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Abstract 

Hospital-acquired infections (HAIs) have become a burden to the healthcare system with a global 

impact of 19.1% and 7.5% in developing and developed nations, respectively. Bacteria associated 

with HAIs are referred to as ESKAPE pathogens. They are multidrug resistant and Klebsiella 

pneumoniae is one of those pathogens. The bacterium has also shown to inherit heat resistance 

from a heat shock protein. Thus, becoming a double threat. The therapeutic approach to combat 

HAIs would be to target NAD+ synthesis because it is vital in the survival of prokaryotes. The 

focus would be to inhibit nicotinate nucleotide adenylyltransferase (NNAT) which is essential in 

NAD+ formation. Inhibiting the enzyme would decrease the NAD+ pool and eliminate the 

bacterium. NNATs are metal binding proteins and have selective preference for metal ions. Mg2+ 

has been the preferred metal ion and in some species Ni2+ being the favoured metal ion. The aim 

was to assess the influence of Mg2+ or Ni2+ on the structure, kinetics and ATP binding. The 

objectives are to express and purify KpNNAT with a pET expression system and nickel affinity 

chromatography, followed by functional characterisation with an ADH-mediated dual assay. 

Structural characterisation with far-UV circular dichroism (cd), fluorescence spectroscopy and 

size exclusion-high performance liquid chromatography. Thermostability with far-UV cd and 

thermal shift assay with a SYPRO orange dye. Isothermal titration calorimetry to assess ATP 

binding and obtain kinetics parameters. The pET expression system and nickel affinity 

chromatography were effective in expressing and purifying KpNNAT. The protein has 0.09 

µmole·min-1·mg-1 increase in pseudo specific activity in the presence of Mg2+ and maximal activity 

compared to Ni2+. Far-UV cd suggest that the protein is α-helical in the presence of Mg2+ while 

there is observed loss of α-helical content in the presence of Ni2+. The protein is thermally stable 

in the presence of Mg2+ as opposed to Ni2+. The protein adopts a compact conformation in the 

presence of Mg2+. Fluorescence studies suggest that Mg2+ creates a polar environment in the 

hydrophobic pocket for ATP binding. While a hydrophobic environment is promoted in the 

presence of Ni2+. ATP binding is weak in the presence of Mg2+ and no binding is observed in the 

presence of Ni2+. NMN binds with a low affinity in the presence of Mg2+, thus suggesting that it 

is not the preferred mononucleotide substrate. Furthermore, in the absence of cations and presence 

of Ni2+ the reaction was endothermic and in the presence of Mg2+ the reaction is exothermic, 

entropically favourable, and spontaneous. To conclude, the difference in the activity, structure and 

binding in the presence of metal ion suggests that Mg2+ is the preferred divalent metal ion for 
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KpNNAT catalysis. Therefore, this study contributes to better understanding the enzyme to 

subsequently improve administered antibiotics for HAIs.   
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Chapter 1 

Introduction 

1.1. Problem Statement  

Nosocomial infections or hospital-acquired infections (HAIs) have become an economic and 

healthcare affliction. The economic impact from HAIs results from a prolonged stay in a 

healthcare facility, subsequently causing elevated medical costs (Bagheri-Nejad et al., 2011). 

HAIs are absent before a patient's admission (Revelas, 2012) and are apparent 48 hours after a 

patient's admittance to a healthcare facility (Monegro et al., 2020). Medical instruments such as 

ventilators or catheters harbour pathogens linked to HAIs (Khan et al., 2017). Pathogens 

associated with HAIs include bacteria, fungal parasites, and viruses, with bacteria being the 

predominant causative agent of HAIs. The exact global prevalence of HAIs is unknown, but 

estimates of 5.7-19.1% and 5.7-7.5% in developing and developed countries, respectively, have 

been recorded (Saleem et al., 2022). In sub-Sahara Africa, the prevalence was 28-45.8% (Bagheri 

Nejad et al., 2011; Rothe et al., 2013). Intensive care units (ICU) and neonates are prone to HAIs. 

In 291 459 ICU patients, 19.5% had HAI (Stiller et al., 2017). HAIs account for 40% of neonates' 

mortalities in developing countries (Zaidi et al., 2005).  

The excessive administration of antibiotics to healthcare patients has produced multidrug-resistant 

(MDR) pathogens. Rice (2008) associated MDR pathogens with HAIs and dubbed them ESKAPE 

pathogens. ESKAPE is an acronym for  Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter species 

(Santajit and Indrawattana, 2016). It was reported that the ESKAPE pathogens contribute to 75% 

of HAIs (El-Mahallawy et al., 2016). These pathogens are known to evade the biocidal activity of 

antibiotics, thus making them difficult to combat. Enterococcus faecium (E. faecium) and 

Staphylococcus aureus (S. aureus) are both gram-positive and have acquired resistance for 

vancomycin (VRE) and methicillin (MRSA), respectively (Hassoun et al., 2017; Wang et al., 

2013). Klebsiella pneumoniae (K. pneumoniae) is a gram-negative bacterium. This bacterium 

causes ventilator-associated pneumonia, which occurs within two days following the trachea 
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infection and is common in ICU patients (Chi et al., 2012; Hunter, 2006). Ventilator-associated 

pneumonia is responsible for 86 % of HAIs pneumonia (Koenig and Truwit, 2006). K. pneumoniae 

is resistant to β-lactam antibiotics, fluoroquinolones and aminoglycosides (Ferreira et al., 2019). 

Carbapenems form part of the β-lactam antibiotics and are the first response mode to K. 

pneumoniae extended-spectrum β-lactamase (ESBL) (Ferreira et al., 2019). Resistance to 

carbapenems by K. pneumoniae ESBL has been reported (Nordmann et al., 2009). 

ClpK is a novel chaperone protein discovered in a heat-resistant K. pneumoniae strain (Bojer et 

al., 2013). This heat-resistant strain is thought to have acquired the clpk gene that encodes for 

ClpK (Bojer et al., 2010). It was discovered that the source of this heat-resistant strain is in its 

endoscopes, and it was also related to nosocomial infections (Jørgensen et al., 2016). Hence, 

resulting in the emergence of a novel K. pneumoniae strain that is not only multidrug-resistant but 

also heat-resistant. 

1.2. Rationale  

The rise in HAIs in conjunction with the excessive administration of antibiotics has resulted in the 

rise of multidrug-resistant (MDR) pathogenic bacteria. The increase in multidrug-resistant 

pathogenic bacteria has caused a global burden to the healthcare system. Approaches that have 

been designed to combat MDR bacteria include antibiotics, combination therapy, bacteriocins, 

phage or bacteriophage therapy and nano therapy. Combination therapy which describes the use 

of two or more antibiotics, has been suggested as an approach to targeting Gram-negative MDR 

bacteria (Tamma et al., 2012). Bacteriocins are an alternative to antibiotics. They are peptides or 

proteins produced by a strain of bacteria to inhibit the growth of a closely related strain of bacteria; 

they include colicins and microcins (Soltani et al., 2021; Vivas et al., 2019). A bacteriophage is a 

virus that infects a bacterium. Phage therapy involves using bacteriophages specific to a strain of 

bacteria, and they attack bacteria by cell lysis (Lin et al., 2017). Nanoparticles are small materials, 

less than 1000 nm in size, with chemical and physical properties that are appealing for medical 

use (Medina et al., 2007). Nanoparticles include silver and gold and are beneficial as they have 

been shown to enhance the function of antibiotics or bacteriocin and have bactericidal properties 

(Vivas et al., 2019).  Antibiotics have proven to effectively combat MDR bacteria, but the issue 

is the misuse or overuse of antibiotics, which has resulted in increased resistance to antibiotics. To 

tackle the raised issue, novel classes of antibiotics have been developed. Still, the problem is that 

the new classes of antibiotics that have been designed recently have proven to be ineffective for 

Gram-negative bacteria (Worthington and Melander, 2013). A novel therapeutic approach to 
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combat multi-drug and heat resistant K. pneumoniae caused by K. pneumoniae would target the 

biosynthesis of nicotinamide adenine dinucleotide (NAD+). The reason for studying NAD+ is that 

it is fundamental in the survival of prokaryotes (Santos et al., 2020). 

NAD+ is a cofactor, including its reduced form NADH. It provides a fundamental component in 

the transfer of electrons from one reduction-oxidation reaction to the other and thus creates a 

balance in intracellular reduction-oxidation (Heux et al., 2006; Nikiforov et al., 2015; Rizzi and 

Schindelin, 2002). NAD+ can be synthesised through two pathways de novo and the salvage 

pathway. The de novo pathway synthesises NAD+ using the amino acids aspartate and tryptophan 

as precursors, and the salvage pathway uses substrates nicotinic acid mononucleotide (NaMN) or 

nicotinamide mononucleotide (NMN) (Gazzaniga et al., 2009; Stancek et al., 2005b). The salvage 

pathway requires the enzyme nicotinate nucleotide adenylyltransferase (NNAT) to convert the 

substrate NaMN/NMN to nicotinic acid adenine dinucleotide (NaAD)/NAD+ (Stancek et al., 

2005b; Zhang et al., 2002). It was shown that some gram-negative bacteria lack essential genes 

involved in the formation of NAD+ through the de novo pathway, thus rendering the salvage 

pathway fundamental in the synthesis of NAD+ (Roussin and Salcedo, 2021). 

NNAT is an enzyme that produces NAD+ or NaAD and an inorganic pyrophosphate from the 

transfer of an adenylyl group from adenosine triphosphate  (ATP) to NMN or NaMN (Zhang et 

al., 2002). NNAT can be found in eukaryotes and prokaryotes and is part of the 

nucleotidyltransferases (Magni et al., 2004). NNAT serves as a putative drug target as essential in 

NAD+ formation. This makes it critical in cell survival. In conjunction with the active site, the 

quaternary structure of prokaryotic NNAT is vastly different from human NNAT (Hughes et al., 

1983; Magni et al., 2004). Bacteria favour NaMN as a substrate, and humans have an equal affinity 

for NaMN and NMN as a substrate (Zhang et al., 2002). NNATs are metal-binding proteins. This 

sparks interest in understanding the influence of metal ions on the protein. Human NNAT exhibits 

a diverse specificity for different divalent metal ions. The isozyme forms of human NNAT are 1, 

2, and 3. The isozyme forms 2 and 3 prefer Mg2+ as the divalent metal ion while 1 prefers Zn2+ as 

the metal ion (Sorci et al., 2007). E. coli NAD+ biosynthesis/regulator protein (NadR) is 

bifunctional and has NNAT activity. It was shown to increase activity when Ni2+ or Co2+ were 

used as divalent metal ions (Raffaelli et al., 1999b). Extensive research on the influence of metal 

ions on NNAT has been done on human NNAT, but the same cannot be said about K. pneumoniae. 

The idea is to impede the function of NNAT, thus decreasing the NAD+ pool and subsequently 

impeding the survival of the bacterium, K. pneumoniae.  
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To understand or use NNAT as a drug target, it is vital to express, purify, biophysically 

characterise, obtain thermostability information, thermodynamic parameters from ATP binding to 

the enzyme, and kinetic parameters all in the absence or presence of metal ions, Mg2+ or Ni2+.  

1.3. Aim and Objectives   

The study aims to understand the influence of divalent metal ions, Mg2+ and Ni2+, on the 

biophysical characterisation of KpNNAT. Furthermore, to assess ATP binding to KpNNAT and 

achieve a novel method of determining kinetic parameters by eliminating the ADH-mediated dual 

enzyme assay. This is achieved through empirical studies.  

The following objectives were established to carry out the aim of the study: 

• To overexpress KpNNAT using the pET-28a expression system, purify the enzyme using 

immobilised metal affinity chromatography (IMAC), and assess the recombinant protein’s 

purity using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 

• To assay the function of KpNNAT with an ADH-mediated dual enzyme assay. 

• To analyse the secondary, tertiary and quaternary structure of KpNNAT using far-UV circular 

dichroism (CD) spectroscopy, fluorescence emission spectroscopy and size exclusion-high 

performance liquid chromatography (SE-HPLC). 

• To gauge the thermal stability analysis using a combination of far-UV CD and thermal shift 

assay (TSA). 

• To characterise the thermodynamics and kinetics of ATP utilisation of KpNNAT using 

isothermal titration calorimetry (ITC) and subsequently obtain thermodynamic and kinetic 

parameters of the enzyme. 
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Chapter 2 

Literature Review 

 

2.1. Hospital-acquired infections 

Hospital-acquired infections (HAIs) or nosocomial infections are infections that are absent at the 

time of admission of a patient, and the infection is displayed 48 hours after the admittance of a 

patient (Ducel et al., 2002; Monegro et al., 2020). The devastating outcome of HAIs on patients 

include morbidity, mortality and elevated healthcare costs due to a prolonged hospital stay (Worth 

et al., 2009). It is estimated that the global impact of HAIs results in a prevalence rate of up to 

15% of all hospitalised patients (Allegranzi et al., 2011). In developed countries, the incidence 

rate of HAIs is 5%, while in developing countries, it was recorded to be 7.4% (Bagheri Nejad et 

al., 2011; Scherbaum et al., 2014). Intensive care units (ICU) and neonates are susceptible to these 

infections. It was reported that at least 50% of ICU in developed countries were infected with 

HAIs, and 4-56% of mortalities in neonates were a result of HAIs (Khan et al., 2017; Scherbaum 

et al., 2014). Ventilators and catheters are the source of these infections. HAIs are divided into 

catheter related bloodstream infection (CRBSI), catheter associated urinary tract infection 

(CAUTI), surgical site infection (SSI), and ventilator associated pneumonia (VAP) (Caselli et al., 

2018).  

CRBSI is a bloodstream infection that originates from central venous catheters (CVCs) and are 

predominantly caused by gram-positive bacteria (Abd El-Hamid El-Kady et al., 2021). They 

contribute up to 25% of mortalities due to HAIs (Maki et al., 2006). CAUTI is caused by urinary 

catheters, Gram-negative bacteria and accounts for 40% of nosocomial infections (Maki and 

Tambyah, 2001; Perrin et al., 2021). SSI are defined as infections that occur within 30 days 

following an operation and affect the operation site. They are the third leading cause of HAIs, 

following CAUTI. They attribute up to 16% of HAIs in hospitalised patients caused by 

Staphylococcus aureus (S. aureus) and Enterococcus species (Owens and Stoessel, 2008). VAP is 

common in ICU patients and results from pneumonia due to a patient’s exposure to mechanical 

ventilation (Hunter, 2012). The infection appears 48 h following exposure to a ventilator (Papazian 

et al., 2020). Gram-negative bacteria contribute to 60% of VAP, while S. aureus accounts for up 
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to 30% of VAP (Lobdell et al., 2012). Microorganisms such as bacteria, fungal parasites and 

viruses cause HAIs, but bacteria are the primary causative agent. These bacteria encompass 

multidrug-resistant pathogens called ESKAPE pathogens.  

