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ABSTRACT

The fjord-region diol-cpoxides of benzo(c)phenanthrene combine high
mutagenic and carcinogenic activity with low chemical reactivity. To
study whether this is a unique property of these compounds or a more
general characteristic of fjord-region diol-epoxides, we have synthesized
the anti- and yn-diastereomers of r-9,r-10-dihydroxy-ll,12-oxy-
9,10,11,12-tetrahydrobenzo(c)chrysene and r-11-/-12-dihydroxy-l3,14-
oxy-ll,12,13,14-tetrahydrobenzo(g)chrysene. These compounds as well
as the anti- and sy/i-diastereomers of the fjord-region diol-epoxides of
benzo(c)phenanthrene and of the bay-region diol-epoxides of phenan-
threne, chrysene, and benzo(a)pyrene were investigated for their half-
lives in a physiological buffer, for their mutagenicity in Salmonella
typhimurium (reversion of the his' strains TA97, TA98, TA 100, and

TA 104), for induction of SOS response in Escherichia coli (SOS chromo-
test in strain PQ37) and for their mutagenicity in V79 Chinese hamster
cells (acquisition of resistance to 6-thioguanine). All six of the investi
gated fjord-region diol-epoxides were more stable in physiological buffer
at 37Â°C(f., > 2 h) than the six bay-region diol-epoxides (r.,, = 0.011 to

1.2 h). The half-lives correlated negatively with the calculated Af^i,*
values for the formation of the benzylic carbocations, and Â»ereconsist
ently shorter for the syn- than for the corresponding anri-diastereomer.
All fjord-region diol-epoxides showed extraordinarily high activity in all
six genotoxicity assays used. In mammalian cells, the anf/'-diol-epoxide

of benzo(c)chrysene was 8.6 and 12 times more active than the anfi-diol-
epoxides of benzo(c)phenanthrene and benzo(a)pyrene, respectively,
which were the most potent mutagens among the reference compounds.
The other three newly available fjord-region diol-epoxides were also
markedly more mutagenic in mammalian cells than the reference com
pounds. \Yhereas the yn-diastereomers of the simple bay-region diol-
epoxides were clearly less mutagenic in mammalian cells than the cor
responding anf/'-diastereomers, the differences in potency between dia-

stereomers were small for the fjord-region diol-epoxides. In conclusion,
the diol-epoxides of benzo(c)phenanthrene are not unique in their high
biological activities. The two newly available diastereomeric pairs of
fjord-region diol-epoxides of benzo(g)- and benzo(c)chrysene proved to
be even more active. For one of them, the diol-epoxides of
benzo(g)chrysene, the &EÃ¤,,â€žvalue for the formation of the benzylic
carbocation is lower than for the benzo(c)phenanthrene diol-epoxides,

for the other it is higher.

INTRODUCTION

In 1974, Sims et al. (1) provided preliminary evidence that a
BPDE1 accounts for most of the DNA binding of BP in a

microsomal system and in primary cultures of Syrian hamster
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embryo cells. In the following years, a substantial number of
vicinal diol-epoxides were synthesized and studied for their
biological activities. Systematic investigations on structure-ac

tivity relationships were carried out especially in joint efforts
from the laboratories of Jerina and Conney. Among the possible
vicinal diol-epoxides of BP and benz(a)anthracene, the bay-
region epoxides showed by far the highest chemical reactivity,
mutagenicity, and carcinogenicity (2, 3). AEdciÂ«.-values, obtained
from perturbational molecular orbital calculations according to
Dewar (4), indicated that the benzylic carbocation resulting
from heterolytic opening of the oxirane ring is better stabilized
in the bay-region diol-epoxide than in any non-bay-region diol-
epoxide derived from the same aromatic hydrocarbon. This was
the case not only with BP and benz(a)anthracene, but also with
all other 18 bay-region-containing hydrocarbons for which the
calculation was performed (5). Furthermore, the Â¿VE^ocvalues
for the formation of the benzylic carbocations in the bay region
from diol-epoxides correlated approximately with the carcino
genic activity of the corresponding polycyclic aromatic hydro
carbons (5).

Studies with the authentic bay-region diol-epoxides gave rise
to the following rules on their biological activities (2, 3): (a)
syÂ«-diastereomers were poor carcinogens at most, but some of
them were potent mutagens in bacterial test systems; (b) anti-
diastereomers were strong mutagens and carcinogens, when the
AÂ£dckK-value for the formation of their benzylic carbocation was
high, whereas compounds with low AÂ£<it.|(K.values showed low
biological activities, anti- and syn-BchPDE were, however,
striking exceptions to these rules. Despite their low AEdcioc
value and their low chemical reactivities (hydrolysis), they were
very potent mutagens and carcinogens (6-9). Moreover, not
only the anil-, but also the syw-diastereomer produced strong
carcinogenic effects.

