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ABSTRACT

A previous study from our laboratory (L. C. Eriksson et al., Biochem.
Biophys. Res. Commun., 117: 740-745, 1983) revealed that a cytosolic
polypeptide of approximate M, 21,000 (designated P-21) was markedly
elevated in amount in hepatocyte nodules induced by six different regi
mens. The molecular weight of this polypeptide, subsequently revised to
approximately 26,000, was redesignated P-26 and was identified (T. H.
Rushmore et al., Biochem. Biophys. Res. Commun., 143:98-103, 1987)
as a subunit of a placenta! form of glutathione 5-transferase (K. Sato et
al., Gann 75:199-202, 1984), also named glutathione 5-transferase 7-7
(H. Jensson et al., FEBS Lett., 1H7:115-120, 1985). We describe here
a convenient method for purifying relatively large amounts of P-26 from
hepatocyte nodules involving the sequential use of affinity chromatogra-
phy on 5-hexyl glutathione-Sepharose 4B, CM-Sephadex, and DEAE-
Sephacel. Evidence is presented that P-26 exists as a dimer of approxi
mate M, 52,000 (P-52). Analyses by two-dimensional electrophoresis
have indicatedthat the subunits of M, 26,000 may consist of five separate
charged isomers. Investigations using appropriate antisera and analysis
by amino acid sequencing have provided additional confirmation that P-
52 is probably identical to rat placenta! glutathione 5-transferase. Anti
bodies to P-52 are provingto be useful as a markerof new cell populations
that appear regularly during hepatocarcinogenesis.

INTRODUCTION

Cytosol from both early and persistent HN3, generated in 6

different models of liver carcinogenesis in the rat, showed a
common set of differences in the polypeptide pattern on SDS-
PAGE from that of normal liver (1-3). A prominent difference
was a marked increase in the amount of a polypeptide of M,
26,000 (P-26). Shortly after this report was published, Sato et
al. (4) and Kitahara et al. (S) described the isolation and
purification of a neutral form of GSHTase from rat placenta,
GSHTase-P. This transferase was shown to contain 2 subunits
of M, 26,000 (6). Sato et al. (4), Kitahara et al. (5), and Satoh
et al. (6) subsequently demonstrated that GSHTase-P was pres
ent in relatively high concentrations in HN generated in one
model of carcinogenesis compared to normal liver. In addition,
using antibody to GSHTase-P, they have shown GSHTase-P
to be useful in the phenotypic analysis of some hepatocyte
populations including HN appearing during hepatocarcino
genesis (5-9).
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We have reported that P-26 is a subunit(s) of the GSHTase
of M, 52,000 (here designated P-52) purified from the cytosol
of HN generated by the resistant hepatocyte model (10). We
have subsequently shown, using antibodies raised against P-52
and GSHTase-P, that P-26 is closely related if not identical to
the subunits of GSHTase-P (3). Using antibodies raised against
purified P-52, we presented data suggesting the possible use of
P-52 as an early marker during hepatocarcinogenesis (10).

Because P-52 may become an important tool in the study of
the biochemistry-molecular biology of new focal hepatocyte
populations, including putative preneoplastic nodules appear
ing during cancer development, it became of interest to develop
a relatively simple method to obtain P-52 in purified form in
good yield.

This report describes a method to obtain large amounts of
the enzyme from HN. The results of some characterization
studies of the purified enzyme and its subunits and of analyses
by immunoblotting and amino acid sequencing are also pre
sented; they further confirm that P-52 and GSHTase-P are
almost certainly the same enzyme. The use of antibodies to P-
52 in the phenotypic characterization of focal proliferating
hepatocyte lesions in hepatocarcinogenesis is also indicated.

MATERIALS AND METHODS

Chemicals. The following chemicals were obtained from Sigma
Chemical Co. (St. Louis, MO): diethylnitrosamine, glutathione (re
duced), ethacrynic acid, nitrobenzyl chloride, DCNB, 5-hexyl glutathi
one, and 5-hexyl glutathione-Sepharose 4B. 2-AAF was obtained from
Eastman Kodak (Rochester, NY). CDNB was from Aldrich Chemical
Corp. (Milwaukee, WI). HO and methanol were obtained from Fisher
Chemical Corp. (Toronto, Ontario, Canada). Acrylamide, bisacrylam-
ide, SDS, Tris, ammonium persulfate and A/.tyyV'.yV'-tetramethyl-
ethylbene diamine were obtained from Bio-Rad (Mississauga, Ontario,
Canada). Sephadex G-25, CM-Sephadex and DEAE-Sephacel were
obtained from Pharmacia (Piscataway, NJ). Ampholines were from
LKB.

Animals. Young male Fischer 344 rats (Charles River Breeding
Laboratories, Kingston, Ontario, Canada), weighing 120-130 g, were
used in all experiments. The rats were maintained on standard labora
tory chow (Purina Ralston Corp.) and a 12-h light and 12-h dark daily
cycle. They were given food and water ad libitum and were acclimatized
to their environment at least 1 week prior to their use in any experiment.
White New Zealand female rabbits (1.5 kg) were obtained from Reiman
Fur Farm (St. Agatha, Ontario, Canada).

