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Abstract 
 

Liver fatty acid binding protein (FABP1) is present at high levels in the liver and 

functions as an antioxidant. A single nucleotide polymorphism was found resulting in the FABP1 

T94A variant. Currently, it is not known how this mutation affects the antioxidant activity of 

FABP1 T94A. Rat cDNA within pGEX-6p-2 vector was isolated from bacterial cells and the 

mutation was induced using site-directed mutagenesis. The plasmid was transformed into 

competent cells that were cultured and used for the expression of FABP1 T94A. The protein was 

purified using the GST affinity tag system and its antioxidant capacity was assessed using DCF 

fluorescence assay. FABP1 T94A showed that the mutation did not change the protein’s ability 

to scavenge hydroxyl radicals. Thiobarbituric Acid Reactive Substances Assay was used to 

determine the FABP1 T94A’s antioxidant activity in simulated hydrophilic and lipophilic 

environments induced by the azo compounds AAPH and MeO-AMVN. T94A was able to act as 

an antioxidant in both cases performing almost equivalent to FABP1. However, when bound 

with fatty acids (palmitate and alpha-bromo palmitate) the ability of T94A as an antioxidant may 

be affected. In conclusion, The T94A variation of FABP1 does not have a loss of function in 

regards to acting as an antioxidant but the extent of function may be influenced by ligand 

binding.   
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Chapter 1: Introduction 
 

Liver: Structure and Function 
 

 The liver is considered to be the largest internal organ in the human body weighing 

approximately 1.5 kg in an adult. It is situated predominantly in the upper right quadrant of the 

abdominal cavity, protected by the ribcage and connects to the diaphragm. A peritoneal fold 

connects the liver to both the diaphragm and the abdominal wall, while the falciform ligament 

divides the liver into left and right lobes (Boyer et al., 2012). The caudate and quadrate lobes 

make up the right lobe, inferiorly and posteriorly respectively. The source of the liver’s venous 

blood is supplied mainly by the gastrointestinal (GI) tract from the portal vein and from the 

systemic circulation by the hepatic artery.  This dual blood supply from the portal vein and the 

hepatic artery gives the liver a unique structural organization that makes the liver a prime 

metabolic organ and allows for greater than 2000 L of blood to flow through the organ daily. 

Nutrient-rich blood originating from the GI tract enters the liver using the portal vein. The 

hepatic artery, portal vein and the bile duct create the portal triad. Hepatic sinusoids are supplied 

with blood by portal venules and hepatic arterioles forming a lattice of vessels in the liver. This 

vasculature enables the liver to release metabolic products from hepatocytes into the blood and 

remove macromolecules from the blood. Hepatocytes compose up to 60 % of the total cell 

population of the liver and approximately 78 % of the liver volume (Gershwin et al., 2012). 

These cells perform functions the liver is known for, such as the homeostasis of glucose, 

synthesis of bile acids from cholesterol, protein synthesis, and the metabolism of drugs and 

toxins.   
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Most drugs are metabolised in the liver where xenobiotic compounds undergo 

biotransformation reactions. There are two phases in the biotransformation reaction, phase I and 

phase II. In phase I, the parental compound is converted to a metabolite that is water soluble by 

cytochrome P450. In phase II the drug metabolite is conjugated to small sized molecules in the 

body such as acetate and glucuronides to increase water solubility and elimination. Cytochrome 

P450 are enzymes that are located in the endoplasmic reticulum’s membrane and are found 

mostly in the liver. The bio-activation of xenobiotics by these enzymes may generate 

electrophiles or free radicals that could result in oxidative stress that harms the cells. An example 

of this is seen in the overdose of acetaminophen. Acetaminophen is converted to an intermediate 

that is highly electrophilic, N-acetyl-p-benzoquinone-imine (NAPQ1) by cytochrome P450. 

Normally glutathione in the body can counteract this intermediate, however, glutathiones 

become depleted during an overdose. NAPQ1 can then form adducts with proteins leading to 

oxidative stress (Stirnimann et al., 2010). Diclofenac is another drug whose intermediates 

undergo redox cycling and can result to oxidative stress (Boelsterli 2003). Metabolised in the 

liver, Diclofenac undergoes ring hydroxylation, a reaction catalyzed by cytochrome P450, 

hCYP2C9. This produces the metabolite 4’-hydroxydiclofenac (Stierlin and Faigle, 1979). The 

intermediate 4’-hydroxydiclofenac can be oxidised further to a p-benzoquinone imine, a 

electrophile that is involved with redox cycling and is able to generate oxidative stress (Tang et 

al.,1999). Drug metabolites can have adverse effects on cells as some of these intermediates 

increase free radicals resulting in oxidative stress. 
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Oxidative Stress in the Liver 
 

 A cellular state where there is an imbalance between free radical production and 

antioxidant defenses that favours free radical production, is called oxidative stress. Reactive 

oxygen species (ROS) can haphazardly react with organic molecules. ROS are molecules with a 

partial reduction to their oxygen with some species containing an unpaired electron making them 

unstable and highly reactive (Figure 1 and Table 1). Some examples of ROS include the peroxide 

(ROO•), the superoxide anion radical (O2
•) and the hydroxyl radical (OH•). They have the ability 

to react with biological molecules such as nucleic acids, lipids, and proteins leading to problems 

causing disorder and potentially the destruction of cells. Such problems include the inactivation 

of enzymes, destruction of membranes, degradation of lipids, and modifications to DNA causing 

mutations. Normally hepatocytes produce small amounts of ROS that are controlled by 

antioxidant defenses (Kobayashi et al., 2013). However, in a diseased liver there would be an 

overabundance of ROS from overproduction or the impairment of antioxidant defenses. A small 

quantity of electrons leak to oxygen in the mitochondrial respiratory chain reactions producing a 

ROS, the superoxide anion (Schlezinger et al., 2006). ROS can also be generated in the cell by 

reactions through the exposure of chemicals, radiation, pesticide hormones, and pollution; 

reactions by cytochrome P450 to detoxify xenobiotics; enzymes such as cyclooxygenase, 

xanthine oxidase, and lipoxygenase; and NADPH oxidation system. Normally ROS produced in 

cells are usually in low to moderate levels that can actually serve several functions. Such roles of 

ROS include cellular signalling pathways; mitogenic response initiation; and protection against 

bacteria, fungi, and viruses. 
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Figure 1: Production of ROS. ROS are formed as intermediate products when molecular oxygen 

is converted to water. 
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Table 1: ROS sources and description 

ROS Description Source 

O2•, Superoxide anion A reduced state of O2 by 

accepting an electron. 

Generated by the electron 

transport chain and 

autoxidation.   

Mitochondria 

NADPH Oxidase 

Xanthine Oxidase 

Cyclooxygenase 

5-lipoxygenase 

OH•, Hydroxyl radical Despite being short lived the 

molecule will attack any 

biological element as it is 

exceptionally reactive.  

Super Oxide Dismutase 

Peroxisomes 

H2O2, Hydrogen peroxide Two electron reduced 

oxygen. Forms by reduction 

of O2 or the dismutation of 

O2•. Are able to pass though 

membranes since they are 

lipid soluble. 

Fenton Reaction 

Haber-Weiss Reaction 
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Lipid Peroxidation 
 

 Unsaturated lipids are susceptible to attack by free radicals, especially polyunsaturated 

fatty acids due to the exposed methylene groups on carbons. The methylene groups are more 

vulnerable because the double bonds between the carbons make the hydrogens more reactive. 

The reaction will cause lipid degradation by oxidation, which is termed lipid peroxidation. Lipid 

peroxidation contains a chain of reactions with three stages: initiation, propagation, and 

termination as shown in Figure 2. In the initiation step, a polyunsaturated fatty acids’ hydrogen is 

attacked by a free radical forming a lipid radical. The next stage, propagation, produces a lipid 

peroxyl radical when the lipid radical reacts with oxygen. The lipid peroxyl radical can undergo 

several reactions; attack membrane components (ie. proteins and lipids), continue propagation by 

attacking a hydrogen from an adjacent fatty acid side chain, or react with one another terminating 

the reaction. The termination of lipid peroxidation occurs when lipid peroxyl radicals react with 

each other or when the lipid peroxyl radicals are neutralized by antioxidants. Lipid peroxidation 

produces aldehydes such as 4-oxo-2-nonenal, 4-hydroxy-2-nonenal, and the most prevalent 

malondialdehyde (MDA).  DNA adducts are formed through lipid peroxidation that causes DNA 

mutagenesis. Lipid peroxidation also results in the destruction of the membrane structure and 

function by the degradation of polyunsaturated fatty acids (Zhang et al., 2006). The membrane 

may be perturbed by lipid hydroperoxides trying to migrate to the surface resulting in the 

reduction of membrane fluidity, inactivation of bound receptors and enzymes, damage to 

integrity, and increase in permeability (Pamplona 2008). Albano et al. (2005) reported that 

peroxide products are related to the development of fibrosis from non-alcoholic fatty liver 

disease (NAFLD). 
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Figure 2: The process of lipid peroxidation. In the initiation step, an unsaturated lipid is attacked 

by a OH• producing a lipid radical.  This lipid radical reacts with oxygen resulting in a peroxyl 

radical. The peroxyl radical can either combine with one another or attack nearby fatty acid side 

chains producing another peroxyl radical and a lipid peroxide (propagation).  
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The study measured concentrations of antibodies against lipid peroxidation products: MDA, 

oxidised cardiolipin, and arachidonic acid hydroperoxides in 167 NAFLD patients. They 

reported that the antibodies against these lipid peroxidation products were significantly higher in 

patients with NAFLD than in the controls. Konishi et al. (2006) found that increased amounts of 

lipid peroxidation products are involved in the development of chronic hepatitis C. The study 

investigated the levels of a lipid peroxidation product, 8-isoprostane, in 75 patients with chronic 

hepatitis C. Using an enzyme immune assay, the study reported elevated levels of 8-isoprostane 

in the plasma of patients with chronic hepatitis C compared to the controls. 

 

Oxidation of Protein 
 

 Protein oxidation occurs when a protein is covalently altered by via ROS or secondary 

by-products of lipid peroxidation such as MDA. The oxidation of proteins can modify them by 

cleaving peptides with free radicals, reacting with lipid peroxidation products forming protein 

cross-links, and changing the structure of amino acids. Examples of these modifications include 

tyrosine crosslinks, amino acid interconversions, and the formation of protein carbonyls 

(Stadtman and Levine, 2000). One method to measure protein oxidation caused by ROS is to 

look at these protein-bound carbonyls.  In determining oxidized protein, the protein can be 

reacted with 2, 4-dinitrophenylhydrazine where the products of the derivatization reaction is 

detected by enzyme-linked immnosorbent assay (Buss et al., 1997), spectrophotometer, or by 

high-performance liquid chromatography (HPLC) (Weber et al., 2015). Ultraviolet (UV) light 

and xenobiotics are examples of exogenous sources accountable for the oxidation of proteins 

while electron transport chain and cytochrome P450 enzymes are endogenous sources. Cysteine 

and methionine side chains are the most vulnerable to an attack by ROS, however, all amino acid 
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residues are susceptible. Table 2 lists some examples of oxidation products when amino acid are 

oxidized. Protein fragmentation and cross-linkages are a result of oxidation of the protein 

backbone and amino acid side chains (Kowalik-Jankowska et al., 2006). The function of a 

protein may be disrupted if oxidative damage occurs at the active sites. Protein oxidation will 

influence enzyme activity, proteolysis, and signal transduction (Lobo et al., 2010). The oxidation 

of proteins have been found to be involved in the pathogenesis of many diseases. Such diseases 

include liver disease (Cichoż-Lach and Michalak, 2014), end stage renal disease (Drüeke et al., 

2002), aging (Liochev 2005), Alzheimer’s disease (Huang et al., 2016), and cardiovascular 

disease (He and Zuo, 2015). 
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Table 2: Amino acids and their respective oxidation products 

Amino Acids Oxidation Products 

L- Arginine Glutamic semialdehyde 

L- Cysteine Cysteic acid, cysteine sulfenic acid 

L- Histidine Aspartic acid, asparagines 

L- Lysine Aminoadipic semialdehyde 

L- Methionine Methionine sulfoxide, methionine sulfone 

L- Tryptophan 4-Hydroxytryptophan, nitro-tryptophan 

L- Tyrosine p-Hydroxyphenylacetaldehyde 
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Oxidation of DNA 
 

DNA mutagenesis is a consequence of DNA oxidation (Lee et al., 2002). Mutations that 

can initiate cancer and cell death (senescence) are caused by oxidative damage of DNA ranging 

from erroneous replication, transcription, and translation. Cancers, some forms of liver disease, 

and aging are linked to DNA oxidation. DNA can be damaged at the sugar-phosphate backbone 

or the base.  DNA bases can undergo opening, hydroxylation, contraction, and ring saturation 

when hydroxyl radicals react with the base (Xu et al., 1999). ROS can react with DNA to form 

adducts which are the most common type of damage to DNA.  MDA, a product of lipid 

peroxidation reacts with DNA to form DNA adducts (Warnakulasuriya et al., 2008). 

