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fhe carcinogenicity of the pciycyclic aromatic hydrocarbon
benzo(a)pyrene [B(a)P] is thought to result from the mctaBolic forma-
tion of a highly reactive.intérmediate, 7,8—diﬁydrodiol+9,10—oxva(§lP
(Fig. 1) whichfsuBsequently,interacts with cellular macrcmolecules to
produce neoplasia ClO,12,14,21,23,26,30,311. Evidence has been presented
implicatinglsimilar "bay-region" diol—epoxfdes~as the ultimate carcinogenic
forms of Benz(a)anthracene (22,27), 7-methyl-benz(a)anthracene (3), dibenz-
(axhlanthracenel(ZQ), and chryéene (28). Benzo(e)pyrene IB(éiE], on‘the other
hand, is relatively inert when tested for carcinogenicity on mouse skin (16,
25) and rat trachec (Z&)_and when tested for mutagenicity-;n:a'mammalian
vusyéteﬁﬁ(él. Bkh{f coﬁcaicc:c&cu(éccivclentivBé;-fcgions (Fig.vli and ‘quantum
'ﬁechénical model célcﬁlationé‘sﬁggest that 9;10;diﬁycrodiol—ll,lzécgy—ﬁ(elP
can eagily form a reactive Bay—region—adjacenc carbonium ion (11). In order
to explain_the:noncarcinogenicicquf.K(c)E in the-context_of,cﬁe bay region
';theory,lﬁe Have scudied the metabolism pf B(é)P By rat liver microcomeé and
by cultured hamster embryo fibroblasts. In Bothﬁsysteﬁsb'thewhajof metabolic
pathways involve;therK-regiQn of Bfgif,_wicﬁiiittletor no attack on tﬁccisca:
lated bBenzo ring.- Tﬂese-resulcs-suggest thatbthe»lack.of carcinogenicity of
B(e)P may reflect its preferred mode of interaction withctheAcellulcr

metabolic machinery.




MATERIALS AND METHODS
Chemicals .

Tritium-labeled B(a)P (Amersham, Aflington Height53 1L, > 25 Ci/mmol)
was diluted with unlabeled E(QXP (Aldrich, Milwaukee, WI, gold laBel) to
a specific activity of 3.15 Ci/mmol, and stored at -20°C dissolved in dimethyl-
sulfoxide (DMSO), at 0.9 mM. A stock solution of tritium-labeled B(e)P
(MidwestAResearch_Institute5 NCI Contract No. NOI-CP-33387, 5.02‘Ci/mmol)
was przparad and stored similérly, but at a final specific'activityvof 2.51
Ci/mmol. Ul;rapure-guanidine»ﬁCl was obtained from Schw;fz/Mann (Orangeburg,

NY); density gradient gra,de-CszSO4 was from Atomergic Chemetals (Carle Place,

NY). Glucurase (a preparation of B-glucuronidase containing very low aryl

sulfatase activity) was obtained from Sigma Chemical Co. (St. Louis, MO).

Cells and Labeling

Hamster embfyo fibroblasts (HEF) were grown in lOO'mm dishes as described
(20). All experiments were performed on confluent tertiary cultures which’
had been plated at a 1:2 dilution.three daySapridr to the beginning.of fhe

labeling period. Medium was replaced with 10 ml of fresh medium containing

--labeled PAH at a final concentration of 4 uM and incubation continued for 24 hr.

The final concentration of DMSO was . 0.44%, a level which gives no measurable
cytotoxicity at 24 hr.

Analysis of Extracellular‘MetéBolites

After 24 hr incubation of PAH with cells; the: extracellular medium was
aspirated, the cells were gently washed with 5 ml phosphate-ﬁuffered saline,
and the wash and medium combined. Organic solvent—solﬁble-metaBoliteé were
prepared By twice extracting the medium with 2.5 vol ethyl acetate. The

distribution of ethyl acetate-soluble metabolites within the medium was




analyzed by high-pressure liquid chromatography (HPLC) with a Spectra

Physics 3500-B chromatograph fitted with a 1 m Zorbax ODS column (Dupont

" Inst., Wilmington, DE) and eluted with a linear 30-70% methanol and water

gradient as previously described (18).
The aqueous phase was re-extracted twice with 2.5 vol ethyl acetate.
Metabolites which had been conjugated to glucuronic acid were released by a

16 hr treatment at 37°C with.B-glucuronidase as described previously (4). The

7 . ‘ . ‘ A .
oxygeiated metabolites released from the glucuronide conjugates were extracted

twioe»with.275~vol ethyl acetate and analyzed by HPLC.

‘Subcellular Fractionation

The washed cell monolayers were harvested after a 15 min 1ncubat10n at

37 C with O. 03/ trypsin, O. 02/ ethylene diametétracetic acid (EDTA) in phosphate

buffered saline, then washed twice at 0-4°C with buffer containing 10 mM NaCl,

10 mM Tris'(pHﬂ7.0), 1.5 mM MgCl, and resuspended in the same buffer. The solu-

2
tion was adjusted to 0.5% Triton X-100 and 0.5% Na deoxycholate and lysis was-
completed by 10-15 st;okes~of a motor-driven Poctter-Elvejem homogenlzef,
Nuclei were deposited by centrifugation at 1000 x g. Cytoplasmic organic
solvent soluble metabolites were determined by ethyl acetate extraction of-
the supernatant followed by HPLC. The nuclei were freed of ;esidual cytoplasm

by repeating the homogenization step.

Isopycnic Separation

The nuclear pellet was lysed and chromatin sheared by resuspension in 6-M
guanidine.HC1l, 10'mM EDTA (pH 7.0) and sonicatiqn. The lysate was‘extracted
threevtimes at room temperature with 3 vol ethyl acetate (water-saturated),
and residual ethyl acetate was removed with a stream of N2. The volume was

adjusted to 2.2 ml with the same solution and layered over a 2.8 ml cushion

of 2.2 M CSZSOQ, 10 mM EDTA (pH 7.0), 1.26 M DMSO in a 1/2" x 2" polyallomer




tube. 'Centrifugation was carried out in a swinging bucket rotor (SW 50.1)

at 35,000'rpm (147,000 x g max) at 20°C for 40-+ 2 hr. The ;esulting

gradieﬁts were fractionated by piercing the tubes near the bottom and

collectihg 5 or §rdrop fractions. -Nucleic acids were monitored by AZGd’
proteins by reaction with fluorescamine. Densify was determined by weighing

10 pl aliquots in glass cépillaries. Bound hydrocarbon wasidetermined by

liquid scintillation countiﬁg using a Searle Mark III‘equipped with dpm facility;

Using the known specific acti¥ity, dpm were converted Lo pmol hydrocarbon.

RESULTS AND DISCUSSION

Microsomal Metabolism of‘B{g)P

In.expetiments carried out in ¢olléboratign.with_;he,lABoratories of D. Jerina
(NIH, Bethesda, MD) and W. Levin (Hoffman-La Roche, Nutley, NJ) microsomes were
prebared from the livers of rats which had been pretreated withAmgtﬁylchplanthrene
(MC), phenobarbital (PB) or left untreated. The-métébolites formed from BHQB(e)P‘
after incubation with the three sets of microsomes,.as-assayed by HPLC, are shown
in Fig.~2. The mobilities of.a set of synthétic standards are also indicated  in
the top pgnelL For a}l three sets of microsomés, the major metabolite co-chromato-
graphed with the synthetic K—;egion dihydrodiol, 4,5%dihydrodiol—B(§)P} The'

idéntification of this metabolite as the-K—fegion diﬁydrodiol was confirmed by

. UV absorption spectra (Fig. 3) and by fluorescence spectra (data not shoﬁn).‘

of particdlar'interest was the absence of an identifiable peak which_chfomatographedl
with the-same-moBility as 9,10—diﬁydrodiol—B{§QP. This was true even in the
incubation with MC—indﬁced microsomes, where non-K-region metaﬁolisﬁ sh§uld be
favored (;3,15),

This findihg éuggested the~pdssibility of a metabolié explanation for the

relative inactivity of B(e)P as a carcinogen (16,24,25). If vicinal diol-




epoéides.are indeed the ultimate'carciﬁégens,'then the major metabolite

of B(e)P, 4;5-dihydrodiol-B(e)P is a‘carciﬁogenic "dead-end", éince forma-

'tion of a vicinai diol-epoxide in the K—regibn is impossible. The lack of
éarcinogenicity of B(e)P wohl& therefore be dpe to fhe lack of formation of
é,lOfdihydrodiol—B(e)P, the obligate precursor to the bay region diol epoxide -
9,10-dihydrodiol-11,12-0oxy~-B(e)P. However, since previ;us work from this lab-
oratory (20,17) has shown tﬁat_ig vitro metabolism is often very different from
in vivo metahonlism and since %he llver is not é target for PAH carcinogenesisl
it was necessary to further teét this suggestion‘inAa sitﬁation which more

closely resemebled that found in vivo.

