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SUMMARY

Inducibility of rat liver microsomal UDP-glucuronosyltransferase
was investigated with regard to the substrate structure using
3-, 6-, 7-, 8-, and 9-hydroxybenzo(a)pyrene, all seven phenols of
dibenz(a,h)anthracene, 3-hydroxybenz(a)anthracene, and 3-hy-
droxyfluoranthene as substrates. Glucuronide formation of the
majority of the planar phenols was preferentially inducible by 3-
methylcholanthrene (4- to 8-fold, group 1). However, glucuroni-
dation of 8-hydroxybenzo(a)pyrene, 3-hydroxybenz(a)anthra-
cene, and 3-hydroxydibenz(a,h)anthracene was markedly induc-
ible by phenobarbitai (3- to 8-fold, group 2). Glucuronidation of
9-hydroxybenzo(a)pyrene and 3-hydroxyfluoranthene was only
moderately induced by the two inducers (<2-fold, group 3).
Glucuronidation was also determined with purified phenol UDP-

glucuronosyltransferase from 3-methylcholanthrene-treated rats.
A close correlation (r = 0.95) was observed between purification
factors (ratio of enzyme activities in purified enzyme and micro-
somes) and induction factors (ratio of microsomal enzyme activ-
ities from 3-methylcholanthrene-treated rats and untreated con-
trols). Interestingly, differences in size and shape of group 1 and
2 substrates could be recognized. Group 1 substrates were
shorter (< 1 .3 nm) and broader (>1 .1 nm) than group 2 sub-
strates when viewed from the hydroxy group, along the axis of
the C-O bond, to the plane of the polycyclic aromatic hydro-
carbon, suggesting a distinct geometry of the binding site of the
3-methylcholanthrene-inducible phenol UDP-glucuronosyltrans-
ferase.

Phenols are major metabolites in the biotransformation of

PAHs. It is increasingly recognized that these PAH phenols

exhibit a variety of biologic activities. Under certain conditions
BP phenols have been found to be mutagenic or carcinogenic

(1-7). Under other conditions they inhibit the formation of

mutagenic and tumorigenic diol epoxides (8). Phenols have

been shown to be oxidized to phenol epoxides, phenoxy radicals,

semiquinones, and quinones (9-14). Moreover, quinones are

often involved in redox cycles after reduction to semiquinones

and quinols whereby toxic oxygen species are generated (15-

18). Therefore, conjugation with glucuronic acid or sulfate may
be an important cellular defense mechanism to prevent acti-
vation of phenolic metabolites of PAHs.

Glucuronide formation is catalyzed by a family of closely

related isoenzymes of GT with different but overlapping sub-

strate specificities (19-22). Earlier studies suggested the exist-

ence of at least two differentially inducible enzyme forms in

rat liver. One form was inducible by phenobarbital and accepted

bulky phenols as substrates such as morphine. Another form

This work was supported by the Deutsche Forschungsgemeinschaft.

appeared to be preferentially inducible by MC and accepted

planar phenols as substrates (23-28). However, glucuronidation

of some planar phenols, such as 9-OH-BP, was only moderately

inducible by MC (29), suggesting regioselectivity of the MC-
inducible phenol GT [GTMC on GT1 (19] for its substrates.

These conflicting findings on glucuronidation of planar phenols

prompted the present more detailed investigation on the prop-

erties of PAH phenols as substrates of differentially inducible
GTs. The chosen PAH phenols (Fig. 1) may be particularly

useful probes because of their distinct geometry.

Materials and Methods

Chemicals. 7- and 8-OH-BP (30), all DBA phenols (31), and 6-

acetoxy-BP (32) were synthesized by published methods. 3-Hydroxy-
benz(a)anthracene was prepared essentially as described for 3-OH-
DBA (31), substituting 1,2-naphthalic anhydride by phthalic anhy-

dride. Reductive cyclization of o-(6-methoxy-1-naphthoyl)benzoic acid

with hydroiodic acid-red phosphorus in boiling glacial acetic acid led,

after acetylation, to 3-acetoxy-5,6-dihydrobenz(a)anthracene in 75%

yield: M.P. 97’; NMR (60 MHz, CDC13) 2.27 (s, 3, acetate), 2.8-3.0

(br. s, 4, H5,6), 6.9-8.1 (m, 9, ArH); MS (70 eV, 100’) m/z (%) 288 (24,
Mt), 246 (100, M� - C2H2O). Dehydrogenation with 2,3-dichloro-5,6-
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Fig. 1. Chemical structures of investigated phenols of PAHs. The struc-
tures of PAH phenols are arranged with the phenolic C-O bond pointing
downward in order to illustrate their different molecular dimensions.

dicyano-p-benzoquinone in p-dioxane at room temperature afforded 3-

acetoxybenz(a)anthracene which was hydrolyzed yielding 3-hydroxy-
benz(a)anthracene; m.p. 208’, lit. (33) m.p. 209-210’. 3- and 9-OH-BP
were obtained from the Chemical Carcinogen Reference Standard

Repository, National Institutes of Health, Bethesda, MD. 3-Hydroxy-

fluoranthene, synthesized according to the method of Shenbor and
Cheban (34), was a kind gift from Dr. A. Stier, Goettingen, FRG. All

other chemicals were from commercial sources: UDP-[U’4C]glucuronic
acid (260 mCi/mmol) from Amersham-Buchler, Braunschweig, FRG,
and Brij 58 (a condensate of hexadecyl alcohol with 20 mol of ethylene

oxide/mol) from Atlas, Essen, FRG.

Treatment of animals. Male Wistar rats (200-250 g) were used.
MC (40 mg/kg, dissolved in olive oil) was given once intraperitoneally
and the animals were killed after 4 days. Phenobarbital, sodium salt
(100 mg/kg, dissolved in saline) was given once intraperitoneally,

followed by 0.1% (w/v) of the drug in the drinking water for 4 days.

Liver microsomes were prepared as described (23). Microsomal protein

was determined according to the method of Lowry et a!. (35).

Purification of GTMC. The enzyme was purified from liver micro-
somes of rats treated with MC (19). Purity of GTMC was assessed by
determining GT activity toward its substrates and selective substrates

of other isoenzymes and by gel electrophoresis. GT activity toward
testosterone indicated the presence of contaminating testosterone GT

with an M, of 50,000. Densitometry of gels showed that about 20-30%

ofthe protein represented polypeptides other than GTMC (Mr 54,000).

GT assays. Assay conditions are based on those described previously
for 3-OH-BP (36). All experiments with PAH phenols were carried out

under subdued light. Incubation mixtures (1.0 ml) contained 0.1 M

Tris-HC1, pH 7.4, 5 mM MgCl2, microsomal protein (0.05-1 mg/ml),

Brij 58, and 100 �iM PAH phenols (added in 10 zl of dimethyl sulfoxide

or dimethylformamide). The substrate concentration was close to en-
zyme saturation.

3-Hydroxyfluoranthene was assayed at a concentration of 0.5 mM.

6-OH-BP was obtained from 6-acetoxy-BP immediately before carrying

out the incubation. A solution (10 mM) ofthe ester in dimethylformam-

ide was mixed with one-fourth the volume of 1 N NaOH. The hydrolysis

was accompanied by an immediate change of the yellow color of the

ester to the orange-red color of the phenolate. After 30-60 sec, the

solution was neutralized by addition of 1 N HC1. Within this time the

ester was completely hydrolyzed, indicated by the complete disappear-

ance of the fluorescence of 6-acetoxy-BP at 372 and 408 nm of excite-

tion and emission, respectively (see below). Concomitantly, the phen-

olate spectrum appeared (18), when an aliquot of the solution was

added to 0.4 M glycine/methanol (1:1, v/v), pH 10.3. The assay mixture

was preincubated for 5 mm at 3T to achieve a homogeneous distribu-

tion of the highly lipophilic substrates. Then the reaction was started

by addition of UDP-glucuronic acid (3 mM).

At the chosen incubation times and protein concentrations initial

reaction rates were measured, and substrate consumption did not

exceed 20%. In blanks, UDP-glucuronic acid was omitted. For example,

assays toward 6-OH-BP contained 50 �g of protein/ml and were

incubated for 1-3 mm, whereas 3-OH-DBA was incubated in the

presence of 1 mg/ml for 20-60 mm. With the purified enzyme, incu-

bation times were similar to those used with microsomes. However, the
protein concentration was lower, for example, 4 j�g/ml and 20 �g/ml

for the assay of GT activity toward 7-OH-BP and 3-OH-DBA, respec-
tively. The reaction was stopped by removing serial aliquots (0.25 ml)

and rapidly mixing them with 1.75 ml of chloroform/methanol/water

(4:2:1, v/v/v) (37). The samples were extracted, centrifuged (1600 x g,
10 mm), and aliquots (0.5 ml) of the upper (aqueous) phase were mixed

with 1 N NaOH (0.6 ml) and again centrifuged (9000 x g, 2 mm).

Aliquots (0.8 ml) of the upper phase were used for fluorimetric deter-
minations of the glucuronides at the following wavelengths of excitation

and emission, respectively: 3-OH-BP, 381 and 425 nm; 6-OH-BP, 375

and 413 nm; 7-OH-BP, 392 and 430 nm; 8-OH-BP, 386 and 410 nm;

9-OH-BP, 377 and 416 nm; 1-OH-DBA, 296 and 398 nm; 2-OH-DBA,
298 and 401 nm; 3-OH-DBA, 299 and 395 nm; 4-OH-DBA, 299 and

399 nm; 5-OH-DBA, 299 and 405 nm; 6-OH-DBA, 298 and 399 nm; 7-

OH-DBA, 299 and 402 nm; 3-hydroxybenz(a)anthracene, 292 and 390

nm; 3-hydnoxyfluoranthene, 363 and 460 nm. Fluorescence was deter-

mined using a Perkin-Elmer model 650-105 fluorescence spectropho-

tometer fitted with a Xenon X BO 150-W lamp. Fluorescence intensity

was calibrated with quinine sulfate.
Calibration of glucuronide fluorescence was carried out by incubating

the phenols with UDP-[’4C]glucuronic acid (1 mCi/mmol) and sepa-

ration of the labeled glucuronides by thin layer chromatography as

described (36). Under our conditions the phenolate fluorescence of

traces of unextracted phenols did not interfere with glucuronide fluo-

rescence. Hence, background fluorescence was very low and the fluor-

imetric determination of PAH phenol glucuronides was very sensitive.

Detection limits of these phenol glucuronides were in the nM range.

Calculation of molecular dimensions of PAH phenols. Bond
lengths for PAH phenols are not available, except for naphthols. Those

of the corresponding PAHs have been determined by theoretical cal-

culations (38) and from crystallographic date (39, 40). The mean

carbon-carbon bond length was found to be 0.141 ± 0.003 nm. In the

case of 1-naphthol and 2-naphthol the carbon-carbon bond lengths

were within the standard deviations of the bond lengths determined

for naphthalene (38, 41-43). Therefore, the carbon-carbon bond lengths

of the corresponding PAH was used for calculation of the molecular
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TABLE 1
Differential induction by MC and phenobarbital of rat liver microsomal GT activities toward PAH phenols
Data represent the means ± standard deviations of four to six experiments.

Substrate
Enzyme ac�vfty

Lkitreated �xmtrols MC treatment Phenobarbts treatment

nrnol/min/mgpiritein

Group 1
3-OH-BP 4.6 ± 0.8 37.4 ± 2.9 (8.1) 7.7 ± 1.8 (1.7)
6-OH-BP 26 ± 4 1 19 ± 19 (4.6) 53 ± 13 (2.0)
7-OH-BP 14 ± 1 95 ± 6 (6.8) 24 ± 3 (1.7)
1-OH-DBA 1.4 ± 0.2 5.6 ± 0.7 (4.0) 3.3 ± 0.2 (2.4)
2-OH-DBA 1 .5 ± 0.1 9.0 ± 1 .5 (6.0) 2.9 ± 0.1 (1.9)
4-OH-DBA 0.32 ± 0.03 1 .74 ± 0.33 (5.4) 0.42 ± 0.01 (1.3)
5-OH-DBA 2.7 ±0.5 20.6 ±1.9(7.6) 5.6 ±0.7(2.1)
6-OH-DBA 7.7 ± 0.2 41.4 ± 2.1 (5.4) 18.3 ± 4.8 (2.4)
7-OH-DBA 2.8 ± 0.2 15.3 ± 0.6 (5.5) 5.3 ± 0.2 (1.9)

Group 2
8-OH-BP 4.1 ± 0.2 5.4 ± 0.2 (1 .3) 23.3 ± 0.8 (5.7)
3-OH-Benz(a)anthracene 3.7 ± 0.4 5.8 ± 0.6 (1 .6) 31 .2 ± 1 .2 (8.4)
3-OH-DBA 0.006 ± 0.001 0.01 0 ± 0.001 (1 .7) 0.01 6 ± 0.004 (2.8)

Group 3
9-OH-BP 17 ± 3 29 ± 5 (1 .7) 38 ± 4 (2.2)
3-OH-Fluoranthene 86 ± 9 157 ± 26 (1 .8) 128 ± 11 (1.5)

a Induction factor, i.e., ratio of enzyme activities obtained from inducer-treated rat s and untreated control rats.

