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We have cloned and characterized cDNAs that en-
code two human hydroxysteroid sulfotransferase
(SULT) enzymes, SULT2B1a and SULT2B1b, as well as
the single gene that encodes both of these enzymes.
The two cDNAs differed at their 5'-termini and had
1050- and 1095-bp open reading frames that encoded
350 and 365 amino acids, respectively. The amino acid
sequences encoded by these cDNAs included “signa-
ture sequences” that are conserved in all known cyto-
solic SULTs. Both cDNAs appeared, on the basis of
amino acid sequence analysis, to be members of the
hydroxysteroid SULT “family,” SULT2, but they were
only 48% identical in amino acid sequence with the
single known member of that family in humans,
SULT2AL1 (also referred to as DHEA ST). Northern blot
analysis demonstrated the presence of SULT2B1
MRNA species approximately 1.4 kb in length in hu-
man placenta, prostate, and trachea and—faintly—in
small intestine and lung. Expression of the two human
SULT2B1 cDNAs in COS-1 cells showed that both of
the encoded proteins catalyzed sulfation of the proto-
typic hydroxysteroid SULT substrate, dehydroepi-
androsterone, but both failed to catalyze the sulfate
conjugation of 4-nitrophenol or 17g-estradiol, proto-
typic substrates for the phenol and estrogen SULT
subfamilies. Both of these cDNAs were encoded by a
single gene, SULT2B1. The locations of most exon-
intron splice junctions in SULT2B1 were identical to
those of the only other known human hydroxysteroid
SULT gene SULT2A1 (previously STD). The diver-
gence in 5'-terminal sequences of the two SULT2B1
cDNAs resulted from alternative transcription initia-
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tion prior to different 5’ exons, combined with alter-
native splicing. SULT2B1 mapped to human chromo-
some band 19913.3, approximately 500 kb telomeric to
the location of SULT2AL1.
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INTRODUCTION

Sulfate conjugation is an important reaction in the
biotransformation of steroid hormones, neurotransmit-
ters, drugs, and other xenobiotic compounds (Wein-
shilboum and Otterness, 1994; Falany, 1997). The cy-
tosolic sulfotransferase enzymes that catalyze these
reactions were previously referred to as “STs” (Wein-
shilboum and Otterness, 1994). However, a recent In-
ternational Sulfotransferase Nomenclature Workshop
suggested that the abbreviation “SULT” be used to
refer to these enzymes and their genes. At least seven
SULTSs are presently known to be expressed in human
tissues. Three are phenol SULTSs; one is an estrogen
SULT,; one, SULT1B1, is capable of catalyzing the sul-
fation of thyroid hormones; another, SULT1C1 may
represent an orthologue of a rat enzyme that can cat-
alyze the sulfation of N-hydroxy-2-acetylaminoflu-
orene; and the final currently known isoform in hu-
mans is a hydroxysteroid SULT, SULT2A1, referred to
previously as “DHEA ST” (Weinshilboum and Otter-
ness, 1994; Weinshilboum et al., 1997; Falany, 1997,
Her et al., 1997; Wang et al., 1998). cDNAs have been
cloned for all of these enzymes, and chromosomal lo-
calizations have been reported for six of their genes.
The three human phenol SULT genes have been
mapped to a gene cluster located between bands
16p12.1 and 16p11.2 on the short arm of chromosome
16 (Dooley et al., 1993; Aksoy et al., 1994a; Her et al.,
1996; Raftogianis et al., 1996), the SULT1C1 gene was
localized to chromosome 2q11.1-11.2 (Her et al., 1997),
the human estrogen SULT gene has been mapped to
chromosome band 4q13.1 (Her et al., 1995), and the
SULT2A1 gene (previously STD) was localized to chro-
mosome band 19q13.3 (Otterness et al., 1995a). All of
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TABLE 1
Human Cytosolic SULT Enzymes

(A) Human cytosolic SULT enzymes and genes

Original Original Proposed Gene
enzyme gene gene Chromosomal
nomenclature nomenclature nomenclature localization
TS PST1 STP1 SULTI1AI 16pl11.2-pl2.1
TS PST2 STP2 SULT1A2 16p11.2-p12.1
TL PST STM SULT1A3 16p11.2
ST1B2 — SULTI1B1 —
EST STE SULTIE1 4q13.1
SULT1C1 — SULTIC1 2q11.1—q11.2
DHEA ST STD SULT2A1 19q13.3
SULT2B1a —
SULT2B1b . SULT2B1 19q13.3

(B) Human SULT enzymes % amino acid sequence identity

1A1 —

1A2 95 —

1A3 93 90 —

1B1 54 54 53 —

1C1 52 53 52 53 —

1E1 51 51 50 56 48 —

2A1 37 38 38 39 36 37 —

2Bla 41 38 42 38 37 35 48

2B1b 39 37 40 38 37 35 48
\Y;\, \YCJ) '\;ib &N \Q\, ‘\g)\/ ‘7}}

Note. (A) Selected examples of the previous nomenclature for these
proteins, both the previous and a proposed gene nomenclature, and
chromosomal localizations of the genes when that information is
known. A comprehensive list of SULT nomenclatures can be found in
Weinshilboum et al., 1997. (B) Comparisons of the percentage amino
acid sequence identity of human SULTSs. These comparisons were
made with the Bestfit program (Devereux et al., 1984). Sources of
sequence data and chromosomal localizations included TS PST1 or
SULT1A1 (Wilborn et al., 1993; Dooley et al., 1993, 1994; Raftogianis
et al., 1996), TS PST2 or SULT1A2 (Ozawa et al., 1995; Her et al.,
1996), TL PST or SULT1A3 (Wood et al., 1994; Aksoy et al., 1994D),
SULT1B1 (Fujita et al., 1997; Wang et al., 1998), SULT1C1 (Her et
al., 1997), SULT1E1 (Aksoy et al., 1994a; Her et al., 1995), and
DHEA ST or SULT2A1 (Otterness et al., 1992, 1995b).

these enzymes as well as selected examples of their
previous trivial abbreviations, the recently proposed
SULT nomenclature, and the chromosomal locations of
their genes are listed in Table 1A.

In the present study, we report the identification of
two new human hydroxysteroid SULTs encoded by a
single gene, SULT2B1, which maps to the long arm of
human chromosome 19. On the basis of Northern blot
analysis, SULT2B1 was most highly expressed in the
human placenta, prostate, and trachea. Sulfate-conju-
gated hydroxysteroids are known to play an important
functional role during pregnancy in the human fetopla-
cental unit (Hobkirk, 1993), and the prostate is a ste-
roid-hormone-dependent organ (Sandberg, 1980). The
only other known human hydroxysteroid SULT—
SULT2A1 or DHEA ST (see Table 1)—is highly ex-
pressed in the liver, small intestine, and adrenal cor-
tex, but not in the placenta or prostate (Otterness et
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al., 1992; Comer et al.,, 1993; Otterness and Wein-
shilboum, 1994). The discovery of two novel human
hydroxysteroid SULTs that are expressed in the pla-
centa and prostate opens the way for studies of the
possible functional significance of hydroxysteroid sul-
fation in those organs.

MATERIALS AND METHODS

Human placental SULT2B1 cDNA cloning. SULT enzymes share
at least four areas of high amino acid sequence homology (Wein-
shilboum and Otterness, 1994; Marsolais and Varin, 1995; Wein-
shilboum et al., 1997). We took advantage of the existence of these
signature sequences to search for novel human cytosolic SULTS in
the expressed sequence tag database (Boguski and Schuler, 1995).
That search involved the highly conserved amino acid sequence motif
“RKGXXGDWKNXFT” (Weinshilboum and Otterness, 1994; Wein-
shilboum et al., 1997) in which “x” represented any amino acid. That
search resulted in the identification of an expressed sequence tag
(GenBank Accession R73584) located at the 3'-end of a clone isolated
from a human placental cDNA library by the IMAGE Consortium
(IMAGE clone ID 141495; Lennon et al., 1996). Unfortunately, the
American Type Culture Collection (ATCC) was unable to retrieve
this clone; so we used 5'- and 3'-rapid amplification of cDNA ends
(RACE) (Frohman et al., 1988) to obtain the 5'- and 3'-ends of the
cDNA with both human placental and prostate Marathon-Ready
cDNA as template (Clontech, Palo Alto, CA). The placental mMRNA
used to generate the Marathon-Ready cDNA had been isolated from
a 16-year-old Caucasian/Japanese woman, and the prostate mRNA
had been isolated from a “pool” obtained from 24 Caucasian subjects.

