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ABSTRACT A class-mu glutathione transferase cDNA
clone, GTHMUS, was isolated from human myoblasts and its
sequence was determined. The sequence predicts a protein of
molecular weight 25,599 whose 24 amino-terminal residues are
identical to those of the class-mu isoenzyme expressed from the
GST4 locus. The GTHMUS cDNA shares 93.7% nucleotide
sequence identity with a human liver cDNA clone, GTH411,
that is encoded at the GSTJ locus. Comparison of the liver and
muscle cDNA sequences shows two regions of remarkable
sequence conservation: a 140-nucleotide region in the 5' coding
portion of the molecule that has a single silent nucleotide
substitution, and a 550-nucleotide region, including the entire
3' noncoding region, that has only three nucleotide substitu-
tions or deletions. This sequence conservation suggests that
gene conversion has occurred between the human GSTI and
GST4 glutathione transferase gene loci. The human muscle and
liver glutathione transferase clones GTHMUS and GTH411
have been expressed in Escherichia coli. The kinetic mechanism
of the muscle enzyme was examined in product inhibition
studies. The inhibition patterns are best modeled by a steady-
state ordered bi-bi reaction mechanism. Glutathione is the first
substrate bound and chloride ion is the first product released.
Chloride ion inhibits the muscle enzyme.

The glutathione transferases (RX: glutathione R-transferase,
EC 2.5.1.18) are a family of proteins that detoxify chemical
carcinogens, either by conjugating glutathione to reactive
electrophilic sites or by direct binding (1, 2). The soluble
glutathione transferase enzymes have been grouped into
three classes according to protein sequence similarity and
antibody crossreactivity-alpha, mu, and pi (2). Members of
the same class share 70-95% protein sequence identity, while
interclass alignments show 25-30% sequence identity. These
enzymes are abundant in mammalian liver. Class-alpha and
-pi isoenzymes have been characterized from human, mouse,
and rat liver. Genetic loci for six human glutathione trans-
ferase enzymes have been described: GSTJ-GST6 (3-5).
Three of these loci encode class-mu isoenzymes: GSTI is a
polymorphic locus that encodes an enzyme expressed in liver
and peripheral blood (3, 6), while the products of GST4 and
GST5 are expressed in muscle and brain, respectively (5, 7).
We report the sequence of the mRNA encoded at the GST4
locus below.t
Three alleles have been described at the GSTI locus: a null

allele, GSTJ-l, and GSTI-2 (4, 6). Approximately 50% of the
population is homozygous for the null allele (4, 8). These
individuals lack an enzyme activity on the substrate trans-
stilbene oxide (8) and are more likely to contract cancer if
they are heavy smokers (9). This loss is caused by a gene
deletion (4, 10). The mRNA products of the GSTI-J and
GSTI-2 alleles have been cloned (10, 11). The two cDNA

clones differ at a single base pair in the protein coding region.
GTH411 [the product of GSTI-I (10)] encodes an asparagine
at residue 172 and is also referred to as GST-q, (12). GTH4
encodes a lysine at this position and is thus more basic; it is
referred to as GST-,u (6). The equivalence of GSTI-l with
GST-4f and GSTI-2 with GST-,u has been confirmed by
expression of the products of both alleles (13).
Southern blots of human DNA probed with human

class-mu glutathione transferase cDNA probes suggest that
there are at least two additional class-mu glutathione trans-
ferase genes (10). Additional class-mu isoenzymes have been
characterized from muscle (GST4), brain (GST5) (5), and
testes (14). No polymorphisms at these alleles have been
described (3, 5, 7). We refer to the gene product of the GST4
locus as GST4 (human muscle glutathione transferase).
To characterize further the glutathione transferase isoen-

zymes expressed in human tissues, we have isolated a cDNA
clone from human myoblasts that is encoded by GST4. The
mRNA that encodes the muscle isoenzyme shares extensive
sequence identity with the mRNA encoded at GSTI, sug-
gesting that gene conversion has taken place between these
two genes. We have expressed both GST-4i and muscle
(GST4) enzymes in Escherichia coli.

EXPERIMENTAL PROCEDURES
cDNA Cloning. The GTHMUS cDNA clone was isolated

from a myoblast cDNA library that was the kind gift of Sonia
Pearson-White (University of Virginia). The sequence of the
insert was determined using the Erase-a-Base system
(Promega); both strands were sequenced and each nucleotide
was determined an average of six times.

