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Abstract-Glucuronidation of quinols of polycyclic aromatic hydrocarbons (PAHs) represents an 
important detoxication pathway preventing toxic quinone/quinol redox cycles. Therefore, mono- and 
diglucuronide formation of benzo(a)pyrene-3,6-quinol was investigated and compared to that of 
structurally related 3,6_dihydroxychrysene and simple phenols (1-naphthol and 4-methylumbelliferone) 
using V79 cell-expressed human UGT1.6 (=Pl) and human UGT1.7 (=P4). Properties of human 
UGT1.6 were compared to those of the rat ortholog. Cofactors related to UDP-glucuronic acid such 
as UDP-galacturonic acid and UDP-glucose were also studied. It was found that rat and human UGT1.6 
and human UGT1.7 catalyse monoglucuronide formation of planar PAH quinols. Diglucuronide 
formation was only detectable with human UGT1.7. The UGT isozymes studied also formed 
galacturonides and, although only to a minor extent, glucosides. Rat UGT1.6 (but not the human 
ortholog) catalysed digalacturonide formation of benzo(a)pyrene-3,6-quinol; the in vivo significance of 
galacturonide formation remains to be established. The results suggest that planar PAH phenols and 
quinols are conjugated more efficiently by human UGT1.7 than by UGT1.6, which preferentially 
conjugates simple planar phenols. 
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PAHsl/ are well known carcinogens both in humans 
and experimental animals. The mechanism of 
chemical carcinogenesis has been extensively studied 
with benzo(a)pyrene, the prototypic member of this 
class of carcinogens. Many studies have shown that 
benzo(a)pyrene is metabolized to an array of 
phenols, dihydrodiols, quinones and diolepoxides, 
with benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide 
as one of the ultimate carcinogens [l, 21. However, 
phenols and polyphenols of benzo(a)pyrene can be 
converted to radicals, semiquinones and quinones, 
the latter undergoing quinone/quinol redox cycles 
which generate semiquinones and reactive oxygen 
species [3-51. The extent of detoxification of PAH 
quinones is largely determined by the balance 
between phase I and phase II drug metabolism. 
Previous studies have shown that mutagenicity of 
benzo(a)pyrene and benzo(a)pyrene-3,6-quinone in 
the Ames test was markedly reduced upon addition 
of UDP-glucuronic acid, thereby emphasizing the 

8 Corresponding author. Tel. (49) 07071-29-2274; FAX 
(49) 07071-2S2273. 

/I Abbreviations: UGT, UDP-glucuronosyltransferase; 
PAHs, polycyclic aromatic hydrocarbons; MG, mono- 
glucuronide; DG, diglucuronide; MGal, monogalac- 
turonide; DGal, digalacturonide, HPLC, high-performance 
liquid chromatography. 

inactivating role of glucuronidation _ 

cell- 

[6]. After 
reduction of quinones by quinone reductase 
glucuronidation of the resulting quinols appears to 
be mainly catalysed by 3-methylcholanthrene- 
inducible UGTs [7-91. Similar results have been 
obtained with structurally related 3,ddihydroxy- 
chrysene as substrate [9]. Diglucuronides of benzo- 
(a)pyrene-3,6-quinol havebeenfoundasmajorbiliary 
metabolites after intra-tracheal instillation of benzo- 
[ulpyrene [lo]. 

UGTs represent members of a superfamily of 
isozymes firmly bound to endoplasmic reticulum and 
nuclear membranes [ll-131. Two families of UGTs 
have been defined based on their amino acid 
sequence identity [14]. Family 1 consists of various 
phenol and bilirubin UGTs formed by differential 
splicing of a single UGTl gene complex. This 
complex is located on human chromosome 2 whereas 
the genes of family 2 members (encoding various 
steroid UGTs) appear to be clustered on human 
chromosome 4. The nomenclature used to designate 
the cloned expressed UGT isozymes of the UGTl 
complex follows a modified format [15] to that 
already outlined [14]. The asterisk notation has been 
replaced by a full stop. The “0” of rat UGT1.06 
has been dropped since the rat and human isozymes 
are indeed orthologs and are transcribed from the 
sixth unique exon (located in front of five other first 
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unique exons) in addition to the conserved sequences glycosides (described subsequently) were separated 
from exons 2 to 5. Operational terms used in previous by HPLC [9]. In brief, the incubation mixture (total 
publications are Pl for human UGT1.6 [16] and volume 500 FL) consisted of benzo(a)pyrene3,6- 
UGTlAl for rat UGT1.6 [9]. P4 1171 has been quinol(O.05 mM), MgClz (5 mM), 0.5 MTris/0.25 M 
designated UGTl.7 although it is not certain whether ascorbic acid, pH 7.4, V79 cell homogenate (0.4 mg 
it contains the distal exon next to that of UGT1.6. protein) and Brij 58 (0.5 mg/mg protein). The 

Cell lines with stably transfected UGT isozymes reaction was started by the addition of UDP- 
represent important tools to investigate their glucuronic acid (3 mM). After 10 min incubation at 
substrate specificity [18]. In the present study 37” the reaction was stopped by cooling on ice, 
conjugation of planar PAH phenols and quinols in extraction with 2 mL chloroform and centrifugation. 
comparison with simple phenols was investigated The supernatant (200,uL) was injected into the 
using two human phenol UGTs (UGT1.6 and HPLC system. Reversed-phase HPLC consisted of 
UGTl.7) previously shown to conjugate planar and two 501/510 pumps (Waters, Milford, U.S.A.), a 
bulky phenols, respectively [19]. In addition to Spherisorb 0DS2 (5 pm) pre-column (20 x 4 mm), 
aglycone specificity acceptance of UDP-galacturonic a Spherisorb ODS2 (5 p) separation column 
acid and UDP-glucose as cofactors was also studied. (250 x 4.6 mm) and a fluorescence detector (Model 

S 3400, Sykam, Gilding, Germany). The mobile 
MATERIALS AND METHODS phase was composed of two solvents. Solvent A 

consisted of 0.05 M ammonium acetate, pH 6.4, and 
Chemicals. Benzo(a)pyrene-3,6-quinone was syn- solvent B of 0.05 M ammonium acetate, pH6.4/ 

thesized and chromatographically separated from acetonitrile (70/30, v/v). A linear gradient of 100% 
the isomeric 1,6- and 6,12-quinones as described solvent A to 100% solvent B was used up to 15 min 
[20]. Benzo(a)pyrene-3,6-quinol was formed from followed by isocratic elution with 100% solvent B. 
the corresponding quinone immediately before use Fluorescence of the glucuronides was measured at 
by addition of 0.25 M ascorbic acid. The synthesis excitation/emission wavelengths of 3851433 nm. 
of 6-hydroxychrysene and 3,6_dihydroxychrysene Note that in the HPLC system both mono- and 
was accomplished according to the previously diconjugates are recorded at the same wavelength. 
published methodology [9,21]. Brij 58 was obtained Different excitation/emission wavelengths were used 
from Serva (Heidelberg, Germany), 4-methyl- for the direct fluorescence assay [7]. Protein was 
umbelliferone from EGA-Chemie (Steinheim, 
Germany) and [14C]1-naphthol (20 mCi/mmol) from 

determined according to Lowry et al. [27]. 
Formation of galacturonides and glucosides. 

Amersham Buchler (Braunschweig, Germany). fi Enzyme assays were identical to those described for 
Glucuronidase of Escherichia coli and UDP- UGT activities towards 1-naphthol and benzo(a)- 
glucuronic acid were obtained from Boehringer pyrene-3,6-quinol, except that 3 mM UDP-galac- 
(Mannheim, Germany), UDP-galacturonic acid and turonic acid or 3 mM UDP-glucose was used instead 
UDP-glucose from Sigma (St. Louis, MO, U.S.A.) of3 mMUDP-glucuronicacid. Higherconcentrations 
and Pglucosidase of sweet almonds from Serva of UDP-nucleotides (up to 9 mM) did not enhance 
(Heidelberg, Germany). glycoside formation, suggesting that saturation had 

