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Abstract 

A 30-year void in antibiotic discovery coupled with rampant antimicrobial 

resistance (AMR) among multi-drug resistant pathogens has created what is 

known as the Antimicrobial Resistance Crisis. Recent evidence strongly suggests 

aerobic respiration is required for bactericidal antibiotics to effectively kill bacteria 

via promoting generation of excess reactive oxygen species. Given that the 

immune system releases the potent respiratory inhibitor nitric oxide (NO) to 

combat pathogens, it is crucial to study how clinically relevant bacteria respond to 

an environment where a respiratory inhibitor (NO) is present along with an 

antibiotic.  

Herein, four hypotheses were tested to investigate how antibiotic 

susceptibility in respiratory mutant Escherichia coli strains were influenced by NO. 

To investigate the antagonistic effects of a bactericidal aminoglycoside and NO, 

viability assays and oxygen consumption measurements were undertaken in the 

presence and absence of GSNO, a NO-donor, and gentamicin. Results clearly show 

E. coli exhibited protection from the lethal effects of gentamicin when oxidative 

phosphorylation was halted. Furthermore, the NO-tolerant respiratory oxidase 

cytochrome bd-I (encoded by cydAB) was shown to sensitize E. coli to antibiotics 

in the presence of GSNO. To investigate if GSNO offered relief from excess reactive 

oxygen species stemming from gentamicin-mediated hyperactivation of 

respiration, reactive oxygen species were carefully measured after treatment with 

gentamicin in the presence and absence of GSNO. Interestingly, GSNO stimulated 

excess reactive oxygen species rather than diminished; therefore, an alternative 

hypothesis is offered: aminoglycosides utilize the generation of the proton motive 

force to enter the cell to perform the primary mode of action to kill bacteria. NO-

mediated respiratory inhibition may diminish the proton motive force thus 

gentamicin is unable to efficiently enter the cell and kill. This work supports the 

link between aerobic respiration and bactericidal antibiotic function through a 

reactive oxygen species-independent pathway and demonstrates the role the 

immune system may have in antibiotic efficacy. 
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1.1. The Antimicrobial Resistance Crisis  

1.1.1. Antibiotic resistance overview 

Penicillin was first identified as an antibiotic by Alexander Fleming in 1928 

when he observed a Penicillium fungus excrete an antimicrobial substance on an 

agar plate (Fleming, 1950). After roughly a decade of international collaboration, 

penicillin was effectively mass produced and revolutionized the medical world in 

time to aid in World War II (Gaynes, 2017). Though the introduction of penicillin 

ushered in a “golden” era of antibiotic discovery, it was shortly followed by 

widespread resistance and introduced the now well-known arms race to keep up 

with resistance mechanisms employed by microbes deemed the antimicrobial 

resistance (AMR) crisis (Nathan & Cars, 2014) (van Hengel & Marin, 2019) 

(Martens & Demain, 2017).  

With the use of various antibiotics spanning the years since penicillin was 

deployed for clinical use, there is a threat of proceeding to a post-antibiotic era 

due to rampant resistance by microbes (Figure 1.1). Identified problems 

contributing to AMR include increasing travel of humans, overuse and over-

prescription of antimicrobials, and lack of education for the public (Rather, et al., 

Figure 1.1 Timeline of the discovery and bacterial resistance to common classes of 
antimicrobials. With a discovery void in antibiotics spanning close to 30 years, the threat of 
a post-antibiotic era is imminent. Adapted from Public Health England (2015). 
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2017) (Michael, et al., 2014). Microbial life is evolving resistance to antimicrobials 

faster than new therapeutics are being produced. Indeed, less than five new 

antibiotics have been fully developed into a product since 2009, and fewer still 

have the ability to treat a broad-spectrum of bacterial infections without 

dangerous side effects (Boucher, et al., 2013) (Fair & Tor, 2014) (Fernandes & 

Martens, 2017). To tackle this crisis, researchers must understand the mechanisms 

that bacteria use to evade current antibiotics and exploit this knowledge to create 

new therapeutics.  

1.1.2. Mechanisms of antibiotic resistance 

With the introduction of more antibiotics, multi-drug resistant (MDR) 

organisms have evolved and are recognized by numerous national and 

international health organizations as an imminent danger to society and the global 

economy (World Health Organization, 2014) (Public Health England, 2015) 

(Centers for Disease Control and Prevention, 2018). According to the antibiotic 

threats report from the Center for Disease Control and Prevention, there was an 

estimated 26,000 clinical cases involving extended-spectrum β-lactamase (ESBL)-

producing Enterobacteriaceae with 1,700 (6.5%) of those cases ending in a fatality 

in the United States alone (2013). Additionally, 10 million lives are projected to be 

lost globally by 2050 due to resistant microbes resulting in £66 trillion in lost global 

productivity (O'Neill, 2015).  

1.1.2.1. The ST131 clonal type of E. coli 

The study herein is focused on the ST131 sequence type of Escherichia coli, 

a globally disseminated clonal type that is known to spread rapidly and frequently 

exhibit resistance to fluoroquinolones, aminoglycosides, and trimethoprim-

sulfamethoxazole combinations (Petty, et al., 2014). E. coli ST131 is also associated 

with a highly virulent producing CTX-M-15 type ESBL, one of the most invasive 

resistant enzymes globally (Forde, et al., 2014). The most comprehensive 

characterization from the ST131 sub-clonal group has been conducted on the 

serotype O25b:H4 uropathogenic (UPEC) strain EC958, which was isolated from 
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Northwest England in 2005 from a urine sample of a young girl (Totsika, et al., 

2011). This strain contains a diverse repertoire of virulence associated genes 

including adhesins, autotransporter proteins, and type I fimbriae (used to invade 

and attach to bladder cells) (Forde, et al., 2014). Due to the high virulence and 

MDR associated genes located on the large plasmid (~134 kb) harbored by this 

strain, it has been a major contributor to urinary tract and blood infections in 

Europe, Asia, Africa, North America, and Australia (Totsika, et al., 2011) (Rogers, 

et al., 2011). The clinical relevance of this strain is extremely important when 

discussing mechanisms of resistance and how to move forward in developing new 

therapeutics to combat MDR pathogens.  

Resistance to naturally occurring antimicrobial compounds is to be 

expected from pathogens co-existing with other microbial life. AMR does not 

highlight naturally occurring resistance, rather it focuses on acquired resistance in 

clinically relevant strains. Evolutionarily, bacteria have two main approaches to 

cope with the pressure from antimicrobials: genetic mutation and horizontal gene 

transfer.  
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1.1.2.2. Genetic mutations resulting in antimicrobial resistance 

Antimicrobial resistance genes typically first occur in bacteria that produce 

antimicrobials thereby avoiding the toxic effects of the substance produced (e.g. 

Streptomyces). Over time, bacteria develop mutations or uptake genes from 

neighboring species that facilitate survival when exposed to an antimicrobial in 

their environment. Any mutations that occur can be costly to the cell; therefore, 

in general, minor mutational adaptations to the target of an antimicrobial prevail 

(Munita & Arias, 2016). Mutations occur randomly, thus the mutations that arise 

are diverse yet common resistance mechanisms seen in bacterial species include: 

changes in the antibacterial target, efflux pumps and porins, altered drug uptake, 

and changes in pathways the antibacterial might target (Table 1.1) (Munita & 

Arias, 2016) (Fernandez & Hancock, 2012). When a successful resistance 

mechanism arises, bacteria can “share” the mechanism through transfer and 

uptake of genes from external sources via horizontal gene transfer.  



6 | P a g e  
 

Table 1.1 Modes of action and resistance mechanisms for common antibiotic classes 

1.1.2.3. Horizontal gene transfer  

Horizontal gene transfer (HGT) is the process via which bacteria, through 

several mechanisms, can share genes. Though mutation is how resistance initially 

occurs, HGT is the mechanism through which resistance spreads rapidly 

throughout a community and why antimicrobial resistance is so difficult to 

combat. The three main avenues bacteria can acquire foreign DNA are a) 

 
 

 

3 Para-Aminobenzoic acid 
4 Chloramphenicol acetyltransferase  

Antibiotic Class Mode of Action Common Resistance 
Mechanism 

β-Lactams Substrate Analog in 
synthesis of Murein: 
Cell Wall Synthesis 

Hydrolyze the β-lactam ring 
(Kong, et al., 2010) 

Sulfonamides Analog of PABA3: Folic 
Acid Synthesis  

Amino acid substitution in E. 
coli (Skold, 2000) 

Aminoglycosides Binds to active site in 
rRNA: Protein 

Synthesis 

Structural modification of 
antibiotic to inactivate  (Kotra, 

et al., 2000) 

Tetracyclines Binds to A-site in 
30S/50S ribosomes: 

Protein Synthesis 

Efflux pumps and ribosomal 
protection from antibiotic 

(Speer, et al., 1992) 

Chloramphenicol Binds to peptidyl 
transferase in 50S 
ribosomal subunit: 
Protein Synthesis 

Acetylation via CATs4, efflux 
pumps, and 

phosphotransferase to 
inactivate drug (Schwarz, et 

al., 2004) 

Macrolides Binds to P-site in 50S 
ribosomal subunit: 
Protein Synthesis 

(Mazzei, et al., 1993)  

Blocked ribosomal binding; 
efflux pump; drug inactivation 

(Leclercq, 2002)  

Quinolones Converting gyrase and 
topoisomerase IV into 

toxic enzymes: DNA 
degradation 

Alteration of antibiotic; efflux 
pumps (Aldred, et al., 2014) 
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transformation, b) transduction, and c) conjugation (Figure 1.2). Transformation 

occurs when free DNA is taken up by a bacterial cell; although very few clinically 

relevant strains can acquire foreign DNA this way (Munita & Arias, 2016). 

Transduction, the transfer of DNA through a bacteriophage, is another way 

antimicrobial resistance has been spread, although it is typically associated with 

the spread of virulence factors rather than resistance genes (Barlow, 2009).  

 Though transformation and transduction have contributed substantially to 

AMR, conjugation is often credited for the vast and rapid spread of antimicrobial 

genes (Barlow, 2009) (Munita & Arias, 2016). Conjugation occurs when bacteria 

physically connect and transfer mobile gene elements (MGE) including conjugative 

plasmids and transposons (Munita & Arias, 2016). Plasmids are known to encode 

genes that confer resistance to every antibiotic class discovered (Barlow, 2009), 

Figure 1.2 Horizontal gene transfer (HGT) occurs via three separate mechanisms. When 
a bacterial cell acquires foreign DNA from the environment (transformation), when a 
bacterial cell receives foreign DNA from a bacteriophage (transduction), and when 
bacterial cells are in physical contact and transfer genes on a plasmid (conjugation).  
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which highlights the potential for rapid spread of resistance and the urgent need 

for additional research on AMR.  

One such area of research that requires a better understanding is the link 

between aerobic respiration and susceptibility to antibiotics. Previous work has 

established a robust link between oxidative phosphorylation and the lethality of a 

variety of antibiotic classes, with reactive oxygen species and antibiotic uptake 

rates implicated in the mechanisms of toxicity (Lobritz, et al., 2015) (Dwyer, et al., 

2014). Hence, the processes of aerobic respiration will be introduced below, and 

evidence for a link with antibiotic resistance will be presented. 
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1.2. Aerobic Respiration in Escherichia coli and Antibiotic 

Susceptibility 

1.2.1. Overview of respiration 

As a facultative anaerobic pathogen, E. coli has developed numerous 

pathways to survive in the varied environments it inhabits. E. coli can survive in 

fully aerated as well as completely anoxic conditions and possesses a sophisticated 

system to monitor, adapt to, and colonize either habitat.  

