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ABSTRACT. A novel pathway of polycyclic aromatic hydrocarbon metabolism involves the oxidation of
non-K-regiontrans-dihydrodiols to yieldo-quinones, a reaction catalyzed by dihydrodiol dehydrogenase
(DD). We have recently shown that in isolated rat hepatocyt¢drans-7,8-dihydroxy-7,8-dihydrobenzo-
[a]pyrene (BP-diol) was oxidized by this route to yield bergpjrene-7,8-dione (BPQ). We now report

the disposition of BPQ and its mutagenic and genotoxic properties. U%itiBRQ it was found that

30% of the radioactivity was sequestered by rat hepatocytes into the cell pellet. Isolation of hepatocyte
DNA provided evidence for a low level of covalent incorporation of BPQ into DNA £3Q7 adducts/

1P base pairs). Examination of the hepatocellular DNA by agarose gel electrophoresis following treatment
with BPQ indicated that extensive fragmentation had occurred. DNA fragmentation was also observed
when hepatocytes were treated with BP-diol and this effect was attenuated by indomethacin, a DD inhibitor.
Hepatocytes treated with either BP-diol or BPQ were found to produce large quantities of superoxide
anion radical (@~). The amount of @~ generated by BP-diol was blocked by DD inhibitors. These
data suggest that by diverting BP-diol to BPQ reactive oxygen species (ROS) were generated which
caused DNA fragmentation. The ability of BPQ to cause DNA strand scission was further studied using
supercoiledpX174 DNA. It was found that BPQ caused concentration-dependent(Q@bBM) strand
scission in the presence of 1 mM NADPH (which promoted redox-cycling) provided,QuCLM) was
present. Complete destruction of the DNA was observed usingVLBPQ. This strand scission was
prevented by catalase and hydroxyl radical scavengers but not by superoxide dismutase. These data indicate
that ROS were responsible for the destruction of the DNA. UsingMQ+)-anti-7,8-dihydroxy-9,10-
epoxy-7,8,9,10-tetrahydrobenafpyrene [t)-anti-BPDE] only single nicks in the DNA were observed
indicating that BPQ was the more potent chemical nuclease. BPQ was also found to be a direct-acting
mutagen in the Ames test usirB8almonella typhimuriuntester strains TA97a, TA98, TA100, TA102,

and TA104, but was 185500-fold less efficient as

a mutagen tha){anti-BPDE. Our data indicate

that DD suppresses the mutagenicity af){anti-BPDE by producing BPQ, but in doing so a potent
chemical nuclease is produced which causes extensive DNA fragmentation via the generation of ROS.

Polycyclic aromatic hydrocarbons (PAHre ubiquitous

environmental pollutants and potential human carcinogens.

They require activation by host metabolism to exert their

mutagenic and carcinogenic effects (Dipple, 1985). Benzo-

is one of the most mutagenic, tumorigenic, and carcinogenic
PAH metabolites known (Dipple, 1985; Newbold & Brookes,
1976). Similar pathways of activation exist for other PAH
(Figure 1).

[alpyrene (BP) is a representative PAH and several routes Dihydrodiol dehydrogenase (DD) represents one enzyme
of activation have been documented. One route proceedsthat can catalyze an alternative routetafns-dihydrodiol

through the intermediate non-K-regianans-dihydrodiol
[(—)-trans-7,8-dihydroxy-7,8-dihydrobenza]pyrene] to yield
predominantly the-f)-anti-diol epoxide [¢-)-anti-7,8-dihy-
droxy-9,10-epoxy-7,8,9,10-tetrahydroberglplyrene; ()-
anti-BPDE] which alkylates DNA (Jeffrey et al., 1976) and
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(proximate carcinogen) metabolism. Homogeneous rat liver
DD has been shown to oxidize a variety of non-K-region
trans-dihydrodiols, including those derived from BP, chry-
sene, 5-methylchrysene, bealgnthracene, and 7,12-di-
methylbenzg]anthracene (Smithgall et al., 1986, 1988a). The
enzymatic oxidation otrans-dihydrodiols resulted in the
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3-acetic acid; LIN, linear DNA; 6MPA, 6-medroxyprogesterone acetate
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Ficure 1: Two pathways for the activation dfans-dihydrodiols of PAH.

formation of the corresponding PAbtquinones (Smithgall
et al., 1988b). Using fortified rat liver subcellular fractions
or isolated rat hepatocytes we have shown tHgttfans
7,8-dihydroxy-7,8-dihydrobenzalpyrene [BP-diol] was me-
tabolized to benz@jpyrene-7,8-dione [BPQ] and that this
transformation was blocked by DD inhibitors (Shou et al.,

(Flowers-Geary et al., 1995a). Although the formation of
o-quinones may reduce the accumulation of #rgi-diol
epoxides, quinones, in general, are considered to be highly
reactive and may represent products of an alternative pathway
of PAH activation.