The antisense primers used to perform these initial 5'-RACE ex-
periments were R273 during the initial amplification and R203 dur-
ing the second, nested reaction. Both of these primers had been
designed on the basis of the sequence of IMAGE clone ID 141495
(expressed sequence tag R72969). Sequences of these and all other
primers used in the course of the experiments described subse-
quently are listed in Table 2. The 5'-RACE studies demonstrated the
presence of two different 5’ coding sequences, both of which shared a
common 3’-terminus, resulting in the identification of two cDNAs,
SULT2B1a and SULT2B1b. The sense primers used to perform the
3-RACE experiments were F839 during the initial amplification and
F917 during the second, nested reaction. Both F839 and F917 were
designed on the basis of the sequence of expressed sequence tag
R73584, the tag that included the signature sequence that initially
resulted in our selection of this clone for study. The “anchor” primers
used to perform the 5'- and 3'-RACE experiments were those pro-
vided by the manufacturer of the Marathon-Ready cDNA (Clontech).
The common central portion of the cDNA was amplified with the
same Marathon-Ready cDNA as template and with primers F442
and R797, primers designed on the basis of the nucleotide sequences
of expressed sequence tags R72969 and R73584, respectively. Con-
firmatory 5'- and 3'-RACE experiments were then performed with
cDNA that had been reverse transcribed from pooled human placen-
tal or pooled human prostate poly(A)" RNA (Clontech). First-strand
cDNA for those experiments was generated with Superscript Il re-
verse transcriptase (Gibco BRL, Gaithersburg, MD) and, for 5'-
RACE, primer R536, located within the “common” region of the open
reading frames (ORFs) of the two cDNAs. A poly(G) sequence was
added to these first-strand cDNAs with terminal transferase (Boehr-
inger Mannheim, Indianapolis, IN). The PCR for these 5'-RACE
experiments was performed with the poly(G) “tailed” cDNAs as tem-
plate and with primers R479 and d(C),s. Amplification products from
all RACE experiments were subcloned into pCR2.1 (Invitrogen, San
Diego, CA) prior to DNA sequencing. A total of 26 5'-RACE subclones
for placenta and 37 subclones for prostate were sequenced and ana-
lyzed. The two primers used to perform the 3'-RACE experiment
were F839 and F917. A total of 6 3’-RACE subclones were analyzed
for the placenta and 12 for the prostate.
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TABLE 2

Sequences of Primers Used either to Perform PCR Amplifications or as Probes for Southern Blot Analysis

Primer designation Primer location

Primer sequence

5'-RACE
R203 Exon 11
R273 Exon 11
R479 Exon 111
R536 Exon IV
3’-RACE
F839 Exon VI
F917 Exon VI
Central cDNA
F422 Exon 111
R797 Exon VI
Complete cDNA
BF(—121) Exon IB
AF(=79) Exon 1A
R1047 Exon VI
R1047L Exon VI
Chromosomal localization
IN1AF Intron |
R273 Exon 11
Southern analysis
BF(—144) Exon IB
AR(—95) Exon 1A
AF(—25) Exon IA
IN1AR Intron 1A
R203 Exon 11
R479 Exon 111
R536 Exon IV
R683 Exon V
F917 Exon VI
Intron length determination
BF(—144) Exon 1B
R52 Exon IA
[ AF(—29) Exon 1A
| R203 Exon 11
F221 Exon 11
L R479 Exon 111
[ Fa42 Exon 111
| R536 Exon IV
[ F520 Exon IV
| R683 Exon V
[ R664 Exon V
| R1047 Exon VI

TCCGGGATGGATCCCCTTCCTTCA
TCCGGGAGGCTGAAAGCACCCACAAT
CTTCGCCTTTGAGGAAGTCCCTCAGGAACT
CTTTGCCCTTCATCCGAAGCCAGCCCTTAA

ATGCCGACCTTCCCCTGGGATGAA
AAGCCCAGCCTTGAGCCCAACACC

ACCCGACCAGTTCCTGAGGGACTT
TCTGGGCCACCGTGAAGTGGTTCT

TGCCGCCTGCTCCCTGTTGGTCCTC
GTCCGAGTGTCGCCACCCTGAGAACTC
AGACAGAATCGACGTGTTTATTATGAG
AGACAGAATCGACGTGTTTATTATGAGGGTCGTGGGTG-
CGGGGTCTCACAGGCCTGGCCGGGGCTGGGGCTGGGGC

GCCCTCCCACACCCAATTAATCTG
TCCGGGAGGCTGAAAGCACCCACAAT

TCGCTGCGCACACCTGGCCTCTGT
CCTCCTCAGAGCCTCAGTCCCTCTTCTGTA
TGGCGTCTCCCCCACCTTTCCACAGCCAGAAGTT
TCGCCCAGGCTGGAGTGCAATGGCGCGATCTCGGCTCACT
TCCGGGATGGATCCCCTTCCTTCA
CTTCGCCTTTGAGGAAGTCCCTCAGGAACT
CTTTGCCCTTCATCCGAAGCCAGCCCTTAA
TGGCCTTCATGGCGCTGAAGGTTGAGTGTG
AAGCCCAGCCTTGAGCCCAACACC

TCGCTGCGCACACCTGGCCTCTGT
GACGGGGAAGGGGACGCCCTTGTA
CTCATGGCGTCTCCCCCACCTTTC
TCCGGGATGGATCCCCTTCCTTCA
TGGGAGCGGGCACCCTGGTGTGAG
CTTCGCCTTTGAGGAAGTCCCTCAGGAACT
ACCCGACCAGTTCCTGAGGGACTT
CTTTGCCCTTCATCCGAAGCCAGCCCTTAA
TCGGATGAAGGGCAAAGACAACTTCCTATT
TGGCCTTCATGGCGCTGAAGGTTGAGTGTG
CTTCAGCGCCATGAAGGCCAACACCATGTC
AGACAGAATCGACGTGTTTATTATGAG

Note. The numbering scheme for the primers is based on the cDNA sequence, in which +1 is the first nucleotide within exon IA that is
common to the sequences of the two SULT2B1 cDNAs (see Fig. 1). Nucleotides 5’ of this location have been assigned negative numbers, while
those located in the 3’ direction have been assigned positive numbers. Abbreviations: F, forward; R, reverse; IN, intron. Bracketed primer

pairs were used to determine intron lengths.

Each of the two different cDNAs identified by performing RACE
was amplified by performing the PCR with ExTag DNA polymerase
(PanVera, Madison, WI) and with 3’ primer R1047, located within
the 3’ untranslated region (3'-UTR) of both cDNAs, paired with two
different 5’ primers, AF(—79) and BF(—121) (Table 2). The tem-
plates used to perform these amplifications included Marathon-
Ready cDNA from both human placenta and prostate and first-
strand cDNA that had been reverse transcribed from both human
placental and prostate poly(A)* RNA (Clontech). Once again, two
different cDNA sequences were amplified that diverged in sequence
at exactly the point predicted by the 5-RACE experiments. The
cDNA with the shorter ORF will be referred to subsequently as
SULT2B1a, while that with the longer ORF will be referred to as
SULT2B1b (Fig. 1).

Northern blot analysis. Human Multiple Tissue Northern Blots
(Clontech) were used to perform Northern blot analyses. Each lane of

the Northern blots contained approximately 2 ug of poly(A)™ RNA.
The probes were the human SULT2B1a cDNA ORF that had been
radioactively labeled with [«-*?P]dCTP by random priming with the
Oligolabeling Kit (Pharmacia, Piscataway, NJ) and radioactively
labeled human 3-actin cDNA.