An important process for niche colonization is the ability to generate a 

proton motive force across the inner membrane to provide energy to produce 

adenosine triphosphate (ATP) via oxidative phosphorylation. Aerobic respiration 

is the process of utilizing the electron transport chain (ETC) to successively pass 

electrons from electron donors, such as NADH, to dioxygen as the terminal 

Figure 1.3 Selected components of the aerobic respiratory chain of E. coli.  In fully aerobic 
conditions, E. coli utilizes cytochrome boʹ while in conditions of low oxygen E. coli has two 
different bd-type terminal oxidases that are expressed. 
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electron acceptor. During this process, energy is conserved as a proton gradient 

(Δψ) as protons accumulate in the periplasm (Figure 1.3). This gradient can then 

be used for processes such as ATP synthesis, which couples the transfer of protons 

with the phosphorylation of adenosine diphosphate (ADP) to make ATP. Aerobic 

respiration is characterized by having oxygen as the terminal electron acceptor, 

and E. coli has three terminal oxidase complexes that can catalyze oxygen 

reduction and couple this to generation of a proton motive force  (Sousa, et al., 

2012) and these are discussed in more detail below. 

1.2.2. Respiratory oxidases of E. coli 

The aerobic ETC pathway of E. coli has three known terminal oxidases: 

cytochrome boʹ, cytochrome bd-I, and cytochrome bd-II. These oxidases combine 

the oxidation of ubiquinol with the reduction of oxygen to water (Figure 1.3) 

(Borisov, et al., 2011). Cytochromes bd-I and bd-II share sequence homology and 

have the same b-type and d-type heme cofactors (Sturr, et al., 1996), although 

they are expressed under different conditions. Cytochrome boʹ is maximally 

expressed when oxygen levels exceed 20% (Tseng, et al., 1996) and is a heme-

copper oxidase rather than bd-type (Borisov, et al., 2011) (Oost, et al., 1994). 

1.2.2.1. Cytochrome boʹ 

The heme-copper oxidase family of cytochromes is one of the most diverse 

superfamilies of enzymes and encompasses cytochromes found all throughout the 

living world. This superfamily of enzymes relies on subunit I and its binuclear, or 

bimetallic, center where the reduction of oxygen occurs (Garcia-Horsmant, et al., 

1994). E. coli possesses the heme-copper oxidase cytochrome boʹ, so named 

because it contains heme b and heme o (Oost, et al., 1994).  

 As the cytochrome reduces oxygen to water, it functions as a proton pump 

physically creating a proton motive force (Figure 1.3) to be tapped into for 

energetic purposes (Unden & Bongaerts, 1997). Cytochrome boʹ is maximally 

expressed in fully oxic conditions suggesting it is primarily used by E. coli in 
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nonpathogenic stages of the cell. Expression is controlled by the global regulators 

Fnr and ArcA (Cotter, et al., 1990) (Cotter, et al., 1997). 

Cytochrome boʹ is comprised of four subunits encoded by the cyoABCDE 

operon (Nakamura, et al., 1997). Subunit I, encoded by cyoB, binds the low spin 

heme, heme b, and the binuclear center consisting of a CuB:heme o complex, 

which is the main site of oxygen reduction within cytochrome boʹ (Pereira, et al., 

2008) (Garcia-Horsmant, et al., 1994). Low spin (electrons fill the lower energy 

orbitals first, leaving minimal unpaired electrons) heme has been implicated as the 

driving force for transporting protons across the membrane in the mitochondrial 

heme-oxidase cytochrome c (Tsukihara et al. 2003); the low spin hemes present in 

cytochrome boʹ may function in a similar manner. Subunit II, encoded by cyoA, is 

important in substrate binding and the transfer of electrons from ubiquinol to 

heme b in subunit I (Nakamura, et al., 1997). Subunits III and IV, encoded by cyoC 

and cyoD respectively, are suggested to be important for correct protein folding 

of subunit I  (Nakamura, et al., 1997). The last gene in the operon, cyoE, is 

responsible for heme o synthesis (Nakamura, et al., 1997). 

1.2.2.2. Cytochrome bd-type oxidases  

Cytochromes belonging to the bd-family are quinol oxidases found 

throughout prokaryotes that couple the oxidation of ubiquinol to the formation of 

a proton gradient and reduction of oxygen to water. The bd-type oxidases of E. 

coli, cytochrome bd-I and bd-II, exhibit significant sequence homology and bind 

the same cofactors (Sturr, et al., 1996). Though cytochrome bd-I produces a proton 

gradient (Δψ) via ubiquinol oxidation, it does not actively pump protons into the 

periplasm, separating from heme copper oxidases (Figure 1.3) (Borisov, et al., 

2011). The lack of a proton pump makes it energetically less effective than 

cytochrome boʹ: cytochrome bd-I has a H+/e- ratio of 1, and cytochrome boʹ has a 

ratio of 2 (Unden & Bongaerts, 1997) (Borisov, et al., 2011) (Puustinen, et al., 

1991). Early studies suggested that cytochrome bd-II did not contribute to the 
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proton gradient (Bekker, et al., 2009), although later it was shown to have a H+/e- 

ratio of 1 like cytochrome bd-I (Borisov, et al., 2011).  

Cytochrome bd-I has been shown to be upregulated under microaerophilic 

conditions (Tseng, et al., 1996) and under conditions of nitrosative stress (Giuffre, 

et al., 2014) (Mason, et al., 2009), whereas cytochrome bd-II has been shown to 

be maximally expressed upon entry into stationary phase and during phosphate 

starvation (Atlung & Brondsted, 1994). Cytochrome bd-II is able to function in less 

aerobic conditions than cytochrome bd-I as the transcription is controlled by ArcA 

and AppY, not Fnr unlike cytochrome bd-I (Borisov, et al., 2011) (Atlung & 

Brondsted, 1994).  

Two (b558 and b595) of the three hemes present in cytochrome bd are 

protoheme IX groups while heme d is a chlorin molecule. Heme b558 is situated in 

subunit I (Green, et al., 1986) and is directly involved in quinol oxidation (Borisov, 

et al., 2011). It has been noted that both subunits are necessary for hemes b595 

and d to assemble correctly suggesting the hemes are coordinated between them 

(Figure 1.4) (Newton & Gennis, 1991). The role of heme b595 still remains unclear, 

but together with heme d, the di-heme is suggested to be involved in oxygen 

reduction (Borisov, et al., 2011) (Borisov, et al., 2008). Further evidence suggesting 

the involvement of the di-heme in oxygen reducing is heme d high affinity to 

binding oxygen (Borisov, et al., 2011) making the bd-type oxidases ideal for 

microaerobic conditions.  
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Due to the involvement of bd-type cytochromes in virulence of pathogenic 

bacteria, and the role in growth and survival under a myriad of conditions, these 

oxidases have been viewed as a potential therapeutic target. Many inhibitory 

ligands like carbon monoxide, nitric oxide, and cyanide have been screened to this 

end (Meunier, et al., 1995) and have been found to bind to the active site readily 

(Borisov, et al., 2011) (Mason, et al., 2009) (Giuffre, et al., 2014), yet none have 

been successfully incorporated into a therapeutic. It is important to distinguish 

that though some ligands, e.g. nitric oxide, readily bind to the cytochrome bd 

active site, it also dissociates at a rate much faster than from the cytochrome boʹ 

oxidase (Mason, et al., 2009).  

Figure 1.4 Model of the structure of cytochrome bd-type in Geobacillus 
thermodenitrificans. Cytochrome bd in G. thermodenitificans and E. coli are nearly 
identical and the hemes are thought to reside in subunit I (Safarian, et al., 2016). The 
structure displayed is of G. thermodenitrificans with hemes displayed (protein data bank 
5IR6); subunit I- blue, subunit II- yellow, single transmembrane helix - red.  
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1.2.3. Respiration and antibiotics 

Previous studies have reported a link between antibiotic treatment and 

elevated aerobic respiration in E. coli (Lobritz, et al., 2015) (Kohanski, et al., 2008) 

(Kohanski, et al., 2007). Though substantial work has surrounded the connection 

between antibiotics and cellular respiration, controversy exists on the mechanism. 

While one hypothesis suggests the oxidative burst from excess reactive oxygen 

species (ROS) leads to damaged lipids, DNA, and proteins, another hypothesis 

involves a mechanism via which certain antibiotics are imported more rapidly 

during elevated respiratory activity as uptake can be linked to the proton motive 

force (PMF). 

The basis for ROS-mediated antibiotic cell death is visualized in Figure 1.5: As 

bactericidal antibiotics (specifically aminoglycosides, quinolones, and β-lactams) 

enter the cell and interact with their primary targets, the tricarboxylic acid (TCA) 

Figure 1.5 ROS-mediated cell death mechanism by bactericidal antibiotics. A common 
mechanism for bactericidal antibiotics is described as the formation of reactive oxygen 
species (  O͘2

-) from hyper activated ETC leading to cell damage. This is thought to be a main 
contributor to antibiotic-induced cell death. AB: Antibiotic. Adapted from Kohanski et al. 
(2010). 
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cycle is stimulated in response to cellular stress (Cpx and Arc regulators). The 

increase in electron donors from the TCA cycle hyper stimulates the electron 

transport chain which in turn churns out more energy for the cell to utilize 

(Kohanski, et al., 2010). As a side effect to elevated respiratory activity, ROS such 

as superoxide and hydrogen peroxide are created (Imlay, 2003). When the ETC is 

hyper-activated the systems in place to detoxify ROS are unable to prevent the 

ROS from interfering with other processes (Zhao & Drlica, 2014), and the buildup 

of superoxide then can damage iron-sulfur centers releasing ferrous iron to be 

used in the Fenton reaction (Equation 1.1) which in turn release hydroxyl radicals 

that severely damage nucleotides, lipids, and proteins and lead to cell death 

(Kohanski, et al., 2010) (Kohanski, et al., 2007) (Dwyer, et al., 2014). 

 

Equation 1.1 Fenton reaction  

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐻𝑂∙ + 𝐻𝑂− + 𝐹𝑒3+ 

 

Though convincing research has been conducted to support the hypothesis 

above, numerous studies have cast doubt on this, as accurate measurement of 

ROS is technically difficult and reliable data is therefore hard to come by. HPF 

(hydroxyphenyl fluorescein), a common dye used in ROS studies, is not only 

preferentially oxidized by hydrogen peroxide but also by redox-active metals, 

making accurate determination of ROS very difficult (Liu & Imlay, 2013) (Keren, et 

al., 2013). Also, the longer E. coli is exposed to antibiotics the greater 

autofluorescence it produces (Renggli, et al., 2013), thus the more difficult a 

fluorescent signal is to detect and analyze (Van Acker & Coenye, 2017). Studies 

also report that bacteria lacking an ETC are highly susceptible to bactericidal 

antibiotics and bacteria with a noncyclic TCA cycle lack an increase in ROS 

production to contribute to cell death (Van Acker & Coenye, 2017). To add to this, 

E. coli was shown to have no difference in survival against a host of antibiotics 

under anaerobic and aerobic conditions (Keren, et al., 2013) (Liu & Imlay, 2013).  

The other theory in which respiration influences antibiotic-mediated cell 

death corresponds to the uptake of the antibiotic. In accordance with the evidence 
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presented in the references above, research details the upregulation of TCA cycle 

and ETC genes when exposed to bactericidal antibiotics and documented 

resistance to the antibiotics in TCA cycle knockouts (Kohanski, et al., 2007). Yet 

instead of a ROS related pathway, some suggest this surge in ETC activity creates 

a larger PMF (Δψ), which promotes antibiotic uptake (aminoglycosides in 

particular): some aminoglycosides such as gentamicin have a positive charge; 

therefore, transport into the cell is thermodynamically favorable as the charge 

component of the PMF will be dissipated upon antibiotic entry (Ezraty, et al., 2013) 

(Taber, et al., 1987) (Farha, et al., 2018).  

