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Abstract

The bacterial mutagenic response (Ames-assay,Salmonella typhimuriumstrain TA98± S9-mix) of a series of monocyclopenta-
fused polycyclic aromatic hydrocarbons (CP-PAHs) identified in combustion exhausts, viz. cyclopenta[cd]pyrene (1),
acephenanthrylene (2), aceanthrylene (3) and cyclopenta[hi]chrysene (4), is re-evaluated. The mutagenic effects are com-
pared with those exerted by the corresponding partially hydrogenated derivatives, 3,4-dihydrocyclopenta[cd]pyrene (5), 4,5-
dihydroacephenanthrylene (6), 1,2-dihydroaceanthrylene (7) and 4,5-dihydrocyclopenta[hi]chrysene (8). It is shown that the
olefinic bond of the externally fused five-membered ring of1, 3and4 is of importance for a positive mutagenic response. In con-

rtance
response
-

rmation

ulations

ns

ar-
Hs,
ted
trast, whilst CP-PAH2 is found inactive, its dihydro analogue (6) shows a weak metabolism-dependent response. The impo
of epoxide formation at the external olefinic bond in the five-membered ring is substantiated by the bacterial mutagenic
of independently synthesized cyclopenta[cd]pyrene-3,4-epoxide (9), acephenanthrylene-4,5-epoxide (10), aceanthrylene-1,2
epoxide (11) and cyclopenta[hi]chrysene-4,5-epoxide (12). Their role as ultimate, active mutagenic forms, when CP-PAHs1, 3
and4 exhibit a positive mutagenic response, is confirmed. Semi-empirical Austin Model 1 (AM1) calculations on the fo
of the CP-arene oxides (9–12) and their conversion into the monohydroxy-carbocations (9a–12aand9b–12b) via epoxide-ring
opening support our results. For2and4, which also possess a bay-region besides an annelated cyclopenta moiety, the calc
rationalize that epoxidation at the olefinic bond of the cyclopenta moiety is favoured.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Cyclopenta-fused polycyclic aromatic hydroc
bons (CP-PAHs) are a special sub-class of PA
which contain (at least) one externally unsatura
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five-membered ring annelated to a PAH perimeter.
Their ubiquitous environmental presence due to in-
complete combustion of fossil fuels[1,2] and their
enhanced bioactivity as compared with that of re-
lated PAH without the cyclopenta moiety, render CP-
PAHs of toxicological interest. Examples of PAH
and corresponding CP-PAH are pyrene versus cy-
clopenta[cd]pyrene (1, Fig. 1) [3] and anthracene ver-
sus aceanthrylene (3) [4]. In most instances, biologi-
cally active CP-PAHs require exogenous metabolic ac-
tivation (S9-mix) in order to exert positive mutagenic
activity in bacterial mutagenicity assays (Ames-assay)
[4,5]. One of the best studied representatives is cy-
clopenta[cd]pyrene (1). It exhibits a high metabolism-
dependent mutagenic response in bacterial[3,6] and
human cell bioassays[7,8]. In addition,1also possesses
tumour-initiating and moderate carcinogenic potential
[9–11].

Although for common PAHs, a bay-region has been
postulated as a prerequisite to exert bioactivity in the
presence of exogenous metabolic activation (S9-mix
[12]), 1 and other known bioactive CP-PAHs lack this
structural feature. In these cases, epoxidation of the
olefinic bond in the five-membered ring via oxida-
tive metabolic activation by cytochrome P450 isoen-
zymes in the S9-mix, is considered to give the pu-
tative ultimate, active mutagenic forms of CP-PAHs
[3]. Note that for some CP-PAHs, which also contain
a bay-region in their PAH core, it has been suggested
that epoxidation of the cyclopenta moiety accounts for
t
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metabolic activation mixture,−S9-mix, see below) that
exert cytotoxicity at high concentrations[25,26].

Previously, CP-PAHs1–4 have been assayed for
mutagenicity using different strains ofSalmonella ty-
phimurium in the Ames-assay (TA98, TA100, etc.).
Whilst 1 was found to be active,2 was inactive[27].
However,2was found active with metabolic activation
in the forward mutation assay (strain TM 677)[7,23].
Compounds3 [4,27] and4 [5] have been reported to
act as bacterial mutagens upon metabolic activation.
In the case of4, the diols at the cyclopenta-ring and
at the bay-region have been isolated and identified as
active metabolites[5]. For CP-PAHs showing a pos-
itive metabolism-dependent mutagenic response, the
epoxides at the annelated five-membered ring, i.e.9–12
from 1 to 4, respectively (Fig. 1), are proposed as the
ultimate, active mutagenic forms. Nevertheless, so far
only epoxides9and11have been synthesized and pre-
viously assayed for their bacterial mutagenic response
[15,27].

Hence, the high genotoxicity observed with some
CP-PAHs on the one hand, and, on the other hand,
the lack of bioactivity reported for other such com-
pounds in the different bacterial systems earlier em-
ployed, have prompted us to re-evaluate in a single
systematic study the bacterial mutagenic response of
the CP-PAHs1–4. These compounds all represent un-
equivocally identified combustion exhaust constituents
[28,29]. To establish the importance of the olefinic
bond at the five-membered ring for metabolic activa-
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he observed bacterial mutagenic activity[13,14]. The
acile formation of epoxides at the five-membered
s supported in the case of1by the isolation of dihydro
iols (derived from the action of the epoxide-hydrol
n the epoxide) in metabolic studies with liver mic
omes ([15], see however also references[16,17] in
hich bio-activation of PAH dihydro-diols by sulfon