The BcPhDE differ from the other investigated diol-epoxides
in that their oxirane ring is located in a fjord region, which is
sterically more constricted than a simple bay region. The ques
tion therefore arises as to whether the unusual biological activity
of BcPhDE is unique, or is paralleled in other fjord-region diol-
epoxides. Using the generally applicable methodology for the
synthesis of metabolites of polycyclic aromatic hydrocarbons
based on photocyclization of suitable substituted diarylethy-
lenes (10-12), we have synthesized the fjord-region syn- and
o/zi/-diol-epoxides of BcC and BgC (13) (the structures of the
investigated compounds are shown in Fig. 1). In the present
paper, we report on their genotoxic activity in various test

tetrahydrobenzo(c)chrysene; BfPhDE. r-4./-3-dihydroxy-l,2-oxy-I,2,3,4-tetrahy-
drobenzo(r)phenanthrene(s): anti-BcPhDE, r-4,/-3-dihydroxy-M,2-oxy-l,2,3.4-
tetrahydrobenzo(c)phenanthrene; jyÂ«-BcPhDE. r-4,f-3-dihydroxy-c-l,2-oxy-
l,2,3,4-tetrahydrobenzo(c)phenanthrene; anfi-B#CDE. r-\ l.r-12-dihydroxy-r-
13,14-oxy-l l,12,13,14-tetrahydrobenzo(Â£)chrysene; .syn-BtfCDE, r-\ l.r-12-dihy-
droxy-c-13.14-oxy-l 1.12.13.14-tetrahydrobenzo(#(chrysene: anfi-ChDE. r-\.t-2-
dihydroxy-/-3.4-oxy-l,2.3.4-tetrahydrochrysene; svn-OhDE, r-l.f-2-dÃ®hydroxy-r-
3.4-oxy-1,2.3.4-tetrahydrochrysene: onf/'-PhDE. r-1 .i-2-dihydroxy-r-3.4-oxy-

1.2.3.4-tetrahydrophenanthrene: syn-PhDE. r-l.f-2-dihydroxy-f-3,4-oxy-1.2,3,4-
tetrahydrophenanthrene; A/fdci,*-.change in delocalization energy.
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systems, using the BcPh fjord-region diol-epoxides and three
anti/syn pairs of bay-region diol-epoxides for comparison (we
shall subsequently use the term bay region in a narrow sense,
not including fjord regions).

The end points studied included the reversion of the his~

Salmonella typhimurium strains TA98 and TA 100, and the
induction of hprt~ mutants in Chinese hamster V79 cells, as

these test systems have been extensively used with other diol-
epoxides (reviewed in Ref. 14). Since anti- and syn-BcHPDE
extensively react with adenine residues in the DNA (15, 16),
whereas aw/i-BPDE has a strong preference for guanine residues
(17, 18), we used additional Salmonella strains, namely TA97
and TA 104. Strains TA97 and TA98 are frameshift mutated,
with hot spots for reversions in a run of C and repetitive GC
sequences, respectively (19, 20). Strains TA 100 and TA 104
result from substitution mutations, the decisive triplet consist
ing solely of C-G and A'T pairs, respectively (20-23). The
SOS chromotest is a relatively new test system (24-27). One of
its advantages is that results are obtained within 3 h, as opposed
to 2-3 days and 12-20 days in the mutagenicity assays with S.
typhimurium and V79 cells, respectively.

We have in addition calculated the Afdci0cvalues and deter
mined the half-lives of the test compounds in the buffer used
in a mutagenicity experiment.

MATERIALS AND METHODS

Chemicals. For the preparation of fjord-region diol-epoxides, BcPh
3,4-quinone, BgC 11,12-quinone, and BcC 9,10-quinone were synthe
sized as key intermediates in total yields of 38, 26, and 41 %, respectively
(13). Reduction of these o-quinones with sodium borohydride in the
presence of oxygen was carried out as described for similar o-quinones
(28). The resulting fra/w-dihydrodiols were acetylated and purified as
diacetates by flash chromatography. After saponification of the diesters,
syntheses of anti- and i>7i-diol-epoxides were performed by well-estab
lished methods (29). The an//-diol-epoxides were thus obtained by direct
epoxidation of the rrans-dihydrodiols with m-chloroperbenzoic acid,
whereas reaction of the mj/ii-dihydrodiols with A'-bromoacetamide in

aqueous tetrahydrofuran produced the bromo triols, which on subse
quent treatment with Amberlite IRA 400 (OH form) gave the desired
i>7i-diol-epoxides (13). A detailed analysis of the high resolution proton
magnetic resonance spectra revealed (a) that the assumed relative
stereochemistry of the diasteromers was as assigned, and (b) that both
the anti- and iy/j-diol-epoxides of BgC and BcC adopt preferentially a
conformation in which the hydroxyl groups are orientated in a pseu-
dodiequatorial position. The same Â«informational preference was ob-

ivn-diol- phenanthrene
epoxides

chrysene benzo[a]pyrene

benzol s Ichrysenc ben/.o[c]chrysene
umi-diol- benzo[r)phen-
epoxides anthrene

Fig. 1. Structures and numbering system of the bay-region (top) and the fjord-
region (bottom) polycyclic hydrocarbons from which the diol-epoxides used in
this study are derived. The relative stereochemistry of each series of diastereomeric
diol-epoxides is given on the left (the prefix syn indicates that the epoxide moiety
and the benzylic hydroxyl group are located on the same face of the ring, whereas
anti indicates location of these groups on opposite faces). Absolute stereochem
istry of the diol-epoxides is not implied.

served for the anti/syn-BcPhDE in accordance with published data (30,
31). Our findings on the conformational analysis of BgCDE described
here are essentially in agreement with the most recently published
results of Bushman et al. (32).

