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ABSTRACT

Five UDP glucuronosyltransferases (UGT) were synthesized from com
plementary DNAs expressed in COS 7 cells and were tested for their
capacities to glucuronidate a range of 2-acetylaminofluorene and benzo
lo Ipyrene-hydroxylated metabolites. Three forms, UGT1*06, UGT2B1,

and UGT2B2 [names of UGT forms follow recommended nomenclature
(B. B. Burchell et al., DNA Cell Biol.. IO: 487-494, 1991)], had similar
capacities to glucuronidate the reactive metabolite, jV-hydroxy-2-acetyl-
aminofluorene. The less reactive 1-, 3-, 5-, and 8-hydroxy derivatives of
this aromatic amine were glucuronidated by UGT1*06 and UGT2B2 to

varying degrees, but these were not substrates of UGT2B1. The three
isozymes also glucuronidated phenolic metabolites of benzo(a)pyrene.
UGT1*06 was more active toward 2- and 5-hydroxybenzo(a)pyrene,

whereas UGT2B1 preferentially glucuronidated the 4- and 11-hydroxy
derivatives and UGT2B2 preferentially glucuronidated the 1-, 2-, 8-, and
9-hydroxv metabolites. Two other UDP glucuronosyltransferases,

UGT2B3 and UGT2B6, that glucuronidated testosterone when expressed
in COS 7 cells were both inactive toward all the carcinogen metabolites
tested. These results demonstrate that the glucuronidation of metabolites
of 2-acetylaminofluorene and benzolÂ«Ipvrcne is mediated by at least three

UDP glucuronosyltransferases and that each form glucuronidates a
unique spectrum of metabolites.

INTRODUCTION

The poly cyclic aromatic hydrocarbon. benzo(Â«)pyrene, and the ar
omatic amine, 2-acetylaminofluorene. are prototypic carcinogens that
are frequently used in studies of chemical carcinogenesis. These geno-

toxic chemicals are environmental contaminants formed during the
combustion of organic matter ( 1). They are readily absorbed through
the lungs, gastrointestinal tract, and skin and are usually converted to
a variety of reactive metabolites by monooxygenases and associated
phase 1 enzymes in intracellular membranes (2-5). BenzoU/)pyrene,

for example, forms reactive diolepoxides through the actions of sev
eral cytochromes P-450 and epoxide hydrolase, whereas N-oxidation

by CYP1A2 is the first step in the formation of reactive aromatic
amines (6. 7). The binding of these reactive metabolites to cellular
constituents (e.g., the exocyclic amino groups of deoxyguanosines in
DNA) may elicit a toxic response and initiate the multistage process
of carcinogenesis (8-10). Further reactions such as deacetylation and

sulfation may potentiate these effects by producing more highly re
active species. In contrast, other phase 2 processes such as glucu
ronidation and glutathione conjugation generally convert the parent
carcinogen or its reactive metabolite to biologically inert derivatives
or decrease the concentration of the reactive metabolite by removing
precursors in the pathway of its synthesis (11).

The balance between these competing metabolic pathways of acti
vation and inactivation in a particular cell determines the toxic con
sequences of the compound in that cell. In the whole organism,
however, toxicity in a particular organ may be caused by reactive
intermediates that are formed in distal sites and transported to the
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target organ as soluble, unreactive conjugates where they are regen
erated by the action of deconjugating enzymes (11, 12). Most studies
of chemical carcinogenesis have focused on identifying the forms of
cytochrome P-450 involved in carcinogen activation. In contrast, little
is known about the forms of UGT3 involved in converting carcinogens

and their metabolites to unreactive derivatives.
The UGTs are a family of enzymes in the endoplasmic reticulum of

cells that covalently attach glucuronic acid to a vast array of lipophilic
compounds. The attached sugar acid alters the biological properties of
the compound and enhances its excretion in the urine or bile (11,
13-20). The rat UGTs can be divided into two families based on the

similarity of their amino acid sequences. Family 1 contains forms that
glucuronidate small planar phenols [e.g., UGT 1*06 (4NPGT)] and
bilirubin {e.g., UGT1*0 (BILGT)] and have identical carboxy-termi-

nal domains. The transcripts encoding these forms appear to be de
rived from a single gene as a result of differential splicing. Family 2
consists of the steroid-glucuronidating forms, UGT2B1, UGT2B2,
UGT2B3, and UGT2B6 (UDPGTr-2, UDPGTr-4, UDPGTr-3, and
UDPGTr-5, respectively) that are encoded by separate genes (re

viewed in Refs. 16 and 21).
The substrate preferences of individual UGTs have been determined

in studies with purified proteins and, more recently, in cDNA expres
sion systems (reviewed in Refs. 14 and 20). In this work, the capac
ities of five UGTs synthesized in COS cells to O-glucuronidate hy-

droxylated metabolites of the prototypic carcinogens, benzo(Â«)pyrene
and 2-acetylaminofluorene. were investigated.

