K Ohkimoto et al. | Biochemical and Biophysical Research Conmmmications 309 (2003) 7--11 I

[8] M.H. Kester, S. Bulduk, D. Tibboel, W. Meinl, H. Glatt, C.N,
Falany. M.W. Coughtrie. A. Bergman, $.H. Safe. G.G. Kuiper.
A.G. Schuur, A. Brouwer, T.J. Visser, Endocrinology 141 (20600}
1897-1900.

[9] T.I. Ridgway, H. Wiseman, Biochem. Soc. Trans. 26 (1998) 675-
680.

{10} L.J. Guiliette Jr,, T.S. Gross, D.A. Gross, A.A. Rooney, H.F.
Percival, Environ, Health Prospect. (Suppl. 103) {1993) 31-36.

[11] D.M. Fry. Environ. Health Prospect. (163) (1995) 165-171.

[12] E. Carlsen, A. Gtwercman, N. Keiding, N.E. Skakkebaek, Br.
Med, I. 305 (1992) 609-613.

[13] J. Auger, LM. Kunstmann, F. Czyglik, P. Jouannet, New Engl.
J. Med. 332 (1995) 281285,

{14} F. Falck Fr., A. Ricci Jr., M.S. Wolll, J. Godbold, P. Deckers,
Arch. Environ. Health 47 (1992) 143-146,

f15} M.S. Wolff, P.G. Toniolo, E.W. Lee, M. Rivera, N. Dubin, J. Natl.
Cancer Inst. 85 (1992) 648-652.

[té} M. Suiko. Y. Sakakibara, M.-C. Liu, Biochem. Biophys. Res.
Commun. 267 (2000) 80-84.

[17] T.G. Pai, T. Sugahara, M. Suiko, Y. Sakakibara, F. Xu, M.-C,
Liu. Biochim. Biophys. Acta 1573 (2002) 165-170.

[18] J.P. Briggs, Am. J. Physiol. Regul. Integr, Comp. Physiol, 282
(2002) R3-RY.

[19] A.C. Ward, G.J. Linschke, Front, Biosci. 7 (2002) d827-d833.

[20] T. Sugahara. C.C. Liu, T.G. Pai, M.-C. Liu, Biochem. Biophys,
Res, Commun. 300 {2003} 725-730.

[21] T. Sugahara, C.-C. Liu, T.G. Pai, P. Collodi, M. Suiko.
Y. Sakakibara, K. Nishiyama, M.-C. Liu, Eur. J. Biochem. 270
(2003) 24042411,

[22] T. Sugahara, C.-C. Liu, G. Carter, T.G. Pai. M.-C. Liu, Arch.
Biochem. Biophys. 414 (2003) 67--73.

[23] K. Yanagisawa, Y. Sakakibara, M. Suiko, Y. Takami,
T. Nakayama, H. Nakajima, K. Takayanagi. Y. Natori, M.-C.
Liu, Biosci. Biotechnol. Biochem. 62 (1998) 1037-1040.

{24] M.-C. Liu. F. Lipmann, Proc. Natl. Acad. Sci. USA 81 (1984)
3695-3698.

[25] U.K. Laemmli, Nature 227 (1970} 680-685.

[26] M.M. Bradford, Anal. Biockem. 72 {(1976) 248-254.



1084 #8 /R [B —
=7 Al L 2
> B B i

(Vippon Nogeikagaku Kaishi

(Mippon Nogeikagaku Kaishi Vol. 77, No. 11, pp. 1094~1101, 2003)

%%ﬁ@%ﬁ@%ﬁ;%

S LEEERE S

(2003 &£

B E&

—

(BRRFRATICALEYRZER

Key words: sulfotransferase; sulfation; detoxification;
SULT family; molecular cloning
DitnisEER TR dbhbh o - CHERTE
ML o2& 5, fFiC, AbFEEEKLE LT
E#TH - HEH O ILLE - - HBERERO M
HEHOMI S TEENFEOBAC L DAL L -
o THICK D MERBEEERAGTHEHERS
fo. MEEBERICMTIHEIOERE TOEMNE
(B OS5 90 FROGFAEYSY: BT/ e —
=) ORMERT, SHUELE (BEEY) Ok
HnLiEADDH B, TNOOWMEND, WEEFESEN
%ﬁu%ﬁmiﬁﬁ%ﬂﬁ%fé’&ﬁ%ém&mafé
fr. TITIE, WEEBREREOs o—= v/ OEREREEC
OhT%%b®ﬁn%$bh%ﬁT&

LostwE

F&%ﬁ%i@l%OEﬁ%#hﬁéif EFEAEY
PEMDOBERIEE, FLTRFoA FRLe s 2HF
EEME TS AT I—NT I YEOBEFGRELLT
HEsnTEk CokIUHEEME, HBERERGED
NbhOEEKRTRNE &1 - o bEWHE & ksl St
e H- TR LEALOKTEN. FEHESCREDLD
BHBEEMROBEED -2 & LT, FoyvELUF-
N OFELEMOWBRILICRET 2MREIT~ 7. v
FHFBO K=t Fo vy RBEBEREO S D2y %
FHEBICEFOR, BANCRBESERZEO /v —= v 7%
fT-T&h WEEBEBEZRO/7o-=r7ICBLTIE, W
BB LEnOMEL, 1990 ERFRICBVTELE
PRBERERL LTIEHOEEL SR T,
st FOR, 7o—=vrEdul s LicaTEWmERNTH
ik, MBEBERESULDBAGEF 7 IV —b ¥

Functional diversity of sulfotransferases
Yoichi SaxaxIiBara (Department of Biochemistry and Bio-
sciences, Faculty of Agriculture, Mivazaki University)

{12)

7o AaPAB0BEF7 7 3 ) —ERCERCEHRESTF
Mrottmiahn s I &E¥BAL 2. HE, FESHER NS
BEEEERE T 7 3 UV -OEEBEL RS>0
EHeMAL THAZIT- TV 5.

