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Abstract 

Staphylococcus aureus is a leading cause of serious infections in humans, but treatment can 

be ineffective due to the emergence of antibiotic-resistant strains. During infection, the most 

important host defence mechanism against Staphylococcus aureus is the oxidative burst of 

neutrophils, which involves the rapid generation and release of reactive oxygen species. 

However, whilst it has been hypothesised that DNA is an important target of the oxidative 

burst, this had not been tested. 

 Work described in this thesis revealed that the neutrophil oxidative burst triggers 

the SOS DNA repair pathway in phagocytosed S. aureus, indicating that staphylococcal DNA 

is a target of the host immune response. A screen of a panel of mutants defective in various 

DNA repair processes revealed that the RexAB complex was essential for maximal 

staphylococcal survival in whole human blood, during incubation with purified human 

neutrophils and during invasive murine infection. This repair complex also conferred a survival 

benefit to Streptococcus gordonnii and Enterococcus faecalis in human blood, indicating that 

DNA is a conserved target of neutrophil-mediated killing. 

 Using recombinant S. aureus RexAB, it was demonstrated that this complex is a 

functional member of the AddAB family of helicase-nuclease enzymes, required for the repair 

of DNA double-strand breaks. In an effort to develop inhibitors of RexAB for use as potential 

therapeutics, subsequent work identified a compound that potentiated the activity of DNA-

damaging antibiotics. However, it was not possible to demonstrate inhibition of RexAB.  

 In summary, these data demonstrate that RexAB is required for staphylococcal 

survival during infection by repairing DNA damage caused by the neutrophil oxidative burst. 

Future work will focus on the discovery and development of small-molecule inhibitors of 

RexAB that could be used therapeutically to sensitise S. aureus to host immune defences.  
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I-TASSER Iterative theading assembly refinement 

K  

Kan Kanamycin 

KatA Catalase 

kb Kilobase 

kDa Kilodalton 

L  

LAC Los Angeles County 

LB Lysogeny broth 

LexA Locus for X-ray sensitivity A 

L-LDH L-lactate dehydrogenase 

L-NIO L-N5-(1-iminoethyl)ornithine 

L-NMMA NG-monomethyl-L-arginine 

LPS Lipopolysaccharide 

LTA Lipoteichoic acid 

LukGH Leukotoxin GH 

M  

M Molar 

MBL Mannose-binding lectin 

MSA Mannitol salt agar 

MBC Minimum bactericidal concentration 

MDP Muramyl dipeptide 

MGE Mobile genetic element 

MgrA Multiple gene regulator A 

MHC Major histocompatibility complex 

MIC Minimum inhibitory concentration 

MMR Mismatch repair 

MOI Multiplicity of infection 

MPO Myeloperoxidase 

MprF Multiple peptide resistance factor 

MrgA Metallo-regulated gene A 

MRSA Methicillin-resistant Staphylococcus aureus 

Msr Methionine sulphoxide reductase 

MSSA Methicillin-sensitive Staphylococcus aureus 

MurNAc N-acetylmuramic acid 

N  

NADPH Nicotinamide adenine dinucleotide phosphate 

NEB New England Biolabs 

NER Nucleotide excision repair 

NET Neutrophil extracellular trap 

NHEJ Non-homologous end joining 

NLR Nucleotide oligomerisation domain (NOD)-like receptor 

NO• Nitric oxide 

NO2 Nitrogen dioxide 
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NTML Nebraska Transposon Mutant Library 

O  
1O2 Singlet oxygen 

O2
•− Superoxide 

OatA O‐acetyltransferase A 

OD Optical density 
•OH Hydroxyl radical 

ONOO− Peroxynitrite 

P  

PAGE Polyacrylamide gel electrophoresis 

PAMP Pathogen-associated molecular pattern 

PBS Phosphate-buffered saline 

PCR Polymerase chain reaction 

PDB Protein Data Bank 

PerR Peroxide-responsive repressor 

PF4 Platelet factor 4 

PFA Paraformaldahyde 

Pi Inorganic phosphate 

PMBC Peripheral blood mononuclear cell 

PMN Polymophonuclear leukocyte 

PMP Platelet microbicidal protein 

PrecA recA promoter 

PRR Pattern recognition receptor 

PSM Phenol soluble modulin 

PVL Panton–Valentine leukocidin 

R  

RecA Recombinase A 

RecBCD Recombinase B, C and D 

RexAB Recombination exonuclease A and B 

RNAP RNA polymerase 

RNS Reactive nitrogen species 

ROS Reactive oxygen species 

rpm Revolutions per minute 

S  

SAB Staphylococcus aureus bacteraemia 

SaeRS Staphylococcus aureus exoprotein expression RS two-component system 

Sbi Staphylococcal binding immunoglobulin 

SCCmec Staphylococcal cassette chomosome mec 

SCIN Staphylococcal complement inhibitor 

ScpA Staphopain A 

SCV Small colony variant 

SDM Site-directed mutagenesis 

SDS Sodium dodecyl sulphate 

SEB Staphylococcal enterotoxin B 
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SEC Staphylococcal enterotoxin C 

SOK Surface factor promoting resistance to oxidative killing 

SpA Staphylococcal protein A 

SSB Single-stranded DNA binding protein 

SSC Side scatter 

ssDNA Single-stranded DNA 

SSL10 Staphylococcal superantigen-like 10 

SSTI Skin and soft tissue infection 

STEB Sucrose-Tris-ethylenediaminetetraacetic acid-bromophenol blue 

Strep Streptavidin 

T  

TB Terrific broth 

TBE Tris-borate-ethylenediaminetetraacetic acid 

TBST Tris-buffered saline with Tween 20 

TCR Transcription-coupled repair 

TEMED Tetramethylethylenediamine 

THB Todd Hewitt broth 

TLR Toll-like receptor 

Tm Melting temperature 

TNF-α Tumour necrosis factor-α 

tPMP Thombin-inducible PMPs 

TrxA Thioredoxin 

TSA Tryptic soy agar 

TSB Tryptic soy broth 

TSST-1 Toxic shock syndrome toxin 1 

V  

VISA Vancomycin-intermediate Staphylococcus aureus 

vra Vancomycin-resistance associated operon 

VRE Vancomycin-resistant Enterococcus faecalis 

VRSA Vancomycin-resistant Staphylococcus aureus 

VSSA Vancomycin-sensitive Staphylococcus aureus 

v/v Volume per volume 

W  

w/v Weight per volume 
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1 Introduction 

1.1 Staphylococcus aureus 

1.1.1 General characteristics of S. aureus 

Staphylococcus aureus is a Gram-positive bacterium that belongs to the phylum Firmicutes 

and is a member of the Staphylococcaceae family1. The bacterium was first discovered in 

1880 by Sir Alexander Ogston, who examined the pus from an infected surgical wound under 

a microscope to reveal grape-like clusters of cocci, which he referred to as staphylococci2. 

Using the recovered bacteria, Ogston was able to recreate the infection in guinea pigs and 

mice, confirming that staphylococci were the causative agent of infection. In 1884, Friedrich 

Julius Rosenbach isolated and characterised a pure culture of the bacterium3. The species 

was named S. aureus after its characteristic golden colonies, the colour of which result from 

production of the carotenoid pigment staphyloxanthin4. 

 The S. aureus genome was first sequenced in 2001 by Kuroda et al.5. This 

revealed a single, circular chomosome of ~2.8 Mb with a GC content of 36%, encoding 

approximately 2,800 proteins5,6. An estimated 78% of the genome is shared between different 

S. aureus strains, with up to 20% consisting of mobile genetic elements (MGEs) acquired by 

horizontal gene transfer6,7. These MGEs include pathogenicity islands, transposons, plasmids 

and prophages, many of which contribute towards virulence, host adaptation or antibiotic 

resistance. For example, the mecA gene found on the staphylococcal cassette chomosome 

mec (SCCmec) encodes resistance to methicillin5,7. 

 S. aureus is a facultative anaerobe and a producer of both catalase and 

coagulase8. It can be distinguished from non-pathogenic species by plating onto mannitol salt 

agar (MSA), which contains a high concentration of salt that is selective for members of the 

Staphylococcus genus, but is inhibitory for most other bacteria. MSA also contains mannitol, 

which can be fermented by S. aureus, and a pH indicator (phenol red). Fermentation of 

mannitol lowers the pH, leading to a colour change in the agar from red to yellow9. 
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1.1.2 Carriage of S. aureus 

S. aureus primarily exists as a commensal organism, colonising the skin and mucosal surfaces 

such as the thoat and gastrointestinal tract10,11. The most common site of colonisation is the 

nasal cavity, on the squamous epithelial surface of the anterior nares11,12. Approximately 20% 

of the population are persistent nasal carriers, where S. aureus is present for longer than 154 

days. Another 30% of the population are intermittent carriers and are transiently colonised for 

4-14 days. The remaining 50% are non-carriers, where S. aureus nasal colonisation is present 

for less than four consecutive days10,12,13.  

 Colonisation by S. aureus typically occurs early in life, with 50% of newborns 

testing positive for S. aureus nasal carriage at six weeks after birth14. This rate of carriage 

decreases within the first year, only to peak in individuals from 10 to 19 years of age, and then 

declines during adulthood. Although early colonisation is most likely due to transmission from 

the mother, the main route of transmission is from the environment to the hands and finally to 

the nasal cavity14–16. The carriage rate depends on multiple host factors, including gender, 

ethnicity, history of hospitalisation and underlying health conditions. For example, patients with 

HIV or diabetes tend to have higher rates of carriage of S. aureus10,13,14,17. Several bacterial 

factors also increase the rate of carriage and the presence of specific cell surface-associated 

proteins11,18,19. For example, staphylococcal clumping factor B (ClfB) binds to cytokeratin 10 

and loricin found on the surface of the nasal epithelium20,21. Whilst carriage is asymptomatic, 

persistent carriers are more likely to suffer from S. aureus infections, usually caused by the 

colonising strain10,11,13,15,22. 
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1.1.3 Infections caused by S. aureus 

Whilst S. aureus is primarily a commensal organism, it is also an opportunistic pathogen that 

can cause a wide range of infections in humans (Figure 1.1). These infections can be mild and 

superficial, such as skin and soft tissue infections (SSTIs), or life-theatening and invasive, 

such as infective endocarditis (IE), meningitis and septic arthitis8,17. 

 The first line of defence against bacterial infection is the skin, which acts as a 

physical barrier. When this barrier is disrupted, bacteria can invade the different layers of the 

skin architecture and cause SSTIs, which are the most common form of S. aureus 

infection23,24. Uncomplicated SSTIs involve the pores or superficial layers of skin, and are often 

resolved without treatment by an effective immune response mediated by neutrophils. These 

mild infections include furuncles (boils), impetigo and folliculitis23–25. Complicated SSTIs 

involve deeper layers of skin and underlying soft tissues, and include cellulitis, abscesses and 

necrotising fasciitis, which is a life-theatening condition that requires urgent surgery23,25,26.  

 In addition to broken skin, S. aureus is able to colonise the surfaces of indwelling 

medical devices, such as prosthetic joints, prosthetic heart valves and intravenous 

catheters27,28. Colonisation typically leads to the formation of biofilms, which protect S. aureus 

from host immune defences and antibiotics. However, these devices also provide the 

pathogen with an entry point into the bloodstream, which facilitates metastatic spread of S. 

aureus and the development of secondary infections. This can lead to more serious, life-

theatening conditions, such as meningitis, IE or sepsis8,17. 
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Figure 1.1. S. aureus infections in humans. 

S. aureus can cause a wide range of infections at different sites in the human body, including 

skin and soft tissue infections (SSTIs), septic arthitis and bacteraemia. Adapted from 

Wertheim et al. (2005)10. 
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1.1.3.1 Bloodstream infections 

Bacteraemia, or bloodstream infection, is defined by the presence of viable bacteria in the 

circulating blood and is one of the most serious types of staphylococcal infection29. After 

Escherichia coli, S. aureus is the most common cause of bacteraemia30. In the UK, over 

12,000 cases of S. aureus bacteraemia (SAB) are reported each year, with mortality rates of 

around 30%29,31. Groups most at risk of acquiring SAB include the elderly, those with 

indwelling medical devices (intravenous catheters, prosthetic joints or surgically-implanted 

materials), and patients with underlying medical comorbidities, such as diabetes, alcoholism 

or immunosuppression32,33. In most cases, SAB is caused by bacteria that are transferred from 

the nasal cavity to a body site where the strain can enter the bloodstream, for example, via a 

wound or an indwelling medical device22,29. Although S. aureus carriers are more susceptible 

to developing bacteraemia, they have lower SAB mortality rates than non-carriers, possibly 

due to the presence of protective antibodies against S. aureus33,34. 

 The high mortality rate of SAB is due in part to the frequent dissemination of S. 

aureus to other sites of the body, where it can establish serious infections such as septic 

arthitis, osteomyelitis, IE and tissue abscesses8,17. Cases of SAB are classified as either 

complicated or uncomplicated17. Complicated infection occurs in approximately 40% of SAB 

cases and is defined by attributable mortality, involvement of the central nervous system, 

metastatic sites of infection, an embolic stroke or recurrent infection within 12 weeks35.  Higher 

mortality rates are associated with complicated SAB, particularly when there is no clear focus 

of bacteraemia, or when the primary focus is from IE or pulmonary infections33,36. Therefore, 

timely treatment with appropriate antibiotics is essential for preventing or reducing metastatic 

spread in order to improve patient outcomes33,37–39. 
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1.1.4 Treatment of S. aureus infections 

Treatment of S. aureus infections is guided by the type of infection and antibiotic susceptibility 

of the infecting strain8,40. However, other factors that are taken into consideration include drug 

efficacy, toxicity, penetration of the antibiotic into certain tissues and dosing convenience41. 

 For infections caused by methicillin-sensitive S. aureus (MSSA), semi-synthetic 

β-lactamase-resistant penicillins such as flucloxacillin remain the preferred choice for treating 

strains that produce β-lactamase, while benzylpenicillin is effective for the minority of S. aureus 

strains that do not produce β-lactamase8,41. For serious MSSA infections such as IE or 

osteomyelitis, the most effective antibiotics are flucloxacillin and dicloxacillin, which have 

greater bactericidal activity than cephalosporins41. However, due to their lower toxicity, 

cephalosporins are preferred over flucloxacillin or dicloxacillin for SSTIs. Non-β-lactam 

antibiotics used in MSSA treatment include clindamycin, used to treat osteomyelitis and septic 

arthitis, and co-trimoxazole (trimethoprim and sulphamethoxazole) for minor S. aureus 

infections41–43.  

 The glycopeptide vancomycin is generally not used for treating MSSA infections 

because it is less effective than β-lactam antibiotics44. However, vancomycin is the preferred 

choice for treating methicillin-resistant S. aureus (MRSA) infections8,41. For severe SSTIs, 

vancomycin is given intravenously for two weeks to prevent bacterial dissemination into the 

bloodstream45. A combination of vancomycin and fusidic acid/rifampicin is used to treat SSTIs 

that do not respond to the glycopeptide antibiotic alone, and if vancomycin is unsuitable, 

linezolid or daptomycin are used40. Uncomplicated SSTIs are treated with tetracycline, 

clindamycin, co-trimoxazole or a combination of rifampicin and fusidic acid, which is given 

orally for five to ten days40,45. Urinary-tract infections (UTIs) caused by MRSA are treated with 

tetracycline or vancomycin depending on the severity of infection40. 

 For SAB caused by MSSA or MRSA, treatment is given intravenously to directly 

sterilise the bloodstream17,29. This is continued for a minimum of two weeks for those with 

uncomplicated SAB, and for up to six weeks when the infection is complicated or has a deep 

focus. Cases of MSSA SAB are typically treated with semi-synthetic penicillins such as 
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flucloxacillin, or the lipopeptide antibiotic daptomycin if the patient has a penicillin allergy, 

whereas for MRSA SAB, patients are generally treated with vancomycin or daptomycin17,29,46. 

However, since daptomycin is more frequently associated with persistent and relapsing S. 

aureus infection, vancomycin is the preferred choice46,47. 

1.1.5 Antibiotic resistance of S. aureus 

1.1.5.1 Penicillin resistance 

Penicillin is a β-lactam antibiotic that is produced by members of the Penicillium genus of 

fungi48. The β-lactam ring of penicillin is structurally similar to the terminal D-alanyl-D-alanine 

(D-Ala D-Ala) moieties of peptidoglycan precursors, which are cross-linked by transpeptidases 

during cell wall synthesis49,50. Binding of pencillin by the transpeptidase, instead of its usual 

substrate, irreversibly blocks cross-linking of the peptidoglycan chains, leading to inhibition of 

cell wall synthesis and eventually to bacterial lysis51,52.  

 Penicillin G was introduced in the 1940s and was considered a miracle drug as it 

drastically improved infection outcomes52,53. However, penicillin-resistant S. aureus strains 

appeared in hospitals after only two years, and by the 1960s, 80% of human isolates were 

resistant to the antibiotic54–56. Resistance to penicillin was mediated by the acquisition of a 

plasmid carrying the blaZ gene. This gene encodes for the β-lactamase enzyme that 

hydrolyses the β-lactam ring of penicillin, which inactivates the antibiotic51,52,56,57. 

1.1.5.2 Methicillin resistance 

Resistance to penicillin led to the development of the semi-synthetic β-lactam methicillin, 

which was introduced in 1959. This antibiotic was derived from Penicillin G and possessed a 

large side group on its β-lactam ring that sterically hindered β-lactamase activity, making it 

effective against β-lactamase-producing S. aureus strains51,52. However, methicillin-resistant 

S. aureus (MRSA) isolates were reported within a year58. Since then, MRSA has become 

prevalent worldwide with up to 53 million people colonised with the organism globally, which 
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is associated with an increased risk of infection59. The morbidity and mortality associated with 

MRSA infections lead to significant and greater societal and economic costs than MSSA52. 

 The mechanism of methicillin resistance took two decades to identify, and was 

found to result from horizontal gene transfer of a mobile genetic element termed the 

Staphylococcal Chomosome Cassette mec element (SCCmec)60. The SCCmec element 

contains the mecA gene, which encodes pencillin-binding protein 2a (PBP2a) that functions 

as a transpeptidase during cell wall synthesis. PBP2a has a very low affinity for β-lactams, 

which enables the bacterium to cross-link peptidoglycan even when other PBPs have been 

inactivated52,56,61. Eleven types of SCCmec element (I to XI) have been described to date, 

each with different combinations of mec gene and cassette chomosome recombinase (crr) 

gene complexes52. Detection of SCCmec by polymerase chain reaction (PCR) is often used 

in clinical diagnostic laboratories to determine whether an isolate is methicillin resistant62. 

Although methicillin is no longer used clinically, the term methicillin resistance applies to 

acquisition of the SCCmec element, which renders MRSA resistant to all β-lactam antibiotics, 

with the exception of the most recent generation of cephalosporin β-lactams52. 

 The earliest strains of MRSA were identified in hospitals, and termed hospital-

associated MRSA (HA-MRSA)52. HA-MRSA typically infects immunocompromised individuals 

with frequent or prolonged hospital stays, such as those with diabetes or human 

immunodeficiency virus (HIV)63. HA-MRSA strains usually carry SCCmec types I-III and are 

often multi-drug resistant, accounting for over 40% of hospital-acquired antibiotic-resistant 

infections per year64,65. In the UK, the most prevalent HA-MRSA strains are EMRSA-15 and 

EMRSA-1666,67.  

 Since the 1990s, community-associated MRSA (CA-MRSA) strains have emerged 

in several parts of the world and are typically more virulent compared to HA-MRSA such that 

they are capable of infecting healthy individuals68,69. CA-MRSA strains have the capacity to 

colonise multiple sites within the body and to survive on environmental surfaces, making them 

more easily transmitted from person to person63,70,71, and usually carry SCCmec types IV or 

V, which are believed to contribute towards a lower fitness cost due to their smaller size64,72,73. 
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A particularly successful CA-MRSA strain is USA300, which has become the most common 

cause of CA-MRSA infections in the USA74. Although HA- and CA-MRSA were initially 

separate populations, this distinction has become blurred due to horizontal gene transfer 

between the two groups, and CA-MRSA strains are the leading cause of hospital-onset 

infections in the USA67,75. 

 In addition to infecting humans, a third epidemiological form of MRSA has 

emerged in farm and domesticated animals, termed livestock-associated MRSA (LA-MRSA)6. 

Methicillin-resistance in LA-MRSA is conferred by the mecC gene, which is contained on 

SCCmec XI and has a 69% nucleotide identity to mecA76. The dominant LA-MRSA strain in 

Europe and the USA is ST398, which is primarily associated with pigs but has since been 

reported in other animal species, including cattle, chickens and horses77,78. A study by Price 

et al. (2012) found that ST398 originated as MSSA in humans, and that the β-lactam 

resistance in ST398 has evolved multiple times independently since its host jump from 

humans, implicating that antibiotic use in food animal production is a major driving force for 

the emergence of resistance78. Furthermore, host-switch events between humans and 

animals have led to the emergence of epidemic strains in new host populations. For example, 

CC97 is a major cause of bovine mastitis, but there have been increased reports of this lineage 

being associated with human infections6,79. This highlights the ability of S. aureus strains to 

spread and adapt to different host populations, as well as the impact of livestock production 

methods on the development of antibiotic resistance. 
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1.1.5.3 Vancomycin resistance 

The widespread prevalence of MRSA has led to the increased use of the glycopeptide 

antibiotic vancomycin, and with it, selection for isolates with reduced vancomycin 

susceptibility80. Vancomycin inhibits peptidoglycan synthesis, but instead of acting as a 

structural mimic like the β-lactams, inhibition is achieved by binding to the terminal D-Ala D-

Ala group of peptidoglycan precursors, which prevents cross-linking by PBPs81,82. 

 Resistance to vancomycin has emerged in two forms, resulting in vancomycin-

intermediate S. aureus (VISA) and vancomycin-resistant S. aureus (VRSA)80,83. VISA strains 

display reduced susceptibility to vancomycin and were first reported in 199780,84. The minimum 

inhibitory concentration (MIC) of vancomycin in VISA strains is 4 to 8 µg/ml, though these 

strains can also exist as a sub-population within a vancomycin-sensitive S. aureus (VSSA) 

strain (vancomycin MIC of ˂ 2 µg/ml), known as heterogenous VISA (hVISA)81,85–87. VISA 

strains have acquired adaptive mutations in response to vancomycin exposure, leading to 

increased peptidoglycan synthesis and thickened cell walls. The excess D-Ala D-Ala residues 

are thought to sequester vancomycin, while also reducing diffusion to sites of peptidoglycan 

synthesis56,81. Mutations have been reported in the accessory gene regulator (agr) operon, 

which is involved in virulence88–90; the vancomycin-resistance associated (vra) operon, 

involved in cell wall homeostasis91,92; and in subunits of RNA polymerase (RNAP)93,94. The 

sequential acquisition of these mutations leads to a gradual increase in the MIC81. 

 VRSA strains were first identified in 2002 and are defined as having an MIC of > 

16 µg/ml, although strains with vancomycin MICs of > 32 µg/ml have been reported85,87,95. 

Resistance is mediated by the vanA operon, acquired via horizontal gene transfer from 

vancomycin-resistant Enterococcus faecalis (VRE)81,95. The vanA operon encodes the 

alternative terminal peptide D-alanyl-D-lactose (D-Ala D-Lac), which is not recognised by 

vancomycin and enables S. aureus to continue with peptidoglycan synthesis in the presence 

of the antibiotic56,96. Although vancomycin resistance is not common, the emergence of VISA 

and VRSA strains is a concern due to the antibiotic being one of the first-line therapies for 

MRSA infections17,81,95. 
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1.1.5.4 Daptomycin resistance 

Daptomycin is a lipopeptide antibiotic that is used as a last resort for treating serious MRSA 

infections97. While the exact mechanism of action is still unclear, daptomycin has been shown 

to insert into and form oligomeric complexes withinin the membrane of Gram-positive bacteria. 

These oligomeric complexes disrupt the membrane integrity, leading to cell death98–100.  

 Although resistance to daptomycin is rare, several mechanisms have been 

reported in S. aureus clinical isolates, including changes to membrane composition, cell wall 

homeostasis and cell membrane charge98,101. For example, gain-of-function mutations in the 

multiple peptide resistance factor (mprF) gene increases lysyl-phosphatidylglycerol content in 

the cell membrane, which is proposed to stabilise the membrane and/or repel the 

antibiotic98,102. Another mechanism is enhanced expression of the D-alanyl-lipoteichoic acid 

(dlt) operon. This increases D-alanine incorporation into teichoic acid, which has been 

suggested to repel daptomycin from the bacterial membrane98. Daptomycin resistance has 

also been associated with disruption of the agr operon, disruption of the cell wall stress 

stimulon and mutations in RNAP subunits93,100,101,103.  

 Due to the emergence of VISA and VRSA strains, the clinical use of daptomycin 

is increasing and reports of resistance are becoming more common101. Since daptomycin is 

an antibiotic of last resort, treatment failure leads to poor patient outcomes. Therefore, it is 

necessary to develop new therapeutic strategies for the treatment of serious MRSA infections. 
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1.2 Immune response to S. aureus bloodstream infection 

1.2.1 Recognition of S. aureus in the bloodstream 

1.2.1.1 Pattern recognition receptors (PRRs) 

The bloodstream contains many circulating immune cells, including dendritic cells, neutrophils 

and monocytes, which are precursors to tissue macrophages104. These immune cells express 

specialised cell-surface receptors, known as pattern recognition receptors (PRRs), that are 

capable of recognising pathogens such as S. aureus105. PRRs bind directly to surface-bound 

or secreted bacterial products, known as pathogen-associated molecular patterns (PAMPs) 

(Figure 1.2A). PAMPs are conserved microbial components that are not produced by 

mammals and include peptidoglycan, lipopolysaccharide and unmethylated cytosine-

phosphate-guanosine (CpG) motifs on DNA105,106. 

 Binding of PAMPs to PRRs primes immune cells to undertake phagocytosis, 

stimulates bactericidal activity in neutrophils, and induces the release of cytokines and 

chemokines, which promote the recruitment and activation of other immune cells104,107. PRR 

binding also enables the function of antigen-presenting cells (APCs), such as dendritic cells, 

that process and display foreign antigens to T cells for the adaptive immune response105,108. 

The importance of PRRs in host defence is demonstrated by the enhanced susceptibility of 

TLR2 deficient mice to S. aureus infection when compared to wild-type mice109.  

 There are several different types of PRRs, including Toll-like receptors (TLRs) and 

nucleotide oligomerisation domain (NOD)-like receptors (NLRs)105. The TLR family consists of 

ten membrane-bound receptors that each recognise different PAMPs110. These receptors may 

be found on the cell membrane or the endosomal membrane, which enables the recognition 

of both extracellular and engulfed pathogens104. S. aureus PAMPs that are recognised by 

TLRs include peptidoglycan (TLR2), leukocidins (TLR4), CpG-rich DNA (TLR9) and diacylated 

lipoproteins (TLR2/6 heterodimers)111–113. Another family of PRRs are the NLRs, which are 

located in the cell cytoplasm105. The two most significant NLRs are NOD1 and NOD2, which 

detect bacterial molecules produced during peptidoglycan synthesis and/or degradation114. 
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Figure 1.2. Recognition of S. aureus in the bloodstream.  

Recognition of S. aureus by immune cells can occur directly via PRRs (A), or indirectly via 

opsonisation (B). PRRs include TLRs (such as TLR2, TLR4 and TLR9) and NLRs (such as 

NOD2), which bind to different pathogen-associated molecular patterns (PAMPs) to induce 

immune priming and activation. Opsonisation by complement and/or antibodies is required for 

phagocytosis, which is triggered by the binding of opsonins to their appropriate receptors on 

the host cell. TLR, toll-like receptor; NLR, NOD-like receptor; MDP, muramyl dipeptide. 

 

NOD1 recognises γ-D-glutamyl-meso-diaminopimelic acid (iE-DAP), which is produced by 

most Gram-negative bacteria115,116. In contrast, NOD2 is activated by muramyl dipeptide 

(MDP), which is found in all types of peptidoglycan117,118. 

1.2.1.2 Opsonisation of S. aureus 

Although PRRs are important for the detection of S. aureus by immune cells, the efficiency of 

phagocytosis is enhanced if bacteria are coated with host serum proteins, such as antibodies 

and/or complement system components, in a process known as opsonisation (Figure 1.2B)104. 

 During S. aureus infection, antibodies may be generated against bacterial 

antigens as part of the adaptive immune response. This response occurs later during the 

course of infection and is dependent on antigen presentation by APCs, which leads to T cell 

activation and production of antibodies by B-cells119. These antibodies bind to surface 

antigens, such as S. aureus iron surface determinant B (IsdB)120, via their antigen-binding 
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fragment (Fab) regions. Meanwhile, the fragment crystallisable (Fc) region of the antibody is 

recognised by immune cells via Fc receptors, inducing phagocytsis104. In addition to 

opsonisation of S. aureus, antibodies can activate the classical complement pathway and also 

neutralise toxins, such as  α-haemolysin (α-toxin, Hla)121,122. However, the production of 

antibodies against S. aureus rarely prevent infection, suggesting that the adaptive memory 

response is not completely effective119. 

 The human complement system is made up of more than 30 proteins that rapidly 

recognise and opsonise pathogens, activating a cascade that enables detection of pathogens 

even when numbers are low104,122. Complement activation occurs though thee different 

pathways. The classical pathway is initiated by binding of the C1 complex (complement 

component 1, made up of the subcomponents C1q, C1r and C1s) to antibody-antigen 

complexes on the surface of bacteria. The alternative pathway is initiated by spontaneous 

hydrolysis of C3, but due to the inhibition factors H and I in blood plasma, only activates fully 

on the surface of invading bacteria. The lectin pathway is initiated by the binding of mannose-

binding lectin (MBL) or ficolins to carbohydrates on the surface of bacteria, leading to the 

activation of MBL-associated serine proteases. All thee pathways eventually lead to the 

formation of C3 convertases, which are enzyme complexes that catalyse the key reaction in 

complement activation, namely the cleavage of the complement protein C3 into C3a and 

C3b122,123. Activation of complement results in the production of anaphylatoxins (such as C3a) 

to attract immune cells and promote inflammation, and opsonins (such as C3b, iC3b and C1q) 

to promote phagocytosis105. 
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1.2.2 Neutrophil recruitment and phagocytosis 

The most abundant immune cells in the bloodstream are neutrophils, which make up 60% of 

the leukocyte population and are a critical component of the innate immune response122. 

Neutrophils are derived from pluripotent haematopoietic stem cells in the bone marrow, where 

they take approximately 6.5 days to mature, after which they are released into the 

bloodstream124,125. Neutrophils circulate in the bloodstream for 10 to 24 hours before migration 

into infected tissues, and may function for an additional 1 to 2 days before undergoing 

apoptosis and clearance by macrophages105,124. Approximately 106 neutrophils are found 

within 1 ml of human blood, enabling the host to respond rapidly and robustly to infection126. 

In addition, neutrophil production increases upon infection, which provides a large number of 

neutrophils for a potent immune response127,128. 

 Neutrophils are the most important line of defence against S. aureus infections, 

which is highlighted by the recurrent staphylococcal infections in patients with neutropenia 

(abnormally low number of neutrophils) or disorders of neutrophil function122,129. For example, 

neutrophils derived from individuals with Chédiak-Higashi syndrome or chonic granulomatous 

disease (CGD) show reduced bactericidal capabilities and individuals are paticularly prone to 

staphylococcal infection130,131.  

 As part of the initial respose to bacterial invasion, neutrophils are recruited to sites 

of infection by chemokines, anaphylatoxins and other chemoattractants, including molecules 

secreted or shed by bacteria132. Host-derived chemotactic factors include interleukin 8 (IL-8), 

C-X-C motif chemokine ligand 1 (CXCL1) and the complement component C5a133. 

Chemoattractants derived from bacteria include lipoteichoic acid (LTA) or formylated peptides 

such as N-formylmethionine, which is required for protein synthesis in bacteria but not in 

eukaryotes134,135. Athough neutrophils are generally short lived, the release of pro-

inflammatory cytokines such as interferon-γ (IFN-γ) and tumour necrosis factor-α (TNF-α) 

leads to a delay in neutrophil apoptosis, likely enhancing the efficiency of pathogen recognition 

and removal136. 
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 Once they reach the site of infection, neutrophils bind and ingest S. aureus in a 

process known as phagocytosis, which is the major mechanism for removal of pathogens. 

Phagocytosis requires opsonisation of S. aureus by host serum molecules (section 1.2.1.2 

above), and occurs via an active, receptor-mediated process137. Direct uptake of the 

opsonised bacteria is mediated by the binding of distinct complement and Fc receptors on the 

neutrophil, triggering membrane reorganisation and actin polymerisation127. Complement 

receptors include CR1 (CD35), CR3 (CD11b/CD18) and CR4 (CD11c/CD18), all of which are 

constitutively expressed on the surface of neutrophils138. 

 The most important Fc receptors (FcRs) for inducing phagocytosis of opsonised 

S. aureus are Fcγ receptors (FcγRs), which bind to immunoglobulin G (IgG), the most common 

type of antibody104. Neutrophils express thee types of Fcγ (FcγRI-III). FcγRI (CD64) binds 

monomeric IgG with high affinity, whereas  FcγRII (CD32) binds monomeric IgG with low 

affinity but has a higher affinity for IgG dimers or aggregates. Meanwhile, FcγRIII (CD16) binds 

IgG complexes with low affinity and the FcγRIIIb isoform is exclusively and highly expressed 

on neutrophils, with approximately 150,000 receptors per cell139. The efficiency of 

phagocytosis is maximised by the combined action of PRRs and opsonin receptors105. 

1.2.3 Killing of S. aureus by neutrophils 

1.2.3.1 The oxidative burst 

Phagocytosis of pathogens by neutrophils leads to an oxygen-dependent process known as 

the oxidative (or respiratory) burst, which is the most important defence mechanism against 

S. aureus. The oxidative burst occurs within the phagosome approximately 20 to 90 minutes 

after uptake, and involves the rapid generation and release of reactive oxygen species (ROS) 

(Figure 1.3)140. The importance of the oxidative burst is demonstrated by the high incidence of 

S. aureus infections in chonic granulomatous disease (CGD) patients, who lack a functional 

NADPH oxidase enzyme and cannot generate ROS141. In addition, deletion of NADPH oxidase 

in mice is associated with increased susceptibility to S. aureus infections142, and treatment of 
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Figure 1.3. Neutrophil killing mechanisms. 

Neutrophils are capable of killing S. aureus intracellularly by inducing the oxidative burst and 

degranulation, exposing phagocytosed bacteria to ROS and antimicrobial proteins, 

respectively. Neutrophils can also form neutrophil extracellular traps (NETs) by releasing 

chomatin, histones and granule contents into the extracellular environment to trap and kill 

bacteria. CR, complement receptor. 

 

isolated human neutrophils with the NADPH-oxidase inhibitor diphenyleneiodonium (DPI) has 

been shown to reduce the killing rate of S. aureus143. 

 Generation of ROS requires the activity of nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase, which is assembled at the phagosomal membrane during 

phagocytosis144,145. This enzyme uses molecular oxygen to produce superoxide (O2
•−), which 

rapidly dismutates to yield hydrogen peroxide (H2O2) (Figure 1.4). Although O2
•− and H2O2 

have limited capacity to kill bacteria directly, they give rise to generate secondary ROS, such 

as the hydroxyl radical (•OH), hypochlorous acid (HOCl) and singlet oxygen (1O2), all of which 

are more reactive and therefore effective at killing phagocytosed bacteria146.  
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Figure 1.4. Generation of ROS and RNS. 

The first step of ROS generation is the reduction of oxygen (O2) to superoxide (O2
•−), catalysed 

by NADPH oxidase. O2
•− undergoes spontaneous dismutation to form hydrogen peroxide 

(H2O2), which can be used to generate hypochlorous acid (HOCl, catalysed by MPO), singlet 

oxygen (1O2) and the hydroxyl radical (•OH, via the Fenton reaction). O2
•− can also react with 

nitric oxide (NO•; generated by inducible nitric oxide synthase, iNOS) to generate peroxynitrite 

(ONOO−) and other RNS. ROS are shown in red and RNS shown in blue. MPO, 

myeloperoxidase. 

 

 The hydroxyl radical is generated from the reaction of H2O2 with ferrous iron (Fe2+), 

via a process called the Fenton reaction (Figure 1.4)147. This reaction also generates hydroxide 

and ferric iron (Fe3+), which can be reduced back to ferrous iron with O2
•−, via the Haber-Weiss 

reaction148. The •OH species is the most reactive of all ROS and the only one that can directly 

damage any biological molecule at diffusion-limited rates, making it a significant contributor to 

ROS-mediated killing of bacteria149–151. Another ROS is HOCl, which is generated from the 

myeloperoxidase (MPO)-catalysed reaction of H2O2 with chloride (Figure 1.4)148. Further 

reaction of HOCl with H2O2 leads to the generation of singlet oxygen (Figure 1.4), which has 

been shown to kill S. aureus bacteria in vitro148,152. However, although MPO deficiency affects 

at least 1 in 4000 people, these individuals only show an increased susceptibility to Candida 

infections, with no difference in susceptibility to S. aureus infection153. This contrasts 

dramatically with CGD patients, which suggests that whilst the oxidative burst is needed for 

efficient killing of S. aureus, MPO is not. 
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 The biological targets of ROS are proteins, lipids and nucleic acids. Examples of 

protein damage mediated by ROS include peptide bond cleavage, protein carbonylation, and 

oxidation of amino acid residues (particularly cysteine or methionine residues)154. Perhaps 

most importantly, H2O2 is able to diffuse freely across the bacterial cell membrane to oxidise 

solvent-exposed iron-sulphur (Fe-S) clusters and release free iron, which can react with H2O2 

to yield the highly-reactive hydroxyl radical (Figure 1.4)155. ROS can also attack membrane 

lipids such as glycolipids and phospholipids in a process known as lipid peroxidation. This 

process involves the production of fatty acid radicals, which initiate chain oxidation of 

polyunsaturated phospholipids and can lead to impaired membrane function156. 

 However, the most significant impact of the oxidative burst is believed to be upon 

DNA, because DNA damage can be lethal if not repaired147,151,157–160. ROS can react with the 

base or sugar groups of DNA, producing lesions such as strand breakage, DNA crosslinks, or 

base alterations that can cause mispairing (e.g. 8-oxo-2'-deoxyguanosine with adenine)161,162. 

Imlay et al. (1988) found that even a 10-minute exposure to millimolar levels of H2O2 created 

enough DNA damage to kill bacteria147. 

 Although ROS generally eliminate bacteria by causing oxidative damage, they can 

also kill microbes in an indirect, non-oxidative manner145. For example, O2
•− production leads 

to an increased phagosomal concentration of K+ to compensate for the negative charge. This 

promotes the activation of granule enzymes, which then kill bacteria by proteolytic attack163. 

Additionally, quorum-sensing (cell-density dependent) signalling molecules in S. aureus can 

be inactivated by HOCl, leading to a decrease in bacterial virulence and contributing towards 

clearance of S. aureus164. 

 In addition to the oxidative burst, neutrophils are able to generate reactive nitrogen 

species (RNS) that can react with biological molecules and inhibit metabolic processes, using 

a similar mechanism to ROS165. Most RNS are derived from the reaction of O2
•− with nitric 

oxide (NO•), which leads to the production of peroxynitrite (ONOO−) (Figure 1.4). The NO• for 

this reaction is generated by inducible nitric oxide synthase (iNOS) during the conversion of 
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L‐arginine to L‐citrulline165. Further reactions with ONOO− can lead to other types of RNS, 

such as nitrogen dioxide (•NO2) and dinitrogen trioxide (N2O3)166. 

 RNS have been shown to protect mice from S. aureus infections167,168. In addition, 

iNOS‐dependent NO• production can be detected in immune cells exposed to staphylococcal 

LTA169, and NO• has been shown to increase killing of phagocytosed S. aureus by 

cytokineplasts (motile anucleate fragments induced from neutrophils, with few granules and 

no oxidative burst activity)170. However, although RNS contribute to the killing of S. aureus, 

they are not essential for clearance of the pathogen170. However, since iNOS deficiency has 

not been demonstrated in humans its role in human immunity is unclear165. 

1.2.3.2 Degranulation 

Neutrophils produce a wide variety of antimicrobial molecules that are stored within 

cytoplasmic granules. Phagocytosis leads to the rapid fusion of these granules with bacteria-

containing phagosomes, a process known as degranulation (Figure 1.3)171. Thee types of 

cytoplasmic granules are found within neutrophils: azurophilic granules (also called primary 

granules), specific (secondary) granules and gelatinase (tertiary) granules137. 

 The azurophilic granules contain lysozyme, MPO, bactericidal/permeability-

increasing protein (BPI), azurocidin and a number of serine proteases (elastase, proteinase 

3, cathepsin G)105,137. These granules also contain α-defensins, cationic antimicrobial peptides 

(AMPs) that comprise up to 50% of the granule protein content and form pores in bacterial 

membranes172. Meanwhile, the specific granules contain an integral membrane component of 

NADPH oxidase (flavocytochome b558), in addition to lysozyme, collagenase, neutrophil 

gelatinase-associated lipocalin (NGAL) and human cationic antimicrobial protein 18 (hCAP-

18)173,174. Specific granules also contain lactoferrin for the sequestration  of iron, which is an 

essential metal required for bacterial growth175. Another chelator is calprotectin, which is not 

stored in the granules, but inhibits growth of S. aureus by sequestering manganese and 

zinc176. Finally, the gelatinase granules contain metalloproteases, such as gelatinase and 

leukolysin137.  
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 Some of the antimicrobial molecules found within granules are able to kill S. 

aureus (e.g. cathepsin G, hCAP-18)177,178 and neutralise staphyloccocal toxins (e.g. defensins, 

elastase)122,179. However, unlike other pathogens such as E. coli and Streptococcus 

pneumoniae180,181, S. aureus is resistant to many granule proteins (section 1.3.3.2). As a 

result, the oxidative burst is the key mechanism for the killing of S. aureus. 

1.2.3.3 Neutrophil extracellular traps (NETs) 

In addition to intracellular killing via the oxidative burst and degranulation, neutrophils are able 

to kill S. aureus extracellularly though a mechanism called NETosis182–184. During this process, 

neutrophils expel their nuclear contents together with granule proteins to form networks of 

extracellular fibres, called neutrophil extracellular traps (NETs) (Figure 1.3). These networks 

are primarily composed of DNA. NETs bind to bacteria, limiting their spread and dissemination, 

as well as enhancing the effective concentrations of extruded antimicrobial agents, which 

promotes killing of attached pathogens105. For example, Brinkman et al. (2004) showed that 

NETosis was able to kill around 30% of a S. aureus inoculum, even when phagocytosis was 

blocked (via cytochalasin D, an actin filament inhibitor)182. In addition, NETs may neutralise 

staphylococcal toxins, with histones and BPI capable of degrading α-haemolysin182. 

 Although several essential steps in NET formation have been described, the 

mechanisms for initiation, downstream activation pathways and effector functions are still 

poorly understood122. Experiments performed in vitro have found that NETosis can be 

stimulated by IL-8, platelets, lipopolysaccharide (LPS), and the staphylococcal toxins Panton–

Valentine leukocidin (PVL) and leukotoxin GH (LukGH)182,184–186. NETosis requires ROS 

production, because neutrophils from CGD patients are unable to form NETs187.  

 The formation of NETs by neutrophils can result in cell death (suicidal NETosis) 

or vital NET release (vital NETosis), in which neutrophils are still able to perform 

phagocytosis188,189. Suicidal NETosis occurs after a few hours of stimulation and involves ROS 

production by NADPH oxidase, which activates the protein-arginine deiminase 4 (PAD4) 

enzyme. This enzyme decondenses chomatin, enabling its association with granular proteins, 
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and NETs are released though disruption of the cell membrane188. Meanwhile, vital NETosis 

is induced within minutes by S. aureus though the joint activation of complement receptors 

and TLR2190. As in suicidal NETosis, PAD4 is activated, which leads to chomatin 

decondensation. However, NETs are released via vesicles instead, allowing neutrophils to 

stay alive and maintain their host defensive functions, including chemotaxis, phagocytosis and 

intracellular killing of bacteria188–190. 

1.2.4 Other defence mechanisms against S. aureus in the bloodstream 

1.2.4.1 Nutritional immunity 

Transition metals such as iron, zinc, and manganese are important cofactors for enzymes 

involved in key metabolic processes, including respiration and DNA synthesis191. It has been 

estimated that up to one-third of all proteins require a metal cofactor, with the use of each 

metal varying from cell to cell192,193. Consequently, another host defence mechanism against 

invading pathogens is to sequester these essential metals though a process called nutritional 

immunity194. This limits the availability of these metals in the bloodstream, which restricts 

bacterial growth176,195. 

 The best-studied example of nutritional immunity is the host sequestration of iron. 

The importance of iron sequestration is highlighted in patients with thalassaemia, who have 

increased levels of free iron in the blood and are more susceptible to serious infections196. 

Generally, the majority (80%) of iron in the host is complexed to haem and in haemoproteins 

such as haemoglobin, haptoglobin and myoglobin197. Free haem is sequestered by the plasma 

glycoprotein haemopexin, which transports it to the liver for breakdown and iron recovery196. 

Since iron is insoluble in blood due to the presence of oxygen and neutral pH, it is transported 

bound to transferrin197. Any free iron is rapidly captured by transferrin molecules, which are 

rarely fully saturated, or taken up by macrophages where it is bound to ferritin for storage196. 
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1.2.4.2 Platelets 

Platelets (also called thombocytes) are an important component of blood and are required for 

stopping bleeding after vessel damage198. Platelets bind to the site of damage, which 

stimulates platelet activation and initiation of the coagulation cascade. This results in the 

conversion of prothombin into thombin, which in turn converts fibrinogen to fibrin.  Aggregation 

of fibrin traps platelets and erythocytes, leading to the formation of a thombus (blood clot)199. 

 In addition to their role in vascular repair, platelets contribute to host immunity, 

expressing receptors such as FcγRIIa and TLRs (e.g. TLR2, TLR4)200,201. These enable 

platelets to recognise several PAMPs, leading to the activation of complement and circulating 

neutrophils. For example, stimulation of platelet TLR4 increases NET formation185, while the 

formation of platelet-neutrophil complexes via platelet P-selectin (CD62P) promotes neutrophil 

activation202. Platelets can also activate immune cells by releasing phospholipid vesicles 

containing cytokines such as IL-1β198,203. 

 In addition to detecting pathogens, platelets contribute to bacterial killing though 

the release of small, cationic antimicrobial peptides, called platelet microbicidal proteins 

(PMPs)204. These are induced at sites of endovascular infections, via thombin generation or 

microbe-induced platelet aggregation, and are effective against a broad range of pathogens, 

including some strains of S. aureus and viridans-group streptococci199,204,205. Clinical isolates 

of S. aureus that are susceptible to thombin-inducible PMPs (tPMP) in vitro are cleared more 

rapidly from the bloodstream and are less likely to cause endovascular infections199,204,206. 

Upon activation by thombin, tPMPs kill bacteria by disrupting the cell membrane207. tPMPs 

released from platelets include the microbicidal chemokines (kinocidins) platelet factor 4 

(PF4), connective tissue activating peptide 3 (CTAP3) and fibrinopeptide B (FpB)199. In 

addition, sub-lytic concentrations of S. aureus α-haemolysin can activate platelets and expose 

the pathogen to tPMPs, suggesting that α-haemolysin production may not benefit S. aureus 

during endovascular infections such as endocarditis208. 
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1.3 S. aureus evasion of host defences in the bloodstream 

S. aureus has evolved an abundant repertoire of secreted and surface-bound molecules with 

the potential to inhibit neutrophil recruitment, evade phagocytosis and provide protection 

against host killing mechanisms (Figure 1.5). S. aureus is also capable of secreting toxins that 

have the ability to lyse immune cells. The significant redundancy of these molecules reflects 

the importance of host defences and their role in the outcome of an infection105,123. 

