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[CANCER RESEARCH 59, 4603—4609, September 15, 1999]

The K-Region trans-8,9-Diol Does Not Significantly Contribute as an Intermediate
in the Metabolic Activation of Dibenzola,l]pyrene to DNA-binding Metabolites by
Human Cytochrome P450 1A1 or 1B%

Andreas Luch, Shirley Kishiyama, Albrecht Seidel, Johannes Doehmer, Helmut Greim, and William M. Baird

Departments of Environmental and Molecular Toxicology, Biochemistry, and Biophysics [A. L., S. K., W. M. B.], Oregon State University, Corvallis, Oregon 97331, Institute of
Toxicology and Environmental Hygiene, Technical University of Munich, 80636 Munich, Germany, [A. L., J. D., H. G.]; Institute of Toxicology, University of Mainz, 55131
Mainz, Germany [A. S.]; and GSF—National Research Center for Environment and Health, Institute of Toxicology, 85764 Neuherberg, Germany [H. G.]

ABSTRACT vidual P450 enzymes expressed in Chinese hamster V79 cells, re-
vealed that human P450 1B1 almost exclusively catalyzes the forma-

Metabolic activation of the K-region trans-8,9-diol of the highly carci- tion of (—)-anti-DB[a,l]PDE through intermediate production of (-

nogenic hexacyclic aromatic hydrocarbon dibenzo[a,l]pyrene (DB[a,l]P) ) o . .
by human cytochrome P-450 (P450) 1A1 and 1B1 was investigated in trans-11,12-diol (10). After treatment with high doses of the parent

Chinese hamster V79 cell lines expressing human P450 1A1 or 1B1. pasoPAH, only small amounts of)-syn-DB[a,[JPDE-derived DNA ad- )
1A1 and 1B1 are the major P450s involved in metabolic activation of dUCts were detectable. The pattern of DB[a,|]P-DNA adducts found in
polycyclic aromatic hydrocarbons in human cells. The major DNA ad- V79 cells expressing human P450 1B1 was similar to that found in
ducts formed by metabolism of DBR,I]P in cultures expressing P450 1A1 human mammary carcinoma MCF-7 cells (10). Human P450 1A1-
or 1B1 resulted mainly from the fjord region (—)-anti-DB[a,[]P-11,12-diol  expressing V79 cells metabolically converted DBJa,l]P not only to
13,14-epoxide [(—)-anti-DB[a,]lPDE] and, to a lesser extent,+)-syn- (+)-syn- and {)-anti-DB[a,]]PDE but also to more polar metabo-
DBI[a,[IPDE. In V79 cells expressing human P450 1A1, high amounts of as |ites, which formed several as yet unidentified DNA adducts (10).
yet unidentified highly polar DNA adducts are formed in addition to the  yman recombinant P450 1A1l-expressing microsomes produced in
?NAdadd“Cts bd?r|veglafrolrnp DB[a,I]}IZDE;. Hum‘:]m P45081§(1], hlas lzjgen human hepatoma Hep-G2 cells (11) or liver microsomes of rats after
ound to metabolize DBR,[P on its K-region to the trans-8,9-diol, and it 4 tion of Paso 1A1 by MC (12) demonstrated that this P450

has been proposed that the DNA binding of the parent compound in P450 . . .
1Al-expressing tissues may be partially mediated by activation of the metapolizes DB[a,[]P to both theans-11,12-diol and the K-region

K-region trans-8,9-diol to form bis-diol epoxides. V79 cells expressing rans-8,9-diol (Fig. 1) in both species. Studies wimaphthoflavone-
human P450 1A1 or 1B1 formed only low amounts of DNA adducts after and MC-induced rat liver microsomes or commercially available
treatment with high doses of the K-region trans-8,9-diol. None of the recombinant human P450 1A1 microsomes have recently shown that
adducts formed were identical to the main adducts formed in the same cell further metabolism of the K-regidnans-8,9-diol by P450 1A1 results
lines by metabolic activation of DB, []P or (—)-DB[a,[]P-trans-11,12-diol. in the formation of several bis-diols containing an additiomahs-
These results demonstrate that the K-regiortrans-8,9-diol does not sig- djo| group at the 11-12 or 13—14 position (13). DNA binding studies
nificantly_contribute to the genotoxicity of_ the very potent carcinogen with DB[a,]P and the recombinant human P450 1A1 microsomal
DB[a,l]P in human cells or tissues expressing P450 1A1 or 1B1. system suggested that the K-regteans-8,9-diol was involved in the

formation of a substantial amount of one highly polar DNA adduct
INTRODUCTION (13).

