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Abstract 

Antimicrobial resistance has become an increased burden worldwide as more and more human 

pathogens are becoming resistant to current antimicrobials. Therefore, the identification of novel drug 

targets and development of new antimicrobial drugs are currently of high priority. A drug target that 

has gained increased attention is the coenzyme A (CoA) biosynthesis pathway. CoA is an essential 

cofactor that is necessary for life in all organisms, including human pathogens, making it an attractive 

target for the development of new antimicrobial drugs. The CoA biosynthesis pathway of 

Staphylococcus aureus, which is the leading cause of hospital-associated infections, was the focus of 

this study.  Although various studies have investigated this pathway in S. aureus as a possible drug 

target, there is still a lot that needs to be elucidated in this regard. One gap in our knowledge is that the 

levels of the CoA biosynthesis enzymes (PanK, CoaBC, PPAT and DPCK) under physiological 

conditions are currently unknown. This study therefore aimed to develop immunological techniques 

which could be implemented as tools to quantify the levels of these enzymes at different growth phases 

of S. aureus cultivated under physiological growth conditions. 

To achieve this aim, the four CoA biosynthesis enzymes of S. aureus were recombinantly expressed 

and purified using established methods. Polyclonal antibodies were raised in rabbits by immunising the 

animals with the respective enzymes adsorbed to acid-treated, naked Salmonella minnesota R595. This 

method has been used to successfully produce antibodies to a wide variety of antigens, especially in 

cases where only small amounts of the antigen were available. With these antibodies, indirect 

competition enzyme-linked immunosorbent assays (ELISAs) with excellent standard curves were 

obtained for the quantification of each of the respective enzymes. Furthermore, cross-reactivity studies 

performed with ELISA and western blot revealed that the anti-SaPanK, anti-SaPPAT and anti-SaDPCK 

antibodies showed limited cross-reactivity. In an attempt to quantify the amount of cross-reactivity of 

each antibody-antigen pair, however, it was found that only the cross-reactivity of the anti-SaPPAT 

antibodies had an effect on the final optimised assay. 

In this study an original, highly sensitive ELISA method for the detection and quantification of each of 

the enzymes of the CoA biosynthesis pathway of S. aureus was developed. These assays provide a cost-

effective method for enzyme level quantification that have the potential to provide better insight on the 

levels of the different enzymes under physiological conditions and ultimately aid in the development of 

new antimicrobial drugs. 
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Opsomming 

Antimikrobiese weerstand het ‘n toenemende las geword wêreldwyd soos meer en meer menslike 

patogene weerstand opgebou het teen huidige antimikrobiese teenmiddels. Die indentifisering en 

ontwikkeling van nuwe antimikrobiese teenmiddels en teenmiddelteikens geniet dus tans ‘n hoë 

prioriteit. ‘n Potensiële teenmiddelteiken wat hernude aandag ontvang is die koënsiem A (KoA) 

biosintese padweg. KoA is ‘n essensiële ko-faktor wat noodsaaklik is vir lewe in alle organismes, 

insluitend menslike patogene, en is daarom ‘n aanloklike teiken vir die ontwikkeling van nuwe 

antimikrobiese teenmiddels. Die KoA biosintese padweg van Staphylococcus aureus, wat 

verantwoordelik is vir menigte hospitaal-verwante infeksies, was die fokus van hierdie studie.  

Alhoewel verskeie studies al gefokus het op die padweg in S. aureus as moontlike teenmiddelteiken, is 

daar steeds baie ontbrekende inligting wat uitgelig moet word. Een gaping in ons kennis omtrent die 

KoA biosintese ensieme (PanK, CoaBC, PPAT en DPCK) is dat die ensiemvlakke onder fisiologiese 

kondisies tans onbekend is. Die doel van hierdie studie was dus gerig op die ontwikkeling van ‘n 

immunologiese tegniek wat geimplementeer kan word om die vlakke van hierdie ensieme tydens 

verskillende groeifases van S. aureus, wat opgegroei word onder fisiologiese groeitoestande, te 

kwantifiseer. 

Die vier KoA biosintese ensieme van S. aureus is rekombinant uitgedruk en gesuiwer deur gebruik te 

maak van gevestigde metodiek. Poliklonale teenliggaampies is volgende geproduseer in konyne deur 

die immunisering van hierdie diere met die onderskeidelike ensieme van die KoA biosintese padweg 

van S. aureus wat geadsorbeer is aan suurbehandelde, naakte Salmonella minnesota R595. Hierdie 

tegniek is gebruik in die verlede vir die suksesvolle produksie van teenliggampies teen ‘n groot 

verskeidenheid antigene, veral in omstandigehede waar daar slegs klein hoeveelhede van die antigeen 

beskikbaar was. ‘n Kompetisie “enzyme-linked immunosorbent assay” (ELISA) met uitstekende 

standaardkurwes is ontwikkel vir die kwantifisering van elk van die onderskeidelike ensieme met 

hierdie teenliggaampies. Verder het kruisreaktiwiteitstudies, uitgevoer deur middel van ELISA en 

western blot analises, getoon dat die anti-SaPanK, anti-SaPPAT and anti-SaDPCK teenliggampies 

geringe kruisreaktiwiteit toon. In ‘n poging om die hoeveelheid kruisreaktiwiteit van elke 

teenliggampie-antigeen paar te kwantifiseer, is daar egter bevind dat slegs die kruisreaktiwiteit van die 

anti-SaPPAT teenliggaampies die finale, geoptimiseerde toets beïnvloed. 

In hierdie studie is‘n oorspronklike, hoogs sensitiewe ELISA metode ontwikkel vir die deteksie en 

kwantifisering van die ensieme van die KoA biosintese padweg in S. aureus. Hierdie toetse verskaf ‘n 

koste-effektiewe metode vir die kwantifisering van ensiemvlakke en het dus die potensiaal om insig te 

lewer oor die vlakke van die verskillende ensieme onder fisiologiese toestande en uiteindelik bydrae te 

lewer tot die ontwikkeling van nuwe antimikrobiese teenmiddels. 
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Chapter 1 

Introduction  

1.1 The threat of Staphylococcus aureus infections 

 

Staphylococcus aureus is a Gram-positive, commensal bacterium that can act as an opportunistic, 

human pathogen. As a result, it is one of the leading causes of hospital-associated infections (1–3). As 

a commensal bacterium, S. aureus forms part of the normal microbiota of the skin, nose and mucus 

membranes, colonizing approximately 20% - 30% of healthy individuals (2, 4, 5). However, S. aureus 

is well known for its ability to evade the immune system, causing a wide variety of infections (Fig. 1.1) 

ranging from less severe skin infections to bacteraemia and life-threatening septicaemia (3, 4). 

Furthermore, S. aureus is also commonly associated with the colonization of implantable medical 

devices, resulting in significant patient morbidity and mortality (2, 3, 6). 

Figure 1.1: Diseases caused by S. aureus infections. Illustration of the common sites of infection of 

the human body by S. aureus and the subsequent states of disease that it causes. This image was created 

with BioRender.com. 
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Emerging as one of the principal public health problems of the 21st century, antimicrobial resistance 

threatens the effective prevention and treatment of infections caused by bacteria, viruses, fungi and 

parasites that are no longer susceptible to the common medicines used to treat them (7). Antimicrobial 

resistance in S. aureus emerged not long after the first introduction of penicillin in the 1940’s and soon 

became a wide-spread problem. It was found that the resistance of this pathogen is mediated by the 

production of beta-lactamase, which effectively inactivates drugs such as penicillin, amoxicillin and 

ampicillin (8, 9). Consequently, stable beta-lactamase inhibitors were developed, which could then be 

used in conjunction with these antimicrobial drugs to counter this resistance. However, it became 

apparent that some strains of S. aureus also became resistant to these new penicillinase-stable 

antimicrobial drugs – strains which are known as methicillin-resistant S. aureus (MRSA) (8–10). With 

the increased burden of MRSA, especially in hospital settings, there has been a dramatic increase in the 

use of vancomycin, a glycopeptide antibiotic, as a last resort drug for the treatment of S. aureus 

infections (8, 9). Unfortunately, due to this increase in use of vancomycin, the emergence of resistance 

to this antimicrobial drug has also been observed (8, 10). 

Initially, high levels of MRSA were only reported in a hospital setting, but in the last decade 

community-associated MRSA (CA-MRSA) infection has increased significantly in some parts of the 

world (9, 11). CA-MRSA strains were found to differ from hospital-associated strains of MRSA (HA-

MRSA), commonly affecting young individuals without healthcare contact and generally resulting in 

pneumonia or skin infections (12). Additionally, some cases of livestock-associated (LA-MRSA) 

infections have also been reported, mostly in individuals working in close proximity to farm animals 

(5). According to the World Health Organization’s (WHO) global report on antimicrobial resistance 

surveillance in 2014, most countries reported a proportion of MRSA exceeding 20% and, in some cases, 

reaching up to 80%, implying that second-line antibiotics are needed for the prophylaxis or treatment 

of S. aureus world-wide (13). Therefore, MRSA remains on the list of high-priority multidrug-resistant 

organisms (9) that requires renewed attention for the research and development of new antimicrobial 

drugs and innovative preventative approaches (14). 
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1.2 CoA biosynthesis as antimicrobial drug target in Staphylococcus aureus 

 

1.2.1 Coenzyme A as antimicrobial drug target 

Infectious diseases along with the emergence of antimicrobial resistance remains a leading cause of 

morbidity and mortality world-wide and therefore necessitates the development of novel antimicrobial 

drugs (15). One biochemical pathway that has been considered as a potential novel drug target the last 

decade, is coenzyme A (CoA) biosynthesis and its utilization. The potential of CoA and its biosynthesis 

machinery as an antimicrobial drug target will be the focus of this section. 

CoA is an essential cofactor in all living organisms where it is involved in cell growth and various 

metabolic reactions (16). Some of these reactions include the synthesis and degradation of fatty acids, 

the synthesis of phospholipids as well as the tricarboxylic acid cycle (16), where it functions as an acyl-

group carrier and carbonyl-activating group (17). The biosynthesis of CoA is a highly conserved process 

that proceeds in five enzymatic steps, starting with pantothenate or pantothenic acid, which is also more 

commonly known as Vitamin B5 (18). Pantothenate can either be synthesized de novo or obtained from 

extracellular sources, depending on the organism. Organisms such as most bacteria, plants and fungi 

produce their own pantothenate, whereas animals and some microbes must obtain it from extracellular 

sources (18). 

The biosynthesis of CoA (Fig. 1.2) is initiated by the phosphorylation of pantothenate (Pan), which is 

catalysed by the enzyme pantothenate kinase (PanK), to form 4’-phosphopantothenate. This reaction is 

followed by the condensation of 4’-phosphopantothenate with cysteine to form 4’-

phosphopantethenoylcysteine, catalysed by 4’-phosphopantethenoylcysteine synthetase (PPCS) and 

subsequent decarboxylation catalysed by 4’-phosphopantethenoylcysteine decarboxylase (PPCDC) to 

generate 4’-phosphopantetheine. Thereafter, an AMP moiety, obtained from ATP, is transferred to 4’-

phosphopantetheine by 4’-phosphopantetheine adenylyltransferase (PPAT), resulting in the formation 

of dephospho-CoA. Lastly dephospho-CoA is phosphorylated by dephospho-Coenzyme A kinase 

(DPCK) to produce CoA (17, 18). Alternatively, CoA can be produced through the CoA salvage 

pathway which utilizes pantetheine, most likely produced from CoA degradation, instead of 

pantothenate. This pantothenate mimic is phosphorylated by PanK which leads to 4’-

phosphopantetheine that slots into the pathway where PPAT and DPCK converts it to CoA (Fig 1.2). 

The enzymes involved in the biosynthesis of CoA, have been shown to have significant diversity on a 

mechanistic, structural and sequence level in pathogenic micro-organisms versus humans, allowing the 

ability to selectively target this pathway in the pathogen without affecting the human host. This 

highlights the potential of this pathway as an excellent drug target for the development of selective 

antimicrobials (19) with the main focus currently being on S. aureus in this particular study. 

Stellenbosch University  https://scholar.sun.ac.za



4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Schematic overview of the CoA biosynthesis pathway. The essential cofactor CoA can 

either be produced from pantothenate (Pan) in five enzymatic steps (CoA biosynthesis), as described in 

the text above, or from pantetheine (PantSH) in the CoA salvage pathway. The CoA salvage pathway 

circumvents the need for the bifunctional CoaBC enzyme and proceeds in three enzymatic steps 

catalysed by PanK, PPAT and DPCK. This image was created with BioRender.com. 

 

1.2.2 CoA biosynthesis machinery in Staphylococcus aureus 

As alluded to earlier, not only does S. aureus pose a great threat as an opportunistic pathogen, but it is 

also on the WHO’s list of high-priority multidrug-resistant organisms (9). This organism has therefore 

been the focus of many studies in the search for novel antimicrobial drugs, including its CoA 

biosynthesis pathway. In this section the CoA biosynthesis machinery of S. aureus will be discussed.  

1.2.2.1 Pantothenate kinase (PanK, CoaA) 

Pantothenate kinase, or more commonly known as PanK, catalyses the ATP-dependent first step of the 

CoA biosynthesis pathway by phosphorylating pantothenate to form 4’-phosphopantothenate (17). 

PanK, which is encoded by the coaA gene, is the best-studied enzyme of the pathway and has received 

the most attention as a target for antimicrobial drug development due to its catalysis of the first 

committed step in the biosynthesis of CoA. 
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Figure 1.3: Conversion of pantothenate to 4’-phosphopantothenate. In the first enzymatic step of 

the CoA biosynthesis pathway, pantothenate or vitamin B5, is converted to 4’-phosphopantothenate by 

the transfer of a phosphate group from ATP to pantothenate by PanK. 

 

Three types of PanKs have been discovered: type-I (PanKI) and -III (PanKIII) that are associated with 

bacteria and type-II (PanKII) that can be found in eukaryotes such as fungi, plants, insects and mammals 

(16, 20). Unlike other bacteria, S. aureus possesses a type-II or eukaryotic-like PanK that is moderately 

related to the four isoforms of eukaryotic PANKs (PANK1α, PANK1β, PANK2 and PANK3), but 

completely unrelated to the prototypical, bacterial PanKI found in Escherichia coli (16, 17, 21), 

indicating a similarity of merely 13% (17). Homology of SaPanKII to mammalian PanKs has been 

highlighted in the alignment of SaPanKII with human PANK2, indicating that the region of greatest 

similarity lies in the conserved DxGG(T,S)T(S,G)xxK(R,C) motif that is characteristic of the members 

of the acetate and sugar kinases/heat-shock protein 70/actin (ASKHA) family (22). 

SaPanKII has been expressed, purified, and characterised as a 29 kDa subunit protein, corresponding 

with the theoretical molecular weight predicted by its amino acid sequence (17, 23). However, 

characterisation of SaPanKII by gel filtration analysis revealed a native molecular weight of 59 kDa, 

indicative of the existence of a homodimer (17). In contrast to the other PanKIIs, SaPanKII has a much 

lower affinity for ATP with a KM value of 34 µM and a KM of 23 µM for pantothenate (16, 17). 

Importantly, SaPanKII can further be differentiated from the other type-II PanKs, as it is not subject to 

feedback regulation by free CoA or CoA thioesters and the organism subsequently accumulates high 

concentrations of intracellular CoA, which is only regulated by the amount of pantothenate available in 

the medium (16, 17, 22). This occurrence could be attributed to the distinct mechanism by which this 

organism maintains its redox biology. Unlike most bacteria and eukaryotes, S. aureus lacks glutathione 

and therefore does not utilize glutathione and the NADPH-dependent glutathione reductase system 

(which makes up the primary thiol/reductase system in nature) to maintain its intracellular reducing 

environment (17). Instead, this organism relies on the utilization of non-esterified CoA and CoA 

disulfide reductase to maintain redox balance in the cell to protect against oxidative damage (16).  

It is clear that these differences distinguish SaPanKII from other organisms, especially mammalian 

PanK, and therefore make this enzyme an attractive target for the development of inhibitor-specific 

antimicrobial drugs. 
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1.2.2.2 Phosphopantothenoylcysteine synthetase/Phosphopantothenoylcysteine decarboxylase 

(PPCS/PPCDC, CoaBC) 

In bacteria, and consequently S. aureus, the second and third enzymes of the pathway, 

phosphopantothenoylcysteine synthetase (PPCS) and phosphopantothenoylcysteine decarboxylase 

(PPCDC), are fused to form one flavin mononucleotide (FMN)-containing bifunctional enzyme, 

encoded by the coaBC gene, known as CoaBC (17). In eukaryotes as well as streptococci and 

enterococci, however, these enzymes remain monofunctional. 

After phosphorylation of pantothenate to 4’-phosphopantothenate, 4’-phosphopantothenate is converted 

to 4’-phosphopantetheine in two steps. Firstly, PPCS catalyses the Mg2+-dependent formation of 4’-

phosphopantothenoylcysteine. In bacteria this step requires the utilization of CTP for activation, 

whereas ATP is favoured in eukaryotes. Lastly, PPCDC catalyses the decarboxylation of the cysteine 

moiety to produce the next intermediate in this pathway, 4’-phosphopantetheine (20). 

 

 

 

 

 

 

Figure 1.4: Conversion of 4’-phosphopantothenate to 4’-phosphopantetheine. The second and third 

steps of the CoA biosynthesis pathway is performed by the bifunctional CoaBC enzyme. These steps 

entail the conversion of 4’-phosphopantothenate to 4’-phosphopantothenoyl cysteine, utilizing CTP 

(prokaryotes) or ATP (eukaryotes) and the subsequent decarboxylation of 4’-phosphopantothenoyl 

cysteine to produce 4’-phosphopantetheine and CO2. 

 

Little information is available for SaCoaBC in literature, however, the E. coli CoaBC protein has been 

found to be a homododecamer consisting of 43.8 kDa subunits (17) that   has a KM of 55 µM for 4’-

phosphopantothenate and a KM of 106 µM and 109 µM for CTP and L-cysteine, respectively (24). This 

enzyme is usually characterised by using a pyrophosphatase assay measuring PPi formation. Finally, it 

has also been shown that the PPCDC domain of the bifunctional E. coli PPCS/PPCDC shares similarity 

with the primary structure of the human PPCDC monofunctional enzyme. However, little similarity 

was found between the primary structures of the PPCS domain of E. coli versus human PPCS (15), 

suggesting that it has great potential in the development of selective inhibitors which might also be 

applicable to this enzyme in S. aureus. 
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1.2.2.3 Phosphopantetheine adenylyltransferase (PPAT, CoaD) 

In the second to last step of the pathway, phosphopantetheine adenylyltransferase (PPAT) catalyses the 

reversible and Mg2+-dependent transfer of the AMP moiety of ATP to 4’-phosphopantetheine giving 

rise to dephospho-CoA (17, 20). In bacteria this enzyme is expressed as a monofunctional enzyme, 

which is encoded by the coaD gene, whereas in eukaryotes PPAT fuses with the last enzyme of the 

pathway, dephospho-CoA kinase (DPCK), to form a bifunctional PPAT/DPCK enzyme known as CoA 

synthase or CoASY.  

 

 

 

 

 

 

Figure 1.5: Conversion of 4’-phosphopantetheine to 3’-dephospho-Coenzyme A. In the penultimate 

step of the pathway, an AMP moiety is transferred to 4’-phosphopantetheine by PPAT to produce the 

second to last intermediate of the pathway, 3’-dephospho-CoA. 

 

Similar to the SaCoaBC enzyme, not much information is available for the PPAT enzyme of S. aureus, 

however, the PPAT of E. coli has been researched extensively. Overexpression, purification and 

characterisation of EcPPAT revealed that this enzyme exists in solution as a homohexamer consisting 

of 17.8 kDa subunits that are arranged as a dimer of trimers (15, 17, 25). Furthermore, KM values of 

0.22 mM and 7 µM were determined for the reverse reaction for pyrophosphate and dephospho-CoA, 

respectively (15, 17). In humans, the PPAT domain of the bifunctional CoASY enzyme does not show 

any significant sequence similarity to EcPPAT and its prokaryotic counterparts (15, 17). 

Although not much is known about the PPAT of S. aureus, the crystal structure of SaPPAT has been 

obtained (26–28) and provides a basis for further research into the workings of this enzyme. It is due to 

the small sequence similarity between human PPAT and the PPAT of bacteria along with the availability 

of the crystal structures of this enzyme that makes this enzyme an attractive target for the development 

of selective inhibitors in antimicrobial drug research. 

 

1.2.2.4 Dephospho-CoA kinase (DPCK, CoaE) 

The last step of the CoA biosynthesis pathway involves the Mg2+-ATP-dependent phosphorylation of 

dephospho-CoA to yield CoA and ADP and is catalysed by dephospho-CoA kinase (DPCK), which is 
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encoded by the coaE gene. With this step, the 3’-hydroxyl moiety of the ribose is phosphorylated to 

produce CoA, the final product of the biosynthesis pathway (16, 20).  

 

 

 

 

 

 

 

Figure 1.6: Conversion of 3’-dephospho-Coenzyme A to Coenzyme A. The transfer of a phosphate 

group from ATP to 3’-dephospho-CoA by DPCK concludes the CoA biosynthesis pathway to produce 

CoA. 

 

As previously mentioned, this enzyme forms part of the bifunctional CoASY enzyme in eukaryotes, but 

unlike PPAT, the DPCK of the CoASY domain shows good sequence homology with its bacterial 

counterparts making it increasingly difficult for the development of selective inhibitors for this enzyme 

(20).  

Similar to SaCoaBC and SaPPAT, limited information is available for the DPCK enzyme of S. aureus 

as characterisation of the enzyme has proven to be difficult. The enzyme expresses in low yields with a 

lot of batch-to-batch variation in activity. The activity has also proven to be too low for full 

characterisation (29). However, some information is available for E. coli DPCK. Purification and 

characterisation of this enzyme revealed that it is a monomer of 22.6 kDa in solution (20) but forms a 

trimer upon crystallization in the presence of sulfate (30). It has estimated KM values of 0.14 mM and 

0.74 mM for ATP and dephospho-CoA, respectively (17). 

 

1.2.3 CoA biosynthesis enzyme levels under physiological conditions 

Previously, we have discussed the heavy burden of antimicrobial resistance as well as the great potential 

of CoA biosynthesis as a drug target for the development of novel antimicrobial drugs. However, the 

process of drug development is no easy feat. Before the development process can start, it is important 

to fully understand the target of interest. The enzymes of the CoA biosynthesis pathway in bacteria and 

specifically S. aureus have been discussed and it is clear from literature that certain characteristics of 

each of the enzymes indicate the potential for the development of selective inhibitors of these enzymes. 

However, much more is still to be learned about these enzymes in different organisms for their further 

exploration as novel antimicrobial drugs. 
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One limitation in our current knowledge of the CoA biosynthesis pathway, are the levels of these 

enzymes under physiological conditions. This is particularly important as it could shed light on the 

importance of each enzyme in the pathway and its role in possible regulation of the pathway. This 

knowledge is key to establish what would happen to the concentration of these enzymes when subjecting 

specific organisms to different growth conditions as well as testing new compounds as inhibitors of 

these enzymes. Ultimately, it will enable us to determine the fluctuation of enzyme levels in different 

pathogenic organisms and disease conditions. Current methods for the determination and quantification 

of CoA and its derivatives have been mentioned in a mini review by Tsuchiya et al. (31). In this review, 

the authors distinguish between the use of enzymatic assays, high performance liquid chromatography 

(HPLC), mass spectrometry (MS) and other methods, such as the use of fluorometric assays and 

enzyme-linked immunosorbent assay (ELISA) kits, for measuring levels of CoA and its derivatives. 

However, the latter have not been evaluated for the quantification of the enzymes involved in the CoA 

biosynthesis pathway. 

In a study done by Goosen (32), the reconstitution of the CoA salvage pathway in E. coli was attempted 

to study the biochemical control of the rate of CoA production under physiological conditions. For this 

study, the PaxDb4 protein abundance database (33) was consulted to determine the average abundance 

of PanK, PPAT and DPCK across different integrated data sets. This information was then used to 

establish the ratios of these enzymes in the CoA salvage pathway in an attempt to reconstitute the 

pathway. However, the values obtained were relative amounts of the enzymes rather than relative 

concentrations and made it difficult to establish the true enzyme concentrations which would be 

necessary for the reconstruction of this pathway. In comparison, a similar exercise can be performed 

for the CoA biosynthesis enzymes in S. aureus, which forms part of another study that is performed in 

our research group. 

In this project, we would therefore like to establish a method for the quantification of the enzymes in 

the CoA biosynthesis pathway of S. aureus by the utilization of polyclonal antibodies in an ELISA 

format to not only corroborate the ratios for the CoA biosynthesis enzymes in S. aureus, but also 

determine the specific concentrations of these enzymes. The use of antibodies, specifically in protein 

level quantification, is therefore important to understand in order to achieve this goal. 
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1.3  The role and application of antibodies in the laboratory setting 

 

1.3.1 An introduction to antibodies 

It was in 1796 that Edward Jenner gave us the first glimpse into the field of immunology. Jenner’s 

discovery that cowpox could induce protection against human smallpox broke ground for researchers 

such as Louis Pasteur, who devised vaccines for both cholera and rabies respectively, and Robert Koch 

who successfully proved that infectious diseases are caused by micro-organisms. It is these discoveries 

that led to the search of a mechanism of protection and subsequently the science behind our immune 

systems (34). 

