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1. Introduction

Cytosolic sulfotransferase (SULTs) constitute a group of enzymes
that catalyze the transfer of a sulfonate group from the univer-
sal sulfate donor, 3′-phosphoadenosine-5′-phosphosulfate (PAPS),
to acceptor substrate compounds containing hydroxyl or amino
groups (Mulder and Jakoby, 1990; Falany and Roth, 1993;
Weinshilboum and Otterness, 1994; Coughtrie, 2002). Such sul-
fation reactions, taking place in mammals and other vertebrate

Abbreviations: SULT, cytosolic sulfotransferase; PAPS, 3′-phosphoadenosine-
5′-phosphosulfate; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis; RT-PCR, reverse transcription-polymerase chain reaction; polychlori-
nated biphenyls, PCBs.
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species, are generally thought to serve for the regulation of
endogenous compounds such as steroid/thyroid hormones, cat-
echolamine neurotransmitters, as well as the detoxification of
dietary, therapeutic, and environmental xenobiotics (Mulder and
Jakoby, 1990; Falany and Roth, 1993; Weinshilboum and Otterness,
1994; Coughtrie, 2002). In the latter case, sulfated products may
become more water-soluble and can be more easily excreted from
the body. From this perspective, the SULTs can be considered as a
part of the chemical defense mechanism (Allali-Hassani et al., 2007;
Gamage et al., 2006).

In recent years, environmental estrogens have been increasingly
recognized as a potential hazardous factor for wildlife as well as
humans (Roy et al., 1997). In general, they are able to bind to estro-
gen receptors and thereby mimicking estrogenic actions (Ridgway
and Wiseman, 1998) or interfere with the action of enzymes that
help regulate the level of endogenous estrogens (Kester et al., 2000).
Some examples of this diverse group of compounds are diethyl-
stilbestrol, bisphenol A, alkyl phenolic compounds, polychlorinated
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biphenyls (PCBs), herbicides, polystyrenes and plasticizers (Danzo,
1998). These environmental estrogens have been implicated in the
malfunctioning of the reproductive system and abnormal embry-
onic development of wildlife, and in a worldwide debate on a
decline in sperm quality in men (Carlsen et al., 1992; Auger et al.,
1995) and an increased incidence of human breast cancer (Falck et
al., 1992; Rogan, 2007).

Zebrafish has in recent years emerged as a popular animal model
for a wide range of studies (Kari et al., 2007; Lieschke and Currie,
2007). Its advantages, compared with mouse, rat, or other verte-
brate animal models, include the small size, availability of a large
number of eggs, rapid development externally of virtually trans-
parent embryos, and short generation time. These characteristics
make the zebrafish an excellent model for a systematic investiga-
tion on the physiological involvement of the SULTs, including the
sulfation of environmental estrogens. A prerequisite for using the
zebrafish in these studies, however, is the identification of the var-
ious SULTs and their functional characterization. We have recently
embarked on the molecular cloning of zebrafish SULTs. Sequence
analysis via BLAST search revealed that the zebrafish SULTs we
have cloned display sequence homology to mammalian SULTs. Of
the ten zebrafish SULTs that have been cloned, six fall within the
SULT1 gene gamily (Sugahara et al., 2003a,b; Liu et al., 2005; Yasuda
et al., 2005a,b); three belong to the SULT2 gene family (Sugahara
et al., 2003c; Yasuda et al., 2006); and one (designated SULT X)
appears to be independent from all known SULT gene families
(Sugahara et al., 2003d). The zebrafish SULT1 enzymes previously
cloned and expressed displayed differential sulfating activities
toward endogenous compounds including l-Dopa, dopamine, 17�-
estradiol, estrone, and thyroid hormones, as well as a variety of
xenobiotic phenolic compounds.

We report here the identification of two new zebrafish SULT1
enzymes, designated SULT1 ST7 and SULT1 ST8. Their enzymatic
activities toward a variety of endogenous compounds and xeno-
biotics were examined. Kinetic parameters of the two enzymes
in catalyzing the sulfation of representative substrates were
determined. Moreover, their developmental expression during
embryogenesis onto maturity was investigated.

2. Materials and methods

2.1. Materials
3,3′,5-Triiodo-l-thyronine (l-T3), l-thyroxine (l-T4), 17�-
estradiol, estrone, cholesterol, dehydroepiandrosterone (DHEA),
d-Dopa, l-3,4-dihydroxyphenylalanine (l-Dopa), dopamine,
allopregnanolone, chlorogenic acid, kaempferol, genistein,
�-naphthol, catechin, caffeic acid, daidzein, gallic acid, buty-
lated hydroxylanisole, butylated hydroxytoluene, quercetin,
myricetin, n-propyl gallate, p-nitrophenol, �-naphthylamine,
acetaminophen, epicatechin, epigallocatechin gallate, mes-
tranol, minoxidil, bisphenol A, n-octylphenol, n-nonylphenol,
diethylstilbestrol (DTT), 17�-ethynylestradiol, 17�-estradiol,
aprotinin, adenosine 5′-triphosphate (ATP), sodium dodecyl
sulfate (SDS), sodium acetate, 2-morpholinoethanesulfonic
acid (MES), 3-(N-morpholino)propanesulfonic acid (MOPS),
N-2-hydroxylpiperazine-N′-2-ethanesulfonic acid (HEPES), 3-
[N-tris-(hydroxymethyl)methylamino]-propanesulfonic acid
(TAPS), 2-(cyclohexylamino)ethanesulfonic acid (CHES), 3-
(cyclohexylamino)-1-propanesulfonic acid (CAPS), reduced
glutathione, and isopropyl �-d-thiogalactopyranoside (IPTG)
were products of Sigma Chemical Company (St. Louis, MO). 3-
Chloro-4-biphenylol and 3,3′,5,5′-tetrachloro-4,4′-biphenyldiol,
both with a minimum purity of 95%, were obtained from Ultra
logy 89 (2008) 94–102 95

