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ABSTRACT A rat kidney phenol UDP-glucuronosyltrans-
ferase cDNA was used to isolate a human liver phenol UDP-
glucuronosyltransferase cDNA by screening of a human liver
cDNA library in the expression vector Agtll. The 2.4-kilobase
cDNA contained an open reading frame of 1593 base pairs
coding for a protein of 531 residues. The human liver cDNA
was subcloned into the vector pKCRH2. Transfection of this
recombinant plasmid into COS-7 cells allowed the expression of
a protein of -55 kDa. The enzyme synthesized was a glyco-
protein, as indicated by a reduction in molecular mass of :3
kDa after biosynthesis in the presence of tunicamycin. The
expressed enzyme rapidly catalyzed the glucuronidation of
1-naphthol, 4-methylumbelliferone, and 4-nitrophenol. The
use of a related series of simple phenols provided an outline
description of the substituent restrictions imposed upon the
phenolic structures accepted as substrates. The glucuronida-
tion of testosterone, androsterone, and estrone was not cata-
lyzed by this cloned UDP-glucuronosyltransferase.

Human hepatic microsomal UDP-glucuronosyltransferase
[UDPGT; UDPglucuronate l-D-glucuronosyltransferase (ac-
ceptor-unspecific); EC 2.4.1.17] has a major role in the
conjugation and production ofmore hydrophilic glucuronides
for excretion of drugs, xenobiotics, and endogenous com-
pounds (1). Overwhelming evidence indicates that in rat liver
these glucuronidation reactions are catalyzed by a family of
isoenzymes. The existence of UDPGT isoenzymes that
would specifically glucuronidate bilirubin, bile acids, 5-
hydroxytryptamines, and drugs (such as morphine, clofi-
brate, and chloramphenicol) has been suggested from kinetic
analysis of in vitro enzyme assays of microsomes prepared
from adult (2-6) and developing (7) liver. Inherited defects of
bilirubin UDPGT in Crigler-Najar syndrome (8) have also
indicated the existence of different UDPGT isoforms. By
using antibodies prepared against purified rat UDPGT anti-
gens, which inhibit several human liver microsomal UDPGT
activities, at least five UDPGTs have been detected in human
liver microsomes by immunoblot analysis (9, 10). Human
liver microsomal UDPGTs have proved difficult to purify,
although two distinct UDPGTs with similar properties have
been purified to apparent homogeneity (11).
The further analysis of the multiplicity, genetic deficiency,

regulation, and development ofhuman UDPGTs requires the
use of molecular probes for DNA, RNA, and proteins, and
these can be obtained by molecular biological techniques
without the need for routine supplies of human liver. The
previous expression of a cloned rat UDPGT cDNA (12) has
been shown to define distinctive substrate specificities avoid-
ing the possibility of very homologous contaminating
UDPGTs, which could occur even after the most rigorous
purification procedures. Mechanisms of drug transport, glu-

curonidation, and excretion can also be studied by using the
transferases expressed in cells in culture.

In this paper we report the molecular cloning and sequence
of a human liver UDPGT cDNA.* Expression of the cDNA
in COS-7 cells and the substrate specificity studies indicate
that a phenol UDPGT was encoded by this clone and provide
evidence of certain structural restrictions imposed on poten-
tial substrates.

MATERIALS AND METHODS
Materials. Anti-UDPGT serum and anti-epoxide hydrolase

(EH) serum were prepared as reported (13). 32P- and 35S-
labeled nucleotides, [35S]methionine (1000 Ci/mmol; 1 Ci =
37 GBq), [3H]styrene oxide (161 mCi/mmol), ['4C]UDP-
glucuronic acid (272 mCi/mmol), restriction endonucleases,
enzymes, and materials used in sequencing were from Amer-
sham. Tunicamycin and several enzyme substrates were
from Sigma. Other UDPGT substrates were obtained from
Aldrich or BDH. Silica gel 60 F254 plates were from Merck.
COS-7 cells (14) were kindly provided by Clare Madin
(School of Pathology, Oxford University, Oxford). pKCRH2
(15) was obtained from S. Shibahara (Freidrich Miescher
Institut, Basel). A human liver cDNA library (16) was kindly
provided by S. Woo (Howard Hughes Medical Institute,
Department of Cell Biology, Baylor College of Medicine,
Houston, TX).

METHODS
Isolation of Human Liver UDPGT cDNAs. A full-coding-

length rat kidney phenol UDPGT cDNA (D.H. and B.B.,
unpublished work) was 32P-labeled by the method of Fein-
berg and Vogelstein (17) and used as a hybridization probe to
plaque-screen (18) the human liver cDNA library in phage
Agtll (16), at 580C in 6x SSPE (19). cDNA inserts from the
plaque-purified recombinant phage were subcloned into
pUC18 and M13mpl8 or -19 (20) for restriction analysis and
sequencing by a modified procedure of Sanger's dideoxy
method (21, 22). Human microsomal EH cDNA was cloned
in this laboratory (23).
The full-coding-length cDNA was excised from M13mpl8

with EcoRI, reisolated with HindIII, and subcloned into the
HindIII site of the tissue culture expression vector pKCRH2.
Recombinant plasmids were grown in Escherichia coli DH1
and plasmids with cDNAs in the correct orientation with
respect to transcription from the simian virus 40 early gene
were identified by restriction mapping. Plasmid DNA (40 ug)
was used to transfect each semiconfluent dish (150 cm2) of
COS cells by calcium phosphate/glycerol shock procedure

Abbreviations: UDPGT, UDP-glucuronosyltransferase; EH, ep-
oxide hydrolase.
*The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (IntelliGenetics, Mountain View, CA,
and Eur. Mol. Biol. Lab., Heidelberg) (accession no. J04093).
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FIG. 1. Partial restriction map and nucleotide sequencing strat-
egy of the phenol UDPGT cDNA insert. The extent and direction of
overlapping sequencing are shown by the horizontal arrows. Kb,
kilobase(s).

(24) or "lipofection" (25). The cells were harvested 72 hr
later, washed with 0.15 M NaCl/5 mM Tris-HCl, pH 7.4,
(TBS) and disrupted by gentle hand homogenization in a
ground-glass homogenizer. The cell homogenate was assayed
for multiple UDPGT activities by TLC as described (26) by
incubating 0.1 mg of cell protein, 0.5 mM aglycone, and 18
pM [14C]UDP-glucuronic acid in 100 mM Tris maleate/10
mM MgCl2, pH 7.4, for 30 min at 370C. Conventional assays
with 1-_[4C]naphthol as described (27) were also used to
assess the success of the transfections. EH was assayed with
[3H]styrene oxide as described (28).

Labeling and Immunoprecipitation. COS cells in 20-cm2
dishes were washed 72 hr after transfection with methionine-
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free RPMI 1640 medium containing 10% (vol/vol) dialyzed
fetal bovine serum and then incubated with 7.5 ml ofthe same
medium in the presence or absence of tunicamycin (2 ug/ml)
for 1 hr. This medium was subsequently removed and
replaced by 1 ml of the same medium supplemented with 50
tuCi of [35S]methionine (1420 Ci/mmol), and cells were incu-
bated for 4 hr. Cells were rinsed twice with ice-cold PBS (138
mM NaCl/2.7 mM KCl/1.5 mM KH2PO4/8 mM Na2HPO4,
adjusted to pH 7.4 with HCl). Cells were harvested and
centrifuged at 1500 x g for 5 min. The pellets were resus-
pended and washed with PBS by centrifugation. The pellet
was solubilized with 0.5% deoxycholate, 1% Triton X-100,
plus 0.1% sodium dodecyl sulfate (SDS) in 10 mM Tris HCl
(pH 7.4) by gentle hand homogenization. The mixture was
centrifuged at 16,000 x g and the supernatant was incubated
with preimmune serum and in sheep anti-rat UDPGT antise-
rum overnight in ice as described (29). The final products were
analyzed by SDS/PAGE on 7.5% polyacrylamide gels (30)
followed by fluorography (31).

RESULTS AND DISCUSSION
Isolation and Sequencing of cDNA Clones Encoding a

Human Phenol UDPGT. Sixteen recombinant plaques were
identified after screening 100,000 recombinants of the Agtll
human liver cDNA library with the 32P-labeled full-coding-
length rat kidney phenol cDNA. The sizes of the cDNA
inserts were determined on agarose gels and the largest
cDNA (-2.4 kilobases) was further analyzed. The subcloned
cDNA insert was restriction-mapped and sequenced accord-
ing to the strategy indicated in Fig. 1. The nucleotide

TAAAGTAACAACGGTAATAAAGAGTTTTCACTCTCCAAATCACAGGGCTCCTAGGTATTTTCCCTAAACTAACCACTGCTTTCCAGG

ATG GCC TGCC Ct CTT CGC TCA UT CAG AGA ATT TCT GCA GGG GTT TTC TTC TTA GCT CTT TGG GGC ATG GTT GTA GGT GAC AAG CTG CTG
ft 8Aa Cm' Lou Lou Qrg 5q ft Qla Qrg 11 OL && ,ly Valt Phq fht Lsu L Le4 Ira _ly at Val Val Gly Asp Lys Lsu Leu

10 20 30
GTG GTC CCT CAG GAC GGA AGC CAC TGG CTT AGT ATG AAG GAT ATA GTT GAG GTT CTC AGT GAC CGG GGT CAT GAG ATT GTA GTG GTG GTG
Val Val Pro Gin Asp Gly Ser His Trp Lsu Ser Not Lys Asp Ile Val Glu Va1 Lsu Ser Asp Arg Gly His Glu Ile Val Val Val Val

40 50 60
CCT GAA GTT AAT TTG CTT TTG AAA GAA TAC AAA TAC TAC ACA AGA AAA ATC TAT CCA GTG CCG TAT GAC CAA GAA GAG CTG AAG AAC CGT
Pro Glu Val Asn Lsu Lsu Lsu Lys Glu SHr Lys Tyr Tyr Thr Arg Lys 11 Tyr Pro Val Pro Tyr Asp Gin Glu Glu Lsu Lys Asn Arg

70 s0 90
TAC CAA TCA m GGA AAC AAT CAC UT GCT GAG CGA TCA TTC CTA ACT GCT CCT CAG ACA GAG TAC AGG AAT AAC ATG ATT GTT ATT GGC
Tyr Gin Ser Ph. Gly Asn Asn His Phe ALa Glu Arg Ser Ph. Lou Thr ALa Pro Gin Thr Glu Tyr Arg Asn Asn Met Ile Val Ile Gly

100 110 120
CTG TAC TTC ATC AAC TGC CAG AGC CTC CTG CAG GAC AGG GAC ACC CTG AAC TIC TTT AAG GAG AGC AAG m GAT GCT CTT TTC ACA GAC
Lsu Tyr Ph. Ile Asn Cys Gin Ser Lsu Lou Gin Asp Arg Asp Thr Lou Asn Ph. Ph. Lys Glu Ser Lys Phe Asp ALa Lou Ph. Thr Asp

130 140 150
CCA GCC TTA CCC TGT GGG GTG ATC CTG GCT GAG TAT TTG GGC CTA CCA TCT GTG TAC CTC TTC AGG GGT TTI CCG TGT TCC CTG GAG CAT
Pro ALa Lou Pro Cys Gly Val Ile Lou ALa Glu Tyr Lou Gly Lou Pro Ser Hal Tyr Lou Phe Arg Gly Ph. Pro Cys Ser Leu Glu His

160 170 180
ACA TTC AGC AGA AGC CCA GAC CCT GTG TCC TAC ATT CCC AGG TGC TAC ACA AAG U TCA GAC CAC ATG ACT m TCC CAA CGA GTG GCC
Thr Phe Ser Arg Ser Pro Asp Pro Val Ser Tyr Ile Pro Arg Cys Tyr Thr Lys Phe Ser Asp His Met Thr Phe Ser Gin Arg Val ALa

190 200 210
AAC TTC CTT GTT AAT TTG TTG GAG CCC TAT CTA U TAT TGT CTG m TCA AAG TAT GAG AAA CTC GCA TCA GCT GTC CTC AAG AGA GAT
Asn Ph. Leu Val Asn Leu Lou Glu Pro Tyr Lsu Ph. Tyr Cys Lou Ph. Ser Lys Tyr Glu Lys Lu ALa Ser ALH Val Leu Lys Arg Asp

220 230 240
GTG GAT ATA ATC ACC TTA TCA GAG GTC TCT GTT TGG CTG TTA AGA TAT GAC UT GTG CTT GAA TAT CCT AGG CCG GTC ATG CCC AAC ATG
Val Asp Ile Ile Thr Lou Ser Glu Val Ser Val Trp Leu Leu Arg Tyr Asp Ph. Val Leu Glu Tyr Pro Arg Pro Val Met Pro Asn Met

250 260 270
GTC TTC ATT GGA GGT ATC AAC TGT AAG AAG AGG AAA GAC TTG ICT CAG GAA m GAA GCC TAC ATT AAT GCT TCT GGA GAA CAT GGA ATT
Val Ph. Ile Gly Gly Ile ASn Cys tLys Lys Arg Lys Asp Lou Ser Gin Glu Ph. Glu AHs Tyr Ile AhI_.jLa..e Gly Glu His Gly Ile

280 290 300
GTG GTT TTC CT TICG GGA TCA ATG GTC TCA GAA ATT CCA GAG AAG AAA GCT ATG GCA ATT GCT GAT GCT TTG GGC AAA AAC CCT CAG ACA
Val Val Phe Ser Leu Gly Ser Met Val Ser Glu Ile Pro Glu Lys Lys ALa Met ALa lie ALa Asp ALa Leu Gly Lys Asn Pro Gln Thr

310 320 330
GTC CTG TGG CGG TAC ACT GGA ACC CGA CCA TCG AAT CTT GCG AAC AACGAG 5TA CTT GTT AAG TGG CTA CCC CAA AAC GAT CTG CTT GGT
Val Leu Trp Arg Tyr Thr Gly Thr Arg Pro Ser San Leu ALa Agn A n Thr Ile Lou Val Lys Trp Leu Pro Gin A n Asp Leu Leu Gly

340 350 360
CAC CCG ATG ACC CGT GCC UT ATC ACC CAT GCT GGT TCC CAT GGT GTT TAT GAA AGC ATA TGC AAT GGC GTT CCC ATG GTG ATG ATG CCC
His Pro Met Thr Arg AHi Ph. Ii Thr His ALH Gly Ser His Gly Val Tyr Glu Ser 1i. Cys Asn Gly Val Pro Met Val Met Met Pro

370 380 390
TTG UT GGT GAT CAG ATG GAC AAT GCA AAG CGC ATG GAG ACT AAG GGA GCT GGA GTG ACC CTG AAT GTT CTG GAA ATG ACT TCT GAA GAT
Lou Phe Gly Asp Gin Met Asp Amn ALH Lys Arg Met Glu Thr Lys Gly ALa Gly Val Thr Leu Asn Val Leu Glu Met Thr Ser Glu Asp

400 410 420
TTA GAA AAT GCT CTA AAA GCA GTC ATC AAT GAC AAA AGT TAC AAG GAG AAC ATC ATG CGC CTC TCC AGC CTT CAC AAG GAC CGC CCG GTG
Lou Glu Asn ALa Leu Lys ALH Val Ile Asn Asp Lys Ser Tyr Lys Glu Asn Ile Met Arg Leu Ser Ser Leu His Lys Asp Arg Pro Val

430 440 450
GAG CCG CTG GAC CTG GCC GTG TTC TGG GTG GAG m GTG ATG AGG CAC AAG GGC GCG CCA CAC CTG CGC CCC GCA GCC CAC GAC CTC ACC
Glu Pro Leu Asp Leu ALa Val Ph. Trp Val Glu Ph. Val Met Arg His Lys Gly Ala Pro His Leu Arg Pro ALa ALH His Asp Leu Thr

460 470 450
TGG TAC CAG TAC CAT TCC TTG GAC GTG ATT GGT TTC CTC TTG GCC GTC GTG CTG ACA GTG GCC TIC ATC ACC UTT AAA TGT TGT CCT TAT
Trp Tyr Gin Tyr His Ser Leu Asp Val Ile Gly Phe Lou Lou ALa Val Val Leu Thr Val ALa Ph. Ile Thr Ph. Lys Cys Cys Pro Tyr

490 500 510
GGC TAC CCG AAA TGC TTG GGG AAA AAA GGG CGA GTT AAG AAA GCC CAC AAA TCC AAG ACC CAT TGA GAG GIG CCI GGG AAA TAA GGT AAA
Gly Tyr Pro Lys Cys Lsu Gly Lys Lys Gly Arg Val Lys Lys ALH His Lys Ser Lys Thr His

520 530
ATTTTGAACCATCCCTAGTCAUTCCAAACTTGAA AACAGAATCAGTGTTAAATTCATTTTATTCIIATTAAGGAAATACTTTGCAASSSTTIATCAGCCCCAGAGTGTCUTAAAAAAT
TCTCTTAAATAAAAATAATAGACTCGCTAGTCAGTAAAGATATTTGAATATGTATCGTGCCCCCTCCGGAGCUTCIGCATGACATGTGCCATTTTTCAGAGGACGTGCAGACAGG
CTGGCATTCTAGAUACTTITCTTACTCTGAAACATCCC TTGGGACTCCCC CAAAGGTCCTCCCACGGCTGCCCCTACTGCAAATGGCAGTTTIAATCTTATCTMTGGCTT
CTGCAGATGGTTGCATTGATCCTTAACCAATAATGGTCAGTCCTCATCTCTGTCCTGACTTCATAGGTGCCACCTTGTGG MTIAAAGAAGGGAAGCTTTGTACCUTTAGAGTGTAGGTGA
AATGAATGAATGGCTTGGAGTGCACTGAGAACAGCATATGAUICTTGCMGGGCAAAAAGAATAiGCTATGAAATTGGTGGGTGGTGTATTTGAGAAGATAATCATTGCTTATGTCA
AATGGAGCTGAATTTGATAAAAACCCAAAATACAGCTATGAAGTGCTGGGCAAGMACITTTTTTTCTGATGMCCTACAACTAAAASMTTTMIMUATATAATTCTAAAAA
AAAAAA
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FIG. 2. Nucleotide sequence of human phenol UDPGT cDNA and derived amino acid sequence of the transferase. The putative
N-glycosylation sites and polyadenylylation sites are underlined. The proposed cleaved signal peptide is indicated by the dashed underline at
the N terminus.
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sequence is shown in Fig. 2. There was an 86-base-pair (bp)
5' noncoding region, a 1593-bp coding sequence, and a 754-bp
3' noncoding region containing two possible polyadenylyla-
tion site (AATAAA) 14 and 22 bp upstream of the poly(A)
tail.

Predicted Amino Acid Sequence of HLUGP1 and Compar-
ison with Other Human and Rat Liver UDPGT cDNAs. The
nucleotide coding sequence was translated from the first
methionine (ATG) codon at bp 87 (Fig. 2). This assignment
was based on the homology of the initiation codon flanking
sequence to the consensus start site (32) and by analogy with
the rat phenol UDPGT sequence (33). The amino acid se-
quence ofthis human transferase shows 76% sequence identity
to the phenol UDPGTs isolated from rat liver (33) and kidney
(D.H. and B.B., unpublished work), but only showed 44%
identity with human UDPGT H25 (9), which appears to cat-
alyze the glucuronidation of 6a-hydroxy bile acids (S.F.-G.,
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M.R.J., R. Wooster, and B.B., unpublished work). These
findings suggest that the two human transferases are members
of subfamilies ofthis gene superfamily. The similarity between
the two human sequences was concentrated toward the C
terminus, where a potential UDP-glucuronic acid binding site
(>65% identity) may be located within residues 300-515,
which includes a predicted membrane-anchor sequence (Fig.
3b). However, comparison of the hydrophobicity plots of the
two human UDPGT sequences (Fig. 3a) predicted many
common folding patterns despite the apparent lack of overall
homology.

