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Abstract

Cyclopenta[cd]pyrene (1) and its congeners dicyclopenta[cd,mn]- (2), dicyclopenta[cd,fg]- (3), dicyclopenta[cd,jk]pyrene
(4), which were all identified as constituents of combustion exhausts, as well as their partially hydrogenated derivatives
3,4-dihydrocyclopenta[cd]- (5), 1,2,4,5-tetrahydrodicyclopenta[cd,mn]- (6), 5,6,7,8-tetrahydrodicyclopenta[cd,fg]- (7) and
1,2,6,7-tetrahydrodicyclopenta[cd,jk]pyrene (8), were assayed for mutagenicity in theSalmonella typhimuriumstrain TA98
using different concentrations of microsomal protein in the metabolic activation system (S9-mix, with S9-fraction from liver
of Aroclor-1254-treated rats: 2, 4 and 10% (v/v), respectively). Whereas a positive mutagenic response is found for1–4 in the
presence of S9-mix,5–8 exert no mutagenicity either with or without S9-mix. Since for1–4 the highest response is observed
with S9-mix 2% (v/v) instead of the standard 4% (v/v), a one-step activation pathway, i.e. epoxidation of the five-membered
ring olefinic bonds, appears to be operational. Surprisingly,3 and, to a lesser extent,2 (11.7 versus 4.2 His revertants/nmol) also
give a positive response in the absence of S9-mix. Hence,2 and3 are expected to contribute to the direct-acting mutagenicity of
the non-polar fraction of combustion exhausts. Presumably for the direct-acting mutagenicity one-electron transfer processes
play a role in bioactivation. The experimental observations are supported by semi-empirical AM1 calculations on the possible
ultimate metabolites, i.e. mono-epoxides (2a–4a), cis-di-epoxides (2b–4b) and trans-di-epoxides (2c–4c) and the related
mono-hydroxy carbocations (2d–4d and2e–4e), and the radical anions1•−–4•−.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The non-alternant cyclopenta-fused polycyclic aro-
matic hydrocarbons (CP-PAHs) constitute a unique
sub-class of PAHs that possess at least one unsatu-
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rated five-membered ring moiety annelated to a PAH
core. CP-PAHs are widespread in our environment
since they are generated during incomplete combus-
tion processes[1,2]. Although most CP-PAHs lack a
‘bay-region’, viz. the frequently proposed structural
feature required for PAH mutagenic activation, several
CP-PAHs possess high (bacterial) mutagenic activity
[3–5]. More recently, CP-PAHs were put forward as
prime contributors to the total mutagenic activity of
the non-polar fraction of combustion exhausts[6,7].
A documented example is cyclopenta[cd]pyrene (1,
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Fig. 1. Compounds1–8 that were assayed for mutagenicity[26].

Fig. 1) [8]. However, despite its high activity,1 can-
not account for the total mutagenic activity of the
non-polar fractions. Consequently, the identification
and characterisation of other potentially mutagenic
CP-PAHs present in the non-polar fraction is a topical
research issue.

Interesting candidates are the three isomeric dicy-
clopenta-fused pyrenes, i.e. dicyclopenta[cd,mn]- (2),
dicyclopenta[cd,fg]- (3) and dicyclopenta[cd,jk]pyrene
(4, Fig. 1), which after their unequivocal synthesis
[9,10] were identified as constituents of the non-polar
fraction of combustion exhausts[11,12]. Hence, the
availability of pure2–4 now enables the assessment
of their mutagenic response, which can be compared
with that of 1 [3]. It is noteworthy that2–4 were fur-
ther suggested as by-products in the thermal treatment
of pyrene-contaminated soil[13–15].

Cyclopenta[cd]pyrene (1) has been extensively
studied and possesses a marked mutagenic response
dependent on metabolism both in bacterial mutagenic-
ity assays[3] and in mammalian in vitro assays[16].
Furthermore,1 has both tumour-initiating[17] and
moderate carcinogenic potential[18]. In the case of1,
epoxidation of the five-membered ring olefinic bond
(CP-epoxide)[19,20] is postulated as the primary
metabolic pathway for its bioactivation by cytochrome
P450 (cf. Fig. 7). Subsequent ring opening of the
epoxide generates a stable hydroxy carbocation, which
may then react with DNA (adduct formation)[21].
This mechanism was substantiated by the isolation of
trans-3,4-dihydroxy-3,4-dihydrocyclopenta[cd]pyrene

as the major metabolite derived from1 by liver mi-
crosomes[19] as well as the in vitro formation of
DNA and epoxide adducts[22–24].

Here, we report the mutagenic response of the
novel dicyclopenta-fused pyrene congeners2–4 in
theSalmonella typhimuriumstrain TA98 Ames assay
both with and without exogenous metabolic activa-
tion mixture (S9-mix, with Aroclor-1254 rat liver
S9-fraction and co-factors). The strain TA98 allows
the detection of frameshift mutagens, and has been
extensively employed for screening of the mutagenic
potency of PAH as recommended in the protocol by
Ames and coworkers[25,26].