2. TEUEREE: PAPS O &AL & WL

HRNT OB LI £ SRBOEEL, 05 604
Iz Lipmann Sic & ¥ BR E N EABMCEEH
fEfit 5.4 & | T D 3'-phosphoadenosine 5'-phosphosul-
fate (PAPS) DERMLETH B, TO PAPS i 2 Bl
oBEFEECLDEREN L. BHORIGIE ATP sulfury-
lase 2 & © ATP & EEREE S 5 Adenosine &'-phos-
phosulfate (APS) &Rts M ARIETH 0, Z2HORIG
{2 Adenosine 5’-phosphosulfate kinase (APS kinase) 2
& 5 APS & ATPH & PAPS ARSI N EARIETH 3
&1). ch5>Zo0PAPS 8RS T 2ERR, KB
FHoh EREDHEMPEDICE VTR ORE R
S BELTHEELTVLS, LhLErPeoRGE
WEEIP Y s ¥ ¥ a 9T ICBVW TR OEEFEIEL
DIBETHLS L 7283 PAPS synthethase & L THEEL
TW5, THF 3T ETEMELOFEL { PAPS BERK
TELLSCELLTESALEAONDDY, 1908 F0E
5k e b0 PAPS &§EICBIE T 5 PAPS synthethase
(bifunctional ATP sulfurylase/adenosine 5’ -phospho-
sulfate kinase) %7 o —= 4L, KRIBETHREL Y
# ik, PAPS synthethase {2 PAPS synthethase 1 &
PAPS synthethase 2 @ 2 EA L b BLF= 7 RICBWT

ATP+SO % 3 * APS + PPi
ATP sulfulylase
APS + ATP APS Kinae PAPS + ADP
E1 G55 PAPS (3'-phosphoadenosine 5'-phospho-

sulfate) DERK
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NO;

D-T—OH

OH

PAP

BB O TR 1095

p-Nitrophenol

NHy oH

. H N .‘ —_ i =
Lol T3 ot
o+ @

OH

NOz

p-Nitrophenylsulfate

2 p-Nitrophenol DTRELL

HETHICEHHEIATWEY ol Emhbihon
2 Fi¥E @ PAPS synthethase O Hic X o Fis LAk
FHCBENEINTVWAI S L EL LN,

COXIICLTEREN/ PAPSEHWT PAPS £
FEELEEOKEEST 3 /B0 Mt + 2 KIGHT
EftTdH b K 2 12 p-Nitrophenol 2 fic K GoEE £ ¢
E¥it,

3. WEAEYIEEHETEV S F oYy BLU N =
| LroRd{taYoRmERt 00

BB DEMLF 2 & » 13, 1955 &4 Tallan itk h#)
HTE FPREPIZRBWEENLY, FhLIFE, w7
A, U FLREHEOHLHIES» S LT OHFENRES
hTwsd, £0OR, Rfucfittsh 2 BREORELF o v
Y OIEFEZRDT, BAOMig+ T2 —- b R7 2/ — N
FREESEERLAVWTESOF o v vict T 2BEESH %
RWEAHENTbh:S, 20RRRRESLM -1

Z LT, 1982 £Fi< Huttner Sick b EigEWicB T
[EFEHED & vy BORRKIENE L TF o v YEREHNT
Bl h s &M HEE N RA T, Rbicittan g

2w b,

BEOWRELFo v v i3, ERbFe vy v r BN
BOHICE->THELZEELKBEASAZ LSRN,

EbEZHEOVT, BERA—AYNZD IBIC28mg b D
BRI LT o v o SRPIc Bt h 38, BizLTTh
o OMELF o v v idERHILy v s HORRDAILL -
TLAEENTELLE VO ?

FEHSIE b+ FFERNIEA %O HepG2 #AlE% VTl
B o v v ORMBESEEME L ~VvTHELTVE T &%
HRTHDTHPL Y. 20EOWETIOHESEFa v
vOWmBH b~ A vIEEICE r MBI 2/ —
AERBEEEESE (SULTIA Ink - THRIE SR, Fov v
DATIHL ZTOMBHUETHI A s F o rP -ty
R LS A C EMBES M & 1 5 1210,

MR EREF o v v OFB{LI HepG2 @la0 & T
¢, Chang Liver #i§8, Caco-2 #fi}3, MDCK #ifai=&1»
THEFCHES Wk, Ol Eh ooy v O
LR BB BV TE  ROhEBRTH L EEL
Bz, :

FESGESF o v v ORBLcBRET A V- F D
Y UMBEERE (D/TST) A5 v TR OFEL 12

R F—rte 7o vy RBEBRRORN
. . Protein Total activity Specific activity Parification

Purification step (mg) {pmol/min) (pmol/min/mg) {-fold)
Cytosol 13,486 37.8%0 2.8%0.3 1

Bio-Gel HTP 2814 33.9%0 121£0.3 4.3
DEAE Bio-Gel 7104 23,140 326+1.3 11.5
ATP-agarose 37.3 9,020 241.8%6.1 85.8
2nd Bio-Gel HTP 16.9 7,380 426.7%74 154.9
2nd ATP-agarose 1.3 2,781 2,153.4%47.1 763.6

(13)



1096 # FE 85—

BEAICEB A BERo G 2163.4247.1 pmol/
min/mg £ 0 5 MFEROH A P/ D 7636 S
Rl () BRAREREBpH 25 TH Y, M-
NREIUFOoryOREEOEMCP) - FFO v E
SRR vE VI K-y, BXUp=2tuTs
J —NETE L Lo, BREsEs OB ERS T ¢ /B
BF|% b LIS cDNA 7 o —= v 72T LR FHY
7773 BT AMBEBERTH L I EMHEAL
112 CORRE E - HiF & UES SO TR
BROso—=vraiT-1z,

4. WEBEBEEAETZ 7 1Y -

WEERBEL LTHID T cDNA 7 o0 — = v 7 HiHE
Eht-DiEv YOz boX v EREBERTHEY, £
D, Fv bk FoFvaFof ViREEBERY, b
T e/ — VBB BR YN EDDNA o - v 7N
]Esh, REZTOWFRTLLECL b M T 11
7Y RREVWT 14 BHEL EORBERBERENTEEL &+
7 o & P-450 IRk IC B ESBRELBET 77 3 ) —%
FERLTWAE I EMIHGMAEL - (F3),

R, Zh o ORBEFEFZ O L TR RS

SULTMALmow ]
!E SULTZAZmou
_‘ SULT2admen | 24

SULTIAIhare
SULTIAberw
- 1A

: SULFIC2mou
SULTIChum

(NVippon Négeikagaku Kaishi

g —7 va iV TiRBa i EHEic LT 2
JEER AL EICAET AT EMERIATLS,

T/ EREEERRETF I I V-

HEETIC7 =/ —VEBEPERAZF2 7 1) —
(SULTI family) i AMSEDSEOH 77 7 3 =i
EoEfREsnTVWE, 7=/ - VERREEMERET 7 7
P - BY AR ROBEE LT 7 =/ — it
OEEABRPENOEBRHCAF 2 -AT I v, BiR
Btrey, Bz oy vy oRBIESTEEEL
L TW5,

SULTIA% 7773V —ldE McBWT PR/ —
LGB IR % (SULTIAI, SULTIA2) 2B MBI 7«
J — VERERSCREREE (SULTIAS) O 3EMHEEST A &4
HEXFLTVRISIME SULTIA4 777 3 —2BT
SWMEEESEERI e FLIAR S » MY, = 230 5 L2
REEEOMHEN S cDNAM I v —= vy FEhEigEE
nTw3,

