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ABSTRACT 
 

DONOR SUBSTRATE SPECIFICITY OF BOVINE KIDNEY 

GAMMA-GLUTAMYLTRANSFERASE 

Anita Agblor          Advisor: 

University of Guelph     Dr. P. David Josephy 

 

Mammalian γ-glutamyltransferase (GGT) is a glycoprotein consisting of two subunits - a 

light chain and a heavy chain. The light chain contains the catalytic activity; the heavy chain 

anchors the protein to the membrane. GGT catalyzes the hydrolysis of the γ-glutamyl isopeptide 

bond of glutathione conjugates, releasing glutamic acid, or the transfer of the γ-glutamyl group to 

an acceptor substrate. The specificity of the enzyme for xenobiotic donor substrates has not been 

fully characterized. The transpeptidation activity of bovine kidney GGT was measured with 

glycylglycine as acceptor substrate and several glutathione conjugate donor substrates, 

representative of detoxication products of polycyclic aromatic xenobiotics. HPLC separation 

with UV detection was used for quantitation. The commonly-used chromogenic donor substrate 

γ-glutamyl-p-nitroanilide was also tested. Michaelis constants (Km) were obtained for γ-

glutamyl-p-nitroanilide (0.74 mM), 4-nitrobenzyl glutathione (0.075 mM), 2,4-dinitrophenyl 

glutathione (0.30 mM), 4-methylbiphenylyl glutathione (0.12 mM), 1-menaphthyl glutathione 

(0.23 mM), and 9-methylanthracenyl glutathione (0.22 mM), indicating that enzyme activity is 

affected, but not strongly, by the nature of the S-substituent attached to glutathione, and there is a 

slight trend of higher Km values with bulkier aromatic S-substituents. 
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1. INTRODUCTION  

1.1 OVERVIEW OF DETOXICATION 

The term xenobiotic refers to chemical compounds that are foreign to life, and can 

include drugs, pesticides, industrial chemicals and environmental pollutants (Patterson et al., 

2010). Biochemical mechanisms can remove xenobiotics that have entered the body. Metabolism 

of exogenous and endogenous compounds through detoxication processes involving 

functionalization and conjugation reactions generates less toxic, more polar entities that can be 

readily excreted (Grant, 1991; Josephy and Mannervik 2006; Liska et al., 2006). 

Cytochrome P450 enzymes are involved in the metabolism of drugs and xenobiotics, 

such as acetaminophen, caffeine, nicotine, and ethanol (Josephy and Mannervik 2006). These 

enzymes catalyze insertion of oxygen atoms into the xenobiotic substrate, to generate a 

metabolite that is usually less lipid soluble; in some instances, the metabolite can be more 

reactive than the parent compound (Gonzalez, 1988; Liska et al., 2006; Josephy and Mannervik, 

2006).   

Further metabolism occurs during conjugation reactions, where polar functional groups 

such as glucuronic acid, sulfate, or glutathione (GSH) are conjugated to the metabolites, 

generating a more polar compound that can be excreted (Commandeur et al., 1995; Liska et al., 

2006; Omiecinski et al., 2011). However, detoxication of xenobiotics does not necessarily follow 

a particular order (metabolism by cytochrome P450s, then conjugation reactions); some 

xenobiotics and endogenous compounds are directly metabolized by conjugation with polar 

moieties.    
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1.2 GLUTATHIONE 

GSH (γ-glutamylcysteinylglycine) is a major low-molecular-weight thiol found in 

organisms ranging from bacteria to mammals (Sies, 1999; Lu, 1999). GSH is involved in many 

cellular processes, such as redox homeostasis, trapping and detoxifying electrophiles, and 

defending the cell against oxidative stress (Lu, 1999; Josephy and Mannervik, 2006). Two 

structural features of GSH are its sulfhydryl group and the unusual γ-glutamyl isopeptide bond 

between the γ-carboxylate of glutamate and the amino group of cysteine (Figure 1). The γ-

glutamyl bond protects GSH from intracellular degradation by proteases; the only enzyme 

known to catalyze cleavage of this bond is γ-glutamyltransferase (γ-glutamyltranspeptidase; 

GGT) (Lu, 1999; Josephy and Mannervik, 2006). When ionized, the sulfur atom of GSH is a 

good nucleophile and is able to trap electrophilic molecules (Josephy and Mannervik, 2006). 

Therefore, conjugation to GSH (spontaneous or enzymatic) is an important mechanism to 

detoxify xenobiotics; however, in some instances (e.g. certain haloalkanes), GSH conjugation 

can result in bioactivation of electrophiles, resulting in species that are more reactive than the 

parent compound (Josephy and Mannervik, 2006). GSH conjugation initiates a major pathway 

for the elimination of xenobiotics through the formation of mercapturic acids (Figure 2).   

 

1.3 THE MERCAPTURIC ACID PATHWAY 

The mercapturic acid pathway begins with the action of glutathione transferases, 

catalyzing xenobiotic conjugation with GSH. Hydrolysis of the γ-glutamyl isopeptide bond of 

GSH conjugates is catalyzed by GGT.  Dipeptidases hydrolyze the resulting cysteinylglycine 

(Cys-Gly) conjugates (Poon and Josephy, 2012) to cysteine (Cys) conjugates, and a final N-

acetylation step (Veiga de-Cunha et al., 2010) generates mercapturic acids. Mercapturic acids of 
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Figure 1. Structure of glutathione.  
 



4 
 

 
  

 

 
 

 

Figure 2. The mercapturic acid pathway.  

Steps are conjugation with glutathione, hydrolysis of the γ-glutamyl isopeptide bond of the GSH conjugate, hydrolysis of the α-

peptide bond of the Cys-Gly conjugate, and N-acetylation of the Cys conjugate. R represents a xenobiotic (e.g. 1-chloro-2,4-

dinitrobenzene). 
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aromatic xenobiotics, such as benzene, toluene, xylene and styrene have been detected in human 

urine through high performance liquid chromatography (HPLC)-mass spectrometry (MS) 

analyses (Sabatini et al., 2008; Reska et al., 2010); naphthalene- and benzo[a]pyrene-derived 

mercapturic acids have also been detected in the urine of rodents (Stillwell et al., 1982; Yang et 

al., 1998). Aromatic and polycyclic aromatic hydrocarbons (PAH) are toxicologically relevant, 

potentially carcinogenic or mutagenic xenobiotics, to which humans are exposed (Sabatini et al., 

2008; Reska et al., 2010). The focus of this study is the enzyme GGT, and its role in the GSH-

dependent metabolism of monocyclic and polycyclic aromatic xenobiotics.  

 

1.4 γ-GLUTAMYLTRANSFERASE 

GGT (EC 2.3.2.2) is found in organisms ranging from bacteria to mammals (Castonguay 

et al., 2007). The enzyme was first identified when Binkley and Nakamura noted an activity 

present in the tissues of rat kidney, liver, spleen, heart, skeletal muscle, testicles, and thymus that 

could hydrolyze GSH (Binkley and Nakamura, 1948). In mammals, the enzyme is found mainly 

in the kidney (Tate and Meister, 1981; Ikeda and Taniguchi, 2005). Mammalian GGT is a 

membrane-bound heterodimeric glycoprotein; the heavy subunit of GGT anchors the protein to 

the membrane and the light subunit contains the catalytic site of the enzyme (Castonguay et al., 

2007). GGT acts in the metabolism of xenobiotics and endogenous GSH conjugates, in GSH 

homeostasis, in cysteine recovery, and it is often used as a biomarker of liver damage 

(Lieberman et al., 1996; Ikeda and Taniguchi, 2005; Castonguay et al., 2007; Heisterkamp et al., 

2008; Wickham et al., 2011). GGT-knock-out mice had elevated levels of GSH in the urine (15 

mM) and plasma (175 μM); GSH levels of WT mice in the urine and plasma were 6 μM and 28 

μM, respectively (Lieberman et al., 1996). This indicates the importance of GGT in GSH 
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homeostasis through degradation of the tripeptide (Lieberman et al., 1996). Plasma cysteine 

levels of WT and GGT-knock-out mice were 12 μM and 2 μM, respectively (Lieberman et al., 

1996), demonstrating that GGT is significant in cysteine recovery by initiating the cleavage of 

GSH into its constituent amino acids (Lieberman et al., 1996). Serum GGT is “mainly derived 

from the liver” (Okada et al., 2006). Elevated levels of serum GGT usually indicates hepatic 

damage, allowing for the use of GGT as a biomarker of liver damage (Okada et al., 2006; 

Heisterkamp et al., 2008). GGT exhibits an αββα fold (Okada et al., 2006), as shown in Figure 3. 