1.3.1 Inhibition of neutrophil recruitment 

Rapid recruitment of neutrophils to the site of infection promotes clearance of the pathogen, 

which reduces the likelihood of serious damage to the host and dissemination to other parts 

of the body. Although staphylococcal PAMPs are recognised by the immune system, S. aureus 

also secretes virulence factors that target receptors involved in neutrophil chemotaxis. For 

example, staphylococcal superantigen-like 10 (SSL10) binds to the C-X-C motif chemokine 

receptor 4 (CXCR4), inhibiting the action of the chemokine CXCL12209. Meanwhile, SSL5 

binds to the N-terminal region of formyl peptide receptors 1 and 2 (FPR1 and FPR2), which 

prevents the detection of formylated peptides210. 

 Another secreted molecule is the chemotaxis inhibitory protein of Staphylococcus 

(CHIPS), which is a 14.1-kDa protein produced by approximately 60% of S. aureus 

strains122,123. CHIPS prevents neutrophils from responding to both host- and bacteria-derived 

chemoattractants. Neutrophil activation by host-derived C5a is inhibited by binding of CHIPS 

to the C5a receptor (C5aR), whereas detection of bacteria-derived formylated peptides is 

inhibited by CHIPS binding to FPRs211,212. A search for homologous proteins to CHIPS led to 

the discovery of the FPR-like 1 inhibitory protein (FLIPr) and FLIPr-like. Both FLIPr and FLIPr-

like can inhibit FPR2, whilst only FLIPr-like can inhibit FPR1213. 

 In addition to blocking neutrophil receptors, S. aureus produces the cysteine 

protease staphopain A (ScpA). This protein inhibits neutrophil chemotaxis by cleaving the N-

terminal region of CXCR2, which blocks detection of IL-8214. 
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Figure 1.5. S. aureus evasion of host defences in the bloodstream. 

S. aureus has developed numerous strategies to evade the immune response, including 

inhibition of neutrophil recruitment by blocking receptors involved in chemotaxis, and 

disruption of opsonisation and phagocytosis by creating a protective coat of host proteins. In 

addition, S. aureus can resist neutrophil killing by secreting enzymes to detoxify ROS, 

modifying the cell wall to repel AMPs, and releasing toxins to lyse the host cell. Other 

strategies include secretion of siderophores for iron acquisition and overstimulation of the 

immune response via staphylococcal superantigens. 
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1.3.2 Evasion of phagocytosis 

S. aureus can evade phagocytosis by disrupting the binding of complement and antibodies to 

staphylococcal antigens. The staphylococcal complement inhibitor (SCIN) stabilises C3 

convertases, inhibiting cleavage of C3 and the generation of C3a and C3b for opsonisation215. 

Complement can also be targeted without direct binding to C3 convertases. For example, 

extracellular fibrinogen-binding (Efb) and extracellular complement-binding (Ecb) proteins 

bind to C3b deposited on the bacterial cell membrane, as well as to C3 to prevent its 

cleavage216–218. In addition, Efb can recruit fibrinogen to form a thick layer on the bacterial 

surface, blocking recognition by complement receptors217. Another secreted molecule is 

aureolysin, a metalloprotease that cleaves C3 to yield inactive C3a’ and C3b’219. 

 To prevent phagocytosis mediated by antibodies, S. aureus produces 

staphylococcal protein A (SpA). This protein binds to the Fc region of IgG, coating the bacterial 

surface with non-specific antibodies (in the wrong orientation) to prevent binding of Fcγ 

receptors and antigen recognition105,220. Another protein that binds to the Fc region of IgG is 

staphylococcal binding immunoglobulin (Sbi), the loss of which leads to reduced survival of S. 

aureus in whole human blood221,222. Sbi can exist in an anchored form where it binds to LTA 

in the cell wall, or in a secreted form that can bind and inactivate C3223,224. S. aureus also 

produces staphylokinase, a serine protease that targets both antibody and complement by 

cleaving C3b or the Fc region to prevent neutrophil phagocytosis225.  

 S. aureus can also evade phagocytosis by generating a protective coat made of 

capsular polysaccharides or host proteins, which prevents the deposition of complement and 

antibodies32,226. For example, the virulence factors clumping factor A (ClfA), ClfB and the 

fibronectin-binding proteins (FnBPs) all bind to host extracellular matrix (ECM) proteins 

present in serum27. S. aureus can also hijack the coagulation cascade by secreting von-

Willebrand factor-binding protein (vWbp) and coagulase (Coa). These two coagulases activate 

prothombin, leading to the generation of a fibrin-containing pseudocapsule that can act as a 

mechanical barrier against neutrophils227. However, despite the numerous mechanisms used 

to evade immune uptake, S. aureus in blood is still rapidly taken up by neutrophils4,222,228. 
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1.3.3 Resistance to neutrophil killing mechanisms 

Upon phagocytosis, S. aureus adapts to the phagosomal environment by altering its gene 

expression69. Approximately one third of the genome is differentially regulated, with many of 

these changes, such as the up-regulation of genes involved in oxidative stress resistance and 

virulence, linked to exposure to oxidative and non-oxidative killing by neutrophils69,229. In 

addition, a report by Schwartz et al. (2009) found that approximately 20% of phagocytosed S. 

aureus was still viable inside the neutrophil phagosome after two hours, indicating that S. 

aureus is able to resist neutrophil killing to some extent230. 

1.3.3.1 Evasion of oxidative killing 

Survival of S. aureus inside the phagosome involves the production of molecules that can 

neutralise the cytotoxic effects of ROS. Production of staphyloxanthin, the carotenoid pigment 

responsible for the golden colour of S. aureus, functions as an antioxidant and provides 

resistance to killing by H2O2 and singlet oxygen4. A mutant defective in staphyloxanthin was  

shown to be more susceptible to neutrophil killing in vitro, and was also less virulent in a mouse 

subcutaneous abscess model and a systemic infection model, when compared to the 

pigmented wild-type strain4,231. Resistance to singlet oxygen is also provided by surface factor 

promoting resistance to oxidative killing (SOK), though the mechanism for this is as yet 

undefined232. 

 In addition to staphyloxanthin and SOK, S. aureus produces a number of enzymes 

to degrade and detoxify ROS. The superoxide dismutases, SodA and SodM, convert O2
•− 

(generated from internal and external sources, respectively) into molecular oxygen and 

H2O2
233, which can be further reduced to water and oxygen by catalase (KatA) or alkyl 

hydroperoxide reductase (AhpC)234. S. aureus also produces enzymes in response to RNS. 

For example, flavohaemoglobin (Hmp) breaks down NO•, and L-lactate dehydrogenase (L-

LDH) maintains redox-homeostasis and survival within neutrophils by enabling L-lactate 

production during nitrosative stress168,235. 
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 S. aureus can also repair biological molecules that are damaged by ROS. Since 

DNA damage is a key consequence of ROS in vitro and believed to be the major mechanism 

of ROS-mediated bacterial killing147,151,157–160, S. aureus has a number of DNA repair systems 

(section 1.4). In addition, DNA damage via ROS frequently activates the SOS response 

pathway, which is a global response to DNA damage that leads to induction of DNA repair 

(section 1.4.1). Meanwhile, metallo-regulated gene A (MrgA) protects DNA by compacting the 

nucleoid during oxidative stress236.  

 To repair oxidised proteins, S. aureus expresses several methionine sulphoxide 

reductases (MsrA1, MsrA2, MsrA3 and MsrB) that reverse the oxidation of methionine237,238. 

The role of these enzymes in S. aureus resistance to oxidative killing was shown by Pang et 

al. (2014), who found that deletion of msrA1 and msrB increased the susceptibility of the 

pathogen to exogenous H2O2 and killing by neutrophils239. S. aureus has also evolved 

mechanisms to repair Fe-S clusters, including the cysteine desulphurase enzyme iron-sulphur 

cluster S (IscS)240, and the iron-sulphur cluster repair protein ScdA, which can be induced by 

exposure to H2O2
241,242. In addition, the thioredoxin system in S. aureus is enhanced under 

conditions of oxidative stress to scavenge ROS. This system is comprised of thioredoxin 

(TrxA), a small disulphide reductase protein important for redox signalling and maintaining a 

reduced cytoplasm, and the thioredoxin reductase TrxB, which maintains TrxA in a reduced 

state243. 

 Bacteria have evolved multiple transcriptional regulators to detect ROS levels and 

coordinate the appropriate oxidative stress response. In S. aureus, sensing of H2O2 is carried 

out by the peroxide-responsive repressor (PerR)244,245. In the presence of H2O2, the iron in 

PerR undergoes Fenton chemistry to form •OH, which oxidises histidine residues and leads to 

de-repression of the PerR regulon244. This regulon includes many genes involved in the 

oxidative stress response, such as katA, ahpC, mrgA and trxA245. In addition, oxidative stress 

can be sensed by multiple gene regulator A (MgrA) and staphylococcal accessory regulator Z 

(SarZ). These proteins act as thiol switches, each containing a single cysteine residue that 

can be oxidised by ROS to disrupt DNA binding and enable transcription246. MgrA regulates 



48 
 

~350 genes, including those encoding virulence factors (e.g. protein A), autolysins (e.g. lytic 

transglycosylase M, lytM, which cleaves peptidoglycan), and indirectly regulate other 

transcriptional regulators (e.g. the general stress-response alternative sigma factor SigB)246–

248. SarZ regulates ~90 genes, including those involved in metabolism, virulence and oxidative 

stress resistance, e.g. organic hydroperoxide resistance (oh) gene, which is known to confer 

resistance to peroxides in Bacillus subtilis249,250. Another regulator is SarA, which has a major 

role in virulence, but also negatively regulates sodA, sodM and trxB, possibly by acting as a 

thiol switch via its single cysteine residue251,252. 

1.3.3.2 Evasion of non-oxidative killing 

S. aureus is largely resistant to the enzymes and peptides released during neutrophil 

degranulation. For example, S. aureus is completely resistant to lysozyme, a prominent 

antibacterial protein present in neutrophil granules. Lysozyme is a muramidase that cleaves 

the glycosidic bond between N-acetylmuramic acid (MurNAc) and N-acetylglucosamine in cell 

wall peptidoglycan, causing cell lysis. However, this cleavage is prevented in S. aureus by the 

O-acetylation of MurNAc, which is catalysed by O‐acetyltransferase A (OatA)253. Furthermore, 

the extracellular adherence protein (Eap) and its two structural homologues, EapH1 and 

EapH2, inhibit the activity of neutrophil serine proteases, including elastase, proteinase 3 and 

cathepsin G254. 

 Resistance to AMPs is mediated in part by modifications to the bacterial cell wall 

and membrane. Dlt proteins catalyse the attachment of positively-charged D-alanine into wall 

teichoic acids255, whilst multiple peptide resistance factor (MprF) transfers positively-charged 

L-lysine to phosphatidylglycerol on the outer membrane256. These modifications partially 

neutralise the negative cell surface charge, reducing the binding efficiency of cationic AMPs 

and repelling them from the bacterial cell surface123. Expression of these proteins is regulated 

by the glycopeptide resistance associated SR (GraSR) two-component system, which works 

in combination with the accessory regulatory protein GraX and the VraFG transporter to sense 

the presence of AMPs257. Mutants in dlt and mprF display increased killing by neutrophils in 
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vitro, and reduced virulence in mouse infection models256,258. S. aureus also secretes proteins 

that directly bind and degrade AMPs, such as staphylokinase and aureolysin, which cleave α-

defensins and the cathelicidin LL-37, respectively259,260. 

 In addition to evading killing after phagocytosis, S. aureus can escape NETs by 

secreting nuclease (Nuc), which enables the pathogen to disseminate to other parts of the 

body261. Secretion of the adenosine synthase (AdsA) enzyme leads to conversion of the Nuc-

derived DNA degradation products (5′ and 3′ monophosphate nucleotides) into 

deoxyadenosine, which induces apoptosis in macrophages and thereby protects S. aureus 

from these immune cells262. AdsA can also catalyse the dephosphorylation of adenosine 

mono-, di- and triphosphates to produce adenosine, which is known to inhibit neutrophil 

degranulation via adenosine receptor (AdoR) signalling263. 

1.3.3.3 S. aureus modulation of neutrophil cell death 

S. aureus produces numerous secreted toxins that lyse immune cells by forming pores in the 

target cell membrane122. Toxin production in S. aureus is controlled by the agr operon, which 

activates in a quorum-dependent manner to increase production of extracellular proteases 

and toxins, and decrease expression of cell-surface proteins264. In keeping with this, agr 

mutants are more susceptible to killing in whole human blood then wild-type bacteria265. Since 

the agr system is inhibited in serum266, staphylococcal-mediated killing of neutrophils is most 

likely to occur after phagocytosis, where the enclosed environment of the phagosome 

promotes agr activation267,268. CA-MRSA strains exhibit higher levels of agr expression 

compared to HA-MRSA strains, which is believed to contribute to their increased virulence269. 

 Toxins regulated by agr include leukocidins, phenol soluble modulins (PSMs) and 

α-haemolysin270,271. Leukocidins consist of two different subunits that form octameric pores in 

the membrane of host target cells272. Eight staphylococcal leukocidins have been described, 

including Panton-Valentine leukocidin (PVL, encoded by the lukFS-PV genes), γ-haemolysin 

AB (HlgAB), γ-haemolysin CB (HlgCB), leukocidin AB (LukAB, also known as LukGH), 

leukocidin ED (LukED), leukocidin MF’ (LukMF’, exclusive to bovine-specific S. aureus) and 
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leukocidin PQ (LukPQ, exclusive to equine-specific S. aureus)273,274. All of the leukocidins 

have been shown to lyse neutrophils (with LukMF’ acting on bovine neutrophils), but only the 

γ-haemolysins exhibit cytolytic activity towards erythocytes275–279. Meanwhile, PSMs are short 

α-helical peptides that are categorised into two groups based on their size. The shorter α-type 

PSMs (20-30 amino acids long) are more cytotoxic than the β-type PSMs (44 amino acids 

long), and are capable of lysing both leukocytes and erythocytes271. The agr system also 

mediates the expression of α-haemolysin, which is not cytotoxic to neutrophils, but lyses other 

immune cells such as macrophages and T cells280. 

 After phagocytosis and killing of bacteria, neutrophils undergo apoptosis and are 

ingested by macrophages in a process called efferocytosis, which removes spent neutrophils 

and limits inflammation281,282. Greenlee-Wacker et al. (2014) showed that phagocytosed S. 

aureus is able to inhibit efferocytosis of the neutrophil by upregulating the host CD47 receptor, 

which transmits a “don’t eat me” signal to macrophages283. In addition, the S. aureus 

exoprotein expression RS (SaeRS) two-component system promotes accelerated neutrophil 

death by inhibiting the production of IL-8284. 

1.3.4 Resistance to other immune defences in the bloodstream 

1.3.4.1 Iron acquisition 

In S. aureus, iron levels in the environment are sensed by the ferric uptake regulator 

(Fur)285,286. When iron is present, Fur represses genes involved in iron acquisition and 

transport, but this is relieved in the blood due to the low levels of free iron287. In response to 

low iron, S. aureus secretes haemolysins to lyse erythocytes and release haem197, which is 

the preferred iron source of S. aureus288. Haem can be used directly by membrane proteins 

or taken up by the iron-regulated surface determinant (Isd) system, which captures haem and 

transports it into the cytoplasm289. Additionally, iron can be acquired from host transferrin using 

the siderophores staphyloferrin A and staphyloferrin B290. When complexed with iron, these 

siderophores can be taken into the bacterium via the haem-transport system ABC (HtsABC) 

and staphylococcal iron-regulated ABC (SirABC) transporters, respectively291. 



51 
 

1.3.4.2 Inhibition of platelet activation 

As mentioned in section 1.3.2, S. aureus is able to hijack the coagulation pathway to evade 

phagocytosis, by secreting virulence factors that activate prothombin. S. aureus can also 

inhibit platelet activation and aggregation to stop the release of PMPs and prevent platelet-

mediated activation of complement and immune cells207. Platelet activation is inhibited by SpA, 

which binds to PRRs and FcRs on the platelet surface to prevent recognition of S. aureus198,292. 

Meanwhile, platelet aggregation is inhibited by the binding of Efb to activated platelets293. In 

addition, S. aureus can lyse platelets with α-haemolysin and resist killing by PMPs by making 

modifications to the cell wall and membrane, similar to those described for AMP resistance 

(section 1.3.3.2)199. 

1.3.4.3 Manipulation of T-cell responses by staphylococcal superantigens 

APCs process and load foreign antigens onto major histocompatibility complex (MHC) 

molecules to present to antigen-specfic T cells, which generally activates less than 0.01% of 

the T cell population294,295. However, staphylococcal superantigens can bind directly to the 

MHC class II molecules and to T cell receptors, stimulating up to 30% of the T cell population 

without the need for antigen processing123,273. Excessive T cell expansion is triggered, leading 

to the overproduction of cytokines (a cytokine storm) and preventing a focused adaptive 

immune response296. 

 S. aureus strains produce up to 23 different superantigens, most of which are 

regulated by the agr system297. The thee superantigens most commonly associated with 

human disease are toxic shock syndrome toxin 1 (TSST-1), staphylococcal enterotoxin B 

(SEB) and staphylococcal enterotoxin C (SEC)298. While enterotoxins are a major cause of 

food poisoning299, TSST-1 can lead to toxic shock syndrome (TSS), a serious condition that 

can result in organ failure and death300. 
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1.3.4.4 S. aureus persistence in non-professional phagocytes 

Despite being classically considered an extracellular pathogen, S. aureus can also invade and 

persist within non-professional phagocytes (e.g. epithelial and endothelial cells), where the 

intracellular environment is more habitable than in neutrophils301. After invading the host cell 

via staphylococcal FnBP, the pathogen escapes to the cytoplasm by lysing the phagosome, a 

process which is mediated by α-haemolysin302–304. In the bloodstream, invasion of endothelial 

cells could promote S. aureus survival by facilitating evasion of the immune reponse305. 

 S. aureus often persists within host cells in the form of small colony variants 

(SCVs), which originate by mutations in the electron-transport chain and are selected for by 

the intracellular environment306,307. SCVs have reduced metabolic activity, forming small 

colonies as a result of slow growth, and show decreased expression of agr and agr-regulated 

toxins, which enables survival within the host cell without triggering apoptosis308. SCVs can 

also survive within the lysosome for up to five days309, possibly due to increased expression 

of the arginine deiminase pathway to provide protection against acid stress310.  

 After leaving the host cell, S. aureus can rapidly regain its wild-type phenotype, 

which can lead to chonic or recurrent infections301. For example, SCVs have been associated 

with persistent bloodstream infections311,312. 
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1.4 DNA repair in S. aureus 

In living cells, DNA is constantly damaged by numerous factors, ranging from environmental 

agents such as ionising radiation, to endogenous theats produced during cell metabolism313. 

This damage can impair replication and transcription within the cell, affecting cell viability. As 

a result, prokaryotes and eukaryotes have evolved a wide range of mechanisms to repair DNA 

lesions313. 

 Although DNA repair is vital for bacterial survival and propagation313,314, relatively 

little is known about these repair mechanisms in S. aureus248. Since much of our knowledge 

of this subject has been derived from studying E. coli and B. subtilis, these model species are 

often used to draw inferences into staphylococcal DNA repair, especially as S. aureus has 

homologues of many DNA repair enzymes found in these organisms248. This section will 

describe mechanisms of DNA repair expected to be used by S. aureus, with specific reports 

included where available. 

1.4.1 The SOS response 

For many bacteria, the SOS response is a global response to DNA damage that leads to cell 

cycle arrest and the induction of DNA repair313. The SOS response pathway can be triggered 

by numerous DNA-damaging agents, including ultraviolet light, ROS and certain antibiotics 

(e.g. fluoroquinolones)315. In S. aureus, the SOS response has been shown to be induced by 

H2O2 and various DNA-damaging antibiotics242,316–318. 

 The SOS response is governed by two key proteins: the locus for X-ray sensitivity 

A (LexA) transcriptional repressor, and recombinase A (RecA) sensor protein (Figure 

1.6)248,319. In the absence of DNA damage, LexA negatively regulates SOS induction. Upon 

DNA damage, single-stranded DNA (ssDNA) is formed during the replication of damaged DNA 

templates or during DNA repair. RecA binds to the ssDNA and polymerises, forming a 

nucleoprotein filament that activates LexA for self-cleavage, de-repressing SOS genes248,319. 

RecA also activates at least one low-fidelity DNA polymerase (UmuC in S. aureus, also known 

as DNA polymerase V or Pol V), which enables replication of damaged DNA templates318,320. 
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Figure 1.6. Model for activation of the SOS response in S. aureus. 

In this model, the SOS response is induced by a double-stranded DNA break (DSB), but SOS 

induction can occur as long as ssDNA is formed during DNA repair or replication of the 

damaged DNA template (A). The DSB undergoes end processing to produce ssDNA, carried 

out by the RecBCD or AddAB (also known as RexAB) complexes (B). The RecA protein forms 

filaments on the ssDNA, leading to RecA activation (C). Activated RecA interacts with the 

LexA repressor, activating its latent protease activity (D). This results in autocleavage of LexA, 

inactivating the LexA repressor and leading to de-repression of the SOS genes (E). 
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Since UmuC lacks proofreading activity, this leads to an increase in the mutation rate321,322, 

which has been suggested to promote adaptation at times of environmental stress and 

contribute to the acquisition of antibiotic resistance318.  

 The S. aureus SOS regulon consists of 16 genes, identified by Cirz et al. (2007) 

by comparing the global transcriptional response of wild-type and non-cleavable lexA-bearing 

S. aureus strains after exposure to ciprofloxacin, a fluoroquinolone antibiotic318. These genes 

include recA and lexA; umuC; genes involved in nucleotide excision repair (NER; section 

1.4.3.2) (uvrA and uvrB); topoisomerase IV genes (parC and parE); and gene encoding 

SbcCD endonuclease (sbcC and sbcD) for processing stalled replication forks. The remaining 

seven genes consist of four hypothetical genes (SACOL0436, SACOL1375, SACOL1986, and 

SACOL1999) and the polycistronic operon SACOL2162 to SACOL2160, which encodes a 

protein of unknown function, a protein involved in cell wall synthesis (UTP—glucose-1-

phosphate uridylyltransferase), and a putative haemolysin318. The binding of S. aureus LexA 

to the recA promoter has also been demonstrated, which is consistent with recA regulation in 

other systems319,323. 

 However, the number of genes under LexA-regulated control differs greatly 

between S. aureus and the model organisms E. coli and B. subtilis, which contain SOS 

regulons that consist of at least 43 and 63 genes, respectively319,324. Genes that are conserved 

among all thee systems include recA, lexA, genes encoding for DNA repair proteins, and at 

least one error-prone polymerase. For example, SOS-induced error-prone DNA repair is 

performed by UmuC in S. aureus318; UmuC, DinB (Pol IV) or DnaE (Pol III) in B. subtilis325–327; 

and by polymerase B (PolB, or Pol II), DinB or UmuDC in E. coli313. 

 The SOS response in S. aureus has also been shown to affect virulence by 

promoting horizontal gene transfer of virulence factors and the expression of chomosomal 

virulence genes315,323,328–331. Ubeda et al. (2005) found that exposure to ciprofloxacin triggered 

dissemination of S. aureus pathogenicity islands (SaPIs), mobile genetic elements that 

encode virulence factors, and that this was significantly reduced by inactivation of recA328. In 

addition, Goerke et al. (2006) showed that increased transcription of staphylokinase (a phage-
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encoded virulence factor) in response to ciprofloxacin was strongly linked to up-regulation of 

recA330. The SOS response may also affect the ability of S. aureus to bind host surfaces, as 

Bisognano et al. (2004) found that purified LexA can bind to the fnbB promoter323. 

1.4.2 Direct reversal repair 

Bacteria have evolved diverse mechanisms to repair DNA damage caused by endogenous 

and exogenous agents. These include repair pathways for single-strand damage (section 

1.4.30), as well as for double-strand breaks (DSBs) (section 1.4.4). In addition, bacteria have 

several mechanisms by which damage can be addressed by a single repair protein without 

breakage of the phosphodiester backbone. Although direct reversal mechanisms only mediate 

a small set of lesions, these pathways do not require a DNA template and are error free332. 

1.4.2.1 Photoreactivation 

Exposure to UV light leads to the formation of pyrimidine dimers, where abnormal covalent 

bonds form between consecutive thymine or cytosine bases. Two types of pyrimidine dimers 

can be formed: cyclobutane pyrimidine dimers (CPDs) or pyrimidine pyrimidone (6-4) 

photoproducts (6-4 PPs). DNA photolyase enzymes can repair these lesions in a process 

called photoreactivation, which uses blue and near-UV light (350-450 nm) to reverse the 

damage. Since photolyases are specific to one type of pyrimidine dimer, they are referred to 

as either CPD photolyases or (6-4) photolyases332,333. 

 Photolyases absorb light via chomophoric cofactors. In particular, the flavin 

adenine dinucleotide (FAD) cofactor is essential for binding to damaged DNA and 

catalysis332,333. CPD photolyases also contain a second chomophore, either 

methenyltetrahydrofolate (MTHF) or 8-hydroxy-7,8-didemethyl-5-deazariboflavin (8-HDF). 

The second chomophore is not required for catalysis, but may increase the rate of repair under 

limiting light conditions333. 

 DNA photolyases occur in nearly all living organisms exposed to sunlight, with the 

exception of placental mammals such as humans, where NER systems are used instead334–

337. Although (6-4) photolyase has not yet been identified in prokaryotes, the crystal structures 
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of CPD photolyase from E. coli and the marine bacterium Thermus thermophilus have been 

elucidated338,339, and photoreactivation has been reported in B. subtilis340. S. aureus encodes 

a putative DNA photolyase (SACOL0751), though its function has not been confirmed318,341,342. 

1.4.2.2 Alkylation damage repair 

DNA damage via alkylation and methylation can occur endogenously or in the environment 

though alkylating agents such as methyl chloride343. These agents react with the nitrogen and 

oxygen atoms of DNA bases to generate covalent adducts that can be cytotoxic. Repair of 

alkylation damage in bacteria is carried out by multiple partially-redundant mechanisms, 

including the base excision repair (BER) system (section 1.4.3.1) and two direct reversal repair 

pathways: O6-alkylguanine DNA alkyltransferases to reverse O6-alkylated guanines, and 

alkylation B (AlkB) family dioxygenases to reverse N-alkyated lesions332. 

 In many bacteria, alkylation damage repair is induced by the adaptive response 

to alkylation damage (Ada response)313. In E. coli, this is mediated by the N-terminal domain 

of the Ada protein (N-Ada), which is activated by a DNA methylphosphotriester lesion to induce 

transcription of Ada response genes: ada, alkA, alkB and aidB313,344,345. AlkA is a DNA 

glycosylase involved in BER that removes methyl lesions formed on nitrogen moieties (e.g. 

N3-methyladenine, N3-methylguanine)343,346, whereas Ada and AlkB reverse alkylation 

damage directly343,345. The C-terminus of Ada (C-Ada) repairs O6-alkylguanine and O4-

alkylthymine base lesions332,345,347, and AlkB repairs N1-methyladenine and N3-methylcytosine 

lesions348,349. Meanwhile, AidB has been proposed to function by preventing alkylation 

damage350–352. 

 The Ada response in B. subtilis occurs though a similar process as described for 

E. coli, with the key difference that two separate Ada proteins (AdaA and AdaB) mediate the 

functions performed by E. coli N-Ada and C-Ada, respectively319. The B. subtilis Ada response 

also leads to induction of the adaAB operon and the alkA gene only353–356, and the lack of AlkB 

may be compensated for by the BER pathway357. However, whilst the Ada response is present 

in many bacteria313,319,358, its presence in S. aureus is still unknown. A report by Ambur et al. 
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(2009) identifying homologues of selected DNA repair genes found that the S. aureus strain 

EMRSA-16 (MRSA252) did not contain either ada or alkB359. However, another report by 

Zhang et al. (2014) found that the clinical VISA isolate XN108 contains a putative O6-

methylguanine DNA methyltransferase (AdaB)360. 

1.4.3 Single-strand damage repair 

When only one strand of DNA is damaged, excision repair mechanisms can remove and 

replace damaged bases using the undamaged strand as a template319. Excision repair 

mechanisms include base excision repair (BER) (section 1.4.3.1), nucleotide excision repair 

(NER) (section 1.4.3.2), and mismatch repair (MMR) (section 1.4.3.3). In addition to these 

mechanisms, the RecF pathway of homologous recombination is used to repair single-strand 

gaps (section 1.4.4.1). 

1.4.3.1 Base excision repair (BER) 

BER is the main pathway for repairing non-bulky single-base lesions in DNA, including 

alkylated and deaminated bases, oxidised bases, abasic sites, and dUTP incorporation during 

DNA replication319,361. BER is initiated by damage-specific DNA glycosylases that recognise 

lesions and cleave the N-glycosidic bond (Figure 1.7). This removes the damaged base and 

leads to the formation of abasic or apurinic/apyrimidinic sites (AP sites). The 5’ and 3’ ends of 

the AP site are nicked by AP endonucleases and AP lyases, respectively, which enables 

processing by an exonuclease or deoxyribophosphodiesterase (dRpase). The resultant gap 

is filled by a repair polymerase (such as Pol I, encoded by the polA gene) via short-patch (one 

nucleotide is replaced) or long-patch (multiple nucleotides are synthesised) pathways, with 

the remaining nick sealed by DNA ligase319,362. 
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Figure 1.7. Model for the base excision repair (BER) pathway in S. aureus. 

BER is initiated by specific DNA glycosylases that recognise and remove damaged bases 

(shown in red) (A), generating abasic or apurinic/apyrimidinic sites (AP sites) (B). Next, 5’ and 

3’ ends of the AP sites are nicked by AP endonucleases and AP lyases, followed by processing 

by an exonuclease or deoxyribophosphodiesterase (dRpase) to remove the base-less 

nucleotide (C). This leaves a gap, which is filled by a repair polymerase (such as Pol I) (D). 

The remaining nick is sealed by DNA ligase (E). 
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 In E. coli, AP endonuclease activity is performed by exonuclease III (ExoIII or Xth) 

and endonuclease IV (EndoIV or Nfo), whereas dRpase activity is carried out by RecJ and 

exonuclease I (ExoI)248. In B. subtilis, AP endonuclease activity is encoded by thee genes: 

exoA, yqfS and yshC319,363,364. ExoA and YqfS are homologous to E. coli Xth and Nfo, 

respectively365,366. Meanwhile, yshC encodes for DNA polymerase X (PolX), a low-processivity 

DNA polymerase that possesses AP endonuclease activity and acts preferentially on small 

gaps in DNA363,367. As a result, PolX has been suggested as the primary polymerase for 

repairing small lesions319. Although Xth/ExoA is not present within the staphylococcal genome, 

S. aureus contains homologues of Nfo, RecJ, PolX and Pol I359,368,369. 

 The most common lesion formed in DNA during oxidative stress is 7,8-dihydro-8-

oxoguanine (8-oxoG or GO lesion), which can mispair with adenine and cause G to T 

transversions370,371. In E. coli, repair of this lesion is mediated by the GO system via DNA 

glycosylases372. Formamidopyrimidine DNA glycosylase (Fpg, also known as MutM) removes 

8-oxoG prior to a mismatch, whereas MutY removes misincorporated adenine from an 8-

oxoG-A mismatch373,374. The GO system also removes oxidised guanines (8-oxo-dGTP) from 

the nucleotide pool, preventing their misincorporation into DNA. This function is provided by 

MutT, which selectively hydrolyses 8-oxo-dGTP to 8-oxo-dGMP, with the concomitant 

release of pyrophosphate375. 

 Removal of 8-oxoG lesions and 8-oxoG-A mismatches in B. subtilis and S. aureus 

is performed by homologues of E. coli MutM and MutY376,377. Canfield et al. (2013) showed 

that S. aureus mutM and mutY mutants displayed increased mutation frequencies when 

compared to the wild type, and confirmed MutM and MutY glycosylase activities in the 

clearance of 8-oxoG-associated DNA lesions377. However, a clear functional homologue for 

MutT has not been identified in either bacterium, though analysis of the B. subtilis genome 

has revealed a putative mutT gene and two other possible orthologues (yycI and yjhB)364. 

Meanwhile, Canfield et al. (2013) identified five potential mutT homologues in S. aureus, but 
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inactivation of these genes did not increase the mutation frequency as would be expected 

from a mutT mutant377. 

 Oxidative stress can also lead to the generation of pyrimidine lesions, such as 

thymine glycol378. In E. coli, these lesions are recognised by endonuclease III (EndoIII or Nth) 

or endonuclease VIII (EndoVIII or Nei), both of which are DNA glycosylases379–381. However, 

less is known about these enzymes in B. subtilis and S. aureus. Ambur et al. (2009) showed 

that these two species do not contain a homologue of E. coli Nei, but do contain homologues 

of Nth359. B. subtilis Nth has been shown to nick substrates with AP sites and protect the 

bacterium against H2O2 stress382,383. Meanwhile, S. aureus Nth (SAUSA300_1343) is induced 

by H2O2 stress242, and inactivation of this gene has been shown to increase the rate of 

mutagenesis384. 

 Finally, BER is responsible for the removal of misincorporated dUMP during DNA 

replication385. Although dUMP incorporation is rare due to the small pool of dUTP compared 

to that of dTTP, integration of uracil (instead of thymine) can lead to transition mutations385. 

These dUMP lesions can also occur via deamination of cytosine residues (dCMP to dUMP), 

which arises spontaneously but is promoted by the presence of •OH313. Many bacteria 

(including E. coli, B. subtilis and S. aureus) counteract dUMP incorporation by removal of 

dUMP from DNA, which is performed by uracil-DNA glycosylase (UDG, encoded by 

ung)319,359,385–388. The function of S. aureus UDG was confirmed by Wang et al. (2013), via 

direct testing of the purified protein for uracil-removing activity388. 
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1.4.3.2 Nucleotide excision repair (NER) 

The NER pathway is responsible for the high-fidelity repair of bulky helix-distorting lesions in 

DNA, such as thymine dimers or DNA crosslinks389. This pathway is conserved in prokaryotes 

and eukaryotes, and lesions are repaired in 10-15 nucleotide-long segments319. This process 

requires the highly conserved UvrABC endonuclease complex313. First, damaged DNA is 

recognised by a complex of UvrA and UvrB (Figure 1.8). This leads to UvrA dissociation and 

enables UvrC to complex with UvrB. Then, the UvrBC complex cleaves the phosphodiester 

backbone, leading to the removal of approximately 10 to 15 nucleotides surrounding the 

lesion. This removal is facilitated by UvrD (DNA helicase II), which enables release of the 

nucleotide segment. Finally, the gap is filled by Pol I using the intact strand as a template, and 

the remaining nick is sealed by DNA ligase319,390. 

 The NER pathway is also triggered in response to bulky DNA lesions that cause 

stalling of RNA polymerase390. This subpathway of NER is called transcription-coupled repair 

(TCR), and involves the mutation frequency decline (Mfd) protein, also known as the 

transcription repair coupling factor (TRCF). Mfd releases stalled RNA polymerase from the 

transcribed strand and recruits UvrA, which initiates the rest of the NER pathway as described 

above336,390. 

 Although the majority of studies on NER have focused on E. coli, the process is 

likely to be similar in B. subtilis and S. aureus, as uvrABC, uvrD and mfd genes are present in 

both genomes359, and the uvrBA genes are induced by the SOS response in all thee 

species318,319,324. In addition, B. subtilis uvrC has been shown to complement an E. coli uvrC 

mutant391, and purified B. subtilis Mfd protein is able to release stalled RNA polymerase at a 

crosslinked lesion392. Interestingly, a recent paper by Martin et al. (2019) also found that B. 

subtilis Mfd can act independently of the NER pathway to protect the bacterium against 

oxidative damage, by coordinating with MutY393. In S. aureus, UvrABC has been reported to 

contribute to nitrosative stress resistance, which has been suggested previously as a role for 

NER in E. coli394,395. 
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Figure 1.8. Model for the nucleotide excision repair (NER) pathway in S. aureus. 

The NER pathway repairs bulky helix-distorting DNA lesions, such as thymine dimers and 

DNA crosslinks (A). In this pathway, damaged DNA is recognised by the UvrAB complex (B). 

This leads to UvrA dissociation to enable formation of the UvrBC complex (C), which removes 

approximately 10 to 15 nucleotides surrounding the lesion (D). This removal is facilitated by 

UvrD (DNA helicase II), which enables release of the nucleotide segment. The resultant gap 

is filled by Pol I (E), with the nick sealed by DNA ligase (F). 
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1.4.3.3 Mismatch repair (MMR) 

MMR is responsible for correcting replication errors that escape DNA polymerase 

proofreading activity396,397. In Gram-negative bacteria, the replicative DNA polymerase is DnaE 

(Pol III)398, but B. subtilis and many Gram-positive bacteria contain two replicative Pol III 

polymerases: DNA polymerase C (PolC) and DnaE319,398,399. PolC is the main polymerase, 

responsible for the majority of leading and lagging strand synthesis, but it cannot extend from 

the 3’-OH ends of RNA primers, carried out by DnaE before handing over to PolC400,401. In 

Gram-negative bacteria, DnaE is associated with the proofreading ε subunit (DnaQ) to provide 

3′-5′ exonuclease activity402. However, this subunit is not present in Gram-positive bacteria 

and high-fidelity DNA replication is enabled by PolC instead, which has endogenous 

proofreading activity398. This corrects the majority of errors that occur during replication. Any 

remaining errors are corrected by MMR, which is coupled to DNA synthesis and increases the 

replication fidelity by up to 1000-fold397,403–405. 

 In E. coli, mismatched bases generated from DNA synthesis are recognised and 

bound by MutS, which recruits MutL to stabilise the MutS-mismatch complex396,397. MutL 

activates MutH endonuclease to nick the nascent strand carrying the mismatch, identified by 

its absence of methylation396,397. The error-containing region is excised by UvrD helicase and 

degraded by one of several exonucleases, depending on the polarity of the strand396. The 

remaining gap is filled by Pol III and nick sealed by DNA ligase396,397. The daughter strand is 

then methylated at adenine in the d(GATC) sequence by Dam methylase319. 

 Homologues of E. coli MutS and MutL are present in the majority of organisms, 

including prokaryotes such as B. subtilis and S. aureus359,397,406–408. Inactivation of MMR, for 

example via inactivating mutations, is associated with mutator phenotypes that have been 

shown to play a role in the adaptation of bacterial populations to stressful environments409, 

including for S. aureus377,407,408. However, homologues of E. coli MutH have not been identified 

in eukaryotes or in most other bacteria410. Eukaryotes use a methylation-independent MMR 

system, where MutL exhibits endonuclease activity and the nascent strand is identified by 

recognising strand discontinuities near DNA replication forks319,410,411. In MutH-less bacteria, it 
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is hypothesised that MMR resembles eukaryotic systems, because MutL homologues in these 

bacteria have been shown to exhibit endonuclease activity412–415. Although this has not yet 

been functionally demonstrated with S. aureus MutL, Fukui et al. (2011) showed that the 

sequence motifs essential for MutL endonuclease activity are conserved416. In addition, 

d(GATC) sequences in B. subtilis and S. aureus are not methylated, which supports the use 

of methylation-independent MMR in these species417. 

1.4.4 Double-strand break (DSB) repair 

DNA DSBs can be caused by a variety of factors, including DNA-damaging agents (e.g. ROS 

and ionising radiation) and replication fork collapse. These DNA lesions are particularly 

dangerous, because they can interrupt the coding region of a gene, alter chomosome 

organisation, and lead to mutagenic DNA rearrangements418. If not repaired, DSBs can also 

become substrates for exonucleases, leading to loss of vital genetic information and driving 

genetic instability418,419. In bacteria, DSBs are mainly repaired via homologous recombination, 

which involves the exchange of genetic material between two homologous DNA sequences419. 

In some bacterial species, a second pathway of DSB repair is present, called non-homologous 

end joining (NHEJ)319,420. This pathway is mutagenic as the two broken DNA ends are directly 

ligated using minimal or no sequence homology, but unlike homologous recombination, only 

a single copy of the genome is required420. NHEJ is performed by the Ku protein, which binds 

the DSB ends, and an ATP-dependent DNA ligase (usually Ligase D) to join the broken 

segments420. 

 The NHEJ pathway has been identified in a number of bacteria, including  B. 

subtilis, M. tuberculosis, M. smegmatis and P. aeruginosa421–424. However, it is not present in 

S. aureus, which is believed to rely on homologous recombination424. E. coli also lacks the 

NHEJ pathway, though an alternative end-joining (A-EJ) mechanism has been reported425. 

This is a modified version of NHEJ that involves minor processing of the broken ends by the 

RecBCD complex, followed by direct religation by the essential replicative DNA Ligase A 
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(LigA). It is not known whether A-EJ is used by S. aureus, though homologues of both proteins 

(RexAB and LigA, respectively) are present in the bacterium426–428. 

1.4.4.1 Homologous recombination 

Homologous recombination (also known as recombinational repair) is the major route for DSB 

repair in bacteria, resulting in high-fidelity DNA repair419. This pathway requires a second copy 

of the genome as a template for repair, meaning that it can only occur when the damaged 

region has already been copied prior to cell division. This is generally not prohibitive for many 

bacteria, which often contain multiple copies or partially-replicated copies of the genome429. 

Homologous recombination consists of several steps: (1) break recognition and end resection; 

(2) loading of RecA and strand invasion; (3) DNA synthesis and branch migration, and (4) 

Holliday junction resolution (Figure 1.9). Although the details of each step and the components 

involved may differ between organisms, these steps are conserved in both prokaryotes and 

eukaryotes418,426. In addition to DSB repair, homologous recombination is used to repair single-

strand gaps as part of the RecF pathway, which will also be described below.  

 The homologous recombination pathway is initiated by recognition of the break, 

followed by end resection, in which broken DNA ends are processed to generate ssDNA319,430. 

In B. subtilis, DSBs are specifically recognised by the RecN protein, which binds to the break 

and works as a scaffold to load repair proteins430,431, but DSB recognition is poorly 

characterised in other bacteria430. In E. coli, RecN is kept at very low levels prior to SOS 

induction, suggesting that it cannot act before end resection and induction of SOS430. The 

recN gene is present in S. aureus, but the ability of S. aureus RecN to recognise DSB is 

unknown318. After a DSB is identified, the ends are processed by the RecBCD or AddAB (also 

known as RexAB) helicase-nuclease complexes, which are present in Gram-negative and 

Gram-positive bacteria, respectively. During this process, RecBCD or AddAB binds to the DSB 

and unwinds the DNA, simultaneously digesting the strand to generate a 3’-ssDNA 

overhang319,429,432. In the RecF pathway, end resection is performed by the RecQ helicase and 

RecJ exonuclease, which unwind and degrade the DNA, respectively433–435. 
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 Next, RecA binds to the 3’-ssDNA overhang and searches for the intact 

homologous DNA sequence to initiate strand invasion319,430. Although mechanisms for RecA 

loading are well established in E. coli, they are poorly understood in many other bacteria. In 

E. coli, RecA loading can be carried out by RecBCD or RecFOR, which are part of the DSB 

and single-strand gap repair mechanisms, respectively433,436. Meanwhile, AddAB is not 

involved in RecA loading in B. subtilis, which is instead carried out by RecFOR437. In a report 

by Alonso et al. (1995), the S. aureus recF gene was shown to partially restore the activity of 

a B. subtilis recF mutant, indicating that RecF protein function is conserved in S. aureus438. 

After binding of RecA to the ssDNA overhang, the recombinase pairs with the homologous 

DNA sequence and mediates strand invasion, where the broken strand exchanges places with 

the intact strand. This involves local denaturation of the dsDNA in the region of homology and 

produces a D-loop structure319,433. The steps following RecA loading are the same in both 

RecBCD and RecF pathways. 

 After strand invasion, regular DNA synthesis occurs via Pol III using the 
intact strand as a template to form stable four-stranded DNA structures called Holliday 

junctions319,336,433. These are moved along the DNA in a branch migration process, where 
base pairs between the two homologous DNA strands are exchanged. In E. coli, this process 

is mediated by the RuvAB protein complex433,439. RuvA binds to the Holliday junction and 
recruits RuvB, which then translocates the junction along the DNA. Finally, the 

endonuclease RuvC cleaves the Holliday junction to separate the two repaired DNA 
duplexes, and the nicks at the cleavage site are sealed by DNA ligase433,439. Branch 

migration and resolution can also be catalysed by RecG433,439. Although homologues of 
RuvA, RuvB and RecG proteins are present in many Gram-positive bacteria including B. 

subtilis and S. aureus, the RuvC protein is not319,359,440. Instead, Holliday junction resolution 
in Gram-positive bacteria is carried out by the RecU protein, which is absent in most Gram-

negative species441. In S. aureus, deletion of RecU leads to defects in chomosome 
segregation and DNA damage repair, which is in agreement with the role of a Holliday 

junction resolvase442
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Figure 1.9. Model for DSB repair by homologous recombination in S. aureus. 

When an active replication fork encounters a single-strand nick (A), this produces a double-

strand break (DSB) and the replication fork collapses (B). The DSB is processed by the AddAB 

complex, generating a 3′-ssDNA overhang (C). RecFOR is recruited to load the RecA 

recombinase onto the ssDNA region (D). RecA pairs with the homologous DNA sequence and 

mediates strand invasion, producing a D-loop structure (E). DNA polymerase extends the 3′ 

end of the filament to form a stable four-stranded DNA structure called a Holliday junction, 

which is migrated along the DNA by RuvAB or RecG (F). In the final step, this junction is 

cleaved by RecU and replication restarts (G). 
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1.5 DNA repair and the oxidative burst 

S. aureus infection leads to a complex series of host-pathogen interactions (sections 1.2 and 

0) that can result in disease resolution, chonic infection or patient death105. Consequently, new 

therapeutics that favour the host response would greatly benefit patient outcomes. To identify 

potential targets in S. aureus, it is necessary to understand the nature of host-mediated 

damage and how this damage is repaired by the pathogen. 

 Despite its many strategies for immune evasion, S. aureus is rapidly 

phagocytosed by neutrophils in human blood and exposed to ROS as part of the oxidative 

burst4,222,228. As mentioned previously, ROS can damage proteins, lipids and DNA in S. aureus, 

playing a major role in immune clearance of the pathogen (section 1.2.3.1). The most 

significant target of ROS is believed to be upon DNA, because unlike proteins or lipids, which 

can be newly synthesised if damage is too severe for repair, the repair of DNA is essential for 

replication419. In addition, transcription of DNA is necessary for the replacement of damaged 

proteins, as well as for making the proteins required for lipid synthesis. As a result, even a 

single DNA lesion can have mutagenic or lethal consequences147,151,157–160. However, although 

DNA repair mechanisms protect against ROS-mediated DNA damage160,306,443–447, the role of 

DNA repair for bacterial survival in the bloodstream is unknown. 

1.6 Hypothesis 

Since the oxidative burst of neutrophils is a key defence against S. aureus infection, the 

hypothesis is that staphylococcal DNA is a major target of the oxidative burst, such that DNA 

repair is required for the survival of S. aureus when exposed to phagocytic immune cells. 

1.7 Aims of the project 

1. To determine whether the neutrophil oxidative burst damages DNA in S. aureus. 

2. To determine whether DNA repair is required for S. aureus survival of the oxidative 

burst, and if so, whether DNA repair is a viable drug target. 
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2 Materials and Methods 

2.1 Bacterial strains, plasmids and growth conditions 

2.1.1 Bacterial strains and plasmids 

Bacterial strains and plasmids used in this study are listed in Tables 2.1 and 2.2, respectively. 