PAH o-quinones are formed by Dbia the autoxidation

1992; Flowers-Geary et al., 1995a). Our studies in isolated of intermediate catechols, a process which generates
rat hepatocytes indicated that BP-diol was converted to eithersemiquinone anion radicals and reactive oxygen species

BPQ or diol epoxides to an equal extent implying that DD

[ROS, superoxide anion radical, hydrogen peroxide, and

and CYPs contributed equally to the metabolism of BP-diol hydroxyl radical] (Penning et al., 1996). Once formed the
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PAH o-quinones can act as Michael acceptors and undergo Purity of PAH Metabolites. BP-diol and BPQ were

addition reactions with cellular nucleophiles. Mercapturic

synthesized according to their respective published methods

acid-, glutathionyl-, and deoxyguanosine-BPQ adducts have(Fu & Harvey, 1977; Sukumaran & Harvey, 1980). The

all been characterized (Murty & Penning, 1992; Shou et al.,
1993). Apart from the capacity to form covalent adducts,

purity of BP-diol and BPQ was confirmed by reverse-phase
high-performance liquid chromatography [RP-HPLC; purity

PAH o-quinones also undergo successive one-electron> 95%)] (Flowers-Geary et al., 1995a). [BR1BP-diol (456

enzymatic reductions to formsemiquinone anion radicals

mCi/mmol; >98% purity) and [1,3H]BPQ (383 mCi/mmol;

and catechols. Subsequent air oxidation regenerates the>95% purity) were obtained from Chemsyn Science Labo-

o-quinone. By entering these futile one-electron redox-

ratories (Lenexa, KS). Hf)-anti-BPDE was purchased from

cycles,0-semiquinone anion radicals and ROS are produced Midwest Research Institute (Kansas City, MO), and its purity

multiple times (Flowers-Geary et al., 1992a, 1993). This
mechanism of free radical amplification may endow ad-
ditional cytotoxic and genotoxic properties to the PAH
o-quinones.

In this study the disposition and genotoxic properties of

was checked prior to use by measuring the formation of the
thiol—ether adduct with 2-mercaptoethanol (final concentra-
tion, 2 mM) in 50 mM glycine buffer (pH 9.0) at 28C as

described (Flowers-Geary et al., 1992b). Analysis by RP-
HPLC showed the presence of a single peak indicating that

BPQ were examined in isolated rat hepatocytes. Although the diol epoxide was greater than 95% pu@AUTION:

BPQ formed covalent DNA adducts, its most pronounced

All PAH are potentially hazardous and should be handled

effect was to cause extensive fragmentation of hepatocellularin @ccordance with “NIH Guidelines for the Laboratory Use

DNA via the generation of ROS. BPQ was also shown to
be a mild mutagen in the Ames test, but its mutagenicity
was dwarfed by that observed with)-anti-BPDE. The

ability of DD to reduce the accumulation of the mutagenic

of Chemical Carcinogens”.

Isolation of Hepatocytes and Disposition Studid$epa-
tocytes were prepared from adult male Sprague-Dawley rats
according to the collagenase perfusion method (Seglen, 1976)

anti-diol epoxide and at the same time produce a potent With modifications (Failla & Cousins, 1978). Generally, 300
chemical nuclease that causes pronounced strand scission of 10° cells were obtained per rat liver. Cell viability was

DNA is discussed.

MATERIALS AND METHODS

Materials. Leibovitz's L-15 media was obtained from
Gibco BRL Life Technologies, Inc. (Gaithersburg, MD).

determined by trypan blue exclusion, and the viability of
cells used was 9599%. Freshly isolated hepatocytes (1.5
x 1(P cells/mL) were incubated at 3T with shaking with

20 uM [3H]BPQ (100 000 cpm/nmol) in MSO [2% (v/v)
final] in Leibovitz's L-15 media (pH 7.4) supplemented with
gentamycin (0.05 mg/mL) and glucose (1 mg/mL). Reaction

Gentamycin was purchased from JRH Biosciences (Lenexa,flasks were gassed with 95% @r 1 min before incubation.

KS). Glucose, indomethacin, 6-medroxyprogesterone ac-

After incubation, extracellular media and cells were separated

etate, glucose-6-phosphate dehydrogenase (type IX fromby centrifugation. Cells were lysed in water, and the cell

Baker’'s yeast), superoxide dismutase (SOD; type | from
bovine erythrocytes), catalase (from bovine liver), cyto-
chromec (type VI from horse heart), nuclease P1 (from
Penicillium citrinunj, alkaline phosphatase (type Il from
Escherichia colj, sodium benzoate, formic acid, mannitol,
Tiron, ferrous sulfate, hydrogen peroxide, atedt-butyl
hydroperoxide were obtained from Sigma Chemical Co. (St.
Louis, MO). Cupric chloride, 4-nitr@-phenylenediamine,

lysate and cell pellet were separated. Cell pellets were
solubilized in 10 mM Tris-HCI (pH 7.8) containing 0.5%
(w/v) sodium dodecyl sulfate for 30 min at 3C. Extra-
cellular media, cell lysates, and solubilized cell pellets were
extracted with 2< 2 vol of ethyl acetate saturated with water,
and in each instance the ethyl acetate layers were combined
and dried. The distribution of radioactivity into the aqueous
and organic phases of the extracellular media, cell lysate,

sodium azide, and cumene hydroperoxide were obtained fromand cell pellet was determined by scintillation counting.