 

1.4.1  DONOR AND ACCEPTOR SUBSTRATES  

 

GGT utilizes two types of substrates: donor substrates contain the γ-glutamyl isopeptide 

bond to be cleaved, and acceptor substrates receive the hydrolyzed γ-glutamyl moiety. Hanes and 

colleagues showed that GSH and γ-glutamyl peptides could act as donor substrates; water, amino 

acids, and γ-glutamyl peptides could serve as acceptor substrates (Hanes et al., 1950; Hanes et 

al., 1952). Sheep kidney GGT was incubated with GSH, γ-glutamyl peptides and amino acids; 

the enzymatic γ-glutamyl products were separated by paper chromatography and visualized with 

ninhydrin. The formation of γ-glutamyl products indicated a transpeptidation reaction, where the 

γ-glutamyl moiety of the donor substrate (GSH, γ-glutamyl peptide) was transferred to an 

acceptor substrate (amino acid or γ-glutamyl peptide). In addition, GGT incubated with GSH 

alone produced a small amount of glutamate, suggesting that a hydrolysis reaction also occurs, 

with water as the acceptor substrate (Hanes et al., 1950, Hanes et al., 1952). The transpeptidation 

reaction is thought to occur when high concentrations of amino acids or dipeptides are present 

(Tate and Meister, 1974). In a standard assay (described in section 1.4.5) with donor substrate γ-

glutamyl-p-nitroanilide (GpNA) and various acceptor substrates, the highest specific activities 
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Figure 3. Structure of E. coli GGT.  

PDB File 2DBU. The heavy and light subunits are shown in green and purple, respectively. The 

protein exhibits an αββα fold. Figure was generated with PyMOL (The PyMOL Molecular 

Graphics System, Version 1.3, Schrödinger, LLC). 
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for rat kidney GGT were observed with glycylglycine (glygly; 110 μmol/min/mg), glutamine (37 

μmol/min/mg) and methionine (35 μmol/min/mg) as acceptor substrates (Tate and Meister, 

1974). The generation of glutamate through the hydrolysis reaction is thought to be the 

predominant reaction occurring at physiological pH (Wickham et al., 2011). 

Autotranspeptidation may occur with high concentrations of donor substrates or when no 

acceptor substrate is present (Tate and Meister, 1974; Morin et al., 2006; Wickham et al., 2011).  

 

 

1.4.2 ENZYMATIC MECHANISM 

The catalytic cycle of GGT follows a ping-pong mechanism (Figure 4), similar to the 

type of enzymatic mechanism observed with serine proteases (Tate and Meister, 1974; Morin et 

al., 2006). One substrate binds to the enzyme and one product is released; a second substrate 

binds and a second product is released, resembling a ping pong ball moving back and forth. In 

the first step of the reaction cycle of GGT, the γ-glutamyl moiety of the donor substrate (GSH) 

reacts with a hydroxyl group in the active site of the enzyme to generate a tetrahedral acyl-

enzyme intermediate (Tate and Meister, 1974; Wickham et al., 2011).  In the case of the E. coli 

GGT, the catalytic residue has been identified as Thr391, the N-terminal residue of the light 

subunit (Inoue et al., 2000; Okada et al., 2006). Release of the donor in its free amine form (e.g., 

cysteinylglycine) from the tetrahedral intermediate produces the covalent acyl-enzyme (γ-

glutamyl enzyme) intermediate (Tate and Meister, 1974; Wickham et al., 2011). Subsequent acyl 

transfer of the γ-glutamyl moiety to an acceptor substrate, such as water or a dipeptide, releases 

glutamate or a γ-glutamyl dipeptide, respectively, and completes the reaction cycle (Tate and 

Meister, 1974; Castonguay et al., 2003; Morin et al., 2006; King et al., 2009; Wickham et al., 

2011).  
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Figure 4. Enzymatic mechanism of GGT. GSH is shown as the donor substrate. The hydroxyl 

group of the catalytic Thr nucleophile attacks the gamma-glutamyl moiety forming a tetrahedral 

intermediate. Formation of the gamma-glutamyl-enzyme intermediate occurs when the Cys-Gly 

moiety leaves. The gamma-glutamyl group is then transferred to an acceptor substrate, either 

water or a dipeptide (glycylglycine) forming glutamate, and gamma-glutamylglycylglycine, 

respectively.    
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1.4.3 OTHER ENZYMES WITH γ-GLUTAMYLTRANSFERASE-LIKE ACTIVITY 

Heisterkamp and colleagues identified human GGT-rel, a 2.4 kB cDNA that displayed 

39.5% amino acid sequence identity to GGT (Heisterkamp et al., 1991). This group also 

identified sequences of GGT-rel that could represent the heavy and light chains, and a 

transmembrane domain, common to GGT enzymes. Enzyme produced from transfectants 

overexpressing human GGT-rel was used in assays to determine its donor substrate specificity; 

substrates tested were GSH, leukotriene (LT) C4, and the chromogenic substrates GpNA and -

glutamyl-4-methoxy-2-naphthylamide. Assays with GSH and LTC4 were monitored by HPLC 

(LTD4 formation and GSH degradation); chromogenic substrates were analyzed through 

spectrophotometry. It was concluded that human GGT-rel is able to hydrolyze LTC4 and GSH; 

however, no activity was observed with GpNA or -glutamyl-4-methoxy-2-napthylamide as 

donor substrates. This finding indicates that human GGT-rel can cleave physiological donor 

substrates of GGT, but is unable to hydrolyze chromogenic donor substrates. The researchers 

concluded that even though GGT-rel is structurally similar to GGT, it exhibits distinct substrate 

specificity (Heisterkamp et al., 1991). 

Carter and colleagues studied GGT-knock-out mice that were generated by embryonic 

stem cell technology (Lieberman et al., 1996; Carter et al., 1997). A recombinant plasmid 

carrying the mouse GGT-knock-out gene was transfected into embryonic stem cells; transformed 

embryonic stem cells were inserted into mouse blastocysts; blastocysts were implanted into a 

female mouse (Lieberman et al., 1996). Chimeras were mated with wild-type mice, and the 

heterozygous (+/-) offspring were interbred, producing homozygous (-/-) GGT-knock-out mice. 

Phenotypically, GGT-knock-out mice (-/-) were about half the weight of wild-type mice, 

developed cataracts, were sexually immature, and died between 10 and 18 weeks (Lieberman et 
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al., 1996). Tissue homogenates from GGT-knock-out mice (-/-) were incubated with LTC4, GSH, 

GSSG, GpNA and -glutamyl-4-methoxy-2-naphthylamide. HPLC was used to monitor the 

reactions with LTC4, GSH and GSSG; spectrophotometric analysis was used for GpNA and -

glutamyl-4-methoxy-2-naphthylamide. It was concluded that there was enzyme activity present 

that was able to cleave LTC4, and was named γ-glutamylleukotrienase (GGL) (Carter et al., 

1997). Other physiological donor substrates such as GSH, GSSG, or chromogenic donor 

substrates such as GpNA and -glutamyl-4-methoxy-2-naphthylamide were not hydrolyzed by 

GGL (Carter et al., 1997). 

 

1.4.4 STRUCTURAL STUDIES OF γ-GLUTAMYLTRANSFERASE 

Multiple sequence alignments of rat, human, pig, and E. coli GGTs and human GGT-rel 

were used to identify conserved active site residues that could be critical to enzyme function. 

Arg107 and Asp423 of human GGT were the conserved active site residues selected for amino 

acid substitution studies (Ikeda et al. 1993; 1995). Site-directed mutagenesis variants R107Q, 

R107H, and R107K of human GGT were transfected into COS-1 cells. Variants of D423A and 

D423E of human GGT were expressed in a baculovirus insect cell system. Enzyme activity was 

measured with the standard assay (section 1.4.5). Human GGT variants R107H and R107Q 

displayed no detectable activity; R107K had 0.87% activity of the WT enzyme; D423A and 

D423E had specific activities of 0.0035 μmol/min/mg and 0.059 μmol/min/mg, respectively, 

compared to WT specific activity of 440. In addition, the Km for R107K was 8.4-fold greater than 

WT; 2000- and 5000- fold increases in Km were observed for D423A and D423E, respectively. It 

was concluded on the basis of huge reductions in activity, that these residues are essential for 
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enzyme function, and are probably involved in donor substrate recognition through electrostatic 

interactions with the α-amino and α-carboxyl groups of the γ-glutamyl substrate (Ikeda et al. 