2.2. ESKAPE pathogens 

ESKAPE stands for Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter species. ESKAPE was 

derived by Rice (2008) to describe pathogens that cause HAIs and are multidrug-resistant. MDR 

pathogens account for 15.5% of global HAIs (Mulani et al., 2019). ESKAPE pathogens is a 

collective of gram-positive bacteria, Enterococcus faecium (E. faecium), S. aureus and gram-

negative bacteria, Klebsiella pneumoniae (K. pneumoniae), Acinetobacter baumannii (A. 

baumannii), Pseudomonas aeruginosa (P. aeruginosa) and Enterobacter species.  

In 1882, to isolate bacteria that caused pneumonia, Hans Christian Gram discovered a technique 

commonly referred to as gram staining (Bartholomew and Mittwer, 1952). The method employs 

several steps that included the fixation of a bacterial culture by heat onto a glass slide followed by 

the addition of the initial dye (crystal violet), then dye fixation with iodine, removal of the initial 

dye with a mixture of ethanol and acetone and finally the application of safranin, counterstain 

(Tripathi and Sapra, 2022). The technique categorises bacteria into two distinctive groups, gram-

positive and gram-negative. Gram-positive are characterised by their thick cell wall formed from 

peptidoglycan. As a result, these bacteria take up the initial dye (crystal violet) and appear blue 

under a microscope (Sizar and Unakal, 2022). Gram-negative bacteria have a thin layer of 

peptidoglycan, and as a result, the bacterium cannot take up the initial stain. Instead, the 

counterstain is taken up; hence the bacterium appears pink under the microscope (Tripathi and 

Sapra, 2022). Figure 2.1 illustrates the ESKAPE pathogens depicted under a scanning electron 

microscope.  
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Figure 2.1. ESKAPE bacteria displayed under a scanning electron microscope.   

E. faecium is the second gram-positive bacterium to cause HAIs, following S. aureus. The 

bacterium is resistant to vancomycin, thus producing vancomycin-resistant enterococci (VRE) 

strains (Miller et al., 2014). S. aureus is resistant to methicillin. This has resulted in the emergence 

of methicillin-resistant S. aureus (MRSA), which have recently been shown to be resistant to 

vancomycin due to the transmission of vancomycin resistance from enterococci (Miller et al., 

2014).  
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Enterobacteriaceae is a family of gram-negative bacteria and includes ESKAPE pathogens, K.  

pneumoniae and Enterobacter species (Oliveira and Reygaert, 2022). Antibiotics administered for 

infections caused by Enterobacteriaceae include β-lactam extended-spectrum cephalosporins, 

carbapenems, fluoroquinolones and aminoglycosides (Teklu et al., 2019). The consequence of the 

excessive administration of those antibiotics led to a new strain of K. pneumoniae, referred to as 

extended-spectrum β-lactamase (ESBL) K. pneumoniae. ESBL is an enzyme that confers bacteria 

resistance to cephalosporins (Teklu et al., 2019). ESBL K. pneumoniae is fought by carbapenem 

antibiotics (Lee et al., 2006). Carbapenem antibiotics are administered in excess to alleviate the 

resistance caused by cephalosporins; this has led to the formation of carbapenemases and the 

emergence of carbapenem-resistant Klebsiella pneumoniae strains. (Nordmann et al., 2009). 

2.3. Antibiotics and Antibiotic resistance  

β-lactam antibiotics contain a β-lactam ring (Zeng and Lin, 2013). The mode of action by β-lactam 

is to prevent peptidoglycan synthesis, especially in the final step of peptidoglycan catalysed by 

transpeptidase. It does so by adding an acyl group to transpeptidase, which is involved in the cross-

linking of peptides required for peptidoglycan formation (Pandey and Cascella, 2022). The 

outcome of β-lactam antibiotics leads to cell lysis. Antibiotic resistance is caused by β-lactamase 

production. β-lactamase functions by hydrolysing the β-lactam ring, thus neutralising the 

antibiotic’s effect (Bush, 2018).  

2.4. Heat resistance in K. pneumoniae  

Clp ATPase may play a role in transferring heat resistance to K. pneumoniae, thus introducing 

heat as a problem in eliminating these multi-drug resistant pathogens (Bojer et al., 2011).  Clp 

ATPase is a family of chaperones that have a role in proteolysis (Hoskins et al., 2001). They assist 

bacteria in responding to stressful environments. Gram-negative bacteria contain four types of Clp 

proteins: ClpA, ClpB, ClpP and ClpX, and their activities are well known in Escherichia coli 

(Bojer et al., 2013). ClpP forms the central proteolytic hub that complexes with Clp A or Clp X 

and are the chaperones that perform proteolytic activities and the unfolding of proteins (Ortega et 

al., 2004). ClpB does not complex with ClpP; instead, it is involved in the protein disaggregation 

(Parsell et al., 1994). ClpK is a new chaperone protein isolated from a heat resistant K. pneumoniae 

(Bojer et al., 2013). This heat-resistant strain is thought to have acquired the clpk gene that encodes 

for ClpK (Bojer et al., 2010). It was shown by another study that the source of this heat resistant 

strain of K.  pneumoniae was isolated in endoscopes and linked to nosocomial infections 
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(Jørgensen et al., 2016). This has introduced a new strain of K. pneumoniae that may not only be 

multidrug-resistant but heat-resistant. 

2.5. NAD+ biosynthesis and biological role  

Nicotinamide adenine dinucleotide (NAD+) is a cofactor with its reduced form NADH. It functions 

to transfer electrons from one reduction-oxidation reaction to the other. This creates a balance in 

intracellular reduction-oxidation (Heux et al., 2006; Nikiforov et al., 2015; Rizzi and Schindelin, 

2002). The reduction-oxidation balance allows the microorganism or an individual to grow and 

metabolise (Heux et al., 2006). NAD+ is a precursor of cyclic ADP-ribose, and it is involved in 

posttranslational modifications through ADP-ribosylation, catalysed by ADP-ribosyltransferase 

(Berger et al., 2004; Ziegler, 2000). NAD+ is involved in DNA repair through its affiliation with 

poly(ADP-ribose) polymerase and poly(ADP-ribosylation) (Herceg and Wang, 2001). In bacteria, 

NAD+ interacts with DNA ligase and thus assists in DNA repair (Wilkinson et al., 2001). NAD+ 

can be biosynthesised through the de novo and salvage pathway. The de novo pathway synthesises 

NAD+ using the amino acids aspartate and tryptophan as precursors while the salvage pathway 

uses substrates nicotinic acid mononucleotide (NaMN) or nicotinamide mononucleotide (NMN) 

(Gazzaniga et al., 2009; Stancek et al., 2005b). The salvage pathway requires the enzyme 

nicotinate nucleotide adenylyltransferase (NNAT) to convert the substrate NaMN/NMN to 

nicotinic acid adenine dinucleotide (NaAD)/NAD+ and confers the enzyme pivotal in this pathway 

(Stancek et al., 2005b; Zhang et al., 2002). Figure 2.2 depicts a schematic of the de novo and 

salvage pathway for NAD+ biosynthesis.  

 

Figure 2.2. A schematic of the de novo and salvage pathway for the biosynthesis of NAD+. The 

enzyme NNAT is depicted in an orange box (Nieborak and Schneider, 2018). 
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2.6. The enzyme NNAT 

NNAT is encoded by the nadD gene and functions through a nucleophilic substitution by the 5’-

phosphate of a mononucleotide (NMN or NaMN) on the α-phosphate of ATP thus yielding an 

inorganic pyrophosphate and a dinucleotide (NAD+ or NaAD) (Bicknell et al., 1982). Figure 2.3 

shows the reaction catalysed by NNAT.  

 

Figure 2.3. NNAT catalysed the reaction. NNAT facilitates the transfer of the adenylyl group from ATP 

to either NMN or NaMN to produce an inorganic pyrophosphate and either NAD+ or NaAD, respectively 

(Zhang et al., 2002). 

The enzyme is classified as a transferase, specifically those that transfer a phosphorus-containing 

nucleotide group (nucleotidyltransferases), with an enzyme commission (EC) number of EC 

2.7.7.1.8. The enzyme is crucial in the salvage pathway for the biosynthesis of NAD+ in organisms 

and in prokaryotes the enzyme requires the salvage pathway due to the absence of genes that 

encompass the de novo pathway for the biosynthesis of NAD+ (Hughes et al., 1983; Roussin and 

Salcedo, 2021; Zhang et al., 2002). This makes the enzyme pivotal in the survival of prokaryotes.  

Nucleotidyltransferases are characterised by a Rossman-fold structure represented by alternating 

β-strands and α-helices. The fold constitutes a central β-sheet, formed by up to six hydrogen-

bonded β-strands, surrounded by α-helices; this is depicted in Figure 2.4 (Saridakis and Pai, 2003). 

Furthermore, nucleotidyltransferases have a conserved ((T/H)XGH)  motif (D’Angelo et al., 

2000). The presumed function of the motif is its involvement in ATP identification and binding 

(Lau et al., 2009). Sequence alignment of members of the nucleotidyltransferases family has 

shown three conserved sequences in the active site, which are hG [GS], [DE]h[DE] and N-terminal 

h[DE]h, where h is a hydrophobic amino acid (Kuchta et al., 2009). Figure 2.5 depicts the 

sequence alignment of members of the nucleotidyltransferases and the conserved sequences. The 

aspartate or glutamate function by directing divalent ions in the active site (Aravind and Koonin, 

1999).  
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NNAT is omnipresent as it is found in both eukaryotes and prokaryotes. It is a globular protein 

that has an estimated molecular weight of 20-40 kDa, depending on the species (Lau et al., 2009). 

EcNNAT when complexed to NaAD had a predicted molecular weight of 25 kDa and it was 

suggested through gel filtration that the enzyme existed as a monomer (Zhang et al., 2002). Figure 

2.6 displays the predicted model of KpNNAT.  

In human NNAT, specifically the first isoform hNNAT-1, a hexameric state of the protein is 

observed. Furthermore, the first histidine amino acid in the conserved nucleotidyltransferases 

motif ((T/H)XGH) appears on prokaryotic and archaeal sequences but it is substituted by threonine 

in eukaryotes (Magni et al., 2004). The third isoform of human NNAT hNNAT-3 is found in a 

tetrameric state and when bound to ligands there is minimal conformational change, relative to the 

apo state of the protein. This is different compared to E. coli which show a significant 

conformational change upon ligand binding (Zhang et al., 2002).  

NNATs exhibit differential substrate specificity across species. Bacteria prefer NaMN as opposed 

to NMN as a substrate, while human NNAT show preference for both NMN and NMN  (D’Angelo 

et al., 2000; Zhang et al., 2002). The oxygens in the carboxylate group of NaMN interact with 

amides from tyrosine 118 and threonine 85 where one of the amino acids forms a hydrogen bond 

with water resulting in the interaction with amide in alanine 86 (Magni et al., 2004). This results 

in an anion-binding pocket on the protein thus allowing the preference for NaMN in bacteria.  
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Figure 2.4. A schematic display of the Rossmann-fold. The central β-sheet (yellow), formed by six β-

strands, surrounded by α-helices (orange) (Laurino et al., 2016).  

 

Figure 2.5. Sequence alignment of various members of nucleotidyltransferases. The alignment shows 

3 conserved sequences in the active site which are hG [GS], [DE]h[DE] and h[DE]h and h represents the 

hydrophobic amino acids (Kuchta et al., 2009). 
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Figure 2.6. A predicted model of KpNNAT. A ribbon structure (green) was used to illustrate 1K4M which 

is a predicted model from EcNNAT. The surface structure (red) shows the binding site of ligand (NaAD) 

which is represented as sticks.   

2.7. Influence of divalent metal ion on NNAT 

Enzymes that are dependent on metal ions to function are referred to as metalloenzymes. Metal 

ions play a role in protein by either influencing the protein’s structure or function (Chen et al., 

2019). They influence the protein’s structure by affecting its folding (Laity et al., 2001). Metal 

ions affect the protein’s function as they influence the protein's active site and can be involved in 

biological processes such as transfer of electrons, catalysis, substrate binding, or recognition (Chen 

et al., 2019). Metal ion bind to protein through the metal binding to a substrate to form a substrate-

metal ion complex which then becomes the active substrate (Babor et al., 2005). Magnesium is 

the preferred divalent metal ion to assist in the catalysis of NAD+ synthesis (Raffaelli et al., 2002). 

The isozyme of yeast NNAT favoured Ni2+ and Co2+ as the divalent metal ions (Magni et al., 

2004). E. coli NadR is bifunctional and has NNAT activity. It was shown to increase activity when 

Ni2+ or Co2+ were used as divalent metal ions (Raffaelli et al., 1999b). NadM is an isozyme of 

NNAT and is found in archaea. It showed a preference for Ni2+ or Co2+  (Lau et al., 2009). Human 

NNAT exhibits a diverse specificity for different divalent metal ions. The isozyme forms of human 

NNAT are 1, 2, and 3. The isozyme 1 prefers Zn2+ as the metal ion while isozyme 2 and 3 prefer 

Mg2+ as the divalent metal ion (Sorci et al., 2007). Jeje et al. (2022) showed the importance of 

divalent metal ions enzyme activity of E. faecium and K. pneumoniae NNAT. It was observed that 

without metal ions there was no enzyme activity and elucidated that Mg2+ showed maximum 

enzyme activity followed by Ni2+ with a significant amount of activity. 
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2.8. Enzyme kinetics with isothermal titration calorimetry 

Spectroscopic or chromatography techniques are used to obtain kinetic parameters by monitoring 

substrate depletion or product formation over time (Di Trani et al., 2018). The problem with these 

techniques is that they may require substrate modification or multiple enzymes in an assay. The 

setback is that modified substrate may not have the same kinetic properties as the original substrate 

or dual enzyme assays may not yield true outcomes of the original reaction (Wang et al., 2020b). 

The solution is to employ Isothermal titration calorimetry (ITC), which eliminates the chemical 

modification of a substrate or the use of dual enzyme assays as the technique measures heat signals 

produced in binding reactions and in real-time (Todd and Gomez, 2001).  

The rate of heat production over time (dQreaction)⁄dt) is directly proportional to the velocity of the 

reaction d[P]⁄dt. This relationship is depicted in Equation 1 

                                                                      (
𝑑[𝑃]

𝑑𝑡
)

𝑡
=  

(
𝑑𝑄𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

𝑑𝑡
)𝑡

(−𝑉∆𝐻𝑎𝑝𝑝)
                                                            (1) 

where V the volume of the reaction, and ∆Happ the change in enthalpy. Equation 2 then links the 

rate of the reaction from equation 1 with the kinetic parameters  

                                                   
(

𝑑𝑄𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
𝑑𝑡

)𝑡

(−𝑉∆𝐻𝑎𝑝𝑝)
=  

𝑘2[𝐸𝑇][𝑆]𝑡

(𝐾𝑚+[𝑆]𝑡
                                                     (2) 

where k2 is kcat it is the rate constant, [E]T is the total concentration of the active enzyme, [S]t is the 

free substrate concentration, and Km is the Michaelis-Menten constant. GraphPad Prism is then 

used to fit the data and obtain the kinetic parameters such as the vmax and the Km. 