2.1.2 Growth conditions 

S. aureus was routinely grown on Tryptic Soy Agar (TSA) or in Tryptic Soy Broth (TSB) (BD 

Biosciences) with the addition of anhydrotetracycline (AHT; 10 or 100 ng/ml), erythomycin 

(Erm; 10 µg/ml), chloramphenicol (Cam; 10 µg/ml) and/or kanamycin (Kan; 90 µg/ml) as 

appropriate. S. gordonii and E. faecalis were grown in Todd Hewitt Broth (THB; Oxoid) 

supplemented with 1% (w/v) yeast extract. When appropriate, bacteria were grown on 

Columbia Blood Agar (CBA; Sigma-Aldrich) plates made with 5% defibrinated sheep blood 

(E&O Laboratories). 

 E. coli was routinely grown in Lysogeny Broth (LB) or on LB Agar (LBA; LB 

containing 1.2% (w/v) Oxoid Technical Agar) (Thermo Fisher Scientific) with the addition of 

amplicillin (Amp; 100 µg/ml), kanamycin (Kan; 25 or 50 µg/ml) and/or chloramphenicol (Cam; 

34 µg/ml) as appropriate. For protein expression, E. coli was grown in Terrific Broth (TB; 1.2% 

(w/v) tryptone, 2.4% (w/v) yeast extract, 0.5% glycerol, 0.17 M KH2PO4, 0.72 M K2HPO4) and 

the inducer isopropyl β-D-1-thiogalactopyranoside (IPTG) was added at 1 mM when required. 

 All agar plates and liquid cultures were incubated at 37 °C for a minimum of 16 h, 

unless stated otherwise. Agar plates were incubated statically in air (S. aureus, E. coli) or 5% 

CO2 (S. gordonii, E. faecalis). For liquid cultures, S. aureus and E. coli were typically grown in 

5 ml of broth in 30 ml universal tubes and incubated with shaking at 180 rpm to facilitate 

aeration. S. gordonii and E. faecalis were grown in 10 ml broth in 15 ml conical tubes and 

incubated statically in 5% CO2. Glycerol stocks were made using a 1:1 ratio of 30% glycerol 

and overnight culture, and were stored at -80 °C.  
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Table 2.1. Bacterial strains used in this study 

Strain Description Source 

Staphylococcus aureus   

SH1000 rsbU+ derivative of the laboratory strain 

8325-4. 

448 

SH1000 rexB::Tn SH1000 with a bursa aurealis transposon 

insertion in rexB. Erm10. 

306 

SH1000 rexB::Tn geh∷pitet SH1000 rexB::Tn with pitet integrated into 

the genomic geh locus. 

This study 

SH1000 rexB::Tn geh∷pitet 

rexAB 

SH1000 rexB::Tn complemented with pitet 

rexAB. 

This study 

JE2 A derivative of CA-MRSA USA300 LAC, 

cured of plasmids, sensitive to Erm. 

368 

JE2 rexB::Tn JE2 with a bursa aurealis transposon 

insertion in rexB. Erm10. 

368 

JE2 rexB::Tn geh∷pitet JE2 rexB::Tn with pitet integrated into the 

genomic geh locus. 

This study 

JE2 rexB::Tn geh∷pitet 

rexAB 

JE2 rexB::Tn complemented with pitet 

rexAB. 

This study 

JE2 sigB::Tn geh∷pitet JE2 sigB::Tn with pitet integrated into the 

genomic geh locus. This was used as a 

positive control during colony PCR to 

confirm pitet plasmid integration. 

Dr Nishanthy 

Ranganathan 

(Imperial 

College 

London) 

SH1000 pCN34 SH1000 carrying empty pCN34. This study 

SH1000 pCN34 PrecA-gfp SH1000 carrying pCN34 PrecA-gfp. This study 

JE2 pCN34 JE2 carrying empty pCN34. This study 

JE2 pCN34 PrecA-gfp JE2 carrying pCN34 PrecA-gfp. This study 

JE2 rexB::Tn pCN34 JE2 rexB::Tn carrying empty pCN34. This study 

JE2 rexB::Tn pCN34 PrecA-

gfp 

JE2 rexB::Tn carrying pCN34 PrecA-gfp. This study 

   

Escherichia coli   

DH5α Host strain for cloning. Deficiency in recA1 

recombinase prevents unwanted 

recombination of exogenous DNA. 

New England 

Biolabs (NEB) 
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Deficiency in endA1 endonuclease 

improves the yield and quality of purified 

plasmid DNA. The lack of restriction due to 

mutation in hsdR enables transformation 

with exogenous DNA. The lacZΔM15 gene 

on the F’ episome allows blue-white colour 

screening. 

XL1 Blue Host strain for cloning. ΔendA1, recA1, 

hsdR. The lacIqZ∆M15 gene on the F´ 

episome allows blue-white colour 

screening. 

Stratagene 

DC10B DNA cytosine methyltransferase deficient 

(Δdcm). Cloning strain that efficiently 

bypasses the restriction-modification 

system of S. aureus. 

449 

BL21 (DE3) Strain used for protein expression. The 

strain carries the λDE3 prophage encoding 

T7 RNA polymerase under the control of 

the lacUV5 promoter. Induction by IPTG 

enables expression of cloned genes from 

the T7 promoter. Deficiency of ompT and 

lon proteases improves the stability of 

expressed proteins. 

Stratagene 

soluBL21 (DE3) Strain used for protein expression. 

Derivative of BL21 (DE3) that can produce 

soluble protein in most cases where the 

parent strain yielded no detectable soluble 

product. 

Genlantis 

Rosetta 2 (DE3) pLysS Strain used for protein expression. 

Derivative of BL21 (DE3) that has been 

supplied with tRNAs for seven rare codons 

in E. coli. Expresses T7 lysozyme from 

pLysS, which suppresses basal expression 

of T7 RNA polymerase prior to induction, 

Cam34. 

Novagen 



73 
 

BW25113 Type strain used in the Keio Knockout 

Collection. Derivative of the F-, λ-, E. coli K-

12 strain BD792. ΔlacZ, hsdR, araBAD, 

rhaBAD (cannot metabolise arabinose or 

rhamnose, so inducible promoters of these 

sugars can be introduced into this strain if 

necessary). 

450 

BW25113 ΔrecB BW25113 with the recB gene replaced with 

a kanamycin resistance cassette, Kan25. 

450 

BW25113 ΔrecB (DE3) BW25113 ΔrecB that carries the λDE3 

prophage encoding T7 RNA polymerase 

under the control of the lacUV5 promoter. 

This enables expression of cloned genes 

from the T7 promoter of the pET28b+ 

vector, via induction by IPTG. 

This study 

   

Streptococcus gordonii   

DL1 Wild type. 451 

DL1 ΔrexAB Wild-type DL1 with the rexA and rexB 

genes deleted. 

Dr Angela 

Nobbs 

(University of 

Bristol) 

   

Enterococcus faecalis   

OG1X Wild type. 452 

OG1X ΔrexAB Wild-type OG1X with the rexA and rexB 

genes deleted. 

Dr Angela 

Nobbs 

(University of 

Bristol) 

 

Table 2.2. Plasmids used in this study 

Plasmid Description Source 

pitet An integrative shuttle vector used for placing desired 

genes under the control of a tetracycline-inducible 

promoter into S. aureus for controlled expression. Single-

453 
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copy in S. aureus following integration at the geh locus. 

Amp100 in E. coli, Cam10 in S. aureus. 

pitet rexAB pitet containing the rexAB operon. This study 

pET28b+ Used for expression of recombinant proteins in E. coli. The 

resulting protein is expressed under the control of a T7 

promoter and has an N-terminal 6xHis-tag. Expression is 

inducible with IPTG, and dependent on the presence of the 

T7 RNA polymerase. Kan50. 

Novagen 

pET28b+ rexA Plasmid for expressing recombinant, N-terminally His-

tagged S. aureus RexA. 

This study 

pET28b+ rexB Plasmid for expressing recombinant, N-terminally His-

tagged S. aureus RexB. 

This study 

pET28b+ rexAB Plasmid for expressing recombinant, N-terminally His-

tagged S. aureus RexB and N-terminally StrepII-tagged S. 

aureus RexA. 

This study 

pCN34 A low-copy shuttle vector (20 – 25 copies per cell) used for 

cloning target genes into S. aureus for expression under 

their native promoters. Amp100 in E. coli. Kan90 in S. 

aureus. 

454 

pCN34 PrecA-gfp pCN34 carrying the green fluorescent protein (gfp) under 

the control of the recA promoter from S. aureus. 

This study 
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2.2 DNA techniques 

2.2.1 Extraction of plasmid DNA 

High-copy plasmid DNA was purified from E. coli strains using the QIAprep Miniprep kit 

(Qiagen), from a 3-5 ml overnight bacterial culture. Purification of low-copy plasmids was 

performed using the QIAquick Midiprep kit (Qiagen) from 100 ml overnight cultures grown in 

500 ml flasks. Plasmid DNA extracted by the Midiprep kit was rehydrated in 150 µl nuclease-

free water. DNA concentration was quantified using a NanoVue Plus spectrophotometer (GE 

Healthcare) and stored at -20 ˚C. 

2.2.2 Polymerase chain reaction (PCR) 

PCR was carried out to amplify target genes from genomic or plasmid DNA. Phusion DNA 

polymerase (NEB) was used following the instructions provided. Typical reactions were set up 

in 0.5 ml microcentrifuge tubes in a PTC-200 Peltier Thermal Cycler (MJ Research), according 

to the composition and cycling conditions shown in Tables 2.3 and 2.4. Primers were 

synthesised by Sigma-Aldrich and a full list of primers used in this study is shown in Table 2.5. 

When appropriate, PCR products were purified using the QIAquick PCR Purification kit 

(Qiagen), following the instructions provided. 

 Colony PCR was performed to screen colonies after genetic manipulation and to 

amplify target genes from genomic DNA. To prepare S. aureus DNA for PCR, a single colony 

was resuspended in 50 µl of nuclease-free water in a 1.5 ml microcentrifuge tube and 

microwaved on full power for 3 min. The microwave-treated cells were pelleted at 17,000 x g 

for 2 min, and 5 µl of the supernatant was used per PCR reaction. To prepare E. coli DNA, a 

single colony was resuspended into 20 ul of nuclease-free water and heated to 95 ˚C for 15 

min. The cells were pelleted at 17,000 x g for 2 min, and 1 µl was used per PCR reaction.  
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Table 2.3. Composition of a PCR reaction 

Reaction component Volume (µl) 

Nuclease-free water 15.75 

5x Phusion HF buffer  5 

10 mM dNTPs 0.5 

100 ng/µl Template DNA  1 

10 µM Forward primer  1.25 

10 µM Reverse primer 1.25 

Phusion DNA polymerase 0.25 (1 unit/50 µl PCR) 

Total 25 

Table 2.4. PCR cycling conditions 

Reaction stage Temperature (˚C) Duration Number of cycles 

Initial denaturation 98 2 mina 1 

Denaturation 98 30 s 30 

Annealing 45-72 30 s 30 

Extension 72 30 s/kb 30 

Final extension 72 5 min 1 

Hold 4 ∞ 1 

a For colony PCR, duration was increased to 10 min. 

Table 2.5. Primers used in this study 

Primer name Sequence 

Primers for the construction of pitet rexAB 

rexB-F AvrII GGCCCTAGGATGACATTACATGCTTATTTAG  

rexA-R PmeI  GCCGTTTAAACCTATAGTTGCAATGTACCAAATTTG  

  

Primers for the construction of pCN34 PrecA-gfp 

PrecA-F BamHI GAGGATCCTATGGTTCAGATGACACAT 

PrecA-R 7xT-GFP CATTTTTTTTCCTCCTAATTGAAATTGC 

GFP-F 7xA-PrecA AGGAAAAAAAATGAGTAAAGGAGAAGAACT 

GFP-R KpnI GCGGGTACCTTATTTGTATAGTTCATCCATG 

  

Primers for the construction of pET28b+ His-rexB, His-rexA and His-rexB-StrepII-rexA 

rexB-F BamHI CCAGGATCCGATGACATTACATGCTTATTTAGG 

rexB-R SalI ATAGTCGACCTATTGCTCACCCCCAAATTC 
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rexA-F BamHI CGAGGATCCGATGACAATTCCAGAGAAACC 

rexA-R SalI GCGGTCGACCTATAGTTGCAATGTACC 

StrepII rexAB SDM-F ACAATTCCAGAGAAACCACAAGGCGTGATTTGGACTGACGC

GCAATGGC 

StrepII rexAB SDM-R AGCGCTTTTTTCGAACTGCGGGTGGCTCCACATCTATTGCTC

ACCCCC 

Th rexAB SDM-F CCCGCAGTTCGAAAAAAGCGCTGGCCTGGTGCCGCGCGGC

AGCGGCACAATTCCAGAGAAACCACAAGG 

Th rexAB SDM-R CCTTGTGGTTTCTCTGGAATTGTGCCGCTGCCGCGCGGCAC

CAGGCCAGCGCTTTTTTCGAACTGCGGG 

  

Primers for sequencing 

pCL55 Fwd seq GGATCCCCTCGAGTTCATG 

pCL55 Rev seq CTCGTAGTATCTATACTTCG 

pCN34 seq F GTTATCCCCTGATTCTGTGGATAAC 

pCN34 seq R CCAGAATTATATTCAGAACAGGAAC 

T7P TAATACGACTCACTATAGG 

T7T GCTAGTTATTGCTCAGCGG 

rexA midseq1-F GTTTTAGAAGGTGGCTTTATTGATATACC 

rexA midseq2-R GACGACTACTATCTTCAATTTGTGC 

rexB midseq1-F AGCATCTTGAACAAGAATTTGATGC 

rexB midseq2-R GCTTAGTGTTGTTTCTACAATAGC 

rexA midseq3-R CAGCTTTCAAATCATCAGC 

rexB midseq3-F GGCGATTTTAAACAATTAGACC 

StrepII rexA seq-R GGATAATACGCTCAACTAG 

  

Primers for confirming chomosomal integration of pitet 

Lipase geh F GTTGTTTTTGTACATGGATTTTTAG 

Lipase geh R CTTGCTTTCAATTGTGTTCC 

pCL55 R GCGCATAGGTGAGTTATTAGC 

  

Primers to generate DNA substrate for nuclease, helicase and ATPase activity assays 

Chi F  GCTTAGTTATAGACACGGCAC 

Chi R CCTGGTCTTTTACGTACTGC 

Chi control F TCAGTGAATTAGATGATTCGC 

Chi control R TTCATACGTATGAATGTTATTTGC 
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2.2.3 Site-directed mutagenesis (SDM) 

Site directed mutagenesis (SDM) was performed to introduce a Streptavidin-II (StrepII) tag 

onto the N-terminus of the recombinant RexA protein to enable its purification and detection. 

The cloning strategy is described in section 5.3.1. PCR primers for SDM were designed using 

the QuikChange Primer Design Program (Agilent) and are listed in Table 2.5. PCR reactions 

were performed using Phusion DNA polymerase as described in section 2.2.2. Products were 

analysed by agarose gel electrophoresis to confirm size, purified via gel extraction or PCR 

purification (sections 2.2.6 and 2.2.7), and 1 µg of DNA was incubated with 1 µl (20 units) of 

DpnI (NEB) at 37 ˚C for 2 h to remove contaminating template DNA. DpnI digests DNA that is 

methylated on its recognition sequence 5’ – GAm6TC – 3’. Since DNA from dam+ strains such 

as E. coli XL1 Blue is methylated in this way, DpnI specifically digests the template DNA and 

leaves the non-methylated PCR product intact. The DpnI-digested product was purified using 

the QIAquick PCR Purification kit (Qiagen), and transformed into competent E. coli XL1 Blue 

(section 2.2.10). Successful mutagenesis was confirmed by colony PCR (section 2.2.2) and 

DNA sequencing (section 0). 

2.2.4 Restriction digest 

Restriction digestion was carried out for cloning and to identify succesfully generated plasmid 

constructs. Reactions typically consisted of 1 µl of 10x CutSmart Buffer (NEB), 1 µg of DNA, 

1 µl (20 units) of restriction enzyme(s) (NEB) and nuclease-free water up to a total volume of 

10 µl. Reactions were incubated at 37 ˚C for 2 h. To prevent re-circularisation of the digested 

vectors, restricted ends were dephosphorylated by the addition of 1 µl (1 unit) of Calf Intestinal 

Alkaline Phosphatase (NEB), 1 µl of 10x CutSmart buffer, and 8 µl of nuclease-free water to 

a final volume of 20 µl. Reactions were incubated at 37 ̊ C for 1 h. When appropriate, digestion 

products were analysed by agarose gel electrophoresis (section 2.2.6) and gel extracted 

(section 2.2.7). 
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2.2.5 Ligation 

Ligations were performed with a 1:3 molar ratio of vector: insert. 50 to 100 ng of the vector 

was combined with a thee-fold molar excess of insert as calculated using the NEBioCalculator 

(NEB). Then 2 µl of T4 DNA ligase buffer (NEB), 1 µl (400 units) of T4 DNA ligase (NEB) and 

nuclease-free water to a total volume of 20 ul were added. The reaction mixture was gently 

mixed by pipetting up and down. Sticky-ended ligations were incubated at room temperature 

for 1 h, and blunt-ended ligations were incubated for 2 h. The reaction was then transformed 

into 50 µl of competent E. coli cells (section 2.2.10). Postive clones were identified by colony 

PCR (section 2.2.2) or restriction digestion (section 2.2.4) of the purified plasmid. 

2.2.6 Agarose gel electrophoresis 

Agarose gel electrophoresis was used to analyse DNA products from PCR (section 2.2.2) and 

restriction digest (section 2.2.4). 1% (w/v) agarose gels were made by dissolving agarose 

(Sigma-Aldrich) in 1x Tris-Borate EDTA (TBE) buffer (1 M Tris-borate, 0.02 M EDTA, pH 8.0) 

by heating, with SYBR Safe DNA Gel Stain (Invitrogen) added at a 1: 10,000 dilution. Samples 

were mixed with 6x Purple Gel Loading Dye (NEB) and loaded into the gel alongside 2-Log 

DNA Ladder (NEB). Gels were run in TBE buffer at 100 V for approximately 40 min or until the 

dye front had migrated to the bottom of the gel. DNA was visualised, and images captured 

using a Gel Doc EZ Imager (Bio-Rad). 

2.2.7 Gel extraction and PCR purification 

DNA products were extracted following agarose gel electrophoresis (section 2.2.6) using the 

QIAquick Gel Extraction kit (Qiagen). DNA was visualised using a Safe Imager Blue Light 

Transilluminator (Invitrogen) and the bands of interest were excised using a scalpel. DNA was 

purified following the protocol accompanying the kit. The QIAquick PCR Purification kit 

(Qiagen) was used to purify DNA products for downstream applications. Purified DNA was 

quantified using a NanoVue Plus spectrophotometer (GE Healthcare) and stored at -20 ˚C. 
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2.2.8 DNA sequencing 

DNA samples and primers were prepared for sequencing in separate microcentrifuge tubes, 

at 30-100 ng/µl for purified plasmid DNA, 10-50 ng/µl for purified PCR product and 10 µM of 

the appropriate primer (Table 2.5). Sanger sequencing was performed by GATC Biotech using 

a 3730XL DNA Analyser (Applied Biosystems). Sequencing data were analysed using the 

Benchling Molecular Biology Suite (Benchling, Inc.). 

2.2.9 Preparation of chemically competent E. coli 

A stationary-phase culture (2 ml) was used to inoculate 100 ml of LB in a 500 ml conical flask 

and grown to an OD600 nm of 0.3-0.5. Cells were transferred into 50 ml centrifuge tubes and 

pelleted by centrifugation at 4000 rpm for 15 min at 4 °C. After discarding the supernatant, the 

cells were resuspended in 30 ml of ice cold CaCl2 (50 mM) by gentle shaking, and incubated 

on ice for 20 min. The cells were pelleted again at 4000 rpm for 15 min and finally resuspended 

in 4 ml of ice-cold CaCl2 (100 mM) containing 15% glycerol. The cell suspension was divided 

into 100 µl aliquots into pre-chilled microcentrifuge tubes and stored at -80 ˚C until required. 

2.2.10 Transformation of competent E. coli 

Ligation reactions were transformed into CaCl2-competent E. coli XL1 Blue or DH5α cells. 

Briefly, the entire ligation reaction was added to 50 µl of E. coli cells before the mixture was 

incubated on ice for 30 min, heat-shocked for 1 min at 42 °C, and returned to ice for 2 min. LB 

broth (500 µl) was added and cells were then incubated for 1 h at 37 °C with shaking at 180 

rpm. Bacteria were pelleted by centrifugation for 2 min at 7000 rpm, resuspended in 50 µl 

supernatant, spread on LBA plates containing the appropriate antibiotics and grown overnight 

at 37 °C in air.  

2.2.11 Lysogenisation of E. coli 

The λDE3 prophage was integrated into an E. coli host chomosome to enable expression of 

target genes cloned into T7 expression vectors, including pET28b+. λDE3 is a recombinant 

phage that carries the T7 RNA polymerase gene under the control of the lacUV5 promoter. In 
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T7 expression vectors, target genes are cloned under the control of the T7 promoter, therefore 

expression is induced by providing a source of T7 RNA polymerase in the host cell. Commonly 

used E. coli strains for protein expression generally carry the λDE3 prophage and are able to 

produce T7 RNA polymerase upon induction by IPTG. However, E. coli strains that are not 

typically used for protein expression do not carry the λDE3 prophage and λDE3 would have 

to be integrated for target gene expression. 

 Lysogenisation of E. coli was performed using the Novagen λDE3 Lysogenisation 

kit (Merck Millipore), following the manufacturer’s instructions. Briefly, the E. coli host strain 

was grown in LB supplemented with 0.2% maltose, 10 mM MgSO4, and any appropriate 

antibiotics at 37 °C to an OD600 of 0.5. Then using the provided stock lysates, lysogens were 

prepared by co-infection of 1 μl, 3 μl, 5 μl or 10 μl host cells with 108 pfu λDE3, 108 pfu Helper 

phage, and 108 pfu Selection phage. Several volumes of host cells were tested to produce 

plates containing 50–200 candidate lysogens as isolated colonies. Since λDE3 has an 

interrupted int gene and cannot integrate into the chomosome by itself, this function is provided 

by a Helper phage. The Selection phage enables λDE3 lysogens to survive as they have the 

same immunity, but kills any λDE3 host range mutants. Neither the Helper nor the Selection 

phages can form lysogens by themselves because they have no cI repressor and are virulent 

as a result. Next, the host-phage mixtures were incubated at 37 °C for 20 min to allow phage 

to adsorb to host, after which the mixtures were spread onto LBA plates supplemented with 

antibiotics to select for the host cells. Plates were incubated at 37 °C overnight and surviving 

colonies were expected to be λDE3 lysogens.  

 The λDE3 lysogens were verified by plating with a Tester phage, which is a T7 

RNA polymerase deletion mutant that can only make plaques on cells containing T7 RNA 

polymerase (λDE3 lysogens) in the presence of IPTG. Briefly, host strains were grown as 

described above to an OD600 of 0.5. Then 100 μl of host cells were mixed with 100 μl of Tester 

phage diluted to a titre of 1–2 × 103 pfu/ml, in duplicate tubes. The host-phage mixtures were 

incubated at room temperature for 10 min to allow phage to adsorb to host. Next, 3 ml of 

molten top agarose (no warmer than 47 °C) was added to each tube and the contents of one 
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duplicate was poured onto an LB plate, while the other duplicate was poured onto an LB plate 

supplemented with 0.4 mM IPTG to evaluate induction of T7 RNA polymerase. After the top 

agarose had hardened, plates were incubated at room temperature overnight. In the presence 

of IPTG, λDE3 lysogens are expected to produce large plaques surrounded by large halos. 

2.2.12 Preparation of electrocompetent S. aureus 

1 ml of an overnight S. aureus culture was added to 100 ml of TSB in a 500 ml conical flask 

and grown to an OD600 nm of 0.5-0.6. Cells were transferred into 50 ml centrifuge tubes and 

pelleted by centrifugation at 4000 rpm for 10 min at 4 °C. After discarding the supernatant the 

cells were washed twice by repeated rounds of resuspension and centrifugation in an equal 

volume of sterile 0.5 M sucrose then washed once in half the volume of 0.5 M sucrose and 

resuspended in 1 ml of 0.5 M sucrose. This bacterial cell suspension was then divided into 

100 µl aliquots into pre-chilled microcentrifuge tubes and stored at -80 ˚C until required. 

2.2.13 Transformation of electrocompetent S. aureus 

Plasmid DNA was first transformed into chemically-competent E. coli DC10B (~100 ng of DNA 

transformed using the method described in section 2.2.10), which lacks cytosine methylation 

to enable bypassing of the staphylococcal restriction-modification barrier449. Then plasmid 

DNA was prepared from E. coli DC10B to a concentration of 300 to 800 ng/µl using the 

QIAprep Midiprep kit (Qiagen) from 100 ml of a stationary-phase culture. Plasmid DNA (20 µl) 

was dialysed against sterile water for 30 min using 13 mm-0.025 µm filter discs (Merck 

Millipore) before 15 µl was added to an aliquot of electrocompetent S. aureus cells defrosted 

on ice. Cells were electroporated using a Gene Pulser Electroporation system (Bio-Rad) in 

0.1 cm electroporation cuvettes (VWR) at 100 W, 2.5 kV, 25 mF with a desired time constant 

of 2.1-2.5. Immediately after electroporation, 900 µl of TSB containing 0.5 M sucrose was 

added to the cuvette. Cells were then transferred into microcentrifuge tubes and incubated for 

1 h at 37 °C (180 rpm) in air. Subsequently, cells were centrifuged for 2 min at 7000 rpm, 

resuspended in 100 µl TSB and spread over TSA plates containing the appropriate antibiotics. 

Agar plates were incubated for up to 48 h at 37 °C under aerobic conditions. 
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2.3 Protein techniques 

2.3.1 Protein expression from the pET system 

The pET system was used for high-level protein expression of recombinant S. aureus RexAB 

protein. This system relies on target gene expression from a T7 promoter, which is specifically 

recognised by the bacteriophage T7 RNA polymerase. All three expression strains used 

(Table 2.1) are λDE3 prophage lysogens that carry a chomosomal copy of T7 RNA 

polymerase gene under the control of the lacUV5 promoter. E. coli soluBL21 (DE3) is a mutant 

strain of BL21 (DE3) that has been optimised to produce soluble protein in most cases where 

an insoluble protein is expressed in the parent strain. E. coli Rosetta 2 (DE3) pLysS is a BL21 

(DE3) derivative that has been supplied with tRNAs for seven rare codons in E. coli (AGA, 

AGG, AUA, CUA, GGA, CCC, and CGG), and expresses T7 lysozyme from pLysS, which 

suppresses basal expression of T7 RNA polymerase prior to induction. This stabilises pET 

recombinants with target proteins that affect cell growth and viability. 

 The pET28b+ vector (Table 2.2) encodes a six-histidine tag (6xHis tag) at the N-

terminus of the target protein for nickel affinity chomatography (section 2.3.2.1). The inducer 

isopropyl β-D-1-thiogalactopyranoside (IPTG) is a molecular mimic of allolactose, which is 

bound by the LacI repressor to relieve repression of lacUV5 and to induce the expression of 

T7 RNA polymerase and as a consequence, the target gene.  

 Protein expression conditions required optimisation, which involved varying the 

expression strain (E. coli BL21 (DE3), soluBL21 (DE3) and Rosetta 2 (DE3) pLysS), 

temperature (16, 20, 30 and 37 °C), media (LB and TB) and IPTG induction concentration (0.4 

and 1 mM). Expression at 30 °C or 37 °C was carried out for 3 h, and expression at 16 °C or 

20 °C was carried out overnight (~20 h).  

 Plasmids encoding recombinant proteins were transformed (section 2.2.10) into 

the E. coli expression strain, and the transformation plate was used to inoculate 5 ml of 

medium. After growth at 37 °C (180 rpm) overnight, the culture was used to inoculate 

centrifuge tubes (50 ml volume) containing 12 ml of fresh media supplemented with the 
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appropriate antibiotics to a final OD600 nm of 0.05. The number of centrifuge tubes was 

dependent on the number of expression conditions to be tested. The cultures were grown at 

37 °C (180 rpm) to mid-exponential phase (OD600 nm of 0.5), at which point a 1 ml pre-induction 

culture sample was taken and prepared for SDS-PAGE analysis (section 2.3.5). Expression 

was induced by the addition of IPTG and cultures were shifted to the desired expression 

temperature. Culture samples were taken every hour post-induction and were prepared for 

SDS-PAGE analysis.  

 To determine the solubility of the protein under the expression conditions tested, 

sonication of bacterial cells was performed. Therefore, the remaining culture was pelleted by 

centrifugation at 4000 rpm for 10 min at 4 °C, and resuspended in 2 ml of Buffer A (50 mM 

Tris, 150 mM NaCl, pH 7.5). The cell suspension was sonicated for 2 min (5 sec on-off cycle) 

at 40% amplitude using a Vibra-cell sonicator (Sonics) until lysed. The lysate was then 

centrifuged at 17, 000 x g for 2 min and the supernatant (soluble fraction) transferred into a 

clean tube held on ice. The pellet (insoluble fraction) was resuspended in an equal volume of 

Buffer A to the soluble fraction, and 100 µl samples of both fractions were prepared for SDS-

PAGE analysis. 

 Protein expression samples were analysed by SDS-PAGE to determine the 

conditions for optimal protein expression. For RexAB protein purification, conditions were 

optimised to expression in E. coli soluBL21 (DE3) cells induced by the addition of 1 mM IPTG, 

and grown at 20 °C overnight in TB. Expression was scaled up to 1 L or 4 L as desired, and 

cell pellets were stored at -20 °C until protein purification. 

2.3.2 Protein purification 

2.3.2.1 Nickel affinity chomatography 

Proteins containing 6xHis tags were purified using nickel affinity chomatography. Nickel has a 

strong affinity for histidine residues and therefore His-tagged proteins bind to the nickel 

immobilised on the column. This enables them to be separated from other proteins present in 

the whole cell lysate. His-tagged proteins stay bound to the column until the addition of 
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imidazole, which acts as a molecular mimic of the imidazole ring side-chain of histidine. At 

high concentrations, imidazole displaces the His-tagged proteins from the nickel column, 

resulting in elution of the protein. 

 Cell pellets containing recombinant proteins that had been stored at -20 °C were 

thawed fully before resuspension in Buffer A. For 4 L cultures, 175 ml of Buffer A was used. 

The cell suspension was sonicated for 30 min (10 seconds on, 30 seconds off cycle) at 30% 

amplitude using a Model 705 Sonic Dismembrator (Thermo Fisher Scientific) until lysed. The 

lysate was then spun at 32,000 x g for 30 min at 4 °C to separate the soluble and insoluble 

protein fractions. The pellet was resuspended in an equal volume of Buffer A to the soluble 

fraction, and samples were taken and prepared for SDS-PAGE analysis (section 2.3.5). 

 While the lysate was being centrifuged, 5 ml of Chelating Sepharose Fast Flow 

resin (GE Healthcare) was loaded with 0.1 M NiCl2 into a gravity flow column, and equilibrated 

with 100 ml of equilibration buffer (50 mM Tris, 150 mM NaCl, 20mM imidazole, pH 7.5). The 

resin was added to the supernatant, and the mixture was left at 4 °C overnight with stirring to 

enable the His-tagged protein to bind to the nickel-charged resin. The next day, the mixture 

was poured into a gravity flow column. The column was washed with 40 ml of equilibration 

buffer and the wash was repeated eight times, making sure to stir the resin after each addition 

of buffer. To remove weak, non-specific binding to the resin, the column was washed with 20 

ml of buffer containing 70 mM imidazole (50 mM Tris, 150 mM NaCl, 70mM imidazole, pH 7.5; 

10 ml added each time and stirring the resin in-between). Then the His-tagged protein was 

eluted with buffer containing 150 mM imidazole (50 mM Tris, 150 mM NaCl, 150mM imidazole, 

pH 7.5) by adding 10 ml of elution buffer each time. Protein elution was monitored by the 

addition of sufficient Bradford Reagent (Bio-Rad) to produce chromogenic product, which was 

used to monitor each fraction until no more protein was detected. Bradford reagent contains 

the Coomassie Brilliant Blue G-250 dye, which undergoes a colorimetric change from red to 

blue when protein is present. When no more protein is present, the colour of the reagent 

remains red-brown. The imidazole concentrations of 70 mM and 150 mM were optimised for 

RexAB after an initial purification of 1 L culture with stepwise elution at 100, 200 and 300 mM.  
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 Samples were removed during each step and prepared for SDS-PAGE analysis 

to evaluate the purification. Based on the results of the SDS-PAGE analysis with Coomassie 

staining, fractions were pooled into an Amicon 100 kDa cut-off concentrator (Merck Millipore) 

to remove smaller molecular weight proteins, remove imidazole and to concentrate the protein. 

Concentrators were centrifuged at 2000 x g (4 °C), and the pooled fractions were washed 3-4 

times with Buffer A to remove the imidazole. Protein samples were aliquoted into 

microcentrifuge tubes and stored at -80 °C. 

2.3.2.2 Strep-Tactin affinity chomatography 

Proteins containing Streptavidin-II (StrepII) tags were purified using Strep-Tactin affinity 

chomatography. This system was designed based on the well-known binding of biotin to 

streptavidin. The StrepII tag is a short engineered peptide of 8 amino acids (Trp-Ser-His-Pro-

Gln-Phe-Glu-Lys) that bind to the biotin-binding pocket of streptavidin when fused to 

recombinant proteins, serving as a purification mechanism. Strep-Tactin is a streptavidin 

derivative that is optimised for maximal binding to the StrepII-tag. StrepII-tagged proteins are 

competitively eluted by the addition of desthiobiotin, which is an inexpensive, stable and 

reversibly-binding analogue of biotin. 

 Cell pellets stored at -20 °C were thawed fully before being resuspended in Buffer 

A. For 1 L cultures, 25 ml of Buffer A was used. The cell suspension was sonicated for 30 min 

(10 seconds on, 30 seconds off cycle) at 30% amplitube using a Model 705 Sonic 

Dismembrator (Fisher Scientific) until lysed. The lysate was then spun at 32,000 x g for 30 min 

at 4 °C to separate the soluble and insoluble protein fractions. The pellet was resuspended in 

an equal volume of Buffer A to the soluble fraction, and samples were taken and prepared for 

SDS-PAGE analysis (section 2.3.5). 

 While the lysate was being spun, 5 ml of Strep-Tactin sepharose resin (IBA) was 

loaded into a gravity flow column, and washed with 100 ml of wash buffer (50 mM Tris-HCl, 1 

M NaCl, pH 7.5). Then the supernatant was added to the resin and the mixture was mixed for 

2 h to enable the StrepII-tagged protein to bind to the Strep-Tactin resin. After collecting the 
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flow though, the column was washed with 200 ml of wash buffer, by adding 25 ml each time 

and making sure to stir the resin after each addition of buffer. The StrepII-tagged protein was 

eluted with 25-30 ml of buffer containing desthiobiotin (50 mM Tris, 150 mM NaCl, 2.5 mM D-

desthiobiotin, pH 7.5) by adding 5 ml of the buffer each time. Samples were removed during 

each step and prepared for SDS-PAGE analysis to evaluate the purification. Based on the 

results of the SDS-PAGE analysis, selected fractions were pooled and stored at -80 °C. The 

Strep-Tactin resin was regnerated by the addition of regeneration buffer (50 mM Tris, 150 mM 

NaCl, 1 mM EDTA, 1 mM HABA (2- [4’-hydroxy-benzeneazo] benzoic acid), pH 7.5). The resin 

was stored at 4 °C. 

2.3.3 Bicinchoninic acid (BCA) assay for protein quantification 

The bicinchoninic acid (BCA) protein assay was used to quantify the total protein 

concentration. In the assay, peptide bonds reduce cupric (Cu2+) ions in a copper solution to 

the cuprous (Cu1+) ion. This is followed by the chelation of BCA with the cuprous ion, resulting 

in a purple colour. The BCA/copper complex is water-soluble and has a strong linear 

absorbance at 562 nm with increasing protein concentrations. 

 The total protein concentration was quantified using the Pierce BCA protein assay 

kit (Thermo Fisher Scientific), following the manufacturer’s instructions. Briefly, a standard 

curve was prepared by diluting bovine serum albumin (BSA) in Buffer A and 25 μl of each 

concentration was pipetted into a clean, flat-bottomed 96-well plate. The protein was diluted 

1/5, 1/10 and 1/20 in Buffer A up to 25 μl in each well, and 25 μl of storage buffer was used 

as a blank. Then 1 ml of proprietary BCA reagent was added to each sample, and the 96-well 

plate was incubated at 37 °C for 30 min. After cooling for 5 min at room temperature, the 

absorbance at 562 nm was measured using an Infinite M200-PRO microplate reader (Tecan). 

2.3.4 Polyclonal antibody production 

The purified recombinant S. aureus RexAB protein complex (section 5.3.3) was sent to 

Covalab for rabbit immunisation. The complex was used for antibody production to enable 

detection of the native protein complex in S. aureus whole cell extracts. In addition, the 
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individual RexA and RexB subunits were discovered to be unstable in solution when protein 

purification was attempted (sections 5.3.2.1 and 5.3.2.2). Two rabbits were immunised with 

the protein following a 53-day protocol with thee injections and thee bleeds. Injections were 

performed at 0, 14, and 28 days. Bleeds were taken pre-immunisation, 39 days after 

immunisation and after termination at 53 days (final bleed). This produced one polyclonal 

antibody against the recombinant S. aureus RexAB complex. 

2.3.5 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis (PAGE) was used for 

protein analysis. SDS is a detergent that denatures proteins and imparts a uniform negative 

charge so that the rate of migration though the gel is inversely related to the molecular weight. 

Heating of samples further promotes protein denaturation. Gels were prepared as per the 

composition listed in Table 2.6. Ammonium persulphate (10%) (APS; Sigma-Aldrich) and 

tetramethylethylenediamine (TEMED; Sigma-Aldrich) were added immediately prior to casting 

to polymerise the mixture. Running gel mixture (5 ml) was pipetted between clean Mini-

PROTEAN glass plates (Bio-Rad) and the gel was levelled with 1 ml of isopropanol. After the 

running gel had polymerised, the isopropanol was poured out and the gel surface washed with 

distilled water. Residual water was blotted with filter paper. Then, the stacking gel mixture was 

prepared and pipetted on top. An appropriate well comb was inserted and the stacking gel 

was left to set. 

 Samples (10 µl) were loaded into the wells of the SDS-PAGE gel alongside 5 µl 

of PageRuler Plus Prestained Protein Ladder (Thermo Fisher Scientific). SDS-PAGE running 

buffer (0.025 M Tris, 0.192 M glycine, 0.1% SDS, pH 8.5) was added to the inner chamber of 

the Mini-PROTEAN Tetra Cell buffer tank (Bio-Rad) until full and then to the outer chamber 

until half full. Gels were run at 100 V for 10 min, then 200 V for 35 min (400 mA) or until dye 

front had migrated to the bottom of the gel. 
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Table 2.6. Composition of SDS-polyacrylamide running and stacking gels 

Component Running gel 8% 

(10 ml, for one gel) 

Stacking gel 4.5%  

(4 ml, for two gels) 

30% Acrylamide/Bis 2.6 ml 600 µl 

1.5 M Tris-HCl pH 8.8 + 

0.3% SDS 

2.5 ml - 

0.5 M Tris-HCl pH 6.8 + 

0.4% SDS 

- 1 ml 

Distilled water 4.9 ml 2.4 ml 

10% (w/v) APS 100 µl 40 µl 

TEMED 10 µl 4 µl 

 

2.3.5.1 SDS-PAGE sample preparation 

Protein samples for SDS-PAGE analysis were prepared via the protein purification processes 

described above from E. coli and S. aureus cultures. For samples taken during protein 

purification, an equal volume of 2x Laemmli buffer (4% SDS, 20% glycerol, 10% 2-

mercaptoethanol, 0.02% bromophenol blue and 0.125 M Tris-HCl, pH 6.8) was added and the 

mixture was heated at 95 °C for 5 min. For E. coli samples, 1 ml of the culture was centrifuged 

for 2 min at 17,000 x g. Then the pellet was resuspended in 5 µl of distilled water for every 0.1 

OD600 nm to correct for differences in optical density between samples. The same volume of 2x 

Laemmli buffer  was added, and the sample was heated at 95 °C for 5 min. 

 For S. aureus, 100 ml of overnight culture was centrifuged for 10 min at 4000 rpm 

and the pellet resuspended in 1.6 ml of distilled water. Lysostaphin solution (200 µl, 2 mg/ml) 

(Sigma-Aldrich) was added and the mixture incubated at 37 °C for 30 min. Next, 20 µl of 

DNase (NEB) was added and the sample incubated at 37 °C for a further 30 min. After 

centrifugation at 17,000 x g for 2 min, the supernatant was loaded into an Amicon Ultra-2 100 

kDa filter to concentrate the sample by centrifugation for 30 min at 4000 rpm. Finally, an equal 

volume of 2x Laemmli buffer was added and the mixture boiled at 95 °C for 10 min. 

 All samples were stored at -20 °C and were spun at 17,000 x g for 1 min before 

being resolved by SDS-PAGE analysis (see section above). 
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2.3.5.2 Coomassie blue staining 

Coomassie blue was used to visualise protein bands. Developed SDS-PAGE gels were 

removed from between glass plates and placed in distilled water for 10 min on a rocking 

platform. Then the water was discarded and the gel was immersed in 20 ml of Bio-Safe 

Coomassie stain (Bio-Rad) for 45 min on a rocking platform to resolve protein bands. Stained 

gels were washed with distilled water for 1 h before being imaged on a Gel Doc EZ Imager 

(Bio-Rad). 

2.3.6 Western blotting 

Western blotting was used to detect specific proteins in cell extracts to assess protein 

expression and/or purification. The SDS-PAGE gel was removed from the glass plates and 

placed in Towbin buffer (25 mM Tris, 192 mM glycine, 20% (v/v) methanol, pH 8.3) for 10 min. 

Meanwhile, eight gel-sized sheets of Whatmann filter paper were soaked in Towbin buffer, 

and a gel-sized sheet of nitrocellulose membrane was wetted in Towbin buffer and rinsed 

briefly with distilled water. The blot was assembled on a Trans-Blot Turbo transfer system 

(Bio-Rad), with four sheets of filter paper at the bottom, followed by the blot, then the gel, and 

finally the remaining four sheets of filter paper were placed on top. A roller was used over the 

assembled blot to remove any trapped air bubbles. The proteins in the gel were transferred 

onto the membrane by running the Trans-Blot system at 10 V (1 A) for 1 h. 

 The membrane was then blocked in TBST (20 mM Tris, 150 mM NaCl, 

0.1% Tween 20, pH 7.5) containing 5% skimmed milk powder or 3% bovine serum albumin 

(BSA; as appropriate for the antibody to be used) for 1 h at room temperature, or overnight at 

4 °C. For S. aureus cell extracts, TBST containing 5% skimmed milk powder and 3% human 

serum albumin (HSA) at 1/200 dilution was used to prevent non-specific binding of the 

antibodies . The membrane was washed thee times in TBST for 10 min each, and incubated 

for 1 h with the primary antibody diluted appropriately in TBST containing 5% skimmed milk 

powder, 3% BSA and/or 1/200 HSA. The membrane was then washed thee times in TBST for 

10 min each, and incubated with the secondary antibody in TBST containing 5% skimmed milk 

https://en.wikipedia.org/wiki/Tris
https://en.wikipedia.org/wiki/NaCl
https://en.wikipedia.org/wiki/Polysorbate_20
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powder, 3% BSA and/or 1/200 HSA. After the incubation, the membrane was washed for a 

final thee times in TBST for 10 min each, and 1 ml of premixed Amersham ECL Prime western 

blotting detection reagent (GE Healthcare) was pipetted onto the surface of the membrane to 

enable chemiluminescent detection of protein bands. The blot was imaged after 5 min of 

incubation with the detection reagent, using a ChemiDoc Touch imaging system (Bio-Rad). 

 To detect His-tagged proteins, mouse anti-His horseradish peroxidase (HP)-

conjugated antibody (Sigma-Aldrich) was used at 1/2000 dilution in TBST containing 5% 

skimmed milk powder. To detect StrepII-tagged proteins, Strep-Tactin conjugated to alkaline 

phosphatase (IBA) was used at 1/4000 dilution in TBST containing 3% BSA. For detecting the 

RexAB protein in staphyloccocal cell extracts, rabbit polyclonal anti-RexAB (Covalab; section 

2.3.4) was used at 1/10,000 dilution (unless stated otherwise) in TBST containing 5% skimmed 

milk powder and 1/200 HSA as the primary antibody, and goat anti-rabbit IgG-HP (Cell 

Signaling Technology) was used at 1/2000 dilution as the secondary antibody. 

2.4 Determination of enzyme activity 

2.4.1 Catalase activity 

Catalase is an enzyme that breaks down H2O2 into oxygen and water. To determine the level 

of catalase activity, overnight S. aureus cultures were washed thee times with PBS and 107 

CFU were added to 100 µM H2O2 (diluted in PBS) to a total volume of 1 ml and incubated at 

37 °C in the dark. At the start of the incubation and after 15 min, 200 µl of sample was removed 

and centrifuged at 17,000 x g for 3 min, and 20 µl of the supernatant was added to a 96-well 

plate. PBS containing no bacteria was used as a negative control.  

 Catalase activity was determined indirectly by measuring the concentration of 

H2O2 using the Pierce Quantitative Peroxide Assay kit (aqueous-compatible formulation) 

(Thermo Fisher Scientific). Following the manufacturer’s instuctions, reagents A and B were 

mixed at a ratio of 1:100 and 200 µl was added to each sample in the 96-well plate. The plate 

was then incubated for 30 min at room temperature and the absorbance was measured at 595 
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nm using an iMark microplate reader (Bio-Rad). The H2O2 concentration was determined using 

a standard curve of known concentrations (up to 1 mM). 

2.4.2 Nuclease activity 

Nucleases are able to degrade nucleic acid by hydrolysing the phosphodiester bonds between 

nucleotides. The nuclease activity of the RexAB protein complex was measured to confirm the 

presence of nuclease activity in the recombinant protein and to determine the activity of 

compounds as nuclease inhibitors. Since staphylococcal RexAB is believed to recognise a 

seven-nucleotide motif (otherwise known as the crossover hotspot instigator (Chi, χ) site) that 

leads to inhibition of degradation455, Chi recognition was also tested via the DNA substrate 

used. Staphylococcal DNA was amplified from the whole genome by colony PCR (section 

2.2.2) using the primer pairs listed in Table 2.5. This created two 1 kb DNA fragments, one 

with a staphyloccocal Chi site in the middle (“Chi F” and “Chi R” primers) and one without (“Chi 

control F” and “Chi control R” primers, as a negative control). After PCR purification (section 

2.2.7), these DNA fragments were used as the DNA substrate in the assay. 

