Protein Sciencg1999, 8:2151-2157. Cambridge University Press. Printed in the USA.
Copyright © 1999 The Protein Society

Photoaffinity labeling probe for the substrate binding site
of human phenol sulfotransfera68ULT1AL):
7-Azido-4-methylcoumarin

GUANGPING CHEN?! ERIC BATTAGLIA,*® CLAIRE SENAY}* CHARLES N. FALANY,?
AND ANNA RADOMINSKA-PANDYA *

Department of Biochemistry and Molecular Biology, University of Arkansas for Medical Sciences, Little Rock, Arkansas 72205
2Department of Pharmacology and Toxicology, University of Alabama at Birmingham, Birmingham, Alabama 35294

(RECEIVED March 17, 1999 AccepTED July 4, 1999

Abstract

A novel fluorescent photoactive probe 7-azido-4-methylcoumgkzMC) has been characterized for use in photo-
affinity labeling of the substrate binding site of human phenol sulfotransfei@s&T1Al or P-PST-1 For the
photoaffinity labeling experiments, SULT1A1 cDNA was expresseBsoherichia colias a fusion protein to maltose
binding protein(MBP) and purified to apparent homogeneity over an amylose column. The maltose moiety was
removed by Factor Xa cleavage. Both MBSULT1A1 and SULT1A1 were efficiently photolabeled with AzMC. This
labeling was concentration dependent. In the absence of light, AZMC competitively inhibited the sulfation of 4MU
catalyzed by SULT1A1K; = 0.47+ 0.05 mM). Moreover, enzyme activity toward 2-naphthol was inactivated in a time-
and concentration-dependent manner. SULT1A1 inactivation by AzZMC was protected by substrate but was not protected
by cosubstrate. These results indicate that photoaffinity labeling with AzMC is highly suitable for the identification of
the substrate binding site of SULT1A1. Further studies are aimed at identifying which amino acids modified by AzMC
are localized in the binding site.

Keywords: fluorescent probe; phenol sulfotransferases; photoaffinity labeling; structure—function; substrate binding
site

Sulfotransferase€ST9 catalyze the sulfation of a large variety of plants (Sakakibara et al., 1998bThe cosubstrate for all STs is
structurally diverse hydroxyl- or amino-containing substrates, in-adenosine 3phosphate 5phosphosulfatéPAPS (Weinshilboum
cluding drugs, carcinogens, steroid hormones, bile acids, thyroxiret al., 1997.
glycosaminoglycans, proteins, tyrosine containing peptides, neuro- The recent expansion of availability of sulfotransferase primary
transmitters, and xenobioti¢Sakakibara et al., 1998aDifferent structures has led to an increase in studies examining their structure—
isoforms of STs have been isolated from mammals, bacteria, anfiinction relationships. Protein sequence alignments of the differ-
ent STs have revealed two highly conserved regions, located at
the N-terminal region(PKSGTTW) and the C-terminal region
Reprint requests to: A. Radominska-Pandya, University of Arkansas fof RKGXXGDWK ) (Weinshilboum & Otterness, 1994, Varin et al.,
Medical Sciences, 4301 W. Markham, Slot 516, Little Rock, AR 72205; 1997. Because all STs use the same sulfuryl donor, it has been

e-mail: RadominskaAnna@exchange.uams.edu. . . . .
3Present address: Gastroenterology Division, Brigham and Women'’s Hosc_)ostulated that these two regions are involved in PAPS binding

pital, Boston, MA 02115. (Weinshilboum & Otterness, 1994; Duffel, 1997; Varin et al., 1997;
4Present address: UMR 7561, CNRS-Faculty of Medicine, UniversityKakuta et al., 1998; Sakakibara et al., 199&sfinity labeling of
Henri Poincaré Nancy 1, 54000 Vandoeuvre-les-Nancy, France. aryl sulfotransferase-IV had identified a peptide sequence at the

Abbreviations:AzMC, 7-azido-4-methylcoumarin; EDTA, ethylenedi- g ; e o
aminetetraacetic acid; EST, estrogen sulfotransferase; IPTG, isogepyl- PAPS binding site that is in proximity to the conserved sequence

p-thiogalactopyranoside; MBP, maltose binding protein; MBSLUT1A1, @t the N-terminal endZheng et al., 1994 [**S] PAPS had been
human phenol sulfotransferase linked to maltose binding protein; PAPcharacterized as a photoaffinity ligand for human thermostable
adenosine 3phosphate 5phosphate; PAPS, adenosinepBiosphate 5 phenol sulfotransferag@S-PST, SULT1A1(Otterness et al., 1991
phosphosulfate; PNPsnitrophenyl sulfate; 4MU, 4-methylumbelliferone;  gite-directed mutagenesis a[r’?ﬁS] PAPS affinity labeling studies