The immune system comprises of an intricate network of cells and proteins that work together to locate 

foreign cells, viruses, or macromolecules; to neutralize these invaders; and to ultimately remove them 

from the body (35, 36). These cells and proteins can be divided into two unique systems namely the 

innate and the adaptive immune system. Innate immunity, also known as natural or native immunity, is 

always present in healthy individuals and acts as the first line of defence against infection. Adaptive or 

acquired immunity, on the other hand, develops as an individual is exposed to different infectious micro-

organisms throughout their lifetime (37). 

Antibody production, which is the focus of this section, forms part of the humoral immunity portion of 

the adaptive immune system. In 1890 Emil von Behring and Shibasaburo Kitasato discovered that the 

serum of vaccinated individuals contained molecules that specifically bound to a particular pathogen, 

subsequently naming these molecules antibodies (34). Antibodies can be defined as proteins, more 

specifically immunoglobulins, that are secreted by immune cells called B-lymphocytes, and which are 

found in host plasma and extracellular fluid (38). These proteins have a characteristic Y-shape (Fig. 

1.7) and consist of four polypeptides, two identical heavy chains and two identical light chains which 

are held together by interchain disulfide bonds (38, 39). Furthermore, they can be divided into two 

domains according to the function that each domain is associated with. The arms of the Y-shaped protein 

each contains an antigen binding site which forms the Fab (antibody binding fragment) portion of the 

protein that is specific to a certain epitope. The Fc (crystallizable fragment) portion of the antibody 

consists of the tail of the molecule and imparts the antibody with its biological effector function, 

determining whether the antibody can be bound to a cell membrane of an effector cell or whether it 

activates antipathogenic effector functions such as the complement system (38).  

There are five types of heavy chains of antibodies or immunoglobulins which ultimately determines the 

class or isotype of the antibody (37). In mammals there are five different classes of antibodies namely: 

IgG, IgM, IgA, IgD and IgE of which in certain mammals IgG and IgA can further be divided into 

different subclasses or isotypes (38). Similarly, avian antibodies can be divided into three different 

classes, IgY (which compares to mammalian IgG), IgM and IgA (38). Each class of antibody has unique 
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biological and physical properties which determine the specific effector function of each of the class of 

antibodies (37, 38).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: The antibody structure. The classical Y structure of the antibody consists of two identical 

heavy chains and two identical light chains that is held together by intra- and interchain disulfide bonds. 

These chains consist of constant and variable regions which contribute to either antigen binding and 

specificity (variable region) or the effector function of the antibody (constant region). The arms of the 

antibody (Fab region) house the specific antigen binding sites that allows the antibody to bind to a 

specific epitope and the tail of the antibody (Fc region) allows for it to either be bound to a cell 

membrane or result in activation of further molecular mechanisms. This image was created with 

BioRender.com. 

 

Antibodies can bind with high specificity and affinity to an antigen (40) that allows them to neutralize 

and eliminate microbes and microbial toxins as well as prevent them from colonizing host cells and 

connective tissues (37). It is also this inherent specificity that allows antibodies to be used as invaluable 

tools in immunological research, immunohistochemistry, diagnostic testing, and vaccine quality control 

(40). Antibodies can further be classified as either monoclonal or polyclonal. Monoclonal antibodies 

are the antibodies produced by a single B-lymphocyte clone which recognises a single specific epitope 

on a specific antigen, whereas polyclonal antibodies are produced by a mixture of various B-lymphocyte 

clones, giving them the ability to bind to several different epitopes on any given antigen (40). The choice 

of which type of antibody to use in a specific application can be based on the characteristics of each 

group of antibodies with respective advantages and disadvantages, that can be observed in Figure 1.8 

below.  These factors need to be carefully considered when choosing a specific type of antibody for the 

purpose of the research to be undertaken.   
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Figure 1.8: Monoclonal versus polyclonal antibodies. A figure illustrating the advantages and 

disadvantages of monoclonal and polyclonal antibodies. In the illustration an antigen with multiple 

epitopes can be seen (as indicated by the different shapes) and the corresponding antibodies that bind 

to their complimentary epitope. This image was created with BioRender.com. 

 

The advantages such as inexpensive and quick production of polyclonal antibodies made these the 

antibodies of choice during this particular study and will be focussed on in this literature study. 

 

1.3.2 Polyclonal antibody production strategies 

Through the ages, immunological laboratory methods have become powerful and indispensable 

research tools in cell biology, biochemistry, and molecular biology (41). As such, antibody production 

in laboratory animals has become an integral part of many research and development projects and 

established industry practices (42). Antibodies can be produced against virtually any macromolecule 

(41), but before production can commence, researchers are faced with a vast variety of complex choices, 

which are critical for successful antibody production. Some of the most important factors to take into 

consideration include, the choice of host animal, immunization procedures and the design of the 

immunization protocol to ensure the welfare of the animals being immunized, whilst still obtaining 

high-titre, high-affinity antisera (42). In this section the necessary factors that need to be taken into 

consideration for the production of polyclonal antibodies will be explored. 
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1.3.2.1 Choice of antigen  

An immunogen is any molecule capable of eliciting an immune response when injected into an animal. 

Polypeptides, polysaccharides, glycoproteins, glycolipids, and lipoproteins with molecular weights 

above 10 000 are typical immunogens since these are the types of molecules generally presented on the 

surface of pathogens (43). Antigens, however, refer to any molecule or substance that can be recognized 

and bound by an antibody (37). All immunogens can therefore be considered antigens, however not all 

antigens are immunogens, as smaller compounds, such as peptides with low molecular weights can also 

be recognized and bound by antibodies but are not big enough to induce an immune response when 

injected alone (43). These compounds may become immunogenic when bound to a larger carrier 

molecule (43).   

Antibody production usually involves immunization with a purified or partially purified antigen, which 

may include proteins or peptides, nucleic acids, carbohydrates, and small organic molecules conjugated 

to protein carriers, to name but a few (44). When antibodies are produced, it is important to consider all 

characteristics of the antigen, which include the quality and quantity of the antigen as well as the antigen 

preparation. The specificity of the immune response obtained depends strongly on the purity of the 

injected antigen. Small impurities could potentially be immunodominant, resulting in more antibodies 

that have greater activity against the impurity than the antigen of interest and could also result in a 

greater potential for cross-reactivity. Another important aspect to take into consideration, is the potential 

toxicity of the antigen preparation due to possible contamination with endotoxins or chemical residues 

that are used to inactivate the microorganism, as well as antigen preparations with a very high pH level. 

It is very important that all diluents of antigen preparations are endotoxin free and fall within the normal 

physiological pH range (40). 

Furthermore, the amount of antigen injected will determine the extent of the immune response elicited. 

Too much or too little antigen may result in suppression, sensitisation or tolerance of the immune 

response. The quantity of antigen utilised therefore depends on the inherent properties of the antigen, 

whether the antigen is purified or comprises of a mixture of antigens, the animal species to be 

immunized as well as the use of adjuvants and the route and frequency of the injection (43).  

It is very important for the researcher to carefully consider all of these factors before commencing with 

immunisation, in order to produce high-titre antibodies, whilst making sure the welfare of the animal is 

maintained. 

 

1.3.2.2 Choice of host animal species 

When choosing a species for the production of polyclonal antibodies, there are two important aspects 

to consider. First, how much of the antibody containing serum will be needed for the project and 
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secondly, to determine the phylogenetic relationship between the recipient and the donor of the protein 

antigen (42). For producing polyclonal antiserum to a protein antigen, it is better to choose a donor-

recipient pair that are not closely related in phylogenetic terms. A greater phylogenetic distance between 

the antigen recipient and donor is generally predictive of a greater number of amino acid sequence 

differences between the homologous proteins, which could translate to a more diverse and potentially 

higher-titre serum antibody response, therefore the more epitopes on a specific antigen, the more 

polyclonal antibodies produced (42). A large number of animal species have been used over the years 

for the production of polyclonal antibodies, each species offering its own advantages to a particular 

study (42). The animals most commonly used for antibody production (Fig. 1.9) will therefore be 

discussed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9: The animals most commonly used for polyclonal antibody production. This image was 

created with BioRender.com. 

 

Rabbits – Rabbits are generally the most commonly used laboratory animal for the production of 

polyclonal antibodies (42, 43, 45). The utilisation of rabbits for the production of polyclonal antibodies 

has many advantages over the use of other species. Firstly, the convenient size of a rabbit makes it easy 

to handle and to collect large blood samples from the marginal ear vein or central auricular artery (42, 

43). Furthermore, the rabbit has a relatively long lifespan (42) and due to its excellent responsiveness 

to a wide variety of antigens, produces adequate volumes of high-titre, high-affinity antisera (43).  
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Chickens – Chickens provide a unique advantage over other species to make polyclonal antibodies 

against mammalian antigens, due to their large phylogenetic distance from mammals (42). It is this 

phylogenetic distance that reduces the probability for chicken IgY to cross-react with mammalian IgG 

(46). Chicken IgY, also known as chicken IgG, is the functional equivalent of mammalian IgG in birds 

but it differs in many functional aspects to mammalian IgG. The chicken IgY is transported from the 

mother to the embryo via the egg yolk and the egg yolk thus contains high concentrations of chicken 

IgY, which can then be extracted for future use (46). 

Mice – Mice are more commonly used for the production of monoclonal antibodies. In some cases, they 

can be advantageous for the production of polyclonal antibodies, particularly when the amount of 

antigen available for immunization is limited or when a small amount of antiserum is needed. However, 

due the small size of a mouse, it increases the difficulty of harvesting adequate amounts of polyclonal 

antibodies and is therefore not considered favourable (42).  

Rats, Hamsters & Guinea pigs – Rats, hamsters and guinea pigs are some of the other options used for 

the production of polyclonal antibodies, but are, however, not favoured over rabbits. The smaller blood 

volumes of these animals increases the difficulty of collecting significant amounts of blood as it 

generally requires anaesthesia or cardiac puncture (42). 

Farm animals – Farm animals such as sheep, goats and horses are generally used for the production of 

polyclonal antibodies when large volumes of antisera are needed. Utilisation of farm animals has its 

advantages, as these species generally have longer lifespans, are relatively easy to handle and blood can 

be collected from the jugular vein without the need of anaesthesia. The drawbacks, however, include 

the expense of acquiring and maintaining these animals, especially when multiple animals are needed. 

These animals are generally used in the commercial production of polyclonal antisera (42). 

1.3.2.3 Immunisation strategies 

The development of an appropriate immunisation protocol for the production of antibodies is a crucial 

aspect of the antibody production process to ensure the welfare of the experimental animal whilst still 

obtaining high-affinity antibodies with sufficient titre values that can be used for the required antibody 

applications. Some of the important factors that need to be taken into consideration include the dose of 

the immunogen to be administered, the use of adjuvants, blood volumes that can be collected from the 

immunized animals, frequency of immunisations and the administering of booster injections. These 

contributing factors will therefore be briefly discussed in the paragraphs to follow. The use of adjuvants 

will be discussed in more detail in the subsequent subsection and technicalities of the immunisation 

process will be discussed in more detail in Chapter 2 of this thesis.  

Route of immunisation – The route of administering immunogen largely determines the spread and 

presentation of the immunogen and could have a great effect on the immune response of the immunised 

animal to the antigen. The ideal route for immunisation should result in the exposure of the antigen to 
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a large number of antigen-presenting cells (APC’s) (43), such as dendritic cells or macrophages (37). 

Secondary to this, the site of immunisation should be chosen to minimize pain, distress and functional 

impairment that might be caused by the inflammatory reaction to the administered immunogen (43). 

Many immunisation sites have been mentioned in the production of polyclonal antibodies, each with its 

advantages and disadvantages. The more routinely used sites for injection include subcutaneous (s.c.), 

intramuscular (i.m.), intraperitoneal (i.p.), intradermal (i.d.) and intravenous (i.v.) (48). Other routes 

that have been mentioned, but are not favoured, nor do they provide advantages over the other routes 

for immunisation, include: intralymph, intrasplenic and intra-articular (43). The appropriate route of 

immunisation will ultimately be determined by the type and size of the animal being immunised as well 

as the use of adjuvants. The advantages and disadvantages of the different routes can be observed in the 

table below (Table 1.1). Furthermore, the recommended immunisation volumes for the respective sites 

of immunisation will be part of the discussion on immunogen dosages (Table 1.2).  

Table 1.1: The advantages and disadvantages for the different routes of immunisation (40). 

Site of injection Advantages Disadvantages 

s.c. Allows for immunisation with large 

volumes 

Inflammation can easily and closely be 

monitored 

Slow absorption of immunogen 

i.m. Rapid absorption of immunogen, 

especially with muscular activity 

Allows for immunisation with large 

volumes in larger animals 

Injections may be painful 

The spread of adjuvant and antigen along 

the interfacial planes and nerve bundles can 

result in damage to the sciatic nerve 

i.p. Allows for the accommodation of large 

volumes of inoculum 

High percentage of injection failure 

Utilization of an oil adjuvant can result in 

peritonitis 

Risk of anaphylactic shock accompanied 

with booster injections 

i.d. Langerhans dendritic cells present in the 

dermis allows for more efficient 

processing of immunogen 

Small amounts of immunogen sufficient 

for eliciting an immune response 

Injections may be painful 

Ulceration can occur with the use of oil 

adjuvants 

i.v. Immunogen is rapidly distributed Does not allow for the use of oily or 

viscous gel adjuvants with administration 

High risk of anaphylactic shock 

accompanied with booster injection 

 

Immunogen dosage – The dosage of the immunogen to be administered relies on many factors 

including the animal to be immunised, the properties of the immunogen to be administered (as 
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previously discussed), the route of injection (as previously discussed) and whether an adjuvant would 

be used to enhance an immune response (43). In the case where immunogen doses are very low, they 

might be insufficient to stimulate an immune response for antibody production, however, low dosages 

might stimulate the production of memory B-lymphocytes that could be stimulated to produce higher 

amounts of antibodies by a secondary immune response. In contrast to low dosages, excessive dosages 

of immunogen may result in immunological tolerance to the antigen or high concentrations of antibodies 

with low affinity for the antigen (41, 43). Therefore, determination of an optimal immunogen dosage is 

no easy task. With the factors mentioned above in mind, researchers have to rely on estimation of 

immunogen dosages according to previous experience of the researcher, guidelines and references 

found in literature for the antigen of interest, and the estimated immunogenicity of the antigen to be 

administered (43). The recommendations for the maximum volume of immunogen that may be injected 

at specific injections sites for different animals can be observed in Table 1.2.  

Table 1.2: Maximum volume of injection per injection site recommended for immunisation of 

different animals (47). 

Animal 

*Injection site 

s.c. i.m. i.p. i.d. i.v 

Mice 0.5 mL 0.05 mL 1 mL - 0.2 mL 

Hamsters 1 mL 0.1 mL 2 - 3 mL - 0.3 mL 

Guinea pigs 1 mL 0.1 mL 10 mL - 0.5 mL 

Rats 1 mL 0.1 mL 5 mL - 0.5 mL 

Rabbits 1.5 mL 0.5 mL 20 mL 0.05 mL 1 – 5 mL 

Sheep & Goats 5.0 mL - 10 mL 0.05 mL 30 mL 

Chicken 4.0 mL 0.5 mL 10 mL 0.1 mL 0.5 mL 

* These volumes are recommended for immunisations that does not utilize adjuvants. 

 

Immunisation schedule – The frequency of immunisation and re-immunisation play a critical role in 

the successful production of polyclonal antibodies and as mentioned with regard to the previously 

discussed aspects, the determination of an optimal immunisation schedule relies on the type of 

immunogen being administered, dosage, route of injection and whether an adjuvant would be used to 
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enhance the immune response (42, 43). After primary immunisation, the researcher might decide to 

give the animal a booster immunisation according to the response of the animal after initial 

immunisation. The main goal of the booster immunisation is ultimately to re-stimulate the immune 

system of the immunised animal to increase circulating antibody levels and therefore it is very important 

for the researcher to get the timing of the booster immunisation right (43). To ensure that the booster 

immunisation is effective, it should only be administered after the immune response to primary 

exposure has started to decline and antibody levels have gone down (Fig.1.10). This process allows for 

the selection of B-lymphocytes to produce higher affinity antibodies to the antigen of interest (43). 

Therefore, when administering another round of immunisation too soon after initial immunisation, it 

might result in immune suppression rather than enhancing the secondary immune response (42, 43).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10: The typical antibody response. With the first encounter of an antibody on the surface of 

a B-cell with antigen (A), the immune system launches a primary immune response. This response may 

take 1 to 3 weeks after the first encounter to reach maximal antibody concentration. After second 

exposure to the same antigen, the immune system launches a secondary immune response, which 

typically takes 2 to 7 days to reach a maximal antibody concentration. Due to memory cells produced 

after first exposure to the antigen, the secondary immune response occurs more rapidly and to a greater 

extent than the primary response. After exposure to an antigen, antibody levels decline over time as 

infection is eradicated and the need for antibodies decline. When the immune system encounters a new 

antigen (B), it will launch a new primary response that will be unique to the specific antigen (34, 37). 

This image was created with BioRender.com. 

 

Blood collection – During the polyclonal antibody production process, researchers have to routinely 

observe antibody titres and in order to do so, have to take blood samples on a regular basis. It is therefore 

critical to know the extent and limitations of how much blood can safely be withdrawn without causing 
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harm to the animal. If too much blood is drawn from an animal too rapidly or too frequently without 

sufficient time for replacement, it may result in hypovolemic shock and anaemia (40). It is therefore of 

major importance to routinely monitor the health status of animals that are frequently bled (48). 

Recommendations for the maximum amount of blood that can be sampled from an animal for a single 

sample can be observed in Table 1.3 below. As a rule of thumb, it is recommended that no more than 

10-15% of the circulating blood volume of a healthy animal can be removed in a single sample (40, 45, 

48). In practice, 1% of the body weight of an animal can safely be removed without causing any harm 

(40, 47) as roughly 5-7% of the weight of an animal can be attributed to the blood volume (45). 

Table 1.3: Maximum recommended blood volume for blood collection of different animals (42). 

Animal 
Adult body weight 

(kg) 

Adult blood volume 

(mL) 

Single sample 

volume (mL) 

Mice 0.025 - 0.040 2.5 0.3 

Hamstesr 0.085 - 0.150 9 0.5 

Rats 0.3 -0.5 30 2.5 

Guinea pigs 0.7 - 1.2 60 5.0 

Rabbits 2 - 6 150 - 400 25 - 50 

Goats (45 kg) 15 - 65 3000 400a 

Sheep (60 kg) 20 - 70 4000 600b 

Chickens 1.5 - 2.5 240 20c 

a Volume estimated according to a 45 kg goat 

b Volume estimated according to a 60 kg sheep 

c Although antibodies can be obtained from the blood of chickens, it is not recommended. As stated in section 1.3.2.2, an 

easier method of obtaining antibodies would be from the egg yolk of eggs lain by the immunised animal (46). 

 

1.3.2.4 Use of adjuvants 

In cases where antigens are too small or not immunogenic enough, adjuvants may be used to elicit or 

enhance an immune response. Adjuvants (derived from the Latin “adjuvare” which means to help) can 

be described as compounds or substances that are injected with the antigen of interest to elicit an 

enhanced immune response to antigens that are poor immunogens (43, 49, 50). The use of adjuvants 

generally falls within one of two categories, either in the production of prophylactic vaccines or in 

experimental research (50). 

For the purposes of this study, however, we are more interested in the use of adjuvants in experimental 

research, specifically in polyclonal antibody production. For over 70 years adjuvants have been used to 
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enhance the immune response of host animals to antigens (50) to ensure the economical and efficient 

production of high-titre, high-affinity antibodies to a specific immunogen (43). More than 100 different 

adjuvants have been described, but only a few are routinely used (40), with one adjuvant that clearly 

stands out above the rest, having received the most attention.  

In 1937, a researcher named Jules Freund reported that injecting guinea pigs, infected with 

Mycobacterium tuberculosis, with sheep erythrocytes resulted in elevated anti-sheep erythrocyte 

antibody titres (49). It was this finding that sparked Freund to examine the effect of emulsifying an 

aqueous solution of the antigen ovalbumin in paraffin oil along with killed tubercle bacilli with the aid 

of a surfactant (49). These experiments resulted into what is known today as Freund’s complete adjuvant 

(FCA). As an important pioneer in the development of other adjuvants, FCA will be the focus of this 

section. 

Since the first description of FCA, it has been the most effective and widely utilisedutilised adjuvant 

for experimental antibody production and its immunostimulatory capabilities have surpassed all other 

adjuvants (50). Antigens in aqueous solution are emulsified in FCA as a water-in-oil emulsion that 

consists of light mineral oil to which mannitane mono-oleate is added to emulsify the solution. The 

addition of inactivated and dried mycobacterium (M. tuberculosis) completes the mixture (41) and 

without the addition of the bacteria, the emulsifying oil is known as Freund’s incomplete adjuvant. The 

primary principle on which FCA and other water-in-oil emulsions are based, is that the hydrophilic 

antigens (mostly proteins) become entrapped in small water droplets that are suspended in an oily 

environment (41, 49). It is this function of FCA, and other adjuvants, that allows for the slow and 

widespread release of the antigen of interest. 

Although FCA has proven to be a good immunostimulant in the production of polyclonal antibodies, it 

has major drawbacks. The use of FCA has been associated with a variety of lesions and granulomas at 

the site of injection that cause pain and distress and are detrimental to the animal (50). It is due to these 

drawbacks that the use of FCA has since been limited and has resulted in numerous regulatory 

guidelines with regard to the use of this adjuvant to prevent harm to laboratory animals (50). With these 

regulations in mind, researchers have explored other avenues to achieve similar immunostimulatory 

effects to FCA without its great disadvantages. One such technique using acid-treated, naked bacteria, 

developed by Bellstedt et al. in 1987 (51), will be utilisedutilised in this project to produce polyclonal 

antibodies (Chapter 2). 

 

1.3.3 Antibody production using acid-treated, naked bacteria 

As alluded to earlier, antibodies can be produced against a wide variety of molecules but eliciting 

antibody production is complex. An introduced antigen can bind to an antibody receptor on a B-cell but 

would not necessarily elicit an effective immune response. It is usually problematic if only the antigen 
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is presented to the immune system. As mentioned previously, these obstacles could be overcome by the 

use of adjuvants such as emulsifying the antigen in FCA, but these have major constraints as explained 

above. To overcome these problems, Bellstedt et al. (51) developed an immunisation technique that 

involves the adsorption of a protein antigen of interest to acid-treated, naked Salmonella minnesota 

R595 bacteria, which act as an immune carrier for protein antigens to stimulate and enhance an immune 

response in cases where the antigen itself is not sufficiently immunogenic (51).  

The first use of the term acid-treated, naked bacteria, also referred to as naked bacteria (NB), was used 

by Galanos et al. (52) to describe S. minnesota R595 that have been stripped of their natural antigenic 

determinants on the cell surface by mild acid hydrolysis. Galanos et al. (52) found that the NB could 

act as immune carriers and have excellent immune stimulating properties when antigens were adsorbed 

to them. In the subsections to follow, we will briefly discuss the immunogenic properties of naked 

bacteria as well as their use in polyclonal antibody production. 

1.3.3.1 The Gram-negative cell wall 

Bacteria may be divided into one of two groups according to their specific staining patterns. In 1884, 

Hans Christian Gram devised a method for the staining of bacteria that is based on the composition of 

their cell walls and can therefore either be classified as Gram-positive or Gram-negative (53). S. 

minnesota R595 is a Gram-negative bacterium and thus has a more complex cell-wall structure than 

Gram-positive bacteria. The cell wall of Gram-negative bacteria consists of multiple layers starting with 

the inner cytoplasmic membrane, which is surrounded by a peptidoglycan layer, which is finally 

surrounded by an outer membrane layer (54). Furthermore, the outer membrane consists of many 

components, such as various proteins, lipopolysaccharides (LPS), lipoprotein (LP) and phospholipids, 

as illustrated in Figure 1.11 A. 

The LPS complex in the outer membrane of the cell wall is also known as endotoxin. Endotoxins elicit 

various toxic effects in Gram-negative infected mammals that result in characteristic symptoms such as 

fever, changes in blood pressure, headache and in severe cases could even result in death. These toxic 

effects do not change whether the bacterium is dead or alive (55). LPS molecules (Fig. 1.11 B) consist 

of mainly two components, a hydrophilic polysaccharide portion and a hydrophobic lipid portion that 

is also known as lipid A. The polysaccharide portion of LPS can further be divided into the core 

polysaccharide chain and the O-specific saccharide chain (55).  
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Figure 1.11: The Gram-negative cell wall. The Gram-negative cell wall (A) consists of many 

components that make it more complex than the Gram-positive cell wall. The innermost layer of the 

Gram-negative cell wall is the inner cytoplasmic membrane that contains integral proteins. This 

membrane is followed by the periplasmic space that contains the peptidoglycan layer and several 

proteins such as lipoproteins and phospholipids. The outermost layer of the Gram-negative cell wall 

consists of the outer membrane, containing porin proteins and lipopolysaccharide (LPS) on its surface. 

