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SUMMARY

Metabolism of the optically pure (+)- and (-)-enantiomers of chrysene 1,2-dihydrodiol
by rat liven microsomes and by a reconstituted system has been examined. Microsomes
prepared from control, phenobarbital-tneated, or 3-methylcholanthnene-treated rats as
well as a reconstituted system containing highly purified cytochrome P-450c stereoselec-

tively metabolized (+)- and (-)-chrysene 1,2-dihydrodiols to its diasteneomenically related
bay-region 1,2-diol-3,4-epoxides. Bay-region diol epoxides constituted a higher percentage
of total metabolites from (-)-chrysene (1R,2R)-dihydrodiol than from (+)-chrysene
(1S,2S)-dihydrodiol. Micnosomes from 3-methylcholanthrene-treated rats and the recon-

stituted system were the most regiospecific in that diol epoxides accounted for 65% and
>80%, respectively, of the total metabolites whereas with microsomes from control and
phenobarbital-tneated rats, diol epoxides accounted for only 30% and 50%, respectively, of
the total metabolites formed from (-)-chrysene (1R,2R)-dihydnodiol. In general, diol
epoxide- 1, in which the benzylic hydroxyl group and epoxide oxygen are cis to each other,
was the major metabolite formed from (+)-chrysene (1S,2S)-dihydnodiol whereas (-)-

chrysene (1R,2R)-dihydrodiol was predominantly metabolized to the diol epoxide-2
diastereomer, in which the benzylic hydroxyl group and epoxide oxygen have trans

stereochemistry. The degree of stereoselectivity was dependent on the treatment of the
rats. Microsomes from 3-methylcholanthrene-treated rats displayed the highest degree of

stereoselectivity compared with microsomes from control on phenobanbital-treated rats.
The ratio of diol epoxide-1 to diol epoxide-2 formed from the (+)-(1S,2S)-dihydnodiol by
microsomes from 3-methylcholanthrene-tneated rats was 6:1 and from the (-)-(1R,2R)-
dihydrodiol was 1:20. The reconstituted system displayed even higher stereoselectivity.
In addition to diol epoxides, a phenolic metabolite was identified from both the (+)- and
(-)-dihydnodiols. This phenolic dihydnodiol is formed in significant amounts with micro-

somes from control and phenobarbital-treated rats, whereas microsomes from 3-methyl-
cholanthrene-treated rats on the reconstituted system containing cytochrome P-450c

produced very little on none of this metabolite. Addition of the phenolic dihydrodiol to
incubations containing microsomes from 3-methylcholanthrene-treated rats caused
marked inhibition of metabolism of (-)-chrysene (1R,2R)-dihydrodiol. Rates of metabo-
lism of (+)-(1S,2S)-dihydrodiol compared with (-)-(1R,2R)-dihydrodiol were essentially
similar for all enzyme systems used with the exception of control microsomes, which
metabolized (+)-(1S,2S)-dihydrodiol at a greaten rate (37%) than (-)-(1R,2R)-dihydnodiol.
Both phenobarbital and 3-methylcholanthrene treatment of rats failed to induce metab-

olism of the enantiomenic dihydrodiols when the data were expressed pen nanomole of
cytochrome P-450. Phenobarbital treatment decreased the rate of metabolism by 45-59%,
and 3-methylcholanthrene treatment decreased the rate by 13-43%. The reduction in rate
of metabolism by 3-methylcholantKrene treatment is unusual for polycyclic aromatic
hydrocarbon substrates.
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INTRODUCTION

Metabolism of benzo-nng trans-dihydrodioLs with a
bay-region double bond to diol epoxides is well estab-
lished as the major pathway by which ultimate carcino-
genic metabolites of polycyclic aromatic hydrocarbons
are formed (1). The cytochnome P-450-dependent mixed-
function oxidase system located in the endoplasmic netic-

ulum of liver is primarily responsible for this often highly
stereoselective biotransformation. Previous results from
these and other laboratories have shown that metabol-

ically formed B[a]P� 7,8-dihydrodiol, a proximate car-
cinogenic metabolite of the environmental carcinogen
B[a]P, is metabolized predominantly to one of the four
metabolically possible diol epoxides with enzyme prepa-
rations from rats (2-4), rabbits (5), humans (6), and fungi
(7) as well as by prostaglandin synthetase (8, 9). Metab-
olism of pure enantiomers of B[a]P 7,8-dihydnodiol by
liven microsomes isolated from 3-methylcholanthrene-

treated rats indicated that (-)-(7R,8R)-dihydrodiol was
metabolized to (+)-diol epoxide-2 and (-)-diol epoxide-1

in a ratio of 6:1. The degree of stereoselectivity was even
higher for metabolism of the (+)-(75,8S)-enantiomer; a
(+)-diol epoxide-1 to (-)-diol epoxide-2 ratio of 19:1 was

obtained (2). A reconstituted enzyme system containing
highly purified cytochrome P-450c showed a similar de-
gree of steneoselectivity (2). Recently, we demonstrated
that phenanthrene 1,2-dihydrodiol is also metabolized to

bay-region 1,2-diol-3,4-epoxides with a high degree of
stereoselectivity (10). The relative amounts of diol epox-
ide-i compared with diol epoxide-2 formed from (+)-

(1S,2S)-dihydrodiol and (-)-(1R,2R)-dihydrodiol by liver
microsomes from 3-methylcholanthrene-treated rats
were 5.6:1 and 1:5.3, respectively. Biosynthetic chrysene
1,2-dihydrodiol [90% (-)-(1R,2R)-enantiomen] and (-)-

