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7>rww-3,4-dihydroxy-3,4-dihydrochrysene (chrysene-3,4-diol),
a major metabolite of chrysene, is further metabolized by rat
liver enzymes to products which effectively revert the his~
Salmonella typhimurium strain TA98 to histidine prototrophy,
but are only weakly mutagenk in strain TA100 and in Chinese
hamster V79 cells (acquisition of resistance to 6-thioguanine).
The liver enzyme mediated mutagenicity of chrysene-3,4-diol
is substantially enhanced in the presence of 1,1,1-trichloro-
propene 2,3-oxide, an inhibitor of microsomal epoxide
hydrolase. The predominant metabolites of chrysene-3,4-diol,
namely the and- and sryn-isomers of its 1,2-oxide (termed
reverse diol-epoxides), proved to be extraordinarily effective
mutagens in S.typhimurium strain TA98, but were only
moderately active in strains TA100 and TA104, and in the
SOS induction hi Escherichia coli PQ37. These genotoxicity
spectra in bacteria are completely different from those
observed with the bay-region diol-epoxides of chrysene and
3-hydroxychrysene. In V79 cells, the reverse diol-epoxides
formed low levels of DNA adducts and were very weak
inducers of gene mutations. In M2 mouse prostate cells,
however, high numbers of transformed foci were induced by
chrysene-3,4-diol and its diastereomeric 1,2-oxides.
Chrysene-3,4-diol was somewhat more potent than chrysene-
1,2-diol. The potency of both reverse diol-epoxides was similar
to that of the fyn-diastereomers of the bay-region diol-epoxides
of chrysene and 3-hydroxychrysene, but lower than that of
their a/jfl-diastereomers. The reverse diol-epoxides of
chrysene, unlike the bay-region diol-epoxides, were inac-
tivated by purified microsomal epoxide hydrolase.
Noteworthy findings were also made with regard to the
chemical stability of the diol-epoxides in buffer, determined
from the decline in mutagenicity after preincubation in the
absence of the target cells. Despite its lower ^,^^7/3 value
for the formation of the benzylic carbocation, anti-

* Abbreviations: a/w-chrysene-1,2-diol 3,4-oxide, r-l,r-2-dihydroxy-»-3,4-oxy-
1,2, 3,4-tetrahydrochrysene; ajifl-chrysene-3,4-diol 1,2-oxide, M^-3-dihydroxy-
r-1, 2-oxy-l ̂ 3,4-tetrahydrochrysene; anrf-9-hydroxychrysene-l,2-diol 3,4-oxide,
9-hydroxy-r-l^-2Klihydroxy-/-3,4-oxy-l^,3,4-tetrahydrochrysene; jyn-chrysene-
1, 2-diol 3,4-oxide, r-1^2-a^hydroxy-c-3,4-oxy-l,2,3,4-tetiahydrochrysene; syn-
chrysene-3,4-diol 1,2-oxide, r-4,»-3-dihydroxy-c-1^2-oxy-l,2,3,4-tetrahydro-
chrysene; ,^9-hydroxychrysene-l,2-diol 3,4-oxide, 9-hydroxy-r-l/-2-dihydroxy-
c-3,4-oxy-l,2,3,4-tetrahydrochrysene; chrysene-l,2-dk)l, rro/u-l,2-dihydroxy-
1,2-dihydnxhrysene; chrysene-3,4-diol, OTOTr-3,4-oMhydroxy-3,4-dihydrochrysene;
PBS-HEPES, Dulbecco's phosphate-buffered saline additionaDy containing 10 mM
of 4-(2-hydroxyethyl)-l-piperazine ethanesulfonic acid (pH 7.4).

chrysene-3,4-diol 1,2-oxide was shorter-lived (tM = 46 min)
than a/j/i'-chrysene-l,2-diol 3,4-oxide (t% = 74 min). Unlike
other investigated diastereomeric pairs of diol-epoxides, it was
also shorter-lived than its syn-diastereomer (tw = 340 min).

Introduction
A number of chrysene metabolites were investigated for
mutagenicity by Wood and coworkers (1,2) and by ourselves
(3,4). These studies indicated that bay-region diol-epoxides,
including derivatives with an additional, phenolic hydroxyl group
in the 9-position, are important in the mutagenicity in Salmonella
typhimurium TA100 (reversion to histidine prototrophy) and in
Chinese hamster V79 cells (acquisition of resistance toward
6-thioguanine). Strikingly, however, these diol-epoxides are poor
mutagens in S. typhimurium TA98, whereas strong effects are
observed with /ranj-3,4-dihydroxy-3,4-dihydrochrysene
(chrysene-3,4-diol*), examined in the presence of a rat liver
postmitochondrial enzyme preparation (3). Chrysene-3,4-diol is
a major metabolite of chrysene in liver microsomes from rats
treated with various enzyme inducers and in human epithelial
bronchial cells (5-8) . When incubated with a rat liver
microsomal or purified cytochrome P450c (CYP1A1) system,
chrysene-3,4-diol is predominantly metabolized at the olefinic
double bond adjacent to the diol group (9,10). From the pattern
of tetraols detected it was concluded that the diol is oxidized to
the syn- as well as to the a/«i-diastereomer of the vicinal diol-
epoxide. These 'reverse' diol-epoxides (structural formulas shown
in Figure 1) have now become available in larger quantities by
means of stereospecific synthesis (11). We report here on some
unusual genotoxicity characteristics of these chrysene-3,4-diol
1,2-oxides, concerning genotoxicity spectra, stability in buffer
and metabolic detoxification. They also have been investigated
in a cell transformation assay. In addition, using the 32P-
postlabelling method, we have studied the covalent binding to
isolated DNA as well as to the DNA of target cells of
mutagenicity assays.