The LPS portion of the membrane (B) is composed of a polysaccharide portion and a lipid portion, also 

known as lipid A. The polysaccharide region can further be divided into the O-specific chain and the 

core polysaccharide. This image was created with BioRender.com. 

 

The polysaccharide portion of LPS indirectly plays a role in the endotoxic effect of Gram-negative 

bacteria and is mainly responsible for the increased solubility of the hydrophobic lipid A portion, 

facilitating the uptake thereof in mammalian cells. Therefore, the longer the polysaccharide chain, the 

easier it is taken up into the mammalian cell (56). The lipid A portion on the other hand, has been 

identified as the key determinant of the endotoxic activity that is associated with LPS and infections 

with Gram-negative bacteria (57). 

1.3.3.2 The preparation of acid treated naked bacteria  

The lipid A portion of LPS displays endotoxic activity and elicits an immune response in infected 

mammals. It is this characteristic of lipid A, that when presented in a suitable form, can be used to elicit 

an immune response to produce antibodies in immunised animals (52). In 1967, Risse et al. (58) 

reported a method for the cleavage of the polysaccharide portion of LPS from lipid A by utilization of 

acid hydrolysis. In turn, this method was utilisedutilised by Galanos et al. (52) to produce acid-treated, 

naked S. minnesota R595 (NB), and ultimately resulted in the immunisation method developed by 

Bellstedt et al. (51) to use the NB as an immune carrier for polyclonal antibody production.  
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NB are prepared by growing S. minnesota R595 in liquid medium and subsequently killing them by the 

addition of a 1% phenol solution. Thereafter, the killed bacteria are washed with distilled water, 

followed by acetone and finally ether. The NB were obtained by treating these bacteria with a 1% acetic 

acid solution at 100°C for 1 hour, resulting in the cleavage of the core polysaccharide portion along 

with certain sugars from the LPS present on the cell surface of the bacteria. Before storage, the NB are 

washed with a saline solution and water, whereafter they are lyophilised (51, 52).  

1.3.3.3 Acid-treated naked bacteria as immune carriers 

Since the first description of acid-treated, naked bacteria by Galanos et al. (52), NB have been used in 

many other studies for antibody production. In 1971, Galanos et al. (52) showed that free lipid A 

adsorbed to NB was able to raise specific antibodies to lipid A in rabbits. Furthermore, in 1984 Galanos 

et al. (59) also showed that raising antibodies in mice utilizing the free lipid A adsorbed to NB, required 

the development of a special immunisation schedule, indicating that optimisation is needed for the 

immunisation of different animals. 

In 1987, Bellstedt et al. (51) determined that titre values for antibodies raised to carcino-embryonic 

antigen as well as human apolipoprotein A1 that were adsorbed to NB, were comparable to antibody 

levels achieved when using FCA to enhance an immune response. This study showed that although 

antibody levels were comparable, when utilizing the NB method where the antigen forms a complex 

with the NB, and much less antigen was required for immunisation. In a second study, Bellstedt et al. 

(60) also showed that linking the trinitrophenyl (TNP) hapten to NB, resulted in a significant immune 

response in mice and rabbits and that NB were effective immune carriers for the TNP hapten. Therefore, 

whether the antigen was adsorbed or covalently linked to the NB, it was able to elicit an effective 

immune response in the immunised animals. 

It is clear from these studies that the utilization of NB as immune carriers has proven to be very 

successful in the production of antibodies, but it is important to note that it could also have 

disadvantages. Due to the endotoxic effect of lipid A in the cell membrane of the NB, bigger dosages 

of the NB could have adverse effects and therefore only limited amounts as determined by Bellstedt et 

al. (60) should be used. Nevertheless, it has been determined that the lipid A present in NB is 

considerably less toxic than free lipid A (61). 

NB have subsequently been used to raise antibodies against many protein antigens including human 

Serum amyloid A (62), cytochrome P450-dependent enzymes (63), ostrich immunoglobulins (64) and 

many others. This has shown that this technique has distinct merits as a method for raising antibodies 

against proteins particularly in instances where their isolation is problematic, and in low yield and also 

does not lead to granuloma formation as is the case when FCA is used. 
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1.3.4 Polyclonal antibody alternatives  

Other than polyclonal antibodies, many alternative types of antibodies are frequently used in research. 

Previously, monoclonal antibodies and their advantages and disadvantages as opposed to polyclonal 

antibodies were discussed, but other options include recombinant antibodies that can be produced in 

non-animal systems such as plants and bacteria. These antibodies can be either polyclonal or 

monoclonal and eliminate the use of animals in antibody production (65). Another upcoming alternative 

is the use of nanobodies, or single domain antibodies. These antibodies that are produced in Camelids 

are devoid of light chains and the first constant region (Fig 1.7), making them much smaller and more 

versatile. Consequently, these antibodies have been used in many applications such as fluorescent 

microscopy and super-resolution microscopy as well as protein-protein interaction analysis (66). 

Although these are very attractive alternatives to polyclonal antibodies, they require additional expertise 

in molecular biotechnology as well as special resources (such as immunisation of llamas or alpacas to 

produce nanobodies) and they are also more time consuming and more expensive to produce (in the 

case of nanobodies). Thus, they were considered to be less ideal for the purpose of this study. 

 

1.3.5 Antibody applications in diagnostics 

Antibodies have many applications, not only as research tools but they can also play a key role in 

diagnostic testing. Immunodiagnostic tests have made it possible for clinicians to test for a wide variety 

of disease markers and are the first resort for the detection and measurement of a plethora of blood 

products, hormones, enzymes, nutritional factors, and drugs (67). Antibody-based assays exist in many 

formats such as immunohistochemistry, immunosorbent assays (radio immunoassays and enzyme 

immunoassays), immunoprecipitation and agglutination, and immunochromatography, to name a few 

(68).  

Immunosorbent assays and immunochromatography are two of the more commonly used 

immunodiagnostic tests. Immunosorbent assays, such as the enzyme-linked immunosorbent assay 

(ELISA), is one of the best-known and widely utilisedutilised immunoassays and relies on the 

adsorption of a primary reactant to a solid surface (68). Some of the first assays used were developed 

for the detection of large polypeptide hormones such as glucagon and insulin, but to date ELISAs have 

been developed to include the detection of disease markers, therapeutic agents, recreational drugs, 

plasma proteins and many other molecules (67). The use of these assays has also aided in the agricultural 

sector for the detection of certain disease conditions, caused by plant pathogens, in crops. Antibodies 

and their application in ELISAs will be discussed in more detail later. 

Second to ELISAs, the use of immunochromatography or lateral flow assays have become increasingly 

popular. Unlike ELISAs, immunochromatography does not fix analytes to a surface, but rather allows 
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the fluid sample to be tested to flow and migrate on thin-layer chromatography paper. As the fluid 

moves to one direction, it takes antibody coated particles that form part of the matrix along with it, 

allowing the antigen to bind to its complimentary antibody on the particle surface. A coloured stripe, 

which can be evaluated with the naked eye, is formed in the detection zone as the antigen-carrying 

particles are embedded in this region. The non-antigen-carrying particles, on the other hand, moves on 

to a control zone (68). Some of the most common immunodiagnostic tests that involve 

immunochromatography are pregnancy tests, rapid tests for the detection of certain diseases such as 

HIV, as well as multiple drug testing (69). 

 

1.3.6 Antibody applications in antimicrobial drug targeting 

Other than its applications in protein quantification and many other techniques such as 

immunohistochemistry, immunocytochemistry, immunoprecipitation, and flow cytometry (70), 

antibodies have also played a key role in therapeutics. 

In the 19th and 20th centuries, increased accounts of the use of antibodies for therapy against microbial 

and viral infections have been reported (71). Serum therapy involves injecting antibodies, produced in 

animals against different infective micro-organisms, into healthy individuals as prophylaxis, or into 

infected individuals for treatment purposes. In a review by Glatman-Freedman (71), they report on the 

early use of serum therapy in M. tuberculosis (TB) infection and how it evolved over the years. In a 

similar review, Casadevall (72) reports on the use of serum therapy in infections caused by 

Corynebacterium diptheriae, Streptococcus pneumoniae, Neisseria meningitidis, Haemophilus 

influenzae as well as Clostridium tetani. By the 1930’s, however, the use of serum therapy was 

discontinued when vaccinations and antimicrobial chemotherapy were introduced (72).  

In more recent studies, the use of antibody-antibiotic complexes (AAC) for combating bacterial 

infections have been proposed. Antibody-antibiotic conjugation combines the key characteristics of 

antibiotics and antibodies, resulting in a single molecule with the ability to target specific molecules 

while being easily adsorbed, distributed, and metabolised (73). A study by Lehar et al. (74) reports on 

one such AAC for combating S. aureus, and specifically MRSA, infections. MRSA is notorious for its 

ability to evade the immune system by essentially hiding in phagocytes, making it increasingly difficult 

to target. In this study, they combined S. aureus anti-b-GlcNAc-WTA with dmDNA31, a rifalazil 

analogue that forms part of the ansamycin class of antibiotics (73) and found that these conjugates were 

able to kill S. aureus in infected cells in mice more effectively than vancomycin. Furthermore, it was 

also able to stop the spread of the infection in the bodies of the mice (74). 

Since the outbreak of the SARS-CoV-2 virus that resulted in the recent ongoing pandemic, the use of 

antibodies to treat infected patients has gained renewed attention (75–77). Antibody therapy, that has 

been replaced with new strategies to combat bacterial and viral infection in the past decades, is one of 
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the strategies that are being considered for the relief of the severe burden of Covid-19 in infected 

patients (75–77). As reported by Abraham (77), recent non-controlled studies with convalescent plasma 

therapy or antibody serum therapy, have shown great potential. Patients with severe Covid-19 were 

transfused with high-titre, neutralizing antibody serum from individuals that had recovered from the 

illness. Post-transfusion, it was observed that these individuals had increased levels of neutralising 

antibodies, no viral RNA was detected in their blood samples at the time and these individuals also 

improved clinically (78). Second to serum therapy, monoclonal antibody production to spike 

glycoproteins on the viral surface that mediates entry into cells has also been reported. The intention of 

these antibodies is the neutralisation of the glycoproteins to inhibit the virus from entering the host cell 

(75). 

 

1.3.7 Antibody applications in protein quantification 

Antibodies are important tools that play a significant role in protein quantification. Many methods exist 

for the determination of protein concentration, but two of these techniques namely ELISA and western 

blot will be discussed. 

1.3.7.1 Enzyme-linked immunosorbent assay (ELISA) 

Since the development of the radioimmunoassay (RIA) in the 1960s, more and more enzyme-

immunoassays (EIA), have been developed. These included the enzyme-linked immunosorbent assays 

(ELISA), which stem from the same technique as the RIA, but differ in that antigens or antibodies are 

absorbed to a solid phase instead of using an antigen antibody precipitation step. Furthermore, the 

antigens or antibodies are linked to enzymes instead of radioactive labels (79, 80). The ELISA was 

developed to eliminate the use of hazardous radiolabels, which required specialised facilities and waste 

management systems to dispose of radioactive waste (81). Not long after the introduction of the RIA, 

Perlmann and Engvall (82), introduced the use of the ELISA utilizing solid absorption and antibodies 

coupled to alkaline phosphatase from calf intestinal mucosa (82). This method, which can be used in a 

wide variety of applications, has become a standard technique in research laboratories world-wide (79).  

The ELISA relies on the principle that either enzyme or antibody can be adsorbed to a solid surface, 

whilst still participating in highly specific antigen binding (83). The technique can be divided into 

homogenous or heterologous assays (79). The homogenous assay relies on the principle that the solid 

surface does not require washing to avoid interference between antibody and antigen binding. This 

method is generally used for measuring substances in small quantities and is easy to use, however, it is 

very expensive and has low sensitivity (79). The heterogenous assay method on the other hand, is more 

sensitive and more commonly used. This method relies on washing the solid surface, where the antibody 
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or antigen is bound to, to avoid the interference of any molecule after the binding of the antibody-

antigen complex to the solid surface (79). 

The heterogenous ELISA can further be divided into different ELISA systems namely, the direct 

ELISA, the indirect ELISA, the sandwich ELISA and lastly the competitive ELISA. These different 

ELISAs are used in different applications and are similar but vary in key steps. A typical ELISA starts 

with adsorbing either antigen or antibody to the solid surface, followed by incubation with either antigen 

or antibody coupled to an enzyme depending on the chosen system and lastly the addition of a substrate 

for the visualisation of a colour reaction. The different systems as well as the process of ELISA 

development will be discussed in greater depth in Chapter 3. 

The ELISA has many advantages, including its sensitivity, specificity, rapidity, and its low cost. 

Furthermore, it is also able to detect antigens at very low concentrations (in the low ng/ml range) in 

solutions containing many other substances including proteins, sugars, lipids and inorganic 

molecules.The indirect and competitive formats of this assay are consequently widely used in protein 

quantification (84). 

1.3.7.2 Western blotting 

Second to the ELISA, western blotting is commonly used for the identification, quantification, and size 

determination of specific proteins (85). The use of the western blot was first reported in 1979 by Renart 

et al. (86) and Towbin et al. (87). The western blot as we know it today, however, was reported by 

Burnette in 1980 (88). The western blot forms part of the blotting techniques, Southern blotting which 

is used for the detection of DNA and northern blotting, which is used for the detection of RNA, all of 

which rely on the separation of molecules by electrophoresis followed by the transfer of the molecules 

to paper or membranes and probing with suitable nucleic acid or antibody probes. 

In western blotting proteins are first separated based on charge and size by gel electrophoresis, followed 

by the transfer of the separated proteins to a membrane, whereafter the membrane is incubated with 

antibodies for the detection of the specific proteins (89). The proteins are visualised by incubation of 

the membrane with a substrate solution that could either result in a colorimetric or chemiluminescent 

reaction and the thickness of the bands correlate with the amount of transferred protein (89). One of the 

great advantages of western blotting is its ability to differentiate between different forms of the same 

protein or antigen, which is not the case for ELISAs. ELISAs on the other hand, have proven to be a 

much more sensitive method for the quantification of proteins (90). 
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1.4 Problem statement 

 

1.4.1 Physiological levels of CoA biosynthesis enzymes in different bacterial growth 

phases are currently unknown 

As stated in the first section of this Chapter, the physiological levels of the CoA biosynthesis enzymes 

in S. aureus bacteria are currently unknown.  It is currently believed that the physiological representative 

ratios between the enzymes are 1:9:6:19 for PanK:CoaBC:PPAT:DPCK (33), but the actual levels need 

to be determined experimentally.  

Since the CoA pathway is being investigated as a novel drug target for antimicrobial drug development, 

it is imperative to understand the enzyme levels in order to determine which enzyme in the pathway has 

the most control over CoA production and availability. This could lead to more directed drug target 

strategies, by targeting one specific enzyme in the pathway, rather than trying to investigate the pathway 

as a whole. The objective of this project would be to develop tools that utilise polyclonal antibodies in 

an ELISA format for the detection and quantification of these CoA biosynthesis enzymes in S. aureus 

in different growth phases of the bacterium. 

 

1.4.2 Current antibodies available for CoA research 

In order to use ELISA for protein quantification, antibodies need to be generated that will recognise the 

enzymes involved in CoA biosynthesis in S. aureus. Literature reveals (Table 1.4) that the production 

of antibodies for use in CoA biosynthesis research primarily falls into two categories: i.e., antibodies 

produced against purified enzymes and antibodies produced against specific peptides (this is the most 

commonly used approach). Furthermore, it can be observed that antibodies were mostly produced 

against the PanK enzyme of different organisms, corresponding with the statement that PanK is the best 

researched enzyme of the CoA biosynthesis pathway. Lastly, when assessing commercial antibodies, 

antibodies were only available for enzymes of the mammalian CoA biosynthesis pathway, especially 

antibodies against human, rat and mouse CoA biosynthesis enzymes. 

As can be seen the antibody options are mostly for PanK with no known antibodies raised against any 

of the CoA biosynthesis enzymes of S. aureus specifically. This led to the realisation that there is a 

considerable gap in the knowledge and research tools to investigate CoA biosynthesis enzyme levels in 

S. aureus. 
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Table 1.4: Table of published antibodies used in CoA biosynthesis research 

Antibody 

(polyclonal) 

Method Details Literature 

anti-EcPanK 

 

Immunisation of rabbits with 

purified recombinant protein 

Used for purification 

of EcPanK by 

immuno-affinity 

chromatography 

Song & Jackowski 1994 

(91) 

 

anti-MmPanK 1 

 

Immunisation of rabbits with 

synthesised peptide  

(KDNYKRVTGTSLGC) 

Used for the detection 

of expression of 

MmPanK 1 with 

western Blotting 

Rock et al. 2002 

(92) 

anti-CoASY 

 

Immunisation of rabbits with 

purified recombinant  

his-dCoAK 

Used for 

determination of 

protein level 

expression of rat 

CoASY with 

immunoblotting 

Zhyvoloup et al. 2002 

(93) 

anti-MmPanK (1-3) 

 

Immunisation of rabbits with 

synthesised peptide linked to a 

carrier protein 

(SKDNYKRVTGTSLGC) 

 

Used for the detection 

of expression of 

MmPanK isoforms 

(1-3) with western 

Blotting 

Zhang et al. 2005 

(94) 

anti-HsPanK (1-3). 

 

Immunisation of rabbits with 

synthesised peptide linked to a 

carrier protein 

(SKDNYKRVTGTSLGC)  

 

Used for protein 

quantification with 

western Blotting 

Zhang et al. 2006 

(95) 

anti-CoASY β 

 

Immunisation of rabbits with 

synthesised peptide linked to 

carrier protein 

(MRTPRLRAQPRGAVYC)  

Used for validation of 

protein expression 

with western Blotting 

Nemazanyy et al. 2006 

(96) 

anti-dPanK/Fbla & 

anti-dPPCSb 

 

Immunisation of rabbits with 
a,bsynthesised peptides linked 

to carrier protein 

 

Used for protein 

quantification with 

western Blotting 

Bosveld et al. 2008 

(97) 

anti-PanK 

 

Immunisation of rabbits with 

recombinant purified human 

PanK 1β 

Used for validation of 

the expression of 

PanK isoforms with 

immunoblotting 

Sharma et al. 2018 

(98) 

a YFEPKDITPDEQDREC and CDEPPEKAPTSKHSTR (peptide sequences) 

b CDMMPTHKMQSGDGAP and CVQKHGEFISNAQQRQ (peptide sequences) 
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1.4.3 Study aims and objectives 

The goal of this study is to produce polyclonal antibodies that can be used in the development of ELISAs 

for the quantification of the CoA biosynthesis enzymes in S. aureus. These assays would then be used 

to determine the enzyme levels during different growth phases of this bacterium to confirm the current 

ratios of enzymes produced or to establish the actual ratios between the enzymes in the pathway. 

Information obtained from the utilization of these ELISAs therefore has the potential to be of 

considerable value in the development of selective inhibitors and novel antimicrobial drugs targeting 

CoA biosynthesis enzymes.  

Aim 1: The production, validation, and characterisation of antibodies against CoA biosynthetic 

enzymes from S. aureus. 

The first aim was to produce polyclonal antibodies against the enzymes of the CoA biosynthesis 

pathway of S. aureus. In order to achieve this aim, the enzymes of the pathway need to be produced and 

purified to allow their adsorption to acid-treated, naked S. minnesota R595. Subsequently, these 

complexes would be injected into rabbits for the production of polyclonal antisera. These antibodies 

will then be fully characterised by means of ELISA and western blot analysis as well as potential cross-

reactivity determined. Aim 1 can therefore be divided into the following objectives: 

Objective 1: The production and purification of the enzymes present in the CoA biosynthesis pathway 

of S. aureus (PanK, CoaBC, PPAT & DPCK).  

Large scale production of each of the enzymes will be performed with recombinant protein expression 

in E. coli BL21(DE3)-star cells, followed by purification with Ni2+-based immobilised metal-affinity 

chromatography (IMAC). 

Objective 2: Antibody production to the CoA biosynthesis enzymes of S. aureus. 

Polyclonal antibodies to the enzymes of the CoA biosynthesis pathway of S. aureus will be produced 

by the immunisation of rabbits with each enzyme adsorbed to acid-treated, naked S. minnesota R595 

bacteria. 

Objective 3: Antibody characterisation and cross-reactivity determination with ELISA and western 

blot. 

Antibodies produced will be subjected to ELISA analysis to determine antibody titre values as well as 

determine potential cross-reactivity of the antibodies with the different enzymes of the pathway.  

Western Blot analysis will be performed as a comparison to ELISA. 
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Aim 2: The development of an ELISA for the quantification of CoA biosynthesis enzymes present 

in S. aureus bacteria in different growth phases. 

The second aim of the project was to develop and optimise an ELISA assay for the quantification of 

each of the CoA biosynthesis enzymes of S. aureus. The above-mentioned polyclonal antibodies will 

be utilisedutilised to develop and optimise ELISAs for the quantification of each of the enzymes. The 

ultimate goal will be to use these assays to test S. aureus samples at different growth stages to determine 

the physiological levels of these enzymes at different growth stages. The objectives for Aim 2 are thus: 

Objective 1: Development and optimisation of an ELISA assay for the respective quantification of each 

of the CoA biosynthesis enzymes of S. aureus (PanK, CoaBC, PPAT & DPCK). 

Purified enzymes and polyclonal antibodies from Aim 1 will be used to develop and optimise ELISAs 

for determining CoA biosynthesis enzyme concentrations.  

Objective 2: Utilization of the optimised ELISAs for the quantification of antibody cross-reactivity. 

An optimised ELISA for each respective enzyme will be used to evaluate the effect of the cross-

reactivity of the antibodies with the specific antigens on the outcome of the optimised assays. 

Objective 3: Determination of physiological CoA biosynthesis enzyme levels at different growth phases 

of S. aureus. 

A protocol for the cultivation and enzyme extraction from S. aureus during different growth phases will 

have to be established and used to prepare samples for enzyme quantification. The optimised ELISA 

for each of the enzymes will then be used to determine enzyme concentrations from samples obtained 

during different growth phases of S. aureus. 
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Chapter 2 

The production and characterisation of polyclonal 

antibodies for the CoA biosynthesis enzymes of S. aureus 

2.1 Introduction 

 

As discussed in the previous chapter, the increased burden of antimicrobial resistance in human 

pathogens has necessitated the need for novel antimicrobial drug targets (1); a target of particular 

interest for this study being the CoA biosynthesis pathway of S. aureus. Although many studies have 

been performed on the CoA biosynthesis pathway of S. aureus, not much is known about the levels of 

these enzymes under different conditions. Previous approaches have included the use of the PaxDb4 

protein abundance database (2, 3) to determine the relative abundance of these enzymes, however, these 

ratios do not provide information on the actual concentrations of these enzymes. One approach to 

determine the concentrations of these enzymes would be the use of immunological techniques for the 

quantification of these enzymes, however, to our knowledge commercial antibodies to these enzymes 

are currently unavailable. In order to overcome this obstacle, we set out to produce polyclonal antibodies 

against the enzymes of the CoA biosynthesis pathway of S. aureus (PanK, CoaBC, PPAT and DPCK) 

utilizing acid-treated, naked S. minnesota R595 as immune carrier for these antigens. This method 

established by Bellstedt et al. (4) has successfully been used in the past for the production of polyclonal 

antibodies against a wide variety of antigens (5-7) including antibody production against ostrich 

immunoglobulins for application in the agricultural sector (8). 

In this project we therefore aim to develop and optimise enzyme-linked immunosorbent assays that 

would be able to detect and quantify CoA biosynthesis enzyme levels under physiological conditions 

in S. aureus. The development and optimisation of such assays will be described in greater detail in 

Chapter 3 of this thesis. However, the production of the tools needed for the development of an ELISA 

will be the main objective of this chapter. 

 

2.1.1 The importance of antibody characterisation and quality control  

The reproducibility and trustworthiness of data generated with antibodies, both commercial and in-

house preparations, have been brought into question (9) in view of the fact that antibodies produced 

against the same antigen in different animals of the same species may result in variation between 

antibody batches. This is mainly caused by the variation in the immune response of each animal to a 

particular antigen. Many factors play a role in the immune response of an animal to a particular antigen, 
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especially in the production of polyclonal antibodies. These factors include antigen preparation, the age 

of the animal, the health status of the animal as well as environment and exposure of the animal to other 

antigens (10, 11). The environment and exposure of the animal to other antigens is particularly 

important as polyclonal antibody sera contain antibodies produced by different clones of B-cells. This 

leads to antibodies that are specific for different epitopes of the same antigen and possible non-specific 

antibodies to antigens present in the environment of the host animal. These factors make it important to 

fully characterise antibodies that are produced in-house to establish their capabilities and limitations, 

which will ultimately influence their application in different laboratory techniques. 

 

2.1.2 The enzyme-linked immunosorbent assay (ELISA) 

The main technique that was utilised in this study for the characterisation of the produced polyclonal 

antibodies is the ELISA. Although this assay will critically be discussed in Chapter 3, it is important to 

already mention the specific format of the ELISA that will be used in this study as this assay was already 

utilised in the work reported in this chapter for the characterisation of the antibodies produced. As 

mentioned previously in Chapter 1, different formats of the ELISA exist which are utilised for different 

purposes. In this chapter, the specific focus will be on the direct versus the indirect format of this assay 

(Fig. 2.1). 