2. Materials and methods

2.1. Instrumentation

To gain insight in the reduction potentials of
CP-PAHs 1–4 cyclic voltammetry (CV) measure-
ments were performed using a EG&G Potentio-
stat/Galvanostat Model 263 A and freshly distilled
(from CaH2) acetonitrile (CH3CN; CAS no. 75-05-8),
containing 0.1 M tetrabutylammonium hexafluo-
rophosphate (Bu4N+PF6

−; CAS no. 3109-63-5)
as supporting electrolyte at scan rates of 50 and
100 mV s−1 (potential window:−2.5 to+3 V). Redox
potentials were determined relative to an Ag/AgNO3
reference electrode (0.1 M in CH3CN) and were ref-
erenced to the standard calomel electrode (SCE) by
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measuring the oxidation potential of the redox cou-
ple FeCp2/FeCp2

•+ (ferrocene/ferrocinium: 0.31 V
versus SCE).

2.2. Chemicals

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 with-
out further purification. Cyclopenta[cd]- (1; CAS
no. 27208-37-3), dicyclopenta[cd,mn]- (2; CAS
no. 96915-04-7), dicyclopenta[cd,fg]- (3; CAS no.
173678-72-3) and dicyclopenta[cd,jk]pyrene (4; CAS
no. 98791-43-6) were synthesised and purified as
previously reported[9,10]. The related partially hy-
drogenated derivatives 3,4-dihydrocyclopenta[cd]- (5;
CAS no. 25732-74-5), 1,2,4,5-tetrahydrodicyclopenta-
[cd,mn]- (6; CAS no. 173678-83-6), 5,6,7,8-tetrahy-
drodicyclopenta[cd,fg]- (7; CAS no. 173678-82-5)
and 1,2,6,7-tetrahydrodicyclopenta[cd,jk]pyrene (8;
CAS no. 98791-45-8) were prepared by catalytic
hydrogenation (Pd/C 2 mg, P/H2 1 atm) of 1–4
(20 mg in 15 ml dry THF), respectively, as previ-
ously reported[9]. Capillary GC, HPLC, GC–MS,
and 1H and 13C NMR showed that in all cases pu-
rity was at least >98.9%.Caution: CP-PAH must be
handled according to NIH guidelines for carcino-
gens.

Dimethyl sulfoxide (DMSO; 99.9%, CAS no.
67-68-5) was purchased from Aldrich and NADP
monosodium salt (98%, CAS no. 1184-16-3) and
d-glucose-6-phosphate anhydrous (G-6-P; 99%, CAS
no. 56-73-5) from Sigma.

2.3. Mutagenicity assays

Mutagenicity was assessed using theS. typhimurium
histidine (His) auxotrophic strain TA98 following the
protocol outlined by Ames and coworkers[25,26] ei-
ther in the absence or in the presence of a metabolic
activation system (S9-mix). The strain TA98 allows
the detection of frameshift mutagens, and has been
extensively employed for screening of PAH as rec-
ommended in the protocol by Ames and coworkers
[25,26]. The use of a single strain is sufficient to
demonstrate a mutagenic response[27].

The S9-mix consists of rat liver microsome prepa-
rations (S9-fraction) and the NADPH-generating

co-factors (final concentrations: KCl, 33 mM; MgCl2,
8 mM; G-6-P, 5 mM; NADP, 4 mM; NaH2PO4 (pH
7.4), 100 mM). The S9-fraction was obtained from
Aroclor-1254 treated-male rats (U:WU(CPB) Wis-
tar), and the total protein content (29.15 mg/ml) was
determined using the Lowry et al.’s method[28]. The
EROD method[29] was used to determine the activ-
ity of the cytochrome P450 isoenzyme P450-1A in
the S9-fraction (51.58 pmol/ml min mg protein).

Compounds 1–8 were dissolved in DMSO
(500�g/ml) and tested at eight different concentra-
tions ranging from 0 to 20�g per plate in a constant
volume of DMSO (100�l per plate). Compound2
was tested in the range from 0 to 8�g per plate with-
out S9-mix, and 0 to 12 mg per plate with S9-mix.
Note that in the assay with S9-mix 4% (v/v) the His
revertants could not be counted above 8�g per plate
(seeSection 3). All assays were performed in tripli-
cate in the absence (−S9) and in the presence of a
metabolic activation mixture (S9-mix) at three micro-
somal protein levels (S9-mix: 2% (v/v), i.e. 0.29 mg
protein per plate; 4% (v/v), i.e. 0.58 mg protein per
plate; 10% (v/v), i.e. 1.45 mg protein per plate) in
at least two independent experiments. Spontaneous
revertants for TA98 were scored (−S9, 16± 2; +S9,
31± 7), as well as positive controls, i.e. 1-NP, 5.0�g
per plate (−S9, >1000) and B[a]P, 1.0�g per plate
(for example,+S9-mix 4% (v/v), 158.5 ± 10). The
positive controls are well-established mutagens in the
TA98 strain, viz. 1-NP acts as a direct-acting mutagen
[30] and B[a]P as a metabolic-dependent mutagen
[31]. DMSO was used as negative control (−S9,
29 ± 7; +S9, 38± 9). The plates were incubated at
37◦C for 48 h and the His revertant colonies counted
manually. Each dose was tested in triplicate in at least
two independent experiments. The results obtained
are presented as dose–response curves and are ex-
pressed as mean values of His revertant colonies per
dose of test compound without correction for sponta-
neous reversion; the standard deviation is expressed
in error bars (see alsoAppendix A).