ion is reported), as well as the reaction of the ep
des with DNA in vitro (isolation of DNA-adducts
18–22]. The importance of the olefinic bond in t
ve-membered ring is substantiated by the obse
ion that dihydro-CP-PAH derivatives, which cont

saturated five-membered ring, generally exhibi
utagenic activity in bacterial bioassays[7,23,24]. In-

erestingly, tentative results indicate that epoxidatio
he olefinic bond in the cyclopenta moiety in contr
o the parent bioactive CP-PAH, leads to direct-ac
acterial mutagens (without the need for an exoge
ion, the related dihydro-CP-PAHs5–8 were synthe
ized and assayed for mutagenic activity in this st
urthermore, the epoxides9–12were synthesized an

heir mutagenic activity compared to that of1–4 in or-
er to evaluate their potential role as ultimate, ac
utagenic forms. The experimental results are
orted by semi-empirical Austin Model 1 (AM1) ca
ulations[30] on the epoxides9–12 and their relate
onohydroxy-carbocations9a–12a and 9b–12b ob-

ained via the epoxide-ring opening (Fig. 1).

. Materials and methods

.1. Chemicals

The CP-PAHs cyclopenta[cd]pyrene (1, CAS no.
7208-37-3), acephenanthrylene (2, CAS no. 201-06



M.J. Otero-Lobato et al. / Mutation Research 581 (2005) 115–132 117

Fig. 1. CP-PAHs1–4, dihydro5–8 and the epoxide derivatives9–12assayed for mutagenicity (Ames-assay,S. typhimuriumstrain TA98± S9-
mix 2%, v/v) [31,32], as well as the corresponding possible monohydroxy-carbocation species obtained by epoxide-ring opening9a–12aand
9b–12b. Their corresponding heats of formation (�H◦

f in kcal/mol) are calculated using the semi-empirical AM1 method[30] (see Section2.4).



118 M.J. Otero-Lobato et al. / Mutation Research 581 (2005) 115–132

9), aceanthrylene (3, CAS no. 202-03-9) and cyclo-
penta[hi]chrysene (4, CAS no. 216-48-8), their re-
lated partially hydrogenated derivatives 3,4-dihydr-
ocyclopenta[cd]pyrene (5, CAS no. 25732-74-5), 4,5,-
dihydroacephenanthrylene (6, CAS no. 6232-48-0),
1,2-dihydroaceanthrylene (7, CAS no. 641-48-5)
and 4,5-dihydrocyclopenta[hi]chrysene (8, CAS no.
4766-40-9), and their corresponding monoepox-
ides at the externally fused cyclopenta moiety
cyclopenta[cd]pyrene-3,4-epoxide (9, CAS no. 73473-
54-8), acephenanthrylene-4,5-epoxide (10, CAS no.
133733-26-3), aceanthrylene-1,2-epoxide (11, CAS
no. 133733-25-2) and cyclopenta[hi]chrysene-4,5-
epoxide (12, CAS no. 139469-80-0) were synthesized
as described in the Section2.3. The purity of all
compounds was at least >98.9% (capillary GC). The
positive controls benzo[a]pyrene (B[a]P, 98.8%, CAS
no. 50-32-8) and 1-nitropyrene (1-NP, 99%, CAS no.
5522-43-0) were purchased from Sigma–Aldrich and
used without further purification. Dimethyl sulfoxide
(DMSO, 99.9%, CAS no. 67-68-5) was purchased from
Aldrich, and NADP monosodium salt (98%, CAS no.
1184-16-3),d-glucose-6-phosphate anhydrous (G-6-P
99%, CAS no. 56-73-5) and potassium monopersulfate
triple salt (caroate, CAS no. 37222-66-5) were from
Sigma.

2.2. Bacterial mutagenicity assays

The bacterial mutagenic response was deter-
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(concentrations 0.0, 0.1, 0.5, 1.5 and 2.0�g/plate) due
to their extreme cytotoxicity (see Section3). Paral-
lel experiments were carried out with (+S9-mix 2%,
v/v, 0.29 mg protein/plate) and without exogenous
metabolic activation mixture (−S9-mix) with three
plates per test dose, in at least two independent experi-
ments. Positive controls, i.e. 1-NP, 5.0�g/plate (−S9-
mix, >1000 revertants (rev.)) and B[a]P, 6.0�g/plate
(+S9-mix, 133.9± 20.5 rev.), negative controls, i.e.
DMSO (−S9-mix, 10.2± 4.7, +S9-mix, 19.8± 6.5
rev.) and spontaneous reversion His revertants (−S9-
mix, 13.3± 4.7, +S9-mix, 21.6± 6 rev.) for TA98 were
included in each experiment. The plates were incu-
bated at 37◦C for 48 h and the His revertant colonies
were counted manually. The results are presented in
dose–response curves and are expressed as mean val-
ues of His revertant colonies per dose of test com-
pound of three different plates from two independent
experiments without correction for spontaneous rever-
sion. To establish a positive mutagenic response the
following criteria were used[35,36]: (i) a three-fold
increase of His revertants in plates with test compound
as compared with the negative control DMSO, (ii) as-
cending dose–response curves and (iii) reproducibil-
ity of the results in at least two independent experi-
ments. Note that several studies have demonstrated that
the first criterion by itself is insufficient to establish a
positive mutagenic response[37]. Specific mutagenic
activities, i.e. the number of His revertants induced
per nmol of test compound (Table 1), were calculated
b ding
p data
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ined with the histidine (His)-reversion assay (S. ty-
himuriumstrain TA98) according to the standard p

ocol by Ames and coworkers[30,31], both in the ab
ence and in the presence of an exogenous meta
ctivation system (±S9-mix). The S9-mix consiste
f rat-liver microsome preparations (S9-fraction)

ained from Aroclor-1254-treated male Wistar rats
ADPH-generating co-factors using the standard
edures[31,32]. The total protein content and the ac
ty of the cytochrome P450 isoenzyme P450-1A w
etermined to be 29.15 mg/ml (Lowry method)[33]
nd 51.58 pmol/ml/min/mg protein (ethoxyresoru
-deethylase (EROD) method)[34], respectively.
Compounds 1–8 were dissolved in DMSO