B

Fig. 1. Structures of-chrysene diol-epoxides; A jy/i-chrysene-1,2-diol
3,4-oxide, B anri-chrysene-1,2-diol 3,4-oxide, C jyn<hrysene-3,4-diol
1,2-oxide. D aW7-chrysene-3,4-diol 1,2-oxide.
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Materials and methods
Chemicals

In preparation of the diastereomeric reverse diol-epoxides of chrysene, chrysene
3,4-quinone was a key intermediate, which was synthesized as follows. Taking
advantage of the high yields observed for the oxidative photocyclization of suitably
substituted l-{l-naphthyl)-2-phenyl ethylenes (12), the catechol dimethylether
3,4-dimethoxychrysene was obtained in 7 steps starting from 2,3-dimethoxybenz-
aldehyde, with a total yield of 22% (13). Cleavage of the dimethylether with
boron tribromide and subsequent oxidation with silver carbonate gave
chrysene-3,4-c(uinone from which the chrysene-3,4-diol was prepared as previously
described for similar oquinones (14). Direct epoxidation of this bay-region diol
with dimethyldioxirane (15) under mild conditions proceeded stereospeciftcally
to furnish the pure jyn-chrysene-3,4-diol 1,2-oxide (11). The o/iri-diastereomer
was synthesized from rranj-3,4-diacetoxy-3,4-dihydrochrysene, as described
elsewhere (11). The syntheses and analytical data of the bay-region diol-epoxides
of chrysene and 3-hydroxychrysene were previously reported (12,16). The high
resolution proton magnetic resonance spectra (400 MHz) were in full accordance
with the assumed chemical structure of the test compounds. The purity of all
test compounds used was >98%, as estimated from thin layer chromatographic
analyses.

Diol-epoxides can exist in two interconvertible conformations, which are termed
by Sayer el al. (17) as 'aligned' and 'nonaligned'. Variations in the extent to
which these conformations are populated can explain in part the differences in
the chemical reactivity of the two possible diastereomers of diol-epoxides (17,18).
Inspection of the proton magnetic resonance spectra revealed that the syn-
chrysene-3,4-diol 1,2-oxide preferentially adopts a nonaligned conformation, in
which the hydroxyl groups are oriented pseudodiaxially (11). In contrast, no clear
preference for either conformation could be observed for the anri-diastereomer.

Preparation of S9 mix

Male Sprague-Dawley rats (200-300 g) were given a single i.p. injection of
Aroclor 1254 (500 mg/kg body wt; Aroclor was diluted with sunflower oil 1:5,
v/v) 6 days before they were killed. The livers were homogenized in 3 vol. of
sterile, cold KC1 (150 mM) containing 10 mM sodium phosphate buffer (pH 7.4)
in a Potter-Elvehjem glass/teflon homogenizer. The homogenate was centrifuged
at 9000 g for 10 min. One volume of the resulting supernatant (S9) fraction was
mixed with 2 vol. of a solution that contained 12 mM MgCl2. 50 mM KC1,
6 mM NADP+, 7.5 mM glucose 6-phospnate and 75 mM sodium phosphate
buffer, pH 7.4. This preparation, which is termed S9 mix, wa» always freshly
prepared from rats lulled on the day of the mutagenicity experiment.

Purification ofepoxide hydrolase

Mkrosomal epoxide hydrolase was purified from the liver of adult male
Sprague-Dawley rats (19). The preparation used contained cytochromes P450
(— 20%), which would however be inactive under the experimental conditions
due to lack of the cofacor, NADPH. The specific activity of the purified enzyme
toward styrene oxide was 410 nmol/min/mg protein under the conditions described
(19). One unit is defined as the amount of enzyme which hydrolvzes 1 nmol styrene
oxide/min.

Mutagenicity in bacteria

S.typhimurium strains were grown overnight in medium A (25 g Oxoid Nutrient
Broth No. 2/1). For inoculation, stock cultures (which had been stored at -70° Q
were used. Before the experiment, bacteria were centrifuged, resuspended in
medium B (1.6 g Bacto nutrient broth and 5 g NaCl/1) and adjusted nephdo-
metrically to a titer of 1 to 2 x 109 bacteria (colony forming units)/ml.

Mutagenicity of chrysene-3,4-diol was determined using a minor modification
of the plate-incorporation assay described by Maron and Ames (20). The test
compound (in 10 >d dimethylsulfoxide), die epoxide hydrolase inhibitor,
1,1,1 -triehloropropene 2,3-oxide (21) (2.6 /unol in 10 jd dimethylsulfoxide, or
the solvent only), 500 /d S9 mix (the S9 fraction being diluted with homogeniza-
tion buffer to obtain the desired protein concentration), 100 pi of the bacterial
suspension, and 2 ml of 45° C warm top agar (0.55% agar, 0.55% NaCl, 50/tM
histidine, 50 fiM tryptophan, 50 pM biotin, 25 mM sodium phosphate buffer,
pH 7.4) were mixed in a test tube and poured onto a Petri dish containing 22 ml
of minimal agar (1.5% agar, Vogel-Bonner E medium, with 2% glucose). After
incubation for 2 - 3 days in the dark, the colonies (his+ revertants) were counted.

In the experiments in which the mutagenicity of the diol- and triol-epoxides
was tested, a slightly modified protocol was used involving liquid preincubation.
The bacteria and the test compound (dissolved in 20 ^1 acetone/triethylamine,
1000:1, v/v) were added sequentially to a glass tube containing 500 pi buffer
(150 mM KC1, 10 mM sodium phosphate buffer, pH 7.4) at 37° C. Twenty min
later, top agar was added and the experiment continued as described above. In
odier experiments the stability of the epoxides in the incubation buffer was studied.
Here also the liquid preincubation assay was used but with the modification that
the bacteria were added to the buffer 0-182 min after die addition of the test
compound.