Table 1
Oligonucleotide primers used in the cloning and the RT-PCR analysis of zebrafish
SULT1 ST7 and SULT1 ST8

Target sequence Sense and antisense oligonucleotide primers

SULT1 ST7
Sense 5′-CGCGGATCCATGGATCTCCCAGACATATCCTCTATTAAA-3′

Antisense 5′-CGCGGATCCTTAAATCTTAGTGCGGAAATTGAGAGTGGT-3′

SULT1 ST8
Sense 5′-CGCGGATCCATGGCAAACCAAGACAAATCCTCTATTGAATTA-3′

Antisense 5′-CGCGGATCCTTAAATAATCACACAGAAGTATTAAATCTCAGT-3′

�-Actin
Sense 5′-ATGGATGAGGAAATCGCTGCCCTGGTC-3′

Antisense 5′-TTAGAAGCACTTCCTGTGAACGATGGA-3′

Recognition sites of Bam HI restriction endonuclease in the oligonucleotides are
underlined. Initiation and termination codons for translation are in bold type. The
sense and antisense oligonucleotide primer sets listed were verified by BLAST Search
to be specific for the zebrafish SULT1 STs or �-actin nucleotide sequence.

Scientific (N. Kingstown, RI). TRI Reagent was from Molecular
Research Center, Inc. (Cincinnati, OH). Unfertilized zebrafish
eggs, embryos and larvae at different developmental stages were
prepared by Scientific Hatcheries (Huntington Beach, CA). Total
RNAs from zebrafish embryos and larvae at different develop-
mental stages, as well as 3-month-old adult male or female fish,
were isolated using the TRI Reagent, based on manufacturer’s
instructions. Taq DNA polymerase was a product of Promega
Corporation (Madison, WI), and Takara Ex Taq DNA polymerase
was from Fisher Scientific (Pittsburgh, PA). T4 DNA ligase and
Bam HI restriction endonuclease were from New England Biolab
(Ipswich, MA). Oligonucleotide primers were synthesized by MWG
Biotech (Huntsville, AL). pSTBlues-1 AccepTor Vector Kit and BL21
(DE3) competent cells were purchased from Novagen (Gibbstown,
NJ). Prestained protein molecular mass standard was from Life
Technologies (Gaithersburg, MD). First-strand cDNA Synthesis Kit,
pGEX-2TK glutathione S-Transferase (GST) gene fusion vector, GEX-
5′-and GEX-3′ sequencing primers, and glutathione-Sepharose
4B were products of Amersham Biosciences (Piscataway, NJ).
Recombinant human bifunctional ATP sulfurylase/adenosine-
5′-phosphosulfate kinase was prepared as described previously
(Yanagisawa et al., 1998). Cellulose thin-layer chromatography
(TLC) plates were products of EMD Chemicals (Gibbstown, NJ).
Carrier-free sodium [35S]sulfate, Ecolume scintillation cocktail,
17�-hydroxypregnenolone, 17�-hydroxyprogesterone, preg-
nenolone, progesterone, hydrocortisone, 4-androstene-3,17-dione,

and corticosterone were from MP Biomedicals (Solon, OH). All
other reagents were of the highest grades commercially available.

