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ABSTRACT 

 
 
 

SUBSTRATE SPECIFICITY OF HUMAN N-ACETYLTRANSFERASE 8  

FOR AROMATIC CYSTEINE CONJUGATES 

 

  

 

Reema Deol                Advisor: 

University of Guelph, 2015     Professor P. David Josephy 

 
  

      

     The mercapturic acid pathway is a metabolic route for the detoxication of xenobiotics, 

processing drugs and toxicants to mercapturic acids (N-acetylcysteine conjugates). An N-

acetyltransferase enzyme, NAT8, catalyzes the transfer of an acetyl group from acetyl-CoA to 

the cysteine amino group, producing a mercapturic acid, which is excreted in the urine. Human 

NAT8 was recently cloned and expressed but little is known concerning its activity and 

specificity with regard to substrates of toxicological importance. I expressed human NAT8 in 

HEK 293T cells and used colorimetric assays with DTNB and HPLC analysis (UV or MS 

detection) to measure the activity of NAT8 for various cysteine substrates. All of the S-aryl-

substituted (benzyl, 4-nitrobenzyl, and menaphthyl) cysteine conjugates tested are substrates for 

NAT8-catalyzed acetylation, with the exception of S-trityl-cysteine. This information provides 

insight into the final step in the glutathione-dependent biotransformation of toxicologically 

significant xenobiotics, such as polycyclic aromatic hydrocarbons.  
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Chapter 1: Introduction 

1.1 Bioactivation and Detoxication 

Xenobiotics are chemical compounds that are foreign to an organism; drugs and 

environmental pollutants are both examples. Enzymes such as cytochrome P450, prostaglandin 

H synthases and lipoxygenases can bioactivate xenobiotics to reactive metabolites, typically 

electrophiles (Liu & Massey, 1992; Vetting et al., 2005; Laine, Auriola, Pasanen, & Juvonen, 

2009). Reactive metabolites can then form covalent bonds with cellular macromolecules, such as 

DNA. The resulting DNA adducts can cause mutagenic, genotoxic, and carcinogenic effects 

(Ioannides & Lewis, 2004; Swenberg et al., 2011; Stone, Huang, Brown, & Shanmugam, 2011). 

The mercapturic acid pathway, in mammals, is a major process of elimination and 

detoxication of electrophiles and xenobiotics. In 1879, Baumann and Preuss discovered the 

mercapturic acid pathway, by studying the metabolism of bromobenzene in dogs. An acetylated 

sulfur-containing metabolite which was named a mercapturic acid was found in the urine. 

Mercaptan means “mercury capturing”; thiols bind strongly to mercury compounds, and so the 

term mercapturic acids was coined.  

In comparison to the parent compound, the resulting metabolites (i.e., mercapturic acids) are 

usually less biologically active (i.e., less toxic), as well as more polar and water-soluble. Thus, 

they can be readily excreted in the urine, often following membrane-protein-mediated active 

transport (Keppler, 2005). The mercapturic acid pathway processes xenobiotics initially by 

conjugation to glutathione (GSH), an endogenously synthesized tripeptide, via glutathione 

transferase, usually resulting in formation of a thioether. Subsequently, γ-glutamyl transpeptidase 

catalyzes the formation of cysteinylglycine conjugates (X-CG). These conjugates are then 
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susceptible to hydrolysis catalyzed by dipeptidases, resulting in cysteine S-conjugates (Poon & 

Josephy, 2012). Finally, the cysteine S-conjugates are acetylated in a reaction catalyzed by the 

enzyme now referred to as NAT8, forming mercapturic acids (acetylated cysteine S-conjugates) 

for excretion in urine (Figure 1). 

1.2 Cysteine Conjugates 

Cysteine-S-conjugates, as described above, are thioether derivatives of cysteine, and may be 

intermediates of either detoxication or bioactivation of xenobiotics.  

1.2.1 Metabolism of Cysteine Conjugates  

Metabolism of numerous xenobiotics via mercapturic acids is well documented (Pluym, 

Gilch, Scherer, & Scherer, 2015; Haufroid & Lison, 2005). However, endogenous compounds 

may also undergo modification through the mercapturic acid pathway. Arachidonic acid (a 

polyunsaturated fatty acid) is present in biological membranes as a component of lipids for 

example, in brain, muscles, and liver cells (Wang and Ballatori, 1998).  Arachidonic acid, in free 

form, is present at very low levels; it is released from phospholipids by phospholipase A2 and 

used for the biosynthesis of signaling molecules (e.g. prostaglandins) involved in inflammation 

(Lambeau & Gelb, 2008). Cysteinyl leukotrienes, which are involved in inflammatory and 

anaphylactic reactions, are derived from arachidonic acid (Wang & Ballatori, 1998). 

Overproduction of leukotrienes may be associated with asthma, heart attacks, and inflammatory 

liver disease (Kanaoka & Boyce, 2004). Leukotrienes can be inactivated by conjugation to 

glutathione and, thus, subsequently metabolized by the mercapturic acid pathway (Figure 2).  
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Figure 1: The Mercapturic Acid Pathway 

GSH Transferase catalyzes the conjugation of a xenobiotic to GSH; the resulting GSH conjugate 

is susceptible to γ glutamyl transferase, releasing glutamate and producing a cysteine-glycine 

conjugate. The cysteine-glycine conjugate is further hydrolyzed by dipeptidases, forming a 

cysteine-conjugate; the cysteine conjugate is acetylated by NAT8, forming a mercapturic acid. 
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Figure 2: Leukotriene Metabolism 

Arachidonic acid is oxidized to leukotriene A4, which subsequently undergoes biotransformation 

via the mercapturic acid pathway. 
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The enzymes of the mercapturic acid pathway may have evolved under the selective pressure of 

the need to detoxify endogenous reactive substances, such as LTA4, and lipid peroxidation 

products (Bernstrom & Hammarstrom, 1986). 

In a study conducted by Huber and colleagues (1990), three cynomologus monkeys were 

intravenously injected with radiolabelled leukotriene C4 (LTC4) for bile and urine analysis. 

Samples were assessed for the presence of metabolites by using reversed-phase HPLC and 

radioimmunoassay techniques. Both bile and urine samples showed the appearance of LTE4 

metabolites. Moreover, the bile and urine samples of patients with biliary obstruction were 

analyzed after they had been infused with radiolabelled LTC4. The same metabolites were seen 

as those detected in the monkeys; small amounts of N-acetyl-LTE4 were also excreted in the 

urine. For the measurement of endogenous cysteinyl leukotrienes, bile and urine were sampled 

from ten healthy people. LTD4 and LTE4 were found in the bile, whereas only LTE4 and small 

amounts of N-acetyl-LTE4 were detected in the urine; LTC4 and LTD4 levels were below the 

detection limit (Huber et al., 1990). The absence of LTC4 detection and presence of other 

mercapturic acid pathway metabolites (LTE4 and N-acetyl-LTE4) further supports the notion that 

the mercapturic acid pathway may have evolved to assist in the detoxification of reactive 

endogenous substances. 

Aromatic compounds include many potent toxicants, some of which (such as 

dichlorobenzene) are widely distributed in the environment; many of them are mutagenic and 

genotoxic, notably the polycyclic aromatic hydrocarbons (PAH). The mercapturic acid pathway 

facilitates the excretion into the urine of metabolites of aromatic compounds. What is the 

metabolic role of acetylation of cysteine conjugates catalyzed by NAT8? Cysteine conjugates 

typically appear in the urine only after the α-amino group has been acetylated. The role of NAT8 
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in the formation of mercapturic acids in-vivo was investigated by administering S-benzyl-L-[U-

14
C]cysteine intravenously to rats and determining the radioactivity level at various time intervals 

in the plasma, liver, and kidney (Okajima, Inoue, Morino, & Itoh, 1984). The injected cysteine S-

conjugate was rapidly removed from the blood and accumulated in the liver and kidney; 

radioactive levels in both the liver and kidney reached a maximum within 3 min of 

administration. After approximately 20 min, the levels had decreased by a factor of 

approximately 2.3 in both the liver and the kidney. After 60 min, roughly 60% of the 

radioactivity was recovered in the urine as S-benzyl-N-acetylcysteine, indicating that NAT8 

plays a role in the elimination of aromatic substances from the rat (Okajima et al., 1984). 

Mercapturic acids are organic acids, which, in mammals, are usually transported out of the 

cell and excreted into the urine or bile, via the probenecid-sensitive organic anion transport 

system (Inoue, Okajima, & Morino, 1981; Burckhardt & Burckhardt, 2003; Burckhardt, 2012; 

Nigam, 2015). Probenecid (an organic acid drug used in the treatment of gout) is an inhibitor of 

the peritubular transport of organic anions; its effect on NAT8 activity has been investigated. 

The enzyme activity of partially purified NAT8 from pig kidney microsomes was assayed with 

radiolabelled acetyl-CoA and nitrobenzyl-L-cysteine in the presence vs. absence of probenecid; 

products were measured using scintillation counting. In the presence of 2.0 or 5.0 mM 

probenecid, NAT8 enzyme activity decreased 40% and 61%, respectively (Aigner et al., 1996). 

This suggests that, in addition to its effect as an inhibitor of mercapturic acid transport, the drug 

may also inhibit the acetylation of cysteine-S-conjugates. 

1.2.2 In-Vivo Acetylation of Cysteine Conjugates 

In a 1984 study (Okajima et al., 1984), rats were administered radiolabelled benzyl-cysteine, 

intravenously. Approximately 50% of the benzyl-cysteine was taken up by the kidneys; N-
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acetylated-benzyl-cysteine was the major urinary metabolite. This suggests that acetylation in-

vivo is an effective route for the elimination of cysteine conjugates. Exposure to aryl halides also 

results in mercapturic acid formation in vivo. Rats were administered radiolabelled benzyl-

chloride by gavage; after 48 h, tissue distribution of radioactivity was assessed. Most of the 

benzyl-chloride was excreted by the kidneys and the major urinary metabolite was the 

corresponding mercapturic acid (Saxena & Abdel-Rahman, 1989). In a similar study, 1- and 2-

methylnaphthalene derivatives (e.g. aryl halide and cysteine conjugate) were administered to rats 

either by subcutaneous injection or in the food. The urine was analyzed by thin-layer 

chromatography and menaphthyl mercapturic acid was the major urinary metabolite detected 

(Hyde & Young, 1968). In addition, mercapturic acid formation has been documented following 

human exposure to single-ring aromatics. Aniline is used in the manufacture of rubber and 

pesticides and so occupational/ environmental exposure is likely. Four male subjects were 

administered radiolabelled aniline and, over the course of 2 days, urine samples were assessed 

for metabolites by LC-MS/MS and GC-MS. One the major metabolites found in the urine was 

the corresponding mercapturic acid (Modick et al., 2015). These studies indicate that aryl 

halides, cysteine conjugates, and single-aromatic-ring compounds are acetylated in-vivo, and 

thus their corresponding mercapturic acids can be used as biomarkers of exposure. 

1.2.3 Bioactivation of Cysteine Conjugates  

S-Substituted N-acetyl-L-cysteine conjugates formed through the mercapturic acid pathway 

can either be excreted into the urine or, alternatively, deacetylated to re-form cysteine S-

conjugates; hydrolysis is catalyzed by aminoacylases (Duffel & Jakoby, 1982).  
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Deacetylation may contribute to nephrotoxicity, as S-cysteine conjugates may be bioactivated by 

the action of cysteine conjugate β-lyase, generating cytotoxic metabolites (Commandeur, 

Stijntjes, & Vermeulen, 1995; Cooper et al., 2011).  

Halogenated alkenes such as trichloroethylene (TCE) can cause nephrotoxicity and 

hepatotoxicity (Bruning & Bolt, 2000). These carcinogens can be detoxified by the mercapturic 

acid pathway.  Newman and colleagues (2007) investigated aminoacylase III (AAIII) activity for 

the deacetylation of mercapturic acids derived from the metabolism of TCE, specifically N-

acetyl-S-(1,2-dichlorovinyl)-L-cysteine (NA-1,2-DCVC) and N-acetyl-S-(2,2-dichlorovinyl)-L-

cysteine (NA-2,2-DCVC). Mouse AAIII was expressed in human embryonic kidney (HEK 

293T) cells and ion-exchange chromatography was used for purification. AAIII activity was 

assessed by a fluorescence assay that measured the amount of deacetylated product formed 

(Udenfriend et al., 1972). Mouse proximal convoluted tubule (mPCT) cells were transfected with 

AAIII, incubated with or without mercapturic acids, and assessed for cell viability using the 

CytoTox 96 cytotoxicity assay. Both NA-1,2-DCVC and NA-2,2-DCVC were deacetylated by 

AAIII. Both mercapturic acids also induced cytotoxicity in mPCT cells. Released lactate 

dehydrogenase activity was higher in transfected cells exposed to the mercapturic acids (NA-1,2-

DCVC and NA-2,2-DCVC) than in non-transfected control cells or transfected cells without this 

substrate (Newman et al., 2007). Therefore, aminoacylases may deacetylate mercapturic acids, 

forming S-substituted cysteine conjugates, which in turn may cause cytotoxicity.  

Deacetylation results in the formation of S-cysteine conjugates which may be bioactivated by 

cysteine conjugate β-lyases; these enzymes require a free amino group. Xenobiotics, such as 

TCE, are conjugated to GSH and then metabolized via γ-glutamyltranspeptidase and 

dipeptidases, forming a cysteine conjugate (1, 2-DCVC). In the last step, the cysteine conjugate 
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is acetylated and produces a mercapturic acid. In the absence of acetylation, or if deacetylation 

occurs, 1,2-DCVC is a substrate for β lyase in the kidney (Figure 3), which catalyzes a β 

elimination reaction. This leads to the formation of thioketene electrophiles that can form DNA 

adducts, causing genotoxicity in the kidneys (Monks et al., 1990; Cooper & Pinto, 2006).  

Kinouchi and colleagues (1993) investigated the effects of the intestinal microflora on the 

absorption and metabolism of 1-nitropyrene (1-NP) glutathione conjugates, in mice that were 

either treated or untreated with antibiotics. Glutathione conjugates of [
3
H]1-NP were 

administered to both treated and untreated mice, and activities of intestinal enzymes were 

measured. Lower enzyme activities were measured for treated (with antibiotics) mice compared 

to untreated, suggesting that the intestinal microflora affects the absorption and metabolic 

activation of these conjugates. Moreover, DNA binding activity was monitored in an assay with 

radiolabelled 1-NP cysteine conjugates in the absence or presence of β-lyase activity. DNA was 

extracted with phenol, followed by scintillation counting to determine the amount of 

radiolabelled compounds bound to DNA; the presence of microflora with β-lyase activity 

increased DNA binding by approximately two fold (Kinouchi, Kataoka, Miyanishi, Akimoto, & 

Ohnishi, 1993). The 
32

P-postlabelling method was used to analyze DNA adducts from the lower 

intestinal mucosa; three additional DNA adducts were discovered in untreated mice compared to 

those that were treated (Kinouchi et al., 1993). This further suggests that the presence of 

microflora with β-lyase activity catalyzes the bioactivation of PAH (e.g. 1-NP) cysteine 

conjugates. Although β-lyase was not the focus of my research, it would be of interest to 

compare the difference in aromatic cysteine conjugate specificity for NAT8 and β lyase, as it 

would provide insight into detoxication efficiency of PAHs by NAT8. 
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Figure 3: S-Substituted Cysteine Conjugate Reactions 

TCE metabolism via the mercapturic acid pathway results in DCVC formation. DCVC may 

undergo two possible reactions. Acetylation of the amino group, catalyzed by NAT8, forms a 

mercapturic acid that can be excreted in the urine. Alternatively, the mercapturic acid can be 

hydrolyzed by AAC to give acetate and re-form DCVC, which is susceptible to β-elimination 

catalyzed by β-lyase, leading to the formation of a reactive thioketene, which can, in turn, form 

DNA adducts. 
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Understanding the biochemical and toxicological significance of NAT8-catalyzed acetylation 

of cysteine conjugates requires knowledge of the substrate specificity of NAT8. In this thesis, I 

describe my studies of the substrate specificity of the enzyme for a variety of aromatic cysteine 

conjugates. 

1.3 N-Acetyltransferases 

The focus of my thesis is on the enzyme NAT8, which belongs to a family of 

acetyltransferases. This is an enormous family of enzymes. I will highlight some general 

principles among these enzymes and describe several acetyltransferases that are related to NAT8. 

GCN5 (general control of amino acid synthesis) was first identified as a yeast gene required 

for acetylation of lysine residues in histones (Skvirsky, Greenberg, Myers, & Greer, 1986; 

Neuwald & Landsman, 1997). This discovery led to the recognition of a vast and diverse 

superfamily of enzymes, GCN5-related N-acetyltransferases (GNATs), which are involved in the 

regulation of amino acid metabolism.  

GNAT enzymes have a wide range of amine substrates; they use acetyl-coenzyme A 

(CoASAc) as a cofactor, and catalyze the transfer of an acetyl moiety to the primary amino 

groups of small molecules and proteins, via a nucleophilic attack (Figure 4) (Dyda, Klein, & 

Hickman, 2000; Vetting et al., 2005). The structure of CoASAc is shown in Figure 5. Currently, 

up to 10,000 members of the GNAT family have been identified; they are found in all kingdoms 

of life (Vetting et al., 2005). However, to date, the detailed structures and mechanisms of only a 

few of these proteins have been defined. Well-known members of the GNAT superfamily  



12 
 

 

Figure 4: NAT8 Chemical Mechanism: Nucleophilic Attack 

The amine group of the substrate must be deprotonated prior to a nucleophilic attack on the 

CoASAc. Nucleophilic attack results in straightforward formation of a tetrahedral oxyanion 

intermediate, which loses CoASH to give the acetylated amine substrate. 