The direct ELISA can be regarded as the simplest format of the ELISA (12). In this format, antigen is 

adsorbed to the wells of a microtitre plate and incubated with a primary antibody that is linked to an 

enzyme which results in a colour reaction when substrate is added to the wells. The indirect ELISA on 

the other hand, is based on the same principle, but instead of incubating with a primary antibody that is 

directly linked to the enzyme that is responsible for the colour reaction or response, a secondary 

antibody which has the ability to detect the primary antibody is linked to the colour response. The 

substrate solution would then react with the enzyme on the secondary antibody, resulting in a colour 

reaction. The indirect ELISA format has the advantage that by the addition of the secondary antibody 

conjugate, the sensitivity of the ELISA may be increased by amplifying the signal of the label bound to 

the detection partner (13).  
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Figure 2.1: Schematic overview of the direct versus the indirect ELISA format. The difference 

between the direct and indirect ELISA lies in the addition of an extra secondary antibody that is 

conjugated to the enzyme that is responsible for a colour reaction. This additional step of the indirect 

ELISA is very useful to increase the signal and sensitivity of the assay. This image was created with 

BioRender.com. 

 

2.1.3 Strategy used for antibody production and characterisation 

In order to develop an ELISA method for the purposes of quantifying SaPanK, SaCoaBC, SaPPAT and 

SaDPCK levels under physiological conditions, key elements needed for the assay had to be prepared. 

The strategy used entailed the isolation of the S. aureus CoA biosynthesis enzymes by using a 

recombinant E. coli bacterial expression system, followed by the polyclonal antibody production against 

these enzymes in rabbits utilizing acid-treated, naked bacteria as immune carriers and stimulators. This 

was followed by the characterisation of these antibodies by ELISA and western blot analyses as well as 

the determination of potential cross-reactivity of these antibodies. The characterisation of these 

antibodies was a crucial part of this study for the development and optimisation of the ELISAs in the 

chapters to follow. 

2.2 Results and discussion 

 

2.2.1 Expression and purification of S. aureus CoA biosynthesis enzymes 

An important part of this study was the production and purification of the proteins needed for antibody 

production and assay development. In order to produce antibodies to a particular antigen, it is very 

important that the antigen is carefully prepared to ensure that antibodies are produced against the antigen 

of interest and not impurities that might be present in the sample (10). The proteins of interest were 

overexpressed in E. coli BL21(DE3)-star cells using either the pET28a or pProEX expression vector as 

well as the introduction of an N-terminal His6-tag. This was followed by purification of the proteins of 
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interest with Ni2+-based IMAC using an ÄKTA prime purification system. To confirm the identity and 

purity of the recombinantly produced SaPAnK, SaCoaBC, SaPPAT and SaDPCK enzymes, SDS-

PAGE analysis of these proteins was performed on a 10% polyacrylamide gel after each purification. 

The gels for each purification will not be included in this thesis as multiple cell pellets for each enzyme 

were purified, instead a representative gel (Fig. 2.2) with each enzyme is included to illustrate the size 

and purity of some samples used in antibody production and assay development. 

 

For each sample a clear band representing each of the four proteins was observed (Fig. 2.2 B). The first 

sample in lane 1 contains SaPanK, which is estimated to be 29 kDa in solution (14, 15). From the SDS-

PAGE we observed SaPanK at ~28kDa which corresponds well with sizes reported in literature. 

Similarly, in lanes 3 and 4, bands corresponding with bacterial PPAT (17.8 kDa) (16-18) and DPCK 

(22.6 kDa) (19) can be seen just below ~20 kDa (PPAT) and just above ~25 kDa (DPCK), indicative 

of SaPPAT and SaDPCK. The band representing SaDPCK in lane 4 was corroborated with similar 

results found in a study done by Bouwer (20). All three of these proteins (SaPanK, SaPPAT and 

SaDPCK) also appeared to contain no major impurities. 

 

In lane 2, which contains the SaCoaBC sample, a prominent band can be seen at ~50 kDa. We believe 

that this prominent band confirms the presence of SaCoaBC as similar results were found in a study by 

van der Westhuyzen (21) where a band indicating SaCoaBC was also found at ~50 kDa. However other 

bands are also visible in the sample: two bands at ~20 and ~30 kDa which represent minor impurities. 

In addition, just below ~100 kDa and ~150 kDa there are two other bands. In its native form, bacterial 

SaCoaBC has been found to be a homododecamer consisting of 43.8 kDa subunits (15). This could 

explain the presence of the multiple bands in lane 2 which correspond with a monomer (~50 kDa), 

dimer (~100 kDa) and a trimer (~150 kDa) of the enzyme. Although these bands need to be confirmed 

it was decided to use SaCoaBC samples for immunisation studies as multiple purifications of SaCoaBC 

delivered similar results. 
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Figure 2.2: SDS-PAGE analysis of purified S. aureus CoA biosynthesis enzymes. Panel A: A visual 

representation of the estimated size and position of the enzymes on an SDS-PAGE gel. Previously 

established sizes of the enzymes from literature are indicated for each enzyme (14-19). This image was 

created with BioRender.com. Panel B: SDS-PAGE analysis of the purified enzymes was performed on 

a 10% SDS-PAGE gel and samples loaded in the following order: (MW) Unstained Protein Ladder 

Broad Range (New England Biosciences), (lane 1) SaPanK, (lane 2) SaCoaBC, (lane 3) SaPPAT and 

(lane 4) SaDPCK. 

 

Taken together, each of the CoA biosynthesis enzymes of S. aureus were produced and purified to a 

satisfactory degree for antibody production and assay development, with the possible exception of 

CoaBC. Even though a denaturing and reducing gel was performed using SDS and mercapto-ethanol, 

it is possible that multiple oligomers of the enzyme could be present in the purified CoaBC sample (15). 

Western blot analysis with the SaCoaBC antiserum will have to be performed to validate this 

observation and ensure that the enzyme sample is not contaminated with native E. coli proteins. 

 

2.2.2 The immune response of rabbits to immunisation with S. aureus CoA biosynthesis 

enzymes adsorbed to acid-treated, naked bacteria 

Polyclonal antibodies were produced by immunising rabbits with the respective recombinantly 

expressed enzymes adsorbed to acid-treated, naked S. minnesota R595, whereafter antibody containing 

sera were isolated from blood collected after immunisation (Fig. 2.3). The antibodies produced against 

each of the enzymes were analysed with an indirect ELISA to determine whether the rabbits responded 

to immunisation and to determine the titre values of the sera. Before final immune response curves 

could be established, the indirect ELISA first needed to be optimised by determining an optimal enzyme 

coating concentration for each of the four enzymes. Coating concentration of the ELISA plays an 

important role in the successful binding of antigen to the solid phase (ELISA plate) and can also 

influence binding of the antibodies to the antigen. When coating concentrations are too low, the signal 

to noise ratio could be too low. In contrast, when coating concentrations are too high, it could result in 

A B 
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stacking of the antigen which ultimately affects the stability of the binding of the reactants to follow 

(12).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Schematic overview of the polyclonal antibody production process. In this figure, the 

main steps of the polyclonal antibody production process are portrayed, starting with the adsorption of 

the antigen of interest to acid-treated, naked bacteria, followed by the immunisation of rabbits according 

to a fixed immunisation schedule and ending with blood collection and antibody serum isolation. This 

image was created with BioRender.com. 

 

Indirect ELISAs for each of the four enzymes were performed with different coating concentrations of 

the enzymes (1, 2, 5 or 10 µg/mL) and it was established that a coating concentration of 2 µg/mL was 

optimal for the titre determination of all of the antisera. A coating concentration of either 1 µg/mL or 

10 µg/mL was too low and too high respectively, whereas coating the plate with either 2 µg/mL or 5 

µg/mL appeared to be sufficient (highest absorbance value of at least 1). However, it was decided that 

a lower concentration of 2 µg/mL would be better as it would have a lower chance of background 

binding in the ELISAs. Following optimisation, antisera were analysed as blood was collected after 

each immunisation, titres were determined by indirect ELISA and a final immune response curve was 

drawn using the titres of antisera drawn on days 0, 21, 42 and 81. It was important to include a pre-

immunisation bleed (day 0) to determine whether any antibodies to any of the enzymes were present in 

the blood of the rabbits before immunisation although this was highly unlikely. 
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The final immune response curves for each of the rabbits are shown in Figure 2.4. The titre values for 

the rabbit anti-SaPanK (orange), anti-SaCoaBC (green), anti-SaPPAT (blue) and anti-SaDPCK (red) 

antibodies were expressed as the reciprocal dilution of the antibody serum at an absorbance value of 

0.1 and plotted against the respective days the antiserum was drawn. The immune response curves show 

that the rabbits responded favourably to immunisation with the respective enzymes adsorbed to the 

naked bacteria, as antibody titre values increase after each immunisation and plateau when maximal 

antibody production is reached towards day 81. 

 

 

 

 

 

 

 

 

 

Figure 2.4: The immune response of rabbits immunised with the CoA biosynthesis enzymes of S. 

aureus. Absorbance values were obtained for antisera drawn on days 0, 21, 42 and 81 and titre values 

determined for serum of each day by applying an absorbance cut-off value of 0.1. Different coloured 

graphs represent immunisation of a rabbit with a specific antigen as indicated by the graph legend. 

 

Typically, immunisation is continued until 6 weeks (42 days), whereafter antibody titres are examined 

to determine whether additional immunisation is needed. As can be seen in Figure 2.4, high antibody 

titre values were already observed at day 42 after the start of immunisation in all of the rabbits. Although 

the antibody titres obtained by day 42 were sufficient, it was decided to administer an additional boost 

consisting of three additional injections after a resting period of 3 weeks. A resting period after initial 

immunisation is important to allow for the selection of B-lymphocytes to produce higher affinity 

antibodies (22). Therefore, not only did the additional round of immunisation have the potential to 

increase the number of circulating antibodies, but to also generate antibodies with a higher affinity for 

the antigen of interest. It was observed that antibody titre values for the different antisera reached a 

plateau towards day 81. 

Stellenbosch University  https://scholar.sun.ac.za



47 

 

Although it can be observed that each of the immune curves follow a similar trend, it is important to 

note that the immune response of each rabbit to their respective antigens is unique. It is tempting to 

interpret that the rabbit immunised with SaDPCK showed a greater immune response, more rapidly in 

comparison to the others, but this may not be the case, as the presentation of the protein when it is 

coated to the ELISA plate, may also have an effect on the amount of antibody that binds to it. However, 

it does appear as though the antibody titres for the anti-SaDPCK antibodies were higher and that the 

antibody levels obtained by day 21 of immunisation, were higher than any of the others. 

From the immune response curves, it is clear that antisera with high titre values, corresponding to high 

antibody levels, were produced against each of the enzymes and that the use of naked bacteria as an 

immune carrier was successful in eliciting an immune response to each of the enzymes.  

 

2.2.3 Cross-reactivity determination of antibodies produced to S. aureus CoA 

biosynthesis enzymes 

Antibodies with high titre values were successfully produced against all four CoA biosynthesis 

enzymes, but before they could be used for assay development, further characterisation was needed. It 

is important to determine the capabilities and limitations of antibodies and also determine whether these 

antibodies would be suitable for the application that they are intended for. One factor that could severely 

affect the use of antibodies and their application in protein quantification, is the potential of these 

antibodies to cross-react with other antigens. It was therefore crucial to determine if each of these 

antibodies had any cross-reactivity especially against the other three enzymes of the CoA biosynthesis 

pathway of S. aureus respectively. In order to establish any potential cross-reactivity of the antibodies, 

western blot and ELISA analysis were performed.  

2.2.3.1 Western blot analysis of antisera 

Similar to ELISA, western blotting relies on antibodies for the detection of a specific protein, which is 

very useful when trying to determine the presence of a protein of interest and can also be used for the 

quantification of proteins. In this study western blot analysis was performed with the antisera produced 

against each of the enzymes. There were two goals with this experiment: firstly, to establish how the 

antibodies would perform in western blotting and secondly, and most importantly in the context of this 

study, to determine whether they might cross-react with any of the other enzymes of the CoA 

biosynthesis pathway of S. aureus.  

Similar to what was previously described, enzyme samples were subjected to SDS-PAGE and after 

electrophoresis transferred to a nitrocellulose membrane. The membrane was incubated with each of 

the different day 81 antisera at a dilution of 1:5000. The analyses showed (Fig. 2.5 A) that the anti-

SaPanK antibodies were able to detect SaPanK, represented by the thick band at ~30 kDa in lane 1. 
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Furthermore, anti-SaPanK antibodies did not cross-react with any of the other enzymes of the pathway 

which were loaded in lane 2 (SaCoaBC), 3 (SaPPAT) and 4 (SaDPCK). Similarly, in Figure 2.5 B, the 

anti-SaCoaBC antibodies only detected SaCoaBC at ~55kDa. Similar to what was found in the SDS-

PAGE analysis to determine purity, multiple bands can again be seen in lane 2, confirming our 

hypothesis that the multiple bands seen for SaCoaBC in Figure 2.2 B represent different oligomers of 

the enzyme. Prominent bands seen just below 55 kDa (monomer), at ~ 100 kDa (dimer) and ~150 kDa 

(trimer) correlate with the bands that were observed on the SDS-PAGE gel in Figure 2.2. In Figure 2.5 

D the anti-SaDPCK antibodies only detected SaDPCK in lane 4, with a prominent band seen just above 

~25 kDa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Western blot analysis of the antibody sera to the respective CoA biosynthesis enzymes. Western 

blot analysis was performed with the rabbit A: anti-SaPanK, B: anti-SaCoaBC, C: anti-SaPPAT and D: anti-

SaDPCK antibodies at a dilution of 1:5000. Before transfer to a nitrocellulose membrane, enzyme samples were 

electrophoresed on a 10% gel in the following order: (MW) PageRuler Plus Prestained Protein Ladder (Thermo 

Fisher Scientific), SaPanK (lane 1; ~30 kDa), SaCoaBC (lane 2; ~55 kDa), SaPPAT (lane 3; ~20 kDa) and SaDPCK 

(lane 4; ~25 kDa). 

A B 

C D 
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In contrast to the other antisera, the anti-SaPPAT antibodies represented in Figure 2.5 C, were able to 

detect SaPPAT in lane 3 which is represented by a dark band at ~20 kDa, but also SaPanK in lane 1, 

which is represented by a prominent band at ~30 kDa (similar as seen in Figure 2.5 A) and a faint band 

for SaDPCK in lane 4 at ~25 kDa. However, these antibodies were not able to detect SaCoaBC.  

From the western blot data, it can be concluded that the anti-SaPanK , anti-SaCoaBC and anti-SaDPCK 

antibodies had sufficient specificity to detect their respective antigens and were therefore suitable for 

use in western blotting systems. However, the anti-SaPPAT antibodies were able to cross-react with 

SaPanK and to a lesser extent SaDPCK and were therefore not entirely specific. It must be added that 

this apparent cross-reactivity may have been the result of insufficient dilution, but it was decided to 

rather assess this cross-reactivity by ELISA. Western blot analysis using these antibodies therefore 

provided useful information, but it was deemed important to confirm these findings with ELISA 

analysis as it is a more sensitive assay. 

2.2.3.2 ELISA analysis of antisera for cross-reactivity determination 

With western blot analysis it was already established that the anti-SaPPAT antibodies cross-react with 

both SaPanK and to a lesser extent with SaDPCK and that the other antisera do not show any cross-

reactivity. To confirm these results, the cross-reactivity of the antibodies was further tested by indirect 

ELISA. This would give an indication of the degree of cross-reactivity of these antibodies in an ELISA. 

Experiments were performed with each of the different antisera to determine whether the antibodies 

were able to detect the other enzymes of the pathway and the extent of the cross-reactivity was assessed. 

The absorbance values obtained at 405 nm for each of the antigens (S. aureus CoA biosynthesis 

enzymes) and antibodies were plotted against the antibody dilution for all combinations and shown in 

Figure 2.6. 

In Figure 2.6 A, it can be observed that the anti-SaPanK antibodies were able to detect SaPanK (orange) 

as expected, but also both SaPPAT (blue) and SaDPCK (red) at low antibody titre values. However, the 

signal decreases as antiserum dilution increases. This is in contrast to our findings in the western blot 

assay where no cross-reactivity was observed. This underscores the fact that ELISA is a more sensitive 

and appropriate technique to use for cross-reactivity experiments. Similar to the western blot results, 

ELISA analysis confirmed that these antibodies do not show any cross-reactivity with SaCoaBC. 

Likewise, in Figure 2.6 D, ELISA results showed that the anti-SaDPCK antibodies were also able to 

detect SaPanK (orange) and SaPPAT (blue) at low antibody titre values after which the signal decreased 

as dilutions were increased. It was also confirmed that the antibodies do not cross-react with SaCoaBC 

(green).  

ELISA assays supported western blot analysis for the specificity of the anti-SaPPAT antibodies, as the 

ELISA results (Fig. 2.6 C) showed that these antibodies cross-react more strongly with both SaPanK 
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(orange) and SaDPCK (red) and that the absorbance values do not decrease to as large an extent as seen 

in Figure 2.6 A and D, as the antibody dilutions increase. As also seen previously, the antibodies do not 

cross-react with SaCoaBC (green). Lastly, western blot results for anti-SaCoaBC antibodies were 

confirmed, as Figure 2.6 B shows that the antibodies did not cross-react with any of the other three 

enzymes of the pathway. 

Figure 2.6: Cross-reactivity determination of antibodies produced against the CoA biosynthesis 

enzymes of S. aureus by ELISA analysis. Cross-reactivity of day 81 rabbit A: anti-SaPanK, B: anti-

SaCoaBC, C: anti-SaPPAT and D: anti-SaDPCK antibodies were determined with an indirect ELISA. 

The graphs show the ability of the different antisera to detect the different enzymes of the CoA 

biosynthesis pathway of S. aureus as absorbance values at different antibody titre values. Different lines 

(SaPanK – orange, SaCoaBC – green, SaPPAT – blue and SaDPCK – red) represent the 4 respective 

enzymes that are detected by the respective antibody sera. Three independent experiments for each of 

the antibody sera were performed with different batches of enzyme. Error bars = standard deviation 

(Technical repeats were not performed as the assay format does not allow it). 

 

Taken together, the ELISA results confirm that the anti-SaCoaBC antibodies do not cross-react with 

any of the other enzymes and also that none of the other antisera were able to detect SaCoaBC. The 

results also confirm that the anti-SaPPAT antibodies cross-react with both SaPanK and SaDPCK. 

Interestingly, the results also showed that both the anti-SaPanK and anti-SaDPCK antibodies were able 

to detect the other enzymes, with the exception of SaCoaBC. Although the western blot results did not 

indicate that these antibodies showed any cross-reactivity, the ELISA, which is a more sensitive assay, 

A B 

C D 
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was able to show this cross-reactivity. As the antibodies will predominantly be used in an ELISA 

system, observations made with the ELISA analysis need be taken into careful consideration when 

continuing with the development of ELISA assays for the quantification of SaPanK, SaCoaBC, SaPPAT 

and SaDPCK in culture conditions. 

 

2.3 Conclusion 

 

As described in this chapter, the tools needed for the development and optimisation of ELISA assays 

for the quantification of each of the enzymes of the CoA biosynthesis pathway of S. aureus were 

acquired. In an attempt to characterise the antibodies that will be used in further assay development, it 

was established with both western blot and ELISA analysis that the anti-SaCoaBC antibodies were 

highly specific and did not cross-react with any of the other enzymes in the pathway. It was also 

observed that the anti-SaPanK, anti-SaPPAT and anti-SaDPCK antibodies did possess certain levels of 

cross-reactivity with the other enzymes, with the exception of SaCoaBC.   

Even though ELISA results were able to provide us with insightful information on the potential cross-

reactivity of the antibodies, this specific format of the ELISA used for cross-reactivity determination, 

does not allow for precise cross-reactivity quantification. The amount of cross-reactivity of an antibody 

to a specific antigen is another important factor that needs to be taken into account when trying to 

optimise and develop an ELISA assay, when trying to determine antigen concentrations. This aspect of 

the study will be further explored in Chapter 3.  

Lastly, cross-reactivity studies were only performed to determine whether the different antisera were 

able to detect the other CoA biosynthesis enzymes of S. aureus specifically and did not take into account 

the potential cross-reactivity of these antibodies to the enzymes across different species. As describedin 

Chapter 1, many of these enzymes have similar sequences across certain species, such as the CoaBC, 

PPAT and DPCK of E. coli which have been fully characterised and used as the representative of these 

enzymes across most bacteria, including S. aureus. It would therefore be important going forward, to 

establish the potential cross-reactivity of our antibodies to the different enzymes in different species if 

they are to be applied to study the pathway in different microbes. Furthermore, the findings support the 

use of an ELISA assay for the detection of protein in culture over western blot due to it being a more 

sensitive technique and therefore warrants further optimisation of this technique for the purposes of the 

study. 
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2.4 Experimental procedures 

 

2.4.1 Materials 

All chemicals used in the subsequent experiments were either purchased from Sigma-Aldrich, Merck 

or Roche or are indicated otherwise. All expression vectors and expression strains used, were available 

in the lab from previous studies or previously purchased from Novagen. Purification of proteins was 

performed using an ÄKTA prime protein purification system from Amersham Biosciences with 

HiTrap™ Chelating HP (1 mL) and Desalting (5 mL) columns from GE Healthcare. Concentration 

determination of the purified proteins was performed with the Quick Start Bradford Protein Assay Kit 

(Bio-Rad), containing Bradford reagent and Bovine Serum Albumin standards and absorbance values 

were read at 595 nm with the Multiskan Sky Microplate Reader. SDS-PAGE analysis of the purified 

proteins was performed with a Hoefer, Inc. (USA) gel system and a Bio-Rad PowerPac HC™. 1 mL, 5 

mL and 20 mL syringes for the immunisation and blood collection of rabbits were readily available in 

the lab along with 0.5 x 16 mm and 0.6 x 25 mm needles from Avacare™. Western blot analysis was 

performed with Amersham™ Protran™ 0.2 µm Nitrocellulose Blotting Membrane (GE Healthcare) 

and Whatman 3MM chromatography paper. 

 

2.4.2 Protein synthesis for antibody production 

2.4.2.1 Recombinant protein expression 

For use in antibody production and subsequent ELISA and western blot analysis, each of the enzymes 

of the CoA biosynthesis pathway of S. aureus had to be overexpressed and purified. This was 

accomplished by transforming competent E. coli BL21(DE3)-star cells with either the pET28a(+) or 

pProEX plasmid vectors containing gene inserts that encoded for SaPanK, SaCoaBC, SaPPAT and 

SaDPCK, respectively (21,24). These plasmid vectors also encoded an N-terminal His6-tag which 

enabled the purification of these proteins with Ni2+-based IMAC. Large scale expression of these 

proteins was performed in Luria-Bertani (LB) media supplemented with either kanamycin (30 mg/mL) 

or ampicillin (100 mg/mL) according to previously established expression conditions as shown in Table 

2.1 below (14, 15, 23). Cultures were grown in 500 mL LB media in 2L Erlenmeyer flasks at 37°C to 

an OD600 of 0.6 after which the cells were induced with either 0.1 mM or 0.5 mM isopropylthio-β-

galactoside (IPTG) and incubated for 3 hours (SaPPAT) and up to 18 hours (SaPanK, SaCoaBC and 

SaDPCK) for the over-expression of these proteins. After the incubation period, bacterial cells were 

harvested by centrifugation in an Avanti J-26 XPI centrifuge (Beckman Coulter) for 20 minutes (48 400 

x g at 4°C) and the cell pellet stored at -20°C for future purification. 
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Table 2.1: Conditions for the large-scale expression of S. aureus CoA biosynthesis proteins 

Protein Plasmid Antibiotic [IPTG] Temperature Time 

SaPanK pET28a(+) Kanamycin 0.5 mM 37°C overnight 

SaCoaBC pProEX Ampicillin 0.1 mM 25°C overnight 

SaPPAT pET28a(+) Kanamycin 0.5 mM 30°C 3 hours 

SaDPCK pET28a(+) Kanamycin 0.1 mM 37°C overnight 

 

2.4.2.2 IMAC protein purification 

Proteins were purified with Ni+2-based IMAC using an ÄKTA prime purification system (Amersham 

Biosciences) according to purification conditions as summarised in Table 2.2 (21, 24). Firstly, cell 

pellets were resuspended in binding buffer (Table 2.2) and sonicated to lyse the harvested cells. 

