
D
G
G

Y
I
*
†
‡

R

m
a
t
m
c
t
O
d
o
fi
r
t
g
o
g
G
t
3
t
w
f
T
l
d
“
w
r
g

B
C
v

0
C
A

Archives of Biochemistry and Biophysics
Vol. 361, No. 1, January 1, pp. 85–93, 1999
Article ID abbi.1998.0964, available online at http://www.idealibrary.com on
istinctive Structure of the Human GSTM3
ene—Inverted Orientation Relative to the Mu Class
lutathione Transferase Gene Cluster

ury V. Patskovsky,*,1 Ming-Qian Huang,†,1 Tetsuji Takayama,‡
rving Listowsky,* and William R. Pearson†,2

Department of Biochemistry, Albert Einstein College of Medicine, Bronx, New York 10461;
Department of Biochemistry, University of Virginia, Charlottesville, Virginia 22908; and
Department of Internal Medicine, Sapporo Medical College, Sapporo, Japan
eceived June 22, 1998, and in revised form September 14, 1998

t
©

f

a
c
a
i
P
s
a
t
r
g
G
1
Y
g
fi
G
t
T
Y
b
b

c
t

The sequence and exon–intron structure of the hu-
an class mu GSTM3 glutathione transferase gene

nd its orientation with respect to the remainder of
he human class mu GSTM gene cluster were deter-
ined. The GSTM3 gene is 2847 bp long and is thus

onsiderably shorter than the other class mu genes in
he cluster, which range in size from 5325 to 7212 bp.
utside the protein-coding region, the GSTM3 gene
oes not share significant sequence similarity with
ther class mu glutathione transferase genes. Identi-
cation of overlapping cosmid clones that span the
egion between GSTM5, the next nearest glutathione
ransferase gene, and GSTM3 showed that the two
enes are about 20,000 bp apart. PCR primers devel-
ped from sequences 3*-downstream from the GSTM5
ene were used to identify clones containing the
STM3 gene. Amplification with these primers showed

hat the orientation of the GSTM3 gene is 5*-GSTM5-
*–3*-GSTM3-5*. Long-range PCR reactions confirmed
his orientation both in the GSTM-YAC2 YAC clone,
hich contains the five class mu glutathione trans-

erase genes on chromosome 1, and in human DNA.
his tail-to-tail orientation is consistent with an evo-

utionary model of class mu glutathione transferase
ivergence from a pair of tail-to-tail “M1-like” and
M3-like” class mu glutathione transferase genes that
as present at the mammalian radiation to the cur-

ent organization of multiple head-to-tail M1-like
enes tail-to-tail with a single M3-like gene with dis-

1 These authors contributed equally to this work.
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inct structural properties and expression patterns.
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Key Words: GSTM3; class mu glutathione trans-
erase; gene duplication; evolution.

The glutathione transferases (GST, EC 2.5.1.18)3 are
large family of phase II detoxication enzymes that

atalyze conjugation reactions between glutathione
nd a wide variety of electrophilic compounds, includ-
ng chemical carcinogens produced by the cytochrome
450 mixed-function oxygenases (1, 2). Mammalian
oluble glutathione transferases have been assigned in
species-independent manner to alpha, mu, pi, and

heta classes (3); in addition, two novel classes have
ecently been identified (4). Five human class mu
enes—GSTM1, GSTM2, GSTM3, GSTM4, and
STM5—were mapped to band 1p13.3 on chromosome
by in situ hybridization (5) and FISH with GSTM-
AC2, a YAC clone that contains these five class mu
enes (6). More recently, a physical map for four of the
ve class mu genes—GSTM1, GSTM2, GSTM4, and
STM5—showed that they are arrayed in a head-to-

ail orientation in the order 59-M4–M2–M1–M5-39 (7).
aken together with earlier analysis of the GSTM-
AC2 YAC clone (6, 8), the GSTM3 gene is predicted to
e downstream from the 39-end of the GSTM5 gene,
ut its exact location and orientation are not known.
The human class mu glutathione transferase gene