500�g/ml) and tested at five different concentrati
1–4; 0.0, 1.0, 2.0, 4.0, 8.0, 12.0 and 20.0�g/plate and
–8; 0.0, 1.0, 5.0, 15.0 and 20.0�g/plate). Note tha
ompounds9–12could only be tested up to 2.0�g/plate
y least squares regression from the initial ascen
ortion of the dose–response curves. The actual

or each dose of test compound (mean value fro
east six plates± standard deviation) and the corre
ion coefficients from the calculation of the slopes
ach dose–response curve are reported inAppendix A
Tables A.1–A.3).

.3. Synthesis

With the exception of the epoxidation reactions
ther reactions were carried out under a N2 atmosphere
olvents were dried and purified using standard

ocols. Commercial reagents were used as rece
olumn and flash chromatography were performe
erk kieselgel 60 silica (230–400 ASTM) and ne

ral aluminium oxide W200. Thin-layer chromatog
hy (TLC) was carried out using TLC sheets of a
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Table 1
Specific mutagenic activitiesa (His revertants/nmol) and mutagenic potencyb of 1–12 (seeFig. 1)

Compound TA98 + S9-mix 2% (v/v) TA98− S9-mix

His revertants/nmol Mutagenic potencyb His revertants/nmol Mutagenic potencyb

1 64.6 +++ 0.5 −
5 ∼0.05 − ∼0.05 −
9 61.8 +++ 61.0 +++

2 0.4 − 0.2 −
6 1.1 + ∼0.05 −
10 1.0 −/+ 2.5 +

3 2.4 + 0.2 −
7 ∼0.05 − ∼0.05 −
11 −c −c −c −c

4 1.2 + 0.2 −
8 ∼0.05 − ∼0.05 −
12 2.8 + 11.3 ++

a Calculated by least squares regression from the initial ascending linear portion of dose–response curves (Figs. 2–5). For1–8, the dose range
0.0–20.0�g/plate was used (see Section2.2).

b Mutagenic potency: (−) negative, (+) weakly positive, (+++) highly positive.
c The mutagenic activity of epoxide11could not be determined due to its high cytotoxicity.

minium oxide 60 F254 neutral (type E) or TLC silica
gel 60 F254. Melting points are uncorrected.1H and
13C NMR spectra were recorded on either a Bruker
AC 300 or a Varian Unity Inova Spectrometer oper-
ating at 300.13 and 75.47 MHz, respectively, at 25◦C
with solvents d6-acetone or CDCl3. Chemical shifts
values are reported in ppm and are referred to TMS.
J-values are given in Hz (multiplicity: s: singlet, d:
doublet, t: triplet, dd: double doublet and m: multi-
plet). Capillary GC chromatograms were obtained in a
Varian GC 3350 and GC 3400: capillary column DB
5 (length 30 m, i.d. 0.3 mm and 1-�m film thickness),
temperature program (Ti = 200 or 250◦C, isothermal
for 10 min, heating to 280◦C at 10◦C min−1), injec-
tor and detector temperature 300◦C and He as carrier

gas. GC/mass spectrometer (MS) spectra were mea-
sured on a ATI Unicam Automass System 2 quadru-
ple mass spectrometer: J & W Scientific DB-15 ms
capillary column (length 30 m, i.d. 0.25 mm and 0.25-
mm film thickness), temperature program (Ti = 200 or
250◦C, isothermal for 10 min, heating to 280◦C at
10◦C min−1), injector temperature 300◦C and He as
carrier gas. Mass spectrometer: EI 70 eV.

2.3.1. CP-PAHs1–4
Compounds1–4were synthesized employing Flash

Vacuum Thermolysis (FVT) as described previously
[37–40]. A Thermolyne 21100 tube furnace contain-
ing an unpacked quartz tube (40 cm long, diameter
2.5 cm) was used atT= 900–1050◦C,p< 0.01 mmHg.

Table 2
Semi-empirical AM1 energy difference (�E in kcal/mol) of the epoxides9–12 and the two possible monohydroxy-carbocations (9a–12aand
9b–12b, seeFig. 1)

Compound �E (monoepoxides)a �E (monohydroxy-carbocations)b

a b

9 −18.7 131.5 137.9
10 −18.0 138.8 139.5
11 −17.8 128.7 137.2
12 −18.1 135.3 138.2

a �E (monoepoxide) =�H◦
f (monoepoxide (9–12)) − �H◦

f (1–4) (Fig. 1).
b Estimate for�E (monohydroxy-carbocation formation) =�H◦

f (monohydroxy-carbocation (9a–12aor 9b–12b)) − �H◦
f (9–12) (Fig. 1).
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The product mixture (pyrolysate) deposited just behind
the furnace was recovered with dry CH2Cl2 (ca. 3 ml).
After concentration of the solution in vacuo the py-
rolysate was subjected to analysis (1H and13C NMR,
GC, GC/MS) before further purification. Pure CP-
PAHs 1–4 for the mutagenicity assays (Ames-assay)
or as precursors for further conversions were isolated
from the pyrolysates by re-crystallization or column
chromatography as described previously[38–41]. The
1H and13C NMR spectra and GC/MS data of the iso-
lated CP-PAHs1–4were in accordance with those pre-
viously reported[38,40,41].

