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ends (3-RACE) was performed using the Takara ¥-Full RACE
core kit. First-strand ¢<DNA was synthesized using AMV re-
verse transcriptase with zebrafish total RNA as the template
in conjunction with an oligo dT-3 sites adaptor primer. Af-
terwards, a polymerase chain reaction {PCR) was carried out
using an oligenucieotide (5-CGTAGTGGCACCACGCTA-
ATGC-3 designed based on the sequence determined for
the above-mentioned zebrafish TPST ¢DNA and a three sites
adaptor primer as the primer pair with the first-strand cDNA
as the template, Amplification conditions were 25 cycles of
30 s at 94 °C, 30 s at 59 °C, and | min at 72 °C. The reac-
tion mixture was analyzed by agarose electrophoresis. A dis-
crete PCR product detected was isolated and subcloned into
pSTBlue-1 cloning vector and subjected to nucleotide se-
quencing (Sanger et al. 1977). The nucleotide sequences, as
well as the deduced amino acid sequences, of the cDNA
were analyzed using BLAST search for sequence homology
to known TPSTs.

To amplify the full-length zebrafish TPST ¢DNA for
subcloning into the pcDNA3.| eukaryotic expression vector,
a sense primer (5'-CCCTGACTTTTGCCCCCACCTGC-3)
corresponding to a region 65 residues upstream from the ini-
tiation codon of the open reading frame (see Fig. 1) and an
antisense  primer (5-GGTAGTTGTGACTCCG-3) cotre-
sponding to a region 116 residues downstream from the stop
codon were synthesized. With these two oligonucleotides as
primers, PCR in a 50-uL reaction mixture was carried out
under the action of Ex Tug DNA polymerase using zebrafish
first-strand cDNA as the template. Amplification conditions
were 25 cycles of 40 s at 94 °C, 45 s at 47.5 °C, and 1 min
and 20 s at 72 °C. The final reaction mixture was applied
onto a 1.2% agarose gel and separated by electrophoresis.
The discrete PCR product band, visvalized upon ethidium
bromide staining, was excised from the gel and the DNA
fragment therein was purified by spin filteation. The purified
zebrafish TPST ¢DNA. containing 3 A-overhangs, was
subcloned into the 3 T-overhangs-containing pcDNA3J.]
cukaryotic expression vector at a cloning site located be-
tween BstX I and EcoRV restriction sites. To verify its au-
thenticity and direction of cloning, the ¢cDNA insert was
subjected to nucleotide sequencing {Sanger et al, 1977).

Transient expression of the zebrafish TPST in COS-7 cells

COS-7 cells, routinely maintained in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum, were
used as the host cells for the expression of recombinant
zebrafish TPST protein. Dishes {100 mm) of COS-7 cells
were individually transfected with 10 pug of pcDNA3.1 vec-
tor only or pcDNA3.1 harboring the zebrafish TPST ¢cDNA
using the Lipofectamine 2000 mediated procedure. Trans-
fection was for 18 h at 37 °C. Afterwards, the transfected
cells were incubated at 37 °C in Dulbecco’s madified Eagle's
medium containing 10% fetal bovine serum. At the end of a
48-h incubation, the cells were rinsed twice with phosphate-
buftered saline and lysed in an ice-cold lysis buffer containing
20 mM Hepes-NaOH (pH 7.0), 1% Triton X-100, and 10 pg
aprotinin/mL. The bysate was subjected to centrifugation and
the supernatant was used in the TPST assays described be-
low. Lysates of untransfected CQS-7 cells or COS-7 cells
transfected with pcDNA 3.1 alone were prepared as controls.

Preparation of wild-type and mutated PSGL-1 N-terminal
peptides as substrates for the zebrafish TPST

For the preparation of cDNA encoding the N-terminal region
(ATEYEYLDYDFL) of PSGL-1, two complementary 42-mer
oligonucleotides (sense strand 5-GATCCGCCACCGAAT-
ATGAGTACCTAGATTATGATTTCCTGG-3 and antisense
strand  Y-AATTCCAGGAAATCATAATCTAGGTACTCA-
TATTCGGTGGCG-¥) were synthesized with, respectively,
BamHI and EcoRI restriction sites incorporated at the ends.
The annealed oligonucleotides were subcloned into the
BamHI/EcoR1 site of pGEX-4T-1 and transformed into
E. coli XL1-Blue MRF’. For the preparation of cDNA en-
coding mutated PSGL-1 N-termina! peptides, sense and
antisense mutagenic primers with the TAT or TAC codon
changed to TTT ot TTC were synthesized and similarly pro-
cessed and subcloned into pGEX-4T-1 and transformed into
E. coli XL1-Blue MRF. Figure 2 shows the amino acid se-
quences of the wild-type and mutated PSGL-1 N-terminal
peptides. Competent E. coli BL21 cells transformed with
pGEX-4T-1 harboring ¢cDNA encoding the wild-type or mu-
tated PSGL-1 N-terminal sequence were grown to Agg,, =
0.5 in 100 mL of LB medium supplemented with 100 pg
ampicillin/mL, Upon induction with 0.1 mM isopropy! B-n-
thiogalactopyranoside overnight at 25 °C, the cells were col-
lected by centrifugation at 1000g for 10 min at 4 °C and
homogenized in 15 mL of an ice-cold lysis buffer {(contain-
ing 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 1 mM
EDTA) using an Aminco French press. The crude homogenate
thus prepared was subjected to centrifugation at 10 000g for
20 min at 4 °C. The collected supernatant that includes the
fusion protein was fractionated using 0.5 mL of glutathione-
Sepharose for 1 h. and the Sepharose was washed three times
with lysis butter and twice with thrombin digestion buffer
{containing 20 mM Tris—=HCI (pH 8.0), 150 mM NaC), and
2.5 mM CaCly). Afterwards, the fusion protein bound 1o the
Sepharose was treated with 1 mL of a thrombin digestion
buffer containing 5 units thrombin/mL. After a 2-h incuba-
tion at room temperature, the preparation was subjected to
centrifugation. The recombinant peptide released into the
supernatant was purified using a Waters Sep-Pak Plus C18
cartridge according to the manufacturer’s instructions. Pu-
rified peptide was used as substrate in the enzymatic assay.