luster is of particular interest because about 50% of
he population is homozygous deleted for GSTM1. The
3 Abbreviation used: GST, glutathione transferase.
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86 PATSKOVSKY ET AL.
STM1 deletion has been associated with increased
isk of lung, bladder, and skin cancer (9), but in some
ases the association is weak (10). The GSTM1 deletion
s the result of a homologous unequal crossing-over
etween two 2.3-kb repeated regions in the intergenic
egions that flank the GSTM1 gene (7). Sequences
ownstream of the deletion are undisturbed from about
0 kb upstream of the 59-end of the GSTM5 gene; thus,
he GSTM3 gene, which is even further downstream,
hould not be directly affected by the deletion. It was
herefore unexpected that GSTM3 protein levels were
eported to be reduced in lungs of individuals that are
STM1-null (11), although the effect was not seen in
rain (12). However, studies of GSTs from multiple
uman tissue specimens showed no correlation be-
ween GSTM3 expression and the GSTM1-null geno-
ype (13).

The protein encoded by the GSTM3 gene is unusual. It
s clearly a member of the mu class (it shares about 70%
mino acid sequence identity with other class mu pro-
eins and less than 35% sequence identity with the alpha,
i, or theta classes), but it is the most distantly related
ember of that family in mammals. hGSTM1, hGSTM2,
GSTM4, and hGSTM5 share more than 84% amino acid
equence identity with one another and more than 80%
equence identity with most rodent and rabbit class mu
nzymes. In contrast, hGSTM3 shares only about 70%
dentity with most class mu protein sequences. “M3-like”
equences have been identified in rodents (GTM5_MOUSE,4

9% identical to GTM3_HUMAN, Ref. 14; and rGSTM5,
ef. 15). The proteins in the M3-like subclass exhibit
typical catalytic and structural properties (15). More-
ver, these types of glutathione transferases are selec-
ively expressed in both rodent and human germ cells
J. D. Rowe et al., unpublished) suggesting that they may
e a functionally distinct subfamily of class mu glutathi-
ne transferases. Thus, in mammals, there appears to
e a broad division of class mu glutathione transfer-
ses which may be categorized as “M1-like” (human,
GSTM1, hGSTM2, hGSTM4, and hGSTM5; mouse,
TM1_MOUSE, GTM2_MOUSE, and GTM3_MOUSE) and M3-

ike (human, hGSTM3; mouse, GTM5_MOUSE; and rat,
GSTM5). Comparison of the hGSTM1 and hGSTM3
rotein sequences with those in other vertebrates sug-
ests that this division occurred after the mammalian
ine diverged from birds; the chicken class mu gluta-
hione transferase (GTM2_CHICK) is approximately
qually distant from the M1-like (ranging from 64 to
7% identity) and the M3-like (64 to 66% identity)
equences. An evolutionary tree summarizing these
elationships is shown in Fig. 1.

GSTM3 contains a polymorphic three-base deletion
n intron 6 that has been associated with the GSTM1a
G4 Protein sequence names are taken from SwissProt.
llele (16). This deletion removes a potential binding
ite for the YY1 transcription factor and it has been
uggested that it may modify the risks associated with
he GSTM1-0 deletion and a cytochrome P450 CYP1A1
1/m1 polymorphism in cases of multiple basal cell

arcinomas (17). Thus, it is important to determine the
hysical linkage between GSTM3 and the other class
u glutathione transferase genes on chromosome

p13.3. In this report, we show that the GSTM3 gene is
onsiderably shorter than the other M1-like class mu
enes, and that it is transcribed in the reverse orien-
ation to GSTM1, GSTM2, GSTM4, and GSTM5.

ATERIALS AND METHODS

Reagents. Reagent grade chemicals were obtained from Sigma
nd Fisher, restriction enzymes from Gibco Life Sciences or New
ngland Biolabs (Beverly, MA), and DNA size markers and Klenow

ragment from Gibco Life Sciences. DNA Taq polymerase was ob-
ained from Promega (Madison, WI). GeneAmp XL PCR kits from
erkin–Elmer were used for long-range polymerase chain reactions

PCR). PCR primers and other oligonucleotides were synthesized by
peron (Alameda, CA) or synthesized using an Applied Biosystems
odel 380-A DNA synthesizer from Perkin–Elmer Cetus (Em-

ryville, CA). [a-32P]dCTP and [g-32P]ATP were obtained from ICN
harmaceuticals (Costa Mesa, CA). Zetabind blotting nylon mem-
rane was obtained from Cuno Inc. (Meriden, CT). The materials
sed in the construction of lambda FIX II genomic library and cosmid

ibrary, as well as T3 and T7 primers, were purchased from Strat-
gene (La Jolla, CA). Nitrocellulose membranes for colony screening
ere obtained from Schleicher & Schuell (Keene, NH). The QIAGEN
lasmid Mega kit and the lambda DNA purification kit were pur-
hased from QIAGEN Inc. (Chatsworth, CA).
Nucleic acids methods. Southern blotting was done as described