PST, phenol sulfotransferase; SDS, sodium dodecyl sulfate; STs, sulfotrans-
ferases; SULT1A1, human phenol sulfotransferé@eST-1; SULT1A3, Bn flavonol 3-sulfotransferase have supported that the two afore-

human phenol sulfotransfera@d-PST); TCA, trichloroacetic acid; UGTs, Mentioned regions are involved in PAPS bindifiarsolais &
UDP-glucuronosyltransferases; UV, ultraviolet. Varin, 1993. Point mutations andi®>S] PAPS affinity labeling
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studies on guinea pig estrogen sulfotransferase have also supatalysis, and sensitivity to inhibition by 2,6-dichloro-4-nitrophenol.
ported that the C-terminus conserved region is part of the PAPShe X-ray crystal structure of mouse EST showed that residues
binding site (Komatsu et al., 1994 Recently, an X-ray crystal Phel42, llel146, and Tyrl49 contribute to binding at thg-17
structure of mouse estrogen sulfotransferase has been partialgstradiol binding site. Asn86 is believed to be in a position to form
solved(Kakuta et al., 199% The crystal structure supported that hydrogen bonds with the Bfhydroxyl group, while Lys106 and
these two regions, located residues 45-51 and 259-265, are ditis108 were within hydrogen bonding distance of the steroid’s
rectly involved in PAPS binding. Besides these two regions, Thr2273a-phenol group(Kakuta et al., 199%
Trp53, and Phe229 have also been demonstrated to be involved in Studies aimed at deciphering the structure—function relation-
PAPS binding. Mutational studies on the mouse EST also sugships of human STs are currently limited. Affinity labeling is a
gested that Lys48, Lys106, and His108 are crucial for the catalytipowerful tool for identifying substrate binding sites. It gives direct
activity of this enzymgSakakibara et al., 1998b evidence of active site amino acids at the catalytic active state of
Limited information is available on the structural determinantsan enzyme. In this paper, we report the characterization of a novel
of the sulfotransferase substrate binding site. Varin’s group hasubstrate binding site photoaffinity probe, 7-azido-4-methyl-
proposed four regions for flavonol sulfotransferases, regions | taoumarin, which can be used to further investigate structure—
IV. Of these, regions | and IV are the same regions mentionedunction relationships in SULT1Al and other phenol binding
above for the PAPS binding site, while region I, which spansproteins.
amino acids 92 to 194 of the flavonol 3-ST sequence, is believed
to contain all the determinants for substrate bindikgrin et al.,
1995, 1997. Subsequent mutational analysis of domain Il of fla-
vonol 3-ST did not identify critical amino acids for substrate bind-
ing; however, Leu95 may be in direct contact with the flavonol B
ring (Marsolais & Varin, 1997. Affinity labeling with N-bromo- ~ AzMC exhibits a fluorescence spectrum with maximum excitation
acetyl-4-hydroxyphenylamin@uffel et al., 1998 of the substrate  and emission wavelengths of 380 and 420 nm, respectively. When
binding site in rat liver aryl sulfotransferase-IV has been reportedexposed to long wavelengt866 nm UV radiation, AzZMC cova-
and four modified amino acids, Cys232, Cys283, Lys286, andently linked to SULT1AL1. Different concentrations of AzZMC were
Cys289 have been identified. Recently, Sakakibara gt18P8a incubated at pH 7.8 with 0.1 migiL SULT1A1 and exposed to
reported the localization and functional analysis of the substraté&V light for 30 min. Following protein precipitation with 10%
specificity and catalytic domains of the human M-fof@ULT1A3) trichloroacetic acid TCA), labeled SULT1A1 was separated on a
and P-form(SULT1A1) phenol sulfotransferases. By comparing NuPAGE Bis-Tris gel and visualized with UV light. Figure 1 shows
the kinetic parameters of an expressed series of chimeric PSThat fluorescent labeling with AzMC is concentration dependent
(SULT1A3 and SULT1A1 in which the M-form and P-form cod- from 15.6 uM to 1 mM (lanes 2-5 Above 1 mM, the labeling
ing regions were exchanged, they concluded that amino acid reseached saturatiofiane 5, 1 mM AzMC; lane 6, 2 mM AzML
idues 84-148 contain the structural determinants for substratelalf saturation was reached at about M AzMC. Figure 1
specificity for both SULT1A3 and SULT1AL. They also demon- clearly indicates that the labeling was light dependéaries 6 and
strated differential roles for the two variable regidasnino acid 7 used the same concentration of AzZMC, 2 mM; lane 6, exposed to
residues 84—89 and 143-14®ith regards to substrate binding, UV light for 30 min; lane 7, without exposure to UV lighfTo get

