dJ. Biochem. 123, 479-486 (1998)

Molecular Cloning and Expression of an Amine Sulfotransferase
cDNA: A New Gene Family of Cytosolic Sulfotransferases in
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A c¢DNA of amine sulfotransferase-RB1 (AST-RB1), which efficiently catalyzes 4-phenyl-
1,2,3,6-tetrahydropyridine (PTHP) sulfation, has been isolated by immunoscreening of a
rabbit liver cDNA library. The cDNA consisted of 1,117 base pairs and encoded a protein of
301 amino acids with a molecular weight of 35,876. The deduced amino acid sequence
matched at six positions those of peptide fragments obtained from purified AST-RB1
protein. The sequence had less than 38% identity at the amino acid level with cytosolic
sulfotransferases in mammals, although high degrees of similarity were observed with
regions conserved throughout mammalian sulfotransferases. These results indicate that
AST-RB1, arbitrarily named sulfotransferase 3A1 (ST3A1), constitutes a new and third
gene family of cytosolic sulfotransferases in mammals. ST3A1 expressed in Escherichia
coli as a fused protein catalyzed sulfation of amines such as PTHP, aniline, 4-chloroaniline,
2-naphthylamine, and desipramine, but barely O-sulfation of typical aryl and hydroxy-
steroid sulfotransferase substrates. These data unequivocally demonstrate the existence of
a cytosolic sulfotransferase showing a high selectivity for amine substrates, and indicate
that multiple forms of sulfotransferase mediate sulfation of xenobiotics in mammalian

livers.
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Sulfation?® is a major pathway for detoxification and activa-
tion of both endogenous and exogenous compounds such as
hormones, bile acids, neurotransmitters, drugs and carcin-
ogens (1, 2). This reaction is mediated by cytosolic sulfo-
transferase(s) to form not only O-sulfonates of phenolic or
alcoholic compounds but also sulfamates (IN-sulfates) of
amines in the presence of 3’-phosphoadenosine-5’-phos-
phosulfate (PAPS) as a sulfate donor.

Since the first report of Boyland et al. (3), several amino
compounds have been found to be excreted as sulfamates in
the urine of mammals (1, 3-6). Prosser and Roy (5) studied

! The nucleotide sequence data reported in this paper will appear in
the DDBJ, EMBL, and GenBank nucleotide sequence databases with
the accession number D86219. A mutual nomenclature system of
sulfotransferases is not yet available. In this article, we used the
system shown in our previous reports (11, 19).

2To whom correspondence should be addressed. Phone: 81-22-217-
6830, Fax: 81-22-217-6826

3 Sulfotransferase mediates transfer of SO,~ from PAPS to phenols,
alcohols and amines. In this study, “sulfation” is used to indicate these
reactions collectively.

Abbreviations: PTHP, 4-phenyl-1,2,3,6-tetrahydropyridine; PAPS,
3’-phosphoadenosine-5’-phosphosulfate; DHEA, dehydroepiandros-
terone; ST, sulfotransferase; AST-RB1, amine sulfotransferase-
RB1.
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the enzymatic properties of N-sulfation using rat and
guinea pig livers and demonstrated higher activity in
rabbits and guinea pigs than in rats (7). Shiraga et al. (8)
have recently reported species- and sex-differences in
hepatic N -sulfation of various amines (alkyl, alicyclic, and
aryl amines). Hepatic sulfation of 4-phenyl-1,2,3,6-tetra-
hydropyridine (PTHP) was 3.6 times higher in male rabbits
than in the females.

From livers of guinea pigs (9) and rats (10), two sulfo-
transferases mediating amine sulfation were isolated. The
purified preparations of sulfotransferase from guinea pigs
were reported to catalyze sulfation of 2-naphthol and
dehydroepiandrosterone (DHEA) as well as 2-naphthyl-
amine (9). Naritomi et al. (10) reported that an amine
sulfotransferase isolated from livers of female rats had an
N-terminal amino acid sequence similar to those of hydrox-
ysteroid sulfotransferases.

Based on similarity of deduced amino acid sequences,
sulfotransferases are now known to constitute a gene

superfamily (11). This superfamily has been classified into .

two families, ST1 (SULT1) and ST2 (SULT2) in mam-
mals. The former mainly catalyzes sulfation of phenolic
residues and includes four subfamilies, ST1A, ST1B,
ST1C, and ST1E. The latter, predominantly catalyzing
sulfation of alcoholic residues, includes a single subfamily,
ST2A. These sulfotransferases are reported mainly to
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catalyze O-sulfation, but not V-sulfation, except for a few
forms. Using the heterologous expressed enzymes, Ozawa
et al. (12) reported that a rat arylsulfotransferase, ST1A1,
catalyzed N -sulfation of carcinogenic heterocyclic amines.
Hence, the existence of an amine-specific sulfotransferase
remains uncertain.

Shiraga et al. have recently isolated an amine sulfotrans-
ferase termed AST-RB1, which showed high activities for
N-sulfation of amines rather than O-sulfation of typical
substrates, 2-naphthol and DHEA (Shiraga, in prepara-
tion).

In the present study, we have isolated a new sulfotrans-
ferase cDNA from a male rabbit liver library using poly-
clonal antibodies raised against purified AST-RB1. The
¢DNA was compared at both nucleotide and deduced amino
acid levels with ST1 and ST2 ¢DNAs reported previously,
and expressed in Escherichia coli to determine the en-
zymatic properties. The results obtained indicate that the
newly isolated ¢cDNA encodes an amine sulfotransferase
which belongs to a previously uncharacterized sulfotrans-
ferase family.