1993; 1995).  

The crystal structures of E. coli GGT in complex with GSH, and E. coli GGT bound to 

glutamate, were studied to gain insight into substrate recognition (Okada et al. 2006). The γ-

glutamyl moiety was buried within the core of the enzyme. There is slight solvent accessibility at 

the site of the γ-glutamyl bond. The Cys-Gly moiety is solvent exposed. The residues mentioned 

above (Arg107 and Asp423 of human GGT), in addition to others, were involved in hydrogen 

bonds and electrostatic interactions with the γ-glutamyl donor substrate; this is depicted in Figure 

5. The E. coli GGT residues involved in stabilizing the α-amino group of the donor substrate are 

Asn411, Gln430, and Asp433 (Asp 423 of human GGT mentioned above); the α-carboxyl group 

is recognized by Arg114 (Arg107 of human GGT), Ser462, and Ser463; and the γ-carbonyl is 

stabilized through interactions with Gly483 and Gly484. All of these residues are located in the 

light subunit, except for Arg114. A substrate-binding loop was also identified; Tyr444 of the 

loop was proposed to hydrogen bond to Asn411 in order to shield the active site from solvent. 

The residues involved in stabilizing the γ-glutamyl moiety of the donor substrate are conserved 

across E. coli, H.pylori, human, rat and bovine GGTs (Figure 6) (Okada et al. 2006).   

Morrow and colleagues solved the crystal structure of H. pylori GGT bound to glutamate, 

and of the catalytically-defective site-directed mutagenesis variant T380A of H. pylori GGT 

complexed to 4-nitrobenzyl glutathione (NB-GSH) (Morrow et al., 2007). An “extensive 

hydrogen bond network” for the recognition of the donor substrate was also observed for H. 

pylori GGT, and a solvent-exposed cavity adjacent to the γ-glutamyl binding site accommodated 

the Cys-Gly moiety. The researchers aimed to explore interactions with the Cys-Gly moiety  
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Figure 5. Recognition of bound glutamate through interactions with conserved active site 

residues of E. coli GGT. 

PDB file 2DBX. Conserved active site residues as green sticks; glutamate (black) is shown in 

ball-and-stick representation. Oxygen and nitrogen atoms are depicted in red and blue, 

respectively. Dashed lines represent interactions between conserved active site residues and 

bound glutamate. Figure was generated with PyMOL (The PyMOL Molecular Graphics System, 

Version 1.3, Schrödinger, LLC).       
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Figure 6. Multiple sequence alignment of bacterial and mammalian GGT. Positions 

(corresponding to human GGT) 107, 401, 420, 423, 451, 452, 473 and 474 represent conserved 

active site residues; position 433 represents the conserved aromatic gating residue; position 381 

indicates the conserved nucleophilic residue.  
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using NB-GSH bound to variant H. pylori GGT; however, weak electron density was observed 

past the γ-glutamyl moiety, so the remainder of the substrate was not well defined. The location 

of the 4-nitrobenzyl group could not be discerned, presumably due to its “conformational 

flexibility”, and “may account for the substrate binding permissiveness of the enzyme”. The 

same is probably true of the mammalian enzymes (Hu et al., 2012), although crystal structures 

are not yet available. In addition, Morrow and colleagues suggested that the Cys-Gly moiety 

might overlap with the acceptor substrate binding site of H. pylori GGT (Morrow et al., 2007). 

Since substrate is thought to bind deep within the donor substrate binding pocket 

(consistent with E. coli GGT), the researchers proposed that the substrate binding loop undergoes 

a conformational change to allow substrate entry into the active site (Morrow et al., 2007). The 

gating residue (Tyr444) of H. pylori GGT is believed to H-bond to Asn400 (conserved active site 

residue) and performs a similar function as in E. coli GGT. To investigate further the importance 

of the substrate binding loop, amino acid substitutions of the gating residue and residues 

involved in forming the hydrogen bond network stabilizing the gating residue (Gln506, Asn431, 

Asp421) were performed, and enzyme activity was measured with the standard assay (section 

1.4.5). Y433A and Y433F variants of H. pylori GGT exhibited 25-fold and 1.25-fold decreases, 

respectively, in activity; Q506A, N431S and D421S displayed 27, 40 and 35-fold decreases, 

respectively. This result indicates that the gating residue, which must be an aromatic residue, and 

the residues involved in its stabilization, are important in shielding the active site from solvent 

and allowing substrate to enter the active site, which could contribute to enzyme efficiency.  

Since there are no crystal structures available for mammalian GGT, human GGT was 

modelled based on E. coli GGT, and molecular dynamics simulations were used to probe the 

donor and acceptor substrate binding sites (Hu et al., 2012). Computationally, the GSH donor 
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substrate was docked into the enzyme active site, and “fluctuations” between enzyme alone and 

enzyme bound to substrate were observed. The model showed the γ-glutamyl moiety of GSH 

buried deep within the donor substrate binding pocket, and an “extensive hydrogen bonding 

network” between the γ-glutamyl moiety of the donor substrate and conserved active site 

residues. Furthermore, there is a flexible substrate binding loop with a gating residue (Phe 433) 

that is also involved in donor substrate recognition. The exposed Cys-Gly moiety is believed to 

point towards the acceptor substrate site, which is less conserved than the donor substrate 

binding site, and is mostly composed of polar residues. It was suggested that the glycyl 

carboxylate moiety of GSH is stabilized by an electrostatic interaction with Lys562, and a 

hydrogen bond with Tyr403 of the acceptor substrate binding site. 

From these structural studies, it can be concluded that the conserved substrate binding 

loop containing the aromatic gating residue is important for substrate entry into the active site, 

the γ-glutamyl moiety of the donor substrate is recognized by conserved active site residues, and 

the Cys-Gly moiety is solvent exposed, and either overlaps or points towards the acceptor 

substrate site of GGT.    

 

1.4.5 DONOR SUBSTRATE SPECIFICITY OF γ-GLUTAMYLTRANSFERASE 

The most common spectrophotometric assay to measure GGT activity in mammalian 

tissues uses the chromogenic substrate, GpNA (Orlowski and Meister, 1963; Meister et al., 

1981). GGT hydrolyzes the γ-glutamyl isopeptide bond of GpNA; p-nitroaniline product 

formation can be monitored spectrophotometrically at 410 nm. The assay conditions are usually 

1 mM GpNA (donor substrate), 20 mM glygly (acceptor substrate) and 100 mM Tris-HCl (pH 

8.0). The structures of GpNA and p-nitroaniline are shown in Figure 7.  Other chromogenic  
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Figure 7. Structures of chromogenic substrate GpNA (A) and enzymatic hydrolysis product  

p-nitroaniline (B).  
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substrates that have been used to measure GGT activity include a GpNA derivative, γ-glutamyl-

3-carboxy-4-nitroanilide, and γ-glutamyl-2-naphthylamide (Shaw et al., 1977; Smith et al., 

1979). A fluorescence assay uses γ-glutamyl-7-amino-4-methylcoumarin as the donor substrate 

(Smith et al., 1979).   

Few studies have investigated the donor substrate specificity of GGT. Cook and 

colleagues measured the donor substrate specificity of rat kidney GGT (Cook et al., 1987). The 

researchers tested a wide range of small γ-glutamyl compounds, and noted that the Km and Vmax 

values varied from 36 μM to 1.25 mM, and from 1.03 to 26 μmol/min/mg, respectively. It is 

commonly believed that the Michaelis-Menten constant is simply a measure of enzyme-substrate 

binding affinity; however, it can also reflect the kinetics of the subsequent product formation 

steps (Northrop, 1998). Cook and colleagues speculated that differences in Km were not only a 

direct reflection of affinity for the enzyme, but were also due to changes of the rate constant k3, 

which is involved in the conversion of the initial donor substrate-enzyme complex to the γ-

glutamyl-enzyme intermediate. Differences in Vmax were thought to be due to the electron-

withdrawing ability of the adduct; faster hydrolysis occurred with more electron-withdrawing 

adducts “due to destabilization of the γ-peptide bond”, which allows for faster formation of the γ-

glutamyl enzyme intermediate. They concluded that γ-glutamyl moiety of the donor substrate is 

the primary determinant recognized; however, the chemical nature of the adduct was important 

in determining the rate of the formation of the γ-glutamyl-enzyme intermediate, which was 

important in reflecting differences of Km and Vmax. Nevertheless, no direct correlation between 

the observed Km and the adduct structure of the donor substrate was made.  