Enzymatic assay

The standard assay for TPST activity was carried out in a re-
action mixture (25 pL final volume) consisting of 50 mM MES
(pH 5.75). 50 mM NaF, 20 mM MnCl,, 0.1% Triton X-100,
40 pM peptide substrate, and 15 uM PAP[**S]. The reaction
was started by the addition of the enzyme, allowed to pro-
ceed for 30 min at 28 °C, and terminated by heating at
100 °C for 3 min. The precipitates formed were cleared by
centrifugation, and the supernatants collected were analyzed
for {**S]sulfated product using a previously developed thin-
layer chromatography procedure (Liu and Lipmann 1984)
with n-butano] - isopropanol — 88% formic acid - water
(3:1:1:1 by volume) as the solvent system. To examine the
pH dependence, different buffers (50 mM MES at pH 5.5,
3.75, or 6.0, MOPS at pH 6.25, 6.5, or 7.0) instead of
50 mM MES (pH 5.75) were used in the reactions. For the
kinetic swudies on the sulfation of peptide substrates, varying
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Fig. 1. Nucleotide and deduced amino acid sequences of the zebrafish TPST ¢cDNA. Nucleotides are numbered in the 5" to 3’ direction.

The translation stop codon

is indicated by an asterisk. The putative transmembruane segment and the residues involved in the binding of

the 5%-phosphosuliate group and the 3'-phosphate group of PAPS are underlined.

1

61
121
181
241
301
3561
421
1
481
5
541
25
601
45
661
65
721
85
781
1¢5
841
125
el
145
961
165
1021
185
1081
205
1141
225
1201
245
1261l
265
1321
285
1381
305
1441
325
1501
345
1561
1621
1681
1741
1801
1861
1921

CTGTTGGCCTACTGGAGCGATTATTTACATACAGACAGAATTCACCAGARATGTGCTCGC
GGTGTCAGATTCTGAGTCTCCTGAGAGGTTTATAGCTCCATTTACACGATCTGTTCGTCT
GCATTTCATCACGCGATTCTGGAGAATGTAGAATTCGAGGAGTTGTCCTTTCTGTACGGE
ACARTGGTGCTGACAGAGAATATATGSCTTGATTTACCATGTCTGAGTTTATTGAAGCCT
CAAGCARAGCCCAGARGACCTCCTGACTGAGCGAAARAANTCTCCCATCCCTTCCCTLCCC
CCARARAAACTTTTACACTTCGCCTTTTACATTCCTTCACCCTGACGCTT TTTGGARACA
TTCACTCCGTCTTTCCCCTTCCCTGACTTTTGCCCCCACCTGCAAAATCTGTTTAACTCA
TTTGTTATTTTTCCCCCTACAAGCAAAGTACTTCCCTAACTGTAAGTCATGAGARAACAA
M R K Q
ACGTGCAATGTTCTCCTAGTCTGTGGGGTCATCAGCTCCATCACAGTATTTTATCTTGGC
T ¢ NV L L NV C G YV I S o I T Vv F Y L G
CTCAGTACGATAGAGTGTCCGAATGCCCGTTCTCGTGCATCACRAGCATGGGTGGGTGGTA
L 5 T I £ ¢ P N A R S R A S5 Q H G W V V
AACCTACACCCTOGCACARACCTTAGTCACCCATTACAGCTCCCTCGAGGAGTACAATGAG
N L H A& ¢ R NUIL S D P L QL P E E Y N E
GARACTCCTCTCATT I TTGTTGGCGGAGTCCCTCGTAGTGGCACCACGCTARTGCGGECT
E TP UL I F V GGGV P_E & ¢ T T L M E A
ATGTTAGATGCTCACCCTATCGTCCGGTGCGCAGAAGAGACCCGECTCATCCCTCGGTTG
M .. p A H P I V RCGEETUZ RV I PR L
TTAGCCATGCAGGCAACCTGGAGTCACTCGGCACGAGAGCGGGTCCETUTGEGATGAGGCT
L A M Q¢ A T W S HS A R EE RV R L D E A
GGTCTCACTGATGATCTTTTGGACTCTGC TGTACGTGCGTTTC TTTTGGAGATCATAGTA
G v T DDV L D S AV E A F L L E I I V
GEGCATGGGGAGCCAGCGCCGAGGCTCTGCAACAAGGACCCATTTGCTCTGRAGTCCATG
G H G E P A P RL CHNIKDUPUF AL K S M
TCCTACCTCTICAAAACTCTTCCCARAGGCGAAGTTTATTC TCATGCTTCGTGATGGCAGS
$ ¥ L §$ KL F P K A K F I LML RTDGR
GCCACCGTTCACTCGATGATCTCCCGCAAGGTTACTATTACTGGGTTTGACTTGACAAGT
A T Vv H 8 M I 8§ R K v T I T GG F D L T 8§
TACCGGGATTGTTTGETAAAGTGGAACCGGGLGGTGGAAGTGATGTACCACCAGTGCCTG
Y R D C L V K WNU ERWAUYV EV M Y D Qg C L
GCTGCAGTGGATGGCAACTGTCTGCCTGTCCATTATGAGCAGCTTGTGCTGCATCCTGAG
A2 A VvV D N CL P V EY E @ L V L H P E
CGGGETGATGCGCAGGCTCCTTCAGTTCTTGGATCTGCCATGGGACACTGCTGTGCTGCAT
R vV M R RIL L @ F L D L P WD T A V L H
CATGAACAGCTAATTGGGAAAGCTCGGAGGAGTTTCGCTGTCAAAGGTGGAACTGTCARCA
H E QL I 66 K V ¢ & VvV § L 5 KV EUL sSs T
GATCAAGTAGTGAAGCCAGTGAATACAGAGGCTCTGTCTAAATGGGTGGGCAAGATTCCT
D vV v K P V N T E AL S K W V G K I P
GCTGATGTAGTGAAGGACATGCCCAGCCTTGCCCCCATGCTGAGTCGC TTGGGTTATGAC
A D V V K DM P $§$ L A P ML 8 R L G Y D
CCTCTGGCCAACCCACCAAACTACAACAAGCCTGATC TCTTATATCTGAACAACACAAAA
P L. A NP PNY N K P DI LL Y L N N T K
ATAGTAAGGCCGATGTAAAACTGAAAGGTCATCTCTGTGGATACAACCTGTGAATATTTG
I v R P M *
GAAGCAATAAACAATCTGCATTTTT TCTAGCACGCAARGTCTCTACTTGAATTAAGAACA
TGTATTGACAAARCCGAGTCACARCTACCATTGTTTCATACARAGTGAGTTCTAGTTTTA
ATGTTGTATTTTAAGTCATTTCTCAATTAAGTGCATTTCAGATGTTTTCCTGTTTGTACC
GATGTTATGATGTTGTTATTEATGTCAGTCCGATGACTATAAGGTGGCTTTTGTCTTGTS
GTTCTATTTGTATGCATGCATSTCACAGTAAATGTGTCCTARAGAGTGATTATCRACACAG
GAAACTATGTTTCTTGEAAGAGGAAGTCAAAGTTGCACAGAAATATCACTATTTTTCTCT
GACCGCAGGAGAACTRAGTAAGTTCCATCTAC