 

 
Figure 5: CoASAc 

The asterisks on the pantotheine group indicate the region responsible for the bent conformation, 

which facilitates CoASAc binding to NAT8. 
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include the histone, ribosomal, aminoglycoside, serotonin and several amino acid 

acetyltransferases, some of which are discussed below. 

Protein topology is conserved among family members, notwithstanding functional 

differences. A central, mixed (parallel and antiparallel arrangement) β sheet forms the core of the 

NAT domain, along with α helices. The topology is illustrated in Figure 6. Four motifs are  

almost universally conserved in the superfamily of GNATs; these regions comprise what is 

commonly referred to as the “NAT domain” (Dyda et al., 2000). The NAT domain is composed 

of an N-terminal region-α1 (motif C), β2-β3 (motif D), β4-α3 (motif A), and β5-α4 (motif B) 

(Vetting et al., 2005; Dyda et al., 2000). Superposition of 15 GNAT structures illustrates that this 

topology is conserved (Vetting et al., 2005). 

Additional conserved structural characteristics include the so-called β bulge, splay, p-loop, 

and proton wire features. Motif A is the most highly conserved across the GNAT superfamily; it 

consists of a β4 strand and α3 helix. The only parallel β segment in the GNAT domain occurs at 

the beginning of β4 with a four residue stretch parallel to β5. A β bulge occurs when two 

residues occupy the space that is usually occupied by one, as is found in the middle of strand 4 

following the short parallel segment. The β bulge results in disruption of the parallel strands, 

creating a V-shaped ‘splay’ in the centre of the protein; CoASAc can bind within the splay 

(Figure 7). The disruption of the antiparallel interaction between the two strands orients the 

carbonyls of the β strands towards the cofactor binding site of CoASAC, allowing formation of 

hydrogen bonds with the carbonyl and amide groups of the acetyl and pantotheine moieties of 

CoASAc (Dyda et al., 2000; Vetting et al., 2005). Hydrogen bonding of CoASAc with the β 

strands is attributed to motif C, comprised of an α1 helix with a large hydrophobic side chain. 

Motif C facilitates the binding of CoASAc in a bent conformation, which in turn allows  
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Figure 6: GNAT Topology 

GNAT topology is illustrated as a mixed β sheet with α helices. The four motifs that compose the 

NAT domain in GNATs are highlighted. 
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Figure 7: Crystal Structure of Serotonin NAT 

The crystal structure of serotonin NAT (PDB: 1CJW) was edited by removing some of the 

structural elements so that the GNAT characteristics could be highlighted. A splay is created 

between β4 and β5 and a β bulge disrupts hydrogen bonding, both of which facilitate the binding 

of substrates. The bisubstrate analog depicted in this image is CoA-S-acetyltryptamine.  

 
  



16 
 

hydrogen bonding between CoASAc and the disrupted β strands.   

Another structurally conserved feature in motif A is the loop that connects β4 and α3, 

commonly referred to as the ‘p-loop’. The phosphate oxygen atoms of the pyrophosphate group 

of CoASAc are hydrogen bonded to the amide group of (typically) six residues (Vetting et al., 

2005; Dyda et al., 2000). In addition, a ‘proton wire’ is involved in the catalytic mechanism of 

acetylation. In some GNATs, water molecules form a continuous chain known as a “proton 

wire”, which is able to coordinate with the substrate amine nitrogen. It is likely that the primary 

amine of a substrate participates in a nucleophilic attack with CoASAc; deprotonation of the 

primary amine is required, and thus it is hypothesized that a proton wire coordinated to a base 

mediates the removal of a proton. The first water molecule in the wire forms three hydrogen 

bonds, one to the carbonyl oxygen of a residue on β4, another to the amide nitrogen on adjacent 

strand, β5; and another bond to the next water molecule in the wire. Experimentally determined 

structures of a few GNATs show that this water molecule is situated where it can hydrogen bond 

to a primary amine of a substrate, accept the extra proton, and move it down the wire (Dyda et 

al., 2000; Vetting et al., 2005) 

1.3.1 Aspartate N-Acetyltransferase (NAT8L) 

In this section, I will discuss NAT8L, the human enzyme that is most closely related to 

NAT8 of the mercapturic acid pathway (refer to Table 1). 

N-Acetylaspartate (NA) is one of the most abundant metabolites found in the brain (Tallan, 

Moore, & Stein, 1954). NA is localized primarily in neurons where its concentration can reach 

20 mM; however, its function in the brain is unknown. In several neurological disorders 

(including Alzheimer’s disease, multiple sclerosis, and schizophrenia), specific areas of the brain  
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Table 1: Comparison of two different enzymes, NAT8 and NAT8L 

 
 NAT8 NAT8L 

# of Amino Acids 227 302 

Expression Pattern Kidney and Liver Brain 

Substrate Cysteine Conjugates Aspartate 

Sub-cellular Localization Endoplasmic reticulum Endoplasmic reticulum 

Metabolite Biological Role Mercapturic acid pathway – 

excretion 

Unknown 
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may have decreased levels of NA; thus, it may be a biomarker for neurological dysfunctions 

(Tsai & Coyle, 1995).  

The gene Nat8l encodes an enzyme, aspartate N-acetyltransferase (EC 2.3.1.17), which 

catalyzes acetyl-CoA dependent acetylation of the amino acid, aspartate, giving rise to NA. 

NAT8L is expressed predominantly in the brain, but also in adipose tissue. NAT8L, roughly 300 

residues, is a membrane-bound protein; it resists purification as it is inactivated by detergent 

treatment (Goldstein, 1969; Pessentheiner et al., 2013). 

1.3.2 Aspartate N-Acetyltransferase (NAT8L) Structure 

To analyze NAT8L sequence homology, the NAT8L sequence was divided by Tahay and 

colleagues (2012) into five regions: (1) a 40 residue N-terminal region, (2) a proline- and 

alanine- rich region, (3) ~30 well-conserved residues, (4) a hydrophobic region of ~30 residues 

separating region 3 from region 5, which is composed of approximately 150 residues. Human 

NAT8L protein sequence was aligned with those of Danio rerio NAT8L, human NAT8, and 

polyamine NAT from Bacillus subtilis PaiA, all of which belong to the GNAT superfamily. 

Regions 3, 4, and 5 of NAT8L align with NAT8, whereas only regions 3 and 5 align with PaiA 

(Figure 8) (Tahay, Wiame, Tyteca, Courtoy, & Van, 2012). In the crystal structure of PaiA, 

helices αA and αB are separated by a small loop. In contrast, in both NAT8L and NAT8, the 

loop is replaced by stretch of hydrophobic residues, region 4, which suggests that region 4 is 

necessary for protein association with membranes (Tahay et al., 2012). The hydrophobic region, 

4, also has a small stretch of polar residues. Therefore, region 4 corresponds to motif C and is 

likely implicated in membrane association.  

Site-directed mutagenesis was used to study the roles of the different regions in NAT8L 

(Tahay et al., 2012). No statistically significant change in activity was observed when deletions  
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Figure 8: Sequence Alignment of Human NAT8L 

Alignment of human NAT8L with other GNAT superfamily proteins, Danio rerio NAT8L, 

human NAT8, and polyamine NAT from Bacillus subtilis PaiA. The sequences are divided into 

five different regions as highlighted. (Adopted from Tahay et al., 2012). 
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were made in regions 1 or 2. Therefore, it is suggested that regions 1 and 2 are not involved in 

catalysis. Furthermore, the roles of region 3 and 5 were investigated by creating point mutations 

in residues that are highly conserved in both NAT8L and NAT8. Both regions affected the activity; 

mutations in region 5 had a greater effect. These results indicate that the catalytic domain of NAT8L is 

composed of regions 3 and 5; these regions contribute to the splay that is observed in most GNATs. This 

is representative of the catalytic sites of GNAT family members, as they are composed of motifs A and B, 

β4-β5, contributing to the binding of CoASAc. The role of region 4 (i.e., the hydrophobic region) was 

explored by constructing point mutations affecting conserved or semi conserved residues of NAT8L. 

When residues were changed to a non-polar amino acid, alanine, there was no effect on the activity. 

However, when a polar amino acid, arginine, was introduced, the activity decrease by about 40%. Region 

4 is speculated to be involved in the anchoring of NAT8L to the membrane. Jpred3, a secondary structure 

prediction server, indicated that the membrane region is composed of two alpha helices that form a loop, 

Ala-Phe and Leu-Leu respectively. It was hypothesized that additional residues would rotate region 3 

relative to region 5, affecting their orientation in the catalytic site. Therefore, it was of interest to test the 

effect of the insertion of additional residues in region 4. The addition of one or two leucine residues 

resulted in 50% and 100% loss of activity, respectively. The addition of three residues recovered activity; 

however, the insertion of four residues caused complete loss of activity. Addition of residues causes 

elongation of the helix involved in the membrane region, which in turn, affects the configuration of the 

regions 3 and 5. This suggests the change in orientation is not compatible with the catalytic site and that 

correct positioning of regions 3 and 5 is necessary for catalysis (Tahay et al., 2012). The importance of 

the loop can be related to NAT8L’s sensitivity towards detergents: if the bilayer is disrupted, it might 

disorient the loop between the two helices, hence disorganizing the structure of the catalytic site (Tahay et 

al., 2012). 

To determine whether NAT8L is luminal or cytosolic in orientation, NAT8L was altered to 

include (either at the C-terminus or region 2 of the protein) a peptide (from serotonin NAT) 
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which can be phosphorylated by protein kinase A (PKA). Phosphorylation is cAMP-dependent 

and cAMP is found in the cytosol; therefore, the peptide will only be phosphorylated if the target 

sequence is cytosolic. Tahay and colleagues (2012) found that no phosphorylation was observed 

when the peptide was absent, but phosphorylation was observed when the peptide was inserted 

into region 2 or at the C-terminus of NAT8L, indicating that the catalytic site is on the cytosolic 

side of the endoplasmic reticulum membrane.  

1.3.3 NAT8L Mechanism 

Bimolecular nucleophilic substitution reactions often have either a ping-pong or a one-step 

catalyzed nucleophilic attack (SN2) mechanism; transferase enzymes, such as NAT8L, fall into 

this category. In ping-pong catalysis, a catalytic triad is utilized in which the acetyl group is 

transferred to a nucleophilic residue (e.g. aspartate) in the enzyme’s active site, resulting in the 

formation of a covalent-bound intermediate. The enzyme intermediate catalyzes the transfer of 

the acetyl group from the nucleophilic residue to aspartate, which in turn regenerates the free 

enzyme. In the competing mechanism, direct nucleophilic attack, a primary amine of the 

substrate (e.g. aspartate) performs a nucleophilic attack on the second substrate (e.g. CoASAc), 

forming a tetrahedral oxyanion intermediate. The tetrahedral intermediate allows the direct 

transfer of the acetyl group to the acceptor substrate (e.g. aspartate).  

Using sequence alignment in Molecular Operating Environment (Molecular Stimulation 

Software, Chemical Computing Group) the protein sequence of NAT8L (Mus musculus) was 

searched against the sequences of the protein structures in the PDB data bank. NAT8L amino 

acid residues 143 to 283 aligned with sequences of the acetyltransferase from Streptococcus 

agalactiae. Based on this alignment, a 3D homology model was created (Ariyannur et al., 2010). 

To gain insight about the NAT8L catalytic mechanism, the structure of the proposed homology 
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model was aligned with the crystal structure of ribosomal S18 NAT; bound CoA was docked to 

the homology model (Ariyannur et al., 2010). However, this technique may be flawed, since the 

alignment compares a protein that is membrane bound (NAT8L) to one which is not (ribosomal 

S18 NAT); the membrane-bound protein may adopt a different configuration. Nevertheless, the 

model indicates that the catalytic mechanism of NAT8L is likely a SN2 reaction and not ping-

pong catalysis. A cysteine residue (C160) was situated 10 Å away from the aspartate substrate, a 

distance that is too far for a ping-pong catalytic mechanism to proceed (Ariyannur et al., 2010). 

Absence of a cysteine in close vicinity of the active site halts the reaction because a nucleophilic 

attack on the substrate cannot be facilitated. In contrast, for the one-step catalyzed SN2 reaction 

to occur, aspartate and CoASAc must be in an energetically favorable position. In the generated 

molecular model, aspartate is located in the NAT8L binding pocket so that it is able to 

coordinate seven hydrogen bonds with amino acid residues of the protein. The amino group of 

aspartate is located 4 Å from the carbon atom of the acetyl group, a distance that is capable of 

facilitating the transfer of an acetyl group from CoASAc to the N-terminus of aspartate 

(Ariyannur et al., 2010). A one-step catalytic mechanism for NAT8L is consistent with the 

mechanism of N-acetyl-glutamate synthase, which was elucidated from its crystal structure. The 

crystal structure suggested that the alpha nitrogen atom of glutamate is positioned 2.5 Å from the 

carbon atom of the acetyl group (Shi et al., 2008), a distance that is comparable to 4 Å for 

NAT8L. 

Aspartate and CoASAc must be correctly positioned so that the enzymatic reaction may 

occur. Specifically, two residues, arginine 209 and lysine 249, assist in holding the substrates in 

a stable position. Aspartate is held in a stable position by not only the formation of a salt bridge 

between arginine 209 and the carboxyl side chain of aspartate, but also hydrogen bond and 
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electrostatic interactions with lysine 249 and C-terminal carboxyl chain of aspartate. Both 

residues aid in the correct orientation of aspartate so that CoASAc can transfer acetate to the N-

terminus of aspartate. It is also worth noting that both residues are found in regions 3-5, which is 

known to form the binding pocket of GNATs. 

1.3.4 NAT8L Kinetics 

The M. musculus NAT8L gene was cloned and expressed, to measure NAT8L activity, using 

radiometric assays. HEK 293T cells were transfected with the NAT8L plasmid and both 

aspartate and glutamate substrates were tested. Transfections were done in parallel with mock-

transfected controls (vector DNA only) for both substrates. NAT8L activity was 300 times 

greater for aspartate using NAT8L-transfected cells than activity in mock-transfected cells. 

Enzymatic activity was also assessed using glutamate as a substrate; activity was extremely low: 

less than 1% increase in activity was detected in NAT8L-transfected cells compared to mock-

transfected cells (Ariyannur et al., 2010). These results clearly indicate that aspartate is the 

favoured substrate for NAT8L. 

Substrate specificity and kinetic parameters of NAT8L were investigated using partially 

purified NAT8L (Madhavarao, Chinopoulos, Chandrasekaran, & Namboodiri, 2003). The 

enzyme was solubilized from pellets of rat brain homogenate and partially purified by ion-

exchange chromatography and size exclusion HPLC. Enzyme assays were conducted using 

radiolabelled substrates and products, with analysis by thin-layer chromatography and 

scintillation counting of fractions. NAT8L activity was examined for the substrates aspartate, 

glutamate, glutamine and asparagine. NAT8L had less than 3% activity for all substrates when 

compared to its activity with asparatate (Madhavarao et al., 2003). Again, these results 

demonstrate the strong specificity of NAT8L for aspartate. One might have expected that 
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NAT8L would exhibit activity with glutamate close to that of with aspartate, because glutamate 

is only one methylene group longer. However, minimum energy calculations and homology 

modeling illustrate that the substrate pocket of NAT8L can only accommodate aspartate, since 

the longer chain of glutamate would be blocked by residue arginine 209, preventing the correct 

orientation for bonding from occurring (Ariyannur et al., 2010).  

1.4 N-Acetyltransferase 8 (NAT8) 

In 2010, Veiga-da-Cunha and colleagues cloned and identified N-acetyltransferase 8 (NAT8) 

(EC 2.3.1.80) as the enzyme that acetylates cysteine S-conjugates to give mercapturic acids.  

1.4.1 Cloning of NAT8  

NAT8 was cloned prior to knowing its function. The gene now known as Nat8 encodes for 

N-acetyltransferase 8 (NAT8) (EC 2.3.1.80), but was originally designated TSC501. NAT8 was 

isolated and mapped using differential display, a technique using PCR radiolabelled primers to 

amplify the sequence. PCR products are run on polyacrylamide gels to detect the band of 

interest. Differential display patterns monitor the changes in gene expression at the mRNA level, 

and allows for identification and comparison of expression levels in various tissues. Differential 

display patterns were compared using mRNA preparations from brain, liver, lung, stomach, 

pancreas, spleen, heart, skeletal muscle, breast, visceral fat, prostate, and kidney. A PCR product 

specifically expressed in the tissues of kidney and liver was identified; expression was further 

confirmed by northern blot analysis (Ozaki, Fujiwara, Nakamura, & Takahashi, 1998). The 

cDNA sequence encodes a polypeptide of 227 amino acid residues (Ozaki et al., 1998) with a 

hydrophobic motif near the N-terminus (Leu55-Ala78) and a presumed transmembrane domain 

near the C-terminus (Gln198-Pro220) (Ozaki et al., 1998), suggesting that NAT8 has membrane 
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association. NAT8 was compared to a database of known proteins (FASTA software). This 

analysis revealed sequence homology of NAT8 to Escherichia coli (E. coli) RimI and E. coli 

aaC1 (Ozaki et al., 1998). RimI catalyzes the acetylation of the N-terminal alanine residue of 

ribosomal protein S18 (Recht & Williamson, 2001). aaC1 catalyzes the acetylation of one of the 

several amino groups found on aminoglycosides antibiotics, such as kanamycin and 

streptomycin. These modifications can lead to the emergence of antibiotic-resistant bacteria 

(Shaw, Rather, Hare, & Miller, 1993). NAT8 shares 30% sequence identity with its homolog 

NAT8L (Figure 8). All of these proteins belong to the GNAT superfamily (sections 3.0-3.4). 

