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Arg13 is a conserved active-site residue in all known Pi class glutathione S-transferases (GSTs) and in most Alpha class 
GSTs. To evaluate its contribution to substrate binding and catalysis of this residue, three mutants (R13A, R13K, and 
R13L) were expressed in Escherichia coli and purified by GSH affinity chromatography. The substitutions of Arg13 
significantly affected GSH-conjugation activity, while scarcely affecting glutathione peroxidase or steroid isomerase 
activities. Mutation of Arg13 into Ala largely reduced the GSH-conjugation activity by approximately 85 - 95%, whereas 
substitutions by Lys and Leu barely affected activity. These results suggest that, in the GSH-conjugation activity of 
hGST P1-1, the contribution of Arg13 toward catalytic activity is highly dependent on substrate specificities and the 
size of the side chain at position 13. From the kinetic parameters, introduction of larger side chains at position 13 results 
in stronger affinity (Leu > Lys, Arg > Ala) towards GSH. The substitutions of Arg13 with alanine and leucine significantly 
affected kcat, whereas substitution with Lys was similar to that of the wild type, indicating the significance of a positively 
charged residue at position 13. From the plots of log (kcat/Km

CDNB) against pH, the pKa values of the thiol group of GSH 
bound in R13A, R13K, and R13L were estimated to be 1.8, 1.4, and 1.8 pK units higher than the pKa value of the wild- 
type enzyme, demonstrating the contribution of the Arg13 guanidinium group to the electrostatic field in the active 
site. From these results, we suggest that contribution of Arg13 in substrate binding is highly dependent on the nature 
of the electrophilic substrates, while in the catalytic mechanism, it stabilizes the GSH thiolate through hydrogen bonding.
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Figure 1. Close view of the active site of human GST P1-1 (Oakley 
et al., 1997). Schematic representation of a human GST P1-1 monomer
showing the location of GSH bound to Tyr7 and Arg13 in a ball-and- 
stick representation. The figure was generated with MOLSCRIPT 
(Kravlis, 1991).

Introduction

Glutathione S-transferases (GSTs, EC 2.5.1.18) are a family 
of multifunctional enzymes that catalyze the conjugation of glu-
tathione (GSH) to a wide variety of carcinogenic, mutagenic, 
toxic, and pharmacologically active compounds.1 This reaction 
is the first step in the formation of mercapturic acid, a pathway 
through which harmful xenobiotics and endobiotics are inac-
tivated and eliminated. Certain GSTs can also detoxify lipid and 
DNA hydroperoxide by their intrinsic peroxidase activity, while 
others catalyze the isomerization of certain steroids. Addition-
ally, they play an important role in the intracellular transport of 
numerous hydrophobic non-substrate ligands such as bile acids, 
billirubin, and a number of drugs.

GSTs are distributed in a wide range of organisms from mam-
mals to Escherichia coli.2 Mammalian cytosolic GSTs, which 
can exist as homo- or heterodimers, are grouped into at least 
seven distinct classes (alpha, mu, pi, sigma, theta, sigma, kappa, 
zeta) based on their physical, chemical, immunological, and 
structural properties.3-5 The crystal structures for most classes 
have been determined and used to implicate several amino acid 
residues in the catalysis and binding of GSH.6-10 The electro-
philic substrate-binding site has also been localized; however, 
the structural basis of the differential electrophilic substrate 
recognition by the various isozymes is still not well understood. 
Moreover, there is little information available concerning the 
precise enzyme-substrate interactions potentially responsible 
for the catalytic properties of GST, while the identification or 
specific role of individual residues remains largely unknown.

