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Summary: Glutathione S-transferase A form (GST-A) is increased
markedly in rat preneoplastic hepatic lesions such as hyperplastic
nodules induced by diethylnitrosamine followed by administration
of N-2-fluorenylacetamide. GST-A was also significantly increased
in livers of rats after short-term administration of some drugs.
The increased activity and protein content of GST-A were demon-
strated by CM-Sephadex C-50 column chromatography as well as
by two-dimensional polyacrylamide gel electrophoresis following
immuno-affinity column chromatography using antibody against
GST-A. Immunologically, GST-A crossreacted strongly with GST-C,
weakly with GST-C,, but not with ligandin, GST-B, or GST-AA.
It was confirmed by subunit recombination that GST-C is a hetero-
dimer composed of the subuits of homodimers, GST-A and GST-C,.

Glutathione S-transferases (GSTs) (EC 2.5.1.18) represent
a family of enzymes that perform several roles in hepatic detoxi-
cation (1). We have reported that Lig, GST-B and GST-AA are
closely related to each other in both immunological and catalytic
properties and that GST-B is a hybrid between Lig and GST-AA (2).
The induction of Lig or GST-B by agents such as PB and 3-MC is
well-documented (3, 4). However, inducibility and immunological

and subunit properties of other forms have not been clarified.

L To whom correspondence should be addressed.

Abbreviations: GSH, glutathione; GST, glutathione S-transferase;
Lig, ligandin; SDS, sodium dodecyl sulfate; IgG, immunoglobulin;
CDNB, l-chloro-2,4-dinitrobenezene; DCNB, 1,2-dichloro-4-nitro-
benzene; DEN, diethylnitrosamine; FAA, N-2-fluorenylacetamide;
3'-Me-DAB, 3'-methyl-4-dimethylaminoazobenzene; 3-MC, 3-methyl-
cholanthrene; BHA, butylated hydroxyanisole; PB, phenobarbital;
PCB, polychlorinated biphenyl; HN, hyperplastic nodule; GGT, Y -
glutamyl transpeptidase.
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Recently, Mannervik and Jensson (5) reported that GST-C is a

binary combination of GST-A and GST—CZ.

In this paper we report immunological and subunit properties

of the increased GST-A in preneoplastic hepatic lesions induced

by chemical carcinogens.

MATERIALS AND METHODS

Assays of GST activities. Activities of GST were determined
with two substrates, CDNB and DCNB, as described previously (2).
Purification of Six Forms of GSTs. Sprague-Dawley (SD) male
rats weighing 160-250 g were used in this study. Six forms of
hepatic GST with the activity towards CDNB were separated by
CM-Sephadex C-50 column chromatography {(see Fig. 3). GST-a,
-AA, -B, -C and Lig were purified as described previously (2).
GST-A was purified from livers bearing preneoplastic hepatic
lesions. GST-C, was purified as follows: A 20 % homogenate of
normal liver in”~ 0.25 M sucrose was centrifuged at 105,000 x g
for 45 min and the supernatant obtained (100 mg/8.0 ml) was
dialyzed against 10 mM Na phosphate buffer (pH 6.7) (Buffer A),
applied to a CM-Sephadex C-50 column (2.7x6.5 cm) equilibrated
with Buffer A and eluted with the same buffer. Fractions con-
taining the activity towards CDNB were collected, dialyzed
against 10 mM potassium phosphate buffer (pH 6.8), applied to
& hydroxyapatite column, and eluted with a 10-350 mM linear
gradient of potassium phosphate (pH 6.7). Active fractions were
collected and applied to a GSH-affinity column, which was prepared
according to the method of Koskelo et al.(6). GST was eluted
with 20 mM GSH and contained only single protein, which had the
same molecular weight as purified GST-A and GST-C on SDS-poly-
acrylamide gel electrophoresis done by the method of Laemmli (7).
The eluate including the activity peak was further passed through
1 Sepharose 4B column coupled with anti-GST-B IgG to remove a
very small amount of contaminated Lig.

Induction of Preneoplastic Hepatic Lesions. The lesions known
as enzyme-altered foci detectable by GGT activity staining (8)
or HNs were induced according to the system of Solt and Farber
(9), except that FAA was given two weeks longer (8).

Two-dimensional polyacrylamide gel electrophoresis. This was
performed according to Takami and Busch (10).
Subunit Recombination. The dissociation and recombination of

subunits of GST-C and the formation of hybrids between GST-~A
and GST-C2 were done as described previously (2).