The following criteria taken from the literature
[32,33] were used to establish a mutagenic response:
(i) three-fold increase in the number of revertants in
treated plates as compared to the negative control; (ii)
ascending dose–response behaviour and (iii) replica-
tion of results in at least two independent experiments.
The three-fold increase criterion alone is considered
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Table 1
Specific mutagenic activitya, expressed in His revertants/nmol, of cyclopenta[cd]- (1), dicyclopenta[cd,mn]- (2), dicyclopenta[cd,fg]- (3)
and dicyclopenta[cd,jk]pyrene (4) and their partially hydrogenated derivatives5–8 in S. typhimuriumTA98 strain without (−S9-mix) and
with metabolic activation system (+S9-mix) at three different concentration microsome protein levels: 2% (v/v), 0.29 mg per plate; 4%
(v/v), 0.58 mg per plate; 10% (v/v), 1.45 mg per plate

Compound TA98 (−S9-mix) TA98 (+S9-mix 2% (v/v)) TA98 (+S9-mix 4% (v/v)) TA98 (+S9-mix 10% (v/v))

1 ∼0.5 63.5 27.5 28.6
2 4.2 163.3 98.4 41.8
3 11.7 48.0 23.2 38.5
4 1.2 82.0 14.7 33.3
5 ∼0.1 – ∼0.3 –
6 ∼0.1 – ∼0.2 –
7 ∼0.4 – ∼0.3 –
8 ∼0.1 – ∼0.2 –
B[a]P ∼0.1 –b 30.4 –b

a His revertants/nmol was calculated by least-squares regression from the ascending linear portion of the dose–response curve (Figs. 2–6).
The standard deviation (shown inFigs. 2–5as error bars) is included in the calculation of the slopes. The mean number of His revertants
and the standard deviation from each tested dose, as well as the correlation coefficients (r2) from the linear regression, are shown in
Appendix A.

b In another study in whichS. typhimuriumTA98 was used, the specific mutagenic activity of B[a]P was determined at different
microsomal protein content in the S9-mix[31]. It was found to increase when more protein content in the S9-mix was used.

to be not sufficient to conclude if a compound is a
mutagen or not[34].

The number of His revertants induced per nanomole
of test compound, i.e. the specific mutagenic activ-
ity (Table 1), was also calculated by least-squares
regression from the ascending linear portion of the
dose–response curve (Figs. 2–6). All actual data for
each tested dose (mean value from six plates±standard
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Fig. 2. Dose–response curves of mutagenicity of cyclopenta[cd]- (1) (�), dicyclopenta[cd,mn]- (2) (above 8�g per plate of2 the number
of His revertant colonies markedly increased hampering their precise manual counting. No toxicity is observed) (�), dicyclopenta[cd,fg]-
(3) (�) and dicyclopenta[cd,jk]pyrene (4) (�). Inset: dose–response curve for B[a]P. The standard protocol[26] was followed using the
S. typhimuriumtester strain TA98 with metabolic activation (+S9-mix 4% (v/v)).

deviation) and the correlation coefficients are reported
in Appendix A.

2.4. Computations

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

in kcal/mol) of the compounds and intermediates
shown inFig. 7 as well as the electron affinities (EA,
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Fig. 3. Dose–response curves of mutagenicity of cyclopenta[cd]- (1) (�), dicyclopenta[cd,mn]- (2) (�), dicyclopenta[cd,fg]- (3) (�) and
dicyclopenta[cd,jk]pyrene (4) (�). The standard protocol[26] was followed using theS. typhimuriumtester strain TA98 with metabolic
activation (+S9-mix 2% (v/v)).
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Fig. 4. Dose–response curves of mutagenicity of cyclopenta[cd]- (1) (�), dicyclopenta[cd,mn]- (2) (�), dicyclopenta[cd,fg]- (3) (�) and
dicyclopenta[cd,jk]pyrene (4) (�). The standard protocol[26] was followed using theS. typhimuriumtester strain TA98 with metabolic
activation (+S9-mix 10% (v/v)).

