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The human cDNA clone UDPGTh2, encoding a liver UDP-glucuronosyltransterase (UDPGT),
was isolated from a Agt 11 cDNA library by hybridization to mouse transferase cDNA clone,
UDPGTm1. The two clones had 74% nucleotide sequence identities in the coding region .
UDPGTh2 encoded a 529 amino acid protein with an amino terminus membrane-insertion
signal peptide and a carboxyl terminus membrane-spanning region. In order to establish sub-
strate specificity, the clone was inserted into the pSVL vector (pUDPGTh2) and expressed in
COS 1 cells. Sixty potential substrates were tested using cells transfected with pUDPGTh2.
The order of relative substrate activity was as follows: 4-hydroxyestrone > estriol >2-hy-
droxyestriol > 4-hydroxyestradiol > 6a-hydroxyestradiol > 5a-androstane-3a, 113, 17B-triol=
5B-androstane-3a, 118, 17B-triol. There were only trace amounts of gulcuronidation of 2-hy-
droxyestradiol and 2-hydroxyestrone, and in contrast to other cloned transferase, no gul-
curonidation of either the primary estrogens and androgens (estrone, 17B-estradiol/testosterone,
androsterone) or any of the exogenous substrates tested was detected. A lineweaver-Burk plot
of the effect of 4-hydroxyestrone concentration on the velocity of glucuronidation showed an
apparent Km of 13 uM. The unique specificity of this transferase might play an important role

in regulating the level and activity of these potent and active estrogen metabolites.
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INTRODUCTION

The broad physiolgical role of estrogens in sexual
development, the menstrual cycle and reproduction
in human has been well characterized (Horwitz and
McGuire, 1978b). Estrogenic effects were altered but
not abolished by oxidative metabolism, whereas
these activities were blocked by glucuronidation and
sulfation (Horwitz and McGuire, 1978a). In the liver,
primarily, brain, pituitary, and other peripheral tissues
at lesser extent (Katzellenbogen, er a/, 1985), ox-
ygenation of the steroids by specific cytochrome P
450-dependent monooxygenases converted the com-
pounds to 2,3-catechol esterogens (Katzellenbogen et
al, 1984), 3,4-catechol estrogens (Katzellenbogen et al,
1979), or 16a-hydroxylated forms (King et al, 1984).
Although catechol estrogens were rapidly cleared when
injected in vivo (Miller and Katzellenbogen, 1983),
these derivatives, formed in estrogen-responsive tissue,
bound the estrogen receptor with high affinity (Roke
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and Katzellenbogen, 1982) and were, thus, thought to
be involved in the neuroendocrine regulation of estro-
gen action. The 2,3-catechol isomers were antiestro-
gen (Sheen and Katzellenbogen, 1987), while the 4-
hydroxyestrogens were quite potent etrogens with
central effects on gonadotropin release (Sheen et al,
1984), sexual behavior (Sheen et a/, 1985), and pu-
berty (Sudo et al, 1983) in rat. The 160-hydroxy deri-
vatives, estriol, was thought to exert antiestrogenic ef-
fects during pregnancy (Sutherland and Jordan, 1981).
Because of these differences in biological activity, re-
searchers considered that the catechol estrogens re-
present two classes of compounds with, most likely
different pathways of regulation and clearance. UDP-
glucuronosyltransferase (UDPGT) was a family of in-
tegral membrane enzymes that catalyze the glucuron-
idation of many potentially toxic xenobiotics and en-
dogenous compounds. An undetermined number of
isoforms catalyze the transfer of the glucuronic acid
moiety from UDP-glucuronic acid to any of a large
number of lipophilic acceptor molecules to generate
water-soluble glucuronides which can be readily ex-
creted from cells. Due to the difficulties associated with
the purification of this labile and membrane-bound
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class of proteins (Burchell, 1981; Irshaid and Tephly,
1987), very little in the literature existed regarding puri-
fication of human UDPGTs. Complementary DNAs iso-
lated from rat (Mackenzie, 1987; lyanagi et al., 1986),
mouse (Kimura and Owens, 1987), and human (Jack-
son et al., 1987; Harding et al., 1988) have been re-
ported which encode transferases that glucuronidate
primary estrogens or exogenous compounds such as p-
nitrophenol (Jackson et al, 1987), 4-methylumbelli-
ferone (Kimura and Owens, 1987). Based on glucur-
onidating activity following expression in COS 1 cells,
we uncovered a human UDP-glucuronosyltransferase
which specifically glucuronidated 3,4-catechol estro-
gens and some steroids. The form was encoded in a
cDNA clone, UDPGTh2, which was isolated from a
human liver Agt11 ¢cDNA library using a mouse cDNA,
UDPGTm1, as a probe (Dong et al, 1997). UDPGTh2-
encoded protein represented a unique transferase ac-
tivity for active estrogen metabolites.

MATERIALS AND METHODS

Materials

UDP-glucuronic acid and all aglycones tested for
substrate activity were obtained from Sigma chemical
Co. (St. Louis, MO, USA). ["CJUDP-glucuronic acid ]
methionine and [“Pldeoxycytidine triphosphate were
purchased from Amersham (Arlington Heights, IL, USA).
Restriction enzymes and other reagents used in molec-
ular biology techniques were from Bethesda Research
Laboratories (Gaithersbug, MD, USA), or Boehringer
Mannheim (Mannheim, Germany). The pSVL vector and
the oligo-labeling kit were products of Pharmacia Fine
Chemicals (Uppsala, Sweden). COS-1 cells were sup-
plied from the American Type Culture Collection (Roc-
kville, MD, USA). The Bluescript plasmids and XL-1
Blue cells were products of Stratagene (La Jolla, CA,
USA). The Erase-A-Base kit was from Promega (Madison,
WI, USA), tunicamycin was from Boehringer Mann-
heim (Mannheim, Germany), and Lipofectin™ was
from Bethesda Research Laboratories (Gaithersbug, MD,
USA). Dulbecco's modified Eagle's medium, fetal calf
serum, and other cell culture reagents were from GIB-
CO (Gaithersbug, MD, USA).

Expression of UDPGTh-2 in COS-1 cells

The ¢cDNA from the pSKM13"-subclone was digest-
ed with Sma 1 and £co RV and then ligated into the
Sma l-digested pSVL expression vector. After appro-
priate subclones were characterized for the correct or
reversed orientation of the cDNA with respect to the
promoter element in pSVL, plasmid preparations were
purified by cesium chioride banding. The expression
unit was designated as pUDPGTh-2. Mock-transfect-
ed cells were prepared with the cDNA inserted in the
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reverse direction with respect to the promoter ele-
ment of pSVL. COS-1 cells (80% confluent) were plat-
ed at a density of 10°/60x 15 mm dish in Dulbecco's
modified Eagle's medium with 10% fetal calf serum
and grown overnight. The purified plasmid was then
combined with the carrier, Lipofectin™, and added to
the cell culture dishes according to the
manufacturer's instructions. At the end of the 5-hour
transfection period which was blocked by the ad-
dition of 10% fetal calf serum, the cells were allowed
to incubate for from 48 to 96 hours as indicated. Cul-
tures received no further treatment and were har-
vested and stored at -70°C until assayed.

Glucuronidation assay using ['*C] UDP-glucuronic
acid

Appropriate control and transfected COS-1 cells
were assayed for glucuronidating activity according to
a published procedure, but with modifications. Trans-
ferase contained in cellular homogenates (50 ug of
protein) was activated with 0.50 mg of CHAPS per mg
of protein. The activated transferase was added to a
0.075 ml reaction containing 10 or 100 UM aglycone,
50 uM ["C] UDP-glucuronic acid (0.125 pCi), 50 mM
Tris-HCI, pH 7.7, 4 mM MgCl,, T mM ascorbic acid, 1
mM phenylmethylsurfonyl flurcide, and 1.0 ug/ml leu-
peptin. Reactions were incubated for 16 hours at 25°C
or for 1 hour at 37°C. To establish that glucuronides
were formed, one-half of a 0.15 ml reaction was treat-
ed with 5.5 units of B-glucuronidase, pH 7.0, for 3
hours at 37°C (data not shown). Untreated and B-glu-
curonidase-treated reaction mixtures were analyzed by
thin layer chromatography (TLC). Each aglycone was
converted to the B-glucuronide by human microsomes
for comparison (data not shown). The TLC plates were
analyzed and quntitated by scanning on an Ambis Ra-
dioanalytical Imaging system Mark Il (Ambis, San
Diego, CA, USA). The minimum detectable amount of
glucuronide product formed, under the assay condi-
tions employed, was 1.7 pmol (signal/background ra-
tio is 2, with a background of approximately 50 cpm).
For the determination of the K, value of the trans-
ferase using 4-hydoxyestrone, 500 uM ['*C] UDP-glu-
curonic acid (1.25 uCi) was added to each reaction
and incubated for 1 hour at 37°C. 1t was predeter-
mined that the generation of product was linear for at
least 90 minutes. Plates were exposed to X-ray film for
21 days to obtain prints of the results.

