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Separation of multiple forms of glutathione
S-transferase from the Blue Mussel, Mytilus edulis

P. J. FITZPATRICKY} and D. SHEEHAN

Department of Biochemistry, University College Cork, Lee Maltings,
Prospect Row, Mardyke, Cork, Ireland

Received 10 November 1992, accepted 25 March 1993

1. Glutathione S-transferase isoenzymes from Mytilus edulis and M. galloprovincialis
have been partially purified by glutathione-sepharose affinity chromatography followed by
Mono Q anion exchange fast protein liquid chromatography (f.p.l.c.).

2. The tissue distribution of glutathione S-transferase in M. edulis has been studied.
Using 1-chloro-2,4-dinitrobenzene as substrate, highest specific activity is observed in- the
gill, the main feeding organ. Affinity-purified extracts of this organ give a charagterls_txc
f.p.lc. profile. A similar profile is obtained with affinity-purified extracts of the digesttve
gland of M. gelloprovincialis.

3. The subunit structure of the purified isoenzymes has been stlfdied by . SPS
polyacrylamide gel electrophoresis and reversed-phase h.p.l.c. The subunits have similar
molecular weights and h.p.l.c. retention times to rat glutathione S-transferases.

Introduction

A common mechanism for protection against electrophilic xenobiotics 18 b‘y
conjugation to glutathione (GSH) in phase 1T detoxication (Chasseaud 1979). This
Teaction, the first step in mercapturic acid synthesis (Boyland and Chasseaud ?969),
Is catalysed by the glutathione S-transferase (GSTs; for reviews see Mannervik an-d
Danielson 1988, Pickett and Lu 1989). These enzymes are dimeric, mainly cytothC
Proteins, structurally and kinetically related, displaying broad and overla‘ppmg
Substrate specificities and inhibition characteristics (Chasseaud 1979, Tahir a'nd
Mannervik 1986). In rat liver, GSTs are the most abundant cytosolic proteins
(Jakoby 1978). As well as their catalytic role in detoxication, these enzymes also
Possess extensive binding properties (Bhargava et al. 1978) and are thought to play a
role in maintaining bile salt homeostasis in liver (Takikawa et al. 1986).

One of the features of GSTs of interest to the toxicologist is that cells may
réspond to xenobiotic exposure by induction of particular isoenzymes (Mc‘LeIlan
¢t al. 1991). This may result in tolerance of the xenobiotic and GSTs have indeed

€en implicated in a wide range of resistance phenomena suc ‘
antibiotics (Arca et al. 1988), insecticides (Lee 1991), and chemotherapeutic agents
used in cancer treatment (Schisselbauer et al. 1990). .y

) Although mammalian enzymes are the most studied, the GSTs are widely
distributed in nature, being also found in bacteria and fungi (Sheehan and Casey
1993a), insects (Lee 1991) and in aquatic species such as fish (Lee et al. 1383)%
€Cause these enzymes are often inducible, it has been suggeSted that levels ?
detoxication enzymes in aquatic animals might be a useful index of exposure 0f
chemica pollution. In particular, the use of cytochrome P450 as a measure 0
Xenobiotic exposure has been extensively investigated (Livingstone 1991, Stegeman

and Lech 1991),

h as resistance to
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In our laboratory we have studied the GST's of the Blue Mussel, Mytilus edulis, to
assess the possible use of the level of this enzyme as an index of exposure to chemical
pollution (Sheehan et al. 1991). M. edulis is frequently used as a bioindicator
organism (Bayne 1978) and we have previously found that the GS'T specific activity
of this mollusc varies with habitat pollution status. Our findings are in broad
agreement with those obtained from studies on fish GSTs (Pascual et al. 1991).
Interpretation of measurements of total specific activity is complicated, however, by
the fact that several GST isoenzymes are present (Sheehan et al. 1991). A more
detailed knowledge of these individual GSTs is therefore required to allow
interpretation of the effects of xenobiotics on the levels of activity of these enzymes.
We report here the tissue distribution of GST activity in M. edulis. We have partially
purified and characterized a number of GST isoenzymes from M. edulis. Similar
patterns of GST isoenzyme expression are found in the gill of M. edulis and the

digestive gland of M. galloprovincialis, in which organs GST expression is likely to
be particularly important in detoxication.