Expression in E. coli. The vector pMG27N-S (15) was
obtained from SmithKline Beecham. This vector contains the
left promoter (PL) of A phage and sites for N-gene utilization
(Nut). Gene expression from PL is repressed by a tempera-
ture-sensitive cI gene product. The vector pMG27N-S pro-
vides a A cli ribosome binding site and an Nde I restriction
endonuclease site at the N-terminal methionine codon.
The glutathione transferase cDNA clones were inserted

into pMG27N-S by using a synthetic oligonucleotide adapter
that extended from the 5' BstXI site to the initiation codon
and contained an Nde I cohesive end at the N-terminal
methionine codon. Constructs were propagated on a cI+
strain and transformed into a temperature-sensitive cI strain
for induction of the enzyme.

Purification of Glutathione Transferases. For production of
human glutathione transferase in E. coli, 2 liters of cells were
grown in 2x YTE (10 g of yeast extract, 16 g of tryptone, and

Abbreviations: GSH, glutathione; CDNB, 1-chloro-2,4-dinitroben-
zene; GS-DNB, conjugate between GSH and CDNB.
*To whom reprint requests should be addressed at: Department of
Biochemistry, Box 440 Jordan Hall, University of Virginia, Char-
lottesville, VA 22908.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M63509).
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5 g of NaCi per liter) in a New Brunswick Scientific Bioflow
III fermentor. Transferase synthesis was induced when the
cells reached an OD550 of 0.6-0.9, by increasing the temper-
ature of the culture from 320C to 420C over 25 min, followed
by a reduction in temperature to 400C. Maximum activity of
the glutathione transferase was obtained 3-5 hr after induc-
tion. Enzymatic activity was measured using 1-chloro-2,4-
dinitrobenzene (CDNB) as the substrate; activities are re-
ported as gmol of CDNB consumed per min.
Harvested cells were suspended in -70 ml of 10 mM Tris

Cl/5 mM 2-mercaptoethanol, pH 8.0 (buffer A). Lysozyme
was added (0.1 mg/ml), followed by incubation on ice for 20
min. The cells were sonicated until lysed and were centri-
fuged in a Beckman 50.2 Ti rotor for 15 min at 30,000 rpm.
The pH of the supernatant was adjusted to 8.0 with Tris base
and the supernatant was loaded onto a 50-ml DEAE-
Sepharose (Pharmacia) column equilibrated with buffer A.
Both the liver and muscle transferases bound to the column
and were eluted with a 500-ml linear salt gradient (0-3 M
NaCl) in buffer A. Both enzymes were eluted in the first 20%
of the gradient.
The eluted transferase was precipitated by the addition of

ammonium sulfate to 80%o saturation. The precipitated proteins
were resuspended in 10mM Tris Cl/5 mM 2-mercaptoethanol,
pH 7.0, and were chromatographed on a 500-ml column of
Sephacryl S-200 (Pharmacia) in the same buffer. The peak
fractions were pooled and adjusted to pH 7.0 and loaded
directly onto a 30-ml hexyl-glutathione (GSH) affinity column
(Sigma). After the column was washed with 1 column volume
ofTris buffer (10mM, pH 7.0), the transferases were eluted with
50 mM Tris Cl/5 mM GSH/5 mM 2-mercaptoethanol, pH 9.0.
The peak fractions were neutralized with 0.5 M Tris'HCI,
concentrated by ultrafiltration, and stored at -80oC.
Enzyme Characterization. Standard assay conditions for

glutathione transferases were followed (16). The conjugate
between CDNB and GSH (GS-DNB) was synthesized ac-
cording to Schramm et al. (17). Kinetic measurements in the
presence of chloride ion were performed in the presence of
Na2SO4 to maintain a constant ionic strength equivalent to 1
M NaCl. Sulfate did not inhibit enzyme activity. Protein
content was determined by the method ofBradford (18) using
bovine serum albumin as the standard. Isoelectric pH (pI)
values ofGST4 were determined by chromatofocusing (Phar-
macia) and isoelectric focusing in polyacrylamide gels.