Expression ofPhenolUDPGT Protein. The cDNA HLUGP1
was subcloned into the expression vector pKCRH2 where
transcription was driven by the simian virus 40 promoter.
COS-7 cells transfected with this recombinant were labeled
with [35S]methionine in the presence or absence oftunicamy-
cin (2 ug/ml). The "S-labeled proteins were immunopre-
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FIG. 3. Hydrophobicity profiles (a) and a diagon plot (b) comparison of two human UDPGT protein sequences. The amino acid sequences
of human phenol and H25 UDPGT were deduced from translation of the open reading frames in the cDNA sequences and were analyzed by
computer for hydrophobicity by using the Kyte and Doolittle program (34) with a 15-residue window.
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cipitated and analyzed by SDS/PAGE and fluorography.
Transfection with recombinant plasmid containing human
phenol UDPGT cDNA or human microsomal EH cDNA led
to the identification of selectively immunoprecipitated pro-
teins on gels. Fig. 4, lanes 1-3, shows that the expressed
human microsomal EH cDNA led to the appearance of a
50-kDa protein product that correlated with the appearance
of enzyme activity catalyzing the formation of styrene glycol
[0.8 nmol (min/mg of cell protein)-']. The size of the EH
synthesized was not affected by the presence of tunicamycin
in the cell cultures and, therefore, was not glycosylated. Fig.
4, lanes 3-7, shows the specific expression of a phenol
UDPGT (55 kDa). This protein is a similar size to the two
phenol UDPGTs purified from human liver (11). The tuni-
camycin treatment was only partially effective in inhibiting
glycosylation of the expressed UDPGT isoenzyme but the
mobility of some UDPGTs was increased in the presence of
tunicamycin indicating that this protein was glycosylated.
Inhibition of glycosylation reduced the size of the protein to
52 kDa. These proteins were not immunoprecipitable from
COS cells transfected with the vector alone (Fig. 4).

Expression and Substrate Specificity of Phenol UDPGT.
Results from the expression of enzyme activities after trans-
fection of COS-7 cells with vectors containing HLUGP1
cDNA or no inserts are shown in Table 1 and Fig. 5. The data
in Fig. 5 illustrate the assay methodology and provide a visual
impression of the results. High rates of UDPGT activity
toward 1-naphthol and 4-methylumbelliferone were observed.
The substrate specificity with a series of closely related
phenols was further investigated to provide indications of the
chemical structures accepted into the active site of the en-
zyme. Phenol was a poor substrate, whereas substituents at
position 4 such as -NO2, methyl, or ethyl groups were good
substrates. The bulkier 4-alkyl-substituted phenols, 4-
propylphenol, and 4-butylphenol were again poor substrates,
indicating a size and/or planarity restriction in access of these
substrates to the active site of the enzyme as was suggested
(35) from studies ofthe rat fetal liver UDPGT. It would appear
that the enzyme in fetal rat liver, the cloned kidney phenol
UDPGT (unpublished work), and the cloned human liver
phenol UDPGT exhibit a remarkably similar substrate speci-
ficity, although the cloned enzymes are only 76% similar in
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Table 1. Substrate specificity of human phenol UDPGT
expressed in COS-7 cells

UDPGT activity, pmol per min per
mg of protein

Vector HLUGP1- Human
transfected transfected liver

Substrate COS-7 cells COS-7 cells microsomes
4-Nitrophenol 0.2 17.0 (0.74) 120 (0.68)
Phenol 0.1 1.3 (0.06) 5 (0.03)
4-Methylphenol 0.2 9.6 (0.42) 119 (0.68)
4-Ethylphenol 0.1 9.2 (0.40) 169 (0.95)
4-Propylphenol 0.04 0.8 (0.03) 166 (0.94)
4-Isopropylphenol 0.02 1.2 (0.05) 156 (0.88)
4-t-Butylphenol 0.02 1.1 (0.05) 166 (0.94)
1-Naphthol 0.3 23.0 (1.0) 177 (1.00)
2-Naphthol 0.2 15.3 (0.66) 210 (1.19)
5,6,7,8-

Tetrahydro-1-naphthol ND 4.4 (0.19) 139 (0.78)
(1R)-1,2,3,4-

Tetrahydro-1-naphthol ND 0.1 (0.00) 6 (0.03)
(1S)-1,2,3,4-

Tetrahydro-1-naphthol ND 0.03 (0.00) 1(0.01)
4-Methylumbelliferone 0.2 12.1 (0.53) 304 (1.72)
The data shown are the mean of measurements of at least two

cellular or microsomal preparations. The figures in parentheses show
the ratio of glucuronidation of each substrate relative to the rate of
glucuronidation of 1-naphthol. ND, not determined.