RESULTS

Molecular Forms of GST induced in Preneoplastic Hepatic Lesions.

Activities of GST towards both CDNB and DCNB in rat liver
cytosol increased with increased number and area of preneoplastic
GGT-positive foci or of HNs induced by the administration of
DEN followed by FAA (data not shown). It was also noted follow-~

ing CM-Sephadex C-50 column chromatography that activities of
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Fig.l. CM-Sephadex C-50 column chromatography of GSTs of normal
rat liver (a) and the liver bearing GGT-positive foci (b}.
105,000 x g supernatants (40mg/2.5 ml) dialyzed against 10 mM
Na phosphate buffer (pH 7.4) were applied to columns (2.7 x 6.5
cm) pre-equilibrated with the buffer and were eluted with 40 ml
of the buffer and then with 300 ml of the buffer with a linear
gradient of NaCl. Each peak was named according to Hayes et al.
(11) except for GST-C Cyr Cy A, Lig, B and AA correspond to
C2, CA, A 27 BL and B2 respectively, according to the new
nomenclature o% GST forms proposed by Mannervik and Jensson (5).

GST-A towards both CDNB and DCNB were markedly increased in
livers bearing the foci or HNs, and that Lig activity, detectable
only with CDNB, was also significantly increased in these livers
(Fig. 1). A similar pattern was also observed in livers bearing
foci induced by 3'-Me-DAB (0.06%) instead of FAA. At pH 7.4,

both GST-C and GST-C, were eluted at the breakthrough fraction.

2
Furthermore, it was demonstrated by two-dimensional polyacryl-
amide gel electrophoresis that GST-A is one of the most highly
increased among the cytosol proteins even in an isolated HN
(Fig. 2b). The increased protein was identified as GST-A by
electrophoresis following immuno-affinity column chromatography
using anti-GST-A IgG (Fig. 2c). The preneoplastic foci and HNs
were more densely stained immunohistochemically using the anti-
GST-A IgG (data not shown). We also examined induction patterns
of GSTs in whole livers of rats, which were given either of

several agents, including carcinogens and hepatocarcinogenic

promoters, for 2 weeks prior to the appearance of special cell
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Fig, 2. Two-dimensional electrophoresis of cytosol proteins in
normal rat liver and in an isolated HN. 16000 xg supernatants

(100 pg protein) from normal liver (5 mg) (Fig. 2a) and from a
single HN (2 mg) (Fig. 2b) were used. The 16,000 x g superna-
tant of isolated HN was applied to an anti-GST-A IgG-Sepharose
column. The adsorbed protein(s) was eluted with 1 N acetic acid
and then subjected to the electrophoresis (Fig. 2c).

populations. As shown in Fig. 3, neither FAA nor DEN alone in-
duced any form of GST. 3'-Me-DAB and the antioxidant BHA induced
both Lig and GST-A, while the promoter PB as well as PCB (the
rattern is not shown) markedly induced Lig and slightly induced
GST-A. 3-MC induced only Lig. However, the levels of GST-A
induced by these agents were much lower than those induced in
livers bearing the foci or HNs, or in isolated HNs, and GSTs
induced by these agents decreased rapidly to normal levels after
the agent was removed from the diet. 1In contrast, GST-A induced
:n the foci or HNs remained at high levels so long as the foci
or HNs remained, even when the carcinogen or promoter was removed
from the diet.

Relationships among GST-A and Its Related Forms.

The relation between GST-A and its immunologically related
forms GST-C and GST—C2 remained unclear, although the relation-
ships among GST-AA, GST-B and Lig had been clarified (2, 12).

Mannervik and Jennson (5) first reported the presence of GST—C2

23

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS



Vol. 112, No. 1, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

@~ TT P) O

0-100mM

050 NaCl /‘
Lg. B A
AA

Activity to CONB, units/ml {(—o—)
(=]
Activity to DCNB, units/ml (—e—)

20 0 20 0 20 40
Fraction Number
Fig.3. CM-Sephadex column chromatography of hepatic GSTs from
rats treated with various chemical agents. FAA (b), 3'-Me-DAB
(c), BHA (e) and PB (f} were given to rats weighing 160-170 g
with the basal diet at 0.02%, 0.06%, 0.75%, and 0.05%, respec-
tively, for 2 weeks. 3-MC (d) was injected to rats 3 times every

other day at a dose of 25 mg/kg. The chromatography was performed
as in Fig. 1. Fig. 3a, untreated rat liver.

