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Glutathione transferase (GST) enzymes are found in all kingdoms of life. Their catalytic 

activity is well characterized: conjugation of glutathione with electrophiles, a process 

which inactivates many toxic chemicals. Additionally, several GST enzymes participate 

in cell signaling processes, mediated by protein binding interactions. This thesis focuses 

on human GST theta 1. 30-40% of the human population is homozygous null for the 

GSTT1 gene, but the consequences of this polymorphism remain unclear. I have 

searched for possible protein binding partners of GSTT1 through a pull-down assay with 

protein lysates from cultured human prostate cancer cells and erythrocytes, followed by 

mass spectrometry-based proteomic analysis. Histidine Triad Nucleotide Binding 

Protein-1 (HINT1) was identified as a binding partner. HINT1, a member of the HIT 

superfamily of nucleotide hydrolases and transferases; is also known to be a tumor 

suppressor. An interaction between GSTT1 and HINT1 may point towards a previously 

unknown biological role of GSTT1.    
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1 Introduction 

Glutathione Transferase enzymes (GSTs) catalyze the conjugation of glutathione 

(GSH) with electrophilic chemicals. For example, methyl bromide, a common fumigant, 

is an electrophile (haloalkane) (Goldman et al., 1987; Horowitz et al., 1998). Figure 1 

illustrates the glutathione conjugation of acetaminophen (Ji et al., 2018). These 

conjugation reactions within cells lead to the inactivation of potentially harmful 

electrophilic chemicals. This process is known as detoxication. Multiple families of GSTs 

are encoded on the human genome. Many of these GSTs have more than one function 

in cells. This property of a protein – having multiple distinct, and apparently unrelated, 

roles – is sometimes referred to as “moonlighting” (Laborde, 2010). Although GSTs are 

enzymes (catalysts), some GSTs “moonlight”, participating in non-enzymatic 

interactions which modulate cell-proliferation signaling pathways, as will be discussed 

below. In the case of GSTT1, non-enzymatic functions, although suspected to exist, 

have not been previously identified.  

In this thesis, a proteomic study was conducted with cultured human prostate cells 

and human red blood cells (RBCs), to identify possible protein binding partners of 

GSTT1. Histidine Triad Nucleotide Binding Protein 1 (HINT1), an enzyme with 

nucleotide phosphoramidase and acyl-AMP hydrolase activity, was identified as one 

putative GSTT1 partner. 
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Figure 1: Oxidation of acetaminophen to a quinone-imine and subsequent reaction with 
glutathione.  Acetaminophen is oxidized via cytochrome p450 to N-acetyl-p-benzoquinoneimine 
(NAPQI). GSTs catalyze the conjugation of NAPQI to GSH. The product of this reaction is 3-(glutathione-
S-yl)-acetaminophen. An acetaminophen overdose can lead to covalent binding to proteins and 
hepatotoxicity because GSH is deleted. The treatment for an acetaminophen overdose is N-acetyl-
cysteine which can replenish GSH. Adapted from (Ji et al., 2018; Mazaleuskaya et al., 2015). 

Glutathione 

GSH is a tripeptide of three amino acid residues, glutamic acid, cysteine and 

glycine. An unusual γ-peptide bond links the Glu and Cys amino acid residues, 

protecting GSH from hydrolysis by many peptidases. GSH is the most abundant non-

protein sulfhydryl molecule in almost all cells, present at concentrations as high as 5 

mM. GSH has many functions within cells. Many electrophiles are cytotoxic, mutagenic 

or carcinogenic. As a nucleophile, GSH can conjugate with such electrophilic chemicals, 

inactivating (or “detoxifying”) them (Boyland and Chasseaud, 1969; Hallier et al., 1994) 

and thereby protecting cells from damage. 
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An example of GSH’s role as a reducing agent is seen in the biosynthesis of 

deoxyribonucleotides. GSH is a component of the pathway that supplies the enzyme 

ribonucleotide reductase with reducing power (Grant, 2001; Holmgren, 1976), see figure 

2.  

The biosynthesis of GSH does not follow the pathway of ribosomal polypeptide 

synthesis. Rather, GSH is synthesized by a specific anabolic pathway, catalyzed by the 

enzymes glutamate cysteine ligase and glutathione synthase (Griffith and Mulcahy, 

1999) (see figure 3). With respect to catabolism, only one enzyme is known to degrade 

GSH and GSH conjugates: γ-glutamyl transpeptidase (Griffith et al., 1979; Keillor et al., 

2005). The biosynthesis and metabolism of GSH will not be discussed further, since my 

work focuses on glutathione transferase enzymes. 

GSTs were discovered as catalysts of conjugation reactions (Booth et al., 1961). 

At about the same time, GSTs were also identified as ‘ligandins,’ liver proteins that bind 

hydrophobic compounds such as steroids, thyroid hormones, bile acid, and bilirubin 

(Litwack et al., 1971). The biological function of this non-catalytic binding is unclear, but 

it may serve to sequester molecules and prevent cytotoxic molecules from interacting 

with targets (Danielson and Mannervik, 1985; Tipping et al., 1978).  
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Figure 2: GSH-Glutaredoxin systems as electron donors to ribonucleotide reductase. 
Ribonucleotide reductase (RNR) is a known electron donor of glutaredoxin (Grx). De novo synthesis of 2’-
deoxyribonucleotides from ribonucleotides is catalyzed via RNR. A disulfide is generated in the r1 active 
site through RNA catalysis. C-Terminal thiols reduce the disulfide. The result is a disulfide that can be 
reduced by NADPH, Grx, GSH, and GSH reductase. Adapted from (Sengupta et al., 2019). 
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Figure 3: Glutathione synthesis pathway. The biosynthesis of GSH involves two steps. The first step 
involves glutamate cysteine ligase forming γ-glutamylcysteine from glutamate and cysteine. The second 
step involves glutathione synthetase adding a glycine to γ-glutamylcysteine to form glutathione. Adapted 
from (Griffith and Mulcahy, 1999; Lu, 2013; Oppenheimer et al., 1979). 
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1.1 Glutathione transferase superfamily 

GSTs were discovered in 1961 by Eric Boyland and colleagues, who isolated 

enzymes from rat liver that catalyze the conjugation of GSH to electrophilic chemicals 

(Booth et al., 1961). Almost all cell types contain cytosolic and membrane-bound GSTs 

(Morgenstern et al., 1982; Pearson, 2005). Table 1 (appendix) lists the human GSTs. 

Here, I will focus on the cytosolic GSTs.  

1.2 GST structures 

There is little sequence homology among cytosolic GST families (Board and 

Webb, 1987; Kano et al., 1987; Zhang and Armstrong, 1990), although their three-

dimensional structures are similar. Cytosolic GSTs are homodimers of approximately 25 

kDa subunits (Grahn et al., 2006; Habig et al., 1974). There are two domains, N-

terminal and C-terminal, in each subunit. The N-terminal domain folds into an α/β 

structure; the C-terminal domain is comprised of 5 or 6 α-helices. The active site of GST 

is formed from the interaction of the two domains and it can be regarded as having two 

distinct halves, the GSH-binding site (G-site) and a hydrophobic-substrate-binding site 

(H-site). The G-site and the H-site are formed mainly from the N-terminal and C-terminal 

domains, respectively. Comparative analysis of the GST tertiary structure shows that 

the G-site holds the GSH molecule in a similar fashion across GST families (Manoharan 

et al., 1992; Raghunathan et al., 1994; Sinning et al., 1993). 
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1.3 Alpha, Mu and Pi GST families 

The most abundantly produced members of the human GST superfamily and the 

most studied enzymes are the members of the GSTA (Alpha), GSTM (Mu), and GSTP 

(Pi) families (A-M-P). A-M-P enzymes have strong binding affinity to GSH, mediated by 

multiple hydrogen bonding, salt linkages, and electrostatic interactions (Manoharan et 

al., 1992; Raghunathan et al., 1994; Sinning et al., 1993). One reason why A-M-P 

enzymes have been studied more extensively than other human GST families is that 

they are easily purified by binding to GSH affinity matrices, such as S-hexylglutathione-

sepharose (Adler et al., 1999; Aronsson and Mannervik, 1977) or GSH-sepharose 

(Simons and Vander Jagt, 1977). All A-M-P enzymes catalyze the conjugation of GSH 

to 2,4-chlorodinitrobenzene (CDNB) (see figure 4), which is an almost ‘universal’ GST 

substrate. CDNB is frequently used for GST enzyme assays, since it has a strong 

chromophore (nitroaromatic) that shifts upon conjugation, making spectrophotometric 

assays convenient (Booth et al., 1961; Pour et al., 2014). 

 

 

 

 

 

Figure 4: CDNB conjugation with GSH. CDNB and GSH are conjugated and the products are 1-
glutathionyl-2,4-dinitrobenzene and HCl. Adapted from (Booth et al., 1961). 
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1.4 Signaling roles of human GSTs 

There is increasing interest in alternative non-enzymatic roles of GSTs, 

especially in cell signaling (Behrens et al., 2019; Board and Menon, 2013). Some of this 

work will be considered here, since it provides a precedent for my own research.  

