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Abstract

In our previous studies, we have demonstrated the stereoselective and manganese-dependent sulfation of tyrosine and Dopa
isomers by human monoamine (M)-form phenol sulfotransferase (PST). In the present study, we investigated the occurrence
of these phenomena in vivo using Sprague—Dawley rats as an experimental model. Three groups of six male rats were orally
introduced with 1 ml of, respectively, 3 mM, 10 mM and 30 mM Mp@ith a constant level of 0.2 mML-m-tyrosine per day
for 7 days. Their urine was collected and analyzed for the presence of suifatedyrosine pL-m-TyrS) by ion-pair HPLC
using a C18 reversed-phase column. The level of urinemn-TyrS, which was detected in the urine of the Mp@ieated rats
but not control rats, appeared to increase proportionally to the amount of,Md@iinistered. Chiral HPLC was employed to
differentiate theo-form andr-form m-TyrS present in the urine sample of Mp@teated rats. Botb-m-TyrS andiL-m-TyrS
were detected, with the-form being present at significantly higher level thanthierm. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction echolamines, and bile acids [1-3]. The responsible
enzymes, the so-called ‘cytosolic sulfotransferases’ in
Sulfation has been shown to be a major pathway mammalian cells, catalyze the transfer of a sulfonate
in vivo for the biotransformation and/or excretion of group from 3-phosphoadenosing-phosphosulfate
drugs and xenobiotics as well as endogenous com- (PAPS) to the hydroxyl groups or amino groups of
pounds such as thyroid and steroid hormones, cat- substrate compounds [4]. In addition to the endoge-
nous compounds mentioned above, our recent studies
Abbreviations: TyrS: tyrosine O-sulfate; pL-m-TyrS: pL-meta have revealed that the amino acid form of tyrosine
tyrc;s:heo-sulfate; .TBA: tetrap-butylammonium  hydroxide; and Dopa can also be used as substrates by some
Mn<T: manganese Ion .
*Corresponding author. Tek:-81-985-58-7215; CytOS_OIIC sulfotransferases [5-9].
fax: +81-985-58-7215. Using HepG2 human hepatoma cells, we have
E-mail addressmsuiko@cc.miyazaki-u.ac.jp (M. Suiko). obtained evidence for the enzymatic sulfation of
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L-p-tyrosine and its derivatives/isomers including O-sulfate pL-m-TyrS) was synthesized according to
L-Dopa, p-Dopa, r-m-tyrosine, p-m-tyrosine, and the method of Jevons [11]. Potassium dihydrogen
D-p-tyrosine [5,6,8]. Metabolic-labeling experiments phosphate (KpHPQ) and tetran-butylammonium

in the presence or absence of cycloheximide, a protein hydroxide (TBA), both of the HPLC grade were
synthesis inhibitor [10], indicated that the majority of purchased from Wako Pure Chemical Industries. All
the free TyrS released by HepG2 cells into the cul- other reagents were of the highest grades commer-
ture medium was generated by the direct sulfation of cially available.

L-p-tyrosine [5,6]. We have further demonstrated that

the Dopa/tyrosine sulfotransferase activities present in 2.2. Experimental animals

HepG2 human hepatoma cell homogenate co-eluted

with the monoamine (M)-form phenol sulfotrans- Twenty 10-week-old male Sprague Dawley rats
ferase (PST) upon ion-exchange and hydroxylapatite weighing approximately 300 g each were divided into
column chromatography, and displayed properties four groups, (three groups of six, designated Groups
similar to those of the latter in terms of thermosta- 1, 2, and 3, and one group of two for the control). The
bility and sensitivity to 2,6-dichloro-4-nitrophenol rats were placed in individual cages and kept ina24
[8]. To investigate whether the M-form PST is truly room with 12 h light-dark cycle. Foods and water were
responsible for the Dopa/tyrosine sulfotransferase ac- available ad lib. Following a 4-day adaptation period,
tivities in HepG2 cells, we have cloned this enzyme food intake and weight of the rats were monitored
and expressed it for functional characterization [9]. throughout the experimental period. Groups 1, 2, and
The recombinant enzyme, expressed in COS-7 cells, 3 were treated with, respectively, 3, 10 and 30 mM

indeed catalyzed the sulfation of not only dopamine

MnCl, with a constant level of 0.2 mML-m-tyrosine.