 

1.3. Immune Responses and Respiratory Inhibition of E. coli 

1.3.1. Nitric oxide and the immune system 

Nitric Oxide (NO) is a free radical gas and within the human body it is known 

to function in circulation, nervous system, and the immune response (Roszer, 

Figure 1.6 Nitric oxide (NO) released by immune cells is toxic to intracellular pathogens. 
When pathogenic E. coli is sensed by activated macrophages, NO is released. NO reacts 
with reactive molecules within the cell to create highly toxic compounds that lead to cell 
death. 



17 | P a g e  
 

2012). Immune cells involved in the response to bacterial pathogens will produce 

NO to aid in their elimination (Figure 1.6) (Bogdan, 2001).  

 Synergistic relationships between NO and other free radicals are major 

contributors to its cytotoxicity. An important antimicrobial molecule is produced 

when NO encounters superoxide to make the reactive molecule peroxynitrite 

(ONOO-). Strong oxidizing reactions of ONOO- allow it to disrupt DNA, lipids, thiol 

groups and proteins by binding tightly thus becoming much more cytotoxic than 

NO on its own (Bogdan, 2001) (MacMicking, et al., 1997) (Pacher, et al., 2007).  

The potent bactericidal effects of NO and relatively low toxicity to 

mammalian cells highlight the potential use of NO-producing therapeutics to 

combat bacterial infections. Indeed, NO-donors have been used in several 

pharmacological studies (Feelisch, 1998) and many NO delivery molecules have 

been developed from such studies (Muscara & Wallace, 1999) (Nablo & 

Schoenfisch, 2003) (Hetrick, et al., 2008). However, one issue that will have to be 

considered is that bacteria often possess mechanisms of NO tolerance, so a 

detailed knowledge of these systems is necessary to properly assess the potential 

for NO as a therapeutic. 

1.3.2. Nitric oxide and E. coli 

Pathogenic Escherichia coli and nitric oxide are most likely to interact when 

the innate immune system is active and phagocytic cells (i.e. activated 

macrophages and neutrophils) are releasing NO into the environment (Figure 1.6) 

(Bogdan, 2001). E. coli may also encounter NO from nearby bacteria via bacterial 

homologues to mammalian nitric oxide synthases (iNOS) (Sudhamsu & Crane, 

2009) (Crane, 2008) and/or from the byproducts of anaerobic respiration of other 

bacterial species (Jurtshuk, 1996). Hence, E. coli has evolved strategies to deal with 

this nitrosative stress. These strategies are summarized in Figure 1.7 and are 

described in detail below.  

1.3.2.1. NO detoxifying enzymes 

Periplasmic cytochrome c nitrite reductase (NrfA), when nitrate and/or 

nitrite is present, converts toxic NO into ammonium (Figure 1.7) (Wang & 
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Gunsalus, 2000) (Page, et al., 1990). It was shown that E. coli mutants deficient in 

NrfA were more sensitive to NO than the wild type in oxygen-limiting 

environments, suggesting NrfA plays an important role in NO detoxification under 

microaerobic and anaerobic conditions (Poock, et al., 2002).  

Flavohemoglobins are among the most widely distributed bacterial proteins 

and Hmp of E. coli is the best studied. Many sources have found substantial 

evidence for the upregulation of hmp in the presence of a nitric oxide donor 

(Poole, et al., 1996) (Hausladen, et al., 1998) (Poole & Hughes, 2000) (Membrillo-

Hernandez, et al., 1999). Under aerobic conditions, Hmp will oxidize NO into 

mostly nitrate and some nitrite (Figure 1.7); however, under anaerobic conditions, 

Figure 1.7 Schematic of various NO detoxifying proteins within E. coli. A) NrfA sits on the 
membrane to convert NO into ammonium in oxygen-limiting conditions. B) Hmp, is the 
main contributor to NO scavenging in aerobic conditions and will convert NO into nitrite 
and nitrate. C) The hybrid cluster protein (Hcp) and its reductase (Hcr) convert NO into 
nitrite and is upregulated in low concentrations of NO. D) NorVW is the main NO scavenger 
in anaerobic conditions and converts NO to nitrite. E) Cytochrome bd-type oxidases have 
been shown to be NO-tolerant allowing respiration to continue under nitrosative stress.  

 

A 

B 
C D 

E 
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Hmp will use NADH to reduce NO into NO- then N2O (Hausladen, et al., 1998) (Kim, 

et al., 1999).  

The flavorubredoxin protein NorV and the partner reductase NorW are 

important for the anaerobic detoxification of NO in E. coli (Gardner, et al., 2002). 

Multiple studies have shown an increase in transcription of norVW when various 

NO donors are present (Mukhopadhyay, et al., 2004) (Flatley, et al., 2005) (Pullan, 

et al., 2007). It was shown that while Hmp takes the leading role in detoxifying the 

cell of NO under aerobic conditions, NorVW dominates the detoxification process 

under anaerobic conditions (Gardner, et al., 2002) (Hutchings, et al., 2002) (Flatley, 

et al., 2005) (Poole, et al., 1996). 

Among the most recently discovered systems in E. coli for the defense 

against nitrosative stress is the hybrid cluster protein (Hcp) and its accompanying 

hybrid cluster reductase (Hcr). Hcp was originally thought to be involved in 

oxidative stress functions (Almeida, et al., 2006), and was also described as a 

hydroxylamine reductase (Wolfe, et al., 2002). However, considerable evidence 

emerged that supported a role in the nitrosative stress response (Vine & Cole, 

2011) (Filenko, et al., 2007) (van den Berg, et al., 2000) (Wang, et al., 2016). Hcp-

Hcr seems be complementary to NorVW as Hcp is much more sensitive to the 

concentration of NO than NorVW is under anaerobic conditions. While Hcp is most 

active in scavenging NO at lower concentrations below 100 nM (Wang, et al., 

2016), NorVW becomes most active when the cell is exposed to higher NO levels 

(Karlinsey, et al., 2012). 

As briefly stated in section 1.2.2, respiratory oxidases will bind NO but this 

inhibitor will readily dissociate from NO-tolerant oxidases such as cytochrome bd-

I of E. coli (Mason, et al., 2009). Previous studies have shown differential affinity 

towards NO and the possible benefits associated with the binding strategies 

employed. Cytochrome bd-I type has been experimentally shown to have high 

affinity for NO, but also high dissociation rates- compared to cytochrome boʹ, 
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suggesting that bd-I supports aerobic respiration in  the presence of low levels of 

nitrosative stress (Figure 1.7) (Giuffre, et al., 2014) (Mason, et al., 2009).  

 

1.4. Hypotheses and Research Strategies 

 As more novel therapeutics are needed to combat AMR, it is important to 

understand the underlying mechanism that allows pathogenic bacteria to escape 

the lethal action of antibiotics. As much debate over the mechanism which aerobic 

respiration can potentiate the toxic effects of aminoglycosides, the impact of the 

immune system upon this process has been largely overlooked. Hence, this was 

the chosen area of study for this MSc project. This project focused on four 

hypothesis and research strategies to understand the mechanism and is 

represented in Figure 1.8. 

Hypothesis 1. NO will diminish the efficacy of the aminoglycoside gentamicin. 

Research strategy 1: Viability assays in the presence of the NO-donor GSNO were 

chosen to investigate the effects of NO-mediated respiratory inhibition upon 

gentamicin-mediated killing. 

Hypothesis 2: The bd-type oxidases will promote antibiotic-mediated killing in 

the presence of NO. 

Research strategy 2: Strains with only one active oxidase were constructed to be 

used in viability assays in the presence of GSNO to investigate to effects of NO-

mediated respiratory inhibition upon each oxidase and gentamicin-mediated 

killing.  

Hypothesis 3: Gentamicin will elevate aerobic respiratory rates in E. coli. 

Research strategy 2: Oxygen consumption rates of wild type and newly 

constructed mutants were used to investigate the effects gentamicin has upon 

respiration. 
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Hypothesis 4: Gentamicin will elevate ROS production in E. coli, and NO will 

counteract this. 

Research strategy 4: Precise ROS measurements were gathered in the presence 

of GSNO and gentamicin to investigate the effects of NO-mediated respiratory 

inhibition upon gentamicin-mediated ROS generation.  

 

 

Figure 1.8 Differential contribution of the E. coli terminal oxidases to ROS and pmf 
generation in the presence of NO may affect antibiotic susceptibility. 1) Gentamicin 
increases e- entry into the ETC which stimulates respiration. 2) Increased respiration 
promotes ROS and pmf generation. 3) NO differentially inhibits the terminal oxidases 
affecting their contribution of ROS and pmf generation. 4) Cytochrome boʹ is the only 
oxidase that acts a proton pump while bd-I and bd-II contributes minimally to pmf; in the 
presence of NO pmf generation is dependent on the level of inhibition. 5) Gentamicin-
mediated ROS production is hypothesized to be the primary cause for cell death by 
aminoglycosides while the primary mode of action plays a minor part in cell death.  
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Chapter 2 
 

 

2. Materials and Methods 
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2.1. Bacteriological Methods 

2.1.1.  Bacterial strains and plasmids 

The bacterial strains and plasmids used and created are listed below in Table 

2.1 and Table 2.2, respectively. All bacterial strains utilized during this project are 

derivatives of E. coli clonal group ST131 strain EC958. Plasmid maps are shown in 

Figure 2.1   

Table 2.1 List of bacterial strains (all derived from E. coli EC958) 

Strain Strain Description Plasmid Antibiotic 
Resistance 

Reference 

MS10 WT - ESBL Lau, et al., 2008 

MS11 WT pKOBEG_Gm ESBL, Gm, Ap Shepherd 
laboratory 

MS16 cydAB::CmR  - ESBL, Cm Shepherd et al., 
2016 

MS107 WT pCP20_Gm ESBL, Gm, Tet Shepherd et al., 
2016 

MS506 cyoA::CmR - ESBL, Cm Claudia Ribeiro, 
Shepherd 
laboratory 

MS605 appCB::CmR pKOBEG_Gm ESBL, Gm, Cm Louis Holmes, 
Shepherd 
laboratory 

MS613 appCB::CmR - ESBL, Cm This work 

MS614 cydAB - ESBL Calum Webster, 
Shepherd 
laboratory 

MS623 cyoA pKOBEG_Gm ESBL, Gm This work 

MS625 cydAB pKOBEG_Gm ESBL, Gm Calum Webster, 
Shepherd 
laboratory 

MS628 cyoA appCB::CmR - ESBL, Cm This work 

MS629 cydAB appCB::CmR - ESBL, Cm This work 

MS630 cydAB cyoA::CmR -  ESBL, Cm This work 
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Table 2.2 List of plasmids used 

Plasmid Plasmid Description Antibiotic 
Resistance 

Parent Strain 

pCP20-Gent 10,030 bp; Expression of 
Flippase; Temperature 
sensitive (ts) replicon 

Gentamicin, 
Ampicillin  

MS107 

pKOBEG-
Gent 

8,264 bp; Expression of λ-
red machinery 

Gentamicin, 
Tetracycline  

MS11 

 

2.1.2. Oligonucleotides 

 All oligonucleotides utilized are listed in Table 2.3. Oligonucleotides 

designed for this body of work were synthesized by Integrated DNA Technologies.  