in rat liver cytosol by chromatofocusing. We also purified this
form by two successive CM-Sephadex column chromatography at pH
6.7 followed by pH 7.4, as shown in Fig. 4. Specific activities
of the purified GST-A, GST-AA, GST-B, GST-C, GST—C2 and Lig
towards CDNB were 47.3, 18.6, 20.8, 33.5, 8.6 and 23.1, respec-
ctively. However, specific activities of GST-A, GST-C and GST-
C, towards DCNB were 3.94, 2.61 and 0.40, respectively, while
those of GST-A, GST-B and Lig were negligible.

With IgGs prepared against the six forms of GST, no precipi-
tin line was observed between anti-C IgG and any member of the
GST-B group, AA, B, and Lig, while A, C and C2 formed fused

precipitin lines with the anti-C IgG (Fig. Sa). However, the

lines between the anti-C IgG and A or C2 did not fuse (Fig. 5b).
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Fig.4. Separation of GST-C, by CM-Sephadex C-50 column chromato-
graphy at pH 6.7. 105,000 g supernatant (100 mg/8.0 ml) from
a normal male rat was dialyzed against 10 mM Na phosphate buffer
(pH 6.7) and applied to a CM-Sephadex C-50 column (2.7x6.5 cm)
pre-equilibrated with the same buffer. GSTs were eluted with
40 ml of the buffer, then eluted with the same volume of 10 mM
Na phosphate buffer (pH 7.4), and further eluted with 300 ml of
the buffer with a linear gradient of NaCl.

Figz.5. Double immunodiffusion of GSTs in 1% agar gel. The wells
contain 2 pg of purified Lig (1), GST-B {(2), GST-C, (3), GST-C
(4), GST-A (5) and GST~AA (6), respectively. The“other wells
contain 40 pug of anti-C IgG (Ab,), anti-A IgG (Ab,) and anti-
C, I1gG (Ab,), respectively. 1dGs were prepared §s described
p%eviously %2).
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Fig.6. Elution patterns of native and guanidine-teated GSTs on
CM-Sephadex C-50 column chromatography. Each sample was applied
to a column (2.7 x 6.5 cm) equilibrated with 10 mM Na phosphate

buffer (pH 6.7). 1In Fig. 6a, @ and ' show elution patterns of
GST-C (375 pg) before and after guanidine hydrochloride treat-
ment, respectively. In Fig. 6b, M and @ show patterns of

GST-C, and GST-A alone after guanidine hydrochloride treatment,
respeftively, and (O shows the pattern of a mixture of GsT-C,
(750 pg) and GST-A (750 pug) after the treatment.

In addition, a faint precipitin line was observed between C2
and anti-A IgG (Fig. 5c¢) and between A and anti-C2 (Fig. 5d4),
suggesting that the subunit of A may differ from that of C2 and
C may have a common subunit of A and Y though A and C, have
some common antigenicities.

To identify the subunits of GST-C, purified GST-C was treat-
ed with guanidine hydrochloride, renatured, and the recombined
enzymes were separated by CM~Sephadex C-50 column chromatography
(Fig. 6a). By this treatment, GST-C was separated into three
peaks, and the main peak was eluted at the position of the native
GST-C and other two peaks were eluted at the positions of GST-

C, and GST~A. The new forms were also identified immunologically

2

as GST-C, and GST-A, respectively {data not shown). After this

2

treatment of GST-C, or GST-A alone, these eluted mostly at the

2

position of the native form, whereas the mixture of these two
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forms showed a new form intermediate between the two forms after
the same treatment (Fig. 6b). These results clearly indicate

that GST-C is a hybrid between GST-A and GST—CZ.

DISCUSSION

It was observed that both activity and the protein content
of GST~A were markedly increased in livers bearing prenecplastic
foci or HNs and also in individual HNs induced by chemical car-~
cinogen(s). The induction of GSTs, especially of the molecular
forms of the B-group, have been well-documented (3, 4). Lig,
a major form in rat liver, has been investigated as a basic azo-
dye binding protein (13-16)}. Guthenberg et al. (17) reported
that activities of GST-A, GST-B and GST-C as well as respective
protein contents increase after treatment of rats with trans-
stilbene oxide. GST-A was, however, not separated from GST-C
immunclogically. Bannikov et al. (18) demonstrated immunologi-
cally that a basic azo-dye binding protein is present in the
highly differentiated hepatomas but absent in poorly differen-
f.iated ones.

