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Abstract 
   

 Staphylococcus aureus is an important human pathogen and crucial part of its pathogenesis 

depends on its ability to acquire purines to cause disease. In this study, I screened a library of 

individual mutants under purine import-dependent conditions by inhibiting the purine 

biosynthesis using the pharmacological agents methotrexate and 6-mercaptopurine and 

supplementing inosine monophosphate and/or guanine as an exogenous purine source. I 

identified an ATP-Binding Cassette transporter mutant that failed to grow under the selective 

purine transport conditions. Further growth characterization of the mutant revealed that the 

growth defect was not due to an inability to transport purines but rather to downstream effects 

related to the toxicity of the purine biosynthesis inhibitors. A thorough understanding of                

S. aureus purine acquisition will allow for development of antimicrobials with prolonged 

effectiveness.  
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Lay Summary 
 

  Staphylococcus aureus is a bacterium that usually colonizes the skin of humans but is 

capable of causing various invasive and life-threatening diseases. To cause disease, S. aureus 

requires nutrients that allow the bacterium to grow. One such type of nutrients are called 

purines that are building blocks of DNA and compounds used as energy by the cells. While S. 

aureus can make purines itself, it can also import them from the environment through 

transporters; however, purine transport in S. aureus has not been well characterized. This study 

aimed to identify a S. aureus purine transporter. This was done by using specific drugs to block 

the ability of the bacteria make their own purines rendering them dependent on taking up 

purines from the environment. I screened over 2,000 mutants and looked for specific mutants 

that could not grow in the presence of these drugs, indicating that they cannot take up purines, 

and thus, could be the mutants of our interest. Thorough understanding of how S. aureus 

acquire purines is essential in developing antimicrobials with prolonged effectiveness.  
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Chapter 1: Introduction 
 

1.1 Staphylococcus aureus is an important human pathogen. 
 

  Staphylococcus aureus is a Gram-positive, coagulase-positive coccoid bacterium that 

chronically colonizes approximately 30% of the human population (Wertheim et al., 2005). 

Although it is often a commensal organism that asymptomatically colonizes the skin sebaceous 

glands, nose and guts of healthy individuals, S. aureus can also act as an opportunistic pathogen 

and cause a wide range of infections that can vary from minor skin and soft tissue infections 

to life-threatening diseases (Liu, 2009; Le Loir, Baron, and Gautier, 2003). The infections S. 

aureus causes can be classified as: 1. superficial infections consisting of mild pimples and boils 

to styes, abscesses and carbuncles; 2. toxin-mediated infections that cause food poisoning; 3. 

toxic shock and scalded skin syndromes due to various toxins produced by the bacterium; and 

4. invasive infections that penetrate the skin causing serious internal conditions such as 

pneumonia, bacteraemia, endocarditis and septicaemia (Wise, 1964; Otto, 2014). Moreover the 

ability of S. aureus to cause such an array of diseases can in part be attributed to the extensive 

collection of virulence factors that S. aureus possesses.  

  The emergence of “superbugs”, such as methicillin-resistant S. aureus (MRSA), that 

can display resistance to multiple antibiotics has complicated treatment of infection and their 

emergence poses a serious threat to public health (Lowy, 1998; Ruffing et al., 2012; Mongodin 

et al., 2003). A recent study published this year estimated that in 2019, MRSA was one of the 

pathogens in which resistance was attributable to 100,000 deaths and 3.5 million disability-

adjusted life-years (Murray et al., 2022). Furthermore, patients suffering from MRSA 

infections are associated with higher morbidity, higher treatment cost, hospital resources 

utilization and longer hospital stays have been associated with MRSA infections (Engemann 

et al., 2003). Attempts to eradicate MRSA are complicated because it can persist within a home 

environment and nearly any item in contact with skin can serve as a fomite in transmission. 

Additionally, colonization can persist over long periods of time in which strains can evolve 

and even be replaced with another strain within the same host (Azarian et al., 2016). This leads 

to development of persistent strains that are able to resist host-imposed nutrient starvation 

conditions and develop resistance to antibiotics. Therefore, thorough understanding of how S. 

aureus, and especially MRSA, controls its virulence factors and causes disease is crucial in 



 

2  

developing effective or novel drug targets and reduce the impact of this versatile pathogen.  

 

1.2 Virulence factors of S. aureus 

  S. aureus is a prolific pathogen due to an extraordinarily high number of virulence 

factors that it can express compared to other staphylococci. The ability of S. aureus to sense 

its environment and produce a vast arsenal of virulence factors such as protein A, hemolysins, 

leukocidins, proteases and immune-modulatory factors allows it to infect virtually any host 

tissues (Peacock et al., 2002; Zecconi and Scali 2013; Turner et al., 2019). These virulence 

factors allow it to successfully establish infection, avoid killing by host immune cells, invade 

tissues, and maintain infections (DuMont et al., 2011; Foster et al., 2014). Furthermore, distinct 

mechanisms such as inhibition of uptake and killing by phagocytic cells, dissemination in the 

bloodstream and abscesses or biofilms formation allow S. aureus to survive in different host 

microenvironments (Thammavongsa et al., 2009).  

 1.2.1 Origin of infection 

  S. aureus infections usually originate from asymptomatic colonization, infected 

fomites (particularly in hospital settings), or transfer from other individuals                                  

(von Eiff et al., 2001). To establish a systemic infection, a breach of the protective dermis 

typically needs to occur (Stryjewski and Chambers, 2008). While infections can develop from 

minor skin scratches, S. aureus can also actively promote epithelial disruption by secreting α-

toxin, a major cytolytic toxin in S. aureus. This activity of α-toxin is dependent on the host 

metalloproteinase and distegrin domain-containing protein 10 (ADAM10). While ADAM10 

functions in the host to cleave membrane proteins at cellular surface, it also acts as a specific 

receptor for the bacterial protein (Wilke and Wardenburg, 2010).  

  Binding of α-toxin to ADAM10 can have two distinct outcomes in affected cells. 

Firstly, α-toxin causes disruption of epithelial barriers by triggering the breakdown of adherens 

junctions between neighboring epithelial cells (Popov et al., 2015). By activation of ADAM10, 

disruption of adherence junctions occurs through cleavage of E(epithelial)-cadherin, a host cell 

adhesion molecules (CAMs) protein that mediates cell-cell adhesion and is critical for tissue 

formation, adhesion and maintenance (Takeichi, 1977; Van Roy and Berx, 2008). As a result 

of α-toxin function in this capacity, the actin cytoskeleton de-polymerizes and epithelial barrier 

integrity is lost (N. Inoshima, Wang, and Wardenburg, 2012).  Secondly, α-toxin also functions 
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as a pore forming toxin by forming heptameric pores that penetrates the lipid-bilayer in a series 

of target cells (Inoshima et al., 2011; Gonzalez et al., 2007). Upon binding to its target cell via 

ADAM10, α-toxin oligomerizes to a pre-pore a heptameric mushroom-shaped structure, 

subsequently attacking the cell membrane by extrusion the β-barrel of through the lipid bilayer 

to form a hydrophilic transmembrane channel (Gouaux, 1998). One of the earliest and most 

important signalling following pore formation is the influx of extracellular calcium into the 

cells. This increased in intracellular calcium has been suggested to stimulate cytokines and 

release nitric oxide, as well as modulate host cellular processes. These inflammatory stimuli as 

well as triggers of pyroptosis (lytic programmed cell death) (Bantel et al., 2001), leads to 

immune cell recruitment(Craven et al. 2009), increased reactivity of vasculature                  

(Seeger et al., 1990), and modulating host immunity (Buerke et al., 2002). Overall, α-toxin is 

among the most potent virulence factors in S. aureus that allows it to play multiple roles in 

pathogenesis.  

 1.2.2 Establishment of infection and tissue invasion 

 After epithelial breach, S. aureus can establish systemic infection through active attack 

and elimination of immune cells such as neutrophils, the most prominent leukocyte in the 

blood, via cytolytic toxins. In the liver, the bacteria encounter Kupffer cells (macrophages of 

the liver) that have phagocytic activity allowing the liver to act as a bottleneck for subsequent 

bacteremia and establishment of infection in other organs (Surewaard et al., 2016). If the 

bacteria survive this stage, they can further disseminate through the bloodstream, attach to and 

invade tissues using MSCRAMMs (microbial surface components recognizing adhesive 

matrix molecules) surface proteins that adhere to host extracellular matrix factors (Patti et al., 

2003). These proteins are secreted by the general secretion pathway and are tethered to the 

peptidoglycan via reactions catalyzed by sortase A that links the threonine of a conserved N-

terminal structure (LPXTG motif) to the amino acid group of the terminal glycine residue in 

the peptidoglycan (Mazmanian et al., 2000).  

  MSCRAMMs are defined by the two adjacent IgG-like folded domains that promote 

binding to ligands. In S. aureus,  the two families of MSCRAMMs are those related to 

clumping factor A (ClfA) and those similar to the collagen-binding protein (Cna family). The 

two mechanisms in which MSRAMMs bind to ligands are the dock-lock-latch or the collagen-

hug mechanisms, both of which require conformational changes and can only be separated by 
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very strong forces(Foster et al. 2014). Interestingly, data from our lab have shown that an S. 

aureus strain with aberrant up-regulation in FnBPs caused accelerated mortality in mice 

(Goncheva et al., 2019), as well as enhanced invasion of epithelial cells (Goncheva, Flannagan, 

and Heinrichs, 2020). 

 1.2.3 Avoidance of killing by phagocytes 

  Once distributed in the blood, the bacterium faces host innate immune cells with the 

most predominant and most important in clearing S. aureus infections are neutrophils (Cheung, 

Bae, and Otto, 2021). The bacteria avoid phagocytosis via many levels that include 1. 

Inhibition of neutrophil extravasation from the bloodstream into tissues, activation, and 

chemotaxis (El-Benna et al., 2016), 2. Inhibition of phagocytosis by aggregation, protective 

surface structures and biofilm formation (Skurnik, Cywes-Bentley, and Pier, 2016), 3. 

Inhibition of opsonization (Lambris, Ricklin, and Geisbrecht, 2008), 4. Inhibition of neutrophil 

killing mechanisms (Kobayashi, Malachowa, and DeLeo 2018) and 5. Direct elimination of 

neutrophils by cytolytic toxins (such as α-toxin discussed above) or triggering apoptosis (Wang 

et al., 2007).  

  Despite possessing anti-phagocytic effectors, S. aureus can still be captured and 

ingested by professional phagocytes including neutrophils. Neutrophils have potent anti-

microbial effectors that attack phagocytosed bacteria through oxygen dependent and oxygen 

independent mechanisms (Kobayashi, Malachowa, and DeLeo, 2018). Oxygen-dependent 

killing is driven through activation of NADPH oxidase (Nox2) that catalyzes the formation of 

superoxide (O2
-) which spontaneously dismutates into hydrogen peroxide (H2O2). 

Subsequently, the enzyme myeloperoxidase (MPO) utilizes H2O2 as a substrate in the catalysis 

of hypochlorous acid (HOCl) which is a major reactive oxygen species (ROS) effector 

molecule (Klebanoff et al. 2013). Simultaneously, oxygen-independent effectors also act to 

intoxicate phagocytosed bacteria and these effectors include molecules such as defensins, 

specifically the human neutrophil peptides (HNPs). These molecules have also been found to 

increase phagocytosis of S. aureus by human and murine macrophages by induction of  TNF-

α and IFN-γ release (Soehnlein et al., 2008).  

  To counter host immune defenses, S. aureus expresses several factors that promote 

bacterial survival. This includes enzymes that can detoxify phagocyte formed ROS or enzymes 

that can altogether inhibit ROS production (Fig.1). For example, staphyloxanthin, the 
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carotenoid pigment produced by S. aureus, scavenges oxygen radicals owing to a series of 

conjugated double bonds that comprise its molecular structure (Clauditz et al., 2006).  

Additionally, S. aureus produces superoxide dismutases that convert superoxide to the less 

toxic H2O2, catalase (KatA) and alkyl hydroperoxide reductase C (AhpC) which further 

detoxify H2O2 into oxygen and water (Cosgrove et al., 2007). As well, a lactate dehydrogenase 

is produced by induction of nitric oxide (NO) and contributes to maintaining redox homeostasis 

in the phagosomes (Richardson, Libby, and Fang, 2008). S. aureus can also inhibit oxidative 

burst by converting ADP and AMP to adenosine via the adenosine synthase A (AdsA) 

(Thammavongsa et al., 2009) and directly inhibit the activity of MPO via the staphylococcal 

peroxidase inhibitor (SPIN) that block the H2O2 substrate from the active site of MPO. 

  Regarding the oxygen-independent mechanism, neutrophils secrete defensins and other 

anti-microbial peptides that are commonly positively-charged; and thus, are attracted to the 

bacterial surface by electrostatic interaction. S. aureus has mechanisms that reduce the anionic 

character of cell membrane and cell wall – namely the dlt operon that incorporate D-alanine 

into lipoteichoic acid (Perego et al., 1995) and MprF (multiple peptide resistance factor) that 

catalyzes the synthesis and flipping of the positively charged phospholipid lysyl-

phosphatidylglycerol within the cell membrane, overall increasing positive charge and 

changing cell membrane fluidity (Mishra et al., 2009). 

   Lastly, S. aureus is among one of the few bacteria that are completely insensitive to 

lysozyme. As a muramidase that cleaves peptidoglycan, lyzozyme is secreted by various host 

cells(Keshav et al., 1991) (monocytes, macrophages and colonic epithelial cells) and is present 

in body fluids such as serum, saliva, sweat and tears. The activity of lysozyme is reduced by 

alteration of peptidoglycan catalyzed by O-acetyltransferase (OatA), an integral membrane 

enzyme that acetylates the muramic acid parts of peptidoglycan (A. Bera et al., 2005).  
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Fig. 1: S. aureus subverts both oxygen-dependent and -independent bactericidal 

mechanisms of neutrophil phagosome. In the oxygen-dependent mechanisms, superoxide 

dismutases (SOD) convert harmful superoxide and catalase as well as AhpC convert hydrogen 

peroxide to oxygen and water. The SPIN protein inhibits myeloperoxidase (MPO), which 

produces the most potent reactive oxygen species (ROS), hypochlorite. The yellow pigment 

staphyloxanthin generally protects S. aureus cells from ROS. In the oxygen-independent 

mechanisms, the activity of antimicrobial peptides (AMPs) is diminished by secreted proteases 

and reducing the anionic character of the bacterial cell surface. Lysozyme activity is reduced 

by OatA-catalyzed alteration of peptidoglycan. Finally, S. aureus secretes nuclease that can 

digest neutrophil extracellular traps (NETs). Modified fromg Cheung, Bae, and Otto, 2021. 

 

 1.2.4 Maintenance of infection  

 As bacterial density increases, nutrients availability decreases. To scavenge nutrient 

macromolecules from host cells, S. aureus produces cytolytic peptides such as α-toxin, phenol-

soluble modulins (PSM) and leucocidins. As discussed above, α-toxin can lyse red blood cells, 

platelets, neutrophils, monocytes, T cells, pneumocytes, and keratinocyte(Berube and 

Wardenburg, 2013).  PSMs have been found to have at least two main functions related to their 

detergent-like feature that may allow S. aureus to persist on epithelial surfaces of humans and 

other mammals or on medical devices such as catheters (Cheung, Bae, and Otto, 2021). 

Specifically, PSMs have strong surfactant activities with relatively low hydropathicity that 

facilitates colonization of wet surfaces, starting from planktonic or biofilm-associated states 
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(Tsompanidou et al., 2013; Periasamy et al., 2012). As cytolysins, PSMs promote cell lysis via 

a receptor-independent mechanism (unlike α-toxin) which includes membrane attachment, 

disintegration and followed by pore formation (Kretschmer et al., 2010). Lastly, S. aureus also 

produces a series of the bicomponent toxins that have two separate water-soluble monomeric 

subunits.  These toxins can kill immune cells via recognition of cellular receptor on the surface 

of host cells, dimerization and oligomerization into an assembly of an octomeric pre-pore 

structure, leading to membrane insertion and forming β-barrel pores that span the phospholipid 

bilayer (Alonzo, III, and Torres, 2014). These bicomponent toxins can further be characterized 

into: the Panton-Valentine leukocydin family (PVL, consisting of LukS and LukF proteins), 

the leukocidins LukDE and LukAB, and gamma-toxin (gamma δ-hemolysin, HlgA, HlgB and 

HlgC)(Otto 2014). Like other pore-forming toxins, pore formation leads to ion influx and 

efflux, initiation of a variety of apoptotic and necrotic processes and ultimately cell death 

(Aman and Adhikari, 2014).  

 1.2.5 Survival within host cells 

  To further hide from attacks of immune cells, S. aureus can also hide inside a wide 

variety of host cells (Fraunholz and Sinha, 2012) – including phagocytes such as neutrophils 

and monocytes as well as epithelial and endothelial cells such as keratinocytes and osteoblasts. 

To invade non-professional phagocytes, S. aureus uses the zipper type mechanism that 

involves bridging of the fibronectin (Fn)-binding proteins A and B (FnBPA and FnBPB) to 

α5β1 integrins on host cell surfaces in a Fn-dependent manner (Sinha et al., 1999).  

  As an intracellular pathogen, S. aureus is able to replicate in the phagosome or freely 

in the cytoplasm of host cells. S. aureus has been shown in a cystic fibrosis cell line to employ 

α-toxin to form pores and disrupt the phagosomal membrane, then to translocate into the 

cytoplasm where it can replicate (Jarry, Memmi, and Cheung, 2008). Macrophage-

phagocytosed S. aureus can survive within the mature phagosomes (Lâm et al., 2010), cause 

disseminated of infection within the monocyte-derive macrophages (Kubica et al., 2008) and 

use various strategies to impeded macrophage recruitment, phagocytosis and degrative 

abilities. In fact, our lab has characterized the replication of S. aureus within the 

phagolysosomes of macrophages and developed a fluorescence based-proliferation assay that 

can identify replicating bacteria within host cells (Flannagan et al., 2018; Flannagan, Heit, and 

Heinrichs, 2016). Moreover, S. aureus can subvert autophagy (sequestering cytoplasmic 
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content via usage of isolation membrane and eventually delivering them to lysosomes), a 

mechanism host cells use to dispose leaky vesicles or intracellular bacteria.  To do so, S. aureus 

inhibits fusion of phagosome with lysosomes (Schnaith et al., 2007). Finally, S. aureus induces 

cell death mechanisms such as apoptosis or pyronecrosis (pro-inflammatory cell death) of 

phagocytes via the use of three types of toxins discussed above (Fraunholz and Sinha, 2012).   