 

  

Figure 2.1 Map of plasmids used in this study.  A) Map of pCP20_Gm plasmid. B) Map of 
pKOBEG_Gm plasmid. 

A B 
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Table 2.3 List of oligonucleotides used 

Primer 
Number 

Name 5’ – 3’ Sequence Use Direction 

238 cyoA_Sc_fw  GTCAACGGAGGTCAGCCACT Screen presence or absence of cyoA gene Forward 

260 cyoA_Sc_rev2  CGCCCTTTTGCAACAGCTTC Screen presence or absence of cyoA gene Reverse 

271 cyoA_EC_fw  TTCGCCCGCAGAGGCAAGGG For screening of cyoA locus in EC958 Forward 

272 cyoA_EC_rev  TGCCCGCCCAAACTCCTTCT For screening of cyoA locus in EC958 Reverse 

336 appCsc_F  GTGCTGGCAGCGCCAGAAGA Screen presence or absence of appCB gene Forward 

337 appBsc_R  CAGAAGAGATAAGAATGGGA Screen presence or absence of appCB gene Reverse 

392 AppCB_500_F  TCGTCACTTTATCAATACGCTTCT Amplification of the chloramphenicol cassette for 
replacement of the appCB gene. Amplifies 500bp 
overhang from a ∆appCB strain 

Forward 

393 AppCB_500_R AGTTTGATTGCGGGAAATTAAGCA Amplification of the chloramphenicol cassette for 
replacement of the appCB gene. Amplifies 500bp 
overhang from a ∆appCB strain 

Reverse 

394 cydAB_F_600bp  GTGACGGATTTACAGTACGTTGCT Amplification of the chloramphenicol cassette for 
replacement of the cydAB gene. Amplifies 500bp 
overhang from a ∆cydAB strain  

Forward 

397 cyoA_F_500_New  CGAGAGAAACGTTAACCAGAATCA Amplification of the chloramphenicol cassette for 
replacement of the cyoA gene. Amplifies 500bp 
overhang from a ∆cyoA strain 

Forward 

398 cyoA_R_500_New  GTTTGCTGGATTATCTGGCGCTAC Amplification of the chloramphenicol cassette for 
replacement of the cyoA gene. Amplifies 500bp 
overhang from a ∆cyoA strain  

Reverse 

417 CydAB_R_500bp_new CTGCTACTATACGCGCGCGATTGA Amplification of the chloramphenicol cassette for 
replacement of the cydAB gene. Amplifies 500bp 
overhang from a ∆cydAB strain 

Reverse 
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420 AppCB_200_F GGCATTTACGCTGTACGGAC To screen Cm cassette insertion into AppCB locus of 
EC958 - Binds 200bp upstream of AppC  

Forward 

421 AppCB_200_R TGGCGTTGGTAATGTCCGAG To screen Cm cassette insertion into AppCB locus of 
EC958 - Binds 200bp downstream of AppB 

Reverse 

422 CmR_Sc1  CATTCATCAGGCGGGCAAGAATGTG To screen Cm cassette insertion - binds in the middle 
of Cm gene 

Forward 

426 cyoA_Sc_revN  CCTTCTGCACTTCCCTTTCG 200bp overlap screening primer for cyoA deletion in 
EC958 ST131 

Reverse 
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2.1.3.  Chemicals 

 Chemicals were purchased from Sigma unless stated otherwise. Nutrient 

agar, tryptone, and yeast extract were purchased from Oxoid. The Total Reactive 

Oxygen Species (ROS) Assay Kit 520 nm was purchased from ThermoFisher 

Scientific. Deionized and Milli-Q (MQ) water were used throughout. Reagents that 

required sterilization were autoclaved at 121°C, 15 psi (pounds of force per square 

inch) for 15 min; alternatively, filter sterilization was utilized using Millipore filters 

with 0.22 µm pore size.  

2.1.4. Media and buffer solutions 

2.1.4.1. Luria-Bertani media 

 250 mL of Luria-Bertani (LB) media contained 2.5 g of NaCl, 2.5 g of 

tryptone, and 1.25 g of yeast extract. Additionally, 3.75 g of nutrient agar was 

added when solid media was needed. The media was autoclaved for sterilization.  

2.1.4.2. Super optimal broth with catabolite repression (SOC) media 

 SOC broth was made by adding 10 g tryptone, 2.5 g yeast extract, 0.292 g 

NaCl, and 0.093 g KCl to 485 mL of MQ water. The solution was autoclaved. When 

the broth was cooled to below 60°C, 5 mL of sterile 2M Mg2+ and 10 mL of sterile 

1M glucose stock was added.  

2.1.4.3. Super optimal broth (SOB) media 

 SOB media was prepared as for SOC media without the addition of glucose.  

2.1.4.4. M9 minimal media 

 One liter of M9 minimal media was made by combining 200 mL 5X M9 salts, 

2 mL 1M MgSO4, 100 µL 1M CaCl2, 20 mL 20% (w/v) glucose, 50 mL 2% (w/v) casein 

hydrolysate, and 777 mL autoclaved deionized water.  

5X M9 salts consisted of 80.24 g sodium phosphate dibasic dihydrate (Na2-

HPO2·2H2O), 15 g potassium phosphate monobasic (KH2PO4), 2.5 g NaCl, and 5 g 
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NH4Cl added to 1 L of deionized water. This solution was thoroughly mixed then 

autoclaved for sterilization.  

2.1.4.5. Phosphate-buffered saline (PBS) 

 1X PBS solution was made by adding one tablet (oxiod dulbecco A) to 100 

mL deionized water. The solution was stirred until the tablet was completely 

dissolved then autoclaved for sterilization.   

2.1.5. Media supplements 

Ampicillin powder was dissolved in deionized water to produce a stock 

concentration of 125 mg/mL; the final concentration in supplemented media was 

125 µg/mL. Chloramphenicol powder was dissolved in 100% ethanol to produce a 

stock concentration of 34 mg/mL; the final concentration in media was 25 μg/mL. 

Gentamicin powder was dissolved in deionized water to produce a stock 

concentration of 30 mg/mL; the final concentration in supplemented media was 

30 µg/mL. All stocks were filter sterilized before use. 

2.1.6. Bacterial growth conditions 

 Unless otherwise stated, 10 mL starter cultures were inoculated from a 

single colony and grown overnight at 37 °C and 180 rpm in LB broth. Fresh media 

was inoculated with 1% starter culture (v/v). A New Brunswick™ Innova® 3100 

model water bath was used to grow liquid cultures.  

2.1.6.1. Optical density of E. coli culture 

The cell density of E. coli cultures was measured using a Cary 60 UV-vis 

spectrophotometer (Agilent Technologies) at 600 nm.  

2.1.6.2. Glycerol stocks of E. coli strains 

 When a new strain was confirmed or an old strain was replaced, glycerol 

stocks were made by adding 500 µL 50% (v/v) glycerol to 500 μL overnight starter 

culture in a sterile cryotube. This cryotube was appropriately labeled and stored 

at -80°C.  



29 | P a g e  
 

2.1.7. Gentamicin viability assay 

2.1.7.1. S-Nitrosoglutathione (GSNO) preparation 

GSNO was used as the exogenous source of nitric oxide. GSNO was made as 

previously described (Hart, 1985). Briefly, in a foil-wrapped 100 mL flask on ice, 

3.08 g reduced glutathione, 0.69 g of sodium nitrite (NaNO2), and 0.83 mL 12.1 M 

HCl were added to 18 mL deionized water. After 40 min of stirring on ice, 20 mL of 

acetone was added to the red solution and stirred on ice for an additional 10 min. 

The red/pink precipitate was collected via vacuum filtration then washed with 2 

mL ice-cold water five times, 10 mL acetone three times, and finally 10 mL ether 

three times. The red/pink gummy product was placed into a foil wrapped 

desiccator attached to a vacuum and left to dry overnight. The dry powder was 

placed in a foil wrapped falcon tube and placed in the -80°C freezer for no longer 

than one month.  

 GSNO was dissolved in water immediately before use. The concentration 

of the filter sterilized solution was determined by diluting 1:20 in deionized water 

in a cuvette and OD545 was measured. The extinction coefficient (Ɛ545) 15.9 M-1cm-

1 was used for quantification (Mohr, et al., 1996). 

2.1.7.2. Viability assays 

 10 mL of M9 minimal medium was inoculated with an overnight starter 

culture of each strain. The culture was grown to an OD600 of at least 0.3. Once 

reached, the cultures were diluted to an OD600 of 0.125 in 5 mL M9 medium or 5 

mL M9 medium containing 15 mM GSNO. Both cultures were statically incubated 

at 37°C for 30 min. The pre-exposed cultures were then exposed to various 

concentrations of gentamicin and statically incubated at 37°C for an additional 90 

min. Serial dilutions were performed in 1X PBS and 5 μL was plated in triplicate on 

LB agar (Figure A.1). The plates were incubated at 37°C overnight and calculations 

to determine CFU/mL were conducted. Concentrations of gentamicin used 

(μg/mL): 0.1, 0.5, 1, 5, 10, 50, 100, 250, 500, 1000. 
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 Two controls without the addition of gentamicin were averaged then used 

as the base value for data normalization for a ‘100% survival’ control. Percent 

survival data for each technical repeat was plotted against the concentration of 

antibiotic. Once plotted, IC90 was calculated using GraphPad Prism 6. IC90 of 2 

biological and at least 3 technical repeats were averaged, and standard deviation 

was used for error bars.  

2.1.8. Measurement of aerobic respiration rates using an oxygen 
electrode 

10 mL of freshly made M9 was inoculated with 100 µL starter culture in a 50 

mL flask. The culture was incubated in a shaking water bath at 37°C and 180 rpm 

until an OD600 of 0.6. Once reached, cells were pelleted and kept on ice until ready 

to use.  

To prepare the electrode (Rank Brothers), the water bath and connected 

pump was turned on to flow throughout the chamber while the chamber was filled 

with deionized water, stir bar turned on, and the plunger left off overnight. On the 

day of the experiment, the electrode was calibrated first with deionized water 

then M9 media.  

Three biological repeats were conducted for each strain tested. Pelleted cells 

were resuspended in M9 to achieve a final OD600 of 2; cells were diluted by 10-fold 

to record OD600. Either M9 or M9 with 15 mM GSNO (section 2.1.7.1) was added 

to the chamber and was left to equilibrate. Once the trace had settled, a baseline 

signal was recorded for 5 min. Cells were added to a final concentration of OD600 

= 0.1 into both chambers simultaneously and left for 30 min with the plunger off. 

After the pre-exposure period, a final concentration of 100 μg/mL gentamicin or 

an equal value of sterile water was added to the chamber and the plunger was 

immediately placed onto the chamber to eliminate air bubbles. Oxygen 

consumption was recorded for an additional 30 min.  

Oxygen consumption rates (OCR) were measured at least 100 seconds after 

gentamicin treatment at the fastest rate on consumption. The electrode used 
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exports oxygen diffusion as voltage; thus, concentration of oxygen was 

determined using the saturating O2 concentration of 200 µM (Equation 2.1) 

 

Equation 2.1 Conversion for oxygen concentration. V= output voltage; media saturating 
concentration of oxygen= 200 µM; Vmax = highest output voltage. 

