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2. JEHEHIEE PAPS &R L REL

EEATORB I FHBOENL, $bb 5045
R Lipmann 542 & D #& B & h - WA SERN R TR
5k E L T OEMEE 3 -phosphoadenosine  5'-phos-
phosulfate (PAPS) @ ATP & IEHERENE» & DS H
BETHZ', ZOPAPSERIB2EORERERE, T4
B ATP sulfurylase & adenosine 5-phosphosulfate
kinase (APS kinase) izt > Tk xh 3 (M1). Zh
520 PAPS ARICHES T 2 BRI, ABELH L
Vo AP EYCB TR oDORLE 2EHRSY 30
HELTHFELTWS, LHLErPI YA Lo
FPyravyavnzeBulid, Zo0BRSELOB
B CEA& L 7-BeE PAPS synthetase ¥ LTEEL, &£

ATP + SO,> ————> APS + PPi
ATP sulfurylase

APS + ATP PAPS + ADP

—_—
APS kinase

PAPS + PNP PAP + PNPS

—_—
Sulfotransferase

1 ¥-phosphoadenosine 5 -phosphosulfate (PAPS) @
ERETBEEERICL 7 2/ — VLA O
Bt

ATP: adenosine 5'-triphosphate, APS: adenosine 5-phos-

phosulfate, PAPS: 3'-phosphoadenosine 5'-phosphosul-

fate, PNP: p-nitrophenol, PAP: 3.phosphoadencsine

5'-phosphate, PNPS: p-nitrophenylsulfate.
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PAPS synthetase (bifunctional ATP sulfurylase/adeno-
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furylase ¥ APS kinase O # B TR R 2 EE5T

b, TNFhOBREEEFLTWL I 2L E LR

&L, B, ffoWsE 7 v— 7,5, PAPS syn-
thetase i3 PAPS synthetase 1 ¥ PAPS synthetase 2 ¢ 2
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SULTIAL ST1A2Z, P-PST, TS-PST p-Nitrophenol, Dopamine, Bisphenol A 16p12.1-p11.2
SULTIA2 STI1A3, P-PST, TS-PST p-Nitrophenol, Dopamine 16pl2.1-p11.2
SULTIA3 ST1AS5, M-PST, TL-PST Dopamine, p-Nitrophenol, Estradiol 16pll.2
SULTIBI ST1B2, THST 3,3",5-Trilodothyronine

p-Nitrophenot, Dopamine
SULTIC2 ST1C2 p-Nitrophenol 2qll.1-qll1.2
3,3 ,5-Triiodothyronine
N-Hydroxyacetylaminofluorene
SULTIC2 STIC3 p-Nitrophenol 2qll.2
: N -Hydroxyacetylaminofluorene
SULTIEL STIE4, EST Estradiol, Estrone
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5035,
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SILTIETCow (49)

[ 2 mBRERERBRETZ 7 2V —00TRES
SULT1#6 SULTS B 773V —DaEE2RL Tns,
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mon 234/, dog H%4 X, gpg MELEY FPEARTH ST
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SHEEERL, TAMACELTRE M SIUVTYRE
EELL.
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SULTICI 2 v P o BFIEBEsSRHITE b
SULTICI D cDNA 7 0 —= > 75 1998 E W His i
729, PhERBITEBYXOWRSV—FRRE H
SULTIC #7773 VBT3B 2B 70—V

2L, #h e % SULTICH k SULTICH & &ftiF, 3

IZ N-hydroxy acetylamino fluorene 28t 2 2t %
$RE LA, HWETE, b b SULTICH#HI #2 1998 iz &R
Hant-e bt SULTICIER—TH Y, SULTIC2 L &
FSHFEEANDZ I ENRYUTHEEELZ NS, EELE AT
Sl AUBREEMAS ETRE cbBELT
SULTICH 777 3V —ETAHBERSULTICZ
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SULTIC3 @ 258¥3®, o7 4 ¥ SULTIC24, = w7 &
SULTICI"™ G EnE ST w2 (F2).

SULTID %777 2 D —iHET2BREOHESIRLD
WRIN—F4 X 3 = v A Expression Sequence Tag
(EST) F—FR—R 70— 670153 BRI OBRETH
3, %3, vVASULTIDI #p-=+u7=x/—1AOD
U+ 7F AT IvOT7 ) EOERES, YO0RF TS
IO a bl Lol BEYAT 4 L—F —D
BREBLEZHEET I EPHEL T2, BEL TR
SULTID Y 777 2 )V~ BT a2EBELLTR~Y
A, A XV EBOTREEAT WS (2), Fh4Ek
RCBFL7 SV EABENCHRBRETIEELL TR,
Z @ SULTID1 B4z SULT3 kWS HIRRRERES
773V —WETIEENTHXF I VMESI N T B,

SULTIEH 7773 ) —@RrA o rBEREREE
EFRIEEN T & 7B (SULTIEL 252 hizssl, JEx
LEPLHRINT ELEBEBEZO—2THY, HY
BBCBIZRA rur rOTER ST LH2 8
NTWH B0 EEERBFEE: L THH T DNA 70—
ZVIERESNLOR Y YOI F s YRERERER
THE LBV TEI9MECEEOHBELD 4
WDNAZo—= v I BHREI R, SULTIEL X%
NPADEMEEL TS v b, BTy b, 27 R

(b £4E HIE

REPLEFQDNAZD—=v I/ BgEshTws (F
2).

4, T/ —ITEBERBEEORERESIcEALT

Bode D~ & AAKTFR R -8 - Fo v R
EREREEY, MB 72/ —ARBEREREC LS Z
EERHESMIZLEY, b7/ ERERRERICIRP
B7z /- VEREBERESE (PPST) t MBI/ —n
FRRERESE (M-PST) O2EOBRRSEE T N
EEHRBLD T TICHLSA T, 612 cDNA 7
D—=r PR ERED, PRV 2 ) -V EiEEEE
FOURZ2EOR L IRETFED»SRL I LR T TITR
_Rf-EBYTHLE, PPST k£ M-PST i3 E L HEER
HOEERFRL, 78 /BEFBWTIZ 3% E—8 T
LIEhs, GERRBEEEEROREEZRBCEYT
BWEOEFAME LTHERL:.