GSTP1, the only human member of the GST Pi family, is produced in the 

placenta (hence, “GSTP”), liver (Sakai and Muramatsu, 2007), and many tumors (Cui et 

al., 2020) and drug-resistant cell lines (Lin et al., 2018). In 1999, Adler and colleagues 

showed that Glutathione Transferase Pi 1 (GSTP1) can bind to c-jun N-terminal kinase 

(JNK). JNK proteins, members of the mitogen-activated protein kinase (MAPK) family, 

are known to regulate important cellular functions, including migration, proliferation, and 

apoptosis (programmed cell death) (Dhanasekaran and Reddy, 2017).  

Binding of GSTP1 to JNK inhibits its ability to phosphorylate c-jun (Jun), a c-

terminal basic region-leucine zipper transcription factor (Meng and Xia, 2011). Inhibition 

of jun phosphorylation inhibits the ability of the activator protein 1 (AP-1) complex to 

activate the ultra-violet (UV)-induced apoptotic pathway (Hibi et al., 1993) and the 

oxidative stress apoptotic pathway (Xia et al., 1995), see figure 5. The UV-induced 

apoptotic pathway takes place in keratinocytes following UV damage (Daniels et al., 

1961). The oxidative stress apoptotic pathway is triggered by DNA damage caused by 

excess reactive oxygen species in cells (Rosenquista et al., 2003).  

Adler and colleagues established an assay for Jun phosphorylation catalyzed by 

JNK, using [γ-32P] ATP and purified Jun and JNK proteins. When extracts of mouse 

fibroblast cells were added to the assay mix, Jun phosphorylation was strongly inhibited. 
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The inhibitor was found to be destroyed by heating (95oC for 5 min). Stepwise 

purification of the inhibitor was carried out; the final step of purification was binding to a 

pre-formed his-tagged-Jun/JNK complex. The purified inhibitor was identified as GST Pi 

by protein microsequencing. To confirm the role of GSTP1, antibodies were used to 

immunodeplete GSTP1 from the whole-cell lysate, and a decrease in JNK inhibition was 

seen (Adler et al., 1999). The biological significance of the interaction of GSTP with the 

Jun/JNK system has not yet been fully explored, but Tew and Townsend suggested that 

“GSTP serves as a sensor of intracellular changes in redox potential and has the 

capacity to regulate kinase pathways, perhaps contributing to the GSTP 

overexpressing, drug-resistance phenotype” (Tew and Townsend, 2011). 

GST A-M-P families can bind to proteins that are involved in cell proliferation 

signaling pathways (Laborde, 2010). In 2002, Mannervik and colleagues, using peptide 

phage display, found evidence of interactions between GSTM2 and JNK. This method 

involved the construction of two phage peptide libraries of short (9-15) random amino 

acid sequences. The amino acid sequences are linked through a disulfide bridge, to 

help promote binding. GSTM2 protein was immobilized to the wells of a plate and the 

phage display peptide libraries were added, to select phage that could bind to GSTM2. 

The phage clones were then sequenced to identify proteins corresponding to the bound 

sequences. The study also showed that when GSTP1 is bound to JNK, there is 

suppression of the transcription of AP-1, as observed in human embryonic kidney 293 

cells (Edalat et al., 2002). Another phage display study was conducted in 2003 by the 

Mannervik lab and showed that GSTA1 binds to TRAF4-associated factor 1 (Edalat et 



 

 

10 

 

al., 2003). TRAF4-associated factor 1, also referred to as small kinetochore-associated 

protein (SKAP), has been linked to the activation of separase, a protein which promotes 

the separation of sister chromosomes, and the promotion of anaphase. It is believed 

that SKAP is part of a novel cell-checkpoint pathway, and is a contributing factor to the 

genomic instability of some cancers (Fang et al., 2009). SKAP has also been linked to 

the promotion of UV-induced apoptosis. This link was observed through immunoblotting 

Hela cell lysates that have either been upregulated or downregulated for SKAP (Lu et 

al., 2014). Hela cells are human cancer cells that were originally isolated in 1951. The 

HeLa cells that had an upregulation of SKAP showed an increase in the expression 

levels of cleaved caspase-7 and cleaved poly(ADP-ribose) polymerase (PARP), 

indicating apoptosis. The HeLa cells that had SKAP downregulated showed apoptosis 

resistance through a significant decrease in cleaved caspase-7 and cleaved PARP 

levels (Lu et al., 2014).  

In 2001, binding was identified between mouse GSTM1 and apoptosis signal-

regulating kinase (ASK1 or MAP3K5). The study was conducted using co-

immunoprecipitation (Co-IP) and yeast-two hybrid analysis. ASK1 cDNA was fused into 

a plasmid and transformed into yeast cells, along with clones obtained from a mouse 

brain library. The positive clones were selected through yeast-two hybrid screening and 

sequenced. Co-IP was then conducted on FLAG-ASK1 and HA-tagged mGSTM1-1, 

revealing a binding interaction between the tagged proteins (Cho et al., 2001). ASK1 is 

involved in the heat and oxidative stress apoptotic pathways (Saitoh et al., 1998). SDS-

PAGE and autoradiography analysis showed that GSTM1 dissociates from ASK1 under 
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heat shock conditions, but remains bound to ASK1 under oxidative stress conditions 

(Wilce et al., 1995).  

Wu and Colleagues, in 2006, observed a binding interaction between GSTP1 

and TRAF2. First HeLa and U937, a human lymphoma cell line, cells were transfected 

with a HA-tagged GSTP1 and treated with TNF-α.TNF-α is a cytokine known to 

stimulate ROS production and activate the ASK1-JNK cascade. The TNF-α treated cells 

showed a decrease in the activation of the ASK1-JNK cascade in cells that 

overexpressed GSTP1. This suggested that GSTP1 may target an upstream protein in 

the ASK1-JNK activation pathway. A previous gene knockout experiment showed that 

TRAF2 is necessary for ASK1-JNK activation (Lee et al., 1997). An interaction between 

TRAF2 and GSTP1 was identified through a TRAF2 immunoprecipitation experiment 

using HeLa cells, followed by anti-GSTP1 immunoblotting. The interaction was further 

confirmed through additional immunoprecipitation experiments with transfected HEK 

293 cells, an embryonic kidney cell line, and in-vitro pull-down experiments (Wu et al., 

2006).  

Currently, the binding interactions involving GSTP1 have been the most studied, 

because GSTP1 overexpression in cancer cells can lead to tumor resistance of anti-

cancer drugs. Some anti-cancer drugs, such as cisplatin (Achkar et al., 2018), can 

induce cell death by activating MAPK pathways involving JNK and p38-MAPK. GSTP1-

1 has an increased expression in drug-resistant tumors which can influence cell 

proliferation and apoptosis regulation during drug treatment (Laborde, 2010). An 

example is the GSH-based peptidomimetic inhibitor, γ-glutamyl-S-(benzyl) cysteinyl-R(-
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)-phenyl glycine diethyl ester (TLK199 or Ezatiostat® HCl or Telintra®). This agent was 

designed to inhibit GSTP1 and leads to the activation of JNK (Tew et al., 1988). In 

2013, TLK199 was granted ‘orphan drug’ designation by the FDA for the treatment of 

chronic lymphocytic leukemia patients resistant to chlorambucil (Mahadevan and 

Sutton, 2015). It was observed that patients treated with TLK199 achieved further 

remission when it was used in combination with ethacrynic acid, a GST inhibitor, and 

the alkylating agent, chlorambucil (Petrini et al., 1993). 
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Figure 5: Proposed role of GSTP1-1 in cell signaling. GSTP1 binds to JNK which prevents the 
phosphorylation of c-Jun. c-Jun phosphorylation leads to cell stabilization, growth and apoptosis. When a 
cell is under stress, reactive oxygen species cause GSTP1 to aggregate and JNK can phosphorylate c-
Jun. When EzatiostatTM (TLK199) enters a cell, it undergoes de-esterification to the active compound 
TLK117. TLK117 can bind to GSTP and allow JNK to phosphorylate c-Jun. Adapted from (Mahadevan 
and Sutton, 2015). 
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1.5 Glutathione transferase theta 1 

GST Theta family enzymes are structurally and functionally distinct from the A-M-

P families, previously mentioned. There are two human genes/enzymes in this family, 

GSTT1 and GSTT2. GST Theta family genes are found in both plants and animals, 

whereas the A-M-P genes are only found in animals; this indicates that the Theta class 

GSTs predates the divergence of plants and animals (Dixon et al., 2002; Gullner et al., 

2018; Pemble and Taylor, 1992).  

Unlike the A-M-P enzymes, GSTT1 has a weak affinity for GSH and it does not 

bind to GSH affinity columns. The G-site of GSTT1, as determined by X-ray 

crystallography, is partially buried and covered by the N-terminal tail of the polypeptide, 

impeding GSH binding to the G-site (Wilce et al., 1995). GSTT1 does not catalyze the 

conjugation between GSH and CDNB, the otherwise ‘universal’ GST substrate. The 

electrophile commonly used to measure the catalytic activity of GSTT1 is 1,2-epoxy-3-

(4-nitrophenoxy)propane (EPNP) (Meyer et al., 1991). GSH conjugates opens the 

epoxide ring of the substrate and causes a shift in its absorbance spectrum, which 

allows catalytic activity to be measured spectrophotometrically (Jemth and Mannervik, 

1997).  