Materials and methods
Reagents

Glutathione (GSH) and 1-chloro-2,4-dinitrobenzene (CDNB) were purchased from Sigma Chemical
Co. (Poole, Dorset, UK). The Mono Q column, sephadex G-25 and epoxy-activated sepharose 6B resins
were purchsed from Pharmacia (Uppsala, Sweden), The GSH-sepharose affinity column was prepared
using the.mcthod of Simons and Vander Jagt (1977). All other reagents were of the highest grade available.
All solutions were prepared using milliQ water available in the laboratory.

Animal dissection and preparation of cytosol

Mussels between 5 and 6cm in length were collected from Fota Island in Cork harbour, Treland.
Whole 'mu.ssel', gill and digestive gland tissue were dissected within 24 h of collection and immediately
froz?n in liquid nitrogen. The tissue was then stored at —70°C. M. galloprovincialis was collected from
X;’":;e;'h%ly. _The digestive glan.d was dissected and stored in the same manner as the samples from
b O"C'; . a)tf})lcauy, 25 gofeach tissue was used for preparation of cytosol for further purification. Tissue
Kol 51;'0 “zmxgrln)v’l\:z‘l: carried out using 3 vol: of buffer (10mm Tris-HCI (pH 7-2), 0-5 M sucrose, o-15M
wae P » and 1-0mum dithiothreitol (D'T'T)) with a polytron homogenizer. The homogenate

centrifuged for 1h at 16000 ¢ and the supernatant (cytosol) was further purified.

Affinity purification procedure

The cytosol .
cotom, Yyl s fliered hrough glss wool and the flrat rapidly desalted using  Sephade G-23

_ -equilibrated in 10 mm sodium phosphate buffer (pH 7-2). The resulting eluate
:::ci%“;s;?iétm‘;gh a GSH-sepharose affinity column pre-equilibrated(r\)vith the same buffer. Non-
(pH7-2) buﬂerli:)ntmat-enal was removed by passing five column volumes of 10mM sodium phosphat®
with 10 maq Tris—Ha(l'J';mg 200mm NaCl through the column. The specifically-bound material was eluted
bound o tis 1 “(plli 90) buffer containing 200mm NaCl and 30mm GSH. All the specifically-
(16 x 30 cmm) y-'p cally eluted in approx. 20 ml, and this was then passed through a second G-25 column

pre-equilibrated with 10 mm Tris-HC (pH 8'5) buffer, to remove the GSH and salt. The

resulting active eluate was t i
ol tctve ¢ s then stored at —70°C until subsequent fast protein liquid chromatography

Fast protein liguid chromatography analysis

F.p.Lc. is a high resolution j i ‘ '
of biopolymers (Richey l(l)%’;)‘f“ﬁff:;f::te pressure system designed specifically for the rapid separs 0

biological activi e o E a number of advantages over h.p.lc., e.g. high recovery ®
25 mg), anc(;tls';::)i,t C:empatl}) lhty. with aqueous buffer and salt iolﬁtions, l?igh protiin loadings (pr 1o
chromatographic mOdz’: r:tlm«l times (15-45min). The system is available in all the convention?
has previously been wide'lyfs.elgr-1 exch? nge, gel filtration, chromatofocusing and reversed phase. I'.P- .C;
et al. 199]). in purification of GST's from mammalian sources (Alinet al. 1985, Meye
The desal i i |
achieved usint{: ifn[:tgl()ﬁ%ﬁse d extract (10 ml, 3-5 mg) was applied to the f.p.l.c. system. Separation v'vas
absorbance at 280 nm usin I3) anion exchange chromatography. Protein was detected by measurCH
buffers used were as follow ~gba :}l' ngle path, dual beam flow-through UV-1 monitor (Pharmada)' 56
containing 1:0M NaCl. Cl'lsl:onlyl ter A, 10 mm Tris-HCl (pH 8'5); and buffer B, 10 mm Tris-HCl (pHE )
using the same procedure }? ography of M. galloprovincialis digestive gland extract was perform®
€ 1n the Biological Sciences Department of Plymouth University, UK.
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Protein esttimation
All protein estimations were carried out using a modification of the methodology of Lowry et al. (1951)

