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Despite attempts to develop new drugs to reduce the worldwide mortality rate attributable to 

tuberculosis (TB), the illness remains a threat. Isoniazid (INH) has been used as a frontline 

drug for decades. However, several resistant strains of the organism – Mycobacterium 

tuberculosis (M. tuberculosis) – still emerge. The drug is mainly metabolised by a family of 

enzymes, arylamine N-acetyltransferases (NAT). The three human NAT genes – NAT1, 

NAT2 and the pseudogene, NATP – are found on chromosome 18p22. NAT1 and NAT2 are 

isoenzymes which differ at certain amino acid positions. Subsequently, the differences affect 

substrate specificity. NAT1 shows specificity to p-aminobenzoic acid (PABA) and p-

aminosalicylate (PAS). Previously, computer algorithms were used to predict the efficacy of 

the enzyme with regard to the acetylation phenotype it confers.  The two which were focused 

on, Sorting Intolerant From Tolerant (SIFT) program and Polymorphism phenotyping version 

2 program (PolyPhen-2), showed conflicting results for the effect of SNPs on the acetylation 

rate and subsequent enzyme function. Further structural prediction methods were used to 

test the effect of V231G on the structure and consequent function of the native protein, 

NAT1. 

Six novel non-synonymous, independently cloned SNPs, as received from GenScript, were 

validated and the resultant NAT1 protein samples (̴ 35 kDa) were successfully expressed in 

a BL21 Escherichia coli bacterial system. The rate of acetylation was tested using PNPA as 

acetyl-donor and NAT1 specific substrates, PAS and PABA.  

In this study, all SNPs tested affect the acetylation rate when compared to the wild type 

NAT1. The SNPs increase acetylation rate in the presence of PAS, except SNP V231G. 

Contrastingly, the acetylation rate decreased for all SNPs in the presence of PABA. The 

results also show that the general absorbance readings for PABA (post-incubation) were 

higher than that of PAS. Thus, it can be concluded that NAT1 has a higher overall affinity for 
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PABA. This makes PAS more resistant to inactivation by NAT1 and more suitable for TB 

treatment in comparison to PABA. The experimental data for SNPs T193S and T240S 

disprove the prediction and, in fact, does affect the rate of acetylation in the presence of both 

substrates. The predictions for the remaining SNPs (V231G, V235A, F202V and D229H) 

were confirmed for the acetylating function of NAT1. 
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1.1 Background 

Tuberculosis (TB) is major cause of deaths worldwide and the general treatment regimen 

consists of a combination of drugs, with Isoniazid (INH) being one of the frontline drugs. 

However, INH is inactivated by NAT enzymes which aids the emergence of resistant M. 

tuberculosis strains (Upton et al, 2001; Catttamanchi et al, 2009). This study focuses on the 

single nucleotide polymorphisms (SNPs) within NAT1 and their effect on the rate of drug 

acetylation. 

1.2 Tuberculosis 

TB remains one of the leading causes of death worldwide, second to HIV. The disease has 

plagued the human population for thousands of years. Approximately 9.2 million deaths 

occurred in Asia and Africa with Africa accounting for 31% of TB incident cases in the world.  

TB statistics reported that 9 million new cases surfaced and 1.5 million deaths occurred in 

2013. In 2015, an estimated 10.4 million new TB cases surfaced, of which 1.2 million were 

attributed to HIV-coinfected individuals worldwide. China, India, Indonesia, Nigeria, Pakistan 

and South Africa accounted for a collective 60% new TB incidences. In South Africa, TB 

accounted for 25 000 deaths in 2015. The worldwide statistics for TB fatalities for 2014-2015 

were 1.4 million, 0.4 million of which were HIV-coinfected. (Global Tuberculosis Report, 

2016). 

Despite the availability of effective drugs to reduce the mortality rate, TB continues plague 

populations around the world. This is due to the fact that the causative agent, 

Mycobacterium tuberculosis (M. tuberculosis), has a complex aetiology. The organism is a 

member of a group of closely related bacterial sub-species known as the Mycobacterium 

tuberculosis complex (MTBC). Research suggests that the disease dates back 40 000 years 

(Wirth et al, 2008; Bouakaze et al, 2010).  
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M. tuberculosis is an airborne pathogen which uses the human macrophage as its host. Upon 

infection, the human immune system launches an immune response in order to contain the 

bacterium in a macrophage granuloma. There are three possible outcomes of TB infection. 

The bacteria could 1) be killed instantly by the pulmonary immune system, 2) cause active 

disease after infection or 3) be phagocytosed and contained in a macrophage granuloma and 

become latent. This containment may last for numerous years, or even the lifespan of an 

individual. M. tuberculosis could however disseminate from granulomas several years after 

containment, causing active tuberculosis (reactivation disease) as seen in the cycle depicted 

in figure 1. This is true for approximately 10% of such cases (Stockton, 2004; Pieters, 2008). 

Figure 1. Immunological cycle of M.tuberculosis. The figure depicts the cycle of 

M.tuberculosis post inhalation (Koul et al. 2011). 

Apart from environmental influences, host genetics contribute to the possible development of 

TB disease phenotype of an individual (Moller, 2007). Stockton (2004) showed that only 10% 

of infected, immuno-competent people develop the active disease. This could be attributed 

to the host genetic factors (Pantelidis, 2005). It is believed that the interaction between the 

host, pathogen and environment would then lead to the ultimate development and portrayal 

of the disease phenotype.  This is worrying since TB is a curable disease and many anti-

tuberculosis drugs have been developed over the past few decades. The treatment success 
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in South Africa only reaches 68% as recorded in 2002 (Global Tuberculosis Report, 2016). 

TB treatment regimens are a lot more complex than any other mycobacterial infection. Thus, 

the rate of non-compliance among patients is high which leads to treatment failures and the 

emergence of resistant strains of M.tuberculosis - multidrug resistant (MDR), extensively 

drug resistant (XDR) and totally drug resistant (TDR) (Hearn and Cynamon, 2004). 

According to the WHO, global statistics show that 480 000 people developed MDR-TB by 

2015 and 9% went on to develop XDR-TB (Global Tuberculosis Report, 2016). This 

supports the hypothesis that host-pathogen interactions play a major role in the prevalence 

of certain strains within certain population groups. It has been documented that researchers 

have investigated this age-old disease and its propagation throughout the world (Möller,

2007). These studies aimed at elucidating the pathogenesis and structure of M.tuberculosis

and gave aid to the development of new and improved TB vaccines as well as the 

improvement of existing anti-tuberculosis drugs.  

1.3 Isoniazid (INH) 

Anti-tuberculosis treatment regimens are a combination of antibiotics with isoniazid (INH) 

being the frontline antibiotic (Cattamanchi, 2009). It was only 40 years after its first 

discovery that the drug was proven to be bacteriocidal (Evans, 1960). The exact mechanism 

of action of INH is not well known. However, the accepted explanation is that INH is 

metabolized and activated by the catalase and peroxidase activity of the katG gene 

products (Sandy, 2002). The activated drug then disrupts the mycolic acid pathway and, 

consequently, the maintenance of the bacterial cell wall. The oxidation of hydralazine is 

critical in the activation of INH as a pro-drug. This, however, cannot take place if it has been 

previously N-acetylated (Jacobson, 2011). Metabolism of INH varies between populations. 

This is especially important since it plays a critical part in understanding the outcome of TB 

treatment with respect to the response of M. tuberculosis to the drug and the emergence of 

new, resistant, strains (Evans, 1960). Resistance to INH is increasing among TB patients 

worldwide (Chakraborty, 2013). The differences in drug metabolism between different ethnic 

groups was pioneered by studies on the family of drug metabolising enzymes known as 

arylamine N-acetyltransferases (NAT) (Sim, 2014).  
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1.4 Arylamine N-acetyltransferase (NAT) 

1.4.1 Acetylation phenotype 

Acetylation is the major route of biotransformation of therapeutic drugs and is catalysed by 

the NAT enzymes (Butcher, 2002). The 2-step reaction is said to have a “ping pong bi bi” 

mechanism in which acetylation occurs (Riddle and Jencks, 1971; Hein, 2009). The 

mechanism was solved using a pigeon model of NAT in which they aimed at elucidating the 

intermediate formed in the acetylation reaction (Riddle and Jencks, 1971; Pompeo, 2002). 

The enzyme was studied using a range of different in vitro and in vivo assays to test the 

activity and content of human NAT in the liver (Grant, 1990). Research suggested that 

although animals contain similar quantities of NAT in the liver, they differ with respect to their 

kinetic response to different arylamine substrates. Scientists concluded that the kinetic and 

thermal characteristics of human liver NAT define the differences between acetylator 

phenotypes (Hearse and Weber, 1973). The acetylation phenotype is said to be bimodal 

(Evans, 1960). Studies in Asian populations show a trimodel acetylation phenotype. 

Furthermore, the human population can be divided in groups of rapid and slow acetylators of 

arylamines. This functional aspect was discovered using rodent models with extensive 

homology to human NATs (Pompeo, 2002). It is also believed among scientists that the 

proportions between these categories vary among different ethnicities with 10% of slow 

acetylators being Oriental and 40-70% being Caucasian (Lin, 1993; Nebert, 1997; Windmill, 

2000). Research on the rate of INH inactivation shows that the slow acetylator phenotype is 

better for TB treatment and drug resistance research (Hearn and Cynamon, 2004). However, 

evidence exists which states that certain arylamines (p-aminobenzoic acid and p-

aminosalicyic acid) cannot be classified into the different acetylator categories. They are said 

to be monomorphic substrates as compared to the polymorphic isoniazid substrate.  

 In 1973, Hearse and Weber carried out studies on rabbit subjects and found that the 

distribution of NAT in the body (extra-hepatic) affects the total drug-acetylating capacity of an 

individual. This is mostly seen to affect the slow acetylators. Results of their study also 

showed that extra-hepatic NAT was found to contribute as much as two thirds of the 
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acetylating capacity, that multiple forms of NAT exist in different tissues and that certain 

tissues contained more than one form (Hearse, 1973). Previous research results observed 

two different peaks of enzyme activity when testing human livers for the kinetic activity of 

NAT. They concluded that two isozymes exist, NAT1 and NAT2, and that these isozymes 

are responsible for the ultimate acetylation of monomorphic and polymorphic substrates. In 

light of this notion, scientists believed that the NAT2 gene locus is responsible for the 

acetylation polymorphism and that NAT1 is expressed independently (Grant et al, 1990; 

Goodfellow, 2000). Grant (1990) tested 50 human livers and results showed that slow 

acetylation is directly proportional to the decrease in quantity of both NAT1 and NAT2. 

Arslan and colleagues (2003) continued research done on NAT1 mutations and their effect 

on the enzyme activity. Meyer (1994) used mouse and human livers as models and proved 

that NAT2 has a higher affinity for polymorphic substrates, such as INH and 

sulphamethazine (SMZ), compared to NAT1 which shows higher affinity for monomorphic 

substrates such as p-aminobenzoic acid (PABA) and p-aminosalicylate (PAS). Furthermore, 

results identified seven possible substitution sites – position 191, 282, 341, 481, 590, 803 

and 852 in NAT1.These substitutions are between one and three nucleotides. Allelic 

variation affects substrate specificity and catalytic activity of the isozymes, as well as the 

inability to distinguish the acetylator phenotype. This increases the susceptibility of humans 

to many infectious and malignant diseases (Meyer, 1994).  

1.4.2 Mycobacterial NAT 

Over the years, scientists attempted to identify homologous NAT sequences in prokaryotes. 

One of the major reasons was to determine whether these enzymes have an endogenous 

role (Sim, 2003). A homolog of this NAT2 gene in M.tuberculosis was over expressed in 

M.smegmatis (M.smeg) and INH resistance increased three fold. Upton and colleagues 

(2001) also found that the survival of the host improved. This was due to the N-acetylation of 

the drug within the bacterium. In addition, they found that 13 out of 73 random people 

residing in the Western Cape have a G/A mutation at position 619 of NAT2 open reading 
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frame. The G619A SNP affects the overall structure of the enzyme and the subsequent 

stability and function. They considered the fact the human and M.tuberculosis NAT have 

similar substrate specificity. Thus, the bacterium would metabolise similar compounds and 

plays an endogenous detoxification role. 

1.4.3 Human Arylamine N-acetyltransferases (NAT) genes 

Three human NAT genes have been characterised - NAT1, NAT2 and, a pseudogene, 

NATP. These genes are found on chromosome 8p22 and occur relatively close to each 

other. NAT1 and NAT2 are isoenzymes and products of single exons of 870 base pairs (bp) 

open reading frames (ORFs) (Blum et al. 1990, Vatsis et al. 1991, Payton, 1998). The two 

genes share 87% homology and yield 55 amino acid differences (Sinclair, 1997; Akaguru, 

2012). This family of polymorphic enzymes is believed to be the first enzymes to confer inter-

individual variation in drug responses (Pompeo, 2002; Patin et al, 2006). The NAT family is 

known for their role in acetylating arylamines, arylhydroxylamines and arylhydrazines with 

acetyl coenzyme A as the acetyl donor (Liu, 2007). They are capable of N-, O-, and limited 

N,O-acetyl transfer reactions (Goodfellow, 2000; Akaguru, 2012). The model structure used 

for NAT was first discovered in Salmonella typhirium (S.typhirium). Consequently, the 

functional impact of the polymorphisms are more easily elucidated with a direct structure in 

place (Pompeo, 2002). The polymorphic marker, D8S21, is found within the NAT2 locus. 

After comparing the sequences of the two isoenzymes, scientists noted that most of the 

amino acid differences are borne in the C-terminal of the molecules. The distribution of 

NAT2 is limited to the liver and intestinal epithelial cells. In contrast, the distribution of NAT1 

is ubiquitous which gives plausibility to the suggested endogenous role of the resultant 

enzyme which is believed to be specific for the substrate para-aminobenzoylglutamate 

(pABGlu). Knowledge about the accurate localization of the NAT enzymes will give insight 

into the specific function. In addition to this, NAT1 is notably present in fetal and neonatal 

tissues. NAT1 is present early on and its involvement in metabolic pathways is understated, 

albeit important (Spielberg, 1996; Windmill, 2000; Patin et al, 2006). Contrary to this, NAT2 
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is only detected 12 months after birth (Butcher, 2000).  NatP has been shown to have many 

terminator codons and is not expressed in humans (Windmill, 2000). 