Recombinant UGT kozymes. Stably transfected been reached. All incubations contained Brij 
rat UGT1.6 [9], human UGT1.6 [22] and human 58 (0.5 mg/mg protein). Under these conditions 
UGT1.7 [17] were cultured and cell homogenates glucuronide and galacturonide formation was 
prepared as described. The cell lines stably expressed activated two- to three-fold by the detergent. 
UGT activities over 10 passages, except where However, glucoside formation could not be activated. 
indicated. With homogenates from untransfected or “mock” 

Human liver microsomes. Human livers were V79 cells no UDP-glycosyltransferase activities 
obtained shortly after death from kidney transplant towards PAH phenols and quinols were detectable. 
donors. HL17 was a sample obtained from a 70- The detection limit of glycoside formation was 
year-old male smoker (ethanol abusus). HL18 was determined in 60 min incubations. Glycosides were 
obtained from the normal liver of a 25-year-old identified byselective hydrolysiswithPglucuronidase 
woman. Tissue homogenates and microsomes were for glucuronides and galacturonides and pglu- 
prepared as described,previously and stored at cosidase for glucosides. HPLC retention times of 
-80” 1231. the glucuronides, galacturonides and glucosides of 

Rat liver microsomes. Male Wistar rats were benzo(a)pyrene-3,6-quinol were similar: 18 and 
treated once i.p. with 3-methylcholanthrene (40 13 min for mono- and diconjugates, respectively. 
mg/kg, dissolved in corn oil) 3 days before sacrifice, Quantitation of glycosides. l-Naphthol glucoside 
and untreated animals were used as controls. Liver formation was calibrated as follows: incubations with 
microsomes were prepared as described [24]. labelled 1-naphthol contained 10 nmol [14C]1- 

UGT assays. Published procedures were used to naphthol(0.4 &i) in addition to 250 nmol unlabelled 
determine UGT activities towards l-naphthol 1-naphthol. Hence, total radioactivity present in 
[24,25], 4-methylumbelliferone [26], benzo(a)- 0.5 mL incubation mixture at 0 time was 260 nmol 
pyrene-3,6-quinol[9], 6-hydroxychrysene and 3,6-di- 1-naphthol. On this basis the amount of radiolabelled 
hydroxychrysene [9]. In the case of benzo(a)- glycosides could be calculated and their fluorescence 
pyrene-3,6-quinol mono- and diglucuronides can be calibrated. The fluorescence spectra and the 
determined by their differential fluorescence spectra relative fluorescence of 1-naphthol glucuronide, 
[7]. Usually, however, mono- and diglucuronides of galacturonide and glucoside were found to be 
the two PAH quinols as well as the corresponding identical. Identical fluorescence spectra were also 
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Table 1. Mono- and diglucuronide formation of benzo(a)pyrene-3,6-quinol by human UGT1.6 and UGT1.7 in comparison 
with other substrates 

Substrate 
UGT1.6 UGT1.7 

(nmol/min/mg protein) (nmol/min/mg protein) 

Liver microsomes 
(nmol/min/mg protein) 

HL17 HL18 

Benzo(n)pyrene-3,6-quinol 
(6-O-MG formation) 0.11 r+_ 0.08 6.6 2 0.5 10.9 6.4 
(DG formation) ND 0.04 2 0.01 0.6 0.2 

3,6_Dihydroxychrysene 
(6-O-MG formation) 0.001 0.015 0.13 0.10 
(3-O-MG formation) 0.002 ND 0.14 0.09 
(DG formation) ND 0.0001 0.01 0.01 

4-Methylumbelliferone 1.2 + 0.4 1.5 2 0.6 51.3 10.9 
6-Hydroxychrysene 0.012 2 0.001 1.8 2 0.2 1.9 1.1 

Data represent means ? SD of three experiments or means of two experiments (in the absence of SD). ND, not 
detectable. The low rate of 3,6_dihydroxychrysene DG formation (0.0001 nmol/min/mg protein) is approx. S-fold above 
the detection limit (see the Methods section). 

found for benzo(a)pyrene-3,6-quinol glycosides. 
Therefore, the same relative fluorescence values 
were assumed for PAH quinol galacturonides and 
glucosides, which were then calibrated according to 
the methods used to calibrate the corresponding 
glucuronides [7,9]. 

