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FIG. 1. Effect of metyrapone, tetrahydrofuran and a-naphthoflavone on ethoxycoumarin 0-deethylase

activity in liver microsomes of control and trans-stilbene oxide-treated rats

Male Sprague Dawley rats (210-230 g) received intraperitoneal injections of trans-stilbene oxide (2 mmoles

per kg body weight, dissolved in 0.5 ml sunflower oil) or sunflower oil only 72, 48 and 24 hr before sacrifice.

Ethoxycoumarin 0-deethylase activity was determined according to Ullrich and Weber (17) using inhibitors to

characterize the monooxygenase forms present ( 18). The values represent means ± SD from 3 experiments with

trans-stilbene oxide and 2 experiments with control animals. For each experiment organs from two animals

were pooled. It was always confirmed, in the absence as well as in the presence of the inhibitors, that the

enzymic reaction proceeded linearly with respect to time and protein. -0-0- Microsomes from control

animals (100% = 790 pmoles 7-OH-coumarin/min/mg protein). -#{149}-- Microsomes from trans-stilbene

oxide-treated animals (100% = 1980 pmoles 7-OH-coumarin/min/mg protein). -L�-t�- Difference between

microsomes from trans-stilbene oxide-treated and control animals ( 100% = 1 190 pmoles 7-OH-coumarin/min/

mg protein).

dihydrobenzo(a)pyrene, benzo(a)pyrene
4,5-oxide) were produced. The ratio be-
tween 7,8-dihydroxy-7,8-dihydrobenzo(a)-
pyrene and 4,5-dihydroxy-4,5-dihydroben-
zo(a)pyrene was more than 20 times lower

with TSO-induced than with control micro-
somes (calculated from Table 2). Only in-
significant changes were observed in the

peaks containing the quinones and 3-hy-
droxybenzo(a)pyrene. As expected from the
induction of epoxide hydratase, a much
higher percentage of the metabolically pro-
duced benzo(a)pynene 4,5-oxide was con-
vented to the corresponding dihydrodiol
with TSO-induced microsomes in compar-
ison with control microsomes.

Effect of induction by trans-stilbene ox-

ide on the formation of mutagenic metab-

olites from benzo(a)pyrene. Benzo(a)py-

rene can be activated both at the benzo ring
and at the 4,5-K-region to highly mutagenic
metabolites; at the benzo ring mainly to

dihydrodiol epoxides, at the K-region to the
4,5-oxide (3, 4, 7, 22-27). Therefore it was
of interest to investigate how the shift of
metabolism which is caused by TS0 would
affect the mutagenicity of benzo(a)pyrene.
For this purpose, we activated various

doses of benzo(a)pyrene by microsomal or

postmitochondrial fractions to mutagens
which were detected by the reversion of
various his Salmonella typhimurium
strains. In general, induction by TSO mark-
edly decreased the mutagenicity of
benzo(a)pyrene. Some differences were ob-
served between the two tissue fractions and
the different bacterial strains. The greatest

reduction of the mutagenic effect (by more

than 90%) was obtained when postmito-
chondrial fraction and the strain TA 100
were used (Fig. 3A). Using microsomes,
TSO treatment reduced the mutagenicity
with TA 100 by 65% (Fig. 3B) and with TA
98 by 40% (Fig. 3C, round symbols). How-
ever, TSO treatment only slightly reduced
the mutagenicity with TA 1537 (Fig. 3D,
round symbols). The differences of the ef-

fect of TSO induction on the various Sal-

monella typhimurium strains can be easily
explained. The Salmonella assay is a back-
ward mutation assay which requires spe-
cific mutations to reconstruct a functional
his gene. Different his strains vary in their

susceptibility to reversion by different
benzo(a)pyrene metabolites. TA 100 and
TA 98 are easily reverted by benzo(a)-
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FIG. 2. Pattern of metabolites produced from benzo(a)pyrene by liver microsomes from control and trans.

stilbene oxide-treated rats

Microsomes were incubated with [‘4C]-benzo(a)pyrene, NADPH and NADH for 20 mm at 37#{176}.Ethyl acetate-

acetone (2:1 v/v) extracts were separated by high performance liquid chromatography using a linear acetonitrile-

water gradient (for details see MATERIALS AND METHODS). Roman numbers indicate the fractions where

reference compounds appeared, benzo(a)pyrene (I), 3-hydroxybenzo(a)pyrene (II), 9-hydroxybenz-

o(a)pyrene (III), benzo(a)pyrene 4,5-oxide (IV), benzo(a)pyrene 3,6-quinone (V), benzo(a)pyrene 1,6-quinone

(VI), trans-7,8-dihydroxy-7,8-dihydrobenzo(a)pyrene (VII), trans-4,5-dihydroxy-4,5-dihydrobenzo(a)pyrene

(VIII), and trans-9,10-dihydroxy-9,10-dihydrobenzo(a)pyrene (IX).

A) Pattern of metabolites from control rats (treated with sunflower oil only) in the absence (-) and in the

presence (- - -) of the epoxide hydratase inhibitor 1,1,1-trichloropropene 2,3-oxide.

B) Pattern of metabolites of TSO-induced rats (treated with 2 mmoles TSO per kg body weight, dissolved

in 0.5 ml sunflower oil, 72, 48 and 24 hr before sacrifice).

pynene 7,8-dihydrodiol 9,10-oxides and by
benzo(a)pyrene 4,5-oxide. The strain TA
1537 is less sensitive toward the 7,8-dihy-

drodiol 9,10-oxides but is highly sensitive to
the 4,5-oxide4 (27). The greater decrease of
the mutagenicity by TS0 induction with

the strains which are sensitive to 7,8-dihy-

drodiol 9,10-oxides (TA 100, TA 98) when
compared with a strain which is relatively
insensitive toward these dihydrodiol epox-
ides (TA 1537) suggests that the reduction
of the mutagenicity is caused to a signifi-

cant extent by the decreased oxidation of
benzo(a)pyrene at the benzo ring. The de-
creased benzo ring metabolism is accom-
panied by increased K-region metabolism,
leading to the mutagenic benzo(a)pyrene

4 Glatt, H. R., unpublished results.

4,5-oxide, but epoxide hydratase, which is
induced by TSO, can inactivate this muta-
gen (7, 26, 27). The presence of the potent
epoxide hydratase inhibitor 1,1,1-trichioro-
propene oxide (21) in the mutagenicity as-
say potentiated the mutagenic effects both
with control and with TSO-induced micro-
somes (Figs. 3C, 3D). This experiment
could be performed only with TA 98 and
TA 1537 since 1,1,1-trichlonopnopene oxide
is too mutagenic with TA 100 (22). Using

TA 98, inhibition of epoxide hydratase in-
creased the mutagenicity of benzo(a)pyrene
activated with control microsomes about 3-
fold, and with TSO-induced microsomes
about 5-fold (cf. Fig. 3C). Also, with TA
1537, inhibition of epoxide hydratase poten-
tiated the mutagenicity more strongly when
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TABLE 2

Effect of trans-stilbene oxide administration on the pattern of benzo(a.)pyrene metabolism by rat liver

microsomes

Male Sprague Dawley rats (210-230 g) received intraperitoneal injection of trans-stilbene oxide (2 mmoles

per kg body weight dissolved in 0.5 ml sunflower oil) or sunflower oil only 72, 48 and 24 h before sacrifice.

[‘4C]-Benzo(a)pyrene, microsomes, NADPH and NADH were incubated for 20 mm at 37#{176}.Ethyl acetate!

acetone (2:1 v/v)-extractable metabolites were separated by high performance liquid chromatography with a

linear acetonitrile/water gradient (for details see MATERIALS AND METHODS). The peaks were characterized by

reference compounds (roman numbers are equivalent to Fig. 2) with the same elution volume and expressed (1)

as the total amount present after the incubation time, corrected for small (range of less than ± 10% of the mean)

variations in protein content and (2) as percentage of the radioactivity of all but the benzo(a)pyrene peak.

Values represent means ± SD from 3 (trans-stilbene oxide-treated) or 2 (control animals) independent

experiments. For each experiment organs from two animals were pooled.

Radioactivity with mobility of Control rats Trans-stilbene oxide- Ratio” TSO-
the following reference com- treated rats treated/con-

pounds trol

pmoles/mg % ofme- pmoles/mg � of me-
protein x 20 tabolites protein x 20 tabolites

mm mm

9,10-Dihydroxy-9,10-dihydro-

benzo(a)pyrene IX 1240 ± 90 13.5 460 ± 10 4.3 0.37

4,5-Dihydroxy-4,5-dihydro-

benzo(a)pyrene VIII 430 ± 10 4.7 2670 ± 250 25.0 6.21

7,8-Dihydroxy-7,8-dihydro-

benzo(a)pyrene VII 330 ± 10 3.6 90 ± 30 0.8 0.27

Benzo(a)pyrene 1,6-quinone VI

and 3,6-quinone V 3690 ± 20 40.2 3750 ± 480 35.0 1.01

Benzo(a)pyrene 4,5-oxide IV 430 ± 90 4.7 760 ± 70 7.1 1.76

9-Hydroxybenzo(a)pyrene III 320 ± 10 3.5 120 ± 10 1.1 0.37

3-Hydroxybenzo(a)pyrene II 2190 ± 170 23.9 1840 ± 320 17.2 0.84

Others 550 ± 40 5.9 1030 ± 80 9.5 1.87

Total 9180 ± 390 100 10700 ± 1250 100 1.16

(, Ratio of metabolites present after 20 mm incubation with microsomes from trans-stilbene oxide-treated and

control rats.

TSO-induced microsomes were used for the

activation (Fig. 3D). This ifiustrates the
increased importance of epoxide hydratase

for the inactivation of mutagenic benzo-
(a)pyrene metabolites after a shift of the
metabolism to the K-region.

DISCUSSION

Previously we reported (12) that TSO
induced epoxide hydratase in rat liver mi-
crosomes without significantly affecting
four monooxygenase parameters (cyto-

chrome P-450 content and CO-difference
spectrum, aminopyrine N-demethylase and
benzo(a)pyrene monooxygenase activity

determined by tritium release from [3H]-
benzo(a)pyrene or by the fluorescence in-

tensity of the phenolic fraction. In the pres-
ent study we have found that two further

monooxygenase parameters were markedly

changed: (a) 0-Deethylation of ethoxycou-
main was increased 2.5 fold; (b) The pat-
tern of oxidation products of benzo(a)-
pyrene was substantially altered. With re-
spect to some of the investigated parame-
tens, the effects observed after TS0 treat-
ment are similar to the effects of phenobar-
bital treatment: (a) The phenobarbital-in-
duced (18) as well as the TSO-induced (this

study) ethoxycoumarin 0-deethylase activ-
ities are preferentially inhibited by metyr-
apone, but not by tetrahydrofuran or by

a-naphthoflavone which preferentially in-
hibit the ethoxycoumarin 0-deethylase ac-
tivities induced by ethanol and 3-methyl-

cholanthrene, respectively. (b) Phenobar-
bital (23, 24) as well as TSO (this study)
increase the metabolism of benzo(a)pyrene

mainly at the K-region. (c) Furthermore,



A B
500�

..�

0 32
Benzo(a)pyrene lpg/platel

6’.
0�- - - -� .

0 32 64

Benzo(o)pyrene Ipg/platel

D

250�

a

�200( I

1500

p
4

�-

�1000

in

t

�5O I
�

.;

2 2a
a
a a
C C
0 0

� 0

� N
0�

�
E E
2 2

�
2 2
1;
> >�

z

FIG. 3. Effect of trans-stilbene oxide treatment on the activation of benzo(a)pyrene to mutagens

Male Sprague Dawley rats (210-230 g) received intraperitoneal injections of trans-stilbene oxide (2 mmoles

per kg body weight, dissolved in 0.5 ml sunflower oil) or sunflower oil only 72, 48 and 24 hr before sacrifice.

Various amounts of benzo(a)pyrene, 9000 g supernatant fraction (A) or microsomes (B-D) of liver homogenate,

a NADPH generating system and his S. typhimurium (A, B: TA 100; C: TA 98; D: TA 1537) were mixed with

histidine-poor soft agar and poured on a minimal agar plate as described by Ames et a!. (19). In part of the

experiments 1 mM of the epoxide hydrat.ase inhibitor 1,1,1-trichloropropene 2,3-oxide (21) was added. Colonies

(his� revertants) were counted after an incubation for 2 days at 37#{176}.The values represent means ± SD of 3

experiments with trans-stilbene oxide-treated and of 2 experiments with control animals. Livers from two

animals were pooled and two plates were run for each experimental condition. The hatched zones show means

± SD of the number of revertant colonies in the absence of benzo(a)pyrene. 0 = control rats, #{149}= trans-stilbene

oxide-treated rats, 0 = control rats with epoxide hydratase inhibitor, U = trans-stilbene oxide-treated rats, with

epoxide hydratase inhibitor.

A) S. typhimurium TA 100, 9000 g supernatant

B) S. typhimurium TA 100, microsomes

C) S. typhimurium TA 98, microsomes

D) S. typhimurium TA 1537, microsomes

32
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32
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phenobarbital (28) and TSO (12 and this
study) are good inducers of epoxide hydra-

tase. However, the effects of phenobarbital

are much less selective. It increases
benzo(a)pyrene metabolism not only at the
4,5- but also at the 7,8-position, although
more at the former than at the latter (23)
and it causes many additional effects which
are not caused by TSO, e.g., it induces all
four above described monooxygenase pa-
rameters which are not affected by TSO
(12). Most strikingly, TSO potently induces

ethoxycoumanin 0-deethylase activity (this
study) without a significant increase in total

cytochrome p-45O content (12). At least two

explanations are possible for this observa-

tion: (a) induction of a very small amount

of a cytochrome P-450 form which pos-
sesses a high ethoxycoumanin 0-deethylase
activity or (b) alteration of a form of cyto-
chrome P-450 into a form which possesses
an increased ethoxycoumanin 0-deethylase
activity. The second hypothesis could also
easily explain the large (about 3-fold) de-
crease of metabolism at the 7,8,9,10-benzo
ring of benzo(a)pyrene which was observed
after TSO treatment in this study. Further

investigations are required to explain the
detailed mechanisms underlying these sub-

tle changes in the monooxygenase system.
Not only the causes but also the biologi-

cal effects of such changes are of great

interest. This is illustrated in this study by
the metabolic activation of benzo(a)pyrene
to mutagens. Pretreatment of the rats with
TSO strongly decreased mutagenicity of
benzo(a)pyrene activated by liver micro-
somes. A decrease is caused by a reduced
metabolism at the 7,8,9,10-benzo ring where

highly mutagenic dihydrodiol epoxides (3-
8) can be formed. As compensation for the
decreased metabolism at the 7,8,9,10-benzo
ring, a higher proportion of benzo(a)pyrene
is metabolized via the benzo(a)pyrene 4,5-
oxide. This is also highly mutagenic (3, 7,
26). The dihydrodiol epoxides require epox-
ide hydratase for their formation and are

not inactivated by this enzyme (7, 32),
whereas epoxide hydratase does inactivate
benzo(a)pyrene 4,5-oxide. The strong in-

duction of epoxide hydratase compensates
for the increased formation of this highly
mutagenic metabolite. Therefore, the mu-

tagenicity in strain TA 1537, which is
mainly mutated by the 4,5-oxide (27),
changes little, while the mutagenicity in

strains TA 98 and TA 100, which are effi-
ciently mutated by both the dihydrodiol-
bay region epoxides (31) and the 4,5-epox-
ide (27), is substantially reduced. Thus, the
two effects of TSO, shift of the site of
metabolic oxidation and induction of epox-
ide hydratase, synergistically provide pro-
tection against the mutagenic effects of
benzo(a)pyrene.