The environmental pollutant DB[I]P® has been identified as the 10 investigate the contribution of the K-regitrans-8,9-diol to the
most potent carcinogenic PAH in mouse skin or in rat mammary glafffal DNA binding of DB[a,[]P, we treated V79 cells stably express-
(1-4). Studies on metabolic transformation and DNA binding of th{§9 human P450 1A1 or 1B1 with DB[|]P, DB[a,[]P-trans-8,9-, and
hexacyclic hydrocarbon (Fig. 1) revealed that activation in humEQ]B[a,I]P;t3rans-11,12-_d|ols (Fig. 1). Total DNA binding was meas-
cells occurs predominantly on the fiord region to yield the diasteredt€d by ~"P-postlabeling and the DNA adduct patterns observed in
meric (+)-syn- and «)-anti-DB[a,]PDE, with S,R,S,R) and HPLC.an§Iy3|s were compared to determine the role of bis-diol
(R,S,S,R) configurations, respectively (5, 6). Incubation of the mefgfmation in metabolic activation of DB{I]P by human P450s.
bolic precursors of these diol epoxides, the){(11S,12S)- and (—)-

(11R,12R)-diols (Fig. 1), respectively, with MCF-7 cells (7) or mi-
crosomes of rodents pretreated with Aroclor 1254 (8) produced hiBIHA‘TERlALS AND METHODS

levels of DNA b'nd'f]g and mutatlon. |pduct|on only with theXf Chemicals. DB[a,l]P was purchased from Chemsyn Science Laboratories
trans-11,12-diol, which was very efficiently converted te)fanti- (| enexa, KS). Synthesis of enantiomerically pure (+)- and (—)-trans-11,12-
DBl[a,l]PDE. High tumor inductionin vivo on mouse skin was ob- diols was described previously (8). Synthesis of racemic and enantiomeric
served after treatment with the-J-trans-11,12-diol, whereas tumor K-region trans-8,9-diols was described separately (14).
induction was low after exposure to the )-trans-11,12-diol (9). Cell Culture, Treatment, and DNA Isolation. Chinese hamster V79
Investigation of the DNA binding of DB,I|P, catalyzed by indi- fibroblasts expressing human P450 1Al (15) and human P450 1B1 (10) were
cultivated in DMEM, supplemented with 4.5 mg/ml glucose, @ sodium
Received 3/5/99: accepted 7/20/99. pyruvate, 4_ m1 glutamine, 10% FCS, 100 units/ml penicillin, a_nd wglml
The costs of publication of this article were defrayed in part by the payment of pagli€ptomycin at 37°C, 7% CQand 90% saturated atmospheric humidity, as
charges. This article must therefore be hereby masddartisemenin accordance with ~ described previously (10). The human P450-expressing V79 clones (1B1/4 and
18 U.S.C. Section 1734 solely to indicate this fact. 1A1) were previously characterized for ethoxyresor@itdeethylase activity

1 Supported by NCI Grants CA40228 and CA28825 (to W. M. B.) and by Deutsc . - -
Forschungsgemeinschaft Grants Do 242/6 (to J. D.) and SFB 302 (to A. S.). fﬁo)_ Cells were cultivated in the presence of 50§ml geneticin sulfate,

2T whom requests for reprints should be addressed, at Environmental Health §¢hich was not present during treatment. Prior to treatment (24 h), cells were
ences Center, Oregon State University, Agricultural and Life Sciences 1011, Corvaligeded at a density ef1 X 1P cells per 75-crficell culture flask and grown
OR3%3316E302. . . pE[P, dib al PAH. Dolveycl i in a total volume of 30 ml of medium. Then, 3d of a DMSO solution of
e abbreviations used are: , dibenzo[a,l]pyrene; , polycyclic aromatic - ) N aq. ) g
hydrocarbon; DB[a,l]PDE, dibenzo[a,l]pyrene-11,12-diol 13,14-epoxide; P450, cytcP—B[a'I]P or its rgcemlc 9r enar'\tlomertcans 8,9- andrans-11,12-diols were
chrome P-450; MC, 3-methylcholanthrene; HPLC, high-performance liquid chromatcgdded. After an incubation period of 6 or 24 h, cells were harvested, and DNA

raphy; DB[a,h]A, dibenzo[a,h]anthracene; DB[a,j]A, dibenzo[a,jlanthracene. was isolated as described (10).
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the highly polar DNA adducts compared with the previous gradient
that started at 44% solvent B (10), facilitating analysis of individual
polar adducts. Comparison of the elution profiles of the DNA adducts
obtained after treatment with DBJ]P and ()-DBJa,[]P-trans-11,12-