2.3.2. Dihydro-CP-PAHs5–8
Compounds5–8 were prepared by heterogeneous

catalytic hydrogenation of the corresponding CP-PAHs
1–4 (ca. 20 mg) with hydrogen (pH2/1 atm) and Pd on
activated carbon (2 mg) in dry THF (15 ml) at room
temperature[42]. The heterogeneous reaction mixtures
were subjected to work-up after the intense colour of
the original CP-PAH solution had disappeared (2–3 h).
The reaction mixture was filtered over Celite and the
filtrate was concentrated under reduced pressure giving
pure dihydro-CP-PAHs5–8as colourless solids in near
quantitative yield. The analytical and spectral data of
5–8 are reported inAppendix A(see also[43–46]).

2.3.3. Epoxides9–12
Epoxidation of1–4 at the olefinic bond of the ex-

ternal five-membered ring was carried out using a
f re-
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resh solution of dimethyldioxirane in acetone p
ared according to literature procedures[47,48]. Usu-
lly, 50–70 ml of 0.07–0.10 M dimethyldioxirane s

utions in acetone were obtained. The dimethyldi
ane content was assessed by monitoring the o
ion of methyl phenyl sulfide into its sulfoxide deriv
ive by calibrated capillary GC. The synthesis of
poxides9–12 was carried out at room temperat

n the dark using the CP-PAHs1–4 on a mg scal
80–100 mmol), with a 1.5- to 2.0-fold molar exc
f a fresh dimethyldioxirane solution in acetone

he presence of an equimolar amount of NaHCO3. Af-
er complete consumption of the CP-PAH, the reac
ixture was filtered and the filtrate was concentra

n vacuo. The crude product was dissolved in ei
cetone or dichloromethane, dried over MgSO4 and
ltered. Concentration of the filtrate in vacuo gave
lytically pure samples of the epoxides9–12 in a nea
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quantitative yield. The analytical and spectral data of
5–8 are reported inAppendix A.

2.4. Computations

To obtain estimates of the heats of formation (�H◦
f

in kcal/mol) of the compounds1–13 and 15a–c as
well as the monohydroxyl-carbocation species9a–12a,
14a, 16a–18a, 9b–12b, 14b and16b–18b, shown in
Figs. 1 and 6, semi-empirical restricted Hartree–Fock
AM1 calculations (RHF/AM1)[30] were performed
using the general-purpose semi-empirical molecular
orbital package for the study of chemical structures
and reactions, viz. the MOPAC 7.0 program, with

the eigenvector-following (EF) routine until the gradi-
ent norm (GNORM) < 0.05. All geometries were opti-
mised without imposing any geometry constraints. All
computed minima were characterized by Hessian cal-
culations; in all cases no imaginary frequencies were
found.

3. Results

The CP-PAHs cyclopenta[cd]pyrene (1), acephen-
anthrylene (2), aceanthrylene (3) and cyclopenta-
[hi]chrysene (4) as well as the related dihydro-CP-
PAHs 3,4-dihydrocyclopenta[cd]pyrene (5), 4,5-dihy-
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e (1, (�): +S9-mix 2%, v/v, (�): −S9-mix) and its corresponding
ix) and (ii) cyclopenta[cd]pyrene (1, (�): +S9-mix 2%, v/v, (�):
: +S9-mix 2%, v/v, (©): −S9-mix). (Note the different scales for
ation range is 0.0–2.0�g/plate for9, see text.) The standard protocol by
TA98.
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Fig. 3. Comparison of the dose–response curves of (i) acephenanthrylene (2, (�): +S9-mix 2%, v/v, (�): −S9-mix) and its corresponding
3,4-dihydroacephenanthrylene (6, (�): +S9-mix 2%, v/v, (©): −S9-mix) and (ii) acephenanthrylene (2, (�): +S9-mix 2%, v/v, (�): −S9-mix)
and its corresponding acephenanthrylene-3,4-epoxide (10, (�): +S9-mix 2%, v/v, (©): −S9-mix). (Note that in (ii), the concentration range is
0.0–2.0�g/plate for10, see text.) The standard protocol by Ames and coworkers[31,32]was followed using theS. typhimuriumstrain TA98.

droacephenanthrylene (6), 1,2-dihydroaceanthrylene
(7) and 4,5-dihydrocyclopenta[hi]chrysene (8, Fig. 1)
in which the olefinic bond at the cyclopenta moi-
ety is selectively hydrogenated (see Section2.3),
were evaluated for mutagenicity in the Ames-test
with theS. typhimuriumauxotropic strain TA98, with
and without the optimal amount of exogenous acti-
vation mixture (S9-mix 2%, v/v), in the concentra-
tion range 0.0–20.0�g/plate. Dose–response curves
are shown in the top part (i) ofFigs. 2–5. The epox-
ides of1–4, viz. cyclopenta[cd]pyrene-3,4-epoxide (9),
acephenanthrylene-4,5-epoxide (10), aceanthrylene-
1,2-epoxide (11) and cyclopenta[hi]chrysene-4,5-
epoxide (12, Fig. 1) were synthesized employing a
dimethyldioxirane solution in acetone as a mild epox-
idation agent[49] (see Section2.3). Note that the

mutagenic response of the epoxides9–12 could only
be assayed in the range 0.0–2.0�g/plate due to the
high toxicity encountered at higher concentrations. The
dose–response curves of the epoxides are compared
with those obtained for the parent compounds in the
same concentration range (Figs. 2–5). The specific mu-
tagenic activity of1–12 is reported inTable 1.