BA (3R,4R)-dihydrodiol are also stereoselectively con-
verted to diol epoxide-2 by liven microsomes from 3-
methylcholanthrene-treated rats (11, 12). All of these
studies indicate that (-)-(R,R)-dihydrodiols are predom-
inantly metabolized to the (+)-diol epoxide-2 diastereo-
men. Interestingly, tumorigenicity studies have revealed
that the (+)-diol epoxide-2 isomer is the most tumon-

genic of the four isomers for both B[a]P (13) and chry-
sene.4 The present study of metabolism of the (+)- and
(-)-chrysene 1,2-dihydrodiols was undertaken to estab-

lish whether the stereospecificity of the cytochnome P-

.1 The abbreviations used are: B[a)P, benzo[a}pyrene; B[e]P,

benzo[e]pyrene; BA, benz[a]anthracene; chrysene 1,2-dihydrodiol,

trans-1,2-dihydroxy-1,2-dihydrochrysene; B[a]P 7,8-dihydrodiol, phen-

anthrene 1,2-dihydrodiol, BA 3,4-dihydrodiol, and chrysene 3,4-dihy-

drodiol are similarly abbreviated; chrysene 1,2-diol-3,4-epoxide-1 in

which the benzylic hydroxyl group at carbon 1 and the epoxide oxygen

are cia, (±)-1fl,2a-dihythoxy-3f�,4fl-epoxy-1,2,3,4-tetrahydrochrysene;

chrysene 1,2-diol-3,4-epoxide-2 in which the benzylic hydroxyl group at

carbon 1 and the epoxide oxygen are trans, (±)-lf.?,2a-dihydroxy-3a,4a-

epoxy- 1 ,2,3,4-tetrahydrochrysene; similar abbreviations are used for

bay-region diol epoxides of B[a]P and phenanthrene; chrysene H4-1-ol,

1-hydroxy-1,2,3,4-tetrahydrochrysene; HPLC, high-pressure liquid

chromatography.

4 R. L. Chang, W. Levin, A. W. Wood, H. Yagi, M. Tada, K. P. Vyas,

D. M. Jerina, and A. H. Conney. Tumorigenicity of enantiomers of

chrysene 1,2-dihydriol and of the diastereomeric bay-region chrysene

1,2-diol-3,4-epoxides on mouse skin and in newborn mice. Submitted

for publication.

450 system toward these dihydrodiols parallels that oh-
served for the corresponding phenanthrene 1,2- ( 10) and
B[a]P 7,8-dihydrodiols (2). These results are of particular
importance for our understanding of the stenic require-
ments of the catalytic site of cytochrome P-450c (14), the
predominant cytochrome P-450 in the livers of rats
treated with 3-methylcholanthrene (15, 16). Structures
of (+)- and (-)-enantiomens of chrysene 1,2-dihydrodiol
are illustrated in Fig. 1.

MATERIALS AND METHODS

Dihydrodiol substrates. Enantiomericaily pure (+)-

and (-)-isomens of chrysene 1,2-dihydrodiol were synthe-
sized as described (17); [aID -105#{176}, +109#{176} (c = 0.5,
tetrahydrofunan). Both the (+)- and (-)-enantiomers
were >99% chemically pure when analyzed by reverse-
phase HPLC as described for incubated samples.

Synthetic metabolite standards. Diastereomenc bay-
region diol epoxides-1 and -2 of chrysene in which the

benzylic hydnoxyl group and the epoxide oxygen are
either cis (isomer- 1 series) or trans (isomer-2 series) to
each other were synthesized as described (18). Tetraols,
which arise by cis and trans addition of water at benzylic
carbon 4 of the epoxide (Fig. 2) were assigned relative
stereochemistry by NMR and mass spectroscopy of their
corresponding tetnaacetates ( 18) . A mixture of diol epox-
ide-i, 0.5 ml of dioxane, and 4.5 ml of Tnis-perchlorate
(0.1 M, pH 7.5) was maintained at 25#{176}for 16 hr under
argon to form keto-diol (18). After acidification to destroy
residual diol epoxide, the keto-diol was separated from
other products by HPLC (Fig. 3A). Keto-diol was re-
duced to a pair of tniols on treatment with sodium boro-
hydride for 10 mm in water-methanol.

Enzyme preparations. Liver microsomes were pre-
pared from control and treated male, immature (50-60 g)
rats of the Long-Evans strain as described previously
(19). The animals were treated daily with either pheno-
barbital (75 mg/kg, 3 days) or 3-methylcholanthrene (25
mg/kg, 4 days) by i.p. injection. Cytochrome P-450 con-
tents were determined according to the method of Omura
and Sato (20). Specific contents of cytochnome P-450
(nanomoles of P-450 per milligram of protein) were 0.67

Bay Region

Bay Region

Chrysene

��OH OH

Chrysene H4- 1 ol (+)Chrysene (1S,2S)dihydrodio) Trio)

FIG. 1. Absolute stereochemistiy of (+.)- and (-.)-chrysene 1,2-di-

hydrodiols

The keto-diol and -trioLs shown are potential metabolites. Chrysene

H�-1-ol was used as an internal standard.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


��\OH

Did Epoxide-2 Cis-2

OH

+

Trans-2

OH OH OH methanol compositions at which they emerge from the

5’ OH .- 5OH �OH

� ‘.,� � -.---.. � : � � + 0

. � � 0 L � � � OH H � � OH H

Diol Epoxidel Cis�1 T 1rans-

column, thus optimizing the detection of tetnaols. Area
under peaks was integrated with an Autolab System IV.
uv spectra were recorded with a Hewlett-Packard 8450A
UV/VIS spectrophotometer.

Quantitation of dihydrodiol metabolism. The quanti-
tation of dihydrodiol metabolism was carried out using
chrysene H4-i-ol as an internal standard. Two calibration
curves were constructed. One curve, used to determine
the amount of dihydrodiol metabolized, was constructed
by plotting ratios of the area under the dihydrodiol peak
to that of internal standard peak versus nanomoles of
dihydrodiol. A second curve, used to determine the

. . . .