Deoxyadenosine, deoxycytidine, and deoxyguanosine adducts are products between DNA bases 

(A, C, and G respectively) and MDA (Marnett 2000). Another lipid peroxidation product, 4-

hydroxy-2-nonenal, generate DNA adducts when it reacts with DNA. 4-hydroxy-2-nonenal 

target DNA bases’ nitrogen atoms forming ethno-DNA-base adducts. Some examples of these 

adducts are N2, 3-ethenodeoxyguanosine, N4-ethenodeoxycytidine, and ethenodeoxyadenosine 

with DNA bases G, C, and A respectively (Loureiro et al., 2000). 

 

Oxidative stress in Mitochondria 
 

 The mitochondria is most vulnerable to oxidative stress as this organelle produces ROS 

as undesirable products due to its function in energy metabolism. ROS can alter the membrane of 

the mitochondria affecting its permeability. Mitochondrion DNA and ribosomes can be attacked 

by ROS resulting in impaired or loss of protein synthesis (Bailey and Cunningham, 2002). In 

alcoholic liver disease (ALD), elevated levels of ROS are released in liver mitochondria. The 

oxidative stress within the organelle is related to inflammation in ALD. In NAFLD the 
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mitochondria is damaged by ROS leading to changes in protein synthesis, decreasing the 

expression of genes involved with beta-oxidation. Additionally, lipid peroxidation products can 

increase the permeability of the mitochondria and inactivate the mitochondrion respiratory chain 

(Videla 2009).  

 

Liver Diseases Related to Oxidative Stress 
 

 When discussing liver diseases, substance abuse with drugs or alcohol must be discussed. 

The process of inflammation and fibrosis, which can ultimately result in cirrhosis and 

hepatocellular carcinoma (HCC), occurs in chronic liver disease. There are many types of liver 

diseases caused by numerous aspects and one of these factors is oxidative stress. Considered part 

of the pathogenesis of various liver diseases, oxidative stress is related to diseases such as 

alcoholic liver disease (ALD), viral hepatitis, non-alcoholic steatohepatitis, and 

hemochromatosis (Feng et al., 2011; Singal et al., 2011). Small quantities of ROS are produced 

in the liver that are usually inactivated by a complex antioxidant system. This system is 

responsible for maintaining redox homeostasis in mammals.  Unfortunately this is not the case in 

chronic liver diseases where there are excessive ROS overwhelming the antioxidant system. This 

disturbs the homeostatic balance between antioxidants and oxidants causing oxidative stress (Li 

et al., 2014). Oxidative stress is an outcome of several chronic liver diseases and is also involved 

in liver fibrosis and remodeling (Parola and Robino, 2001). Oxidative stress plays a role in 

pathways regulating protein expression, hepatic stellate cell (HSC) activation, and gene 

transcription. Within the liver, parenchymal cells are most often exposed to oxidative stress. 

Furthermore, endothelial cells, Kupffer cells, and HSC are the most sensitive to oxidative stress. 
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ROS is responsible for endothelial cell dysfunction by increasing leukocyte adhesion and 

vascular endothelial permeability (Szocs 2004).  

Fibrosis is characterized by liver scarring as a response to liver injury. Hepatitis B and C 

virus, alcohol consumption, and cholestasis can lead to liver fibrosis. HSC plays a major role in 

liver fibrosis, where HSC overproduces the extracellular matrix (ECM) when the liver is injured. 

Cirrhosis is a resultant of the advancement of liver fibrosis. ROS from damaged hepatocytes can 

activate HSC. Activated hepatic stellate cells transform into their myofibroblast-like phenotype 

that are responsible for producing the extracellular matrix. ROS can activate the redox 

intracellular pathway in HSC that can allow them to transform and increase the production of 

collagen (Brenner et al., 2012). Cytokines such as tumor necrosis factor alpha (TNF-α) are 

produced by Kupffer cells during oxidative stress; these cytokines increase apoptosis and 

inflammation of the cell. 

 ALD is a common cause of global mortality and morbidity. ALD results from excessive 

alcohol consumption and encompasses a spectrum that includes hepatic steatosis, hepatitis, 

fibrosis, cirrhosis, and in extreme cases can lead to HCC. Oxidative stress and inflammation 

occur in the liver of patients with alcohol abuse. The overproduction of ROS and oxidative stress 

within liver cells are related to liver damage from alcohol (Cederbaum et al., 2009). Alcohol 

dehydrogenase (ADH) oxidizes ethanol into acetaldehyde, which is then metabolized into acetate 

by acetaldehyde dehydrogenase (ALDH) in the mitochondria. Cytochrome P450 2E1 (CYP2E1) 

can also oxidize ethanol. CYP2E1 has a significant role in the degradation of ethanol during 

excessive consumption of alcohol. Oxidative stress and cell death result when there is a release 

of ROS originating from the activation by CYP2E1. Another method of ethanol degradation 

occurs in peroxisomes by catalase, however, this rarely occurs during alcohol metabolism and 
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occurs during a fasted state (Handler and Thurman, 1990). Catalase utilizes hydrogen peroxide to 

oxidize ethanol. Between the three pathways (ADH, cytochrome P450, and catalase) to 

metabolize ethanol, the pathways using ADH and CYP2E1 produces large amounts of NADH or 

NADP+ that increase the number of ROS.  

 One of the most widespread chronic liver disease is NAFLD. Steatosis, nonalcoholic 

steatohepatitis (NASH) and cirrhosis are a part of the band of disorders that NAFLD covers. 

Unwarranted fat is accumulated in the liver due to the disruption in the oxidation, transport, 

uptake, and synthesis of fatty acids describes the pathogenesis of NAFLD. The increase 

occurrence and main risk factor for NAFLD is obesity (Sattar et al., 2014). Liver damage from 

NAFLD is facilitated by oxidative stress and the renin-angiotensin system (Morris et al., 2013). 

Angiotensin II is a pro-oxidant, can increases fibrosis and has pro-inflammatory effects in the 

liver. Elevated levels of angiotensin II have a significant effect on ROS production within the 

liver (Wei et al., 2008). In NAFLD, oxidative stress is caused by an increase in the expression of 

mitochondrial CYP2E1 (Kathirvel et al., 2010). Disruption of mitochondrial function further 

contributes to the oxidative stress as increased rates of mitochondrial β-oxidation from the 

accumulated fatty acids (FA) will increase the amount of ROS generated by the electron 

transport chain (Gusdon et al., 2014).  

  

Antioxidants 
 

 Substances present in low concentrations that have the ability to thwart or interrupt its 

oxidation are termed antioxidants (Halliwell 1990). Oxidative stress occurs when there is an 

imbalance between free radicals and antioxidants. In this state, there is an excessive production 

of ROS compared to their elimination and there is a decrease in the number of antioxidants. 
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Under normal conditions, the body contains both enzymatic and non-enzymatic antioxidants that 

have a critical role in the management of oxidative stress. Some examples of antioxidant 

enzymes are superoxide dismutase (SOD), catalase, and glutathione peroxidase (GPx). While 

glutathione (GSH), ascorbic acid, and vitamin E are examples of non-enzymatic antioxidants. 

Table 3 shows some enzymatic and non-enzymatic antioxidants. The livers’ antioxidant defense 

system’s essential constituents are SOD, GPx, GSH, and catalase.  SOD catalyzes the reaction 

between two superoxide radicals producing hydrogen peroxide and oxygen. Found in the 

mitochondrial matrix is the SOD that uses magnesium in its active site while the copper-zinc 

SOD are reside in the intermembrane space of the mitochondria and cytosol. Co-factors GSH 

and nicotinamide adenine dinucleotide (NADPH) as well as enzymes glutathione reductase and 

glutathione peroxidase make up the glutathione peroxidase system. The co-factor GSH is a thiol 

that is synthesized in cytosol in its reduced form. GSH acts as an antioxidant as well as a 

detoxifying co-substrate for enzymes such as peroxidases and glutathione reductase. From the 

cytosol, GSH can be translocated to the mitochondria and nucleus. GPx are a group of selenium-

containing enzymes found within the cytoplasm that detoxifies lipid peroxides and hydrogen 

peroxides by oxidizing them with GSH. Catalase are mostly found in peroxisomes but are also 

present in the mitochondria.  
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Table 3: List of antioxidants 

 

 

 

 

 

 

 

Antioxidant Description 

SOD Catalyzes the dismutation of superoxide 

anion, found all mammalian cells 

α-tocopherol Scavenges oxidant agents in hydrophobic  

Glutathione Considered to be the most important non-

enzymatic antioxidant 

 

Ascorbic acid Scavenge ROS produced by cellular 

metabolism 

 

Glutathione peroxidase Catalyze the elimination of organic peroxides 

and hydrogen peroxide 

 

Albumin Thiol groups scavenge ROS and sulphydryl 

groups can react with H2O2 and peroxyl 

radicals 
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Catalase functions to catalyze the decomposition of hydrogen peroxide thus producing water and 

oxygen. Since oxidative stress has a crucial role in liver diseases, it is logical to utilize 

antioxidants as a therapeutic strategy to mediate these disorders. 

 

 Fatty Acid Binding Protein Family 

 Fatty acid binding proteins (FABPs) can be found in both vertebrates and invertebrates. 

Vertebrate FABPs can be subdivided into four categories (Subfamily I-IV) based on the 

similarity in amino acid sequence and binding specificity (Hanhoff et al., 2002).  In the first 

subfamily FABPs are further categorized into cellular retinoic acid binding proteins (CRABP-I 

and II) and cellular retinol-binding protein (CRBP-I, II, III, and IV). Subfamily II consists of the 

liver fatty acid binding protein (FABP1) and intestinal bile acid-binding protein (I-BABP). Both 

of these proteins share a similar sequence and can bind to larger ligands such as eicosanoids and 

bile acids due to their large binding site. Subfamily III only comprises I-FABP and subfamily IV 

contains adipocyte, brain, epidermal, heart, myelin, and testis fatty acid binding protein.  

 Found in ample quantities in the cytoplasm, FABPs are responsible for the translocation, 

uptake, and metabolism of cellular long-chain fatty acids (LCFA). FABPs can bind to many 

lipophilic ligands such as LCFA, bile acids, and retinoids (Veerkamp and Maatman, 1995). The 

transport of these ligands is done in several steps: (1) the ligand binds to the outer leaflet of the 

plasma membrane-adsorption; (2) ligand crosses the membrane- membrane transport proteins 

such as fatty acid transport protein can help facilitate hydrophobic ligands pass through; and (3) 

the ligand leaves the plasma membrane on the cytosolic leaflet- desorption. FABPs can increase 

the rate of dissociation of the ligands from the plasma membrane by increasing the ligands 
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aqueous solubility (Vork et al., 1993) or increase the ligands transfer to membranes by a 

diffusive process or by direct interaction (Thumser and Storch, 2000).   

Ligands bind to FABPs with different affinity, selectivity, and mechanism (Chmurzynska 

2006). This is due to small structural differences caused by the deviations of the FABPs amino 

acid sequences. Despite the small structural differences between FABPs, the 3-dimensional fold 

is maintained in all types of FABPs. The protein fold is a β-barrel fold that is generated when 10 

anti-parallel β-strands form a β-sheet structure (Banaszak et al., 1994). The fold is described as 

“β-clam” by (Sacchettini et al., 1988) due to possessing a clamshell like appearance.  

 

Liver Fatty Acid Binding Protein 
 

 In 1969, two fractions found in rat liver were discovered having the ability of binding 

bilirubin and bromosulfophthalein (Levi et al., 1969).  The one with the lower molecular mass 

was termed Z protein. This Z protein was found in the cytosol of the liver, small intestine, and 

kidneys (Ockner et al., 1972). Furthermore, the Z protein had a molecular weight of 

approximately 14 kDa and was able to bind LCFA. Due to the protein’s ability to bind to LCFA 

it was named liver fatty acid binding protein or fatty acid binding protein 1 (FABP1).  

 

FABP1 Gene 
 

Rat FABP1 gene is on chromosome 4 with a length of 3.78 kb in the q33 region 

(Sweetser et al., 1987). Whereas, the human FABP1 gene is located in the p12 region and is 5.07 

kb in length on the second chromosome (Chen et al., 1986). Both of these FABP1 genes have 

four exons interrupted by three introns. Rat and human FABP1 are 89.8% similar (Betts and 

Russell, 2003) and they share significant protein secondary structures, two α-helices and 10 β-
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sheets (Sharma and Sharma, 2011; Cai et al., 2012). Figure 3 illustrates the amino acid sequence 

alignment between rat and human FABP1. It was determined that peroxisome proliferator 

response element (PPRE) has a significant role in the regulation of FABP1 (Veerkamp and 

Maatman, 1995). PPRE is located in the promoter region of FABP1 and is activated by 

peroxisome proliferator activated receptor alpha (PPARα) (Schachtrup et al., 2004). 
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Figure 3: Amino acid sequence alignment of rat and human FABP1s. Conservative amino acid 

substitutions are shown in the orange while in blue shows the nonconservative substitutions. 

Protein secondary structures are indicated above the sequence where spirals are α-helices αI and 

αII and arrows are β-sheets βA- βJ.  
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FABP1 Structure 
 

The binding cavity of FABP1 can be described as “clam” shaped due to the protein’s tertiary 

structure composed of two antiparallel 5-stranded sheets that are 90° to each other, this is similar 

to the other members of the FABP family (Banaszak et al., 1994). The two α-helices form a “lid” 

of the binding cavity acting as a portal controlling the entry and exit of ligands (Thompson et al., 

1997). The ligand binding cavity of FABP1 is the largest of the fatty acid binding protein 

(FABP) family. The size of the binding pocket allows the protein to bind to more than two 

ligands. This peculiar ability makes FABP1 the most unique in the FABP family (Thompson et 

al., 1997). FABP1’s structure has alternating hydrophobic and hydrophilic domains as revealed 

through computer aided predictions (Takahashi et al., 1983). With this pattern, FABP1 has a 

hydrophilic surface that allows the protein to be solubilized in the aqueous cytoplasm. 