The structure of NAT defines the mechanism of action. The amino acid sequence of proteins 

plays a major role in substrate specificity and subsequent enzyme function (Goodfellow, 

2000). The difference in substrate specificity is explained by the observation that the entire 

transcript of NAT1 is derived from a single exon whereas the transcript of NAT2 is derived 

from a protein-coding as well as a second non-coding exon. The latter spans a length of 100

bp and is situated 8 kilobases (kb) upstream from the translation start site (Hein, 2000). 

Goodfellow (2000) sought to determine the substrate specificity of the respective enzymes by 

observing their kinetic characteristics. They found a highly conserved central region in the 

respective wild type alleles for each enzyme which differs at three positions and affects the 

kinetics of the enzyme activity. The scientists then set out to investigate the contribution these 

three amino acids make to the overall substrate specificity and stability of NAT1 and NAT2. 

The results showed amino acid positions 125, 127 and 129 has a major effect substrate 

specificity and the enzyme-substrate interaction is dependent on weak charge interactions 

(Goodfellow, 2000).  

Murine NAT2, the homologue to human NAT1 is shown to be important in development. This 

is due to its expression in embryonic neuronal tissue as well as the heart and gut (Kawamura, 

2005). Mouse models were used often because of the close relation between the homologues. 

1.4.4 Arylamine N-acetyltransferase 1 (NAT1) 

NAT1 was first identified and sequenced in 1990. Subsequent expression studies were 

performed and many polymorphisms were identified which alter catalytic activity of the 

protein it encodes (Blum, 1990). The NAT1 protein is approximately 33 kD in size (Minchin, 

2007). In contrast to its isoenzyme, many variations within NAT1 have not been fully 

characterized (Grant, 1997). Human NAT1 is widely distributed in the body (Minchin, 2007). 

However, heterogeneity exists in the levels of NAT1 expression.  Expression studies showed 
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that NAT1 and NAT2 were independently expressed (Butcher, 2003). The coding region of 

the gene spans a length of 870bp and the protein is 289 amino acids in length. The open 

reading frame of the gene is found on a single exon, exon 9, while the remaining 8 exons are 

found in the non-coding 5’ UTR region, as seen in figure 2. Two, distinct promotors are 

present in the gene. These are named NATa and NATb and are found 51.5 kb upstream of 

the coding region and upstream of exon 4, respectively. NATa seems to produce transcripts 

in higher levels in the liver, lungs, kidneys and trachea. Contrastingly, NATb produces a 

bigger selection of transcripts which present in most human tissues (Hein, 2009). The official 

transcription start site for the NAT1 protein is found 11.8 kb upstream of the official ATG at 

the start of the coding region (Husain, 2004). Many studies report multiple transcripts 

containing various combinations of the untranslated 5’UTR exons as a result of these 

promotors (Minchin, 2007).   

Figure 2. NAT1 wild type (W) showing the 9 exons. Exon 9, blue, is the coding region 

(Ruiz et al, 2009) 

Wu and colleagues (2007) managed to produce crystal structures of both human NATs, 

including NAT1 in complex with the irreversible inhibitor 2-bromoacetanilide, a site-directed 

NAT1 mutant, NAT1_F125S, and a NAT2-CoA complex.   
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Figure 3. Overall protein structure of human NAT1 and NAT2. Ribbon diagram showing 

the structure of the human NAT1 (left, with acetanilide covalently bound to catalytic cysteine), 

NAT2 (middle, in complex with CoA), and Salmonella typhimurium NAT (right). The three 

structures are presented in the same orientation. All strands and helices are labelled. The 

amino and carboxyl termini are labelled as NT and CT, respectively (Wu et al, 2007). 

In M.smeg, the model organism for M.tuberculosis, the active site of the enzyme contains a 

catalytic triad of Cysteine, Aspartate and Histidine residues (Sim, 2003). This was validated in 

the human NAT protein modification techniques which were used to investigate the catalytic 

activity of the respective NAT enzymes. The Cys68 residue was directly associated with acetyl 

transfer (Goodfellow, 2000). Rodrigues-Lima (2001) discovered a highly conserved residue, 

Arg64 and shown to be important in the conformational structure of NATs in prokaryotes. 

Using NAT isolated from S.typhimurium (stNAT) as a template, Rodrigues-Lima produced a 

computational structure of human NAT1. A catalytic triad (Cys68, His107 and Asp122) to be 

present in the alpha-beta motif of human NAT1 and believed that it was conserved from stNAT. 

This proved that the 3-dimensional structure of the N-terminal of stNAT and human NAT1 are 

similar. A loop in the catalytic pocket was discovered which originated at the Arg122 residue. 

It is believed that this loop is important in substrate selectivity of NAT1 as well as the binding 

of AC-CoA (Rodrigues-Lima et al, 2001). The C-terminal of NAT1 has a coiled structure which 

enables it to interact with the catalytic pocket, thereby regulating its size and shape. This in 

turn adds to the substrate specificity of the enzyme (Walraven, 2008). 
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Allelic variation plays a major role in determining rate of drug metabolism (Grant, 1997). The 

most common genetic variation found in humans are called SNPs. SNPs are characterized by 

a difference in a single nucloetide in a stretch of DNA. It is beleived that if a SNP occurs in the 

regulatory or coding region of a gene, that it plays a more direct role in disease predisposition. 

As research progressed, SNPs were discovered in the NAT gene. The “A” of ATG is 

designated as number 1, positions upstream are annotated by negative numbers and with 

positive numbers for those located downstream of number 1. The NAT1*4 allele is considered 

to be the wild-type allele. According to Hein (2009), the evolution of molecular modelling aided 

development of crystallization structures of NAT. Subsequently, the function of SNPs in NAT1 

can now be better understood.  Figure 4 shows some of the SNPs already discovered. 

Figure 4. NAT1 polymorphisms present in the open reading frame (ORF) in exon 9 (Ruiz 

et al, 2009) 

The NAT1*4 allele is considered to be the wild-type allele and found to occur at higher 

frequencies among the Caucasian population. Comparatively, NAT1*10 occurs at higher 

frequencies in the African, Asian and Chinese populations.  Furthermore the wild type allele 

was seen to appear at a lower frequency in Chinese populations (Zhangwei et al, 2006). 

This allele has been of great interest to scientists as it was believed to be a biomarker for 

disease and results in the rapid acetylator phenotype of an individual (Sim et al, 2008). 

Understanding the functional effect of the SNP gives insight to how the individual is 

predisposed to the disease. 

Due to the affinity of NAT1 for PAS, the substrate was used as a probe drug in functional 

studies conducted in Toronto. Grant (1997) were able to detect novel variants – NAT1*14 

and NAT1*15. The former represents ARG187→Gln amino acid change which decreases the 

affinity for PAS. The remaining variant represents a premature stop codon (ARG187→Stop) 
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which truncates and inactivates the protein. They also discovered a previously identified 

variant (NAT1*11). Uncertainty concerning the effect of this variant on NAT1 function still 

remains since the amino acid change (Ser214Ala) does not affect the activity of the enzyme 

when expressed. Another study reported by Zhangwei and colleagues (2006) also used PAS 

as a probe drug and found a slow acetylator phenotype to be prominent in the Caucasian 

Australian population. The study proved that acetylation by NAT1 was co-dominant. In 

contrast to the study conducted by Grant (1997) and Sim and Payton (1998) designed a 

study in a non-related, Caucasian population using PABA as substrate in order to identify 

existing and possible novel variants. Previous functional studies observed the activity of 

NAT1 in peripheral blood mononuclear cells and noted a time-dependent loss in activity of 

the enzyme. This led scientists to believe that NAT1 is under substrate-dependent 

regulation. Studies involved in analysing splice variants found that the variants influence cell-

specific expression and are regulated differently and, therefore, ultimately influence NAT1 

enzyme activity (Butcher et al, 2005).  

The study conducted by Butcher and colleagues (2000) used cells cultured in PABA-

supplemented media and tested NAT1 activity. They proved the hypothesis that specific 

NAT1 substrates have the ability to down regulate their enzymatic activity. An interesting 

finding in this study was that NAT1 activity was also down regulated when they tested it in 

THP-1 monocytic cells. They found that loss of activity occurred when growth arrest was 

evident. Thus, the down regulation was observed to be growth dependent. Butcher’s study 

also proved that this down regulation was not specific to PABA but was observed in other 

arylamine substrates. The only exception was sulfamethoxazole SMX. This could be 

attributed to the structural differences between PABA and SMX. Badawi and colleagues 

(1995) studied NAT1 activity in bladder mucosa cells and also used PABA as a probe drug. 

They discovered that the NAT1*10 allele was associated with the rapid phenotype of and 

individual. This is supported by a similar study done using colorectal tissue as test cells 

(Badawi et al, 1995).  
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1.5 Toxicological effects of NAT 

1.5.1 Carcinogenesis 

Research shows that NAT enzymes also play a major role in the bioactivation of 

carcinogens. Studies have reported a relationship between NAT1 and NAT2 variants and 

cancers related to aromatic amines (Wu, 2007). Minchin and colleagues (2007) found that 

NAT1*10 is associated with the rapid acetylation phenotype and increased susceptibility to 

certain cancers. Polymorphism in NAT1 and NAT2 affect the relative risk of developing 

cancer after being exposed to certain carcinogens (Hein, 2000). Hein established that the 

different acetylation genotypes of individuals play a role in the degree of susceptibility they 

will have toward cancer. Evidence exists from studies over the decades which show an 

association between acetylation phenotypes and spontaneous, drug-induced cancer and 

other toxicological effects (Blum, 1990). Blum tested the theory using Syrian hamsters as 

model organisms. The aromatic amine carcinogen 3,2’-dimethyl-4-aminobiphenyl (DMABP) 

was administered to rapid and slow acetylator hamsters and the adducts formed in the 

different tissues was measured. Hein (2000) found that NAT2 slow acetylators are more 

susceptible to bladder and prostate cancer.  Since NAT1 and NAT2 are prominent in the 

colon, it is to be expected that individuals would have an increased risk to colorectal cancer. 

Hein (2002) investigated the effect of rapid NAT1 and NAT2 acetylator genotypes on the risk 

of developing colorectal cancer.  He found that NAT1*10 was associated with increased risk 

within the Chinese population. However, more research will need to be done to fully 

understand the relationship between environmental influences and acetylation phenotypes 

(Hein, 2002). As previously mentioned, knowledge about the precise localization of NAT 

enzymes is important. Windmill and colleagues (2000) stated that it’ll give insight into site-

specific tumorigenesis and designed an experiment in which he used hybridization 

histochemistry to characterize the expression of the two NAT enzymes at the mRNA level. 

They found NAT1 and NAT2 to be present in the epithelial cells of the small intestine and 

colon.  Results showed that the transcripts of these enzymes appear to be prominent in the 

gastrointestinal tract and in the urothelium of the human.  In addition, NAT1 and NAT2 are 
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expressed in the mammory glands and NAT1 is overexpressed in breast cancer cells. Many 

studies analyse the expression of NAT1 in breast cancer cells. One such study was done by 

Adam and colleagues (2003) that NAT1 was unregulated in invasive ductal carcinoma and 

invasive lobular carcinoma. 

1.6 TB treatment 

1.6.1 Anti-tubercular drugs and hepatotoxicity 

TB continues to threaten populations worldwide because of the drug resistant M.tuberculosis 

strains. It was observed that drug resistance is highest in industrialised countries (Upton, 

2001). It is clear that early diagnosis of drug resistant strains of M.tuberculosis would allow 

scientists and clinicians to adjust drug therapy. Scientists agreed that the early detection of 

INH serum levels would aid the determination of any resistance to the drug and the possible 

propagation of the disease. Serum levels are major influences of acetylation by the NAT 

enzymes (Huang et al, 2002). 

To optimize combination therapy, the efficacy of monotherapy will have to be optimized 

(Gumbo et al, 2007). The treatment regimen for TB, as stipulated by the WHO, consists of a 

multidrug approach including isoniazid, rifampicin and pyrazinamide. More recently, it has 

become a five-drug regimen, including streptomycin and ethambutol (Babalik et al, 2012). 

Due to their toxic potential, these anti-tubercular drugs commonly cause drug-induced

hepatotoxicity (Sharma et al, 2005). Scientists found that treatment regimens induce acute 

or chronic hepatitis. Anti-tuberculosis drug-induced hepatotoxicity is primarily attributed to

INH metabolism and the acetylator status of the patient. This is mainly because of the 

intermediates formed during INH metabolism (Huang et al., 2002). Drug-induced liver injury 

(DILI) caused by TB is rated anything between 5% and 33%. Furthermore, it was reported in 

a study done on TB patients in a 3-year cohort, that different factors predispose patients to 

DILI and that it can be managed (Babalik, 2012). Some of the factors include age, sex, 

alcohol consumption, malnutrition, predisposition to liver injury, hepatitis infections, activity of 
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glutathione S-transferase (GST), N-acetyltransferase and acetylator phenotype of an 

individual (Sharma, 2005). 

1.6.2 NAT acetylation and TB treatment efficacy 

The acetylation phenotype of NAT was first discovered in the treatment of TB with and the 

metabolism of INH, the anti-tubercular drug (Hein, 2009). It was reported that scientists 

should be aware of the specific mutations which cause INH resistance, in terms of NAT

expression. Studies were undertaken that highlighted the difference in the drug-

metabolising capacity of TB patients. Many of these variations are monogenenic and 

polymorphic. A study also highlighted the ethnic differences in this metabolising mechanism

and acetylation phenotype (Hearn, 2004). 

Previous knockout studies using M.smeg showed an increased lag phase for bacterial 

growth. This proves that NAT from M.tuberculosis is a strong drug target for anti-tubercular 

therapy. A study was conducted among INH-monoresistant TB patients in rural Western 

Cape in order to determine the treatment outcome. Results showed that 16% had poor 

outcomes and 61% developed MDR-TB. In addition, it was found that resistance conferring 

mutations made the outcomes worse (Jacobson et al., 2011).  

In Southern Africa, the success rate is much lower and more worrying when compared to 

the rest of the world. This could be attributed to the synergy between HIV

immunocompromised patients infected with TB (Blöndal, 2007). Between 2000 and 2015, 

the TB death rate decreased by 22% and 37 million lives were saved through diagnosis and 

effective treatment. The End TB Strategy, approved by the World Health Assembly in 2014, 

aims at reducing TB fatalities by 90% and TB incidence by 80% by 2030 (Global 

Tuberculosis Report, 2016). Management and control systems were put into place and 

research continues. To date, scientists conclude that early diagnosis, an adequate number 

of TB specialist nurses as well as the control of transmission is essential to the success rate 

of TB treatment (Caylà and Orcau, 2011). Furthermore, for new drug discovery and 

optimum efficacy, the pharmacodynamic-pharmacokinetic 
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relationship needs to be well understood, as well as the  acetylation phenotypes and 

functions affected by NAT polymorphisms (Gumbo et al, 2014). 