The syntheses of the diasteromeric pairs of bay-region diol-epoxides,
anti/syn-PhDE, anti/syn-ChDE, and anti/syn-BPDE, were carried out
by the same sequence of reactions as outlined above using Ph 1,2-
quinone, Ch 1,2-quinone, and BP 7,8-catechol diacciate as starting
materials (13, 28, 33, 34).

The structures of all compounds were confirmed by 400 MHz proton
magnetic resonance spectroscopy and mass spectrometry, and no im
purities were detected by these methods or by thin layer chromatogra
phy (analytical data are summarized in Table 1). The diol-epoxides
were dissolved in acetone:triethylamine (1000:1, v/v) immediately be
fore use.

Mutagenicity in Salmonella typhimurium. The same protocol was
used as in previous studies with other diol-epoxides (35, 36). The
bacterial strains TA97, TA98, TA 100, and TA 104 (generously provided
by Dr. B. N. Ames, Berkeley, CA) were grown overnight in nutrient
broth (25 g Oxoid nutrient broth No. 2/liter). For inoculation, stock
cultures (which were stored at -70Â°C)were used. Before the experiment,

bacteria were centrifuged, resuspended in medium B (1.6 g Bacio
nutrient broth and 5 g NaCl/liter) and adjusted nephelometrically to a
titer of 1.1 to 1.8 x IO9 bacteria (colony-forming units)/ml. The
bacterial suspension (100 Â¿il)and the test compound (in 20 n\ ace-
lone:triethylamine, 1000:1, v/v) were added sequenlially to a glass tube
containing 500 Â¿ilbuffer (150 niM KCI:10 mM sodium phosphate, pH
7.4) at 37Â°C.After 20 min, 2 ml of 45Â°Cwarm top agar (0.55%

agar:0.55% NaCl:50 MMhistidine:50 pM tryptophan:50 n\i biolin:25
mM sodium phosphale buffer, pH 7.4) were added, and ihe mixlure
was poured onlo a Petri dish containing 22 ml of minimal agar (1.5%
agar, Vogel-Bonner E medium, with 2% glucose). After incubation for
3 days in the dark, ihe colonies (his^ revenants) were counted.

Initially, a dose-finding experiment was carried out. The compounds
were then tested at 6 or more dose levels, using 2 to 6 plates for each
condition. In virtually all cases, the individual values deviated from the
mean by less than 10%, or by less than 10 colonies. The dose-response
curves were approximately linear over a large range. Specific mulagen-
icilies were calculaled as described elsewhere in delail (37).

In ihe experiments in which the stability of the epoxides in the
incubation buffer was sludied, the assay was modified in thai the
bacteria were added lo the buffer 0 to 10 h after the addition of the test
compound. Before addition of the tesi compound, ihe incubalion lubes
containing the buffer were warmed up for al least 5 min in a shaking
water balh. The experiments were scheduled such thai a single baclerial
resuspension could be used for all incubalions wilh ihe same compound.

SOS Chromotest. The E. coli strain PQ37 was kindly provided by
M. Hofnung, Paris. In this slrain, ihe fi-galaclosidase gene is under ihe
conlrol of ihe SOS promoler. Induclion of SOS response was sludied
by using ihe prolocol of Quillardet and Hofnung (25) with minor
modifications. Bacteria were grown for aboul 7 h in Lamp medium (25
g Oxoid nulrient broth No. 2 and 20 mg ampicillin/liter) al 37Â°Cwith

shaking (200 rpm). The culture was then diluled 1:10 and grown until
il reached a densily of 4 x 10' colony-formed units/ml, as estimaled

by nephelomelry. This cullure was diluled 1:5 wilh Lamp medium, and
250 n\ of ihe resulling baclerial suspension were put inlo each incuba
lion lube. The lest compound, dissolved in 10 ^1 acetone:lrielhylamine
(1000:1, v/v), was Ihen added. After incubation for 2 h at 37Â°Cwith

shaking (150/min), enzyme aclivities were determined, wilh iwo incu
balions per experimenlal condilion.

For Ihe delermination of /3-galactosidase aclivily, 1.25 ml of Z buffer
(150 mM NaH2PO4:150 miviNa2HPO4:l mM MgSO4:l g/liler sodium
dodecyl sulfale:2.7 ml/liter (i-mercaptoelhanol) were added lo ihe in
cubalion. After 5 min, ihe substrate (1.2 mg o-nitrophenyl-/j-n-galac-
lopy ranoside in 250 Â¿i'Z buffer) was added. The reaclion was slopped
30 min laler by ihe addition of 1 ml l M Na2CO, solution and the
absorbance at 420 nm was read.

