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ABSTRACT

Cyclopenta[r,i/|pyrene, a ubiquitous environmental and occupational
pollutant, has been reported to be metabolica!!)' activated through epoxi-

dation at the 3,4 double bond in the cyclopenta ring to produce an elec-
trophilic and mutagenic cyclopenta[f,</)pyrene-3,4-epoxide. 4-Hydroxy-
3,4-dihydrocyclopenta(f,rf]-pyrene (4-HDCPP) and 3,4-dihydroxy-3,4-
dihydrocyclopenta[f,rflpyrene (3,4-DHDCPP) are known to be major

metabolites of cyclopenta[c,</]pyrene, which appear to be derived from
cyclopenta|f,rf]pyrenc-3,4-epoxide. The present study was undertaken to
determine whether 4-HDCPP or 3,4-DHDCPP can be further activated via

the formation of reactive benzylic sulfuric acid ester metabolites. Thus,
when 4-HDCPP or 3,4-DHDCPP was incubated with calf thymus DNA in
the presence of rodent liver cytosol and the sulfo group donor, 3'-phos-
phoadenosine-5'-phosphosulfate, a significant covalent DNA binding was
observed. This cytosol- and 3'-phosphoadenosine-5'-phosphosulfate-de-

pendent DNA binding was inhibited by 2,6-dichloro-4-nitrophcnol and

dehydroepiandro.sterone, suggesting the involvement of both phenol and
hydroxysteroid sulfotransferases in the activation of 4-HDCPP and 3,4-

DHDCPP. A gender difference was observed for the hepatic cytosolic
sulfotransferase activity for 4-HDCPP in rats (i.e., male > female). Of the
two isomers of 3,4-DHDCPP, the Sran.v-diol produced DNA adduci* to a

much greater extent than did the cis counterpart by sulfotransferase.
4-HDCPP and 3,4-DHDCPP were also mutagenic toward bacteria in the
presence of hepatic cytosol and 3'-phosphoadenosine-5'-phosphosulfate.

The chemically synthesized sulfuric acid ester 4-sulfooxy-3,4-DCPP was

directly mutagenic without any activation system. The data from this
study suggest that sulfotransferase plays an important role in the activa
tion of those secondary benzylic hydroxyl metabolites derived from cyclo-
penta|f,rf]pyrene-3,4-epoxide and, possibly, from epoxides of other aro

matic hydrocarbons.

INTRODUCTION

CPP4 is a ubiquitous environmental and occupational pollutant

which is produced during combustion of coal, gasoline and diesel
fuels (1.2). This PAH is also detected in carbon black soots (3, 4) and
cigarette smoke (5). representing a potential health hazard. CPP is one
of a unique group of PAHs, since it contains a cyclopenta-fused ring

but lacks a bay region. It has been found to be highly mutagenic
toward both bacterial and mammalian cells (6-14). CPP also induces

morphological transformations in mouse C3H/10T1/2 cells in culture
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(12-14) and produces tumors in mouse skin (9, 10, 15) and lung (16).
CPPE, formed by cytochrome P-450- or peroxyl radical-dependent

oxidation of the cyclopenteno double bond of CPP, has been suggested
as an ultimate mutagenic and carcinogenic metabolite of the parent
hydrocarbon (17-21). 3.4-DHDCPP and 4-HDCPP have been re

ported as major metabolites of CPP in the rodent and human liver
microsomal systems ( 17, 18, 22). 3,4-DHDCPP was also formed from

CPP in cultured mouse embryo fibroblast cells (13) and in several
model systems capable of generating peroxyl radicals (21).

Although most hydroxylatcd PAH derivatives are biotransformed
through conjugation reactions (23-25), further metabolism of 4-HD
CPP and 3.4-DHDCPP has not been reported. These secondary me

tabolites of CPP contain benzylic hydroxyl group(s) in the cyclopenta
ring. The benzylic esters of certain aromatic hydrocarbons bearing a
good leaving group such as sulfate, phosphate, or acetate are highly
electrophilic and thus form covalently bound adducts with cellular
DNA (26-30). In view of these findings, 4-HDCPP and 3.4-DHDCPP

would be expected to be activated through cstcrificution of their
benzylic hydroxyl groups. The present study concerns the metabolic
activation of 4-HDCPP and 3.4-DHDCPP to electrophilic and mu

tagenic sulfuric acid esters by rodent hepatic cytosolic sulfotrans
ferases.

MATERIALS AND METHODS

Chemicals. [G-'H]CPP and nonradioactive CPP were supplied from

Chemsyn Science Laboratory (Lenexa. KS) through the National Cancer In-
stitule chemical repository. CPPE was prepared from CPP using dimethvldiox-
irane as described elsewhere (31). Acid-catalyzed hydrolysis of CPPE pro
duced 3.4-DHDCPP. which was further purified to separate tnms and cis

isomers. Rearrangement of CPPE in benzene in the presence of catalytic
amounts of silica gel produced 4-oxo-3.4-dihydrocyclopenta|c.i/|pyrene (32).
4-HDCPP was synthesized according to the previously reported method (33).
Tritium-labeled 4- and 3-HDCPP were obtained by the reduction of corre
sponding ketones with |'H]NaBH4 (New England Nuclear Products. Boston.

MA) in tetrahydrofuran/methanol. Tritium-labeled and nonradioactive 6-H
MBP were prepared as reported previously (34). PAPS. 3'-phosphoadenosine-
5'-phosphate. DHEA. and calf thymus DNA were products of Sigma Chemical

Co. (St. Louis. MO). DCNP was obtained from Fluka Chemical Co.
(Ronkonkoma. NY). All other chemicals and solvents used were of reagent
grade.