Arg13 is conserved in all known Pi class GSTs, in most Alpha 
class GSTs, but not in the Mu and Theta class GSTs. Studies 
on the 3D-structures of porcine GST P1-1 and hGST P1-1 sugg-
est that Arg13 is located in the G-site (Fig. 1).8,11 Much to the 
contrary, the crystal structure of hGST P1-1 with either S-hexyl-
GSH or (9R,10R)-9-(S-glutathionyl)-10-hydroxy-9,10-dihydro-
phenanthrene revealed that the xenobiotic substrate-binding site 
(H-site) was approximately half hydrophobic and half hydro-
philic, and is defined by the side chains of Tyr7, Phe8, Val10, 
Arg13, Val104, Tyr108, Asn204, and Gly205 and five water 
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molecules.12 However, the crystal structure of hGST P1-1 with 
7,8-dihydroxy-9,10-oxy-7,8,9,10-tetrahydrobenzo [α]pyrene 
suggested that Arg13 may be able to participate in catalysis.13 
Taken together, Arg13 of hGST P1-1 is positioned within the 
active site and is a possible candidate for involvement in cataly-
sis or the binding of the G-site/H-site.

In the present study, to evaluate the contribution of the Arg13 
residue of hGST P1-1 to substrate binding and catalysis, we 
investigated the detailed enzymatic properties and kinetic para-
meters of R13A, R13K, and R13L mutants. The pKa value of 
the phenolic hydroxyl group of the active site (Tyr7) was deter-
mined by spectrophotometric titration of three mutants and 
shown to be dependent on the amino acid residue at position 
13. The results demonstrate that Arg 13 is an important struc-
tural moiety that modulates enzyme catalytic efficiency and 
specificity. This study offers information on the precise enzyme- 
substrate interactions responsible for the catalytic properties 
of hGST P1-1, and will be of great value in designing new inhi-
bitors that may prove useful in chemotherapy and new enzymes 
possessing different substrate specificities. A preliminary ver-
sion of this work has been presented.14

Experimental Section

Materials. GSH and 1-chloro-2,4-dinitrobenzene (CDNB) 
were purchased from Kohjin Co. (Tokyo, Japan) and Wako Pure 
Chem. Ind. (Osaka, Japan), respectively. Cumene hydroper-
oxide, [2,3-dichloro-4-(2-methylenebutyl)phenoxy]acetic acid 
(ethacrynic acid : ETA), and S-hexylGSH were obtained from 
Sigma (St. Louis, MO, USA). ∆5-Androstene-3,17-dione was 
purchased from Steraloids Inc. (Newport, RI, USA). S-(2,4- 
Dinitrophenyl)GSH was synthesized by the method of Schramm 
et al..15 GSH-Sepharose was purchased from Pharmacia Biotech 
(Uppsala, Sweden). All other reagents used were of the highest 
grade commercially available and used without further purifica-
tion, unless otherwise noted.

Preparation of mutant enzymes. Wild-type hGST P1-1 was 
obtained by expression of a cloned cDNA16 in E. coli, as des-
cribed previously.17 The preparation, confirmation, expression, 
and purification of the mutants R13A, R13K, and R13L were 
performed as described in the previous paper,14 with the excep-
tion of purification by affinity chromatography on GSH-Se-
pharose. The mutant enzymes were expressed in E. coli under 
the control of the tac promoter. Cultured cells were lysed, fol-
lowed by centrifugation. The dialyzed supernatants of the cell 
lysate were loaded directly onto a 15 mL column of GSH- Se-
pharose, equilibrated with 20 mM potassium phosphate buffer 
(pH 7.0) containing 1.0 mM EDTA and 1.0 mM 2-mercaptoeth-
anol (buffer A). The columns were extensively washed with 
buffer A, containing 20 mM KCl. The enzymes were eluted 
with a 50 mM Tris-HCl buffer (pH 8.5) containing 10 mM GSH 
and dialyzed against buffer A. The purified mutant enzymes 
(R13A, R13K, R13L) gave a single band on the SDS-PAGE 
with an apparent Mr of 25 kDa, equivalent to that of the wild 
type (data not shown). Unless otherwise indicated, all purifica-
tion procedures were carried out either at 4 oC or on ice. The 
mutant enzymes were stored at ‒70 oC until use.