amino acid sequence, suggesting the structure of the active
sites of the two enzymes are highly conserved between the
species. Adult human liver microsomes catalyzed the glucu-
ronidation of all substituted phenols at a similar rate (Fig. 5),
indicating that another UDPGT isoenzyme was contributing
toward glucuronidation of propyl- and butylphenol.
Table 1 also shows that 1- and 2-naphthol were actively

glucuronidated by the expressed transferase but that the
1,2,3,4-tetrahydro-1-naphthols were not substrates. 5,6,7,8-
Tetrahydro-1-naphthol was a poor substrate for the cloned
enzyme, although rapidly glucuronidated by liver micro-
somes. This data suggests that the electronic configuration
conferred by the unsaturated bonding system was essential
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FIG. 4. Expression of human liver phenol UDPGT protein and
EH in transfected COS cells. The proteins in COS-7 cells were
labeled with [35S]methionine 72 hr after transfection in the presence
(lanes 2, 5, and 7) or absence (lanes 1, 3, 4, and 6) of tunicamycin.
Immunoprecipitates containing UDPGT protein and human micro-
somal EH were analyzed by SDS/PAGE and autoradiography.
Lanes: 1 and 2, proteins precipitated with anti-human microsomal
EH immune serum; 4 and 5, protein isolated with anti-UDPGT
antiserum; 3, 6, and 7, proteins isolated with preimmune serum. The
mobilities of protein standards, albumin (68 kDa), pyruvate kinase
(57 kDa), fumarase (49 kDa), and aldolase (40 kDa), are shown.

FIG. 5. Glucuronidation ofa series of phenols by phenol UDPGT
expressed in COS cells. (a) Comparison of the rates of UDPGT
activity (Act.) toward seven substrates relative to 1-naphthol by
using liver microsomes (m) and cloned transferase in COS cells (in).
4-MeUmb, 4-methylumbelliferone; 4-Nit Phenol, 4-nitrophenol;
4-Me Phenol, 4-methylphenol; 4-Eth Phenol, 4-ethylphenol; 4-n Pro
Phenol, 4-propylphenol; 4-t But. Phenol, 4-t-butylphenol. (b) An
autoradiograph of a TLC plate showing the glucuronides formed
during assay of the cloned UDPGT with five substrates, as indicated
in a. The glucuronide spots are indicated by the arrow. Direction of
migration was from left to right.
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for glucuronidation at the hydroxyl group catalyzed by the
cloned phenol UDPGT.

Irshaid and Tephly (11) have purified two human liver
UDPGTs that exhibited very similar substrate specificity and
that glucuronidate 4-nitrophenol and 4-methylumbelliferone.
We were unable to use the discriminating substrate 4-ami-
nobiphenyl (11) to assay the cloned expressed human phenol
UDPGT, because use of this carcinogenic compound is pro-
hibited in the U.K. The expressed phenol UDPGT catalyzed
the glucuronidation of 4-nitrophenol 1.4 times faster than
4-methylumbelliferone, but not the glucuronidation of estriol,
suggesting that this gene product may be the same as the
purified human phenol UDPGT(pI 6.2) (11).

Kinetic analysis of phenol glucuronidation also suggests
the existence ofmore than one UDPGT involved in formation
of 1-naphthol and 4-methylumbelliferone glucuronides (36).
The data presented here (Table 1), where the expressed
enzyme was compared with the transferases present in
human liver microsomes, would predict that glucuronidation
of 4-methylumbelliferone involved possibly two or three
microsomal UDPGTs.
The cloned expressed human enzyme did not catalyze the

glucuronidation of (-)-morphine, phenolphthalein, or 4-
hydroxybiphenyl. Further, the expressed human phenol
UDPGT did not catalyze the glucuronidation of endogenous
compounds, testosterone, androsterone, and estrone in
agreement with the results obtained from purification studies
(11). All of these substrates were rapidly glucuronidated by
rat liver microsomes (data not shown).

Several other human liver UDPGT cDNAs have been
obtained; some have close homology with HLUGP1. Expres-
sion of these cDNAs in cell cultures will allow an accurate
assessment ofthe substrate ofhuman UDPGTs in whole cells
and their ability to catalyze drug glucuronidation. Preliminary
drug screening and improved drug design will be possible by
using these systems, although, as only a small proportion of
the cells transiently express the transfected cDNA, the estab-
lishment of stable cell lines where every cell expresses the
cloned UDPGT will greatly improve the effectiveness of this
technique.
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