1.4.2 NAT8 Topology 

The subcellular localization of NAT8 in the kidney was investigated in a 1978 study, before 

NAT8 was cloned.  Rat kidney cell homogenates were fractionated; activity of NAT8 and other 

subcellular marker enzymes was assayed using fractions obtained from differential 

centrifugation. Most of the activity was recovered in the microsomal fractions, indicating NAT8 

is localized to the microsomes of kidney and liver (Hughey, Rankin, Elce, & Curthoys, 1978). To 

determine the specific membrane structure where NAT8 activity was localized, microsomal 

fractions were further subjected to isopycnic sucrose gradient centrifugation (Kuhlenschmidt & 

Curthoys, 1975). Use of a 24-44% sucrose gradient revealed a broad activity profile that is 

similar to that of NADPH-cytochrome c reductase, a marker for the endoplasmic reticulum (ER) 

(Hughey et al., 1978). Microsomes are fragments of endoplasmic reticulum. 

In the rat, the active site of NAT8 is on the cytoplasmic side of the ER (Okajima et al., 1984) 

as shown by the following protease accessibility experiments. Microsomes from the liver and 

kidney were incubated with proteases, trypsin and chymotrypsin; pellets from centrifugation 

were suspended in a buffer to measure enzymatic activity. In liver microsomes, NAT8 activity 
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was decreased by 73% and 62% by trypsin and chymotrypsin treatment, respectively; likewise, 

kidney samples also showed a decrease in activity (Okajima et al., 1984). Microsome vesicles 

are impermeable to macromolecules (e.g. proteases); the addition of a detergent, sodium 

deoxycholate, along with proteases would disrupt the membrane and result in proteolysis. 

However, the addition of 0.4% sodium deoxycholate caused no significant change in enzyme 

activity, suggesting that NAT8 is membrane bound. The enzyme glucose 6-phosphatase 

(G6Pase) is found within the inner surface of microsomal vesicles, and thus, in the absence of 

detergent, the enzyme is insensitive to protease treatment (DePierre & Dallner, 1975). To further 

test the localization of NAT8, G6Pase was used as a control. Treatment of liver and kidney 

microsomes with sodium deoxycholate and proteases resulted in inactivation of the bound 

enzyme (G6Pase) by roughly 80% and 87%, respectively (Okajima et al., 1984). These results 

(summarized in Table 2) further indicate that the NAT8 catalytic domain is located mainly on the 

cytosolic surface of both liver and kidney ER membranes. 

The localization of activity in kidneys was examined. Rat kidney cortical tissues were sliced 

so tissue was obtained from the cortex to the papillary region; enzyme activity and protein 

concentration was assayed via fluorescence, revealing maximal NAT8 activity in the inner cortex 

(Hughey et al., 1978). The proximal tubules of the nephron occur within the inner cortex region; 

this further supports the idea that NAT8 may have a metabolic detoxication role. A particular 

peptidase, y-glutamyl-transpeptidase, and NAT were found to be localized in the inner cortex of 

the kidney, further suggesting that they facilitate a detoxication pathway. 
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Table 2: Assessing NAT8 Topology by Assaying Microsome Permeability with Proteases 

and Detergent  

Microsomes from liver were incubated with proteases, trypsin and chymotrypsin, and were 

subsequently assayed for enzyme activity. Activity of both NAT and G6Pase (a marker of the 

inner surface of microsomes) was monitored; results are shown below (Okajima et al., 1984). 

 

Treatment % Activity Remaining 
 NAT8 G6Pase 
Trypsin 27 87.5 
Deoxycholate and Chymotrypsin 11 21 
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1.4.3 Purification of NAT8 

NAT8 has resisted multiple attempts at purification, due to difficulties in solubilizing and 

stabilizing the protein without substantial activity loss. An early study developed a protocol for 

partial purification, in which microsomes were obtained from rat kidneys by differential 

centrifugation. Microsomes were solubilized with dithiothreitol (DTT) and a non-ionic detergent, 

N,N-bis(3-D-gluconamidopropyl)-3α,12α-dihydroxy-5β-cholan-24-amide (DGDC), followed by 

ion exchange chromatography on diethylaminoethyl (DEAE) cellulose, and hydroxylapatite 

chromatography. Purification by hydroxylapatite chromatography removes enzymes that may 

interfere with enzyme activity, such as proteases and enzymes that can deacetylate either the 

acetylated conjugate (e.g., aminoacylase) or CoASAc (e.g., CoA hydrolase) (Duffel & Jakoby, 

1982). Purification by this method increased specificity activity by roughly three-fold; 

hydroxylapatite contributed to an increase in specific activity by a factor of 1.7. However, total 

activity was significantly reduced; further subsequent attempts at purification lead to minimal 

increase in specific activity. Difficulties with NAT8 purification were primarily due to the 

lability of the enzyme; extraction led to 20% activity loss overnight at 4°C (Duffel & Jakoby, 

1982). The partially purified NAT8 was separated using gel filtration chromatography and the 

molecular weight was determined. NAT8 was estimated to be 34 kDa by gel fitration with 

Sepharaose 6B (Duffel & Jakoby, 1982). The partially purified enzyme showed activity with S-

substituted cysteine conjugates, specifically Km = 140 µM, Vmax = 440 nmol/min
/
mg total protein 

for S-benzyl-L-cysteine (reviewed in Section 1.4.4). 

Despite NAT8 protein lability, Aigner and colleagues attempted the purification of NAT8 

from microsomal fractions of pig kidney cortex. Solubilisation of the microsome extraction was 

tested using DTT and several detergents, CHAPS, deoxycholate, deoxy-BIGCHAP, n-octyl 
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glucoside, SDS, Triton X-100 or Tween 20.  Despite the 45% loss of enzymatic activity, the best 

candidate for solubilisation was deoxy-BIGCHAP (N,N’-bis-(3-D-gluconanidopoply) 

deoxycholamide) (Aigner et al., 1996). The protein sample was then subjected to anion exchange 

chromatography using a DEAE-cellulose column; the column was eluted in two steps using: 1) 

0-1 M KCl prepared in 10 mM Tris/HCl, 1mM DTT, 30% glycerol (TDG buffer) and 2) TDG 

with 1M KCl supplemented with deoxy-BIGCHAP. Fractions from the second step elution 

contained NAT8 and were pooled and further purified using FPLC Mono Q chromatography. 

Similar to the results of Duffel and Jakoby, detergent use resulted in the loss of enzyme activity. 

However, specific activity was increased by almost seven-fold from the microsomal fractions to 

the pooled fractions from FPLC chromatography. Analysis of pooled fractions by gel filtration 

estimates a molecular weight of 32 kDa, which is in close agreement with the results of Duffel 

and Jakoby, 1982. SDS-PAGE analysis was also performed on the pooled fractions of NAT8 

from FPLC; the band was excised, and in turn, used as an antigen to raise rabbit antibody for 

western blot detection (Aigner et al., 1996). The immunoblot showed the presence of a band at 

34 kDa. Upon further purification, the band at 34 kDa is absent; this discrepancy will be 

discussed later. Therefore, the partially purified protein preparation that showed a band at 34 kDa 

was used for activity assays. Regardless of enzyme activity loss, the partially purified enzyme 

catalyzed the acetylation of 4-nitro-S-benzyl-L-cysteine with a KM value of 176 µM (Reviewed 

in Section 4.4) (Aigner et al., 1996), comparable to the aforementioned rat kidney KM  value for 

S-benzyl-L-cysteine (140 µM) (Duffel & Jakoby, 1982).  

1.4.4 NAT8 Enzyme Activity  

Microsomal protein preparations from rat liver and kidney were investigated for differences 

in enzyme activities between the two tissues. Activity assays were conducted with incubations of 
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S-substituted cysteine substrates (specifically, benzyl-L-, butyl-L-, diphenylmethyl-L-, and 

benzyl-D-cys) and [1-
14

C] acetyl-CoA. Radioactivity measured by scintillation counting revealed 

that NAT8 enzyme activity for cysteine S-conjugates was roughly two-fold greater in rat kidney 

than in the liver (Green & Elce, 1975). This data further emphasizes NAT8’s physiological 

function in the last step of the mercapturic acid pathway. The reverse enzyme reaction was also 

assayed by incubation of CoA with N-[1-
14

C]acetyl-S-benzyl-L-cysteine and enzyme; the 

formation of [
14

C]CoASAc was not detected. Acetylation of various amino acids was assayed in 

an incubation containing CoASAc, 
14

C-labelled amino acid, and enzyme. The rate of free amino 

acid acetylation was negligible. The highest activity was observed with cysteine, 39 nmol/h/mg 

of protein. However, the rate of acetylation of cysteine is extremely low in comparison to that of 

S-benzyl-L-cysteine, 871 nmol/h/mg, which was acetylated with the highest specific activity of 

all the substrates tested. Moreover, the optimal pH values in Tris and potassium phosphate buffer 

were determined to be 7.4 and 6.5, respectively (Green & Elce, 1975). As mentioned, 

solubilisation and purification using detergent causes activity loss. The attempts of Green and 

Elce (1975) at solubilizing the protein using SDS,Triton X-100, and Brij 35 were unsuccessful, 

as these detergents inhibited the reaction by greater than 50%. 

The partially purified enzyme from rat kidney microsomes was used to assay activity with 

cysteine S-conjugates and [
14

C]CoASAc. The reaction products were extracted with 

cyclohexane; scintillation counting was used to measure the relative radioactivity levels. The 

following amino acids were tested as substrates for acetylation: L-cysteine, L-methionine, L-

leucine, L-phenylalanine, L-glutamate, and L-tryptophan. L-tryptophan was the only amino acid 

acetylated, albeit at an extremely low rate. Neither L nor D isomer of cysteine was a substrate; 

however, NAT catalyzed the acetylation of S-substituted L-cysteine isomers (Duffel & Jakoby, 
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1982). In general, substituted L-cysteine substrates showed a decrease in KM with an increase in 

lipophilicity, e.g. S-ethyl-L-cysteine has a Km value of 7.1 mM, whereas S-butyl-L-cysteine 

equals 63 µM (Duffel & Jakoby, 1982). Thus, indicating that the enzyme activity is affected by 

an increase in lipophilicity of the S-substituent. Hansch’s π constants are a measure of 

lipophilicity (Iwasa, Fujita, & Hansch, 1965). Substrate π constants plotted as a function of 

catalytic efficiency of the S-cysteine conjugates reveal a strong linear correlation. Therefore, 

substrate affinity for the enzyme increases proportionally to lipophilicity. Duffel and Jakoby also 

investigated the deacetylation and reverse enzyme reactions. No activity was detected in an 

incubation with partially purified NAT8, N-[1-
14

C]acetyl-S-benzyl-L-cysteine and with or 

without CoA. Similarly, hydrolysis of CoASAc was not detected when [1-
14

C]CoASAc was 

incubated with NAT8 in the absence of a cysteine conjugate (i.e., acetyl acceptor). In contrast to 

the results of Green and Elce (1975), maximal activity was observed at a pH range of 6.8-7.0 for 

both potassium phosphate and tris buffer (Duffel & Jakoby, 1982). Aniline and p-aminobenzoate 

are substrates for arylamine NATs (Tabor, Mehler, & Stadtman, 1953; Kawamura et al., 2005); 

however, they were inactive when assayed with partially purified NAT8, indicating that the two 

enzymes are structurally different. 

Another study examined the enzymatic activity for NAT8 of partially purified pig kidney 

homogenate in the same manner as stated above for rat kidney microsomes. It was found that the 

KM value for S-4-nitro-benzyl-L-cysteine increases relative to the level of purification. For 

example, the KM value using protein preparation purified from immunoaffinity chromatography 

was an estimated two fold greater than that when microsomal fractions were used, 176 µM and 

77 µM, respectively (Aigner et al., 1996). These results support the idea that an increase in 

purification is associated with lower enzyme affinity. However, it is important to note that this 
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study is limited, as only one substrate was tested. A wide range of substrates should be examined 

for a more comprehensive analysis; thus emphasizing the need for an established library of 

substrates for NAT8. Furthermore, enzyme activity was also examined with different pH 

parameters, using two buffers with a pH range of 5.4-7.0 (Bis-Tris/HCl) and 7.0-9.5 (Tris/HCl), 

revealing an optimal pH of 6.5 (Aigner et al., 1996). In addition, the effect of different types of 

inhibitors on enzyme activity was investigated, specifically p-chloro-mercuribenzoate, N-

ethylmaleimide, phenylmethanesulfonylfluoride (PMSF), and probenecid. Cysteine proteinase 

inhibitors, p-chloromercuribenzoate and N-ethylmaleimide, both inhibited enzyme activity by 

85% and 72%, respectively. In contrast, a serine proteinase inhibitor, PMSF, had no effect on 

enzyme activity (Aigner et al., 1996). The mechanism of inhibition is unknown. As reviewed in 

section 2.0, probenecid is an inhibitor of peritubular transport of organic anions, which was 

found also to inhibit the acetylation of cysteine-S-conjugates. 

Aigner and colleagues also assayed NAT8 activity by HPLC, an alternative to radioactive 

assays. Microsomal preparations of porcine kidney samples were obtained by differential 

centrifugation. NAT8 activity was assayed by incubating microsomal sample with 4-nitro-S-

benzyl-L-cysteine and CoASAc in potassium phosphate buffer. Reactions were stopped by 

heating to 100°C; protein was precipitated and centrifuged. Supernatants were separated by 

HPLC and analyzed at 280 nm. The KM values for NAT8 with S-4-nitro-benzyl-L-cysteine were 

determined to be 21.3 mM and 36.2 mM for two different samples of kidney homogenate 

(Aigner, Jager, Weber, & Wolf, 1994). It is important to note that KM was assayed using 

concentrations of 0-2000 µM for S-4-nitro-benzyl-L-cysteine in both the HPLC and radioactive 

assay. However, the KM determined by HPLC is not only much greater than concentration range 

tested (0-2 mM), but also significantly larger than the KM value measured by the radioactivity 
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assay, KM = 77 µM.  Therefore, the true value of KM is unclear. The ambiguity in the KM value 

for NAT8 with 4-nitrobenzyl-cysteine emphasizes the need for an established library of 

comparative kinetic parameters for NAT8 with a variety of substrates. 

1.4.5 Identification of NAT8  

NAT8 was identified by a database search, specifically by ClustalX version 2, for 

mammalian proteins that share common characteristics with NAT8L.  

Roughly one-third of all enzymes that are described in the literature have yet to be 

characterized on a molecular basis, as they are not yet associated with an identified gene or 

protein; hence a gap lies between the known biotransformations and the corresponding protein 

sequences (Karp, 2004).  Since CCNAT has been previously described as an enzyme that is 

expressed in the kidney and liver, it was of interest to see whether it corresponds to NAT8.  

As mentioned earlier (Chapter 1.4.1) Veiga-da-Cunha and colleagues expressed NAT8 and 

other homologs in human embryonic kidney cells (HEK 293T). The NAT8 gene was PCR 

amplified using human genomic DNA as a template, using Pfu polymerase, followed by 

digestion by restriction enzymes, and ligated into the expression vectors, pEF6-HisB and 

pEF6/Myc-HisA for N- and C-terminal His6 fusion proteins, respectively. Plasmid DNA was 

transfected into HEK 293T cells and protein was extracted by whole cell lysis. Western blot 

analysis was used to detect and quantify the level of NAT8 protein expression. N- and C-

Terminally tagged NAT8 proteins were detected using antibodies directed against the His-tags. 

NAT8- transfected HEK 293T cells expressed a protein band at approximately 29 kDa, whereas 

no protein band was detected in the empty vector. An estimated molecular weight of 29 kDa (for 

the His6 tagged protein) is in close agreement with the first study to clone NAT8, using a human 

kidney cDNA library, which predicted MW = 25 kDa for NAT8 protein (Ozaki et al., 1998). 
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Although,  a MWr = 29 kDa, is inconsistent with an earlier study that predicted 34 kDa for NAT8 

protein (Aigner et al., 1996).  However, it is important to note that Aigner and colleagues 

reported a band at 34 kDa when using a protein preparation that was purified by FPLC 

chromatography, but when further purification was attempted using immunoaffinity 

chromatography, the band at 34 kDa was absent in SDS-PAGE analysis. Therefore, Veiga-da-

Cunha and colleagues (2010) speculated that NAT8 protein comprised only a small proportion of 

the purified preparation used by Aigner and colleagues. Moreover, Veiga-da-Cunha and 

colleagues (2010) also reported that the amino acid composition of NAT8 and its pig homologue 

differs from that which was provided by Aigner and colleagues, further suggesting that the 

determination MW = 34 kDa for NAT8 is an artifact.  

NAT8 activity was measured using a colorimetric assay. NAT8 activity was assayed in a 

buffer with the cofactor, CoASAc, and S-benzyl-L-cysteine and monitored for the production of 

CoASH. 5,5’-Dithiobis-2-nitrobenzoic acid (DTNB) reacts with free thiol groups (i.e. CoASH), 

resulting in the formation of a yellow anion, 2-nitro-5-thiobenzoate, which absorbs at 412 nm. 