RESULTS
Isolation of a Class-mu Glutathione Transferase cDNA from

Human Myoblasts. We isolated and sequenced a class-mu
glutathione transferase cDNA from a human myoblast cDNA
library. The mRNA for the library came from an individual
who was homozygous for a null allele at the GSTI locus.
About 200,000 plaques from the library were probed with a
32P-labeled human liver class-mu cDNA (GTH411); four
cross-hybridizing plaques were isolated and purified. Each
clone contains an 1100-base-pair insert; the four inserts
appear to be identical on the basis of limited sequence data.
The complete sequence of one clone, GTHMUS., is shown in
Fig. lA. The GTHMUS insert shares 93.7% nucleotide
sequence identity with the human liver GTH411 insert. It
encodes a protein of 217 amino acids (25,599 Da). The 24
N-terminal residues predicted from the nucleotide sequence
of the GTHMUS insert are identical to those determined for
the isoenzyme encoded at GST4 (7, 24). The sequence of the
isoenzyme predicted from the GTHMUS insert shares 84.3%
amino acid identity with the human liver glutathione trans-
ferases encoded at GSTi and 84.8% identity with the rat 6-6
(Yb3) isoenzyme expressed in rat brain (19). The muscle
isoenzyme shares 68% amino acid sequence identity with a
class-mu isoenzyme expressed in human brain and testis (14);

it shares about 75% sequence identity with class-mu isoen-
zymes found in rat liver (Fig. 1B).

Expression of Glutathione Transferases. We inserted the
GTH411 and GTHMUS cDNAs into the expression vector
pMG27N-S. Constructions were verified by sequencing 200
nucleotides of the 5' end of the cDNA insert. For expression
from the A PL promoter in the presence ofthe Ngene product,
the yield in the crude lysate was -10,000 units (or =50 mg)
of either GST-q (the product of the GTH411 insert) or GST4
(the product of the GTHMUS insert) per liter of bacterial
culture; 1-2 mg/liter was obtained in the absence of the N
gene product.

Purification of Glutathione Transferases. The high level of
expression of these enzymes permitted a simple three-
column purification procedure. The specific activities of
GST4 in the cell lysate, in the peak fraction of the DEAE
column, in the peak fraction of the S-200 column, and in the
peak fraction of the affinity column were 9, 36, 51, and 1%
,umol ofCDNB per min per mg ofprotein, respectively. GST4
was quite stable unless it was stored at a pH less than 7.0, in
which case the activity dropped by 50o in 1 day. GST-f
rapidly lost activity in the absence of OSH.
The pI of GST4 was determined by chromatofocusing and

isoelectric focusing in polyacrylamide gels. Isoelectric focus-
ing produced a single band. at a pH of 5.2. The elution profile
of the chromatofocusing column showed a peak of activity at
pH 6.0 (containing 70%6 of the activity) and a broad peak at
pH 5.2 (containing 30% of the activity). The additional
species found with chromatofocusing was not an impurity;
purified GST4 appears homogeneous in an SDS/polyacryl-
amide gel and readily forms crystals in crystallization trials.
We have observed that GST4 is unstable at apH less than 7.0.
Our interpretation of the chromatofocusing profile is that the
native form of GST4 has a pI of 6.0, whereas the protein
eluted at pH 5.2 is denatured.

Substrate Speciflcity. The specific activities of GST4 and
GST-qi on various substrates are shown in Table 1. The
specific activity ofGST4 on CDNB was quite reproducible in
different enzyme preparations. In contrast, the specific ac-
tivity of GST-q, on CDNB varied from batch to batch. The
specific activities given in Table 1 are representative for
GST-q,, but specific activities measured with CDNB as the
substrate were as high as 160 ,umol per min per mg in some
preparations.

Kinetic Mechanism of GST4. Given the nature of the
chemical reaction catalyzed by glutathione transferases, it is
reasonable to assume a bi-bi reaction mechanism. For this
type of reaction, GSH and the substrate must both be present
in the -active site before a reaction can occur, and the
conjugated substrate and a leaving group (chloride in the case
of CDNB) are produced. There are at least 14 different bi-bi
mechanisms that have been characterized by their product
inhibition patterns (see ref. 25).
We measured initial enzymatic rate data in the presence of

various concentrations of GSH and CDNB. Representative
data are shown in Fig. 2. A nonlinear least-squares program
(NONLIN; ref. 26) was used to fit the data to the following
kinetic models: rapid-equilibrium ordered bi-bi with GSH
binding first; rapid-equilibrium ordered bi-bi with CDNB
binding first; steady-state ordered bi-bi with GSH binding
first; steady-state random sequential bi-bi; and an equilib-
rium random sequential bi-bi mechanism. The best fit was
obtained with an ordered steady-state mechanism; the fitted
curves are shown in Fig. 2.
To confirm that the mechanism is an ordered steady-state

