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Abstract  

The antimicrobial resistance (AMR) problem was responsible for 4.95 million deaths in 

2019, with 10 million people predicted to die annually by 2050. Staphylococcus aureus 

is one of the six leading pathogens associated with AMR deaths, it is considered as a 

serious threat by the CDC and a high priority pathogen by the WHO.  

One of the ways to tackle AMR is by finding new targets. In the work described here, we 

focused on the study of three putative aminotransferases coded in the genome of S. 

aureus predicted to be involved in the aspartate and haem biosynthetic pathways as 

potential drug targets.   

Mutant strains from the Nebraska Transposon Mutant Library (NTML) with disruptions in 

the genes coding for a putative aspartate aminotransferase, SAUSA300_1916 (AspB), 

and for two putative glutamate-1-semialdehyde aminotransferases (GSA-ATs), 

SAUSA300_1614 (HemL1) and SAUSA300_1845 (HemL2), were used to evaluate the 

impact of the deficiency of the enzymes in S. aureus colonisation using planarian model, 

virulence using Galleria mellonella model, growth in different media, and biofilm 

formation using the crystal violet assay.  

Our results show that, although the putative AspB and HemL enzymes were found not 

to be essential for the growth or biofilm formation of S. aureus under the conditions 

tested, their deficiency led to a significant virulence attenuation in the G. mellonella 

model. This model had the advantage over the planarian model of being able to precisely 

inject the bacteria without the need for a sophisticated microinjection instrument and was 

used for further analysis.  

The genes coding the putative enzymes were cloned, expressed in Escherichia coli and 

the purified proteins were assayed for aminotransferase activity. SAUSA300_1916 

(AspB) was confirmed to be a pyridoxal phosphate (PLP)-dependent aminotransferase 

showing a Km of 1.36 ± 0.13 mM for aspartate and was inhibited by the PLP-dependent 

aminotransferase inhibitors adapalene and PF-04859989, amongst others. 
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SAUSA300_1614 and SAUSA300_1845 bound pyridoxamine phosphate (PMP) and 

PLP, respectively. Furthermore SAUSA300_1614 (HemL1) showed the bioinformatically 

predicted GSA-AT activity, while SAUSA300_1845 did not. SAUSA300_1614 had a Km 

of 8.6 ± 2.9 µM for its substrate, glutamate-1-semialdehyde, and was inhibited by γ-

acetylenic GABA and γ-vinyl GABA.  

We showed that the enzymes AspB and HemL1 had the annotated activity, while the 

activity of the putative HemL2 protein remains to be elucidated. Both enzymes, AspB 

and HemL1, were inhibited by compounds approved to be used in humans that are safe 

and whose efficacy in S. aureus treatment might potentially be tested. Since these 

pyridoxal dependent enzymes have no homologs in humans, they represent specific 

targets for the development of new drugs against S. aureus. 
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Impact Statement  

Staphylococcus aureus is one of the leading pathogens causing healthcare associated 

antimicrobial resistant (AMR) infections. The current global crisis caused by AMR 

combined with a lack of new drugs available makes it crucial to find new targets against 

multi-drug resistance bacteria. 

The finding of this thesis demonstrated that three putative aminotransferases from S. 

aureus involved in the central carbon and haem metabolic pathways were important for 

the virulence of the pathogen in a Galleria mellonella model. Furthermore, our study 

experimentally determined that SAUSA300_1916 (AspB) had aspartate 

aminotransferase activity and SAUSA300_1614 (HemL1) had glutatamate-1-

semialdehyde aminotransferase activity. Moreover, both enzymes were characterised 

and inhibited by aminotransferase inhibitors.  

This study proposes that the aspartate aminotransferase (AspB) and glutamate-1-

semialdehyde aminotransferase (HemL1) from S. aureus are good candidates as new 

targets for drugs development. We have demonstrated that the enzymes AspB and 

HemL1 can be inhibited by compounds that are used in humans, which are proven to be 

safe and can be used as a leading compounds to design new antimicrobials. This 

confirmation can inform pharmaceutical investigations on the development of new drugs 

against S. aureus infections. 

Although the identification of potential candidates for drug development is an initial step 

in the antibiotic development pipeline, it is critical to find valid candidate molecules 

against those targets. We expect this research will help in the process of drugs 

development as proposes the aminotransferases of S. aureus as new targets to develop 

antibacterial agents that could ultimately lead to a decrease in the mortality rate due to 

S. aureus infections as well as a reduction in the healthcare costs associated to hospital 

treatment and drug usage.  
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More specifically, the results of the present study contribute to the body of knowledge of 

the characterised enzymes of S. aureus, which can be instrumental for future academic 

research in the subject. 
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1. Introduction  

1.1 Antibiotic resistance as a global health problem 

This thesis describes an exploration of potential drug targets against Staphylococcus 

aureus infections and antimetabolite agents in an attempt to aid to the discovery of new 

antibiotics in the future in order to tackle the increase in antimicrobial resistance (AMR).  

AMR has become one of the major concerns on human health and it is amongst the top 

10 threats facing humanity according to the World Health Organisation (WHO). 

Depending on the antimicrobial resistance pattern, bacteria are categorised into 

susceptible, intermediate resistant, and resistant to antibiotics after comparing the 

minimum inhibitory concentration (MIC) obtained in a susceptibility test with established 

breakpoints that define the susceptibility of the bacteria for a specific antibiotic 

(Macgowan & Wise, 2001). A resistant bacteria shows an increased MIC when compared 

with the susceptibility breakpoint for the antibiotic under study and the drug will no longer 

show inhibitory activity against the pathogen (Sherrard et al., 2014).   

AMR can be caused by different mechanisms categorised into two types: biochemical 

and genetic mechanisms (Siddiqui, 2019). One of the biochemical mechanisms consists 

in the target modification, and an example of that corresponds to the alteration in either 

the DNA gyrase or topoisomerase IV, that reduces the effectiveness of fluoroquinolones, 

which target the DNA synthesis (Redgrave et al., 2014). A decreased influx of the 

antibiotic due to modification in the structure of the cell membrane, an active efflux of the 

antibiotic, an inactivation of the antibiotic as a result of enzymatic modification, or an 

alteration of the binding site of the antibiotic to its target are different mechanisms of 

bacterial resistance to antibiotics. In terms of the genetic mechanisms, mutations within 

the genome results in antimicrobial resistance acquisition by alteration in the drug target 

or in the composition of the cell wall (Foster, 2017). It was reported that mutations in the 

genes coding regulatory housekeeping functions, like the gene coding the RNA 

polymerase β subunit (rpoB) or the ribosomal S12 protein (rpsL), is a common 



26 

 

mechanism of antibiotic resistance and it is also associated with pleiotropic effects due 

to the central role of the affected genes in microbial processes (Hershberg, 2017). The 

horizontal gene transfer is another genetic mechanism involved in the acquisition of 

resistance by bacteria being conjugation, transduction, and transformation the types of 

gene transference that significantly contribute to the spread of antimicrobial resistance 

genes (Andersson & Hughes, 2010).  

It has been predicted that by 2050, nearly 10 million people will die per year worldwide 

due to AMR related infections, this being the leading cause of deaths compared with 

others like cancer (8.2 million), diabetes (1.5 million), diarrheal disease (1.4 million), and 

road traffic accidents (1.2 million) according to an official report commissioned by the 

United Kingdom (UK) government (J. O’Neill, 2016). The fatality rates associated with 

resistant strains infections is higher when compared with their susceptible counterparts, 

for example, in patients with bacteraemia caused by methicillin-resistant Staphylococcus 

aureus (MRSA) strains the mortality was significantly higher when compared with 

patients with bacteraemia caused by methicillin-susceptible Staphylococcus aureus 

(MSSA) strains (Cosgrove et al., 2003).      

Regarding the financial consequences of AMR, Thorpe and colleagues found that the 

costs related to the treatment of AMR infections added an average of 1,383 USD when 

compared with the treatment costs of non-AMR infections after analysing the data from 

the Medical Expenditure Panel Survey-Household Component during a 13 years period, 

from 2002 to 2014 (Thorpe et al., 2018). In the case of the EU/EEA, it was predicted that 

the costs associated to AMR infections could be around 1.1 billion Euros per year 

between 2015 and 2050 if no action is taken (ECDC & OECD, 2019) (accessed 2021, 

Feb 04). To tackle the AMR problem, worldwide efforts have been made, and in 2017 

the G20 Health Ministers held the Berlin Declaration in a joint commitment to promote 

research leading to the development of new antibiotics and to design plans to tackle 

AMR considering the impact it will have on millions of people and on the economic 

productivity of the countries if not properly addressed. 
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Amongst the factors contributing to the AMR crisis, a key one is the decrease in the rate 

of new drugs discovered since the 1980s, mainly due to a reduced investment in 

antibiotic research by both, public and private funders (J. O’Neill, 2016). It seems 

paradoxical that while AMR bugs are increasing, companies researching in drug 

development are decreasing as seen by the reduction in the number of companies 

investigating in antibiotics from the 1990 to 2011 with a fall in number from 18 to 4 

(Cooper & Shlaes, 2011), which is caused mainly due to the low returns that antibiotic 

discovery and development provides to pharmaceutical and biotechnological firms (M. J. 

Renwick et al., 2016).  

According to the threat categorisation by the Centers for Disease Control and Prevention 

(CDC) in urgent, serious, and concerning, MRSA is considered as a serious threat and 

the vancomycin-resistant S. aureus (VRSA) is categorised as concerning, while the 

priority of S. aureus for the WHO remains to be high (Micoli et al., 2021).  The serious 

threat this pathogen represents for the public health and the lack of new antimicrobials 

available for its treatment make it imperative to find new targets for the development of 

new drugs to combat its infection.   

 

1.2 S. aureus general characteristics and virulence factors  

S. aureus is a bacterium belonging to the Staphylococcus genus discovered by the 

Scottish surgeon Alexander Ogston in 1880 while observing microorganisms obtained 

from samples of abscesses, when he was trying to explain the link between bacteria and 

wound infections (Ogston, 1881). Amongst the microorganisms observed by Ogston, 

those arranged in grape-like clusters were named as Staphylococcus and the species 

“aureus” was named afterwards by the German surgeon Anton J. Rosenbanch due to 

the golden colour of the colonies (G. Y. Liu et al., 2005).  
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S. aureus is a Gram-positive, spherical-shaped microorganism, catalase and coagulase 

positive, and can be normally found inhabiting the skin (hands, chest, and abdomen), 

the upper respiratory tract (mainly the nose), gastrointestinal tract, vagina, rectum, and 

axilla (Presctott et al., 2002; Sakr et al., 2018). The squamous epithelium of the anterior 

nares is its preferred ecological niche (Cole et al. 2001) and depending on the nasal 

carriage status, the population can be classified as persistent (~20%), intermittent 

(~30%) or non-carriers (~50%) of S. aureus (Wertheim et al., 2005) or as persistent and 

non-persistent according to the re-classification made by van Belkum and colleagues 

(van Belkum et al., 2009). Although it is a commensal microorganism, when our 

protective mechanical barriers are broken, it can penetrate into our body and cause from 

local infections of the skin to more severe infections such as osteomyelitis, pneumonia, 

endocarditis and septicaemia (Cheung et al., 2021).  

S. aureus produces a wide range of virulence factors that can be secreted or associated 

with its surface, contributing to its adhesion, invasion, and evasion of the host immune 

system. Adhesion of the pathogen to the host cell, specially to the extracellular matrix, is 

mediated by cell wall-anchored (CWA) proteins that have been classified into four 

families depending on their structural motifs: microbial surface components recognising 

adhesive matrix molecules (MSCRAMMs), NET motif family, three-helical bundle family, 

and G5-E repeat family (Foster et al., 2014). Amongst the MSCRAMMs that are proven 

to be involved in adhesion to host components like fibrinogen, collagen, cytokeratin, or 

epithelial cells, we can find the clumping factors: ClfA and ClfB, fibronectin binding 

proteins: FnBPA and FnBPB, collagen adhesin (Cna), and bone sialoprotein binding 

proteins (Bbp).  

S. aureus has developed the ability to evade the host immune system through the 

expression of a wide range of evasion molecules that participate in the circumvention of 

the pathogen to every step of the immune response (de Jong et al., 2019). The 

chemotaxis inhibitory protein of Staphylococcus aureus (CHIPS), the extracellular 

adherence protein (Eap) and capsular polysaccharides (CPs) type 5 and 8 are examples 
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of factors involved in the evasion of the neutrophils extravasation and chemotaxis as well 

as in the inhibition of phagocytosis (de Jong et al., 2019; Foster, 2005). CHIPS binds 

specifically to two chemoattractant receptors located on the surface of neutrophils, the 

C5a receptor (C5aR) and formylated peptide receptors (FPR), whose natural ligands are 

the complement component C5a and bacterial released formylated peptides, 

respectively. Once the receptors are occupied by CHIPS, the intracellular cascade of 

events that leads to the migration of neutrophils from blood to the infection site is avoided 

(Foster, 2005; Postma et al., 2004). Eap interferes with the adhesion between leukocytes 

and endothelial cells of the blood vessels, a step required for the extravasation of 

neutrophils to the underlying tissue. The protein binds to the intercellular adhesion 

molecule-1 (ICAM-1) located on the surface of endothelial cells impairing its union with 

the lymphocyte function-associated antigen (LFA-1) on the surface of leukocytes, which 

in normal function allows the migration of leukocytes to the infection site (Foster, 2005). 

The capsular polysaccharide (CP) protects bacteria from being killed by neutrophils and 

both, CP5 and CP8, have been shown to cause resistance to phagocytosis (Kampen et 

al., 2005). Another S. aureus protein involved in immune evasion is the protein A (SpA), 

a cell wall associated protein coded by the spa gene, that binds to the Fc region of host 

immunoglobulin G (IgG) and to the Fab region of type B cells, which is known to promote 

immune evasion by preventing the union between the Fc region and its receptor located 

on the surface of phagocytic cells, thus avoiding the phagocytosis of antibody coated 

bacteria (Falugi et al., 2013). It was reported that SpA specifically restricts the IgG 

hexamer formation needed for an efficient complement activation, thus facilitating the S. 

aureus immune evasion (Cruz et al., 2021). The nuclease (Nuc) enzyme is an example 

of a S. aureus secreted enzyme able to degrade the neutrophil extracellular traps (NETs) 

formed to ensnare pathogens for further clearance. This secreted nuclease was reported 

to participate in immune evasion since a nuc-deficient strain showed significantly more 

susceptibility to be cleared by activated neutrophils compared with the wild-type strain in 

a murine model (Berends et al., 2010). S. aureus has also developed strategies to evade 
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its killing, either in an oxygen-dependent or independent way, by secreting a wide range 

of enzymes like staphylokinases, superoxide dismutases SadA and SadM, catalases like 

KatA and alkyl hydroperoxide reductase (AhpC), the staphylococcal peroxidase inhibitor 

(SPIN), aureolysins, and O-acethyltransferase A (OatA), amongst other enzymes (de 

Jong et al., 2019).  

According to de Jong and colleagues, there are currently nearly 40 different S. aureus 

molecules described to be involved in the evasion of the pathogen to the host immune 

system, number that potentially might increase since there are still another 200 secreted 

proteins from S. aureus whose function has not been yet identified (de Jong et al., 2019). 

Immune evasion molecules of S. aureus are not the only defence mechanism this 

pathogen uses to survive within its host, it also produces a wide range of toxins that 

increase its pathogenicity and protection from host immunity.  

 

1.3 S. aureus toxins 

Amongst the machinery of virulence factors found in S. aureus, the production of a wide 

range of toxins enhances its pathogenicity, since they affect the host cell by forming 

pores in the cell membrane, loosening cell junctions, and causing an excessive 

stimulation of the host immune system (Grumann et al., 2014). According to Oliveira and 

colleagues, the S. aureus toxins can be divided into three groups: 1) pore forming toxins 

(PFTs), 2) exfoliative toxins (ETs), and 3) superantigens (SAgs) (D. Oliveira et al., 2018).      

1.3.1 Pore forming toxins 

The pore forming toxins (PFTs) comprise four types of toxins: hemolysin-α (Hla), 

hemolysin-β (Hlb), leukotoxins, and phenol soluble modulins (PSMs) (Grumann et al., 

2014). The first type, Hla, is secreted as a water soluble molecule and able to form pores 

in the host membrane upon binding to its plasma membrane receptors (i.e. 

transmembrane protein ADAM10 or α5β1 integrin) with concomitant changes in its 
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conformation forming a heptamer, which is a pre-pore structure that finally forms a 

heptameric transmembrane pore in the host (Seilie & Wardenburg, 2017). It was reported 

that this toxin affects endothelial cells (Powers et al., 2012) and also epithelial cells 

(Möller et al., 2020) as well as immune cells like T cells, B cells, and monocytes (Nygaard 

et al., 2012).  

Another PFT that is important for S. aureus pathogenicity is Hlb or sphingomyelinase C, 

which has shown to promote S. aureus colonisation on the skin in a murine ear 

colonisation model, with a 50-fold higher colonisation efficiency when compared with the 

non Hlb-producing strain (Katayama et al., 2013). It was also reported that Hlb is 

essential for the development of lung injury by S. aureus through an increase in 

neutrophils influx to the alveolar space and lung inflammation (Hayashida et al., 2009).  

Leukotoxins are two-component toxins that lyse immune cells like leukocytes, 

neutrophils, monocytes, dendritic cells and red blood cells being reported four types of 

them: 1) the Panton-Valentine Leukocidin (PVL), 2) the LukAB,/LukGH, 3) LukED, and 

4) γ-hemolysins (HlgA, HlgB, HlgC) (D. Oliveira et al., 2018). S. aureus strains can 

produce at least three leukocidins and clinical strains involved in human infections can 

produce up to five different leukocidins (Alonzo & Torres, 2014).  

The S. aureus phenol soluble modulins (PSMs) are secreted small peptides classified 

according to their length into two types: α-PSM, the shorter type composed of nearly 20 

amino acids and the longer type, the β-PSM, which is composed of nearly 40 amino 

acids (R. Wang et al., 2007). The PSMs are coded in three operons in the S. aureus 

genome: the psmα operon (coding the α-PSMs), the psmβ operon (coding the β-PSMs), 

and the hld operon (coding the δ-toxin), which is in the coding sequence of the 

staphylococci regulator RNA III (D. Oliveira et al., 2018). The PSMs have cytolytic 

activity, activate inflammatory response, and are produced by almost all S. aureus strains 

except by those showing a defective agr quorum-sensing system, since in S. aureus the 

PSMs production is controlled by the Agr regulator (Otto, 2014). It was also reported that 
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the production of PSMs was higher in community-associated methicillin-resistant 

Staphylococcus aureus (CA-MRSA) strains than in healthcare-associated methicillin-

resistant Staphylococcus aureus (HA-MRSA) strains which may contribute to the 

increased virulence showed by those strains in bacteraemia and skin infections models 

(R. Wang et al., 2007).   

1.3.2 Exfoliative toxins 

The exfoliative toxins (ETs) are glutamate-specific serine proteases that cleavage 

desmogleins-1 (Dsg1), which are cadherin-like adhesion molecules that maintain the 

cell-to-cell adhesion in the mammal epidermis, thus resulting in the loosening of 

keratinocytes junctions with concomitant formation of blisters and skin desquamation 

(Kayan & Torres, 2019). The ETs include the ETA, ETB, ETC, ETD, (Kayan & Torres, 

2019) and ETE (Imanishi et al., 2019) whose expression is regulated by the agr-quorum 

sensing system (Grumann et al., 2014). The ETs are responsible for the staphylococcal 

scalded skin syndrome (SSSS), previously known as dermatitis exfoliative, Lyell’s 

disease and Ritter’s disease, that affects neonates and children and also adults with 

compromised immune system or renal dysfunction (Ladhani, 2003).  

1.3.3 Superantigens  

Superantigens (SAgs) are toxins that have an immune system stimulatory effect, 

specifically on T cells and mononuclear macrophages, causing an excessive immune 

response leading to clinical signs like high fever, hypotension, and a progressive organ 

failure (Grumann et al., 2014; Krakauer et al., 2016). The molecular mechanism by which 

the SAgs activate T cells has been a matter of study and it was shown, after using x-ray 

crystallography, that they form a complex with the α-chain major histocompatibility 

complex class II receptors (MHC-II) expressed on the surface of the antigen presenting 

cells (APCs) and with the β-variable region of the T cell receptors (TCR) (Rödström et 

al., 2014). This ability of the SAgs to bind both, the TCR and MHC-II receptors, makes 

them a potent immunogen since they have the capacity to circumvent the conventional 

antigen presentation pathway by crosslinking the TCRs and MHC-II on the surface of the 
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APCs, thus stimulating T cells activation with the concomitant increase in cytokines 

production (Abdurrahman et al., 2020). There are 26 S. aureus SAgs described, 

including the toxic shock syndrome toxin (TSST-1), 11 staphylococcal enterotoxins, and 

14 staphylococcal enterotoxin-like proteins (Abdurrahman et al., 2020) and nearly 80% 

of the S. aureus clinical strains carry an average of between five and six SAgs coding 

genes (Grumann et al., 2014). 

 

1.4 S. aureus and its resistance to antimicrobials 

In S. aureus the drugs used for its control target mainly protein synthesis, cell wall, DNA 

replication and transcription, and to a lesser extent the enzymes involved in metabolic 

processes.    

The molecular targets of the antibiotics inhibiting the protein synthesis are the subunits 

30S and 50S of the bacterial ribosome, as well as the elongation factor G and the 

isoleucyl-tRNA synthetase (IleRS), which catalyses the attachment of isoleucine to tRNA 

(Vestergaard et al., 2019). The antibiotics targeting the 30S subunit bind to the A site 

where the charged tRNA binds to the ribosome, being antibiotics belonging to the classes 

tetracyclines (tetracycline, doxycycline), aminoglycosides (gentamicin), and 

glycylcyclines (tigecycline) used against the 30S subunit of S. aureus (Foster, 2017; 

Vestergaard et al., 2019). Regarding the antibiotics that target the 50S subunit, where 

the drug binding sites are the peptidyltransferase center (PTC), which is the ribosome 

main functional centre, and the emerging peptide exit tunnel (Foster, 2017), there are 

several classes of antibiotics that target the 50S subunit that are used to treat S. aureus 

infections, including oxazolidinones (linezolid  and tedizolid), macrolides (erythromycin), 

streptogramins (quinupristin and dalfopristin), lycosamides (clindamycin), 

chloramphenicols (chloramphenicol), and pleuromutilins (retapamulin) (Vestergaard et 

al., 2019). Although there is a wide range of antibiotics used to target S. aureus protein 

synthesis, this pathogen can develop resistance against the most clinically relevant 
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drugs. For example, the resistance of S. aureus against tetracyclines is associated with 

the presence of the resistance determinants tetA(K) and tetA(L), involved in the active 

efflux of the drug (Jensen & Lyon, 2009), and tet(M) or tet(O), involved in the removal of 

the antibiotic from the ribosome (Lu et al., 2013). It has been reported the resistance of 

S. aureus against gentamicin through the activity of aminoglycoside-modifying enzymes 

like phosphor-transferases, acetyl-transferases, and nucleotidyl-transferases (Mccallum 

et al., 2010). Similar situation happened with two of the most relevant drugs to treat 

MRSA infections that inhibit the protein synthesis by targeting the 50S ribosomal subunit: 

linezolid and synercid (Foster, 2017). In the case of linezolid its resistance is mediated 

by the acquisition of the chloramphenicol-florfenicol resistance (cfr) gene, which codes 

a methyltransferase that catalyses the methylation of the 23S ribosomal RNA at the 

position A2503 conferring resistance to the antibiotic (Morales et al., 2010). In the case 

of synercid (quinupristin/dalfopristin) that occasionally is used for the treatment of MRSA 

infections, a study reported the emergence of resistance amongst clinical strains with a 

prevalence of resistance of 0.4% in MRSA isolates (F. Yu et al., 2014).    

The earliest antibiotic targeting the cell envelope in S. aureus was penicillin, which was 

commercialized in the early 1940 and targets the penicillin-binding protein 2 (PBP2) that 

has transglycosylase and transpeptidase activity (Foster, 2017). The antibiotic binds to 

the serine residues in the active site of the enzyme blocking the peptidoglycan synthesis 

(Walsh & Wencewicz, 2016). Resistant strains to this antibiotic were identified as early 

as two years after its introduction into clinical settings when 29 strains of S. aureus 

developed resistance to it after a prolonged period of exposure (Rammelkamp & Maxon, 

1942). The resistance of S. aureus to penicillin is due to the presence of the blaZ gene, 

which codes a β-lactamase that hydrolyses the β-lactam ring of the antibiotic leading to 

its inactivation (Lowy, 2003). To overcome this resistance problem, the new 

semisynthetic antibiotic, methicillin, was introduced in 1961 but the pathogen developed 

resistance against it through the acquisition of the genetic determinant mecA that codes 
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a homolog enzyme to the PBP2, the PBP2a, which has a low-affinity for β-lactams 

antibiotics (Foster, 2017), thus arising the methicillin-resistant S. aureus (MRSA) strains. 

Different classes of antibiotics targeting the cell envelope have been used against S. 

aureus infections like the fifth-generation cephalosporins (ceftaroline), carbapenems 

(imipenem), glycopeptides (vancomycin and teicoplanin), lipoglycopeptides 

(dalbavancin and telavancin), phosphonic acid (fosfomycin), and lipopeptide 

(daptomycin) (Vestergaard et al., 2019). The antibiotics vancomycin and daptomycin 

have been used as a key option to treat serious MRSA infections (Vestergaard et al., 

2019). However, S. aureus has developed resistance against both of them. Vancomycin 

targets the cell wall synthesis by binding through hydrogen bonds to the D-alanyl-D-

alanine pentapeptide moiety of the lipid II, preventing the cross-linking of the 

peptidoglycan (Zeng et al., 2016). A fully vancomycin resistant S. aureus strain (VRSA) 

was reported in 2002 (Howden et al., 2010) and the mechanism of resistance involved 

the replacement of the terminal D-alanine residue by either D-serine or D-lactate to which 

the antibiotic has reduced binding affinity (Zeng et al., 2016). In the case of daptomycin 

it targets the cell membrane causing its disruption and depolarisation, leading to cell 

death (Miller et al., 2016). It has been reported that an antimicrobial peptide present in 

human serum (LL-37) was able to induce daptomycin tolerance in S. aureus through two 

mechanisms: by increasing the amount of peptidoglycan in the cell wall and by increasing 

the amount of the phospholipid cardiolipin in the cell membrane (Ledger et al., 2022). 

Amongst the classes of antibiotics that target nucleic acid biosynthesis in S. aureus we 

can find fluoroquinolones (ciprofloxacin, moxifloxacin) and rifamycins (rifampicin) that 

targets the DNA replication and transcription, respectively (Vestergaard et al., 2019). The 

molecular targets of fluroquinolones are the DNA gyrase and topoisomerase IV and the 

resistance against them is mediated by mutations leading to changes in the drug-binding 

site of the enzymes and by the overexpression of efflux pumps (Foster, 2017). It was 

reported that the resistance to ciprofloxacin was related to single or double point 

mutations identified in the genes gyrA (subunit A of the DNA gyrase) and grlA (subunit 
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A of the topoisomerase IV) that were identified in more than 50% of the analysed clinical 

strains (Tanaka et al., 2000). The resistance to fluoroquinolones mediated by the efflux 

pumps is associated with the overexpression of the pumps NorA, NorB or NorC 

responsible for the efflux of the drug (Foster, 2017). Rifampicin that targets the β subunit 

of RNA polymerase is used as an adjuvant agent against the bacteraemia or endocarditis 

caused by S. aureus and its resistance is mediated by mutations leading to changes in 

the drug binding site that reduces the affinity of the antibiotic for its target (Foster, 2017).  

Finally, amongst the antibiotics that target enzymes involved in the metabolism of S. 

aureus, we can find trimethoprim (TMP)/sulfamethoxazole (SMX) that are recommended 

for the treatment of patients with skin and soft tissue infections caused by MRSA 

(Nathwani et al., 2008). These two antibiotics have a synergistic effect when used in 

combination and target both the dihydrofolate reductase (DHFR) and dihydropteroate 

synthase (DHPS) involved in the de novo synthesis of folic acid (Vestergaard et al., 

2019). It was reported that in MRSA strains the resistance to TMP/SMX significantly 

increased in a 12-year period of time, from 2% to 13% (Khamash et al., 2019). The 

resistance is due to either, mutations in the genes coding the target enzymes or to the 

acquisition of variants of the gene dfr (dfrA, dfrD, dfrK) coding the DHFR, being the dfrG 

variant found globally distributed amongst the trimethoprim resistant strains (Nurjadi et 

al., 2015); both strategies resulting in a reduced affinity of the drugs for their targets. 

Prontosil (sulfamido-chrysoidine) and bedaquiline are examples of drugs targeting 

bacterial metabolism. Prontosil is one of the few inhibitors of nutrient biosynthesis that 

targets the dihydropteroate synthase involved in the biosynthesis of folic acid and 

approved to be used in the clinic (Carfrae & Brown, 2023). Bedaquiline targets the 

bacterial adenosine triphosphate (ATP) synthase and has been used to treat 

mycobacterial infections (Murima et al., 2014). Thus, metabolic pathways hold promises 

as a resource of new antimicrobial drugs that should be considered when finding new 

targets.  
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1.5 New therapeutic strategies for the treatment of S. aureus infections 

The period between 1940s and 1970s corresponds to the golden age of antibiotic 

discovery where nearly 40 new antimicrobial compounds were identified and introduced 

into the clinical practice (Altamirano & Barr, 2019). Since then, few new classes of 

antibiotics have been discovered resulting in the actual stagnancy in the discovery of 

new drugs, while a rapid increase in the rate of emergence of resistant strains has 

triggered research for new strategies to treat bacterial infections. 

Amongst these strategies we can find the chemical modification of existing antimicrobials 

to improve its activity and overcome the resistance problem. As an example, Pavlović 

and colleagues developed a new class of macrolides after modifying ketolides 

(semisynthetic derivatives of erythromycin) by introducing a heteroaromatic side chain in 

the C-12 position of γ-lactone of an α-amino lactone derivative of clarithromycin, resulting 

in an enhanced in vitro antimicrobial activity against different pathogens including an 

inducible resistant S. aureus (Pavlović et al., 2014). One of the problems that can arise 

with this strategy where new molecules are synthesised after modifying the core 

structure of existing antibiotics, is that the appearance of resistance to the new antibiotic 

might be a matter of time. Another limitation could be the reduced chances to identify 

new compounds with new modes of action. When changing this conventional way of 

drug discovery other potential drug candidates might arise. In this context, Martin and 

colleagues identified the compound SCH-79797 after screening a 30,000 molecule 

library that showed bactericidal effect against Gram negative and Gram positive 

pathogens including S. aureus (Martin et al., 2020). They found that the compound had 

a dual mechanism of action that independently disrupted the membrane cell integrity and 

the folate biosynthesis (Martin et al., 2020), required for the synthesis of DNA and RNA, 

making it a good candidate to treat a broad spectrum of pathogens. 

As an alternative to conventional antibiotic therapy, there is the phage-based therapy, 

which has also been used as a topical treatment against S. aureus infections (Vuong et 
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al., 2016). This therapy relies on the lytic cycle of a bacteriophage to destroy the target 

bacteria. Some advantages relative to the use of conventional antibiotics are its 

specificity, safety, reduced cost, its usage in patients with allergies to antibiotics, and that 

it is self-limited as the phage can exert its lytic activity only within the target bacteria 

(Altamirano & Barr, 2019). In 2014, it was reported that a phage cocktail was effective in 

the treatment of S. aureus bacterial sinusitis using a sheep model (Drilling et al., 2014). 

Another study showed that a cocktail of three bacteriophages from the Myoviridae family 

had a positive outcome in terms of safety and tolerability in the treatment of endocarditis 

and septic shock caused by S. aureus, although its effectiveness remains to be 

elucidated (Petrovic Fabijan et al., 2020). There is a phage cocktail in a phase II clinical 

trial (registration number NCT02664740) with 60 participants evaluating its effect on the 

topical treatment of diabetic foot ulcers in patients infected with S. aureus. There are also 

bacteriophage-coded proteins that are currently under clinical trials like: CF-301 

(exebacase) and SAL200 (tonobacase) against S. aureus bloodstream infections and 

P128 (StaphTAME) against both, bacteraemia and nasal colonisation (Kesharwani et al., 

2020).  

Other alternative approach used to overcome the resistance problem is the antivirulence 

therapy, which focuses on the neutralisation of targeted virulence factors to treat an 

infection (Dickey et al., 2017). In the case of S. aureus, the following compounds have 

been developed as result of this approach that are under either, phase II or preclinical 

trials: MEDI4893 and AR-301 (targeting the α-toxin), ASN-100 (targeting α-toxin, PVL, 

LukED, LukGH and γ-hemolysin), 6e (targeting SrtA), and savarin (targeting the agr-

quorum sensing system) (Dickey et al., 2017). 

Antibody therapy has also been explored to target infections caused by high-priority 

pathogens. This strategy relies on the activation of the immune system (Kesharwani et 

al., 2020) and different monoclonal antibodies against different targets of S. aureus are 

in the clinical pipeline for its evaluation. Some examples of the antibody therapy are: 

514G3 (targeting the cell wall SpaA protein), AR-301 (targeting the α-toxin), MEDI-4893 
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(targeting the α-toxin and ClfA), DSTA-4637S, which is an antibody-antibiotic conjugate 

that releases the conjugated antibiotic to the site of infection, and BT588 that is under 

the phase 2 clinical trial (WHO, 2020). 

 

1.6 New targets for the treatment of S. aureus infections 

The finding of new targets is another path researchers are following to develop new 

therapeutics to overcome the antimicrobial resistance crisis. In this context, the enzymes 

participating in the type II fatty acid synthetic (FASII) pathway of S. aureus have emerged 

as an important target to develop new drugs due to its role in the lipid synthesis needed 

for the bacterial cell wall biosynthesis. The enzymes participating in the elongation of the 

fatty acids are the Fab proteins FabG, FabZ, FabI and FabF and amongst the 

compounds used to target the enzymes involved in FASII pathway we can find triclosan 

derived compounds and Debio1452/afabicin, inhibiting FabI, and plantensimycin, 

inhibiting FabB (Foster, 2017). In an in vitro study it was reported that Debio1452 showed 

inhibitory effect against all S. aureus isolates tested (471 strains) and that it was even 

more active than daptomycin (64-fold) or vancomycin (128-fold) (Flamm et al., 2015). 

There were some concerns about the effectiveness of inhibiting FASII enzymes as a 

treatment since it was argued that bacteria might use exogenous fatty acids instead of 

de novo synthesis to produce phosphatidylglycerol (Brinster et al., 2009). However, 

those concerns were circumvented by Frank and colleagues who evaluated the effect of 

the inactivation of the FA kinase system on its virulence, which is the only system used 

by S. aureus to incorporate exogenous FAs, and finding no effect after shutting off the 

FA kinase system, thus demonstrating that FASII pathway is an effective drug target 

(Frank et al., 2020). The effectiveness of Debio1452/afabicin as a treatment for S. aureus 

infections including those caused by MRSA, has been demonstrated by Menetrey and 

colleagues after successfully completing a human phase II clinical trial in patients that 
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underwent surgery for hip replacement, showing good tolerance and penetration of the 

drug in the infection site (Menetrey et al., 2019).  

Another potential target under study in the drug discovery research against S. aureus is 

the FtsZ enzyme responsible for the cell division that forms the Z ring in the mid-cell, 

recruits other proteins and finally leads to the division of the cell (Haydon et al., 2008). 

After the screening of more than 500 compounds derived from 3-methoxybenzamide, 

the compound PC190723, which targets the FtsZ protein, showed an inhibitory effect of 

cell division and had a potent and selective activity against S. aureus including MRSA 

and multidrug-resistant Staphylococcus aureus (MDRSA) strains (Haydon et al., 2008). 

It was also reported that this compound showed an effective activity when combined with 

β-lactams antibiotics using a murine infection model (Tan et al., 2012). However, the 

poor pharmacokinetics properties of this compound have triggered the improvement of 

its properties leading to the development of PC190723 derivatives with enhanced 

pharmaceutical properties like the compounds TXA709 and TXY541 (Kaul et al., 2015).    

The biosynthesis of teichoic acids in S. aureus has also been explored as a potential 

target for the design of new antibiotics to treat staphylococcal infections due to its role in 

the cell viability, cell division, immune evasion, pathogenesis and resistance to β-lactam 

antibiotics (Pasquina et al., 2013). The teichoic acids (TAs) that are important for the 

physiology of the cell are the wall teichoic acids (WTAs) and lipoteichoic acids (LTAs), 

both having structural similarities but synthetised through different pathways (Pasquina 

et al., 2013). In this line, new compounds that target the TAs biosynthetic pathways have 

been discovered like the compound 1835F03 that targets the TarGH transporter that flips 

WTAs from the cytoplasm to the cell surface, thus specifically inhibiting WTA synthesis 

and producing a growth inhibition of S. aureus strains including MRSA (Swoboda et al., 

2009). Although the compound showed good antibiotic activity against the strains tested, 

it was further optimised in order to improve its potency, obtaining an analogue to 

1835F03 named targocil with 10-fold less mutational frequency and 10-fold more potency 

than the original compound (Lee et al., 2010). The early stages of the WTA biosynthesis 
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have also been targeted and compounds inhibiting the TarO enzyme, involved in the first 

step of the WTA synthesis, like tunicamycin or ticlopidine, have shown an effective 

inhibition of the enzyme with a concomitant resensitization of MRSA strains to β-lactams 

antibiotics (Campbell et al., 2011; Farha et al., 2013).  

The synthesis of peptidoglycan (PG) remains an attractive target to develop new 

antibacterial drugs, focusing specifically on the enzymes involved in its synthesis. 

Bacterial PG intermediates are synthesised in the cytoplasm in a multistep process, from 

the uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) to the final intermediate 

linked to the cytoplasmic side of the membrane, the lipid II (undecaprenyl-diphosphate-

MurNAc-pentapeptideGlcNAc), by the Mur (MurA, MurB, MurC, MurD, MurE, MurF and 

MurI), MraY, and MurG enzymes (Bugg et al., 2011). The lipid II is further translocated 

to the outer side of the membrane by lipid II flippases MurJ or Amj (Meeske et al., 2015) 

and the lipid-linked oligosaccharide (GlcNAc-MurNAc-pentapeptide) it carries is 

incorporated into the growing chain of PG. High-throughput screens for potential 

inhibitors against the enzymes participating in PG synthesis have led to either the 

identification or design of PG synthesis inhibitors like: 2-aminotetralones or avenaciolide 

derivatives isolated from the fungus Neosartorya fischethat that inhibit the MurA (Chang 

et al., 2015; Dunsmore et al., 2008); 5- substituted tetrazol-2-yl acetamido inhibitors 

targeting the MurB (Hrast et al., 2018); feglymycin inhibiting MurC (Rausch et al., 2011); 

phenoxyacetohydrazide derivatives against MurD (Jupudi et al., 2021); 2-

thioxothiazolidin-4-one based inhibitor targeting MurE (Azam et al., 2019); 4-methoxy-1-

methyl-2-oxopyridine-3-carbamide targeting MurF (Swarupa et al., 2017); murgocil 

targeting MurG (Mann et al., 2013); rutin as a potential inhibitor of MraY (Rani et al., 

2018); and humimycin 17S targeting MurJ as a potentiator of β-lactams antibiotics 

against S. aureus (Chu et al., 2018).  

In the context of PG synthesis as target for new antibiotics, the lipid II is an important 

target for antibiotic development. Teixobactin, a compound that binds to the 

pyrophosphate-sugar motif of lipid II, was discovered in 2015 after screening extracts 
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from 10,000 isolates for antibacterial activity against S. aureus (Ling et al., 2015). This 

compound, obtained from the Gram negative bacterium, Eleftheria terrae, showed 

antibacterial effects against different Gram positive pathogens including MRSA strains, 

showing a better performance than vancomycin, and a failure to obtain resistant strains 

after 27 days serial passages with sub-MIC of the compound (Ling et al., 2015). Shortly 

after its discovery, it was reported that the bactericidal effect of teixobactin was due to 

its ability to inhibit simultaneously both, PG and TAs biosynthesis (Homma et al., 2016). 