and other monoamines, but also Dopa and tyrosine Due to the low solubility ofoL-m-tyrosine in water,

isomers [9]. Interestingly, the enzyme exhibited higher
activities toward then-enantiomer of Dopa or tyro-
sine isomers. Moreover, addition of 10mM MnCl
to the reaction mixture resulted in a dramatic stim-
ulation of the activities catalyzing the sulfation of,
particularly, p-form tyrosine isomers [8,9]. We were

the compound was first dissolved in 0.1 N HCI and
the pH adjusted to 5 with KOH. The control group
was treated with 0.1 N HCI only with pH adjusted
as described above. Each rat was treated with 1 ml
of the respectiveoL-m-tyrosine/MnC} solutions for

7 days, and urine samples were collected daily from

interested in investigating whether these phenomena,the day of treatment for 3 weeks. The urine samples

i.e. preference fon-form tyrosine/Dopa as substrates

for sulfation and the stimulatory effects of manganese

ions, actually occur under physiological conditions.

In the present study, we used Sprague—Dawley rats
as a model to investigate the occurrence of and the

stimulatory effect of manganese ions on the sulfation
of pL-m-tyrosine in vivo. We report, in this commu-
nication, the results of the quantitative analysis of the
differential sulfation and urinary excretion ofform
andir-form m-TyrS by the experimental rats.

2. Materials and methods
2.1. Materials
pL-m-Tyrosine was product of Sigma Chemical

Company. Dowex 50W-X8 cation exchange resin
was from Dow Chemical CompanyL-m-Tyrosine

were stored at4C until the analysis described below.

2.3. Analysis of urine samples for-m-TyrS

Urine samples collected from the experimental and
control rats were centrifuged at 13,50@ for 15 min.
The supernatants were individually passed through a
Dowex 50W-X8 resin (K form) column and the pH
of the eluates adjusted to 5 with 1N KOH. The sam-
ples were lyophilized, dissolved in 3 ml of water, and
filtered. ThepL-m-TyrS constituent of each sample
was analyzed by ion-pair HPLC using a Shodex C18
reversed-phase column in conjunction with UV mon-
itoring at 260 nm. The mobile phase employed was
10 mM TBA, 30 mM potassium dihydrogen phosphate
and 12% acetonitrile at a flow rate of 0.8 ml/min. The
system was operated at 4. Stereochemical iden-
tification of p-form and L-form m-TyrS present in
the sample was carried out using a chiral stationary
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phase column (150 mm 0.4 mm, i.d.; packed with
CROWNPAK CR () (Daicel Chemical Ind., Ltd.)).
A solution of 0.098% (v/v, pH 2) perchloric acid was
used as the eluent with a flow rate of 0.8 ml/min.
p-Form andr-form m-TyrS eluted from the column
were identified using circular dichroism (CD) spec-

troscopy. The CD measurements were made using a

Jasco-720 WI CD spectropolarimeter at€5n water.

The eluted fractions corresponding to Peaks 1 and 2

(compare with Fig. 3) from the chiral column were fur-

ther purified using reversed-phase HPLC as described

above.

3. Results and discussion

We have previously demonstrated that human
M-form PST can catalyze the sulfation of Dopa
and tyrosine isomers [5-9]. Recombinant M-form
PST was shown to display stereoselective and

manganese-dependent activities toward these sub-
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Fig. 1. lon-pair HPLC chromatograms of (a) synthaticm-TyrS

strates [8,9]. The present study aimed to investigate ;g () urine sample of the rat treated with 10mM MnGt)

whether these similar phenomena also occur in vivo

using Sprague—Dawley rats as an experimental sys-

tem. pL-m-Tyrosine was used in this study based on
two considerations. One is thattyrosine appeared
to be a much better substrate thatyrosine for sul-
fotransferase enzymes in not only human, but also
rat and mouse [7,12], and thus, may provide higher
sensitivity for the detection of the sulfated product
excreted in urine. The other consideration is that the
use of aprL-mixture of the compound will allow us
to examine additionally the stereoselectivity and the
differential stimulatory effects of manganese ions on
this sulfation. HPLC procedures were employed for
the studies described below.