1.7 Hypothesis and aims 

1.7.1 Hypothesis 

N-arylamine acetyltransferases, NAT1 and NAT2, are important drug metabolising 

enzymes and play a major role in TB resistance to treatment efficacy. More importantly, 

the NAT gene confers acetylator phenotypes to individuals. Subsequently, we are able to 

understand their function via expressing the resultant proteins and determining their level 

of activity with respect to the different alleles they present. Previously, PolyPhen-2 and 

SIFT, predicted that NAT1 SNPs V231G, V235A and D229H affects the stability of the 

protein and thus, it’s function. Cloete and colleagues (2017) used these computational 

predictions and continued the investigation using structural prediction methods. The 

findings for SNP V231G were reaffirmed in the structural analyses conducted by Cloete 

and colleagues (2017). SNP F202V was predicted to affect the protein function but not 

the structure. Two SNPs, T193S and T240S, were predicted to be benign.  We then 

hypothesised that these results will persist after experimental validation.  
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1.7.2 Aims of the study 

 To construct the wild type NAT1, and the 6 novel NAT1 SNPs using site-directed

mutagenesis

 To clone and express the wild type NAT1 as well as the different 6 novel non-

synonymous SNPs (T193S, T240S, V231G, V235A, F202V, D229H) in a bacterial

system

 To determine acetyltransferase activity by studying the rate of acetylation and

consequent drug degradation in the presence of the SNPs using PABA and PAS as

probes and PNPA as the cofactor.
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Chapter 2 - Materials and Methods 
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2.1 Plasmid and reagents 

For the initial purpose of cloning, previously purchased pGEX-4T-2, with restriction 

endonuclease (RE) cut sites for NotI and XhoI, was obtained for the Medical Virology 

laboratory at the University of the Western Cape. It was streak plated on Luria Broth (LB) 

agar plates and incubated overnight at 37°C. A single colony was then inoculated into LB 

broth for a further 16 hour incubation at 37°C. Cells were then harvested by centrifugation at 

4°C for 10 minutes at 4000 revolutions per minute (rpm). A midi-prep protocol was followed 

using a plasmid purification kit and a RE digest with XhoI was done to confirm the vector is 

empty and could be used for subsequent cloning. In addition to this, NAT1-pUC57 was 

purchased along with JM109 competent cells, from Promega™, for transformation purposes 

and final ligation into pGEX-4T-2 for protein expression. However, the confirmation of NAT1-

pUC57, by polymerase chain reaction (PCR), was unsuccessful and the cloning process was 

not ensued.  

MCF-7 cells, passage 37, was obtained from the Medical Biosciences Department at the 

University of the Western Cape. The cells were maintained and once confluent, were 

passaged and used for further molecular extractions.

After the failed attempts at making the constructs and due to time constraints, the 

independently cloned plasmids were purchased from GenScript USA Inc. The NAT1 wild 

type (WT) open reading frame was obtained from the National Centre for Biotechnology 

Information (NCBI) with the accession number shown here (Genbank AJ307007). The WT 

as well as the six SNPs (T240S, V231G, F202V, V235A, D229H, T193S) were 

independently cloned into the multiple cloning site (MCS) of the pET-30a(+) vector, with the 

addition of a polyhistidine tag (poly-His tag), in the site between the RE sites, NdeI and XhoI. 

The letters indicates the protein change and the number indicates the position at which the 

change occurs. The NAT1 WT nucleotide sequence as well as the protein sequence is seen 

in appendix I. The plasmids were received as individual 4 µg dry pellets and were

resuspended in 20 µl distilled water and stored at -20˚C.  

The kits used for, DNA isolation via mini-preps, protein purification and SDS-PAGE gels as 

well as Western Blot transfers were obtained from Promega™ and Sigma-Aldrich®. 
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2.2  Bacterial strains 

The bacterial strain used for this study, E.coli BL21(DE3)pLysS, was supplied by 

Promega™. The reason for this choice is attributed to its specificity for the pET expression 

system. The pET-30a(+) vector contains a Kanamycin (KAN+) resistant gene and is inducible 

by lactose or its analogue, Isopropyl β-D-1-thiogalactopyranoside (IPTG). The strain is 

deficient of both the Ion and ompT outer membrane proteases. Consequently, the possibility 

of protein degradation is diminished during the purification step The pET-30a(+) vector is 

under the control of a T7 promotor which is highly specified for the use of T7 RNA 

polymerase. This specific strain of E.coli cells contain the gene for this polymerase, thereby 

aiding transcription effectively. The strain also contains pLysS plasmid which encodes for t7 

lysozyme in order to control the level of basal expression of t7 RNA polymerase. 

Furthermore, the pLysS plasmid also contains a Chloramphenicol (CAM+) resistant gene 

(BL21 competent cells instruction manual). 

2.3 Tissue culture 

The MCF-7, human breast adenocarcinoma, cell line was cultured in 75 cm2 tissue culture 

flasks. The cells were grown in Dulbecco’s Modified Eagle Media (DMEM) supplemented 

with 10% Foetal Bovine Serum (FBS) and 1% antibiotic mix of Penicillin/Streptomycin 

(PenStrep). The culture flasks were incubated in a 37°C incubator with a constant 5% 

carbon dioxide (CO2) supply. Once the cells were microscopically confirmed to be 80-90% 

confluent, they were subcultured. The cells were first washed with 3 ml sterile 1X phosphate 

buffered saline (PBS) and then treated with 2 ml 0.25% Trypsin. The flasks were then 

incubated at 37°C in 5% CO2 until the cells detached from the culture flask surface. The 

solution was then neutralized with 2 ml DMEM, added to a 50 ml centrifuge tube and 

centrifuged at 2500 rpm for 3 minutes to pellet the cells. The supernatant was discarded and 

the cells were resuspended in 200 µl 1X PBS. The RNA was then extracted from the cells 

using the High Pure RNA Isolation Kit from Roche Molecular Systems, Inc. 

2.4 Reverse transcription 

Complementary DNA (cDNA) was transcribed from the RNA isolated from the MCF-7 cells 

according to the manufacturers’ instructions in the GoScript Reverse Transcription 

System. The reaction mixture was made up of 25 mM MgCl2, 5X reverse transcription

buffer, 10 mM 
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dNTP mix, recombinant RNAsin ribonuclease inhibitor, 25 U/µl reverse transcriptase, 

0.5 µg/µl Oligo dT primer, experimental RNA and nuclease-free water to make up a final 

volume of 20 µl in a sterile microcentrifuge tube. The control contained all the reagents 

except the experimental RNA which was replaced by nuclease-free water. All RNA work was 

done one ice. The transcription conditions were set to 5 minutes at 25°C, 60 minutes at 42°C 

and inactivation was set to 15 minutes at 75°C. The product was then stored at -4°C until 

needed. 

2.5 Cloning 

2.5.1 Transformation of NAT1-pET-30a(+) into BL21(DE3)pLysS 

Transformation of the plasmid was done according to the protocol presented in the BL21 

competent cell Instruction Manual from Agilent Technologies. Competent cells were thawed 

on ice for 5 minutes. Parallel to this, 2 µl of each plasmid (wild type and six individual SNPs) 

was dispensed into individual 1.5 ml eppendorf tubes and kept on ice. After the cells have 

thawed, 50 µl was added to each of the 2 µl of plasmid DNA. The reaction mixtures were 

then incubated on ice for 30 minutes. The cells in their respective tubes were then heat 

shocked at 42˚C for 45 seconds in a dry heating block and immediately returned to ice for 2 

minutes. Hereafter, 950 µl of sterile LB broth which was preheated to 37˚C was added to 

the tubes and incubated at 37˚C in a shaking incubator at approximately 180 rpm for 3 

hours. 

During the shaking incubation period, LB agar plates were prepared with 1% Bacto-

Tryptone, 0.5% Bacto-Yeast extract, 0.5% NaCl and 1.5% agar to a final volume of 500ml. 

The mixture was then heated to a boil in order to dissolve all the ingredients, after which it is 

then autoclaved. Once the mixture has cooled, KAN+ and CAM+ antibiotics were added to 

final working concentrations of 30 µg/ml and 34 µg/ml respectively. Hereafter, the plates 

were poured in a fume hood to ensure a sterile environment while they are left to cool and 

set on a flat surface. Once the plates have set, the following solutions were spread plated 

and allowed to set: 100 µl of 0.1 M IPTG, 20 µl X-gal. These solutions all aid the process of 

blue-white colony screening. Two extra plates were included, one for competent cells only 

and one for the control DNA provided by Promega™. After all the plates have set well with 

their solutions, 100µl of the transformation product was spread plated onto their respective 

plates and specifically labelled. All spread plating was done with a hockey stick under a 

fume hood with the aid of a Bunsen burner to ensure sterility. Extra care should be taken to

work aseptically (e.g. Working with gloves).  Plates were then incubated for 12-16 hours at 

37˚C. 
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2.5.2 Colony picking and starter cultures 

Blue/white screening is a molecular technique verifying the successful insertion of a gene of

interest into a vector for further experimentation. The principle relies on the histochemical 

dye, X-gal, and the lacZ operon of the E.coli strain. While E.coli contains a mutant lacZ 

gene, most vectors contain a functional lacZ gene. Thus, the vector lacZ sequence 

complements the mutant deficiency of the host and can activate the gene to ultimately

produce β-galactosidase. This process is known as α-complementation. However, once 

foreign DNA is inserted into the hosts MCS, α-complementation cannot occur (Keese and 

Graf, 1996). In the case of α-complementation, the β-galactosidase hydrolyses the X-gal 

spread onto the agar plates. The by-product, 5,5’-dibromo-4,4’-dichloro-indigo, allows the 

blue pigment of the non-recombinant colonies. Thus, the colonies containing the DNA insert 

appear white. IPTG is an analogue of galactose, therefore inducing expression of lacZ 

(Padmanabhan, 2011). 

After the incubation period, white colonies (transformed) were picked from each of the 

plates. The control plates only have blue colonies. Starter cultures were prepared using a 

15ml polypropylene tube with 10ml sterile LB broth containing the necessary antibiotics, one 

tube for each colony of the respective plates. Special care was taken to label each 

experiment correctly and work aseptically to avoid any form of confusion of contamination. 

These tubes were then inoculated with these individual white colonies. The labelled tubes 

with the respective colonies were then placed in a shaking incubator for a further 12 hours at 

37˚C. 

2.5.3 Extraction of plasmid DNA and DNA quantification 

Overnight cultures were purified by means of the PureYield™ Plasmid Miniprep System 

from Promega™. Briefly, cultures were centrifuged at 4000 rpm for 10 minutes. The 

supernatant was discarded and the pellet was, gently, resuspended in 100 µl of nuclease 

free water. Purification then followed using the manufacturers’ specifications (Appendix III). 

The plasmid DNA was quantified spectrophotometrically using a nanodrop2000. The 

principle behind this method is that the absorbance (Abs) of 1 µl DNA is measured through 

a 1 cm path length at 260 nm. The complete protocol can been seen in Appendix III. 

2.5.4 NAT1 verification 

2.5.4.1 Gene-specific PCR optimization 

PCR is a simple enzymatic assay which allows for the amplification of specific DNA 

fragments (Garibyan and Avashia, 2014). The introduction of thermal stable DNA 
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polymerase from Thermus aquaticus, Taq DNA polymerase, catapulted this innovative 

technique in many biological disciplines. The technique, although rapid, is still erroneous. As 

with any other biological assay, the protocol requires optimization and troubleshooting where 

necessary (Lorenz, 2012). 

Many different PCR reactions were perfromed to optimize the temperature conditions and

volumes of the PCR components to ultimately verify the presence of NAT1. Initial primers 

were designed for the entire NAT1 gene with RE sites for NotI (5’-GCGGCCGC-3’) and 

XhoI (5’-CTCGAG-3’) incorporated into the sequence. Melting temperatures for the forward 

and reverse primers were 72.83°C and 66.04°C, respectively. The primers were diluted and 

10µM working aliquots were made and stored at -20°C (Table 1). The expected product 

size was ~1615 bp. 

Table 1. Initial NAT1 forward and reverse primers. The primers are written 5’ to 3’ and 

include the cut sites for restriction endonucleases, NotI and XhoI (bold) and the start and 

stop codons (underlined and italicized). 

PRIMER 

NAME 

PRIMER SEQUENCE LENGTH 

NAT1 forward GCGGCCGCGATGCTTTGTATAAGGCTCAGC 30 

NAT1 reverse CCCCTCGAGTGAGAATTCAACAATAAACC 29 

2.5.4.1.1 cDNA gene-specific PCR amplification 

For the cDNA validation, PCR reactions were performed at annealing temperatures of 50°C 

and 55°C. The volume of plasmid DNA used varied according to the concentration needed 

for the reaction. The final PCR mixture was made up of 0.2 mM dNTP mix, 1.5 mM MgCl2, 

5X GoTaq Flexi buffer, 0.5 µl Taq polymerase enzyme, 1µl forward and reverse primers 

and nuclease free water to a final volume of 25 µl. PCR products were electrohporesed on

1% agarose gel for visualisation under UV light. The results for these reactions can be seen 

in appendix IV. 

The PCR results showed no band of interest. Thus, the initial premise of constructing the 

SNPs failed. Time constraints forced the purchase of NAT1-pUC57 for cloning and 

subsequent expression studies. 
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2.5.4.1.2 NAT1-pUC57 PCR amplification 

In another attempt to amplify NAT1 for cloning purpose, NAT1-pUC57 was purchased and 

received as a 4 µg dry pellet and resuspended in 20 µl nuclease-free water. Different 

optimization reactions were performed. A single set of PCR conditions will not work for all 

PCR reactions. Thus, the concentrations of individual components will need to be optimized 

for the specific purpose of the individual PCR. The standard PCR mixture for this project 

contained 0.2 mM dNTP mix, 1.5 mM MgCl2, 5X GoTaq Flexi buffer, 0.5 µl Taq polymerase 

enzyme, 1 µl forward and reverse primers and nuclease free water to a final volume of 25

µl. For this project sample, to overcome smears and primer dimers and non-specific 

binding, dNTP (PCR nucleotide mix), MgCl2 and template profile PCR reactions were 

performed at the most suitable annealing temperature of 54°C. Furthermore, the 4 µg

NAT1-pUC57 template was diluted to a ratio of 2:8 with nuclease free water. The already 

diluted NAT1-pUC57 was then further diluted to a ratio of 1:10 with nuclease free water. 