The multiple injection method formally referred to as pseudo-first-order assay can obtain kinetic 

parameters from ITC. This technique was described by Todd and Gomez (2001). The experimental 

design requires low enzyme concentration, so that substrate depletion is minor. As a result, the 

rate of heat production stays constant, and the resulting isotherm resembles a sequence of steps 

with each injection (Wang et al., 2020b). Figure 2.7 depicts an isotherm of the multiple injection 

method. 
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Figure 2.7. Isotherm depicting the successive injection substrate to protein and inset represents the 

first four injections. The arrows display the displacement of each step's rate of heat production relative to 

the initial baseline, indicated as a black horizontal line (Rana et al., 2016). 
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Chapter 3 

Expression and Purification of KpNNAT 

3.1. Introduction  

The significance of recombinant protein expression is to yield copious amounts of the protein of 

interest. The principle of overexpression is to transfer a gene of interest into a self-replicating 

genetic structure vector (Prelich, 2012). It results in forming a vector construct, the combination 

of a vector and the gene of interest, which is then transformed into an expression host to produce 

a substantial amount of the protein of interest (Rosano and Ceccarelli, 2014). Primary studies that 

explored this technique focused on yeast transformation (Beggs, 1978; Hinnen et al., 1978). 

Expression hosts are organisms that promote the expression of the recombinant protein. They 

include bacteria, yeast, plants and mammalian cells  (Tripathi and Shrivastava, 2019). E. coli is 

commonly used as an expression host because it grows exponentially, as it was shown to have a 

doubling time of 20 min, under optimal conditions (Sezonov et al., 2007). The plasmid for 

expression by the T7 RNA polymerase (pET) expression system is used to express the 

recombinant protein in E. coli. This system originates from the pBR322 plasmid and has a T7 

promoter that binds to T7 RNA polymerase (Shilling et al., 2020). The binding of T7 RNA 

polymerase to the T7 promoter drives the transcription of the desired gene. A chromosomal copy 

of the gene encoding for the T7 RNA polymerase is found in the expression host, and the 

transcription of this gene is under the control of the lacUV5 promoter (Mierendorf et al., 1998). 

The pET expression system and the expression host contain a lacI gene that encodes for a Lac 

repressor protein (LacI) (Sørensen and Mortensen, 2005). The transcription of the T7 RNA 

polymerase gene is induced by isopropyl-β-D-thiogalactoside (IPTG). IPTG the lac operator and 

facilitates the release of LacI from the lac operator (Mierendorf et al., 1998). The expression 

system contains an origin of replication (ori) which is the site of the initiation of replication by the 

plasmid and it influences the copy number of a plasmid (Baneyx, 1999). The copy number is the 

number of plasmid copies in a host cell. Selection markers form part of the expression system. 

They are pivotal in the selection of host that were successfully transformed with the vector-

construct. These markers confer resistance to antibiotics (Goh and Good, 2008). Figure 3.1 depicts 

the pET-28a expression system, the nucleotide sequence of the gene encoding KpNNAT, and the 
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amino acid sequence of the protein. The desired amino acid sequence of KpNNAT used in this 

experiment has 219 amino acids, a molecular weight of ~25 kDa and a theoretical pI of 5.91. This 

information was obtained from the ProtParam ExPasy tool.  

 

Figure 3.1. A depiction of the vector construct of recombinant KpNNAT and the pET-28a expression 

system. (A) illustrates the map of the pET-28a expression system. It constitutes the restriction sites, ori, 

selection marker site and the lacI gene. The selection marker in the expression system is kanamycin. (B) 

illustrates the nucleotide sequence encoding KpNNAT, which was inserted between the restriction sites, 

NcoI and BamHI and the resulting amino acid sequence. The protein sequence contains an N-terminal 

His·Tag, thrombin cleavage site and the target protein sequence depicted in grey.        
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3.1.1. Materials   

All reagents, unless stated otherwise, were of analytical grade and purchased from Sigma-Aldrich 

(St Louis, MO, USA). The expression vector pET-28a-KpNNAT was constructed by GenScript 

(Piscataway, NJ, USA). 

3.1.2. Methods 

3.1.2.1. Vector construction 

The cDNA gene encoding KpNNAT (Gene ID: 11846511) was cloned into a pET-28a expression 

vector. The open reading frame (ORF) sequence of KpNNAT was inserted between the restriction 

sites, NcoI and BamHI, with the gene encoding an N-terminal His-tag. DNA sequencing was 

performed by Inqaba Biotec (Pretoria, RSA).   

3.1.2.2. Expression 

Competent E. coli T7 cells were transformed with the pET-28a-KpNNAT construct. Following 

transformation, single colonies were selected from LB-agar, with the selective antibiotic 30 µg/mL 

of kanamycin and inoculated in 20 mL of 2×YT media containing 30 µg/mL of kanamycin. The 

concentration of kanamycin used was 30 µg/mL unless stated otherwise. The culture was 

incubated (37°C, 250 rpm for 16 h). From the culture, 1 mL of glycerol stocks were provided by 

Olamide Jeje (University of the Witwatersrand, Johannesburg, RSA). The overnight culture was 

made from 1 mL of the glycerol stock to 50 mL of 2×YT media containing kanamycin and 

incubated (37°C, 189 rpm for 16 h). The overnight culture was then diluted 1:50 with 2×YT media 

containing kanamycin, incubated (37°C, 210 rpm), until an OD600 of approximately 0.6 was 

reached. The culture was then subjected to cold shock and incubated at 4°C for 20 min. The 

expression of KpNNAT was induced with 0.5 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG), 

and the culture was incubated (30°C, 210 rpm, 6 h). The cells were harvested by centrifugation 

(5000 × g, 4°C for 15 min), and the pellet was resuspended with 20 mL of resuspension buffer [10 

mM PBS, 0.02 % (w/v) NaN3, pH 7.4] per 500 mL of culture. The resuspended pellet was stored 

at -80°C, overnight. The soluble fraction was harvested by first thawing the frozen cells then 

sonication (30 sec at 50 amplitudes) to facilitate cell lysis. The cell lysate was then centrifuged 

(18 000 × g, 4°C, 15 min). This process was performed to pellet cell debris and isolate the soluble 

cell fraction (supernatant).  



19 
 

3.2. Purification and SDS-PAGE Introduction  

Immobilised metal affinity chromatography (IMAC) is a purification technique that separates 

proteins in solution based on histidine affinity to metal ions. The technique was discovered by 

Porath et al. (1975). The premise stems from the affinity between metal ions such as nickel, zinc, 

copper and cobalt to amino acids, histidine or cysteine (Block et al., 2009). An IMAC column is 

designed in such a way that metal ions are immobilised to a resin through the process of chelation, 

and iminodiacetic acid (IDA) or nitrilotriacetic acid (NTA) are used as chelating agents (Glover 

and Tommos, 2019). When a histidine-tagged protein passes through a column, the imidazole 

group in histidine acts as an electron-pair donor under physiological conditions. It binds to the 

metal ion on the column (Block et al., 2009). Hochuli et al. (1987) showed the effectiveness of 

using a Ni2+-NTA adsorbent as opposed to the Ni2+-IDA adsorbent proposed by Porath et al. 

(1975) because Ni2+ tends to leak. Ni2+ is commonly used because it effectively selects and 

interacts with proteins containing hexahistidine, thus making it efficient in protein purification 

(Valenti et al., 2006). The elution of the desired protein can be achieved by lowering the buffer's 

pH, adding a competitive chelating agent such as ethylenediaminetetraacetic acid (EDTA) or the 

addition of free imidazole (Block et al., 2009). Sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) is a separation technique employed to separate macromolecules 

based on molecular weight. SDS is an anionic detergent used to denature protein by disrupting 

non-covalent bonds (Nowakowski et al., 2014). It binds to proteins through a ratio of 1 SDS 

molecule per 2 amino acids and thus confers the protein with an overall negative net charge 

(Nowakowski et al., 2014; Reynolds and Tanford, 1970). This allows for proteins to migrate to 

the anode in an electric field. Furthermore, reducing agents such as β-mercaptoethanol is used to 

disrupt disulfide bonds between cysteine residues in proteins (Shapiro and Maizel, 1969). This is 

done to further denature the protein. A discontinuous buffer system is used to separate proteins, 

depicted in Figure 3.2. The separating gel buffer and the stacking gel buffer constitutes of Tris-

HCl at pH 8.8 and 6.8, respectively. The running gel buffer constitutes of Tris-HCl and glycine at 

pH 8.3. This system allows for the sandwiching of protein between Cl- and glycine in the stacking 

gel before the protein enters the separating gel buffer (Davis, 1964; Ornstein, 1964). This system 

improves the resolution the samples.  
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Figure 3.2. An illustration of a discontinuous SDS-PAGE system. The protein is loaded into a well, 

sandwiched in the stacking gel. Once stacked, it enters the resolving or separating gel. It migrates towards 

the anode and according to its molecular weight (Wangler and Bellen, 2017).  

3.2.1. Purification of KpNNAT 

Immobilised metal affinity chromatography (IMAC) was employed to purify KpNNAT, which 

exhibits the N-terminal His-tag on the vector construct. A BioLogic LP Low-Pressure Liquid 

Chromatography System (Bio-Rad, CA, USA) was used for purification. Approximately 8 mL of 

IMAC Sepharose 6 Fast Flow resin (GE Healthcare, Chicago, Illinois, USA) was added to an 

Econo-Column Chromatography column, 1.5 × 10 cm (Bio-Rad, CA, USA). The column was 

charged with 0.1 M NiSO4 and equilibrated with 10 column volumes of equilibration buffer [10 

mM PBS, 0.02 % (w/v) NaN3, 25 mM imidazole, pH 7.2]. The flow rate of 4 mL/min was used 

unless stated otherwise. The supernatant was passed through the column followed by the 

equilibration buffer containing 0.01 % (v/v) Tween-20, then the wash buffer. The wash steps were 

necessary to minimise non-specifically bound proteins to the column. To displace the His-tagged 

KpNNAT from the IMAC column, gradient elution was performed using the elution buffer [10 
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mM PBS, 0.02 % (w/v) NaN3, 500 mM imidazole, pH 7.2]. Eluted fractions were collected by the 

Bio-Rad Model 2110 Fraction Collector (Bio-Rad, CA, USA) at a flow rate of 1 mL/min. 

3.2.2. SDS-PAGE 

The purity of the collected protein was analysed with a discontinuous glycine-SDS-PAGE 

(Laemmli, 1970). The gel was prepared using 12.5% (w/v) separating gel buffer and a 4% (w/v) 

stacking gel buffer depicted in table 2.1. The expression samples were prepared by collecting 100 

µL of supernatant and pellet subjected to several wash steps. It entailed the pellet resuspension 

with 1 mL of MilliQ water followed by sonication (30 sec at 50 amplitudes) then centrifugation 

(13 000 × g, 20°C, 5 min). This wash step was performed three times. A 100 µL of the 

flowthrough, wash steps, and 4 elution fractions were collected. The expression and purification 

samples were diluted in a 1:1 ratio of reducing sample buffer [125 mM Tris-HCl, 4% (w/v) SDS, 

20% (v/v) glycerol, 10% (v/v) β-mercaptoethanol, pH 6.8]. The samples were then incubated 

(100°C, 5 min) to denature the protein for SDS-PAGE. A total of 5 µL of the sample was loaded 

to each well, except for the molecular weight marker, BLUeye Prestained Protein Ladder (Sigma-

Aldrich, St Louis, MO, USA), which was 2 µL. The gel was placed in a Mini-Protean Tetra cell 

(Bio-Rad, CA, USA) covered with tank buffer [250 mM Tris-HCl, 192 mM glycine, 0.1% (w/v) 

SDS, pH 8.3] and ran (160 V, 35 min). The gel was then stained with Coomassie stain [0.1% (w/v) 

Coomassie dye, in a 1:5:4 (v/v/v) ratio of acetic acid, methanol, water] for 2 h then destained with 

destaining solution [1:5:4 (v/v/v) acetic acid, methanol, water] overnight. The estimated molecular 

weight of the protein was determined by plotting a linear curve of the logarithm of the known 

molecular weights of the standards against the relative migration distance (Rf). The Rf values were 

obtained by using equation 3 

                                                  

                                            𝑅𝑓 =
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑦𝑒 𝑓𝑟𝑜𝑛𝑡
.                                        (3) 
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Table 5. 3.1. A procedure on how to prepare 12.5% (w/v) separating gel and 4% (w/v) 

stacking gel. 

 Separating gel Stacking gel 

12.5% 4% 

Monomer solution [30% (w/v) acrylamide, 

0.8% (w/v) bis-acrylamide] 

6.25 mL 940 µL 

Separating gel [1.5 M Tris-HCl, pH 8.8] 3.75 mL - 

Stacking gel [500 mM Tris-HCl, pH 6.8] - 1.75 mL 

10% (w/v) SDS 150 µL 70 µL 

Distilled water 4.75 mL 4.30 mL 

10% (w/v) Ammonium persulfate (APS)  50 µL 35 µL 

N,N,N’N’-tetramethylethylethylenediamine 

(TEMED) 

7.50 µL 15 µL 

 

3.3. Ultraviolet-visible (UV-vis) spectroscopy introduction  

UV-vis spectroscopy is employed to measure the absorption of light by an analyte. The near-UV 

ranges from 150-400 nm, while visible light is from 400-800 nm (Schmid, 2001). It functions by 

measuring the intensity of light that has passed through an analyte (I) in relation to light that has 

passed through a blank (I0). This relation is referred to as transmission; refer to equation 4 

                                                               𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 =
𝐼

𝐼0
                                                              (4)                            

and from the transmission, the absorbance (A) of light can be obtained. This relationship is 

depicted in equation 5 

                                                 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 =  − log 𝑇                                                         (5) 

where T is the transmission of light. The amount of light absorbed by an analyte is unique because 

it is dependent on its properties. 

The application of UV-vis spectroscopy is to determine protein concentration (C) by applying the 

Beer-Lambert law, refer to equation 6, which states that the relationship between absorbance and 

concentration is directly proportional 
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                                                          𝐴 = 𝐶 × Ɛ × 𝑙                                                                (6) 

where Ɛ is the molar extinction coefficient, and l is the cuvette’s path length. The molar extinction 

coefficient (M-1·cm-1) reflects the ability of a substance to absorb light at a specific wavelength. 

The path length is measured in cm and represents the width or thickness of a cuvette. From this 

law, the protein concentration can be determined when the other parameters in equation 3 are 

known. Another function of UV-vis spectroscopy is to confirm whether the protein was isolated. 

This is done by analysing the absorbance of light by the protein at a range of wavelengths (250-

600 nm) to generate an absorbance spectrum or by monitoring the reaction that the enzyme 

catalyses. The aromatic amino acid side chains such as phenylalanine, tryptophan and tyrosine 

contribute to the protein’s ability to absorb UV light (Schmid, 2001). Tryptophan, tyrosine and 

phenylalanine absorb light at 280, 275 and 257 nm, respectively (Prasad et al., 2017).  