Results

Fluorescent labeling of SULT1A1 by AzMC

Relative Intensity

00 02 04 0B 8 19 1.2 14 16 18 20 22
[AZMC] mM

1 2 3 4 5 6 7

Fig. 1. Concentration-dependent photoaffinity labeling of SULT1A1 by AzMC. Ten micrograms of SULT1AL inuR5ff 0.25 M

Tris, pH 7.8, was exposed to UV light, 366 nm, for 30 min in the presence of different concentrations of AzZMC. Labeled SULT1A1l
was separated on a NUPAGE Bis-Tris gel. The fluorescent picture was taken under UV light. AZMC concentration: leivielane 2,

15.6 uM; lane 3, 62.5uM; lane 4, 250uM; lane 5, 1 mM; lane 6, 2 mM; and lane 7, control without UV light exposure with 2 mM
AzMC.
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a good fluorescent picture, 1@y of purified SULT1A1 was used

in each lane in Figure 1. Lane 1, which was a control without using
AzMC, gave a weak endogenous fluorescent band. This protein’s Scheme 1.

endogenous fluorescence was much lower than that of AzMC-

labeled SULT1A1 bands. Figure 1 clearly shows a labeling band at

approximately 68 kDa. This band is apparently a dimer of P-PST-1.

Radioactive photoaffinity labeling of other proteins in our labora- icantly protected the photo-inactivation of SULT1ALl by AzMC.
tory routinely produces a dimer band similar like P-PST-1. PAP, however, did not protect the photo-inactivation. This clearly
demonstrated that AzMC label was incorporated at the substrate
binding site but not the PAP binding site of SULT1A1.

Ky k
SULTIAL + AZMC === SULTIAI AZMC —— SULTIAI-AzMC

Irreversible inactivation of SULT1A1 by AzMC labeling

Upon exposure to UV light at 366 nm at pH 7.8, AzZMC irrevers-
ibly inactivated SULT1A1 when the enzyme was diluted 25-fold in
the standard PNPS assay for the sulfation of 2-naphiFigl. 2).
The inactivation was both time and concentration dependenScheme 2 shows the structural relationship between AzMC and
(Fig. 2) and was not reversible by dilution. From the data in 4MU. 4MU is a substrate for SULT1AL in Tris buffer pH 7.8
Figure 2, apparent first-order rate constants for the irreversibléK,, = 0.40+ 0.07 mM, Vyax = 239+ 37 nmol/min/mg, Fig. 4.
inactivation(Kapp) were calculated at each concentration of AzZMC. AzMC is not a substrate for SULT1AL and exists as a stable
A plot of 1/K4pp vs. /AzZMC gives a straight linginset in Fig. 2. compound without UV light exposure. In the absence of irradia-
The linear relationship between K., and YAzMC and the pos-  tion, AzZMC competitively inhibited the sulfation of 4MU in Tris
itive intercept(inset in Fig. 2 support the kinetic model described buffer, pH 7.8(K; = 0.47+ 0.05 mM) (Fig. 4). This directly dem-

by Borchardt et al.(1982, as shown in Scheme 1. Reversible onstrated that AzZMC binds to the substrate binding site of SULT1A1.
binding of AzMC to the SULT1A1 substrate binding site is fol- The competitive inhibition constant of AzM®.47 mM) is close
lowed by a first-order reaction to form an irreversible adduct. Theto the K,,, of 4MU (0.40 mM). This suggests that AzMC have
calculated steady-state constéldg) for the formation of a revers- approximately the same affinity as 4MU for binding to the SULT1A1
ible complex between AzMC and SULT1Al was 6. The substrate binding site.

first-order rate constartk,) for the subsequent irreversible forma-
tion of the adduct was 0.069 mid.