Recently, Wickham and colleagues have further investigated the donor substrate 

specificity of recombinant human GGT (GGT1) and human γ-glutamyl leukotrienase (GGT5), 
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expressed in Pichia pastoris, through development of a novel coupled assay to quantitate the 

release of glutamate from several donor substrates (Wickham et al., 2011). The kinetic 

parameters from this study are summarized in Table 1. Interestingly, no enzymatic activity was 

detected with γ-glutamylleucine as a substrate for GGT5.  Similar Km values were observed for 

both GGT1 and GGT5 with GSH, LTC4, NB-GSH and S-methylglutathione. Higher Km values 

were observed with glutathionesulfonic acid and γ-glutamylleucine for GGT1 and with GSSG 

and glutathionesulfonic acid for GGT5. Similar Vmax values were noted for all substrates with 

both enzymes, but they were 25-fold lower for GGT5. Lower catalytic efficiencies were 

observed for GGT1 with γ-glutamylleucine and for GGT5 with glutathionesulfonic acid. The 

researchers concluded that the “substrate binding pockets of human GGT1 and human GGT5 

both bind γ-glutamyl substrates, but have some unique characteristics”.   

 Previous studies of the donor substrate specificity of mammalian GGT are summarized in 

Table 2. Although the number of substrates tested is substantial, few studies tested more than 

two substrates, and there was little or no correlation between kinetics and substrate structure. In 

addition, the majority of substrates tested were chromogenic donor substrates, which are less 

relevant to the mercapturic acid pathway since these compounds are not endogenous or 

xenobiotic GSH conjugates. 
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Table 1. Kinetic parameters of GGT1 and GGT5 (Wickham et al., 2011) 

 
 Enzyme 

 GGT1 GGT5 

Substrate Km  Vmax Vmax/KmEt  Km Vmax Vmax/KmEt 

 

GSH 11 6 0.6 11 0.2 0.02 

GSSG 9 6 0.7 43 0.3 0.01 

LTC4 11 5 0.5 10 0.2 0.02 

NB-GSH 13 6 0.5 15 0.3 0.02 

S-methylglutathione 10 6 0.6 18 0.2 0.01 

Glutathionesulfonic 

acid 

35 6 0.2 75 0.2 0.002 

γ-glutamylleucine 33 3 0.01 NA NA NA 

NA – no enzymatic activity detected 

Units: Km - μM; Vmax - μM/min/nM; Vmax/KmEt - min
-1

 nM
-1
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Table 2. Donor substrate specificity of mammalian GGT: published evidence. 

 

Enzyme Donor substrate 

Recombinant human (P. pastoris)
1,2

; 

commercial porcine kidney
3
, bovine kidney

4
; 

rat kidney
23

  

GSH 

Recombinant human (P. pastoris)
2
; 

commercial porcine kidney
3
 

LTC4 

Recombinant human (P. pastoris)
2
, rat 

kidney
23

 

GSSG, NB-GSH, S-methylglutathione, 

glutathionesulfonic acid, γ-glutamylleucine 

Commercial bovine kidney
5
 S-nitrosoglutathione 

Recombinant human (P. pastoris)
1,7

; human 

liver
6
, neutrophils

,9
, kidney

12
, serum

16
; rat 

kidney
8,23

,pancreas
11

, deciduoma
13

; bovine 

liver
10

, parotid
14

, ciliary body
15

; hog kidney
16

 

GpNA 

Human testis
17

; human serum
16

; hog kidney
16

 γ-glutamyl-3-carboxy-4-nitroanilide 

Rat liver
18,19,20

, biliary tract
18

, kidney
23

 γ-glutamyl-7-amino-4-methylcoumarin 

Rat liver
20

 γ-glutamyl-2-naphthylamide 

Commercial equine kidney
21

 γ-glutamyl-D,L-phenylthioglycylglycine 

Rat kidney
8
 γ-glutamic acid-p-nitroanilide methyl ester 

Sheep kidney
22

 α-methyl-5-glutamyl-α-aminobutyrate 

Rat kidney
23

 Glutamine, γ-glutamylethylamine,  

γ-glutamyl-t-butylamine, γ-glutamyl-p-

methylanilide 

 

References: Castonguay et al., 2007
1
; Wickham et al., 2011

2
; Orning and Hammarstrom, 1982

3
; 

Del Corso et al., 2006
4
; Angeli et al., 2009

5
; Huseby et al., 1977

6
; Wickham et al., 2012

7
; 

Lherbet et al., 2003
8
; Sener and Yardimci, 2005

9
; Furukawa et al., 1983

10
; Takahashi et al., 

1982
11

; Miller et al., 1976
12

; Tarchand, 1984
13

; Hata et al., 1981
14

; Das and Shichi, 1979
15

; Shaw 

et al., 1977
16

; Arai et al., 1990
17

; Ding et al., 1981
18

; Ding et al., 1980
19

; Smith et al., 1979
20

; 

Vergauwen et al., 2009
21

; Karkowsky et al., 1976
22

; Cook et al., 1987
23
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2. OBJECTIVES  

To date, the donor substrate specificity of GGT is poorly understood. Standard assays 

used to measure GGT activity use convenient chromogenic substrates that are less relevant to the 

mercapturic acid pathway. Therefore, we aimed to enhance characterization of GGT through 

kinetic studies with GSH conjugates. Because few such conjugates are commercially available, 

we prepared several GSH conjugates (Figure 8): 2,4-dinitrophenyl glutathione (DNP-GSH), 4-

nitrobenzyl glutathione (NB-GSH), 1-menaphthyl glutathione (M-GSH), 9-methylanthracenyl 

glutathione (MA-GSH), and 4-methylbiphenylyl glutathione (MBP-GSH), representative of 

detoxication products of aromatic xenobiotics. HPLC separation with UV detection was used for 

quantitation. As a basis for reference, the standard chromogenic substrate, GpNA, was also 

tested. Enzyme kinetics of GGT was studied to investigate the structural factors affecting GGT 

activity. 
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Figure 8. Structures of chemically synthesized GSH conjugates.  

SG represents glutathione.   
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3. MATERIALS AND METHODS 

3.1 MATERIALS 

Bovine serum albumin (BSA; 98%), 1-(chloromethyl)naphthalene (MCl; menaphthyl 

chloride; >97%), GpNA, GSH (>98%), 2-nitrobenzoic acid (2-NBA; 95%), 4-nitrobenzyl 

chloride (NBCl; 99%), and trichloroacetic acid (TCA) solution (6.1 N) were obtained from 

Sigma Aldrich (St. Louis, MO, USA). 4-(Bromomethyl)biphenyl (MBPBr; 96%) and glygly 

(99%) were purchased from Acros Organics (Bridgewater, NJ, USA). 1-Chloro-2,4-

dinitrobenzene (CDNB; 98%) and 9-(chloromethyl)anthracene (MACl; 98%) were obtained 

from Alfa Aesar (Ward Hill, MD, USA). Bovine kidney GGT was purchased from Lee 

Biosolutions, Inc. (Brentwood, MO, USA). All other chemicals and reagents were the highest 

grades commercially available.  

 

 3.2  SYNTHESIS OF GLUTATHIONE CONJUGATES 
 

GSH conjugates were prepared by a method previously described (Shiotsuki et al., 1990). 