2.2. Cloning, bacterial expression, and purification of
recombinant zebrafish SULT1 ST7 and SULT1 ST8

By searching the GenBank database, two zebrafish sequences
(GenBank Accession # XM 688954 (SULT1 ST7) and AI384974
(SULT1 ST8)) encoding putative SULTs were identified. The former is
a full-length coding sequence derived from an annotated genomic
sequence (GenBank Accession # NW 635013), and the latter is a
partial sequence covering the 5′-region of the coding sequence.
A full-length cDNA clone containing the latter sequence was
purchased from RZPD Deutsches Ressourcenzentrum fur Genom-
forchung GmbH (Berlin, Germany), and amplified, purified, and
subjected to nucleotide sequencing to obtain its complete cod-
ing sequence. To subclone these two cDNAs into the pGEX-2TK
prokaryotic expression vector, sense and antisense oligonucleotide
primers designed based on 5′- and 3′- regions of the respective
coding sequences were synthesized with Bam HI restriction site
incorporated at the end (see Table 1). Using these primer sets, PCRs
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were carried out under the action of EX Taq DNA polymerase, with
the first-strand cDNA reverse-transcribed from either the total RNA
of a 2-week-old zebrafish larvae (for SULT1 ST7) or the commer-
cially obtained cDNA (for SULT1 ST8) as template. Amplification
conditions were 2 min at 94 ◦C and 20 cycles of 94 ◦C for 35 s,
60 ◦C for 40 s, and 72 ◦C for 1 min. The final reaction mixtures were
applied onto a 0.9% agarose gel, separated by electrophoresis, and
visualized by ethidium bromide staining. The PCR product bands
detected were excised from the gel, and the DNAs therein were
isolated by spin filtration. Purified PCR products were subjected
to Bam HI restriction and subcloned into Bam HI-restricted pGEX-
2TK vector, and verified for authenticity by nucleotide sequencing
(Sanger et al., 1977). To express the recombinant zebrafish SULT1
ST7 and SULT1 ST8, competent BL21 (DE3) cells transformed with
pGEX-2TK harboring the cDNA encoding SULT1 ST7 or ST8 were
grown in 1 L LB medium supplemented with 60 �g/ml ampicillin.
After the cell density reached 0.6 OD600 nm, IPTG (0.1 mM final con-
centration) was added to induce the production of recombinant
zebrafish SULT1 ST. After an overnight induction at room temper-
ature, the cells were collected by centrifugation and homogenized
in 25 ml ice-cold lysis buffer (10 mM Tris–HCl, pH 8.0, 150 mM
NaCl, and 1 mM EDTA) using an Aminco French Press. Twenty
microlitres of 10 mg/ml aprotinin (a protease inhibitor) was added
to the crude homogenate. The crude homogenate was subjected
to centrifugation at 10,000 × g for 15 min at 4 ◦C. The supernatant
collected was fractionated using 2.5 ml of glutathione-Sepharose,
and the bound GST-SULT1 ST fusion protein was eluted with 3 ml
of an elution solution containing 50 mM Tris–HCl, pH 8.0, and
10 mM reduced glutathione at 4 ◦C. For the preparation of GST-free
SULT1 ST, the GST-SULT1 ST fusion protein bound on glutathione
Sepharose was treated with 3 ml of a thrombin digestion buffer
(50 mM Tris–HCl, pH 8.0, 150 mM NaCl, and 2.5 mM CaCl2) con-
taining 5 U/ml bovine thrombin at room temperature. Following a
10–15-min incubation with constant agitation, the preparation was
subjected to centrifugation. The recombinant zebrafish SULT1 ST
released into the supernatant and the GST-SULT1 ST fusion protein
prepared as described above were analyzed by SDS-polyacrylamide
gel electrophoresis (SDS–PAGE) and subjected to enzymatic char-
acterization.

2.3. Enzymatic assay

The sulfating activity of recombinant zebrafish SULT1 ST7 or
ST8 was assayed using radioactive PAP[35S] as the sulfate donor.

The standard assay mixture, with a final volume of 25 �l, con-
tained 50 mM MOPS buffer at pH 7.0, 14 �M PAP[35S] (15Ci/mmol),
1 mM DTT, and 50 �M substrate. Controls with DMSO or water, in
place of substrate, were also prepared. The reaction was started
by the addition of the enzyme, allowed to proceed for 5 min at
28 ◦C, and terminated by heating at 100 ◦C for 2 min. The precip-
itates formed were cleared by centrifugation, and the supernatant
was subjected to the analysis of [35S]sulfated product using the
previously developed TLC procedure (Liu and Lipmann, 1984), with
n-butanol/isopropanol/88% formic acid/water (3:1:1:1; by volume)
as the solvent system. To examine the pH-dependence of the sul-
fation of chlorogenic acid by SULT1 ST7 or ST8, different buffers
(50 mM sodium acetate at 4.5, 5.0, or 5.5; MES at 5.5, 6.0, or 6.5;
MOPS at 6.5, 7.0, or 7.5; HEPES at 7.0, 7.5, 8.0; TAPS at 8.0, 8.5, 9.0;
CHES at 9.0, 9.5. or 10.0; and CAPS at 10.0, 10.5, 11.0, or 11.5), instead
of 50 mM MOPS (pH 7.0), were used in the reactions. For the kinetic
studies on the sulfation of catechin (by SULT1 ST7), chlorogenic
acid (by SULT1 ST8), and 3-chloro-4-biphenylol (by both SULT1 ST7
and ST8), varying concentrations (2, 2.22, 2.50, 2.86, 3.33, 4, 5 and
6.67 �M of catechin and 0.22, 0.25, 0.29, 0.33, 0.40, 0.50, 0.66 and
1 �M of 3-chloro-4-biphenylol for SULT1 ST7 and 12.5, 14.3, 16.7,
logy 89 (2008) 94–102

20, 25, 33.3, 50 and 100 �M of chlorogenic acid and 3.13, 3.57, 4.16,
5, 6.25, 8.33, 12.5 and 25 �M of 3-chloro-4-biphenylol for SULT1
ST8) of these substrate compounds and 50 mM MOPS buffer at pH
7.0 were used. The reactions were also carried out for 5 min at 28 ◦C,
and terminated by heating at 100 ◦C for 2 min. The protein concen-
trations of SULT1 ST7 and ST8 (in GST fusion protein form) used
in the final reaction mixtures in the kinetic studies were 0.03 and
0.08 mg/ml, respectively.

