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INTRODUCTION

Sulfotransferases (STs)® are Phase II drug metabolizing
enzymes that sulfoconjugate a variety of endogenous and
exogenous compounds such as biogenic amines (e.g., cate-
cholamines), steroid hormones (i.e., androgens), bile acids
(e.g., hyodeoxygholic acid), drugs (e.g., propranol and acet-
aminophen), and carcinogens [e.g., N-hydroxy-2-acetyl-
aminofluorene and hydroxylated 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD)] (1,2). STs also play an important role in
the biosynthesis of proteoglycans, which confer important
recognition properties on cell surfaces that influence cell ad-
hesion and migration as well as the binding of growth factors
and enzyme inhibitors (3).

STs belong to a multigene family which comprises at
least six genes in the rat (4-9), one in bovine (10), two in the
mouse (11), and one of human origin (12,13). These conju-
gating enzymes catalyze the coupling of sulfate (SO; ) from
3’-phosphoadenosine-5’-phosphosulfate (PAPS) to mole-
cules possessing phenols, enols, alcohols, or amines to form
mono esters of sulfuric acid or sulfate esters (14). Conjuga-
tion with sulfate confers greater polarity and water solubility
on the parent agents, thereby facilitating biliary and/or uri-
nary excretion and detoxification.

ST-a catalyzes O-sulfation of carcinogenic and noncar-
cinogenic exogenous alcohols, as well as endogenous steroi-
dal alcohols, such as dehydroepiandrosterone (DHEA) (1).
Regulation of the metabolism of the naturally occurring ste-
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roid DHEA has been implicated in a variety of disease pro-
cesses such as aging, diabetes, autoimmune diseases, can-
cer, obesity, and atherosclerosis (15). Unlike primates, ro-
dents do not synthesize DHEA from cholesterol, and thus its
effects can be investigated by administering as a supplement
to the diet. Such studies have shown DHEA to have remark-
able chemopreventive effects on the above disorders.
DHEA has also been found to affect the expression of cel-
lular cytochrome P450s, thereby influencing the balance of
metabolic activities associated with the initiation phase of
chemical carcinogenesis and/or toxicity (15). Hence, exam-
ining the regulation of ST-a, one of the major enzymes that
metabolize DHEA, should provide important insights to-
ward our understanding of the molecular basis for the regu-
lation of sulfate conjugation of steroid hormones in humans
and in rodents. Here we report the molecular cloning of
mST,, cDNA from mouse liver, which provides an impor-
tant first step toward unraveling its physiological function
and regulation of drug and carcinogen metabolism at the
molecular level.

MATERIALS AND METHODS

Screening of a AZAP cDNA Library

A B6CBA female mouse liver cDNA library in phage
LAMBDA-ZAP Vector and the host cells (E. coli strains,
BB4 and XL-1 Blue) were purchased from Stratagene (La
Jolla, CA). A total of 600,000 plaques at a density of ~30,000
per 150-mm plate was screened using a 655-bp BamHl/Ncol
fragment of a rat ST, cDNA according to methods estab-
lished in our laboratory (13) and by Ausubel et al. (16). The
rat ST, cDNA was obtained via polymerase chain reaction
(PCR) using specific oligonucleotides designed from pub-
lished rat cDNA sequences (5) as described previously (13).
The probes were prepared by random hexamer-primed syn-
thesis (Prime-a-Gene Labeling System; Promega, Madison,
WI) using [a->?P]dCTP (3000 Ci/mmol; NEN Dupont; 1 Ci =
37 GBq) to generate a specific activity of 1-3 X 10° cpm/pg
DNA (17). Positive plaques were replated and rescreened
twice until five isolated positive plaques were selected for in
vivo excision of pBluescript SK vector with the cDNA in-
serts using R408 helper phage, according to protocols pro-
vided by the manufacturer (Stratagene). The clones were
purified and four of the clones showed positive hybridization
on Southern blotting. One of the clones, 1-1, was further
characterized by sequencing its entire cDNA in both direc-
tions by the dideoxynucleotide chain termination method of
Sanger (18), modified as in Sequenase Version 2.0 protocols
(USB).