Aldrich Chemical Co., Inc. (Milwaukee, WI). Methyl
glyoxal was obtained from Fluka Chemical Corp. (Ronkonko-
ma, NY). L-Histidine andb-biotin were obtained from ICN

Determination of DNA Adduct Formation in Hepatocytes
DNA was isolated from hepatocytes that were treated with
either PH]BP-diol or FH]BPQ. Cells were solubilized in

Biochemicals (Cleveland, OH). Collagenase (Type 2) was TNE buffer [L0 mM Tris-HCI, 150 mM NacCl, and 10 mM

purchased from Worthington Biochemical Corp. (Freehold,
NJ). Acetylated cytochromewas prepared by the published
method (Azzi et al., 1975). NADPH, NADR proteinase

EDTA (pH 8.0)] containing 0.5% (v/v) Triton X-100. Cell
pellets were treated with proteinase K, and RNA was digested
with RNase A. DNA was isolated by successive phenol/

K, and RNase A (from bovine pancreas) were obtained from chloroform/isoamyl alcohol extraction and ethanol precipita-

Boehringer Mannheim Biochemicals (Indianapolis, IN). C18
Sep-Pak cartridges were from Waters Associates (Milford,
MA). SupercoiledpX174 DNA (RF I; SC) and open circular
$X174 DNA (RF II; OC) were from New England Biolabs
(Beverly, MA). The linearized (LIN) form o$X174 DNA
was obtained byPst digestion of SCpX174 DNA. Sal-
monella typhimuriuntester strains were provided by Dr.
Bruce Ames (University of California, Berkeley, CA). Oxoid
nutrient broth No. 2 was obtained from Unipath Co.
(Ogdensburg, NY). Induced (Aroclor 1254) rat liver S9
(Sprague-Dawley) was obtained from Molecular Toxicology,
Inc. (Annapolis, MD). All other chemicals were of the
highest grade available. All solvents were HPLC grade.

tion. Purity and concentration of the DNA were determined
by measuring thé\edAogo ratio (>1.7). DNA was repeti-
tively extracted and precipitated until radioactivity per
amount of DNA (cpmg) remained constant. The number
of stable adducts per 1base pairs was determined assuming
that 1 u«g of DNA contains 3240 pmol of dNp (Reddy &
Randerath, 1986) and that the specific activity of BP-diol or
BPQ was unchanged at 100 000 cpm/nmol. PAH-adducted
DNA was further digested to obtain the constituent deoxy-
ribonucleosides by treating the purified DNA successively
with nuclease P1 and alkaline phosphatase according to
previously published methods (Fiala et al.,, 1989). The
resulting hydrolysates were applied to C18 Sep-Pak car-
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tridges, and unmodified deoxyribonucleosides were eluted 46 1. pisposition ofH]BPQ in Isolated Rat Hepatocytes
with water. PAH-deoxyribonucleoside adducts were eluted
with 100% methanol and analyzed by RP-HPLC as described

distribution of radioactivity (% of totaf)

(Shou et al., 1993). media lysate
Fragmentation of DNA in Hepatocyte©NA fragmenta- conditions organic aqueous organic aqueous pellet
tion was determined in hepatocytes (x510° cells/mL) no incubation 40-3 1742 241 141 8+1
following treatment with either 2M BP-diol or 20 uM incubation (30 min) 142 14+1 541 141 30+2
BPQ for 30 min at 37C. Incubations with BP-diol were a|solated hepatocytes (156 10° cells/mL) were incubated with 20
also performed in the presence of indomethacin 480. uM [BH]BPQ in supplemented Leibovitz's L-15 media (pH 7.4) as

Genomic DNA was isolated from intact hepatocyte nuclei described in Materials and Methods. After incubation, the distribution

; ; ; ; of radioactivity in the organic and aqueous phases of the fractions
using a kit to isolate cellular DNA (Qiagen, Inc., Chatsworth, indicated was determined. Values are expressed as the-m&anhof

CA). DNA was separated by agarose gel electrophoresis. iy ee experiments.100%= 2 x 10° cpm/20 nmol of BPQ.
Bands were visualized by staining with ethidium bromide,

and gels were irradiated with UV light at 254 nm and
photographed.

Determination of Superoxide Anion Radical Formationin ' ™ ) . : ’
Cell SuspensionsSuperoxide anion radical O) formation diamine [TA97a and TA98]; sodium azide [TA100]; methyl

was followed from time zero in hepatocyte suspensions (1 9/Yoxal [TA102 and TA104]; tert-butyl ‘hydroperoxide
x 10F cells/mL) treated with either 2aM BP-diol or 20 [1A102]; and cumene hydroperoxide [TA102 and TA104].