MATERIALS AND METHODS

Materials—A Agtll ¢cDNA library of a male rabbit liver
was obtained from CLONTECH (Palo Alto, CA). Restric-
tion endonucleases, bacterial alkaline phosphatase, and
DNA labeling kit were purchased from Nippon Gene
(Toyama). T4 DNA ligase and TaKaRa Ex Taq were from
Takara Shuzo (Kyoto). Thermo Sequenase fluorescent
labeled primer cycle sequencing kit and [a-**P]dCTP
(3,000 mCi/mmol) were obtained from Amersham Japan
(Tokyo). Dye primers for ABI373A DNA sequencer were
from Perkin Elmer Japan (Urayasu). The QIAexpres-
sionist was purchased from Qiagen (Chatsworth, CA).
Aniline, desipramine, 2-naphthol, PTHP, and their respec-
tive sulfates were obtained as described previously (13,
14). Dopamine, DHEA and testosterone were obtained
from Sigma Chemical (St. Louis, MO). 4-Chloroaniline was
purchased from Wako Pure Chemicals (Osaka). 4-Hydro-
xybiphenyl was obtained from Tokyo Kasei Industry
(Tokyo). *C-DHEA and **S-PAPS were purchased from
DuPont/NEN Research Products (Boston, MA). PAPS was
obtained as described previously (13, 14).

Screening of a Rabbit cDNA Library—A Agtll ¢cDNA
library of a male rabbit liver was immunoscreened with
anti-AST-RB1 polyclonal antibodies prepared by immuni-
zation of guinea pigs with the purified protein, and four
positive clones (Rbl-1, Rb1-5, Rb1-6, and Rb1-10) were
isolated. The phage DNAs were extracted and purified as
described previously (15). The ¢cDNA contained in the
longest clone (Rb1-5) was cleaved into two cDNA frag-
ments (1 kbp and 150 bp) by digestion with EcoRI during
the preparation of insert cDNA fragments, and both
strands of each fragment were sequenced separately using
dye primers and Thermo Sequenase with ABI373A DNA
sequencer (Perkin Elmer Japan) according to the dideoxy
method in conjunction with M13 phage cloning (15).
Sequence data were compiled and analyzed by use of the
GeneWorks software (IntelliGenetics, CA), which was also
used for aligning of nucleotide and amino acid sequences.
Purified AST-RB1 was digested with an endoproteinase
Lys-C and the polypeptide fragments were subjected to
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Edman amino acid analyses, and the arrangement of the
two cDNA fragments was confirmed by reference to partial
peptide sequences obtained from purified AST-RB1. The
larger cDNA was followed by the smaller one in the 5" to 3’
direction.

Expression of Amine Sulfotransferase in E. coli—A DNA
fragment encoding the open reading frame of AST-RB1 was
obtained by PCR as described below. Two oligonucleotides,
ASTRB1-5 and ASTRB1-3’, were synthesized as primers.
The nucleotide sequence of ASTRB1-5° with a BamHI
restriction site and a sequence encoding an enterokinase
cleavage site at the 5’-upper region of the initiation codon
was 5-GCGGATCCGATGACGATGACAAAATGGA-
CAACTCACGTAAATATTTATTG-3' (the initiation codon
is underlined). The nucleotide sequence of ASTRB1-3" with
a Pstl restriction site at the 3’-lower region of the termina-
tion codon was 5”-GCCTGCAGGTGACTATTTTGCACTG-
TG-3 (underlined sequence is complementary to the
termination signal, TAG). The PCR reaction mixture (100
u1) contained 5 ng of the template phage DNA (Rb1-5), 20
pmol each of 5'- and 3'-primers, 0.2 mM each of dATP,
dCTP, dTTP, and dGTP, 0.5 unit of TaKaRa Ex Taq and
the Ex Taq buffer. After an initial denaturation at 94°C for
3 min, the amplification was started for 25 cycles, with 1
min at 94°C for denaturation, 1 min at 55°C for annealing,
3 min at 72°C for extension, and a final extension period of
7 min at 72°C. The PCR product was digested with BamHI
and Psil and ligated into a bacterial expression vector,
PQE30 (Qiagen). E. coli strain M15 was transformed with
the construct plasmid (pRB1). Thirty milliliters of LB
medium were inoculated with 500 41 of an overnight
culture of M15 harboring pRB1. After incubation at 37°C
for 3 h, the inducer, isopropyl-3-D-thiogalactopyranoside,
was added at a final concentration of 1 mM. The incubation
was continued for an additional 3 h. Cells were collected by
centrifugation and resuspended in 600 x1 of 0.1 M potas-
sium phosphate (pH 7.4) containing 1 mM dithiothreitol,
and lysed by sonication. Cytosol fractions were prepared
from the lysates by centrifugation at 105,000X ¢g for 60
min at 4°C and used as enzyme sources for assays of
sulfotransferase activity. Cytosols of male rabbit livers
were prepared as described (8). The protein concentrations
were determined by the method of Bradford (16) with
bovine serum albumin as the standard.