Centrifugation was performed with the Avanti J-26 XPI centrifuge (Beckman Coulter) at 75 600 x g for 

20 min to rid of cell debris and the supernatant loaded to a previously prepared 1 mL HiTrap™ 

Chelating HP column (GE Healthcare). The weakly bound proteins were removed from the column by 

washing the column with binding buffer followed by the stepwise elution of the His-tagged protein with 

elution buffer containing increasing amounts of imidazole. Fractions containing the greatest amount of 

protein was pooled and loaded to a 5 mL HiTrap™ Desalting column (GE Healthcare). The protein 

(SaPanK, SaCoaBC and SaDPCK respectively) was buffer exchanged with desalting buffer and stored 

in glycerol (5% v/v) at -80°C. For SaPPAT, however, the buffer exchange step was performed in a 

VIVASPIN 20 concentrator (Sartorius Stedim Biotec) and 5% glycerol added thereafter before storage 

at -80°C. Concentration of the protein samples was determined using the Bradford method. 
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Table 2.2: Conditions for IMAC purification of S. aureus CoA biosynthesis enzymes with the 

AKTÄ prime purification system 

Buffer SaPanK SaCoaBC SaPPAT SaDPCK 

Binding buffer 

(pH 7.9) 

20 mM Tris-HCl 

500 mM NaCl 

5 mM imidazole 

0.05% NaN3 

20 mM Tris-HCl 

500 mM NaCl 

5 mM imidazole 

0.05% NaN3 

20 mM Tris-HCl 

500 mM NaCl 

5 mM imidazole 

0.05% NaN3 

20 mM Tris-HCl 

500 mM NaCl 

5 mM imidazole 

0.05% NaN3 

Elution buffer 

(pH 7.9) 

20 mM Tris-HCl 

500 mM NaCl 

500 mM imidazole 

(final) 

0.05% NaN3 

20 mM Tris-HCl 

500 mM NaCl 

500 mM imidazole 

(final) 

0.05% NaN3 

20 mM Tris-HCl 

500 mM NaCl 

500 mM imidazole 

(final) 

0.05% NaN3 

20 mM Tris-HCl 

500 mM NaCl 

500 mM imidazole 

(final) 

0.05% NaN3 

Strip buffer 

(pH 7.9) 

20 mM Tris-HCl 

100 mM EDTA 

500 mM NaCl 

20 mM Tris-HCl 

100 mM EDTA 

500 mM NaCl 

20 mM Tris-HCl 

100 mM EDTA 

500 mM NaCl 

20 mM Tris-HCl 

100 mM EDTA 

500 mM NaCl 

Desalting buffer 

(pH 8.0) 

25 mM Tris-HCl 

5 mM MgCl2 

25 mM Tris-HCl 

150 mM NaCl 

5 mM MgCl2 

25 mM Tris-HCl 

5 mM MgCl2 

25 mM Tris-HCl 

5 mM MgCl2 

 

2.4.2.3 Protein concentration determination 

Concentrations of the purified proteins were established with the Quick Start Bradford Protein Assay 

Kit (Bio-Rad) (25), using different concentrations of bovine serum albumin (BSA) to produce a 

standard curve from which protein concentrations could be established. Bradford reagent (250 µL) was 

added to both the BSA standards as well as dilutions of the protein samples (5 µL) and incubated for 

up to 30 min at room temperature. Absorbance values were measured at 595 nm with the Multiskan 

Sky Microplate Reader. 

2.4.2.4 Protein identification and purity estimation 

Reducing SDS-PAGE analysis of the purified proteins was performed with a Hoefer, Inc. (USA) gel 

system in order to establish whether protein expression and purification was successful. Before 

electrophoresis, samples were treated with SDS-PAGE loading buffer (0.1 M Tris (pH 6.8), 4% (w/v) 

SDS, 30% (v/v) glycerol, 20% (v/v) β-mercaptoethanol, 0.04% (w/v) Bromophenol blue) and incubated 

at 95°C for 5 min. The samples were loaded on to a 10% gel by loading 5 µg protein per well and 

electrophoresed at 100 V for 90 min. After electrophoresis, the gel was stained in Fairbanks A solution 

(25% (v/v) isopropanol, 10% (v/v) acetic acid, 0.05% Coomassie Brilliant Blue) by microwaving the 

gel in solution and agitating at room temperature for 30 min. Staining of the gel was completed by 

subsequent addition of Fairbanks B solution (10% (v/v) isopropanol, 10% (v/v) acetic acid, 0.005% 
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Coomassie Brilliant Blue) and Fairbanks C solution (10% (v/v) acetic acid, 0.002% Coomassie Brilliant 

Blue), respectively. The gel was microwaved in each solution followed by agitation at room temperature 

for 10 min. Lastly, the gel was destained in Fairbanks D solution (10% (v/v) acetic acid) overnight, 

while agitating at room temperature.  

 

2.4.3 Polyclonal antibody production 

2.4.3.1 Antigen adsorption to acid-treated naked bacteria 

Before the production of the polyclonal antibodies could commence, purified SaPanK, SaCoaBC, 

SaPPAT and SaDPCK was adsorbed to separate batches of acid-treated, naked S. minnesota R595. The 

NB were already available in the laboratory and were previously prepared according to Bellstedt et al. 

(11) and made up to a concentration of 2 mg/mL with sterilised MilliQ water. The respective enzymes 

were added to 0.5 mL of the NB solution in a 1 to 5 mass ratio of 1 part antigen to 5 parts naked bacteria 

(200 µg enzyme to 1000 µg NB) and dried by rotary evaporation in a Savant SpeedVac™. The prepared 

antigen was resuspended in 2.5 mL phosphate-buffered saline (PBS) (pH 7.2) for immunisation to a 

final concentration of 40 µg enzyme to 200 µg NB per 0.5 ml of PBS. 

2.4.3.2 Rabbit immunisation and blood collection 

Prior to the start of the immunization of the rabbits for antibody production, ethical clearance was 

applied for and granted by the Animal Ethics Committee of the University of Stellenbosch (Principal 

Investigator Name: Bellstedt, Dirk U.; Protocol #: SU-ACUD16-00121; Title: Vaccination of rabbits 

for antibody production). 

Polyclonal antibodies were prepared by immunisation of different female Flemish Giant rabbits, 1 rabbit 

per antigen, with the respective enzyme-NB complexes according to a fixed immunisation schedule as 

seen in Table 2.3 below. The rabbits were injected intravenously in the marginal ear vein with 0.5 mL 

of the antigen solution (i.e., 40 µg enzyme adsorbed to 200 µg NB in 0.5 ml PBS) on immunisation 

days and blood drawn from the central auricular ear artery every week, to determine the immune 

response of the rabbits to immunisation. Before immunisation and bleeding, EMLA (AstraZeneca) local 

anaesthetic cream was applied to the area of injection to minimize any pain and discomfort that may be 

caused during the immunisation and blood sampling processes. Small volumes of blood, approximately 

2 mL, were drawn for determining the immune response of the rabbits to immunisation and large 

volumes of blood, approximately 20 mL, were drawn on days 42 and 81 of the immunisation process 

for antibody isolation and future use. As can be seen in the Table 2.3 below, an additional booster, 

consisting of 3 extra injections, was administered after day 42 to maximise antibody production. 
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Table 2.3: Immunisation schedule of rabbits with antigen adsorbed to acid-treated, naked        

bacteria. 

Antigen 
Days Immunisation 

Dosage 

Blood collection 

volumea Immunisation Blood collection 

SaPanK 
0,4,7,14,18,21,28,32, 

35,42,67,70,74 
0,7,14,21,28,35,42,81 ± 240 µg 2 mL, 20 mL 

SaCoaBC 
0,4,7,14,18,21,28,32, 

35,42,67,70,74 
0,7,14,21,28,35,42,81 ± 240 µg 2 mL, 20 mL 

SaPPAT 
0,4,7,14,18,21,28,32, 

35,42,67,70,74 
0,7,14,21,28,35,42,81 ± 240 µg 2 mL, 20 mL 

SaDPCK 
0,4,7,14,18,21,28,32, 

35,42,67,70,74 
0,7,14,21,28,35,42,81 ± 240 µg 2 mL, 20 mL 

a20 mL blood was collected on days 42 and 81 for future antiserum use and 2 mL was collected on other days to establish the 

immune response of the rabbits to the immunised antigen. 

 

2.4.3.3 Antiserum preparation 

Blood was drawn from the rabbits using a syringe and needle after application of local anaesthetic at 

the site of inserting of the needle into the central artery flowing into the ear. Following blood collection, 

the antibody containing serum was isolated from the blood by firstly allowing it to clot by incubation 

at 37°C for an hour. Thereafter, the test tubes with blood were incubated at 4°C overnight to allow for 

the contraction of the clot containing the red blood cells. The blood was then centrifuged at 800 x g for 

20 min in a Hettich Universal Centrifuge and the separated antiserum was aliquoted into suitable small 

aliquots of 0.5 ml and stored at -20°C for future use. 

 

2.4.4 ELISA analysis of antibody production 

To determine the immune response of the rabbits to the adsorbed SaPanK, SaCoaBC, SaPPAT and 

SaDPCK, an indirect ELISA was performed for each of the different antisera.  

2.4.4.1 ELISA coating concentration determination 

Before an indirect ELISA could be used to determine the antibody titres of the rabbits after 

immunisation, an optimal antigen coating concentration for each antigen-antibody pair had to be 

established. Firstly, two separate rows on Nunc® Maxisorp 96 well microtiter plates (Thermo 

Scientific) respectively were coated with either 1 μg/mL, 2 μg/mL, 5 μg/mL, or 10 μg/mL of the 

different purified enzymes and incubated at 4ºC overnight. Column 12 on the ELISA plate did not 

receive coating solution to serve as a negative control. After incubation, the coating solution was 

decanted and the plate incubated with casein buffer (154 mM NaCl, 10 mM Tris-HCl, 0.5% (m/v) 
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casein, 0.02% (m/v) thiomersal, pH 7.6) (200 µL/well) at 37°C for 1 hour to prevent non-specific 

binding. This step was followed by the addition of a pre-diluted primary antiserum (either anti-SaPanK, 

anti-SaCoaBC, anti-SaPPAT or anti-SaDPCK) in one row and their respective Day 0 control bleed 

antisera in the second row (1:20 dilution) to wells 2, 3 and 12 (100 µL/well) and a serial dilution made 

in the consecutive wells with casein-Tween buffer (154 mM NaCl, 10 mM Tris-HCl, 0.5% (m/v) casein, 

0.02% (m/v) thiomersal, 0.1% (v/v) Tween-20, pH 7.6). The plate was incubated at 37°C for 2 hours. 

Thereafter the plates were incubated with goat anti-rabbit horseradish peroxidase conjugate secondary 

antibody at 37º for 1 hour. A 1:2000 dilution of the secondary antibody was made with casein-Tween 

buffer and 100 μL of the solution added to each well. Lastly, 100 μL substrate solution (0.05% (m/v) 

ABTS, 0.015% (v/v) H2O2, 0.1 M citrate buffer, pH 5) was added to each well and absorbance values 

measured at 405 nm with a Labsystems Multiskan MS microtitre plate reader after 5 minutes, 15 

minutes and 30 minutes. After each incubation step, the solution was decanted, and the plates washed 

manually 5 times with PBS-Tween wash buffer (0.1% Tween 20 (pH 7.2)). The respective day 0 and 

day 28 primary antibody sera were used for the determination of optimal coating concentration for 

future ELISAs.  

2.4.4.2 Antibody titre determination 

Subsequent ELISA analysis, as described in 2.4.4.1, were performed for each of the different antibody 

sera (day 0, 21, 42 and 81) at the established optimal antigen coating concentrations. The absorbance 

values obtained from these analyses were used to establish immune response curves for each of the 

immunised rabbits.  

 

2.4.5 Western blot analysis of the produced antibodies 

In order to characterize the polyclonal antisera produced against the CoA biosynthesis enzymes of S. 

aureus; western blots were performed. Firstly, SDS-PAGE (as described in 2.4.2.4) of the different 

enzymes was performed whereafter proteins were transferred to a nitrocellulose membrane in a western 

blotting apparatus at a constant 120 mA for 18 hours. After the transfer of the proteins to the membrane, 

the membrane was rinsed with MilliQ water and subsequently blocked with casein buffer (154 mM 

NaCl, 10 mM Tris-HCl, 0.5% (m/v) casein, 0.02% (m/v) thimerosal, pH 7.6) at 37ºC for 1 hour. 

Thereafter the membrane was incubated in primary antibody solution at 37ºC for 1 hour. Primary 

antibodies from day 81 of each of the different sera were diluted 1:5000 with casein-Tween buffer (154 

mM NaCl, 10 mM Tris-HCl, 0.5% (m/v) casein, 0.02% (m/v) thimerosal, 0.1% (v/v) Tween-20, pH 

7.6) for this purpose. This was followed by incubation with a goat anti-rabbit horseradish peroxidase 

conjugate (Sigma) secondary antibody diluted 1:2000 in casein-Tween at 37ºC for 1 hour. Each 

incubation step was performed whilst agitating on a Benchmark Blot Boy and after each incubation the 

solution was decanted, and the membrane washed 3 times for 15 min in PBS-Tween wash buffer (0.1% 
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Tween (pH 7.2)) whilst agitating at room temperature. Lastly, the membrane was subsequently 

developed in substrate solution (0.05% 4-chloro-1-naphtol, 16% MeOH, in PBS, 30% H2O2) at room 

temperature for 30 min whilst agitating, and the reaction stopped by agitating the membrane in MilliQ 

water for 5 min. Western blot analysis, as previously described was also utilisedutilised to determine 

the extent of the cross-reactivity of these antibodies by incubating a membrane on which each of the 

respective enzymes were blotted onto after SDS-PAGE separation, with each of the respective antisera 

at 1:5000 as described above. 

 

2.4.6 Cross-reactivity determination by ELISA  

Final characterisation of the antibodies included the determination of antibody cross-reactivity with the 

other antigens that were not complementary to each of the respective antisera. This was accomplished 

by performing an indirect ELISA similar to the one previously described in 2.4.4.1, but instead the 96 

well plates were coated with the different enzymes as illustrated in Figure 2.4 below and incubated with 

the different day 81 antisera to determine whether the antibodies have the ability to also detect the other 

enzymes 

 

 

 

 

 

 

 

 

Figure 2.7: Format of the indirect ELISA used to determine potential cross-reactivity of the 

different antisera. Similar to the indirect ELISA format as seen in Figure 2.3, the same steps were 

utilisedutilised with the only difference that plates were coated firstly with the antigen (positive control) 

complementary to the antisera that the plate was incubated with, followed by coating subsequent rows 

with the remaining 3 antigens (antigen 1-3), respectively. 
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.  Chapter 3 

The development and optimisation of ELISAs for the 

quantification of S. aureus CoA biosynthesis enzymes 

3.1 Introduction 

 

In the previous chapters the importance of the CoA biosynthesis pathway and its role in antimicrobial 

drug targeting was discussed, especially in pathogenic microorganisms. The main objective of this study 

was therefore to establish a method for the quantification of the enzymes that form part of the CoA 

biosynthesis pathway of S. aureus. Specifically, the development and optimisation of an ELISA that 

utilises the antigens and polyclonal rabbit antibodies that were produced as described in Chapter 2.  

The ELISA that stems from the radioimmunoassay (1–3), relies on the adsorption of either antigen or 

antibody to a solid surface that participates in highly specific binding (4, 5). This allows for the detection 

and quantification of specific molecules while washing away all excess reagents, ensuring that only the 

antigen of interest is detected. Traditionally, the ELISA has been seen as the golden standard for 

targeted protein detection and quantification (6). This is due to the sensitive, specific, rapid and 

inexpensive nature of this method which also allows for the detection of a wide variety antigens in very 

low concentrations (7).  

Before the ELISA development and optimisation for the quantification of the CoA biosynthesis 

enzymes of S. aureus is described, a brief overview on the factors potentially influencing this technique 

will be given. This will include the types of ELISA to be used, binding capabilities of the ELISA plates, 

prevention of non-specific binding, antigen detection, antibody detection, detection substrates and the 

removal of excess reagents. This will then be followed by the experimental work performed during the 

study and findings obtained. 

 

3.2 ELISA development and optimisation strategies 

 

The process of developing and optimising an ELISA is not easily achieved as many factors can 

influence the assay. These factors include the purpose of the ELISA as well as modifications to the 

different steps in a typical ELISA, are shown in Figure 3.1. With these in mind, the strategies necessary 

for the development and optimisation of a successful ELISA will be discussed.    
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3.2.1 ELISA systems 

The first important factor to take into account when developing an ELISA is the type of ELISA system 

that would be most suitable for the quantification of the antigen of interest. Different ELISA systems 

are used for different types and sizes of antigens (5) and therefore the choice of ELISA system relies 

greatly on the properties of the antigen of interest. In the previous chapter, the direct and indirect format 

of the ELISA has already been described. Therefore, the focus of this section will be on the different 

format strategies for the quantification of the antigen of interest. 

 

 

 

 

 

Figure 3.1: Summary of the basic steps of an ELISA. The basic steps of a typical ELISA are briefly 

explained and illustrated in this figure in its different configurations. This image was created with 

BioRender.com. 

 

3.2.1.1 Sandwich ELISA 

The sandwich ELISA is one of the standard formats for the quantification of proteins in a biological 

sample. Sandwich ELISAs are typically used for the quantification of macromolecules that contain 

multiple epitopes (8). This system therefore requires the use of matched antibody pairs, where each 

antibody is specific for a different, non-overlapping epitope on the antigen of interest and allows binding 

of the antibodies without steric hindrance (8, 9).  

The first step of this ELISA system involves the binding of a capturing antibody to the ELISA plate. 

Antigen is then added to the plate, which binds to the capturing antibody, followed by the addition of a 

second antibody, creating an antigen “sandwich” (9). For this reason, it is often also referred to as a 

double antibody sandwich (DAS) ELISA. The protein concentration can be quantified by setting up a 
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calibration curve (standard curve) with a dilution series of a standard protein with known concentration. 

The concentration of the protein in test samples can be calculated by using the absorption value and 

extrapolation from the standard curve.   

Factors that influence the sensitivity of the sandwich assay include the affinity of the antibody for the 

antigen, the ability of two antibodies to sandwich the antigen, potential experimental errors (such as 

pipetting errors) as well as non-specific binding of detection antibody. This assay format is favoured 

due to its high specificity, pure samples are not required for measurement and the assay can be used in 

either direct or indirect format (5). 

3.2.1.2 Competition ELISA 

Compared to the sandwich ELISA, the competition ELISA is used for the quantification of proteins in 

instances where small molecules need to be detected (5, 10). The principle of this ELISA system is 

based on the competition between the antigen to be tested and a reference antigen for binding to a 

limited number of antibody binding sites (5, 10). This assay can be performed with either antigen or 

antibody bound to the solid phase (5). Similar to the sandwich ELISA, the competition ELISA also 

relies on the generation of a standard curve for the quantification of protein in unknown samples, which 

is determined with each set of unknown samples to be analysed (5). 

Factors that influence the sensitivity of the competition ELISA are the affinity of the antibody for the 

antigen as well as potential experimental errors. Additionally, it depends on having slightly fewer 

antibody binding sites than the antigen sites which results in increased sensitivity as it is limited by the 

affinity of the interaction between antibody and antigen. When saturating amounts of antibody are 

present, the addition of small amounts of the competitor antigen will not result in a detectable change 

in the activity of the assay as a result of which a specific and limited amount of antibody must be used 

(5). 

 

3.2.2 Binding to the solid phase  

The first crucial step of the ELISA involves the binding of either antigen or antibody to the solid phase. 

The most widely used solid phase is the 96 well microtitre ELISA plate that is made from polystyrene 

or polystyrene derivatives (5, 11). Polystyrene is composed of an aliphatic carbon chain that contains 

pendant benzene rings on every other carbon. This feature creates a plate with a very hydrophobic 

surface and plates made of polystyrene are typically referred to as either medium or low binding (5). In 

addition to these plates, the polystyrene surface can be altered to enhance binding by modifying the 

plate through irradiation. When irradiated, a certain number of the benzene rings are broken to form 

hydroxyl groups, carboxyl groups and even aldehydes, increasing the opportunity for hydrophilic 

interactions and chemical binding. These plates are typically referred to as high binding (5).  
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Binding of the antigen or antibody to the solid phase is achieved by passive adsorption of the molecules 

to the plastic surface of the plate or by direct binding. This process is typically referred to as coating 

(11). Most proteins adsorb to the plastic surface as a result of hydrophobic interactions between the 

plastic matrix and non-polar protein structures (11). The forces involved in binding includes van der 

Waals forces, hydrogen bonding and ionic interactions - forces that are relatively weak. In order to 

establish stable binding of the molecules to the plate, the molecules must make many of these weak 

bonds with the plate surface (5). Additionally, the aldehyde groups on the microtitre plate can react with 

the amino groups of proteins (including antibodies) and therefore bind chemically through the formation 

of Schiff bases. 

Many factors influence the binding of the molecules to the plate, all of which are inherently related to 

each other. These factors include concentration of the substance that is adsorbed, temperature and time 

of adsorption (11). The polystyrene plate has the ability to bind a wide variety of proteins, but successful 

binding relies heavily on the concentration of the molecules in the coating solution. It is therefore 

important to establish an optimal coating concentration for each protein adsorbed to the plate (5, 11). A 

good guideline for determining optimal coating concentration, is in the range from 1–10 µg/mL, which 

is the typical concentration of protein needed to saturate available binding sites on the plate (11). 

Commonly used coating buffers such as 50 mM carbonate, pH 9.6; 10 mM PBS, pH 7.2 or 10 mM Tris-

HCl, pH 8.5 are used for preparing coating solutions (5, 11). The alkaline pH of these buffers results in 

the deprotonation of many of the amino groups on the proteins as a result of which they can bind to the 

aldehyde groups on the ELISA plate surface through the formation of Schiff bases. Lastly, incubation 

time and temperature play an important role in successful adsorption as the amount of protein that is 

adsorbed relies largely on these two factors (5). In general, the rate of the hydrophobic interactions that 

are formed between proteins and the plate surface depend on temperature, and the higher the 

temperature, the greater the rate of binding (11, 12). However, incubating the plate at 4°C overnight is 

typically favoured as it has been found to result in the least well-to-well variation (5, 11). 

 

3.2.3 Prevention of non-specific binding 

After adsorption or binding of the antigen or antibody to the Elisa plate, the unoccupied sites in the 

wells must be blocked with a blocking reagent to eliminate potential non-specific binding of other 

molecules to the plate. Unlike the antigen-antibody interactions that are formed during the subsequent 

stages of the assay, binding during the adsorption phase is non-specific (11). When binding either 

antigen or antibody to the plate, some unoccupied binding sites remain open, thus potentially allowing 

for any substance to adsorb to the plate at later stages of the assay (5, 11). It is therefore very important 

that these empty sites must be blocked to prevent non-specific binding of reactants that could influence 

the sensitivity and specificity of the assay (5, 11, 13). Some of the most commonly used reagents used 
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for the blocking step of the ELISA are summarized in Table 3.1. These reagents can be divided into 

two major groups, namely protein blocking agents and detergents (5, 8, 11, 13). 

Table 3.1: Commonly used reagents in the blocking step of the ELISA (5, 8, 11, 13). 

Protein blocking agents 

Blocking reagent Blocking conditions Comments 

Bovine serum albumin 

(BSA) 

Used at concentrations between 

1% and 5% in PBS at pH 7 

Most commonly used blocking agent as it is 

inexpensive and typically has low lot-to-lot 

variability. 

Non-fat dry milk 

(NFDM) 

Used at concentrations between 

0.1% to 0.5% 

Has been shown to exhibit lot-to-lot variability 

and a tendency to cause low signal. NDFM also 

contains varying concentrations of biotin which 

could interfere when utilizing the 

avidin/streptavidin – biotin system. 

Casein/Caseinate 
Used at concentrations between 

1% to 5% 

Casein is the main component of NFDM and 

might be a better choice as blocking reagent as it 

does not contain all the impurities found in 

NFDM. It is sometimes preferred over BSA due 

to its smaller size. 

Normal serum 
Used at dilutions between 5% 

and 10% 

Contains a diversity of proteins, albumin being 

the most common. A major drawback of this 

blocking reagent, however, is the presence of 

immunoglobulin in the serum which could result 

in cross-reactivity. 

Fish gelatin 
Used at concentrations between 

1% to 5% 

Fish gelatin has been found to be a good 

blocking reagent when used in immunoblotting 

systems but does not perform as well in ELISA 

applications.  
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Detergents 

Blocking reagent Blocking conditions Comments 

Tween-20 
Used at concentrations between 

0.05% to 0.5% 

Non-ionic detergent that is the most popularly 

used detergent in this group of blocking 

reagents. It has the ability to both block non-

specific binding to the solid phase and non-

specific protein-protein interactions. 

Tween-80  

Similar to Tween-20, Tween-80 is a non-ionic 

detergent that has the ability to block both non-

specific binding to the solid phase and non-

specific protein interactions. Although its use is 

mentioned in some studies, not much 

information is available on the use of this 

detergent as a blocking reagent. 

Triton X-100 
Used at concentrations between 

0.05% to 0.5% 

Non-ionic detergent that prevents non-specific 

protein-protein interactions. Second to Tween-

20, it is also a popularly used detergent for 

preventing non-specific binding. 

Sodium dodecyl sulfate  

Ionic detergent that is sometimes used in 

blocking reagents to remove non-specific ionic 

interactions between the solid phase, positively 

charged proteins and added reagents. Use of this 

reagent can influence antibody-antigen binding 

and should therefore be used at low 

concentrations. 

 

Of the blocking agents mentioned in Table 3.1, the use of proteins is the most effective in preventing 

non-specific binding as they their effects seem to be permanent, and they only need to be used once 

(13). On the other hand, detergents do not block open binding sites in the wells of the ELISA plate, but 

rather reduce the non-specific interaction of subsequent reactants with the ELISA plate (13). Therefore, 

there is the possibility of the detergents interfering with antibody-antigen binding. In some cases, 

detergents are used in conjunction with blocking proteins to prevent non-specific binding (11). 