COS-1 cell expression. The ORFs of SULT2B1a and SULT2B1b
were PCR amplified with primer AF(—79), designed on the basis of
the 5’-UTR sequence of SULT2B1a, or primer BF(—121), designed on
the basis of the 5'-UTR sequence of SULT2B1b, both paired with
reverse primer R1047L (Table 2). The template was human placental
Marathon-Ready cDNA. ExTag DNA polymerase was used to per-
form these reactions. Both amplification products were ligated into
the eukaryotic expression vector pCR3.1 (Invitrogen), and the inserts
were sequenced completely on both strands to ensure that no variant
sequence had been introduced during the amplifications. These ex-
pression constructs were used to transfect COS-1 African green
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monkey SV-40-transformed kidney cells with the DEAE dextran
method as described elsewhere (Wood et al., 1996). Transfected cells
were harvested after 48 h in culture, and 100,000g cytosol prepara-
tions were prepared and stored at —80°C.

SULT and protein assays. SULT activities were assayed with the
method of Foldes and Meek (1973) as modified to measure activity
under optimal conditions for the prototypic substrates DHEA, 4-ni-
trophenol, 17R-estradiol, and dopamine (Campbell et al., 1987; Her-
nandez et al., 1992). This assay utilizes 0.4 uM [*°S]3’-phospho-
adenosine-5'-phosphosulfate (PAPS) as a sulfate donor. Blanks were
samples that did not contain a sulfate acceptor substrate. Protein
concentrations were measured by the dye-binding method of Brad-
ford (1976) with bovine serum albumin as a standard.

SULT2B1 gene cloning. The cloning of SULT2B1 began with a
determination of the chromosomal localization of the gene to make it
possible to screen a chromosome-specific genomic DNA library. As a
first step, partial sequence for one intron was determined by using
the anchored PCR technique “rapid amplification of genomic DNA
ends” (RAGE) (Mizobuchi and Frohman, 1993). Determination of
this partial intron sequence made it possible, as described subse-
quently, to use NIGMS Human/Rodent Hybrid Cell DNA Mapping
Panels 1 and 2 (Coriell Institute for Medical Research, Camden, NJ)
to determine that the gene was located on human chromosome 19.
The next step involved using the human SULT2B1a cDNA ORF as a
probe to screen—unsuccessfully—a human chromosome 19-specific
cosmid contig library (deJdong et al., 1989), followed by use of the
cDNA to screen a total human genomic DNA bacterial artificial
chromosome (BAC) library (Shizuya et al., 1992). The cDNA probe
had been radioactively labeled with [a-*2P]dCTP by random priming.
A single positive clone, BAC45957, was isolated from the BAC li-
brary, and the presence of SULT2B1 in this clone was confirmed by
performing the PCR with gene-specific primers IN1AF and R273.
The clone was then digested with a series of restriction enzymes, and
the restriction fragments were ligated to pBluescript (pBSK) DNA
that had been digested with the same restriction enzymes to create
a series of BAC45957 DNA RAGE panels. The PCR was then per-
formed either with pairs of cDNA-specific primers and with
BAC45957 DNA as template or with pairs of pBSK-specific and
cDNA-specific primers with BAC45957 RAGE panel DNA as tem-
plate to obtain intron, 5'-flanking region, or 3’-flanking region se-
quences.

The length of each intron, except that of intron 1A, was determined
by performing the long PCR with ExTaq DNA polymerase using
primer pairs located on contiguous exons (Table 2). Each of these
amplification products was sequenced to confirm exon—intron splice
junctions. Southern analysis of the BAC45957 clone was also per-
formed to confirm intron lengths. Specifically, 10 ng of BAC45957
DNA was digested with each of 13 restriction enzymes, followed by
electrophoresis on a 0.8% SeaKem Gold agarose gel (FMC BioProd-
ucts, Rockland, ME). After electrophoresis, DNA fragments were
transferred to a nylon membrane that was probed with radioactively
labeled oligonucleotide probes specific for each of the SULT2B1
exons (Table 2).

SULT2B1 chromosomal localization. The chromosomal localiza-
tion of SULT2B1 was initially determined by performing the PCR
with template DNA from NIGMS Human/Rodent Somatic Cell Hy-
brid Mapping Panels 1 and 2. Intron-based forward primer IN1AF
and exon-based reverse primer R273 were used to perform these
reactions. After this approach had localized the gene to chromosome
19, sublocalization was achieved by performing the PCR with the
same primers and with template DNA from a human chromosome 19
regional mapping panel (Bachinski et al., 1993). The sublocalization
of SULT2B1 was confirmed by performing FISH analysis of human
metaphase chromosomes with BAC45957 DNA as a probe (Tasken et
al., 1996). The sublocalization was also confirmed by use of the same
high-density arrayed human chromosome 19 cosmid contig library
that had originally been screened, unsuccessfully, with the
SULT2B1 cDNA probe. In this case, the library was screened with
probes generated from BAC45957 DNA by the use of long-range Alu
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PCR (Parrish et al., 1995). That approach resulted in the identifica-
tion of two positive nonoverlapping chromosome 19 clones, cosmid
1438 and 1229, that overlapped the BAC clone, information that
allowed BAC45957 to be localized within the chromosome 19 cosmid
contigs.

DNA sequencing and data analysis. DNA sequencing was per-
formed in the Mayo Clinic Molecular Biology Core Facility with
Applied Biosystems Model 373A and 377A sequencers (Perkin—
Elmer). Sequencing reactions were performed with the ABI Prism
Dye Terminator Cycle Sequencing Ready Reaction Kit using Ampli-
Taq FS DNA polymerase (Perkin—Elmer). The University of Wiscon-
sin Genetics Computer Group software package, versions 8.0 and 9.0
(Devereux et al., 1984), was used to analyze nucleotide and peptide
sequences, and the transcription factor database TFSITES, release
5.0 (Ghosh, 1990), was used to identify putative promoter or tran-
scription-modifying DNA sequence motifs. Apparent K, values for
transiently expressed proteins were determined by the method of
Wilkinson (1961) with a computer program written by Cleland
(1963).