Western Blot Analysis—Cytosolic proteins (0.5 ug from
M15 cells and 10 ug from rabbit livers) and purified
AST-RBI1 (0.05 ug) were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and electrically
transferred to a nitrocellulose sheet (17). The membrane
was immunostained with polyclonal antibodies raised
against purified AST-RB1, peroxidase-conjugated rabbit
anti-guinea pig IgG, diaminobenzidine and hydrogen perox-
ide.

Sulfation Assays—Sulfating activities of PTHP, aniline,
desipramine, and 2-naphthol were measured using high
performance liquid chromatography as described previous-
ly (13, 14). Sulfating activities of 4-chloroaniline (1 mM),
2-naphthylamine (1 mM), 4-hydroxybiphenyl (200 xM),
dopamine (1 mM), and testosterone (200 M) were calcu-
lated from the radioactivity of the metabolites obtained
with *S-PAPS as a sulfate donor after thin layer chro-
matography. A typical incubation mixture consisted of 0.1
M potassium phosphate (pH 7.4) (for 4-chloroaniline, 2-
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naphthylamine, and 4-hydroxybiphenyl) or 50 mM Tris-
HCI (pH 7.4) containing 20 mM MgCl, (for testosterone),
and 1 mM dithiothreitol, various concentrations of sub-
strates, 50 uM 3°S-PAPS (0.2 Ci/mmol), and adequate
amounts of cytosols in a final volume of 10 x«1. The reaction
was initiated by the addition of **S-PAPS and terminated
by the addition of 5 «1 of ice-cold acetonitrile after incuba-
tion at 37°C for 15-45 min. Portions (10 k1) of the reaction
mixture were applied to a cellulose thin layer plate (13255,
Eastman Kodak, CT) and developed with n-propanol:
ammonia:water (6:3:1). The radioactive spots were scrap-
ed from the plates and quantified by liquid scintillation
counting. The rates of the sulfation were calculated by
subtraction of the corresponding controls (minus sub-
strates). Sulfation of DHEA was assayed as follows: the
reaction mixture (0.5 ml) contained 50 uM '"C-DHEA,
0.20 mM PAPS, 5 mM MgCl,, 3 mM 2-mercaptoethanol,
0.1 M potassium phosphate buffer (pH 6.8), and adequate
amounts of cytosols. After incubation at 37°C for 10 min,
unchanged DHEA was extracted from the reaction mixture
twice with 4 ml of n-hexane, and the DHEA sulfate in the
aqueous solution was determined by the radioactivity with
a liquid scintillation counter. The apparent K, values for
PTHP sulfation by cytosols from E. coli and from male
rabbit livers were determined by linear regression analysis
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of double-reciprocal plots.

Northern Blot Analysis—Total RNAs were isolated from
male rabbit livers (2.5-3.5 kg weight, New Zealand white)
as described (18). Portions (20 xg) of the total RNAs were
subjected to electrophoresis on 1.2% formaldehyde-aga-
rose gel and transferred to nylon membrane (Nytran-plus,
Schleicher & Schuell, Dassel, Germany). The membrane
was hybridized overnight at 65°C with the 3?P-labeled
AST-RB1 cDNA prepared by the random primer labeling
method, then washed twice at 65°C for 15 min with 20 mM
sodium phosphate buffer (pH 7.2) containing 1 mM ethyl-
enediamine-N,N,N’,N’-tetraacetic acid and 1% sodium
dodecyl sulfate (15). Autoradiography was performed at
—80°C for 48 h.

RESULTS

Isolation and Sequencing of AST-RB1 c¢DNA—Four
positive clones were isolated from a A gt11 cDNA library of
a male rabbit liver by immunoscreening with polyclonal
antibodies raised against purified AST-RB1. Of these, the
longest cDNA clone (Rb1-5) was digested into two DNA
fragments (1 kbp and 150 bp) with EcoRI. These fragments
were sequenced separately, and the deduced amino acid
sequences were compared with amino acid sequences of

A 1

Fig. 1. Nucleotide and deduced amino acid sequences of AST-

TTTTGCTTCCTCGGCTGATCTACAACAGTGAGTAGGAARAGGAGAGACGGAGGGTCTCTTTAAAATTTCTGCCTTTTTTCTGCATAACAGGTGAAAAGTT

ATGGACAACTCACGTAAATATTTATTGAACTTCAAAGGCTGTAATTTTGAACGTACACTTGTTGATATGAAAATACTGGAAAAGTTAGATGACTTTGAAA

M D NS RK Y LULNTFI KGO CNUT FEIRTULVDMIEKTIILE K IL D D F E I

TCAGAGATGACGATGTCTTCGTAATCACATATCCCAAATCTGGTACTGTCTGGACTCAGCAGATACTAAGTTTGATTTATT TTGAGGGCCACCGAAACAG
RDDDVT FUVITJVYG®PIXKI|IS$ 6T VvVwWwT QO ILSLIJYFEGUHRN]IR

AACTGAARAGTGGGACACGCTTGATAGAGTGCCCTTCTTGGAATACAACATTCGCAARAGTGGACATTGAGAACAGACCATCCCCTCGCCTCTTTGCTTCC
T E K WD TJLDI RV PFLEYWNTIRIKUVYVYDTIUENIZ RZPSZPRTIULTFAS

CACCTTCCATATTATTTAGCACCCAAAAGTCTCAAGAACAACAAAGCTAAAATTATTTATGTCTACAGAAATCCTAAGGATGTTTTAATTTCATTTTTCC
H L P Y YL A P K S L KNNIKAI K I I Y VY RNUP KD VL I S8 F F H