In Fig. 2, the mutagenic response for1 is presented
and compared with that of its dihydro (5) and epoxide
(9) derivatives, respectively. As expected[3],1exhibits
a high specific mutagenic activity in the presence of the
metabolic activation mixture (+S9-mix 2%, v/v, 64.6
His revertants/nmol,Table 1), but it is not mutagenic
in the absence of S9-mix. Whilst5 is inactive both
with and without S9-mix, epoxide9 is a potent muta-
gen both with and without activation mixture (specific
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Fig. 4. Comparison of the dose–response curves of (i) aceanthrylene (3, (�): +S9-mix 2%, v/v, (�): −S9-mix) and its corresponding 1,2-
dihydroaceanthrylene (7, (�): +S9-mix 2%, v/v, (©): −S9-mix) and (ii) aceanthrylene (2, (�): +S9-mix 2%, v/v, (�): −S9-mix) and its
corresponding aceanthrylene-1,2-epoxide (11, (�): +S9-mix 2%, v/v, (©): −S9-mix. (Note that in (ii), the concentration range is 0.0–2.0�g/plate
for 11, see text.) The standard protocol by Ames and coworkers[31,32]was followed using theS. typhimuriumstrain TA98.

mutagenic activity 61.8 and 61.0 His revertants/nmol,
respectively,Table 1).

In Fig. 3, the mutagenic responses of2 and its di-
hydro and epoxide derivatives6 and10, respectively,
are presented. In this series,2 does not show a mu-
tagenic response both with and without S9-mix. In
contrast, its dihydro derivative6 exerts a weakly pos-
itive metabolism-dependent response (specific muta-
genic activity of 1.1 His revertants/nmol). The epox-
ide 10 shows a positive response with S9-mix 2%
(v/v) and without S9-mix (specific mutagenic activ-
ity of 1.0 and 2.5 His revertants/nmol, respectively,
Table 1).

Compound3 exerts a positive specific mutagenic
activity with S9-mix (2.4 His revertants/nmol,Fig. 4).
Its dihydro derivative7 is not mutagenic both with and

without S9-mix. The epoxide derivative of3, viz. 11
was tested as well. Unfortunately, its mutagenic re-
sponse could not be determined due to the high tox-
icity observed. At the low dose range tested, a lack in
the background lawn is observed and only small num-
bers of His (revertants) are scored. (SeeAppendix A:
Table A.3).

In Fig. 5, the mutagenic activity of CP-PAH4 and
its corresponding dihydro8and epoxide12derivatives
are shown. CP-PAH4 exhibits a weak metabolism-
dependent specific mutagenic activity of 1.2 His re-
vertants/nmol, and8 is not mutagenic both with and
without S9-mix. However, the epoxide12shows a high
mutagenic response both in the presence and in the ab-
sence of S9-mix (specific mutagenic activity of 2.8 and
11.3 His revertants/nmol, respectively,Table 1).
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Fig. 5. Comparison of the dose–response curves of (i) cyclopenta[hi]chrysene (4, (�): +S9-mix 2%, v/v, (�): −S9-mix) and its corresponding 4,5-
dihydrocyclopenta[hi]chrysene (8, (�): +S9-mix 2%, v/v, (©): −S9-mix) and (ii) cyclopenta[hi]chrysene (4, (�): +S9-mix 2%, v/v, (�): −S9-
mix) and its corresponding cyclopenta[hi]chrysene-4,5-epoxide (12, (�): +S9-mix 2%, v/v, (©): −S9-mix. (Note that in (ii), the concentration
range is 0.0–2.0�g/plate for12, see text.) The standard protocol by Ames and coworkers[31,32]was followed using theS. typhimuriumstrain
TA98.

4. Discussion

4.1. Mutagenicity assays

Whereas CP-PAHs1, 3 and 4 exhibit a positive
metabolism-dependent bacterial mutagenic response in
the Ames-assay (S. typhimuriumstrain TA98,±S9-
mix), compound2 does not show mutagenic activ-
ity under similar conditions. The lack of mutagenic
response determined for the dihydro-CP-PAHs5, 7
and8 indicates that the olefinic bond in the externally
fused five-membered ring in1, 3 and4 represents the
favourite site for bio-activation, i.e. epoxidation by the
isoenzymes of cytochrome P450 in the S9-mix. Dihy-

dro CP-PAH6, however, was found to be moderately
active with S9-mix under the experimental conditions
applied. This suggests that another active site may be
present in the phenanthrene-like core, since the parent
CP-PAH2 itself is not mutagenic (vide infra).

It is well established that for most CP-PAHs, the
double bond at the cyclopenta moiety possesses olefinic
character: it represents the most localized double bond
according to both theoretical (ab initio calculations)
[50–52] and experimental data (single crystal X-ray
structures)[53,54].

Thus, the epoxides9–12 were synthesized, char-
acterized (see Section2.3) and subsequently assayed
for their mutagenic response. Interestingly, the direct-
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Table A.2
Bacterial mutagenic activitya of 3,4-dihydrocyclopenta[cd]pyrene (5), 3,4-dihydroacephenanthrylene (6), 1,2-dihydroaceanthrylene (7) and 4,5-
dihydrocyclopenta[hi]chrysene (8, Fig. 1) employing theSalmonella typhimuriumstrain TA98, with and without exogenous metabolic activation
mixture (±S9-mix)

Concentration
(�g/plate)

5 6 7 8

+S9-mix
2% (v/v)

−S9-mix +S9-mix
2% (v/v)

−S9-mix +S9-mix
2% (v/v)

−S9-mix +S9-mix
2% (v/v)

