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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 thet 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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81 BEZREHCESENIERERS
P;sk Compound name mg/1 P:Z'.k Compound name mg/1

1  isopropyl alcohol® 002 35 n-octanol 0.02

2 ethyl aleohol a) 36  isobutyric acid* 0.45

3 ethyl isobutyrate™ 0.01 | 37  ethyl caprate 0.41

4 allyl formate* 001 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* 098 | 41 methionol 0.48

8  butyl acetate™ 0.01 42  valerc acid 0.01

9 isobutyl alcohol 32.7| 43  2-ethylbutyric acid* 0.01
10 1soamyl acetate 10.66 44 ethyl phenylacetate 0.05
11 1-butanol 0.62 45 nerol 0.01
12 1-ethoxy-2-propanol” 0.01| 46 8 -phenethyl acetate 5.77
13 3-methyl-1-butanol (. A, OH) 55183 | 47  caproic acid 0.37
14 ethyl caproate 0.61 43  2-methyl-hexanoic acid® 0.01
15  l-pentanol® tr| 49  bhenzyl alcohol 0.04
16 3-methyl-3-buten~1-0l* 0.02 50 phenethyl alcohol 103.32
17  3-hydroxy-2-butanone* 013} 51 ethyl myristate 0.02
18 4-methyl-1-pentanol* 0.01] 52  caprylicacid 0.3
19 2-heptanol 0.01 53 1-methyl-4-hydroxybenzene 0.01
20 3-methyl~2-buten-1-o0l* 0.03 54 ethyl cinnamate 0.05
21 3-methyl-1-pentanol 0.05 55 ethyl pentadecanocate 0.01
22 ethyl lactate tr 56 ethyl palmitate 0.11
23 1-hexanol 0.07 57 capric acid 0.1
24 3-ethoxy-1-propanol * 0.03 58 trans, trans~farnesol 0.04
25  2-ethylhexyl acetate™ 001 359  ethyl stearate 0.01
26 ethyl caprylate 1.2 60 ethyl oleate 0.12
27 1-octen-3-ol 0.02 61 ethyl linoleate 0.21
28 1-heptanol 0.07 62 ethyl nonadecanoate™® 0.01
29  acetic acid 01| 63  myristic acid 0.01
30 ethylhexanol 0.05 64  dibutyl phthalate 0.01
31  2-nonanol nd 65  mnerolidol (cis-& trans-mixture) 0.09
32  ethyl DL-3-hydroxybutyrate® 0.07: 66  palmitic acid 0.03
33  ethyl n-nonanoate * 0.01| 67  oleicacid 0.01
34 linalool 0.09| 68  bis (2-methoxyethy!) 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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F2 Ames B8 UTEBGRERELAALAAY Ames T2 AV HAERRERBER

Inhibition (%)

Inhibition (%)

Peak Peak
Compound name Compound name
No. A B No. A B
3  ethyl isobutyrate n. d. 34.7£3.7 | 46 B -phenethyl acetate 34.1+6.8 281xL26
4  allyl formate n. d. 23.6%£52 | 47 caproic acid n. d. 40.1+1.7
5 isobutyl acetate n. d. 14.0+15 | 48  2-methyl-hexanoic acid n. d. 286+1.8
6 1-propanol 12+4.3 15.8+3.6 | 49 benzyl alcohol 14.7£41 202447
10 isoamyl acetate n. d. 31.0x7.6 | 50 phenethyl alcohol n. d. 28.3*36
11 1-butanol n. d. 28.6+0.8 | 51 ethyl myristate 35.3x3.1 n. d.
13 3-methyl-1-butangl n. d. 394x11 | 53 1-methyl-4-hydroxybenzene 30.9%3.5 n. 4
13  2-heptanol n d. 30.5x5.8 | 55 ethyl pentadecanocate 30.6x0.2 n. d.
32  ethyl DL-3-hydroxybutyrate 36.5x5.1 81112 | 60 ethyl oleate 319407 2.6X08
33 ethyl n-nonanocate 33.3%7.0 o d. 61 ethyl linoleate 53.7t0.5 o d.
35 n-octanol . d. 25.4%4.1 | 67 oleic acid 46,104 n. d.
42 valeric acid . ond 207%15 EGCG* 762462 861%3.0