Currently, there are several compounds targeting the lipid II structure under different 

developmental stages such as phase III or preclinical trials (Malin & De Leeuw, 2019). 

Investigations looking for potential new drug targets in S. aureus had benefited from the 

creation of the Nebraska Transposon Mutant Library (NTML) (Fey et al., 2013). This 

library was created in the genetic background of the community-associated methicillin-

resistant S. aureus (CA-MRSA) lineage USA300, strain LAC. This strain contained two 

plasmids that were cured obtaining the strain JE2 (wild-type) that was used to perform 

the mutagenesis through the insertion of the bursa aurealis transposon. The library 

contains 1,920 mutant strains, each of them with a transposon inserted within the coding 

sequence of non-essential genes and it is arranged into five 384-well plates (Fey et al., 

2013). This library has been used in the genome-wide screen to identify genes involved 

in S. aureus cell death and pathogenesis, highlighting possible new drug targets (Yang 

et al., 2019; Yee et al., 2019).   
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1.7 Aim of the study 

Methicillin-resistant Staphylococcus aureus (MRSA) remains a high priority pathogen 

according to the WHO since it has developed resistance to almost all ß-lactams 

(oxacillin, flucoxacillin, nafcillin) and cephalosporins used for its treatment, making it 

imperative to find new therapeutic targets. A number of studies have focused on the 

identification, on a genome scale, of S. aureus essential genes for growth under specific 

conditions, or for survival using different infection models to find new targets for the 

development of new antistaphylococcal drugs (Benton et al.,2004; Chaudhuri et al., 

2009; Valentino et al., 2014). These investigations have led to the identification of 

essential genes required for S. aureus survival and growth identifying genes involved in 

protein and cell envelope biosynthesis, respiratory pathways, purine and pyrimidine 

biosynthesis, carbon metabolism, and amino acid metabolism as potential new targets. 

In this context, enzymes participating in the metabolism and specifically in the 

transamination process, which is key for the amino acid metabolism, might represent 

new targets for drug discovery. The aim of this project was to study three putative 

aminotransferases coded in the genome of S. aureus as potential new drug targets.   
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2. Material and Methods  

This chapter contains a general description of the materials and methods used in this 

work and the specific methods used for each of the following chapters are described at 

the beginning of the corresponding result chapter.  

2.1 Media  

The media used in this thesis was prepared with distilled water (dH2O) and sterilized by 

autoclaving at 121°C at 15 pounds per square inch (psi) of pressure. The media used 

are listed in Table 2.1. 

Table 2.1 Media used in this study  

Medium/ Brand  Description 

Tryptic Soy Broth/Sigma 

30 g l-1 

 

For TSA agar plates preparation, it was mixed 

with bacteriological agar at 1.5 % (w/v) using 

agar No.1 (Oxoid). 

Luria Bertani Broth/Sigma  

20 g l-1 

 

For agar plates it was mixed with 

bacteriological agar at 1.5 % (w/v) using agar 

No.1 (Oxoid). 

Brain Hearth Infusion/Oxoid 

37 g l-1 

For broth preparation it was dissolved in the 

corresponding volume of dH2O.  

Mannitol Salt Agar/Oxoid 

111 g l-1 

For agar plates it was dissolved in the 

corresponding volume of dH2O. 

Human Serum/Sigma 

(cat. n° H4522) 

From human male AB plasma, USA origin. 

RPMI-1640/Sigma 

(cat. n° R-8758) 

Containing sodium bicarbonate and L-

glutamine. Stored at 4°C before use.  

RPMI-1640/Sigma  

(cat. n° R-0883) 

With sodium bicarbonate, without L-glutamine. 

Stored at 4°C before use. 
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2.2 Antibiotics 

The antibiotics and corresponding concentrations used in this study are listed in Table 

2.2.   

Table 2.2. Antibiotics used in this study  

 

2.3 Bacterial strains and glycerol stocks  

The S. aureus strains used in this study were obtained from the Nebraska Transposon 

Mutant Library (NTML) developed by the Nebraska Centre for Staphylococcal Research 

(CSR). The library was replicated using a pin replicator into five 384-well plates. The 

replicated library was maintained in TSB supplemented with 5 μg/mL erythromycin and 

15% glycerol and kept at –70°C. 

Bacterial stocks were prepared in TSB containing 15% glycerol (wild-type JE2 strain) 

and TSB containing 15% glycerol and 5 μg/mL erythromycin (mutant strains) and kept at 

–70°C.  The JE2 strain was streaked out onto TSA plates while the mutant strains were 

streaked out onto TSA plates containing 5 μg/mL erythromycin and incubated at 37°C 

for 24 h.  

The LS-1 S. aureus strains were provided by Dr. Sean Nair from the Department of 

Microbial Diseases, Eastman Dental Institute, UCL. The strains were streaked out onto 

LB plates with or without supplementation of 100 µg/mL ampicillin and incubated at 37°C 

for 24 h. 

Antibiotic Stock 
concentration 

(mg/mL) 

Solvent 

 

S. aureus 
working 

concentration 

(μg/mL) 

E. coli working 
concentration 

(μg/mL) 

Ampicillin  

 

100 dH2O - 100 

Chloramphenicol  10 100 % ethanol 

(v/v) 

10 - 

Erythromycin  5 100 % ethanol 

(v/v) 

5 - 
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The E. coli strain carrying the plasmid pEAHISMRSA2028 was streaked out onto BHI 

plates supplemented with 100 μg/mL of ampicillin and incubated at 37°C for 24 h. All the 

strains used in this study are listed in Table 2.3. 

Table 2.3. Bacterial strains and plasmids used in this study 

Bacterial strain or 

plasmid 

Relevant characteristics Reference 

S. aureus JE2 USA 300 LAC strain, methicillin resistant, 

and cured for the native plasmids.  

(Fey et al., 2013) 

S. aureus SAUSA300_1916 USA300 strain with a Bursa aurealis 

transposon insertion within the aspB 

gene coding a putative aspartate 

aminotransferase.  

(Fey et al., 2013) 

S. aureus SAUSA300_1614 USA300 strain with a Bursa aurealis 

transposon insertion within the hemL1 

gene coding a putative glutamate-1-

semialdehyde aminotransferase. 

(Fey et al., 2013) 

S. aureus SAUSA300_1845 USA300 strain with a Bursa aurealis 

transposon insertion within the hemL2 

gene coding a putative glutamate-1-

semialdehyde aminotransferase. 

(Fey et al., 2013) 

S. aureus SAUSA300_0605 USA300 strain with a Bursa aurealis 

transposon insertion within the sarA 

gene. 

(Fey et al., 2013) 

S. aureus LS-1 Strain isolated from a spontaneous septic 

arthritis in mice used to create a 

markerless gene deletion of the hemL1 

and hemL2 genes.     

(Bremell et al., 

1990) 

S. aureus LS-1 Δ hemL1 S. aureus LS-1 strain with a markerless 

gene deletion of hemL1 predicted to code 

a putative glutamate-1-semialdehyde 

aminotransferase.   

Nair Laboratory 

(Unpublished data) 

S. aureus LS-1 Δ hemL2 S. aureus LS-1 strain with a markerless 

gene deletion of hemL2 predicted to code 

a putative glutamate-1-semialdehyde 

aminotransferase. 

Nair Laboratory 

(Unpublished data) 
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pEAHISMRSA2028 Plasmid containing Asp/Tyr/Phe 

pyridoxal-5’-phosphate-dependent 

aminotransferase from MRSA under the 

control of promoter T7. 

Addgene, plasmid 

#97001 

E. coli DH5alpha Plasmid cloning host.  

 

2.4 Bacterial growth: spectrophotometric measurements and CFU 

quantification  

2.4.1 Spectrophotometric measurements 

The bacterial growth performed in broth was spectrophotometrically measured at 600 

nm (OD600) to quantify the bacterial yield. The samples were diluted 1:10 using fresh 

medium to allow measurements by using a SPECTROstar Nano absorbance plate 

reader.  

2.4.2 CFU quantification 

The direct cells count was performed after preparing 1:10 serial dilutions of the samples 

and plating 100 μL from each dilution onto agar plates. The agar plates were incubated 

at 37°C for 24 h and the colonies were quantified to determine the CFU/mL. 

  

2.5 Centrifugation  

The centrifuges used in this work are listed in the Table 2.4.  

Table 2.4. Centrifuges used in this study 

Brand - Model Characteristics 

Eppendorf microcentrifuge – 5415 D With rotor F 45-24-11 for up to 2 mL centrifuge 

tubes. Maximum speed of 13,200 rpm or 

16,110 × g. 

Eppendorf centrifuge – 5804 R With rotor A-4-44 with adapters for 15- or 50-

mL conical tubes. Maximum speed of 5,100 

rpm or 5,525 x g. 
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Sorvall centrifuge – RC5B Plus  Rotor used SLA 1500. Maximum speed of 

14,500 rpm or 34,155 x g. 

 

 

2.6 Enzymes  

The enzymes used in this work are listed in the Table 2.5. 

Table 2.5. Enzymes used in this study 

Enzyme Company/catalogue 

number 

Characteristics 

TEV protease  GenScript / Z03030 A site-specific cysteine protease found in the 

tags from fusion proteins. It recognizes the 

sequence Glu-Asn-Leu-Tyr-Phe-Gln-(Gly/Ser) 

[ENLYFQ(G/S)] and cleaves between Gln and 

Gly/Ser residues. Stored at -20°C 

GOT Sigma / G2751 Glutamic-oxalacetic transaminase type I 

isolated from the porcine heart. 200-

500 units/mg protein. Stored at 4°C. 

MDH Sigma / M1567  Malic dehydrogenase isolated from the porcine 

heart. ≥600 units/mg protein. Stored at 4°C.  

GDH  Sigma / G2626  Glutamate dehydrogenase type II isolated from 

the bovine liver. ≥35 units/mg protein. Stored at 

4°C. 

Taq polymerase   Bioline / BIO-25043  MyTaq™ Red Mix is a master mix containing 

the Taq DNA polymerase, a buffer system, and 

the red dye that has increased affinity for DNA. 

Stored at -20°C. 

Proteinase K   Sigma / P4850 Proteinase K from Tritirachium album used for 

the proteolytic inactivation of nucleases during 

the isolation of DNA and RNA. Stored at -20°C. 

RNase Qiagen / 79254 RNase A catalyses the transphosphorylation 

and degradation of RNA. Stored at -20°C. 
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2.7 Amino acids and keto acids  

The enzyme assays were performed using the following amino acids and keto acids 

listed in Table 2.6.  

Table 2.6. Amino acids and keto acids used in this study 

Amino acid or keto 

acid 

Stock solution Solvent Storage 

conditions 

L- aspartic acid  100 mM 0.1 M HCl Freshly prepared  

L- glutamic acid  100 mM 0.1 M HCl Freshly prepared  

L- glutamine 30 g/L dH2O -20°C 

Oxaloacetic acid  100 mM dH2O -20°C 

α-ketoglutarate  100 mM  dH2O -20°C 

 

2.8 Buffers  

The buffers used in this work were the following:  

2.8.1 Elution buffer  

PBS containing 500 mM imidazole, pH 8.0. 

2.8.2 QIAGEN buffer AL (Lysis buffer) 

Buffer used for cell lysis during DNA isolation supplied with the QIA quick kit. The details 

of its content were not specified by the manufacturer. 

2.8.3 Lysis buffer for protein extraction 

The buffer was prepared with 30 mL or 50 mL of B-PER complete bacterial protein 

extraction reagent (cat. n° 89822, Thermo Scientific), one tablet of protease inhibitor (cat. 

n° 04693159001, Roche), and either 20 µM of PMP or 30 μM of PLP. 
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2.8.4 Mobile phase buffer 

The mobile phase buffer was prepared with potassium biphosphate at 13 mM and 

potassium dibasic at 1mM adjusted to pH 6.0 and mixed with methanol (97:3 v/v) after 

filtration using 0.22 μm filters.  

2.8.5 Mops buffer 

Mops, 1 M 

pH 5.5 

2.8.6 PBS 

A tablet of PBS was dissolved in 200 mL of dH2O and sterilized by autoclaving it at 121°C 

for 15 min at 15 psi. Once reconstituted, the solution components and concentrations 

were as follows: 

NaCl, 137 mM 

KCl, 2.7 mM 

Phosphate buffer solution, 10 mM 

pH 7.4 

2.8.7 Potassium phosphate buffer  

The buffer was prepared at a concentration of 2 M using dH2O. The components and 

amount used for a volume of 100 mL are listed in Table 2.7. 

Table 2.7. Potassium phosphate buffer components 

Reagent Company/cat. 

n° 

Molecular 

weight 

(g/mol) 

Amount 

weighted (g) 

K2HPO4 

 

Sigma/ 04248 174.18 34.8 

KH2PO4 

 

Sigma/ P0662 136.086 27.2 
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The preparation of 100 mL of 2M potassium phosphate buffer pH 8 was performed by 

mixing 94 mL of 2M K2HPO4 and 6 mL of 2M KH2PO4. 

2.8.8 Protein loading buffer blue (2X) 

Buffer solution from National Diagnostics (cat. n° EC-866) containing: 

Tris-HCl, 0.5 M 

SDS, 4.4% (w/v) 

Glycerol, 20% (v/v) 

2-mercaptoethanol 2% (v/v) 

Bromophenol blue in dH2O 

2.8.9 TAE (1X working solution) 

Tris acetate, 0.04 M 

EDTA, 0.01 M 

pH 8.0 

2.8.10 Tricine buffer  

Tricine, 0.1 M 

pH 7.9 

2.8.11 Tris-EDTA (1X working solution) 

Tris, 10 mM  

EDTA, 1 mM  

pH 8.0 

2.8.12 Reaction buffer 

Phosphate buffer prepared at a concentration of 150 mM in dH2O, pH 8.0.  
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2.8.13 Washing buffers  

PBS containing 20 mM imidazole, pH 8.0 

PBS containing 50 mM imidazole, pH 8.0 

 

2.9 Stock solutions of reagents 

The reagents used in this study are listed in the Table 2.8.  

Table 2.8. Reagents used in this study 

Reagent Stock 

concentration 

Working 

concentration 

Solvent Storage 

conditions 

Acetic acid  30 % (v/v) - dH2O Room 

temperature 

Adapalene  100 mM 0 – 100 μM DMSO -20°C 

Alpha-ketobutyrate 100 μM - Reaction 

buffer 

-20°C 

Amino-oxyacetate 1 M 

 

0 – 100 μM dH2O -20°C 

Crystal violet  1 % (w/v) 0.1 % (v/v) dH2O Room 

temperature 

D(+)- Glucose  20 % (w/v) 1% (w/v) dH2O Room 

temperature 

Gamma-acetylenic 

GABA 

40 mM 0 – 10 mM dH2O -20°C 

Hesperetin 

 

50 mM 0 – 0.12 mM DMSO -20°C 

L-serine O-sulfate 100 mM 0 – 1 mM dH2O -20°C 

Lysostaphin  20 mg/mL 0.25 mg/mL Molecular 

grade H2O 

-20°C 
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NADPH  

 

12 mM 0.12 mM 0.1 M NaOH -80°C 

NaOH 3 M - dH2O Freshly 

prepared 

NH4Cl 31 mM 3.1 mM dH2O Room 

temperature 

PF-04859989 

 

10 mM 0 – 100 μM DMSO -20°C 

Phenylhydrazine  50 μM - Reaction 

buffer 

Room 

temperature 

PLP 0.5 mM 50 μM dH2O -20°C 

PMP  50 mM  20 – 50 µM  1 M HCl -20°C 

Trichloroacetic 

acid  

50 % (w/v) - dH2O Room 

temperature 

Vigabatrin 100 mM 0 – 100 μM dH2O -20°C 

 

2.9.1 Ehrlich’s reagent  

The reagent was prepared by dissolving 1 g of 4-(dimethylamino) benzaldehyde (cat. 

n°39070, Sigma) in 30 mL of glacial acetic acid following the addition of 8 mL of 70% 

perchloric acid and the volume was filled up to 50 mL with glacial acetic acid. 

2.10 DNA manipulation 

The procedures for DNA extraction, PCR amplification and agarose gel electrophoresis 

are described in the material and methods section of Chapter 3 Phenotypic 

characterisation of the strains having disrupted the genes SAUSA300_1916, 

SAUSA300_1614 and SAUSA300_1845 and evaluation of a planarian infection model 

to study survival and colonisation of Staphylococcus aureus.  
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2.11 Protein analysis 

The protocols for the protein expression, purification, SDS-PAGE and Coomassie 

staining are described within the material and methods section of the chapters in which 

work has been done with proteins.   

2.12 Statistical analysis  

The data were presented as the mean ± standard deviation of the results. ANOVA one-

way and mean comparison (Bonferroni/Tukey) tests were used to analyse the growth 

curve metrics, biofilm, and inhibitory activity of potential inhibitors against the enzymes. 

A normality test (Shapiro-Wilk) was used to determine if the data was normally distributed 

prior to perform the ANOVA test. Significance was as follows: *P < 0.05, **P < 0.01, ***P 

< 0.001, ****P < 0.0001. 

The survival curves were analysed using the Kaplan-Meier estimator and compared 

using the log-rank equality test to determine significant differences in virulence between 

the strains in Galleria mellonella infection assays while the Mann-Whitney test was used 

to determine significant differences in survival/colonisation between the strains in 

planarians infection assays. 
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CHAPTER 3 

Phenotypic characterisation of the strains having 

disrupted the genes SAUSA300_1916, 

SAUSA300_1614 and SAUSA300_1845 and 

evaluation of a planarian infection model to study 

survival and colonisation of Staphylococcus 

aureus 
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3. Phenotypic characterisation of the strains having 

disrupted the genes SAUSA300_1916, SAUSA300_1614 and 

SAUSA300_1845 and evaluation of a planarian infection model 

to study survival and colonisation of Staphylococcus aureus  

 

3.1 Introduction  

3.1.1 Overview of the role that the putative gene products of SAUSA300_1916, 

SAUSA300_1614 and SAUSA300_1845 have in the S. aureus metabolism  

 

3.1.1.1 SAUSA300_1916 is predicted to code an aspartate aminotransferase 

The biosynthetic precursors a bacterial cell requires for growth derives mainly from three 

metabolic pathways of the central metabolism: glycolysis, tricarboxylic acid (TCA) cycle, 

and pentose phosphate pathway (Somerville & Proctor, 2009).    

The metabolism of S. aureus has a complete metabolic pathway for each of the three 

central metabolic routes but lacks a β-oxidation system and the glyoxylate shunt (GS) 

pathway, which is essential for fatty acid metabolism in bacteria (Halsey et al., 2017). 

Due to the impaired ability of S. aureus to metabolise lipids (phospholipids or 

triglycerides), its preferred carbon sources are carbohydrates that are metabolised 

through glycolysis and the pentose phosphate pathways.  

Amongst the 13 biosynthetic intermediates that a bacterium needs to generate its 

macromolecules, 7 of them are derived from the glycolytic pathway: glucose-6-

phosphate, fructose-6-phosphate, dihydroxyacetone phosphate, glyceraldehyde-3-

phosphate, phosphoenolpyruvate, pyruvate, and acetyl-Coenzyme A (Richardson et al., 

2015). In S. aureus the glucose (in its activated form of glucose-6-phosphate) is 

catabolized mainly through glycolysis by five enzymes coded by the genes gap 

(glyceraldehyde-3-phosphate dehydrogenase), pgk (phosphoglycerate kinase), tpi 



58 

 

(triosephosphate isomerase), pgm (phosphoglyceromutase), and eno (enolase) (Seidl et 

al., 2009). The products of the glycolysis are two molecules of pyruvate, two molecules 

of reduced NADH, and two molecules of ATP and the fate of pyruvate depends upon O2 

availability. S. aureus can grow under both, anaerobic and aerobic conditions, being the 

fate of pyruvate either, its fermentation with the excretion of lactate, acetate, formate, 

and ethanol or its decarboxylation with the production of acetyl coenzyme A (acetyl-CoA) 

and CO2, respectively (Sadykov et al., 2013). The fate of acetyl-CoA depends on the 

growth conditions being shown that under excess of glucose and O2, the 

phosphotransacetylase-acetate kinase (Pta-AckA) pathway, which hydrolyses acetyl-

CoA to acetate, plays a key role in S. aureus to maintain the energy production during 

carbon overflow conditions (Sadykov et al., 2013).  

The pentose phosphate pathway (PPP) provides three of the essential biosynthetic 

intermediates: D-ribose 5-phosphate, D-sedoheptulose 7-phosphate, and D-erythrose 4-

phosphate (Potter et al., 2020). This pathway provides precursors for nucleotide and 

aromatic amino acids biosynthesis as wells as reducing molecules (NADPH) that helps 

bacteria to tolerate oxidative stress. In Staphylococcus epidermidis it has been shown 

that environmental conditions like iron deficiency, leads to an increase in the intracellular 

concentration of ribose, suggesting that the carbon flow occurs through the PPP activity 

(Sadykov et al., 2010). In S. aureus, three PPP-responsive regulators homologues to the 

RpiR repressor of the ribose 5-phosphate isomerase B (rpiB) found in E. coli, have been 

identified: RpiRA, RpiRB, and RpiRC (Zhu et al., 2011). The study found that both, RpiRB 

and RpiRC, had a regulatory effect in the PPP since the deletion of the genes coding for 

both regulators were linked to a decreased expression of two genes involved in the PPP, 

rpiA and zwf, coding for the enzymes ribose-5-phosphate isomerase A and glucose 6-

phosphate dehydrogenase, respectively (Zhu et al., 2011). In the same study, a link 

between RpiRC and RNAIII expression was found in a strain that having inactivated the 

rpiRC gene showed a derepression in the transcription of RNAIII, a key regulator of the 

expression of S. aureus genes coding for different virulence factors.  
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In an effort to understand the role of PPP in S. aureus metabolism and persistence, a 

study showed that the inactivation of the transketolase (TKT), enzyme that participates 

in two main reactions of the nonoxidative branch of the PPP, caused a deregulation of 

the PPP leading to a change in the whole cell metabolomic profile with evident 

modifications in the TCA cycle activity (increased) and metabolism of aromatic amino 

acids (decreased) (X. Tan et al., 2019). The study also showed that in the Δtkt mutant 

strain, the expression of the regulators RpiC and SigB was significantly down regulated 

while the expression of the RNAIII regulator was dramatically up regulated when 

compared with the wild-type strain, highlighting a new relationship between the PPP and 

the three regulators.    

The TCA cycle provides the three remaining biosynthetic intermediates of the cell: 

oxaloacetate, α-ketoglutarate, and succinate or succinyl-CoA that are needed for the 

synthesis of amino acids and porphyrins (Richardson et al., 2015). It has been 

demonstrated in S. aureus that under nutrient-rich growth conditions the TCA cycle 

activity is repressed via the catabolite control protein A (CcpA), which is a global 

regulator in S. aureus that responds to changes in the intracellular concentration of 

carbohydrates. During the exponential growth phase and in absence of glucose, the 

genes coding TCA cycle enzymes: citB (aconitate hydratase), citC (isocitrate 

dehydrogenase), citZ (citrate synthase), sdhB (succinate dehydrogenase), and sucCD 

(succinyl-CoA synthetase) were down regulated in a CcpA dependent manner in S. 

aureus (Seidl et al., 2009). Upon glucose depletion from the media, the TCA cycle is 

activated in S. aureus by the catabolite control protein E (CcpE), which is a transcriptional 

regulator that modulates the TCA cycle activity mainly through the transcription of the 

gene encoding for aconitase, the first enzyme involved in the TCA cycle (Hartmann et 

al., 2013).  

Under aerobic growth the oxidation of the dinucleotides produced during the metabolic 

reactions occurs mainly through the electron transport chain (ETC). The electrons are 

transferred to menaquinone and from menaquinone to oxidized cytochrome c to finally 
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been transferred to oxygen by the cytochrome c oxidase (Somerville & Proctor, 2009). 

During the process, a proton motive force (PMF) is generated and is used to produce 

ATP through the F1F0 ATPase complex. It has been demonstrated that under anaerobic 

conditions, the ATP synthase of S. aureus is used to extrude protons through the 

hydrolysis of ATP to maintain the PMF (Grosser et al., 2018). In S. aureus, a deficient 

ETC is associated with a small colony variant (SCV) phenotype that is linked to a reduced 

growth and an increased resistance to antibiotics (Kriegeskorte et al., 2014) as well as 

with an increased resistance to the host immune defences (Painter et al., 2017).  

S. aureus can adapt its metabolism to prioritize the utilisation of primary carbon sources 

over secondary ones, and under nutrient conditions with limited glucose, the pathogen 

can catabolize different amino acids to generate central metabolism intermediates. 

Amongst 11 amino acids that are predicted to be catabolised by S. aureus, as it has the 

metabolic pathways coded in its genome, it has been shown that S. aureus catabolised 

10 amino acids when growing in chemically defined medium lacking glucose  (Halsey et 

al., 2017). The study carried out by Halsey and colleagues showed that together with 

others, the amino acids alanine and aspartate that fuels the synthesis of pyruvate and 

oxaloacetate, respectively were important for the growth of S. aureus in chemically 

defined medium. The key role of the putative aspartate aminotransferase in the central 

carbon metabolism relies on the linkage between the TCA cycle and the synthesis of 

both, aspartate-derived amino acids and purines (Figure 3.1). It has been shown that the 

aspartate metabolism is essential for the survival of S. aureus during osteomyelitis 

(Potter et al., 2020), which suggest that the aspartate aminotransferase would be a good 

target to develop new antibiotics against S. aureus. However, the activity of the 

SAUSA300_1916 or putative AspB has not been experimentally determined. 
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 Figure 3.1 - Overview aspartate metabolism. 

The aspartate aminotransferase links the TCA cycle with the synthesis of aspartate-derived amino acids and 
with the purine biosynthesis.  

 

3.1.1.2 SAUSA300_1614 and SAUSA300_1845 are predicted to code glutamate-1-

semialdehyde aminotransferases    

The genes SAUSA300_1614 and SAUSA300_1845 are annotated as glutamate-1-

semialdehyde aminotransferase, enzyme that participates in the metabolic pathway of 

haem biosynthesis, catalysing the formation of 5-aminolevulinic acid (ALA) from 

glutamate-1-semialdehyde (GSA) (Sinha et al., 2022).  

Haem is a metalated tetrapyrrole complexed with iron that is widely distributed in nature  

(Dailey et al., 2017). The cells require haem for the correct function of proteins since it 

acts as a cofactor or prosthetic group in conserved enzymes like cytochrome peroxidase 

or oxygenase (L. Zhang, 2011). Haem is also important in different cellular processes 

such as cellular respiration due to its role as a cofactor in enzymes involved in the 

electron transport chain, cytochromes (Edwards et al., 2020), or terminal oxidases that 

are involved in the final step of aerobic respiration (Hammer et al., 2013). In S. aureus it 

has been demonstrated that haem is involved in the modulation of the expression of 

virulence factors (Torres et al., 2007).  
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The relevant role that haem plays in different cellular processes demands the 

development of an efficient mechanism of haem acquisition or a functional haem 

biosynthetic pathway to satisfy the intracellular requirements of this cofactor. In S. aureus 

the acquisition of haem, which is preferred as an iron source over transferrin (Skaar et 

al., 2004), depends on the lysis of erythrocytes by secreted haemolysins during infection 

(Hammer & Skaar, 2011), and on the iron-regulated surface determinant (Isd) system 

that allows the remotion of haem from the haemoglobin and its further incorporation and 

processing in the cytoplasm (Pishchany et al., 2014). Regarding the haem biosynthesis, 

most organisms have the metabolic pathway for its de novo synthesis, which in 

prokaryotes occurs through three different pathways (Dailey et al., 2017). The three 

pathways shares a common core which includes the conversion of ALA into 

uroporphyrinogen III (UROGEN) in a three-step enzymatic reactions performed by the 

enzymes porphobilinogen synthase (Pbgs), hydroxymethylbilane synthase (Hmbs), and 

uroporphyrinogen synthase (UroS) whose old abbreviations are HemB, HemC and 

HemD, respectively (Dailey et al., 2017).  

The haem biosynthetic pathway requires the synthesis of the universal precursor ALA 

that can be synthetized through two different routes: the 4-carbon or the 5-carbon 

pathways (Layer et al., 2010). In the C4 pathway, ALA is synthesised by the enzyme 5-

aminolevulinic acid synthase (AlaS) from glycine and succinyl-CoA in a one-step reaction 

and it is commonly found in mammals and fungi while the C5-pathway, used by S. aureus, 

is found mainly in bacteria, archaea, and plants (Layer et al., 2010). In S. aureus the 

synthesis of ALA starts with the synthesis of the precursor glutamyl-tRNA, which is 

converted into the intermediate glutamate-1-semialdehyde (GSA) by a glutamyl-tRNA 

reductase (GtrR or HemA), and further transformed into the universal precursor ALA by 

the enzyme glutamate-1-semialdehyde-2,1-aminomutase (GsaM or HemL) (Choby et 

al., 2018) (Figure 3.2).  

Once the universal precursor ALA is formed, haem biosynthesis follows the common 

core pathway of three-step reactions leading to the formation of UROGEN, which is 
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further decarboxylated to coproporphyrinogen III. The synthesis of haem from 

coproporphyrinogen III can be achieved by two different pathways: classical and non-

canonical (or coproporphyrin-dependent branch) (Dailey et al., 2015). In the classic 

pathway, which is present in Gram negative bacteria and eukaryotes, the intermediate 

coproporphyrinogen III is decarboxylated to protoporphyrinogen IX, further oxidized to 

protoporphyrin IX and finally converted into protoheme after the insertion of iron (Dailey 

et al., 2017). S. aureus synthesises haem by the non-canonical pathway that involves 

the oxidization of coproporphyrinogen III to coproporphyrin III by the enzyme 

coproporphyrinogen oxidase (CgoX or HemY), which is further transformed into 

coproheme III after the insertion of iron by the enzyme coproporphyrin ferrochelatase 

(CpfC or HemH), and finally transformed into protoheme following its decarboxylation by 

the enzyme coproheme decarboxylase (ChdC or HemQ) (Dailey et al., 2017). 

In S. aureus has been reported that a proficient system of haem acquisition through the 

Isd system is essential for the colonisation of the pathogen in a murine model (Pishchany 

et al., 2010, 2014) and that a functional haem biosynthetic pathway is necessary for the 

development of infection, since a hemA mutant strain showed a reduced colonisation in 

both, heart and liver, using a murine infection model (Hammer et al., 2013). Thus, 

highlighting the haem synthesis as a biochemical pathway that could be a source of 

possible new druggable targets for S. aureus infections. In this context, the gene 

products of SAUSA300_1614 (HemL1) and SAUSA300_1845 (HemL2) seem to be good 

targets as the predicted coded enzymes are present in bacteria but not in humans, thus 

the determination of the glutamate-1-semialdehyde aminotransferase activity of HemL1 

and HemL2 needs to be performed.    
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Figure 3.2 - Overview haem metabolism. 

In S. aureus the synthesis of haem starts with the formation of glutamyl-tRNA from glutamate by GltX and 
further transformation into glutamate-1-semialdehyde (GSA) by HemA. The GSA is converted into the 
universal haem precursor 5-aminolaevulinic acid (ALA) by the enzyme HemL. The uroporphyrinogen III is 
formed from the ALA precursor after three consecutive enzymatic reactions where the enzymes HemB, 
HemC and HemD are involved. Haem is synthesised from uroporphyrinogen III after four consecutive 
enzymatic reactions where the enzymes HemE, HmY, HemH and HemQ are involved. 

 

3.1.2 Biofilm formation by S. aureus 

A biofilm corresponds to a microbial community in which cells are attached to a surface 

(biotic or abiotic), and to each other, encased in a self-produced extracellular matrix, and 

show a differentiated phenotype compared to their planktonic counterparts (Donlan & 

Costerton, 2002). In S. aureus, biofilm formation is associated with chronic infections 

and biofilm-associated infections on indwelling medical devices are one of the most 

common infections linked to S. aureus (Otto, 2008). Biofilm-related infection are more 

difficult to treat than those caused by planktonic cells due to the higher resistance to 

antimicrobial treatment (Manandhar et al., 2018), and to its capacity to evade the host 

immune system (Graf et al., 2019). 

In S. aureus the biofilm formation was reported to occur in five successive steps: 1) 

attachment, 2) multiplication, 3) exodus, 4) maturation, and 5) dispersal that were defined 

after visualising the biofilm development using a microfluidics system and time-lapse 

microscopy (Moormeier et al., 2014). The attachment of the cells to proteins of the 
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extracellular matrix occurs through cell-wall anchored proteins like the MSCRAMMS 

(microbial surface components recognizing adhesive matrix molecules), NEAT motif 

family, the three-helical bundle family or G5-E repeat family of proteins (Paharik & 

Horswill, 2016). The multiplication stage occurs after the attachment of the cells to a 

surface and successive cell divisions while the exodus corresponds to an early release 

of the cells dependent on nuclease degradation of eDNA (Moormeier et al., 2014). The 

maturation corresponds to the formation of a microcolony-like structure with channels 

that allows nutrients flux and waste removal; and in the dispersal stage, the cells 

disseminate from the biofilm thanks to the activity of phenol-soluble modulins (PSMs) 

(Moormeier et al., 2014; Moormeier & Bayles, 2017). 

Different studies have investigated the role of metabolism in the formation of S. aureus 

biofilms. It has been shown that the nutrients availability can influence the biofilm 

formation of S. aureus and that the supplementation of different complex media with 

glucose promoted its development (Seidl et al., 2008). It has also been reported that 

some metabolic pathways are important in the S. aureus biofilm formation. For example,  

a study aiming to identify metabolic pathways relevant for different stages during the S. 

aureus biofilm formation found that the expression levels of the genes coding for a 

formate-acetyltransferase-activating enzyme (pflA) and a formate acetyltransferase 

(pflA) were higher in the biofilm cells when compared with their expression in planktonic 

cells (Resch et al., 2005). Another example of genes involved in the S. aureus 

metabolism that were highly expressed in the biofilm cells than in their planktonic 

counterparts were the  gene cluster coding urease (ureD, ureF, ureB, and ureC), and the 

genes coding an arginine deiminase (arcA) and a carbamate kinase (arcC) that 

participate in the arginine deaminase pathway (Resch et al., 2005). The methionine 

biosynthetic pathway has also been shown to be important for S. aureus biofilms as the 

cells showed a reduced capacity to form biofilms when this pathway was interrupted 

(Jochim et al., 2019). Genes involved in gluconeogenesis were also found to play a role 

in S. aureus biofilms as they inhibited a macrocolony formation (as an alternative biofilm 
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study model), while genes involved in purine biosynthesis activated its formation 

(Wermser & Lopez, 2018). Here, we aimed to evaluate the role that aspartate and haem 

metabolism might have in Staphylococcus aureus biofilm formation.  

 

3.1.3 Utilisation of Galleria mellonella larvae model to study the virulence of S. 

aureus 

G. mellonella is an insect belonging to the order Lepidoptera that has been used as an 

alternative model to vertebrate, like mice, and other invertebrate models, like the fruit fly, 

for the study of microbial infection, virulence, and drug discovery. The first time that G. 

mellonella was reported to be a useful model to study pathogenicity was in 2000, after a 

study showing this model to be able to successfully distinguish the pathogenicity 

between virulent and non-virulent yeast strains (Cotter et al., 2000). The G. mellonella 

model has been increasingly used, as reported by Cutuli and colleagues who showed 

that in 2016-2018, 292 scientific articles related with the topics G. mellonella and 

microbiology were published compared to 691 articles published during the previous 10 

years (Cutuli et al., 2019).  

G. mellonella, commonly known as the greater wax moth or the honeycomb moth, has 

the capacity to parasitize and destroy hives in its larval stage. Its life cycle consists of 

four stages: egg, larvae, pupa and adult (Kumar & Khan, 2018), and the larvae is used 

as a model organism in host-pathogen interaction studies. The size of G. mellonella 

larvae is about 3 cm in length and their weight between 0.3 and 0.5 g (Cutuli et al., 2019). 

As insects, G. mellonella do not have an adaptive immune response, and their innate 

immune system is their defence mechanism against invasion by foreign microorganisms. 

One of the main characteristics that makes G. mellonella suitable as an in vivo model to 

study microbial pathogenesis is its innate immune system, which in some respects is 

similar to that of mammals. For example, phagocytosis is carried out by neutrophils in 

mammals while in Galleria a similar function is performed by plasmatocytes, a type of 

haemocyte that circulates in the haemolymph of the insects (Browne et al., 2013). It was 
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also reported that the haemocytes of G. mellonella have two proteins homologs to the 

p47phox and p67phox proteins found in human neutrophils, which are needed for the 

generation of a functional NADPH oxidase complex required for microbial killing (J. 

Renwick et al., 2007), thus showing some similarities with the mammalian innate immune 

system.        

Regarding the innate immune system of G. mellonella, it comprises two branches: 

cellular and humoral, and both branches are well-coordinated since the humoral 

response can affect the function of haemocytes and vice versa (Lavine & Strand, 2002). 

The cellular response is carried out by haemocytes, which are cells circulating freely in 

the haemolymph that recognize invasive microorganisms after recognition of pathogen-

associated molecular patterns (PAMPs) and have phagocytic properties (Cutuli et al., 

2019). In insects belonging to the order Lepidotera, five types of haemocytes have been 

reported: promehocytes, granular cells, plasmatocytes, spherulocytes, and oenocytoids 

(Lavine & Strand, 2002), being functionally characterized four of them: spherulocytes, 

plasmatocytes, granular cells, and oenocytoids. The latter three types have been shown 

to phagocytise E. coli cells (G. Wu et al., 2016). In the same study, a variation in the 

relative proportion of haemocytes was found at different stages of the larval 

development, which is a key characteristic to consider when performing assays with this 

organism since these variations might affect the reproducibility of the assay (Cutuli et al., 

2019). A fifth type of haemocyte, the prohemocyte, was recognized during the 

characterization of the circulating haemocytes of G. mellonella after infection with strains 

of Actinobacillus pleuropneumoniae (Arteaga Blanco et al., 2017).    

The humoral response of G. mellonella includes the synthesis of different effector 

molecules like antimicrobial peptides (AMPs), opsonins, and the melanisation of the 

haemolymph, amongst others. The AMPs have the ability to destabilize the bacterial 

cellular membrane and the identification of a wide range of AMPs in G. mellonella after 

infection with E. coli and M. luteus strains have been performed. Some of the AMPs 

detected after the infection with both pathogens were: lysozyme, moricin-like peptides, 
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cecropins, gloverin, Gm proline-rich peptides 1 and 2, Gm anionic peptides 1 and 2, 

galiomicin, gellerimycin, inducible serine protease inhibitor 2, 6 tox and heliocin-like 

peptide (Brown et al., 2009). Amongst the proteins that act as opsonins in G. mellonella 

can be found the multifunctional apolipophorin III (apoLp-III), peptidoglycan recognition 

proteins (PGRPs), the cationic protein 8 (Gm CP8), and hemolins (Tsai et al., 2016). The 

apoLp-III was reported to bind to lipopolysaccharides (LPS) (Dunphy & Halwani, 1997) 

and to teichoic acids (Halwani et al., 2000) of pathogenic bacteria. Additionally, it was 

reported to have antibacterial activity (Zdybicka-Barabas et al., 2014), stimulate 

phagocytosis of isolated plasmatocytes (Wiesner et al., 1997), and to bind to β-1,3 

glucan released from the fungal cell wall as well as to the conidia (Whitten et al., 2004).  

The melanisation process in G. mellonella includes a series of reactions that leads to the 

synthesis and accumulation of the pigment melanin on the site of the infection that  starts 

with black spots on the larvae and might end up with a complete darkened and dead 

larvae (Tsai et al., 2016). The melanisation process requires the activation of the 

prophenoloxidase (proPO) system which is activated by PAMPs (i.e. LPS or β-1,3 

glucan) that triggers a serine proteinase cascade that finally converts the inactivated 

form of the enzyme found in the haemocytes into an activated phenoloxidase leading to 

the production of melanin, together with the synthesis of cytotoxic compounds (Cerenius 

et al., 2008).   