 1.2.6 Intracellular persistence and growth 

  Not all bacterial cells are killed by the phagolysosomes. As such, S. aureus has been 

reported to persist inside phagocytes or endothelial cells for prolonged periods (Sendi and 

Proctor, 2009). Persistent S. aureus has been associated as small-colony variants (SCVs) which 

are slow-growing cells with reduced metabolism that has been associated increased antibiotics 

resistance and persistence within host cells (Proctor et al., 2014). Interestingly, compared to 

“normal” cells, SCVs have been shown to have increased uptake by host cells and S. aureus 

SCVs isolated from clinical specimen have been consistently associated with deficiency in 

electron transport or in thymidine biosynthesis (Proctor et al., 2014). Furthermore, SCVs have 

been found to display a thick cell wall (Bulger and Bulger, 1967) and an upregulation of the 

alternative sigma factor σB that allows it to cope with various environmental stressors     

(Moisan et al., 2006). Overall, there has been increasing evidence that S. aureus can persist 

and retain its infectivity due to its extreme durability and thus, can serve as a source of recurrent 

infections (Fraunholz and Sinha, 2012).  

 In summary, S. aureus possess a large arsenal of virulence factors that allow it to initiate 

infection, evade killing by innate immune cells, survive within host cells and contribute to 

persistence infections.  

 

1.3 Nutritional Immunity: a mechanism at which host cells restrict transition 

metal access from pathogens 

  Transition metals are important micronutrients critical for survival of all life forms. 

They are involved in many biological processes such as incorporation into metalloenzymes, 

storage proteins and transcription factors. As a way to limit proliferation of pathogens, 

vertebrates employ a strategy termed “nutritional immunity” to restrict free transition metals 

from bacteria or direct the toxicity of these metals against them (Hood and Skaar, 2012). Four 

metals including iron, manganese, zinc and copper, are the most well-studied transition metals 
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in the context of host nutritional immunity and their roles in bacterial physiological processes. 

For the purpose of this study, I will focus on the mechanism in which host sequester free Mn 

and how S. aureus competes for Mn (and Zn, as these metal have overlapping mechanisms).  

 1.3.1 Calprotectin withholds Mn and Zn from pathogens 

  The bioavailability of Mn in the host can vary widely – with different tissues exhibiting 

differences in Mn levels. In humans, Mn concentration in blood and serum range from 20 to 

200 nM, 20-50 nmol/g in liver and kidneys and less than 20 nmol/g in other organs such as 

brain, heart and lungs (Hurley, Keen, and Baly, 1984). The S100 family of calcium binding 

proteins found in vertebrates have been implicated in defense against infection. Importantly, 

the S100A8 and S100A9 function as a heterodimer called calprotectin. With high antimicrobial 

properties against bacterial and fungal pathogens, calprotectin makes up of approximately 40% 

of protein composition of the neutrophil cytoplasm and leads to an excess concentration of 1 

mg/mL within tissue abscesses (Gebhardt et al., 2006). It protects against infection by chelating 

Mn2+ and Zn2+ through two high-affinity binding sites. Interestingly, both sites can bind to Zn2+ 

at nanomolar affinity while only one site has such affinity for Mn2+ (Kehl-Fie et al., 2011). A 

study by Corbin et al., 2008 was the first publication that showed the protective function of 

calprotectin. They also found that neutrophil-derived calprotectin can inhibit S. aureus growth 

through metal chelation and results in re-programming of the bacterial transcriptome. 

Moreover, abscesses of calprotectin-deficient mice were found to be enriched in metal as well 

as to have increased bacterial proliferation. Overall, these findings demonstrate that 

calprotectin is critical in innate immune response to infection and define metal chelation as a 

strategy to inhibit microbial growth abscessed tissue.  

 

1.4 Manganese  

 1.4.1 Manganese is an essential nutrient 

  Virtually all biological systems require Mn ions as they play vital roles for living 

organisms, including bacterial pathogens. Bacteria use Mn as cofactors in diverse range of 

biochemical processes (Table 1), such as carbon transformation, nucleic acid and protein 

synthesis, DNA replication, regulation of virulence factor regulation and metabolism of ROS 

(Jakubovics and Jenkinson, 2001). This thesis will focus on Mn which S. aureus utilizes as a 

cofactor for various enzymes in many biological processes. In S. aureus, Mn2+ is mostly known 
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to be the cofactor for superoxide dimutases and plays important roles in defending the bacterial 

cells against the oxidative bursts of phagocytes during infection (Cassat and Skaar, 2011). 

Paradoxically, excess of Mn is toxic to the cells; therefore, maintenance of intracellular Mn is 

tightly regulated.  

 

Table 1. Selected functions of Mn within bacterial cells (from Jakubovic and Jenkinson, 2001)  

Process or pathway Enzyme or protein 

Photosynthesis  Mn-stabilizing protein (PSII-O) 

Gluconeogenesis PEP synthase, Pyruvate carboxylase 

Glycolysis 3-Phosphoglycerate mutase 

Sugar metabolism L-Fucose isomerase 

6-Phospho-beta-glucosidase  

Amino acid metabolism Arginase 

Glutamine synthetase 

Threonine 3-dehydrogenase 

Aromatic acid metabolism Muconate cycloisomerase 

Peptide cleavage Aminopeptidase P 

Nucleic acid degradation Ribonuclease HII 

Endonuclease IV 

Signal transduction Serine/threonine protein phosphatase 1 and 2 

Stringent response (p)ppGpp 3’-pyrophosphaohydrolase 

Oxidative stress defence Mangani-catalase 

MnSOD 

 

 1.4.2 Manganese homeostasis in S. aureus  

 The two high affinity staphylococcal systems that import Mn ions from the 

environment are the MntABC ATP-binding cassette-type transporter and MntH which belongs 

to the NRAMP (natural resistance-associated macrophage protein) family of transporters     

(Fig. 2, Horsburgh et al., 2001). During tissue infections, both transport systems compete with 

the vertebrate host protein calprotectin, for Mn acquisition (Kehl-Fie et al., 2013). In the 3-
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protein ABC transporter, mntA encodes the ATP-binding domain, mntB the transmembrane 

permease and mntC the substrate-binding lipoprotein.  

  Notably, MntC has been found to be an important virulence factor of S. aureus as well 

as a moonlighting protein that performs multiple independent functions in different cell 

compartments. Other than binding to metal ions, MntC was found to bind extracellular matrix 

and plasminogen, suggesting a role in staphylococcal mucosal colonization and establishment 

of invasive disease (Salazar et al., 2014). In fact, MntC is one of the most abundant lipoproteins 

in S. aureus (Stoll et al., 2005) where strains lacking mntC were shown to be more susceptible 

to oxidative burst by neutrophils (Coady et al., 2015) and concurrent lack of mntC and mntH 

resulted in decreased bacterial burdens in a staphylococcal skin abscess model of infection 

(Kehl-Fie et al., 2011).  

  As a critical component for pathogenesis that was found to be expressed during early 

stage of infection, MntC has been included in passive and active S. aureus immunization study 

by Pfizer as well as four other important virulence factors; clumping factor A (ClfA), 

fibronectin binding protein B (FnbB) and capsular polysaccharides (Anderson et al., 2012; 

Rauch et al. 2014). Immunization studies found that MntC can induce a protective immune 

response and was effective in reducing the bacterial load of S. aureus in the blood in a mouse 

bacteremia model (Anderson et al., 2012). Additionally, anti-MntC monoclonal antibodies that 

can bind to both S. aureus and S. epidermidis cells were found to be protective in an infant rat 

passive protection model (Yu et al., 2018). 

  Transcription of MntABC is regulated by MntR, the DtxR family metalloregulator 

manganese transport regulator (Horsburgh et al., 2002a). The MntR transcriptional regulator 

binds intracellular Mn and represses MntABC transcription. It is unclear whether transcription 

of MntH is Mn-dependent and/or regulated by MntR. To prevent cytoxicity whereby 

intracellular Mn concentration is high, excess Mn is effluxed through MntE which belongs to 

the cation diffusion facilitator transporter family. Interestingly, presence of MntR and MntE 

was required for S. aureus to express full virulence in murine models of infection    

(Grunenwald et al., 2019), suggesting the importance of the regulation of intracellular Mn for 

pathogenesis.  
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Fig. 2: Manganese homeostasis in S. aureus. Mn2+ ions are imported into the cell by the 

MntABC and MntH transporters while MntE export excess Mn2+ to prevent cytotoxicity. The 

transcriptional regulator MntR binds to intracellular Mn and represses mntABC transcription. 

Modified from Price and Boyd, 2020.  

 

 1.4.3 Manganese and iron are essential cofactors for superoxide dismutases 

 One of the prime colonizing sites in S. aureus is in the nasopharynx which is rich in 

metal ions including manganese (Gupta et al., 2013). Here, Mn is taken up via the MntABC 

transporter to protect the bacterial cells from oxidative burst mechanism employed by the host. 

Mn taken up by MntABC is then incorporated as a co-factor into the ROS-detoxification 

enzymes, superoxide dismutase (SodA and SodM). SodA and SodM are metalloproteins that 

catalyze the dismutation of O2
-, the first ROS produced upon reduction of oxygen, by 

converting it to H2O2 and O2. These dismutases have been shown to be important for full 

virulence of S. aureus (Karavolos et al., 2003b) and for repair following oxidative damages to 

establish growth after phagocytic oxidative bursts by host cells (Horsburgh et al., 2002b). 

Interestingly. S. aureus isolated from the inflammatory and oxidized sputum of cystic fibrosis 

(CF) patients have increased transcription of sodA and sodM, the latter having higher 

transcriptional level than in bacterial in vitro cultures (Treffon et al., 2020). These findings 

further provide evidence that these superoxide dismutases contribute to S. aureus virulence and 

allow the bacteria to persist within the hostile environments of the host, such as the CF airways.   
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 While all staphylococcal spp. encode SodA, S. aureus is unique in that it encodes an 

additional superoxide dismutase, SodM, which presumably enhances the ability of S. aureus 

to resist superoxide dependent intoxication as compared to other staphylococcal spp. SodA 

strictly binds Mn as a co-factor and was found to play an important role for ROS resistance 

under Mn replete conditions (Garcia et al., 2017a). In contrast, SodM was found to be important 

under Mn-deplete conditions suggesting that S. aureus employs different dismutase depending 

on Mn concentration. Conceivably, this is due to the fact that SodM can function using Mn or 

Fe as a metal cofactor in vitro, and can be activated with both metals in vivo                            

(Garcia et al., 2017b). This finding suggests that cambialistic SOD may represent a strategy 

for S. aureus to maintain defense against superoxide in niches where Fe and Mn can fluctuate.   

 

1.5 Brief overview of S. aureus metabolism  

  The ability to synthesize or acquire nutrients is critical for pathogen to survive and 

replicate. As well, to advance disease progression, S. aureus needs to express its virulence 

factors; however, this activity is driven by the metabolic state of the cells (Somerville and 

Proctor, 2009a). Unlike the metal micronutrients discussed above, S. aureus can synthesize 

some of these macromolecules on its own. To give an overview of its metabolism, S. aureus 

can synthesize the 12 basic metabolic precursors used to build macromolecules. To metabolize 

carbohydrates, it utilizes glycolysis and the pentose phosphate pathways (PPP), the latter also 

produces phosphoribosyl pyrophosphate (PRPP). PRPP is an important metabolite because it 

is the starting compound in the production of purines and pyrimidines (Fig. 3). To produce 

reductants for respiration and other essential precursors, S. aureus can complete the 

tricarboxylic acid (TCA) cycle that is repressed in exponential phase when nutrients such as 

amino acids and glucose are abundant and when glucose is limited the repression is released. 

S. aureus can also synthesize the majority of amino acids, including branched-chain amino 

acids (BCAAs), although work from our lab found that it prefers to acquire BCAAs from the 

environment (Kaiser et al., 2016). In this thesis, I will only focus on purine metabolism which 

involves de novo synthesis, the purine salvage pathway and extracellular import.  

 1.5.1 Metabolism and virulence control 

  To infect and survive in the host, S. aureus requires a sufficient level of important 

metabolites and co-factors to maintain cellular integrity and permit replication. Regulation of 
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metabolites allows S. aureus to utilize variable energy storage to control its virulence, 

especially during its transfer from a colonization to infection state (Goncheva et al., 2019a; 

Sause et al., 2019). S. aureus does so by activating transcription of virulence genes in a manner 

that is regulated by environmental and nutritional signals (Lakhundi and Zhang, 2018). Altered 

metabolic status results in the transduction of intracellular signals that can be sensed by 

regulatory proteins (Somerville and Proctor, 2009b). These include CodY that responds to 

intracellular BCAAs and GTP, catabolite-control protein A (CcpA) that responses to glycolytic 

intermediates to avoid carbon-wasting and energy-synthesizing macromolecules               

(Henkin et al.,1991), GlnR that is responsive to key intracellular nitrogen donors that are 

glutamate, glutamine and ammonium in growth medium (Guédon et al., 2001), and most 

important to this study, PurR (transcriptional regulator of purine biosynthetic genes) which has 

also recently been demonstrated by our lab to have roles in regulating production of FnbA and 

FnbB (Goncheva et al., 2019b). In summary, the ability for S. aureus to cause disease by 

expressing virulence factors is tightly regulated by metabolic cues and other environmental 

factors.  

 1.5.2 Purine Metabolism  

  Purine metabolism is a key process that allows the cell to acquire building blocks of 

DNA as well as energy storage molecules both of which are essential for bacterial survival and 

replication. Purines are heterocyclic aromatic organic compounds that consist of two rings. 

They are essential components involved in various cellular functions, such as nucleic acid 

synthesis, cellular potential energy storage and transfer, cellular metabolism and signal 

transduction. Several reports have described the importance of nucleotide biosynthesis to cause 

bacterial infection as certain purine auxotroph mutants of Salmonella (Stocker, Hoiseth, and 

Smith, 1983), S. aureus (Mei et al., 1997) and S. pnuemoniae (Brooks and Mias, 2018) have 

been shown to be avirulent in murine infection.  These findings suggest that purines and some 

amino acids are scarce in vivo, therefore, pathogens must rely on their ability to synthesize 

these compounds de novo or acquire them extracellularly to survive and cause disease in the 

host.  

  The first component of purine metabolism is de novo purine synthesis which S. aureus 

can accomplish, as evidenced by growth of WT strain in purine-free media. In summary, the 

de novo purine biosynthesis produces inosine 5-monophosphate (IMP) as the base purine 
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molecule that can be converted via two separate pathways into adenosine triphosphate (ATP) 

or guanosine triphosphate (GTP), both of which are energy storage molecules (Fig. 3). Through 

subsequent modifications, ATP and GTP can be converted into nucleotides used in DNA 

replication as well as generation of signalling molecules such as cyclic-di GMP(Goncheva, 

Chin, and Heinrichs, 2022a). Therefore, the reliance of the purine synthesis pathway for growth 

and proliferation is widely observed in bacteria (Kilstrup, Hammer, Jensen, et al., 2005). 

Indeed, our lab has already demonstrated that de novo purine synthesis is required for S. aureus 

intracellular growth (Goncheva, Flannagan, and Heinrichs, 2020a). 

 

 

Fig.3: De novo purine and pyrimidine synthesis pathways of bacteria. PRPP generated 

from the pentose phosphate pathway is used in pyrimidine synthesis to produce pyrimidine 

(thymine, uracil and cytosine) nucleotides and in purine synthesis to generate energy storage 

compounds, ATP and GTP, as well as their dinucleotides via a series of biochemical reactions. 

Diagram from Goncheva, Chin, and Heinrichs 2022a. 
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  In S. aureus, de novo purine biosynthesis is regulated by PurR which acts as a 

transcriptional repressor by binding to an operator called a “pur box” within the promoters of 

PurR regulated genes. The purine biosynthetic precursor, PRPP, binds to PurR and alters its 

affinity for  DNA. Recently, our lab and another research group have linked PurR-dependent 

gene regulation to virulence in S. aureus (Goncheva et al., 2019a). The purR mutant with 

upregulated expression of purine biosynthesis genes was demonstrated to be hypervirulent by 

our lab as purR-infected mice displayed increased disease severity and mortality in a systemic 

model of infection. The purR mutants also had increased bacterial burdens in the heart, blood 

and kidneys of infected mice (Goncheva et al., 2019a). Another group demonstrated that purR 

was acutely virulent in bloodstream infection of mice and in primary human neutrophils    

(Sause et al., 2019). Furthermore, two recent studies proposed an important clinical 

relationship between purine biosynthesis and outcomes of MRSA bacteremia (Li et al., 2018) 

and endovascular infection (Li et al., 2020). MRSA strains isolated from patients with 

persistent bacteremia (PB) are associated with higher expression of purine biosynthesis genes, 

earlier activation of key virulence factors and faster growth rates compared to isolates from 

patients with resolving bacteremia (RB). Taken together, the significant coregulation of purine 

biosynthesis and virulence factors suggest that S. aureus increases its pathogenic potential 

when faced with nucleotide shortage and that nutrient acquisition is critical for pathogenesis 

and survival (Goncheva, Chin, and Heinrichs, 2022).  

 

 1.5.3 Transport of exogenous purines in S. aureus is not well-characterized 

 In the absence of de novo purine biosynthesis, exogenous purines can be imported into 

the bacterial cells through transporters (Fukuda and Schuetz, 2012). In Lactococcus lactis, 

another Gram-positive bacterium, common nucleosides are transported by an ATP-binding 

cassette (ABC) transporter called BmpA-NupABC, while uridine and deoxyuridine are 

transported by the UriP transporter (Martinussen et al., 2010). Similarly, nupNOPQ and nupG 

genes in Bacillus subtilis have also been identified to code for an ABC transporter that imports 

guanosine and other purine nucleosides (Belitsky and Sonenshein, 2011). In E. coli, the broad-

specificity transporter, NupG, transports purine and pyrimidine nucleosides while the more 

selective transporter, NupC, transports mainly guanosine and inosine (Craig, Zhang, and 

Gallagher, 1994; Westh Hansen, Jensen and Munch-Petersen, 1987; Patching et al., 2005). 