RESULTS AND DISCUSSION

Plaque screening of the mouse liver LAMBDA-ZAP
c¢DNA library (6 x 10° independent clones) with the radio-
labeled rat ST, cDNA probes identified five ST, cDNA
clones. One of the clones, 1-1, has 1004 bp and is designated
mST ;. Figure 1 shows the nucleotide sequence together with
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TTTTCAAAGCTTTTGAATATTATATGAACACTGATGTTTATGTTCCTGTTGTTGT

GTATCTTGAATACCTAGATGTGGTCATAGAATAAAACCTGTTGTGGAAAAAAAAAAAAAAAAAA

25 ATG ATG TCA GAC TAT AAT TGG TTT GAA
1 Met Met Ser Asp Tyr Asn Trp Phe Glu
85 GAA ATT TTG GAA GAT ATT CGT AAT AAG
21 Glu Ile Leu Glu Asp Ile Arg Asn Lys
145 ACT TAC CCC AAG TCA GGA ACG AAC TGG
41 Thr Tyr Pro Lys Ser Gly Thr Asn Trp
205 GGA GAT CCG AAG TGG ATC CAA ACT GTG
61 Gly Asp Pro Lys Trp Ile Gln Thr Val
265 GAT ATA GGA TAT TCT GCA TTA ATC AAT
81 Asp Ile Gly Tyr Ser Ala Leu Ile Asn
325 CCC ATC CAT CTC TTC TCC AAG TCT TTC
101 Pro Ile His Leu Phe Ser Lys Ser Phe
385 AGA AAT CCC AGA GAT ATT CTT GTG TCT
121 Arg Asn Pro Arg Asp Ile Leu Val Ser
445 AAG AAT CCA GGG TCA CTC GGA ACT TAT
141 Lys Asn Pro Gly Ser Leu Gly Thr Tyr
505 GGA TCA TGG TTT GAG CAT GTT CGT GGC
161 Gly Ser Trp Phe Glu His Val Arg Gly
565 GTA CTG TAC TAT GAA GAC ATA AAA AAG
181 Val Leu Tyr Tyr Glu Asp Ile Lys Lys
625 TTC CTA GGG AAA AAT TTA GGG CCA GAT
201 Phe Leu Gly Lys Asn Leu Gly pro Asp
685 CAA GCC ATG AAA GAA AAC AAC ATG TCC
221 Gln Ala Met Lys Glu Asn Asn Met Ser
.
745 AAT GGC TTG AAG CTC ATG AGA AAA GGC
241 Asn Gly Leu Lys Leu Met Arg Lys Gly
805 GCC CAA GCT GAA GCC TTC GAT AAA GTT
261 Ala Gln Ala Glu Ala Phe Asp Lys Val
865 ATT TTC CCA TGG GAA TAA
281 1Ile Phe Pro Trp Glu ***
938
Fig. 1.

Nucleotide and deduced amino acid sequences of mouse S7,, cDNA. Predicted asparagine N-linked

glycosylation sites are indicated by filled diamonds. Stop codon is designated by =xx. Consensus polyadenylation

signal is denoted by boldface italic.

its deduced amino acid sequence. The cDNA contains an 855-
nucleotide open reading frame (ORF) beginning at nucleotide
25 and encoding a 285-amino acid polypeptide (M,, 33.2 kDa).
There is no signal peptide insertion sequence or putative trans-
membrane hydrophobic domain indicative of a cytosolic pro-
tein. The translocation stop codon, TAA, is located 5’ of the
consensus sequences for polyadenylation (AATAAA) and a
short segment of poly(A)™ tail is shown in Fig. 1.