−S9-mix

0.0 25 ± 2 15.5± 0.5 14± 2 9 ± 3 25.5± 9.5 15.5± 0.5 18.3± 5.5 14.5± 1.5
1.0 26.5± 3.5 16.5± 0.5 21.5± 15 10.5± 2 25 ± 2 25.5± 6.5 14.8± 4.2 11.0± 1
5.0 41.5± 7.5 17.0± 2 71.5± 8.5 7± 1 18.5± 4.5 19± 1 11 ± 2.3 9± 2

15.0 37 ± 1 18.0± 2 96 ± 1 18 ± 3 22.5± 1.5 18.5± 2 21.3± 5.2 15.5± 3
20.0 65 ± 2 21.0± 1 71.5± 4.5 6.5± 2.5 28.5± 6.5 24± 1 19.8± 7 21 ± 2

His revertants/
nmol (r2)

∼0.2 (–b) ∼0.2 (–b) 1.1 (0.99) ∼0.1 (–b) 0.2 (–b) ∼0.2 (–b) ∼0.2 (–b) ∼0.2 (–b)

a Mutagenic response was determined as described in Section2 [31,32]. Results shown are mean values± standard deviation (from triplicate
plates for each dose in two independent experiments), and are given in His revertants per plate, without correction for spontaneous His revertants.

b The slope could not be determined.

acting mutagenic activity of9 and12 accounts for al-
most the entire metabolism-dependent mutagenic re-
sponse of the parent CP-PAHs1 and4, respectively
(Table 1). Unfortunately, epoxide11 appears to be
highly toxic to the bacteria, so that its mutagenic ac-
tivity cannot be assessed. Interestingly, epoxide10 is
a direct-acting mutagen; whereas, its parent CP-PAH
2 shows no mutagenic activity upon metabolic activa-
tion. This suggests that10 does not correspond to the
ultimate mutagenic form of2.

Compound 1 is a highly active metabolism-
dependent bacterial mutagen (specific mutagenic ac-

tivity 64.6 His revertants/nmol), and its ultimate, ac-
tive mutagenic form is epoxide9. This is confirmed
in the present study. Whilst dihydro CP-PAH5 ex-
erts no mutagenic activity, epoxide9 exhibits a high
mutagenic response both with and without exogenous
metabolic activation mixture (specific mutagenic ac-
tivity 61.8 and 61.0 His revertants/nmol). Since the
direct-acting activity of9 is similar to that exerted
by its parent CP-PAH1 in the presence of S9-mix,
epoxidation at the cyclopenta moiety has to be consid-
ered as a metabolic activation pathway that is impor-
tant for mutagenicity. Note, however, that metabolites

Table A.3
Bacterial mutagenic activitya of cyclopenta[cd]pyrene-3,4-epoxide (9), acephenanthrylene-3,4-epoxide (10), aceanthrylene-1,2-epoxide (11) and
cyclopenta[hi]chrysene-4,5-epoxide (12, Fig. 1) employing theSalmonella typhimuriumstrain TA98, with and without exogenous metabolic
activation mixture (±S9-mix)

Concentration
(�g/plate)

9 10 11 12

+S9-mix
2% (v/v)

−S9-mix +S9-mix
2% (v/v)

−S9-mix +S9-mix
2% (v/v)

−S9-mix +S9-mix
2% (v/v)

−S9-mix

0.0 20.5± 7.1 7.5± 2.6 20.5± 7.1 7.5± 2.6 20.8± 6b 17.5± 7.4b 20.5± 7.1 7.5± 6.8
0.1 53.5± 4.6 38.3± 10.9 23.3± 3.9 18.8± 6.2 36.5± 6.5b 15.5± 3.4b 25.5± 5.1 10.8± 4.2
0.5 164± 35.5 104.8± 12.6 23± 6.1 23± 2.5 28± 9.4b 15.7± 5.2b 23.5± 7.2 17± 13.4
1.5 400± 88.4 499± 45.0 29.5± 8.5 31.5± 7.4 30.4± 4.7b 20.3± 8.6b 30.3± 3.3 67± 17.9
2.0 476.7± 96.5 513.4± 119.8 30.8± 3.7 34.5± 1.7 28.5± 5.5b 17.8± 7.9b 62 ± 7.5 107.3± 23.4

His revertants/
nmol (r2)

61.8 (0.98) 61.0 (0.93) 1.0 (0.95) 2.5 (0.90) –b –b 2.8 (0.50) 11.3 (0.95)

a Mutagenic response was determined as described in Section2 [31,32]. Results shown are mean values± standard deviation (from triplicate
plates for each dose in two independent experiments), and are given in His revertants per plate, without correction for spontaneous His revertants.

b
 Lack of background lawn, toxicity was observed.
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derived from the epoxide, e.g. the related mono- and
dihydroxy functionalized PAHs, can be activated by
sulfonation. This requires an additional metabolic ac-
tivation system that possesses sulfotransferase activity
[17].

Acephenanthrylene (2) does not show any muta-
genic activity both in the presence and in the absence
of S9-mix. However, its epoxide10 exhibits a direct-
acting mutagenic response. This suggests that2 can-
not be properly metabolized by the cytochrome P450
isoenzymes in the S9-mix. Thus, our results show that
2 is biologically inactive, but that its corresponding
epoxide10 is considerable more active. Furthermore,
the dihydro derivative6exhibits a weak specific muta-
genic activity in the presence of S9-mix (1.1 His rever-
tants/nmol), which may indicate that another site in the
phenanthrene core is prone to undergo bio-activation.
Further studies are required to resolve these observa-
tions.

Aceanthrylene (3) has been found to act as a highly
potent mutagen[4,21]. In the present study, it is also
found to be mutagenic but not as potent as was pre-
viously found[4], although the sameS. typhimurium
strain TA98 and an optimal microsome concentra-
tion in the S9-mix were employed in both investiga-
tions. Notwithstanding, the olefinic bond at the five-
membered ring is confirmed to be the site for epoxi-
dation. The dihydro derivative of3, viz. 7, is not mu-
tagenic both in the presence or in the absence of S9-
mix. Under our conditions, the mutagenic potency of
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along with the formation of the arene-epoxide at the
externally fused five-membered ring. In contrast to the
data reported by Ball et al.[5] with 10% (v/v) S9-mix,
no increment in the number of revertants was found
(data not shown). Hence, we propose that the main bio-
activation pathway for4 is epoxidation of the olefinic
bond of the cyclopenta moiety, viz. by formation of
epoxide12. This is confirmed by the observation that
its dihydro derivative8 is not mutagenic both with and
without S9-mix. Since a bay-region is still present in8,
this compound was also assayed for mutagenicity with
S9-mix 10% (v/v) to check if under these conditions
exogenous metabolic activation via the diol-epoxide at
the bay-region becomes operational. Also in this case,
no positive mutagenic response was found (data not
shown). Thus, activation via the formation of the diol-
epoxide in the bay-region for4 is found to be marginal
in the present study. Moreover, the epoxide12 is found
to exert a potent direct-acting mutagenic activity (spe-
cific mutagenic activity of 11.3 His revertants/nmol). In
the presence of S9-mix, the mutagenic activity of12 is
reduced, which suggests that detoxification processes
become operational.

4.2. Semi-empirical AM1 calculations

In this study, it is shown that epoxides9 and12are
the ultimate, active mutagenic forms of1and4, respec-
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that the most stable monohydroxy-carbocation may re-
act with DNA and can induce mutation[12].

The energy difference (�E in kcal/mol) between
CP-PAHs1–4 and their epoxides9–12 gives a qual-
itative estimate of the ease of epoxidation at the cy-
clopenta moiety. For all CP-PAHs1–4, the ease of
epoxidation is nearly the same (∼18 kcal/mol,Table 2).
However, for the next step, viz. epoxide-ring open-
ing into the two possible monohydroxy-carbocations,
differences are found. From epoxides9 to 12, the
most stable monohydroxy-carbocation will be the iso-
mer with its positive charge located at a ‘benzylic-
like’ position (9a–10a). For 9 and 11, the consider-
able energy difference between the two monohydroxy-
carbocations (�E in kcal/mol) indicates that the most
stable species9a(�E (9a–9b),−6.4 kcal/mol) and11a
(�E (11a–11b) −8.5 kcal/mol,Fig. 1andTable 2) will
be predominantly formed. However, for10and12both
monohydroxy-carbocations10a–10band12a–12b, re-
spectively, possess similar�H◦

f values. This indi-
cates that both monohydroxy-carbocations are of sim-
ilar stability (�E (10a–10b) −0.7 kcal/mol and�E
(12a–12b) − 2.9 kcal/mol,Fig. 1andTable 2). Conse-
quently, these results suggest that the carbocation inter-
mediates10aand10b, and12aand12b, respectively,
will coexist. The GC trace from the GC/MS spectrum
of 10and12corroborates these observations, since two
products derived from the thermal rearrangement of the
epoxide into the two possible ketones are detected. In
contrast, for9 and11 only one product is found (see
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this question, the heats of formation (�H◦
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of the possible bay-region epoxides of2 and4, viz.
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tained by epoxide-ring opening. In addition, for CP-
PAHs2and4, which also possess a bay-region besides
the annelated cyclopenta moiety, semi-empirical AM1
calculations show that, in line with our experimental
observations, epoxidation at the olefinic bond of the
cyclopenta moiety is favoured.
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Appendix A

Analytical and spectral data of compounds5–12.

A.1. 3,4-Dihydrocyclopenta[cd]pyrene (5)

Mp 133–134◦C. δH (CDCl3): 8.12 (1H, d,J 8.0),
8.06–8.00 (3H, m), 7.95 (1H, d,J 7.7), 7.93 (1H, d,J
7.7), 7.90 (1H, t,J 7.7), 7.78 (1H, m), 3.70–3.66 (2H,
m) and 3.62–3.58 (2H, m).δC (CDCl3): 144.9, 142.1,
1
1
(
a

A

,
8 H,
m
1
1
(
(

A

,
8 d,

8.8), 7.48–7.41 (3H, m), 7.24 (1H, d,J 6.6), 3.80–3.76
(2H, m) and 3.59–3.55 (2H, m).δC (CDCl3): 147.1,
142.6, 137.4, 133.7, 129.8, 129.4 (CH), 127.7 (C H),
127.1, 125.1 (CH), 124.7 (C H), 124.5 (C H), 122.2
(C H), 121.3 (C H), 117.2 (C H), 30.5 (CH2) and
29.6 (CH2) (see also[44,46]).

A.4. 4,5-Dihydrocyclopenta[hi]chrysene (8)

Mp 185–186◦C. δH (CDCl3): 8.80 (1H, d,J 8.3),
8.63 (1H, d,J 8.8), 8.54 (1H, s), 8.40 (1H, d,J 8.3),
7.99 (1H, d,J 8.0), 7.94 (1H, d,J 8.8), 7.70–7.58
(3H, m), 7.48 (1H, d,J 6.6) and 3.59–3.50 (4H,
m). δC (CDCl3) 145.9, 144.8, 132.5, 130.8, 130.4,
129.0, 128.6 (CH), 128.3 (C H), 127.0 (C H),
126.2 (C H), 126.0 (C H), 125.7, 123.3 (CH),
121.4 (C H), 120.7 (C H), 119.1 (C H), 115.2, 113.9
(C H), 30.2 (CH2) and 29.2 (CH2). GC/MS:m/z(MS)
254 (M•+, (100), 226 (10), 126 (42), 113 (22).