RESULTS

SULT2B1 cDNA cloning. The human placental
SULT2B1 cDNA was identified by performing a search
of the expressed sequence tag database for possible
cytosolic SULT cDNAs. The first step involved a search
of the database for a highly conserved amino acid se-
quence motif, RKGxxGDWKNXxFT, which is present in
all known cytosolic SULTs (Weinshilboum and Otter-
ness, 1994; Weinshilboum et al., 1997). That search
resulted in the identification of an expressed sequence
tag that represented the 3'-terminus of a clone from a
human placental cDNA library (GenBank Accession
No. R73584, IMAGE clone ID 141495; Lennon et al.,
1996). As described subsequently, amino acid sequence
alignment analysis also showed that the 5’-end of that
clone (GenBank Accession No. R72969) encoded an
amino acid sequence motif that is highly conserved
among hydroxysteroid SULTs. Unfortunately, the
ATCC was unable to retrieve the clone that contained
these two tag sequences. Therefore, we used the an-
chored PCR technique RACE (Frohman et al., 1988)
with primers designed on the basis of the expressed tag
sequences (GenBank Accession Nos. R72969 and
R73584) and with human placental and prostate cDNA
(Clontech) as template to obtain the 5’- and 3’-ends of
what proved to be two cDNAs. Analysis of subcloned
3’-RACE amplification products resulted in the identi-
fication of 20 additional nucleotides that extended be-
yond the 3’-terminus of the expressed sequence tag
and ended in a poly(A)™ tract. A polyadenylation signal
(AATAAA) was located 18 nucleotides 5’ upstream of
the poly(A) tract (Fig. 1). The polyadenylation signal
overlapped the translation termination codon by 2 nu-
cleotides (Fig. 1). However, two different 5'-termini
were amplified by performing 5'-RACE with human
placental and prostate Marathon-Ready cDNAs as
template with primers designed on the basis of the 5’
expressed tag sequence. Specifically, a total of 26 5'-
RACE subclones were analyzed for the placenta and 37
for prostate. The longest of these two different groups
of 5'-RACE products were 423 and 408 bp in length,
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SULT2Bla CcT -201
SULT2B1lb CGGCTGGGTGCTGCCC
SULT2Bla CCCAAAGTGCTGGGATTACAGGAGTGTGCCACTGCGCCTGACCAGCTTTATAAAGTTTATAGGGACAGTGTCACCACTTTACAGAAGAGGGACTGAGGCT -101
SULT2Blb CTCCCCTTGGGCCGGGCACGGAGTAGGCACCTGGCGGGCTCCCCAGGTGGCAGACGC TGTCGCTGCGCACACCTGGCCTCTGTGCCGCCTGCTCCCTGTT
M A S P P P F H
SULT2Bla CTGAGGAGGAAGTTCCTTGCCAGGGTCCGAGTGTCGCCACCCTGAGAACTCCAGCACCCACCTCCCTACTCTCCCTCATGGCGTCTCCCCCACCTTTICCA -1
SULT2B1b GGTCCTCCCCTCCCCACCCTCACCCACCTGCCATGGACGGGCCCGCCGAGCCCCAGATCCCGGGCTTGTGGGACACCTATGAAGATGACATCTCGGAAAT
M D G P A E P QI PGLWDTYEUDTUDTISETI
SULT2Bla/b CAGCCAGAAGTTGCCAGGTGAATACTTCCGGTACAAGGGCGTCCCCTTCCCCGTCGGCCTGTACTCGCTCGAGAGCATCAGCTTGGCGGAGAACACCCAA 100
S Q KL PG EYVFRYKGV PF PV GL Y S E 8 I S L A E NT Q
SULT2Bla/b GATGTGCGGGACGACGACATCTTTATCATCACCTACCCCAAGTCAGGCACGACCTGGATGATCGAGATCATCTGCTTAATTC TGAAGGAAGGGGATCCAT 200
bv&eRDDDTIZ FITITYUPZ K S GTTWMTIET ITITGCTLTITULIEXKETGTDTP S
SULT2Bla/b CCTGGATCCGCTCCGTGCCCATCTGGGAGCGGGCACCCTGGTGTGAGACCATTGTGGGTGCCTTCAGCCTCCCGGACCAGTACAGCCCCCGCCTCATGAG 300
WI®RSV?PIWEIRAPWTCETTIVGATFSULUPDIOQY S PRTILMS
SULT2Bla/b CTCCCATCTTCCCATCCAGATCTTCACCAAGGCCTTCTTCAGCTCCAAGGCCAAGGTGATCTACATGGGCCGCAACCCCCGGGACGTTGTGGTCTCCCTC 400
S HL P I QTIVFTI KA ATFES S KAZXKV IY MG RNUPIRUDUVVV S L
SULT2Bla/b TATCATTACTCCAAGATCGCCGGGCAGTTAAAGGACCCGGGCACACCCGACCAGTTCCTGAGGGACTTCCTCAAAGGCGAAGTGCAGTTTGGCTCCTGGT 500
Y HY S K I AGQ L KDUPGTU®PUDSOGQT FULURUDTFTULI KTGEUVQFG S WTF
SULT2Bla/b TCGACCACATTAAGGGCTGGCTTCGGATGAAGGGCAAAGACAACTTCCTATTTATCACCTACGAGGAGCTGCAGCAGGACTTACAGGGCTCCGTGGAGCG 600
D HIXGWULIRMIEKGI KDNT FULVFTITY YZEETZLUGQI QDTILIQGSV ER
SULT2Bla/b CATCTGTGGGTTCCTGGGCCGTCCGCTGGGCAAGGAGGCACTGGGCTCCGTCGTGGCACACTCAACCTTCAGCGCCATGAAGGCCAACACCATGTCCAAC 700
I ¢ GG F L GRUPILGI KEALGSVVAHS STV FSAMIEKA ANTMSN
SULT2Bla/b TACACGCTGCTGCCTCCCAGCCTGCTGGACCACCGTCGCGEGGCCTTCCTCCGGARAGGGGTCTGCGGCGACTGGAAGAACCACTTCACGGTGGCCCAGA 800
Yy T L L PP S L LDUHI RI®RGATFTULIZ RIEKTGVYV C G D WIERKNIUHFTUVAIQ S
SULT2Bla/b GCGAAGCCTTCGATCGTGCCTACCGCAAGCAGATGCGGGGGATGCCGACCTTCCCCTGGGATGAAGACCCGGAGGAAGATGGCAGCCCAGATCCTGAGCC 900
E A F DR AYURI K QMR RGMEPTT FPWUDEUDU PETEUDTGSU?PDUFPE P
SULT2Bla/b CAGCCCTGAGCCTGAGCCCAAGCCCAGCCTTGAGCCCAACACCAGCCTGGAGCGTGAGCCCAGACCCAACTCCAGCCCCAGCCCCAGCCCCGGCCAGGCT 1000
S P EPE?PXK P SLEPNTSILET REUZPIRUPNZSSUPS P S P G Q A
SULT2Bla/b TCTGAGACCCCGCACCCACGACCCTCATAATAAACACGTCGATTCTGTCTCC (A)

S ET P H P R P 8§ *

FIG. 1. Nucleotide and encoded amino acid sequences of SULT2B1a and 2B1b cDNAs. Translation initiation and termination codons are
shown in bold. The numbering scheme for nucleotides begins with the first common nucleotide for the two cDNAs. The underlined amino acid
sequence is the SULT signature sequence that was used to screen the expressed sequence tag database. The double-underlined sequence is
a hydroxysteroid SULT signature sequence. The GenBank accession numbers for the SULT2B1a and 2B1b cDNA sequences are U92314 and

U92315, respectively.

respectively—although, obviously, the exact length of
the 5'-UTRs remains unclear. Analysis of the se-
quences of amplification products of each of the two
“types” observed showed that they both included an
identical 203-bp sequence at their 3’-ends that over-
lapped that of the tag sequence by 57 nucleotides.
However, the sequences of the two types of amplifica-
tion products differed 5’ of those 203 identical nucleo-
tides.

The next step involved an attempt to amplify com-
plete cDNAs with primers designed on the basis of the
two different 5'-terminal sequences, but using a com-
mon 3’ primer. Two separate cDNAs were amplified
that differed only in the nucleotide sequences present
at their 5’-ends—with sequence divergence at exactly
the point that the sequences of the 5’-RACE subclones
had diverged. The cDNA with the shorter ORF, the one
that we have designated SULT2B1a, was 1282 bp in
total length with a 179-bp 5'-UTR, while SULT2B1b
was 1297 bp in length with a 149-bp 5’-UTR (Fig. 1).
SULT2B1a and 2B1b had 1050- and 1095-bp ORFs
that encoded either 350 or 365 amino acids, respec-
tively. The GenBank accession numbers for the
SULT2B1a and 2B1b cDNAs are U92314 and U92315,
respectively. Although both SULT2B1a and 2B1b se-
quences were found to be expressed in both tissues
during the 5'-RACE studies, SULT2B1b was observed

more frequently than was the 2Bla sequence, with a
ratio of 21 to 5 in placenta and 32 to 5 in prostate for
the 2B1b and 2Bla sequences, respectively.
SULT2B1a and 2B1b appeared to be members of the
hydroxysteroid SULT family on the basis of amino acid
sequence analysis, with the highest sequence identity,
48%, to that of human SULT2A1 (DHEA ST, Table 1B)
when comparisons were made within comparable por-
tions of the encoded proteins. Furthermore, both of the
SULT2B1 cDNAs contained a sequence motif, FSSKA,
that is found only among members of the hydroxy-
steroid SULT family (Fig. 2, double underlined in Fig.
1). At that same location, there are also highly con-
served subfamily-specific amino acid sequence motifs,
LDQKV and WEKXC, in the phenol and estrogen
SULT subfamilies, respectively (Fig. 2). When the 2
SULT2B1 proteins were compared with the 10 other
currently known hydroxysteroid SULTS, 9 cloned from
nonhuman species (Fig. 2), they were longer at both the
N- and the C-termini than were any of those other
enzymes. Of particular interest was the fact that the
final 54 residues at the C-terminus of the proteins
encoded by SULT2B1 were proline-rich and contained
several “xP” tandem repeats, in which x could repre-
sent any amino acid (Fig. 1). The possible functional
significance of this repetitive amino acid sequence is
unknown. In summary, we cloned two separate
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SPECIES SEQUENCE AA LOCATION REFERENCE
[~ Human (2B1a) FSSKA 121-125 e
m Human (2B1b) FSSKA 136-140 -
H| Rat FSSKA 107-111 Chatterjee et al., 1987
a Human (2A1) FSSKA 110-114 Otterness et al., 1992
Q| Mouse FSSKA 110-114 Kong and Fei, 1994
I% Guinea Pig FSSKA 110-114 Lee et al., 1994
I‘B Monkey FSSKA 110-114 Ogura et al., 1996
; Mouse FSSKA 110-114 Kong et al., 1993
2| Rat FSSKA 109-113 Ogura et al., 1989
Q| Guinea Pig FSSKA 110-114 Luu et al., 1995
| Rat FSSKA 109-113 Ogura et al., 1990
L Rat FSSKA 110-115 Watabe et al., 1994
Phenol SULTs LDQKV e e
Estrogen SULTs WEKxC = = = =eeem commeeeees

FIG. 2.