#M BPQ in MeSO [8% (v/v) final] by measuring the rate Control mutagens and PAH metabolites were freshly pre-

of reduction of acetylated cytochronoe(60 «M) that was pared and were tested over a range of concentrations.
inhibited by SOD (500 units/mL). Incubations were also To determine whether PAH metabolites were direct-acting

performed in the presence of known DD inhibitors, i.e., mutagens, assays were performed in reaction mixtures (0.7
indomethacin, 6-medroxyprogesterone acetate, and-1-(4 ML) containing 50 mM sodium phosprlate buffer (pH 7.4),
nitrophenyl)-2-propyn-1-ol (Ivins & Penning, 1987; Penning 0~ 100#M PAH metabolites in MgSO [8% (v/v) final], and

et al.,, 1984; Ricigliano & Penning, 1989). The rate of 0.1 mL of an overnight culture of the tester strain grown in

acetylated cytochromereduction was measured at 550 nm OX0id nutrient broth No. 2. Reaction mixtures were
(e = 19600 M cmr?) in an Aminco DW-2A UV/vis incubated in the dark for 30 min at 3. Molten top agar

spectrophotometer (Silver Spring, MD) equipped with a (2 mL) containing minimgl amounts of histidine and biotin
magnetic stirrer at 28C. For all determinations control V&S added and the mixture was plated on agar plates

incubations were performed in the absence of PAH metabo-Ccontaining minimal glucose. The histidine revertants were
lites to determine the basal rate of*Oproduction. Condi- scored after 48 h at 3TC. To ensure that PAH metabolites

tions were employed which ensured linearity of the rate of Were not bacteriocidal, the presence of a background lawn

acetylated cytochrome reduction with respect to cell of bacterial growth was confirmed before scoring the plates.

number. Results were expressed as the total histidine revertants per
DNA Strand Scission ExperimentStrand scission of SC plate+ SE at the concentration of mutagen which gave the

#X174 DNA was measured following treatment with either Nighest response. ,
BPQ under conditions of redox-cycling ot-f-anti-BPDE Scmt_|llat|on Co_untmg_ Samples were countgd in 5 mL
alone. Briefly, reaction mixtures (26L) containing 0.2:g of Eco_llte (IC_N_Blo_med|caIs, In(_:., Irvine, C_A) m_a_Tracor
of SC¢X174 DNA, 0—10 uM BPQ or 0-20 uM (&)-anti- Analytical _s<_:|nt|IIat|on counter with a machine efficiency of
BPDE in MeSO [5% (v/v) final], and 10 mM Tris-HCI (pH 53% for tritium. Radioactivity was reported as corrected
8.0) were incubated for 2 h at 3. In experiments with ~ €P™M-
BPQ reactions were as above with the addition of 1 mM RESULTS
NADPH and 10uM CuCl,. Strand scission was monitored
by measuring the conversion of SC to OC and LIN forms.  Formation of Cealent BPQ-DNA Adducts in Isolated
No strand scission occurred in the presence of BPQ only. Rat Hepatocytes In the present studySf]BPQ was
The three forms of DNA were separated by agarose gel incubated with isolated hepatocytes to determine its disposi-
electrophoresis. Bands were visualized by staining with tion. It was found that a significant portion of the radioac-
ethidium bromide, and gels were irradiated with UV light at tivity (30%) was sequestered into the cell pellet [RNA, DNA,
254 nm and photographed. Negatives were fixed by soakingand protein] (Table 1). DNA was isolated from hepatocytes
the film backing in 0.1% (w/v) sodium thiosulfate, and the incubated with either®H]BPQ or PH]BP-diol. The radio-
bands were quantified using a video densitometer and activity bound to the DNA was then taken as a measure of
UNISCAN software (Analtech, Newark, DE). covalent adduct formation (Table 2). The number of stable
Mutagenicity Methods The mutagenicity of BPQ and adducts observed with BPQ was 3017 per 16 base pairs
(%)-anti-BPDE was compared irS. typhimuriumtester and was far fewer than that observed with BP-diol (204
strains TA97a, TA98, TA100, TA102, and TA104 using the 30 per 16 base pairs). These data suggest that the adducts
preincubation procedure (Maron & Ames, 1983). Briefly, attributed to BP-diol were unlikely to have arisen from BPQ.
master plates of frozen permanents were prepared and testedhis conclusion was supported by digestion of the radiola-
for genotype, frequency of spontaneous reversion, andbeled DNA to its constituent deoxyribonucleosides and
characteristic reversion frequencies to test mutagens (Levinsubsequent RP-HPLC analysis of the fraction containing
et al., 1982; Marnett et al., 1985; Maron & Ames, 1983). In PAH—deoxyribonucleoside adducts (data not shown). Ra-
each experiment spontaneous reversion of the tester strainsliolabeled adducts obtained from BP-diol-treated cells had
was measured and was within the published limits (Levin et retention times similar to those reported faf){anti-BPDE-

al., 1982; Marnett et al., 1985; Maron & Ames, 1983). The
mutagens used as positive controls were 4-rotpienylene-
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Table 2: Incorporation of®H]BP-Diol and PH]BPQ into the DNA Fraction of Isolated Rat Hepatocytes
radioactivity (cpmx 10%1CF cells) covalent adducts
PAH metabolite cell pellet isolated DNA deoxyribonucleosides (adducts/18base pairs)
BP-diol 130+ 8 4.0+ 0.2 3.5+ 0.9 2044+ 54
BPQ 390+ 26 0.6+ 0.04 0.5+ 0.2 30+ 17

a|solated rat hepatocytes were incubated with eithen®O[3H]BP-diol or PH]BPQ and the distribution of radioactivity into the cell pellet,
isolated DNA, and the constituent deoxyribonucleosides was determined as described in Materials and Methods. The concentration of the DNA
was determined by measuring tAg/Azso ratio. The DNA was subjected to repetitive phenol/chloroform/isoamyl alcohol extractions and ethanol
precipitations until the cpmf of DNA remained constant. The number of stable adducts pebd€e pairs was calculated using the specific
activity of the PAH metabolite and the conversion factarglof DNA = 3240 pmol dNp (Reddy & Randerath, 1986). Values are the mgans
SE of three determinations.

12345

Table 3: Production of Superoxide Anion Radical in Isolated
Hepatocytes Treated with BP-diol or BPQ

superoxide anion radical

12.2kb— treatment (pmol/min/1@ cells)
cells 28+ 5
cells+ BP-diol (20uM)® 191+ 21
16 kb— cells+ BPQ (20uM)® 620+ 74
cells+ BP-diol + indomethacin (3@M)¢ 14+2
cells+ BP-diol + 6MPA (10uM)© 19+ 3
cells+ BP-diol + 1-(4-nitrophenyl)- 9+1

2-propyn-1-01 (50@&M)¢

a Superoxide anion radical formation was measured as the rate of
cytochromec reduction that was inhibited by SOD. Isolated hepato-
k . cytes in suspension (X 1C° cells/mL) were treated with either BP-
FiIGURE 2: Fragmentation of rat hepatocyte genomic DNA by PAH ol (20 4M) or BPQ (20uM), and superoxide anion radical production
metabolites. Genomic DNA was isolated from intact hepatocyte was measured from time zero in the presence and absence of the
(1.5 x 10° cells/mL) nuclei after incubation with either BP-diol or  innhibitors indicated. Values are expressed as the rde&E of three
BPQ for 30 min at 37°C. Following isolation the DNA was o four determinations®p < 0.005. The statistical significance was
subjected to agarose gel electrophoresis,3@etreated cells (lane  getermined using thetest by comparison to the corresponding,Bi®
1); cells treated with 2@M BP-diol (lane 2); cells treated with 20 ¢ontrol.cp < 0.005. The statistical significance was determined using

uM BPQ (lane 3); cells treated with BP-diol plus 30M the t-test by comparison to treatment of cells with BP-diol alone.
indomethacin (lane 4); and cells treated with indomethacin (lane

5). The outside lanes contain a 1 kb DNA ladder.

diol into BPQ, and as a consequence extensive DNA
deoxyguanosine (dG) adducts (Shou et al.,, 1993). By fragmentation can result.
contrast, adducts obtained from BPQ-treated cells did not ROS Are Imolved in the DNA Fragmentation Mediated
survive the digestion and subsequent chromatographic stepsby BPQ To determine whether ROS are responsible for
The ability of BPQ and £)-anti-BPDE to form covalent  the fragmentation of hepatocellular DNA, superoxide anion
DNA adducts with calf thymus DNA, plasmid DNA, and radical (Q*") formation was measured in isolated rat
oligonucleotides has been previously compared (Shou et al.,hepatocytes. Hepatocytes were found to produce a basal
1993). With the exception of plasmid DNA, the recovery level of O~ (Table 3). Incubation of hepatocytes with BP-
of BPQ-dG adducts was consistently less, suggesting thatdiol resulted in a robust production of,© which could be
BPQ-dG adducts are more unstable. In the present studyobliterated with a series of DD inhibitors, i.e., indomethacin
the low incorporation of BPQ into hepatocyte DNA may also [a potent competitive inhibitor], 6-medroxyprogesterone
be related to the sequestration of the quinone by otheracetate [6MPA, a potent mixed inhibitor], and 1-(dtro-
macromolecules as less than 1% of the radioactivity in the phenyl)-2-propyn-1-ol [a suicide substrate] (Ivins & Penning,

cell pellet was bound to the DNA.
BPQ Promotes Extenst Fragmentation of Hepatocyte
DNA. In order to determine whether fragmentation of

1987; Penning et al., 1984; Ricigliano & Penning, 1989).
Treatment of hepatocytes with BPQ increased the amount
of Oy~ produced over that seen with BP-diol by 3-fold. This

hepatocyte DNA occurred upon exposure to BPQ, isolated increase correlated with the increase in DNA fragmentation

rat hepatocytes were incubated with thiguinone, and the
genomic DNA was isolated, purified, and analyzed by

observed with BPQ over that observed with BP-diol in
isolated hepatocytes.

agarose gel electrophoresis (Figure 2). DNA from untreated BPQ Causes Strand Scissiorgof174 DNA Under Redox-

cells was of a high molecular mass 43.0 kb). DNA
obtained from hepatocytes treated with 2@ BPQ for 30

Cycling Conditions. To understand the mechanisms by
which BPQ caused extensive fragmentation of hepatocyte

min had undergone extensive fragmentation, yielding a rangeDNA, the ability of BPQ to cause DNA strand scission in a
of species with an average size of 0.5 kb. When hepatocytesmodel system was examined. For these studies, double-

were incubated with 2@6M BP-diol, about one-third of the
DNA was fragmented to the lower molecular weight species,

stranded supercoiled (S@X174 DNA was used. A single
nick in the DNA is sufficient to cause the transition into

and this effect could be attenuated by indomethacin, a DD open circular (OC) DNA, two nicks are sufficient to form

inhibitor.