TABLE 2
Glucuronidation of phenols of BP and DBA by purified GT�

Substrate Enzymeactivity

nmol/min/rng protein

3-OH-BP 733 20
7-OH-BP 1454 15
8-OH-BP 9 2
9-OH-BP 46 2
1-OH-DBA 50 9
2-OH-DBA 136 15
3-OH-DBA 0.02 2
4-OH-DBA 31 18
5-OH-DBA 506 25
6-OH-DBA 550 13
7-OH-DBA 251 16

a Data represent the means of two different determinations.
a Ratio of enzyme activities obtained with purified GT� and with microsomes

from MC-treated rats (given in Table 1).

dimensions of PAH phenols. In addition, the following bond lengths
were used: carbon-oxygen, 0.139 nm (38, 41, 43); carbon-hydrogen,

0.107 nm (44). For the van der Waals radius of hydrogen a value of

0.120 nm was taken (44).

Results

With rat liver microsomes, glucuronide formation of the

planar PAH phenols shown in Fig. 1 was differentially induced

by MC or phenobarbital (Table 1). Glucuronidation of the

majority of the phenols was preferentially inducible by MC
(group 1). Surprisingly, glucuronidation of8-OH-BP, 3-hydrox-

ybenz(a)anthracene, and 3-OH-DBA was preferentially induc-

ible by phenobarbital (group 2). However, enzyme activity

toward 3-OH-DBA was several orders of magnitude lower than

that toward the other substrates. Glucuronidation of 9-OH-BP

and 3-OH-fluoranthene was only moderately inducible by

either MC or phenobarbital (about 2-fold). Therefore, these

substrates were considered as a separate group (group 3).

In studies with purified GTMC it was found that group 1

substrates showed purification factors (ratio of enzyme activi-

7-OH-BP.

2-OH-DBA

6-OH-DBA #{149}�‘ #{149} #{149}4-OH-DBA

�____v”_ 7-OH-DBA

#{149}l-OH-DBA

�-: 3-OH-DBA

8-OH-BP

,., 0 5 �O ‘ ‘ � ‘ i� ‘ ‘ ‘ ‘ �‘o ‘ #{149} � 25

Purification factor
Fig. 2. Correlation between purification factors obtained with purified
GT� and induction factors of enzyme activities toward phenols of BP
and DBA. Purification factors represent the ratio of enzyme activities
with purified GT� and with liver microsomes from MC-treated rats.
Induction factors represent the ratio of liver microsomal enzyme activities
from MC-treated rats and untreated controls. Data were taken from
Tables 1 and 2.

ties with purified GTMC and with microsomes from MC-treated

rats) of about 20 (Table 2). Purification factors obtained with

group 2 substrates were much lower (2-fold). A high correlation

(r = 0.95) was found between purification factors and induction

factors (ratio of microsomal enzyme activities from MC-treated

rats and untreated controls) (Fig. 2). However, overlapping

substrate specificity for simple phenols between GTMC and

testosterone GT (21) and the presence of some co-purifying
testosterone GT in purified GTMC poses limitations on the

interpretation of induction and purification factors. Hence, the

selectivity of GTMC for some PAH phenols may be higher than
indicated in Table 2.

Group 1 and 2 substrates could also be discriminated on the

basis of their molecular dimensions including van den Waals

radii. The maximal lengths of the molecules were calculated
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TABLE 3

Calculated molecular dimensions of PAH phenols
Molecular dimensions including van der Waals radii were calculated as described
In Materials and Methods. Length is given along the axis of the phen� C-O
bond, width at nght angles to the axis. Substrates were grouped according to their
preferential inducibility as in Table 1.

Substrate Lengths Widths

nm nm

Group 1
3-OH-BP 1.24 1.16
6-OH-BP 1 .03 1.28
7-OH-BP 1 .03 1.28
1-OH-DBA 1.16 1.40
2-OH-DBA 1 .24 1.40
4-OH-DBA 1 .24 1.40
5-OH-DBA 1 .24 1.40
6-OH-DBA 1.16 1.40
7-OH-DBA 1 .1 6 1.40

Group 2
8-OH-BP 1 .45 0.91
3-OH-DBA 1.67 0.91
3-OH-Benz(a)anthracene 1 .45 0.91

Group 3
9-OH-BP 1.24 1.16
3-OH-Fluoranthene 1 .1 8 0.91

along the axis of the phenolic C-O bond and the maximal

widths at right angles to the axis of the C-O bond. As shown

in Table 3, group 1 substrates appeared to be shorter (<1.3 nm)
and broader (>1.1 nm) than group 2 substrates. The group 3
substrates studied were in between the dimensions of group 1

and 2 substrates.