Previous members of the Josephy laboratory (James Poon and Minah Hwang) assisted with 

synthesis of GSH conjugates. DNP-GSH was synthesized as follows: CDNB (1 mmol, 203 mg) 

and GSH (1 mmol, 307 mg) were added to a solution of 2 M sodium hydroxide (NaOH; 1.0 mL), 

and 95% ethanol (EtOH; 1.2 mL). The reaction was left to stir overnight at room temperature, 

and neutralized with concentrated hydrochloric acid (HCl). The precipitate was filtered and 

thoroughly washed with cold water (to remove any unreacted GSH), EtOH and ethyl acetate (to 

remove any unreacted CDNB). The product was recrystallized from hot 50% EtOH. The 

remaining GSH conjugates were synthesized in a similar manner, with the following amounts of 

NBCl (172 mg), MCl (177 mg), MACl (227 mg), and MBPBr (247 mg). Reactions containing 
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MACl and MBPBr were left to stir overnight at 50°C in a larger volume of EtOH (15-20 mL) to 

increase yields. Due to low recrystallization yields with MA-GSH and MBP-GSH, washed 

products were used. Recrystallized, and washed, but not recrystallized GSH conjugates were 

dissolved in 100 mM Tris-HCl (pH 8.0) with stirring at room temperature (DNP-GSH, NB-GSH, 

M-GSH), or at 37°C for 2 h (MBP-GSH) or overnight (MA-GSH), and used as substrates for 

enzyme assays.     

 

3.3  CHARACTERIZATION OF GLUTATHIONE CONJUGATES 
 

The identities of the GSH conjugates were confirmed by UV-visible spectroscopy, 

melting points, and electrospray ionization-liquid chromatography-mass spectrometry (ESI-LC-

MS). GSH conjugates dissolved in 100 mM Tris-HCl (pH 8.0) were used for UV-visible 

spectroscopy analyses (Cary 300 UV-visible spectrophotometer); the reference solvent was 100 

mM Tris-HCl (pH 8.0). Recrystallized conjugates were used for melting point determinations. 

GSH conjugates were prepared and sent for ESI-LC-MS as described previously (Poon and 

Josephy, 2012). Liquid chromatography-mass spectrometry analyses were performed at the 

Advanced Analysis Centre, University of Guelph, on a Dionex UHPLC UltiMate® 3000 liquid 

chromatograph interfaced to an AmaZon SL® ion trap mass spectrometer (Bruker Daltonics, 

Billerica, MA, USA). A C18 column (Phenomenex Kinetix®; 2.6 μm, 150 mm × 4.6 mm) was 

used for chromatographic separation. The mobile-phase gradient was as follows: initial 

conditions, 0.1 % formic acid (in water), hold for 5 min; linear gradient to 100% acetonitrile at 

25 min. The flow rate was 0.4 mL/min. The mass spectrometer electrospray capillary voltage 

was maintained at 4.5 kV and the drying temperature at 220°C with a flow rate of 10 L/min. 

Nebulizer pressure was 40 psi. Nitrogen was used as both nebulizing and drying gas; helium was 
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used as collision gas at 60 psi. The m/z was scanned across the range 70–900 in enhanced 

resolution positive-ion auto MS/MS mode. The Smart Parameter Setting (SPS) was used to 

automatically optimize the trap drive level for precursor ions. The instrument was externally 

calibrated with the ESI TuneMix (Agilent).  

 

3.4 ENZYME ASSAYS 

3.4.1   γ-GLUTAMYL-p-NITROANILIDE: COLORIMETRIC ASSAY  
 

Substrates for the standard assay with GGT were prepared based on a previously 

published protocol (Meister et al., 1981). Donor substrate, GpNA (5 mM; 60 mL) was prepared 

as follows: GpNA (86 mg) was dissolved in 1 M HCl (20 mL), water (30 mL) and Tris base 

(0.73 g); the solution was brought to pH 8 with 2 M NaOH. Acceptor substrate glygly (0.1 M; 

100 mL) was prepared by dissolving glygly (1.32 g) in water (80 mL); the solution was brought 

to pH 8.0 with 2 M NaOH.   

The standard assay was performed as previously described (Tate and Meister, 1974; 

Meister et al., 1981), with the following modifications: incubations (total volume, 1 mL) 

contained GpNA (1 mM), glygly (20 mM), commercial GGT preparation (0.6 g protein), and 

100 mM Tris-HCl (pH 8.0). Incubations containing no-enzyme were also performed to verify 

that product formation was enzyme-dependent. Protein concentration was measured by the 

Bradford assay, with BSA as the standard. The release of p-nitroaniline at 37°C was monitored 

for 1 min at 410 nm (Cary 300 UV-visible spectrophotometer). The specific activity was 

determined from the rate of p-nitroaniline formation (ε = 8800 M
-1

cm
-1

). The standard assay was 

performed in duplicate.  
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For determination of kinetic parameters with GpNA, enzyme assays were performed as 

described for the standard assay except the concentration of GpNA was varied. Incubations (total 

volume, 1 mL) contained GpNA (10 M-4 mM), glygly (20 mM), commercial GGT preparation 

(0.6 μg protein) and 100 mM Tris-HCl (pH 8.0). Control incubations (no enzyme) were also 

performed. The release of p-nitroaniline was monitored at 410 nm as described above. Initial 

velocities were determined from the rates of p-nitroaniline formation. Four replicate enzyme 

assays were performed at each concentration of GpNA. 

 

3.4.2  GLUTATHIONE CONJUGATES: HPLC ASSAY  
 

  Incubations (total volume, 1 mL), contained GSH conjugate (25 μM-1 mM), glygly (20 

mM), GGT, and 100 mM Tris-HCl (pH 8.0) at 37°C. The amounts of GGT preparation used 

were as follows: DNP-GSH, 75 μg; NB-GSH, 25 μg; M-GSH, 45 μg; MA-GSH, 35 μg; MBP-

GSH, 30 μg. At specified incubation times (0 and 15 sec), aliquots (100 μL) of the incubation 

were added to an aliquot of the stop solution (100 μL); aqueous TCA (12%) containing the 

internal standard, 2-NBA, and vortexed vigorously. The concentrations of 2-NBA internal 

standard were as follows: DNP-GSH, 1.5 mM; NB-GSH and M-GSH, 200 μM; MA-GSH, 10 

mM; MBP-GSH, 100 μM. After mixing, the stopped solutions were left on ice for 25 min and 

then centrifuged for 20 min at 10,000 x g, 4°C, to sediment protein. The supernatants (20 μL) 

were quantitated by HPLC (see below). No-enzyme controls were performed to verify that 

substrate (GSH conjugate) depletion and product (Cys-Gly conjugate) formation were enzyme-

dependent. Standard curves were generated based on integrated peak areas; ratio between 

substrate and internal standard was plotted against substrate concentration. Initial velocities were 
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determined from the rate of GSH conjugate depletion. Three replicate enzyme assays were 

performed at each concentration of GSH conjugate.  

HPLC analysis was performed with a Gilson HPLC system comprising an auto-injector 

(model 234), dual pumps (model 322), UV-visible absorbance detector (model 152), and 

UniPoint™ software. The column was a Waters Symmetry® C18 column (5 m, 4.6 x 150 mm). 

The solvents used were 1% aqueous acetic acid (solvent A) and acetonitrile (solvent B). The 

flow rate was 1 mL/min. UV-visible absorbance was used for detection of the GSH conjugates at 

the following wavelengths: 4-methylbiphenylyl (MBP), 263 nm; 4-nitrobenzyl (NB), 275 nm 

(Tsikas and Brunner, 1992); 1-menaphthylyl (M), 285 nm; 2,4-dinitrophenyl (DNP), 340 nm 

(Henderson et al., 1994); 9-methylanthracenyl (MA), 395 nm. HPLC gradients were as follows: 

DNP-GSH: initial conditions, 10% B; 0-20 min, hold 10% B; 20-22 min, gradient to 20% B; 22-

32 min, hold 20% B; 32-34 min, gradient to 100% B; 34-44 min, hold 100% B; 44-46 min, 

gradient to 10% B; 46-48 min, hold 10% B; NB-GSH and M-GSH: initial conditions, 10% B; 0-

30 min, gradient to 35% B; 30-32 min, gradient to 100% B; 32-40 min, hold 100% B; 40-42 min, 

gradient to 10% B; 42-44 min, hold 10% B; MA-GSH: initial conditions, 20% B; 0-35 min, 

gradient to 30% B; 35-37 min, gradient to 100% B; 37-45, hold 100% B; 45-47 min, gradient to 

20% B; 47-49 min, hold 20% B; MPB-GSH: initial conditions, 20% B; 0-60 min, gradient to 

30% B; 60-62 min, gradient to 100% B; 62-70 min, hold 100% B; 70-72 min, gradient to 20% B; 

72-74 min, hold 20% B. All gradients were linear.   