3.1. Effects of manganese on the productionioin-
TyrS excreted in urine samples of experimental rats

lon-pair HPLC using a reversed-phase column was

first employed for determining the conditions for an-
alyzing pL-m-TyrS. As shown in Part (a) of Fig. 1,
when 10mM TBA was used as the counterion with
30mM KHyPOy plus 12% acetonitrile at a flow rate
of 0.8 ml/min, a distinct peak with a retention time
of 16.2 min was detected for the synthaticm-TyrS.
When the urine sample of the rat treated with MxCl

urine sample of the control rat.

processed as described in Section 2, was similarly an-
alyzed (Fig. 1, Part (b)), a peak with the same retention
time was detected. No peak in the same region was
detected when the urine samples from the control rats
were analyzed (Fig. 1, Part (c)). It is worthwhile men-
tioning that when the synthetioxTyrS or the urine
samples from the rats treated with MaGlas sub-
jected to acid treatment with 1N HCI at 10D for

15 min, the peak corresponding to the-m-TyrS was

no longer detected (not shown). This latter finding is
consistent with the previous report on the acid-labile
nature ofL-p-TyrS [13,14].

As a preliminary attempt to investigate the effects
of manganese ions on the sulfation and excretion
of pL-m-TyrS, two experimental rats were treated
with eitherpL-mtyrosine only orpL-mrtyrosine plus
10mM MnCh. Urine samples were collected and
analyzed by the HPLC procedure as described above.
No pL-m-TyrS peak was detected for the urine sam-
ple collected from the rat treated with.-m-tyrosine
only, whereas the urine sample collected from the rat
treated withpL-m-tyrosine plus MnCl showed a dis-
tinct pL-m-TyrS peak (compare with Fig. 1, Part (b)).
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Fig. 2. Amount ofpL-m-TyrS excreted in the urine samples of the three groups of experimental rats during a 12-day-period time. The
data shown represent me#&rS.D.

To investigate further the manganese-dependence ofsulfation and excretion ofpL-m-tyrosine from
the sulfation and excretion af.-m-TyrS, we treated  the viewpoint of neurophysiopathology. Although
three groups of experimental rats with, respectively, rL-p-tyrosine is generally known to be the amino acid
3, 10, and 30 mM of MnGl, with a constant level of  used for protein synthesig,-m-tyrosine has been
0.2 mM pL-mttyrosine. As shown in Fig. 2, during a shown to be present in vivo [18] and is capable of
12-day-period monitored, the amount of-m-TyrS crossing the blood-brain barrier [19]. Quantitative
excreted in urine appeared to be proportional to the analysis revealed thatm-tyrosine constitutes a sig-
concentration of MnGl fed to the experimental rats.  nificant amount (2.8%) of the total tyrosine circulat-
For all three groups of rats tested, the highest level of ing in blood [18]. Using bovine adrenal medulla or
urinary excretion obL-m-TyrS was observed around rat brain homogenata,-m-tyrosine has been shown
day 6, and started leveling off on day 8. Based on to be produced through thmetahydroxylation of
the total amounts obL-m-TyrS determined, the cal- vr-phenylalanine [20,21]. Furthermore, in vivo studies
culated percentage obr-mtyrosine sulfated and have shown that-m-tyrosine can be converted to
excreted in urine for the three groups of experimental L-Dopa [22—-24] ommtyramine [19,25], a decarboxy-

rats were, respectively, 4.8, 8.5, and 13.2%. lated product ofL-mtyrosine with neurotransmitter
The functional relevance of the manganese-depen- activity [25]. In this regard, it is tempting to speculate
dence of the sulfation and excretionmf-m-TyrS re- a possible link to the manganese poisoning reported