[𝑂2] = 𝑉 × (
200µM

𝑉𝑚𝑎𝑥
) 

2.1.9. Reactive oxygen species Assay 

2.1.9.1. Method development 

Reactive oxygen species (ROS) are fleeting and are difficult to accurately 

measure. There is no standardized method to measure ROS, therefore careful 

experiment design was pertinent to ensure accurate and reliable results were 

achieved. The assay was designed to mirror the cell survival assay (section 2.1.7.2) 

in which cells were left to incubate with antibiotic for a maximum of 90 minutes 

after pre-exposure to GSNO. It has been shown E. coli will naturally grow in 

autofluorescence the longer it is exposed to antibiotic (Renggli, et al., 2013). The 

ROS dye used from the Thermo Fisher Total Reactive Oxygen Species Assay Kit 520 

nm (catalog number: 88-5930-74) detects NO as well as ROS; therefore, 

meticulous controls were gathered to ensure accurate results. A 4-gate analytical 

scheme adapted from McBee, et al. (2017) was used to aid in method 

development (Figure 2.3A). 

A BD FACSJAZZ™ flow cytometer was used to analyze samples for fluorescent 

signals. In each sample, at least 100,000 events were captured. The four gates used 

to determine activated ROS dye were: 1) cell size (single cell gate), 2) intact DNA 

(dapi gate), 3) elimination of background fluorescence (autofluorescence gate), 

and 4) ROS-activated dye (ros hi gate) (Figure 2.3). The first gate, cell size, was 

determined by the forward-scatter (FSC; measures size of a particle) and side-

scatter (SSC; measures internal complexity). Size was determined by eliminating 

doublets and assessing where most cells resided for each time point. All events 



32 | P a g e  
 

that passed the first gate were screened by the second gate- intact DNA. This gate 

was used ensure only intact cells were analyzed. The third gate was used to 

eliminate fluorescence originating in places other than activated dye (i.e. media 

and autofluorescence). Gentamicin-treated, DAPI-only dyed cells were used at 

each time point to account for autofluorescence. After background fluorescence 

was accounted, cells that exhibited fluorescence above a basal rate were 

collected. Untreated ROS- and DAPI-dyed cells were used at each time point to 

determine basal rate and accurately place this gate. Cells above this last gate were 

determined to have metabolically activated the ROS dye.  
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2.1.9.2. Protocol 

Figure 2.2 A robust gating procedure was used to analyze ROS production in E. coli. A 
representative plot layout to determine gates is shown using the GSNO positive control at 
the 120 minute time point. The first gate (singlet gate) eliminated doublets, aggregates, 
and debris. The subsequent gate (live cells) was used to ensure only cells with intact 
membranes were analyzed. Multiple controls were used to ensure the ROShi gate was 
properly placed. Cells within the ROShi gate were used to analysis. This histogram displays 
the controls used at the time point along with the experimental data. Data was analyzed 
utilizing FCS Express 7.  
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ROS was identified using a DCFA (2ʹ, 7ʹ-Dichlorofluorescin Diacetate) analog 

purchased in the Total Reactive Oxygen Species Assay Kit 520 nm from 

ThermoFisher. Ten mL of fresh M9 minimal media was inoculated with 100 µL 

overnight starter culture in duplicate for the strain analyzed and incubated at 37°C 

and 180 rpm. Once early log phase was reached, OD600 0.3, cells were placed on 

ice to prevent further growth. Cells were then diluted using M9 minimal media or 

M9 minimal media with the addition of 15 mM GSNO to an OD600 0.125. 500 µL 

of diluted cells were dyed with 0.5 µL of ROS dye then 200 µL of the ROS-dyed 

culture was aliquoted into a sterile well to incubate at 37°C for 30 minutes. Three 

time points were chosen to measure ROS: immediately prior to gentamicin 

treatment, 30 minutes post gentamicin treatment, and 90 minutes post 

gentamicin treatment. At each time point two technical repeats of 20 µL were 

gathered for measurement from each duplicate. After the first time point (before 

gentamicin treatment) samples were gathered, gentamicin was added to the 

cultures at a final concentration of 100 µg/mL. The cultures were thoroughly 

mixed then placed back into the incubator at 37°C until samples were sampled at 

the additional time points.  

Once the samples were collected, they were diluted, fixed, and DNA-stained 

prior to measurement. A solution of 25 µg/mL DAPI (4ʹ, 6-diamidino-2-

phenylindole) in 4% paraformaldehyde (PFA) in PBS (w/v) was used to fix and stain 

the DNA of the cells. The 20 µL samples were diluted in 180 µL of PBS. 50 µL of the 

DAPI-PFA-PBS solution was added to the sample and left at room temperature for 

at least 10 minutes but no more than 2 hours. Once fixed and stained, the samples 

were analyzed using the BD FACSJAZZ as explained above (Section 2.1.9.1). 

2.1.9.3. Data analysis 

Careful measurements and controls were used to ensure accuracy of ROS 

production. Cells that were selected in the final gate were determined to have ROS 

production above the basal rate of ROS production. Basal rate was determined by 

measuring the ROS production in untreated wild type E. coli cells. The percentage 
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of total cells passing from gate 3 that qualified for gate 4 were used in analysis 

(Figure 2.3). Statistical analysis was conducted using GraphPad Prism 6. 

2.2. Genetic Methods 

2.2.1. Plasmid DNA isolation 

Two plasmids were used during this work as listed in Table 2.2. The QIAprep 

Spin Miniprep Kit (QIAGEN) was used to isolate plasmids from parent strains using 

manufacture instructions. Sterile deionized water was used to elute the plasmids. 

Miniprepped plasmid DNA were frozen until needed.   

2.2.2. Polymerase chain reaction (PCR) 

The PCR reactions conducted within this body of work were exclusively 

colony PCR. A typical PCR reaction would contain 25 µL Q5® High-Fidelity 2X 

Master Mix (New England Biolabs) or 2x PCRBIO Taq Mix Red (PCRBiosystems), 21 

µL sterile MQ water, 300 nM of each primer, and 1.0 µL of resuspended colony. 

The PCR tubes were then placed in a thermocycler programmed with: one cycle at 

94°C for 5 minutes, 30-35 cycles at 94°C for 15 seconds, 50-65°C (depending on 

primer Tm) for 30 seconds, and 72°C for 4-5 minutes, one cycle at 72°C for 5 

minutes, and finally a hold at 10°C until removed from the thermocycler. 

2.2.3. DNA electrophoresis  

30 mL 1% (w/v) agarose gels with 0.5 µg/mL ethidium bromide (Sigma) added 

were prepared with 1X TAE buffer and used for DNA electrophoresis. The typical 

conditions set were 80V, 150 mA, for 40-60 minutes. 5 µL of DNA was mixed with 

1 µL of Blue/Orange 6X loading dye (Promega) then added to gel wells unless 

otherwise stated. 5 µL of a 1 kb DNA ladder (Promega) or 5 µL of a 1 kb 

Hyperladder™ (Bioline) was loaded in the first well to determine size of DNA 

fragments. Pictures of the agarose gels were captured in a UV box. 
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Chapter 3 
 

 

 

3. Results 
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3.1. Creation of Respiratory Mutants 

 In order to address the hypotheses outlined in Section 1.4, it was necessary 

to create a suite of E. coli strains that encode a single respiratory oxidase. Strains 

expressing ‘cytochrome bd-I only’ and ‘cytochrome bd-II only’ were created within 

this body of work; the strain expressing ‘cytochrome boʹ only’ was provided by 

Calum Webster in the Shepherd laboratory. 

3.1.1. An optimized protocol 

E. coli possesses three known respiratory oxidases: cytochrome boʹ, bd-I, and 

bd-II. Single knockout mutants of each oxidase existed prior to beginning this 

research (Table 2.1). Three new mutants strains expressing only one oxidase were 

generated using flippase-FRT (Flp-FRT) recombination and optimized lambda-Red 

(λ-Red) recombination technology as described in Datsenko & Wanner (2000). 

The three single mutant strains possessed an antibiotic (chloramphenicol) 

resistance marker (CmR) in place of the excised oxidase gene. These loci were first 

amplified with at least 500 bp overhangs on either side of the cassette for 

subsequent λ-Red recombination. The CmR cassette was then excised from each 

single KO mutant using Flp-FRT recombination that target the FRT sites that flank 

the CmR cassettes. The single mutants without antibiotic markers were then used 

as the base organism to create double knockout strains via λ-Red recombination.  

3.1.1.1. Amplification of the chloramphenicol cassette 

To begin the creation of the double mutants, amplification of CmR cassettes 

from the existing mutants was necessary. A large region of homology up- and 

Figure 3.1  Cm cassettes in place of excised oxidases were amplified. CmR cassettes in 
place the locus of a cytochrome gene was amplified with primers at least 500 bp away to 
ensure a large homology region to utilize during λ-Red recombination. 
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downstream of the CmR cassette was essential for a successful λ-Red experiment 

(Figure 3.1).  

The CmR cassette in the MS16 strain, a mutant with CmR in place of cydAB, 

was amplified using primers (Table 2.3) that bound at least 500 bp up- (#394) and 

downstream (#417) of the gene locus (Figure A.1); this cassette was later used to 

replace the cydAB gene to create a double knockout mutant. The CmR cassette in 

the MS506 strain, CmR inserted in place of cyoA, was amplified with primers that 

bound at least 500 bp up- (#397) and downstream (#398) of the gene locus (Figure 

A.2); this isolated cassette was used to replace the cyoA gene in a double knockout 

mutant. The CmR cassette in the MS605 strain, CmR inserted in place of appCB, was 

amplified using primers that bound at least 500 bp up- (#392) and downstream 

(#393) of the gene locus (Figure A.2); this CmR cassette was used in subsequent 

experiments to create a double knockout mutant. 

3.1.1.2. Flp-FRT recombination 

Once the CmR cassettes were amplified from the single mutant strains, the 

present CmR cassette required removal. An FRT (flippase recognition target) site 

was located on either side of the CmR gene. The recombinase flippase (Flp), 

encoded on the plasmid pCP20_Gm (Figure 2.1A), was used to excise the CmR 

cassette from the strains by allowing the cultures to incubate at 28°C and 180 rpm 

for 24 hours, changing to fresh media every 12 hours.  

3.1.1.3. λ-Red recombination 

The last step in the creation of double knockout mutants was to insert the 

CmR cassette with the large regions of homology in place of the appropriate gene. 

After initial failures (data not shown) to incorporate the CmR cassette into the 

single mutant strains, a systematic approach was taken to optimize the protocol. 

The λ-Red machinery (Exo, Gam, and Beta proteins) located on the pKOBEG_Gm 

plasmid (Figure 2.1B) that facilitated recombination with chromosomal DNA were 

under control of an araC promoter. The araC promoter was found to be optimally 

expressed when L-arabinose was the sole carbon source in M9 minimal media 
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(Guzman, et al., 1995) rather than SOB media as described in (Datsenko and 

Wanner 2000).  

To express the λ-Red proteins and perform the successful recombination 

experiment, 500 µL of starter culture was made electrocompetent by inoculating 

into 50 mL of M9 minimal media (no glucose) supplemented with 20 mM L-

arabinose and 30 µg/mL gentamicin added. The culture was incubated in a 250 mL 

flask at 28°C and 180 rpm until an OD600 of 0.3-0.6 was reached. Once reached, 

cells were transferred to an ice-cold 50 mL Falcon tube and pelleted at 8000 x g, 

4°C, for 10 minutes. The pellet was resuspended in 25 mL of ice-cold 10% (v/v) 

glycerol then spun at 4000 x g, 4°C, for an additional 10 minutes. This pellet was 

resuspended in 5 mL ice-cold 10% (v/v) glycerol then spun at the same conditions 

as before. The last resuspension was in 200 µL of ice-cold 10% (v/v) glycerol and 

the cells were either frozen or immediately used to electroporate the CmR cassette 

into.  