A Ames test. B : Modified Ames test using sulfotransferase. n. d. ! not detected. Value showed means%S. I. (N=3)*’: Fina

concentration of EGCG was 500 Ldvi.
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%3 DPPH Aw-HiBLiEERABOER

Peak C d Radical scavending
No. ofpotiné name activity (%)
41  methionol 3.9+13
48  2-methyl-hexanoic acid 34x15
53 1-methyl-4-hydroxybenzene 74.4£0.9
EGCG™ 7L0£0.0

Value showed means£5. D. (N=3)
*}: Final concentration of EGCG was 2.5 M.
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EHREE L DBIRIC oW TR R ED TS, £
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FEEHIB L TH TR B A ( AEREICHES o huk
BRAEE R B O DIC LT B EEI TS,
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Abstract

This work using purified recombinant human estrogen sulfotransferase (hRSULTIE1) 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 hSULTIE! competitively, with 1Csg values of, respectively, 3 and 12 uM.
The sulfation of El and E2 was also inhibited competitively by triphenyltin (TPT), with IC5, 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 hRSULT1E]. A more surprising finding was that TBT competed with 3'-phospho-
adenosine 5'-phosphosulfate (PAPS), indicating that TBT may coordinate with certain amino acid residue such as Lys™’
at the PAPS binding sitc of hRSULTIEL. Taken together, these data provided clear evidence that TBT and TPT have a
capacity to disrupt endocrine-mediated events by inhibiting hSULTI1E] involved in the metabolism of sex steroids.
© 2004 Elsevier Inc. All rights reserved.
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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.meljo-v.acjp (H. Tamura), of ATP [1]. As these organotins accumulated in a
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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-
creasc in aromatase activity found in gastropods
cxhibiting imposex [5,6]. Instead 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 cell growth
and differentiation in humans [11,12]. Further-
more, sulfation may facilitate the removal of xeno-
biotics from the human body [13,14]. Moreover, it
has been reported that significant amounts of tins
were found in organs such as brain, kidney, and [i-
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 (STs) 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 clarify
the inhibition mechanism of organotins. Moreover,
the crystal structure of the human estrogen sulfo-
transferase (hSULT1EL)-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

hSULTIEL with B-estradiol {E2) and estrone (EI)
as substrates, based on the known crystal structure
and catalytic mechanism of STs.

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

2. Materials and methods

2.1. Expression and purification of recombinant
human estrogen sulfotransferase

Recombinant human estrogen sulfotransferase
(hSULTIEI) expressed using pET23¢ prokaryotic
cxpression system was prepared as previously de-
scribed [22]. Transformed BL21 (DE3) cells were
grown in 100 ml of LB broth containing 50 mg/
ml ampicillin. After the cell density reached to
0.6 ODsop nm, 0.1 mM isopropyl-B-p-thiogalacto-
pyranoside (IPTG) was added to induce the pro-
duction of recombinant hSULTIEL. 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-HCIl, pH 8.0, 150 mM NaCl, and
I mM EDTA} using Aminco French press. The
crude homogenates were centrifuged at 10,000g
for 20 min at 4 °C on two times to down particu-
late fraction. The supernatant was applied onto
an anion-exchange column {Resource-Q) and Fast
Protein Liquid Chromatography (FPLC) system
was used to get purified hSULTIEI. Obtained
eluted fractions containing estrogen sulfotransfer-
ase activity were used as enzyme source to study.