mains an unsolved, yet intriguing, issue. Manganese to occur frequently among miners as mentioned above
is known to be an essential nutrient and a cofactor [16]. It is possible that, for those afflicted with man-
for a number of enzymes that are involved in var- ganese poisoning, the manganese-dependent sulfo-
ious oxidation—reduction processes [15]. While its transferase enzyme(s) may become activated in vivo.
deficiency appears to manifest with ataxia, chronic Increasing amounts efm-tyrosine, and possibly also
manganese poisoning has been shown to be accom4i-Dopa and.-p-tyrosine, which serve indirectly or di-
panied by Parkinsonian symptoms observed more rectly as biosynthetic precursors for catecholamines,
frequently among miners [16,17]. It is especially may become sulfated and excreted. The lowering of
interesting to consider the manganese-dependentthe levels of these Dopa and tyrosine isomers in turn
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may result in the decreased production of dopamine detected (Fig. 3, Part (b)). Based on the calculated
and other catecholamines. In line with these hypo- peak areas, it appeared thaim-TyrS was excreted
thetical events, individuals afflicted with manganese in considerably larger quantity thanm-TyrS. The
poisoning have been reported to display symptoms higher degree of manganese-dependent sulfation of
resembling those of Parkinson’s disease [17], and p-m-tyrosine versusrL-mtyrosine may reflect the
reduction or even elimination of some of these symp- stereoselectivity of the sulfotransferase(s) in vivo, as
toms have been observed for those receiving treatmentpreviously found with the human M-form PST [8,9].

with L-Dopa [17,26]. In this regard, it is interesting to note that recent
studies have demonstrated that tyrosine residues of
3.2. Quantitative analysis af-form andr-form human lens protein may gradually undergo racemiza-

m-TyrS excreted in urine samples of experimental rats fion forming thep-isomer during the aging process
[27]. Since p-tyrosine cannot be used for protein

synthesis, it is likely that sulfation may be used as a
means for increasing the water solubility and thereby
facilitating the excretion ob-tyrosine generated from
the turnover ob-tyrosine-containing proteins in vivo.
In conclusion, the results presented in this com-

To differentiate and quantify the-form andr-form
m-TyrS excreted in the urine of Mngitreated rats,
HPLC using a chiral column was employed. As
shown in Part (a) of Fig. 3, two distinct peaks (desig-
nated Peaks 1 and 2) with retention times of, respec- e X )
tively, 5.1 and 6.8 min were detected when synthetic munication have prowde_d clear evidence for the oc-
pL-m-TyrS was analyzed. Based on CD spectropo- currence of stereoselective and manganese-dependent

larimeter analysis, the compounds eluted in Peaks 1 Sulfation of pL-m-yrosine in vivo. More studies
and 2 were identified to be, respectivelym-TyrS are y\{arranted in ordgr to deqpher the physiological
andL-m-TyrS (data not shown). When the urine sam- significance of these interesting phenomena.

ple collected from the experimental rat treated with
pL-m-tyrosine plus 10 mM MnGl was subjected to
chiral HPLC analysis, two peaks with the same reten-
tion times as those af-m-TyrS andL-m-TyrS were

Acknowledgements

This work was supported in part by a grant from
the Research Council, UTHCT (MCL), a Grant-in-Aid
D-m-TyrS for Encouragement of Young Scientists (#11760072)