18) with slight modifications. Restriction enzyme digestions were
erformed as suggested by the manufacturers. Digested DNA was
henol extracted, ethanol precipitated, and electrophoresed in on a
.8% agarose gel and transferred to nylon membranes as described
19). The hybridization DNA probes were prepared by random-prim-
ng labeling (20); hybridizations were performed according to Church
nd Gilbert (21) at 65°C for 24 h followed by washing at 65°C.
Human genomic library screening. Procedures were performed

s described (18). A human leukocyte lambda FIX II genomic library
as propagated on Escherichia coli strain LE392 (Stratagene), and

nfected bacterial cells were plated in 0.7% soft agarose at a density
f about 3–5 3 104 plaques per 15-cm petri dish. Plaques were lifted
nto nitrocellulose filters and initially screened with [a-32P]dCTP-
adiolabeled HTGT-6, a GSTM3-cDNA probe (22). Eight positive
laques were isolated from approximately 106 phage plaques (20
ishes) and were purified by two additional rounds of screening. Two
a-32P]dCTP-radiolabeled oligonucleotides were used as hybridiza-
ion probes to test for the presence of exons 1–8 of the entire GSTM3
ene sequence as follows: oligo I, 59-CGTCTATGGTTCTCGGGTACTG-39
from GSTM3 exon 1), and oligo II, 59-AACCGGAGTTCGGAAACCG-
TGTGTA-39 (exon 8). Two phage clones positively cross-hybridized
ith oligo I and did not hybridize with oligo II; and one clone

ross-hybridized with oligo II, but did not hybridize with oligo I.
Phage DNA sequencing. DNA was purified from phage plate ly-

ates as described (18) and purified using a QIAGEN Lambda DNA
urification kit. After restriction mapping, inserts from two recom-
inant phage that contained overlapping parts of the GSTM3 gene
ere sequenced. DNA sequences were determined for both strands of

he inserts with oligonucleotide primers generated on the basis of the

STM3 cDNA sequence. An ABI377 Applied Biosystems automated
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87GSTM3 GENE STRUCTURE
equencer (Perkin–Elmer) was used. After partial sequencing and
estriction mapping, restriction fragments containing portions of the
STM3 cDNA sequence were subcloned into pUC18 and sequenced
sing common pUC oligonucleotide primers and primers generated
rom determined gene sequences. Oligonucleotides used for this pro-
edure were provided by Perkin–Elmer.

IG. 1. Evolutionary relationships between vertebrate class mu
wissProt (release 34), and SwissProt names are used, with the exce
TM5B_MOUSE, which was described in Ref. 36. The GTM5_RATsequen
ith ClustalW (24), and the aligned amino acids were used to direc

onstructed using the PHYLIP dnaml program (25). The same tre
rogram and protein distances with the fitch program. Nodes wer
rderings of the dnaml program. Proposed structures for the ancestr
re also shown.

TAB

PCR Primers Used for Cosmid

PCR primers: (all 59 3

P1 m5-2t3a ACTGTAA
P2 m5-2t3b GAAAAAG
P3 m5-699 CCGAGGT
P4 m5-1143r AAGGGAG
P5 m5-1500r GAGAAGT
P6 m5-5t7b TAGAAAA
P7 m5-4t7a TTGCCAG
P8 m5-4t7b CCAAGTA
P9 m3-338 GCACACA
P10 m3-607r TTGCAGA
P11 m3-1200 CTGGGTG

T3 AATTAAC

T7 GTAATACGA
Identification and characterization of GSTM-YAC2 cosmids. A
osmid library from GSTM-YAC2 (7) was screened as described (7,
8) using probes from exon 8 of GSTM5 and cosmid end sequences or
rom exons 5–8 (primers P9 and P10, Table I) of GSTM3. Restriction
apping by partial digestion and indirect end-mapping with T3 and
7 oligonucleotides was performed as described (7). Sequencing from

lutathione transferases. Protein sequence data were taken from
on of GTMX_MOUSE, which was assembled from EST sequences, and
was obtained from Ref. 15. Protein sequences were multiply aligned
alignment of the encoding mRNA sequences. The tree shown was

pology is found using aligned cDNA sequences and the dnapars
ombined if they appeared in ,80% of trees found in 50 different
ail-to-tail “M1-like:M3-like” gene pair and the current organization