The G. mellonella model has some advantages that makes it suitable for the study of 

virulence of human pathogens apart from the similarities with the mammal innate 

immune system. These advantages include the wide range of temperature at which the 

larvae can be incubated, from 15°C (Réjasse et al., 2012) to 37°C (Purves et al., 2010) 

making it easy to mimic the conditions that pathogens can find in our body (37°C), its low 

cost in terms of acquisition and maintenance, the lack of ethical regulations, and the 

adequate larval size makes its manipulation easy.  
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In S. aureus, for example, the model has been used to discover proteins important for its 

virulence like the two homologous proteins with metabolic functions in glycolysis (GapA) 

and gluconeogenesis (GapB) (Purves et al., 2010). This model has also been used to 

evaluate the level of protection that the flavonoid myricetin confers to the host against S. 

aureus infection. The study found an increase in the survival rate of the larvae treated 

with either myricetin (50 mg/kg) or vancomycin (50 mg/kg) compared to untreated larvae 

(bacteria + 2% DMSO) (Silva et al., 2017). This model has proven to be useful in 

assessing the tolerance of S. aureus to antibiotics like vancomycin after treatment with 

LL-37, a human serum antimicrobial peptide that promotes tolerance to this antibiotic 

(Friberg et al., 2020), in the finding of combination therapies to treat S. aureus (Li et al., 

2020), in characterising the development of S. aureus infection when the larvae were 

infected at doses ranging from 104 to 106  CFU larvae-1 (Sheehan et al., 2019), and in 

assessing the role of riboregulation during its infection (Ménard et al., 2021). Menard and 

colleagues found that the small regulatory RNAs (sRNAs), SprC and SprD, were 

increasingly expressed in the infected larvae with S. aureus (Ménard et al., 2021). Here, 

we used the G. mellonella model to evaluate the role of the genes SAUSA300_1916, 

SAUSA300_1614 and SAUSA300_1845 in the virulence of S. aureus.  

 

3.1.4 Utilisation of the planarian Dugesia japonica to study survival and 

colonisation of S. aureus  

Planarians are freshwater flatworms belonging to the Turbellaria class of the phylum 

Platyhelminthes that show bilateral symmetry (Newmark & Sánchez Alvarado, 2002) 

with a nervous system composed of a bi-lobed brain, formed by neural cells and two 

ventral nerve cords (Agata et al., 1998). The digestive system in planarians is formed by 

three branches (in the case of triclad planarians), one central and two ventral, and their 

intestine, connected to a pharynx, forms an extensible tube that function as a mouth and 

allow them to take food from the environment (Elliott & Sánchez Alvarado, 2013). They 

have light sensitive structures corresponding to a couple of eyes located in the head 
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region and chemoreceptors in the auricles, which are the triangular extensions seen in 

the head (Newmark & Sánchez Alvarado, 2002). These organisms are hermaphrodites 

and can reproduce sexually or asexually through splitting and regeneration (Newmark & 

Sánchez Alvarado, 2002).  

Planarians are commonly known for their capacity to regenerate any part of their body 

and, even an entire new organism from a small tissue fragment, due to the presence of 

embryonic cells called neoblasts (Reddien & Sánchez Alvarado, 2004). These cells are 

undifferentiated pluripotent stem cells capable to regenerate tissues derived from the 

three germ layers (ectoderm, mesoderm and endoderm), which can migrate to the site 

of the wound and regenerate the damaged tissue or replace old tissues (Elliott & 

Sánchez Alvarado, 2013). Due to their remarkably regeneration capacity, planarians 

have been used as an in vivo model organism to study the genetic control of the tissue 

regeneration process (Reddien et al., 2005).  

The defence mechanism in planarians relies on an innate immune system consisting of 

four main components: the epidermis, pharynx, intestines, and reticular cells (Gao et al., 

2017). Their epidermis, which is a simple epithelium formed by ciliated and gland cells, 

secretes a viscous mucus from tubular structures called rhabdites (Hayes, 2017), and 

together with the pharynx are considered planarians first defence mechanism. The role 

of pharynx in immune response was identified when researchers investigating pharynx 

regeneration found that genes up regulated in this process are also involved in the 

immune response (Pang et al., 2017). In the study, Pang and colleagues found that a 

gene coding a placenta specific protein 8 (Plac8) of Dugesia japonica is up regulated 

during pharynx regeneration and shows antibacterial activity against two human 

pathogens, Escherichia coli and Pseudomonas aeruginosa (Pang et al., 2017).  

Regarding the intestine of planarians and its role in immunity, the intestine is formed by 

one layer of cells consisting of three cell types: secretory goblet cells, basal cells, and 

phagocytes (Forsthoefel et al., 2020). Pathogens like S. aureus, L. pneumophila and M. 
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tuberculosis have been visualised within phagosomes, highlighting the role of 

phagocytes in bacterial elimination and planarian immunity (Abnave et al., 2014). The 

last components of planarian immunity, the reticular cells, have a similar function to that 

of macrophages from vertebrates that following bacterial recognition, this type of cell is 

able to mobilise through the body fluid, migrate to the site of infection, phagocytise and 

eliminate the bacteria (Morita, 1991; Peiris et al., 2014).  

It has been reported that planarians have the ability to fight against Gram positive 

organisms  (S. aureus, L. monocytogenes), Mycobacterium species tuberculosis, avium, 

and marinum, and against Gram negative organisms (S. typhimurium and L. 

pneumophila) when three different bacterial concentrations were used to fed planarians: 

109, 107, and 105 CFUs per worm (Abnave et al., 2014), characteristic that can be helpful 

in the understanding of antibacterial resistance mechanisms. For example, in the study 

carried out by Abnave and colleagues they identified 18 genes involved in planarian 

clearance of two human pathogens, L. pneumophila and S. aureus, and half of those 

were orthologs to human genes. In addition, a human ortholog protein called Membrane 

Occupation and Recognition Nexus (MORN) repeat-containig-2 (MORN2) was shown to 

be involved in the elimination of all human pathogens tested (Abnave et al., 2014), thus 

uncovering immune factors previously unknown. 

It has been shown that the immune response in planarians against S. aureus infection is 

regulated by the circadian rhythm (Tsoumtsa et al., 2017). In the study the authors 

identified in the genome of the planarians Schmidtea mediterranea, the presence of two 

genes homologs of the Homo sapiens circadian genes (Hs)-arntl-1 and Hs-tim: Smed-

arntl-1 and Smed-tim, respectively. They confirmed that the expression of the Smed-tim 

showed a 24 h expression cycle with a higher expression during the dark phase of a light 

and dark cycle. The study showed that Smed-tim is required for the clearance of S. 

aureus since planarians that had the gene silenced by interference RNA (RNAi) needed 

3 extra days to eliminate the pathogen than the control group, thus linking the timeless 
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gene involved in the circadian clock with the clearance of S. aureus by planarians 

(Tsoumtsa et al., 2017).      

Although the above mentioned studies have shown that planarians can efficiently clear 

the infection caused by some bacteria, those studies have focused on the understanding 

of the immune capacity of planarians to fight the infection. Here, we sought to use 

planarian model as an alternative model to the commonly used fruit flies, nematodes and 

mice, to study the virulence, survival and colonisation of S. aureus.  

 

3.2 Aims of the work described in the chapter 

• To determine the effect of the disruption of the genes SAUSA300_1916, 

SAUSA300_1614, and SAUSA300_1845 on growth, virulence, and biofilm 

formation of S. aureus. 

• To evaluate the planarian model to study survival and colonisation of S. aureus.  

 

3.3 Materials and Methods  

3.3.1 Detection of the transposon insertion within the genes SAUSA300_1916, 

SAUSA300_1614 and SAUSA300_1845 of S. aureus  

 

3.3.1.1 Genomic DNA extraction 

A chemical extraction protocol was used to extract the genomic DNA from the S. aureus 

strains. For this purpose, a volume of 1.5 mL from a 16 h culture of the strains in BHI 

was pelleted down by centrifugation at 13,200 x g for 1 min. The supernatant was 

discarded and 160 μL of Tris-EDTA, Tris 10 mM and EDTA 1 mM pH 8.0, was added 

into each tube containing the pellets to resuspend the cells. Two µL of lysostaphin from 

a 20 mg/mL stock were added into each tube and incubated for 1 h at 37°C. Following 

the incubation period, 20 μL of RNase A from a 2 mg/mL stock were added into each 
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tube and incubated at 37°C for approximately 20 min. A volume of 8 μL of proteinase K 

from a 10 mg/mL stock was added into each tube and incubated at 56°C for 30 min. After 

the incubation period, a volume of 200 μL of Qiagen buffer AL (Lysis buffer) was added 

into each tube and vigorously mixed for 15 seconds and incubated at 56°C for 10 

minutes. The DNA was precipitated by adding 1 mL of absolute ethanol into each tube. 

The tubes were centrifuged to pellet the DNA and the supernatant was removed. Finally, 

the DNA was washed twice with 200 μL of ice cold 70% ethanol. The pellet was air dried 

for 15 min and the DNA was resuspended into 100 μL of molecular grade water. The 

DNA concentration was quantified using a spectrophotometer (NanoDropTM 1000, Termo 

Scientific, USA) and the integrity of the genomic DNA was checked on a 1% agarose 

gel. 

3.3.1.2 DNA amplification  

The PCR was performed using a Biometra 3000 thermocycler (Biometra, UK) in a 25 μL 

reaction volume containing 12.5 μL of MyTaq™ Red Mix, 4 ng/mL of DNA template, 1 

μL of each primer (10 µM stock) and the total volume of the reaction was made up using 

molecular grade water (cat. n° W4502, Sigma). The primers, designed to anneal within 

a specific region of each gene, are listed in Table 3.1.  
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Table 3.1. Primers used to confirm the transposon insertion within the selected genes.  

 

 

These primers were used in combination with primers designed by the Nebraska group 

that anneal with a specific region of the transposon and can be found in the “Methods” 

section on their website under the “Confirmation of Mutations” subheading 

(https://app1.unmc.edu/fgx/methods.htmL). These transposon-specific primers are 

Buster (5’-GCTTTTTCTAAATGTTTTTTAAGTAAATCAAGTAC-3’) and Upstream (5’-

CTCGATTCTATTAACAAGGG-3’) and their selection depends upon the orientation of 

the transposon insertion within the specific gene. If the transposon is inserted in the 

“plus” orientation within the gene, the Upstream primer should be used, whereas the 

Buster primer should be used if the transposon is inserted in the “minus” orientation 

within the gene. Each of those primers were used in combination with gene-specific 

primers and the expected product size corresponds to the length of the fragment 

between the annealing site of the gene-specific primer and the transposon-specific 

Gene 
identifier 

Primer 
name 

Sequence (5’ → 3’) Primers 
used 

Reference 

SAUSA300

_1916 

aspB ATGAATCCTTTAGCCCAAAG aspB + 

Buster 

This study 

SAUSA300

_1614 

hemL1 AGAAGAAGCAATGAAGGTTG hemL1 + 
Buster 

This study  

SAUSA300

_1845 

hemL2 CGTTTACAACAACTTTCAAACG hemL2 + 
Buster  

This study  

 Buster GCTTTTTCTAAATGTTTTTTAAGTAAAT

CAAGTAC 

Buster + 
gene 
specific 
primer  

NTML 

website 

 Upstream  CTCGATTCTATTAACAAGGG Upstream + 
gene 
specific 
primer  

NTML 

website 

https://app1.unmc.edu/fgx/methods.html
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primer, considering 464 bp distance to the transposon end when using the Upstream 

primer, and 133 bp distance to the transposon end when using Buster primer. The 

programme used to perform the PCR started with an initial denaturation at 95°C for 5 

min followed by 30 cycles of i) denaturation at 94°C for 30 s, ii) annealing at 55°C for 1 

min, iii) extension at 72°C for 1 min, and a final termination step at 72°C for 10 min. The 

PCR products were kept at 4°C overnight until agarose gel electrophoresis was 

performed.  

The transposon insertion site and the details of its orientation within the genome, gene 

length, amongst other characteristics taken from the “Tn insertion map” section from the 

Nebraska group website (https://app1.unmc.edu/fgx/index.html), can be found in the 

tables below each of the figures depicting the gene sequence for each gene: putative 

aspartate aminotransferase aspB (Figure 3.3, Table 3.2), putative glutamate-1-

semialdehyde aminotransferases hemL1 (Figure 3.4, Table 3.3) and hemL2 (Figure 3.5, 

Table 3.4). The expected PCR product size is included in each table and calculated as 

mentioned previously.      

  

https://app1.unmc.edu/fgx/index.html
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SAUSA300_1916 (Gene ID: 3914404) 

 

Figure 3.3 - Sequence of the gene coding a putative aspartate aminotransferase (aspB). 

The sequence of the gene used for the design of the gene-specific primer is highlighted in red while the 
position of the transposon insertion within the gene is highlighted in blue. 
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Table 3.2. Genome and transposon insertion features within SAUSA300_1916 

 

 

 

  

Feature 

 

DNA strand of the gene  

 

Forward 

Start position of the gene in the genome 

 

2080435 

End position of the gene in the genome  

 

2081722 

Length of the gene 

 

1287 bp 

Tn insertion position in the genome and 
orientation  

 

2080588 – Reverse 

Tn insertion relative to the start of the gene  

 

154 bp 

Suggested Tn specific primer  

 

Buster 

Expected PCR product size 

 

133 bp + 154 bp = 287 bp 
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SAUSA300_1614 (Gene ID: 3914650) 

  

 

Figure 3.4 - Sequence of the gene coding a putative glutamate-1-semialdehyde 
aminotransferase (hemL1). 

The sequence of the gene used for the design of the gene-specific primer is highlighted in red while the 
position of the transposon insertion within the gene is highlighted in blue. 
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Table 3.3. Genome and transposon insertion features within SAUSA300_1614 

 

 

 

 

 

 

 

 

 

  

Feature 

 

DNA strand of the gene  

 

Reverse  

Start position of the gene in the genome 

 

1768844 

End position of the gene in the genome  

 

1767557 

Length of the gene 

 

1287 bp 

Tn insertion position in the genome and 
orientation  

 

1768561 – Forward 

Tn insertion relative to the start of the gene  

 

284 bp 

Suggested Tn specific primer  

 

Buster 

Expected PCR product size 

 

133 bp + 267 bp = 400 bp 
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SAUSA300_1845 (Gene ID: 3913658) 

 

Figure 3.5 - Sequence of the gene coding a putative glutamate-1-semialdehyde 
aminotransferase (hemL2). 

The sequence of the gene used for the design of the gene-specific primer is highlighted in red while the 
position of the transposon insertion within the gene is highlighted in blue. 
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Table 3.4. Genome and transposon insertion features within SAUSA300_1845 

 

 

 

 

 

 

 

 

 

3.3.1.3 Agarose gel electrophoresis  

The PCR products were visualized by gel electrophoresis. For this purpose, 1% (w/v) 

agarose gels were prepared in 1X Tris acetate EDTA (TAE) electrophoresis buffer mixed 

with 2 μL of RedGel (10,000X stock) nucleic acid dye for DNA staining (cat. n° BT41003, 

Biotium). Before loading the wells, the samples were mixed with 1 µL of 6X loading dye 

(cat. n° B7025S, New England Biolabs) and a final volume of 3 µL was loaded. Two μL 

of Quick-Load 100 bp DNA ladder (cat. n° N0467S, New England Biolabs) were used as 

a marker. The gel electrophoresis was carried out in 1X TAE as a running buffer at 100 

V for 1 h. The DNA bands were visualized under UV light using an Alpha Imager gel 

documentation system (Alpha InnoTech, UK). 

 

Feature 

 

DNA strand of the gene  

 

Forward  

Start position of the gene in the genome 

 

2005499 

End position of the gene in the genome  

 

2006789 

Length of the gene 

 

1290 bp 

Tn insertion position in the genome and 
orientation  

 

2005637– Reverse 

Tn insertion relative to the start of the gene  

 

139 bp 

Suggested Tn specific primer  

 

Buster 

Expected PCR product size 

 

139 bp + 118 bp = 251 bp 
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3.3.2 Evaluation of the effect of the disruption of the genes SAUSA300_1916, 

SAUSA300_1614 and SAUSA300_1845 on the growth of S. aureus on human 

serum and RPMI1640  

The growth curves were performed with human serum from male AB plasma (cat. n° 

H4522, Sigma). Since S. aureus is unable to grow in serum it was treated as follows 

before use, the serum was heat inactivated at 56°C for 30 min, centrifuged for 5 min and 

the clear zone was transferred into a centrifuge tube using a syringe with a 21G 11/2”-Nr.2 

(0.8 x 40mm) needle, and further filtered using a 0.22 µm filters. The RPMI-1640 

complete formulation (cat. n° R8758, Sigma), RPMI-1640 without L-cystine and L-

methionine (cat. n°R7513, Sigma), and RPMI-1640 without L-glutamine (cat. n° R0883, 

Sigma) were kept at 8°C and brought to room temperature before use.  

Bacterial strains were streaked out from the glycerol stocks onto TSA plates containing 

the appropriate antibiotic. For S. aureus USA300 mutant strains the plates were 

supplemented with erythromycin at 5 μg/mL while no antibiotic supplementation was 

required for the growth of the S. aureus LS-1 strains, neither the wild-type nor the 

hemL(s) mutant strains. 

A single colony was used to inoculate 10 mL of BHI broth in a 50 mL sterile centrifuge 

tube and the cultures were grown at 37°C for 16 h with shaking at 200 rpm. After the 

incubation period, the bacterial cultures were washed with sterile PBS twice and diluted 

to an OD600nm of 0.05 in human serum or RPMI-1640 media (complete formulation and 

without the amino acids stated in the results section). A volume of 200 µL of the adjusted 

cultures was used to inoculate the wells of a non-tissue culture treated 96 wells plate 

(cat. n° 351172, Falcon). Wells inoculated with BHI were used as a control. Bacterial 

growth was monitored by measuring the optical density at 600 nm over either 24 h or 48 

h every 30 min at 37°C using a SPECTROstar Nano absorbance plate reader. The 

experiment was performed in triplicate in three independent biological repeats. The 

absorbance readings were plotted against time using the OriginPro software and the 

analysis of the growth was performed by fitting the data to the logistic equation used in 
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the field of ecology and evolution (Nt = K/1+(K-N0/N0) e-rt where Nt= is the population size 

at time t; N0= is the population size at the beginning of the growth; K = is the carrying 

capacity; r = is the growth rate of cells at certain time) using the Growthcurver package 

(Sprouffske & Wagner, 2016).  

 

3.3.3 Evaluation of the effect of the disruption of the genes SAUSA300_1916, 

SAUSA300_1614 and SAUSA300_1845 on biofilm formation of S. aureus 

 

3.3.3.1 Biofilm formation 

All bacterial cultures were grown in BHI broth at 37°C for 16 h with shaking at 200 rpm. 

After incubation, the cultures were washed with sterile PBS and diluted into fresh BHI 

broth supplemented with 1% glucose to an OD600nm of 0.05. A volume of 200 µL from 

each strain was added into the wells of a tissue culture treated plate (cat. n°833924, 

Sarstedt). The plate was covered with an AeraSealTM breathable film (cat. n° A9224, 

Sigma) and the biofilm was allowed to form in static condition at 37°C for 24 h. Wells 

inoculated with BHI media were used as a blank control. The experiment was performed 

in three independent biological repeats.  

 

3.3.3.2 Biofilm quantification 

After the incubation period, the planktonic and biofilm phases were measured at 600 nm 

using a SPECTROstar Nano absorbance plate reader. Non adherent cells were 

discarded, and the wells gently washed twice with 100 µL of sterile distilled water. The 

plates were left to dry inverted in the oven at ~ 60°C for 1 h before the biofilm was stained. 

A volume of 100 µL of a 1% (v/v) crystal violet solution was added into each well 

containing the cells and the biofilm stained for 10 min. Excess stain was rinsed off and 

wells were washed three times with 200 µL of sterile distilled water. The crystal violet 

was solubilised with 200 µL of acetic acid 30 % (v/v), the plate incubated for 30 min in 



84 

 

shaking condition at 40 rpm and the biofilm quantified measuring the absorbance of the 

crystal violet at 590 nm using a plate reader. Before reading the stained wells were 

diluted 1:4 into 30% (v/v) acetic acid due to the high concentration of the dissolved crystal 

violet used. The results are shown as the mean ± standard deviation and the analysis of 

variance (ANOVA one-way) and mean comparison (Bonferroni/Tukey) tests were carried 

out by OriginPro. Significant differences were defined as *P < 0.05.  

 

 

3.3.4 Evaluation of the effect of the disruption of the genes SAUSA300_1916, 

SAUSA300_1614 and SAUSA300_1845 on the virulence of S. aureus in a Galleria 

mellonella larvae model 

The wax moth larvae of G. mellonella were acquired from Livefood UK Ltd. and they 

were kept at 10°C until use. For each experiment, 10 larvae weighing between 0.2 and 

0.3 g were injected with S. aureus JE2 and the mutants for the genes SAUSA300_1916, 

SAUSA300_1614, and SAUSA300_1845. The S. aureus LS-1 background strains (wild-

type and mutants LS-1Δ hemL1 and LS-1Δ hemL2) were also used to infect the larvae. 

Bacterial cultures of the strains were prepared in BHI broth and incubated for 16 h at 

37°C with shaking at 200 rpm. The cultures were washed with sterile PBS and adjusted 

to the required optical density depending on the strain (OD600nm 0.1, 0.5 or 1). The 

adjusted bacterial suspensions were added into a 1 mL hypodermic syringe and 10 μL 

were injected in the hemocoel of each larva through the second left pro-leg using a single 

syringe pump (AL-1000HP, World Precision Instruments). The control larvae were 

injected with 10 μL of sterile PBS. After infection, the larvae were kept at 37°C and their 

mortality was checked every 24 h. Three independent experiments were performed, and 

the results were analysed by using the Kaplan-Meier survival analysis in the OriginPro 

software. Statistical differences were determined with a log-rank test. 
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3.3.5 Evaluation of a planarian model to study survival and colonisation of S. 

aureus 

 

3.3.5.1 Planarian maintenance 

Planarians belonging to the species Dugesia japonica were kept protected from light 

within containers with Deeside water without antibiotics at 22°C. Planarians propagation 

was performed once a month through two transverse amputations perpendicularly to the 

antero-posterior axis (Reddien & Sánchez Alvarado, 2004). For this purpose, planarians 

were transferred to a different container and the tail and head were removed. The 

fragments (head – trunk – tail) were left for regeneration for at least two weeks before 

mixing them again with the main colony. Planarian water was changed twice a week and 

the containers cleaned up using paper towels to eliminate mucus and debris that were 

stuck to their walls. Planarians were fed once every two weeks using organic ox liver, 

washed after feeding, and were starved for one week before each experiment. 

 

3.3.5.2 Planarians fed with S. aureus strains  

Planarians were fed with S. aureus strains mixed with ox liver following an adapted 

protocol of dsRNA infected planarians (Abnave et al., 2014). The wild-type and 

SAUSA300_1916 mutant strains, stored in glycerol stocks, were grown on TSA plates 

alone or supplemented with 5 µg/mL erythromycin and incubated overnight at 37°C. A 

single colony of each strain was used to inoculate BHI broth, and the cultures were 

incubated at 37°C for 16 h with shaking conditions at 200 rpm. Bacterial cultures were 

spun down, washed with PBS, and resuspended in Deeside water at two bacterial 

concentrations (1x109 and 1x108 CFU). Bacterial pellets were obtained after 

centrifugation at 13,000 x g for 5 min and were mixed with 300 μL of ox liver, 150 μL of 

ultra-low-gelling temperature agarose, and 7 μL of red food colouring using a tissue 

grinder. The mixture was allowed to solidify on ice for ~ 15 min and 100 µL of the mixture 

was added into Petri dishes containing a group of 20 planarians per strain. Planarians 
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fed with the mixture without bacteria were used as a control group. After 2 h feeding, 

planarians were gently washed with Deeside water, transferred into new Petri dishes, 

and left inside the incubator at 22°C during the experimentation period. The experiment 

was performed in three independent biological repeats.  

 

3.3.5.3 Quantification of the colony forming units (CFUs) 

The number of bacteria recovered from infected planarians (CFU/5 worms) was 

quantified at days 0 (2 h after feeding), 1, 2, and 4 post infection. A group of 5 planarians 

were retrieved from the incubator per each time point and homogenized in 25 µL of PBS 

using a tissue grinder. Serial dilutions of the homogenates were prepared and a volume 

of 25 µL was plated onto mannitol salt agar (MSA) plates (cat. n° CM0085, Oxoid). The 

plates were incubated at 37°C for 24 h and the number of colonies was recorded. As 

control, non-infected planarias were homogenised, serially diluted in PBS, and 25 µL of 

each dilution were plated out onto MSA plates. No bacterial growth was observed in the 

control group. The results were analysed using OriginPro software and the statistical 

differences were determined using the Mann-Whitney test. 

 

3.3.5.4 Planarians infected with S. aureus strains  

The S. aureus strains were introduced into the water containing planarians at different 

concentrations following a protocol aimed to evaluate tissue degeneration of planarians 

after bacterial infection (Arnold et al., 2016). Briefly, the wild-type and SAUSA300_1916 

mutant strains were grown in BHI for 16 h at 37°C in shaking conditions at 200 rpm. 

Bacterial suspensions at four different concentrations, between 1x109 and 1x108 CFU, 

were prepared by washing the cells with PBS and adjusting the OD600nm to the 

concentrations required. A group of 20 planarians per bacterial strain was used for the 

experiment and they were separated from the main colony and added individually into 

the wells of a 24 wells plate at least three days before the day of infection to allow an 
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adjustment period to a small space prior the experiment. The selected group of 

planarians for the experiment was starved for one week, were similar in size, and did not 

show any visually lesion on their skin.  

Planarians individually placed into each well were infected with the S. aureus wild-type 

and mutant strains by adding up to 1 mL of the bacterial strains resuspended in the water 

used to keep the planarian colony at the required concentration. Planarians resuspended 

into 1 mL of Deeside water, which was used to keep the colony, were used as a control 

group. The plates were left inside the incubator at 22°C and checked daily using a Zeiss 

Stemi 200 stereo microscope over a period for up to 20 days depending on the bacterial 

concentration used. Every 3 to 4 days planarians were gently washed with PBS and re-

infected by adding freshly prepared bacterial cultures into new plates. The experiment 

was performed in three independent biological repeats.  

 

3.4 Results 

3.4.1 Detection of transposon insertion within the genes SAUSA300_1916, 

SAUSA300_1614 and SAUSA300_1845 by PCR 

The transposon insertion within the genes SAUSA300_1916 coding for a putative 

aspartate aminotransferase, SAUSA300_1614 and SAUSA300_1845, both coding for 

putative glutamate-1-semialdehyde aminotransferases were detected by PCR using 

specific primers that annealed to the bursa aurealis transposon and to the sequence of 

the gene of interest.   

The product size of the PCR amplification products detected the transposon inserted 

within the genes SAUSA300_1916, SAUSA300_1614, and SAUSA300_1845 with the 

expected sizes of 287, 400, and 251 base pairs, respectively. The gel show the bands 

of the PCR products which are in good agreement with the size of the band expected for 

the insertion of the transposon within each gene, thus demonstrating that the transposon 
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was inserted within the genes SAUSA300_1916, SAUSA300_1614, and 

SAUSA300_1845 (Figure 3.6) confirming the mutant clones were correct.  

 

 

 

 

 

Figure 3.6 - Detection of transposon insertion within the genes SAUSA300_1916, 
SAUSA300_1614 and SAUSA300_1845 of S. aureus. 

PCR products showing the presence of the transposon within the genes coding the putative 
aminotransferases of S. aureus. Lane M: 100 bp DNA ladder (New England BioLabs, UK); Lane 1: 
transposon presence within the gene SAUSA300_1916 (putative aspartate aminotransferase), expected 
product size ~287 bp; Lane 2: transposon presence within the gene SAUSA300_1614 (putative glutamate- 
1-semialdehyde aminotransferase), expected product size ~400 bp; and Lane 3: transposon presence within 
the gene SAUSA300_1845 (putative glutamate-1-semialdehyde aminotransferase), expected product size 
~251 bp.   
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3.4.2 Effect of the disruption of the genes SAUSA300_1916, SAUSA300_1614 and 

SAUSA300_1845 on the growth of S. aureus in human serum and RPMI1640  

The nutrient availability that bacteria encounter once infecting a host is different from 

what they encounter when growing in vitro, and the composition between serum and rich 

medium varies, for example, in the presence of serum proteins (albumins, globulins), 

and ions (Oogai et al., 2011). The effect of the disruption within the gene 

SAUSA300_1916 (coding for a putative aspartate aminotransferase), and within the 

genes SAUSA300_1614 and SAUSA300_1845 (both coding for a putative glutamate-1-

semialdehyde aminotransferase) on the S. aureus growth was evaluated in human 

serum and RPMI medium in order to determine their essentiality in both conditions. 

Growth in rich medium (TSB) was determined to see if the mutants showed any growth 

defect in this medium compared to the wild-type strain.   

The metabolism of aspartate is linked to the TCA cycle and nitrogen assimilation, and it 

has been shown that its disruption causes growth defects (Jansen et al., 2020). A small 

colony variant phenotype, which is associated with a slow growth feature, has been 

found in strains having mutations in genes participating in the haem biosynthetic pathway 

like hemA (Hubbard et al., 2020) or hemB (Roggenkamp et al., 1998) in E. coli and, for 

example, within hemB in S. aureus (Kriegeskorte et al., 2014). Since the gene products 

of SAUSA300_1916, SAUSA300_1614 and SAUSA300_1845 are predicted to be 

involved in the metabolism of both, aspartate and haem, it was hypothesised that the 

disruption within those genes would result in an impaired growth in both, serum and 

RPMI medium.       

The results showed that in rich medium (TSB) no growth defect was observed in any of 

the strains tested, neither in the mutants created in the USA300 background nor in the 

LS-1 genetic background (Figure 3.7). These results were also analysed by the 

Growthcurver package, which showed no significant differences between the mutants 

and their respective wild-type strains in metrics like carrying capacity, growth rate, 

doubling time, or area under the curve, this latter considered as one of the most important 
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metrics given by Growthcurver since it summarizes the relevant metrics involved in a 

population growth (Sprouffske & Wagner, 2016) (Table 3.5 and Table 3.6). 

 

Figure 3.7 - Growth curves of the S. aureus strains in TSB.  

The USA300 and LS-1 strains were grown in TSB in 96-well plates at 37°C and the OD600nm readings 
measured over a 16-hour period. a) Growth curve of the USA300 strains and b) growth curve of the LS-1 
strains. The data represents the average of the OD600nm values ± standard deviation from three independent 
biological replicates.   

 

Table 3.5. Comparison of the metrics obtained from Growthcurver for the S. aureus 
USA300 strains grown in TSB. 

The growth curves were performed in TSB at 37°C for 16 h. The data were analysed by one-way ANOVA, 
Tukey post hoc test (P < 0.05) and expressed as the mean ± standard deviation of three independent 
experiments. No significant differences were found between the wild-type strain in comparison to each of 
the mutants evaluated. 

Parameter JE2 JE2 aspB::Tn JE2 hemL1::Tn JE2 hemL2::Tn 

Initial population 

size (N0) 
0.05 ± 0.01 0.04 ± 0.02 0.05 ± 0.02 0.04 ± 0.01 

Carrying 

capacity (k) 
1.75 ± 0.05 1.76 ± 0.07 1.80 ± 0.04 1.75 ± 0.06 

Growth rate (r) 1.52 ± 0.18/min 1.57 ± 0.23/min 1.45 ± 0.28/min 1.58 ± 0.14/min 

Doubling time 

(dt) 
0.46 ± 0.05 0.45 ± 0.08  0.49 ± 0.09  0.44 ± 0.04  

Area under the 

curve (auc) 
23.77 ± 0.59 23.97 ± 1.02 24.16 ± 0.70 23.87 ± 0.81 



91 

 

Table 3.6. Comparison of the metrics obtained from Growthcurver for the S. aureus LS-1 
strains grown in TSB. 

The growth curves were performed in TSB at 37°C for 24 h. The data were analysed by one-way ANOVA, 
Tukey post hoc test (P < 0.05) and expressed as the mean ± standard deviation of three independent 
experiments. No significant differences were found between the wild-type strain in comparison to each of 
the mutants evaluated. 

Parameter LS-1 LS-1 ΔhemL1 LS-1 ΔhemL2 

Initial population 

size (N0) 
0.12 ± 0.02 0.11 ± 0.03 0.11 ± 0.03 

Carrying 

capacity (k) 
1.82 ± 0.04 1.83 ± 0.05 1.81 ± 0.07 

Growth rate (r) 0.91 ± 0.15/min 0.93 ± 0.19/min 0.91 ± 0.16/min 

Doubling time 

(dt) 
0.78 ± 0.13 0.77 ± 0.14 0.78 ± 0.13 

Area under the 

curve (auc) 
23.50 ± 0.86 23.49 ± 0.70 23.28 ± 0.41 

 

The growth of the strains in human serum showed a growth impairment in the mutant 

strains in the USA300 genetic background compared with the wild-type strain. The 

growth of S. aureus wild-type strain (JE2) in serum reached a maximum OD600nm of 0.16 

following 24 h of incubation while the JE2 aspB::Tn strain reached an OD600nm of 0.11 

showing a marked growth defect (Figure 3.8). These results were consistent with the 

data obtained from the analysis of the microbial growth curves using Growthcurver 

showing that the growth rate of this mutant was significantly lower than that of the wild-

type strain (Table 3.7). As mentioned above, an important metric given by Growthcurver 

is the area under the curve which in a unique parameter integrates information about the 

initial population size, carrying capacity, and growth rate of a strain (Sprouffske & 

Wagner, 2016). The JE2 aspB::Tn strain showed a 1.6 times  decrease in the area under 

the curve compared to the value obtained for the wild-type strain (Table 3.7). Similarly, 

the hemL mutants in the USA300 genetic background showed a growth defect in serum 

even though it was not as marked as in the JE2 aspB::Tn strain (Figure 3.8). Both strains, 



92 

 

JE2 hemL1::Tn and JE2 hemL2::Tn, showed a significant decrease in all the metrics 

obtained by Growthcurver compared to the wild-type strain (Table 3.7). The hemL 

mutants in the LS-1 genetic background did not show significant differences in 

comparison to the wild-type strain in any of the metrics obtained by Growthcurver (Table 

3.8).   

 

 

Figure 3.8 - Growth curves of the S. aureus strains in human serum. 

The USA300 and LS-1 strains were grown in human serum in 96-well plates at 37°C and the OD600nm 
readings measured over a 24-hour period. a) Growth curve of the USA300 strains and b) growth curve of 
the LS-1 strains. The data represents the average of the OD600nm values ± standard deviation from three 
independent biological replicates.   
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Table 3.7. Comparison of the metrics obtained from Growthcurver for the S. aureus 
USA300 strains grown in human serum.  

The growth curves were performed in human serum at 37°C for 24 h. The data were analysed by one-way 
ANOVA, Tukey post hoc test (P < 0.05) and expressed as the mean ± standard deviation of three 
independent experiments. Significance was as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001    
indicating the differences between the wild-type strain compared to each of the mutants evaluated. 

Parameter JE2 JE2 aspB::Tn JE2 hemL1::Tn JE2 hemL2::Tn 

Initial population 

size (N0) 
0.02 ± 0.0 0.02 ± 0.0 0.02 ± 0.0 0.02 ± 0.0 

Carrying 

capacity (k) 
0.13 ± 0.01 0.09 ± 0.01* 0.12 ± 0.01* 0.12 ± 0.01* 

Growth rate (r) 0.31 ± 0.02/min 0.26 ± 0.01*/min 0.29 ± 0.02*/min 0.28 ± 0.01*/min 

Doubling time 

(dt) 
2.23 ± 0.12 2.64 ± 0.12* 2.44 ± 0.14* 2.52 ± 0.08* 

Area under the 

curve (auc) 
2.42 ± 0.23 1.55 ± 0.09* 2.21 ± 0.13* 2.11 ± 0.10* 

 

Table 3.8. Comparison of the metrics obtained from Growthcurver for the S. aureus LS-1 
strains grown in human serum. 

The growth curves were performed in human serum at 37°C for 24 h. The data were analysed by one-way 
ANOVA, Tukey post hoc test (P < 0.05) and expressed as the mean ± standard deviation of three 
independent experiments. No significant difference was found between the wild-type strain in comparison to 
each of the mutants evaluated. 

Parameter LS-1 LS-1 ΔhemL1 LS-1 ΔhemL2 

Initial population 

size (N0) 
0.06 ± 0.03 0.06 ± 0.02 0.06 ± 0.03 

Carrying 

capacity (k) 
0.34 ± 0.07 0.37 ± 0.09 0.38 ± 0.08 

Growth rate (r) 0.36 ± 0.07/min 0.37 ± 0.05/min 0.41 ± 0.09/min 

Doubling time 

(dt) 
1.98 ± 0.37 1.92 ± 0.27 1.78 ± 0.42 

Area under the 

curve (auc) 
6.42 ± 1.40 6.99 ± 1.85 7.34 ± 1.64 
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The results obtained from the growth curves of the strains in human serum showed that 

although the USA300 mutant strains had an impaired growth, the genes coding for a 

putative aspartate aminotransferase and a putative glutamate-1-semialdehyde 

aminotransferase, were not essential for the growth of S. aureus in this media under the 

assessed conditions.  

The effect of the mutations in the genes SAUSA300_1916, SAUSA300_1614 and 

SAUSA300_1845 in growth was also assessed in the RPMI1640 medium, which is a 

synthetic medium that mimics the plasma composition. The JE2 aspB::Tn strain showed 

a total inhibition of growth in the complete formulation of RPMI following 24 h of 

incubation (Figure 3.9). The JE2 hemL2::Tn strain showed a similar growth pattern as 

that of the wild-type strain during the whole incubation period, while the JE2 hemL1::Tn 

strain started to show a growth impairment after ~ 8 h of incubation (Figure 3.9). These 

results are consistent with the metrics obtained from Growthcurver that shown a 

significant decrease in two out of the five parameters studied (carrying capacity and area 

under the curve) for the JE2 hemL1::Tn strain compared to those of the wild-type strain 

(Table 3.9). The hemL mutants in the LS-1 genetic background showed a similar growth 

pattern than that of the wild-type strain in the complete formulation of RPMI (Figure 3.9). 

Although the metrics obtained from Growthcurver for the LS-1 Δ hemL1 mutant showed 

a significant increase in the parameter corresponding to the initial population size 

compared to the wild-type, it did not seem to affect the overall growth of the strain since 

the value for the metric area under the curve did not show any significant variation 

compared to that of the wild-type strain (Table 3.10). 
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Figure 3.9 - Growth curves of the S. aureus strains in RPMI complete formulation.   

The USA300 and LS-1 strains were grown in RPMI complete formulation in 96-well plates at 37°C and the 
OD600nm readings measured over a 24-hour period. a) Growth curve of the USA300 strains and b) growth 
curve of the LS-1 strains. The data represents the average of the OD600nm values ± standard deviation from 
three independent biological replicates. 

 

Table 3.9. Comparison of the metrics obtained from Growthcurver for the S. aureus 
USA300 strains grown in RPMI complete formulation. 

The growth curves were performed in RPMI complete formulation at 37°C for 24 h. The data were analysed 
by one-way ANOVA, Tukey post hoc test (P < 0.05) and expressed as the mean ± standard deviation of 
three independent experiments. Significance was as follows:  *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001 indicating the differences between the wild-type strain compared to each of the mutants evaluated. 

Parameter JE2 JE2 aspB::Tn JE2 hemL1::Tn JE2 hemL2::Tn 

Initial population 

size (N0) 
0.07 ± 0.01 0.01 ± 0.001* 0.06 ± 0.02 0.06 ± 0.02 

Carrying 

capacity (k) 
1.12 ± 0.03 N/D 1.00 ± 0.11* 1.10 ± 0.03 

Growth rate (r) 0.41 ± 0.04/min N/D 0.46 ± 0.09*/min 0.48 ± 0.04/min 

Doubling time 

(dt) 
1.69 ± 0.18 N/D 1.55 ± 0.24 1.45 ± 0.13 

Area under the 

curve (auc) 
19.32 ± 0.65 N/D 17.69 ± 1.83* 19.51 ± 0.70 
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Table 3.10. Comparison of the metrics obtained from Growthcurver for the S. aureus LS-1 
strains grown in RPMI complete formulation. 