A.5. Cyclopenta[cd]pyrene-3,4-epoxide (9)

δH (d6-Acetone): 8.39 (1H, d,J 7.8), 8.35 (1H, s),
8.31 (1H, dd,J 7.7, J 1.1), 8.22 (2H, AB system,J
7.7), 8.15 (2H, s), 8.08 (1H, t,J7.7), 5.19 (2H, AB sys-
tem,J2.5);δC (d6-acetone): 138.4, 136.4, 136.2, 132.1,
131.0, 130.7, 128.5, 128.1 (CH), 127.1 (C H), 127.0
(C H), 126.6 (C H), 125.8 (C H), 124.4 (C H),
123.9 (C H), 123.2 (C H), 122.7, 59.2 (CH) and 58.7
(C H). GC/MS:m/z(relative intensity) 242 (M•+, 80),
2 di-
t
4

A

,
d ,
d m,
δ ,
1
(
1
a
d %):
2 II,
( ).
U o
36.6, 133.6, 131.3, 128.3, 126.9 (CH), 126.2 (C H),
26.1 (C H), 124.9 (C H), 123.9 (C H), 123.8, 122.8
C H), 122.4, 121.6 (CH), 118.6 (C H), 30.9 (CH2)
nd 30.5 (CH2) (see also[43]).

.2. 4,5-Dihydroacephenanthrylene (6)

Mp 106–107◦C. δH (CDCl3): 8.61–8.58 (1H, m)
.33 (1H, d,J 8.1), 7.87–7.84 (1H, m), 7.62–7.52 (4
), 7.48 (1H, d,J 7.8) and 3.44 (4H, s).δC (CDCl3):
45.5, 143.9, 137.8, 134.3, 128.6, 128.5, 128.4 (CH),
28.0 (C H), 126.4 (C H), 125.0 (C H), 122.8
C H), 121.2 (C H), 119.0 (C H), 118.8 (C H), 30.5
CH2) and 29.4 (CH2). (see also[44,45]).

.3. 1,2-Dihydroaceanthrylene (7)

Mp 112–113◦C. δH (CDCl3): 8.19 (1H, bs)
.07–8.04 (1H, m), 8.01–7.98 (1H, m), 7.74 (1H,J
14 (100), 187 (12) 107 (30). Under GC/MS con
ions,9 rearranges to 3,4-dihydrocyclopenta[cd]pyren-
-one[49].

.6. Acephenanthrylene-4,5-epoxide (10)

δH (d6-Acetone): 8.72 (1H, dd,J 6.0), 8.56 (1H
, J 8.3), 8.06 (1H, d,J 7.7), 8.03 (1H, s), 7.82 (1H
, J 6.9), 7.73–7.63 (3H, m), 4.97 (2H, AB syste
A 4.98 δB 4.96, JAB 2.5). δC (d6-Acetone): 141.1
38.8, 138.4, 134.9, 131.5, 131.2 (CH), 130.6, 129.4
C H), 128.7 (C H), 128.6 (C H), 125.5 (C H),
24.9 (C H), 124.6 (C H), 123.6 (C H), 59.8 (C H)
nd 59.1 (CH). GC/MS:m/z (relative intensity) two
istinct peaks are discernible in the GC trace: I, (45
18 (M•+, 100), 202 (11), 189 (90), 94 (20) and
55%): 218 (M•+, 100), 202 (16), 189 (86), 95 (27
nder GC/MS conditions,10 rearranges into the tw
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isomeric ketones, viz. 4,5-dihydro-acephenanthrylen-
4-one and 4,5-dihydro-acephenanthylen-5-one are ob-
served in the spectrum (see also[49]).

A.7. Aceanthrylene-1,2-epoxide (11)

δH (d6-Acetone): 8.48 (1H, s), 8.43 (1H, d,J 7.7),
8.17 (1H, d,J 8.5), 7.99 (1H, d,J 8.8), 7.73 (1H, d,
J 6.3), 7.65–7.47 (3H, m), 7.55 (2H, m), 5.55 (1H,
d, J 2.5), 5.12 (1H, d,J 2.5).δC (d6-Acetone): 140.7,
137.3, 136.5, 135.1, 134.3, 130.5 (CH), 130.4, 127.8
(C H), 127.4 (C H), 126.9 (C H), 126.3 (C H),
125.9 (C H), 124.5 (C H), 123.0 (C H), 58.8 (C H)
and 57.3 (CH). GC/MSm/z (relative intensity): 218
(M•+, 100), 202 (5), 190 (75), 189 (95), 163 (15), 95
(21), 94 (22). Under the GC/MS conditions,11 rear-
ranges into 1,2-dihydro-aceanthrylen-2-one (see also
[44,49]).

A.8. Cyclopenta[hi]chrysene-4,5-epoxide (12)

δH (d6-Acetone): 9.13 (1H, s), 8.99 (1H, d,J 8.5),
8.78 (1H, d,J 9.1), 8.68 (1H, d,J 8.3), 8.16 (2H, m),
7.85 (1H, d,J 6.9), 7.80–7.67 (3H, m), 5.12 (1H, d,J
2.5), 5.05 (1H, d,J2.5).δC (d6-Acetone): 140.5, 138.9,
137.7, 133.5 (CH), 132.1, 130.2, 130.0, 129.6 (CH),
128.8 (C H), 128.7 (C H), 127.9 (C H), 127.5
(C H), 124.3 (C H), 124.1 (C H), 123.3 (C H),
122.1 (C H), 119.3, 119.2, 59.1 (CH), 58.8 (C H).
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