 Reactions were set up in nuclease assay buffer (25 mM Tris-acetate pH 7.5, 2 

mM Mg acetate, 1 mM DTT) as per the composition in Table 2.7. The DMSO content was 

maintained at 1% (v/v) when compounds were being tested. Samples were incubated at 37 

°C in a heat block. At the start of the incubation and at 5, 15, 30, 60 and 120 min, 5 µl of the 

reaction mixture was removed and pipetted into pre-prepared microcentrifuge tubes 

containing 20 µl of STEB buffer (40 % (w/v) sucrose, 100 mM Tris-HCl, 10 mM EDTA, 0.5 

mg/ml bromophenol blue, pH 8) to stop the reaction. Chloroform/isoamyl alcohol (24:1, 20 µl) 

was added to each tube, vortexed for 10 s and centrifuged for 2 min at 17,000 x g to remove 

the protein and any compounds tested for inhibitory activity. The aqueous (upper blue) phase 

was loaded onto a 1% (w/v) agarose gel prepared in TBE buffer and electrophoresis was 

carried out at 85 V for 1 h. The gel was then stained with SYBR Safe DNA gel stain (Invitrogen) 

at 1/10,000 dilution in TBE buffer for 2 h with rocking, and visualised using a Gel Doc EZ 
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Imager (Bio-Rad). Band intensity was quantified using ImageJ software456. Values were 

normalised to the no-compound, no-ATP control at 0 h. 

Table 2.7. Composition of the nuclease activity assay 

Reaction component Volume (µl) Final concentration 

5x nuclease assay buffer 12 1x (25 mM Tris-acetate pH 7.5, 

2 mM Mg acetate, 1 mM DTT) 

DNA (Chi0 or Chi+, 100 ng/μl) 3 5 ng/µl 

ATP (10 mM) or nuclease-free water 6 1 mM 

RexAB (500 nM) 6 50 nM 

Nuclease-free water 27 - 

Total 60 
 

 

2.4.3 Helicase activity 

DNA helicases separate double-stranded DNA into single strands using energy derived from 

ATP hydrolysis. The helicase activity of RexAB was measured to confirm the presence of this 

activity in recombinant RexAB and to determine the activity of compounds as helicase 

inhibitors. The DNA substrate was created by colony PCR amplification of the staphylococcal 

genome using the primer pair “Chi F” and “Chi R” listed in Table 2.5, and PCR purification of 

the resulting DNA fragment (section 2.2.2). 

 Reactions were set up in helicase assay buffer (25 mM Tris-acetate pH 7.5, 0.25 

mM Mg acetate, 1 mM DTT) as per the composition in Table 2.8. The DMSO content was 

maintained at 1% (v/v) when compounds were being tested. Samples were incubated at 37 

°C in a heat block. At the start of the incubation and at 5, 15, 30, 60 and 120 min, 5 µl was 

removed and pipetted into pre-prepared microcentrifuge tubes containing 20 µl of STEB buffer 

(40 % (w/v) sucrose, 100 mM Tris-HCl, 10 mM EDTA, 0.5 mg/ml bromophenol blue, pH 8) to 

stop the reaction. 20 µl of chloroform/isoamyl alcohol (24:1) was added to each tube, vortexed 

for 10 s and centrifuged for 2 min at 17,000 x g to remove the protein and any compounds 

used for inhibition. The aqueous (upper blue) phase was then loaded onto a 1% (w/v) agarose 

gel prepared in TBE buffer and electrophoresis was carried out at 85 V for 1 h. The gel was 
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stained for 2 h on a rocking platform with SYBR Green II (Sigma-Aldrich) at 1/10,000 dilution 

in TBE buffer to detect dsDNA and ssDNA. The gel was visualised using a Gel Doc EZ Imager 

(Bio-Rad) and band intensity was quantified using ImageJ software456. Values were 

normalised to a ssDNA control, which was set up similarly to Table 2.8 but without the RexAB, 

and the mixture was instead heated at 95 °C for 2 min to denature the dsDNA and allow the 

single-stranded DNA binding protein (SSB) to bind and stabilise the two ssDNA strands. 

Table 2.8. Composition of the helicase activity assay 

Reaction component Volume (µl) Final concentration 

5x helicase assay buffer 12 1x (25 mM Tris-acetate pH 7.5, 

0.25 mM Mg acetate, 1 mM DTT) 

DNA (Chi+, 100 ng/μl) 3 5 ng/µl 

ATP (10 mM) or nuclease-free water 6 1 mM 

E. coli single-stranded DNA binding 

protein (SSB, 661.4 µM) (Sigma-Aldrich) 

0.2 2 μM 

RexAB (200 nM) 6 20 nM 

Nuclease-free water 32.8 - 

Total 60 
 

 

2.4.4 ATPase activity 

ATPase activity involves the release of an inorganic phosphate (Pi) from an organic 

phosphorylated substrate, such as ATP. This dephosphorylation reaction releases energy, 

which is often used to drive other chemical reactions. This assay was used to measure 

ATPase activity in recombinant RexAB and to determine the activity of compounds as 

inhibitors of ATPase activity in RexAB. 

 Reactions were set up similarly to the nuclease activity assay (section 2.4.2) with 

the difference that no DTT was added in the assay buffer to prevent interference with the Pi 

detection reagent. The DMSO content was maintained at 1% (v/v) when compounds were 

being tested. Samples were incubated at 37 °C in a heat block. At the start of the incubation 

and at 5, 15, 30, 60 and 120 min, 5 µl samples were removed and heated at 95 °C for 5 min 

to stop the reaction, and then diluted 1/10 in nuclease-free water in a 96-well plate to a total 
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volume of 50 µl (T = 120 min samples were diluted 1/20). The 96-well plate was incubated at 

37 °C for 10 min to equilibrate to the same temperature, before using the PiColorLock Gold 

Phosphate Detection System assay kit (Expedeon) to detect Pi, following the manufacturer’s 

instructions. The PiColorLock assay is based on the change in absorbance of the dye 

malachite green when it reacts with Pi to form a green Pi -dye complex.  

 After equilibration, 12.5 µl Gold mix was added to each well of the plate, incubated 

at room temperature for 5 min, and finally 5 µl of stabiliser solution was added. Then the plate 

was left for 30 min at room temperature and the absorbance was measured at 595 nm using 

an iMark microplate reader (Bio-Rad). The Pi concentration was determined using a standard 

curve of known concentrations (up to 50 µM). 

2.4.5 Topoisomerase IV activity 

E. coli topoisomerase IV is a type II topoisomerase that relaxes supercoiled DNA. To 

determine the topoisomerase IV-inhibitory activity of compounds an E. coli Topoisomerase IV 

Relaxation Assay Kit (Inspiralis) was used, following the manufacturer’s instructions and 

maintaining a constant DMSO content of 1% (v/v). Supercoiled pQE80L (Table 2.2) was 

prepared via plasmid purification (section 2.2.1) and used as the substrate for the reaction. 

The relaxed and supercoiled forms of the plasmid were visualised by agarose gel 

electrophoresis (section 2.2.6). Electrophoresis was carried out at 85 V for 2 h or until the dye 

front had migrated to the bottom of the gel. The gel was then stained with SYBR Safe DNA 

gel stain (Invitrogen) at 1/2500 dilution in TBE buffer for 1.5 h with rocking, and visualised 

using a Gel Doc EZ Imager (Bio-Rad). Band intensity was quantified using ImageJ software 

(2) and the fraction of relaxed plasmid was determined as the density of the relaxed bands 

compared to the total density. Values were normalised to the no-compound control and 

background corrected against the no-enzyme control. 

2.4.6 Gyrase activity 

DNA gyrase is a type II topoisomerase that introduces negative supercoils into DNA by 

hydrolysing ATP. It is present in all bacteria but not in higher eukaryotes. To determine the 
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gyrase-inhibitory activity of compounds, an E. coli gyrase supercoiling assay kit (Inspiralis) 

was used, following the manufacturer’s instructions and maintaining a constant DMSO content 

of 1% (v/v). Relaxed pBR322 substrate (provided in the kit) was supercoiled by the gyrase 

and the two forms of the plasmid were visualised by agarose gel electrophoresis (section 

2.2.6). Electrophoresis was carried out at 85 V for 2 h or until the dye front had migrated to 

the bottom of the gel. The gel was then stained with SYBR Safe DNA gel stain (Invitrogen) at 

1/2500 dilution in TBE buffer for 1.5 h with rocking, and visualised using a Gel Doc EZ Imager 

(Bio-Rad). Band intensity was quantified using ImageJ software456 and the fraction of 

supercoiled plasmid was determined as the density of the supercoiled band compared to the 

total density. Values were normalised to the no-compound control and background corrected 

against the no-enzyme control. 

2.5 Growth profiling 

To measure growth of S. aureus, bacterial cultures were first grown overnight in TSB at 37 °C 

(180 rpm), then subcultured 1/50 into a flat-bottomed 96-well plate (200 µl total volume) and 

placed into a POLARstar Omega plate reader (BMG Labtech). Bacteria were grown for 17 h 

at 37 °C (700 rpm) in air, and absorbance at 600 nm was measured every 30 min.  

 For S. gordonii and E. faecalis, overnight cultures were grown in THB containing 

1% yeast extract at 37 °C (static, in 5% CO2), subcultured 1/50 into a flat-bottomed 96-well 

plate (200 µl total volume) and placed into an Infinite M200-PRO microplate reader (Tecan). 

Bacteria were grown for 17 h at 37 °C (static, in 5% CO2), and absorbance at 600 nm was 

measured every 30 min. 

2.6 recA promoter fluorescent reporter assay 

Promoter-reporter gene constructs were used to directly assess expression from the recA 

promoter in response to DNA damage, by linking promoter activity to green fluorescent protein 

(GFP) production (section 3.2). Strains carrying the reporter construct were grown overnight 
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in TSB containing the appropriate antibiotics, then diluted 1/10 into a flat-bottomed 96-well 

plate containing fresh TSB with the DNA damaging agent (200 µl total volume per well) and 

placed into an Infinite M200-PRO microplate reader (Tecan). 

 Cultures were grown for 17 h at 37 °C (700 rpm), and both absorbance at 600 nm 

(OD600 nm) and GFP fluorescence intensity (FI) were measured every 30 min. To account for 

differences in FI caused by variation in the total number of bacteria in each sample, 

fluorescence values were corrected for culture density as measured by OD600 nm, and recA-

promoter activity was expressed as FI/OD600 nm. 

2.7 Haemolytic activity 

The haemolytic activity of S. aureus culture supernatants was determined essentially as 

described previously457. Bacterial cultures were set up in 5 ml TSB supplemented with AHT 

and/or antibiotic as appropriate, and incubated overnight at 37 °C (180 rpm). 1 ml of the culture 

was pelleted for 5 min at 17,000 x g and the supernatant was pipetted undiluted into 

microcentrifuge tubes or at a 1/10 dilution in TSB, to a total volume of 400 µl. An equal volume 

of 2% Defibrinated Sheep's Blood (E&O) prepared in PBS was then added and the mixture 

incubated statically for 1 h at 37 °C. Fresh TSB containing 2% Defibrinated Sheep's Blood 

was used as a negative control, and the supernatant from the wild-type strain was used as a 

positive control. After centrifugation for 5 min at 500 x g (room temperature), 200 µl of 

supernatant was transferred into a flat-bottomed 96-well plate and the absorbance of released 

haemoglobin was measured at 540 nm using a POLARstar Omega plate reader (BMG 

Labtech). 

2.8 Staphyloxanthin extraction and quantification 

To extract and quantify staphyloxanthin from S. aureus, overnight cultures grown in TSB were 

first harvested by centrifugation at 17,000 x g for 2 min. Staphyloxanthin was extracted by 

incubating bacteria in methanol at 42 °C for 30 min. Cells were pelleted by centrifugation at 
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17,000 x g for 2 min, and 100 µl of supernatant was transferred into a flat-bottomed 96-well 

plate. The released staphyloxanthin was quantified by measuring the absorbance at 462 nm 

using a POLARstar Omega plate reader (BMG Labtech). 

2.9 Determination of minimum inhibitory concentration (MIC) 

Minimum inhibitory concentrations (MICs) were determined using the serial broth dilution 

protocol described by Wiegand et al. (2008)458. Overnight cultures were grown in appropriate 

media at 37 °C (180 rpm or static, as appropriate), diluted to a concentration of 1 x 105 CFU/ml 

and incubated in flat-bottomed 96-well plates with a range of antibiotic concentrations for 17 

h at 37 °C under static conditions (aerobic or 5% CO2). The range of antibiotic concentrations 

was generated by two-fold serial dilutions in media starting from the highest concentration of 

antibiotic and resulted in a final volume of 100 µl. The MIC was defined as the lowest 

concentration at which no growth was observed (zero turbidity). 

 Chequerboard MIC assays were performed to test the effect of two antibiotics or 

compounds simultaneously. Unless specified otherwise, compounds were obtained from 

MolPort. The two antibiotics or compounds were first prepared separately in flat-bottomed 96-

well plates by two-fold serial dilutions in media (one with dilutions running down the plate and 

the other going across) starting with double the highest concentration to be tested and ending 

with a row/column containing no antibiotic or compound. This resulted in a final volume of 95 

µl in each well. Then, a further two-fold dilution was carried out by removing 95 µl from the 

final column (lowest concentration) of one plate, mixing with the same column on the second 

plate, and pipetting the doubly-diluted media back into the first plate. This was repeated across 

the entire plate with the highest concentration diluted last, resulting in two chequerboard 96-

well plates, one of which was stored overnight at 4 °C for the second replicate. Overnight 

cultures were prepared as for a standard MIC assay and 5 µl of bacteria was added to each 

well for a final concentration of 1 x 105 CFU/ml. Chequerboard MIC assays were incubated for 
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17 h at 37 °C under static conditions, and absorbance was measured at 600 nm (2 x 2 

readings) using an Infinite M200-PRO microplate reader (Tecan). 

2.10 Determination of minimum bactericidal concentration (MBC) 

The minimum bactericidal concentration (MBC) was determined by subculturing broth dilutions 

from the wells of MIC assays that inhibited the growth of a bacterium (i.e. concentrations at or 

above the MIC). The broth dilutions were plated onto agar without the antibacterial agent, and 

the CFU counts were enumerated. The MBC was defined as the lowest concentration of 

antibiotic required for a 1000-fold reduction in CFU counts compared to the inoculum459. 

2.11 Determination of bacterial survival 

2.11.1 Antibiotic survival 

Antibiotic survival assays were performed to measure the rate at which S. aureus, S. gordonii 

and E. faecalis strains were killed by an antibiotic. Aliquots of stationary-phase bacterial 

cultures (1 ml) were centrifuged for 2 min at 17,000 x g and the recovered cells washed twice 

with fresh media. The washed bacteria were adjusted to a final concentration of 108 CFU/ml 

in fresh media before the antibiotic was added. Cultures were incubated at 37 °C and bacterial 

viability determined by CFU counts at 0, 2, 4 and 6 h. 

2.11.2 Whole blood survival 

To assess bacterial survival in whole human blood, stationary-phase cultures were washed 

twice with PBS and adjusted to 106 CFU/ml. Aliquots of the bacterial suspension (104 CFU in 

10 µl) were added to the wells of a sterile 96-well flat-bottomed plate and incubated with 90 µl 

of freshly-donated human blood (collected in EDTA-treated tubes; BD Biosciences) or PBS 

(for 0 h time point). Before the addition of bacteria, blood was treated for 15 min with 

diphenyleneiodonium (DPI; 50 µM, Sigma-Aldrich), or for 45 min with L-N5-(1-

iminoethyl)ornithine (L-NIO; 100 µM, Sigma-Aldrich), NG-monomethyl-L-arginine (L-NMMA; 
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100 µM, Sigma-Aldrich), or cytochalasin D (10 µM, Sigma-Aldrich) as needed. An equivalent 

volume of DMSO was tested as a solvent control. For experiments involving DPI in 

combination with L-NIO or L-NMMA, all blood was treated for 45 min. Plates were then sealed 

with Parafilm and incubated for 6 h at 37 °C with shaking at 180 rpm. CFU counts were 

enumerated by serial dilution and plating onto CBA plates, which stopped the killing. Survival 

was calculated as a percentage of the number of bacteria in the inoculum. 

2.11.3 Hydrogen peroxide survival 

To assess bacterial survival in hydrogen peroxide (H2O2), stationary-phase cultures were 

washed twice with PBS and adjusted to 106 CFU/ml. 10 μl of the bacterial suspension (104 

CFU) was added to wells in a sterile 96-well flat-bottomed plate, and 90 μl of freshly diluted 

H2O2 (10 mM in PBS) or PBS (for 0 h time point) was added. The 96-well plate was incubated 

for 1 h at 37 °C (static) in the dark. CFUs were enumerated by serial dilution and plating onto 

CBA, which contains catalase to prevent any further killing after plating. Survival was 

calculated as a percentage of the number of bacteria in the inoculum. 

2.11.4 Neutrophil survival 

Neutrophils (freshly-isolated human PMNs) were adjusted to 5 x 106 cells/ml in Hanks’ 

Balanced Salt Solution (HBSS) containing 10% human serum, 0.1 mM calcium and 0.1 mM 

magnesium (Thermo Fisher Scientific). Overnight bacterial cultures were washed in PBS and 

1 x 106 CFU was added to the neutrophil suspension (MOI 1:5) to a total volume of 1 ml. 

Neutrophils were treated for 10 min prior to the addition of bacteria with diphenyleneiodonium 

(DPI; final concentration of 50 µM) or an equivalent volume of DMSO (solvent control for DPI) 

as needed. The bacterial and neutrophil suspension was then incubated at 37 °C with 

tumbling. At each time point (0.5, 1, 2, 3 h), 50 µl of the suspension was transferred to a 96-

well plate and serially diluted in ten-fold steps in PBS up to 103 dilution. Aliquots of each 

dilution (and undiluted) were then plated onto CBA and incubated for 24 h at 37 °C before 

colonies were counted. Survival was calculated for each time point as a percentage of the 

number of bacteria in the inoculum. 
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2.11.5 Murine infection model 

Animal experiments were conducted Dr Thomas Clarke (Imperial College London). Mice were 

infected via the intraperitoneal route with wild-type or rexAB mutant JE2 or SH1000. 

Stationary-phase bacterial cultures were washed twice with PBS and adjusted to 107 CFU/ml. 

0.4 ml of the bacterial suspensions were injected into the peritoneal cavity of each mouse (5 

mice for each strain, 20 in total). After 6 h, the animals were humanely sacrificed by cervical 

dislocation and death confirmed by severing the femoral artery. 

 The peritoneal cavity was washed with PBS to release bacteria and CFU counts 

were determined by plating onto TSA. The murine sample size was determined prior to the 

experiment using power analysis460. Tubes containing the bacterial suspensions were blinded 

before starting the experiment. Mice were randomly allocated to group cages and each group 

was randomly allocated to a treatment. Following Home Office regulations, any animals that 

displayed two or more of the following symptoms were humanely killed using a Schedule 1 

method and excluded from the study: shivering, hunched posture, reduced movement, 

cyanosis, circling or difficulty breathing. 

2.12 Isolation of neutrophils 

Neutrophils were isolated from human blood for use in neutrophil survival assays and flow 

cytometry experiments. Whole human blood (15 ml) freshly collected in EDTA-treated tubes 

(BD Biosciences) was layered over 20 ml of room temperature Polymorphprep (Alere Limited). 

Cells were centrifuged at 500 x g for 45-60 min (brake off, 30 °C) until a clear separation of 

red blood cells (RBCs), peripheral blood mononuclear cells (PBMCs) and polymophonuclear 

leukocytes (PMNs, or neutrophils) was seen. The PBMCs were discarded and the PMNs were 

transferred to a fresh 50 ml centrifuge tube. HBSS (Thermo Fisher Scientific) was added to 

the PMNs to a total volume of 50 ml and the cells wre pelleted at 500 x g for 10 min (brake off, 

30 °C). The cells were resuspended in 3 ml of HBSS, counted using a haemocytometer and 
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adjusted to 5 x 106 cells/ml in HBSS containing 10% human serum, 0.1 mM calcium and 0.1 

mM magnesium (Thermo Fisher Scientific). 

2.13 Flow cytometry 

2.13.1 Preparation of samples for cell analysis 

Bacteria containing the PrecA-gfp reporter construct (section 3.2) were prepared and added 

to neutrophils as described for the neutrophil survival assay (MOI 1:5) (section 2.11.4). The 

bacterial and neutrophil suspension was incubated at 37 °C with tumbling. At each time point 

(0.5, 1, 2, 3 h), 500 µl of the suspension was transferred to a fresh microcentrifuge tube and 

spun at 500 x g for 10 min. The pellet was resuspended in 4% paraformaldahyde in PBS (PFA; 

Affymetrix). Samples were left in 4% PFA at room temperature for a least 1 h to fix the cells, 

before centrifugation at 500 x g for 10 min and resuspension of the pellet in PBS. 

2.13.2 Analysis of fluorescent reporter-containing bacteria incubated with neutrophils 

Flow cytometry experiments were conducted by Dr Jessica Rowley (Imperial College London). 

Samples were analysed on the FACS Aria flow cytometer (BD Biosciences) and at least 

100,000 events were captured for all samples. Green fluorescence (from GFP-expressing 

bacteria) was detected at 488/530 (30) nm. Data were analysed by Kam Pou Ha using FlowJo 

software (Version 10). 

2.14 Computational analyses 

2.14.1 Alignment of amino acid sequences 

Multiple sequence alignments were generated using Clustal Omega via the EMBL-EBI web 

server (https://www.ebi.ac.uk/Tools/msa/clustalo). Parameters were left in their default 

settings with the exception of alignment “order”, which was set to consider the input order. The 

output format was set to “ClustalW with character counts”, which provides the alignment with 

base/residue numbering. 

https://www.ebi.ac.uk/Tools/msa/clustalo
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2.14.2 Phyre2 structural modelling 

Protein structure was predicted using the Phyre2 protein fold recognition server, which is a 

protein homology/analogy recognition engine (http://www.sbg.bio.ic.ac.uk/phyre2).  

 Phyre2 uses multiple algorithms and programs to build a structural model for the 

input query sequence in a four-stage process. In the first stage, closely-related homologues 

are gathered by scanning the query sequence against a curated sequence database in which 

no sequences share greater than 20% identity, by creating and comparing Hidden Markov 

Model profiles. The resulting multiple-sequence alignment is used to predict the secondary 

structure using PSIPRED, which is a program that uses neural network machine learning to 

predict the presence of α-helices, β-sheets and coils. In the second stage, the alignment and 

the secondary structure prediction are combined and scanned against a database of known 

protein structures (“fold library”) whose profiles have been calculated using the same approach 

as stage one. The top-scoring alignments are used to construct crude backbone models that 

generally contain insertions and deletions (indels) and do not contain side chains461. 

 In the third stage, indels are corrected by a process called loop modelling, in which 

the crude model is compared against the query sequence and a library of fragments of known 

protein structures is generated, taking into account the sequence, distance between 

endpoints, and geometry of flanking regions of each indel. Fragments are then fitted to the 

crude model, the fitted fragments are ranked and the top-scoring model is selected. Finally, 

amino-acid side chains are fitted to the backbone to generate the final 3D model461. The model 

was viewed using the PyMOL Molecular Graphics System Version 2.3 (Schödinger). 

2.14.3 I-TASSER structural modelling 

In addition to the Phyre2 structural modelling above, the iterative theading assembly 

refinement (I-TASSER) server was also used for protein structure prediction. The server was 

accessed at the following URL: https://zhanglab.ccmb.med.umich.edu/I-TASSER/. 

 I-TASSER uses a similar multi-step protocol to generate a structural model for the 

query sequence. Initially, the query sequence is matched against a non-redundant sequence 

http://www.sbg.bio.ic.ac.uk/phyre2
https://zhanglab.ccmb.med.umich.edu/I-TASSER/
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database to identify homologues using Position-Specific Iterated Basic Local Alignment 

Search Tool (PSI-BLAST), and the resulting multiple-sequence alignment is used to predict 

the secondary structure using PSIPRED. Then the query sequence, assisted by the alignment 

and the predicted secondary structure, is scanned against a protein structure database using 

LOMETS, which is a server that combines seven programs for identifying template proteins 

from solved structure databases. Continuous fragments from the top-scoring alignments are 

generated from the template structures and used to assemble structures of the sections that 

aligned well. The fragment assembly simulation is repeated using these structures to remove 

steric clashes and the most probable structures are selected as input for REMO, which is an 

algorithm that generates 3D models by optimising the hydrogen-bonding network. Finally, the 

function of the query protein is derived by structurally matching the predicted model against 

proteins of known structure and function in the Research Collaboratory for Structural 

Bioinformatics Protein Data Bank (RCSB PDB) library462. The model was viewed using the 

PyMOL Molecular Graphics System Version 2.3 (Schödinger). 

2.15 Statistical analyses 

Results are expressed as the mean of at least thee independent experiments, with the 

standard deviation of the mean indicated by error bars. Statistical significance was assessed 

using either a one-way analysis of variance (ANOVA) followed by the Dunnett’s test, or a two-

way ANOVA followed by Sidak’s or the Tukey test as appropriate. ANOVA testing was 

performed as it takes into account the variances within different groups to reduce false-

positives when making multiple comparisons. For murine experiments, CFU counts are 

expressed as the value obtained from each animal, median values are shown for comparisons, 

and significance was assessed using the Mann-Whitney test. P < 0.05 was considered 

significant between data points (GraphPad Prism 8 for Windows). 
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3 DNA repair is required for survival of S. aureus 

during infection 

3.1 Introduction 

Staphylococcus aureus is an opportunistic pathogen responsible for a wide range of human 

infections, including those of the skin and soft tissues, bones, joints and bloodstream8,17. 

Treatment can be ineffective due to the emergence of antibiotic-resistant or tolerant strains59, 

necessitating the development of new therapeutic approaches. One such approach is to 

increase the sensitivity of S. aureus to host defences. 

 In the host, interactions between S. aureus and immune cells greatly influence 

infection outcomes. Phagocytosis of S. aureus by neutrophils leads to the oxidative burst, in 

which reactive oxygen species (ROS) are rapidly generated and released within the 

phagosome140. The neutrophil oxidative burst is the most important defence mechanism 

against S. aureus, demonstrated by the high incidence of S. aureus infections in chonic 

granulomatous disease (CGD) patients who cannot generate ROS141. ROS cause oxidative 

damage to a variety of biomolecules, leading to lipid and protein peroxidation, oxidation and 

deamination of DNA bases, and DNA strand breakage154. Of these, the most significant impact 

is believed to be upon DNA, because DNA damage can be lethal if not repaired147,151,157–160. 

However, although DNA is believed to be the major target of the oxidative burst, this has not 

been shown experimentally in S. aureus. 

 DNA damage in bacteria triggers the SOS response, which is a global regulatory 

pathway that causes cell cycle arrest and the induction of DNA repair313. In S. aureus, 

induction of the SOS pathway leads to the transcription of 16 genes318. These genes include 

the low-fidelity DNA polymerase UmuC (Pol V), which enables replication of damaged DNA 

templates, and RecA, which is a key regulator of the SOS response and mediates the repair 

of DSBs157,445,463. Previous approaches used to study the SOS response involve treatment of 

bacterial cultures with a DNA-damaging agent followed by direct quantification of SOS genes 
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via reverse transcription quantitative PCR (RT-qPCR) or detection of the gene product by 

Western blotting317,318,331,464,465, or by using a reporter gene construct444,466–469. For example, 

McCool et al. (2004) quantified SOS expression in E. coli by fusing the promoter of the sulA 

gene, which is induced 100-fold during the SOS response, to the green fluorescent protein 

(gfp) reporter gene470. 

 The hypothesis to be tested in this chapter is that the neutrophil oxidative burst 

targets staphylococcal DNA such that DNA repair is necessary for survival of the pathogen. 

To assess whether the observed phenotypes are conserved across both methicillin-sensitive 

and methicillin-resistant S. aureus (MSSA and MRSA, respectively), experiments were 

performed in two distinct genetic backgrounds (SH1000 and JE2). SH1000 is a well-

characterised MSSA strain that is sensitive to first-line β-lactam antibiotics, whereas JE2 is a 

community-associated MRSA (CA-MRSA) strain of the USA300 LAC lineage, originally 

isolated from a skin and soft tissue infection (SSTI) in a Los Angeles County (LAC) prison 

inmate368. USA300 is the most prevalent strain in the United States471, where it is responsible 

for more than a third of S. aureus bacteraemia cases472. 

 

Aim: To determine whether staphylococcal DNA is a target of the neutrophil oxidative 

burst and to assess the importance of DNA repair for the survival of S. aureus during 

infection and when exposed to DNA-damaging antibiotics.   
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3.2 Construction of the recA-promoter fluorescent reporter 

To determine whether the oxidative burst causes DNA damage in S. aureus, a fluorescent 

reporter system was constructed to measure SOS induction via a fluorescent signal. To do 

this, the gfp gene was placed under the control of a promoter that is activated as part of the 

SOS response. The umuC promoter was initially chosen, because Cirz et al. (2007) found that 

umuC (SACOL1400) showed the greatest upregulation (24.8-fold after 30 min) in S. aureus 

after treatment with ciprofloxacin, a well-characterised DNA-damaging antibiotic that triggers 

the SOS response318. However, attempts to transform either of the shuttle vectors pCL55 or 

pCN34 containing the PumuC-gfp construct into S aureus were unsuccessful (data not 

shown). Therefore, the S. aureus recA promoter was then chosen due to its regulation via the 

SOS response, of which it is itself a key regulator. 

 The recA promoter was amplified from wild-type JE2 genomic DNA (provided by 

Dr Kimberley Painter) using primers specific for the recA promoter region (Table 2.5)467. Then, 

overlapping extension PCR was used to fuse the promoter to the gene for green fluorescent 

protein (gfp), amplied from an existing agr-P3gfp reporter construct266. The shuttle vector 

pCL55 was initially used for the cloning as it integrates a single copy of the gene into the S. 

aureus genome and does not require antibiotic for selection473. However, after unsuccessful 

attempts at staphylococcal transformation (data not shown), it was decided to use the pCN34 

shuttle vector. This is a low-copy plasmid (20-25 copies per cell) that does not integrate into 

the genome454. Considering the large difference in SOS induction between recA (4.9-fold 

compared to baseline) and umuC (24.8-fold) as measured by Cirz et al. (2007), having multiple 

copies of the plasmid would boost the recA signal and thereby promote signal strength318. 

 After sequencing the pCN34 PrecA-gfp reporter system (Figure 3.1) to confirm 

that the construct was correct, the plasmid was transformed into E. coli DC10B to ensure that 

the DNA would not be methylated and therefore targeted by staphylococcal restriction 

systems449. The pCN34 PrecA-gfp plasmid was then transformed into wild-type SH1000 and 

JE2 strains, which was confirmed by colony PCR using the pCN34 sequencing primers listed 
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in Table 2.5 (Figure 3.2). As a control for the effects of the plasmid and its selection, 

unmodified pCN34 was introduced into wild-type S. aureus strains. Next, the growth of all 

strains was assessed using a microplate reader to test whether the reporter construct 

conferred a growth defect. However, any differences in growth were minimal or below the 

limits of detection between wild-type strains containing empty pCN34 or the pCN34 PrecA-gfp 

reporter construct (Figure 3.3A, B). 

 To test whether the reporter system produced a signal in response to DNA 

damage, bacteria were exposed to the DNA-damaging antibiotic ciprofloxacin, a well-known 

trigger of the SOS response. These data showed a dose-dependent fluorescent signal in 

response to the antibiotic for the PrecA-gfp reporter strains (Figure 3.3C-F) with a peak at 

around 4 h to indicate ciprofloxacin-induced SOS induction, which is indicative of DNA 

damage. The signal gradually increased after stationary phase, most likely suggesting SOS 

induction from internal DNA damage caused by nutrient limitation and metabolic stress286,474. 

Taken together, these results showed that a promoter-reporter system to measure SOS 

induction had been successfully generated. 
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Figure 3.1. Schematic representation of the pCN34 PrecA-gfp reporter system. 

The recA promoter region with predicted -10 and -35 promoter elements in boxes and the 

ribosome binding sequence (RBS) highlighted in yellow (A). Primers used for amplification 

and their respective binding sites are indicated. Diagram of the pCN34 plasmid showing 

BamHI and KpnI restriction sites used for cloning and the PrecA-gfp insert (B). Ori, origin of 

replication; AmpR, amplicillin resistance gene; KanR, kanamycin resistance gene. Plasmid 

map created with SnapGene. 

  

A 
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Figure 3.2. Gel electrophoresis images confirming the transformation of empty pCN34 

or pCN34 PrecA-gfp into wild-type S. aureus SH1000 and JE2. 

Colony PCR was used to amplify DNA from wild-type and reporter strains, using primers 

flanking the insert. PCR products were analysed on a 1% (w/v) agarose gel next to a 2-log 

DNA ladder (NEB) to confirm the presence of the empty pCN34 (PCR product size of 377 bp) 

or pCN34 PrecA-gfp (1663 bp). For all strains, clone 1 was selected for future experiments. 
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Figure 3.3. pCN34 PrecA-gfp reporter system successfully generates a dose-dependent 

fluorescent signal in response to ciprofloxacin-induced DNA damage. 

Growth of wild-type SH1000 (A) and JE2 (B) strains was assessed by taking OD600 nm readings 

every 30 min over 17 h. Reporter strains were exposed to a range of ciprofloxacin 

concentrations and recA expression was measured for SH1000 containing empty pCN34 (C), 

JE2 containing empty pCN34 (D), SH1000 pCN34 PrecA-gfp (E), and JE2 pCN34 PrecA-gfp 

(F). Expression is shown relative to cell density (FI/OD600 nm) for each strain over time. Graphs 

represent the mean of three biological replicates with error bars omitted for clarity. 
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3.3 The neutrophil oxidative burst triggers the SOS response 

pathway in S. aureus 

To determine whether the oxidative burst damages DNA and triggers the SOS response, wild-

type SH1000 and JE2 strains carrying the PrecA-gfp reporter were incubated with purified 

human neutrophils and recA expression was measured using flow cytometry. To study the 

role of the oxidative burst, some of the neutrophils were pre-treated with diphenyleneiodonium 

(DPI), which prevents ROS production by inhibiting NADPH oxidase475. As a solvent control, 

additional neutrophils were incubated with DMSO. At the beginning of the assay (0 h) and 

after 0.5, 1, 2 and 3 h, cells were washed in PBS and fixed with 4% PFA. Bacteria- and 

neutrophil-only samples were prepared to inform with the gating strategy. Flow cytometry of 

prepared samples was carried out by Dr Jessica Rowley (Imperial College London). 

 To measure phagocytosis, cells were first gated on cell size (side scatter, SSC) 

and granularity (forward scatter, FSC) to differentiate between bacteria and neutrophils 

(Figure 3.4A, C, F). Then, the number of free bacteria was determined by gating for GFP-

positive cells, because PrecA-gfp produces a low level of GFP even in the absence of DNA 

damage (Figure 3.4B). This was compared to the number of bacteria associated with 

neutrophils, which was determined by gating the neutrophils for single cells and then 

calculating the number of GFP-positive cells (Figure 3.4D, E, G, H). The percentage of 

phagocytosis was determined as the number of phagocytosed bacteria divided by the total 

number of free and phagocytosed bacteria. Since the MOI was 0.2 (1 bacterium to 5 

neutrophils), it was assumed that there would be no more than one bacterium phagocytosed 

per neutrophil, making the number of GFP-positive neutrophils proportional to the number of 

phagocytosed bacteria. The median fluorescence intensity (FITC median) of the GFP-positive 

cells in this gate (Figure 3.4E, H) was used to measure the degree of SOS induction. Inital 

flow cytometry experiments were also performed on S. aureus strains containing empty 

pCN34 to optimise the gating strategy for GFP-positive cells (data not shown). Flow cytometry 
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plots from one representative experiment are shown for all samples in Figure 3.5, with the first 

time point adjusted to 0.083 h (5 min) to account for the sample processing time. 

 

Figure 3.4. Gating strategy for flow cytometry analysis. 

(A-B) Bacteria-only control gated by forward scatter (FSC-A) and side scatter (SSC-A) to 

differentiate between bacteria and neutrophils (A). Then, cells were gated by GFP expression 

(FITC-A) to determine the number of free bacteria (B) since recA (hence, gfp) is expressed at 

a low level even in the absence of DNA damage. (C-E) Neutrophil-only control gated by 

forward and side scatter (C), then gated to isolate single cells (D), and subsequently by GFP 

expression (E). (F-H) Gating strategy used for each sample and time point. Neutrophils and 

bacteria were gated by forward and side scatter (F), then to isolate single cells (G). Numbers 

of phagocytosed bacteria were compared to total number of bacteria to calculate percentage 

phagocytosis at each time point. To quantify DNA damage, neutrophils containing 

phagocytosed GFP-positive bacteria were isolated and the median GFP value was 

determined at each time point (H). Relative GFP detection was used to compare induction of 

SOS in S. aureus when incubated with DMSO- or DPI-treated neutrophils. 



114 
 

 

Figure 3.5. Flow cytometry plots of wild-type SH1000 and JE2 after incubation with 

DPI- or DMSO-treated neutrophils. 

Samples were taken at 0.083 (0 h + 5 min sample processing time), 0.5, 1, 2 and 3 h 

incubation. Bacteria and neutrophils were differentiated by their SSC, and GFP-positive cells 

were gated on with a FITC greater than ~110 units. Colours refer to each gated population 

following the key in Figure 3.4. Phagocytosed bacteria (green), single cells of neutrophils 

(pink), neutrophils (blue), free bacteria (orange), bacteria (red), ungated (black). One 

representative image is shown for each time point for each sample. 
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 Wild-type SH1000 or JE2 strains containing the PrecA-gfp reporter were rapidly 

phagocytosed when incubated with neutrophils, with over 90% of the bacteria being 

internalised within 5 min and over 99% by 30 min (Figure 3.6A, B). This occurred at similar 

levels with both DMSO- and DPI-treated neutrophils, indicating that inhibition of NADPH 

oxidase activity does not affect phagocytosis. During the first 30 min, there was also an 

increase in GFP-mediated fluorescence for SH1000 and JE2 strains incubated with DMSO-

treated neutrophils (Figure 3.6C, D), indicating that the oxidative burst of neutrophils triggered 

SOS induction in response to DNA damage.  

 However, there also appear to be triggers of SOS that are independent of the 

oxidative burst. After 1 h, strains incubated with DPI-treated neutrophils continued to increase 

in fluorescence (Figure 3.6E, F), suggesting DNA damage from other sources, such as nutrient 

limitation and metabolic stress286,474. By contrast, GFP-mediated fluorescence from strains 

incubated with DMSO-treated neutrophils either decreased as for SH1000 (Figure 3.6E), or 

slowly plateaued as for JE2 (Figure 3.6F), possibly due to killing of the bacteria accompanied 

by bleaching of intraphagosomal GFP230. 

 Results from these flow cytometry experiments show that neutrophil-mediated 

killing of S. aureus leads to DNA damage and the induction of the SOS DNA repair pathway. 

Furthermore, this DNA damage is caused, at least in part, by the neutrophil oxidative burst. 
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Figure 3.6. The neutrophil oxidative burst induces recA expression in S. aureus. 

Percentage of phagocytosed bacteria over time for wild-type SH1000 (A) and JE2 (B). The 

percentage of phagocytosed cells was calculated from the number of free and phagocytosed 

bacterial events. Expression of recA was determined from GFP intensity via the FITC-A 

median. Median GFP fluorescence of neutrophils associated with GFP-positive SH1000 or 

JE2 for up to 1 h (C, D) and for up to 3 h (E, F). Results represent the mean of four experiments 

with different donors. Error bars indicate the standard deviation. *, P < 0.05 (two-way ANOVA 

with Sidak’s test, compared to DMSO-treated neutrophils). 
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3.4 DNA repair is required for survival of S. aureus in whole 

human blood 

To understand how S. aureus repaired DNA that was damaged by the oxidative burst, 19 

mutants defective for proteins predicted to be involved in DNA repair were identified from the 

Nebraska Transposon Mutant Library (NTML) and screened by Dr Andrew Edwards (Imperial 

College London). The NTML library is a collection of 1,952 sequence-defined bursa aurealis 

transposon mutants in the S. aureus USA300 LAC strain JE2368. This strain has been cured 

of two plasmids normally found in LAC, p01 (a 3.1-kb cryptic plasmid) and p03 (a 27-kb 

plasmid that confers erythomycin resistance), to eliminate incompatibilities with the bursa 

aurealis transposon and to ensure that it did not insert preferentially into plasmid DNA476. The 

bursa aurealis transposon contains an erythomycin resistance cassette to enable screening 

for successful colonies and for maintaining the insertion mutants368. 

 To identify proteins important for repairing oxidative damage to DNA, zone-of-

inhibition assays were performed using H2O2-soaked paper discs. This revealed 11 mutants 

with increased susceptibility to H2O2, including recA, recF, rexA, rexB, nth, sbcC, sbcD and 

four genes controlled by the SOS regulon (designated here as sos4, 5, 6, 7) whose products 

have no ascribed function (Figure 3.7A). Next, the mutants were assessed for their ability to 

survive in whole human blood. The ex vivo whole human blood model of infection was 

employed because S. aureus is a major cause of bacteraemia and blood contains a high 

number of neutrophils, as well as opsonins and other immune factors such as platelets4,477. In 

this model, S. aureus is rapidly phagocytosed by neutrophils present in the blood and is 

exposed to the oxidative burst4,222,228. Strains with transposon insertions in recA, recF, rexA, 

rexB, sos5 and sos7 displayed significantly reduced survival in blood. In particular, survival of 

the rexA and rexB mutants was reduced to below 5% of the inoculum, compared to over 60% 

for the wild type (Figure 3.7B). Zone-of-inhibition and blood survival assays were performed 

by Dr Edwards. 
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Figure 3.7. DNA repair is required for staphylococcal survival in human blood. 

S. aureus JE2 wild-type (WT) and DNA repair mutants were grown on agar plates overlaid 

with paper discs containing 50 mM of H2O2 and the zone of inhibition was measured (A). A 

larger zone of inhibition indicates greater sensitivity to H2O2. Survival of the strains in whole 

human blood after 2 h was determined by CFU counts (B). Results represent the mean of at 

least three experiments with different donors. Error bars indicate the standard deviation. 

Values significantly different from WT are shaded red (P < 0.05 (one-way ANOVA with 

Dunnett’s test, compared to the wild type). These experiments were carried out by Dr Andrew 

Edwards (Imperial College London). 
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3.5 Complementation and characterisation of rexAB mutants 

The rexA and rexB genes form a two-gene operon (rexAB) in the staphylococcal genome. To 

confirm that these genes were required for maximal staphylococcal survival of the oxidative 

burst, rexB mutants in SH1000 and JE2 backgrounds were complemented with a plasmid 

containing the rexAB operon under the control of an anhydrotetracycline (AHT)-inducible 

promoter (Figure 3.8). The transposon insertion in rexB contains a terminator sequence that 

prevents transcription of rexA, the second gene in the operon, therefore mutants are defective 

for both rexB and rexA. Reintroducing the gene at a second locus ensured that the observed 

phenotype was not a result of compensatory spontaneous mutations or polar effects of the 

transposon insertion. The shuttle vector pCL55-itet (pitet) was used for complementation as it 

stably integrates as a single copy into the S. aureus genome and does not require antibiotic 

selection. Furthermore, the vector contains an AHT-inducible promoter, which enables gene 

expression levels to be controlled453. 

 After sequencing the pitet rexAB vector to confirm that the construct was correct, 

the plasmid was transformed into SH1000 and JE2 rexB mutants via E. coli DC10B. Empty 

pitet was also introduced into wild-type strains as a plasmid control. Since pitet introduces 

itself ectopically into the chomosomal lipase gene (geh) locus, this provided a convenient 

method to confirm integration via colony PCR. Two reactions were performed per strain to 

confirm either the presence of the intact geh gene (“gehF” and “geh” primers) or the presence 

of integrated plasmid (“gehF” and “pCL55-R” primers). JE2 sigB::Tn pitet was provided by Dr 

Nishanthy Ranganathan (Imperial College London) as a positive control strain, which has been 

confirmed for successful integration by both colony PCR and DNA sequencing. Gel analysis 

of the colony PCR reactions confirmed successful integration of empty pitet and pitet rexAB 

into the rexB mutants (Figure 3.9). 
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Figure 3.8. Schematic representation of the pitet rexAB complementation system. 

Diagram of the pitet plasmid showing AvrII and PmeI restriction sites used for cloning and the 

rexAB insert. Ori, origin of replication; oriT, origin of transfer; AmpR, amplicillin resistance 

gene; TetR, tetracycline resistance gene. Plasmid map created with SnapGene. 

 

 

 

Figure 3.9. Gel electrophoresis images confirming the integration of empty pitet or 

pitet rexAB into S. aureus SH1000 and JE2 rexB::Tn mutants. 

Colony PCR was used to amplify DNA from wild-type and complemented strains. Two PCR 

reactions were performed for each strain: “gehF” and “pCL55-R” primers (reaction A) produce 

a 1.5 kb fragment if the plasmid has integrated into the genome, and “gehF” and “geh” primers 

(reaction B) lead to a 1 kb fragment if the plasmid has not integrated. The positive control 

strain used in both gels was JE2 sigB::Tn pitet provided by Dr Nishanthy Ranganathan 

(Imperial College London). PCR products were analysed on a 1% agarose gel next to a 2-log 

DNA ladder (NEB) to confirm the presence of integrated pitet. 
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 Several factors have been shown to affect survival of S. aureus incubated in 

human blood or exposed to oxidative stress, including the production of catalase, 

staphyloxanthin pigment and toxins4,231,234,265. Therefore, phenotypic characterisation of the 

strains was carried out next to assess whether the rexAB mutants were defective for any of 

these, which could confound the analysis of the role of rexAB in mediating staphylococcal 

survival in human blood. 

 Growth profiles were determined for the strains by measuring optical density (OD) 

at 600 nm over 17 h in the presence of increasing concentrations of the inducer AHT. This 

would assess whether changes in rexAB gene expression affected bacterial growth. Wild-type 

strains were also tested and compared to the rexB mutants and complemented strains. This 

revealed small differences in  growth between wild-type S. aureus SH1000 and JE2 (Figure 

3.10A, B). Wild-type SH1000 reached stationary phase faster than wild-type JE2 (5 h 

compared to 7 h), but the final cell density was higher in JE2 (OD600 nm of 3.3, compared to 

2.3). The rexB mutants grew more slowly than the wild type, with the OD600 nm half that of the 

wild type in both backgrounds at mid-exponential phase (at 3 h, Figure 3.10A, B). However by 

the end of the incubation, growth of JE2 rexB::Tn eventually reached wild-type levels. 

Therefore, loss of RexAB causes a slight growth defect relative to the wild type strains. The 

complemented strains grew at the same rate regardless of the presence or absence of AHT 

(Figure 3.10C, D), suggesting leaky expression of the rexAB operon and that increasing rexAB 

gene expression beyond this basal level did not affect growth. 
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Figure 3.10. Growth profiles of S. aureus wild type and rexAB mutants. 

Growth was assessed by taking OD600 nm readings every 30 min for 17 h. Growth is shown for 

wild type and rexAB mutants (complemented strains induced with 100 ng/ml of AHT) (A, B), 

and for different AHT concentrations (C, D). The rexAB mutant (rexB::Tn) was complemented 

with the wild-type gene (pitet rexAB) or transformed with plasmid only as a control. The inducer 

anhydrotetracycline (AHT) was added at 10 or 100 ng/ml. Graphs represent the mean of three 

experiments. Error bars were omitted for clarity. 
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 Toxin production in S. aureus is controlled by the agr operon, induction of which 

leads to production of leukocidins and PSMs that are capable of lysing immune cells271,275–279. 

To determine whether agr expression was affected by loss of RexAB, haemolysin production 

was measured as an indicator of agr operon activity. This revealed that there was no difference 

in haemolysis with undiluted culture supernatant for rexAB mutants in both SH1000 and JE2 

backgrounds (Figure 3.11A, B). However, SH1000 mutants displayed significantly reduced 

haemolysis compared to the wild-type when the culture supernatant was diluted 1/10 with 

fresh medium (P < 0.05; Figure 3.11A). No difference in haemolysis was observed between 

JE2 wild type and mutant strains with undiluted or diluted culture supernatant (Figure 3.11B). 