Furthermore, the hydrophobic domain allows the protein to bind to various ligands (Veerkamp et 

al., 1990). There are two binding sites in the binding pocket with a high and low affinity (Rolf et 

al., 1995). When FABP1 binds to a LCFA, the ligand’s carboxyl faces inside the binding cavity 

at the higher affinity site. In contrast, the carboxyl faces away from the binding cavity at the 

weak affinity site (He et al., 2007). Since both the high and low affinity binding sites form 

hydrophobic interactions they are interdependent. The structure of FABP1 is illustrated in Figure 

4. 
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Figure 4: The structure of FABP1. Structure shows the 2 α-helices in turquoise and 10 β-sheets 

in red. Figure generated using PyMOL. 
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FABP1 Function 
 

 FABP1 functions as fatty acid chaperones where they actively transport fatty acids to 

other areas of the cell. FABP1 can bind LCFA and its oxidation products, eicosanoids (Furuhashi 

and Hotamisligil, 2008), bile acids (Favretto et al., 2015), hypolipidemic agents like PPARα 

agonists (Rolf et al., 1995), peroxisome proliferators, bilirubin, bile acids, selenium, heme, and 

other hydrophobic ligands. FABP1 has various functional roles as indicated by the broad ligands 

that bind to its binding site (Coe and Bernlohr, 1998). FABP1 can transport fatty acids to the 

endoplasmic reticulum for cell signalling, trafficking, and membrane synthesis (Furuhashi and 

Hotamisligil, 2008). Fatty acids can also be transported by FABP1 to peroxisomes or 

mitochondria for oxidation, storage in lipid droplets, and nucleus to activate genes involved with 

fatty acids. When FABP1 transports its ligands to the nucleus, it targets the bound ligands to 

PPARα where the activation of genes transcribing LCFA transport, metabolism, and uptake takes 

place (Wolfrum et al., 2001). By transporting PPARα agonists, FABP1 is part of the signal 

transduction pathway of PPARα (Huang et al., 2002). The transcriptional rate of FABP1 gene is 

increased by PPARα agonists which would increase FABP1 mRNA and protein levels 

(Nakagawa et al., 1994). It has been reported that the increase in FABP1 correlates with 

peroxisomal fatty acid oxidation and FABP1 levels (Kawashima et al., 1983). Consequently, 

FABP1 can be targeted for therapeutics due to their relations with nuclear receptor activities. 

FABP1 has roles ranging from the intracellular transport and storage of fatty acids, fatty acid 

acyl-CoA esters, to LCFA metabolism and compartmentalization (Bass 1988). In a sense, 

FABP1 is analogous to serum albumin being the intracellular equivalent (Wang et al., 2015). 

Albumin has thiol and sulphydryl groups to scavenge or react with ROS giving the protein 

antioxidant capabilities. This antioxidant ability is also seen with FABP1. 
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Several studies on FABP1 have shown that the protein can act as a potent cellular 

antioxidant (Wang et al., 2005; Yan et al., 2009). Wang et al. (2005) had Chang cells derived 

from human liver tissue without FABP1 expression transfected with a constructed plasmid that 

contained human FABP1 gene. Hydrogen peroxide and hypoxia were then used to put these cells 

under oxidative stress. ROS levels were increased in the non-transfected Chang cells causing 

cellular apoptosis (Wang et al., 2005). The study reported that cells transfected with FABP1 

cDNA had a reduction in ROS levels illustrating that FABP1 might have a role in the inhibition 

of cellular apoptosis caused by ROS and can act as a cytoprotectant during oxidative stress. It 

was also shown that FABP1 decreased the activity of caspase-1, thus reducing apoptosis in the 

transfected cell line.  

Since methionine and cysteine residues are more sensitive to oxidation (Stadtman et al., 

2003) it was suggested that these amino acid groups play a key role in FABP1’s antioxidant 

function. Cysteine group and methionine residues were identified in FABP1 where they can 

participate in S-thiolation/dethiolation reactions and cellular ROS scavengers, respectively 

(Thomas et al., 1995; Odani et al., 2000). Expressed greatly in the liver, methionine sulfoxide 

reductase (Moskovitz et al., 1996) can reduce FABP1’s methionines back after being oxidized 

by ROS into sulfoxides (Levine et al., 1999). The cyclic reactions of FABP1 methionine residues 

and methionine sulfoxide reductase illustrates FABP1’s antioxidative ability (Figure 5).  
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Figure 5: The oxidation and reduction of methionine residues (Met) catalyzed by methionine 

sulfoxide reductase (MSR). I) A methionine residue is oxidized by hydrogen peroxide resulting 

in methionine sulfoxide (MetSO) and water. II) The MetSO is reduced by MSR producing the 

oxidized protein (MSRox), water and the methionine residue. III) The oxidized MSR is reduced 

back by thioredoxin. (IV) Thioredoxin which is now oxidized can be reduced by thioredoxin 

reductase (ThR) with NADPH acting as an electron donor.  
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Yan et al. (2009) reported that FABP1’s antioxidant ability was due to methionine 

residues found at amino acids 1, 19, 22, 74, 85, 91, and 113. Using Matrix Assisted Laser 

Desorption Ionization Time-of-Flight (MALDI-TOF) mass spectrometry the group found that 

methionine groups are mainly responsible for the antioxidant function of FABP1. In a 

hydrophilic environment, five out of the seven methionine groups were oxidized. Furthermore, in 

the lipophilic environment three of the seven methionine groups were available for oxidation. 

The group reported that FABP1’s methionine groups at position 1 and 113 are most prone to 

oxidation by ROS. Their study also suggested the FABP1 has greater protection to oxidative 

stress within the cytosol as antioxidative activity was greater when free radicals were generated 

by a hydrophilic domain than a lipophilic domain. Furthermore, another study done by Yan et al. 

(2010) demonstrated diminished FABP1 expression with FABP1 siRNA resulting in increased 

ROS levels after oxidative stress generated by hydrogen peroxide. High hepatic oxidative stress 

was also reported during chronic ethanol ingestion in FABP1 gene knock out mice (Smathers et 

al., 2003) and suggests that FABP1’s antioxidant activity may be crucial in the pathogenesis of 

ALD. There are various sources elucidating the antioxidative potency of FABP1 consequently, 

this protein may be an avenue for novel treatment of liver diseases. 

 

FABP1 T94A Mutation 
 

 The FABP1 T94A mutation is a variant of the wild type FABP1 that has a single 

nucleotide polymorphism (SNP) at the 94th position. The mutation substitutes a polar, moderate 

sized threonine with a non-polar, small sized alanine residue. The mutation is considered to be 

common having a minor allele frequency of 26-38%. The SNP occurs within the N-terminus of 

the protein which makes up a portion of a fatty acid binding site (Gao et al., 2010). The 



27 
 

substitution may have some critical consequences on FABP1’s function since the SNP is 

conserved in different species such as Mus Musculus and Rattus Norvegicus. Brouillette et al. 

(2004) sought to determine if the FABP1 T94A variant would influence the plasma lipoprotein 

levels of patients treated with fenofibrate and in their fasting state. The sequence analysis 

revealed this SNP of FABP1 in exon 3. The study screened 130 French-Canadians and found that 

carriers of the A94 allele have higher triacylglycerol (TAG) levels after being treated with 

fenofibrate (Brouillette et al., 2004). These results conflicted with their expectation of lower 

TAG levels in the mutant suggesting an impaired function. They reported that the T94A carriers 

had elevated levels of plasma free fatty acids (FFA) and also possessed lower body mass index 

(BMI) and waist size than the homozygotes. Robitaille et al. (2004) reported when FABP1 T94A 

mutant carriers consume a diet rich in fat they were protected against high apo B levels while the 

homozygotes display higher apo B levels. Another study confirmed this trend that reported 

European female carriers having increased serum levels of fasting TAG and low-density 

lipoprotein (LDL) (Fisher et al., 2007). In contrast with these results, male carriers in China had 

higher body weights, BMI, and plasma TAG levels (Tian et al., 2015). Although the studies 

above do not clearly demonstrate the functionality of the FABP1 T94A mutant they do suggest 

the T94A variant’s impact on fatty acid trafficking. 

Gao et al. (2010) reported the FABP1 T94A mutant was associated with decreased 

amounts of fatty acid uptake and hence loss of function. The study transfected mutated FABP1 

into Chang cells and found FABP1 T94A to have a reduced ability to transport fatty acids, which 

resulted in a decrease in cholesterol production and fatty acid re-esterification of triglycerides. 

Martin et al.  (2014) and Huang et al.(2014) looked at ligand specificity, structure, and mode of 

ligand binding of the FABP1 T94A variant with PPARα agonists and LCFA, respectively. Using 
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circular dichroism, Martin et al. (2014) found that the variant is significantly different from the 

wild type FABP1 in its secondary structure, thermal stability, and structural response to 

fenofibric acid. When the mutant FABP1 T94A was expressed in primary human hepatocytes 

there was a diminished transcription of proteins such as PPARα, FABP1, and fatty acid transport 

protein 5 (FATP5). Thus, Martin et al. (2014) determined that the mutation weakens the 

induction of PPARα transcriptional activity. With these findings, Martin et al. (2014) 

demonstrated that the FABP1 T94A variant does not display a loss of function but rather a 

change in function. Huang et al. (2014) determined that the variant was resistant to urea 

denaturation, had little to no changes to its specificity and affinity to fatty acids, experienced less 

prominent changes in structure when bound to LCFA, secondary structure was significantly 

altered when bound to triglyceride synthesis intermediates, and finally had a weaker influence on 

PPARα-regulated protein transcription compared to the normal FABP1. Additionally, Huang et 

al. (2015) determined that the FABP1 T94A variant has a higher binding affinity to cholesterol 

than the wild type. The variant also had faster high-density lipoprotein and low-density 

lipoprotein mediated NBD-cholesterol uptake. Studies have been done to gain insight on the 

impact of the FABP1 T94A mutant, however, it’s influence is still not clear specifically the 

mutant protein’s function. An area that has not been investigated is whether the FABP1 T94A 

mutant’s antioxidant activity is altered. 
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Hypothesis and Objective 
 

Hypothesis 

 Studies completed in our laboratory demonstrated that FABP1 can act as a novel 

endogenous hepatic antioxidant (Wang et al., 2005; Yan et al., 2009). It was determined that the 

methionine residues are responsible for the antioxidant function. While there are studies 

attempting to elucidate the effect of the FABP1 T94 mutant, the variant’s antioxidant activity has 

yet to be evaluated. Specifically, it is unknown whether the folding of the mutant protein would 

make methionine groups available to react with ROS. In the present studies, the null hypothesis 

to be tested is that the FABP1 T94A variant does not alter the antioxidant activity compared to 

the normal FABP1. The results of Martin et al. (2014) and Huang et al. (2014) indicate that 

while there are differences in secondary structure between FABP1 and the variant there was no 

abolishment or alteration to the binding of ligands. Hence, the folding of the FABP1 mutant may 

not conceal the methionine groups responsible for FABP1’s antioxidant activity.  

 

Objective 

 The objectives of this study was to mutate recombinant rat FABP1 to the T94A variant 

using site-directed mutagenesis and to investigate the protein’s antioxidant activity. 
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Chapter 2: Materials and Methods 
 

Materials 
 

 Chemicals used in this thesis were purchased from Sigma-Aldrich (St. Louis, Missouri, 

USA) if not stated otherwise.  

 

Methods 
 

Plasmid DNA Purification 

 

 Bacterial stock from a previous study (Yan et al., 2009) was checked to ensure it 

contained the pGEX-6P-2 plasmid vector with FABP1 cDNA. To do this, the plasmid was 

isolated from cells and purification of plasmid DNA was achieved using the Plasmid Mini Kit 

(QIAGEN, Montreal, Canada) based on the methods of Birnboim and Doly (1973). Bacteria 

from glycerol stocks were streaked on LB agar with ampicillin (100 µg/ml) and were incubated 

at 37°C overnight (16 hours). Single colonies were selected the next day and cultured in 3 mL of 

Luria-Bertani Broth (LB) Lennox (ThermoFisher Scientific, Mississauga, Canada) with 100 

µg/ml of ampicillin in 15 mL tubes and shaken using a MaxQ 5000 (ThermoFisher Scientific, 

Mississauga, Canada)  at 200 rpm and 37°C overnight. Bacterial cells were harvested by 

pelleting the samples at 6000 g at 4°C for 15 min using a Sorvall LYNX 4000 Centrifuge 

(ThermoFisher Scientific, Mississauga, Canada) and the F14-14x50cy rotor.  