 

3.2.4 Antigen detection 

The core principle on which the ELISA is based, is the interaction between the antigen-antibody pair. 

As discussed in Chapter 1, antibodies are employed in biochemical techniques due to their ability to 
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bind with high specificity and affinity to an antigen (14). It is also these features that greatly influence 

the success of the ELISA. 

Following the blocking step of the assay, either antigen or antibody is added to the plate, depending on 

the format of the ELISA. Reactions between antigen and antibody rely on the close proximity between 

the two molecules (11). The antigen-antibody bond is established by multiple non-covalent interactions 

dependent on various non-covalent forces, such as electrostatic, hydrophobic, hydrogen and Van der 

Waals forces (8). Specific binding between the antigenic determinant (epitope) and the specific antigen 

binding site on the antibody (paratope) involves only a small portion of these two molecules, comprising 

of just a few amino acids (16 - 21) on a small surface area (15). When the epitope and paratope comes 

within a proximity of several nanometres, they are attracted by long-range forces (electrostatic and 

hydrophobic bonds) which allows for the expulsion of water molecules, overcoming the hydration 

energies of the two molecules (15). This allows the epitope and paratope to move even closer at which 

point Van der Waals forces are responsible for binding, although some ionic groups may still play a 

role. At this point, the overall strength of binding of the epitope with the paratope relies on the goodness 

of fit between the two surfaces (15). Therefore, long-range forces are important in the rate of formation 

of the antigen-antibody complex at points of contact, whereas short-range forces contribute greatly to 

the bond strength by reducing the rate of antigen-antibody complex dissociation (8).  

Binding of the antigen to the antibody is affected by many factors such as their respective 

concentrations, buffering conditions (especially pH), distribution on the ELISA plate as well as 

incubation time and temperature (11). Incubation buffers used for this step typically contain low 

concentrations of non-ionic detergents, such as Tween-20, which are able to disrupt non-specific 

hydrophobic interactions and prevent non-specific binding. Non-specific binding increases background 

noise, which greatly influences the sensitivity of the assay (7). Furthermore, incubation time can range 

from a few hours (1 – 2 hours) to a day and incubation typically occurs at either 37°C (for shorter time 

periods) or at 4°C (overnight). Similar to antigen binding on the solid phase, incubation for longer 

periods of time at a lower temperature generally results in lower well-to-well variation (7). 

 

3.2.5 Antibody detection 

In the case of an indirect ELISA format, whether it be a competition or a sandwich ELISA, a second 

antibody or antibody detection molecule is needed for the detection of the primary antibody. Secondary 

antibodies are antibodies that are produced in a different animal species and are able to bind to the 

primary antibody (i.e., goat anti-rabbit antibodies that are able to bind to antibodies produced in rabbits). 

These antibodies are covalently coupled directly to a detection molecule such as horseradish peroxidase 

(HRP) or alkaline phosphatase (ALP) to form antibody enzyme conjugates which are required for the 

final signal produced by the assay (5). 
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An alternative to the use of secondary antibodies is the use of the avidin-biotin system for antibody 

detection. Avidin, which is commonly found in egg whites, is a tetrameric biotin-binding protein that 

has a very high affinity for biotin (1015 M-1). Biotin, on the other hand, is a water-soluble B-complex 

vitamin that can easily be conjugated to antibodies and antigen alike without any loss of activity. The 

basis of this system therefore relies on the high affinity of avidin, that is coupled to an enzyme, for 

biotin, which is coupled to the primary antibody (16). Alternatively, avidin with an even higher affinity 

for biotin can be obtained from Streptococcus avidinii bacteria, in which case it is referred to as 

Streptavidin. This is often used because of its higher affinity as well as ease and cost of production. 

Streptavidin-labelled horseradish peroxidase was used throughout in this study. With this system, 

antibody-biotin complexes are able to bind multiple avidin-enzyme complexes, which results in 

amplification of the final signal, ultimately creating a more sensitive assay (7).  

 

3.2.6 Substrate 

The last step of the ELISA involves the addition of a substrate solution that results in a coloured product 

by reacting with the enzyme that is coupled to either the secondary antibody or avidin (Fig. 3.2A). This 

colour change can then be measured spectrophotometrically and is directly proportional to the amount 

of antibody-enzyme conjugate or antibody-avidin conjugate and therefore antigen present in the specific 

well (7). Multiple chromogenic substrates/hydrogen donors exist for specific enzymes, such as HRP 

and ALP. Popular substrates used in ELISA analysis can be seen in Table 3.2. These chromogenic 

substrates/hydrogen donors and their colour reactions are displayed in Figure 3.2. 

Table 3.2: Summary of typically used ELISA substrates/chromogens (5, 11). 

Substrate/Chromogen Enzyme Detection limit Colour 

product 

Absorbance 

pNPPa 

ALP 

10-13 moles of 

ALP 
Yellow 405 – 410 nm 

BCIP/NBTb 
10-13 moles of 

ALP 
Blue 595 – 650 nm 

H2O2/TMBc 

HRP 

10-15 moles of 

HRP 
Blue 650 nm 

H2O2/ABTSd 
10-13 moles of 

HRP 
Blue green 405 – 410 nm 

a p-Nitrophenyl Phosphate 

b 5-Bromo-4-chloro-3-indolyl phosphate/ nitro blue tetrazolium 

c 3,3′,5,5′-Tetramethylbenzidine 

d 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 
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Figure 3.2: Colour reactions of the different chromogenic substrates typically used in an ELISA. 

A: Illustration of the general substrate reaction. B: p-NPP is converted by ALP to form a yellow p-

nitrophenol colour product. C: BCIP is converted to an indoxyl intermediate by ALP after which is 

reacts with NBT to produce a blue insoluble NBT diformazan colour product and a dihydroindigo dimer 

product. D: In an oxidation reaction, TMB and H2O2 are converted to a blue TMB diamine colour 

product by HRP. E: In and oxidation reaction resulting in the formation of an ABTS cation radical, 

ABTS and H2O2 are converted to a blue green ABTS+• colour product by HRP. 

 

 

 

 

 

C 

D 
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3.2.7 Removal of excess reagents 

A crucial step in the ELISA process is the washing of the plate between incubation steps, starting after 

the blocking step. During the ELISA, the incubation steps result in high affinity, specific binding 

between reagents. However, the plate has to be washed multiple times between incubation steps to 

remove excess reactants that may be present as well as any loosely bound reagents as a result of low 

affinity interactions that might occur (5). The high affinity of the reactants for one another, including 

the solid phase, allows for the removal of excess reactants without removing the bound reactants during 

washing (7). 

Typical wash buffers used to eliminate this non-specific binding usually consist of low concentrations 

of non-ionic detergents added to a physiological buffer at neutral pH, such as PBS. This allows for the 

disruption of any low affinity, non-specific interactions during washing (5). Plates are typically washed 

3 – 5 times in between incubations steps, whereafter the wash buffer is decanted, and the plate tapped 

onto a paper towel to remove excess wash buffer from the wells. It is important, however, to ensure that 

the plate never dries out, which could affect the activity of some reactants (5). 

 

3.3 Results and discussion 

 

3.3.1 Development of a DAS ELISA 

The first step in the ELISA development process was to establish an ELISA system that would be 

optimal for the purpose of this study. As alluded to previously, the DAS ELISA is commonly used in 

the quantification of proteins, therefore this was the first choice for the development of separate ELISAs 

that could detect and quantify the amount of each of the specific CoA biosynthesis enzymes in a sample. 

Figure 3.3 illustrates the basic steps of the DAS ELISA followed in this experiment. 

Typically, in the DAS ELISA format, different antibodies (from different species) that are able to detect 

the antigen of interest are utilised, to ensure that the enzyme-labelled detection antibody only binds to 

the second antibody and not to the capture antibody. Alternatively, as was the case in the present project, 

the same rabbit antibody, used as the capturing antibody, was labelled with biotin and used as detection 

antibody to complete the sandwich. This also allows for the detection of the biotinylated antibody with 

avidin peroxidase (AVPO, in this instance Streptavidin horseradish peroxidase as explained above).  
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Figure 3.3: Schematic overview of the basic steps of the sandwich ELISA. In the first step of the 

sandwich ELISA, the plate is coated with capturing primary antibody followed by the blocking of the 

wells with casein buffer to eliminate any non-specific binding. After blocking, the plate is incubated 

with the antigen of interest, whereafter the plate is incubated with biotinylated primary antibody (the 

same antibodies used in step 1, but that are conjugated to biotin molecules). In step 5, the AVPO is 

added for the binding to and therefore detection of the biotin conjugated to the primary antibodies. 

Lastly, substrate solution is added to the plate to give a colour reaction that allows for the measurement 

of absorbance values. This image was created with BioRender.com. 

 

This format was first attempted using SaPanK as antigen with anti-SaPanK antibodies but was 

unfortunately unsuccessful. A common problem with the use of a sandwich ELISA, is that it is better 

suited for larger proteins (5) and is sometimes not able to detect smaller proteins. Although SaPanK 

would not generally be considered a small protein (approximately 29 kDa), it is relatively small in 

comparison to the size of an antibody (approximately 150 kDa). Among many other factors, this 

occurrence could influence the outcome of the sandwich ELISA. We therefore set out to detect 

SaCoaBC, as it is a larger protein (approximately 43.8 kDa) (16). Unfortunately, this system was also 

not suitable for the detection of SaCoaBC. As SaCoaBC is the largest enzyme of the four enzymes that 

forms part of the CoA biosynthesis pathway, this system was not attempted for the rest of the enzymes 

as they are smaller in size. 
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3.2.2 Development of a competition ELISA with capturing antibodies 

The first attempt at developing a competition ELISA, similar to the sandwich ELISA, is started off with 

the coating of the plate with capturing primary antibodies. The key step that differentiates this format 

from the rest, is the incubation of the antibody-coated plate with varying amounts of unlabelled antigen 

along with a fixed amount of biotin-labelled antigen. The labelled and unlabelled antigen therefore 

compete for binding to the capturing antibody. This allows for the quantification of unlabelled antigen 

in the sample. The steps of this ELISA are illustrated in Figure 3.4 below. 

Figure 3.4: Schematic overview of the basic steps of the competition ELISA with immobilised 

capturing antibodies. The competition ELISA starts with the coating of the plate with capturing 

primary antibodies, followed by blocking with casein buffer. The plate is then incubated with varying 

amounts of unlabelled antigen along with a set amount of biotin-labelled antigen. Thereafter AVPO is 

added to the plate, which binds to the biotin molecules. Lastly, substrate/chromogen solution 

(H2O2/ABTS) is added which reacts with the peroxidase enzyme, that is conjugated to the avidin 

molecule, and a coloured product is observed. High absorbance values obtained would therefore 

indicate that a low concentration of unlabelled antigen is present in the sample, whereas the opposite is 

true for low absorbance values. This image was created with BioRender.com. 

 

As opposed to the sandwich ELISA, the competition ELISA is often employed when the quantification 

of smaller proteins is required (5). Therefore, the competition ELISA format was the next choice for 

detection of the enzymes of the CoA biosynthesis pathway of S. aureus in this study. An attempt was 

made with PPAT and anti-PPAT antibodies to determine the optimal antibody dilution and labelled 

antigen dilution combination, but PPAT no signal was observed and therefore this format was not 

attempted for the other enzyme antibody combinations. 
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3.3.3. Development and optimisation of an indirect competition ELISA with immobilised 

antigen 

In a last attempt to find a suitable ELISA system for the detection of the antigens of interest, a different 

format of the competition ELISA was considered (Figure 3.5). This format relies on the immobilisation 

of the antigen of interest to the ELISA plate at a specific concentration, whereafter varying 

concentrations of free antigen are added to the wells as well as unlabelled or biotinylated antibodies. 

The free antigen competes with the immobilised antigen for binding to the primary antibodies. In wells 

where the concentration of the free antigen is larger than the immobilised antigen, the primary 

antibodies favour binding to the free antigen instead, resulting in lower absorbance values after substrate 

addition. The opposite is true for wells where the concentration of the immobilised antigen is higher 

than that of the free antigen, inversely resulting in higher absorbance values. By creating a serial dilution 

of the free antigen, a standard curve can be established for quantifying the amount of antigen in a test 

sample. This ELISA is therefore known as an indirect competition ELISA.  

Figure 3.5: Schematic overview of the basic steps of the indirect competition ELISA. This 

particular competition ELISA is started with the coating of the plate with the antigen of interest, 

followed by blocking with casein buffer. The plate is then incubated with varying concentrations of free 

antigen as well as biotinylated primary antibodies. Thereafter AVPO is added to the plate, which binds 

to the biotin molecules. Lastly, substrate solution is added which reacts with the peroxidase enzyme, 

that is conjugated to the avidin molecule, and a colour reaction is observed. In contrast to the previous 

competition ELISA format, absorbance values obtained correlate directly with the amount of coated 

antigen the biotinylated primary antibodies are bound to. This image was created with BioRender.com. 

 

As the aim of this project was to establish an ELISA for detecting and quantifying each of the four 

different enzymes, the development and optimisation process for each individual assay will be discussed 

separately. Before the optimisation for each assay will be discussed, two other important aspects that 

Stellenbosch University  https://scholar.sun.ac.za



74 

 

are crucial to the optimisation process will be assessed, namely the standard curve as well as possible 

troubleshooting. 

3.3.3.1 The standard curve and interpretation of data 

The standard curve is an integral part of protein quantification with an ELISA. As mentioned previously, 

a standard curve is needed for both the sandwich and competition ELISA systems to enable 

quantification of protein in a test sample. However, this section will specifically focus on the standard 

curve obtained for a competition ELISA. The standard curve relies on plotting of the signal (absorbance 

values) on the y-axis against the concentration range of the antigen standard on the x-axis. Figure 3.6 

illustrates and describes the typical sigmoidal-shaped standard curve used for the quantification of a 

specific antigen with either a sandwich or competition ELISA.  

From the illustration (Fig. 3.6), the standard curve can be divided into three distinct parts. Firstly, the 

upper portion of the standard curve, marked A, forms a plateau. It is at this point of the curve where the 

antibody binding sites are saturated by the antigen bound to the solid phase (bound antigen) and the 

small changes in concentration of free antigen standard are not enough to displace antibody binding to 

the plate to cause a major shift between the bound and free antigen (5, 18). Secondly, the middle linear 

part of the curve, as indicated by B, is the part of the curve that is used for reliable protein quantification. 

In this part of the curve, a line of best fit can be drawn through the data points and a formula established 

that can be used to calculate the concentration of the antigen in a test sample (18). Lastly, the lower part 

of the curve, marked as C, represents the part of the curve where the free standard antigen outcompetes 

the bound antigen for binding to the antibodies thereby displacing the antibody binding almost 

completely from the solid phase.  

   

 

 

 

 

 

 

 

Figure 3.6: Standard curve graph used for protein quantification with ELISA. The standard curve 

is a semi-log curve that consists of a concentration range of unlabelled antigen standards (x-axis) plotted 

against their corresponding absorbance values obtained at a specific wavelength (y-axis). The graph can 

further be divided into sections according to the shape of the curve. As indicated by A, the plateau of 
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the standard curve indicates the portion of the curve where antibody binding sites are saturated by bound 

antigen (bound to the solid phase). Therefore, the small amount of free standard antigen is not enough 

to displace antibody binding to the plate to cause a major shift in the distribution between the bound 

and free antigen (5, 18). The second part of the curve indicated by B, represents the part of the standard 

curve that can be used for protein quantification. This part of the curve represents the range of 

concentrations of free standard antigen that is able to cause a significant shift in the distribution between 

the free and bound antigen (18). Lastly, the lower end of the curve, indicated by C, represents the part 

of the curve where the majority of antibodies are bound to the free antigen standard (18). 

 

3.3.3.2 Quality control of ELISA components 

Before discussing the optimisation process for the quantification of the respective enzyme antigens, it 

is important to discuss another important part of the development process, which is troubleshooting. 

ELISA development and optimisation is not an easy task and therefore requires many rounds of trial 

and error. An important part of this process includes troubleshooting. As illustrated in Table 3.3, it is 

clear that optimal antigen and antibody conditions, such as antigen concentration and antibody dilution, 

are crucial for developing an ELISA that is able to quantify the antigen of interest in a suitable range of 

concentrations. This is only possible when the antigens and antibodies that are used conform to certain 

standards. By performing a simple indirect ELISA, such as described in Chapter 2, quality control of 

these reagents could be accomplished. 

Quality control of biotinylated antibodies - When stored and handled correctly, antibodies can be used 

for many years after production (19). There are certain conditions, however, that can influence the shelf 

life of antibodies such as the type of antibody (polyclonal or monoclonal), purification of antibodies, 

conjugated versus unconjugated antibodies, antibody concentration, pH and storage temperature, to 

name a few (19). For the purpose of this experiment, rabbit polyclonal antibodies, as described in 

Chapter 2, were subjected to ammonium sulfate precipitation and conjugated to biotin molecules (3.5.2) 

and are therefore more vulnerable to loss of activity as time progresses. In order to determine whether 

the biotinylated antibodies were conjugated to a consistent standard, an indirect ELISA as described in 

Chapter 2 (2.2.4) was performed for each batch of biotinylated antibodies.  

Quality control of purified protein - Unlike antibodies, purified protein, and especially enzymes, are 

much more prone to becoming unstable when handled incorrectly. One particular problem that occurs 

when using a protein sample multiple times, which is common in the ELISA optimisation process, is 

precipitation of the protein. This occurs often due to an increased number of freeze-thaw cycles and 

extensive handling of the samples. In the experiments performed here, the antigens of interest are 

enzymes and although activity of these enzymes is not required for a successful assay, precipitation of 

the enzymes could result in incorrect antigen dilutions. This could greatly affect the accuracy and 

reproducibility of the assays and therefore necessitates careful quality control.  
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Similar to the quality control of the biotinylated antibodies, an indirect ELISA (2.2.4) was performed 

with different batches of the respective enzymes and tested with both the unlabelled rabbit primary 

antibodies as well as biotinylated antibodies to determine whether the enzyme samples or possibly the 

biotinylated antibodies conformed to a consistent standard. As it was clear from previous experiments 

(Chapter 2) that the unlabelled rabbit primary antibodies were functioning optimally, detection of the 

enzymes with the primary antibodies was chosen as a control to determine whether the enzyme samples 

were still intact and therefore functional. The use of the biotinylated antibodies was also included in 

this experiment to determine how they would perform with the different batches of enzyme in contrast 

to the normal rabbit primary antibodies. Using SaCoaBC as an example, Figure 3.7 illustrates the layout 

of the indirect ELISA, described in 2.2.4 in Chapter 2, used for the quality control of the different 

batches of enzyme. 

Figure 3.7: Layout of indirect ELISA for quality control of enzyme batches used in the ELISA 

optimisation process, utilizing SaCoaBC as an example. Red dots are indicative of an older batch of 

enzyme whereas the green dots indicate a new batch of enzyme. Black dots indicate where the plate 

was not coated with antigen and represents the negative control. The plate was also separated into the 

parts where either biotinylated antibodies (Ab-b) or unbiotinylated antibodies (primary Ab) was used. 

The serial dilution made of the antibodies and conjugates is indicated with the arrow above and the 

letter B indicates the blank column, which did not contain any primary antibodies. 

 

The troubleshooting of the reagents required in the development and optimisation process of each of 

the different assays will be discussed in conjunction with the outcomes of the optimisation process for 

each of the respective assays in the sections to follow.  
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3.3.3.3 Development and optimisation of an indirect competition ELISA for the detection and 

quantification of SaPPAT 

The first attempt to use the indirect competition ELISA format was performed with PPAT to establish 

a working protocol that could be applied to the rest of the enzymes. PPAT was chosen as the first 

candidate for this approach as larger quantities of this enzyme were available, enabling multiple rounds 

of optimisation. A summary of all the attempts made for the optimisation of the indirect competition 

ELISA is shown in Table 3.3. The standard curve obtained from a competition ELISA relies on a 

concentration range of free standard antigen that competes with the bound antigen (solid phase) for 

binding to the primary antibodies, and the signal obtained (absorbance) from this competition which 

could be used to determine the concentration of antigen in a test sample. 
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Table 3.3: Summary of ELISA conditions used for the development and optimisation of indirect competition ELISAs for the detection and 

quantification of SaPanK, SaCoaBC, SaPPAT and SaDPCK, respectively. The sequence of the table represents the sequence in which the optimisation 

process was conducted. 

Antigen [Coating] Ab containing 

seruma Ab dilution 
Incubation 

Temp.b 

Incubation 

timec Antibody detectiond Attemptse 

PPAT 

2 µg/mL Day 42 antiserum 1 in 640 37°C 2 hours 
Goat anti-rabbit HRP 

conjugate secondary Ab 
1 

0.5 µg/mL 

Day 42 antiserum 1 in 5000 37°C 2 hours 
Goat anti-rabbit HRP 

conjugate secondary Ab 
2 

Day 42 antiserum 1 in 2500 37°C 2 hours 
Goat anti-rabbit HRP 

conjugate secondary Ab 
1 

Biotinylated 

antibodies from 

day 81 antiserum 

1 in 200 

1 in 2000 
4°C overnight AVPO 1 

Biotinylated 

antibodies from 

day 81 antiserum 

1 in 250 

1 in 500 
4°C overnight AVPO 2 

Biotinylated 

antibodies from 

Day 81 antiserum 

1 in 300 

1 in 450 
4°C overnight AVPO 5 

Biotinylated 

antibodies from 

Day 81 antiserum 

1 in 230 

1 in 280 
4°C overnight AVPO 2 

Biotinylated 

antibodies from 

Day 81 antiserum 

1 in 330 

1 in 450 
4°C overnight AVPO 1 

DPCK 0.5 µg/mL 

Biotinylated 

antibodies from 

Day 81 antiserum 

1 in 250 

1 in 500 
4°C overnight AVPO 3 
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CoaBC 

0.5 µg/mL 

Biotinylated 

antibodies from 

day 81 antiserum 

1 in 250 

1 in 500 
4°c Overnight AVPO 4 

Biotinylated 

antibodies from 

day 81 antiserum 

1 in 100 

1 in 200 
4°C overnight AVPO 1 

1 µg/mL 

Biotinylated 

antibodies from 

day 81 antiserum 

1 in 100 4°C overnight AVPO 5 

1.5 µg/mL 

Biotinylated 

antibodies from 

day 81 antiserum 

1 in 100 4°C overnight AVPO 4 

2 µg/mL 

Biotinylated 

antibodies from 

day 81 antiserum 

1 in 100 

1 in 200 
4°C overnight AVPO 1 

PanK 

0.5 µg/mL 

Biotinylated 

antibodies from 

day 81 antiserum 

1 in 250 

1 in 500 
4°C overnight AVPO 2 

1.5 µg/mL 

Biotinylated 

antibodies from 

day 81 antiserum 

1 in 100 4°C overnight AVPO 6 

2 µg/mL 

Biotinylated 

antibodies from 

day 81 antiserum 

1 in 200 4°C overnight AVPO 6 

Biotinylated 

antibodies from 

day 81 antiserum 

1 in 250 

1 in 300 
4°C overnight AVPO 1 

a – Ab (antibody)containing serum refers to the rabbit antibody containing serum that is complementary to the antigen mentioned in the first column 

b – Incubation temperature refers to the incubation temperature of the ELISA plate with the respective rabbit primary antibody containing sera 

c – Incubation time refers to the incubation time of the ELISA plate with the respective rabbit primary antibody containing sera 

d – The detection system used to detect the rabbit primary antibody, in this case either the use of a secondary antibody or the avidin-biotin system 

e – Number of attempts made under the specific conditions for the specific ELISA
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In this first attempt to use this ELISA format for detecting PPAT, a starting coating concentration of 2 

µg/mL was used as previously determined (Chapter 2). This was followed by the addition of day 42 

polyclonal rabbit anti-SaPPAT antibodies at a dilution of 1:640 (determined from immune response 

curves; Chapter 2) and detected with goat anti-rabbit HRP conjugate secondary antibody. Incubation of 

the plate with the primary antibodies was performed at 37°C for 2 hours. A semi-log standard curve 

was plotted with absorbance values (y-axis) against the concentration of the free antigen (x-axis) as 

described in Figure 3.6. This resulted in a flat standard curve with poor discrimination between the data 

points (absorbance values ranging from 1.392–1.63). Although the maximum absorbance values 

obtained were adequate, i.e., higher than 0.8 (20), the flat curve indicated that the antibody binding sites 

were saturated by bound antigen at all concentrations of free antigen. Therefore, the amount of free 

antigen was not able to compete with the amount of bound antigen for binding to the antibodies. This 

can be ascribed to an antigen coating concentration that was too high as well as a high primary antibody 

concentration (5). To obtain a better standard curve this approach was repeated with a lower PPAT 

coating concentration of 0.5 µg/mL as well as different primary antiserum dilutions (1:5000 and 

1:2500), both attempts resulting in a better spread of the data points, but with signal values that were 

too low.  

In an attempt to achieve a standard curve with a higher signal and better distribution of the data points, 

biotin molecules were linked to antibodies isolated from the day 81 antiserum and used for the detection 

of PPAT. Furthermore, these antibodies were detected with AVPO instead of a secondary antibody and 

the plate incubated at 4°C overnight, instead of the usual 37°C for 2 hours. Incubating the plate at 4°C 

for a longer period of time typically results in less well-to-well variation and ultimately a better 

distribution of data points (7), which is why this approach was considered to obtain a workable standard 

curve. A coating concentration of 0.5 µg/mL was used throughout the rest of the optimisation process. 