The Mannervik lab examined a species difference between human GSTT1 and 

its mammalian orthologues. Human GSTT1 has a tryptophan residue at position 234 in 

the active site. Mouse and rat GSTT1 enzymes have arginine at the corresponding 

position and have much higher catalytic activities than human GSTT1. Replacement of 
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the tryptophan residue via site-directed mutagenesis (W234R) greatly increases the 

catalytic activity of the human enzyme (Tars et al., 2006).  

The bulky tryptophan residue W234 appears to block the active site and reduce 

catalytic activity. Apparently, natural selection has not acted to maximize GSTT1 

catalytic activity, suggesting that catalysis of conjugation reactions may not be the 

primary biological function of GSTT1. 

Although GSTT1 catalyzes a detoxication reaction, and relatively high expression 

of GSTT1 would therefore be expected in organs that play major roles in detoxication, 

such as the liver and kidney. A human mRNA expression database (biogps.org) shows 

highest expression of GSTT1 in prostate, thyroid, and lung, with lower expression in 

kidney and almost no detectable expression in liver. This pattern is inconsistent with a 

detoxication role. In 1994, Pemble and colleagues conducted a study with human RBCs 

to observe the conjugation reactions of halomethanes by GSTT1 (Pemble et al., 1994). 

This means that GSTT1 is produced in RBCs at a detectable level. In this thesis, 

prostate cells and RBCs will be used to study the binding partners of GSTT1. Prostate 

cells will be used because it is an unexpected tissue to have a high expression level of 

GSTT1. The LC-MS/MS results obtained from the prostate cells will be compared to 

results obtained from the RBCs since GSTT1 in RBCs have been observed to 

conjugate electrophiles which is the traditionally studied role of GSTs.  

 The study by Pemble and colleagues found that 30-40% of humans are 

homozygous null for GSTT1 due to a full gene deletion (Pemble et al., 1994). It is still 

unknown what the health implication are of being a null individual. 
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It has been predicted in-silico through the interologous interactions and biogrid 

databases that HINT1 (Lima et al., 1996), myosin light chain 6 (MYL6) and cystatin B 

(CSTB) can interact with GSTT1 (ophid.utoronto.ca; thebiogrid.org). HINT1 is a 

nucleotide phosphoramidase (Chou et al., 2005) and acyl-AMP hydrolase (Zhou et al., 

2013), for more information see section 1.6. MYL6 is a cytoskeletal protein (Heissler 

and Sellers, 2014) and CSTB is a cysteine protease inhibitor that can mediate p53-

induced apoptosis (Joensuu et al., 2007; Zhang et al., 2016a). It is believed that CSTB 

is involved in epithelial ovarian cancer, colon cancer, gastric cancer, re-occurring 

bladder cancer, and myoclonus epilepsy (Cipollini et al., 2008; Zhang et al., 2016a).  

Mainwaring and colleagues reported that mouse GSTT1 has nuclear localization, 

again unexpected for a detoxication enzyme (Mainwaring et al., 1998). Interestingly, two 

of the predicted binding partners, HINT1 (Klein et al., 1998; Lima et al., 1996) and 

CSTB (Riccio et al., 2001), are nuclear proteins. 

A 2013 proteomic study examined binding partners of a variant form (T790M) of 

epidermal growth factor receptor (EGFR) a receptor tyrosine kinase (Li et al., 2013). 

Many cancers have an upregulation in EGFR such as non-small-cell lung cancer, 

metastatic colorectal cancer, glioblastoma and breast cancer (Wee and Wang, 2017). 

The T790M mutation causes increased receptor signaling, leading to tyrosine kinase 

inhibitor drug. The study compared the protein binding partners of wild type (WT) and 

T790M lung cancer cells, using Tandem Affinity Purification and phosphopeptide 

immunoprecipitation, followed by nano LC-MS/MS. One potential binding partner of WT 

EGFR was observed to be GSTT1 (Li et al., 2013).  



 

 

17 

 

During the course of my research, Kim et al. (2020) published evidence for a role 

of GSTT1 in inflammatory bowel disease through studying proteins that interact with 

GSTT1, or interfere with GSTT1 dimerization. Through GSTT1 knockout and re-

expression studies in mice and HT-29 cells, increases in interleukin-22 (IL-22), a 

cytokine, and GSTT1 expression were observed. This evidence suggested that IL-22 

upregulates GSTT1 expression. Subsequently, mutant HT-29 cell lines were developed 

using CRISPR. The mutations affected the dimerization sites of GSTT1. When the 

mutant cell lines were treated with IL-22, a decrease in the phosphorylation of signal 

transducer and activator of transcription 3 (STAT3) protein and p38/MAPK was 

observed. STAT3 and p38/MAPK are both key proteins in signaling pathways that are 

activated by IL-22. STAT3 is involved in inflammation response signaling (Yu et al., 

2009). P38/MAPK is involved in inflammation response signaling (Zarubin and Han, 

2005). This observation suggests that GSTT1 can interact with STAT3 and p38/MAPK 

signaling pathways. It is worth noting that this was not a proteomic study: the 

researchers only examined target proteins in the epithelial immune response for 

changes in GSTT1 dimerization. GSTT1 could interact with another protein upstream 

from STAT3 or p38/MAPK (Kim et al., 2020).  

Another study that was published during the course of my research examined the 

possibly of ASK1 interacting with the human cytosolic GSTs. The in-silico portion of the 

study involved calculating protein-protein docking, alanine scanning mutagenesis, and 

simulations of molecular dynamics. Through the in silico analyses it was determined 
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that GSTT1 had the highest potential of binding to ASK1 in the H-site. (Uppugunduri et 

al., 2020).  

In summary, the properties of human GSTT1 are very different from the A-M-P 

GSTs and do not align with the pattern expected of a detoxication enzyme, in terms of 

catalytic activity, sub-cellular localization, and tissue distribution. There is some 

evidence in the literature to suggest that the protein may have a ‘moonlighting’ role in 

cell signaling, and testing this possibility was the aim of my research. 
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1.6 Histidine triad superfamily and Histidine Triad Nucleotide Binding 
Protein 1 

In this section, I will discuss the HINT1 protein, which was identified in my 

research as a possible binding partner of human GSTT1. HINT1 is a member of the 

histidine triad (HIT) superfamily, which is found in both prokaryotes and eukaryotes 

(Brenner et al., 1997). HIT proteins are characterized by the “HIT motif”, the sequence 

HXHXHXX, where H = histidine and X = a hydrophobic amino acid (Mozier et al., 1991). 

HIT proteins are nucleotide hydrolases and transferases, based on sequence, substrate 

specificity, and structure (Brenner, 2002). The proteins have been classified into three 

branches, as follows: 1) HINT proteins are adenosine 5’-monophosphoramidate 

hydrolases (Brenner et al., 1997) (see figure 6), 2) fragile histidine triad proteins are 

diadenosine polyphosphate hydrolases (Huang et al., 1995), 3) galactose-1-phosphate 

uridylytransferases are nucleotide monophosphate transferases (Wedekind et al., 

1996). Here, only the HINT proteins will be discussed further. 

HINT1 was first named “protein kinase C-interaction protein 1” because it was 

believed, on the basis of yeast-two hybrid assay experiments (Klein et al., 1998), to 

interact with protein kinase C; however, this result could not be confirmed and the 

misnomer was abandoned. HINT1 was subsequently shown to bind nucleotides and to 

catalyze hydrolysis reactions (Brenner et al., 1997; Gilmour et al., 1997; Lima et al., 

1997; Lima et al., 1996). Structural analysis (X-ray crystallographic) demonstrated that 

the HIT motif and other highly conserved residues interact with purine bases, ribose 

sugars and 5’-monophosphate groups (Brenner et al., 1997). 



 

 

20 

 

                            

Figure 6: Hydrolysis of adenosine 5’-monophosphoramide. Adenosine 5’-monophosphoramide is 
hydrolyzed by HINT1 through removing the NH2 group from the phosphate and forming adenosine 
monophosphate. Adapted from (Brenner et al., 1997; Zhou et al., 2013). 
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HINT1 

HINT1 is a nuclear protein, a homodimer of approximately 14 kDa subunits (Lima 

et al., 1996). HINT1 is a nucleotide phosphoramidase (Chou et al., 2005) and acyl-AMP 

hydrolase (Zhou et al., 2013) with a preference for purines (Chou et al., 2005). 