3.3.1. Elution profile, Protein concentration determination and UV-absorption spectrum 

UV scan and protein concentration determination 

A total of 30 of 1 mL elution fractions were collected and used to produce an elution profile. The 

NanoDrop (ThermoFisher Scientific, Waltham, MA, USA) was loaded with 2 µL of eluate. The 

absorbance was measured at 280 nm and corrected for light scattering caused by aggregation 

recorded at 340 nm. The elution profile was pivotal in identifying the elution fractions that had 

contained pure protein. Those fractions were pooled to create a concentrated protein sample used 

for subsequent analyses. A 1:20 dilution of protein to buffer [10 mM PBS, 0.02% (w/v) NaN3, pH 

7.2] was used to determine the concentration of the protein, depicted in Figure 3.3. The dilution 

series was used to produce a standard curve of the A280-340 against the dilution factor.  

 

Figure 3.3. A dilution series, depicting the preparation of protein for concentration determination. 

Tube B represents the blank which was elution buffer.  

The absorbance for each sample was measured with the Jasco V-630 spectrophotometer (Jasco, 

UK). The wavelengths were set at 280 nm and 340 nm. A total of 3 accumulations were taken. 
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The concentration was determined by substituting a molar extinction coefficient of 38 055 M-1·cm-

1, and the absorbance measurements observed in equation 7 

                                                                            𝐶 =
𝐴

Ɛ
.                                                                               (7) 

The Jasco V-630 spectrophotometer (Jasco, UK) was employed for the UV scan. The sample was 

prepared by diluting 100 µL of protein to 400 µL of elution buffer, and the blank used was the 

elution buffer. A scanning speed of 100 nm/min, a data pitch of 0.5 min and a photometric mode 

of absorbance were used. The spectrum was measured from 240-380 nm, and three accumulations 

were taken. 

3.4. Results 

3.4.1. Expression and Purification 

The recombinant KpNNAT was expressed with a pET-28a expression system in T7 E. coli cells. 

The expression was induced with 0.5 mM IPTG and carried out for 6 hours at 30°C. The 

expression system employed had an N-terminal histidine tag which was fundamental in the 

purification of the protein. Following expression, the cells were subjected to sonication and 

centrifugation to prepare for purification. The resultants of the preparation step were an insoluble 

fraction (pellet) and a soluble fraction (supernatant). Ni2+-IMAC served as the purification 

technique where supernatant was passed through the column. 

Furthermore, several wash steps were implemented to remove unbound or weakly bound protein. 

Gradient elution was achieved by increasing the concentration of imidazole to compete with the 

histidine tag on the recombinant protein. Elution fractions were collected to produce an elution 

profile (Figure 3.4). A 12% (w/v) glycine SDS-PAGE gel was prepared to analyse the quality of 

the purification (Figure 3.5A). The samples from purification such as the pellet, supernatant, wash 

steps and eluate were collected, and 5 µL of each sample was loaded onto the gel. The technique 

showed that recombinant KpNNAT was expressed and purified because of the single thick ~25 

kDa band depicted in an orange box on the gel. The predicted molecular weight of the protein 

using the calibration curve (Figure 3.5B) was estimated to be ~22.7 kDa.  
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Figure 3.4. Elution profile of KpNNAT following purification with Ni2+-IMAC. Gradient elution was 

performed with 25 fractions collected at a 1 mL/min flow rate. The absorbance at 280 nm against the elution 

number was plotted to obtain the fraction with the most concentrated protein and the fraction collected for 

subsequent characterisation studies, including SDS-PAGE. This correlation between absorbance and 

concentration stems from the Beer-Lambert equation, which states the direct proportionality between 

absorbance and concentration. From the relationship between the absorbance and concentration, the 

concentrated fraction is depicted as the elution profile's peak (elution 13). 
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Figure 3.5. SDS-PAGE analysis of KpNNAT expression and purification. (A) Gel image of 12.5% 

(w/v) glycine SDS-PAGE gel. E. coli cells were transformed with the vector construct containing the 

recombinant protein and expression was induced with 0.5 mM IPTG (30°C, 210 rpm, for 6 h). The cell 

lysate was centrifuged to separate the insoluble fraction (pellet) from the soluble fraction (supernatant). 

The supernatant was purified with Ni2+-IMAC thus yielding the flowthrough. The flowthrough constituted 

of unbound or weakly bound protein. It was subjected to several wash steps to eliminate the contaminants. 

A gradient elution with 500 mM imidazole was employed to elute the recombinant protein. The coomassie 

blue stain was employed to visualise the eluate. The purified protein is depicted in an orange box and its 

predicted molecular weight was ~25 kDa. (B) Calibration curve used to determine the predicted molecular 

weight of the protein with SDS-PAGE. The molecular weight of the recombinant protein was predicted 

with a plot of the logarithm molecular weight of the standards against the relative migration distance (Rf) 

of those standards. The first two molecular weight marker were omitted for the plotting of the calibration 

curve as their migrations would impact the linear regression curve. The equation from the plot is pivotal in 

the prediction of the molecular weight of the protein. The predicted molecular weight of the protein was 

~22.66 kDa and depicted as a dot in the black box. 
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 3.4.2. Qualitative and quantitative analysis  

The quality of the purification was assessed with a UV-absorption spectrum (Figure 3.6). This was 

achieved by measuring the absorbance from 240-360 nm. This was to observe nucleic acid 

contamination at 260 nm or protein aggregation at 340 nm. KpNNAT was quantified using a 1:20 

fold dilution followed by measuring the absorbance at 280 nm and 340 nm. The corrected 

absorbance (A.U.) was obtained by subtracting the absorbance at 340 nm from 280 nm and it was 

plotted against the dilution factor (Figure 3.7). The plot was fitted with a linear regression curve 

and the gradient was used to determine the concentration of the protein in conjunction with the 

Beer-Lambert law, refer to supplementary data for the calculation. The concentration was 

determined to be 5.44 mg·mL-1.  
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Figure 3.6. Qualitative analysis of KpNNAT with a UV absorption spectrum. The absorbance spectrum 

was observed between 240-360 nm. The corrected absorbance was achieved by subtracting the absorbance 

at 280 nm of the blank [10 mM PBS, 0.02% (w/v) NaN3, 500 mM imidazole, pH 7.2] and the protein 

sample. Absorbance at 340 nm represents protein aggregation while absorbance at 260 nm indicates DNA 

contamination. There is no absorbance of light at those wavelengths thus indicating lack of those 

contaminants. Rather a peak at 280 nm is observed which is indictive of the presence of protein.  
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Figure 3.7. Quantitative analysis for the determination of protein concentration. A 1:20 serial dilution 

was employed to determine the protein concentration. The sample was prepared in 10 mM PBS buffer [137 

mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 0.02% (w/v) NaN3, pH 7.2]. The corrected 

absorbance was obtained by subtracting the absorbance at 340 nm from absorbance at 280 nm. The linear 

regression curve of the corrected absorbance against the dilution factor yielded a trendline equation (y = 

8.32x + 0.00) from which the slope (8.32) was used to obtain the concentration. The relationship between 

the absorbance and concentration from the Beer-Lamber law was employed to obtain a concentration of 

5.44 mg·mL-1. See supplementary data to obtain the calculation of the concentration. 

3.5. Discussion 

The recombinant expression of KpNNAT was performed with a pET-28a expression system in E. 

coli T7 cells. Absorbance at 280 nm is monitored to detect the presence of protein due to the ability 

of protein to absorb UV radiation (Anthis and Clore, 2013). This is a result of intrinsic 

chromophores such as tryptophan and tyrosine hence improve the specificity of detecting protein 

using UV-vis spectroscopy. The technique was employed to produce an elution profile (Figure 

3.4) as well as an UV absorption spectrum (Figure 3.6). The resulting elution profile following 

expression with Ni2+-IMAC indicates that the protein was able to be purified. The profile gave 

insight on which fractions had the most protein, that being the eluates that form part of the peak. 

SDS-PAGE was further used for the analysis of expression and purification. From the SDS-PAGE 

gel (Figure 3.5A) it was observed that the protein was successfully expressed, from the pET-28a 

expression system, and purified. This is displayed as a single ~25 kDa band in the eluate lane. 
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This is similar to the theoretical molecular weight predicted from ProtParam ExPasy tool and a 2 

kDa less deviation as the one reported in literature (Gasteiger et al., 2003; Jeje et al., 2022). The 

stoichiometry of SDS binding to protein has shown to contribute to the abnormal migration of 

proteins in SDS-PAGE (Rath et al., 2009). The proposed binding of SDS to protein was 1.4 g of 

SDS per g of protein but this ratio has been adjusted to 1.5-2 g of SDS per g of protein (Reynolds 

and Tanford, 1970; Tanford, 1980). Coupled to the stoichiometry of SDS binding to protein is the 

effect of tertiary structural content such as disulfide bonds to the binding of SDS to protein. It was 

observed by Pitt-Rivers and Impiombato (1968) that disulfide bonds decrease SDS binding up to 

2-folds. And this reduction in SDS binding led to the abnormal migration of protein (Rath et al., 

2009). The calibration curve (Figure 3.5B) predicted a molecular weight of ~22.66 kDa. This 

deviation can be attributed to the accuracy of the calibration curve. Calibration curves are sensitive 

to outliers as they influence the fit of the regression curve to the raw data and a model fit around 

the outlier maybe fallacious (Hatch and Prihoda, 1992). With this in mind the information 

retrieved from the calibration curve may deviate from the natural or true data. Removal of the 

outlier would eliminate the influence posed by the outlier on the plot but with that is the 

introduction of data biasness and subsequently queries the validity of the results (Wen et al., 2013). 

The UV absorption spectrum (Figure 3.6) indicates the purity of KpNNAT. The absence of a peak 

at 340 nm indicates the absence of protein aggregation. The absorbance at 260 nm indicates the 

presence of nucleic acid (Gallagher, 1998) thus the absence of a peak at 260 nm indicates the lack 

of nucleic acid contamination. The A260/280 is a ratio of the absorbance at 260 nm to 280 nm and 

signifies nucleic acid contamination. A ratio of 1.8-2.0 is considered as pure nucleic acid (Kumar 

et al., 2019). A lower A260/280 signifies the lack of nucleic acid contamination (Lucena-Aguilar et 

al., 2016). An A260/280 of 0.58 was recorded in this study thus indicating that there was a lack of 

nucleic acid contamination in the purified protein. Following purification, the concentration of 

protein yielded was 218.47 µM (5.44 mg·mL-1) and 2 mL of it was obtained. This was sufficient 

for subsequent studies. It is important to note that the histidine tag was not cleaved thus subsequent 

studies were performed with KpNNAT that had a histidine tag. The techniques that were used in 

this chapter were successful in demonstrating the expression and purification of KpNNAT. 
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Chapter 4 

Functional Characterisation of KpNNAT 

4.1. Functional characterisation Introduction  

A continuous enzyme assay refers to the instantaneous and continuous monitoring of product 

formation or substrate loss, or activity. Factors that influence enzyme activity include 

concentration of the constituents in the reaction mixture, detergents or hydrophobic substances 

that can affect the surface of the protein, ionic strength, metal ions, pH and temperature 

(Bisswanger, 2014). The activity can be read spectrophotometrically because of the ability of the 

technique to detect activity in real time. When the product of the desired protein cannot be read 

spectroscopically a coupled continuous enzyme assay is employed (Scopes, 2001). The reduced 

form of NAD+ (NADH) absorbs UV light at 340 nm, while NAD+ cannot be detected at that 

wavelength (Walker, 1992). Hence, the activity of the protein can be detected with UV-vis 

spectrophotometry. Figure 4.1 depicts a coupled continuous enzyme assay that was employed in 

this study.  

 

Figure 4.1. A schematic of a coupled continuous enzyme assay. Reaction 1 is catalysed by KpNNAT 

with substrates NMN and ATP. This reaction produces the initial product, NAD+, which is the substrate to 

reaction 2. Reaction 2 is catalysed by ADH with substrates NAD+ and ethanol it produces NADH and an 

aldehyde (CH3CHO). 
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4.2. Methods   

4.2.1. ADH-mediated dual enzyme assay 

An ADH-mediated dual enzyme assay was employed to determine the specific activity of 

KpNNAT. The assay contained a second enzyme, alcohol dehydrogenase (ADH), which was 

pivotal in the conversion of NAD+ to NADH. Note that NAD+ is the product of KpNNAT and the 

enzyme is the first enzyme in the assay. The absorption of light by NADH was measured at 340 

nm. The reaction mixture was prepared with 100 mM Tris-HCl at pH 9. The total volume of the 

reaction volume was 1 mL and constituted of 1.6 µM of KpNNAT, 1 % (v/v) ethanol, 5 mM of 

metal salts (MgCl2 or NiCl2), 10 U/mL ADH, 0.1 mM ATP, and the reaction was initiated by the 

addition of 0.5 mM NMN. The reaction was repeated under the same conditions but in the absence 

of the metal salts. All reactions were performed at 20°C, in triplicates using a Jasco V-630 

absorbance spectrophotometer (Jasco, UK).  

4.3. Results   

4.3.1. ADH-mediated dual enzyme assay 

To test the activity of the protein an ADH mediated dual assay was performed at pH 9. This assay 

was performed in the absence of metal ion as well as the presence of the divalent metal ions Mg2+ 

or Ni2+. The reaction mixture consisted of ATP, ADH, ethanol, and varying concentration of the 

protein. The reaction was initiated by NMN. The product of the second reaction is NADH. UV-

vis spectroscopy was employed to the monitor the increase in absorbance at 340 nm due to the 

formation of NADH over time (min). The gradient of the resulting linear plots of the enzyme 

activity (µmole·min-1) against the amount of protein (mg) (Figure 4.2) is the pseudo specific 

activity. The value is a representation of the ability of KpNNAT to catalyse the transfer of an 

adenylyl group from ATP to NMN. It is referred to as pseudo specific activity as the direct 

quantification of the product formation of the first reaction, catalysed by KpNNAT, could not be 

achieved through UV-vis spectroscopy. The pseudo specific activity of protein in the presence of 

Mg2+ shows a 3.25-fold increase than Ni2+. The P-value of Mg2+ is less than 0.0001, Ni2+ 0.0003 

and in the absence of metal ion it is 0.0503. Thus, suggesting that Mg2+ is more effective than Ni2+ 

in catalsing the reaction of KpNNAT. Though there was some pseudo specific activity observed 

in the absence of metal ion (0.01 µmole·min-1·mg-1) it was so low rendering the protein partially 

active. 
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Figure 4.2. Enzyme activity analysis of KpNNAT. The specific enzyme activity was achieved by varying 

the concentration of KpNNAT in an ADH-mediated dual enzyme assay with ATP and NMN as the initial 

substrates. The absorbance at 340 nm against time in min was used to obtain the enzyme activity 

(µmole·min 1). The assay detects NADH formation as it absorbs light at 340 nm. The samples were prepared 

in 100 mM Tris-HCl, pH 9.0. The linear regression curve of the enzyme activity against the amount of 

protein (mg) produces a trendline equation and the slope of the equation represents the specific activity of 

the recombinant protein. In the absence of metal ion (orange) the activity was 0.01 µmole·min-1·mg-1. In 

the presence of Ni2+ (green) the activity was 0.04 µmole·min-1·mg-1 and a 0.09 µmole·min-1·mg-1 increase 

in activity was observed for Mg2+ (purple).  

