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Abstract

In the present report, an efficient method for isolating multiple cytosolic forms of glutathioneS-transferases from liver
and kidney cytosolic samples of two salmonid species(brown trout and Atlantic salmon) is described, and some of the
multiple properties of these enzymes are presented. GlutathioneS-transferases were partially purified by low-pressure
affinity chromatography on a column with glutathione coupled to agarose, which retained an average of 89.47% of the
total activity. The GST activity was appropriated towards CDNB and ETHA as substrates. The application of an HPLC
system associated to elestrospray ionization mass spectrometry allowed the identification of five GST cytosolic isoforms,
corresponding to subunits withM between 23 700 and 26 900 Da being the main form, with retention time of 17 min,r

a p-class-related GST isoenzyme.� 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

A great variety of chemical substances that can
exhibit an important environmental toxicity are
annually manufactured, the aquatic environment
being the ultimate sink for many of them
(Martınez-Lara et al., 1996). In this sense, the´
exposure and impact of pollutants on living sys-
tems can be evidenced at different levels of bio-
logical organization, from molecules and cells to
communities and ecosystems(Cajaraville et al.,
1995).
Development of diagnostic and predictive

molecular biomarkers for their use in pollution
monitoring depends on a fundamental characteri-
zation and understanding of the mechanisms and
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regulations of these responses in order to obtain
sensitive indicators and early warning signals for
potential ecosystem degradation caused by con-
taminants(Goksøyr, 1995). One of the most exten-
sively studied biochemical systems in aquatic
ecosystems directly related to toxic chemicals are
the enzymes involved in the biotransformation of
a broad range of organic contaminants, because
they constitute effective biomarkers for chemical
pollution and chemical-induced cytotoxicity in
aquatic communities(Al-Ghais and Ali, 1995).
Biotransformation through the phase I(cytochrome
P-450 monooxygenase enzymes) and phase II
(conjugating enzymes) pathways is a requisite for
detoxification and excretion of lipophilic chemicals
(Goksøyr and Forlin, 1992).¨
Glutathione S-transferases(GST) are dimeric

proteins consisting of identical or closely related
subunits (Armstrong, 1994), and constitute an
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extensive group of phase II enzymes involved in
the detoxication of a great spectrum of xenobiotics
possessing an electrophilic center(Dierickx,
1985). Because of their ability to conjugate, bind
and possibly transport organic anions, the Gluta-
thioneS-transferases play an important physiolog-
ical role in hepatic organic ion uptake(Sugiyama
et al., 1981). They have a widespread distribution
from aerobic bacteria to vertebrates(Stenersen et
al., 1987) and are ubiquitous among eukaryotes,
being divided into seven distinct classes of cyto-
solic proteins designatedm, p, a, u, s, k and j,
on the basis of their substrate specificities, immu-
nological cross-reactivity and protein sequence
data(Tomarev et al., 1993; Pemble et al., 1996).
They have been extensively studied in terrestrial
mammals, and characterized in rat and human
tissues(Ramage and Nimmo, 1984). Hepatic Glu-
tathione S-transferases have been purified and
partially characterized in different piscine species
(Foureman and Bend, 1984; George and Young,
1988; George and Buchanan, 1990; Dominey et
al., 1991; Rouimi et al., 1996). These enzymes
have been mainly found in liver from piscine
organisms, however, GST activity has been dem-
onstrated in gills, kidney, intestinal caeca and
olfactory epithelium of rainbow trout(Perez-Lopez´ ´
et al., 2000). The GST expression levels in many
species can be significantly increased by exposure
to foreign compounds, suggesting that they form
part of an adaptative response to chemical stress,
which could determine their availability to be used
as effective biomarkers of aquatic contamination
(Hayes and Pulford, 1995).
The aim of the present work was to purify and

characterize the different GST isoforms from liver
and kidney cytosol from two salmonid species,
Atlantic salmon and brown trout, in order to
determine the similarity between these two related
fish species, as an initial step to establish their use
as biomarker in ecotoxicology studies.