Nucleotides hydrolyzed by HINT1 include ADP (Gilmour et al., 1997) and adenosine 

5N-phosphoramide (Bieganowski et al., 2002). ProTide (nucleotide) drugs have been 

developed in order to use the phosphoramidase activity of HINT1 to assist with drug 

delivery. To make crossing the cell membrane easier, the anionic charge of the 

therapeutic nucleotide is camouflaged by an amino acid that is coupled to the 

phosphate group. Once the drug is inside the cell, the phosphoramidase activity of 

HINT1 removes the amino acid. Kinases then add phosphates, leading to the 

production of the therapeutic triphosphorylated form (Abraham et al., 1996; Mehellou et 

al., 2018; Strom et al., 2020). An example of a ProTide drug is SofosbuvirTM (PSI-7851). 

Refer to the figure in (Murakami et al. 2010) for the hydrolysis of PSI-7891 by HINT1. 

PSI-7891 is used to treat chronic hepatitis C because it inhibits viral RNA synthesis 

(Murakami et al., 2010). HINT1 is a tumor suppressor, as explained below, and a 

possible target to enhance the pain-reducing effects of opioids. This review will focus on 

the tumor suppressor function of HINT1.  
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HINT1 as a tumor suppressor 

HINT1 interacts with microphthalmia-associated transcription factor (MIFT) (Razin 

et al., 1999) and cyclin-dependent kinase 7 (Cdk7) (Korsisaari and Makela, 2000). Both 

MIFT and Cdk7 are both involved in transcriptional regulation and control.  

In mast cells, HINT1 interacts with MIFT, causing MIFT to be transcriptionally 

suppressed. MIFT can bind to E box enhancer elements when it is not part of the MIFT-

HINT1 complex. When the signaling molecule diadenosine-polyphosphate (Ap4A) binds 

to the active site of HINT1 (Delicado et al., 2006), the MIFT-HINT1 complex is 

disrupted. This was observed through western blotting of samples collected from pull-

down assays with immobilized GST-tagged HINT1 and [35S] MIFT in the presence of 

100 μM Ap4A. The binding interactions between HINT1 and MIFT were further assayed 

through surface plasmon resonance (Brevet et al., 1982). In 2004, Lee and colleagues 

confirmed this binding interaction through a yeast-two hybrid and luciferase co-

transfection assays. The luciferase co-transfection assay showed that HINT1 inhibits 

the transcription factor activities of MIFT. This disruption leads to increased transcription 

of the genes enhanced by E box enhancer elements (Lee et al., 2004), such as c-kit 

receptor tyrosine kinase (c-Kit) (oncogene) (Babaei et al., 2016), lymphocyte serine 

protease granzyme B (serine protease) (Trapani, 2001), and tryptophan hydroxylase.   

Cdk7 has two known cellular functions: 1) phosphorylation and activation of Cdks 

(Jeffrey et al., 1995), 2) phosphorylation of RNA polymerase II (Drapkin et al., 1996). 

The interaction between HINT1 modifies its substrate specificity: when HINT1 is 
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associated with Cdk7, phosphorylation of RNA Polymerase II is preferred (Korsisaari 

and Makela, 2000).  

HINT1 interacts with the ataxia telangiectasia group D-complementing (ATDC) 

gene product (Brzoska et al., 1996), also known as the tripartite motif or TRIM29 (Kapp 

et al., 1992). This interaction was determined through the analysis of a yeast-two hybrid 

assay with ATDC and a Hela cDNA library (Brzoska et al., 1996). HINT1 is abundant in 

RBC (Bryk and Wisniewski, 2017) and overexpressed in prostate cancer tissue (Symes 

et al., 2013). 

In hepatoma cell lines, it has been shown through a reporter luciferase assay that 

HINT1 can inhibit the Wnt/ β-catenin signaling pathway through inhibiting the gene 

transcription of T-cell factor protein (Wang et al., 2009). It is believed that the 

overexpression of HINT1 in prostate cancer cells (oncomine.org) contributes towards 

this inhibition (Symes et al., 2013).  

This thesis will include a proteomic analysis, using human prostate cells and 

RBCs, to determine possible binding partners of GSTT1. Through this analysis, a likely 

binding partner was determined to be HINT1. The binding interaction between GSTT1 

and HINT1 was investigated further. 
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2 Materials and Methods 

2.1 Ethics statement 

All experiments involving RBCs were performed with the approval of the University of 

Guelph Human Ethics and Health & Safety committees.  

2.2 Chemicals 

All the chemicals and reagents used were of the highest grades commercially availiable. 

2.3 IMAC purification of His-tagged GSTT1 

GSTT1 was produced in JM106 Escherichia coli (E. coli) cells that have been 

transformed with a pKK-D expression plasmid as described in (Josephy et al., 2006). LB 

medium (100mL) with ampicillin (100 μL/mL) was inoculated with the JM106 E. coli cells 

expressing GSTT1. The flask was placed in a shaker (250 rpm, 37oC, overnight). LB 

medium (2L) with ampicillin (100 μL/mL) was inoculated with the overnight culture and 

agitated (250rpm, 37oC) until an OD of 0.8 was reached. IPTG (1mM) was added to the 

2L culture and agitated (250rpm, 37oC, 4 h). The E. coli cultures were centrifuged at, 

10 000 rpm at 4oC for 10 min. The supernatant was discarded. Lysozyme (0.2mg) and a 

wash/bind buffer made of 1.0M NaCl, 2.0M imidazole and 100mM sodium phosphate 

buffer (500 μL) were added to the pellet. The pellet was incubated on ice for 1 h and 

sonicated (5 times, 30 sec on, 30 sec off). The sonicated suspension was centrifuged 

(10 000 rpm, 4oC, 30 min). The supernatant was collected and his-tagged GSTT1 was 

purified using GE Healthcare Chelating SepharoseTM Fast Flow resin (GE Healthcare 

Bio-sciences Corp., Piscataway, NJ, USA). The resin was charged with NiSO4 (0.2 M). 
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The bind, wash and elution buffers (20 mM Tris pH 7.9 and 0.3 M NaCl) contained 5-, 

60-, and 500-mM imidazole respectively.  

2.4 SDS-PAGE gel 

12% VWR Life Science Next Gel Polyacrylamide Gel Electrophoresis Solutions (10mL) 

(VWR Life Science, Solon, OH, USA) was mixed with 10% APS (100μL) and TEMED 

(6μL) to make 1.5mm SDS-PAGE gels. The MW marker was Precision Plus Protein 

Standard (Bio-rad, 1610374), unless otherwise specified.   

2.5 Coomassie blue staining  

Coomassie brilliant blue staining solution was prepared as described in (Protocols, 

2007a). SDS-PAGE gels were stained for 20 min-16 h. De-stain was prepared as 

described in (Protocols, 2007b). SDS-PAGE gels were de-stained for 16-72 h. The gels 

were imaged using the Coomassie stain setting on a Bio-rad ChemiDoc XRS+ imaging 

system. Images were contrast enhanced where appropriate.  

2.6 Purified protein dialysis 

Dialysis buffer was tris buffer (10 mM, pH 7.8) plus 20% glycerol. Dialysis was 

performed for 24 h at 4oC with buffer changes after 6 and 12 h. Regenerated cellulose 

dialysis tubing (12 000 – 14 000 MWCO) (Fisher, Nepean, ON, CA) was used. 

2.7 Bradford assay 

Coomassie Protein Assay Reagent (ThermoFisher Scientific, Rockford, IL, USA) was 

used as directed without modification.  
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2.8 EPNP enzyme assay 

0.1 M Potassium phosphate buffer (pH 6.5) was prepared by mixing 2 M KH2PO4 (13.25 

mL), 4 M K2HPO4 (36.75 mL) and 0.5 M EDTA (100 μL) and diluting to 1L with H2O. 

EPNP solution (30 mM) was made by dissolving EPNP (31.5 mg) in 95% ethanol (1mL). 

GSH solution (90 mM) was prepared by dissolving GSH (28.73 mg) in 0.1 M potassium 

phosphate buffer (1mL). 0.1 M potassium phosphate buffer (10 mL) was warmed for 30 

min at 30oC. 90 mM GSH (83.4 μL), 30 mM EPNP (25 μL), and 0.1 M phosphate buffer 

were mixed with 0-100 μL of purified GSTT1 or milliQdH2O. The cuvettes were placed in 

a “Cary-UV BIO 300” spectrophotometer and the “kinetics” software was used (360 nm, 

averaging time 2 sec, bandwidth 2.0 nm, stop time 5 min).  

2.9 Identifying intermolecular interactions via the “pull-down” 
technique 

In this study, a direct proteomic analysis was completed to identify cytosolic proteins 

that could potentially interact with a recombinant his-tagged human GSTT1 protein, as 

described in (Josephy et al., 2006). The method followed the general approach of (Dong 

et al., 2019; Greetham et al., 2004; Park et al., 2012), a pull-down assay with proteomic 

analysis. In the study by Dong and colleagues a immunoprecipitation was completed 

with GFP-androgen receptor (AR) (bait) and C4-2 (prostate cancer cell line) lysates. 

ARs are transcription factors that are also involved in the initiation and proliferation of 

prostate cancer. The proteins were eluted with a high pH glycine-HCl solution. The 

samples were observed using silver stained SDS-PAGE gels and the elution was further 
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analyzed using LC-MS/MS. The study observed a binding interaction between Hsp70 

and AR (Dong et al., 2019).  