MATERIALS AND METHODS

Synthesis of UDP Glucuronosyltransferases. The cDNA encoding
UGT1*06 (22) was excised from pBR322 by digestion with Apa\ and Oral.

After treatment with T4 DNA polymerase to create blunt ends, the cDNA was
ligated into the vector p91023(B) that had been previously blunt ended by
EcoRl digestion and T4 DNA polymerase treatment. The p91023(B) expres
sion vector contains adenoviral transcription signals and genes that enhance the
translatability of RNA complementary to the inserted cDNA (23). Plasmids
containing UGT1*06 cDNA in the correct (p91032^NP) and reverse orien

tation (p9l032-NP4) with respect to transcription signals were identified by

restriction map analysis and transfected into COS 7 cells as previously de
scribed (24-26). The latter plasmid containing the UGT1*06 cDNA in the

reverse orientation acted as a negative control. The plasmids pUDPGTr-2,
pUDPGTr-3. pUDPGTr-4, and pUDPGTr-5, which contain the UGT sequences

2B1, 2B2. 2B3. and 2B6 under the control of SV40 transcription signals
(24-27). were also transfected into COS-7 cells in the same experiment. After
50 h, one-quarter of the cells were labeled with [15S]methionine, and the

amount of nascent enzyme present was determined by immunoadsorption and
analysis of the immune complexes on SDS-PAGE gels (26). The sizes of

nascent UGTs were estimated by comparison to the protein standards, bovine
serum albumin (M, 96.000), catalase (M, 58,000), glutamate dehydrogenase
(M, 53,000). and ovalbumin (Mr 43,000). These proteins were obtained from
Sigma. The remaining transfected cells were harvested and stored at -70Â°C in

50 m.MTris HC1 buffer (pH 7.5) until assayed.
UDP Glucuronosyltransferase Catalytic Activities. To ascertain that na

scent UGTs were catalytically active, known substrates for each form [testos-

1The abbreviations used are: UGT. UDP glucuronosyltransferase: 2-AAF, 2-acetyl
aminofluorene; cDNA. complementar)' DNA; SDS-PAGE. sodium dodecyl sulfate-poly-

acrylamide gel electrophoresis. The names of UDP glucuronosyltransferase forms de
scribed in this paper follow the recommended nomenclature recently published (21).
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terone for UGT2B1. UGT22. UGT23, and UGT26 and 1-naphthol for
UGT1*06 (22, 24-27)] were used in assays with transfected COS cell homo-

genates. To minimize the effects of possible variations in transfection efficien
cies, the glucuronidation of all substrates was determined with a single COS

cell homogenate from a single transfection. The homogenates and microsomes
prepared from male Sprague-Dawley rat livers were assayed with [l4C]testos-

terone as previously described (27). Glucuronidation of the carcinogen metab
olites and 1-naphthol was assayed as follows. Assay mixtures contained ap

proximately 10 ng of COS cell homogenate or microsomal protein, 10 UM
carcinogen metabolite or 1-naphthol, 50 UMUDP glucuronic acid (containing
0.2 uCi of '4C-labeled sugar), 4 HIMmagnesium chloride, and 50 mvi Tris HC1
buffer (pH 7.5) in a volume of 0.15 ml. The mixtures were incubated at 37Â°C

for lâ€”th. The reaction rates were linear over this period. The carcinogen
metabolites used were the 1-, 2-, 3-, 4.- 5-, 6-, 7-, 8-, 9-, 10-, 11-, and
I2-hydroxybenzo(Â«)pyrenes. the benzo(Â«)pyrene-/rani-4,5- and 7.8-dihy-

drodiols. and the /V-hydroxy- and I-, 3-, 5-, 7-. 8-, and 9- hydroxy-2-acety-

laminofluorenes. These were obtained from the National Cancer Institute
Chemical Carcinogen Reference Standard Repository. Radiolabeled glucu-
ronides were separated by thin layer chromatography and quantified by auto-

radiography and liquid scintillation counting (27). In order to directly compare
glucuronidation rates of individual UGTs, the amount of glucuronide formed
by each COS cell homogenate was divided by the amount of synthesized UGT
present (as determined above) to give relative activity values. The capacities of
each UGT to glucuronidate the above substrates were assessed in three differ
ent transfection experiments. Qualitatively similar results were obtained in all

three experiments, although the absolute values among the three experiments
varied by up to 2-fold because of variations in transfection efficiencies.

RESULTS

Synthesis of UDP Glucuronosyltransferases. Expression of the
4NPGT cDNA in COS cells resulted in the synthesis of protein that
was recognized by UGT-specific antibodies and was characterized as
a broad band with an Mr of 52,000-56,000 on 7.5% SDS-PAGE gels
(Fig. 1). Pulse-chase experiments (not shown) suggested that the

diffuse banding pattern may be the result of incomplete glycosylation
of the three potential sites for the attachment of N-linked glycosyl

moieties on the polypeptide chain.

cDNA-ENCODED PROTEINS

69

43

As found in previous experiments, the UGTs encoded by UGT2B3
and UGT2B6 cDNAs had Mr values of 50.000, whereas those encoded
by UGT2BI and UGT2B2 had M, values of about 52,000 (28). Pro
teins corresponding to UGTs were not recognized by the UGT-specific
antibody preparation in mock-transfected COS cells (not shown) or in
COS cells transfected with the expression vector containing UGT 1*06

cDNA in the reverse orientation. More UGT was synthesized in COS
cells transfected with p91023^4NP than those transfected with pUD-
PGTr-2, pUDPGTr-3, pUDPGTr-4, and pUDPGTr-5. This is consis

tent with the capacity of the adenoviral virus associated genes to
increase the translational efficiency of RNAs containing the adenovi
ral tripartite leader.

Glucuronidation of Benzol o Ipvrene Metabolites. The UGT
forms in rat liver microsomes under the assay conditions used have the
capacity to glucuronidate a range of benzol </)pyrene phenols, espe
cially the 7-hydroxy derivative (Fig. 2). The 1-, 3-, 4-, 5-, 9-, 10-, 11-,
and l2-hydroxybenzo(i/)pyrenes were also good substrates, whereas
the 2- and 8-hydroxy and the diol metabolites of benzo(Â«)pyrene were

glucuronidated at relatively low rates. Although qualitatively similar,
the activities reported here are 3- to 10-fold lower than those reported
from a previous study in which 14C-UDP glucuronic acid was used as

substrate in assays of Sprague-Dawley rat liver microsomes (29). This

is probably a result of the lower concentrations of UDP glucuronic
acid (50 UMcompared with 1.5 ITÃŒM)that were necessary in order to
maintain sensitivity in the radiometrie assay used in this study.

Individual UGTs exhibited a more selective substrate preference
than that exhibited by the mixture of UGTs in microsomal prepara
tions. The 1-, 2-, 8-, and 9-hydroxybenzo(o)pyrenes were preferen
tially glucuronidated by UGT2B1. The 4- and 11-hydroxy metabolites
were mainly glucuronidated by UGT2B2, and the 5- and 12-hydroxy-
benzoUOpyrenes were good substrates for UGT1*06. Both UGT2B1
and UGT2B2 had similar activities toward the 4,5-diol. These metab
olites were not glucuronidated by cDNA-expressed UGT2B3 and

UGT2B6 to any significant extent. The possibility that these latter
UGTs were generally inactive was excluded by the demonstration that
they were both capable of glucuronidating their known substrate,
testosterone (results not shown).

Other metabolites that were good substrates of microsomal UGTs
were poorly glucuronidated by the individual forms synthesized in
COS cells. These substrates which include the 6-, 7-, and 10-hydroxy-
benzo(a)pyrenes are presumably glucuronidated by as yet uncharac-

terized UGT forms.
Glucuronidation of 2-Acetylaminofluorene Metabolites. The

N-, 1-, 3-, 5-, 7-, and 8-hydroxy-2-acetylaminofluorenes are also

glucuronidated by rat liver microsomal UGTs (Fig. 3). This is con
sistent with the results of other studies (30-33). As found with the

benzo(a)pyrene metabolites, individual UGTs exhibit a narrower
range of substrate preferences toward the 2-AAF metabolites.
UGT2B1 glucuronidated only W-hydroxy^-AAF, whereas UGT2B2
and UGT 1*06 were also active toward the 1- and 3- and 5- and

8-hydroxy derivatives, respectively. Both UGT2B3 and UGT2B6

were inactive toward these metabolites.

Fig. 1. Expression of UGT2B1. UGT2B2, UGT2B3, and UGT2B6 and UGT1*06 in
COS 7 cells. COS 7 cells transfected with p9l(B2-NP4 (control) and pUDPGTr-2
(UGT2B1), pUDPGTr-3 (UGT2B3). pUDPGTr-5 (UGT2B6), pUDPGTr-4 (UGT2B2),
and p9l032-4NP(UGTI*(>6) were labeled with [â€¢"Sli.-methionine,and labeled products
were subjected to SDS-PAGE after imrnunoadsorption with UGT-specilic antibody. The
gel was stained with Coomassie blue to visualize the unlabeled molecular weight markers
and subsequently dried and autoradiographed to visualize the labeled UGT.

DISCUSSION

Because chemicals derived from dietary and industrial sources play
a major role in carcinogenesis, it is imperative that the mechanisms
protecting the cell against their effects are elucidated. Although glu
curonidation is one mechanism by which these often lipophilic chem
icals are inactivated and eliminated, the particular forms of UGT that
glucuronidate each potential carcinogen and its metabolites remain
largely unidentified. In this work we examined the capacities of five
UGTs synthesized in COS 7 cells to glucuronidate hydroxylated me
tabolites of the model carcinogenic polycyclic aromatic hydrocarbon,
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Fig. 2. Glucuronidation of ben/o(<v)pyrene me
tabolites. Aliquots of rat liver microsomes and ho-
mogenates of COS 7 cells transtected with the ex
pression vectors encoding UGT2B1. UGT2B2, and
UGTI*()6 were assayed for their capacity to glu-
curonidate hydroxylated metabolites of benzol a )-
pyrene as described in "Materials and Methods."

Relative activity = cpm incorporated into the glu-

curonide by 10 ng COS cell homogenate protein in
4 h/cpm incorporated into the nascent UGT during
a 30-min period of labeling with [ '^Slmethionine.
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benzo(fl)pyrene, and the model carcinogenic aromatic amine. 2-acety-
laminofluorene. Three forms UGT2B1, UGT2B2, and UGT1*06 are

active toward these substrates, whereas two other forms UGT2B3 and
UGT2B6 have little activity.

Benz(fl)pyrene can be converted to a variety of phenols, diols. and
diolepoxides by the consecutive actions of cytochromes P-450 and

epoxide hydrolase (5). Many of these metabolites are substrates of
UGTs (29. 34. 35) and. depending on the profile of UGTs present, may
be diverted from pathways leading to the production of ultimate
carcinogens to pathways leading to products that are biologically
inactive (36). Much of the mutagenicity of benzol a )pyrene is attrib
uted to the 7,8-diol 9,10-epoxide metabolite (6). Because the precur
sor 7,8-diol is a poor substrate for UGTs, glucuronidation may not

play a direct role in modulating the synthesis of this mutagenic me
tabolite but may siphon precursors into detoxification pathways. Al
though this would generally decrease the production of the diolep-

oxide. it has been reported that diolepoxide production is increased
under certain conditions, if benzo(o)pyrene quiÃ±ones,which are po
tent inhibitors of the 7.8-diol oxidation, are removed by reduction and
subsequent glucuronidation (37-39). Other derivatives of benzo(a)-
pyrene such as the 1-, 2-, 3-, 6-, 9-, and 12-hydroxybenzoUi)pyrenes

are also converted to mutagenic products (40, 41), and their direct
removal by conjugation with glucuronic acid may be important in
protecting the cell against their toxic effects. Evidence for this comes
from studies demonstrating that rat microsomal UGTs decrease the
mutagenicity of these benzo(Â«)pyrene phenols in the Ames Salmo
nella mutagenicity assay (42). However, in these studies, the partic
ular UGT forms involved were not determined. In this work, we show
that UGT2B1 is active toward the I-, 2-, and 9-hydroxy derivatives
and UGT 1*6 is active toward the 12-hydroxy derivative. Because

UGT2B1 is predominantly found in the liver, it may be of particular
importance in decreasing the toxicity of these phenolic metabolites in
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Fig. 3. Glucuronidation of 2-acetylaminofluorene
metabolites. Metabolites of 2-acetylaminofluorene
were used as substrates for rat liver microsomal
UGTs and expressed UGT2B1. UGT2B2. and
UGT 1*06. The assay conditions were as described
in "Materials and Methods" and in the caption to

Fig. 2.
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this organ. This potential protective mechanism would be absent in the
lung, ovary, and colon, the major targets for benzo(a)pyrene-induced

tumors in the rat.
N-Hydroxylation is the initial step in the conversion of heterocyclic

amines to DNA-binding species (4, 43). If the N-hydroxy-2-AAF is
deacetylated, the resultant product, aminofluorene, may be N-glucu-

ronidated (a detoxification pathway) or sulfated or acetylated on the
hydroxyl group to form reactive DNA-binding species. It has been

postulated that activated metabolites may be transported from one
tissue to another as their N-glucuronides (11, 44). Although not tested

in this work, other studies demonstrate that the human homologue of
UGT1*06 (UGT1*6) and androsterone UGT (UGT2B2) have the
capacity to N-glucuronidate aromatic amines (45, 46). Alternatively,
2-AAF may be directly glucuronidated on its hydroxyl group to form

a product that is unreactive at physiological pHs (and presumably in
vivo) but which can bind to macromolecules in basic media in vitro

(43). Three UGTs, UGT2B1, UGT2B2. and UGT1*06, have similar
capacities to glucuronidate N-hydroxy-2-AAF and, therefore, may be

important in reducing the toxicity/carcinogenicity of this aromatic
amine. In this context, it has been suggested often that the elevation of
UGT 1*06 in preneoplastic nodules that are induced by a carcinogen
and promoted by intermittent exposure to 2-AAF is advantageous

because the mitoinhibitory effect of toxic metabolites (presumably
N-hydroxy-2-AAF) formed during promotion is decreased by their

increased conversion to inactive compounds (47, 48). However, be
cause other UGTs are as effective at glucuronidating /V-hydroxy-2-
AAF, the UGT1*06 form may have a more specific role in regulating

cell proliferation by its capacity to glucuronidate and inactivate an as
yet uncharacterized endogenous regulator of cell growth.

2-Acetylaminofluorene is also hydroxylated on the 1, 3, 5, 7, 8, and
9 positions by microsomal cytochromes P-450. These ring hydroxy

lated products are also substrates of microsomal UGTs. In this work.
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we demonstrate that UGT2B2 is active in the glucuronidation of the
1- and 3-hydroxy derivatives, whereas UGT1*06 readily glucu-
ronidates the 5- and 8-hydroxy metabolites. Although the ring hydrox-
ylated metabolites of 2-AAF are considered to be biologically inac

tive, the involvement of these two UGTs in their glucuronidation
would prevent their potential increase to levels that were toxic.

Although the results of this study of the O-glucuronidation of

carcinogen metabolites illustrate the involvement of particular forms
of UGT, the relative importance of these forms in protecting the cell
is unknown but will depend on the content of each form in the cell and
the presence of other as yet uncharacterized forms. Nevertheless,
because the levels of the UGT2B forms, especially that of the "an-
drosterone UGT" (UGT2B2), are higher than the 3-methylcholan-

threne-inducible form (UGT1*06) in uninduced rat liver (as judged

from Western blots, e.g., see Ref. 49), it is likely that these forms may
play a significant role in the detoxification of metabolites of the
prototypic carcinogens, 2-acetylaminofluorene and benzo(a)pyrene.

REFERENCES

1. Polynuclear aromatic compounds: chemical, environmental, and experimental data.
IARC Monogr. Eval. Carcinog. Risks Chemicals Hum., 31: 1^47, 1983.

2. Miller, E. C. Some current perspectives on chemical carcinogenesis in humans and
experimental animals: presidential address. Cancer Res., 38: 1479-1496, 1978.

3. Cooper, C. S., Grover. P. L., and Sims. P. The metabolism and activation of benz-

[ajpyrene. In: J. W. Bridges and L. Chaseaud (eds.). Progress in Drug Metabolism,
pp. 295-396. Chichester, United Kingdom: John Wiley. 1983.

4. Thorgeirsson, S. S.. Glowinski, I. B.. and McManus, M. E. Metabolism, mutagenicity
and carcinogenicity of aromatic amines. Rev. Biochem. Toxicol., 5: 349-386, 1983.

5. Thakker, D. R.. Yagi, H.. Levin W., Wood, A. W., Conney, A. H.. and Jerina, D. M.
Polycyclic aromatic hydrocarbons: metabolic activation to ultimate carcinogens. In:
M. W. Anders (ed.). Bioactivation of Foreign Compounds, pp. 177-242. New York:

Academic Press, 1985.
6. Sims, P., Grover. P. L., Swaisland. A., Pal, K.. and Hewer, A. J. Metabolic activation

of benzo(a)pyrene proceeds by a diolepoxide. Nature (Lond.), 252: 326-328, 1974.

7. Kadlubar. F. F.. and Beland. F. A. Chemical properties of ultimate carcinogenic
metabolites of arylamines and arylamides. In: R. G. Harvey (ed.). Polycyclic Hydro
carbons and Carcinogenesis, American Cancer Society Symposium Series 283, pp.
341-370. Washington. DC: American Cancer Society, 1985.

8. Pegg, A. E. Alkylation and subsequent repair of DNA after exposure to dimethylni-
trosamine and related carcinogens. Rev. Biochem. Toxicol.. 5: 83-133, 1983.

9. Gelbion. H. V. Benzo|a|pyrene metabolism, activation and carcinogenesis: role and
regulation of mixed-function oxidases and related enzymes. Physiol. Rev., 60: 1107-

1166, 1980.
10. Harvey. R. G. Activated metabolites of carcinogenic hydrocarbons. Accts. Chem.

Res.. 14: 218-226. 1981.
11. Bock, K. W. Roles of UDP-glucuronosyltransferases in chemical carcinogenesis. Crit.

Rev. Biochem. Mol. Biol., 26: 129-150, 1991.
12. Wall, K. L., Gao, W., Foppele, J. M., Kwei, G. Y. Kauffman, F. C., and Thurman, R.

G. The liver plays a central role in the mechanism of chemical carcinogenesis due to
polycyclic aromatic hydrocarbons. Carcinogenesis (Lond.), 12: 783-786. 1991.

13. Dutton. G. J. Glucuronidation of Drugs and Other Compounds, pp. 1-51. Boca Raton.

FL: CRC Press. 1980.
14. Mackenzie, P. I. Structure and regulation of UDP glucuronosyltransferases. In: K.

Ruckpaul and Rein, H. (eds.) Frontiers in Biotransformation: Principles. Mechanisms
and Biological Consequences of Induction. Vol. 2, pp. 211-243. Berlin: Akademie-
Verlag. London: Taylor and Francis. 1990.

15. Miners, J. O., and Mackenzie, P. I. Drug glucuronidation in humans. Pharmacol.
Ther.. 57: 347-369. 1991.

16. Owens I. S., and Ritter, J. K. The novel bilirubin/phenol UDP-glucuronosyltransferase
UGT1 locus: implications for multiple nonhemolytic familial hyperbilirubinemia
phenotypes. Pharmacogenetics, 2: 93-108, 1992.

17. Mulder, G. J. Glucuronidation and its role in regulation of biological activity of drugs.
Annu. Rev. Pharmacol. Toxicol., 32: 25-49. 1992.

18. Tephly, T. R.. and Burchell, B. UDP-glucuronosyltransferases: a family of detoxifying
enzymes. Trends Pharmacol. Sci., 77: 276-279. 1990.

19. Burchell, B., and Coughtrie, M. W. H. UDP-glucuronosyltransferases. Pharmacol.
Ther.. 43: 261-289. 1989.

20. Coughtrie, M. W. H. Role of molecular biology in the structural and functional
characterization of the UDP-glucuronosyltransferases. In: G. G. Gibson, (ed.),
Progress in Drug Metabolism, Vol. 15, pp. 35-72. 1992.