For the determination of alkaline phosphatase, 1.25 ml of T buffer
[l M tris(hydroxymelhyl)aminomelhane-HCI, pH 8.8:1 g/liter sodium
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Table I Chemical shifts ana coupling constants" for met/line hydrogens, selected mass spectrometry data,'' and melting points' of bay- and fjord-region diol-epoxides

MethinehydrogensCompoundsj'/i-Phenanthrene-

1.2-diol-3.4-oxideanf/-Phenamhrene-1.2-diol-3.4-oxide.yn-Chrysene-

1,2-diol-3.4-oxideanri'-Chrysene-

1.2-diol-3.4-oxidejl'n-Benzo(a)pyrene-7.8-diol-9.

10-oxidea;m'-Benzo(a)pyrene-7,8-diol-9.

10-oxide.vyn-Benzo(c)phenanthrene-3.4-diol-l

.2-oxideanf/'-Benzo(r)phenanthrene-3.4-diol-l.

2-oxidei.Cn-Benzo(/?)chrysene-

11. 12-diol- 13. 14-oxideanfi-Benzo(g)chrysene-

11. 12-diol- 13. 14-oxide.cyn-Benzo(c)chrysene-9.

10-diol- 11, 12-oxideflnr/-Benzo(o)chrysene-9.

10-diol- 11.12-oxideBenzylic-

carbinol4.67(Jl.:4.50(Jij4.77(Jij4.62(J,.24.96Ok.4.82Ãœ7..4.71(Jl.24.65(J..24.65(Jn.,24.69(Jim4.76(J,.,o

'â€¢4.71(Jl.10

:Non-benzylic-

carbinol3.89=

6.2Hz,Jâ€ž=3.84=

8.7 Hz. Jâ€ž=3.90=

6.8 Hz, J23=3.92=

8.8 Hz,32,=4.02=

6.0 Hz,J,,=3.98=

8.9Hz.J8,=3.65=

4.3Hz,J23=3.81=

4.3 Hz, J2,j=3.81=

8.6 Hz. J,2,j=3.79=

8.5 Hz. J,2,3=3.79=

9.2Hz,J10,,=3.82=

8.6 Hz. J,,,,, =Non-benzylic-

Benzylic-
oxiranyloxiranyl3.75

4.641.9Hz,J34
=4.2Hz)3.74

4.871.0
Hz. J, 4 = 4.5Hz)3.79

4.711.6
Hz. J,4 = 4.1Hz)3.81

4.98I.I
Hz. J, 4 = 4.5Hz)3.88

4.981
.6 Hz. J, ,o = 4.0Hz)3.90

5.201
.0 Hz, J, ,o = 4.5Hz)3.89

4.301.
9 Hz. J, 4 = 9.4Hz)3.7ÃŒ

4.721.5
Hz. Jj.4 =8.5Hz)3.89

4.171.8
Hz. J, 3,4 = 4.1H/)3.81

4.541.
8 Hz. J, 3,4 = 4.0Hz)3.96

4.372.0
Hz, J,,, 2= 4.3Hz)3.75'4.751.5

Hz. J,,,2 = 4.3Hz)m/z

(relative
intensity)228

(M*,39)210(M*-H20.6)228

(NT,40)2IO(M*-H2O.
19)278

(M*.100)''278

(M*.lOO)'â€”

'284(M*-H2O.
100)f284

(\r-HjO.100)2778
(NT,75)260

(M+-H2O,80)278
(M*.47)260(M*-H2O,

42)328
(M+,31)3IO(M*-HjO.

100)328

(M\24)310(M*-H2O.
100)e310(M*-H2O.

100)328

(NT,33)310(M*-H2O.
60)m.p.

CC)>

136(dec.)>

160(dec.)179-

180(dec.)(175-177.
lit. Ref.60)220-223

(dec.)(222-224.
lit. Ref.60)224-226

(dec.)(226-228.
lit. Ref.61)212-214

(dec.)(214.
lit. Ref.61)>

159(dec.)184

(dec.)(182-184.
lit. Ref.30)>

158(dec.)(153-156.
lit. Ref.31)>

160(dec.)(151-153,
lit. Ref.31)>

126(dec.)>

190 (dec.)

Â°'H-Nuclear magnetic resonance spectra were measured at 400 MHz on a Bruker AM-400 spectrometer: samples were dissolved in dimethyl sulfoxide-d6/acetone-
d6 containing one drop of D2O: chemical shifts are reported on the f>scale using the acetone-d*. resonance (at Â¿2.04 ppm) as internal reference.

4 Electron impact (El) mass spectra were recorded on a Varian MAT CH 7A instrument at 70 eV.
' Melting point (m.p.) are uncorrected: (dec.), decomposition; lit., literature.
d Data were taken from a field desorption spectrum obtained on a Varian MAT CH 711 spectrometer.
' â€”.the molecular ion could not be observed under the experimental conditions.

dodecyl sulfate] were added to the incubation. After 5 min. the substrate
(1.2 mg 7-nitrophenyl phosphate disodium in 250 p\ T buffer) was
added. The reaction was stopped 10 min later by the addition of 500 n\
2 M HCI, followed 5 min later by the addition of 500 ^1 2 M NaOH.
The absorbance at 420 nm was then read.