Greetham and colleagues bound purified GST protein with an ultralink biosupport 

matrix. A C. elegans lysate was incubated with the matrix for 16 hours at 4oC.A NaCl 

gradient was used to elute the proteins. The collected pull-down samples were 

observed using silver stained 2-DE. The eluted protein samples were cut from the gel 

and analyzed using matrix assisted laser desorption ionization-time of flight mass 

spectrometry. In the study, CE30123, a c-Jun N-terminal kinase was observed to 

interact with C. elegans GSTs (Greetham et al., 2004). 

The representative studies cited above demonstrate the power of pull-down assays: 

their specificity, especially when combined with the use of mass spectrometry for 

protein identification, facilitates the identification of proteins that interact with a target of 

interest. Rather than limiting a study to the examination of potential (preconceived) 

partners, the proteomic approach makes it possible to discover interactions that were 

entirely unexpected. For these reasons, I based my studies on this approach.  

In my experiments, since GSTT1 has a weak binding affinity to GSH columns (see 

section 1.5), his-tagged GSTT1 was bound to a Ni-sepharose column. The GSTT1 was 

incubated with the PC-3 or RBC lysates for 16 hours. The lysate of the mammalian cell 

line PC-3 as well as the lysates of RBCs from human donors were used because of 

high GSTT1 expression levels in these cell types (see section 1.5). The purpose was to 

determine the potential binding partners of GSTT1. The most interesting potential 

binding partner observed through preliminary was HINT1. Confirmation of the potential 
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GSTT1-HINT1 binding interaction was completed through western blotting and 

additional LC-MS/MS analysis.  

2.10 GSTT1 Pull-down assay 

Mammalian cell lysis buffer 

The lysis buffer used was as described in (Brasher et al., 2017). The cells were washed 

3X with 1X PBS (1mL). Lysis buffer (1 mL), 10 mM PMSF (5.7 μL) and 20 mg/mL 

leupeptin (1 μL) were added to the cells. The lysed cells were scraped from the plate 

and the suspension was gently rotated for 10 min at 4oC. The lysate was centrifuged for 

10 min at 13 000 rpm at 4oC.  

Pull-down assay 

His-tagged GSTT1 was immobilized on GE Healthcare Chelating SepharoseTM Fast 

Flow resin (GE Healthcare Bioscience Corp., Piscataway, NJ, USA). See section 2.2 for 

NiSO4 concentration and bind, wash and elution buffer recipes. GSTT1 was immobilized 

on the column and incubated for 1 h before it was incubated with either PC-3 or RBC 

lysate (16 h, 4oC). The column was washed 6X with wash buffer (5mL) before being 

eluted (5mL). For the pull-down assays that were later analyzed through western 

blotting, the flowthrough, bind, wash 1, wash 3, wash 5 and elution samples were 

concentrated from 3 mL to 0.5 mL samples using AmiconTM Ultra Centrifugal Filter Units 

(MilliporeSigmaTM, UFC500324).  
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2.11 Silver staining  

PierceTM Silver stain kit (ThermoFisher Scientific, Rockford, IL, USA) was used and 

directions were followed without modification. The gels were imaged using the silver 

stain setting on a Bio-rad ChemiDoc XRS+ imaging system. Images were contrast 

enhanced where appropriate.  

2.12 Trypsinization and LC-MS/MS 

Either the elution sample (see section 2.9) or the washed protein on the beads were 

trypsinized. The samples were then analyzed using proteomic LC-MS/MS at the 

SPARC Biocentre at Sick Children’s Hospital, Toronto (unless otherwise specified). The 

LC-MS/MS data was analyzed by the SPARC Biocentre or through the use of Perseus 

and the student’s t-test to determine the most probable binding partners (Dr. Jennifer 

Geddes-McAlister, University of Guelph). The most probable binding partners were 

further analyzed based on whether the protein has been in-silico predicted to be a 

GSTT1 binding partner (interologous interactions database and biogrid) 

(ophid.utoronto.ca; thebiogrid.org), expression in RBCs or prostate cells, if the proteins 

are known/ in-silico predicted to bind to other proteins found through the pull-downs 

(STRING database, string.db.org), and if the proteins are known to interact with GST 

proteins.  
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2.13 Separation of RBCs from whole blood samples 

Whole blood was collected from six volunteers (4mL) using a certified phlebotomist at 

the University of Guelph. The blood samples were stored in a locked cabinet (4oC, 

overnight). RBCs were separated from the whole blood samples using ficoll-paqueTM 

PLUS media as directed in the manual (GE Healthcare, 36-101-6383). The six samples 

were randomly divided into “A” and “B” pools of three samples each. RBCs were lysed 

as in section 2.10. Protein concentrations were quantitated on the basis of hemoglobin 

concentration, determined by spectrophotometry.   

2.14 GSTT1-HINT1 FP-LC analysis 

A mixture of 0.2 mg/mL GSTT1 (0.2 μL) and 0.2 mg/mL HINT1 (0.2 μL) that had been 

mixed for one week at 4oC on a tube rotator was injected into an ÄKTA pure 25 FP-LC 

(GE Healthcare Bio-Science AB, Uppsala, SE) with a Superdex G75 gel-filtration 

column (GE Healthcare Bio-Science AB, Uppsala, SE). The controls used were 0.2 

mg/mL HINT1 and 0.2 mg/mL GSTT1. The column was equilibrated with a 50mM Tris-

HCl, 100mM NaCl (pH 7.5) buffer.  
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2.15 Western blotting 

See Section 2.3 for SDS-PAGE method. The protein loading was 40 g per well. 

MilliporeSigmaTM ImmobilonTM-P PVDF Transfer membranes (MilliporeSigma, 

IPVH00010). The membranes were blocked with 10% skim milk powder mixed with 1X 

PBS (1L) and Tween 20 (0.5 mL) for 1 h at room temperature. The membranes were 

stained with anti-HINT1 rabbit monoclonal antibody (1:250) (Proteintech, 10717-1-AP) 

overnight at 4oC. The membranes were washed with a mixture of 1X PBS and Tween 

20 (0.5 mL/L) (PBS-T) 3X 15 min at room temperature. The membrane was then 

stained with an anti-rabbit HRP-conjugated antibody (1:2000) (Abcam, ab97051) for 45 

min at room temperature. The membrane was washed with PBS-T 4X 15 min at room 

temperature. The stain was visualized using ClarityTM Western ECL Substrate (Bio-rad, 

Mississauga, ON, CA) and a Bio-rad Chemidoc XRS+ imaging system. Images were 

contrast enhanced where appropriate. 
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3 Results 

3.1 GSTT1 IMAC purification 

GSTT1 was purified from E. coli cells using IMAC purification.  

The recoveries of purified GSTT1 from the E. coli cultures (2L each) used in the 

pull-down assays (section 3.2) were as follows: assay 1, 3 mg; assays 2-3,14.7 mg; 

assays 4-7, 25.2 mg.  

 

Figure 7: SDS-PAGE gel analysis of purified 
GSTT1. The Coomassie stained SDS-PAGE 
gel shows purified GSTT1 protein in elution 2. 
This is an example of typical gel that was 
generated.  
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3.2 GSTT1 Pull-down analysis with PC-3 lysate 

Pull-down assays were conducted with his-tagged GSTT1 and protein lysates 

prepared from PC-3 cells. The goal of this experiment was to discover whether there 

are any potential binding partners of GSTT1 in PC-3 cells that could be observed 

through analysis with a silver stained SDS-PAGE gel. Potential binding partners would 

be observed as defined bands in the elution sample. Also, the elution/washed bead 

samples would be further analyzed through proteomic LC-MS/MS and possibly western 

blotting for detection of likely binding partners. Three GSTT1 pull-down assays were 

conducted with PC-3 protein lysates. Two different methods were used: 

elution/digestion, where the bound proteins were eluted from the beads with imidazole 

and then treated with trypsin in solution; and on-bead digestion, where the beads with 

bound protein were sent to the SPARC biocentre, where they were trypsinized directly.  

The PC-3 protein lysate was used during the pull-down assay because according 

to online expression databases (biogps.org) there is a high expression rate of GSTT1 

within prostate cells.  

The lysate used in the first pull-down was not prepared for protease inhibitors 

(PMSF and Leupeptin), unlike the lysates used in all subsequent assays in this thesis. 

The defined bands that are present in the elution sample are possible protein binding 

partners. This will be further studied using proteomic LC-MS/MS. 
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Table 1: Summary of the GSTT1 pull-down assays with PC-3.  

Assay 

number 

GSTT1 

preparation 

concentration 

(mg/mL) 

GSTT1 

protein  

mass 

(mg) 

Protein lysate 

concentration 

(mg/mL) 

Protein 

lysate  

mass 

(mg) 

Mass ratio 

GSTT1: 

protein 

lysate 

1 1.5 0.8 6.7 13 1:20 

2 4.9 2.4 0.7 1.4 1:5 

3 4.9 2.4 0.6 1.8 1:7 

 

 

 

 

 

 

 

 

Figure 8: SDS-PAGE gel analysis of the 
+GSTT1 +PC-3 lysate pull-down. A typical 
silver stained SDS-PAGE gel for the samples 
collected from the GSTT1 and PC-3 lysate pull-
down. The elution shows that the bait, GSTT1, 
is present along with several defined bands 
indicating possible binding partners.  