2. Material and methods

2.1. (a) Animal preparation

Sexually immature Atlantic salmon(Salmo
salar), weighing an average of 60 g, were random-
ly collected in Eo and Ulla rivers(Galicia, NW
Spain). Juvenile brown trout(Salmo trutta) with
a medium weight of 100 g were purchased by a
local fish hatchery. Sampled animals were carried

to the laboratory into aerated polyethylene tanks
of 150 l. Fish were anaesthetized with 3-aminob-
enzoic acid ethyl ester(Sigma), the portal vein
was exposed by a ventral incision all along the
medial line, and the liver was perfused with 0.1%
saline solution during 30 s in order to eliminate
blood interference. After carefully removing the
gall bladder, the liver was isolated. The kidney
was dissected too, and the same organs of three
different animals from the same species were
pooled, in order to avoid individual differences.
Samples were stored aty80 8C until analyses
were made. All subsequent purification steps were
carried at 48C.

2.2. (b) Purification procedure

The preparation and purification of the cytosolic
fraction were performed according to the general
method described by Rouimi et al.(1996). Organs
were weighed and homogenized in a 25-mM Hepes
(pH 7.6), 1.25 mM EDTA, 1 mM DTT, 10%
glycerol buffer, and submitted to two differential
centrifugations: the first one at 11 000=g during
20 min; and the obtained supernatant was submit-
ted to another one, at 105 000= g during 60 min,
representing this last supernatant the cytosolic
fraction of the isolated organ. Samples of cytosolic
fractions from both organs were equilibrated in 20
mM Tris–HCl (pH 7.8), 1 mM EDTA, 0.2 mM
DTE buffer by gel filtration on a Sephadex G-25
equilibrated in the same buffer. All partially puri-
fied fractions, identified as Sephadex G-25 frac-
tion, were pooled and loaded on a second column,
stuffed with a GSH-agarose affinity gel, and equil-
ibrated with the same previous buffer. After exten-
sive washing, until no protein was detected in the
effluent, the retained material was eluted from the
gel with a 200 mM Tris–HCl(pH 9.2), 10 mM
GSH buffer. GST enzymatic activity was deter-
mined according to the method described by Habig
et al. (1974), using 1-chloro-2,4-dinitrobenzene
(CDNB), ethacrynic acid(ETHA) and 1,2-dich-
loro-4-nitrobenzene(DCNB) as substrates, at dif-
ferent wavelengths of 340, 270 and 345 nm,
respectively, in the presence of 4 mM GSH. All
the fractions containing GST enzymatic activity
were pooled and named as retained-affinity frac-
tion. Protein determinations were carried out
according to the general method described by
Schaffner and Weissmann(1973), using a bovine
serum albumin solution as protein standard, and
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staining the fixed proteins by means of the naph-
thol blue black(Sigma).
Separation of the different GST subunits was

carried out on the retained affinity fractions by
reversed phase HPLC on a Vydac 218TP54 C18
column (4.6=250 mm), using as mobile phases
mixtures of acetonitrile in water(A 3y7; B: 7y3,
vyv), and containing 0.1% trifluoroacetic acid.
Elution was performed at a constant flow rate of
1 mlymin using successive linear gradients of B
in A: 25–30% in 5 min; 30–34% in 7 min; 34–
60% in 13 min; 60–100% in 5 min; and isocratic
100% for 10 min. For mass spectrometry, the
acquisition and molecular mass determinations
were performed as described by Rouimi et al.
(1995) on a HP 1100 MSD mass spectrometer.
Analyses were performed in the positive ion mode,
associated to a RP-HPLC on the same previous
Vydac column. The instrument was scanned over
a mass range ofmyz 700 to myz 1800, and a
solution of myoglobin was used for the calibration.
Molecular mass determination of each subunit was
deduced from at least three different
measurements.

