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I. INTRODUCTION

Hepatic disease is a major cause of morbidity and mortality in dogs. However, a definitive
diagnosis of hepatic disease can often be challenging. The clinical signs of hepatic disease can be
extremely variable and in some cases the animal is asymptomatic (Poldervaart et al. 2009). This
is due to the liver’s functional reserve capacity and ability to regenerate. Indeed up to 90% of
functional liver tissue must be destroyed before clinically apparent hepatic failure ensues
(Heidelbaugh et al. 2006). Currently, the gold standard for diagnosing and assessing the severity
of many hepatic diseases is through histological evaluation of a liver biopsy specimen. This
procedure is invasive and costly, poses some risk to the patient, and ultimately the results are still
subjective. Non-invasive diagnostic tests of liver disease are also commonly used and include
measurement of liver enzyme activities in serum. However, the hepatic enzyme markers
currently used in dogs are not consistently accurate indicators of hepatocellular damage or of the
prognosis of hepatic disease (Mannes et al. 1982, Valentine et al. 1990).

Glutathione transferases (GST) are a very diverse family of isoenzymes involved in the
detoxification of a range of xenobiotic compounds by conjugation to glutathione (Kilty et al.
1998). High concentrations of the isoenzyme GST alpha can be found in the cytoplasm of both
periportal and centrilobular hepatocytes (Abei et al. 1989). In humans, GST alpha has been
shown to be an early, more specific, and more sensitive indicator of hepatocellular injury than
the commonly used aminotransferases, regardless of the cause of liver injury (Beckett et al.
1989, Trull et al. 1994, Bailey et al. 2012). Therefore, it is possible that GST alpha could also be

a useful biomarker of hepatocellular injury in dogs.



INTRODUCTION

1. Hypothesis and objectives

The hypothesis of this study was that serum concentration of GST alpha is a useful marker of
hepatocellular injury in dogs. Therefore, the aim of this initial study was to evaluate serum GST
alpha concentrations in dogs with hepatobiliary disease and compare them to those of healthy
dogs.

In order to prove or disprove this hypothesis, the specific objectives of this study were: 1) to
purify GST alpha from canine hepatic tissue; 2) to develop and validate an immunoassay for the
measurement of canine GST alpha in serum; and 3) to compare serum concentrations of GST

alpha in healthy dogs and dogs with liver disease.



II. LITERATURE REVIEW

1. Glutathione transferase (GST)

Glutathione transferases were first identified in 1961 as enzymes found in cytosolic liver extracts
from rats, that catalyze the addition of glutathione to 1,2-dichloro-4-nitrobenzene (DCNB)
(Booth et al. 1961). Since then, they have been recognized to have several important functions
and to be biomarkers of hepatic disease. GSTs are probably the single most important family of
enzymes involved in the metabolism and detoxification of xenobiotics and also have a number of
functions in the metabolism of endogenous substances (Armstrong 1997).

Glutathione transferases are widely distributed in nature and can be found in bacteria, fungi,
plants, parasites, fish, and mammals (Hayes et al. 1995). In mammals, they have been detected in
most organs, however, high inter-individual variation in the relative abundance of isoforms has
been demonstrated (Ommen 1990). In the liver, GSTs of the alpha class are most abundant and
are located in high concentrations in the cytoplasm of hepatocytes (Abei et al. 1989). In humans
GSTAL is the major isoenzyme in the liver representing about 2% of the total cytosolic proteins
(van Ommen et al. 1990). Due to GSTA1’s high cytosolic concentration, specific localization
and short serum half-life, it has been studied as a novel marker of hepatocellular injury in

humans (Beckett et al. 1985, Kilty et al. 1998, Sidlova et al. 2003)

1.1.Nomenclature

Glutathione S-transferases (GSTs) are classified under the Enzyme Commission number
2.5.1.18, which is associated with the recommended name “glutathione transferase” due to the
fact that the sulfur atom is not transferred per se, but rather the glutathionyl group. However, the
abbreviation GST can still be used, if the “S” stands for glutathionyl (GS-) transferase
(Mannervik et al. 2005). They are transferase enzymes that catalyze the transfer of a glutathione,
from a donor to an acceptor.

Glutathione transferases are extremely diverse in their amino acid sequences (Atkinson et al.
2009). Three superfamilies of GSTs are recognized: cytosolic, mitochondrial, and microsomal

(MAPEG) proteins, which share similar protein sequences and structures (Sheehan et al. 2001).
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Cytosolic and mitochondrial GSTs are soluble enzymes that share similarities in their 3-
dimensional structure and seem to have diverged from a common thioredoxin progenitor (Ladner
et al. 2004). Cytosolic GSTs are the largest superfamily and are divided into 13 classes
designated by Greek letters based upon their primary structure similarities: alpha, beta, delta,
epsilon, zeta, theta, mu, nu, pi, sigma, tau, phi, and omega, with members of the same class
possessing at least 50% amino acid sequence homology, but with some possessing over 90%
homology (Mannervik et al. 1988, Mannervik et al. 1992, Mannervik et al. 2005, Oakley 2011).
They also have been classified depending on their isoelectric point (pI), with alpha being
considered basic (pI > 8), mu neutral (pI 7-8), and pi acidic (pI < 7) (Boyer 1989). Mitochondrial
GSTs make up the kappa class and have a deep evolutionary relationship with cytosolic GSTs.
The microsomal superfamily, now labeled membrane-associated proteins in eicosanoid and
glutathione metabolism (MAPEG), consists of subgroups I-IV, sharing less than 20% sequence
homology (Oakley 2011).

The standardized GST nomenclature identifies the species to which the GST belongs to with a
lowercase letter, preceding the abbreviation GST (e.g., "c¢" for canine - ¢cGST). The different
classes of cytosolic GSTs include different isozymes, which are identified with an uppercase
letter (e.g., "A" for alpha), followed by an Arabic numeral representing the subunit.
Mitochondrial and cytosolic GSTs exist as dimers, and can form heterodimers between members
of the same class. Therefore, two Arabic numbers can follow for each subunit denoted with a
hyphen (e.g. cGSTA1-1) (Mannervik et al. 1982, Mannervik et al. 1985, Mannervik et al. 1992,
Hayes et al. 1995, Mannervik et al. 2005).

1.2.Structure

Mitochondrial and cytosolic GSTs are dimeric proteins (Bass et al. 1977, Tars et al. 2010). The
quaternary structure of alpha, mu, and pi enzymes derives from hydrophobic intersubunit
interactions between the C-terminal domain of one subunit and the N-terminal domain of the
other (Armstrong 1997), whereas sigma GSTs form hydrophilic interactions (Stevens et al.
1998). Catalytically active monomers have not been observed and studies with the porcine pi
GST class suggest that the dimeric structure stabilizes the tertiary structure of the subunits and

possibly the two domains of the subunit (Erhardt et al. 1995).
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The subunits of cytosolic GSTs have a molecular mass/weight of approximately 25 kDa (Sinning
et al. 1993, Josephy 2010), and can form homodimers, as well as heterodimers between members
of the same class (Bass et al. 1977, Mannervik et al. 1982). Each subunit contains a larger C-
terminal domain composed of alpha-helixes and a smaller N-terminal thioredoxin-like domain
composed of B-sheets sandwiched between o-helices. The N-terminal domain makes up the
hydrophilic binding site for GSH (G-site) and is highly conserved between all GSTs, because of
its high specificity for glutathione (GSH). Both domains, but mainly the alpha-helical domain,
form the hydrophobic H-site (Figure 1). The H-site shows greater variability between different
GSTs and binds structurally diverse electrophilic acceptor substrates bearing numerous
functional groups (Reinemer et al. 1991, Reinemer et al. 1992, Ji et al. 1994, Tars et al. 2010,
Oakley 2011).

Interestingly, individual genes for each human GST class are clustered together on the same
chromosome, with different classes being located on different chromosomes. The GST alpha
class genes are localized on a small region of chromosome 6p12 (Board et al. 1987) and consist
of 5 genes. Of these genes, the hGSTA4 gene shows the least homology with the other alpha
GST genes (Morel et al. 2002). In comparison, the canine GST alpha class genes are located on
chromosome 12 (NCBI Reference Sequence: NP_001301024). Human and canine alpha GSTs
consist of about 222 amino acids and are extremely similar in their primary structure (Ahmad et
al. 1993) (Figure 2). Hence, the human GST A1-1 and GST A2-2 have 95% sequence homology
(Sinning et al. 1993) and human GST A2-2 and A3-3 are 89% identical (Tars et al. 2010).
Different isoenzymes of canine GSTA also have a high level of sequence similarity as seen in

figure 3.
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Figure 1: 3D structure of hGSTA isoforms

This image shows a human GSTA1-1 dimer with two molecules of bound substrate (Marchler-
Bauer et al. 2015). The GST active site is composed of a specific GSH binding site (G-site),
formed by residues from the N-terminal domain and common to all GSTs, as well as of a
nonspecific substrate binding site (H-site). The H-site varies between different classes and
isoforms and is mainly comprised of residues from the C-terminal alpha helical domain with
multiple overlapping hydrophobic subsites. A single substrate may occupy multiple positions and

orientations within a single H-site.
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Figure 2: Amino acid sequence alignment of GSTA?2 from different species

The amino acid sequence alignment of canine GSTA2 compared to bovine, human, rat, and

mouse GSTA2 was performed with Clustal Omega sequence alignment program (Combet et al.

2000) and shows a high degree of homology of this isoenzyme between species. Canine GSTAL1

has not been sequenced yet or the sequence is not available in the NCBI database. Therefore, the

predicted sequence of cGSTA2, which is assumed to be the closest relative of cGSTAI1, was

chosen for comparison. The number above each column indicates the position of the amino acid

marked. Consensus symbols underneath each column represent the degree of similarity between

amino acids of the different species:

(* (asterisk) fully conserved residue; : (colon) conservation with strongly similar properties;

. (period) conservation with weakly similar properties).
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Figure 3: Amino acid sequence alignment of different canine GST alpha isoforms

The amino acid sequence alignment of canine GSTA2 compared to cGSTA3 and cGSTA4 was
performed with Clustal Omega sequence alignment program (Combet et al. 2000) and shows
high homology of the different isoenzymes in this species. Canine GSTA1 has not been
sequenced yet or the sequence is not available in the NCBI database and could therefore not be
included. The number above each column indicates the position of the amino acid marked.

Consensus symbols underneath each column represent the degree of similarity between amino
acids of the different species: (* (asterisk) fully conserved residue; : (colon) conservation with

strongly similar properties; . (period) conservation with weakly similar properties).
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1.3.Genetic polymorphisms

Genetic polymorphisms of GST-encoding genes modify the expression of these enzymes and
likely contribute to individual differences in response to xenobiotics. In humans, polymorphisms
of GST classes influence susceptibility to various types of cancer, diabetes, atherosclerosis,
allergies, and other inflammatory diseases (Palmer et al. 2003, Gilliland et al. 2004, Wang et al.
2006). For example, GST omega (GSTO) polymorphism has been associated with the
development of leukemia in children (Pongstaporn et al. 2009), and polymorphism of the GSTP1
gene that leads to a lower enzyme activity was found to be associated with the development of
Barrett’s epithelium and esophageal adenocarcinoma (van Lieshout et al. 1999). Lacking
GSTMI or being homozygous nulled for a combination of both GSTM1 and GSTP1 genes was
significantly associated with the development of lung cancer in humans (Zhong et al. 1991,
Anttila et al. 1993, Ryberg 1997). It has also been suggested that the homozygous deletion of the
GSTMI1 gene may increase susceptibility to the development of irreversible liver damage after
ethanol abuse (Savolainen et al. 1996). In fact, about 50% of the Caucasian population is
homozygous for a deletion of the GSTM1 gene (null genotype), causing the enzyme to be
inactive (van Ommen et al. 1990, Zhong et al. 1991), and in some populations up to 60% possess
a GSTTI null allele (Lien et al. 2002). Similar to non-Hodgkin lymphoma in humans, a GSTT1
polymorphism was associated with the development of lymphoma in dogs, possibly due to
impaired detoxification of environmental chemicals (Ginn et al. 2014).

Furthermore, polymorphisms of several human GST classes, such as GSTP1 and GSTT1, seem
to modify chemotherapy response and therefore influence survival times of patients receiving
treatment (Lien et al. 2002, Stoehlmacher et al. 2002). Significant individual differences in the
activity of GSTs of the liver and kidney were observed in dogs, with some dogs displaying low
GST activity. However, GST protein concentrations were almost the same as in dogs with higher
GST activity. Also, in these dogs with low GST activity substantially higher 1,2-dichloro-4-
nitrobenzene (DCNB) concentrations in plasma were observed after a single dose of DCNB.
These results suggested that there are individual differences in the expression of theta GST in the
dog, and that dogs with low GST activity might have a higher susceptibility to toxins or other
compounds metabolized by theta GST (Watanabe et al. 2004, Watanabe et al. 2006).
Polymorphisms of the human alpha class GSTs affect GSTA1/2/3/4 and are quite abundant in the

population impacting the susceptibility to diseases and chemotherapy. Functional single
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nucleotide polymorphisms (SNPs) of GSTA1, A2, or A3 can influence their activity and lead to
a low hepatic expression (Morel et al. 2002, Ning et al. 2004, Tetlow et al. 2004). Of human
GSTALI, two variants, A and B, have been named according to the linked SNP, and their
frequencies of occurrence are similar in African, Caucasian, and Pacific Islanded populations
(Coles et al. 2001, Ning et al. 2004). Coles et al. (2001) found that the expression of hGSTATI in
the liver of homozygous hGSTA1*A donors was 4 times higher than in those of homozygous
hGSTAT1*B donors. The gene encoding hGSTA2 has 3 validated SNPs in the coding region that
result in 3 amino acid substitutions and 4 different proteins, found in Africans, Caucasians, and
Chinese (Ning et al. 2004, Tetlow et al. 2004). There also seems to be a disequilibrium between
hGSTA1 and A2 polymorphisms in Caucasians, with homozygous hGSTA1*A individuals
having a higher GSTA1 expression than heterozygous and especially than homozygous
hGSTA1*B individuals. However, their hepatic expression of GSTA2 is lower, whereas
homozygous hGSTA1*B individuals show a much higher GSTA2 expression (Coles et al. 2001).
GSTA3 polymorphism alters the specific activity of the protein towards different substrates, with
exception of the steroid isomerase activity, and was found in 15% of the African population.
Interestingly, knockout mice that lack the mGSTA4 gene show an altered sensitivity to
xenobiotics, a lower litter size, and are more susceptible to bacterial infections (Engle et al.
2004).

Thus, these polymorphisms of the GST classes may influence the susceptibility to degenerative
diseases, such as cancer, as well as the efficacy of certain chemotherapeutics and adverse drug

reaction.

1.4.Localization

The different GST classes are found in a variety of mammalian organs, as well as in other
eukaryotic species, prokaryotes, and plants. As previously mentioned, the different GST classes
are also often involved in the pathogenesis of disease and exist in tumor cells. In the human lung,
GSTPI, as well as varying concentrations of GSTA1/A2 and GSTM1/2/3, were located mostly
in the airway epithelium, but GSTM was detected in lower quantities. GSTM3 concentrations
varied extremely between individuals and were most abundant in the bronchial epithelium of

smokers (Anttila et al. 1993).
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The kidneys contain significant amounts of alpha GST, which in rats and humans was found only
in the proximal tubule, as well as GST of the pi class, which was mostly found in the distal
tubules (Sundberg et al. 1994, Branten et al. 2000, Raza et al. 2004). Also, microsomal GST was
found with varying staining intensity in glomerula, interstitial endothelium, and collecting ducts
in the medulla (Harrison et al. 1989). GST isoforms can be found in many other organs, such as
the brain, where the classes mu and theta can be found (Beuckmann et al. 2000, Lien et al. 2002),
or the esophagus, where GSTs of the pi class have important detoxification functions (van
Lieshout et al. 1999).

Approximately 4% of the total amount of cytosolic protein in the human liver consists of GST.
The GST alpha class makes up over 80% of the total GST in the liver, with more than half of it
being GSTA1 (van Ommen et al. 1990, Mulder et al. 1999). Therefore, GSTA1 alone makes up
about 2% of the total cytosolic protein content in the liver. GSTs of the pi and mu class have also
been shown to exist in the liver. GST alpha and pi exhibit a unique region-specific distribution in
the liver and kidney, with pi being found in biliary duct epithelium of the liver, whereas alpha is
also located within hepatocytes (Abei et al. 1989, Campbell et al. 1991). Similarly to GST mu,
GST alpha is heterogeneously distributed throughout the entire liver, with the hepatocytes near
the central vein containing high enzyme amounts (Abei et al. 1989, Campbell et al. 1991, Raza et
al. 2004).