Synthesis of Sodium 4-SDCPP. To 0.5 mmol of W./V'-dicyclohexylcarbo-

diimide in 1 ml DMF was added 0.5 ml DMF containing 0.1 mmol of 4-H
DCPP followed by 0.2 mmol of sulfuric acid in 0.5 ml of ice-chilled DMF with
vigorous stirring. After a 30-min reaction at 0Â°C,the insoluble dicyclohex-

ylurcu was removed by centrifugation. The supernatant was neutrali/ed with 1
\ methanolic NaOH and centrifuged. The solvent was carefully collected and
concentrated in mcuo. The resulting residue was redissolved in 0.1 ml DMF-

1.5 ml absolute ethanol. and insoluble precipitate was removed by centrifuga
tion. The sodium salt of the sulfuric acid ester was ihen precipitated from the
supernatant by slow addition of 10 volumes of anhydrous ethyl ether, collected
by centrifugation, rinsed three times with ethyl ether, and dried in vacuo. The
dried solid was stored at -80Â°C until use. Complete characterization of 4-S

DCPP could not be accomplished due to its instability and high polarity.
Preparation of Hepatic Cytosolic Fractions. Postmitochondrial superna

tant (S-9) fractions prepared from 2.W liver homogenates in 0.15 M KO were

obtained from Molecular Toxicology. Inc. (Annapolis. MD) and centrifuged at
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100,000 X g for l h at 4Â°C.The supernatant obtained was stored at -80Â°C and

used in all assays within 6 weeks. The enzyme activity remained stable under
these storage conditions. The protein content of cytosol was determined using
the Coomassie blue G-250 reagent (Pierce Chemical Co., Rockford, IL) with

bovine serum albumin as the standard.
Determination of Covalent DNA Binding. For hepatic cytosolic sul-

tbtransferase-mediated binding of hydrocarbons to DNA, the standard incu

bation mixture in a final volume of 2 ml contained a radioactive hydrocarbon
(specific activity, 18-24 mCi/mmol) in 10 ul dimethyl sulfoxide, calf thymus
DNA (2 mg), MgCK (3 HIM),PAPS (0.1 HIM),liver cytosol (equivalent to 2-3
mg cytosolic protein), and Tris-HCl buffer (50 HIM),pH 7.4. In some experi

ments, sulfotransferase inhibitors were added to the incubation mixtures. After
incubation at 37Â°C,DNA was isolated by ethanol precipitation after removal of

cytosolic proteins with phenol as described previously (34). DNA pellets were
successively rinsed with 75% ethanol containing 1% NaCl, 75% ethanol.
absolute ethanol, acetone, and ethyl ether. Dried DNA samples were dissolved
in 15 IHMNaCl-1.5 ITIMsodium citrate buffer, pH 7.0, and quantitated by their

UV absorbance at 260 nm. Aliquots of DNA solutions were solubilized in
Solvable (Du Pont/NEN Research Products. Boston. MA). After neutralization
with glacial acetic acid, the amounts of hydrocarbons covalently bound to
aliquots of DNA were determined by liquid scintillation counting upon addi
tion of Liquiscint (National Diagnostics, Manville. NJ) as a cocktail.

Bacterial Mutation Assays. The Ames his* reversion assay was per

formed as described previously (35) using Salmonella typhimuriiim TA98 as a
tester strain. The forward mutation assay to 8-azaguanine resistance in 5.

typhimurium TM677 was based on the procedure developed by Skopek et al.
(36), except that cytosol and PAPS were used as a metabolic activation system.
The intrinsic mutagenicity of 4-SDCPP was determined without cytosol and

PAPS.

RESULTS

Hepatic Sulfotransferase Activity for 4-111Â»l'I' and 3,4-

DHDCPP. Sulfotransferase-dependent activation of 4-HDCPP and
3,4-DHDCPP was investigated using an assay system in which the

formation of reactive sulfuric acid esters was determined in terms of
covalent DNA binding. Thus, when 4-HDCPP was incubated with calf

thymus DNA and rat liver cytosol fortified with the sulfo group donor
PAPS, a significant covalent DNA binding was observed (Table 1).
Omission of PAPS from the incubation mixture or heat denaturation of
cytosolic protein resulted in no appreciable covalent binding, suggest
ing the involvement of sulfotransferase activity in the activation of
4-HDCPP. The metabolic activation of 4-HDCPP to the reactive sul
furic acid ester was further confirmed by examining the sulfotrans-
ferase-dependent mutagenicity of 4-HDCPP in bacteria. As shown in
Table 1, 4-HDCPP induced His+ revenants in the TA98 strain of 5.

typhimurium in the presence of both hepatic cytosol and the PAPS.
3-HDCPP was also activated by liver cytosolic sulfotransferase activ

ity (data not included).
The sulfotransferase-dependent DNA binding of 4-HDCPP was

investigated over a wide range of substrate concentrations (Fig. 1) and
was saturated above a substrate concentration of 5 UM.The Km value

Table I Sitlfotransferase-dept'nileni DNA binding and mulagenicity of 4-HDCPP

The complete incubation mixture tor the sulfotransferase-mediated DNA binding ex

periment contained MgCN (3 HIM),PAPS (O.I HIM),calf thymus DNA (2 mg), liver cytosol
from young adult male rats (2 mg protein), and |1H|-4-HDCPP (5 UM)in a final volume
of 2 ml phosphate buffer (50 HIM)(pH 7.4). Incubation was performed at 37Â°Cfor I h. To

determine the mutagenicity of 4-HDCPP. the hydrocarbon (20 UM)was preincubated with
bacteria (6 x IO7 cells) at 37Â°Cfor l h in a final volume of 0.5 ml phosphate buffer (50

niM) (pH 7.4) containing MgCN, PAPS (0.3 rriM),and rat liver cytosol (2 mg protein).