3. Results

Table 1 shows the results corresponding to the
protein content and enzymatic activity determina-
tion in the different subcellular purified fractions.
GST activity was determined towards two different
substrates, the ETHA and the CDNB. Column
identified as yield represents the evolution of the
purification process, when comparing to the total
enzymatic activity quantified in the cytosolic frac-
tion. Similarly, the purification column represents
the yield of the enzymatic-specific activity when
comparing with the initial cytosolic fraction.
The final protein percentage in the retained-

affinity fraction represented between the 0.50%
from the total cytosolic protein content of salmon
kidney and the 1.75% from trout liver, correspond-
ing in both species the highest recuperation values
to liver samples. These results are lower and
clearly in opposition to those previously obtained
when other methods for protein determination were
used in GST purification studies, indicating the
existence of a very important interference that only
the general method proposed by Schaffner and
Weissmann(1973) could eliminate. In terms of
total protein concentration in the retained-affinity
fraction, opposite to values corresponding to Atlan-

tic salmon liver, where 0.06"0.02 mgyml was
obtained, an average of 0.03"0.01 was quantified
in the same subcellular fractions from brown trout.
Total GST enzymatic activity was higher in liver
than in kidney samples, when comparing the
results with the two previously established sub-
strates. The existence of a 5–10% of GST enzy-
matic activity that did not fix to the affinity column
matrix when the CDNB was used as substrate
could be explained because certain GST(as for
example some alpha and theta isoenzymes) are
poorly linked to GSH-agarose columns(Hayes and
Pulford, 1995; Rouimi et al., 1996).
The yield was always up to 65%, with a maxi-

mum corresponding to the retained-affinity fraction
towards the CDNB from Atlantic salmon kidney,
where 89.96% of activity was recovered. When
comparing both salmonid species, brown trout
GST enzymatic activity was higher than Atlantic
salmon in both isolated organs, but especially in
liver samples, in terms of specific activity when
using the CDNB as substrate, which could be
associated with a more important GST isoenzymes
activity. In Table 2, results when testing retained-
affinity fractions with the DCNB as substrate are
shown. In terms of total and specific enzymatic
activity, Atlantic salmon samples showed higher
activity levels than brown trout ones, except for
total liver activity. These differences could be
directly related to the specific GST subunit com-
position from both species, indicating the relative
importance of some enzymatic subunits in salmon
samples that specially react with DCNB more than
with CDNB or ETHA.
Directly related to these results, Figs. 1 and 2

show typical HPLC profiles corresponding to the
injection of 500 ml of retained-affinity purified
samples. In both salmonid species, high similarities
between the two analyzed organs and between the
same organs corresponding to the two fish species
were observed. In Atlantic salmon samples, three
GST enzymatic subunits were detected, with reten-
tion times of 17, 18.5 and 20 min(identified from
1 to 3, respectively). These three enzymatic subun-
its were present in liver and kidney samples, with
quite similar expression levels, the enzymatic
subunit with a retention time of 17 min being the
main one.
Brown trout HPLC profiles showed three prin-

cipal enzymatic subunits, as the Atlantic salmon
one, with retention times of 17, 18.5 and 20 min
(identified from 1 to 3, respectively) in liver and
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Table 1
Purification procedures and quantitative data corresponding to the liver and kidney samples from Atlantic salmon and brown trout

Species Organ Fraction Volume Proteins Enzymatic activity

(ml) mg % CDNB ETHA

Totala Yield Specificb Purif. Totala Yield Specificb Purif.

Atlantic Liver Cytosol 2.5 49.99"3.551 100 14.58"3.258 100 0.29"0.078 1 3.40"0.690 100 0.07"0.032 1
salmon Sephadex G25 8.0 44.64"7.980 89.30 11.67"2.360 80.04 0.26"0.081 0.89 3.00"0.583 88.23 0.07"0.021 0.99

Unretained-affinity 20.0 n.d. – 1.05"0.560 7.20 n.d. – 0.27"0.077 7.94 n.d. –
Retained-affinity 9.5 0.62"0.106 1.24 10.29"1.903 70.58 16.60"3.270 57.2 2.70"0.297 79.41 4.35"0.685 62.14

Kidney Cytosol 2.0 32.58"4.208 100 6.67"1.202 100 0.20"0.018 1 2.08"0.664 100 0.06"0.020 1
Sephadex G25 7.0 26.19"6.923 80.39 5.83"0.878 87.41 0.22"0.064 1.09 1.90"0.632 91.35 0.07"0.031 1.16
Unretained-affinity 10.0 n.d. – 0.50"0.263 7.50 n.d. – 0.11"0.058 5.29 n.d. –
Retained-affinity 12.0 0.16"0.094 0.50 6.00"0.800 89.96 37.50"5.390 187.5 1.70"0.848 81.73 10.62"1.966 177.00