Hepatocyte Nodules. HN were generated by a modification of the
regimen originally described by Soil and Farber (11). Animals were
initiated with a single dose of diethylnitrosamine (200 mg/kg, i.p.) and
2 weeks later were given 20 mg/kg 2-AAF by gastric intubation for 3
consecutive days followed by a two-thirds PH on the fourth day and
one 5 mg/kg dose of 2-AAF 4 days after PH (12). Nodules were isolated
4 months after initiation. This modified regimen of Solt and Farber
generates similar numbers of early resistant nodules, persistent nodules,
and cancers as does the previously used dietary regimen of administra
tion of 2-AAF (11). Nodules, relatively homogeneous in structure,
color, and size and macroscopically well defined, were picked out with
a pair of forceps, carefully cleaned of perinodular tissue, weighed, and
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GSHTASE 7-7 FROM LIVER NODULES

placed in ice cold isolation butler (5 mM Tris-HCl, pH 7.5, containing
0.25 M sucrose and 1 HIMphenylmethylsulfonylfluoride). The nodules
from 5 rats (approximately 5 g), were pooled and processed together.

More recently, in order to obtain larger amounts of P-52, the animals
were subjected to the modified selection regimen with 2-AAF plus CCI.
(13) a second time 30 days after PH. Under these conditions, the livers
are frequently larger than 20 g and consist mainly of nodules "back -to-
back": the whole liver can be used without the need to separate by

dissection nodular tissue from surrounding liver. Purification of P-52
was also performed from control (untreated) rats of the same weight
range.

Isolation of P-52 from Hepatocyte Nodules. Pooled nodular tissue or
livers composed largely of nodules were homogenized in a glass Potter-
Elvehjem homogenizer fitted with a Teflon pestle, using 5 g of nodules
in 25 ml isolation buffer, with 7 up-and-down strokes at a pestle speed
of 700 rpm. The homogenate was centrifuged first at 15,000 rpm
(27,000 x g av.) for 15 min at 4'C in a Sorvall SS34 rotor and then at

40,000 rpm (105,000 x g av.) in a Spinco TY60 rotor (Beckman) for
60 min at 4'C. The supernatant (cytosol) was decanted and dialyzed at
4'C against 10 mM Tris-HCl (pH 7.8 at 4Â°C)containing 50 mM NaCl

for 18 h (2 changes of 4 liters each). The dialyzed sample was applied
to a column containing S-hexyl glutathione-Sepharose 4B (2.6 x 10
cm) and washed extensively with 10 mM Tris-HCl (pH 7.8 at 4'C)

containing 200 mM NaCl. The various GSHTases were eluted with the
wash buffer containing 5 mM .V-liexylglutathione and their activities
assayed using CDNB as substrate. The fractions exhibiting GSHTase
activity were pooled, passed through a column containing Sephadex G-
25 (2.6 x 30 cm) equilibrated with 10 mM sodium phosphate (pH 6.5),
and then applied to a column containing CM-Sephadex (2.6 x 35 cm)
that had been equilibrated with the same phosphate buffer. The "flow-
through" fractions were pooled, desalted on a column containing Seph

adex G-25 (2.6 x 30 cm) equilibrated with 10 mM Tris-HCl (pH 8.0 at
4*C), and applied to a column containing DEAE-Sephacel (1.6 x 30

cm) previously equilibrated with the Tris buffer. The column was
developed with a linear gradient of 0 (150 ml) to 120 mM (150 ml)
NaCl in 10 mM Tris-HCl (pH 8.0) at 4Â°C.The protein peaks that

contained GSHTase activity were pooled and dialyzed against 10 mM
sodium phosphate (pH 7.0 at 4'C), in preparation for the determination

of substrate specificity and subunit composition. All buffers were de
gassed prior to use.

Isolation of P-52 from Control Liver. Livers from untreated control
rats were homogenized in a glass Potter-Elvehjem homogenizer fitted
with a Teflon pestle (50 g/100 ml isolation buffer) with 7 up-and-down
strokes at a pestle speed of 700 rpm. The homogenate was processed
for the recovery of the cytosol as described above. The cytosol was
dialyzed at 4'C against 10 mM sodium phosphate buffer (pH 6.5) for

18 h (3 changes of 4 liters each). The dialyzed sample was applied to a
column containing CM-Sephadex (5.0 x 80 cm) that had been equili
brated with the same buffer. The flow-through fractions were pooled,
concentrated by ultrafiltration, and passed through a column containing
Sephadex G-25 (2.6 x 30 cm) equilibrated with 10 mM Tris-HCl (pH
7.8 at 4'C) containing 50 mM NaCl. The sample was then applied to a

column containing S-hexyl glutathione-Sepharose 4B (2.6 x 10 cm) and
the various GSHTases eluted with 5 m\i S-hexyl glutathione, as de
scribed above. The fractions exhibiting GSHTase activity were dialyzed
against 10 mM Tris-HCl (pH 8.0 at 4*C), applied to a column containing

DEAE-Sephacel and eluted as described above. The protein peaks
containing GSHTase activity were pooled and processed for the deter
mination of substrate specificity and subunit composition. All buffers
were degassed prior to use.