Both dilutions were PCR amplified and it was found that the further diluted sample gave a 

clearer band. Thus, all the subsequent PCR amplification reactions were performed with 

said sample. A negative control (no DNA) as well as a positive control (previously amplified 

NAT1) was included in the PCR reactions. All the PCR products were electrophoresed on

1% agarose gels and viewed under ultra violet (UV) light. The results for these PCR

reactions can be seen in appendix IV. The specifications for these optimization reactions 

can be seen in the tables below.  

The first step was to optimize the temperature and so 1 µl of the 4 µg NAT1-pUC57 

solution was PCR amplified at annealing temperatures of 50°C, 52°C, 54°C, 56°C, 58°C 

and 60°C with the standard mixture for the other constituents of the reaction. DNA 

denaturation is often seen in PCR reactions. The changes in annealing temperature will 

enhance specificity of the primers for the template and improve stability of the product.  

Once the annealing temperature and the proper dilution was set, a template profile was done 

for the NAT1-pUC57 sample. For the template profile PCR, the volume of the DNA template 

varied from 0-5 µl. The constituents for this PCR profile can be seen in table 2. 

For the PCR nucleotide mix profile PCR, the volumes for the PCR nucleotide mix varied 

from 0-2 µl with all other volumes staying constant except the nuclease-free water. The 

change in the volume affects the final concentration of PCR nucleotide mix added to the 

PCR mixture. For this reaction, the PCR constituents with the necessary changes in volume 

and concentration can be seen in table 3.  

The volumes for MgCl2 in the MgCl2 profile PCR varied from 0-3.5 µl. Too little 

magnesium, in the presence of dNTP will give a lower yield of PCR product. However, too 

much free magnesium will promote misincorporation and more artificial products forming. 

The 
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manipulation of these components typically affects the fidelity of the PCR product. The PCR 

mixture can be seen in table 4, with the necessary changes in volume and concentration for 

MgCl2. 

All concentrations and volumes were calculated using the C1V1=C2V2 formula where C1 was 

the working concentration, V1 was the starting volume, C2 was the final concentration and V2 

was the final volume. None of the amplification reactions results were clear enough to use 

for further studies. It was concluded that the primers were erroneous since they were 

ordered with the specifications to amplify the complete NAT1 gene and not the ORF, which 

was the aim for this project.  

Table 2. DNA template PCR profile constituents. The table shows the volume changes 

(red) for DNA template as well as the subsequent concentration changes made to the 

PCR mixture. The concentration which yielded the best result is highlighted in blue.

CONCENTRATION (µg) 

DNA 0 0.16 0 0.16 0.32 0.48 0.64 0.8 

VOLUMES (µl) 

DNA 0 1 0 1 2 3 4 5 

Buffer 2 2 2 2 2 2 2 2 

forward 

primer 

1 1 1 1 1 1 1 1 

Reverse 

primer 

1 1 1 1 1 1 1 1 

MgCl2 3 3 3 3 3 3 3 3 

Taq 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

dNTP 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

Water 17 16 17 16 15 14 13 12 

The best PCR results contained 1µl of the 4 µg DNA template resulting in a 

final concentration of 0.16  µg in the PCR mixture.  
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Table 3. PCR nucleotide mix PCR profile constituents. The table shows the volume 

changes (red) for the PCR nucleotide mix as well as the subsequent concentration changes 

made to the PCR mixture. The concentration which yielded the best result is highlight in 

blue. 

CONCENTRATION (mM) 

PCR 

nucleotide 

mix 

0.2 0 0.2 0.4 0.6 0.8 

VOLUMES (µl) 

cDNA 1 1 1 1 1 1 

Buffer 2 2 2 2 2 2 

forward 

primer 

1 1 1 1 1 1 

Reverse 

primer 

1 1 1 1 1 1 

MgCl2 3 3 3 3 3 3 

Taq 0.5 0.5 0.5 0.5 0.5 0.5 

dNTP 0.5 0 0.5 1 1.5 2 

Water 16 16.5 16 15.5 15 14.5 

Along with the previously described DNA template volume and concentration, adding 0.5 µl 

of 10 mM PCR nucleotide mix stock solution to a final concentration of 0.2 mM yielded a 

more conclusive PCR result.   

http://etd.uwc.ac.za/



 

 

 

 

35 

Table 4. MgCl2 PCR profile constituents. The table shows the volume changes (red) for 

MgCl2 as well as the subsequent concentration changes made to the PCR mixture. The 

concentration which yielded the best result is highlighted in blue.

CONCENTRATION (mM) 

MgCl2 1.5 0 0.5 1 1.5 2 2.5 3 3.5 

VOLUMES (µl) 

cDNA 1 1 1 1 1 1 1 1 1 

Buffer 2 2 2 2 2 2 2 2 2 

forward 

primer 

1 1 1 1 1 1 1 1 1 

Reverse 

primer 

1 1 1 1 1 1 1 1 1 

MgCl2 1.5 0 0.5 1 1.5 2 2.5 3 3.5 

Taq 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

dNTP 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

Water 17.5 19 18.5 18 17.5 17 16.5 16 15.5 

In addition to the DNA template and PCR nucleotide mix concentrations, 3 µl of 25 mM 

MgCl2 stock solution was added to the PCR master mix for an even better result.  

2.5.4.2 Gene – specific PCR amplification of NAT1-pET-30a(+) SNPs

In order to verify the presence of the purchased NAT1-pET-30a(+) SNPs plasmid DNA, a 

gene-specific PCR was done of the mini-prepped samples. Forward and reverse primers for 

NAT1 were specially designed using the human NAT1 ORF sequence from NCBI as a 

template. The specific sequences for the restriction endonucleases, Xhol (5’-CTCGAC-3’) 

and NdeI (5’-CATATG-3’), were added to the primer sequence as well as the specific start 

and stop codons necessary for optimal amplification (Table 5). The PCR mixture was made 

up to a final volume of 25 µl. The volume of plasmid DNA used varied according to the 

concentration needed for the reaction. The final PCR mixture contained ~0.16 µg template

DNA, 0.2 mM PCR nucleotide mix, 3 mM MgCl2, 2 µl of 5X GoTaq Flexi buffer, 0.5 µl Taq 

polymerase enzyme, 1 µl forward and reverse primers and nuclease free water to a final 

volume of 25 µl. The annealing temperature, 60°C, for a PCR is typically set 5ºC below the 

highest melting temperature (Tm) of the primers. In this case the forward primer Tm was 
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66.40°C and that of the reverse primer was 64.07°C. The primers’ sequences can be seen in 

table 5 and the PCR conditions can be seen in Table 6. 

Table 5. NAT1 forward and reverse primers. The primers are written 5’ to 3’ and include 

the cut sites for restriction endonucleases, NdeI and XhoI (bold) and the start and stop 

codons (underlined and italicized). 

PRIMER 

NAME 

PRIMER SEQUENCE LENGTH 

NAT1 forward CGGCATATGATGGACATTGAAGCATATGCC 30 

NAT1 reverse CCGCTCGAGAATAGTAAAAAATCTATCGCC 30 

Table 6. PCR conditions for NAT1 amplification. The table below describes the different 

conditions at which the PCR reaction was performed.  

CONDITION TEMPERTATURE (ºC) TIME (minutes) CYCLES 

Predenaturation 95 3 1 

Denaturation 95 0.45 30 

Annealing 60 0.45 30 

Extension 72 0,45 30 

Extension 72 15 1 

Soak 4 ∞ ∞ 

2.5.4.3 Restriction endonuclease digest

2.5.4.3.1 RE digest of pGex-4T-2

A 1 µl of this specific midi-prepped DNA was used in this reaction. The RE used, 10 U/µl 

XhoI, was compatible with 10X reaction buffer H and performed optimally at 37°C. The 

reaction mixture also contained 10 mg/ml BSA. The reaction was done to linearize the 

sample and, therefore, the expected product size was ~6000 bp. The reaction product 

was run on a 1% agarose gel with Ethidium Bromide (EtBr) for visualisation under UV 

light. The reaction constituents and conditions can be seen in tables 7 and 9 respectively. 

The result can be seen in Appendix V, figure 8.  
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Table 7. RE digest reaction constituents for pGEX-4T-2 

REAGENT VOLUME (µl) 

template DNA 1 

BSA 2 

Buffer H 2 

Restriction enzyme (XhoI) 1 

Nuclease free water 14 

FINAL VOLUME 20 

2.5.4.3.2 RE digest of NAT1-pET-30a(+)

Of the mini-prepped DNA, 2 µl were cut using the NdeI and XhoI restriction 

endonucleases. Both enzymes have affinity for buffer D and both perform optimally at 

37ºC. The reaction mixture was made up of plasmid DNA, 10 mg/ml Bovine serum albumin 

(BSA), 10X buffer, 10 U/µl restriction endonucleases (NdeI and XhoI) and nuclease free 

water to a final volume of 30 µl (table 8). The reaction took place in a thermocycler under 

the conditions specified in table 9. The reaction mixture can also be seen in table 8.  

Table 8. RE digest reaction constituents for NAT1-pET-30a(+) 

REAGENT VOLUME (µl) 

Plasmid DNA 2 

BSA 2 

Buffer D 2 

Restriction enzyme (NdeI and XhoI) 0.2 each 

Nuclease free water 23.6 

FINAL VOLUME 30 

Table 9. RE digest reaction conditions 

TEMPERATURE TIME 

37ºC 2 hours 

4 ºC 10 minutes 

65 ºC 20 minutes 

4 ºC ∞ 
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2.5.4.4 Agarose gel electrophoresis

Agarose gel electrophoresis separates DNA fragments according to their size. The polymers 

that make up the gel form pores through which DNA molecules can sieve in the presence of 

an electrical current and suitable buffers. Lee stated in the article that “The rate of migration 

of a DNA molecule through a gel is determined by the following: 1) size of DNA molecule; 2) 

agarose concentration; 3) DNA conformation; 4) voltage applied, 5) presence of ethidium 

bromide (EtBr) , 6) type of agarose and 7) electrophoresis buffer”. Visualization is aided by 

the addition of EtBr which can be seen under UV light (Lee et al, 2012).  

PCR and restriction digest products were run on 1% agarose gels made up of 1 g Seakem® 

agarose dissolved in 100 ml 1X TBE buffer and prepared in gel tanks. The mixture is boiled 

to dissolve all the constituents and allowed to cool. EtBr was added at a concentration of 

0,001% (v/v) before pouring the mixture into gel plates to solidify. The DNA products were 

diluted in a 1:5 ratio with 6X Blue/Orange loading dye (0.4% (v/v) orange G, 0.03% (v/v) 

bromophenol blue, 0.03% (v/v) xylene cyanol FF, 15% (v/v) Ficoll® 400, 10mM Tris-HCl 

(pH7.5) and 50 mM EDTA (pH8). The migration pattern of the DNA fragments were 

observed and compared to a commercially, predetermined DNA molecular weight marker 

from Promega™ (1 kb or 100 bp). The gels was electrophporesed at 80V for 90 minutes 1X 

TBE as conductance medium. DNA is negatively charged and will, thus, migrate to the

positive anode. The gel was viewed under UV light. Thus, the sizes of the bands of interest 

cold be confirmed and verify the presence of NAT1 based on its size within the vector.  

2.5.4.5 Preservation

Glycerol stocks were made in 2 ml cryovials. From the individual overnight cultures, 250 µl 

were added to individually labelled cryovials. Glycerol was autoclaved and when used, it 

was preheated to 37˚C and 750 µl was added to the vials. The vials were then gently 

inverted to mix the culture with the glycerol. This was then stored at -80˚C until used again. 
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2.6 Protein expression studies

2.6.1 Standard protein expression protocol

The expression vector used for this study, pET-30a(+), contains a T7 promotor and has 

specific affinity for BL21 E.coli strains. In this case, we opted for BL21(DE3)pLysS. The 

specific E.coli BL21 (DE3) strain has become more popular due to its growth efficiency and 

its ability to remain non-pathogenic (Khow and Suntrarachun, 2012). The BL21(DE3)pLysS 

contains T7 polymerase for easy transcription. The pLysS plasmid encodes for the T7 

lysozyme gene to reduce basal expression. The T7 polymerase gene is controlled by 

lacUV5. This makes this plasmid inducible by IPTG to produce our target protein for further 

research. All the factors attribute to the stability and efficiency of protein expression through 

stringent regulation on all levels of the process. For successful expression, we need to 

troubleshoot and optimize the protocols with regards to temperature, concentration, time, 

growth media and induction parameters. 

For the protein expression in this study, we used the protocols pertaining to our host strain 

and vector as independent templates. The pET Expression System, was developed by 

Studier and Moffatt (1986) and has revolutionized protein expression capability over the 

years due to the ease at which the vector system can be manipulated, the promotor-

specificity and its ability for mass-production of proteins. This study utilises the protocols 

stipulated in the BL21 competent cells instruction manual by ©Agilent Technologies as well 

as the pET system instruction manual by Novagen Inc. 

Briefly, we inoculated 10ml LB medium containing the KAN+ (30 µg/ml) and CAM+ (34 µg/

ml) with the glycerol stocks that were previously made. Thus, 6 SNPs, the WT as well as 

an uninduced sample (UI) were chosen for subsequent protein expression. The extra 

sample was added to serve as the uninduced experiment and negative expression control. 

The culture was placed in a shaking incubator to shake at approximately 180 rpm for 12 

hours at 37ºC. Hereafter, starter cultures were diluted to a ratio of 1:100 into 500ml LB 

medium 
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containing the antibiotics. The OD600 reading was taken every hour until OD600 was

between 0.4 and 0.8. This was done spectrophotometrically at 600 nm in an untreated 96 

well flat bottom plate and readings were taken using an Elisa plate reader. Once OD600 

reading were optimal, the cultures of the 6 SNPs and the WT were induced with IPTG to

a final concentration of 1 mM and allowed to shake for a further 4 hours. The UI sample  

was harvested immediately after optimal OD600 readings were reached without the addition of

IPTG. Once the induction fermentation period of 4 hours was complete, cells were 

harvested by centrifugation in 50 ml polypropylene tubes at 2500 rpm for 10 minutes. Cell 

pastes were then stored at -80ºC until used for further experimentation.  

Protein analysis revealed the band of interest in the uninduced state, before the addition

of IPTG. Thus, further optimisation was necessary to try and eliminate the background 

expression seen in our system. The results for the individual optimization protocols can be 

seen in Appendix VI.