This new approach was attempted for different antibody dilutions, as seen in Table 3.3, until a workable 

standard curve was obtained with an antibody dilution between 1:250 and 1:500. Thereafter, these 

conditions were attempted for the rest of the enzymes. 

To find an optimal primary antibody dilution for each enzyme, many more attempts were made with 

different antiserum dilution values ranging between 1:250 and 1:500. Quality control of the two 

different batches of biotinylated anti-SaPPAT antibodies were also performed to determine which batch 

was able to detect the PPAT samples optimally. As seen in the graph in Figure 3.8, the second batch of 

biotinylated anti-SaPPAT (orange curve) functioned better than the first batch (blue curve) and was 

therefore used during the rest of the optimisation process. 
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Figure 3.8: Quality control of biotinylated polyclonal rabbit anti-SaPPAT antibodies. An indirect 

ELISA was performed with different batches of the biotinylated anti-SaPPAT antibodies to determine 

whether the assay was functioning optimally. Absorbance values were plotted against the different 

antibody titres for which they were obtained. The blue graph indicates absorbance values obtained using 

the first batch of biotinylated antibodies and the orange graph the values obtained using the second 

batch of biotinylated antibodies. This assay was performed once with technical duplicates (error bars = 

standard deviation). 

 

After many rounds of optimisation, it was found that a SaPPAT coating concentration of 0.5 µg/mL 

combined with biotinylated anti-SaPPAT antiserum diluted 1 in 300 and incubated at 4°C overnight, 

resulted in a standard curve with high signal values and a good distribution of the data points. Three 

biological repeats, thus three different purified batches of SaPPAT, were used during this assay with 

each assay done in triplicate. As seen in Figure 3.9 A, the three different repeat datasets were plotted 

individually to show the range of the standard curve established for detection of SaPPAT. The curves 

indicated the typical sigmoidal curve shape associated with a competition ELISA standard curve.  

Figure 3.9: Optimisation of an indirect competition ELISA for the detection of SaPPAT. A: The 

standard curves obtained for the optimisation of an indirect ELISA for the detection of SaPPAT. 

Differently coloured data points were used to indicate the three different independent experiments (n=3, 

each plotted individually), each performed in triplicate with error bars indicating standard deviation. B: 

The average absorbance values from the three graphs in A were used to determine the part of the 

standard curve that can be used for enzyme quantification. A non-linear, logarithmic regression line 

A B 
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was established with R2 (coefficient of determination) and formula of the line as indicated on the graph. 

Error bars are indicative of the SEM.    

 

From the standard curves in Figure 3.9 A, a trendline could be fitted to the average absorbance values 

obtained from the repeats. It was established that the standard curve has a detection range from 0.004 – 

0.4 µg/mL with a coefficient of determination (R2) value of 0.995. In general, the closer the R2 is to 1, 

the greater the fit of the trendline and the better the precision level of the curve will be (20, 21). 

Therefore, an excellent standard curve for the quantification of SaPPAT was obtained.  

3.3.3.4 Development and optimisation of an indirect competition ELISA for the detection and 

quantification of SaDPCK 

As established in the optimisation process of the indirect competition ELISA for detecting SaPPAT, the 

following conditions were applied as a starting point for the optimisation process for the detection of 

SaDPCK. The ELISA plate was coated with a SaDPCK concentration of 0.5 µg/mL paired with 

polyclonal rabbit anti-SaDPCK antibodies isolated from day 81 antiserum at dilutions of 1:250 and 

1:500. The incubation temperature and time with the biotinylated antibodies remained at 4°C overnight. 

The use of optimal reagents was again found to be of importance for optimisation in order to develop a 

successful ELISA, especially for establishing a good standard curve. For this reason, quality control of 

the different batches of the biotinylated antibodies were again performed with an indirect ELISA. As 

seen in Figure 3.10, both batches of the biotinylated anti-SaDPCK antibodies performed equally well 

and further experiments could be performed.  

 

 

 

 

 

 

 

Figure 3.10: Quality control of biotinylated polyclonal rabbit anti-SaDPCK antibodies. An 

indirect ELISA was performed with different batches of the biotinylated anti-SaDPCK antibodies to 

determine whether they were functioning optimally. Absorbance values were plot against the different 

antibody dilutions from which they were obtained. The blue graph indicates absorbance values obtained 

for the first batch of biotinylated antibodies and the orange graph the values obtained for the second 

batch of biotinylated antibodies. This assay was performed once with technical duplicates (error bars = 

standard deviation). 
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Upon completion of the indirect competition ELISA for SaDPCK, it was found that a DPCK coating 

concentration of 0.5 µg/mL functioned optimally with a biotinylated antibody dilution of 1 in 250. The 

standard curve obtained from these conditions had high signal values with a good dispersal of the data 

points, resulting in a standard curve that was almost completely linear. However, a small plateau can 

be observed at the upper part of the curve, as expected (Fig. 3.6). Three biological repeats of these 

conditions were performed by using three different batches of purified SaDPCK (Fig. 3.11 A) with each 

experiment performed in triplicate. 

 

Figure 3.11: Optimisation of an indirect competition ELISA for the detection of SaDPCK. A: The 

range of the standard curves obtained for the optimised indirect ELISA for the detection of SaDPCK. 

Different coloured data points are indicative of the three different independent experiments (n=3, each 

plotted individually), each performed in triplicate with error bars indicating standard deviation. B: The 

average absorbance values from the three graphs in A were used to determine the part of the standard 

curve that can be used for enzyme quantification. A non-linear, logarithmic regression line was 

established with R2 (coefficient of determination) and formula of the line as indicated on the graph. 

Error bars are indicative of the SEM.    

 

The detection range of the standard curve for SaDPCK was established to range from 0.002 – 0.2 µg/mL 

and a trendline fit to the average absorbance values (Fig. 3.11 B) yielded a R2 value of 0.994 which is 

very close to 1. Therefore, the trendline has a very good fit to the standard curve. Furthermore, the error 

bars (SEM) are small, indicating little variance between the independent experiments performed. This 

standard curve therefore has very good potential for the quantification of SaDPCK in unknown samples. 

3.3.3.5 Development and optimisation of and indirect competition ELISA for the detection and 

quantification of SaCoaBC 

The attempts at optimisation ofr an indirect ELISA for the detection of SaCoaBC can be seen in Table 

3.3. Initial conditions of a CoaBC coating concentration of 0.5 µg/mL with biotinylated polyclonal anti-

SaCoaBC antibodies from the day 81 antiserum at dilutions of 1:250 and 1:500 resulted in a wave-like 

standard curve with data points that were scattered, not following the typical sigmoidal shape. This 

could be an indication that the SaCoaBC standard samples were not prepared properly and therefore 
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required repeats of the specific assay conditions with the different SaCoaBC samples. Multiple attempts 

at repeating these conditions were unsuccessful. Therefore, troubleshooting of both the SaCoaBC 

samples and the anti-SaCoaBC antibodies was performed. Troubleshooting of different batches 

SaCoaBC revealed that some of the samples were precipitating, contributing to the many failed 

attempts. When proteins precipitate, this results in dilution errors of the protein which could have a 

great effect on the outcome of the assay. Furthermore, enzyme aggregates could bind to the antibody 

and then disaggregate with resultant disruptions of the equilibria required in the assay. As mentioned 

previously, a successful ELISA relies greatly on optimal reagent conditions and ultimately an optimal 

combination of antibody and antigen concentration. Testing of the biotinylated anti-SaCoaBC 

antibodies with new batches of SaCoaBC (Fig. 3.12) showed that both batches of biotinylated antibodies 

were still functioning optimally. 

 

 

 

 

 

 

 

 

Figure 3.12: Quality control of biotinylated polyclonal rabbit anti-SaCoaBC antibodies. An 

indirect ELISA was performed with different batches of the biotinylated anti-SaCoaBC antibodies to 

determine whether they were functioning optimally. Absorbance values were plotted against the 

different antibody titres. The blue graph indicates absorbance values obtained for the first batch of 

biotinylated antibodies and the orange graph the values obtained for the second batch of biotinylated 

antibodies. This assay was performed once with technical duplicates (error bars = standard deviation). 

 

Further optimisation attempts were therefore performed with new batches of SaCoaBC enzyme. These 

attempts included the use of different SaCoaBC coating concentrations (1 µg/mL, 1.5 µg/mL or 2 

µg/mL) in conjunction with different antiserum dilutions (1:100 or 1:200), establishing an optimal 

coating concentration of 1 µg/mL and an antiserum dilution of 1:100. Three biological repeats of these 

conditions were performed using three different batches of SaCoaBC enzyme. As seen in Figure 3.13 

A, the last repeat of the assay conditions showed much higher absorbance values in comparison to the 

first two. Another repeat of the experiment with the same batch of SaCoaBC was performed and similar 

results obtained. This occurrence could possibly be ascribed to faulty concentration determination of 

the specific SaCoaBC sample with the Bradford method, resulting in a higher SaCoaBC coating 
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concentration than intended. Another attempt at determining the concentration of the specific SaCoaBC 

sample with a Bradford assay was unsuccessful as it gave inconclusive results.  

Although the standard curve obtained from the last experiment was different from the previous two, it 

could be argued that it delivered more desirable results than the previous two. Firstly, it can be observed 

that the standard curves from the previous experiments yielded standard curves that have low signal 

(maximum absorbance values barely reaches 0.8), and the shape of the curve does not quite resemble 

the typical sigmoidal standard curve (Fig. 3.6) expected from a competition ELISA. In contrast, the 

standard curve from the last repeat somewhat resembles the sigmoidal shape with better distribution of 

the data points and higher signal.  

Figure 3.13: Optimisation of an indirect competition ELISA for the detection of SaCoaBC. A: 

The range of the standard curves obtained for the optimised indirect ELISA for the detection of 

SaCoaBC. Different coloured data points indicate the three different independent experiments (n=3, 

each plotted individually), each performed in triplicate with error bars indicating standard deviation. B: 

The average absorbance values from the three graphs in A were used to determine the part of the 

standard curve that can be used for protein quantification. A non-linear, logarithmic regression line 

were established with R2 (coefficient of determination) and formula of the line as indicated on the graph. 

Error bars are indicative of the SEM.    

 

Nevertheless, the trendline (Fig. 3.13 B) fitted to the average absorbance values from graphs in Figure 

3.13 A, yielded a R2 value of 0.997, again indicating that the trendline had an excellent fit to the data 

points. However, the large error bars (SEM), that are a result of the large variation between the three 

repeats, necessitates the need for further repeats of the assay conditions. This assay has a detection range 

of 0.04 – 2 µg/mL. 

3.3.3.6 Development and optimisation of an indirect competition ELISA for the detection and 

quantification of SaPanK 

Lastly, the ELISA development process was completed for the optimisation of an indirect competition 

ELISA for detecting SaPanK. The different conditions used in the process are shown in Table 3.3, which 

commenced with a SaPanK coating concentration of 0.5 µg/mL and biotinylated polyclonal rabbit anti-
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SaPanK serum dilutions of 1:250 and 1:500. These conditions resulted in the unsuccessful detection of 

SaPanK, even when the experiment was repeated. When troubleshooting the different batches of 

biotinylated antibodies (Figure 3.14), very low absorbance values were observed, which was not 

expected as the avidin-biotin system is typically used to achieve a greater signal. This observation 

prompted testing of the different batches of biotinylated antibody with alternative batches of newly 

purified SaPanK, along with the unlabelled primary antibodies as a control for successful detection of 

SaPanK. The second round of troubleshooting revealed much higher absorbance values for both batches 

of biotinylated antibodies as well as the unlabelled primary antibodies, indicating that the previously 

used PanK samples were not suitable for use anymore in the assay. Similarly, to what happened with 

several of the SaCoaBC samples, it was possible that the SaPanK sample that was used in the 

optimisation process was precipitating due to multiple freeze-thaw cycles.  

 

 

 

 

 

 

 

 

Figure 3.14: Quality control of biotinylated polyclonal rabbit anti-SaPanK antibodies. An indirect 

ELISA was performed with different batches of the biotinylated anti-SaPanK antibodies to determine 

whether they were functioning optimally. Absorbance values were plotted against the different antibody 

titres. The blue graph indicates absorbance values obtained for the first batch of biotinylated antibodies 

and the orange graph the values obtained for the second batch of biotinylated antibodies. This assay 

was performed once with technical duplicates (error bars = standard deviation). 

 

After multiple attempts (with new batches of SaPanK) with different coating concentrations (1.5 µg/mL 

and 2 µg/mL) and antibodies dilutions (1:100, 1:200 and 1:300) it was established that a SaPanK coating 

concentration of 2 µg/mL and biotinylated antibodies diluted 1:200 was optimal for the detection of 

SaPanK. Three biological repeats of these conditions were performed with three different batches of 

SaPanK (Fig. 3.15 A). These assay conditions resulted in a standard curve with the typical sigmoidal 

shape, as the upper part of the curve resembles the plateau that moves into the linear part of the curve. 

Furthermore, the standard curve shows high signal and good distribution of the data points.  
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Figure 3.15: Optimisation of an indirect competition ELISA for the detection of SaPanK. A: The 

range of the standard curves obtained for the optimised indirect ELISA for the detection of SaPanK. 

Different coloured data points indicate the three different independent experiments (n=3, each plotted 

individually), each performed in triplicate with error bars indicating standard deviation. B: The average 

absorbance values from the three graphs in A were used to determine the part of the standard curve that 

can be used for protein quantification. A non-linear, logarithmic regression line was established with 

R2 (coefficient of determination) and formula of the line as indicated on the graph. Error bars are 

indicative of the SEM.    

 

The detection range of the standard curve for SaPanK was established to range from 0.04 – 2 µg/mL 

and a trendline fit to the average absorbance values (Fig. 3.15 B) yielded a R2 value of 0.967 which is 

still relatively close to 1 but is not as reliable as the standard curves obtained for the quantification of 

the other enzymes. However, small error bars (SEM) can be observed, indicating little variation between 

the independent experiments performed. Although a workable standard curve was obtained for the 

quantification of SaPanK, some optimisation might still be needed to obtain an optimal standard curve. 

3.3.3.7 Detection limit considerations 

It is clear from these experiments that a good foundation for future studies in the detection and 

quantification of the enzymes of the CoA biosynthesis pathway of S. aureus has been established. 

However, some optimisation might still be needed. As summarised in Table 3.4, the most sensitive 

ELISA was obtained for the detection of SaDPCK, and the least sensitive assay for SaPanK. It is 

important, however, to keep in mind that the sensitivity of an ELISA greatly depends on the 

characteristics of the antibody-antigen pair and that the capabilities of a specific assay are therefore 

influenced by these characteristics. Furthermore, the detection range needed for the quantification of a 

specific antigen depends on the abundance of the antigen obtained from a specific sample. As the main 

purpose of this study was to establish the levels of the CoA biosynthesis enzymes of S. aureus in 

different growth phases under physiological conditions, we cannot estimate the detection range that 

would be required for these assays. Therefore, these assay conditions should be tested with unknown 
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samples before further optimisation can be performed. Future studies and prospective approaches for 

optimisation and use of these assays will be discussed in more detail in Chapter 4. 

Table 3.4: Summary of standard curves obtained for the quantification of the enzymes from the 

CoA biosynthesis pathway of S. aureus. 

Enzyme Detection range R2 Comments 

SaPank 0.4 – 2 µg/mL 0.967  

SaCoaBC 0.04 – 2 µg/mL 0.997 Large error bars for all data points 

SaPPAT 0.04 – 0.4µg/mL 0.995  

SaDPCK 0.002 – 0.2 µg/mL 0.994  

 

3.3.4 Antibody cross-reactivity quantification with optimised ELISAs 

As described in Chapter 2, the potential cross-reactivity of the respective antibodies (anti-SaPanK, anti-

SaCoaBC, anti-SaPPAT and anti-SaDPCK) was determined with an indirect ELISA. These results gave 

good insight into the possible limitations of these antibodies and whether they would be able to detect 

multiple enzymes in the CoA biosynthesis pathway of S. aureus. Although these results gave an 

indication of cross-reactivity, it could not give us a precise measure of the amount of cross-reactivity 

that a certain antibody might have to a certain antigen. Furthermore, cross-reactivity could complicate 

specific antigen quantification, as it could result in an overestimation of the concentration values.  

In an attempt to quantify the amount of cross-reactivity of each antibody to each enzyme and how it 

would affect the specific ELISA method for the detection of each of the respective enzymes, the 

previously optimised indirect ELISAs were utilised to quantify antibody cross-reactivity. It was 

proposed that the amount of cross-reactivity could be plotted on a graph, such as seen in Figure 3.16, 

and the percentage cross-reactivity determined in relation to the positive control. This would allow for 

the correction of concentration values obtained from the respective indirect competition ELISAs to 

account for cross-reactivity. 

Due to time constraints, only preliminary results were obtained to quantify the amount of cross-

reactivity of each of the antibodies, and a single indirect competition ELISA performed for each of the 

day 81 antibodies (anti-SaPanK, anti-SaCoaBC, anti-SaPPAT and anti-SaDPCK). These results, 

however, do provide an indication of the cross-reactivity among the optimised indirect ELISAs for each 

specific antigen. 
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Figure 3.16: Cross-reactivity quantification graph. The cross-reactivity of each of the antibodies can 

be quantified by using the optimised indirect competition ELISA method established for each of the 

different antigen-antibody pairs. By determining the amount of cross-reactivity of each antibody with 

each antigen, cross-reactivity could be accounted for when quantifying a specific antigen with this 

ELISA format. This format includes the positive control (antigen complimentary to antibody used), 

which is the antigen that is quantified, followed by the antigens that cross-react with the antibody. 

 

As seen in Figure 3.17 A, the anti-SaPanK antibodies showed some cross-reactivity with both SaPPAT 

(blue) and SaDPCK (red), but to a very low extent. These antibodies, however, were not able to detect 

SaCoaBC (green). In comparison to these results, cross-reactivity studies done as described in Chapter 

2 revealed that the anti-SaPanK antibodies were able to detect both SaPPAT and SaDPCK to a great 

degree at low antiserum dilutions when analysed with an indirect ELISA. Although similar antigen 

coating concentrations were used in both instances (2 µg/mL), the antibodies at an antiserum dilution 

of 1:200 did not detectthe other antigens. 

From Figure 3.17 B, it is clear that the anti-SaCoaBC antibodies did not cross-react with any of the 

other antigens. These results further corroborate the previous findings describedin Chapter 2, which 

indicated that the antibodies did not cross-react with any of the other antigen when tested with an 

indirect ELISA. The anti-SaCoaBC antibodies are therefore the most specific and can be used in the 

indirect competition ELISA for the quantification of SaCoaBC in different growth samples, as the 

ELISA would not experience interference from the other enzymes regardless of the assay conditions. 

In comparison to the cross-reactivity results described inChapter 2, the anti-SaPPAT antibodies (Fig. 

3.17 C) appear to cross-react with the other antigens to a greater extent (in comparison to the other 

antibodies), except SaCoaBC (green), even at lower antigen coating concentrations (0.5 µg/mL versus 

2 µg/mL). The effect of a lower coating concentration can, however, be observed in that the previous 

cross-reactivity studies showed that the anti-SaPPAT antibodies were able to cross-react with both 
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SaPanK and SaDPCK to some extent, even at higher antiserum dilutions. It can therefore be concluded 

that these antibodies are not highly specific, and this should be taken into account when using them in 

the quantification of SaPPAT in different growth samples. 

Lastly, from Figure 3.17 D it appears that the anti-SaDPCK antibodies did not cross-react with any of 

the other antigens. This is in agreement with the western blot cross-reactivity experiment, but contrasts 

with the cross-reactivity results from the indirect ELISA described in Chapter 2, which indicated that 

the anti-SaDPCK antibodies were able to detect both SaPanK and SaPPAT to some degree at low 

antibody dilutions. Again, this observation could be ascribed to a lower antigen coating concentration 

(0.5 µg/mL versus 2 µg/mL) in combination with an antiserum dilution of 1:250. According to these 

results, the use of these antibodies for the quantification of DPCK in different growth samples should 

not cause any interference in terms of cross-reactivity. However, repeats of these experiments should 

be performed to corroborate these findings. 

Figure 3.17: Cross-reactivity quantification of (A) anti-SaPanK, (B) anti-SaCoaBC, (C) anti-

SaPPAT and (D) anti-SaDPCK antibodies. The different coloured data points are indicative of the 

different antigen that were detected with the respective antibodies. Orange graph: SaPanK; Green graph: 

SaCoaBC; Blue graph: SaPPAT and Red graph: SaDPCK (n=1, technical duplicates, error bars = 

standard deviation). 
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Taken together, it is clear from all cross-reactivity studies performed in this project that the anti-

SaCoaBC antibodies do not cross-react with any of the other antigens and are therefore the most 

specific. This could possibly be due to CoaBC being the only enzyme of the CoA biosynthesis pathway 

of S. aureus that does not require ATP and therefore does not contain an ATP binding motif (Chapter 

1). However, it is important to further investigate this and determine whether it could possibly explain 

the ability of the antibodies to cross-react with the other enzymes. It is also important to note that the 

combination of antigen coating concentration and antibody dilution plays an important role in 

determining whether the antibodies will show cross-reactivity in a specific ELISA format and should 

also be taken into consideration for future studies with these assays. Although we were not able to 

precisely quantify the amount of cross-reactivity of each antibody, these findings form a good basis for 

future studies. Future approaches to investigate the cross-reactivity of these antibodies will be discussed 

in Chapter 4. 

 

3.4 Conclusion 
 

In this chapter we were able to develop and optimise indirect competition ELISAs for the detection and 

quantification of each of the enzymes of the CoA biosynthesis pathway of S. aureus. Feasible standard 

curves were obtained for each of the enzymes; however, future optimisation might still be needed after 

testing these assays with test samples. Although these findings look promising, cross-reactivity of the 

anti-SaPPAT antibodies is still a cause for concern as this could interfere with the accuracy and 

reliability of the results obtained from these assays. It is therefore important to pursue future studies to 

determine why these antibodies show cross-reactivity and also to establish the level of cross-reactivity 

for each antigen-antibody pair to allow for correction of enzyme quantitation. 

Although there was not enough time to test these assays with biological samples from different growth 

phases of the S. aureus bacteria, the results obtained in this study form a good basis for future studies. 

These assays are completely novel, as antibodies and ELISA kits for the detection and quantification of 

these enzymes are not commercially available.     
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3.5 Experimental procedures 

 

3.5.1 Materials  

All of the chemicals used in the following experiments were either purchased from Sigma-Aldrich, 

Merck or Roche or as indicated otherwise. ELISAs were performed in Nunc® Maxisorp 96 well 

microtitre plates (Thermo Scientific) and spectrophotometric readings taken with the Labsystems 

Multiskan MS microtitre plate reader (Thermo Scientific).  

 

3.5.2 Biotinylation of antibodies 

An important part of the ELISA development process includes the preparation of key components of 

the assay. This included the biotinylation of the respective antibodies produced as described in Chapter 

2 as well as their corresponding antigens. 

3.5.2.1 Immunoglobulin (Ig) precipitation 

Before antibodies could be biotinylated, the Ig fractions needed to be isolated from the rest of the serum. 

This was accomplished firstly, by the addition of 2 mL PBS to 1 mL of the day 81 antiserum, followed 

by the addition of 3 mL of saturated ammonium sulfate ((NH4)2SO4) solution. The samples were 

incubated at 4°C for 20 min and then centrifuged at 27 000 x g for 20 min at 4°C in an Avanti J-E 

centrifuge (Beckman Coulter). After centrifugation, the supernatant was decanted, and the pellet 

redissolved in 2 mL PBS. A further 2 mL of the saturated ammonium sulfate was added to the samples 

and incubated at 4°C for 20 min followed by another round of centrifugation at 27 000 x g for 20 min 

at 4°C. Lastly, the remaining pellet was redissolved in 1 mL PBS (original serum volume) and dialysed 

overnight in cellulose membrane tubing (10 kDa size cut-off) at 4°C against two changes of carbonate 

buffer (50 mM NaHCO3, pH 8.3). This was performed for all antibodies isolated from their respective 

day 81 rabbit antisera (anti-SaPanK, anti-SaCoaBC, anti-SaPPAT and anti-SaDPCK). 

3.5.2.2 Conjugation of biotin to antibodies 

After Ig precipitation, the concentration of the Ig fractions was determined spectrophotometrically at 

280 nm with the NanoDrop™ Spectrophotometer (Thermo Fisher Scientific) and diluted to a 

concentration of 5 mg/mL with carbonate buffer. Thereafter, a 2 mg/mL solution of N-(+)-Biotinyl-6-

aminocaproic acid N-succinimidylester in dimethylformamide (DMF) was added dropwise to the 

diluted Ig fraction and allowed to stir for 2 hours at room temperature. Lastly, the conjugated antibodies 

were dialysed in cellulose membrane tubing overnight at 4°C against two changes of PBS. Glycerol 

was added to the biotylated antibody preparations in a 1:1 ratio and stored at -20°C for subsequent use 

in all proposed ELISA systems. 
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3.5.3 Biotinylation of antigen 

Similar to the conjugation of biotin to antibodies, the previously produced proteins, as described in 

Chapter 2, were biotinylated for use in a competition ELISA (3.5.5.1). Unlike biotinylation of the 

antibodies, the proteins were already purified, and their concentrations known. N-(+)-Biotinyl-6-

aminocaproic acid N-succinimidylester was dissolved in DMF to produce a 2 mg/mL solution which 

was added dropwise to 5 mg/mL of the protein and allowed to stir for 2 hours at room temperature. 