Hydroxysteroid SULT “subfamily-specific” amino acid signature sequences. The species from which each hydroxysteroid SULT

was cloned is listed. The numbers refer to amino acid positions within each of the SULTSs listed. Subfamily-specific sequences for phenol and
estrogen SULTSs at comparable locations within their respective proteins are also shown.

SULT2B1 cDNAs, which differed at their 5'-termini,
including a portion of the ORF. Possible explanations
for these observations would involve alternative sites
of transcription initiation, alternative splicing, or a
combination of the two. To evaluate those possibilities,
it was necessary to clone and characterize structurally
the SULT2B1 gene. However, before doing that, we
performed Northern blots to determine the tissues in
which these cDNAs were expressed, as well as tran-
sient expression experiments to help characterize the
enzymes encoded by the cDNAs.

Northern blot analyses. Northern blot analysis was
performed with 23 different human tissue prepara-
tions (Fig. 3). Human Multiple Tissue Northern blots
(Clontech) were probed with the human SULT2Bla
cDNA ORF. This probe would hybridize to both
SULT2B1a and SULT2B1b mRNA. The major tran-
script detected was approximately 1.4 kb in length and
was present in human placenta, prostate, and trachea,
with a fainter signal also detected in the small intes-
tine and lung (Fig. 3). Virtually identical results were
obtained when the Northern analysis was repeated
with a separate set of Multiple Tissue Northern blots.
The only other known human hydroxysteroid SULT,
SULT2A1 (DHEA ST), is highly expressed, on the basis
of Northern blot analysis or Western blot analysis in
the liver, intestine, and adrenal cortex, but not in the
placenta, prostate, or trachea (Comer and Falany,
1992; Comer et al., 1993; Otterness and Weinshilboum,
1994; Otterness et al., 1995b).

COS-1 cell expression. SULT2Bla and SULT2B1b
cDNA ORFs were subcloned into the eukaryotic ex-
pression vector pCR3.1, and COS-1 cells were trans-
fected with both expression constructs. Cytosol prepa-
rations from the transfected cells were then used to

study the substrate specificities of each expressed pro-
tein. Specifically, SULT enzyme activities were tested
with DHEA, 4-nitrophenol, dopamine, and 17R-estra-
diol—prototypic substrates for human hydroxysteroid
SULTSs, phenol SULTs, and estrogen SULTs (Wein-
shilboum and Otterness, 1994). Because these en-
zymes display profound substrate inhibition (Wein-
shilboum and Otterness, 1994), all experiments were
performed in two stages. During the first stage, six
substrate concentrations that varied over four orders of
magnitude, from 10~ " to 5 X 103 M, were studied. If
activity was detected, a narrower range of concentra-
tions was studied to determine apparent K,, values.
The proteins encoded by the SULT2Bla and 2Blb
cDNAs were capable of catalyzing the sulfation of the
hydroxysteroid DHEA, with apparent K, values of 8.8
and 11.6 uM, respectively. Double inverse plots of the
data used to calculate these K,,, values are shown in
Fig. 4A. Apparent K,,, values of the proteins encoded by
SULT2B1a and 2B1b for PAPS, the “sulfate donor”
cosubstrate for the reaction, were 0.033 and 0.056 uM,
respectively. Double inverse plots of the data used to
calculate these values are shown in Fig. 4B. However,
neither protein catalyzed the sulfation of 4-nitrophe-
nol, dopamine, or 178-estradiol, even though six differ-
ent concentrations of each compound that extended
over four orders of magnitude were tested. Thus, bio-
chemical studies of the proteins encoded by these
cDNAs after transient expression as well as amino acid
sequence analysis were compatible with the conclusion
that SULT2B1a and 2B1b encoded members of the
hydroxysteroid SULT family, SULT2.

SULT2B1 gene cloning. The fact that the two
SULT2B1 cDNAs differed at only their 5'-termini
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FIG. 3. Northern blot analysis of human tissues. Each lane contained approximately 2 ug of poly(A)" RNA (Clontech). (A) SULT2B1
Northern blot analysis performed with SULT2B1a cDNA as a probe. (B) The same blots were probed with human B-actin cDNA.

made it most likely that they were encoded by a single
gene. To determine whether that was the case, we
cloned the gene for SULT2B1. The first step involved
the identification of partial intron sequence by use of
the anchored PCR technique RAGE (Mizobuchi and
Frohman, 1993). That partial intron sequence was
then used to design primers to perform the PCR with
human/rodent hybrid cell DNA mapping panels that
localized the gene to chromosome 19. We then
screened, without success, a human chromosome 19-
specific cosmid contig library (deJong et al., 1989).
However, we were successful in isolating a BAC clone,

BAC45957, from a total genomic DNA library (Shizuya
et al., 1992) with SULT2B1a cDNA as a probe.

The next step involved digestion of BAC45957 DNA
with 13 different restriction enzymes and use of this
DNA to create a series of RAGE panels after ligation to
pBSK DNA as an anchor. The PCR was then performed
with either BAC45957 DNA or BAC45957 RAGE panel
DNA as template to obtain intron, 5’-flanking region,
or 3’'-flanking region sequences for the gene. Analysis
of these data showed that SULT2B1 encoded both
SULT2B1a and 2B1b cDNAs (Fig. 5). The SULT2B1a
cDNA was encoded by exons IA to VI. Exon IA con-

L 7.0 (A) 4.0+ (B)
o
=
S
- 3.5 2.0
S=
= /
= %4 ®SULT2B1a
é’
(D) 4 - O SULT2B1b
5 2" PRl
~— U 1 1 I 1 T 1
-0.2 (1] 0.2 04 -40 -20 0 20 40
1/[DHEA], uM-1 1/[PAPS], uM-1

FIG. 4. Recombinant human SULT2B1 substrate kinetics in COS-1 cells. Double inverse plots of the relationship between enzyme
activity and substrate concentration for recombinant SULT2B1a and SULT2B1b with (A) DHEA as the varied substrate or with (B) PAPS
as the varied substrate with DHEA as the sulfate acceptor substrate. Each point represents the average of three determinations.
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AIG
SULT2B1a mRNA
Exons
SULT2B1 (bp)

Introns
(kb)

SULT2B1b mRNA

ATG

FIG. 5. Human SULT2B1 gene structure as well as structures of the two mRNAs encoded by this gene. Black and cross-hatched
rectangles represent portions of exons that encode mMRNA ORF sequences. Open rectangles represent 5'- and 3'-UTR sequences. Exon lengths
in bp and intron lengths in kb are also indicated. The GenBank accession numbers for the SULT2B1 gene are U92316 through U92322,

respectively.