 Electrocompetent cells and the appropriate CmR cassette or MQ water 

(control) were added to a chilled electro-cuvette then tapped gently to mix. The 

cuvette was thoroughly dried then placed in a Bio-Rad electroporator with the 

following programmed conditions: 2450 V, 200 Ω resistance, 25 µF capacitance. 

The time-constant of the electroporation was recorded and 1 mL of prewarmed 

(37°C) SOC was immediately added to the cuvette then transferred to a sterile 

microcentrifuge tube. The cells were left to recover at 37°C and 180 rpm for 2 

hours. After recovery time, the cells were pelleted at 5000 rpm for 5 mins. 100 µL 

of cells were resuspended in remaining supernatant then plated onto prewarmed 

LB agar plates containing chloramphenicol. Plates were incubated for a least 

overnight at 37°C and up to 5 days. When chloramphenicol resistant colonies 

appeared, they were screened via colony PCR to ensure the CmR cassette was 

inserted in the correct locus using the screening primers listed in Table 2.3. Once 

confirmation was adequate using colony PCR the colonies were sequenced by 

GENEWIZ®. 
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Figure 3.2 λ-Red recombination was used to replace an oxidase gene with the 
chloramphenicol cassette. The amplified CmR cassette possesses at least 500 bp regions 
of homology with either side of the target oxidase. λ-Red proteins utilize the homology 
regions to excise the target oxidase gene and insert the CmR cassette. 

 

3.1.2. Engineering a ‘cytochrome bd-I only’ strain 

The strategy in achieving this mutant was to begin with a single KO mutant 

still containing the cydAB gene and remove the existing CmR cassette (present in 

either the cyoA or appCB gene locus). Once removed, a CmR cassette with 

homologous regions to the remaining oxidase gene outside cytochrome bd-I could 

be inserted to create a chloramphenicol resistant strain capable of solely 

expressing the cytochrome bd-I oxidase.   
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The parent strain for engineering a strain with only cytochrome bd-I active 

was MS506, a cyoA::CmR strain lacking cytochrome boʹ. The CmR cassette was 

excised via Flp-FRT recombination (Section 3.1.1.2). Three colonies that were 

sensitive to chloramphenicol, yet resistant to gentamicin and ampicillin were 

selected for screening via colony PCR to confirm CmR cassette deletion (Figure 3.3). 

M  1    2    3    4 

1.5 kb 

750 bp 

500 bp 

B 
Figure 3.4 Colony PCR to screen for 
removal of Cm cassette from a cyo::CmR 

strain. A) Diagram illustrating the CmR 
cassette present in cyoA mutant MS506 
with 500 bp regions of homology on each 
side of the gene locus. The screening 
primers (#271 and #272) used to confirm 
excision of CmR cassette produced a 1541 
bp fragment when the cassette is present 
or 563 bp when the cassette has been 
removed. B) 1 % agarose gel showing 
colony PCR products. Lane M) Promega 1 
kb DNA ladder. Lanes 1-3) Three CmS 
colonies obtained following an FRT 
flippase reaction were screened to test if 
the CmR cassette had been successfully 
removed. Lane 4) A cyoA::CmR colony 
(MS506) was screened with cyoA primers 
as a positive control.  

A 
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A PCR product of 563 bp was observed, corresponding to the correct size of 

fragment for a cyoA strain without the CmR cassette (Figure 3.3B).  

The cyoA::CmS strain, MS623, was then inserted with pKOBEG_Gm 

(encodes λ-Red machinery), and was used to replace the appCB gene with a CmR 

cassette with the appropriate homologous regions (Section 3.1.1.3). Colonies 

growing on LB Cm agar following the λ-Red experiment were screened to ensure 

no contamination occurred. Desired colonies were resistant to gentamicin 

(pKOBEG_Gm plasmid), chloramphenicol (CmR cassette), and ampicillin (EC958 

strains are intrinsically resistant to ampicillin). Colonies that met these criteria 

A 

Figure 3.6 Colony PCR to screen for 
the introduction of appCB::CmR in a 
cyoA strain. A) appCB gene locus with 
screening primers that bind 500 bp 
upstream (#392) and downstream 
(#393). The insertion of the CmR 
cassette shortens the gene locus. PCR 
fragment length with appCB gene is 
4218 bp. PCR fragment length with 
CmR cassette insertion is 2063 bp. B) 
1% agarose gel with colony PCR 
products. Lane M) Promega 1 kb DNA 
ladder. Lanes 1-5) CmR colonies 
selected after λ-Red recombination to 
confirm insertion of CmR cassette in 
place of the appCB gene. Lane 6) WT 
control. Lane 7) CmS boʹ control colony 
(MS623). 

M    1    2     3   4    5    6      7 

5 kb 

4 kb 

2.5 kb 

B 

3 kb 
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were screened via colony PCR to confirm insertion of the CmR cassette at the 

appCB locus (Figure 3.4): PCR products of roughly 2500 bp were observed, and 

subsequently sequenced to confirm appCB deletion (data not shown). 

3.1.3. Engineering a ‘cytochrome bd-II only’ strain 

The strategy in achieving a mutant only able to express cytochrome bd-II, 

appCB expression, was to begin with a single KO mutant still containing the appCB 

gene and remove the existing CmR cassette (present in either the cyoA or cydAB 

gene locus). Once removed, a CmR cassette with homologous regions to the 

remaining oxidase gene outside cytochrome bd-II could be inserted to create a 

chloramphenicol resistant strain capable of solely expressing the cytochrome bd-

II oxidase. The parent strain for this mutant was MS16, a cydAB::CmR strain 

deficient in cytochrome bd-I. The chloramphenicol cassette was flipped out via Flp-

FRT recombination by Calum Webster in the Shepherd laboratory creating strain 

MS614. 

A cydAB::CmS strain, MS614, was utilized to perform the λ-Red 

recombination experiment as described in Section 3.1.1.3. Colonies exhibiting 

resistance to chloramphenicol, gentamicin, and ampicillin were screened via 

colony PCR to confirm CmR cassette insertion at the cyoA locus (Figure 3.5). The 

cyoA locus (948 bp) is nearly the same size as the CmR cassette (978 bp) (Figure 

3.5A); therefore, a primer that bound to the CmR cassette (#422) was paired with 

a cyoA reverse primer (#426). The expected PCR product of 678 bp was observed 

(Fig 3.5B). Confirmation via sequencing had not been successful at the time this 

thesis was submitted. 
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Figure 3.5 Colony PCR to confirm the introduction of cyoA::CmR in a cydAB strain. A) 
Diagram illustrating sizes of colony PCR fragments when the CmR primer (#422) and cyoA 
reverse primer (#426) are introduced to the cyoA locus. When the cyoA gene was present, 
no binding occurred. When the CmR cassette was present, a 678 bp fragment occurred. B) 
1% agarose gel depicting colony PCR products confirming a ΔcydAB cyoA::CmR genotype. 
Lanes M) Bioline Hyperladder™ 1kb ladder. Lane 1) Control WT (MS10) strain with cydAB 
screening primers (#394/#417); expected length: 3868 bp. Lane 2) Control cydAB strain 
(MS625) with cydAB screening primers; expected length: 1144 bp. Lane 3) cydAB cyoA::CmR 
strain (MS630) with cydAB screening primers; same expected  length as MS625. Lane 4) 
Control WT strain with CmR confirmation primers (#422/#426). No fragment expected. 
Lane 5) cydAB strain with CmR confirmation primers. No fragment expected. Lane 6) cydAB 
cyoA::CmR strain with CmR confirmation primers: 678 bp fragment expected. 

A 

M      1      2        3      M      4      5       6 

1.5 kb 

1.0 kb 

800 bp 

600 bp 
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3.2. Investigating the Relationship between NO-Mediated 
Respiratory Inhibition and Gentamicin Susceptibility 

Previous studies have linked antibiotic efficacy to respiration (Lobritz, et al., 

2015). Hence, to explore the relationship between NO, antibiotic lethality, and 

respiration, respiratory knockouts (KO) were used. Strains only able to express one 

respiratory oxidase were used to determine the contribution of each terminal 

oxidase to respiration and protection against gentamicin in the presence of NO. 

Strains used in the following experiments consisted of a wild type E. coli ST131 

EC958 strain (boʹ bdI bdII, MS10), a cytochrome bd-I active strain (boʹ bdI bdII, 

MS628), a cytochrome boʹ active strain (boʹ bdI bdII, MS629), and a cytochrome 

bd-II active strain (boʹ bdI bdII, MS630). 

3.2.1. NO and gentamicin antagonistically effect terminal oxidase 
activity resulting in decreased antibiotic susceptibility  

In order to address hypothesis 1 (i.e. NO will diminish the efficacy of the 

aminoglycoside gentamicin), viability assays to measure the gentamicin-mediated 

killing of WT E. coli EC958 were conducted in the presence and absence of NO-

releasing compound GSNO (Section 2.1.7.2). An early exponential phase (OD600 

0.3) culture grown in M9 media was exposed to 15 mM of GSNO for 30 min. After 

pre-exposure to NO, the culture was treated with various concentrations of 

gentamicin for 90 min. Colony forming units (CFUs) were used to calculate percent 

survival (Figure 3.6) then plotted and used to calculate the IC90 of gentamicin in 

the presence and absence of NO (Figure 3.7A). The assay featured two controls 

without exposure to gentamicin; the CFU/mL counts were averaged and used for 

data normalization as a ‘100 % survival’ control. IC90 was calculated for each of the 

three technical repeats of each biological repeat. At least two independent 

biological repeats were conducted for each strain. The data clearly demonstrate a 

large increase in IC90 in the presence of GSNO (19.96 µg/mL in the absence of 

GNSO and 146.0 µg/mL in the presence of GSNO, P=.0213; Figure 3.7A & E), which 
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is consistent with NO diminishing the efficacy of gentamicin killing and the 

acceptance of hypothesis 1. 

Figure 3.6 Nitric Oxide protects E. coli from the lethal effects of gentamicin. 3 technical 
repeats of the survival assay of a WT E. coli ST131 EC958 strain in the absence (A) or 
presence (B) of GSNO.   
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T-turn white.  

Figure 3.7 Decrease in gentamicin lethality in the presence of NO is linked to aerobic 
respiration. A-D) Cell survival of strains plotted against various concentrations of 
gentamicin. Data points reflect the mean and SD of at least three replicated from two 
independent assays. E) IC90 of gentamicin in the presence or absence of GSNO. F-I) Oxygen 
consumption traces in the presence or absence of NO. Black arrow denotes gentamicin 
addition and plunger placement. J) Oxygen consumption rates (OCR) of strains in the 
presence and absence of NO. (Student’s unpaired t-test *: p < 0.05, **: p < 0.005). 

 

Figure 3.13 Decrease in gentamicin lethality in the presence of NO is linked to aerobic 
respiration. A-D) Cell survival of strains plotted against various concentrations of 
gentamicin. Data points reflect the mean and SD of at least three replicated from two 
independent assays. E) IC90 of gentamicin in the presence or absence of GSNO. F-I) Oxygen 
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To test hypothesis 2 (i.e. the bd-type oxidases will promote antibiotic-

mediated killing in the presence of NO), similar viability assays were undertaken 

for bd-I only, boʹ only, and bd-II only strains (Figure 3.7B-D). These data 

demonstrate the terminal oxidases do not act similarly when exposed to NO. The 

presence of only the bd-I oxidase showed a trend to promote killing in the 

presence of NO (average GSNO exposed IC90 is 4.091 µg/mL while average 

untreated IC90 is 21.71 µg/mL); however, the data is not statistically significant. 