a rmTyS from Monbusho, Japan (YS) and an award from the
Naito Foundation (MS).
5 1 15 References
g b D-m-TyrS
8 [1] G.J. Mulder, W.B. Jakoby, in: G.J. Mulder (Ed.), Conjugation
[ Reactions in Drug Metabolism, Taylor & Francis, London,
® 1990, p. 107.
3 [2] C. Falany, J.A. Roth, in: E.H. Jeffery (Ed.), Human Drug
s L-m-TyrS Metabolism: From Molecular Biology to Man, CRC Press,
'-g Boca Raton, 1993, p. 101.
2 [3] R. Weinshilboum, D. Otterness, in: F.C. Kaufmann (Ed.),
< Conjugation-Deconjugation Reactions in Drug Metabolism
and Toxicity, Springer, Berlin, 1994, 45 pp.
[4] F. Lipmann, Science 128 (1958) 575.
[5] Y. Sakakibara, M. Suiko, M.-C. Liu, Eur. J. Biochem. 226
— | \ | (1994) 293.
0 5 10 15 [6] Y. Sakakibara, M. Suiko, H. Nakajima, M.-C. Liu, Biochem.
J. 305 (1995) 993.
Fig. 3. Chiral HPLC chromatograms of (a) synthetic-m-TyrS [7] Y. Sakakibara, Y. Takami, C. Zwieb, T. Nakayama, M. Siko,

and (b) urine sample of the rat treated with MpCl H. Nakajima, M.-C. Liu, J. Biol. Chem. 270 (1995) 30470.



136

[8] M. Suiko, Y. Sakakibara, H. Nakajima, M.-C. Liu, Biochem.
J. 314 (1996) 151.

[9] Y. Sakakibara, J. Katafuchi, Y. Takami, T. Nakayama, M.
Suiko, H. Nakajima, M.-C. Liu, Biochim. Biophys. Acta 1355
(1997) 102.

[10] N. Oleinick, Arch. Biochem. Biophys. 182 (1977) 171.

[11] F.R. Jevons, Biochem. J. 89 (1963) 621.

[12] Y. Saeki, Y. Sakakibara, Y. Araki, K. Yanagisawa, M. Suiko,
H. Nakajima, M.-C. Liu, J. Biochem. (Tokyo) 124 (1998) 111.

[13] H.H. Tallan, S.T. Bella, W.H. Stein, S. Moore, J. Biol. Chem.
217 (1955) 703.

[14] R.A. John, F.A. Rose, F.S. Wusteman, K.S. Dodgson,
Biochem. J. 100 (1966) 278.

[15] J.J.R. Frausto da Silva, R.J.P. Wiliams, The Biological
Chemistry of the Elements: The Inorganic Chemistry of
Life, Oxford University Press, Oxford, 1991.

[16] I. Mena, in: P.J. Vinkeh, G.W. Broyh (Eds.), Handbook of
Clinical Neurolohy, Elsevier, New York, 1977, p. 217.

[17] A. Barbeau, Neurotoxicology 5 (1984) 13.

J.G.S. Ranasinghe et al./Journal of Molecular Catalysis B: Enzymatic 12 (2001) 131-136

[18] S. Ishimitsu, S. Fujimoto, A. Ohara, Chem. Pharm. Bull. 30
(1982) 1889.

[19] U. Ungerstedt, K. Fuxe, M. Goldstein, A. Battista, M.
Ogawa, B. Anagnoste, Eur. J. Pharmacol. 21 (1972) 230.

[20] J.H. Tong, A.D. lorio, N.L. Benoiton, Biochem. Biophys.
Res. Commun. 44 (1971) 229.

[21] S. Ishimitsu, S. Fujimoto, A. Ohara, Chem. Pharm. Bull. 28
(1980) 1653.

[22] G. Hollunger, S. Persson, Acta Pharmacol. Toxicol. 34
(1974) 391.

[23] J.H. Tong, R.G. Smyth, N.L. Benoiton, A.D. lorio, Can. J.
Biochem. 55 (1975) 1103.

[24] M.H. Fukami, J. Haavik, T. Flatmark, Biochem. J. 268
(1990) 525.

[25] M. Sandler, B.L. Goodwin, C.R.J. Ruthven, D.B. Calne,
Nature 229 (1971) 414.

[26] G. Cohen, C. Mytlineou, Science 225 (1984) 529.

[27] M. Luthra, D. Ranganathan, S. Rnaganathan, D. Bala-
subramanian, J. Biol. Chem. 269 (1994) 22678.