These experiments were performed under es-

linearized (LIN) DNA, and multiple nicks on both strands

sentially the same conditions in which hepatocytes were would lead to fragmentation to a low molecular weight

shown to convert BP-diol to BPQ (Flowers-Geary et al.,

1995a). Itis concluded that in hepatocytes DD converts BP-

species. Upon incubation @X174 DNA with low con-
centrations of BPQ (0.04M) in the presence of NADPH
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1.2 3 4 5 6 7 8 0 10 1112 Table 4: Effects of Radical Scavengers on BPQ-Induced Strand

23kb—» Scission ofpX174 DNA2
2kb—» form of DNA

- .o oopen complete
FiGURE 3: Strand scission oX174 DNA under redox-cycling conditions supercoiledcircular _linear scission
conditions. Strand scission of 024 of SC $X174 DNA was ce - - - 100
measured following treatment with BPQ in the presence of NADPH CS+ SOD (210 units/mL) - - - 100
(2 mM) and Cud (10 uM) [complete system]. Strand scission CS+ Tiron (10 mM) 14+2 69+5 — -
was monitored by separating SC from OC and LIN forms by CS+ catalase (880 units/mL) 292 53+4 - -
agarose gel electrophoresis. $8174 DNA (lane 1); OCpX174 CS+ sodium benzoate (5mM) 223 53+5 - -
DNA (lane 2); LIN ¢X174 DNA (lane 3); SC DNA plus 10gM CS+ formic acid (5 mM) 2r+3  67£5 - -
FeSQ and 0.1% HO, (lane 4); complete system minus BPQ (lane €S+ mannitol (5 mM) 283 555 - -

5); and complete system plus 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, and  aThe quantities of SC, OC, and LIN forms ¢X174 DNA were
10.0uM BPQ (lanes 6-12, respectively). The outside lane contains  getermined by densitometry Complete systems (CS) contained BPQ

aHindlll digest of 2 phage. (104M), NADPH (1 mM), and CuGl (104M). ¢ Values are expressed
as a percent of untreated DNA and are the mearSE of three
100 4 determinations.

1 2 3 4 5 6 7 8 9 10 11 12

80 -
23kb—>

60 - 2kb—»

FORM OF DNA (%)

under redox-cycling conditions versust)tanti-BPDE. Strand
scission of 0.2ug of SC $X174 DNA was measured following
20 | treatment with either BPQ in the presence of NADPH (1 mM) and
& CuChL (10 uM) [complete system] or £)-anti-BPDE. Strand
scission was monitored by separating SC from OC and LIN forms
0 -_— ] by agarose gel electrophoresis. $&X174 DNA (lane 1); OC
00 01 02 03 04 05 06 07 08 09 10 11 12 5.0 ¢X174 DNA (lane 2); LIN$X174 DNA (lane 3); complete system
BPQ (M) minus BPQ (lane 4); complete system plus 1.0, 5.0, and 4810

Ficure 4: Concentration-dependent strand scissioii74 DNA B,\F;IQ( f)agﬁtslggDrEe?gi‘g's"g{)z argipoégt’ivle'&) >0, 10.0. and 200
mediated by BPQ under redox-cycling conditions. The quantity of f:tontains aHindIll digest of DNA )

SC @), OC @), and LIN (a) forms of $X174 DNA observed 9 '

following treatment with BPQ (0.0210 M), NADPH (1 mM), L .
and CuCj (10 uM) was determined by densitometry and plotted 1 he strand scission induced by BPQ under redox-cycling
against quinone concentration. conditions was compared to that caused Hy-anti-BPDE

alone (Figure 5). At the concentration of BPQ (1) that

and CuC} no effect on the SC DNA was observed (Figure caused complete fragmentation of the DN4){anti-BPDE
3). However, at concentrations between 008 and 10 caused only single nicks in the DNA to produce OC DNA.
uM BPQ there was a concentration-dependent destructionA direct comparison of the strand scission experiments
of the SC DNA that progressed through OC and LIN forms (Figure 3 versus Figure 5) showed that @ BPQ was
until the DNA was completely destroyed (Figure 4). Atthe capable of converting SC DNA to the OC form, whereas 20
highest concentration of BPQ (1&M) the DNA was no uM (%)-anti-BPDE was required for the same effect. The
longer detectable on the gel. This result was identical to results indicate that BPQ is approximately 200-fold more
that observed for a positive control in which ROS were potent as a chemical nuclease thé)-anti-BPDE.
generated by the Fenton reaction (Fe3@d HO,). BPQ as a Direct-Acting Mutagen in the Ames Tedsing