2.6.2 Protein expression optimisation

2.6.2.1 Induction with 1 mM IPTG at specific OD readings with
fermentation at 30 ºC 

The protocol was followed precisely as before. However, once OD600 readings were optimal 

and the culture was induced, the cultures were now shaken at 30 ºC for the 4 hours. Cells 

were then harvested precisely the same and store at -80 ºC. Background expression in the 

uninduced state was still detected (Appendix VI, Figure 9 and 10). Further modifications to 

the protocol was then made. 

2.6.2.2 Induction with 0.1 M IPTG at specific OD readings with fermentation at

27 ºC 

Again, the only difference made to this protocol was the temperature adjustment from 37 ºC 

to 27 ºC. This did not change the level of background expression and as such, we continued 
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with optimisation. The temperature profiles offered no help and so we returned expression 

temperatures to 37ºC. 

2.6.2.3 Addition of 1% glucose to the 500 ml culture

For this modification, we started the expression protocol in exactly the same manner. The 

glycerol stocks we previously prepared was inoculated into 10 ml LB medium supplemented 

with the appropriate antibiotics at the correct concentrations. The cultures were placed in a 

shaking incubator and allowed to shake at 37ºC for 12 hours at approximately 180 rpm. 

The starter cultures were then diluted in a 1:100 ratio in 500 ml LB medium. The change 

was observed when the medium was now supplemented with 1% glucose in addition to the

antibiotics. This allows for the reduction of basal expression since the glucose is the 

preferred carbon source during growth. Thus, induction will not take place until the glucose 

is completely utilized. This mechanism of control is known as catabolite repression (Rosano 

and Ceccarelli, 2014). Once optimal OD600 readings were reached, the cultures were 

induced with IPTG to 1mM and continued to shake at 37ºC for a further 4 hours. Cells were 

harvested the same as before and stored at -80ºC until further use. Upon further analysis, no 

change was detected in the levels of background expression in the uninduced state. 

2.6.2.4 Increased CAM+ concentration and decreased induction time

In this instance all media was supplemented with KAN+ at 30 µg/ml while the concentration of 

CAM+ was increased to 50 µg/ml. Starter cultures were made by inoculating 10 ml LB medium 

with the glycerol stocks as described previously. After the 12 hour shaking incubation period 

at 37ºC, the cultures were diluted into a 500 ml culture to a ratio of 1:100. OD600 readings 

were taken and once a reading between 0.4 and 0.6 was reached, the cultures were induced 

with IPTG to a final concentration of 1 mM. However, instead of the standard 4 hours, the 

induced cultures were only allowed to shake for 2 hours at 37ºC before the cells were 

harvested and stored at -80ºC for further use. This, like every other attempt at optimisation, 

did not reduce the background expression seen in the uninduced state. At the higher CAM+
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concentration, in the purified sample, no bands were seen (Appendix VI, Figure 11). Thus, 

we continued expression at the initial CAM+ concentration of 34µg/ml.

2.6.2.5 Expression of empty pET-28a(+) vector

In a final attempt to understand the background expression as well as add a negative 

control for this experiment, we had obtained an empty vector courtesy of the Department of

Human Genetics and Molecular Biology at Stellenbosch University. The standard protocol 

was followed for this expression process and cells were harvested as described previously 

and stored at -80ºC.  

In response to all the optimisation and modifications made, we decided to use the standard 

protocol for protein expression and subsequent protein analysis for the purpose of this 

project. 

2.6.3 Protein analysis

2.6.3.1 Protein extraction and cell lysate preparation

Cell pastes were thawed and resuspended in 3 ml/g suitable lysis buffer. After 

troubleshooting for the subsequent protein quantification and activity assays, a suitable lysis 

buffer was obtained. The constituents of the lysis buffer as well as their functions and 

concentrations can be seen in table 10. 

Table 10. Lysis buffer constituents and functions 

CONSTITUENT FINAL CONCENTRATION FUNCTION 

Tris (pH8) 50mM Increases outer membrane permeability 

by interacting with the 

lipopolysaccharides 

NaCl 150mM Provides osmotic shock to cells 

Lysozyme 0.4mg/ml Breaks down bacterial cell wall to improve 

protein extraction 
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It must be noted that all work pertaining to protein extraction and analysis was done on ice or 

at 4ºC. Once cells are resuspended with the aid of a vortex, the cells were lysed by alternate 

cycles of sonication and the freeze-thaw method using liquid nitrogen. The lysed suspension 

was then allowed to rest on ice for 30 minutes before further steps were followed. Hereafter, 

the suspension was centrifuged at 14000 rpm for 10 minutes to separate the soluble and 

insoluble fractions. The soluble fraction was extracted and stored at -20ºC. 

2.6.3.2 Protein purification

In order to conduct any further experimental work, it is necessary to purify the samples so 

that only the protein of interest remains. In this case downstream activity assays will be 

done.  

For this study, the protein purification protocol from the Promega MagneHis™ purification kit 

was followed. The proteins were purified based on the type of affinity tag attached to it. In 

this case it was a poly-His tag which is easily purified using magnetic nickel (Ni2+) particles. 

The protocol is written for 1 ml of the bacterial culture and purification is done on the 

principle of magnetism. Briefly, 500 mM NaCl is added to 1ml of unpurified bacterial culture. 

MagneHis™ Ni2+ particles are then added and the suspension is inverted and mixed before 

being put on a magnetic stand. The magnetic stand captures the magnetic particles and the 

supernatant can then be removed. Wash buffer is then added to the remaining particles and 

the samples are placed back on the magnetic stand and the supernatant is removed. The 

washing step was repeated thrice according to the protocol. After the final wash step, 

MagneHis™ elution buffer is added to capture the resultant protein from the magnetic 

particles. After a 2 minute incubation at room temperature, the samples were again placed in 

the magnetic stand and the protein supernatant is removed and transferred to a clean, 

sterile 1.5 ml eppendorf tube and stored at -20ºC until used. The full protocol can be seen in 

appendix III. 
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2.6.3.3 Protein quantification

All proteins were quantified using the Bradford assay. Thus, as previously mentioned, a 

suitable lysis buffer was needed so as to not interfere with the assay constituents. It should 

be noted that for the purified samples, the MagneHis™ elution buffer will serve as the 

diluent.  

The Bradford principle is based on the binding of the Comassie Blue G250 dye to a protein 

to create a colour change from red to blue and, thus, shift the absorption spectrum to 595

nm. The method is quick and convenient in that the colour change is rapid and stable for up 

to 1 hour. It was observed that certain compounds interfere with the colour change, thereby 

influencing the accuracy of the estimated protein concentration (Bradford, 1976). For the 

purpose of this study, the 1 mg/ml BSA standard was used and the Bio-Rad Bradford 

reagent as the dye. 

In a 96 well flat bottom plate, 20 µl 1 mg/ml BSA standard is added to the well A1. Following 

this trend, 20 µl of each sample is added to well “A” in independent columns. Depending on 

the sample being quantified, the correct diluent is then added to the rest of the wells of the 

columns being used. In this case, the diluent was either the MagneHis™ elution buffer or 

the cell lysis buffer. A doubling dilution was then done, per column for each sample, using 

10 µl from first well and transferring it to the next one below (row B). This was then mixed 

with the pipette and another 10 µl is transferred. So the dilution series continues until the

last well which should contain only diluent. Once the dilution is done, 100 µl of Bradford 

Reagent is added to each well and the colour change was observed. A schematic 

representation of how the dilutions for the Bradford assay for protein quantification is done, 

can be seen below.  

The plates were then read at 595 nm using an Elisa plate reader. Once the absorbance 

readings are obtained, a standard curve was produced using the known concentrations from 

the BSA standards. This was then used to calculate the concentrations of the rest of the 

samples, purified and unpurified. 
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Figure 5. Schematic representation of the Bradford assay setup on a 96 well plate 

In addition to the Bradford assay, the standards were run on as SDS-PAGE gel to compare 

band intensities between the standards and the NAT1 samples (Figure 9). This will give 

some insight into the concentrations shown by the Bradford assay. 

2.7.6.5  Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) 

SDS-PAGE gels are commonly used to characterize the size, purity and integrity of 

macromolecules such as protein. This method is fairly quick and very sensitive. (Hames, 

1998). This specific technique allows the separation of proteins with the aid of an electrical 

current. Electrophoretic separation is accomplished through a molecular sieve principle. The 

increase in temperature through electrophoresis denatures the proteins and the addition of 

SDS confers a negative charge to the protein polypeptide chains by coating it. The 

negatively charged proteins then migrate to the positive pole in the presence of a suitable 

buffer (Roy and Kumar, 2012).  

For this project, an 8% stacking gel and 15% separation gel was prepared in accordance 

with the protocol stipulated in the SDS gel preparation kit (Sigma-Aldrich®). A Tris-Glycine 

SDS running buffer (25 mM Tris, 192 mM Glycine, 0.1% SDS(pH 8.3)) was used. The 

current 
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was set at 40 mA/gel for stacking and 20 mA/gel for separation. The samples loaded on this 

gel were at a concentration of 30 µg total protein and diluted in a 1:1 ratio with 1X Laemmli 

buffer ( 0.1% 2 Mercaptoethanol, 0.0005% Bromophenol Blue, 10% Glycerol, 2% SDS and 

63 mM Tris-HCl (pH 6.8) ). As reference, 8µl PageRuler Plus Prestained Protein Ladder

(Thermo Scientific™) was loaded. The protein bands were then visualized by staining it in 

Coomassie Brilliant Blue stain (45% methanol, 10% glacial acetic acid, 45% water and 3 g/L

Coomasie brilliant blue R250). The gel was allowed to stain overnight and wwas then treated

with Coomassie destain solution (50% w/v methanol and 10% v/v acetic acid) until bands are

clearly visible. In addition to this, another gel was run for the purpose of Western blot transfer 

to identify the specific His-tagged NAT1 protein.  

2.7.6.6 Western Blot Transfer 

This technique involves the transfer of denatured proteins to a solid nitrocellulose membrane 

for detection with specific antibodies to the target protein (Jensen, 2012). The nitrocellulose 

membrane was equilibrated in 100% methanol. A gel sandwich is then prepared using 

sponges and Whattman paper to protect the membrane and the gel during the transfer 

process and also to ensure close contact between the gel and the membrane for transfer 

efficiency (Mahmood and yang, 2012). Proteins were transferred in a submersion system 

perpendicular to the surface in a transfer buffer (27 mM Tris, 191 mM glycine, 20% methanol) 

at 100V for 90 minutes. Once the transfer is complete, the membrane was blocked in 5ml 

Western Blot Blocker Solution on a rocker for 30 minutes. Next, the primary antibody 

(mouseαHis) was prepared in a 1:1000 dilution with the blocking reagent. After blocking the 

membrane, it was treated with the antibody and left to incubate on a roller at 4ºC overnight. 

The following day, the membrane was washed twice with PBS-Tween wash solution (0,05% 

Tween-20 in PBS) for 15 minutes at a time. The membrane was then treated with HRP-

conjugated secondary antibody (goatαmouse) prepared in a 1:1000 dilution with the blocking 

reagent. The membrane was incubated on a roller for 1 hour at room temperature. The 

membrane was again washed as described in the text already. For detection of the protein, 

the membrane was treated with preheated peroxidase substrate. 
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2.8 NAT1 acetyltransferase activity assay 

The assays was performed in a 96 well flat bottom plate. The components needed for the 

assay can be seen in table 11 as well as the necessary concentrations. The protocol 

template corresponds with that of Dairou and colleagues for the spectrophotometric 

estimation of NAT1 activity (Dairou et al, 2003). Briefly, all components are added to the 96 

well plate, at the correct concentrations for a final volume of 300 µl per well, and a zero 

reading was taken before the addition of PNPA. Once PNPA is added, the plate was

incubated for 10 minutes at 37°C. Thereafter, the reaction was quenched using 1% SDS. 

The plates were then read at 410 nm in an ELISA plate reader. Various controls were 

introduced to test the eligibility of the assay. These controls include a drug control (no 

substrate added), an enzyme control (no NAT1 added) and a co-factor control (no PNPA 

added). The assays were performed thrice per day over three consecutive days per 

substrate or drug (PABA and PAS). It has been shown that NAT1 shows specific substrate 

specificity for these two drugs (Wu et al, 2007). The averages of the absorbance values 

were calculated per assay per day. Those averages were then tabulated and a separate 

average calculation was done to get a standard average over three days for the assays. 

The results were then plotted on a bar graph.  

Table 11. NAT1 activity assay reaction constituents and concentrations. 

COMPONENT PER WELL FINAL CONCENTRATION 

NAT1 15nM 

SUBSTRATE (PAS OR PABA) 500uM 

PNPA 125µM 

TE BUFFER 25mM 

SDS 1% 

FINAL VOLUME PER WELL 300µl 
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The assays were initially performed on crude WT and UI samples to test whether the system 

will work with all the background and basal level expression present in the crude samples. 

The crude assays were done as an optimization step to consolidate the concentrations 

described by Dairou and colleagues. Furthermore, the assay evaluated the effect

purification would have on the overall result. We found that the assay did not work on crude 

samples since the result could not be clearly analysed thus, the assay was performed on 

the purified protein samples. 
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Chapter 3 – Results 
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3.1 NAT1-pUC57 and pGEX-4T-2 

NAT1-pUC57 was purchased after failed attempts at cDNA production from a MCF-7 cell 

line. Thorough optimisation reactions were performed to ultimately verify the presence of 

NAT1 in the vector for further ligation into pGEX-4T-2. Parallel to this, the empty pGEX-4T-2 

vector was RE digested to determine whether it is empty and viable for ligation and further

studies.  

Appendix IV shows all the electrophoresis gel pictures for the different optimization reactions 

documented in section 2.5.4.1.2 and tables 2, 3, and 4  – temperature optimizations, MgCl2 

profiling, dNTP profiling, DNA template profiling. The reactions were performed according to 

specification previously stipulated in the text under the conditions in table 6. The primers 

used (Table 1), were designed to amplify the entire NAT1 gene and not just the ORF. The 

expected producted size, based on the primers used, was ~1600 bp. 

Some of the gel pictures show specific reactions yielding a band of interest at that 

approximate (Appendix IV, Figure 3-6). However, for further protein expression and functional

studies the entire protein was not the sample we needed. In order to successfully express the 

resultant NAT1 protein, the coding region needed to be amplified for transcription to be 

possible further down the line. Thus, with the time constraints now pressing for this study, 

NAT1-pET-30a(+) was individually cloned and purchased. In this light, new primers were 

designed to amplify the ORF of the NAT1 gene with a size of ~879 bp. 

The parallel linearization of pGEX-4T-2 yeided a positive result when RE digested with XhoI. 