I

entification and Orientation

) Location

TGTCCTTGACC cGTM5-2, T3 end, plus
GAGGAGAATTG cGTM5-2, T3 end, minus
TTTGTTTGGAA GSTM5, exon 8, forward
TCAGGGAATAA GSTM5, exon 8, reverse
CATGACGAA GSTM5, exon 8, reverse
AAGTCTTAGCC cGTM5-5, T7 end, minus
AGACCAAATTG cGTM5-4, T7 end, plus
AAACCAGCAAGGG cGTM5-4, T7 end, minus
TGATAAGGC GSTM3, exon 5, forward
TGATCAGAC GSTM3, exon 8, reverse
GATAACACAAG GSTM3, exon 8, forward

TCACTAAAGGG Cosmid T3 primer
g
pti
ce

t an
e to
e c
al t
LE

Id

39

TG
GA
CT
CC
GT
GC
CC
TC
AC
AC
AG

CC

CTCACTATAGGGC Cosmid T7 primer
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88 PATSKOVSKY ET AL.
he ends of the cosmid clone inserts was performed at University of
irginia Sequencing Center.
PCR and PCR cloning. PCR reactions were performed in a Per-

in–Elmer Cetus DNA Thermal Cycler 480. In addition to the tem-
late DNA, the reaction contained 100 ml of 50 mM KCl, 10 mM
ris–HCl (pH 9.0), 0.1% Triton X-100, 1.5 mM MgCl2, 200 mM of
NTP, 1 mM of each primer, and 2.5 units of Taq polymerase. All
CR reactions used a “hot start” procedure with Ampliwax from
erkin–Elmer. Samples were amplified for 35 cycles with denatur-
tion for 1 min at 94°C, reannealing for 2 min at 55°C, and chain
longation for 3 min at 72°C. Long-range PCR was done following the
nstructions for the GeneAmp XL PCR kit, with one cycle of 1 min at
4°C, 16 cycles including 30 s at 94°C and 13 min at 64°C per cycle,
nd then 12 cycles, each of which has 30 s at 94°C and 13 min at 64°C
ith an increment of 15 s per cycle. For all PCR reactions, the final

ycle was followed by incubation at 72°C for 10 min. PCR primers
sed are shown in Table I.
Sequence analysis. General sequence analysis employed the GCG

uite of programs (version 9.0; Genetics Computer Group, Madison,
I). Protein sequences were extracted from SwissProt, release 34,

nd updates (23). Multiple sequence alignments were performed
sing the ClustalW program (24). Phylogenetic analyses were per-
ormed using programs from the PHYLIP package (25). Sequence
imilarity searches were performed using FASTA (26). Searches for
epeated sequence elements were performed at the repeatmasker
orldwide Web site (27). Transcription factor binding sites were

dentified using the TESS server http://agave.humgen.upenn.

IG. 2. Physical map of the GSTM3 gene and flanking sequences.
nserts used to determine the sequence of the GSTM3 gene. Also show

3-specific PCR primers m3-338 (P9), m3-607r (P10), and m3-1200 (P
B) The promoter proximal sequence and first 100 bp of GSTM3. A TA
re underlined.
du/tess/index.html (28). D
Phylogenetic analysis was performed using the PHYLIP v. 3.52
ackage (25). Class mu protein sequences were aligned using the
lustalW (24) program; the aligned class mu sequences contained no

nternal gaps. Evolutionary trees were constructed from protein
istances calculated with the protdist program or using DNA
arsimony (dnapars ) or maximum likelihood (dnaml ).