Dialysis of the conjugated proteins was performed in cellulose membrane tubing overnight at 4°C 

against two changes of PBS. Before storage at -20°C, glycerol was added to the biotinylated protein 

preparations in a 1:1 ratio. 

 

3.5.4 The DAS ELISA 

Firstly, a 96-well microtitre plate was coated with the day 81 rabbit antiserum (100 µL/well) diluted 

1:800 with carbonate buffer (50 mM NaHCO3, pH 8.3) and incubated at 4°C overnight. All wells were 

coated, with the exception of column 12, which served as a negative control. Thereafter, the coating 

solution was decanted, and the plate blocked with casein buffer (154 mM NaCl, 10 mM Tris-HCl, 0.5% 

(m/v) casein, 0.02% (m/v) thimerosal, pH 7.6) (200 µL/well) and incubated at 37°C for 1 hour. The 

blocking step was followed by the addition of a serial dilution (Fig. 3.18) of the respective antigens 

(SaPanK, SaCoaBC, SaPPAT or SaDPCK) diluted with casein-Tween buffer (154 mM NaCl, 10 mM 

Tris-HCl, 0.5% (m/v) casein, 0.02% (m/v) thimerosal, 0.1% (v/v) Tween-20, pH 7.6). The serial 

dilution (100 µL/well) was added to each well in columns 2 to 11 (100 ng/mL – 0.1 ng/mL) and 12 (100 

ng/mL). Column 1 did not receive any antigen as it serves as the blank column. After the addition of 

the antigen dilution series to the plate, it was incubated at 37°C for 2 hours. 

For the next step the biotinylated primary antibodies were diluted 1:100 with casein-Tween buffer and 

added to the plate (100 µL/well) and incubated at 37°C for 1 hour. Thereafter, AVPO was diluted 1:100 

with casein-Tween buffer and added to the plate (100 µL/well) after which it was incubated at 37°C for 

1 hour. Lastly, substrate solution (0.05% (m/v) ABTS, 0.015% (v/v) H2O2, 0.1 M citrate buffer, pH 5) 

was added to the plate (100 µL/well) and the colour change observed, measuring absorbance values at 

405 nm with a Labsystems Multiskan MS microtitre plate reader after 5 min, 15 min and 30 min. 

Between each incubation step, the previous solution was decanted, and the plate manually washed 5 

times with PBS-Tween (0.1% Tween, pH 7.2) wash buffer. 
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Figure 3.18: Serial dilution preparation of the antigen of interest. A 100 ng/mL stock solution of 

the antigen was prepared and added in equal volumes to 3 different tubes. Buffer is added to the tubes 

in a 1:1, 1:4 or 1:9 ratio (antigen solution:buffer). After mixing, this process is continued two more 

times, resulting in a dilution series ranging from 0.1 ng/mL to 100 ng/mL. This image was created with 

BioRender.com. 

 

3.5.5 The competition ELISA 

The second option for the quantification of proteins is the competition ELISA. In this experiment the 

competition ELISA was attempted in two different formats to determine which would be more suitable 

for the purpose of this study. 

3.5.5.1 Immobilised capturing antibody 

Different rows of the 96 well microtitre plate were coated with different dilutions of the respective day 

81 rabbit antiserum (100 µL/well) to determine the optimal amount of capturing antibody needed for 

quantification. This process was started with a 1:800 dilution followed by 1:400, 1:200 and lastly 1:100, 

and allowed to incubate at 4°C overnight. Dilutions of the capturing primary antibodies were made with 

carbonate buffer (50 mM NaHCO3, pH 8.3). Column 12, which served as the negative control, did not 

receive the diluted antibody solution. Secondly, the capturing antibody solution was decanted, and the 

plate blocked with 200 µL/well casein buffer (154 mM NaCl, 10 mM Tris-HCl, 0.5% (m/v) casein, 

0.02% (m/v) thimerosal, pH 7.6) at 37°C for 1 hour. Thereafter, pre-diluted biotin-labelled antigen 

solution (1:100) was added to rows 2, 3 and 12 (100 µL/well) and a serial dilution made in the 

consecutive wells with casein-Tween buffer (154 mM NaCl, 10 mM Tris-HCl, 0.5% (m/v) casein, 

0.02% (m/v) thimerosal, 0.1% (v/v) Tween-20, pH 7.6) to determine optimal labelled antigen dilution. 

Column 1 did not receive any antigen as it served as the blank column. After incubation with the labelled 

antigen, AVPO was added to the plate (100 µL/well) at a 1:100 dilution and incubated at 37°C for 1 
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hour. In the last step of the ELISA, 100 µL/well substrate solution (0.05% (m/v) ABTS, 0.015% (v/v) 

H2O2, in 0.1 M citrate buffer, pH 5) was added to the plate and absorbance values measured at 405 nm 

with a Labsystems Multiskan MS microtitre plate reader (Thermo Scientific) after 5 min, 15 min and 

30 min. After each incubation step, the previous solution was decanted, and the plate manually washed 

5 times with PBS-Tween wash buffer. 

3.5.5.2 Immobilised antigen  

The first step of the indirect competition ELISA involves coating the 96-well microtitre plate with the 

antigen of interest (100 µL/well). Dilution of the antigen samples was made with carbonate buffer (50 

mM NaHCO3, pH 8.3) and the plate incubated at 4°C overnight. Column 1 did not receive the antigen 

solution as it served as the blank column. Different antigen coating concentrations (0.5 – 2 µg/mL) were 

used in order to determine the optimal coating concentration for the detection of each of the respective 

antigens (SaPanK, SaCoaBC, SaPPAT and SaDPCK). After the plate was coated with the antigen 

respective antigens, the antigen solution was decanted and the plate blocked with casein buffer (154 

mM NaCl, 10 mM Tris-HCl, 0.5% (m/v) casein, 0.02% (m/v) thimerosal, pH 7.6) to eliminate any non-

specific binding.  

Thereafter, free antigen (50 µL/well) was added to the wells followed by the addition of either primary 

antiserum or biotinylated primary antibody (50 µL/well). The antiserum was diluted with casein-Tween 

buffer (154 mM NaCl, 10 mM Tris-HCl, 0.5% (m/v) casein, 0.02% (m/v) thimerosal, 0.1% (v/v) 

Tween-20, pH 7.6) and a serial dilution made of the free antigen as illustrated in Figure 3.19. Both the 

antiserum and the free antigen were diluted to a concentration 2X greater than the intended 

concentration that is needed on the plate as the addition of equal volumes of both the solutions results 

in further dilution of both. To find the optimal antiserum dilution needed for each specific ELISA, 

different dilutions were attempted. The free antigen serial dilution was added to columns 1 (4 µg/mL), 

and 2 (4 µg/mL) to 11 (0.04 µg/mL) and the antiserum solution added to columns 2 to 12. Therefore, 

column 1 served as the blank column and column 12 the positive control (no competition). In the case 

of column 12, casein-Tween buffer was added to the antiserum solution instead of free antigen. 

Incubation temperature and time were also varied to determine the optimal temperature and time for 

each assay. 
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Figure 3.19: Serial dilution preparation of the antigen of interest for an indirect competition 

ELISA. A 4 µg/mL stock solution of the antigen was prepared and added in equal volumes to 3 different 

tubes. Buffer was added to the tubes in a 1:1, 1:4 or 1:9 ratio (antigen solution:buffer). After mixing, 

this process was continued two more times, resulting in a dilution series ranging from 0.004 µg/mL to 

4 µg/mL. This image was created with BioRender.com. 

 

Following incubation with the free antigen and the antiserum solution, the plate is incubated with either 

secondary antibody (1:2000 dilution) or AVPO (1:100 dilution) (100 µL/well) depending on whether 

the plate was previously incubated with primary antiserum or biotinylated primary antibodies.  Dilutions 

were made with casein-Tween buffer and the plate incubated at 37°C for 1 hour. Lastly, substrate 

solution (0.05% (m/v) ABTS, 0.015% (v/v) H2O2, 0.1 M citrate buffer, pH 5) was added to the plate 

(100 µL/well) and absorbance values measured at 405 nm with a Labsystems Multiskan MS microtitre 

plate reader (Thermo Scientific) after 5 min, 15 min and 30 min. After each incubation step, the previous 

solution was decanted, and the plate manually washed 5 times with PBS-Tween wash buffer. 

 

3.5.6 Antibody cross-reactivity quantification 

In an attempt to quantify the amount of cross-reactivity of each antibody to each respective enzyme that 

is not complementary to the antibody, indirect competition ELISAs as described in section 3.5.5.2 were 

performed with each of the antisera. 
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Firstly, separate duplicate rows of the 96 well microtitre plate was coated (100 µL/well) with the four 

respective antigens (Fig. 3.20) at concentrations as described in Table 3.2. Antigen dilutions were made 

with carbonate buffer (50 mM NaHCO3, pH 8.3) and the plate incubated at 4°C overnight. Following 

the coating step, the antigen solution was decanted, and the plate incubated with casein buffer (154 mM 

NaCl, 10 mM Tris-HCl, 0.5% (m/v) casein, 0.02% (m/v) thimerosal, pH 7.6) at 37°C for 1 hour.  

Figure 3.20: ELISA plate layout for antibody cross-reactivity quantification. The positive control 

indicates the enzyme that is complementary to the antibody being tested and antigen 1 to 3 refers to the 

remaining three enzymes of the CoA biosynthesis pathway that the specific antibody might be able to 

cross react with. The free antigen serial dilution range is shown above row A, and the basic steps of the 

ELISA indicated in the box on the right.  

 

Table 3.5: Optimised ELISA conditions for cross-reactivity quantification of antibodies produced 

against the CoA biosynthesis enzymes of S. aureus. 

Ab 
Aga 

[coating] 

Ab 

containing 

serum 

Ab dilution 
Incubation 

Temp. 

Incubation 

Time 

Ab 

detection 

Rabbit anti-

SaPanK 
2 µg/mL 

Biotinylated 

antibodies 

from day 81 

antiserum 

1 in 200 

4°C overnight AVPO 

Rabbit anti-

SaCoaBC 
1 µg/mL 1 in 100 

Rabbit anti-

SaPPAT 
0.5 µg/mL 1 in 300 

Rabbit anti-

SaDPCK 
0.5 µg/mL 1 in 250 

a – Antigen (Ag) coating concentration 
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Free antigen (positive control) was added to the wells (50 µL/well) followed by the addition of day 81 

biotinylated primary antibodies (50 µL/well). The biotinylated antibodies were diluted with casein-

Tween buffer (154 mM NaCl, 10 mM Tris-HCl, 0.5% (m/v) casein, 0.02% (m/v) thimerosal, 0.1% (v/v) 

Tween-20, pH 7.6) and a serial dilution made of the free antigen as illustrated in Figure 3.18. Both the 

biotinylated antibodies and the free antigen were diluted to a concentration 2X greater than the intended 

concentration that is needed on the plate as the addition of equal volumes of both the solutions results 

in further dilution of both. The free antigen serial dilution was added to columns 1 (4 µg/mL), and 2 (4 

µg/mL) to 11 (0.04 µg/mL) and the biotinylated antibody solution added to columns 2 to 12. Therefore 

column 1 served as the blank column and column 12 as the positive control (no competition). In the 

case of column 12, casein-Tween buffer was added to the biotinylated antibody solution instead of free 

antigen. The plate was then allowed to incubate at 4°C overnight. 

Thereafter the plate was then incubated with a 1:100 dilution of AVPO in casein-Tween buffer (100 

µL/well) at 37°C for 1 hour. Lastly, substrate solution (0.05% (m/v) ABTS, 0.015% (v/v) H2O2, 0.1 M 

citrate buffer, pH 5) was added to the plate (100 µL/well) and absorbance values measured at 405 nm 

with a Labsystems Multiskan MS microtitre plate reader after 5 min, 15 min and 30 min. After each 

incubation step, the previous solution was decanted, and the plate washed manually 5 times with PBS-

Tween wash buffer. 
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Chapter 4 

Conclusions and Future work 

4.1 Summary of findings 

 

As discussed in Chapter 1, the CoA biosynthesis pathway holds particular merit as a potential target for 

antimicrobial drugs as CoA is essential for life in all organisms (1, 2). The inherent diversity between 

the enzymes of the CoA biosynthesis pathway in different organisms, specifically humans and 

pathogenic microorganisms, enables the development of selective antimicrobials (3) especially against 

S. aureus which is the leading cause of hospital-related infections (4). Specifically, MRSA strains have 

been investigated due to their resistant nature to multiple antimicrobial drugs and their ability to evade 

the host immune system (4). Although much research has already been performed on the CoA 

biosynthesis of many organisms, there are still many knowledge gaps in this regard. Specifically, in this 

project an attempt was made to develop a method for determining each of the four CoA biosynthesis 

enzyme levels of S. aureus during different growth stages of the bacteria under physiological conditions.  

 

4.1.1 Production of antibodies against S. aureus CoA biosynthesis enzymes 

Key aspects of this study were the expression and purification of the four CoA biosynthesis enzymes 

of S. aureus for antibody production and assay development. It was therefore of great importance to 

obtain pure enzyme as it could greatly affect the outcome of both the antibody production process as 

well as the success of the optimised assays. Recombinant expression of these enzymes (i.e., SaPanK, 

SaCoaBC, SaPPAT and SaDPCK) was performed in E. coli expression systems followed by Ni2+-based 

IMAC purification. Sufficient amounts of protein with good purity, as determined via Bradford 

concentration determination and SDS-PAGE analysis, respectively, were obtained to use for polyclonal 

antibody production.  

Polyclonal antibodies to the CoA biosynthesis enzymes of S. aureus were successfully raised in rabbits 

utilizing the purified enzymes adsorbed to NB, which acted as immune carriers. These antibodies are 

not commercially available and were therefore produced in this study to be used in ELISA. To our 

knowledge this is the first study where such antibodies have been produced and they are therefore novel 

reagents for use in further applications.   
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4.1.2 ELISA development and optimisation for S. aureus CoA biosynthesis enzyme 

detection and quantification 

The polyclonal antibodies produced to the CoA biosynthesis enzymes of S. aureus were used to develop 

and optimise ELISAs for the detection and subsequent quantification of these enzymes. After 

attempting a number of ELISA formats, it was established that an indirect competition ELISA was best 

suited for quantifying the CoA biosynthesis enzymes of S. aureus. Reliable standard curves with 

excellent reproducibility were obtained for SaPanK, SaPPAT and SaDPCK, whereas the curves for 

SaCoaBC might need further optimisation for future use as large error bars were observed. Therefore, 

more repeats should be performed of the optimised SaCoaBC ELISA with newly purified batches of 

CoaBC to establish a more reliable standard curve. Due to time constraints the application of the 

ELISAs in testing enzyme levels in test samples could not be performed.   

Characterisation of the antibodies was performed with both ELISA and western blot and included 

determinations of cross-reactivity. From the cross-reactivity studies performed with western blot 

analysis, only the anti-SaPPAT antibodies showed some cross-reactivity and were able to detect both 

SaPanK and SaDPCK to varying degrees. These findings were corroborated with ELISA analysis of 

the antibodies, which revealed that the anti-SaPanK and anti-SaDPCK antibodies were also showing 

limited cross-reactivity with the SaPanK, SaPPAT and SaDPCK enzymes of the CoA biosynthesis 

pathway of S. aureus. Both western blot and ELISA analysis confirmed that the anti-SaCoaBC 

antibodies were highly specific as they were not able to detect any of the other enzymes of the pathway.  

Further cross-reactivity studies were conducted with the optimised ELISAs in an attempt to evaluate 

the effect of the cross-reactivity of each antibody to a specific antigen on the optimised assays. In 

comparison to what was established with the previous cross-reactivity studies, these results revealed 

that only the cross-reactivity of the anti-SaPPAT antibodies had an effect on the final optimised assay. 

However, more repeats of these experiments and testing of CoA biosynthesis enzyme mixtures are 

required before a conclusion can be made about the usefulness of these ELISAs.  

 

4.2 Future studies 

 

Future studies for the continuation of this project should focus on two key aspects. Firstly, cross-

reactivity studies should be conducted to establish why the antibodies cross-react and to establish 

strategies to minimise the impact of cross-reactivity on the output of the assays. Secondly, samples 

obtained from S. aureus cultures, which would contain many potentially cross-contaminating and 

inhibiting compounds, need to be tested with these optimised assays and further studies should be 
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conducted to ensure accurate and reproducible assays. Additionally, other applications of the antibodies 

produced in this project will briefly be discussed. 

 

4.2.1 Antibody cross-reactivity studies 

4.2.1.1 Why do these antibodies cross-react? 

Further investigations into the cross-reactivity of antibodies developed in this study are very important 

as they could greatly affect the outcome of results obtained from the ELISAs. With the cross-reactivity 

studies it has been determined that with the exception of the anti-SaCoaBC antibodies, the antibodies 

showed cross-reactivity to varying degrees when analysed with different assays. Thus far we have 

speculated that the cross-reactivity of the other antibodies (anti-SaPanK, anti-SaPPAT and anti-

SaDPCK) could be due to an ATP binding motif that is required by these enzyme antigens for the 

utilization of ATP. However, the reasons for the cross-reactivity need to be further investigated, of 

which two methods will be discussed briefly in this section. 

The first method in determining the possible cross-reactivity of the antibodies would include performing 

multiple sequence alignments of both the gene sequences encoding the respective enzymes as well as 

the amino acid sequences of the different S. aureus enzymes. These alignments may be useful for 

determining regions or motifs within these sequences that are conserved and therefore similar across 

multiple sequences which could possibly explain the cross-reactivity of these antibodies. The second 

method, which has gained popularity in the development of vaccines, is the use of B-cell epitope 

prediction programs (9). As outlined in Chapter 1, antibodies are secreted by different clones of B-cells 

which produce these antibodies to recognise a specific epitope on the antigen of interest. B-cell epitope 

prediction programs therefore set out to predict the potential of certain regions of an antigen to act as 

an epitope that can be recognised by an antibody. These programs could therefore highlight possible 

regions in the CoA biosynthesis enzymes of S. aureus that could potentially be B-cell epitopes. Results 

for each of the enzymes can be compared to see whether any of these regions might be similar in either 

sequence or structure which could explain cross-reactivity. 

4.2.1.2 Cross-reactivity elimination strategies 

In addition to establishing the precise levels of antibody cross-reactivity, there are strategies that could 

aid in the reduction of possible background cross-reactivity in the production of antibodies against CoA 

biosynthesis enzymes. As outlined in Chapter 1, it has been established that many factors played a role 

in successful polyclonal antibody production including the choice of antigen, immunogen dosage as 

well as the immunisation schedule. Therefore, the specific conditions for each of these factors can be 

altered to obtain more specific antibodies. Firstly, the rabbits could be immunized with lower quantities 

of antigens, as this could lead to a secondary immune response in which higher affinity antibodies are 
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produced (10, 11). Secondly, it typically takes 6 weeks to produce high titre antibodies that could be 

used in laboratory techniques. However, immunising the animal for longer periods of time with the 

addition of booster immunisations, could result in more specific antibodies with a higher affinity for 

the antigen of interest (11). Therefore, future antibody production studies could incorporate the use of 

lower dosages of antigen administered over longer periods of time to increase the probability of the 

production of more specific antibodies.   

Another possibility would be to identify epitopes that are specific to each CoA biosynthesis enzyme. 

Peptides could then be synthesized and coupled to larger carrier proteins to render them immunogenic 

and used for vaccination. Such antibodies would potentially be specific for each of the enzymes and 

could then be used for the development of completely specific ELISAs for the detection of each of the 

enzymes of the CoA biosynthesis pathway. However, as the anti-SaCoaBC antibodies showed no cross-

reactivity, this approach would only have to be used for the other three enzymes 

 

4.2.2 Additional antibody applications 

An interesting prospect would be to determine the potential of these antibodies to detect the CoA 

biosynthesis enzymes of other organisms. In Chapter 1, it has been discussed that some of the CoA 

biosynthesis enzymes found in bacteria are very similar across different species. More specifically, the 

knowledge about the CoA biosynthesis enzymes of E. coli (specifically CoaBC, PPAT and DPCK) has 

been used to successfully identify the CoA biosynthesis enzymes found in S. aureus as not much 

information was available on the enzymes of this species. Furthermore, S. aureus has a type II PanK 

more closely related to the human type II PanK than the type I PanK found in other prokaryotes, such 

as E. coli (1, 12, 13). Therefore, studies can be performed with western blot analysis to determine 

whether the antibodies raised here are able to detect the enzymes of other organisms, such as E. coli, 

M. tuberculosis, Plasmodium falciparum and H. sapiens, to name a few that are available in our 

laboratory. The use of these antibodies on P. falciparum would be of particular use as none of the CoA 

biosynthesis enzymes of P. falciparum parasites (except PanK) have been identified and characterised. 

These antibodies could therefore potentially be utilised to validate the presence of these enzymes with 

western blot analysis in cases where it is difficult to establish whether these enzymes are present in a 

specific species or sample.  

 

4.2.3 ELISA utilisation and further optimisation 

The first step in testing the optimised ELISAs with samples containing potentially cross-contaminating 

and inhibiting compounds would be to establish a protocol for growing S. aureus under physiological 

conditions as well as establishing the best method for obtaining samples from the bacterial cells. CoA 
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metabolite studies in S. aureus and E. coli have been performed previously by our collaborators and 

therefore protocols for these experiments are available to use as a starting point (5, 6).   

As illustrated in Figure 4.1 below, a typical protocol would entail cultivating S. aureus as described by 

Goosen (6) and taking samples during the different growth phases of the bacteria (Fig. 4.1 A). 

Subsequently, the bacterial samples would be separated from the growth media and washed rapidly by 

utilizing a vacuum filtration system (Fig. 4.1 B). The metabolism of the cells would be quenched by 

placing the filter membrane, containing the cells, in an ice-cold extraction solution. Thereafter, the cells 

would be flash-frozen in liquid nitrogen and disrupted mechanically with glass beads. The samples 

would then be freeze-dried and resuspended in an appropriate buffer before further analysis (5, 6). 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Brief overview of the sampling process of CoA biosynthesis enzymes at different 

growth phases of S. aureus cultivated under physiological conditions. A: Firstly, S. aureus will be 

cultivated under physiological conditions and samples taken at each of the different growth phases of 

the bacteria. B: The bacterial cells will then be washed and separated from media by rapid vacuum 

filtration followed by placing the filter membrane containing the cells in ice cold extraction solution. 

This step allows for quenching cellular metabolism. Lastly, the cells are flash-frozen in liquid nitrogen 

and mechanically disrupted whereafter it is freeze dried and stored for future analysis. This image was 

created with BioRender.com.    

 

Secondly, in the developed assays, spike recovery experiments should be performed to establish 

whether the sample constituents might have an influence on the antibody binding to the specific antigen. 
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This could be accomplished by spiking biological samples with a known amount of purified target 

antigen, which would be subjected to ELISA analysis to determine the concentration of the spiked 

sample with the standard curve. The concentration obtained from the assay could then be compared to 

the known concentration of the purified target antigen and therefore be expressed as percentage 

recovery. If 100% recovery is obtained, it would mean that the concentration determined with the assay 

was the same as the actual concentration of the spiked protein in the sample, indicating that the other 

constituents of the biological sample are not interfering with antibody binding to the target antigen. 

However, if less than 80% recovery is obtained, further optimisation of the assay would be required (7). 

Following these tests, the coefficient of variance (CV) should be determined for technical repeats of the 

assays (intra-assay) as well as the variance between biological repeats (inter-assay) to establish the 

precision and consistency of the assay (7, 8). The coefficient of variance can be calculated as established 

in Figure 4.2. General guidelines outline that a percentage CV of less than 15% for inter-assay and less 

than 10% for intra-assay are considered acceptable (7). Therefore, if these values are exceeded, further 

optimisation of the assay, as outlined in Chapter 3, will be required.  

%CV =  
standard deviation

mean
 × 100 

Figure 4.2: Calculation for the percentage coefficient of variance (CV) to determine the precision 

and consistency of a particular assay. This calculation describes the ratio of the standard deviation 

between repeats to the mean of the repeats, indicating the level of dispersion around the mean. 

 

4.3 Concluding remarks 

 

In this study, novel antibodies were produced and used in both ELISA and western blot analysis. ELISA 

was found to be a more sensitive assay than western blotting and is therefore better suited for the 

quantification of the CoA biosynthesis enzymes of S. aureus in bacterial cultures. Highly sensitive 

ELISA methods for the detection and quantification of all four CoA biosynthesis enzymes were 

developed although ways to eliminate or quantitate cross-reactivity need to be established for their 

specific quantification. These ELISAs may provide a cost-effective and unique method for the 

quantification of the enzymes of the CoA biosynthesis pathway of S. aureus. Further work is required 

to optimise the ELISAs for the quantification of these enzymes in biological samples and may provide 

better insight into the levels of the different enzymes under physiological conditions. 
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