In general, it can be said that GSTs of the pi class show a very wide distribution throughout
many different tissues, but are especially found in ductular cells of the liver, pancreas, salivary
glands, and kidney, and are also strongly expressed in tumor cells (Campbell et al. 1991,
Sundberg et al. 1993). In contrast, the human alpha class shows a restricted distribution with
most abundant expression in all hepatocytes and the proximal tubular cells of the kidney. GSTA
was also found in the zona reticularis of the adrenal glands and Leydig cells of the testes, as well
as to lesser intensities in the gastrointestinal epithelium, exocrine pancreas, and bile ducts
(Sundberg et al. 1993, Raza et al. 2004). More specifically, hGSTA1 and hGSTA2 are expressed
at high levels in the liver, as well as in the small intestine, kidneys, adrenal glands, and testes;
hGSTA3 is expressed in steroidogenic tissues, lung, stomach, and trachea, whereas hGSTA4 is
expressed in most tissues with a high degree of oxidative stress (Desmots et al. 2001, Morel et al.
2002). GSTA belongs to the cytosolic GST family, however, one isoform seems to be located in
the cytoplasm as well as the nucleus of hepatocytes (Abei et al. 1989, Campbell et al. 1991). The
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expression of the fifth isoenzyme of the human alpha GST class has not been documented,
though the gene encoding for it has been confirmed to be a functional gene that can produce a
mature mRNA and a catalytically active enzyme (Singh et al. 2010). This unique distribution of

the GST isoforms explains their utility as biomarkers of organ injury.

1.5. Induction

GSTs can be synthesized by hepatocytes and changes in the GST subunit composition seem to be
a reflection of de novo synthesis (Vandenberghe et al. 1990). Studies in rats provide evidence
that GSTA expression can be induced by different drugs, such as phenobarbital or 3-
methylcholanthrene, leading to a marked increase in enzyme activity in the liver (40 to 280%),
but not in the kidney or small intestine. This increase in enzyme activity can best be explained by
de novo synthesis in the liver (Fleischner et al. 1972, Mukhtar et al. 1976). Over 100 chemicals
from drugs, but also from the diet, have been shown to induce hGSTA1 and A2 mRNA and
protein (Morel et al. 1994, Hayes et al. 1995). GSTA4 may also be induced by oxidative stress
(Desmots et al. 2001). Many of these inducers are themselves substrates for GST enzymes. In
most cases, they effect the transcriptional activation of GST genes leading to the up-regulation of

GST enzymes (Hayes et al. 1995).

1.6.Function

GSTs are phase II metabolic enzymes best known for their ability to catalyze the conjugation of
the reduced form of the tripeptide glutathione to a variety of xenobiotic substrates for the
purpose of detoxification (Hayes et al. 1999, Josephy 2010). The general catalytic reaction can
be described as:
R-X + GSH - HX + R-S-GSH

R-X is the electrophilic substrate, where R may be an aliphatic, aromatic, or heterocyclic group
and X may be a sulfate, nitrile, or halide group. A nucleophilic attack of glutathione via a
sulthydryl group is initiated on the electrophilic center of hydrophobic substrate, thereby making
it more water-soluble and decreasing its reactivity with cellular macromolecules (Keen et al.

1978, Armstrong 1997, Hayes et al. 1999).
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To activate the sulfur for nucleophilic attack, the enzyme can lower the pKa of the sulfhydryl
group of reduced glutathione from 9 to about 6.5, which leads to its deprotonation (Chen et al.
1988, Caccuri et al. 1997). For activation, GSH is bound at the hydrophilic G-site with the
glutamyl residue pointing down towards the dimer interface in form of a large cavity and the
sulfur pointing to the subunit to which it is bound. The glutamyl portion of the peptide is
recognized by the most conserved BPa region of the G-site. Over a dozen electrostatic
interactions, utilizing all of the hydrogen bonds of donor and acceptor sites on the peptide,
anchor the GSH-molecule. Even though the orientation of the peptide in the active site is
approximately the same for all of its isoenzymes, there are differences in the hydrogen-bonding
interactions (Reinemer et al. 1991, Armstrong 1997). Variation in the binding of GSH results in a
different mode of GSH-activation and separates subgroups of cytosolic GSTs. The eukaryotic
classes alpha, mu, pi, and sigma use a tyrosine residue to activate glutathione, whereas the theta
class, which is thought to be their evolutionary prototype, utilizes serine or cysteine residues
instead (Liu et al. 1992, Board et al. 1995, Wilce et al. 1995, Atkinson et al. 2009). The substrate
is bound at the hydrophobic H-site (Ji et al. 1994, Tars et al. 2010).

With this activity, GSTs detoxify reactive electrophiles, preventing them from damaging cellular
components, such as proteins and nucleic acids. They therefore enable the inactivation and
elimination of a diverse range of electrophilic xenobiotics, such as anticancer chemotherapeutics
and other drugs (Lien et al. 2002). The resulting glutathione conjugates are more soluble and can
be exported from the cell through ATP-dependent transporters, in particular MRP1 and MRP2 of
the multidrug resistance-protein family (Ishikawa 1992, Keppler 1999, Cole et al. 2006).
Subsequently, they are processed into mercapturic acids and excreted via the urine (Egner et al.
2008) or bile (Teichert et al. 2009).

GSTs have been shown to detoxify insecticides, herbicides, carcinogens, and by-products of
oxidative stress (Abel et al. 2004, Abel et al. 2004). At least 100 chemicals have been identified
to induce GST, and many of those occur naturally (Hayes et al. 1995). The environmental
carcinogen aflatoxin B1-8,9-epoxide is formed from aflatoxin Bi by cytochrome P450. Its
conjugation with GSH by the GST is a major protective mechanism against mycotoxins in
rodents (Hayes et al. 1999). Drugs that are metabolized to glutathione conjugates by GST
include: acetaminophen, clozapine, and furosemide, as well as chemotherapeutic agents, such as

adriamycin, 1,3-bis(2-chloroethyl)-1-nitrosourea, cisplatin, or mitoxantrone (Goto et al. 1999,
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Awasthi et al. 2002, Lien et al. 2002). Studies implicated the overexpression of GST in
mammalian tumor cells to cause acquired resistance to anticancer drugs and tumor chemical
carcinogens (Hayes et al. 1995, Ban et al. 1996, Awasthi et al. 2002, Lien et al. 2002). GSTs are
therefore of interest to pharmacologists and toxicologists to provide targets for antitumor drug
therapies (Jakobsson et al. 1999, Ruscoe et al. 2001).

In addition, expression of GST was found to increase during cancer development (Hayes et al.
1995, Ali-Osman et al. 1997). Isoenzymes from several GST classes (e.g., mu, alpha, and pi)
have been shown to associate with members of the mitogen-activated protein kinase (MAPK)
pathways involved in modulating cell signaling pathways that control cell proliferation and cell
death (Ruscoe et al. 2001). This non-enzymatic role is established by GST inhibiting mitogen-
activated protein kinase kinase kinase 5 (MAP3KS5), which is an enzyme that activates c-Jun N-
terminal kinase and P38 signaling pathways, and is consequently critical for cytokine- and stress-
induced apoptosis (Cho et al. 2001). Therefore, the inhibition of GSTs, in particular GSTP1-1,
which seems to be the most ubiquitous non-hepatic isoenzyme, could be used as a potential
therapeutic approach for the treatment of cancer and other diseases associated with aberrant cell
proliferation (Laborde 2010).

Historically, GSTA was called ligandin, as it was found to be an abundant binding protein in the
liver that binds both covalently and non-covalently to a wide spectrum of chemicals, such as
carcinogen 3-methylcholanthrene, polycyclic aromatic hydrocarbons, azo-dyes, as well as
bilirubin, bile acids, heme, glucuronic acid, fatty acids, steroids, thyroid hormones, and drugs,
such as tetracycline and penicillin (Litwack et al. 1971, Habig et al. 1974, Hayes et al. 1991).
GSTAs therefore contribute to intracellular transport and disposition of xenobiotics and
hormones and reduce the susceptibility of the liver to carcinogenesis (Smith et al. 1977, Hayes et
al. 1995).

In rats, GSTs of the alpha class form a high-affinity non-substrate binding site within the cleft
between the two subunits, indicating that there are two distinct xenobiotic-binding sites in certain
1soenzymes that form heterodimers (Vargo et al. 2001). Each subunit of a heterodimer may be
able to bind its preferred substrate, thus increasing the amount of substrates bound and
metabolized, which would provide an evolutionary reason why it is beneficial for members

within the alpha and mu isoenzyme families to form heterodimers (Vargo et al. 2004).
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Partially reduced oxygen can lead to the formation of superoxide (+O>"), which is the precursor
of most reactive oxygen species (ROS). The production of ROS is an unavoidable byproduct of
aerobic respiration, but may cause significant damage to cellular structures, in particular DNA,
membrane lipids, amino acids of proteins, or carbohydrates. This is known as oxidative stress
and can be increased during times of environmental stress (Marnett et al. 2003, Pohanka 2013).
Superoxide dismutase, as well as aldehyde and alcohol dehydrogenase, aldo-keto reductase,
glutathione peroxidase, and the GST are some of the enzyme groups that are important for
antioxidant defense, especially of radical induced lipid peroxidation of polyunsaturated fatty
acids in cell membranes (Ketterer et al. 1989, Marnett et al. 2003). Microsomal GST of the alpha
class, with high degree of homology to cytosolic GST Al and A3, was found to have activity for
lipid and phosphatidylcholine hydroperoxides in the liver (Prabhu et al. 2004). In addition to
microsomal and cytosolic alpha GST, GSTs of the mu and theta class have since been shown to
catalyze the detoxification of hydroperoxides, including both endogenous and exogenous
compounds (Hurst et al. 1998, Leaver et al. 1998). In rats and mice, GSTs of the alpha class
account for more than half of the glutathione peroxidase activity toward lipid hydroperoxides
within membranes of the liver (Yang et al. 2002). These findings demonstrate that GSTs are
essential for preventing oxidative damage to the phospholipid membranes and in the cellular
antioxidant defense mechanism, indicating that their induction might be an evolutionarily
conserved response of cells to oxidative stress.

Cytosolic GST and MAPEG also perform isomerization of various unsaturated compounds,
which contributes significantly to hepatotoxicity after ingestion (Jakobsson et al. 1999,
Khojasteh-Bakht et al. 1999). GSTs play an important role in the biosynthesis of eicosanoids
produced from arachidonic acid and thus are involved in cell signaling. Cytosolic GST catalyzes
the isomerization of prostaglandin H2 to prostaglandin D2 (Moyo et al. 2014), whereas the
locally produced hormone prostaglandin E2 can be synthesized by MAPEG as well as cytosolic
GST, such as GSTM (Beuckmann et al. 2000). Leukotrienes are another family of eicosanoids
and important inflammatory mediators for regulation of the immune response, and their synthesis
was also found to be catalyzed by MAPEGs. Here, they catalyze the conjugation of leukotriene
A4 with glutathione, forming leukotriene C4 (Jakobsson et al. 1996). GSTs are even involved in
the synthesis of the steroid hormones, testosterone and progesterone. GST A3-3 very efficiently

catalyzes the isomerization of their precursors, delta(5)-androstene-3,17-dione and delta(5)-
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pregnene-3,20-dione from 3B-hydroxy-5-pregnene-20-one (Benson et al. 1977). The catalytic
rate of GST A3-3 is considerably higher than that of any other GST and even higher than the
turnover rate of 3beta-hydroxysteroid dehydrogenase/isomerase, the enzyme generally
considered to catalyze the double-bond isomerization (Johansson et al. 2001). This shows that
the activity is not a characteristic of a particular class of GSTs. Instead, they display overlapping
substrate specificities making it difficult to identify isoenzymes only based on their catalytic

function (Lien et al. 2002).
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2. Clinical relevance of glutathione transferases

GSTs are associated with a variety of diseases often due to the effects of their genetic
polymorphisms. As previously mentioned, GSTs might play a role in the development and
treatment of cancer by inhibition of apoptosis and drug detoxification and are therefore of great
interest to the biomedical and pharmaceutical industries (Ruscoe et al. 2001, Lien et al. 2002). In
the brain, GSTT1 appears to influence chemotherapy of tumors, whereas isoenzymes of the mu
GST class may even play an important role in temperature regulation, nociception, and sleep-
wake-regulation by producing prostaglandin E2 (Beuckmann et al. 2000, Lien et al. 2002). A
polymorphism of the GSTP1 gene leads to lower GST enzyme activity levels in the esophagus of
humans resulting in impaired detoxification and possibly the development of Barrett’s
epithelium and adenocarcinoma (van Lieshout et al. 1999).

Furthermore, studies show that there might be a connection between GSTT1 polymorphism and
the development of diabetes mellitus (Wang et al. 2006). Insulin treatment seems to upregulate
the antioxidant defenses of cells by increasing GST expression of the alpha- and pi-classes,
whereas increased glucagon concentrations present during un-regulated diabetes decreased their
expression in the liver of rats (Kim et al. 2003).

GSTs of the omega class have been associated with leukemia (Pongstaporn et al. 2009),
neurological disease, as well as an increased risk for developing chronic obstructive pulmonary
disecase due to a polymorphism of the gene (Yanbaeva et al. 2009). Decreased GSTO gene
expression may even result in a lower age of onset for Alzheimer’s, Parkinson, and amyotrophic
lateral sclerosis, most likely due to the role GSTO plays in the regulation of oxidative stress or in

the activation of interleukin-1f (Board 2011).

2.1.GST as a marker of organ damage

Some GSTs show a high degree of region-specific distribution, which makes them useful as
biomarkers for localizing and monitoring injury to defined cell types. For instance, GST alpha
and pi function as markers of renal damage, when measured in the urine. In humans and rats,
renal proximal tubular cells contain high concentrations of the basic alpha GST, while distal
tubular cells contain high concentrations of the acidic pi GST (Harrison et al. 1989, Harpur et al.

2011). The enzyme can be measured in the urine, and its measurement appears to be superior to
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that of blood urea nitrogen and serum creatinine for diagnosis of proximal tubular necrosis
(Harpur et al. 2011). GST alpha and pi can therefore be used as a marker for the nephrotoxicity
caused by certain drugs, such as cyclosporine and anesthetic agents (Sundberg et al. 1994, Eger
et al. 1997), as well as to localize the site of renal tubular injury to the proximal or distal tubule,
which can also give information about the progression of the disease (Branten et al. 2000).
Moreover, GST is significantly increased in the peripheral blood of humans with acute intestinal
ischemia, a condition that is associated with high mortality rates, but lacks reliable noninvasive
biological markers. The enzyme even shows isoform specificity in its distribution throughout the
intestinal tract. Alpha GST is highly specific to and widely distributed in the small bowel and
liver. Serum concentrations are especially high with postischemic reperfusion, whereas low
alpha GST concentrations seem to exclude intestinal ischemia (Delaney et al. 1999, McMonagle
et al. 2006). In rats, luminal GST alpha and mu increase in the peripheral blood with prolonged
ischemia and worsening grades of intestinal injury (Khurana et al. 2002). Therefore, evaluation
of GSTA may serve as a reliable and early marker to predict the presence or absence of acute
intestinal ischemia.

GSTs can also be used as markers for the success of kidney transplantation, where acute tubular
necrosis and renal transplant infarction result in a rapid elevation of both urine pi and alpha GST
(Sundberg et al. 1994). In addition to post-transplant monitoring, GSTA also appears to be a very
useful marker for the assessment of renal tissue injury in the perfusate of machine-preserved
non-heart-beating (NHB) donor kidneys and thus a predictor of functional outcome of NHB
donor grafts before transplantation (Daemen et al. 1997, Gok et al. 2003).

Likewise, GSTA has been shown to be a very sensitive biomarker of hepatocellular injury due to
acute or chronic liver injury, following transplantation, drug or toxin exposure (Hughes et al.
1997, Abdel 2011, Bailey et al. 2012). GSTA is a useful marker for monitoring patients after
organ transplantation in order to adequately adjust post-transplant recipient management. Its
diffuse hepatic distribution, high cytosolic concentration, and short plasma half-life may make
GSTA a better indicator for liver allograft rejection than transaminase enzyme activities. Unlike
alanine aminotransferase (ALT), which is located mainly in centrilobular hepatocytes, GSTA 1is
located in the centrilobular as well as peripheral hepatocytes. Due to their short plasma half-life,
GSTAs return to baseline serum concentration following uncomplicated liver transplantation

more quickly than other liver markers (Trull et al. 1994, Trull 2001). Additionally, serum GSTA
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concentrations increase before alanine aminotransferase (ALT) after transplant rejection. Thus,
monitoring GSTA leads to a greater survival rate, lower biopsy frequency, lower incidences of
infections, less time spent in the hospital, less severe rejection, and halves the risk for graft loss
(Hughes et al. 1997). The utility of GSTA as a marker of hepatocellular injury is discussed
further below (2.3.).