Table 3) of CP-PAHs1–4, i.e. for the conversion of
1–4 into their radical anions1•−–4•−, semi-empirical
restricted Hartree-Fock (RHF) AM1 calculations
(RHF/AM1) were performed using the MOPAC 7.0
program until GNORM<0.05 [35]. EA values are
calculated according to EA= −(�H◦

f (1
•−–4•−) −

(�H◦
f (1–4)) in which the�H◦

f values represent the
calculated heats of formation. The structures of the
ground-state (closed-shell) molecules1–4 and their
(open-shell) radical anions1•−–4•− were optimised
without imposing any geometry constraints. For the
open-shell radical anions the structures were ini-



110 M.J. Otero-Lobato et al. / Mutation Research 559 (2004) 105–119

0 5 10 15 20
0

200

400

600

800

1000 1

2

3

4
H

is
 r

e
v

e
rt

a
n

ts
/p

la
te

µg/plate

Fig. 5. Dose–response curves of mutagenicity of cyclopenta[cd]- (1) (�), dicyclopenta[cd,mn]- (2) (�), dicyclopenta[cd,fg]- (3) (�) and
dicyclopenta[cd,jk]pyrene (4) (�). The standard protocol[26] was followed using theS. typhimuriumtester strain TA98 without metabolic
activation (−S9-mix); note the different scale for His revertants per plate (cf.Figs. 2–4).

tially optimised using the unrestricted Hartree-Fock
AM1 method (UHF/AM1) followed by a final
re-optimisation using RHF/AM1 and the half-electron
approach until GNORM<0.05 [35]. All computed
minima were characterised by Hessian calculations;
in all cases no imaginary frequencies were found.

3. Results

The bacterial mutagenic response of cyclopenta[cd]-
(1), dicyclopenta[cd,mn]- (2), dicyclopenta[cd,fg]-
(3) and dicyclopenta[cd,jk]pyrene (4) and their cor-
responding partially hydrogenated congeners5–8
(Fig. 1) were assessed in theS. typhimuriumTA98
His reverse mutation assay either in the absence
(−S9) or in the presence of different concentrations
of S9-fraction in the S9-mix. The dose–response
curves for both the direct-acting (−S9) and metabolic
activation-dependent mutagenicity (+S9-mix) are
shown inFigs. 2–5and the specific mutagenic activity
of 1–8 is reported inTable 1(see alsoAppendix A).

Under standard metabolic activation conditions
(S9-mix 4% (v/v)) the CP-PAHs1–4 all show a posi-
tive mutagenic response. Whereas1 shows a specific
mutagenic activity of 27.5 His revertants/nmol and3
and 4 a specific mutagenic activity of 23.2 and 14.7

His revertants/nmol,2 exhibits the highest response
(98.4 His revertants/nmol,Table 1). Under these con-
ditions none of the compounds were toxic: no decrease
of His revertants was found in the whole concentra-
tion range. In comparison, the B[a]P induces 30.4
His revertants/nmol under similar conditions (Fig. 2),
which is in line with reported data[31]. In contrast
to the behaviour of1–4, the partially hydrogenated
derivatives5–8 do not show any positive mutagenic
activity under these conditions (Table 1).

Since it was established for cyclopenta[cd]pyrene
(1) [3] and, later, confirmed for other CP-PAH[4,36]
that maximal bacterial mutagenicity is exerted when
less microsomal protein is used in the S9-mix than
the standard 4% (v/v), we were prompted to study the
effect of protein content on the mutagenic response
of 2–4. Two additional concentrations (S9-mix, 2 and
10% (v/v)) of microsomal protein in the S9-mix were
used.

With S9-mix 2% (v/v),2 exerts the highest muta-
genic response (specific mutagenic activity of 163.3
His revertants/nmol), followed by4 (82.0 His rever-
tants/nmol),1 (63.5 His revertants/nmol) and3 (48.0
His revertants/nmol) (Fig. 3andTable 1). With the ex-
ception of1, a decrease in the number of His revertants
after maximum mutagenic induction is observed. This
is caused by cell toxicity. Nevertheless, the presence
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Fig. 6. Dose–mutagenicity response curves at different microsomal content of cyclopenta[cd]- (1), dicyclopenta[cd,mn]- (2),
dicyclopenta[cd,fg]- (3) and dicyclopenta[cd,jk]pyrene (4). The standard protocol[26] was followed using theS. typhimuriumtester strain
TA98 without metabolic activation−S9-mix (×), with metabolic activation+S9-mix 2% (v/v) ( ), +S9-mix 4% (v/v) (�) and+S9-mix
10% (v/v) (+). The error bars (standard deviation) are not shown.

of less S9-fraction in the S9-mix clearly enhances the
bacterial mutagenic activity of1–4 compared with the
experiment with 4% (v/v) S9-mix.

With S9-mix 10% (v/v) the mutagenic response of
2 is greatly reduced (41.8 His revertants/nmol) and ex-
hibits toxicity at concentrations higher than 8�g per
plate (Fig. 4). Whereas1 shows a similar response
(28.6 His revertants/nmol), in the case of3 and4 (38.5

and 33.3 His revertants/nmol, respectively) a moderate
increase of mutagenic activity is found compared with
the experiment with S9-mix 4% (v/v). Notwithstand-
ing, all compounds are less active than when S9-mix
2% (v/v) is employed. Furthermore, whereas1 is not
toxic in the whole concentration range,3 and4 show
toxicity at concentrations higher than 12�g per plate
under these conditions (Fig. 4).
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In Fig. 5, the dose–response curve for mutagenic-
ity without any metabolic activation mixture (−S9)
is depicted. Whilst1 is totally inactive, compound
4 is marginally mutagenic (1.2 His revertants/nmol).
Surprisingly, 2 shows weak activity (4.2 His rever-
tants/nmol) and3 a relatively high mutagenic response
(11.7 His revertants/nmol) (Table 1).

4. Discussion

4.1. Ames assays

CP-PAHs1–4 exhibit a metabolic activation-depen-
dent positive mutagenic response at all concentra-
tions of microsomal protein (S9-fraction) tested in
the exogenous activation mixture (S9-mix). The re-
sults show that mutagenic activity of2–4 like that of
1 [3] increases markedly with the low concentration
of S9-fraction in the exogenous S9-mix, viz. S9-mix
2% (v/v) (Fig. 6). This dependence of the mutagenic
response on the amount of S9-fraction present in the
S9-mix suggests that1–4 possess similar metabolic
activation mechanisms. The low S9-fraction opti-
mum for maximal mutagenic response is proposed
to correlate with a one-step metabolic activation
pathway, i.e. epoxidation of the five-membered ring
olefinic bonds[4]. Other PAHs, such as B[a]P, are
known to be activated via vicinal dihydrodiol epox-
ide forms at the ‘bay-region’, which is a multi-step
activation mechanism. These ‘bay-region’ PAH ex-
ert their maximal mutagenic response with a higher
microsomal protein content in the S9-mix[37]. The
high activity of CP-PAH at low microsomal pro-
tein content (S9-fraction) in the S9-mix appears to
be a general characteristic[3,4,31,36]. Apparently,
at higher concentrations of S9-fraction detoxifi-
cation processes become operative in the case of
CP-PAH, which will then reduce their mutagenic
activity.

The formation of the epoxides at the externally
fused cyclopenta ring is further corroborated by the ab-
sence of a mutagenic response found for the partially
hydrogenated CP-PAH derivatives5–8, both in the ab-
sence and in the presence of standard S9-mix. Hence
in the case of1–4, the presence of the cyclopenta-fused
etheno moiety is mandatory to exert bacterial muta-
genicity.

4.2. Epoxidation of olefinic bonds: AM1 calculations

Since both semi-empirical[35] and ab initio[38–41]
calculations as well as available single X-ray crystal
structures[42,43]of CP-PAH show that the externally
fused five-membered rings possess (localised) olefinic
bonds, it is expected that these bonds will be most sus-
ceptible to undergo epoxidation by cytochrome P450
epoxidases present in the S9-mix (Fig. 7).

Thus, thecis-di-epoxide (2b–4b) andtrans-di-epo-
xide derivatives (2c–4c) are the proposed ultimate
mutagenic species (Fig. 7). After conversion of an
epoxide functionality into a mono-hydroxy carbo-
cation intermediate (2d–4d, vide infra) by epoxide
ring opening, the carbocation may react with DNA
(adduct formation) and subsequently cause muta-
genicity[44]. To gain insight into the stabilities of1–4
and their derivatives, i.e. the mono-epoxides (1a–4a),
the cis-di-epoxides (2b–4b) and trans-di-epoxides
(2c–4c), as well as the possible mono-hydroxy carbo-
cations with a formal positive charge at C3 (1d–4d)
or at C4 (1e–4e) (Fig. 7), their heats of forma-
tion (�H◦

f in kcal/mol) were calculated using the
semi-empirical AM1 method (Table 2andSection 2)
[35]. Since 2–4 and their corresponding derivatives
are constitutional isomers, a comparison of�H◦

f
values of related species will directly reflect their
relative stability. The results show that with the ex-
ception of the mono-hydroxy carbocations (2e–4e),
which formally contain a positive charge at position
C4, the stability order for all related compounds is3
(3a–3d) > 4 (4a–4d) > 2 (2a–2d) (seeFig. 7). The
mono-hydroxy carbocations containing the formal
positive charge at position C3 (1d–4d) are found to be
more stable than those with a formal positive charge
at position C4 (1e–4e). This is readily explained by
the fact that1d–4d represent analogues of a stabilised
benzylic carbocation.

To obtain an estimate of the propensity of1–4 to-
wards epoxidation of the olefinic bonds the energy dif-
ferences (�E in kcal/mol) between the mono-epoxides
(1a–4a), the correspondingcis-di-epoxides (2b–4b)
and trans-di-epoxides (2c–4c) and 1–4, respectively,
were calculated (Table 2). For the mono-CP-epoxides
(1a–4a) the �E values are close to half the�E val-
ues computed for the relatedcis-di-epoxides (2b–4b)
and thetrans-di-epoxides (2c–4c). Note that2b–4b
and2c–4c, respectively, possess nearly identical�H◦

f
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Table 2
Semi-empirical AM1 energy difference (�E) of the corresponding mono-epoxides (1a–4a), thecis-di-epoxides (2b–4b) andtrans-di-epoxides
(2c–4c), and the two possible mono-hydroxy carbocations (1d–4d and 1e–4e, seeFig. 7)

Compound �E for mono- and di-epoxidesa (kcal/mol) �E for mono-hydroxy carbocations (kcal/mol)

Mono-epoxide cis-di-epoxide trans-di-epoxide Mono-epoxideb cis-di-epoxidec,d trans-di-epoxidec,d,e

C3 C4 C3 C4 C3 C4

1 −18.7 – – 131.5 137.9 – – – –
2 −20.0 −39.5 −39.7 – – 132.7 140.7 132.8 140.7
3 −19.0 −37.3 −37.7 – – 135.1 141.6 134.7 141.1
4 −19.5 −38.6 −38.7 – – 134.9 139.8 134.9 139.8

a Estimate for �E(epoxide formation) = �H◦
f (mono-epoxide(1a–4a), cis-di-epoxides(2b–4b) or trans-di-epoxides(2c–4c)) −

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

f (mono-hydroxy carbocation(1d–1e)) − �H◦
f (1a).

c Estimate for �E(mono-hydroxy carbocation formation) = �H◦
f (mono-hydroxy carbocation(2d–4d or 2e–4e) derived from thecis-di-

epoxides(2b–4b) − �H◦
f (cis-di-epoxides(2b–4b)) (Fig. 7).

d Note that the mono-hydroxy carbocations derived from2b–4b and 2c–4c possess a different stereochemistry.
e Estimate for�E(mono-hydroxy carbocation formation) = �H◦

f (mono-hydroxy carbocation(2d–4d or 2e–4e) derived from thetrans-di-
epoxides(2c–4c) − �H◦

f (trans-di-epoxides(2c–4c)) (Fig. 7).

values (�H◦
f = 0.1–0.4 kcal/mol;Fig. 7andTable 2).

These results indicate that epoxidation of both olefinic
bonds of2–4 will occur. The AM1 �E values for
mono-epoxide (2a–4a) and cis-di-epoxide (2b–4b)
and trans-di-epoxide (2c–4c) formation suggest that
epoxidation occurs in the order2 > 4 > 3. This order
is also found for the mutagenic response of2–4 with
S9-mix 2% (v/v), i.e. the optimal concentration of
protein in the exogenous metabolic activation mixture
for maximal mutagenic response (Table 1).

4.3. Direct mutagenicity of2 and3

As shown inFig. 5, CP-PAH2 and especially3 are
found to be direct mutagens (2: ca. 130 His revertants
and3: ca. 400 His revertants per plate at 8�g per plate
(see Appendix A)); they exhibit mutagenic activity
in the absence of exogenous metabolic activation. In
previous work, benz[k]aceanthrylene (B[k]AA) and
benz[d]aceanthrylene (B[d]AA) were identified as
direct-acting mutagens under similar conditions[45]
and their positive activity was attributed to the facile
(spontaneous) formation of theirendo-peroxides. In
addition, other aceanthrylene derivatives were found
to possess direct mutagenicity in a bacterial forward
mutation assay[7]. However, neither the benzacean-
thrylenes nor the aceanthrylenes have been identified
as constituents of the non-polar fraction of com-
bustion exhausts[8]. Hence,2 and in particular3

represent the first two CP-PAH that were recently
unequivocally identified in the non-polar fraction of
combustion exhausts[11,12].

The S9-independent bacterial mutagenic activity
in the polar fraction of combustion exhausts is pri-
marily accounted for by the presence of nitro-PAH
[46], which possess an extremely high mutagenic
activity [30]. For instance, for 1-NP a direct-acting
specific mutagenicity of 339 revertants/nmol (tester
strain TA98) has been reported[47]. In the case of
nitro-PAH active metabolites are supposedly obtained
by two consecutive one-electron reduction steps fol-
lowed by the formation of nitroso derivatives that are
subsequently further metabolised enzymatically[48].
Hence for nitro-PAH, their first reduction potential
(E1/2(0/−1) in V versus SCE), which is directly pro-
portional to their electron affinity (E1/2(0/ − 1) ∝
EA), is frequently used as a criterion to explain and
predict direct bacterial mutagenic response[49–52].