Preparation of Antisera. Antibodies to P-52, purified from HN nod
ules, were prepared in rabbits as follows. Each of 2 white female New
Zealand rabbits were immunized with 50 ^g of pure P-52 in complete
Freund adjuvant (0.5 ml total; 3 s.c. sites on the back). They were given
a booster of 50 Mgof purified P-52 in incomplete Freund adjuvant at 2
weeks and at 1 month following the initial injections. Serum was
recovered 14 days after the second booster injection. The antibody titer
was monitored by Ouchterlony double-immunodiffusion and the spec
ificity for P-52 determined by immunoblot analysis.

Electrophoresis. The polypeptides of the various samples were ana

lyzed by SDS-PAGE as described by Laemmli (14). The gels (0.75 x
16 cm; 15% acrylamide) were stained with silver as described by Wray
et al. (15). Two-dimensional polyacrylamide gel electrophoresis was
carried out as described by O'Farrell (16). Ampholytes (I. KH Instru

ments) were used at concentrations of 1.5%, pH range 7-9, and at
0.5%, pH range 3.5-10.0. The tube gels (2.7 x 70 mm) were electrofo-
cused at 150 V for 16 h and then layered on top of a 12.5% acrylamide
gel (0.75 x 18 cm) and run at constant current (20 A) until the tracking
dye had traveled 16 cm through the separating gel. The gels were fixed
in 50% methanol and stained with silver or transferred to nitrocellulose
as described below.

Electroblotting and Immunodetection of P-52 (Immunoblots). After
separation by one or 2 dimensional gel electrophoresis, the polypeptides
were electrophoretically transferred to a sheet of nitrocellulose paper.
This was performed with the aid of a Trans-Blot apparatus (Bio-Rad)
run at 85 V (constant voltage) for 4 h at 4Â°C,using the buffer system

of Towbin et al. (17) (25 mM Tris-192 mM glycine-20% v/v methanol,
pH 8.3). After transfer, the nitrocellulose paper was treated with TBS
containing 3% gelatin (Bio-Rad) for l h at room temperature with
gentle shaking and then washed in TTBS for 10 min at room temper
ature with gentle shaking. The nitrocellulose was placed in TTBS
containing 1% gelatin and antibody to P-52 (diluted 1:200) for 4 h at
room temperature with gentle shaking. After incubation with the pri
mary antisera, the paper was washed in TTBS 3 times (5 min each) and
then placed in TTBS containing 1% gelatin and a peroxidase-conju-
gated goat anti-rabbit IgG (Bio-Rad) diluted 1:3000 for l h at room
temperature with gentle shaking. After treatment with the horseradish
peroxidase (EC 1.11.1.7)-conjugated antibody, the nitrocellulose was
washed 3 times in TTBS (5 min each), then 2 times with TBS. The
nitrocellulose was then immersed in development solution (100 ml TBS
containing 60 mg of 4-chloro-l-naphthol (Bio-Rad) and 60 Â¿ilof 30%
IM >_â€¢)â€¢The polypeptides reacting with the antibodies became visible as
purple bands or spots within 10 min of exposure to the development
solution. The blot was then washed once with distilled water, air-dried,
and photographed.

Immunohistochemical Detection of P-52. P-52 was visualized in liver
sections by an immunohistochemical procedure routinely carried out
in our laboratory (18). Antiserum to P-52 was diluted 1:400 in 2%
normal swine serum for use in the staining procedure. Appropriate
controls with nonimmune serum were performed routinely.

Amino Acid Sequence of P-52. The amino acid sequence of P-26 [a
mixture of the monomers that make up the enzyme(s) P-52] was
determined on an Applied Biosciences Model 470 Gas Phase Sequen-
ator coupled to an inline Model 120A PTH Amino Acid Analyzer. The
analysis was performed by the Protein Analysis Service of the Depart
ment of Biochemistry, University of Toronto.

Analysis by HPLC of Purified P-52. Purified P-52 was dialyzed
against 10 mM Tris-HCl (pH 8.2) and the protein concentration deter
mined by the method of Lowry et al. (19). Fifty ng (200 /il) of protein
were applied to a column of Bio-Gel TSK-DEAE-5-PW (75 x 7.5 mm;
Bio-Rad) attached to a Waters Model 600 Multisolvent Delivery Sys
tem. Protein was monitored by absorption at 280 um using a Waters
Model 490 Programmable Multiwavelength Detector. The column was
developed with a linear gradient of 0-30 mM NaCl (gradient No. 6) in
Tris buffer over 40 min at a flow rate of 1 ml/min.

Chemical Assays. The activity of glutathione 5-transferase was mon
itored using CDNB, DCNB, ethacrynic acid, and nitrobenzyl chloride
as substrates, as described by Habig et al. (20). Protein was determined
by the method of Lowry et al. (19) using crystalline bovine albumin as
reference.

RESULTS

Isolation of P-52 from Hepatocyte Nodules. The results of a
typical purification of P-52 from HN are summarized in Table
1. The starting material for the isolation was the 105,000 x g
av. supernatant prepared from 5 g of nodules isolated 4 months
postinitiation. Affinity chromatography using 5-hexyl glutathi
one-Sepharose 4B was chosen as the first purification step. Of
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GSHTASE 7-7 FROM LIVER NODULES

Table 1 Purification of P-52 from hepatocyte nodules
The starting material for this isolation of P-52 was 5 g of nodule tissue. Similar

results to these were found in 3 other preparations. Each data point represents
the mean of triplicate assays in which all agreed to within 5%.