Interestingly, various studies of nucleotide import in Borrelia burgdorferi, Salmonella typhi 
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and Streptococcus pneumoniae have reported that extracellular import is the main method of 

nucleobase and nucleotide acquisition in some instances and that the host restriction of these 

nutrients can control bacterial infections (Bucarey et al., 2005; Cuellar et al., 2020; Saxena et 

al., 2015).  

  Although S. aureus has been extensively studied, not much is known about the roles of 

specific proteins in its purine biosynthesis pathway, or the role of the intracellular purines pool 

for growth and virulence. Most bacteria can produce nucleotides de novo while others, such as 

some lactic acid bacteria, require addition of either purines or pyrimidines in the media to grow. 

In turn, these bacteria utilize salvage pathways for conversions to nucleotides (Kilstrup, 

Hammer, Ruhdal Jensen, et al., 2005). On the other hand, many bacteria such as B. subtilis and 

E. coli can utilize nucleotides as purine or pyrimidine sources but they need to be 

dephosphorylated by extracellular nucleotidases before being imported into the cells 

(Zakataeva, 2021; Terakawa et al., 2016).  

 In abscess lesions, staphylococci replicate within the fibrin-encapsulated communities 

and attract phagocytes, such as neutrophils, to implement purulent destruction of host tissues 

(Cheng et al., 2010). Here, activated neutrophils release traps (neutrophil extracellular traps, 

NETs) of extracellular matrix composed of nuclear and mitochondrial DNA, antimicrobial 

peptides and granular proteins (Thammavongsa, Missiakas, and Schneewind, 2013). Although 

many pathogens are susceptible to killing by NETs, S. aureus can pivot this extracellular 

(e)DNA-rich environment to its advantage by using secreted nucleases (Nuc) and the cell 

surface-attached nucleotidase adenosine synthase A (AdsA) to convert host eDNA into dAMP 

and subsequently deoxyadenosine (dAdo), a compound that exquisitely kills macrophages by 

attacking the mammalian purine salvage pathway (Thammavongsa et al., 2009). Clearly, the 

abscess represents an environment that is nucleotide-rich and S. aureus has the ability to break 

down host nucleotides via the nucleases; however, it has not been demonstrated whether             

S. aureus can import these purines into the cells within the NETs-populated abscesses. An 

example of how bacteria can utilize host eDNA as purine source and increase fitness is 

demonstrated in V. cholerae where extracellular nuclease degrade eDNA into nucleotides 

which are transported though the outer membrane via the pore-forming outer membrane 

OmpK, and subsequently dephosphorylated nucleosides via three periplasmic phosphatase 

(nucleotidase). As free nucleosides, they are then taken up by the NupC nucleoside systems 

and used as a source of carbon and nitrogen (Gumpenberger et al., 2016a). Nonetheless, our 



 

18  

lab has demonstrated in vitro that S. aureus can import exogenous purines when it cannot 

synthesize purines de novo, either from inactivation of purine biosynthetic genes or from the 

use of pharmacologic inhibitors of purine synthesis (Goncheva, Flannagan, and Heinrichs, 

2020b; Flannagan and Heinrichs, 2020). The complete growth rescue of purine auxotrophic    

S. aureus by exogenous purines suggests that there exists at least one purine importer that 

uptakes purines from the environment.  

 

A.      B. 

      

Fig. 4: The growth defect of purine biosynthetic S. aureus mutants in purine-free media 

can be rescued by exogenous IMP. Growth after 24 hours of WT and mutants of purine 

biosynthesis in purine-free media (A) and IMP-rich media (B). Graphs modified from 

Goncheva et al.(Goncheva, Flannagan, and Heinrichs 2020a) 

  

 1.5.4 Known purine transporters in S. aureus 

  In S. aureus, some of the characterized transporters of purine nucleotides and 

nucleosides can be found in the purine salvage pathway. First, the xanthine permease (encoded 

by pbuX) imports xanthine and, together with xpt (xanthine phosphoribosyltransferase), guaA 

(IMP dehydrogenase) and guaB (GMP synthetase), makes up the riboswitch that has been 

found to regulate both purine biosynthesis and purine salvage pathways, in response to guanine 

concentration (Fig. 4). Bacterial riboswitches such as this one that regulate de novo guanine 

synthesis have gained attention as a novel class of antimicrobial drug targets because they have 

high affinity for small molecules, are absent in humans, and regulate expression of multiple 

genes, many of which are essential for cell viability. This riboswitch functions as a negative 

feedback loop where the end product of the biosynthetic or nutrient salvage operon, guanine, 

directly inhibits its own expression. In short, binding of guanine to its riboswitch causes 

transcriptional attenuation by formation of an intrinsic terminator, shutting down the 
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expression of the cognate biosynthetic operon (Serganov and Nudler, 2013).  Within the purine 

salvage pathway of S. aureus, PbuX functions to recycle nucleosides and nucleobases by 

importing hypoxanthine and xanthine into the cells to be converted into IMP (by Hpt) or XMP 

or GMP (by Xpt) which can be further modified to generate nucleotides (Kofoed et al., 2016a).   

 

 

Fig.4: Xanthine permease (PbuX) functions by importing hypoxanthine and xanthine to 

enter the purine salvage pathway. PbuX salvages nucleosides and nucleobases and convert 

them into IMP, XMP or GMP. IMP is the first branch point for guanine and adenine de novo 

biosynthesis. GuaB converts IMP to XMP as the first committed step to generate dGTP used 

in DNA synthesis. Modified from Kofoed et al., 2016.  

 

  Other than PbuX, S. aureus also encodes for NupC transporter. In E. coli, NupC is was 

found to transport both pyrimidine and adenine nucleosides (Xie et al., 2004) while it was 

found to mainly transport purines in H. pylori (Miller, Vaish, and Maier, 2012). In S. aureus, 

NupC has been annotated as a nucleoside permease in the UniProt database (NupC - 

Nucleoside Permease NupC - Staphylococcus aureus (Strain COL)). Although recent work 

have shown that it transports thymidine to support the growth of thymidine-dependent small 

colony variants (TD-SCVs) (Kriegeskorte et al., 2014), it is possible that NupC may import 

purines as well.  

 Lastly, recent works by our lab has found that mutations in the xanthine-uracil 

permease (stgP; also annotated guanine permease (pbuG)) and the hpt gene from the purine 

salvage pathway lead to resistance to a purine analog anti-virulence compound, 6-thioguanine 

(6-TG)(Chin, Goncheva, Flannagan, and Heinrichs, 2021). This work suggests that StgP is 

likely the major transporter of 6-TG into the cell. Other than its annotation as a xanthine-uracil 

transporter and the resistance to a purine analog of this mutant, the substrates of StgP have not 
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yet been investigated. Overall, the three transporters of purines described above may 

potentially be involved in the transport of exogenous purines that are responsible for the growth 

rescue of purine auxotrophic mutants that cannot synthesize purines de novo.  

 

1.6 Methotrexate and 6-mercaptopurines as purine biosynthesis inhibitors 

  Considering the importance of purine biosynthesis in bacterial survival, several reports 

have outlined the use of nucleoside analogs in treatment of bacterial infections and highlighted 

a few compounds that have effects in vivo (Goncheva, Chin, and Heinrichs, 2022b). Among 

these compounds, our lab has recently demonstrated that multiple staphylococcal species 

naturally secrete the purine analog, 6-TG, that has the ability to inhibit S. aureus expression of 

virulence factors (Chin, Goncheva, Flannagan, Deecker, et al., 2021). A large number of 

nucleotide synthesis inhibitors that are used clinically have been developed for treatment of 

various cancers but can be adapted for use as antimicrobials.                                                      

(Goncheva, Chin, and Heinrichs, 2022).  

  In this study, I have used two inhibitors of de novo purine biosynthesis – methotrexate 

(MTX) and 6-mercaptopurine (6MP), two anti-cancer drugs that both interfere with human and 

bacterial DNA replication. MTX is a folate antagonist that interferes with folate synthesis, an 

important co-factor needed for synthesis of nucleotides (Baggott and Tamura, 2015). In 

eukaryotic cells, 6MP has shown antiproliferative effects through functioning as a purine 

analog and thereby incorporating into nucleic acid chains, leading to DNA damage and 

apoptosis, and blocking the de novo purine synthesis (Taylor, Watson, and Bradley, 2005; 

Chouchana et al., 2012). Interestingly, both compounds were found to be potent antibiotics at 

high doses for Mycobacterium avium subspecies paratuberculosis (MAP), the causative agent 

of some cases of inflammatory bowel disease (Greenstein et al., 2007). At low doses, they have 

been associated with clinical improvement in inflammatory and autoimmune diseases such as 

Crohn’s and inflammatory bowel diseases (IBD) due to its ability to reduce the production of 

pro-inflammatory cytokines (Bernstein et al., 1994; Rian et al., 2009). Overall, both of these 

compounds have the potentials to inhibit S. aureus growth via nucleotide synthesis and to be 

used as tools to study extracellular purine transport.  
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1.7 Project rationale and hypothesis 
 

 S. aureus infections can be challenging to treat because of its complex pathogenesis 

and the emerging antibiotic resistance. The ability for S. aureus to cause disease can be 

attributed to its prolific ability to acquire nutrients such as purines in the nutrient-starved 

environment of the host (Goncheva, Flannagan, and Heinrichs, 2020a). To date, the mechanism 

of purine import in S. aureus has not been investigated, despite the abundance of knowledge 

of purine transporters in other bacteria. Numerous studies, including those published by our 

lab, have established the intimate link between purine metabolism, and expression of virulence 

genes, highlighting importance of purines in S. aureus pathogenesis, virulence and persistence. 

Considering the importance of purines in cell proliferation, energy storage and virulence 

control, this knowledge gap represents an interesting avenue to explore to gain a better 

understanding of how S. aureus acquire purines from the environment.  

  Our lab has demonstrated that S. aureus with mutations in purine biosynthesis genes 

(such as purK, purA, purM and purF) cannot grow in purine-free media (Fig. 5A) but upon 

addition of IMP, they can grow to WT levels (Fig. 5B) (Goncheva, Flannagan, and Heinrichs, 

2020a). The complete growth rescue of purine biosynthetic mutants with exogenous purines 

indicates that S. aureus must be transporting exogenous purines into the cells. Other than the 

three purine transporters mentioned above, it is possible that other purine transporters exist and 

have not been characterized. Therefore, I hypothesize that S. aureus possess at least one 

purine transporter that imports exogenous purines. To do so, we used two selective 

conditions that both consist of a drug that inhibits the purine biosynthesis and a purine, 

MTX+guanine and 6MP+IMP to screen for library of individual transposon mutants for the 

mutant of the purine transporter. I reasoned that purine biosynthesis mutants would grow 

normally in rich and minimal media as they can synthesize purines de novo. However, when 

inhibitor drugs are present in selective conditions, the purine transporter mutants will not grow 

since de novo purine biosynthesis is inhibited and the transposon mutation disrupts the 

transporter, which will result in absence of growth.  
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1.8 Research objectives 
 

To address my hypothesis, I pursued the following research objectives: 

 Objective 1: Characterize how S. aureus transport purines 

• Identify which types of purines are transported by S. aureus 

• Test known purine transporter mutants for growth defects in conditions where de 

novo synthesis is inhibited 

 

Objective 2: Develop screening conditions to identify  putative mutants of the purine 

transporters 

• Define concentrations at which MTX and 6MP (pharmacologic inhibitors of de novo 

synthesis) that can inhibit WT growth in purine-free media 

• Define concentrations of IMP and guanine that can rescue the growth defect of a purine 

biosynthetic mutant in purine free-media 

• Optimize the conditions of MTX+ guanine and 6MP+IMP that can rescue WT growth 

but would impose a growth defect in putative purine transporter mutants 

 

 Objective 3:  Identify a mutant of the purine transporter using the Nebraska Transposon 

Mutant Library, a collection of 1,952 S. aureus mutants with known transposon insertions in 

non-essential genes (Fey et al., 2013) 

• Characterize the growth of each of these mutants in rich media, purine-free media, 

6MP+IMP and MTX+guanine 

• Identify mutants with growth defect in 6MP+IMP and MTX+guanine 

• Confirm the identity of putative purine transporter mutant using PCR 

• Evaluate whether the growth defect in the screening condition can be rescued by 

providing the gene in trans via  plasmid complementation of the mutant  
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Chapter 2 – Materials and Methods 
 

2.1 Bacterial strains, plasmids and growth media 

 All bacterial strains used in this study can be found in Table 2. S. aureus USA300 LAC 

cured of its endogenous antibiotic resistance plasmid served as the WT S. aureus strain for this 

study. S. aureus strains were grown in tryptic soy broth (TSB; Wisent), Roswell Park Memorial 

Institute-1640 (RPMI-1640; Wisent) or Chemically Defined Media (CDM) and E. coli in 

Luria-Bertani (LB) broth at 37˚C shaken at 200 rpm overnight, unless otherwise stated..  

  CDM was made as previously described in Horsburgh et al.(M. J. Horsburgh, Ingham, 

and Foster 2001) with components in mg/L as follows: Na2HPO4 (7,000), KH2PO4 (300), 

adenine sulfate (20), guanine-HCl (20), l-glutamic acid (2,220), l-aspartic acid (2,220),                

l-proline (2,220), glycine (2,220), l-threonine (2,220), l-serine (2,220), l-alanine (2,220),              

l-lysine-HCl (560), l-isoleucine (560), l-leucine (560), l-histidine (440), l-valine (440),                      

l-arginine (330), l-cystine (220), l-phenylalanine (190), l-tyrosine (170),  l-methionine (170), 

l-tryptophan (60), pyridoxal (0.8), pyridoxamine-2-HCl (0.8), d-pantothenic acid (0.4), 

riboflavin (0.4), nicotinic acid (0.4), thiamine-2HCl (0.4), and biotin (0.02). When specified, 

CDM and RPMI were treated with 20 g of Chelex-100 (Biorad) per liter and with stirring 

overnight at 4°C to remove any trace metals. When appropriate, cultures were supplemented 

with erythromycin (3 µg/mL), lincomycin (10 µg/mL), tetracycline (12 µg/mL), kanamycin 

(50 µg/mL) or chloramphenicol (12 µg/mL). Solid media was prepared with 1.5% (w/v) Bacto 

agar.  

 

2.2 Bacterial growth curves 

 Growth kinetics assessment of the ΔmntC mntH mutant relative to WT was performed 

in metals-free CDM (with acid-washed flasks) while that of sodA::Tn, sodM::Tn and 

sodAM::Tn were performed in TSB and CDM. In all cases, single-isolated colonies were 

grown overnight in TSB and sub-cultured into the flasks with 25 mL of suitable media at an 

initial OD600 of 0.01 before allowing to grow at 37˚C. The OD600 values were measured using 

the spectrophotometer every 2 hours for 12 hours (TSB) or 24 hours (CDM) using the 

respective media as a blank.  
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2.3 Screening of the Nebraska Transposon Mutant Library 

 Strains from the Nebraska Transposon Mutant Library containing individual 1,952 

gene mutants of S. aureus were inoculated from frozen stock into 200 µL of TSB with 

erythromycin and lincomycin in 96-well plates which were grown at 37˚C and shaken at 200 

rpm overnight. Each culture was then diluted to 1:100, followed by two 10-fold dilutions in 

saline. Drops of 10 µL from each culture and each dilution from overnight culture (10-2, 10-3 

and 10-4) were dropped onto three sets of plates; tryptic soy agar (TSA), Roswell Park 

Memorial Institute-1640 (RPMI-1640) and RPMI-1640 plates containing an inhibitor or a 

purine, either 0.01 mg/mL of MTX with 400 µM guanine or 25 mM of 6MP with 100 µm 

inosine monophosphate (IMP). TSA and RPMI-1640 plates were incubated for 24 hours while 

the selective RPMI-1640 plates were incubated for 72 hours at 37˚C and number of colonies 

were counted at a dilution with 10-40 visible colonies. Candidates were grown in tubes of            

5 mL TSB overnight, diluted to the OD600 of 0.1, and re-screened as described in Results 

section. Number of colonies in each media condition were enumerated as CFU/mL.  

 

2.4  General molecular genetic techniques 

 2.4.1 Chromosomal DNA extraction of S. aureus 

 For each strain, 500 µL of its overnight culture were diluted or allowed to grow to an 

OD600 of 10 and pelleted. The pellet was resuspended in 200 µL of STE (5 M sodium chloride, 

1 M Tris, 0.2 M EDTA (ethylenediaminetetraacetic acid)), 50 µL lysostaphin in STE (0.25 

µg/µL) and incubated at 37˚C for at least one hour. After cell lysis, 20 µL of 10% sodium 

dodecyl sulfate (SDS) and 20 µL of 20 mg/mL Proteinase K were added and samples incubated 

overnight at 55˚C. On the next day, 80 µL of 5M sodium chloride were added to each tube 

which was mixed by inversion. Next, each tube was supplied with 320 µL of 25:24:1 phenol: 

chloroform: isoamyl alcohol (IAA), mixed well by inversion and centrifuged at 13,000 rpm for 

15 minutes. The aqueous layer was transferred and supplied with 300 µL 24:1 chloroform: 

IAA, mixed by inversion and centrifuged at 19,000 x g for 15 minutes. This step was repeated 

but with 400 µL isopropanol. After centrifugation, pellets were washed with 750 µL of 70% 

ethanol, centrifuged at 19,000g for 10 minutes and allowed to dry after ethanol removal. DNA 

were re-suspended in 10-100 µL of ddH2O. DNA concentration was measured using 

Nanodrop® ND-1000 UV-Vis spectrophotometer. 
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 2.4.2 Purification of plasmid DNA 

 Plasmid DNA was purified according to manufacturer’s instruction using an E.Z.N.A. 

Plasmid Mini Kit (Omega Bio-tek). To prepare plasmid DNA from S. aureus, 500 μL of an 

overnight culture in TSB were pelleted, followed by addition of 250 μL of Solution I-

lysostaphin (50 mg of lysostaphin was added to 1 mL of Solution I) to each sample and 

incubation at 37°C for a minimum of 45 minutes until the suspension looked clear and viscous, 

indicative of lysis.  