Metabo}ism of B(e)P by Hamster Emb;zp;Eibroblasgs

For these studies we chose tertiary cultures of HEF.
These cells contain the full afray of metaboiic enzyﬁes in an intact, non-
dierupted orientation and can be-transformed in cﬁlture by treatment with
carcinogenic PAHs (9 ). We incubated confluent cultures for 24-hr.in medium
containing 3H—B(e)P at a concentration of 4 ﬁ&;-this concentration was chosen
té minimizé cytotoxicity. The time pefiod was chosen because we had previously
found that the binding'of 3H-—B(a)P to nuclearzDNA”reached a plateau level between
18 and 24 hr of iﬂcubatioﬁ (unpublished data). Ethyl acetate-soluble mgtabolites
found in the extracellular medium are shown in Fig. 4A and those found in the
.cytoplasmic fraction are shown in Fig. 4B. Chrométograms of the small amount
of ethyl acetate-soluble radioactivity foﬁnd‘in ‘the nuclear fraction (0.1-
0.2% of the total inputj demonstrated only unmetabolized B(e)P (data not shown).
As seen previbusly in the microsomal inéubations, the major metabolite of B(e)P
formed by HEF was the K-region dihydrodiol. This metabolite was found in both

the extracellular medium (Fig. 4A) and in the cytoplasm (Fig. 4B). Neither
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éf ;hese frac;ions contained demonstrable amounts of the~noan—region, 9,10-
dihydrodiol-B(e)P, confirming the microsomal data. However, since intact cell
systems generally produce appreciable amounts of wa#er—solublelmetabolites,
primarily glucuronide-conjugéteé (1), it was possible that the HEF cultures
formed 9,10-dihydrodi§1—B(é)P but rapidiy conjugated it to the Eorresponding
glucuronide. To test this, the extracellular water;soluble metabolites were
.hydrolysed Vith_s—glucuronidase and then analyzéd by HPLC. ‘As shown in Fig. 5,
we .detected by this method A,S—dihydrodiol—B(elP, and a phenolic derivative'whiéh
’ ¢ .

co-chromatographs with 4;hydrogy—B(e)P but no Q;lOvdfﬁydrgdiol-B(E)P. Table 1
summarizes the overall recovery of metabolites in tﬁe various fréctionS'we have
assayed. It is clear that at least in terms of the dihydrodiols, K—region'metabo—
lism is favored.to the virtual exclusion of metaBolism at the 9,10 positioﬁ.
The small amouﬁt»of radioactivity .{0.64 - 1.07% of total metabolites) found in
the 9,10-dihydrodiol-B(e)P region of the chliromatogram may be due in part to triols,
tetrols and other unidentified'metabolites-which confaminate this region, and thus
represents an upper limit to Q,lO—dihydrodiolfB(g{P formation in these cells.

In contrast to this, metaBolism of B(a)P by HEF produces large amounts of
the non-K-region dilydrodiols, 7,8-dihydrodiol- and 9,10-dihydrodiol-B(a)P (Fig. 6),
" but little or no K;region dihydrodiol which in tﬁis'éyétem'chfométogfaphs at ‘
approximately fraction 40. In addition, no dihydrodiols of B(a)P are conjugated
to glucuronides by HEF (Fig. 7). In terms of the phenols, it isAlikely that the
Pl and P2 regions of the chromatogram (Fig. 4) contain a number of different
pheﬁolic metabolites of B(e)P in'analogy to the clustering of the 12 monoh&droxy—
derivatives of B(a)P which are incompletely resolved in a single chromatograpﬁic
run (7,19). It thus reﬁains-possible thathEF are capable of forﬁing 9,10~
oxy-B(e)P but that this éompqund is very unstable, isomerizing to 9-hydroxy-—
and/or 10-hydroxy-B(e)P before it can.be converted to the dihydrodiol by

epoxide hydrase.