Therefore, the change in absorbance at 412 nm can be used as indirect measure of the production 

of CoASH. Activity was detected in incubations with transfected cells and absent in extracts of 

cells transfected with empty vectors (Veiga-da-Cunha et al., 2010). In addition, the NAT8 

reaction with S-benzyl-L-cysteine was analyzed by HPLC. To verify that NAT8 activity 

corresponds to the described CCNAT, the reaction product (N-acetyl-S-benzyl-cysteine) was 

monitored by UV detection at 210 nm. The identity of the acetylated product was further 

confirmed via tandem mass spectrometry; N-acetyl-S-benzyl-cysteine had a protonated 

molecular ion with m/z 254, confirming the acetylation of its substrate, S-benzyl-L-cysteine. 

Veiga-da-Cunha and colleagues deduced a KM = 64 µM for S-benzyl-L-cysteine, using crude cell 
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extract; however, this result differs from that of partially purified microsomes from rat kidney 

using a radioactivity assay, 140 µM. Again, the discrepancy in the catalytic activity supports the 

notion that an increase in purification is associated with lower substrate affinity. Veiga-da-Cunha 

performed kinetic assays with crude cell extracts, because activity was greatly inhibited by 

detergents such as octyl glucoside, CHAPS, and Triton X-100 (up to 80% inhibition). 

1.4.6 Single Nucleotide Polymorphisms and Genome-Wide Association Studies  

In the NCBI database, there are over 40 catalogued human NAT8 single nucleotide 

polymorphisms (SNP’s). In Figure 9, all SNP’s are indicated in either red or purple. SNP’s occur 

both in non-conserved residues (red) and in residues that are conserved amongst NAT8 

homologs (purple). Moreover, many SNP’s occur within the NAT8 catalytic domain; therefore, 

functional characterization of these SNP’s would probably provide insight into the residues 

essential to the catalytic mechanism and topology of NAT8. Several SNP’s also occur within the 

region of motif A; this is of particular importance because motif A harbours structurally 

conserved characteristics, such as the β bulge, splay, p-loop, and proton wire, all of which are 

implicated in the catalytic mechanism (Reviewed in section 3.0). It would therefore be of interest 

to see the effects of SNP’s in the motif A region on enzyme activity.  
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Figure 9: Catalogued Human NAT8 SNPs. 
All SNPs are highlighted in red and purple. Those in red represent non-conserved residues, 

whereas those in purple highlight residues that are conserved in NAT8 homologs. The underlined 

sequence represents the highly conserved motif A in GNATs. 
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Genome-wide association studies (GWAS) examine whether variants in specific genes (e.g. 

SNP’s) are associated with a particular trait (e.g. incidence of a disease). Two independent 

GWAS have illustrated association of NAT8 SNP’s with both heart failure and hypertension. A 

metabolomics GWAS previously identified three metababolites, pyroglutamine, dihydroxy 

docosatrienoic acid, and unidentified compound (X-11787), which are associated with heart 

failure in African Americans (Zheng et al., 2013). In a follow-up GWAS, metabolomic profiles 

were measured and the genes that affect the levels of these metabolites were analyzed for 

association with heart failure. For this study, genome-wide significance and suggestive evidence 

for association was defined as p-value < 5x10
-8

 and < 1x10
-5

, respectively. Yu and colleagues 

(2013) determined that a specific region on chromosome 2p13 affects X-11787 levels; this 

genetic locus harbours the NAT8 gene. A SNP, serine to phenylalanine substitution (F143S), 

within NAT8 was significantly associated with X-11787, as suggested by p-value = 1.7 x 10
-23

 

(Yu et al., 2013). These results indicate that NAT8 influences not only X-11787 levels but may 

also be related to heart failure. 

 GWAS suggest that the short arm of human chromosome 2 is involved in blood pressure 

regulation, and is likely related to hypertension (Samani, 2003).  Chromosome 2p13.1-p12, 

NAT8 gene, was found within this region when screening for genes involved in kidney function. 

Juhanson and colleagues (2008) resequenced human NAT8 gene and conducted a pilot 

association study of NAT8 SNPs with blood pressure measurements and index of kidney 

function for an Estonian population. Systolic blood pressure and estimated glomerular filtration 

rate (eGFR) were used as a measure for kidney function. Most SNPs were found within the 5’ 

UTR and upstream regions; the NAT8 promoter regions SNPs were the focus of the pilot 

association study. In this study a p-value <0.05 indicates a statistically significant genome-wide 
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association and a suggestive association when p-value < 0.1. A p-value < 0.05 was calculated for 

the association of both NAT8 promoter SNPs with systolic blood pressure and eGFR, indicating 

the two parameters are associated with hypertension (Juhanson et al., 2008). Moreover, lower 

systolic blood pressure was measured in patients who were carriers of the minor alleles (minor 

allele frequency < 10%) of NAT8 promoter SNPs. Juhanson and colleagues (2008) suggest that 

NAT8 may offer a protective effect towards systolic blood pressure and kidney failure for 

patients with hypertension, as supported by a p-value = 0.04.  

To date, the known primary function of NAT8 is the acetylation of cysteine conjugates in the 

mercapturic acid pathway, but GWAS reveal potential alternative NAT8 biological roles. 

However, it is important to understand that correlation does not imply cause and effect. Further 

studies are required to elucidate possible NAT8 function in heart failure and hypertension.  

1.5 Research Objectives 

The mercapturic acid pathway is a key mediator for the elimination of xenobiotics; thus, it 

facilitates detoxication. Mercapturic acids are found in the urine of rats that have been 

intravenously exposed to S-cysteine conjugates. Mercapturic acids have also been detected in the 

urine of human workers who have had occupational exposure to xenobiotics, such as 4-

chloronitrobenzene (Jones, Sepai, Liu, Yan, & Sabbioni, 2007). This suggests that the 

mercapturic acid pathway assists in the excretion on these xenobiotics. However, enzymes 

involved at the end of the process are yet to be characterized on both a molecular and kinetic 

level.  

Therefore, the objective of my thesis was to determine the substrate specificity of the 

catalytic site of NAT8, the final enzyme in the pathway. I used a wide range of aromatic S-

cysteine conjugates (Figure 10), representative of detoxication metabolites of PAH xenobiotics, 
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to determine the effects of both aryl size and substituent composition on the kinetics of 

acetylation. Little is known in regards to the toxicological significance of trityl 

(triphenylmethane) compounds. The protein mitotic kinesin 5 (Eg5) is responsible for bipolar 

spindle formation during mitosis. Trityl-cysteine and some analogues are well documented 

inhibitors of Eg5 that result in cell cycle arrest, and so they are chemotherapy drug candidates 

(Kozielski et al., 2008; Ogo et al., 2007; DeBonis et al., 2008). The medicinal interest in trityl-

cyseine as well as its bulky structure made trityl-cysteine an appropriate compound to test as a 

potential NAT8 substrate.  

 

The specific aims of this study were: 

Objective 1: Express NAT8 enzyme in HEK 293T cells and develop an assay to measure NAT8 

activity that illustrates substrate depletion and product formation. 

Objective 2: Determine the effect of S-substituents of aromatic cysteine conjugates on kinetics of 

acetylation.  

Hypothesis: NAT8 alone is responsible for acetylation of all cysteine conjugates, regardless of 

the S-substituent.  
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Figure 10: S-Cysteine Conjugates 

Cysteine conjugates are substituted at the sulfur atom with the following moieties: Panel A: 

benzyl, B: 4-nitrobenzyl, C: menaphthyl, D: trityl 
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Chapter 2: Materials and Methods 

2.1 Chemicals 

Sources of chemicals were as follows: S-trityl-L-cysteine (97%), p-toluic acid (98%), 1-

naphthaleneacetic acid (NAA; 94.3%), 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB), 1-

chloromethyl-naphthalene (MCl; menaphthyl chloride >97%), trypsin 10x (use at 1x), and 

bovine serum albumin (BSA; 98%): Sigma-Aldrich (Oakville, ON, CA); S-benzyl-N-acetyl-DL-

cysteine, acetyl coenzyme A trilithium salt trihydrate: MP Biomedical (Canada); NAT8 

antibody, HyClone Dulbecco’s modified Eagle medium/High Glucose (DMEM), HyClone 

Dulbecco’s phosphate-buffered saline/modified (PBS), penicillin-streptomycin (pen-strep), and 

N-acetyl-L-cysteine: Thermo Fisher Scientific (Burlington, ON, CA); S-benzyl-L-cysteine (99%): 

Alfa Aesar (Ward Hill, MA, USA); purified [donkey] anti-rabbit IgG: Applied Biological 

Materials (Richmond, BC, CA); acetonitrile (ACN) (HPLC grade): Caledon Laboratory 

Chemicals (Georgetown, ON, CA). 

2.2 Synthesis of Cysteine Conjugates and Mercapturic acids 

Some cysteine conjugates are commercially available and some were synthesized in-house. 

Syntheses of cysteine conjugates were based on a previously published protocol from the 

Josephy lab for cysteine-glycine conjugates (Poon & Josephy, 2012). 

2.2.1 Menaphthyl-cysteine 

 A solution of MCl (5 g) in 95% ethanol (EtOH) (10 ml) was added to a solution of L-

cysteine hydrochloride (4.1 g) in 2N NaOH (25 ml). The mixture was stirred overnight at room 

temperature and then neutralized (~pH 6) with HCl. The precipitate was washed with water, 

crystalized from ether, and recrystallized from boiling 50% EtOH.  The melting point was 197˚C 
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(Hyde and Young, 197°C). The product was also analyzed by liquid chromatography mass 

spectrometry (LC/MS) at the University of Guelph Advanced Analysis Centre.  

2.2.2 N-Acetyl-(S-menaphthyl)-L-cysteine  

The corresponding N-acetyl-L-cysteine conjugate was also synthesized, as a HPLC standard. 

A solution of MCl (0.35 g) in 95% EtOH (40 ml) was added to a solution of N-acetyl-L-cysteine 

(0.4 g) in 10% w/v NaOH (32 ml). The solution was stirred overnight at room temperature and 

then made acidic with HCl.  After the solution was stirred for approximately 30 min, the 

precipitate was collected with 200 ml of water, and left overnight to dry. The precipitate was 

crystallized from hot chloroform (400 ml), filtered to remove insoluble materials, and chloroform 

was evaporated. The product was re-dissolved in chloroform (100 ml) and extracted with 1M 

sodium bicarbonate (200 mL). The aqueous layer was separated and acidified to pH 2 with 5M 

HCl, filtered, and left overnight to dry. The precipitate was recrystallized from boiling 50% 

EtOH, left overnight at 4˚C, and filtered. The melting temperature was 175°C (Hyde & Young, 

1968)(Hyde and Young, 177-179°C).  The product was then sent for LC/MS analysis. 

2.2.3. 4-S-Nitrobenzyl-L-cysteine and N-Acetyl-(4-nitro-S-benzyl)-L-cysteine 

4-Nitro-S-benzyl-L-cysteine and N-acetyl-(4-nitro-S-benzyl)-L-cysteine were both 

synthesized by Alex Michaelides and Arthur Rocha (Schwan Lab, Chemistry Dept., University 

of Guelph), following the method of Rothman and colleagues (1972). The melting point of 4-

nitrobenzyl-cysteine was 195°C (Rothman et al., 192 - 195°C). 

2.3 Preparation of Stock Solutions 

DMSO or base were the solvents of choice because the cysteine conjugates are extremely 

limited in solubility. Stocks of cysteine conjugates were prepared as follows: 50 mM benzyl-cys 
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in 50 mM NaOH.  Menaphthyl- (25 mM) and trityl-cys (50 mM) were dissolved in 100% DMSO 

with vigorous shaking. For 4-nitrobenzyl cys (10 mM), boiling milli Q water with vigorous 

shaking was required. The NAT8 reaction is optimal at pH = 7-8. Thus, a minimum volume of 

base was used, to minimize changes in pH. NAT8 reaction uses the cofactor CoASAc; 10 mM 

was prepared in water.   

In addition, mercapturic acids (benzyl-, menaphthyl-, and 4-nitrobenzyl-) were dissolved in 

tris buffer (pH 7.5) and hot water, with shaking, respectively. 

Internal standards used in the NAT8 activity assay (HPLC) were prepared as follows: a) 

toluic acid (7.5 mM) and NAA (5 mM) in 30% ACN and 70% water; b) 2-nitrobenzoic acid, 5 

mM in water with shaking. 

2.4 Plasmid DNA Extraction 

A 6xhis tagged pEF6-NAT8 expression vector was kindly provided by Dr. Maria Veiga-da-

Cunha (Université de Louvain, Belgium) (Veiga-da-Cunha et al., 2010). The plasmid DNA was 

dissolved in Tris-HCl pH 8.5.  E. coli DH5α cells were made competent with multiple washes of 

deionized water and 10% glycerol and repeated centrifugation. DH5α cells were transformed 

with NAT8 plasmid DNA by electroporation (BTX TransPorator™ Plus). Transformed cells 

were grown on 100 µg/ml ampicillin agar (lysogeny broth) plates. NAT8 DNA was isolated from 

transformed colonies using a QIAGEN plasmid midi kit, where the volume was modified to that 

of a maxi-prep. The plasmid was digested using Xba1 restriction enzyme, and the DNA was 

analyzed using agarose gel electrophoresis.  The NAT8 open reading frame was sequenced using 

T7 promoter and BGH reverse primers (Advanced Analysis Centre, Guelph). 
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2.5 HEK 293T Expression 

Human embryonic kidney (HEK) 293T cells (Graham, Smiley, Russell, & Nairn, 1977) were 

maintained in 100 x 20 mm plates (Sarstedt, cat #: 83 1802) at 37°C under 5% CO2. Cells were 

sub-cultured every other day, typically at a 1:8 dilution. Cells were detached with trypsin+EDTA 

(1 ml of 1X) for 3-5 min and the trypsin was deactivated with DMEM supplemented with 10% 

FBS and 1% penicillin-streptomycin, and the cells were re-plated. Cells were grown until the 

plate was 60-80% confluent, at which point cells were transfected with NAT8 DNA (8 µg) 

following jetPRIME Polyplus manufacturer guidelines. After 48 h, cells were harvested by 

removing medium and scraping cells into phosphate-buffered saline (PBS) (1 ml), then spun at 

4000 rpm for 5 min (4°C) to collect the cell pellet. Cells were lysed in lysis buffer (25 mM 

Hepes, pH 7.2, 25 mM KCl, 2 µg/ml antipain and leupeptin, and 10% glycerol 800 µL); flash 

frozen in liquid nitrogen, thawed and vortexed (Veiga-da-Cunha et al., 2010). Whole cell 

extracts were incubated with 100 units/ml of DNase I for 1 h on ice prior to use. Protein 

concentration was determined using a Bradford assay, with bovine serum albumin (BSA) as the 

standard. The use of whole cell extract for the Bradford assay results in formation of precipitate; 

therefore, the cell extracts were diluted in 0.2M NaOH (Veiga-da-Cunha et al., 2010). Aliquots 

of cell extracts were stored at -80˚C.  

SDS polyacrylamide gels were cast using Next GEL® 10% arcylamide solution and running 

buffer (Amresco Lot # 2642C120 and 0832C047) and run at 100 V. Proteins were transferred to 

nitrocellulose membrane for 1 h at 100 V using 1X transfer buffer (25 mM Tris, 192 mM 

glycine, 20% methanol). The membrane was blocked overnight at 4˚C in 5% skim milk in TBST 

(25 mM Tris pH 7.4, 150 mM NaCl, 0.1% Tween 20) with shaking. The membrane was blotted 

with NAT8 primary antibody (1:500) for 1.5 h at room temperature, washed with 1X TBST, 
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followed by incubation with secondary antibody, [Donkey] anti-rabbit, at 1:40, 000 dilution. 

Proteins were detected using Amersham™ ECL™ western blotting detection reagents by 

exposing Amersham Hyperfilm™ ECL (GE Healthcare Limited, cat#: RPN2106 and cat #: 

45001508) for 10-60 sec. 

2.6 Colorimetric Enzyme Assays 

NAT8 enzyme activity was measured using the 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB) 

colorimetric assay. DTNB is used to monitor the production of CoASH (as mentioned in Chapter 

1.4.5); DTNB reacts with free thiol groups, resulting in the formation of a yellow anion, 2-nitro-

5-thiobenzoate (NTB), which can be detected and quantified at 412 nm (Figure 11). Thus, 

enzyme activity was assayed in an incubation (1 ml) of 25 mM Tris, pH 7.5, 2 mM EGTA, 0.2 

mM CoASAc, with or without cysteine conjugates. Proteins can be denatured by excess DMSO; 

therefore, the final concentration of DMSO in the reaction mixture was < 2% (Tjernberg et al., 

2006). NAT8 transfected or non-transfected control HEK 293T lysate (150 μg) was added to the 

mix and incubated for 10 min at 37˚C, followed by 5 min incubation on ice to stop the reaction. 

Protein was removed from the incubation by centrifugation (7 min at 14,600 rpm at 4˚C); 

supernatant (900 μl) was collected and incubated in a water bath for 5 min. After the reaction 

mixture returned to room temperature, 10 mM DTNB (9 μl, 0.1 mM final concentration) was 

added; yellow color formation was seen immediately after the addition of DTNB and vortexing 

the sample for 10 sec. To observe the peak at 412 nm, absorbance was measured in a quartz 

cuvette, double beam mode, across the range of 375 – 500 nm, using a scan rate of 200 nm/min 

(Cary 300 UV-Visible Spectrophotometer, Agilent Technologies). The absorbance from the 

NAT8 catalyzed production of CoASH was corrected for any background formation of CoASH, 

by subtracting the absorbance from a NAT8 incubation reaction without the cysteine substrate.  
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Figure 11: DTNB Reaction with CoASAc.  