 2.4.3 Polymerase chain reaction (PCR) and validation of genes and plasmid inserts 

  All oligonucleotides used in this study are listed in Table 3. PCR for cloning was 

conducted at a volume of 10 µL per reaction using Phusion DNA polymerase (0.02 U/µl), 5X 

Phusion High-Fidelity buffer (1X), forward and reverse primers (0.5 µM), dNTPs (200 µM). 

PCR for screening of mutants was conducted at a volume of 12.5 µl per reaction using of Taq 

Polymerase (0.0625 U), 10X Taq polymerase buffer (1X), dNTPs (200 µM), forward and 

reverse primers (0.2 µM) and 0.5 µl of template DNA. PCR products were visualize via gel 

electrophoresis was conducted on 1% (w/v) agarose gel in 1x TAE (40 mM Tris, 20 mM acetic 

acid and 1 mM EDTA (pH 8.0)) at 110 V for 22 minutes with 1 kB Plus DNA ladder 

(FroggaBio) to analyze sizes of amplicon.  

 2.4.4 Colony PCR 

 Colonies on selective plates with antibiotics were picked with micropipettes and 

resuspended in 50 μL of lysis buffer with lysostaphin (LBL; 50 μg lysostaphin resuspended in 

1.25 mL of lysis buffer (25 mM Tris-HCl, 50 mM glucose, 150 mM NaCl, 10 mM EDTA; pH 

8.0)). Samples were then incubated at at 37°C for 1 h before 50 μL H2O and 2 μL of 10% (w/v) 

SDS were added. Samples were heated to 95°C for 10 min on a thermocycler, then cooled to 

room temperature (RT) for 10 min. Next, 100 μL 25:24:1 phenol:chloroform:IAA was added 

and samples were incubated to RT for 30 min. Samples were centrifuged at 19,000 x g for        

10 min to and 10 μL was removed from the top aqueous layer, and later diluted in 90 μL water. 

The diluted sample was used as the template for PCR. 

 2.4.5 Restriction digest and ligation reactions 

 Restriction digests were performed using SacI, KpnI and SacII enzymes purchased 

from New England Biolabs according to manufacturer’s instructions. Linear DNA fragments 

were purified directly from restriction reactions using the E.Z.N.A. Gel Extraction Kit (Omega 
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Bio-tek) as per manufacturer’s instructions. Ligation of linear DNA fragments was performed 

using T4 DNA ligase (New England Biolabs) and the reactions were incubated at 16ºC 

overnight.   

 

2.5  Phage transduction 

 2.5.1 Isolation of phage (Φ80α) 

 S. aureus RN2564 (carrying Φ80α) were grown overnight in TSB, sub-cultured the 

next day in 25 mL of TSB at the starting OD600 of 0.01 and grown to the OD600 of 0.3. At this 

point, mitomycin C was added to the culture at the final concentration of 2 μg/mL and the 

culture was incubated for 3 or more hours at 32ºC with slow shaking (80 rpm) until complete 

lysis was observed. Next, the culture was filtered through a 0.2 μm filter and the Φ80α stock 

was stored at 4ºC. 

 2.5.2 Preparation of transducing lysate 

 S. aureus carrying the antibiotic-marked mutation of interest was grown overnight in 

TSB with 0.5 mM CaCl2. The next day, the culture was sub-cultured in 25 mL TSB with 0.5 

mM CaCl2 starting at an OD600 of 0.1 and the culture was grown at 37ºC with shaking to an 

OD600 of 0.7-1.0. Then, six 1 in 10 dilutions of Φ80α stock were prepared with phage buffer 

(0.1 M MgSO4, 0.4 M CaCl2, 2.5 M Tris pH 7.8, 5.9 g/L NaCl, 1.0 g/L gelatin) and 200 μL S. 

aureus was combined with 100 μL of phage for each of the phage dilutions. No bacteria (phage 

only) and no phage controls were run to ensure sterility of the process. After a 5 min incubation 

at room temperature, the phage-bacteria mix was added to melted top agar (0.8% (w/v) TSB 

agar) and poured on top of TSA plates containing 4 mM CaCl2 for each dilution of phage. After 

an overnight incubation at 37°C, phage buffer was added to the plate with the phage dilution 

where Φ80α almost completely cleared the lawn of bacteria. The selected plate was incubated 

for  approximately 4 h on a rocker at room temperature, then the top agar was scraped and 

mixed vigorously by pipetting, and the mixture was centrifuged at 3,000 x g for 15 min. Finally, 

the supernatant was filter sterilized twice, first with a 0.45 μm filter followed by a 0.2 μm filter 

and the donor phage lysate was stored at 4ºC. 

 2.5.3 Transduction of phage lysate in S. aureus 

  A single isolated colony of the recipient S. aureus strain was picked from a TSA plate 

and grown overnight in TSB with appropriate antibiotics and 0.5 mM CaCl2. The next day the 
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overnight culture was sub-cultured into a flask of 15 mL TSB with 0.5 mM CaCl2 at an initial 

OD600 of 0.1 and the culture was grown at 37ºC until it reaches an OD600 of 0.7-1.0. In the 

meantime, six 1:10 dilutions of phage lysate were prepared from the donor strain in phage 

buffer. When the recipient culture reached the appropriate OD600, six aliquots of 600 μL of the 

culture were centrifuged to pellet cells. Then, the supernatant was removed and the pellets were 

resuspended in 600 µL phage dilution. A phage only (no bacteria) and a bacteria only (no 

phage) controls were processed alongside the bacteria-phage samples to ensure sterility of the 

experiment. After 5 min of incubation at room temperature, 1.5 mL TSB with 0.5 mM CaCl2 

was added to the phage-bacteria mix and samples were incubated for 20 min at 37ºC. To stop 

the reaction, 1 mL of 2 mM sodium citrate was added to each sample. Next, the samples were 

centrifuged at 3,000 x g for 20 min to pellet the cells. After removal of the supernatant, pellets 

were resuspended in 100 µL 0.2 mM sodium citrate and plated on TSA plates containing              

2 mM sodium citrate and the appropriate antibiotics markers for the desired mutation. Plates 

where then incubated 37ºC for at least 24 hours or until colonies appear after which the colonies 

can be screened for mutation with colony PCR. 

 

2.6  Cloning and mutagenesis of S. aureus 

 2.6.1 Mutagenesis of ΔmntC using pKOR1  

 Oligonucleotides used in generating and ΔmntC mutants via allelic replacement can be 

found in Table 3. The plasmid pKOR1 was used to create in-frame, markerless deletion of 

mntC  following methods described in Bae and Schneewind(Bae and Schneewind 2006). In 

summary, approximately 1 kb region upstream and downstream of mntC were amplified using 

2 pairs of primers: attB1-mntC-D and SacII-mntC-C and attB2-mntC-A and SacII-mntC-B. 

The two fragments were sticky-ends ligated using SacII. The fusion of these fragment 

represents a 1 kB deletion of the mntC gene. This linear construct was introduced into pKOR1 

temperature-sensitive allelic replacement plasmid through site-specific recombination using 

BP-Clonase-II as described, generating pKOR1ΔmntC. The vector was constructed in E. coli 

DH5α and passaged through S. aureus RN4220 grown at 30ºC before electroporation into 

USA300. Mutagenesis was performed by temperature shifting a growing a colony of USA300 

carrying pKOR1ΔmntC from 30ºC to 42ºC, plated on chloramphenicol-TSA, and further plated 

on anhydrotetracycline (aTc). ΔmntC colonies were confirmed by colony PCR with primers 
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amplifying outside of mntC. Colonies positive for ΔmntC display a downward shift in PCR 

band size compared to WT control reflecting that the gene has been deleted. 

2.7 Generation of recombinant MntC 

 A plasmid containing nucleotide sequence encoding for MntC omitting the signal 

peptide at the N-terminus. pmntC, was obtained commercially and cloned into E. coli DH5α 

(see nucleotide sequence in Table 3). pmntC was purified, digested with Ndel and BamHI, and 

ligated into a pET28a+ expression vector to generate pET28a+-mntC which was transformed 

into E. coli DH5α . pET28a+-mntC was then transformed into E. coli BL-21. To produce MntC, 

a single E. coli BL-21 carrying pET28a+-mntC was grown overnight, sub-cultured the next 

day to at an initial OD600 of 0.1 and grown at 37 ºC to an OD600 of 0.6 where 1 mM of isopropyl 

ß-D-1-thiogalactopyranoside (IPTG) was added to induce overexpression of MntC. After 4 

hours, the culture was centrifuged at 6,500 × g for 15 min at 4°C. After discarding the 

supernatant, the pellet was resuspended in 5 mL of protein binding buffer (50 mM NaH2PO4, 

10 mM imidazole and 300 mM NaCl, pH = 8). The sample was process through the One-shot 

cell disruptor (Pressure Biosciences Inc) twice and centrifuged 6,500 × g for 20 min 4°C. Then, 

the supernatant was transferred to ultracentrifuge tubes and ultra-centrifuged (Beckman 

Cloutier Life Sciences) at 300,000 × g for 45 min. The supernatant from the ultracentrifuged 

sample was then processed using a peristatic pump P-1 (Pharmacia Biotech) and a Ni-NTA 

column (HisTrap HP Cytiva) to purify His-tagged MntC. The wash buffer was composed of 

50 mM NaH2PO4, 20 mM imidazole and 300 mM NaCl, pH = 8 and the elution buffer was 

composed of 50 mM NaH2PO4, 125 mM imidazole and 300 mM NaCl. Different fractions 

were run on SDS-PAGE and the fraction with a single band at 33 kDa were dialysed to suspend 

the purified protein in Hepes buffer (pH 7).  

 

2.8 Western blot 

  To examine MntC expression of in different S. aureus strains, western blot of whole-

cell lysates were performed. S. aureus strains were grown overnight in the specified media and 

conditions. Overnight cultures were normalized to an OD600 of 1.0, pelleted by centrifugation 

(19,000 × g for 2 min) and washed 0.9% (w/v) saline.  Then, the whole-cell lysates were 

prepared by resuspending the pellets in 75 µL LBL and incubated at 37˚C for 1 h. After lysis, 

25 µL 4 x Laemmli buffer (240 mM Tris-HCl, pH 6.8, 8% (w/v) SDS, 40% (v/v) glycerol, 
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0.04% (w/v) bromophenol blue) was added to each sample and S. aureus samples were boiled 

for 10 min. Proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

on a 12% polyacrylamide gel. After electrophoresis, the proteins were transferred to a 

nitrocellulose membrane following standard protocol. The membrane was blocked with 8%  

 (w/v) skim milk overnight. The next day, primary antibody (rabbit anti-MntC, diluted 1:1000) 

was added and left to incubate for 2 hours at room temperature. After washing of the membrane 

with PBS, secondary antibody (donkey anti-rabbit IgG antibody, DyLight 800 conjugated 

(diluted 1:20,000); Rockland Immunochemicals, Inc., Limerick, PA) was added. To image the 

membranes, An Odyssey CLx Imaging System and LI-COR Image Studio 4.0 software (LI-

COR Biosciences) were used. 

 

Table 2: Bacterial strains used in this study 

Strain name Description Source 

S. aureus   

USA300 LAC Community-associated Methicillin Resistant                      

S. aureus (CA-MRSA) used as “wildtype”; cured of 

antibiotic resistance plasmid 

Lab Stock 

RN4220 Strain used to uptake foreign DNA; rk
– mk

+ Lab Stock 

RN2564 Strain used to store phage  Φ80α Lab Stock 

purK::Tn Transposon mutant of purK gene; a representative 

mutant unable to synthesize purines 

Fey et al., 2013 

WT USA300 

pALC 

Strain of CA-MRSA with pALC2073 plasmid insert 

used as a vehicle control 

This study 

0618::Tn 

(mntC::Tn) 

Transposon mutant of manganese ABC transporter 

(MntABC) substrate-binding protein 

Fey et al., 2013 

0619::Tn 

(mntB::Tn) 

Transposon mutant of manganese ABC transporter 

(MntABC) permease 

Fey et al., 2013 

0620::Tn 

(mntA::Tn) 

Transposon mutant of manganese ABC transporter 

(MntABC) ATP-binding protein 

Fey et al., 2013 

pbuX::Tn Transposon mutant of xanthine permease Fey et al., 2013 

nupC::Tn Transposon mutant of nucleoside transporter  Fey et al., 2013 

stg::Tn Transposon mutant of six thioguanine permease Fey et al., 2013 

mntH::Tn Transposon mutant of the NRAMP manganese 

transporter 

Fey et al., 2013 

ΔmntC Markerless deletion of manganese ABC transporter 

substrate-binding protein 

This study  

ΔmntC 

purK::Tn 

Markerless deletion of manganese ABC transporter 

substrate-binding protein transduced with 

transposon insertion in purK 

This study 
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Table 3: Oligonucleotides used in this study 

Primer name Function Sequence (5’ → 3’) 

pALC MCS F 
Validate pALC2073 plasmid 

vehicle insertion 

ATACCGCACAGATGCGTAAGG 

pALC MCS R CGATGACTTAGTAAAGCACAT

CTAA 

0618-0620 

pALC F 
Validate transposon insertion of 

the entire 0618-0620 (mntABC) 

operon 

TTTGGTACCCTTGACATGATA

AATATTCTCAG 

0618-0620 

pALC R 

TTTGAGCTCGTGTTATTTCATG

CTTCCGTGTACA 

0618 F ACTTCTAGTTGCTGCATGTGGT 

ΔmntC 

mntH::Tn 

Markerless deletion of manganese ABC transporter 

substrate-binding protein transduced with 

transposon insertion in mntH; Mn-deficient mutant 

This study 

sodA::tet 

Newman 

Transposon mutant of superoxide dismutase A in 

Newman 

Garcia et al., 

2017 

sodM::ery 

Newman 

Transposon mutant of superoxide dismutase M in 

Newman 

Garcia et al., 

2017 

sodAM::tet::er

y Newman 

Transposon mutant of superoxide dismtase A and 

M in Newman  

Garcia et al., 

2017 

sodA::Tn 

USA300  

Transposon mutant of superoxide dismutase A in 

USA300 

This study 

sodM::Tn 

USA300  

Transposon mutant of superoxide dismutase M in 

USA300 

This study 

sodAM::Tn 

USA300  

Transposon mutant of superoxide dismutase A and 

M in USA300 

This study 

E. coli   

DH5α Strain used for cloning; F- Φ80 dLacZΔM15 recA1 

endA1 gyrA96 thi-1 hsdR17; (rk
–, mk

+) supE44 

relA1 deoR Δ(lacZYA-argF)U169phoA 

Promega 

BL-21 Strain used for expression of recombinant MntC Lab Stock 

Plasmids   

pALC2073 Shuttle vector; AmpR in E. coli; CmR in S. aureus Bateman et al., 

2001 

p:0618-0620 pALC2017 derivative for expression of ABC 

manganese transporter (MntABC) 

This study 

pET28a+-

mntC 

pET28a+ derivative for expression of MntC  This study 

pKOR1-

ΔmntC 

pKOR1 derivative for in-frame, markerless deletion 

of  ΔmntC 

This study 
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0618 R Validate the transposon insertion 

of mntC gene 

GCGTGTTATTTCATGCTTCCGT 

0619F Validate the transposon insertion 

of mntB gene 

TGACCCTAGTCAAAGGAGCA 

0619 R ACCACCAGTACCACATGCAG 

0620 F Validate the transposon insertion 

of mntA gene 

TATCGATACCAGTACGCGGC 

0620 R TATCGATACCAGTACGCGGC 

attB2-mntC D 

Generation of a markerless 

allelic replacement in-frame 

deletion of mntC gene 

GGGGACCACTTTGTACAAGAA

AGCTGGGTCAATCACATAAGA

ACCTCTAACTTCG 

SacII- mntC C GGACCTCCGCGGGTAAGATGA

ATTGATGTTGATGCAAC 

SacII-mntC B CCGCGGACTGTACACGGAAGC

ATGAAATAAC 

attB1-mntC A TTTTTTGGGGACAAGTTTGTAC

AAAAAAGCAGGCCTTTGGTGA

TAGTGAAGAGGCTATGAG 

mntH F 

Validate the transposon insertion 

of mntH gene 

CCAACATTTTAATGGTTTTATT

TTTAACTTTGT 

mntH R TAAGAAGTAGAGGTGAGTCAA

AATGAATAA 

sodA F 
Validate the transposon insertion 

of sodA (SAUSA300_1513) 

gene 

TTTAAGAGACCGAACAAGTAA

TCATACTT 

sodA R AGACATTTTAGGAGGATGATT

ATT 

sodM F 
Validate the transposon insertion 

of sodM (SAUSA300_0135) 

gene 

AGTATATTCATAAAAGGAGGA

ATATACTT 

sodM R TCCACCTCAATTATATTAAGTT

AT 

Nucleotide sequence for mntC to be expressed from amino acids: 33-309 

CATATGTTAAAAGTAGTAACGACGAATTCAATTTTATATGATATGGCTAAAAA

TGTTGGTGGAGACAACGTCGATATTCATAGTATTGTACCTGTTGGTCAAGATCC
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TCATGAATATGAAGTTAAACCTAAAGATATTAAAAAGTTAACTGACGCTGACG

TTATTTTATACAACGGATTAAATTTAGAGACTGGTAACGGTTGGTTTGAAAAA

GCCTTAGAACAGGCTGGTAAATCATTAAAAGATAAAAAAGTTATCGCAGTATC

AAAAGATGTTAAACCTATCTATTTAAACGGTGAAGAAGGCAACAAAGATAAA

CAAGATCCACACGCATGGTTAAGTTTAGATAACGGTATTAAATACGTAAAAAC

AATTCAACAAACATTTATCGATAACGACAAAAAACATAAAGCAGATTATGAA

AAGCAAGGTAACAAATACATTGCTCAATTGGAAAAATTAAATAATGACAGTA

AAGACAAATTTAATGACATTCCAAAAGAACAACGTGCCATGATTACAAGTGAA

GGTGCCTTCAAGTACTTCTCAAAACAATACGGTATTACACCAGGTTATATTTGG

GAAATTAACACTGAAAAACAAGGTACACCTGAACAAATGAGACAAGCTATTG

AGTTTGTTAAAAAGCACAAATTAAAACACTTATTAGTAGAAACAAGTGTTGAT

AAGAAAGCAATGGAAAGTTTATCTGAAGAAACGAAGAAAGATATCTTTGGTG

AAGTGTACACAGATTCAATCGGTAAAGAAGGCACTAAAGGTGACTCTTACTAC

AAAATGATGAAATCAAATATTGAAACTGTACACGGAAGCATGAAATAACACG

CTGGGATCC 
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Chapter 3: Results 
 

 

3.1  Investigating purine transport of S. aureus 

 To grow in chemically defined media such as RPMI-1640 without purines, S. aureus 

must synthesize purines de novo. Moreover, mutants with defects in purine biosynthesis cannot 

grow without provision of exogenous purines such as inosine monophosphate (IMP) 

(Goncheva et al., 2019a). These data suggest that S. aureus can import purines from the 

environment, ostensibly through one or more transporters (Fig. 5). To study purine transport, 

I needed to find a condition where growth of S. aureus is dependent only on the transport of 

exogenous purines and not de novo synthesis.  