We have also confirmed the subunit relationship proposed by
Mannervik and Jensson (5) among GST-A and its immunologically

related forms, GST-C and GST-C Habig et al. (19) first reported

-
hat GST-A and GST~C are immunologically indistinguishable.

Recently it has been reported that the nonidentical Ya and
Yc subunits of GST-B are translated from different mRNAs tran-
scribed from different genes (20-22). However, 1t remains to
be shown whether GST-A and GST—C2 or the two subunits of GST-C
are derived from the same or different genes.

As pointed out by Mannervik and Jensson, the molecular forms
of GST in rat liver cytosol can be divided into two groups

according to their catalytic, immunologic and subunit properties.

One is the B group including AA, B and Lig and the other is AC
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group including A, C and C2' There are immunochemical cross-

reactivities among three forms in each group, but not between

the two groups. Thus, the new nomenclature of GST molecular

forms 1in rat liver cytosol proposed by Mannervik and Jensson

may be reasonable, as it reflects the subunit composition of the

respective forms, e.g. GST-A as A,.

Acknowlegements This work was supported in part by Grants-in-Aid

for Cancer Research from the Ministry of Education, Science
and Culture of Japan (Nos. 56010062, 56015007, 57010069).

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.

REFERENCES

Jakoby, W. B. and Habig, W. H. (1980) Enzymatic Basis of
Detoxication, vol.2. W. B. Jakoby, ed., pp63-94, Academic
press, New York.

Kitahara, A. and Sato, K. (1981) Biochem. Biophys. Res.
Commun., 103, 943-950.

Arias, I. M., Fleischer, G., Kirsh, R., Mishkin, S. and
Gatmaitan, %. (1976) Glutathione: Metabolism and Function,
vol. 6. I. M. Arias and W. B. Jakoby, eds., ppl75-188,
Raven Press, New York.

Hales, B. F. and Neims, A. H. (1977) Biochem. Pharmacol.,
26, 555-556.

Mannervik, B. and Jensson, H. (1982) J. Biol. Chem., 257,
9909-9912.

Koskelo, K., Valmet, E. and Tenhunen, R. (198l) Scand. J.
Clin. Lab. Invest., 41, 683-689.

Laemmli, U. K. (1970) Nature (London) 227, 680-685.

Yin, %., Sato, K., Tsuda, H. and Ito, N. (1982) Gann, 73,
239-248.

solt, D. and Farber, E. {1976) Nature (London) 227, 680-685.

Takami, H. and Busch, H. (1979) Cancer Res., 39, 507-518.
Hayes, J. D., Strange, R. C. and Percy-Rocbb, I. W. (1980)
Biochem. J., 185, 83-87.

Hayes, J. D., Strange, R. C. and Percy-Robb, I. W. (1981)
Biochem. J. 197, 491-502.

Ohmi, N., Bhargava, M. M. and Arias, I. M. (1981) Biochim.
Biophys. Acta. 675, 276-280.

Smith, G. J., Ohl, V. 8. and Litwack, G. (1977) Cancer
Res., 37, 8-14.
Carruthers, C. and Baumler, A. (1979) Oncology, 36, 265-270.
Chasseaud, L. F. (1979) Adv. Cancer Res., 29, 175-274.
Guthenberg, C., Morgenstern, R. and DePierre, J. W. and
Mannervik, B. (1980) Biochim. Biophys. Acta. 631, 1-10.
Bannikov, G. A., Guelstein, V. I. and Tchiphsheva, T. A.
(1973) Int. J. Cancer., 11, 398-411.

Habig, W. H., Pabst, M. J. and Jakoby, W. B. (1974) J.
Biol. Chem., 249, 7130-7139.

Pickett, C. B., Donohue, A. M., Lu, A. Y. H. and Hales,
B. F. (1982) Arch. Biochem. Biophys. 215, 539-543.
Kalinyak, J. E. and Taylor, J. M. (1982) J. Biol. Chem.,
257, 523-530.

Beale, D., Ketterer, B., Carne, T., Meyer, D. and Taylor,
J. B. (1982) Eur. J. Biochem. 126, 459-463.

28

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS



