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To investigate whether sulfation, a major Phase II de-
oxification pathway in vivo, can be employed as a
eans for the inactivation/disposal of environmental es-

rogens, recombinant human cytosolic sulfotransferases
ere prepared and tested for enzymatic activities with
isphenol A, diethylstilbestrol, 4-octylphenol, p-nonyl-
henol, and 17a-ethynylestradiol as substrates. Of the
even recombinant enzymes examined, only SULT1C
ulfotransferase #1 showed no activities toward the en-
ironmental estrogens tested. Among the other six sul-
otransferases, the simple phenol (P)-form phenol sulfo-
ransferase and estrogen sulfotransferase appeared to
e considerably more active toward environmental es-
rogens than the other four sulfotransferases. Metabolic
abeling experiments revealed the sulfation of environ-

ental estrogens and the release of their sulfated deriv-
tives by HepG2 human hepatoma cells. Moreover, sul-
ated environmental estrogens appeared to be incapable
f penetrating through the HepG2 cell membrane. © 2000

cademic Press

Sulfate conjugation represents a major pathway in
ivo for the biotransformation and/or excretion of
enobiotics or endogenous compounds such as ste-
oid and thyroid hormones, catecholamines, and bile
cids (1–3). The responsible enzymes, the so-called
cytosolic sulfotransferases,” catalyze the transfer of

sulfonate group from the active sulfate, 39-
hosphoadenosine 59-phosphosulfate (PAPS), to a
ubstrate compound containing either a hydroxyl or
n amino group (4). It is generally believed that
ulfation may increase the water-solubility of xeno-

Abbreviations used: PAPS, 39-phosphoadenosine 59-phosphosul-
ate; RT-PCR, reverse-transcription polymerase chain reaction;
DS–PAGE, sodium dodecyl sulfate–polyacrylamide gel electro-
horesis.
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emoval from the body (1–3).
Environmental estrogen-like chemicals have in re-

ent years been increasingly recognized as a potential
azardous factor for human health (5). In general, they
re able to bind to estrogen receptors and thereby
imic estrogenic actions. Some examples of this di-

erse group of compounds are diethylstilbestrol, bis-
henol A, nonylphenol, polychlorinated biphenyls, and
ichlorodiphenyltrichloroethane (6). These estrogen-
ike chemicals are becoming ubiquitous in the environ-

ent and making their way into the food chain. Among
ther adverse effects, the environmental estrogens
ave been implicated in the abnormal sexual develop-
ent of reptiles and birds (7, 8), the decline in sperm

uality of men (9, 10), and an increased incidence of
uman breast cancer (11, 12). Glucuronidation of an
nvironmental estrogen, bisphenol A, by the rat liver
DP-glucuronosyltransferase has recently been re-
orted (13). Considering that sulfation is extensively
tilized in mammals for the removal of xenobiotics, we
ecently became interested in the possible occurrence
f the sulfation of environmental estrogens.
We report in this communication a systematic study

n the sulfation of representative environmental estro-
ens by human cytosolic sulfotransferases. Moreover,
sing HepG2 human hepatoma cells as a model, the
etabolism of environmental estrogens through sulfa-

ion and the release of their sulfated derivatives were
nvestigated.

ATERIALS AND METHODS

Materials. Dopamine, p-nitrophenol (pNP), aprotinin, thrombin,
denosine 59-triphosphate (ATP), sodium dodecyl sulfate (SDS),
rizma base, isopropyl b-D-thiogalactopyranoside (IPTG), bisphenol
, diethylstilbestrol, 4-octylphenol, p-nonylphenol, and 17a-
thynylestradiol were obtained from Sigma Chemical Co. Cytosolic
xtract of Sf-9 insect cells infected with a baculovirus containing the
DNA encoding human estrogen (SULT1E) sulfotransferase (EST)
nd LA Taq DNA polymerase were purchased from PanVera Corp.
ligonucleotide primers were synthesized by Operon Technologies,

nc. pGEX-2TK glutathione S-transferase gene fusion vector, E. coli
L21, First-Strand cDNA Synthesis Kit, and glutathione Sepharose
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ses were from New England Biolabs. cDNAs encoding human
-form (SULT1A3) and P-form (SULT1A1) phenol sulfotransferases