Enzyme activity. Specific activities were determined by mea-

suring the initial rates of the enzyme-catalyzed conjugation of 
GSH with CDNB and ethacrynic acid (ETA), as described by 
Habig and Jakoby.18 Assays were performed in a HITACHI 
U-2000 double-beam spectrophotometer (Hitachi CO., Tokyo, 
Japan) at 30 oC using cuvettes of a 1.0 cm path length. Initial 
rates were measured for 5 min, commencing 10 s after initial 
mixing. The reaction was initiated by addition of 20 µL of 50 mM 
CDNB or ETA to 860 µL of 100 mM potassium phosphate 
(pH 7.5) containing, in order of addition, 100 µL of 50 mM GSH 
and 20 µL of the enzyme. Nonenzymatic reaction rates served 
as controls and were subtracted from enzymatic rates. The 
CDNB and ETA were dissolved in ethanol. The concentration 
of the ethanol in the reaction mixture (1.0 mL) was constant at 
2% (v/v). The GSH was dissolved in H2O immediately prior 
to use and stored in an ice-bath to prevent oxidation. The en-
zymes were diluted in 20 mM potassium phosphate buffer 
(pH 7.0) containing 1.0 mM EDTA, 1.0 mM 2-mercaptoethanol, 
and 20% (v/v) glycerol, to a concentration such that the enzyma-
tic reaction rate was linear with time up to 60 s after initiation, 
and up to a ∆A/min of 0.15. All assays were done in the presence 
of 0.4% (v/v) glycerol. Conditions were: (a) 1.0 mM CDNB, 
1.0 mM GSH, 340 nm (∆ε = 9.8 mM‒1cm‒1; (b) 0.2 mM ETA, 
0.25 mM GSH, 270 nm (∆ε = 5.0 mM‒1cm‒1). A unit of activity 
was defined as the amount of enzyme catalyzing the formation 
of 1.0 µmole of product per min under the conditions of the 
specific assay. Specific activity was defined as the units of en-
zyme activity per mg of protein. Steroid isomerase activity was 
monitored by the catalyzed isomerization of ∆5-androstene- 
3,17-dione (0.1 mM) to ∆4-androstene-3,17-dione, and was 
determined spectrophotometrically from the change in absor-
bance at 248 nm (∆ε = 16.3 mM‒1cm‒1) in 100 mM potassium 
phosphate buffer, pH 6.5, at 30 oC in the presence of 3.0 mM 
GSH. The GSH-dependent peroxidase activity was assayed in 
the presence of 5.0 mM GSH, with 1.5 mM cumene hydro-
peroxide (∆ε = 6.6 mM‒1cm‒1) as the substrate, at 30 oC, as 
previously described.19 Protein concentration of the wild type 
enzyme was determined by measuring the absorbance at 280 nm 
as described by Parker20 and protein concentration of the mutant 
determined using a protein assay reagent (Bio-Rad Lab, Her-
cules, CA, USA) with the wild-type enzyme as a standard pro-
tein.

Kinetic studies. Kinetic studies with GSH and electrophilic 
substrates were carried out at 30 oC as described by Chen et 
al..21 Kinetic parameter (Km) values were determined under 
first order conditions at low substrate concentrations with re-
spect to the varied substrate: for GSH with a fixed concen-
tration of 1.0 mM CDNB or ETA; for CDNB or ETA with a 
fixed concentration of 2.5 mM GSH. The kcat values were cal-
culated on the basis of mol dimeric enzyme using a Mr of 
45,000. Other experimental conditions were identical for deter-
mination of specific activities. The pH dependence of the kcat/Km 
was measured and analyzed according to Kong et al..22

Inhibition studies. The inhibitory effects on the activity of 
the enzyme were measured by preincubating the enzyme with 
1.0 mM GSH and the inhibitor for 2 min and initiating the reac-
tion by addition of 20 µL of 50 mM CDNB (final concentra-
tion, 1.0 mM). The concentration of inhibitor giving 50% inhibi-
tion (I50) was determined from the plot of residual activity 
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Table 1. Specific activities for the wild type and mutant enzymes