concentrations of the substrate compounds and 50 mM MES  bifunctional ATP sulfurylase/adenosine 5-phosphosulfate

at pH 5.75 were used.

Miscellaneous methods
PAP[*S} (15 Ci/mmo
from ATP and [¥S]s

kinase as described previously (Yanagisawa et al. 1998). In
vitro transeription/translation of the zebrafish TPST was per-
formed .using the TNT coupled reticulocyte lysate systern
1¢1 Ci = 37 GBq)) was synthesized ~ according 1o the manufacturer’s instructions. Sodium
ulfate using recombinant human dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-
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Fig. 2. Amino acid sequences of the wild-type (w1) and mutated
PSGL-} N-terminal peptides. The three 1yrosine residues and the
mutated phenylalunine residues are boldfaced.

PSGL-1 wt ATEYEYLDYDFL
PSGL-1 1,2 Y ATEYEYLDFDFL
PSGL-1 1,3 Y ATEYEFLDYDFL
PSGL-1 2,3 Y ATEFEYLDYDFL
PSGL-1 1Y ATEYEFLDFDFL
PSGL-1 2Y ATEFEYLDFDFL
PSGL-1 3Y ATEFEFLDYDFL
PSGL-1 F ATEFEFLDFDFL

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.

Results and discussion

Although considerable progress has been made in recent
years in the study of the TPST enzymes, some fundamental
questions conceming their ontogeny, regulation, and physio-
logical involvement remain unanswered. The present study
was prompted by an attempt to develop a zebrafish model to
address these important issues. As a first step toward achiev-
ing this goal, we have decided to clone, express, and charac-
terize the TPST enzymes present in zebrafish.

Molecular cloning of the zebrafish TPST

The zebrafish TPST cDNA cloned by reverse transcription —
PCR in conjunction with 3-RACE was subjected to nucleo-
tide sequencing, and the nucleotide sequence obtained was
deposited at the GenBank database under accession No.
AY263386. Figure 1 shows the nucleotide and deduced
amino acid sequences of this zebrafish enzyme. The open
reading frame encompasses 1047 nucleotides and encodes a
349 amino acid polypeptide with a calculated molecular
mass of 39030 Da (without considering posttranslational
modifications). Sequence analysis based on BLAST search
revealed that the deduced amino acid sequence of the
zebrafish TPST displayed. respectively, 66% and 60% iden-
tity to those of human and mouse TPST-1 {Ouyang et al.
1998) and TPST-2 {Beisswanger et al. 1998; Quyang and
Moore 1998). It should be pointed ocut that although the
cloned zebrafish TPST showed higher percent homology 0
human or mouse TPST-1, it may actually correspond to TPST-2.
We have recently cloned and sequenced another zebrafish
TPST (Liu et al., unpublished data), and sequence analysis re-
vealed it to resemble more closely human or mouse TPST-1.
Moreover, it is worthwhile mentioning that TPSTs have also
been found to be present in lower animals such as
Caenorhabditis elegans and Drosophila melunogaster but
not in yeast (Moore 2003). The zebrafish TPST cloned in
the present study, while displaying higher percent identity in
amino acid sequence to human and mouse TPSTs, also ex-
hibited significant homology to TPSTs from these latter ani-
mals. Hydropathy analysis revealed that, similar to human or

mouse TPSTs, the zebrafish TPST cloned in the present
study contains a putative transmembrane segment (as under-
lined) located near the N terminus. The zebrafish TPST
therefore appears to be a type II transinembrane protein with
a short N-terminal cytoplasmic tail with the bulk of this pu-
tative Golgi protein being present in the Golgi lumen. Previ-
ous studies employing X-ray crystallography in conjunction
with sequence alignment have revealed that all eytosclic and
Golgi sulfotransferases coniain two conserved sequence
elements (Negishi et al. 2001). These wwo sequence ele-
ments, designated the 5'-phosphosulfate binding motif and
the ¥-phosphate binding motif, are responsible for binding
to. respectively, the 3-phosphosulfate group and the 3'-
phosphate group of PAPS, a cosubstrate for sulfotransferase-
catalyzed sulfation reactions (Lipmann 1958). Examination
of the amino acid sequence of the zebtafish TPST also re-
vealed residues 76-80 (RSGTT, underlined) that correspond
to the 5'-phosphosulfate binding motif. And, similar to hu-
man and mouse TPSTs previously reported, the zebrafish
TPST also contains two conserved residues (Arg'®! and
Ser'®, boldfaced and underlined) proposed to be involved in
binding the 3-phosphate group of PAPS (Ouyang et al.
1998. Beisswanger et al. 1998; Ouyang and Moore 1998).