4.4. Discussion 

To further monitor the successful isolation of KpNNAT its function was observed with an ADH-

mediated dual enzyme assay. The formation of NADH at an absorbance of 340 nm was monitored, 

spectrophotometrically, overtime. It was done so either in the holo (presence of metal) or apo (no 

metal) state of KpNNAT. The activity of the protein was reported as specific activity (Figure 4.2). 

The specific activity is not an accurate representation of the activity of KpNNAT. The reason is 

that in order to confirm the activity of KpNNAT a second enzyme was introduced to the assay 

which was ADH. ADH catalyses the reversible transfer of electrons between NAD+ and a primary 

alcohol to produce NADH and an aldehyde (Aquino Neto et al., 2011; Raj et al., 2014). The 

conversion of NAD+ and ethanol to its resulting products, by ADH, is optimum at a pH of 9 

(Bisswanger, 2014) this is the reason why the reaction in this study was performed at this pH. The 
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dual enzyme assay is dependent on the second enzyme to confirm the activity of the primary 

enzyme as the product of the first reaction is the substrate of the second reaction. Hence, the 

specific activity will be referred to as pseudo specific activity. The psedo-specific activity is 

dependent on the activity of the enzyme hence it was used to monitor the activity of KpNNAT. 

The importance of metal ion binding to NNAT has been reported for multiple species of NNAT 

and it differs across species (Magni et al., 2004). Maximal enzyme activity was observed with 

Mg2+ present as opposed to Ni2+. This preference for Mg2+ corroborates with what has been 

observed in literature for KpNNAT and hNNAT isoenzymes 2 and 3 (Jeje et al., 2022; Sorci et 

al., 2007). The catalytic mechanism is not known for KpNNAT but has been well documented for 

archaeal NNAT. NNAT catalyses its reaction by cutting the bond between the α-β phosphate of 

the ATP thus allowing for the nucleophilic substitution of the phosphate group from NMN to 

subsequently produce NAD+ (Magni et al., 2004). The solved crystal structure of Methanococcus 

jannaschii NNAT bound to ATP and Mg2+ highlights that the catalytic site has positive charges 

from Mg2+, arginine and the histidine residues, from the conserved motif of 

nucleotidyltransferases (D’Angelo et al., 2000). The histidine residues bind to the oxygens of the 

α and β-phosphate of ATP to further produce a positive charge. This positive charge augments the 

electron deficient character of the α-phosphate of ATP thus allowing for the proficient catalysis 

of NNAT (D’Angelo et al., 2000). In the absence of metal ion minimal enzyme activity was 

recorded. This observation solidifies the importance of divalent metal ions in the function of the 

enzyme. The ability of KpNNAT to be active even with the histidine tag suggests that the tag had 

negligible effect on the activity.  This does not mean that the tag had no absolute effect on the 

activity of the enzyme. Overall, the technique was effective in assessing the function of KpNNAT.  
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Chapter 5 

Structural characterisation of KpNNAT 

5.1 Structural characterisation Introduction 

Circular dichroism (CD) is used to assess secondary structural content. It monitors the difference 

in the absorption of left and right-handed circularly polarised light (Miles and Wallace, 2016). 

This disparity in absorption of circularly polarised light is denoted as the ellipticity (θ). The amide 

groups in peptide bond are responsible for the unique CD signals observed in different secondary 

structural content (Greenfield, 2006). The peptide bond shows UV absorption at 180-250 nm 

which is known as the far-UV region (Micsonai et al., 2015). The secondary structural content of 

proteins includes α-helices, β-sheets, and random coils. A protein predominantly α-helical has a 

two negative CD signals at 222 nm and 208 nm, and a positive CD signal at 193 nm while a 

predominantly β-sheeted protein has a negative CD signal at 218 nm and a positive CD signal at 

195 nm (Greenfield, 2006). Random coiled proteins have a negative CD signal at 195 nm and a 

small positive CD signal at 210 nm (Greenfield, 2006). This technique gives insight into protein 

stability and analysing secondary structural content. Fluorescence spectroscopy involves the 

excitation of a molecule by a photon. The molecule then emits light at a high wavelength and the 

emission is then detected and referred to as fluorescence. This theory is depicted in Figure 5.1. 

The energy released during emission is known as non-radiative emission (heat).  

 

Figure 5.1. A schematic of the principle of fluorescence. Absorption entails the absorption of a photon 

by a molecule (P). The electrons in the molecule are excited and migrate from ground state to an excited 

state. Energy is released and electrons migrate from the excited state to a lower energy level, and this is 

referred to emission.   
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This technique is used for the tertiary structural analysis of protein through the use of fluorescent 

substances such as 8-anilino-1-naphthalenesulfonic acid (ANS), 2’/3’-O-(N-Methylanthraniloyl) 

adenosine-5’-triphosphate (mant-ATP) and SYPRO orange dye. ANS and SYPRO orange dye 

bind to hydrophobic pockets of a protein thus altering the fluorescent properties of the dye 

(Oshinbolu et al., 2018). These extrinsic fluorescent dyes are sensitive to the polarity of the solvent 

and are usually non-fluorescent in aqueous solutions but fluoresce once in contact with 

hydrophobic pockets (Oshinbolu et al., 2018). This information gives insight on the conformation 

and stability of the protein. Mant-ATP is an ATP analogue and contains a fluorescent probe bound 

to the ribose moiety of the nucleotide (Leskovar and Reinstein, 2008). This can yield useful 

information of ATP binding to the protein. Size exclusion-high performance liquid 

chromatography (SE-HPLC) is a technique employed for quaternary structural analysis as it 

separated molecules based on size. The principle is that molecules of different size elute through 

a column at different rates because of the sieving ability of the porous beads packed into the 

column (Hong et al., 2012). Large molecules elute first as they cannot enter the pores of the beads 

and smaller molecules are retarded by the pores of the beads.    

5.2. Methods and material  

5.2.1. Influence of divalent metal ions on the secondary structure content  

The secondary structural content of KpNNAT was examined with Far-UV circular dichroism (CD) 

using a Jasco J-810 CD spectrophotometer (Jasco, UK). The protein was dialysed against 10 mM 

sodium phosphate buffer [8 mM Na2HPO4, 2 mM NaH2PO4, pH 7.4] and stored at 4°C for 16 h. 

The native samples contained 5 µM KpNNAT, either in the absence or presence of 5 mM of metal 

salts (MgCl2 or NiCl2). The denatured samples were prepared the same manner as the native 

samples but with the addition of 8 M urea. A quartz cuvette with a path length of 2 mm was used, 

and the spectra were measured from 180-255 nm at 20°C. A bandwidth of 2.5 nm and scanning 

speed of 100 nm/min were used. A total of 3 accumulations were taken from each sample. The 

CONTIN-LL (Provencher and Gloeckner, 1981) algorithm in Dichroweb (Whitmore and Wallace, 

2004) was employed to deconvolute the secondary structural content of native and denatured 

KpNNAT in the presence and absence of the metal ions. The mean residue ellipticity was 

determined using the equation 8 

                                                              [θ] = 
100 × θ

Cnl
                                                               (8)                                                                                                                
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where θ is ellipticity (mdeg), n the number of residues, l the pathlength (cm) and C the protein 

concentration (mM).  

5.2.2. Influence of divalent metal ions and heat on secondary structure  

The change in the molar ellipticity signal at 222 nm was observed when the temperature was 

elevated. This was done to analyse the influence of temperature and divalent metal ions on the 

secondary structural content of the protein. The experiment was performed in the absence or 

presence of metal ions. The Jasco J-810 spectrophotometer (Jasco, UK), connected to the Jasco 

Peltier temperature controller (Jasco, UK), was used to observe the unfolding of the protein. The 

protein was prepared by dialysing against 10 mM sodium phosphate buffer [8 mM Na2HPO4, 2 

mM NaH2PO4, pH 7.4] and stored at 4°C for 16 h. The samples contained 5 µM KpNNAT, either 

in the absence or presence of 5 mM metal ions (Mg2+ or Ni2+). The temperature was increased 

from 20-80°C and a 2 mm quartz cuvette was used. The computational settings were a temperature 

gradient of 1°C·min-1, data pitch of 1°C, bandwidth of 2.5 nm, and a response time of 1 sec.  

5.2.3. Extrinsic ANS fluorescence spectroscopy   

ANS displacement studies were monitored with a Jasco FP-6300 fluorometer (Jasco, UK). A 1 

mM stock of ANS was prepared with 10 mM PBS buffer [137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 2 mM KH2PO4, and 0.02 % NaN3, pH 7.2]. The samples were prepared with either 

buffer A [10 mM PBS buffer], buffer B [buffer A and 5 mM MgCl2] or buffer C [buffer A and 5 

mM NiCl2]. A total of four blank samples were prepared. Samples were prepared as depicted in 

Table 4.1. Analyte samples were prepared as the aforementioned conditions with the addition of 

0.1 mM ANS. The following parameters were used, a data pitch of 0.5 nm, scanning speed of 200 

nm/min, and the measurement mode was in emission. The excitation wavelength of 395 nm was 

used, 3 accumulations were taken, and the spectra were measured from 400-650 nm. All reactions 

were performed in triplicates (20°C).  

Table 5.1. The protein and ATP concentrations were 10 µM and 0.1 mM, respectively. 

Sample 1 Sample 2 Sample 3 Sample 4 

Buffer Buffer 

10 µM KpNNAT 

Buffer  

0.1 mM ATP 

Buffer  

10 µM KpNNAT 

0.1 mM ATP  
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5.2.4.  Extrinsic mant-ATP fluorescence spectroscopy 

A Jasco FP-6300 fluorometer (Jasco, UK) was employed to monitor the binding of mant-ATP to 

KpNNAT. The samples were prepared in the same buffers mentioned in Section 5.2.3. A total of 

three samples were prepared. The parameters used were the same as in Section 5.2.3, except for 

an excitation wavelength of 355 nm. 

5.2.5. SYPRO orange thermal shift assay 

The thermal denaturation of KpNNAT was monitored to assess the protein's thermostability by 

determining the melting temperature (Tm). A CFX96 Touch Real-Time PCR Detection System 

was used in conjunction with a 96-well PCR plate (Bio-Rad, CA, USA). The wells were loaded 

according to Figure 5.2. The concentration of protein was 20 µM KpNNAT, 10 × SYPRO Orange 

fluorescent dye, 5 mM metal salt, 0.1 mM ATP and the thermal shift buffer was [25 mM Tris-

HCl, at pH 7.5]. The metal salts used were MgCl2 and NiSO4.The final volume of the reaction was 

25 µL and plates were sealed with Microseal ‘B’ PCR Sealing Film (Bio-Rad, CA, USA). The 

CFX96 Touch Real-Time PCR Detection System (Bio-Rad, CA, USA) was employed. The 

parameters were set to a melt curve, with a start temperature of 10-95°C in increments of 0.5°C 

for 10 sec.   

 

Figure 5.2. A depiction of a quarter of the 96 well PCR plate which shows the experimental set-up. 
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5.2.6. Influence of Mg2+ and Ni2+ ions on the Quaternary structure   

A TSKgel SuperSW2000 size exclusion chromatography (SEC) column (Sigma-Aldrich, St Louis, 

MO, USA) was used in conjunction with a TSKgel SWXL guard column (Sigma-Aldrich, St Louis, 

MO, USA) to assess the oligomeric state of KpNNAT. The column was connected to a Shimadzu 

ultrafiltration liquid chromatography (UFLC) SPD-20A HPLC system. The SEC column was 

equilibrated for 1 h with the SE-HPLC buffer [50 mM Tris-HCl and 500 mM NaCl, pH 7.4]. The 

flow rate and temperature were kept constant, unless stated otherwise, at 0.2 mL·min-1 and 20°C, 

respectively, and the detection wavelength set to 280 nm. A 20 µL sample of 100 µM KpNNAT, 

either in the presence or absence of metal ions, was loaded onto the column.  With known 

molecular weights, the protein standards were treated the same as the conditions stated above. 

Elution times of KpNNAT in the presence or absence of metal ions were compared to the elution 

times of the protein standards with known molecular weights.  The plot was used to determine the 

approximate molecular weight of KpNNAT, either in the absence or presence of metal ions, using 

their retention time. The Bio-Rad gel filtration protein standards constituted of thyroglobulin (670 

kDa), γ-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin B12 (1.5 kDa).  

5.3. Results 

5.3.1. Far-UV CD 

The far-UV CD spectra in the native state of KpNNAT with no metal ion or Mg2+ present displayed 

two negative ellipticity signals at 208 and 220 nm. Without metal ion or when Mg2+ is present the 

positive ellipticity varied, which was 190 nm and 192 nm, respectively. This indicates that the 

protein is predominantly α-helical under those conditions (Greenfield, 2006). In the presence of 

Ni2+ the distinguishing features of a far-UV CD spectrum of a α-helical protein were lost. The 

spectrum showed a single negative ellipticity signal at 225 nm and there was no prominent trough 

at 208 nm. The protein was denatured with 8 M urea, and this is represented as dotted lines on the 

spectra (Figure 5.3). At that urea concentration, it absorbs far-UV below 210 nm, making the data 

between 180-210 unreliable (Miles and Wallace, 2016). The experiment was carried out because 

changes in the spectrum at 222 nm, a distinguishing feature of α-helical protein, can be measured 

(Kelly et al., 2005). At 220 nm, there was no predominant trough suggesting that the protein was 

successfully denatured or in its native state.  
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Figure 5.3. Far-UV spectra of KpNNAT. The secondary structural content was determined with Far-UV 

circular dichroism with 5 µM of protein prepared in 10 mM sodium phosphate buffer [8 mM Na2HPO4, 2 

mM NaH2PO4, pH 7.4] for native samples and 10 mM sodium phosphate buffer [8 mM Na2HPO4, 2 mM 

NaH2PO4, pH 7.4] in 8 M urea for denatured samples. The spectra were measured between 180-260 nm. 

No metal (orange) and Mg2+ (purple) display two negative ellipticity signals at 208 and 220 nm. The 

positive ellipticity signals defer with 190 nm for no metal and 192 nm for magnesium. Ni2+ (green) 

spectrum is different from the rest, with a loss in α-helical content. This is observed in a spectrum with a 

positive ellipticity signal at 191 nm and a negative ellipticity at 225 nm. The denatured spectra are 

represented as dotted lines.   