RESULTS 

Mono- and diglucuronide formation of benzo(a)- 
pyrene-3,6-quinol 

Human UGT1.6 and UGT1.7 catalysed the 
formation of monoglucuronides of benzo(a)pyrene- 
3,6-quinol, 3,6_dihydroxychrysene and 6-hydroxy- 
chrysene (Table 1). Diglucuronide formation was 
only detectable with UGT1.7. Compared to 4- 
methylumbelliferone UGT activity (comparable with 
the two UGT-expressing clones) monoglucuronide 
formation of PAH phenols appeared to be much 
lower with UGT1.6. The ratio of diglucuronide to 
monoglucuronide formation was found to be higher 
with human microsomes than with UGT1.7. 

Formation of galacturonides and glucosides 

Human UGT1.6, UGT1.7 and rat UGT1.6 were 
found to catalyse the formation of benzo(a)pyrene- 
3,6-quinol and 1-naphthol galacturonides, whereas 
glucoside formation was very low (Tables 2 and 3). 
Rat UGT1.6 (but not human UGT1.6 and UGT1.7) 
catalysed the formation of benzo(a)pyrene-3,6- 
quinol digalacturonide. Interestingly, the formation 
of glycosides with rat liver microsomes was clearly 
inducible by 3-methylcholanthrene treatment (Table 
3). The resulting high rates of glucoside formation 
are in contrast to the low capacity of UGT1.6 to 
carry out this reaction. 

DISCUSSION 

The present investigation demonstrates that two 
human UGTs of the UGTl gene complex (UGT1.6 
and UGT1.7) are able to form mono- and 
diglucuronides of planar PAH phenols and quinols. 

In comparison with simple phenols, UGT1.7 
appeared to be more efficient than UGT1.6 in 
conjugating the larger PAH phenols, confirming the 
previous notion that UGT1.6 primarily conjugates 
small planar phenols [16,19]. The UGT1.6 level in 
the cell lines used was probably lower than that of 
UGT1.7 [28], and therefore UGT activities of the 
two cell lines do not permit absolute comparisons. 
Nevertheless, some conclusions can be drawn by 
comparing K,,, values (which are independent of the 
expressed enzyme levels) and relative activities 
toward various substrates, as has been done 
in previous studies on the glucuronidation of 
paracetamol [23] and arylamines [29]. Efficient 
conjugation of 6-hydroxychrysene is suggested by its 
seven-fold lower K,,, with UGT1.7 (0.02 mM) than 
with UGT1.6 (0.14mM; Ref. 23). In the two 
UGT-expressing clones 4-methylumbelliferone UGT 
activity was similar. However, the relative activity 
towards PAH phenols and quinols was much lower 
with the UGTl.6-expressing clone. The role of 
UGT1.7 in clearing PAH quinols is underlined by 
its ability to form diglucuronides of PAH quinols. 
However, the enzymology of diglucuronide for- 
mation may be complex since evidence has recently 
been obtained by radiation inactivation analysis 
that tetrameric UGT oligomers (in contrast to 
monoglucuronide forming dimers) may be involved 
in this reaction in microsomes in situ [30]. 

Substrate specificity of one UGT only (UGT1.6) 
has been studied in the rat UGTl gene complex 
[9,29]. cDNA cloning of a rat UGT corresponding 
to human UGT1.7 has been achieved, but the cDNA 
clone isolated was found to contain a stop codon in 
the first exon (Ref. 31 and C. Brierley and H. 
Gschaidmeier, unpublished). Hence, it probably 
represents a pseudoexon. However, several UGT1.7- 
like phenol UGTs have been identified in rats (T. 
Iyanagi, unpublished) and humans (Brierley et al., 
unpublished). 