The boʹ and bd-II only strains showed resistance to killing in the presence of NO, 

yet the bd-II strain had the only significant change seen (P< .005). Cumulatively 

these data do not support hypothesis 2; although the bd-I only strain shows a 

trend for promoting antibiotic-mediated killing in the presence of NO the data is 

not statically sound and more robust experimentation needs to be done.  
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 It was anticipated that a decrease in gentamicin killing would coincide with 

a decrease in aerobic respiration. To confirm this, oxygen consumption 

measurements were gathered under similar conditions as the viability assays 

(Section 2.1.8). The oxygen traces for wild type and the double knockout mutant 

strains are presented in Figure 3.7F-I. These data clearly demonstrate respiratory 

Figure 3.14 Gentamicin elevates aerobic respiration in pathogenic E. coli.  A) 2 biological 
repeats of WT E. coli oxygen consumption traces. Black arrow denotes when plunger is 
placed on chamber. B) Oxygen consumption rates of E. coli in the presence or absence of 
gentamicin. (Students unpaired t-test; **: p < 0.005) 

 

Figure 3.8  Gentamicin elevates aerobic respiration in pathogenic E. coli.  A) 2 biological 
repeats of WT E. coli oxygen consumption traces. Black arrow denotes when plunger is 
placed on chamber. B) Oxygen consumption rates of E. coli in the presence or absence of 
gentamicin. (Students unpaired t-test; **: p < 0.005) 

A 
 

B 
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inhibition in the presence of NO. This is antagonistic to the ability of gentamicin to 

increase respiratory rates in E. coli (hypothesis 3; Figure 3.8). The oxygen 

consumption rates (OCR) are shown in Figure 3.7J; the strain expressing 

cytochrome bd-I only was the sole strain to not see significant oxygen 

consumption loss when exposed to GSNO (P= .1982). This observation was 

hypothesized to contribute to the susceptibility of the bd-I only strain to 

gentamicin when exposed to GSNO. The antagonistic effects to respiratory activity 

of the bactericidal gentamicin and GSNO was thought to protect the WT strain via 

inhibition of a universal ROS-mediated mechanism of bactericidal antibiotics to kill 

bacteria. Since respiratory activity in the GSNO-exposed bd-I only strain was 

determined to be statistically similar to the absence of GSNO, similar levels of 

aerobic respiratory-derived ROS were hypothesized to exist.  

3.2.2. Both gentamicin and NO increase ROS production 

To address hypothesis 4 (i.e. gentamicin will elevate ROS production in E. coli, 

whilst NO will counteract this), it was imperative to measure ROS production in E. 

coli after exposure to gentamicin, both with and without pre-exposure to GSNO. 

The ROS assay was designed to mirror the survival assays and oxygen consumption 

experiments as closely as possible; hence, ROS production was measured in the 

wild type strain to observe the impact NO exposure on ROS production (Section 

2.1.9). ROS production in the double mutant strains was not collected due to time 

constraints. Bacterial cultures were grown in M9 minimal media until early-log 

phase was reached. Cells were diluted with or without GSNO and dyed with a ROS 

Assay Stain available from the Thermo Fisher Scientific Total Reactive Oxygen 

Species (ROS) Assay Kit 520 nm. After 30 minutes incubation at 37°C, two technical 

repeats from each biological repeat (two total) were gathered. Gentamicin was 

added at the appropriate concentration and cultures were incubated for 30 or 90 
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additional minutes. Once samples were collected, they were stained with DAPI and 

fixed as described in Section 2.1.9.2. 

The data reveal a large increase in ROS production in comparison to the 

basal rate 30 minutes post gentamicin treatment which is then decreased after 90 

minutes of gentamicin exposure (Figure 3.9). Pre-exposure to GSNO did not elicit 

a change in ROS production after 30 minutes of gentamicin exposure; however, 90 

minutes post gentamicin treatment, GSNO significantly (P=.0430) increased ROS 

production in E. coli (Figure 3.9). This finding supports the claim that gentamicin 

increases ROS production in E. coli, but contrary to initial thought, NO enhances 

this observation. 

 

 

 

Figure 3.9 ROS production at various time points in the presence and absence of NO. WT 
E.coli experiences significant increase in ROS production after 30 minute exposure to 
gentamicin and after 90 minutes exposure to gentamicin total ROS is reduced. Pre-
exposure to GSNO elevates ROS production at 90 minutes. (Student’s unpaired t-test; *: p 
< 0.05). 
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Chapter 4 
 

 

 

 

4. Discussion 
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4.1. Engineering Sole Oxidase Mutants 

4.1.1. Introduction 

Mutants lacking a single oxidase can be helpful when determining the 

contribution to aerobic respiration, or lack thereof when exposed to antibiotic and 

NO. However, it has been demonstrated that in a cytochrome bd-I KO strain, 

cytochrome bd-II among other genes may compensate for the lost function of 

cytochrome bd-I (Shephed, et al., 2010). Therefore, in order to address the 

proposed hypotheses (Section 1.4), respiratory mutants expressing a sole known 

oxidase were necessary to assess the contributions of each terminal oxidase to 

protection during infection (i.e. in the presence of NO) from antibiotics without 

interference from an additional oxidase. 

To achieve mutants possessing only one out of the three terminal oxidases 

present in E. coli, a simple method was adapted from Datsenko and Wanner 

(2000). Lambda-Red recombination and Flp-FRT recombination were used to 

excise the desired oxidase gene from the chromosomal genome. After several 

initial attempts failed to produce results, success was achieved when changes 

were made to the media used to make the electrocompetent cells for the λ-Red 

experiment (Section 3.1.1.). 

4.1.2. An optimized protocol for λ-red recombination 

The original protocol adapted from Datsenko and Wanner (2000) initially 

failed to produce results. Cells carrying a helper plasmid with λ-red proteins were 

grown in SOB supplemented with gentamicin and 20 mM of L-arabinose to induce 

the λ-red proteins. This culture was grown at 28°C until an OD600 of 0.4-0.8 was 

reached. Cells were made electrocompetent by concentrating 250-fold and 

washing three times in ice-cold 10% (v/v) glycerol. 40 µL (8 x 107 cells/µL) of λ-Red 

expressing electrocompetent cells were added to a chilled cuvette then 16 µL 

(approximately 70 ng/mL) of purified DNA was mixed in. After electroporation, 

cells were recovered in 1 mL of SOC for 1 hour at 37°C. 100 µL of cells were added 
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to a selective plate and incubated overnight. If no colonies grew, the remaining 

culture would be plated following static incubation at room temperature. 

Methodical and systematic changes were introduced into the 

aforementioned method until successful mutants were achieved. A longer 

recovery time in pre-warmed SOC, gentle centrifugation steps during 

electrocompetent cell procedure, and harvesting cells earlier in log-phase were 

steps taken to address the failed λ-red experiments. The strains used for the 

experiment already lacked one terminal oxidase (essential for effective aerobic 

respiration), thus it was hypothesized knocking out an additional oxidase would 

cause significant growth impediment to the transformed strain. Subsequently, 

selection plates with recovered culture were left to incubate for up to 5 days to 

allow any slow growing colonies to appear, to no avail. The λ-red proteins on the 

pKOBEG_Gm plasmid (Figure 2.1B) are under control of the PBAD promoter and its 

regulatory gene araC. This common inducible promoter is tightly regulated and 

will only activate in the presence of L-arabinose and complete absence of glucose 

(Lee, et al., 1987). Further investigation of this promoter revealed maximum 

induction when induced in minimal media (Guzman, et al., 1995). When cells 

containing pKOBEG_Gm were grown in M9 minimal media (excluding the addition 

of glucose) rather than SOB media and the aforesaid steps were taken, successful 

results were achieved.  

4.2. NO-Mediated Antibiotic Resistance is Linked to Aerobic 
Respiration 

4.2.1. Introduction 

Nitric oxide has been of interest to use in novel therapeutics due to its 

cytotoxicity to bacterial cells and low interaction with mammalian cells (Bogdan, 

2001). However, bacteria possess sophisticated systems to evade the cytotoxic 

effects of NO, including the NO-tolerant terminal oxidase cytochrome bd-I. 

Cytochrome bd-I has been implicated to play a vital role in host colonization and 

is an important defence mechanism during immune attack (Shepherd, et al., 
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2016). This finding suggests aerobic respiration contributes significantly to the 

strategy E. coli utilizes in colonizing host cells since cytochrome bd-I allows the 

bacterium to continue to respire under nitrosative stress induced via the immune 

response. Aerobic respiration has also been linked to a common mechanism of 

killing by antibiotics through the production of excess reactive oxygen species 

(Kohanski, et al., 2007). These findings lead to the 4 hypotheses investigated 

herein: 

1. NO will diminish gentamicin efficacy in E. coli 

2. Cytochrome bd-type oxidases will promote gentamicin-mediated 

killing in the presence of NO 

3. Gentamicin will elevate aerobic respiration, while NO will inhibit 

respiratory function 

4. Gentamicin will elevate reactive oxygen species while NO will 

counteract production of ROS 

To investigate each hypothesis, three main experiments were conducted. 

To determine if NO would decrease gentamicin susceptibility in a pathogenic strain 

of E. coli, viability assays were conducted with NO-exposed cells at varying 

concentrations of gentamicin as described in Section 2.1.7.2. Similar assays were 

undertaken in newly engineered single oxidase strains (Section 3.1) to determine 

if the cytochrome bd-type oxidases increase gentamicin susceptibility when pre-

exposed to NO. To confirm proposed theories linking bactericidal antibiotics, such 

as gentamicin, to increased aerobic respiration, oxygen consumption was 

recorded in the presence and absence of NO after cells were treated with 

gentamicin (Section 3.2.1.). After correlation of respiratory function and 

gentamicin-mediated killing was established, investigation of the contribution of 

ROS production was conducted. To determine if gentamicin elevates ROS 

production, and if NO directly counteracts this, ROS measurements were collected 

in WT EC958 E. coli (Section 3.2.2.). 

4.2.2. Gentamicin and NO antagonistically affect aerobic respiration 
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A common mechanism in which bactericidal antibiotics (e.g. 

aminoglycosides) effectively kill bacteria has been proposed as an alternative to 

the primary mode of action the antibiotics use (Kohanski, et al., 2010). Evidence 

of altered metabolism (Belenky, et al., 2015) and increased respiration (Lobritz, et 

al., 2015) in response to bactericidal antibiotics lead to the theory investigated 

here within. Nitric oxide is an important biomolecule involved in the immune 

response and targets the terminal oxidases in the respiratory chain of E. coli 

(Borisov, et al., 2004) and has been shown to decrease antibiotic susceptibly in 

bacteria (Gusarov, et al., 2009). Understanding how the antagonistic effects of 

antibiotics and a major product of the immune system (e.g. NO) allow bacteria to 

escape the lethality of antibiotics is crucial in tackling AMR. 

It was determined gentamicin significantly increased oxygen consumption 

when added to a pathogenic strain of E. coli (Figure 3.8) while GSNO was 

confirmed to effectively shut down respiratory function (Figure 3.7F). The ability 

of GSNO to reduce respiratory function resulted in the increase in survival among 

cells when exposed to gentamicin (Figure 3.7A &E). Similar experiments were 

conducted on respiratory mutants to support the correlation between respiratory 

function and antibiotic susceptibility. No mutants show a difference in killing in the 

absence of GSNO; however, the wild type and bd-II only mutant show a significant 

difference in survival when exposed to GSNO (Figure 3.7). 