(1) ¥4 7z /—IBEBEBEECETIHY

PRV PEH T2 -V BERERR
(SULTIAL) tMB 7 =« /- L BBEBESR
(SULTIA3) of A 7mBEEBERE2ERHL, EEFS
CBESTIEBERE L, SULTIAI ¥ SULTIA3 @
TE/BRFIEEE LA, TheZOOEBEZEORT
ERVELOHERS2»FEET 2 e8Hon Lo
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e S R LA T o M AT B
i e Yy -
S0 LI I ESRH vl R S e SRl B R
1
M.PST 121 KEVEVYYVARNPKDVAVSY YHF] Rﬁ‘ PEPGTWOSFLEKFM| EVSYGS'TQHVSTI 180
P.PST 121 KVKYVYYARNRKDVAVSYYHFIH PEPGTWOSFLEKFMMGEYSY GSRYQHYQENM 189
1

M-PST 181 FLSATHPVLTLFYEONK VERSLPEE @ 240
P.PST 181 LSRTHPYLYLFYEOMKENPRREIQKILEFVGRSLPEE QHTSFKEMKKNPMTNY ZA-B-
1nﬁi>Pss'rT 52 tn:51s::::x:::nu::i;fI;:Q:E:iganusx:accnSF:SELI %
(B) Bon36l VYmaxKm

NH; Ba.n.li Bani COOH DA PNP
M.PST | | 127 008 [E3 FATWEERERLZOEMH
P-PST '— 005 256 (A) &t b M-PST (SULT1A3)& & } P-PST

: i J ) (SULTIAD @7 3 /EREEFIO LS, 5127 = ./ BRACH
MPPM [ ,I 003135 prsoxs @R TRESE, 2RPR N BIGE
rvvP T 121 010 VLO®SIENELE, 21—  REEBERD

. - : ; UFIcZ 7s/ A 4 i T
MPMM | . I 001 0.02 ﬁﬁ%&ﬁ BEREFZALLE7 I /7BEYTEOMESTL
mvem [ | 024 041 (B) ¥ X Y MBESEROREN, AKIHISM-
pvry N NN 00 oz7 DSTEE, RS PPSTEROMY 7S N

: K : . DioTWwg, HICHEEDE (Vow/Kn) COEEELE
PPMP _‘_—‘_— 010 00 Hy_Lezy (DA) Ep-=bw 7 =/ — (PNP)

I 17 DIz R L7z,
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Dopamine p-Nitrophenol
Enzyme K. (M) Vinex Voo /K K. (M) Vinax VoK
m M (nmol/min/mg} maxs 2im m M (nmol/min/mg} max/ =m
Wild-type M-PST 0.44 12.1 274 28.2 10.5 0.37
D86A ' 1.33 5.00 3.76 704 18.2 0.26
E891 _ 1.11 12.5 11.3 206 6.06 0.29
D3sA/ERII 14.3 22.2 1.55 24.1 4.44 0.18
E146A 23.8 5.88 0.25 1.27 412 3.24
D86A/EBSI/E146A 449 2.74 0.06 1.21 114 9.39
Wild-type P-PST 47.6 2.89 0.06. 0.53 8.81 16.6
I39E 45.5 6.29 (.14 (.46 6.21 15.5
Al46E 90.9 7.52 0.08 1.27 4,12 3.23
AB8BE/IROE 59.9 387 0.06 0.49 5.50 112
I89E/A146E 61.7 4.29 0.07 - N.D. N.D. N.D.
AS6D/IS9E/A146E N.D. N.D. N.D. N.D. N.D. N.D.
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FRIZHMN LU TEL46A, DISA/ERRI/ELIBA R p-=+O 7
/=T AEEME R Lifi, E146A BEMTY
HREEFMBELL PREATALIE»S, MELPR
DERMEPRESIIOCHCEELRT I /BRETHS
ZEMHBRL Y, EMA KL TRIORN—T
5 LREIRAERMRE IR T35, & - D86A/ESI/
El46A TR S IEMIRB PR X DI - TWB T
EnS, PROIEEOTRICIINLOT S/ BERERS
PER L LISEETCHL I LMBELE (K3, #2),
PHEZ7 2/ - VEBEBREFOS 2 -7 TH,
Al46E, I89E/A146E, AS6D/ISOE/AI4EE AL TEL
p-=b+e 7=/ —VORBIEOEESE/LL L, Fic
I89E/A146E, A86D/IS9E/AM46E DDt p-=hO 7 x
S NEELHEBELEL ko, ChoOBEREIMA
7/ —VEBEBEROI 2 —F 2B oNER
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Cytosolic sulfotransferases (§Ts), traditionally viewed as Phase II drug-metabolizing or
detoxifying enzymes, are increasingly being implicated in the metabolism of endoge-
nous biologically-active molecules. Except for studies on changes in their levels of
expression and activity in the early stage of development in mammals, very little is
known about how these enzymes are regulated. In this study, the regulatory effects of
divalent metal cations on the activity of human cytosolic STs were quantitatively evalu-
ated. Results obtained indicate that all nine human cytosolic STs examined are partially
or completely inhibited/stimulated by the ten divalent metal cations tested at 10 mM
concentration. Compared with the other metal cations, the inhibitory or stimulatory
effect of Mg#* and Ca® on the activities of the human cytosolic STs appeared to be rela-
tively smaller. Concentration-dependent effects of the divalent metal cations were fur-
ther examined. The IC,, or EC,, values determined for different divalent metal cations
were mostly above their normal physiological concentration ranges. In a few cases, how-
ever, IC,, values close to the physiological concentrations of certain divalent metal cat-
ions were observed. Using the monoamine (M)-form phenol ST (PST) as a model, it was
demonstrated that the K for dopamine changed only slightly with increasing concen-
trations of Cd*, whereas the V_,_ was dramatically decreased.

Key words: divalent metal cations, human cytosolic sulfotransferases, regulatory effects.

Sulfate conjugation is a major pathway in wivo for the
biotransformation and/or excretion of xenocbiotics and
endogenous compounds such as stercid and thyroid hor-
mones, catecholamines, cholestercl, bile acids, etc. (I-3).
The responsible enzymes, called the “eytosolic sulfotrans-
ferases (STs),” catalyze the transfer of a sulfonate group
from the active sulfate, 3~phosphoadenocsine 5-phosphosul-
fate (PAPS), to an acceptor substrate compound containing
either a hydroxyl or an amine group (¢). Sulfate conjuga-
tion may result in the inactivation/activation of the sub-
strate compounds or increase their water-solubility, thereby
facilitating their removal from the body (1-3).

Except during the early stage of development, cytosoclic
STs in general have been shown to be constitutive enzymes
with little known about the regulation of their enzymatic
activity (I). Although no cofactors have been shown to be
required for the functioning of cytosolic STs, studies per-
formed in our laboratory in the past several years have
revealed that some divalent metal cations may exert stimu-
latory or inhibitory effects on cytosolic STs (5, 6). Using hu-
man monoamine (M)-form phenol ST (M-PST) as a model
(7), it was shown that the addition of Mn® to the reaction
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mixture resulted in a dramatic increase in its Dopa/
tyrosine-sulfating activity. To a lesser extent, Co®™ and Mg®
could also stimulate the Dopa/tyrosine-sulfating activity of
M-PST In contrast, Ca* and Cd* caused an inhibition of
this activity These findings indicate that divalent metal
cations may play a significant role in regulating the activity
of M-PST. An important issue, therefore, is whether cytoso-
lic STs in general are subject to regulation by divalent
metal cations.

We report in this communication a systematic investiga-
tion of the effects of a variety of divalent metal cations on
the activities of nine human cytosolic STs. The concentra-
tions of different divalent metal cations cansing 50% inhibi-
tion or enhancement (IC,, or EC,) of the activities of in-
dividual enzymes were determined. Moreover, using M-
PST as a model, kinetic experiments were performed to
examine the mode of action of the divalent metal cation,
Cd*.