The acetyl group is transferred from CoASAc to the cysteine conjugate and produces CoASH. 

DTNB reacts with CoASH, cleaving the disulfide bond and producing NTB, a yellow anion that 

can be quantified at 412 nm (shown in yellow box). 
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CoASH absorbance was further corrected for any endogenous CoASH formation, by subtracting 

the absorbance from that of the control non-transfected lysate (with substrate – no substrate) 

(refer to Appendix A). 

The DTNB assay produces a 1:1 ratio of CoASH and NTB. Therefore, to quantitate the 

NAT8 activity, a standard curve for CoASH was generated. Stock concentrations of 20, 30, 40, 

50, and 60 μM CoASH (50 μl) were assayed in 25 mM Tris buffer, using non-transfected HEK 

293T control cell lysate. As noted above, the reaction mixture was incubated for 10 min at 37˚C, 

placed on ice, centrifuged, and then 10 mM (10 µl) DTNB was added to 900 µl of supernatant. 

Absorbance was monitored immediately at 412 nm in a cuvette. The absorbance readings at 412 

nm obtained for CoASH concentrations of 20-60 µM were fitted by linear regression (see 

Chapter 3.4). The linear equation for the DTNB-CoASH standard curve was used to deduce the 

molar concentration of CoASH produced in NAT8 enzyme reactions; CoASH concentration was 

subsequently used to determine NAT8 activity (refer to Appendix A). 

2.7 NAT8 HPLC Activity Assay  

The DTNB assay analyzes the production of a product, CoASH, during the NAT8 reaction. 

However, the DTNB assay does not allow us to directly quantitate cysteine conjugate 

consumption or the appearance of the product (i.e. mercapturic acid). Therefore, the DTNB assay 

is not sufficiently sensitive or specific for our purposes; so NAT activity was also assayed using 

HPLC techniques. HPLC was used to separate the substrates and products. Internal standards, 

similar in structure to the cysteine conjugate of interest, were selected for quantitation. The 

internal standards were chosen as follows: toluic acid for benzyl-cys, 2-nitrobenzoic acid for 4-

nitrobenzyl-cys, and NAA for menaphthyl- and trityl-cys (Figure 12). NAT8 activity was 

assayed in an incubation (300 μl) containing 25 mM Tris + 4 mM EGTA, 0.2 mM CoASAc,  
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Figure 12: Internal Standards used for HPLC Analysis of NAT8 Reaction.  

Toluic acid, 2-nitrobenzoic acid, and naphthaleneacetic acid were used for the analysis of the 

substrates benzyl-cysteine, 4-nitrobenzyl-cysteine, and menaphthyl-, and trityl-cys respectively.
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varying the cysteine conjugate concentration (0.25 – 3 mM), and 100 μl total protein (typically 

300 µg total protein). NAT8 transfected crude cell lysate was added prior to incubation at 37˚C. 

An aliquot (100 μl) was taken from the 37°C incubation mix at zero-time and after 20 min (i.e. 

end of incubation).  As outlined in the protocol of Veiga-da-Cunha and colleagues (2010), the 

reaction was stopped by heating to 80˚C for 5 min. The corresponding internal standard was 

added to give a final volume of 150 μl and final concentrations 0.25, 1.0, or 0.5 mM for toluic, 2-

nitrobenzoic acid, and NAA respectively. After the addition of the internal standard, mixtures 

were centrifuged for 7 min at 14, 500 rpm at 4˚C. The supernatant (100 μl) was separated by 

HPLC. As a negative control, the assay was also conducted for non-transfected HEK 293T crude 

lysate, to ensure no activity was present in the absence of NAT8 expression. 

Supernatants were analyzed using a Gilson HPLC system equipped with dual pumps (model 

322), UV-visible absorbance detector (model 152), an auto injector (model 234), and UniPoint™ 

software. The column used was a C18 CSC Inc. Inertsil (150/ODS2, 5 µm, 10 x 0.32 cm). The 

mobile phase used was 1% aqueous acetic acid (pH 2.5) and acetonitrile. The flow rate was 1 

mL/min. Each substrate was separated using an optimized mobile phase gradient and detected at 

an appropriate wavelength. An example of a control method execution file for the HPLC is 

provided in Appendix B. The wavelengths were selected so that there were strong signals for 

both the analytes and corresponding internal standards. The wavelengths selected were 225, 300, 

285, and 250 nm for benzyl-, 4-nitrobenzyl-, menaphthyl-, and trityl-cysteine, respectively. The 

mobile phase gradients were optimized to achieve baseline separation of the substrate, product 

and internal standard. Benzyl-cys was analyzed by the following gradient: 0% ACN (0 – 6 min), 

0-50% ACN (6 – 15 min), 75% ACN (15 – 17 min), hold for 2 min. A gradient of: 0% ACN (0 – 

5 min), 0-20% ACN (5 – 15 min), 20-35% ACN (15 – 30 min), 35-90% (30 – 40 min), was 
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optimized for 4-nitrobenzyl-cys. Menaphthyl-cys was separated using a gradient of 0% ACN (0 

– 5 min), 0-22% (5 – 20 min), hold 22% ACN for 25 min. Baseline separation for trityl-cys was 

achieved by using a gradient of: 0% ACN (0 – 5 min), 0 – 22% ACN (5 – 10 min), hold 22% 

ACN for 5 min, 22 – 35% ACN (15 – 35 min), hold 35% ACN for 10 min. The HPLC gradients 

are outlined in Figure 13 and retention times are summarized in Table 3. 

Substrate consumption was analyzed by comparing the internal standard peak area to that 

of the substrate peak. The area under each peak was determined using integration functions on 

the HPLC software (Unipoint™ LC System Software 5.11, Gilson). A standard cocktail was 

composed of cys- substrate, product, and internal standard, of known concentration, and was 

separated on the HPLC for a standard reference of peak area and retention time (Figure 14). A 

decrease in the substrate peak area from zero-time to 20 min reflected the disappearance of 

substrate, and thus the presence of NAT8 activity, given that there is no change in the peak area 

of the internal standard. A ratio for substrate area to internal standard peak area was calculated 

for both the zero-time and 20 min aliquot (NAT8 reaction incubation) HPLC separation (refer to 

Appendix C). The ratios were used to quantitate both the amount of substrate consumed and 

remaining; NAT8 activity (nmol/min/mg total protein) was subsequently determined (see 

Appendix C). Kinetics data, for all substrates, was plotted and fit to “ligand binding, one-site 

saturation” in SigmaPlot 12.0 to estimate KM and Vmax values. 

2.8 NAT8 Activity LC-MS Analysis 

The HPLC activity assay monitors the disappearance of the substrate and the formation of 

product with reference to the internal standard. However, the HPLC assay does not produce 

consistent results when the substrate concentration is reduced into the micromolar range, and it 

also requires a large amount of protein to be used in order to detect activity.  Thus, the  
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Figure 13: HPLC Gradients for Cysteine Conjugates.  

Separated using a mobile phase of 1% acetic acid and ACN on a C18 column.  

 

Table 3: HPLC Retention times of Cysteine Substrates, Corresponding Mercapturic Acids 

and Internal Standards 

The wavelengths used for each substrate and the retention times of the different cysteine 

conjugates, corresponding mercapturic acids and internal standards are summarized. The 

following retention times were reproducible for several runs. 

 

 
Wavelength 

(nm) 

Retention Time (min) 
Substrate Product Internal 

Standard 
Benzyl-cys 225 10.1 15.3 16.2 

4-Nitrobenzyl-
cys 

300 9.5 15.0 8.5 

Menaphthyl-cys 280 19.2 37.2 31.9 

Trityl-cys 250 28.3 NA 24.6 
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Figure 14: HPLC Separation of Standard Mixtures: Substrate, Product and 

Internal Standard. 

A gradient composed of 1% aqueous acetic acid and ACN was optimized to establish baseline 

separation for each of the cysteine conjugates and their corresponding mercapturic acids and 

internal standards. Different wavelengths were used for each of the substrates; A: 225 nm; B: 

300 nm; C: 280 nm; D: 250 nm, no synthetic product was available. 

 
 
 
 
 
 
 
  



54 
 

HPLC assay is limited in sensitivity for our purposes of accurately estimating kinetic parameters. 

An alternative solution to monitoring kinetic parameters was liquid chromatography-mass 

spectrometry (LC-MS) analysis. Similar to HPLC, LC-MS was used to separate the cysteine 

conjugates, corresponding mercapturic acids and an internal standard. For both, menaphthyl- and 

4-nitrobenzyl-cys, benzyl mercapturic acid was used as the internal standard, and 4-nitrobenzyl 

mercapturic acid for benzyl-cys. NAT8 activity was assayed in the same manner as the HPLC 

assay, except with the following changes: an incubation volume of 75 µl, cysteine conjugate 

concentrations (5 – 200 µM), and 5 µl (14.6 µg) total protein. Furthermore, the reaction mix 

without lysate was pre-incubated at 37°C for 2 min; after the addition of NAT8 transfected crude 

cell lysate the mix was incubated at 37°C for 10 min as opposed to 20 min. Again, an aliquot (25 

µl) was taken from the 37°C incubation mix at both zero-time and after 10 min. The reaction was 

stopped as outlined for the HPLC assay. The corresponding internal standard (25 µl) was added 

to give a final volume of 50 µl and final concentration of 164 µM for benzyl mercapturic acid. 

After the addition of the internal standard, mixtures were centrifuged as stated above. The 

supernatant (40 µl) was diluted with 160 µl of water and separated by LC-MS. 

LC-MS analyses were performed in the Mass Spectrometry Facility within the Advanced 

Analysis Centre at the University of Guelph.  Samples were injected (20 µl into a Dionex 

UHPLC UltiMate 3000 liquid chromatograph interfaced to an amaZon SL ion-trap mass 

spectrometer (Bruker Daltonics, Billerica, MA). A Luna C18 column (5 µm particle size, 150 

mm x 2 mm, Phenomenex, CA, USA) was used for chromatographic separation. The initial 

mobile phase conditions were 100 % water (0.1 % formic acid) isocratic for 5 min followed by a 

gradient to 20% acetonitrile (0.1% formic acid) (solvent B) in 10 min then 35% solvent B in 15 

min and finally 90% solvent B in 10 min. The flow rate was maintained at 0.4 mL/min. The mass 
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spectrometer electrospray capillary voltage was maintained at 4.0 kV with a the drying gas 

temperature of 300 °C with a flow rate of 12 L/min. Nebulizer pressure was 40 psi. Nitrogen was 

used as both nebulizing and drying gas, helium was used as collision gas at 60 psi. The mass 

spectrometer was set on enhanced resolution positive-ion MS mode and scanned across 50-1500 

m/z. The instrument was externally calibrated with the ESI TuneMix (Agilent). 

Substrate consumption was analyzed using the same analysis method as the HPLC assay, 

comparing the internal standard peak area to that of the substrate peak at both zero-time and at 

the end of 10 min (refer back to Appendix C). The area under each peak was determined using 

Bruker DataAnalysis 4.2 software. However, for the estimation of kinetic parameters of 

menaphthyl-cys, a standard curve of its mercapturic acid (10 – 50 µM) was generated to monitor 

the amount of product formation. 
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Chapter 3: Results 

3.1 Synthesis of Menaphthyl-Cys and its Mercapturic Acid 

Menaphthyl-cys and its corresponding mercapturic acid were prepared as described in the 

Materials and Methods section (Chapter 2.2).  Melting point determinations were performed on 

the recrystallized products; the values were 197°C and 177°C for menaphthyl-cys and the 

mercapturic acid, respectively (Hyde and Young, 197°C and 177-179°C). LC-MS analysis was 

performed on both recrystallized products. The Advanced Analysis Center (University of 

Guelph) provided the MS data for menaphthyl-cys and LC-MS data for its mercapturic acid 

(Figure 15 and 16). 

3.2 Plasmid DNA Extraction 

NAT8 plasmid DNA was extracted as stated in the Materials and Methods section (Chapter 

2.4). NAT8 DNA was isolated from E. coli DH5α cells using a QIAGEN plasmid midi kit. The 

purity and concentration of NAT8 midiprep DNA was analyzed using a Fisher Scientific 

NanoDrop 2000 (Mississauga, ON) at 260 nm. The concentration of the NAT8 midiprep was 2.3 

µg/µl with 260/280 ratio = 1.90.  A restriction digest was performed using XbaI (New England 

Biolabs, cat # R0145S), so that NAT8 DNA could be further analyzed using agarose gel 

electrophoresis. The pEF6-His B vector is composed of 5822 nucleotides and NAT8 is 

comprised of 227 amino acid residues (i.e. 681 nucleotides); therefore, the DNA band size was 

expected to be 6.5 kb in size (Figure 17). Prior to NAT8 expression in HEK 293T cells, the open 

reading frame of NAT8 was sequenced using T7 promoter and BGH reverse primers; the 

sequence was identical with that in the literature (NCBI database, Accession #: NM_003960.3). 
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Fragmentation of 262 m/z 

 
Figure 15: Menaphthyl-Cys LC-MS Analysis 

Presence of a base peak (M+H
+
) at 262 Da corresponds to the monoisotopic mass of menaphthyl 

–cys (261 Da).  Upon fragmentation, the peak at 141 Da corresponds to the menaphthyl 

substituent (shown in pink).  
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Figure 16: Menaphthyl Mercapturic Acid LC-MS Analysis 

Menaphthyl mercapturic acid has a monoisotopic mass of 303.0929 Da which corresponds to the 

base peak (M+H
+
) shown with a red asterisk at 304.0998 Da. The two additional peaks indicated 

with a green asterisk correspond to isotopes of 
13

C and 
34

S, respectively. 
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Figure 17: NAT8 Plasmid Gel-Electrophoresis 

The NAT8 plasmid was digested using Xba1 restriction enzyme, the digested DNA (0.3 µg) was 

loaded on an agarose gel (using 1X TAE) and run at 85 V for 1 h; the gel was stained in ethidium 

bromide (0.5 µg/ml) for 15 min. GeneRuler 1kb DNA ladder (Fermentas, Burlington, ON, 

Canada) was used as a standard. The gel was exposed for 0.5 sec and imaged using a BIO-RAD 

alpha imager. The DNA band is seen at roughly 6.5 kb as expected; a negative image is shown. 
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3.3 Expression of Recombinant Human NAT8 in HEK 293T cells 

HEK 293T cells were transfected with 8 µg NAT8 pEF6-HisB or 10 µg green fluorescent 

protein (GFP) pEGFP-C1  following jetPrime Polyplus transfection™ manufacturer guidelines; 

whole cell extracts were prepared (see to Chapter 2.5). Non-transfected and GFP-transfected 

HEK 293T cells were used as a negative and positive control, respectively. GFP expression was 

detected under fluorescent light microscope after 24 and 48 h. Western blot analysis was used to 

detect NAT8 protein expression in HEK 293T cells. A band at 29 kDa is seen, indicating 

successful NAT8 expression (Veiga-da-Cunha et al., 2010) (Figure 18). Expression of NAT8 in 

HEK 293T cells was reliable, as more than 30 independent transfections were successful. 

Transfection efficiency was assessed by both the Bradford assay and western blot analysis; total 

protein concentration of extracts was generally reproducible, typically 2.7 – 3.2 mg/ml for 900 µl 

of extract in lysis buffer, from a single 100 x 20 mm plate of HEK 293T cells transfected with 

NAT8 DNA (8 µg).   

Actin is a cytoskeletal protein found at high concentrations in all eukaryotic cells; it is 45 

kDa in mass (Holmes et al., 1990). NAT8 lysate preparations were also probed for actin. After 

electrophoresis, proteins were transferred to a nitrocellulose membrane to detect for both NAT8 

and actin proteins. The membrane was cut in half and probed for actin using a β-actin primary 

antibody at a 1:1000 dilution (ThermoScientific, cat#. MA5-1573). Membranes are probed for 

actin as a protein loading control. Another reason in probing for actin was so that transfection 

efficiency could be monitored. Consistent actin band intensity from well to well of transfection 

preparations indicates that similar proportions of cells were transfected in each protein 

preparation (Figure 19 A and B). 
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Figure 18: NAT8 Western Blot  

Lanes represent: 1 and 2, non-transfected HEK 293T whole cell lysate (20 and 40 µg total 

protein, respectively); 3 and 4, whole cell lysate of HEK 293T cells that were transfected with 8 

µg midiprep DNA (20 and 40 µg total protein loaded, respectively). The arrow indicates NAT8 

at 29 kDA detected using a polyclonal NAT8 antibody (Thermoscientific, Product #: 

PA524879). Precision Plus Protein™ Dual Color molecular weight standards (10-250 kDa; Bio-

Rad, Mississauga, ON, Canada) were used.  
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Figure 19: Western Blot Analysis: NAT8 

Lanes 1-6 represent HEK 293T whole cell lysate preparations (transfected with 8 µg NAT8 

DNA). Each lane had 20 µg total protein loaded. Precision Plus Protein™ Dual Color molecular 

weight standards (10-250 kDa; Bio-Rad, Mississauga, ON, Canada) were used. The membrane 

was cut in half to probe for both actin and NAT8. The film was exposed for 5 sec. A) β-Actin 

primary antibody (1:1000 dilution) detected an actin band at 45 kDa, as indicated by the arrow. 