2.4. Analysis of the developmental expression of the zebrafish
SULT1 ST7 and SULT1 ST8

RT-PCR was employed to investigate the developmental stage-
dependent expression of the zebrafish SULT1 ST7 and SULT1 ST8.
Aliquots containing 5 �g each of the total RNAs isolated from
zebrafish embryos and larvae at different developmental stages as
well as 3-month-old adult male or female fish were used for the
synthesis of the corresponding first-strand cDNAs using the First-
Strand cDNA Synthesis Kit (Amersham Bioscience). One microlitre
aliquots of the 33 �l first-strand cDNA solutions prepared were
used as templates for the subsequent PCR amplification. PCR reac-
tions were carried out in 25 �l reaction mixtures using EX Taq DNA
polymerase, in conjunction with gene-specific sense and antisense
oligonucleotide primers (see Table 1). Amplification conditions
were 2 min at 94 ◦C, followed by 40 cycles of 30 s at 94 ◦C, 35 s at
56 ◦C, and 65 s at 72 ◦C. The final reaction mixtures were applied
onto a 0.9% agarose gel, separated by electrophoresis, and visualized
by ethidium bromide staining.

2.5. Miscellaneous methods

PAP[35S] was synthesized from ATP and carrier-free [35S]sulfate
using the bifunctional human ATP sulfurylase/APS kinase and its
purity determined as previously described (Yanagisawa et al., 1998;
Lin and Yang, 2000). The PAP[35S] synthesized was adjusted to the
required concentration and specific activity by the addition of cold
PAPS. SDS-PAGE was performed on 12% polyacrylamide gels using
the method of Laemmli (1970). Protein determination was based
on the method of Bradford (1976) with bovine serum albumin as
the standard.

3. Results

3.1. Molecular cloning of the zebrafish SULT1 ST7 and SULT ST8
By searching the GenBank database, two zebrafish sequences
(GenBank Accession# XM 688954 (SULT1 ST7) and AI384974
(SULT1 ST8)) encoding putative SULTs were identified. The cDNAs
encoding these two putative SULTs were amplified by RT-PCR,
cloned into the pGEX-2TK prokaryotic expression vector, and sub-
jected to nucleotide sequencing for authenticity (Sanger et al.,
1977). The nucleotide sequences obtained were submitted to the
GenBank database under the Accession number EU502841 for
SULT1 ST7 and EU502842 for SULT1 ST8. Fig. 1 shows the align-
ment of the deduced amino acid sequences of the two newly
identified zebrafish SULT1 STs. The open reading frames of SULT1
ST7 and SULT1 ST8 both encompass 906 nucleotides and code for
301-amino acid polypeptides. Similar to other SULTs, these two
new zebrafish SULT1 STs contain sequences resembling the so-
called “signature sequences” (YPKSGTxW in the N-terminal region
and RKGxxGDWKNxFT in the C-terminal region; as underlined)
(Weinshilboum et al., 1997). Of these two sequences, YPKSGTxW
has been demonstrated by X-ray crystallography to be responsible
for binding to the 5′-phosphosulfate group of PAPS, a co-substrate
for SULT-catalyzed sulfation reactions (Lipmann, 1958), and thus
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Fig. 1. Alignment of deduced amino acid sequences of the zebrafish SULT1 ST7 and SULT1
Two “signature sequences” located, respectively, in the N-terminal and C-terminal region

has been designated the “5′-phosphosulfate binding (5′-PSB) motif”
(Negishi et al., 2001). The two zebrafish SULT1 STs also contains
the “3′-phosphate binding (3′-PB) motif” (amino acid residues
137–147; as underlined) that has been proposed to be responsi-
ble for the binding to the 3′-phosphate group of PAPS (Negishi
et al., 2001). It is generally accepted that members of the same
SULT gene family share at least 45% amino acid sequence iden-
tity, and members of subfamilies within each SULT gene family are
greater than 60% identical in amino acid sequence (Weinshilboum
et al., 1997; Nagata and Yamazoe, 2000; Blanchard et al., 2004).
Sequence analysis based on a BLAST pairwise search revealed that
the deduced amino acid sequence of the zebrafish SULT1 ST7 and
SULT1 ST8 display 45–76% and 36–40% amino acid sequence iden-
tity to, respectively, the six zebrafish SULT1 STs (Sugahara et al.,
2003a,b; Liu et al., 2005; Yasuda et al., 2005a,b) and the three SULT2
STs (Sugahara et al., 2003c; Yasuda et al., 2006) previously reported.

Fig. 2. Classification of the zebrafish SULT1 ST7 and SULT1 ST8 on the basis of their am
homology among different SULTs. For references for individual SULTs, see the review by B
generated based on Greedy algorithm (Brodskiı̆ et al., 1995; Nikolaev et al., 1997).
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ST8. Residues conserved among these two SULT1 STs enzymes are in shaded boxes.
s, as well as a conserved sequence in the middle region are underlined.