As a first step toward this goal I tested the effects of MTX, a known inhibitor of de 

novo purine biosynthesis could impeded S. aureus growth in purine restricted RPMI. To this 

end I assessed bacterial growth in liquid culture in the presence of MTX and used a range of 

concentrations to establish the minimum inhibitory concentration (MIC) for the MTX inhibitor.  

This experiment revealed that after 24 hours of growth, WT S. aureus grew to an OD600 of 

approximately 1.0-1.2 in RPMI alone without MTX. In contrast in the presence of MTX 

bacterial growth was inhibited in a dose-dependent manner (Fig.6A) where 0.8 mM MTX 

completely blocked growth. Therefore, 0.8 mM MTX was used at this concentration moving 

forward in liquid RPMI.  

   Next, I sought to find the concentration of IMP that can completely rescue purine 

dependent growth of a purine biosynthesis mutant or WT bacteria in the presence of MTX. 

Here, we used a purK::Tn that cannot synthesize N-5-carboxyaminoimizadazole ribonucleic 

acid (NCAIR) which is an intermediate that is necessary for the generation of IMP and growth 

of this mutant has been shown to be rescued by IMP                                                                       

(Goncheva, Flannagan, and Heinrichs,  2020b) (Fig. 5). These experiments showed that 

purK::Tn S. aureus cannot grow in RPMI alone which differed significantly from WT bacteria 

(Fig 6B). In contrast, the addition of IMP, in a dose dependent manner, restored growth of the 

purK mutant. Indeed, IMP at a concentration of 20 to 100 M fully restored purK growth to 

WT levels (Fig. 1B). In parallel, I tested the ability of IMP to rescue the growth of WT bacteria 

grown in RPMI with 0.8 mM MTX. These experiments again revealed that WT growth is 

inhibited in the presence of MTX however supplementation of the growth medium with              
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100 M IMP rescued the growth of WT S. aureus (Fig. 6C). Of note, in the presence of IMP 

and MTX, WT growth is modestly reduced relative to the RPMI alone condition suggesting 

MTX may have additional effects on the bacteria in liquid culture. Nevertheless, these 

experiments established a condition in liquid medium where WT S. aureus could be made to 

be dependent on an exogenously supplied purine (i.e. IMP).  

 

Fig.6: Addition of IMP into purine-free media can rescue growth defect of WT S. aureus 

inhibited by MTX. (A) Growth of WT in RPMI after 24 hr with different concentrations of 

MTX. (B) Growth of purK::Tn in RPMI with different concentrations of IMP after 24 hr with 

WT in RPMI as reference. (C). Growth of WT in RPMI after 24 hr in presence of MTX at 

inhibitory concentration and IMP at concentration that can rescue purK::Tn growth. Data are 

plotted as mean ± SEM, three or more biological replicates. Non-significant bars are omitted 

in (B). **** p<0.001, ***p<0.001 one-way ANOVA multiple comparisons.  

 

 3.2  S. aureus can transport IMP and guanosine phosphates when de novo 

purine synthesis is inhibited by MTX.  
 

 3.2.1 Other purines and pyrimidines were tested for the ability to restore WT 

growth in presence of MTX.  

 

 While the preceding experiments showed that S. aureus can utilize IMP to support 

purine-dependent growth, I also sought to determine whether S. aureus could utilize additional 

purine- or pyrimidine-related compounds for growth. Indeed, in some bacterial species 

nucleoside transporters have been shown to transport both purines and pyrimidines (Westh 

Hansen, Jensen and Munch-Petersen, 1987; Martinussen et al.,  2010; Gumpenberger et al., 

2016b). In S. aureus, there are known nucleoside transporters such as NupC                

(Kriegeskorte et al., 2014) that transports thymidine and PbuX that transports xanthine in the 
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purine salvage pathway (Kofoed et al., 2016a). To assess whether S. aureus can transport other 

purines, the ability of WT S. aureus to grow in RPMI with MTX and different concentrations 

of adenine (Fig. 7A), hypoxanthine (7B), thymine (7C) and uracil (7D) were assessed. As a 

control growth was also analyzed in RPMI with MTX alone. In the presence of MTX the 

addition of adenine at any concentration tested did not rescue the growth of WT S. aureus. In 

contrast, hypoxanthine, thymine, and uracil all rescued bacterial growth to some extent 

however levels were not restored to that seen for bacteria grown in the absence of MTX. 

Interestingly, increasing the concentration of hypoxanthine or thymine to as much as 4 mM 

impaired growth of S. aureus in presence of MTX as compared to conditions with lower 

concentrations of the metabolites that could promote growth. These data suggest that 

hypoxanthine and thymine at high concentrations are  toxic to S. aureus, at least in the presence 

of MTX. Moreover, these experiments demonstrated that none of the purines or pyrimidines 

tested can restore growth as well as IMP (compare Fig. 6C and Fig. 7). 

 

Fig. 7: Adenine cannot restore WT growth when de novo purine synthesis is inhibited by 

MTX and hypoxanthine, thymine and uracil only partially restore growth. WT S. aureus 

were grown in RPMI for 24 hours with MTX and adenine (A), hypoxanthine (B), thymine (C) 

and uracil (D) added at different concentrations. Data are plotted as mean ± SEM, six biological 

replicates. **** p<0.001, ***p<0.001 one-way ANOVA multiple comparisons.  
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 3.2.2 Guanosine phosphates are preferentially imported by S. aureus compared 

to adenosine phosphates when de novo purine synthesis is inhibited by MTX 

 

 Given I did not see robust growth of S. aureus when grown in RPMI and MTX in the 

presence of purine/pyrimidine bases we sought to investigate whether purine phosphates would 

allow for improved bacterial growth under the same conditions.  De novo purine synthesis 

functions to generate IMP as a base purine molecule that then is shuttled into two separate 

pathways that ultimately generate adenosine triphosphate (ATP) and guanosine triphosphate 

(GTP) (Goncheva, Chin, and Heinrichs, 2022a). Therefore, I speculated that providing the end 

products of the de novo synthesis (i.e. ATP and/or GTP) could rescue MTX-induced growth 

impairment of WT S. aureus. These experiments showed that supplementation of  RPMI with 

GMP, GDP and GTP, in the presence of MTX, partially restored growth to WT S. aureus (Fig. 

8A). In contrast the addition of AMP, ADP and ATP did not improve bacterial growth (Fig. 

8A). To determine whether combining guanosine and adenosine compounds could have an 

additive effect we grew S. aureus in the presence of MTX with combinations of purines. 

Interestingly, these experiments revealed an additive effect on growth where the addition of 

AMP + GMP (Fig. 8B) increased growth as compared to that seen in presence of either AMP 

or GMP alone (Fig. 8A). However, this was not observed for diphosphates and triphosphates 

where growth in GDP and GTP were higher than that observed when grown with GDP + ADP 

or GTP + ATP. 

 
Fig.8: Guanosine phosphates are preferentially imported by S. aureus compared to 

adenosine phosphates when de novo purine synthesis is inhibited by MTX. WT S. aureus 

were grown in RPMI for 24 hours with MTX and single adenosine and guanine phosphates in 

(A), and combined adenosine and guanine phosphates in (B). All purine sources had a final 

concentration of 100 µM. Data are plotted as mean ± SEM, at least six biological replicates. 

**** p<0.001, ***p<0.001 one-way ANOVA multiple comparisons.  
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 3.2.3 Testing known purine transporter mutants for growth defects in MTX and 

IMP 

  To further characterize how S. aureus transports purines, I pursued our next aim which 

was to test known purine transporter mutants for growth defects in the conditions where de 

novo synthesis is inhibited. As mentioned, S. aureus has been reported to encode putative 

purine transporters that are encoded by the pbuX, stgP and nupC genes respectively      

(McClure and Zhang, 2017). PbuX transports hypoxanthine, a precursor of IMP, and is 

encoded in an operon with a xanthine phosphoribosyltransferase (xpt). Interestingly, the pbuX-

xpt operon are organized in a cluster together with essential de novo guanine biosynthetic 

genes, guaA (GMP synthase) and guaB (IMP dehydrogenase), suggesting that guanine 

biosynthesis and purine salvage function together (Fig 4A). StgP is a xanthine/uracil permease 

(also called six-thioguanine permease). Recently, our lab has found that mutations in stgP leads 

to resistance to 6-thioguanine that inhibits purine biosynthesis (Chin, Goncheva, Flannagan, 

and Heinrichs, 2021). NupC is known to transport thymidine into the cells and it was shown 

that when S. aureus is challenged with  trimethoprim-sulfamethoxazole (SMX-TMP), an 

antifolate that acts to inhibit the de novo thymidine synthesis, it can bypass de novo synthesis 

via NupC dependent thymidine import.  

  To determine whether any of these genes play a role in IMP transport and growth of    

S. aureus in the presence of MTX, I utilized these mutants from the Nebraska Transposon 

Mutant Library where each of these genes were individually inactivated through transposon 

insertion. If any of these genes were indeed involved in IMP transport then we would expect a 

growth defect in the presence of MTX and IMP. Growth analysis of pbuX::Tn, stgP::Tn and 

nupC::Tn mutants in either RPMI, RPMI+IMP or MTX+IMP revealed that each of these 

strains grew equally well under all the conditions tested suggesting that either these genes are 

not dedicated IMP transporters or that there exist more than one transporters; in that case, a 

functional transporter would mask phenotype associated with the mutant understudy (Fig. 9). 

Although these mutants did not show growth defects under the conditions tested, it is 

conceivable that they are redundant for IMP transport and therefore a double or triple mutant 

may be required to observe a phenotype. It is also possible that there could be other purine 

transporter(s) in addition to PbuX, StgP and NupC that allow(s) for IMP-dependent growth in 

the presence of MTX. 
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Fig.9: Known purine and pyrimidine transporter mutants do not show a growth defect 

in MTX+IMP. WT, pbuX::Tn, stgP::Tn and nupC::Tn S. aureus were grown in RPMI for 24 

hours with combinations of MTX and IMP. Data are plotted as mean ± SEM, six biological 

replicates. **** p<0.001, ***p<0.001 one-way ANOVA multiple comparisons.  

 

3.3 Screening the Nebraska Transposon Mutant Library identifies mntC::Tn 

as a putative mutant of the purine transporter 

 As previously stated, I hypothesized that S. aureus must possesses one or more purine 

transporters because a mutant that cannot synthesize purine such as purK::Tn can grow if 

purines are provided exogenously. I then sought to investigate if the purine transporter of our 

interest were indeed PbuX, StgP or NupC. To this end, I did not see any difference in growth 

compared to WT of pbuX::Tn, stg::Tn and nupC::Tn, I hypothesized that there must be other 

transporters of purines (other than these three) that are allowing for growth when de novo 

synthesis is inhibited. Therefore, I decided to utilize the Nebraska Transposon Mutant Library 

(NTML) (Fey et al., 2013) that consisted of approximately 2,000 individual transposon mutants 

as a tool in identifying the novel purine transporter. Before I conduct the screen, I needed to 

develop screening conditions to screen for putative mutants of the purine transporters.  

 3.3.1  Establishing screening condition for the purine transporter on agar plates 

 As a first step in establishing screening conditions, I decided to assess the growth of 

each mutant on agar plates because this method would allow us to drop-plate several strains 

simultaneously; thus, improving work-flow efficiency. Subsequently, I then needed to identify 

the concentrations of purines (IMP and guanine) that would successfully restore purK::Tn 

growth in a chemically defined medium (Fig.10A). These purine concentrations represent the 

RPMI RPMI + IMP MTX MTX+ IMP 
0.0

0.5

1.0

1.5

O
D

6
0

0

WT

pbuX::Tn

stgP::Tn

nupC::Tn

n.s. n.s. n.s.n.s.



 

39  

baseline amount of exogenous purines the cells needed to grow when they cannot synthesize 

purines de novo.  

  Next, I sought to determine the concentrations of MTX and 6MP that eliminate growth 

of WT S. aureus in this medium. The absence of WT growth in these conditions represented 

total inhibition of de novo purine synthesis because the bacteria could not synthesize purines 

due to the inhibitors and there were no purines in the media that would allow for growth 

(Fig.10B). And ultimately, I combined the concentrations of purines (IMP and guanine) with 

the inhibitors (MTX and 6MP) to establish two conditions that would be used as screening 

conditions for the mutant(s) the purine transporter(s). In other words, I predicted that our 

mutants of interest would exhibit a growth defect in these conditions because they could not 

synthesize purines due to presence of MTX or 6MP nor transport exogenous IMP or guanine 

into the cells due to the transposon-inactivated gene. I found that combinations of 2 mM of 

MTX with 400 µM of guanine and 25 mM of 6MP with 100 µM IMP restored the growth of 

WT S. aureus eliminated by the inhibitors (Fig. 11). As such, these conditions can be used to 

identify mutants that are unable to transport purines because growth under these conditions 

only occur if the bacteria have a functional purine transporter. Thus, these two conditions were 

used to screen a transposon S. aureus library for mutants that displayed poor growth under 

these culture conditions as these mutants could have defects in purine import.  
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A.  

 

 

B.  

 

 
Fig.10: Exogenous IMP can rescue growth defect of a purine-deficient mutant and de 

novo purine synthesis of S. aureus can be inhibited with MTX or 6MP. A. The growth WT 

S. aureus USA300 and a purine biosynthesis mutant, purK::Tn, was assessed on RPMI-1640 

plate alone and in presence of 400 µM of guanine and 100 µM of IMP B. Growth of WT S. 

aureus was assessed in presence of two inhibitors of purine biosynthesis – MTX at 0.01 mg/mL 

and 6MP at 25 mM. Growth of each strains is presented in two biological replicates. 
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Fig.11: Establishing a screening condition for S. aureus purine transporter. Growth of 

WT S. aureus (presented in 2 biological replicates) was assessed in two conditions- MTX at 2 

mM with guanine at 400 µM and 6MP at 25 mM  with IMP at 100 µM.  

 

 

3.4 Screening of the Nebraska Transposon Mutant Library for purine 

transport mutants in S. aureus.  

  Now that I have established two screening conditions to screen for putative mutants of 

the purine transporters, I proceeded to our third aim which was to identify a mutant of a purine 

transporter using the NTML. The 1,952 individual transposon mutants in the library each 

contains a single transposon insertion in a nonessential gene (Fey et al., 2013). Because I can 

trace back the identity of each mutant in the library using the genome annotation database if 

any interesting growth phenotypes are observed, I reason that the library is a suitable genetic 

tool for this study.  

For this process, I have organized the screening into the following steps: 

 1. Initial screen 

 2. Re-screen 

 3. Bioinformatics analysis 

 4. Final screen 

 

 

2 mM MTX + 
400 µM guanine 

25 mM 6MP + 
100 µM IMP
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   3.4.1. Initial screen: To begin, I screened the 1,952 mutants on 3 plates, as shown in 

Fig. 12A. TSA is a rich medium, thus all mutants are expected to display normal growth. In 

chemically defined medium supplemented with inhibitors, the established inhibitor 

concentration ensures growth of WT S. aureus is inhibited; therefore, I expected no growth on 

these plates. When growth inhibitory medium is supplemented with exogenous purines, I 

observed restored growth for WT, therefore, mutants with reduced growth represent strains of 

interest that could contain a mutation in a purine transporter. Mutants of interest were selected 

if they exhibited the following phenotypes: normal growth on TSA (positive control), no 

growth on MTX (negative control), and decreased growth on MTX + guanine relative to WT 

(Fig.12B). This first screen using MTX+ guanine resulted in a list of 97 candidate mutants that 

were selected for further analysis.  

 

 

Fig.12: Initial screen of the Nebraska Transposon Mutants Library (NTML) for 

candidate S. aureus mutants of the purine transporter using MTX+ guanine as a selective 

condition. A. In the first step, 1,952 mutants from the frozen library organized in 96-well plates 

(-80 ℃) were grown in 200 µL of TSB supplemented with erythromycin and lincomycin 

overnight. Then, 2 µL of culture from each mutant were plated on 3 conditions; TSA, MTX 

and MTX+ guanine and incubated at 37℃. B. Growth of each colony on MTX+ guanine plates 

were observed and compared to colonies on TSA and MTX plates. Representative colonies 

with reduced growth are circled in red.  
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  The entire transposon mutant library was also screened on medium containing 6MP 

with IMP along with the control conditions described above. The screen using 6MP+IMP 

generated a list containing 123 mutants of interest. Because the initial screen could be error-

prone due to the large number of mutants screened, strains that showed ambiguous growth in 

both conditions were also included in the subsequent screen in addition to the mutants that 

clearly showed reduced growth.   

 

  3.4.2 Re-screen: I re-screened the identified candidate mutants using the culture 

conditions from the initial screen, which included rich medium (TSA), inhibitor control (MTX 

and 6MP) and selective (MTX+ guanine and 6MP+IMP) plates, as described in Fig.13. 