B) The arrow indicates NAT8 expression in all six preparations; a NAT8 primary antibody 

(1:500 dilution) was used. 
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3.4 Colorimetric Enzyme Assays 

During the NAT8-catalyzed reaction, the acetyl group is transferred from CoASAc to the 

amine on the cys-substrate, producing CoASH. DTNB was used to monitor the changes in the 

levels of CoASH formation. DTNB reacts at a 1:1 ratio with CoASH producing NTB; 

absorbance of NTB was monitored at 412 nm. NTB absorbance directly correlates to CoASH 

formation. A standard curve for DTNB-CoASH is required to determine NAT8 activity. 

NTB absorbance is inputted into the linear equation to extrapolate the amount of CoASH formed 

during the reaction (see Appendix A). Therefore, the DTNB assay was conducted using non-

transfected HEK 293T lysate with CoA to generate a standard curve for DTNB-CoASH (Figure 

20). The data from the DTNB-CoA reaction was fitted to a linear regression, the enzyme activity 

of NAT8 was calculated using the equation, Y = 0.00673 [CoASH] + 0.0525, where Y is the 

absorbance at 412 nm (refer to Appendix A). 

The DTNB assay was used to assess whether the cysteine conjugates are acetylated by 

NAT8. NAT8 activity was tested with 0.5 mM benzyl-cys with both non-transfected HEK 293T 

lysate and NAT8 transfected HEK 293T lysate. A peak is seen at 412 nm only in the NAT8 

transfected HEK 293T incubation (Figure 21.A). NAT8 activity was also assessed for both 4-

nitrobenzyl-cys and menaphthyl-cys at 0.5 mM, both of which had an increase in absorbance at 

412 nm (Figure 21.B and C). No increase in absorbance at 412 nm was observed for 0.5 mM 

trityl-cys, suggesting that it is not a substrate (i.e., acetylation is not catalyzed by NAT8). 

However, the DTNB assay suggests that benzyl-cys, 4-nitrobenzyl-cys, and menaphthyl-cys are 

all substrates whose acetylation is catalyzed by NAT8.  

The enzyme activity was calculated (as described in Appendix A) for all cysteine conjugates; 

results are summarized in Table 4. Initial activity results with benzyl-cys and 4-nitrobenzyl-cys 

determined using the DTNB assay (23.7 and 18.3 nmol/min/mg total protein) closely  
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Figure 20: DTNB-CoA Standard Curve 

CoA, 20 – 60 µM was incubated with non-transfected HEK 293T crude lysate (156 µg total 

protein) at 37°C, and precipitated protein was removed by centrifugation. Supernatant was 

incubated with DTNB (0.1 mM final concentration) for 10 min. Absorbance was monitored at 

412 nm using CaryWin UV Standard Curve software. The data from one replicate was fit by 

linear regression with R
2
 = 0.99. The line does not pass through the origin because of 

background that may be due to the crude cell lysate.                                     
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Figure 21: DTNB Absorbance Spectra of Cysteine Conjugates. 

DTNB assay incubation with NAT8 transfected cell crude protein (green) followed by the 

addition of DTNB, 0.1 mM results in an increased peak at 412 nm, whereas the non-transfected 

cell crude protein (blue) did not. Increased absorbance at 412 nm suggests CoASH formation and 

acetylation of cys conjugates. The NAT8 incubation curve (green) was corrected by subtracting 

the absorbance observed without cys substrate, and then the absorbance seen in the control lysate 

incubation (non-transfected HEK 293T lysate). Panel A: benzyl-cys, 0.5 mM; lysate, 150 µg 

protein. Panel B: 4-nitrobenzyl-cys, 0.5 mM; lysate, 150 µg protein. Panel C: menaphthyl-cys, 

0.5 mM; lysate, 110 µg protein. 
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Table 4: Analysis of DTNB Results for Cysteine Conjugates 

NAT8 activity was tested with cysteine substrates using several different protein preparations. A 

comparison of the activities measured using both the DTNB and HPLC assays are also provided. 

To see the effect of using the same or different protein preparation, several concentrations were 

tested for 4-nitrobenzyl-cys. It was hypothesized that independent incubation of two samples (of 

the same concentration of a substrate) with protein from the same extract preparation would 

measure very similar activities, if not identical. However, incubation of two independent samples 

of 0.75 mM 4-nitrobenzyl-cys with protein from the same extract preparation (1.4 µg/µl), yielded 

two very distinct activities, 1.9 nmol/min/mg and a negative value (i.e. no activity). Whether 

using the same or different protein preparations, the results for the DTNB assay are neither 

reproducible nor reliable. In addition, a much lower activity was measured for a higher 

concentration (0.75 mM 4-nitrobenzyl-cys) compared to a lower concentration (0.5 mM), when 

the same protein preparation (2.9 µg/µl) was used to test NAT8 activity, further suggesting that 

the DTNB assay is unreliable. 

 

Cysteine 
Substrate 

[Substrate] (mM) Protein Concentration 
(µg/µl total protein) 

 

NAT8 Activity (nmol/min/mg 
total protein) 

DTNB Assay HPLC Assay DTNB Assay HPLC Assay 

Benzyl- 0.5 2.9 2.8 23.7 22.7 

4-Nitrobenzyl- 0.5 2.9 2.9 18.3 21.2 

0.75 2.9 - 8.7 - 

0.75 2.2 3.0 75.6 28.3 

0.75 1.4 - 1.9 - 

0.75 1.4 - (negative) - 

Menaphthyl- 0.5 2.2 3.1 46.0 15.4 

Trityl- 0.5 2.2 2.8 0 0 
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correspond to HPLC determinations (22.7 and 21.2 nmol/min/mg total protein). It is important to 

note that the same NAT8 lysate preparation was used for both the DTNB and HPLC assays, 

allowing a direct comparison of the two assays. However, activities of 75.6 and 28.3 

nmol/min/mg total protein were measured with 0.75 mM 4-nitrobenzyl-cys when two different 

lysate preparations were used for the DTNB and HPLC assays (Table 4). The results, 

summarized in Table 4, suggest that the use of different lysate preparations may result in 

significant deviation in the measured enzyme activity, as the protein preparations may vary in 

quality. Moreover, when using the same protein preparation (2.9 µg/µl) for 0.5 and 0.75 mM 4-

nitrobenzyl-cys, the measured activity via the DTNB assay was significantly higher for 0.5 mM 

than 0.75 mM (18.3 vs 8.7 nmol/min/mg total protein) (Table 4). Our results suggest that 

measurement of enzyme activity via the DTNB assay is not reproducible.  

3.5 NAT8 HPLC Activity Assay 

The DTNB assay provided preliminary insight into whether NAT8 can catalyze the 

acetylation of cysteine conjugates; the HPLC method was used to validate results from the 

DTNB assay. HPLC mobile phase gradients were optimized to achieve baseline separation for 

each of the substrates, products and internal standards (see Materials and Methods section 2.7). 

HPLC separation of the standards mix is required to ensure the HPLC system is operating 

effectively and that runs are reproducible.  

To assess whether cysteine conjugates are active substrates of NAT8, benzyl, 4-nitrobenzyl 

and menaphthyl-cys were incubated with both non-transfected HEK 293T lysate (negative 

control) and NAT8 transfected HEK 293T lysate; supernatants from both incubations were 

separated on the HPLC.  NAT8 catalyzes the acetyl transfer from CoASAc to the cysteine 

conjugate; thus the substrate peak should decrease and a product peak should be observed in the 
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NAT8 transfected lysate supernatant chromatogram. Benzyl-, 4-nitrobenzyl-, and menaphthyl-

cys all showed a decrease in substrate peak (compared to the non-transfected lysate) and the 

appearance of a product peak (Figure 22). 

Cysteine substrates were incubated with NAT8 and aliquots from the incubation were taken 

at zero time and 20 min. Supernatants from these samples (zero time and 20 min) were separated 

via reversed-phase HPLC to measure loss of cysteine conjugate substrate and formation of 

mercapturic acid product. The appearance of a product peak was seen at 20 min for all substrates 

except trityl-cys. The identity of the product was confirmed by LC-MS analysis (Figure 23). An 

aliquot was taken from the trityl-cys NAT8 incubation at zero time, 20 min, and 45 min; none of 

the aliquots showed a decrease in substrate or the appearance of product (Figure 24). 

An attempt was made to measure the KM and Vmax with substrates that were shown to be 

acetylated by NAT8, using HPLC kinetic analysis. All samples were assayed using at least four 

different substrate concentrations at zero-time and after 20 min incubation. Activity was 

measured using a minimum of three technical replicates, consisting of a different protein 

preparation for each of those replicates. NAT8 activity was assayed using concentrations of 0.5, 

1.0, 1.5, 2.0, and 2.5 mM for benzyl-cys, and three technical replicates.  The rate of substrate 

consumption was plotted as a function of benzyl-cys concentration using, as shown in Figure 25. 

SigmaPlot 12.0 estimated KM and Vmax values of 1.10 ± 0.81 mM and 53.7 ± 17 nmol/min/mg 

total protein, respectively. The data is very scattered (hence the wide 95% confidence bands) and 

so it was unclear whether the data fits a Michaelis-Menten or a linear trend. To better understand 

the kinetic behavior of NAT8 with benzyl-cys, the data was re-analyzed using only measured 

activities where the amount of substrate that disappeared, over 20 min, was less than 35% 

(Figure 25, panel B).   
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Figure 22: HPLC Chromatograms of NAT8-Catalyzed Acetylations of Cysteine 

Conjugates  

Each incubation contained an aryl-cysteine conjugate; CoASAc, 0.2 mM; and HEK293T cell 

lysate. Panels a, c, and e: non-transfected lysate; panels b, d, and f: NAT8 lysate. Panels a and b: 

benzyl-cys, 1 mM; lysate, 225 µg protein; int. std., toluic acid, 0.25 mM; 225 nm. Panels c and d: 

4-nitrobenzyl-cys, 0.5 mM; lysate, 300 µg protein; int. std., 2-nitrobenzoic acid, 1.25 mM; 300 

nm. Panels e and f: menaphthyl-cys, 0.25 mM; lysate, 300 µg protein; int. std., naphthaleneacetic 

acid, 0.5 mM; 285 nm. 
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Figure 23: LC-MS Confirmation of Product Formation During NAT8 Reaction. 

4-Nitrobenzyl-cys, 1 mM was incubated with CoASAc, 0.2 mM and NAT8 HEK 293T lysate 

(100 µL), 204 µg total protein. After 20 min, an aliquot (100 µL) of the reaction mixture was 

stopped by heating at 80°C for 5 min and precipitated protein was removed by centrifugation. 

The supernatant was separated by LC-MS to verify product formation (i.e. 4-nitrobenzyl 

mercapturic acid). A base peak (M+H
+
) corresponds to the expected monoisotopic mass of 298 

Da for 4-nitrobenzyl mercapturic acid.  
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Figure 24: Trityl-Cys HPLC Separation.  

Trityl-cys (in red), 1.0 mM was incubated with CoASAc, 0.2 mM, and NAT8 lysate, 324 µg 

protein in 25 mM Tris + 4 mM EGTA at 37°C. NAA, 0.5 mM was used as the internal standard 

(shown in purple). An aliquot (100 µL) was taken from the reaction mixture and stopped by 

heating to 80°C for 5 min and protein was precipitated by centrifugation. The supernatant was 

separated by HPLC and detected at 250 nm. A) zero-time, B) after 20 min, and C) 45 min. The 

area ratios of cys-conjugate to internal standard were the same in all three separations; thus, no 

activity was detected. 
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Figure 25: HPLC Analysis of Benzyl-Cys Kinetics  

 

Each data point represents two chromatograms (t = 0 and t = 20 min) from a single incubation. 

Three biological replicates (total protein concentrations of 3.0, 3.2, and 2.7 µg/µl) were 

performed for each concentration of benzyl-cys (0.5, 1.0, 1.5, 2.0, and 2.5 mM). 

Each incubation contained benzyl-cys; CoASAc, 0.2 mM; NAT8 HEK 293T cell lysate, 100 µl 

in 25 mM Tris + 4 mM EGTA; toluic acid, 0.25 mM was used as the internal standard. Peak area 

ratios were calculated for both t = 0 and t = 20 and activity was measured by calculating the rate 

of substrate consumption, as described in Appendix C. The area enclosed by the 95% confidence 

bands (blue) represents the area in which the data points lie with 95% confidence; narrower 

bands represent a tighter fit of data to the curve. 95% of future data points are expected to lie 

within the 95% prediction bands (red); these bands are generally wider than the 95% confidence 

bands. 

 

Panel A: The measured activity from biological replicates (max. 3) for each concentration was 

plotted as a function of benzyl-cys concentration. The data were fit to “ligand binding, one-site 

saturation” in SigmaPlot 12.0 (black). The estimated KM and Vmax values are 1.10 ± 0.81 mM 

and 53.7 ± 17.02 nmol/min/mg total protein, respectively. 

 

Panel B: The measured activity from samples that had less than 35% substrate disappearance 

was plotted as a function of benzyl-cys concentration. The data were fit to a linear regression 

with R
2 

= 0.93.  
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After comparison of the two data sets in Figure 25, it was difficult to determine the kinetic 

parameters of NAT8 with high accuracy and precision. 

Another attempt was made to measure the kinetic parameters of NAT8, this time using 4-

nitrobenzyl-cys as the substrate. Four biological replicates were performed, using substrate 

concentrations similar to those of benzyl-cys, specifically: 0.5, 1, 2, and 3 mM. Activity was 

measured by calculating the amount of substrate that disappeared over 20 min. In several 

samples, a negative value was calculated for activity; these data points were excluded from the 

kinetic analysis. Figure 26, again shows that the data is highly dispersed and there is no clear 

trend. Since different NAT8 protein preparations are used for biological replicates, it was 

thought that the protein preparations may be the cause for the large variation in the measured 

activity. Therefore, it was of interest to compare the measured enzyme activities for a technical 

replicate; results summarized in Table 5. The activity measured for replicate 1, using 1 mM 4-

nitrobenzyl-cys, is 0.87 nmol/min/mg total protein. The activity for replicate 2 is significantly 

larger at 3.18 nmol/min/mg total protein. Our results (Table 5) show that there is a large variation 

in the activity measured between two technical replicates.  Using substrate disappearance to 

measure enzyme activity is not reproducible with respect to either biological or technical 

replicates. Analysis of product formation is an alternative method to measure enzyme activity. 

Area of peak ratio of 4-nitrobenzyl-cys to its internal standard (2-nitrobenzoic acid) at 20 min 

was plotted as a function of substrate concentration (data not shown). As substrate concentration 

increased, no change was seen in the peak area ratios, suggesting that product formation has 

plateaued. 
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Figure 26: HPLC Analysis of 4-Nitrobenzyl-Cys Kinetics 

Each data point represents two chromatograms (t = 0 and t = 20 min) from a single incubation. 

Four biological replicates (total protein concentrations of 3.3, 3.2, 2.8, and 2.0 µg/µl) were 

performed for each concentration of 4-nitrobenzyl-cys (0.5, 1.0, 2.0, and 3.0 mM). Each 

incubation contained 4-nitrobenzyl-cys; CoASAc, 0.2 mM; NAT8 HEK 293T cell lysate, 100 µl 

in 25 mM Tris + 4 mM EGTA; 2-nitrobenzoic acid, 1.25 mM was used as the internal standard. 

Peak area ratios were calculated for both t = 0 and t = 20, and activity was calculated with 

respect to rate of substrate consumption over 20 min, as described in Appendix C. The activities 

measured from all four biological replicates for each concentration were plotted as a function of 

4-nitrobenzyl-cys concentration; any samples that yielded a negative activity were excluded from 

the analysis. The data were fit to a linear regression.  
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Table 5: Comparison of NAT8 Activities with 4-Nitrobenzyl-Cys between Two Technical 

Replicates. 

Each incubation contained 4-nitrobenzyl-cys; CoASAc, 0.2 mM; NAT8 HEK 293T cell lysate, 

100 µl in 25 mM Tris + 4 mM EGTA; 2-nitrobenzoic acid, 1.25 mM was used as the internal 

standard. Peak area ratios were calculated for both t = 0 and t = 20 min and NAT8 activity was 

calculated as described in Appendix C. The NAT8 protein preparation used for both replicates 1 

and 2 had concentration = 2.0 µg/µl. Limited protein was available, and so only 1, 2, and 3 mM 

concentrations were tested for replicate 2. The data from the technical replicates illustrates that 

the measured activity using the HPLC assay is unreliable, even when using the same protein 

preparation for the same concentration of substrate.  

 
[4NB-Cys] mM Activity (nmol/min/mg total protein) 

 Replicate 1 Replicate 2 

0 0 0 

0.5 1.93 N/A 

1 0.87 3.18 

2 (negative) 48.5 

3 5.66 (negative) 
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3.6 NAT8 LC-MS Activity Assay 

The HPLC assay verifies that NAT8 catalyzes the acetylation of cysteine substrates; 

however, the assay was not sufficiently sensitive for our purposes. The detection of cysteine 

substrates on the HPLC is limited to concentrations in the milimolar range. In addition, the 

detection of NAT8 catalyzed reaction products (i.e. mercapturic acids) required the incubation of 

a large amount of protein (e.g. 300 µg). Therefore, LC-MS was used to further determine the 

kinetic parameters of the cysteine conjugates for NAT8. LC-MS was optimized to achieve 

baseline separation for each of the substrates, products, and internal standards. A negative 

control consisting of all incubation mix components (cysteine-substrate, CoASAc, and Tris-

EGTA buffer) except for active NAT8 lysate is shown in Appendix D, panel A. The negative 

control shows baseline separation and no product peak. A positive control with non-transfected 

lysate was used to confirm that activity was only present in the active NAT8 lysate incubation. 