Discussion

Glucuronidation of a variety of PAH phenols was investi-
gated using the model of differential induction by MC and
phenobarbital in rat liver microsomes (19). It was found that

most PAH phenols were preferentially inducible by MC (group
1 or GT1 activities). However, glucuronidation of 8-OH-BP, 3-
hydroxybenz(a)anthracene, and 3-OH-DBA was preferentially

inducible by phenobarbital (group 2 activities). In support of

this distinction, much higher purification factors were found

for GT1 activities (about 20-fold) when assayed with purified
GTMC and liver microsomes from MC-treated rats, whereas

purification factors for group 2 activities were much lower

(about 2-fold). Other GT1 activities toward simple phenols such

as 1-naphthol and 4-methylumbelliferone were also increased

20- to 30-fold with purified GTMC (19). The close correlation

between induction and purification factors suggests that the

compounds with the highest induction factors may be the

preferred substrates of GTMC. On the other hand, we have to

assume that there is considerable overlap in the substrate

specificity of inducible and constitutive forms of GT. Of course
the use of overlapping substrates imposes limitations on the
interpretation of induction factors. The level of GTMC is prob-

ably low in liver microsomes from untreated rats (18). Hence,
in controls and MC-treated rats, phenolic substrates such as 1-

naphthol may be conjugated by different isoenzymes, for ex-

ample, mostly by testosterone GT in untreated rats and mostly
by GTMC in MC-treated rats (21). Similarly, co-purifying iso-

enzymes such as testosterone-GT, together with differential
enzyme inactivation during purification, limit the interpreta-

tion of purification factors. Hence, detection of GT activities

toward group 2 and 3 substrates may be due to small amounts

of contaminating isoenzymes.

Interestingly, group 1 and 2 substrates show distinct differ-

ences in their geometry. When viewed along the axis of the
phenolic C-O bond, group 1 substrates are shorter than 1.3

nm and broader than 1.1 nm, whereas the group 2 substrates

investigated appear to be longer (1.45-1.67 nm) and narrower

(0.91 nm). These findings suggest distinct molecular dimen-

sions of the binding site of GTMC. Small phenolic substrates of
groups 1 and 2 have previously been found to differ with respect

to “bulkiness” or “thickness” (extension of the molecule per-

pendicular to the plane of the aromatic ring) (19, 25, 26, 45).

Substrates with a thickness of less than 0.4 nm were prefenen-

tially accepted by GTMC, whereas bulkier substrates with a
thickness of more than 0.4 nm were preferentially accepted by

phenobarbital-inducible GT (26). It would be interesting to

study group 2 activities with purified phenobarbital-inducible
GT. However, due to its low yield, this isoenzyme (or isoen-
zymes) is not yet available for such studies.

The highest induction factors for MC-inducible reactions

were found so far for the conjugation of BP-3, 6-quinol which,

in rat liver, proceeds in two sequential reactions whereby the

mono- and diglucunonide are formed (18, 46). With liver micro-

somes from MC-treated rats, induction factors of 10 and 40

were found for mono- and diglucuronide formation, respectively

(18). The widely differing induction factors may suggest more

than one GTMC isoenzyme. Diglucuronide formation is probably

a selective probe for GTMC. A high rate of diglucuronide for-

mation and a purification factor of about 10-fold were found

with purified GTMC.’ However, this quinol, conjugated in a

sequential reaction, may pose special kinetic problems. There-

fore, purification factors obtained with the quinol may not be

comparable to those obtained with phenols.
In the cytochnome P-450 family an MC-inducible isoenzyme,

preferentially oxidizing planar phenols, has been extensively

characterized, and termed cytochrome P-450c (47) or P1-450

(48). In genetic experiments using inbred mouse strains, evi-

dence was obtained for co-induction of MC-inducible isoen-

zymes of cytochnome P-450 and of GT, using 4-methylumbel-

liferone as substrate (49). Hence, GT1 may be part of an

adaptive program enabling the organism to more efficiently

detoxify PAHs by first pass metabolism in the intestinal mu-
cosa and liver when the organism is exposed to PAHs present

in the diet (50). However, much more work is needed to estab-

lish this aspect.
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