The band of interest is clearly visible confirming that the vector is empty and can be used for 

ligation (Appendix V, Figure 8)  

3.2 Transformation of NAT1-pET-30a(+) into BL21(DE3)pLysS 

The NAT1-pET-30a(+) SNP constructs were transformed into BL21(DE3)pLysS strain of 

E.coli cells. The DNA was then extracted and quantified. PCR amplification with gene 

specific primers and conditions described in table 5 and 6, respectively. However, PCR

amplification did not show all the bands of interest under the UV light. Thus, a RE digest

was 
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also done, to further confirm the presence of NAT1 DNA at the correct size, according to the 

specifications described in table 8 and 9. The products of both reactions were run on 

separate 1% agarose gels at appropriate DNA concentrations for visualisation. The DNA 

concentrations, quantified using a Nanodrop2000, are tabulated below in table 12 and the 

agarose gel pictures can be seen in figures 6 and 7. 

Table 12. DNA concentrations from Nanodrop2000 in ng/µl 

NAT1 SNPs 

WT T193S T240S V231G V235A F202V D229H 

185.1 19.3 86.1 55.1 150.7 145.1 93.3 

Figure 6. PCR amplification of NAT1 constructs. Lane M: 1 kb molecular marker; 

Lane1: negative control; Lane 2-8: NAT1 SNPs as labelled above each lane number 

(̴ 870bp) 

Samples T193S and T240S may have been loaded at too low a concentration to be visible 

on this gel. However, the rest of the samples show up at the correct size of ̴879 bp. In 

order to check for the insert in those two faulty lanes, a RE digest was performed as well.  

 M  CONTROL   WT   T193S   T240S   V231G  V235A  F202V   D229H 

1000bp 

750bp 

̴879bp 

1  2  3  4  5  6  7  8 
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Figure 7. RE digest of NAT1 constructs. Lane M: 1 kb molecular marker; Lane 1-3: 

T193S; Lane 4-5: V231G; Lane 6-8: V235A; Lane 9-10: T240S; Lane 11: 

F202V; Lane 12: D229H; Lane 13: WT; Lane M1: 100 bp molecular marker.  

The RE digest shows all the samples linearized at the correct size of the NAT1-pET-30a(+) 

construct of ̴6000 bp. Incomplete digestion is due to only one enzyme being used instead 

of both. Thus, the transformation success was confirmed and protein expression could 

ensue. 

3.3 Protein expression studies 

Bacterial systems offer more ease for protein expression due to their availability and the low 

cost, high yield principle. For unrivalled success, researchers need to carefully consider their 

target protein and the most suitable host strains, promoters and subsequent vectors for the 

best protein production (Terpe, 2006). In this study, the successfully transformed constructs 

were used for protein expression and characterisation. This was done using the protocol of 

the pET expression system described previously in the text (Studier and Mofatt, 1986). Once 

expressed, protein samples were quantified using the Bradford assay and visualized on an 

SDS-PAGE gel under treatment of a Commassie stain and further through the western blot 

transfer technique.  

6000bp 

  M     1     2     3     4      5     6     7     8    9    10    11   12   13   M1 

~6000bp 
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3.3.1 Bradford assay for purified protein quantification

Proteins were purified using the protocol stipulated in appendix III under the MagneHis™ 

purification system specifications. Thus, since the target protein (NAT1) and all the SNPs 

contain a polyHis-tag, the concentrations can be assumed to be that of the NAT1 present in 

the total protein independently produced by E.coli cell mechanics. The control column 

consists of only diluent (lysis buffer in table 10) purified with the same protocol. So it would 

be correct that it is the lowest of all the concentration values. The calculation used for the 

quantification makes use of the formula for the curve represented by figure 8 where “y” is the 

known absorbance of the BSA standard dilution series and “x” is the unknown calculated to 

represent the values in table 13. These values were then used to calculate how much of the 

sample would be needed to make up a final concentration of 30µg of purified protein to run 

on the SDS-PAGE gels for visualisation and confirmation that the NAT1 was successfully 

expressed in this system.  

Figure 8: Bradford assay standard curve for protein quantification. The figure 

depicts the standard curve produced and the resultant formula used to determine the 

unknown concentrations 

y = 0.0007x + 0.1802
R² = 0.9955
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Table 13: NAT1 purified protein concentrations in µg/ml 

PURIFIED NAT1 SNPs PROTEIN CONCENTRATION (µg/ml) 

UI 728.4571 

WT 966.8571 

T193S 751.4286 

T240S 1187.2 

V231G 671.1429 

V235A 1604.286 

F202V 1221.029 

D229H 648.8571 

pET-28a(+) 1420.19 

CONTROL 258.9048 

Figure 9. SDS_PAGE gel of Bradford assay BSA standards. M – protein marker, C+ - positive 

control, UI – uninduced sample. The numbers represent the different BSA standards in mg/ml. 
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3.3.2 SDS-PAGE and Comassie staining

Figure 10. SDS-PAGE Coomassie stained gel of NAT1 samples. The figure depicts the

purified NAT1 samples loaded, as labelled on the gel, at a concentration of 30 µg. The 

prestained PageRuler plus was loaded as a reference point for the size estimation of the 

protein bands. The sizes of the significant bands are depicted on the gel as well. 

The SDS-PAGE gel (figure 10) shows the results of 30 µg purified samples. As seen above, 

the NAT1 protein has been successfully expressed across the board for all the NAT1 

samples. However, there is a band of interest in the UI which should not be as well as in the 

empty vector pET-28(+). We can speculate the this is attributed to the leaky expression and 

increased basal expression levels seen in the pET vectors. This is largely due to the control, 

or lack thereof, of the lac promotor. The mechanism of control within in this vector can be 

seen in figure 11.  

The protocol followed for expression involved inoculation of a 10 ml starter culture and sub-

culturing into a bigger culture in a 1:100 dilution. Cultures were grown till OD600 readings 

reached a log phase of between 0.4 and 0.6. This diminishes the stress levels and the 

possibility of overgrowth and toxicity. The cultures were then induced with 1 mM IPTG except 

the UI which was harvested when OD600 readings were optimal. The rest of the cultures, 

induced, were incubated at 37ºC, 180 rpm for a further 4 hours before harvesting. 

35kDa 

70kDa 

̴35kDa 
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The optimization expression reactions performed all yielded multiple bands, whether crude 

or purified. Thus, we were unable to eliminate the basal and background expression seen in 

the gel pictures in Appendix VI for the optimisation reactions. The study was then continued 

using the initial protocol parameters for protein expression in our system. 

Figure 11: Control elements of the pET protein expression system. In the absence of 

IPTG, the lac repressor binds the operator, blocking access of T7 RNA polymerase to the 

promoter site. When IPTG binds to lacI it confers a conformational change and the lac 

repressor can no longer bind the operator and inhibit it. The hosts’ RNA polymerase begins 

transcribing the target protein (Novagen 2002-2003 catalogue). 

The vector for this project contains a t7lac promotor which uses t7 RNA polymerase to drive 

transcription. Furthermore, the pET-30a(+) and pET-28a(+) also carry the natural lacI 

repressor gene. The strain of E.coli chosen as host for these vectors, BL21(DE3)pLysS, 

encode for the t7 RNA polymerase needed for transcription in its genome and also 

possessed the lacI gene. In addition, it is controlled by a derivative of the typical lac 

promotor, lacUV5, which is inducible by IPTG (Bashiri et al, 2015). IPTG is a mimic of 

lactose and in contrast, is not involved in any metabolic pathways of the host. Thus, the 

concentration added remains constant. However, in high copy number plasmids such as 

this, this could lead to an increase in basal level expression. Also, in high copy number 

plasmids, folding mechanisms can be flawed and this in turn could affect the repression 
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mechanism by lacI (Bell, 2000). The leaky expression refers to the unintended expression of 

t7 RNA polymerase as well as the target protein, NAT1, without induction. This can be 

controlled by the addition t7 lysozyme to the reaction. In our case the lysozyme is introduced 

through the pLysS plasmid of our bacterial strain, E.coli BL21(DE3)pLysS. The rationale is 

that t7 lysozyme binds the promotor and inhibits transcription. However, t7 RNA polymerase 

expression still outweighs the inhibitory effect conferred by the lysozyme (Rosano and 

Cecceralli, 2014).  

3.1.3 Western blot transfer 

SDS-PAGE depicts the total protein produced by the host. In contrast, the western blot 

technique detects a specific protein in the mixture produced by the host. The technique 

makes use of three main standards; the transfer of proteins to a solid membrane, the 

concept of separation by size and the use of proper primary and secondary antibodies for 

specific detection (Mahmood and Yang, 2012). This was the premise for further detection 

methods since the SDS-PAGE results were not specific for the identity of the protein.

The proteins run on the SDS-PAGE gel were transferred to a nitrocellulose membrane and

were separated by electrophoresis in a Bio-Rad system. The membrane was then washed 

and treated with primary MouseαHis antibody. The membrane was then washed again and 

treated with an appropriate secondary antibody, goatαmouse antibody. The antibodies were 

HRP-conjugated and for detection, preheated peroxidase substrate was used. The western 

blot transfer result is seen in figure 12.
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Figure 12. Western blot transfer of NAT1 samples. The figure depicts the samples from 

the SDS-PAGE gel transferred to a nitrocellulose membrane for specific antibody

detection. All the lanes are labelled for each SNP above the blot.  

The result seen in figure 12 shows that the target protein, NAT1, is detected in all the lanes.  

The band in the UI lane can again be attributed to leaky expression of NAT1 since the WT 

glycerol stock was used to inoculate the starter culture. The band present in the empty pET- 

28a(+) vector lane, is difficult to define. As previously mentioned, we speculate that this 

could be due to the leaky vector but also non-specific binding. With the confirmation of NAT1 

SNPs being expressed, they were used for activity assays. 

3.2 NAT1 acetyltransferase activity assays 

The rationale behind the experiment is to determine the rate of acetylation that NAT1 confers 

to the different substrates by observing the level of hydrolysis of p-nitrophenol acetate 

(PNPA) and subsequent acetylation over a fixed time period of 10 minutes. The assay was 

done in 96 well flat bottom greiner plates with the components described in table 11. The 

process involves the hydrolysis of PNPA to release acetyl which in turn acetylates the 

substrate and inactivates it. The remaining by-product, p-Nitrophenol, released from the 

hydrolysis reaction causes the colour change from colourless to yellow. The absorbance is 

then read at 410 nm. 

70 kDa 

̴35 kDa 
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The acetylation of the target drugs for NAT1 occurs in a two-step reaction. The first step 

involves the transfer of the acetyl group from acetyl co-enzyme A (Ac-CoA) to the cysteine 

residue of NAT1. In the second step the acetyl group is then transferred to the arylamine 

drug (Levy and Weber, 2002). Research by Cloete and colleagues (2017) documents the 

importance of the stability of this actylated cysteine complex for ultimate drug acetylation. In 

our study, Ac-CoA is substituted by PNPA and the arylamine targets refer to our drug 

probes, PAS and PABA. 

3.2.1 Optimization of NAT1 acetyltransferase activity assays 

The initial assay was performed on the crude as well as the purified WT sample. It was done 

as an optimization reaction for the concentrations of the components in the assay as well as 

the type of sample to be used.  

Figure 13. Bar graph of optimization assay for PABA. The graphs show and compare the 

average absorbance readings for the crude and purified samples for PABA. 
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The results for this assay was based on differences in absorbance readings. Since is was a 

optimization assay, statistical analysis was not done. The crude samples for the PABA 

assay shows the zero reading for the WT to be higher than that of the UI. The post 

incubation for the WT being lower than that of the UI samples. This is attributed to all the 

background expression seen in the UI samples. The exact protein constituents could not be 

identified for the UI samples. Therefore, the activity seen in the bar graph could be due to 

many different protein interactions with the PNPA. In contrast, the purified samples showed 

results in line with our hypothesis. The WT zero and post incubation readings are higher 

than that of the UI. This shows that the purified protein activity is more likely to be due to the 

increased presence of NAT1 in the WT than that of the UI since the purification process is 

stringent and specific for our His-tagged NAT1 protein sample.  

Figure 14. Bar graph of optimization assay for PAS. The graphs show and compare the 

average absorbance readings for the crude and purified samples for PAS before and after 

PNPA addition.  

The crude sample for the PAS assay shows inconclusive results. The results were based 

only on the differences in absorbance readings between the SNPs. The post incubation 

reading for the UI sample is lower than its zero reading (Figure 14). This is unclear since 

the presence of different proteins in the UI should interact and cause activity. This, in turn, 
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should increase the reading after PNPA is added. The WT readings correspond with the 

hypothesis for these assays. However, the zero reading is high which could also be due to 

the protein constituents in the sample used. In comparison, the purified samples showed an 

increased post incubation reading when compared to the zero readings of the UI and WT 

samples. The zero reading of the WT is also higher than that of the UI which we 

hypothesised since the purified WT should have considerably higher NAT1 quantities than 

the UI which should not have any NAT1 presence. However, the leaky vector causes basal 

and background expression and consequently, NAT1 is present in the UI samples.  

In light of the optimization assays, the subsequent assays for the NAT1 SNPs were done 

with only purified samples with different controls added to validate the credibility of the 

assays. 

3.2.2 NAT1 acetyltransferase activity assay for PAS 

Figure 15: Bar graph for NAT1 acetyltransferase activity assay for PAS. The graph 

depicts the absorbance readings, showing the average absorbance for each sample before 

and after the addition of PNPA using PAS as substrate. 
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The uninduced sample (UI) should not have any difference in absorption since protein 

expression is stinted in this sample due to the absence of IPTG (inducer) (Figure 15). 

However, the glycerol stock of the (WT) was used to inoculate this culture. Furthermore, the 

vector used (pET-30a(+)) is proven to have leaky expression (Rosano and Ceccarelli, 2014). 

This is seen in the SDS-PAGE gels where the specific band of interest shows up in the UI

state as well as the empty vector lanes and carries over to the western blot. Thus, there 

could very well be substrate-enzyme interaction which causes the increase in absorbance 

after PNPA. This is also evident in that the readings of UI and WT are very similar.  

For the empty pET-28a(+) vector, a band was detected but not confirmed to be NAT1 

(Figure 10 and 12). The possibility that this antibody is not specific, does exist. Thus, if 

treated with a specific anti-NAT1 antibody, the results could more conclusive. However, 

there is an increase in absorbance which proves that there is definitely some sort of activity 

between the substrate and whichever protein is present. Since NAT1 has specific affinity for 

PAS, it is hard to explain this result. 