Enzymes
Substrate specificity (µmol/min/mg)

CDNB ETA CP Androstenedione

Wild type 76.6 ± 1.5 1.54 ± 0.12 3.72 ± 0.33 78.3 ± 0.5
R13A 4.2 ± 0.2 0.22 ± 0.03 3.50 ± 0.51 58.4 ± 0.8
R13K 50.6 ± 1.0 0.92 ± 0.11 4.81 ± 0.10 368.0 ± 9.2
R13L 30.8 ± 0.8 1.95 ± 0.02 2.50 ± 0.10 35.0 ± 0.4

CDNB, 1-chloro-2,4-dinitrobenzene; ETA, ethacrynic acid; CP, cum-
ene hydroperoxide; Androstenedione, ∆5-Androstene- 3,17-dione. 
Values are Means ± S.D., generally based on n ≥ 5. 

Table 2. Kinetic parameters for GSH-[1-chloro-2,4-dinitrobenzene] conjugation

Enzyme
GSH 1-Chloro-2,4-dinitrobenzene

Km (mM) kcat (s‒1) kcat/Km (mM‒1s‒1) Km (mM) kcat (s‒1) kcat/Km (mM‒1s‒1)
Wild type 0.16 ± 0.02 6.3 ± 0.9 39.4 0.65 ± 0.04 72.6 ± 1.8 111.7

R13A 0.34 ± 0.02 4.5 ± 0.1 13.2 1.99 ± 0.01 30.1 ± 1.0  15.1
R13K 0.20 ± 0.01 42.8 ± 1.1 214.0 2.32 ± 0.10 96.2 ± 3.5  41.5
R13L 0.06 ± 0.01 3.0 ± 0.5 50.0 17.5 ± 2.1 11.1 ± 1.0   0.6

Values are Means ±S.D., generally based on n ≥ 5.

against inhibitor concentration.

Results and Discussion

Among the various GSTs, the human pi-class (hGST P1-1) 
has attracted considerable attention as reliable preneoplastic 
or neoplastic marker enzymes because a number of human 
tumors have been shown to express raised levels of the hGST 
P1-1 enzyme.23,24 Moreover, the hGST P1-1 has been impli-
cated in the development of tumor resistance towards various 
anti-cancer drugs.25 Thus, studies on the relationship between 
structure and function of hGST P1-1 provide a rationale for 
the design of inhibitors and prodrugs to enhance therapeutic 
indices. In order to elucidate the precise enzyme-substrate inter-
actions responsible for the catalytic properties of GST, the mut-
ant enzymes obtained by directed mutagenesis of Arg13 in 
hGST P1-1 into Ala, Lys, and Leu were expressed in E. coli 
and purified to electrophoretic homogeneity by affinity column 
chromatography. Specific activities and kinetic parameters de-
termined for the purified wild-type hGST P1-1 and mutant en-
zymes were compared. Four different substrates, CDNB, ETA, 
cumene hydroperoxide, and ∆5-androstene 3,17-dione were cho-
sen in order to monitor the effects of the mutations on three 
different types of chemical reactions that the enzyme could 
catalyze: aromatic substitution; reduction of hydroperoxides; 
isomerization of carbonyl-containing alkenes.

Effects of point mutations of Arg13 residues on substrate 
specificity. The initial step in mercapturic acid formation is a 
conjugation of the foreign compound with GSH, a reaction 
catalyzed by GSTs for many substrates.26 The most general 
substrate used for the demonstration of multiple forms of GSTs 
in various biological species is CDNB, and the highly active 
substrate in class Pi GSTs is ETA. The specific activities of 

the mutant enzymes for GSH conjugations of CDNB and ETA 
are shown in Table 1. The substitutions of Arg13 with L-Ala 
resulted in a large decrease in the specific activities to approxi-
mately 85 - 95% of the wild type. Nevertheless, substitution of 
Arg13 with L-Lys resulted in a moderate decrease in specific 
activities. The substitution of Arg13 with L-Leu had a negligible 
effect on the specific activity toward ETA, but resulted in an 
approximate 60% decrease in specific activity toward CDNB. 
These results suggest that contribution of Arg13 to GSH con-
jugation activity is highly dependent on the size rather than 
the positive charge of the side chain at position 13, and that the 
contribution of Arg13 in binding is dependent on the nature of 
the electrophilic substrates.