21. Burchell, B. B., Neben. D. W., Nelson. D. R.. Bock. K. W., lyanagi. T., Jansen. P. L.
M.. Lancet. D.. Mulder, G. J., Owens I. S.. Roy Chowdhury. J.. Siest. G.. Tephly. T.
R., and Mackenzie P. I. The UDP glucuronosyltransferase gene family. Suggested
nomenclature based on evolutionary divergence. DNA Cell Biol., 10: 487-494. 1991.

22. lyanagi. T.. Hainu. M.. Sogawa. K., Fujii-Kuriyama, Y., Watanabe, S.. Shively, J. E.,
and Anan, K. F. Cloning and characterization of cDNA encoding 3-methylcholan-
threne Â¡nduciblerat mRNA for UDP-glucuronosyltransferase. J. Biol. Chem., 261:
15607-15614, 1986.

23. Kaufman, R. J. Identification of the components necessary for adenovirus transla-

tional control and their utilization in cDNA expression vectors. Proc. Nati. Acad. Sci.
USA. 82: 689-693. 1985.

24. Mackenzie. P. I. Rat liver UDP-glucuronosyltransferase: sequence and expression of
a cDNA encoding a phenobarbital-inducible form. J. Biol. Chem., 267: 6119-6125,

1986.
25. Mackenzie. P. I. Rat liver UDP-glucuronosyltransferase: cDNA sequence and expres

sion of a form glucuronidating 3-hydroxyandrogens. J. Biol. Chem., 267: 14112-

14117, 1986.
26. Mackenzie, P. I. Rat liver UDP-glucuronosyltransferase: identification of cDNAs

encoding two enzymes which glucuronidate testosterone, dihydrotestosterone, and
0-estradiol. J. Biol. Chem., 262: 9744-9749, 1987.

27. Mackenzie. P. I. The cDNA sequence and expression of a variant 17-hydroxysteroid
UDP-glucuronosyltransferase. J. Biol. Chem., 265: 8699-8703. 1990.

28. Mackenzie. P. I., and Haque. S. J. Multiplicity and structure of UDP glucuronosyl
transferases as revealed by gene cloning. In: Ã•.O. Miners. D. J. Birkett. R. Drew. B.
K. May, and M. E. McManus (eds.). Microsomes and Drug Oxidations, pp. 271-278.

Basingstoke. United Kingdom: Taylor & Francis, 1988.
29. Nemoto, N.. and Gelboin. H. V. Enzymatic conjugation of benzol a Jpyrene oxides,

phenols and dihydrodiols with UDP-glucuronic acid. Biochem. Pharmacol., 25:
1221-1226, 1976.

30. Ryzewski, C. N.. and Malejka-Giganti. D. A novel assay of glucuronidation of C- and
N-hydroxylated metabolites of the carcinogen N-2-fluorenylacetamide. Anal. Bio
chem., 130: 420-426. 1983.

31. Malejka-Giganti, D.. and Ryzewski. C. N. Microsomal metabolism of the carcinogen,
N-2-fluorenylacetamide by the mammary gland and liver of female rats. II. Glucu
ronidation of ring- and N-hydroxylated metabolites of N-2-fluorenylacetamide. Car
cinogenesis (Lond.). 6: 687-692. 1985.

32. Wang, C. Y.. Zukowski. K.. and Lee. M-S. Glucuronidation of carcinogenic arylamine
metabolites by rat liver microsomes. Biochem. Pharmacol., 34: 837-841. 1985.

33. Rudo. K. M.. Dauterman. W. C.. and Langenbach, R. Human and rat kidney cell
metabolism of 2-acetylaminofluorene and benzo(a)pyrene. Cancer Res.. 49: 1187-

1192, 1989.
34. Lilienblum. W., Platt, K. L., Schirmer. G., Oesch. F.. and Bock, K. W. Regioselectivity

of rat liver microsomal UDP-glucuronosyltransferase activities toward phenols of
benzo[a]pyrene and dibenz|a. h|anthracene. Mol. Pharmacol., 32: 173-177, 1987.

35. Owens, I. S.. and Mackenzie. P. I. A comparison of the isoelectric points of mouse
liver UDP glucuronosyltransferase enzymes conjugating the twelve benzol a Â¡pyrene
phenols. Biochem. Biophys. Res. Commun., 709: 1075-1082, 1982.