IncubationconditionsComplete

Without PAPS
Heat-inactivated

cytosol replacementCovalent

binding
(pmol/mg DNA/mg
cytosolicprotein)421

<1
<1Mutagenicity

(number of His*

revertants/plate)2463

12
21

10 15
4-HDCPP(MM)

25

Fig. I. Dependence of sulfotransferase-mediated covalent binding to DNA of 4-
HDCPP on substrate concentrations. Hepatic cytosols from young adult male Sprague-
Dawley rats were assayed to determine the sulfotransferase activity for 4-HDCPP as
described in "Materials and Methods." Enzyme activity is expressed as pmol hydrocarbon

bound/mg DNA/mg cytosolic protein/30 min.

of this reaction as determined by Lineweaver-Burk plotting was ap
proximately 1.3 UM.Since both 3-hydroxy and 4-hydroxy derivatives

of DCPP were activated by rat liver sulfotransferase activity, it was
expected that 3,4-DHDCPP could also be sulfonated at the 3- and/or
4-hydroxyl groups to form reactive sulfuric acid esters. When the
sulfotransferase-dependent DNA binding of trans- and c/s-3,4-
DHDCPP was compared with that of 4-HDCPP, it was found that
dihydrodiols produced lower levels of DNA adducts than did 4-OH-
DCPP under the same experimental conditions (Table 2). 3,4-DHD
CPP was also less mutagenic and cytotoxic than 4-HDCPP in 8-aza-
guanine-sensitive S. typhimurium TM677 cells when preincubated

with these bacteria in the presence of liver cytosol and PAPS (Fig. 2).
Interestingly, there was a marked difference in the sulfotransferase
activity toward dihydrodiol derivatives: the trans isomer was approx
imately 10 to 20 times as active as the cis counterpart in terms of
sulfotransferase-mediated covalent DNA binding (Table 2).

Inhibition of Sulfotransferase-mediated Activation of 4-HDCPP.
The metabolic activation of 4-HDCPP by rat liver cytosol plus PAPS

was affected by sulfotransferase inhibitors. As represented in Fig. 3,
DCNP, a specific inhibitor of phenol sulfotransferases, reduced the
sulfotransferase-dependent DNA binding of 4-HDCPP more strongly

than did DHEA, a typical substrate for hydroxysteroid sulfotrans
ferases. By contrast, DCNP did not affect the covalent binding to DNA
of 6-HMBP containing a primary benzylic hydroxyl group, whereas

DHEA was a potent inhibitor in this regard (Fig. 3). This is in good
agreement with previous findings on the remarkable inhibitory effects
of DHEA on sulfotransferase activities for various hydroxymethyl
PAHs (34, 35, 37-39). The nonspecific sulfotransferase inhibitor 3'-
phosphoadenosine-5'-phosphate also inhibited cytosol- and PAPS-

dependent activation of 4-HDCPP.
Species and Sex Differences in the Sulfotransferase-dependent

Activation of 4-HDCPP. As shown in previous studies (34). liver

cytosols from young adult female rats contained higher sulfotrans
ferase activity for 6-HMBP than those from males of the same age

(Table 3). However, an opposite sex difference was observed for
4-HDCPP sulfotransferase activity in rat liver cytosols (i.e., male >

female). Liver cytosols from male mice contained only 41% as much
sulfotransferase activity for 4-HDCPP as those from male rats. These

species and sex differences in hepatic cytosolic sulfotransferase ac
tivity for 4-HDCPP resemble those observed for phenol sulfotrans

ferase (Table 3).
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Fig. 2. Comparative bacterial mutagcnicities and cytotoxicilies of 4-HDCPP and 3.4-
DHDCPP induced by rat hepatic sult'otranst'erase activity. Hydrocarbons were incubated

with S. typhimurium TM677 at 37Â°Cfor 2 h in the presence of MgCI2 (3 imi). PAPS (0.25

HIM),and liver cytosol (2 mg cytosolic protein) from young adult male rals.

Table 2 Comparalivt activation of 4-HDCPP anil J.4-DHDCPP by ml hepatic

sulfotransferases

Hydrocarbons of indicated concentrations were incubated with calf thymus DNA under
the same experimental conditions as described in "Materials and Methods."

Hydrocarbon4-HDCPPmwiJ-3.4-DHDCPPrÃ¡-3,4-DHDCPPConcentration(MM)15ID15U)1510Covalent

DNA binding
(pmol/mg DNA/mg
cytosolicprotein)493435362.42241Not

detectable0.41.6

Strong Direct Mutagenicity of the Electrophilic Sulfuric Acid
Ester of 4-HDCPP. The chemically synthesized sulfuric acid ester
4-SDCPP was directly mutagenic in bacteria without metabolic acti

vation (Fig. 4), whereas the parent hydroxy hydrocarbon showed
mutagenicity only in the presence of sulfotransferase activity (Fig. 4).

DISCUSSION

The metabolism of CPP to an electrophilic epoxide, CPPE. by liver
microsomal P-450 or by peroxyl radical generating systems has been
proposed as a major activation pathway in carcinogenesis and mu-

tagenesis by this cyclopenta-fused aromatic hydrocarbon (17-21).
Like other PAH epoxide metabolites, CPPE is considered to be hy-

drolyzed either spontaneously or by epoxide hydrolase activity to
form 3.4-dihydrodiol metabolites (17-22). The 4-hydroxy metabolite

was also identified as one of the major metabolites of CPP in mouse
and human liver microsomal incubation systems (22). Our studies
started with a hypothesis that these secondary metabolites of CPP
might be further activated through benzylic esterification. The concept
of formation of reactive benzylic esters of PAHs was previously
proposed by Flesher el al. (RÃ©f.26 and references therein) and sup
ported in later studies by others (26-28). However, these studies
mainly concerned the metabolic activation of hydroxymethyl aromatic-

hydrocarbons in which benzylic hydroxyl groups constitute primary
alcohols. Recent studies by several groups have shown that the ben
zylic sulfuric acid esters play a role as ultimate electrophilic, mu
tagenic, and carcinogenic metabolites of parent hydrocarbons such as
6-HMBP, V-hydroxymethyl-^-methylbenzlujanthracene, 9-hydroxy-
methyl-10-methylanthracene, and 1-hydroxymethylpyrene (29, 30,
34, 35, 37-41). The enzyme system responsible for the formation of
electrophilic sulfuric acid ester metabolites from these primary ben-

700

Fig. 3. Effects of sulfolransfera.se inhibitors on cytosol- and PAPS-dependent DNA
binding of 4-HDCPP and 6-HMBP. Hydrocarbons (10 UM) were incubated with calf
thymus. PAPS (0.1 mst). and rat liver cytosol in the presence or absence of sulfotransferase
inhibitors ( 10 UM).

Table 3 Hepatic sulfotransferufit1 activity for 4-HDCPP and 6-HMBP in rar.v and mice

Liver cytosols from Sprague-Dawley rats (40-45 days old) and adult male CD-I mice
(35 days old) were assayed for sulfotransferase activities for 4-HDCPP and 6-HMBP as
described in "Materials and Methods." The concentrations of hydrocarbons and PAPS

were 5 and 100 UM.respectively. Arylsulfotransferase IV activity was determined accord
ing to the published method (40) using 2-naphthol as a substrate.

Sulfotransferase activity" for

SpeciesMouse

RatRatSexMaleMale
Female2-Naphthol3.0

Â±0.3''

12.4 Â±0.5
6.6 Â±0.94-HDCPP174'

(204. 144)

423 (378.473)
306 (359. 252)6-HMBP34

(33, 34)
43 (44,41)

168(197. 139)
" Arylsulibtransferase IV activity for 2-naphthol was given as nmol product

formed/mg cytosolic protein/10 min. Sulfotransferase activities for 4-HDCPP and 6-H
MBP were represented as pmol of hydrocarbon covalently bound/mg DNA/mg cytosolic
protein/1 h.

h Mean Â±SD of 3 values.
* Average of 2 values obtained from analyses on two different cytosolic preparations;

individual values are shown in parentheses.
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Fig. 4. Comparison of mutagenicilies of 4-HDCPP and its electrophilic sulfuric acid
ester in S. lyphinntriuni TM677. Intrinsic mutagenicity of 4-SDCPP was determined
without metabolic activation (â€¢).Mutagenicity of 4-HDCPP was investigated by prein-
cubaling the various amounts of hydrocarbon and male rat liver cytosol with bacteria in
the absence(O) or presence (â€¢)of PAPS (0.25 mm).
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Fig. 5. Proposed routes of metabolic activation of CPP via sulfuric acid esterification
subsequent to epoxidation.

zylic alcohols has been identified as hydroxysteroid sulfotransferase
(38, 42-44). The results presented in this paper demonstrate that
4-HDCPP and 3.4-DHDCPP. which contain the cyclic secondary ben-

zylic alcoholic group(s), are also metabolically activated by sul
fotransferase activity in the rodent hepatic cytosols. However, in con
trast to the aforementioned hydroxymethyl PAHs containing primary
benzylic alcohols, the sulfonation of 4-HDCPP and 3,4-DHDCPP

appears to be catalyzed by phenol sulfotransferase activity as well as
hydroxysteroid sulfotransferase. This conclusion was made on the
basis of the data obtained with sulfotransferase inhibitors. Since
DCNP is more effective than DHEA in inhibiting the sulfotransferase-
dependent covalent binding of 4-HDCPP at the same concentration,

the phenol sulfotransferase might play a more important role than
hydroxysteroid sulfotransferase in metabolic activation of this sec
ondary benzylic hydroxy hydrocarbon. Liver cytosols from adult male
rats showed higher sulfotransferase activity for 4-HDCPP and 2-naph-

thol than those from adult females. This pattern of a sex difference in
the sulfotransferase activity again supports the idea that phenol sul
fotransferase activity is important in the activation of 4-HDCPP. Sev

eral cytosolic sulfotransferases have recently been purified, and the
primary structures of some of these enzymes have been determined by
molecular cloning (45). Aryl sulfotransferase IV, which is an isoen-

zyme of a group of purified phenol sulfotransferases (46), has been
reported to have a broad specificity for substrates, capable of cata
lyzing the sulfonation of not only phenols but also benzylic alcohols,
catecholamines, and arylhydroxamic acids (47). It would be interest
ing to determine whether a purified aryl sulfotransferase IV could
produce an electrophilic and mutagenic sulfuric acid ester metabolite
from 4-HDCPP.

3,4-DHDCPP also covalently bound to DNA and displayed mu

tagenicity toward bacteria in the presence of sulfotransferase activity.
Since both 3- and 4-HDCPP are activated by sulfotransferases, it is
likely that sulfonation of either the 3- or 4-hydroxy group of 3,4-

DHDCPP is responsible for covalent DNA binding and mutagenicity
of 3,4-DHDCPP as postulated in Fig. 5. To our knowledge this is the

first example of metabolic activation of a PAH dihydrodiol metabolite
through metabolic esterification. It is noteworthy that sulfonation of
3,4-DHDCPP at the 3-position will lead to formation of the same

DNA adducts as those derived from CPPE. Of the two isomers of
3,4-DHDCPP, the trans-dio] produced higher levels of DNA adducts

than did the cis counterpart when incubated with calf thymus DNA in
the presence of rat liver cytosol and PAPS. This result implies the
selective sulfonation of 3,4-DHDCPP isomers: the /ra/Â¡.c-dihydrodiol

might be a better substrate for sulfotransferase(s) than the cis isomer.
Examples of stereospecificity or stereoselectivity in sulfonation of
certain xenobiotics have recently been reported (48-51 ). Another pos
sible factor which explains the difference in the sulfotransferase-
dependent DNA binding of trans- and m-3,4-DHDCPP is the differ

ential chemical reactivity of sulfuric acid esters formed from
corresponding 3,4-dihydrodiol isomers. An "anchimeric assistance"

for the leaving group departure in the trans sulfonate via a neighbor
ing group effect could facilitate back-side nucleophilic attack by

DNA. Since the cis sulfonate cannot assume a geometric conforma
tion needed for back-side attack by a nucleophile, there is no neigh

boring group effect and reaction is expected to be much slower than
for the trans isomer.

The chemically synthesized sulfuric acid ester of 4-HDCPP was

directly mutagenic in bacteria. The intrinsic bacterial mutagenicity of
this polar sulfuric acid ester might be mediated through the formation
of a lipophilic chloromethyl derivative as suggested previously by
others (35, 41). 4-HDCPP with rat liver cytosol and PAPS induced

more mutants in S. typhimurium TM677 at concentrations above 12
UMthan did 4-SDCPP without metabolic activation. The labile sulfuric
acid ester 4-SDCPP is decomposed back to the parent hydroxy com

pound in a short period of time once it is added to the incubation
medium. Only a small fraction of 4-SDCPP which penetrates the

bacterial cell membrane after surviving an aqueous environment can
interact with bacterial DNA. thereby causing mutation. By contrast,
incubation of the parent hydroxy hydrocarbon 4-HDCPP with liver

cytosol and PAPS would slowly generate the mutagenic sulfuric acid
ester during the 2-h incubation time while cytosolic sulfotransferase

activity lasts. Since the metabolically formed sulfuric acid ester of
4-HDCPP is mainly hydrolyzed in the incubation medium to the
parent hydroxy hydrocarbon, cyclic activation of 4-HDCPP appears

possible. This idea is in good agreement with results recently dem
onstrated by a group led by Drs. Glatt and Oesch (41). The continuous
metabolic generation of the reactive sulfuric acid ester from 4-HDCPP

therefore appears to induce higher mutagenicity than that caused by
"all-at-once" addition of the unstable sulfuric acid ester. In any case

the data support the concept that sulfuric acid esters play a role as
ultimate electrophilic metabolites in the activation of 4-HDCPP and
3,4-DHDCPP. The comparative tumorigenicity of 4-HDCPP and its

electrophilic sulfuric acid ester is currently being investigated.
The results presented in this paper suggest that other cyclopenta-

fused PAHs such as 3-methylcholanthrene or benz[/]aceanthrylene
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can be activated likewise through metabolic hydroxylation and sub
sequent formation of reactive benzylic esters. The acetic acid ester of
l-hydroxy-3-methylcholanthrene was previously found to be directly

mutagenic in the Ames Salmonella assay (28, 52) and to inactivate
phage oX 174 DNA to a greater extent than the parent hydroxy
hydrocarbon (53). l-Acetoxy-3-methylcholanthrene also nonenzymat-
ically reacts with calf thymus DNA to form covalently bound ad-
ducts.5 Benz[/']aceanthrylene, a cyclopenta-fused PAH structurally re

lated to 3-methylcholanthrene, has recently been shown to be
metabolized at the cyclopenta ring to produce a 1,2-dihydrodiol (54,
55). It would be worthwhile to determine if l-hydroxy-3-methyl-
cholanthrene and l,2-dihydroxy-1.2-dihydrobenz[/]aceanthrylene
could be activated to electrophilic sulfuric acid esters by sulfotrans-
ferases as in the case of 4-HDCPP and 3,4-DHDCPP.

ACKNOWLEDGMENTS

The authors would like to thank Waller Bishop for his excellent technical
assistance in performing mutagenicity assays.

REFERENCES

1. Lee. M. L.. Prado. G. P.. Howard. J. B.. and Hiles. R. A. Source identification of urban
airborne polycyclic aromatic hydrocarbons by gas Chromatographie mass spectrom-
etry and high resolution mass spectrometry. Biomed. Mass Spectrom., 4: 182-186,

1977.
2. Tong, H. Y.. and Karasek. F. W. Quaniitation of polycyclic aromatic hydrocarbons in

diesel exhaust paniculate matter by high-performance liquid chromatography frac-
tionation and high-resolution gas chromatography. Anal. Chem.. 56: 2129-2134,

1984.
3. Wallcave. L.. Nagel. D. L.. Smith. J. W., and Waniska. R. D. Two pyrene derivatives

of widespread environmental distribution: cyclopenta[tW|pyrene and acepyrene. En
viron. Sci. Technol.. 9.- 143-145, 1975.

4. Locali. G.. Fantuzzi. A., Consonni. G.. Ligolti. I., and Bonomi. G. Identification of
polycyclic aromatic hydrocarbon black with reference to carcinogenic risk in lire
production. Am. Ind. Hyg. Assoc. J.. 40: 644-652, 1979.

5. Snook, M. E., Severson, R. F.. Arrendale. R. F.. Higman, H. C., and Chortyk, O. T.
The identification of high molecular weight polynuclear aromatic hydrocarbons in a
biologically active fraction of cigarette smoke condensate. Beitr. Tabakforsch., 9:
79-101, 1977.