Brown Liver Cytosol 2.5 40.06"5.322 100 26.00"3.281 100 0.65"0.048 1 3.64"0.741 100 0.09"0.021 1
trout Sephadex G25 8.0 39.49"8.770 98.58 24.96"2.084 96.00 0.63"0.046 0.97 3.23"0.460 88.74 0.08"0.030 0.90

Unretained-affinity 15.0 n.d. – 5.54"0.742 21.31 n.d. – 0.40"0.094 10.99 n.d. –
Retained-affinity 26.0 0.70"0.203 1.75 19.38"4.150 74.54 27.69"3.340 42.66 2.65"0.501 72.80 3.79"0.511 42.11

Kidney Cytosol 2.5 40.06"9.036 100 15.62"2.607 100 0.39"0.109 1 2.78"0.790 100 0.07"0.016 1
Sephadex G25 8.0 32.13"7.006 80.20 11.66"1.614 74.65 0.36"0.087 0.92 2.00"0.369 71.94 0.06"0.020 0.90
Unretained-affinity 15.0 n.d. – 1.24"0.228 7.94 n.d. – 0.34"0.042 12.23 n.d. –
Retained-affinity 21.5 0.48"0.104 1.20 10.54"2.331 67.48 21.96"4.531 56.30 1.88"0.903 67.63 3.92"0.952 56.00

Protein content and enzymatic activities; n.d.: not determined.
One unit of enzymatic activity: 1mmol CDNB conjugated min .a y1

Units of total activity per mg of protein.b
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Table 2
GlutathioneS-transferase activity towards the DCNB as sub-
strate, in the retained-affinity fraction from the two analyzed
organs of Atlantic salmon and brown trout

DCNB

Totala Specificb

Atlantic Liver 6.70"1.335 0.70"0.045
salmon Kidney 3.95"1.069 0.33"0.102

Brown Liver 12.22"3.455 0.47"0.102
trout Kidney 2.54"0.790 0.12"0.032

One unit of enzymatic activity: 1mmol CDNB conjugateda

min .y1

Units of total activity per milligram of protein.b

Fig. 2. Reversed-phase HPLC separation profiles of the cyto-
solic GST from Atlantic salmon liver and kidney retained-
affinity samples(500ml). Column and gradient conditions are
described in the text.

Fig. 1. Reversed-phase HPLC separation profiles of the cyto-
solic GST from brown trout liver and kidney retained-affinity
samples (500 ml). Column and gradient conditions are
described in the text.

Table 3
Molecular mass(Da) determinations by ESI-MS of liver and
kidney cytosolic GST subunits from Atlantic salmon and
brown trout

Fraction Brown trout Atlantic salmon
number

Liver Kidney Liver Kidney

1 23 768"4 23 757"4 23 763"3 23 770"5
23 898"2 24 064"5

2 26 141"4 n.d. 26 440"3 n.d.
26 448"6

3 26 990"1 26 979"3 26 991"7 26 987"3
4 26 701"2 n.d. – –

n.d.: Not determined.

kidney samples. Another fourth subunit(4), with
a low expression level, and which eluted at 22
min, can be observed, specifically from brown
trout liver samples. Whereas the main enzymatic
subunit was the first one, the isolated enzymatic
form with a retention time of 20 min showed
different expression levels between the two studied
organs, with major relative importance in the liver
profile, which could determine changes in total

and specific GST activity. Interspecific differences
could clearly explain changes in GST total and
specific activity depending on the assayed
substrate.
In Table 3 molecular masses determined on

subunits isolated from liver and kidney from both
species are presented. Peak 1 from brown trout
liver showed two distinct mass values, differing
by 130 Da. It could be hypothesized that the
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presence of a methionine residue(131 Da) asso-
ciated with the N-terminal sequence explains the
existence of these two masses, but specific advanc-
es on amino acid sequence determination should
be realized. Similarly, two distinct molecular mass
values with differences of 307 Da were measured
under peak 2 in liver and kidney from brown trout,
whereas only one mass was identified in the same
peak 2 from salmon. This result could be associ-
ated with the molecular mass of peak 2 enzymatic
subunit added to a molecule of GSH, suggesting
the possibility for glutathiolation of salmonid GST
(Perez-Lopez et al., 2000). Determination of´ ´
subunit 2 from brown trout and salmon kidney
and subunit 4 from brown trout kidney was unsuc-
cessful, probably due to low solubility andyor low
protein levels.