 Staphyloxanthin is a pigment produced by S. aureus that confers its characteristic 

golden colour and can function as an antioxidant to protect against neutrophil killing4. To 

determine whether loss of RexAB could affect its production, staphyloxanthin was extracted 

from the strains and pigment levels compared. This analysis revealed that no differences in 

staphyloxanthin levels were observed between wild type and mutants in either strain (Figure 

3.11C, D). Therefore, loss of RexAB does not affect staphyloxanthin production in S. aureus. 

 Finally, catalase activity was measured. This enzyme provides protection against 

ROS by breaking down H2O2 into molecular oxygen and water172. Bacteria were incubated 

with a fixed concentration of H2O2 for 15 min, then the level of catalase activity was determined 

by measuring the concentration of H2O2 that remained. This revealed that no significant 

differences were observed between wild-type and mutant strains in both SH1000 and JE2 

(Figure 3.11E, F). Therefore, loss of RexAB does not affect catalase activity in S. aureus. 

 To summarise, pitet containing the wild-type rexAB operon was successfully 

transformed into SH1000 and JE2 rexB mutants and no significant differences were found 

between the wild type and rexAB mutant for growth, staphyloxanthin activity and catalase 

activity. However, there were slight differences in growth of the mutant between SH1000 and 

JE2 backgrounds. Haemolytic activity was also significantly different between SH1000 wild-

type and mutant strains, but this was not observed in the JE2 background. Therefore, both 
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strains will be used in future assays to determine whether the phenotypes observed for the 

rexAB mutant are conserved across genetic backgrounds. 

 

Figure 3.11. Phenotypic characterisation of S. aureus wild type and rexAB mutants. 

Wild-type and mutant strains from SH1000 and JE2 were characterised for haemolytic activity 

(A, B), staphyloxanthin levels (C, D) and catalase activity (E, F). Overnight cultures were 

induced with 10 or 100 ng/ml of AHT. Percentage haemolysis of sheep’s blood by culture 

supernatants was adjusted and compared to the wild type (with the neat dilution set to 100%). 

Staphyloxanthin was extracted by treating bacterial pellets with methanol and absorbance was 

measured at 462 nm. Catalase activity was measured by incubating bacteria in 100 µM of 

H2O2 for 15 min (37 °C) in the dark, then quantifying the concentration of H2O2 using the 

Thermo-Fisher Pierce Pierce Quantitative Peroxide Assay kit. Graphs represent the mean of 

three independent experiments. Error bars indicate the standard deviation. *, P < 0.05 (one-

way ANOVA with Dunnett’s test, compared to the corresponding wild type). 
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3.6 Loss of RexAB increases susceptibility of S. aureus to DNA-

damaging antibiotics 

To assess the role of RexAB in the repair of DNA damage, the minimum inhibitory 

concentration (MIC) of each strain for ciprofloxacin, mitomycin C or hydrogen peroxide (H2O2) 

was determined, as all of these are genotoxic and cause DNA double-strand breaks (DSBs). 

Ciprofloxacin causes DSBs by inhibiting DNA gyrase during DNA replication478, mitomycin C 

crosslinks DNA to cause stalling of replication forks479, and H2O2 is a simple mimic of the 

oxidative burst, generating lesions that also result in stalled replication306. In addition to these 

well established genotoxic stresses, oxacillin was included in assays because it inhibits cell 

wall synthesis and is not believed to damage DNA480. MIC assays were carried out using the 

well-established serial broth dilution method in 96-well plates, where the MIC is defined as the 

lowest concentration at which no growth is observed. 

 For both ciprofloxacin and mitomycin C, the MICs of rexB::Tn mutants were 

reduced at least 16-fold in the SH1000 background and by 8-fold in JE2 when compared to 

the wild type (Figure 3.12A-D). The wild-type phenotype was restored in rexB-defective 

mutants complemented by the reintroduction of the wild-type rexAB genes in both cases, 

whilst pitet alone had no effect on the MIC for either antibiotic (Figure 3.12A-D). Therefore 

RexAB contributes to the repair of ciprofloxacin- or mitomycin C-induced DNA damage. The 

MIC of ciprofloxacin was also found to be 32-fold higher in wild-type JE2 (16 µg/ml; Figure 

3.12B) compared to wild-type SH1000 (0.5 µg/ml; Figure 3.12A), which supports the 

previously reported fluoroquinolone resistance of the MRSA JE2 strain68. 

 For H2O2, the MICs of the rexAB mutant was reduced 4-fold in the SH1000 

background when compared to the wild type (Figure 3.12E), but no significant difference was 

found in the JE2 strain (Figure 3.12F). Complementation restored the wild-type phenotype in 

the SH1000 rexB mutant. (Figure 3.12E). Unexpectedly, the MICs of oxacillin for the SH1000 

rexAB mutants were reduced 2-fold when compared to the wild type (Figure 3.12G). However, 
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no significant differences were found in the JE2 background, which is resistant to oxacillin 

(Figure 3.12H).  

 Taken together, the MIC data indicated that rexAB mutants are more sensitive to 

DNA-damaging antibiotics when compared to wild-type S. aureus, indicating that RexAB plays 

an important role in repairing DNA damage from multiple sources. Furthermore, 

complementation with wild-type rexAB genes restored the wild-type phenotype in the rexAB 

mutants, confirming the role of RexAB in DNA repair. However, different concentrations of the 

inducer AHT led to the same phenotype in the complemented strains, suggesting that leaky 

expression was sufficient to fully restore the wild-type phenotype and extra transcription was 

not protective. It is also possible that AHT did not induce gene expression beyond basal levels.  

 To further investigate the inducibility of rexAB expression in the complemented 

strains, a different approach was used to determine the antibiotic susceptibility of the 

staphylococcal strains. Bacteria were incubated in the presence of ciprofloxacin over 6 h and 

CFU counts were determined every 2 h. This approach enables bacterial growth and/or death 

to be measured, whereas MIC assays only examine inhibition of bacterial growth. For these 

assays, ciprofloxacin was added at a fixed concentration of 5 µg/ml, which is 10x MIC for wild-

type SH1000 and 0.3x MIC for wild-type JE2. At 10x MIC of ciprofloxacin, survival of all 

SH1000 rexAB mutants and complemented strains was reduced by a similar amount, which 

was significantly lower than wild type (Figure 3.13A). Although wild-type JE2 grew well at 0.3x 

MIC, the growth of the rexAB mutant was inhibited (Figure 3.13B), suggesting that JE2 

requires RexAB to maintain its resistance to ciprofloxacin. In addition, induction with AHT led 

to dose-dependent restoration of growth, which suggested that the inducible system is 

functional since AHT did not affect the survival of the rexB∷Tn mutant transformed with empty 

pitet (Figure 3.13B). However, growth in the induced strains still did not reach wild-type levels 

(Figure 3.13B), suggesting that complementation does not fully restore the phenotype. 

Nevertheless, these results concur with the MIC data that loss of RexAB sensitises both an 

MSSA (SH1000) and an MRSA (JE2) strain to ciprofloxacin. Therefore, RexAB is required in 

S. aureus for repairing damage caused by DNA-damaging antibiotics. 
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Figure 3.12. MIC data for S. aureus wild type and rexAB mutants. 

MIC assays were performed using the serial broth dilution method in 96-well plates for 

ciprofloxacin (A, B), mitomycin C (C, D), H2O2 (E, F) and oxacillin (G, H) for SH1000 and JE2. 

The MIC was defined as the lowest concentration at which no growth was observed after static 

incubation at 37 °C for 17 h. The inducer AHT was added at 10 or 100 ng/ml. Graphs represent 

the median of three independent experiments. *, P < 0.05 (one-way ANOVA with Dunnett’s 

test, compared to the corresponding wild type). 

 

 

Figure 3.13. Complementation of rexB::Tn mutants with wild-type rexAB is incomplete. 

Percentage survival over 6 h incubation with 5 µg/ml of ciprofloxacin is shown for SH1000 (A) 

and JE2 (B). Ciprofloxacin, at 5 µg/ml, is equal to 10x MIC for wild-type SH1000 and 0.3x MIC 

for wild-type JE2. The inducer AHT was added at 10 or 100 ng/ml. Graphs represent the mean 

of three independent experiments. Error bars indicate the standard deviation. *, P < 0.05 (two-

way ANOVA with Tukey’s test, compared to the corresponding wild type). 
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3.7 RexAB is required for maximal survival of S. aureus when 

challenged with H2O2 

H2O2 is a type of ROS that is produced by neutrophils during the oxidative burst, and is able 

to diffuse across the bacterial cell membrane to cause oxidative damage inside the cell146. To 

test the contribution of RexAB to survival of oxidative stress, wild-type and mutant strains were 

exposed to H2O2 (10 mM) for 1 h and survival was determined by CFU counts. Although this 

concentration of H2O2 is much higher than the levels predicted in the phagosome (2 µM)481, a 

single phagosome generally contains only one or a few bacteria482, compared to 104 CFU in 

the assay. Therefore, a higher concentration of H2O2 was necessary to prevent inactivation of 

H2O2 by catalase and peroxidase enzymes. Bacteria were incubated at 37°C in the dark due 

to the light sensitivity of H2O2, then serially diluted and plated onto CBA, which prevented 

further killing due to the presence of catalase within the medium. 

 After challenging the bacteria with H2O2 for 1 h, survival of wild-type SH1000 and 

JE2 was reduced to 34% and 50% of the inoculum respectively (Figure 3.14). Survival of 

rexB::Tn mutants was significantly lower compared to the wild type in both SH1000 (13%) and 

JE2 (7%), and complementation with a wild-type copy of rexAB led to restoration of the wild-

type phenotype (Figure 3.14). When rexB::Tn mutants were transformed with empty pitet 

plasmid as a control, survival was unaffected compared to the original mutant (Figure 3.14). 

Therefore, these results indicated that RexAB plays an important role in repairing DNA 

damage caused by H2O2. Futhermore, although RexAB may not be required for maintaining 

bacterial growth in the presence of H2O2 (section 3.6 above), it is still necessary for bacterial 

survival in response to H2O2-induced oxidative stress. As for the MIC assays, there was no 

difference in survival of complemented strains at differing AHT concentrations (Figure 3.14). 
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Figure 3.14. Loss of RexAB reduces survival of S. aureus when challenged with H2O2. 

Percentage survival after 1 h incubation with 10 mM of H2O2 is shown for SH1000 (A) and JE2 

(B). The inducer AHT was added at 10 or 100 ng/ml. Graphs represent the mean of three 

independent experiments. Error bars indicate the standard deviation. *, P < 0.05 (one-way 

ANOVA with Dunnett’s test, compared to the corresponding wild type). 

3.8 RexAB is required for survival of S. aureus in human blood 

Having confirmed that RexAB contributed to DNA repair, its role in infection was determined 

using an ex vivo whole human blood model of bacteraemia. This is an established method 

previously shown to efficiently assess survival of S. aureus in the bloodstream265, in which 

bacteria are incubated with freshly-donated whole human blood and survival enumerated by 

plating for CFU4,222,477. In addition, this system includes components in human blood that are 

absent in neutrophil assays but contribute to bacterial killing, such as platelets483. Therefore, 

this model was used to assess the importance of DNA repair during bloodstream infection. 

The incubation time of 6 h was chosen because this is long enough to observe killing of S. 

aureus and neutrophils have been shown to lose viability after this point265,484. Four 

independent experiments were performed using blood from a new donor each time to account 

for differences in immune response to S. aureus and the presence of reactive IgG between 

individuals. For example, variables such as age, lifestyle habits and having had any prior S. 

aureus infections would be expected to affect the efficiency of the immune system, including 

the ability of immune cells to recognise and kill S. aureus. 
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 After incubation for 6 h, the percentage survival of the SH1000 and JE2 wild-type 

strains had dropped to 15% and 20% of the inoculum respectively, which showed that the 

killing of S. aureus by blood phagocytes is highly effective (Figure 3.15). Survival of rexAB 

mutants was reduced to 2% of the inoculum in both strain backgrounds, which is a 7-fold 

reduction for SH1000 when compared to the wild type (Figure 3.15A) and a 10-fold reduction 

for JE2 (Figure 3.15B). The rexB::Tn mutants transformed with empty pitet survived at the 

same levels as the rexB::Tn mutant without plasmid (Figure 3.15). By contrast, 

complementation of the rexB::Tn mutant with the rexAB operon restored survival to wild-type 

levels, regardless of whether expression was induced with AHT or not. This confirmed that the 

reduced survival of rexAB mutants was due to the loss of RexBA, rather than polar effects of 

the transposon insertion. Furthermore, leaky expression from the AHT-inducible promoter in 

the absence of the antibiotic was sufficient to restore the wild-type survival phenotype. 

Therefore, RexAB is required for the survival of S. aureus in whole human blood. Combined, 

these findings provided evidence that bacterial DNA repair contributes to staphylococcal 

survival in the bloodstream. 

 

Figure 3.15. RexAB influences susceptibility of S. aureus to killing in whole blood. 

Percentage survival after 6 h incubation in whole human blood is shown for SH1000 (A) and 

JE2 (B). The inducer AHT was added at 10 or 100 ng/ml. Graphs represent the mean of three 

independent experiments. Error bars indicate the standard deviation. *, P < 0.05 (one-way 

ANOVA with Dunnett’s test, compared to the corresponding wild type). 
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3.9 RexAB repairs DNA damage caused by the oxidative burst 

The key host defence against staphylococcal infection is the oxidative burst of neutrophils, in 

which ROS are produced to kill phagocytosed bacteria140. To determine whether the enhanced 

killing of rexAB mutants in blood was due to the oxidative burst, the inhibitor 

diphenyleneiodonium (DPI) was used to block activity of NADPH oxidase, which is responsible 

for the production of ROS by neutrophils475. Blood was treated with DPI or DMSO (the solvent 

DPI is dissolved in) as a control, for 15 min before the addition of bacteria. 

 After 6 h incubation, survival of the wild-type strains were enhanced in DPI-treated 

blood when compared to DMSO-treated blood, demonstrating that ROS production is required 

for immune killing of S. aureus and confirming that the assay was functional (Figure 3.16A, 

B). In addition, survival of rexAB mutants in blood treated with DPI compared to DMSO was 

significantly increased by 5-fold for SH1000 and 4-fold for JE2 (Figure 3.16A, B), such that 

survival of the mutants was restored to wild-type levels. This was observed on the blood-agar 

plates used for CFU enumeration, in which incubation with DPI-treated blood led to bacterial 

colonies that were larger and more numerous compared to blood treated with DMSO only 

(Figure 3.16C, D). This was also seen for rexB::Tn mutants complemented with the wild-type 

rexAB operon, in which the number and size of colonies were restored to wild-type levels. 

These results demonstrate that most of the killing of the rexAB mutants in blood is due to ROS 

production, and that RexAB is important for protecting S. aureus against the oxidative burst of 

phagocytes in blood. 
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Figure 3.16. Killing of S. aureus in human blood is due to the production of ROS. 

Percentage survival (A, B) and representative images of bacteria plated at 1/10 dilution (C, D) 

after 6 h incubation in blood are shown for SH1000 and JE2. Whole human blood was 

incubated for 15 min with the NADPH-oxidase inhibitor DPI, or DMSO as a control, before the 

addition of bacteria. Graphs represent the mean of three independent experiments. Error bars 

indicate the standard deviation. *, P < 0.05 (one-way ANOVA with Dunnett’s test, compared 

to the corresponding wild type). Scale bars on the bottom right of each image represent one 

centimetre. 
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3.10 Loss of RexAB increases susceptibility of S. aureus to killing 

by purified neutrophils 

Neutrophils are the main defence against S. aureus found in the bloodstream122. However, 

since other components in blood have been shown to promote neutrophil activity and 

staphylococcal killing4,477, it was decided to examine the survival of S. aureus during incubation 

with purified neutrophils. 

 Neutrophils were isolated from freshly-donated whole human blood using 

Polymorphprep, which enables the separation of erythocytes, PMNs and mononuclear cells 

from blood via a density gradient. Since neutrophils are the second most abundant type of cell 

found in blood at approximately 106 cells/ml, they were isolated at a concentration of 107 

cells/ml (3 ml total volume) from 30 ml of whole human blood485. Neutrophils were adjusted to 

5 x 106 cells/ml in HBSS containing calcium and magnesium to activate the cells, and pre-

treated either with DPI to prevent ROS production, or with DMSO as a solvent control. Then 

bacteria were added (1 x 106 CFU/ml) and the suspension was incubated with tumbling at 37 

°C for 3 h, with samples taken periodically and plated onto CBA to measure survival.  

 Over the incubaton period of 3 h, killing was observed for all strains under both 

DPI- and DMSO-treated conditions (Figure 3.17A,B), likely due to mechanisms that are not 

dependent on ROS, such as killing by nitric oxide or AMPs. However, survival of the rexB::Tn 

mutant was reduced by up to 7-fold for SH1000 and over 6-fold for JE2, when compared to 

the wild type (Figure 3.17A,B). Furthermore, representative images of the blood-agar plates 

show that the colony number of the rexB::Tn mutant was reduced when compared to DPI-

treated blood and the DMSO-treated wild type (Figure 3.17C). Therefore, these results confirm 

that neutrophils are a key defence against S. aureus in blood, that neutrophil-mediated killing 

involves the oxidative burst, and that RexAB is required to repair DNA damage and promote 

S. aureus survival of the oxidative burst. 
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Figure 3.17. RexAB influences susceptibility of S. aureus to neutrophil killing. 

Percentage survival (A, B) and representative images of bacteria plated at 1/10 dilution after 

3 h incubation with neutrophils are shown for SH1000 and JE2 (C). Neutrophils were incubated 

for 10 min with the NADPH-oxidase inhibitor DPI, or DMSO as a control, before the addition 

of bacteria. Graphs represent the mean of four independent experiments. Error bars indicate 

the standard deviation. *, P < 0.05 (two-way ANOVA with Tukey’s test, “rexB::Tn + DMSO” 

and “rexB::Tn + DPI” compared to their corresponding wild types at 0.5 h). Scale bars on the 

bottom right of each image represent one centimetre. 
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3.11 RexAB is required for survival of S. aureus in a mouse model 

of infection 

Having established that RexAB promotes staphylococcal survival in whole blood and during 

incubation with neutrophils, its role in infection was assessed using a mouse model of acute 

invasive infection. Mice were infected via the peritoneal cavity with wild-type or rexB::Tn 

mutant S. aureus SH1000 or JE2. After 6 h, the mice were sacrificed and the intraperitoneal 

cavity washed with PBS to recover bacteria, which were quantified by determining CFU 

counts. All animal handling was performed by Dr Thomas Clarke (Imperial College London). 

Survival of rexB::Tn mutants in both genetic backgrounds was significantly attenuated in vivo, 

with a 4-fold lower CFU counts for SH100 and 3-fold lower CFU counts for JE2 when 

compared to the respective wild types (Figure 3.18). This confirms that DNA repair via RexAB 

contributes towards survival of S. aureus during infection. 

 

 

Figure 3.18. RexAB influences susceptibility of S. aureus strains in vivo. 

CFU counts of wild type or rexAB mutant after 6 h in the peritoneal cavity of mice, shown for 

SH1000 (A) and JE2 (B). Each filled circle represents a single mouse, five mice were tested 

for each group and median values are indicated. *, P < 0.05 (two-tailed Mann-Whitney test, 

compared to the wild type). 

  

A B 



136 
 

3.12 RexAB protein level is too low to be detectable in S. aureus 

Previous data have shown that RexAB is required for survival of S. aureus during exposure to 

DNA-damaging antibiotics (section 3.6) and during infection (section 3.11 above). However, 

the level of expression that is required for RexAB function is unknown. The use of a 

tetracycline-inducible plasmid (pitet) for expressing the wild-type rexAB operon in the rexB::Tn 

mutants led to incomplete restoration of the wild-type phenotype (Figure 3.13), and increasing 

concentrations of the inducer AHT did not always lead to a dose-dependent effect (section 

3.6). Therefore, to directly measure RexAB expression levels in S. aureus, a custom polyclonal 

antibody was generated by Covalab against the purified S. aureus RexAB complex (section 

2.3.4) and used in a Western blot to detect RexAB protein expression in S. aureus cell extracts.  

 Whole cell extracts were prepared from S. aureus overnight cultures by treating 

the bacteria with lysostaphin to lyse cells and with DNase to reduce sample viscosity, while 

correcting for differences in OD600 nm between overnight cultures. Samples were run on an 

SDS-PAGE gel and either analysed by Coomassie blue staining or by Western blot, in which 

the polyclonal anti-RexAB antibody was used as the primary antibody. After binding of the 

primary antibody to RexAB, a secondary HP-conjugated antibody was used for detection of 

antibody-protein complexes by enhanced chemiluminenscence (ECL).  Human serum albumin 

was added at 1/200 dilution to prevent non-specific binding, which would lead to a background 

signal. RexAB expression was compared between wild type, rexB::Tn mutant and rexB::Tn 

mutants complemented with either empty pitet or pitet containing the wild-type rexAB operon 

induced with 100 ng/ml of AHT. Recombinant RexAB was run as a positive control for the anti-

RexAB antibody, as well as to provide approximate running positions for RexA and RexB 

proteins. 

 During SDS-PAGE sample preparation, the anionic detergent SDS denatures 

proteins and applies a negative charge in proportion to mass, enabling protein mixtures to be 

separated based on size. This process denatures RexAB from its native form as a 

heterodimeric complex into its constituent subunits RexA and RexB, which appear as two 
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discrete bands on the SDS-PAGE gel (Figure 3.19A). These subunits were successfully 

detected by the polyclonal anti-RexAB antibody using the recombinant RexAB positive control, 

which confirmed that the antibody was functional (Figure 3.19B).  

 For wild-type JE2, two bands were detected on the Western blot at a similar 

molecular weight to RexA and RexB (Figure 3.19B). However, the intensity of the second band 

was much stronger than the first band (Figure 3.19B), which was unexpected because as a 

native heterodimer, band intensities for the RexA and RexB subunits should be roughly equal. 

In addition, no other bands at a similar size were detected in any of the other samples, 

including wild-type SH1000 and the mutants complemented with the wild-type rexAB operon. 

Together, these results suggest that accurately detecting the expression of RexAB at wild-

type levels is extremely difficult by Western blot, and that expression of this protein is very low 

in S. aureus. Nevertheless, although RexAB could not be accurately detected, data from this 

chapter clearly indicate that the protein is being expressed in both wild type and pitet rexAB-

complemented strains, as loss of RexAB increased the susceptibility of S. aureus to killing by 

both DNA-damaging antibiotics (section 3.6) and the immune response (sections 3.8 to 3.11). 

 

Figure 3.19. SDS-PAGE and Western blot analysis of concentrated S. aureus whole 

cell extracts from wild type, rexAB mutant and complemented strains 

S. aureus whole cell lysates prepared from wild type, rexAB mutant and complemented strains 

were analysed by SDS-PAGE (A) and anti-RexAB Western blot (B). Recombinant RexA (144 

kDa) and RexB (138 kDa) protein bands are indicated. Arrows indicate bands at the 

approximate size of RexAB. The molecular weight of the marker bands in kDa are indicated. 

WT = wild type; AB = rexB::Tn mutant; pitet = rexB::Tn pitet + AHT 100 ng/ml; pAB = rexB::Tn 

pitet rexAB + AHT 100 ng/ml; rAB = recombinant RexAB. 

A B 
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3.13 Discussion 

The aim of this chapter was to determine whether staphylococcal DNA was a target of the 

neutrophil oxidative burst and assessed the role of DNA repair in bacterial survival during 

infection. It was found that DNA repair via the RexAB complex was required for S. aureus 

survival of the oxidative burst, and that loss of RexAB significantly reduced survival in vivo. 

 The neutrophil oxidative burst was shown to damage bacterial DNA and trigger 

the SOS response in S. aureus, which occurred soon after phagocytosis (at 30 min), 

corresponding with the time at which the maximum generation of ROS occurs in 

neutrophils69,486. These data demonstrate that ROS generated by phagocytic immune cells 

damage the DNA of phagocytosed bacteria, previously only shown for macrophages466,469. 

Although other studies have examined the transcriptome of S. aureus in human blood228 or 

with purified neutrophils69, these did not detect significant differences in SOS expression via 

recA expression. However, Voyich et al. (2005) observed up-regulation of multiple oxidative 

stress response genes, including catalase (katA) and superoxide dismutase (sodA, sodM)69. 

Therefore, it is possible that variation in transcriptomic data may have obscured smaller 

differences in SOS expression. Alternatively, the high MOI used in those studies (ratio of 10 

bacteria: PMN, compared to 5 PMN: bacteria in this study) promoted neutrophil lysis rather 

than bacterial killing69,486, which may have led to the differences observed.  

 Nevertheless, DNA was hypothesised to be a target based on previous studies 

with ROS. Oxidative DNA damage by ROS leads to a wide variety of lesions that, if not 

repaired, can cause cell death157,161,447,487,488. For example, Imlay et al. (1988) found that a ten-

minute exposure to millimolar levels of H2O2 created enough DNA damage to kill bacteria147. 

Furthermore, ROS induce the SOS response because they directly damage DNA306,443–445. 

The flow cytometry data presented here confirmed that DNA is damaged by ROS using the 

NADPH oxidase inhibitor DPI, and show that DNA damage also occurs at physiological 

concentrations of ROS using relevant immune cells. Interestingly, some degree of SOS 
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induction also occurred in the presence of DPI, which indicates DNA damage from other 

sources, such as nutrient limitation and metabolic stress286,474. 

 Despite expressing multiple immune evasins to avoid phagocytosis, previous 

studies have shown that S. aureus is rapidly taken up by neutrophils4,222,228,265. The results in 

this chapter confirm these findings, showing that the majority of bacteria were phagocytosed 

within 5 min. Killing of S. aureus within blood was also mostly due to the oxidative burst, as 

has been shown previously for purified neutrophils181,230. However, killing of wild-type S. 

aureus could not be fully prevented with DPI. This may be due to incomplete blocking of 

NADPH oxidase activity or other killing mechanisms that are not dependent on ROS, including 

nitric oxide, AMPs and various proteases166,489,490. For example, S. aureus is completely 

resistant to lysozyme, but can be lysed by other proteases such as cathepsin B, cathepsin D, 

cathepsin G and elastase177. 

 RexAB is proposed to be a member of the RecBCD/AddAB family of DNA repair 

enzymes based on sequence similarity426,427,491. These enzymes process DNA DSBs for 

recombinational repair and have been well-characterised in other bacterial species, 

particularly in E. coli for RecBCD, which is more commonly found in Gram-negative bacteria, 

and in B. subtilis AddAB for Gram-positive bacteria429. Inactivation of RecBCD and AddAB 

enzymes in other bacterial species have been found to increase sensitivity to DNA-damaging 

agents, including ciprofloxacin, mitomycin C and H2O2
427,446,463,492, which also applied to S. 

aureus RexAB. However, it was found that complementation of the S. aureus SH1000 rexAB 

mutant only partially restored the wild-type phenotype when exposed to a bactericidal 

concentration of ciprofloxacin. Furthermore, growth of the complemented JE2 strains was not 

fully restored to wild-type levels when exposed to an inhibitory concentration of ciprofloxacin, 

even at the highest concentration of AHT added for rexAB gene induction. Although the wild-

type phenotype of the complemented strains was fully restored in the other assays, future 

experiments could aim to rule out spurious mutations in both the mutants and complemented 

strains by performing whole-genome sequencing of these strains and comparing them to the 

wild-type genome. 
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 In addition, although exposure to oxacillin was not expected to have an impact on 

the S. aureus rexAB mutant, the oxacillin MIC was significantly reduced when compared to 

the wild-type methicillin-sensitive SH1000 strain, suggesting that DNA was being damaged. 

As a β-lactam antibiotic, oxacillin is expected to act on the peptidoglycan cell wall, leading to 

cell death via autolysis rather than on DNA480, but induction of the SOS response by β-lactams 

has been documented331,468. In S. aureus, Maiques et al. (2006) found that SOS induction was 

also triggered by the β-lactam antibiotics ceftriaxone and cloxacillin, which are used 

extensively in the treatment of staphylococcal infections331. These results suggest that β-

lactam antibiotics cause DNA damage. Whilst it is not yet known how this damage occurs, 

previous reports have suggested that disruption of metabolic processes results in production 

of ROS, which can in turn damage DNA493–501. Since the MIC assays examined the effect of 

oxacillin on bacterial growth, further experiments could determine whether DNA repair is 

required for bacterial survival, by exposing wild type S. aureus and rexAB mutants to 

bactericidal concentrations of oxacillin. SOS induction of oxacillin and other β-lactams could 

also be confirmed directly using the S. aureus pCN34 PrecA-gfp reporter strains described in 

section 3.2 above. 

 The increased susceptibility of rexAB mutants to killing in whole blood, with 

purified neutrophils or in a mouse systemic infection model demonstrate that DNA damage 

caused by the oxidative burst is lethal if not repaired. Oxidative damage to the deoxyribose 

sugar backbone can lead to strand breaks, whereas damage to DNA bases leads to 

generation of 8-oxo-2′-deoxyguanosine, thymine glycol and hydroxymethyl urea, among 

other products, which can lead to strand breaks during DNA replication165. The key role of 

RexAB in DNA repair also identifies DSBs as a potentially lethal type of DNA damage 

generated by neutrophil ROS. In partial support of this, Schlosser-Silverman et al. (2000) have 

reported the formation of DNA strand breaks in phagocytosed E. coli bacteria, induced by 

macrophage ROS466. 
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 Loss of recombinational DNA repair has also been shown to reduce survival of 

other bacterial species in vivo, though this has mainly focused on RecA502–504. Amundsen et 

al. (2008) reported that addAB and recA mutants in Helicobacter pylori displayed a reduced 

capacity for stomach colonisation in mice463. Loss of AddAB also impaired the colonisation of 

chicken intestines by Campylobacter jejuni505, and loss of RecBC in Salmonella enterica was 

unable to establish an infection in mice506. These mutants also showed comparable sensitivity 

to ciprofloxacin and mitomycin C, but loss of RecA led to greater sensitivity to UV damage 

than the loss of AddAB, which was suggested by the authors to indicate an additional RecA-

dependent DNA repair pathway463. In E. coli, the existence of hybrid pathways, with 

interchangeable parts of the RecBCD and RecF complexes, have been documented507,508. 

The RecF pathway is generally used to repair single-stranded gaps, in which the RecQ 

helicase and RecJ exonuclease create an exposed 3’-ssDNA tail. Then RecA is loaded onto 

this 3’-ssDNA tail via the RecFOR complex434–436. In the absence of RecBCD, the RecF 

pathway is activated and can compensate for RecBCD function508,509. 

 Although the steps involved in AddAB-mediated DSB repair are less well defined, 

it has been shown that in the absence of AddAB and RecJ nucleases, RecA loading is 

impaired in B. subtilis431. Furthermore, RecOR cannot compensate for AddAB activity in H. 

pylori510. These studies suggest that in contrast to E. coli RecBCD model, the RecF pathway 

cannot compensate for loss of AddAB function. The screen of S. aureus DNA repair mutants 

in whole human blood found that loss of RecF significantly reduced survival, though not as 

much as RexAB (recR and recO genes are present in S. aureus, but mutants were not 

available from the NTML library). Nevertheless, results from blood survival, neutrophil survival 

and in vivo assays demonstrate that loss of RexAB is not compensated for by another 

pathway. In addition, complementation with the wild-type rexAB operon confirmed that 

reduced survival was specific to RexAB function. Together, these data indicate that there is 

little to no redundancy in the staphylococcal DSB repair pathway, making it vulnerable to 

external inhibition and making RexAB a potential target for novel therapeutics. Further work 

could determine whether clinical isolates are equally as susceptible to DNA damage via the 
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oxidative burst, by measuring survival during bloodstream infection or against DNA-damaging 

agents using the ex vivo whole blood model and antibiotic survival assays, and examining 

SOS induction levels using the fluoresecent SOS reporter. 

 DSBs occur naturally as a result of normal cellular processes, including oxidative 

metabolism and during chomosome replication, or due to exposure to DNA-damaging 

agents511,512. Since the accumulation of DSBs during growth will lead to cell death if not 

repaired, several reports have shown that recBCD or addAB mutants often display a 

considerable reduction in cell growth and viability492,513–515. For example, Halpern et al. (2004) 

found that growth of rexA and rexB mutants in Streptococcus pneumoniae were severely 

impaired and viability was just 20 % of the wild type492. In contrast, Amundsen et al. (2008) 

found that growth was comparable between mutants (addA and addB) and the wild type in H. 

pylori463. Although S. aureus rexAB mutants experienced a slightly longer lag phase, growth 

eventually reached levels comparable to the wild type. These bacteria may produce higher 

levels of antioxidants to prevent DNA damage caused by oxidative metabolism, and/or have 

high DNA replication fidelity, both of which would limit the formation and subsequent 

accumulation of DSBs. For example, S. aureus produces the golden pigment staphyloxanthin, 

which acts as an antioxidant to quench singlet oxygen and free radicals4. It is possible that 

cell growth and viability are only severely affected when DSBs are caused by external sources 

of DNA damage, such as exposure to DNA-damaging agents or the oxidative burst of 

phagocytes. 

 In summary, results from this chapter have shown that staphylococcal DNA is 

damaged by the neutrophil oxidative burst and that this damage is repaired, at least in part, 

by RexAB, which makes a significant contribution to bacterial survival in host tissues. RexAB 

provided protection from the DNA-damaging agents ciprofloxacin, mitomycin C and H2O2. The 

aim of the next chapter will be to determine whether RexAB plays a similarly important role in 

the survival of other Gram-positive pathogens during bloodstream infection. 

  



143 
 

4 RexAB is required for survival of the Gram-

positive pathogens Streptococcus gordonii and 

Enterococcus faecalis during interactions with 

neutrophils 

4.1 Introduction 

Infective endocarditis (IE) is a serious infection of the inner lining of the heart (endocardium) 

and the heart valves. Despite advances in diagnostics, antibiotic therapy and surgical 

approaches, IE remains a frequently fatal infection, with a mortality rate of 25%516. The vast 

majority (80-90%) of cases of IE are caused by Gram-positive bacterial pathogens such as S. 

aureus, viridans streptococci or Enterococcus species517. Whilst S. aureus is most frequently 

associated with IE in high-income countries and is reported in up to 30% of cases516,517, 

streptococcal IE caused by the oral viridans group, which include S. sanguinis, S. oralis and 

S. gordonii, is more common in low-income countries518. Enterococcus species account for 

10% of all cases, with most isolates designated as E. faecalis516,517,519. 

 Since the normal valvular endocardium is generally resistant to bacterial 

colonisation, IE tends to develop only after damage to heart valves or in the case of a 

congenital heart defect, both of which provide a suitable site for bacterial attachment520. The 

pathogenesis of IE is described in Figure 4.1. After the valvular surface is perturbed, IE 

pathogens that enter the bloodstream via the oral cavity (viridans streptococci), wounds or 

intravenous catheters (staphylococci or enterococci) attach to the heart valves via specific 

surface proteins that bind host molecules521. Some bacteria bind to components of damaged 

endothelium, such as fibronectin, collagen and laminin, while others bind directly to activated 

endothelial cells from an inflammatory endothelial lesion522–524. For example, S. aureus 

clumping factor (Clf) and coagulase bind to fibrinogen on the surface of activated endothelial 

cells525. 
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Figure 4.1. Pathogenesis of infective endocarditis. 

Pathogens gain access to the bloodstream via wounds, intravenous catheters or the oral cavity 

(A). Pathogens bind to and persist on the surface of a damaged heart valve (B, C). Bacterial 

proliferation leads to the formation of an infected mass or “vegetation” (D), which can detach 

and disseminate in the bloodstream (E). IE, infective endocarditis. Figure taken from Holland 

et al. (2016)521. 
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 Bacterial colonisation leads to a potent host immune response involving the 

release of tissue factor and cytokines, multiple cycles of fibrin-platelet deposition and bacterial 

proliferation, and the development of large vegetations (abnormal growths) on the heart 

valves526,527. Vegetation particles can detach and disseminate in the bloodstream, leading to 

further complications caused by blocked arteries, such as strokes, aneurysms or abcesses at 

remote sites521,528,529. 

 Phagocytic immune cells such as granulocytes and monocytes provide a key 

defence against bacterial pathogens that enter the bloodstream122,530. However, the host 

immune response often fails to clear the IE infection and antibiotic therapy is required for up 

to 6 weeks519,531. The high frequency of infections caused by bacterial strains resistant to first 

line antibiotics, such as penicillin-resistant streptococci or vancomycin-resistant enterococci, 

present additional therapeutic challenges521,532,533. Therefore, there is an urgent need to 

understand how these pathogens survive the host response in order to develop new 

approaches to eliminate bacterial pathogens from the bloodstream. 

 In the previous chapter, DNA was identified as a target of the phagocyte oxidative 

burst in S. aureus and DNA repair shown to be required for staphylococcal survival in human 

blood, enabling bacteria to overcome oxidative damage. In particular, loss of the RexAB repair 

complex significantly increased sensitivity of S. aureus to the oxidative burst of blood 

phagocytes and to H2O2. A similar LexA-regulated DNA repair system appears to be present 

in enterococci534,535, and while streptococci lack the LexA-regulated SOS response536, both 

pathogens encode rexAB (addAB)426,537 and are able to perform DNA double-strand break 

(DSB) repair by homologous recombination491. Therefore, it was hypothesised that DNA repair 

is also important in streptococci and enterococci, and that inactivation of RexAB sensitises 

both these pathogens to oxidative killing by phagocytes in blood. 

 To understand whether these IE pathogens require DNA repair mechanisms to 

survive in the bloodstream, rexAB deletion mutants were obtained from Dr Angela Nobbs 

(University of Bristol) in Streptococcus gordonii strain DL1 and Enterococcus faecalis strain 

OG1X. S. gordonii DL1 has been previously shown to display pathogenicity in the rat 
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endocarditis model and causes IE due partly to its ability to avoid phagocytic killing538. 

Meanwhile, OG1X is a commonly-used laboratory strain of E. faecalis that possesses a 

selectable streptomycin resistance marker and was originally derived from the human oral 

isolate OG1539,540. Similar assays to Chapter 3 were used in this chapter to determine the 

importance of RexAB for survival of S. gordonii and E. faecalis when exposed to DNA-

damaging antibiotics, when challenged with H2O2 and in the ex vivo whole human blood 

model. Further experiments sought to identify how these pathogens were killed in the 

bloodstream. 

 

Aim: To assess the importance of RexAB for the survival of the Gram-positive 

pathogens S. gordonii and E. faecalis when exposed to DNA-damaging antibiotics, 

H2O2-induced oxidative stress, and in whole human blood. 
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4.2 Characterisation of growth in wild type and rexAB mutants 

Differences in growth between wild type and rexAB mutants may affect bacterial survival in 

human blood or when exposed to oxidative stress or antibiotics. Therefore, growth profiles 

were first determined for S. gordonii and E. faecalis strains by measuring absorbance at 600 

nm over 17 h. As seen in Figure 4.2A, S. gordonii ΔrexAB has a small growth defect when 

compared to the wild type, but this difference is minimal and the final OD600 nm measurements 

differ only slightly. As for E. faecalis, growth of the rexAB mutant was initially slower than wild 

type, but eventually caught up to wild-type levels after 17 h (Figure 4.2B). Therefore, loss of 

RexAB led to slightly slower growth when compared to the wild type. 

 

 

Figure 4.2. Growth profiles of S. gordonii and E. faecalis wild type and rexAB mutants. 

Growth was assessed by taking OD600 nm readings every 30 min for 17 h, for S. gordonii DL1 

(A) and E. faecalis OG1X (B). Graphs represent the mean of three experiments in duplicate. 

Error bars were omitted for clarity. 
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4.3 Loss of RexAB increases susceptibility of S. gordonii and E. 

faecalis to DNA-damaging antibiotics 

To assess the role of RexAB in repairing DNA damage in S. gordonii and E. faecalis, the MICs 

of ciprofloxacin, mitomycin C and H2O2 were determined for wild-type and mutant strains as 

described in Chapter 3.  

 As for S. aureus, the MICs of ciprofloxacin and mitomycin C were significantly 

reduced in the S. gordonii rexAB mutant, by 4-fold for ciprofloxacin and 2-fold for mitomycin 

C, relative to the wild type (Figure 4.3A, B). An even greater difference was observed for E. 

faecalis, in which the MICs of ciprofloxacin and mitomycin C were reduced by 8-fold in the 

rexAB mutant when compared to the wild type (Figure 4.3D, E). However, although the MIC 

of H2O2 was reduced by 2-fold in the E. faecalis rexAB mutant when compared to the wild 

type, no significant difference was found in S. gordonii (Figure 4.3C, F). Therefore, S. gordonii 

and E. faecalis rexAB mutants are more sensitive to ciprofloxacin- and mitomycin C-mediated 

DNA damage when compared to the wild type, but only E. faecalis ΔrexAB is more sensitive 

to H2O2-mediated DNA damage. This suggests that RexAB is required for DNA damage repair 

in both pathogens. 

  



149 
 

 

Figure 4.3. MIC data for S. gordonii and E. faecalis wild type and rexAB mutants.  

MIC assays were performed using the serial broth dilution method in 96-well plates for 

ciprofloxacin, mitomycin C and H2O2 for S. gordonii DL1 (A-C) and E. faecalis OG1X (D-F). 

The MIC was defined as the lowest concentration at which no growth was observed after static 

incubation at 37 °C for 17 h. Graphs represent the median of three independent experiments. 

*, P < 0.05 (paired t test compared to the corresponding wild type). 

 

 To investigate antibiotic susceptibility of the strains further, killing kinetics of wild 

type and rexAB mutants were determined for ciprofloxacin as described in the previous 

chapter. Ciprofloxacin was added at 5 µg/ml, which is 5x MIC for wild-type S. gordonii DL1 

and 10x MIC for wild-type E. faecalis OG1X. Survival at each time point was measured as a 

percentage of the inoculum at the start of the assay. Over 6 h, there was a decrease in the 

CFU of both wild-type strains, indicating that both bacterial species are susceptibile to killing 

by ciprofloxacin (Figure 4.4). S. gordonii was more sensitive to ciprofloxacin killing than E. 

faecalis, with a final percentage survival of 0.42% after 6 h compared to 38% for OG1X. 

Survival of the rexAB mutants in both S. gordonii and E. faecalis was also reduced at all time 

points when compared to the wild type (Figure 4.4). After 6 h, survival of ΔrexAB was reduced 

by 2.5-fold when compared to wild type S. gordonii, and by up to 240-fold for E. faecalis. 
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Therefore, both S. gordonii and E. faecalis require DNA repair via RexAB for survival of 

ciprofloxacin-induced DNA damage. 

 

 

Figure 4.4. S. gordonii and E. faecalis rexAB mutants are more susceptible to killing 

by ciprofloxacin. 

Percentage survival over 6 h incubation with 5 µg/ml of ciprofloxacin is shown for S. gordonii 

DL1 (A) and E. faecalis OG1X (B). Ciprofloxacin, at 5 µg/ml, is equal to 5x MIC for wild-type 

S. gordonii and 10x MIC for wild-type E. faecalis. Graphs represent the mean of three 

independent experiments. Error bars indicate the standard deviation. *, P < 0.05 (two-way 

ANOVA with Sidak’s test, compared to the corresponding wild type). 
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4.4 RexAB is not required for survival of S. gordonii and E. 

faecalis when challenged with H2O2 

H2O2 is a type of ROS that can diffuse across the bacterial cell membrane to cause oxidative 

damage146. To assess the role of RexAB for survival of S. gordonii and E. faecalis under 

oxidative stress, wild type and rexAB mutants were exposed to H2O2 and survival was 

determined after 1 h by CFU counts. For both wild-type S. gordonii and E. faecalis, survival 

was reduced to 4.3% and 30% of the inoculum respectively (Figure 4.5). However, no 

significant differences between wild type and rexAB mutants were found in S. gordonii  or E. 

faecalis. Therefore, these results indicate that although these pathogens are susceptible to 

killing by H2O2, RexAB is not involved in the survival of either S. gordonii or E. faecalis in 

response to H2O2-induced oxidative stress. 

 

 

Figure 4.5. Loss of RexAB does not affect survival of S. gordonii and E. faecalis when 

challenged with H2O2.  

Percentage survival after 1 h incubation with 10 mM of H2O2 is shown for S. gordonii DL1 (A) 

and E. faecalis OG1X (B). Graphs represent the mean of three independent experiments. 

Error bars indicate the standard deviation. No significance was observed (paired t test, 

compared to the corresponding wild type). 
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4.5 RexAB promotes the survival of S. gordonii and E. faecalis in 

whole human blood, independently of the oxidative burst 

Previous data showed that RexAB was required for survival of S. aureus in whole human blood 

by providing protection against the neutrophil oxidative burst (sections 3.8 and 3.9). To 

determine whether RexAB was similarly important for the survival of S. gordonii and E. faecalis 

in the bloodstream, the ex vivo whole human blood model was employed. To assess whether 

loss of RexAB made S. gordonii and E. faecalis more susceptible to oxidative burst killing, 

whole human blood was pre-treated for 15 min with the inhibitor DPI to block ROS 

production475. After the addition of bacteria, survival was measured every 2 h by plating onto 

CBA.  

 Over 6 h, the percentage survival of wild-type S. gordonii initially dropped to 2% 

of the inoculum, but eventually increased to 5% at the 6 h time point (Figure 4.6A). This 

indicates that killing of S. gordonii by blood phagocytes is effective in the short term, but 

bacterial numbers eventually start to recover. In contrast to S. gordonii, incubation of wild-type 

E. faecalis in whole human blood did not affect bacterial survival at all (Figure 4.6B-D), 

indicating that E. faecalis is naturally resistant to phagocytic killing under these conditions. 

However, the survival of rexAB mutants from both species was reduced when compared to 

the wild type at all time points, with a 5.5-fold reduction for S. gordonii after 6 h when compared 

to the wild type (DMSO-treated blood, Figure 4.6A) and up to a 3-fold reduction for E. faecalis 

(DMSO-treated blood, Figure 4.6B). Therefore, RexAB promotes the survival of both S. 

gordonii and E. faecalis in human blood. 

 By contrast to S. aureus, treatment of blood with DPI did not significantly enhance 

the survival of the rexAB mutants of either species, which remained significantly reduced when 

compared to the wild type at most of the time points (Figure 4.6). In fact, incubation of S. 

gordonii with DPI-treated blood reduced survival in both wild-type and rexAB mutant strains, 

suggesting that ROS production may actually benefit S. gordonii, though reasons for this are 

unclear. Nevertheless, results from blood survival assays demonstrate that RexAB is 
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important for survival of S. gordonii and E. faecalis in the bloodstream, but killing of the rexAB 

mutants in blood is not mediated by the production of ROS. 

 

 

Figure 4.6. RexAB influences susceptibility of S. gordonii and E. faecalis to killing in 

whole human blood. 

Percentage survival over 6 h incubation in whole human blood is shown for S. gordonii DL1 

(A) and E. faecalis OG1X (B). Whole human blood was incubated for 15 min with the NADPH-

oxidase inhibitor DPI, or DMSO as a control, before the addition of bacteria. Graphs represent 

the mean of three independent experiments. Error bars indicate the standard deviation. *, P < 

0.05 (two-way ANOVA with Sidak’s test, compared to the corresponding wild type). 
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4.6 Killing of rexAB mutant in whole human blood is due to 

production of RNS in S. gordonii, but not for E. faecalis 

In addition to the oxidative burst, another antimicrobial system used by neutrophils is the 

generation of reactive nitrogen species (RNS), including nitric oxide (NO•), nitrogen dioxide 

(•NO2) and peroxynitrite (ONOO−)165 (section 1.2.3.1). Nitric oxide is formed by inducible nitric 

oxide synthase (iNOS) during the conversion of L‐arginine to L‐citrulline, and reacts with 

superoxide to generate peroxynitrite and other RNS, which can damage DNA166.  