Expression of recombinant zebrafish TPST in COS-7 cells

The full-length zebrafish TPST cDNA packaged in
pcDNA3.1. a eukaryotic expression vector, was used, To en-
sure that the cDNA can be used as a template for transcrip-
tion followed by translation for the synthesis of TPST
protein, an in vitro transcription/translation experiment was
first carried out. As shown in Fig. 3. a 39-kDa protein band
was detected in the reaction muixture upon SDS-PAGE, indi-
caling the production of the TPST protein. pcDNA3.1 har-
boring the zebrafish TPST cDNA was then used to transfect
COS-7 cells for the expression of the recombinant enzymnie,
Lysates of untransfected cells and cells transfected with
pcDNAZ.L vector alone or pcDNA3.]1 harboring the zebrafish
TPST ¢DNA were then assayed for TPST activity vsing the
wild-type PSGL-1 N-terminal peptide as substrate. As shown
in Tahle 1, lysates of untransfected cells and cells transfected
with pcDNA3.1 alone showed approximately the same level
of TPST activity. This basal TPST activity is due to the en-
dogenous TPST of COS-7 cells. In contrast, there was a six-
fold increase in TPST activity in lysate of COS-7 cells
transfected with pcDNA3.] harboring the zebrafish TPST
cDNA, indicating clearly the production of functionally ac-
tive zebrafish TPST.,

Characterization of the recombinant zebrafish TPST

The wild-type and a series of mutated PSGL-1 N-terminal
peptides (see Fig. 2) were prepared for the characterization
of the recombinant zebrafish TPST.

Temperature dependence, pH optimum, and divalent
cation requirement

We first examined the temperatwre dependence of the activity
of the zebrafish TPST using the wild-type PSGL-1 N-terminal
peptide as substrate. As shown in Fig. 4. the zebrafish TPST
exhibited approximately the same Tevel of activity at 28 and
37 °C. At 21 °C. there was a 50% decrease in the sulfating
activity of the enzyme, and only a very low level of activity
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Fig. 3. Production of the zebrafish TPST protein by in vitro
transcription/translation. The figure shows the autoradiograph
1aken from the dred polyacrylumide gel used for the SDS-PAGE
of the reaction mixtures. Sampies anulyzed: lane 1, in vitro tran-
scription/trinslation using pcDNA3.L vector only as the emplate;
lane 2, in vitro transcription/transiation using pcDNA3.| harbor-
ing the zebrafish TPST ¢DNA as the 1emplate.

- 68 kDa
43 kDa

]

29 kDa

-18.4 kDa
14.3 kDa

Table 1. Expression of recomnbinant zebrafish TPST in COS-7 cells.

Specific activity Relative uctivity

(pmol'min~'mg™")  (fold)
None 2.03x0.67 1.0
peDNAJL 2.07+0.38 1.0
pcDNAJL-TPST-2 ¢cDNA  [1.720.20 58

Note: Values are means = 3D derived from three determinations.

was detected at 44 °C. As indicated in Table 1, the untransfected
COS-7 cell lysate contained a low level of TPST activity
due to the endogenous enzyme. It is likely that this endoge-
nous TPST activity may account for the bulk of the activi-
ties detected at 37 and 44 °C. It is worthwhile mentioning
that although zebrafish are subjected to fluctuation in body
temperature in their natural habitat, they have been shown to
be best maintained in aquaria heated to 28 °C (Westerfield
2000). Taking into censideration their optimal temperature
of growth and the results from the temperature dependence
study, we therefore decided to characierize the other enzy-
matic properties of the zebrafish TPST at 28 °C. Another
important property is with regard to the pH optimum of the
enzyme, In a pH dependence experiment, the zebrafish TPST
displayed a pH optimum of 5.75 (Fig. 5). Previous studies
have revealed TPSTs as Golgi enzymes with the catalytic
domain being located in the Golgi lumen (Quyang et al.
1998: Beisswanger et al. 1998; Ouyang and Moore 1998).
The acidic pH optimum determined for the zebrafish TPST,
therefore, is compatible with the acidic environment in the

Biochem. Cell Bicl. Vol. 82, 2004

Fig. 4. Temperature dependence of the sulfuting activity of the
zebralish TPST with the wild-type PSGL-1 N-terminal peptide as

-substriate. The enzymatic assays were carried out at designated

temperatures under stundurd assay conditions as deseribed in
Materials and methods. The dala represent caleulated mean val-

. ues derived from three experiments.
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Fig. 5. pH dependency of the sulfating activity of the zebrafish
TPST with the wild-type PSGL-1 N-terminal peptide as substrate,
The enzymatic assays were carried out under standard assay
conditions, as described in Materiuls and methods, using different
buffer systems. The data represent caleulated mean values derived
from three experiments.
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Golgi lumen (Mellman et al. 1986). Previous studies have
revealed stimulatory effects of manganese on the activity of
some mammalian TPSTs (Lin et al. 1994). We were inter-
ested in examining whether manganese is also capable of
stimulating the activity of the zebrafish TPST. In a concen-
tration dependence experiment (Fig. ), it was found that in
the presence of 20 mM MnCl,, the sulfating activity of the
zebrafish TPST was more than 2.5 times that determined in
the absence of MnCl;. At concentrations higher than 50 mM,

@ 2004 NRC Canada

GALLEY PROOFS/EPREUVES EN PLACARD

—102—



Pagination not final/Pagination non finale

Mighiro et af.

Fig. 6. Manganese dependence of the sulfating activity of the zebrafish TPST with the wild-type PSGL-1 N-terminal peptide as substrate.
The enzymatic assays were carried out in the presence of dilferent concentrations of MnCl, under standard assay conditons as described in
Materials and methods. The data represent calculated mean values derived from three experiments.

Specific activity (pmol/min/mg)

0 20

40 60 80

Mn (mM)

however, manganese became inhibitory. The mechanism un-
derlying the stimulatory effects of manganese remains to be
clarified. We further tested nine other divalent cations for
their stimulatory/inhibitory effects on the activity of the
zebrafish TPST. As shown in Fig. 7. at a 10 mM concentra-
tion, Co®* showed a significant stmulatory effect, while
Ca®, Ph?*, and Cd** exerted some inhibitory effects. In con-
trast, the other four divalent cations, Fe?*, Cu?*, Zn**, and
Hg®, inhibited completely the sulfating activity of the
zebrafish TPST.