; diol (Fig. 2,A andB, respectively) indicates that the major polar DNA

OH adducts derived from the parent hydrocarbon were the same as those

(+)-(8R 9R)-diol (9)-(8S,95)-diol derived from its ¢)-trans-11,12-diol (Fig. 2,peaks 1-B Small
amounts of additional polar DNA adducts derived from BHP
eluted shortly after the major peaks (Figh,Deaks 2and 3). Calcu-

OH

lation of the relative amounts of polar DNA adducts and ®BPDE-

8 O O DNA adducts 6 h after treatment with both substrates revealed that the
o ‘O ‘O polar adducts accounted fer32 and 65% of the total DNA binding
DBla,/|P ‘O‘ ‘O‘ of DB[a,I]P and (-)-DB[a,|]P-trans-11,12-diol, respectively (Table 1).

HO 0" Y Incubation of V79 cells expressing human P450 1A1 with increas-
OH OH ing doses of racemitrans-8,9-diol of DBR,I]P resulted in the for-

(9)-(11R,12R)-diol (+)<(115,125)-diol mgtion_of three DNA adducts with rt_atention times between 30 gnd 65
Fig. 1. Structures of the parent hydrocarbon DB[a,]]P and the enantiotnanis-8,9- min (Fig. 2, peaks I-ll). Calculation of the total DNA binding

andtrans-11,12-diols. revealed that only low levels of adducts were formed after treatment

with 2.5-10 um (*)-trans-8,9-diol (Table 1). The level of binding
was even lower than that observed in cells treated with t)etians-
3p-Postlabeling Analysis.DNA adducts wereé”*P-postlabeled according 11,12-diol, which had previously been demonstrated to be a poor
to the protocol described previously (6). Briefly, 1@ of DNA isolated from  sypstrate for activation by human P450 1A1 (Table 1; Ref. 10).
cells after treatment with DB[a,l]P or ittrans-diols were digested with — a cochromatogram of the DNA adducts obtained in V79 cells
nuclease P1 and prostatic acid phosphatase, postlabeled witfP]JATP expressing human P450 1A1 exposed to the-fans-11,12-diol of

(2.000 Ci/fmmol, NEN, BOSIO”.’ MA), cleaved to addgg ted mononUCIeOt'd Bla,l]P with those obtained after treatment with the){trans-8,9-
with snake venom phosphodiesterase |, and prepurified with a Sep-Rak C.

cartridge (6). The prepurification step on the Sep-Pakdartridge (Waters, !Ol is shown in Fig. D. This experlment demonstrated that the
Milford, MA) was modified to ensure that no highly polar DNA adducts would"ighly polar DNA adduct formed in the greatest amount from
be lost during the washing procedure. Prior to application of the sample, tR8[a.,[JP and (—)-DBJ[a,[]P-trans-11,12-diol (Fig. Zpeak 2) is not
cartridge was conditioned with methanol (10 ml), distilled water (10 ml), ani@lentical to the major DNA adduct derived from the K-regimans-
loading buffer (10 ml; 0.51 potassium phosphate, pH 6.0). The samples wei,9-diol (Fig. 2,peak I). Both DNA adducts have similar polarity and
diluted in loading buffer and loaded on the cartridge. The cartridge was wasldPLC retention behavior, but they did not coelute (Fif2)2The
three times with distilled water (10 ml). THEP-labeled DNA adducts were HPLC profile of the DNA adducts obtained after treatment of human
then eluted from the cartridge with 3 ml of 5% basic methanol (5% ammonjsy 5 1Al-expressing cells with v (+)-trans-11,12-diol is shown
hydroxide-95% methanol), and the amount of radioactivity in the samples ?ISFig. 3A. This substrate was converted almost exclusively to (+)-

fjetermmed by scmtlllgtlon counting. An appropriate aliquot was then su S/n-DB[a,I]PDE-DNA adducts eluting between 70 and 120 min. No
jected to HPLC analysis.

Separation of DNA adducts by HPLC (Beckman HPLC system equippgﬁghly polar DNA adducts that elute in the region of the){trans-

with two model 1108 pumps and a model 420 controller; Beckman Instr@:9-diol-derived DNA adducts I-I1l were formed.
ments |nc_’ St. LOUiS, MO) was carried out using ﬁ @Verse_phase column DNA addUCt prOfI|eS 0bta|ned 24 h aﬁer II"ICUbatIOﬂ Of human P450

(5-um Ultrasphere ODS, 4.& 250 mm; Beckman Instruments). The solventLAl-expressing V79 cells with individual enantiomers of BRP-
system consisted of OM. ammonium phosphate buffer (pH 5.5; solvent A) andrans-8,9-diol (Fig. 1) at 2.5um are shown in Fig. 3§ and C).
10% acetonitrile-90% methanol (solvent B) at a flow rate of 1 ml/minComparison with the adduct pattern derived from the racdraits-
Improved resolution of the highly polar DNA adducts was attained by alterirg) 9-diol (Fig. 2C) demonstrates that the DNA adduct | was derived
the gradient used previously (6) to a more polar gradient. The gradient #9pm the (+)-trans-8,9-diol withR,R-configuration (Fig. B, peak I).

elution of the adducts was as follows: 20—44% solvent B over 20 mir|1r;‘ contrast, the second largest DNA adduct was derived from the
44—-49% solvent B over 40 min; and 49—-65% solvent B over 60 min. T 7)-trans-8’ 9-diol withS,S-configuration (Fig.@, peak Ill)

diolabeled nucleotid detected b -li dioisotope flow-detec T
radiolabeled nucleotides were detected by an on-line radioisotope flow-de CDNA Binding of DB[a,I]P and DB[a,|]P-trans-8,9- and #rans-

tor (Packard Instruments, Downers Grove, IL), and the level of DNA bindin? : . i
was calculated based on labeling of *[benzo[a]pyrene-7,8-diol 9,10-ep- 1,12-Diols in V79 Cells Expressing Human P450 1BIThe HPLC

oxide-DNA standard (16). profile of **P-labeled DNA adducts isolated from P450 1B1-express-
ing V79 cells 6 h after treatment with 0.Qb61 (—)-trans-11,12-diol of
RESULTS DBJ[a,l]P is shown in Fig. A. The HPLC profile obtained after

treatment with 1um DB[a,]]P was essentially identical (data not
DNA Binding of DB[a,|]P and DBJa,|]P-trans-8,9- and trans- shown). As observed previously (10), DBJ[a,]]P and (—)-DBJa,l]P-
11,12-Diols in V79 Cells Expressing Human P450 1AIThe HPLC trans-11,12-diol are metabolically activated by human P450 1B1
profiles of **P-labeled DNA adducts isolated from DNA of P450almost exclusively to the fjord region DBl[a,]JPDEs. The major
1Al-expressing V79 cells 6 h after treatment witluh DB[a,]]P or DB[a,|]PDE-DNA adducts eluted with retention times between 70 and
0.05 um (—)-DB[a,l]P-trans-11,12-diol are shown in Fig. 2. As ob-120 min (Fig. 4\), and they accounted for90% of all adducts
served previously (10), both substrates were converted to intermedrmed after exposure to DB[[]P or (—)-DB[a,l]P-trans-11,12-diol
ates that formed several highly polar DNA adducts in addition to t{@able 1). Only small amounts of more polar DNA adducts were
fiord region DBf,/JPDE-DNA adducts (Fig. 2). The polar DNA found in human P450 1B1-expressing cells. Expansion of the radio-
adducts eluted between 20 and 50 min (Figpeéaks 1-3 whereas the acitvity scale of the (—)-trans-11,12-diol-derived HPLC adduct pro-
DBJa,|]PDE-DNA adducts eluted between 70 and 120 min (FigA 2, file between 10 and 70 min demonstrates that small amounts of
and B, respectively) under the conditions used. The altered elutiseveral polar adducts (Fig.A4, peaks 1-5 were formed. These
gradient that started with 20% solvent B increased the resolutionarfducts together accounted for onh10% of the total DNA binding
4604
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Fig. 2. HPLC elution profiles of*P-labeled DNA adducts formed in V79 Chinese hamster cells stably expressing human P450 1A1 6 h after treatmeum\iB{d,I]P (A)
or 0.05um (—)-trans-11,12-diol (B) and 24 h after treatment witlu& (+)-trans-8,9-diol (C)Peaks 1-3, highly polar unidentified-{-trans-11,12-diol-derived DNA adducts eluting
between 20 and 50 mimeaks |-, ¢)-trans-8,9-diol-derived DNA adducts. The HPLC elution profile of a mixture of aliquots of sanBpl C (in a ratio of 1:4) is shown in
D. HPLC conditions are described in “Materials and Methods.”

of DB[a,l]P or (-)-DBJ[a,l]P-trans-11,12-diol catalyzed by humanmin (data not shown). No polar DNA adducts that elute in the region
P450 1B1 (Table 1). of the (*)-trans-8,9-diol-derived adducts were detected.

Incubation of human P450 1B1-expressing V79 cells with increas-Comparison of trans-8,9-Diol-derived DNA Adducts Formed in
ing doses of the racemitans-8,9-diol of DB[a,l]P resulted in the V79 Cells Expressing Human P450 1Al and 1Bi1Both P450
formation of three different DNA adducts with retention times beenzymes metabolized the K-regitrans-8,9-diol of DBJ[a,l]P to in-
tween 30 and 65 min (Fig.Bl peaks I-ll). Only low levels of DNA termediates that formed three DNA adduct peaks (Figsa2d 4B).
adducts were formed after treatment with 2.5+00 (*)-trans-8,9- The cochromatogram of the adducts obtained from both cell lines
diol (Table 1). The DNA binding of the={)-trans-8,9-diol was in the indicated that the majdrans-8,9-diol-derived DNA adducts formed
same range as that observed in human P450 1Al-expressing cells and
was again even lower than that observed after treatment wijh (

trans-11,12-diol (Table 1). Table 1 Total DNA adducts in V79 Chinese hamster cells stably expressing P450 1A1
A cochromatogram of the DNA adducts obtained in V79 cellsor P450 1B1 6 or 24 h after exposure to DB[a,l]P;)-trans-11,12-diol, (+)-trans-

expressing human P450 1B1 exposed to th§tfans-11,12-diol of 11,12-diol, or ()-trans-8,9-did}

DB[a,[]P with those obtained after treatment with the){trans-8,9- i Human P450 1A1 Human P450 1B1
. . . . Concentration of

diol is shown in Fig. £. The results demonstrate that the major polar compound ) 6h 24 h 6h 24 h

DNA adducts derived from (—)-DBJ[a,l]P-trans-11,12-diol (peaks pgpsp

1-4) are not identical to the major DNA adducts | and Il derived from 1.0 145 (98) 321 (195) 242 (212) 345 (317)

the K-regiontrans-8,9-diol. However, one polar DNA adduct derived ()-11.12-diol

. 408 (141 N d 443 (398 N d
from the (—)-trans-11,12-diol of DB[a,l]P (peak 5) coeluted with the  (+).11,12-diol (141) ot teste (398) ot teste

trans-8,9-diol-derived DNA adduct Il (Fig. 4C). This polar DNA 25 8.0 (7.6) 8.6 (7.7)
adduct accounted for-3—4% of the total DNA adducts formed in (i?-'g,g-diof’ Not tested 34(2) 76(7.1) 12(78)
human P450 1B1-expressing cells 6 h after treatment with DBJ[a,[][P or 25 0.9+ 05 40+ 1.4 1.3+ 0.2 3.1+1.2
(—)-DB[a,l]P-trans-11,12-diol. The HPLC profiles of the DNA ad- 50 5.3+ 2.8 62+35  48x19 4.0+08
10.0 6.0+ 2.2 15.1* 4.0 6.2+ 3.8 85+ 27

ducts obtained after treatment of human P450 1B1-expressing cells

ehg )
. . . . . All data are pmol adducts/mg DNA. Values represent total adducts present; values in
with high doses of {)-trans-11,12-diol consisted almost excluswelyparenthesis reprgsem adé’ucts ogf’ RBPDE. uesrep uesp vales!