ATTTTTCAAATATGGTGGTTAAATTAGAAGCTTCAARATACCTTAGAAAATTTCATGGAAAAATTTCTAGATGGAAAAGTGGTGGGAAGCATATGGTTTGA

F S NMV V KL EA S NTTULENTFMEI KT FULD G K [V vV G S I W F D

TCACATCAGAGGCTGGTATGAACACAAAAATGACTTCAATATTCTGTTCATGATGTATGAAGATATGAAGAAGGATCTCAGAAGTTCAATACTGAAAATC

H I R G W Y E H K IN D F NI LF MMYEDMMIEKI KU DT LIRS S I L K |I

AGCAGTTTTCTTGAGAAGGACCTGAGTGAAGAGGAGGTGGATGCCATTGTGAGGCAGGCTACATTTGAAAACATGAAGTTTATTCCACAAGCAAATTATA
S S F L E KA]D L S EEE VDA AIVROQATTV FENMMIE KT FTIUPIOQOQA ANTYN

ATAATATTCTAAGCAATGAAATTGGCAGACGACATAATGAGGGAGCTTTCTTGCGCARAGGTGCTGTTGGAGACTGGAAACACCACATGACTGTGGAGCA
N I L S N E I G R RHNUEGA AT F LRI KIGAV G D W K ]H H M T V E Q

GAGTGAAAGATTTGACAGGATATTCCAGGAGGAGATGAAAGATTTTCCCTTGAAGTTCATCTGGGATCTAAATGATCAGGAEART T AATCACAGTGCA

S ERF DRI F QEEMIKTDT F P L K [F I W DL NDE ANS NH S A

AMATAGTCACATAAAATCTTATCCAAAGGTCATATTTTAATATAAGATATTAACTTGTGACTATARTTCAATTGTTAATTATACAACATTATTAATAAAC
K

ARAATAATTAACACCG

101

201
34

301
67

401
100

501
134

601
167

701
200

801
234

901
267

1001
300

1101
301

1117

quences identical to polypeptide fragments from purified AST-RB1

RB1 cDNA. The initiation and termination codons are underlined, and
the poly(A) addition signal is double-underlined. Amino acid se-
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are boxed. The shaded box indicates the EcoRI restriction site.
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peptide fragments obtained from purified AST-RB1 after
digestion with endoproteinase Lys-C. An overlapping
region, FIWDLNDEANSNHSAK, was found in the C-ter-
minal amino acid sequence deduced from the 1 kbp cDNA
and in the N-terminal from the other.

Nucleotide and deduced amino acid sequences of the
c¢DNA are shown in Fig. 1. The putative initiation (at bases
102-104) and termination (at bases 1005-1007) codons are
underlined, and the poly(A) addition signal (at bases 1095-
1100) is double-underlined. The shaded-box indicates the
EcoRI restriction site. Rb1-5 clone was thus found to
contain an entire open reading frame. The amino acid
sequences of the six peptide fragments shown in boxes

K. Yoshinari et al.

completely matched the deduced amino acid sequence of
the ¢cDNA except for undefined residues. These results
suggest that the cDNA included in Rb1-5 clone encodes
AST-RB1. The isolated ¢cDNA consisted of 1,117 bp, in-
cluding an open reading frame of 903 bp encoding 301
amino acids with a molecular weight of 35,876, and 5’- and
3’-untranslated regions of 101 and 113 bp, respectively.
Comparison of Deduced Amino Acid Sequences—The
amino acid sequence deduced from AST-RB1 ¢cDNA was
compared with those of seven rat sulfotransferases
(ST1A1 (20), ST1B1 (11), ST1C1 (21), ST1E2 (22),
ST2A1 (23), ST2A2 (24), and ST2A5 (25)] reported
previously (Table I). ST1 gene family consists of four

TABLE I. Similarity of AST-RBI1 and rat sulfotransferases. The percent identities were calculated by the use of the GeneWorks software
(IntelliGenetics, CA). Rat sulfotransferases are arbitrarily named from the similarity of their primary structures (11, 19).
AST-RB1 ST1A12 ST1B1® ST1C1¢ ST1E2¢ ST2A1¢ ST2A2f ST2A58

ST1A1 38

ST1B1 36 52

ST1C1 36 50 50

ST1E2 36 50 45 46

ST2A1 36 34 35 36 34

ST2A2 36 35 35 37 34 90

ST2A5 37 37 36 38 33 83 87

20zawa et al. (20). *Yamazoe et al. (11). “Nagata et al. (21). “Demyan et al. (22). ®*Ogura et al. (23). ‘Ogura et al. (24). EWatabe et al. (25).