To identify the ROS responsible for BPQ-mediated strand the preincubation method (Maron & Ames, 1983), BPQ was
scission, attempts were made to block DNA fragmentation found to be a direct-acting mutagen in five tester strains
with free radical scavengers (Table 4). Catalase and hy-[TA97a, TA98, TA100, TA102, and TA104] (Table 5). In
droxyl radical scavengers (sodium benzoate, formic acid, andthe absence of an activation system BPQ caused predomi-
mannitol) were all able to block the strand scission seen with nantly frameshift mutations. Modest mutation was observed
BPQ. By contrast, superoxide dismutase was unable toin strains sensitive to oxidative mutagens. Addition of an
protect thepX174 DNA from fragmentation which may be  activation system that would promote redox-cycling of BPQ
explained by the fact that dismutation of*Oresults in the (rat liver S9 plus glucose-6-phosphate dehydrogenase and
formation of HO,. Tiron, a chemical trap for ©, was NADPY) failed to increase the number of revertants (data
able to prevent the DNA strand scission. Of the radical not shown) and may be related to the sequestration of the
scavengers that provided protection, none completely ame-o-quinone by the added protein. It should be emphasized
liorated the effects of BPQ. These data suggest that NADPHthat in each tester strain the mutagenic efficiency observed
reduces BPQ to the catechol and that during the subsequentvith BPQ was equal to or greater than that observed with
autoxidation back to the-quinone, @~ is produced which the test mutagens. However, the most important result was
dismutates to KD,. In the presence of Cuglhydroxyl that the mutagenic efficiency of BPQ was dwarfed by that
radical is generated which in turn causes strand scission ofobserved with £)-anti-BPDE. Thus, the mutagenic ef-
the DNA. It is proposed that a similar sequence may be ficiency of (+)-anti-BPDE exceeded that observed for BPQ
occurring in isolated hepatocytes treated with BPQ. by 10-5500-fold depending on the tester strain.

40 | &{ Ficure 5: Comparison o0fpX174 DNA strand scission by BPQ
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Table 5: Comparison of the Mutagenic Efficiency of BR€rsus(+)-anti-BPDE in the Ames Tedt

tester concn revertants n-fold mutagenic mutation
strain compound (nmol/plate (rev/plate) increasé (n) efficiency? typé
TA97a BPQ 70 463+ 57 4.1 5.9 frameshift
TA98 BPQ 70 52+ 5 1.8 2.6 frameshift
TA100 BPQ 70 192+ 6 1.6 2.3 point
TA102 BPQ 35 368+ 12 15 4.3 oxidative
TA104 BPQi 35 553+ 15 1.6 4.6 oxidative
TA97a @)-anti-BPDE 0.1 444+ 27 4.0 4000 frameshift
TA98 (#)-anti-BPDE 0.1 426+ 33 14.7 14 700 frameshift
TA100 (+)-anti-BPDE 0.1 845+ 48 7.0 7 000 point
TA102 (&)-anti-BPDE 16.5 2200+ 120 9.1 55 oxidative
TA104 (+)-anti-BPDE 3.3 1620+ 85 4.6 140 oxidative

@ Preincubation assays were performed as described in Materials and Methods in reaction mixtures (0.7 mL) containing 50 mM sodium phosphate
buffer (pH 7.4), 0.1 mL bacterial strain, and either BPQf}-anti-BPDE at 37°C for 30 min. Top agar was added, and the mixture was poured
onto minimal agar plates. Assay plates were incubated for 48 h &€3¥hd then scored for revertantsThe concentration indicated gave the
greatest number of revertants and was on the linear portion of the-desgonse curve.Histidine revertants are represented as total revertants per
plate and are the mean valugsSE calculated from three determinations. Each determination was performed in triplicate. Statistical significance
was determined using thetest by comparing the spontaneous revertants/plate with the revertants/plate following treatment with either BPQ or
(£)-anti-BPDE within the same experimental group. Spontaneous reversion26) were 112t 6 (TA97a), 29+ 1 (TA98), 120+ 8 (TA100),

242 + 16 (TA102), and 354t 15 (TA104).¢ The n-fold increase is the number of histidine revertants over the spontaneous reveértdmgs.
mutagenic efficiency was calculated as the [(number of revertants over the number of spontaneous revertants)/nmol of muiGerhe
mutagenic efficiency of test mutagens was 1.6 (TA97a) and 3.5 (TA98) for 4-mipteenylenediamine (1300 nmol/plate), 0.6 (TA100) and 1.2
(TA104) for methyl glyoxal (560 nmol/plate), 0.4 (TA102) ftert-butyl hydroperoxide (1110 nmol/plate), and 0.8 (TA102) and 0.3 (TA104) for
cumene hydroperoxide (660 nmol/plateEJhe mutation type represents the most likely mutation for each tester strain according to Levin et al.
(1982), Marnett et al. (1985), and Maron and Ames (1988)< 0.005."p < 0.02.'p < 0.01.i p < 0.001.