2.2.Current enzymatic biomarkers of canine hepatocellular damage

Liver enzymes are relatively sensitive markers for canine hepatobiliary disease, but are not
entirely specific. Liver enzyme markers can be categorized into those of hepatocellular injury
and those of cholestasis. Markers of hepatocellular injury, such as alanine aminotransferase
(ALT) and aspartate aminotransferase (AST), are released into circulation after hepatocyte
necrosis or cell membrane damage. ALT is found in high concentrations in the cytoplasm of
hepatocytes and is released into the blood within 12 hours after an increase in cell membrane
permeability. Peak concentrations are reached after about 24 to 48 hours and the serum ALT
activity usually returns back to the reference interval within 2-3 weeks of an acute liver injury.
The enzyme half-life in dogs was found to be 59 hours in one study (Zinkl et al. 1971) and 149
hours in another (Dossin et al. 2005). Even though ALT is considered to be a liver specific
marker in the dog, it is also found in skeletal muscle, cardiac muscle, erythrocytes, and renal
tissue. Muscle disease can uncommonly lead to increases in canine serum ALT activities and
should be correlated with serum creatinine kinase activities (Valentine et al. 1990, Chapman et
al. 2015). Additionally, inflammatory or necrotizing disorders, as well as hepatic neoplasia,
biliary tract disease, severe liver fibrosis or drugs, such as corticosteroids or phenobarbital, can
lead to an increased serum ALT activity (Solter et al. 1994, Xu et al. 2012). Increases in serum
ALT activities are for the most part proportional to the number of hepatocytes damaged, but it is
possible for ALT activities to be within the reference interval in patients with liver disease,
especially in those patients with hepatic failure (Kraft et al. 1983).

AST is located in the mitochondria and cytoplasm of canine hepatocytes. Again there is some
disagreement concerning the half-life of AST between the studies, as Dossin et al. (2005) states
it to be approximately 22 hours in dogs, whereas Zinkl et al. (1971) reported the half-life to be

around 4.4 hours. Overall, AST is less liver-specific than ALT, as it is also localized in many
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other tissues, such as the heart, skeletal muscle, erythrocytes, kidneys, and the brain. Therefore,
serum AST activity can also be increased in dogs with hemolysis and myopathies. Thus, serum
creatinine, ALT, and hematocrit should be determined together with AST activity.

The hepatobiliary enzymes alkaline phosphatase (ALP) and gamma-glutamyl-transferase (GGT)
are considered to be markers of cholestasis and are associated with the cell membranes of
hepatocytes and biliary epithelial cells. GGT is found in biliary epithelial cells, hepatocytes, as
well as pancreatic, renal tubular, and mammary gland cells. Similarly to the ALP, GGT is
elevated in patients with intra- or extrahepatic cholestasis, biliary tract disease, or hepatic
necrosis (Center et al. 1992) and has a half-life of approximately 70 hours (Bengmark et al.
1974, Hoffmann et al. 1977). However, both enzymes can also be induced by drugs, such as
corticosteroids, phenobarbital, phenytoin, or primidone. GGT usually has a low enzyme activity
in dogs (Shull et al. 1979), but can be increased 2 to 3 times over the upper limit of the reference
interval in young growing dogs. Even though GGT is more tissue specific, it is less sensitive in
dogs than the ALP (Lum et al. 1972, Shull et al. 1979, Kraft et al. 1983, Center et al. 1992). ALP
is located in the membranes of hepatocytes of the bile canaliculi and sinusoids and can indicate
primary biliary tract or hepatic parenchymal disease. However, increased serum ALP activities
can also be caused by various extrahepatic diseases. Extrahepatic sources of ALP include the
kidney, pancreas, brain, bone marrow, spleen, testes, lymph nodes, placenta, as well as cardiac
and skeletal muscle. Thus, ALP is not a liver specific biomarker (Center et al. 1992) and
systemic diseases should be ruled out when working up a dog with increased serum ALP activity
before making use of more invasive diagnostic tests, such as a liver biopsy.

Increased enzyme activities can occur in clinically normal animals. On the other hand, liver
enzymes can be normal or just slightly increased in patients with end stage chronic hepatitis, so
small variations in enzyme activities can be of clinical importance. Even dogs with severe liver
disease don’t always show clinical signs. Consequently, further diagnostics should be considered
in patients with continuously high liver enzymes. This is especially important for dogs with

increased serum ALT activities because this enzyme is relatively liver specific.
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2.3.GSTA as a marker of hepatocellular damage

Ideal attributes of a biomarker of hepatocellular damage would be high organ specificity, a
strong correlation with histomorphologic changes, better diagnostic performance than serum
ALT activity, accessibility by noninvasive procedures, as well as the ability to be measured with
high throughput screening assays. Currently, ALT is the clinical chemistry reference standard,
and even though it has great clinical utility and is highly sensitive, it occasionally gives false
negative results with histopathological injury, as well as false positive results (Mannes et al.
1982, Valentine et al. 1990). On the other hand, glutathione transferase alpha has region-specific
isoforms, with the GSTA1 being primarily located in the liver. In fact, it constitutes 50% of all
GSTs in the human liver (van Ommen et al. 1990). This permits the identification of specific
areas of damage, unaffected by hemolysis, muscle damage, or extrahepatic inflammation. In rats,
GSTA was clearly shown to outperform ALT in terms of specificity against gastrointestinal and
muscle injury in the absence of liver injury, but does increase in plasma due to kidney toxicity
(Bailey et al. 2012).

Moreover, ALT is not able to detect certain hepatic injuries, such as biliary injury, or subtle
hepatocellular lesions, as it is located mainly within the periportal areas of the liver, whereas
GSTA is distributed evenly throughout the liver, in periportal as well as centrilobular
hepatocytes (Abei et al. 1989, Campbell et al. 1991). GST alpha is the predominant GST class
found in the liver, making up over 80% of GST, half of which is GSTA1 (van Ommen et al.
1990, Mulder et al. 1999). GSTA1’s high cytosolic concentrations and very small molecular
mass of about 26 kDa per subunit (about 50 kDa per dimer (Hoarau et al. 2002)) facilitate its
quick release in high amounts into circulation with cell damage. For instance, hepatocellular
damage due to paracetamol intoxication in humans primarily affects the centrilobular regions and
can lead to abnormal GST concentrations within 4 hours of an overdose, whereas ALT increases
much slower and can take 2 days to lead to abnormal enzyme activities (Beckett et al. 1985).
GSTALI has a very short plasma half-life of approximately 1 hour in humans (Beckett et al.
1985), compared to ALT with a plasma half-life of approximately 48 hours, or GGT and ALP
with a half-life of several days (Price et al. 1979, Dufour et al. 2000). Therefore, GSTA1 may
give a more precise reflection of changes in the hepatocellular integrity and response to therapy,
due to its fast clearance from circulation after resolution of liver damage (Sherman et al. 1983,

Trull et al. 1994).
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2.3.1. GSTA as a marker of acute hepatocellular injury

In humans, GSTA1 was found to be a specific and sensitive marker for acute liver disease, which
responds rapidly to liver injury and recovery. Alpha GST outperforms ALT activity in terms of
specificity in acute liver injury induced by several different toxins in rats (Bailey et al. 2012).
Following carbon tetrachloride hepatotoxicity in rats, alpha GST concentrations increase as early
as 2 hours after exposure, whereas increases in AST concentration were not measurable at this
point, nor was AST activity comparable in sensitivity to alpha GST several hours later. Alpha
GST was also increased at five times lower doses as compared to AST (Clarke et al. 1997).
Similar results can be obtained after paracetamol overdose, suggesting that alpha GST is a
superior biomarker, especially of centrilobular hepatic injury, over the aminotransferases
(Beckett et al. 1985, Beckett et al. 1989). This is supported by a study of GSTA1 as an early
marker of liver damage after birth asphyxia, which occurs due to oxidative stress primarily in the
centrilobular zones (Beckett et al. 1989).

GSTA may also be a more sensitive indicator of liver damage during the early stages of sepsis,
as it increases before plasma lactate or the liver transaminases (Koo et al. 2000, Ramakers et al.

2009).

2.3.2. GSTA as a marker of chronic hepatocellular injury

Chronic hepatitis is the most common liver disease in the dog (Fuentealba et al. 1997,
Poldervaart et al. 2009). The disease is histologically characterized by hepatocellular apoptosis
and necrosis, an inflammatory cell infiltrate of primarily lymphocytes and plasma cells, as well
as regeneration and fibrosis (Cullen 2009). Fibrosis can be severe and associated with hepatic
failure. Therefore, early diagnosis and intervention are important for treatment success. Clinical
signs are often nonspecific and may be subclinical early in the course chronic hepatitis
(Poldervaart et al. 2009). Laboratory testing and diagnostic imaging are important diagnostic
modalities in dogs with suspected chronic hepatitis, but histopathological evaluation of a liver
biopsy is essential for establishing a definitive diagnosis.

In human patients with chronic hepatitis C, alpha GST seems to have a comparable sensitivity
and specificity to ALT, but a higher sensitivity than that of other liver enzymes. In patients with
normal ALT activities, alpha GST showed a higher sensitivity and specificity than
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aminotransferases and seemed to detect patients with high viral loads that went undetected by
aminotransferases, likely causing more severe liver damage (Giannini 2000, Abdel 2011).

In another study, all human patients with chronic hepatitis had increased serum concentrations of
alpha class GST, which correlated significantly with the histologic severity of disease, whereas
aminotransferase activities showed no such correlation (Sherman et al. 1983). In humans
receiving immunosuppressive treatment for chronic autoimmune hepatitis, 65% showed
increased serum GSTA1 concentrations, whereas only 23% showed increased serum AST
activities, suggesting that GSTA1 may be superior for monitoring hepatic injury in these patients
(Hayes et al. 1988). Furthermore, GSTA1 is useful for the detection of focal biliary cirrhosis
with cystic fibrosis (Sidlova et al. 2003) and is generally increased in more than 50% of patients
with cirrhosis (Sherman et al. 1983, Beckett et al. 1987). However, it seems to identify a
different population than AST, possibly due to its more sensitive detection of alcohol induced

centrilobular damage or its shorter half-life (Beckett et al. 1987).

2.4.GSTA as a marker of canine hepatocellular injury

The canine liver is known to possess high GST activity (Grover et al. 1964). Cytosolic GSTs
make up approximately 3.5% of the total cytosolic protein in the canine liver (Wiener 1986), of
which the alpha class appear to account for 3.1 % of the total soluble protein (Kilty et al. 1998).
Early studies revealed the existence of three GST classes in the liver of dogs that cross-reacted
with antibodies raised against the GST enzymes from other species, but not with members of
different classes in the same species (Wiener 1986, Igarashi et al. 1991). They were determined
to be of the alpha, mu, and pi class, as well as a GST of the theta class that showed no homology
to any of the previously mentioned. Just as in humans, it was found that the N-terminus of the
alpha GSTs in dogs is blocked for N-terminal sequencing (Igarashi 1991). In general, the GST
distribution in animals is similar to those in humans; and thus, they may have utility as
biomarkers of organ damage in other species. This was demonstrated in several animal species
such as rats, where GST was shown to be a more sensitive liver marker than transaminases (van
Wagensveld et al. 1997), and this was also suggested to be the case for dogs (Kilty et al. 1998).
Kilty et al. (1998) purified GSTA by glutathione affinity chromatography from the liver of dogs

and rats to develop an enzyme immunoassay. This assay was used to measure GST concentration
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in the serum, following induced ischemic liver damage in adult Beagles. GST concentrations
increased more quickly and with a greater initial peak than AST or ALT and then decreased to
baseline sooner. These results suggest that GSTA may be a sensitive marker of hepatocellular
injury early on in dogs and may have an advantage in the monitoring of recovery from liver
injury. However, further studies are needed to compare the clinical performance of GSTA to that

of existing markers of hepatocellular injury.
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III. MATERIALS AND METHODS

1. Materials

1.1.Chemicals and Reagents

125]odine

Ampholytes (pH 3-10)

Bovine serum albumin

Bovine serum albumin

Chloramine T

Coomassie Brilliant Blue G-250
Glutathione S-Transferase assay kit
Glycerol

Guanidine hydrochloride

IEF standards

Imperial protein stain
L-glutathione reduced

Methanol

Molecular mass markers — SeeBlue Plus2
NuPAGE 10% Bis-Tris gel
NuPAGE 12% Bis-Tris gel
NuPAGE LDS sample buffer
NuPAGE MOPS SDS running buffer
NuPAGE sample reducing agent
Phosphoric acid

Precipitating Solution (PPT)
Polyacrylamide

Potassium chloride

Potassium iodine

Potassium phosphate, monobasic

Rabbit carrier solution (RCS)

Perkin Elmer, Waltham, MA, USA

GE Healthcare, Uppsala, Sweden

Pierce Chemical CO, Rockford, IL, USA
EMD Millipore, Darmstadt, Germany
Sigma Chemicals, St. Louis, MO, USA
Pierce Chemical CO, Rockford, IL, USA
Sigma Aldrich, St. Louis, MO, USA
Mallinckrodt Pharmaceuticals, Dublin, Ireland
Sigma Aldrich, St. Louis, MO, USA
Bio-Rad Laboratories, Hercules, CA, USA
Pierce Chemical CO, Rockford, IL, USA
Sigma Aldrich, St. Louis, MO, USA
Fisher Scientific, Pittsburgh, PA, USA
Invitrogen, Carlsbad, CA, USA
Invitrogen, Carlsbad, CA, USA
Invitrogen, Carlsbad, CA, USA
Invitrogen, Carlsbad, CA, USA
Invitrogen, Carlsbad, CA, USA
Invitrogen, Carlsbad, CA, USA
Mallinckrodt Pharmaceuticals, Dublin, Ireland
MP Biomedicals, Santa Ana, CA, USA
Bio-Rad Laboratories, Hercules, CA, USA
Sigma Aldrich, St. Louis, MO, USA
Sigma Aldrich, St. Louis, MO, USA
Sigma Aldrich, St. Louis, MO, USA
Sigma Chemicals, St. Louis, MO, USA
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Silver stain kit

Sodium azide

Sodium chloride

Sodium hydroxide

Sodium phosphate, dibasic
Sodium phosphate, monobasic
Trichloroacetic acid

TrizmaTM- HCI

Pierce Chemical CO, Rockford, IL, USA
Sigma Chemicals, St. Louis, MO, USA

EMD Millipore, Darmstadt, Germany
Mallinckrodt Pharmaceuticals, Dublin, Ireland
Sigma Chemicals, St. Louis, MO, USA

Sigma Chemicals, St. Louis, MO, USA

Sigma Chemicals, St. Louis, MO, USA

Sigma Chemicals, St. Louis, MO, USA
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1.2.Instruments

2470 Automatic Gamma Counter Wizard2™  Perkin Elmer, Waltham, MA, USA

AccuBlock™ Digital Dry Baths Labnet International, Inc., Edison, NJ, USA

AKTA basic & fraction collector Frac-900 GE Healthcare, Uppsala, Sweden

Centrifuge 5810R Eppendorf AG, Hamburg, Germany

Centrifuge Allegra® X-15R Beckman Coulter, Brea, CA, USA

Centrifuge rotor F 34-6-38 Eppendorf AG, Hamburg, Germany

Centrifuge rotor A-4-81 Eppendorf AG, Hamburg, Germany

Centrifuge rotor SX4750A Aries™ Beckman Coulter, Brea, CA, USA

Desktop Personal Mini-Centrifuge Clover Labs LCC, Whitehouse, OH, USA

Gel Doc™ XR+ System Bio-Rad Laboratories, Hercules, CA, USA

GSTrap 4B affinity column GE Healthcare, Uppsala, Sweden

Orbital Shaker VWR, West Chester, PA, USA

pH-meter — Orion Star A211 Thermo Scientific, Rockford, IL, USA

Pipetman® (P-20, P-100, P-200, P-1000) Rainin, Woburn, MA, USA

Pipette E4XLS Multichannel P-300 Rainin, Woburn, MA, USA

Pipettes E4XLS P-20, P-100, P-300, P-1000  Rainin, Woburn, MA, USA

Pipette P-5000 Eppendorf Research, Germany

Polytron homogenizer, PT-MR2100 Kinematica AG, Switzerland

Power Ease 500 (for electrophoresis) Invitrogen life technologies, Carlsbad, CA, USA

Purelab Ultra (laboratory water purifier) ELGA LLC, Woodbridge, NJ, USA

Resource™ S GE Healthcare, Uppsala, Sweden

Sephadex™ G-25M (14.5x50 mm) GE Healthcare Bio-Sciences AB, Uppsala,
Sweden

Scaffold software package Proteom Software Inc., Portland, OR, USA

Scale - Voyager Pro Ohaus, Parsippany, NJ, USA

Scale — XS6002S Mettler Toledo, Columbus, OH, USA

Shaker —-Mircomix 5 DPC Cirrus Inc., Flanders, NJ, USA

Spectrophotometer, Nanodrop 1000 Thermo Scientific, Rockford, IL, USA

Spectrophotometer, Ultrospec 2000 GE Healthcare Bio-Sciences AB, Uppsala,
Sweden
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Standard Stirrer
Statistical software package Prism 5.0
Synergy 2 multi-mode plate reader

Vortex mixer

VWR, West Chester, PA, USA

GraphPad Software Inc., San Diego, CA
Biotek Instruments, Inc., Winooski, VT, USA
Fisher Scientific, Pittsburgh, PA, USA
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1.3.Disposables

Blue Max™ Jr., polypropylene tube, 15 ml Falcon, Franklin Lakes, NJ, USA

Centrifugal filter devices - Amicon Ultra Millipore Corporation, Bedford, MA, USA

—4 ml & 15 ml; 10,000 MWCO

Centrifuge tubes (polypropylene, 50 ml) VWR, West Chester, PA, USA

Culture tubes (polypropylene, 12 x 75 mm) VWR, West Chester, PA, USA

Culture tubes (polystyrene, 12 x 75 mm) VWR, West Chester, PA, USA

Disposable glass culture tubes (12 x 75 mm)  VWR, West Chester, PA, USA

Magnetic stir bar VWR, West Chester, PA, USA

Membrane filters 0.2 pm — 10 pym Pall Corporation, Port Washington, NY, USA

Microcentrifuge tube (1.5 ml) USA Scientific, Orlando, FL, USA

Microcentrifuge tube seal-rite (2 ml & 0.5 ml) USA Scientific, Orlando, FL, USA

Microplates, 96-well ELISA Greiner Bio-One GmbH, Frickenhause,
Germany

Nalgene® syringe filters, polyethersulfone, VWR, West Chester, PA, USA

25 mm (0.2 um, 0.45 um, 0.8 um)

Rainin® pipette tips (10, 250 & 1000 pl) Rainin, Woburn, MA, USA

Tips GelWell 0.57mm 10 pL GT-10-6 Rainin, Woburn, MA, USA

Pleated dialysis tubing - Snakeskin 10k MW  Thermo Scientific, Rockford, IL, USA
Self-Standing centrifugal polypropylene tubes, Corning Incorporated, Corning, NJ, USA
50 ml

Weighing paper VWR, West Chester, PA, USA

Weight boats, small and medium USA Scientific, Orlando, FL, USA
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2. Methods

2.1.Purification of canine glutathione transferase alpha

2.1.1. Assay for enzymatic activity

A glutathione S-transferase activity assay kit was used to screen fractions obtained at different
stages of the protein purification process for any GST activity. The assay was performed in 96-
microwell plates. Briefly, 4 ul of test sample and a positive control were pipetted into wells in
duplicates, 196 ul of master mix (Dulbecco’s Phosphate Buffered Saline, 200 mM L-glutathione
reduced, 100 mM 1-chloro-2,4-dinitrobenzene (CDNB)) were added to each well, and the plate
was placed on a plate shaker for 10 seconds. It was then immediately placed in an automated
plate reader and the increase in absorbance was measured over a period of 9 min at 340 nm.