with bovine serum albumin as standard.

Determination of glutathione-S-transferase activity.
GST activity was determined using the method of Habig et al. (1974) with GSH and 1-chloro-2,4-

dinitrobenzene (CDNB) as substrates.

H.p.l.c. analysis
Reversed phase h.p.1.c. was performed on each of the peaks resulting from f.p.l.c. analysis of affinity-

purified gill material. Analysis was carried out using a Superlco C8 reversed-phase column (150 x 46 mm
internal diameter, particle size 5 um (Bellefonte, PA, USA)) equilibrated with buffer A: 0127 (v/v)
aqueous trifluoroacetic acid, at a flow rate of 1 ml/min. Buffer B was composed of trifluoroacetic acid-
water-acetonitrile (0-1 : 30 : 70 v/v). The concentration of acetonitrile was raised to 497, over 30 min using

a linear gradient of buffer B.

Electrophoresis )
SDS polyacrylamide gel electrophoresis (SDS-PAGE) as described by Laemmli (1970) was carried

out on whole mussel affinity-purified material and on each of the peaks from the f.p.l.c. analysis of the
affinity-purified material from whole mussel, gill and digestive gland. Molecular weight standards;
BSA(66 kDa), ovalbumin(45 kDa), glyceraldehyde-3-phosphate dyhydrogenase(36 kDa), carbonic anhy-
drase (29 kDa), trypsin inhibitor(20-1 kDa) and a-lactalbumin (14-2 kDa) were used for characterization of
subunit molecular mass. In addition, rat liver affinity-purified GST extract (subunits Ya (25kDa), Yb
(26:5kDa), Yc (28-0 kDa)) was also used as a standard. This extract is routinely prepared in our laboratory
by affinity chromatography of liver cytosolic extract from male Wistar rats which have lzeer.l starved
overnight. The protein is prepared by trichloroacetic acid precipitation and stored at ~20°C in 200 ug
aliquots until required.

Results
Tissue distribution of GSTs in Mytilus edulis .
Tissues were dissected and pooled from several mussels and the GST specific
activity, with CDNB as substrate, of each extract was determined. CDNB was
chosen as substrate because in preliminary experiments mussel extracts were found
to display highest activity with this substrate compared with other repor?ed GST
substrates. Tissue distribution results are summarized in table 1. They indicate that
the enzyme is expressed at the highest level in the gill, with significant amounts
Present in the digestive gland due to the relatively large size of the latter organ. Since
it is known that in the rat there is a tissue-specific pattern of GST 1soef1zyme
€xpression (Scully and Mantle 1981), it was of interest to separate arlld-punfy t}.le
GSTsboth from whole mussel and from these particular tissues. The gill is the main
feeding organ of mussels while the digestive gland has high amounts of cytochrome
P450 activity (Livingstone and Farrar 1984, Livingstone 1985). These organs arc
therefore of some interest due to their likely roles in detoxication in Myttlus spp.

Table 1. Tissue distribution of GST activity of Mytilus edulis.

t Total GST GST specific
Tissue pro;le‘ionta(mg) activity (U) activity (U/mg)
Gill 14 55 ?gg
Foor 05 09 L8
Manle 27 38 41
Digestive gland 16 149 093
Gonad 149 98

. i tei
GST activity was determined with CDNB and GSH as substrates (Habig et al. 1974) while protein
¥3s measured by the method of Lowry et al. (1951).



