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Analysis of the nucleotide sequence of a recently
cloned mouse sulfotransferase cDNA (clone 679153)
revealed the presence in its 3’-untranslated sequence
of an AT-rich region which contains four ATTTA mo-
tifsand an TTATTTAT-like sequence, commonly found
among those encoding inflammation-related proteins.
The recombinant enzyme expressed in Escherichia
coli and purified to near electrophoretic homogeneity
displayed strong sulfotransferase activities toward
various prostaglandins, thromboxane B,, and leukotri-
ene E,. These results mark the first discovery of the
sulfation of eicosanoids catalyzed by a distinct

sulfotransferase. © 1999 Academic Press

In mammals, sulfation represents a major pathway
for the biotransformation/excretion of drugs and xeno-
biotics as well as endogenous compounds such as cat-
echolamines, cholesterol, steroid and thyroid hormones,
and bile acids [1-3]. The responsible enzymes, the so-
called “cytosolic sulfotransferases,” constitute a super-
family of enzymes that catalyze the transfer of a sulfo-
nate group from the active sulfate, 3'-phosphoadenosine
5’-phosphosulfate (PAPS), to a substrate compound con-
taining a hydroxyl or an amino group [1]. Based on the
amino acid sequences of known mammalian cytosolic sul-
fotransferases, two gene families, the phenol sulfotrans-
ferase (PST) family (designated SULT1) and hydroxy-
steroid sulfotransferase (HSST) family (designated
SULT2), have been categorized [4,5]. The PST family
presently consists of four sub-families, PSTs (SULT1A),
Dopa/tyrosine (or thyroid hormone) sulfotransferases
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(SULT1B), hydroxyarylamine (or acetylaminofluorene)
sulfotransferases (SULT1C), and estrogen sulfotrans-
ferases (SULTI1E) [5]. Taking into account the two re-
cently discovered human hydroxysteroid sulfotrans-
ferases [6,7], the HSST family now comprises two sub-
families, SULT2A and SULT2B. In a recent study, we
have discovered a novel mouse sulfotransferase (clone
679153) that belongs to the PST family [8]. Because of its
low % identity to other members of the family, however,
this new sulfotransferase has been placed independently
from the four known sub-families of the phenol sulfo-
transferase family mentioned above.

We report in this communication the sequence anal-
ysis and identification of an AT-rich region and its
constituent sequence motifs present in the 3'-
untranslated sequence of the cDNA encoding this novel
mouse sulfotransferase, as well as the bacterial expres-
sion, purification, and characterization of the recombi-
nant enzyme.

EXPERIMENTAL PROCEDURES

Materials. Serotonin (5-hydroxytryptamine), p-nitrophenol, dopa-
mine, histamine, B-naphthol, B-naphthylamine, aprotinin, thrombin,
adenosine 5'-triphosphate (ATP), sodium dodecyl sulfate (SDS), N-2-
hydroxylpiperazine-N'-2-ethanesulfonic acid (Hepes), 3-[N-tris-(hydroxy-
methyl)methylamino]-propanesulfonic acid (Taps), Trizma base, dithio-
threitol (DTT), and isopropyl B-bD-thiogalactopyranoside (IPTG) were
products of Sigma Chemical Co. Prostaglandins (A,, B,, D,, E4, E;, Fi,
and F,,), thromboxane B,, and leukotriene E, were from Cayman
Chemical Company. Serotonin-O-sulfate was synthesized according to
the procedure of Jevons [9]. Pfu DNA polymerase, pBluescript 11 SK(+),
and XL1-Blue MRF' E. coli host strain were from Stratagene. Ampli-
Tagq DNA polymerase was product of Perkin—Elmer. T4 DNA polymer-
ase, T4 DNA ligase, and all restriction endonucleases were from New
England Biolabs. Oligonucleotide primers were synthesized by Operon
Technologies, Inc. pGEX-2TK glutathione S-transferase (GST) gene
fusion vector, E. coli BL21, and glutathione Sepharose 4B were prod-
ucts of Pharmacia Biotech. A pcDNA3 mammalian cell expression vec-
tor harboring the full-length sequence of mouse sulfotransferase clone
679153 (pcDNA3 - mST 679153) was prepared as previously described
[8]. All restriction endonucleases were from New England Biolabs.
Sulfate-activating enzymes, ATP sulfurylase and adenosine 5’-phos-
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FIG. 1.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