PSTs) and two SULT1C sulfotransferases (designated #1 and #2),
ackaged in pGEX-2TK vector, were prepared as previously de-
cribed (14, 15). Carrier-free sodium [35S]sulfate was from ICN Bio-
edicals. Chromatogram cellulose thin-layer chromatography (TLC)

lates were from Eastman Kodak Co. [35S]sulfated bisphenol A,
iethylstilbestrol, 4-octylphenol, p-nonylphenol, and 17a-ethynyl-
stradiol were isolated by thin-layer chromatography (16) from spent
edia of HepG2 cells labeled with [35S]sulfate in the presence of,

espectively, bisphenol A, diethylstilbestrol, 4-octylphenol, p-nonyl-
henol, and 17a-ethynylestradiol. HepG2 human hepatoma cell line
ATCC HB 8065) was from American Type Culture Collection. All
ther reagents were of the highest grades commercially available.

Molecular cloning, expression, and purification of human cytosolic
ulfotransferases. We have previously cloned, expressed, and purified
our human cytosolic sulfotransferases: the M-form (SULT1A3) and
-form (SULT1A1) phenol sulfotransferases (PSTs) and two SULT1C
ulfotransferases (designated #1 and #2) (14, 15). To clone two addi-
ional human cytosolic sulfotransferases, the dehydroepiandrosterone
SULT2A1) sulfotransferase (DHEA ST) (17) and the thyroid hormone
SULT1B2) sulfotransferase (THST) (18), reverse-transcription poly-
erase chain reaction (RT-PCR) technique was employed. To amplify

he human DHEA ST or THST sequence for subcloning into the pGEX-
TK expression vector, sense and antisense oligonucleotide primers
59-GGCGAATTCATGTCGGACGATTTCTTA-39 and 59-GGCGAATTC-
TATTCCCATGGGAACAGCTC-39 for DHEA ST and 59-CGCGGA-
CCATGCTTTCCCCAAAAGATATTCTG-39 and 59-GGCGAATTC-
TAAATCTCTGTGCGGAATTGAA-39 for THST), based on 59- and 39-
egions of the nucleotide sequence encoding human THST or DHEA ST,
ere synthesized with EcoRI and/or BamHI restriction sites (as under-

ined) incorporated at the ends. With these two sets of oligonucleotides
s primers, PCR in 100-ml reaction mixtures were carried out under the
ction of LA Taq DNA polymerase using the human liver first-strand
DNA as the template. Amplification conditions were 27 cycles of 1 min
t 94°C, 1 min at 56°C, and 2 min at 72°C. The final reaction mixtures
ere applied onto a 1.2% agarose gel and separated by electrophoresis.
he discrete PCR product bands, visualized by ethidium bromide stain-

ng, were excised from the gel and the DNA fragments therein were
solated by spin filtration. After EcoRI or BamHI/EcoRI digestion, the
CR products were subcloned into the EcoRI or BamHI/EcoRI site of
GEX-2TK. To verify their authenticity, the cDNA inserts were sub-
ected to nucleotide sequencing.

Competent E. coli BL21 cells were transformed with pGEX-2TK
arboring the full-length cDNA encoding the human THST or DHEA
T. The transformed cells, grown to OD600 nm 5 ;0.5 in 1 liter LB
edium supplemented with 100 mg/ml ampicillin and induced with

.1 mM IPTG overnight at room temperature, were collected by
entrifugation and homogenized in 20 ml ice-cold STE (10 mM Tris–
Cl, pH 8.0, 150 mM NaCl, 1 mM EDTA) using an Aminco French
ress. The crude homogenate thus prepared was subjected to cen-
rifugation at 10,000g for 30 min at 4°C. The supernatant collected
as fractionated using 0.5 ml of glutathione–Sepharose, and the
ound glutathione S-transferase fusion protein was treated with 2
l of a thrombin digestion buffer (50 mM Tris–HCl, pH 8.0, 150 mM
aCl, and 2.5 mM CaCl2) containing 5 unit/ml bovine thrombin.
ollowing a 30-min incubation at room temperature with constant
gitation, 5 mg of aprotinin was added to inactivate thrombin and the
reparation was subjected to centrifugation. The recombinant en-
yme present in the supernatant was analyzed by SDS–
olyacrylamide gel electrophoresis (SDS–PAGE) and examined for
nzymatic activities toward environmental estrogens.