In the experiments in which the effect of purified epoxide hydrolase on die
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mutagenicity was studied, enzyme and test compound were incubated in the buffer
at 37° C for 20 min (22). Then bacteria, after an additional 20 min top agar,
were added and the experiment continued as described above.

Specific mutagenicities (revertants per nmol) were calculated from the initial
part of the dose-response curve as described (23).

SOS diromotest

The E.coli strain PQ37 was kindly provided by M.Hofhung, Paris. In this strain,
the (3-galactosidase gene is under the control of the SOS promoter. Induction of
an SOS response was studied using the protocol of Quillardet and Hofhung (24)
with minor modification. Bacteria were grown for about 7 h in Lamp medium
(25 g Oxoid nutrient broth No. 2 and 20 mg ampicillin/1) at 37° C with shaking
(200 r.p.m.). The culture was then diluted 1:10 and grown until h reached a
density of 4 x 109 colony-forming units/ml, as estimated by nephefometry. This
culture was diluted 1:5 with Lamp medium, and 250 /d of the resulting bacterial
suspension were put into each incubation tube. The test compound, dissolved
in 10 fd acetone:triethylamine (1000:1, v/v), was then added. After incubation
for 2 h at 37° C with shaking (150 r.p.m.), enzyme activities were determined,
with two incubations per experimental condition.

For the determination of 0-galactosidase activity, 1.25 ml of Z buffer (150 mM
NaH2PO4, 150 mM NajHPO^ 1 mM MgSO4, 1 g/1 sodium dodecyl sulfate, 2.7
ml/liter /3-niercaptoemanol) were added to the incubation. After 5 min, the substrate
(1.2 mg (>riitrori)enyl-jS-D-galactopyranoside in 250 ^1 Z buffer) was added. The
reaction was stopped 30 min later by the addition of 1 ml Na2CO3 solution (1 M)
and the absorbance at 420 run was read.

For the determination of alkaline phosphatase, 1.25 ml of T buffer [1 M
tris(hydroxymethyl)aminomethane-Ha buffer, pH 8.8, 1 g/1 sodium dodecyl
sulfate] was added to the incubation. After 5 min, the substrate (1.2 mg p-
nitropherryl phosphate disodium in 250 \A T buffer) was added. The reaction was
stopped 10 min later by the addition of 500 /d 2 M HC1, followed 5 min later
by the addition of 500 jil 2 M NaOH. The absorbance at 420 nm was then read.

The induction factor is defined as the ratio of |3-galactosidase and alkaline
phosphatase activity of a treatment group, divided by the corresponding value
of the solvent control. As a measure of die potency of a compound in this assay,
the slope of the induction factor as a function of the dose was calculated.

In all experiments, benzo[a]pyrene 4,5-oxide (50 ng) was used as a positive
control. It produced induction factors between 4.8 and 7.0 in the experiments
shown.

Mutagenicity in VT9 cells
Chinese hamster V79 cells were maintained in Dulbecco's modified minimum
essential medium supplemented with fetal calf serum (5%), penicillin (100
units/ml), and streptomycin (100 fig/ml). The cells were grown at 37° C in a
humidified atmosphere containing 5% COj. The protocol used for the determina-
tion of mutagenicity was identical to that used in previous studies (3,4,16,25).
A total of 1.5 x 106 cells and 30 ml medium were added to each 150 cm2 dish
on day 1. After 18 h, the medium was replaced by 18 ml of PBS-HEPES, and
the test compound (dissolved in 60 /d acetone/triethylamine, 1000:1, v/v) was
added. Test compound and buffer were removed 2 h later. After washing with
PBS-HEPES, medium (30 ml) was added to the culture. On day 4, the cells were
detached. Solvent controls yielded 8.3-9.7 x 107 cells in all experiments of
this study. As a measure for toxicity, the number of cells of the treatment groups
was expressed as a percent of the solvent control. The cells were then subcultured
at a density of 3 x 106 per 150 cm2 dish. On day 8, they were again
subcultured, at a density of 106 per 150 cm2 dish in medium containing
6-thioguanine (7 ftg/ml) for the selection of mutants (6 replicate plates) and, at
a density of 100 cells/22 cm2 dish in medium without 6-thioguanine, for the
determination of the cloning efficiency (3 replicate plates). The plates were fixed
and stained with Giemsa, and the colonies were counted after about 7 days (cloning
efficiency plates) or 10 days (6-thioguanine plates).

Transformation of M2 cells

Cells of the M2 clone of mouse fibroblasts, originally established as a line from
C3H mouse prostate cells, are susceptible to malignant transformation (26). In
the present work they were used between the 13th and 15m passage. They were
cultured in Eagle's basal medium supplemented with fetal calf serum (10%),
penicillin (100 units/ml), and suepmuycin (100 pg/ml). For the assay of transforma-
tion and for the determination of the cloning efficiency, 1000 and 100 cells
respectively, were plated into 22 cm2 plastic Petri dishes and after 24 h treated
with the test compounds. After a further 24 h, the compounds were removed
by a change of the medium; thereafter, rhe medium was changed twice weekly.
After 7-14 days, die dishes plated with 100 cells were fixed and stained, and
the colonies were counted to determine the cloning efficiency. After 56 days,
the dishes plated with 1000 cells were fixed, qahvri and scored for transformed,
piled-up foci.