 To assess whether RNS were responsible for killing S. gordonii and E. faecalis 

mutants lacking in RexAB, the NOS inhibitors L-NIO and L-NMMA were used. Both inhibitors 

have been previously shown to be highly effective in blocking NOS activity in human 

neutrophils, and function by acting as analogues of L-arginine541. A combination of RNS and 

ROS inhibitors was also tested to determine whether both were needed for maximal killing. In 

addition, the actin-polymerisation inhibitor cytochalasin D was used to determine whether 

killing of rexAB mutants required phagocytosis by immune cells542. Blood was treated for 45 

min with inhibitor(s) or DMSO as a solvent control before the addition of bacteria. Then 

bacteria were incubated in pre-treated blood for 6 h and survival was measured by plating 

onto CBA. 

 Survival of the S. gordonii rexAB mutant in blood treated with DPI alone was 

reduced relative to the wild type (Figure 4.7A), correlating with results from the previous assay 

(Figure 4.6A) and indicating that ROS are not involved in ΔrexAB killing. For blood treated 

with L-NIO or L-NMMA, no significant differences in survival were observed between wild type 

and rexAB mutant, and this was similarly observed for NOS inhibitors in combination with DPI 

(Figure 4.7A), suggesting ΔrexAB killing involves RNS. When blood was treated with 

cytochalasin D, survival of both wild type and rexAB mutant increased and survival of the 

rexAB mutant was comparable to the wild type, indicating that phagocytosis is involved in 

killing of the S. gordonii rexAB mutant within blood (Figure 4.7A). 
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 For E. faecalis, survival of the rexAB mutant remained significantly reduced in 

DPI- and L-NIO/L-NMMA-treated blood when compared to the wild type (Figure 4.7B), 

indicating that neither ROS nor RNS are involved in killing of the rexAB mutant within blood. 

Interestingly, no significant difference was seen for cytochalasin D-treated blood, though 

survival of the mutant was increased when compared to the DMSO control (40% in 

cytochalasin D vs. 20% in DMSO, Figure 4.7B). These results suggest that killing of the E. 

faecalis rexAB mutant within blood is not due to ROS or RNS, though other mechanisms 

requiring phagocytosis may be partly involved. 

 Taken together, these results indicate that neutrophils employ diverse killing 

mechanisms for S. gordonii, E. faecalis and S. aureus. Whilst killing of S. aureus requires 

ROS, the killing of S. gordonnii is dependent upon RNS and an unknown factor is needed to 

kill E. faecalis.  However, regardless of the killing mechanism employed, mutants lacking 

rexAB were significantly more susceptible than wild-type strains to neutrophil-mediated killing. 



156 
 

 

Figure 4.7. Killing of rexAB mutant in human blood is due to production of RNS in S. 

gordonii, but not for E. faecalis. 

Percentage survival after 6 h incubation in blood is shown for S. gordonii DL1 (A) and E. 

faecalis OG1X (B). Whole human blood was incubated for 45 min with the NADPH-oxidase 

inhibitor DPI, the NO synthase inhibitors L-NIO or L-NMMA, the phagocytosis inhibitor 

cytochalasin D, or DMSO as a control, before the addition of bacteria. Graphs represent the 

mean of four independent experiments. Error bars indicate the standard deviation. *, P < 0.05 

(two-way ANOVA with Sidak’s test, compared to the corresponding wild type). 

  

A 
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4.7 Discussion 

The objective of this chapter was to assess the role of DNA repair via RexAB in the survival 

of Gram-positive pathogens S. gordonii and E. faecalis in the bloodstream and in the presence 

of DNA-damaging agents. It was found that loss of RexAB increased sensitivity of S. gordonii 

and E. faecalis to DNA-damaging antibiotics, supporting the role of this complex in DNA repair. 

RexAB was also required for survival of these pathogens in blood, supporting findings from 

the previous chapter that neutrophil killing leads to DNA damage and that DNA repair is 

necessary for survival during bloodstream infection.  

 Blood survival assays with the NADPH oxidase inhibitor DPI showed that killing of 

rexAB mutants of S. gordonii or E. faecalis was not caused by the oxidative burst. This was 

supported by in vitro experiments with H2O2, which found that oxidative stress induced by this 

ROS did not enhance killing of the mutants relative to the wild-type in either pathogen. These 

results are in keeping with previous findings that ROS are not important for neutrophil-

mediated killing of either S. gordonii or E. faecalis181,265. Streptococci are killed by neutrophils 

via mechanisms involving granule serine proteases181, while the absence of the electron 

transport chain in E. faecalis reduces its sensitivity to oxidative stress, leading to increased 

survival in the bloodstream265. This is in contrast to S. aureus, where the most important host 

defence is the oxidative burst of neutrophils141. 

 Although it was shown that immune killing of S. gordonii and E. faecalis did not 

require ROS, rexAB mutants still displayed reduced survival in blood. This indicated that DNA 

damage was occuring, resulting in DSBs. To determine whether this damage was caused by 

neutrophil-derived RNS, the NOS inhibitors L-NIO and L-NMMA were used in the ex vivo 

whole blood model to block RNS production. Results showed that killing of the rexAB mutant 

in S. gordonii was due to DNA damage via RNS, which is in agreement with previous reports 

that DNA repair via this complex is required for survival against RNS-mediated macrophage 

killing in Bacillus cereus543 and nitrosative stress resistance in Salmonella enterica544. 
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 In contrast to S. gordonii, it was found that RNS had no effect on killing of the 

rexAB mutant in E. faecalis, suggesting that DNA damage occurs via a mechanism separate 

from oxidative or nitrosative stress. When the actin-polymerisation inhibitor cytochalasin D 

was used, survival of the rexAB mutants increased slightly but was still significantly lower than 

wild-type levels, which suggested that killing of the mutant did not require phagocytic uptake 

by immune cells. This was unexpected, because previous reports have shown that neutrophil-

mediated killing of enterococci requires complement opsonisation and phagocytosis545,546. It is 

possible that the low concentration of cytochalasin D used in this study led to granule 

exocytosis, as has been shown previously for doses less than or equal to 10 µM547, which 

could have enabled killing in the absence of phagocytosis. This is especially as neutrophils 

can trap and kill pathogens extracellularly via the formation of NETs182–184, which has been 

previously linked to the killing of E. faecalis in urinary tract infections548. To determine whether 

NETs are involved in killing of E. faecalis in the bloodstream, whole blood survival assays 

could be performed with neutrophils pre-treated with phorbol 12-myristate 13-acetate (PMA) 

to induce NET formation549. This could be confirmed via treatment with deoxyribonuclease 

(DNase) to degrade extracellular DNA, the primary component of NETs. 

 Nevertheless, the mechanism by which immune-mediated DNA damage occurs 

in E. faecalis is still unclear. A previous study has shown that E. faecalis is highly susceptible 

to killing by neutrophil-derived proteases178, but whether these proteases have an effect, if 

any, on bacterial DNA is unknown. The thee major neutrophil serine proteases (elastase, 

cathepsin G and proteinase 3) are located in the primary granules and are able to kill bacteria 

directly550, and/or by activating or generating AMPs551. Future work could investigate the role 

of proteases in immune killing of the E. faecalis rexAB mutant by performing blood or 

neutrophil survival assays after degranulating the primary granules using PMA552. Another 

experiment could be to inhibit neutrophil granule proteases with the serine protease inhibitors 

4-(2-Aminoethyl)benzenesulfonylfluoride (AEBSF) or diisopropylfluorophosphate (DFP)181. 

 To summarise, the work presented in this chapter has shown that DNA repair via 

RexAB is important for survival of the Gram-positive pathogens S. gordonii and E. faecalis in 



159 
 

whole human blood. In S. gordonii, immune-mediated DNA damage was caused by production 

of RNS. However, this was not the case for E. faecalis, in which neither ROS nor RNS had 

any effect on killing of the rexAB mutant. Nevertheless, loss of RexAB function sensitised both 

pathogens to immune-mediated killing. 
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5 S. aureus RexAB is a member of the 

RecBCD/AddAB enzyme family 

5.1 Introduction 

DSBs can occur as a result of DNA-damaging agents, stalled replication forks or replication 

past single-strand nicks, and is lethal if not repaired prior to cell division419. The two main 

pathways of DSB repair in bacteria are homologous recombination and non-homologous end 

joining (NHEJ), which only occurs in a few bacterial genera421–424. Repair by NHEJ is of low 

fidelity because DNA ends are joined together with minimal or no sequence homology. In 

contrast, homologous recombination results in high-fidelity DNA repair and is the preferred 

method when a second copy of the affected locus is available as a template. For many 

bacteria, multiple copies or partially-replicated copies of the genome are present within the 

cell, which facilitates repair429. The NHEJ pathway is not present in S. aureus, which is 

believed to rely on homologous recombination for DSB repair424. 

 The process of homologous recombination can be divided into several stages, 

described in further detail in section 1.4.4.1. The first stage is end resection, in which DSBs 

are processed to create ssDNA that is bound by RecA. Then, RecA mediates the exchange 

of an intact strand and broken strand, and DNA synthesis occurs using the intact strand as a 

template. Finally, the two repaired DNA duplexes are separated from each other433. 

 In bacteria, processing of DSBs is mediated by the RecBCD/AddAB family of 

enzymes. This family consists of thee members: RecBCD, AddAB and AdnAB. These 

multisubunit complexes use different combinations of helicase and nuclease activities to 

resect DNA ends, resulting in a 3’ ssDNA extension onto which RecA is loaded429. RecBCD 

and AddAB enzymes have been well studied, mostly using E. coli RecBCD and B. subtilis 

AddAB, respectively. The third member of the family, AdnAB, was identified more recently in 

mycobacterial species553. Since less is known about AdnAB compared to the other two family 

members, this introduction will focus on RecBCD and AddAB enzymes. 
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 RecBCD/AddAB complexes initiate recombinational repair by binding to free DNA 

ends and unwinding the DNA using their helicase activity (Figure 5.1A, B), located in the RecB 

and RecD, or AddA subunits554,555. Then, the enzyme translocates along the DNA, using its 

nuclease activity to degrade both strands until a crossover hotspot instigator (Chi or χ) site is 

reached (Figure 5.1C). Nuclease activity is located in the RecB or AddA subunits. When a Chi 

site is encountered, structural changes are induced in the complex that lead to attenuated 

cleavage of DNA in the 3’-5’ direction (Figure 5.1D)432. Recognition of the Chi site is polar, 

only occurring when the enzyme is travelling though the DNA from the 3’ end429. The Chi 

sequence recognised by E. coli RecBCD is eight bases long (5′‐GCTGGTGG‐3′)556,557, 

whereas the Chi site for B. subtilis AddAB is shorter at five bases long (5′-AGCGG-3’)558, and 

S. aureus RexAB is predicted to recognise a seven-nucleotide Chi site (5′-GAAGCGG-3′)455. 

Chi sequences are specific to a bacterial species, although those recognised by RecBCD 

homologues do share some similarity429,455. 

 Although recognition of Chi leads to attenuated 3’-5’ nuclease activity, degradation 

continues in the 5’-3’ direction, resulting in the production of a 3’ single-strand overhang 

(Figure 5.1E)432. Chi recognition also enhances 5’-3’ nuclease activity in RecBCD, leading to 

faster degradation of the 5’ strand559, but this does not occur in AddAB560. Finally, RecA protein 

is loaded onto the 3’ overhang for the next step of recombination (Figure 5.1F). In the case of 

RecBCD, this is performed by the RecB subunit561,562. However, it is still unclear whether 

AddAB is involved in RecA loading563. 
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Figure 5.1. Processing of DNA ends by RecBCD/AddAB enzymes. 

DNA damage can lead to a double-strand break (DSB) (A), which can be lethal if not repaired. 

RecBCD or AddAB complexes bind to the broken end and unwind the DNA (B). A Chi 

(crossover hotspot instigator) site is denoted in red. RecBCD or AddAB translocates along the 

DNA, degrading both DNA strands (C). Degradation is performed by the RecB subunit in 

RecBCD, or AddA and AddB subunits in AddAB. When a Chi site is encountered in the 3’ 

strand, this induces changes that attenuate degradation of the 3’-5’ nuclease (D), resulting in 

a 3’ overhang (E). The RecA protein is loaded onto the 3’ overhang to form a filament (green 

circles) (F), for the next step of the recombinational repair pathway. Adapted from Niu et al. 

(2009)564. 
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 RecBCD and AddAB enzymes have similar biochemical properties and both lead 

to the formation of a RecA filament, but there are significant differences in the structure of 

these two protein complexes. The most obvious difference is in their subunit composition. 

RecBCD consists of thee subunits, whereas AddAB only has two (Figure 5.2A)554,565. In 

addition, these subunits have different combinations of helicase and nuclease activities, 

reflected in their domain structures (Figure 5.2B). 

 In RecBCD, the RecB subunit contains an N-terminal helicase domain with 3’-5’ 

directionality, which is followed by a nuclease domain (Figure 5.2B) that is also responsible 

for loading RecA onto the 3’ ssDNA overhang561 565. The RecD subunit contains the second 

RecBCD helicase domain, but has 5’-3’ specificity. RecC contains an inactive helicase 

domain565, but is responsible for recognising Chi sites566,567. In contrast, AddAB has a single 

helicase domain located in the AddA subunit, and two homologous nuclease domains located 

at the C-terminal of each subunit (Figure 5.2B). The AddA subunit is therefore functionally 

equivalent to RecB, containing a 3’-5’ helicase domain followed by a nuclease domain554. The 

AddB subunit contains a nuclease domain and is responsible for Chi recognition. Each 

nuclease cleaves a different DNA strand, with the AddA subunit displaying 3’-5’ nuclease 

activity, while AddB has 5’-3’ activity560. DNA degradation occurs symmetrically in AddAB but 

not in RecBCD, which is consistent with the fact that the AddAB enzyme contains two nuclease 

domains, while RecBCD contains only one568. 

 Meanwhile, the third member of the RecBCD/AddAB enzyme family, AdnAB, 

consists of two subunits, each displaying both helicase and nuclease activities553. The 

arrangement and cleavage activity of AdnAB corresponds to those of AddAB (with AdnA and 

AdnB being equivalent to AddB and AddA, respectively), in that both helicase subunits move 

along the same DNA strand, but each nuclease subunit cleaves a different strand429,569. 
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Figure 5.2. Structure of RecBCD and AddAB proteins. 

Crystal structures of E. coli RecBCD and B. subtilis AddAB complexed with DNA (purple) (A). 

RecBCD is shown in cyan (RecB), orange (RecC) and red (RecD). AddAB is shown in cyan 

(AddA) and orange (AddB). Protein structures were visualised with PyMOL. PDB 1W36 and 

3U4Q were used for the E. coli RecBCD and B. subtilis AddAB structures, respectively. Protein 

domains in RecBCD and AddAB complexes (B). RecB, RecD and AddA proteins contain a 

helicase domain (solid green) with seven motifs for ATP-binding and helicase activities, 

whereas RecC and AddB proteins have an inactivated helicase domain (striped green). RecB, 

AddA and AddB proteins possess an additional short C-terminal nuclease domain (red). 

Adapted from Cromie (2009)537.  

  

 Although RecBCD is most often present in Gram-negative bacteria and AddAB in 

Gram-positive bacteria, this is not always the case. Zuñiga-Castillo et al. (2004) found that 

AddAB was present in members of the Gram-negative α-proteobacteria and in Ralstonia 

solanacearum (β-proteobacterium)427. This was supported by an extensive analysis of 

homologous recombination systems by Rocha et al. (2005), in which AddAB proteins were 

shown to be distributed in both Gram-positive and Gram-negative bacteria (Firmicutes and in 

most α-and β-proteobacteria)426. The exceptions were Bacillus halodurans, Neisseria 

A 

B 
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meningitidis and Chomobacterium violaceum, which contain RecBCD. Another exception is 

H. pylori from the Gram-negative ϵ-proteobacteria class, which expresses AddAB463.  

 Previous studies have identified S. aureus RexAB as a member of the AddAB 

enzyme family via sequence homology426,427, but direct testing of S. aureus RexAB to confirm 

enzyme function has not been performed. In addition, most of what is known of AddAB is 

based on experiments in B. subtilis429, with the assumption that the enzyme is similar in other 

species. However, it is possible that the enzyme may function slightly differently in some 

species. For example, the mycobacterial RecBCD complex is involved in single-strand 

annealing but not homologous recombination570. Therefore, to assess S. aureus RexAB as an 

AddAB family member, enzyme function of S. aureus RexAB was directly tested. In addition, 

since AddAB is required for RecA activation and subsequent induction of the SOS DNA repair 

pathway in response to DSBs (sections 1.4.1 and 1.4.4.1), SOS induction levels were 

compared between wild-type S. aureus and rexAB mutants. This chapter describes the 

expression and purification of the recombinant S. aureus RexAB protein complex, and the 

establishment of assays to measure AddAB enzyme activity and SOS induction. S. aureus 

RexAB was hypothesised to be a functional member of the AddAB enzyme family. 

 

Aim: To determine whether staphylococcal RexAB is a functional member of the AddAB 

enzyme family by confirming homology to AddAB proteins in other bacterial species, 

measuring AddAB enzyme activity of recombinant S. aureus RexAB, and assessing 

whether S. aureus RexAB is required for SOS induction. 
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5.2 S. aureus RexAB is structurally homologous to B. subtilis 

AddAB 

Previous studies have reported S. aureus RexAB as a homologue of the B. subtilis AddAB 

enyzme on the basis of sequence homology426,427. AddAB is a heterodimeric complex that 

consists of an AddA protein subunit containing active helicase and nuclease domains, and an 

AddB subunit containing an active nuclease domain only (Figure 5.2B). Functional helicase 

and nuclease motifs have been identified in the protein domains of both subunits571–573. To 

confirm sequence homology of S. aureus RexAB to the AddAB protein family, a multiple 

sequence alignment was generated of these AddAB motifs in S. aureus RexAB and AddAB 

proteins from B. subtilis, Streptococcus pyogenes, Streptococcus pneumoniae and E. faecalis. 

 The AddAB motifs associated with enzyme function were well conserved across 

the bacterial species examined, with the majority of residues either identical or similar (140 

out of 190 in total, 74%; Figure 5.3). In particular, the AddA helicase domain motifs contained 

103 residues that were either identical or similar (out of 127 in total, 81%), with 64 identical 

residues (50%) and 39 similar residues (31%). As for the nuclease domain motifs, 22 residues 

were either identical or similar in AddA (out of 35, 63%), and 15 residues in AddB (out of 28, 

54%), of which the lower similarity was partly due to the shorter motif in the streptococcal 

species. The sequence similarity of these AddAB motifs is in contrast to the low sequence 

identity when full-length protein is compared between species (29-38% sequence identity for 

AddA and 18-30% for AddB, unless between streptococcal species where it increases to 49% 

and 42%, respectively; Table 5.1). This demonstrates that regions of the sequence relating to 

enzyme function are conserved across AddAB proteins. 
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Figure 5.3. Conserved functional motifs in S. aureus RexAB and AddAB homologues. 

Multiple sequence alignment of conserved motifs from AddA (A) and AddB (B). Motifs present 

in the helicase domain are indicated in green, and those present in the nuclease domains are 

indicated in red. Identical residues are indicated by ‘*’, highly similar and less similar residues 

are indicated by ‘:’ and ‘.’ respectively. Residue positions are indicated on the right-hand side. 

Alignment was generated by Clustal Omega. Saur, S. aureus; Bsub, Bacillus subtilis; Spyo, 

Streptococcus pyogenes; Spne, Streptococcus pneumoniae; Efae, Enterococcus faecalis. 
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Table 5.1. Percentage identity of full-length AddA and AddB protein sequences 

between species.  

Percent identity matrices for AddA (RexA in S. aureus) and AddB (RexB in S. aureus) were 

generated by Clustal Omega. 

AddA 

 S. aureus B. subtilis S. pyogenes S. pneumoniae E. faecalis 

S. aureus  38.12 29.10 28.96 33.45 

B. subtilis 38.12  30.98 30.19 40.95 

S. pyogenes 29.10 30.98  48.79 31.28 

S. pneumoniae 28.96 30.19 48.79  34.01 

E. faecalis 33.45 40.95 31.28 34.01  

      

AddB 

 S. aureus B. subtilis S. pyogenes S. pneumoniae E. faecalis 

S. aureus  30.38 18.90 17.95 24.56 

B. subtilis 30.38  20.70 21.31 29.28 

S. pyogenes 18.90 20.70  41.80 23.87 

S. pneumoniae 17.95 21.31 41.80  23.62 

E. faecalis 24.56 29.28 23.87 23.62  

 

 Next, the structural homology of S. aureus RexAB to B. subtilis AddAB was 

examined. Since the crystal structure of S. aureus RexAB has not yet been determined, 

homology modelling was performed using the Phyre2 and I-TASSER platforms. These 

programs use sequence and protein structure databases of existing proteins to predict the 

structure of a query sequence461,462. Comparisons of homology models to crystal structures 

show that they can be geometrically very close to experimental structures, and are excellent 

substitutes when crystal structures are not available574. The 3D models produced for S. aureus 

RexA and RexB are shown in Figure 5.4. The Phyre2 and I-TASSER models were near 

identical, with only slight variations in the loop regions. Homology modelling found that S. 

aureus RexA and RexB displayed the greatest similarity to B. subtilis AddA and AddB 

respectively, and crystal structures of these proteins were used by both platforms as templates 

for the 3D models. For S. aureus RexA, 1110 residues (91% of the sequence) were modelled 
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with 100% confidence to the B. subtilis AddA template (PDB 3U4QA and 3U44A), and for S. 

aureus RexB, 1115 residues (96%) were modelled with 100% confidence with B. subtilis AddB 

as the template (PDB 3U44B). Superimposition of S. aureus RexA and RexB models onto 

corresponding crystal structures of B. subtilis AddA and AddB showed that the structures were 

very similar (Figure 5.5). 

 After assembly of the 3D model, I-TASSER additionally matches the model 

against known proteins in the Protein Data Bank (PDB), a global database of the 3D structures 

of large biological molecules462. This process reports proteins with the closest structural 

similarity to the predicted model, and derives the protein function by identifying ligand-binding 

sites. The top identified structural analogue of S. aureus RexA was B. subtilis AddA (PDB 

4CEHA, 92% confidence) and RexA was predicted to bind ADP as a helicase-nuclease 

enzyme (PDB 4CEIA: B. subtilis AddA, 58% confidence). For S. aureus RexB, the confidence 

of the function prediction was much lower, at 24% as a helicase (PDB 2IS4: E. coli UvrD) and 

8% as a nuclease (PDB 3U44B: B. subtilis AddB), most likely due to sequence-specific 

differences in the ligand-binding sites. Nevertheless, the top structural analogue was B. subtilis 

AddB (PDB 3U44B, 96% confidence), aligning with previous results. Taken together, the 

sequence alignment and homology modelling data indicate that S. aureus RexAB is 

sequentially and structurally homologous to B. subtilis AddAB. 
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Figure 5.4. Structural modelling of S. aureus RexA and RexB. 

Ribbon representation of S. aureus RexA and RexB proteins as predicted by Phyre2 and I-

TASSER, and with Phyre2 and I-TASSER models superimposed onto each other. Individual 

structures of RexA and RexB are coloured from blue to red from N- to C-terminals. When 

superimposed, Phyre2 models are shown in blue and I-TASSER shown in red. Protein 

structures were visualised with PyMOL. 
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Figure 5.5. Predicted models of S. aureus RexA and RexB superimposed onto 

individual AddA and AddB subunits of the Bacillus subtilis AddAB crystal structure. 

Ribbon representation of B. subtilis AddA and AddB proteins individually, and superimposed 

with Phyre2 and I-TASSER models of S. aureus RexA and RexB. Individual B. subtilis AddA 

and AddB structures are coloured from blue to red from N- to C-terminals. When 

superimposed, B. subtilis AddA is shown in cyan, AddB in orange, Phyre2 models in blue and 

I-TASSER models in red. Protein structures were visualised with PyMOL. PDB 3U4Q was 

used for the B. subtilis AddAB structure554,575. 
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5.3 Expression and purification of S. aureus RexAB 

Whilst sequence homology provided evidence that RexAB is a member of the AddAB family, 

confirmation required a demonstration of relevant enzymatic activity. AddAB proteins display 

helicase and nuclease activities, which require energy released from ATP hydrolysis429. 

Previous studies have successfully purified recombinant B. subtilis AddAB protein and 

measured its helicase and/or nuclease activities560,576. To enable helicase, nuclease and 

ATPase activities to be determined for S. aureus RexAB, recombinant RexAB was expressed 

and purified before assays for helicase, nuclease and ATP hydrolysis were undertaken. 

5.3.1 Cloning strategy for RexAB expression 

RexAB is a large heterodimeric protein (276 kDa) formed of AddA and AddB protein subunits, 

each greater than 130 kDa in size. Since the separate components of a complex are often not 

soluble due to hydrophobic regions that mediate binding between subunits, two approaches 

were considered to obtain the RexAB complex. In the first approach, the complex would be 

co-expressed from one plasmid, a technique used previously to express B. subtilis AddAB560. 

In the second approach, each protein subunit would be expressed individually and then mixed 

to allow formation of the complex. This would also enable the enzyme activity of each subunit 

to be tested if the proteins were soluble. Both approaches were tested in parallel to determine 

which was most useful. The pET expression system was chosen for S. aureus RexAB 

expression as it had been used previously by Chedin et al. (2006) to successfully express the 

B. subtilis AddAB complex576. 

 The rexA, rexB, or rexAB genes were cloned into the pET28b+ vector under the 

control of the inducible promoter to enable controllable expression of the target protein with 

an N-terminal 6xHis tag (Figure 5.6). This tag was followed in the recombinant protein by a 

thombin site, which was included in the event that the tag impeded protein function and had 

to be removed. To ensure that both RexA and RexB from the rexAB plasmid could be detected 

by Western blot, SDM (section 2.2.3) was performed to insert a StrepII-tag and a thombin site 

in front of the rexA gene (Figure 5.6). This enabled expression of RexA and RexB proteins to 
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be detected individually, and provided another method for protein purification by using the 

StrepII tag. The expression plasmids (hereafter referred to as pET28b+ rexA, pET28b+ rexB 

and pET28b+ rexAB) were sequenced to confirm that the rexA, rexB and rexAB genes, StrepII-

tag and thombin site had been inserted correctly. 

 

Figure 5.6. Schematic representation of pET28b+ expression plasmids. 

Diagram of the final pET28b+ plasmids used for RexA, RexB or RexAB protein expression. 

BamHI and SalI restriction sites were used to clone rexA, rexB or rexAB into the pET28b+ 

vector following a His tag and thombin site. Then SDM was conducted to insert a StrepII tag 

and a second thombin site before the rexA gene to create pET28b+ His-thombin-rexB StrepII-

thombin-rexA. ori, origin of replication; f1 ori, f1 origin of replication; kanR, kanamycin 

resistance gene; lacI, lac repressor. Plasmid maps created with SnapGene. 
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5.3.2 Optimisation of protein expression and purification conditions 

To maximise the production of soluble protein, expression conditions for RexA, RexB and 

RexAB were optimised. The pET28b+ rexA, rexB and rexAB constructs were transformed into 

E. coli expression strains (BL21, Rosetta 2 pLysS and/or soluBL21; all contain the λDE3 

prophage to enable expression from a pET vector) and expression was tested at various 

temperatures (16 °C, 30 °C and 37 °C). The inducer IPTG was initially added at 0.4 mM for 

these tests, but after no protein products were detected by SDS-PAGE analysis and Western 

blot (data not shown), the concentration was increased to 1 mM, which successfully induced 

the protein. All further work on expression optimisation was carried out at IPTG concentration 

of 1 mM. This enabled the strain background and temperature to be determined for the 

expression of each recombinant protein. 

 Next, to determine whether RexAB could be successfully purified as a complex 

and whether it was possible to purify RexA and RexB protein subunits individually, 1 L cultures 

of the E. coli expression strains were grown under the optimised protein expression conditions 

and strain backgrounds for each protein, and nickel affinity chomatography and/or Strep-

Tactin affinity chomatography were performed. This enabled technical aspects of the 

purification to be optimised prior to a final scale up to a 4 L culture and subsequent purification. 

5.3.2.1 Expression and purification of RexA 

To optimise expression of RexA protein, the pET28b+ rexA construct was transformed into E. 

coli BL21 (DE3) and Rosetta 2 (DE3) pLysS strains, and expression was performed at 16 °C, 

30 °C or 37 °C. BL21 (DE3) is an E. coli strain that is routinely used for the expression of 

proteins from pET vectors. Rosetta 2 (DE3) pLysS is a derivative of BL21 (DE3) that has been 

supplied with tRNAs for codons that are rarely used in E. coli but are present in other species, 

such as S. aureus. This strain also expresses T7 lysozyme from pLysS, which suppresses 

basal expression of T7 RNA polymerase prior to induction, stabilising recombinants with target 

proteins that may affect cell growth and viability. 
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 Overnight cultures of the transformed cells were used to inoculate 12 ml of fresh 

media supplemented with appropriate antibiotics to a final OD600 nm of 0.05. The cultures were 

grown to mid-exponential phase (OD600 nm of 0.5), then expression was induced by the addition 

of IPTG and cultures were shifted to the desired expression temperature. Expression at 30 °C 

and 37 °C was carried out for 3 h, and expression at 16 °C was carried out for 20 h. Culture 

samples were taken regularly post-induction. To determine protein solubility, bacterial cells 

were sonicated after the expression process and the cell lysate was centrifuged to separate 

supernatant (soluble fraction) from the pellet (insoluble fraction). All samples were analysed 

by SDS-PAGE and Western blot to detect the His-tagged RexA protein. 

 RexA was successfully expressed in BL21 (DE3) at the thee temperatures tested, 

16 °C, 30 °C and 37 °C (Figure 5.7A). Expression levels and solubility were both temperature-

dependent, with higher levels of RexA solubility and protein expression at lower temperatures. 

For example, RexA was more soluble when expressed at 16 °C than at  37 °C (lanes 13 and 

14, compared to lanes 5 and 6; Figure 5.7A). By comparison, expression in Rosetta 2 pLysS 

occured at much lower levels than in BL21 (Figure 5.7B). In this strain, soluble RexA of the 

correct mass was only faintly detected at 16 °C by Western blot (lane 13; Figure 5.7B) and not 

detected at all at 37 °C (lane 5; Figure 5.7B), most likely due to substantial protein degradation, 

as evidenced by the significant reactivity of anti-His antibodies with multiple low-molecular 

weight proteins (Figure 5.7B). Therefore, out of the conditions tested, RexA was expressed 

most successfully in E. coli BL21 (DE3) at 16 °C for 20 h. 
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Figure 5.7. Expression of His-tagged RexA in E. coli strains BL21 (DE3) and Rosetta 2 

(DE3) pLysS at different temperatures. 

SDS-PAGE and anti-His Western blot analysis of RexA expression from E. coli strains BL21 

(DE3) (A) and Rosetta 2 (DE3) pLysS (B). Expression was induced by the addition of 1 mM 

IPTG. Protein bands for His-RexA (145 kDa) are indicated by the arrows. The molecular 

weight of the marker bands in kDa are indicated. 0h = uninduced; 1h = 1 h post induction; 2h 

= 2 h post induction; 3h = 3 h post induction; 20h = 20 h post induction; S = soluble fraction; 

IS = insoluble fraction. 

  

A 

B 
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 To determine whether RexA could be purified successfully as a monomer, His-

tagged RexA was expressed in E. coli BL21 (DE3) at 16 °C for 20 h, then nickel affinity 

chomatography was performed. This purification technique relies on the ability of nickel to bind 

to histidine residues. His-tagged proteins bind to the nickel column, which enables them to be 

separated from other proteins in the whole cell lysate. The addition of imidazole displaces the 

bound proteins by mimicking the side-chain of histidine. To optimise the imidazole 

concentration for elution, stepwise elution was performed at 100 mM, 200 mM and 300 mM. 

Elution buffer was added in small volumes (10 ml) and each fraction was tested with Bradford 

reagent until no more protein was detected. Samples taken during the process were analysed 

by SDS-PAGE and Western blot to detect His-tagged RexA. 

 His-tagged RexA was detected in the soluble fraction (lanes 3 and 4; Figure 5.8) 

and was eluted at 100 mM and 200 mM of imidazole (lanes 8 and 9; Figure 5.8). However, 

although a strong band was observed at the expected size of His-tagged RexA (145 kDa), 

many other bands were also present. These bands only appeared after induction with IPTG, 

indicating that these were likely to be degradation products of the target protein. Therefore, 

RexA is mostly soluble in the absence of RexB and can be purified to some degree, but 

appears to be unstable. 
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Figure 5.8. RexA purification via nickel affinity chomatography. 

Analysis of RexA purification by SDS-PAGE (A) and anti-His Western blot (B). Expression 

was carried out in E. coli BL21 (DE3) cells at 16 °C for 20 h, induced by the addition of 1 mM 

IPTG. Protein bands for His-RexA (145 kDa) are indicated by the arrows. The molecular 

weight of the marker bands in kDa are indicated. 0h = uninduced; 20h = 20 h post induction; 

S = soluble fraction; IS = insoluble fraction; FT = flow though; W = wash; E1-3 = stepwise 

elution at 100 mM, 200 mM and 300 mM imidazole, respectively. 

5.3.2.2 Expression and purification of RexB 

To optimise expression of RexB protein, the pET28b+ rexB construct was transformed into E. 

coli BL21 (DE3) and Rosetta 2 (DE3) pLysS, and expression was tested at 16 °C, 30 °C and 

37 °C. As shown in Figure 5.9A, RexB was not expressed at all in BL21 (DE3) and no protein 

bands were detected in either the SDS-PAGE or Western blot. In Rosetta 2 (DE3) pLysS, 

RexB was very faintly detected at 3 h post-induction at 30 °C and 37 °C (lanes 8 and 4 

respectively in the Western blot; Figure 5.9B), but expression levels were too low to be 

detected when lysed and separated into soluble and insoluble fractions (lanes 5, 6, 9, 10 in 

the Western blot; Figure 5.9B). However, RexB protein was successfully expressed at 16 °C 

for 20 h by SDS-PAGE and Western blot (lane 12; Figure 5.9B). Furthermore, the expressed 

protein was found to be soluble under these conditions (lane 13; Figure 5.9B). Therefore, out 

of the E. coli strains and temperatures tested, RexB was expressed most successfully in E. 

coli Rosetta 2 (DE3) pLysS at 16 °C for 20 h. 
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Figure 5.9. Expression of His-tagged RexB in E. coli strains BL21 (DE3) and Rosetta 2 

(DE3) pLysS at different temperatures. 

SDS-PAGE and anti-His Western blot analysis of RexB expression from E. coli strains BL21 

(DE3) (A) and Rosetta 2 (DE3) pLysS (B). Expression was induced by the addition of 1 mM 

IPTG. Protein bands for His-RexB (138 kDa) are indicated by the arrows. The molecular 

weight of the marker bands in kDa are indicated. 0h = uninduced; 1h = 1 h post induction; 2h 

= 2 h post induction; 3h = 3 h post induction; 20h = 20 h post induction; S = soluble fraction; 

IS = insoluble fraction. 

  

A 

B 
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Next, nickel affinity chomatography was performed on His-tagged RexB as described above 

for His-tagged RexA. RexB was expressed after incubation for 20 h at 16 °C, and was detected 

in the whole cell lysate by both SDS-PAGE and Western blot (lanes 3 and 4; Figure 5.10). 

However, no protein was present in the eluted fractions and so the purification was considered 

unsuccessful (lanes 10-12; Figure 5.10). Upon closer examination of the Western blot, it was 

found that this was because the RexB protein was highly insoluble (lanes 5 and 6; Figure 

5.10B). This aligns with the finding by Yeeles et al. (2009) that B. subtilis AddB (RexB 

homologue) was highly insoluble when over-expressed in the absence of AddA 577. Although 

the data in Figure 5.9 indicated that expression of RexB was soluble, this was only possible 

in small volumes (12 ml) and not at the larger quantities required for purification. Therefore, 

RexB cannot be purified on its own and appeared, therefore, to require co-purification with 

RexA. 

 

Figure 5.10. RexB purification via nickel affinity chomatography. 

Analysis of RexB purification by SDS-PAGE (A) and anti-His Western blot (B). Expression 

was carried out in E. coli Rosetta 2 (DE3) pLysS cells at 16 °C for 20 h, induced by the addition 

of 1 mM IPTG. Protein bands for His-RexB (138 kDa) are indicated by the arrows. The 

molecular weight of the marker bands in kDa are indicated. 0h = uninduced; 20h = 20 h post 

induction; S = soluble fraction; IS = insoluble fraction; FT = flow though; W = wash; E1-3 = 

stepwise elution at 100 mM, 200 mM and 300 mM imidazole, respectively. 
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5.3.2.3 Expression and purification of RexAB 

Similarly to RexA and RexB, expression of RexAB was tested in E. coli BL21 (DE3) and 

Rosetta 2 (DE3) pLysS strains at 16 °C, 30 °C and 37 °C. However, the RexAB complex was 

not expressed at all in BL21 (DE3) and no protein bands were detected in either the SDS-

PAGE or Western blot (Figure 5.11A). Furthermore, the complex was poorly expressed in 

Rosetta 2 (DE3) pLysS. At 30 °C, a faint band corresponding to His-tagged RexB was detected 

after 1 h of induction (lane 7; Figure 5.11B), but this was no longer present after the cells were 

lysed and separated into soluble and insoluble fractions (lanes 9 and 10; Figure 5.11B). At 16 

°C, bands corresponding to RexA and RexB were detected after 20 h by SDS-PAGE analysis 

(lane 12; Figure 5.11B), but the corresponding band in the Western blot was faint and soluble 

protein was hardly detectable (lanes 12 and 13 respectively; Figure 5.11B). 

 Since neither BL21 (DE3) nor Rosetta 2 (DE3) pLysS were suitable for RexAB 

expression, the pET28b+ rexAB construct was transformed into a third E. coli expression 

strain. E. coli soluBL21 (DE3) is a derivative of BL21 (DE3) for expressing proteins that are 

difficult to solubilise. Expression was carried out as described previously. As shown in Figure 

5.11C, RexAB was successfully expressed in soluBL21 (DE3) at all the temperatures tested 

and soluble protein was maintained after cell lysis (lanes 5, 9 and 13). The protein complex 

was most successfully expressed at 16 °C for 20 h, reflected in the higher levels of His-tagged 

RexB detected by Western blot compared to expression at 30 °C and 37 °C (lane 13, 

compared to lanes 5 and 9 respectively; Figure 5.11C). In addition, both RexA and RexB 

protein subunits were detected by SDS-PAGE analysis at 16 °C, but not at 30 °C or 37 °C 

(lane 12, compared to lanes 4 and 8; Figure 5.11C). Therefore, from the E. coli strains and 

temperatures tested, RexAB was expressed best in E. coli soluBL21 (DE3) at 16 °C for 20 h. 
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Figure 5.11. Expression of RexAB in E. coli strains BL21 (DE3) and Rosetta 2 (DE3) 

pLysS at different temperatures. 

SDS-PAGE and Western blot analysis of RexAB expression from E. coli strains BL21 (DE3) 

(A), Rosetta 2 (DE3) pLysS (B) and soluBL21 (DE3) (C), induced by the addition of 1 mM 

IPTG. StrepII-RexA (144 kDa) and His-RexB (138 kDa) are indicated by the arrows. His-RexB 

is detected in the Western blot. Molecular weight of marker bands are indicated in kDa. 0h = 

uninduced; 1h = 1 h post induction; 2h = 2 h post induction; 3h = 3 h post induction; 20h = 20 

h post induction; S = soluble fraction; IS = insoluble fraction. 
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To determine whether RexAB could be purified as a complex and to optimise the purification 

technique, two methods for RexAB purification were tested. Expression from the pET28b+ 

rexAB construct led to the production of StrepII-tagged RexA and His-tagged RexB. These 

protein tags enabled purification of RexAB by Strep-Tactin affinity chomatography via the 

StrepII tag, or nickel affinity chomatography via the His tag. Therefore, provided that RexAB 

was expressed as a protein complex within E. coli soluBL21 (DE3) cells, it was possible for 

both RexA and RexB subunits to be eluted together during the purification. 

 Strep-Tactin affinity chomatography relies on the binding of biotin to streptavidin. 

The StrepII tag binds to the biotin-binding pocket of streptavidin, which enables purification of 

the recombinant protein. Strep-Tactin is a streptavidin derivative that is optimised for maximal 

binding to the StrepII-tag. StrepII-tagged proteins are competitively eluted by adding the biotin-

analogue desthiobiotin. Purification was performed in a gravity-flow column and protein eluted 

with 2.5 mM of desthiobiotin. Elution buffer was added in volumes of 5 ml and each fraction 

tested with Bradford reagent until no more protein was detected. Samples were analysed by 

SDS-PAGE and Western blot to detect StrepII-tagged RexA and His-tagged RexB. 

 Although RexA and RexB proteins were soluble and detected by SDS-PAGE and 

Western blot (lane 5; Figure 5.12), no corresponding bands were detected in the eluted 

fraction (lane 10), indicating that the purification of RexAB by Strep-Tactin affinity 

chomatography was unsuccessful. Upon closer examination, SDS-PAGE and Western blot 

data showed that RexA and RexB were detected in the flow though and in the first wash step 

(lanes 7 and 8; Figure 5.12), but not in subsequent steps (lanes 9 and 10). This revealed that 

the StrepII-tagged protein had not bound to the Strep-Tactin column, which could have been 

due to the StrepII tag being hidden by protein folding in the formation of the RexAB complex. 

 When nickel affinity chomatography was performed using the same method 

described for His-tagged RexA (section 5.3.2.1 above), RexAB protein bound to the nickel 

column via the His-tagged RexB was eluted successfully (lanes 10-13; Figure 5.13). His-

tagged RexB and StrepII-tagged RexA were both detected by Western blot in the eluted 

fractions, indicating that the protein subunits were expressed as a complex and purified 
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together (1:1 ratio, based on Figure 5.13A). Step-wise elution with increasing imidazole 

concentrations showed that the protein eluted around 100 to 200 mM, therefore it was decided 

that 150 mM would be used to elute RexAB in subsequent experiments. It was noted that a 

few bands of lower molecular weight were present in the eluted fractions on the SDS-PAGE 

gel (lanes 10  and 11; Figure 5.13A). It was decided to remove these in the final purification 

using a 100 kDa cut-off filter. Since nickel affinity chomatography was successful for 

purification of RexAB, this technique was used in future experiments. 

 

Figure 5.12. RexAB purification via Strep-Tactin affinity chomatography. 

Analysis of RexAB purification by SDS-PAGE (A), anti-StrepII Western blot (B) and anti-His 

Western blot (C). Expression was carried out in E. coli soluBL21 (DE3) cells at 16 °C for 20 h, 

induced by the addition of 1 mM IPTG. Protein bands for StrepII-RexA (144 kDa) and His-

RexB (138 kDa) are indicated by the arrows. The molecular weight of the marker bands in kDa 

are indicated. 0h = uninduced; 20h = 20 h post induction; S = soluble fraction; IS = insoluble 

fraction; FT = flow though; W = wash; E = elution. 

B C 

A 
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Figure 5.13. RexAB purification via nickel affinity chomatography. 

Analysis of RexAB purification by SDS-PAGE (A), anti-StrepII Western blot (B) and anti-His 

Western blot (C). Expression was carried out in E. coli soluBL21 (DE3) cells at 16 °C for 20 h, 

induced by the addition of 1 mM IPTG. Protein bands for StrepII-RexA (144 kDa) and His-

RexB (138 kDa) are indicated by the arrows. The molecular weight of the marker bands in kDa 

are indicated. 0h = uninduced; 20 h post induction; S = soluble fraction; IS = insoluble fraction; 

FT = flow though; W = wash; E1-3 = stepwise elution at 100 mM, 200 mM and 300 mM 

imidazole, respectively. 
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Although the expression conditions of RexAB had been optimised to growth of E. coli soluBL21 

(DE3) in LB at 16 °C for 20 h, a shortage of incubator space at 16 °C meant that further testing 

was carried out to determine whether RexAB expression was possible at 20 °C. In addition, 

Terrific broth (TB) was tested in comparison with LB to account for the reduced expression of 

RexAB at higher temperatures. TB is a highly enriched medium designed to improve 

purification yields of plasmid DNA or recombinant proteins from E. coli strains. It contains 

increased concentrations of peptone, yeast extract and glycerol as a carbon source, and a 

phosphate buffer solution that slows down the acidification of culture broth at high bacterial 

concentrations. This supports higher cell densities and a longer period of exponential growth 

compared to LB578. 

 Expression of RexAB in TB at 20 °C was comparable to that in LB at 16 °C when 

analysed by SDS-PAGE (lanes 13 and 3 respectively; Figure 5.14A). In addition, both RexA 

and RexB proteins remain soluble at 20 °C as indicated by the corresponding Western blots, 

though the protein band for soluble RexB does appear to be stronger in LB at 16 °C (lanes 4 

and 14 for LB at 16 °C and TB at 20 °C, respectively; Figure 5.14B, C). Nevertheless, 

expression of RexAB in TB at 20 °C was possible. Therefore, protein expression would be 

performed in E. coli soluBL21 (DE3) cells at 20 °C for 20 h, induced by the addition of 1 mM 

IPTG.  

 

To summarise, it was found that the RexAB protein needed to be purified as a complex 

because neither RexA nor RexB were very stable as individual subunits (due to degradation 

or insolubilty, respectively). Furthermore, purification was not possible via Strep-Tactin affinity 

chomatography, possibly due to the StrepII tag being hidden by protein folding, but purification 

was possible via nickel affinity chomatography. Optimised expression conditions for RexAB 

was determined to be with E. coli soluBL21 (DE3) in TB at 20 °C for 20 h, induced by the 

addition of 1 mM IPTG. 
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Figure 5.14. Comparison of RexAB expression in LB and TB at 16 °C and 20 °C. 

RexAB expression from E. coli soluBL21 (DE3) cells grown in Lysogeny broth (LB) or Terrific 

broth (TB) at 16 °C or 20 °C, analysed by SDS-PAGE (A), anti-StrepII Western blot (B) and 

anti-His Western blot (C). Expression was induced by the addition of 1 mM IPTG. Protein 

bands for StrepII-RexA (144 kDa) and His-RexB (138 kDa) are indicated by the arrows. The 

molecular weight of the marker bands in kDa are indicated. 0h = uninduced; 20h = 20 h post 

induction; S = soluble fraction; IS = insoluble fraction. 
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5.3.3 Final expression and purification of RexAB 

Expression of RexAB was performed with E. coli soluBL21 (DE3) cells grown in TB at 20 °C 

for 20 h, induced by the addition of 1 mM IPTG, followed by purification of the recombinant 

protein as a complex via nickel affinity chomatography. Whilst bacterial culture volumes of 1 

L were used during the optimisation process, 4 L of culture was used in the final expression 

to produce a larger quantity of purified protein. 

 After expression at 20 °C for 20 h, protein bands corresponding to RexA and RexB 

appeared in the appropriate Western blots (lane 3; Figure 5.15B, C). RexAB was found 

predominantly in the soluble fraction (lane 5; Figure 5.15A), from which purification via nickel 

affinity chomatography was performed as described in section 0. All eluted fractions (lanes 

10-14; Figure 5.15) were then concentrated and purified further using an Amicon 100 kDa cut-

off filter, which removed imidazole and contaminants smaller than 100 kDa in size (lane 15; 

Figure 5.15). Finally, the purified protein was aliquoted and stored at -80 °C. Protein 

concentration was determined via BCA protein assay.  