The percentage of secondary structural content was further assessed with Dichweb in conjunction 

with the CONTIN-ILL algorithm (Table 5.2). The results show that the protein is predominantly 

α-helical in the absence of metal ion (52%) or when Mg2+ (100%) or Ni2+ (86%) is present. There 

were no β-turns or strands observed, but unordered structures were found in the absence of metal 

ion (48%) and Ni2+ (14%). The other important information retrieved from the software was the 

normalised root-mean-square deviation (NRMSD). The NRMSD depicts the fit of the 

experimental data to the predicted data; in other words, it shows the best fit of the data. The lower 

the value, the better the fit. NRMSD values higher than 0.1 indicate the fit is less accurate 

(Whitmore and Wallace, 2004).  
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Table 5.2. The analysis of secondary structural content with Dichrowb and the CONTIN-

ILL algorithm (Provencher and Gloeckner, 1981), reference set 6 (Sreerama and Woody, 

2000).  

 α-Helix β-Strand β-Turn Unordered NRMSD 

No metal 0.52 0.00 0.00 0.48 0.80 

Mg2+ 1.00 0.00 0.00 0.00 0.71 

Ni2+ 0.86 0.00 0.00 0.14 0.28 

*NRMSD: Normalised root mean square deviation is a statistical value that signifies how well the 

experimental data fits the predicted data. Lower values represent a better fit than higher values.  

Thermal stability with far-UV CD was assessed at 222 nm. The resulting melting curves of mean 

residue ellipticity at 222 nm (mdeg·cm2·dmole-1) against temperature (°C) yielded Tm, which 

signifies the thermal stability of the protein (Figure 5.4A-C). It was observed that the Tm of apo 

(without metal ion) and Ni2+ had a 7.03°C difference, with apo protein being more stable as 

opposed to protein Ni2+ present. KpNNAT with Mg2+ present was the most thermally stable with 

a Tm of 49.19 ± 0.36°C.  
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Figure 5.4. CD melting curve to analyse thermal stability of KpNNAT with circular dichroism 

spectroscopy. The samples were prepared in 10 mM sodium phosphate buffer [8 mM Na2HPO4, 2 mM 

NaH2PO4, pH 7.4]. The ellipticity signal was measured at 222 nm for 5 µM KpNNAT and the temperature 

was observed between 20-80°C. The raw data were fitted to a sigmoid four-parameter model with 

GraphPad Prism. The fitted data is on the left, while the raw data is on the right. (A) The melting curves of 

no metal, magnesium and nickel are depicted in A-C, respectively. The Tm for no metal was 46.69 ± 0.80°C 

and 39.66 ± 0.47°C for nickel. The protein was thermally stable in the presence of magnesium with a Tm 

of 49.19 ± 0.36°C.    
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5.3.2. Extrinsic fluorescence emission spectroscopy 

Fluorescence emission spectroscopy was utilised to assess the tertiary structure of KpNNAT. 

Hydrophobic fluorescent dyes such as ANS and SYPRO-orange and a fluorescent nucleotide 

mant-ATP were used to determine the binding of ATP to the protein. For ANS and mant-ATP the 

shift in wavelength and the change in emission (quantum yield) were assessed. The fluorescence 

spectra (Figure 5.5A-C and 5.6A-C) were illustrated as the fluorescence intensity (A.U.) against 

wavelength (nm), measured from 400-650 nm, for both ANS and mant-ATP emission 

fluorescence and excitation wavelengths of 395 nm and 355 nm, respectively. Free-ANS and ATP 

in the presence of ANS show the same trend throughout the conditions. The ANS studies showed 

an increase of 2.34, 2.91 and 1.65 in fluorescence intensity of protein coupled with ATP compared 

to apo protein either without or with Mg2+ or Ni2+ present, respectively. An increase in the 

fluorescent intensity coupled with a blueshift (decrease in the maximum fluorescence emission) 

is representative of ANS binding to a hydrophobic site (Gasymov and Glasgow, 2007). A blue 

shift was observed for Ni2+ and a red shift for Mg2+ (Table 5.3). Mant-ATP fluorescence shows an 

increase in fluorescence intensity formant-ATP bound to KpNNAT (relative to free mant-ATP) 

either in the absence of metal ion, presence of Mg2+ or Ni2+ to be 53.92, 38.96 and 25.90, 

respectively. A blueshift in the maximum emission wavelength was observed for Mg2+ and Ni2+ 

(Table 5.4). The thermal stability of the KpNNAT was assessed with SYPRO-orange. The thermal 

denaturation of the protein was monitored at a temperature range of 10-95°C.  The Tm of protein 

in the presence of Mg2+ was 52.50°C and 47.50°C for Ni2+, either in the absence or presence of 

ATP (Figure 5.7A-C and Table 5.5). For no metal, the Tm showed a 0.5°C decrease in the presence 

of ATP compared to the absence of ATP. 
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Figure 5.5. Ligandin activity analysis with ANS fluorescence emission spectrometry of KpNNAT in 

the absence of (A) metal ions, presence of (B) Mg2+, or (C) Ni2+. ANS fluorescence emission spectra of 

10 µM of KpNNAT in 10 mM PBS buffer [137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 

and 0.02 % NaN3, pH 7.2].  The spectra were measured from 400-650 nm with an excitation wavelength 

of 395 nm.  The fluorescence intensity (A.U.) was observed with free 0.1 mM ANS, protein in the presence 

of ANS, or 0.1 mM ATP bound or unbound to KpNNAT and in the presence of ANS. 
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Table 5.3. Maximum emission wavelength (λ) nm as well as the shift in the wavelength 

compared to Apo KpNNAT, either in the presence or absence of metal ions (Mg2+ or Ni2+) 

 Maximum emission wavelength (nm) Shift compared to Apo KpNNAT 

 No metal  Mg2+ Ni2+ No 

metal 

 Mg2+  Ni2+  

Free ANS 516 517 517.50 Redshift Redshift Redshift 

Protein  502.50 497 483.50 Baseline Baseline Baseline 

Protein 

with ATP  

494.50 498 481.50 Blueshift Redshift Blueshift 

ATP 520 521 519.50 Redshift Redshift Redshift 

*Redshift signifies an increase in the maximum emission wavelength relative to Apo protein 

while a blueshift is its converse.  
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Figure 5.6. Fluorescence emission spectra of mant-ATP binding to KpNNAT in the absence of (A) 

metal ions, or presence of (B) Mg2+ or (C) Ni2+. The mant-ATP fluorescence spectra of 10 µM 

KpNNAT prepared in 10 mM PBS buffer [137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM 

KH2PO4, and 0.02 % NaN3, pH 7.2]. Mant-ATP is excited at 355 nm and the emission was measured 

from 400-650 nm.  
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Table 5.4. Maximum emission wavelength (λ) nm as well as the shift in the wavelength of 

KpNNAT in the presence of Mg2+ or Ni2+ compared to free mant-ATP. 

 Maximum emission wavelength (nm) Shift compared to No metal 

KpNNAT 

 No metal  Mg2+ Ni2+ No 

metal 

 Mg2+  Ni2+  

Protein 

with mant-

ATP  

438 442 443 Blueshift Blueshift Blueshift 
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Figure 5.7. Thermal stability of KpNNAT, either in the absence of (A) metal ion, or presence of 

(B) Mg2+ or (C) Ni2+. The thermal shift of 20 µM KpNNAT as it interacts with the SYPRO orange dye 

and prepared in 25 mM Tris-HCl, at pH 7.5 was monitored. The fluorescence intensity in relative 

fluorescence unit (RFU) was measured over a temperature range of 20-80°C. The melting curve is 

depicted on the left while the is the derived –d(RFU)/dT against temperature (°C).   
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Table 5.5. The melting temperatures (Tm) in °C for KpNNAT in the presence or absence 

of ATP with, either the presence or absence of metal ions.  

 KpNNAT (Tm in °C) 

No ATP ATP 

No metal 53.00 52.50 

Mg2+ 52.50 52.50 

Ni2+ 47.50 47.50 

 

5.3.3. SE-HPLC 

The predicted molecular weight and the quaternary structure of the protein were analysed with 

SE-HPLC. A chromatogram of the absorbance at 280 nm (A.U.) against the retention time 

(min) yielded distinctive peaks. These peaks represent the time point at which the protein was 

eluted. The chromatogram constitutes elution profiles of the standard proteins, no metal, 

protein in the presence of Mg2+ or Ni2+ (Figure 4.8A). The retention times of the standard 

proteins were used to produce a calibration curve which is the logarithm molecular weight of 

the standard proteins against the retention time (Figure 4.8B). The equation from the calibration 

curve was used to predict the molecular weight of the protein. In the absence of metal ion, the 

presence of Mg2+ or Ni2+, the predicted molecular weight was ~20 kDa, ~18 kDa and ~19 kDa, 

respectively. It should be noted that there was a peak before and following the larger peak of 

the chromatograms at ~44 kDa and ~1.5 kDa, respectively.  
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Figure 5.8. Quaternary structural analysis with SE-HPLC. (A) Chromatogram of the standards and 

100 µM KpNNAT prepared in 50 mM Tris-HCl and 500 mM NaCl, pH 7.4. A-E represent the peaks of 

the standards which were thyroglobulin (670 kDa), γ-globulin (158 kDa), ovalbumin (44 kDa), 

myoglobin (17 kDa), and vitamin B12 (1.5 kDa), respectively. (B) A standard curve of the logarithm 

molecular weight of the standard proteins against the retention time (min). The equation (y = -0.23x + 

5.71) of the plot was used to predict the molecular weight of KpNNAT. The retention time for Mg2+ 

(0.49 min) and Ni2+ (0.32 min) is more than no metal ion.  

5.4. Discussion 

The conserved motif (T/H)XGH is presumed to be involved in ATP binding and catalysis. The 

histidine residues interact with the α and β-phosphates of the ligand ATP, respectively 

(D’Angelo et al., 2000). Furthermore, this motif is located in the active site of NNATs 

(Saridakis and Pai, 2003). The crystal structure NNAT reveal that Mg2+ is located close to the 

α-phosphorous of ATP. The function of this divalent metal ion in conjunction with the histidine 

residues in the conserved motif is assumed to augment the electrophilic nature of the α-

phosphorous of ATP thus facilitating the nucleophilic substitution on the α-phosphorus 

(D’Angelo et al., 2000). This results in the incision of the α-β phosphodiester bond of ATP and 

the transfer of the adenylyl group to a mononucleotide such as NMN (Lowe and Tansley, 1983; 

Saridakis and Pai, 2003). The varied preference for divalent metal ions by NNATs has been 

detailed in literature (Jeje et al., 2022; Magni et al., 2004). The use of far-UV cd, fluorescence 

spectroscopy and SE-HPLC gave insight on the influence the metal ions Mg2+ or Ni2+ have on 

the structural properties of KpNNAT.  
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A secondary structure of a protein is stabilised by hydrogen bonds. These hydrogen bonds are 

between a negatively charged carbonyl oxygen and positively charged amide nitrogen of a 

polypeptide backbone (Gromiha, 2010; Rehman et al., 2022). These polypeptides fold or coil 

to produce shapes that contribute the protein’s 3D structure. Recurring secondary structural 

elements in proteins are α-helices and β-pleated sheets (Rehman et al., 2022). A β-sheet is 

made of elongated and adjacent β-strands that are linked by hydrogen bonds (Nowick, 2008). 

NNATs are part of the nucleotidyltransferase family characterised by a presence of a Rossmann 

fold which is a nucleotide binding fold (Stancek et al., 2005a). This fold is described as a core 

β-sheet, fashioned by six β-strands, flanked by two to three α-helices (Huang et al., 2010). The 

use of far-UV circular dichroism is used to analyse secondary structural elements. The CD 

spectra of KpNNAT without metal ion and Mg2+ present show that the protein is predominantly 

α-helical. This is elucidated due to the presence of troughs at 208 and 220 nm and a positive 

peak at around 190 nm (Figure 5.3). These are distinguishing features of a protein that is 

predominantly α-helical (Greenfield, 2006). Dichroweb in conjunction with the CONTIN-LL 

algorithm the percentage of secondary structural content were calculated and from this 

information it was suggested that the protein is predominantly α-helical (Table 5.2). This 

predominance in α-helical content is observed in most bacterial NNATs (Jeje et al., 2022; 

Zhang et al., 2002). In the presence of Ni2+ the protein lost its troughs at 208 and 220 thus 

suggesting a loss in the α-helical content. There was a positive ellipticity at 191 nm showing 

that UV was absorbed at this wavelength and a high signal to noise was observed as a result of 

high optical transparency of the sample. This means that protein aggregation may not be the 

case of a change in the spectrum due to the high signal to noise ratio. This loss in secondary 

structure of the protein and in the presence of Ni2+ has been reported in literature (Jeje et al., 

2022). This may suggest that metal ions, especially Ni2+, do influence the secondary structure 

of KpNNAT. At the concentration of urea, used in the study, it absorbs far-UV below 210 nm 

making the data between 180-210 unreliable (Miles and Wallace, 2016). The experiment was 

carried out because changes in the spectrum at 222 nm, a distinguishing feature of α-helical 

protein, can be measured (Kelly et al., 2005). At 220 nm there was no predominant trough 

suggesting that the protein was successfully denatured and suggests that KpNNAT was in its 

native conformation. The thermal denaturation of the KpNNAT was monitored at 222 nm as it 

is a wavelength that marks α-helical content. From the melt curves (Figure 5.4) it was observed 

that in the presence of Mg2+ the protein was thermally stable while in the presence of Ni2+ 

showed to be least thermally stable. This data corroborates with the thermal shift assay (Figure 

5.7 and Table 5.5) performed with the SYPRO orange dye. These results suggest that in the 
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presence of Ni2+ there is a decrease in the thermostability of the protein compared to Mg2+. The 

results from the thermal shift assay also suggest that the protein’s thermal stability is no 

affected in the presence of ATP as there is no difference in the Tm in the presence of Mg2+ or 

Ni2+ but a 0.5°C decrease in the presence of ATP. Factors such as hydrogen bonds, hydrophobic 

interactions, salt bridges and ionic interactions improve the thermostability of a protein (Kumar 

et al., 2000). These intermolecular forces contribute to increasing the rigidity of the protein. 

With increased rigidity the function of the protein can be reduced (Vogt et al., 1997). Upon 

ligand binding the site of binding may become flexible or rigid (Clark et al., 2019). The rigidity 

assists in the specificity and increased tautness in the binding of the ligand. The higher the 

stability of the protein the more rigid the protein is (Vihinen, 1987). This suggests that when 

Mg2+ is present, KpNNAT is rigid to a state where it allows for an increase in thermostability, 

this is seen in the increase in Tm. The thermal unfolding with far-UV cd was irreversible due to 

the aggregation of protein caused by elevated temperature. Thermodynamic parameters can be 

obtained from unfolding studies but the reaction has to be reversible (Benjwal et al., 2006). 

With that information in mind, thermodynamic parameters could not be obtained because the 

unfolding was irreversible.  