mechanism, we measured product inhibition using either
chloride ion or GS-DNB as inhibitors. All of the Lineweaver-
Burk plots obtained in the presence of these inhibitors were
linear. The inhibition patterns were classified as either com-
petitive, uncompetitive, or mixed type (noncompetitive).
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ProMet ThrLeuGlyTyrTrpAsnIl eArgGlyLeuAlaHi sSerIleArgLeuLeuLeuGluTyrThrAspSerSerTyrGl uGl uLysLysTyrThrMe
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CGCAGCAACCAGCACCATGCCCATGACACTGGGGTACTGGAACATCCGCGGGCTGGCCCATTCCATCCGCCTGCTCCTGGAATACACAGACTCAAGCTACGAGGAAAAGAAGTACACGAT
T G cG

tGlyAspAlaProAspTyrAspArgSerGlnTrpLeuAsnGl uLysPheLysLeuGlyLeuAspPheProAsnLeuProTyrLeuIl eAspGlyThrHi sLysIleThrGlnSerAsnAl
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GGGGGACGCTCCTGATTATGACAGAAGCCAGTGGCTGAATGAAAAATTCAAGCTGGGCCTGGACTTTCCCAATCTGCCCTACTTGATTGATGGGACTCACAAGATCACCCAGAGCAATGC

aIleLeuArgTyrIl eAlaArgLysHi sAsnLeuCysGlyGl uSerGluLysGl uGlnIl eArgGl uAspIl eLeuGluAsnGlnPheMetAspSerArgMetGlnLeuAlaLysLeuCy
250 260 270 280 290 300 310 320 330 340 350 360

gthmus CATCCTGCGGTACATTGCCCGCAAGCACAACCTGTGCGGGGAATCAGAAAAGGAGCAGATTCGCGAAGACATTTTGGAGAACCAGTTTATGGACAGCCGTATGCAGCTGGCCAAACTCTG
GST1-1 t T C t gA G A t TG ACC A A G TGA

sTyrAspProAspPhoGl uLysLeuLysPr>Gl uTyrLeuGlnAlaLeuProGl uMetLuLysLeuTyrSerGlnheLeuGlyLysGlnProTpPheLeuGlyAspLysIl eThrPh
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gthmus CTATGACCCAGATTTTGAGAAACTGAAACCAGAATACCTGCAGGCACTCCCTGAAATGCTGAAGCTCTACTCACAGTTTCTGGGGAAGCAGCCATGGTTTCTTGGGGACAAGATCACCTT
GST1-1 cA T A g A G t G A A a G G GCA AA t

eValAspPheIleAlaTyrAspValLeuGl uArgAsnGlnValPheGluProSerCysLeuAspAlaPheProAsnLeuLysAspPheIleSerArgPheGl uGlyLeuGluLysIl eSe
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gthmus TGTGGATTTCATCGCTTATGATGTCCTTGAGAGAAACCAAGTATTTGAGCCCAGCTGCCTGGATGCCTTCCCAAACCTGAAGGACTTCATCTCCCGATTTGAGGGCTTGGAGAAGATCTC
tC TC CCTCC GTA A t c t

rAlaTyrMetLysSerSerArgPheLeuProArgProValPheThrLysMetAla Val TrpGlyAsnLyS
610 620 630 640 650 660 670 680 690 700 710 720

gthmus TGCCTACATGAAGTCCAGCCGCTTCCTCCCAAGACCTGTGTTCACAAAGATGGCTGTCTGGGGCAACAAGTAGGGCCTTGAAGGCAGGGGTGGGAGTGAGGAGCCCATACTCAGCCTGC
GST1-1 T

730 740 750 760 770 780 790 800 810 820 830 840

850 860 870 880 890 900 910 920 930 940 950 960
gthmus CCCCTGTCCCATGCAGGCCCTTTGAAGCCTCAGCTACCCACTATCCTTCGTGAACATCCCCTCCCATCATTACCCTTCCCTGCACTAAAGCCAGCCTGACCTTCCTTCCTGTTAGTGGTT
GST1-1