MATERIALS AND METHODS

Materials —Dopamine, p-nitrophenol, adenosine &-triph-
osphate (ATP), Trizma base, N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonie acid (Hepes), 3-{N-tris-(hydroxymeth-
ylimethylamino]-propanesulfonic acid (Taps), dehydroepi-
androsterone (DHEA), 3,3 ,5-triiodo-L-thyronine (sodium
salt) (Ty), and estrone (1,3,5[10]-estratrinen-3-ol-17-one)
were products of Sigma. The sulfate-activating enzymes,
ATP sulfurylase and APS kinase, from Bacillus stearother
mophilus were kindly provided by Dr. Hiroshi Nakajima of
Unitika (Uji). Carrierfree sodium [¥Slsulfate was from
ICN Biomedicals. Radioactive PAP[®*S] was synthesized



458

based on a previously published procedure (8). Cellulose
thin-layer chromatography (TLC) plates were from EM Sci-
ence. All other chemicals were of the highest grade com-
mercially available.

Preparation of Purified Human Cytosolic STs—M-form
(SULT1A3) and P-form (SULT1A1) PSTs, two SULT1C STs
(designated #1 and #2), DHEA (SULT2A1) ST, and thyroid
hormone (SULT1B2) ST (TH ST) were cloned, expressed,
and purified using the pGEX-2TK Glutathione S-trans-
ferase Gene Fusion System based on the procedure previ-
ously established (9, 10). Estrogen (SULT1E1) ST (EST),
SULT2B1a ST, and SULT2B1b ST were c¢loned, expressed,
and purified using the pET23c protein expression system
as previously deseribed (17).

Determination of the Stimulatory!Inhibitory Effects of
Divalent Metel Cations on Human Cytosolic STs—To deter-
mine the stimulation/inhibition patterns of divalent metal
cations on purified human cytosolic STs, enzymatic assays
in the presence or absence of divalent metal cations were
performed based on the procedure previously established
(5-7). The standard assay mixture, in a final volume of 30
pL, contained 10 oM of the divalent cation tested, 14 pM
PAP{*S], 100 mM buffer, the enzyme being assayed, and a
specified concentration of the acceptor substrate (¢f Table
D). Controls containing all the reagents, but without diva-
lent metal cation or with 10 mM EDTA, were assayed in
parallel. The reaction was started by the addition of the
enzyme and allowed to proceed for 10 min at 37°C, followed
by heat inactivation of the enzyme at 100°C for 2 min. Ali-
quots {1 pl) of the final reaction mixtures were spotted onto
cellulose TLC plates and subjected to ascending TLC (of
Table I for solvent systems used). After the completion of
TLC, the plates were air-dried and subjected to autoradiog-
raphy for 24 to 48 h. The radiolabeled sulfated products on
the plates were located, cut out and eluted in 0.5 ml of
water, mixed with 4 ml of Ecolume seintillation fluid, and
counted for radioactivity. To determine the concentrations
required for 50% inhibition or stimulation {IC,, or EC,)), a
broader concentration range for each divalent metal cation
was first tested. After the concentration-dependent inhibi-
tory/stimulatory effect was observed, a narrower range of
concentrations was then used for the determination of IC,;
or EC,,.

Kinzjtic Analysis of the Inhibitory Effects of Cd® on M-
PST—M-PST was chosen as a model for examining the
mode of action of the metal jon Cd?*, which exerts a pro-
found inhibitory effect on its dopamine-sulfating activity,
Kinetic experiments with varying substrate concentrations
and fixed divalent cation concentrations were performed.
Fifteen meroliter assay mixtures containing a constant con-
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centration of CdCl,, 14 pM PAP[¥S] (15 Ci/mmol), 100 mM
TAPS (pH 8.0), 0.25 pg enzyme, and specified concentra-
tions of dopamine were prepared. The reactions were
allowed to proceed at 37°C for 10 min, and terminated by
heating at 100°C for 2 min. The final reaction mixtures
were subjected to TLC analysis as described above. The
concentrations of CdCl, tested in different sets of experi-
ments were 0.5, 1, and 2 mM. As a control, 0.1 mM EDTA
was used instead of CdCL. Data on the velocity (v) and cor-
responding substrate concentration were processed using
the Excel program to generate the best fit for the Lin-
eweaver-Burke double-reciprocal plot.

RESULTS AND DISCUSSION

Metal cations are known to play important roles in the
function of biological molecules {12). Some of them, includ-
ing manganese, zinc, copper, iron, and cobalt, are essential
components of different enzymes, while others, such as
magnesium and calcium, are required for the actions of cer-
tain enzymes/proteins. In contrast to these biclogically use-
ful metal cations, some metal cations that enter the body
primarily as environmental contaminants have been shown
to exert deleterious effects. For example, lead and mercury
are known to act as neurctoxicants (13, 14). The targets of
the actions of these metal cations in vivo, however, require
further investigation. As mentioned earlier, cur previous
studies revealed that some divalent metal cations, includ-
ing Mn?, Co*, Mg®, Ca*, and Cd*, exert stimulatory or
inhibitory effects on the Dopa/tyrosine-sulfating activity of
human M-PST (5-7). The next logical step would be to
determine if these metal cations exert similar effects on
other cytosolic 8Ts, and whether other divalent metal cat-
ions are also capable of exerting stimulatory/inhihitory
effects on the activity of cytosolic 8Ts. We therefore decided
to carry out a systematic study of the regulatory effects of
divalent metal cations on hine human cytosclic STs.

Effects of Divalent Metal Cations on the Activities of
Human Cytosolic STs—In the first series of experiments,
enzymatic assays using individual human cytosolic STs
and their physiological (or preferred)} substrates (¢ff Table I)
were carried out in the absence or presence of various diva-
lent metal cations at a coneentration of 10 mM. As a control
for the counter ion, CI, parallel assays in the presence 20
mM NaCl were also performed. Results obtained are com-
piled in Table II. The degrees of inhibition or stimulation
were calculated by comparing the activities determined in
the presence of metal cations with the activities determined
in the absence of metal cations. It was noted that the NaCl
controls displayed slight stimulatory or inhibitory effects on

TABLE 1. Summary of the buffers and substrates used in the sulfotransferase assays and the solvent systems used for the TLC

analyses of sulfated products.