The growth curves were performed in RPMI complete formulation at 37°C for 24 h. The data were analysed 
by one-way ANOVA, Tukey post hoc test (P < 0.05) and expressed as the mean ± standard deviation of 
three independent experiments. Significance was as follows:  *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001 indicating the differences between the wild-type strain compared to each of the mutants evaluated. 

Parameter LS-1 LS-1 ΔhemL1 LS-1 ΔhemL2 

Initial population 

size (N0) 
0.04 ± 0.01 0.06 ± 0.01* 0.05 ± 0.01 

Carrying 

capacity (k) 
0.85 ± 0.04 0.90 ± 0.05* 0.85 ± 0.04 

Growth rate (r) 0.46 ± 0.09/min 0.35 ± 0.03*/min 0.39 ± 0.06*/min 

Doubling time 

(dt) 
1.59 ± 0.36 2.00 ± 0.17* 1.82 ± 0.31 

Area under the 

curve (auc) 
14.53 ± 0.92 14.55 ± 0.94 13.97 ± 0.87 

 

The JE2 aspB::Tn strain showed a growth inhibition in the complete formulation of RPMI 

and to examine which could be the amino acid responsible for this effect, if any, growth 

curves in RPMI without cystine, methionine and glutamine were performed as a starting 

point. No growth recovery was observed in the JE2 aspB::Tn mutant in RPMI medium 

without cystine or methionine (Figure 3.10). Glutamine provides metabolic intermediates 

for the synthesis of macromolecules and its metabolism includes the formation of 

glutamate with the concomitant production of ammonium (NH4
+) that can be used for the 

synthesis of purine and pyrimidines (D. C. de Oliveira et al., 2016).  

The glutamine concentration in the complete formulation of RPMI (Cat. N°8758, Sigma) 

is 0.3 g/L while the concentration of glutamate is 0.02 g/L, and it was hypothesised that 

the excess of glutamine in this medium might prevent the growth of the cell without a 

functional aspartate aminotransferase that would allow nitrogen assimilation.  
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Figure 3.10 - Growth curves of S. aureus JE2 and JE2 aspB::Tn strains in RPMI without 
cystine and without methionine.  

The wild-type and mutant strains of S. aureus were grown in RPMI without cystine (a) and without methionine 
(b) in 96-well plates at 37°C and the OD600nm readings measured over a 48-hour period. The data represents 
the average of the OD600nm values ± standard deviation from three independent biological replicates. 

 

In fact, the removal of glutamine allowed the growth of the JE2 aspB::Tn mutant strain, 

which was able to grow to the JE2 wild-type level (Figure 3.11). Although the initial 

population size of this mutant obtained by Growthcurver was significantly lower than that 

of the wild-type strain (0.03 ± 0.01 and 0.07 ± 0.01 respectively), their corresponding 

metrics for the area under the curve did not show any significant difference when 

compared to those of the wild-type strain (Table 3.11). Similar to what was observed in 

the growth of the JE2 hemL mutants in the complete formulation of RPMI, the JE2 

hemL1::Tn strain showed a growth impairment in RPMI medium without glutamine 

(Figure 3.11). The lack of glutamine in the medium gave a lower value for the metric of 

initial population (N0) for the JE2 hemL mutants compared to the wild-type strain (Table 

3.11) and compared to those values obtained for the growth in complete RPMI. It is worth 

mentioning that all strains were adjusted to the same values of optical densities at the 

beginning of the experiment. These discrepancies between the initial population size of 

the mutants grown in RPMI complete formulation and RPMI lacking glutamine were not 

observed for the JE2 strain, since the values for its metric were the same (0.07 ± 0.01) 
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in both media, implying that the lack of glutamine in the medium was affecting that metric 

for the hemL mutants only. By contrast, the LS-1 Δ hemL1 and LS-1 Δ hemL2 mutants 

had a similar growth pattern compared to the LS-1 wild-type strain (Figure 3.11) with no 

significant difference in metrics like growth rate, doubling time or area under the curve 

(Table 3.12). 

The results obtained from the growth curves of the strains in RPMI complete formulation 

showed that the disruption of the gene coding a putative aspartate aminotransferase 

leads to growth inhibition, which can be reverted by removing the amino acid glutamine 

from the medium.  

Although there were differences in the growth pattern between the JE2 hemL(s) mutant 

strains grown in RPMI complete formulation and RPMI without glutamine, the genes 

coding for a putative glutamate-1-semialdehyde aminotransferase were not essential for 

the growth of S. aureus in these media.   

 

Figure 3.11 - Growth curves of the S. aureus strains in RPMI lacking glutamine. 

The USA300 and LS-1 strains were grown in RPMI lacking glutamine in 96-well plates at 37°C and the OD600 

nm readings measured over a 24-hour period. a) Growth curve of the USA300 strains and b) growth curve of 
the LS-1 strains. The data represents the average of the OD600nm values ± standard deviation from three 
independent biological replicates. 
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Table 3.11. Comparison of the metrics obtained from Growthcurver for the S. aureus 
USA300 strains grown in RPMI lacking glutamine. 

The growth curves were performed in RPMI lacking glutamine at 37°C for 24 h. The data were analysed by 
one-way ANOVA, Tukey post hoc test (P < 0.05) and expressed as the mean ± standard deviation of three 
independent experiments. Significance was as follows:  *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 
indicating the differences between the wild-type strain compared to each of the mutants evaluated. 

Parameter JE2 JE2 aspB::Tn JE2 hemL1::Tn JE2 hemL2::Tn 

Initial population 

size (N0) 
0.07 ± 0.01 0.03 ± 0.01* 0.03 ± 0.01* 0.04 ± 0.01* 

Carrying 

capacity (k) 
1.09 ± 0.08 1.07 ± 0.06 0.93 ± 0.12* 1.12 ± 0.05 

Growth rate (r) 0.40 ± 0.04/min 0.60 ± 0.07*/min 0.58 ± 0.05*/min 0.51 ± 0.02*/min 

Doubling time 

(dt) 
1.77 ± 0.19 1.18 ± 0.13* 1.20 ± 0.11* 1.36 ± 0.06* 

Area under the 

curve (auc) 
18.42 ± 1.49 19.05 ± 0.69 16.53 ± 2.04* 19.51 ± 0.82 

 

Table 3.12. Comparison of the metrics obtained from Growthcurver for the S. aureus LS-1 
strains grown in RPMI lacking glutamine. 

The growth curves were performed in RPMI lacking glutamine at 37°C for 24 h. The data were analysed by 
one-way ANOVA, Tukey post hoc test (P < 0.05) and expressed as the mean ± standard deviation of three 
independent experiments. Significance was as follows:  *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 
indicating the differences between the wild-type strain compared to each of the mutants evaluated. 

Parameter LS-1 LS-1 ΔhemL1 LS-1 ΔhemL2 

Initial population 

size (N0) 
0.04 ± 0.01 0.05 ± 0.01 0.03 ± 0.01 

Carrying 

capacity (k) 
0.82 ± 0.08 0.78 ± 0.06 0.76 ± 0.06* 

Growth rate (r) 0.37 ± 0.07/min 0.33 ± 0.06/min 0.39 ± 0.05/min 

Doubling time 

(dt) 
1.93 ± 0.43 2.16 ± 0.39 1.83 ± 0.29 

Area under the 

curve (auc) 
13.03 ± 1.60 12.10 ± 1.01 11.90 ± 1.19 
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3.4.3 Effect of the disruption of the genes SAUSA300_1916, SAUSA300_1614 and 

SAUSA300_1845 on biofilm formation of S. aureus 

Biofilm formation allows bacteria to resist the antimicrobial treatment and to evade the 

host defences and S. aureus has the capacity to form biofilms that are stimulated by the 

addition of glucose into the media (E. O’Neill et al., 2008). Genes coding 

aminotransferase enzymes involved in the central metabolism such as a putative 4-

aminobutyrate aminotransferase and a putative aspartate aminotransferase have been 

shown to be overexpressed during S. aureus biofilm formation (Beenken et al., 2004) 

indicating that those enzymes might have a role during the development of the biofilm. 

The role of haem metabolism in the biofilm formation of S. aureus is not well understood, 

however, a study showed that a hemL mutant strain had an altered morphology of the 

macrocolony of S. aureus when compared to that of the wild-type strain (Wermser & 

Lopez, 2018). This suggests that the enzymes involved in the metabolic pathway of 

haem might have a role in the biofilm formation of S. aureus. In this context, the role of 

the proteins coded by the genes SAUSA300_1916, SAUSA300_1845 and 

SAUSA300_1614 in the biofilm formation of S. aureus was evaluated in BHI medium 

supplemented with 1% glucose under static conditions and quantified using the crystal 

violet staining method.  

The disruption in aspB (SAUSA300_1916) coding for a putative aspartate 

aminotransferase showed no difference in the biofilm formation between the wild-type 

and the mutant strains under the conditions evaluated (Figure 3.12). Similarly, the 

disruption in hemL1 (SAUSA300_1614) and hemL2 (SAUSA300_1845), both coding 

putative glutamate-1-semialdehyde aminotransferases did not show a significant 

difference in the capacity to form biofilm compared to the wild-type strain (Figure 3.12) 

in BHI medium supplemented with glucose. The same assay was performed using the 

mutant strains for the hemL1 and hemL2 genes created in the LS-1 genetic background 

to detect if the deletion of those genes would have an effect in the biofilm formation 

capacity of S. aureus. The results showed a significant decrease in the biofilm capacity 

of the LS-1 ΔhemL1 (P < 0.05) and no difference in the biofilm capacity of LS-1 ΔhemL2 

when compared to the wild-type strain (Figure 3.13). The results of the biofilm assays 

showed that the disruption in the genes SAUSA300_1916, SAUSA300_1614 and 
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SAUSA300_1845 had no effect in the biofilm formation of the S. aureus USA300 strain 

under the conditions tested. 

  

Figure 3.12 - Biofilm formation by S. aureus USA300 strains.  

The biofilm formation was evaluated after 24 h of static incubation in BHI + 1% glucose at 37°C. The OD of 
the planktonic and biofilm phases was measured at 600 nm (a). The biofilm quantification was performed 

using the crystal violet staining method and its measurement was performed at 590 nm (b). The data was 

analysed by one-way ANOVA, Bonferroni post hoc test (P < 0.05) and expressed as the mean ± standard 
deviation of three independent experiments. 

 

S. aureus USA300 strains 
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Figure 3.13 - Biofilm formation by S. aureus LS-1 strains.  

The biofilm formation was evaluated after 24 h of static incubation in BHI + 1% glucose at 37°C. The OD of 
the planktonic and biofilm phases was measured at 600 nm (a). The biofilm quantification was performed 
using the crystal violet staining method and its measurement was performed at 590 nm (b). The data was 
analysed by one-way ANOVA, Bonferroni post hoc test (P < 0.05) and expressed as the mean ± standard 
deviation of three independent experiments.   

 

S. aureus LS-1 strains 
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3.4.4 Effect of the disruption of the genes SAUSA300_1916, 

SAUSA300_1614 and SAUSA300_1845 on virulence of S. aureus in a 

Galleria mellonella larvae model 

The importance of a putative aspartate aminotransferase for the virulence of S. aureus 

was published in a study after screening a transposon mutant library to identify essential 

genes for virulence in a murine model of systemic infections. The study found a 1,000-

fold reduction in the virulence in a competitive infection assay (mutant strain mixed with 

the wild-type strain) of a strain that had disrupted the gene coding for a putative aspartate 

aminotransferase (aspB) (Benton et al., 2004). This finding was supported by another 

study where the authors identified the gene coding for a putative aspartate 

aminotransferase (SAOUHSC_02158) as essential for its fitness in a murine infection 

model (Valentino et al., 2014). 

It has also been described that a putative glutamate-1-semialdehyde aminotransferase 

(coded by SAOUHSC_02000, corresponding to SAUSA300_1845 in 

USA300_FPR3757) was essential for the fitness of S. aureus in a murine abscess model 

(Valentino et al., 2014), which suggests that the strains having disruptions in the genes 

SAUSA300_1614 and SAUSA300_1845, coding a putative glutamate-1-semialdehyde 

aminotransferase, would be important for the virulence of the pathogen. 

The role in virulence of the strains having disrupted the genes SAUSA300_1916, 

SAUSA300_1614 and SAUSA300_1845 was evaluated using a G. mellonella infection 

model. The larvae were inoculated with 105 CFU/larvae through parenteral injection, 

incubated at 37°C, and their survival was monitored over a period of either 4 or 7 days 

depending on the strain. The survival rates of the larvae infected with the strains  showed 

a decrease in virulence of the strain with the transposon inserted within the gene 

SAUSA300_1916 (JE2 aspB::Tn) coding for a putative aspartate aminotransferase 

(AspB) when compared to the wild-type strain (Figure 3.14), thus showing a decreased 

virulence in this model, similar to what was found with the mutant strain for a putative 

aspartate aminotransferase in the murine model mentioned above. Similarly, the 
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disruption of the genes hemL1 (SAUSA300_1614) and hemL2 (SAUSA300_1845) 

showed a significant decrease in virulence when compared to the wild-type strain (Figure 

3.15). After 1 day of incubation all the larvae infected with the wild-type strain were found 

dead, while 100% larval death was observed after 2 days for the SAUSA300_1614 (JE2 

hemL1::Tn) strain and after 4 days for the SAUSA300_1845 (JE2 hemL2::Tn) strain. The 

effect of the disruption of the hemL genes in the virulence of S. aureus was also 

evaluated in the LS-1 genetic background giving similar results to those observed in the 

USA300 genetic background (Figure 3.16). The larvae infected with both, LS-1 ΔhemL1 

and LS-1 ΔhemL2 showed a 100% killing after 4 days of infection while the LS-1 wild-

type showed a 100% larval death after 2 days of infection. Taken together these results 

highlight the importance of the three putative aminotransferases for S. aureus virulence 

in the G. mellonella infection model. 

 

Figure 3.14 - Effect of the disruption within the gene aspB coding a putative aspartate 
aminotransferase in the virulence of S. aureus in G. mellonella model.  

The Kaplan-Meier plot indicates the viability of Galleria larvae over a period of 7 days after infection with the 
wild-type (JE2) and mutant (JE2 aspB::Tn) strains at 105 CFU/larva. PBS injected larvae were included as 
negative control. The data are derived from three independent experiments with groups of 10 larvae (n = 
30). *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001 as determined by log-rank test when 
comparing the survival of the larvae infected with the wild-type and the mutant strains. 
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Figure 3.15 - Effect of the disruption within the genes hemL1 and hemL2 coding putative 
glutamate-1-semialdehyde aminotransferases in the virulence of S. aureus in G. mellonella 
model. 

The Kaplan-Meier plot indicates the viability of Galleria larvae over a period of 4 days after infection with the 
wild-type (JE2) and mutants for hemL1 (JE2 hemL1::Tn) and for hemL2 (JE2 hemL2::Tn) strains at 105 
CFU/larva. PBS injected larvae were included as negative control. The data are derived from three 
independent experiments with groups of 10 larvae (n = 30). *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, 
P < 0.0001 as determined by log-rank test when comparing the survival of the larvae infected with the wild-
type and each of the mutant strains. 

 

 

Figure 3.16 - Effect of the gene deletion of hemL1 and hemL2 coding putative glutamate-
1-semialdehyde aminotransferases in the virulence of S. aureus in G. mellonella model. 

The Kaplan-Meier plot indicates the viability of Galleria larvae over a period of 4 days after infection with the 
wild-type (LS-1) and mutant for hemL1 (LS-1 ΔhemL1) and for hemL2 (LS-1 ΔhemL2) strains at 105 
CFU/larva. PBS injected larvae were included as negative control. The data are derived from three 
independent experiments with groups of 10 larvae (n = 30). *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, 
P < 0.0001 as determined by log-rank test when comparing the survival of the larvae infected with the wild-
type and each of the mutant strains. 
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3.4.5 Evaluation of planarians as a model to study survival and colonisation of 

S. aureus 

Planarians have been used as a model organism to study mainly the molecular basis of 

tissue regeneration, but other phenomenon like host-pathogen interaction, specifically 

the mechanisms involved in bacterial clearance, and the function and assemble of motile 

cilia have also been studied using planarian models. In this study, the feasibility of a 

planarian model to study colonisation and survival of S. aureus was evaluated by 

challenging planarians through bacterial feeding and media infections.      

The S. aureus strain selected to evaluate this model was the strain having a disruption 

in the gene SAUSA300_1916, which codes a putative aspartate aminotransferase, since 

it has been reported that mutants defective for the gene coding this putative enzyme in 

S. aureus showed growth attenuation in a mouse model (Benton et al., 2004) and a 

survival defect in a murine osteomyelitis infection model (Potter et al., 2020), which 

makes it suitable to test it in this this model for defectiveness in colonisation and survival.  

Firstly, planarians were infected by mixing their food with a bacterial pellet adjusted to 

either 108 or 109 CFU/group. Planarians fed with 108 CFU/group showed similar bacterial 

burden at the start of the experiment, and an average of 4.1x107
 CFU/5 worms and 4.9 

x107
 CFU/5 worms were determined for those infected with the wild-type strain and the 

mutant strain, respectively (Figure 3.17).  From day 1 onwards, a difference in bacterial 

loads could be seen between the wild-type and the mutant strains infected groups, with 

a steady decline in the bacterial loads resulting in a significant difference between the 

strains at the end of the experiment (4 dpi). The bacterial burden decreased by 1.5 log10 

in the wild-type infected planarians and 2.2 log10 in the mutant strain for the aspB gene 

infected group, showing a significant defect in survival and colonisation compared with 

the wild-type strain. However, this difference could not be observed when planarians 

were fed with bacteria at 109 CFU/group (Figure 3.18). It is worth mentioning that no 

bacterial growth was observed from the non-infected group of planarians after plating 

out the homogenates of planarians onto mannitol salt agar plates.  
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Figure 3.17 - Effect of the disruption within the aspB gene coding a putative aspartate 
aminotransferase in the colonisation of S. aureus in planarians.  

A group of planarians belonging to D. japonica were infected through the food with the wild-type (JE2) and 
aspB mutant (JE2 aspB::Tn) strains at 108 CFU/group. CFU quantification was performed over a period of 
4 days. PBS fed planarians were included as control. The data are derived from three independent 
experiments with groups of 20 planarians (n = 60). *, P < 0.05 as determined by the Mann-Whitney test in 
comparison to the planarians infected with the wild-type strain at day 4. 

 

Figure 3.18 - Effect of the disruption within the aspB gene coding a putative aspartate 
aminotransferase in the colonisation of S. aureus in planarians.  

A group of planarians belonging to D. japonica were infected through the food with the wild-type (JE2) and 
aspB mutant (JE2 aspB::Tn) strains at 109 CFU/group. CFU quantification was performed over a period of 
4 days. PBS fed planarians were included as control. The data are derived from three independent 
experiments with group of 20 planarians (n = 60).  No significant difference was determined by the Mann-
Whitney test in comparison to the planarians infected with the wild-type strain at day 4. 

 

0 1 2 3 4
0

2

4

6

8

10

L
o

g
1

0
(C

F
U

/5
 w

o
rm

s
)

Days post-infection

 JE2

 JE2 aspB::Tn

]

*

0 1 2 3 4
0

2

4

6

8

10

L
o

g
1

0
(C

F
U

/5
 w

o
rm

s
)

Days post-infection

 JE2

 JE2 aspB::Tn



108 

 

Secondly, and in order to visualise differences in the survival of planarians or in the 

pathological progression of the infection between the strains, planarians were infected 

by adding specific bacterial numbers into their media with re-infection steps every 3 to 4 

days and visually monitored over a determined period of time. The results showed a 

significant difference in survival between the planarians infected with the wild-type strain 

and the mutant strain for the gene coding a putative AspB when infected with 108 

CFU/mL (Figure 3.19). No significant differences in survival were observed when 

planarians were infected with an inoculum of 109 CFU/mL of both strains (Figure 3.20). 

It is worth noticing that a highest bacterial concentration used to infect planarians led to 

a faster decrease in survival, but no significant differences were found between the 

worms infected with both strains.  

According to Arnold and colleagues, planarians showed declining health after infection 

with Vogesella, Chryseobacterium, and Pseudomonas exhibiting a progression of clinical 

signs from posterior and anterior legions, head regression, partial lysis and finally a full 

lysis of the organism (Arnold et al., 2016). However, in this study no such progression 

could be observed after the infection of planarians with S. aureus. Although, different 

clinical signs of the infection were noticed according to the classification made by Arnold 

and colleagues, like anterior lesion, head regression (Figure 3.21) or full lysis, a clear 

and consistent pattern in the progression of the infection from normal to fully lysed 

planarians could not be observed.   
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Figure 3.19 - Effect of the disruption of the aspB gene coding a putative aspartate 
aminotransferase in S. aureus in planarians survival. 

A group of planarians belonging to D. japonica were infected with the wild-type strain (JE2) at 6.7 x108 
CFU/mL or with the mutant strain for the aspB gene (JE2 aspB::Tn) at 5.9 x108 CFU/mL. The Kaplan-Meier 
plot indicates the viability of planarians over a period of 20 days post-infection. Planarian exposed to PBS 
were included as control group. The data are derived from three independent experiments with groups of 20 
planarians (n = 60) monitored over a period of 20 days. ****, P < 0.0001 as determined by the log-rank test 
when comparing the survival of the planarians infected with JE2 aspB::Tn and the wild-type strain. 

 
Figure 3.20 - Effect of the disruption of the aspB gene coding a putative aspartate 
aminotransferase in S. aureus in planarians survival.  

A group of planarians belonging to D. japonica were infected with the wild-type strain (JE2) at 2.7 x109 
CFU/mL and with the mutant strain for the aspB gene (JE2 aspB::Tn) at 2.4 x109 CFU/mL. The Kaplan-
Meier plot indicates the viability of planarians over a period of 7 days post-infection. Planarians exposed to 
PBS were included as control group. The data are derived from three independent experiments with groups 
of 20 planarians (n = 60) monitored over a period of 7 days. No significant difference was determined by the 
log-rank test between the planarians exposed to JE2 aspB::Tn and the wild-type strain. 
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Figure 3.21 - Planarians showing different lesions after infection with S. aureus strains.  

Planarians were infected with either 108 or 109 CFU/mL with the wild-type strain or mutant strain for the aspB 
gene. The appearance of clinical lesions on their body were observed using a stereo microscope. Planarians 
kept in PBS were used as a control. A) normal planarian without any lesion or tissue damage, B) planarian 
showing an anterior lesion at 3 days after infection with the wild-type strain, C) planarian showing head 
regression at 8 days after infection with the wild-type strain, and D) planarians showing an anterior lesion at 
4 days after infection with the mutant strain for the aspB gene. Pictures were taken using a Nikon camera. 
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3.5 Discussion  

In order to identify new candidates for drug development against S. aureus, three 

putative aminotransferases (AspB, HemL1 and HemL2) were selected to assess their 

potential as new antimicrobial targets as in our laboratory there was an interest in the 

study of this type of enzymes. Although the predicted functions of the genes annotated 

as aspB and hemL(s) are aspartate aminotransferase (AspB) and glutamate-1-

semialdehyde aminotransferases (HemL1 and HemL2) respectively, their enzymatic 

activities have not been experimentally determined yet. 

Growth assays  

To evaluate the essentiality of the putative enzymes for the growth of S. aureus in 

different media, strains having disrupted the genes coding the three putative 

aminotransferases were grown in serum and RPMI and compared to the growth of the 

wild-type strain. These media were chosen to mimic the nutrient environment that the 

pathogen may encounter during an infection. It has been shown that S. aureus mutant 

strains for two genes coding enzymes involved in the purine biosynthesis pathway (purA 

and purB) had a reduced growth phenotype compared to the wild-type strain in serum 

(human and bovine) (Connolly et al., 2017). In S. aureus it has been shown that the 

purine biosynthetic pathway depends on a functional aspartate aminotransferase (Potter 

et al., 2020), work that was published while doing this PhD, and that may explain why 

the JE2 aspB::Tn strain had a growth impairment in serum (Figure 3.8).  

In the case of the strains having disruptions in the hemL genes (JE2 hemL1::Tn and JE2 

hemL2::Tn) a slight growth defect could be seen in serum when compared to the wild-

type strain (Figure 3.8). This growth impairment in serum by the hemL mutant strains 

was also reflected in the metrics obtained by Growthcurver that showed a significant 

decrease in parameters like carrying capacity, growth rate, and area under the curve 

compared to those obtained for the wild-type strain (Table 3.7). In order to determine if 

the phenotype shown in serum by the hemL mutants in the USA300 genetic background 
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was observed in other S. aureus strains, mutants for the hemL gene created in the LS-1 

genetic background were included. The mutants in the LS-1 strains were generated by 

gene deletion and were available in Prof. Nair laboratory (unpublished data). The hemL1 

and hemL2 mutants in the LS-1 genetic background did not show significant differences 

in growth in serum compared to the wild-type strain (Figure 3.8). The differences in 

growth observed in the hemL mutants between the USA300 and the LS-1 genetic 

background in serum might be explained by the differences in the mechanism of mutation 

used: transposon insertion (USA300) disruption and markerless gene deletion (LS-1). 

This type of discrepancy has been described in a study comparing the phenotype of a 

M. tuberculosis strain with mutation in the rv1248c gene coding a 2-hydroxy-3-

oxoadipate synthase (HOAS) that was created by either, transposon insertion or gene 

deletion (Maksymiuk et al., 2015). The authors found a growth inhibition in the gene 

deleted mutant while an impaired growth was observed in the transposon insertion 

mutant.  

Seif and colleagues developed a computational manually reconstructed S. aureus JE2 

genome-scale model of metabolism in order to elucidate its metabolic response to the 

nutrient availability of the environment. This model predicted the essentiality, amongst 

others, of genes participating in the haem biosynthetic pathway, specifically hemA, 

hemB, hemE, and hemY for the growth of S. aureus in different chemically defined media 

(CDM), like synthetic nasal extract (SNM3), CDM + glucose, CDM + galactose, and 

RPMI (Seif et al., 2019). Our results showed that the genes coding a putative HemL 

enzyme, hemL1 and hemL2, were not essential for the growth of S. aureus in the 

complete formulation of RPMI or in serum as the strains having disrupted the genes 

coding a putative glutamate-1-semialdehyde aminotransferase were able to grow in both 

media. The growth phenotypes of the assessed strains in RPMI medium are in line with 

what Seif and colleagues predicted as no essentiality of the hemL gene was reported for 

the growth of S. aureus in RPMI by using the genome-scale model.   
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The model also predicted the essentiality of a gene coding a putative aspartate 

aminotransferase for the growth of S. aureus in SNM3 but not in TSB, RPMI, or CDM 

supplemented with either glucose or galactose (Seif et al., 2019). Our results are not in 

line with what was predicted by Seif and colleagues as the strain having disrupted the 

gene coding a putative aspartate aminotransferase, aspB, showed a growth inhibition in 

the complete formulation of RPMI. Although in serum, this strain showed a significant 

growth defect compared to the wild-type strain, this gene would not be essential for the 

growth of S. aureus in that medium.  

Aminotransferases catalyse the reversible reaction between amino acids and α-keto 

acids and are key enzymes in the distribution of nitrogen from amino acids. Although the 

metabolism of aspartate is not the main source of nitrogen for the cell, it has been 

estimated that ~27% of the nitrogen available comes from aspartate (Reitzer, 2004). In 

this regard, it has been specifically shown that an aspartate aminotransferase mediates 

the nitrogen metabolism in M. tuberculosis (Jansen et al., 2020), thus highlighting the 

importance of this type of enzymes for the distribution of nitrogen within the cell. As the 

amino acids glutamate and glutamine are the main nitrogen donors, which is used for 

example, for the synthesis of purines and pyrimidines, it was sought that their availability 

might affect the growth of the strain having disrupted the gene coding for the putative 

aspB. We observed that the mutant strain was not able to grow in the complete 

formulation of RPMI and demonstrated that glutamine was affecting the growth of the 

mutant strain since the lack of glutamine in the medium restored the growth defect of the 

mutant strain to levels similar to those of the wild-type strain. It is possible that the RPMI 

medium that does not contain glutamine, but has glutamate as the major nitrogen source, 

led to a redirection of the metabolism of the cell that allowed the strain to grow when 

lacking a functional putative aspartate aminotransferase. However, this is an untested 

assumption as no further assays were performed to elucidate the effect of the availability 

of glutamine in the growth of the strain having disrupted the gene coding a putative 

aspartate aminotransferase.    
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The hemL mutants in the LS-1 genetic background had an overall similar growth pattern 

to that of the wild-type strain in both RPMI media. However, some differences in the 

growth pattern could be seen between hemL1 and hemL2 mutants in the USA300 

genetic background grown in RPMI lacking glutamine (Figure 3.11), which might be 

strain-specific.  

Further assays to evaluate the effect of the disruption within the genes coding a putative 

aspartate aminotransferase (aspB) and putative glutamate-1-semialdehyde 

aminotransferases (hemL1 and hemL2) on the biofilm formation and virulence of S. 

aureus were performed in order to assess the potential of their gene products as 

antimicrobial targets.  

 

Biofilms 

Beenken and colleagues showed that amongst 580 genes differentially expressed in the 

biofilm of a clinical isolate of S. aureus, the genes involved in the intermediary 

metabolism, N315-SA2397 and N315-SA1749, coding a putative PLP-dependent 

aminotransferase and a putative aspartate aminotransferase, respectively were 

overexpressed in the biofilm compared to their expression in the planktonic phase 

(Beenken et al., 2004). Although the authors did not quantify the biofilm formation of the 

strain with mutations in those genes, it was considered that a disruption within the gene 

coding a putative aspartate aminotransferase in S. aureus might result in an impaired 

capacity to form biofilm. However, our results indicated that the mutant strain coding a 

putative AspB enzyme did not show a significant decrease in its capacity to form biofilm 

compared to the wild-type strain (Figure 3.12). Regarding the biofilm formation capacity 

of the strains having disrupted the genes coding a putative glutamate-1-semialdehyde 

aminotransferase (GSA-AT), no significant differences were found in the mutants in the 

USA300 genetic background compared to the wild-type strain (Figure 3.12). In the case 

of the mutants in the LS-1 genetic background, a significant decrease in the biofilm 
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formation capacity was found in the LS-1 ΔhemL1 mutant strain compared to the wild-

type strain (Figure 3.13). Although the link between biofilm formation and haem 

metabolism in S. aureus has not been elucidated, a study focused on the identification 

of S. aureus genes important for the formation of microcolonies, as an alternative biofilm 

model to the crystal violet assay, identified a hemL mutant strain with an altered 

morphology of the microcolony (Wermser & Lopez, 2018), thus suggesting that a 

functional haem biosynthetic pathway may be needed for S. aureus to form biofilms. 

However, under the assay conditions tested it was not possible to demonstrate if a 

functional putative GSA-AT would be required for the biofilm formation of S. aureus. As 

the strains having disrupted the genes coding the putative GSA-ATs did not show a 

significant growth defect compared to the wild-type strain in serum, this medium could 

be used in further assays to evaluate if the putative enzymes would be required for the 

biofilm formation of S. aureus.  

 

Virulence 

The effect that the disruption of the gene coding a putative aspartate aminotransferase 

had in the virulence of S. aureus was tested by using the Galleria mellonella model. The 

mutant strain showed a significant decrease in virulence in this model compared to the 

wild-type strain (Figure 3.14). Potter and colleagues found that the putative aspartate 

aminotransferase was essential for the S. aureus survival in a murine osteomyelitis 

infection model as the mutant strain experienced a survival defect as early as one day 

post-infection when compared with the wild-type strain and showed this survival defect 

in different tissue types including kidneys, liver, and heart (Potter et al., 2020). Our results 

add to the body of existent evidence that the aspartate biosynthesis would be needed 

for the infection of S. aureus, thus representing a good metabolic pathway to be targeted 

in the fight against S. aureus infections.      

It was reported that the genes SAUSA300_1845 and SAUSA300_1618, both predicted 

to be involved in the haem biosynthetic pathway codes a putative enzyme HemL and 
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HemX, respectively were important for S. aureus fitness during infection (Valentino et 

al., 2014). Since the two genes under study in this project, SAUSA300_1614 and 

SAUSA300_1845, are predicted to code a putative glutamate-1-semialdehyde 

aminotransferase (HemL1 and HemL2), it was decided to evaluate the effect of the 

disruption within both genes in the virulence assays. The mutant strains for the genes 

SAUSA300_1614 and SAUSA300_1845 showed a significant attenuation in virulence 

when compared to the wild-type strain. These results suggest that the putative 

glutamate-1-semialdehyde aminotransferase would be required for the virulence of S. 

aureus and both gene products could be used as targets in the design of new 

antimicrobials against this pathogen.  

  

Planarians  

The suitability of planarians as a model organism to study survival and colonisation of S. 

aureus was evaluated in this thesis. This model would have allowed us to visualize and 

quantify bacteria in the cells of planarians by using, for example S. aureus cells 

fluorescently labelled and electron microscopy techniques. Although this model has been 

used mainly for the study of the genetic mechanisms involved in the tissue regeneration 

process (Atabay et al., 2018; Reddien et al., 2005; Sikes & Newmark, 2013), it has 

emerged as a model organism to study host-pathogen interactions (Abnave et al., 2014; 

Hamada et al., 2016; Jordan et al., 2020; Maciel et al., 2019). In this work, the strain 

having disrupted the gene coding a putative aspartate aminotransferase that was proven 

to be less virulent in the G. mellonella model was chosen to assess planarians as a 

model organism to study the survival and colonisation capacities of S. aureus. Two 

different ways of administering bacteria were tested: by feeding planarians with the 

bacteria mixed in the food and by exposing planarians to the bacteria introduced into 

planarian water where they were kept during the length of the experiment. Planarians 

administered through the food with the strain having disrupted the gene coding a putative 

aspartate aminotransferase showed a significant decreased in the bacterial burden at 
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the end of the experiment in comparison to the wild-type strain (Figure 3.17). Although 

planarians exposed to the S. aureus strain having disrupted the gene aspB showed a 

decreased survival after 20 days compared to the wild-type strain (Figure 3.19), no clear 

pattern in the progression of the infection was observed. It was described by Arnold and 

colleagues that the infection of planarians belonging to the species Schmidtea 

mediterranea with bacteria from their own microbiome (i.e. Vogesella, 

Chryseobacterium, and Pseudomonas), resulted in a progressive tissue degeneration 

pattern consisting in the appearance of lesions either in the posterior or anterior region, 

a severe anterior lesion would lead to a head regression, and a fully lysis of planarians 

would be followed after head regression (Arnold et al., 2016). This pattern was not 

visualised in the planarians infected with S. aureus strains over the experimentation 

period, which suggest it may be elicited by specific bacterial species and not be a 

common infection progression pattern in planarians. If further analysis will be performed 

using this model, the best way of infection would be by feeding planarians with bacteria 

mixed in their food since significant differences can be seen in a shorter period of time 

compared to the time needed to visualise significant differences in planarians exposed 

to bacteria in the environment. Although in this study, planarians did not completely clear 

the infection when fed with bacteria, it has been reported that S. aureus can be cleared 

after six days by the planarian species D. japonica when fed with bacterial concentrations 

of 109, 107, and 105 CFU/worm (Abnave et al., 2014). Those findings indicated that it 

would be possible to get results within a reasonable time-period, thus optimising the 

experimentation time when using this model.    

In summary, we were able to determine the following: 

• The genes predicted to code a putative aspartate aminotransferase 

(SAUSA300_1916) and putative glutamate-1-semialdehyde aminotransferases 

(SAUSA300_1614 and SAUSA300_1845) were not essential for the in vitro 

growth of S. aureus in rich media (tryptic soy broth) nor in human serum. The 

putative aspartate aminotransferase (AspB) was essential for the growth of S. 
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aureus in RPMI complete formulation, and its growth was restored to the wild-

type levels when the medium lacked glutamine.  

• The deficiency of the three putative aminotransferases (AspB, HemL1 and 

HemL2) showed a significant decrease in the virulence of S. aureus in a Galleria 

mellonella model and did not decrease the biofilm formation capacity of the S. 

aureus strains. 

• The planarian animal model was suitable to test the colonisation of S. aureus 

strains but had the limitation that was not possible to easily administered the 

bacterial inoculum without a microinjection system.     
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4. Determination of aspartate aminotransferase activity of 

SAUSA300_1916  

4.1 Introduction  

4.1.1 Aminotransferases and pyridoxal 5’-phosphate dependent enzymes 

Aminotransferases are a group of enzymes involved in transamination reactions that 

catalyse the reversible transference of an amino group from an amino donor to a keto 

acid or aldehyde acceptor. Aminotransferases are dependent on pyridoxal 5’-phosphate 

(PLP), which is perhaps one of the most versatile cofactors found in nature (Percudani 

& Peracchi, 2003).  

PLP is an essential cofactor and one of the six derivatives of the vitamin B6 (pyridoxal, 

pyridoxine, pyridoxamine, pyridoxal 5’-phosphate, pyridoxine 5’-phosphate and 

pyridoxamine 5’-phosphate), that has a key function as a protein cofactor in a wide range 

of enzymes (Mehta & Christen, 2000; Percudani & Peracchi, 2009). The variety of 

reactions catalysed by PLP-dependent enzymes include transamination (e.g. aspartate 

aminotransferase, tyrosine aminotransferase), racemization (e.g. alanine racemase), 

decarboxylation (e.g. ornithine decarboxylase), α-elimination and replacement (e.g. 

serine hydroxymethyltransferase), β-replacement (tryptophan synthase), β-elimination 

(serine dehydratase), γ-replacement (cystathionine γ-synthase), and γ-elimination 

(cystathionine γ-lyase) (Eliot & Kirsch, 2004). Due to the versatility of reactions catalysed 

by PLP-dependent enzymes they are found in all organisms participating in the 

biosynthesis of amino acids and amino acid derived metabolites, interconversion 

between L- and D- amino acids, and also have been involved in the biosynthesis of amino 

sugars (Percudani & Peracchi, 2003). 

PLP-dependent enzymes were initially classified into five-fold types (I to V) depending 

on the information available on sequence similarity, three-dimensional structure and 

biochemical properties of the enzymes (Grishin et al., 1995). Two more-fold types (VI 

and VII) were added to the classification after hidden Markov models (HMM) used in 



121 

 

computational biology were constructed based on the homology of the enzyme 

sequences deposited in the B6 database, which contains biochemical and molecular 

information of B6-dependent enzymes (Percudani & Peracchi, 2009). Transaminases 

are found in the categories of fold-types I and IV and based on sequence homology they 

can be sub classified into different groups or subclasses (Berglund et al., 2012). 

Aspartate aminotransferases belong to the fold type I, subgroup I that has been further 

subdivided into three categories, Ia, Ib and Ic (Oshima et al., 1996; Son & Kim, 2016). 

The latter described category, Ic, contains aspartate aminotransferases present in 

bacteria but not in humans (Jansen et al., 2020).  

In the transaminase reaction carried out by PLP-dependent enzymes, the cofactor is 

found covalently bound to the enzyme through a Schiff base linkage formed between the 

aldehyde group of the cofactor and the amine group of the lysine residue in the active 

site of the enzyme. The Schiff base, also called an internal aldimine, is the resting state 

of the PLP-dependent enzymes and is the starting point for all those reactions catalysed 

by PLP-dependent enzymes (Mehta & Christen, 2000; Toney, 2005).  

In the first step of the reaction, the amine group from the amino donor replaces the lysine 

from the internal aldimine to form a new Schiff base between the cofactor and the amino 

acid (Figure 4.1). At this point in the reaction the amino acid is covalently bound to the 

PLP forming an intermediate called an external aldimine. Following proton transfer steps 

between the amine of the lysine group of the enzyme and the intermediate, a ketimine is 

formed. After hydrolysation of the intermediate, the keto acid is released, and the 

pyridoxamine 5’-phosphate (PMP) form of the cofactor is formed. In the second half of 

the reaction, the PMP forms a ketimine intermediate with a keto acid that acts as the 

amino acceptor. Following proton transfer steps, the amino acid is released and the 

Schiff base between the amino group of the lysine residue of the enzyme and the cofactor 

is regenerated (Berglund et al., 2012; Mehta & Christen, 2000).  
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It has been reported that 1.5% of the genome of prokaryotes code for PLP-binding 

proteins highlighting the importance of this type of enzymes in the metabolism of the 

organisms due to the wide range of biochemical reactions they are involved in (Percudani 

& Peracchi, 2009). The enzyme commission has systematically classified enzymes 

according to the mechanism of action and the first digit of the enzyme code (EC) refers 

to a different mechanism, e.g. EC 1., reductases, EC 2., transferases, EC 3., hydrolases, 

EC 4., lyases, EC 5., isomerases, and EC 6., ligases (Komoda & Matsunaga, 2015). 