2.1.1. Encymatic assay

The sulfotransferase activity of recombinant
hSULTIE] was assayed using 3’-phosphoadeno-
sine 5'-phospho[>*Skulfate ([**S]PAPS) as the sul-
fonate donor. The standard mixture, with a final
volume of 25 pl, contained 50 mM Hepes-NaOH
(pH 7.0), 0.5 M [“SJPAPS (45 Ci/mmol), and
100 pM of the substrate tested. All assays were
started by the addition of the purified enzyme
preparation, allowed to proceed for 20 min at
37 °C, and terminated by heating at 100 °C for
3min. After centrifugation at 10,000¢ for 5 min
at 4 °C, resultant supernatants were subjected to
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the analysis of [*Slsulfated 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 ieast three
scparate experiments.

2.1.2. Synthesis of 3'-phosphoadenosine 5'-phospho
r°s !.mlﬁ:te

[°SIPAPS (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 serum albumin as
standard. The analysis of [**Slsulfated 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 ratsed 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 (I 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 18 one 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'"? residuc 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 STs, 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'"’ residue. If this
working hypothesis is correct in thinking, the cata-
lytic reaction of STs 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 hSULTIE]. A preliminary experiment
showed that TBT clearly inhibited the sulfation
of EI and E2. The ICs, values of the inhibition
by TBT were then determined and calculated to
be 3 and 12 uM, respectively (Fig. lA). TPT also
inhibited the sulfation of both El and E2 with
1Csp values of 10 and 5 pM, respectively (Fig.
1B). These obtained ICsy valucs 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 hSULTIEL, the linear regression and
extrapolation of data in the Lineweaver-Burk plot
gave a series of lines crossing each other in the prox-
imity of the ordinate indicating that TBT served asa
competitive inhibitor of hRSULTI1E! (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 hSULTILEI activity toward estrone (E1, 0.1 uM;
O} and B-estradiol (E2, 0.1 pM; @). The [Csy values for El and
E2 were calculated to be 3 and 12 pM, respectively. (B) Effect of
triphenyltin (TPT) on recombinant human estrogen sulfotrans-
feruse, hSULTIEL. Dose-dependent inhibition by TPT of
hSULTIE] activity toward estrone {El, 0.1 uM; C) and B-
estradiol (E2, 0.1 uM; @). The IC;y values both for E! and E2
were calculated to be 10 and 5 pM, 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 moicties 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 00351

0.025 +

0.015 -

1y [{pmol/min/mg)y1}

0.005 4

0 10 20 30 40
1/[Estrone] (LM-1)

20 -10

0.005 1

0.004 +

0.003 -

0.002 +

Uy [(pmoV/min/meg)1]

-6 -4 2 0 2
1/[B-estradiol] (LM-1)

Fig. 2. Influence of TBT on the kinetic properties of
hSULTIEL The data were subjected to Lineweaver-Burk
analysis of the inhibition of the sulfation of El and E2 at
various TBT concentrations, hSULTIE! activities on El in the
range from 30 to 200 nM were determined in the presence (DO,
2uM; A, TuM) or absence (4} of TBT (A). hSULTIEI
activities on E2 in the range from 0.2 to 1 uM were determined
in the presence (O, 2 uM; &, 7 uM) or absence (¢) of TBT (B).

site. 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 metabolism.

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

based on the Lineweaver-Burk plot analysis. As
expected, based on the information of the crystal
structure of hSULTIEL, the type of inhibition
mechanism of hSULT1EL 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 hSULTIE! to coordi-
nate with the critical amino acids residues such as
Lys*’ for the binding of PAPS to the enzyme.
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Fig. 4. The interaction activity of TBT with PAPS on the
kinetic properties of hSULTIE! activity. The duta 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 El (25 nM)
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
organotins 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, ie., His'"” and
Lys*’, in the catalytic triad as illustrated in our
mechanism based hypothesis (Fig. 5). The inhibi-
tion of STs 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 organctins. 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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