Organic hydroperoxides are substrates for GSTs. A study 
involving seven cytosolic homodimeric rat transferases demon-
strated that linoleate hydroperoxide and arachidonate hydro-
peroxide in most cases gave activities comparable to the model 
substrate cumene hydroperoxide.27 The GSH peroxidase acti-
vities of the mutants are shown in Table 1. The substitution of 
Arg13 with L-Ala significantly affected the specific activity, 
while the substitution of Arg13 with L-Leu resulted in approxi-
mately 30% decreases in specific activity towards cumene hy-
droperoxide. Nonetheless, the substitution of Arg13 with L- 
Lys resulted in approximately a 30% increase in specific acti-
vity. GSTs also possess ketosteroid isomerase activity and 
catalyze the conversion of ∆5-3-ketosteroids to ∆4-3-ketoster-
oids. The steroid isomerase activities of the mutants are shown 
in Table 1. The substitutions of Arg13 with L-Ala and L-Leu 
resulted in a decrease in specific activity to approximately 25 - 
55% of the wild type. However, R13K resulted in approximately 
a 370% increase in specific activity toward ∆5-androstene 3,17- 
dione. These results suggest that contribution of Arg13 to GSH 
peroxidase and steroid isomerase activities is highly dependent 
on the types of GST-catalyzed reactions and on the positive 
charge rather than the size of the side chain at position 13.

Effects of point mutations of the Arg13 residue on kinetic 
parameters for GSH conjugation activity. The kinetic para-
meters of the mutants for GSH-CDNB conjugation were deter-
mined under first order conditions at low substrate concentra-
tions with respect to varied substrates (Table 2). The substitution 
of Arg13 with L-Ala resulted in approximately 2~3-fold in-
creases in Km

GSH and Km
CDNB, whereas kcat values were appro-

ximately 30 - 60% smaller than that of the wild type. Conversely, 
substitution of Arg13 with L-Lys resulted in a 3.6-fold increase 
in Km

CDNB, whereas the Km
GSH was similar to that of the wild 

type. This substitution also resulted in approximately a 7-fold 
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Table 3. Kinetic parameters for GSH-[Ethacrynic acid] conjugation.

Enzyme
GSH Ethacrynic acid

Km (mM) kcat (s‒1) kcat/Km (mM‒1s‒1) Km (mM) kcat (s‒1) kcat/Km (mM‒1s‒1)
Wild type 0.15 ± 0.04 31 ± 8 2.1 0.18 ± 0.07 112 ± 8 6.2

R13A 2.62 ± 0.06   3 ± 0.2  0.01 0.18 ± 0.03  7 ± 2 0.4
R13K 0.12 ± 0.01 30 ± 6 2.5 0.12 ± 0.01 64 ± 6 5.3
R13L 0.15 ± 0.05   5 ± 0.5 0.3 0.01 ± 0.001 127 ± 9 127.0

Values are Means ± S.D., generally based on n ≥ 5.
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Figure 2. Effect of inhibitors on the GSH conjugation activity of the 
wild type and mutant enzymes. Wild type (black); R13A (gray); R13K
(hatched); R13L (white). The inhibitors were: (a) S-hexylGSH (× 10‒1
µM); (b) ethacrynic acid (ETA, mM); (c) S-(2,4-dinitrophenyl)GSH 
(DNPG, µM); (d) hematin (× 10‒1µM). Values are Means ± S.D., ge-
nerally based on n ≥ 5.

increase in kcat toward GSH. The substitution of Arg13 with 
L-Leu resulted in approximately a 2~7-fold decrease in Km

GSH 
and kcat values, whereas Km

CDNB values were approximately 
2~7-fold larger than that of the wild type. From these results, 
the positive charge at position 13 may be able to participate in 
catalysis of the GSH-CDNB conjugation reaction, while intro-
duction of the larger side chain at position 13 resulted in a 
stronger affinity (L-Leu > L-Lys, L-Arg > L-Ala) toward GSH.