Using both cyclic voltammetry and calculations we
have recently shown that non-alternant CP-PAH con-
taining externally fused five-membered rings possess
a markedly enhanced electron affinity, i.e. less neg-
ative first electron reduction potentials (E1/2(0/−1)
in V versus SCE)[53–55]. CP-PAH3 possesses the
least negative first reduction potentialE1/2(0/−1) of
−1.02 V (E1/2(0/−1 in V versus SCE:1, −1.56 V; 2,
−1.32 V; 4, −1.15 V (Table 3)), which is exactly in
the range found for some bioactive nitro-PAH exhibit-
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Table 3
First reduction potential (E1/2(0/−1 in V versus SCE) of1–4 measured using cyclic voltammetry, their−εLUMO (AM1) energies and their
AM1 EA valuesa

Compound E1/2(0/−1) (V versus SCE) E(−1/−2) (V versus SCE) −εLUMO
b (eV) EA (eV)

1 −1.56 −2.22 −1.312 1.70
2 −1.32 −2.06 −1.540 1.90
3 −1.02 −1.54 −1.696 2.15
4 −1.15 −1.63 −1.637 2.03

a Electron affinity(EA) = −(�H◦
f (1

•−–4•−)−�H◦
f (1–4)) in eV. For consistency, both�H◦

f (1–4) and�H◦
f (1•−–4•−) were calculated

at the RHF/AM1 level of theory (�H◦
f (1) 109.4 kcal/mol,�H◦

f (2) 158.4 kcal/mol,�H◦
f (3) 152.2 kcal/mol and�H◦

f (4) 154.6 kcal/mol,
and�H◦

f (1•−) 70.2 kcal/mol,�H◦
f (2•−) 114.5 kcal/mol,�H◦

f (3•−) 102.6 kcal/mol and�H◦
f (4•−) 107.7 kcal/mol; seeSection 2).

b RHF/AM1 LUMO energy (in eV) of closed-shell1–4 following Koopmans theorem[57] (E1/2(0/−1) ∝ EA ∝ −εLUMO).

ing direct-acting mutagenic behaviour[49]. In con-
trast, theE1/2(0/−1) values of2 and4 represent bor-
derline cases. Thus the propensity of2–4 to undergo
one-electron reduction follows the order3 > 4 > 2. A
similar order is found for their second one-electron re-
duction potential (E1/2(−1/−2): 3 > 4 > 2) (Table 3).
We propose that the bioactivity of2 and 3 in the
absence of S9-mix is due to their propensity to un-
dergo facile one-electron reduction processes. It re-
mains to be established if the enzymes responsible for
the activation of nitro-PAH[56] are involved in this
case. Notwithstanding, the search for other CP-PAH
in the non-polar fraction of combustion exhausts with
E1/2(0/−1) in V versus SCE values in the range of the
nitro-PAH is a timely issue.

5. Conclusions

The dicyclopenta-fused pyrenes2–4 that have
been identified as constituents of the non-polar
fraction of combustion exhausts exhibit a positive,
metabolism-dependent mutagenic response (TA98
+S9-mix). The marked dependence of the muta-
genic response on the concentration of the S9-mix
and especially the maximum mutagenic activity at
low microsomal protein content (S9-mix 2% (v/v))
indicate that the most plausible metabolic activation
pathway for2–4 is through a one-step epoxidation of
the five-membered ring olefinic bonds. This is further
corroborated by the lack of mutagenic activity of the
partially hydrogenated derivatives5–8, with and with-
out S9-mix. The experimental results are supported
by semi-empirical AM1 calculations. In line with the
�H◦

f stability order of2–4 (3 > 4 > 2) and the�E

values for the mono-epoxide (2a–4a), cis-di-epoxides
(2b–4b) and trans-di-epoxides (2c–4c), the muta-
genicity of 2–4 with S9-mix 2% (v/v) follows the
inverse order(2 > 4 > 3), i.e. the less stable CP-PAH
2 appears to be the most reactive and bioactive.

Interestingly, CP-PAH3 and to a lesser extent2,
which were identified as constituents in thenon-polar
fraction of combustion exhausts, were found to possess
mutagenicity in the absence of S9-mix. It is proposed
that the direct bioactivity of3 involves one-electron
reduction processes similar to those put forward to
explain the direct mutagenic activity of nitro-PAH.
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Appendix A

Mutagenic activity (determined as described in
Section 2 [25,26]) of cyclopenta[cd]pyrene (1, Fig. 1)
using the S. typhimurium strain TA98, without
(−S9-mix) and with exogenous metabolic activation
mixture (+S9-mix 2% (v/v), i.e. 0.29 mg protein per
plate; standard 4% (v/v), i.e. 0.58 mg protein per
plate; 10% (v/v), i.e. 1.46 mg protein per plate). The
dose–response curves are compared inFig. 6.
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Concentration (�g per plate) −S9-mix +S9-mix 2% (v/v) +S9-mix 4% (v/v) +S9-mix 10% (v/v)

0.0 15.5± 6.5 19± 7.2 22± 5.5 23± 5.3
0.5 14± 2 64± 11.5 57.2± 10.1 51.3± 21.8
1.0 18± 0.8 180.5± 6.5 116± 31.6 126± 69.9
2.0 20.5± 0.5 616.5± 10.2 197.7± 60.1 455± 363.5
4.0 50.5± 7.5 1113± 80 609.2± 269.2 819± 583.9
8.0 48± 17 2247± 450 1356.8± 161.8 860± 262.7

12.0 31± 6 2250± 90 1998.7± 307.1 1504± 153.9
20.0 71± 31.8 2380± 220 2364± 228 2720± 220

His revertants/nmol (r2) 0.5 (0.55) 63.5 (0.90) 27.5 (0.94) 28.6 (0.98)

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 background.