It should be emphasised that these re-
markable changes in the benzo(a)pyrene

metabolites and the consequent changes in
mutagenic effects occur without any signif-
icant alteration of the benzo(a)pyrene

monooxygenase activity determined by the
widely used assays which measure the

fluorescence intensity of the phenolic
benzo(a)pyrene metabolites extracted into
alkali (29) (the so-called “aryl hydrocarbon
hydroxylase activity”) or tritium release

from [3H]benzo(a)pyrene (30). The fre-
quent attempts to correlate susceptibility
to polycyclic hydrocarbon-mediated toxic

effects with “aryl hydrocarbon hydroxylase
activity” are based on the premise that the
enzyme activity measured by these assays

gives a sufficiently complete indication of
the biotransformation to toxic metabolites.

As shown here, this is not always so, and
misleading results may be expected when it
is not true.
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SUMMARY

HESSE, SIGRUN, AND M. MEZGER. Involvement of phenolic metabolites in the
irreversible protein-binding of aromatic hydrocarbons: reactive metabolites of [‘4C]-
naphthalene and [‘4C]1-naphthol formed by rat liver microsomes. Mol. Pharmacol.

16: 667-675 (1979).

During microsomal metabolism of [ ‘4C]naphthalene, radioactive material was irreversibly
bound to microsomal protein. The binding seems to result predominantly from secondary
oxidation of naphthol rather than from primary monooxygenation of the hydrocarbon.
This is supported by the following observations: a) The metabolism of naphthalene was
rapid, e.g., 100 nmoles were metabolized within 10 mm, whereas protein-bound radioac-

tivity increased for at least 80 mm. b) Inhibition of the epoxide hydrase by trichloropro-
pene oxide did not significantly affect the binding. c) Addition of UDP-glucuronic acid to

the incubation mixture reduced the binding, presumably by conjugation of the phenolic
metabolites. d) During microsomal metabolism of [‘4C]1-naphthol, a major metabolite of
[‘4C]naphthalene, a considerable amount of protein-bound radioactivity was found, mdi-
cating the formation of reactive metabolites. e) The addition of unlabeled 1-naphthol
decreased the binding of [‘4C]naphthalene; this may be attributed to a dilution of the
[‘4C]labeled naphthol-pool derived from [‘4C]naphthalene. Thus, the results are in agree-
ment with our previous observations on the binding studies of 2,2’-dichlonobiphenyl and
suggest that the major part of protein-bound metabolites of some aromatic hydrocarbons,
formed in vitro, derive from secondary metabolism of the phenol(s).

INTRODUCTION

Recently it has been shown that a num-
ben of chemically and biologically inactive
foreign compounds are converted by micro-
somal enzymes to reactive metabolites.

Drug-induced carcinogenicity, mutagenic-
ity and cytotoxicity have been attributed to
the covalent binding of reactive intermedi-
ates to cellular macromolecules (for review
see 1, 2), but in only a few cases have the

binding metabolites been identified (3, 4).
One group of intermediates that are
thought to be responsible for covalent bind-

ing to cellular macromolecules are the ar-

ene oxides formed during metabolism of
aromatic hydrocarbons (5). Our previous
studies on the metabolism-dependent irre-
versible binding of the aromatic hydrocar-

bon [‘4C]2,2’-dichlorobiphenyl suggested
that the major part of the binding origi-
nates from intermediates other than the
primary epoxide. These may be formed by
secondary metabolism (6). It was of interest
to know whether this is a more general
phenomenon and applies to other aromatic
hydrocarbons such as naphthalene. During
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the metabolism of naphthalene in micro-
somes two major metabolites are formed:

naphthalene-1,2-dihydrodiol and 1-naph-
thol (7). Metabolism of the dihydrodiol is
slow in the rat liver (8). It should be absent
in microsomal incubations since no soluble
dihydnodiol dehydrogenase is present (9).

We assumed therefore that binding of
naphthalene should preferentially be me-

diated via formation of 1-naphthol rather
than via the dihydrodiol. The results mdi-
cate that [‘4C]1-naphthol is metabolized in
the presence of microsomes and a NADPH-
generating system and that a high percent-

age of the [‘4C]1-naphthol metabolites be-

comes bound to protein.