Between the two newly identified zebrafish SULTs identified, 83%
amino acid sequence identity was observed. Based on these criteria,
these two zebrafish SULTs appear to belong to the SULT1 gene fam-
ily, and are therefore designated the zebrafish SULT1 ST7 and SULT1
ST8 in accordance with the nomenclature used in ZFIN database (cf.
the dendrogram shown in Fig. 2).

3.2. Expression, purification, and characterization of recombinant
zebrafish SULT1 ST7 and SULT1 ST8

pGEX-2TK harboring zebrafish SULT1 ST7 or ST8 cDNA was
transformed into BL21 (DE3) cells for the expression of the recom-
binant protein. As shown in Fig. 3, the GST fusion protein form
of recombinant zebrafish SULT1 ST7 or ST8, purified from the E.
coli extract, migrated at ca. 60 kDa position upon SDS-PAGE. Upon
thrombin digestion to cut out the GST moiety, the free zebrafish

ino acid sequences. The dendrogram shows the degree of amino acid sequence
lanchard et al. (2004). h, human; m, mouse; and zf, zebrafish. The dendrogram was
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Fig. 3. SDS gel electrophoretic pattern of the purified recombinant zebrafish SULT1
ST7 and ST8. Purified zebrafish SULT samples were subjected to SDS-PAGE on a
12% gel, followed by Coomassie blue staining. Samples analyzed in lane 1 and 2
were, respectively, GST-fusion protein and thrombin-digested forms of SULT1 ST7.
Samples in lane 3 and 4 were GST-fusion protein and thrombin-digested forms of

SULT1 ST8. Positions of the protein molecular weight markers co-electrophoresed
were: carbonic anhydrase (Mr = 29,000), ovalbumin (Mr = 45,000), and bovine serum
albumin (Mr = 68,000).

SULT1 ST7 and ST8 both migrated as ∼35 kD proteins. Prelimi-
nary experiments showed that the thrombin-digested SULT1 ST7
and ST8 exhibited lower and unstable sulfating activity in com-
parison with the GST-fusion protein form of these two enzymes
(data not shown). Therefore, the GST-fusion protein form of both
zebrafish SULT1 ST7 and ST8 was used for the enzymatic charac-
terization. A pilot experiment first revealed that the SULT1 ST7
and ST8 exhibited strong activities toward chlorogenic acid. pH-
dependence experiments subsequently performed showed that
pH optima of SULT1 ST7 and SULT1 ST8 with chlorogenic acid
as substrate were, respectively, 6.5 and 8.0 (Fig. 4). A number of
endogenous and xenobiotic compounds were tested as substrates
for these two enzymes, and the activity data obtained are compiled
in Table 2. Based on the molecular mass of the GST moiety (25,499
Daltons) and those of the GST-SULT1 fusion proteins (60,531 Dal-
tons for ST7 and 60,892 Daltons for ST8), correction factors of
1.728 and 1.720 were used in the calculation of specific activi-

Table 2
Specific activities of zebrafish SULT1 ST7 and SULT1 ST8 with xenobiotics as
substrates

Compound tested as substrate Specific activity (nmol min−1 mg−1)a

SULT1 ST7 SULT1 ST8

Acetaminophen 1.09 ± 0.02 NDb

Butylated hydroxylanisole ND ND
Butylated hydroxytoluene ND ND
Caffeic acid 0.46 ± 0.04 ND
Catechin 9.89 ± 1.07 0.65 ± 0.11
Chlorogenic acid 1.50 ± 0.27 1.59 ± 0.11
Daidzein 0.99 ± 0.03 0.11 ± 0.03
Epicatechin ND 0.51 ± 0.10
Epigallocatechin gallate 2.17 ± 0.88 1.32 ± 0.09
Gallic acid ND ND
Genistein 0.71 ± 0.04 0.16 ± 0.01
Kaempferol 0.74 ± 0.12 0.79 ± 0.08
Mestranol ND ND
Minoxidil ND ND
Myricetin ND ND
�-Naphthol 1.38 ± 0.27 0.17 ± 0.02
�-Naphthylamine 0.12 ± 0.01 ND
p-Nitrophenol ND ND
n-Propyl gallate 4.55 ± 0.11 0.16 ± 0.01
Quercetin 1.50 ± 0.27 0.78 ± 0.06

a Specific activity refers to nmol substrate sulfated min−1 mg−1 purified enzyme.
Data represent means ± S.D. derived from three experiments.

b ND, specific activity determined is lower than the detection limit (estimated to
be ≈0.01 nmol min−1 mg protein−1).
Fig. 4. pH dependency of the sulfating activity of the zebrafish SULT1 ST7 (A) and
SULT1 ST8 (B) with chlorogenic acid as substrate. The enzymatic assays with 50 �M
chlorogenic acid as substrate were carried out under standard assay conditions as
described under Section 2, using different buffer systems as indicated. The data
represent calculated mean values derived from three experiments.