Michaelis-Menten kinetic parameters Km and Vmax were determined by non-linear curve 

fitting with SigmaPlot software (Systat Software, Inc., Chicago, IL, USA). For each substrate, 

the data sheet consisted of a separate row (S, v0 pair) for each determination, and the Michaelis-
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Menten curve was fit to the entire data set. Thus, the error estimates made by the software reflect 

both the experimental variability and the goodness -of- fit. 
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4. RESULTS 

 

4.1.  CHARACTERIZATION OF GLUTATHIONE CONJUGATES  

 
GSH conjugates were synthesized as described in section 3.2. Recrystallized (DNP-GSH, 

NB-GSH, M-GSH) and washed, but not recrystallized (MA-GSH and MBP-GSH) conjugates 

were weighed and dissolved in 100 mM Tris-HCl buffer (pH 8.0), and were used as substrates 

for enzyme assays.  

Analytical data confirming the identities of the GSH conjugates are presented in Table 3. 

Single determinations were performed for yield, UV-visible spectrometry, melting points, and 

mass-to-charge ratio analyses. GSH conjugates dissolved in 100 mM Tris-HCl (pH 8.0) buffer 

were used for UV-visible spectrometry; crude products were used to determine yield; 

recrystallized conjugates were used for melting point analysis. ESI-LC-MS analysis was 

performed as described previously (Poon and Josephy, 2012); the mass spectra of the GSH 

conjugates are found in Appendix A. 

Crude yields (%) of 60, 50, 30, 25, and 15 were observed for NB-GSH, DNP-GSH, M-

GSH, MA-GSH and MBP-GSH. It appears that as the polarity of the electrophile decreases, the 

product yield is lower. A likely explanation is that the more non-polar GSH conjugates (M-GSH, 

MA-GSH and MBP-GSH) are less soluble in polar solvents (water, EtOH). The addition of heat 

and increasing the volume of the reaction solvent (EtOH) were necessary to obtain higher yields 

for the polycyclic conjugates, MA-GSH and MBP-GSH. 

UV absorbance peak wavelengths were determined for all GSH conjugates. The observed 

values obtained for DNP-GSH (340 nm) and NB-GSH (275 nm) were similar to reported 

literature values of 340 nm and 270 nm, for DNP-GSH and NB-GSH, respectively (Tsikas and 

Brunner, 1992; Henderson et al., 1994). Values observed for the other conjugates were 285 nm  
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Table 3. Properties of GSH conjugates. 

GSH conjugates dissolved in 100 mM Tris-HCl (pH 8.0) were analyzed by UV-visible 

spectroscopy. Recrystallized GSH conjugates were used for melting point determinations. ESI-

LC-MS analysis was performed as described previously (Poon and Josephy, 2012). Single point 

determinations were performed for yields, UV absorbance peak wavelengths, melting points and 

mass-to charge ratios.  

 

Substrate  Yield 

(%)  

λmax (nm)  m.p. (°C)  mass spec. 

obs.  lit.  obs. lit. calc. obs. 

(M+H)
+
 

DNP-GSH  50  340 340
3
  195  190-

194
1
 

473.1 474.1 

NB-GSH 60  275 270
2
 200  - 442.1 443.1 

M-GSH  30  285  - 203  210
4
 447.2  448.1  

MA-GSH  25  395  -  N.D  -  497.2  498.1  

MBP-GSH  15  263  -  N.D  -  473.2  474.1  

 

Obs., observed; lit., literature; m.p., melting point; calc., calculated; N.D., not determined. 

 

References: Hinchman et al., 1991
1
; Tsikas and Brunner, 1992

2
; Henderson et al., 1994

3
;  

Hyde and Young, 1968
4
  

 

 

  



32 
 

(M-GSH), 395 nm (MA-GSH) and 263 nm (MBP-GSH).   

Melting points were determined for the recrystallized GSH conjugates: DNP-GSH, NB-

GSH and M-GSH. Reported literature values for DNP-GSH (190-194°C) and M-GSH (210°C) 

were similar to the observed values of 195°C and 210°C, for DNP-GSH and M-GSH, 

respectively (Hyde and Young, 1968; Hinchman et al., 1991). For NB-GSH, the melting point 

was 200°C. 

 

4.2.  SDS-PAGE ANALYSIS OF γ-GLUTAMYLTRANSFERASE 
 

 Commercial bovine kidney GGT preparation was analyzed by SDS-PAGE to confirm its 

identity. The Coomassie-stained gel is shown in Figure 9. Many bands were present, which was 

expected, because the manufacturers did not claim that the GGT preparation was purified to 

homogeneity.  

 

4.3 ENZYME ASSAYS 

4.3.1 γ-GLUTAMYL-p-NITROANILIDE: COLORIMETRIC ASSAY  
 

To confirm the activity of the commercial GGT preparation, the standard assay for GGT 

activity was performed, as described in section 3.4.1. GGT cleaves the γ-glutamyl bond of 

GpNA, releasing p-nitroaniline, which is detected at 410 nm. The measured specific activity was 

30 ± 2.01 μmol/min/mg; the specification from Lee Biosolutions was 38 μmol/min/mg. 

Therefore, the measured activity was similar to the value stated by the manufacturers.  

To determine Michaelis-Menten parameters, the activity was measured as a function of 

GpNA concentration (Figure 10); kinetic parameters are given in Table 4. The measured Km for 

bovine kidney GGT was 0.74 mM; Vmax, 39 μmol/min/mg; Vmax/Km (catalytic efficiency),  
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Figure 9. Coomassie-stained SDS-PAGE gel of GGT preparation.  

Lane 1: MW standard PageRuler™ Plus; lane 2 minor spill-over from lane 3; lane 3: commercial 

bovine kidney GGT preparation (12 μg protein) from Lee Biosolutions, Inc. Arrows indicate the 

anticipated positions of the heavy and light chains, approximately 70 and 25 kDa, respectively 

(Tate et al., 1988).  
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Figure 10. Hydrolysis of GpNA catalyzed by GGT.  

GpNA assay was performed as described in section 3.4.1. Initial velocities were determined from 

rates of p-nitroaniline formation. Data points represent mean initial velocities of four replicates. 

Error bars represent standard deviations of the initial velocities. Data were fit by non-linear curve 

fitting (SigmaPlot software).   
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Table 4. Kinetics of GGT-catalyzed hydrolysis of GpNA. 

Km, Vmax, and standard errors were calculated from non-linear regression of the Michaelis-

Menten equation, as described in Materials and Methods. 

 

Substrate  Km (mM)  Vmax  

(μmol/min/mg)  

Vmax/Km  

(mL/min/mg)  

GpNA  0.74 ± 0.12  39 ± 1.99  53 ± 9.01 
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53 mL/min/mg.  

 

4.3.2  GLUTATHIONE CONJUGATES: HPLC ASSAY 
 

 Preliminary studies were performed to verify the linearity of the enzyme assays with 

GSH conjugates. The enzyme assays were separated and quantitated by HPLC as described in 

section 3.4.2. The progress of the reaction was monitored by measuring the disappearance of the 

donor substrate (GSH conjugate). Figure 11 is a representative progress curve depicting linearity 

of the enzyme assays with GSH-conjugates; DNP-GSH was the substrate. Linearity was 

achieved from 0-30 sec with all GSH conjugates; however, assays were performed from 0-15 sec 

with three replicates. Substrate depletion of 20-25% was observed for each GSH conjugate from  

0-15 sec, with the amounts of commercial GGT preparation stated in section 3.4.2. Progress 

curves for the remaining GSH conjugates are found in Appendix B.    

Figure 12 depicts representative chromatograms of the enzyme incubations. Peaks 

correspond to 2-NBA (internal standard), M-Cys-Gly (M-CG), M-Cys (M-C) (products), and M-

GSH (donor substrate). The identities of these peaks were verified through HPLC analysis and 

comparison with standards. The small amounts of product formation observed at 0 sec (Figure 

12A) are negligible because the GSH conjugate initial substrate concentration was verified 

through the standard curve. In addition, the initial substrate concentration of the GSH conjugate 

from a no enzyme control was verified through the standard curve. These initial substrate 

concentrations from incubations with and without enzyme were very similar. Standard curves are 

found in Appendix C. GSH conjugate depletion and Cys-Gly conjugate formation were observed 

over time (Figure 12B). Neither substrate depletion nor product formation was observed during 

HPLC analysis of the no-enzyme controls, which confirmed that the reaction is enzyme- 
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Figure 11. Representative progress curve depicting linearity of enzyme assay with GSH 

conjugates.  