 

 

 

 

 

 

 



 

 

35 

 

 

 

Figure 9: SDS-PAGE gel analysis of the 
+GSTT1 -PC-3 lysate pull-down. A typical 
silver stained SDS-PAGE gel for the samples 
collected from the control with GSTT1 and no 
PC-3 lysate pull-down. The elution shows that 
the bait, GSTT1, is present along without any 
bands indicating possible binding partners. 

 

Figure 10: SDS-PAGE gel analysis of the -
GSTT1 +PC-3 lysate pull-down. A typical 
silver stained SDS-PAGE gel for the samples 
collected from the control PC-3 lysate and no 
GSTT1 pull-down. The elution shows that the 
bait, GSTT1, is not present in the elution and 
that the PC-3 lysate proteins were eluted from 
the column in the flow through/ bind and 1st 
wash samples.  
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3.3 GSTT1 Pull-down analysis with RBC lysate 

In this set of experiments pull-down assays were conducted similarly to those 

presented in section 3.2, but with human RBC lysate instead of PC-3 lysate.  

Two GSTT1 pull-down assays were conducted with RBC protein lysates. Both 

samples contained 1.2 mg of 4.2 mg/mL solution of purified GSTT1 and 760 mg of 190 

mg/mL of the RBC lysate mixture. This meant that both assays with a protein ratio of 

1:181 GSTT1: RBC lysate. The samples were analyzed using LC-MS/MS through on-

bead digestions.  
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Figure 11: SDS-PAGE gel analysis of the 
+GSTT1 +RBC lysate pull-down. The silver 
stained SDS-PAGE gel for the samples collected 
from the GSTT1 and RBC lysate pull-down. The 
elution shows that the bait, GSTT1, is present in 
the elution for the first and second RBC lysate 
samples as well as defined protein bands that are 
not present in the sixth wash and may be potential 
binding partners. Hemoglobin (Hb) is present in all 
of the samples since RBCs produce a high 
abundance of Hb that is difficult to wash off the 
column.  

 

 

 

Figure 12: SDS-PAGE gel analysis of the 
+GSTT1 +Blood control samples pull-downs. 
The silver stained SDS-PAGE gel for the samples 
collected from the GSTT1 and RBC lysate pull-
down. The elutions for the two -GSTT1 +RBC 
lysate samples, GSTT1 is not present. For the 
control that is +GSTT1 -RBC lysate the elution 
has GSTT1 and no other bands. Hb is present in  
-GSTT1+RBC of the samples since RBCs 
produce a high abundance of Hb that is difficult to 
wash off the column.  
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3.4 Proteomic LC-MS 

Three proteins were previously predicted in silico, through both the interologous 

interactions database and the biogrid database to bind with GSTT1 (ophid.utoronto.ca; 

thebiogrid.org). The proteins predicted to bind to GSTT1 were MYL6, CSTB and HINT1 

(see section 1.5 & 1.6). 

Proteins of interest are defined as proteins that were observed through the 

proteomic LC-MS/MS analysis through comparing the +GSTT1 samples to the -GSTT1 

samples. Proteins were then prioritized through researching the known roles.  

Since HINT1 was predicted in silico to bind to GSTT1, and was also found in all 

three PC-3 lysate pull-down assays and both RBC pull-down assays, the potential 

interaction of HINT1 with GSTT1 was further analyzed in the following sections.  

Among other notable proteins identified through the proteomic LC-MS/MS assays 

of the eluted fractions from the pull-down assays were CSTB and C20orf27. CSTB was 

found in all three of the PC-3 pull-down analyses. C20orf27 was observed in all three 

PC-3 pull-down assays and the two RBC pull-down assays. C20orf27 is a hypothetical 

protein that is believed to promote growth and proliferation of colorectal cancer cells 

(Gao et al., 2020). However, these possible interactions were not studied further. 

Fewer proteins were expected in the pull-down assays with RBC lysates than with 

PC-3 cells, because a smaller set of proteins are present in RBC compared to most 

other cell types. The proteins observed in both RBC lysate samples were: HSPA1A, 

HSPA8, MTHFD1, PSMC6 and TSN1 (see figure 14 and table 3 for details). 
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Proteins found in all three PC-3 pull-down assays, included ARHGDIA, ATXN2, 

CSNK2B, CTH, CTLA, FHL2, IARS, KARS, NCOR2, PEBP1, PRDX3, PRKDC, 

SDF2L1, SFN, SIN3A, TMPO, WDR82, and UGT1A alternative splicing forms (see 

figure 14 and table 3 for details).  

 

Figure 13: Possible binding partners of GSTT1: Venn diagram. Possible GSTT1 interacting proteins 
identified through in silico predictions and/or by pull-down assays with PC-3 or RBC lysates. 
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Table 2: Proteins of interest identified through LC-MS/MS and their cellular functions 

Protein 
Function Process Reference 

ARHGDIA Signaling Rho GTPase pathway (Lu et al., 2016) 

ATXN2 Signaling Calcium homeostasis pathway 
(Halbach et al., 

2017) 

C20orf27 Signaling TGFβR-TAK1-NFkB pathway (Gao et al., 2020) 

CSNK2B Signaling NF-κB pathway (Xiao et al., 2020) 

CSTB Signaling PI3K/Akt/mTOR pathway 
(Zhang et al., 

2016a) 

CTH Signaling Transsulfuration pathway 
(Román et al., 

2019) 

CTLA  Unknown Unknown Unknown 

FHL2 Signaling TGF-β pathway (Wixler, 2019) 

HINT1 Enzyme Enzyme see thesis 

HSPA1A Signaling Wnt/β-catenin pathway 
(Zhang et al., 

2016b) 

HSPA8 Signaling Akt pathway (Wang et al., 2018) 

IARS Signaling p38 MAPK/PI3K pathway (Li et al., 2019) 

KARS Signaling ERK/MEK and AKT/S6K pathways (Chen et al., 2019) 

MTHFD1 Signaling Folate pathway 
(Krajinovic et al., 

2004) 

NCOR2 
Transcriptional 

regulator 
IL-4 pathway 

(Sander et al., 

2017) 

PEBP1 Signaling Ferroptosis 
(Ogihara et al., 

1999) 

PRDX3 Enzyme Peroxiredoxin 
(Ramasamy et al., 

2020) 

PRKDC Signaling Non-homologous end-joining (Sun et al., 2017) 

PSMC6 Signaling Bortezomib resistance (Shi et al., 2017) 

SDF2L1 Signaling ϴ-defensin biosynthetic pathway 
(Tongaonkar and 

Selsted, 2009) 

SFN 
Translation 

regulator 

Cell signal checkpoint protein and 

mitotic translation regulator 
(Hu et al., 2019) 

SIN3A Signaling 

Epithelial-to-mesenchymal transition 

and cell invasion during breast 

cancer progression 

(Li et al., 2017) 
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TMPO Signaling Unknown (Liu et al., 2019) 

TSN1 
Metabolism 

and Transport 
DNA and RNA binding 

(Perez-Cano et al., 

2013) 

WDR82 Signaling Virus-triggered type I IFNs pathway (Zhu et al., 2015) 

UGT1A* Enzyme Glucuronosyltransferase 
(DeMattia et al., 

2017) 

*alternative splicing forms 
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3.5 FP-LC analysis of GSTT1-HINT1 interaction 

An FP-LC was used to assess the binding affinity of GSTT1 and HINT1. It was 

determined that there is not high affinity binding between GSTT1 and HINT1, as 

suggested by the lack of a strong peak at approximately 41kDa, which would indicate a 

dimer of GSTT1 and HINT1. This means that it is possible that GSTT1 and HINT1 have 

the ability to bind, but this binding interaction is not a strong interaction (refer to figure 

15). It is possible that HINT1-GSTT1 binding is mediated by another, currently 

unidentified factor, such as a protein, lipid, RNA, or metal.  
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Figure 14: Analysis of GSTT1 + 
HINT1 using FP-LC. FP-LC 
analysis of GSTT1 and HINT1 
mixture. There was no strong peak 
indicating a strong binding 
interaction between GSTT1 and 
HINT1. The red lines indicate a 
control sample of GSTT1. The blue 
line indicates a control sample of 
HINT1. The black line indicates a 
sample of GSTT1 and HINT1 mixed 
together. The proteins were 
incubated at 4oC for 1 week in a 
solution of Tris, NaCl and glycerol.  
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3.6 GSTT1 Pull-down assay with PC-3 lysate probing for HINT1 by 
immunoblotting  

In this experiment, pull-down assays were conducted as in section 3.2, but the 

samples were analyzed using immunoblotting (western blotting) with an antibody to 

HINT1, to validate further the identification of HINT1 as a binding partner of GSTT1.  