854 P. J. Fitzpatrick and D. Sheeham

Purification of GSTs from mussels

Affinity-purified extracts of fresh, whole M. edulis were prepared and frac-
tionated by Mono Q f.p.l.c. An identical procedure was used to fractionate the GSTs
of gill from M. edulis and of the digestive gland of M. galloprovincialis. These
chromatographic patterns are shown in figure 1. Table 2 shows a purification table
for each of the fractionations. This indicates that the affinity purification step alone
results in a 10-fold purification for whole mussel, six-fold for gill, and 40-fold for
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Figure 1. M )
Chromatograph oneQfple. chromatography of affinity-purified mussel extracts.
edulis, (b) M. faruyzz';v ai?lpeﬁforme‘i in 10mm Tris-HCI (pH §:5), on extracts from (a) whole M.
as Az (solid lines)gv.,ha';1 (€) M. galloprovincialis digestive gland. Protein was monitored on-lin¢
automatically and sub tle the NaCl gradient is shown as a dashed line. Fractions weré collecte
ubsequently used for SDS-PAGE analysis shown in figure 2.
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digestive gland. F.p.l.c. chromatography of these preparations separates a number of
peaks of which the leading peak contains the bulk of the GST catalytic activity with
CDNB as substrate. Peak 2 is the largest one in terms of total protein in each of the
profiles. A peak (peak 5) is visible in the gill profile which is not apparent in either of
the other chromatographies.

SDS-PAGE analysis of f.p.l.c. peaks

Figure 1 shows f.p.l.c. chromatographic patterns of affinity-purified extracts
from A (M. edulis, whole mussel), B (M. edulis, gill) and C (M. galloprovincialis,
digestive gland). Peaks 1-4 are the same in each case, i.e. they have the following
retentions on f.p.L.c., (peak 1,120-130; peak 2,157-170; peak 3, 212-240; and peak 4,
270-290 mm NaCl). Peak 5 from f.p.l.c. of the M. edulis gill extract (retention 170-
200 mm NaCl) is not present in the other chromatographies. Electrophoretic analysis
of f.p.l.c. peaksis shown in figure 2. Whole M. edulis affinity-purified extract consists
mainly of two polypeptides with Mrs of 26 500 and 24 500 by the criterion of SD3-
PAGE. A minor band of approx. Mr 45 000 is also visible in this extract. This latter
band immunoblots with antisera to rat GST-P and as such probably represents
incompletely denatured GST dimers (not shown). Peak 1 of both whole M. edulis
and gill affinity-purified extracts from this species consists mainly of a single
polypeptide of Mr 24 500, while peaks 2 and 3 of these chromatographic patterns
consist predominantly of polypeptides of Mr 26 500. Peak 5 of M. edulis gill affinity-
purified extract also consists of a polypeptide of Mr 26 500.

The main polypeptide of peak 1 from M. galloprovincialis has a mobility
corresponding to a Mr of 24 500, although minor bands of Mrs 26 500 and 27 300 are
also visible. Peak 2 consists mainly of a Mr 26 500 polypeptide while peak 3 is 2
heteroger.leous mixture. Peak 4 from M. galloprovincialis consists of a slightly larger
polypeptide with an apparent Mr of 27 300 which is not visible in SDS-PAGE of
M. edulis extracts. These results indicate considerable similarity between M. edulis
and M. galloprovincialis. The subunit Mrs observed in these mussels are very similar
to those found in the rat (figure 2), fungi (Sheehan and Casey 1993b) and other
sources (Mannervik and Danielson 1988). The values we quote are based on the
beha‘v10ur of the rat affinity-extract run as a standard on SDS-PAGE gels. This rat
affinity-extract contains the subunits Ya(25kDa), Yb (265 kDa), and Yc (28 kDa). It

shouldlbe noted that values are apparent Mrs since it is known that GSTs behave
anomalously on SDS-PAGE (Hayes and Mantle 1986), |