Following centrifugation the supernatant was removed and pellet resuspended with 0.3 

mL Buffer P1 with RNase A (one vial of RNase A was added to Buffer P1 to a final 

concentration of 100 µg/ml before use) by gently pipetting up and down until a smooth 

homogenate was obtained (no clumps). Samples were transferred to 1.5 mL Eppendorf tubes 
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adding 0.3 mL of Buffer P2. Lysates were inverted 4-6 times and incubated at room temperature 

(RT) for 5 minutes (min). Pre-chilled Buffer P3 was added (0.3 mL) to the lysates and mixed by 

inverting 4-6 times. Samples were then incubated on ice for 5 minutes then centrifuged at 13,600 

g in a single speed Micro-centrifuge Model 235B (ThermoFisher Scientific, Mississauga, 

Canada) for 10 minutes at 4°C (cold-room). While samples were being centrifuged, the Qiagen 

tips were equilibrated with 1 mL Buffer QBT and allowed the column to empty by gravity flow. 

The supernatant of the lysate was added to the tips that were washed twice after the samples have 

completely flowed through with 2 mL Buffer QC. The DNA was eluted with 0.8 mL Buffer QF 

into clean 1.5 mL Eppendorf tubes and then precipitated by 0.7 volumes (0.56 mL per 0.8 mL of 

eluted volume) of RT isopropanol. Eluted DNA was briefly vortexed and centrifuged at 13,600 g 

for 30 minutes at 4°C. The supernatant was carefully decanted to avoid disturbing the glassy 

pellet. The DNA pellet was then washed with 1 mL 70% ethanol and centrifuged at 13,600 g for 

10 minutes at RT. The pellet was air dried for 10 minutes and dissolved with 50 µL TE buffer 

(10 mM Tris, 1 mM EDTA, pH 8.0). Plasmid DNA yield was determined using the Nanodrop 

2000 and samples stored at -20°C. 

 

Restriction Enzyme Digestion 

 

 With the plasmid purified, confirmation on its identity was required in determining 

whether the restriction enzyme digestion was performed successfully. Restriction enzyme 

mapping uses enzymes that recognize specific sequences and accurately cleaves sites adjacent to 

the recognized sequences. Yan et al. (2009) used BamHI and XhoI recognition sites to ligate the 

FABP1 cDNA into the p-6GEX-6P-2 plasmid vector. The isolated plasmid was cleaved with 

BamH1 and XhoI (Roche Diagnostics, Indianapolis, USA) for the mapping. Table 4 illustrates 
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the components for the restriction enzyme reaction. Plasmid DNA concentration was adjusted to 

a final concentration of 1 µg/µL, where 10 µL was mixed by gently pipetting up and down in a 

tube containing double distilled water, and 10 x restriction enzyme buffer. Finally, the restriction 

enzymes were added, solution mixed gently pipetting and followed by brief centrifugation using 

a Mandel Mini Centrifuge (Mandel Scientific, Ontario, Canada). The reaction mixture was 

incubated in a water bath at 37°C for 4 hours. Products of the restriction enzyme digestion were 

analyzed using agarose gel electrophoresis. 

 

Agarose Gel Electrophoresis 

 

 To analyze the digests from the restriction enzyme mapping, the DNA fragments must be 

separated. A simple technique to separate DNA fragments based on size is agarose gel 

electrophoresis. The restriction enzyme digests would cleave the plasmid DNA vector from the 

cDNA FABP1, which can be visualized on an agarose gel where their sizes can be compared to a 

standard DNA ladder. A 1.0% agarose gel was made by dissolving 1.0 g agarose (Amresco, 

Solon, USA) in 100 mL 1X TBE buffer (89 mM Tris pH 7.6, 89 mM boric acid, 2 mM EDTA) 

by heating the solution for 2 minutes with a microwave oven (GoldStar Waveplus II MS-71TC, 

operating frequency 2450 MHz; Maximum output 700 W) in a 250 mL Erlenmeyer flask. Once 

the flask was cool to touch (1 min), 5 µL of SYBR Safe DNA Gel Stain (ThermoFisher 

Scientific, Mississauga, Canada) was swirled into the solution. The solution was poured into a 

pre-chilled gel casting platform (Bio-Rad, Hercules, USA) with the sample comb inserted and 

sealed with tape. Bubbles were removed with a needle or an Eppendorf tip and the gel was left at 

RT until it solidified. 
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Table 4: Constituents in the restriction enzyme reaction 

Reagent Volume 

(µL) 

Double distilled water 7 

Restriction Enzyme Buffer (10x) 2 

DNA (1 µg/µL) 10 

BamHI 0.5 

XhoI 0.5 
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The seal was removed and the gel inside the casting platform was placed into the electrophoresis 

tank followed by filling the tank with approximately 800 mL 1X TBE buffer. To prepare the 

samples, 5 µL of DNA sample or 2 µL DNA ladder with 2 µL loading buffer (20% Ficoll 400, 

0.1 M Na2EDTA pH 8.0, 1.0% SDS, 0.25% bromophenol blue) were added pipetting up and 

down.  The comb was removed and samples with dye loaded into the wells. Following sample 

loading, 5 µL of SYBR Safe was added to each side of the tank. The gel ran at 100 V for 90 

minutes and was visualized with a UV transilluminator from Alpha Innotech FluorChem FC2 

MultiImage If. 

 

Site-Directed Mutagenesis 

 

 The introduction of a mutation to the pGEX-6P-2 vector containing the rat FABP1 cDNA 

(Figure 6) was done using the GENEART Site-Directed Mutagenesis System (Invitrogen, 

ThermoFisher Scientific, Mississauga, Canada). This kit is a simple and efficient way to generate 

site-directed mutants. Site-directed mutagenesis is a technique that allows the precise 

introduction and control of the nucleotide base substitutions, deletions, or additions. By mutating 

cDNAs one can study the translated product for engineering new and existing proteins or 

investigate their biological functions (Trehan et al., 2016). The latter purpose allows researchers 

to model mutations that exist in the human population and examine their relevance to diseases at 

a molecular level (Carter 1986).  

This technique is based on polymerase chain reaction and requires mutagenic primers, 

DNA templates, polymerase, nuclease, and host cells. While there are many kits for site-directed 

mutagenesis some characteristics remain similar. The basic steps of site-directed mutagenesis are 

methylation, mutagenesis reaction, and transformation for selection as shown in the workflow in 
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Figure 7. Forward and reverse primers used in site-directed mutagenesis are complementary with 

one another and with the template but with the desired mutation at the centre thus, called 

mutagenic primers. When designing mutagenic primers nucleotides should be 30-45 base pairs 

(bp) long not including the mutation and have a guanine and cytosine content around 40%.  

These primers should be completely complementary to each other with no extended ends. 

Furthermore, there should not be any palindromic sequences to prevent secondary structures 

from forming. The mutagenic primers in this study, shown in Figure 8, were designed using the 

GeneArt Primer and Construct Design Tool.  

In the same way as PCR, site-directed mutagenesis uses high-fidelity polymerases to 

extend the mutagenic primers that result in nicked PCR products that re-circularizes forming 

doubly-nicked plasmids. The GENEART Site-Directed Mutagenesis System combines the 

methylation and mutagenesis reaction in one step. The reaction mixture is displayed in Table 5. 

The methylated plasmid then undergoes mutagenesis within a thermal cycler with the settings 

listed in Table 6 creating multiple copies of mutagenic plasmids. To increase the mutagenesis 

efficiency and colony yield an in vitro recombination was done. The recombination reaction 

components are listed in Table 7. The reaction was vortexed and incubated at RT for 10 minutes. 

The reaction was stopped by adding 1 µL of 0.5 M EDTA, mixed well, and placed on  
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Figure 6: Illustration of the pGEX-6P-2 vector containing rat FABP1 cDNA. The pGEX-6P-2 is 

a glutathione S-transferase (GST) fusion vector. The vector possess a GST tag giving a way to 

purify the fusion protein. This vector contains a PreScission Protease sequence that allows for 

the cleavage of the fusion protein into the FABP1 protein and the GST tag. The sequence sites 

for BamHI and XhoI restriction enzymes enable the insertion of the rat FABP1 cDNA. 

Furthermore, the vector contains sequences for LacIq and antibiotic resistance gene against 

ampicillin used for protein expression with isopropyl b-D thiogalactoside (IPTG) and selection 

of bacteria with the appropriate vector, respectively. 
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Figure 7: Site-Directed Mutagenesis Work-Flow. Parental plasmid (pGEX-6P-2 with rat FABP1 

cDNA) is methylated and undergoes a mutagenesis reaction with mutagenic primers within the 

thermal cycler. The resulted mutated plasmid is transformed into competent cells using by heat 

shocking. Bacterial cells are selected for by streaking on agar containing 100 µg/mL ampicillin. 
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Figure 8: Complementary Mutagenic Forward and Reverse Primers. Top sequence is the 

forward primer while the bottom is the reverse primer. DNA bases in yellow are the single 

nucleotide substitution resulting in the coding of alanine instead of the normal threonine. 
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Table 5: Reaction mixture for methylation and mutagenesis reaction 

Reagent 

Volume 

(µL) 

Final Concentration 

 

10x AccuPrime Pfx Reaction 

Mix 

5 1X 

10X Enhancer 5 1X 

Forward Primer (10 µM) 1.5 0.3 µM 

Reverse Primer (10 µM) 1.5 0.3 µM 

Plasmid DNA (20 ng/µL) 1 20 ng 

DNA Methylase (4 U/µL) 1 4 units 

25X SAM 2 1X 

AccuPrime Pfx (2.5 U/µL) 0.4 1 unit 

PCR water 32.6 - 
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Table 6: Thermal cycling settings for the methylation and mutagenesis of pGEX-6P-2 with rat 

FABP1 cDNA 

Temperature  

(°C) 

Duration 

(Minutes) 

Number of Cycles Stage 

37 20 

1 1 

94 2 

94 0.33 

18 2 65 0.5 

68 2.5 

68 5 

1 3 

4 ∞ 
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Table 7: Recombination reaction mixture 

Reagent Volume  

(µL) 

Final Concentration 

PCR Water 10 - 

PCR Sample 4 - 

5X Reaction Enzyme Buffer 4 1X 

10X Enzyme Mix 2 1X 
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ice. For the transformation step, DH5α-T1R competent cells were used to take up the mutagenic 

plasmid.  

Vials of 50 µL DH5α-T1R were thawed on wet ice for 7 minutes with the direct addition 

of 2 µL of the recombination reaction to the competent cell vials. Contents of the vial was gently 

mixed by tapping and incubated on ice for 12 minutes. Vials were then quickly transferred into a 

42°C water bath for 30 seconds. Vials were removed from the water bath and placed onto wet ice 

for 2 minutes and then 250 µL of pre-warmed SOC media was added to each vial. Samples were 

further diluted when 8.3 µL of the recombination reaction was added to 91.7 µL of SOC media. 

Diluted samples were added to agar plates with 100 µg/mL ampicillin and cells were spread on 

agar with plating beads by vigorously shaking the plate in a circular clockwise and counter 

clockwise motion for 1 minute each. Plates were inverted and incubated at 37°C overnight (16 

hours). To validate the mutants, the DNA plasmid was sent to the Manitoba Institute of Cell 

Biology for DNA sequencing using pGEX 3’ Sequencing Primer, 5’.  

 

Recombinant FABP1 and T94A Expression 

 

 Rat FABP1 cDNA contained within the plasmid vector pGEX-6P-2 was changed into 

having the missense mutation Adenine (A) → Guanine (G) resulting into a Threonine (Thr) → 

Alanine (Ala) at position 94. This mutated plasmid vector was transformed into E. coli DH5α 

cells for large scale production of the FABP1 T94A variant. Glycerol stocks of FABP1 T94A 

were streaked on agar containing 100 µg/mL ampicillin and incubated overnight (16 hours) at 

37°C. Single colonies from the plate were inoculated in two 3 mL LB broth in 15 mL tubes with 

100 µg/mL ampicillin and 20 mM dextrose as a starting culture. The starting culture was grown 

overnight by shaking (200 rpm) at 37°C. After the growth of the starting culture, 5 mL was 
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diluted into 500 mL LB broth (with the previous mentioned supplements) contained in 2.8 L 

Erlenmeyer flasks.  

The large batch culture was grown for 5-6 hours at 37°C with 200 rpm to reach an OD600 

≈ 1.0. To induce the expression of FABP1 T94A, 1 mM of isopropyl-β-D-thio-galactoside 

(IPTG) (Invitrogen, ThermoFisher Scientific, Mississauga, Canada) was added to the large batch 

culture.  The large batch culture was grown for an additional six hours incubating at the same 

conditions to induce the expression of the protein. Cells were collected by centrifugation at 3500 

g for 20 minutes removing the supernatant and resuspending cells with 20 mL of cold 1 X PBS 

containing 1% Triton X-100 and protease inhibitors (phenylmethylsulfonyl fluoride (PMSF), 

aprotinin, and leupeptin at concentrations of 25 µg/ml, 2 µg/ml, 1 µg/ml respectively). 20 mL of 

cell suspension was sonicated using the Sonifier 450 (Branson, fisherscientific, ThermoFisher 

Scientific, Mississauga, Canada) with ½ inch disrupter horn set at hold, a duty cycle of 50%, and 

an output dialed at 3.5. Cells were kept on ice and sonicated for 30 seconds and rested for 30 

seconds for a total of five times.  Cellular debris were centrifuged down at 12,000 g for 20 

minutes at 4°C and the soluble protein fraction was collected. 