ties of SULT1 ST7 and ST8, respectively. Among the compounds
we tested, the zebrafish SULT1 ST7 and ST8 displayed strongest
sulfating activities toward catechin (at 9.89 ± 1.07 nmol/min/mg
enzyme) and chlorogenic acid (at 1.59 ± 0.11 nmol/min/mg

enzyme), respectively. In addition, SULT1 ST7 also showed sulfat-
ing activities toward kaempferol, genistein, �-naphthol, caffeic
acid, daidzein, quercetin, n-propyl gallate, �-naphthylamine,
acetaminophen, epigallocatechin gallate, chlorogenic acid;
and SULT1 ST8 displayed activities toward kaempferol, genis-
tein, �-naphthol, caffeic acid, daidzein, quercetin, n-propyl
gallate, epicatechin, epigallocatechin gallate. Interestingly, nei-
ther SULT1 ST7 nor SULT1 ST8 exhibited detectable activities
toward endogenous compounds including 3,3′5-triiodo-l-
thyronine (l-T3), l-thyroxine (l-T4), d-Dopa, l-Dopa, dopamine,
17�-estradiol, estrone, 4-androstene-3, 17-dione, chlolesterol,
corticosterone, DHEA, hydrocortisone, 17�-hydroxypregnenolone,
17�-hydroxyprogesterone, pregnenolone, progesterone, allopreg-
nanolone, and other exogenous compounds including gallic acid,
butylated hydroxylanisole, butylated hydroxytoluene, myricetin,
p-nitrophenol, mestranol, and minoxidil. SULT1 ST7 and SULT1 ST8
were also assayed for sulfating activity towards some environmen-
tal estrogens including bisphenol A, n-octylphenol, n-nonylphenol,
diethylstilbestrol, 17�-ethynylestradiol, 17�-estradiol and hydrox-
ylated PCBs. The results compiled in Table 3 indicated that
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Table 3
Specific activities of the zebrafish SULT1 ST7 and SULT1 ST8 with representative
environmental estrogens as substrates

Environmental estrogen Specific activity (nmol min−1 mg−1)a

SULT1 ST7 SULT1 ST8

b
Bisphenol A ND ND
n-Octylphenol 0.20 ± 0.06 ND
n-Nonylphenol ND ND
Diethylstilbestrol ND ND
17�-Ethynylestradiol ND ND
3-Chloro-4-biphenylol 1.85 ± 0.21 3.65 ± 0.14
3,3′ ,5,5′-Tetrachloro-4,4′-biphenyldiol 1.82 ± 0.04 2.81 ± 0.04
17�-Estradiol ND ND
Dehydroepiandrosterone ND ND

a Data represent means ± S.D. derived from three experiments.
b ND, specific activity determined is lower than the detection limit (estimated to

be ∼0.01 nmol min−1 mg protein−1).

both SULT1 ST7 and SULT1 ST8 exhibited the strongest sulfating
activities toward the two representative hydroxylated PCBs (3-
chloro-4-biphenylol and 3,3′,5,5′-tetrachloro-4,4′-biphenyldiol)
tested as substrates.

To further investigate the enzymatic characteristics of SULT1 ST7
and ST8, the kinetic parameters of these two enzymes in catalyzing
the sulfation of an environmental estrogen, 3-chloro-4-biphenylol,
and two xenobiotics compounds, catechin and chlorogenic acid
were examined. In these experiments, varying concentrations of
these compounds were used in the assays. Data obtained were pro-

Fig. 5. Lineweaver-Burk double-reciprocal plots of (A) the sulfation of catechin by SULT
chlorogenic acid by SULT1 ST8, and (D) the sulfation of 3-chloro-4-biphenyl by SULT1 S
expressed as nmol of product formed/min/mg enzyme. Each data point represents the m
logy 89 (2008) 94–102 99

cessed using the SigmaPlot to generate the best fitting trend-lines
for the Lineweaver-Burk double-reciprocal plots (Fig. 5). The kinetic
constants shown in the figure revealed that, while the Vmax values
of SULT1 ST7 and ST8 toward the substrates tested were compara-
ble, the Km values of SULT1 ST8 were an order of magnitude higher
than those of SULT1 ST7. Based on calculated Vmax/Km values, both

SULT1 ST7 and SULT1 ST8 appeared to be catalytically more effi-
cient with 3-chloro-4-biphenylol as substrate than with catechin
or chlorogenic acid as substrate.

3.3. Developmental stages-dependent expression of the zebrafish
SULT1 ST7 and SULT1 ST8

The developmental stages-dependent expression of the
zebrafish SULT1 ST7 and ST8 were examined. As shown in Fig. 6A,
the mRNA encoding SULT1 ST7 was not detected in unfertilized
eggs and in embryos during the early phase of embryonic develop-
ment. An initial expression of the SULT1 ST7 mRNA was observed
at the hatching period (48 h) and selectively expressed in the
larval stages (1–2-week-old larvae). Throughout the post-larvae
stage onto early maturity, however, no message encoding SULT1
ST7 could be detected. Interestingly, a significant level of its
coding message was again expressed in adult female, but not
male zebrafish. For SULT1 ST8, no expression was detected in
unfertilized eggs and during entire embryogenesis. A significant
level of expression appeared in 1-week-old larvae and, intriguingly,
gradually decreased in 2- and 3-week-old larvae, and disappeared