6. Eisenstadl, E., and Gold. A. Cyclopenlalri/jpyrene: a highly mutagenic polycyclic
aromatic hydrocarbon. Proc. Nati. Acad. Sci. USA, 75: 1667-1669, 1978.

7. Kaden. D. A.. Hites, R. A., and Thilly. W. G. Mutagenicity of soot and associated
polycyclic aromatic hydrocarbons to Salmonella t\pliimiiriuin. Cancer Res.. ,?9:
4152^1159. 1979.

8. Skopek, T. R.. Liber. H. L.. Kaden. D. A.. Hites, R. A., and Thilly, W. G. Mutation of
human cells by kerosene sool. J. Nail. Cancer Inst.. 63: 309-312. 1979.

9. Cavalieri, E. L., Rogan, E. G., and Thilly, W. G. Carcinogenicity. mutagenicity and
binding studies of the environmental contaminant cyclopenta[<Y/]pyrene and some of
its derivatives. In: M. Cooke and A. J. Dennis (eds.(, Polynuclear Aromatic Hydro
carbons: Chemical Analysis and Biological Fate. pp. 487^198. Columbus. OH: Bat-

telle Press, 1981.
10. Wood. A. W.. Levin. W.. Chang. R. L.. Huang. M.. Ryan, D. E.. Thomas, P. E., Lehr.

R. E.. Kumer, S.. Koreeda, M.. Akai, H., tttah, Y.. Dansette, P. M.. Yagi. H.. Jerina.
D. M., and Conney, A. H. Mutagenicity and tumor-initiating activity of cyclopenta-
(<M/)pyrene and struclurally related compounds. Cancer Res.. 40: 642-649. 1980.

11. Raven, D.. Slaga. T. J., and Huberman, E. Cell-mediated mutagenesis and tumor
initiating activity of the ubiquitous polycyclic hydrocarbon. cyclopenta|ci/|pyrene.
Carcinogenesis (Lond.), 3: 763-766. 1982.

12. Gold, A., Nesnow, S., Moore, M.. Garland. H., Curtis. G.. Barry. H.. Graham. D.. and
Eisenstadt, E. Mutagenesis and morphological transformation of mammalian cells by
a non-bay-region polycyclic cyclopenta(cd)pyrene and its 3,4-oxide. Cancer Res., 40:
4482-4484. 1980.

13. Nesnow, S., Moore. M., Gold, A., and Eisenstadt, E. Cyclopentalo/lpyrene: metab
olism, mutagenicity. and cell transformation. In: M. Cooke. A. J. Dennis (eds.).
Polynuclear Aromatic Hydrocarbons: Chemical Analysis and Biological Fate. pp.
387-396. Columbus. OH: Battelle Press. 1981.

14. Krolewski. B.. Nagasawa. H.. and Little. J. B. Effect of aliphatic amides on oncogenic
transformation, sister chromatid exchanges, and mutations induced by cyclopenta-
[re/lpyrene and ben/.o[Â«|pyrene. Carcinogenesis (Lond.), 7: 1647-1650, 1986.

15. Cavalieri. E.. Rogan. E., Toth, B., and Munhall. A. Carcinogenicity of the environ
mental pollutants cyclopenteno[ci/|pyrcne and cyclopentano|ri/]pyrene in mouse
skin. Carcinogenesis (Lond.). 2: 277-281, 1981.

16. Busby, W. F., Stevens. E. K., Kellenbach. E. R.. Cornelisse. J.. and Lugtenburg, J.
Dose-response relationships of the tumorigenicity of cyclopenta[ri/)pyrene. benzo-
[d]pyrene and 6-nitrochrycene in a newborn mouse lung adenoma bioassay. Carcino-

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

* Y-J. Surh and S. R. Tannenbaum, unpublished observation.

genesis (Lond.), 9: 741-746, 1988.
Gold. A., and Eisenstadl, E. Metabolic activation of cyclopenta|r</]pyrene to 3,4-
epoxycyclopenta|ci/|pyrene by rat liver microsomes. Cancer Res., 40: 3940-3944.

1980.
Eisenstadl, E., Shpizner. B.. and Gold. A. Metabolism of cyclopenlalci/lpyrene at the
K-region by microsomes and a reconstituted cytochrome P-450 system from rat liver.
Biochem. Biophys. Res. Commun.. 100: 965-967, 1981.
Gold, A., Brester, J.. and Eisenstadt, E. Synthesis of cyclopenta[ci/)pyrene 3,4-ep-
oxide. the ultimate mutagenic metabolite of the environmental carcinogen cyclopenta-
(c-i/lpyrcne. J. Chem. Six:. Chem. Commun.. 903-904, 1979.
Reed, G. A., Layton, M. E., and Ryan, M. J. Metabolic activation of cyclopenta|ri/]-
pyrene by peroxyl radicals. Carcinogenesis (Lond.), 9: 2291-2295. 1988.
Reed, G. A., and Ryan, M. J. Peroxy radical-dependent epoxidation of cyclopcnta-
[Â«/Ipyrcne. Carcinogenesis (Lond.). //: 1825-1829. 1990.