MATERIALS AND METHODS

Materials. [‘4C]Naphthalene (specific
activity 3.67 mCi/mmol) and [‘4C]1-naph-
thol (specific activity 20.1 mCi/mmol) were
obtained from Amersham Buchler, Braun-
schweig; TCPO and 7,8-benzoflavone from
EGA-Chemie KG, Steinheim, Germany;

SKF 525-A from Smith, Kline & French,
Philadelphia, USA; superoxide dismutase

(E.C. 1.15.1.1; 2900 units per mg protein)
from Sigma Chemie GmbH, M#{252}nchen, Ger-
many; and hyamine hydroxide from W.
Zinsser, Scintillatons, Frankfurt, Germany.
All other chemicals and biochemicals were
purchased either from E. Merck, Darms-
tadt, or from Boehninger, Mannheim, Ger-
many, at highest purity available.

Animal treatments. Male Wistar rats
weighing 150-200 g were obtained from our

animal breeding station. To induce the he-
patic microsomal monooxygenase animals
received 0.1% phenobarbital in their drink-

ing water for 12 days.
Preparation of microsomes. Microsomes

were prepared as described previously (10).

Microsomal preparations were used imme-
diately. In the following, microsomes ob-
tamed from untreated or phenobarbital-

treated rats are referred to as control- or
phenobarbital-microsomes, respectively. If
not stated otherwise, experiments were

done with phenobarbital-microsomes.
Determination ofthe microsomal metab-

olism of naphthalene and 1-naphthol.

Naphthalene or 1-naphthol was incubated

at 37#{176}with microsomes (1 mg protein/mi)
and the NADPH-generating system, con-
sisting of 1 nmi NADP, 8 m�i sodium DL-

isocitrate and 0. 1 units isocitrate dehydro-
genase (E.C. 1.1.1.42). For determination of
naphthalene, a 1 ml aliquot of the incuba-

tion mixture was extracted with 4 ml n-
hexane. To remove the phenolic metabo-
lites 2 ml of the organic phase were shaken
with 2 ml of 1 N-NaOH. The concentration
of naphthalene in the hexane layer was
determined by recording the UV-absorb-
ance at 276 nm using a molar extinction
coefficient of 6700. Naphthol was measured

fluorimetnically following the procedure to

determine phenolic products of benzo-

(a)pyrene (11): 1 ml of the incubation mix-
tune was extracted with 4 ml n-hexane/n-
propanol (3:1 v/v). A 2 ml aliquot of the
organic phase was then shaken with 2 ml of
1 N-NaOH. The fluorescence of the
aqueous-alkaline phase was determined
with an Aminco-Bowman fluonimeter, us-

ing excitation and emission wavelengths of
328 nm and 468 nm, respectively. About
95% ofadded 1-naphthol could be recovered

by this method. Metabolites of naphthalene
were separated on a high pressure liquid

chromatograph (Model Laboratory Data
Control) fitted with a nucleosil 10 C18 col-
umn. The column was eluted with a reverse
phase gradient system with methanol and

water (40:60 initially, and 80:20 at the end).
Fractions of 1 ml were collected and radio-

activity was determined. Naphthalene and
naphthol were identified by reference com-
pounds. Dihydrodiol was identified by mass

spectral analysis.
Determination of irreversibly bound

[‘4C]naphthalene and [14C]1 -naphthol.
Irreversible binding of [‘4Cjlabeled naph-
thalene and 1-naphthol was determined as
described previously (6). [‘4C]Naphthalene
and [‘4C]1-naphthol were added in 10 jzl of
methanol (specific activity 0.45 Ci/Mol).
Inhibitors or other compounds used to

modify binding of naphthalene and 1-naph-
thol were added.

Determination of lipid peroxidation.

Lipid peroxidation was estimated by mea-
suring the formation of malondialdehyde as
described previously (10). For stimulation

of lipid peroxidation, 0.1 mr�i FeSO4, 2 nmi
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ADP and 0.2 mi�i ascorbic acid were added
prior to the incubation.