FIG. 2. Tetraols formed from the diastereomeric diol epoxides-1
. . . . .

and -2 by cis (cia- I and c&s-2) and trans (trans. 1 and trans-2) addition

of u’aterat benzylic carbon 4 of the diol epoxides

The absolute stereochemistnes shown are based on recent synthetic

studies

amount of tetnaols formed, was constructed by plotting
.

ratios of area under tetraol peak to that oi intern
.

standard peak versus nanomoles of tetraol. Plotted � in
this way, the results are independent of the sample size

injected. All samples for both calibration curves are
corrected for recovery since they are obtained from zero-

for microsomes from control rats, 1.89 for microsomes
from phenobarbital-treated rats, and 2.21 for micnosomes

time incubations. Linear regression analysis indicated a
correlation of 99.9% for both curves.

from 3-methylcholanthrene-treated rats. Highly purified
cytochrome P-450c (21), cytochrome P-450b (21), and RESULTS
NADPH-cytochrome c reductase (22) were prepared by
previously described methods. The percentage conversion and rates of metabolism of

Incubations. Standard incubation mixtures contained (+)- and (-)-chrysene 1,2-dihydrodiols by liven micro-
200 �tmoles of potassium phosphate buffer (pH 7.4), 6 somes from control and induced rats are shown in Table
imoles of MgCl2, 2 �imoles of NADPH, 100 nmoles of 1. Microsomes from control rats metabolized the (+)-
substrate dissolved in 0.1 ml of acetone, and 0.25-8.0 mg and (-)-enantiomers of chrysene 1,2-dihydrodiol at rates
of microsomal protein. Incubations with the neconsti- of 3.58 and 2.60 nmoles/min/nmole of cytochrome P-450,
tuted system contained 0.05-0.8 nmole of cytochrome P- respectively. Prior treatment of rats with inducens of the
450c or cytochrome P-450b, 3000 units of NADPH-cyto- cytochrome P-450 enzyme system failed to enhance rates
chrome c reductase, 60 j�g of lipid, and 200 jimoles of of metabolism. Although prior treatment of rats with 3-
potassium phosphate buffer (pH 7.2) in addition to methylcholanthrene increased the total amount of chry-
MgC12, NADPH, and substrate as above. Final incuba- sene 1,2-dihydrodiol metabolized per mffligram of protein
tion volumes were 2.0 ml. All reaction mixtures were when compared with microsomes from control rats, it
incubated for 10 mm at 37#{176}with gentle shaking. Enzy- actually decreased the nanomoles of dihydrodiol metab-
matic reactions were terminated by the addition of 140 olized per nanomole of cytochrome P-450 pen minute by
/_Li of 1.5 M HC1O4 (final pH 2.0). Reaction mixtures 13-43% compared with control microsomes. Phenobar-
were stored in the dark at room temperature for 2 hr bital treatment decreased the rate of metabolism by
before neutralization with 100 �il of saturated Tris base 45-59% when calculated pen nanomole of cytochrome P-
(final pH � 7.0). Acid treatment was required to convent 450. Although microsomes from control rats metabolized
residual diol epoxides to tetraols as described (ii). A the (+)-dihydrodiol at a slightly higher rate than the
solution of 10 nmoles of chrysene H4-1-ol in 50 �tl of (-)-dihydrodiol, both enantiomens were metabolized at
methanol was added to the mixture as an internal stan- the same rate after either phenobarbital or 3-methyicho-
dard, and the mixture was extracted with 6 ml of 2: 1 lanthrene treatment.
ethyl acetate/acetone. After centrifugation, 5 ml of or- Relative amounts of diol epoxides-i and -2 formed
ganic phase were carefully removed, dried over anhy- from (+)- and (-)-chrysene 1,2-dihydrodiols by the three
drous sodium sulfate, and concentrated under a stream rat liver microsomal preparations are shown in Table 2.
of nitrogen. Controls consisted of zero-time incubations HPLC profile of metabolites formed from (+)- and (-)-

and were treated in a similar manner. chrysene 1,2-dihydrodiol by liven microsomes from 3-

Analysis of metabolites by HPLC. A Spectra Physics methylcholanthrene-treated rats are shown in Fig. 3. Diol
model 3500B HPLC system was used to analyze incuba- epoxides were detected and quantitated as their solvol-
tion samples. Concentrated extracts of incubation sam- ysis products, the cis and trans tetnaols. The ratio of
ples were dissolved in 100 �tl of methanol, and aliquots bay-region diol epoxides formed was dependent on both
were injected on a DuPont Zonbax ODS column (6.2 mm the enzyme preparation and the enantiomen used. Bay-
x 25 cm) eluted with a linear gradient of 50%-90% region diol epoxides represented as little as 15% of the

methanol in water at a rate of change of 1%/mm after an total metabolites when the (+)-(iS,2S)-enantiomer was
initial i-mm delay. The column was eluted at a flow rate metabolized by control microsomes, and represented as
of 1.2 mI/mm, and the eluent was monitored at 255 nm much as 66% of total metabolites with the (-)-(1R,2R)-
with a Schoeffel Instruments Model SF-770 UV-VIS enantiomer as substrate and microsomes from 3-methyl-
variable wavelength detector. The value of 255 nm rep- cholanthrene-treated rats.

resents the approximate Amax of the tetraols in the water- Formation of diol epoxides was found to be steneose-

184 VYAS ET AL.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


0 10 20 30 40 0 10 20 30 40

METABOLISM OF (+)- AND (-)-CHRYSENE 1,2-DIHYDRODIOLS TO BAY-REGION I)IOL EPOXIDES 185

E
LO
Co
C,.,’

w
0
z

0

U)
CD

TIME (mm)

FIG. 3. Chromatographic separations by HPLC

A. Synthetic standards of the tetraols, derived from acid-catalyzed hydrolysis of the chrysene 1,2-diol-3,4-epoxides-1 and -2, the keto-diol

formed by spontaneous isomerization of chrysene 1,2-diol-3,4-epoxide-1 at neutral pH, triols which result upon reduction of the above keto-diol,

chrysene 1,2-dihydrodiol, and an internal standard chrysene H,’-1-ol.