 

Recombinant FABP1 and T94A Purification 

 

 FABP1 and the T94A variant were purified from the cell lysate using the ÄKTA Fast 

protein liquid chromatography (FPLC) and GSTrap Fastflow (FF) columns (GE Life Sciences, 

Chicago, USA). The workflow of the purification of FABP1 and T94A is shown in Figure 9.  Air 

bubbles in the ÄKTA FPLC were removed manually with a syringe. The system was pumped 

with water to wash before purification. The GSTrap FF columns were equilibrated with 5 

column volumes (25 mL) of Binding buffer (1X PBS, pH 7.3) at 5 mL/min. Sample was loaded 
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into the column at 1 mL/min and the column washed with 10 column volumes (50 mL) of 

binding buffer at 5 mL/min. Proteins were eluted with elution buffer (50 mM Tris-HCl, 10 mM 

reduced glutathione, 1 mM DTT, pH 8.0).  

The eluted protein sample was cleaved with the addition of 500 µL PreScission Protease 

(GE Life Sciences, Chicago, USA; 40 µL PreScission Protease and 460 µl of cleavage buffer [50 

mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), pH 7.5]).  The eluted 

fusion protein was incubated with protease at 4°C overnight with end over end rotation. After 

digestion, protein samples were re-added to an equilibrated GSTrap FF column with a syringe. 

The flowthrough containing FABP1 or T94A variant was collected while the GST tag and 

PreScission protease stayed in the column. Protein samples were then concentrated using 

Amicon Ultra- 15 Centrifugal Filter Devices. Eluted proteins (12 mL) were added into the device 

and centrifuged at 5,000 g for 60 minutes.  
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Figure 9: Workflow of the purification of recombinant rat FABP1 and the T94A variant. 

Bacterial sonicate is added in a GSTrap FF where only the fusion protein (GST with 

FABP1/T94A) can bind to the column due to the affinity for glutathione attached to Sepharose in 

the column. All other contaminants are washed out of the column. The fusion protein is eluted 

where it is cleaved by PreScission Protease. The protein sample is re-added onto the column to 

remove the GST tag leaving FABP1 and its variant in the flow through. 
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Bradford Assay 

 

 The Bradford Assay was used as a colorimetric method to rapidly and accurately estimate 

total protein concentration. This assay is simple, fast and more sensitive than the Lowry assay. 

The Bradford assay uses Coomassie Brilliant Blue G-250 (Bio-Rad, Hercules, USA) dye that has 

three forms: the acidic red cation, neutral green, and blue anion.  These forms can be detected at 

absorbance maxima at 470, 650, and 595 nm, respectively. The blue form occurs when the dye 

binds with the protein allowing for the estimation of protein quantity.  

 The Coomassie Reagent solution (ThermoFisher Scientific, Mississauga, Canada) was 

mixed by inverting the bottle before use and 5 µL of the protein sample or standard was pipetted 

into a microwell plate  (Sarstedt, Saint-Léonard, Canada). Coomassie reagent was added to each 

well (250 µL) and the microplate was mixed on a shaker for 30 seconds. The plate was then 

incubated for 10 minutes at RT. Absorbance was read at 595 nm after the incubation period in a 

microplate reader (Synergy HT, Vermont, BioTeK).  

 

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

  

 SDS-PAGE was used to confirm the identity of the purified recombinant protein.  A 15% 

separating and 5% stacking gel were used for the SDS-PAGE and Western blot. The composition 

of the separating and stacking gel are listed in Table 8. A long glass plate with 1.5 mm spacers 

was put together with a short glass plate in a casting frame. Plates were made such that they were 

flush before closing the casting frame. The casting frame with the plates was inserted into  
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Table 8: Components mixed for making a 15% separating gel and a 5% stacking gel 

Reagent Separating Gel (15%) Stacking Gel (5%) 

Double Distilled Water 2.3 mL 3.4 mL 

Tris-HCl  

(1.5M and 1M respectively) 

2.5 mL 0.63 mL 

SDS (10%) 100 µL 50 µL 

Acrylamide Mix (30%) 2.5 mL 0.83 mL 

Ammonium Persulfate (APS) 

(10%) 

100 µL 50 µL 

TEMED 4 µL 5 µL 
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the casting stand that has a strip of Parafilm on top of a foam piece to prevent leakage when 

adding solutions. Leakage was checked by adding small amounts of water between the glass 

plates. The water was discarded by inverting the whole apparatus and dried using square pieces 

of filter paper. The separating gel solution was added using a transfer pipette and a layer of 

isopropanol was added on top of the separating gel solution to act as a seal. The separating gel 

was allowed to solidify for 30 minutes before the sealant was poured off. The stacking gel 

solution was carefully layered on top of the hardened separating gel making sure to not introduce 

any air bubbles before inserting in the sample comb. The stacking gel was allowed to set for 15 

minutes.  

The gel cassette was removed from the casting frame and inserted into an electrode 

assembly with either another gel cassette on the other side or a dummy plate. Running buffer (25 

mM Tris, 190 mM glycine, 0.1% SDS) was poured into the electrode assembly (250 mL) and the 

sample comb was carefully removed. Electrode assembly was placed in the electrophoresis tank 

that was filled 1/3 with running buffer. A total of 30 µg of protein (15 µL) was added to (5 µL) 

4x sample loading buffer (250 mM Tris-HCl pH6.8, 20% glycerol 8%, sodium dodecyl sulfate 

(SDS), 0.2% bromophenol blue, and 5% β-mercaptoethanol). Samples were boiled for 5 minutes 

at 100°C and briefly spun down with a Mini Centrifuge ((Mandel Scientific, Ontario, Canada). 

Samples were loaded into the wells (20 µL) and the tank’s lid was closed. Electrophoresis was 

performed at a constant 100 Volts for 90 minutes using the Miniprotean II cell powered by 

Powerpac 1000 (Bio-Rad, Hercules, USA). At the end of the run, the stacking gel was removed 

using the gel releaser or a scalpel. The gel was washed with water a total of three times before 

being submerged in Coomassie stain (0.1% Coomassie R-250, 10% acetic acid, 40% methanol). 

The gel in the Coomassie stain solution was heated in the microwave oven for 1 minute and 
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gently agitated (Thermolyne Slow Speed Roto Mix) for 15 minutes. To destain the gel, the stain 

solution was replaced with distilled water, the gel was heated again in the microwave oven for 2 

minutes, and rocked for 30 minutes with balls of Precision Wipes (Kimberly-Clark Professional, 

Roswell, USA). The Precision Wipes were removed and the step was repeated 3-4 times until the 

gel was destained enough to view the bands. 

 

Western blot 

 

 Western blot was another method used to confirm identity of the purified recombinant 

protein. Gel, sample preparation, and electrophoresis followed the same steps in SDS-PAGE but 

instead of staining the gel with Coomassie stain solution the gel is floated into 1X transfer buffer 

(25 mM Tris, 190 mM glycine, 20% methanol) before being assembled into a transfer cassette 

for 30 minutes at 4°C. The transfer cassette components, foam pads and filter papers were 

incubated in transfer buffer 1 hour before assembling and initiating the electroblotting. The 0.45 

µm nitrocellulose membrane (Bio-Rad, Hercules, USA) was submerged in 1X transfer buffer for 

10 minutes. The transfer cassette was assembled as followed: black sided cassette, foam pad, 

filter paper, gel, membrane, filter paper, sponge, and clear sided cassette. Extra care was taken 

when handling the components of the sandwich such as handling the gel with a spatula and blunt 

tweezers with the membrane. The bubbles were rolled out with a glass rod before closing the 

sandwich cassette. 

  The sandwich was placed in the electrode with the black side together. The assembled 

electrode housing the cassette was inserted in the chamber filled to the 2 gel mark with transfer 

buffer and a magnet spinner. The chamber was closed and placed in a plastic container that was 

then filled with ice. The plastic container was placed on top of a magnet stirrer and the blot was 
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run for 1 hour at 100 Volts. After, the sandwich was disassembled and the membrane was rinsed 

in water three times before being blocked with 5% (w/v) non-fat skim milk in Tris buffered 

saline with Tween 20 (TBST) solution (20 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween 20) for 

1 hour at RT with gentle agitation. The blocking solution was prepared a day earlier to fully 

dissolve the skim milk. After blocking, the liquid was decanted and the membrane was washed 

three times with 30 mL 1X TBST for 5 minutes. The membrane was then incubated with 10 mL 

rabbit polyclonal L-FABP antibody (Santa Cruz Biotechnology, Dallas, USA) (1:500 in 5% 

powdered non-fat skimmed milk in TBST) overnight with gentle agitation. After the application 

of the primary antibody, the membrane was washed five times with 30 mL of 1X TBST for 5 

minutes each. The membrane was then incubated with goat anti-rabbit IgG-horseradish 

peroxidase (Santa Cruz Biotechnology, Dallas, USA) (1:500 in TBST) for 1 hour at RT with 

gentle agitation. After incubation with the secondary antibody, the membrane was washed five 

times with 30 mL TBST for 5 minutes each. Samples in the membrane were detected by 

enhanced chemiluminescence using the ECL Plus system from GE Lifesciences.  Contents of the 

kit were incubated at RT for 20 minutes. Reagents A and B were then mixed in a one to one ratio 

(5 to 5 mL). The mixture was added to the membrane in a plastic container shielded by 

aluminum foil and incubated for 5 minutes at RT. The membrane was then held by blunt forceps 

and dabbed on the corner to Precision wipes to remove excess solution. The membrane was 

visualized in an Alpha Innotech FluorChem FC2 MultiImage If with a development time of 10 

minutes, speed/resolution at medium/high, and chemical blot selected. Protein samples were also 

sent to the Pharmaceutical Analysis Laboratory at the University of Manitoba for liquid 

chromatography mass spectrometry to confirm protein size.  
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Dichlorofluorescein (DCF) Fluorescence Assay 

 

 A DCF assay was used in determining whether FABP1 T94A variant possesses the 

antioxidant capacity similar to that of the non-mutant protein. The DCF assay uses a 

fluorescence probe to indirectly measure the amount of ROS in vitro. The compound 2, 7-

dichlorofluorescein-diacetate (DCFH-DA) was de-esterified by reacting with ethanol and sodium 

hydroxide yielding 2, 7-dichlorodihydrofluorescein (DCFH). This non-fluorescent derivative is 

the dye stock solution prepared fresh by mixing 0.5 mL of 0.01 N NaOH with 125 µL 1.5 mM 

DCFH-DA in ethanol at RT in the dark for 30 minutes. The addition of 2.5 mL of 20 mM 

sodium phosphate buffer (pH 7.0) neutralizes the dye stock. The DCFH is a compound when 

oxidized by ROS produces the fluorescent compound dichlorofluorescein (DCF). DCF can be 

measured at an excitation of 485 and emission at 590 nm. Figure 10 shows the chemical reaction 

the parent compound DCFH-DA undergoes to produce DCF. The introduction of antioxidants in 

the reaction would prevent DCF from forming due to the antioxidants reacting with ROS. 

Oxidation reactions were performed in 96 well CoStar plates where 50 µL of different 

concentrations protein sample or control is added to 40 µL DCFH [60 µM], 5 µL iron (II) sulfate 

(FeSO4) [1 mM], and 5 µL hydrogen peroxide (H2O2) [1 mM]. Sample fluorescence were read in 

a microplate reader (Synergy HT, BioTeK) at an excitation of 485 and emission at 590 nm. 
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Figure 10: Chemical reaction of the DCF assay. DCFH-DA is de-esterified by ethanol and 

sodium hydroxide into DCFH. DCFH is a compound that can be oxidized by ROS to produce the 

highly fluorescent DCF that can be measured. 
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Thiobarbituric Acid Reactive Substances (TBARS) Assay 

 

 Indications that oxidative stress is occurring in cells are the presence of lipid peroxides 

that decompose into reactive compounds such as MDA. The secondary products of lipid 

peroxidation are considered markers of oxidative stress thus, these compounds when measured 

can illustrate the capacity of a protein to act as an antioxidant. The TBARS assay is a method to 

measure lipid peroxidation by determining MDA levels.  Figure 11 shows the chemical reaction 

between MDA and thiobarbituric acid (TBA) forming a 1:2 adduct that can be colorimetrically 

measured. To generate lipid peroxides, low density lipoproteins (LDL) are incubated with azo 

compounds. Figure 12 shows the azo compounds 2, 2'-Azobis (2-methylpropionamidine) 

dihydrochloride (AAPH) and 2,2'-Azobis(4-methoxy-2,4-dimethylvaleronitrile) (MeO-AMVN) 

that release free radicals in a hydrophilic and hydrophobic environment, respectively. These azo 

compounds thermally decompose into free radicals. The free radicals would then attack the LDL 

releasing lipid peroxides where MDA would be derived. For the TBARS assay, malondialdehyde 

bis (dimethyl acetal 1, 1, 3, 3-tetramethoxypropane) was prepared fresh and used as a standard. 

LDL [0.5 mg/mL] was incubated with either AAPH [10 mM] or MeO-AMVN [1 mM] and with 

varying concentrations of protein in a 37°C water bath for 90 minutes. The addition of TBA 

solution (0.67% TBA, 15% trichloroacetic acid, 0.25 N HCl) halts the oxidation reaction and 

samples were then heated at 100°C for 15 minutes to develop the colorimetric pink chromogen. 

The reactions were then cooled on ice for 5 minutes and centrifuged briefly to pellet the 

flocculates. Samples were then pipetted into a 96-well microplate and the absorbance was read at 

535 nm using a spectrophotometer.  
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Figure 11: The chemical reaction of between MDA and TBA to form the 1:2 MDA-TBA 

Adduct. 