Glycosylations other than glucuronidation are well 
known; for example, bilirubin’s glucoside and 
xyloside conjugates as well as its glucuronides have 
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Table 2. Glucuronidation, galacturonidation and glucosidation of benzo(a)pyrene-3,6-quinol and I-naphthol by cell- 
expressed human UGT1.6 and UGT1.7 

Liver microsomes 
(nmol/min/mg protein) 

UGT1.6 UGT1.7’ 
Substrate (nmol/min/mg protein) (nmol/min/mg protein) HL17 HL18 

Benzo(a)pyrene-3,6-quinol 
6-O-MG formation 0.23 0.38 10.0 - 
DG formation ND 0.1 0.6 
6-0-MGal formation 0.013 0.13 4.0 - 
DGal formation ND ND ND - 
6-0-glucoside formation 0.007 0.01 0.72 - 
Diglucoside formation ND ND ND 

l-Naphthol 
Glucuronide formation 13.3 + 0.6 0.33 k 0.15 17.7 16.8 
Galacturonide formation 1.0 2 0.2 0.08 f 0.02 9.2 6.7 
Glucoside formation ND ND 0.8 0.6 

Data represent means f SD of three experiments or means of two experiments (in the absence of SD). ND, not 
detectable; -, not determined. 

* Enzyme activities were lower than those given in Table 1 since a high passage cell line was used and passaged in 
the absence of G418 selection [22]. 

Table 3. Glucuronidation, galacturonidation and glucosidation of benzo(a)pyrene-3,6-quinol and l- 
naphthol by cell-expressed rat UGT1.6 

Liver microsomes 
(nmol/min/mg protein) 

UGT1.6 Untreated Methylcholanthrene 
Substrate (nmol/min/mg protein) controls treatment 

Benzo(a)pyrene-3,6-quinol 
6-O-MG formation 1.33 6.4 85.4 
DG formation 0.25 0.4 9.0 
6-0-MGal formation 0.078 1.5 13.8 
DGal formation 0.004 0.2 1.2 
6-0-glucoside formation 0.004 1.5 13.3 
Diglucoside formation ND 0.2 1.5 

l-Naphthol 
Glucuronide formation 13.6 2 0.5 43.8 t 1.3 111.0 2 0.1 
Galacturonide formation 1.1 -c 0.1 7.5 2 0.7 17.2 2 0.2 
Glucoside formation ND 0.3 t 0.01 0.6 2 0.01 

Data represent means k SD of three experiments or means of two experiments (in the absence 
of SD). ND, not detectable 

been described [32,33]. Galacturonidation in 
particular resembles glucuronidation. Recently, the 
presence of different human UDP-glucuronosyl- and 
UDP-glucosyltransferases has been suggested by 
studies using active site-directed photo-affinity 
analogues [34]. In addition, it has been shown 
that UGT2B4 (catalysing 6-0-glucuronidation of 
hyodeoxycholic acid) was not involved in its 6-0- 
glucosidation, which, however, was detected in 
human liver microsomes. It was therefore of interest 
to study the specificity of the cell-expressed 
enzymes for related UDP-sugars, for example UDP- 
galacturonic acid and UDP-glucose. It was shown 
that rat and human UGT1.6 and UGT1.7 formed 
galacturonides. The formation of glucosides was 
detectable but very low. With the rat enzyme (but 

not the human enzymes) a digalacturonide of 
benzo(a)pyrene-3,6-quinol could also be detected. 
However, UDP-galacturonic acid levels were not 
detected in cells. Hence, galacturonide formation 
may be of questionable significance in vivo. 
Interestingly, the formation of glucosides is clearly 
3-methylcholanthrene-inducible in rat liver micro- 
somes. The high rate of glucoside formation in 
microsomes contrasts with the low capacity of rat 
UGT1.6 to form glucosides, suggesting the existence 
of additional methylcholanthrene-inducible enzymes 
responsible for this reaction. 

In conclusion, the present study adds PAH quinols 
to the list of substrates (paracetamol [23] and 
arylamines [29]) studied with cell-expressed human 
UGT1.6 and UGT1.7 and rat UGT1.6. Recently, it 
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has been shown that UGTs of family 2 also possess 
high UGT activities toward benzo(a)pyrene phenols 
[35,36]. Therefore, to evaluate the role of particular 
UGT isozymes in detoxifying PAH phenols and 
quinols it may be necessary to understand the 
substrate specificity of all major family 1 and 2 
UGTs. Moreover, knowledge of their tissue 
distribution under basal and xenobiotic-induced 
conditions may be required. 
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