Enzymatic assays using environmental estrogens as substrates.
he sulfotransferase activities of the recombinant human cytosolic
ulfotransferases were assayed using 39-phosphoadenosine 59-
hospho[35S]sulfate (PAP[35S]) as the sulfate donor. The standard
ssay mixture, with a final volume of 30 ml, contained 50 mM potas-
81
ium phosphate buffer, pH 7.0, 14 mM PAP[35S] (15 Ci/mmol), and 50
M of the environmental estrogen tested. The reaction was started
y the addition of the enzyme preparation, allowed to proceed for 15
in at 37°C, and terminated by heating at 100°C for 2 min. The

recipitates formed were cleared by centrifugation, and the super-
atant was subjected to the analysis of [35S]sulfated product.

Metabolic labeling of HepG2 human hepatoma cells with [35S]sul-
ate in the presence of environmental estrogens. HepG2 cells were
outinely maintained, under a 5% CO2 atmosphere at 37°C, in min-
mum essential medium (MEM) supplemented with 10% fetal bovine
erum, penicillin G (30 mg/ml) and streptomycin sulfate (50 mg/ml).
onfluent HepG2 cells grown in individual wells of a 24-well culture
late, pre-incubated in sulfate-free (prepared by omitting streptomy-
in sulfate and replacing magnesium sulfate with magnesium chlo-
ide) MEM for 4 h, were labeled with 0.2-ml aliquots of the same
edium containing [35S]sulfate (0.3 mCi/ml), and different concen-

rations (from 1 to 100 mM) of bisphenol A, diethylstilbestrol,
-octylphenol, p-nonylphenol, or 17a-ethynylestradiol. At the end of
n 18-h labeling, the media were collected, spin-filtered, and sub-
ected to the analysis of [35S]sulfated environmental estrogens by
LC.

Miscellaneous methods. PAP[35S] (15 Ci/mmol) was synthesized
rom ATP and [35S]sulfate using the sulfate-activating enzymes, ATP
ulfurylase and adenosine 59-phosphosulfate kinase, from Bacillus
tearothermophilus as described previously (19). Protein determina-
ion was based on the method of Bradford (20) with bovine serum
lbumin as the standard. The analysis of [35S]sulfated products gen-
rated during the enzymatic assays was based on the thin-layer
hromatography separation procedure using n-butanol/isopropanol/
8% formic acid/water (3:1:1:1; by volume) as the solvent system (16).
DS–PAGE was performed using the method of Laemmli (21).

ESULTS AND DISCUSSION

As pointed out earlier, environmental estrogen-like
hemicals are increasingly being recognized as a poten-
ial hazardous factor for human health. They have
een implicated in, for example, the abnormal sexual
evelopment of reptiles and birds (7, 8), the decline in
perm quality of men (9, 10, and an increased incidence
f human breast cancer (11, 12). An important issue

FIG. 1. SDS–gel electrophoretic patterns of purified recombi-
ant human cytosolic sulfotransferases. Samples analyzed in lanes 1
hrough 6 were M-form PST, P-form PST, THST, SULT1C ST #1,
ULT1C ST #2, and DHEA ST. SDS–PAGE was performed using a
2% polyacrylamide gel.
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herefore is whether the detoxification mechanisms op-
rated in vivo may function to fend off these environ-
ental estrogen-like chemicals. Glucuronidation of an

nvironmental estrogen, bisphenol A, by the rat liver
DP-glucuronosyltransferase has recently been re-
orted (13). Considering that sulfation, a major Phase

FIG. 2. Analysis of [35S]sulfated environmental estrogens gener-
ted and released by HepG2 cells labeled with [35S]sulfate in the
resence of environmental estrogens. The compounds tested were
isphenol A (lane 2), diethylstilbestrol (lane 3), 4-octylphenol (lane
), p-nonylphenol (lane 5), and 17a-ethynylestradiol (lane 6). Lane 1
hows the control medium without added environmental estrogen.
ashed line circles indicate the positions of synthetic sulfated envi-

onmental estrogen standards detected by UV irradiation of the TLC
late used for the analysis.

Specific Activities of Human Cytosolic Sulfotransferases Tow

P-PST M-PST TH

isphenol A 965 6 206 N.D.b 3.9
-Octylphenol 1920 6 152 675 6 81 17.1
-Nonylphenol 1969 6 117 39.7 6 1.7 52.7
iethylstilbestrol 1538 6 233 19.0 6 7.9 3.2
7a-Ethynylestradiol 1200 6 79 N.D. 1.6
-Nitrophenol 1627 6 110 454 6 401 12.8
opamine 407 6 122 2851 6 126 N
ehydroepiandrosterone N.D. N.D. N
strone 190 6 11 18.4 6 6.4 N

a Specific activity refers to pmol substrate sulfated/min/mg purifi
npurified EST commercially obtained). Data represent means 6 SD

b Activity not detected.
82
I detoxification pathway, is known to be utilized in
ivo for the removal of xenobiotics, we recently became
nterested in the possible occurrence of the sulfation of
nvironmental estrogens. The underlying hypothesis
or the studies presented below is that sulfation may be
mployed as an important means in vivo for the
nactivation/disposal of environmental estrogens.

Molecular cloning, expression, purification, and
haracterization of human cytosolic sulfotransferases.
e have previously cloned, expressed, and purified

uman simple phenol (P)-form (SULT1A1) and mono-
mine (M)-form (SULT1A3) phenol sulfotransferases
PSTs) (14), as well as two human SULT1C sulfotrans-
erases (designated #1 and #2) (15). Using oligonucle-
tide pairs designed based on 59- and 39-regions of
eported sequences of human dehydroepiandrosterone
SULT2A1) sulfotransferase (DHEA ST) (17) and thy-
oid hormone (SULT1B2) sulfotransferase (THST)
18), we have RT-PCR-cloned their coding cDNAs and
xpressed these two human cytosolic sulfotransferases
n the present study. As shown in Fig. 1, purified
HEA ST and THST, as well as the other four human

ytosolic sulfotransferases prepared previously, ap-
eared to be highly homogeneous, migrating as major
ands of molecular masses between 32 and 35 kDa.
The six human cytosolic sulfotransferases prepared as

escribed above, plus a cytosolic extract of EST-
xpressing Sf-9 insect cells obtained commercially, were
ssayed for enzymatic activities toward their typical
ubstrates, as well as representative environmental es-
rogens including bisphenol A, diethylstilbestrol,
-octylphenol, p-nonylphenol, and 17a-ethynylestradiol.
esults compiled in Table 1 showed that, except for
ULT1C sulfotransferase #1, all the other six human
ytosolic sulfotransferases could catalyze the sulfation of,
t least some, environmental estrogens tested. Among
hese six sulfotransferases, P-form PST and EST (consid-
ring that an unpurified cytosolic extract, instead of pu-

d Environmental Estrogens and Their Typical Substratesa

SULT1C
ST #1

SULT1C
ST #2 DHEA ST EST

.2 N.D. 173 6 12 19.9 6 3.5 51.9 6 11.0

.7 N.D. 1920 6 103 18.3 6 5.8 475 6 34

.3 N.D. 268 6 63 39.9 6 12.2 221 6 18

.1 N.D. 296 6 45 11.3 6 7.1 188 6 27

.1 N.D. N.D. 26.9 6 10.1 243 6 57

.0 0.7 6 0.2 709 6 137 35.9 6 3.3 N.D.
N.D. N.D. N.D. N.D.
N.D. N.D. 489 6 113 54.1 6 13.4
N.D. 59 6 7 22.6 6 7.9 58.5 6 9.1

enzyme or pmol substrate sulfated/min/mg protein (in the case of
erived from three experiments.
ar

