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SUMMARY: A new glutathione S-transferase from human liver has been purified
to homogeneity in good yield by use of ion-exchange chromatography on DEAE-
-cellulose, affinity chromatography on S-hexylglutathione coupled to epoxy-
-activated Sepharose 68, and chromatography on hydroxyapatite. This new en-
zyme. transferase 1. is present in high concentration. but only in some in-
dividuals. It has an iscelectric point at about pH 6 to 6.5 and a different
substrate specificity than the previously described alkaline transferases o-c
from human Lliver. Especially noteworthy is the finding of high activity
against benzo(a)pyrene-4.5-oxide. Glutathione S-transferase u has about 20-
~fold higher activity with this substrate than have the alkaline transferases.
The most pronounced difference was found with trans~4-phenyl-3-buten-2-one
which was > 100-fold better as substrate for transferase u than for the pre-
viously described transferases.

The glutathione S-transferases. a group of cytosolic proteins., play an
important role in the biotransformation and detoxication of a variety of hyd-
rophobic electrophilic substances (1). They have been found in all mammals
tested, including man (1). Human glutathione S-transferases (or ligandins)
have been purified from Lliver (2,3), erythrocytes (4) and placenta (5) and
have also been shown to be present in kidney. lung, adrenal cortex. testis.,
skin: ovary and the gastrointestinal tract (6). Five different glutathione S-
-transferases (named ¢. B: Y. 8, €) have been purified from human liver (2).
They are all alkaline proteins with very similar substrate specificities,
amino acid compositions., and immunological properties. The presence in human
liver of two acidic forms (pl 4.6 and 5.4, respectively) has also been repor-

ted (3,7). In contrast to the multiplicity of human liver glutathione S~trans-
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ferases, only one acidic form (pI 4.7) has been found in erythrocytes (4) and
placenta (5,8 . This paper describes the purification of a new form (u) of
glutathione S-transferase in human liver. It was discovered in the middle of
the pH range covered by isoelectric focusing (isoelectric point at about pH 6
to 6.5) and is only present in some individuals (9). The high specific acti-
vity of transferase u with benzo(a)pyrene-4,5-oxide suggests that the new en-
zyme may be of great importance in the detoxication of metabolites of carci-

nogenic polycyclic hydrocarbons.

MATERIALS AND METHODS

Human liver tissue was obtained from kidney donors, judged to have nor-
mal Llivers (by morphological criteria) (10). The supernatant fraction was pre-
pared as described (10) and stored at -80°C prior_to use. S-Hexylglutathione
Sepharose 6B was prepared as described in .(11). [3H]-Benzola)pyrene—4,5-oxide
(specific radioactivity 10 mCi/mmol) was a gift from Dr. J.R. Bend. National
Institute of Environmental Health Sciences. Research Triangle Park. NC, USA,
and AS-androstene-3,17-dione was a gift from Dr. A.M. Benson., Johns Hopkins
University, Baltimore, MD. USA. All other chemicals used were of the highest
purity commercially available. The glutathione S-transferase activities were
measured by published methods (12-16). Activity with [3H]—benzo(a)pyrene-4.5-
~oxide was measured essentially as in (17). The reaction was started by addi-
tion of 15 nmol [3H]-benzo(a)pyrene—4,5-oxide in 1 ul dimethylsulfoxide. The
incubation was carried out at 300C and the reaction was stopped after 1 or 2
min.

Purification of glutathione $-transferases

Liver tissue was homogenized in 0.3 M sucrose and the homogenate fractionated
as described (10). The 100 000 g supernatant (n 80 ml) was passed through a
Sephadex 6-25 column (& x 32 cm) packed in 10 mM Tris/HCl (pH 8.0) containing
1 mM EDTA and then passed through a DEAE-cellulose column (4 x 9 cm) equilib-
rated with the same buffer. The column was washed with the starting buffer un-
til glutathione S-transferase activity ceased to appear in the effluent. The
pooled effluent was applied on a column of S—hexylglutathione Sepharose 6B