94-1
-1234 5678

Purificationstep1

05,000 x g super
natant

Affinity chromatog
raphy

CM-Sephadex
chromatography

DEAE-Sephacel
chromatography

Peak I (P-52)Total

protein
(mg)420.0

93.0

25.09.0Total

activity"

(fimol/min)CDNB1848.0

1710.3

470.0189.0Ethacrynic

acid88.2

62.3

53.340.5Glutathione

trans-
ferase specific activ-

ity 47 -

(fimol/min/mg pro
tein)CDNB4.40

18.39

18.8021.00Ethacrynic

acid 30-0.21

2g _

0.67

2.124.49

-14 .
" All assays were performed as described by Habig et al. (20).

the activity towards CDNB present in the 105,000 x g av.
supernatant 7.5% passed unretained through the affinity gel.
These results, the passage of GSHTases through the affinity
column, are consistent with data reported by Hayes (21) show
ing the presence of a GSHTase in rat liver that does not bind
to the S-hexyl glutathione affinity matrix. The results of analy
sis by SDS-PAGE and immunoblotting of the affinity-purified
GSHTases are presented in Fig. 1, A and B (lanes 1), respec
tively. The sample contained polypeptides that migrated at M,
29,000, 28,000, 27,000, and 26,000 corresponding to the Yc,
Yb, and Ya subunits of the various GSHTases, and P-26,
respectively. The polypeptides migrating at M, 27,000 and
26,000 (lanes 1) appear in the photograph to run as a single
band but in fact are 2 distinct polypeptide species. There was
also a very faint band migrating at M, 27,500 in the affinity-
purified GSHTases that is more clearly identified in Fig. IA,
lane 2. Immunoblot analysis indicated that the polypeptide of
M, 26,000 reacted strongly with the antibodies to P-52 while

the other polypeptides did not (Fig. Ili, lane 1).
The affinity-purified GSHTases were applied to a column

containing carboxymethyl-Sephadex and developed as de
scribed in "Materials and Methods." Of the GSHTase activity

applied to the column 27% was recovered in the void fraction.
These GSHTases have been designated anionic GSHTases and
represent approximately one-fourth of the cytosolic GSHTase
that binds to the affinity matrix. Results of analysis by SDS-
PAGE and immunoblotting of the pooled void fractions are
presented in Fig. 1, A and B, lanes 2, respectively. The sample
contained polypeptides that migrated at M, 28,000, 27,500,
and 26,000 corresponding to Yb subunits of GSHTase, an
unidentified polypeptide(s) and P-26, respectively. Immunoblot
analysis indicated that the polypeptide of M, 26,000 reacted
with the antibodies to P-52 while those of M, 28,000 and 27,500
did not.

The anionic GSHTases were applied to a column containing
DEAE-Sephacel and eluted with a linear gradient of NaCl. The
elution profile is shown in Fig. 2A. Two distinct protein peaks
(Nl, Nil), containing activity towards CDNB, were observed.
Results of analysis with SDS-PAGE and immunoblotting of
the polypeptides in the protein peaks are presented in Fig. I, A
and B, respectively. P-26 was identified in peak Nl (Fig. 2A,
fractions 60-70) that eluted from the DEAE-Sephacel column
after application of the salt gradient. It contained a single
polypeptide of apparent M, 26,000 on SDS-PAGE (Fig. IA,
lane 3) that reacted strongly with antibodies against P-52 by

immunoblot analysis (Fig. 2B, lane 3). The protein(s) present

-94

-67

-47

-30
'-26

-14

94-

67-

47-

30-
26

1234 5678

i I

94

-67

-47

-30
26

14- 14

Fig. 1. Analysis of the polypeptides present in the fractions generated during
the purification of P-52. A, analysis by SDS-PAGE of the various fractions
generated during the purification of P-52. i.anc 0, 2 fig of Bio-Rad low molecular
weight marker proteins, phosphor) hisc h (94,000), bovine serum albumin
(67,000), ovalbumin (47,000), carbonic anhydrase (30,000), and lysozyme
(14,000); lane Â¡,6 fig of affinity-purified GSHTase from HN cytosol; tane 2, 5
Mg of the void fraction obtained from chromatography using carboxymethyl-
Sephadex; lane 3, 5 fig of purified P-52 (peak Nl) from DEAE-Sephacel column;
lane 4, 5 fig of peak N11 from DEAE-Sephacel column; lane 5, 5 fig of affinity
purified GSHTase from normal control liver cytosol; lane 6, 5 fig of the CM-
Sephadex void fraction from normal liver GSHTase; lane 7, 5 fig of peak Cl from
DEAE-Sephacel column; lane 8, 5 fig of peak Cl 1 from DEAE-Sephacel column;
lane 9, same as lane I. B, analysis by immunoblotting (Western blot) of a
(replicate) gel similar to that shown in A. After electrophoresis, the polypeptides
were transferred to nitrocellulose paper and probed with antibodies to P-52 as
described in "Materials and Methods." The lanes are as described in A.

in peak Nl contained transferase activity using CDNB and
ethacrynic acid (as well as other substrates of GSHTases)
(Tables 1 and 2). The molecular weight of the protein(s) (en
zyme) present in peak Nl was estimated by gel filtration in the
presence of standard proteins. The results (data not shown)
indicated a value of M, 52,000. The data, M, 52,000 by gel
filtration, M, 26,000 by SDS-PAGE, and the presence of
GSHTase activity, suggested that the protein present in peak
N1 was a GSHTase of M, 52,000 (P-52) composed of 2 subunits
with A/r 26,000 (P-26).