AGCTACCCAGGGACATCATCCTTTTAAAGACTTTTCGGTTCTGATTCTTCATCTGAGAAA 60
ACTCATTTAAAGCTCCGAGAATTTAAAGTCTCCCCAAATGGATAACAAACTGGATGTCTT 120
1 M D N K L D V F
CAGGAGGGAGTTAGTGGATGTTGAAGGTATCCCTCTCTTTTGGAGCATTGCTGAGCATTG 180
9 R R E L VvV DV E G I P L F W S I A E H W
GTCCCAAGTAGAGTCATTTGAAGCCCGGCCTGATGACATTTTGATCTCCACATATCCCAA 240
29 s Q V. E §S F E A R P D D I L I Y P K
ATCTGGAACAACTTGGGTCAGTGAAATACTGGATTTGATCTACAACAATGGGGATGCAGA 300
49 s ¢ T T WV 8 E I L DL I ¥ NDNG D A E
GAAATGTAAAAGGGATGCAATCTACAAACGAGTACCATTCATGGAGCTTATAATTCCTGG 360
69 K ¢ K R D A I Y K RV P FMETLTITI P G
GATAACAAATGGAGTTGAAATGCTGAACAACATGCCGTCTCCTCGAATAGTGAAAACACA 420
89 I T N GV EMIL NNDNMM?®P S P R I V K T H
CCTTCCTGTTCAGCTGCTTCCTTCCTCATTCTGGAAAAATGACTGCAAGATTATTTATGT 480
109 L pV 0L L P S S F WK NDC K I I Y V
GGCACGGAATGCCAAAGATGTGGTTGTTTCTTACTATTATTTCTATCAAATGGCAAAAAT 540
129 A R N A K DV V V 8§ Y Y Y F Y Q M A K I
CCACCCAGAGCCTGGCACCTGGGAAGAGTTCCTAGAGAAATTCATGGCTGGACAAGTGAG 600
149 H P E P G T W E E F L E K F M A G Q V S
CTTTGGTCCCTGGTATGATCATGTGAAGAGCTGGTGGGAAAAAAGAAAAGAATATCGGAT 660
163 F G P W Y D HV K 8 WWE KR K E Y R I
CCTTTACCTGTTTTATGAAGATATGAAAGAAAATCCAAAGTGTGAAATTCAACAAATATT 720
189 L ¥y L. F Y EDb MK ENUPI XK CETI Q Q I L
AAAGTATCTAGAAAAGGACATACCAGAAGAAATTTTAAATAAAATACTCTACCATAGCTC 780
209 K ¥ L E K D I P E E I L N K I L Y H 8§ S
TTTCAGTGTAATGAAGGAGAATCCTAGTGCAAATTACACTACTATGATGAAAGAAGAGAT 840
229 F 8§88 VM K ENP S A NY T TMMMIEKE E M
GGACCACTCTGTGTCTCCTTTCATGAGAAAGGGAATTTCAGGCGATTGGAAGAATCAGTT 900
249 D H §$ V §$ P FMRI KGTI S G DWI KN Q F
CACTGTAGCCCAGTATGAGAAATTTGAAGAAGATTATGTCAAGAAAATGGAAGATTCAAC 960
269 T v A Q Y E K F E E D Y vV K K M E D S T
ACTGAAGTTTAGATCAGAGATCTAGGGAGAGTTGGTTTCTTCTCAGTCTCTTTTGTCAGG 1020
289 L K F R 8§ E I *
CACTAACATTAGAGAAAAAGCACATTCATGGTTCAGTCAAAGAAAATGTTGTATATTATT 1080
TTTCTATACTTACTAAAACTCTTGGTCTTGAAATGTACAGATATCAGGTAATAATTCTCT 1140
TCTAATTATATTCCTTACAGAAAGGTTCATATAGTAGTTTCCCTTTTACTTTATGTTATC 1200
AAAATAATACAATTTTAAGAGGCTTTATAACACAGTATATTTTTAGTTTTAGTTCCTAAT 1260
AGCTTCCTGTCTGAAATAGTCTCAGTGGCCTCCTAGAGGAAGATTACATTTCATTAATTA 1320
ATTCAACTTCATCTGTGGTGATTTTGCATTTTAAAATATTATGTTGTTAACATTGCCARA 1380
TTATTTAGATTCATTATGTCAGAATATCCTGTTTTCTCTTAAACCTTATTTAGAAATATT 1440
AAATTTTAATGAAAAAATCAGTAAAACCCATTTTATAGATTTAAATTAAGAAAATTAGAG 1500
ATCTAATTATTITATCCTTCATTTCCTATATTGAAGCTATTGTGAAATTTATTACAGAAA 1560
ATGTTGAGGCTTATTCAAAATACTCCARATTATTATTCTATTGTCTATTTTATGTCCACT 1620
TAGGATCACTTTTTAAAGGAAAACTCTGTTCAATAAACTAATTTCCATAAAAAAAAAAAA 1680
AAAAAAAAAAAARA 1693