Sahali. Y.. Kwon. H.. Skipper. P. L.. and Tannenhaum. S. R. Microsomal metabolism
of cyclopenta[<-i/|pyrene: identification of new metabolites, absolute configuration
and mechanisms. Chem. Res. Toxico!., 5: 157-162, 1992.
Jones. C. A.. Moore, B. P.. Cohen. G. M.. and Bridges. J. W. Metabolism of benzo-
(Â«Ipyrenelo oxidalive and conjugalive melaboliles by isolated mammalian hepato-
cyles. In: P. W. Jones and P. Leber (eds.), Polynuclear Aromatic Hydnx-arbons. pp.
581-602. Ann Arbor. Ml: Ann Arbor Science Publishers. Inc., 1979.
Nemoto, N. Glutathionc. glucuronide. and sulfate Iransferase in polycyclic aromatic
hydrocarbon melabolism. In: H. V. Gelboin and P. O. P. Ts'O (eds.), Polycyclic

Aromatic Hydrocarbons and Cancer, Vol. 3. pp. 213-258. New York: Academic Press,

1981.
Glover, P. L. Pathways involved in the metabolism and activation of polycyclic
hydrocarbons. Xenobiolica, 16: 915-931. 1986.
Flcsher. J. W.. Kadry. A. M.. Chien. M., Slansbury, K. H., Gairola, C., and Sydnor. K.
L. Metabolic activation of carcinogenic hydrocarbons in the meso position (L-region).
In: M. Cooke and A. J. Dennis (eds.). Polynuclear Aromatic Hydrocarbons: Forma-
lion. Melabolism and Measurement, pp. 505-515. Columbus. OH: Ballelle Press.

1983.
Cavalieri. E. L.. Rolh. R. W., and Rogan. E. G. Hydroxylation and conjugation at the
benzylic carbon alom: a possible mechanism of carcinogenic activation for some
methyl-substituted aromatic hydrocarbons. In: P. W. Jones and P. Leber (eds.). Poly
nuclear Aromatic Hydrocarbons, pp. 517-529. Ann Arbor, MI: Ann Arbor Science

Publishers, Inc.. 1979.
Rogan. E. G., Cavalieri, E. L.. Walker. B. A.. Balasubramanian. R.. Woslocki. P. G.,
Roth. R. W.. and Saugier. R. K. Mutagenicity of benzylic acetates, sulfates and
bromides of polycyclic aromatic hydrocarbons. Chem.-Biol. Inleract., 5fi: 253-275.

1986.
Hutson. D. H. Sulphate ester and glucuronic acid conjugates as Â¡niermediales in
xenobiotic metabolism. In: D. H. Hulson. J. Caldwell, and G. D. Paulson (eds.).
Intermediary Xenobiotic Melabolism in Animals: Methodology. Mechanisms and
Significance, pp. 179-204. New York: Taylor and Francis. 1989.
Miller. J. A.. Surh. Y-J.. Liem, A., and Miller. E. C. Electrophilic sulfuric acid ester

metabolites of hydroxymelhyl aromatic hydrocarbons as precursors of hepatic ben
zylic DNA adducts in vivo. In: C. M. Wiimer. R. R. Snyder. D. J. Jollow, G. F. Kalt.
J. J. Kocsis. and I. Glenn Sipes (eds.). Biological Reactive IntermedÃales IV, pp.
555-567. New York: Plenum Press, 1990.
Kwon, H., Sahali, Y, Skipper, P. L.. and Tannenbaum. S. R. Melabolism of cyclo-
pcnta[(Y/|pyrene by human and mouse liver microsomes and selecled P450 isozymes:
a comparalive sludy. Chem. Res. Toxicol., in press. 1993.
McCaustland. D. J.. Ruehle. P. H.. and Wiley. J. C. Synthesis of cyclopenia[r</]-
pyrene-3.4-oxide, Ihe suspecled ultimate carcinogenic metabolite of cyclopcnia[ci/|-
pyrene. J. Chem. Soc. Chem. Commun., 93-94. 1980.
Sahali, Y.. Skipper. P. L.. and Tannenhaum. S. R. New synlhesis of cyclopentalÂ«/]-
pyrene-3.4-oxide and 4-pyrenylacetic acid. J. Org. Chem., 55: 2918-2920. 1990.
Surh. Y-J., Liem, A., Miller, E. C.. and Miller. J. A. Melabolic activation of Ihe
carcinogen 6-hydroxymethylbenzo[rt)pyrene: formation of an electrophilic sulfuric
acid ester and benzylic DNA adducts in ral liver in vivo and in reaclions in vitro.
Carcinogenesis (Lond.). 10: 1519-1528. 1989.
Surh. Y-J.. Blomquisi, J. C., Liem, A., and Miller. J. A. Melabolic aclivalion of
9-hydroxymethyl-lO-methylanthracene and 1-hydroxymelhylpyrene to electrophilic.
mutagenic and tumorigenic sulfuric acid esters by rat hepatic sullotransferasc aclivily.
Carcinogenesis (Lond.). //: 1451-1460. 1990.
Skopek. T.. Liber. H.. Kaden. D.. and Thilly, W. Quanlilalive forward mutation assay
in Salmonella typltirniirittin using 8-azaguanine as a genetic marker. Proc. Nati. Acad.
Sci. USA. 75: 410-419. 1978.
Surh. Y-J., Lai. C-C. Miller. J. A., and Miller. E. C. Hepalic DNA and RNA adduci
formation from the carcinogen 7-hydroxymelhvl-l2-melhylben/.|ii]anlhracenc and Â¡is
eleclrophilic sulfuric acid ester metabolite in preweanling rats and mice. Biochem.
Biophys. Res. Commun.. 144: 576-582, 1987.
Surh. Y-J.. Liem. A., Miller. E. C.. and Miller. J. A. Age- and sex-relaled differences
in activation of the carcinogen 7-hydroxymethyl-l2-methylbenz|Â«]anlhracene to an
electrophilic sulfuric acid esier metabolites in rats. Biochem. PharmacoL 41: 213-
221. 1991.
Surh. Y-J.. Liem, A-, Miller. E. C.. and Miller. J. A. The strong hepalocarcinogenicity
of the eleclrophilic and mulagcnic metabolite 6-sulfooxymelhylben/o|ii|pyrene and
its formation of benzylic DNA adducts in the livers of infant male B6C3FI mice.
Biochem. Biophys. Res. Commun.. 172: 85-91. 1990.
Watabe. T.. Ogura. K., Okuda. H.. and Hiratsuka. A. Hydroxymelhyl sull'ale esiers as

reaciive metabolites of the carcinogens. 7-methyl- and 7. l2-dimeihylbcnzlÂ«]an-
thraccnes and 5-melhylchrycene. In: R. Kalo. R. W. Estabrook, and M. N. Cayen
(eds.). Xenobiotic Metabolism and Disposition, pp. 393-400. London: Taylor and
Francis. 1989.

