΔamgR strain with a secondary deletion in algU, which 

encodes the envelope stress sigma factor (σ
E
) in Pseudomonas, the deletion of which has also 

demonstrated modest increases in aminoglycoside sensitivity (Gallagher, et al., 2011). Likewise, 

double deletions of PA2798 with other sigma factors like AlgU, σ
S
, and particularly σ

H
, which 

has been previously implicated in aminoglycoside resistance (Kindrachuk, et al., 2011) may shed 

further light on the cellular role of this two-component system. If PA2797-PA2798 regulates the 

heat-shock sigma factor σ
H
, it may be possible to demonstrate changes in sensitivity to high 

temperature by the growth of a PA2798 deletion strain at 42ºC. Similarly, growth of single 

deletion strains at high pH and under varying salt concentrations as previously performed for the 

amgR deletion mutant (Lee, et al., 2009), may better characterize the cellular roles of the other 

genes of interest, particularly PA0392, which may be involved in osmotic regulation. It also may 

be worth pursuing the generation of triple deletion mutants, and assessing aminoglycoside 

susceptibility as was performed for the double deletion mutants. It also may be of interest to 

delete pstB, lptA, faoA, amgR, PA0392, and PA2798 in the background of the well-characterized 

clinical isolate strains of P. aeruginosa PA7 and PA14. 

 The comparatively larger contribution of PA2798 and PA0392 to aminoglycoside 

resistance in the clinical isolates tested in this study versus the wild-type strain, as tested by the 

standard susceptibility assays measuring the MICs, indicate that these genes may be playing a 
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larger role in resistance than in the wild-type context. Complementation of K767ΔPA2798 and 

K767ΔPA0392 (wild-type background) strains with the versions of these genes present in the 

clinical isolates K2160 and K2162, and subsequent phenotypic analysis, may provide insight into 

the cellular roles of these gene products, which have unknown functions. To further pursue these 

six genes of interest as potential targets for combinatorial therapy to increase the efficacy of 

aminoglycoside antibiotics, it may be worthwhile testing the enhancement of aminoglycoside 

activity against single deletion strains in both simulated biofilm models, and in mouse infection 

models, as was performed previously for the amgR single deletion mutant (Lee, et al., 2009). 

Microarray analysis of the single and double deletion mutants both in the presence and absence 

of aminoglycoside antibiotics may also help to further define the primary and secondary effects 

of the deletion of each of these genes, and how these changes undermine the complex intrinsic 

aminoglycoside resistance in P. aeruginosa. 
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Chapter 5 

Conclusions 

 

In this study, we report the identification of six genes (pstB, lptA, faoA, amgR, PA0392, 

and PA2798) whose products seem to be related to the maintenance and functionality of the 

cytoplasmic membrane, and have demonstrated roles in intrinsic and acquired aminoglycoside 

resistance in P. aeruginosa. Notably, these six genes each contribute to aminoglycoside 

resistance through independent mechanisms, as secondary deletions of selected genes led to 

cumulative or greater increases in aminoglycoside sensitivity. This study also highlights the 

importance of the maintenance of cytoplasmic membrane integrity, as disruption of either the 

underlying membrane modulatory functions, or those functions responsible for responding to 

membrane stress, has a profound impact on the bacterial cell’s ability to cope with membrane 

stress as a result of aminoglycoside-induced aberrant polypeptides. This study supports the 

hypothesis of Kohanski, et al. (2008), where ROS production and membrane depolarization as a 

result of aminoglycoside-induced aberrant polypeptides underlie the killing mechanism whereby 

the aminoglycosides exert their bactericidal effects on cells, although our study indicates that 

perhaps more emphasis should be placed on the effects of aminoglycosides on the perturbation of 

the cytoplasmic membrane. Indeed, membrane damage is a unique property of the 

aminoglycosides that until recently has been largely overlooked in studies of aminoglycoside 

activity and resistance. With recent emphasis being placed on the targeting of bacterial 

membranes for the development of new or derivative antibiotics (Hurdle, et al., 2011), the 

surreptitious and complex aminoglycoside mechanism of action is worth highlighting, as 

knowledge of aminoglycoside activity and the subsequent bacterial cell’s response could be 
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exploited to potentiate activity and undermine resistance mechanisms. Additional studies of the 

genes identified in this work and their functions is warranted and new findings may help us 

better understand intrinsic aminoglycoside resistance so that we may overcome these defenses in 

the future. 
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