ANS and mant-ATP fluorescence was used to analyse the tertiary structure of KpNNAT. They 

are both fluorescent probes that characterise the binding sites of protein. An increase in the 

fluorescence intensity and a blueshift in the maximum emission wavelength indicate an 

increase in the hydrophobicity or decrease in the polarity of KpNNAT in solution (Gasymov 

and Glasgow, 2007; Szulc et al., 2013). This is characteristic of the ability of the fluorescent 

probe to bind to a hydrophobic pocket of a protein. A blueshift and increase in fluorescence 

intensity is discerned for protein bound to ATP, probed with ANS and without metal ion or 

with Ni2+ present. This suggests that when ATP is present and either without metal ion or with 

the presence of Ni2+, the protein assumes a conformation that exposes the binding site or a 

hydrophobic pocket for ANS binding. KpNNAT in the presence of Mg2+ shows a slight (1 nm) 

increase in the maximum emission wavelength upon ATP binding and an increase in the 

fluorescence intensity. This increase in the maximum emission wavelength is a redshift. This 

indicates an increase in the polarity thus suggesting that the binding site is uncovered to the 

water solvent which does not favour binding of ANS. This led to the postulation that Mg2+ 

creates a polar environment in the hydrophobic pocket of KpNNAT. Assuming that the 

hydrophobic pocket is the nucleotide binding site the polar environment promotes the 

electrophilic nature of ATP to promote NMN binding which corroborates with what has been 
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alluded in literature (D’Angelo et al., 2000). This maybe the reason the activity of the protein 

with Mg2+ present is greater than with Ni2+ present. While KpNNAT without metal ion or 

presence of Ni2+ promotes a less polar environment in the hydrophobic pocket thus it does not 

stimulate a favoured environment for the binding of NMN. Hence, the observed minimum 

enzyme activity with Ni2+ present. A blueshift and an increase in the fluorescence intensity is 

observed for KpNNAT in the absence or presence of metal ion when probed with mant-ATP. 

This indicates that mant-ATP binds to the nucleotide binding site of the protein. The ANS and 

mant-ATP data agrees with what has been observed in literature (Jeje et al., 2022). 

The SE-HPLC was utilised to predict the molecular weight of KpNNAT and its oligomeric 

state. The resulting chromatograms (Figure 5.8A) showed the retention times of KpNNAT in 

the absence of metal ion, presence of Mg2+ or Ni2+ were 20.75 min, 21.24 min, and 21.07 min, 

respectively. The predicted molecular weights of KpNNAT in the absence of metal ion, 

presence of Mg2+ or Ni2+ were ~20 kDa, ~18 kDa, and ~19 kDa, respectively. This information 

was obtained by using the equation from the calibration curve (Figure 5.8B). The principle of 

SE-HPLC infer that larger molecules elute first as they are excluded from the pores of the 

beads, in the stationary phase (Hong et al., 2012). With this concept in mind and taking into 

account the retention times and predicted molecular weights of KpNNAT under varying 

conditions it is proposed that the protein conforms into a compacted globular structure in the 

presence of metal ions. This is because the retention time and predicted molecular weight 

decreases in the presence of metal ion. Furthermore, KpNNAT in the presence of Mg2+ has the 

least retention time thus suggesting that it assumes the smallest conformation, or the most 

compacted conformation compared to KpNNAT in the presence of Ni2+. The technique also 

showed that KpNNAT in the absence or presence of metal ion was in its monomeric state and 

no other oligomeric states were observed from the chromatograms. This monomeric state is 

also observed in other bacterial NNATs (Daya et al., 2022; Zhang et al., 2002). The predicted 

molecular weight of the protein with SE-HPLC (~20 kDa) differs with the theoretical molecular 

weight (25 kDa). The deviation in the predicted molecular weight compared to the theoretical 

molecular weight has been observed in Plasmodium  falciparum conjugated to a six membered 

histidine tag (Contreras-Rodríguez et al., 2018). This deviation could be attributed to multiple 

factors including protein concentration, buffer used, pH and the gel matrix. Another 

contribution documented is the pore size of the beads in the gel matrix. The pore size of beads 

affects the range of the molecular weight and also the gradient of the calibration curve thus 

affecting the validity of the predicted molecular weight (Hong et al., 2012). The adsorption of 
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protein to the gel matrix, as a result of electrostatic interactions between the protein and the 

functional group (silanol) on the silicon, was postulated to influence the retention time of 

proteins (Arakawa et al., 2010; Kopaciewicz and Regnier, 1982). The peaks that are at ~44 

kDa and ~1.5 kDa maybe a result of the column being contaminated by the standards. The 

reason for this is that the standards were ran before the protein solution thus the thorough 

cleaning of the standards off the column prior to the injection of the protein was not successful. 

Future studies should consider loading the protein before the standards or adopting alternative 

and effective cleaning techniques.    

To corroborate the assumptions made from the observations obtained the structural techniques 

X-ray crystallography studies should be considered in the future. It will give a better insight 

into the conformation and binding of substrates in the active site of KpNNAT.   
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Chapter 6 

Isothermal titration calorimetry 

6.1. Isothermal Titration Calorimetry Introduction 

Isothermal titration calorimetry (ITC) is employed for interaction studies. It measures the heat 

absorbed or released when the desired protein binds to a substrate (Freire et al., 1990). It yields 

thermodynamic parameters such as stoichiometry (n), enthalpy, and the binding affinity (Freyer 

and Lewis, 2008). From the information obtained directly from ITC, the Gibbs free energy and 

the entropy can be derived (Liang, 2008). This technique does not require altering a protein or 

its substrate by either immobilisation or the addition of fluorescent markers (Freyer and Lewis, 

2008). The ITC instrument consists of a reference and sample cell and a syringe or burette 

attached to the sample cell, refer to Figure 6.1. It involves the titration usually of a substrate, 

in a syringe, into a protein, in the sample cell. This causes a binding reaction to occur, resulting 

in either the release or absorption of heat, which is directly proportional to the amount of 

binding (Liang, 2008). When heat is absorbed from the surrounds, the reaction is considered to 

be endothermic conversely, when heat is released to the surrounds, the reaction is exothermic 

(Freyer and Lewis, 2008). ITC can also be used for enzyme kinetics. It is advantageous over 

spectrophotometry techniques as it measures activity in real-time, does not need the alteration 

of substrate or protein with fluorescent dyes and measures the product of the desired protein 

thus eliminating the use of secondary enzymes such as in a coupled assay (Wang et al., 2020a). 

 

Figure 6.1. The instrumental design of an Isothermal titration calorimeter (Srivastava and 

Yadav, 2019). 
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6.2. Methods and material 

6.2.1. Influence of Mg2+ and Ni2+ on ATP binding to KpNNAT using ITC  

A Nano ITC Standard Volume instrument (TA Instruments, USA) was employed to analyse 

the thermodynamic parameters of KpNNAT binding ATP in the absence or presence of divalent 

metal ions (Mg2+ or Ni2+). KpNNAT was dialysed against 10 mM PBS buffer [137 mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, and 0.02 % NaN3, pH 7.2] at 4°C for 16 h. 

The substrate containing 5 mM ATP, 5 mM metal salts (MgCl2 and NiCl2), and 1 mM TCEP 

were prepared with PBS dialysate. The sample cell was loaded with 40 µM KpNNAT, and 1 

mM TCEP, either in the absence or presence of 5 mM metal ion or no metal ion. A 250 µL 

syringe was loaded with 5 mM ATP, either in the absence or presence of 5 mM metal ions. The 

heats of dilutions were determined as aforementioned in the absence of KpNNAT. The 

experimental conditions constituted a stirring rate of 300 rpm, 30 injections, 5 µL injection 

volume, 300-sec injection intervals at 25°C. The NanoAnalyze software was used to analyse 

the data, which was fitted using an independent model. The data was used to determine the 

∆H°, Kd and stoichiometry (n). Using the aforementioned parameters, the ∆G° and ∆S° were 

calculated using the following equations  

                                                                   ∆𝐺° = 𝑅𝑇 ln (
1

𝐾𝑑
)                                                 (9)        

                                                                   ∆𝐺° = ∆𝐻° − 𝑇∆𝑆°                                              (10)                                                                                                             

where R is the gas constant 8.3145 J·mol-1·K-1 and T the absolute temperature in K.   

6.2.2. Influence of Mg2+ and Ni2+ on the kinetics of KpNNAT 

A multiple injection method was employed to determine the impact of divalent metal ions on 

KpNNAT kinetics in the native state. The metal salts (MgCl2 or NiCl2), ATP, NMN, TCEP, 

and KpNNAT were prepared the same as stated in 6.2.1. The sample cell was loaded with 10 

nM KpNNAT, 0.1 mM ATP, and 1 mM TCEP, either in the absence or presence of 5 mM metal 

ions. The substrate 100 mM NMN with 0.1 mM ATP, and 1 mM TCEP, either in the absence 

or presence of 5 mM metal ions, was titrated into the sample cell. The heats of dilutions were 

determined as aforementioned in the absence of KpNNAT. The experimental conditions 

constituted a stirring rate of 300 rpm, 15 injections 5 µL injection volume, 400-sec injection 

intervals, at 25°C. The ∆Happ was determined with a separate reaction. The reaction contained 

10 mM KpNNAT, 0.1 mM ATP, and 1 mM TCEP, either in the absence or presence of 5 mM 
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metal ions. The substrate 1 mM of NMN with 0.1 mM ATP, and 1 mM TCEP, either in the 

absence or presence of 5 mM metal ions, was titrated into the sample cell. The experimental 

conditions were a stirring rate of 300 rpm, 3 injections, 4 µL injection volume, and 400-sec 

injection intervals, at 25°C. The ∆Happ is calculated from the integrated peak value divided by 

the amount of injected substrate. Three injections were made to monitor production inhibition.  

6.3. Results 

6.2.1. Influence of Mg2+ and Ni2+ on ATP binding to KpNNAT using ITC  

The thermodynamic parameters associated with the binding of ATP to KpNNAT were 

determined with isothermal titration calorimetry. ATP was injected into the sample cell 

containing KpNNAT until the protein's binding sites were saturated. The interaction between 

the protein and the substrate yielded isotherms. An independent model was used to fit the data. 

The isotherm and fitted data of the interaction between KpNNAT and ATP in the presence of 

Mg2+ is exothermic reaction (∆H° < 0) Furthermore, the reaction was entropically favourable 

(∆S° > 0), spontaneous (∆G°< 0) and had a stoichiometry of ~5 molecules of ATP per mole of 

KpNNAT (Figure 6.2 and Table 6.1). In the absence of cations and presence of Ni2+ the reaction 

was endothermic (∆H° > 0); there seemed to be no interaction between ATP and KpNNAT 

thus, thermodynamic parameters could not be obtained (Figure 6.3 and 6.4). 
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Figure 6.2. Thermogram of the interaction between ATP and KpNNAT in the presence of Mg2+. 

ITC was used to monitor the binding of 5 mM ATP to 40 µM recombinant protein prepared in 10 mM 

PBS buffer [137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, and 0.02% NaN3, 1 mM 

TCEP, pH 7.2]. The data were fitted to an independent model and analysed with the NanoAnalyze 

software.  
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Figure 6.3. Thermogram of the interaction between ATP and KpNNAT in the presence of Ni2+. 

ITC was used to monitor the binding of 5 mM ATP to 40 µM recombinant protein prepared in 10 mM 

PBS buffer [137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, and 0.02% NaN3, 1 mM 

TCEP, pH 7.2]. The data was fitted to an independent model and analysed with the NanoAnalyze 

software.  
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Figure 6.4. Thermogram of the interaction between ATP and KpNNAT in absence of metal ion. 

ITC was used to monitor the binding of 5 mM ATP to 40 µM recombinant protein prepared in 10 mM 

PBS buffer [137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, and 0.02% NaN3, 1 mM 

TCEP, pH 7.2]. The data was fitted to an independent model and analysed with the NanoAnalyze 

software.  

Table 6.1. Thermodynamic parameters of KpNNAT binding to ATP in the presence of 

Mg2+. The samples were buffered by 10 mM PBS and 1 mM Tris(2-carboxyethyl) 

phosphine (TCEP), pH 7.2, at 25°C. The independent model site binding was used to fit 

the binding isotherm.   

Enzyme  ∆G° ∆H° -T∆S° Kd 

 (kJ·mole-1) (µM) 

KpNNAT + Mg2+ -27.87 -3.27  - 24.60 13.10  
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6.3.2. Influence of Mg2+ and Ni2+ on KpNNAT kinetics  

The multiple injection method with isothermal titration calorimetry was employed to determine 

enzyme kinetic parameters. NMN was titrated into KpNNAT while ATP saturated the ATP 

binding sites of the protein. The reaction rate was monitored by observing a change in heat rate 

with each titration of NMN over time. With each injection, a new baseline or steady-state was 

achieved (Figure 6.5A). The ∆Happ cannot be obtained directly from this experiment, so a 

separate experiment was performed with increased protein concentration and reduced substrate 

concentration (Inset). The calculated ∆Happ (-1.01 kJ·mole-1) was determined by averaging and 

dividing the integrated peak from each injection by the concentration of substrate and reaction 

volume (See supplementary data for the calculation). The change in heat rate over time for each 

injection relative to the initial baseline is directly proportional to the rate of enzyme activity 

(Equation 1). The calculated ∆Happ in conjunction with the heat rate was used to determine the 

enzyme activity at each injection. With the enzyme activity against the substrate concentration, 

a Michaelis-Menten curve was plotted (Figure 6.5B) and from the plot the kinetic parameters 

were obtained. The kcat was 0.02 s-1 and the kcat/Km was 6122.45 M-1·s-1 (See supplementary 

data for the calculation).    
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Figure 6.5. Isothermal titration calorimetry for the determination of the kinetics of KpNNAT. (A) 

A thermogram achieved from the multiple injection method were 100 mM NMN, in the syringe, was 

injected to 10 nM KpNNAT prepared in 10 mM PBS buffer [137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 2 mM KH2PO4, 0.02% NaN3, and 1 mM TCEP, pH 7.2]. A total of 15 injections were 

measured with an injection volume of 5 µL. (Inset) ∆Happ determination were 1 mM of NMN was 

titrated to 10 mM KpNNAT prepared in 10 mM PBS buffer [137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 2 mM KH2PO4, 0.02% NaN3, and 1 mM TCEP, pH 7.2]. Three injections were taken with 

an injection volume of 4 µL. (B) Michaelis-Menten plot the enzyme activity (µmole·min-1) against the 

substrate concentration (µM). The raw data was fitted to a non-linear regression curve analysed with 

GraphPad prism. The Vmax is 7.15 × 10-3 µmole·min-1 while the Km is 2.94 µM. The kinetic parameters 

were obtained from the fitted plot produced by GraphPad prism.  

6.4. Discussion 

ITC was employed to assess the thermodynamic parameters upon ATP binding to KpNNAT. 