CR1 CR2
I 1
STIAl [MEP--------~-— SRPPLVHVKGIPLIKYEAETIGPIQ}ETAVP L LIS Tf 7T SE[TL DMTY Q1 IEKCGRAP IYAR Lﬁempcv PSQLETIEETP LKT 107
ST1A2 --ODISRPPLEYVEGVLLIKYFAEALGPIQ ARP DAL L IS T PIRISAT T IL.DMIYQEAD IEKCHRAP IF MR LFKVPGI~PSIRME TIKNTP. LKT) 111
STI1A3 ~-QDTSRPPLEYVRKGVPLIKYFAEALGPIQ ARPUDILLIS T T L DMIYQQHD IEKCHRAP IFMR! LEFKAPGI -PSIGMETIXD TP, ILLKT 1
ST1AS --QDTSRPPLEYVKGVPLIKYFAEALGP IQSFIOARPDILLINT AT TRV SOIILDMTY QYD LERCNRAP IY VR NDPGE -PSGLETIXDTPPPRILIKS, 111
STI1A6 ---~QDTSRPPLEYVEGVPLIKYFAEALGP IQSFIQARP DIILLIS T (T TV DMIYQQSDIEKCHRAP IFMR! KAPGI-PSIMETLXDTP, LLKT| 11
STIB1 TA -~ = === == EDVFREDLKIIHGYPMVYAFALGWEKIE BFIQSRP! VIP T PIRSET THL SEINVDMVL NDIGNVE KCKRDV I TSK NVPGAR VELIKKTPSPRIIKTELTX 112
STIC1 IERMKDIHLGEQDLQPETRE VNG IIMSKLMSD NWDK IW; ARP DIYL L IA TlY TTT [VDMIQNDIGDVWQ KCQRANTYDR! v 120
STIE2 TS---omm=- MPEYYDVFGDFHGF IMDKRFTKYWEDVE TE{LARP XL LIVT i3S T 1§VDMI¥K VERCKEDALFNR A 111
STIE4 8- - --ELDYYEKFEEVREGIIMYRDFVKYWDNVE AFQARP DIILVIA Tl TT [DVYMIYKEXADVEKRCKEDVIFNR b 110
5T2A1 - --DYTWFEGIPF -BAFGISKETLQ -~ -NVONKFVVKDH h.riea T AL IEIVCLIQ TRGDPRWIQSVI IWDR, 101
ST2A2 -—- ~~DYTWFEGIPF -PAFGIPRKETIQ - -NVCNKFVVREELILL T L TETIVC LIQ TKXAD PR WIQ SVT IWDRSPW. 101
ST2A3 D~~~ ~-DFLWFEGIAF -PTMGFRSETLR - -KVROEFIVI RDEDV I IL TH PIISHT NWL ABIL C LME SKIED AKWIQ S VP IWER T 102
ST2AS S—-- --DYTWFEGIFF -PAFW SKEILE ~--NSCREEJVVKEDL I IL T TNWL IE{TIVC L IQ TRGDPR WIQSMP IWDR GPjW. 102
AST-RB1 N —-mmmm - SRKYLLNFRG-CNFERTLVDMK ILEKID DEJRIRD FVI T} HTVIHTQOIHL S L IYF EIJHRNRTE KWD TLDR Y 104
CR3
1 I 1
ST1Al 5112 QS L LPQRVRV itk ARN xSy i AR L POl TWDS F Ewoﬁz'sm_ﬁu'm fdwe LRETEP VfT) PRRE IKHI LHL.GRSLPEETVDSIVHHFRR 227
ST1A2 ALIPQTLLDQRVEV ARNAKDIVA YE[Y HMAR VY PHIPIG TWES F L MsYIG sy VQ;I:NBLSRTBPVL PRRE IQHT LEFYGRS LPEETVD IMVEHT] e 231
STI1A3 ALIPQTLLOPQRVRVWINARNAK] Y YHMARKVHPEPIG TWDSF dEVQV Y GHIVOH LSRTHP VY PKRB 1L GRSLPEETVDEFMVQHT ':4 231
STI1AS ALIPQTLLDPQRVEVVY VARNPEIAV. RMEKAHPE TWDS F LEKEM AGEMSYIG Y (HIVOE LSRTHP VYL PKRE IQKII L GRSLPEETMDEMVQHTYFKE 231
ST1AG ALLPQTLLDQORVKVWY VABNAK] YHMAR VHPERIG TWDSF I v Y Y VO] LSRTHP VL{Y L. NPKRE IOI LEEVGHS LPERTVDFMVQHT FKE 231
ST1B1 DLIPRSFWDNK T L ARN RV ILMNNIQPUPIGTWEE YL A IAYIG SINE THIVR SWE KREGHD 1F L PKKE TANFLDKTLDEHTLERIVAHTSFEV 232
STIC1 HMLP P SFWRE NSHI TV ARN Al 1 YIS RMNRMLPDPIG TLGE Y I IL GWWD VEDQHR PRRE IKKIARFLEKD ISEEVLNKI IYHTFPV 240
STIE2 KL1P ASFWERNAHI Tt cRHARiplv v YIFIF LI MK S Y PNPIK SF SE F K] PYIG SSHY [HIVK SIHWE K SKNSRLE ) IRRE LIEFLERDPSAELVDRI IQHLFRE 231
STIE4 ELLP ASFWERDCRI I¥ LCRNAKIDIVAVSE Y YETF IMVAGH. SFPEF QGOVIPYIG SHY R e KGKSPR VI ED LD TRKE VIHL Y ERKPSEELVDRIIHHTSFOE 230
ST2A1 HLFSKSLFSSKARV Y LVRNPRIV L] GNSTLARKEIDSLGT Y KpiviLve B{IRAHLS MOE WDN FJY E KD TMGT ICDELGRKLEP DELDLVLRYSFRV 221
ST2A2 HLFSKSLFSSKNKVINLIRNPRIOVL GR TTLARKKHDSLGTY K PYIG SSAF BHITRAWISMRE LN FIUL LYY H) KD TMG T IKIICDFL.GKKLEPDELD LVLKYH SqQV 221
ST2A3 QLFPKSFFSSKAKVI] [V LSEHY KNMKF I KKPIKSWER Y T OGTMLY] THIHEWP MREERNFIHL LSY FE LROD TGRT IEKICCOFLGKT LEPEELNLILEN RS 222
STZA5 HLFSKSLFSSKARV ML TR VLM SK IALEKRE]PSLGTY FL HENVAY(G SHF B T RGWLS MRE WON EJLiV LYY FID MRED TMG S IKKII C DFL GKK LEP DELNLV LK Y{Flov 222
AST-RB1 YLAPKSLKNNR)QII:{\IX PK vL_qigg F]SMMVVELPASNTLENF ELDQK_VCSIEF[QIR@YEHKNDFNIQF MEKD LRSS TURIIS ZKDLSEEVDAIVRQA?EJEN 224
CR4
— o — f - e
ST1Al MTNAT TIPTEIMDHENV- ~SPF T TcpWENTRr vAONERFDAH YAK TMTOC DEKF ~ - ~ -~ —RCEL 291
ST1A2 [RINTP MTRN YT TVRREF MDHS I- - SPF. AGDWHT VAQNEREIDADYAEKRMAGCSLSF —~---- —RSEL 295
STIA3 MEBNP MTINYT TVPQEF MDHS I- - SPF nr-wz{-r;grvm 295
STI1AS (FENIE MTNYT TVPQELMDRS I~ - SPF AGDWHTTET VAQ! 295
ST1A6 (KINIP MRS T T VP QEF MDHS I- - SPF. AGPWHTTEF VA( 235
ST1B1 MRINE LUNYTHLP TEIMD HS K~ ~ SPF VGH WHN YT MT OSiEH] 299
STIC1 MNP MANYT TLPS SIMDHS I- - SPF D WHN YT VAC 304
STI1E2 MENP CTYE MLPE™ ID LK V- - SPF (I VCDWHNHFPEAL 235
STIE4 I STINYT TLPDEIMNQKL- - SPFM TGP VAL 294
ST2ZAl M M. LLMERSI-FTG--TGLM g e ) vsQ 284
ST2A2 LMEKELILPGF--T-F, T TGP VAQA 284
ST2A3 MSINYS LLSVDY VVDK —~— - AQLI VSGD WHNHET VAQAH 285
STZAS N LMERELILTGF- - T-FHRKGT THD WHNHET VAQAE VEQEKMAGFPPGM—----—FPWE 285
AST-RB1 MEFIPQANYNNILSNE IGRRINEGAP VCDWRBEHMI VEQ RIFQEEMKDF PLKF IWDLNDEANSNHSAK 301