Remarkably, amongst the six general enzyme reaction mechanism groups, PLP-

dependent enzymes are representative in five of them (Percudani & Peracchi, 2003).    

 

 

 

  



123 

 

 

Figure 4.1 - Scheme showing the steps involved in the transamination reaction catalysed 
by PLP-dependent enzymes.  

The reaction starts with the cofactor bound to the enzyme through the formation of a Schiff base between 
them. As a result of the first half of the transamination reaction, a pyridoxamine 5’-phosphate (PMP) molecule 
is formed while the ketoacid product is released and the enzyme can be found free. In the second half of the 
reaction, the PMP molecule reacts with the second keto acid to form an intermediate ketimine to finally 
release the amino acid product and the enzyme-PLP complex is regenerated. The scheme is based on the 
illustrations from (Berglund et al., 2012) and (Liang et al., 2019).    
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4.1.2 Characteristics of the inhibitors used in the experiments described in this 

chapter: 1) Amino-oxyacetate, 2) L-serine O-sulfate, 3) Hesperetin, 4) PF-04859989, 

5) Vigabatrin, and 6) Adapalene 

 

4.1.2.1 Amino-oxyacetate 

Amino-oxyacetate (AOA or AOAA) (Figure 4.2), is a compound that has shown inhibitory 

activity against different PLP-dependent enzymes. The inhibition of these types of 

enzymes by AOA is caused by an attack of the acid to the Schiff base linkage formed 

between the cofactor and the enzyme (Beeler & Churchich, 1976).  

Amino-oxyacetate has been used as an inhibitor of kynurenine aminotransferase, an 

enzyme involved in the metabolism of tryptophan, catalysing  the synthesis of kynurenic 

acid (KYNA), a substance that has neuroprotective properties since in abnormal levels it 

has been associated with neurological disorders like schizophrenia (Nadvi et al., 2017). 

In a study performed by Nadvi and colleagues, AOA was shown to inhibit the human 

kynurenine aminotransferase I with an IC50 of 13.1 µM through formation of an 

irreversible oximine (=N-OH) with the PLP linked to the enzyme, thus preventing the 

formation of the Schiff base between the cofactor and the enzyme leading to an inhibition 

of the catalytic activity.  

In cancer, the targeting of specific metabolic pathways has emerged as an alternative 

for drug design. For example, the glutamine metabolic pathway has become a potential 

target for control of carcinogenic cells (Korangath et al., 2015; Qin et al., 2010). It has 

been shown that in breast cancer cells the overexpression of the c-myc gene, that codes 

an important transcription factor, is linked to changes in the metabolism of glutamine, 

leading to an increase in the amino acid uptake and a shift of the glutamine metabolic 

pathway from the canonical to a non-canonical pathway to keep both, a redox 

homeostasis and a stable intracellular ATP levels for the cells to proliferate (Korangath 

et al., 2015; Thornburg et al., 2008). In this context, AOA has been used to target 

enzymes involved in the glutaminolytic pathway in breast cancer cells showing that the 
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compound was able to inhibit the growth of the cells by supressing the catabolism of 

glutamine, which suggest that the compound was inhibiting transaminases involved in 

the metabolism of that amino acid (Korangath et al., 2015).   

AOA has been shown to have inhibitory activity against an aspartate aminotransferase 

showing that 0.1 mM of AOA caused more than a 97% of inhibition of the rat brain 

aspartate aminotransferase (Fitzpatrick et al., 1983), and another study showed 

complete inhibition of an aspartate aminotransferase by 5 mM of AOA when trying to 

understand if glutamate was transformed into α-KG by either, transamination (catalysed 

by aspartate aminotransferase), or oxidative deamination (catalysed by glutamate 

dehydrogenase) in astrocytes (A. C. Yu et al., 1982). 

AOA has also proven to have potent inhibitory effects against a mitochondrial aspartate 

aminotransferase and pig heart alanine aminotransferase (Moreno-Sánchez et al., 

2017). The compound has also been used as a positive control for the inhibition of a 

human glutamate-oxaloacetate transaminase 1 (GOT 1) when successful inhibitors 

against KAT2 and γ-aminobutyric acid (GABA) aminotransferases were tested against 

GOT 1 in a study aiming to evaluate the selectivity of different inhibitors against the 

growth of pancreatic ductal adenocarcinoma cell lines as potential drugs against this type 

of cancer (T. Yoshida et al., 2020).  

 

4.1.2.2 L-serine O-sulfate  

L-serine O-sulfate (L-SOS) (Figure 4.2) is an acid sulphur-containing amino acid (SAA), 

structural analogue to glutamate, that has been included within the group of toxic 

compounds to glial cells known as gliotoxins (McBean, 2007). The term gliotoxin refers 

to the toxic effect shown by excitatory amino acids against astrocytes including changes 

in their morphology, leading to cell death after incubation with different concentrations of 

the amino acids (Bridges et al., 1992). 
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Brennan and colleagues shown that L-SOS resulted to be toxic for astrocytes and its 

toxicity was caused by the disruption of different metabolic pathways where the activities 

of alanine aminotransferase (53% reduction) and aspartate aminotransferase (67% 

reduction) were affected by L-SOS. That study also showed a 27% reduction in the de 

novo synthesis of the cellular antioxidant glutathione, thus suggesting that the toxicity 

mechanism of L-SOS on the astrocytes was the result of a disruption in the metabolism 

of glucose and alanine as well as a reduction in the intracellular concentration of 

glutathione (Brennan et al., 2006). 

The aspartate aminotransferase can catalyse either, a transamination or β-elimination 

reaction after its interaction with L-SOS as a substrate. In the occurrence of a β-

elimination reaction, the sulphate group of the compound is lost, leading to the formation 

of aminoacrylate that can be finally converted into pyruvate and ammonia, or it can react 

with the enzyme, leading to an irreversible inactivation of the aspartate aminotransferase 

activity (Birolo et al., 1995).  

The inhibitory effect of L-SOS against aminotransferases has been used to inhibit 

aminotransferases purified from parasitic protozoa showing a slight inhibition against the 

aspartate aminotransferase from Trypanosoma vaginalis (~25%) and Giardia intestinalis 

(~30%) when the enzymes were incubated in the presence of a final concentration of 1 

mM of L-SOS (Berger et al., 2001). This compound was included in the list of potential 

inhibitors as it might also show inhibitory activity against the aspartate aminotransferase 

from S. aureus. 

 

4.1.2.3 Hesperetin 

Hesperetin (Figure 4.2) is a type of flavonoid, which are secondary plant metabolites that 

have a wide range of biological activities. The conserved carbon structure, common to 

all flavonoids is formed by a flavan nucleus of 15 carbon atoms (C6-C3-C6) arranged in 

two aromatic rings (A and B rings) linked through a three-carbon structure that forms the 
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C ring (Isoda et al., 2014; Pietta, 2000). Flavonoids are classified into six major 

subclasses: flavonols, isoflavonoids, flavones, flavanones, chalcones, and anthocyanins 

based on the oxidation of the C ring and the position at which the B ring is attached to 

the C ring (Panche et al., 2016). 

Hesperetin (3′,5,7-trihydroxy-4′-methoxy-flavanone) belongs to the flavanone class of 

flavonoids and can be found in the form of hesperidin mainly in citrus fruits like oranges, 

mandarins, lemons, grapefruits and bergamots (Barreca et al., 2017). Amongst the wide 

range of pharmacological activities of flavanones, and specifically of hesperetin or 

hesperidin are their antioxidant properties (Elavarasan et al., 2012), anticancer effect 

(Alshatwi et al., 2013; Aranganathan et al., 2008; Banjerdpongchai et al., 2016), anti-

inflammatory activity (Rotelli et al., 2003), and lowering cholesterol effects (Mollace et 

al., 2011; Wilcox et al., 2001).  

In the context of enzyme inhibition, and as an example, the inhibitory activity of the 

flavanones hesperidin and hesperetin has been assessed against the enzymes alanine 

and aspartate aminotransferases by Zaarei and colleagues. Their study showed that 

both compounds successfully inhibited the enzymatic activities of both 

aminotransferases by preventing the reaction between the PLP-enzyme complex with 

the substrate of the enzyme as the inhibitor interacts with the enzyme residues located 

at the entrance cavity of the active site (Zareei et al., 2017). The docking simulation 

analysis showed that in the inhibition of the aspartate aminotransferase by hesperetin, 

the active site residues Trp140 and Gly38 interacted with the inhibitor through hydrogen 

bonds, while the residues Lys258, Phe360, Arg386, Pro195, Asn194 as well as the 

cofactor PLP were key in the binding of hesperetin to the enzyme by hydrophobic 

interactions (Zareei et al., 2017). It can be assumed that hesperetin will have a potent 

inhibitory activity against the aspartate aminotransferase purified from S. aureus.    
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4.1.2.4 PF-04859989 

The compound PF-04859989 or (3S)-3-amino-1-hydroxy-3,4-dihydroquinolin-2(1H)-one 

(Figure 4.2) was discovered in 2012 by a research group of the Neuroscience Chemistry 

division at Pfizer, in a project aimed to discover new drugs for neurogenerative diseases 

like schizophrenia (Dounay et al., 2012). The aim of the study was to find novel selective 

and brain penetrant compounds able to inhibit the brain enzyme kynurenine 

aminotransferase II (KAT II). This enzyme has PLP as a cofactor and it is involved in the 

biosynthesis of kynurenic acid (KYNA) by catalysing the conversion of L-kynurenine into 

KYNA. It has been shown that pharmacologically elevated levels of KYNA in the central 

nervous system are related with psychiatric and neurological disorders like 

schizophrenia (Erhardt et al., 2007; Linderholm et al., 2012) or bipolar disorder (Olsson 

et al., 2010) when comparing the KYNA levels to healthy controls. The researchers 

performed a high-throughput screening of a compound library they had, finding an 

aminodihydroquinolone 6 as a potential candidate, but after synthesis of this compound, 

it had no inhibitory activity against KAT II and it was discarded (Dounay et al., 2012). 

Following a series of chromatographic separations and re-synthesis methods from the 

original sample from the chemical library, they identified the compound PF-04859989, 

which showed inhibitory activity against KAT II (IC50 = 23 nM) (Dounay et al., 2012). The 

compound also showed selectivity for KAT II, which is known to be the major enzyme 

involved in KYNA biosynthesis, over other KAT enzymes isoforms (KAT I, KAT III and 

KAT IV). The in vivo tests performed in rats showed that after 1 h of subcutaneous 

injection of a dose of 10 mg/kg of the compound, the KYNA levels decreased by 50% of 

the basal concentrations returning to their baseline 20 h after injection, thus showing a 

prolonged duration of the effect (Dounay et al., 2012). 

The X-ray structure of the KAT II bound to PF-04859989 showed that the compound was 

covalently attached to the PLP cofactor in the active site of the enzyme and that this 

linkage was irreversible having the advantage to be used at low doses and to avoid 

potential toxic side effects (Dounay et al., 2012). Since its discovery, the compound has 
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been used as a template molecule for the design and improvement of new irreversible 

inhibitors against the human KAT II enzyme (Dounay et al., 2013; Tuttle et al., 2013), 

and as a control to compare the inhibitory properties of potential new inhibitors against 

KAT II to determine if the selected compounds are able to bind to the cofactor of the 

enzyme in the same way as PF-04859989 (Y. Yoshida et al., 2019).   

PF-04859989 has also been tested against other aminotransferases, like a glutamate-

oxaloacetate transaminase (GOT 1) (T. Yoshida et al., 2020). The study aimed to test 

previously described KAT II and GABA aminotransferase inhibitors against GOT as a 

starting point for the design of novel drugs against pancreatic ductal adenocarcinoma 

(PDA). In the inhibition assays, the compound showed a 16%  inhibition of GOT 1 when 

the enzyme was pre-incubated with both, cofactor and inhibitor for 15 min, and a 96% of 

inhibition when the preincubation step was longer (24 h) (T. Yoshida et al., 2020). The 

authors also found that the compound impaired the growth of two PDA cell lines, PATU-

8988T and PATU-8902, in a GOT 1 inhibition dependent way (T. Yoshida et al., 2020).  

  

4.1.2.5 Vigabatrin  

Once established that γ-aminobutyric acid (GABA) was an inhibitory neurotransmitter in 

the brain, the finding of selective inhibitors against the GABA aminotransferase (GABA-

AT), enzyme responsible for the catalysis of GABA, was a major task for researchers to 

understand the role of the neurotransmitter in the central nervous system.  

In this context, finding the structural analogues of the substrate of an enzyme was an 

approach that researchers followed to find new and selective inhibitors, and vigabatrin, 

an analogue of GABA, was discovered as a selective inhibitor of the GABA-AT (Lippert 

et al., 1977).  

Vigabatrin (4-amino-hex-5-enoic acid or γ-vinyl GABA) (Figure 4.2) was found to inhibit 

the rat brain GABA-AT, a PLP-dependent enzyme, when tested at 0.1 mM in an 
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irreversible manner since only between 5% and 10% of the control enzyme activity was 

recovered after four days of dialysis with buffer (Lippert et al., 1977). After peripheral 

administration to rats, the compound was able to inhibit the GABA-AT in a dose 

dependent manner accompanied by an increase in the brain concentration of GABA, 

thus demonstrating the in vivo effect of the inhibitor (Jung et al., 1977).  

The irreversible inhibition of GABA-AT shown by vigabatrin was due to an adduct formed 

between the compound, the Lys329 residue of the enzyme, and the PLP cofactor as 

shown in a study when comparison between the crystal structure of the enzyme in the 

native form and after vigabatrin treatment was performed (Storici et al., 2004).  

Vigabatrin was approved in Europe in the 1980s and for the first time approved in the 

United Kingdom in 1989 as an antiepileptic drug (Waterhouse et al., 2009). Since its 

approval it has been used as an anticonvulsant agent due to its inhibitory activity against 

GABA-AT leading to an increase in the concentration of the GABA neurotransmitter in 

the brain and diminishing the convulsions caused when a below threshold concentrations 

of GABA in the brain is found (Waterhouse et al., 2009).  

The inhibitory effect of vigabatrin has also been evaluated against other 

aminotransferases, such as a glutamic oxaloacetic aminotransferase (T. Yoshida et al., 

2020), showing that after 15 min and 24 h of pre-incubation of the enzyme with its 

cofactor and the inhibitor, a 1.4% of enzyme inhibition was found, thus suggesting this 

compound might show inhibitory activity against the aspartate aminotransferase purified 

from S. aureus.  

 

4.1.2.6 Adapalene 

Adapalene or (6-[3-(1-adamantyl)-4-methoxyphenyl]-2-naphthoic acid (Figure 4.2) 

(Bernanrd, 1993), is the result of molecular modifications of the retinoic acid skeleton in 
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an effort to overcome limitations shown by other derivatives of retinol used for the topical 

treatment of acne vulgaris (Weiss, 1997).  

Adapalene has been tested as an anticancerogenic compound and its effect on cell 

proliferation has been evaluated in different cell lines, for example, it has been shown an 

in vitro antiproliferative effect on HeLa cells derived from a cervical carcinoma after the 

treatment of the cells for 4 days with different retinols including adapalene (Shroot et al., 

1997).  

Although the adapalene has shown antiproliferative activity against different cancer cell 

lines, its mechanism of action is not completely understood. To better understand the 

target of adapalene for its anti-tumour effect, a study investigating the effect of the 

compound on ovarian cancer cells (ES-2) was performed. The study showed that 

adapalene inhibited the enzymatic activity of glutamate oxaloacetic aminotransferase 

(GOT 1) in a non-competitive way against the substrate α-ketoglutarate, and that the 

compound was able to directly bind to an hydrophobic pocket of the enzyme located at 

the back of the active site (Q. Wang et al., 2019). The molecular docking performed 

demonstrated that adapalene and GOT1 interacted through hydrophobic and hydrogen 

bonds. The key hydrophobic interactions were between the residues Pro314 and the 

adamantine part of the compound and between Phe317 and the benzene ring of the 

compound, while the hydrogen linkage was predicted to be between the Asn233 residue 

and adapalene (Q. Wang et al., 2019). 

The selective inhibition shown by adapalene on the GOT 1 enzyme, suggests it could be 

a good candidate to inhibit the S. aureus aspartate aminotransferase, AspB.  
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Figure 4.2 - Molecular structure of the aminotransferase inhibitors used. 
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4.2 Aims of the work described in the chapter 

• To determine the capacity of SAUSA300_1916 to act as an aspartate 

aminotransferase. 

• To determine the kinetics of SAUSA300_1916. 

• To evaluate the inhibition of SAUSA300_1916 by aminotransferase inhibitors. 

• To determine the effect of the selected inhibitor(s) in the virulence of S. aureus 

by using Galleria mellonella model.  

 

 

4.3 Materials and Methods 

4.3.1 Plasmid, enzymes, and chemicals used 

The gene coding the hypothetical AspB enzyme inserted into the plasmid 

pEAHISMRSA2028 was a gift from Huanting Liu & James Naismith (Addgene plasmid 

#97001; http://n2t.net/addgene:97001; RRID:Addgene_97001). The gene coding the 

putative aspartate aminotransferase was amplified from the genome DNA of S. aureus 

strain MRSA252, cloned into the plasmid pDEST14 and transformed into E. coli BL21 

(DE3) by the authors (Seetharamappa et al., 2007). The S. aureus gene sar2028, which 

codes the putative aspartate aminotransferase, was not codon optimised for E. coli. The 

Tobacco Etch Virus protease (TEV) used to remove the His-tag from the protein was 

bought in GenScript (TEV protease, His, cat. n° Z03030). 

The enzymatic assays were performed with the following enzymes obtained from Sigma: 

glutamic-oxalacetic transaminase from porcine heart type I (cat. n° G2751), malic 

dehydrogenase from porcine heart (cat. n° M1567), and L-glutamic dehydrogenase from 

bovine liver type II (cat. n° G2626). 

The amino acids L-glutamic acid and L-aspartic acid were obtained from Sigma (cat. n° 

G8415 and A9256, respectively). The cofactors pyridoxal 5’-phosphate (cat. n° P9255) 

http://n2t.net/addgene:97001
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and reduced β-nicotinamide adenine dinucleotide, NADH, (cat. n°43420) were 

purchased from Sigma as well as the co-substrates oxaloacetic acid, OAA, (cat. n° 

O4126) and α-ketoglutaric acid, α-KG, (cat. n° 75890).  

 

4.3.2 Expression of the recombinant His-tagged hypothetical AspB in E. coli 

The E. coli BL21(DE3) strain containing the plasmid pEAHISMRSA2028 was grown in 

LB plates supplemented with ampicillin (100 µg/mL) at 37°C for 24 h. A starter culture of 

5 mL was prepared by inoculating LB broth containing 100 µg/mL ampicillin with a single 

colony of E. coli DE3. The cell cultures were incubated at 37°C for 16 h in shaking 

condition at 200 rpm.  

The expression of the putative AspB protein was induced by using the commercial 

autoinduction medium MagicMediaTM from Invitrogen. The content of one pouch 

(component A) of MagicMediaTM was dissolved into 950 mL of dH2O in a 1 L flask, 

dispensed into 1 L bottles containing 100 mL of media and autoclaved prior to use. Each 

bottle containing the media was supplemented with 100 µg/mL of ampicillin and 

immediately before the inoculation with the starter culture, the component B of the 

MagicMediaTM was added. The cultures were grown at 37°C for 24 h in shaking condition 

at 200 rpm. After incubation, the cells were harvested by centrifugation at 11,800 x g at 

4°C for 15 min. The supernatant was discarded, and the pellets were kept at -20°C until 

further use.  

 

4.3.3 Purification of the recombinant hypothetical AspB protein 

The cell pellets were thawed on ice and resuspended in lysis buffer containing 50 mL of 

B-PERTM complete bacterial protein extraction reagent (Thermo Scientific), one tablet of 

protease inhibitor His-tag compatible (Roche), and 30 μM of the cofactor PLP. The tubes 

were left in a tube rotator and the cells were lysed at 4°C for 90 min. The crude lysate 

was clarified by centrifugation at 13,000 x g at 4°C for 20 min.   
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The putative AspB protein was purified by using Ni2+-nitrilotriacetic acid metal-chelating 

affinity chromatography (Qiagen). For this purpose, the crude lysate was mixed with the 

resin by shaking them for 1 h at 4°C. After they were mixed, the Ni-NTA agarose beads 

and the proteins were added into an empty gravity flow column and washed with at least 

10 column volumes of washing buffer (phosphate-buffered saline containing 20 mM 

imidazole). The putative AspB protein was eluted with two column volumes of elution 

buffer (phosphate-buffered saline buffer containing 500 mM imidazole). The fractions 

containing the eluted proteins were desalted by gel filtration chromatography using 

disposable chromatography EconoPAC 10DG columns (cat. n° 732-2010, Bio-Rad) into 

a buffer solution containing 50 mM Tris buffer (pH 7.5). The purified enzyme was kept at 

4°C for short term storage.     

 

4.3.4 Removal of His-tag from the purified hypothetical AspB and second step 

purification 

The His-tag was removed by incubating the putative AspB protein with the Tobacco Etch 

Virus protease (TEV) at 33.2 IU of TEV per 1 mg of protein for 16 h at 22°C.  The second 

step of purification was performed by using a Ni-NTA agarose column and the storage 

buffer was replaced with 50 mM Tris buffer pH 7.5 before loading the column with the 

TEV treated protein. The mixture was incubated for 10 min before collecting the fractions 

containing the cleaved proteins. The uncleaved proteins and His-tags were removed 

using elution buffer (phosphate-buffered saline buffer containing 500 mM imidazole). The 

purity of the proteins was checked through SDS-PAGE gel and the purified putative AspB 

was kept at -20°C for long term storage. 

 

4.3.5 Protein determination and SDS-PAGE analysis 

The concentration of the purified putative AspB protein was determined 

spectrophotometrically by measuring the UV absorption at 280 nm wavelength. The 
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extinction coefficient of the putative AspB (50310 M-1 cm-1) was estimated by ExPASy 

ProtParam tool (https://web.expasy.org/protparam).  

The protein samples (10 µL) were mixed with the same volume of protein loading buffer 

(cat. n° EC-886, National Diagnostics) and heated at 95°C for 5 min using the heat block. 

The samples were left at room temperature to cool down before loading the gel.  

The SDS-PAGE was carried out using a 12% polyacrylamide resolving gel which allows 

a separation size range between 20 – 120 kDa. For this purpose, a 20 mL volume of the 

gel was prepared by adding 6.6 mL of distilled water, 8 mL of 30% (w/v) acrylamide, 

ProtoGel (cat. n°A2-0072, National Diagnostics), 5 mL of 1.5 M Tris buffer pH 8.8 (cat. 

n° BP152-1, Fisher Chemical), 0.2 mL of 10% SDS, 0.2 mL of 10% ammonium persulfate 

(cat. n° 401165000, Acros Organics) and 8 µL of TEMED (cat. n° T9281, Sigma). The 

solution was poured into the glass plates previously mounted in the casting stand and a 

layer of butan-1-ol was added to remove bubbles and flatten the surface of the gel. After 

polymerisation, the alcohol was drained off and the gel rinsed with distilled water. The 

components of the stacking gel were mixed in a final volume of 5 mL by adding 3.4 mL 

of distilled water, 0.83 mL of 30% (w/v) acrylamide, ProtoGel, 0.63 mL of 1 M Tris buffer 

pH 6.8, 50 µL of 10% SDS, 50 µL of 10% ammonium persulfate and 5 µL of TEMED. 

The stacking gel was poured on top of the resolving gel and the comb inserted 

immediately. The gel was allowed to polymerise for 1 h before adding the protein 

samples.  

After polymerisation of the stacking gel, the comb was removed, and the glass plates 

mounted into the cassette and inserted inside the tank. The chamber was filled with 

freshly prepared 1X running buffer (Tris/Glycine/SDS) diluted from a 10X buffer 

Tris/Glycine/SDS electrophoresis grade (0.25 M Tris -1.92 M glycine – 1% SDS) (cat. n° 

EC-870, National Diagnostics) using distilled water. The samples were loaded into the 

wells of the gel and 5 µL of unstained protein standard broad range (10 – 200 kDa) 

marker was used (cat. n° P7704, New England Biolabs) to determine the relative 

molecular weight size. The gel was run at a current of 60 mA until the dye reached the 

https://web.expasy.org/protparam
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bottom of the stacking gel and then at a current of 40 mA until the dye reached the bottom 

of the resolving gel. The gels were stained with Brilliant Blue (cat. n° B2025, Sigma) for 

30 minutes and de-stained overnight with distilled water.    

 

4.3.6 Determination of aspartate aminotransferase activity through HPLC 

 

4.3.6.1 Enzymatic reaction 

The enzymatic reactions to determine the aspartate aminotransferase activity of AspB 

were performed in 250 mM potassium phosphate buffer at pH 7.52 and at 37°C as those 

mimic the pH and temperatures conditions that S. aureus encounters within the host. 

The reaction mixture contained the buffer, PLP (50 µM), the pair of substrates, L-glutamic 

acid (10 mM) and OAA (10 mM), and the reaction was initiated by adding the purified 

AspB at a final concentration of 0.625 mg/mL in a total reaction volume of 100 µL. The 

enzyme reaction was carried out at 37°C and samples were taken every 20 s for up to 

120 s. The reaction was stopped by adding 50 µL of trichloroacetic acid (TCA 50%) and 

the samples were kept at -20°C until analysis. As a control, the reaction was set up as 

previously described but without the addition of AspB. As a positive control, 2.5 µL of 

GOT at a final concentration of 0.2 mg/mL in a total volume of 100 µL were added to the 

reaction mixture and samples were taken every 20 s over a period of 120 s.  

 

4.3.6.2 Sample preparation and HPLC analysis  

The samples were prepared following a method described to simultaneously determine 

the concentrations of different oxoacids in the plasma or tissues by reversed-phase 

HPLC column (Lange & Mályusz, 1994). For this purpose, 50 µL of sodium hydroxide 

(NaOH, 3 M) were added into the tubes containing the thawed samples (containing 100 

µL of the enzyme reaction and 50 µL of TCA) followed by the addition of 100 µL of 

reaction buffer (150 mM of phosphate buffer, pH 8) and 10 µL of internal standard (100 
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µM of 2-oxobutyrate in reaction buffer). The content of the tubes was transferred into a 

Costar Spin-X centrifuge tube filter (cat. n° 8161, Fisher) and the precipitated protein was 

removed by centrifugation at 3,000 x g for 2 min. A volume of 100 µL of the supernatant 

was transferred into a microcentrifuge tube and 5 µL of a phenylhydrazine solution (50 

µL of phenylhydrazine dissolved in 1 mL of reaction buffer) were added into the tube to 

start the derivatization. The samples were incubated at 37°C for 15 min with shaking and 

diluted 1:10 in potassium phosphate buffer (pH 6)-methanol (97:3, v/v) before manually 

loading 1 µL onto the HPLC system using a 10 µL MicrolitreTM syringe (cat. n° 549-1139, 

VWR). The oxoacids standard solution was prepared by adding the same components 

for the enzyme reaction, but the amino acid was replaced by α-KG and OAA at a final 

concentration of 10 mM. The treatment of the standards was the same as that for the 

samples before loading 1 µL onto the system.   

An Adept Cecil HPLC system was used, consisting of a Cecil CE 4405 UV-visible 

detector, a Cecil CE 4402 binary pump, and a Merit operating software. The separation 

was conducted using a reversed-phase HPLC column, 50 mm length x 2.1 mm width 

and 2.6 µm particle size (Accucore, Thermofisher) and run at room temperature with a 

flow rate of 0.8 mL/min with a 13 mM potassium biphosphate and 1 mM potassium 

dibasic (pH 6)-methanol (97:3, v/v) mobile phase. The separation of the 

phenylhydrazine-derivatized 2-oxoacids was detected by UV spectrophotometry at 324 

nm 5 min after injection of the sample.  

 

4.3.7 Determination of the kinetics of the AspB enzyme 

To determine the kinetic parameters, maximum velocity (Vmax), Michaelis-Menten 

constants (Km), catalytic constant (Kcat), and catalytic efficiency (Kcat/Km) of the enzymes 

for the substrates of the forward (L-aspartic acid and α-KG) and reverse (L-glutamic acid 

and OAA) reactions, the aminotransferase activity was coupled with a second reaction 
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catalysed by either, malic dehydrogenase (MDH) or glutamic dehydrogenase (GDH), 

depending on the reaction.  

The MDH enzyme catalyses the formation of malate from OAA in the presence of NADH, 

thus indirectly allowing the measurement of AspB activity by spectrophotometrically 

monitoring the decrease in absorbance of NADH at 340 nm. In the forward reaction the 

aminotransferase activity was coupled with 2 units of MDH in a 1 mL final volume using 

UV-vis cuvettes (cat. n° 10663852, Fisher Scientific). The assay reaction contained a 

final concentration of 250 mM potassium phosphate buffer (pH 87.2), 50 µM of PLP, 0.12 

mM NADH, a fixed concentration of α-KG (10 mM) and L-aspartic acid in final 

concentrations ranging from 0 to 2 mM for the Km 
L-asp of AspB, while a range of 

concentrations between 0 and 6 mM was used for the Km 
L-asp of GOT. All the reactions 

were initiated by adding 0.01 mg/mL of the AspB or GOT enzymes (obtained by dilution 

of the stock solution with 200 mM potassium phosphate buffer pH 8) and performed at 

37°C. To determine the Km
α-KG of AspB and GOT, a range of concentrations between 0 

and 2 mM of α-KG was tested at a fixed concentration of L-aspartic acid (10 mM).  

The kinetic parameters for the pair of substrates of the reverse reaction, L-glutamic acid 

and OAA, were determined by coupling the aminotransferase activity with GDH. This 

enzyme catalyses the formation of L-glutamate from α-KG in the presence of NADH and 

ammonium (NH4
+). The enzyme assay contained the buffer and cofactor at the 

concentrations previously mentioned, a final concentration of 3.1 mM ammonium 

chloride (NH4Cl), 0.12 mM NADH, a fixed concentration of OAA (1 mM) and L-glutamic 

acid in final concentrations ranging from 0 to 5 mM for the Km 
L-glu of AspB, while a range 

of concentrations between 0 and 3.75 mM was used for the Km 
L-glu of GOT. The reactions 

were initiated by adding 0.01 mg/mL of the enzyme and the assay performed at 37°C. 

To determine the Km
OAA of AspB, the assay was performed at a fixed concentration of L-

glutamic acid (10 mM) and OAA in a final concentration ranging from 0 to 0.28 mM for 

Km 
OAA of AspB, while a range of concentrations between 0 and 0.36 mM was used for 

Km 
OAA of GOT. Every reaction was performed in three independent experiments in 
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triplicate and the results were reported as the average ± standard deviation of the data. 

Reactions in which the volume of the enzyme was replaced by potassium phosphate 

buffer were used as control. The absorbance of NADH at 340 nm (ε = 6.22 mM-1 cm-1, 

340 nm) was monitored every 5 s for up to 5 min using a SPECTROstar Nano 

absorbance reader. The enzyme rates were determined from the slopes obtained from 

the linear phase of the reaction at each substrate concentration tested. The Vmax and Km 

values were determined from the plot of the initial velocities versus substrate 

concentration after fitting the data to the Michaelis-Menten equation (y = Vmax * [S] / (Km 

+ [S]). The specific activities of the enzymes were calculated from the Vmax value for all 

of the substrates tested and expressed as µmol min-1 mg-1 of protein. The values of the 

turnover number (Kcat) and catalytic efficiency (Kcat/Km) were determined for the reactions 

with all of the substrates.     

  

 

4.3.8 Inhibition of the aspartate aminotransferase activity of the AspB enzyme  

 

4.3.8.1 Aminotransferase inhibitors tested  

Amino-oxyacetate (cat. n° C13408, Sigma), vigabatrin (cat. n° AB 446916, abcr GmbH) 

and L-serine O-sulfate potassium salt (cat. n° sc-235478, ChemCruz) were dissolved in 

distilled water. Hesperetin (cat. n° H4125, Sigma), PF-04859989 (cat. n° PZ0250, 

Sigma), and adapalene (cat. n° A7486, Sigma) were dissolved in dimethyl sulfoxide 

(DMSO) and kept at -20°C until use. 

 

4.3.8.2 Inhibition assays 

The inhibitory activity of the selected compounds against AspB was evaluated using the 

aminotransferase activity assay coupled to MDH described in previous section. The 

coupled assays were performed in a final concentration of 250 mM of potassium 



141 

 

phosphate buffer (pH 8), 50 µM of PLP, 4 mM of L-aspartic acid, 0.20 mM of α-KG, 2 

units of MDH, 0.12 mM NADH, and different concentrations of the inhibitors. High 

concentration stocks of adapalene, PF-04859989, and vigabatrin were prepared in their 

respective solvents and serially diluted (1:10) to evaluate a range of final concentrations 

between 0 – 100 µM in the assays. In the case of amino-oxyacetate, L-serine O-sulfate 

and hesperetin the range of final concentrations tested was 0 -10 mM, 0 - 50 mM, and 0 

- 0.12 mM, respectively.  

Each enzyme reaction was initiated by adding a final concentration of 0.01 mg/mL of 

GOT or AspB into the cuvette and performed at 37°C using a SPECTROstar Nano 

absorbance reader. The decrease in the absorbance of NADH was 

spectrophotometrically measured at 340 nm every 5 s for up to 5 min. Enzyme assays 

with no inhibitor were performed to estimate the total enzyme activity.  

Pre-incubation steps of 1 h and 24 h before the assay were included for the potential 

inhibitors PF-04859989 and vigabatrin while a 1 h pre-incubation step was included for 

L-serine O-sulfate. Following the pre-incubation step, the enzyme reactions were 

initiated by adding an aliquot from the mixture containing the inhibitor, enzyme, and 

cofactor, into the cuvette containing all the rest of components of the reaction at the 

concentrations mentioned above. The assays were performed at 37°C and monitored 

spectrophotometrically by measuring the decrease in the absorbance of NADH at 340 

nm using the plate reader. 

Enzyme assays to evaluate the effect of the compounds against MDH were performed 

under the same conditions as those for GOT and AspB at 5 mM of OAA and 0.12 mM of 

NADH as substrates in order to discriminate if the inhibitory activity of the active 

compounds against either GOT or AspB was due to the inhibition of the 

aminotransferases and not due to the inhibition of MDH.   

The enzyme rates were determined from the slopes obtained from the linear phase of 

the reaction after plotting the data using the Origin(Pro) software version 2019. The 
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percent of enzyme inhibition was plotted against each inhibitor concentration tested and 

the IC50 values were calculated by fitting the data to the DoseResponse function in 

Origin(Pro).   

4.3.9 Effect of the inhibitor PF-04859989 in S. aureus infection using Galleria 

mellonella model  

The Galleria larvae were bought from Live Foods Direct, United Kingdom, kept on 

woodchips in the dark at 10°C until use. The larvae were used as a model organism to 

study any potential effect of the inhibitor PF-04859989 on the virulence of S. aureus.  

The S. aureus strains were streaked out onto TSA plates (wild-type) and TSA plates 

supplemented with 5 µg/ml of erythromycin (JE2 aspB::Tn) and incubated at 37°C for 24 

h. A single colony of each strain was used to inoculate 10 mL of BHI broth and incubated 

at 37°C for 16 h in shaking conditions (200 rpm). The overnight cultures were washed 

with PBS and the bacterial concentration adjusted to inoculate the larvae with 105 

CFU/larva. For each experiment, 5 larvae weighing between 0.2 and 0.3 g were infected 

with 10 µL of S. aureus wild-type (JE2) alone or in combination with two different final 

concentrations of the inhibitor PF-04859989 in the larvae (0.01 mM and 0.1 mM). The 

injection was performed into the hemocoel of each larva through the second left pro-leg 

using a hypodermic syringe and an automated syringe pump. Larvae infected with the 

mutant strain JE2 aspB::Tn alone and in combination with two different final 

concentrations of the inhibitor in the larvae (0.01 mM and 0.1 mM) were included as well 

as larvae injected with PBS and with the inhibitor alone as controls. The larvae were left 

in the dark, inside Petri dishes covered with foil at 37°C and their survival monitored daily 

over a 5-day period. The larvae were recorded as dead when no mobility response was 

observed after touching them with a plastic inoculation loop. Three independent 

experiments were performed using a total of 15 larvae per condition and the results were 

analysed using the Kaplan-Meier survival analysis in the OriginPro software version 

2021b. Statistical differences were determined with a log-rank test using the same 

software.    
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4.4 Results 

4.4.1 Purification and detection of aspartate aminotransferase activity of the 

putative AspB 

The gene coding a putative aspartate aminotransferase (AspB) from S. aureus was 

cloned into the plasmid pEAHISMRSA2028 and transformed into the E. coli BL21 (DE3) 

host strain by Liu & Naismith. It was successfully expressed and purified by Ni-NTA 

affinity. The 6xHis-tag was cleaved from the enzyme using a viral endoprotease (TEV) 

to obtain the native amino acid sequence of the enzyme. The molecular mass of the 

AspB calculated from the nucleotide sequence was estimated to be 48 kDa by the 

ProtParam tool and it was reported to be 48 168 Da by Seetharamappa and colleagues 

(Seetharamappa et al., 2007), which is in good agreement with the band size observed 

in the eluted samples after the 6xHis-tag removal (Figure 4.3). The enzyme shows an 

absorbance maximum at 280 nm and a peak at ~350 nm that corresponds to the PLP 

bound to the enzyme (Figure 4.4). The concentration of the purified protein was 

determined spectrophotometrically at 280 nm using the extinction coefficient estimated 

by ProtParam tool from ExPASy (50310 M-1 cm-1 at 280 nm, measured in water) giving 

a concentration of 5.7 mg/mL. The AspB enzyme had a specific activity of 12 µmol min-

1 mg-1, which is half of the activity shown by Cj0762, an aspartate aminotransferase from 

Camplylobacter jejuni that showed an activity of 21.9 µmol min-1 mg-1 (see Table 4.1). 

The specific activity shown by the S. aureus AspB was more than 10 times lower than 

the specific activity shown by the aspartate aminotransferase from P. haloplanktis when 

purified with the strong anion exchange resin Poros HQ (137,7 µmol min-1 mg-1); 18 times 

lower than the specific activity showed by the purified aspartate aminotransferase from 

B. subtilis (220 µmol min-1 mg-1) after treatment with protamine sulfate that, according to 

the authors, it could have removed inhibitory compounds from the cells extracts (Sung 

et al., 1990); and nearly 17 times lower than the activity shown by the aspartate 

aminotransferase purified from E. coli (200 µmol min-1 mg-1), see Table 4.1 .   
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Table 4.1. Specific activities reported for aspartate aminotransferases purified from 
different microorganisms.  