The activity of GST was calculated using the formula:

(AA340)/min x V(ml) x dil = pmol / ml / min
EmM X Venz (1’1’11)

dil = dilution factor of sample; emm= 5.3 mM™! (extinction coefficient for CDNB);

V =reaction volume; Ven, = volume of sample tested

2.1.2. Extraction of cGSTA

Liver was collected from healthy dogs euthanized for an unrelated research project, immediately
frozen at -80°C, and stored until further use. For extraction, a portion of liver tissue was allowed
to thaw at room temperature and cut into small pieces. Fractions of approximately 40 g each
were homogenized with 160 ml of KCl buffer in a tissue grinder in order to lyse the liver cells.
To avoid overheating of the solution and denaturation of the proteins, the sample was kept on ice
during the entire process. The resulting suspension was collected in 50 ml polypropylene tubes.
The tubes were placed in a fixed angle rotor centrifuge and spun at 10,000 x g at 4°C for 25 min
to pellet cell debris. The supernatant was carefully transferred into new polypropylene tubes and
the pellet was discarded. Subsequently, the supernatant was filtered under vacuum through a
series of filter paper with decreasing pore size from 10 um to 0.2 um. The filtrate was either
stored at -80°C or used immediately for purification. Prior to purification the buffer containing

the liver filtrate was exchanged to PBS buffer, which was used as the binding buffer for GST
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affinity chromatography (140 mM NaCl, 2.7 mM KCI, 10 mM Na;HPOg4, 1.8 mM KH>PO4, pH
7.4). The buffer exchange was performed at 4°C over a total of 20 hours, with the dialysis buffer
being exchanged after 5, 10, and 20 hours (Figure 4).
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40¢ liver + 160 ml KCI1 buffer

Homogenization

Pellet <Z—/ Centrifugation

10,000 x g at 4°C for 25 min

Supernatant
Filtration

Dialysis

U

GSTrap affinity
chromatography

Dia%zsis

U

SourceS cationic exchange
chromatography

Figure 4: Overview of the purification of cGSTA from canine liver

This figure shows the major steps of the purification process of cGSTA from canine liver,

starting with 40 g of liver tissue in 160 ml of KCl buffer.
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2.1.3. Purification of cGST by glutathione affinity chromatography

The column used specifically binds GST’s, such as the GST alpha. Its matrix consists of 4%
agarose, which is coupled to the glutathione ligand via a 10-carbon linker. The column was
equilibrated according to the manufacturer’s instruction. Fresh running buffers were always
prepared, as it was noticed that background absorbance was higher with buffers stored for a few
days. Ten ml of the filtered and dialyzed protein solution were loaded onto the GSTrap™ 4B
column (5 ml) at a flow rate of 0.5 ml/min. The column was thereafter washed with 5 column
volumes of binding buffer (10 mM Na;HPOj4, 1.8 mM KH>PO4, 140 mM NacCl, 2.7 mM KCI, pH
7.4) at a flow rate of 1 ml/min in order to elute proteins that did not bind to the column. The
bound GST proteins were eluted using an elution buffer containing reduced glutathione (50 mM
Tris-HCI, 20 mM glutathione, pH 8). One ml fractions were collected and the fractions that
showed high GST enzymatic activity were pooled.

2.1.4. Purification of cGSTA by strong cation-exchange chromatography

The pooled high GST activity fractions prepared from glutathione affinity chromatography
underwent another buffer exchange to buffer A (20 mM Tris-HCI, pH 7) in order to prepare them
for the next chromatography step. Dialysis tubing was used and dialysis was performed for a
total of 20 hours at 4°C with three buffer exchanges at 5, 10, and 20 hours. Twenty ml of the
dialyzed solution were loaded at a flow rate of 1 ml/min onto the Resource S 1 ml column that
was previously equilibrated according to the manufacturer’s instruction. The column matrix
consisted of spherical rigid polymers with sulphonate functional groups.

The column was washed with about 10 column volumes of buffer A, so that proteins not bound
to the column were washed out and the absorbance returned back to baseline. Thereafter, a linear
salt gradient of 0 — 15% of buffer B (20 mM Tris-HCI buffer, 1 M NaCl, pH 7) over 5 column
volumes at a flow rate of 1 ml/min was applied to elute the only weakly bound GSTA from the
column. Fractions of 1 ml each were collected from the resulting peak and showed high
enzymatic activity with CDNB. The fractions were pooled, then concentrated, and the buffer was
exchanged to a PBS buffer using a 15 ml Millipore centrifugal filter device with a molecular
mass cut off at 10,000 Da. The filtrate was centrifuged at 4°C four times at 5,000 x g for 25 min,
each with PBS buffer, to achieve a buffer exchange and a protein concentration of approximately

1 mg/ml. The pure GSTA concentrate was stored at -80°C until further use.
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2.1.5. Sodium-dodecyl-sulfate gel electrophorese (SDS-PAGE)

Sodium-dodecyl-sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to analyze
the purity of the obtained protein under reducing conditions. In accordance with the
manufacturer’s instructions, precast 10% and 12% polyacrylamide vertical gels with a gel
thickness of 1 mm were used. The gel cassette was tightly placed into the electrophoresis
chamber and the inner and outer chambers were filled with MOPS SDS running buffer (5 mM 2-
[N-morpholino] ethanesulfonic acid, 5 mM Tris base, 0.01% SDS, 0.1 mM EDTA, pH 7.7). The
samples were prepared by adding 19.5 pl of sample to 3 ul NuPAGE® sample reducing agent
(500 mM dithiothreitol) and 7.5 ul of NuPAGE® LDS sample buffer (106 mM Tris-HCI, 141
mM Tris base, 10% glycerol, 0.51 mM EDTA, 0.22 mM SERVA blue G250, 0.175 mM Phenol
red, 2% lithium dodecyl sulfate, pH 8.4). The sample-buffer mixtures were incubated at 70°C for
10 min in order to denature the proteins. Usually, 10 ul of each sample-buffer mixture were
loaded into the wells of the gel. In addition to the samples, 8 ul of a standard protein solution
(SeeBlue® Plus2) were loaded into the first well. The standard protein solution contained 8
different proteins with a known molecular mass: myosin (191 kDa), phosphorylase B (97 kDa),
bovine serum albumin (64 kDa), glutamic dehydrogenase (51 kDa), alcohol dehydrogenase (39
kDa), carbonic anhydrase (28 kDa), myoglobin-red (19 kDa), and lysozyme (14 kDa). The
electrophoresis was run at a constant voltage of 200 V for 55 minutes. Immediately after
completion the gel was removed from the cassette, washed in water for one minute, and stained
with Imperial™ protein stain for one hour. Thereafter, the gel was destained in water over 12
hours and a digital image of the gel was taken with the Molecular Imager® Gel Doc™ XR using

the Quantity One software.
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2.2.Partial characterization of canine glutathione transferase alpha

2.2.1. Protein identification and determination of purity

The purity of the protein was established in three different ways.

Nano-spray liquid chromatography-tandem-mass spectrometry (LC/MS/MS) was performed to
directly identify proteins in different fractions collected from cation exchange chromatography at
the Protein Chemistry Laboratory, Department of Biochemistry and Biophysics at Texas A&M
University. Briefly, for sample preparation purified protein was run on SDS-PAGE and stained
under the conditions described in detail above (2.1.5). Thereafter, bands of the purified protein
sample were cut out and submitted for LC/MS/MS. The protein was digested using trypsin and
the resulting peptides were separated by capillary reverse phase-high performance liquid
chromatography (rp-HPLC) prior to in-line analysis of their masses and fragmentation patterns.
Finally, the measured mass spectra were used to search the NCBInr database of known protein
sequences to match digestion patterns of the proteins.

In order to determine the purity of the final product an SDS-PAGE following the manufacturer’s
instructions as described in 2.1.5. was performed and stained with Imperial™ Protein Stain. An
amount of 1.94 pg of the purified sample was calculated to be loaded onto the gel in order to

establish purity.

2.2.2. Amino acid composition analysis

Amino acid analysis of the purified protein was performed at the Protein Chemistry Laboratory,
Department of Biochemistry and Biophysics at Texas A&M University in order to determine its
purity and amino acid composition. Non-volatile amines, such as TRIS, were incompatible with
the analysis and the TRIS-HCI buffer of the sample collected after cationic exchange
chromatography thus needed to be exchanged to a PBS buffer using a disposable centrifugal
filter device (see 2.1.4). The assay was run in duplicates with sample aliquots of 10 pl each that
were mixed with 5 nmol of norvaline and sacosine used as the internal standard. The samples
then underwent vapor phase hydrolysis by 6 M hydrochloric acid at 150°C for 1.5 hours.
Samples were brought up in 0.4 N borate buffer for an optimal derivatization of the amino acids
with o-phthalaldehyde (OPA) and 9-fluoromethyl-chloroformate (FMOC) at a pH of 10. The

derivatized amino acids were separated by reverse phase HPLC and detected by fluorescence.
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2.2.3. Estimation of the molecular weight

The apparent molecular weight of the purified canine glutathione transferase alpha was estimated
by comparison to the standard protein solution SeeBlue® Plus2 on a gel. Therefore, SDS-PAGE
was run following manufacturer’s instruction as described in 2.1.5. and stained with Imperial™
Protein Stain. Finally, the image software BioNumerics 6.6 was used to estimate the molecular

weight of canine GSTA by comparing it to the standard protein solution.

2.2.4. Determination of the molecular mass

The accurate molecular mass of canine GSTA was determined by Matrix Assisted Laser
Desorption/lonization-Time of Flight mass spectrometry (MALDI-TOF) performed at the
Protein Chemistry Laboratory, Department of Biochemistry and Biophysics at Texas A&M
University, College Station, Texas, USA. One pg of protein sample was mixed with the matrix
compound a-cyanohydroxycinnamic acid on a predefined spot on the metal sample plate and
allowed to air dry. The plate was then placed in a high vacuum source chamber in the mass

spectrometer and analyzed. A mass-to-charge ratio (m/z) range of 100 to 30,000 was used.

2.2.5. Estimation of isoelectric point

For visualization and estimation of the isoelectric point, a polyacrylamide mini slab gel (8%
polyacrylamide, and 2% ampholytes, pH range of 3 to 10) for gel electrophoresis was poured. A
sample buffer consisting of 50% glycerol was prepared and mixed with sample in equal amounts.
Seven mM phosphoric acid was prepared for the anode buffer and filled into the lower buffer
chamber. The cathode buffer was prepared and consisted of 0.5 M sodium hydroxide and filled
in the upper buffer chamber. A standard protein solution contained 9 different proteins, ranging
from a pl of 9.6 (cytochrome C) to a pl 4.45 (phycocyanine), was used for comparison. The
sample mixture and protein marker were loaded into the wells and run at a constant voltage of
100 V for 1 hour, followed by a constant voltage of 250 V for 1 hour, and finally at a constant

voltage of 500 V for 30 minutes. The gel was then removed from the cassette and incubated for
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10 minutes in a fixation solution consisting of 20% trichloroacetic acid. Finally, the gel was
stained with a non-fixing silver stain method according to Blum et al. (1987).

Additionally, an immobilized pH gradient (IPG) strip (pH 3-10) was run at the Protein Chemistry
Laboratory, Department of Biochemistry and Biophysics at Texas A&M University, College

Station, Texas, USA to get another more accurate estimate of the pl of cGSTA.

2.2.6. Determination of specific absorbance

The specific absorbance of canine GSTA was determined based on the total amount of protein
solution as estimated by the Bradford protein assay. The Bradford protein assay is a method to
determine protein concentration by binding Coomassie Brilliant Blue G-250 dye to the proteins.
When the dye binds to protein, it is converted to a stable unprotonated/anionic form, which can
be detected at 595 nm. Thus, the amount of dye-protein complexes reflects the protein
concentration of the solution.

The assay was performed using a 96-well microplate according to the manufacturer’s
instructions. Briefly, eight standards from bovine serum albumin (BSA) with concentrations
ranging from 25 pg/ml to 2000 pg/ml (i.e., 25, 125, 250, 500, 750, 1000, and 2000 pg/ml) were
prepared and loaded onto the plate. Purified canine GSTA was serially diluted in Millipore
water, using dilutions from 1 in 2 to 1 in 16. Five microliters of each standard, sample dilution,
and a blank were loaded into the wells of the microplate, followed by 250 pg of Coomassie
Brilliant Blue G-250 dye. The plate was briefly placed on a shaker and then incubated at room
temperature for 10 minutes. Finally, it was placed into an automated plate reader and the
absorbance measured at 595 nm.

The absorbance of each standard and sample was corrected for non-specific binding (blank). A
standard curve was established by plotting the average of the duplicates for each BSA standard
against its concentration in pg/ml. The protein concentration of each unknown sample was
interpolated from the standard curve.

To calculate the specific absorbance, the absorbance of the pure protein solution at 280 nm was
measured with a spectrophotometer and then divided by the protein concentration, which was

calculated with the Bradford protein assay and confirmed by amino acid analysis.
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2.3. Production of anti-cGSTA antiserum

For the production of anti-cGSTA antiserum, two New Zealand White rabbits (Oryctolagus
cuniculus) were injected with pure canine GSTA at Lampire Biological Laboratories, Pipersville,
Pennsylvania, USA. Briefly, each rabbit was injected subcutaneously with 300 ug of canine
GSTA protein in 0.5 ml of PBS, mixed with 0.5 ml complete Freund’s adjuvant. Reinoculations
with 300 pg of GSTA in 0.5 ml of PBS mixed with 0.5 ml of incomplete Freund’s adjuvant were
performed on days 21, 42, and 71 in order to boost the immune response to the antigen. Blood
samples were collected by venipuncture of the ear vein 10, 8, and 14 days after each booster
injection, respectively. After a total of 4 injections the animals were exsanguinated and the
collected sera used for the development of a radioimmunoassay (RIA). Titers of anti-cGSTA

antibodies in the serum of the rabbits were determined using pure GSTA radiolabeled with '*°I.