1 ST7, (B) the sulfation of 3-chloro-4-biphenyl by SULT1 ST7, (C) the sulfation of
T8. Concentrations of the substrates used are expressed in �M and velocities are
ean value derived from three determinations.
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Fig. 6. Developmental stage-dependent expression of zebrafish SULTs. (A) RT-PCR
analysis of the expression of mRNAs encoding SULT1 ST7 and SULT1 ST8 at different
stages during embryogenesis and larval development onto maturity. Final PCR mix-
tures were subjected to 2% agarose electrophoresis. Samples analyzed correspond to
unfertilized zebrafish eggs (lane 1), zebrafish embryos during the zygote period (0-h
post-fertilization (pf); lane 2), cleavage period (1-h pf; lane 3), blastula period (3-h
pf; lane 4), gastrula period (6-h pf; lane 5), neurula/segmentation period (12-h pf;
lane 6), pharyngula period (24-h pf; lane 7), and hatching period (48- and 72-h pf;
lane 8, 9), 1, 2, 3, 4-week-old zebrafish larvae (lane 10, 11, and 12, 13), and 3-month-
old adult male or female zebrafish (lane 14, 15). Positions of the DNA size markers
co-electrophoresed are indicated on the right. The PCR products corresponding to
the zebrafish SULT1 ST7 or ST8 cDNAs, visualized by ethidium bromide staining, are
marked by arrows. (B) RT-PCR analysis of the expression of the zebrafish �-actin at
the same developmental stages as those described in (A). The figure is illustrative of
three independent repetitions.

thereafter throughout the juvenile unto maturity. In contrast to the
developmental stage-dependent expression of the SULT1 ST7 and
ST8, �-actin, a house keeping protein, was found to be expressed
throughout the entire developmental process (Fig. 6B).

4. Discussion and conclusion

The current study is part of an overall effort to establish
a zebrafish model for systematic studies on the ontogeny, cell
type/tissue/organ-specific distribution, as well as the physiological
involvement of the SULTs, a group of Phase II detoxifying enzymes
commonly found among vertebrates (Nowell and Falany, 2006). A
prerequisite for using zebrafish in these studies is the identifica-
tion of the various SULTs and their biochemical characterization.
We have recently embarked on the molecular cloning of zebrafish

SULTs (Sugahara et al., 2003a,b,c,d; Liu et al., 2005; Yasuda et al.,
2005a,b, 2006). Sequence analysis via BLAST search revealed that
the zebrafish SULTs we have cloned display sequence homology
to mammalian SULTs. Of the ten zebrafish SULTs that have been
cloned, six fall within the SULT1 gene family (Sugahara et al.,
2003a,b; Liu et al., 2005; Yasuda et al., 2005a,b), three belongs to
the SULT2 gene family (Sugahara et al., 2003c; Yasuda et al., 2006),
and one appears to be independent from all known SULT gene
families (Sugahara et al., 2003d). In this study, we have identified
two new SULT1 STs, SULT1 ST7 and SULT1 ST8, and demonstrated
that both SULT1 ST7 and SULT1 ST8 displayed sulfating activi-
ties toward xenobiotic compounds, particularly hydroxylated PCBs
and other environmental chemicals that have been reported to
be capable of exerting estrogenic effects in humans as well as
wildlife (Safe, 1994). In the enzymatic characterization, SULT1
ST7 and SULT1 ST8, with representative substrates, displayed pH
optima at 6.5 and 8.0, respectively. Kinetic parameters of the two
enzymes in catalyzing the sulfation of catechin and chlorogenic
acid as well as 3-chloro-4-biphenylol were determined. It should
be pointed out that SULT1-like enzymes have also been reported
to be present in other fish species (Tong and James, 2000; Assem
logy 89 (2008) 94–102

et al., 2006; Martin-Skilton et al., 2006; Wang and James, 2007).
These SULT1-like enzymes exhibited differential sulfating activi-
ties toward various endogenous as well as xenobiotic compounds.
For some of them, endocrine disruptors including PCBs have been
shown to exert inhibitory effects on their sulfating activities (van
den Hurk et al., 2002; Wang and James, 2007).