Aspartate 
aminotransferase 

source 

Specific activity per purification 
step  

(µmol min-1 mg-1) 

Reference 

Pseudoalteromonas 
haloplanktis  

Cell lysate 

(NH4)2SO4 35% 

DEAE-Sepharose 

(NH4)2SO4 82% 

Superdex 200 

POROS HQ 

 

4.1 

4.5 

22.1 

22.6 

61.7 

137.7* 

(Birolo et al., 2000) 

Methanococcus 
aeolicus 

Cell extract 

(NH4)2SO4   

Phenyl Sepharose  

DEAE-Cellulose 

S-300 Sephacryl  

Hydroxyapatite  

 

0.3 

0.6 

3.6 

6.8 

5.7 

5.8 

(Xing & Whitman, 
1992) 

Phormidium lapideum 

 

 

(NH4)2SO4 

Heat Treatment  

Butyl-Toyopearl  

DEAE-Toyopearl 

TSK G-3000SW  

 

 

0.15 

0.9 

18.5 

107 

221 

(Kim et al., 2003) 

Bacillus sp.   Crude extract 

Protamine sulphate  

DEAE-Toyopearl 

DEAE- 5PW 

Butyl-Toyopearl 

Phenylsuperose 

Hydroxyapatite  

 

0.15 

0.30 

1.78 

3.16 

120 

218 

220* 

(Sung et al., 1990) 



145 

 

Escherichia coli Crude extract 

Ammonium sulfate 
fractionation 

1st DEAE-Cellulose 
chromatography 

Sephacryl S-200  

2nd DEAE-Cellulose 
chromatography  

Hydroxyapatite 

 

0.9 

1.3 

 

3.7 

11.3 

67.2 

 
200* 

 

(Yagi et al., 1985) 

Pseudomonas 
aeruginosa  

 

Crude extract 

DEAE-Cellulose  

Hydroxylapatite 

     Gradient 

      Wash 

Superdex 75  

 

1.7 

3.5 

 

11.9 

24.5 

32.1 

(Gu et al., 1998) 

Campylobacter jejuni 

 

Cj0762 

 

21.9* 

 

(Guccione et al., 
2008) 

* Values used for comparison  

To further determine whether the putative AspB enzyme might act as an aspartate 

aminotransferase, HPLC analyses were performed. For this purpose, the 

aminotransferase catalysed reaction was assessed at 37°C in a reaction containing L-

glutamic acid as an amino donor and oxaloacetic acid as an amino acceptor, and the 

detection of one of the oxo acids formed during the reaction (KG) was performed through 

HPLC.   

Figure 4.5 shows HPLC chromatograms at UV 324 nm of the derivative keto acids 

present in the sample after performing the enzyme assay with the putative AspB using 

L-glutamic acid and OAA as the pair of substrates. The chromatogram on the top of the 

figure (A) shows the peaks corresponding to OAA, KG, and internal standard (IS) whose 

elution times were at 276, 555, and 931 seconds after injection, respectively. In the 

chromatogram of the bottom of the figure (B), a peak can be seen at 540 seconds 
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corresponding to that of the retention time of the phenylhydrazine derivative of α-KG that 

eluted at 555 s after injection in the standard sample. The peak corresponding to the 

derivative of OAA showed a decreased height after 60 seconds from the start of the 

enzyme reaction and no degradation of this compound was observed during the assay. 

The results showed that AspB was able to transfer the amino group from L-glutamic acid 

onto OAA thus showing aminotransferase activity.    

 

Figure 4.3 - SDS-PAGE of S. aureus AspB purification fractions on a 12% polyacrylamide 
gel. 

Lanes: M. Protein marker (10 – 200 kDa), 1 – 3. Three different fractions of the purified AspB protein after 
TEV treatment with a molecular weight of 48 kDa. 
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Figure 4.4 - UV-visible spectra of AspB purified from E. coli.  

The spectrum was recorded in 50 mM Tris buffer containing 0.5 M NaCl, pH 7.5  

 

Figure 4.5 - High-performance liquid chromatography (HPLC) analysis on the reaction 
products of the AspB with L-glutamic acid and oxaloacetic acid as the pair of substrates.  

A) Chromatogram corresponding to the standards consisting of α-KG, OAA, and the internal standard (2-
oxobutyrate). B) Chromatogram corresponding to the reaction products of the enzyme reaction at 37°C after 

60 s of enzyme reaction. The absorption of the derivatized oxoacids was measured at 324 nm. 
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4.4.2 Determination of the enzyme kinetics of AspB 

To further characterise the AspB enzyme, coupled enzymatic assays were performed to 

determine the kinetics for the pair of substrates of the forward and reverse reactions. 

Parameters such as maximum velocity (Vmax), Michaelis-Menten constants (Km), turnover 

rate (kcat), and catalytic efficiency (kcat/Km) were determined and compared to those 

obtained for the porcine glutamic-oxaloacetic transaminase (GOT) (Table 4.2).  

The kinetic parameters for the pair of substrates of the forward reaction were assayed 

using a coupled enzyme assay with malate dehydrogenase (MDH) (Figure 4.6).  

 

Figure 4.6 - A schematic diagram of the MDH coupled enzyme assay.  

The aminotransferase reaction catalysed by AspB produces L-glutamic acid and oxaloacetic acid which is 
reduced by MDH in the presence of the cofactor NADH. The coupled enzyme assay generates NAD+ that is 
detected by the absorbance decrease at 340 nm.   

 

Using a varied concentration of L-aspartic acid and a fixed concentration of α-KG, the 

Km
L-asp were determined to be 3.88 mM for GOT (Figure 4.7) and 1.36 mM for AspB 

(Figure 4.9) with a turnover rate (kcat) of 2,498.84 min-1 and 573.20 min-1, respectively 

(Table 4.2). The GOT enzyme displayed nearly 1.5 times higher catalytic efficiency 

(kcat/Km) for L-aspartic acid than the AspB enzyme (Table 4.2). The Km values shown by 

AspB for aspartate were compared with those reported for other aminotransferases from 

different microorganisms (Table 4.3) and the AspB enzyme from S. aureus showed 

higher affinity for aspartate than almost all the other aspartate aminotransferases used 
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for comparison, except for Lactobacillus brevis, that had the highest affinity for aspartate 

(Km
L-asp = 0.65 mM). 

For the corresponding keto acid evaluated at a fixed L-aspartic acid concentration, the 

Km
α-KG was determined to be similar for both enzymes with values of 0.2 mM for GOT  

(Figure 4.8) and 0.26 mM for AspB (Figure 4.10) with turnover rates (kcat) of 2,126.06 

min-1 and 506.61 min-1, respectively (Table 4.2). The GOT enzyme displayed 5.4-fold 

higher catalytic efficiency with α-KG than the AspB (Table 4.2).  

 

Figure 4.7 - Kinetic parameters of Glutamic-oxaloacetic transaminase (GOT) for L-aspartic 
acid.  

The GOT activity was coupled with 2 U of malate dehydrogenase (MDH) and a range between 0 – 6 mM of 
L-aspartic acid concentrations was evaluated at a fixed concentration of α-ketoglutarate (10 mM). The 
reaction was performed at 37°C and pH 7.2. The kinetic parameters were obtained by fitting the data to the 
Michaelis-Menten equation. The data represent the mean ± standard deviation of three independent 
experiments performed in triplicate (r2= 0.996). 
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Figure 4.8 - Kinetics parameters of Glutamic-oxaloacetic transaminase (GOT) for α-
ketoglutaric acid.  

The GOT activity was coupled with 2 U of malate dehydrogenase (MDH) and a range between 0 – 2 mM of 
α-ketoglutaric acid concentrations was evaluated at a fixed concentration of L-aspartic acid (10 mM). The 
reaction was performed at 37°C and pH 7.2. The kinetic parameters were obtained by fitting the data to the 
Michaelis-Menten equation. The data represent the mean ± standard deviation of three independent 
experiments performed in triplicate (r2= 0.989). 

 

Figure 4.9 - Kinetic parameters of the recombinant aspartate aminotransferase (AspB) 
from S. aureus for L-aspartic acid.  

The AspB activity was coupled with 2 U of malate dehydrogenase (MDH) and a range between 0 – 2 mM of 
L-aspartic acid concentrations was evaluated at a fixed concentration of α-ketoglutarate (10 mM). The 
reaction was performed at 37°C and pH 7.2. The kinetic parameters were obtained by fitting the data to the 
Michaelis-Menten equation. The data represent the mean ± standard deviation of three independent 
experiments performed in triplicate (r2= 0.996). 
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Figure 4.10 - Kinetic parameters of the recombinant aspartate aminotransferase (AspB) 
from S. aureus for α-ketoglutaric acid.  

The AspB activity was coupled with 2 U of malate dehydrogenase (MDH) and a range between 0 – 2 mM of 
α- ketoglutaric acid concentrations was evaluated at a fixed concentration of L-aspartic acid (10 mM). The 
reaction was performed at 37°C and pH 7.2. The kinetic parameters were obtained by fitting the data to the 
Michaelis-Menten equation. The data represent the mean ± standard deviation of three independent 
experiments performed in triplicate (r2= 0.999).  

 

The kinetic parameters for the pair of substrates of the reverse reaction were assayed 

using a couple enzyme assay with glutamate dehydrogenase (GDH) (Figure 4.11). With 

different L-glutamic acid concentrations and a fixed concentration of OAA, the Km
L-glu was 

determined to be similar for both enzymes, with values of 1.44 mM for GOT (Figure 4.12) 

and 1.18 mM for AspB (Figure 4.14) and with a turnover rate (kcat) of 1,143.15 min-1 and 

156.14 min-1, respectively (Table 4.2). Similarly, to what was described for L-aspartate, 

the catalytic efficiency (kcat/Km) for L-glutamic acid was 6.17 times higher with GOT than 

with AspB (Table 4.2). 
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Figure 4.11 - A schematic diagram of the GDH coupled enzyme assay.  

The aminotransferase reaction catalysed by AspB produces L-aspartic acid and α-ketoglutaric acid which is 

reduced by GDH in the presence of the cofactor NADH. The coupled enzyme assay generates NAD+ that is 

detected by the absorbance decrease at 340 nm. 

 

For the OAA substrate assayed at a fixed L-glutamic acid concentration, the Km
OAA  was 

similar for the two enzymes with values of 0.23 mM for GOT (Figure 4.13) and 0.20 mM 

for AspB (Figure 4.15) with turnover rates (kcat) of 1,258.15 min-1 and 286.89 min-1, 

respectively (Table 4.2). The catalytic efficiency (kcat/Km) for OAA was 5.14 times higher 

with GOT than with AspB (Table 4.2).  

The results showed that both enzymes had higher catalytic efficiency (kcat/Km) for the 

keto acids substrates assayed at fixed amino acids concentrations than for the amino 

acids assayed at fixed keto acid concentrations. For all the substrates assayed, GOT 

enzyme showed better catalytic efficiency (between 1.5 and 6.2 times higher) than the 

efficiency showed by AspB. 
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Figure 4.12 - Kinetics parameters of Glutamic-oxaloacetic transaminase (GOT) for L-
glutamic acid. 

The GOT activity was coupled with 5 U of glutamate dehydrogenase (GDH) and a range between 0 – 3.75 
mM of L-glutamic acid concentrations was evaluated at a fixed concentration of oxaloacetic acid (1 mM). 
The reaction was performed at 37°C and pH 7.45. The kinetic parameters were obtained by fitting the data 
to the Michaelis-Menten equation. The data represent the mean ± standard deviation of three independent 
experiments performed in triplicate (r2= 0.988). 

 

Figure 4.13 - Kinetic parameters of Glutamic-oxaloacetic transaminase (GOT) for 
oxaloacetic acid (OAA).  

The GOT activity was coupled with 5 U of glutamate dehydrogenase (GDH) and a range between 0 – 0.36 
mM of OAA concentrations was evaluated at a fixed concentration of L-glutamic acid (10 mM). The reaction 
was performed at 37°C and pH 7.2. The kinetic parameters were obtained by fitting the data to the Michaelis-
Menten equation. The data represent the mean ± standard deviation of three independent experiments 
performed in triplicate (r2= 0.998). 
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Figure 4.14 - Kinetic parameters of the recombinant aspartate aminotransferase (AspB) 
from S. aureus for L-glutamic acid.  

The AspB activity was coupled with 5 U of glutamate dehydrogenase (GDH) and a range between 0 – 5 mM 
of L-glutamic acid concentrations was evaluated at a fixed concentration of oxaloacetic acid (1 mM). The 
reaction was performed at 37°C and pH 7.2. The kinetic parameters were obtained by fitting the data to the 
Michaelis-Menten equation. The data represent the mean ± standard deviation of three independent 
experiments performed in triplicate (r2= 0.993). 

 

Figure 4.15 - Kinetic parameters of the recombinant aspartate aminotransferase (AspB) 
from S. aureus for oxaloacetic acid (OAA).  

The AspB activity was coupled with 5 U of glutamate dehydrogenase (GDH) and a range between 0 – 0.28 
mM of OAA concentrations was evaluated at a fixed concentration of L-glutamic acid (10 mM). The reaction 
was performed at 37°C and pH 7.2. The kinetic parameters were obtained by fitting the data to the Michaelis-
Menten equation. The data represent the mean ± standard deviation of three independent experiments 
performed in triplicate (r2= 0.994). 
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Table 4.2. Kinetic parameters of S. aureus purified AspB and the control enzyme glutamic-
oxaloacetic transaminase type I (GOT).  

The Vmax and Michaelis-Menten constant (Km) values represent averages from three independent 
experiments performed in triplicate ± standard deviations. 

Enzyme Substrate Pair 

(Varied, fixed) 

Vmax 

(nmoles/min) 

 

Km 

(mM) 

Kcat 

(min-1) 

Kcat/Km 

(mM-1 min-1) 

AspB  Asp/KG 120.2 ± 6.03 1.36 ± 0.13 573.20 ± 50.76 421 

GOT Asp/KG 260.6 ± 13.5 3.88 ± 0.40 2,498.84 ± 470.22 636 

AspB  KG/Asp 106.21 ± 1.37 0.26 ± 0.01 506.61 ± 17.33 2,006 

GOT KG/Asp 224.3 ± 13.5 0.2 ± 0.03 2,126.06 ± 194.08 10,874 

AspB Glu/OAA 32.6 ± 1.31 1.18 ± 0.15 156.14 ± 9.52 133 

GOT  Glu/OAA 120.1 ± 8.12 1.44 ± 0.25 1,143.15 ± 168.83 821 

AspB OAA/Glu 59.6 ± 4.4 0.20 ± 0.03 286.89 ± 45.76 1,380 

GOT  OAA/Glu 133 ± 7.44 0.23 ± 0.03 1,258.15 ± 161.90 7,092 

 

 

Table 4.3. Michaelis-Menten (Km) values determined for aspartate aminotransferases from 
different microbial sources.  

 Km (mM) 

 

Source  

 

Aspartate 

 

 

α-ketoglutarate 

 

Glutamate 

 

Oxaloacetate 

 

Reference 

Phormidium 
lapideum  

5.0 0.2 5.7 0.032 (Kim et al., 
2003) 

Lactobacillus 
brevis CGMCC 
1306 

0.65 0.06 ND ND (Hu et al., 
2017) 

Bacillus subtilis 
B3 

6.7 0.3 8.0 0.6 (H. J. Wu et al., 
2011) 
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Crithidia 
fasciculata 

Trypanosoma 

brucei brucei 

Giardia 

intestinalis 

Plasmodium 
falciparum 

 

5.0 

 

10.38 

 
11.30 

 
 

5.48 

6.78 

 

6.96 

 
5.44 

 
 

1.26 

11.34 

 

8.93 

 
10.94 

 
 

8.90 

ND 

 

ND 

 
ND 

 
 

ND 

(Berger et al., 
2001) 

Methanococcus 
aeolicus 

3.7 0.5 ND ND (Xing & 
Whitman, 1992) 

Bacillus sp. 3.0 2.6 ND ND 

 

(Sung et al., 
1990) 

Thermus 
thermophilus  

 

1.5 1.7 ND ND (Oshima et al., 
1996) 

Campylobacter 
jejuni  

 

12.8 ND ND ND (Guccione et 
al., 2008) 

Mycobacterium 
tuberculosis 

2.34 ND ND ND (Jansen et al., 
2020) 

E. coli  1.4  0.15 4.5 0.02 (Köhler et al., 
1994) 

S. aureus  1.36  0.26 1.18 0.20 This study 

ND: Not determined. 
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4.4.3 Determination of aspartate aminotransferase inhibition by 

aminotransferase inhibitors 

A total of six compounds were selected as potential inhibitors based upon their reported 

capacity to inhibit different PLP-dependent aminotransferases. All the compounds tested 

were assayed at similar concentration ranges as those reported as effective against their 

targets.  

The inhibitor amino-oxyacetate (AOA) was chosen as a positive control due to its 

reported success inhibiting aminotransferases, like alanine, aspartate, and kynurenine 

aminotransferases. A concentration of 0.1 μM of AOA inhibited GOT activity by more 

than 50%, while 1 mM was required for similar inhibitory activity on AspB (Figure 4.16). 

The half-maximal inhibitory concentration (IC50) values of AOA for GOT and AspB were 

determined to be 5.1 x10-5 mM and 0.24 mM, respectively (Figure 4.17). Similar IC50 

values have been reported for the inhibition of a human aspartate aminotransferase 

(IC50= 0.52 mM) (Thornburg et al., 2008) while a concentration of 4.5 mM of AOA were 

needed to decrease the activity of an hepatic aspartate aminotransferase from Sparus 

aurata by more than 50% (González et al., 2012).  

 

Figure 4.16 - Percent inhibition of aminotransferase activity by amino-oxyacetate (AOA).  

The inhibition assays were performed at 37°C in 250 mM potassium phosphate buffer pH 7.2 using a wide 
range of AOA concentrations. The enzyme activity was measured by monitoring the decrease in absorbance 
of NADH at 340 nm over time. a) Corresponds to the AOA activity on GOT while b) on AspB. The data are 
presented as the mean ± standard deviation of n = 3 determinations. 
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Figure 4.17 - Representative dose-response curve used to determine IC50 values of amino-
oxyacetate (AOA) on the aminotransferase activity.  

The inhibition assays were carried out at 37°C in 250 mM potassium phosphate buffer pH 7.2. The GOT and 
AspB activities were measured by monitoring the decrease in absorbance in NADH at 340 nm over time. 
The IC50 values of AOA on GOT (a) and on AspB (b) were determined by fitting the data to the dose response 
equation in OriginPro and represent the mean ± standard deviation of n = 3 determinations.     

 

PF-04859989, an inhibitor with activity against kynurenine aminotransferase II, showed 

an obvious inhibitory effect on both enzymes with the most potent inhibitory activity 

against AspB amongst the compounds tested. It has been reported that this compound 

needed a pre-incubation step with the enzyme and cofactor to be effective showing a 

time-dependent inhibitory activity against GOT 1 (T. Yoshida et al., 2020). To determine 

both, its inhibitory activity, and the effect of the length of pre-incubation time on the 

activity, two different pre-incubation time conditions were evaluated, 1 h and 24 h. The 

results showed that the length of the pre-incubation time did not have an effect in the 

inhibitory activity of PF-04859989 against both, GOT (Figure 4.18) and AspB (Figure 

4.19). The IC50 values of the compound on GOT were 5.61 ± 1.74 µM and 5.56 ± 1.08 

µM after 1 h and 24 h of pre-incubation, respectively (Figure 4.20). Meanwhile, a two-

fold higher potency was shown by the compound on inhibiting the AspB enzyme, 

compared to GOT, with IC50 values of 2.6 ± 0.15 µM and 2.5 ± 0.2 µM after 1 h and 24 h 

of pre-incubation, respectively (Figure 4.21).    
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Figure 4.18 - Percent of inhibition of GOT activity by PF-04859989.  

The inhibition assays were performed at 37°C in 250 mM potassium phosphate buffer pH 7.3 using a wide 
range of PF-04859989 concentrations. The enzyme activity was measured by monitoring the decrease in 
absorbance of NADH at 340 nm over time. a) PF-04859989 activity on GOT after 1 h of pre-incubation while 
b), after 24 h of pre-incubation. The data are presented as the mean ± standard deviation of n = 3 
determinations. 

 

Figure 4.19 - Percent inhibition of AspB activity by PF-04859989.  

The inhibition assays were performed at 37°C in 250 mM potassium phosphate buffer pH 7.25 using a wide 
range of PF-04859989 concentrations. The enzyme activity was measured by monitoring the decrease in 
absorbance of NADH at 340 nm over time. a) PF-04859989 activity on AspB after 1 h of pre-incubation while 
b), after 24 h of pre-incubation. The data are presented as the mean ± standard deviation of n = 3 
determinations. 
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Figure 4.20 - Representative dose-response curve used to determine IC50 values of PF-
04859989 on the GOT activity.  

The inhibition assays were carried out at 37°C in 250 mM potassium phosphate buffer pH 7.3. The GOT 
activity was measured by monitoring the decrease in absorbance in NADH at 340 nm over time. The IC50 
values of PF-04859989 on GOT after 1 h pre-incubation (a) or 24 h pre-incubation (b) were determined by 
fitting the data to the dose response equation in OriginPro and represent the mean ± standard deviation of 
n = 3 determinations. 

 

 

Figure 4.21 - Representative dose-response curve used to determine IC50 values of PF-
04859989 on the AspB activity.  

The inhibition assays were carried out at 37°C in 250 mM potassium phosphate buffer pH 7.25. The AspB 
activity was measured by monitoring the decrease in absorbance in NADH at 340 nm over time. The IC50 
values of PF-04859989 on AspB after 1 h pre-incubation (a) or 24 h pre-incubation (b) were determined by 
fitting the data to the dose response equation in OriginPro and represent the mean ± standard deviation of 
n = 3 determinations. 
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The reported non-competitive inhibitor of GOT 1, adapalene, currently used for the 

treatment of acne vulgaris, was also included as a possible AspB inhibitor. Adapalene, 

unlike PF-04859989, is not reported to require prior incubation with the enzyme and 

cofactor since the compound binds to a pocket located at the back of the active site of 

the enzyme (Q. Wang et al., 2019). The results show that this compound was able to 

significantly reduce (≥ 50% of inhibition) the activity of both enzymes at a concentration 

of 10 µM (Figure 4.22) with an IC50 value of 4.61 ± µM on GOT and 5.45 ± µM on AspB 

(Figure 4.23).    

 

 

Figure 4.22 - Percent inhibition of aminotransferase activity by adapalene.  

The inhibition assays were performed at 37°C in 250 mM potassium phosphate buffer pH 7.2 using a range 
of adapalene concentrations. The enzyme activity was measured by monitoring the decrease in absorbance 
of NADH at 340 nm over time. a) Adapalene activity on GOT while b), on AspB. The data are presented as 
the mean ± standard deviation of n = 3 determinations. 
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Figure 4.23 - Representative dose-response curve used to determine IC50 values of 
adapalene on the aminotransferase activity.  

The inhibition assays were carried out at 37°C in 250 mM potassium phosphate buffer pH 7.2. The GOT and 
AspB activities were measured by monitoring the decrease in absorbance in NADH at 340 nm over time. 
The IC50 values of adapalene on GOT (a) and on AspB (b) were determined by fitting the data to the dose 
response equation in OriginPro and represent the mean ± standard deviation of n = 3 determinations.     

 

The glutamate analogue, L-serine O-sulfate (L-SOS), has been reported to reduce the 

activity of an aspartate aminotransferase by 67% (Brennan et al., 2006) and it was 

chosen as a potential candidate to inhibit the AspB enzyme. A wide range of 

concentrations of the compound was used (1x10-4 mM – 100 mM) in order to test assay 

concentrations that give inhibitory activity at least two points below the lower bend point 

and two points above the upper bend point of the curve (Sebaugh, 2011). The compound 

was pre incubated with the enzyme and cofactor for 1 h before the enzyme assays were 

performed. The results shown that L-SOS was able to completely inhibit both enzymes 

at 10 mM showing a higher activity on AspB since more that 50% of the enzyme activity 

was inhibited at 0.1 mM while a similar effect on GOT was obtained at 1 mM (Figure 

4.24). The compound showed a 20-fold selectivity for the bacterial aspartate 

aminotransferase over the control enzyme with IC50 values of 0.44 ± 0.18 mM for GOT 

and 0.021 ± 0 mM for AspB (Figure 4.25).  
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Figure 4.24 - Percent inhibition of aminotransferase activity by L-serine O-sulfate (L-SOS).  

The inhibition assays were performed at 37°C in 250 mM potassium phosphate buffer pH 7.4 using a wide 
range of L-SOS concentrations. The enzyme activity was measured by monitoring the decrease in 
absorbance of NADH at 340 nm over time. a) L-SOS activity on GOT while b), on AspB. The data are 
presented as the mean ± standard deviation of n = 3 determinations. 

 

Figure 4.25 - Representative dose-response curve used to determine IC50 value of L-serine 
O-sulfate on the aminotransferase activity.  

The inhibition assays were carried out at 37°C in 250 mM potassium phosphate buffer pH 7.4. The GOT and 
AspB activities were measured by monitoring the decrease in absorbance in NADH at 340 nm over time. 
The IC50 values of L-SOS on GOT (a) and on AspB (b) were determined by fitting the data to the dose 
response equation in OriginPro and represent the mean ± standard deviation of n = 3 determinations.     
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Vigabatrin, an inhibitor of GABA-AT, was also assayed for its ability to inhibit the bacterial 

aminotransferase. As shown in Figure 4.26, it did not exert any effect on the activity of 

GOT, neither after 1 h or 24 h of pre-incubation with the enzyme and cofactor. A decrease 

in the activity of AspB was observed when the compound was tested at 100 μM after 1 

h of preincubation and no further improvement of the inhibitory activity of the compound 

was observed after a longer pre-incubation time, even showing a decrease in its 

inhibitory effect after 24 h of pre-incubation (Figure 4.27). In the case of hesperetin, no 

significantly inhibitory activity was found with either of the aminotransferases at the 

concentrations tested (Figure 4.28).  

 

 

Figure 4.26 - Percent inhibition of GOT activity by vigabatrin.  

The inhibition assays were performed at 37°C in 250 mM potassium phosphate buffer pH 7.4 using a wide 
range of vigabatrin concentrations (1x10-4 μM – 100 μM). The enzyme activity was measured by monitoring 
the decrease in absorbance of NADH at 340 nm over time. a) Vigabatrin activity on GOT after 1 h of pre-
incubation while b), after 24 h of pre-incubation. The data are presented as the mean ± standard deviation 
of n = 3 determinations. 
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Figure 4.27 - Percent inhibition of AspB activity by vigabatrin.  

The inhibition assays were performed at 37°C in 250 mM potassium phosphate buffer pH 7.4 using a wide 
range of vigabatrin concentrations (1x10-4 μM – 100 μM). The enzyme activity was measured by monitoring 
the decrease in absorbance of NADH at 340 nm over time. a) Vigabatrin activity on AspB after 1 h of pre-
incubation while b), after 24 h of pre-incubation. The data are presented as the mean ± standard deviation 
of n = 3 determinations. 

 

Figure 4.28 - Percent inhibition of aminotransferase activity by hesperetin.  

The inhibition assays were performed at 37°C in 250 mM potassium phosphate buffer pH 7.3 using a 
hesperetin concentrations between 0 and 0.12 mM. The enzyme activity was measured by monitoring the 
decrease in absorbance of NADH at 340 nm over time. The left plot corresponds to the hesperetin activity 
on GOT while the right plot, on AspB. The data are presented as the mean ± standard deviation of n = 3 
determinations. 
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To rule out that the inhibitory effect of the compounds was due to the inhibition of the 

aminotransferases and not of the malic dehydrogenase (MDH), which is coupled to either 

GOT or AspB, inhibitory assays on MDH were performed. Neither AOA nor PF-04859989 

showed activity on MDH (Figure 4.29). L-SOS started to show a decrease in the enzyme 

activity of MDH at 50 mM, which is 5 times higher than the concentration needed to 

completely inhibit both aminotransferases (Figure 4.30). In the case of adapalene, a 

concentration of 100 μM was required to inhibit more than 70% of MDH activity, that is 

10 times higher the concentration needed to show similar results with the 

aminotransferases (Figure 4.30). These results demonstrated that the activity of the 

compounds was due to the inhibition of both aminotransferases rather than their 

inhibition on MDH.  

In summary, the data showed that PF-04859989 proved to be a potent inhibitor of the 

AspB with the lowest IC50 value amongst the compounds tested, followed by adapalene 

and L-SOS. Meanwhile, the potential inhibitors vigabatrin and hesperetin did not lead to 

the inhibition of the aminotransferases at the concentrations tested.  

 

Figure 4.29 - Percent inhibition of MDH activity by amino-oxyacetate (AOA) and PF-
04859989.  

The inhibition assays were performed at 37°C in 250 mM potassium phosphate buffer with the inhibitors 
AOA and PF-04859989 at pH 7.2 and 7.5, respectively. The inhibitor concentrations assessed were the 
same as those assessed in the aminotransferase inhibition assays. The enzyme activity was measured by 
monitoring the decrease in absorbance of NADH at 340 nm over time. a) AOA activity on MDH and b) PF-
04859989 activity on MDH. The data are presented as the mean ± standard deviation of n = 3 determinations. 
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Figure 4.30 - Percent inhibition of MDH activity by L-serine O-sulfate (L-SOS) and 
adapalene.  

The inhibition assays were performed at 37°C in 250 mM potassium phosphate buffer with the inhibitors L-
SOS and adapalene at pH 7.2 and 7.4, respectively. The inhibitor concentrations assessed were the same 
as those assessed in the aminotransferase inhibition assays. The enzyme activity was measured by 
monitoring the decrease in absorbance of NADH at 340 nm over time. The left plot corresponds to the L-
SOS activity on MDH while the right plot corresponds to the adapalene activity on MDH. The data are 
presented as the mean ± standard deviation of n = 3 determinations. 

 

Table 4.4. The IC50 values of the inhibitors tested against the aminotransferases.  

The values correspond to the average and the standard deviation of n = 3 determinations.    

Compound IC50 GOT (µM) IC50 AspB (µM) 

 

Amino-oxyacetate (AOA) 

 

0.051 ± 0.025 

 

240 ± 60 

PF- 04859989 (1 h pre-incubation) 5.61 ± 1.74 2.6 ± 0.15 

PF-04859989 (24 h pre-incubation) 

Adapalene 

5.56 ± 1.08 

4.61 ± 1.4 

2.5 ± 0.2 

5.45 ± 1.92 

Vigabatrin (1 h pre-incubation) ND ND 

Vigabatrin (24 h pre-incubation)  ND ND 

L-serine O-sulfate (L-SOS) 440 ± 180 21 ± 0 

Hesperetin ND ND 

ND: Not Determined 
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4.4.4 Effect of the inhibitor PF-04859989 on S. aureus infection of Galleria 

mellonella 

 

Amongst the inhibitors tested against the purified aspartate aminotransferase from S. 

aureus (AspB), the compounds PF-04859989 and adapalene showed the highest 

inhibitory activity with IC50 values of 2.6 and 5.5 µM, respectively. Both compounds 

seemed to be good candidates to test if any protective effect was given by the inhibitors 

to the larvae infected with the wild-type strain of S. aureus. Although the water solubility 

of adapalene is reported to be 4.0x10-6 g/L (Wishart et al., 2022), it was not possible to 

dissolve it in water at the concentration required. Other reported solvents of adapalene 

are tetrahydrofuran and ethanol (Piskin & Uzunali, 2007), but we used dimethyl sulfoxide 

(DMSO) instead as it was used to dissolve adapalene when performing the enzyme 

inhibition assays. However, DMSO resulted to be toxic for the larvae when preliminary 

assays were performed by injecting the larvae with 10 µL of different concentrations of 

DMSO (data not shown). For this reason, adapalene was not used in the assays, instead 

PF-04859989 was tested at two different final concentrations in the larvae in order to 

assess if any protective effect against S. aureus infection was given by this compound. 

PF-04859989 is water soluble, and it was dissolved in sterile PBS to avoid any potential 

killing of the larvae caused by injecting distilled H2O. It is worth mentioning that this 

compound was able to completely inhibit the purified AspB at 0.1 mM in the inhibitory 

assays and showed similar IC50 values when pre-incubated for either 1 or 24 h with the 

enzyme and cofactor, with values of 2.6 and 2.5 µM, respectively. Taking into 

consideration that these values inhibited completely (0.1 mM) or half (2.5 µM) the 

enzymatic activity, it was decided to test two different final concentrations of the inhibitor 

in the larvae: 0.01 mM and 0.1 mM as these concentrations were 5- and 50-fold higher 

than the IC50 value determined for the purified AspB.  The results show that at a final 

concentration of 0.01 mM of the PF-04859989 in the larvae, no protective effect was 

given by the inhibitor against the infection with the wild-type strain of S. aureus as no 

significant differences were observed between the larvae infected with the wild-type 
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strain alone or in combination with the inhibitor (Figure 4.31). Similar results were 

observed when the inhibitor was assessed at 0.1 mM final concentration in the larvae as 

no significant differences in the virulence of the wild-type strain were determined for the 

larvae infected with S. aureus JE2 alone or in combination with the inhibitor (Figure 4.32). 

These results suggest that higher concentration of the inhibitor in the larvae should be 

tested to visualize any protective effect against S. aureus infection, or that the inhibitor 

is not entering the bacterial cells thus it is not reaching its target. Another possibility is 

that the inhibitor is being metabolised/degraded by the larvae, thus no protective effect 

against the infection could be observed.  

 

Figure 4.31 - Effect of the inhibitor PF-04859989 (0.01 mM) on the virulence of S. aureus in 
G. mellonella model. 

The Kaplan-Meier plot indicates the viability of Galleria larvae over a period of 5 days after infection with the 
wild-type strain (JE2) alone (black-dashed line) or in combination with 0.01 mM of PF-04859989 (red-dashed 
line) at 105 CFU/larva. The inhibitor alone administered to the larvae (black-straight line) as well as PBS 
injected larvae (red-straight line) were included as controls together with the larvae infected with the mutant 
strain for the AspB alone (JE2 aspB::Tn) (blue-straight line) or in combination with 0.01 mM of PF-04859989 
(blue-dashed line). The data are derived from three independent experiments with groups of 5 larvae each 
(n = 15). 
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Figure 4.32 - Effect of the inhibitor PF-04859989 (0.1 mM) on the virulence of S. aureus in 
G. mellonella model. 

The Kaplan-Meier plot indicates the viability of Galleria larvae over a period of 5 days after infection with the 
wild-type strain (JE2) alone (black-dashed line) or in combination with 0.1 mM of PF-04859989 (red-dashed 
line) at 105 CFU/larva. The inhibitor alone administered to the larvae (black-straight line) as well as PBS 
injected larvae (red-straight line) were included as controls together with the larvae infected with the mutant 
strain for the AspB alone (JE2 aspB::Tn) (blue-straight line) or in combination with 0.1 mM of PF-04859989 
(blue-dashed line). The data are derived from three independent experiments with groups of 5 larvae each 
(n = 15). 
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4.5 Discussion 

The gene SAUSA300_1916 is bioinformatically predicted to code an aspartate 

aminotransferase in S. aureus, however its enzymatic activity has not been yet 

experimentally determined.  

The difficulty in functionally characterising all the genes and their protein products 

identified in a genome leads to the use of computational tools to try and predict function 

and to annotate genes (Ellens et al., 2017). Computational functional prediction relies on 

algorithms developed to analyse the sequence homology between unknown or novel 

sequences and those deposited in public databases. However, it has been proposed that 

genomic enzymology and postgenomic approaches should be considered when 

determining a protein/enzymatic function (Saghatelian & Cravatt, 2005). Some authors 

have suggested predicting the function of a new sequence based on its homology to an 

experimentally determined protein function (Kasif & Roberts, 2020). With a more rigorous 

approach, others have suggested a protein to be annotated as having an unknown 

function until both, its biological and molecular properties are determined (Ellens et al., 

2017).  

It has been estimated that nearly half of the predicted coding sequences are wrongly 

annotated, unannotated or code extra functions (Ellens et al., 2017) and that less than 

0.01% of the prokaryotic genes are assigned to functions that have traceable 

experimental support (Law et al., 2021). As an example of this protein annotation gap, 

Jansen and colleagues highlighted this problem when studying the gene rv3722c of 

Mycobacterium tuberculosis, which was annotated as an unknown protein and at the 

same time it was predicted to code a wide variety of functions: PLP-binding enzyme, 

serine hydrolase, secreted protein, and a member of the GntR family of transcription 

factors (Jansen et al., 2020). These authors studying aminotransferases found two types 

of misannotation in their study: 1) two genes, rv0337c and rv3565, of M. tuberculosis 

were erroneously annotated as coding for aspartate aminotransferases after the authors 
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experimentally demonstrated that those genes products had alanine and alanine-valine 

transaminase activity, respectively; and 2) the actual aspartate aminotransferase coded 

by the gene rv3722c was unannotated (Jansen et al., 2020). In this context, it seemed 

essential to experimentally determine if the predicted function of the S. aureus gene 

SAUSA300_1916 was an aspartate aminotransferase.  

In the present work, reversed-phase HPLC was employed to identify one of the 

substrates consumption (OAA) of the enzyme activity of SAUSA300_1916, this 

technique was chosen due to its ability to determine directly and simultaneously both, 

substrate consumption and product formation, as well as due to its high resolution, 

accuracy, and automatization. The determination of the enzyme activity was performed 

using the reverse reaction (glutamate + oxaloacetate → aspartate + ketoglutarate), and 

the formation and consumption of ketoglutarate and oxaloacetate, respectively were 

monitored over a time period when the oxaloacetate, which is chemically unstable and 

degrades with time to pyruvate (L. Yu & Sivitz, 2020), was proven to remain stable. In 

this study, it has been determined that the product of the gene SAUSA300_1916 of S. 

aureus acts as an aspartate aminotransferase and it was thus characterised at a 

functional level for the first time.  

In this study, the catalytic activity of the enzyme was determined at pH 7.2 and at 37°C, 

but the influence of both pH and temperature on the enzyme activity was not determined. 

It has been reported that aspartate aminotransferases (Asp-ATs) from different 

organisms show variable optimal pH and temperature, for example, the maximum 

catalytic activity for an Asp-AT purified from L. brevis was observed at 25°C (Hu et al., 

2017), while higher temperatures were observed for the enzymes purified from B. subtilis 

(45°C) (H. J. Wu et al., 2011), P. haloplanktis (64°C), and E. coli (75°C) (Birolo et al., 

2000). The lower catalytic activity observed for the S. aureus aminotransferase 

compared to that of the enzymes isolated from other sources, might be explained due to 

variations in the optimal temperature and pH at which the enzyme activities were 

determined. A limitation of the results of this study is that the effect of those factors on 
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the enzyme activity were not investigated, suggesting that the catalytic activity of the 

enzyme might not have been determined under its optimal conditions of pH and 

temperature. However, these are the conditions that the enzyme would experience within 

S. aureus. Another factor that can influence the maximum catalytic activity shown by an 

enzyme is the buffer system used in the reaction as slight changes in pH might affect the 

enzyme activity through the interaction between hydrogen ions and the negatively 

charged residues of the active site of the enzyme. It was reported that an Asp-AT purified 

from L. brevis showed its highest catalytic activity when using Tris-HCl, but nearly 60% 

of that activity when using potassium phosphate buffer (Hu et al., 2017). In this study, all 

the enzyme assays were performed using potassium phosphate buffer and the effect of 

other buffers like HEPES, MOPS, Tris-HCl, or sodium phosphate on the enzyme activity 

was not determined. It would have been advantageous to check the folding of the protein 

through analysis of its circular dichroism spectra to determine if the purified protein had 

any conformational changes that could have explained the weaker enzymatic activity 

compared with other reported activities.     

Table 4.2 presents a comparison of the values of kinetic parameters determined in this 

study for the aminotransferases GOT and AspB. The Km values determined for all the 

substrates involved in both, forward and reverse, reactions revealed that the S. aureus 

Asp-AT had more affinity for the amino acceptors than for the amino donors, similar to 

what was found for the control enzyme GOT. This higher affinity shown by the enzyme 

for its amino acceptors has also been reported in Asp-ATs from different 

microorganisms, like B. subtilis (Sung et al., 1990; H. J. Wu et al., 2011), P. lapideum 

(Kim et al., 2003), and E. coli (Köhler et al., 1994), as well as for Asp-ATs isolated from 

plants, like Arabidopsis thaliana (Wilkie & Warren, 1998), and Pinus pinaster (De La 

Torre et al., 2009). 

Compared with other enzymes from different microorganisms, the S. aureus Asp-AT 

showed high affinity for its substrates: for instance, the Km value for aspartate (1.36 mM) 

is about 2-fold lower than the value reported for an Asp-AT from Bacillus sp. (3.0 mM), 
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almost 5-fold lower than that reported for an Asp-AT from another B. subtilis strain (6.7 

mM), and close to those reported for the Asp-AT from E.coli (1.4 mM) and T. 

thermophilus (1.5 mM) (Table 4.3).    

Once experimentally determined that the putative aspartate aminotransferase isolated 

from S. aureus had aspartate aminotransferase activity, we examined whether the AspB 

activity of S. aureus could be blocked by potential inhibitors of aminotransferases or PLP-

dependent enzymes. For this purpose, the following compounds were assessed as 

potential inhibitors: PF-04859989, adapalene, L-serine O-sulfate, vigabatrin, hesperetin, 

and as a broad range inhibitor of PLP-dependent enzymes, the compound amino-

oxyacetate (AOA) was included. 