Enzyme Buffer

Substrate

TLC Solvent System
{(n-butancl:isopropancl:formic acid:water) {by volume}

M-PST (SULT1A3) 100 mM Taps, pH 8.0 10 M dopamine 3111
P-PST (SULT1AL) 100 mM Taps, pH 8.0 10 &M p-nitrophenol 3L
DHEA ST{SULT2A1) 100 mM Taps, pH 8.0 5uMDHEA 21:1:2
SULTIC ST #1 100 mM Taps, pH 8.0 25 uM p-nitrophenol ERR B
SULT1C ST #2 100 mM Hepes, pH 7.0 5 M p-nitrophencl L1
EST (SULT1E1) 100 mM Taps, pH 8.0 25 pM estrone 2:1:1;2
SULT2B1a ST 100 mM Taps, pH 8.0 10 pM DHEA 2:1:1:2
SULT2B1b 8T 106 mM Taps, pH 8.0 10 pM DHEA 2:1:1:2
TH ST {(SULT1B2) 100 mM Taps, pH 8.0 5uM T, ammoninm hydroxide: n-propano! (3:2; by volume)

o Biochem.
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the nine human cytosolic STs tested. After accounting for
such effects, presumably due to the counter ion (CI), all
nine human cytosolic STs were found to be partially or
completely inhibited/stimulated by a majority of the diva-
‘Tent metal cations tested. The addition of equimolar concen-
trations of EDTA neutralized the inhibitory effects of the
divalent metal cations on the dopamine-sulfating activity of
M-PST, except for Hg* which is known to exhibit high-
affinity interaction with the sulfhydryl group, and, there-
fore, causes the irreversible inhibitien of proteins (15}
(Although the data are not shown, similar results for the
addition of equimolar EDTA were also found for other cyto-
solic STs tested.) That the cytosolic STs remained fully
active in the presence of EDTA suggests that no divalent
metal cations are required as a cofactor for the basal activi-
ties of these enzymes. As shown in Table I1, while seven of
the metal cations exerted complete inhibition in many
cases and Mn?* stimulated M-PST, the divalent metal ions
Mg® and Ca* had relatively minor effects on the nine
human cytosolic STs. These results imply that these cytoso-
lic STs in general are less sensitive to the effects of physio-
logically more abundant metal cations, but are more
sensitive to the detrimental effects of other metal cations,
many of which may enter the body as environmental con-
taminants. It should be pointed out that, in contrast to the
Dopaftyrosine-sulfating activity, which is dramatically
stimulated by Mn? (by a factor of two orders of magnitude)
{8, 7), the dopamine-sulfating activity of M-PST is stimu-
lated less than twofold by Mn*, This makes sense from the
physiological standpoint, since dopamine [the physiological
substrate of M-PST (18, 17)] plays an important role as a
neurotransmitter in vivo. Excessive stimulation of the
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dopamine-sulfating activity of M-PST, leading to the sulfa-
tion of dopamine and its inactivation/elimination, may have
a detrimental effect. The dopa/tyrosine-sulfating activity, on
the other hand, may represent a “xenobiotic-sulfating activ-
ity" of M-PST, which may be provoked more easily by Mn®.
(It is to be noted that the Dopa/tyrosine-sulfating activity of
M-PST displays stereoselectivity favoring the D-form enan-
tiomer of Dopa/tyrosine (6, 7)).

To examine further the inhibitory/stimulatory effects, the
activities of the human cytosolic 8Ts in the presence of dif-
ferent concentrations of metal cations were determined.
These experiments were performed mostly in two stages,
first with a broader and then a narrower concentration
range of metal cation. The results compiled in Table III
demonstrate that the different human cytosolic STs tested
respond to the divalent metal cations differently. For exam-
ple, when the Fe® concentration reached 2.0-4.0 mM, it
inhibited the activities of P-PST, DHEA ST, SULT2B1a ST,
SULT2B1b ST, TH ST, and EST by 50%, while it achieved
the same effect on M-PST, SULT1C ST #1, and SULT1C ST
#2 at much lower (0.45, 0.06, and 0.04 mM) concentrations.
(It is noted that the activity of P-PST in the presence of 10
mM FeCl, was 33% of the control (Table II} and yet the IC,
was 3.0 mM. In contrast, no EST activity was detected in
the presence of 10 mM FeCl,, and the IC,, (4.8 mM) was
higher than that for P-PST. This discrepancy might have
been due to the slight yellowish precipitates observed when
10 mM FeCl, was included in the assay mixture for EST. It
could have been that the purified EST was somewhat un-
stable at higher concentrations of FeCl, and became dena-
tured.) Co¥ inhibited the activities of M-PST, DHEA ST,
SULTIC ST #2, and SULT2B1a ST by 50% at concentra-

TABLE Il. Inhibitory/stimnlatery effects of divalent metal cations on the activities of human cytosolic STs*

- P-PST DHEA ST SULT1C SULTIC TH 8T EST SULT2Bla SULT2Blb
MPSTISULTIA®)  oiyria1y  (SULTZAL ST #1 ST#2  (SULTIBY) (SULTIEL ST ST
o 602269 G783:4F 39272106 1364273 73202 1185203 298+17 49210 5028 466= 121
ntro: (100%) (101%) (100%) (100%) {160%) (100%)  {100%) (100%) (100%)  (100%)
Mecl,  PA342106 6971250 50472168 1661265 37202 1119261 200x18 24T=7 239215 655160
: (106%) (104%)  (129%)  (122%)  (51%) (94%) (97%) {54%) 42%)  (141%)
MG 116062160 61452119 506976 6835 3407 1072:10 43714  99s4 416228 153225
, (173%) (92%) (129%)  (50%) (47%) ©90%)  (4T%  (22%) (3% (330
CaClL 675918 6815225 5049:245 1,746=76 46204 110426 478:97 515:14 817261 337:54
aCl, (101%) (10250 (120%)  (128%)  (63%) 93%)  (160%)  (69%)  (143%)  (72%)
CuCl, (233:2;)25 5'539373;0 )19 N.D, N, ND. ND. ND. N.D. ND, N.D.
ZnCl, Gy B9E2E Np, N.D. ND, ND. ND. ND. N.D. N.D.
17513 629525 1,285 201
FeCl, P i v N.D. N.D. ND. ND. ND. ND. ND.
Coc,  LOTLE3L 70212232 47002117 28215 1713  66+8  90:14  56%5 39427
23.4%) (105%)  (120%) (7% D (14%) (22%) (20%) (10%) &%)
HgCL, 1(3?82%)6 13%&;3 ND. ND. ND. ND. ND. ND. ND. ND.
263244 6971+ 131 1,449 31
caci, o el e ND. ND. N.D. N.D. ND. ND. ND.
Pb 80113 6,852« 31
 etate s ND. N.D. ND. ND. ND. N.D. N.D. N.D.
NaCl 689663 665238 5148:305 1364273 6303 1,032:87 312245 4802 764+ 104 481254
8 (103%) (99%) (181%)  (100%)  (86%) 96%)  (105%  (105%)  (134%)  {103%)