Figure 2 shows the alignment of the deduced amino acid
sequences for the family of STs obtained from different spe-
cies. The mouse liver alcohol/hydroxysteroid ST (mST,;)
shares extensive amino acid sequence homology with the
other ST family members from other species. This suggests
an evolutionary conservation of important biological func-
tions for this family of enzymes. The mST,, shows the great-
est homology with the rat senescence marker protein SMP-2,
with 95 and 88% identities at the nucleotide and amino acid
levels, respectively, (6). In addition, mST,; shares 78, 78,
and 64% homologies with rST, ,, (4), rST, (5), and hAST,,
respectively, (12,13), and this finding suggests that it belongs

to the alcohol/hydroxysteroid subfamily of sulfotrans-
ferases. Compared to the other subfamilies of sulfotrans-
ferases, such as phenol and estrogen, mST,, shares 37, 37,
33, and 35% homologies with the rST, (7), mST,, (11), rST,
(8), and bST, (10), respectively.

The alcohol/hydroxysteroid form of sulfotransferases
had been shown to metabolize a variety of compounds con-
taining primary or secondary aliphatic alcohols such as epi-
androsterone, DHEA, B-estradiol, testosterone, d-aldoste-
rone, and cortisol and drugs such as chloramphenicol, reti-
nol (vitamin A), propranolol, and ephedrine (19). In addition,
the alcohol/hydroxysteroid form of sulfotransferases had
been implicated to play a critical role in the activation of
certain carcinogens through O-sulfonations, e.g., 7-hydroxy-
methyl-12-methyl-benz[a]anthrancene (20) and S-hydroxy-
methylchrysene (21), in rats. Questions remain as to which
ST-a isoenzyme(s) catalyzes such reactions, and whether
there are species differences in this metabolic pathway. The
molecular cloning of mST,; and other ST genes provides an
impetus to address these issues.
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Fig. 2. Alignment of the deduced amino acid sequences of mouse ST,;, rat ST, (6), rat ST, (5), rat ST 5,

M---MSDYNWFEG- - IPFPAISYQREILEDIR--NKFVVKEEDLLILTYPKSGTNWLIEIVC
M---MSDYNWFEG--IPFPAISYEREILEDIR--NKFVVKEEDLLILTYPKSGTNWLNEIVC
----MPDYTWFEG- -~ IPFPAFGIPKETLQNVC - -NKFVVKEEDLILLTYPKSGTNWLIEIVC
----MPDYTWFEG- - IPFHAFGISKETLQNVC - -NKFVVKDEDLILLAYPKSGTNWLIEIVC
M- --SDDFLWFEG--IAFPTMGFRSETLRKVR~-DEFVIRDEDVIILTYPKSGTNWLAEILC
MAQNPSNMEPLRKPLVPVKGIPLIKYFAETMEQLONFTAWPDDVLISTYPYSGTTWMSEIMD
------- MEFSRPPLVHVKGIPLIKYPAETIGPLONFTAWPDDLLISTYPKSGTTWMSEILD
M---ETSMPEYYDVFGDFHGFLMDKRFTKYWEDVETFLARPDDLLIVTYPKSGSTWISEIVD
M---SSSKPSFSDYFGKLGGIPMYKKF IEQFHNVEEFEARPDDLVIVTYPKSGTTWLSEIIC

LIQTKGDPKWIQTVPIWNRSPWIE---TDI--GYSALINKEGPRLITSHLPIHLFSKSFFSS
LIQTKGDPKWIQSCPFGTVYP-DE---IEW-~-IFRN--NHGGPRLITSHLPIHLFSKSFFSS
LIQTKGDPKWIQSVTIWDRSPWIE---TDL~~GYDMLIKKKGPRLITSHLPMHLFSKSLFSS
LIQTKGDPKWIQSVTIWDRSPWIE---TDV--GYDILIKKKGPRLMTSHLPMHLFSKSLFSS
LMHSKGDAKWIQSVPIWERSPWVE---SEI--GYTALSETESPRLFSSHLPIQLFPKSFFSS
MIYQGGKLDKCGRAPVYARIPFLEFSCPGVPPGLETLKETPAPRI IKTHLPLSLLPQSLLDQ
MIYQOGGKLEKCGRAPIYARVPFLEFKCPGVPSGLETLEETPAPRLLKTHLPLSLLPQSLLDQ
MIYKEGDVEKCKEDALFNRIPDLECRNEDLINGIKQLKEKESPRIVKTHLPAKLLPASFWEK
MIYNNGDVEKCKEDVIFNRVPYLECSTEHVMKGVKQLNEMASPRIVKSHLPVKLLPVSFWEK