Substrate specificity

Previous studies have led to a consensus that a key feature
of the tyrosine sulfalion site is the presence of acidic resi-
dues on the N-terminal side of the sulfatable tyrosine
(Huttner 1984; Hortin et al. 1986). As shown in Fig. 2, the
wild-type PSGL-1 N-terminal peptide contains three tyro-
sine residues and all of them fulfill such a requirement for
_sulfation. We were interested in finding out whether the
three tyrosine residues of the wild-type PSGL-1 N-terminal
peptide are equally or differentially sulfated by the zebrafish
TPST. Mutated peptides with one or two of the three tyro-
sine residues being replaced by phenylalanine were prepared
and used as substrates. As shown in Fig. 8, the zebrafish
TPST appeared to be most active toward mutated peptides
that retained the C-terminal tyrosine residue. In contrast,
mutated peptides where this C-terminal tyrosine residue was
mutated served as very poor substrates for the zebrafish en-
zyme even when the N-terminal and {or) middle tyrosine
residue(s) were intact. These results indicated clearly the
specificity of the zebrafish TPST for the C-terminal tyrosine

Fig. 7. Effects of divalent metal cations on the sulfating activity
of the zebrafish TPST with the wild-type PSGL-1 N-terminal
peptide as substrate. The sulfating activity of the zebrafish TPST
was assuyed in the presence of different divalent metal cations or
NaCl (as a conwol for the counter jon CI7) under standard conditions
as described in Materials and methods. The conceniration of the
divalent metal cations tested was 10 mM, and the concentration of
NaCl tested was 20 mM.
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Specific Activity (nol/min/mg)
e

EDTA
H20

NuCl
MnCl2
CoCI2
CaCl2
CdCl12
FeCl2
CuCl2
Zn(12
He12

MgCl2

PhiCHICO0)2

residue in the wild-type PSGL-1 N-terminal peptide. Kinetic
constants for the wild-type and the three mutated PSGL-1
N-terminal peptide that have the C-terminal tyrosine residue
intact were determined. Tabie I shows the differential X
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Table 2. Kinetic constunts of zebrafish TPST with wild-type and mutant PSGL! N-terminul

peptides as substrates.

"rndlme
Substrate Ky (bM) Vingx (pmol-min~'-mg™) (pmol-min~ mg~' fuM)
PSGL-1 (wild type) 35.9 4.1 0.11
3Y 315 422 1.34
1,3Y 52 17.5 3.37
2,37 8.5 10.0 1.18

Note: Values are means % S derived from three detenminations,

Fig. 8. Substrate specificity of the zebrafish TPST with the wild-type
and mutated PSGL-1 N-terminul peplides as substrates. The
enzymatic assuys were carried our under standard assay conditions
as described in Experimental procedures. The data represent
calculated mean values derived from three experiments. The
solid bars correspond (o the activities detected using the zebrafish
TPST-expressing COS-7 cell lysale, and the open bars comrespond
to the activities detected using the control COS-7 cell lysate.

—_—

£ 151

=

=

=

=

E 10 7

(=3

o

=

= -

- 5 7

-t

o

[~

o

= N

'E 0 - 8 - ——

= - el v - - F

w ot E o3 o (a} o g
8 - - o~
=5

and V_,, values of these peptide substrates. Interestingly, in
the absence of both the N-terminal and the middle tyrosine
residues, the C-terminal tyrosine residue was sulfated 10
times faster than in the presence of those two tyrosine resi-
dues.

To summarize, we have cloned a zebrafish TPST and
expressed and characterized the recombinant enzyme. The
recomnbinant zebrafish TPST exhibited some properties, in-
cluding acidic pH optimum and stimuation by manganese,
that are similar to those previously determined for mamma-
lian TPSTs. Further studies concerning the ontogeny, regula-
tion, and physiological involvement of the zebrafish TPST
are nOw in progress.
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Abstract

We produced of buckwheat shochu to investigate the functional materials such as volatile compounds
included it. Obtained Buckwheat shochu was determined about identification and quantification of volatile
compounds by GC and GC/MS. Volatile compounds of buckwheat shochu were examined to investigate
whether that have antimutagenic and/or antioxidant activity or not. Investigation was carried out by Ames
test, modified Ames test and DPPH radical scavenger test. We identified several volatile compounds with
antimutagenicity or antioxidant activity. Those results suggested that Buckwheat shochu may possess poten-

tial of functional volatile compounds.

Key words * Buckwheat Shochu, antimutagenicity, antioxidant activity, recombinant sulfotransferase
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K1 HERNCESh B ERERNS

P:;ak Compound name mg/1 P:j}‘ Compound name mg/1
1 isopropyl alcohol* 002| 35 mn-octanol 0.02
2 ethyl alcohol a) 36  isobutyric acid* 0.45
3 ethyl isobutyrate* 0.01 | 37  ethyl caprate 0.41
4 allyl formate* 0.01 38 1-nonanal 0.02
5  isobutyl acetate™ 0.09| 39 isovaleric acid 1.35
6  n-propyl alcohol 158 40  diethyl succinate 0.51
7 ethyl butyrate™* 0.98 41 methionol 0.48
8  butyl acetate® 0.01 42 valeric acid 0.01
5  isobutyl alcohol 327| 43  2-ethylbutyric acid* 0.01
10 isoamyl acetate 1066 | 44 ethyl phenylacetate 0.05
11 1-butanol 0.62 45 nerol 0.01
12 1l-ethoxy-2-propano!™ 0.01| 46 £ ~phenethyl acetate 5.77
13 3-methyl-1-butanol (I A. OH) 551.83 | 47  caproic acid 0.37
14 ethyl caproate 0.61 48 2-methyl-hexanoic acid* 0.01
15  1l-pentanol* tt| 49  benzyl alcohol 0.04
16  3-methyl-3-buten-1-0l* 0.02 50  phenethyl alcohol 103.32
17 3-hydroxy-2-butanone* 0.13 51 ethyl myristate 0.02
18 4-methyl-1-pentanol * 0.01 52 caprylic acid 0.3
19 2-heptanol 0.01 53 1-methyl-4-hydroxybenzene 0.01
20 3-methyl-2-buten-1-ol* 0.03| 54  ethyl cinnamate 0.05
21 3-methyl-1-pentanol 0.05 55 ethyl pentadecanoate 0.01
22 ethyl lactate tr 56 ethyl palmitate 0.11
23 1-hexanol 007 | 57 capric acid 0.1
24 3-ethoxy-1-propanol * 0.03 58 trans, trans—farnesol 0.04
25 2-ethylhexyl acetate™ 0.01 59 ethyl stearate 0.01
26 ethyl caprylate 12 60 ethyl cleate 0.12
27 1-octen-3-ol 0.02 61 ethyl linoleate 0.21
28 1-heptanol 0.07| 62  ethyl nonadecancate™ 0.01
29 acetic acid 0.1 63 myristic acid 0.01
30 ethylhexanol 0.05 64 dibutyl phthalate 0.01
31 2-nonanol n. d. 65 nerolidol (cis-& trans-mixture) 0.09
32 ethyl DL-3-hydroxybutyrate ® 0.07| 66  palmitic acid 0.03
33 ethyl n-nonanoate™ 0.01 67 oleic acid 0.01
34  linalool 0.09| 68  bis (2-methoxyethy!l) phthalate® 0.02