The resulting isotherm (Figure 6.2) for KpNNAT in the presence of Mg2+ show that the reaction 

is exothermic and enthalpically favourable. These results corroborate with what has been 

observed upon ATP, in the presence of Mg2+, binding to bacterial NNAT (Daya et al., 2022; 

Sershon et al., 2009). The independent binding model was used to fit the raw data. This model 

assumes that a ligand binds to a single binding site thus suggesting that ATP binds to a single 

site on NNAT. Furthermore, the reaction is spontaneous and entropically favourable thus 

suggesting that the reaction did not require the input of external energy to drive ATP binding. 

When ligand binds to a protein the contribution of the enthalpy is that it facilitates in the 

formation of non-covalent interactions (Du et al., 2016). Theses interactions include hydrogen 

bonds, van de Waals forces and ionic interactions. The binding entropy (∆S) is influenced by 
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the solvation entropy ((∆Ssolv), conformational entropy (∆Sconf) and the loss of motion (∆Sr/t). 

The solvation entropy marks the influence of the solvent upon ligand binding. The 

conformational entropy represents the conformation of both the ligand and protein when the 

ligand binds to protein it maybe entropically favourable or unfavourable. And the loss of 

motion contributes to the binding entropy as it takes into account the rotation and translation 

of the protein or ligand. A loss in the motion is entropically unfavourable (Du et al., 2016). 

EcNNAT has shown to be conformationally flexible and this is favoured  in ligand binding 

(Zhang et al., 2002). X-ray crystallography results of archaeal NNAT indicate that the first 

histidine in the conserved motif ((T/H)XGH) is involved in hydrogen bonding with ATP and 

two water molecules are hydrogen bonded to the binding site of ATP (D’Angelo et al., 2000). 

The role of solvent (water) in protein-ligand complexes is multifactorial. NNATs have shown 

to have water molecules in their active site (D’Angelo et al., 2000; Zhang et al., 2002). The 

role of solvent (water) is to assist or partake in hydrogen bonding of substituents involved in 

the binding process (Schiebel et al., 2018). Water displacement in the binding pocket of the 

protein as a result of ligand binding affects the affinity and the enthalpy or entropy (Schiebel 

et al., 2018). The binding affinity can be augmented by the displacement of thermodynamically 

unfavourable water molecules upon protein-ligand complex formation (Wang et al., 2011). 

Hydrophobic interactions are associated with entropy and are important as they are the 

thermodynamic driving force of protein-ligand complex formation (Holdgate, 2017; Young et 

al., 2007). The orientation of water molecules in the binding site tend to be ordered when 

exposed to nonpolar molecules and this results in the decrease of entropy which is entropically 

unfavourable  (Frank and Evans, 1945). The favourable entropy may be a result of the water 

molecules being exposed to a less hydrophobic environment which is created by the Mg2+ and 

the conserved binding motif. This corroborates with the ANS binding studies and what has 

been proposed in literature. Hydrogen bonds are considered to be enthalpically favourable 

(Holdgate, 2017). This suggests that the favourable enthalpy is a result of hydrogen bonds in 

the ATP binding site. In the absence of metal ion or presence of Ni2+ there seems to be no 

binding of ATP to the protein thus thermodynamic parameters could not be obtained. This may 

be the reason that the activity of the protein was minimal. A crystal structure and molecular 

modelling can be employed to better understand the binding site of KpNNAT. This should be 

a consideration for future work on the protein.  

 



63 
 

The Wiseman constant (c) is a value that dictates the shape of the titration curve or the isotherm. 

Its equation is depicted as  

                                                         𝑐 =
𝑛[𝑃]

𝐾𝑑
                                                                         (11) 

where n is the number of binding sites, [P] is the protein concentration in the sample cell (Dutta 

et al., 2015). The value does not have units. A c-value of 1 to 1000 indicate moderate binding 

while values less than 1 or more than 1000 represent weak or tight ligand binding, respectively  

(Wiseman et al., 1989). Furthermore, isotherms that display a c-value of 1-1000 yield accurate 

binding or dissociation constants (Wiseman et al., 1989). The c-value for KpNNAT in the 

presence of Mg2+ was 3.05. While it would suggest moderate binding according to Wiseman 

et al. (1989) but this is not the case according to current information (Ge et al., 2021). To obtain 

a sigmoidal isotherm that represents a good fit of the data the c-value should be 20-100 (Dutta 

et al., 2015). Furthermore, if the c-value is less than 5 then the shape of the titration curve does 

not allow the accurate estimation of the thermodynamic parameters (Dutta et al., 2015). The 

value obtained from this study is far less than what is proposed. This means that the fit of the 

data is not the best to fully represent the accurate estimation of the thermodynamic parameters. 

The high dissociation constant (Table 5.1) shows low binding affinity. This means that there is 

weak binding between ATP and KpNNAT in the presence of Mg2+. Future studies should focus 

on improving the ratio of concentration of protein to substrate.  

A novel approach in determining the enzyme kinetic parameters with ITC was employed. This 

was achieved with the use of the multiple injection method. The advantages of the multiple 

injection method are that low enzyme concentration is used, less substrate is converted to 

product as a result product inhibition is negligible, (Wang et al., 2020b). This technique was 

not successful in yielding kinetic parameters for KpNNAT in the absence of metal ion or 

presence of Ni2+ but the results are displayed in the supplementary section. The protein did not 

reach a point of saturation even at high NMN concentration. This may be attributed to the 

inability for ATP to bind to the protein, documented in the binding studies, as a result the 

transfer of the adenylyl group to NMN was not achieved rendering the protein nonfunctional 

under those conditions. In the presence of Mg2+ the protein was functional, and the technique 

was able to yield kinetic parameters. The Michaelis-Menten constant (Km) signifies the affinity 

of the enzyme to the substrate and represents the minimum substrate concentration required for 

catalysis to occur (Robinson, 2015). The lower the value the higher the higher the affinity. The 

maximum velocity and kcat give insight into the turnover of the protein which is the maximum 
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amount of substrate converted to product per active site of the protein per second, when the 

protein is saturated by substrate (Choi et al., 2017).  Additionally, the vmax signifies the rate of 

the reaction when the active site of a protein is saturated with substrate. The catalytic efficiency 

(kcat/Km) represents the specificity constant of an enzyme which is a measure of how proficient 

an enzyme is in converting substrate to product (Eisenthal et al., 2007). The enzyme showed 

to have a vmax of 7.15 × 10-3 µmole·min-1 while the Km is 2.94 µM, kcat was 0.02 s-1 and the kcat/Km 

was 6122.45 M-1·s-1. The results suggest that the binding affinity of NMN to KpNNAT, in the 

presence of Mg2+, is low thus a high concentration of substrate is required to attain the vmax. 

Furthermore, the catalytic efficiency and Km suggests that the enzyme is not effective in 

converting NMN into product. The Km observed is far less than the ones reported in literature 

(Balducci et al., 1995; Raffaelli et al., 1999a; Raffaelli et al., 1999b). It should be mentioned 

that a Km value of the same enzyme across different species differs (Robinson, 2015). The low 

affinity for NMN by KpNNAT is expected as bacterial NNAT have a higher preference for 

NaMN as opposed to NMN (Mehl et al., 2000). The nicotinate ring of the substrate is involved 

in stacking interactions with tryptophan-117 and histidine-45 (Zhang et al., 2002). A 

carboxylate group of the ring interacts with the amides of tyrosine-118 and threonine-85, the 

oxygen on the carboxylate group forms a hydrogen bond with water molecules which then 

interact with alanine-86 of EcNNAT An anion binding pocket is attained from the conditions 

stated creates a suitable environment for NaMN binding as opposed to NMN binding (Magni 

et al., 2004; Zhang et al., 2002). The shape of the graph does affect the kinetic parameters 

obtained (Robinson, 2015). The rate of the reaction where the substrate saturates the active site 

of the protein is displayed as the vmax in Michaelis-Menten plot. This point is achieved at high 

substrate concentration though a plateau was achieved but future work should include 

increasing the number of injections to get a better plateau of the graph which may improve the 

validity of the results.  
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Chapter 7 

Conclusion 

The overexpression, purification and confirmation of KpNNAT activity was successful. It is 

important to highlight that the study was based on the influence of metal ion, Ni2+ being one of 

the metals being studied, on the protein. With affinity chromatography the influence of Ni2+ on 

the histidine was detailed. Although, the protein was functional in the presence of the histidine 

tag thus suggesting that the tag had negligible effect on the function. The effect of the histidine 

tag on the function of the protein should not be completely ruled out. Future work can aim on 

the removal of the histidine tag, with thrombin cleavage. Exploration of other expression 

systems should be implemented if thrombin cleavage poses as a challenge. The pGEX 

expression system could be an alternate to the pET expression system. Although the 

purification protocol is cumbersome, three step purification, the vector construct is designed in 

a way that promotes the cleavage of the tag. SE-HPLC in tandem with dynamic light scattering 

(DLS) could be used in the prediction of the molecular weight of the protein. This technique 

couples the hydrodynamic volume of a protein (SE-HPLC) and considers the influence of the 

solution on the size of a molecule (DLS). This technique can improve the predicted molecular 

weight of the protein in solution. Alternative thermal stability studies can be used to monitor 

ATP binding, with mant-ATP as the fluorescent probe. Mant-ATP is specific in its binding 

compared to ANS hence monitoring its binding to the protein at increasing temperature will 

give insight onto the thermostability and can be used to corroborate the thermal shift assay 

results. Overall, this study was successful in identifying the preferred metal ion (Mg2+) for 

KpNNAT catalysis. Ni2+ induces conformational changes to the protein that does not favour 

ATP binding thus prevents maximum enzyme activity. A crystal structure of KpNNAT, either 

apo or complexed with metal ion and substrate, would give insight on the binding site, 

conformation and catalysis of the enzyme. It would probe further studies aimed at docking the 

protein with ligands and this would give a clear understanding to the catalytic mechanism of 

the protein. So, it goes without saying that future work should aim at obtaining a crystal 

structure of the protein.  
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Supplementary Data 

Calculation of Protein concentration  

 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑆𝑙𝑜𝑝𝑒 × 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔𝑡ℎ (𝑑𝑎𝑙𝑡𝑜𝑛𝑠)

𝑀𝑜𝑙𝑎𝑟 𝑒𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡
 

=
8.32 × 24900 𝐷𝑎

38 055 𝑀−1 · 𝑐𝑚−1
 

= 5.44 𝑚𝑔 · 𝑚𝐿−1 

Calculation of ∆Happ for ITC Kinetics 

∆𝐻𝑎𝑝𝑝 =
1

[𝑆] ∗ 𝑣
∗ 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑝𝑒𝑎𝑘 

 

where 𝑣 is the total volume, and [S] substrate concentration. 

∆𝐻𝑎𝑝𝑝 =
1

[0.2 ∗ 10−3mol. 𝐿−1] ∗ (9.6473 ∗ 10−4𝐿)
∗ (195.7 ∗ 10−6𝐽) 

∆𝐻 = −1014𝐽. 𝑚𝑜𝑙−1 

𝑂𝑅 

∆𝐻 = −1.014 kJ. 𝑚𝑜𝑙−1 𝑜𝑟 𝐽. 𝑚𝑚𝑜𝑙−1. 

 

Conversions: 

➢ 𝑣 = 950 µL+ (4.91 µL Injection volume × 3 number of injections) = 964.73 µL 

Convert to L = 964.73 × 10-6 L = 9.6473 × 10−4𝐿 

➢ [S] = 0.2 mM convert to M = 0.2 × 10-3 M or 0.2 × 10-3 mole·L-1 

 

➢ 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑝𝑒𝑎𝑘 -195.7 µJ convert to J = 195.7 × 10-6 J 
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Calculation of Kinetic parameters  

𝑘2 =
𝑣𝑚𝑎𝑥

[𝐸𝑇]
 

k2 = kcat  

𝑘𝑐𝑎𝑡 =
𝑣𝑚𝑎𝑥

[𝐸𝑇]
 

 

𝑘𝑐𝑎𝑡 =
0.0007135 𝑚𝑀 · 𝑠−1

0.04 𝑚𝑀
 

𝑘𝑐𝑎𝑡 = 0.018 𝑠−1 

𝑘𝑐𝑎𝑡

𝐾𝑚
=  

0.018 𝑠−1

0.00000294 𝑀
 

𝑘𝑐𝑎𝑡

𝐾𝑚
= 6122.45 𝑀−1 · 𝑠−1 

 

Conversions: 

𝑀 · 𝑠−1 =
𝑣𝑚𝑎𝑥 × 60

106 × (𝑉 × 10−3)
 

where V is the total reaction volume. 

𝑀 · 𝑠−1 =
0.01201 µ𝑚𝑜𝑙𝑒 · 𝑚𝑖𝑛−1 × 60

106 × (1010 × 10−3𝐿)
 

 

= 0.0000007134  

 

𝑚𝑀 · 𝑠−1 = 0.0000007135 𝑀 · 𝑠−1 × 103  

 

= 0.0007135 
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Figure S.1. Isothermal titration calorimetry for the determination of the kinetics of KpNNAT. (A) 

A thermogram achieved from the multiple injection method of KpNNAT in the absence of metal ion. 

(B) The resulting enzyme kinetics plot. It is supposed to resemble the Michaelis-Menten kinetics but 

instead shows a negative linear plot of the rate (mM·s-1) against substrate concentration (mM).  

 

 

Figure S.2. Isothermal titration calorimetry for the determination of the kinetics of KpNNAT. (A) 

A thermogram achieved from the multiple injection method of KpNNAT in the absence of metal ion. 

(B) The resulting enzyme kinetics plot. It is supposed to resemble the Michaelis-Menten kinetics but 

instead shows a positive linear plot of the rate (mM·s-1) against substrate concentration (mM). 
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Inner filter effect (IFE) 

 

The inner filter effect (IFE) is the reduction of fluorescence intensity due to the attenuation of 

emission beam or the reabsorption of the emitted light by the solution. The former is known as 

primary IFE and the latter is known as secondary IFE  (Kumar Panigrahi and Kumar Mishra, 

2019). The correction for IFE includes the dilution or reduction of the concentration of 

constituents in the solution, changing a cuvette or mathematical formulars (Kumar Panigrahi 

and Kumar Mishra, 2019; Mendonça et al., 2013).  

A UV-Scan of the ligands was performed with a Jasco V-630 (Jasco, UK). The spectrum was 

measured from 240-350 nm. The samples were IFE buffers which were buffer A [10 mM PBS, 

pH 7.2], buffer B [10 mM PBS, 5 mM MgCl2, pH 7.2] and buffer C [10 mM PBS, 5 mM NiCl2, 

pH 7.2]. The ligands that were used were 100 µM of ATP, and NMN. A concentration of 10 

µM of protein was used. A total of 500 µL of samples were prepared according to Table S1. 

Table S.1. Sample preparation for IFE  

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

Buffer Protein  

NMN 

Protein 

ATP 

NMM ATP 
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Figure S.3. UV absorbance spectra to monitor the inner filter effect of substrates ATP and NMN. 

The absorbance was measured from 240-350 nm. UV spectra in the absence of (A) metal ion, presence 

of (B) Mg2+, or (C) Ni2+.  

 

 

 

 

 