Table 3 summarizes the kinetic parameters of the mutants 
for the GSH-ETA conjugation. The substitutions of Arg13 with 
L-Ala resulted in approximately 17-fold increases of Km

GSH va-
lues, whereas the Km

ETA values were similar to that of the wild 
type. On the other hand, substitutions of Arg13 with L-Leu re-
sulted in approximately 18-fold decreases in Km

ETA values, 
whereas the Km

GSH values were similar to that of the wild type. 
The substitution of Arg13 with L-Lys scarcely affected the 
kinetic parameters for GSH-ETA conjugation. These results 
suggest that introduction of larger side chains at position 13 
results in a stronger affinity (L-Leu > L-Lys > L-Arg, L-Ala) 
towards ETA.

In order to further probe the functional properties of the mut-
ant enzymes, the inhibition parameters (I50) of various inhibitor 
types, S-hexylGSH, ETA, S-(2,4-dinitrophenyl)GSH, and he-
matin for GSH-CDNB conjugating activity were determined 
under standard assay conditions (Fig. 2). Substitution of Arg13 
resulted in approximately 4~17-fold decreases in the I50 values 
of S-hexylGSH, a competitor of GSH. Substitution of Arg13 
with L-Ala resulted in a 2.4-fold increase in the I50 value of 
ETA, which competes with CDNB as an electrophilic substrate. 

Nevertheless, substitution of Arg13 with L-Lys resulted in a 
2.1-fold decrease. The I50 value for R13L was similar to that 
of the wild type. The I50 values of S-(2,4-dinitrophenyl)GSH, 
a conjugation product of GSH with CDNB, for R13K and 
R13L were lower than the wild-type. Notwithstanding, the I50 
value for R13A was slightly higher than the wild type value by 
nearly 1.4-fold. 

GST is known to function as a ligandin that binds non-sub-
strate hydrophobic ligands, such as heme, billirubin, steroids, 
and vitamin K. Hydrophobic interactions are considered im-
portant for the binding of these ligands.1 However, since many 
of the ligands possess anionic groups such as carboxylates, elec-
trostatic interaction between the anionic groups of the ligands 
and the cationic groups of GST, such as the side chains of the 
Arg and Lys residues, might also be involved in the function 
as ligandins. The I50 value of hematin, a nonsubstrate ligand, 
for R13L was significantly lower than that of the wild type, 
nearly 4-fold (Fig. 2). On the other hand, the I50 values of he-
matin for R13A and R13K were similar to those of the wild 
type, suggesting that contribution of Arg13 in the binding of 
hematin is highly dependent on the size rather than the positive 
charge of the side chains at position 13. Reinemer et al. sug-
gested that an Arg residue serves as an anionic recognition site 
for GST and that there exists the "ligandin", or a "nonsubstrate" 
binding site, at the interface between the two subunits.8 Nishihira 
et al. suggested that binding of the hydrophobic ligand to GST 
produces a remarkable conformational change of the active 
center of the enzyme.28 Taken together, although the Arg13 re-
sidue is thought not to interact with hematin directly, substitu-
tion of this residue with L-Leu is speculated to induce a con-
formational change in the active site.