36. Bock. K. W.. Bock-Henmg. B. S.. Lilienblum, W., and Volp, R. F. Release of

mutagenic metabolites of benzo[a]pyrene from the perfused rat liver after inhibition
of glucuronidation and sulfation by salicylamide. Chem. Biol. Interact.. 36: 167-177.

1981.
37. Fahl. W. E., Shen, A. L.. and Jefcoate C. R. UDP-glucuronosyltransferase and the

conjugation of benzo|a]pyrene metabolites to DNA. Biochem. Biophys. Res. Com
mun., Â«5:891-899, 1978.

38. Bock, K. W. Increase of liver microsomal benzo[a]pyrene monooxygenase activity by
subsequent glucuronidation. Arch. Pharmacol.. 304: 77-79. 1978.

39. Shen, A. L., Fahl. W. E., Wrighton, S. A., and Jefcoate, C. R. Inhibition of benzo-
(a)pyrene and benzo(a)pyrene 7,8-dihydrodiol metabolism by benzol a (pyrene quiÃ±o
nes. Cancer Res., 39: 4123^4129, 1979.

40. Wood, A. W., Levin, W., Lu, A. Y. H., Yagi, H., Herandez, O., Jerina, D. M., and
Conney, A. H. Metabolism of benzo[a]pyrene and benzo[a]pyrene derivatives to
mutagenic products by highly purified hepatic microsomal enzymes. J. Biol. Chem.,
25/: 4882-4890, 1976.

41. Lorentzen, R. J.. Caspary, W. J., Lesko, S. A., and Ts'o, P. O. P. The autoxidation of

6-hydroxybenzo[a]pyrene and 6-oxobenzo[a]pyrene radical, reactive metabolites of
benzo[o]pyrene. Biochemistry. 14: 3970-3977, 1975.

42. Owens. I. S.. Koteen. G. M.. Pelkonen, O.. and Legraverend. C. Activation of certain
benzo[a]pyrene phenols and the effect of some conjugating enzyme activities. In: A.
Aitio (ed.). Conjugation Reactions in Drug Biotransformation, pp. 39-51. Amster

dam, the Netherlands, Elsevier. 1978.
43. Irving. C. C. Metabolic Activation of N-hydroxy compounds by conjugation. Xeno

biotica. 7: 387-398, 1971.
44. Kadlubar. F. F., Miller. J. A., and Miller E. C. Hepatic microsomal N-glucuronidation

and nucleic acid binding of N-hydroxyarylamines in relation to urinary bladder
carcinogenesis. Cancer Res., 37: 805-814. 1977.

45. Lilienblum. W.. and Bock. K. W. N-Glucuronide formation of carcinogenic aromatic
amines in rat and human liver microsomes. Biochem. Pharmacol.. 33: 2041-2046,
1984.

46. Green. M. D., Irshaid, Y., and Tephly, T. R. The formation of N-glucuronides cata
lyzed by purified hepatic I7ÃŸ-hydroxysteroid and 3a-hydroxysteroid UDP-glucu
ronosyltransferases. In: J. J. Kokcsis. D. J. Jollow, C. M. Witmer, J. O. Nelson, and
R. Snyder (eds.). Biological Reactive Intermediates. Vol. III. pp. 399^405. New York:
Plenum Publishing Corp.. 1986.

47. Ying, T. S.. Sarma. D. S. R., and Farber. E. Role of acute hepatic necrosis in the
induction of early steps in liver carcinogenesis by diethylnitrosamine. Cancer Res.,
41: 2096-2102, 1981.

48. Bock, K. W.. Munzel, P. A., Rohrdanz, E., Schrenk, D.. and Eriksson. L. C. Persis
tently increased expression of a 3-methylcholanthrene-inducible phenol uridine
diphosphate-glucuronosyltransferase in rat hepatocyte nodules and hepatocellular
carcinomas. Cancer Res.. 50: 3569-3573, 1990.

49. Knapp, S. A., Green, M. D., Tephly, T. R.. and Baron, J. Immunohistochemical
demonstration of isozyme- and strain-specific differences in the intralobular local
izations and distributions of UDP-glucuronosyltransferases in livers of untreated rats.
Mol. Pharmacol., 33: 14-21. 1988.

1533

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/7/1529/2453261/cr0530071529.pdf by guest on 19 M

ay 2023