970 980 990 1000 1010 1020 1030 1040 1050 1060 1070
gthmus GTGTCTGCTTTAAAGGGCCTGCCTGGCCCCTCGCCTGTGGAGCTCAGCCCCGAGCTGTCCCCGTGTTGCATGAAGGAGCAGCATTGACTGGTTTACAGGCCCTGCTCCTGCAGCATGGTC
GST1-1 --

1080 1090 1100 1110 1120 1130
gthmus CCTGCCTTAGGCCTACCTGATGGAAGTAAAGCCTCAACCACAAAAAAAAAAAAA
GST1-1 -
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rat3-3 .I V T.P R.A.SR. M. .L ..H T.E.R .A... A .V..N.. .IM. .N
rat4-4 D. .A .F. ..T .D.. S. S.... S.LG T.E.R. V.V A..T.L ... MV. .S....

rat6-6 D A.. R..F S LG ..T.E.R. L..N. .V. ...N

130 140 150 160 170 180 190 200 210 % identity
gthmus KLKPEYLQALPEMLKLYSQFLGKQPWFLGDKITFVDFIAYDVLERNQVFEPSCLDAFPNLKDFISRFEGLEKISAYMKSSRFLPRPVFTKMAVWGNK
GST1-1 .... K..EE... EE..E R..A.N LV....DLHRI...N....

GST1-2 .... K. .EE. .K.. R... R A.N LV... LDLHRI K.....
gstmua .... .EE. .GQ. .QF.M ..W.FS ..A.E.L.... LT .I.DQ.RI.D.K ...E.....A.MC ...A... A. .LQ.DQ.CKM.INN .Q.... .PVC

rat3-3 ... F.KTI. .KM .ER... R ...A.. V.Y.. I.DQYHI...K. ... LA .K. Y.ST.I.S.L.Q.S..

rat4-4 RK. EG KM... .E. .. S.A.N...Y LV DQHRI.. K. VA .K.. .D... .G.. SK.I.A ...F.NP.

rat6-6 .... G. .EQ. .G.MR...E R..A. AT. A. K..D..L. I. S.

muscle
84.3 liver V
84.3 liver IL
68.2 brain/testis

76.0
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84.8

FIG. 1. (A) The nucleotide and amino acid sequences of the human class-mu glutathione transferase cDNA clone GTHMUS. A potential
poly(A)-addition site (AAGTAAA) is underlined. Also shown are the nucleotide differences between the muscle GTHMUS sequence and the
liver GTH411 (GST1-1) sequence encoded at the GSTI locus. Only the differences are shown; all other residues are the same in both cDNA
inserts. Lowercase letters indicate silent changes. (B) Comparison of GTHMUS with human and rat class-mu sequences. Amino acid
replacements and percent identities with respect to GTHMUS are noted. References for the sequences are as follows: GST4 (7); GST1-1 (10);
gstmua (human testis) (14); rat 6-6 (Yb3) (19); rat 4-4 (Ybl) (20, 21); and rat 3-3 (Yb2) (22, 23).

When chloride was used as the inhibitor, we found mixed-
type inhibition under three conditions: varying GSH concen-
tration at unsaturating concentrations ofCDNB (<0.45 mM),

Table 1. Substrate specificity of GST-4i (liver) and
GST4 (muscle)

Specific activity,
,Amol per min per mg

Substrate GST-4i GST4

CDNB 78 1%
1,2-Dichloro-4-nitrobenzene 1.10 1.60
trans-4-Phenyl-3-buten-2-one 0.28 0.01
Ethacrynic acid 0.20 0.22
p-Nitrophenyl acetate 1.10 0.02

varying concentrations of CDNB at unsaturating concentra-
tions of GSH, and varying concentrations of CDNB at
saturating levels of GSH (Fig. 3). We could not perform
chloride inhibition experiments under conditions of saturat-
ing CDNB because of the low solubility of CDNB in water.
The chloride inhibition data exclude all rapid-equilibrium
mechanisms.
Product inhibition studies with GS-DNB were also per-

formed. Reciprocal plots were obtained at various concen-
trations of GS-DNB by varying the concentration of GSH in
the presence of a fixed concentration of CDNB (0.425 mM).
These plots intersect above the x axis on the 1/v = 0 line;
thus, inhibition is competitive (data not shown). In contrast,
no inhibition was observed in the presence of saturating (5
mM) GSH, 0.1 mM conjugate, and CDNB concentrations
varying from 0.25 to 1 mM (data not shown). The product