AzMC competitive inhibition of the sulfation of 4MU
catalyzed by SULT1A1

Sequence alignment of different phenol binding proteins

When different kinds of phenol binding proteins were aligned
using the SIM prograniHuang & Miller, 1991, we found a con-
Under similar conditions of photoinactivation using 0.25 mM AzMC, served sequence that is common among phenol STs and other
Figure 3 demonstrates that the SULT1A1 substrate, 4MU, signifphenol binding proteinéFig. 5. These conserved residues may be
responsible for the binding of phenols. Chimeric mutagenesis of
human phenol STéP-PST-1 and M-PS)rhas demonstrated that

Substrate protection of SULT1AL from inactivation by AzMC
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Fig. 2. Time- and concentration-dependent photo-inactivation of SULT1A1

by AzMC. Thirty micrograms of SULT1A1 in 60QuL of 0.25 M Tris, Time (min)

pH 7.8, was exposed to UV light, 366 nm, for O or 30 min in the presence

of different concentrations of AzMC. Aliquot§50 uL for assay with Fig. 3. Substrate and PAP protection of SULT1A1 from photo-inactivation
0.1 mM 2-naphthol as substrate, a0 for control assaywere taken at 0, by AzMC. SULT1A1(0.1 mg/mL) was incubated with 25@M AzMC in

5, 10, 20, and 30 min for the standard PNPS assay. Percentage activiti®25 M Tris, pH 7.8. 0.5 mM 4MU, or 5uM PAP were added for
were calculated relative to zero time enzyme activity. The concentrations oprotection. The reaction mixtures were exposed to 366 nm UV light for
AzMC, from upper to lower lines, @M, 62.5 uM, 125 uM, 250 uM, photo-inactivation. At the times indicated in the figure, 4l of the
500 uM, and 1 mM. The inset is a re-plot of the data from Figurd{zgy, mixture was taken to do a standard PNPS assay using 0.1 mM 2-naphthol
is the apparent first-order rate constant for the irreversible inactivétien  as substratéV; = 250 uL). Relative enzyme activities were calculated
slope for In %Activity vs. time according to zero time enzyme activity.



2154 G. Chen et al.

N3 o0 _° HO. 0. _~° hP-PST-1 142 F¥HVARVHEEE 152
Bovine-PST 142 FYRMARVHEDE 152

= - Dog-PST 142 FYRMAKVHEDE 152

Mouse-PST 150 160

Monkey-PST 142 152

. . . Rat-PST 141 151
7-azido-4-methylcoumarin (AzMC) 4-Methylumbelliferone (4MU) hUGT 1A6 71 81
Scheme 2. hCYP2C9 394 404

hCYP2A6 223 233

hALBUMIN 356 366

phenoloxidase 114 SyCQLIINpYM 124
the hP-PST-1 peptide sequence, YHMAKIA3-148 of P-PST-1
plays a role in determining the substrate specifi¢®akakibara  Fig. 5. Sequence alignment of phenol binding proteins AIM-ALIGNMENT

et al., 19984 Site-directed mutagenesis studies on P-PST-1 anqrogram was used for the sequence alignment. Siang & Miller,
- . . 99]) is a program that finds a user-defined number of best nonintersecting
M-PST have demonstrated that amino acid 18Gn M-PST and  3jignments between two protein sequences or within a sequence. All the

A in P-PST-1 governs the substrate specificity of the two PSTS protein sequences are from the GenBank. hP-&SILT1A1) was used to
(Dajani et al., 1998 A single amino acid mutation, E146A, changed align with other proteins that either use 4MU as a substrate or bind 4MU.
the kinetic properties of M-PST to those of P-PST-1. This resultThe proteins in the figure were found to have sequence similarity in this

- . . L . region (conserved amino acids are shadoyvékhe references describin
indicated that an alignment of different substrate binding proteln%a%h of‘ the DNAs encoding these proteins‘gre as follows: hPCR@Born 9

can produce information about the substrate binding site. A similag al., 1993 (accession number L1999®0vine-PSTSchauss et al., 1995
approach was recently used to identify common sequences baséatcession number U352E2log-PST(Satsukawa et al., 1994accession

on homology within ST “families” that were apparently specific number D2980), mouse-PST(Tamura et al., 1998(accession number

: SFee AF033653; monkey-PSTOgura et al., 1996 accession number D85514
for hydroxysteroid STs, PSTs, and E retal, 1998 rat-PST(Yerokun et al., 199P (accession number X68640hUGT1A6

(Wooster et al., 1991(accession number AF0141)1hCYP2C9(Gold-
o . stein et al., 199]l (accession number L168Y,7hCYP2A6 (Fernandez-
Proteolytic digestion of AzMC labeled P-PST-1 Salguero et al., 199%accession number U220R hAlbumin (Lawn et al.,
and peptide isolation 1981 (accession number LOO1B2phenol oxidasgJiang et al., 1997
(accession number AF003253
AzMC-labeled P-PST-1 was digested by trypsin and the fluores-

cently labeled peptides were separated by SDS-PAGE. 6).