BEESORRISN—-FLEDFERLLF -1 e FO Y
FERSCFERES: (SULTIBI) ¥y 77 7 1 ) — SULT
1Bz @4 BETRSy FRAICE I, =928, 4

SULT2A1hem
SLTtacn SULT2
SULT2Blabum )
SULT2B1bherm 2B
SULTIBlmean

J
1

SULTIAShum

SULTIALmou
SULTIDiman ] 1D
SULTIBImon
SULT1ELbomm

]
SULTICIahum
SULTICIbbume ‘l

SULT1

SULT{C1mou

SULT1Cohum
SULTIEImen
SULTIEIbum

1B
1C
1E

SULT3AImou i SULT3

SULTSAImou 1 SULT5

[ SULT4A Imou ] SULT4

—

SULT4AIhum

B3 HHEEMEART 7 7 1) -OaFHREN
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R LEh ST OFEENHEINF—PFaryELT
BRIR+ v v RS OWMBHbEIc L 2IEEEEIEET 5 &
EZALHNTWVWAE,

SULTICH# 777 Y —lHGHZ» MO T Y7
I WRREBER STICI & LTHRES D, oS
OFRE LT, MBS 0 EREUIE LB
BHITREMEN-L Fo+ v 7 FAT S 7 704 L
»OMEELICAS T 28R L EA o, EREEAY
ROALEEUBENH DL EEL SN FEESOHIES
W=t SULTICH 77 7 ) — B sk 218
70— v LT O MRNASEELHRNSH LI E
THRELL®, BEFTTRSULTICHZ 7 7 31U =R
TAERELLTIES v b SULTICI®™ SULTIC2®, kb
LY SULTIC2 BL U SULTIC3 D 2FS D o4 &
SULTIC2®, =9 2 SULTICIO i EMgEahTwn
5.

SULTIDH 777 3 V) —12fAL T, EELOWEY
W—=FIZLBETYRSULTIDI DEFTIOWETHE. <
URXRSULTIDI B+ 7F 0T vDT i/ HOWEEY
FOAY TSy I voLat YT vED RS F
4T -7 OBl —— s BERE b0 &
MEEGH &ETE 7303 2w LM A AT EVWTH
HITWVW3D,

SULTIES 777 3 ) —l3x R} oy Bzl
EFFIENTE AR (SULTIEN B ohicEy L, £
BBz oY rORERLICEAET 2 EEL SN
T35, WEEBEERL L THHTONAZo—=
YIMHEIhORY vO LR oX Y EEEBEET
HAHY EMCBOTIE 1994 EicBROBEE Y bk
¢DNA 7 o—= v &S h3 SULTIEN 30l
AOBHEELTS v 19, €L E ., 139, o0y
LoHEINTVLA,

EFOF LR F0A MEEEBEEREF 77 I U—

EFOFYRT7oq FRBESMEEEETFZ7 1) ~
(SULTZ family) 1 AEB D204+ 7773 -5
BERENTVE, TholdkEREE2L>R 70 FhrE
VHEEAGR{ET Ao LIS N T WA,

SULT2ZA 47773~ Fe¥FoxzE7rFozF
U o WEREL R (SULTZAN B b T2 0 —-2v 7 &N
TVEW, 2o 2 TRSULTZA 77 7 8 Y =it
ELATEHOMBEERESFETIC L 2EEOCREA
WHELTWS, choReshfhBLsRESREET
L, FEFoz b7y ForRFovd7uv 2/ avryDxX
To4 FERBOIMNOKBEELZFHELS I L001EMIE
BEHELD 7L OKEELBENCHE(LT 2 RELBE

{15)

MEEBE RO

ENFEET S, gENE Y PO ITHOKEESER
PICTB T 2 b b2 o— v/ ahTHEs AT
5 42!.

SULT2BH 7773 =3k r9¥OB L=y 23T E
DEESHRESNTWA, SULT2B4 77 7 1 1) —O4F
HWELTR, JrAFo-AEBRAICERELT &
BlifiEahTwa¥ 2h7i/KE07 2/ BEREY O
BURILATSAANNT v rSFEEL, BEBREENA 7
FA VY TITRDENLTEIEMEESN T 90148,

1097

ZOthORBGEEEERETF 7> IV —

TR R IC R SULTI BLUSULT2 @ 2 1§
BN SULT3 v 5 SULTS OLET1 ¢ & & 5 5
OREF77 IV —HEETZIELMPShEN > T
D, SULTS 7 7 3 ) -3 EM o+ ¥ 5 SULT3AL 5%
FR7 I VEBENLHBRLTIBELLTHESN
A FE S by R SULT3AL 20— v 7 LIEREC
FERT v EGENCHELT A L 2WELTV 3.
SULT4 7 7 § ) — RS REc BT 5 HEERBE
ELTSULT4AI I8 b, S99 b, »uxbbBEsnT
WEES SULTIAI OFMELTRERTZOT I/
METBPERTLBLRESNTED, ErE2v 2T
OTHLIE—FT 3. SULTS 77 3 —3EE LA~
v RAFEEIEREEL LT SULT5A] OBFEREASHICL
TWa, SULTSAI BEL T3, BEZOBEBIRET-
TW3,

2
-~

5 WBHEBER7 7 1Y -oFHulRE

ChE TERAT S B ERBECEEATORBEE X
EMCATICET A O LATES.

L. AR ORERAMENR S L TonRL

2: NEMEOEREHWE OB EITTRE

3 ARMEEHRSTOWEME

4 FSRZEEFEMEOTE L & 3 RBHEHA(L
EENERYOBRSBHSE L LT oL

TRERIL R B R O R A R O BSNS54+ Bk
FHICBENSAHTELT, KEREFAET I/ B4
SRmn EHSE EREtvE ) ORBErb S, £
CTEHSE, THOE FHRY 284 v REHSEE
EEAWTERZz/—WA, ThENT /-, Y
FUMRFURAFa-=W{DES) ¥ LTxF=nrz2t+ 3
VA =B EDORE S VE Y BERTTICET 2WEE LR
STLES L2250,
ChoDHERLbrD P T LD EDHHK 4 IR
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mERLES

Gz

-3 1-

REBRNE

i ke
&
IrAbps
RER K
\ y LRI H

il A

H4 AsusEYE T ery) ot

LTHa O ICEERLE Y ERRzA oy v
74— (ER) 454 L DNA o&EREIBAIC/ER L,
HihbrAr oS vAERLALEDLSICED S ~
Ny HEREEST I ETAMWP CEIEREEL B LEL
bhTELD. LhL, FECOHRERI D, BE+rL
= v OE  EFRBIEEE (SULT) it £ OB ST 3
CEMEES ALY, HiveilaficHE TR
TV CEHEASMEN 1@, A POA Y ILEDERR
HiESbO R 7oA Fhae Y ELTELc Lo f#En
TMERHaNTHAELBHONTV 2D, Bt E
itk AR BEREBD— &L TR Oy Y
REDRNE VOREAGCES T 2RREREROGRE
MIRHEEMNEL OIS, TOBE AR LE y D&
EREEOFEEIITVAEL, Ros (EEEL 5T
AT h TV B,