n. d. : not detected, a) Concentrations of ethanol was adjusted to 10% by material method., RI ¢ retention
index, tr © less than 0.01 ppm, * : newly identified
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T2 Ames I8 L UFRBERERE L HAAAR Ames Bkt A HERREREBRET
Peak Inhibition (%) Peak Inhibition (%)
Compound name Compound name
No. A B No. A B
3 ethyl isobutyrate n. d 347%3.7 § 46 B -phenethyl acetate 34168 28.1x28
4 allyl formate ’ n.d. 23.6x52 | 47 caproic acid n. d. 40.1+1.7
5 iscbutyl acetate n. d, 140£15 | 48 2-methyl-hexanoic acid n d. 286t1.8
6 1-propanol 12143 15.8£3.6 | 49 benzyl alcohol 14.7+4.1 202147
10 isoamyl acetate n. d. 31.0+76 | 50 phenethyl alcohol n. d. 283136
11  1-butanol n. d. 28.6£08 | 51 ethyl myristate 353+£3.1 n. d.
13 3-methyl-1-butanol n. d. 394x11 | 53 I-methyl-4-hydroxybenzene 30.9+3.5 n. d.
19 2-heptanol n d. 30.5%58 | 55 ethyl pentadecanoate 30.6%0.2 n. d.
32 ethyl DL-3-hydroxybutyrate 36.5+51  81x1.2 | 60 ethyl oleate 31907 26=*038
33  ethyl n-nonanoate 33.3+7.0 n.d. 61 ethyl lincleate 93,705 n. d.
35 n-octanol o d. 25441 | 67 oleic acid 46.1+0.4 n. d.
42 valeric acid n.d. 20715 EGCG* 762162 86130

A * Ames test. B : Modified Ames test using sulfotransferase. n. d. : not detected. Value showed means=+S. D. (N=3)*’: Final

concentration of EGCG was 500 uM.
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(28.3£3.6%) HD 7 x = MLEM THERREIE)S
(RO NIz, XD Ames B TIMETE S EIFAER S
TEENED k2D LT, BEGBEE
EFHV Ames BHETII20% M LORERFEE 4 4
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£ 3 DPPH % AwHEBLENESBOER

Peak Radical scavending
Compound name

No. activity (%)
41  methionol 39+13
48 2-methyl-hexanoic acid 3.4x15
53 1-methyl-4-hydroxybenzene 744109
EGCG* 71.0£0.0

Value showed means+S. D. (N=3)
*): Final concentration of EGCG was 2.5 M.
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Abstract

This work using purified recombinant human estrogen sulfotransferase (hRSULT1E1) aimed to investigate the mech-
anism of the inhibition of estrogen sulfation by organotin compounds. Tributyltin (TBT) inhibited the sulfation of
estrone (El) and 17 B-estradiol (E2) by hSULTIEI competitively, with 1Csy values of, respectively, 3 and 12 uM.
The sulfation of El and E2 was also inhibited competitively by triphenyltin (TPT), with ICs, of, respectively, 10
and 5 pM. These data strongly suggested that His'" residue might act as a ligand to establish a coordination bond with
organotins at estrogen binding site in hSULTIEL. A more surprising finding was that TBT competed with ¥'-phospho-
adenosine 5’-phosphosulfate (PAPS), indicating that TBT may coordinate with certain amino acid residue such as Lys*’
at the PAPS binding site of hRSULTIEL. Taken together, these data provided clear evidence that TBT and TPT have a
capacity to disrupt endocrine-mediated events by inhibiting hSULTIEI involved in the metabolism of sex steroids,
© 2004 Elsevier Inc. All rights reserved.

Keywords: Organotin; Endocrine disruptor; 3’-Phosphoadenosine 5’-phosphosulfate; PAPS; Estrogen; Estradiol

1. Introduction

Organotins have been widely used as biocides

like fungicides and antifouling agents primarily

" Corresponding author. Fax: +81 52 835 7450, due to their capacity to inhibit the biosynthesis
E-mail address: hiroto@cemfs.meijo-u.ac.jp (H. Tamura). of ATP [1]. As these organotins accumulated in a

0048-3575/% - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/). pestbp.2004.08.003
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wide range of marine organisms [2], numerous spe-
cies of gastropod have developed a sub-lethal gen-
ital disorder known as imposex in correlation with
the concentrations of these compounds. The recent
identification of environmental chemicals capable
of disrupting endocrine function in wildlife has
raised concern that they may also interfere with
human reproductive health and/or stimulate ste-
roid hormone-dependent cancers.

Although the phenomenon of imposex has been
explained by the hypothesis that organotins act as
the inhibitors of aromatase (CTP 19A) [3,4], which
converts androgen to estrogen, there has been no
precise molecular mechanism underlying their
inhibition. Even more, there was no significant de-
crease in aromatase activity found in gastropods
exhibiting imposcx {5,6] Instcad of the aromatase
inhibition hypothesis, inhibition of sulfo conjuga-
tion of testosterone by tributyltin (TBT) has been
proposed as a major cause of TBT-induced impo-
sex phenomena [5). However, the mechanism
underlying the inhibition of sulfo conjugation
has not been studied yet. In addition to the possi-
ble involvement in imposex in marine organisms,
sulfation does play a key role in regulating human
hormonal and ncuronal homecostasis [7-10], as
well as in biological events such as ccll growth
and differentiation in humans [11,12]. Further-
more, sulfation may facilitate the removal of xeno-
biotics from the human body [13,14]. Morcover, it
has been reported that significant amounts of tins
were found in organs such as brain, kidney, and k-
ver from juvenile rats after oral administration of
organotins [15). Therefore, it is one of the impor-
tant issues to understand how organotins inhibit
the cytosolic sulfotransferases (8Ts) in order to
have perspective on human reproductive health,
though it is still difficult to assess whether there
are true harmful events that occur in human.