AOA has been used to inhibit different PLP-dependent enzymes and it has proven to be 

effective against different enzymes, like kynurenine aminotransferase I (Nadvi et al., 

2017), glutamine aminotransferase (Thornburg et al., 2008), alanine aminotransferase 

(González et al., 2012), and both, human and bacterial cystathionine γ-lyase (CSE) 

(Shatalin et al., 2021). In the latter study, the authors determined the mechanism of 

inhibition of AOA by resolving the crystal structure of the complex formed between the 

S. aureus CSE and the inhibitor. The X-ray crystal structure showed that AOA interacted 

with the PLP cofactor and prevented the formation of the external aldimine between the 

cofactor and the enzyme that is needed for the catalytic activity of the enzyme (Shatalin 

et al., 2021). As this inhibitor can interact with the cofactor, it might affect the activity of 

other PLP-dependent enzymes involved in different metabolic routes. As expected, the 

aminotransferases GOT and AspB were inhibited by AOA but with different potencies. 

While the IC50 value for GOT was 0.051 µM, the IC50 value for AspB was 240 µM, which 

is within the ranges of AOA concentrations reported to be effective against other 

aminotransferases, like kynurenine aminotransferase 1 (KAT1) (IC50 = 13.1 µM) (Nadvi 

et al., 2017) or a human aspartate aminotransferase (IC50 = 515 µM) (Thornburg et al., 

2008), and even against the S. aureus CSE, which is a PLP-dependent enzyme (IC50 = 

24.35 µM) (Shatalin et al., 2021).  
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Amongst the compounds tested, PF-04859989 showed the highest inhibitory effect. This 

compound was discovered as a result of investigations aimed to find novel and selective 

inhibitors against the KAT2 to treat schizophrenia and other psychiatric conditions 

(Dounay et al., 2012).  

Both inhibitors, PF-04859989 and AOA, are reported to interact with the PLP cofactor of 

the enzyme (Dounay et al., 2012; Nadvi et al., 2017), but their obtained IC50 values for 

the AspB aminotransferase were very different. PF-04859989 showed a high potency 

against the S. aureus aminotransferase with an IC50 value nearly 100-times lower than 

that obtained with AOA. Regarding the activity of PF-04859989 for the aspartate 

aminotransferases, the IC50 values of this compound for a previously reported 

aminotransferase (GOT 1) and for the S. aureus AspB were similar. The latter enzyme 

was inhibited by PF-04859989 with an IC50 value of 2.5 µM after a 24 h period of pre-

incubation, while GOT 1 was reported to be inhibited by the same compound with an IC50 

of 8.0 µM after the same period of the pre-incubation step (T. Yoshida et al., 2020). 

While Yoshida and colleagues found that the PF-04859989 inhibited the human GOT 1 

in a time dependent manner, no significant differences in the inhibitory activity of the S. 

aureus aminotransferase by the compound were found when enzyme, cofactor and 

inhibitor were pre-incubated for 1 h or 24 h. Similar results were found for the control 

enzyme used in this study (GOT).   

The second most potent inhibitor of AspB was adapalene. This compound has been 

used in the treatment of acne vulgaris, and it has been under research as a potential 

drug for cancer treatments (Rusu et al., 2020; Q. Wang et al., 2019). Here, it was found 

that this compound could inhibit both aminotransferases to a similar extent with IC50 

values of 4.61 ± 1.4 µM for GOT and 5.45 ± 1.92 µM for AspB. 

An advantage in the potential use of adapalene over PF-04859989 against S. aureus 

infections might be that adapalene was reported to be a non-competitive inhibitor of the 

aminotransferase GOT 1 (Q. Wang et al., 2019). This would be advantageous as the 
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increased substrate concentration due to the inhibition of the metabolic route might not 

overcome the inhibitory effect of the compound (Cornish-Bowden, 1986; Holdgate et al., 

2018), which might be the case if adapalene would have been reported as a competitive 

inhibitor.    

Wang and colleagues elucidated the binding mode of adapalene with GOT 1 finding that 

the compound interacted with hydrophobic amino acids located in an allosteric site of the 

enzyme. Although more studies need to be done to determine the mechanism of 

inhibition by which adapalene inhibits the AspB, these preliminary results and the fact 

that it is already used in humans for the treatment of acne and proven to be safe, suggest 

that adapalene could be a good candidate as a leading compound to design specific 

drugs against the S. aureus AspB. In this regard, it would be advantageous to solve the 

structure of the enzyme to determine at what fold type subgroup of aminotransferases 

the AspB belongs to: Ia, Ib or Ic.  The latter subgroup was described in 2016 while 

studying an aspartate aminotransferase from Corynebacterium glutamicum (CgAspAT) 

(Son & Kim, 2016), and it includes the members of the family Pfam P12897 where 

aspartate aminotransferases from bacteria but not from humans can be found (Jansen 

et al., 2020). If the AspB belongs to this subgroup it would be advantageous to use it as 

a possible antimicrobial target against S. aureus infections.  

Another compound tested, the L-serine O-sulfate (L-SOS), was an effective inhibitor of 

both aminotransferases, it was nearly 21-times more effective against AspB than against 

GOT, with IC50 values of 21 µM and 440 µM, respectively. This inhibitory effect on the 

enzymes could be due to the fact that L-SOS is an structure analogue of one of the 

substrate of the enzymes, L-glutamate, and it has been reported that this compound is 

able to disrupt the metabolism of rat astrocytes by targeting the activity of both, alanine 

and aspartate aminotransferases (Brennan et al., 2006). Brennan and colleagues tested 

subtoxic concentration of L-SOS in cultures of astrocytes cells, which was determined to 

be 400 µM, and we have determined that the IC50 value of L-SOS that inhibited the 

activity of AspB (21 µM) was nearly 20-times less than the subtoxic concentration tested 
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by those authors. This compound was also assessed as a substrate inhibitor of the 

glutamate transporter (GluT) resulting in the blockage of the access of glutamate inside 

an osteoblast lineage cell line with a concomitant extracellular accumulation of the amino 

acid (Xie et al., 2016).    

The differences in the potency that PF-04859989 and L-SOS exhibited against the 

aminotransferases being a 2-fold (PF-04859989) and ~21-fold (L-SOS) more active 

against AspB than GOT, might rely upon differences in the catalytic sites of the enzymes 

that can be resolved to develop specific inhibitors against AspB.  

The compound vigabatrin, which is an analogue of the inhibitory neurotransmitter 

gamma-aminobutyric acid (GABA) found in the central nervous system, was selected to 

evaluate its potential inhibitory activity against the aspartate aminotransferase as it has 

been shown that it can irreversible inhibit other aminotransferases (Lippert et al., 1977). 

Vigabatrin has been reported to inhibit the GABA aminotransferase (GABA-AT), an 

enzyme responsible for GABA degradation (H. Lee et al., 2015) and has been used as 

an antiepileptic drug (Camposano et al., 2008). The inactivation of GABA-AT by 

vigabatrin leads to an increase in GABA concentrations in the brain with a concomitant 

anticonvulsant effect. The resolved crystal structure of the GABA-AT with vigabatrin 

showed that the compound forms a covalent adduct with the residue Lys329 located in 

the active site of the enzyme and the PLP-cofactor (Storici et al., 2004). For this reason, 

and similar to the conditions of the assays performed with PF-04859989, vigabatrin was 

pre-incubated with the enzyme and cofactor for 1 h and 24 h before the enzyme assays 

were performed. The results showed no inhibitory effect on GOT regardless of the length 

of the pre-incubation step and in the case of the S. aureus AspB, a slight inhibition was 

showed after 1 h of pre-incubation with 100 µM of vigabatrin. The concentrations tested 

in this study were 10-times lower than those reported to inhibit GABA-AT (De Biase et 

al., 1991), or 100-times lower than those used to study the mechanism of inhibition of 

vigabatrin against GABA-AT (Storici et al., 2004), and 10-times lower than the 

concentration tested using analogues of vigabatrin that inhibited more than 50% of the 
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activity of GABA-AT (Pinto et al., 2016). It is possible that the inhibition of the aspartate 

aminotransferases can be achieved at higher concentrations of vigabatrin that were not 

evaluated in this study.    

The possible inhibitory effect of the flavanone hesperetin was also assessed on AspB 

activity. This compound was chosen due to its reported inhibitory activity against two 

aminotransferases present in the liver, alanine and aspartate aminotransferases (Zareei 

et al., 2017). In this study, the inhibitor was tested at concentrations of 40, 80, 100, and 

120 µM in the assays without showing any inhibitory effect on either of the two 

aminotransferases evaluated, GOT and AspB. Results reported by Zareei and 

colleagues, showed that the aspartate aminotransferase activity from the rat liver tissue 

started to decrease at a concentration of 50 μM of hesperetin, reaching a complete 

inhibition at 160 µM with an IC50 value of 85.29 μM (Zareei et al., 2017). In this study the 

highest concentration of hesperetin tested was 120 µM and it is possible that an inhibitory 

effect would have been seen at higher concentrations of hesperetin.  

Overall, amongst the compounds assessed the most effective inhibitors against the S. 

aureus AspB were PF-04859989, adapalene, and L-serine O-sulfate with no significant 

inhibitory activity of hesperetin or vigabatrin on the enzymes activities at the 

concentrations tested. 

The potential protective effect against S. aureus infection of the most effective inhibitor 

of the AspB enzyme, PF-04859989, was assessed in the Galleria mellonella model. The 

compound was dissolved in the solvent carrier PBS and two different final concentrations 

in the larvae were evaluated (0.01 and 0.1 mM). None of the concentrations tested 

showed significant differences in the virulence between the larvae infected with the wild-

type strain alone or in combination with the inhibitor (Figure 4.31 and Figure 4.32). Some 

of the possible explanations why PF-04859989 was not giving any protective effect 

against S. aureus infection could be that 1) the evaluated concentrations of the inhibitor 

were too low to see any protection in the larvae, 2) the inhibitor was not reaching the 
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bacterial cell thus, it was not reaching the target enzyme. This could have been evaluated 

by assessing the effect of different concentrations of the inhibitor on the viability of S. 

aureus in vitro, and 3) the larvae could degrade the inhibitor once it was injected into the 

haemolymph. It would have been advantageous to test the protective effect that the 

inhibitor adapalene gives to the infected larva, as adapalene was the second most potent 

inhibitor against the purified AspB enzyme. However, we did not test this inhibitor as the 

solvent used to dissolved it (DMSO) resulted toxic for the larvae. Allegra and colleagues 

evaluated the effect of different solvents including DMSO on G. mellonella larvae finding 

that larvae infected with 80% (v/v) DMSO were completely killed after the injection while 

a lower concentration (50% v/v) of the solvent was better tolerated by the larvae (Allegra 

et al., 2018). If adapalene will be tested in furthers studies, it can be dissolved in DMSO 

but at a solvent concentration not exceeding 50% (v/v) in the larvae.    

Further studies need to be done to determine what could be the reason(s) behind the 

lack of a protective effect given by PF-04859989 against S. aureus infection. 

Improvements in the assay like the measurements of the concentration of the inhibitor in 

the larvae over time or refreshing the protection daily, as well as to determine other 

characteristics of the inhibitor like its stability, antimicrobial activity, ability to select 

resistant mutants, etc. would be needed to determine if the inhibitor is a good candidate 

to be used as a therapeutic agent to treat S. aureus infections.      

In summary, we were able to determine the following: 

• The enzyme coded by SAUSA300_1916 had the annotated aspartate 

aminotransferase activity.  

• The kinetic parameters of maximum velocity (Vmax) and Michaelis-Menten (Km) 

constants were determined for the substrates of the forward (L-aspartic acid and 

α-ketoglutarate) and reverse (L-glutamic acid and oxaloacetate) reactions. 

• The aspartate aminotransferase (AspB) was inhibited by the compounds PF-

04859989, adapalene, amino-oxyacetate, and L-serine O-sulfate.  
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• The inhibitor PF-04859989 did not confer any protection to the Galleria mellonella 

larvae against the S. aureus infection under the conditions tested.  
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CHAPTER 5 

Determination of glutamate-1-semialdehyde 

aminotransferase activity of SAUSA300_1614 and 

SAUSA300_1845 
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5. Determination of glutamate-1-semialdehyde 

aminotransferase activity of SAUSA300_1614 and 

SAUSA300_1845  

5.1 Introduction 

In the metabolic route of tetrapyrrole biosynthesis a key step, considered to be rate-

limiting, involves the synthesis of 5-aminolevulinic acid (ALA) from glutamate-1-

semialdehyde (GSA) (Sinha et al., 2022). The tetrapyrrole biosynthetic route in S. aureus 

starts with glutamyl-tRNA, which is reduced to GSA by the enzyme glutamyl-tRNA 

reductase (GtrR, formerly known as HemA). Then, the GSA is converted into ALA by the 

activity of the enzyme glutamate-1-semialdehyde aminotransferase (HemL). In the S. 

aureus genome, there are two genes annotated as glutamate-1-semialdehyde 

aminotransferases: SAUSA300_1614 (hemL1) and SAUSA300_1845 (hemL2). The 

genetic contexts where those genes are located are shown in Figure 5.1.  

The gene SAUSA300_1614 (hemL1) is located in a genetic locus where genes coding 

enzymes participating in the haem biosynthetic pathway are found, like hemB which 

codes the aminolaevulinic acid dehydratase, an enzyme that converts ALA into 

porphobilinogen, or hemD that codes the uroporphyrinogen III synthase that participates 

in the formation of uroporphyrinogen III. The hemL1 gene in S. aureus is found within 

the hemAXCDBL gene cluster that contains the genes coding the enzymes that 

participate in the pyrrole biosynthesis (Choby et al., 2018).  

The gene SAUSA300_1845 (hemL2), also annotated as glutamate-1-semialdehyde 

aminotransferase is found adjacent to the gene SAUSA300_1844 coding a putative 

bacterioferritin comigratory protein on one side and to the gene SAUSA300_1846 coding 

a hypothetical protein on the other side, in a region of genes coding proteins that are not 

known to be involved in the synthesis of tetrapyrroles. Amongst the genes found in that 

region can be found SAUSA300_1843 and SAUSA300_1842 coding a putative D-isomer 



183 

 

specific 2-hydroxyacid dehydrogenase family protein and a putative FUR family 

transcriptional regulator, respectively.  

SAUSA300_1614 (hemL1) is 1,287 bp, while SAUSA300_1845 (hemL2) is 1,290 bp. As 

a consequence, their products also differ in size, SAUSA300_1614 (HemL1) has 428 

amino acids, while SAUSA300_1845 (HemL2) has 429 amino acids. Although the protein 

sequences show a similarity of 69.2% and an identity of 47.1% (Figure 5.2), this is not 

indicative of differences in their activity. For example, the amino acid sequence identity 

between the proven GSA-ATs from B. subtilis and Synechococcus shares a 58% identity 

(Lv et al., 2006). Moreover, a comparison of the amino acid sequence between the GSA-

AT from Synechococcus and E. coli showed a 56% identity and the analysis of the 

primary structure of the enzymes suggested that the putative pyridoxamine phosphate 

binding site is conserved in the enzymes from both bacteria (Grimm et al., 1991). 

Since the gene products of SAUSA300_1614 and SAUSA300_1845 are bioinformatically 

predicted to have glutamate-1-semialdehyde aminotransferase activity but this has not 

been experimentally determined, we hypothesised that the two genes code products with 

different activities. Thus, the main objective of this chapter was to detect any 

glutamatate-1-semialdehyde aminotransferase activity in the gene products of 

SAUSA300_1614 and SAUSA300_1845.   
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The figure shows the genes surrounding SAUSA300_1614 (hemL1) (top) and SAUSA300_1845 (hemL2) 

(bottom), both annotated as glutamate-1-semialdehyde aminotransferases. The green triangle indicates the 
transposon insertion within each mutant of the Nebraska Transposon Mutant Library (NTML) for the genes 
hemL1 and hemL2 used in this study.  

 

 

 

 

 

 

 

 

 

Figure 5.1 - Genetic context of the genes annotated as glutamate-1-semialdehyde 
aminotransferases in S. aureus. 
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Figure 5.2 - Protein sequence alignment of the putative glutamate-1-semialdehyde 

aminotransferases of S. aureus.   

Sequence alignment of the putative glutamate-1-semialdehyde aminotransferases HemL1 (GSA1) and 
HemL2 (GSA2) coded in the genome of S. aureus. The GenBank accession numbers are ABD22302.1 
(HemL1) and ABD22077.1 (HemL2). The sequences were aligned by using the ClustalW software. The 
asterisks correspond to absolutely conserved residues, while the colons and dots corresponds to highly 
conserved and semiconserved residues, respectively.  
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5.2 Aims of the work described in the chapter 

• To determine the capacity of the hypothetical proteins SAUSA300_1614 and 

SAUSA300_1845 of S. aureus to act as glutamate-1-semialdehyde 

aminotransferases. 

• To determine the kinetics and inhibition of the protein showing glutamate-1-

semialdehyde aminotransferase activity.   

• To determine the effect of the selected inhibitor in the virulence of S. aureus using 

Galleria mellonella model.   

 

5.3 Materials and Methods 

5.3.1 Synthesis of glutamate-1-semialdehyde 

The synthesis of the substrate of the putative enzyme, glutamate-1-semialdehyde 

(GSA), was performed by ozonolysis of vigabatrin in the Chemistry Department at UCL 

under the guidance and supervision of Dr. Helen Allan. For this purpose, 10 g of a Dowex 

50W-X8, 200-400 mesh resin, H+-form (Cat. n° 44519, Sigma) were washed with 1 M 

NaOH using a sintered funnel. The resin was then washed with distilled H2O until the 

eluent showed a neutral pH when using the pH-indicator strips. The resin was washed 

with 100 mL of 50 mM HCl, resuspended in 50 mM HCl and degassed it. Finally, it was 

poured into a 1 x 5 cm column, washed with 5 column volumes of 50 mM HCl and stored 

until use.  

The GSA was synthesised by ozonolysis from vigabatrin following the protocol described 

by (Pugh et al., 1991) with slight modifications. For this purpose, 50 mg of the 

enantiopure material (S)-4-aminohex-5-enic acid (cat. n° AB446916, abcr GmbH) were 

resuspended in 2 mL of 1 M HCl and kept at -20°C overnight before performing the 

ozonolysis. On the day of the ozonolysis, the sample was allowed to melt and kept at 

0°C inside a bucket with ice and NaCl. The ozone at a rate of 0.56 mmol/min was bubbled 

through the sample using an ozone generator (OZ500/2, Fisher) at a rate of 25 litres/h 

for 11 min and 37 s. The resulted ozonide was diluted with 20 mL of ice-cold deionised 

water, applied to the Dowex column, and allowed to drain. The column was eluted first 
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with 25 mL of 0.1 M HCl, and the GSA was eluted with 55 mL of 0.5 M HCl. A total of 10 

fractions of 5.5 mL each were collected and kept at -20°C until analysis.    

The detection of the presence of the compound in the collected fractions was performed 

using the 3-methyl-2-benzothiazolinone (MBTH) hydrazone test (Sawicki et al., 1961). 

For this purpose, one drop (either 1 μL or 5 μL volume) of the fractions collected was 

mixed with a same volume drop of 3-methyl-2-benzothiazolinone hydrazone (cat. n° 

129739, Sigma). After 2 min of incubation, the same volume drop of iron (III) chloride 

(cat. n° 157740, Sigma) was added. The presence of aldehyde in the sample was 

identified due to the appearance of a blue colour in the mixture. The samples containing 

the GSA were freeze-dried and the purity and amount of product obtained was 

determined by NMR analysis.  

       

5.3.2 Protein expression and purification  

The E. coli BL21 strains containing the plasmids carrying each of the genes coding the 

putative glutamate-1-semialdehyde aminotransferases (hemL1 and hemL2) were 

available at Nair’s laboratory. The presence of the fragments of interest within the pET-

15b vector was confirmed by colony PCR using the T7 forward (5’-

TAATACGACTCACTATAGGGG-3’) and T7 reverse (5’-TAGTTATTGCTCAGCGGTGG-

3’) primers and also by the digestion with the restriction enzymes NdeI and XhoI, and 

visualization on an agarose gel. Following a plasmid extraction step, the competent E. 

coli strains were transformed with each plasmid containing the hemL1 and hemL2 genes 

and the transformants were plated onto LB plates supplemented with 100 µg/mL of 

ampicillin and grown for 24 h at 37°C. Once the transformants were confirmed (data not 

shown), glycerol stocks were prepared in LB medium supplemented with 100 µg/mL of 

ampicillin and kept at -80°C until use.    

The E. coli BL21 strains containing the plasmids with the genes coding for the putative 

GSA-ATs were streaked out onto LB plates supplemented with 100 µg/mL of ampicillin 
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and incubated at 37°C for 24 h. A single colony of each strain was used to inoculate 5 

mL of LB broth supplemented with 100 µg/mL of ampicillin in 15 mL centrifuge tubes and 

incubated at 37°C for 16 h in shaking conditions (180 rpm). A total of five tubes were 

used to prepare the overnight cultures per each strain. After the incubation time, a 

volume of 95 mL of LB broth supplemented with 100 µg/mL of ampicillin in a 1 L container 

was inoculated with the 5 mL of overnight cultures. A total of five 1 L containers 

containing 100 mL of culture were prepared for each strain (500 mL in total per strain) 

and incubated at 37°C for 2 h until the OD600nm reached between 0.7 and 0.8. The 

expression of the proteins was induced by adding 400 µM of isopropyl ß-D-1-

thiogalactopyranoside (IPTG) into the medium in the presence of 20 µM of the enzyme 

cofactor pyridoxamine 5’-phosphate (PMP) for 3 h at 37°C in shaking conditions (180 

rpm). The cells were pelleted down by centrifugation at 11,800 x g at 4°C for 15 min, the 

supernatant was discarded, and the pellets kept at -20°C until use. 

Cell lysis was performed by incubating the pellets with lysis buffer prepared by mixing 30 

mL of B-PERTM complete bacterial protein extraction reagent (cat. n° 89822, Thermo 

Scientific) with one tablet of protease inhibitor (cat. n° 04693159001, Roche), and 50 μM 

of the cofactor PMP in a proportion of 5 mL of lysis buffer per 1 g of cell pellet for 90 min 

in a tube rotator at 4°C. The crude lysate was obtained after centrifugation at 13,000 x g 

at 4°C for 20 min and mixed with the Ni2+-nitrilotriacetic acid metal-chelating affinity 

agarose (Ni-NTA, cat. n° 1018240, Qiagen) in a proportion of 1 mL of Ni-NTA per 6 mL 

of lysate for 1 h at 4°C in a tube rotator. The mixture was added into an empty gravity 

flow column and washed with 20 mL of the washing buffer (phosphate-buffered saline 

containing 20 mM imidazole) followed by a second washing step with 30 mL of the 

phosphate-buffered saline containing 50 mM imidazole. The proteins were eluted with 6 

mL of the elution buffer (phosphate-buffered saline buffer containing 500 mM imidazole) 

and the fractions collected into 1.5 mL centrifuge tubes. The fractions containing the 

proteins were pooled and desalted by gel filtration chromatography using disposable 

chromatography EconoPAC 10DG columns (cat. n° 732-2010, Bio-Rad) into a buffer 
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solution containing 0.1 M tricine buffer, pH 7.9. The purified proteins were kept at -20°C 

until use. The proteins were visualised by SDS-PAGE and quantified 

spectrophotometrically by measuring the UV absorption at 280 nm wavelength. The 

extinction coefficient of the putative HemL1 (29465 M-1 cm-1) and HemL2 (37820 M-1 cm-

1) were estimated by ExPASy ProtParam tool (https://web.expasy.org/protparam). 

 

5.3.3 Detection of glutamate-1-semialdehyde aminotransferase activity of 

SAUSA300_1614 and SAUSA300_1845 

The purified putative glutamate-1-semialdehyde aminotransferases (GSA-AT) (15 µg) 

were pre-incubated with tricine buffer (0.1 M, pH 7.9), Mops buffer (1 M, pH 5.5) and 10 

µM of the cofactor PMP for 5 min at 37°C to allow temperature equilibration. The Mops 

buffer was added to lower the pH of the reaction to 6.7. The enzyme reaction was initiated 

by adding the substrate GSA (50 µM) and allowed to occur for 10 min at 37°C in a final 

reaction volume of 150 µL. The reaction was stopped by adding 3 µL of trichloroacetic 

acid. The Ehrlich’s test was performed to detect the presence of 5-aminolaevulinic acid. 

For this purpose, 130 µL of the supernatant obtained after centrifugation of the enzyme 

reaction were transferred into screw-cap tubes and treated with 80 µL of 4 M sodium 

acetate buffer, pH 4.6 and 25 µL of ethyl acetate at 95°C for 20 min to allow pyrrole 

formation. Then, a volume of 235 µL of Ehrlich’s solution was added into each tube and 

the OD553nm measured after 15 min using a spectrophotometer. Control assays 

containing all the components of the reaction but without the enzymes were included in 

order to subtract the absorbance values given by the spontaneous transformation of GSA 

into 5-aminolevulinic acid from the absorbance values given by the enzyme activity. The 

pyrrole of the aminolaevulinic acid formed was quantified by Ehrlich’s reagent 

considering an extinction coefficient of Ɛ553 = 53200 M-1 cm-1 (Friedmann et al., 1992).  

 

https://web.expasy.org/protparam
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5.3.4 Determination of the kinetics of the glutamate-1-semialdehyde 

aminotransferase  

The enzyme assays were performed as follows, 15 µg of the enzyme were pre-incubated 

with the buffers tricine (0.1 M, pH 7.9), Mops (1 M, pH 5.5) and cofactor PMP (10 µM) at 

37°C for 5 min. The reaction was initiated by adding 12.5 µL of the substrate GSA at 

different final concentrations (0 – 25 – 50 – 75 – 100 – 125 µM) in a final reaction volume 

of 150 µL at pH 6.7. The enzyme assays were allowed to occur at 37°C for 1, 2, 3 and 4 

minutes and the reaction stopped by adding 3 µL of trichloroacetic acid. The samples 

were kept on ice until the Ehrlich’s test was performed on all the samples as described 

in the section 5.3.3. Due to the spontaneous formation of ALA from GSA, controls 

containing all the components of the mixture except the enzymes were included in order 

to subtract the values of the absorbance at 553 nm produced by the system without 

enzyme from the value obtained from the enzymatic activity.    

The kinetics parameters of the GSA-AT, maximum velocity (Vmax) and Michaelis-Menten 

constants (Km), were determined by calculating the rate of the enzyme from the slopes 

of the linear part of the reaction at each of the different substrate concentrations tested 

followed by fitting the data of the plot of enzymatic rate against GSA concentration to the 

Michalis-Menten function using the Origin(Pro) software version 2021b.   

 

5.3.5 Investigation of glutamate-1-semialdehyde aminotransferase inhibition by 

potential aminotransferase inhibitors  

The following inhibitors were tested against the enzyme showing GSA-AT activity: 

amino-oxyacetate (AOA) (cat. n° C13408, Sigma), gamma-acetylenic GABA (sc-

295002A, Santa Cruz Biotechnology) and gamma-vinyl GABA or vigabatrin (cat. n° 

V8261, Sigma). The stocks were prepared in distilled water and kept at -20°C until use.  

The inhibitory activity of the selected compounds against the GSA-AT activity was 

determined by performing enzymatic assays with different concentrations of each 

compound. For this purpose, 15 µg of the enzyme were pre-incubated with the buffers 



191 

 

tricine (0.1 M, pH 7.9), Mops (1 M, pH 5.5) and cofactor PMP (10 µM) and a range of 

nine different concentrations of each inhibitor (0-10 mM) with a ten-fold dilution starting 

with 10 mM at 37°C for 5 min. The enzymatic reactions were initiated by adding the 

substrate GSA at a final concentration of 8.6 µM in a total reaction volume of 150 µL. 

The reaction was allowed to occur at 37°C for 3 min and 3 µL of trichloroacetic acid were 

added to stop the reaction. Enzyme assays with no inhibitor were performed to estimate 

the total enzymatic activity. The quantification of the aminolaevulinic acid formed was 

performed with the Ehrlich’s test considering an Ɛ553 = 53200 M-1 cm-1 (Friedmann et al., 

1992). The percent of enzyme inhibition was plotted against each inhibitor concentration 

tested and the IC50 values were calculated by fitting the data to the DoseResponse 

function in Origin(Pro) software version 2021b.   

   

5.3.6 Evaluation of the activity of the inhibitor gamma-acetylenic GABA in a S. 

aureus infection model using Galleria mellonella      

Galleria mellonella larvae were obtained from Live Foods Direct, United Kingdom, kept 

on woodchips in the dark at 10°C and used within the first week from delivery.  

The S. aureus strains were streaked out onto TSA plates (wild-type strain) and TSA 

plates supplemented with 5 µg/mL of erythromycin (JE2 hemL1::Tn) and incubated at 

37°C for 24 h. A single colony of each strain was used to inoculate 10 mL of TSB broth 

and incubated at 37°C for 16 h in shaking conditions (200 rpm). The overnight cultures 

were washed with PBS and the bacterial concentration adjusted to inoculate the larvae 

with 105 CFU/larva.  For each experiment, 10 larvae weighing between 0.2 and 0.3 g 

were infected with 10 µL of S. aureus wild-type (JE2) (105 CFU/larva) alone or combined 

with two different final concentrations of the inhibitor gamma-acetylenic GABA in the 

larvae (0.8 mM and 1.6 mM). The injection was performed into the hemocoel of each 

larva through the second left pro-leg using a hypodermic syringe and an automated 

syringe pump. Larvae infected with the mutant strain JE2 hemL1::Tn alone and in 

combination with two different final concentrations of the inhibitor in the larvae (0.8 and 
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1.6 mM) were also included as well as larvae injected with PBS and with the inhibitor 

alone as controls. The larvae were left in the dark, inside Petri dishes covered with foil 

at 37°C and their survival monitored daily over a 5-day period. The larvae were recorded 

as dead when no mobility was observed after stimulating them with a plastic inoculation 

loop. Three independent experiments were performed using a total of 30 larvae per 

condition and the results were analysed by using the Kaplan-Meier survival analysis in 

the OriginPro software version 2021b. Statistical differences were determined with a log-

rank test using the same software. 

5.4 Results 

5.4.1 Synthesis of glutamate-1-semialdehyde  

The substrate of the enzyme was produced by ozonolysis of the enantiopure material 

(S)-4-aminohex-5-enic acid. The compound eluted in the first fraction collected after 

adding 0.5 M HCl (5.5 mL) and the presence of the aldehyde was detected by the bluish 

colour formed following its reaction with the reagent 3-methyl-2-benzothiazolone 

hydrazone (Figure 5.3). The sample was lyophilized for 24 h, until completely dry, and 

NMR analysis performed. The proton NMR spectrum of the sample is shown in appendix 

1. The amount of GSA in the lyophilized sample was determined by using 2.58x105 M of 

maleic acid as a reference standard. The GSA was found to be in its hydrate form 

(relative molecular mass of 185.60 g) and an amount of 1.1 mg of GSA was quantified 

in the sample. 

 

Figure 5.3 - Aldehyde-specific test. 

The fractions containing the glutamate-1-semialdehyde were initially detected by its reaction with the reagent 
3-methyl-2-benzothiazolone hydrazone and the appearance of a bluish colour. V = vigabatrin; 1 – 10 = 10 
fractions collected after eluting the Dowex column with 55 mL of 0.5 M HCl (5.5 mL each).  
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5.4.2 Determination of the capacity of the hypothetical proteins SAUSA300_1614 

and SAUSA300_1845 of S. aureus to act as glutamate-1-semialdehyde 

aminotransferases 

The putative glutamate-1-semialdehyde aminotransferases were successfully 

expressed and purified from E. coli. The molecular masses of the HemL1 and HemL2 

proteins were estimated to be 46388.08 and 46756.07 Da, respectively by the ProtParam 

tool. The predicted size of both proteins is in agreement with the bands visualised in the 

SDS-PAGE gel that are in the molecular weights of ~43 and ~45 kDa for the HemL1 and 

HemL2 proteins, respectively (Figure 5.4). The protein yields obtained of HemL1 and 

HemL2 were 3 mg/mL (1.5 g of protein per 500 mL of culture) and 5.5 mg/mL (2.75 g of 

protein per 500 mL of culture), respectively and their absorption spectrums showed two 

peaks at ~ 330 nm and ~410 nm corresponding to the enzyme cofactor in the form of 

PMP and PLP, respectively (Figure 5.5).   

  

Figure 5.4 - SDS-PAGE of the HemL1 and HemL2 purified proteins on a 12% polyacrylamide 
gel. 

Lanes: M. Protein standard (11 – 250 kDa), 1. Purified HemL1 protein, and 2. Purified HemL2 protein. 
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Figure 5.5 - Absorption spectrums of the purified HemL1 and HemL2 proteins.  

UV-visible spectra of HemL1 (a) and HemL2 (b) purified from E. coli. The protein concentrations were 1.2 
mg/mL in 0.1 M tricine buffer at pH 7.9. The peaks are indicated by the arrows and correspond to the 
pyridoxamine 5’-phosphate (PMP) bound to the enzyme (~330 nm) and to the pyridoxal 5’-phosphate (PLP) 
bound to the enzyme (~400 nm).  
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The glutamate-1-semialdehyde aminotransferase activity (GSA-AT) was detected for the 

protein SAUSA300_1614 annotated as HemL1 but not detected for SAUSA300_1845 

annotated as HemL2 (Figure 5.6) after 10 min of incubation at 37°C in the presence of 

15 µg of protein.      

Figure 5.6 - Detection of glutamate-1-semialehyde aminotransferase (GSA-AT) activity.  

The detection of GSA-AT activity was performed by incubating the putative HemL1 and HemL2 enzymes 
(15 µg) with 0.1 M tricine buffer pH 7.9, 1 M Mops buffer pH 5.5, in the presence of the enzyme cofactor 
PMP (10 µM) and the substrate GSA (50 µM) for 10 min at 37°C. The enzyme product, 5-aminolaevulinic 
acid (ALA), can be detected by the appearance of a pink colour after performing the Ehrlich’s test. Tubes 1 
= blank; 2 = control for the spontaneous transformation of GSA into ALA (the mixture contains everything 
except the enzyme); 3 = enzymatic reaction containing the putative HemL1; and 4 = enzymatic reaction 
containing the putative HemL2. No enzymatic activity was detected for the putative HemL2 enzyme at the 
assay conditions evaluated. 

 

The increase in absorbance at 553 nm due to the enzymatic activity of HemL1 was 

determined to be 0.83 ± 0.09 SD (n = 6) after subtracting the value corresponding to the 

spontaneous transformation of GSA into ALA by this assay system (0.25 ± 0.03 SD (n = 

6)). The concentration of ALA produced by HemL1 after 10 min at 37°C was determined 

to be 15.6 µM. The specific enzyme activity of HemL1 was determined to be 93.6 nmol 

min-1 mg-1. No increase in the absorbance at 553 nm compared to the control of the 

spontaneous transformation of GSA into ALA was found for the putative HemL2 enzyme.  

The GSA-AT activity of HemL1 at different time points showed that future assays in the 

presence of 15 µg of the enzyme and 50 µM of substrate should occur within the first 

four min of reaction as the amount of ALA formed starts to stabilise after that period of 

time (Figure 5.7).    
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Figure 5.7 - Glutamate-1-semialdehyde aminotransferase activity of HemL1 at different 
time points.  

The formation of 5-aminolevulinate (ALA) from a concentration of 50 µM of glutamate-1-semialdehyde was 
detected by Ehrlich’s test in the supernatants of enzymatic assays performed in the presence of 15 µg of 
the enzyme, 10 µM of the enzyme cofactor (PMP) in 0.1 M tricine buffer and 1 M Mops buffer in a final 
volume of 150 µL reaction at pH 6.7 and at 37°C at different time points. The data represent the mean ± 
standard deviation of three replicates. 

 

 

5.3.3 Determination of the kinetic parameters of HemL1, inhibition, and effect of 

gamma-acetylenic GABA on S. aureus infection of Galleria mellonella  

The kinetics parameters of GSA-AT for the enzyme substrate, glutamate-1-

semialdehyde, Vmax and Km were determined to be 0.9 ± 0.07 nmoles/min and 8.6 ± 2.9 

µM, respectively (Figure 5.8).  
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Figure 5.8 - Kinetic parameters of the glutamate-1-semialdehyde aminotransferase 
(HemL1) from S. aureus.  

The GSA-AT activity was performed in 0.1 M tricine buffer, 1 M Mops buffer, 10 µM of the enzyme cofactor 
(PMP), a range of different substrate (GSA) concentrations in the presence of 15 µg of enzyme. The reaction 
was performed at 37°C and pH 6.7. The kinetic parameters were obtained by fitting the data to the Michaelis-
Menten equation. The data represent the mean ± standard deviation of three replicates (r2= 0.941).   

 

Although this is the first time that GSA-AT activity has been described for S. aureus, 

other GSA-ATs have been studied and characterized in different organisms which allow 

for comparison of the results obtained in this study.  

A GSA-AT purified from Synechococcus had a Km value for the substrate GSA of 12 µM 

when the cofactor was in the PMP-form and 37 µM when it was in the PLP-form  (Smith 

et al., 1991). The Km value of the S. aureus GSA-AT for its substrate was 1.4-fold higher 

than that of the PMP-form of the enzyme purified from Synechococcus. The GSA-AT 

from barley showed a high affinity for its substrate, GSA, with an estimated Km of 3 µM 

(Grimm et al., 1991), which is 2.87 times lower than the Km calculated for the GSA-AT 

from S. aureus (8.6 µM).  
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Once GSA-AT activity and important kinetics parameters of the enzyme had been 

determined, the next step was to find inhibitors able to block the GSA-AT activity of 

HemL1. For this purpose, three compounds were tested as possible GSA-AT inhibitors. 

The compound amino-oxyacetate (AOA) was included as it is known as an inhibitor of 

PLP-dependent enzymes as well as a non-specific enzyme inhibitor. AOA inhibited GSA-

AT activity with an IC50 value determined to be 41.8 ± 8.4 µM (Figure 5.9). 

 

Figure 5.9 - Representative inhibitor dose curve used to determine the IC50 value of amino-
oxyacetate on glutamate-1-semialdehyde aminotransferase.  

The inhibition assays were carried out at 37°C in 0.1 M tricine buffer at pH 6.7. The GSA-AT activity was 
determined by quantifying the pyrrole formed with the Ehrlich’s reagent. The IC50 value of AOA on the GSA-
AT was determined by fitting the data to the dose response equation in OriginPro and corresponds to the 
mean ± standard deviation of n = 3 determinations.    
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Another potential inhibitor of the GSA-AT tested was the substrate used for ozonolysis 

from which the GSA was synthesised, the compound vigabatrin. The racemic mixture 

was used instead of the enantiopure material as it was much cheaper and it was reported 

to act as an inhibitor of aminotransferases, specifically GABA-AT. This compound was 

also tested as a potential inhibitor of the S. aureus aspartate aminotransferase studied 

in the previous chapter but it did not show any capacity to inhibit that enzyme. Vigabatrin 

was able to inhibit S. aureus GSA-AT by more than a 50% of the enzyme activity when 

tested at a concentration of 10 mM in the assay (Figure 5.10)  

Figure 5.10 - Percent inhibition of glutamate-1-semialdehyde aminotransferase by 
vigabatrin.   

The inhibition assays were carried out at 37°C in 0.1 M tricine buffer at pH 6.7. The GSA-AT activity was 
determined by quantifying the pyrrole formed with the Ehrlich’s reagent. The data are presented as the mean 
± standard deviation of n = 3 determinations. 
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The compound gamma-acetylenic GABA is a known inhibitor of GABA-

aminotransferase, an enzyme participating in GABA metabolism (Löscher, 1980), and it 

has shown inhibitory activity against a GSA-AT purified from peas (Nair, unpublish data). 

In this study it was determined that gamma-acetylenic GABA was able to inhibit the S. 

aureus GSA-AT with an IC50 value of 54.5 ± 16.97 µM (Figure 5.11), which is slightly 

similar to what was found for the inhibition of GSA-AT by the unspecific inhibitor AOA.     