Dependence of kinetic parameters on pH. Enhancement of 
the nucleophilicity of the thiol group in GSH by lowering the 
pKa value is considered a major role of GSTs in catalyzing the 
formation of the GSH-conjugate. The pH dependence of the 
kcat/Km value has previously been studied for the wild-type en-
zyme and for mutant Y7F.22 The pKa value of the thiol group 
of GSH bound in wild-type hGST P1-1 was approximately 
2.8 pK units lower than the value (9.1) of free GSH in aqueous 
solution, whereas the value for mutant Y7F was approximately 
2.4 pK units higher than the value (6.3) of the wild-type enzyme. 
The interaction between the hydroxyl group of Tyr7 and the 
thiol group was essential to the GSH conjugating reaction by 
lowering the pKa value. Similar studies were made on mutants 
R13A, R13K, and R13L in this investigation. The kcat/Km

CDNB 
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Figure 3. Dependence of logkcat/Km values on pH. The kinetic parameter
of the wild type and mutant enzymes for conjugation of GSH with 
CDNB were determined under the conditions of saturating GSH (2.0 
mM) and variable concentrations of CDNB (0.1 - 1.0 mM). -●-, Wild 
type; -▲-, R13A; -■-, R13K; -○-, R13L.

values of mutant enzymes for GSH-CDNB conjugation were 
determined at various pH values with a large excess of GSH. 
The pH dependence of the kcat/Km

CDNB values of the wild type 
and mutant enzymes are shown in Fig. 3 and compared with 
the value previously determined for the wild type enzyme.22 
From the plots of log (kcat/Km

CDNB) against pH, the pKa values 
of the thiol group of GSH bound in R13A, R13K, and R13L 
were estimated to be 1.8, 1.4, and 1.8 pK units higher than the 
pKa value (6.3) of the wild type enzyme, respectively. Removal 
of the basic side-chain functionality, as in mutants R13A and 
R13L, caused an increase in the pKa values of the thiol group 
of GSH bound in the enzyme to 8.1 (Fig. 3). These pKa values 
suggest that replacement of Arg13 with L-Ala and L-Leu affect 
the interaction between the thiol groups and Tyr7 through distor-
tion of the orientation of the GSH bound in the enzyme. When 
Arg13 was replaced by Lys, a residue with basicity lower than 
Arg, the pKa value was increased to 7.7, 0.4 units higher than 
in mutant R13A and R13L, demonstrating the contribution of 
the Arg13 guanidinium group to the active site electrostatic field.

These results were supported by studies on the three-dimen-
sional structures of GST. The three-dimensional structure of 
the human GST P1-1, in complex with the inhibitor ETA, im-
plicated that the inhibitor sits in a hydrophobic pocket lined 
with the side chains of Tyr7, Phe8, Pro9, and Val10, while the 
aliphatic portions of Arg13, Val35, Ile104, and Tyr108, and the 
carboxylic acid moiety of the inhibitor forms a hydrogen bond 
to the Nε atom of Arg13.29 Moreover, two electrostatic interac-
tions were observed in hGST P1-1[V104] with a GSH conjugate 
of (+)-anti-7,8-dihydroxy-9,10-oxy-7,8,9,10-tetrahydrobenzo
[α]pyrene (GSBpd), including a hydrogen bond between the 
hydroxyl group of Tyr7 and the sulfur atom of GSH and a direct 
hydrogen bond between Arg13 and the hydroxyl group of the 
Bpd moiety of GSBpd, demonstrating participation of Arg13 
in catalysis.13 Similarly, Bjőrnestedt et al. reported mutations 
of the Arg15 residue (the counterpart of Arg13 in GST P1-1) 

in human class Alpha GST A1-1.30 They suggested that the 
contributions provided by Arg15 in human GST A1-1 involved 
hydrogen bonding to the sulfur atom of GSH and the creation 
of an electrostatic potential in the G-site that favors ionization 
of enzyme-bound GSH. Taken together, we conclude that the 
contribution of evolutionally conserved Arg13 in substrate bind-
ing is highly dependent on the nature of the electrophilic sub-
strates and in the catalytic mechanism that stabilizes the GSH 
thiolate through hydrogen bonding. Further accurate elucidation 
of the multifunctional role in GST P1-1 catalysis of this residue 
requires a detailed kinetic study for GSH peroxidase and steroid 
isomerase activities and three-dimensional structure analysis 
of these mutant enzymes.
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