At present, the accumulating structural knowl-
edge of STs through the recent crystal structure
studies [16-19] provides an opportunity to clanfy
the inhibition mechanism of organotins. Morcover,
the crystal structure of the human estrogen sulfo-
transferase (hSULTIEL)PAPS complex provided
a detailed view of the catalytic reaction mechanism
(20,21]. Therefore, this study is focused on the
effect of organotins on the activity of recombinant

hSULTIE] with B-estradiol {E2) and estrone (El)
as substrates, based on the known crystal structure
and catalytic mechanism of ST,

This is the first report showing the evidence for
molecular mechanism underlying the inhibition of
hSULTIEI by organotins.

2. Materials and methods

2.1, Expression and purification of recombinant
himan estrogen sulfotransferase

Recombinant human estrogen sulfotransferase
(hSULTIEI) expressed using pET23c prokaryotic
expression system was prepared as previously de-
scribed [22]. Transformed BL21 (DE3) cells were
grown in 100 m! of LB broth containing 50 mg/
ml ampicillin, After the cell density reached to
0.6 OD¢og am, 0.1 mM isopropyl-B-p-thiogalacto-
pyranoside (IPTG) was added to induce the pro-
duction of recombinant hSULTIE]. After 4-h
induction at 25 °C, cells were collected by centrifu-
gation and homogenized in 10 ml of a lysis buffer
(50 mM Tris-HCI, pH 8.0, 150 mM NaCl, and
1 mM EDTA) using Aminco French press. The
crude homogenates were centrifuged at 10,000z
for 20 min at 4 °C on two times to down particu-
late fraction. The supernatant was applied onto
an anion-cxchange column {(Resource-Q) and Fast
Protcin Liquid Chromatography (FPLC) systemn
was used to get purified hSULTIEL. Obtained
eluted fractions containing estrogen sulfotransfer-
ase activity were used as enzyme source to study.

2.1.1. Enzymatic assay

The sulfotransferase activity of recombinant
hSULTIE] was assayed using 3’-phosphoadeno-
sinc 5'-phospho[*°SJsulfate ([*>SJPAPS) as the sul-
fonate donor. The standard mixture, with a final
volume of 25 pl, contained 50 mM Hepes-NaOH
(pH 7.0), 0.5uM [“SJPAPS (45 Ci/mmol), and
100 uM of the substrate tested. All assays were
started by the addition of the purified enzyme
preparation, allowed to procced for 20 min at
37°C, and terminated by heating at 100°C for
3 min. After centrifugation at 10,000g for 5 min
at 4 °C, resultant supernatants were subjected to
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the analysis of [**S}sulfated product by TLC.
Radioactivities of the sulfate products identified
on the TLC plates were quantified using an image
analyzer FLA 3000. Results presented in this study
represent mean values derived from at least three
separate experiments.

2.1.2. Synthesis of 3'-phosphoadenosine 5'-phospho
[35S!sug’ﬁ.rre

[**SJPAPS (45 Ci/mmol) was synthesized from
ATP and [**S]sulfate using the bifunctional human
ATP sulfurylase/adenosine 5'-phosphosulfate ki-
nase (PAPS-synthase 1} as described previously
[22]. Protein determination was based on the meth-
od of Bradford {23] with bovine scrum albumin as
standard. The analysis of [>°S}sulfated products
generated during the enzymatic assays was based
on the TLC separation using cthyl acetate/n-buta-
nol (2:1; by volume) as the solvent system [24].

3. Results and discussion

In spite of the fact that the mechanism underly-
ing imposex in marine snails induced by organo-
tins remains unclear, the inhibition of sulfo
conjugation of testostcrone by, for example, TBT
has been proposed as a major cause [5]. Additional
concerns about the safety of human exposure to
organotins have been raised based on the results
of experiments addressing the quantitative assess-
ment of total tin in various tissues of juvenile rats
after oral administration of organotins. When trib-
utyltin acetate (1 mg Sn/kg) and triphenyltin ace-
tate (0.87 mg Sn/kg) were administered orally to
neonatal rats from day 2 to day 29 of age and sac-
rificed on day 30, total tin contents of liver were
610 and 348 ngSn/g tissue, respectively [15].
Therefore, it is onc of the important potential
problems for endocrine disruption issues in human
to determine whether and/or how organotins inhi-
bit the cytosolic sulfotransferases (STs), although
data are sparse regarding the effect of organotins
on human reproductive health.

The recent crystallographic analysis had re-
vealed the key amino acid residues involved in the
sulfonate transfer reaction and PAPS hydrolysis.
B-estradiol (E2) is buried deeply in the hydrophobic

substrate pocket and the conserved His'" residue
serves as a catalytic base facing the 3-hydroxy
group of the E2 [20.21). Notably, the imidazole ring
of His'" plays an essential role in the charge relay
mechanism [20,21,25]. Since the 3-hydroxy group
of E2 is less nucleophilic to react with PAPS, this
His'®? residue may form a low-barrier hydrogen
bond to increase the reactivity of the 3-hydroxy
group of the E2, similar to the reaction mechanism
of serine proteases [26], Based on the chemical
structure of organotins and the crystal structure
of the 8Ts, we hypothesized that hydrophobic moi-
eties of trisubstituted organotins may interact with
the hydrophobic regions of STs and tin atom with
unoccupied orbital will form a coordination bond
with the lone pair electrons of the nitrogen atom
in the imidazole ring of the His'® residuc. If this
working hypothesis is correct in thinking, the cata-
lytic reaction of ST's is competitively inhibited by
organotins. The obtained results should give impor-
tant clues to understanding the mechanism based
inhibition of STs by organotins and may be the first
step for elucidating the true harmful events that oc-
cur in human by such the xenobiotics as organotins.

3.1. Inhibition of human recombinant SULTIE] by
TBT and TPT

To determine what extent TBT and TPT inhibit
the sulfation caused by hSULTIEL, a range of
these compounds were incubated with recombi-
nant hSULTIEl. A preliminary experiment
showed that TBT clearly inhibited the sulfation
of El and E2. The ICsy values of the inhibition
by TBT were then determined and calculated to
be 3 and 12 uM, respectively (Fig. 1A). TPT also
inhibited the sulfation of both El1 and E2 with
ICsy values of 10 and 5puM, respectively (Fig.
IB). These obtained ICsy values arc very similar
to the concentrations of the ATP synthesis inhibi-
tion in mitochondria by TBT as a potent ATP syn-
thase inhibitor [1].