“The goncentration of the divalent metal cations tested was 10 mM, and the concentration of NaCl tested was 20 mM. Specific activities of
the §Ts are expressed as pmo duct produced/min/mg protein, Data shown represent means + 8D of five determinations. N.D. refers to “no
activity detected” and, therefore, the complete inhibition of the enzyme. "'he values shown in this column were derived from assays per-
formed in the presence of 10 mM of the divalent cations tested plus 10 mM EDTA.
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TABLE 111 Summary of the IC, or EC,, of different divalent metal cations for human cytosolic STs"
M-PST P-psT DHEA ST SULTIC ST SULTIC ST TH ST EST SULT2Bla SULT2B1b ST
(SULT1A3) (SULT1AD (SULTZAL) #1 #2 (SULT1A2) {SCLT1ED 5T
MgClL, b _ EC;, = IC,, = _ b IC, = IC, = IC, =
18 mM 12.0 mM 16 mM 6.0 mM 12 mM
MnCL EC,, = _ IC,, = IC,, = IC, = IC,, = IC, = IC,, = IC,, =
? 1mM 10 mM 3.5mM 9.5 mM 20 mM 4.0 mM 12 mM 2.0 mM
CaCL _ _ EC,, = IC, = _ _ 1IC, = _ _
4 20 mM 12 mM 14 mM
CuCl IC, = IC,, = IC, = IC, = IC,, = IC,, = IC, = IC,, = IC,, =
B 0.4 mM 0.2 mM 0.1 mM 0.13 mM 7.0 uM 0.15 mM 0.16 mM 50 pM 0.16 mM
ZnCl, Ic, = IC, = IC, = IC, = Ic, = IC, = IC, = ICy, = IC, =
0.6 mM 0.14 mM 0.1 mM 24 pM 7.0 uM 80 uM 20 pM 2.0 pM 60 pM
FecL, [Cu= Cy = ICy = IC,, = IC,, = IC,, = ICy = IC,, = IC,, =
* 045 mM 3.0 mM 2.6 mM 680 pM 40 pM 2.0 mM 48 mM 4.0 mM 4.4 mM
CoCl ICy = - IC,, = I1C, = Ic, = IC, = = IC, = IC,, =
2 8.4 mM 4.5 mM 0.3 mM 3.0 mM 0.2 mM 1.2 mM 2.6 mM 70 uM
HeCl, IC,, = IC,, = IC, = IC,, = IC,, = IC,, = IC, = Ic, = IC,, =
0.4 mM 0.38 mM 0.15 mM 0.22 mM 30 pM 80 pM 3puM 0.3 pM 0.16 mM
CdCl ICNI = ICHI = Icw = IC';U = Icm = ICH) = ICV\ = ICHI = lcm =
: ¢ 0.7 mM 7.0 mM 0.14 mM 031mM 032 mM 0.24 mM .18 mM 5.0 uM 0.25 mM
Phbacetate IC, = IC, = IC,, = IC,, = IC,, = IC, = IC,, = 1C,, = 1C, =
3.7 mM 1.2 mM 0.2 mM 1.2 mM 50 pM 0.6 mM 1.2 mM 0.1 mM 0.4 mM

*Data shown were derived from three determinations. *IC,, or EC,, could not be determined in the concentration range of the divalent cat-

ion tested.

tions of 84, 4.5, 3.0, and 2.6 mM, respectively, while it
inhibited the activities of SULT2B1b ST, TH ST, EST, and
SULTIC ST #1 by 50% at concentrations of 0.07, 0.2, 1.2,
and 0.3 mM, respectively. Interestingly, P-PST appeared to
be virtually insensitive to the effect of Co?*. Cd** inhibited
the activity of P-PST by 50% at a concentration of 7.0 mM,
but it achieved the same effect on M-PST, DHEA ST
SULTIC ST #2, SULT2B1b ST, TH ST, EST, and SULT1C
ST #1 at concentrations of 0.7, 0.14, 0.32, 0.25, 0.24, 0.18,
and 0.31 mM, respectively. These IC,, values are all above
the normal physiological concentration ranges of the diva-
lent metal cations tested (18), implying that human cytoso-
lic STs, in general, are not easily influenced by these metal
cations in vivo. In a few cages, however, IC,, values close to
the physiological concentration ranges were ob-served. For
example, SULT2B1a ST was found to be ex-tremely sensi-
tive to Zn*, Hg*, and Cd*, with 50% of its activity being
inhibited at concentrations of, respectively, 0.3, 2.0, and 5.0
pM. Similarly, 50% of the activity of SULT1IC ST #2 was
inhibited by Cu® or Zn* at a concentration of 7.0 uM; and
50% of the activity of EST was inhibited by Hg® at a con-
centration of 3.0 pM. These results indicate that these lat-
ter cytosolic STs may, in fact, be vulnerable to the
inhibitory effects of certain divalent metal cations under
physiological conditions. It should be cautioned that the
physiological concentration ranges refer to the levels in
human serum. The levels in tissues may be quite different
and may differ depending on the tissue or organ, some of
which tend to selectively concentrate certain metal cations
(18). Also, in view of the fact that these are cytosolic
enzymes and some of the metal jons may be sequestered in
organelles such as mitochondria (19), any process that dis-
rupts this sequestration (as may be caused by apoptosis or
the oxidative damage that is believed to accompany many
neurcdegenerative disorders) (20) may affect the activity of
these STs and the processes they regulate. In short, it is
possible that relatively small increases or decreases in the
serum levels of some metal ions may have important conse-
quences for the activity of many of these STs and the pro-

cesses they regulate. Moreover, some disorders {e.g., the
neurodegenerative disorders) may be partly mediated via
changes in the cytosolic concentrations of some metal ions,
with subsequent effects on the activity of enzymes such as
the cytosolic 3T,

Investigation of the Mode of Action of the Divalent Metal
Cation Cd* using M-PST as a Model —An important issue
iz the modes of action of divalent metal cations. Since M-
PST is the best characterized human eytosolic 8T and plays
an important role in the homeostatic regulation of dopam-
ine metabolism (16, 17), we decided to use it as a model in
this study. The effects of Cd** on the kinetics of dopamine
sulfation by M-PST were examined. Enzymatic assays
using varying concentrations of the substrate, dopamine, in
the presence of fixed concentrations of CdCl, were per-
formed. Data obtained were used to generate a Lineweav-
er-Burk double-reciprocal plot (Fig. 1). A striking feature of
the double-reciprocal plot generated is that the lines corre-
sponding to the various concentrations of CdClL, tested,
while crossing the Y-axis at different positions, appear to
converge within a narrow region on the X-axis. These re-
sults indicated that the K value of M-PST for dopamine
changes only slightly in the presence of the CdCl, concen-
trations tested, whereas the V.. decreases dramatically
with incressing concentrations of Cd?, The values of K,
and V., as well as V_ /K calculated from the Lin-
eweaver-Burk double-reciprocal plots are compiled in Table
IV. These data seem to point to a noncompetitive-type of
inhibition in which the divalent cation, Cd®, and the sub-
strate, dopamine, may bind independently at different sites
on M-PST. The complex of the enzyme, Cd*, and dopamine,
however, may be catalytically inactive. It is possible that
Cd* may cause a change in the conformation of the M-PST-
dopamine complex, and thereby prevent the proper posi-
tioning of the catalytic center, leading to the inactivation of
the enzyme (21). It will be important to find out which
amino acid residue(s) in M-PST isfare) responsible for
Cd*binding.