of (+)-syn-DBJ[a,[[PDE-DNA adducts eluting between 70 and 120 ®Values represent the mean SD of three independent experiments.
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4000 1A1 and 1B1 (10, 11, 24-28). Whereas P450 1Al is expressed in
35004 A substantial amounts in most tissues only after induction by com-
] pounds such as 2,3,7,8-tetrachlorodibepzdioxin, MC, polychlori-
30004 nated biphenyls (Aroclor 1254), or PAHs (24, 29), P450 1B1 is
2500 constitutively expressed in many extrahepatic tissues, including brain,

lung, and kidney (28, 30).
Human P450 1A1- (15) or P450 1Bl-expressing V79 Chinese
hamster cell lines (10) were previously used to elucidate the role of

1000+ both human enzymes in catalyzing the formation of ®BP-DNA
500 adducts (10). Whereas human P450 1B1 metabolically activated
0_5 L DBJ[a,l]P almost exclusively on the fjord region to produce high

amounts of {)-anti-DB[a,l]JPDE and low amounts of K)-syn-
DBJ[a,l]PDE, human P450 1A1 formed adducts of both DBJ[a,][PDEs
h I as well as several highly polar DNA adducts (10). The same adducts
1000-] B were also formed after exposure of human P450 1Al-expressing cells
to the (~)-trans-11,12-diol (Fig. 1), the immediate metabolic precur-
800 sor of the (-)-anti-DB[a,l]PDE (10). The improved HPLC gradient
1 used for DNA adduct separation in the present studies confirmed these
differences in activation by P450 1A1 and 1B1.

Theoretically, DB[a,l]P could be enzymatically converted to three
] different diol epoxides, namely the bay region 1,2-diol 3,4-epoxide,
200-: the fjord region 3,4-diol 1,2-epoxide, and the fjord region 11,12-diol
13,14-epoxide (Fig. 1). Moreover, each of these diol epoxides could
e e s exist as asyn- oranti-diastereoisomers, and an additional number of
¢ 20 40 60 80 100 120 phenolic or higher hydroxylated derivatives could also be formed.
12007 However, only the 7-phenol and theans-diols at positions 8-9,
] C 11-12, and 13-14 of the hexacyclic ring system were detected after
1 incubation of DB[a,l]P with rat (12) or human (11) P450 1A1-
300 containing microsomes. Direct incubation of enantiomer&ns-

11,12-diols with P450 1A1-containing microsomes from rats revealed
600 that these substrates were further metabolized to several metabolites
400_3 in addition to the fjord region 11,12-diol 13,14-epoxides (8). Metab-

1 it olism at other sites on the DBJa,[]P molecule could account for the
200 k presence of several highly polar DNA adducts in addition to the

Radioactivity [dpm]