tained 179 nucleotides of 5'-UTR and the first 169 bp of
the coding sequence of SULT2Bla (Fig. 5). The
SULT2B1b cDNA was encoded by SULT2B1 exon IB,
the final 143 nucleotides of exon IA plus exons 11 to VI
(Fig. 5). Exon IB contained the entire 5’-UTR and the
first 71 bp of the SULT2B1b ORF. No TATA box se-
quence was located near either site of transcription
initiation. A canonical TATA box has been identified in
only one human SULT gene, SULT1E1 (Her et al.,
1995). However, an “initiator” sequence, PyPyCAPyPYy-
PyPyPy (Smale and Baltimore, 1989), was located at
the 5'-terminus of the longest SULT2Bla 5'-RACE
product. Approximate lengths of SULT2B1 introns
were determined by performing Southern analysis of
BAC45957 and were confirmed by performing the PCR
with primers designed on the basis of the sequences of
adjacent exons (Fig. 5). This PCR-based approach was
successful for all introns except IA, which, on the basis
of the Southern analysis, was at least 20 kb in length.
All SULT2B1 exon—intron splice junction sequences,
including that located “within” exon 1A, conformed to
the GT-AG rule (Mount, 1982). Finally, after the exon—
intron structure of the gene had been defined, intron-
specific and gene-flanking sequence-specific primers
were used to amplify each of the seven SULT2B1
exons shown in Fig. 5 with BAC45957 DNA as tem-
plate. Sequences of the exons amplified from the BAC
DNA could then be compared with those of the
SULT2B1 cDNAs that had been amplified with human
placental and prostate cDNA as template. The
SULT2B1 gene sequence has been submitted to Gen-
Bank under Accession Nos. U92316, U92317, U92318,
U92319, U92320, U92321, and U92322.

The human SULT2B1 gene showed a high degree of
structural homology with other human SULT genes
(Fig. 6), particularly with the human SULT2A1 gene
(previously STD, see Table 1)—the only other hydroxy-

steroid SULT currently known to be expressed in hu-
man tissue. The locations of most exon—intron splice
junctions as well as the lengths of internal coding ex-
ons for SULT2B1 were identical to those for SULT2A1
(Otterness et al., 1995b). SULT2B1, like SULT2A1,
contained a 209-bp exon 11, a structural feature found,
thus far, only in genes for members of the hydroxy-
steroid SULT family (Fig. 6) (Weinshilboum et al.,
1997). Finally, there was striking identity among
amino acids encoded by SULT2B1 and SULT2A1
codons that were interrupted by splice junctions (data
not shown). Since the gene for SULT2A1 had been
localized to human chromosome band 19q13.3 (Otter-
ness et al., 1995a), and since we had also mapped
SULT2B1 to chromosome 19, the next step in our
analysis involved an attempt to determine the sublo-
calization of SULT2B1 on chromosome 19.

SULT2B1 chromosomal localization. SULT2B1
was initially mapped to human chromosome 19 by per-
forming the PCR with DNA from NIGMS Human/
Rodent Somatic Cell Hybrid DNA Mapping Panels 1
and 2. When the PCR was performed with primers
IN1AF and R273, an amplification product of the an-
ticipated length, 171 bp, was obtained with Panel 1
DNA from hybrid cell lines GM/NA09925, GM/
NA09926, GM/NA09927, GM/NA09928, GM/NA09933,
and GM/NA09936, as well as with DNA from the pa-
rental human cell line NAIMR91. Those results were
compatible with a chromosome 19 localization, with
concordance and discordance percentages for that chro-
mosome of 83 and 17%, respectively. PCR data ob-
tained with Mapping Panel 2 DNA confirmed that
SULT2B1 was located on human chromosome 19.

The mapping of SULT2B1 was completed by the use
of a series of complementary techniques. As a first step,
the same pair of primers used in the experiments per-
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FIG. 6. Human SULT gene structures. Black and cross-hatched rectangles represent portions of exons that encode mRNA ORF
sequences. Open rectangles represent 5'- and 3’-UTR sequences. These gene structures were reported by Otterness et al. (1995b) for
SULT2A1, Raftogianis et al. (1996) for SULT1A1, Her et al. (1996) for SULT1A2, Aksoy and Weinshilboum (1995) for SULT1A3, and Her

et al. (1995) for SULT1EL.

formed with the NIGMS mapping panels was used to
perform the PCR with DNA from a human chromosome
19/hamster somatic cell hybrid regional mapping panel
(Bachinski et al., 1993; Tasken et al., 1996). That anal-
ysis made it possible to assign the gene to a region on
the terminal portion of the long arm of chromosome 19

between band 19q13.3 and 19qter (Fig. 7, right). In
parallel studies, fluorescence in situ hybridization
(FISH) was performed with human metaphase chro-
mosomes and with BAC45957 DNA as a probe. The
FISH analysis mapped SULT2B1 to 19q13.3 (Fig. 7,
left), the same region of the chromosome that con-

FISH
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Cosmid Contig

Cell Lines:

SULT2B1
PCR
by T
T & 2o ]
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FIG. 7. SULT2B1 localization on human chromosome 19. The right depicts schematically results of the PCR-based hybrid cell DNA
panel mapping of SULT2B1 to 19g13.3—qter and the left, the fluorescence in situ hybridization mapping of SULT2B1 to band 19913.3. The
arrayed human chromosome 19 cosmid contig-based sublocalization of SULT2B1 is also indicated on the left.
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tained the gene for SULT2A1 (STD), the other known
human hydroxysteroid SULT (Otterness et al., 1995a).
Specifically, FISH analysis showed that both chroma-
tids of all 20 chromosomes analyzed hybridized to the
biotinylated probe at band 19q13.3. Finally, use of the
same high-density arrayed human chromosome 19 cos-
mid contig library that we had originally screened
without success made it possible to determine the rel-
ative locations of SULT2B1 and SULT2A1 on chromo-
some 19. When this library was screened with probes
generated from BAC45957 DNA by the use of long-
range Alu PCR (Parrish et al., 1995), multiple clones in
contigs represented by cosmids 18567 and 29764 were
identified. Since the locations of those cosmid clones
were known (Gordon et al., 1995), it was possible to
map SULT2B1 to a position approximately 500 kb
telomeric to that of SULT2AL1. These observations
made it possible to identify and close a “hole” in the
cosmid contig library. In summary, three different
complementary approaches all indicated that SULT2B1
mapped to the long arm of chromosome 19 within band
19g13.3.

DISCUSSION

We have cloned and characterized cDNAs for two
novel human hydroxysteroid SULTs, SULT2B1a and
SULT2B1b. These two cDNAs differed only at their
5'-termini. That observation also led us to clone the
SULT2B1 gene, a gene that mapped to human chro-
mosome band 19¢g13.3 in a location telomeric to that of
the gene for SULT2AL, the only other known human
hydroxysteroid SULT (Otterness et al., 1995a). Se-
quence and structural characterization of SULT2B1
demonstrated that it encoded both of the SULT2B1
cDNAs. The two different 5'-terminal sequences for
these cDNAs were encoded by different 5’ exons, pre-
sumably as a result of a combination of the initiation of
transcription at alternative locations plus alternative
splicing (Fig. 5). Alternative sites of transcription ini-
tiation have also been described for the three human
phenol SULT genes that are located in a cluster on the
short arm of chromosome 16 (Aksoy and Wein-
shilboum, 1995; Her et al., 1996; Raftogianis et al.,
1996; Weinshilboum et al., 1997). Amino acid sequence
alignment performed with all currently known cytoso-
lic SULTs indicated that these two new cDNAs ap-
peared to be members of the hydroxysteroid SULT
family. That conclusion was supported both on the
basis of the gene structure (Fig. 7) and by functional
characterization of the proteins encoded by the cDNAs
(Fig. 4). Northern blot analysis demonstrated that
these cDNAs were most highly expressed in the pla-
centa and prostate (Fig. 3), organs in which steroid
hormones play important biological roles.