The induction factor is defined as the ratio of /i-galactosidase and
alkaline phosphatase activity of a treatment group, divided by the
corresponding value of the solvent control. As a measure of the 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 ranging between 4.1 and
8.4 in the experiments shown.

Mutagenicity in Chinese Hamster V79 Cells. The same protocol was
used as in previous studies with other diol-epoxides (35, 36). The cells
were maintained in Dulbecco's modified minimum essential medium

supplemented with 5% fetal calf serum, 100 units/ml penicillin, and
100 Mg/ml streptomycin. The cells were grown at 37Â°Cin a humidified

atmosphere containing 5% COj. Cells were seeded in 150-cnr dishes
at a density of 1.5 x IO6cells/dish with 30 ml medium. After 18 h the
medium was removed and replaced by 18 ml Dulbecco's phosphate-

buffered saline containing in addition 10 m\i 4-(2-hydroxyethyl)-l-

piperazineethanesulfonic acid, pH 7.4, to which was added the test
compound dissolved in acetone:triethylamine (1000:1, v/v, 60 ÃŸ\).After
2 h the medium was removed, and the cells were washed with Dulbecco's

phosphate-buffered saline containing in addition 10 mM 4-(2-hydroxy-
ethyl)-l-piperazineethanesulfonicacid, pH 7.4.

After an expression period of 6 days with one subculture, cells were
replated at a density of 106/150-cm2 dish in medium containing 7 /ig/
ml 6-thioguanine for the selection of mutants (6 replicate plates) or, at
a density of 100 cells/22-cnr dish in medium without 6-thioguanine.
for the determination of the cloning efficiency (3 replicate plates). The
plates were fixed and stained, and the colonies were counted after about
7 days (cloning efficiency plates) or 10 days (6-thioguanine plates).
From these data mutant frequencies were calculated.

Correlations. Since the specific mutagenicities varied over many
orders of magnitude, the values were transformed into their logarithms,
to avoid an excess influence of the compounds with high specific

mutagenicities. Linear correlation calculations were made on the trans
formed values.

RESULTS

Mutagenicity in S. typhlmurium. All 12 investigated diol-
epoxides were mutagenic in all 4 bacterial strains. The initial
parts of the dose-response curves were approximately linear,
the slopes (specific mutagenicities) being shown in Table 2.
Some compounds had been investigated by others in strains
TA98 and TA 100 (6, 38-40; reviewed in Ref. 14). For the Ph
derivatives and syn-ChDE, the specific mutagenicities reported
in the literature and those found here are virtually identical.
For anti-ChDE and the BcPh derivatives, our values are about
one-half the reported ones. On the other hand, the specific
mutagenicities of the BP derivatives, observed here, exceeded
about 3-fold the highest values reported in the literature. It is
likely that these differences are due to differences in the assay
protocol. They are small in view of the fact that the specific
mutagenicities of the chemicals tested in this assay cover about
7 orders of magnitude.

In a comparison of the responsiveness of the bacterial strains,
high specificmutagenicities were observed throughout in strains
TA100 and TA 104. The BP derivatives and all fjord-region
diol-epoxides produced strong effects in strain TA97 as well.
Except for the BcC and BP diol-epoxides, strain TA98 was
markedly less responsive than strains TA 100 and TA 104.

Usually, the syw-diastereomerswere less active than the cor
responding a/Â»/-diastereomers,the difference in potency how
ever being modest. The exception was BPDE, whose syn-dia-
stereomer was clearly more potent than the awf/'-diastereomer

in 3 strains. This result is in agreement with previous findings,
made in strains TA98 and TA 100 (38, 39).

Overall, both BPDE and all fjord-region diol-epoxides proved
to be potent mutagens in S. typhimurium. The Ph and Ch diol-
epoxides were substantially less active. The high mutagenic
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Table 2 A/T^/^ value, half-life, response in the SOS-chromotest, and mutagenicity in Salmonella iyphimurium and V79 Chinese hamster cells of fjord- and hay-region
diol-epoxides

Compoundanf/'-Benzo(#)chrysene-
11,12-diol- 13, 14-oxidej>7i-BenzoO?)chrysene-

11, 12-diol- 13, 14-oxidean//-Benzo(c)phenanthrene-3,4-diol-
1,2-oxidei>7i-Benzo(c)phenanthrene-3,4-diol-

1.2-oxideanr/-Benzo(o)chrysene-9,
10-diol- 11,12-oxides>'n-Benzo(c)chrysene-9.