Nucleotide and deduced amino acid sequences of the mouse sulfotransferase clone 679153 cDNA. Nucleotides are numbered in

the 5’ to 3’ direction with the adenosine of the translation initiation codon designated as +1. The translation stop codon is indicated by an
asterisk. The polyadenylation signal is singly underlined, and the ATTTA and TTATTTAT-like motifs are doubly underlined.

phosulfate kinase, from Bacillus stearothermophilus were Kindly pro-
vided by Dr. Hiroshi Nakajima at Unitika, Ltd. (Uji, Japan). Chromato-
gram cellulose thin-layer chromatography (TLC) plates were products
of Eastman Kodak Company. Carrier-free sodium [*S]sulfate was from
ICN Biomedicals. All other reagents were of the highest grades com-
mercially available.

Bacterial expression and purification of recombinant mouse sulfo-
transferase clone 679153. To amplify the mouse sulfotransferase
clone 679153 sequence for subcloning into a prokaryotic expression
vector pGEX-2TK, a set of sense and antisense oligonucleotide prim-
ers (5'-CGCGGATCCATGGATAACAAACTGGATGTC-3' and 5'-
GGCGAATTCCTAGATCTCTGATCTAAACTT-3'), based on 5'- and
3’-regions of the nucleotide sequence encoding the mouse sulfotrans-
ferase clone 679153, were synthesized with BamHI and EcoRI re-
striction sites incorporated at the ends. With these two oligonucleo-
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tides as primers, a PCR in a 100-ul reaction mixture was carried out
under the action of Pfu DNA polymerase using pcDNA3-mST
679153 as the template. Amplification conditions were 27 cycles of 1
min at 94°C, 1 min at 56°C, and 2 minutes at 72°C. The final reaction
mixture was applied onto a 1.2% agarose gel and separated by
electrophoresis. The discrete PCR product band, visualized upon
ethidium bromide staining, was excised from the gel and the DNA
fragment therein was isolated by spin filtration. After BamHI/EcoRI
digestion, the PCR product was subcloned into the BamHI/EcoRl site
of pGEX-2TK and transformed into E. coli BL21. To verify its au-
thenticity, the cDNA insert was subjected to nucleotide sequencing.

Competent E. coli BL21 cells were transformed with pGEX-2TK
harboring the full-length cDNA encoding the mouse sulfotransferase
clone 679153. The transformed cells, grown to ODgynm = ~0.51in 1 liter
LB medium supplemented with 100 pwg/ml ampicillin and induced with
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FIG. 2. SDS gel electrophoretic pattern of purified recombinant
mouse sulfotransferase clone 679153. Purified recombinant mouse
sulfotransferase sample (lane 2) was subjected to SDS-PAGE on a
12% gel, followed by Coomassie blue staining. Protein molecular
weight markers coelectrophoresed on lane 1 are B-lactoglobulin
(M, = 18,400), carbonic anhydrase (M, = 29,000), ovalbumin (M, =
43,000), bovine serum albumin (M, 68,000), phosphorylase B
(M, = 97,400).

0.1 mM IPTG overnight at room temperature, were collected by cen-
trifugation and homogenized in 20 ml ice-cold STE (10 mM Tris—HClI,
pH 8.0, 150 mM NacCl, 1 mM EDTA) using an Aminco French Press.
The crude homogenate thus prepared was subjected to centrifugation at
10,000g for 30 min at 4°C. The supernatant collected was fractionated
using 0.5 ml of glutathione Sepharose, and the bound GST fusion
protein was treated with 2 ml of a thrombin digestion buffer (50 mM
Tris—HCI, pH 8.0, 150 mM NacCl, and 2.5 mM CacCl,) containing 5
unit/ml bovine thrombin. Following a 30-min incubation at room tem-
perature with constant agitation, 5 ug of aprotinin were added to
inactivate thrombin and the preparation was subjected to centrifuga-
tion. The recombinant enzyme present in the supernatant collected was
analyzed by SDS—gel electrophoresis for purity and examined with
respect to its enzymatic properties.