ESULTS

dentification and Characterization of the Human
GSTM3 Gene

The complete sequence of GSTM3 was determined
rom two overlapping genomic lambda clones. (The se-
uence has been deposited in the GenBank database
nder Accession No. AF043105.) These clones were
lso used to physically map approximately 30 kb of
hromosomal DNA surrounding GSTM3 (Fig. 2). The
wo phage clones overlap in a 2.1-kb region that con-
ains exons 3–7 of GSTM3. The overlapping nucleotide
equences were determined for both genomic DNA
lones; no differences were found between them. No
ther M3 homologous sequences were detected by
outhern blot hybridization in the 25-kb chromosomal

Partial restriction maps of the lGTM3-22a and lGTM3-33d phage
are the exon locations in GSTM3, the location and orientation of the
), and the location and orientation of six repeated sequence elements.
AA box and potential Sp-1 and octamer binding factor binding sites
(A)
n

11
TA
NA fragment that is located around the M3 gene.
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89GSTM3 GENE STRUCTURE
The exon–intron junctions of the GSTM3 gene were
etermined by alignment of the GSTM3 genomic DNA
equence with the previously published GSTM3 cDNA
equences (22, Table II). Like the other class mu glu-
athione transferase genes, GSTM3 has eight exons
nd seven introns. All the internal exons (2–7) are the
ame length as those of the other human class mu
lutathione transferase genes. Exons 1 and 8 are
lightly longer, as expected from the extended N- and
-termini (four and three additional amino acid resi-
ues, respectively) of the hGSTM3 subunit. There are
wo striking differences in intron length between
STM3 and the other class mu glutathione transferase
enes (GSTM1, GSTM2, GSTM4, and GSTM5) on
hromosome 1. In the other human class mu genes,

IG. 3. Physical map of the human class mu gene cluster. Cosmids a
ragment sites and gene locations and orientations for GSTM1, GSTM
o the right of GSTM5 were determined in this report. Locations and
nd cGTM3-3 cosmid inserts are shown, and PCR primers used to

TABLE II

Exon/Intron Structure of Human Class Mu GST Genes

Length (bp) GSTM3

GSTM3 M1,M2,M4,M5 59 (start) 39 (end)

xon 1 64 51 TCGGA GTGG
ntron 1 332 261–287 gtgag cccag
xon 2 76 76 CTGGC GGAA

ntron 2 339 426–429 gtaat tacag
xon 3 65 65 CTCCT CTAAT

ntron 3 1062 302,312 gtaag ttcag
xon 4 82 82 CTGCC CATGT

ntron 4 93 96,101 gtgag tacag
xon 5 101 101 GTGGT ACCAC

ntron 5 339 942–1742 gtgag ctcag
xon 6 96 96 GAAAA AAAAG

ntron 6 88 88–92 gtagg tctag
xon 7 111 111 CTCAC TTGAG

ntron 7 285 2055–3164 gtgac ttcag
xon 8 672 535–624 GCTTT TGATG
hown. PCR primer numbers are shown in Table I.
ntron 3 is either 302 or 312 bp; in GSTM3 it is much
onger (1062 bp, Table II). All of the additional se-
uence in intron 3 of GSTM3 can be accounted for by
he presence of three repeated sequence elements, two
ER1-type elements (183 and 299 bp) and an AluJb

lement (301 bp, Ref. 29) (27). More striking are the
ength differences in intron 7; the other class mu genes
ave very long intron 7s [ranging in length from 2055
p (GSTM4) to 3164 bp (GSTM2)] that are relatively
epeat-free; intron 7 in GSTM3 is only 285 bp long.
While the GSTM1, GSTM2, GSTM4, and GSTM5

lutathione transferase genes share extensive DNA
equence identity both in protein coding and noncoding
egions (30, manuscript in preparation), the GSTM3
ene shares statistically significant sequence similar-
ty with the other human class mu genes only in the
rotein coding sequence [ranging from 68% (GSTM2)
o 72% (GSTM4) protein sequence identity; 71%
GSTM2) to 77% (GSTM5) cDNA sequence identity].
o statistically significant similarities were observed

n comparisons of noncoding M3 cDNA sequence (exon
) with other class mu cDNAs.
The GSTM3 genomic sequence contains a typical

omplement of human repeated sequence elements,
hich are indicated in Fig. 2. The repeatmasker pro-
ram (27) identified two MER1-type elements and an
luJb (intron 3), portions of two L2 LINEs, an L1
INE, and an AluSc SINE (Fig. 2A).
DNA sequences in the 59-flanking region of GSTM3

hare no significant similarity with any of the other
lass mu genes on chromosome 1. The promoter region
f M3 (Fig. 2B) is the only human mu class glutathione
ransferase gene that contains a TATA box (at the
istance about 241 bp from the transcription start).
he GSTM3 promoter also contains GC boxes (SP1
lements); these elements may be responsible for the

primers used for linking GSTM5 and GSTM3 are shown. Restriction
GSTM4, and GSTM5 are taken from Ref. 7; restriction site locations
ntations of the cGTM5-2, cGTM5-4, cGTM5-5, cGTM3-1b, cGTM3-2,
ermine the orientation of GSTM3 with respect to GSTM5 are also
nd
2,

orie
det
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90 PATSKOVSKY ET AL.
ow, but detectable level of GST expression in most
uman tissues (13).