Reversed-phase h.p.lc. analysis

GSTs from the f.p.lc.se
1 were further analysed by
samples were obtained frg

paration of M. edulis gill affinity extract shown in figue
reversed-phase chromatography on a C-8 column. The
figure 3. Peaks 1, 2 and § - DEE.Iks 1,2and 5 and the chromatograms are shov? 12“
6:36, and 6-42 min gave single peaks with characteristic retention times 782,
reversed-phate © ,1 respectively. GST subunits run as single polypeptides I
technique (OStlur;lc)l.I;C., and even very similar subunits are distinguishable b this
similar to each oth arrar}ts.et al.1987). The major polypeptide of peaks 2 and 5 8¢
migrate to a dj erand distinct from that of peak 1. The polypeptides of peak 1 als0

a different Mr to that of peak 2 and 5 on SDS-PAGE analysis and these

latter pol i
ypeptides are also indists : .. . djcate
a pattern of multi ndistinguishable by this criterion. These results indica

ple isoenz o : : or
than heterodimers. yme expression in M. edulis dominated by homo- rath
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(6)

Figure 2. SDS-PAGE analysis of f.p.l.c. peaks.

. . ic aci lysed on 15% (w/v)
Samples were prepared by precipitation in 12:-5% (w/v) trichloroacetic acid, analy )

. . : dard
polyacrylamide gels containing 0-1% (w/v) SDS and stained with Coonllasswe pl}:lt: ;‘::hﬁfvr:'). @)
Proteins are those described in Materials and methods and their molecular w lg(1). 40 pg rat liver
Analysis of whole M. edulis and M. edulis gill fractions; 50 ug standarld ]’i’;o“;:ljs f ;,) l.c. peaks 1-3
affinity extract (2); 20 g whole M. edulis affinity extract (3, 11); whae b Z) () .A'n‘aIYSis of M.
(4-6); M. edutis gill f.p.l.c. peaks 1 (20ug, 7), 22048, 8), and 53((5) e hole M. edulis affinity
galloprovincialis digestive gland fractions: standard proteins (1’_9)5 i ‘ftg ‘iv c eaké; 1(40ug, 4),2
extract (2, 10); 40 ug rat liver affinity extract (3, 8); M. galloprovinciahs f.p.l.c. p

(20pg, 5), 3 (20 ug, 6), and 4 (20 ug, 7).
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Reversed-phase h.p.l.c. of M. edulis gill fractions. Lic
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Column = Supelco C-8, flow rate=1 ml/min, detection=214nm (solid line). Chrom
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1. (a) Peak 1), (b) peak 2, (¢) peak
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Y in figuré
peaks 1,2 and 5 from f.p.l.c. of M. edulis gill as Shoi‘;-nlizﬂer )
5. Buffer A, 0-12% (v/v) aqueous trifluoroacetic acid;

trile (01:30: 70 v/v). %B (represented by dashed line).
The GSTs are expressed in M.
1991). In the present paper we have s

Discussion

of affinity and ion exchange chrom

Although peaks 1 (Mr 24 500) and
other two peaks appear 10 be inact
latter peaks may

et al.
edulis as multiple isoenzymes (Sheehan
substrate (e.g. gl

. ] ation
eparated these isoenzymes usinga coml;lgssue.
atography from M. edulis whole- musls)eNB e
2 (Mr 26 500) display activity with C ’

: ; . . hat thesé
1ve with this substrate. It is possible t(}SH as a
represent non-GST enzymes which also happen to use

:d to the
yoxylases, GSH reductase, GSH peroxidase) and thus bind
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GSH-sepharose affinity resin. However, in further assays we have found these peaks
not to possess GSH reductase or GSH peroxidase activity (data not shown). It is also
possible that peaks 3 and 4 may represent inactivated GST. A third possibility is that
these enzymes are native GS'T's which simply do not use CDNB as substrate. This
has been reported as a diagnostic feature of the most recently identified GST: class,
the theta class (Meyer et al. 1991). In more recent experiments we have found that
these polypeptides immunoblot with antisera to rat GST-P (not shown) which
would seem to confirm that they are indeed GSTs. A definitive answer to this
question will only come from detailed structural and kinetic studies on these
proteins. Such studies are presently underway in our laboratory. .