The results showed that HINT1 could be detected in the elution and wash 5 

samples from the pull-down assays, consistent with the proteomic results from section 

3.4. It was observed that HINT1 was present in the wash 3, wash 5 and the elution 

samples collected from the sixth pull-down assay (refer to figure 16). It was observed 

that HINT1 was present in the wash 1, wash 3, wash 5 and elution (refer to figure 21). 

This suggests that GSTT1 and HINT1 are protein binding partners. It is also possible 

that GSTT1 and HINT1 may be part of a complex with a currently unidentified factor, 

such as a protein, RNA, lipid or metal. HINT1 was present in the wash 1, wash 3 and 

wash 5 samples because the wash buffer did have a small concentration of imidazole 

(60mM), meaning that some of the HINT1 would have moved through the column during 

the washing steps, even if there was binding activity. The ratio of PC-3 lysate to GSTT1 

that was used was 60:1 for the first trial and 63:1 for the second trial.  

Table 3: Summary of the GSTT1 pull-down assay 

Assay 
number 

GSTT1 
preparation 
concentration 
(mg/mL) 

GSTT1 
protein  
mass 
(mg) 

Protein 
lysate  
concentration 
(mg/mL) 

Protein 
lysate 
mass 
(mg) 

Mass 
ratio 
GSTT1: 
protein 
lysate 

6 
4.2 1.2 3 12 1:60 

7 
4.2 1.2 3.6 12.6 1:63 
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Figure 15: GSTT1 Pull-down experiment; 
PC-3; Western blot for HINT1. The protein 
ladder that was used was bluELF (froggabio, 
PM008-R500). This image shows a blot 
probing for HINT1 of the samples collected 
from a GSTT1 pull-down with a PC-3 lysate 
for trial 1. HINT1 was observed in the 
elution, wash 5, and wash 3 samples. 5 sec 
exposure.  

 

 

 

Figure 16: GSTT1 Pull-down experiment; 
Western blot for HINT1; no PC-3 lysate 
control. This image shows a blot probing for 
HINT1 of the samples from a GSTT1 pull-
down with no PC-3 lysate for trial 1. HINT1 
was not observed in any of the samples. 5 
sec exposure.  

 

 

 

Figure 17: GSTT1 Pull-down experiment; 
Western blot for HINT1; no GSTT1 lysate 
control. This image shows a blot probing for 
HINT1 of the samples from pull-down with 
PC-3 lysate and no GSTT1 for trial 1. HINT1 
was observed in the wash 1 and wash 3 
samples. 10 sec exposure.  

 

 

Figure 18: Analysis of a HINT1 probe for 
+GSTT1 -PC-3 pull-down samples. This 
image shows a blot probing for HINT1 of the 
samples from a GSTT1 pull-down with no 
PC-3 lysate for trial 2. HINT1 was not 
observed in any of the samples. 10 sec 
exposure.  
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Figure 19: Analysis of a HINT1 probe for -
GSTT1 +PC-3 pull-down samples. This 
image shows a blot probing for HINT1 of the 
samples from a pull-down with PC-3 lysate 
and no GSTT1 for trial 2. HINT1 was not 
observed in the flow through, wash 1 and 
wash 3 samples. 5 sec exposure.  

 

 

 

Figure 20: Analysis of a HINT1 probe for 
+GSTT1 +PC-3 pull-down samples. This 
image shows a blot probing for HINT1 of the 
samples from a GSTT1 pull-down with PC-3 
lysate for trial 2. HINT1 was observed in the 
elution, wash 5, and wash 3 samples. 5 sec 
exposure. Note that the band present in the 
wash 1 sample is not HINT1 because it is a 
larger protein. 
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3.7 Confirmatory proteomic LC-MS/MS 

 This was an experimental replicate that followed the same methods as section 

3.4. The washed beads from section 3.6 were analyzed through proteomic LC-MS/MS 

at Bioinformatics Solutions inc., Waterloo.  

HINT1 was observed again through this technical replicate. This further supports 

the notion that GSTT1 and HINT1 are protein binding partners.  

Similar to the previous LC-MS/MS analyses completed with PC-3 and RBC 

lysates, C20orf27 was observed in the elution. This is an indication that C20orf27 is a 

potential GSTT1 protein binding partner.  

For this experimental replicate, CSTB, which was predicted in silico, interologous 

interactions and biogrid databases (ophid.utoronto.ca; thebiogrid.org), to bind to GSTT1 

was not observed. CSTB was previously observed in all three of the previous proteomic 

LC-MS/MS analyses with PC-3 lysates. For more information about CSTB, refer to 

section 1.5. It is unknown why CSTB was not found in this experimental replicate. 

MYL6 which was predicted in-silico, interologous interactions and Biogrid 

databases (ophid.utoronto.ca; thebiogrid.org), to interact with GSTT1 was not found in 

the LC-MS data for any of the analyses completed with PC-3 lysates. This indicates an 

absence of evidence of a binding interaction between MYL6 and GSTT1. 

Similar to the three previous analyses with PC-3 lysates; ARHGDIA, ATXN2, 

FHL2, IARS, KARS, NCOR2, PEBP1, PRKDC, SFN, SIN3A, TMPO, and WDR82 were 

observed in the fourth LC-MS/MS analysis. This indicates that these proteins may be 

potential binding partners of GSTT1 in prostate cells and not RBCs (see figure 22).  
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CSNK2B, CTH, CTLA, PRDX3, SDF2L1, UGT1A alternative splicing forms were 

not found in the fourth LC-MS/MS analysis (refer to figure 23). This observation 

indicates that there is a lack of evidence of GSTT1 protein binding interactions and 

these proteins.  

 

Figure 21: Comparing proteins identified to possibly bind to GSTT1. Possible GSTT1 interacting 
proteins identified through in silico predictions and/or through the four pull-down assays with PC-3 lysates 
and two pull-down assays with RBC lysates. 
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Figure 22: Possible binding partners of GSTT1 identified in PC-3 pull-down assays 1-3 versus 
assay 4: Venn diagram. A comparison of the proteins identified through the first three PC-3 lysate pull-
down assays to those identified in the fourth pull-down assay.  
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Table 4: Proteins of interest identified through LC-MS/MS and their cellular functions. 

Protein 
Function Process Reference 

ARHGDIA Signaling  Rho GTPase signaling pathway (Lu et al., 2016) 

ATXN2 Signaling Calcium homeostasis pathway (Halbach et al., 

2017) 

C20orf27 Signaling  TGFβR-TAK1-NFkB pathway (Gao et al., 2020) 

FHL2 Signaling TGF-β-Signaling pathway (Wixler, 2019) 

HINT1 Enzyme Enzyme See thesis 

HSPA1A Signaling Wnt/β-catenin pathway  (Zhang et al., 

2016b) 

HSPA8 Signaling Akt pathway (Wang et al., 2018) 

IARS Signaling  p38 MAPK/PI3K signaling pathway (Li et al., 2019) 

KARS Signaling  ERK/MEK and AKT/S6K pathways (Chen et al., 2019) 

MTHFD1 Signaling Folate pathway (Krajinovic et al., 

2004) 

NCOR2 Transcriptional 

regulator 

IL-4 pathway (Sander et al., 

2017) 

PEBP1 Signaling Ferroptosis (Ogihara et al., 

1999) 

PRKDC Signaling  Non-homologous end-joining (Sun et al., 2017) 

PSMC6 Signaling  Bortezomib resistance (Shi et al., 2017) 

SFN Translation 

regulator  

Cell signal checkpoint protein and mitotic 

translation regulator 

(Hu et al., 2019) 

SIN3A Signaling  Epithelial-to-mesenchymal transition and 

cell invasion during breast cancer 

progression 

(Li et al., 2017) 

TMPO Signaling  Unknown (Liu et al., 2019) 

TSN1 Metabolism 

and Transport  

DNA and RNA binding (Perez-Cano et al., 

2013) 

WDR82 Signaling Virus-triggered type I IFNs pathway (Zhu et al., 2015) 

Note: all of the proteins identified have a signaling or unknown cellular function.  
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4 Discussion & Conclusions 

The results of recent studies as well as this study suggest possible alternative 

cellular roles of the detoxication enzyme, GSTT1. The purpose of this study was to 

identify potential protein binding partners of GSTT1 using a proteomic approach. A pull-

down assay method was developed using IMAC resin, and samples obtained from the 

pull-down assay were analyzed using proteomic LC-MS/MS. Through the proteomic 

analysis, it was determined that the nuclear phosphoramidase and tumor suppressor, 

HINT1, is a protein binding partner of GSTT1. The binding interaction was confirmed 

through further pull-down tests.  

To our knowledge, this study is the first proteomic study looking into the potential 

protein binding partners of GSTT1 (for data highlights see figures 14 and 22; tables 3 

and 5; for complete datasets see appendix b). We determined that on-bead digestion 

was a more effective approach for LC-MS/MS analysis (compared to elution of 

samples). On-bead digestion is better suited for detecting low abundance proteins due 

to the elimination of the elution step, which can dilute samples (Turriziani et al., 2014). 