 

 

 

 

 

 

Figure 12: Chemical structures of the used azo compounds. The top chemical structure is the 

water-soluble azo compound, AAPH which was used to release free radicals in a hydrophilic 

environment. The bottom structure shows MeO-AMVN, which releases free radicals in a 

lipophilic environment. 

 

 

AAPH 

MeO-AMVN 
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 The TBARS assay was also used to evaluate whether the proteins were affected by 

binding with fatty acids palmitate and alpha-bromo palmitate. For this experiment 10 µM of the 

proteins were pre-incubated with the fatty acids at a concentration of 30 µM for 1 hour before 

being subjected to the oxidation reactions. 

 

Statistical Analysis 

 

Data are presented as mean ± SEM. The N value is the number of replicates for each 

study. Statistical analyses used t-test (unpaired) where two groups were compared while a two-

way ANOVA was used for multiple comparisons followed by a Bonferroni post-test using 

GraphPad Prism 6.0. Results were considered significant when the p-value was less than 0.05.  
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Chapter 3: Results 
 

Identification of the Plasmid Vector pGEX-6P-2 Encompass FABP1 cDNA by 

Restriction Enzyme Mapping 
 

 Restriction enzyme mapping was performed for determining whether bacterial stocks 

contained the correct plasmid vector with the FABP1 cDNA (Figure 13). FABP1 cDNA was 

initially ligated into the pGEX-6P-2 vector with BamHI and XhoI restriction enzyme recognition 

sequences (Yan et al., 2009). By using these endonucleases the isolated plasmid can be cleaved 

into the vector and the cDNA. Agarose gel electrophoresis permits the separation of the DNA 

into bands of appropriate sizes. As illustrated in Figure 13, there is a separation between the 

plasmid vector at an estimated 4900 bp and the FABP1 cDNA at 418 bp. Knowing that the 

bacterial stocks comprise the required FABP1 cDNA inserted at the correct location in the 

plasmid vector, the plasmid can be used to introduce the point mutation by site directed 

mutagenesis. Figure 14 shows the comparison between the original and the mutated plasmid. 

There is no difference between the original and mutated pGEX-6P-2 and FABP1/T94A bands, 

suggesting no unnecessary deletions or insertions occurred during the site directed mutagenesis.   
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Figure 13: Analysis of recombinant pGEX-6P-2/FABP1 using restriction enzyme digestion. 

Plasmids were purified using the plasmid midi kit from QIAGEN and digested with 

endonucleases at 37°C for 4 hours. DNA samples were loaded onto 1.0% agarose gel which ran 

for 90 minutes at 100 V. The gel was stained with SYBR Safe and visualized with a UV 

transilluminator. The gel shows DNA ladder (1) with the original pGEX-6P-2 FABP1 plasmid 

digested with BamH1 (2), Xho1 (3), and BamH1 and Xho1 (4).  
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Figure 14: Analysis of recombinant pGEX-6P-2/FABP1 using restriction enzyme mapping after 

site-directed mutagenesis using GENEART Site Directed Mutagenesis System. Plasmids were 

purified using the plasmid midi kit from QIAGEN and digested with endonucleases at 37°C for 4 

hours. DNA samples were loaded into 1.0% agarose gel which ran for 90 minutes at 100 V. The 

gel was stained with SYBR Safe and visualized with a UV transilluminator. Lanes 1 and 2 show 

the original plasmid while the mutated plasmid that were digested with BamH1 and Xho1 are in 

lanes 3-8 pGEX-6P-2/FABP1. 
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The Confirmation of the Plasmid Vector pGEX-6P-2 with FABP1 cDNA by DNA 

Sequencing 
 

While the restriction enzyme mapping of the mutated plasmid showed no changes in the 

size of the DNA after introducing a point mutation, further confirmation was needed at the DNA 

level. DNA sequencing was performed on isolated, non- and mutated plasmids to show that the 

correct mutation was induced. Figure 15 shows the comparison of two sequences, the non-

mutated rat cDNA sequence at the top (Query 1) and the mutated (Subject). Indicated by the red 

box is the mutation where a nucleotide adenine is changed into a guanine coding from a 

threonine to an alanine protein residue at the 94th position. With the required mutation 

confirmed, purification of the protein can commence. 

 

Expressing Recombinant proteins FABP1 and the FABP1 T94A Mutant Variant 
 

 The plasmids used in this study contained FABP1 and the mutated variant T94A cDNA 

fragments. The fragments are located between restriction enzymes site BamHI and XhoI, which 

is downstream of a GST tag sequence. The promoter for the GST tag can be induced by 

introducing IPTG to the bacterial culture. When bacteria was being cultured, 1 mM of IPTG was 

added to the flasks and incubated for another 6 hours before collecting the cells. Figure 16A 

shows a 15% SDS-PAGE gel comparing non- and mutated bacterial sonicates without or with 

bacterial induction with IPTG. From the figure, the dark band indicated by the arrow at 40 kDa is 

the fusion protein: FABP1 or T94A with the GST tag. Lanes 2 and 4 show that the band is darker 

than lanes 1 and 3 due to having IPTG. Figure 16B illustrates a histogram of the band density the 

gel seen in Figure 16A using ImageJ for analysis.  
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Figure 15: The DNA sequence of the non-mutated plasmid compared to mutated sequence. The 

top strand (Query 1) is the non-mutated rat FABP1 cDNA sequence from 

http://uswest.ensembl.org/ plasmid while the bottom strand (Subject) is the mutated. Highlighted 

by the red box is the point mutation where the adenine is replaced by guanine. This results in the 

variant where the protein residue threonine is substituted for an alanine. The sequence of the 

mutated plasmid was sent to the Manitoba Institute of Cell Biology for sequencing with pGEX 3’ 

Sequencing Primer, 5’. 
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Figure 16: Protein induction with IPTG. (A) A 15% Tri-Glycine SDS-PAGE gel. From left to 

right: Normal bacterial sonicate, induced normal bacterial sonicate, mutated bacterial sonicate, 

induced bacterial sonicate. (B) Histogram illustrating the band density of a 15% Tri-Glycine 

SDS-PAGE gel of Figure 16A between induced and uninduced bacterial cultures. 
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From Figure 16B, samples that were induced with IPTG have clearly stronger band densities 

compared to samples that were uninduced with IPTG.  

 

The Purification of Recombinant FABP1 and FABP1 T94A 
 

 The fusion protein was purified and the GST tag was separated from FABP1 or the T94A 

variant with PreScission protease. Figure 17 shows a 15% polyacrylamide gel loaded with 

AmerchamTM ECLTM RainbowTM Marker- Full Range, normal bacterial sonicate, induced 

normal bacterial sonicate, mutated bacterial sonicate, induced bacterial sonicate, normal fusion 

protein, mutated fusion protein, FABP1, and the T94A variant protein. In Figure 17A, lanes 6 

and 7 show both the non-mutated and mutated fusion proteins having a size of 40 kDa. The size 

of the fusion protein comes from the GST tag having a size of 26 kDa and the FABP1 and T94A 

having a size of 14 kDa.  The next two lanes show purified recombinant proteins at 14 kDa after 

cleavage and additional purification to remove the tag and the protease. It can be seen that in the 

last four lanes there are no contaminants despite loading up to 30 µg of protein in each well. To 

further confirm the identities of the purified proteins a western blot was conducted.  

Figure 17 B shows the western blot of the purified recombinant proteins. The result 

shows that the recombinant protein samples are immunoreactive with the rabbit polyclonal 

antibody against rat FABP1. Another method used to identify the purified proteins is to use LC-

MS to determine the proteins’ mass.  Figure 18 is the total ion count chromatogram and the 

deconvoluted mass of FABP1 (A) and T94A (B). The deconvoluted mass of FABP1 was 1468 da 

and the T94A was 1438 da showing a difference of 30 da. 
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Figure 17: Identification of Proteins using SDS-PAGE and Western Blot A) 15% Tri-Glycine 

SDS-PAGE gel. From left to right: AmerchamTM ECLTM RainbowTM Marker- Full Range, 

normal bacterial sonicate, induced normal bacterial sonicate, mutated bacterial sonicate, induced 

mutated bacterial sonicate, normal fusion protein, mutated fusion protein, FABP1, and the T94A 

variant protein. B) Western Blot of the FABP1 and T94A variant proteins. 
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Figure 18: LC-MS Results. Total ion count chromatograms (top) and the deconvoluted mass 

(bottom) of FABP1 (A) and FABP1 T94A (B). Samples were sent to the Pharmaceutical 

Analysis Laboratory at the College of Pharmacy of the University of Manitoba for LC-MS. 
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Protein Quantification  
 

A Bradford assay was used to quantify the purified recombinant proteins. Quantifying the 

proteins allows for further downstream studies. The Bradford assay uses Coomassie Brilliant 

Blue G-250, which shifts absorbance when binding to proteins. A blue colour results from the 

binding of the Coomassie reagent to the protein that can be measured at an absorbance of 595 

nm. Sample absorbance readings can be used to calculate protein concentration using a standard 

curve. Bovine serum albumin was used as a standard where known concentrations of protein 

gave a resulting absorbance. By plotting the absorbance values and protein concentration of 

bovine serum albumin a standard curve is generated. The standard curve produced from using 

bovine serum albumin is shown in Figure 19 with the formula used for calculating the 

concentration of the purified recombinant proteins. Determining the values of the purified 

proteins was critical in the next few studies.  
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Figure 19: BSA standard curve to measure the total cell protein concentration. Data are 

presented as mean ± SEM (n = 3). 
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Screening the Antioxidant Capacity of Recombinant FABP1 T94A Using the DCF 

Fluorescence Assay 

 

 One of the main objectives of this study was determining whether recombinant rat 

FABP1 T94A variant possesses the ability to act as an antioxidant similar to its non-mutated 

form. To evaluate the protein’s capacity to act as an antioxidant, the DCF fluorescence assay was 

employed. The assay used H2O2 and Fe2SO4 as a source of ROS while DCFH was used to 

measure levels of ROS as it reacts with these unstable molecules to produce the fluorescent DCF. 

Introducing antioxidants to this in vitro reaction will decrease the DCF fluorescence as they 

would reduce the amount of ROS in the system as seen with controls FABP1, ascorbic acid, and 

TROLOX™. Figure 20 shows results of the assay. At the lowest concentration of T94A (1 µM), 

the protein was able to reduce DCF fluorescence to 75.8 ± 2.9 while at its highest tested 

concentration of 20 µM a reduction to 36.3 ± 2.2% of the control was seen (P< 0.001). 

Increasing the concentration of antioxidants was associated with a decrease in DCF fluorescence. 

When comparing T94A to FABP1, there were no significant differences in their ability to reduce 

DCF fluorescence at all concentrations.  
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Figure 20: DCF fluorescence intensity versus antioxidants recombinant FABP1, FABP1 T94A, 

ascorbic acid, and TROLOX™ concentration. The parent compound DCFH-DA was de-

esterified to the dye stock DCFH that was used to detect ROS in the reactions. Reactions was 

conducted in 96 well CoStar plates with 24 µM DCFH, 50 µM FeSO4, 50 µM H2O2, and 

protein sample. Data are presented as mean ± SEM (n = 4). Statistical difference (p<0.05) was 

determined between control (0 µM antioxidant) and different levels of antioxidants. 
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The Effect of Recombinant FABP1 T94A on in vitro Lipid Peroxidation with AAPH 

and MeO-AMVN   

 

 To further evaluate the performance of the FABP1 T94A variant as an antioxidant, the 

protein could be able to display this function in hydrophilic and/or lipophilic environments. Free 

radical releasing systems were used to simulate these environmental conditions. AAPH and 

MeO-AMVN release free radicals when used with LDL. Since these compounds thermally 

decompose at different rates it was necessary to standardize their concentrations such that free 

radical release would be similar. Using a TBARS assay, LDL was incubated with 10 mM AAPH 

and was found to produce 670.09±13.4 ng MDA/ mg LDL protein (Figure 21). MeO-AMVN (1 

mM) generated 713.0±11.2 ng MDA/ mg LDL protein and compared with AAPH was not 

significantly different between the amounts of MDA at these concentrations (Figure 21). Since 

these concentrations of azo compounds produced similar amounts of MDA they were used in 

determining T94A’s performance as a hydrophilic and lipophilic antioxidant. Yan et al. (2009) 

found that FABP1 acts as both a hydrophilic and lipophilic antioxidant so the importance in 

determining whether the T94A mutation affects the protein’s ability to act as an antioxidant in 

both cases is clear. Figure 21 established an appropriate in vitro system that gives the opportunity 

to observe the mutant’s ability in hydrophilic and lipophilic conditions. The TBARS assay was 

done using 10 mM AAPH to generate water soluble ROS. Figure 22A shows that increasing 

T94A concentration inhibits MDA formation.  
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Figure 21: Equalizing the production of MDA for each azo compound. MDA formation of 10 

mM AAPH and 1 mM MeO-AMVN with 0.5 mg/ml LDL. Azo compounds were incubated with 

LDL for 90 minutes in a 37°C water bath. MDA was assessed using the TBARS assay. Values 

are presented as means ± SEM, n = 4; P>0.05. 
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At a concentration of 20 µM, T94A produced 72.1±4.4% of the control MDA. In a lipophilic 

system that used 1 mM MeO-AMVN to produce ROS, the mutant protein was able to inhibit 

23.4±5.5% of MDA from forming at 20 µM (Figure 22B). The T94A variant was able to reduce 

MDA in a dose-dependent manner in both environments (Figure 22A and 22B). Positive controls 

used for the assay included ascorbic acid and TROLOX™  in the AAPH system while in the 

MeO-AMVN system the ascorbic acid acted as a negative control. When comparing FABP1 to 

T94A when AAPH was used as a source of ROS, there was a significant difference between the 

two protein’s at concentrations at 1 µM (79.8%±1.5 and 105.0%±9.4 of the control) and 10 µM 

(65.8%±1.8 and 88.1%±5.7 of control)  (P< 0.05). However, the amount of MDA produced at 20 

µM was similar (59.4%±6.8 and 76.6%±5.5 of control). When antioxidant activities of FABP1 

and T94A were used in a lipophilic environment (1 mM MeO-AMVN) there was no statistical 

difference in MDA production (Figure 22B). Figure 23 shows a summary of the FABP and 

T94A data using AAPH and MeO-AMVN systems. The FABP1 T94A variant preformed 

similarly in both conditions. Figures 23 and 24 illustrate that FABP1 T94A is able to reduce 

MDA production in the AAPH induced hydrophilic free radical system and the lipophilic free 

radical system of MeO-AMVN. 
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Figure 22: Antioxidants in lipid peroxidation reactions. The effect of FABP1, FABP1 T94A, 

ascorbic acid, and TROLOX™ on AAPH (A) and MeO-AMVN (B) induced MDA production. 