DNP-GSH was the donor substrate. Incubations (1 mL) performed at 37°C, contained DNP-GSH 

(100 μM), glygly (20 mM), commercial GGT preparation (75 μg protein) and 100 mM Tris-HCl 

(pH 8.0). Aliquots (100 μL) of the reaction were added to the stop solution (12% TCA and 1.5 

mM 2-NBA), at 0, 15, 30 and 60 sec. Supernatants (20 μL) were quantitated by HPLC. The 

assay was performed as a single replicate.     
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A) 0 sec 

        

B) 15 sec          

 

Figure 12. Representative chromatograms of the HPLC separation of enzyme assay at 0 sec 

(A) and 15 sec (B).  

Donor substrate was M-GSH.  Incubations (1 mL) performed at 37°C, contained M-GSH (400 

μM), glygly (20 mM), commercial GGT preparation (45 μg protein) and 100 mM Tris-HCl (pH 

8.0). Aliquots (100 μL) of the reaction were added to the stop solution (12% TCA and 200 μM 2-

NBA), at 0 and 15 sec. Supernatants (20 μL) were quantitated by HPLC.  

  

 M-CG 

   M-GSH 

 M-C 

 2-NBA 

M-CG M-C 

   M-GSH  2-NBA 
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dependent (data not shown). The Cys-Gly conjugates did not accumulate in proportion to the 

disappearance of the GSH conjugate, presumably because of further hydrolysis to give the Cys 

conjugates. Similar amounts of Cys-Gly and Cys conjugates were observed. To test this 

possibility, the Cys-Gly conjugates were incubated with the GGT enzyme preparation and 

formation of the Cys conjugates, verified by co-elution with synthetic Cys conjugate standards, 

was observed (data not shown). In addition, incubations of the Cys-Gly conjugates without GGT 

enzyme preparation were performed, and no Cys conjugate formation was observed (data not 

shown). This may indicate the presence of some extraneous dipeptidase enzyme activity in the 

GGT preparation, but should not affect the initial rates measured from the progress curves. As a 

result, GSH conjugate depletion was monitored because Cys-Gly conjugate formation could not 

be accurately quantitated, due to further hydrolysis to the Cys conjugate.  

Chromatograms depicting the enzymatic hydrolysis (at 15 sec) of the remaining GSH 

conjugates are found in Appendix D. Cys-Gly and Cys conjugates of DNP, NB, MA, and MBP 

were also observed. Similar amounts of the Cys-Gly and Cys conjugates were noted. HPLC 

analysis of the enzyme incubation with MBP-GSH indicated co-elution of the Cys-Gly product 

and buffer components; therefore, a blank control (enzyme; no substrate) was also analyzed and 

subtracted from the enzyme incubation to measure Cys-Gly formation. Additional controls (no 

enzyme, or substrate) for the blank were performed to verify that formation of the peak was due 

to Cys-Gly formation, when enzyme and substrate are both present (data not shown). Lower 

resolution of the chromatogram of MA-GSH hydrolysis was observed, probably due to reaching 

the lower detection limit of the UV-visible absorbance detector.  

The hydrolysis of the GSH conjugates by commercial bovine kidney GGT is shown in 

Figure 13; kinetic parameters are depicted in Table 5. GpNA had the highest Km (0.74 mM) 
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Figure 13. Hydrolysis of substrates catalyzed by GGT: DNP-GSH (A); NB-GSH (B);  

M-GSH (C); MA-GSH (D); MBP-GSH (E).  

GSH conjugates were quantitated by HPLC. Initial velocities were determined from GSH 

conjugate depletion through peak area integrated standard curves. Data points represent mean 

initial velocities of three replicates. Error bars represent standard deviations of the initial 

velocities. Data were fit by non-linear curve fitting (SigmaPlot software).   
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Table 5. Kinetics of GGT-catalyzed hydrolysis of GSH conjugates. 

Km, Vmax, and standard errors were calculated from non-linear regression of the Michaelis-

Menten equation, as described in Materials and Methods.   

      
 

 

 

                                      
   

                                                                                                                                                                          
  

Substrate  Km (mM)  Vmax  

(μmol/min/mg)  

Vmax/Km  

(mL/min/mg)  

GpNA  0.74 ± 0.12  39.12 ± 1.99  53.01 ± 9.01 

DNP-GSH  0.30 ± 0.09  4.50 ± 0.50  14.85 ± 4.80 

NB-GSH  0.08 ± 0.01  4.53 ± 0.31  60.56 ± 9.66 

M-GSH  0.23 ± 0.06  6.11 ± 0.72  26.57 ± 7.73 

MA-GSH 0.22 ± 0.06  9.01 + 1.07  41.35 ± 12.2  

MBP-GSH  0.12 ± 0.03  5.38 ± 0.46  43.86 ± 11.6  
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and Vmax (39 μmol/min/mg); NB-GSH had the lowest Km (0.075 mM).   
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5. DISCUSSION 
 

The objective of this study was to examine the effects of aromatic substituents attached to 

the sulfur atom of GSH conjugates (as donor substrates) on the activity of mammalian GGT, as a 

contribution to understanding the role of GSH-dependent metabolism in the toxicology of 

aromatic and polycyclic aromatic xenobiotics. To provide a basis for comparison with literature 

values, we also included GpNA, the standard chromogenic substrate for GGT. Km values for 

GpNA have been reported as 0.8 mM (bovine liver; (Furukawa et al., 1983)), 0.9 mM (rat 

pancreas; (Takahashi et al., 1982)), and 0.6 mM (recombinant human enzyme; (Castonguay et 

al., 2007)), similar to our determination of 0.74 ± 0.1 mM. Furthermore, Wickham and 

colleagues performed an enzyme kinetic analysis with NB-GSH and obtained a value Km = 13 

µM for recombinant human GGT1, compared to our determination of 75 µM. However, the 

assay conditions (hydrolytic mode without an acceptor substrate; coupled colorimetric assay for 

glutamate release) were very different from those used in our study (Wickham et al., 2011). 

The results indicated that the S-substituent of GSH affects enzyme activity, but not 

strongly. Examination of the donor substrate specificity of rat kidney GGT with small γ-glutamyl 

compounds by Cook and colleagues suggested that donor substrate structure is not fundamental 

in determining the selectivity of the enzyme. “Thus, ring structures, long-chained and branched-

chain”, hydrophobic or charged structures, “were tolerated by the enzyme” (Cook et al., 1987). 

In addition, crystal structures of bacterial GGTs, and studies of conserved active site residues of 

human GGT, indicate that the γ-glutamyl moiety is the primary determinant recognized; the Cys-

Gly moiety is believed to be solvent-exposed (Ikeda et al. 1993, 1995; Okada et al. 2006; 

Morrow et al. 2007).  
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Even though the γ-glutamyl moiety of the donor substrate is critical to substrate 

recognition by GGT, the role of the S-substituent should not be ignored. Mammalian and 

bacterial GGTs contain a donor substrate binding loop that undergoes conformational changes to 

allow substrate entry into the active site (Okada et al. 2006; Morrow et al. 2007; Hu et al. 2012). 

The conserved aromatic gating residue (Tyr in H. pylori and E. coli GGT; Phe in human GGT) 

of the donor substrate binding loop might be involved in stacking interactions with the aromatic 

S-substituent of the GSH conjugates, leading to slightly lower Km values of GGT for the GSH 

conjugates. Figure 14 depicts the donor substrate binding site of H. pylori GGT, and the 

conserved active site residues involved in recognition of the bound substrate, NB-GSH. 