The number of induced foci per dish, at the optimal exposure concentration,
was used as a measure of the transformation efficacy. In order to obtain a measure
for the potency of die transformation activity, the number of induced foci per
dish was divided by the exposure concentration. The values presented in Table
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I refer to the concentration for which this value was highest; usually 2 - 3
neighboring concentrations led to similar values (differing by factors of <2).
nP-PostlabelUng analysis

V79 cells were exposed to the test compounds exactly as in the corresponding
mutagenichy experiments. The DNA was isolated as described (27). In order
to prepare DNA samples chemically modified by the diol-epoxides, a solution
of salmon sperm DNA (100 pg) in tris(hydroxymemyl)aminomethane-HCl
(0.01 M, pH 7.4, 200 (J) was mixed with a solution of either anti- or syn-
chrysene-3,4-diol 1,2-oxide (10 /ig) in ethanol (100 fiX). The reaction mixtures
were stored in the dark at room temperature for 17 h, then extracted with ether
( 8 x 1 vol). Residual ether was removed from the aqueous phases under a stream
of nitrogen, and the DNA solutions were stored frozen prior to ^P-posdabeUing.
DNA samples (0.17 /tg) that had been digested to deoxyribonucleoside
3'-monophosphates by micrococcal nuclease and spleen phosphodiesterase were
5'-labelled with [^Plorrto-phosphate by incubation with [-r-nP]ATP and
polynudeotide kinase as described (27). In some experiments DNA digests (4 ;ig)
were further incubated with nuclease P, prior topostlabelling in the absence of
carrier ATP (28). Separation of unmodified ^P-labelled bisnudeotkJes and
resolution of 32P-labelkd adducts were carried out on polyethylene imine-
cellulose thin layer chromatographic sheets as described (4,25). The
chromatography sheets were developed overnight with 1 M sodium phosphate
(pH 6.0) onto a filter paper wick and then, after removal of the wick, in the
reverse direction (from bottom to top of the chromatograms shown in Figure 6)
with 3.5 M lithium formate-8.5 M urea (pH 3.5). The sheets were then developed
in the second dimension (left to right, Figure 6) first with 0.8 M LiCl-0.5 M
tris(hyo^xymethyl)aminomethane-Ha-8.5 M urea (pH 8.0), and then with
1.7 M sodium phosphate (pH 6.0). The radioactivity present in the spots on the
chromatograms was determined by Cerenkov counting of the excized areas. The
extent of modification of the DNA was calculated from the ratio of this figure
to the amount of U P incorporated into the whole DNA digest, determined by
chromatography of an aliquot of the latter and Cerenkov counting of the normal
nucleotides (29). This chromatographic procedure did not reveal the presence
of any detectable undigested DNA fragments.

Comparability with results of previous studies

The methods used here are identical to those in previous studies on mutagenic,
SOS-inducing and cell-transforming activities of chrysene metabolites (3,16) and
on the detoxification of epoxides by purified microsomal epoxide hydrolase (22).
A slight modification had to be used for the postlabelling of the DNA adducts
of target cells, due to low adduct levels. Nevertheless the results were made
comparable to those of the previous study (4) by using both procedures with
chemically modified salmon sperm DNA for standardization.

Results
Mutagenicity of chrysene-3,4-diol
We have already published concentration-response curves of
the mutagenicity in S.typhimurium TA98 and TA100, and in V79
cells (3). Effects were observed only in the presence of liver
enzymes, and strong responses were limited to strain TA98. The
mutagenicity of a constant intermediate dose of chrysene-3,4-diol
in strain TA98, as a function of the concentration of S9 enzymes,
is shown in Figure 2. The maximal response was observed at
a relatively low S9 concentration. At higher S9 concentrations,
the mutagenicity response declined without any sign of toxicity
(as judged from the his~ background lawn). Addition of
1,1,1-trichloropropene 2,3-oxide, a potent inhibitor of
microsomal epoxide hydrolase (21), enhanced the liver S9 mix-
mediated mutagenicity of chrysene-3,4-diol. The enhancement
was moderate at low S9 concentrations, but strong (up to 10-fold)
at high S9 concentrations and therefore high levels of microsomal
epoxide hydrolase.

Mutagenicity of reverse diol-epoxides, as compared to bay-region
diol-epoxides and triol-epoxides, in 4 strains of S. typhimurium
anri-Chrysene-3,4-diol 1,2-oxide and its .ryn-diastereomer proved
to be extraordinarily effective mutagens in strain TA98, enhan-
cing the number of mutants per plate up to 600- and 300-fold
above the background level respectively (Figure 3). Mutagenicity
was also observed in the other 3 bacterial strains used, but the
effects were substantially weaker. The results, expressed as
revertants per nmol test compound, are summarized, and
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Fig. 2. Effect of the epoxide hydrolase inhibitor, 1,1,1-trichloropropene
2,3-oxide (2.6 /unol per plate) on the rat liver S9 mix-mediated mutagenicity
of chrysene-3,4-diol (35 /tg per plate). Spontaneous mutants (51-67) were
subtracted. Values are mean ± S.E. from 3 plates. • , with epoxide
hydrolase inhibitor; O, without inhibitor.
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FTg. 3. Concentration-response curves of the mutagenicity of anti-
chrysene-3,4-diol 1,2-oxide (upper panel) and jyn-chrysene-3,4-diol
1,2-oxide (lower panel) in Salmonella typhimurium TA98, and stability of
the test compounds in aqueous medium. The test compound was added to a
solution of K d (150 mM) in sodium phosphate buffer (10 mM, pH 7.4),
which was kept at 37°C, 2 min ( • ) , 62 min (O, anri-diastereomer),
122 min (D) or 182 min (O, jyn-diastereomer) before the bacteria.
Spontaneous revertants (23) were subtracted. Values are mean ± S.E. from
3 incubations. From the shifts of the concentration-response curves, half-
lifes of 46 and 340 min were calculated for the anti- and *yn-diastereomers,
respectively.