Fig. 2. Alignment of amino acid sequence deduced from AST-
RB1, rat, and human sulfotransferase cDNAs. Amino acids con-
served in all sulfotransferases are shaded in boxes and those conserved
in both ST1 and ST2 families but not in AST-RB1 are boxed. Four

regions well-conserved among all three sulfotransferase gene families,
CR1-4, were found with the help of the PROTOMAT system. Rat and
human sulfotransferases are arbitrarily named from the identities of
amino acid sequences as shown in footnote 1.
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subfamilies, in which enzymes share more than 45% iden-
tity with each other at the deduced amino acid level.
Similarly, enzymes of the ST2 family (ST2A subfamily)
show more than 62% identity within the family (sub-
family). The sequence from the newly isolated ¢cDNA
showed less than 38% identity with both families of
sulfotransferases.

The amino acid sequence of AST-RB1 was aligned with
seven rat sulfotransferases and six human forms [ST1A2
(26), ST1A3 (26), ST1A5 (27), ST1A6 (27), ST1E4 (28),
and ST2A3 (29)] as shown in Fig. 2 by use of the Gene-
Works software (IntelliGenetics). There are 56 amino acid
residues conserved among these 13 human and rat sul-
fotransferases and most of them (47/56) were also con-
served in AST-RB1. We found four well-conserved regions
among the families (CR1-4) in the alignment with the help
of the PROTOMAT system (30).

Immunoblot Analysis of E. coli-Expressed Protein—
AST-RB1 ¢cDNA was expressed in E. coli strain M15 cells
using the bacterial expression vector pQE30. The sulfo-
transferase expressed as a fused protein (recombinant
AST-RB1, rAST-RB1) was used for determining substrate
specificity of rAST-RB1. Cytosols prepared from rabbit
livers and from M15 cells transfected with AST-RB1
c¢DNA, and purified AST-RB1 were subjected to Western
blot analysis using polyclonal antibodies raised against

45 kDa ——

- <« rAST-RB1
< AST-RB1

31 kDa ——

1 2 3 4

Fig. 3. Western blot analysis of cytosolic proteins from rabbit
livers and E. coli cells, and purified AST-RB1. Proteins were
separated on 10% sodium dodecyl sulfate-polyacrylamide gel and
electrophoretically transferred to a nitrocellulose membrane. The
membrane was immunostained with antibodies raised against puri-
fied AST-RB1. Lane 1, cytosols from male rabbit livers (10 xg); lane
2, purified AST-RB1 (0.05 xg); lane 3, cytosols of M15 cells express-
ing rAST-RB1 (0.5 ug); lane 4, cytosols of M15 cells containing
control pQE30 (0.5 «g). Size markers are indicated as bars on the left.