LDL was incubated with azo compounds and varying concentrations of FABP1, T94A, ascorbic 

acid, or TROLOX™ for 90 minutes at 37°C. MDA was measured using the TBARS assay. 

Values represent mean ± SEM, n = 8, P>0.05. 
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Figure 23: Antioxidant function of FABP1 (A) and T94A (B) in hydrophilic and lipophilic 

environments. FABP1 T94A concentration (µM) as a function of MDA production (% of 

control) in an AAPH and MeO-AMVN environment. The data illustrate how both FABP1 and 

T94A mutation affects the antioxidant function in a hydrophilic versus lipophilic environment. 

Values represent mean ± SEM, n = 8, P>0.05. 
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The Influence of Long-Chain Fatty Acid Binding on Recombinant FABP1 T94A’s 

Antioxidant Function  

 

 FABP1 contains several antioxidant residues within its binding pocket. Consequently, the 

binding with ligands such as fatty acids may affect the protein’s ability to act as an antioxidant 

(Yan et al. 2009). Yan et al. (2009) observed that FABP1 performs as the superior antioxidant 

when the protein is unbound and was unable to act as well in the presence of fatty acids. In this 

study the same technique was used to investigate whether FABP1 T94A’s function as an 

antioxidant could be influenced by the binding with fatty acids.   

 In determining the effects of fatty acid binding, 10 µM purified recombinant proteins 

were pre-incubated with either 30 µM of palmitate (PA) or alpha-bromo-palmitate (α-Br-PA) for 

1 hour at 37°C before being used in the in vitro lipid peroxidation reaction and TBARS assay. 

Keeping the methods similar to Yan et al. (2009), long-chain fatty acids used represent reversible 

binding (PA) or irreversible binding (α-Br-PA). Figure 24 displays results of this assay, showing 

that FABP1 in all conditions (unbound, bound with PA or bound with α-Br-PA) was able to 

reduce MDA production in the AAPH and MeO-AMVN free radical generating system. Since 

the same lipid peroxidation system is used, the control in this case would be the addition of water 

instead of the antioxidant proteins.  

In the AAPH induced condition, unbound FABP1 was able to reduce MDA by 

38.9±1.8% of the control whereas FABP1 with PA and α-Br-PA reduced MDA production by 

20.2±3.7 and 13.1±1.9% of the control, respectively. When comparing results, there are 

significant differences between the unbound and bound FABP1 with PA or α-Br-PA (Figure 

24A). In the hydrophilic (AAPH) condition, unbound FABP1 had significantly lower amounts of 

MDA produced compared to that bound with PA and α-Br-PA (P<0.01 and P<0.001, 
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respectively). There was no difference in MDA produced when FABP1 was bound to PA or α-

Br-PA. While FABP1 in both bound and unbound states was able to reduce MDA production in 

the induced lipid peroxidation environment by MeO-AMVN, there were no significant difference 

between the MDA productions (Figure 24A).  

As for the FABP1 T94A variant, the addition of the bound and unbound protein reduced 

MDA production in both AAPH and MeO-AMVN lipid peroxidation systems (Figure 24B). 

However, only the unbound state was significant (83.2±6.2% in AAPH system and 83.4±5.9% of 

the control in MeO-AMVN system, P<0.05). When comparing the unbound T94A to T94A with 

PA or with α-Br-PA, MDA was not decreased in both systems. Samples pre-incubated with PA 

had MDA production of 87.6±2.5% of the control in hydrophilic free radical releasing system 

and 87.4±1.7% in a lipophilic environment. The MDA production increased to 97.3±1.4% with 

AAPH derived free radicals when T94A was bound with α-Br-PA but stayed at the same level 

with MeO-AMVN (87.1±5.5%).  

  

 

 

 

 

 



76 
 

R e a c tio n s

M
D

A
 P

r
o

d
u

c
ti

o
n

 (
%

 o
f 

c
o

n
tr

o
l)

C
o

n
tr

o
l 

F
A

B
P

1

F
A

B
P

1
+
P

A

F
A

B
P

1
+ 

-B
r -

P
A

0

5 0

1 0 0

1 5 0

1 0  m M  A A P H

1  m M  M e O -A M V N

**
****

****

***

*

****
***

*

R e a c tio n s

M
D

A
 P

r
o

d
u

c
ti

o
n

 (
%

 o
f 

c
o

n
tr

o
l)

C
o

n
tr

o
l 

T
9
4
A

T
9
4
A

+
P

A

T
9
4
A

+ 
-B

r -
P

A

0

5 0

1 0 0

1 5 0

1 0  m M  A A P H

1  m M  M e O -A M V N
*

*

 

Figure 24: Comparison of the effect of recombinant FABP1 (A) and FABP1 T94A (B) after 

binding with palmitate (PA) and α-Br-PA on azo compounds AAPH and MeO-AMVN free 

radical generating system. Recombinant proteins (10 µM) were pre-incubated with PA for 1 hour 

at 37°C before being used in the lipid peroxidation reactions. MDA levels were measured using 

the TBARS assay. Control are MDA levels produced in lipid peroxidation reactions without 

FABP1 or T94A. Values represent mean ± SEM, n = 6, * p<0.05, ** p<0.01, ***p<0.001). 

A 

B 
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Chapter 4: Discussion 
  

In the current study, recombinant rat FABP1 T94A variant was purified using the GST 

tag system and in vitro studies were used in determining the mutant protein’s antioxidant 

activity. From these results, recombinant rat FABP1 T94A variant acts as an antioxidant and can 

do so in both simulated in vitro hydrophilic and lipophilic environment. There were no 

significant differences between the performance of the wild type and mutant as antioxidants. 

This suggests that the T94A substitution does not impact the protein’s function as an antioxidant. 

However, it was found that when T94A was bound to either PA or α-Br-PA, the mutant protein 

was unable to significantly reduce the generation of MDA which may suggest there is an altered 

antioxidant function once bound to ligands.  

Oxidative stress has been implicated in the pathogenesis of several liver diseases such as 

NAFLD (Sumida et al., 2013; Polimeni 2015), ALD (Minicis and Banner, 2008; Cederbaum et 

al., 2009; Sid et al., 2013), Hepatitis C (Koike 2007), and NASH (Morris et al., 2013, Sutti et al., 

2014). The state of oxidative stress is due to an excessive amount of pro-oxidants such ROS and 

RNS being produced that overwhelms the body’s antioxidant system. FABP1, a small (14 kDa) 

cytosolic protein that is highly ubiquitous in the liver, up to 400 µM in murine and 1000 µM in 

humans (McArthur et al., 1999; Favretto et al., 2013), has been shown to act as an antioxidant 

(Wang et al., 2005). FABP1 contains several methionine groups and a single cysteine that was 

shown to be responsible for the molecular mechanism of the protein’s antioxidant capacity (Yan 

et al., 2009). As the name suggests, FABP1 binds LCFA but the protein can also bind other 

ligands such as peroxisome proliferators (Wolfrum et al., 2000), bile acids (Favretto et al., 

2015), heme (Stewart et al., 1996), and endocannabinoids (Schroeder et al., 2016). Being 

capable of functioning as an antioxidant and having the capability to partition fatty acids (free vs 
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protein-bound) (Anstee et al., 2011), FABP1 is considered to be a cytoprotectant (Wang et al., 

2015). Since FABP1 is speculated to be vital in the redox homeostasis of the liver by being 

highly present in hepatocytes, binding lipid peroxides, and acting as an antioxidant, the loss of 

one of these functions can be detrimental. The recently discovered human T94A variant is a SNP 

that occurs in the coding region of the FABP1 gene (Brouillette et al., 2004). Whether this SNP 

results in altered FAPB1 antioxidant activity was up to now unknown. The T94A SNP has a 

minor allele frequency of 26-38% and 8.3 ± 1.9% being homozygous in the human population 

(MAF for 1000 genomes in NCBI dbSNP database; ALFRED database) (Mansego et al., 2012).  

The FAPB1 T94A variant’s reported phenotypes can be inconsistent. An example is the 

BMIs and waist circumferences where it was initially reported the BMI was lower in carriers of 

the T94A variant (Brouillette et al., 2004), however, it was found to be higher in another study 

(Peng et al., 2012). Differences in the characteristics that the T94A carriers’ exhibit may be 

attributed to the diversity amongst the human population being studied. Moreover, the T94A 

mutation has been associated with increased LDL cholesterol (Fisher et al., 2007), hepatic TAG 

accumulation (McIntosh et al., 2014), higher basal plasma TAG levels (Brouillette et al., 2004) 

and NAFLD (Peng et al., 2012).  An explanation for these characteristics the polymorphism 

elicit was hypothesized to be that the T94A mutation results in the total loss of function. 

However, this was not the case as several studies investigating the mutation have shown that it 

was an altered function and the T94A variation is not equivalent to ablating the FABP1 gene. For 

example, it was shown between the wild type and the T94A variant protein, there were no 

changes in specificity to ligands or changes in the affinity for binding fibrates (Martin et al., 

2013), steric acid or oleic acid (Huang et al., 2014). However, slight changes were seen in the 

binding affinities between the mutant protein and palmitic acid and linoleic acid (Huang et al., 
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2014). More differences between the two proteins were reported such as denaturation with 

temperature (Martin et al., 2013) or chemical denaturation (Huang et al., 2014), changes in 

secondary structure in response to binding with ligands (Martin et al., 2013;Huang et al., 2014), 

and differences in cholesterol affinity and uptake (Huang et al., 2015). While research uncovered 

various differences between FABP1 and its variant, none have explored the antioxidant function 

of the mutant. It is important in determining if the T94A mutation is a loss of function mutation 

with regards to its ability to act as an antioxidant since the pathogenesis of various diseases are 

linked to oxidative status, the impairment of an essential cytoprotectant such as FABP1 can be 

deleterious to carriers. Gaining insight on this aspect of the T94A variant is also beneficial to 

develop new approaches for treating diseases.  

Strategies used to purify proteins are based on the differences between the protein of 

interest and the cell lysate based on their physio-chemical properties. Such methods to separate 

proteins from mixtures include ion exchange, size exclusion, and hydrophobic interaction 

chromatography (Cai et al., 2012). Current methods combine use of traditional chromatography 

and affinity tags such as polyhistidine (Zhang et al., 2013) and GST (Oyama et al., 2005). Since 

rat cDNA ligated in a pGEX-6P-2 vector in E. coli cells was used from a previous study (Yan et 

al., 2009), the purification of FABP1 followed similar steps outlined by the previous researchers. 

To obtain the T94A variant, site directed mutagenesis was used to induce a mutation in the rat 

cDNA.  With the use of pGEX-6P-2 as a vector the affinity tag attached to FABP1 was GST. 

GST is a protein tag having the size of 26 kDa and provides a simple and fast method to separate 

the fusion protein. In the current study, the fusion protein was the GST tag with the FABP1 or 

the T94A variant. This fusion protein was isolated from the bacterial sonicate using the GST 
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tag’s affinity for the immobilized glutathione on a column and eventually eluted using reduced 

glutathione.  

The GST tag has been shown to protect the fusion protein from intracellular proteolysis 

(Young et al., 2012) and aids in keeping the protein soluble (Malhotra 2009). Results from the 

current study reveal no presence of insoluble aggregates as seen in lanes 7 and 8 of Figure 17A 

where the fusion protein is evident at the 40 kDa band. Yan et al. (2009) also reported no issues 

with insoluble aggregates. While there are many methods to isolate the targeted recombinant 

protein from the cell lysate, the GST affinity tag system has been shown to be reliable (Yan et 

al., 2009). The GST tag system can achieve a pure sample (Figure 17A last two lanes) and can 

produce 40-50 mg/L of bacterial culture (with the current study) and  even up to 50-60 mg per 

500 mL culture as reported by Yan et al. (2009). Studies using different strategies to purify 

recombinant FABPs reported yields of 30 mg/L of culture using traditional chromatography (He 

et al., 2007) and 25 mg for single liter of culture (Wang et al., 2017) using the HST tag system. 