compared to those of the bay-region diol-epoxides and triol-
epoxides in Table I. The bay-region diol-epoxides preferentially
reverted strains TA100 and TA104, the numbers of revertants
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Table I. A E ^ j ^ value, half-life, response in the
in mouse M2 cells of chrysene diol-epoxides

Compound

anri-Chrysene-l,2-dk>l 3,4-oxide
jyn-Chrysene-l,2-diol 3,4-oxide
an/i-9-Hydroxychrysene-1,2-diol

3,4-oxide
yvn-9-Hydroxychrysene-1,2-diol

3,4-oxide
a/ui-Chrysene-3,4-dk>l 1,2-oxide
Tyn-Chrysene-3,4-diol 1,2-oxide

0.639
0.639
0.639

0.639

0.526
0.526

SOS chromotest, mutagenicity in Salmonella typhimuiium and V79 Chinese hamster cells, and transforming activity

tw (min)b

74"
57"
48"

28"

46*
340*

SOS induction
(induction
factor/nmol)

(tf
l l f

40«

2.8*

3.3*
0.118

Salmonella

TA98

100"*
20"'h

60"*

4 0 " *

79O1

17)

typhimuiium (revertants/nmol)

TA100

700"*
200"*

1300"*

800"*

34i

TA97

961

961

91"

58'

59i

TA104

7201

38O1

128O1

29C

3lJ
2>

V79 cells M2 cells,
[induced mutant transforming
frequency x

75"
9"

130"

18"

0.6"
0.6"

activity0

560"
33'

10501

28'

30°,
38m

J is a quantum chemical parameter mat estimates the relative ease of ring-opening of the epoxide at the benzylic position to form a resonance-stabilized
carbocation. AE^^fi values were calculated using the pertubational molecular orbital model of Dewar (43)
•"Calculated from the decline in mutagenic activity after preincubation of the test compound in phosphate-buffered saline at 37° C in die absence of bacteria.
'Units are [(induced foci/dish)/Oimol test compound/ml)].
"Data taken from a preceding paper (3).
'Calculated from the data presented in Figure 3.
fData taken from a preceding paper (16).
•Calculated from the curves presented in Figure 5.
h'1JValues determined in the same experiment are marked with rhe same letter. Intraexperimenlal S.E. amounted to 1 to 12% of the means. All compounds were
studied in strains TA98 and TA100 in at least 2 separate experiments. The figures for different experiments varied by factors < 2 .
"Calculated by using linear regression analysis from rhe data presented in Table 2.
'Calculated from the data published in a preceding paper (3).
"Calculated from the data presented in Table 3.

induced per nmol being 7-22 times the value in strain TA98.
The reverse strain preference, to a similar quantitative extent,
was detected with the reverse diol-epoxides. It is therefore not
surprising that the order of the mutagenic potency of the six
investigated epoxides depended on the bacterial strain considered.
In strain TA98, a/iri-chrysene-3,4-diol 1,2-oxide was by far the
most active. In strains TA100 and TA104, a/iri-9-hydroxy-
chrysene-l,2-diol 3,4-oxide exhibited the highest potency. Strain
TA97 showed low responsiveness towards all six investigated
epoxides.

Stability of the diol-epoxides in physiological buffer
In order to estimate the stability of diol-epoxides under
mutagenicity assay conditions, they were preincubated for various
periods in buffer (150 mM KC1, 10 mM sodium phosphate
buffer, pH 7.4) at 37° C before addition of the bacteria. From
the shift of the concentration-response curves (Figure 3), half-
lives were calculated (Table I). Among the .yyn-isomers, the
reverse diol-epoxide was substantially more stable than the bay-
region diol-epoxide. The results agree with the AEo^f} values
for the formation of the corresponding benzylic carbocations.
Strikingly, however, the onri-isomers did not follow this predic-
tion, in that the reverse diol-epoxide was shorter-lived than the
bay-region diol-epoxide. Moreover, a/ui-chrysene-3,4-diol
1,2-oxide was also shorter-lived than its yyn-diastereomer, which
is not the case with other investigated diastereomeric pairs of
diol-epoxides which have been investigated (16).

Effect of purified microsomal epoxide hydrolase on the muta-
genicity of diol-epoxides
About equimutagenic concentrations of diol-epoxides, from the
linear part of the concentration—response curves, were pre-
incubated in the presence of purified microsomal epoxide
hydrolase before addition of the bacteria. The mutagenicity of
the bay-region diol-epoxides was not affected by the presence
of the enzyme, whereas that of the reverse diol-epoxides was
reduced (Figure 4). The amount of enzyme required for a 50%
decrease in mutagenicity of anri-chrysene-3,4-diol 1,2-oxide
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Fig. 4. Effect of purified microsomal epoxide hydrolase on the mutagenicity
of anri-chrysene-1,2-diol 3,4-oxide (O) , ryn-chrysene-l,2-diol 3,4-oxide
(D) , anri-chrysene-3,4-diol 1,2-oxide ( • ) , and jyn-chrysene-3,4-diol
1,2-oxide ( • ) . The number of mutants above control induced by the test
compound in the presence of the enzyme is expressed as a percent of the
corresponding value without enzyme. The absolute numbers of colonies in
the absence of enzyme were 223 ± 6 (mean ± S.E. from 6 plates) for the
solvent control with strain TA100, 26 ± 2 for the solvent control with
strain TA98, 832 ± 31 for an/i-chrysene-l,2-diol 3,4-oxide (0.3 ng,
TA100), 1406 ± 38 for T>n-chrysene-l,2-diol 3,4-oxide (1.5 fig, TA100),
1358 ± 10 for <mn-chrysene-3,4-diol 1,2-oxide (1.5 /ig, TA98) and
897 ± 33 for jyn-chrysene-3,4-diol 1,2-oxide (25 ^g, TA98). In the
presence of enzyme triplicate incubations were carried out. The specific
activity of the purified enzyme was 410 units per mg protein.