10-diol- 11,12-oxideanri-Chrysene-
1,2-diol-3,4-oxidei>'n-Chry

sene- l,2-diol-3,4-oxideani/'-Phenanthrene-
1,2-diol-3.4-oxidesyn-Phenanthrene-

1,2-diol-3,4-oxidean//-Benzo(a)pyrene-7.8-diol-9.
10-oxidejyn-Benzo(a)pyrene-7.8-diol-9,

10-oxideLocation

ot
epoxidegroupFjordFjordFjordBayBayBayS.

iyphimurium(revertants/nmol)f/-\c-
: â€”i â€” .: â€”cÂ±EMJÃŸÂ°0.5860.6000.6230.6390.6580.794tÂ»

(h)*>102.54.12.73.82.41.20.90.70.370.070.011a\fa

niuuiiiuii(induction
fac-tor/nmol)3309730016070045060114.31.6250210TA985281364355107.3002.500lOO720

f8113.7809,050TA

1004,9701,7602,1101.7808,1506.480700

'200
{17514815,30029.500TA975,0702,7002.7601,49026.4009,880969651725,15015,300TA

1045,7903,4004,0202,42015,9009,3407193801236515,40013,800V79

cells'[in-(HUTU

mutant
frequencyx10*/(nmol/ml)]8,0007,3003,5001,50030.00011.00075

/9f4.20.732,500250

" Calculated by using the perturbational molecular orbital model of Dewar (4).
* Determined from the decline in mutagenic activity in S. typhimurium after preincubation of the test compound in phosphate-buffered saline at 37'C in the absence

of the bacteria.
c Calculated from the data presented in Fig. 2.
d Calculated from the initial, approximately linear part of the dose-response curve.
' Calculated from the data presented in Fig. 3.
rData from Ref. 35.

activity of the fjord-region diol-epoxides is noteworthy in view
of their low &EMocvalues for the formation of the carbonium
ion. When the fjord- and bay-region diol-epoxides are consid
ered separately, the compounds with the highest AÂ£de[ocvalues,
the BcC and BP derivatives, respectively, were the strongest
mutagens. However, in both series, the compounds with the
next highest AÂ£deiocvalues, the BcPh and Ph derivatives, re
spectively, were the weakest mutagens.

Stability of Test Compounds in Aqueous Solution. In order to
estimate the stability of diol-epoxides under the conditions of
the mutagenicity assay, they were preincubated for various
periods in buffer (10 HIM sodium phosphate buffer, pH 7.4,
containing 150mM KC1)at 37Â°Cbefore addition of the bacteria.

The half-lives are included in Table 2.
For the half-lives of the diol-epoxides of BaP and BcPh, data

were also available from the literature. For anti-BcPDE a half-
life of 10 h has been reported (using a different medium) (6),
as compared to 4. l h in our study. With the other 3 compounds,
the reported values (6, 38) were very similar to those found
here.

In all diastereomeric pairs, the syn-diol-epoxide was shorter-
lived than its anfÃ-congener. Within the anti-series, the order
of the half-lives followed exactly the inverse order of the AÂ£deioc
values. This was also true in the syn-series, except that the 3
compounds with the lowest AÂ£deiocvalues, i.e., the fjord-region
diol-epoxides, showed very similar half-lives.

The least and most stable compounds, syn-BPDE and anti-
BgCDE, differed in their half-lives by a factor of > 1000. Inter
estingly, both compounds were potent mutagens.

SOS Chromotest. All 12 investigated diol-epoxides led to
strong induction of 0-galactosidase activity in E. coli PQ37
(Fig. 2; summarized in Table 2). When the dose of the test
compound is taken into account, the highest activity was found
with the BcC diol-epoxides, followed by the other fjord-region
diol-epoxides and the BP diol-epoxides. Their activities are very
high in comparison to the other compounds investigated in this
system (26).

In all diastereomeric pairs, the aw//-diol-epoxides were some
what more potent in the SOS chromotest than their syn-

congeners.
Mutagenicity in Chinese Hamster V79 Cells. All 12 investi

gated diol-epoxides induced 6-thioguanine-resistant mutants in
V79 cells (Fig. 3; summarized in Table 2). For the bay-region

diol-epoxides (38-43) and BcPhDE (6, 8), data from other
laboratories are available, but due to substantial differences in
the methods used direct quantitative comparison with our data
is not possible. Nevertheless, the order of activity for the 8
compounds in our study is the same as in previous
investigations.

The 4 new compounds, namely the syn- and ani/'-diastereo-

mers of the fjord-region diol-epoxides of BcC and BgC, proved
to be substantially more potent than the 8 reference diol-
epoxides. anti-BcCDE, for example, was 12 times more active
than anti-BPDE. To our knowledge, it is the most potent among
all compounds ever tested for mutagenicity in V79 cells (44).

Among the bay-region diol-epoxides, the syn-diastereomers
were substantially (6 to 10 times) less mutagenic than their
a/ii/'-diastereomers. In contrast, both syn- and anf/'-fjord-region

diol-epoxides were very potent mutagens in mammalian cells,
the difference in potency between the diastereomers being 1.1-
to 2.7-fold.

Correlations between Responses in Different Test Systems.
All compounds showed a positive response in all 6 test systems.
The potency difference, however, between the most and the
least active compounds was much greater for the mammalian
test system (41,000-fold) than for the bacterial tests (200- to
1,100-fold). In all systems, the Ph diol-epoxides were the least
active, followed by the Ch diol-epoxides. In most systems, anti-
BcCDE was the most active compound. In mammalian cells,
the BgC and BcPh diol-epoxides were more active than the BP
diol-epoxides, whereas in bacterial systems the situation was
frequently the reverse. Moreover, while in bacteria the differ
ence in activity between anti- and syw-diastereomers was usually
small, in the mammalian system this was true only for the
fjord-region diol-epoxides.