1021

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/5/1017/2452998/cr0530051017.pdf by guest on 19 M

ay 2023



ACTIVATION OF CYCLOPENTA [c.</]PYRENE METABOLITES BY SULFOTRANSFERASES

41. Glatt. H.. Hcnschler. R.. Phillips, D. H.. Blake, J. W., Steinberg. P., Seidel. A., and
Oesch, F. Sulfotransferase-mediated chlorination of 1-hydroxymethylpyrene to a mu-
tagen capable of penetratine indicator cells. Environ. Health Perspect., 88: 43^18,
1990.

42. Ogura, K., Sohtome. T.. Sugiyama, A., Okuda, H., Hiratsuka, A., and Watabe, T. Rat
liver cylosolic hydroxysteroid sulfotransferase (sulfotransferase a) catalyzing the
formation of reactive sulfate esters from carcinogenic polycyclic hydroxymethylare-
nes. Mol. Pharmacol.. 37: 848-854, 1990.

43. Ogura. K.. Kajita. J.. Narihata. H.. Watabe, T.. Ozawa, S.. Nagata, K., Yamazoe, Y.,
and Kalo. R. cDNA cloning of the hydroxysteroid sulfotransferase STa sharing a
strong homology in amino acid sequence with the senescence marker protein SMP-2
in rat livers. Biochem. Biophys. Res. Commun.. 766.- 1494-1500, 1990.

44. Runge-Morris. M.. and Wilusz, J. Age and gender-related gene expression of hydrox
ysteroid sulfotransferase-a in rat liver. Biochem. Biophys. Res. Commun.. 175: 1051-

1056, 1991.
45. Yama/oe, Y. Ozawa. S., Ogura. K., Satsukawa, M., Suzuki, K., Gong, D-W., Nagata,

K., Miyala, M.. Watabe, T.. and Kalo. R. Primary structure and regulation of hepatic
sulfotransferases. J. Basic Clin. Physiol. Pharmacol.. 3 (Suppl.).- 28. 1992.

46. Sekura. R. D.. Duffel. M. W.. and Jakoby. W. B. Aryl sulfotransferases. In: W. B.
Jakoby (ed.), Detoxication and Drug Metabolism: Conjugation and Related Systems,
pp. 197-206. New York: Academic Press. 1981.

47. Duffel. M. W.. Binder, T. P., Hosie, L., Baden, H.A., Sanders. J. A., Knapp, S. A., and
Baron, J. Purification, Â¡mmunochemical characterization, and immunohistochemical
localization of rat hepatic aryl sulfotransferase IV. Mol. Pharmacol., 40: 36-^4, 1991.

48. Rao, S. I., and Duffel, M. W. Benzylic alcohols as stereospecific substrates and
inhibitors for aryl sulfotransferase. Chirality, 3: 104-111, 1991.

49. Rao, S. I., and Duffel. M. W. Inhibition of rat hepatic arylsulfotransferase IV by
dihydrodiol derivatives of benzo[Â«]pyrene and naphthalene. Xenobiotica. 22: 247-
255, 1992.

50. Walle, U. K., and Walle. T. Stereoselective sulfation of terbutalin by rat liver cytosol:
evaluation of experimental approaches. Chirality, /.- 121-126. 1989.

51. Walle, T., and Walle, U. K. Stereoselective sulfate conjugation of 4-hydroxypropra-
nolol and terbutalin by the human liver phenolsulfotransferases. Drug Melab. Dispos.,
20: 333-336, 1992.

52. Cavalieri, E., and Rogan, E. Carcinogenicity of 3-methylcholanthrene derivatives and
cyclopenta|iÃ¯/]pyrene in the rat mammary gland. In: M. Cooke, A. J. Dennis, and G.
L. Fisher (eds.), Polynuclear Aromatic Hydrocarbons: Physical and Biological Chem
istry, pp. 145-155. Columbus. OH: Bettelle Press, 1982.

53. Fried, J. One-electron oxidation of polycyclic aromatics as a model for the metabolic
activation of carcinogenic hydrocarbons. In: P. O. P. Ts'o and J. A. DiPaolo (eds.).

Chemical Carcinogenesis (Part A), pp. 197-215. New York: Marcel Dekker, 1974.
54. Nesnow, S., Leavitt, S., Easterling. R. E., Ellis, S., Watts, R., and Ross, J. Metabolism

of benzL/jaceanthrylene (cholanthrylene) and benz|/]aceanthrylene by induced rat
liver S9. Cancer Lett.. 39: 19-27, 1988.

55. Nesnow, S., Lasley. J., Curii, S., Ross, J., Nelson, G., Sangaiah. R.. and Gold, A.
Morphological transformation and DNA adduci formation by benz|y]aceanthrylene
and its metabolites in C3H10T1/2CL8 cells: evidence for both cyclopenta-ring and
bay-region metabolic activation pathway. Cancer Res., 51: 6163-6169. 1991.

1022

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/5/1017/2452998/cr0530051017.pdf by guest on 19 M

ay 2023