Also, there is no need to use concentrators, meaning that small potential binding 

partners and low affinity binding partners will not be lost through the concentration 

process. The results from the pull-down assays with the PC-3 lysates were compared to 

results from the pull-down assays with the RBC lysates. Through this proteomic study, it 

was found that HINT1 had the highest potential of being a potential binding partner.  

HINT1 was previously identified to be a potential binding partner in silico through 

the interologous interactions and biogrid databases (ophid.utoronto.ca; thebiogrid.org). 
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HINT1 was also observed in all of the PC-3 and RBC lysate proteomic LC-MS/MS 

results. This was the only protein identified through in-silico predictions and the 

proteomic analysis, making it a likely potential binding protein candidate worthy of 

further analysis (ophid.utoronto.ca; thebiogrid.org). Two other proteins that are identified 

are CSTB (see section 1.5) and C20orf27 (see section 3.4). Currently, there is not much 

known about C20orf27. CSTB was predicted in silico through the interologous 

interactions and biogrid databases (ophid.utoronto.ca; thebiogrid.org) to interact with 

GSTT1 and was found through three proteomic analyses completed on the pull-down 

assays with PC-3 lysates. It is unknown why CSTB was not present in the fourth PC-3 

lysate pull-down assay proteomic analysis. C20orf27 was observed in all of the 

proteomic analyses that were completed.  

MYL6, a protein that was also in-silico predicted to interact with GSTT1, was not 

observed in any of the proteomic analyses completed. This indicates that MYL6 is not a 

protein binding partner of GSTT1. 

Interestingly, our proteomic analysis did not find EGFR, STAT3, p38/MAPK, or 

ASK1 which were previously found to possibly interact with GSTT1 (Kim et al., 2020; Li 

et al., 2013), for more details see section 1.5. The relative expression levels of EGFR in 

prostate cells and lung cells are similar, according to the bioGPS database 

(bioGPS.org) . This means that it should have been possible to find EGFR in our 

proteomic study. It is possible that that EGFR was not found in this study because the 

possible EGFR-GSTT1 interaction was a false positive. According to the bioGPS 

database, there is a higher expression rate of STAT3 in prostate cells compared to 
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colon cells (bioGPS.org). This means that STAT3 should have been detected as a 

potential binding partner from the pull-down assays. It is difficult to know which 

p38/MAPK was studied, so the relative expression levels cannot be analyzed. It is 

possible that STAT3 or p38/MAPK were not found because the study by Kim and 

colleagues looked at the major proteins in the cell signaling pathways that are activated 

by IL-22. This means that other proteins in the pathway could be interacting with GSTT1 

upstream in the signaling pathways, and not specifically STAT3 or p38/MAPK. Another 

possible reason is that the study by Kim and colleagues observed this binding 

interaction when cells were under stress from IL-22. Since the study in this thesis used 

cells that were grown under normal conditions, it is not expected that these binding 

interactions with STAT3 and p38/MAPK would be observed. ASK1 is known to have a 

relatively low expression level in prostate cells (biogps.org), which could be a reason for 

not observing ASK1 in the pull-down results. 

Testing the binding affinity of GSTT1 and HINT1 using FP-LC showed that GSTT1 

and HINT1 do not have a strong affinity for one another because there was no peak 

observed indicating a dimer present with the combined molecular weight of HINT1 and 

GSTT1 (40 kDa). However, the GSTT1 and HINT1 solutions were incubated at 4oC for 

one week before being analyzed using the FP-LC, which could have affected the 

results. Meaning that a time point study could have shown a peak corresponding with a 

GSTT1-HINT1 protein complex. It is also possible that there may be a third unidentified 

factor that may also be binding with GSTT1 and HINT1. 
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Western blotting analysis of the PC-3 cell pull-down assays were performed with an 

anti-HINT1 antibody. HINT1 was present (as expected) in the crude cell lysate. This 

result is consistent with the report that HINT1 is present in human prostate tissue and, 

indeed, is over-expressed in prostate cancer tissue (Symes et al., 2013). In the control 

pull-down experiments with no bound GSTT1, HINT1 was found in the flow-through 

fraction and the first wash. In the GSTT1 (“bait”) pull-down experiments, HINT1 was 

retained on the column until the later low-imidazole washes and the final high-imidazole 

elution. These results demonstrate that HINT1 binds to GSTT1 (whether directly or 

mediated by other proteins or factors) but does not bind to the IMAC resin itself. 

The RBC pull-down experiments can be considered in the context of published 

studies of the human RBC proteome, especially the quantitative analysis by Bryk and 

Wisniewski (Bryk and Wisniewski, 2017). In their study of RBCs from four donors, 

HINT1 was found to be the 50th most abundant protein, with about 380,000 molecules 

per cell, and GSTT1 was the 272nd most abundant protein, with about 42,000 molecules 

per cell. My western blotting experiments show that RBC HINT1, like PC-3-cell HINT1, 

binds to GSTT1. 

The physiological role of HINT1-GSTT1 binding is not yet known, and there is no 

obvious functional relationship between the two proteins that would suggest a role. As 

noted in the Introduction, several other GST enzymes have been implicated in signal 

transduction processes. However, since the RBCs of mammals (especially, among 

vertebrates) lack nuclei, signal transduction processes leading to regulation of gene 

transcription are not possible. Perhaps the GSTT1-HINT1 interaction in the mature RBC 
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is a vestige of a signaling role in the nucleated precursor cells (normoblasts). However, 

signaling processes do, in fact, occur in mature RBCs, including responses to the 

oxygenation-deoxygenation cycle, mediated by tyrosine phosphorylation of band 3, the 

most abundant RBC membrane protein (Barvitenko et al., 2005; Puchulu-Campanella et 

al., 2016; Zheng et al., 2019).  

The presence of both HINT1 and GSTT1 in human RBCs presents an opportunity 

for future research, particularly in light of the common GSTT1-null genetic 

polymorphism. Comparisons of samples from GSTT1+/+, GSTT1+/-, and GSTT1-/- 

individuals could test whether the expression and activity of HINT1 are affected by the 

presence/ absence of GSTT1. By chance (presumably), none of the four individuals 

whose samples were analyzed by Bryk and Wisniewski (Bryk and Wisniewski, 2017) 

was a phenotypic GSTT1 null. 

More studies need to be done to characterize the binding of GSTT1 and HINT1. For 

example, surface plasmon resonance can be used to further study the potential binding 

interactions between GSTT1 and HINT1. Also, HINT1 knockdown studies (siRNA) can 

be used to observe a possible decrease in HINT1 and GSTT1 expression levels. The 

Wagner lab at the University of Minnesota will be completing the reverse pull-down 

experiment with recombinant HINT1 and testing if the potential binding interaction 

affects the catalytic activity of HINT1 and GSTT1 using isothermal titration calorimetry. 

Also, more studies should be done to examine other potential binding partners of 

GSTT1 such as, CSTB or C20orf27. Further, there should be studies looking into the 

possible cellular role of a protein binding interaction between GSTT1 and HINT1. Is this 
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binding interaction involved in a cell signaling process, such as apoptosis or cell 

division? With the current limited understanding of both proteins, it is difficult to be 

certain about potential involvement in cell signaling processes. Although, involvement 

can be speculated considering the known HINT1-MIFT interaction which leads to an 

increase in oncogene (c-Kit) transcription (refer to section 1.6).  

In summary, the results of this proteomic study show that there are several proteins 

that may bind to GSTT1. The most probable GSTT1 binding partner found through this 

study was HINT1, as confirmed through protein pull-down and western blotting. It is 

hoped that future studies will look into the GSTT1-HINT1 binding interaction further and 

its scientific/ therapeutic potential.  
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5 Appendices 

5.1 Appendix A: Known human GSTs 

A. Cytosolic GSTs 

Gene Symbol Gene Name 

GSTA1 Glutathione Transferase (Alpha) A1 

GSTA2 Glutathione Transferase A2 

GSTA3 Glutathione Transferase A3 

GSTA4 Glutathione Transferase A4 

GSTA5 Glutathione Transferase A5 

GSTK1 Glutathione Transferase Kappa 1 

GSTM1 Glutathione Transferase (Mu) M1 

GSTM2 Glutathione Transferase M2 

GSTM3 Glutathione Transferase M3 

GSTM4 Glutathione Transferase M4 

GSTM5 Glutathione Transferase M5 

GSTO1 Glutathione Transferase Omega 1 

GSTO2 Glutathione Transferase Omega 2 

GSTP1 Glutathione Transferase (pi) P1 

GSTT1 Glutathione Transferase Theta 1 

GSTT2 Glutathione Transferase Theta 2 

GSTZ1 Glutathione Transferase (Zeta) Z1 

 
A. Membrane GSTs 

Gene symbol Gene Name  

MGST1 Microsomal Glutathione Transferase 1 

MGST2 Microsomal Glutathione Transferase 2 

MGST3 Microsomal Glutathione Transferase 3 

PTGES Prostaglandin E synthase  

Table 5: GST Superfamily 

This table was adapted from (Nebert and Vasiliou, 2004). 
 

5.2 Appendix B: Proteins identified through LC-MS/MS 

See additional document titled “Appendix B”  

 