DBJa,l]PDE-derived adducts after treatment of cells expressing rat
eh— - P450 1A1 with the {-)-trans-11,12-diol (10). Recently, investigations
0 200 40 6o 80 100 120 of the metabolism of the K-regidmans-8,9-diol of DB[a,||P revealed
that this substrate was converted by human P450 1Al- and P450
. . . 1B1-expressing V79 cells to severahns-8,9:n,m-bis-diols (where
Retent1on Tlme [mln] n = m + 1) andtrans-8,9-diol phenols (14). Using commercially
Fig. 3. HPLC elution profiles of*P-labeled DNA adducts formed in V79 Chinese avall_able _recombmant human F_)450 1A1 mlcrqsomes’ Nesﬂ@dl.
hamster cells stably expressing human P450 1A1 24 h after treatment with 5 (13) identified and spectroscopically characterized several diastereo-
(t):trans:élé.l;jig)(ﬁ)e:Lff(Q) é;f;%f“tlrif(i:t)fnez}avr\/ig}\lﬂ d(gu);fsagz-rﬁ;zéd;ﬁlj é]Bé r?;n meric trans-8,9:11,12- andrans-8,9:13,14-bis-diols as products of
gior)ng{riigfraﬁs-&g-dicjls, as in Fig. 2. HPLC ’c?)nditions are described in *Materials ang'€tabolism of the K-regiotrans-8,9-diol. The ability of human P450
Methods.” 1A1 to successively metabolize different benzo rings in the pericon-
densed hexacyclic DR[I]P is consistent with previous findings that
several other penta- or hexacyclic hydrocarbons, such as benzo-
by human P450 1A1 and 1B1 coelute (data not shown). That suggdsipyrene (31), benz[a]anthracene (32), dibenz[a,clanthracene (33),
that these adducts are formed by the same reactive metabolite(s)DB[a,h]A (33-35), DBR,jJA (33), and dibenzaf,h]pyrene (36) are
metabolized by P450 1Al on different benzo rings in the same
DISCUSSION molecule. _
Among the many polyhydroxylated products metabolically formed
Shortly after the first successful synthesis of BHEJP in 1966 (17, from DBJa,j]A and DBJa,h]A, only one metabolite containing a diol
18), carcinogenicity studies demonstrated that this PAH possesgesup at the K-region in addition to further diol groups at other
extraordinarily high carcinogenic potency (19, 20). Twenty yearggions was observed (33, 34). DBJ[a,j]A, which possesses two K-
later, several investigations confirmed the high carcinogenic poten@gions at positions 5—-6 and 8-9, can be metabolically converted to
of DB[a,l]P in mouse skin and rat mammary gland compared with theaw amounts of thetrans-3,4:8,9-bis-diol (33). However, only
of other carcinogenic PAH, including benzo[a]pyrene and 7,12-dbB[a,jJA-DNA adducts derived from the bay region 3,4-diol 1,2-
methylbenz[a]anthracene (1-4). DBIP, like other PAHs, exerts epoxide and from the K-region 5,6-oxide could be detected in cells in
genotoxic effects through DNA adduct formation in biological syseulture (37). Recently, a mouse skin study demonstrated that these bay
tems only after metabolism to reactive intermediates such as vicimagjion diol epoxide-DNA adducts are the major adducts formed (38).
diol epoxides (21-23). The oxidative steps in metabolic activation @he highly polar DB&,jJA-DNA adducts formed in lower amounts
carcinogenic PAH are catalyzed by P450 enzymes, especially P466ulted mainly from further activation of th&ans-3,4-diol and
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trans-3,4:10,11-bis-diol, respectively (38). However, a very low levéagenic activity of therans-3,4:10,11-bis-diol than thteans-3,4-diol
(~0.5% of the total DNA binding in mouse skin) resulted fromand the lack of any mutagenic activity of thrans-3,4:12,13-bis-diol
activation of DBR,j]JA through thetrans-3,4:8,9-bis-diol (38). The reported by Platt and Schollmeier (34) were consistent with this
strong carcinogen DB[a,h]A with two K-regions at positions 5—6 andctivation pathway. The hexacyclic hydrocarbon dibenzo[a,h]pyrene
12-13 was converted by P450 1Al-containing microsomes to lomas found to be metabolized in mouse skin only at benzo r@reysd
amounts of therans-3,4:12,13-bis-diol through intermediate formah; thus, the K-regions located at positions 5-6 and 12—-13 were not
tion of thetrans-3,4-diol (34). In the same study, two other bis-diolsnvolved in metabolic formation of reactive intermediates that bound
the trans-3,4:8,9- andrans-3,4:10,11-bis-diols of DBJ[a,h]A, were to DNA (36). These results, together with previous studies on K-
also detected. However, the highly hydroxylated BBJA-DNA region epoxides (42—44), lead to the conclusion that enzymatic oxi-
adducts formedhn vitro (39, 40) or in mouse skin (41) were deriveddation in the K-region is usually a detoxification step rather than an
only by successive oxidations of DBh]A at positions 3,4 and activation step toward formation of DNA-binding intermediates of
positions 10,11 to form thgans-3,4:10,11-bis-diol. The greater mu-PAH.
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Human or rat P450 1Al-expressing V79 Chinese hamster cdiligh toxicity of thetrans-11,12-diol to human P450 1Al-expressing
have been shown to metabolize the strongly carcinogenic hexacydlic9 cells (EG, of ~1.4 nu; Ref. 14).