 

Figure 5.11 - Representative inhibitor dose curve used to determine the IC50 value of 
gamma-acetylenic GABA on glutamate-1-semialdehyde aminotransferase. 

The inhibition assays were carried out at 37°C in 0.1 M tricine buffer at pH 6.7. The GSA-AT activity was 
determined by quantifying the pyrrole formed with the Ehrlich’s reagent. The IC50 values of gamma-
acetylenic GABA on GSA-AT activity were determined by fitting the data to the dose response equation in 
OriginPro and represent the mean ± standard deviation of n = 3 determinations.    
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Amongst the two inhibitors that showed the highest inhibitory effect against GSA-AT 

activity, amino-oxyacetate and gamma-acetylenic GABA, the latter was chosen to 

evaluate if any protective effect against the S. aureus infection was given by using the 

Galleria mellonella larvae model. The inhibitor amino-oxyacetate was ruled out as it is a 

non-specific inhibitor that might affect the aminotransferases present in the Galleria and 

result toxic for them.   

For this purpose, larvae weighing an average of 0.25 g were used to test two different 

final concentrations of gamma-acetylenic GABA in each larvae: 0.8 mM and 1.6 mM. It 

is worth noticing that this inhibitor showed an IC50 = 54.5 µM against the S. aureus GSA-

AT. In Galleria larvae the estimated final concentration of the inhibitor was 16- and 32-

times higher than the concentration of the inhibitor that achieved 50% inhibition of the 

purified enzyme.     

The results show that, although the inhibitor on its own was not toxic to the larvae, no 

decrease on the virulence of the wild-type strain was observed either when administered 

together with 0.8 mM (Figure 5.12) or with 1.6 mM (Figure 5.13) final concentrations of 

gamma-acetylenic GABA in the larvae. It is possible that higher concentrations of the 

inhibitor might be needed to observe a protective effect against S. aureus infection in 

this model.     
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Figure 5.12 - Effect of the inhibitor gamma-acetylenic GABA (0.8 mM) on the virulence of 
S. aureus in G. mellonella model.  

The Kaplan-Meier plot indicates the viability of Galleria larvae over a period of 5 days after infection with the 
wild-type strain (JE2) alone or in combination with 0.8 mM of gamma-acetylenic GABA at 105 CFU/larva. 
The inhibitor alone administered to the larvae as well as PBS injected larvae were included as controls 
together with the larvae infected with the mutant for the GSA-AT alone (JE2 hemL1::Tn) or in combination 
with 0.8 mM of gamma-acetylenic GABA. The data are derived from three independent experiments with 
groups of 10 larvae each (n = 30). 

Figure 5.13 - Effect of the inhibitor gamma-acetylenic GABA (1.6 mM) on the virulence of 
S. aureus in G. mellonella model.  

The Kaplan-Meier plot indicates the viability of Galleria larvae over a period of 5 days after infection with the 
wild-type strain (JE2) alone or in combination with 1.6 mM of gamma-acetylenic GABA at 105 CFU/larva. 
The inhibitor alone administered to the larvae as well as PBS injected larvae were included as controls 
together with the larvae infected with the mutant for the GSA-AT alone (JE2 hemL1::Tn) or in combination 
with 1.6 mM of gamma-acetylenic GABA. The data are derived from three independent experiments with 
groups of 10 larvae each (n = 30). 
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5.4 Discussion 

The main objective of this chapter was to detect glutamate-1-semialdehyde 

aminotransferase activity in the products of the genes SAUSA300_1614 and 

SAUSA300_1845 coded in the genome of S. aureus. In order to detect their enzymatic 

activity, the synthesis of the enzyme substrate, glutamate-1-semialdehyde (GSA), was 

an important task. This compound could not be synthesised by a number of commercial 

services as it is very unstable. One vendor suggested including a protective group within 

the compound to stabilise it but could not guarantee we could deprotect it and end up 

with GSA. My supervisor, Dr. Nair had previous experience at synthesising the GSA by 

different methods including ozonolysis. Therefore, the compound was synthesised in the 

laboratory following the ozonolysis protocol described by Pugh and colleagues with slight 

modifications. A higher amount of the starting material (0.387 mmoles instead of 0.1 

mmoles) and a higher amount of 03 (5.6 mmoles instead of 1.68 mmoles) were used. 

The GSA was successfully synthesized and purified by the ozonolysis of the enantiopure 

material (S)-4-aminohex-5-enic acid. A mass of 1.1 mg of GSA was synthesised from 

the ozonolysis of 50 mg of starting material. The amount and purity of the GSA obtained 

were enough to perform the enzymatic assays to detect if the gene products 

SAUSA300_1614 and SAUSA300_1845 had GSA-AT activity.   

It is worth mentioning that S. aureus is not the only organism predicted to code for two 

GSA-AT in its genome. Although not a bacterium, the plant Arabidopsis thaliana, has 

two isoforms of the gene coding the GSA-AT, gsa1 and gsa2, that share 90% sequence 

identity and have a divergent expression in different organs. For example, the gene gsa1 

was highly expressed in dry seeds, roots and senescent leaves while gsa2 was found to 

be highly expressed in developmental aerial organs like green leaves and shoots (Sinha 

et al., 2022). However, according to the authors, the reason for keeping both genes in A. 

thaliana is still not clear. In the genome of S. aureus, there are two genes predicted to 

code for glutamate-1-semialdehyde aminotransferases, SAUSA300_1614 and 

SAUSA300_1845. However, only the gene SAUSA300_1614 is located within the 



204 

 

hemAXCBDL operon that comprises six genes coding enzymes involved in the haem 

biosynthetic pathway, operon that has been described for different bacteria including B. 

subtilis and S. aureus (Choby et al., 2018; Hansson et al., 1991). In S. aureus it has been 

reported that HemA (glutamyl-tRNA reductase) is a key regulator of haem synthesis, and 

it is under control of both, haem abundance and the membrane protein HemX (Choby et 

al., 2018). Furthermore, it has been described in A. baumannii that a stable complex 

between HemA and HemL is formed when both proteins were co-expressed and co-

purified (Nardella et al., 2019). This complex formed between the two enzymes suggests 

the channelling of the unstable GSA formed by the catalytic activity of HemA directly into 

the active site of HemL for the synthesis of the tetrapyrrole precursor 5-aminolaevulinic 

acid (Nardella et al., 2019). The above mentioned reports on the coordinated functions 

of the enzymes coded within the hemAXCBDL operon suggests that hemL genes would 

not be located in different loci as their expression might not be regulated in this way. The 

S. aureus SAUSA300_1845 or hemL2 gene is located outside the hemAXCBDL operon 

in a region between a gene coding a putative bacterioferritin comigratory protein 

(SAUSA300_1844) and a gene that has not an assigned function and it is annotated as 

coding for a hypothetical protein (SAUSA300_1846). 

In order to distinguish if the two putative GSA-ATs coded by hemL1 and hemL2 show 

the predicted enzymatic activity, both proteins (HemL1 and HemL2) were successfully 

expressed and purified from E. coli and their UV-vis absorption spectrums analysed 

(Figure 5.5). The enzyme HemL1 showed two peaks at ~330 and ~410 nm 

corresponding to the absorption of PMP and PLP, respectively. The enzyme HemL2 

showed a minor band corresponding to PMP (at ~330 nm) and a larger band that 

corresponds to the PLP (at ~410 nm) bound to the enzyme, suggesting that both 

enzymes might have different activities. It has been reported that GSA 

aminotransferases in solution can be found in the two forms (PMP- and PLP-bound) 

(Song et al., 2016) and that the GSA-ATs are purified mainly in their pyridoxamine form 

(Grimm et al., 1992), which is not what is seen in the HemL2 absorbance spectrum in 
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this work as it appeared to be purified in its PLP-form. In this work, GSA-AT activity was 

detected for the gene product of SAUSA300_1614 (HemL1), while no activity was 

detected for the gene product of SAUSA300_1845 (HemL2). The results agree with the 

hypothesis that both gene products have different enzymatic activities. It was expected 

that HemL1, whose gene is located within the hemAXCBDL operon, would have GSA-

AT activity. The SAUSA300_1845 has also been tested for ω-transaminase activity by 

Felix Vega, a PhD student at our laboratory working with PLP-dependent enzymes (data 

not shown), however none was found under the conditions tested and its activity remains 

to be elucidated.  

In order to characterise the GSA-AT from S. aureus, enzyme assays at different time 

points were performed to determine its specific activity. The enzyme showed a specific 

enzyme activity of 93.6 nmol min-1 mg-1, which is 9.6 times lower than that of the  specific 

GSA-AT activity of the enzyme from peas chloroplasts reported by Nair and colleagues, 

which was 900 nmol min-1 mg-1 and 15 times lower than the estimated specific activity of 

the pure enzyme reported by the authors, which was 1400 nmol min-1 mg-1 (Nair et al., 

1991). 

The kinetics parameters of the HemL1 enzyme for GSA, Vmax and Km, were determined 

to be 0.9 ± 0.07 nmol/min and 8.6 ± 2.9 µM, respectively. The Km value is slightly similar 

to those obtained for the Km of GSA for the PMP-form of a GSA-AT purified from 

Synechococcus, which was 12 µM, while the PLP-form of the enzyme showed a 3.1-fold 

higher Km for GSA (37 µM) compared to that of the PMP-form of the enzyme (Smith et 

al., 1991).  

The effect of three potential inhibitors of GSA-AT were investigated in this work. The 

compound amino-oxyacetate (AOA) was effective in inhibiting the GSA-AT from S. 

aureus with an IC50 of 41.8 ± 8.4 µM. This compound was also tested against the purified 

aspartate aminotransferase (AspAT) from S. aureus in previous chapter and showed a 

higher inhibitory activity against the GSA-AT (IC50= 0.042 mM) than against the purified 
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AspAT (IC50= 0.24 mM). The inhibitor gamma-acetylenic GABA was chosen as it was 

effective in inhibiting a GSA-AT from peas (Nair, unpublished data) and it has also been 

tested against aminotransferases, showing to be a potent and non-toxic irreversible 

inhibitor of the enzyme GABA-aminotransferase (Löscher, 1980). Gamma-acetylenic 

GABA showed an inhibitory activity with an IC50 of 54.6 ± 16.97 µM against the S. aureus 

GSA-AT. Another potential inhibitor of the GSA-AT used in this work was gamma-vinyl 

GABA (vigabatrin), which has proven to be effective against GABA-AT. In the case of 

this inhibitor, it was not efficacious enough to allow the determination of the IC50 under 

the range of concentrations tested as the highest concentration assessed (10 mM) 

inhibited the GSA-AT activity by 65%.  

Studies in vivo were performed by using the inhibitor gamma-acetylenic GABA in the 

larvae of Galleria mellonella to analyse its effect on the virulence of the S. aureus. For 

this purpose, two different concentrations of the compound in the larvae were used: 0.8 

mM and 1.6 mM in order to see if any protective effect against S. aureus infection was 

conferred by this compound.  

The results showed that the larvae administered at final concentrations of either, 0.8 or 

1.6 mM of gamma-acetylenic GABA in combination with S. aureus, did not show 

significant differences in their survival rate when compared with the larvae infected with 

the wild-type strain alone.  

These results might suggest the possibility that higher concentrations of the inhibitor are 

needed to decrease the virulence of S. aureus in this model. Although the highest 

concentration of the inhibitor used in the larvae (1.6 mM) corresponds to a dose of 200 

mg/kg, which is 4 times higher than the dose found to inhibit the activity of the 

aminotransferase GABA-AT in the cerebral cortex and cerebellum of rats by this inhibitor 

(van der Laan et al., 1985), this concentration was not enough to observe a reduction in 

the virulence of S. aureus in the larvae. Another reason behind the absence of protection 

given by the compound against S. aureus infection might be due to the lack of penetration 
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of the inhibitor to the site where the pathogen is found within the host. It has been 

reported that S. aureus induced nodules formation in the perimeter of the larvae 

haemocoel after 6 hours of infection and single cells of the pathogen were found within 

those nodules at 24 h post-infection (Sheehan et al., 2019), being possible that the 

structure of the nodules could be impermeable to the inhibitor. Lastly, it might be possible 

that the metabolic activity of the larvae induced changes in some properties of the 

compound like its absorption rate or distribution, that prevents the inhibitor to exert any 

protective effect against S. aureus infection. Although this inhibitor has the potential to 

be used against S. aureus infections as it inhibited the HemL1 enzyme and did not result 

to be toxic to the larvae, further experiments need to be performed to detect an effective 

dose or to improve its delivery within the larvae in order to observe a reduction in the 

virulence of S. aureus in this model.   

In summary, we were able to determine the following: 

• The enzyme coded by SAUSA300_1614 (HemL1) had the annotated glutamate-

1-semialdehyde aminotransferase activity.  

• The kinetic parameters of maximum velocity (Vmax) and Michaelis-Menten (Km) 

constants were determined for the substrate of the HemL1 enzyme, glutamate-

1-semialdehyde. 

• The glutamate-1-semialdehyde aminotransferase, HemL1, was inhibited by the 

compounds amino-oxyacetate, gamma-acetylenic GABA, and gamma-vinyl 

GABA. 

• The inhibitor gamma-acetylenic GABA did not confer any protection to the 

Galleria mellonella larvae against the S. aureus infection under the conditions 

tested.  
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6. General discussion and future work 

6.1 General discussion 

It was estimated that nearly 50 million people will die annually by 2050 due to infections 

caused by antimicrobial resistant pathogens (Murray et al., 2022). Staphylococcus 

aureus is one of the six pathogens associated to antimicrobial resistance deaths, 

together with Escherichia coli, Klebsiella pneumoniae, Streptococcus pneumoniae, 

Acinetobacter baumannii, and Pseudomonas aeruginosa (Murray et al., 2022). S. aureus 

can acquire resistance to most antibiotics currently in use and it is considered as a high 

priority pathogen by the World Health Organisation, which makes an urgent task to find 

new ways of treatment. One approach to fighting antimicrobial resistance is finding new 

drug targets. In this thesis, the bacterial metabolism of S. aureus was explored as a 

source of potential new targets by identifying enzymes that can be used to either develop 

new antimicrobials or inhibit their activity. Three enzymes participating in two metabolic 

pathways were chosen as potential targets for drug development against S. aureus 

infections. One of them, (SAUSA300_1916) is predicted to have an aspartate 

aminotransferase activity and participates in the central carbon metabolism, specifically 

in the synthesis of aspartate. The other two enzymes (SAUSA300_1614 and 

SAUSA300_1845) are predicted to act as glutamate-1-semialdehyde aminotransferases 

that are involved in the metabolic route leading to the biosynthesis of the cofactor haem.   

Although metabolic pathways have not been considered as good candidates for drug 

development since they are not all specific for bacteria (Murima et al., 2014), their 

therapeutic potential have been highlighted in the fight against the rise in antimicrobial 

resistance (Murima et al., 2014; Yelamanchi & Surolia, 2021). Some examples of drugs 

targeting the bacterial central metabolism include trimethoprim, that showed selective 

inhibition against the microbial dihydrofolate reductase (DHFR) when compared with the 

human DHFR; prontosil, that targets dihydropteroate synthase (DHPS), enzyme that 
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participates in the synthesis of folic acid; and bedaquiline, used against M. tuberculosis 

that inhibits the bacterial ATP synthase (Murima et al., 2014).   

It is known that S. aureus is a metabolically versatile pathogen that encounters unique 

environmental conditions at different infection sites. For example, higher oxygen levels 

and lower pH on the skin than in the deep tissues, which results in an adaptation of its 

metabolism to overcome tissue-specific nutritional requirements to successfully colonise 

those tissues (Richardson, 2019). The link between S. aureus metabolism and its 

virulence have been previously reported (Kaiser et al., 2015; Nuxoll et al., 2012; Spahich 

et al., 2016; Vitko et al., 2015), highlighting the possibility that metabolic pathways might 

be good source of novel therapeutic targets against S. aureus infections.   

The enzyme chosen that participates in carbon central metabolism was a putative 

aspartate aminotransferase (AspB), that might have structural characteristics that could 

be exploited further to design new and specific drugs against S. aureus. To determine 

whether this enzyme is a potential drug target, a transposon mutant strain from the NTM 

library with disruption in the gene coding a putative aspartate aminotransferase was 

selected to evaluate its role in different aspects of the physiology of S. aureus such as 

fitness and virulence. The mutant strain for the putative AspB enzyme did not show any 

growth defect in rich media compared to the wild-type strain (Figure 3.7). However, it did 

show an impaired growth in serum compared to the growth of the wild-type strain (Figure 

3.8). To rule out that any human factor present in the serum could be responsible for this 

growth defect, a medium mimicking serum conditions was chosen to confirm previous 

results (RPMI-1640). In this medium, the mutant for the putative AspB enzyme was not 

able to grow (RPMI-1640, complete formulation) (Figure 3.9) and this phenomenon was 

overcome when glutamine was removed from the medium (Figure 3.11), suggesting that 

this amino acid might prevent the bacterial growth when the cell lacks of a functional 

aspartate aminotransferase.  
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The effect of the disruption in the putative aspartate aminotransferase activity in biofilm 

and virulence was also investigated in this project, finding that the lack of a functional 

putative aspartate aminotransferase did not affect the biofilm formation capacity of the 

strain (Figure 3.12) but it did affect its virulence in the larvae model used (Figure 3.14). 

Here, we used the SAUSA300_1916 strain from the NTML having disrupted the gene 

coding for a putative AspB to evaluate a planarian model as a model organism to study 

the survival and colonisation of S. aureus. Previous research has found that the 

synthesis of aspartate is essential for the survival of S. aureus in an osteomyelitis (Potter 

et al., 2020) and it has also been reported that the virulence of a S. aureus mutant strain 

for the putative AspB enzyme was reduced by 2,000-fold in comparison to the wild-type 

strain in an abscess infection model (Benton et al., 2004). Thus, it has been sought that 

the suitability of planarian model to study the survival and colonisation capacities of S. 

aureus could be assessed by comparing those capacities between the mutant strain 

having disrupted the gene coding for the putative AspB and the wild-type strain. We 

showed that although a significant difference in the colonisation of S. aureus was 

observed between the wild-type and mutant strains in this model, those differences were 

not as marked as the differences found on the virulence between both strains when using 

the G. mellonella infection model. For that reason, planarians model was not used for 

further analysis and G. mellonella model was used instead.  

The decrease in the virulence observed in the mutant strain having disrupted the gene 

coding a putative AspB of S. aureus in the G. mellonella model is in line with reports that 

show virulence attenuation due to the lack of a functional aspartate aminotransferase 

(Jansen et al., 2020). Due to the evidence of the role that the disruption in the aspartate 

metabolic pathway has in pathogenicity and virulence in S. aureus and due to the key 

role aspartate aminotransferase has in 1) nitrogen assimilation, 2) aspartate-derived 

amino acids biosynthesis (lysine, isoleucine, methionine, threonine, and asparagine), 

and 3) linkage between amino acid synthesis and the TCA cycle, it has been proposed 
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that aspartate metabolism could be a good target for drug development against S. aureus 

infections (Yelamanchi & Surolia, 2021).   

Although the predicted function of the putative AspB enzyme is an aspartate 

aminotransferase, its activity has not been experimentally determined yet. It has been 

shown that 40% of the prokaryotic coding sequences have not been empirically 

characterised and less than 0.01% of the genes in the UniProt database have 

experimental support (Law et al., 2021). For example, as high as the 78% of the 

functional annotations of a S-2-hydroxyacid oxidases class of enzymes are 

misannotated (Rembeza & Engqvist, 2021) and as another example, Girardi and 

colleagues corrected the misannotation of two genes, one from Shewanella spp. 

(WP_088211966.1) and the other one from Pseudomonas congelans 

(WP_096244125.1) that were annotated as L-methionyl-tRNA transferases but both 

were determined to have N-formyltransferase activity (Girardi et al., 2020). Therefore, 

one of the aims of this project was to experimentally determine the activity of the protein 

coded by the gene SAUSA300_1916 of S. aureus.  

The results show that the enzyme has aspartate aminotransferase activity (Table 4.2), 

confirming the bioinformatically predicted activity of this enzyme. It showed kinetic 

parameters such as Km similar to those reported for aspartate aminotransferases from 

different microorganisms (Table 4.3). It is worth mentioning that the substrate range of 

the AspB enzyme was not determined in this study, hence it cannot be ruled out that the 

enzyme might have affinity for other pair of substrates that were not evaluated.    

Once aspartate aminotransferase activity was proven for the AspB enzyme of S. aureus, 

both PLP-dependent enzyme and aspartate aminotransferase inhibitors were assessed 

to identify compounds with high inhibitory activity against the AspB enzyme that could 

be used to evaluate their potential as therapeutics in S. aureus infection in vivo. Amongst 

the six compounds evaluated (amino-oxyacetate, PF-04859989, adapalene, L-serine O-

sulfate, vigabatrin, and hesperetin), the compounds PF-04859989 and adapalene 
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showed the highest inhibitory activity against the AspB enzyme. It has been reported that 

PF-04859989 forms a covalent linkage with the PLP cofactor of the GOT 1 enzyme (T. 

Yoshida et al., 2020), and that adapalene binds to a pocket of the GOT 1 enzyme located 

at the back of its active site (Q. Wang et al., 2019), suggesting that both inhibitors might 

bind to the AspB enzyme. Because the inhibitor adapalene had poor aqueous solubility, 

while PF-04859989 was water-soluble and showed the highest potency against the 

purified AspB, we focused further on assessing the in vivo efficacy of this compound. 

However, no significant differences were observed between the larvae infected with the 

wild-type strain alone and the larvae infected with the wild-type strain in combination with 

the inhibitor PF-04859989 at the concentrations tested. This could imply that other 

factors might play a role in the lack of protection observed in this model by PF-04859989, 

for example, the concentration of inhibitor used, the possibility that the larvae are 

degrading the compound or that the bacterial inoculum was too high to evaluate the 

efficacy of the compound in this model. All are factors that need to be considered for 

further assays.     

The other two enzymes chosen in this project to evaluate their potential use as new drug 

targets were SAUSA300_1614 and SAUSA300_1845, both predicted to act as putative 

glutamate-1-semialdehyde aminotransferases (GSA-ATs). These enzymes are involved 

in the conversion of glutamate-1-semialdehyde (GSA) to the universal haem precursor 

5-aminolaevulinic acid (ALA) leading to the synthesis of the cofactor haem. This cofactor 

is critical for the correct function of bacterial proteins such as the nitric oxide synthases 

or catalases that are important for its pathogenesis, as well as for the correct function of 

the electron transport chain (Choby et al., 2018). The particularity of these enzymes is 

that they participate in the C5 metabolic pathway for the synthesis of ALA, which involves 

the three following steps: glutamate conversion to glutamyl-tRNA by the enzyme 

glutamate-tRNA ligase (GltX), transformation of the latter product into GSA by the 

enzyme glutamyl-tRNA reductase (GtrR, formerly known as HemA), and conversion of 

GSA into ALA by the GSA aminotransferase (GsaM, formerly known as HemL) (Choby 



214 

 

et al., 2018). In humans, as well as in fungi and purple non-sulphur bacteria, the 

synthesis of ALA occurs via the C4 pathway in a one-step reaction through the 

condensation of succinyl-coenzyme A with glycine by the enzyme ALA synthase (Sinha 

et al., 2022; J. Zhang et al., 2015). The C5 pathway has been found in most bacteria, 

archaea and plants but not in humans (Sinha et al., 2022). This makes the enzymes 

participating in this pathway a specific drug target against microbial infections.  

It has been reported that endogenous haem biosynthesis in S. aureus is needed for 

colonisation and establishment of a systemic infection in a murine model (Hammer et al., 

2013) and that haem-deficient mutant strains showed a decreased energy production 

and a non-spreading phenotype, thus affecting the motility of the strain that is important 

for the pathogenesis of the bacteria (C. C. Liu & Lin, 2020). S. aureus codes two putative 

glutamate-1-semialdehyde aminotransferases (GSA-ATs) in its genome, HemL1 and 

HemL2, but their activities have not been experimentally determined, this is the reason 

why they were selected for further analysis.  

To assess the effect of the putative GSA-ATs on the fitness and different aspects of S. 

aureus pathogenesis such as biofilm formation and virulence, mutants for both genes 

(hemL1 and hemL2) in the USA300 and LS-1 genetic backgrounds were used.   

The mutant strains for the genes hemL1 and hemL2 did not show any growth defect in 

rich medium (TSB) when compared to the wild-type strain, regardless of their genetic 

background (USA300 or LS-1). However, a significant growth defect (P < 0.05) in serum 

was observed for both mutants in the USA300 genetic background compared to the wild-

type strain. Although both mutants (hemL1 and hemL2) showed a similar growth pattern 

in TSB, significant differences (P < 0.05) in the parameters of carrying capacity and area 

under the curve between hemL1 and hemL2 mutant strains were observed in both, RPMI 

complete formulation and RPMI without glutamine. These significant differences in both 

RPMI media were only observed in the mutants created in the USA300 but not in the LS-

1 genetic background. These discrepancies could be explained by the differences in the 
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method by which the mutants were created. Maksymiuk and colleagues compared the 

phenotype of M. tuberculosis mutant strains for the gene rv1248c encoding a 2-hydroxy-

3-oxoadipate synthase that were created in the same genetic background but by two 

different methods: transposon mutagenesis and deletion, finding phenotypic 

discrepancies in the growth between the mutants created by these two methods 

(Maksymiuk et al., 2015). In this study the hemL(s) mutant strains used were created by 

transposon insertion (USA300 background) and by gene deletion (LS-1 background), 

thus the discrepancy in the growth observed in RPMI between the two hemL mutations 

may be partially explained by the differences in the mutagenesis method used. 

Bioinformatic analysis of the genome sequence of the mutants created in the USA300 

and LS-1 genetic backgrounds for the hemL gene through transposon insertion and gene 

deletion, respectively could have been performed to confirm that no frameshifts occurred 

after the genes were mutated that could have led to the expression of truncated proteins. 

This could also have been checked by performing reverse transcription-quantitative 

polymerase chain reaction (RT-qPCR) analysis to compare the level of expression of the 

hemL genes between the strains.   

To determine if these differences between the hemL(s) mutants could be observed in 

other characteristics of S. aureus, their role in biofilm was assessed. The USA300 mutant 

strain for the hemL1 gene did not show any biofilm formation defect when compared to 

the wild-type strain (Figure 3.12), while a significant decrease (P < 0.05) in the biofilm 

formation was observed in the mutant for the hemL1 gene created in the LS-1 genetic 

background (Figure 3.13). The role of haem biosynthesis in S. aureus has been proven 

to be key in colony spreading (C. C. Liu & Lin, 2020) and specifically, a mutant for the 

hemL gene (SAUSA300_1614 or hemL1) in S. aureus was found to form a macrocolony 

with a minimal surface wrinkling compared to the colony formed by the wild-type strain, 

which was wrinkled and correlated with a biofilm forming phenotype (Wermser & Lopez, 

2018). In the latter study the authors used the same hemL1 mutant strain in the USA300 

genetic background from the NTML as the strain used in this project, and no significant 
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differences were found in that study in the biofilm formation assay between the hemL 

mutant and the wild-type strain. It is worth noticing that those authors performed the 

biofilm assay using TSB supplemented with magnesium and/or TSB supplemented with 

0.5% glucose and 3% NaCl and we used BHI supplemented with 1% glucose. Our results 

showed no significant differences in the biofilm formation assay between the mutant 

strains for the hemL2 gene and their respective wild-type strains regardless of their 

genetic background (Figure 3.12 and Figure 3.13).  

The characteristic of S. aureus that was significantly affected by the disruption of the 

hemL1 gene was its virulence. In the case of the USA300 strain, complete killing of the 

G. mellonella larvae was observed the day after the infection by the wild-type strain, 

while the mutant strain showed a complete killing after 2 days of the infection. The 

differences were highly marked in the LS-1 genetic background were G. mellonella 

larvae were completely killed after 2 days of infection by the wild-type strain and after 4 

days post infection by the hemL1 mutant strain. In S. aureus is known that the haem 

homeostasis, which is regulated by the two-component system HssRS and HrtAB, 

modulates its virulence (Torres et al., 2007). It has also been shown that  a double mutant 

for the haem transport proteins (IsdE and HtsA) had a significant reduction in the 

bacterial load in the heart, kidneys and lungs of mice compared to the wild-type strain in 

a systemic murine infection model (Mason & Skaar, 2009). Virulence defects have been 

reported for mutants of the genes isdBH and htsB that codes a haem transport apparatus 

(Torres et al., 2006) and haem transport system (Skaar et al., 2004), respectively. The 

role of haem biosynthesis has been found to be linked to the occurrence of a persister 

phenotype in S. aureus when mutants for the hemA and hemB genes were assessed for 

their capacity to form a persister state (X. Wang et al., 2021). The authors found that the 

persister level of both mutant strains were lower than those of the wild-type strain under 

different stress conditions: heat (57°C), acid (pH =3), oxidative stress (50 mM H2O2), and 

ciprofloxacin stress (400 µg/mL) (X. Wang et al., 2021). The above-mentioned 

references are examples of the extensive supporting evidence of the role that haem 
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biosynthesis or transportation have in the virulence and survival of S. aureus during the 

infection.  

The effect of the mutation of the hemL2 gene on S. aureus virulence was also assessed 

in this study, finding a significant defect in virulence in this mutant strain compared to the 

wild-type strain, regardless of the genetic background (USA300 or LS-1). The differences 

observed in virulence and in the growth phenotype observed in RPMI-1640 media 

between the hemL1 and hemL2 mutant strains created in the USA300 genetic 

background, might suggest that both genes code proteins that might have different 

activities. Moreover, the gene coding the putative HemL1 enzyme is located within the 

operon where enzymes participating in the haem metabolic pathway are coded, while 

the gene coding the putative HemL2 enzyme is located outside this operon in a different 

loci between genes coding a putative bacterioferritin comigratory and a hypothetical 

protein. To elucidate whether the two enzymes show the annotated function of GSA-AT, 

they were expressed and purified for further analysis. It has been reported that the GSA-

ATs are mainly purified in the pyridoxamine phosphate (pyridoxamine-P) form of the 

enzyme (Grimm et al., 1992). This has been reported for the GSA-AT purified from 

different organisms such as Synechococcus (Grimm et al., 1992), A. baumannii (Nardella 

et al., 2019), or pea leaves (Nair et al., 1991). Unlike the reported spectra of GSA-ATs, 

the UV-visible spectra of the putative HemL1 GSA-AT shows two peaks similar in size, 

possibly corresponding to the pyridoxamine-P form (330 nm) and pyridoxal-P form (410 

nm) of the enzyme (Figure 5.5), while the spectra of the putative HemL2 GSA-AT shows 

a major peak (412 nm) corresponding to the pyridoxal-P form of the enzyme and a minor 

peak (330 nm) that could be attributable to the PLP enolimine form of the enzyme (Figure 

5.5).  

To detect GSA-AT activity, the substrate of the enzyme, glutamate-1-semialdehyde 

(GSA), was synthetised from the enantiopure material of 4-aminohex-5-enoic acid by 

ozonolysis. The amount of GSA was quantified by NMR and determined to be 1.1 mg of 

the hydrate form of the compound (RMM = 185.60). GSA-AT activity was detected for 
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the enzyme coded by the gene hemL1 but not for the enzyme coded by the gene hemL2. 

Thus, we can confirm that the gene hemL1 of S. aureus codes a GSA-AT while the gene 

hemL2 codes a protein or enzyme whose activity remains to be elucidated.   

The GSA-AT purified from S. aureus showed a Km of 8.6 ± 2.9 µM, which is similar to the 

value reported for a GSA-AT of a purified enzyme from Synechococcus (12 µM) (Smith 

et al., 1991). 

In order to determine if the enzyme could be inhibited by potential aminotransferase 

inhibitors, the compounds gamma-vinyl GABA, gamma-acetylenic GABA (antiepileptic 

drugs), and the broad range inhibitor of PLP-dependent enzymes, aminooxy-acetate 

(AOA), were chosen as possible inhibitors. AOA was able to inhibit the enzyme with an 

IC50 value of 41.8 ± 8.4 µM, while gamma-acetylenic GABA showed inhibitory activity 

with an IC50 of 54.5 ± 16.97 µM. The compound gamma-vinyl GABA or vigabatrin, from 

which the enzyme substrate was synthetised by ozonolysis, was also tested against the 

purified enzyme. It inhibited the enzymatic activity by 65% at a concentration of 0.1 M, 

highlighting the importance to remove any contaminant vigabatrin during the purification 

step in the GSA synthesis. From the compounds tested in this study, AOA and gamma-

acetylenic GABA, showed the highest inhibitory activity against the purified GSA-AT from 

S. aureus. Since AOA has a broad spectrum of activity against different PLP-dependent 

enzymes and can target other enzymes of S. aureus, the compound gamma-acetylenic 

GABA was chosen for further analysis to detect if any protective effect was given by the 

compound against S. aureus infection in the G. mellonella model.  

Gamma-acetylenic GABA was also found to inactivate a GSA-AT purified from pea 

leaves in a time-dependent manner at a concentration of 100 µM leaving a remaining 

20% of the enzymatic activity after 60 min of incubation with the enzyme (Nair, 

unpublished data). The highest concentration of the inhibitor tested in the larvae of G. 

mellonella was 1.6 mM, which was thought to be able to attenuate the virulence of the 

wild-type strain of S. aureus. However, no protective effect was given by gamma-
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acetylenic GABA against the S. aureus infection in the G. mellonella larvae model under 

the conditions tested. The lack of protective effect might be due to a low concentration 

of inhibitor used in the larvae, as it was reported that gamma-acetylenic GABA 

decreased the activity of a glutamate decarboxylase in the cortex tissue of rats when 

tested at 25 mg/kg and 50 mg/kg after 2.5 h and 5 h, respectively (van der Laan et al., 

1985). This inhibitor was also reported to inhibit the activity of the gamma-aminobutyric 

acid transaminase (GABA-AT) in the cerebral cortex and cerebellum of rats when tested 

at 50 mg/kg after more than 5 hours of treatment (van der Laan et al., 1985). Further 

studies need to be carried out to elucidate why this compound is not giving protection 

against the S. aureus infection.    

In conclusion, in this study we have elucidated the enzymatic activity of two out of three 

putative enzymes coded by genes in the genome of S. aureus. We showed that the 

putative aspartate aminotransferase (AspB) coded by SAUSA300_1916 had aspartate 

aminotransferase activity and that the putative glutamate-1-semialdehyde 

aminotransferase (HemL1) coded by SAUSA300_1614 had GSA-AT activity. We could 

not detect any GSA-AT activity in the product of the gene SAUSA300_1845. It might be 

possible that SAUSA300_1845 participates in other metabolic pathway involved in the 

synthesis of the elongation factor P. This assumption is based on the fact that the 

homologous gene to SUSA300_1845 in B. subtilis is gsaB, which is predicted to code a 

glutamate-1-semialdehyde aminotransferase and/or an enzyme required for the 

modification of the translation factor elongation factor P (EF-P). It has been reported that 

the modifications required by the EF-P in B. subtilis involve the addition of a 5-

aminopentanol moiety in its Lys32 residue and that the gene products of ynbB, gsaB, 

and ymfl would be required to carry out the modifications through a novel 

posttranslational pathway (Witzky et al., 2018). In this proposed new modification 

pathway, the GsaB might be responsible for the addition of an amine group onto 

pentanone in the acetylation of the Lys32 residue of the EF-P. Although Witzky and 

colleagues give us insights into the possible activity of the SAUSA300_1845, the 
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experimental determination of its activity remains to be elucidated. Even though we could 

only detect the enzymatic activity of two out of the three putative enzymes, we propose 

the three of them as possible drug targets against S. aureus infections as all have shown 

a significant defect in virulence compared to the wild-type strain in the G. mellonella 

model.    

6.2 Final conclusion  

The main objective of this thesis was to identify potential new drug targets for the 

treatment of infections caused by S. aureus strains. For this purpose, three putative 

enzymes, as their activities had not been experimentally determined until now, 

participating in the metabolism of S. aureus were selected to determine their essentiality 

for different characteristics of the pathogen and to detect their enzymatic activity. The 

enzymes SAUSA300_1916 (putative aspartate aminotransferase, AspB), 

SAUSA300_1614 and SAUSA300_1845 (putative glutamate-1-semialdehyde 

aminotransferases), were not essential for either growth (rich media or human serum) or  

biofilm formation of S. aureus. The deficiency of the three putative aminotransferases 

showed a significant decrease in the virulence of S. aureus when using a Galleria 

mellonella model. A planarian model was assessed as an alternative host-pathogen 

interaction model and, although it was useful to study the survival and colonisation of S. 

aureus, it was not used for further analysis as it was difficult to inject the worms with 

precision without having a microinjection system.  

Once demonstrated that the three putative enzymes were required for the virulence of 

S. aureus, we successfully detected aspartate aminotransferase activity for 

SAUSA300_1916 (AspB) and glutamate-1-semialdehyde aminotransferase activity for 

SAUSA300_1614 (HemL1). The activity of SAUSA300_1845 needs to be detected in the 

future.  

Both enzymes, AspB and HemL1, were characterised and their kinetic parameters 

determined. Moreover, the enzymes were inhibited by available inhibitors that can be 
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safely used in humans that might have the potential to be used in the treatment of S. 

aureus infections. However, S. aureus has the capacity to modify its metabolism to adapt 

to its nutrient environment, as reported by Alreshidi and colleagues who showed that S. 

aureus changed the concentrations of its cytoplasmic amino acids after being exposed 

to conditions that mimicked the wound site environment (Alreshidi et al., 2022). Thus, 

the metabolic flexibility of S. aureus represent a limitation to the inhibitors selected in this 

study as their use would be dependent on the metabolic requirements of either aspartate 

or haem biosynthesis during the infection of S. aureus.  

 

6.3 Future work  

In this study the aspartate aminotransferase activity of the AspB enzyme from S. aureus 

was experimentally detected and its kinetics parameters determined. The mutant strain 

for aspartate aminotransferase activity showed a growth defect in serum and the RPMI-

1640 medium, as well as a decreased virulence and colonisation, suggesting it could 

serve as a target for new antimicrobials. In order to determine if this enzyme represents 

a good target, it would be useful to determine if AspB is the primary aspartate 

aminotransferase in S. aureus and how its deficiency might affect other metabolic routes 

important for the fitness and virulence of the pathogen. It would also be desirable to 

determine at what subclass of aspartate aminotransferases AspB belongs to since 

members of the Pfam family PF12897 are not found in human cells (Jansen et al., 2020). 

The identification of specific domains that might be unique to the bacterial enzyme, as in 

the case of the aspartate aminotransferase from the oomycete Phytophthora sojae that 

contains a N-terminus domain specific to the oomycetes (R. Wang et al., 2016), might 

also be another way to find differences between the human and the bacterial enzymes.    

The inhibitors tested against the aspartate aminotransferase that have shown the most 

potent inhibitory effect were PF-04859989 and adapalene and can be studied further. In 

order to determine the in vivo efficacy of the compounds, it would be useful to study the 
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physiochemical properties of the inhibitors (solubility, lipophilicity, crystallinity, etc.), their 

pharmacokinetics (PK) and pharmacodynamics (PD), as well as their cytotoxicity against 

human cells to determine if they could be optimized to improve their metabolic stability 

that is required for high exposure in order to use them as inhibitors of the AspB enzyme 

of S. aureus.   

We have also established glutamate-1-semialdehyde aminotransferase activity for the 

HemL1 enzyme coded by the hemL1 gene (SAUSA300_1614) and have found a 

potential inhibitor, gamma-acetylenic GABA, that might be used further. However, it 

would be of interest to determine some characteristics of the compound like its 

physiochemical properties, PK, PD, and cytotoxicity in order to determine its potential as 

a leading compound to optimize inhibitors against the GSA-AT of S. aureus.   

An interesting task that needs to be completed is the determination of the activity of the 

protein/enzyme coded by SAUSA300_1845. We have shown that the mutant for that 

gene product has a significant impairment in the S. aureus virulence in the G. mellonella 

model, which makes it a good target for drug development against S. aureus infections. 

Until the experimental determination of its activity is carried out, SAUSA300_1845 should 

be considered as a hypothetical protein rather than a putative glutamate-1-semialdehyde 

aminotransferase.     
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Appendix 1 - Proton NMR spectrum of the glutamate-1-semialdehyde in D2O.  

 

 