 Although a 100 kDa cut-off filter was used to remove all lower molecular weight 

degradation products, the purification process did lead to some additional degradation of the 

RexAB complex, particularly after elution (lane 15; Figure 5.15). The additional bands were 

found to contain either a His tag or a StrepII tag by Western blot, confirming that these were 

degradation products of the recombinant protein (lane 15; Figure 5.15B, C). In addition, it was 

noted that the protein complex began to precipitate whilst using the 100 kDa cut-off filter, so 

further handling of the protein was minimised by storing at 80 °C as quickly as possible. In 

summary, purification of the RexAB complex was successfully achieved, but susceptibility of 

the purified complex to degradation was an issue (discussed further in section 5.9). RexAB 

was purified to a final concentration of 7 µM of intact complex. 
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Figure 5.15. SDS-PAGE and Western blot analysis of RexAB purification via nickel 

affinity chomatography. 

RexAB expression from E. coli soluBL21 (DE3) cells grown in TB at 20 °C for 20 h, analysed 

by SDS-PAGE (A), anti-StrepII Western blot (B) and anti-His Western blot (C). Expression 

was induced by the addition of 1 mM IPTG. Protein bands for StrepII-RexA (144 kDa) and His-

RexB (138 kDa) are indicated by the arrows. The molecular weight of the marker bands in kDa 

are indicated. T0 = uninduced; T20 = 20 h post induction; L = cell lysate; S = soluble fraction; 

IS = insoluble fraction; FT = flow though; W = wash; E1, E2 = stepwise elution at 70 mM and 

150 mM imidazole, respectively; C = concentrated using a 100 kDa cut-off filter. 

  

B C 

A 



190 
 

5.4 S. aureus RexAB has nuclease activity 

Members of the RecBCD/AddAB family process the ends of DSBs via their helicase and 

nuclease activities, both of which require energy from ATP hydrolysis429. To determine whether 

S. aureus RexAB had the functional properties of an AddAB protein complex, enzyme assays 

were performed to measure nuclease, helicase and ATPase activities using recombinant S. 

aureus RexAB. 

 To assess the presence of nuclease activity, RexAB was incubated in the 

presence of a dsDNA substrate at 37 °C for 2 h, with or without ATP. Reactions were 

performed under conditions of high free Mg2+ using a buffer containing 2 mM of magnesium 

acetate, which has been shown previously to activate nuclease activity in AddAB enzymes560. 

Since staphylococcal RexAB is predicted to recognise a seven-nucleotide Chi motif (5′-

GAAGCGG-3′)455, which then attenuates degradation of one DNA strand, Chi recognition was 

tested using dsDNA substrates in which the predicted Chi site was either present (Chi+) or 

absent (Chi0). Samples were taken over 2 h and analysed by agarose gel electrophoresis. 

Gels were stained with SYBR Safe to detect dsDNA and band intensity of the remaining 

dsDNA substrate was quantified. Values were normalised to the no-ATP control at the start of 

the incubation. 

 DNA was degraded over time in the presence of ATP for both Chi0 and Chi+ 

substrates (Figure 5.16). In the absence of ATP, degradation was minimal. This indicated that 

the recombinant protein complex displayed nuclease activity, and that this activity required 

ATP hydrolysis. Interestingly, DNA degradation was detected at the first time point (up to 27% 

for Chi0 at 0 min; Figure 5.16A), indicating that nuclease activity occurs quickly after the 

addition of ATP, even during the time taken to stop the reaction (˂ 1 min).  

 To detect ssDNA fragments produced in the presence of the Chi+ site, the 

experiment was also performed with the addition of SSB to stabilise ssDNA strands and the 

gel was stained with SYBR Green II to detect both dsDNA and ssDNA. However, no new 

bands were observed (data not shown), possibly due to the ssDNA-SSB product being too 
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faint to detect on the agarose gel, or that the size of the ssDNA-SSB complex was comparable 

to dsDNA substrate alone. Nevertheless, results showed that S. aureus RexAB was able to 

degrade dsDNA in the presence of ATP, demonstrating its function as a nuclease. 

 

 

Figure 5.16. Degradation of dsDNA by the RexAB complex. 

Nuclease activity was determined by incubating RexAB protein and DNA substrate Chi0 (A) or 

Chi+ (B) with or without ATP at 37 °C. Samples were taken over 2 h and analysed by agarose 

gel electrophoresis. Gels were stained using SYBR Safe to detect dsDNA. Band intensity of 

the DNA substrate was quantified. Graphs represent the mean of four independent 

experiments. Error bars indicate the standard deviation. *, P < 0.05 (two-way ANOVA with 

Sidak’s test, compared to the corresponding ATP control). 
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5.5 S. aureus RexAB has helicase activity 

To determine the presence of helicase activity, RexAB was incubated with the Chi+ dsDNA 

substrate under conditions of low free Mg2+ (0.25 mM magnesium acetate), which suppressed 

nuclease activity and enabled measurement of DNA unwinding and ssDNA formation over 

time560,568. Reactions were performed with or without ATP, and SSB was included in the 

reaction mixture to bind and stabilise ssDNA products. Samples were taken over 2 h and 

analysed by agarose gel electrophoresis. Gels were stained with SYBR Green II to detect both 

dsDNA and ssDNA, and band intensities of remaining dsDNA substrate and ssDNA-SSB 

product were quantified. For dsDNA unwinding, values were normalised to the no-ATP control 

at the start of the incubation. For ssDNA formation, values were normalised to a ssDNA 

control, in which the dsDNA substrate was heat-denatured in the presence of SSB to provide 

the maximum possible band intensity for the ssDNA-SSB product. 

 In the presence of ATP, it was found that the dsDNA substrate was quickly 

unwound by recombinant RexAB (Figure 5.17A), and this was accompanied by an increase 

in the formation of ssDNA over time (Figure 5.17B). In addition, minimal DNA unwinding or 

ssDNA formation were detected in the absence of ATP, indicating that enzyme activity 

required energy from ATP hydrolysis (Figure 5.17A, B). These data suggest that recombinant 

staphylococcal RexAB displays helicase activity.  

 The presence of helicase activity was confirmed by performing the same assays 

without SSB. Since SSB is required to stabilise and prevent reannealing of ssDNA strands, 

detection of unwound dsDNA in the absence of SSB would indicate incomplete suppression 

of nuclease activity. However, neither dsDNA unwinding nor ssDNA formation were detected 

(Figure 5.17C, D), confirming that the assays measured helicase activity only and that S. 

aureus RexAB exhibits helicase activity. 
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Figure 5.17. DNA unwinding and formation of ssDNA by the RexAB complex. 

Helicase activity was determined by measuring unwinding of dsDNA (A) and formation of 

ssDNA (B) after RexAB protein and DNA substrate (Chi+) were incubated with or without ATP 

at 37 °C. E. coli single-stranded DNA binding protein (SSB) was used to prevent reannealing 

of DNA. An equivalent assay was performed without SSB as a control (C, D). Samples were 

taken over 2 h and analysed by agarose gel electrophoresis. Gels were stained using SYBR 

Green II to detect dsDNA and ssDNA. Band intensities of dsDNA substrate and ssDNA-SSB 

product were quantified. Graphs represent the mean of four independent experiments. Error 

bars indicate the standard deviation. *, P < 0.05 (two-way ANOVA with Sidak’s test, compared 

to the corresponding ATP control). 

  

A B 

C D 
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5.6 S. aureus RexAB has ATPase activity 

To determine the presence of ATPase activity, the release of Pi by RexAB during DNA 

degradation was measured over time. Recombinant RexAB was incubated with the dsDNA 

substrate with or without ATP, similar to the nuclease activity assay above (section 5.4), but 

no DTT was added in the assay buffer to prevent interference with the Pi detection reagent. 

Both Chi0 and Chi+ substrates were tested to determine whether presence of the Chi+ site led 

to a change in the extent of ATP hydrolysis. Pi was measured using the Expedeon PiColorLock 

Gold Phosphate Detection System. This is a colorimetric technique based on a change in 

absorbance of malachite green when it reacts with Pi, which leads to the formation of a green 

Pi-dye complex. Samples were read at the wavelength 595 nm in a microplate reader, and the 

Pi concentration was determined using a standard curve of known Pi concentrations. 

 The concentration of Pi increased over time in the presence of recombinant 

RexAB, DNA substrate and ATP, indicating that ATP hydrolysis was taking place. The release 

of Pi was accompanied by DNA degradation, which was confirmed by agarose gel 

electrophoresis (data not shown). It was found that the presence of a Chi site in the DNA 

substrate led to decreased Pi release when compared to the Chi0 substrate (610 µM vs. 651 

µM; Figure 5.18), suggesting reduced DNA unwinding or degradation by RexAB. This aligns 

with the function of the Chi site, which leads to attenuated ATP-dependent nuclease activity 

on one DNA strand554. It was also noted that RexAB was able to hydrolyse ATP in the absence 

of DNA substrate, though at reduced levels. These results demonstrate that S. aureus RexAB 

displays ATPase activity. 
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Figure 5.18. Hydrolysis of ATP by the RexAB complex. 

ATPase activity was determined by incubating RexAB protein and DNA substrate (Chi0 or 

Chi+) with or without ATP at 37 °C. The concentration of inorganic phosphate (Pi) in the 

samples was quantified over 2 h using the Expedeon PiColorLock Gold Phosphate Detection 

System assay kit and use of a standard curve. Graph represents the mean of four independent 

experiments. Error bars indicate the standard deviation. *, P < 0.05 (two-way ANOVA with 

Dunnett’s test, “Chi0 + RexAB + ATP” and “Chi+ + RexAB + ATP” compared to the “RexAB + 

ATP” control). 
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5.7 S. aureus RexAB is required for SOS induction 

AddAB enzymes process the ends of DSBs to create a 3’ ssDNA overhang, which the RecA 

protein then binds to enable recombinational DNA repair429. Activation of RecA also leads to 

expression of the SOS regulon445,467. As a result, AddAB proteins are required for successful 

induction of SOS. To confirm that RexAB was a functional AddAB family member, the role of 

S. aureus RexAB in triggering the SOS response was determined by comparing levels of SOS 

induction between wild-type and rexAB mutant strains. 

 To measure SOS induction, the PrecA-gfp reporter construct from section 3.2 was 

employed. This construct generates a fluorescent signal in response to DNA damage, which 

is based on the expression of recA, one of the 16 genes of the S. aureus SOS regulon318. The 

construct was transformed into the JE2 rexB:Tn mutant and successful transformation was 

confirmed via colony PCR (Figure 5.19A). The empty vector was also transformed into the 

mutant as a control strain. Transformation of the PrecA-gfp construct was also attempted in 

the SH1000 rexB::Tn mutant, but this was unsuccessful. Growth curves of JE2 rexB::Tn 

pCN34 PrecA-gfp and JE2 rexB::Tn containing the empty pCN34 vector showed that the 

presence of the PrecA-gfp reporter construct did not affect growth (Figure 5.19B). To confirm 

that the empty vector did not lead to fluoresence in the mutant, JE2 rexB::Tn pCN34 was 

exposed to a range of ciprofloxacin concentrations and the GFP signal was monitored over 

17 h. Ciprofloxacin is a well-characterised DNA-damaging antibiotic known to trigger the SOS 

response318, and was used in section 3.2 to confirm the functionality of the PrecA-gfp reporter. 

As shown in Figure 5.19C, no GFP signal was detected in the JE2 rexAB mutant containing 

empty pCN34, demonstrating that the PrecA-gfp reporter construct was required for 

fluorescence. 

 Finally, wild-type and rexB::Tn strains containing the PrecA-gfp reporter were 

exposed to a number of DNA damaging agents and SOS induction was measured. Exposure 

to ciprofloxacin led to a dose-dependent induction of the SOS response in wild-type JE2, 

reflected by the peak at 4-5 h (Figure 5.20), which confirmed previous results (section 3.2)318. 
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However, no SOS induction was observed in the rexAB mutant. This was also observed with 

the DNA-damaging antibiotic mitomycin C (Figure 5.20), indicating that RexAB is required for 

triggering SOS in response to these antibiotics.  

 Exposure to H2O2 did not induce SOS in either the wild type or mutant strains 

(Figure 5.20). This was likely due to the high inoculum used in these assays when compared 

to the H2O2 survival assays performed in section 3.7 (10-1 vs. 10-4 dilution of overnight bacterial 

cultures). Since S. aureus produces catalase, the high numbers of bacteria used in this 

reporter assay would have led to H2O2 being degraded before DNA damage could occur, 

which was supported by the observation of air bubbles forming during assay preparation. 

Therefore, the effect of ROS on SOS induction was tested using paraquat, which generates 

superoxide radicals488. As shown in Figure 5.20, exposure to paraquat triggered the SOS 

response in the wild type but not in the rexAB mutant, indicating that RexAB is required for the 

induction of SOS in response to ROS-mediated DNA damage. Taken together, these results 

show that RexAB is required for triggering the SOS response in S. aureus. 
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Figure 5.19. Transformation of empty pCN34 or pCN34 PrecA-gfp into the S. aureus 

JE2 rexB::Tn mutant. 

Colony PCR was used to amplify DNA from JE2 rexB::Tn (rexB), rexB::Tn pCN34 (empty 

pCN34) and rexB::Tn pCN34 PrecA-gfp (pCN34 PrecA-gfp) to confirm successful 

transformation, using “pCN34 seq F” and “pCN34 seq R" primers (A). PCR products were 

analysed on a 1% agarose gel next to 2-log DNA ladder (NEB) to confirm the presence of 

empty pCN34 (PCR product size of 377 bp) or pCN34 PrecA-gfp (1663 bp). Growth of JE2 

rexB::Tn pCN34 and rexB::Tn pCN34 PrecA-gfp was assessed by taking OD600 nm readings 

every 30 min for 17 h (B). S. aureus JE2 rexB::Tn pCN34 was exposed to a range of 

ciprofloxacin concentrations and recA expression was measured over 17 h to confirm that the 

empty vector did not lead to fluoresence in the mutant (C). Expression is shown relative to cell 

density (FI/OD600 nm) over time. Graphs represent the mean of three biological replicates with 

error bars omitted for clarification. 

A 

B C 
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Figure 5.20. RexAB is required for induction of the SOS response. 

S. aureus JE2 wild type and rexB::Tn mutant containing the pCN34 PrecA-gfp reporter plasmid 

were exposed to a range of concentrations of ciprofloxacin, mitomycin C, H2O2 and paraquat, 

and recA expression was measured over 17 h. Expression is shown relative to cell density 

(FI/OD600 nm) over time. Graphs represent the mean of three biological replicates with error 

bars omitted for clarification. 
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5.8 Expressing S. aureus RexAB in an E. coli recB mutant 

RecBCD and AddAB are multisubunit enzymes that process DSB ends to initiate 

recombinational repair. These complexes use different combinations of helicase and nuclease 

activities to process dsDNA ends, but both enzymes result in the production of a 3′ ssDNA 

overhang coated in RecA protein429. Previous studies have shown that B. subtilis AddAB is 

able to restore helicase and nuclease activities in an E. coli recBCD deletion mutant579. 

Therefore, to establish whether S. aureus RexAB could compensate for loss of RecBCD 

function in E. coli, the pET28b+ rexA, rexB and rexAB expression plasmids from section 5.3.1 

were transformed into an E. coli recB deletion mutant, and the ciprofloxacin MIC was 

determined for each strain. Although helicase activity in RecBCD is performed by both RecB 

and RecD subunits, only RecB has nuclease and ATPase activities429,580. Therefore, mutations 

in recB result in recombination deficiency and sensitivity to DNA-damaging agents due to loss 

of RecBCD function580–583. The recB mutant was obtained from the Keio Knockout Collection 

in the BW25113 background, which is an E. coli K-12 derivative. As this strain did not encode 

for the T7 RNA polymerase required for expression from pET plasmids, the mutant was 

lysogenised with λDE3. This enabled the cloned genes to be expressed from the T7 promoter 

of the pET28b+ vector, via induction by IPTG. Successful transformation of pET28b+ rexA, 

rexB and rexAB into E. coli ΔrecB was confirmed by PCR. 

  As expected, the E. coli recB mutant was significantly more sensitive to 

ciprofloxacin than the wild type, with a 53-fold reduction in the MIC value (Figure 5.21A), 

confirming that RecBCD is required for DNA DSB repair. The MIC remained the same after 

integration of the λDE3 prophage, which showed that the λDE3 prophage had no effect on 

ciprofloxacin-mediated DNA damage. However, when ΔrecB strains containing pET28b+ rexA, 

rexB and rexAB were exposed to ciprofloxacin, they behaved similarly to the recB mutant 

(Figure 5.21A). This suggested that helicase and nuclease activities in ΔrecB were not 

restored. Since this could be a result of RexAB not being expressed in E. coli, rather than S. 

aureus RexAB not compensating for RecBCD function, SDS-PAGE and Western blot 
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analyses were performed to detect the expression of RexA, RexB, and RexAB. Samples were 

prepared from cultures induced with 1 mM IPTG and grown overnight at 37 °C. Neither RexA 

nor RexB were detected in whole cell lysates prepared from induced ΔrecB strains (Figure 

5.21B, C), indicating that these proteins were not being expressed from the pET28b+ plasmids 

in BW25113 (DE3). Expression was also attempted using the optimised expression conditions 

described in section 5.3.2, but no difference was observed (data not shown). These results 

show that expression of S. aureus RexAB in E. coli is difficult, but do not rule out the possibility 

that S. aureus RexAB can compensate for RecBCD function. Nevertheless, loss of RecB 

strongly sensitises E. coli to ciprofloxacin-mediated DNA damage. 
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Figure 5.21. S. aureus RexAB could not be expressed in an E. coli recB mutant. 

The MIC of ciprofloxacin was determined for E. coli BW25113 wild type, ΔrecB, ΔrecB (DE3) 

and complemented strains using the serial broth dilution method (A). The MIC was defined as 

the lowest concentration at which no growth was observed after static incubation at 37 °C for 

17 h. Graph represents the median of thee independent experiments. E. coli whole cell lysates 

were analysed by SDS-PAGE (B) and anti-His Western blot (C). Expression from pET28b+ 

rexA and rexB would produce His-RexA (145 kDa) or His-RexB (138 kDa), respectively. 

Expression from pET28b+ rexAB would produce StrepII-RexA (145 kDa) and His-RexB (138 

kDa). Recombinant RexA and RexB are indicated. Molecular weight of marker bands are 

indicated in kDa. WT = wild type, ΔB = recB mutant, ΔBD = recB mutant containing DE3, pET 

= recB (DE3) pET28b+, pA = recB (DE3) pET28b+ rexA, pB = recB (DE3) pET28b+ rexB, pAB 

= recB (DE3) pET28b+ rexAB, rAB = recombinant RexAB. Strains containing pET28b+ 

plasmids were induced by the addition of 1 mM IPTG. *, P < 0.05 (one-way ANOVA with 

Dunnett’s test, compared to the corresponding wild type). 

B C 

A 
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5.9 Discussion 

In bacteria, processing of DSBs for DNA repair is carried out by the RecBCD/AddAB family of 

helicase-nuclease enzymes. S. aureus RexAB was proposed to be an AddAB family member 

based on sequence alignments in other studies426,427, but this had not yet been confirmed by 

experimental evidence. Results from this chapter confirm the presence of AddAB enzyme 

motifs in S. aureus RexAB and its sequential and structural homology to B. subtilis AddAB, as 

well as providing experimental evidence supporting this complex as an AddAB family member. 

 Direct homologues of B. subtilis AddAB, which is the most well-studied AddAB 

family member, have been identified in at least 12 different bacterial species, including 

Lactococcus lactis, Clostridium acetobutylicum, Clostridium difficile, E. faecalis, S. aureus and 

several streptococcal species426,427,491. Sequence alignments were performed with S. aureus 

RexAB, B. subtilis AddAB and a selection of AddAB proteins from other species to confirm S. 

aureus RexAB sequence similarity to AddAB family members. Results showed that functional 

AddAB enzyme motifs were conserved across the species analysed. In addition, structural 

modelling of the S. aureus RexAB subunits and superimposition with B. subtilis AddA and 

AddB crystal structures showed good structural alignment between the two proteins. This 

confirmed previous reports that S. aureus RexAB is likely an AddAB family member based on 

sequence homology426,427.  

 Although functional AddAB motifs were conserved, it was found that AddA and 

AddB subunits displayed low sequence homology across the full-length of the proteins (~20-

50% sequence identity). This was also reported by Chedin et al. (2002), in which AddB 

subunits shared only 25-40% sequence identity491. In contrast, other conserved proteins such 

as RecA show higher sequence homology, with up to 98% sequence similarity at the amino 

acid level for RecA (from 62 bacterial species)584. Furthermore, despite addA and addB closely 

co-occuring in most genomes, the addB gene of B. subtilis shows low similarity to those in 

proteobacteria (less than 25% identity on a global alignment)426. This indicates that unlike 
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other conserved proteins that may share sequence homology for the full-length of the protein, 

only the functional domains are conserved in AddAB enzymes463,491,573. 

 S. aureus RexAB was expressed to satisfactory levels in E. coli, but there was 

difficulty in purification of the complex, which led to some degradation of the intact protein. 

Since the protein complex is 276 kDa in size, a centrifugal filter was used to remove fragments 

that were ≤100 kDa from the samples, but this was not entirely successful. Nevertheless, the 

objective of protein expression and purification was to enable characterisation of the RexAB 

complex via direct testing of enzyme activity. Therefore, it was required that enough of the 

intact (and presumed functioning) protein was purified to enable testing of enzyme activity, 

which was achieved. The issue of degradation could be addressed in future purifications with 

size-exclusion chomatography or the inclusion of protease inhibitors. There is ample reason 

to believe that RexAB is a helicase-nuclease (see section 5.1), but to provide additional 

confirmation that the bands were not contaminating proteins from the E. coli host, a control 

experiment with the same strain transformed with an empty vector should reveal any E. coli 

proteins that bind to the column. Eluted fractions could also be tested for enzyme activity, 

which should be present in samples purified from pET28b+ rexAB-containing cells, but not 

from cells containing the empty vector585. 

 In this chapter, S. aureus RexAB was shown to display enzyme activities that 

correspond to function as an AddAB protein. Experiments were performed using well-

established assays for measuring AddAB nuclease, helicase or ATPase activities560,577, 

adapted to enable testing of the enzyme without requiring radioactive labelling of DNA. 

Nuclease, helicase and ATPase activities were all present in S. aureus RexAB, providing 

strong evidence that this complex is a member of the AddAB family. Interestingly, ATPase 

activity was detected at low levels in S. aureus RexAB even in the absence of DNA substrate, 

differing from the DNA-dependent ATP hydrolysis reported in B. subtilis AddAB585,586. 

Nevertheless, RexAB enzyme activity was shown to occur very quickly after the start of the 

reaction (˂ 1 min), which is consistent with the report that end-processing activity occurred 

within the first 30 s in B. subtilis AddAB560. 



205 
 

 In S. aureus RexAB, the seven-nucleotide motif 5’-GAAGCGG-3’ was shown 

previously to confer Chi activity of the complex in a cell-based screening assay455. To confirm 

the S. aureus Chi motif by direct enzyme testing, nuclease assays were performed using a 1 

kb DNA substrate containing the motif in the middle of the sequence, which would be expected 

to produce a 500-bp ssDNA fragment after Chi recognition. However, Chi activity of RexAB 

was not detected, possibly due to low concentrations of ssDNA-SSB product in the agarose 

gel. To improve sensitivity in these assays, a fluorescent dsDNA-binding dye (Quantifluor) was 

used to detect dsDNA instead of SYBR Safe, but it was found that RexAB interfered with 

fluorescence and a reliable reading could not be obtained. Nevertheless, a fluorescent dsDNA-

binding dye (Hoechst 33258) has been used previously to detect helicase activity in B. subtilis 

AddAB577. Future experiments could optimise detection of Chi activity by using Hoechst 33258 

DNA dye, or by using DNA polyacrylamide gel electrophoresis, which provides better 

separation of smaller (˂ 1000 bp) DNA fragments587. 

 RecBCD/AddAB family members process the ends of DNA DSBs for repair via 

the RecA protein429. Since activation of RecA is required for triggering the SOS response588, 

RecBCD/AddAB enzymes are necessary for DSB-mediated SOS induction589–592, which was 

confirmed in this chapter for S. aureus RexAB. The SOS response was induced in wild-type 

S. aureus by the DNA-damaging agents ciprofloxacin, mitomycin C and paraquat, which is in 

keeping with previous reports318,588. It was noted that low levels of recA expression were 

detected in all strains at the beginning of the assays. Since this small initial peak was not dose-

dependent and was also observed in the rexAB mutant, it most likely corresponded to basal 

recA expression. 

 Although the ability of S. aureus RexAB to restore E. coli RecBCD activity could 

not be determined due to difficulties with expressing the complex in the E. coli BW25113 strain, 

addAB genes from B. subtilis have been shown to be fully functional in E. coli579. Kooistra et 

al. (1993) found that the B. subtilis addAB genes restored ATP-dependent nuclease and 

helicase activities in an E. coli recBCD mutant, in addition to cell viability, recombination ability 

and the ability to repair UV-damaged DNA579. Resistance to UV damage has also been shown 
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in E. coli recBCD mutants complemented with the rexAB genes from Lactococcus lactis573. 

However, individual subunits from B. subtilis AddAB are not able to form functional hybrids 

with those from E. coli RecBCD579, which highlights the large structural differences between 

these complexes despite similarities in function. It is possible that the difficulties with protein 

expression in the E. coli recB mutant were due to use of a high-copy number plasmid, which 

may have led to small deletions in the insert and resulted in loss of expression and/or nuclease 

activity, as observed by Kooistra et al. (1993). In addition, E. coli BW25113 is not optimised 

for the expression of staphylococcal proteins, which may use codons that are rarely present 

in E. coli. Future experiments could improve expression by transforming the pRARE plasmid 

into BW25113 (DE3) to provide several tRNAs that are rare in E. coli593, and/or cloning the S. 

aureus rexAB genes into a low-copy number plasmid such as pGV1579. 

 To summarise, S. aureus RexAB is a functional member of the AddAB enzyme 

family. This was confirmed though directly testing the nuclease, helicase and ATPase activities 

of purified S. aureus RexAB. In addition, it was shown that S. aureus RexAB is required for 

SOS induction in response to antibiotic- and ROS-mediated DNA damage. The highly-

conserved nature of AddAB enzymes and their importance in bacterial survival of host 

defences make them a good candidate target for novel therapeutics, and the next chapter will 

examine potential small-molecule inhibitors of S. aureus RexAB. 
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6 Assessment of putative small-molecule 

inhibitors of RexAB 

6.1 Introduction 

With the rise in incidence and prevalence of antibiotic-resistant strains, S. aureus infections 

have become a significant clinical and financial burden worldwide59. HA-MRSA strains account 

for over 40% of hospital-acquired infections due to antibiotic-resistant bacteria per year65 and 

contribute to increased mortality, morbidity and greater healthcare costs594.  In addition, CA-

MRSA strains are capable of infecting healthy individuals and have become prevalent in 

community settings in North America68,69. Therefore, new approaches are required for the 

prevention and treatment of these infections. 

 One approach is to increase the sensitivity of S. aureus to host defences. Previous 

chapters have shown that DNA repair via RexAB plays an essential role in protecting S. aureus 

from the neutrophil oxidative burst, as well as being critical for survival in the presence of the 

quinolone antibiotic ciprofloxacin. This makes the complex a promising target for new 

therapeutics. Inhibition of RexAB would promote immune clearance of S. aureus in the host 

and enhance the action of DNA-damaging antibiotics. This could help prolong the clinical 

lifespan of these antibiotics, by resensitising resistant strains and possibly preventing 

emergence of resistance in susceptible strains via antibiotic potentiation. If used alone, RexAB 

inhibitors would be expected to act only on pathogenic bacteria targeted by the immune 

response, meaning that the commensal gut microbiota would not be disturbed, unlike with 

conventional antibiotic therapy595. This would reduce susceptibility to opportunistic secondary 

infections caused by pathogens such as C. difficile596. 

 Another advantage of targeting RexAB is that the mutagenic SOS response would 

be blocked. Induction of the SOS regulon leads to expression of the low-fidelity DNA 

polymerase UmuC (Pol V), which enables bypass of DNA lesions during DNA replication and 

results in an increased rate of mutagenesis320,597. By blocking this mutagenic pathway, host 
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adaptation and acquisition of resistance could be reduced598. In addition, S. aureus RexAB is 

a member of the conserved RecBCD/AddAB family of helicase-nucleases, which is present in 

over 90% of sequenced bacteria537. This means that inhibition of RexAB has potential as a 

broad-spectrum therapeutic approach. RexAB homologues are also not present in eukaryotes, 

which reduces the likelihood of host toxicity. 

 RecBCD/AddAB inhibitors have been previously reported in the literature. 

RecBCD inhibitors include dozelesin, ecteinascidin 743, hedamycin, cisplatin and psoralen, 

all of which inhibit enzyme function via DNA alkylation599,600. However, this mechanism of 

action makes them unselective and highly cytotoxic601. RecBCD activity is also inhibited by  

the Gam protein of bacteriophage lambda602. This inhibition is achieved though direct 

competition for the DNA-binding site and leads to enhanced fluoroquinolone sensitivity in E. 

coli and Klebsiella pneumoniae. However, Wilkinson et al. (2016) also found that Gam 

inhibition of RecBCD was only temporary and that the Gam protein displayed poor in vivo 

stability and oral bioavailability602. 

 More promisingly, Amundsen et al. (2012) identified a number of potent inhibitors 

of E. coli RecBCD and H. pylori AddAB in a screen of 326,100 small molecules from the 

National Institutes of Health (NIH) molecular libraries sample collection603. Their screen 

employed a cell-based assay using phage infection as a marker for inhibition of 

RecBCD/AddAB activity, based on the observation that the gene 2 protein of T4 phage 

protects viral DNA from RecBCD/AddAB-mediated degradation604. Inhibition of RecBCD or 

AddAB by an active compound promoted growth of the T4 gene 2 mutant, leading to killing of 

bacteria. After testing twelve hits for inhibition of purified E. coli RecBCD and H. pylori AddAB 

enzyme activities, similar tests were performed on a further 40 compounds structurally related 

to the two most active molecules, which identified six more potent inhibitors603. Sixty 

compounds from the “iminobenzothiazoles” class, previously reported in a large-scale screen 

of DNA helicase inhibitors605, were also tested for inhibition of RecBCD nuclease activity, 

which identified thee more active compounds. In total, 21 potent inhibitors were identified, from 
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which CID 1517823 was most active against E. coli RecBCD, and CID 697851 was most active 

against H. pylori AddAB603. 

 In this chapter, a selection of the Amundsen et al. (2012) compounds was tested 

to determine whether these compounds inhibited the activity of S. aureus RexAB. Compounds 

were assessed on their effect on S. aureus growth using chequerboard MIC assays in 

combination with various DNA-damaging agents. In addition, analogues of the lead compound 

synthesised in collaboration with Professor Edward Tate (Department of Chemistry, Imperial 

College London) were assessed, and the lead compound and its derivatives were 

characterised to determine their effect on S. aureus survival when co-treated with ciprofloxacin 

or in whole human blood. Finally, compounds were tested for inhibition of purified S. aureus 

RexAB enzyme activity and induction of the SOS response. 

 

Aim: To identify and characterise small-molecule inhibitors of S. aureus RexAB, by 

screening a panel of compounds for their ability to potentiate ciprofloxacin activity and 

then testing for inhibition of RexAB function. 
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6.2 CID 1517823 (C1) enhances the sensitivity of S. aureus to 

ciprofloxacin 

In a previous study, Amundsen et al. (2012) screened over 300,000 small molecules for 

inhibitors of E. coli RecBCD and H. pylori AddAB603. To determine whether these compounds 

had a similar effect in S. aureus, 14 of the most effective inhibitors from the screen were tested 

on wild-type S. aureus SH1000 and JE2. Structures of these compounds are shown in Figure 

6.1, grouped based on their scaffold type: pyrimidopyridones, cyanothiophenes, nitrofurans, 

nitrothiazole (one member) and iminobenzothiazoles603. 

 Chequerboard MIC assays were performed to assess whether the compounds 

potentiated the activity of the DNA-damaging agents ciprofloxacin, mitomycin C or H2O2. Two-

fold serial dilutions of both the compound and DNA-damaging agent were performed in 96-

well plates, which enabled different concentrations of the compound to be assessed. The 

highest concentration of compound tested was 100 µM. The plates were incubated at 37 °C 

for 17 h under static conditions, and the MIC was defined as the lowest concentration at which 

no growth was observed. The fold change in MIC for each DNA-damaging agent was 

determined after addition of compound at a subinhibitory concentration (0.5x MIC). 

 In the absence of DNA-damaging agents, more than half of the 14 compounds 

were able to inhibit growth in either wild-type SH1000 or JE2 (Table 6.1). The majority of these 

compounds belonged to the pyrimidopyridone or nitrothiazole structural classes, with one 

exception each from the cyanothiophenes (CID 2295461) and nitrofurans (CID 774021). 

However, compound MIC could not be determined for 6 out of 14 compounds in SH1000 and 

for half of the compounds in JE2, because even the highest concentration tested did not affect 

bacterial growth (100 µM; Table 6.1).  

 Pyrimidopyridone compounds caused the largest increases in sensitivity of the S. 

aureus strains to ciprofloxacin, with up to an 8-fold reduction in the ciprofloxacin MIC for 

SH1000, when in the presence of CID 1517823 (Table 6.1). The structural class that caused 

the second largest increase in the sensitivity of S. aureus to ciprofloxacin was the nitrothiazole, 
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CID 2743870, which reduced the ciprofloxacin MIC by 4-fold in JE2 (Table 6.1). In the 

presence of mitomycin C, the same two structural classes of compounds caused the largest 

increases in antibiotic sensitivity. CID 1517823 caused a 4-fold reduction in the MIC of 

mitomycin C for SH1000 and JE2 (Table 6.1), and CID 2743870 reduced the MIC of mitomycin 

C by 4-fold in SH1000 and by 2-fold in JE2 (Table 6.1). By contrast, the most potent compound 

in the presence of H2O2 was the nitrofuran CID 774021, which reduced the MIC by 2.7-fold in 

SH1000 and by 4-fold in JE2 (Table 6.1). In the cases where compound MIC could not be 

determined, the MICs of the DNA-damaging agents remained the same and no synergy was 

observed. 

 Most intriguingly, chequerboard MIC assays identified one compound, CID 

1517823 (hereafter referred to as Compound 1 or C1), that reduced the MIC of ciprofloxacin 

in SH1000 by 8-fold when the compound was added at half of its MIC (Figure 6.2A). In JE2, 

this decrease was 4-fold (Figure 6.2D), demonstrating that this compound sensitises an 

antibiotic-resistant S. aureus strain to ciprofloxacin. This was also observed with mitomycin C, 

with 4-fold reductions in the MIC for both SH1000 and JE2 in the presence of the compound 

(Figure 6.2B and E). This demonstrated that C1 potentiates the action of DNA-damaging 

antibiotics. Therefore, this compound was taken forward for further testing and 

characterisation.
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Figure 6.1. Structures of compounds. 

Compounds are grouped by structural class (black boxes), with the exception of derivatives of 

CID 1517823 (hereafter referred to as Compound 1 or C1), which are boxed in red. Structure 

diagrams of C1 derivatives were provided by Carine Lim (Imperial College London). All other 

structures are based on those described by Amundsen et al. (2012)603.
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Table 6.1. Summary of MIC data for a panel of 14 compounds tested on S. aureus SH1000 and JE2. 

Chequerboard MIC assays were performed for each compound with ciprofloxacin, mitomycin C or H2O2. The MIC was defined as the lowest 

concentration at which no growth was observed. Cells are coloured in grey where the MIC could not be determined. Highest compound 

concentration tested was 100 μM. Data shown represent the median of four biological replicates. aCompounds are grouped by structural class: 

pyrimidopyridone [A], cyanothiophene [B], nitrofuran [C], nitrothiazole [D] and iminobenzothiazole [E]. CID, compound identification number. 

 

S. aureus SH1000 

CID, 

[structural 

class]a 

MIC of 

compound 

(µM) 
 

MIC of ciprofloxacin (µg/ml) MIC of mitomycin C (µg/ml) MIC of H2O2 (mM) 

Without 

compound 

Compound 

added at 

0.5x MIC 

Fold 

change 

Without 

compound 

Compound 

added at 

0.5x MIC 

Fold 

change 

Without 

compound 

Compound 

added at 

0.5x MIC 

Fold 

change 

1045135 [A] 6.25 0.5 0.25 -2.0 2 0.5 -4.0 0.25 0.25 -1.0 

1517823 [A] 25 0.5 0.0625 -8.0 2 0.5 -4.0 0.25 0.25 -1.0 

2025521 [A] 12.5 0.5 0.25 -2.0 0.5 0.25 -2.0 0.1875 0.1875 -1.0 

2956557 [A] 12.5 0.5 0.125 -4.0 2 1 -2.0 0.25 0.25 -1.0 

2957989 [A] 6.25 0.5 0.25 -2.0 0.5 0.125 -4.0 0.1875 0.1875 -1.0 

697851 [B] >100 0.5   0.5   0.25   

793579 [B] >100 0.5   0.5   0.25   

2295461 [B] 6.25 0.5 0.5 -1.0 2 0.5 -4.0 0.25 0.16 -1.6 

774021 [C] 12.5 0.5 0.25 -2.0 0.5 0.25 -2.0 0.25 0.09375 -2.7 

845583 [C] >100 0.5   0.5   0.25   

2743870 [D] 9.375 0.5 0.1875 -2.7 1 0.25 -4.0 0.25 0.25 -1.0 

4189453 [E] >100 0.5   0.5   0.25   

4426551 [E] >100 0.5   0.5   0.25   

43945278 [E] >100 0.5   0.5   0.25   

Table 6.1 – continued from previous page. 
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S. aureus JE2 

CID, 

[structural 

class]a 

MIC of 

compound 

(µM) 
 

MIC of ciprofloxacin (µg/ml) MIC of mitomycin C (µg/ml) MIC of H2O2 (mM) 

Without 

compound 

Compound 

added at 

0.5x MIC 

Fold 

change 

Without 

compound 

Compound 

added at 

0.5x MIC 

Fold 

change 

Without 

compound 

Compound 

added at 

0.5x MIC 

Fold 

change 

1045135 [A] >100 16   0.5   0.09375   

1517823 [A] 25 16 4 -4.0 1 0.25 -4.0 0.0625 0.0625 -1.0 

2025521 [A] 25 16 4 -4.0 0.5 0.1875 -2.7 0.09375 0.1025 -0.9 

2956557 [A] 50 16 4 -4.0 0.5 0.125 -4.0 0.09375 0.09375 -1.0 

2957989 [A] 9.375 16 6 -2.7 0.5 0.3125 -1.6 0.0625 0.0625 -1.0 

697851 [B] >100 16   0.75   0.0625   

793579 [B] >100 16   1   0.09375   

2295461 [B] 12.5 16 8 -2.0 0.5 0.5 -1.0 0.0625 0.046875 -1.3 

774021 [C] 12.5 16 8 -2.0 0.75 0.25 -3.0 0.125 0.03125 -4.0 

845583 [C] >100 16   0.75   0.0625   

2743870 [D] 12.5 16 4 -4.0 0.5 0.25 -2.0 0.25 0.125 -2.0 

4189453 [E] >100 16   0.5   0.09375   

4426551 [E] >100 16   0.75   0.0625   

43945278 [E] >100 16   0.5   0.0625   



 
 

 

Figure 6.2. C1 enhances the sensitivity of S. aureus to ciprofloxacin and mitomycin C. 

Chequerboard MIC data for C1, presented in graphical form. Assays were performed using 

the serial broth dilution method in 96-well plates for ciprofloxacin, mitomycin C and H2O2 in S. 

aureus SH1000 (A-C) and JE2 (D-F). The MIC of C1 is 25 µM for both SH1000 and JE2. The 

MIC was defined as the lowest concentration at which no growth was observed after static 

incubation at 37 °C for 17 h. Graphs represent the median of at least four biological replicates. 

*, P < 0.05 (paired t test, compared to the corresponding wild type). 

  

A B C 

D E F 
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6.3 C1 derivative shows enhanced potency 

To find more potent compounds, synthetic analogues of C1 were produced in collaboration 

with Professor Edward Tate (Imperial College London). These C1 derivatives, listed in Table 

6.2, were tested using a similar method to that described above, with the difference that two-

fold serial dilutions of the compound were performed in the presence of a fixed concentration 

of ciprofloxacin. This enabled synergistic effects between the compound and ciprofloxacin to 

be detected even when the compound MIC could not be determined. Assays were carried out 

with S. aureus JE2, with ciprofloxacin added at 4 µg/ml (0.5x MIC). C13 was synthesised and 

included as an inactive control compound, as it was previously shown by Amundsen et al. 

(2012) to lack RecBCD/AddAB inhibitory activity603. Compound synthesis and MIC assays (for 

data shown in Table 6.2) were performed by Carine Lim (Imperial College London). 

 MIC data showed that the majority of C1 derivatives displayed greater synergy 

with ciprofloxacin than the original hit (Table 6.2). This contrasted with the control compound, 

C13, which had no effect on bacterial growth with the fluoroquinolone. The greatest activity 

was exhibited by Compound 4, with just 0.05 µM enough to enhance ciprofloxacin activity 

against S. aureus JE2 (Table 6.2). This was followed by Compound 8 and indicated that 

substituting the core structure of C1 with an alternative scaffold was highly effective, as well 

as changing the position of the CF3 substituent group. 
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Table 6.2. MIC data for a panel of derivatives of C1. 

MIC assays were performed in S. aureus JE2 for each compound, either alone or with 

ciprofloxacin added at 4 µg/ml (0.5x MIC of ciprofloxacin). Compound 13 (C13) was included 

as an inactive control. The MIC was defined as the lowest concentration at which no growth 

was observed. C8 and C13 were not tested above 12.5 µM, due to compound precipitation at 

higher concentrations. Data shown represents the median of at least thee biological replicates. 

Compound identity describes the core structure and substituent groups. PA, pipemidic acid; 

Cip, ciprofloxacin. Assays were performed by Carine Lim (Imperial College London). 

 

S. aureus JE2 

Compound 

number 
Compound identity 

 

MIC of compound (µM) 

Without 

ciprofloxacin 

Ciprofloxacin 

added at 4 µg/ml 
Fold change 

1 PA + 3-CF3 12.5 3 -4.2 

2 PA + 4-CF3 12.5 1.6 -7.8 

3 Cip + 3-CF3 12.5 0.8 -15.6 

4 Cip + 4-CF3 12.5 0.05 -250.0 

5 PA + 3,5-CF3 3 3 -1.0 

6 Cip + 3,5-CF3 6.25 1.6 -3.9 

7 PA + 3,5-Cl 3 0.4 -7.5 

8 Cip + 3,5-Cl >12.5 0.1 (>) -125 

9 PA + 3-F 50 1.6 -31.3 

10 Cip + 3-F 12.5 0.8 -15.6 

11 PA + 3-Cl 12.5 0.8 -15.6 

12 Cip + 3-Cl 6.25 0.2 -31.3 

13 (control) PA + phenylisocyanate >12.5 >12.5  
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 To determine whether the compounds could be optimised further, derivatives of 

C4 were produced in which the central aromatic ring of C4 was either removed or substituted 

(C4A and C4B, respectively; Figure 6.1). These new compounds, in addition to Compounds 

1, 4 and 8 from above, were then tested using chequerboard MIC assays with ciprofloxacin in 

S. aureus SH1000 and JE2. Structures of these compounds are shown in Figure 6.1. All 

compounds were synthesised by Carine Lim. Chequerboard MIC assays were performed by 

Kam Pou Ha. 

 Chequerboard MIC data showed that C4 inhibited the growth of SH1000 and JE2 

at lower concentrations than its parent compound, C1 (Figure 6.3A-D). In addition, C1 and C4 

both increased the sensitivity of S. aureus to ciprofloxacin, resulting in a ciprofloxacin-resistant 

strain (JE2) being re-sensitised to the antibiotic. However, greater synergy with ciprofloxacin 

was observed with C4, in that the MIC of ciprofloxacin in JE2 was reduced by 4-fold when C4 

was added at half of its MIC, when compared to only 2-fold for C1 (Figure 6.3B and D). This 

indicated that C4 was the more potent compound. 

 C8 displayed similar levels of synergy with ciprofloxacin when compared to C4 (4-

fold reduction in ciprofloxacin MIC for both SH1000 and JE2; Figure 6.3E and F), but 

compound MIC was higher at 3.125 µM for SH1000 and >100 µM for JE2. As for the C4 

derivatives, C4A was required at a concentration of at least 50 µM to observe synergy with 

ciprofloxacin (8-fold decrease in ciprofloxacin MIC at 100 µM for SH1000, 4-fold decrease at 

50 µM for JE2; Figure 6.3G and H), whereas C4B was required at 100 µM (4-fold decrease in 

ciprofloxacin MIC; Figure 6.3J). Therefore, Compound 4 is more potent than Compounds 8, 

4A and 4B. 
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Figure 6.3. C4 is a more potent derivative of C1. 

Heat maps of chequerboard MIC assays for C1 (A, B), its derivatives C4 (C, D) and C8 (E, F), 

and C4 derivatives C4A (G, H) and C4B (I, J) on S. aureus SH1000 and JE2. Assays were 

performed with ciprofloxacin using the serial broth dilution method in 96-well plates. The MIC 

was defined as the lowest concentration at which no growth was observed. Values refer to the 

culture optical density (OD600 nm). Greater intensity of colour indicates greater bacterial growth. 

Data shown represents the median of at least four biological replicates. 
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6.4 C1 is a bacteriostatic agent in S. aureus 

Since C1 and C4 were able to inhibit bacterial growth in the absence of ciprofloxacin, it was 

decided to test whether these compounds were bacteriostatic and/or bactericidal. To do this, 

the OD600 of S. aureus cultures were measured over time, in the presence or absence of these 

compounds. Results showed that the compounds caused dose-dependent growth inhibition 

of both S. aureus strains (Figure 6.4). C4 inhibited growth of S. aureus more effectively than 

C1, supporting the MIC data. SH1000 was also more sensitive to inhibition by C4, when 

compared to JE2 (Figure 6.4C and D). 

 

 

Figure 6.4. C1 and C4 inhibit growth of S. aureus SH1000 and JE2 in a dose-

dependent manner. 

S. aureus strains SH1000 and JE2 were grown in the presence of C1 (A, B) or C4 (C, D). 

Growth was measured by taking OD600 nm readings every 30 min for 17 h. Graphs represent 

the mean of three experiments in duplicate. Error bars were omitted for clarity. 

 

A B 

C D 
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 Next, minimum bactericidal concentrations (MBCs) of C1 and C4 were determined 

by enumerating CFU from the wells of MIC assays that inhibited bacterial growth. The MBC 

was defined as the lowest concentration required for a 1000-fold reduction in CFU counts 

compared to the inoculum459. C1 reduced survival of SH1000 and JE2 at 25 µM, but CFU 

counts did not reduce further as the dose was increased to 100 µM (Figure 6.5A and B), 

demonstrating that C1 is bacteriostatic in these strains. Meanwhile, C4 caused a 10,000-fold 

reduction in CFU counts of SH1000 at 2 µM, but only reduced survival in JE2 at concentrations 

up to 50 µM (Figure 6.5C and D), demonstrating that C4 is bactericidal in SH1000, but 

bacteriostatic in JE2. The MBC of C4 in SH1000 was 2 µM, which is 5x MIC (0.4 µM) (Figure 

6.5C). Therefore, whilst C1 is not bactericidal in S. aureus, it is able to enhance the bactericidal 

effect of ciprofloxacin. 