When digested with trypsin and run on NuPAGE Bis-Tris gel, . o .
fluorescent bands were clearly visible. After 60 min digestion, thePresence of different bands does not necessarily imply different
major fluorescent band had a molecular weight around 10 kDa; th&mino a(f'd labeling because of the possibility of noncomplete
two minor fluorescent bands had molecular weights of about 5 an@roteoly&s.

6 kDa. This experiment clearly demonstrated that AzZMC specifi-

cally labeled amino acid residues on P-PST-1. There is a possibilitpiscussion

that more than one amino acid residue was labeled; however, th’gIthough the primary sequence of many STs are known, and sev-

eral research reports have focused on the molecular mechanism of

Control, no AzZMC
Plus 0.2 mM AzMC
Plus 0.3 mM AzMC
Plus 0.5 mM AzMC
—— Regression line

L]
o
v
801 v

60

1/SA (nmol/min/mg)

0 5 10 15 20 25 0 20 A0 60 (min)
1/[4MU] mM

Fig. 6. Trypsin digestion of AzZMC-labeled P-PST-1. Fifty micrograms of
Fig. 4. Reversible Inhibition of SULT1Al-catalyzed 4MU sulfation by P-PST-1 was labeled with 1 mM AzMC under UV ligkB66 nm for
AzMC. SULT1A1 enzymatic activity was measured by PNPS agsag 30 min. The labeled P-PST-1 was precipitated using 10% TCA. Trypsin
Materials and methodis4MU concentration used 0.04, 0.08, 0.16, 0.32, (1/100 of trypsiryP-PST-1 ratip was used for the proteolysis. Novex
0.64, and 1.28 mM. AzMC concentration used, from lower to upper lines,NUPAGE Bis-Tris gel was used for peptide separation. Picture was taken
0 (contro), 0.2, 0.3, and 0.5 mM. under UV light.
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sulfation, the identities of specific amino acids that play a role innot enhance photoaffinity labeling of AzZM@ata not includeg
substrate binding and sulfotransferase catalytic activity are stilAzMC is obviously different from 2-iodo-4-azidophenol as a photo-
unknown. Recent reports focusing on the active sites of STs havaffinity labeling probe. AzMC is not a substrate for SULT1A1
centered on identifying the PAPS binding sfiéarin et al., 1992;  while 2-iodo-4-azidophenol is still a substrate for SULT1AL.
Falany et al., 1994; Komatsu et al., 1994; Lee et al., 1994; Zheng As an alternate approach, we utilized database searches to com-
et al., 1994; Driscoll et al., 1995; Marsolais & Varin, 1995, 1998; pare SULT1A1 with other proteins involved in phenol-directed
Radominska et al., 1996These studies revealed two conservedreactions. STs, UGTs, and cytochromes P450 that contain potential
regions that serve this purpose. The solution of the mouse ESphenol binding sites are identified in Figure 5. Alignments re-
crystal structure further confirmed the role of these two regions asealed a consensus sequence localized in the putative substrate
PAPS binding sitesKakuta et al., 199 Despite these advances, binding site of these enzymes. STs and UGTs contained the most
studies aimed at localizing the substrate binding amino acids withirextensive motif, Y XXXKXXPXP. In UGT1AG®, this conserved do-
the binding site are less complete. The limited information thatmain is localized between amino acids 71-81, a region postulated
exists on substrate binding comes from mutagenesis studies and as part of the aglycon binding site of all UGTBattaglia et al.,
analysis of the EST crystal structure. This structure demonstrateti997; Meech & Mackenzie, 1997In STs, the conserved motif
that Phel42, 1le146, and Tyrl149 contribute tgdestradiol bind-  was found between amino acids 1442)-151(152). This is in
ing. This is in agreement with recent mutagenesis studies in whiclagreement with the mouse EST crystal structure, which indicated
amino acids 143-148 of SULT1A1 were implicated as structuralthat Phel142, lle146, and Tyr149 contribute to substrate binding.
determinants for substrate bindin§akakibara et al., 1998aA Additional confirmation that amino acids 1d#%2)—-151(152) par-
different mutagenesis study involving SULT1A1 and SULT1A3 ticipate in substrate binding is provided by mutagenesis studies
found that a single amino acid located at position 1#6in carried out by Sakakibara et dl998a, in which region Il for
SULT1A1, A in SULT1A3 governed the substrate specificity be- SULT1A1 (143-148 was postulated to be the structural determi-
tween the two enzymes. Also, by changing this amino acid fromnant for substrate binding. Also, mutagenesis studies concerning
glutamate to alanine, the researchers altered the kinetic properti€JLT1Al and SULT1A3 demonstrated that a single amino acid at
and substrate specificity of SULT1A3 to match that of SULT1A1 position 146(glutamate in SULT1A3 and alanine in SULT1A1
(Dajani et al., 1998 Collectively, the above findings suggest that governs substrate specificity between the two enzyfizgani
amino acids 140—-150 comprise a region of substrate binding conmet al., 1998.
mon to all sulfotransferases. Interestingly, all STs contain an acidic amino acid, either gluta-