Statistical analyses showed high correlations between the
mutagenic potency in different test systems (Table 3). This may
be surprising in view of the different mutagenicity spectra of
the test compounds. Since, however, the differences in potency
between the compounds were very large, they became the pre
dominant factor determining the correlation and they overshad
owed differences in mutagenicity spectra. The correlation coef
ficients in any pair of Salmonella strains was very high (r >
0.93). Correlations between the response in the SOS chromotest
and the mutagenicity in Salmonella were usually somewhat
weaker, except with strain TA 104, with which an excellent
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Fig. 2. Induction of SOS response in Escherichia coli PQ37 by anf/'-diastereomers (solid symbols) and yn-diastereomers (open symbols) of diol-epoxides. Circles,

triangles, and squares, various experiments, conducted on separate occasions. In most cases, the increase in the induction factor resided nearly exclusively on an
increase in (3-galactosidase activity. Decreases in alkaline phosphatase activity (indicating cytotoxicity) were observed only at the highest dose levels and maximally
contributed a factor of 2 to the induction factor.

correlation (r = 0.96) was observed. The mutagenic activity in
mammalian V79 cells correlated least with the activity in the
older Salmonella strains, TA98 and TA 100 (r = 0.77-0.78),
and correlated best with the activity in strain TA 104 (r = 0.90)
and in the SOS chromotest (r = 0.95).

DISCUSSION

When in the 1970s an important role for bay-region diol-
epoxides in the carcinogenicity of polycyclic aromatic hydro

carbons became evident, Jerina et al. (3, 5, 45) postulated that
the biological activity of these compounds should correlate with
their chemical reactivity, and that the chemical reactivity can
be estimated from the AÂ£dciocvalue for the formation of the
benzylic carbocation from the diol-epoxide. With regard to the
second part of this hypothesis, an excellent correlation was
found between the logarithms of the uncatalyzed rate constant
(kg) of hydrolysis and the Â¿Å’ae]ocvalue for 7 bay-region diol-
epoxides (46). In the present study, we also observed a good
correlation between AÂ£dci<xvalues and half-lives in buffer, ex-
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Fig. 3. Induction of mutations, leading to 6-thioguanine resistance, in V79 Chinese hamster cells by anf/-diastereomers (solid symbols) and .vi'n-diastereomers (open
symbols) of diol-epoxides. Circles, triangles, and squares, various experiments, conducted on separate occasions. The mutant frequency observed in the solvent-treated
control cultures of each experiment has been subtracted (2-21 x 10~6). Each point represents a separate incubation. Diagonal straight lines, points where per nM test
compound the number of mutants indicated in Table 2 is induced. Some of the data with the chrysene diol-epoxides are taken from a previous paper (35).
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Table 3 Correlations between the mutagenicity of diol-epoxides in different test
systems"

TA98TA
100TA
104SOSV79TA970.940.930.950.900.87TA980.970.960.900.78TA

1000.960.880.77TA1040.960.90SOS0.95

Â°Values are corrÃ©lationcoefficients (r) from linear regression analyses of the

logarithms of the specific mutagenicities.

amining a different set of diol-epoxides. In contrast, the corre
lation between biological activity and chemical reactivity is less
good. The bay-region diol-epoxides of 7-ethyl- and 7-methyl-
benz(a)anthracene, for example, substantially differ in DNA
binding and mutagenicity, whereas their half-lives in buffer are
virtually identical (36). Jerina et al. themselves (6-9) detected
a further striking example in BcPhDE. These compounds com
bine high carcinogenic and mutagenic activity with low chemi
cal reactivity. In the present study we demonstrate that similar
situations are encountered with other fjord-region diol-

epoxides.
Even if the bay- and fjord-region diol-epoxides are considered

separately, the mutagenic activity does not simply parallel the
AEdci.Â»-value, as shown in the present study. It is possible that
the size and shape of the aromatic system are important, e.g.,
by influencing the solubility in water and the intercalation
between DNA bases.

The question arises whether the unusually high mutagenic
activity of fjord-region diol-epoxides depends on the level or
the quality of the DNA adducts. It is known that aÂ«?/-BPDE
reacts with a high preference for guanine residues in DNA (17,
18), whereas BcPhDE form a substantial proportion of adenine
adducts (15). Most interestingly, a similar base selectivity for
DNA binding is observed for the diol-epoxides of the potent
carcinogen 7,12-dimethylbenz(a)anthracene (47, 48). For these
reasons, we have used various strains of S. typhimurium whose
histidine dependence is due to different base sequence altera
tions in the histidine operon. Strain TA 104 has an ochre triplet
(TA A) within the hisG gene (21), strain TA 100 carries a proline
triplet (CCC) in place of a leucine triplet (CTC) in its hisGgene
(23). It is noteworthy that all diol-epoxides reverted both

strains, and that the ratio of the specific mutagenicities in the
two strains varied within a relatively small range (0.44-1.96).
The values for anti-BPDE and anti-BcPhDE amounted to 1.01
and 1.96, respectively. Thus, this approach did not appear to
be useful in obtaining preliminary indications for a base pref
erence of mutagens. Suppressor mutations are possibly impor
tant for the reversion of strain TA 104 by guanine-reactive diol-
epoxides, as has been demonstrated for anti-BPDE (23). When
the frameshift-mutated strains are included, the differences in
the mutagenicity spectra among the diol-epoxides become more
pronounced. The order of the diol-epoxides according to their
specific mutagenicity was, however, similar with all 4 bacterial
strains used, which is not the case for example with the bay-
region and non-bay-region diol-epoxides of Ch.4