(1.5 /*g) and 5yn-chrysene-3,4-diol 1,2-oxide (25 jig) was about
10 and 30 times that needed for a 50% detoxification of
benz[a]anthracene 5,6-oxide (1 /tg) (22), which is an excellent
substrate. It is unlikely that a non-specific mechanism, eg.
covalent binding to the protein, accounted for this effect, since
1 mol of epoxide hydrolase inactivated up to 26 and 600 mol
of and- and yyn-chrysene-3,4-diol 1,2-oxide respectively.

505 chromotest
We have previously investigated a series of diol-epoxides,
including the bay-region diol-epoxides of chrysene, on the



Chrysene-3,4-dk)l 1,2-oxides

V DO
TEST C O P C U C

V TO TOO
TEST CCWOUM} (pmd/lnaixibonl

tBOOO

Fig. 5. Induction of SOS response in Escherichia coli PQ37 by anri-diastereomers (solid symbols) and ryn-diastereomers (open symbols) of chrysene-3,4-<liol
1,2-oxides (left) and 9-hydroxychrysene-l,2-diol 3,4-oxides (right). Circles and squares represent various experiments, conducted on separate occasions.
Decreases in alkaline phosphatase activity (indicating cytotoxicity) maximally contributed a factor of 1.5 to the induction factor. Dose-response curves for the
bay-region diol-epoxides of chrysene were published previously (16). A summary of the results is contained in Table I.

Table n . Induction of gene mutations and formation of DNA adducts in Chinese hamster V79 cells by ami- and yyn-chrysene-3,4-diol 1,2-oxide*

Treatment Cell number
(% control)

106 x mutant
frequency

pmol adduct/mg DNA

uncorrected corrected

Solvent only

anri-Chrysene-3,4-<liol 1,2-oxide
1 /tM
2
5

10
20
35

jyn-Chrysene-3,4-diol 1,2-oxide
5 JJM

10
20
35
50

an/i-Chrysene-l,2-diol 3,4-oxide
5 uM

100

95-102
89-114
82-120

62
1-22

< 1

83-99
71-112
13-68
2-16
<l-2

37-76

4 ± 1 (6)

5
7
6

11
15

5
8

19
21
38

672

±
±
±
±
±

±
±
±
±

±

2(3)
3(3)
1 (3)

3(2)
2(2)

1(3)
2(3)
6(3)
10(3)
11 (2)

74(3)

n.t.
n.t.
0.08
0.15
0.28
n.t.

n.t.
0.07
0.09
n.t.
0.33

n.t."

±
±
±

±
±

±

0.01
0.01
0.05

0.02
0.02

0.045

n.t.
n.t.
0.47
0.90
1.70
n.t.

n.t.
0.10
0.13
n.t.
0.45

±
±
±

±
±

±

n.t>c

0.06
0.07
0.31

0.03
0.03

0.06

•Compiled from 3 separate experiments. For the number of surviving cells, ranges are given, due to marked mterexperimental variation. Values for mutant frequencies
are means ± S.E. from the indicated number of separate cultures. Linear regression analyses demonstrated high statistical significance (P < 0.01) for the increases
in the mutant frequencies with both reverse diol-epoxides. Values for adduct levels are mean ± S.E. from 2 determinations, using the nuclease P] digestion modification
of the 32P-postlabeUing method (column headed uncorrected). This modification had to be used because of the low level of adducts. To make the figures comparable
with data obtained by the standard method, they were multiplied by 6 (an/j'-diastereomer) or 1.4 (jyn-diastereomer) (column headed corrected). The correction factors
were determined by applying both methods to salmon sperm DNA treated with these epoxides.
''Not tested in this experiment.
HJsing the known concentration-response curves for the induction of mutations and the formation of DNA adducts (ref. 4), 34.9 pmol adducts per mg DNA would
be expected at this mutation level.

induction of an SOS response in E.coli PQ37 (16). The reverse
diol-epoxides of chrysene and the bay-region diol-epoxides of
3-hydroxychrysene were active in this system as well (Figure
5). The comparison of the slopes of the dose-response curves
(Table I) shows that in all 3 pairs the o/zri-diastereomer was
markedly more active than the .yyn-diastereomer, that the bay-
region diol-epoxides of chrysene were somewhat more active than
the corresponding triol-epoxides, and that the reverse diol-
epoxides were the least active.

Mutagenicity and covalent DNA-binding of reverse diol-epoxides
in V79 cells
The reverse diol-epoxides showed strong cytotoxic effects, but
only weak mutagenic effects in V79 cells (Table II). DNA adducts
in these cells were determined concurrently with the mutagenicity.

The levels of adducts were close to the limit of detection using
the standard ^P-postlabelling method (data not shown) and dius
not readily quantifiable, but were readily detectable using the
nuclease P̂  digestion method of sensitivity enhancement (Figure
6a,b). The patterns of major adducts were similar to those
obtained when salmon sperm DNA that had been reacted with
the diol-epoxides in vitro was analyzed by the standard procedure
(Figures 6c, d), although in the latter case some additional minor
adduct spots were detected.