RESULTS

Microsomal metabolism of naphthalene
and 1-naphthol. Naphthalene was very
rapidly metabolized in the presence of phe-

nobarbital-microsomes and an NADPH-re-
generating system. Within 10 mm, 100
nmoles of naphthalene disappeared from

the incubation mixture (Fig. 1). During this
time, naphthol was formed reaching a con-
centration of about 12 �LM. After 10 mm the

concentration of naphthol slowly decreased
at a rate of about 0.3 nmol/min/mg of
protein. When 200 nmoles of naphthalene
were metabolized about 10% (phenobarbi-

tal-microsomes) to 50% (control-micro-
somes) of the substrate were left after a 15
mm incubation period. Under these condi-
tions the final concentration of free naph-
thol increased to 20-30 �tM (phenobarbital-
microsomes) and 3-5 �LM (control-micro-
somes), respectively. High pressure liquid
chromatography analysis of the metabo-
lites formed from [‘4C]naphthalene by phe-
nobarbital-microsomes showed that the

dihydrodiols comprised about half of the
labeled metabolites that could be extracted

with ethylacetate:acetone (4:1 v/v) from

the incubation mixture. In the presence of
0.3 nmi TCPO,’ a potent inhibitor of the
epoxide hydrase (12), the dihydrodiol peak
was no longer detectable, but the naphthol
peak increased about three-fold (data not
shown). These results are in agreement
with those described previously by Bock et

al. (8) and Oesch and Daly (13).
When 1-naphthol (100 nmoles) was in-

cubated with phenobarbital-microsomes,
the initial metabolism was 3.5 nmol/min
(Fig. 2). After 10 mm the metabolism
slowed down and came to a halt after 40
mm, although about 30 nmoles of the sub-
strate were left.

Irreversible binding of [‘4C]naphtha-

lene. During microsomal metabolism of
[‘4C]naphthalene, [‘4C]radioactivity was in-
reversibly bound to microsomal protein.
With control microsomes, 5 nmol [‘4C]-

I The abbreviations used are: TCPO, 1,1,1-tn-

chloro-2-propene oxide; SKF 525-A, 2-diethylamino-

ethyl-2,2-diphenylvalerate.

FIG. 1. Disappearance of naphthalene from the

incubation mixture and formation of naphthol

Incubations were carried out with phenobarbital-

microsomes ( 1 mg protein/mi) and 0. 1 mr�i of naph-

thalene. For other conditions see MATERIALS AND

METHODS.

- NADPH

#{149}�L#{149}
. NADPH

20 40 � 120
incubation time ( mm

FIG. 2. Disappearance of 1-naphthol during mi-

crosomal metabolism

Incubations were carried out with phenobarbital-

microsomes (1 mg protein/mi) and 0.1 mr�i 1-naphthol.

Details of determination are given in MATERIALS AND

METHODS.

naphthalene/15 mm/mg of protein were
bound. SKF 525-A inhibited the binding
almost completely, but 7,8-benzoflavone
had no such effect (Table 1). Phenobarbital
pretreatment increased binding by 30%.
This binding was completely inhibited in
the presence of 100% nitrogen, while a car-
bon monoxide:oxygen ratio of 8:2 decreased
the binding of radioactivity by 85%.

Figure 3 shows the time course of pro-
tein-binding of 0.1 m’vi naphthalene. Pro-
tein-bound radioactivity increased during
the 120 mm incubation period. The initial
binding rate of 3.5 nmol [14C]naphthalene/
mm/mg of protein decreased after 10 mm.
During the following 30 mm only 40 nmol/

mg protein were bound.
Irreversible binding of [14C]1-naphthol.

Binding also occurred when [‘4C]1-naph-
thol was used as substrate for microsomal
metabolism (Fig. 3). The binding of [‘4C]1-

naphthol was more than twice that of

[14C]-naphthalene (Table 1, Fig. 3). It was
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TABLE 1

Effects of modification of monooxygenase activity on

binding of[’4C]naphthalene and [‘4C/1.naphthol

Experiments were carried out with 0.2 msi of sub-

strate. For other conditions see MATERIALS AND METH-

ODS. Values represent means ± S.D. and are corrected

for binding of [‘4C]radioactivity in the absence of

NADP. Number of independent experiments are given

in parentheses.