The present study represents the first systematic investi-
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Fig. 1. Lineweaver-Burk double-reciprocal plot of M-PST with
dopamine as the substrate in the presence of different concen-
tration of CdCL,. The concentrations of dopamine are expressed in
pM and velocities are expressed as pmol of product formed/min/0.25
pg enzyme. Each data point represents the mean value derived from
five determinations.

gation of the rele of divalent metal cations in regulating the
activities of human cytosolic STs. Cytosolic STs are tradi-
tionally viewed as Phase II drug-metabolizing or detoxify-
ing enzymes that are important in the inactivation and
removal of xenobiotic compounds (I-3). It is becoming in-
creasingly clear, however, that these enzymes are also
involved in the metabolism of endogenous compounds that
function as neurotransmitters, hormones, efc. (22-24). To
some extent, the role of an enzyme may depend on its loca-
tion. M-PST, for example, is found in the upper gastro-
intestinal (GI) tract, brain, platelets, and lung (25). While
in the brain it may play a role in regulating the levels of
dopamine, in the GI tract it may detoxify potentially lethal
dietary catecholamines and help to regulate the gut-blood
barrier (24). The presence of various metal ions of dictary,
therapeutic, or environmental origin, by affecting the activ-
ity of the cytosolic STs at the various interfaces, such as
gut, lung, ete., is likely to disrupt the integrity of various
barriers and have physiclogical sequelae. Fluctuations in
the levels of various metal ions in vivo will also affect the
functioning of other enzymes including the cytosolic STs,
e.g., brain M-PST, which play a role in the regulation of
endogenous compounds. In some extreme cases, environ-
mental or occupational heavy metal poisoning has been
documented (26-28). Individuals intoxicated with, for ex-
ample, lead or mercury have been reported to exhibit neu-
rological symptoms (13, 14). In view of the fact that M-PST
is involved in the homeostatic regulation of monocamine
neurotransmitters (17), particularly dopamine, as well as
in controlling the entry of toxic catecholamines in the gut
(24), it is possible that this enzyme may be one of the tar-
gets of heavy metal contaminants producing their neurolog-
ical effects. Manganese poisoning or manganism, has been
documented in people working in manganese mines, and
this disorder mimics some of the features of Parkinson’s
disease (29, 30). Parkinsonism is characterized by greatly
lowered brain dopamine levels (31), and it is likely that the
Parkinsonian symptoms of manganism are mediated
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TABLE IV. Kinetic constants of M-PST at different concentra-
tions of ¢dCL, with dopamine as substrate®

V... ipmol/min/

CdCl, (mM) Ko gme B ey Ve
0.5 45+10 43+09 0.96
1 6208 18101 0.29
2 119203 1.5£01 0.13
0.1 mM EDTA 9.6+ 39 156+ 6.6 1.63

*Data shown represent means x SD of five determinations.

through a stimulatory effect of divalent manganese ions on
brain M-PST, resulting in the removal of dopamine (5-7).

In general, the cytosolic STs have been considered house-
keeping enzymes and, except during the early stage of
development, very little is known with regard to the regula-
tion of their expression or activity (I-3). That various diva-
lent metal cations are capable of inhibiting or stimulating
the activities of human cytosolic STs presents a new issue
for consideration in understanding the functioning of these
enzymes. More studies are warranted to fully elucidate the
effects of divalent metal cations on cytosolic STs in the con-
text of toxicology, endocrinology, neurclogy, ete.
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Kinetic studies were performed to dissect the mecha-
nism underlying the remarkable Mn®* stimulation of
the Dopa/tyrosine-sulfating activity of the human mon-
camine (M)-form phenol sulfotransferase (PST). The ac-
tivities and the stimulation by Mn?* are highly ste-
reospecific for the p-form enantiomers of tyrosine and
Dopa. Analysis of the kinetic results strongly suggests
that tyrosine-Mn®** and tyrosine-Mn®*-tyrosine com-
plexes are obligatory substrates, whereas Dopa-Mn2+
complexes may be better substrates than Dopa alone,
This activation of the Dopa/tyrosine-sulfating activity of
M-form PST by Mn®* via complex formation between
Mn?* and the substrate is the first reported case of a
regulatory mechanism in this important class of en-
zymes. Our previous studies using point-mutated
M-form PSTs established that the Mn?* (in the sub-
strate-Mn®* complex) exerts its stimulatory effect by
binding predominantly to the Asp-86 residue at the ac-
tive site. We present here further studies using dopa-
mine as substrate to bolster this conclusion. The possi-
ble physiological implications of this rather unusual
specificity for the p-amino acid and its derivatives and
the stimulation by MnZ* are discussed in the context of
protective and detoxification mechanisms that may op-
erate in neurodegenerative processes in the brain. The
Mn?* stimulation of the activity of M-form PST toward
p-enantiomers of Dopal/tyrosine may have implications
for other substrates (including chiral drugs) and for the
other cytosolic sulfotransferases that are involved in
the regulation of endogenous metabolites as well as in
detoxification.

Sulfotransferases (STs)! are enzymes ubiquitous in both
plants and animals that catalyze the sulfation of a variety of
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compounds containing hydroxyl or amino groups using 3’-phos-
phoadenosine-5'-phosphosulfate (PAPS) as the sulfonyl group
donor (1-3). Although the membrane-bound STs use proteins,
glycolipids, and other macromolecules as substrates, the eyto-
salic $Ts sulfate smaller molecules and are part of the Phase 11
detoxification pathway for the biotransformationfexcretion of
drugs and xenobictics. This serves to both detoxify dietary,
therapeutic, and environmental xenobiotics as well as regulate
the levels and activities of endogenous molecules such as thy-
roid and steroid hormones, catecholamine hormones/neuro-
transmitters, and bile acids {4, 5). Except during the carly
stage of development, cytosolic STs in gencral have been shown
to be constitutive cnzymes with little known about the regula-
tion of their enzymatic activities (6, 7). In the past several
years, however, studies performed in our laboratory reveal that
Mn®* exerts a stimulatory effect on sulfation of some sub-
strates by the human monocamine (M)-form phenol sulfotrans-
ferase (PST) (8, 9).

The human M-form PST is the enly sulfotransferase that
sulfates the catecholamines, in particular the neurotransmitter
dopamine, with high activity (4). This enzyme is found in the
upper gastrointestinal tract, brain, platelet, and lung (10). In
the gastrointestinal tract it may detoxify potentially lethal
dictary catecholamines. In the brain it may play a role in
regulating the levels of dopamine. We had previously demon-
strated that besides its activity toward catecholamines, M-form
PST could uniquely sulfate the free amino acid form of tyrosine
and 3,4-dihydroxyphenylalanine (Dopa) (8, 9, 11). Interest-
ingly, it showed higher activities toward the p-enantiomers (as
comparcd with the L-enantiomers) of these compounds and a
remarkable stimulation (by more than 100-fold) of the activi-
ties by sub-millimolar and millimolar levels of Mn2*, especially
with the D-enantiomers. Mn®* also stimulates the activity with
dopamine, although only 2-3-fuld (9). Mn2* is known to be
present at higher levels in human neuronal tissue (12) and is
sequestered intracellularly in mitochondria (13). Oxidative
stress or damage, which has been implicated in neuronal apo-
ptosis that oceurs in neurcdegenerative diseases, generally re-
sults in mitochondrial dysfunction (14). The consequent release
of Mn2* into the cytosol may activate the M-form PST and, in
particular, its Dopa/tyrosine-sulfating activity. It has also been
observed that p-amino acids accumulate in aging tissues, espe-
cially if the levels of p-amino acid oxidases are low (15). At-
ternpts have been made to link the amount of specific p-amino
acids to oxidative damage and to neurodegenerative disorders
such as Alzheimer’s and Parkinson's diseases (16, 17), A clear
picture is yet to emerge. However, the removal of D-amino acids
by sulfation may be viewed as a detoxification process. From a
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different perspective, the sulfation of D-tyrosine could also
serve as a useful model in the study of the stereospecific action
of the PST enzymes on chiral drugs (18-21). It should also be
emphasized that the dramatic stimulation by Mn2* of the
sulfation of these substrates may be part of a more general
mechanism to increase the promiscuity of M-form PST toward
unusual or xencbiotic substrates in the presence of a molecular
trigger such as increased Mn?" concentrations.