DBJa,l]P to reactive metabolite(s) that formed several highly polar DBJ[a,l]P is a very strong carcinogen in mouse skin and rat mam-
DNA adducts (10). The modified Sep-Pak elution and HPLC gradientary gland. Intramammillary injection of this PAH in rats and meas-
used in the present studies provided improved resolution of the palaement of the DNA adducts formed in several organs 2 days later
DNA adducts formed in human P450 1A1- and 1B1-expressing celievealed that only fjord region DB[I|[PDE-derived DNA adducts
In both cell lines, highly polar DNA adducts were observed aftavere detectable in mammary, lung, heart, bladder, and pancreas (45).
incubation with DBR,I]P and ¢)-DBJa,l]P-trans-11,12-diol (Figs. 2 However, four additional highly polar DNA adducts were found in the
and 4). The relative proportion of these adducts compared witlier (45). Formation of only DB4,IJPDE-DNA adducts in extrahe-
DBJ[a,/]PDE adducts in human P450 1Al-expressing cells was copatic tissues of rats would be consistent with the constitutive expres-
siderably higher than that in human P450 1B1-expressing cells (Tablen or induction of P450 1B1 in these extrahepatic organs (28, 46,
1). In both cell lines, the patterns of highly polar DNA adducts derivedi7). On the other hand, the major P450 enzyme involved in PAH
from the parent PAH and—()-DB[a,l]P-trans-11,12-diol were iden- metabolism in the liver of rats, P450 1A1 (48, 49), could catalyze the
tical (Fig. 2,AandB, and Fig. 4). Comparison of these adducts to théormation of highly polar DB§,[[P-DNA adducts in this organ. This
DNA adducts derived from the K-regianans-8,9-diol of DB[a,[]P finding in vivo would be consistent with results obtained in cell
revealed that the majdrans-8,9-diol-derived DNA adduct (Figs. 2 culture demonstrating that these polar adducts are formed by both rat
and 4,peak |, in both cell lines) was not the same as a major poland human P450 1A1 (10). After thiens-11,12-diol, the 7-phenol is
DNA adduct derived from DBY,I]P or its (—)-trans-11,12-diol. In the metabolite formed in the greatest amount after incubation of
human P450 1Al-expressing cells ttrans-8,9-diol-derived DNA human P450 1Al-containing microsomes with REJP (11). Both
adduct | was not identical to the D8J]P- or (—)-trans-11,12-diol- metabolites are also formed in high amounts during incubation of
derived DNA adduct 1 (Fig. 2). Nesnost al. (13) used a recombinant MC-induced rat liver microsomes that contain high amounts of rat
human P450 1A1 microsomal system to study activation of tHe450 1A1 (12). The fact that position 7 in DBJ[JP is easily oxidized
trans-8,9-diol of DBR,I]P. They found that the K-regiotrans-8,9- by P450 1Al, together with the finding that an unidentifieans-
diol was metabolized tdrans-8,9:11,12- andrans-8,9:13,14-bis- 11,12-diol phenol was detected in human P450 1A1-expressing V79
diols, suggesting that further metabolic activation to bis-diol epoxideslls after treatment with DBJ[a,[]P (14), suggest that tinans-
could be involved in DNA binding (13). Analysis of the DNA adductg11R,12R)-diol 7-phenol of DB[I]P warrants further investigation as
formed from thetrans-8,9-diol upon activation in this microsomala possible metabolic intermediate in the formation of polar DNA
system by HPLC indicated that the majeains-8,9-diol-DNA adduct adducts of DB, []P.
coeluted with the DB4,l|P-derived highly polar DNA adduct. How-  This study has demonstrated that the highly polar DNA adducts
ever, the gradient used provided more limited resolution of thefmund in human P450 1Al-expressing cells in high amounts after
adducts (13) than did that used here. HPLC analyses of the DMAposure to the strong carcinogen BBJP are generated through
adducts formed in human P450 1Al-expressing cells treated witrmation of the ()-trans-11,12-diol. Formation of the K-region
DBJ[a,l]P, (—)-DB[a,l]P-trans-11,12-diol, and DBJa,l]P-trans-8,9- trans-8,9-diol is not an initial step in the genotoxicity of B[P
diol (Fig. 2) demonstrate that theans-8,9-diol-derived DNA adduct through activation of the parent compound to either titeas-8,9:
and the highly polar DB[a,l]P-derived DNA adduct can be separatdd,12- ortrans-8,9:13,14-bis-diols. The activation pathways of the
(Fig. 2D, peaks 1andl), despite their similar polarities and retentionpotent carcinogens DB[a,]]P and DB[a,h]A are similar in that bis-
times. The extended HPLC gradient used in this study permitted tthiels formed from a diol in the K-region, namely, ttrans-8,9:11,12-
discrimination of these DNA adducts. The absence of any highly polais-diol of DBJ[a,|]P and thdrans-3,4:12,13-bis-diol of DB[a,h]A, do
DNA adducts with similar retention times in DNA from human P45Mot contribute to the DNA binding of the parent compound in human
1Al-expressing cells treated with+}-DB[a,l]P-trans-11,12-diol cells.
(Fig. 3A) indicates that the major DNA adduct derived from the
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