2.4. Production of tracer for the radioimmunoassay

Pure GSTA was radiolabeled with %I by the chloramine-T method (Hunter et al. 1962). Briefly,
a miniature stir bar and 10 pl of a 0.25 M sodium phosphate buffer (pH 7.5) were placed in a 5
ml polystyrene tube above a stir plate. While stirring, 10 pl of I (0.1 mCi/ul at the time of
production) were added to the test tube using a Hamilton syringe, as well as 10 ul of purified
GSTA in PBS (1 mg/ml) and 10 pl chloramine-T solution (2 mg/ml chloramine-T in 0.05 M
sodium phosphate buffer). After 45 seconds, the following were added in rapid succession: 100
ul sodium metabisulfite solution (0.4 mg/ml Na>S>0s in 0.05 M sodium phosphate buffer, pH
7.5), and 860 pl potassium iodide solution (2 mg/ml KI in 0.05 M sodium phosphate buffer, pH
7.5). To measure the total radioactivity, 10 pl of this unfiltered mixture was pipetted into
polystyrene tubes in duplicates and diluted with 990 pul of RIA buffer (0.05 M sodium phosphate
solution, 0.2 g/L. NaNs, 5 g/LL BSA, pH 7.5), leaving 980 ul for further processing. A disposable
PD-10 desalting column (Sephadex™ G-25M; 14.5x50 mm) was equilibrated with 3 column
volumes of a concentrated BSA solution (50 mM monobasic sodium phosphate solution and 50
mM dibasic sodium phosphate solution mixed to achieve a pH of 7.5, with subsequent addition
of 5 g/L BSA and 0.2 g of sodium azide) to prevent nonspecific protein binding to the dextran
resin of the column. The remaining 980 pl of the solution were loaded onto the column in order

to separate the iodinated protein from free '2°I by size-exclusion, and the eluent was collected in
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a polystyrene tube. Subsequently, RIA buffer was used as the mobile phase and added in 1 ml
aliquots. Resulting 1 ml fractions of eluent were collected in individual polystyrene tubes. This
resulted in 14 fractions, numbered 2 to 15. Ten pl of each of these fractions were analyzed, along
with 10 pl of the aliquot of the diluted unfiltered mixture previously described to determine the
total radioactivity applied and the radioactivity of each fraction. The radioactivity was recorded
in counts per minute (CPM). Plotting the CPM measured versus the fraction number, a curve
with two peaks was established. The first peak included fractions 4 and 5 and the second peak
included fractions 10 to 13, corresponding to the highest radioactivity. Since the iodinated
protein has a higher molecular mass than free '%°I, it was expected to elute earlier and so the
earlier fraction 4 was chosen for the production of the tracer. Fraction 4 was adjusted to

approximately 40,000 CPM per 100 pl tracer by diluting with RIA buffer.

2.5. Determination of the antibody titer

An RIA was performed to estimate the antibody titer in the sera of the two rabbits, with all
analyses performed in duplicate fashion. Two tubes received 100 pl of tracer in order to measure
the total counts (TC) of the tracer, which was produced as described under 2.3.1. Two tubes were
labeled NB (nonspecific binding) and contained a mix of 200 pul of RIA buffer and 100 pl of
tracer. The following 10 tubes were used for a 2-fold serial dilution of the rabbit serum, starting
with a 1 in 500 dilution and ending with a 1 in 256,000 dilution. For the initial dilution, 20 ul of
serum was diluted with 180 pl of RIA buffer (0.5 M sodium phosphate solution, 0.2 g/ NaN3, 5
g/L BSA, pH 7.5) to create a 1 in 10 dilution, and 20 pl of this solution was further diluted with
980 ul of RIA buffer to create the 1 in 500 dilution. Each level of dilution in the series was
prepared for analysis in duplicates by combining 100 pl of the diluted solution, 100 pl of RIA
buffer, and 100 pl of the previously produced tracer into two polypropylene tubes. The samples
were vortexed and then incubated for 24 hours at room temperature. In the following, 100 pl of
rabbit carrier solution (RCS), consisting of a 1 in 100 dilution of uninoculated rabbit serum in
RIA buffer, was added. Next, 1 ml of a commercially available precipitation solution (PPT),
which contains specific anti-rabbit-IgG antibodies, was added to each tube, except the TC tubes.
The antibodies in the solution bind to the complexes of rabbit-derived antibodies and protein and

precipitate it from the solution, forming a pellet in the bottom of the tube after centrifugation. All
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tubes, except the tubes for measuring TC, were vortexed and then centrifuged at 3,800 RPM and
4°C for 30 min. The supernatants were carefully decanted and all tubes were counted for 1 min
using an automated gamma counter. The unit for the measurement of radioactivity was counts
per minute (CPM) and the results were expressed as a percentage of binding of the anti-GSTA
antibodies to radiolabeled protein:

% binding = (mean of CPM — mean of NB)/(mean of TC — mean of NB)*100.

A titer curve was generated by plotting the results, with the x-axis showing the dilution of the

serum and the y-axis showing the percent binding.

2.6. Establishment of a radioimmunoassay (RIA) for the measurement of

¢GSTA concentration in serum

For establishment of a standard curve, a dilutional series of canine GSTA in RIA buffer was
performed. Canine GSTA standards with the following concentrations were prepared: 200 pg/L,
100 pg/L, 50 ng/L, 25 ng/L, 12.5 pg/L, 6.25 pg/L, and 3.125 ng/L. Polypropylene tubes were
labeled in a duplicate fashion; and each tube received 100 pl tracer, 100 pl anti-GSTA antibody
solution (diluted 1 in 20,000 in RIA buffer), as well as 100 pl of the GSTA standard dilutions
(serial 2-fold dilutions from 200 ug/L to 3.125 pg/L). The total count (TC) tubes received only
100 pl of tracer each. Tubes for nonspecific binding (NB) contained 100 pl tracer and 200 pl
RIA buffer. The zero standard (Bo = negative control) contained 100 pl of tracer, 100 pl anti-
GSTA antibody solution, and 100 pl RIA buffer.

For the antibody solution, approximately 1 mg/ml of purified polyspecific anti-GSTA antibody
solution was used diluted 1 in 20,000 with RIA buffer and added to each tube, except for the TC.
Tubes were vortexed for 20 seconds and incubated for 72 hours at room temperature. Then, 100
ul of RCS as well as 1,000 pl of a commercially available PPT were added to each duplicate,
except for the TC. Again, all tubes were vortexed and then centrifuged at 4°C and 3,800 RPM for
30 min. Thereafter, all tubes were placed in a Styrofoam rack and the supernatant was decanted,
with the exception of the TC tubes. All tubes including the TC tubes were then counted for 1 min
with an automated gamma counter and the mean of the CPMs of the duplicates calculated. A
standard curve was calculated using a 5-parameter curve fit (y = d + [(a—d)/(1 + (x/c)b)e]) with

values on the x-axis representing the canine GSTA concentrations with a logarithmic scale and
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values on the y-axis representing the CPM for each standard. All unknown samples as well as the
standards were run in duplicate fashion and contained 100 pl tracer, 100 pl antibody solution and
100 pl sample each.

To determine the sample concentrations of canine GSTA in serum the CPM subtracted by the

NB was plotted against the standard curve.

2.6.1. Refinement of the RIA

Optimal conditions for the assay were evaluated by testing standard curves with different
antibody dilutions of 1:5,000, 1:10,000, 1:15,000, 1:20,000, 1:40:000, or 1:80,000. Different
sample dilutions of 1:2, 1:4, 1:8, 1:16 as well as undiluted serum sample were tested. In addition,
different incubation times (i.e. 2h, 24h, 48h, and 72h) were compared to each other, as well as

adding an incubation step of several hours before adding the tracer.

2.6.2. Analytical validation of the RIA

For the analytical validation of the RIA its lower and upper limit of the working range, linearity,
accuracy, precision, and reproducibility were determined.

The lower limit of detection of the RIA was determined by analyzing 10 duplicates of B0 in the
same run, and calculating the mean and standard deviation (SD). The canine GSTA
concentration that matched the mean CPM minus 3 times the SD plotted against the standard
curve, was defined as the lower detection limit of the assay.

To determine the linearity, accuracy, precision, and reproducibility of the RIA, left over/ surplus
samples from the Gastrointestinal Laboratory of Texas A&M University with low, moderate, and
high canine GSTA concentrations were tested.

Assay linearity was evaluated by assessing dilutional parallelism for 4 different serum samples at
serial twofold dilutions starting with an undiluted sample (i.e., undiluted, 1:2, 1:4, and 1:8).

The accuracy of the assay was assessed by spiking 4 different serum samples with an equal
volume of solutions with known concentrations of canine GSTA (i.e., 1.56, 3.12, 6.25, 12.5, 25,
50, 100, and 200 pg/L). The percentage of standard antigen recovery was calculated as [observed
value (ng/L)/expected value (ng/L)]x100.
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To evaluate the precision of the RIA, 4 different serum samples from dogs were analyzed 10
times in duplicates within the same assay run. The intra-assay coefficient of variation (%CV =
[SD/mean]x100) was then calculated.

Assay reproducibility was evaluated by assaying 4 different serum samples in 10 consecutive
assay runs, followed by calculating the inter-assay %CVs. For both the intra- and inter-assay
variability, sample 3 and 4 were spiked, by making a solution comprised of 80% serum sample

and 20% of either a 200 ug/L or a 400 ug/L ¢cGSTA solution.

2.7. Measurement of serum cGSTA concentrations in healthy dogs

In order to establish an initial reference interval for canine serum GSTA, serum samples from 49
healthy adult dogs were collected and analyzed. The dogs were owned by students or staff of
Texas A&M University and underwent a physical examination before venipuncture. All
interventions were approved by the Institutional Animal Care and Use Committee and informed
client consent was obtained before the enrollment of the dogs. The health of the dogs was
established based on the data from client questionnaires, physical examination findings, and the
results of a complete blood count and a serum chemistry profile. The median (minimum to
maximum) serum cGSTA concentrations for this group of dogs were calculated. The reference
interval was calculated as the lower 95" percentile of serum ¢GSTA concentrations in these

healthy dogs.

2.8. Measurement of serum cGSTA concentrations in dogs with hepatic

disease

To characterize serum concentrations of GSTA in dogs with hepatobiliary disease, left over
serum from 45 dogs undergoing liver biopsy that had been enrolled in another study were used.
The dogs were cared for at Veterinary Medical Teaching Hospital at Texas A&M University and
at Gulf Coast Veterinary Specialists. For each dog the diagnosis of hepatobiliary disease was
based on laboratory findings, imaging findings, and histopathological assessment of the liver.

The dogs were assigned to 4 groups: group 1- congenital portosystemic shunt (CPSS), group 2-

chronic hepatitis (including some dogs with copper associated chronic hepatitis), group 3-
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hepatic neoplasia, and group 4- other hepatobiliary disease, such as gall bladder mucocoeles,
acute hepatitis, toxic hepatitis, cholangiohepatitis and an acquired portosystemic shunt with
portal vein hypoplasia.

Serum cGSTA concentrations were measured by the newly developed RIA in all 45 dogs. The
data was tested for normality using visual inspection of frequency distribution plots and the
Kolmogorov-Smirnov test. The Mann-Whitney U test was used to compare serum cGSTA
concentrations between diseased and healthy The Kruskal-Wallis test followed by Dunn’s post
test as appropriate was used to compare serum cGSTA concentrations between more than 2

groups of dogs. Statistical significance was set as p < 0.05.
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IV. RESULTS

1. Purification of canine glutathione transferase alpha (GSTA)

During the process of purification, the intracellular protein glutathione transferase was extracted
from the hepatocytes. After homogenization and centrifugation a grey-red pellet had formed in
the bottom of the tube, while the top layer was a red opaque solution, which was carefully
collected. Following several filtration steps the solution became more clear and free of solid
material. This filtrate showed high GST activity (Figure 6).

After dialysis, this protein-rich extract was further purified using a glutathione affinity column
that binds glutathione transferases. Substantial purification of canine GSTA was obtained during
this chromatography step and resulted in a solution that was clear with a hint of slight yellow. A
typical chromatogram of the affinity chromatography is shown in Figure 5.

CDNB was used as a substrate in the activity assay to measure glutathione transferase activity.
The increase in absorbance measured by an automated plate reader is shown in Figure 6.
SDS-PAGE was performed in order to monitor the purification of canine GSTA. Figure 7 shows
a NuPAGE SDS gel of fractions from different stages of the separation of canine GST from cell
debris and other liver proteins by glutathione affinity chromatography. Fractions of peak II
showing high GST activity during the enzymatic assay, were buffer-exchanged and further
separated by strong cation-exchange chromatography as seen in Figure 8. The collected fractions
and their difference in color are depicted in Figure 9. Figure 10 shows a NuPAGE SDS gel of
fractions from different stages of the cation exchange chromatography, which separates canine
GSTA from different GST- isoforms and other residues. Figure 11 shows an SDS-PAGE,
displaying the different purity stages of the protein solution during the purification of canine
GSTA. Table 1 summarizes the major steps involved in the purification of canine GST from 5 g
of liver. Percent of recovery and degree of purification are given for each step. Several different

preparative runs gave essentially similar results to those shown in Table 1.
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Figure 5: Chromatogram of glutathione affinity chromatography

In this figure, a typical chromatogram of an affinity chromatography of a canine liver extract is shown. The y-axis on the left displays
the absorbance at 280 nm (blue), whereas the y-axis on the right shows the enzymatic activity of each fraction measured by the
activity assay (light blue). The x-axis demonstrates the flow volume in milliliters. Two peaks can be viewed on the chromatogram (I-
IT). Peak I represents the majority of proteins that did not interact with the column matrix and were washed out immediately. Peak II
represents proteins that bound and that were washed out with excess reduced glutathione in the elution buffer. The free glutathione

competitively displaces the immobilized glutathione binding interaction with the GST, allowing it to emerge from the affinity column.
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Figure 6: Measurement of GST activity

As described in section 2.1.1., the GST activity assay was performed in a 96-microwell format
with CDNB as a substrate. The absorbance was measured over 9 minutes with one reading every
minute at a wavelength of 340 nm using an automated plate reader. Samples were analyzed in
duplicate fashion, as seen in column 1 and 2 of the panels. Panel A graphically displays the
increase in absorbance over the 9 minutes, whereas Panel B shows the numerical values for the
calculated change in absorbance of the same samples. In both panels row A represents a negative
control (blank), barely showing any increase in absorbance and therefore indicating that no GST
is present in these wells. Row B is a positive control and consists of 0.25 mg/ml GST and shows
an increase in absorbance over time. Row C contains a fraction collected during peak II of the
GST affinity chromatography, showing a marked increase in absorbance. Row D represents a

fraction collected later in peak II and an increased absorbance can still be appreciated.
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Figure 7: SDS-PAGE after affinity chromatography

SDS-PAGE was used to analyze the purity of the obtained protein under reducing conditions on
a 10% Bis-Tris gel stained with Imperial™ Protein Stain. The first lane labeled “M” was loaded
with 8ul of a standard protein solution (SeeBlue® Plus2) containing 8 different proteins with
known molecular masses. The numbers on the left of the image represent the molecular mass of
these standard proteins in kDa. Lanes 1 to 5 were loaded with 10 pl of sample. Lane 1 contains a
variety of protein bands of different masses, displaying the flow through seen as peak I in the
chromatogram. Lanes 2 to 5 contain two bands in close proximity of approximately 26 kDa,
which represent GST. These lanes were loaded with fractions from peak I and showed high GST
enzymatic activity. Lanes 4 and 5 contain less protein as these are fractions towards the end of
the peak. The small differences in molecular mass can be explained by the minor size variations

of the different isoforms of GST.
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Figure 8: Chromatogram of strong cation-exchange chromatography

In this figure a typical chromatogram of a cation-exchange chromatography of high GST activity fractions, collected during GST-
affinity chromatography, is shown. The y-axis on the left displays the absorbance at 280 nm (blue), whereas the y-axis on the right
shows the enzymatic activity of each fraction measured by the activity assay (brown). The x-axis demonstrates the flow volume in
milliliters. Four peaks can be viewed on the chromatogram (I-IV). Peak I and II represent the majority of proteins that did not interact
with the column matrix and were washed out immediately. There are two peaks, because protein was injected twice, represented by
the pink lines, using a volume of 10 ml each, as the volume capacity superloop™ only held a volume of 10 ml. Peak III represents
proteins that bound only weakly to the column matrix and were washed out with a low ionic strength buffer. This peak showed the
highest GST activity and was eluted from the column with a salt concentration between 0.05 and 0.1 M NaCl. It was followed directly
by a steep peak IV. The fractions of this peak showed lower enzymatic activity, but were of pale red color as seen in Figure 9.
Therefore, this peak might include a substance of high absorbance with a lower molecular mass as seen in Figure 10.
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Figure 9: Fractions containing GST activity after strong cation exchange chromatography

This image depicts fractions collected during cation-exchange chromatography. The tubes
labeled with 1 to 3 are high GST activity fractions collected during peak III of the chromatogram
and are fairly clear in color. The fraction of tube 4 was eluted during peak IV and has a red tint,

whereas the fractions in tubes 5 and 6 following peak IV are clear again.
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Figure 10: SDS-PAGE after strong cation exchange chromatography

SDS-PAGE was used to analyze the purity of the obtained protein under reducing conditions on
a 12% Bis-Tris Gel stained with Imperial™ Protein Stain. The first lane labeled “M” was loaded
with the standard protein solution (SeeBlue® Plus2) containing 8 different proteins with a known
molecular mass. The numbers on the left of the image represent the molecular mass of these
standard proteins in kDa. Several lanes in between the marker lane and the fraction lanes were
removed, because they contained non relevant material. Two bands are visible in Lane 1, which
are proteins that did not bind to the column and were eluted as peak I in the chromatogram. Lane
2 was loaded with high GST activity fractions of peak III in the chromatogram and contain only
one band at approximately 26 kDa. This represents pure canine GSTA, as no contaminations
with other proteins are visible. Several protein bands can be observed in lane 3, which contains
fractions of peak VI with low enzymatic activity. There are two distinct bands in close proximity
at approximately 19 kDa, which may cause the change in color. Lane 4 contains fractions

collected directly following peak IV and do not contain any more protein.
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Figure 11: SDS-PAGE illustrating different stages of canine GSTA purification

This figure shows a typical SDS-PAGE on a 12% Bis-Tris Gel stained with Imperial™ Protein
Stain. The first lane labeled “M” was loaded with the standard protein solution (SeeBlue® Plus2)
containing 8 different proteins with a known molecular weight. The numbers on the left of the
image represent the apparent molecular weight of these standard proteins in kDa. Lanes 1 to 3
were loaded with 3 pg of protein. Lane 1 contains the crude liver extract before chromatography.
Lane 2 contains a pooled sample of high GST activity fractions after GST affinity
chromatography. At least two bands can be observed. One band at approximately 26 kDa,
representing GST and another band in close proximity with a slightly lower molecular weight,
which might be another isoform of GST. Only one band can be observed in Lane 3, which

contains the pure canine GSTA after strong cation-exchange chromatography.
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Step |Purification Step| Total Protein Total Activity | Specific Activity | Yield
mg Units Units/mg %

1 Liver extract 360 30.1 0.09 100.0

5 Post affinity
chromatography 7.0 8.84 1.26 28.9

Post cationic

3 exchange

chromatography 0.25 0.34 1.36 1.11

Table 1: Recovery of purification of cGSTA from 5 g of canine liver

This table shows the total amount of protein in mg, the total GST activity, the specific GST

activity, and the yield after each purification step starting with about 5 g of canine liver.