In this paper, we report kinetic studies on the sulfation of
dopamine and the p- and L-enantiomers of tyrosine and Dopa
by the wild-type M-form PST and its Asp-86 point mutant and
the stimulation by Mn2?*, M-form PST is known to exist as a
homodimer in its native state (22), and the reported x-ray
structure of the protein (23) revealed that residues 84-52 of
one subunit form a “mobile” loop that may intercalate into the
active site of the other subunit. It was suggested that the
presence of this mobile loop might hinder the proper position-
ing of some substrates {(23). Our previous studies (11) have
established the importanee of two regions in the sequence of
M-form PST, designated Region I {spanning residues 84 -89}
and Region II (residues 143-148), to its dopamine-sulfating
activity as well as its Dopa/tyrosine-sulfating activity and the
Mn?* stimulation. These are the regions that vary between
M-form PST and the P-form PST (that does not possess Mn2*-
stimulated Dopa/tyrosine-sulfating activity), which otherwise
are more than 93% identical in their amino acid sequences (11).
That the Region I is part of the above-mentioned mobile loop
intercalating into the active site allows for the formulation of
an attractive model to explain our kinetic results. Our previous
studies with point mutants in Regions I and 1I have also un-
derlined the importance of residues Asp-86 and Glu-89 in Re-
gion I and of residuve Glu-146 in Region II in the dopamine-
sulfating activity of M-form PST (24). Further studies with
such point mutants and two deletional mutants (lacking resi-
dues 84-90 and 84-86, respectively, of the purported loop
intercalating into the active site in the wild-type M-form PST)
have revealed that both the loop as a whole (rather than the
residues comprising it) as well as residue Glu-146 in Region 11
are important to the stereospecificity of M-form PST for the
p-cnantiomers of Dopa and tyrosine, Residue Asp-86 in Region
I, on the other hand, is the one most important to the Mn2'
dependence of this activity.? We also present in this paper
studies with the D86A point mutant to further dissect the
structural basis for these activities and their activation by
MnZ*.

EXPERIMENTAL PROCEDURES

Materials—1-Dopa, 1-Dopa, L-tyrosine, -tyrosine, dopanine, aproti-
nin, thrombin, ampicillin, ATP, SDS, TAPS, HEPES, Trizma base (Tris
base), dithiolhreitol {DTT), EDTA (disodium salt), glycero!, bovine se-
rum albumin, PAPS, and isopropy! B-D-thiogalactopyrancside were
from Sigma. The QuikChange site-directed mutagenesis kit and XL1-
Blue Epicurian coli-competent cells were purchased from Stratagene.
QOligonuclestide primers were synthesized by MWG Biotech. pGEX-2TK
glutathione S-transferase gene fusion vector, E. coli BL21 cells, and
glutathione-Sepharose were products of Amersham Biosciences. Carri-
er-free sodium [**Slsulfate and Ecolume liguid scintillation fluid were
from ICN Biomedicals. Chromatogram cellulose thin-layer chromatog-
raphy (TLC) plates were from EM Science. Recombinant human bifunc-
tional ATP sulfurylasefadencsine 5'-phosphosulfate kinase was pre-
pared as described previously (25). All other chemicals were of the
highest grade commercially available.

Bacterinl Expression and Purification of the Recombinant Human
Wild-type and D86A Point-mutated M-form PSTs—Competent E. coli
BL21 cells transformed with pGEX-2TK vector harboring the wild-type
or D86A point-mutated M-form PST ¢DNA were grown to 4, .., = 0.8
irr 1 liter of LB medinm supplemented with 50 ug/ml ampicillin, After

*T. G, Pai, I. Oxendine, T. Sugahara, M. Masahito, Y. Sakakibara,
and M.-C. Liu, unpublished data.
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induction with 0.1 m¥ isopropyl p-v-thiogalactopyranoside overnight at
room temperature, the cells were collected by centrifugation and ho-
mogenized in 25 ml of an ice-cold lysiz buffer containing 20 myf Tris-
HCI, pH 7.5, 150 my NaCl, 1 my EDTA, and 10% glycerol using an
Amicon French press. Ten pl of a 10 mg/ml aprotinin solution was
added to the homogenate, which was then centrifuged at 10,000 x g for
15 min at 4 °C. The supernatant collected was fractionated by equili-
brating with 1.5 ml of glutathione-Sepharose for 20 min at 4 *C, and the
supernatant and the washings with the lysis buffer were discarded. The
bound fusion protein was treated with 3 ml of a thrombin digestion
buffer (containing 5 units/ml bovine thrombin, 50 my Tris-HCL pH 8.0,
150 mM NaCl, 2.5 mM CaCl,, and 10% glycerol). After a 30-min incu-
bation at room temperature, the preparation was centrifuged. The
recombinant eénzyme present in the supernatant was collected and
analyzed by SDS-PAGE, and the protein concentration was determined
and used in the enzymatic assays. Ten mg/ml of bovine serum albumin
was added as a stabilizing agent to this preparation, that was then
stored in small aliquots at —70 °C until usce,

Enzymatic Assay—The sulfotransferase assays were performed us-
ing [**S]PAPS as the sulfate donor, The standard assay mixture for the
Dopaftyrosine sulfation assays contained, in a final volume of 25 ul, 50
my TAPS, pH 825, 0.8 mm DTT, 15 pm [PPS]PAPS, substrate (ie.
p-Dopa, L-Dopa, D-tyrosine, or L-tyrosine), MnCl, or 1 my EDTA, and
2.5 pl of enzyme solution, with the amount of enzyme ranging from 5 ng
to 5 ug. The assay mixture with dopamine as substrate differed oaly in
that 50 my HEPES, pH 7.0, instead of 50 mm TAPS, pH 8.25, was used.
The enzyme dilutions were prepared in 50 mym TAPS, pH 8.25, or 50 mM
HEPES, pH 7.0, containing 10% glycerol. The MnCl, and enzyme solu-
tions were added last to the reaction mixture, which was immediately
incubated for 3 min at 37 °C. The reaction was stopped by the addition
of 5 pl of 2.5 M acctic acid, vortexed, and centrifuged to clear any
precipitates (26), The amount of enzyme chosen was such as to ensure
that there was not more than 5% rcaction so that the reaction was
linear with time and amount of enzyme. The final reaction mixture was
subjected to the analysis of **S-sulfated product by spotling a 3-ul
aliquet onto the cellulose TLC plate, which was then suhjected o
ascending TLC using a solvent system containing n-butanol, isopropa-
nol, 88% formic acid, H,0 in a 3:1:1:1 ratio by volume. In the case of
Dopa and dopamine, where the sulfated product migrated too close to
unused [**S]PAPS for efficient scparation or whenever the background
was too strang, a two-dimensional separation was performed on the
samples spotted on the TLC plate by first running a high voltage (1000
volts}) thin-layer electrophoresis in the first dimension followed by the
above-mentioned ascending TLC in the second dimension (27). After-
ward, the plates were air-dried and autoradiographed. The radisactive
spots on the TLC plates due to *°S-sulfated products were eut out and
eluted by shaking in 0.5 m! of H,O in glass vials. Four ml of scintilation
fluid was then added to each vial and thoroughly mixed, and the
radioactivity was counted using a liquid scintillation counter. The
counts obtained were used to calculate the specific activity of the en-
zyme under the particular reaction conditions in units of nmol of sul-
fated product formed/min/mg of enzyme. Assays were performed in
triplicate, and a control without enzyme was installed Lo correct for any
background counts.