(2 x 10 cm) equilibrated with the same Tris-buffer. The column was then washed
with the same buffer fortified with 0.2 M NaCl until no protein could be de-
tected in the effluent. Glutathione S-transferases were eluted with 5 mM S-
-hexylglutathione dissolved in 10 mM Tris/HCL (pH 8.0) containing 0.2 M NaCl.
The active fractions were pooled. desalted on a Sephadex 6G-25 column (4 x 32
cm), packed in 10 mM sodium phosphate (pH 6.7) containing 1 mM EDTA, and sub-
sequently adsorbed on a column of hydroxyapatite (2 x 10 cm) equilibrated with
the same buffer. After washing with about two volumes of starting buffer the
glutathione S-transferases were eluted by a linear concentration gradient
(10-350 mM, total volume 400 ml) of potassium phosphate (pH 6.7). During the
purification glutathione S-transferase activity was measured at pH 6.5 with

1 mM 1-chloro-2.4-dinitrobenzene and 1 mM glutathione as substrates and pro-
tein content determined by the method of Kalckar (18). The protein concent-
ration was otherwise measured as described by Lowry et al. (19). Disc gel
electrophoresis was performed as previously described (12). Sodium dodecyl-
-sulfate-polyacrylamide slab gel electrophoresis was performed essentially

as described by Maizel (20).
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Fig. 1. Isoelectric focusing of a cytosolic fraction from human liver (no. 10
in Ref. 10). Enzymatic activity was measured at 300C and pH 6.5 by use of 1 mM
1-chloro-2.4-dinitrobenzene and 1 mM glutathione as substrates.

RESULTS

Isoelectric focusing of liver supernatants from different individuals
had revealed the existence of a new form of glutathione S-transferase present
in only some individuals (9). Fig. 1 shows the activity profile obtained af-
ter isoelectric focusing of liver supernatant no. 10 (see Ref. 10). In addi-
tion to the peaks in the alkaline region. there is a peak at about pH 6.5
near the middle of the gradient. This new form (1) has now been purified to
homogeneity. The results of the purification of enzyme from liver no. 10 are
summarized in Table 1. The glutathione S-transferase activity did not bind to
DEAE-cellulose, but was slightly retarded. Affinity chromatography on S-hexyl-
glutathione Sepharose 6B proved to be a very efficient step, as previously
found in work on rat tissues (21). It resulted in a 10-fold purification with
almost no loss of activity. The new form of glutathione S-transferase, trans-

ferase 1. was separated from the alkaline forms by chromatography on hydroxy-
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Table 1. Purification of glutathione S-transferases from human liver.

Total Specific
Fraction Volume activity activity- Yield
(ml) (umoLdmin) (umol/min (%)

per mg protein)

Liver supernatant 75 926 1.3 100
DEAE-cel lulose 169 826 5.6 89

S-Hexylglutathione
Sepharose 68 +

Sephadex 6-25 77 905 58 98
Hydroxyapatite
Peak 1 (1) 23.5 240 104 (1802 26
Peak 2 (a-€) 34 406 41 44

Activity measured at 30°¢ and pH 6.5 using 1 mM 1-chloro-2,4-dinitrobenzene

and 1 mM GSH as substrates. Protein calculated from the absorbance at 260

and 280 nm (18).

Protein determined by the method of Lowry et al. (19).

apatite (Fig. 2). The first peak contained glutathione S-transferase u and
the second peak the alkaline forms. The purified glutathione S-transferase u
displayed only one protein band when analyzed by disc gel electrophoresis,
whereas peak II from the hydroxyapatite chromatography contained two bands.
both showing glutathione S-transferase activity. These results indicate that
peak I consists of homogeneous transferase 1 and peak II of a mixture of two
alkaline forms of glutathione S-transferase. The latter have not been separa-
ted from each other and it is not known which of transferases o-¢ they repre-
sent. However. the human tiver used in this work seems to contain only two
alkaline forms in appreciable amounts. Sodium-dodecyl-sulfate polyacrylamide
slab gel electrophoresis confirmed the homogeneity of the new glutathione s-
-transferase (1) and indicated that the enzyme was composed of two identical
subunits.