Recovery is calculated based on the total activity.
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2. Partial characterization of cGSTA

Nano-spray liquid chromatography-tandem-mass spectrometry (LC/MS/MS) was performed in
order to identify whether canine GSTA was successfully purified from the liver and if the two
protein bands in close proximity on SDS-PAGE represented the same protein. The results of the
LC/MS/MS analysis are shown in Figure 12Fehler! Verweisquelle konnte nicht gefunden
werden..

N-terminal amino acid sequencing was not possible due to a blocked N-terminus of the alpha
class of GSTs, instead amino acid content analysis was performed to determine the amino acid
composition of the protein purified. This also was another method of establishing purity and
verifying the concentration of the protein. It showed a pure protein sample with an amino acid
composition very similar to that of canine GSTA3 (Table 2).

The apparent molecular weight of canine GSTA was estimated by SDS-PAGE analysis to be
approximately 26,000 kDa (Figure 10 and 11).

The mass of the purified canine GSTA was determined using MALDI-TOF mass spectrometry.
In Figure 13 two peaks of slightly different molecular mass can be seen, which both represent
canine GSTA and confirm its molecular mass to be 25,651 Da.

An IPG dry strip showed that the pI for canine GSTA is approximately 8.9 (Figure 14).

The specific absorbance of canine GSTA was determined by spectrophotometry and the

Bradford protein assay and was calculated to be 1.05 for a 1 mg/ml solution (Table 3).

-55-



RESULTS

PREDICTED: glutathione S-transferase A2 isoform 2 [Canis lupus familiaris], 25,658.7 Da
(41% coverage)

MAGKFKLHYF MNMGRGRMESI R WLLASAGVEF EEKFINTPED
LDKLKNDGSL MFQQVPMVE.I DEGMK LYV QTR A I'LNY I ATKYHN
LYGKDIKERA LIDMYTEGIVY DLNEMIMVLP LCPPDQKDAK
I TLIRERTTD RYLPVFEKYL KSHGQ@DYLVG NKLSRADIHL
YWELLYYYEEL DSSLLANFPL LKALKTRY SN LPTYKKFLQP
GSPRKPFPLDE KSLEQAKKIF RIN

Figure 12: LC/MS/MS analysis of purified protein

In this figure the results from the LC/MS/MS analysis of the purified protein sample as analyzed
by Scaffold software are shown. The sample submitted underwent trypsin digestion and HPLC in
order to break up the protein and do an inline analysis of the protein fragments. Their measured
masses were used to search the NCBInr database of known protein sequences to match the
digestion patterns of the proteins in the sample. The matched sequence is that of cGSTA2 and
was identified with a probability of over 99.9%. The regions highlighted in yellow represent the
peptide sequences detected by mass spectrometry sequencing. Eight unique peptides representing
41% coverage of the protein sequence were identified. The letters highlighted in green show

amino acids with post-translational modifications.
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.| Ami known [% C ition | % C iti . . .
A Amino Tno owt o Lomposition) 7o OI.HPOSI o Amino |Replicatel |Replicate2 | Average
Acid acid |number of |calculated from| predicted by Acid (um) (am) (nm)u
mass | residues sequence AAA
ASX] 1151 21 9.6% 10.5% ASX| 1368 14.15 13.92
GLX] 1291 20 9.1% 11.1% GLX] 14.59 15.02 14.80
SER| 87.1 18 8.2% 4.7% SER| 5.97 6.48 6.22
HIS| 137.2 4 1.8% 1.2% HIS 1.69 1.45 1.57
GLY] 57.1 13 5.9% 5.5% GLY 7.12 7.48 7.30
THR] 101.1 10 4.6% 4.2% THR 5.54 5.65 5.60
ALA] 711 12 5.5% 5.1% ALA 6.74 6.88 6.81
ARG| 156.2 10 4.6% 5.5% ARG| 7.30 7.30 7.30
TYR] 163.2 9 4.1% 4.5% TYR 6.13 5.85 5.99
VAL] 99.1 10 4.6% 5.6% VAL 7.32 7.47 7.39
MET] 131.2 7 3.2% 3.4% MET 4.66 4.36 4.51
1S(1) 1s()]  s.00 5.00
PHE| 147.2 10 4.6% 3.6% PHE 4.82 4.84 4.83
ILE|] 113.2 11 5.0% 5.5% ILE 7.22 7.37 7.30
LEU] 113.2 30 13.7% 13.9% LEU] 18.38 18.47 18.43
LYS] 128.2 24 11.0% 10.0% LYS] 12.99 13.54 13.26
1S(2) 1s2)| 5.00 5.00
PRO] 97.1 10 4.6% 5.9% PRO 7.84 7.77 7.80
Sum: 219 100% 100% 131.99 134.08 133.04

Table 2: Amino acid composition analysis

This table shows the results for the amino acid composition analysis of the purified protein.

Table A displays the amino acid composition of the purified protein as predicted by the amino

acid analysis compared to the sequence of canine GST alpha 3 from the data base. Table B

shows the amount of each amino acid of the purified protein in nanomoles (nm). The test was run

in duplicates, so that the values for each replicate are shown in the center columns and the mean

in the right column. The first column of each table gives the amino acid codes: ASX

(asparagine/aspartic acid), GLX (glutamine/glutamic acid), SER (serine), HIS (histidine), GLY
(glycine), THR (threonine), ALA (alanine), ARG (arginine), TYR (tyrosine), VAL (valine),
MET (methionine), PHE (phenylalanine), ILE (isoleucine), LEU (leucine), LYS (lysine), PRO

(proline) and the internal standards IS(1) (norvaline) and IS (2) (sarcosine).

This assay provided further evidence supporting the purity of the GSTA purified, as well as an

accurate measurement for the amount of protein in the sample.
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Figure 13: Mass analysis of cGSTA by MALDI-TOF mass spectrometry

This graph shows the mass of one sample of purified canine GSTA run on the MALDI-TOF
mass spectrometer. The x-axis is labeled with mass to charge ratio (m/z), which was calculated
as follows:
m/z = (mass + charge) / charge

On the y-axis the peak intensity can be assessed, but is reported without a unit. Two smaller
peaks can be viewed at 12,678 Da and 12,826 Da, which represent the double charged molecular
ions (M(Z=2)), whereas the following higher peaks represent the single charged molecular ions.
Of these the higher peak was calculated to represent a protein of the size of 25651.29 Da.
Attached to this peak is a smaller peak located at 25355.73 Da. This can be explained by the
presence of a second protein in the sample. However, as previously demonstrated with
LC/MS/MS, only canine GSTA was contained in the sample, so that both proteins represent

GSTA. Therefore, it is more likely that it is a different isoform or a cleaved/altered form of
canine GSTA.
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Figure 14: Isoelectric focusing of canine GSTA

Image A shows an IEF gel of the native protein lanes 1 and 2 show the band for GSTA. It
displays a single band with a high pI of approximately 9-10, as compared to the marker bands of
proteins with known isoelectric points in the first lane labeled “M”. However, as these markers
could not clearly be identified, an IPG dry strip was run with the denatured protein. This is
shown in image B and demonstrates a more distinct pl of approximately 8.9 for cGSTA, as
compared to the predicted non-linear pH gradient of 3 to 10 displayed on the right. The pH
gradient is shown on the y-axis, whereas the x-axis represents the relative mobility in percent, as
compared to the IPG dry strip, where the protein still has 6.25 cm (89.3%) left to travel to the
bottom of the strip.
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Protein Extinction

Dilution factor A280 concentration ..
coefficient

(ng/ml)

2 0.813 735 1.11

4 0.394 381 1.04

8 0.184 184 1.00

Mean 1.05

Table 3: Specific absorbance of cGSTA

This table shows the results of the Bradford protein assay for the concentration of GSTA, as well
as the absorbance at 280 nm of pure canine GSTA in PBS, (pH 7.3). The absorption was
measured with a spectrophotometer at a wavelength of 280 nm (A280). The mean of the
calculated specific absorbance at 280 nm was calculated to be 1.05 or if calculated with the mass

of 25.651 Da for cGSTA as determined by MALDI mass spectrometry the extinction coefficient

is 26,642.8 M'em.
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3. Production of anti-cGSTA antibodies

Canine GSTA was radiolabeled with '%I. The produced tracer was used in an RIA to estimate
the antibody titers of the sera of two New Zealand White rabbits that had been injected with
canine GSTA (Figures 15 and 16). The pre-bleed sample was taken before the first antigen
injection with purified canine GSTA and represents a baseline sample. The subsequent serum
samples were collected 10 days after the second, 8 days after the third, and 14 days after the
fourth antigen injection, respectively. No blood was collected after the first injection. After the
second antigen injection a rapid increase in binding can be seen. The increase was lower after the
third and fourth injection. However, the prozone phenomenon may have occurred meaning that
the quality of the antibody produced increased over time leading to a higher affinity antibody

preparation.
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Figure 15: Titer curves for rabbit 1 after antigen injection

This figure shows the anti-cGSTA antibody titers for rabbit 1 before the start of the inoculation
(pre-bleed) and at the first, second, and third bleed after each of the second, third, and fourth
antigen injection, respectively. The x-axis shows the different serum/antibody dilutions measured
by RIA with dilutions ranging from 1 in 500 to 1 in 256,000. The percentage of binding of the
anti-cGSTA antibodies to cGSTA labeled with %I (tracer) was plotted on the y-axis.

-62 -



RESULTS

Titers Rabbit 2
80 -
=#=Pre-bleed
70 1 bleed 1
=i~ bleed 2
bleed 3

%-binding

|:| # T -‘ "' T
500 2500 12500 62500 312500
Serum-Dilutions

Figure 16: Titer curves for rabbit 2 after antigen injection

This figure shows the anti-cGSTA antibody titers for rabbit 2 before the start of the inoculation
(pre-bleed) and at the first, second, and third bleed after each of the second, third, and fourth
antigen injection, respectively. The x-axis shows the different serum/antibody dilutions measured
by RIA with dilutions ranging from 1 in 500 to 1 in 256,000. The percentage of binding of the
anti-cGSTA antibodies to cGSTA labeled with %I (tracer) was plotted on the y-axis.
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4. Development and validation of an RIA for the measurement of cGSTA

A tracer with approximately 40,000 CPM per 100 pl was produced and different conditions for
assay optimization were tested (Figure 17Figure 18). An antibody dilution of 1:20,000 was
chosen for optimal assay performance. Also, standard and unknown samples were incubated for
6 hours before addition of the tracer and the assay was then incubated for 66 h, for a total
incubation time of 72 h. These conditions appeared to optimize binding and resulted in
reproducible standard curves with standards ranging from 3.125 to 200 pg/L (Figure 19).

The sensitivity or lower limit of detection (LLOD), defined by the formula LLOD = ((mean — 3
SD/Bo)/(1-(mean — 3 SD/By)), resulted in an assay lower detection limit of 1.03 pg/L.

The linearity of the assay was determined by the evaluation of dilutional parallelism of 4
different serum samples. The ratios of observed to expected values ranged between 60.8% and
199.6% with a mean of 99.3% and a SD of + 45.4% (Table 4).

Accuracy was determined by evaluation the spiking recovery of 4 different serum samples each
with 7 spiking concentrations. Ratios of observed to expected values ranged between 38.8 to
263.0% with a mean of 117.2 % and a SD of + 57.8% (Table 5).

CV% for intra-assay variability for 4 different serum samples, of which two were spiked, ranged
from 9.0 to 17.2% with a mean of 11.5% and a SD of + 13.2% (Table 6).

CV% for inter-assay variability for 4 different serum samples, of which two were spiked, ranged

from 19.1 to 22.3% with a mean of 20.7% and a SD of + 21.9% (Table 7).
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Figure 17: Assay optimization — different antibody dilutions

This graph displays standard curves with different antibody dilutions of 1:5,000, 1:10,000,
1:15,000, 1:20,000, 1:40,000, and 1:80,000. Values on the x-axis represent the canine GSTA
concentrations on a logarithmic scale and values on the y-axis represent the CPM for each

standard. An antibody dilution of 1:20,000 was chosen for the assay.
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Figure 18: Assay optimization — different incubation times

This graph shows standard curves with different incubation times (i.e., 2h, 24h, 48h, and 72h),
that were compared to each other to find optimal assay conditions. Values on the x-axis represent
the canine GSTA concentrations on a logarithmic scale and values on the y-axis represent the
CPM for each standard. Optimal assay performance was achieved when standard and unknown
samples were incubated for 6 hours before addition of the tracer and the assay was then

incubated for 66 h, for a total incubation time of 72 h.
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Figure 19: Standard curve for the cGSTA RIA

In this figure a typical standard curve for the cGSTA RIA is shown, with standard concentrations
ranging from 3.125 to 200 pg/L. The standard curve was calculated using a 5-parameter curve fit
with values on the x-axis representing the canine GSTA concentrations on a logarithmic scale.

Values on the y-axis represent the CPM for each standard.
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Sample Dilution Observed (pg/l) | Expected (ug/l) O/E (%)
1 undiluted 40.5 N/A N/A
1in 2 14.6 20.3 72.3
1in4 10.1 10.1 99.3
1in 8 6.5 5.1 128.4
2 undiluted 34.8 N/A N/A
1in 2 10.6 17.4 60.8
1in4 11.0 8.7 126.1
1in 8 8.1 4.4 187.0
3 undiluted 22.9 N/A N/A
1in 2 15.6 11.5 136.4
1in4 10.5 5.7 183.2
1in 8 5.4 2.9 187.0
4 undiluted 241 N/A N/A
1in 2 12.4 12.0 103.4
1in4 10.0 6.0 166.8
1in 8 6.0 3.0 199.6

Table 4: Dilutional parallelism for the cGSTA RIA

This table shows the dilutional parallelism for 4 different serum samples run in duplicate fashion
and the calculation of the observed to expected values ((O/E (%) = observed concentration/

expected concentration)*100).
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Sample | Spiking conc. (ug/l) | Observed (ug/l) Expected (ug/l) | O/E (%)

0 4.4 N/A N/A

3.125 11.3 8.1 139.4

6.25 11.9 9.7 123.0

1 12.5 15.3 12.8 119.5
25 12.9 19.0 67.8

50 254 31.5 80.7

100 45.2 56.5 80.0

0 13.1 N/A N/A

3.125 11.3 8.1 139.4

6.25 11.9 9.7 123.0

2 12.5 15.3 12.8 119.5
25 12.9 19.0 67.8

50 254 31.5 80.7

100 45.2 56.5 80.0

0 3.1 N/A N/A

3.125 3.4 3.1 109.7

6.25 2.2 4.7 46.7

3 12.5 3.0 7.8 38.8
25 7.7 14.1 54.8

50 17.5 26.6 65.8

100 36.1 51.6 69.9

0 42.0 N/A N/A
3.125 43.6 22.6 192.9
6.25 49.7 241 206.0
4 12.5 44.0 27.3 161.3
25 57.2 33.5 170.7
50 121.0 46.0 263.0
100 151.6 71.0 213.5

Table S: Spiking recovery for the cGSTA RIA

This table displays the spiking recovery as determined by adding 50 ul of solutions containing 0,
3.125, 6.25, 12.5, 25, 50, or 100 pg/L cGSTA to 50 ul of 4 different serum samples and
calculating the observed to expected values (O/E (%) = (observed concentration/ expected
concentration)*100; N/A not applicable). The recovery ranged from 38.8 to 263.0% with a mean
of 117.2%. (£57.8)
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sample | mean (pg/l) | SD (ug/l) % CV
1 12.5 1.1 9.0%
2 20.1 1.9 9.7%
3 111.8 11.5 10.2%
4 221.8 38.2 17.2%

Table 6: Intra-assay variability for the cGSTA RIA

This table shows the intra-assay variability of 4 different serum samples, which were assayed 10
times during the same run in duplicate fashion. The results were multiplied by two in order to
adjust for sample dilution. The %CV for intra-assay variability ranged from 9.0 to 17.2% with a
mean %CV of 11.5% (SD = standard deviation; %CV = coefficient of variation; %CV =

((SD/mean)*100).
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sample | mean (pg/l) | SD (ug/l) % CV
1 11.3 2.4 21.5%
2 19.0 4.2 22.3%
3 125.1 24.7 19.7%
4 294.0 56.1 19.1%

Table 7: Inter-assay variability for the cGSTA RIA

This table displays the inter-assay variability of 4 different serum samples, which were assayed

in duplicate fashion 10 times during consecutive runs. The results were multiplied by two in

order to adjust for sample dilution. The CV% for intra-assay variability ranged from 19.1 to

22.3% with a mean %CV of 20.6% (SD = standard deviation; %CV = coefficient of variation;

%CV = ((SD/mean)*100).
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5. Serum ¢GSTA concentrations in healthy dogs

Serum ¢GSTA concentrations were measured in 49 healthy dogs owned by staff and students of
Texas A&M University. The dogs were of various breeds with ages ranging from 1 to 14 years
with a mean age of 5.4 years. Twenty-three dogs were female, of which 3 were intact, and 19
dogs were male, of which 1 dog was intact. This information for the rest of the dogs was
missing. Serum cGSTA concentrations of 13 dogs (26.5%) were within the determined working
range (6.25 to 400 pg/L) of the assay, whereas the concentrations of 36 dogs were below the
lower detection limit of 6.25 pg/L. Concentrations ranged from <6.25 to 75.1 pg/L with a
median of 8.4 pg/L (Table 8).