However, with a manageable number of mutants to screen, I plated 3 different dilutions of each 

mutant to more accurately and quantitatively assess growth defects. Mutants that show normal 

growth on TSA, no growth on inhibitor plates and reduced growth on inhibitor plates 

supplemented with exogenous purine relative to WT were considered as candidate mutants that 

lacked the ability to transport purines. Upon completion of this screen, I had identified 13 

candidate mutants with distinguished growth defect on MTX+ guanine (Table 4) and a total of 

26 candidate mutants from 6MP+IMP (Table 5).  
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Fig 13. Re-screening of the NTML for candidate S. aureus mutants of the purine 

transporter using MTX+ guanine as a selective condition. A. Selected 97 candidate mutants 

that showed reduced growth from the initial screen were re-screened by inoculating from 

frozen NTML plates into 200 µL of TSB supplemented with erythromycin and lincomycin and 

grown overnight in a 96 well plate. Next day, 3 10-fold dilutions from each mutant were made 

before plating drops of 10 µL onto on 3 conditions; TSA, MTX and MTX+ guanine, and 

incubated at 37 ℃. B. Growth of colonies, especially at 10-3 dilution, was observed on MTX+ 

guanine plate and compared to TSA and MTX. A representative colony in 3 dilutions with 

reduced growth are boxed in red. 

 

Table 4: Candidate mutants of the purine transporter from re-screen of NTML with 

growth defect on MTX + guanine. Blue highlights corresponds to putative mutants with 

growth defects in the selective conditions 

 Gene  Gene description Accession Number 

1  putative lipoprotein/ nitrite reductase SAUSA300_2354 

2  ABC transporter ATP-binding protein SAUSA300_0620 

3 opp-1A oligopeptide permease, peptide-binding protein SAUSA300_2411 

4  conserved hypothetical protein SAUSA300_1003 

5 pfoR perfringolysin O regulator protein SAUSA300_0310 

6   transcription regulatory protein SAUSA300_2326 

7   hypothetical protein SAUSA300_1692 

8 dat D-alanine aminotransferase SAUSA300_1696 

9   ABC transporter substrate-binding protein SAUSA300_0618 

10   ABC transporter permease SAUSA300_0619 

11  hypothetical protein SAUSA300_1899 

12 aroC chorismate synthase (SCV) SAUSA300_1357 

13 alr alanine racemase SAUSA300_2027 
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Table 5: Candidate mutants of the purine transporter from re-screen of NTML with 

growth defect on 6MP+IMP  
Gene 

name 

gene description Accession 

Number 

1 qoxA quinol oxidase, subunit II SAUSA300_0963 

2 galM aldose 1-epimerase SAUSA300_2285 

3 
 

conserved hypothetical protein SAUSA300_2311 

4 
 

putative transporter (Glucarate/carbohydrate) SAUSA300_2449 

5 tcaA teicoplanin resistance associated membrane protein 

TcaA protein 

SAUSA300_2302 

6 
 

conserved hypothetical protein SAUSA300_1560 

7 
 

amino acid carrier protein (alanine/glycine 

symporter) 

SAUSA300_1252 

8 
 

conserved hypothetical protein SAUSA300_1301 

9   methylenetetrahydrofolate 

dehydrogenase/methenyltetrahydrofolate 

cyclohydrolase 

SAUSA300_0965 

10 rrfA 5S ribosomal RNA SAUSA300_0457 

11 
 

phosphosugar-binding transcriptional regulator SAUSA300_2271 

12 
 

conserved hypothetical protein SAUSA300_0465 

13 
 

conserved hypothetical protein SAUSA300_0128 

14 
 

transcriptional regulator, AraC family SAUSA300_0104 

15 rex redox-sensing transcriptional repressor Rex SAUSA300_1999 

16 
 

oligopeptide ABC transporter, permease protein SAUSA300_2410 

17 
 

transposase SAUSA300_0267 

18 
 

hypothetical protein SAUSA300_1494 

19 dat D-alanine aminotransferase SAUSA300_1696 

20 carB carbamoyl phosphate synthase large subunit SAUSA300_1096 

21 gcvH glycine cleavage system protein H SAUSA300_0791 

22   ABC transporter substrate-binding protein SAUSA300_0618 

23 aroC chorismate synthase SAUSA300_1357 

24 alr alanine racemase SAUSA300_2027 

25 argR arginine repressor SAUSA300_1469 

26 lpdA dihydrolipoamide dehydrogenase SAUSA300_1467 
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 3.4.3. Bioinformatics analysis: The genes corresponding to the putative mutants from 

steps depicted in Fig. 13 were further confirmed with the NCBI database using the accession 

number of each mutant, as described in Fig. 14. Mutants were eliminated from the list if the 

disrupted gene had a function that was associated with one of the following: de novo purine 

biosynthesis, metabolic pathways and regulation of transcription. This was done because: 

• First, mutants of de novo purine biosynthesis, such as purK::Tn which was used to 

establish screening conditions, are unable to synthesize purines and must import 

exogenous purines into the cells. Therefore, it is expected that these mutants grow 

poorly on minimal media lacking purines.  

• Second, mutants of metabolic pathways such as branched-chain amino acid (BCAAs) 

biosynthesis mutants, will grow poorly in minimal media because BCAAs are vital for 

growth and for the physiology of the bacterium (Kaiser et al., 2016), regardless of 

ability to import purines.  

• Third, mutants of transcriptional regulators, such as a CodY mutant, have defects in 

metabolic pathways that are also linked to control of virulence factors                              

(Pohl et al., 2009), and thus; show poor growth as a large number of genes are affected 

(Kaiser et al., 2018). Following the analysis, mutants of transcriptional regulators were 

eliminated from the list of candidate mutants in both conditions. 
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Fig.14: Bioinformatics analysis of candidate S. aureus purine transporter gene mutants. 

The position (A1 in this example) in the 96-well plate of the frozen NTML was identified for 

each of the 18 candidate mutants and the accession number for each gene was noted. Using the 

acquired accession number from the NTML database, the identity and function of each gene 

was determined using NCBI.  

 

  3.4.4. Final screen: In the final screen, each mutant was grown overnight, diluted, and 

plated onto 3 conditions: 

 1. Rich medium (TSA) as a positive control as all mutants should display normal 

growth in this condition; 

 2. Purine-free chemically defined medium (RPMI-1640) to eliminate mutants with 

growth defects that do not allow for growth in  this medium;  

 3. Selective plates (MTX+ guanine and 6MP+IMP) where purine import mutants would 

be unable to grow.  

 Candidate purine transporter mutants were selected based on the following growth 

characteristics: normal growth in TSA and the defined medium, and reduced growth in 

selective plates. The 13 candidate mutants from the MTX+ guanine condition and the 26 

mutants from the 6MP+IMP condition were grown as 2 independent biological replicates, 

standardized to a starting a OD600 of 1.0, serially diluted, and plated onto the 3 plates to 

accurately assess growth by enumerating colony forming units (CFUs) (Fig.15).  

3. Bioinformatics Analysis

18 candidate genes

Refers position of candidate 

mutant on 96-well plate to 

NTML database

Confirm gene identity and 

function using accession 

number on NCBI website

Eliminate genes encoding for 

transcriptional regulators, 

proteins in purine biosynthesis 

and metabolic pathways

13 candidate genes

A1

NTML database

plate (384) Well 

(384)

Gene 

name

gene description Accession 

Number

1 A1 - cell surface protein SAUSA300_1327

1 A3 - peptidase, rhomboid family SAUSA300_1509

1 A5 - conserved hypothetical protein SAUSA300_1733
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   Mutants showing a 2-log growth reduction on the selective condition while displaying 

normal growth on TSA and RPMI-1640 as compared to WT were selected for further analysis 

(Fig. 16A, B). As a result, 6 final candidate mutants were chosen from the MTX+ guanine 

condition (Table 3) and 4 candidate mutants were selected from the 6MP+IMP condition 

(Table 4), as highlighted in blue. Interestingly, mutants with an insertion in alanine racemase 

(SAUSA300_2027) and ABC transporter substrate-binding protein (SAUSA300_0618) 

exhibited a robust growth defect in both conditions. An alanine racemase mutant is considered 

a small colony variant (SCV) which cannot synthesize its own nutrients and shows 

characteristic auxotrophic growth deficiency for alanine (Melter and Radojevič, 2010). 

Because this mutant was expected to have a growth defect, I chose to further investigate the 

ABC transporter substrate-binding protein mutant, along with mutants carrying a transposon 

in the two other genes in the ABC transporter operon (Fig.17). These genes encoded an ABC 

transporter permease (SAUSA300_0619), and an ATP transporter ATP-binding protein 

(SAUSA300_0620).  

  Overall, I identified a putative mutant of the purine transporter from the screening of 

over 2,000 transposon mutants. The robust growth defect of SAUSA300_0618 (thereafter 

0618::Tn) mutant in both MTX+guanine and 6MP+IMP as well as its annotation from the 

genome sequence as a substrate-binding protein of an ABC-transporter were key evidence that 

led me to hypothesize that this ABC transporter may indeed be the purine transporter I was 

attempting to characterize. Therefore, I decided to confirm the identity of these transporter 

mutants before proceeding with further analysis. 
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Fig.15: CFU/mL-based analysis in the final screen of candidate S. aureus mutants of the 

purine transporter using MTX+ guanine as a selective condition. The OD600 value was 

measured from each culture and standardized to a starting OD600 of 1.0, followed by 5 10-fold 

serial dilutions for each culture. Then, 10 µL of each dilution was dropped onto three plates 

(TSA, RPMI and MTX+ guanine). Colonies were counted to construct a CFU/mL graph of 

each strain (Fig.5). The final screen was conducted in triplicate experiments with 2 biological 

replicates per experiment and resulted in 6 final candidate genes. 
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Fig. 16: CFU/mL of S. aureus mutants following the final screen for candidate mutants 

of purine transporter on grown in TSA, RPMI and selective plates. Each strain was grown 

in TSB, shaken overnight at 37˚C, diluted to an OD600 of 0.1 and further diluted to 10-5. 10 µl 

drops of each dilution were plated in the 3 types of plates, as indicated in the legend. TSA 

plates were incubated for 24 hours while the rest were incubated for 72 hours. Graph shows 

the average CFU/mL from three independent experiments. A. In MTX+ guanine selective 

condition, arrows indicate 4 final candidate mutants (Table 3A.) out of 13 mutants isolated 

from MTX+ guanine. B. In 6MP+IMP selective condition, arrows indicate 4 final candidate 

mutants (Table 3B) from 6MP+IMP. 
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Table 6. Final 6 candidate mutants from screening of the Nebraska Transposon Mutant 

library using MTX+ guanine selective condition. 

 

Candidate 

mutant from 

MTX+guanine 

Gene name Gene description Accession number 

6 - transcription regulatory protein SAUSA300_2326 

7 - hypothetical protein SAUSA300_1692 

9 - ABC transporter substrate-

binding protein 

SAUSA300_0618 

10 - ABC transporter permease SAUSA300_0619 

12 aroC chorismate synthase (SCV) SAUSA300_1357 

13 alr alanine racemase (SCV) SAUSA300_2027 

 

 

Table 7. Final 4 candidate genes from screening of the Nebraska Transposon Mutant 

library using 6MP+IMP selective condition 

 

Candidate 

mutant 

from 

6MP+IMP 

Gene 

name 

Gene description Accession number 

2 - aldose 1-epimerase SAUSA300_2285 

9 - Methylenetetrahydrofolatedehydrogenase/ 

methenyltetrahydrofolate cyclohydrolase  

SAUSA300_0965 

22 - ABC transporter substrate-binding protein SAUSA300_0618 

24 alr alanine racemase (SCV) SAUSA300_2027 

  

 

 
 

Fig. 17: The ATP-Binding Cassette (ABC) transporter operon of S. aureus. The operon is 

approximately 3 kb in size and consists of three genes; SAUSA300_0618 encoding for the 

substrate-binding protein, SAUSA300_619 encoding for permease and SAUSA300_620 

encoding for ATP-binding protein of the ABC transporter. 

 

 

 

 

SAUSA300_0618 SAUSA300_0619 SAUSA300_0620
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3.5 The growth deficiency of 0618::Tn mutant can be partially 

complemented.  

As the next step in identifying the purine transporter, I sought to confirm the identity 

of our mutants of interest using PCR. Since I could identify the location of the transposon in 

the three mutants of interest that I identified from our screen, I performed a diagnostic PCR to 

ensure that the expected gene indeed carried an inserted transposon (data not shown). 

Upon confirmation of the mutated genes, I next sought to evaluate whether the growth 

defect in MTX+guanine and 6MP+IMP of the 0618::Tn mutant could be rescued by providing 

the gene in trans via plasmid complementation of the mutant. To do so, I PCR amplified the 

entire ABC transporter operon from WT S. aureus USA300 and cloned the resulting amplicon 

into the S. aureus expression plasmid pALC2073 (or pALC thereafter). The resulting plasmid 

named p0618-0620 encoding the ABC transporter operon was introduced into the transposon 

mutants of interest along with the empty parental plasmid as a vector control.  

To quantify the growth of each strain, WT carrying pALC and the mutants carrying 

either the empty plasmid or the complementation plasmid p0618-0620 were grown in 

biological duplicates overnight in TSB , standardized to an OD600 of 1.0, serially diluted and 

drop plated onto MTX+guanine so that growth of each strain could be enumerated. As 

demonstrated in Fig. 18A, 0618::Tn pALC cannot grow on MTX+ guanine; however, 0618::Tn 

p0618-0620 significantly improved growth however growth was not restored to WT levels. 

This indicates that providing the operon in trans partially complements the mutant. In contrast 

to 0618::Tn, the strains 0619::Tn (pALC) and 0620::Tn(pALC) nor the complemented strains, 

showed any growth defect in MTX+guanine as compared to WT pALC (Fig. 18B and C). 

These data indicate that these two genes are dispensible under growth in the selective 

conditions. Altogether, these data indicate that the 0618::Tn mutant has a defect in presence of 

MTX or 6MP, and growth can be partially complemented by the addition of the operon in 

trans. 
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D 

 

Fig. 18: Growth quantification by CFU/mL of each S. aureus mutant and their 

complemented strains. WT pALC and mutants 0618::Tn pALC (A.), 0619::Tn pALC (B.) 

and 0620::Tn pALC (C.) and respective complemented mutants 0618::Tn p0618-0620, 

0619::Tn p0618-0620 and 0620::Tn p0618-0620 were grown in TSB in duplicates, shaken 

overnight at 37˚C, diluted to an OD600 of 1 and further diluted to 10-4. (D.) From two biological 

replicate cultures, 10 µl drops of each dilution were plated on MTX+guanine plates 

corresponding to each strains below.  
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3.6. Partial complementation of 0618::Tn p0618-0620 is not due to plasmid 

instability.    

  Because I observed partial complementation of growth under MTX+ guanine in the 

complemented strain of 0618::Tn p0618-0620, I wondered if this incomplete growth rescue 

was due to plasmid instability. Specifically, the presence of an inhibitory drug such as MTX, 

plasmid loss may occur due to stress imparted on the bacteria when there is no selective 

pressure. To investigate whether partial complementation in Fig. 18A was due to plasmid 

instability, I conducted a plasmid stability check by scraping WT (pALC) colonies from a 

MTX+ guanine plate, serially diluting the bacteria in saline solution and plating the bacteria 

onto TSA with or without chloramphenicol as the plasmid pALC2073 carries a cat 

(chloramphenicol acetyltransferase) gene. As shown in Fig. 19, MTX has no effect in plasmid 

stability as WT (pALC) grew to the same extent in in the presence and absence of 

chloramphenicol.  

 

 

Fig. 19: Partial growth rescue is not due to plasmid instability. A streak of WT pALC from 

MTX+ guanine plates were deposited in 200 µl normal saline solution. Five 10-fold dilutions 

were made and 10 µl of each dilution were plated on a TSA and a TSA+ chloramphenicol 

plates. Following 24 hours incubation at 37 ℃, colony growth on each plate are displayed 

above. 
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3.7 The identity of SAUSA300_0618 gene is mntC which encodes a Mn-

binding lipoprotein of the ATP-binding cassette transporter, MntABC 

 

 3.7.1 MntC does not play a role in purine transport  

 

  At this point of my study, I confirmed that the mutant of interest, SAUSA300_0618 or 

0618::Tn,  has a mutation in the mntC gene which encodes the Mn-binding lipoprotein that is 

part the ATP-binding cassette type transporter for Mn called MntABC. Although the original 

objective was to identify a purine transporter in S. aureus, we ended up identifying a gene that 

has been classified as a Mn transporter instead. Nonetheless, it is possible that MntC is still 

playing an indirect role in purine import because we observed a robust growth defect of 

mntC::Tn mutant from both inhibitor + purine conditions and the growth defect could be 

rescued partially by providing the gene in trans. Furthermore, since MntC has been established 

as a prominent Mn transporter and an important virulence factor in S. aureus, we wondered if 

Mn imported from MntC is needed for the import or utilization of purines. To answer this 

question, we next investigated the effect of Mn and Fe (also a substrate of MntC) for growth 

of the mntC::Tn mutant in MTX + IMP.  

   When grown in Mn-rich conditions, mntC::Tn is able to grow in MTX+IMP in a dose-

dependent manner while the addition of Mn to MTX alone does not rescue mntC::Tn growth 

(due to inhibited de novo purine synthesis and lack of exogeneous purines, Fig. 20A). In the 

presence of 10 µM Mn, growth of mntC::Tn in RPMI with MTX+IMP is close to the 

uninhibited condition. In contrast, the addition of iron only partially rescued the growth defect 

of the mntC::Tn mutant in the presence of MTX+IMP (Fig. 20B). At 100 µM of Fe, mntC::Tn 

still exhibit a slight growth defect that was complemented when 10 µM of Mn was supplied. 

Therefore, it appears that disruption of mntC, which affects Mn transport, results in increased 

sensitivity to MTX and this can be ameliorated through provision of exogenous Mn (and to 

some effect Fe) .  

  From the prominent role MntC in Mn import and the fact that mntC::Tn growth defect 

in purine-rich condition can be corrected with addition of Mn, I hypothesize that Mn 

transported by MntC may have a role in purine transport and/or utilization.  

  

  



 

56  

 

 A.       B. 

 

Fig. 20: MntC is not a purine transporter as growth defect in MTX+IMP can be 

complemented with Mn. mntC::Tn was grown in RPMI for 24 hours in MTX+IMP with 

addition of MnCl2 (A) and FeCl3(B) at specified final concentrations. Data are plotted as mean 

± SEM, six biological replicates. **** p<0.001, *p<0.05 one-way ANOVA multiple 

comparisons. 