RESULTS AND DISCUSSION

Screen for UDP-glucuronosyltransferase Activity

To establish substrate specificity, the expressed pUD-
PGTh2 was examined with some 60 compounds ac-
cording to the details outiined under Materials and
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Fig. 1. Substrate specificity of the UDPGTh2-encoded UDP-glucuronosyltransferase expressed in COS 1 cells. A, pUDPGTh2-
transfected cells which were incubated for 48 hours were assayed for the production of glucuronide (region of arrow) using
100 UM aglycone and 50 uM [“*CJUDP-glucuronic acid as described under "Materials and Methods". Reactions were in-
cubated for 16 hours at 24°C and then analyzed by TLC chromatography, scanning the plate as described under "Materials
and Methods" and exposed to x-ray film (20 days) for print. The aglycones and the radioactivity (in cpm) incorporated into
glucuronides were recorded at the top of the chromatogram. B, substrate activities of aglycones expressed in picomoles of
glucuronide formed/ug of protein. Counts shown in part A (arrow) were converted to picomoles of glucuronide formed bas-
ed on counting efficiencies of the AMB1S system which ranged from 40% for 1,000 or less cpm to 27% for 10,000 cpm.

Methods. The production of glucuronide was shown
(Fig. 1, region of arrow) to occur preferentially with 4-
hydroxyestrone > estriol > 2-hydroxyestriol > 4-hydr-
oxyestradiol > 6oa-hydroxyestriol > 5a-androstan 3a,
118, 17B-triol=50-androstane 3o, 11B, 17B-triol. 2-Me-
thoxyestriol underwent glucuronidation at about the
same rate as the 5B-androstan-30, 11, 17b-triol. There
was only a trace of activity with 2-hydroxyestradiol, 2-
hydroxyestrone, and 6o-hydroxyestradiol (Fig 1), and
no detactable activity (<50 cpm) toward 17B-estradiol
or estrone. The total radioactivity incorporated into
each glucuronide was included in Fig. 1A and was
converted to picomoles of product formed per g of
protein in cell homogenate (Fig. 1B). Each glucuro-
nide was shown to be sensitive to B-glucuronidase
and mock-transfected cells did not contain transferase
activity for any of the substrates metabolized by the
UDPGTh2 encoded protein. There was a low con-
stitutive activity for o-naphthol, as noted previously
(Hardings et al, 1988). This might account for the
presence of trace amount of protein which immuno-
complexed with anti-transferase 1gG in mock-transfect-
ed cells. Endogenous and exogenous compounds which
showed no detectable conversion to glucuronide were
shown in Table I. We also determined the Km of this
transferase for the preferred substrate, 4-hydroxyes-
trone. The effects of substrate corporation on the velo-
city of the conjugation reaction were plotted as their
double reciprocal values as shown in Fig. 2. The x-in-
tercept showed that the apparent Km was 12.5 uM.
This report described the cloning and expression of a

novel steroid UDP-glucuronosyltransferase, i.e., 3, 4-
catechol estrogen/estriol UDP-glucuronosyltransferase.
The predicted amino acid sequence of this transferase
isoform, specified by a 1590 base pair open reading
frame in the cDNA clone, UDPGTh2, showed strong
identity with other cloned members of the other ste-
roid transferase family: UDPGTm1 (66%), UDPGTr2
(69%), UDPGTr3 (66%), and UDPGTr4 (65%). It was,
therefore, not surprising that the encoded UDPGT ef-
ficiently glucuronidates hydroxysteroids. Yet, this iso-
form clearly had a different acceptor substrate profile
compared to the other cloned steroid transferases. The
absence of defectable UDPGTh2 encoded activity to-
ward 3-hydroxysteroids, 17-hydroxysteroids, or either
1-naphthol, estrone, and testosterone which were me-
tabolized by activity encoded in UDPGTr4 (Mackinzie,
1986b), UDPGTr3/UDPGTr2 (Mackinzie, 1986a), and
UDPGTm1 (Mackinzie, 1986b), respectively, indicated
that this form was unique; it selectively glucuronidated
two subsets of estrogen metabolites, 3, 4-catechol isom-
ers and estriol. By using a highly sensitive radiometric
assay to establish the aglycon specificity of the trans-
ferases, some 60 potential endogenous and exogenous
substrates (Table |) were tested. There were three ca-
tegories of chemical structures among metabolites of
the primary estrogens and other steroids which sup-
ported glucuronidation by this enzyme. The highest ac-
tivity was for the 3, 4-catecholic structure in 4-hy-
droxyestrone. A similar structure in 4-hydroxyestradiol
ranks fourth in substrate activity. Steroids with dihy-
droxy substitutions at C-16 and C-17, but with a third
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Table 1. Compounds tested that showed no detectable conversion to glucuronide. Each aglycon was tested for substrate ac-

tivity as described in the Legend to Fig. 1

Estrogens/derivatives Type | Progesterone/derivatives
Estrone Harmol 21-OH Pregnenolone
17B-Estradiol o-Maphtol 160-OH Pregnenolone