140 ¢
0 —&=— with PAPS

120 } —&8— without PAPS

100
B0 }
60
40 r
20

0

Revertant colonies /plate

0 10 20
DHEA ST conc. (¢ gfml)

E5 mEdcEMELCA LARERERR

BIBER S ORI REREER

PR Ry OFRE L L PRIREEREM T o bk
& BIRAEM L LR AR S LT, FEE S EARE
BREMEOWHEbIc & AREER LA FRICRETE S
ERFABREEZEERE L. CORBRER, ERMAOHAVS
NTW3 Ames REREZHRBL, SOmix it 2EREWE
DREERLOf b DI ) T v EF v FEREEREEC &
ERIGAITH26DOTH 5. WBEPFHBRELLTRE b+
SULT2A1 #{FH L, AIRZERFEDE & L CIFikick
DERBEHRFEELLENEIEFEIOATVE G F
cEUAFATYFIeyEBRLL TOHE K5
T &) ICHEHtE ST H 5 PAPS & X UTiErizisds
HHREMIZ-EFaxr v i F LTS5 VOEREE
RAMsfFRICREE N

&5, ERBREETRO THERBEMNRSO—2TH D

=0y control

EGCG 50uM B
500uM

200

100

Revertant colonies/plate

50
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IEHFeAFF AL - b (EGCG) OIMEBREER AT
L7c. £0#R, EGCG BIEFRBEWVHEREERAETL
fo. TOHOWIE LD, EGCG I3WEECISEETR SULT2AL
ZEICELREL, 0RO Fof A F L7 b
S ONRBHEECEBEMCIIFT 3 L LWOFHALER
FRERS s A iBg L 7252,

6. BV i

F/eTaTzg Mok MY AORIERRIFMR
EEN, IbSORI MY AOBRENLIZICH-
T, EMHAMZRD—> ThH 2MEBREBHELRBITFO 7 —
Z—AA FEROWHRLZASNTVWS, MEEEELb
fho @ F R B ET £ (polymorphism) 23 EETE T
LT EHHMOENT WA Ch & OMBEEREZOM
EFHEIC £ 2 EAMOTM AT 5 BEHEOEVHIES
e, BRERHCEACT S LR O FEEe RN
DEUMBHFEEEL R A2 TH DD, & O BT R RN
EFERERNSAY R 7 ORGEPRESHEENERS OE KRN
DEMMEDE E TR OERE LEEOR X LWHESF
ELTETEITRELTW L ENEL LGNS,

# OB AERITCEHAENERBLITFF 2K
HEANZry—54 53—l TiIThbhihzboTd
D, FRROBSEZA T L&D, BIHTEE, JHiE
TV EE LRKKRECEE (BBHREHR 81U
Ming-Cheh LiusE% (734 AREANA £V ¥ —H#EH
1) L oA LES, BRGSEDE JiRE O
fatiEE Lo isedt (BHEMRES{LEE g
R BLUSRSAEGE (BlEHXEELESE BT
PR L nEHOLET. AERTIRERD T
BhEWLZEEZ LR FL (=54, B #HiE
L) £@ UL o ETREOBHILLDEILEL
LT BEBCHOE LANITKELIB £ LEEE
FBECHILFL Ly,
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Abstract

Cytosolic sulfotransferases (STs) are generally thought to be involved in detoxification of xenobiotics, as well as homeostasis
of endogenous compounds such as thyroid/steroid hormones and catecholamine hormones/neurotransmitters. We report here the
identification and characterization of a zebrafish estrogen-sulfating cytosolic ST. The zebrafish ST was bactenially expressed,
purified, and examined for enzymatic activities using a variety of endogencus compounds as substrates. Results showed that the
enzyme displayed much higher activities toward two endogenous estrogens, estrone {E, ) and 178-estradiol (E), in comparison
with thyroid hormenes, 3,3’,5-triiodothyronine (T3) and thyroxine (T4), dopamine, dihydroxyphenylalanine (Dopa). and dehy-
droepiandrosterone (DHEA). The kinetic parameters, K. and Vg, with estrogens and thyroid hormones as substrates were
determined. The calculated Viou /K for Er, B2, Ts, and Ty were, respectively, 31.6, 16.7, 1.5, and 0.8 nmol min™' mg™~! pM ™!,
indicating clearly the estrogens being preferred physiological substrates for the enzyme. The inhibitory effects of isoflavone
phytoestrogens on the sulfation of E by this zebrafish ST were examined. The ICsp determined for quercetin, genistein, and
daidzein were 0.7, 2.5, and 8 uM, respectively. Kinetic analyses revealed that the mechanism underlying the inhibition by these
isoflavones to be of the competitive type.
€ 2003 Elsevier Ireland Ltd. All rights reserved.

Keywords: Sulfotransferase; Estrogen: Zebrafish; Phytoestrogen

1. Introduction

In mammals, the cytosolic sulfotransferases (STs)

Abbreviations: ST. sulfotransferase; PAPS. 3'-phosphoade-
nosine §'-phosphosulfate; SDS-PAGE, scdium dodecyl sulfate-
polyacrylamide gel electrophoresis

* Comresponding Author. Tel.: +1-903-877-2862,
fax: +1-903-877-2863.
E-muil address: mingliu@uthct.cdu (M.-C. Liu).

constitute a group of enzymes that catalyze the
transfer of a sulfuryl group from the active sulfate,
3’-phosphoadenosine 5'-phosphosulfate (PAPS) [1],
to substrate compounds containing hydroxyl or amino
groups [2-5], Such sulfation reactions are generally

0009-2797/S — see front matter © 2003 Elsevier freland Ltd. All rights reserved.

doi:10.1016/).¢bi.2003.09.00
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thought to serve for detoxification of xenobiotics, as
well as biotransformation of endogenous compounds
such as steroid and thyroid hormones, catechelamines,
and bile acids [2-5]. Despite a considerable amount
of work carried out in the past two decades, the phys-
iological involvement of the various cytosolic STy, to
a large extent, still remain unclear. Moreover, only
fragmentary information is available concerning the
cell type/tissuc/organ-specific expression of the dif-
ferent cytosolic STs, and very little is known with
regard to the ontogeny of these enzymes. To resolve
these outstanding issues, a suitable animal model is
required,

Zebrafish has in recent years emerged as a popu-
lar animal model for a wide range of studies [6,7)].
Its advantages, compared with mouse, rat, or other
vertebrate animal models, include the small size,
availability of relatively large number of eggs, rapid
development cxternally of virtually transparent em-
bryo, short generation time, etc. These unique char-
acteristics of the zebrafish make it an excellent model
for a systematic investigation on the ontogeny, cell
type/tissue/organ-specific expression, and physiolog-
ical involvement of individual cytosolic STs. A pre-
requisite for using zebrafish in these studies, however,
is the identification of the various cytosolic STs and
their functional characterization. We have recently
embarked on the molecular cloning of zebrafish cy-
tosolic STs [8-10]. Sequence analysis via BLAST
search revealed that the zebrafish cytosolic STs we
have cloned {8-10] display sequence homology to
mammalian cytosolic STs. Preliminary characteriza-
tion of several recombinant zebrafish cytosclic STs
that have been expressed and purified revealed that
one of them, designated SULT1 ST #2, displayed a
strong sulfating activity toward estrone (E(), an en-
dogenous estrogen. While their physiological levels
have not yet been determined, both the two major
endogenous estrogens, E| and Ej, have been shown
to exert estrogenic effects in zebrafish, leading to the
induction of the expression of, for example, vitel-
logenin {11,12]. Whether SULTI ST #2, like the
estrogen ST (EST) in mammals [13], is involved in
the homeostasis of estrogens in zebrafish therefore
poses an interesting issue.