P-26 was also identified in peak Nl that eluted from DEAE-
Sephacel in fractions 85-105. It contained 2 polypeptides of
apparent M, 28,000 and 26,000 on SDS-PAGE (Fig. IA, lane
4), corresponding to the Yb subunit(s) of GSHTase and to P-

26, respectively. Immunoblot analysis indicated that the poly
peptide of M, 26,000 reacted strongly with the antibodies to P-
52 while that of M, 28,000 did not (Fig. IB, lane 4). The
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Fig. 2. Separation by ion exchange chromatography on DEAE-Sephacel of
the anionic GSHTases from the cytosols of HN and normal liver. A, elution
profile from DEAE-Sephacel of the anionic GSHTases of the cytosol from HN.
Twenty-five mg of GSHTase, purified by affinity and carboxymethyl-Sephadex
chromatography, were applied to a column containing DEAE-Sephacel (1.6 x 30
cm) equilibrated with 10 mw Tris-HCl (pH 8.0) and eluted with a linear salt
gradient as described in "Materials and Methods"; 2.5-ml fractions were collected.

GSHTase activity was assayed using CDNB as substrate, as described by Habig
el al. (20). B, profile of elutions from DEAE-Sephacel of the anionic GSHTases
of the cytosol of normal rat liver. Twenty-five mg of GSHTase purified by CM-
Sephadex and affinity chromatography were applied to the DEAE-Sephacel
column. Conditions for elution and assay for GSHTase activity were the same as
described in A. O, GSHTase activity; , NaCl gradient.

Table 2 Comparison of relative rates of catalysis in vitro of anionic glutathione
S-transferases from normal rat liver and hepatocyte nodules

All assays were as described by Habig et al. (19). Each data point represents
the mean of triplicate assays in which all agreed to within 5%.

Specific activity
Oimol/min/mg protein)

Substrate1
-Chloro-2,4-dinitrobenzeneÂ°

1,2-Dichloro-4-nitrobenzene
^-Nitrobenzyl chloride
Ethaerynic adii'NI21.0

0.06
0"

4.49Nil17.50

0.15
0.09
1.19CI16.20

0.12
0.08
0.98CU14.50

0.35
0.28
0.09

" Using 1 IHMreduced glutathione.
* The rate observed was not significantly different from the blank (no enzyme

added) rate.
' Using 0.25 IHMreduced glutathione.

Table 3 Glutathione S-transferase activity of P-52 purified by HPLC using
CDNB and ethacrynic acid as substrates

Specific activity
Oimol/min/mg protein)"

PeakInHIP-52*Elution
time

(min)30.334.139.7CDNB14.5219.8618.50

21.00Ethaerynic

acid3.644.304.24

4.49

protein(s) present in peak N11 contained transferase activity
with a variety of substrates as shown in Table 3.

With CDNB, a general substrate for most GSHTases, there
was an overall purification of 5-fold compared to the 105,000
x g supernatant. The exact meaning of this value is difficult to

2808

" All assays were performed as described by Habig et al. (20). Each data point

represents the mean of triplicate assays in which all agreed to within 5%.
* Values from Table 1.

assess, since the GSHTase corresponding to P-52 reacts like
other GSHTases with CDNB. However, with a much more
specific substrate for GSHTase-P (or 7-7), ethacrynic acid (22,
23), the purification was approximately 20-fold.

Isolation of P-52 from Control Liver. The starting material
for the isolation of P-52 from control liver was the 105,000 x
g av. supernatant from 50 g of rat liver. The dialyzed cytosol
was applied to a column containing CM-Sephadex and the void
fractions collected and assayed for transferase activity. The
active fractions (anionic GSHTases) were pooled and applied
to the affinity column. Twenty % of the activity towards CDNB
applied to the CM-Sephadex column was recovered after affin
ity purification. Results of the analysis of the purified anionic
GSHTase by SDS-PAGE and immunoblotting are presented in
Fig. 1, A and B (lanes 6), respectively. The sample contained
polypeptides of M, 28,000, 27,500, 26,000, and 23,000 corre
sponding to the Yb subunits of GSHTase, an unidentified
polypeptide(s), P-26, and glyoxalase I, respectively. Immuno-
blot analysis indicated that the polypeptide of M, 26,000 reacted
with the antibodies to P-52 while the other polypeptides did
not (Fig. IB, lane 6).

The anionic GSHTases were applied to a column of DEAE-
Sephacel and eluted with a linear gradient of NaCl. The elution
profile is shown in Fig. IB, Two distinct protein peaks (Cl,
Cll) containing transferase activity towards CDNB were ob
served. No protein peak corresponding to peak Nl recovered
from the nodular cytosol (P-52) applied to the DEAE-Sephacel
(Fig. 2A) was found when the normal liver cytosolic anionic
GSHTases were separated on the same column.