4.2.2.1. Lack of respiratory function is linked to decreased susceptibility to 

gentamicin  

Cytochrome bd-I has been shown to confer NO-resistance to E. coli (Mason, 

et al., 2009) thusly allowing the bacterium to continue to respire in nitrosative 

conditions. It was hypothesized the bd-type oxidases would promote gentamicin 

killing when pre-exposed to GSNO since the bd-type oxidases are deemed NO-

tolerant due to their high dissociation rates with the inhibitory ligand (Borisov, et 

al., 2011). NO was found to have a profound effect on a wild type strain effectively 

shutting down respiration and decreasing gentamicin susceptibility (Figure 3.7A & 
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F). The strain expressing cytochrome boʹ only was expected to mimic the WT 

phenotype when treated with gentamicin after pre-exposure to GSNO since boʹ is 

the most abundant oxidase in aerobic conditions with seemingly minimal 

interaction with the low oxygen bd-type oxidases. However, the lack of the bd-

type oxidases clearly made a difference in gentamicin susceptibility in the 

presence of GSNO as the IC90 in the presence of GSNO was significantly (Student’s 

unpaired t-test, P < .05) lower than in WT. This difference cannot be explained 

through respiratory activity investigated within this work. 

 The NO-tolerant mutant, bd-I only, experienced no significant difference in 

killing in the presence of GSNO compared to the absence of GSNO after treatment 

with gentamicin (Figure 3.7B &E). This strain also displayed no significant decrease 

in oxygen consumption when exposed to GSNO (Figure 3.7J). Though these 

combined findings support the NO-tolerant phenotype; they do not support the 

proposed hypotheses that sustained respiratory function results in increased 

gentamicin susceptibility. However, more robust investigation of the newly 

engineered mutants should be undertaken to confirm findings within.  

Cytochrome bd-II, although a bd-type oxidase, was shown to be severely 

inhibited by GSNO (Figure 3.7I) and consequently exhibited the highest amount of 

protection from GSNO against gentamicin-mediated killing (Figure 3.7D & E). 

These findings support the proposed hypotheses that inhibition of respiratory 

activity limits the susceptibility to gentamicin-mediated killing.  

The phenotypes exhibited by WT and the mutant bd-II only strain support 

the claim that aerobic respiration is intimately involved in antibiotic efficacy 

Respiration data (Figure 3.7F-J) also support the theory increased metabolic 

activity leading to increased ROS may be involved in the pathway of killing by 

gentamicin. Since GSNO and gentamicin act opposite to each other in regards to 

aerobic respiration, it was hypothesized ROS production would be increased by 

gentamicin but significantly reduced by NO thusly explaining the protection 

provided by GSNO.  
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4.2.2.2. ROS production is influenced by gentamicin and NO 

A by-product of aerobic respiration is the creation of common reactive 

oxygen species such as superoxide and hydrogen peroxide (Imlay, 2003); ROS are 

also theorized to be a major contributor to antibiotic-mediated killing (Kohanski, 

et al., 2010) (Figure 1.5). Gentamicin was determined to increase respiration 

(Figure 3.8), thus it was hypothesized an increase in ROS would be observed and 

GSNO would counteract this production (Figure 1.8). ROS production was seen to 

significantly increase at 30 minutes post gentamicin treatment with a sharp 

reduction at 90 minutes post gentamicin treatment (Figure 3.9). This suggests a 

major oxidative burst occurs shortly after the introduction of gentamicin. Since NO 

was shown to inhibit aerobic respiration (Figure 3.7), it was surprising to discover 

GSNO promoted ROS production rather than reduced ROS as proposed (Figure 

3.9). This finding has prompted an alternative explanation for the results described 

above. 

NO effectively shuts down aerobic respiration by binding to the NO-

sensitive terminal oxidases in E. coli, consequently inhibiting oxidase function. 

Aminoglycosides, along with other classes of bactericidal antibiotics, have been 

shown to hyperactivate the TCA cycle leading to excess NADH availability and 

upregulation of NADH dehydrogenase I (Ndh-I) (Kohanski, et al., 2007). As Ndh-I 

effectively catalyses the protonation of ubiquinone (Q) to ubiquinol (QH2), QH2 

accumulates within the membrane to be oxidized. With the terminal oxidases shut 

down by NO, QH2 is unable to be oxidized thus beings to build-up within the 

membrane. Some trigger (perhaps pressure to return to homeostatic conditions) 

influences QH2 to donate electrons to dioxygen within the cytosol creating 
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superoxide (O-
2) ions (Figure 4.1[5]). The NO-detoxifying enzyme Hmp is also 

upregulated in periods of nitrosative stress (Gardner, et al., 1998) (Poole, et al., 

1996). A by-product of Hmp’s ability to detoxify the cell of NO, is the production 

of superoxide that also contributes to oxidative stress (Membrillo-Hernandez, et 

al., 1996) (Figure 4.1[6]). Evidence of a NO-induced oxidative response has also 

been demonstrated through upregulation of the sosRX regulon offering additional 

support to the aforementioned results (Nunoshiba et al. 1993; Nunoshiba et al. 

1995).  

4.3. Model for Gentamicin Lethality in the Presence of NO in 
Pathogenic E. coli  

Building upon work demonstrating NO-tolerant oxidase cytochrome bd-I 

offers protection against antibiotics during infection (Shepherd, et al., 2016), it 

Figure 4.1 Model for the impact of NO upon ROS generation in E. coli. 1) Gentamicin 
stimulates hyperactivation of the TCA cycle promoting e- donors to enter the ETC and 
increase respiration. 2) Gentamicin stimulates excess ROS production via increased 
respiration. 3) NO differentially inhibits the terminal oxidases and decreases respiration. 
4) NO-mediated respiration inhibition diminishes ROS generation. 5) Build-up of ubiquinol 
(QH2) due to NO-mediated respiratory inhibition increases ROS. 6) Overexpression of Hmp 
in response of NO increases ROS production.  
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was important to investigate the mechanism in which this is facilitated. Herein, it 

has been shown that NO shuts down respiratory function allowing E. coli to escape 

the lethal consequences of antibiotics. This protection does not come from the 

reduction of ROS as initially thought since NO promotes the formation of ROS. 

Eliminating this possibility allows for another theory to come to the focus. The 

protection NO offers may be due to a depleted proton gradient (Δψ) stemming 

from lack of terminal oxidase activity. Gentamicin is a highly positively charged 

molecule (Figure 4.2A); therefore, the Δψ provided by the ETC may be a driving 

force of gentamicin entry into the cell (Bryan & Kwan, 1983) (Hancock, 1981). Once 

in the cell, gentamicin can perform the primary mode of action (attach to the 30S 

ribosomal unit and promote mistranslation of proteins) and kill the bacterium 

(Figure 4.2B). NO inhibits terminal oxidase activity, which may reduce the Δψ 

significantly limiting gentamicin entry. Any contribution of ROS resulting from 

gentamicin induced respiration seems to be inconsequential to antibiotic 

susceptibility since the condition in which the most ROS is produced is the same 

condition that effectively avoids gentamicin lethality (Figure 4.2B). 
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4.4. Future Research 

Though this work has solidified the relationship between antibiotics and 

respiration, much work needs to still be conducted to determine the role the 

immune system plays in antibiotic susceptibility. GSNO was found to induce ROS 

production in a wild type strain; hence, future research should be undertaken to 

determine if this pattern is also seen in strains lacking one or more respiratory 

Figure 4.2 Model for gentamicin lethality in the presence of NO. A) Gentamicin is a highly 
positively charged molecule. A large pmf (Δψ) may be a driving factor for entry into the 
cell. B) 1) Increased ROS in the presence of NO has negligible effect on cell death. 2) NO-
mediated respiratory inhibition decreases Δψ, which diminishes gentamicin entry into the 
cell. 3) The main mechanism of gentamicin-mediated cell death is the primary mode of 
action for the antibiotic and this is diminished by NO.   

A 

B 
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complexes. It was proposed the NO-detoxifying enzyme Hmp contributes 

significantly to the excess ROS seen when the cell is exposed to GSNO; therefore, 

measuring ROS production in a hmp knockout would be useful in determining if 

this theory is correct. To investigate the hypothesis put forward implicating the 

role of the proton gradient (Δψ) in gentamicin entry into the cell, gentamicin 

uptake assays and sensitive PMF measurements should be carried out in the 

presence and absence of GSNO. 

This work concentrates on the specific mechanisms of gentamicin evasion in 

pathogenic E. coli ST131 EC958 with the use of NO-donor GSNO. While Kohanski 

and colleagues (2010) detail β-lactams and quinolones as other antibiotic classes 

alongside aminoglycosides which are involved in a common metabolism-related 

mechanism for antibiotic induced cell death, it will be helpful to test the theories 

developed within this body of work, i.e. a common mechanism of antibiotic 

resistance resulting from NO-mediated Δψ depletion, to antibiotic classes 

emphasised to utilize this pathway. Alternative NO-donors, such as NOC-12 (NO-

releaser with extended half-life) or SNP (sodium nitroprusside) should also be 

utilized to determine if a common mechanism can truly be detailed in relation to 

bactericidal antibiotics and NO-mediated inhibition.  Furthermore, to fully 

understand the mechanism in vivo and determine novel therapeutics, it is 

important to consider the effect of macrophage-derived NO on antibiotic 

susceptibility and how iNOS inhibitors (e.g. L-NAME) alter antibiotic efficacy. 

Extending that line of work further, it will be interesting to determine infection 

rate in mice with iNOS -/- phenotype and how antibiotic susceptibility is further 

altered.  

A clear understanding of this mechanism will allow researchers to focus on 

exploiting this knowledge and develop therapeutics that control immune NO 

release during aggressive antibiotic courses. The findings herein also should be 

considered when developing therapeutics that may contain NO-releasing 

compounds as it may inadvertently promote antibiotic resistance rather than 

reduce it as planned.  
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Figure A.1 Amplified CmR cassette from 
MS16. 5 µL of 4 colony PCR reactions 
(Lanes 1-4) aimed to amplify the CmR 
cassette present in place of the cydAB 
gene in MS16 were loaded onto a 1% 
agarose gel. Lane 5 contains the 
sequential elution of the 4 PCR reactions. 
The expected fragment length was 1995 
bp.  
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Figure A.2 Amplified CmR cassette from cyoA and 
appCB mutant strains. 5 µL of sequentially eluted 
CmR cassette from an appCB mutant, MS605, (Lane 1) 
and a cyoA mutant, MS506, (Lane 2) on 1% agarose 
gel. Expected length of the CmR cassette originating 
from MS605 is 2063 bp while expected the length of 
the CmR cassette from MS506 is 1950 bp  

 

Figure A.2 Amplified CmR cassette from cyoA and 
appCB mutant strains. 5 µL of sequentially eluted 
CmR cassette from an appCB mutant, MS605, (Lane 1) 
and a cyoA mutant, MS506, (Lane 2) on 1% agarose 
gel. Expected length of the CmR cassette originating 
from MS605 is 2063 bp while expected the length of 
the CmR cassette from MS506 is 1950 bp  
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Figure A.3 Single mutant viability assay plates. CFU/mL counts were conducted from colony counts. Three technical repeats from a biological repeat 
are displayed below from MS628 (bd-I only) in the presence (A) and absence (B) of GSNO; MS629 (boʹ) only in the presence (C) and absence (D) of GSNO; 
and MS630 (bd-II only) in the presence (E) and absence (F) of GSNO. 
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are displayed below from MS628 (bd-I only) in the presence (A) and absence (B) of GSNO; MS629 (boʹ) only in the presence (C) and absence (D) of GSNO; 
and MS630 (bd-II only) in the presence (E) and absence (F) of GSNO. 
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