 

3.8 Purification a recombinant MntC protein and its polyclonal rabbit 

antibody  

  Since confirming the identity of our gene of interest as mntC and that it is not a purine 

transporter, I shifted the focus of my research aims in an attempt to understand the role of Mn 

utilization in purine dependent growth of S. aureus. To begin, I sought to analyze the 

expression of MntC in WT S. aureus and in purine-deficient strains such as purK::Tn which 

are reliant on exogenous purines for growth. I hypothesized that if Mn binding and/or transport 

by MntC participates in purine import, we may see differences in MntC expression using these 

strains.  

  At this point, I had generated a recombinant MntC protein using the steps outlined in 

Fig. 21 so that I could test whether it could bind to purine substrates by using surface plasmon 

resonance technique. However, MntC does not bind purines.  
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Fig. 21: Steps in purification of recombinant MntC. The nucleotide sequence of MntC 

(minus the signal peptide) was obtained commercially and cloned into pET28a+ expression 

vector. Then, the pET28a+-MntC vector was transformed into competent DH5-alpha cells and 

subsequently, transformed into BL-21 for overexpression of MntC under induction of IPTG. 

His-tagged MntC was purified with immobilized metal affinity chromatography (IMAC), 

analyzed with SDS-PAGE and sent to ProSci for anti-MntC rabbit polyclonal antibody 

generation.  

 

  To this end, I then used the purified recombinant MntC (Fig. 22A) to commercially 

obtain an anti-MntC rabbit polyclonal antibody as the first step to analyze expressions of MntC 

in Mn- and purine-rich conditions. Once I received the anti-MntC antisera from a rabbit 

immunized with the recombinant MntC, I sought to verify the functionality of the anti-MntC 

antibody. Here,  western blot experiments were performed using the rabbit antisera as a primary 

antibody. A clear distinct band was observed at 33 kDa demonstrating that the anti-MntC 

recognized the recombinant MntC (Fig. 22B, lane 2). On that account, I have confirmed that 

our anti-MntC antibody can effectively bind to MntC. 
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Fig. 22: Analysis of purification of recombinant MntC and verification of the generated 

anti-MntC polyclonal rabbit antibody. A. 5 µL of purified MntC was run on 12% SDS-

PAGE gel and stained with Instant Blue dye. B. A western Blot of purified MntC was 

conducted using the antiserum from a rabbit immunized with MntC.  

 

3.9 Investigating the role of MntC in purine transport and/or utilization 

 

 3.9.1 Mutant lacking mntC and purK shows similar growth to single mntC::Tn 

and purK::Tn in a purine-rich condition  

  Although I was able to rescue the growth defect of mntC::Tn mutant in MTX+IMP by 

adding Mn to the growth medium, I questioned whether Mn bound and transported through 

MntC would somehow affect purine import and/or utilization. In order to investigate the 

potential role of Mn in purine metabolism, I sought to create a double ΔmntC purK::Tn mutant 

and compare its growth to WT, mntC::Tn, and purK::Tn in different culture conditions. To do 

this I first created a markerless ΔmntC mutant through allelic replacement mutagenesis (with 

pKOR1). Then, using a phage lysate created from the purK::Tn mutant, the disrupted purK 

allele was transduced into the ΔmntC strain, creating the ΔmntC purK::Tn double mutant.  

 As expected of the purine-auxotrophic mutants, purK::Tn and ΔmntC purK::Tn failed 

to grow in RPMI unless exogenous IMP was provided (Fig. 23A). Moreover, in IMP-rich 

culture conditions all of the strains grew to the same level suggesting that IMP was transported 

into the cells irrespective of MntC expression. Interestingly, I observed a reproducible growth 

defect for the strains that were MntC deficient in the presence of MTX. This MntC-specific 

MTX sensitivity could suggest that MntC plays a role overcoming potential stresses imposed 

by MTX. Once again, I observed that Mn supplementation of the medium containing          

MTX+ IMP rescued the growth defect displayed the MntC-deficient strains (Fig. 23A).  
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  Next, I wanted to determine whether there was a difference in MntC expression 

between WT and a strain such as purK::Tn that is auxotrophic for purines in MTX+IMP where 

growth for both strains requires purine import. To carry out this objective, I conducted a 

western blot on cell lysates of each strain grown in MTX+IMP and MTX+IMP+Mn. From this 

experiment, I indeed observed for the first time that I could in fact detect MntC expression 

from whole cell S. aureus lysates, in addition to recombinant MntC produced in E. coli. 

However, I saw no difference in MntC expression between WT and purK::Tn (Fig. 23B) and 

that MntC was downregulated in these strains in Mn-rich condition, as previously described in 

literature (Horsburgh et al., 2001).  

  Taken together, the findings from this study thus far and the established role of MntC 

in Mn import, suggest that MntC does not participate in purine utilization in S. aureus but that 

disruption of mntC leads to hypersensitivity to MTX ostensibly because of altered Mn 

homeostasis. Therefore, I changed our focus to try to understand the relationship between 

MntC and Mn transport in coping with stresses imposed by MTX.  
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A 

 

 

B 

 

 

 

Fig. 23: MntC does not participate in purine import and/or utilization of S. aureus.             

A. S. aureus WT, mntC::Tn, purK::Tn and ΔmntC purK::Tn were grown in RPMI with addition 

of MTX, IMP and MTX as described in each condition for 24 hours. Data are plotted as mean 

± SEM, six biological replicates. **** p<0.001, ANOVA multiple comparisons. B. Whole-

cell lysates of WT, purK::Tn, ΔmntC and ΔmntC pmntC grown in MTX+IMP and 

MTX+IMP+Mn for 24 hours were normalized to an OD600 of 1.0 and used to performed 

western blot.   
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 3.10 Defect in MntC renders S. aureus more sensitive to MTX as Mn 

homeostasis is disturbed 

 3.10.1 Growth of ΔmntC mntH::Tn is dependent on Mn availability 

 To study how S. aureus utilizes Mn transporters to cope with MTX stress, I needed to 

construct a strain that is completely deficient for Mn uptake. As S. aureus possesses two high-

affinity Mn transporters – MntABC and MntH, Icreated a mutant lacking both of these genes. 

As I have already confirmed that ΔmntC created with allelic replacement mutagenesis was 

MntC-defective, I next generated ΔmntC mntH::Tn strain through phage transduction. Using 

this strain deficient for high affinity Mn transport I sought to demonstrate that the growth is 

dependent on Mn availability. To create metal free medium I used Chelex-100 resin to remove 

any trace metals in a chemically defined medium (CDM) that is not RPMI                                               

(Horsburgh et al., 2002a). 

  In metal-free CDM, WT S. aureus grows to an OD600 of about 0.7 while                        

ΔmntC mntH::Tn cannot grow. Upon supplementation of this medium with increasing 

concentrations of Mn, I observed improved growth of WT and ΔmntC mntH::Tn strain in a 

dose-dependent manner (Fig. 24A). And at 10 µM of Mn, both strains grew to the same level 

after 24 hours. Interestingly, I saw that at low Mn concentrations, ΔmntC mntH::Tn cannot 

grow to WT levels. This suggests that S. aureus is using MntC and MntH to import Mn when 

there is low Mn available. However, when Mn is abundant, ΔmntC mntH::Tn can grow to WT 

levels indicating that S. aureus must be importing Mn through other low-affinity transporters 

that only function in high Mn environment. 

 Next, I sought to examine the growth kinetics profile of ΔmntC mntH::Tn compared to 

WT by conducting a growth experiment where strains were grown in metals-free CDM with 

and without Mn and the OD600 values were measured every 2 hours for 24 hours. This 

experiment allowed me to closely monitor the growth kinetics of these strains in a manner that 

cannot be accomplished by measuring end-point values. In metal-free CDM, I observed a 

distinct and significant growth defect of ΔmntC mntH::Tn compared to WT (Fig. 24B) 

throughout the 24-hour growth.  

  When 10 µM of Mn was supplied, I saw that the growth defect of ΔmntC mntH::Tn had 

diminished and that it reached the same level as WT growth for all time points (Fig. 24C). This 

suggests that ΔmntC mntH::Tn does not experience a growth delay compared to WT in Mn-
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rich conditions. Additionally, the end-point OD600 in the growth experiment also reflected 

similar values as observed in the last condition of Fig. 24A. In addition to the fact that            

ΔmntC mntH::Tn does not grow in metals-free CDM, I observed that WT grew at a faster rate 

in Mn-rich condition than in Mn-deplete. Therefore, I also observed that Mn had a positive 

effect on the doubling time of S. aureus. Taken together, I established that the growth defect 

of ΔmntC mntH::Tn is Mn-dependent and its growth can be rescued by exogenous Mn.  

 

 

Fig. 24: Growth defect of ΔmntC mntH::Tn in metal-free media can be rescued to WT 

level with addition of Mn in media. S. aureus WT, and ΔmntC mntH::Tn were grown in 

metals-free CDM with MnCl2 at specified concentrations for 24 hours (pre-cultured in CDM). 

A. Growth assay was conducted and end point OD600 were taken in with 6 biological replicates. 

Data are plotted as mean ± SEM, six biological replicates. **** p<0.001, *p<0.05 one-way 

ANOVA multiple comparisons. B. and C. Growth curve was conducted and OD600 values were 

measured every 2 hours for 24 hours. Data are plotted as mean, 3 biological replicates. *** 

p<0.001, *p<0.05 Multiple t-tests.  
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 3.10.2 Function of MntC, but not MntH, is important for coping with MTX 

 

  Up until this point, I had speculated that sensitivity to MTX of mntC::Tn was due to 

disrupted Mn homeostasis and demonstrated that chelexed-CDM can be used as a medium to 

analyze growth in different Mn concentrations. Next, I wondered whether only MntC or both 

of the Mn transporters are important for resisting MTX intoxication. In screening of the NTML 

for the purine transporter, I showed that mntC::Tn, not mntH::Tn, exhibited a growth defect in 

presence of MTX and 6MP which indicates mntC deficient S. aureus may be selectively 

hypersensitive to these inhibitors. 

  To investigate this, I conducted experiments to determine the MIC for MTX using WT, 

mntC::Tn, ΔmntC mntH::Tn and mntH::Tn in CDM. These experiments revealed that the 

increased sensitivity to MTX is only evident in mntC-deficient strains and that mntH::Tn 

mutant shows near WT growth at sub-MIC concentrations of MTX (Fig. 25). Therefore, mntC 

alone contributes to the ability of S. aureus to cope with MTX intoxication.  

 

 

Fig. 25: S. aureus with defect in MntC shows increased sensitivity to MTX. S. aureus WT, 

mntC::Tn, ΔmntC mntH::Tn and mntH::Tn were grown in CDM in presence of MTX for 24 

hours. Data are plotted as mean ± SEM, six biological replicates. **** p<0.001, *p<0.05 one-

way ANOVA multiple comparisons.   
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3.11. Exogenous Mn can quench reactive oxygen species generated by 

MTX, allowing for increased cell survival 

 3.11.1 S. aureus lacking both superoxide dismutases shows a growth defect in 

TSB and CDM 

  Having established that MntC is important for S. aureus to cope with stress imposed by 

MTX, I next sought to understand how MTX might be affecting S. aureus in such a way that 

Mn transport through MntC improves bacterial growth. Previous work by Gao and Horie, 2002 

reported that MTX induces ROS in the intestinal mucosa of rats. Moreover, recent reports have 

demonstrated that MTX causes a reduction in antioxidant enzymes in eukaryotic cells which 

sensitizes MTX treated cells to ROS (Herman, Zurgil, and Deutsch, 2005; Phillips, Woollard, 

and Griffiths, 2003). Taken together these observations might suggest that MTX either induces 

ROS in S. aureus or could sensitizes the bacteria to ROS. Interestingly, it is also known that 

Mn, transported through MntC, is a co-factor that is used by the superoxide dismutases SodA 

and SodM in S. aureus. SODs breakdown superoxide which can be produced through the 

metabolic activity of cells (Clements, Watson, and Foster, 1999), the phagocyte oxidative 

bursts (Garcia et al., 2017b), or through exposure to chemical reagents such as methyl viologen 

(Kehl-Fie et al., 2013; Handke et al., 2013). Although MTX has not been shown to directly 

generate superoxide in bacterial cells, I hypothesized that MTX is inducing ROS in S. aureus 

and that mntC deficient bacteria display MTX hypersensitivity because the function of SodA 

and SodM is impaired due to aberrant Mn transport.  

To address this hypothesis, I created superoxide dismutase mutants lacking either sodA, 

sodM or both sodA and sodM. Next, I analyzed the growth of these SOD mutants in rich-

medium (TSB), chelex CDM and Mn-rich media (chelex-CDM supplied with 10 µM Mn). In 

TSB, I observed that the double mutant lacking sodA and sodM displayed a significant growth 

defect after 24 hours whereas endpoint growth of single SOD mutants was comparable to WT 

(Fig. 20A).  Analysis of the growth kinetics of these mutants in TSB by performing growth 

curves indicated that the sodAM::Tn double mutant exhibited a distinct growth defect at all 

growth phases (Fig. 20B) while the growth of single sodA::Tn and sodM::Tn were comparable 

to WT.  

I next characterized the growth kinetics of these SOD mutants in metal-free CDM, a 

condition where Mn-dependent growth of ΔmntC mntH::Tn is evident (see Fig. 24). 
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Interestingly, in chelexed-CDM S. aureus lacking sodA and sodM failed to grow and this defect 

can be rescued by Mn supplementation (Fig. 20C). Under these same condition single mutants 

deficient for either sodA or sodM grew similar to WT bacteria. To further investigate the 

growth kinetics of these strains, I also conducted a growth curve experiment in non-chelexed 

CDM to allow for growth of sodAM::Tn. Here, I observed a significant growth defect of 

sodAM::Tn in CDM compared to WT (Fig. 26D) throughout 24 hours.  

These findings suggest that sodAM::Tn exhibits a growth defect in Mn-rich (TSB and 

Mn-supplied CDM), trace Mn (non-chelexed CDM) and Mn-deplete conditions (metals-free 

CDM). Moreover, a defect in sodA leads to a growth defect in trace Mn condition while defect 

in sodM allows for increased growth.  

 

Fig. 26: Growth assessment of sodA::Tn, sodM::Tn and sodAM::Tn in TSB and in CDM. 

S. aureus WT, sodA::Tn, sodM::Tn and sodAM::Tn were grown in for 24 hours in TSB (A) 

and metal-free CDM (C) and end-point OD600 values were measured. Data are plotted as mean 

± SEM, six biological replicates. **** p<0.001, *p<0.05 one-way ANOVA multiple 

comparisons.  Growth curve experiments of these strains were conducted in TSB (B) and non-

chelexed CDM (D) where OD600 values were measured every 2 hours for 24 hours. Data are 

plotted as mean, three biological replicates. *** p<0.001, *p<0.05 Multiple t-tests.  
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3.11.2 Exogenous Mn can correct the growth defect of sodA::Tn that renders cells 

more sensitive to reactive oxygen species caused by MTX, 6MP and methyl 

viologen (M.V.) 

 

  Now that I have established the baseline growth of sodA::Tn, sodM::Tn and sodAM::Tn 

in TSB and CDM, I sought to test the effect of MTX on growth of these strains. Since I also 

saw that disrupted Mn homeostasis causes hypersensitivity to 6MP in MntC-deficient strains, 

we included 6MP in subsequent experiments. Since I speculated that 6MP and MTX are not 

only inhibiting de novo purine biosynthesis, but also generating ROS to inhibit S. aureus, 

methyl viologen (M.V.) was included in this experiment as a positive control for ROS 

generation.  

  To assess the role of sodA and sodM in coping with ROS, I grew WT, sodA::Tn, 

sodM::Tn and sodAM::Tn in sub-MIC of MTX, 6MP and M.V. in CDM with and without the 

addition of Mn. Additionally, I included ΔmntC mntH::Tn as a control for S. aureus lacking 

high-affinity Mn transporters. When subjected to MTX (Fig. 27A), I observed a robust growth 

defect for sodA::Tn, sodAM::Tn and ΔmntC mntH::Tn bacteria as compared the no MTX 

condition. The sodM::Tn mutant also showed significant growth defect in presence of MTX. 

Importantly, at this MTX concentration WT was not inhibited. This finding suggests that S. 

aureus relies on SodA as an important dismutase that plays a role in the presence of MTX. 

Remarkably, addition of Mn rescued the defect in all strains, and growth of sodM::Tn,  

sodAM::Tn and ΔmntC mntH::Tn actually surpassed their uninhibited growth. Furthermore, 

this finding also recapitulates the hypersensitivity of ΔmntC mntH::Tn to MTX observed in 

RPMI (Fig. 25).  

  In the presence of 6MP, I did not observe a sodA-specific growth defect despite using 

high concentrations of the drug. Addition of Mn showed increased growth in all strains except 

for sodAM::Tn where its growth remained the same for uninhibited, 6MP and 6MP+Mn (Fig. 

27B).  These observations suggest 6MP and MTX are having different effects on S. aureus. 

Because both MTX and 6MP inhibit de novo purine biosynthesis, the growth defect that can 

be rescued by Mn we observed (in Fig. 27A and B) are not likely due to purine deficiency but 

rather the differences of ROS generated. 

 Lastly, in the presence of M.V., I observed significantly reduced growth in all strains 

compared to their growth in the untreated condition and that addition of Mn boost their growth 

to surpass untreated condition (Fig. 27C). Taken together, these findings suggest that increased 
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Mn availability in the media ameliorates the oxidative stress imposed by these compounds and 

that SodA plays an important role in resisting oxidative stress.  

 

Fig. 27: Exogenous Mn can rescue growth of dismutase mutants inhibited by MTX, 6MP 

and M.V. S. aureus WT, sodA::Tn, sodM::Tn and sodAM::Tn were grown in non-chelexed 

CDM with MTX, 6MP and M.V. at specified concentrations for 24 hours. Data are plotted as 

mean ± SEM, four biological replicates, 2 replicate experiments. **** p<0.001, *p<0.05 one-

way ANOVA Multiple comparisons where end-point OD600 values were measured.  
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 3.11.2 MTX and M.V. inhibit S. aureus growth through bactericidal mechanism 

while 6MP is bacteriostatic.  

  Now that I have established that Mn allows S. aureus to grow in the presence of MTX 

and 6MP, I next sought to determine whether these compounds inhibit S. aureus via 

bactericidal or bacteriostatic interactions. To carry out this aim, I conducted a cell viability 

assay where CFU/mL of each strain was enumerated (by drop-plating on TSA without any 

selection) at the initial inoculum and after 24 hours of growth in the presence of MTX, 6MP 

and M.V. and with Mn. By comparing the initial CFU/mL values to the end-point CFU/mL 

grown in the presence of the compounds, I could determine whether the cells are killed or 

simply not growing. 