In the present study, photoaffinity labeling was used to characmate or aspartate, at the position between the conserved prolines.
terize the substrate binding site of human SULT1Al. A novelThe presence of carboxyl residues in the active site of human
labeling reagent, AzZMC, had been synthesized in our laboratorphenol STs was first indicated in separate studiggpublished
and successfully used to photolabel human phenol UDP-glucuronadata from our laboratojy Carboxyl group-directed reagents, such
syltransferas§ UGT1A6) (unpublished data This same photo- as Woodward’s reagent K, inhibited the sulfation reaction. Protec-
affinity probe was utilized to identify the substrate binding site tion experiments carried out with PAPS and phenol derivatives
of human SULT1A1. AzMC competitively inhibited SULT1A1- clearly demonstrated that both the PAPS binding site and the sub-
catalyzed sulfation of 4AMUFig. 4). This provided direct evidence strate binding site of SULT1A1 contained acidic amino acids. A
that AzZMC can bind to the substrate binding site of SULT1A1. less extensive motif, KXXPXP, was present in the cytochromes
Also, the kinetics of inactivation of SULT1A1 by AzMC support P450. As is the case with the human UGT1A6, the two cyto-
specific labeling Fig. 2). This irreversible, time- and concentration- chromes P450 failed to contain an acidic amino acid between the
dependent inactivation suggests that AzMC first reversibly therconserved prolines. Two proteins that contain phenol binding pock-
covalently binds to SULT1A1 and inactivates the enzyme. Inter-ets, such as human albumin and phenoloxidase, displayed a similar
estingly, PAPS did not protect against photo-inactivation. How-motif, YXXXRXXP. In conclusion, we have found a motif that
ever, the photo-inactivation was partially protected by 4MU, aclosely corresponds to the domain revealed by the recent X-ray
substrate of SULT1ALFig. 3). These results suggested that AzZMC crystal structure of the mouse EST and recent site-directed muta-
labeled SULT1A1 at the substrate binding site rather than thegenesis studies. Only a combination of complementary approaches,
PAPS binding site. This demonstrated that AzZMC can be employeduch as X-ray crystal structure analysis, mutagenesis, and photo-
as a specific, substrate binding site probe for phenol STs. A photaaffinity labeling with active site-directed probes, will result in
affinity probe will also enhance our ability to identify which amino unambiguous identification of the substrate binding site.
acids are involved in phenol binding. By determining which amino
acids are involved in phenol binding, we will be in a better position
to elucidate the molecular mechanism of sulfation reactions.

A radioactive photoaffinity probe, 2-iodo-4-azidophenol, had .

. . - Material

been previously characterized as a photoaffinity ligand for human
thermostable phenol sulfotransferg3&-PST, SULT1A] (Otter-  4-Methylumbelliferong4MU), 2-naphthol, 3-phosphoadenosine-
ness et al., 1989The photo-incorporation of this probe was pro- 5'-phosphate(PAP), 3'-phosphoadenosineg-phosphosulphate
tected by both PAP and substrates. This suggested that this prohBAPS, isopropylB-p-thiogalactopyranosidéiPTG), ampicillin,
interacted with both substrate and PAPS binding sites. This waand dithiothreitol(DTT) were purchased from Sigma Chemical
different from our probe, AzMC. The labeling with AzZMC was Co (St. Louis, Missoun. Amylose, maltose, and Factor Xa were
protected only by substrates but not by PAP. The authors alspurchased from New England BiolalBeverly, Massachusejts
stated in their Discussion that the extent of photoaffinity labelingEndoproteinase Lys-C, endoproteinase Glu C, and trypsin were
with 2-iodo-4-azidophenol was greatly enhanced in the presence afupplied by Promeg&Madison, Wisconsin NUPAGE Bis-Tris
PAPS. On the other hand, our results demonstrated that PAPS dgkls and tricine gels were purchased from Noy&an Diego,