Additional structure-dependent trends can be suggested to explain the lower Km values of 

GGT for the GSH conjugates. DNP-GSH has the cysteine S atom bonded directly to the aromatic 

ring; the remaining four GSH conjugates are benzylic adducts, with the cysteine S atom 

connected to an aromatic ring via a methylene bridge (Figure 8). If the aromatic system of the 

donor substrate is excluded from the active site, it may place a restriction of the γ-glutamyl 

moiety entering the active site, and this would be greatest for DNP-GSH, where the distance 

between the aryl ring and the γ-glutamyl group is shortest. This explanation is consistent with the 

higher value of Km for DNP-GSH. Among the remaining four benzylic adducts, there is a 

consistent, albeit slight, trend towards higher Km values for bulkier substrates, with the lowest 

values seen for NB-GSH (single ring) and MBP-GSH (biphenyl), and higher values for the fused 

bicyclic (M-GSH) and tricyclic (MA-GSH) substrates. If this trend is substantiated, it would  
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Figure 14. Donor substrate binding site of H. pylori GGT.  

PDB file 2QMC. Side chains of conserved active site residues and gating residue are shown as 

coloured sticks; bound NB-GSH (black) is shown in ball-and-stick representation. Oxygen, 

nitrogen and sulfur atoms are depicted in red, blue and yellow, respectively. The γ-glutamyl 

moiety of the donor substrate is buried in the core of the enzyme and is recognized by the 

conserved active site residues. The S-substituent may participate in stacking interactions with the 

gating residue, Tyr433. Figure was generated with PyMOL (The PyMOL Molecular Graphics 

System, Version 1.3, Schrödinger, LLC).        
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imply that larger polycyclic structures, such as benzo[a]pyrene adducts, may have even higher 

Km values.   

Molecular dynamics simulations of human GGT indicate that the Cys-Gly moiety points 

towards, or possibly overlaps, with the acceptor substrate binding site (Hu et al., 2012). It is 

feasible that the Cys-Gly moiety could participate in interactions with residues near or within the 

acceptor substrate binding site; Lys562 and Tyr403 of the human GGT were observed in 

electrostatic interactions, and hydrogen bonds, respectively, with the glycyl carboxylate moiety 

of GSH (Hu et al., 2012). The small increase in affinity of GGT for the GSH conjugates could be 

the result of these interactions further stabilizing the GSH conjugates.     

In contrast, Vmax values for all five GSH conjugates are very similar. This is consistent 

with the expectation that S-substituents, being far from the scissile γ-glutamyl isopeptide bond, 

have little effect on the progress of the reaction under conditions where the enzyme is saturated 

with substrate.  

GGT had the highest Km with GpNA. It is possible that the nitroaniline group, attached 

directly to the γ-glutamyl moiety, might also restrict substrate entry into the active site. In 

addition, GpNA does not contain a Cys-Gly moiety, so the interactions that were proposed to 

stabilize the glycyl moiety of GSH (Hu et al., 2012) could explain why GpNA had a slightly 

higher Km. On the other hand, Vmax was the highest with GpNA, because the nitroaniline group is 

more electron-withdrawing, causing a faster rate of hydrolysis (Cook et al., 1987). 

 The catalytic efficiencies (Vmax/Km) varied by only about a factor of 4 among the 

aromatic substituents, which varied in size from a single ring (2,4-dinitrophenyl and 4-

nitrobenzyl) to three rings (9-methylanthracenyl). These findings suggest that even larger 
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aromatic substituents, such as five-ring benzo[a]pyrene derivatives, may also be accommodated 

by mammalian GGT.  

 To date, this is the first systematic study of the effects of aromatic S-substituents that has 

been reported (Agblor and Josephy, submitted). These results agree with literature on GGT 

which states that the gamma-glutamyl moiety is the primary determinant recognized by the 

enzyme. However; we have further elucidated the possible effects of the aromatic S-substituents 

on enzymatic activity. In addition, this is the first representative study on the xenobiotic donor 

substrate specificity of bovine kidney GGT.   
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6.  CONCLUSIONS 
 

The specificity of GGT for xenobiotic donor substrates, to date, is poorly understood. The 

aim of this study was characterize the donor substrate specificity of GGT, and further elucidate 

the structural factors affecting enzyme activity. We prepared several GSH conjugates 

representative of detoxication products of aromatic xenobiotics, and confirmed their identities. 

We developed HPLC methods for separation and quantitation. The chromogenic substrate, 

GpNA was also tested with the standard assay used to measure GGT activity. It was concluded 

that even though the S-substituent attached to GSH affects enzyme activity, but not strongly, a 

slight trend was observed consistent with a relationship between Km value and bulky S-

substituents. 

Future directions of this study might involve examination of the donor substrate 

specificity of human GGT; this research has laid the foundation for studies with human GGT. 

King and colleagues identified a novel uncompetitive inhibitor, OU749 (N-[5-(4-

methoxybenzyl)-1,3,4-thiadiazol-2-yl]-benzenesulfonamide), that exhibited specificity between 

mammalian GGTs. Recombinant human GGT expressed in P. pastoris displayed 65% inhibition, 

whereas pig, rat and mouse, and monkey GGT displayed 10%, 20% and 25% inhibition, 

respectively. Even though there is a high degree of conservation between mammalian GGTs 

(Figure 15) there could be structural differences that could lead to donor substrate specificity 

differences between mammalian GGTs. In fact, Hu and colleagues proposed that differences in 

inhibition could be due to differences in the acceptor substrate site residues between mammalian 

GGTs (Hu et al., 2012). It was suggested that OU749 binds in a hydrophobic pocket within the 

acceptor substrate binding site, and certain residues involved in hydrogen bonding could prevent 

OU749 from binding within the pocket. Modeled studies of human GGT with OU749 indicate 
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Figure 15. Multiple sequence alignment of mammalian GGT. Red boxes represent sequence 

identity between human, bovine, rat, mouse, pig and monkey GGT. 
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that because human GGT has Ala472, it is probably not participating in a hydrogen bond with 

Lys562. In contrast, rat, mouse and pig GGT have a Ser at position 472 that can hydrogen bond 

to Lys562, resulting in a “closed conformation of the hydrophobic binding pocket of the acceptor 

substrate binding site” preventing OU749 from binding, illustrating the differences in inhibition 

(Hu et al., 2012). Therefore, it might be worthwhile to investigate the donor substrate specificity 

of human GGT with the substrates used in this study. 

Furthermore, human genomic analysis has identified multiple members of the human 

GGT family, 6 of the 13 members may be functional proteins (Heisterkamp et al., 2008). Since 

few have been enzymatically characterized, it would beneficial to study the donor substrate 

specificity of human GGTs.   

In addition, it would be interesting to perform binding experiments with tryptophan 

fluorescence spectroscopy, and determine whether there is any correlation between binding (Kd) 

and affinity (Km). Increasing amounts of donor substrate would be added to the enzyme 

incubation, which would cause a shift in the emission spectrum of the Trp residues intrinsic to 

GGT, indicating a conformational change of the protein as substrate binds to the active site.   

This research has provided insight into the donor substrate specificity of bovine kidney 

GGT, and has further established the importance of GGT in the elimination of polycyclic 

aromatic xenobiotics through the mercapturic acid pathway. 
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8.  APPENDICES 

Appendix A: ESI-LC-MS spectra of the products of hydrolysis of GSH conjugates  
 

DNP-GSH, m/z = 474.0     NB-GSH, m/z = 443.1 

 

                  
 

 

 

M-GSH, m/z = 448.1       MA-GSH, m/z = 498.1 
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MBP-GSH, m/z = 474.1  
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Appendix B: Typical progress curves of enzyme assays with GSH conjugates 
 

NB-GSH; 125 μM; 25 μg protein    M-GSH; 100 μM; 45 μg protein 

 

                           

       

MA-GSH; 250 μM; 35 μg protein    MBP-GSH; 100 μM; 30 μg protein  
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Appendix C: GSH conjugate HPLC standard curves 
 

DNP-GSH, r
2
 = 0.98                                                            NB-GSH, r

2
 = 0.99 

 

                  
 

 

 

M-GSH, r
2
 = 0.99                                                          MA-GSH, r

2
 = 0.99 

 

                   
 

MBP-GSH, r
2
 = 0.99 
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Appendix D: Chromatograms of enzymatic hydrolysis (15 sec) of GSH conjugates 
 

DNP-GSH (400 μM)     NB-GSH (250 μM) 

 

          
 

 

MA-GSH (400 μM)     MBP-GSH (250 μM)  

 

                
 

Legend 

1: 2-NBA 

2: Cys-Gly conjugate 

3: Cys conjugate 

4: GSH conjugate 

 

 