As mentioned in Section 1, environmental-estrogen-like chem-
icals have been implicated in the developmental abnormality of
wildlife (Guillette et al., 1995; Fry, 1995), as well as pathophysio-
logic conditions of humans (Carlsen et al., 1992; Auger et al., 1995;
Falck et al., 1992; Rogan, 2007). Prominent among these environ-
mental estrogens are the PCBs (Ulbrich and Stahlmann, 2004). PCBs
are a group of the halogenated aromatic hydrocarbons which are
among the most persistent and widespread environmental estro-
gens (Safe, 1994; Pocar et al., 2006). Because of their chemical
stability, lipophilic property and resistance to degradation, PCBs
are making their way into all levels of food chain and preferen-
tially bioaccumulate and biomagnify in wildlife as well as humans
(McFarland and Clarke, 1989; Buckman et al., 2006). Several stud-
ies have demonstrated that the accumulation of PCBs may affect
the reproductive system in fish populations (Örn et al., 1998; Mac
et al., 1993; Hansen et al., 1985). Exposure of high level of PCBs in
aquatics have been shown to lead to decreased hatching success,
impairment of egg development, a decline of the larvae survival,
and inhibition of spermatogenesis and various testicular abnor-
malities (Freeman et al., 1982; Sangalang et al., 1981). Although
the PCB-induced toxicity has been extensively investigated, both
the metabolic mechanism and ultimate elimination of PCB and its
metabolites in aquatic species remain poorly understood. It should
be pointed out that PCBs have been shown to be subjected to bio-
transformation by cytochrome P-450-mediated hydroxylation in
vertebrates (Borlakoglu and Wilkins, 1993; Henriksen et al., 2000;
Buckman et al., 2006). Hydroxylated PCBs have also been found in
a number of fish species and may be derived from the biotrans-
formation of individual PCB congeners by the Phase I enzymes,
particularly cytochrome P-450 (Vega-López et al., 2007; Mortensen
et al., 2007). In the present study, two new zebrafish SULTs, SULT1
ST7 and SULT1 ST8, were identified and shown to exhibit strong sul-
fating activities toward the two representative hydroxylated PCBs,
3-chloro-4-biphenylol and 3,3′,5,5′-tetrachloro-4,4′-biphenyldiol.
That both enzymes displayed sulfating activities toward hydrox-
ychlorobiphenyls may imply the utilization of sulfation as a means
for the inactivation/disposal of hydroxylated PCBs in zebrafish. It
is worthwhile pointing out that, in our previous study, two other

zebrafish SULTs, SULT1 ST1 and SULT1 ST2, also exhibited differ-
ential activities toward hydroxylated PCBs (Sugahara et al., 2003a).
In that study, metabolic sulfation of representative hydroxylated
PCBs was also demonstrated using cultured zebrafish liver cells
(Sugahara et al., 2003a). Whether sulfation truly poses a physio-
logical involvement with regard to the metabolic elimination of
hydroxylated PCBs in zebrafish will be an interesting and important
issue to clarify.

The adverse effects caused by the halogenated aromatic
hydrocarbons such as polychlorinated dibenzo-p-dioxins (PCDDs),
dibenzofurans (PCDFs), and PCBs may depend on the developmen-
tal stage of the affected animal (Elonen et al., 1998; Ankley and
Johnson, 2004). These environmental contaminants pose particu-
larly hazardous effects to fish, especially during the early stage of
their development (Matta et al., 1997; Powell et al., 2000; Elonen
et al., 1998; Toomey et al., 2001; Walker et al., 1991). Embry-
onic exposure to PCBs or complex mixtures of congeners had
been shown to result in edema, hemorrhage, craniofacial defor-
mity, pathological alterations, and significant mortality in newly
hatched fish (Spitsbergen et al., 1991; Walker et al., 1991; Walker
and Peterson, 1991; Walker et al., 1992; Toomey et al., 2001).
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An increasing volume of evidence has demonstrated that PCB-
induced toxicity is highly dependent on the developmental stage
and structural and functional maturation of fish species (Matta et
al., 1997; Örn et al., 1998; Powell et al., 2000; Mac et al., 1993;
Monosson et al., 1994). Whether developing fish embryos or larvae
are equipped with mechanisms, in particular detoxifying enzymes
such as SULTs, for counteracting or eliminating PCBs, however, had
remained unresolved. The developmental stage-dependent expres-
sion of zebrafish SULT1 ST7 and ST8 as revealed in this study
may imply the use of sulfation as a mechanism for the inac-
tivation and/or elimination of PCBs, following their cytochrome
P-450-mediated hydroxylation, by developing zebrafish. An initial
expression of SULT1 ST7 was observed during the hatching period
when primary organogenesis including early maturation of organ
rudiments, protrusion of mouth, and cartilage development in the
jaw primordia are nearly complete. This suggested the capacity of
hatched larvae in metabolizing PCBs before the exogenous feed-
ing commences and before the gut and endodermal organs are
fully developed (Falk-Petersen, 2005). During larval development,
the prominent abundance of SULT1 ST7 and ST8 were observed,
which then disappeared thereafter throughout the juvenile onto
maturity. Interestingly, a significant level of SULT1 ST7-coding mes-
sage was again expressed in adult female, but not male, zebrafish.
The significance of this latter finding awaits further clarification.
Collectively, these data may nevertheless imply the physiological
involvement of SULT1 ST7 and ST8 in counteracting PCB-induced
adverse effects in developing zebrafish embryo/larva and in main-
taining the normal functioning of reproductive system of female
zebrafish in adulthood (Danzo, 1998; Toppari, 2002).

In conclusion, we have identified two novel xenobiotic-sulfating
SULT1 STs, SULT1 ST7 and ST8, which may play a role in the
metabolism of environmental estrogens including hydroxylated
PCBs. This study is part of an overall effort to obtain a complete
repertoire of the SULT enzymes present in zebrafish. As pointed
out earlier, the identification of the various SULTs and their bio-
chemical characterization is a prerequisite for using the zebrafish
as a model for a systematic investigation on the physiological rele-
vance of SULTs in the detoxification of environmental xenobiotics.
More work is warranted in order to achieve this goal.
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