Fig. 4. PTHP sulfation by cytosols Bl
from E. coli expressing rAST-RB1

and from male rabbit livers. PTHP-

sulfating activities were measured as 6 4
described in “MATERIALS AND METH-
ODS” with cytosols from M15 cells ex-
pressing rAST-RB1 (open circles) and
from male rabbit livers (closed circles).
Values shown are means of duplicate or
triplicate samples at the substrate con-
centrations indicated. (A) PTHP-sulfat-
ing activity versus substrate concentra-
tion plots. (B) Corresponding double-re- 0

>

Sulfating activity
(nmol/mg/min)
F-Y
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purified AST-RB1 protein (Fig. 3). In cytosols of male
rabbit livers (lane 1), a band was detected at an identical
mobility (34 kDa) with purified AST-RB1 (lane 2),
although this size was slightly smaller than that estimated
from the mass of the deduced amino acids. In cytosols of
M15 cells expressing rAST-RB1, a fused protein containing
an additional peptide (1,999 Da) was detected, which was 2
kDa larger than that of the native AST-RB1 (lane 3). The
antibodies did not react with cytosol from M15 cells
containing control pQE30 (lane 4).

Sulfating Activities—To determine catalytic properties
of AST-RB1 expressed in E. coli M15 cells as a fused
protein (rAST-RB1), sulfating activities toward several
amines, phenols, and hydroxysteroids were determined
(Table II). An alicyclic amine, PTHP, showed the highest
activity among those examined. The rate of cytosolic
sulfation was 4.4 nmol/mg of protein/min in rAST-RB1-
expressed M15 cells, which was 4.4 times higher than that
in male rabbit livers. The cDNA-expressed AST-RB1 also

TABLE II. Sulfating activities of rAST-RB1 expressed in E.
coli and of male rabbit livers.

rAST-RB1 Male rabbit Ratio
bl @A) liver (B) (A/B)

(nmol/mg of protein/min)
PTHP* 4.4 1.0 4.4
Aniline® 0.81 0.30 2.7
4-Chloroaniline® 0.50 0.11 4.5
2-Naphthylamine? 1.92 0.27 7.1
Desipramine® 1.5 0.5 3.0
2-Naphthol! 0.19 45 0.042
4-Hydroxybiphenyl® 0.02 0.53 0.038
Dopamine" <0.01 0.25 <0.04
Testosterone' <0.01 0.06 <0.017
DHEA' 0.02 2.5 0.008

abe!The assays were performed at pH 10 (a and e) or 7.4 (b and f) and
the concentrations of substrates were 2.0 mM (a), 5.0 mM (b), 0.5
mM (e), or 75 uM (f). After reactions, non-reacted substrates were
removed by the extraction with organic solvent and the sulfates in the
aqueous layer were measured by reverse-phase high performance
liquid chromatography. “48!The assays were performed at pH 7.4
and the concentrations of substrates were 1.0 mM (c and d) or 0.2 mM
(g, h, and 1). After incubations, reaction mixtures were separated on
cellulose thin layer plates. The radio active spots were scraped from
the plates and quantified by liquid scintillation counting. ‘The assay
was carried out with “C-DHEA (50 M) at pH 6.8. After incubation
the non-reacted DHEA was extracted with n-hexane and the product
in the aqueous layer was measured by liquid scintillation counting.

=
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o [ @

1/Sulfating activity
(t/nmol-mg-1-min-1)

N

Len/"//o/

ciprocal plots. K, values were obtained 0 1000
by linear regression analysis: 149 uM
(cytosols from E. coli expressing rAST-
RB1) and 138 xM (cytosols from male rabbit livers).
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188

AST-RB1
mRNA

Fig. 5. Northern blot analysis of mRNA from male rabbit
livers. Total RNA (20 uxg) obtained from a male rabbit liver was
subjected to electrophoresis on 1.2% formaldehyde-agarose gels and
transferred to a nylon membrane. The membrane was hybridized
with a 3?P-labeled full-length AST-RB1 ¢cDNA overnight at 65°C, then
washed twice with washing solution as described in “MATERIALS
AND METHODS.” Autoradiography was performed at —80°C for 48
h. Size markers are indicated as bars on the left.

mediated efficiently sulfations of aryl and alkyl amines,
aniline (0.81 nmol/mg of protein/min), 4-chloroaniline
(0.5 nmol/mg of protein/min), 2-naphthylamine (1.92
nmol/mg of protein/min), and desipramine (1.5 nmol/mg
of protein/min). These rates were 2.7, 4.5, 7.1, and 3.0
times higher than those in cytosols from male rabbit livers,
respectively. On the other hand, sulfating activities of
rAST-RB1 expressed in E. coli toward phenols (2-naph-
thol, 4-hydroxybiphenyl, and dopamine) and hydroxyster-
oids (testosterone and DHEA) were much lower than those
in rabbit liver cytosols, and the ratios of male rabbit livers
to rAST-RB1 were 0.042, 0.038, <0.04, <0.017, and
0.008, respectively.

The apparent K, values for PTHP sulfation by cytosols
from M15 cells and male rabbit livers were estimated at
149 and 138 ¢ M, respectively (Fig. 4).

Northern Blot Analysis of AST-RB1 mRNA-—Northern
blot analysis was carried out with total RNAs from male
rabbit livers. A typical result is shown in Fig. 5. A single
band at about 1.3 kbp hybridized with AST-RB1 cDNA
probe was detected.