Peak Cl eluted from DEAE-Sephacel in fractions 75-85 and
contained 2 polypeptides of M, 28,000 and 26,000 as detected
by SDS-PAGE (Fig. \A, lane 7), corresponding to the Yb
subunit(s) of GSHTase and to P-26, respectively. Immunoblot
analysis of the sample showed that the polypeptide of M, 26,000
reacted with the antibodies to P-52 (Fig. J.*?,lane 7) while that

of M, 28,000 did not. The protein(s) present in peak Cl con
tained transferase activity against a variety of substrates, as
shown in Table 2.

The major peak, Cll, eluted from DRAE Sephacel in frac
tions 88-105 (Fig. 2B). It contained 2 polypeptides of M,
28,000 and 26,000 on SDS-PAGE (Fig. IA, lane 8), corre
sponding to the Yb subunit(s) of GSHTase and P-26, respec
tively. Immunoblot analysis of the sample indicated that the
polypeptide of M, 26,000 reacted with the antibodies to P-52
(Fig. IB, lane 8) while that of M, 28,000 did not. The protein(s)
present in peak Cl 1 contained transferase activity towards a
variety of substrates as shown in Table 2.

Analysis by HPLC of Purified P-52. The chromatogram re
sulting from the separation of P-52 by ion exchange chroma
tography on HPLC is shown in Fig. 3. Three distinct protein
peaks containing GSHTase activity using CDNB and etha
crynic acid as substrates were identified in the purified protein
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Fig. 3. Separation of the isozymes of P-52 by ion exchange chromatography
on HPLC. Fifty fig of P-52 recovered from DEAE-Sephacel chromatography
(peak Nl, Fig. 2A) were applied to a Bio-Gel TSK-DEAE-5-PW HPLC ion
exchange column and the column developed as described in the "Materials and
Methods"; 0.5-ml fractions were collected. The activity of GSHTase, using CDNB
and ethacrynic acid as substrates, was determined as described in the "Materials
and Methods."

6.1 6.9 8.4

6.6 7.4

I I J I
2.3 5.0 6.0 7.0 8.0 9.0

Acid Basic

sample (Fig. 2A, peak Nl). They were designated peak 1, eluting
at 30.3 min, peak II, eluting at 34.1 min, and peak III, eluting
at 39.7 min. The specific activities of each peak for the 2
substrates are presented in Table 3.

Analysis by 2-Dimensional Electrophoresis of Polypeptides
Present in P-52. Results of analysis by 2-dimensional electro-
phoresis of the polypeptides present in the preparation of P-52
are shown in Fig. 4A. Four major polypeptides P-26/8.4, P-26/
7.4, P-26/6.9, P-26/6.6, and one minor component, P-26/6.1
were identified. The 4 major polypeptides appear to be present
in essentially equal amounts, while P-26/6.1 was barely detect
able. Analysis by 2-dimensional electrophoresis of cytosol from
control liver and from HN and of GSHTases purified by affinity
chromatography from control liver and from HN (data not
shown) gave results similar in resolution and isoelectric point
values to those reported by Satoh et al. (6, 24), Sugioka et al.
(25), and Wirth et al. (26), suggesting that the 2-dimensional
electrophoretic system in our hands did not alter the polypep
tides and create artifactual GSHTase subunits.

Analysis by immunoblotting of a 2-dimensional separation
of P-52 (Fig. 2A, peak Nl) is shown in Fig. 4B. A similar
(replicate) gel to that shown in Fig. 4A was used for imtnunoblot
analysis. The 4 major polypeptides present in the sample as
well as the minor acidic component reacted with the antibodies
raised against P-52.

Catalytic Properties of P-52. The relative rates of catalysis in
vitro of P-52 are presented in Table 2. The enzyme assays were
not optimized for pH or substrate and GSH concentrations but
were performed under conditions described in the literature
(19) for rat liver cytosolic GSHTases; this allows comparison
of the results with literature values. P-52 catalyzed the reaction
of GSH with all the substrates tested, except /Â»-nitrobenzyl
chloride. The specific activity for CDNB and DCNB, 21.0 and
0.06 units/mg protein, are in close agreement to those reported
by Satoh et al. (6) and Meyer et al. (22) for GSHTase-P and
for GSHTase 7-7, respectively. The value of zero obtained for
p-nitrobenzyl chloride denoted that after the addition of reason
able amounts of enzyme (up to 100 pg), the rate observed was
not significantly different from the blank rate (no enzyme
added).

P-52 exhibited an unusually high activity toward ethacrynic
acid. The specific activity, 4.50 units/mg protein, agrees well
with the values described by Satoh et al. (6) and Meyer et al.
(22) for GSHTase-P and GSHTase-7-7, respectively.