The results in the SOS chromotest in E. coli well paralleled
those in the reversion test in S. typhimurium, with correlation
coefficients similar to those observed between different Salmo
nella strains. The best correlation of the SOS chromotest was
observed with the mutagenicity in strain TA 104 (r = 0.96). This
correlation can perhaps be used in the elucidation of the signal
which leads to the induction of the SOS response.

4 H. R. Glatt and A. Seidel, manuscript in preparation.

The activities observed in the mammalian cell mutagenicity
assay markedly differed from those in the bacterial test systems.
The higher activities of the fjord-region diol-epoxides, as com
pared to the bay-region diol-epoxides, were even more pro
nounced than in the bacterial tests. The most potent bay-region
mutagen, anti-BPDE, just reached the activity of the least
potent fjord-region mutagens, syn- and anti-BcPhDE. All four
newly available fjord-region diol-epoxides showed substantially

higher mutagenic activities.
In the mammalian test system, the s>'n-diastereomers of the

bay region diol-epoxides were markedly less active than their
awff'-diastereomers, whereas in bacteria both diastereomers

showed similar activities. It appears unlikely that this difference
depends on the genetic end point investigated, since the situa
tion was the same for five different, rather specific end points
in bacteria. It is more likely that the difference between the
effects in bacteria and mammalian cells reside on differential
detoxification or DNA repair. A number of mammalian en
zymes are known which are capable of detoxifying diol-epoxides
(49-52). Using the aÂ«f/-diastereomer of benz(a)anthracene-8,9-
diol-10,11-oxide as the substrate, we observed particularly high
activity with glutathione transferase X (glutathione transferase
4-4) (50). This finding was later extended to ani/'-diastereomers

of bay-region diol-epoxides by Robertson and JernstrÃ¶m (51).
To our knowledge, however, no data are available on the
glutathione conjugation of syw-diol-epoxides. It could be spec
ulated that bay-region syn-diol-epoxides are more efficiently
detoxified than ani/-diol-epoxides, or the adducts may be re
paired more efficiently. Fjord-region y/i-diol-epoxides showed
high mutagenic activities and therefore appear to be handled
inefficiently by detoxification and repair systems.

The reasons for the high mutagenic activity of fjord-region
diol-epoxides are not known in detail. Interestingly, incubation
of BcPhDE with DNA in buffer resulted in a substantially
higher proportion of adduci formation (versus hydrolysis to
tetrols) (15,16) than was the case with bay-region diol-epoxides
of BP, benz(a)anthracene, and dibenz(a,/)anthracene (53, 54).
A high proportion of DNA binding has also been found for the
a/zf/'-isomer of 5-methylchrysene-l,2-diol-3,4-oxide, a bay-re

gion diol-epoxide in which steric crowding in the bay region is
due to the presence of an additional methyl group (55). It seems
therefore most likely that the pronounced reactivity of fjord-
region diol-epoxides toward the critical target of mutagenesis,
DNA, and the inferred resistance to enzymatic detoxification
are related to steric crowding in the bay region. However, the
detected differences in tne base selectivity and the relative extent
of DNA binding for diol-epoxides of BcPh, BP, 5-methylchry-
sene, and 7,12-dimethylbenz(a)anthracene demonstrate that
besides the chemical reactivity the absolute stereochemistry of
the diol-epoxide and the shape of the molecule are important
determinants for the biological activity (15, 17, 18, 47, 56).
Furthermore, the high mutagenicity of the fjord-region syn-
diol-epoxides of BgC and BcC in connection with the prefer

entially adopted diequatorial conformation of the hydroxyl
groups of these compounds in solution supports the general
concept of Jerina et al. (6, 9) that mutagenic and tumorigenic
activity of diol-epoxides is linked to a pseudodiequatorial con
formation of the diol moiety. In line with this concept are the
results of mutagenicity studies on diol-epoxides of 5-methyI-
chrysene and 1,4-dimethylphenanthrene (57, 58). Taking the
available data together, it turns out that for sterically hindered
bay-region diol-epoxides, produced by the substitution of a
methyl group, and for fjord-region diol-epoxides, both the syn-
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and the a/ir/'-stereoisomers must be considered as highly active

in mammalian cells. Exceptions from this rule however may
exist, as the syn-diol-epoxide of 5-methylchrysene was inactive
as a tumorigen in newborn mice and on mouse skin (59).
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