160-OH-170-Fstradiol
2-Methoxyestradiol
160-OH Estrone
163-OH Estrone
Diethylstilbesterol

p-Nitrophenol
4-aminophenol

4-Methylumbeliiferone
3-OH Benzo(o)pyrene

160-OH Progesterone
170-OH Progesterone
5B-Pregnane-3o,6a-diol-20-one

Neuromodulators Type Il Androgen/derivatives
Dopamine Menthol Testosterone

5-OH Tryptamine Morphine Dihydrotestosterone
6-OH Melatonin Bilirubin 11B-OH Testosterone
Glucocorticoids/Mineralcorticoids 4-OH-Biphenyl 160-OH Testosterone

Hydrocortisone
Deoxycorticosterone
Aldosterone

Vitamins

Ergocalciferol
vitamin E
vitamin K

4-Acetaminophenol

Phenolphthalein

Chloramphenicol

9-OH Benzo(o)pyrene
5-(p-Hydroxyphenyl)-5-phenylhydantoin
5-ethyl-5-(p-hydroxyphenyl) barbituric acid

Androsterone
5a-Androstane-17p-ol, 3-one
5a-Androstane-38, 11B, 17B-
triol

Steroid precursors

17B-OH Cholesterol
19-OH Cholesterol

Cardiac glycosides

Thio-containingsubstrates

Others

Digitoxigenin-monodigitoxiside
Digitoxigenin-bisdigitoxiside

Diethyldithiocarbamic Acid
2-Mercaptobenzothioazole
4-Nitrothiophenol

2, 2, 2 trichloroethanol

hydroxy group in the A-ring, were excellent substrates.
Estriol and 2-hydroxyestriol rank second and third, res-
pectively in terms of conversion to glucuronides. In
constrast, two similar structures 2-methoxyestriol and 6
-hydroxyestriol were among the weakest substrates, sug-
gesting that the 2-methoxy and 6-hydroxy substituents,
respectively, interfere with substrate activity. The failure
of 16a-hydroxytestosterone (C16, C17-dihydroxy) to ge-
nerate glucuronides supported the notion that an ad-
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Fig. 2. Lineweaver-Burk plot of 4-hydroxyestrone con-
centration versus reaction velocity using UDPGTh2 transfect-
ed COS1 cells. pUDPGTh2-transfected cells which were in-
cubated for 48 hours were assayed and analyzed as in Fig 2,
except that 500 pM ["*C] UDP-glucuronic acid (1.25 pCi)
was used with 3.3, 6.7, 13.3 and 133 uM 4-hydroxyestrone,
and the reaction were incubated for 1 hour at 37°C.

ditional hydroxy group was needed in the A ring for
this type of substrate. Finally, the trihydroxysubstituted
compounds, 5B-androstane 3o, 118, 17B-triol, its isom-
er 5a-androstane 3o, 11B, 17B-triol, and 6o-hydroxyes-
tradiol (3-, 6-, and 17-trihydroxy), were also weak sub-
strates. The poor substrate activity of these compounds
suggested that the positions of the three hydroxyl
groups around the molecules were less optimal than
those in estriol. It is noteworthy that the 2, 3-catechol
structures in 2-hydroxyestrone and 2-hydroxyestradiol
showed only a trace of glucuronidation (Fig. 1). Hence,
the 3, 4-catecholic structure was a strict requirement.
Estradiol (C-3, C-17-dihydroxy, aromatic A ring), which
lacks either a catechol or a 16, 17-diol substitution,
was not glucuronidated. The position of glucuronide
linkage could not be established for either category of
substrates because two or more hydroxyl groups were
present on all active substrates. B

The biochemical significance of the strict specificity
for a 3, 4-catechol estrogen UDP-glucuronosyltrans-
ferase could be related to the physiological require-
ment for differential regulation of the 2, 3- and 3, 4-
catechol estrogens. The 2, 3-catechol estrogens were
primarily inactive metabolites (Dutton, 1980) while the
3, 4-catechol estrogens had potent effects on gona-
dotropin release (Klassen and Doull, 1996). The very
different metabolic profiles for the two types of ca-
techol estrogens would be difficult to regulate with
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one detoxification pathway.

In summary, we presented the cDNA of a human
UDP-glucuronosyltransferase, UDPGTh2, which upon
expression in COS1 cells, was found to encode a
form highly selective for two important metabolites of
estrogen, 3, 4-catechol derivatives and estriol.
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