SULT2A1 (DHEA ST) was the only hydroxysteroid
SULT previously known to be expressed in human
tissues (Otterness et al., 1992; Comer et al., 1993; Ot-
terness and Weinshilboum, 1994). Although the pro-
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teins encoded by the two SULT2B1 cDNAs are 48%
identical in amino acid sequence with that of human
SULT2A1, and even though both recombinant
SULT2B1s have apparent K,, values for DHEA com-
parable to that of SULT2A1 (Wood et al., 1996), there
are significant differences between these enzymes.
SULT2A1 is highly expressed in the human adrenal
cortex, liver, and small intestine, but not in the pla-
centa and prostate, where SULT2B1 is expressed
(Comer and Falany, 1992; Comer et al., 1993; Otter-
ness and Weinshilboum, 1994; Otterness et al., 1995b).
The expression of an enzyme capable of catalyzing the
sulfate conjugation of hydroxysteroids in steroid-hor-
mone-dependent organs such as the placenta and pros-
tate raises the possibility of a functional role in the
fetoplacental unit during pregnancy or in the patho-
physiology of diseases such as carcinoma of the pros-
tate. That possibility can now be studied systemati-
cally. The two SULT2BL1 proteins also contain amino
acid sequences at both their N- and C-termini that are
not found in any other known hydroxysteroid SULT,
with very high proline content at the C-terminus (Fig.
1). Most other proline-rich proteins that have been
described in mammalian tissues either have a struc-
tural role or are thought to perform a “binding” func-
tion (Williamson, 1994). Obviously, the possible func-
tional implications of the additional amino acid
sequence at the N- and C-terminii of SULT2B1 will
have to be explored in future studies.

In summary, we have cloned and characterized two
new human hydroxysteroid SULT cDNAs. Northern
blot analysis indicated that the single gene encoding
these cDNAs is expressed primarily in placenta, pros-
tate, and trachea of the adult tissues studied (Fig. 3).
We have also determined the structure of the gene that
encodes these two enzymes and have mapped that gene
to the long arm of chromosome 19, near the location of
the gene for the only other hydroxysteroid SULT
known to be expressed in human tissues. It will now be
possible to study the function of SULT2Bla and
SULT2B1b to determine their possible role in the reg-
ulation of steroid hormone function in the human pla-
centa and prostate.

ACKNOWLEDGMENTS

We thank Dr. Rebecca B. Raftogianis for her advice and Luanne
Waussow for her assistance with the preparation of the manuscript.
This study was supported in part by NIH Grants RO1 GM28157
(R.M.W.) and RO1 GM35720 (R.M.W.) and by a supplement to RO1
GM35720 supported by the Office of Research on Women’s Health
(R.M.W.). Work performed by the Lawrence Livermore National
Laboratory was conducted under the auspices of United States De-
partment of Energy Contract W-7405-Eng-48 (H.W.M.).

REFERENCES

Aksoy, I. A., and Weinshilboum, R. M. (1995). Human thermolabile
phenol sulfotransferase gene (STM): Molecular cloning and struc-
tural characterization. Biochem. Biophys. Res. Commun. 208:
786-795.



294

Aksoy, I. A., Callen, D. F., Apostolou, S., Her, C., and Weinshilboum,
R. M. (1994a). Thermolabile phenol sulfotransferase (STM): Local-
ization to human chromosome 16p11.2. Genomics 23: 275-277.

Aksoy, I. A., Wood, T. C., and Weinshilboum, R. M. (1994b). Human
liver estrogen sulfotransferase: cDNA cloning, expression, and bio-
chemical characterization. Biochem. Biophys. Res. Commun. 200:
1621-1629.

Bachinski, L. L., Krahe, R., White, B. F., Wieringa, B., Shaw, D.,
Korneluk, R., Thompson, L. H., Johnson, K., and Siciliano, M. J.
(1993). An informative panel of somatic cell hybrids for physical
mapping of human chromosome 19g. Am. J. Hum. Genet. 52:
375-387.

Boguski, M. S., and Schuler, G. D. (1995). ESTablishing a human
transcript map. Nat. Genet. 10: 369-371.

Bradford, M. M. (1976). A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 72: 248—-254.

Campbell, N. R. C., Van Loon, J. A., and Weinshilboum, R. M. (1987).
Human liver phenol sulfotransferase: Assay conditions, biochem-
ical properties and partial purification of isozymes of the thermo-
stable form. Biochem. Pharmacol. 36: 1435-1446.

Chatterjee, B., Majumdar, D., Ozbilen, O., Murty, C. V. R., and Roy,
A. K. (1987). Molecular cloning and characterization of cDNA for
androgen-repressible rat liver protein, SMP-2. J. Biol. Chem. 262:
822-825.

Cleland, W. W. (1963). Computer programmes for processing enzyme
kinetic data. Nature (London) 198: 463—-465.

Comer, K. A, and Falany, C. N. (1992). Immunological characteriza-
tion of dehydroepiandrosterone sulfotransferase from human liver
and adrenal. Mol. Pharmacol. 41: 645-651.

Comer, K. A., Falany, J. L., and Falany, C. N. (1993). Cloning and
expression of human liver dehydroepiandrosterone sulfotrans-
ferase. Biochem. J. 289: 233-240.

deJong, P. J., Yokabata, K., Chen, C., Lohman, F., Pederson, L.,
McNinch, J., and Dilla, M. (1989). Human chromosome-specific
partial digest libraries in lambda and cosmid vectors. Cytogenet.
Cell Genet. 51: 985.

Devereux, J., Haeberli, P., and Smithies, O. (1984). A comprehensive
set of sequence analysis programs for the VAX. Nucleic Acids Res.
12: 387-395.

Dooley, T. P., Obermoeller, R. D., Leiter, E. H., Chapman, H. D.,
Falany, C. N., Deng, Z., and Siciliano, M. J. (1993). Mapping of the
phenol sulfotransferase gene (STP) to human chromosome
16p12.1-p11.2 and to mouse chromosome 7. Genomics 18: 440—
443.

Dooley, T. P., Probst, P., Monroe, P. B., Mole, S. E., Liu, Z., and
Doggett, N. A. (1994). Genetic organization and DNA sequence of
the human catecholamine-sulfating phenol sulfotransferase gene
(STM). Biochem. Biophys. Res. Commun. 205: 1325-1332.

Falany, C. N. (1997). Enzymology of human cytosolic sulfotrans-
ferases. FASEB J. 11: 206-216.

Foldes, A., and Meek, J. L. (1973). Rat brain phenolsulfotrans-
ferase—Partial purification and some properties. Biochim. Bio-
phys. Acta 327: 365-374.

Frohman, M. A., Dush, M. K., and Martin, G. R. (1988). Rapid
production of full-length cDNAs from rare transcripts: Amplifica-
tion using single gene-specific oligonucleotide primers. Proc. Natl.
Acad. Sci. USA 85: 8998-9002.

Fujita, K., Nagata, K., Ozawa, S., Sasano, H., and Yamazoe, Y.
(1997). Molecular cloning and characterization of rat ST1B1 and
human ST1B2 cDNAs, encoding thyroid hormone sulfotrans-
ferases. J. Biochem. 122: 1052-1061.

Ghosh, D. (1990). A relational database of transcription factors.
Nucleic Acids Res. 18: 1749-1756.

Gordon, L. A, Bergmann, A., Christensen, M., Danaganan, L., Lee,
D. A,, Ashworth, L. K., Nelson, D. O., Olsen, A. S., Mohrenweiser,
H. W., Carrano, A. V., and Brandriff, B. F. (1995). A 30-Mb metric

HER ET AL.

fluorescence in situ hybridization map of human chromosome 19q.
Genomics 30: 187-192.

Her, C., Aksoy, I. A,, Kimura, S., Brandriff, B. F., Wasmuth, J. J,,
and Weinshilboum, R. M. (1995). Human estrogen sulfotrans-
ferase gene (STE): Cloning, structure, and chromosomal localiza-
tion. Genomics 29: 16-23.

Her, C., Raftogianis, R., and Weinshilboum, R. M. (1996). Human
phenol sulfotransferase STP2 gene: Molecular cloning, structural
characterization, and chromosomal localization. Genomics 33:
409-420.

Her, C., Kaur, G. P., Athwal, R. S., and Weinshilboum, R. M. (1997).
Human sulfotransferase SULT1C1: cDNA cloning, tissue-specific
expression, and chromosomal localization. Genomics 41: 467—-470.