The substrate specificity of homogeneous glutathione S-transferase u was

examined (Table 2), and the results were compared with those reported for the
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Fig. 2. Separation of glutathione S-transferases by chromatography on a hydro-
xyapatite column eluted with a linear concentration gradient of potassium phos-
phate (pH 6.7). Enzymatic activity was measured with 1-chloro-2,4-dinitroben-
zene and glutathione. The first peak contains homogeneous transferase u and the
second peak two separable alkaline transferases.

five alkaline transferases a-e (2). Transferase u has considerably higher ac-
tivity than transferases a-¢ with 1-chloro-2,4-dinitrobenzene, the substrate
most commonly used to measure glutathione S-transferase activity. Another
difference is the comparatively high activity with trans-4-phenyl-3-buten-2-
-one. This activity originally distinguished transferase u from the alkaline
forms (9), because the latter transferases display negligible activity with
this substrate. Benzo(o)pyrene-4.5-oxide proved to give about 20-fold higher
activity with transferase u than with the basic forms. This finding is of spe-

cial significance in relation to detoxication of reactive metabolites of ben-

zo(a)pyrene.

DISCUSSION

The purification procedure for glutathione S-transferases from human li-
ver cytosol presented in this paper yields the new enzyme (9) in apparently
homogeneous form in three days. The value of the affinity matrix used has
previously been documented in preparations of transferases from rat tissues
(21) and human placenta (5). The alkaline transferases (a-c) were not resolved

in the present procedure. but were distinctly separated from the new enzyme

(Fig. 2).
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Table 2. Specific activities of human liver glutathione
S-transferases with various substrates

7

Specific activity (umol-min—1-mg° )

Substrate Transferases
H 8 a-€ 9

1-thlorn-2,4~dinitrobenzene 187 16-37
1+.2-Dichloro-4-nitrobenzene 0.032 0.035-0.065
Bromosulfophthalein < 0.002 0.001-0.010
Ethacrynic acid 0.081 0.017-0.044
trans-4-Phenyl-3-buten-2-one 0.36 0.001-0.002
1.2-Epoxy-3-(p-nitrophenoxy)-propane .11 0
Benzo(u)pyrene-4,5-oxide 0.92 0.025-0.030
Cumene hydroperoxide 0.63 -
A3-Androstene-3,17-dione 0.36 0.19-10.2
p-Nitrophenyl acetate 0.22 15.0 (&)

Present study.

(R

Values from Ref. 1 except for p-nitrophenyl acetate (14) and As-andro-

stene-3,17-dione (22) which were taken from the original publications.

Several lines of evidence show that a new form (u) of glutathione S-
-transferase has been isolated. The molecular properties of transferase u dif-
fer significantly in important respects from those of transferases a-c¢ (2);
the molecular weight of the enzyme and its subunits and the amino acid compo-
sition show clear differences (M. Warholm, C. Guthenberg. and B. Mannervik.,
unpublished data). The kinetic properties of each of transferases a—c are ve-
ry similar for most substrates (1.2), but differ significantly from those of
transferase u with several substrates. Transferase u is >100-fold and about
20-fold as active as forms a-c with trans-4-phenyl-3-buten-2-one and benzo(a)-
pyrene-4,5-oxide. respectively (Table 2). Transferase p also has significant-
ly higher activity with 1-chloro-2.4-dinitrobenzene. On the contrary. the al-

kaline transferases have approximately 20-fold higher glutathione peroxidase
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activity than transferase u with cumene hydroperoxide (M. Warholm. C. Guthen-
berg and B. Mannervik. unpublished data). The existence of transferase u only
in some individuals, in contrast to the presence of at least one form of alka-
line transferase in all subjects examined (9), also points to the uniqueness
of the new enzyme.

The full significance of glutathione S-transferase u in human liver re-
mains to be clarified. It has been found in both males and females (9). Whe-
ther the presence of the new enzyme is related to induction or solely to ge-
netic differences cannot yet be decided. It should be noted that, when pre-
sent, transferase u constitutes 15-20% of the protein having glutathione S-
-transferase activity (see Table 1). In terms of total activity in the human
liver cytosol fraction., transferase u represents 98% of the activity with
trans-4-phenyl-3-buten-2-one and about 75% of the activity with benzo(o)pyre-
ne-4,5-oxide. The latter activity of transferase u may be discriminatory in
defining the capacity of different individuals to metabolize and detoxify
various carcinogenic polyaromatic hydrocarbons.
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