hysical Linkage of GSTM3 and GSTM5

Because of reports linking the polymorphic GSTM1
eletion with differences in GSTM3 expression (11,
2), we sought to determine the distance between the
STM3 gene and the GSTM5 gene, which is the near-
st class mu glutathione transferase gene in the cluster
n chromosome 1 (6, 7). To identify clones that spanned
he region between GSTM5 and GSTM3, a cosmid
ibrary constructed from GSTM-YAC2, a YAC clone
rom chromosome 1 that contains all five class mu
lutathione transferase genes on chromosome 1 (6, 7),
as screened. Cosmid clones containing exon 8 of
STM5 were first identified using a probe from PCR
rimers P3 and P4 (Table I, Fig. 3). PCR primers P1
nd P2 were constructed from the end sequence of one
f the GSTM5 exon 8-containing cosmid clones,
GTM5-2; P1 and P2 were then used to amplify probe
M5-2T3, which was used to rescan the GSTM-YAC2
osmid library. One of the clones identified in this
creen, cGTM3-3, also contains sequences from the

IG. 4. Characterization of cosmid clones between GSTM5 and G
STM-YAC2 DNA and DNAs from cGTM5-2, cGTM5-5, cGTM3-2, an

he end of cGTM5-2 (Fig. 3). (B) Hybridization with the 1.3-kb GST
STM3 gene (it hybridized with a probe from primers t
9 and P10). Cosmids cGTM3-1b and cGTM3-2, which
ontain GSTM3 (Fig. 3), were isolated using a GSTM3
robe (exons 5–8). Restriction maps of cosmids from
his region were determined by partial restriction di-
estion and indirect end-labeling (Fig. 3, partial re-
triction mapping data are not shown).

STM3 Is Oriented Opposite to M1, M2, M4, and M5

One end of the cGTM3-1b clone contains sequences
rom exon 8 of GSTM3, and one end of cGTM3-2 lies
ithin 2 kb of GSTM3 exon 8. Since these cosmids have
45-kb inserts, it was surprising that these cosmids

ailed to cross-hybridize with a probe from the GSTM5
9-flanking sequences in cGTM5-2 (cM5-2T3, Fig. 3).
hile this result might imply that GSTM3 is far down-

tream from GSTM5, isolation of the cGTM3-3 cosmid,
hich contains sequences both from cGTM5-2 and
STM3, suggested otherwise. We then tested the hy-
othesis that cGTM3-1b and cGTM3-2 might not con-
ain cGTM5-2 sequences because the GSTM3 gene was
riented with its 39-end (exon 8) nearest GSTM5 (Fig.
).
We confirmed that the physical map was correct and

M3. Southern blot hybridization of EcoRI and HindIII digests of
GTM3-3. (A) Hybridization with a 400-bp PCR probe cM5-2T3 from
cDNA probe (22). Positions of DNA size standards are shown.
ST
d c
hat the cGTM5 and cGTM3 cosmids were not rear-
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91GSTM3 GENE STRUCTURE
anged by hybridizing EcoRI and HindIII restriction
igests of GSTM-YAC2 and selected cosmids with a
CR product amplified from P1 and P2 (probe cM5-
T3, Fig. 4). As expected (Fig. 3), the cM5-2T3 probe
ybridizes with cGTM5 cosmids and cGTM3-3; cM5-
T3 does not hybridize with cGTM3-1b and cGTM3-2,
hich contain complete GSTM3 genes but very little
9-flanking sequence. (The 8.0-kb EcoRI band in
GTM3-3 is truncated to 3 kb by the cloning vector; the
.0-kb EcoRI band in cGTM5-2 is slightly truncated by
he vector. Likewise, the 5.5-kb band in the cGTM5-2
indIII lane of Fig. 4A is 4.5 kb larger than the corre-

ponding genomic band because of the cloning vector.)
igure 4B shows that a M3 cDNA probe hybridizes
nly with the cGTM3 cosmids and that the 6.3-kb
coRI fragment in cGTM3-3 is actually a doublet,
hich is separated in cGTM3-2 because of a trunca-

ion.
The relative orientations of GSTM5 and GSTM3
ere confirmed by performing PCR reactions between
rimers in GSTM3 and in the 39-flanking region of
GTM5-2, cGTM5-4, and cGTM5-5. Table III summa-
izes the results of PCR reactions performed with var-
ous primer pairs on the cGTM5 and cGTM3 cosmids.
hese data, together with the physical map of the