B. Metabolites of (+)-chrysene 1,2-dihydrodiol formed by liver microsomes from control rats.

C and D. Metabolites of (+)- and (-)-chrysene 1,2-dihydrodiol, respectively, formed by liver microsomes from 3-methylcholanthrene-treated

rats. The arrou’ in C and D designates the point of elution of the phenolic dihydrodiol. The chromatographic system used for the separation of

synthetic standards as well as metabolites is as described under Materials and Methods.

lective. In general, the diol epoxide-1 diasteneomen was

the major metabolite of (+)-(iS,2S)-dihydrodiol, whereas
the diol epoxide-2 diastereomer was the major metabolite
of (-)-(iR,2R)-dihydrodiol. The degree of stereoselectiv-
ity depended on the type of enzyme preparation used.
Microsomes from 3-methylcholanthrene-tneated rats
showed a higher degree of stereoselectivity when com-

pared with microsomes from control or phenobarbital-

treated rats. Microsomes from 3-methylcholanthrene-
treated rats metabolized (+)-chrysene (1S,2S)-dihydro-
diol to (+)-diol epoxide-i and (-)-diol epoxide-2 in a
ratio of 6:1, whereas the relative amount of (+)-diol
epoxide-2 and (-)-diol epoxide-1 formed from (-)-chry-
sene (1R,2R)-dihydrodiol was 20:1.
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curves.

TABLE 1

Metabolism of(’+.)- and �‘-.)-chrysene 1,2-dihydrodiols by liver

microsomesfrom control and induced rats

Experimental conditions were as described under Materials and

Methods. The substrate concentration was 100 nmoles/incubation and

the protein concentration was 0.5 mg/incubation in a final volume of

2.0 ml.

Dihydrodiol
enantiomer

Treatment % Dihydrodiol
metabolized

Rate’

(+)-(IS,2S) Control

Phenobarbital

3-Methylcholanthrene

12.0

14.0

22.6

3.58

1.47

2.05

(-)-(1R,2R) Control

Phenobarbital

3-Methylcholanthrene

8.7

13.5

24.9

2.60

1.42

2.25

a Rate of metabolism is expressed as nanomoles of dihydrodiol

metabolized per nanomole of cytochrome P-450 per minute.

In addition to diol epoxides, several unknown metabo-
lites were detected. One of these was formed in a suffi-
cient amount to allow its characterization. This metab-
olite, which eluted immediately following cis- 1 tetnaol on
HPLC (Fig. 3B), is tentatively identified as a phenolic
dihydrodiol. The UV spectrum of the phenolic dihydro-
diol (Fig. 4) underwent a red shift characteristic of phe-
nols when measured in an alkaline medium. Neutnaliza-
tion restored the original spectrum. The chemical ioni-
zation mass spectrum of the metabolite with NO-N2 gas
gave a molecular ion at m/e 278 [Mt] with a base peak
at m/e 260 [M�-H2O]. The molecular weight of 278 is 16
mass units above that of the dihydnodiol. The combina-
tion of the UV and mass spectral data indicate that the
metabolite is a phenolic dihydrodiol. Although the exact
position of the introduced hydroxyl group is presently
unknown, the benzo-ning remote from the dihydrodiol
ring seems most probable since the vast majority of the
metabolism of chrysene occurs on the benzo-rings (11).
Both the (+)- and (-)-dihydrodiols serve as precursors
to the phenolic dihydnodiol. Although only trace amounts
of this metabolite were formed by microsomes from 3-
methylcholanthrene-tneated rats, significant amounts of

the phenolic dihydrodiol were formed by microsomes
from phenobarbital-treated rats. Detectable amounts of

keto-diol or tniol metabolites were not observed.

FIG. 4. UV spectra of the phenolic dihydrodiol in water-methanol

(3: 7) before and after the addition ofsodium hydroxide

The rate of metabolism of (-)-chrysene (1R,2R)-di-
hydrodiol by liven micnosomes from 3-methylcholan-
threne-treated rats was independent of protein concen-

tnation from 0.25 mg to 1.0 mg of protein per 2.0-mi
incubation (Table 3). At a protein concentration of 2.0
mg/2.0-ml incubation (57% metabolism), the nate of me-
tabolism began to decrease. Linearity with protein con-
centnation for the metabolism of (-)-chrysene (1R,2R)-
dihydrodiol was not observed with microsomes from
control and phenobarbital-treated rats even at very low
protein concentrations (Table 3) . Parallel results were
obtained with (+)-chrysene (15,25)-dihydrodiol as sub-
strate for the three microsomal preparations (data not
shown). The formation of substantial amounts of the
phenolic dihydrodiol with microsomes from control and
phenobarbita.l-treated rats suggested to us that it may be
an inhibitor of the cytochrome P-450 system. Microsomes
from 3-methylcholanthrene-treated rats formed only
trace amounts of this metabolite. Addition of the phe-
nolic dihydrodiol to incubation mixtures containing mi-
crosomes from 3-methylcholanthrene-tneated rats caused
inhibition of the metabolism of (-)-chrysene (1R,2R)-
dihydrodiol (Table 4). Concentrations of the phenolic
dihydrodiol were selected such that they bracketed the

TABLE 2

Relative amounts of diol epoxides (DE) formed from (±)- and (-)-chrysene 1,2-dihydrodiols by liver microsomes from control and induced

rats
Experimental conditions were as described under Materials and Methods. The substrate concentrati

protein concentration was 0.5 mg/incubation in a final volume of 2.0 ml.

on was 100 nmoles/ incubation and the

Isomer Treatment Individual tetraols as % of total tetroals DE as % of total
metabolites”

DE-1/DE-2

trans-2 cis-2 trans-i cia-i

(+)-(1S,25) Control 23.0 7.5 34.1 35.4 15.4 2.3/1

Phenobarbital 32.1 8.6 29.3 29.8 23.6 1.4/1

3-Methylcholanthrene 12.0 2.4 39.2 46.5 38.2 6.0/1

(-)-(1R,2R) Control 79.1 5.2 10.5 5.2 29.5 1/5.3

Phenobarbital 82.8 4.7 7.6 4.9 49.8 1/7.0

3-Methylcholanthrene 91.7 3.5 3.0 1.8 65.8 1/20.0

(1 Values were obtained by dividing total nanomoles of tetraols formed by nanomoles of dihydrodiol metabolized based on the two calibration
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TABLE 3

Effect ofprotein concentration on the metabolism of(-)-chrysene (IR,2R)-dihydrodiol by liver microsomes from control and induced rats

Experimental conditions we re as described under Materials and M ethods. The substrate concentration was 100 nmoles/ 2.0-mi incubation. DE,

Diol epoxide.