Conditions bound radioactive material

[‘4C]naph- [‘4C}1-naph-
thalene thol

(nmol/15 mm/mg of protein)

Control microsomes 5.0 ± 0.5 (6) 12.0 ± 0.7 (6)

+ SKF (1 mM) 0.2 ± 0.1 (6) 10.7 ± 0.5 (6)

+ 7,8-benzoflavone

(0.05 mM) 5.6 ± 0.5 (3) 14.1 ± 1.1 (3)

Phenobarbital micro-

somes 6.6 ± 1.0 (6) 13.7 ± 1.9 (3)

- 02 (100% N2 at-

mosphere) 0.7 (2) 3.3 ± 1.3 (4)

+ N2/02 (8:2 at-

mosphere) 8.7 (2) 14.2 ± 1.6 (4)

+ C0/02 (8:2 at-

mosphere) 1.1 (2) 8.8 ± 0.7 (4)

VC _

..�.) S � naphthatene

� /
� 4��O-9=:::---�? ?

40 80 120
incubation time (minI

FIG. 3. Irreversible binding of [‘4CJnaphthalene

and [‘4C11-naphthol to microsomal protein in the

presence (filled symbols) and in the absence (unfilled

symbols) of a NADPH-regenerating system

Incubations were carried out with phenobarbital-

microsomes (1 mg protein/mi) and 0.1 m�i of sub-

strate.

not significantly stimulated by pretreat-
ment of the rats with phenobarbital (Table
1). Addition of SKF 525-A or 7,8-benzofla-
vone did not significantly inhibit the bind-

ing, in either control- (Table 1) or in phe-
nobarbital-microsomes (data not shown).
Exposure to an atmosphere of 100% nitro-
gen decreased the binding by 75%, but in

the presence of carbon monoxide the bind-
ing was inhibited by 40% (Table 1). The
dependency of the degree of binding on the

concentration of [‘4C]1-naphthol is shown
in a double reciprocal plot in Figure 4. The
apparent Km value of the reaction was

about 20 /.LM, i.e., the range of concentra-
tions of naphthol formed during the metab-
olism of naphthalene.

Influence of TCPO and UDP-glucuronic
acid on the binding of [‘4C]naphthalene
and [‘4C]1-naphthol. The possible involve-
ment of phenols and dihydrodiols in the
binding of naphthalene was investigated by

examining the effects of TCPO and UDP-
glucuronic acid.

Addition of TCPO to the incubation mix-

ture did not significantly affect the binding
of [‘4Cjnaphthalene or of [14C11-naphthol

during a 15 mm incubation period (Table
2). Addition of UDP-glucuronic acid to-

gether with UDP-N-acetylglucosamine, an
activator of the glucuronyltransferase sys-

tem (8), decreased the rate of binding of
[‘4C]naphthalene by about 50% during the
first few minutes to bring it to a halt after
7.5 mm (Fig. 5A). UDP-glucuronic acid, at
the concentration used, did not influence
the total metabolism of naphthalene but it
effectively inhibited the appearance of free
naphthol (Fig. SB). The binding of [‘4C]1-
naphthol measured after a 15 mm incuba-

tion period was inhibited by 50% in the
presence of UDP-glucuronic acid and UDP-
N-acetylglucosamine (data not shown).

Effect of unlabeled 1-naphthol on the
binding of[’4C]naphthalene. If the binding
of [‘4C]naphthalene occurs via the inter-
mediary formation of naphthol, addition of

�0_ 0 5�0 160 1�0 200

[ naphthol]1 [�iM]1

FIG. 4. Double reciprocal plot of the amount of

bound [‘4CJradioactivity versus the concentration of

[‘4CJ1-naphthol

Incubations were carried out with phenobarbital

microsomes ( 1 mg of protein/ml) for 15 mm. Values

are corrected for binding in the absence of NADP.