GST1-1 a

gthmu s
GST1-1

TGCCCAGGCTGTGCAGCGCAGCTGGACTCTGCATCCCAGCACCTGCCTCCTCGTTCCTTTCTCCTGTTTATTCCCATCTTTACTCCCAAGACTTCATTGTCCCTCTTCACTCCCCCTAAA
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FIG. 2. Plots of initial rate data in the absence of products for
GST4. The concentrations ofGSH are plotted on the ordinate in units
ofmM. CDNB concentrations were 0.1 mM (bottom curve), 0.5 mM
(middle curve), and 1 mM (top curve). Error bars show the standard
error of each triplicate measurement. Curves were drawn for an
ordered steady-state model.

inhibition patterns obtained with GS-DNB as the inhibitor are
consistent with either a steady-state ordered mechanism or
an iso-Theorell-Chance mechanism.

If the reaction mechanism were steady-state ordered bi-bi,
then the first substrate bound would be GSH. If the reaction
mechanism were iso-Theorell-Chance, then the first sub-
strate bound would be CDNB. We used fluorescence quench-
ing to measure the binding of GSH to GST4 and found a
binding affinity -105 M/liter. These data suggest that the
kinetic mechanism of GST4 is an ordered steady-state bi-bi.
The kinetic data therefore suggest an ordered steady-state

mechanism in which GSH binds first, followed by CDNB.
Chloride is released first, followed by the conjugate. The
kinetic constants, as determined from nonlinear regression,
are Vm;a = 264 ± 30 units/mg, Kia = 0.17 + 0.07 mM, KmA
= 0.13 + 0.07 mM, and KmB = 0.69 ± 0.15 mM (see ref. 21
for nomenclature).

DISCUSSION
We have isolated a class-mu glutathione transferase cDNA
clone, GTHMUS, from a human muscle library on the basis
of homology to the liver glutathione transferase cDNA clone
GTH411. GTHMUS encodes a protein that is identical in
sequence to the first 24 amino acids of a glutathione trans-
ferase found in human muscle (5, 24) that is encoded by the
GST4 locus (5). The isoelectric point of GST4 has been
reported to be 5.1 (24) or 5.2 (5), consistent with the 5.2 value
for the product of the GTHMUS cDNA clone determined
here. Chromatofocusing of the GTHMUS product indicates
the presence of an additional species with an apparent pI of
6.0; this has also been observed in another report of human
muscle transferases (27). Based on both amino acid sequence
identity and isoelectric pH, we conclude that the clone
GTHMUS represents mRNA transcribed from GST4. The
GTHMUS cDNA clone is not a product of GSTI; the
myoblast cell line was obtained from muscle tissue from an
individual who is homozygous for the null allele at GSTI. The
protein encoded by the GTHMUS cDNA insert is 68-85%
identical to other class-mu glutathione transferases.
A dramatic feature of the GTHMUS/GST4 sequence is its

similarity to the liver GTH411 sequence in the 5' coding and
3' noncoding regions. Both mRNAs are polyadenylylated at
exactly the same position. Furthermore, there are only three
differences between the two sequences (two insertions and

U. I-

0.10-

0.05-

0.00- p *:

-0.05 - l---- I I i
-2 - I n 1 v' x A_- -,I v I z

1 /[GSH]

FIG. 3. Reciprocal plots of initial rate data in the presence of
chloride for GST4 with varying GSH (mM) and constant CDNB
(0.425 mM). Chloride concentrations (as NaCl) were 0.0 M (e), 0.15
M (o), and 0.5 M (o).

one deletion) in 450 nucleotides ofthe 3' noncoding sequence
(nucleotides 671-1120 ofGTHMUS). This conservation con-
tinues for 90 nucleotides into the C-terminal coding sequence
with only one nucleotide substitution. A second highly con-
served region is found in the mRNA encoding the N-terminal
40% of the protein, where a 152-nucleotide region (nucleo-
tides 63-214) contains only one silent nucleotide substitution.
In contrast, there are 54 nucleotide substitutions, which
cause 28 amino acid replacements, in the 280 nucleotides
between 277 and 556. The striking conservation of the 3'
halves of the GTH411 and GTHMUS mRNAs suggests that
gene conversion has taken place between the GSTJ and GST4
loci.
Gene conversion has been reported in a number of detox-