Hernéndez, J. S., Watson, R. W. G., Wood, T. C., and Weinshilboum,
R. M. (1992). Sulfation of estrone and 17B-estradiol in human
liver: Catalysis by thermostable phenol sulfotransferase and by
dehydroepiandrosterone sulfotransferase. Drug Metab. Dispos. 20:
413-422.

Hobkirk, R. (1993). Steroid sulfation. Trends Endocrinol. Metab. 4:
69-74.

Kong, A.-N. T., Tao, D., Ma, M., and Yang, L. (1993). Molecular
cloning of the alcohol/hydroxysteroid form (mST,,) of sulfotrans-
ferase from mouse liver. Pharm. Res. 10: 627—-630.

Kong, A.-N. T., and Fei, P. (1994). Molecular cloning of three sulfo-
transferase cDNAs from mouse liver. Chem. Biol. Interact. 92:
161-168.

Lee, Y. C., Park, C.-S., and Strott, C. A. (1994). Molecular cloning of
a chiral-specific 3a-hydroxysteroid sulfotransferase. J. Biol. Chem.
269: 15838-15845.

Lennon, G., Auffray, C., Polymeropoulos, M., and Soares, M. B.
(1996). The I.M.A.G.E. Consortium: An integrated molecular anal-
ysis of genomes and their expression. Genomics 33: 151-152.

Luu, N. X., Driscoll, W. J., Martin, B. M., and Strott, C. A. (1995).
Molecular cloning and expression of a guinea pig 3-hydroxysteroid
sulfotransferase distinct from chiral-specific 3a-hydroxysteroid
sulfotransferase. Biochem. Biophys. Res. Commun. 217: 1078—
1086.

Marsolais, F., and Varin, L. (1995). Identification of amino acid
residues critical to catalysis and cosubstrate binding in the flavo-
nol 3-sulfotransferase. J. Biol. Chem. 270: 30458—-30463.

Mizobuchi, M., and Frohman, L. A. (1993). Rapid amplification of
genomic DNA ends. BioTechniques 15: 215-216.

Mount, S. M. (1982). A catalogue of splice junction sequences. Nu-
cleic Acids Res. 10: 459—-472.

Ogura, K., Kajita, J., Narihata, H., Watabe, T., Ozawa, S., Nagata,
K., Yamazoe, Y., and Kato, R. (1989). Cloning and sequence anal-
ysis of a rat liver cDNA encoding hydroxysteroid sulfotransferase.
Biochem. Biophys. Res. Commun. 165: 168-174.

Ogura, K., Kajita, J., Narihata, H., Watabe, T., Ozawa, S., Nagata,
K., Yamazoe, Y., and Kato, R. (1990). cDNA cloning of the hydroxy-
steroid sulfotransferase STa sharing a strong homology in amino
acid sequence with the senescence marker protein SMP-2 in rat
livers. Biochem. Biophys. Res. Commun. 166: 1494 -1500.

Ogura, K., Satsukawa, M., Kato, K., Okuda, H., and Watabe, T.
(1996). Molecular cloning of monkey liver hydroxysteroid sulfo-
transferase. Unpublished. GenBank Accession No. D85521.

Otterness, D. M., Wieben, E. D., Wood, T. C., Watson, R. W. G.,
Madden, B. J., McCormick, D. J., and Weinshilboum, R. M. (1992).
Human liver dehydroepiandrosterone sulfotransferase: Molecular
cloning and expression of cDNA. Mol. Pharmacol. 41: 865—-872.

Otterness, D. M., and Weinshilboum, R. (1994). Human dehydroepi-
androsterone sulfotransferase: Molecular cloning of cDNA and
genomic DNA. Chem. Biol. Interact. 92: 145-159.

Otterness, D. M., Mohrenweiser, H. W., Brandriff, B. F., and Wein-
shilboum, R. M. (1995a). Dehydroepiandrosterone sulfotransferase
gene (STD): Localization to human chromosome 19q13.3. Cyto-
genet. Cell Genet. 70: 45-47.



HUMAN SULT2B1

Otterness, D. M., Her, C., Aksoy, S., Kimura, S., Wieben, E. D., and
Weinshilboum, R. M. (1995b). Human dehydroepiandrosterone
sulfotransferase gene: Molecular cloning and structural character-
ization. DNA Cell Biol. 14: 331-341.

Ozawa, S. H., Nagata, K., Shimada, M., Ueda, M., Tsuzuki, T.,
Yamazoe, Y., and Kato, R. (1995). Primary structures and proper-
ties of two related forms of aryl sulfotransferase in human liver.
Pharmacogenetics 5: S135-S140.

Parrish, J. E., Eichler, E. E., Shofield, T., Chinault, A., Graves, M.,
Arensen, A., Lee, C. C., and Nelson, D. L. (1995). Cosmid binning
and cDNA identification. Am. J. Hum. Genet. 57: A267.

Raftogianis, R., Her, C., and Weinshilboum, R. M. (1996). Human
phenol sulfotransferase pharmacogenetics: STP1 gene cloning and
structural characterization. Pharmacogenetics 6: 473-487.

Sandberg, A. A. (1980). Endocrine control and physiology of the
prostate. Prostate 1: 69-184.

Shizuya, H., Birren, B., Kim, U.-J., Mancino, V., Slepak, T., Tachiiri,
Y., and Simon, M. I. (1992). A bacterial cloning system for cloning
large human DNA fragments. Proc. Natl. Acad. Sci. USA 89:
8794-8797.

Smale, S. T., and Baltimore, D. (1989). The “initiator” as a transcrip-
tion control element. Cell 57: 103-113.

Tasken, K., Solberg, R., Zhao, Y., Hansson, V., Jahnsen, T., and
Siciliano, M. J. (1996). The gene encoding the catalytic subunit Ca
of cAMP-dependent protein kinase (locus PRKACA) localizes to
human chromosome region 19p13.1. Genomics 36: 535-538.

Wang, J., Falany, J. L., and Falany, C. N. (1998). Expression and
characterization of a novel thyroid hormone-sulfating form of cy-
tosolic sulfotransferase from human liver. Mol. Pharmacol. 53:
274-282.

cDNA AND GENE 295

Watabe, T., Ogura, K., Satsukawa, M., Okuda, H., and Hiratsuka, A.
(1994). Molecular cloning and functions of rat liver hydroxysteroid
sulfotransferases catalysing covalent binding of carcinogenic poly-
cyclic arylmethanols in DNA. Chem. Biol. Interact. 92: 87-105.

Weinshilboum, R. M., and Otterness, D. M. (1994). Sulfotransferase
enzymes. In “Conjugation—Deconjugation Reactions in Drug Me-
tabolism and Toxicity,” (F. C. Kauffman, Ed.), “Handbook of
Experimental Pharmacology,” Vol. 112, Chap. 22, pp. 45-78,
Springer-Verlag, Berlin/Heidelberg.

Weinshilboum, R. M., Otterness, D. M., Aksoy, I. A., Wood, T. C.,
Her, C., and Raftogianis, R. B. (1997). Sulfotransferase molecular
biology: cDNAs and genes. FASEB J. 11: 3-14.

Wilborn, T. W., Comer, K. A., Dooley, T. P., Reardon, I. M., Heinrik-
son, R. L., and Falany, C. N. (1993). Sequence analysis and ex-
pression of the cDNA for the phenol sulfating form of human liver
phenol sulfotransferase. Mol. Pharmacol. 43: 70-77.

Williamson, M. P. (1994). The structure and function of proline-rich
regions in proteins. Biochem. J. 297: 249-260.

Wilkinson, G. N. (1961). Statistical estimations in enzyme kinetics.
Biochem. J. 80: 324-332.

Wood, T. C., Aksoy, I. A., Aksoy, S., and Weinshilboum, R. M. (1994).
Human liver thermolabile phenol sulfotransferase: cDNA cloning,
expression and characterization. Biochem. Biophys. Res. Commun.
198: 1119-1127.

Wood, T. C., Her, C., Aksoy, I. A., Otterness, D. M., and Wein-
shilboum, R. M. (1996). Human dehydroepiandrosterone sulfo-
transferase pharmacogenetics: Quantitative Western analysis
and gene sequence polymorphisms. J. Steroid Biochem. Mol.
Biol. 59: 467—-478.