The lower 95" percentile of serum GST alpha concentrations for theses 49 healthy dogs was

used to calculate the reference interval of the assay as <14.35 ug/L (Figure 20).
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Sample Serum cGSTA Sample Serum cGSTA

no. (ng/1) no. (ng/1)
1 <6.25 26 <6.25
2 <6.25 27 <6.25
3 7.1 28 <6.25
4 <6.25 29 <6.25
5 <6.25 30 <6.25
6 <6.25 31 8.5
7 6.6 32 9.3
8 8.0 33 <6.25
9 <6.25 34 <6.25
10 <6.25 35 <6.25
11 7.8 36 <6.25
12 <6.25 37 8.0
13 14.2 38 <6.25
14 <6.25 39 <6.25
15 <6.25 40 <6.25
16 12,5 41 <6.25
17 <6.25 42 <6.25
18 <6.25 43 <6.25
19 <6.25 44 <6.25
20 <6.25 45 9.0
21 <6.25 46 75.1
22 <6.25 47 <6.25
23 14.5 48 7.3
24 <6.25 49 <6.25
25 <6.25

Table 8: Serum cGSTA concentrations in 49 healthy dogs

This table shows serum ¢cGSTA concentrations in 49 healthy dogs. Thirty six dogs had serum
concentrations below the RIA’s lower detection limit of 6.25 pg/L, whereas the other 13 dogs
had serum cGSTA concentrations ranging from 6.63 to 75.12 ng/L (marked in bold). The median
serum concentration for the healthy group was 8.42 pg/L.
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Figure 20: Serum cGSTA concentrations in 49 healthy dogs

This figure shows serum cGSTA concentrations in 49 healthy dogs, with 36 of these samples
showing cGSTA concentrations below the lower limit of the working range of 6.25 pg/L. In the
other 13 dogs serum cGSTA concentrations ranged from 6.63 to 75.12 pg/L. The reference
interval as determined by the lower 95" percentile was <14.35 pg/L and is displayed as the
dashed line. The solid line represents the median concentration of 6.25 pug/L. There was one dog
that had a cGSTA concentration that was interpreted as outlier in this group. This dog could

possibly have had subclinical liver disease that was not detected by other liver markers.
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6. Serum cGSTA concentrations in dogs with hepatic disease

Canine GST alpha concentrations were measured by the newly developed cGSTA RIA in serum
of 45 dogs with liver disease. The dogs were of various breeds with an age ranging from 1 to 17
years and a mean age of 7.8 years. Twenty-seven dogs were female, of which 4 were intact, and
17 dogs were male, of which 4 were intact. Information for age and sex were missing for one
dog. The diseased group was divided into 4 subgroups. Seven dogs were diagnosed with a
congenital portosystemic shunt (CPSS; group 1), 15 with chronic hepatitis (CH; group 2), 7 with
hepatic neoplasia (group 3), and 16 had other types of liver disease (group 4). The ¢cGSTA
concentrations for each dog are shown in Table 9. Serum ¢GSTA concentrations ranged from
<6.25 to >400 pg/L, with a median value of 36.4 nug/L. Thirty-nine of 45 dogs (86.7%) had
measurable cGSTA concentrations. Two dogs had serum cGSTA concentrations above the upper
limit of the working range of the assay and four dogs had serum cGSTA concentrations below
the lower limit of the working range, which were all diagnosed with CPSS. When separating the
diseased dogs into 4 groups, canine GSTA was detectable in 3 of the 7 dogs (42.9%) with CPSS
(group 1), with concentrations ranging from <6.25 to 46 pg/L and with a median serum
concentration of 5 pg/L. Of the 15 dogs with chronic hepatitis (group 2), all but one dog had
detectable cGSTA concentrations (93.3%), with a median of 60 ug/L and a range from 13 to
>400 pg/L. One dog had a serum cGSTA concentration above the upper detection limit of the
assay. All 7 dogs with hepatic tumors (group 3) had serum cGSTA concentrations within the
detection limit of the assay (100%) and showed a median concentration of 30 pg/L, ranging from
21 to 126 pg/L. Finally, in the group of dogs with other liver diseases (group 4), 15 of the 16
dogs (93.75%) had detectable serum ¢cGSTA concentrations with a median of 36 pug/L and a
range of 15 to >400 pg/L. One dog had a serum cGSTA concentration above the upper detection
limit.

Statistical analysis showed that serum cGSTA concentrations were significantly higher in dogs
with liver disease compared to healthy control dogs (p<0.0001). Also, there was a significant
difference in serum GST alpha concentrations between dogs with PSS and dogs with chronic
hepatitis as well as between dogs with PSS and dogs with other hepatobiliary diseases (P<0,01
for both comparisons). Also, dogs with chronic hepatitis, hepatic neoplasia, and other

hepatobiliary diseases had significantly higher serum cGSTA concentrations than healthy dogs
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(P<0.01). No correlation was found between serum activities of ALT and serum concentrations

of ¢cGSTA in both healthy and diseased dogs (720=0.31; p=0.061) (Figure 23).

-76 -



Chronic .
. Liver tumor CPSS Others
Sample no.| hepatitis
(cGSTA pg/l) (cGSTA pg/l) | (cGSTA ug/l) | (cGSTA ug/l)
1 97.7 20.6 46.0 36.1
2 70.0 30.0 12.3 36.4
3 23.0 125.9 <6.25 16.9
4 59.3 42.3 <6.25 33.2
5 60.1 27.4 <6.25 20.7
6 >400 23.7 <6.25 56.8
7 68.2 96.9 26.9 73.6
8 41.4 235.5
9 160.5 >400
10 224.2 71.0
11 81.1 152.8
12 34.2 78.8
13 58.1 18.6
14 36.0 35.3
15 13.0 15.0
16 30.8
no. of dogs 15.0 7.0 7.0 16.0
min 13.0 21.0 <6.25 15.0
median 60.0 30.0 6.25 36.0
max >400 126.0 46.0 >400
% of total 33% 16% 16% 36%

RESULTS

Table 9: Serum cGSTA concentrations in 45 dogs with liver disease

This table shows serum cGSTA concentrations for 45 dogs with liver disease. The dogs were
divided into 4 groups based on their final diagnosis. Below, the total number of dogs in each
group, the median, and the range of cGSTA concentrations are presented under consideration of
the assay’s reference interval (6.25 to 400 pg/L). Three dogs had serum cGSTA concentrations
above the upper limit of the reference range (marked in bold) and 4 dogs of the group of dogs
with portosystemic shunts had serum cGSTA concentrations below the lower limit of the

reference range.
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Figure 21: Comparison of serum cGSTA concentrations between healthy and diseased dogs

This figure shows serum cGSTA concentrations in 49 healthy dogs compared to the 45 dogs with
hepatic disease with median ¢cGSTA concentrations of 6.25 and 36.4 ng/L, respectively,
indicated by the horizontal solid line. The statistical analysis using the Mann Whitney test for
nonparametric comparison was significant (p<0.0001). The dashed line indicates the calculated
reference interval of <14.35 pg/L. There was a significant difference in serum GST alpha

concentration between the two groups p<0.0001.
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Figure 22: Comparison of serum cGSTA concentrations between healthy dogs and dogs
with various types of liver disease

This figure shows the serum c¢cGSTA concentrations in 45 healthy dogs (median ¢GSTA
concentration: 6.25 ng/L), 15 dogs with chronic hepatitis (median cGSTA concentration: 60
ug/L), 7 dogs with CPSS (median ¢cGSTA concentration: 5 pg/L), 7 dogs with hepatic tumors
(median ¢cGSTA concentration: 30 pg/L), and 16 dogs with other liver diseases (median cGSTA
concentration: 36 pug/L). The solid lines indicate the medians and the dashed line the reference
interval (<14.35 pg/L). The statistical analysis using the Kruskal-Wallis test for nonparametric
comparisons between the 5 groups of dogs was statistically significant (p<<0.0001). The results of
post-testing with Dunn’s test to the level of p<0.01 are indicated by letters. Groups with no
significant difference between them have the same letter and groups where there is a significant

difference have different letters.
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Figure 23: Correlation between ALT and GSTA in the serum of dogs

This figure displays the results of the Spearman rank correlation, showing that there is no
significant correlation between the serum activities of ALT and the serum concentrations of

c¢GSTA in both healthy and diseased dogs (720=0.31; p=0.061).
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V. DISCUSSION

1. Purification of canine GSTA

Canine GSTA was successfully purified from canine liver. The reproducible purification
protocol described allows the isolation of cGSTA of high purity, as confirmed by SDS-PAGE
(Figure 10 andFigure 11), LC/MS/MS (Figure 12), and amino acid composition analysis (Table
2).

The purification of canine GSTA has previously been reported using a glutathione affinity
column (Kilty et al. 1998), as well as in a combination with HPLC chromatofocusing with a
Mono P column (Igarashi 1991). However, in our laboratory using only a glutathione affinity
column, did not produce pure c¢GSTA, but rather a mixture of different GST isoforms.
Furthermore, Wiener (1986) used an extensive protocol, including a DEAE — cellulose column,
(NH4)2SO4 precipitation, a CM-cellulose column, a phenyl-sepharose CL-4B column, Bio-Gel
hydroxyaptite, a GSH-agarose column and finally chromatofocusing. These protocols, as well as
different protocols for the purification of porcine and human GST (Stockman 1987, Kunze 1997,
Pastore et al. 1998), were evaluated for yield and purity, as well as cost-effectiveness, handling,
and time. In order to achieve a cost-effective purification protocol with the resources we had
available and a high purity of the end product, multiple attempts using various chromatographic
columns were made. One of the protocols for the purification of human GST used a GSH-affinity
column first, followed by a DEAE-Sepharose column and ion exchange chromatography with a
Mono Q column (Pastore et al. 1998). The combined use of affinity chromatography and anionic
exchange chromatography with a DEAE or Mono Q column, did not lead to pure canine GST
alpha. Anionic exchange chromatography with a Mono Q column following GST affinity
chromatography resulted in a poor purification of GST alpha with most of the GST being eluted
in the flow-through. However, using the glutathione affinity chromatography as a first
purification step of the crude liver homogenate, followed by cationic exchange chromatography
improved the protocol significantly. This is most likely due to the high pI of canine alpha GST,
causing its net charge to be positive in most buffers except highly basic buffers. Therefore, the

protocol was adapted to use a Resource S column. Using the described purification protocol,
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cGSTA was purified with a purity greater than 95%, as established by SDS-PAGE analysis and
the Quantity One software package, as well as by LC/MS/MS analysis as discussed below.

2. Partial characterization of cGSTA

The amino acid composition analysis and LC/MS/MS showed a high degree of homology with
canine GSTA2 and A3 (Table 2 and Figure 12). These were the closest sequences found to the
assumed sequence of ¢cGSTAI, as the sequence of cGSTA1 could not be found in the NCBI
database. LC/MS/MS identified cGSTA2 in the sample with a high coverage of 41%. However,
since the sequence of ¢cGSTAI is not known, it can only be assumed that cGSTA1 is also
contained within the purified protein sample, as it has been shown that GSTA1 makes up over
half of the alpha GSTs in the liver of humans (Mulder et al. 1999). The cytosolic GST and in
particular GST alpha content in the liver of humans and dogs seems to be similar (Wiener 1986,
van Ommen et al. 1990, Kilty et al. 1998). N-terminal amino acid sequencing was attempted, but
was not possible since the N-terminus of GST alpha is blocked (Igarashi 1991), as has been
shown for GST alpha in other species (Bogaards et al. 1992, Pastore et al. 1998, Prabhu et al.
2004). However, in fractions analyzed directly after GST affinity chromatography, the sequence
of cGSTM1 ((V)-M-I/Y-F-G.L-Y-(L)-D-I-(V)) was discovered, which has been previously been
shown to exist in the liver in smaller concentrations than alpha, unless there is a polymorphism
causing a lack of the protein (van Ommen et al. 1990, Savolainen et al. 1996).

The apparent molecular weight of canine GST alpha was estimated by SDS-PAGE and found to
be approximately 26 kDa. This was confirmed by the more accurate mass analysis by MALDI-
TOF mass spectrometer, which resulted in two masses demonstrated by a higher and a smaller
peak (Figure 13). The higher peak corresponded to a compound with a mass of 25,651.29 Da and
was almost identical to the mass previously determined by LC/MS/MS for ¢cGSTA2 of 25,659
Da. It is also nearly identical to the molecular mass of cGSTA3 with 25,657 Da, considering the
inaccuracy/inherent variability of the mass spectrometer of 0.1%. Canine GSTA4 has a slightly
higher mass of 25,727 Da. The smaller peak was determined to weigh 25,355.73 Da, which
could be another isoform or represent a cleaved form of the protein.

The isoelectric point of cGSTA was found to be approximately 8.9 (Figure 14), and was
therefore identical to the pl of about 8.9 for GSTA1 reported by other studies in dogs as well as
in other species (Stockman 1987, Igarashi et al. 1991, Bogaards et al. 1992). Similar to SDS
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PAGE, a double band was visible on the IEF gel as well. This double banding, taken together
with the two mass peaks identified by MALDI-TOF mass spectrometry, conflicts with the
LC/MS/MS results that identify the protein sample to be pure cGSTA. This could be explained
by either post-translational modifications, a cleaved form, or different isoforms of GSTA being
present in the sample.

The measurement of the specific absorbance resulted in an estimate of about 1.05 (Table 3),

which resembles the specific absorbance calculated with the ExPASy—protparam program for

canine GSTA2 and A3 isoforms.

-83 -



DISCUSSION

3. Production of anti-cGSTA antibodies

The inoculation of the two New Zealand White rabbits with cGSTA antigen for the production of
antiserum using the described protocol successfully led to the production of polyclonal
antibodies in both rabbits. Polyclonal antibodies have several advantages over monoclonal
antibodies: their production is less expensive and time consuming; it is also less technologically
demanding and larger amounts of antibodies can be produced. In addition, polyclonal antibodies
recognize multiple epitopes on an antigen. Serum will contain a heterogeneous mixture of
antibodies of different, usually very high, affinity. Thus, the signal from a target protein with low
expression may be amplified, as it will bind several antibodies and the antibodies will be more
tolerant of minor changes of the antigen (e.g., polymorphism, denaturation) (Lipman et al. 2005).
However, one of the disadvantages of polyclonal antibodies is the possible batch to batch
variability.

New Zealand White rabbits were chosen as a host species for the antigen inoculation. Rabbits,
sheep, and goats are the most commonly used mammals due to ease of vascular access, their
robustness of the immune response, and their size, which allows smaller injections of protein
with an efficient antigen production. Of these species, rabbits are used most commonly, as they
are easy to handle and less expensive (Lipman et al. 2005). Furthermore, the use of polyclonal
antibodies and rabbits as a carrier species has previously been very successful in our laboratory.
However, rabbits also show a less consistent immune response. For this reason, and considering
potential batch to batch variability, it is recommended to use at least two rabbits (Harlow et al.
1999).