B

I J_ I I J
2.3

Acid

5.0 6.0 7.0 8.0 9.0

Basic

Fig. 4. Analysis by 2-dimensional gel electrophoresis of the polypeptides
present in a purified preparation of P-52.. I. 2-dimensional gel electrophoresis of
P-52. Twenty-five Â¿igof purified P-52 (peak Nl, Fig. 24) were subjected to 2-
dimensional analysis as described in "Materials and Methods." The second

dimension gel was stained with silver, as described by Wray et al. (15). The
polypeptides resolved were designated as P-26/8.4, P-26/7.4, P-26/6.9, P-26/6.6,
and P-26/6.1. K. immunoblot (Western blot) analysis of a (replicate) 2-dimen
sional gel similar to that shown in A. After electrophoresis, the polypeptides were
transferred to nitrocellulose paper and probed with antibodies to P-52 as described
in "Materials and Methods."

Amino Acid Sequence of P-52. The sequence of the first 26
residues of a mixture of the subunits of P-52 (P-26) is presented
in Table 4. The sequence reported here is identical to that
described by Sugioka et al. (27) and Knoll et al. (28) for
GSHTase-P and Mannervik et al. (23) for GSHTase 7-7, except

at residue 14 where we found a tyrosine. These reports (27, 28)
indicate a cysteine at position 14. Amino acid analysis of our
sample, after reduction and alkylation, failed to reveal the
presence of alkylated cysteine in the hydrolysate, suggesting
that alkylation of the cysteine residues was incomplete or un
successful. Therefore, the amino acid residue at position 14 in
P-52 may be cysteine. This problem is being further studied in
our laboratory.

Immunohistochemical Detection of P-52. The results of im-
munohistochemical staining for P-52 in nodular liver are shown
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Table 4 Amino acid sequence ofP-26 and ofGSHTase-P (or 7-7)

Prep
aration1'2*

3C4"Amino

acidresidue123456789PPYTIVYFP

PPYT1VYFP
PPYTIVYFP
PPYTIVYFP10V

V
VV11R

RR12GGG13RRR14YCC15EEE16AAA17TTT18RRR19MMM20LLL21LLL22AAA23DDD24QQQ25

26G

Q
GQG

Q
" P-26/P-52.
* GSHTase-P derived from complementary DNA, as reported by Sugioka et al. (27).
' Glutathione transferase 7-7, as reported by Mannervik et al. (23).
* GSHTase-P derived from complementary DNA, prepared from hepatocellular carcinoma by Knoll et al. (28).

-

*.iÃ®

*f'*â€¢/â€¢'
â€¢7

Fig. 5. Immunohistochemical staining for P-52 in the liver from a rat 2 weeks after PH (4 weeks after initiation). Left, a small hepatocyte nodule showing intense
staining for P-52 and the virtual absence of staining in the surrounding liver. The nuclei of the cells in the surrounding liver show the counterstaining with hematoxylin;
right, oval and ductular cell proliferation in zone 1 showing low intensity staining. The hepatocytes in and about the area of ductular proliferation did not stain for P-
52. x 40.

in Fig. 5, left. As can be seen, P-52 is predominantly present in
the nodular cells, with little or none being detected in the
surrounding cells. Positive staining was found in the bile duct
cells, in oval and proliferating ductular cells, and in the cells
lining the vessels in the liver (Fig. 5, right), as previously
reported by Satoh et al. (6). The bile duct cells in the normal
or control liver showed the same staining pattern (data not
shown) as did the nodular livers. The P-52 positive cells (nod

ules and bile duct cells) were negative when preimmune rabbit
sera were used instead of immune sera.

Identification of the Polypeptides in P-52 as Subunits of
GSHTase-P. During the course of this study, Dr. Sato and his
colleagues at Hirosaki University isolated and identified a new
GSHTase (GSHTase-P) from nodular livers (6). We obtained
purified GSHTase-P and antibody from them and tested our

P-52 preparation with their reagents using SDS-PAGE and
immunoblot analysis. As we reported recently (3), the polypep-
tides of P-52 and those present in the preparation of GSHTase-
P supplied by Dr. Sato migrated at M, 26,000 on SDS-PAGE.
Immunoblot analysis indicated that P-26 and the polypeptides
(subunits) present in GSHTase-P reacted strongly with antibod
ies to both GSHTase-P and P-52, suggesting that the subunits
were very similar if not identical.

DISCUSSION

It is evident from this study that the polypeptide of M, 26,000
identified in SDS-PAGE at Mr 26,000 and originally found in
the cytosols from HN generated in 6 different models of liver
carcinogenesis with quite different chemicals and protocols (1-
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3), is a subunit of a glutathione .S"-transferase that is probably

identical to the GSHTase identified by Sato et al. (4), Kitahara
et al. (5), and Satoh et al. (6) as a new form, GSHTase-P. A
similar GSHTase from hepatocyte nodules was described by
Jensson et al. (29) as GSHTase 7-7 and by Meyer et al. (22)
from primary rat hepatomas. The abundance of this enzyme
and its rnRNA in hepatocyte nodules and in hepatocellular
carcinomas in rats has now been reported from several labora
tories (3, 4, 22, 25, 27-29). Since a common nomenclature for
the designation of the various GSHTases has been recently
agreed to (30), it would be preferable to refer to P-52 and
GSHTase-P as GSHTase 7-7 (23).