Enzymatic assay. The sulfotransferase activities were assayed us-
ing 3'-phosphoadenosine 5'-phospho[*S]sulfate (PAP[*S]) as the sul-
fate donor. The standard assay mixture, with a final volume of 30 pul,
contained 50 mM Taps (pH 8.25), 14 uM PAP[*S] (15 Ci/mmol), and
specified concentration of substrate. The reaction was started by the
addition of the enzyme preparation, allowed to proceed for 10 min at
37°C, and terminated by heating at 100°C for 2 min. The precipitates
formed were cleared by centrifugation, and the supernatant was sub-
jected to the analysis of [**S]sulfated product based on the thin-layer
chromatography separation procedure using n-butanol/isopropanol/
88% formic acid/water (3:1:1:1; by volume) as the solvent system [10].

Miscellaneous methods. PAP[*S] (15 Ci/mmol) was synthesized
from ATP and [*S]sulfate using the sulfate-activating enzymes, ATP
sulfurylase and adenosine 5'-phosphosulfate kinase, from Bacillus
stearothermophilus as described previously [11]. Protein determina-
tion was based on the method of Bradford [12] with bovine serum
albumin as the standard.

RESULTS AND DISCUSSION

Figure 1 shows the nucleotide and deduced amino
acid sequences of the cDNA encoding mouse sulfo-
transferase clone 679153 (GenBank Accession No.
AF026073). The open reading frame, beginning at base
residue 98, encompasses 885 nucleotides and encodes a
295-amino acid polypeptide. The predicted molecular
weight, 35,099, falls within the molecular weight range
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(33,000-36,000) generally found for cytosolic sulfo-
transferase enzymes [1-3]. The termination codon, lo-
cated at nucleotide residues 983-985, is followed by a
708-nucleotide 3’-untranslated sequence which in-
cludes a poly(A) tract. Examining the 3’-untranslated
region, it was interesting to note the presence of four
ATTTA sequence motifs (with their first A residues
being located at, respectively, positions 1383, 1427,
1479, and 1547; as underlined). The region between the
first and the fourth motifs is highly AT-rich, being
composed of 79.9% A/T. Previous studies have shown
that AU-rich elements are found in the 3’-untranslated
region of MRNAs encoding, in particular, inflammatory
mediators, transcription factors, or proto-oncogenes
[13]. The constituent sequence motifs, AUUUA, therein
are believed to act as destabilizing sequences, confer-
ring short half-lives upon those mRNAs [14]. In addi-
tion to the four ATTTA motifs, thereisalsoa TTATTT-
TAT sequence observed at nucleotide residues 1507—
1515 in the 3’-untranslated region of the sulfotrans-
ferase Clone 679153 cDNA (as underlined in Fig. 1).
This sequence is similar to the previously identified
sequence (TTATTTAT) present near the 3’ end of the
cDNAs coding for inflammatory mediators [15]. That
both the ATTTA motif and the TTATTTAT-like motif
are present in the 3’-untranslated region raises the
issue whether the sulfotransferase encoded by the
clone 679153 cDNA is functionally related to the in-
flammation process in vivo. Such a possibility prompted
our interest in preparing recombinant enzyme coded by

TABLE 1

Substrate Specificity of the Recombinant Mouse
Sulfotransferase Clone 679153

Specific activity

Substrate® (nmol/min/mg protein)®
p-Nitrophenol 1.92 = 0.04
Dopamine 2.40 = 0.04
B-Naphthol 2.53 = 0.03
B-Naphthylamine 0.20 = 0.01
Serotonin 1.65 + 0.08
Histamine N.D.*
Prostaglandin A, 0.91 + 0.06
Prostaglandin B, 0.86 = 0.01
Prostaglandin D, 0.92 = 0.02
Prostaglandin E; 0.81 + 0.08
Prostaglandin E, 0.94 = 0.03
Prostaglandin F,, 0.87 = 0.03
Prostaglandin F,, 0.89 = 0.02
Thromboxane B, 0.91 = 0.02
Leukotriene E, 0.71 = 0.03

* The concentrations of substrates were 10 uM for p-nitrophenol
and B-naphthol; 50 uM for dopamine and B-naphthylamine; 200 uM
for prostaglandins, thromboxane B,, and leukotriene E;; and 1 mM
for serotonin and histamine.