 

Figure 6.5. C1 is bacteriostatic in S. aureus SH1000 and JE2. 

MBC assays were performed for C1 (A, B) and C4 (C, D), for S. aureus SH1000 and JE2. The 

MBC was defined as the lowest concentration of antibiotic required for a 1000-fold reduction 

in CFU compared to the inoculum after 17 h (the duration of an MIC assay). Graphs represent 

the mean of four independent experiments. Error bars indicate the standard deviation. 

A B 

C D 
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6.5 C4 enhances ciprofloxacin-mediated killing of S. aureus 

As described above, C4 enhances the sensitivity of S. aureus to ciprofloxacin, leading to 

greater inhibition of bacterial growth compared to the original compound, C1. To determine 

whether C4 enhanced susceptibility of S. aureus to killing by ciprofloxacin, antibiotic survival 

assays were performed with SH1000 and JE2 when exposed to C4 (at 1x MIC) and/or 

ciprofloxacin (at 10x MIC), and bacterial survival was measured over 24 h. 

 Survival of SH1000 was greatly reduced when exposed to ciprofloxacin alone, 

whereas survival of JE2 was unchanged due to its resistance to the quinolone (Figure 6.6). 

However, when ciprofloxacin and C4 were added together, survival of SH1000 and JE2 was 

slightly decreased at every time point after 0 h when compared to ciprofloxacin alone (Figure 

6.6), though this was not statistically significant. Nevertheless, survival after 24 h was reduced 

by 2.4-fold in SH1000 (Figure 6.6A), and by 8-fold in JE2 (Figure 6.6B). Both strains also grew 

when exposed to C4 alone, demonstrating that the compound (at 1x MIC) influenced S. aureus 

survival only when added in combination with ciprofloxacin (Figure 6.6). Together, these data 

indicate that C4 is able to potentiate ciprofloxacin-mediated killing of S. aureus to some extent. 

 

Figure 6.6. C4 increases susceptibility of S. aureus to killing by ciprofloxacin. 

Percentage survival after 24 h in the presence of C4, ciprofloxacin or both is shown for S. 

aureus SH1000 (A) and JE2 (B). C4 was added at 1x MIC, which is 0.4 µM for SH1000 and 

12.5 µM for JE2. Ciprofloxacin was added at 10x MIC, which is 5 µg/ml for SH1000 and 160 

µg/ml for JE2. Graphs represent the mean of four independent experiments. Error bars 

indicate the standard deviation. Cip, ciprofloxacin. 

A B 
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6.6 C4 enhances the sensitivity of S. gordonii, E. faecalis and E. 

coli to ciprofloxacin 

To determine whether C4 potentiated the activity of ciprofloxacin in other bacterial species, 

chequerboard MIC assays were performed as described in section 6.2, on S. gordonii, E. 

faecalis and E. coli. In the presence of C4 alone, S. gordonii displayed the highest compound 

MIC at 12.5 µM, followed by E. faecalis at 3.125 µM and E. coli at 1.5625 µM (Figure 6.7). 

When the compound was added at half of its MIC (subinhibitory concentration), the MIC of 

ciprofloxacin was reduced by 4-fold in all thee species (Figure 6.7), indicating that C4 

enhances ciprofloxacin activity in S. gordonii, E. faecalis and E. coli. 

 

 

Figure 6.7. C4 increases the sensitivity of S. gordonii, E. faecalis and E. coli to 

ciprofloxacin. 

Heat maps of chequerboard MIC assays for C4 and ciprofloxacin with S. gordonii DL1, E. 

faecalis OG1X and E. coli BW25113. Assays were performed with ciprofloxacin using the 

serial broth dilution method in 96-well plates. The MIC was defined as the lowest concentration 

at which no growth was observed. Values refer to the culture density (OD600 nm). Greater 

intensity of colour indicates greater bacterial growth. Data shown represents the median of at 

least four biological replicates. 
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6.7 C1 and C4 have no effect on killing of S. aureus in whole 

human blood 

It was shown in Chapter 3 that neutrophil-generated ROS damage staphylococcal DNA and 

that repair of this DNA damage is required for S. aureus survival in whole human blood 

(sections 3.3, 3.8 and 3.9). To determine whether C1 or C4 influenced killing of S. aureus by 

the neutrophil oxidative burst, the ex vivo whole human blood model was employed. Wild-type 

SH1000 or JE2 was incubated in freshly-donated whole human blood in the presence of 

different concentrations of each compound, and survival was determined after 6 h by plating 

onto CBA. As a control for the direct antibacterial effects of the compounds, some samples of 

whole human blood were pre-treated for 15 min with the inhibitor DPI to block ROS 

production475. 

 As expected, pre-treatment of blood with DPI led to an increase in bacterial 

survival when compared to DMSO-treated blood (Figure 6.8), confirming that ROS production 

via the neutrophil oxidative burst is required for killing of S. aureus. However, the addition of 

C1 or C4 had no effect on S. aureus survival in the absence or presence of DPI, even up to 

the maximum workable concentration tested (100 μM; Figure 6.8). This indicates that these 

compounds do not influence killing of S. aureus by the neutrophil oxidative burst. 
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Figure 6.8. C1 and C4 have no influence on susceptibility of S. aureus to killing in 

whole human blood.  

Percentage survival over 6 h incubation in whole human blood in the presence of C1 (A, B) or 

C4 (C, D) is shown for S. aureus SH1000 and JE2. Whole human blood was incubated for 15 

min with the NADPH-oxidase inhibitor DPI, or DMSO as a control, before the addition of 

bacteria. Graphs represent the mean of three independent experiments. Error bars indicate 

the standard deviation. 

  

A B 

C D 
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6.8 C1 and C4 enhance the sensitivity of rexAB mutants to 

ciprofloxacin 

C1 has been shown to inhibit both AddAB and RecBCD DNA repair complexes in H. pylori 

and E. coli respectively. However, whilst C1 and C4 both enhanced the susceptibility of S. 

aureus to ciprofloxacin, they had no effect on staphylococcal survival during exposure to the 

neutrophil oxidative burst, which conflicts with data from studies with rexAB-deficient mutants 

(section 3.9). Therefore, it was decided to determine whether these compounds targeted S. 

aureus RexAB. To do this, C1 and C4 were tested on rexAB mutants, as well as on the purified 

S. aureus RexAB enzyme (section 5.3). 

 To determine whether C1 and C4 enhanced the activity of ciprofloxacin on 

SH1000 and JE2 rexAB mutants, chequerboard MIC assays were performed using two-fold 

serial dilutions as described previously. Due to the greater sensitivity of the mutants to DNA-

damaging antibiotics, ciprofloxacin was added at lower concentrations than for the wild type. 

Firstly, the MIC of the compounds alone for the rexB::Tn mutants was determined. As shown 

in Figure 6.9A-D, the MIC of C1 was reduced by 4-fold in the SH1000 rexAB mutant when 

compared to the wild type (6.25 µM vs. 25 µM), whereas no difference was observed in JE2 

(both 25 µM). Meanwhile, the C4 MIC was reduced in both SH1000 and JE2 rexAB mutants 

when compared to their corresponding wild types (at least 4-fold reduction in SH1000, 2-fold 

in JE2; Figure 6.9E-H). Therefore, S. aureus rexAB mutants are more sensitive to C1 and C4 

than the corresponding wild type strains.  

 Next, the effect of the compounds on the ciprofloxacin MIC was determined. 

SH1000 and JE2 rexAB mutants both displayed a reduction in the ciprofloxacin MIC when C1 

or C4 was added at half of its MIC. In the JE2 rexAB mutant, this decrease was comparable 

to the wild type (2-fold reduction in ciprofloxacin MIC with C1, 4-fold with C4; Figure 6.9C, D 

and G, H). Therefore, both C1 and C4 potentiate the activity of ciprofloxacin in S. aureus 

rexB∷Tn mutants, indicating that these compounds exhibit off-target effects and potentiate 

ciprofloxacin activity independently of RexAB inhibition. However, these assays did not 



227 
 

confirm whether C1 and C4 also inhibit S. aureus RexAB activity, which will be examined in 

the next section. 

 

 

Figure 6.9. C1 and C4 increase the sensitivity of S. aureus rexAB mutants to 

ciprofloxacin. 

Heat maps of chequerboard MIC assays for C1 (A-D) or C4 (E-H), tested with ciprofloxacin 

on S. aureus SH1000 or JE2 wild type and rexB::Tn mutant strains. Assays were performed 

using the serial broth dilution method in 96-well plates. The MIC was defined as the lowest 

concentration at which no growth was observed. Values refer to the culture density (OD600 nm). 

Greater intensity of colour indicates greater bacterial growth. Data shown represents the 

median of at least four biological replicates. 
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 To determine whether C4 potentiated ciprofloxacin activity in rexAB mutants from 

other bacterial species, the same chequerboard assays were performed on S. gordonii and E. 

faecalis. Results showed that, as for S. aureus, S. gordonii and E. faecalis rexAB mutants 

were more sensitive to C4 when compared to their corresponding wild types (Figure 6.10). In 

addition, the ciprofloxacin MIC was reduced by 4-fold in S. gordonii ΔrexAB when C4 was 

added at half of its MIC (Figure 6.10B), which is comparable to that of its wild type (also 4-fold 

reduction; Figure 6.10A). This indicates that C4 enhances the activity of ciprofloxacin in the S. 

gordonii rexAB mutant. Therefore, chequerboard MIC data from S. aureus, S. gordonii and E. 

faecalis rexAB mutants suggest that C1 and C4 exhibit off-target activity that is at least partially 

responsible for potentiating ciprofloxacin activity and do not solely inhibit RexAB. 

 

 

Figure 6.10. C4 increases the sensitivity of S. gordonii and E. faecalis rexAB mutants 

to ciprofloxacin. 

Heat maps of chequerboard MIC assays with C4 and ciprofloxacin, on S. gordonii DL1 (A, B) 

or E. faecalis OG1X (C, D) wild type and rexAB mutant. Assays were performed with 

ciprofloxacin using the serial broth dilution method. The MIC was defined as the lowest 

concentration at which no growth was observed. Values refer to the culture density (OD600 nm). 

Greater intensity of colour indicates greater bacterial growth. Data shown represents the 

median of at least four biological replicates. 
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6.9 C1 and C4 have no effect on S. aureus RexAB enzyme activity 

To determine whether C1 and C4 directly inhibited S. aureus RexAB function, RexAB 

nuclease, helicase and ATPase activities were measured in the presence of these 

compounds. Enzyme assays were performed as described in the previous chapter, with the 

addition of C1, C4 or C13 at 12.5 µM in the nuclease and helicase assays, and at 12.5 µM or 

25 µM in the ATPase assays. DMSO was used as a solvent control. C13 (structure shown in 

Figure 6.1) was included as an inactive compound control, because it was previously shown 

by Amundsen et al. (2012) to lack RecBCD/AddAB inhibitory activity603. In nuclease and 

helicase activity assays, samples were taken at 30, 60 and 120 min and analysed by agarose 

gel electrophoresis to quantify DNA degradation, dsDNA unwinding and/or ssDNA formation. 

 No difference in DNA degradation was observed with C1, C4 or C13 when 

compared to the DMSO control, indicating that these compounds have no effect on RexAB 

nuclease activity when added at 12.5 µM (Figure 6.11). This was also observed for helicase 

activity, in which dsDNA unwinding and ssDNA formation in the presence of C1, C4 or C13 

were comparable to DMSO at all time points (Figure 6.12). Further assays were performed to 

determine whether compounds influenced enzyme activity at time points earlier than what was 

tested (< 30 min), but nuclease and helicase activities were still comparable to the DMSO 

control, indicating that the absence of inhibitory activity was not time dependent (data not 

shown). Finally, the compounds were shown to have no effect on production of Pi (Figure 

6.13), indicating that C1 and C4 do not inhibit RexAB ATPase activity when added at 12.5 µM 

or 25 µM. Taken together, these results suggest that C1 and C4 do not inhibit S. aureus RexAB 

enzyme activity. 
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Figure 6.11. RexAB nuclease activity is unaffected by C1 or C4. 

RexAB nuclease activity was measured in the presence of C1, C4 or C13 added at 12.5 µM, 

or in DMSO as a control (“-“). Nuclease activity was determined by incubating RexAB protein, 

DNA substrate and ATP at 37 °C, with or without compound. Samples were taken over 2 h 

and analysed by agarose gel electrophoresis. Gels were stained using SYBR Safe to detect 

dsDNA. Band intensity of the DNA substrate was quantified. Graph represents the mean of 

four independent experiments. Error bars indicate the standard deviation. 
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Figure 6.12. RexAB helicase activity is unaffected by C1 or C4. 

RexAB helicase activity was assessed in the presence of C1, C4 or C13 added at 12.5 µM, or 

in DMSO as a control (“-“), by measuring unwinding of dsDNA (A) and formation of ssDNA 

(B). E. coli SSB was added to prevent reannealing of DNA. Samples were taken over 2 h and 

analysed by agarose gel electrophoresis with SYBR Green II staining. Band intensities of 

dsDNA substrate and ssDNA-SSB product were quantified. Graphs represent the mean of 

four independent experiments. Error bars indicate the standard deviation. 

 

 

Figure 6.13. RexAB ATPase activity is unaffected by C1 or C4. 

RexAB ATPase activity was measured in the presence of C1, C4 or C13 added at 12.5 µM 

(A) or 25 µM (B), or in DMSO as a control. ATPase activity was determined by incubating 

RexAB protein, DNA substrate and ATP at 37 °C, with or without compound. The 

concentration of inorganic phosphate (Pi) was quantified over 2 h using the Expedeon 

PiColorLock Gold Phosphate Detection System assay kit and use of a standard curve. Graphs 

represent the mean of three independent experiments. Error bars indicate the standard 

deviation. 

A B 

A B 
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6.10 C1 and C4 display dose-dependent inhibition of E. coli DNA 

gyrase activity 

Since C1 and C4 did not inhibit S. aureus RexAB enzyme activity, this indicated that they 

enhanced bacterial sensitivity to ciprofloxacin though another mechanism. To investigate how 

ciprofloxacin activity was potentiated, the chemical structures of C1 and C4 (Figure 6.1) were 

examined further. C1 has a pipemidic acid group as its core structure, whereas C4 has a 

ciprofloxacin group. Both of these core structures are members of the quinolone family of 

antibiotics, which inhibit topoisomerase IV and DNA gyrase. Therefore, it was hypothesised 

that C1 and C4 may act via a similar mechanism to quinolones. To test this, topoisomerase 

IV relaxation and DNA gyrase supercoiling activities were measured in the presence of C1, 

C4, C13, or ciprofloxacin as a positive control, using the Inspiralis E. coli topoisomerase IV or 

DNA gyrase assay kits. Reactions were performed without compound as a negative control. 

DNA substrate was incubated with the appropriate enzyme, ATP and each compound for 45 

min, then analysed by agarose gel electrophoresis to quantify band intensities of supercoiled 

DNA, which were normalised to the no-compound control. 

 As shown in Figure 6.14, the addition of ciprofloxacin at 50 µM inhibited 

topoisomerase IV relaxation activity, but this was not observed for C1, C4 or C13, even when 

added at 50 µM. Therefore, C1 and C4 do not potentiate ciprofloxacin activity by inhibiting 

topoisomerase IV function. However, all compounds displayed dose-dependent inhibition of 

DNA gyrase supercoiling activity, albeit at concentrations far higher than seen with 

ciprofloxacin, which almost completely inhibited gyrase activity at 5 µM (Figure 6.15). C1 

displayed no inhibitory activity at 12.5 µM, but the percentage of supercoiled DNA was reduced 

to 82% and 41% when added at 25 µM and 50 µM, respectively. C4 inhibited gyrase activity 

by 68% at 12.5 µM (32% supercoiled DNA; Figure 6.15), indicating that C4 is more potent 

than C1. Interestingly, C13 promoted gyrase activity when added at 12.5 µM and 25 µM (159% 

and 116% supercoiled DNA, respectively), but inhibited activity from 50 µM onwards (Figure 

6.15), indicating a biphasic dose response. These data show that C1, C4 and C13 have no 
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effect on E. coli topoisomerase IV activity, but exhibit dose-dependent inhibition of E. coli DNA 

gyrase activity. However, they are significantly less active against DNA gyrase than 

ciprofloxacin. 

 

 

Figure 6.14. C1 and C4 have no effect on E. coli DNA topoisomerase IV activity. 

Topoisomerase IV relaxation activity was measured in the presence of C1, C4, C13 or 

ciprofloxacin as a positive control. Assays were performed using the Inspiralis E. coli 

Topoisomerase IV relaxation assay kit. E. coli topoisomerase IV was incubated with 

supercoiled DNA substrate and ATP at 37 °C for 45 min, with or without compound. Samples 

were analysed by agarose gel electrophoresis and gels were stained using SYBR Safe to 

detect dsDNA. Band intensity of supercoiled DNA was quantified. Graph represents the mean 

of three independent experiments. Error bars indicate the standard deviation. TopoIV, 

topoisomerase IV; Cip, ciprofloxacin; OC, open-circular DNA; R, relaxed DNA; SC, 

supercoiled DNA. 
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Figure 6.15. C1, C4 and C13 exhibit dose-dependent inhibition of E. coli DNA gyrase 

activity. 

Gyrase supercoiling activity was measured in the presence of C1, C4, C13 or ciprofloxacin as 

a positive control. Assays were performed using the Inspiralis E. coli gyrase supercoiling assay 

kit. E. coli gyrase was incubated with relaxed DNA substrate and ATP at 37 °C for 1 h, with or 

without compound. Samples were analysed by agarose gel electrophoresis and gels were 

stained using SYBR Safe to detect dsDNA. Band intensity of supercoiled DNA was quantified. 

Graph represents the mean of three independent experiments. Error bars indicate the 

standard deviation. Gyr, gyrase; Cip, ciprofloxacin; OC, open-circular DNA; R, relaxed DNA; 

SC, supercoiled DNA. 
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6.11 C1 and C4 influence ciprofloxacin-mediated SOS induction in 

S. aureus 

Previously, it was shown that C1 and C4 enhance the sensitivity of S. aureus to ciprofloxacin. 

Since ciprofloxacin is known to trigger the SOS response318, the effect of these compounds 

on ciprofloxacin-mediated SOS induction was tested. S. aureus SH1000 and JE2 wild-type 

strains containing the PrecA-gfp reporter construct (section 3.2) were exposed to a range of 

ciprofloxacin concentrations, in the presence or absence of C1, C4, C13 or DMSO as a solvent 

control. Compounds were added at 0.4 µM in SH1000 or 12.5 µM in JE2, which are 

concentrations that do not affect bacterial growth. Expression of recA (indicating SOS 

induction) was measured over 17 h via GFP fluorescence. 

 In SH1000, recA expression levels in the presence of C1 or C13 were comparable 

to the DMSO control, indicating that these compounds have no effect on ciprofloxacin-

mediated SOS induction (Figure 6.16). However, C4 exhibited various effects depending on 

the concentration of ciprofloxacin. At ciprofloxacin concentrations below 0.5 µg/ml, C4 

enhanced SOS induction when compared to the DMSO control, but at ciprofloxacin 

concentrations above 0.5 µg/ml, SOS induction was inhibited instead (Figure 6.16). This effect 

was also observed in JE2, with both C1 and C4 (Figure 6.17). Ciprofloxacin-mediated SOS 

induction was potentiated by both compounds when the antibiotic was added at 8 µg/ml or 

below, but induction was inhibited at ciprofloxacin concentrations above 8 µg/ml (Figure 6.17). 

In the presence of C13, SOS induction was comparable to the DMSO control (Figure 6.17), 

indicating that this compound functions as an inactive compound control in both strains. 

Therefore, these results show that C1 and C4 influence ciprofloxacin-mediated SOS induction, 

depending on the antibiotic concentration. 
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Figure 6.16. Ciprofloxacin-mediated SOS induction in the presence of compounds in 

S. aureus SH1000. 

Wild-type S. aureus SH1000 containing the pCN34 PrecA-gfp reporter plasmid was exposed 

to a range of ciprofloxacin concentrations (A-F) in the presence of C1, C4, C13 or DMSO 

(control), and recA expression measured over 17 h. Compounds were added at 0.4 µM, which 

has no effect on SH1000 growth. Expression is shown relative to cell density (FI/OD600 nm) over 

time. Graphs represent the mean of three biological replicates with error bars omitted for 

clarification. 
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Figure 6.17. Ciprofloxacin-mediated SOS induction in the presence of compounds in 

S. aureus JE2. 

Wild-type S. aureus JE2 containing the pCN34 PrecA-gfp reporter plasmid was exposed to a 

range of ciprofloxacin concentrations (A-F) in the presence of C1, C4, C13 or DMSO (control), 

and recA expression measured over 17 h. Compounds were added at 12.5 µM, which has no 

effect on JE2 growth. Expression is shown relative to cell density (FI/OD600 nm) over time. 

Graphs represent the mean of three biological replicates with error bars omitted for 

clarification. 
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 It was found that C4 triggered the SOS response in SH1000 in the absence of 

ciprofloxacin, but this was not observed with C1, and neither C1 nor C4 induced SOS 

activation in JE2 (Figure 6.16 and Figure 6.17). However, only one concentration of compound 

had been tested. Therefore, to determine whether C4 induced the SOS response in S. aureus, 

recA expression was measured in the presence of a range of C4 concentrations in SH1000 

and JE2. Results showed that C4 triggered SOS in SH1000, but the peak occurred at much 

lower levels than with ciprofloxacin, with a maximum FI/OD600 nm of ~17,000 (Figure 6.18A), 

compared to ~25,000 with ciprofloxacin (Figure 6.16E). In contrast, no peak corresponding to 

SOS induction was observed in JE2 (Figure 6.18B). Therefore, although C4 on its own affects 

SOS induction differently in SH1000 and JE2, similar effects are observed in both strains when 

the compound is added in combination with ciprofloxacin. 

 

 

Figure 6.18. C4 induces the SOS response in S. aureus SH1000, but not in JE2. 

S. aureus SH1000 and JE2 wild-type strains containing the pCN34 PrecA-gfp reporter plasmid 

were exposed to a range of concentrations of C4, and recA expression was measured over 

17 h. Expression is shown relative to cell density (FI/OD600 nm) over time. Graphs represent the 

mean of three biological replicates with error bars omitted for clarification. 
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6.12 Discussion 

Based on results from previous chapters, it was hypothesised that S. aureus RexAB would 

make a good target for novel therapeutics by promoting immune clearance and enhancing the 

activity of DNA-damaging antibiotics. Previously-reported AddAB inhibitors and their 

analogues were tested for potentiation of antibiotic activity using chequerboard MIC assays. 

In the initial panel of 14 compounds, results showed that 8 of these compounds potentiated 

the activity of ciprofloxacin or mitomycin C in S. aureus, with C1 displaying the greatest fold 

reduction in the MIC of the quinolone. However, except for CID 774021, these molecules had 

little to no effect on the MIC of H2O2. Since exposure of DNA to H2O2 can result in both DSBs 

and oxidised DNA bases, which are repaired by different repair pathways606, it is possible that 

the compounds target specific DNA repair mechanisms within the cell.  

 The finding that these compounds potentiated the activity of antibiotics suggest 

that they may be clinically useful, especially as growth inhibition shown by the MIC data 

indicate direct entry of these compounds into the cell. When synthetic analogues of the lead 

compound (C1) were produced and tested using the chequerboard MIC method described 

above, this identified a more potent C1 derivative (C4). In the presence of this derivative, the 

MIC of ciprofloxacin for wild-type JE2 was reduced from 8 µg/ml to around 1-2 µg/ml. This is 

below the clinical breakpoint of this antibiotic, which is currently set at 2 µg/ml for a resistant 

S. aureus strain607. Clinical breakpoints for each antibiotic are set yearly by the European 

Committee on Antimicrobial Susceptibility Testing (EUCAST) to identify resistant strains and 

advise on patient therapy607. Therefore, this result showed that C4 was able to resensitise an 

MRSA strain (JE2) to ciprofloxacin, suggesting that combination therapy could prolong the 

clinical lifespan of this antibiotic. 

 However, enzyme activity assays with recombinant RexAB protein showed that 

neither C1 nor C4 target this complex. This finding differs from the report by Amundsen et al. 

(2012), who showed that C1 inhibited nuclease activities of both RecBCD and AddAB603. This 

may be due to differences in the bacterial species studied, as Amundsen et al. (2012) tested 
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C1 on the Gram-negative bacteria E. coli and H. pylori603, whereas this study examined the 

effects of C1 on S. aureus, which is a Gram-positive bacterium. 

 Both C1 and C4 contain core structures from the quinolone family of antibiotics, 

which prevent DNA unwinding and replication by inhibiting type II topoisomerases, gyrase and 

topoisomerase IV activity608. Results showed that C1 and C4 did not affect topoisomerase IV 

function, but both compounds inhibited gyrase activity in a dose-dependent manner, indicating 

quinolone activity. However, C1 and C4 were far less active against gyrase than ciprofloxacin, 

meaning that the gyrase activity of C1 or C4 may not be relevant at the concentrations where 

an effect is seen in whole cells. In addition, the inactive control compound C13 also displayed 

inhibition of gyrase activity at high concentrations. Therefore, quinolone activity may only partly 

contribute towards C1 and C4 activity. Since rexAB mutants are more sensitive to these 

compounds, it is likely that C1 and C4 also cause DNA damage, though in the case of C1, this 

damage is not lethal. This was supported in part by the SOS reporter data, which showed that 

C4 triggered induction of the SOS response in the S. aureus SH1000 strain, indicating DNA 

damage. 

 Results also showed that the effect of C1 and C4 on ciprofloxacin-mediated SOS 

induction was dependent on the antibiotic concentration. C1 and C4 enabled the SOS 

response to be induced at lower concentrations of ciprofloxacin, supporting previous results 

that ciprofloxacin activity is potentiated. However, at higher concentrations of ciprofloxacin, 

these compounds inhibited SOS induction, suggesting that combination therapy could reduce 

the emergence of resistance by blocking SOS-induced mutagenic DNA repair318. In addition, 

the finding that SOS induction occurred in the presence of these compounds supported the 

data from recombinant RexAB enzyme activity assays that this complex is not the target of C1 

or C4. Since RexAB is not the only protein required for SOS induction, it is possible that 

another SOS-related protein may be affected by these compounds, such as recA or lexA609. 

 C4 has several desirable properties, including direct antibacterial activity, 

potentiation of ciprofloxacin activity and possibly causing DNA damage without triggering SOS 

in JE2, which make this compound a promising therapeutic. Future work could identify the 
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target(s) of C4, by performing pull-down assays to isolate proteins bound to the molecule using 

a modified form of the compound that enables it to be conjugated to sepharose beads. Another 

method would be to select for S. aureus strains resistant to this compound and comparing the 

genomic sequence of resistant mutants to the parent strain, to identify mutations in specific 

genes. This could be done by selecting for spontaneously-arising mutants resistant to C4. 

 Although S. aureus RexAB activity was not inhibited by the compounds tested, 

this enzyme complex is still a viable drug target. RecBCD/AddAB inhibitors reported so far do 

not appear to be highly selective or stable, and in the case of C1, which was identified by 

Amundsen et al. (2012)603, may not be effective in all bacterial species. Future work could 

adapt the SOS reporter system for high-thoughput testing to more efficiently screen for S. 

aureus RexAB inhibitors, followed by testing in combination with ciprofloxacin and assessing 

their effect on RexAB enzyme activity. Since RexAB is not present in eukaryotes, compounds 

could also be tested on mammalian cell lines to determine host toxicity. 

 To summarise, a panel of small molecules was investigated in this chapter for the 

ability to inhibit S. aureus RexAB. C1 was identified to enhance the sensitivity and 

susceptibility of S. aureus to ciprofloxacin. In collaboration with chemists, derivatives of C1 

were developed and C4 was shown to be more potent than the original hit, but it was found 

that potentiation of ciprofloxacin activity by these compounds was not due to S. aureus RexAB 

inhibition. However, C4 displays multiple desirable qualities with regards to antibacterial 

activity and SOS induction, which makes it useful for continued development towards a novel 

therapeutic. 
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7 Discussion 

The rise in incidence and prevalence of antibiotic-resistant strains has meant that S. aureus 

infections have become a significant clinical and financial burden worldwide. This necessitates 

the development of new approaches for the prevention and treatment of infections59. One 

approach is to potentiate host defences, which can be achieved either by enhancing immunity 

or by blocking bacterial mechanisms of immune evasion. However, overstimulation of the 

immune system is potentially dangerous, because it can cause damage to host tissues610. 

Therefore, this project investigated how the immune system targets S. aureus so that 

strategies might be developed to enhance bacterial susceptibility to these host defences. 

Results showed that staphyloccocal DNA is a target of the host immune response. This led to 

the identification of a specific DNA repair component, RexAB as a potential drug target, which 

if inhibited would sensitise Gram-positive bacteria to immune killing by neutrophils. 

7.1 DNA is a target of the neutrophil oxidative burst 

Despite being the most important immune defence against S. aureus140, the target of the 

oxidative burst of neutrophils is not well understood and there are likely to be multiple 

biological targets154–156. However, the lethal consequences of even a single DNA lesion has 

meant that the most significant impact of the oxidative burst is believed to be upon 

DNA147,151,157–160. The work performed in this thesis provide clear evidence that DNA is 

damaged by the neutrophil oxidative burst and that this damage must be repaired for S. aureus 

to survive. This was demonstrated in two physiologically-relevant contexts, in vivo using a 

murine model of systemic infection and ex vivo using both a whole human blood model and 

with purified human neutrophils. Previously, DNA damage caused by the oxidative burst had 

only been shown for E. coli and Coxiella burnetii when phagocytosed by macrophages466,469. 

Schlosser-Silverman et al. (2000) found that the rate of mutagenesis was higher in 

macrophage-phagocytosed E. coli466, which is also likely to occur in neutrophil-phagocytosed 

S. aureus via activation of the SOS response after phagocytosis. SOS induction increases the 
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rate of mutagenesis by triggering expression of the DNA polymerase UmuC, which is 

responsible for error-prone DNA repair in S. aureus318. 

7.2 DNA repair is required for S. aureus survival during infection 

In many bacteria, DSBs are repaired by homologous recombination, the first step of which 

involves the processing of DNA ends by either the RecBCD or AddAB (also called RexAB) 

helicase-nuclease complex319,429,432. Data from this study highlighted the importance of this 

complex for S. aureus virulence, with strains deficient in RexAB significantly attenuated for 

survival in mice when compared to the wild type. Previous reports have shown that loss of 

AddAB impairs the ability of H. pylori and Campylobacter jejuni to colonise mouse stomachs 

and chicken intestines respectively463,505, and that loss of RecBC renders Salmonella enterica 

unable to establish an infection in mice506. These data demonstrate the importance of RecBCD 

and AddAB/RexAB for bacterial pathogenicity. The key role of RexAB in DNA repair also 

identifies DSBs as a potentially lethal type of DNA damage induced by the host immune 

response. This correlates with the report that DSBs are among the DNA lesions found in E. 

coli cells phagocytosed by macrophages466. 

 In addition to RexAB, the screen of S. aureus DNA repair mutants identified RecF 

and RecA as important for survival in whole human blood. Whilst RecA has well-defined roles 

in SOS induction and recombinational repair319,323,430, the role of RecF in S. aureus is less 

clear. In B. subtilis, loading of RecA onto the AddAB-processed ssDNA overhang is performed 

by the RecFOR complex, which is believed to be conserved in S. aureus437,438. In addition, the 

RecF pathway is able to compensate for loss of RecBCD activity in E. coli recBC sbcBC 

mutants507–509. However, this may not be the case with AddAB. Marsin et al. (2010) found that 

in contrast to the E. coli model, the RecF pathway cannot compensate for loss of AddAB 

activity in H. pylori510. Future experiments could determine the relative importance of RecF 

and RexAB in S. aureus by examining the susceptibility of recF rexAB triple mutants to 

neutrophil killing, in comparison to recF or rexAB mutants. 



244 
 

7.3 RexAB as a potential drug target 

The importance of RexAB for S. aureus survival during infection makes the complex a potential 

target for new therapeutics. Inhibition of DNA repair via RexAB would promote immune 

clearance of S. aureus in the host and potentiate the action of DNA-damaging antibiotics. 

Inhibition of RexAB would also block the mutagenic SOS response, potentially slowing the 

rate of host adaptation and the acquisition of antibiotic resistance598. Furthermore, 

homologues of RexAB are not present in eukaryotes, reducing the likelihood of host toxicity. 

In eukaryotes, processing of DSB ends is mediated by separate helicase and nuclease 

enzymes, rather than a single helicase-nuclease complex611. In humans, DNA unwinding is 

performed by one of two helicases (Bloom or Werner), and DNA degradation carried out by 

the DNA2 nuclease611.  

 Several studies have examined various aspects of bacterial DNA repair as targets 

for the discovery and development of new antibiotics612–618. However, the redundancy of these 

diverse DNA repair pathways has made it difficult to identify suitable targets. Special attention 

has been given to inhibition of the SOS response, which is responsible for induction of excision 

repair, recombinational repair and DNA mutagenesis. Most of these studies use E. coli as a 

model, targeting LexA or RecA615,617,618. Phthalocyanine tetrasulphonic acid (PcT)-based 

RecA inhibitors block SOS induction in E. coli and inhibited acquisition of ciprofloxacin 

resistance in a neutrapenic murine thigh infection model, demonstrating the potential 

effectiveness of targeting the SOS response615. However, RecA homologues are present in 

humans (Rad51 and Dmc1)619, meaning that inhibitors of RecA may exhibit host toxicity.  

 Regarding SOS suppression in S. aureus, a report by Peng et al. (2011) found 

that baicalein, the main component of the Chinese herb Scutellaria baicalensis, inhibited 

expression of several SOS genes (recA, lexA, umuC)464. This effect correlated with a reduction 

in intracellular ATP production, suggesting that baicalein may act on ATP synthase. Another 

study identified an additional effect of novobiocin in suppressing the ciprofloxacin-induced 

SOS response in S. aureus by inhibiting recA expression620. Since novobiocin is an 
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aminocoumarin, a class of antibiotics that inhibit DNA gyrase without inducing DSBs, this 

finding suggests that clinical re-evaluation of existing antibiotics may help to combat the 

development of antibiotic resistance620. More recently, Carvalho et al. (2019) found that 

betulinic acid, a plant-derived triterpenoid, reduced ciprofloxacin-induced activation of the 

SOS response and potentiated ciprofloxacin activity in S. aureus621. 

 Inhibitors of RecBCD and/or AddAB have also been reported. RecBCD inhibitors 

include dozelesin, ecteinascidin 743, hedamycin, cisplatin, psoralen and the Gam protein of 

bacteriophage lambda599–602. However, issues with these inhibitors include limited in vivo 

stability, poor oral bioavailability and a sub-optimal mechanism of action such as DNA 

alkylation, making them unselective and highly cytotoxic599–602. A screen of 326,100 small 

molecules by Amundsen et al. (2012) identified 21 potent inhibitors of E. coli RecBCD and H. 

pylori AddAB603, of which a selection were tested in this thesis to investigate their effects on 

S. aureus RexAB. This identified one compound, C1, that potentiates ciprofloxacin activity and 

modulates ciprofloxacin-mediated SOS induction in S. aureus. However, C1 had no effect on 

S. aureus RexAB enzyme activity, indicating an alternative mechanism of action.  

 For treating S. aureus infections, RexAB inhibitors could be used as monotherapy 

for superficial infections in otherwise healthy patients, or in combination with ciprofloxacin or 

other antibiotics for invasive infections. RexAB inhibition may also reverse resistance to 

ciprofloxacin, providing an additional therapeutic against MRSA strains, many of which are 

resistant to fluoroquinolone antibiotics63. Furthermore, since RexAB is not essential for 

bacterial growth, inhibitors of this complex would be expected to affect only pathogenic 

bacteria that are targeted by the immune response, reducing undesired damage to the 

commensal gut microbiota and the risk of opportunistic secondary infections, unlike 

conventional antibiotic therapy595. 

7.3.1 Is targeting DNA repair via RexAB a broad-spectrum approach? 

The emergence of antibiotic-resistant strains has made it increasingly difficult to find effective 

treatments for patients, such that multidrug-resistant bacteria are responsible for up to 16% of 
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all hospital-acquired infections in the world622. In particular, the ESKAPE pathogens 

(Enterococcus faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa and Enterobacter spp.) are responsible for the majority of hospital 

infections and are associated with the highest risk of mortality622. 

 The work in this thesis has shown that DNA repair via RexAB is essential for S. 

aureus survival during infection and has potential as a drug target in this pathogen. S. aureus 

RexAB is a member of the RecBCD/AddAB family of helicase-nucleases, which is present in 

over 90% of sequenced bacteria537. Therefore, inhibition of the RecBCD/AddAB complex has 

potential as a therapeutic approach for infections caused by Gram-positive and Gram-negative 

pathogens, especially as four out of the six ESKAPE pathogens are Gram negative, and new 

antibiotics that target these bacteria are greatly needed622,623. Although results from this study 

showed that RexAB is required for survival of the Gram-positive pathogens S. gordonii and E. 

faecalis in whole human blood, the role of RecBCD during infection still needs to be 

investigated. Future experiments could determine whether RecBCD is needed for bacterial 

survival of the oxidative burst, such that RecBCD and AddAB enzymes form a conserved 

defence against immune killing. 

7.4 Summary 

In summary, staphylococcal DNA is a target of the oxidative burst of neutrophils. Repair of 

DNA damage via the RexAB helicase-nuclease complex is essential for infection and therefore 

represents a novel drug target, with a number of potentially druggable activities. Additional 

work identified a novel compound that potentiated ciprofloxacin activity in Gram-positive and 

Gram-negative pathogens, such that a resistant S. aureus strain was resensitised to the 

antibiotic. Future work will focus on developing inhibitors of RexAB towards clinical 

applications. 
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7.5 Future work 

The discovery that DNA repair via RexAB is essential for S. aureus survival during infection 

and the identification of a novel compound that resensitises MRSA to ciprofloxacin raises 

several key questions and potential areas for future research. In particular: 

1. Does DNA repair protect Gram-negative bacteria against immune killing? 

2. Does DNA repair protect against different classes of antibiotics? 

3. Further investigation of RexAB expression and function 

4. What is the target of C4? 

5. Development of RexAB inhibitors 

7.5.1 Does DNA repair protect Gram-negative bacteria against immune killing? 

The results described in Chapters 3 and 4 show that DNA repair protects the Gram-positive 

pathogens S. aureus, S. gordonii and E. faecalis against killing by neutrophils. However, it is 

unclear whether DNA repair is similarly important for the survival of Gram-negative bacteria 

during interactions with host immunity.  

 To test this, the assays described in Chapters 3 and 4 could be performed on a 

selection of DNA repair mutants from two Gram-negative species, E. coli and P. aeruginosa, 

chosen due to their clinical importance and slightly different mechanisms of DSB repair. Whilst 

both species have recombinational repair, P. aeruginosa also has the NHEJ pathway421–424. 

DNA repair mutants (recA, lexA, recBCD and recFOR) would be obtained from the E. coli Keio 

Knockout Collection and the P. aeruginosa PA14 Transposon Insertion Library450,624. As the 

RecF pathway is able to compensate for loss of RecBCD activity in E. coli recBC sbcBC 

mutants507–509, both recBCD/recB and recFOR/recF mutants should be examined. 

 To determine the role of DNA repair in immune killing, wild-type and mutant strains 

would be subjected to the ex vivo whole human blood model (with or without DPI to block the 

oxidative burst) and bacterial survival measured as described previously. Strains would also 

be exposed to H2O2 to directly assess susceptibility to ROS-mediated DNA damage, and to 

purified neutrophils (with or without DPI and/or cytochalasin D to inhibit phagocytosis, 
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described previously) to assess the importance of neutrophil-mediated killing in the 

bloodstream. 

7.5.2 Does DNA repair protect S. aureus against different classes of antibiotics? 

In the host, pathogens are subjected to the twin theat of the immune system and antibiotic 

treatment. The results described in this thesis show that DNA repair protects S. aureus against 

killing by the immune system and by DNA-damaging antibiotics such as ciprofloxacin. In 2007, 

Kohanski et al. proposed that several different classes of bactericidal antibiotics trigger 

endogenous ROS production, which contributes to bacterial killing independent of their drug-

target interactions493. Whilst controversial, this work has since been supported and extended 

by multiple independent lines of evidence494–501. Therefore, it is hypothesised that DNA repair 

protects against multiple classes of antibiotics. 

 To test this hypothesis, future work could determine whether different classes of 

antibiotics damage DNA and whether inhibition of RexAB sensitises S. aureus to both 

antibiotic and immune killing. Firstly, to determine whether loss of RexAB affects S. aureus 

growth in the presence of antibiotics, MIC assays would be performed on wild-type and rexAB 

mutant strains using a selection of different antibiotics. These should include clinically-relevant 

antibiotics such as cloxacillin and vancomycin, as well as representatives from different 

antibiotic classes, including cephalosporins (ceftazidime, ceftaroline), sulphonamides (co-

trimoxazole), aminoglycosides (gentamicin) and the lipopeptide daptomycin. Next, S. aureus 

wild-type and rexAB mutant strains would be exposed to these antibiotics at 10x MIC and 

bacterial survival measured over time. This would determine whether loss of RexAB makes 

S. aureus more susceptible to antibiotic killing. If this is the case, then this would provide 

evidence that the antibiotic causes DNA damage, such that DNA repair is required for survival. 

To determine whether antibiotic-induced DNA damage is caused by ROS, experiments could 

be repeated under anaerobic conditions. Experiments would be performed on S. aureus 

SH1000 and JE2 to account for differences in antibiotic susceptibility between strains. 

7.5.3 Further investigation into RexAB expression and function 
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The results in Chapter 5 demonstrate that S. aureus RexAB is a functional member of the 

RecBCD/AddAB family of helicase-nuclease complexes. Although the end-processing 

function of these complexes is well known319,429,432, some aspects of RexAB expression and 

function are less well understood. The regulatory profile of RexAB in response to DNA-

damaging stress is uncharacterised and it is unclear how DSBs are recognised by S. aureus 

RexAB. Therefore, future work will aim to address these gaps in our knowledge. 

 In E. coli, expression of the RecBCD enzyme is extremely low, at about 10 

molecules of the enzyme per cell, and the natural promoters of the recBCD genes are 

apparently constitutive625. In contrast, Mertens et al. (2008) showed that expression of addAB 

in Coxiella burnetii is induced by oxidative stress469. However, unlike most AddAB-containing 

bacteria, C. burnetii lacks key components of the SOS response (lexA, umuCD, polB, dinB)469. 

Therefore, to determine whether RexAB expression is inducible in S. aureus, mRNA and 

protein expression levels could be measured in the presence and absence of ciprofloxacin, 

H2O2 or purified neutrophils. This would be achieved using quantitative reverse-transcription 

PCR (qRT-PCR) to measure mRNA levels, and/or by generating S. aureus strains expressing 

RexAB-GFP fusions to measure protein expression levels (since the results from Chapter 3 

showed that native RexAB protein levels could not be accurately detected by Western blot). 

 In B. subtilis, DSBs are recognised by RecN, which binds to the break and recruits 

AddAB for end processing430,431. However, DSB recognition is poorly characterised in other 

bacteria430. It is unclear whether RecN is also required by S. aureus to recognise DSBs or 

whether DSBs are recognised directly by RexAB within the cell. Initially, a recN-deficient 

mutant would be examined to determine if it is more susceptible to the oxidative burst and 

ciprofloxacin. If that indicated a role for RecN in DSB repair, an interaction with RexAB would 

be investigated by generating S. aureus strains expressing RecN-YFP and RexAB-GFP and 

comparing the localisation of these proteins at 0.5, 1, 2 and 3 h after exposure to ciprofloxacin 

using fluorescence microscopy, similar to that described for B. subtilis431,592. If RecN is required 

for DSB recognition, RecN-YFP foci will be expected to form within 30 min of exposure to the 
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antibiotic. If RecN is required for RexAB recruitment, then these two proteins will be expected 

to co-localise within the cell. 

7.5.4 What is the target of C4? 

The results in Chapter 6 describe the identification of a novel compound (named C4) that 

exhibited direct antibacterial activity and potentiated ciprofloxacin activity, such that antibiotic 

resistance was reversed in an MRSA strain. Characterisation of C4 using direct enzyme 

assays indicated quinolone activity. However, C4 was far less active than for ciprofloxacin, 

suggesting that this activity may not be relevant at the concentrations used in whole cells for 

growth inhibition. Therefore, the main target of C4 is still unknown. 

 Future work would seek to identify this target by using a modified form of C4 that 

enables conjugation to sepharose beads and performing pull-down assays on whole-cell 

mixtures to isolate proteins bound to the compound. This would be followed by proteomic 

analysis, such as liquid chomatography–mass spectrometry (LC-MS), to identify extracted 

proteins626. Another method to identify target proteins is the use of photoaffinity probes, where 

a photoreactive group attached to C4 will covalently bind the target in response to UV light, 

providing a more stable interaction for proteomic analysis627. Finally, spontaneously-arising 

mutants that are resistant to C4 could be selected for and sequenced to identify mutations in 

specific genes. If the mutation is in the active site of the target protein, then further testing will 

be carried out to confirm this interaction, including chequerboard assays with ciprofloxacin and 

C4, and complementation of the gene to restore the wild-type phenotype. 

7.5.5 Development of RexAB inhibitors 

Results from this thesis identify RexAB as a potential drug target. Therefore, future work will 

aim to develop inhibitors of RexAB using the assays developed during this project as tools for 

whole-cell screening and in vitro enzyme activity confirmation.  

 High-thoughput screening of small-molecule libraries would be carried out using 

ciprofloxacin and the S. aureus wild-type PrecA-gfp reporter strain, after optimisation of the 

assay for a high-thoughput application. By measuring absorbance at 600 nm and expression 
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of recA via GFP fluorescence, this screen would identify compounds that inhibit the 

ciprofloxacin-induced SOS response, which would be expected to be due to inhibition of 

RexAB or RecA. Next, a secondary screen would be performed to confirm these hits using the 

recombinant RexAB enzyme assays, which would then be followed by chequerboard MIC 

assays (ciprofloxacin and the hit) in the wild type and rexAB mutant. Whilst synergy between 

compound and ciprofloxacin would be expected for the wild type, no such synergy should be 

observed in the rexB mutant. 

 Hits from these screens will prioritised based on activity and chemical tractability, 

after which structure-activity relationship (SAR) analysis would be performed on the prioritised 

molecules. In this process, the nature and positions of substituents are modified using the 

Topliss decision tree, which was developed to guide the choice of substituents to identify the 

most potent compounds628. The effects on inhibitor potency would then be assessed using the 

assays described above. Iterative rounds of chemical modification and biological assays 

would result in the generation of the most effective compound. Activity of the optimised 

compounds would be tested against clinical isolates and other bacterial species (S. gordonii, 

E. faecalis, E. coli, P. aeruginosa) using chequerboard MIC assays, after which the toxicity of 

these compounds will be assessed on mammalian cell lines, liver microsomes and animals. 

 If compounds are generated that are active against bacteria and non-toxic to 

mammalian cells, they would be assessed in ex vivo systems such as whole human blood and 

purified neutrophils to determine whether they sensitise S. aureus and other bacteria to 

neutrophil-mediated killing. Subsequently, animal infection models would be used to 

understand compound efficacy in vivo. 

 In summary, there is sufficient evidence to suggest that small-molecule inhibitors 

of RexAB may have therapeutic value by sensitising S. aureus and other pathogens to 

neutrophils. Such inhibitors would constitute a novel class of antibacterial therapeutic and help 

address the growing theat of antibiotic resistance. 
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