Treatment Protein concentration (mg/2.0-
ml incubation)

% Dihydrodiol metabolized Rate” DE-1/DE-2

Control 0.5

1.0

2.0

4.0

8.0

8.7

9.3

16.7

16.7

19.3

2.60

1.39

i.24

0.62

0.36

1/5.3

1/6.5

1/7.0

1/9.4

1/9.3

Phenobarbital 0.5

1.0

2.0

4.0

8.0

13.5

21.1

23.1

29.8

218b

1.42

1.12

0.61

0.39

0.14

1/7.0

1/8.6

1/9.4

1/11

1/5.9

3-Methylcholanthrene 0.25

0.5

1.0

2.0

10.4

24.9

39.6

56.3

1.90

2.25

1.79

1.27

1/20

1/20

1/30

1/32

a Rate of metabolism is expressed as nanomoles of dihydrodiol metabolized per nanomole of cytochrome P-450 per minute.

b At a protein concentration of 8.0 mg/2.0-mJ incubation, the percentage conversion actually decreased in two separate experiments. Similar

data were obtained for (+)-(1S,2S) enantiomer.

amounts isolated from similar incubations with liven mi-
crosomes from control rats. The data clearly indicate
that the phenolic dihydrodiol produces a dose-dependent

inhibition of the metabolism of the (-)-(1R,2R)-dihydro-
diol by liver microsomes from 3-methylcholanthrene-

treated rats. The phenolic dihydrodiol used in this ex-
peniment was isolated from a large-scale (50 ml) incuba-
tion containing 2.5 �anoles of substrate and 100 mg of
microsomal protein from untreated rats. The data in
Table 3 also show the relative amounts of the diasteneo-
menic diol epoxides formed from (-)-chrysene (1R,2R)-
dihydrodiol by all three microsomal preparations at sev-
enal protein concentrations. The stereoselectivity of the
formation of the (+)-diol epoxide-2 diasteneomen in-

TABLE 4

Effect ofthe phenolic dihydrodiol on metabolism of(-)-chrysene

(1R,2R)-dihydrodiol by liver microsomes from 3-methyicholanthrene-

treated rats

The phenolic dihydrodiol was isolated and purified by reverse-phase

HPLC (see Materials and Methods and legend to Fig. 3) from a large-

scale (50-ml) incubation (15 mm) containing 2.5 �imoles of substrate

and 100 mg of microsomal protein from untreated rats. The phenolic

dihydrodiol was dissolved in methanol and added to the 2.0-mi incu-

bation mixtures. Methanol (0-20 �sl) was added to incubation samples

such that all samples contained 20 �.d of methanol.

Phenolic dihydrodiol % Dihydrodiol % Inhibition
269 nm units) metabolized

0.0 23.0” 0

0.02 20.8 10

0.05 20.0 13

0.10 18.8 18

0.20 15.2 34

a This corresponds to a rate ofmetabolism 1.95 ninoles of dihydrodiol

consumed per nanomole of cytochrome P-450 per minute. The protein

concentration was 1.0 mg/2.0-ml incubation. A comparable incubation

with 1.0 mg of microsomal protein from control rats would have led to

the isolation of about 0.05 A,i,g nm units of the phenolic dihydrodiol.

creased to some extent as the protein concentration was

increased for all three microsomal preparations.
Metabolism of enantiomenc dihydnodiols was also ex-

amined with the reconstituted system containing cyto-
chrome P-450c and cytochrome P-450b. Cytochrome P-

450c is the major form of cytochrome P-450 induced by

3-methylcholanthrene, and cytochrome P-450b is the
major cytochrome P-450 induced by phenobanbital treat-
ment (15, 16). Metabolism of (+)- and (-)-chrysene 1,2-
dihydrodiols by the reconstituted system containing dif-
fenent concentrations of cytochrome P-450c is shown in
Table 5. The rate of metabolism of both enantiomers was
constant at all concentrations of cytochrome P-450c

tested. Cytochrome P-450c metabolizes the (+)- and
(-)-dihydrodiols very efficiently and essentially at simi-
lar rates. Bay-region diol epoxides were major metabo-

lites formed from both dihydrodiols. Formation of the
diastereomenc diol epoxides was highly stereoselective.
The (-)-(1R,2R)-dihydrodiol was exclusively metabo-
lized to (+) -diol epoxide-2, whereas the (+)- ( 1S,2S) -di-
hydrodiol was predominantly converted to the (+)-diol
epoxide- 1 diasteneomen. The degree of stereoselectivity
is even higher than that obtained with liver microsomes
from 3-methyicholanthrene-treated rats. Interestingly,
not even trace amounts of the phenolic dihydrodiol were
detected. Both enantiomeric dihydrodiols were found to
be very poor substrates for the highly purified cyto-
chrome P-450b system. Even at a concentration of 0.8

nmole of cytochrome P-450b pen 2-mi incubation, metab-
olism of either enantiomen could not be detected.

DISCUSSION

In parallel with previous studies on the formation of
bay-region diol epoxides from the (+)- and (-)-enantio-
mers ofB[a]P 7,8- (2) and phenanthrene 1,2-dihydrodiols
(10), formation of the diastereomenic chrysene 1,2-diol-
3,4-epoxides-i and -2 has been found to be highly ster-
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TABLE 5

Metabolism of (+). and (-)-chrysene 1,2-dihydrodiol by the reconstituted enzyme system containing highly purified cytochrome P-450c

Experimental conditions were as described under Materials and Methods. The substrate concentration was 100 nmoles/2.0 ml incubation.

Isomer Cytochrome P-450c % Dihydrodiol metab- Rate “ Relative amounts of diol epox-
(nmoles/2.O-ml incubation) olized ides formed as % of total me-

tabolites b

DE-1 DE-2

(-)-(1R,2R) 0.05 8.4 16.7 ND 100

0.10 15.4 15.4 ND >99

0.20 27.5 13.8 ND 80”

(+)-(1S,2S) 0.05 7.5 15.0 58 5.2

0.10 14.2 14.2 63 6.1

0.20 30.3 15.2 42 3.5

(, Rate of metabolism is expressed as nanomoles of dihydrocliol metabolized per nanomole of cytochrome P-450c per minute.
S See Table 2, footnote a.