In assessing the contribution of an enzyme to detoxication in a simple organism
such as M. edulis, it is important to know something of the tissue distribution of that
enzyme. The distribution of the cytochrome P450 system of mussels has previously
been investigated (Livingstone and Farrar 1984, Livingstone 1985). These studies
showed that the activities associated with this system are most abundant in the
digestive gland (hepatopancreas). In the present paper, by contrast, we find that the
GST enzymes are preferentially expressed in the gill although they are also
expressed in large amounts in the digestive gland. This is an interesting finding in
view of the role of the gill as the main feeding organ in mussels and may indicate that
detoxication by GSH conjugation is particularly important in this organ, perhaps
facilitating rapid conjugate excretion and clearance from the animal. .

We also carried out GST purification from the gill of M. edulis and the dige§tlve
gland of M. galloprovincialis, a closely related species. Our f.p.1.c. profiles indicate
that these tissues express a pattern of GST isoenzymes essentially similar to that of
the whole mussel. Reversed-phase h.p.l.c. of samples from peaks 1, 2 and 5 of
M. edulis gill extracts indicated that these isoenzymes are composed of homodimers
and that peaks 2 and 5 are very similar by this criterion. A tissue-specific peak (P‘?ak
3) was observed in this extract. These results are consistent with a tissufz-SPeCIﬁC
Pattern of isoenzyme expression of some complexity and, unusually, dominated .by
the expression of homodimers. Such a pattern probably arises from tissue-specific
control of GST gene expression similar to that known to occur in more advanced
Species (Scully and Mantle 1981). We are now extending these studies to other
tissues from M. edulis and M. galloprovincialis.

The cytochrome P450 system is frequently used as a
€Xposure in marine species but the levels found in mussels and other molluscs are

usually lower than those of fish and the system does not seem to be as inducs?l.e'as
that of fish (Livingstone et al. 1989, Stegeman and Lech 1991). Moreover, activities
associated with this system in molluscs display considerable seaéonal .v:anatxon
(IjlYingstone 1985, Stegeman 1985). Consequently, the use of this activity as a

1oindicator of xenobiotic exposure is unsuitable. ] .

In the present work we have studied the distribution and separation of phase I

GST activities in mussels from different sampling locations and species. Qur results
Indicate that these enzymes may be routinely separated and rapidly quantified by the
techniques described. We have found that affinity-purified extracts may 'be stored at
~70°C for periods of months without deterioration or loss of activity. F.p.Lc.

analysig of . idly (<1h)and if an autosampler is u.sed
samples may be carried out rapidly ( Ly oarrying out a detailed

GSTs, and investigating the
bioindicators for xenobiotic

bioindicator of xenobiotic
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exposure. Qur preliminary results indicate that f.p..l.q. Qatterns of gill.GSTs from
M. edulis and of digestive gland from M. gallopirovmczlez.? and M . edulis do seem to
vary with the pollution status of the sampling site. In sTmllar s.tudles on fish Pascual
et al. (1991) have found that the h.p.l.c. patterns pf affinity-purified GiTs(;igrsFeem to
vary with extent of habitat pollution. Cytosolic enzymes such as the o S npl‘ay
present fewer problems in such measurements than mussel cytochrome 450. or
example, as membrane proteins, particular isoenzymes of cytochrome P i'are
much more difficult to purify and therefore to quantif.y. Our djata f"urther underlines
the importance of GSH and its associated enzymes in detoxication,
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