In order to determine the efficiency of adduct recovery using
the nuclease Pj modification of 32P-postlabelling, adduct levels
in the chemically-modified samples of salmon sperm DNA were
determined by both that method and by the standard procedure.
Qualitatively similar adduct patterns were obtained using either
procedure, except that those spots indicated by arrows in Figure
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A " B
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Fig. 6. Autoradiographs of polyethylene imine-cellulose thin layer
chromatography maps of DNA adducts formed by reverse diol-epoxides of
chrysene. A, DNA from V79 cells treated with anri-chrysene-3,4-diol
1,2-oxide; B, DNA from V79 cells treated with syn-chrysene-3,4-diol
1,2-oxide; C, salmon sperm DNA reacted with anri-chrysene-3,4-diol
1,2-oxide; D, salmon sperm DNA reacted with jyn-chrysene-3,4-diol
1,2-oxide. A and B were obtained using the nuclease P, modification of
"P-postlabelling, C and D using the standard procedure. Similar profiles to
C and D were obtained using the nuclease P, digestion procedure, except
that those spots marked by arrows were not observed. Autoradiography was
at - 7 5 " C for 3.5 days (A and B) or at room temperature for 1.5 h (C and
D). Autoradiographs of DNA from untreated V79 cells (showing no signals)
and from cells treated with the bay-region oxides of chrysene and
3-bydroxychrysene were presented in a previous paper (4).

6c,d were not detected using the nuclease Pj digestion
procedure. In the case of the a/tfj-diastereomer, maximum
recovery of adducts was 6-fold lower using the nuclease P[
procedure, whilst with the yyn-diastereomer, maximum recovery
was 1.4-fold lower. Using these ratios, values for the levels of
adducts in the V79 cell DNA were estimated from the values
obtained using the nuclease P] digestion modification (Table II).
Using linear regression analysis, the slopes of the concentration-
response curves of the mutagenic effects and the adduct levels
were determined. The ratio of these values amounted to 29 and
16 [mutations/106 cells per pmol adduct/mg DNA] for anti- and
syn-chrysene-3,4-diol 1,2-oxide respectively. [The uncorrected
figures were 41 and 95 (mutations/ 106 cells per pmol adduct/mg
DNA)]. Due to the weakness of the effects, the inaccuracy may
be substantial. In a previous study (4), the bay-region diol-
epoxides produced 18 and 10 [mutations/106 cells per pmol
adduct/mg DNA] for the and- and .ryn-diastereomer respectively.
It appears unlikely that the low mutagenicity in V79 cells for
the reverse diol-epoxides, as compared to that of the bay-region
diol-epoxides (Table I), is due to low promutagenicity of their
DNA adducts.

Transformation of Ml mouse prostate cells
Chrysene-3,4-diol and its 1,2-oxides produced clear positive
responses in the M2 cell transformation assay (Table III). Other
chrysene derivatives were tested previously under the same
experimental conditions (3), allowing quantitative comparisons.
At their optimal concentrations, chrysene-3,4-diol and
chrysene-1,2-diol induced similar numbers of foci (0.7 and
0.6/dish). Taking into account the exposure concentrations,
chrysene-3,4-diol was somewhat more potent [0.04

Table ID. Malignant transformation of mouse C3H M2 cells by chrysene-3,4-diol and its vicinal diol-epoxides*

Compound Concentration
(/ig/ml)

Cloning
efficiency
(*)

No. of transformed
foci/no, of treated
dishes

Control (acetone)

N-Methy X-N1 -nhro-A'-nitrosoguanidine 0.5
1.0

23

14
8

0/9

11/10
13/15

Chrysene-3,4-diol 5
10
20
40
80

27
20
21
11
5

0/3
6/15
3/5
5/7
0/2

anri-Chrysene-3,4-diol 1,2-oxide

jyn-Chrysene-3,4-diol 1,2-oxide

0.5
2
5

10
20

0,5
2-
•S

1Q

20

27
24
20
2

0

27
25
15
2
6

0/12
2/12
8/15
0/10

0/4
3/11
8/15
0/15

•Data are a composite of two separate experiments. Compounds were dissolved in acetone (final concentration in the medium, 0.5%), which was alkalized in the
case of the diol-epoxides with triethylamme (1:1000, v/v). Results for further chrysene derivatives (including chrysene-l,2-diol, 9-hydroxychrysene-l,2-diol, and
their bay-region oxides), published previously (3), arc directly comparable, since the same methods were used, and me responses of the negative and positive controls
were very similar.
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(foci/dish)/(/jmol/ml)] than chrysene-l,2-diol [0.02
(foci/dish)/(/imol/ml)]. 5yn-Chrysene-3,4-diol 1,2-oxide was also
more active than the corresponding bay-region diol-epoxide. Both
reverse diol-epoxides successfully transformed M2 cells [up to
0.5 foci/dish (Table m), as compared to 0.4, 0.2, 0.8 and 0.2
foci/dish for anti- and syn-chrysene-l,2-diol 3,4-oxide, and anti-
and 5y/z-9-hydroxychrysene-l,2-diol 3,4-oxide respectively (3)].
The reverse diol-epoxides however had to be used at relatively
high concentrations. Thus, their potency was substantially lower
than that of the anfl-diastereomers of the bay-region diol-epoxides
of chrysene and 3-hydroxychrysene, but was similar to that of
the .yyn-diastereomers of these bay-region diol-epoxides (Table I).

Correlations between responses in different test systems
All compounds showed positive responses in all 7 test systems.
The potency of the most and the least active compounds,
however, differed up to several hundred fold. Statistical analyses
showed high correlations between the activities in the reversion
assays in S.typhimurium strains TA100, TA97 and TA104, the
SOS chromotest and the gene mutation test in V79 cells (Table
IV). In contrast to this, the activity in S.typhimurium TA98 did
not seem to correlate to that in any other system. The transforma-
tion activity in M2 cells did not correlate with the mutagenicity
in S.typhimurium TA98, it showed moderate correlations with
the mutagenicity in the other S.typhimurium strains, and it
correlated relatively well with the activities in the SOS chromotest
and in the mutagenicity assay in V79 cells.