We report here the characterization of the zebrafish
estrogen-sulfating SULT1 ST #2. The enzyme, bacteri-
ally expressed and purified, was examined with respect

to its substrate specificity. Kinetic parameters of the
sulfation of endogenous estrogens were determined.
Moreover, the inhibitory effects of isoflavone phytoe-
strogens on 17@3-estradiol sulfation by this zebrafish
estrogen-sulfating ST and the underlying mechanism
were studied.

2, Materials and methods
2.1. Materials

Estrone (1,3,5[10]-estratrinen-3-o0l-17-one; E;),
17B-estradiol (Ez), 3,3",5-triiodo-L-thyronine (T3;
sodium salt), thyroxine (T4), dopamine, dehydroepi-
androsterone (DHEA), 1-3,4-dihydroxyphenylalanine
(L-Dopa), quercetin, daidzein, genistein, adenosine
5'-triphosphate (ATP), sodium dodecyl sulfate (SDS),
aprotinin, thrombin, N-2-hydroxylpiperazine-A'-2-
ethanesulfonic acid (HEPES), Trizma base, dithio-
threitol (DTT), isopropyl B-D-thiogalactopyranoside
(IPTG), and dimethyl sulfoxide (DMSO) were prod-
ucts of Sigma Chemical Co. (St. Louis, MO). Ze-
brafish SULT1 ST #2 c¢cDNA (GenBank accession
number: AY181065) packaged in pGEX-2TK glu-
tathione S-transferase (GST) gene fusion vector was
prepared as previously described [9). BL21 E. coli host
strain was from Stratagene. Glutathione Sepharose
4B was product of Amersham Biosciences. Recom-
binant human bifunctional ATP sulfurylase/adenosine
5'-phosphosulfate kinase was prepared as described
previously [14]. Cellulose thin-layer chromatogra-
phy (TLC) plates were products of EM Science.
Carrier-free sodium [°S]sulfate was from ICN
Biomedicals. All other reagents were of the highest
grades commercially available.

2.2. Expression and purification of recombinant
zebrafish SULT! ST #2

BL21 cells, transformed with pGEX-2TK harbor-
ing zebrafish SULT1 ST #2 cDNA, were grownin 1 L
of LB broth containing 50 pgml~! ampicillin. After
the cell density reached 0.7 ODggonm, 0.1 mM IPTG
was added to induce the expression of recombinant
zebrafish SULT1 ST #2. After an overnight induction
at room temperature, cells were collected by centrifu-
gation and homogenized in 20ml of a lysis buffer
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(50 mM Tris—HC], pH 8.0, 150mM NaCl, and 1 mM
EDTA) using an Aminco French Press. Twenty micro-
liters of 10mgml™! aprotinin (a protease inhibitor)
was added to the crude homogenate. The crude ho-
mogenate was centrifuged at 10,000 x g for 30 min
at 4 °C to pellet the particulate fraction. The zebrafish
SULT1 ST #2-GST fusion protein present in the su-
pemnatant collected was fractionated by equilibrating
with 1.5ml of glutathione Sepharose for 30 min at
4°C, and the bound fusion protein was treated with
2 ml of a thrombin digestion buffer (50 mM Tris—HCl,
pH 8.0, 150mM NaCl, and 2.5mM CaCly} con-
taining 5 unitml™! bovine thrombin. After a 30-min
digestion at room temperature, the preparation was
centrifuged. The recombinant zebrafish SULT1 ST #2
present in the supernatant was shown to be homoge-
neous upon SDS-poylacrylamide gel electrophoresis
(SDS-PAGE). Purified zebrafish SULT1 ST #2 was
then determined for protein concentration and used
in the enzymatic assays.

2.3. Enzymatic assay

The ST assays were performed using PAP[*S] as
the sulfuryl group donor. The standard assay reaction
mixture contained, in a final volume of 25 pl, 50 mM
HEPES, pH 7.0, and 14 uM PAP[**S] (15 Cimmol~').
The substrate, dissolved in DMSO (for E,, Ej, T3, T4,
DHEA, quercetin, daidzein, and genistein} or H, O (for
L-Dopa and dopamine) at 10 times the final concen-
tration {50 pM)} in the assay mixture, was added sub-
sequent to HEPES buffer and PAP[?3S]. Controls with
DMSO or H,O alone were also prepared. The reac-
tion was started by the addition of enzyme (0.025 pg),
allowed to proceed for 3min at 28°C, and stopped
by placing the assay mixture-containing thin-wall tube
on a heating block, pre-heated to 100°C, for 2min.
Upon brief centrifugation to pellet down the precip-
itates, 1 pl aliquot of the reaction mixture was spot-
ted on a cellulose TLC plate. The TLC plate was
then subjected to ascending TLC for the analysis of
[*°S] sulfated product using a solvent system contain-
ing n-butanol; isopropanol; 88% formic acid; H>O in
a 2:1:1:2 ratio by volume [15]. Afterwards, the plate
was air-dried and autoradiographed. The radioactive
spot on the TLC plate due to the [>°S] sulfated prod-
uct was cut out and eluted by shaking in 0.5ml H,0
in a glass vial. Four milliliters of scintillation fluid

was then added to the vial, thoroughly mixed, and
the radioactivity counted using a liquid scintillation
counter. The count obtained was used to calculate the
specific activity of the enzyme in unit of nmo! sul-
fated product formed min~'mg~! enzyme. Based on
the efficiency of scintillation counting, the estimated
limit of detection for this procedure was approximately
0.1 nmolmin~' mg~! enzyme.

For the kinetic studies on the sulfation of endoge-
nous estrogens (E; and E;) and thyroid hormones
(T3 and T4), varying concentrations (ranging from 5
to 20 pM) of these latter substrate compounds and
50 mM HEPES at pH 7.0 were used. To determine the
inhibitory effects of quercetin, genistein, and daidzein.
enzymatic assays in the presence of varying concen-
trations {0—50 pM) of these phytoestrogens (dissolved
in DMSO at 10 times the final concentrations) were
performed with 50 pM 17B-estradiol as substrate. To
investigate the mechanism underlying the inhibition of
the sulfation of 17B-estradiol by quercetin or genis-
tein, enzymatic assays using varying concentrations
(5-20 uM) of 17B-estradiol in the presence or absence
of fixed concentrations of quercetin (0, 0.5, 0.73, and
0.9 uM) or genistein (0, 1, 2.5, and 6 uM), dissolved
in DMSO at 10 times the final concentrations, were
petrformed.