The result for the PNPA control was expected since there is no PNPA in the experimental 

wells for the substrate to break down. As for the drug control, there is a dramatic increase in 

absorption. Since the substrate (PAS) is absent in these wells, it could be attributed to the 

increased hydrolysis of PNPA by the enzyme NAT1 since there is most likely no acetylation 

reaction occurring. The NAT1 control result could be caused by the gradual break down of 

PNPA in the presence of a substrate over time as well as other conditions affecting it such 

as pH. 

For the 6 individual SNPs, all show definite NAT1 activity in that the absorbance reading 

increased after the addition of PNPA. When compared to the wild type, all the SNPs show 

increased absorbance readings except V235A. It can be concluded that the rest of the SNPs 

increases the rate of acetylation in comparison to the WT. This disproves the initial 

computation predictions for SNP T193S and T240S which was believed to be benign.  
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3.2.3 NAT1 acetyltransferase activity assay for PABA 

 

Figure 16: Bar graph for NAT1 acetyltransferase activity assay for PABA. The graph 

depicts the absorbance readings from table 17, showing the average absorbance for each 

sample before and after the addition of PNPA using PABA as substrate. 

For the UI and WT, we observed a significant increase in absorbance after the addition of 

PNPA. However, the UI absorbance is more than that of the WT after PNPA was added. 

This again could just be a function of the leaky t7 vector as mentioned before. For the empty 

vector, the result is the same. The result for the PNPA control shows a small increase in 

absorption that is most likely negligible. The remaining controls, show similar results to the 

PAS assay. 

For the 6 individual SNPs, all show definite NAT1 activity. This can be seen by the increase 

in absorbance after the addition of PNPA. In comparison to the PAS assay, all the post 

incubation readings are higher than 0.1 which is higher than those of the PAS assay. All 

except V231G. However, contrary to the PAS assay, all the post-incubation absorbance 

readings for the PABA assay are lower than that of the wild type. Thus, it can be concluded 

that the SNPs reduce the rate of acetylation of PABA. 
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Although both assays show NAT1 activity in the hydrolysis of PNPA in the presence of each 

substrate, it must be noted that the general absorbance readings for the PABA assay are 

higher than that of the PAS assay. This could mean that NAT1 has a higher affinity to PABA 

as compared to PAS. Also, with respect to TB treatment, NAT1 will more readily acetylate 

and metabolize PABA than PAS, making the latter the better option for treatment purposes. 

The acetylation reaction has its own parameters and condition such as pH levels which 

could affect readings and possibly explain the NAT1 control, no protein added, result.  

With respect to the functional predictions obtained from PolyPhen-2 and SIFT for the specific 

SNPs, the experimental results oppose the hypothesis for T193S and T240S. The 

experimental data shows that these two SNPs in fact do affect the rate of acetylation in the 

presence of both substrates. For the remaining SNPs (V231G, V235A, F202V and D229H), 

the experimental data confirms the prediction that they affect the function of the protein. In 

this case they affect the acetylation rate of NAT1 in the presence of the specific substrates. 

The stability predictions made by Cloete et al (2017) showed that V231G destabilizes the 

native protein, thus affecting its function.  
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 Chapter 4 – Discussion and Conclusion 
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4.1 DISCUSSION 

The recognition of drug acetylation and the subsequent, clinical effect conferred by human 

variation in acetylating ability dates back more than 50 years (Spielberg, 1996). Previously, it 

was believed that NAT1 and its effect on PABA and PAS was genetically consistent. As 

research progressed, it was revealed that different mutations cause different amino acid 

changes, therefore possibly affecting the structure and function of NAT1 (Bell et al, 1995; de 

Leon et al, 2000; Arslan et al, 2003).  

Allelic variations exist between individuals, whole populations and ethnicities and their 

geographical location, which explains the differences in the human predisposition to disease 

and differences in the rate of drug metabolism and human drug response. Consequently, 

clinical treatment is affected. This was made evident when the genetic acetylation 

polymorphism was investigated with the anti-tubercular INH drug (Meyer, 1994; Spielberg, 

1996). The effect of allelic mutations of enzyme function is evident in our results since the 

comparison is drawn between the mutants and the native protein, NAT1. SNPs have been 

identified and the structural and functional effects were detailed in a review (Hein, 2009). 

Hein (2009) also documents that mutations at any given chromosomal location can also 

affect the stability of the enzyme and, thus, its activity. This was illustrated for SNP V231G. 

Structural studies confirmed that the mutation, V231G, has a destabilizing effect on the 

protein and so affects the acetylation capability of the anti-tuberculosis drug, PABA. The 

experimental results in our study reaffirms the findings by Cloete et al (2017) that SNP 

V231G decreases NAT1 stability and subsequent acetylation of PABA in comparison to the 

native NAT1 protein.   

Ionic interactions are important in substrate specificity as well as the folding of a protein. The 

aa residues that make up the binding pocket may interact when folded but may be far apart 

in the linear aa chain. This inherently guides and determines enzyme-substrate interactions. 

The folding of a protein relies greatly on its size and the flexibility of its side chain. Thus, 
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SNPs can change the function without changing the shape of the 3D protein structure and 

vice versa (Goodfellow et al, 2000).  

Previous studies have made efforts to elucidate the effect of structure on the activity of 

NAT1. The crystal structure of human NAT house 17 aa residues in a pocket that stabilises 

the protein and aids in its expression and overall binding specificity and function (Akaguru, 

2012). Wu and colleagues found that the binding pocket of NAT1 is relatively small, 40% 

smaller than that of NAT2. This explains its affinity for the small substrates, PAS and PABA, 

compared to NAT2. In addition, a Phe25 residue exists that forms part of the catalytic loop of 

NAT1 which aids the steric recognition of substrates and affects its selectivity for smaller 

substrates (Rodrigues-Lima et al, 2001; Wu et al, 2007). A study by Kubiak and colleagues 

(2013), highlighted the importance of the catalytic triad which exists in human NAT enzymes. 

The catalytic triad, Cys-His-Asp, is necessary for the catalysis by the enzyme family 

(Rodrigues-Lima, 2001; Kubiak et al, 2013). The work done by Bell and colleagues proves 

that even SNPs found outside the binding pocket of this enzyme can affect its functionality 

(Bell et al, 1995). The enzyme also contains “three key active site loop residues”, F125, 

Y127, and R129, which strongly influence substrate specificity of NAT1 (Hein, 2009). SNPs 

present in the coding region affect an individuals’ susceptibility to various disease. The novel 

SNPs in this study are all present in the coding region. Zhu and Hein (2008) investigated the 

functional effect of such SNPs and found that it affected an individuals’ phenotype and, 

ultimately, disease predisposition. The studies done on V231G and the data from our study 

show that the SNP decreases the acetylation rate of NAT1 in the presence of both PAS and 

PABA. With this knowledge, we can assume that the mutation would categorise an individual 

as a “slow acetylator”. Further structural studies are needed for the novel SNPs tested in this 

project.  

Previous computational predictions by Polyphen-2 and SIFT showed that V231G affects 

NAT1 activity. These results were used as the premise in structural prediction studies by 

Cloet et al (2017). Different methods (eg. molecular dynamic simulations) were used to 

correct the contradictory and inaccurate results produced by the computational algorithms. 
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Their results confirm the computational findings for SNP V231G. It affects the NAT1 

acetylating function. The experimental validation done in this study confirmed the prediction. 

It was discovered that V231G increases the rate of acetylation by NAT1 in the presence of 

PAS, although less than the other mutations studied, and decreases it in the presence of 

PABA when compared to the wild type. A study by Cloete and colleagues (2017) 

investigated the structural stability of V231G and its effect on the enzyme functionality. They 

found that the SNP destabilized the protein and increased the flexibility of the protein when 

compared to the wild type, meaning that the mutant protein is less thermodynamically stable 

than the wild type. Goodfellow and colleagues documented the importance of protein folding 

and flexibility with respect to different amino acid interactions as well as substrate-protein 

interactions which ultimately affect protein function (Goodfellow et al, 2000). Cloete and 

colleagues also tested the acetylation ability with distance measurements and used PABA 

as a probe drug. The mutant V231G showed to affect the core of the protein and showed 

greater distance of PABA from the catalytic triad Cysteine residue compared to the wild type 

which indicates weaker acetylation of PABA in comparison to the wild type NAT1. In 

addition, the mutant has the ability to rearrange the secondary structure of the protein and 

introduce loop regions close to the catalytic site. Cloete states that the protein moves more 

and folds less. This supports the findings of Rodrigues-Lima in 2001 which documents the 

effect protein folding has on its overall function (Rodrigues-Lima et al, 2001; Walraven 2008; 

Cloete et al, 2017). Furthermore, there could be other ionic interactions that still need to be 

uncovered that could be affecting the function of the enzyme. The structural findings 

reaffirms the experimental findings in this project for SNP V231G. Experimental data in this 

study for the anti-tuberculosis drug, PABA, we found a decreased acetylation rate compared 

to the wild type. The structural findings provide a multitude of reasons for these results 

(Table 17 and figure 16). The combination of findings could lead us to believe that the SNP 

V231G confers a slow acetylator phenotype to humans harbouring the mutant protein.  

Similar to Cloete and Colleagues (2017), Akaguru tested the stability of the novel SNPs in 

this project using Gibbs free energy changes and based it on the interaction between the 
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side chains and the main chain of the protein and the change the mutation infers. It was found 

that SNP, T240S, V235A, D229H and V231G destabilizes the protein. This reaffirms findings 

by Cloete for SNP V231G. For the experimental validation done by this study, we can assume 

that the flexibility of the protein is affected by these mutants and that could be the reason for 

the effect it has on the acetylation rate changes. In addition, he found SNP T193S to be 

functionally neutral and SNP F202V to have a stabilizing effect. Akaguru confirmed the 

computational prediction made for T193S. Our data disproves their findings in that the SNP 

does not render the protein benign. The SNP F202V predicted to affect function and not 

structure. Again, Akaguru proved that the SNP does affect the structure of native NAT1 and 

for our experimental data, we can attribute the functional effect to the structural findings made 

here. The experimental results in this project show that all 6 of the novel nsSNPs tested affect 

the functionality of NAT1 when compared to the native wild type protein.   

Millner and colleagues (2012), found that the acetylation phenotype conferred to any individual 

is substrate dependent based on the mutation the individual possesses. They used PABA as a 

substrate and found similar results to our study. Although we used different SNPs, we also 

found that NAT1 exerts a higher catalytic activity in the presence of PABA, however the SNPs 

do decrease the rate of acetylation and the resultant phenotype when compared to the WT. 

The resultant absorbance readings for the PABA assay are all higher than those for the PAS 

assay. Thus, PABA is more readily acetylated and rendered possibly ineffective for TB 

treatment. Decades later our findings, with the use of novel SNPS, supports the study done by 

Youmans et al (1947) where it was discovered that PAS is bacteriostatic in its effect against 

TB and is antagonistic to PABA (Youmans et al, 1947). Our data suggests that PAS is 

definitely a better treatment option against TB than PABA. 

Grant et al (1990) showed that there is a correlation between the quantity of NAT1 in 50 

human livers and the rate of acetylation. Thus, the reduced or absence of the enzyme 

reduces or eliminated the acetylation. This gives insight into the result we found for the 

empty vector sample and the reduced level of hydrolysis and subsequent acetylation in 

comparison to the WT and SNPs tested (Figures 15 and 16).  
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The localisation, solubility, quantity and absorption of NAT1 and the relevant drugs also play 

a major role in treatment efficacy. This allows for the modification of anti-tuberculosis 

treatments as well. Along with the discovery of PAS came the importance of combination 

drug treatment to overcome drug resistance in M.tuberculosis (O'Connor, 1948). PAS is still

widely used for the treatment of XDR and MDR-TB (Minato et al, 2015). PAS is a second-

line tuberculostatic drug which is effective against no other mycobacteria and is 

recommended for anti-tuberculosis treatment by the WHO. PAS was believed to disrupt the 

protein metabolism pathways of the mycobacterium and change the reaction of the host 

tissue in the presence of this tubercle bacillus. Studies have found that PAS inhibits 

Dihydropteroate synthase (DHPS) in the folate metabolism pathway of M.tuberculosis but 

does not inhibit the growth of the bacterium (Chakraborty et al, 2013; Zhao, 2014). The 

mode of action includes the bioactivation of PAS by the folate metabolism pathway and the 

subsequent inhibition of a pathway metabolite, dihydrofolate reductase (DHFR) 

(Rengarajan, 2004; Minato et al, 2015). Enzyme inhibition is important for new drug 

discovery. With the evidence that prokaryotes synthesize their own folate, it makes sense 

that this pathway would be a target for new drug development. However, other factors also 

need to be considered and so the search for new antitubercular drugs continues (Zheng et 

al, 2013). PAS resistance by the mycobacterium is strongly conferred by suppression of 

PAS bioactivation, target inhibition and limited drug accumulation in the mycobacteria 

(Minato et al, 2015).  

PABA is a growth factor for M. tuberculosis and inhibits the sensitivity of the mycobacterium

to PAS. This explains the findings by Chakraborty, 2013, investigation PAS inhibition but not 

stinted tubercle growth. General antitubercular treatments involve a combination of drugs, 

multidrug therapy. An interesting finding is that, when used in combination with INH and 

streptomycin, PAS reduces the acetylation of INH. This would be a suitable treatment for TB 

worldwide in addition to the introduction of intravenous treatment methods. This also gave 

insight into the emergence of drug resistant TB or the lack thereof (Krasnov, 2012). Decades 

ago, studies used PABA and PAS in conjunction to determine the effect it had on human 
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tubercle bacilli. Youmans et al (1947) found that when PABA is added at 0.1mg/100ml with 

PAS, the effect of PAS is reduced. These researchers used animal models as well and 

found that when PAS is used with Streptomycin, the survival of mice are prolonged. They 

found, however, that PAS is toxic at high concentrations. Studies to elucidate the function of 

PABA in TB treatment found that PABA antagonizes PAS treatment with respect to the folate 

metabolism pathways of M.tuberculosis. The two tuberculostatic drugs competitively 

antagonize one another. In this light, it was believed that large doses of PAS was necessary 

for TB treatment (Kakemi et al, 1967). Thiede and colleagues (2016) found that 

M.tuberculosis needs to maintain a basal level of PABA to maintain folate synthesis. 

However, a dose dependent increase in PABA was observed in the presence of PAS 

treatment. They concluded that this increased PABA levels plays a significant role in 

M.tuberculosis drug resistance to PAS. They then proposed that blocking PABA would 

eliminate drug resistance in this case. Thus, the synthesis of PABA in M.tuberculosis would 

become a viable drug target for drug development. 