Discussion
Chrysene-3,4-diol is metabolized in the presence of rat liver
enzymes to mutagenic products. In the present study we
demonstrated that the predominant metabolites of chrysene-3,4-
diol, namely the syn- and onri-diastereomers of its reverse oxide,
are mutagenic as well. Metabolically activated chrysene-3,4-diol,
as well as the authentic diol-epoxides in the absence of an
activating system reverted 5. typhimurium TA98 with very high
efficiency, but showed only weak mutagenic activities in strain
TA100 and in V79 cells. Furthermore, the presence of an
inhibitor of microsomal epoxide hydrolase potentiated the
mutagenicity of chrysene-3,4-diol, whereas the purified enzyme
inactivated its vicinal oxides. These data provide strong evidence
that these diol-epoxides indeed account for the mutagenicity of
the metabolically activated dihydrodiols.

Nearly all investigated vicinal diol-epoxides are metabolized
by microsomal epoxide hydrolase at insignificantly low rates,
if at all (2,22,30-36). The only known exceptions to this rule
are the syn- and anri-diastereomers of benz[a]anthracene-l,2-diol
3,4-oxide, which are moderately good substrates (36). In the

Table IV. Correlations between genotoxic and cell-transforming activities of
chrysene diol-epoxides in different test systems'

TA98 TA97 TA100 TA104 SOS V79

TA97
TA100
TA104
SOS
V79
M2

0.37
0.05
0.03
0.27

-0.17
0.07

0.86
0.91
0.91
0.66
0.38

0.97
0.86
0.92
0.56

0.93
0.91
0.59

0.83
0.70 0.78

•Values are correlation coefficients (r) from linear regression analyses of the
logarithms of the specific activities, presented in Table I.

present study, the list of diol-epoxides which are metabolized
at an appreciable rate by microsomal epoxide hydrolase is
extended by syn- and a/ia-chrysene-3,4-diol 1,2-oxides. They are
isomers of the benz[a]anthracene-l,2-diol 3,4-oxides, differing
only in the anellation of the terminal benzo ring, which is linear
in the benz[a]anthracene derivatives, but angular in the chrysene
derivatives.

The bay-region and reverse diol-epoxides of chrysene differed
enormously in their mutagenicity spectrum in a series of 4 his~
strains of 5. typhimurium. For example, in strain TA100, anti-
chrysene-3,4^diol 1,2-oxide showed only 5% of the activity of
the corresponding bay-region diol-epoxide, but with strain TA98
the respective value was 790%. The first evidence for bay-region
activation of chrysene was provided by experiments in which the
mutagenicity of all possible /ra/u-dihydrodiols of chrysene was
compared, using TA100 as the target strain (1). The authors
would have come to a very different conclusion, if they had used
strain TA98.

The Salmonella mutagenicity assay detects reversions of his~
strains. In each strain, only a small number of specific base
sequence alterations lead to histidine prototrophy. Some mutagens
may not induce the needed mutations and therefore may not be
detected in the respective strain. The observation that the reverse
diol-epoxides of chrysene transformed M2 cells, suggests that
they can induce mutations which are of significance in
carcinogenesis.

In mouse skin treated with chrysene-3,4-diol, no tumors were
initiated (37) and no DNA adducts were detected (38). In newborn
mice, pulmonary or hepatic tumors were not induced (39). While
the protocols used are insufficient for classifying chrysene-3,4-
diol as a non-carcinogen, chrysene-1,2-diol was active under the
same conditions. This difference between the isomeric
dihydrodiols may be caused by differential detoxification of their
active metabolites. In the present study the reverse diol-epoxides,
but not die bay-region diol-epoxides, were inactivated by
microsomal epoxide hydrolase. This enzyme appears to be
ubiquitious in mammalian tissues, although at different levels
(40). Its presence has also been demonstrated in numerous
cultured mammalian cell lines, including V79 cells (41). In M2
cells its activity (measured with benzo[a]pyrene 4,5-oxide as the
substrate) is about twice that found in V79 cells (H.R.Glatt,
unpublished result). If the active species is added directly (rather
than generated in the test organisms), detoxification systems may
be exhausted by the" use of high doses. This is particularly the
case in vitro, where cell densities are low.

It has been predicted that the bay-region diol-epoxides are
chemically more reactive than any other vicinal diol-epoxide
derived from the same polycyclic aromatic hydrocarbon (42).
This prediction was based on quantum chemical calculations
according to Dewar (43), yielding the highest bE^^P values
for the formation of the benzylic carbocations from bay-region
diol-epoxides. In the present study, the half-lives of syn-
chrysene-1,2-diol 3,4-oxide and ryn-chrysene-3,4-diol 1,2-oxide
agree with this prediction, but among the a/iri-diastereomers the
reverse diol-epoxide was shorter-lived than the bay-region
diol-epoxide. Moreover, whereas among previously investigated
diol-epoxides the a/zri-diastereomers were more stable in buffer
than their .ry/z-configurated counterparts (16,44), anti-
chrysene-3,4-diol 1,2-oxide showed a much shorter half-life than
its .ryn-diastereomer. The only other known exception to this
empirical rule is the reverse diol-epoxides of benz[a]anthracene
(17). A possible explanation for the reversal of reactivity in these
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two diastereomeric pairs is that the a/iri-diastereomer adopts an
aligned conformation to a substantial percentage, as was also
found for the analogous benz[a]anthracene anft-diol-epoxide (17).
Epoxides which exist in a rigid aligned conformation are
considered to be more reactive under neutral conditions compared
to those adopting a nonaligned conformation (45).
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