2.4. Miscellaneous methods

PAP[3S] (carrier-free} was synthesized from ATP
and carmrier-free [*S]sulfate using the human bi-
functional ATP sulfurylase/APS kinase as described
previously [14]. The PAP[**S] synthesized was then
adjusted to a specific activity of 15Cimmol~! at a
concentration of 1.4 mM by the addition of cold PAPS.
SDS—-PAGE was performed on a 12% polyacrylamide
gel using the method of Laemmli {16]. Protein deter-
mination was based on the method of Bradford with
bovine serum albumin as the standard [17].

3. Results and discussion

The present study represents part of an overall effort
to develop zebrafish as a model for a systematic in-
vestigation on the physiological involvement, as well
as ontogeny and cell type/tissue/organ-specific expres-
sion of cytosolic ST enzymes. As mentioned earlier,
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Table {
Specific activity of the zebrafish SULT1 ST #2 with endogenous
compounds and phytoestrogens as substrates®

Substrate Specific activity
(nmol min~' mg™"}
Estrone {(E|) 80.5 4 4.7
17R-Cstradiol (E;) 91.6 £ 59
3.Y,5-Triiodothyronine (T3) 351+ 05
Thyroxine (T4) 2.1+ 04
L-Dopa 14+ 02
Dehydroepiandrosterone ({DHEA) 09+ 0.1
Dopamine 03+02
Quercetin 605 % 2.7
Cienistein 969 + 29
Daidzein 79.5 £ 34

 Data shown represent mean £ S.D. derived from three deter-
minations. The final concentration of the substratc in the assay
mixture was 50 pM.

we have recently embarked on the molecular cloning
of zebrafish cytosolic ST enzymes [8-10]. Preliminary
studies showed that one of the zebrafish STs (desig-
nated SULT1 ST #2) we have cloned exhibited a strong
sulfating activity toward ¢strone (Ey), an endogenous
estrogen. The studies presented below aimed to char-
acterize further the estrogen-sulfating activity of this
enzyme and to investigate the inhibitory effects and
mode of action of isoflavone phytoestrogens on the
sulfation of endogenous estrogen by this zebrafish ST.

3.1. Characterization of the estrogen-sulfating
SULTI ST #2

The previously cloned zebrafish SULT1 ST #2 was
expressed and purified to homogeneity. Purified re-
combinant zebrafish SULTIST #2 was examined for
enzymatic activities toward endogenous compounds
including estrone (E;), 17B-estradiol (Ez), T3, T4,
DHEA, v-Dopa, and dopamine. The results obtained
are compiled in Table 1. We used a substrate concen-

Table 2

100
=
<
i’:.
-
5!
<
;‘j a0
S
=
3]
o @: Quercetin
A: Genistein
M Daidzein
ot T y T
0 0.1 1 10 100

l .
Izoflavene C'oncentration { R

Fig. 1. Inhibition of 17B-estradiol (E;) sulfation by quercetin (@),
genistein (A), and daidzein (H). Enzymatic assays in the prescnce
of varying concentrations of these phytocstrogens were performed
with 50 uM 178-cstradiol as substrate, Data were calculated based
ot the activity determined in the absence of phytoestrogen as
100%.

tration of 50 pM in these assays. Under the assay con-
ditions adopted, the enzyme displayed the highest ac-
tivities toward the two endogenous estrogen, Ey and
Es. Much lower activities were detected with thyroid
hormones, T3 and T4, DHEA, 1-Dopa. and dopamine
as substrates. Interestingly, the enzyme also exhibited
strong activities toward three representative phytoe-
strogens. The kinetic parameters of SULT1 ST #2 in
catalyzing the sulfation of estrogens and thyroid hor-
mones were determined. As shown in Table 2, while
the K, values for thyroid hormenes were lower than
those for Eq and Ej, the V.« values for the latter were
much higher than those for the former. The catalytic
efficiency of the enzyme, as reflected by Fpax/Km,
with E; and E; as substrates was more than an order
of magnitude higher than with thyroid hormones as

Kinetic constants of the zebrafish SULT1 ST #2 with Ey, E;, Ty and Ty, as substrates®

Substrate Vg (Amol min~' mg=!) Ko (pM) Vsan/K tnmolmin=! mg=l uM—H
Estrone (Ey) 394.6 12.5 316
173-Estradiol (E3) 2174 13.0 16.7
3.¥.5-Tritodothyronine (T3) 54 3.6 1.5
Thyroxine (T4} 315 46 0.3

3 Data shown represent mean = S.D. derived from three determinations.
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substrates. These results indicated the estrogens be-
ing preferred physiological substrates for SULT1 ST
#2. It should be pointed out, however, that, while se-
quence analysis based on BLAST search revealed it
to belong to the phenol ST (SULT1) gene family [9],
the identity of SULT1 ST #2 as the EST in zebrafish
is equivocal. The Ky values of SULT1 ST #2 for E|
and E3, as shown in Table 2, were determined to be,
respectively, 12.5 and 13 pM, whereas the Ky, values

) Quercetin
008

0.08

0.04

v [(unolmin/mg) ]

0.02

of human EST for E; and E2 have been reported to be
in the nM range [18,19].

3.2. Inhibitory effects of isoflavone phytoestrogens
on 17 B-estradiol sulfution by the estrogen-sulfating
SULTI ST #2

Over the past three decades, a substantial body of
evidence has accumulated on the estrogenic activities

0.0a o1 015 0.2

1/[17 8 -estradio]] (M)

8) Genistein

0.08 4

1v [mmol/min/mg)]