4. Discussion

A great number of advances on GST purification
and characterization in superior organism have
been realized, principally in mammals, and less in
piscine species. The present work describes the
isolation of different enzymes that have affinity to
glutathione in liver and kidney cytosol of two
salmonid species. High GST similarity between
both species helps to corroborate the genetic affin-
ity between them, revealed in both cases for
qualitatively almost identical HPLC profiles, and
the predominance of a majorp-related GST(char-
acterized for molecular mass of approx. 23 000
Da), confirming that the major isoforms in fish
are related to thep-class enzymes.
Protein content in the final purified fraction was

comparable with values quantified by George and
Young (1988) in plaice, Pleuronectes platessa.
However, the relative amount of protein bound to
the affinity gel represented an average of the
0.66% of total soluble cytosol in both plaice
(George and Buchanan, 1990) and rainbow trout
(Perez-Lopez et al., 2000). Similarly, Stenersen et´ ´
al. (1987) in a wide diversity of animal species
determined that this protein content, when eluted
with a GSH buffer, varied between narrow ranges,
representing 0.3–0.7% of soluble protein in hom-
ogenates of whole animal, when the Schaffner–
Weissmann method was used. This protein content
represented the 0.5% in rat liver(Ostlund Farrants
et al., 1987), and in two earthworm species,
Eisenia andrei andEisenia venerata (Borgeraas et
al., 1996), using another protein quantification

method. It has been established that this final
protein percentage can depend of a great number
of factors, such as the biological species, the
isolating and purification method, and the quanti-
fication protein method(Sugiyama et al., 1981;
Rouimi et al., 1996).
Stenersen et al.(1987) established that a great

variety of animals had GST activity towards the
CDNB, a minor and variable GST activity when
assaying the ETHA(some species seem to lack
activity towards this substrate), and that the activ-
ity towards DCNB was lower in aquatic animals
than in terrestrial ones, and it has been observed
that both bony and cartilaginous fish had consid-
erable GST enzymatic activity with CDNB and
not with DCNB (Nimmo et al., 1979; Stenersen
and Øien, 1981; Foureman and Bend, 1984).
With respect to the ETHA, because of high non-

enzymatic reaction rate, low activity could easily
pass unnoticed, whereas high activity was difficult
to monitor with precision, because of curved pro-
gression lines, and measurements with this sub-
strate must therefore be regarded as
semi-quantitative (Stenersen et al., 1987). In
thorny-back shark(Platyhrinoides triseriata) spe-
cific enzymatic activities in liver cytosol towards
a broad spectrum of substrates were quantified and
GST activity with the substrates CDNB and ETHA
showed to be comparable with those of rat liver
cytosol (Sugiyama et al., 1981); however, the
specific activities measured with ETHA were low-
er than those measured with CDNB(approx. 1y
20). George and Buchanan(1990) found similar
data, and reported that GST-specific enzymatic
activities towards ETHA were lower than those
obtained with the CDNB(approx. 1y1000).
Consistent with our HPLC-MS results it must

be noted that Dominey et al.(1991) demonstrated
the existence of a main GST subunit(with appar-
entM of 24 800 Da) directly related to ap-class,r

by means of polyacrylamide gel electrophoresis,
whereas mass spectrometry provides an essential
and useful tool in this kind of works. Similarly,
other authors(Perez-Lopez et al., 2000; Melgar et´ ´
al., 2001) have reported that the cytosolic GST
from rainbow trout were composed of five different
subunits withM ranging from 23 200 to 26 000r

Da, and corresponding the main isoform to ap-
class-related GST, results which were confirmed
by means of amino acid sequence determination.
At last, identification of the HPLC profile of
salmonid subunits seems to constitute a reliable
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tool for ecotoxicological research, and be useful
in polluted aquatic ecosystems as effective biom-
arkers of environmental contamination
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