Miscellaneous Methods—[*"SIPAPS (carrier-frec) was synthesized
from ATP and carrier-free [*3S]sulfate using the human bifunctional
ATP sulfurylase/adenosine 5'-phosphosulfate kinase, and its purity was
determined as described previously (28). The [**S|PAPS synthesized
was then adjusted to the required concentration and specific activity by
the addition of cold PAPS. The concentration of PAPS was confirmed by
measuring its absorbance at 260 nm (29), SDS-PAGE was performed on
12% polyacrylamide gels using the method of Laemmli (3(). Protein
determination was based on the method of Bradford with bovine serum
albumin as the standard (31).

RESULTS

Our previous studies demonstrate that M-form PST, besides
sulfating dopamine, could also sulfate tyrosine and Dopa (8, 9,
11). Some interesting features of these latter activities were (i}
that these activities can be dramatically stimulated by Mn?*
and (ii) that the enzyme shows higher activities toward the
b- rather than the L-enantiomers of tyrusine and Dopa. By taking a
kinetic approach along with studies using mutated M-form PSTs,
the current study was aimed at investigating the underlying mech-
anism for the Mn®* stimulation and stereospecificity.
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Kinetics of Sulfation of Dopamine by M-form PST in the
Presence of Varying Concentrations of Mn®* —We first studied
the modest stimulation by Mn?" of the sulfation of dopamine by
M-form PST (8, 9). Dopamine is believed to be the physiological
substrate for M-form PST. Because it has no optical isomers
and contains no earboxyl group as in Dopa and tyrosine, it was
interesting to investigate the extent and mechanism of the
stimulation by Mn®" of dopamine sulfation by M-form PST.
The kinetics of the sulfation of dopamine by M-form PST was
studied using varying concentrations (ranging from 0.5 uM to
50 pM} of dopamine, in the presence of different concentrations
(0, 0.1, 0.5, 1.0, 2.5, 5.0 my) of Mn?* or in the presence of 1 mm
EDTA (as a control). It had been demonstrated that the dopam-
ine-sulfating activity of M-form PST was maximal at pH 7.0
(22). HEPES buffer at pH 7.0 was therefore used in this study
along with a satarating PAPS concentration of 15 pm. Fig. 1
shows the plots of the velocity {v) versus substrate {dopamine)
cancentration ([S) in the presence of different concentrations of
MnZ". It is elear from these plots that regardless of the Mn®*
concentration, V.. was reached with 10-20 pm dopamine
concentrations. Mn?' appeared to increase the Vi, while
changing K, for dopamine only slightly. In the presence of 1
mM EDTA, the V,,, was 370 nmol/min/mg, and the K, was 2.4
uM, whereas with 5 mM Mn?"*, the V. was 1000 nmol/min/mg,
and the K, was 4.5 uM. The kinetics appeared to be of the
Michaelis-Menten type.

Effects of Mn®' on the Sulfation of Dopamine by the D86A
Point Mutant of M-form PST—OQur recent studies show that,
although Mn?° has a remarkable stimulatory effect on the
sulfation, especially of the p-enantiomers of Dopa and tyresine
(Refs. 8 and 10) by M-form PST, the D86A point mutant of this
enzyme showed none or just a marginal Mn?* stimulation of
sulfation of these substrates.? This was interpreted to imply
that the stimulatory effect of Mn®' is exerted predominantly
via its binding to the negatively charged residue Asp-86, which
from the x-ray diffraction studies is believed to be part of the
mobile loop intercalating into the active site of M-form PST
(23). To find out whether residue Asp-86 also mediates the
modest Mn2* stimulation of the sulfation of dopamine, the
sulfation of dopamine (at 20 pw) by the wild-type M-form PST
and the D86A point mutant in the absence or presence of 5 mm
Mn?* was studied. The results tabulated in Table I showed
clearly that not only were the activity levels of the D86A point
mutant lower, but the stimulatory effect of Mn®" seemed to
have been lost.

TasLe I
Stimulation by Mu®* of the activity of wild-type and mutant
M-form PSTs with dopamine as substrate
The final concentration of dopamine used was 20 uM, whereas that of
Mn?* was 5 mu. All other conditions are as described under “Experi-
mental Procedures.”

D86A
Substrate used Wild type point.
mutant
nm:fminimg
Dopamine 499 = 45 50 + 4
Dopamine + Mn®* 1125 = 37 636

Kinetics of Sulfation of p-Tyrosine by M-form PST in the
Presence of Varying Concentrations of Mn®"'—The kinetics of
the sulfation of p-tyrosine by M-form PST was studied using
varying concentrations (ranging from 0.1 to 10 mm) of D-tyro-
sine in the presence of different concentrations (0, 0.1, 0.5, 1.0,
2.5, 5.0, and 10 mM) of Mn2* or in the presence of 1 mM EDTA
{as a control). We had previously demonstrated that this activ-
ity was maximal between pH 8.0 and 9.0 (8). TAPS buffer at pH
8.25 was therefore used in this study. It was first established
that the PAPS concentration used (15 pum) was saturating,
since there was no appreciable increase in the velocity of the
reaction even when a 10-fold higher concentration of PAPS was
used at several different p-tyrosine and Mn®" concentrations
(such studies were also repeated with the other substrates
subsequently uvsed). Fig. 2 shows the plots of the velocity ()
versus total substrate {D-tyrosine) concentration ([S],) in the
presence of different concentrations of Mn®* (the S, profiles). It
is evident from these plots that at 10 mM p-tyrosine, although
saturation with substrate was reached in the presence of 1, 2.5,
or 5 my Mn2*, the curves still reached maximal velocity in the
presence of lower concentrations of Mn?* (0, 0.1, and 0.5 m»m).
However, D-tyrosine has a limited solubility in water, and it
was difficult to prepare stable solutions containing greater
than 10 muy p-tyrosine under the assay conditions to show the
extended curves at lower concentrations of Mn?*. On the other
hand, concentrations of Mn2* higher than 5 mu resulted in
precipitation and, consequently, inconsistent results at higher
concentrations of D-tyrosine. Therefore, with 10 mym Mn?2*, only
the data obtained at D-tyrosine concentrations of 5 mm or less
were analyzed. This is clear from the plots of velocity (v) versus
total Mn®" ([Al,} concentration in the presence of different
concentrations of substrate p-tyrosine shown in Fig. 3 (the A,
profiles).