~0.1 -0.05 0

0.05 0.1 0.15 02

1178 -estradio]] (MY

Fig. 2. {A) Lineweaver-Burk double-reciprocal plot of the zebrafish SULT] ST #2 with 17B-estradiol as substrate in the presence of
different concentrations of quercetin. Concentralions of quercetin tested were: 0pM (), 0.5 uM (W), 0.75 uM (A), and 0.9 pM (@),
(B) Lineweaver-Burk double-reciprocal plot of the zebrafish SULT! ST #2 with 17B-estradiol as substrate in the presence of different
concentrations of genisiein. Concentrations of genistein tested were: 0 uM (T, 1 wM (W), 2.5 pM (A), and 6 pM (@). Concentrations of
17B-estradiol are expresscd in wM and velocities are expressed as nmol of product formed min~! mg~! enzyme. Each data point represents

the mean value derived from three determinations.
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of numerous dietary and environmental compounds.
Exposure to plant-derived “phytoestrogens™ via the di-
etary route has been suggested to have beneficial ef-
fects on human health [20,21], but potentially adverse
consequences have also been pointed out [22,23), Ex-
posure to high levels of synthetic estrogen mimics,
often called the “xenoestrogens™, has been associated
with harmful effects for humans as well as wildlife
{24-27]. Qur recent studies have revealed that human
EST and some other cytosolic STs are capable of sul-
fating both phytoestrogens and environmental estro-
gens [28-30]. The role of EST and other cytosolic STs
in the metabolism and/or modulation of phytoestro-
gens and environmental estrogens as well as the in-
terference of these latter compounds with the normal
functioning of EST and other cytosolic ST enzymes,
however, remain to be clarified. As an aquatic animal,
the zebrafish may serve as a particularly useful model
for studying these important issues. We decided first
to examined the inhibitory effects of three isoflavone
phytoestrogens, quercetin, genistein, and daidzein, on
the sulfation of endogenous estrogens by the zebrafish
SULT! ST #2. Enzymatic assays were performed us-
ing 50 pM 17B-estradiol (E2) as substrate in the pres-
ence of varying concentrations (ranging from 0 to
50 M) of these phytoestrogens. Results shown in
Fig. 1 revealed concentration-dependent inhibition of
the 17p-estradiol-sulfating activity of the zebrafish
SULTI ST #2. Based on these results, the [Csg values
determined for quercetin, genistein, and daidzein were
0.7, 2.5, and 8 pM, respectively. We then proceeded
to investigate the mechanism underlying the inhibi-
tion of 17B-estradiol sulfation by these phytoestro-
gens. Enzymatic assays using varying concentrations
(5-20 uM) of the substrate, 173-estradiol, in the pres-
ence of fixed concentrations of quercetin (0, 0.5, 0.75,
and 0.9 M) or genistein (0, 1, 2.5, and 6 uM) were
performed. Data obtained were used to generate the
Lineweaver-Burk double reciprocal plot (Fig. 2). A
striking feature observed for the double reciprocal plot
generated is that the lines corresponding to the various
concentrations of quercetin or genistein tested, while
crossing the X-axis at different positions, appeared to
converge within a narrow region on the Y-axis. These
results indicated that the Py value of the zebrafish
SULT1 ST #2 for 17p-estradiol did not change much
in the presence of quercetin or genistein. Whereas the
Km increased dramatically with increasing concentra-

tions of quercetin or genistein. These data imply quite
clearly a competitive-type of inhibition.

To summarize, we demonstrated in the present study
the specificity for estrogens of the previously ¢loned
zebrafish SULT1 ST #2. The estrogen-sulfating activ-
ity of the enzyme appeared to be vulnerable to the
inhibition by isoflavone phytoestrogens that acted as
competitive inhibitors.
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Zebrafish tyrosylprotein sulfotransferase:
molecular cloning, expression, and functional
characterization

Emi Mishiro, Ming-Yih Liu, Yoichi Sakakibara, Masahito Suiko,
and Ming-Cheh Liu

Abstract: By emploving the reverse transcriptase — polymerase chain reaction technique in conjunction with 3' rapid
amplification of ¢cDNA ends, a full-length ¢DNA encoding a zebrafish tyrosylprotein sulfolransferase (TPST) was
cloned und sequenced. Sequence analysis revealed that this zebrafish TPST is, a1 the amino acid sequence level, 66%
and 60% identical to, respectively, the human und mouse TPST-1 and TPST-2. The recombinant form of the zebrafish
TPST, expressed in COS-7 cells, exhibited o pH optimum at 5.75. Manganese appeared to exert a stimulatory effect on
the zebrafish TPST. The activity of the enzyme determined in the presence of 20 mM MnCl, was more than 2.5 times
that determined in the absence of MnCl,. Of the other nine divalent metal cations tested at a 10 mM concentration,
Co™ also showed a considerable stimulatory effect, while Ca®*, Pb?, and Cd** exerted some inhibitory effects. The
other {our divalent cations, Fe™, Cu®, Zn’*, and Hg™, inhibited completely the sulfating activity of the zebrafish
TPST. Using the wild-type und mutated P-selectin glycoprotein ligand-1 N-terminal peptides as substrates, the zebrafish
TPST was shown to exhibit a high degree of substrate specificity for the tyrosine residue on the C-terminal side of the
peptide. These resulls constitute a first study on the clening. expression, and characterization of a zebrafish cytosolic
TPST. .

Key words: XXXXAXXX.

Résumé : A V'aide de la technigue d’amplification en chaine par polymérase aprés transcription inverse (RT-PCR) et de
Pamplification rapide des extrémités 3° d"ADNc (3"-RACE), un ADNc pleine longueur codant une tyrosylprotéine sul-
fotransférase (TPST) du poisson-zébre a &té cloné et séquencé. L'analyse de la séquence des acides aminés montre
que certe TPST du poisson-zébre est. respectivement, 66% et 60% identique aux TPST-1 et TPST-2 de la souris el hu-
maines. La TPST recombinante du poisson-zébre, exprimée dans des cellules COS-7. a un pH optimum de 5,75. Le
manganése semble avoir un effer stimulant sur 1a TPST du poisson-zébre. L'uctivité de I'enzyme en présence de
MnCl, 20 mM est 2.5 fois pluy €levé qu'en absence de MnaCl,. Des neuf autres cations divulents métalliques évalués 2
une concentration de 10 mM, le Co®* a égulement un effet stimulant considérable. alors que le Ca®, le Pb* et le Cd**
ont un petit effel inhibiteur. Les quatre autres cations divalents, le Fe™, le Cu®, le Zn>* et le Hy®*, inhibent compléte-

ment I"activité de sulfatation de lu TPST du poisson-zébre. En utilisant les peptides N-terminaux du ligand glycopro-
téique 1 de lu P-sélectine (PSGL-1} de type sauvage ou muté comme substrats, nous montrons que la TPST du
poisson-z&bre a une irés grande spécificité de substral envers le résidu tyrosine du ¢dté C-terminal du pepride. Ceci
constitue la premiere étude sur fe clonage, U'expression et la caractérisation d'une TPST cytosolique du poisson-zibre.

Mens clés :{non transmis).