4.2 CONCLUSION 

The expression and purification of recombinant proteins has played a pivotal role in research 

development as it allows for the characterization of a desired protein. The subsequent 

success contributes to the development of commercial and industrial processes as well as 

the understanding of certain complex diseases and the drugs to combat it (Rosano and 

Ceccarelli, 2014). Alterations in activity affect the phenotype of an individual and could very 

well lead to impaired treatment efficacy and disease predisposition. The investigation of 

NAT1 enzyme activity will give researchers an idea of the pharmacokinetics regarding the 

acetylation of arylamine containing drugs for clinical therapy against TB. 

In this project, we aimed at and successfully expressed human, wild type NAT1 and 6 novel 

nsSNPs (T193S, T240S, V231G, V235A, F202V and D229H) in a bacterial system to 

research its acetylation function on its specific substrates, PABA and PAS.  
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With respect to the functional predictions obtained from PolyPhen-2 and SIFT for the specific 

SNPs, the experimental results oppose the hypothesis for T193S and T240S. The 

experimental data shows that these two SNPs affect the rate of acetylation in the presence 

of both substrates. For the remaining SNPs (V231G, V235A, F202V and D229H), the 

experimental data confirms the prediction that they affect the function of the protein. In this 

case they affect the acetylation rate of NAT1 in the presence of the specific substrates. The 

experimental data corresponds with the structural and functional predictions, for SNP 

V231G, made by Cloete and colleagues (2017). 

We found that NAT1 has a higher overall catalytic activity in the presence of PABA when 

compared to the average absorbance readings of the PAS assay. The data in our study 

suggests that PAS is a better treatment option against TB than PABA. We also found that 

the SNPs increase acetylation in the presence of PAS and decrease it in the presence of 

PABA when compared to the wild type NAT1 protein. Furthermore, independent and 

combination structural studies are still necessary and more conclusive kinetic studies are 

necessary to fully understand the functional consequences of these novel SNPs. The assays 

performed on these novel SNPs provide new knowledge on its function. Thus, it will greatly 

influence research dedicated to TB drug discovery and allow researchers to better 

understand the enzyme activity and clinical function. It also gives more insight to the 

genotype-phenotype relationship for individuals as well as drug resistant tuberculosis. The 

findings in this study will allow for modifications of TB treatment strategies for human 

carrying these mutated proteins.  

The characterization of nsSNPs present in NAT1 is important for anti-tuberculosis drug 

development. Tuberculosis resistance is increasing and the financial and logistical burden is 

high in areas where the disease is most prevalent. Thus, the urgency for better treatment 

strategies need to enjoy more attention. The resistance mechanism of this pathogen relies 

entirely on chromosomal mutations that either affect the enzyme activation of the drug or the 

drug itself (Sandgren, 2009). 
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The time constraints of this study did not allow for certain investigations to take place. The 

NAT1 protein should be expressed in other bacterial systems with different hosts in order to 

check for tighter expression control and reduce basal expression even more. This could also 

enhance the purification of the protein. In order to properly confirm NAT1 presence, specific 

anti-NAT1 antibodies should be used for western blots. Once properly expressed in a 

bacterial system, other organisms could be used as hosts. 

As mentioned in the text, the structure of NAT1 strongly influences its substrate specificity, 

folding capacity and expression level. The latter directly affects the acetylation rate. 

Therefore, the structure-substrate interactions should be investigated for the novel nsSNPs 

used in this project. The effect the structure has on expression control should also be 

investigated. Furthermore, the novel SNPs in this study should be structurally tested against 

both substrates as it was done for PABA and V231G (Cloete et al, 2017). The 

pharmacokinetics should also be investigated for these novel SNPs as further clinical 

importance for TB treatment. The metabolic pathways affected by PAS and PABA should be 

better understood with respect to these novel NAT1 SNPs in order to further research fields 

focussing on drug resistant tuberculosis and TB treatment regimens and new drug 

development.  
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NAT1 open reading frame 

The ORF of wild type NAT1 shown here annotates the start and stop codons (bold and 

underlined) as well as the nucleotide changes (underlined) for the 6 individual, novel, non-

synonymous SNPs in our study. 

Atggacattgaagcatatcttgaaagaattggctataag 

Aagtctaggaacaaattggacttggaaacattaactgacattcttcaacaccagatccga 

gctgttccctttgagaaccttaacatccattgtggggatgccatggacttaggcttagag 

gccatttttgatcaagttgtgagaagaaatcggggtggatggtgtctccaggtcaatcat 

cttctgtactgggctctgaccactattggttttgagaccacgatgttgggagggtatgtt 

tacagcactccagccaaaaaatacagcactggcatgattcaccttctcctgcaggtgacc 

attgatggcaggaactacattgtcgatgctgggtttggacgctcataccagatgtggcag 

cctctggagttaatttctgggaaggatcagcctcaggtgccttgtgtcttccgtttgacg 

gaagagaatggattctggtatctagaccaaatcagaagggaacagtacattccaaatgaa 

gaatttcttcattctgatctcctagaagacagcaaataccgaaaaatctactcctttact 

cttaagcctcgaacaattgaagattttgagtctatgaatacatacctgcagacatctcca 

tcatctgtgtttactagtaaatcattttgttccttgcagaccccagatggggttcactgt 

ttggtgggcttcaccctcacccataggagattcaattataaggacaatacagatctaata 

gagttcaagactctgagtgaggaagaaatagaaaaagtgctgaaaaatatatttaatatt 

tccttgcagagaaagcttgtgcccaaacatggtgatagattttttactatttag 

NAT1 amino acid sequence 

MDIEAYLERIGYKKSRNKLDLETLTDILQHQIRAVPFENLNIHC 

GDAMDLGLEAIFDQVVRRNRGGWCLQVNHLLYWALTTIGFETTMLGGYVYSTPAKKYS 

TGMIHLLLQVTIDGRNYIVDAGFGRSYQMWQPLELISGKDQPQVPCVFRLTEENGFWY 

LDQIRREQYIPNEEFLHSDLLEDSKYRKIYSFTLKPRTIEDFESMNTYLQTSPSSVFT 

SKSFCSLQTPDGVHCLVGFTLTHRRFNYKDNTDLIEFKTLSEEEIEKVLKNIFNISLQ 

RKLVPKHGDRFFTI 

APPENDIX I – NAT1 SEQUENCES 
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The vectors maps were all downloaded from Addgene vector database and show the 

different restriction sites, multiple cloning sites and well as the sizes of the different vectors 

worked with for the duration of this project. 

pET-30a(+) 

APPENDIX II – VECTOR MAPS 
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pET-28a(+) 

pUC57 
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pGEX-4T-2 
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PureYield™ Plasmid Miniprep System 

DNA Purification by Centrifugation 

Prepare Lysate 

1. Add 600μl of bacterial culture to a 1.5ml microcentrifuge tube.
harvest and process up to 3ml of bacterial culture. 

2. Add 100μl of Cell Lysis Buffer (Blue), and mix by inverting the tube 6 times.

3. Add 350μl of cold (4–8°C) Neutralization Solution, and mix thoroughly by
inverting. 

4. Centrifuge at maximum speed in a microcentrifuge for 3 minutes.

5. Transfer the supernatant (~900μl) to a PureYield™ Minicolumn without
disturbing the cell debris pellet. 

6. Place the minicolumn into a Collection Tube, and centrifuge at maximum
speed in a microcentrifuge for 15 seconds. 

7. Discard the flowthrough, and place the minicolumn into the same Collection
Tube. 

Wash 

8. Add 200μl of Endotoxin Removal Wash (ERB) to the minicolumn. Centrifuge
at maximum speed in a microcentrifuge for 15 seconds. 

9. Add 400μl of Column Wash Solution (CWC) to the minicolumn. Centrifuge at
maximum speed in a microcentrifuge for 30 seconds. 

Elute 

10. Transfer the minicolumn to a clean 1.5ml microcentrifuge tube, then add 30μl
of Elution Buffer or nuclease-free water directly to the minicolumn matrix. Let 
stand for 1 minute at room temperature. 

11. Centrifuge for 15 seconds to elute the plasmid DNA. Cap the microcentrifuge
tube, and store eluted plasmid DNA at –20°C. 

APPENDIX III - PROTOCOLS 
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MagneHis™ Protein Purification System 

Purification of Polyhistidine- or HQ-Tagged Proteins from 1ml of Bacterial 
Culture Using MagneHis™ Ni-Particles  

1. Add 500mM NaCl to HQ-tagged protein lysate (i.e., 0.03g NaCl per
1.0ml of lysate) to improve binding to MagneHis™ Ni-Particles. 

2. Vortex the MagneHis™ Ni-Particles to a uniform suspension.

3. Add 30μl of MagneHis™ Ni-Particles either to cell pellet resuspended in
1X FastBreak™ Cell Lysis Reagent (from Section 3.B, Method 1, Step 7) 
or to 1.1ml of cell lysate (from Section 3.B, Method 2, Step 3). 

4. Invert tube to mix (approximately 10 times), and incubate for 2 minutes at
room temperature. Make sure the MagneHis™ Ni-Particles are well mixed. 

5. Place the tube in the appropriate magnetic stand for approximately
30 seconds to capture the MagneHis™ Ni-Particles. Using a pipette, 
carefully remove the supernatant. 

6. Remove the tube from the magnetic stand. Add 150μl of MagneHis™
Binding/Wash Buffer to the MagneHis™ Ni-Particles and pipet to mix. If 
NaCl was added for binding, also use NaCl during washing. Make sure 
that particles are resuspended well.  

7. Place the tube in the appropriate magnetic stand for approximately
30 seconds to capture the MagneHis™ Ni-Particles. Using a pipette, 
carefully remove the supernatant.  

8. Repeat the wash step 2 times for a total of 3 washes.

9. Remove the tube from the magnetic stand. Add 100μl of MagneHis™
Elution Buffer, and pipet to mix. 

10. Incubate for 1–2 minutes at room temperature. Place in a magnetic stand
to capture the MagneHis™ Ni-Particles. Using a pipette, remove the 
supernatant containing the purified protein. Analyse the samples by  
SDS-PAGE or by functional assay. 
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All PCR optimization reactions were performed with primers specific to the entire NAT

gene and, therefore, the band of interest was expected to be at a size of ~1615 bp. In 

some cases the band is observed. However, the primers were not correct for the ORF of

NAT1 to amplify the expected size of ~879 bp for subsequent protein expression and 

analysis.  

PCR at 50°C 

Figure 1. PCR at 50°C. Lane 1 – 1 kb molecular marker; lane 2 – negative control;

 lane 3 – experimental NAT1-pUC57 

APPENDIX IV – PCR OPTIMIZATION 

1000bp 
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PCR AT 52°c 

Figure 2. PCR at 52°C. Lane 1 – 1 kb molecular marker; lane 2 – negative control; lane 3 –

positive control; lane 4 – experimental NAT1-pUC57; lane 4 – 100 bp molecular marker. 

PCR at 54°C 

Figure 3. PCR at 54°C. Lane 1 – 1 kb molecular ladder; lane 2 – negative control;

lane 3 – positive control; lane 4 – experimental NAT1-pUC57. 

1000bp 

  750bp 

1    2    3     4   5 

900bp 
700bp 

500bp 

1 2   3   4

750bp 
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PCR at 56°C, 58°C, 60°C and 62°C 

Figure 4. PCR at 56°C, 58°C, 60°C and 62°C. Lane 1 – 1 kb molecular marker;

lane 2 – negative control; lane 3 - 56°C; lane 4 - 58°C; lane 5 - 60°C; lane 6 - 62°

C; lane 7 – 100 bp molecular marker.  

DNA template profile PCR 

Figure 5. Template profile PCR at 54°C. Lane 1 – 1 kb molecular marker; lane 2 – negative

control; lane 4 – 2:8 dilution of NAT1-pUC57; lane 5 to 9 – further diluted NAT1-

pUC57 ranging from 0 µl to 5 µl template volume additions. 

1     2     3      4     5   6  7 

3000 bp 

1500 bp 

750bp 

750 bp 
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1500bp 
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PCR nucleotide mix (dNTP) profile PCR 

Figure 6. PCR nucleotide mix profile PCR at 54°C. Lane 1 – 1 kb molecular marker; lane 2

– negative control; lanes 3 to 7 – different volumes of PCR nucleotide mix added to PCR

mix; lane 8 – 100 bp molecular marker. 

MgCl2 profile PCR 

Figure 7. MgCl2 profile PCR at 54°C. Lane 1 – 1 kb molecular marker; lane 2 – negative

control; lane 3 – positive control; lane 3 to 10 – different volumes of MgCl2 added to 

the PCR mix; lane 11 – 100 bp molecular marker.  
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3000bp 

3000bp 

1500bp 
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The RE digest result below depicts the linearization of pGEX-4T-2 with restriction 

endonuclease XhoI according to the conditions described in table 9, chapter 2. The 

expected product size was ~5000bp which proves the digest to be successful. 

Figure 8. RE digest of pGEX-4T-2. Lane – 1 kb molecular marker; lane 2 – pGEX-4T-2 

APPENDIX V – RE DIGEST OF pGEX-4T-2 

1 2 

5000bp 

3000bp 
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The different optimisation reactions showed the NAT1 protein successfully expressed. 

However, we were unable to eliminate the background and basal expression seen in the 

figures below.  

Induction with 1mM IPTG at specific OD readings with fermentation 
at 30 ºC 

Figure 9. SDS-PAGE gel at 30°C fermentation. NAT1 uninduced (UI) and wild type (WT) 

samples at the normal 37°C and the new 30°C for optimization 

APPENDIX VI – PROTEIN EXPRESSION 
OPTIMIZATION 
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Figure 10. Western Blot transfer at 30°C fermentation. NAT1 uninduced (UI) and wild 

type (WT) samples at the normal 37°C and the new 30°C for optimization. 

Increased CAM
+
 concentration to 50 µg/ml and decreased 

induction time from 4 hours to 2 hours 

 CRUDE  PURIFIED 

 34     50     34   50 

 UI      WT  UI    WT     UI      WT      UI      WT 

Figure 11. SDS-PAGE gel at 34 µg/ml CAM+ concentration and the new 50 µg/ml CAM+

concentration. NAT1 expression, crude and purified samples, comparing the chosen 

34 µg/ml CAM+ concentration and the new 50 µg/ml CAM+ concentration (shown by the

numbers above the lanes) for the uninduced (UI) and wild type (WT) samples. 

35 kDa 
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