  In the presence of MTX, I observed reduced CFU/mL in all strains, with sodAM::Tn 

and ΔmntC mntH::Tn exhibiting a more severe phenotype at the end of 24-hour growth. But 

when Mn was supplemented into the media, the CFU/mL in all strains but sodA::Tn and ΔmntC 

mntH::Tn did not reduce over 24 hours (Fig. 28A). This finding suggests that SodA is important 

in coping with stresses imposed by MTX in high Mn conditions and that absence of high-

affinity Mn transporter renders cells sensitive to killing by MTX.  

  While I observed that 6MP can inhibit growth of S. aureus as measured by OD600 in 

liquid cultures, 6MP did not reduce the CFU/mL at the end of 24-hour growth (Fig. 28B). 

Because there were fewer viable cells recovered at the end of the survival experiment in MTX 

and M.V. (Fig. 28C) than the number of cells at the input, this demonstrates that MTX and 

M.V. are bactericidal against S. aureus. Since M.V. is a potent inducer of oxidative stress, it is 

likely that MTX can also generate ROS which would explain why the MICs for MTX is lower  

against MntC-deficient and dismutase-deficient S. aureus. On the contrary, the same number 

of viable cells from growth in 6MP and without 6MP suggests that 6MP is bacteriostatic against 

S. aureus. 

 Interestingly, I observed that supplementation with exogenous Mn would abrogate 

killing in media with MTX and M.V. for WT, sodM::Tn and sodAM::Tn, but not sodA::Tn. 

Specifically, sodA::Tn was being killed regardless of whether Mn was added into the media. 

This finding suggest that sodA is important in Mn-rich conditions to combat oxidative stress. 

Additionally, the fact that I observed a robust growth of sodAM::Tn was rescued in an Mn-

dependent manner in the presence of MTX and M.V. suggests that exogenous Mn could be 

neutralizing the superoxide generated by these compounds (by acting as an antioxidant) and 



 

69  

thus, ameliorating the oxidative stress and protecting the cells from killing without needing 

superoxide dismutases. To this end, I have characterized that MTX inhibit S. aureus 

bactericidally while 6MP does so bacteriostatically and that addition of Mn can potentially 

ameliorate inhibition of these compounds.  
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Fig. 28: MTX, 6MP and M.V. inhibits S. aureus by bacteriostatic mechanism which can 

be rescued by addition of Mn. S. aureus WT, sodA::Tn, sodM::Tn and sodAM::Tn were were 

grown in non-chelexed CDM with MTX, 6MP and M.V. at for 24 hours. Data are plotted as 

mean ± SEM, four biological replicates. **** p<0.001, *p<0.05 one-way ANOVA multiple 

comparisons where end-point OD600 values were measured. 
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Chapter 4: Discussion and future directions 
 

  Infections caused by methicillin-resistant S. aureus (MRSA) has reached epidemic 

proportions (Engemann et al., 2003) and therapeutic options are increasingly limited because 

of antibiotic resistance. As a pathogen with a vast arsenal of virulence factors, S. aureus can 

cause invasive and life-threatening conditions. Although the host employs nutritional 

immunity to limit nutrient availability and the production of antimicrobial effectors such as 

ROS compounds to combat pathogens, S. aureus has various mechanisms to overcome 

restrictions imparted by the host. Given the significance of purines as energy-storage 

compounds, building blocks of nucleotide and in S. aureus pathogenesis, this study sought to 

identify genes encoding purine transporters. In doing so, I have identified a mutant lacking the 

gene mntC, which encodes a subunit of a high affinity Mn transporter, unable to grow in the 

presence of the inhibitors of purine biosynthesis, MTX and 6MP. 

  Because mntC has been demonstrated by many studies to acquire extracellular Mn and 

is important for Mn homeostasis under Mn deplete conditions, I investigated how Mn would 

affect growth of S. aureus bacteria in the presence of MTX and 6MP under Mn deplete and 

replete conditions. Remarkably, I found that supplementation of the growth medium with Mn 

rescued growth of mntC S. aureus in the presence of MTX or 6MP, indicating the bacteria were 

not growing as a result of not being able to transport purines. This prompted us to consider 

other ways in which purine inhibitors might be affecting the bacteria in addition to inhibiting 

purine biosynthesis. Given that Mn imported by MntC is known to play significant roles in S. 

aureus resisting ROS both in vivo generated by the host phagocytic cells92, or in vitro from 

experiments with ROS-inducing chemicals such as methyl viologen (Horsburgh et al., 2002b; 

Handke et al., 2013), it prompted me to consider that perhaps growth defects of mntC mutants 

in presence of MTX or 6MP were due to perturbed Mn homeostasis. This led me to investigate 

the roles of superoxide dismutases in presence of MTX and 6MP. Indeed, I found that S. aureus 

lacking SodA and both high affinity Mn transporter (mntC and mntH) showed increased killing 

by MTX and 6MP and that provision of extracellular Mn can abrogate the killing.  

  Although I did not characterize a novel purine transporter, other studies could refer to 

the list of putative purine transporter and further conduct growth assay using the established 

purine import (inhibitor + purine) conditions. However, it is important that the annotation of 

each mutant is taken into account. To decide whether a mutant could transport purines, it may 



 

72  

be worthwhile to investigate the upstream gene sequences of the putative genes whether or not 

it contains binding site for the repressor of the purine biosynthesis, such as a Pur box. As a 

purine importer, the function of the gene of interest would contribute to the intracellular purine 

pool. Therefore, it is not unreasonable to assume that its transcription may depend on the 

amount of purines in the cells, including from de novo synthesis. Studies in B. subtillis as well 

as Lactococcus lactis have identified conserved CGAA motifs in the operator sequences called 

“Pur boxes”(A. K. Bera et al. 2003; Jendresen, Martinussen, and Kilstrup 2012). These Pur 

boxes function as a binding site for PurR, a transcriptional regulator of genes that function in 

purine synthesis, to regulate and to bind to. Pur Boxes are a key component in regulation of 

purine biosynthesis as PRPP (purine biosynthetic precursor) binds to PurR and as a result, 

alters the affinity of PurR for Pur box DNA. Indeed, our lab has demonstrated that PurR 

represses transcription of the purE operon, one of the genes in the de novo purine synthesis 

pathway. However, it is interesting that we also identified putative Pur Boxes upstream of non-

biosynthetic genes such as fnbA and fnbB (Goncheva et al., 2019b). Considering that purines 

imported from the environment through the putative purine transporter would contribute to the 

intracellular purine pool, it is possible that the putative transporter would be regulated by PurR 

as well, and thus, may have a Pur Box within the operator sequence that can be analyzed using 

a bioinformatic approach.  

  To avoid any off-target characterization, further studies could consider supplementing 

the screening condition with metals, especially Mn (i.e. MTX + IMP +Mn). This approach may 

be beneficial so that any putative mutants with defect in the purine import conditions would 

not be a result of perturbed metal homeostasis that may render cells more sensitive to oxidative 

stresses potentially generated by the inhibitors. 

   Alternatively, I could altogether avoid using pharmacologic inhibitors of de novo 

purine synthesis by generating random libraries of mutants via transposon Tn917 mutagenesis 

(using pLTV1 plasmid, described in Rice, 2015(Rice 2016)) under the ΔpurK background. 

With this method, mutants with growth defect in purine-rich media could be considered as 

“candidate mutants” of the purine transporter as it would not be able to synthesize or import 

purines. However, there is a possibility that these candidate mutants may not be viable due to 

the severe purine autotrophy (purK mutation) and if the purine transporter is encoded by a 

single gene which would severely abrogate its growth.  
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  As inhibitors of de novo purine biosynthesis, MTX functions as a folate antagonist 

while 6MP is a thiol-substituted purine analog. Methotrexate (formerly known as 

amethopterin) is a chemotherapy agent and immune suppressant that is used to treat rheumatoid 

arthritis and other autoimmune diseases, many forms of cancer and ectopic pregnancy. It is an 

antifolate that competitively inhibits the dihydrofolate reductase (DHFR) enzyme in the folate 

synthesis pathway and blocks the conversion of dihydrofolate to the active tetrahydrofolate 

form. Since folic acid is necessary for de novo synthesis of purines and pyrimidines, MTX also 

inhibits synthesis of DNA, RNA, thymidylates and proteins (Cronstein and Aune, 2020) So 

far, most of the research on MTX has been conducted in the context of eukaryotic cells due to 

its mechanism to treat inflammatory diseases, especially rheumatoid arthritis. MTX has not 

been thoroughly used as an antibiotic nor has its mechanism as a bactericidal or bacteriostatic 

agent has been characterized.   

 6MP inhibits purine nucleotide synthesis through the inhibition of PRPP 

amidotransferase that is the rate-limiting step and thus, alters synthesis and functions of RNA 

and DNA. It has also been shown that 6MP can compete with purine derivatives such as 

hypoxanthine and guanine for the substrates of HGPRT, the enzyme that generates IMP in the 

purine salvage pathway (Bhagavan and Ha, 2015). With its ability to act as an 

immunomodulator through interfering nucleotide synthesis and preventing cell proliferation, 

6MP has been used as a chemotherapy drug to treat certain types of cancer such as acute 

leukemia as well as to treat inflammatory diseases such as Crohn’s disease, colitis, and IBD. 

Similar to MTX, 6MP was found to promote in vitro production of ROS, specifically 

superoxide, in rat vascular smooth muscle cells (Prüfer et al., 2014).  More recently, it has been 

shown that thiopurine prodrugs such as 6MP and 6TG can generate ROS because of the strong 

nucleophilic nature of the sulfur-substituted nucleobases. As these drugs have been used to 

treat cancer, long-term medication with thiopurines have been associated with risks of cancer 

development through incorporation of these bases into patients’ DNA (Euceda et al., 2021). 

Moreover, thiopurine-induced skin cancer was shown to be accelerated by exposure to 

sunlight, suggesting that photooxidation is involved in this adverse effect (Euvrard, Kanitakis, 

and Claudy, 2009). However, the use of 6MP as an antibiotic agent in bacteria has not been 

well characterized.  

 In this study, I have established that S. aureus lacking MntC, but not MntH, is more 

sensitive to growth inhibition MTX and 6MP. During pathogenesis, both MntABC and MntH 
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systems compete with calprotectin to acquire Mn in the vertebrate host to evade host nutritional 

immunity (Damo et al., 2013). The transcription of MntABC is regulated by the DtxR family 

metalloregulator called MntR where it acts as a transcriptional repressor to MntABC in 

response to high intracellular Mn concentration. We have also demonstrated by western blot 

that S. aureus MntC is downregulated in presence of excess Mn (Fig. 23B). Although the 

promoters of both systems contain the proposed MntR-binding sites (MntR boxes), there are 

conflicting evidence whether MntR regulate MntH transcription as well                                         

(Price and Boyd, 2020b). Interestingly, various in vivo studies have demonstrated the marked 

role of MntC (and to the less extent, MntH) in S. aureus pathogenesis. Diep et al., 2014 and 

Handke et al., 2018, showed that the mntC::Tn mutant in USA300 strain was attenuated in a 

mouse model of sepsis. Moreover, the latter study also showed that only mntC::Tn but not 

mntH::Tn mutant showed hypersensitivity to methyl viologen and demonstrated that MntC is 

of primary importance in conferring resistance to oxidative stress and SOD activity under low 

Mn concentrations (Handke et al., 2018). Taken together, the MntC-specific phenotype 

observed in this study agrees with the consensus in literature that is: under low Mn 

concentrations, Mn imported via MntABC is important for superoxide dismutases to detoxify 

ROS.  

  Additionally, we have also demonstrated a Mn-dependent growth of the mutant lacking 

both high-affinity Mn transporter – MntC and MntH. Indeed a mutant lacking the genes mntC 

and mntH that encode components of two different high affinity Mn transporter systems fails 

to grow in metal-depleted conditions but is rescued when Mn is replete (Fig. 24A). The rescued 

growth despite defects in MntC and MntH suggests that extracellular Mn is imported into the 

cells, potentially via other transporters – either low affinity Mn transporters that have not been 

characterized or other divalent metal transporters. While it remains unclear how S. aureus can 

import Mn via other transporters other than MntABC and MntH systems, the fully restored 

growth of the mutant lacking both high affinity Mn transport system in excess Mn suggests 

that Mn ions can still be imported into the cells. A study by Kehres et al. indeed identified a 

possible third Mn transporter of S. aureus, annotated as SA1432 from the strain N315, 

belonging to the family II subclass of Nramp family (Kehres and Maguire, 2003). In a follow-

up study by Handke et al., the transmembrane region of SA1432 was found to be similar to 

that of E. coli MntH (Handke et al., 2018). Although this study did not find that SA1432 was 
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an important contributor of S. aureus oxidative stress resistance, other studies could still seek 

to further determine whether this transporter can actually transport Mn.  

  In other bacteria, it has been found that an avian pathogenic E. coli strain possesses the 

SitABCD (homolog of MntABC in S. aureus) operon, homologous to that of Salmonella 

enterica, that can transport iron and manganese and that allows increase resistance to the 

bactericidal effects of hydrogen peroxide (Sabri, Léveillé, and Dozois, 2006). Interestingly, 

SitABCD demonstrated higher affinity for Fe2+ than Mn2+ in iron transport deficient strain 

while for the manganese transport deficient strain, SitABCD demonstrated greater affinity for 

Mn2+ than Fe2+. These dual transporter also exist in other bacteria including, the YfeABCD 

system of Yersinia pestis and its SitABCD homolog  S. Typhimurium, K. pneumoniae, P. 

mirabilis and Shigella spp that encode the dual ABC transporter of Mn and Zn ions.   

(Porcheron et al., 2013).  Additionally, FeoB, a transporter that has been shown to exclusively 

mediate ferrous ion transport in S. aureus was shown to also mediate Mn transport in 

Porphyromonas gingivalis (Dashper et al., 2005).  

  Cross-talk among different divalent metal ions where non-cognate metals such as Fe 

and Mn bind regulatory proteins have been demonstrated in several bacteria. For example, in 

E. coli (Mills and Marletta, 2005) and B. subtilis (Ma, Faulkner, and Helmann, 2012) Mn2+ can 

bind in the regulatory metal-binding site of ferric uptake regulator (Fur) which has high affinity 

for ferrous iron and represses the expression on the Fur-regulated proteins. Within the Fur 

family of S. aureus, PerR is a metal-dependent peroxide sensor that regulate peroxide-defenses 

genes. PerR contains two metal-binding site: a Zn2+ structural site and a regulatory metal 

binding site that coordinates either Mn2+ or Fe2+(Herbig and Helmann, 2001). Works in B. 

subtilis have shown that PerR is only repressed when Mn2+ is bound but the most target 

regulons (those involved in ROS metabolism and iron regulation and storage) are repressed by 

both Mn and Fe forms of PerR (Price and Boyd, 2020a). For example, it has been shown that 

the transcription iron storage protein, ferritin, in S. aureus and S. epidermidis (FtnA and SefA) 

is regulated by PerR that functions as a Mn-dependent transcriptional repressor               

(Morrissey et al., 2004).   

 Additionally, findings from this study adds to the body of knowledge surrounding the 

function of superoxide dismutases in S. aureus. I found that S. aureus strains lacking sodA 

(both single and double sodA sodM mutant) shows hypersensitivity to MTX, 6MP and M.V. 

and that exogenous Mn can rescue these defects (Fig. 21). Interestingly, I demonstrated that 
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sodA::Tn mutant showed heightened sensitivity to MTX while sodM::Tn did not (Fig. 21). 

Perhaps this sodA-specific phenotype could be described by a finding from Karavalos et al., 

2003a that SodA deficiency renders S. aureus more sensitive to O2
- generated internally.  

Moreover, the finding that growth defects of the sodAM mutant can be rescued to WT with 

exogenous Mn suggests that Mn may be quenching ROS generated by MTX, 6MP and M.V. 

directly, independent of S. aureus dismutases. To measure if Mn can directly inhibit ROS 

production, a ROS quantifying assay may be optimized to measure amount of superoxide 

generated by these compounds in Mn-replete and Mn-deplete conditions. A luminol probe-

based assay as used in Rowe et al., 2020 may be employed to detect superoxide generated from 

S. aureus that can be used to measure superoxide generated in presence of MTX, 6MP and 

M.V. with and without Mn. Additionally, to assess whether MTX has the bactericidal effect in 

vivo and the role of Mn transport in this context, mouse infections of mntC::Tn and WT S. 

aureus followed by MTX treatments could be performed. It would be interesting to see whether 

in vitro findings would be recapitulated in vivo, specifically if I would observe a difference in 

bacterial burden between the two strains and whether treatment with MTX would result in 

reduced viable bacteria.  

   Although I did not identify a novel purine transporter in S. aureus as intended in the 

project objectives, the results of this study suggests the role of Mn as an antioxidant for ROS 

and the role of SodA for S. aureus to cope with ROS generated from MTX, 6MP and M.V. To 

further evaluate the mechanism at which MTX and 6MP inhibit S. aureus growth in addition 

to blocking de novo synthesis of purines, further studies may seek to measure the amount of 

ROS generated by these compounds as a way to demonstrate that they are indeed generating 

superoxide and investigate the effect of MTX in mouse model of infection. Importantly, future 

projects may continue to optimize the screening for a purine transporter in S. aureus or further 

characterize potential transporters from the list of putative mutants with defects in purine 

import conditions using the framework and suggestions established from this study. 

Understanding how an antibacterial compound could be producing ROS as an off-target effect, 

and how the presence of metal ions such as Mn2+ could affect ROS is an important 

consideration when deciding whether a compound would be suitable for use as an S. aureus 

therapeutic. Due to the emergence of multidrug-resistant strains and persistent SCV strains, it 

is also important to investigate the mechanisms that S. aureus use to subvert the effect of 

antibiotics. As mentioned, purine transport is one of the mechanisms that allow the bacterium 
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to persist and continue to cause disease in presence of antibiotic treatment; therefore, it is 

important that the uncharacterized purine transporters be identified and their roles be 

investigated further as a way to avoid resistance or persistence of the bacterium to any 

antibiotic compounds. 
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