Appendix D, panels B and C, clearly show that no substrate depletion and/ or product formation 

was seen after 10 min incubation in samples lacking active NAT8 lysate, indicating the absence 

of activity. At both 10 µM and 200 µM, menaphthyl-cys, a decrease in the substrate peak was 

observed in the 10 min sample in comparison to the zero-time sample; formation of product was 

also evident (Figure 27). 

At least two technical replicates were performed to measure NAT8 activity with cysteine 

conjugates. NAT8 lysate preparations from three different wells were combined together to form 

one large protein preparation that could be used for all LC-MS reactions. Using the Bradford 

assay, a concentration of 2.9 µg/µl total protein was measured in the pooled lysate. Benzyl 

mercapturic acid was used as the internal standard for both 4-nitrobenzyl- and menaphthyl-cys, 

and 4-nitrobenzyl mercapturic acid for benzyl-cys.  
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Figure 27: LC-MS Chromatograms of Menaphthyl-Cys Incubations 

Menaphthyl-cys was incubated with CoASAc, 0.2 mM in 25 mM Tris + 4 mM EGTA, and 

NAT8 lysate, 14.6 µg total protein at 37°C. Benzyl-mercapturic acid, 164 µM was used as the 

internal standard. An aliquot (25 µl) was taken from the reaction mixture and stopped by heating 

to 80°C for 5 min, internal standard, benzyl-mercapturic acid, 164 µM was added, and then 

protein was precipitated by centrifugation. The supernatant from both t = 0 and t = 10 min 

samples were separated and analyzed by LC-MS. Red, purple, and green curves represent 

substrate (menaphthyl-cys), internal standard, and product, respectively. Panels A, B and C, D: 

menaphthyl-cys, 10 µM and 200 µM at t = 0 and t = 10 min, respectively. Product formation is 

only observed in panels B and D, the 10 min samples. 
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Retention times and mass-to-charge ratios were used to detect specific compounds for kinetic 

analysis; a summary is provided in Table 6. 

NAT8 activity was initially tested with menaphthyl-cys across a range of concentrations (5 

µM – 200 µM). All samples showed a decrease in substrate peak and the formation of a product 

peak, indicating that NAT8 catalyzed the acetyl transfer from CoASAc to the cysteine conjugate. 

Figure 28 shows the reaction velocity as a function of menaphthyl-cys concentration. SigmaPlot 

12.0 was used to estimate KM = 85.96 ± 38.1 µM and Vmax = 15.20 ± 3.19 nmol/min/mg total 

protein for NAT8 with menaphthyl-cys. The large standard error for KM suggests that the 

measured enzyme activity is highly variable, and so the data is not a tight fit to the Michaelis-

Menten curve. Similar to the HPLC activity results, in some instances, a negative activity was 

measured. Therefore, the stability of the substrate in the presence of non-transfected HEK 293T 

lysate was monitored. It was found that the peak area ratio of substrate to internal standard was 

slightly higher in the t = 10 min sample compared to the t = 0 sample (data not shown). Our 

results indicate that the lysate may result in non-specific binding to the substrate, causing a 

discrepancy in peak area ratio over time (this topic is further considered in Chapter 4: 

Discussion). 

As done previously for the HPLC assay, the LC-MS assay was also used to analyze product 

formation. The stability of menaphthyl mercapturic acid, 10 µM, was assayed in the presence of 

NAT8 transfected HEK 293T lysate; the same assay conditions were used as for the menaphthyl-

cys incubation. Figure 29 shows that no change in peak area ratios (product to internal standard) 

was seen between samples at zero-time and after 10 min, indicating that the product (i.e. 

menaphthyl mercapturic acid) is stable over a 10 min period.  
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Table 6: Summary of Retention Times and m/z for Compounds Detected by LC-MS 

Analysis 

 

 

Compound 
Retention Times 

(min) 
m/z 

Benzyl-Cys 14.6 212 

Benzyl Mercapturic Acid 21.8 254 

4-Nitrobenzyl-Cys 15.8 257 

4-Nitrobenzyl Mercapturic Acid 22.4 299 

Menaphthyl-Cys  21.2 262 

Menaphthyl Mercapturic Acid 29.5 304 
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Figure 28: Menaphthyl-Cys Michaelis-Menten Kinetic Plots 

Each data point represents a single incubation analyzed at two time points, t = 0 and t = 10 min. 

For each reaction, menaphthyl-cys (5 – 200 µM) was incubated with CoASAc, 0.2 mM, in 25 

mM Tris + 4 mM EGTA, and NAT8 lysate, 14.6 µg total protein at 37°C. Benzyl-mercapturic 

acid, 164 µM was used as the internal standard. 

 

Panel A: Activity was determined by calculating the amount of substrate depletion over 10 min 

(with respect to the internal standard). It was estimated that KM = 85.96 ± 38.1 µM and Vmax = 

15.20 ± 3.19 nmol/min/mg total protein. 

 

Panel B: Activity was measured by calculating the amount of product formation after 10 min 

(with respect to the internal standard). A standard curve for menaphthyl-mercapturic acid was 

constructed using known concentrations of menaphthyl mercapturic and the ratios of peak area 

of substrate to internal standard (data not shown), to determine the concentration of product 

formed in t = 10 min samples. The estimated values for KM and Vmax are 17.16 ± 3.18 µM and  

4.63 ± 0.24 nmol/min/mg total protein, respectively. The KM and Vmax values differ from those 

that were calculated using substrate consumption (KM = 85.96 ± 38.1 µM and Vmax = 15.20 ± 

3.19 nmol/min/mg total protein), this discrepancy is discussed in the text.  
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Figure 29: Menaphthyl-Mercapturic Acid is Stable in the Presence of NAT8 

Lysate  

Menaphthyl mercapturic acid (shown in green), 10 µM was incubated with CoASAc. 0.2 mM in 

25 mM Tris + 4 mM EGTA, and NAT8 transfected lysate, 14.6 µg, at 37°C. An aliquot (25 µl) 

was taken from the reaction mixture and stopped by heating to 80°C for 5 min and protein was 

precipitated by centrifugation. Internal standard, benzyl mercapuric acid (shown in purple), 164 

µM was added. The supernatant was separated and analyzed by LC-MS. Panel A: t = 0, panel B: 

t = 10 min.  
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To reanalyze the menaphthyl-cys kinetic data using the ratio of area of product formation to 

internal standard at 10 min, a standard curve for menaphthyl mercapturic acid was generated. 

The same assay conditions as menaphthyl-cys LC-MS assay were used to assay menaphthyl 

mercapturic acid (10 and 20 µM) incubation with NAT8 HEK 293T lysate (14.6 µg total 

protein). Area of peak ratio of product to internal standard was plotted as a function of 

menaphthyl mercapturic acid concentration; the data was fit by linear regression with R
2
 = 0.99 

(data not shown). The standard curve was used to estimate the concentration of product 

formation, and, in turn, to measure the enzyme activity.  Figure 28, panel B shows the rate of 

product formation as a function of substrate concentration. Using SigmaPlot 12.0, we calculated 

that KM = 17.16 ± 3.18 µM and Vmax = 4.63 ± 0.24 nmol/min/mg total protein. These kinetic 

values highly differ from those that were determined using substrate consumption, KM = 85.96 ± 

38.1 µM and Vmax = 15.20 ± 3.19 nmol/min/mg total protein. Several reasons may account for 

the variation in kinetic parameters, such as non-specific binding of the substrate to the lysate, 

inaccurate absolute quantitation, and analytical differences between the calculations for substrate 

consumption and product formation. Potential reasons for the discrepancy in the results are 

discussed further in Chapter 4.  

LC-MS activity assays are currently underway for 4-nitrobenzyl- and benzyl-cys. As noted 

above, enzyme activity will be measured using both substrate consumption and the amount of 

product formed after 10 min with respect to the internal standard. Preliminary data measuring 

NAT8 activity with 4-nitrobenzyl-cys is shown in Figure 30. Activity measured using substrate 

consumption yielded a KM = 22.9 ± 31.3 µM and Vmax = 7.01 ± 2.51 nmol/min/mg total protein. 

These values are comparable to those obtained using product formation to measure activity with 

KM = 30.13 ± 17.51 µM and Vmax = 10.74 ± 1.78 nmol/min/mg total protein. 
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Figure 30: 4-Nitrobenzyl-Cys Michaelis-Menten Kinetic Plots 

Each data point represents a single incubation analyzed at two time points, t = 0 and t = 10 min. 

For each reaction, 4-nitrobenzyl-cys (5 – 200 µM) was incubated with CoASAc, 0.2 mM, in 25 

mM Tris + 4 mM EGTA, and NAT8 lysate, 14.6 µg total protein at 37°C. Benzyl-mercapturic 

acid, 164 µM was used as the internal standard. 

 

Panel A: Activity was determined by calculating the amount of substrate depletion over 10 min 

(with respect to the internal standard). It was estimated that KM = 22.9 ± 31.3 µM and Vmax = 

7.01 ± 2.51 nmol/min/mg total protein. The data is highly scattered, as suggested by the 

extremely wide 95% prediction bands.  

 

Panel B: Activity was measured by calculating the amount of product formation after 10 min 

(with respect to the internal standard). A standard curve for 4-nitrobenzyl-mercapturic acid was 

constructed using known concentrations of 4-nitrobenzyl mercapturic and the ratios of peak area 

of substrate to internal standard (data not shown), to determine the concentration of product 

formed in t = 10 min samples. The estimated values for KM and Vmax are 30.1 ± 17.5 µM and 

10.7 ± 1.78 nmol/min/mg total protein, respectively. 

 

Panel C: Activity measurements determined using both substrate depletion and product 

formation were combined and plotted as a function of substrate concentration for a more accurate 

measure of kinetic parameters. It was estimated that KM = 26.7 ± 18.9 µM and Vmax = 8.84 ± 

1.74 nmol/min/mg total protein.  
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Chapter 4: Discussion 

 Humans are exposed to a wide variety of toxic compounds, including carcinogens. The 

mercapturic acid pathway is a major process of elimination and detoxication of these 

xenobiotics. Mercapturic acids have been detected in the urine of humans who have been 

exposed to carcinogenic pollutants. Therefore, molecular characterization of the enzymes in the 

mercapturic acid pathway is important for understanding the role of these enzymes in the 

metabolism of xenobiotics. The objective of this study was to study NAT8 activity for several 

aromatic S-substituted cysteine conjugates. Kinetic assays were conducted on cysteine 

conjugates to further elucidate the role of NAT8-dependent metabolism in the mercapturic acid 

pathway of polycyclic aromatic xenobiotics.  

 NAT8 activity was assayed for cysteine conjugates using colorimetric, HPLC, and LC-

MS techniques. It was determined that NAT8 catalyzes the acetylation of a variety of S-

substituted cysteine conjugates, including benzyl, 4-nitrobenzyl, and menaphthyl moieties. 

However, no activity was detected for trityl-cys using either DTNB colorimetric or HPLC assays 

(refer to Chapter 3.4 and 3.5). However, it is important to note that trityl-cys is distinct because 

three of its four groups attached to the central benzylic carbon atom are benzene rings, making 

trityl-cys the largest and bulkiest of the substrates assayed. It is likely that the steric hindrance 

caused by the benzene rings prevents binding of trityl-cys in the active site of NAT8, which 

thereby prevents acetylation.  

4.1 DTNB Colorimetric Assay as a Preliminary Tool to Monitor NAT8 Activity 

 The DTNB assay was used as a preliminary tool to monitor NAT8 activity with various 

cysteine substrates. As mentioned in Chapter 3.4, NAT8 was found to catalyze the acetylation of 

benzyl-, 4-nitrobenzyl-, and menaphthyl-cys. These cysteine conjugates were tested in an attempt 
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to measure NAT8 kinetic parameters. A value Vmax = 23.7 nmol/min/mg total protein was 

determined for benzyl- and Vmax = 18.3 nmol/min/mg total protein for 4-nitrobenzyl-cys, when 

assayed at 0.5 mM substrate. Published literature Vmax values for both substrates range from 4.4 

to 440 nmol/min/mg total protein (as summarized in Table 7). Although our calculated values do 

fall within the range, they are not close to any of the previous data. It is important to note that the 

variation between our determined kinetic parameters and of those of literature may be due to 

different techniques used to assay activity; most previous data utilizes radioactivity assays. Vmax 

is strongly dependent on the level of protein expression and calculated values may differ from 

one another depending on the protein preparation used and its level of purification. 

 However, it is also important to note that the Vmax values were determined from a single 

sample of one concentration for each substrate; replicates and various concentrations need to be 

tested for accurate measurements of kinetic parameters. Several limitations arose when 

attempting to measure activity for a range of concentrations. As shown in Table 4 Chapter 3.4, 

the DTNB assay did not provide reproducible or reliable results; this is likely attributed to the 

quality of the protein preparation.  Inconsistent kinetic parameters were measured not only when 

using the same protein preparations to assay a range of concentrations, but also when using the 

same protein preparation for biological replicates of one concentration. Our DTNB data suggest 

that quality of lysate is an important factor to consider, as crude cell lysate may introduce 

variable factors compromising accuracy. To account for any variations introduced by crude cell 

lysate, the same protein preparation should be used for each substrate concentration tested. 

However, the number of samples that can be tested using one protein preparation is limited due 

to the quantity of lysate (i.e., total volume) available from one preparation with a total protein 

concentration that is sufficient for our purposes. 
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Table 7: Summary of Reported Kinetic Parameters for NAT8.  

The table below summarizes the different techniques and type of protein preparation used in the 

literature to determine kinetic parameters of NAT8 for benzyl and 4-nitrobenzyl-cys.  

  

Authors 
Technique 

Used 
Type of Protein 

Preparation 
Substrate 

Tested 

Reported Kinetic Parameters 

KM (µM) Vmax 
(nmol/min/mg 
total protein) 

Green and 
Elce (1975) 

Radioactivity 
Assay 

Rat Liver 
Microsomes 

Benzyl-Cys 
36.9 

 
14.5 

Duffel and 
Jakoby 
(1982) 

Radioactivity 
Assay 

Rat Kidney 
Microsomes 

Benzyl-Cys 
140 

 
440 

Aigner et al. 
(1994) 

HPLC Assay 
Porcine Kidney 

Microsomes 

4-Nitrobenzyl-
Cys 

(2 samples) 

1) 21,300** 
2) 36,200** 

 

1) 0.0555 
nmol/min 
2) 0.071 

nmol/min** 

Aigner et al. 
(1996) 

HPLC Assay 
Pig Kidney 

Microsomes 
4-Nitrobenzyl-

Cys 
77.2 -  

Veiga-da-
Cunha et al. 

(2010) 

DTNB/HPLC 
Assay* 

Crude NAT8 
HEK 293T Cell 

Extract 
Benzyl-Cys 

63.0 
 

4.40 

Radioactivity Assay: [1-
14

C] acetyl-CoA was incubated with cysteine substrates, radioactivity was measured by 
scintillation counting. 
HPLC Assay: supernatant from incubation reaction was separated by HPLC, substrate and product from NAT8 
reaction were detected at 280 nm. 
DTNB/HPLC Assay*: It was unclear from the results of Veiga-da-Cunha and colleagues (2010) whether they used a 
colorimetric DTNB assay or HPLC to measure kinetic parameters for benzyl-cys. 
Aigner et al. (1994)**: The reported Vmax values for 4-nitrobenzyl were given in nmol/h units; the amount of 
protein used was not clearly stated. It is important to note that the large KM values provided by Aigner and 
colleagues maybe an error in the units specified.  
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Table 8: Summary of Newly Determined Kinetic Parameters for NAT8 using Three 

Different Assays. 

The table below summarizes the kinetic parameters I determined for NAT8 with different 

cysteine conjugates, using three different assays. All kinetic parameters were determined using 

NAT8 HEK 293T crude cell extract.  

 

Substrate 

Kinetic Parameters 
(VMAX = nmol/min/mg total protein, KM = µM) 

DTNB Assay HPLC Assay LC-MS Assay 

KM Vmax KM Vmax KM Vmax 

Benzyl-Cys - 23.7 1, 100 53.7 125 / 52.9* - 

4-Nitrobenzyl-
Cys 

- 18.3 - - 30 / 22.9 10 / 7.01 

Menaphthyl-Cys - 46 - - 17.2 / 86.0 4.63 / 15.2 
DTNB Assay: Kinetics parameters were measured from a single sample of 0.5 mM concentration. Since only a single 
concentration was tested, no KM values were measured. 
HPLC Assay: Data from all three biological replicates was used to measure kinetic parameters with benzyl-cys. All 
attempts to measure kinetic parameters with 4-nitrobenzyl-cys were unsuccessful; therefore menaphthyl-cys was 
not tested. 
LC-MS Assay: The first number of each row represents the kinetic parameter that was measured using product 
formation at t = 10 min; the second number was determined using the amount of substrate consumed. LC-MS 
analysis for NAT8 with benzyl-cys and 4-nitrobenzyl-cys is currently in progress. No Vmax was determined for 
benzyl-cys as the development of a standard curve (product) is in progress.  
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4.2 NAT8 HPLC Activity Assay  

 In comparison to the DTNB assay, the HPLC assay is a more sensitive technique for 

measuring NAT8 activity with various cysteine conjugates. The HPLC assay allows us to 

monitor both the substrates (i.e., cysteine conjugates) and products (i.e., mercapturic acids) at 

both t = 0 and t = 20 min. Benzyl-, 4-nitrobenzyl-, and menaphthyl-cys all showed a decrease in 

substrate peak and the appearance of a product peak. The HPLC assay was used in an attempt to 

measure kinetic parameters; KM = 1.1 mM and Vmax = 53.7 nmol/min/mg total protein for NAT8 

with benzyl-cys. These kinetic parameters vary significantly from those in the literature (Table 

7). All KM values reported previously in the literature are in the micromolar range, which is not 

comparable to our measured KM value, in the milimolar range. However, it is important to note 

that the reported kinetic parameters in the literature were measured using a radioactivity assay 

(see Table 7) and partially purified protein, which may account for differences between our 

measured kinetic parameters and those reported in the literature. Although a recent study in 2010 

by Veiga-da-Cunha and colleagues used a similar approach to our study, in that they used a 

nonradioactive assay (either DTNB or HPLC assay, see Table 7 footnote) and crude NAT8 HEK 

293T lysate, they measured KM = 63 µM, significantly lower than our results.  