ST

6 0
6 8
6 4
6 0
6 0
6 1
.D.
.D.
.D.

ed
d
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ified enzyme, was used) appeared to be considerably
ore active toward environmental estrogens than the

ther four. These results demonstrated for the first time
he sulfation of environmental estrogens catalyzed by
uman cytosolic sulfotransferases. It should be pointed
ut, however, that these activity data were obtained
ased on assays performed under a single set of condi-
ions (50 mM potassium phosphate buffer, pH 7.0, and 50
M substrate concentration). More conditions with re-
pect to buffers at different pHs, substrate concentra-
ions, added divalent cations, etc. will need to be tested in
rder to reveal in greater detail the differential activities
f different human cytosolic sulfotransferases toward en-
ironmental estrogens.

Generation and release of [35S]sulfated environ-
ental estrogens by HepG2 human hepatoma cells
etabolically labeled with [35S]sulfate. HepG2 cells
ere used as a model for investigating whether the

ulfation of environmental estrogens occurs in vivo.
onfluent HepG2 cells grown in individual wells of a
4-well plate, preincubated in sulfate-free MEM,
ere labeled with 0.2-ml aliquots of the same me-
ium containing [35S]sulfate (0.25 mCi/ml) and dif-
erent concentrations (ranging from 1 to 100 mM) of
nvironmental estrogens including bisphenol A, di-
thylstilbestrol, 4-octylphenol, p-nonylphenol, and
7a-ethynylestradiol. At the end of an 18-h labeling,
he media were collected for the analysis of [35S]sul-
ated forms of the environmental estrogens tested.
s shown in Fig. 2, analysis using thin-layer chro-
atography revealed indeed the presence of sulfated

nvironmental estrogens in the medium samples
ontaining as low as 10 mM environmental estrogens.
hese results demonstrated clearly the occurrence of
he sulfation of environmental estrogens in HepG2
ells and the release of [35S]sulfated environmental
strogens into the culture media.
To investigate whether the sulfated environmental

strogens are capable of penetrating through the cell
embrane, the [35S]sulfated forms of the environmen-

Time-Course Study on the Uptake of [35S]Sulfated Env

[35S]Sulfated environmental
estrogen tested

Time point of

0 1

BPA[35S] 6,688 6 29 6,492 6 22
DES[35S] 3,367 6 39 3,086 6 22
4-OP[35S] 2,292 6 16 2,383 6 33
P-NonP[35S] 1,501 6 90 1,362 6 22
EES[35S] 10,886 6 67 10,575 6 75

a BPA[35S], DES[35S], 4-OP[35S], P-NonP[35S], and EES[35S] st
-nonylphenol, and 17a-ethynylestradiol.

b Data shown represent means 6 SD derived from five experimen
83
al estrogens were purified and added to the media of
epG2 cells cultured in individual wells of a 24-well
late. At 0, 1, 3, 6, 15, and 30 h after the addition of

35S]sulfated environmental estrogens, aliquots of the
ncubation media were collected and counted for [35S]-
adioactivity. Results compiled in Table 2 revealed vir-
ually no change in the amount of [35S]-radioactivity for
amples of the five sets of incubation media collected at
ifferent time points. Moreover, upon washing, the
ysates prepared from the cells were found to contain
irtually no [35S]-radioactivity. These results indicate
trongly that the sulfated forms of environmental es-
rogens may not be able to penetrate through the cell
embrane.
In summary, the results obtained in the present

tudy showed clearly the occurrence of the sulfation of
nvironmental estrogens. That the sulfated environ-
ental estrogens failed to penetrate through the
epG2 cell membrane may imply sulfation as a useful
echanism for the removal of these hazardous com-

ounds. More studies are warranted in order to fully
ppreciate the involvement of different sulfotrans-
erases in the inactivation/removal of environmental
strogens in vivo.
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