® Data shown represent means + SD derived from three experi-
ments.

¢ Activity not detected.
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FIG. 3. Enzymatic sulfation of prostaglandin E, using PAP[*S]
as the sulfate donor. The figure shows the autoradiograph taken
from the TLC plate used for the two-dimensional thin-layer analysis
of the reaction mixture. The dashed-line circle indicates the position
of [**S]sulfated prostaglandin E,. The strong radioactive spot located
close to the upper left corner corresponds to the unused PAP[*S]
present in the reaction mixture.

this ¢cDNA for investigating its potential activity to-
ward eicosanoid compounds of which some have been
shown to be involved in inflammatory response [16].
The full-length ¢cDNA encoding the mouse sulfo-
transferase clone 679153 was subcloned into pGEX-
2TK, a prokaryotic expression vector, for the expres-
sion of the recombinant enzyme in E. coli. As shown
in Fig. 2, recombinant mouse sulfotransferase clone
679153, cleaved from the GST fusion protein fraction-
ated from the E. coli homogenate using glutathione
Sepharose, appeared to be highly purified and mi-
grated at approximately 35 kDa position upon SDS—
PAGE. The recombinant enzyme was subjected to func-
tional characterization with respect to its sulfotrans-
ferase activities. Since the mouse sulfotransferase
clone 679153 is categorized into the phenol sulfotrans-
ferase gene family based on sequence comparison with
other mammalian cytosolic sulfotransferases [8], we
decided to first test its activities toward a number of
compounds previously shown to be substrates for phe-
nol sulfotransferases. In view of the inflammation-
related (ATTTA and TTATTTAT-like) motifs present
in the 3’-untranslated region of the mouse sulfotrans-
ferase clone 679153 cDNA, a variety of eicosanoid com-
pounds, as well as serotonin, were also tested as sub-
strates. Activity data compiled in Table 1 revealed that
the recombinant mouse sulfotransferase clone 679153
indeed was able to catalyze the sulfation of a number of
known substrates, including serotonin, p-nitrophenol,
dopamine, histamine, p-nitrophenol, and B-naphthyl-
amine, for enzymes of the PST family. More impor-
tantly, the enzyme displayed strong activities cata-
lyzing the sulfation of various prostaglandins (cf. Fig.
3), thromboxane B,, and leukotriene E,. These results
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mark the first discovery of sulfotransferase activities
toward eicosanoids and their association with a dis-
tinct mammalian sulfotransferase.

It is interesting to point out that our earlier study had
demonstrated that the mouse sulfotransferase clone
679153 is expressed predominantly in mouse kidney and
at a lower level in uterus [8]. Uterus has previously been
shown to be an organ heavily influenced by the endocri-
nologic effects of eicosanoids, especially during parturi-
tion [17]. Furthermore, prostaglandins have been used as
therapeutic agents in some clinical aspects [17]. For kid-
ney, the roles of eicosanoids in its pathophysiology has
also been well documented [17]. The tissue-specific ex-
pression of the mouse sulfotransferase clone 679153 in
these two mouse organs therefore appears to provide
additional support for the functional involvement of this
novel enzyme in the eicosanoid metabolism.

Considering that eicosanoids (prostaglandins, throm-
boxanes, hydroxyeicosatetranoic acids, and leukotrienes)
have been implicated in various physiological processes
such as inflammation, pain and fever production, blood
pressure regulation, platelet aggregation, induction of
labor, and regulation of sleep/wake cycle [18], the sulfa-
tion of eicosanoids, possibly catalyzed by other types of
sulfotransferases as well, may have broad functional im-
plications in vivo. Some possibilities of the functional
relevance of the sulfation of eicosanoids can be put forth
by drawing analogy to other systems. First, sulfation may
be employed for the inactivation and/or excretion of eico-
sanoids. Second, sulfation of eicosanoids may generate
products that are biologically active in ways different
from their parental compounds. Third, sulfation of eico-
sanoids may serve for their transport inside the body.
Fourth, sulfated eicosanoids may represent a reserve in
vivo which can be called upon when needed. Finally,
sulfation may be used as a means for the reversible
modulation of the activities of eicosanoids. One require-
ment for the latter two possibilities, however, is the ex-
istence of a corresponding sulfatase that can hydrolyze
the sulfated eicosanoids. Further studies are needed in
order to clarify these various possibilities.
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