TAB

Summary of PCR Amplificatio

Primer1 Primer2 Size (kb) M5-2

P2) m5-2t3b (P7) m5-4t7a 1.8
(P1) m5-2t3a 0.4 1
(P10) m3-607r

P3) m5-699 (P5) m5-1500r 0.85 1
(P1) m5-2t3a 10.0 1
(P2) m5-2t3b 2
(P7) m5-4t7a 11.3

P11) m3-1200 (P6) m5-5t7b 1.7
(P8) m5-4t7b 8.7

P9) m3-338 (P6) m5-5t7b 3.0
(P10) m3-607r 1.0

3 (P1) m5-2t3a 1.9
(P2) m5-2t3b
(P10) m3-607r
(P11) m3-1200 12.0

1.9
7 (P2) m5-2t3b 2.1

(P6) m5-5t7b 0.2
(P3) m5-699 11.5
(P9) m3-338
(P11) m3-1200

Note. Results of PCR amplifications using the indicated primers (T
osmid clones cGTM5-2, cGTM5-4, etc. YAC2 refers to GSTM-YAC2 D
ndicated size was observed. 2, A PCR reaction was performed and n
n the DNA sample.
egion (Fig. 3), show that the 39-end of the GSTM5 G
ene is about 20 kb upstream from the 39-end of the
STM3 gene. We were unable to span this distance
sing long-range PCR in a single reaction, but shorter
eactions from the 39-end of GSTM5 (primer P3, exon
, forward) to the end of the cGTM5-4 insert (P7) and
rom the end of cGTM5-4 (P8) to the 39-end of GSTM3
P11, exon 8, forward with respect to GSTM3) pro-
uced the expected bands (Fig. 5). The data in Fig. 3
redict that the GSTM5 (P3)–cGTM5-4 (P7) reaction
ill produce an 11.3-kb band, which EcoRI will digest

nto 7.9-, 1.9-, 1.0-, and 0.4-kb bands (the 0.4-kb band is
oo light to be seen in Fig. 5) and HindIII will cut into
.0-, 1.1- (2), 0.8-, and 0.2-kb fragments, while the
GTM5-4 (P8)–GSTM3 (P11) reaction produces an
.7-kb band which does not contain a HindIII site and
s cut into 5.0- and 3.7-kb fragments by EcoRI. These
redicted fragments were obtained (Fig. 5), confirming
he tail to tail organization of the GSTM5 and GSTM3
enes, not only in our cosmid clones but also in GSTM-
AC2 and in human genomic DNA.

ISCUSSION

We have cloned and sequenced the GSTM3 gene,
nd, using overlapping cosmid clones, shown that

III

between GSTM5 and GSTM3

GSTM cosmids

YAC2 Human5-4 M5-5 M3-2 M3-3

1 1 1 1
1 1 1 1

2 2
1 1
1 1 1

2
1 1

1 1 1 1
1 1 1

1 1 1
1 1 1

1
2 2

2
1

1
1

1
1

2
2

le I) on DNA samples in each column. M5-2, M5-4, etc. refer to the
. Human DNA was from a GSTM1-null individual. 1, A band of the
nd was seen. Blank entries indicate that the primers were not used
LE

ns

M

ab
NA

o ba
STM3 is oriented tail-to-tail with respect to the ad-
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92 PATSKOVSKY ET AL.
acent GSTM5 gene. This orientation has been con-
rmed by overlapping long-range PCR on both GSTM-
AC2 and human genomic DNA.
It has been recognized for some time that the
STM3 gene is more distantly related to other human
nd rodent class mu glutathione transferase genes
Fig. 1, Refs. 8 and 22), and it has been suggested that
he rodent and human M1-like genes diverged after the
ammalian radiation (8). Both the size of the GSTM3

ene and its location and orientation with respect to
he M1-like genes on chromosome 1 (Figs. 2 and 3;
able II) are consistent with this perspective. The sche-
atic gene diagrams in Fig. 1 suggest the transition

rom the pair of tail-to-tail M1-like and M3-like genes
o the current gene structure. Because of the limited
mount of sequence data from nonmammalian verte-
rates (only one class mu sequence, which encodes
TM2_CHICK, is available in the vertebrate portion of