(. Not detected.

(I In this and the following entries, diol epoxides were not the sole metabolites based on the amount of dihydrodiol consumed and the amount

of tetraoLs formed. Several other peaks were present on the HPLC profiles.

eoselective and dependent on the microsomal pnepara-
tion. With microsomes from 3-methylcholanthrene-
treated rats, (-)-chrysene (1R,2R)-dihydrodiol was me-
tabolized predominantly to (+)-diol epoxide-2, whereas
(+)-chrysene (1S,2S)-dihydrodiol was metabolized

mainly to (+)-diol epoxide-1. The degree of steneoselec-
tivity was even higher with the cytochrome P-450c-de-
pendent reconstituted system to the extent that only diol
epoxide-2 was detected from the (-)-dihydrodiol (Table
5). Cytochrome P-450c constitutes >70% of cytochromes

P-450 present in liven micnosomes from 3-methylcholan-
threne-treated rats (15, 16). Of the remaining 20-30%,
cytochromes P-450a and P-450b make up 1 1% and <3%
of the total cytochrome P-450, respectively, and are low
in catalytic activity toward most polycyclic hydrocarbon
substrates (21). Thus for B[a]P, phenanthrene, and chry-
sene, cytochrome P-450c stereoselectively metabolizes
the (-)-R,R-enantiomer to (+)-diol epoxide-2 and the
(+)-S,S-enantiomer to (+)-diol epoxide-1. These results

are in good accord with the predictions of a stereochem-
ical model for the catalytic binding site of cytochrome P-
450c (14). Microsomes from either control or phenoban-
bital-treated rats were much less stereoselective in form-
ing the diol epoxide diastereomers from the chrysene 1,2-
dihydnodiols, as was previously found to be the case for
the (+)- and (-)-enantiomens of phenanthrene 1,2- (10)
and B[a]P 7,8-dihydrodiols (2). Cytochromes P-450a, P-
450b, and P-450c constitute 7%, 4%, and 4%, respectively,
of the cytochromes P-450 in liver microsomes from con-

trol rats and 7%, 57%, and 2%, respectively, of the cyto-
chromes P-450 in liver micnosomes from phenobarbital-
treated rats (15). Thus, the decreased stereospecificity
with these microsomes is probably due to metabolism by
presently uncharactenzed cytochromes P-450 in these
preparations.

The negiospecificity of rat liver microsomes in the
formation of bay-region diol epoxides from dihydrodioLs
of B[a]P, BA, phenanthrene, and chrysene is also de-
pendent on prior treatment of the rats. In general, micro-
somes from 3-methylcholanthrene-treated rats show the
highest regiospecificity. The lower regiospecificity, as
well as previously mentioned diastereomer specificity, by
microsomes from control and phenobarbital-tneated rats

is best explained by the presence of substantial amounts
of presently uncharacterized cytochromes P-450 (15)
with differing negiospecificities in these microsomes. Cy-
tochrome P-450b, which constitutes more than one-half
of the total P-450 in liver micnosomes from phenobarbi-
tal-treated rats, actually failed to produce detectable
metabolites from the chrysene 1,2-dihydrodiol despite
the fact that microsomes from phenobarbital-tneated rats
effectively metabolize the dihydrodiol. Furthermore,
with microsomes from 3-methyicholanthrene-treated

rats in particular, the percentage of total metabolites
represented by bay-region diol epoxides is highly sub-

strate-dependent: as much as 95% from B[a]P 7,8-dihy-
dnodiol (2) and as little as 16% for BA 3,4-dihydrodiol
(12). Chrysene 1,2-dihydrodiol (38-65%) is intermediate.

Chrysene i,2-diol-3,4-epoxides accounted for only
15-30% of the total metabolites when microsomes from
control rats were used as the source of enzyme. However
a phenolic dihydrodiol was formed from both enantio-
mers of chrysene 1,2-dihydrodiol. Whether this phenolic

dihydrodiol arises via rearrangement of a labile arene
oxide of the dihydnodiol or via dehydration of a labile

bis-dihydrodiol is unknown. This metabolite was also
produced by micnosomes from phenobarbital-treated rats
and in only trace amounts by microsomes from 3-methyl-
cholanthrene-treated rats. Studies with the reconstituted
system indicated that the phenolic dihydrodiol was not
a product of either cytochrome P-450b or P-450c. Phe-
nolic dihydnodiols have also been detected as metabolites
of B[a]P 7,8-dihydnodiol (2) and B[e]P 9,10-dihydnodiol
(23).

Although the rate at which the (-)-chrysene (1R,2R)-

dihydrodiol was metabolized was proportional to protein
concentration oven a several-fold range with microsomes
from 3-methylcholanthrene-tneated rats, such was not
the case for microsomes from control on phenobarbital-
treated rats (Table 3). Sensitivity of the assay precluded
study of lower protein concentrations. At least part of
the nonlinearity with these microsomes may be due to
their formation of significant amounts of the phenolic
dihydrodiol, which was shown to be an effective inhibitor
of metabolism of (-)-chrysene (1R,2R)-dihydrodiol by
microsomes from 3-methylcholanthrene-tneated rats
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METABOLISM OF (+)- AND (-)-CHRYSENE 1,2-DIHYDRODIOLS TO BAY-REGION l)IOL EPOXIDES i89

(Table 4). Several related examples where product phe-
nols inhibit substrate metabolism are now known: e.g.,
oxyphenbutazone inhibits metabolism of phenylbuta-

zone, and 4-hydroxy-antipynine inhibits antipynine me-

tabolism (24); hydnoxybenz[ajanthracenes inhibit metab-
olism of BA (25, 26), and quinones of B[a]P or possibly
their related hydroquinones inhibit the metabolism of
B[a]P and B[a]P 7,8-dihydrodiol (27, 28).