DISCUSSION

In the present study we have isolated a new sulfotransfer-
ase cDNA using polyclonal antibodies raised against AST-
RB1 which preferentially catalyzes N-sulfation of amino
compounds. The sequences of six polypeptide fragments
from purified AST-RB1, which were determined by Edman
amino acid sequencing, were consistent with the corre-
sponding regions of the deduced amino acid sequence from
the cDNA (Fig. 1). The expression of the sulfotransferase
in male rabbit livers was confirmed by Northern blot
analysis using the cDNA as a probe (Fig. 5). These results
suggest that the newly isolated ¢cDNA encodes a rabbit
amine sulfotransferase, AST-RB1.

The amino acid sequence deduced from the AST-RB1
¢DNA was compared with those of mammalian sulfotrans-
ferases reported previously (Table I). AST-RB1 showed
only 36-38% identity with rat sulfotransferases (11, 20-
25), suggesting that it constitutes a new gene family of

K. Yoshinari et al.

sulfotransferases distinct from both ST1 and ST2 families
in mammals. We arbitrarily named it the ST3 gene family,
and AST-RB1 was termed ST3A1.

Although ST3A1 had only 36-38% sequence identity
with seven rat sulfotransferases (Table I), most of the
residues conserved in rat ST1 and ST2 families were also
found in ST3A1 (Fig. 2). Hence these conserved amino
acids throughout ST1, ST2, and ST3 gene families might be
important for the essential functions of all sulfotransfer-
ases. A region containing the GXXGXXK motif in the
C-terminal portion, a possible candidate for a PAPS-bind-
ing site (31), was also conserved in ST3A1 (the region is
designated CR4 in this article). Moreover, we identified
another three well-conserved regions (CR1-3) among the
three sulfotransferase families with the help of the
PROTOMAT system (Fig. 2). These regions and the
GXXGXXK motif seems to be crucial for mammalian
sulfotransferases. In particular, CR2, which could form a
tandem g-strand as a possible secondary structure, is
conserved in all sulfotransferase families including flavonol
sulfotransferases (32), heparan sulfotransferases (33),
chondroitin 6-sulfotransferase (34), and bacterial sul-
fotransferases (35-37). The latter bacterial form reported
by Baek et al. (37) is not able to utilize PAPS as a sulfate
donor. Therefore, this region may play an essential role
common to all types of sulfotransferases, such as the
transfer of sulfate from a donor to a substrate. Further
studies are, of course, necessary to substantiate the struc-
ture and function relationship.

To date, two sulfotransferases have been isolated from
livers of guinea pigs (9) and rats (10) as amine sulfotrans-
ferases. Both enzymes catalyzed O-sulfation as well as
N -gulfation to similar extents. The rat form was likely to
be included in the ST2 family because of the similarity of
its N-terminal amino acid sequence to those of ST2 family
enzymes. Moreover, rat ST1A1 (12) and human TS-PST
(38) (arbitrarily named ST1A3 in Fig. 2) mediated sul-
famate formation of 2-amino-3-methylimidazo(4,5-f]-
quinoline and 2-amino-3,8-dimethylimidazo(4,5-f]quino-
xaline, and 2-naphthylamine, respectively. These results
give rise to the possibility that some sulfotransferases
belonging to ST1 and ST2 gene families could catalyze
N -sulfation of amines, and no rigid data on the existence of
amine-specific sulfotransferases have been provided. In the
present study, the catalytic properties of ST3A1 were
determined using the enzyme expressed in E. coli. The
protein expressed in this system had 17 additional amino
acid residues at the N-terminal site of AST-RB1. It was
demonstrated that an additional peptide fused to the
N-terminus of sulfotransferases did not alter kinetic
parameters drastically in the cases of flavonol 3-sulfotrans-
ferases (39) and human P-PST (40) (arbitrarily termed
ST1A3). In addition, we have obtained similar results with
rat sulfotransferases, ST1C1 and ST1B1. The histidine-
tagged ST1C1 and the enzyme with the tag removed by
enterokinase showed almost identical apparent K, and
Vimax values for p-nitrophenol (unpublished data). There-
fore, the additional peptide would not alter kinetic parame-
ters of sulfotransferases. The recombinant protein showed
a high selectivity toward amines and mediated only
marginally O-sulfation of phenols and hydroxysteroids
(Table II). It catalyzed PTHP-sulfation at low substrate
concentrations (Fig. 4). As mentioned above, some forms
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belonging to the ST1 and ST2 families were shown to have
N -sulfation activity, but these enzymes rather showed high
activities for O-sulfation. The K, values for PTHP sulfa-
tion by cytosols from E. coli expressing rAST-RB1 and
from male rabbit livers were of similar levels. These data
indicate that ST3A1 is the first form catalyzing selectively
amine N-sulfation among unequivocally characterized
sulfotransferases. However, the physiological role of sul-
famate formation and the endogenous substrates of ST3A
form remain unclear.

In conclusion, we isolated a new ¢cDNA encoding AST-
RB1 purified from male rabbit livers. AST-RB1 was found
to constitute a new gene family of sulfotransferases (ST3)
by comparison of the deduced amino acid sequence of
AST-RB1 ¢DNA with those of other cytosolic sulfotransfer-
ase cDNAs. Therefore, we arbitrarily termed AST-RB1
ST3AL. The distinct catalytic property of ST3A1 for amine
substrates was shown using a bacterial expression system.
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