Binding to Nuclear Macromolecules

However, 9,10-oxy-B(e)P would be expected to have reasonably good
alkyiating ability as would thé K-region oxide,>4,5—dxy—B(e)?, Considering
the relative inéctivity of B(e)P as a carcinogen'it was of interest to deter-
mine if this was correlatéd with a low macromolecular binding; We chose to
concentrate on nuclear macromolecules which'we prepared by a novel<meth6d
involving.henaturation in 6 M guanidine folloﬁed by isopyénic separation in -

[3
To demonstrate the separation which could be obtained with this

CSZSOA'
method nuclei were labeled with specific precursors of RNA, DNA and protein

and then subjected to isopycnic centrifugation as described in Matefiélg
'.and:Methods.‘ In Fig. 8A, the distribution of radioactivity after labeling

RNA with'3H~pridine and.bNA with.lac—thymidine is shown. The labeled RNA

and DNA separated into 2 bands at densifies of 1.65 g/cé and i.44 g/cc,
resﬁectively;'these'bands coincided with peaks ofrA260v(data nof shown) .

Less than 2% of the 3H—radioactivity was found inAthe~DNA band and less

than}O.i% of the 1[»’CA—radioa’ctivity-wasfound.in the RNA band. Figure Sﬁ

shows the distribution of radioacfivity after ‘labeling protein with 3H—

‘leucine and DNA .with 1‘fc-thymidima'.' | The “H-leucine was found in a.broad

band with densities less than about i.30 g/cc. Determination of protéin

by reaction with fluorescamine yielded ; profile which paralleied the |
radioactivity (data not shown) and similar:results'were obtained wﬁén(éalf thyﬁus
histones (Sigma,'St. Loﬁis,:Mol were applied to an isépycnic'gradientL‘ Less
‘;haﬁ 17 of the 3H—radioactivity was.found in the~DNA band énd less ﬁﬁan

27 of the 14C-radioactivity was found in the protein band.



In Fig. 9, nuclei from cells labeled with 3H—B(a)P (Fig. 9A), or wiﬁh |
3H_B(e)P (Fig. 9B) were analyzed on isopycnic gradients.‘ Tohbermit comparispns,
aAfiveféldASCale difference has been introduced between the left and right sides
of each papel. With B(a)P (Fig. 9A) large peaks of radioactivity wéfe fﬁund
to band coincidentglly with the RNA, DNA and protein bands. Wifh B(e)P
(Fig. 9B) the hydrocafbon peaks were mucﬁ more modest, but are cénsisfently.
found in ccincidence with the macrbmolécular bands.' Table 2Agives the éalculétéd
specific activities attainad in 3 experiments with B(e}P. For comparison,
the average specific activities attained in a series of experiments with B(a)P
were: RNA, 55.9 pmol/mg; DNA, 40.4 pmol/mg; protein, 169 pmol/mg. Thus, ;hé
binding of B(e)P to nuclear macromolecules is 80-150-fold lower than the binding

of B(a)P.



SUMMARY

In §ummary5 a plausible.explanaﬁion for the difference in carcinogenicity
'between B(a)? and B(e)P is to be found in their respective metabolic fates in
.eithér microso@al.incubations or HEF. With B(a)P the major site of metabolic
attack is the isolated benzo ring, ;esulting in the formation of fheAnon—K;
region dihydrodiols, 7,8-dihydrodiol-B(a)P and 9,10—dih&drodiol—B(a)P. “In
ﬁarticular, the 7,8-dihydrodiol, whiqﬁ_is'the'precursqr forvthe presumed ultimate
rarcincgan 758vdiﬁydfod£§l~9,10+cxysBCa)P, is not conjugated to the corréesponding
glucuronide Eut.is_selectively'retained by the cells (Macieod, Cohen and Selkirk,
submitted fof publication). This favors formation bf the bay region diol epoxide
and correlates with a relatively high level of binding to nucle&:‘maqromqleculgs.
With B(ej}P, the;ﬁajér'attack is'the K—regibn, producing 4,5—dihydfodiol—B(b)P
which is found intracellﬁlariy;-extracellularlyvand as the glucuronide conjugate.
It has not been possible to dgmbnstrate-formation of'9,10—diﬁydrodioi—B(g)P in
any of the fractions‘examined. This absence Qf the-pretursor for Bay region
diol epoxide formation co;relates_with a very. low level of binding of-B(e)P to
nuélear macromolecules. |