Materials and methods
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California). All other chemicals and solvents were of the highestPNPS enzyme activity assay

grade commercially available. The PNPS p-nitrophenyl sulfatpassay takes advantage of the fact

that phenol sulfotransferases also catalyze a reverse reaction that
Synthesis of 7-azido-4-methylcoumarin (AzMC) transfers a sulfuryl group from PNPS to PAP to regenerate PAPS
(Frame et al., 1997; Mulder & Scholtens, 197This produces a

Three grams of 7-amino-4-methylcoumarin were dissolved in, .4 productp-nitrophenol(Scheme B At high concentrations
i . 0
125 mL of 12 N HCI at 4C in the dark; 5.5 mL of 25% NaNg of PNPS, PAP formed in the mixture will react with PNPS to

was added and the mixture allowed to incubate for 10 min; 6.5 mL . .
of 20% NaN;, was added, and the reaction was stirred on ice forregenerate PAPS arinitrophenol. The latter has a very high

48 h. The mixture was neutralized with 12 N NaOH and extractecf.lbsorbance at 401 nm, when the pH is abovenglimolar ex-

: ) inction coefficient: 18.4 The detailed procedure is as follows.
with chloroform. The final product was a yellow powder, m.p. . : ) . .
o . . . The reaction mixture, totaling 250L, contains 50 mM sodium
110°C. The yield was generally over 90%. The identity of the
; . phosphate at pH 6.2, 5 MM Mg£15 mM PNPS, 0.02 mM PAPS,
product was further validated by proton-NMR, infrared, and UV o .
SDECtroSco and 1-2ug purified SULT1A1 or an appropriate amount of cyto-
P PY- sol. Following incubation at 37 for 2 min, the reaction was
initiated by adding 5uL of various substrates in ethan@dor the
Purification of SULT1A1 enzyme purification and cytosolic PST activity assay, 5 mM
2-naphthol was usedr 5 uL ethanol as a control. After a 45 min

The human SULT1A1 cDNA was expressed using the pMAL'Czincubation at 37.6C, the reaction was stopped by the addition of

expression system as previously described for the expression of t :
human EST(Falany et al., 1996 To express the MBSULT1A1 %O pL of 0.25 M. TT'S buffe_r, pH 8.7. The absorbance ?t .401 nm
was measured within 30 min. The assay was done in triplicate, and

fusion protein, XL1-Blue cells containing the pMAL-SULT1A1 .
. . o the average of the measurements minus the controls was used to
vector were cultured in Luria broth, %X 250 mL, containing - -
calculate the enzymatic activity.

50 ng/mL ampicillin, to an O.Dssg of 2.0 at 37.0C. IPTG was
added to a final concentration of 0.3 mM, and the incubation was

continued for an additional 14 h. Cells were pelleted and resusPhotoaffinity labeling and photo-inactivation of SULT1AL
pended in 100 mL bacterial lysis buffé?5 mM Tris, pH 8.0,  With 7-azido-4-methylcoumarin (AzMC)

0.25 M sucrose, 0.25 mM EDTA, and 0.1 figlL lysozyme and  ppotoaffinity labeling of SULT1AL was performed in 0.2 M

incubated on ice for 30 min. Cells were again collected and resusyis-Hcl buffer pH 7.8, containing 0.1 migL SULT1AL (or
pended in 100 mL 5 mM phosphate buffer, pH 7.4, containing\;gsy|T1A1) and different concentrations of AzM@zMC stock

1.5 mM dithiothreitol(DTT), and 10ug/mL phenylmethylsulfo-  s,tions were made in DMSO, the final concentration of DMSO
nylfluorlt_je. Th(_e solution was sonicated for three _1 min _cycles,in the reaction mixture was kept under 2%he total volume of
with 2 min cooling between each cycle. The cytosolic fraction wasihe reaction mixture was adjusted in accordance to the total protein

recovered following centrifugation at 100,0@0for 1 h. The en-  ,qeq(from 20 to 500uL). The reaction mixture was incubated in
zymatically active fusion protein was purified on a prewashedyicrocentrifuge tubes at 2& for 2 min under yellow light. AZMC