It is also worth mentioning that while the GST system provides high yields, the removal of the 

GST tag leaves an infusion linker at the N-terminal of the protein. This was also seen in Yan et 

al. (2009) study where the linker was identified as GPLGSLAT sequence. In the current study, 

the infusion linker left at the N-terminal was GPLGSIAT increasing the proteins molecular 

weight to 14968.0 and 14938.0 Da for FABP1 and T94A respectively (Figure 18) versus the 

calculated molecular weights of 14272.5 and 14242.5 Da. These extra sequences were speculated 

to prevent protein degradation (Carr et al., 1999), however, the protein fragment is a natural 

drawback from using PreScission Protease to remove the affinity tag. PreScission Protease is a 

Rhinovirus 14 3C protease that recognizes the LEVLFQ↓GP sequence cleaving before the 

glycine and proline leaving dipeptide in front of the N-terminal (Waugh 2011). Further, the 
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purification reported by Yan et al. (2009) revealed that purified FABP1 had the 69th amino acid, 

cysteine, glutathionylated attributing to a total weight of 15275.9 Da whereas the current study 

observed no additional weight. This discrepancy may be possibly due to changes in the protocol 

of the purification step. The current study used GSTrap columns to separate the fusion protein 

from the protein mix while the previous study used Glutathione Sepharose 4B beads. 

Nevertheless, both wild type FABP1 and the T94A variant were successfully purified with little 

to no contaminants using the GST tag system (Figure 17A)  and the protein yield was sufficient 

for downstream studies.  

 In determining if the FABP1 T94A variant possess the antioxidant function, the DCF 

fluorescence assay was used. Explained in the preceding section, FABP1 is believed to be a 

formidable cytoprotectant. Cysteine and methionine both contain sulfur atoms where its 

electronegativity makes them highly susceptible to oxidation. Not only are these residues easily 

oxidized they take part in redox cycling reactions that regenerate these residues. Solvent 

accessible methionine and cysteine residues can be oxidized by ROS into methionine sulfoxide 

and sulfenic acid/sulfinic acid/sulfonic acid, respectively. These residues are reduced back by 

methionine sulfoxide reductase (Levine et al., 1996) and thioredoxin (Jan et al., 2014). FABP1 

has seven methionine and one cysteine residue that can scavenge ROS making the protein a 

compelling case to investigate its antioxidant capacity. This aspect of FABP1 was demonstrated 

with Chang cells stably transfected with FABP1 having lower concentrations of ROS than those 

that were not transfected (Wang et al., 2005). The manipulation of FABP1 levels using 

pharmaceuticals, clofibrate and dexamethasone, added insight FABP1 acting as an endogenous 

cytoprotectant in models of H2O2 incubation or hypoxia-reoxygenation (Rajaraman et al., 2007). 

Furthermore, FABP1 retains this function in an in vivo study using bile-duct ligated model of 
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cholestasis where bile-duct ligated rats treated with clofibrate restored FABP1 levels (Wang et 

al., 2007). Additionally, clofibrate was found to increase the gene transcription of FABP1 (Yan 

et al., 2010), FABP1 (-/-) mice fed ethanol had higher levels of oxidative stress exhibiting 

increased lipid peroxidation products such as 4-hydroxynonenal and MDA (Smathers et al., 

2013), and FABP1 acts as an hepatoprotectant in an in vitro model of acetaminophen overdose 

(Gong et al., 2014). Recently, FABP1 has been shown to act as an antioxidant in an in vitro cell 

model of NAFLD using a 2:1 proportion of palmitic acid to oleic acid (Chen et al., 2017). 

   In the present study, it was determined that the recombinant rat FABP1 T94A variant 

can scavenge ROS as seen in Figure 20. DCFH reacts with ROS to produce the fluorescence 

DCF, which can be measured at an excitation at 485 and emission at 590 nm. Hydrogen peroxide 

in the reaction was not enough to produce DCF since the DCFH probe has poor sensitivity to 

H2O2 (Wardman 2007). Instead the ROS generated in the reactions was the hydroxyl radical 

using the Fenton reaction where H2O2 reacts with ferrous perchlorate to yield the ROS (Halliwell 

and Whiteman, 2004). The decrease in DCF fluorescence suggested that FABP1 T94A variant 

was able to scavenge the hydroxyl radical decreasing the availability of ROS to react with the 

DCFH probe (Figure 10). When comparing FABP1 to the FABP1 T94A variant, there were no 

significant differences between the ability to reduce DCF fluorescence which potentially means 

that both proteins are able to scavenge the hydroxyl radical equally. The ability of FABP1’s to 

reduce DCF fluorescence in the current study is consistent with Yan et al. (2009) despite the 

lower range of concentrations used in the present study. This indicated that protein purification 

was performed correctly since there were no changes in function.  

 To further assess the capabilities of FABP1 T94A as an antioxidant, the protein was 

subjected to lipid peroxidation reactions simulated in two environments. AMVN and MeO-
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AMVN are azo compounds that thermally decompose into free radicals. AMVN produces free 

radicals in the hydrophilic environment while MeO-AMVN produces free radicals in the 

lipophilic environment. LDL is included in these lipid peroxidation reactions to provide lipids for 

the free radicals to attack resulting in lipid peroxides such as MDA. These lipid peroxidation 

products are highly reactive forming adducts with biologically important macromolecules. Hence 

the TBARS assay was used to measure the generated lipid peroxidation products. A previous 

study has demonstrated that FABP1 was an effective antioxidant in both lipophilic and 

hydrophilic milieus (Yan et al., 2009). From Figure 22, the addition of FABP1 T94A into the 

oxidation reactions produced lower amounts of MDA as the concentration of the protein 

increased. This indicates that the mutant variant can act as both a hydrophilic and lipophilic 

antioxidant preventing the formation of MDA. Comparing the performance of the mutant variant 

to the wild type, significant difference was found at 1 µM and 10 µM but no differences were 

seen with 20 µM in the AAPH system (Figure 22A). The result may mean that at lower 

concentrations the T94A variant may not have as much accessible antioxidant moieties as the 

wild type. However, at higher concentrations the variant may perform similarly as the wild type 

(at 20 µM). Since FABP1’s concentration in human hepatocytes may be as high as 1000 µM 

(McArthur et al., 1999; Favretto et al., 2013), the difference between the mutated and non-

mutated forms may be negligible assuming that at concentrations higher than 20 µM, the proteins 

behave similarly in a hydrophilic environment.  

When examining the proteins in the MeO-AMVN system, there were no significant 

differences between the two (Figure 22B). This suggest that the T94A mutation did not alter the 

protein structure in way that inhibits the antioxidant moieties from scavenging ROS in a 

lipophilic environment.  Since there are no significant differences in T94A variant’s 
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effectiveness as an antioxidant it can be speculated that the same amino acid residues as FABP1 

are responsible (Yan et al., 2009), however, further studies are needed to confirm this. 

Comparing the action of FABP1 in this study with Yan et al. (2009) in both cases the purified 

recombinant proteins are able to decrease ROS. As commented on earlier, the protein in the 

present study did not have a glutathionylated cysteine residue but because no increase in 

antioxidant activity was observed this suggest that the cysteine residue may not be solvent 

accessible and might be buried within the protein’s binding cavity.  

FABP1’s antioxidant function was attenuated when bound with either PA or α-Br-PA in 

both AAPH and MeO-AMVN lipid peroxidation reactions but was still able to significantly 

decrease MDA production (Figure 24). These results are consistent with Yan et al. (2009) where 

a similar trend is seen. Contrast with this result is with the T94A variant where there were no 

significant difference found between the control and the mutant variant bound with either PA or 

α-Br-PA (Figure 24B). The result potentially indicate that when the mutant variant binds to 

ligands the protein is unable to scavenge ROS. The antioxidant amino acids of the FABP1 T94A 

may have become unavailable when ligands are bound. Studies have shown no change in ligand 

specificity and affinity to some ligands (Martin et al., 2013 and Huang et al., 2014) which 

implies that the mutation does not lose function. Yet these studies have shown that despite not 

losing functionality, the protein’s function is altered specifically with regards to the protein’s 

secondary structure response when bound to ligands influencing the downstream interaction with 

PPARα (Martin et al., 2013). Consistent with these findings, the present study have found that 

there were no loss in function in antioxidant activity but the results seen in Figure 24 imply that 

ligands can influence the T94A variant differently from FABP1.  Huang et al. (2014) reported 

T94A having a lower binding affinity with palmitic and linoleic acid which may illustrate that 
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T94A variant could be more readily available to act as an antioxidant. This was not observed as 

the antioxidant ability was hindered when FABP1 T94A was bound to both FAs. Secondary 

structural changes in response to LCFAs binding to the T94A variant is a possible reason for the 

weakened antioxidant response.  

NAFLD is one of the most common liver dysfunction around the world (Loomba et al., 

2013). NAFLD comprises of a spectrum of conditions from HCC, cirrhosis, steatosis, or NASH 

with or without fibrosis. NAFLD can be defined as having hepatic triglyceride (TG) without the 

excessive consumption of alcohol. Considered as the hepatic manifestation of metabolic 

syndrome (Chalasani et al., 2012) the most frequent comorbidities associated with NAFLD are 

obesity (Moore 2010), type-2 diabetes mellitus (T2DM) (Ismail 2011), cardiovascular disease 

(CVD) (Hamaguchi et al., 2007), and hyperlipidemia (Browning et al., 2004). One-fifth (20%) of 

NAFLD patients are categorized as NASH having hepatocellular injury and lobular 

inflammation (Angulo 2012). Considered a complex disease, the understanding of NAFLD and 

NASH pathogenesis is still incomplete where several factors such as insulin resistance, 

mitochondrial activity, intestinal microbiota, environmental factors (life style choices and 

nutrition) and genetics influence the disease process (Haas et al., 2016). The traditional two hit 

hypothesis for the pathophysiologic model of NAFLD describes the first hit as the development 

of steatosis closely associated with insulin resistance while the second hit is the development to 

NASH due to oxidative stress and lipid peroxidation (Pagadala and McCullough, 2012). FABP1 

T94A variant has been associated with NAFLD (Peng et al., 2012 and Tian et al., 2015). Studies 

have investigated the variant’s characteristics to provide possible explanation for the association 

between FABP1 T94A and NAFLD. Transfected Chang cells with FABP1 T94A had lower 

uptake of radiolabelled palmitic acid (Gao et al., 2010) and human hepatocytes expressing 
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FABP1 had increased uptake of radiolabelled and fluorescent steric acid than the T94A 

counterpart (McIntosh et al., 2014). Moreover, the binding affinity to cholesterol was higher 

with T94A variant than FABP1 (Huang et al., 2014). These studies give insight for why carriers 

of FABP1 T94A may be more susceptible to NAFLD because these differences between the wild 

type and mutant may cause the development of steatosis, the first hit. The SNP’s impact could go 

beyond the first hit and into the second as it was established that FABP1 acts as an antioxidant 

reducing oxidative stress and lipid peroxidation products. If the T94A variant loses its function 

as an antioxidant then the SNP contributes to not only the first hit but also the second hit for 

NAFLD. In the current study, it was found that FABP1 T94A variant still maintains its 

antioxidant property therefore, does not necessarily contribute to the second hit of NAFLD. 

Interestingly when LCFAs bind to FABP1 T94A, the antioxidant property was diminished 

suggesting a possible role of the T94A variant in the second hit in the pathogenesis of NAFLD. 

 

Chapter 5: Conclusion 
  

With the discovery of a SNP in the human FABP1 gene, many studies were interested in 

illustrating differences in phenotype of the FABP1 T94A variant since the mutation is considered 

common having a minor allele frequency of between 26-38%. Showing the impact the variant 

has on human health is important as the variant is one of the most dominant polymorphisms 

within the family of intracellular fatty acid binding proteins. Studies have investigated the 

difference between the proteins from the ligand binding aspect but none have looked at variant’s 

antioxidant function. The present study objective was in determining whether the mutation of 

FABP1 would have a loss of function in its antioxidant property.  



87 
 

This study used E. coli cells containing pGex-6P-2 vector with rat FABP1 cDNA inserted 

into the plasmid to generate rat T94A cDNA using site directed mutagenesis. The induction of 

the mutation was successful as transformed colonies were able to grow on ampicillin treated agar 

plates and DNA sequencing of the plasmid confirmed the substitution. Recombinant rat T94A 

was expressed and purified using the GST affinity tag system. To determine if the correct protein 

was purified SDS-PAGE, western blot, and LC-MS was used.  

The mutant variant was determined to scavenge ROS such as the hydroxyl radical in the 

DCF fluorescence assay. To further evaluate the protein’s effectiveness as an antioxidant, the 

variant was added into lipid peroxidation reactions. It was found that T94A was able to suppress 

the production of MDA, a lipid peroxidation product in simulated hydrophilic and lipophilic 

environments. The study also found that when FAs bind to the T94A variant, the protein’s ability 

as an antioxidant was somewhat hindered. The present studies have filled a gap in knowledge of 

the FABP1 T94A. Future studies should expand upon the molecular mechanism of the FABP1 

T94A’s antioxidant property and compare the data with FABP1. Future work may also 

investigate differences in ligand binding characteristics that have not been investigated and 

determine whether these ligands influence the solvent accessibility of the antioxidant amino 

acids.   
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