The procedure developed for the purification of P-52 from
HN encompasses some operations described by Sato et al. (6)
and Mannervik et al. (23) but in composite is different than
either reported procedure. The isolation procedure as described
is rapid, taking approximately 3 days and requires little expen
sive equipment such as an HPLC or chromatofocussing re
agents. Also, the use of whole liver, treated as described in this
report to induce a liver full of nodules, provides a ready source
for the purification of large amounts of the enzyme without the
need for any dissection of individual nodules. Thus, the proce
dure described in this report, the sequential chromatography
on S-hexyl glutathione-Sepharose 4B, carboxymethyl-Sepha-
dex, and DEAE-Sephacel, should make GSHTase 7-7 or -P
readily available for biochemical and biological studies.

Analysis of P-52 by ion exchange chromatography on HPLC
revealed the presence of at least 3 active forms (isozymes) of
the enzyme in the purified preparation eluted from DEAE-
Sephacel (Fig. 2A, peak Nil). Each isozyme (protein peak)
contained enzyme activity with CDNB and ethacrynic acid
(Table 3). To our knowledge, this is the first report of multiple
forms (isozymes) of this enzyme. The same sample of P-52
contained 5 charged isomers or subunits when examined by 2-
dimensional electrophoresis. No explanation for the presence
of 5 subunits is available, but the existence of multiple subunits
in GSHTases that are seemingly homodimers has been reported
for other GSHTases (5, 24-26). We have not examined the
subunit composition of each of these isozymes separated by
HPLC but the number of forms is not inconsistent with (a) the
availability of a number of different subunits, all of M, 26,000
(4-6, 25-27) and (/>) the known structure and composition
(subunit) of the other rat liver GSHTases (24-26). These data
are also consistent with the finding of multiple genes intimately
related to GSHTase-P (25, 26). However, the data are also
consistent with (a) different stages of posttranslational modi
fication of a single peptide chain or (b) 2 or more different
alÃelesof the same genetic locus in the Fischer 344 strain of
rats.

An interesting property of GSHTase 7-7 is its special affinity
for ethacrynic acid relative to other GSHTases. This high
relative rate of catalysis in vitro offers the possibility of assaying
for changes in its activity in the presence of other GSHTases.
This use is currently being explored as a possible quantitative
assay for aspects of initiation and promotion. This approach
seems particularly attractive when coupled with the use of
available specific antibodies to GSHTase 7-7 (3).

The results of NH2-terminal amino acid sequence analysis of
the subunits (polypeptides) present in P-52 suggest that this
protein and its subunits are identical to GSHTase-P and
GSHTase 7-7. The sequence data in this study, except for the
amino acid at position 14, are identical to those reported by
Sugioka et al. (27) and Knoll et al. (28) for GSHTase-P who
derived the sequence from the complementary DNA. It should

be emphasized that the amino acid sequence presented in this
report was obtained using a purified P-52 preparation that
contained all 5 of the subunits of the enzyme. We are presently
isolating each subunit and determining the individual sequence
of each.

SDS-PAGE and immunoblot analysis of the GSHTase re
covered from control liver cytosol by affinity chromatography
(Fig. I Janes 5) indicated the presence of a small but significant
level of P-26. This finding suggested that P-52 may be present
in control liver and an attempt was made to isolate P-52 from
normal control liver. As can be seen from Fig. 2B, no protein
peak corresponding to the Nl peak from the nodular GSHTase
(Fig. 2A, fractions 70-80) was found when normal liver cyto-
solic anionic GSHTases were separated on DEAE-Sephacel. P-
26 was, however, found in both peaks, Cl and Cll, eluting
from the column as evidenced by SDS-PAGE and immunoblot
analysis (Fig. 1, A and B, lanes 7 and 8, respectively). It is
possible that the amount of the GSHTase 7-7 in normal liver
is so small that it would not be detected as a separate peak
under the conditions used.

The finding of another component of normal but not fetal
liver adds further evidence that the population of altered hepa-
tocytes seen regularly during hepatocarcinogenesis is not "ab
normal" but is more akin to a new state of differentiation, since

the biochemical and physiological pattern may persist for many
months in the absence of any obvious exposure to a carcinogen
or a promoting environment (2). The physiological nature of
this change is an attractive interpretation of the many consistent
components in the resistant phenotype.

The presence of another normal component of adult liver, in
addition to -v-glutamyltransferase, that is produced in relatively

large amounts early during the formation of hepatocyte nodules
(7-10), facilitates the study of the genesis of the resistance
phenotype in the nodules. The answer to the question of
whether the components of the phenotype are sequentially or
coordinately "turned on," presumably by alterations in gene

expression, may now be within closer reach than was possible
previously. Another interesting question is whether the iso
zymes and subunits of the enzyme in the quiescent bile duct
epithelium and in proliferating oval and ductular cells and
hepatocytes in HN are the same. This can be studied by the use
of the appropriate model for proliferation of the cell of interest
(31).

Finally, as a practical consideration, it is our experience that
foci of altered hepatocytes that appear during initiation and
promotion in liver carcinogenesis are much more easily visual
ized and counted when stained with antibodies to P-52, espe
cially when the foci are accompanied by a common associated
lesion, oval cell, or ductular proliferation. This is in agreement
with the reports by Tatematsu et al. (7), Moore et al. (9), and
Hendrick et al. (32). The use of GSHTase 7-7 may facilitate
quantitative assays for potential carcinogens when liver is used
as a target organ.
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