DISCUSSION dismutase which would generate,®. Using similar
concentrations of£)-anti-BPDE only single nicks in the
SC ¢X174 DNA occurred. We estimate that BPQ is 200-
§old more potent thardf)-anti-BPDE as a chemical nuclease.

It was originally proposed that DD oxidized BP-diol to
the corresponding catechol and, thereby, suppressed th
formation of &)—gnti-BPDE and its inherent mutagenjcity The weak nuclease property of Y-ant-BPDE agrees with
(Glatt et al., 1979; Vogel et al., 1980). We have previously reviously published results (Gamper et al., 1977)
shown that in isolated rat hepatocytes DD converted BP- P yp P s
diol into BPQ. Under the conditions employed BPQ and  The nature of the strand breaks observed with BPQ in both
BP-tetraols were formed to an equal extent, implying that hepatocytes andpX174 DNA indicated that extensive
in hepatocytes from uninduced rats, DD and CYPs contrib- fragmentation occurred and that this, in turn, must result from
uted equally to the metabolism of BP-diol (Flowers-Geary Multiple nicks in the DNA. Furthermore, these nicks must
etal., 1995a). This study addresses the genotoxicity of BPQ.0ccur on both strands in close proximity to one another to

A major finding of the present work was that BPQ was a Produce the low molecular weight fragments observed.
mild mutagen when compared te:)-anti-BPDE which These multiple nicks would occur under conditions of
would support a role for this enzyme in the detoxication of Pronounced oxidative insult. Since there was no character-
PAH trans-dihydrodiol proximate carcinogens. However, iStic laddering of the DNA, such an insult might lead to
there was a disadvantage in diverting BP-diol into BPQ. Our Necrotic rather than apoptotic cell death (Wyllie, 1980).
studies show that rather than acting as a direct mutagen, BP@nterestingly, when hepatocytes were exposed to the same
acted as a potent chemical nuclease by causing extensivéoncentrations of BPQ that caused DNA fragmentation, cell
fragmentation of hepatocyte DNA. When hepatocytes were Viability was reduced by 30% over a 2 h period (Flowers-
treated with either BP-diol or BPQ, significant amounts of Geary, et al., 1995b). There may be a number of explana-
Oy~ were produced. However, when hepatocytes were tions for the discrepancy between the degree of DNA
treated with DD inhibitors, the conversion of BP-diol into fragmentation and late cell death. First, hepatocytes might
BPQ was blocked (Flowers-Geary, et al., 1995a) and the contain appropriate DNA repair enzymes that would catalyze
generation of ROS and DNA fragmentation was attenuated. 'écombination events and double-strand break repair (Birken-
The residual DNA fragmentation observed may be attributed Pihl & Subramani, 1992; Finnie et al, 1995). Second, DNA
to the formation of £)-anti-BPDE in hepatocytes. Our fragmentation may not lead to immediate cell death. Third,
findings indicate that the DD-catalyzed oxidation of BP-diol Cell viability was measured by trypan blue exclusion which

generated sufficient ROS to cause DNA damegeivo and indicated only whether the cells contained an intact plasma
that the reactions depicted in Figure 1 were responsible for membrane.
this damage. Oxidative damage of DNA is not only associated with cell

Using ¢X174 DNA as a model system to investigate the death but is also involved in mutagenesis and carcinogenesis.
mechanisms by which BPQ mediated strand scission, weFor example, ionizing radiation produces ROS, and the
provide evidence that the responsible agents were, at leasproduction of hydroxyl radicals may be responsible for
in part, hydroxyl radicals derived from-8,. Thus, strand radiation-induced carcinogenesis (Frenkel, 1992; Wood et
scission was observed only in complete systems which al., 1990). Two types of oxidative damage that have been
contained BPQ, reducing equivalents (NADPH), and GuCIl correlated with mutagenesis and carcinogenesis are the
The observed strand scission was blocked by Tiron, catalaseproduction of oxidatively damaged bases and DNA strand
and hydroxyl radical scavengers, but not by superoxide breaks (Breimer, 1990; Frenkel, 1992). 8-Oxed2oxygua-
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nosine represents an oxidatively damaged form of guanosinewith other macromolecules (RNA or protein). Rather than
(Breimer, 1990; Frenkel, 1992) which has been implicated form DNA adducts, BPQ can cause extensive oxidative
in G — T transversion mutagenesis (Kuchino et al., 1987). damage of DNA leading to fragmentation.
This type of mutation has been observed in thg proto- In summary, when rat hepatocytes are treated with PAH
oncogene (Colapietro et al., 1993; Mass et al., 1993) andtrans-dihydrodiols they can either forranti-diol epoxides
the p53 tumor suppressor gene (Puisieux et al., 1991).which are highly mutagenic or they can foroaquinones
Further, levels of 8-oxo‘2deoxyguanosine have been cor- which act as potent chemical nucleases via the production
related with the incidence of end-organ carcinogenicity in of ROS. In the latter case the resultant genotoxicity and
animals and humans (Kasai et al., 1987, 1989). It has beenthe effects of ROS on tumor promotion may be important
found that G— T transversions in theas proto-oncogene  contributors to PAH carcinogenesis.
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