To determine the effect of TBT on the kinetic
properties of hSULT LEL, the linear regression and
extrapolation of data in the Lineweaver-Burk plot
gave a serics of lines crossing each other in the prox-
imity of the ordinateindicating that TBT served asa
competitive inhibitor of hNSULTIEI (Fig. 2).
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Fig. 1. {A) Effect of tributyltin {TBT) on recombinant human
estrogen sulfotransferase, hSULTIEL. Dose-dependent inhibi-
tion by TBT of hSULTIE! activity toward estrone (EL, 0.1 uM;
O} und p-estradiol (E2, 0.1 uM; ®). The 1Cs; values for E1 and
E2 were calculated to be 3 and 12 puM, respectively. (B} Effect of
triphenyltin (TPT) on recombinant human estrogen sulfotrans-
ferase, hSULTIE]. Dose-dependent inhibition by TPT of
hSULTIE! activity toward estrone {EJ, 0.1 pM; O) and B-
estradiol (E2, 0.1 uM; @). The IC4 values both for El and E2
were calculated to be 10 and 3 uM, respectively.

In the case of TPT (Fig. 3), TPT was also de-
fined as a competitive inhibitor of hSULTIEI
based on this analysis. These results mean that
TBT and TPT bind to the same catalytic site in
hSULTIE] as natural substrates like estrogens
do. The fact thus fully supported our hypothesis
that hydrophobic moieties of trisubstituted
organotins may interact with the hydrophobic re-
gions of STs and tin atom with unoccupied orbital
may form a coordination bond with the lone pair
electrons of the nitrogen atom in the imidazole
ring of the His'%” residue (Fig. 5). As a result, tar-
get estrogens could not reach the substrate binding

A
0.0351

0.025 -

0.015¢

1/» {(pmol/min/mg) |

0 10 20 30 40
1/|Estrone} (WM-1)

0.005 v

0.004 4

0.003 ~

14 [(pmol/min/mg)]

P
o

4 -4 2 0 2
1/[B-estradiol] (uM-1)

Fig. 2. Influence of TBT on the kinetic properties of
hSULTIE]L. The data were subjected to Lineweaver-Burk
analysis of the inhibition of the sulfation of El and E2 at
various TBT concentrations, hRSULTIE! activitics on El in the
range from 30 to 200 nM were determined in the presence (0.
2pM; A, TpM) or absence (#) of TBT (A). hSULTIEL
activities on E2 in the range from 0.2 to 1 pM were defermined
in the presence (L, 2 uM:; A, 7 uM) or absence (#) of TBT (B).

sitc and His'” could not form a low-barrier
hydrogen bond to increase the reactivity of the 3-
hydroxy group of the target estrogens. These re-
sults imply that organotins may have an impact
on human hormone mectabolism,

3.2, Influence TBT on the binding of PAPS

Since sulfotransferases including hSULTIE!
contain two binding sites, that is, one for the accep-
tor substrate and the other for PAPS that serves as
the sulfonate donor, the inhibitory mechanism of
TBT on the binding of PAPS was characterized
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1/[Estrone] (uM-1)
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-15 5 0 5 15 25
1/[B-estradiol] (AM-1)

Fig. 3. Influence of TPT on the kinetic properties of
hSULTIE]l. The data were subjected to Lineweaver-Burk
analysis of the inhibition of the sulfation of E{ and E2 at
various TPT concentrations. hSULTIE] activities on El in the
range from 25 to 100 nM were determined in the presence (O],
SpuM; A, 15uM) or absence (#) of TPT (A). hSULTIE!
activities on E2 in the range from 50 to 500nM were
determined in the presence (O. 5 uM: A, 15 M) or absence
(#) of TPT (B).

based on the Lincweaver—-Burk plot analysis. As
expected, based on the information of the crystal
structure of hSULTIE], the type of inhibition
mechanism of hSULTIE! by TBT was that of a
competitive nature (Fig. 4). This type of inhibition
occurs at the same concentration range as those of
substrates. This suggests that TBT shares the same
binding site with PAPS in hSULTIEI to coordi-
nate with the critical amino acids residues such as
Lys*” for the binding of PAPS to the enzyme.

T

025 +

62 T

015 -

/v [(prol/min/mg)yl]

s

30 -16 ) 10 30
LIPAPS] (uM-Y)

Fig. 4, The interaction activity of TBT with PAPS on the
kinetic properties of hSULTIEQ activity. The data were
subjected to Lineweaver-Burk analysis of the inhibition of the
sulfation of El at various TBT concentrations. PAPS at
concentrations ranging from 0.025 to 2.5 uM with E1 (25 aM)
were used in the presence of different concentrations of TBT.
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Fig. 5. The proposed inhibition mechanism of organotins on
sulfotransferases. Residue numbers are those of SULTIE]
[20.21].

As conclusions, our data demonstrated that
organotinsg such as TBT competitively inhibited
the binding of both estrogens to the substrate
binding site and PAPS to the catalytic site, lead-
ing to the decreased sulfation activity. The most
likely explanation of the results obtained in the
present study is that the tin atom could form a
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coordination bond with the important conserved
amino acid residues in all STs, i.e., His!"" and
Lys*’, in the catalytic triad as illustrated in our
mechanism based hypothesis (Fig. 5). The inhibi-
tion of $Ts leading to reduced sulfation of estro-
gens and bioactive chemicals may have important
implications in the abnormal sexual development
in animals as well as increased incidence of hor-
mone-dependent tumors. More studies on the
interaction between the structure favoring the en-
zyme catalysis and the inhibitors are warranted in
order to fully understand the involvement of dif-
ferent sulfotransferases including brain neuroster-
oid ST. dehydroepiandrosterone ST, and the
Golgi-membrane heparan ST.

This is the first report showing the evidence for
molecular mechanism underlying the inhibition of
ST by organotins. Therefore, the inhibition of STs
may cause an adverse effect not only in marine
organisms but also in humans if sufficient amount
of organotins is accumulated by food chains.
Moreover, the idea based on our hypothesis may
in the future aid in useful drug design to control
the activity of STs.
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