Repeated subcutaneous immunizations led to an increase of the antibody titer. After two

injections, a good antibody titer was achieved.
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4. Development and analytical validation of a RIA for the measurement of

¢GSTA in dog serum

A radioimmunoassay for the measurement of cGST alpha in canine serum samples was
developed and analytically validated. Before deciding to establish our own immunoassay, a
commercially available GST activity assay, as well as a commercially available serum GSTA
ELISA kit was tested to determine their utility for assaying GST in canine serum. Unfortunately,
the activity assay did not appear to be sensitive enough for the discrimination of diseased versus
healthy canine blood samples. In general, the use of enzyme activity assays does not provide a
differentiation between the various GST isoenzymes, so the development of immunoassays is
usually required for the specific detection of GSTs and will allow more accurate monitoring of
the serum/plasma GST levels in dogs (Mulder 1996). The use of a commercially available
ELISA kit for canine GSTA was evaluated, but did not appear to measure canine serum GST
accurately, as it did not show sufficient linearity for the analysis of the samples, nor did it allow
discrimination between samples from healthy and diseased dogs. Therefore, we developed an in-
house radioimmunoassay for the measurement of canine GSTA in serum. Measurement of
human GSTA by radioimmunoassay has previously been shown to provide a very accurate
method for the detection of hepatocellular damage in humans (Sherman et al. 1983, Beckett et al.
1985).

The analytical validation of the RIA was performed by determination of the lower limit of
detection, accuracy, linearity, precision, and reproducibility of the assay. The lower detection
limit of the assay was determined to be 1.03 pg/L. The working range of the assay was
determined to be 6.25 to 400 pug/L. The results of the spiking recovery did not show acceptable
accuracy of the assay, as the 4 samples showed O/E between 38.8 to 263.0% (Table 5). The
intra-assay variability for 4 different serum samples, of which two were spiked samples with
different antigen amounts, ranged between 9.0 and 17.2% (Table 6). The inter-assay variability
for the same 4 serum samples ranged between 19.1 and 22.3% (Table 7). Results for the linearity
of the assay showed high variations in the observed to expected ratios (Table 4). In conclusion it
can be said, that even though there is no consensus about target validation values for assay
validation, this assay does not seem to have an acceptable accuracy, linearity, precision, or
reproducibility. This may have been due to a matrix effect, because a relatively large amount of

each patient’s serum was used in the assay. However, the assay lacked sensitivity, as most of the
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samples fell into the lower part of the working range or were even below the lower detection
limit of the working range. Therefore further dilution of the patient serum, would have lead to
undetectable measurements. Despite trying multiple assay conditions it was not possible to get
this cGST alpha RIA to perform acceptably. Therefore, it will be necessary to develop another
assay. The development of an ELISA is the next logical step.
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5. Serum ¢GSTA concentrations in healthy dogs

A reference interval of <14.35 pg/L was established by the measurement of the serum cGSTA
concentrations in 49 healthy dogs and calculating the lower 95" percentile of their serum GSTA
concentrations (Figure 20). Serum concentrations were detectable in 13 of these animals with the
remainder of the dogs having values below the lower detection limit of 6.25 ng/L (Table 8). The
serum cGSTA concentrations of these 13 dogs ranged from 6.63 to 75.12 ug/L. The dog with a
measured cGSTA concentration of 75.12 pg/L was interpreted as an outlier in this group and
could possibly have had subclinical liver disease that was not detected by other liver markers.

The established reference interval for the cGSTA RIA is higher than what has previously been
reported for humans with ranges of 0-12 ng/ml and 1.8-4.0 pg/L (Sherman et al. 1983, Beckett et
al. 1985). However, this is a different species and immunoassays are not truly analytical and do

not measure actual mass-concentrations of the analyte.
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6. Serum cGSTA concentrations in dogs with hepatic disease

In order to assess the clinical utility of cGSTA as a novel biomarker for hepatocellular damage,
serum samples from 45 dogs with hepatobiliary disease were assessed. With the exception of two
dogs with a normal liver biopsy, but elevated liver enzymes, all of the diseased dogs had
histopathological changes. Interestingly, the 2 dogs with normal histopathology had increased
serum cGSTA concentrations. A statistically significant difference between the samples of
healthy and diseased dogs was found (p<0.0001). Canine GSTA concentrations of 39 of the 45
dogs with hepatobiliary disease were above the determined reference interval for healthy dogs
(<14.3 pg/L) (Figure 21 and Figure 22). Five of the 6 dogs with hepatobiliary disease that had
serum GSTA concentrations within the reference interval were diagnosed with congenital
portosystemic shunts (CPSS), which could be an indication that dogs with CPSS did not have
hepatocellular injury. However, the serum ALT concentrations were increased in 3 out of the 5
dogs, which may suggest that the measurement of cGSTA may not be as sensitive for the
detection of hepatocellular injury as serum ALT activity in dogs with CPSS. The other dog with
hepatobiliary disease that had a serum GSTA concentration within the reference interval was
diagnosed with chronic hepatitis and had a serum cGSTA concentration just barely below the
upper limit of the reference interval.

Overall, these results are in line with studies in other species, such as humans, rats, and dogs
showing that GST alpha may be a useful biomarker for the assessment of hepatocellular damage
(Trull et al. 1994, Kilty et al. 1998, Bailey et al. 2012).

In addition, the diseased dogs were divided into 4 groups based on histopathology and other
laboratory data. One group included only dogs diagnosed with CPSS (group 1). The other groups
included dogs with chronic hepatitis (group 2), hepatic neoplasia (group 3), or other liver
diseases (group 4). Serum cGSTA concentrations were significantly different between healthy
animals and the diseased groups with exception of the group diagnosed with CPSS (Figure 22).
When comparing healthy dogs to the diseased dogs and after exclusion of dogs with CPSS, a
clear separation could be seen. This suggests that canine GSTA may be useful as a marker to
screen for hepatic disease similarly to ALT. However, it may not be useful to distinguish
between different types of liver disease and may not be useful as a marker for CPSS. Further
studies would be needed to explore whether or not cGSTA is a more sensitive marker for

hepatocellular/-biliary injury than ALT in the dog. This could be done by monitoring serum
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c¢GSTA concentrations longitudinally or even by inducing hepatic injury in dogs to determine if
serum ¢cGSTA concentrations increase more rapidly after the onset of hepatocellular injury and if
they decrease sooner after resolution of disease than serum ALT activities. Furthermore,
different drugs could be administered to compare the performance of the two liver markers with

drug induced hepatic damage.
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7. Conclusion

In conclusion, canine glutathione transferase alpha was successfully purified from canine liver.
Polyclonal anti-cGSTA antibodies were successfully produced in rabbits and used for the
development of a radioimmunoassay for the measurement of canine GST alpha in serum. Even
though the assay did not show acceptable linearity, accuracy, precision, or reproducibility,
significant differences in serum ¢cGSTA concentrations were found between healthy dogs and
dogs with various types of hepatobiliary disease. This finding suggests that GST alpha warrants
further study as a novel marker of hepatocellular injury in dogs. However, another assay will
need to be developed before this work can take place. If future work does support the utility of
GST alpha as a serum marker of canine hepatocellular injury, rigorous studies will need to be
performed to compare its diagnostic performance to those of existing markers of hepatocellular

injury.
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Purification and Partial Characterization of Canine Glutathione Transferase alpha and the
Development of an Immunoassay for the Measurement of Glutathione Transferase alpha

concentration in Serum

Glutathione transferase alpha (GSTA) belongs to a diverse family of isoenzymes involved in the
detoxification of a range of xenobiotic compounds by conjugation to glutathione. In humans,
GSTA has been identified as an earlier, more specific, and more sensitive indicator of
hepatocellular injury than the commonly used aminotransferases, regardless of the cause of
hepatic injury. Canine GSTA (¢cGSTA) has also been shown to detect hepatic injury induced by
warm ischemia in the dog.

The aim of this study was to develop a simple and reproducible protocol for the purification of
c¢GSTA from canine liver, to partially characterize cGSTA, to produce anti-cGSTA antibodies in
order to develop and analytically validate an RIA for the measurement of cGSTA in serum, and
to compare serum cGSTA concentrations between healthy and dogs with spontaneous
hepatocellular disease.

An efficient, simple, and reproducible protocol for the extraction and subsequent purification of
glutathione transferase alpha from canine liver was established and some of the biochemical
properties of this protein were evaluated.

Amino acid analysis as well as liquid chromatography—mass spectrometry (LC/MS/MS) analysis
showed a high homology to the isoenzymes cGSTA2 and cGSTA3, respectively. The molecular
weight of ¢cGSTA was estimated by SDS-PAGE to be 25 kDa. By MALDI-TOF mass
spectrometry, the mass of cGSTA was more precisely determined to be 25,651 Da. Isoelectric
focusing of cGSTA revealed an isoelectric point between 9.1 and 9.3 and the specific absorbance
at 280 nm was determined to be approximately 1.05.

Antibodies against cGSTA were raised in rabbits and an RIA for the measurement of cGSTA
was developed and analytically validated. However, the assay did not show acceptable linearity,
accuracy, precision, or reproducibility, which was assumed to be due to a lack of sensitivity of
the assay leading to most clinical samples falling towards the lower limit of the assay’s working

range. The working range of this assay was determined to be 6.25 to 400 pg/l. In order to
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determine whether there would be merit in developing a more sensitive assay for the
measurement of ¢cGSTA a preliminary reference interval of <14.35 pg/LL was established.
Finally, serum concentrations of cGSTA were measured in 49 healthy and 45 diseased animals
and compared between the two groups of dogs to assess if cGSTA may have any utility as a
biomarker for hepatocellular injury in dogs. Serum ¢cGSTA concentrations were measurable in
39 of 45 dogs (86.7%) with hepatic disease. The median serum concentration of cGSTA was
significantly higher in dogs with liver disease (6.25 — 400 pg/L, median: 36.4 pg/L; p<0.0001)
than in healthy dogs (6.25 — 400 pg/L, median: 6.25 ng/L; p<0.0001). When separating the
diseased dogs into 4 groups, cGSTA was detectable in 3 of the 7 dogs (42.9%) with congenital
portosystemic shunts (6.25 — 46 ug/L, median: 6.25 pg/L; p<0.0001), with 4 dogs having serum
c¢GSTA concentrations below the lower detection limit. It was also detectable in 14 of the 15
dogs (93.3%) with chronic hepatitis (13 — 400 ug/L, median: 60 pg/L; p<0.0001), except of one
dog that had a serum cGSTA concentration above the upper detection limit of the assay. Serum
cGSTA concentrations were furthermore measurable in all 7 dogs (100%) with hepatic tumors
(21 — 126 pg/L, median: 30 pg/L; p<0.0001) and in 15 of the 16 dogs (93.75%) with other liver
diseases (15 — 400 pg/L, median: 36 pg/L; p<0.0001), with one dog also having a serum cGSTA
concentration above the upper detection limit. This suggests that the measurement of serum
cGSTA may be able to distinguish between healthy dogs and dogs with hepatic disease, though it
may not be useful to distinguish between different types of liver disease, nor as a marker for
CPSS.

In conclusion, serum cGSTA appears to be a promising marker for hepatic disease and warrants
further assessment as a serum marker of hepatocellular injury in dogs. However, before this work
can begin a more sensitive assay for its measurement must be developed and analytically

validated.
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Reinigung und Teilchencharakterisierung von caniner Glutathion Transferase und die
Entwicklung eines Immunoassays zur Messung der Konzentration der Glutathion

Transferase im Serum

Glutathion Transferase alpha (GSTA) gehort zu einer grofen Familie von Isoenzymen, die bei
der Entgiftung verschiedenster Fremdstoffe durch die Konjugierung mit Glutathion mitwirken.
Beim Menschen wurde dieses Enzym bereits als ein schneller ansteigender, spezifischerer und
sensitiverer Indikator fiir hepatozelluldre Schidigungen im Vergleich zu den {iblichen
Aminotransferasen identifiziert und das unabhingig von der Ursache der Leberschidigung.
Zudem wurde gezeigt, dass canine GSTA (cGSTA) auch beim Hund eine hepatozelluldre
Schidigung nach induzierter Ischdmie nachweisen kann.

Ziele dieser Studie waren, ein einfaches und reproduzierbares Protokoll fiir die Reinigung von
c¢GSTA aus der Leber vom Hund zu erstellen, das Protein detaillierter zu charakterisieren,
Antikorper gegen cGSTA im Kaninchen zu produzieren und diese fiir die Herstellung und
Validierung eines Immunoassays zu nutzen. Ziel war es, diesen Assay zur Messung und zum
Vergleich der Konzentration von ¢cGSTA im Serum von gesunden Hunden und Hunden mit
Lebererkrankungen einzusetzen.

Es wurde daher ein effizientes, einfaches und wiederholbares Protokoll fiir die Extraktion sowie
fiir die nachfolgende Reinigung von Glutathion Transferase alpha aus Hundeleber entwickelt.
Nachfolgend wurden einige physiologische FEigenschaften des Proteins ermittelt. Eine
Aminosdurenanalyse und Liquid-Chromatographie-Massenspektometrie/Massenspektometrie
(LC/MS/MS) zeigten eine sehr hohe Ubereinstimmung mit den beiden Isoenzymen cGSTA2 und
c¢GSTA3. Das molekulare Gewicht von cGSTA wurde mittels Gelelektrophorese auf etwa 25
kDa geschitzt. Spiter wurde die Masse von cGSTA genauer mittels MALDI-TOF
Massenspektrometrie bestimmt und betrug 25.651 Da. Die isoelektrische Fokussierung von
cGSTA ergab einen isoelektrischen Punkt von ungefdhr 8,9 und die spezifische Absorption bei
280 nm wurde als 1,05 ermittelt.

Antikorper gegen ¢cGSTA wurden in Kaninchen produziert und ein RIA fiir die Messung von
cGSTA entwickelt und analytisch validatiert. Der RIA zeigte jedoch keine gute Linearitét,
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Prézision, Genauigkeit oder Reproduzierbarkeit. Dies begriindet sich vermutlich in der geringen
Sensitivitit des RIA’s, was dazu fiihrte, dass die meisten Werte der Serumproben in den unteren
Messbereich des Assays fielen. Der Messbereich des Assays betrug 6,25 bis 400 pg/l. Ein
vorldufiger Referenzbereich von <14,35 ng/l wurde erstellt, um zu priifen, ob die Entwicklung
eines sensitiveren Assays von Vorteil wére. SchlieSlich wurde die Konzentration von cGSTA bei
49 gesunden sowie 45 leberkranken Hunden gemessen und verglichen, um zu beurteilen, ob
c¢GSTA ein niitzlicher Indikator fiir die Diagnose von Lebererkrankungen beim Hund sein
konnte. Die ¢cGSTA Konzentration im Serum konnte bei 39 von 45 Hunde (86,7%) mit
Lebererkrankung gemessen werden. Der Mittelwert der cGSTA Konzentration im Serum war
signifikant hoher bei Hunden mit Lebererkrankungen (6,25 — 400 ng/l, Median: 36,4 ng/l;
p<0,0001) im Vergleich zu gesunden Hunden (6,25 — 400 pg/l, Median: 6,25 ug/l; p<0,0001).
Die erkrankten Hunde wurden in vier Gruppen entsprechend der Ursachen der Lebererkrankung
aufgeteilt. Canine GSTA war bei 3 von 7 Hunden (42,9%) mit angeborenen portosystemischen
Shunts messbar (6,25 — 46 pg/l, Median: 6,25 ug/l; p<0.0001), wobei die Mehrzahl der Hunde
Serum c¢GSTA-Konzentrationen unterhalb der unteren Grenze des Messbereichs des Assays
hatten. In der Gruppe der Hunde mit chronischer Hepatitis hatten 14 der 15 Tiere (93,3%)
messbare cGSTA-Konzentrationen (13 — 400 pg/l, Median: 60 pg/l; p<0.0001), abgesehen von
einem Hund mit Werten oberhalb der oberen Grenze des Messbereichs. Die Serum cGSTA-
Konzentrationen waren zudem messbar bei allen 7 Hunden (100%) mit Lebertumoren (21 — 126
ug/l, Median: 30 pg/l; p<0.0001) sowie bei 15 von 16 Hunden (93,75%) mit anderweitigen
Lebererkrankungen (15 — 400 pg/l, Median: 36 pg/l; p<0.0001), wobei ein Hund auch hier
c¢GSTA-Serumkonzentrationen oberhalb des Messbereichs hatte. Dies weist darauf hin, dass die
Messung von cGSTA im Serum von Hunden hilfreich bei der Differenzierung von gesunden
Hunden und Hunden mit Lebererkrankung sein kdnnte, jedoch nicht fiir die Differenzierung
verschiedener Ursachen der Lebererkrankung oder als Marker fiir kongenitale Lebershunts.

AbschlieBend kann festgestellt werden, dass die cGSTA Konzentrationen im Serum als Marker
fiir hepatozelluldre Schadigung vielversprechend erscheint, jedoch sind weitere Untersuchungen
notwendig, um den klinischen Nutzen von cGSTA zu priifen. Hierzu miisste ein neuer Assay fiir

die Messung von GSTA mit verbesserter Sensitivitit entwickelt und validiert werden.
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