IG. 5. Long-range PCR of sequences between GSTM5 and
STM3. Long-range PCR (see Materials and Methods) was used to
emonstrate the orientation of the GSTM5 and GSTM3 genes in
STM-YAC2 and human DNA samples using sequences from the
nd of cGTM5-4 as an intermediate. PCR was performed using the
5-699 (P3)/m5-4t7a (P7) primer pair (lanes a–f) or the m3-1200

P11)/m5-4t7b (P8) primer pair (lanes g–l). The sizes of the undi-
ested product (un) and EcoRI-digested (RI) and HindIII-digested
HIII) products are shown.
enbank) it is currently impossible to determine when (
he M1-like, M3-like duplication occurred that pro-
uced the two genes in a tail-to-tail orientation. The
resence of both types of genes in rodents and humans
uggests that this early class mu duplication occurred
ither before or early in the mammalian radiation.
ver the past 80 million years since then, multiple
aralogous M1-like genes appeared in a head-to-head
rientation, as shown in Fig. 1. In contrast, there is no
vidence for any subsequent GSTM3 gene duplica-
ions. DNA parsimony analysis suggests that the
STM3 gene may be older than the M1-like genes.
owever, protein parsimony, protein distance, and the
resence of an additional four residues at the N-termi-
us of the M3 genes, place the M1-like and M3 genes
qually distant from the chicken class mu gene.
In humans, the evidence is quite strong that there is

nly one M3-like gene; all of the bands seen in South-
rn blots of human DNA with a GSTM3 cDNA probe
an be assigned to the GSTM3 gene on chromosome 1
hown in Fig. 2 (hybridization data not shown). In
ddition, there is no evidence for additional M3-like
roteins in rodents or other mammals (15). While we
o not know why the primordial GSTM1 gene dupli-
ated and GSTM3 did not, we note that once the
STM1 duplicated the first time, the pair of head-to-

ail genes would greatly increase the likelihood of ad-
itional duplication through unequal crossing-over
vents. That both humans and rodents have several
1-type genes and a single GSTM3 suggests an initial
STM1 duplication before the divergence of the rodent
nd primate lines.
While there is considerable evidence for gene conver-

ion and other interactions among the tandemly ar-
anged head-to-tail M1-like genes on chromosome 1,
he tail-to-tail orientation of GSTM3 with respect to
he M1-like genes makes it unlikely that significant
nteractions have occurred between GSTM3 and the

1-like genes. Likewise, the putative promoter of the
STM3 gene is located almost 40,000 bp from the
9-boundary of the GSTM1-0 deletion, reducing the
ikelihood that the GSTM1-0 deletion has any direct
ffect on transcription from GSTM3. Moreover because
f very high identity shared between the 39-down-
tream sequences of GSTM2 and GSTM1 (7), the
STM1-0 deletion produces a GSTM2–GSTM5 inter-
enic region that is almost identical to the GSTM1–
STM5 region in individuals carrying a non-null
STM1 allele. Thus, correlations between the GSTM1
eletion and GSTM3 expression are expected to be
eak.
The human class-mu glutathione transferase gene

luster appears to have a dynamic and complex history.
ne member of the cluster, GSTM1, is deleted at about
0% of human loci (31); this deletion has been shown to
esult from a homologous unequal crossing-over event

7) for which the reciprocal gene duplication has re-
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ently been found (32). Rodent gene-mapping experi-
ents suggest a similar class mu cluster on the syn-

enic regions of rat chromosome 2 and mouse chromo-
ome 3 (33, 34); we predict that this cluster will contain
oth M1-like and M3-like genes in a tail-to-tail config-
ration. While rodent class mu genes are dramatically

nduced by anticarcinogenic antioxidants (2), similar
nduction has not been observed in humans (35). Com-
arison of the human and rodent glutathione trans-
erase class mu gene clusters may provide new insights
nto the regulation of class mu glutathione transferase
enes.
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