KAKAIYLVRNPRDILVSGYFFWGNTNLVKNPGSLGTYFEWFLKGNVLFGSWFEHVRGWLSMR
KAKAIYLMRNPRDILVSGYFFWGNTNLVKNPGSLGTYFEWFLQGNVLFGSWFEHVRGWLSMR
KAKVIYLIRNPRDVLVSGYYFWGKTTLAKKPDSLGTYVEWFLKGYVPYGSWFEHIRAWLSMR
KAKVIYLVRNPRDVLVSGYYFWGNSTLAKKPDSLGTYVEWFLKGNVLYGSWFEH IRAWLSMQ
KAKVIYLMRNPRDVLVSGYFFWKNMKFIKKPKSWEEYFEWFCQGTVVYGSWFDHIHGWMPMR
KIKVIYVARNAKDVVVSYYNFYKMAKLHPDPGTWESFLENFMDGKVSYGSWYQHVKEWWELR
KVKVIYIARNAKDVVVSYYNFYNMAKLHPDPGTWDSFLENFMDGEVSYGSWYQHVKEWWELR
NCKIIYLCRNAKDVVVSYYYFFLIMKSYPNPKSFSEFVEKFMEGQVPYGSWYDHVKSWWEKS
NCKIIYLSRNAKDVVVSYYFLILMVTAIPDPDSFQDFVEKFMDGEVPYGSWFEHTKSWWEKS

EWDNFLVLYYEDIKKDTKGTIKKICDFLGKNLGPDELDLVLKYSSFQAMKENNMSNFSLIKE
EWDNFLVLYYEDMKKDTMGTIKKICDFLGKNLGPDELDLLLKYSSFQAMKENNMSNYSLIKE
ELDNFLLLYYEDMKKDTMGTIKKICDFLGKKLEPDELDLVLKYSSFQVMKENNMSNYNLMEK
EWDNFLLLYYEDMKKDTMGTIKKICDFLGKKLEPDELDLVLKYSSFQVMKENDMSNYSLLMK
EEKNFLLLSYEELKQDTGRTIEKICQFLGKTLEPEELNLILKNSSFQTMKENKMSNYSLLSV
RTHPVLYLFYEDMKENPKREIKKILEFLGRSLPEETVDLIVHHTSFKKMKENPMANYTTIPT
HTHPVLYLFYEDIKENPKREIKKILEFLGRSLPEETVDS IVHHTSFKKMKENCMTNYTTIPT
KNSRVLFMFYEDMKEDIRREVVKLIEFLERDPSAELVDRIIQHTSFQEMKNNPCTNYSMLPE
KNPQVLFLFYEDMKENIRKEVMKLLEFLGRKASDELVDKI IKHTSFQEMKNNPSTNYTTLPD

DQV-TNGLKLMRKGTIGDWKNHFTVAQAEAFDKVFQEKMAGFPPGIFPWE
DPI-LTGLKLMRKGTTGDWKNHFTVAQAEAFDKVFQEFMAGFPPGMFPWE
ELI-LPGFTFMRNGTTGDWKNHFTVAQAEAFDKVFQEKMAGFPPGMFPWD
KSI-FTGTGLMRKGTVGDWKNHFTVSQAEAFLKVFQEKMAGF PPGMFPWE
DYV-VDKAQLLRKGVSGDWKNHFTVAQAEDFDKLFQEKMADLPRELFPWE
EVMDHTIYPFMRKGTIGDWKNTFTVAQSEHFDAHYAKLMTGCDFTFRCQI
EIMDHNVSPFMRKGTTGDWKNTFTVAQNERFDAHYAKTMTDCDFKFRCEL
TMIDLKVSPFMRKGIVGDWKNHFPEALRERFEEHYQQQOMKDCPVKFRAEL
EVMNQKVSPFMRKGDVGDWKNHFTVALNEKFDMHYEQQMKGSTLKFRTKI

(4), human ST, (12,13), mouse ST,; (11), rat ST, (7), rat ST, (8), and bovine ST, (10).
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