ification genes, including glutathione transferases and cy-
tochrome P450s. Tu and coworkers (28) have reported re-
markable conservation of the introns in two rat class-mu
glutathione transferase genes, Yb2 and Yb4. Despite the fact
that the mRNA encoded by the Yb4 gene differs from the Yb2
mRNA at 53 of 217 possible sites, three of the seven introns
in the two genes share >88% nucleotide sequence identity.
Gonzalez and coworkers (29) have described a cluster of
three human cytochrome P450 genes on chromosome 22, one
of which (CYP2D6) encodes the enzyme responsible for
debrisoquine metabolism. Mutant alleles ofthe CYP2D6 gene
are responsible for the poor-metabolizer phenotype that is
found in 5-10%o of Caucasian individuals. CYP2D6 is closely
linked to CYP2D7 on the chromosome and these two genes
share 94-10%/o identity in six of their eight introns. It has
been suggested that recombination and conversion between
genes in this cluster may be responsible for the high fre-
quency of mutations in the CYP2D6 gene (29). Similar
interactions between GSTI and GST4 may be responsible for
the high frequency of deletion of the GSTI locus.
Both GST-qi and GST4 show high enzymatic activities on

CDNB and 1,2-dichloro-4-nitrobenzene substrates. The spe-
cific activities reported here are within the ranges reported
for other class-mu glutathione transferases. Despite 84.3%
sequence identity with GST4, GST-4i shows a much higher
activity than does GST4 toward trans-4-phenyl-3-buten-2-
one (tPBO) and p-nitrophenyl acetate. The specific activity of
GST-qi toward tPBO is similar to that found for the rat 4-4
class-mu transferase (1.18 jmol per min per mg; ref. 2),
which also shares high sequence identity with GST-qk (81%;
ref. 10). The activity ofGST4 on tPBO is similar to that of the
rat 6-6 isoenzyme (0.02 ,umol per min per mg; ref. 2), which
shares 84.8% identity with GST4 (Fig. 1B). The amino acid
sequence of GST-4i is identical to that of the rat 4-4 class-mu
enzyme at 10 out of 11 residues from Leu-158 to Ile-168, while

Proc. Natl. Acad. Sci. USA 88 (1991)
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GST4 differs at 7 of these 11 residues. In contrast, GST4 is
identical to the rat 6-6 isoenzyme in this region. Thus, this
region may be involved in the catalysis of tPBO.
Of the possible inhibition patterns for bi-bi reaction mech-

anisms, only the steady-state ordered bi-bi mechanism is
consistent with the data. The order of substrate addition is
GSH followed by CDNB. The first product released is
chloride ion, followed by the GS-DNB conjugate.

This reaction mechanism for GST4 is different from the
reaction mechanism reported for the human placental class-pi
isoenzyme (30). Product inhibition studies with the GS-DNB
conjugate indicate that the mechanism of the placental glu-
tathione transferase is a rapid-equilibrium random mecha-
nism (30).
The kinetic mechanism of a rat class-alpha enzyme was

investigated by Pabst et al. (31). The kinetic pathway for this
enzyme depends on the concentration of GSH. At low GSH
concentrations (<0.1 mM), a ping-pong mechanism (CDNB
binding followed by chloride release) is found, while at high
GSH concentrations (>1 mM) a steady-state ordered mech-
anism is suggested. In the latter case, the order of substrate
and product addition/removal is the same as that reported
here for GST4. Our data over a wide range of GSH concen-
trations do not suggest an alternative pathway for GST4.

It has been reported that a human liver class-mu transfer-
ase exhibits a random bi-bi mechanism (32). However, this
report was based on fitting initial rate data for various
substrate concentrations. Without product inhibition data, it
is not possible to distinguish a steady-state ordered reaction
from a rapid-equilibrium random mechanism (25).
An ordered reaction scheme may be a general mechanism

for glutathione transferases under physiological GSH con-
centrations. This appears to be true for a number of trans-
ferases. However, the reported mechanism for the placental
enzyme is an exception to this generalization. An apparent
difference in reaction mechanisms for different transferases
need not imply a different catalytic mechanism (except in the
case ofthe ping-pong model). The differences between GST4
and the placental enzyme may be due to differences in the
affinities of these two enzymes for their substrates.
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