Our. data are: in aCcord;withipredictiDQSgof,the.Bay:region theory-of cheﬁical_t
.carcinogenesis:ana reduce: the importance of K-region derivatives in thé induc~
tion of neoplgsia. THe: targets for reaction with the diol epoxide of B(a)P
whicﬁ,are.importanf in the production of cancer remain unknown as do the various =
steps in this pathway. We- expect that cbntinued study of a variety of non-
- carcinogenic PAHs will pfovidé us&withAcases-in wﬁich:tﬁe "block! occurs at
later steps in this pathlivay. This will allow a dissection‘of this multi-step
proéess in a manner analogous to~tﬁat used so successfully in elucidating

céllular metabolic pathways by biochemical genetics (2,5,8).
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TABLE 1. DISTRIBUTION OF METABOLITES OF4B(e)P FORMED BY HEF.

% of Total

Metaltolites
Ektracellular Extracellular Intracellular Total
Organic Soluble Glucuronide ...0Organic Soluble’

Expt. 1 - 4,5-dihydrodiol - 22,5 2.64. 0.14 25.2
9,10-dihydrodiol 1.07 nd? nd 1.07
monohydroxy compoundsb 7.09 - 15.7 1.04 23.8

Expt. 2 4,5-dihydrodiol 23.9 7.35. 1.10 32.4
9,10~-dihydrodiol 0.63 . nd 0.01 0.64
monohydroxy compounds . 3.91 9.63 1.06 14.6

%ad - not detectable

regions of the appropriate chromatograms correspoading to regions Pl and P2 in Fig. 2 were summed.

T
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TABLE 2. Binding of 3H—B(e)P to Nuclear Macromolecules

Specific Activity

(phol/mg)
RNA DNA Protein
Experiment ‘1 0.16 0.22 1.94
Expariment 2 0.20 0.19 1.63
Experiment 3 0.49 0.30 2.32
Average 0.28 0.24 1.96
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FIGURE LEGENDS

Fig. 1

Fig. 2.

Fig. 3.

StruéturesofiB(a)P and Bkg)P, showing the locatioﬁs of the K-
regions and Bay-rggions.

Pattern of B(e)P metabolites formed in incubations with liver
microsomes from rats which were (A) uptreated; (B) pretreated for
three days'witﬁ phenobarbital (75 ng/kg/day); or (C) pretreated
for three days with methylcholanthrene (25 ng/kg/day); In each
case, 100 nmol BH—BQ%)P were incubated 10 min at 37° with from
0.1 to 1.0 mg microsomal protein in a total leumg of 2.0 ml of a
solution containing 0.1 M sodium phosphate (pH 7.4), 3 mM MgClz,'
0.5 mM NADPH and 5% acetone. Reactions were terminated by extrac-

tion with 2.0 ml acetone and 4.0 ml ethyl acetate and organic soluble

.metaholites were analyzed by HPLC, The relative mobilitics of a

series of synthetic standards are also shown in panel (A) and the

"regions of the chromatogram which contain the various metabolites

are designated in panel (C) as D1, D2, D3, Q, Pl and P2.

Comparison of the ultraviolet absorbance spectra of (A) synthetic
4,5-dihydriol-B(e)P and (B) the metabolite isolated from the |
chf&ﬁétogfaph in fegioﬁ ﬁZ. :Speétré‘ﬁére.rééoraed witﬁ a-Cafy liS—C‘
spectrophotometer.

Pattern of B(e)P metaboiltes formed in a 24 hr incubation with HEF

and found (A) inlfﬁevextracéllular medium or (B)‘in the cyﬁoplasmic
fraction.

Identification By HPLC of B(e)P metabolites conjugated to glucuronides

after a 24 hr incubition with HEF.



Fig.

Fig.

Fig.

] 4

Pattern of B(é)P metabolites formed in a 24 hr incubation with
HEY and found (A) in the extracellular medium, or_iB) in the
cytoplasmic fraction.

Identification by HPLC of B(a)P me;abolites conjugated to
glucuronides after a 24 hr incubation with HEF.

Separation ofAnuclear macromolecules by isopycnic centrifugation

in cstoa, guanidine-HCl gradients.

Isopycnic separatiom of nuclear macrOmoleculeé labeled in culture

with (A) 3HéB(h1P or (B) 3H~B(§)P. Note the fivefold differences

in the size of the aliquots of each fraction which were analyzed

from the top (right) and bottom (left) of the gradients.
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