[Traduit pur [a Rédaction)
Introduction

The structure of a mature protein is dependent on not only
its amino acid sequence but also on various covalent modifi-
cations that take place after ribosomal protein synthests, These
posttransiational prowein modifications, including glycosylation,

proteolytic cleavage, phosphorylation, acylation, adenylation,
farnesylation, ubiquitination, and sulfation, abound among
proteins in eukaryotic cells (Tuboi et al. 1992). First discov-
ered in a peptide (fibrinopeptide B) derived from fibrinogen
(Bettelheim 1954}, protein tyrosine sulfation has emerged as
a widespread post-translational modification in multicellular
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eukaryotes (Huttner 1982). Tt has been shown to be involved
in the alteration of biological activity of proteins (Jensen et
al. 1981; Brand et al. 1984), proteolytic processing of bio-
active peptides (Rosa et al. 1983), change in half-life of pro-
teins in circulation (Pauwels et al. 1987), intracellular
transport of secretory proteins (Hille et al. 1984), and modu-
lation of extracellular protein—protein interactions (Kehoe
and Bertozzi 2000). More recently, tyrosine sulfation has
been demonstrated to be a key modulator of protein—protein
interactions that mediate inflamimatory leukocyie adhesion
(Pouyani and Seed 1995; Sako et al. 1995; Wilkins et al.
1993). The recent discovery of tyrosine-sulfated chemokine
receptors (Farzan et al. 1999) suggests an even broader role
in the inflammatory response.

Tyrosylprotein sulfotransferase (TPST), the enzyme re-
sponsible for protein tyrosine sulfation, catalyzes the transfer
of a sulfony! group from 3'-phosphoadenosine 5-phosphosulfate
(PAPS), the “active” sulfate, to specific tyrosine residues of
proteins (Lee and Huttner 1983). This enzyme. following its
first description in rat pheochromocytoma 12 cells (Lee and
Huttner 1983), has been found in numerous cell lines and

" tissues and has been characterized from the bovine adrenal
medulla (Iee and Huttner 1983) and heart (Suiko et al.
1997, rat brain (Vargas et al. 1983), liver (Rens-Domiano
and Roth 1989; Rens-Domiano et al. 1989: Ramaprasad and
Kashinathan 1998), gastric mucosa (Kashinathan et al.
1992}, submandibular salivary glands (Sundaram et al, 1992,
William et al. 1997, human liver (Lin and Roth 1990;
Young 1990}, and platelets (Sane and Baker 1993). Compar-
ison of the properties reported for TPSTs from the mamma-
lian tissues mentioned above reveals some common
properties including acidic pH optima. stimulation by Mn**,
and the use of PAPS as the sulfate donor. Biochemical evi-
dence indicates that TPST is an integral membrane protein
with a lumenally oriented active site localized in the trans-
Golgi network. Tyrosine sulfation was demonstrated to take
place in the same compartment as galactosylation and
sialylation (i.e., the trans-Golgi), occurring shortly after these
terminal glycosylation reactions (Baeuerle and Huttner 1987).
A major advance in the field came with the molecular clon-
ing of two distinct TPSTs, designated TPST-1 and TPST-2,
from both human and mouse (Ouyang et al. 1998; Beiss-
wanger et al. 1998; Ouyang and Moore 1998). Both en-
zymes were shown to be membrane-bound, N-glycosylated
Golgi enzymes with a lumenal catalytic domain, a single-
span transmembrane domain, and a short cytosolic tail. The
two human TPSTs share 67% sequence identity. Northern
analysis indicated that both hurman TPSTs are expressed in
many tissues (Ouyang et al. 1998; Beisswanger et al. 1998;
Ouyang and Moore 1998). The existence of more than one
TPST might explain the diversity of sequences that are tyro-
sine sulfated. The two enzymes might have differential sub-
strate specificity and act upon different subsets of target
proteins. A recent gene-knockout study revealed that mice
deficient in TPST-1 had reduced body mass and increased
postimplantation fetal death (Quyang et al. 2002).

Zebrafish has in recent years emerged as a popular animal
model for a wide range of studies (Briggs 2002; Ward and
Lieschke 2002). Its advantages, compared with mouse, rat,
or other vertebrate animal models, include the small size (3—
4 cm length for adult fish), the availability of relatively large
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number of eggs (>200 eggs per week per mature female),
rapid development externally of virmally transparent embryo
(in 2—4 days), and short generation time (~3 months). These
unique characteristics of the zebrafish make it an excellent
model for a systematic investigation on the ontogeny of the
expression of various proteins and their tissue- and cell-
type-specific distribution as well as physiological relevance,

We report here the molecular cloning of a full-length
zebrafish TPST ¢DNA. Using COS-7 cells as the host, the
zebrafish TPST was expressed in a recombinant form. The
enzymatic properties of the recombinant zebrafish TPST
were analyzed using as substrates wild-type and a series of
mutated P-selectin glycoprotein ligand-1 (PSGL-1) N-terminal
peptides.

Experimental procedures

Materials

Adenosine 5'-triphosphate (ATP), sodium dodecy] sulfate,
N-2-hydroxylpiperazine-N'-2-ethanesulfonic acid (Hepes), 3-
[N-tris-(hydroxymethyl)methylamino]-propanesuifonic acid,
Trizma base, and dithiothreitol were products of the Sigma
Chemical Company (St. Louis, Mo.}. A zebrafish ¢cDNA
clone, ID 2644043 (GenBank accession No. AW344308), en-
coding the N-terminal region of a TPST was obtained from
Genome Systems, Inc. AmpliTag DNA polymerase was a
product of Perkin Elmer. Takara Ex Tag DNA polymerase
and the ¥-Full RACE core set were purchased from PanVera
Corporation. T; DNA ligase and all restriction endonucleases
were from New England Biolabs. XL1-Blue MRF" Esche-
richia coli host strain was purchased from Stratagene (La
Jolla. Calif.). Eukaryotic TOPO TA cloning kit and
Lipofectamine 2000 were products of Invitrogen (Carlsbad,
Calif.). TNT coupled reticulocvte lysate system was from
Promega (Madison. Wis.). Oligonucleotide primers were syn-
thesized by MWG Biotech, Recombinant human bifunctional
ATP sulfurylase/adenosine 5'-phosphosulfate kinase was pre-
pared as described previously (Yanagisawa et al. 1998),
COS-7 SV40 twransformed African green monkey kidney
cells (ATCC CRL1651) were from the American Type Cul-
ture Collection. TRI reagent was from Molecular Research
Center, Inc. Total RNA from zebrafish was prepared using
the TRI reagent according to the manufacturer’s instructions.
Sep-Pak Plus C18 cartridges were from Waters. Cellulose
thin-layer chromatography plates were products of EM Sci-
ence. Carrier-free sodium [PS]sulfate and [2S]methionine
were from ICN.Biomedicals. All other reagents were of the
highest grades commercially available.

Molecular cloning of the zebrafish TPST

By searching the expressed sequence tag database, a zebrafish
cDNA clone {GenBank accession No. AW344308) encoding
the N-terminal region of a TPST was identified. This zebrafish
TPST ¢DNA was purified and subjected to nucleotide se-
quencing based on the cycle sequencing method using, re-
spectively, M13 forward and M13 reverse as primers. The
nucleotide sequences, as well as the deduced amino acid se-
guences, of the cDNA were analyzed using BLAST search
for sequence homology to known TPSTs.

To obtain the ¥-coding region and the untranslated se-
guence further downstream, 3 rapid ampiification of ¢cDNA
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