The rate of hepatic microsomal metabolism (nano-
moles of product per nanomole of cytochrome P-450 per
minute) of many polycyclic aromatic hydrocarbons is
markedly stimulated (2- to 30-fold) by treatment of rats
with 3-methyicholanthrene. With dihydrodiols as sub-
strates, 3-methyicholanthrene treatment has varying re-
sults. Although metabolism of B[aJP 7,8- (2) and BA 3,4-
dihydrodiol (12) is markedly stimulated, metabolism of
phenanthrene 1,2- (10) and chrysene 3,4-dihydrodiols
(29) is little affected. The rate of metabolism of (+)-

chrysene (15,25)-dihydrodiol actually decreased by 43%
upon treatment of rats with 3-methyicholanthrene in the

present study. Notably, microsomes from control rats

metabolized the (+)-1,2-dihydrodiol 4- to 20-fold better
(nanomoles metabolized per minute per nanomole of

cytochrome P-45O) than other dihydrodiols with bay-
region double bonds such as those from B[a]P, BA, and
phenanthrene. The decrease in the rate of dihydnodiol
metabolism by phenobarbital treatment clearly results

from the fact that the dihydrodiol is a very poor substrate
(if a substrate at all) for cytochrome P-450b, which

constitutes 57% of the total cytochrome P-450 in these

microsomes.

REFERENCES

I. Nordqvist, M., D. R. Thakker, H. Yagi, R. E. Lehr, A. W. Wood, W. Levin, A.

H. Conney, and D. M. Jerina. Evidence in support of the bay-region theory
as a basis for the carcinogenic activity of polycyclic aromatic hydrocarbons,
in Mo!ecu!ar Basis of Environmental Toxicity (R. S. Bhatnagar, ed). Ann
Arbor Science Publishers, Ann Arbor, Mich., 329-357 (1980).

2. Thakker, D. R., H. Yagi, H. Akagi, M. Koreeda, A. Y. H. Lu, W. Levin, A. W.
Wood, A. H. Conney, and D. M. Jerina. Metabolism of benzo[aJ-pyrene. VI.
Stereoselective metabolism of benzo[alpyrene and benzo[a]pyrene 7,8-dihy-

drodiol to diol epoxides. Chem. Biol. Interact. 16:281-300 (1977).
3. Thakker, D. R., H. Yagi, A. Y. H. Lu, W. Levin, A. H. Conney, and D. M.

�Jerina. Metabolism of benzo[a�pyrene: conversion of (±)-trans-7,8-dihy-
droxy-7,8-dihydrobenzo[a]pyrene to highly mutagenic 7,8-diol-9,l0-epoxides.

Proc. Nat!. Acad. Sci. U. S. A. 73:3381-3385 (1976).
4. Yang, S. K., D. w. McCourt, P. P. Roller, and H. V. Gelboin. Enzymic

conversion of benzo[a]pyrene leading predominantly to the diol epoxide r-

7,t-8-dihydroxy-t.9,10-oxy-7,8,9,10-tetrahydrobenzo[a]pyrene through a sin-
gle enantiomer of r.7,t-8-dihydroxy.7,8-dihydrobenzo[a]pyrene. Proc. Nat!.
Acad. Sci. U. S. A. 73:2594-2598 (1976).

5. I)eutsh, .J.. K. P. Vat.sis, M. .J. Coon, .J. C. Leuta, and H. V. Gelboin. Catalytic
activity and stereoselectivitv of purified forms of rabbit liver microsomal
(-vtochrome P-450 in the oxygenation of the (-)- and (+)-enantiomers
of tra,is-7,8-dihvdroxv-7,8-dihvdrohenzo[ajpyrene. Mo!. Pharmaco!. 16:
l))11-l018 (1979).

6. Autrup, H., F. C. Wefald, A. M. Jeffrey, H. Tate, R. D. Schwartz, B. F.
Trump, and C. C. Harris. Metaboliam of benzo[a]pyrene by cultured trache-

obronchial tissues from mice, rats, hamsters, bovines and humans. In!. J.
Cancer 25:293-300 (1980).

7. Cerniglia. C. E., and D. T. Gibson. Fungal oxidation of benzo[a]pyrene and
(±).trans-7,8-dihydroxy-7,8-dihydrobenzo[ajpyrene. Evidence for the forma-

tion of a benzo[a]pyrene 7,8-diol-9,lO.epoxide. J. Bio!. Chem. 255:5159-5163

(1980).
8. Marnett, L. J., J. T. Johnson, and M. J. Bienkowski. Arachidonic acid

dependent metabolism of 7,8-dihydroxy.7,8.dihydrobenzo[alpyrene by ram
seminal vesicles. F. E. B. S. Lett. 106:13-16 (1979).

9. Sivarajah, K., H. Mukhtar, and T. Eling. Arachidonic acid-dependent metab-
olism of (+).trans-7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene (BP-7,8-diol) to

7,10/8,9-tetroals. F. E. B. S. Lelt. 106:17-20 (1979).

10. Vyas, K. P., D. R. Thakker, W. Levin, H. Yagi, A. H. Conney, and I). M.

Jerina. Stereoselective metabolism of the optical isomers of tran.s-1,2-dihy-

droxy-l,2-dihydrophenanthrene to bay-region diol epoxides by rat liver mi-

crosomes. Chem. Biol. Interact. 38:203-213 (1982).

11. Nordqvist, M., D. R. Thakker, K. P. Vya.s, H. Yagi, W. Levin, D. E. Ryan. P.
E. Thomas, A. H. Conney, and D. M. .Jeri,ia. Metabolism of chrvsene and

phenanthrene to bay-region diol epoxides by rat liver enzymes. Mo!. Phar

maco!. 19:168-178 (1981).

12. Thakker, D. R., W. Levin, H. Yagi, M. Tada, I). E. Ryan, P. E. Thomas. A.
H. Conney, and D. M. Jerina. Stereoselective metabolism of the )+)- and

(-)-enantiomers of tran.’i.3,4.dihydroxy-3,4.dihydrobenz[ajanthracene by rat
liver microsomes and by a purified and reconstituted cytochrome P-450
system. J. Bio!. (‘hem. 257:5103-5110 (1982).