 The HPLC assay was used to test several concentrations of 4-nitrobenzyl-cys. However, 

the measured activities were highly scattered. In fact, in several samples, a negative value was 

calculated for activity; the t = 20 min samples showed an apparent increase in the amount of 

substrate present, compared to the starting samples, t = 0. Since monitoring substrate depletion 

resulted in inconsistent measurements of activity, the stability of the corresponding product was 

tested in the presence of lysate. 4-Nitrobenzyl mercapturic acid was incubated with HEK 293T 

lysate and the supernatant was separated via HPLC. No change in peak area ratios was observed 
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in either samples (t = 0 and t = 20 min), eliminating the possibility that the mercapturic acid was 

being hydrolyzed back its cysteine conjugate (data not shown). Moreover, in hopes of gaining 

insight about the kinetic behaviour of NAT8 with 4-nitrobenzyl-cys, the formation of product 

over time was analyzed in each of the samples. Theoretically, the peak area ratio of product to 

internal standard should increase as a function of substrate concentration. However, our analysis 

revealed that the peak area ratio did not change as a function of concentration; thus, product 

formation could not be used to estimate kinetic parameters. The absence of change in peak area 

ratio of product to internal standard over time perhaps suggests that the formation of product has 

plateaued (data not shown).  KM values for 4-nitrobenzyl-cys in the literature are reported to be 

in both the milimolar and micromolar range (see Table 7); therefore, it is unclear where its true 

value lies. A stable amount of product formation may indicate that NAT8 has reached saturation, 

and so that data is not within the Michaelis-Menten linear range. However, limitations exist in 

the sensitivity of the HPLC assay, as we were unable to detect our compounds with high 

accuracy in the micromolar range. 

4.3 NAT8 LC-MS Activity Assay 

 Use of HPLC techniques to determine kinetic parameters of cysteine conjugates was 

challenging due to several limiting factors. For our purposes, a 100 µl injection is ideal to 

achieve high sensitivity of detection on the HPLC; consequently a larger amount of protein (e.g. 

300 µg) is required to see substrate depletion and product formation. The amount of protein 

available from one preparation is limited, and so using a larger amount of protein for one test 

restricts the number of samples that can be assayed. Biological and technical replicates cannot be 

completed using the one protein preparation for all substrates. In addition, substrate 

concentrations in the micromolar range result in low signal to noise ratios. However, use of LC-
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MS substantially reduces the amount of protein required in each reaction, and lower 

concentrations of substrates can easily be monitored with greater sensitivity compared to the 

HPLC assay.  

 LC-MS analysis was used to determine the kinetic parameters of NAT8 for cysteine 

substrates by monitoring the change in peak areas of specific ions; the concentration of substrates 

and products was measured by mass-to-charge (m/z) ratios. KM = 85.96 ± 38.1 µM and Vmax = 

15.20 ± 3.19 nmol/min/mg total protein for NAT8 with menaphthyl-cys. The above-mentioned 

kinetic parameters were measured by analyzing the amount of substrate consumed throughout 

the reaction. However, the large standard error attests to the large variation among samples. 

Similar to our HPLC analysis, a few samples yielded negative activities. It was previously 

hypothesized for the HPLC assays, that the negative activities may be the result of NAT8 

saturation with high substrate concetrations (mM range was tested). However, the same 

hypothesis is not applicable for the LC-MS assay, as we are testing much lower substrate 

concentrations, in the micromolar (vs. milimolar range), and so it is unlikely that NAT8 is 

saturated. Therefore, the observation of negative activities when testing both milimolar and 

micromolar range suggests that some other variable, perhaps related to the use of crude cell 

lysate or human error, results in the measurement of negative activities. When testing NAT8 

activity using both DTNB and HPLC assays, we found that the measured kinetic parameters 

varied greatly and were inconsistent when using the same or different protein preparation. 

Therefore, we monitored the menaphthyl-cys reaction with control non-transfected HEK 293T 

lysate at t = 0 and t = 10 min; no lysate; and with NAT8- transfected lysate. We found not only 

that the peak area of substrate is higher when no lysate is present in comparison to incubations 

with either non-transfected or NAT8 lysate, but also that the substrate peak area is higher after 
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10 min compared to zero-time, in the presence of non-transfected lysate. These results suggest 

there may be non-specific binding of the lysate to the substrate, and after some time, the bound 

substrate may be slowly released. Moreover, a linear relationship was observed not only between 

the substrate concentration and substrate peak area area at t = 0, but also substrate concentration 

and peak area ratio of substrate to internal standard (data not shown). This further supports the 

notion of non-specific binding of substrate to HEK 293T extract. The linear relationships also 

suggest that no significant human or technical error affected the measurement of activities. 

 Analysis of product formation can also be used to monitor the progression of the NAT8 

reaction. It was determined that the reaction product (menaphthyl mercapturic acid) is stable in 

the presence of NAT8 transfected lysate over a 10 min period. Thus, NAT8 activity with 

menaphthyl-cys was also measured using the peak area ratio of product formation to internal 

standard; KM = 17.16 µM and Vmax = 4.63 nmol/min/mg total protein. However, the kinetics data 

obtained from substrate consumption analysis yielded KM = 85.96 µM and Vmax = 15.20 

nmol/min/mg total protein. Theoretically, the kinetic values measured using both substrate 

consumption and product formation analysis should be relatively similar to one another; 

however, there is a large variation between the results obtained with the two methods. 

Specifically, peak area ratios of substrate to internal standard at t = 0 and t = 10 min were used to 

determine the amount of substrate consumed over time. In contrast, the concentration of the 

product formed after t = 10 min was calculated using a standard curve of known product 

concentrations and ratios of peak area of product to internal standard. Therefore, differences in 

analytical determinations of the amount of substrate  may contribute to discrepancies in the 

measured activities. Variation between the two methods used to measure kinetic parameters may 

also be due to incorrect absolute quantitation of product, perhaps attributed to inaccurate product 
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concentrations when generating the standard curve. In contrast to substrate consumption 

analysis, no negative activities were measured with the product formation analysis. KM = 17.16 

µM for NAT8 with menaphthyl-cys, is of the same magnitude of Veiga-da-Cunha’s 

determination using benzyl-cys, 63 µM (Table 7 and 8).  Preliminary kinetic data of NAT8 with 

4-nitrobenzyl-cys and benzyl-cys (calculated using product formation) are shown in Table 8, 

both of which are comparable to the literature, as they are in the micromolar range. 
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Chapter 5: Conclusions 

 NAT8 was recently identified as the enzyme that catalyzes the acetylation of cysteine 

conjugates, the last step in the mercapturic acid pathway before metabolites are excreted into the 

urine. The aim of this study was to characterize the NAT8 substrate specificity for various S-

substituted cysteine conjugates. I developed a method for HPLC separation of cysteine substrates 

and its corresponding mercapturic acids. In addition, I also developed a LC-MS quantitation 

method for S-substituted cysteine compounds. Using these methods we were able to successfully 

determine that benzyl-, 4-nitrobenzyl-, and menaphthyl-cysteine are all substrates of NAT8, 

whereas trityl-cys proved not to be a substrate. 

 These results establish not only a novel database of compounds that are substrates for 

NAT8 but also a non-radioactive method for measuring NAT8 activity, using crude cell extracts. 

Our results illustrate that some aromatic cysteine conjugates are indeed acetylated by NAT8, and 

thus detoxified via the mercapturic acid pathway. Therefore, NAT8 can be considered an 

efficient route for acetylation of cysteine conjugates. The KM values for these aromatic cysteine 

substrates are in the micromolar range. A limitation to this study is the use of whole-cell lysate, 

as NAT8 was not purified for kinetic assays due to large losses in activity. Nonetheless, these 

results relate with the findings of Veiga-da-Cunha and colleagues (2010), see Table 7 and 8. 

Preliminary LC-MS results indicate that there is no evidence that the S-substituent of cysteine 

strongly influences enzyme activity. However, trityl-cys was not acetylated by NAT8, suggesting 

that it exceeds the size limitation of the catalytic site for NAT8. NAT8 activity is the most 

similar to γ-glutamyl transferase as activity was not dependent on the S-substituent of GSH 

conjugates when assayed with bovine γ-glutamyl transferase; KM values were in the micromolar 

range (Agblor and Josephy, 2013). In contrast, porcine dipeptidases activity was strongly 
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influenced by the S-substituent of cysteine-glycine conjugates; KM values were in the micro and 

milimolar range (Poon and Josephy, 2012). Therefore, no general trend between the S-substituent 

of xenobiotic conjugates and enzyme activity is apparent when comparing the mercapturic acid 

pathway enzymes. 

 It should be noted that only a few substrates were tested and more substrates need to be 

tested in order to draw conclusive structure and activity relationships. Future work can be aimed 

at developing HPLC-fluorescence detection for substrates such as methylfluorenyl-cysteine. Use 

of fluorescence detection will greatly increase sensitivity in comparison to UV/MS detection; 

allowing detection of substrates at lower concentrations.  In addition, future site-directed 

mutagenesis studies may elucidate residues that are essential to the mechanism of catalysis for 

NAT8. 
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Appendices 

Appendix A: Sample Calculation of NAT8 Activity from DTNB Assay 

1) Correcting for absorbance: 

Let NC and NN represent the absorbance at 412 nm from NAT8 reaction incubation with 
and without cysteine substrate, respectively. 
Let BC and BN represent the absorbance at 412 nm from non-transfected HEK 293T 
(negative control) reaction incubation with and without cysteine substrate, respectively. 
Therefore, corrected absorbance at 412 nm: 

A = (NC – NN) – (BC – BN) 
2) Extrapolating [CoA] produced during NAT8 reaction: 

𝑦 = 0.00673[𝐶𝑜𝐴] + 0.0525 
[𝐶𝑜𝐴] =

𝑦 − 0.0525

0.00673
 

*Where y represents the absorbance at 412 nm, refer to Chapter 3.4 
E.g. If A = 0.3371, y = 0.3371 then: 

[𝐶𝑜𝐴] =
0.3371 − 0.0525

0.00676
 

[𝐶𝑜𝐴] = 42.29 µ𝑀 
3) Determining moles of CoA formed: 

𝑐 =
𝑛

𝑉
 𝑟𝑒𝑎𝑟𝑟𝑎𝑛𝑔𝑒 𝑠𝑜 𝑡ℎ𝑎𝑡: 𝑛 = 𝑐 × 𝑉 

*V is the total volume of the DTNB incubation reaction i.e. 900 µL. 
E.g. if [CoA] = 42.29 µM then: 
𝑛 = (42.29 µ𝑀)𝑥 (0.0009𝐿) 
𝑛 = 0.03806 µ𝑚𝑜𝑙 × 1000 
𝑛 = 38.06 𝑛𝑚𝑜𝑙 

4) Determining nmol per min: 

𝑛𝑚𝑜𝑙

𝑚𝑖𝑛
=

𝑛

𝑡
 

*t is the total time (in min) of the incubation reaction i.e. 10 min. 
E.g. If 38.06 nmol of CoA were formed then: 
𝑚𝑜𝑙

𝑚𝑖𝑛
=

38.06𝑛𝑚𝑜𝑙

10 𝑚𝑖𝑛
 

          = 3.806 𝑛𝑚𝑜𝑙/𝑚𝑖𝑛 
5) Determining activity (mol/min/mg): 
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𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑚𝑜𝑙/𝑚𝑖𝑛

𝑚 (𝑚𝑔)
 

*m represents the total protein in mg that was used in the reaction incubation. 
E.g. If 3.806 nmol of CoA were formed per min then: 

𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
3.806 

𝑛𝑚𝑜𝑙
𝑚𝑖𝑛

0.1565 𝑚𝑔 
 

𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
24.32

𝑛𝑚𝑜𝑙
𝑚𝑖𝑛

𝑚𝑔 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛
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Appendix B: HPLC Control Method for Benzyl-Cys 

Time Device(s) Command 
0.00 AA/water/Acetonitrile 1(ml/min): 100%AA/water, 0% ACN 
0.01 234 Partial Loop Injection <start>6, SAMPLE_LOCATION,100 
0.03 280 detector Set Wavelength 225 
0.05 280 detector Set Sensitivity 1 0.01 
0.07 280 detector Autozero Channels 
0.09 System Controller Synchronize 
0.10 Data Channels Start Chromatogram Channels 
6.00 AA/water/Acetonitrile 1 (ml/min): 100% AA/water, 0% ACN 

21.00 AA/water/Acetonitrile 1 (ml/min): 50% AA/water, 50% ACN 
23.00 AA/water/Acetonitrile 1 (ml/min): 25% AA/water, 75% ACN 

25.00 AA/water/Acetonitrile 1 (ml/min): 25% AA/water, 75% ACN 

26.00 Data Channels Stop Chromatogram Channels 
28.00 AA/water/Acetonitrile 1 (ml/min): 100% AA/water, 0% ACN 

 
 



106 
 

Appendix C: Sample Calculation of NAT8 Activity from HPLC Assay 

E.g. Sample Data from zero-time and 20 min supernatants separated on the HPLC 
 Cysteine Conjugate (1 mM) Internal Standard (1.0 mM) 
0 min 18699568 8507619 

20 min 17687834 8522161 

 
1) Determining ratio of cys conjugate to internal standard (I.S): 

A) 0-time ratio: 

𝐶𝑦𝑠 𝐴𝑟𝑒𝑎 × (
[𝐼. 𝑆]
[𝐶𝑦𝑠]

)

𝐼. 𝑆 𝐴𝑟𝑒𝑎
 

=
18699568 × (

1 𝑚𝑀
1 𝑚𝑀)

8507619
 

= 2.20 
B) 20 min ratio: 

=
17687834 × (

1 𝑚𝑀
1 𝑚𝑀)

8522161
 

= 2.08 
2) % of substrate remaining after 20 min: 

% Substrate Remaining =
Ratio at 20 min

𝑅𝑎𝑡𝑖𝑜 𝑎𝑡 0 𝑡𝑖𝑚𝑒
× 100% 

=
2.07551

2.19797
× 100% 

= 94.4% 
3) % of substrate consumed: 

% 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = 100% − % 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 
= 100% − 94.4% 

= 5.6% 
 
 

4) [Substrate mM] consumed: 

% 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝐷𝑖𝑠𝑎𝑝𝑝𝑒𝑎𝑟𝑒𝑑

100
× [𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑚𝑀] 

=
5.6%

100
× 1 𝑚𝑀 
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= 0.056𝑚𝑀 
5) Determining amount of mol (substrate) consumed during reaction: 

𝑛 = [𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑑𝑖𝑠𝑎𝑝𝑝𝑒𝑎𝑟𝑒𝑑] × 𝑉 
*V is the total reaction incubation volume i.e. 300 µL. 

= 0.056 𝑚𝑀 × 0.0003𝐿 
= 0.0000168𝑚𝑚𝑜𝑙 × 1000000 

= 16.8 𝑛𝑚𝑜𝑙 
6) Calculating NAT8 activity: 

𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑛 

𝑡 × 𝑚 (𝑚𝑔)
 

*t represents the total incubation time (i.e. 20 min) and m is the total amount of protein 
incubated in reaction (i.e. total protein (in mg) in the 100 µL aliquot that was added to the 
reaction mixture) 

𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
16.8 𝑛𝑚𝑜𝑙

20 𝑚𝑖𝑛 × 0.3231 𝑚𝑔
 

𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
2.59

𝑛𝑚𝑜𝑙
𝑚𝑖𝑛

𝑚𝑔 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛
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Appendix D: LC-MS Chromatograms of Menaphthyl-Cys Incubations without 

Lysate and with Non-transfected HEK 293T Lysate 

 
Panels A-C: Menaphthyl-cys, 100 µM was incubated with CoASAc. 0.2 mM in 25 mM Tris + 4 mM EGTA 
at 37°C. Benzyl-mercapturic acid, 164 µM was used as the internal standard. An aliquot (25 µl) was taken 
from the reaction mixture and stopped by heating to 80°C for 5 min and protein was precipitated by 
centrifugation, internal standard was added. The supernatant was separated and analyzed by LC-MS. 
Red and purple curves represent substrate (menaphthyl-cys) and internal standard, respectively.  
 
Panel A: No enzyme was added to the incubation and an aliquot was taken from the reaction mixture at 
t=0 for LC-MS analysis. As expected, no product formation was observed. 
Panels B and C: The reaction was initiated with non-transfected HEK 293T lysate, 14.6 µg total protein. 
An aliquot was taken at t=0 (panel B) and t=10 min incubation (panel C) to not only determine if the 
substrate and internal standard are stable over time, but also to ensure no non-specific acetylation is 
catalyzed by the crude extract; no product formation was present.  
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