Mutagenic activity (determined as described in
Section 2 [25,26]) of dicyclopenta[cd,mn]pyrene (2,
Fig. 1) using theS. typhimuriumstrain TA98, without
(−S9-mix) and with exogenous metabolic activation

Concentration (�g per plate) −S9-mix +S9-mix 2% (v/v) +S9-mix 4% (v/v) +S9-mix 10% (v/v)

0.0 15.5± 1.6 19± 6.5 22± 3.6 23± 5.3
0.25 17± 3.3 –a 59.5± 2 58.3± 8.4
0.5 19.7± 6.1 233± 30.1 184.5± 1.5 –a

1.0 38.3± 7.8 657± 178.8 415± 65.1 140± 32.2
2.0 101± 6 1180± 120 745.2± 107.4 279.5± 61.4
4.0 82± 1.9 2616± 403.9 2510± 137.5 760± 95.5
8.0 129± 19.6 2340± 224.9 3258± 698.0 1970± 270

12.0 –a 1799± 576 –b 1191± 283

His revertants/nmol (r2) 4.2 (0.91) 163.3 (0.99) 98.4 (0.92) 41.8 (0.93)

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 background.

a Dose not tested.
b At 12�g per plate of2 the number of His revertant colonies markedly increased hampering their precise

manual counting. No toxicity is observed.

Mutagenic activity (determined as described in
Section 2 [25,26]) of dicyclopenta[cd,fg]pyrene (3,
Fig. 1) using theS. typhimuriumstrain TA98, without
(−S9-mix) and with exogenous metabolic activation

mixture (+S9-mix 2% (v/v), i.e. 0.29 mg protein
per plate; standard 4% (v/v), i.e. 0.58 mg protein per
plate; 10% (v/v), i.e. 1.46 mg protein per plate). The
dose–response curves are compared inFig. 6.

mixture (+S9-mix 2% (v/v), i.e. 0.29 mg protein per
plate; standard 4% (v/v), i.e. 0.58 mg protein per
plate; 10% (v/v), i.e. 1.46 mg protein per plate). The
dose–response curves are compared inFig. 6.
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Concentration (�g per plate) −S9-mix +S9-mix 2% (v/v) +S9-mix 4% (v/v) +S9-mix 10% (v/v)

0.0 15.5± 0.5 19± 6.5 22± 11.2 23± 6.4
0.5 42.3± 3.9 91± 41.2 55± 4.1 74± 28.4
1.0 80± 13 213± 132.1 119.8± 21.6 135± 58.8
2.0 130.6± 30.2 399± 157.9 162.5± 18.9 238± 65.6
4.0 227.6± 27.5 823± 316.8 366± 52.6 442± 226.6
8.0 399.8± 64.8 1585± 207.1 798.8± 158.6 1053± 654.8

12.0 636.2± 166 1695± 213.7 1292.8± 105.3 1925± 173.4
20.0 864± 62.9 652± 80 1854± 175.9 1280± 180

His revertants/nmol (r2) 11.7 (0.98) 48.0 (0.99) 23.2 (0.98) 38.5 (0.98)

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 background.

Mutagenic activity (determined as described in
Section 2 [25,26]) of dicyclopenta[cd,jk]pyrene (4,
Fig. 1) using theS. typhimuriumstrain TA98, without
(−S9-mix) and with exogenous metabolic activation

Concentration (�g per plate) −S9-mix +S9-mix 2% (v/v) +S9-mix 4% (v/v) +S9-mix 10% (v/v)

0.0 15.5± 10.6 19± 6.5 22± 9.6 23± 5.3
0.5 19.7± 0.5 217.5± 152.5 39.5± 5.6 94.5± 35.6
1.0 30.1± 8.9 621.3± 372.1 63.6± 10.7 162.5± 52.9
2.0 41.8± 13.6 1261.3± 587.5 125.5± 46.5 375.8± 201.2
4.0 40.9± 10.1 1730± 400.1 218.1± 43.7 1034± 538.9
8.0 64.4± 9.1 2325± 398.8 615.5± 204.6 –a

12.0 74.9± 18.6 2128± 386.4 1341± 364.2 1353± 465.9
20.0 95.1± 18.8 1870± 110 2529± 654.7 1200± 160

His revertants/nmol (r2) 1.2 (0.93) 82.0 (0.95) 14.7 (0.84) 33.3 (0.95)

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 background.

a Dose not tested.
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