I:). Huening, M. K.. P. (;. Wislocki, W. 1.evin, 11. \‘agi. I). H. Thakker. U. Akagi.
M. Koreeda, I). M. .Jerina, and A. 11. Connev. lumurigenicity of the optical

e’nantion�ers of the (liastereonteri( henzo[a pvrene 7,8-diol-9, ID-epoxides in

newborn nsice: exceptional act ivity of ) + )-7,H,8o-dihydroxy-9o. lOo.epoxy.7,-
8,9,lO-tetrahvdrohenzo[al�wrene. Proc. Nat!. Aiad. Sc,. 1’. .S. A. 75:

5:158-5:1(11 ( 1978).

14. Jerina, D. M., D. P. Michaud, R. ‘J. Feldmann, R. N. Armstrong, K. P. Vyas,

D. R. Thakker, H. Yagi, P. E. Thomas, D. E. Ryan, and W. Levin. Stereo-

chemical modeling of the catalytic site of cytochrome P-450c, in Fifth Inter
national Symposium on Microsomes and Drug Oxidations (M,c-ro.somes,

Drug Oxidations and Drug Toxicity) (R. Sato and R. Kato, eds.). Japan

Scientific Societies Press, Tokyo, in press.

15. Thomas, P. E., L. M. Reik, D. E. Ryan, and W. Levin. Regulation of three
forms of cytochrome P.450 and epoxide hydrola.se in rat liver microsomes:

effects of age, sex and induction. .1. Bzo!. rhem. 256:1044-1052 (1981).

16. Thomas, P. E., D. Korzeniowski, D. Ryan, and W. Levin. Preparation of

monospecific antibodies against two forms of rat liver cytochrome P-450 and
. quantit.ation of these antigens in microsomes. Arch. Biochem. Biophys.

192:524-528 (1979).

17. \‘agi. H.. K. P. \�yas, M. Tada. I). U. ‘I’hakker. and 1). M. .Jerina. Synthesis of
the enantiomeric hay-region diol tpoxides of bcnzfajanthracene and ehrv-

sene. .1. Org. (‘hem. 47:1110-1117 11)82).

18. Whalen, D. L., A. M. Ross, H. Yagi, .J. M. Kane. and I). M. .Jerina. Stereo-
electronic factors in the solvolysis of bay region diol epoxides of polycyclic

aromatic hydrocarbons. J. Am. (‘hem. Soc. 100:5218-5221 (1978).

19. Lu, A. Y. H., and W. Levin. Partial purification of cytochromes P.45)) an(1 P.
448 from rat liver microsomes. Bioche,n. Biophys. Rcs. C’ommwi. 46:
1:134-1339 (1972).

20. Omura, T., and R. Sato. The carbon-monoxide binding pigment of liver

microsomes. J. Bio!. C/tern. 239:2379-2385 (1964).

21. Ryan, D., P. E. Thomas, D. Korzeniowski, and W. Levin. Separation and

characterization of highly purified forms of liver microsomal cytochrome 1’-

450 from rats treated with polychlorinated biphenyls, phenobarbital and 3-

methylcholanthrene. J. Biol. Chem. 254: 136.5-1374 (1979).
22. Yasukochi, Y., and B. S. S. Masters. Some properties of a detergent -solubi-

lized NADPH-cytochrome c (cytohrome P.450) reductase purified h� hu-

specific affinity chromatography. .1. Bio!. (‘hem. 251:5337-5344 1976.

23. Wood, A. W., W. Levin, II). H. Thakker, H. Yagi, R. L. Chang, 1). E. Ryan. P.
E. Thomas, P. M. Dansette, N. Whittaker, S. Turujman, H. E. I.chr, S.

Kumar, D. M. .Jerina, and A. H. Conney. Biological activity of henzo[el

pyrene: an assessment based on mutagenic activities and metabolic profiles
of the polvcvclic hydrocarbon and its derivatives. �J. B:o!. (‘hem. 254:
4408-4415 (1979).

24. Soda, D. M., and G. Levy. Inhibition of drug metabolism by hydroxylated

metabolites: Cross-inhibition specificity. J. Pharm. Sci. 64:1928-1931 )l975).

25. Thakker, D. R., W. Levin, H. Yagi, D. Ryan, P. E. Thomas, 3. M. Karle, H.

E. Lehr, D. M. Jerina, and A. H. Conney. Metabolism of benzo[ajanthriuene
to its tumorigenic 3,4-dihydrodiol. Mo!. Pharmaco!. 15:138-153 (1979).

26. Thakker, D. R., M. Nordqvist, H. Yagi, W. Levin, D. Ryan, P. Thomas, A. H.
Conney, and D. M. .Jerina. Comparative metabolism of a series of polycyclic

aromatic hydrocarbons by rat liver microsomes and purified cytochrome P.
450, in Polynuclear Aromatic Hydrocarbons (P. W. Jones and P. I,eher,
eds.). Ann Arbor Science Publishers, Ann Arbor, Michigan, 455-472 (1979).

27. Shen, A. L., W. S. FahI, S. A. Wrighton, and C. R. ,Jefcoate. Inhibition of
benzo[ajpyrene and benzo[aJpyrene 7,8-dihydrodiol metabolism by henn4al

pyrene (�uinOnes. Cancer Rca. 39:4123-4129 (1979).

28. Fahl, W. F.., A. 1.. Shen, and C. R. .Jefcoate. IJDP-Glucuronosvl ransfersse
and the conjugation of benzo[alpyrene metabolites to DNA. Bioehem. Bio

phys. Res. Commun. 85:891-899 (1978).
29. Vyas, K. P., H. Yagi, W. Levin, A. H. Conney, and D. M. .Jerina. Metabolism

of (-)-trans (3R,4R)-dihydroxy-3,4-dihydrochrysene to diol epoxides by liver

microsomes. Biochem. Biophys. Res. Commun. 98:961-969 (1981).

Send reprint requests to: I)r. Kamlesh P. Vyas, Laboratory of
Bioorganic Chemistry, National Institute of Arthritis, I)iahetes, and

Digestive and Kidney Diseases, National Institutes of Health, Be-

thesda, Md. 20205.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/