2.5X 8 cm amyloséNew England Biolabaffinity column. After a5 then added and incubation continued for 2 min more. The
washing with 250 mL of 5 mM phosphate buffer, pH 7.4, the {hes were exposed to a hand-held UV ligBpectroline, West-
MBSULT1A1 was eluted with 100 mL of 10 mM maltose in the 1, New York, with a maximal radiation of 366 nm for 30 min
same buffer. The eluted enzyme was analyzed using the PNPRi, 5 2 5.cm distance between the surface of the light and the
enzymatic assay and SDS-PAGE. The fractions from the affinityg, tace of the solution. SULT1A1 was separated by NUPAGE Bis-
column that contained only one proteln_band on SDS-PAGEg gel (NUPAGE, Novey. Protein labeled by AzMC was de-
(MW ~ 67 kDa and had 2-naphthol sulfation activity were col- toctaq by UV fluorescence. For studies of photo-inactivation of
lected and concentrated using Centricon concentrators from Amigy T1A1 by AzMC and its protection by substrate and PAP, the

con (Beverly, MassachuseijtsThe yield of enzymatically active e pation mixture was directly used for SULT1AL enzymatic
MBSULT1A1 was 40—60 mg protein from 1 L of bacterial culture. assay(PNPS assay, 25-fold dilution

To isolate pure SULT1A1, 2.5 mg of MBSULT1A1 was added to

2.5 mL digestion buffef20 mM Tris, pH 8.0, containing 100 mM ) .

NaCl and 2 mM CaG), followed by the addition of 0.05 mg of Froteolytic hydrolysis of AzMC labeled P-PST-1
Factor Xa. This mixture was incubated at room temperature fo1d Peptide separation on SDS-PAGE

5 h. The digested enzyme was dialyzed twice into 2 L of 5 mMFifty micrograms of P-PST-1 was labeled with 1 mM AzMC under

phosphate buffer, pH 7.4. After dialysis, the enzyme was applied taJV light for 30 min. The labeled P-PST-1 was precipitated using
a DEAE-Sepharose CL-6B colum{id X 7 cm), prewashed with

5 mM phosphate buffer, pH 7.4, containing 1 mM DTT. The
column was washed with 40 mL of the same buffer followed by R-OH PAPS P
PA

NP
40 mL of 0.1 M NaCl, 5 mM phosphate buffer, pH 7.4. The
enzyme was eluted using a linear gradient formed from 100 mL Pherol
0.1 M NaCl to 100 mL 0.225 M NaCl. The collected fractions Sulfotransferases
R-0S05* P PNPS

(5 mL) were analyzed by SDS-PAGHE2%) and an enzymatic

activity assay. The fractions containing only one protein band

(around 35 kDawere collected and concentrated again by centri-

fugation. The yield was approximately 1 mg SULT1A1 from 2.5 mg

MBSULT1AL. Scheme 3.
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10% TCA. The pellet was washed with ice-cold ethanol and dis-  PH, Wion KL. 1981. The sequence of human serum albumin cDNA and its
solved in 50uL of resuspension buffé.00 mM Tris-HCI, pH 8.0, expression in ENucleic Acids Res:8103-6114.

. . Lee YC, Komatsu K, Driscoll WJ, Strott CA. 1994. Structural and functional
0.1% SDS and then 0.5.g of trypsin was added to the mixture. characterization of estrogen sulfotransferase isoforms: Distinct catalytic and

Immediately after the addition of trypsin, 1A of the mixture was high affinity binding activities Mol Endocrinol 81627-1635.
taken to 10uL of 2X SDS-PAGE sample buffer and boiled for Marsolais F, Varin L. 1995. Identification of amino acid residues critical for

. . . catalysis and cosubstrate binding in the flavonol 3-sulfotransfedaBel
5 min. Aliquots of 10uL were taken in the same way at 20, 40, and Chem 2763045830463

60 min. After running a 4-12% Bis-Tris SDS NuPAGHEovex), Marsolais F, Varin L. 1997. Mutational analysis of domain Il of flavonol
the gel was washed overnight with 10% acetic acid, 10% ethanol 3-sulfotransferaseEur J Biochem 247.056-1062.

solution. The labeled fluorescent bands were visualized under U\Marsolais F, Varin L. 1998. Recent developments in the study of the structure—

. . . . function relationship of flavonol sulfotransferasé&dhem Biol Interact

light. The fluorescent pictures were taken in a dark room with a  156117-122.

special UV box as light source. Meech R, Mackenzie PI. 1997. Structure and function of uridine diphosphate
glucuronosyltransferase€lin Exp Pharmacol Physiol 2807-915.

Mulder GJ, Scholtens E. 1977. Phenol sulphotransferase and uridine diphos-
phate glucuronyltransferase from rat liver in vivo and vitro. 2,6-Dichloro-
4-nitrophenol as selective inhibitor of sulphati@iochem J 16%53-559.
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thermostable phenol sulfotransferase: Photoaffinity labeling with 2-iodo-4-
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