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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




Mechanism of_Carcinbgehesis of the-Po]ycycli§ Aromatic;HydroCarbons

'E. CAVALIERI and M. CALVIN
Contributidﬁ from thelLaboratory of Chemical Biodynamics,
_ Lawrence Radiation Laboratory,'Unfvekéftyfdf California,

Berkeley, California 94720

Thé carcinogenfc activity of the benzq[a]pykeneﬂl;;fhe.7,12;V;
dimethy]bénz[a]anthfacene 2 and the‘3—methy1cho1anfhrenév§
is,suggestedgtd'be:determined by tHe.e1éctrophi1jc aftack of
the active ox&gen,_jnduced_by;the hydroxylating.enzymé sys—.A” '
“tems, on thébmost reactive Qubstjtuting carboh-atom(s);_ The =
cationic inﬁermediate(s)'wfth the charge mainly loca]iZéd on

a 6omp1ementary,finterre]ated position(s) of the hydrqu1
substituted poSition(s) reacts further with thé.ce11uTafvv-

nuc]eophilés,

The eiectrophi]ic nature of tﬁe u]timdte‘ChemiéaTiéarcinogené Eon—
" Stitutes thé.cémmon distinctive feature that corﬁe]étéé their different‘
structures and allows us to understand their carcinogenfcity. The for-
mation of a'covéient bond with the nucleophiles of‘fhé bio10gi¢a1:macro-
molecules, nucleic acids and proteins, appears‘tb be the essentié] re-
'quiremént in the primary prote$s>0f carcinogeneéis.;. |
The‘mddé“Of action and the cfiterion of carcinqgéhitity for the.

po1ycyc1i¢_aromatic hydrocarbons remain ambiguo&s until now. ‘Pu11manv
ahd Pu]]maﬁ] have associated. the carcinogenic potéﬁcy-ofvfhese cthOUnds

with the preéence of a'chémica]]y:heactivejphehanthrene double bond (K



region)f' They'haVe propOSed further that the prtmary process'in
cancer 1nduct1on is marked by the add1t1on of the K reg1on to the
ce]]u]ar receptor. ' | |
 The discoyery-of.the.mutagentc effect of the heterocyc]tc:acri- |

'dines,dexplainab]e bytVfrtue'of an interca1atfon’meChan{sm of DNA-
acrldlne dye comp]exes,2 suggested by ana]ogy the 1dea that the
carc1nogen1c act1on of the aromat1c hydrocarbons m1ght be attr1buted
to a 51m11ar mode1 of 1nterca]at1on 3 However the 1nterpretat1on
of the resu]ts a]ong these 11nes has been qu1te unsat1sfactory 4

The cova]ent b1nd1ng among DNA RNA, protelns, and aromat1c

556 after palnt1ng mice with these compounds and 1so—,

hydrocarbons,
latlng the1r cellular macromo]ecu]es, prov1ded new 1mpetus to the

| 1dea that a chemical reaction is a necessary and probab]y cruc1a1

step 1n the cancer 1n1t1atlon The reaction 1s presumab]y 1nduced

1n v1vo by the . mlcrosonml hydroxy]at1ng enzyme systems. In fact, the
chem1ca1 ]1nkage between DNA, or prote1n w1th aromat1c hydrocarbons o
has been obta1ned 1n v1tro ln the presence of rat 11ver m1crosomes 7s 8
The same binding between DNA and carc1nogen1c aromat1c hydrocarbons

has also been induced by hydrogen.peroxideg with or without ferrous -
ion and the ascorblc acid model hydroxylat1ng systems 10 These model
hydroxy]at1ng systems produce e]ectroph1]1c hydroxylation on the aro-
matic substrates and offer a comparison of some extent w1th the rat
Tiver microsomal hydroxy]at1ng enzyme systems 1], In add1t1on, the
e]ectrophl]lc nature of the active oxygen produced by the hydroxylating
enzymes 1s also part1a11y corroborated by the genera1 occurrence of the

NIH shift. 12



, .' _‘3_ :
The electroph111c oxygen as act1vator has been cons1dered by
D1pp1e et a] 13 They have postu]ated as u1t1mate carc1nogens for
the unsubst1tuted and methyl -substituted aromat1c hydrocarbons the
carbonium.ion correspond1ng to the open form of the K region epox1de
and the. benzy] carbonium jon, respectively.’ y° L

A genera] eva]uat:on of the metabo]1sm in. v1vo and..in vitno of

the carc1nogen1c hydrocarbons reveals the hydroxy]at1onuto occur
primarily. on, the most chemical]y'reactive region(soar.As-afﬂogicél‘
consequence, the. carc1nogen1c1ty of these. compounds m1ght be pursued
on the. grounds of thts observat1on _ C |

The . carc1nogen1c act1v1ty for the benzo[a]pyrene 1 has been. re-

lated-to the presence'of ‘three actlve_subst1tuttng'pos1t1ons, i.e.,
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‘ , 1
the 1-, 3-, and 6-position, both by the demonstrat1on of direct

reaction with cellular nucleoph1]es, and by exchange reactwons with
the hydrogen 1sotopes 14 " When the e]ectroph1l1c act1ve oxygen in-

| duced by the hydroxy]atlng enzyme systenms ‘attacks the 6- pos1t10n of

1, the cationic species produced is mainly 1oca]1zed on. the two inter-
| related 1- and-3—carbon atom If one of the two 1atter=positions
.possesses a su1tab1e conftguratton w1th respect to the ce]]u]ar
nuc]ecph11e the cova]ent]y bound comp]ex is- formed Conversely,.

thekattackbof the act:ve oxygen on the 1- or 3-carbon,atom determines



. o -4 -
an overal] 10Calization'of the cationic charge onhthe 6- nosition
This 1ntermed1ate then reacts further w1th the- ce]?ular nuc]eoph1]e
The comparison of the very potent carc1nogen 7,12- d1methy1benz[a]'
anthracene (DMBA) 2 with the less potent 7- methy]benz[a]anthracene

and ]2 methy]benz[a]anthracene and w1th the very weak]y act1ve

2

benz[a]anthracene h1nts that the presence of the methy1 group(s) may

be connected w1th the b1o]og1ca1 act1v1ty

The nuc]ear magnet1c resonance spectrum of DMBA 1n tr1f1uoro-

15

~acetic acid, boron tr1f1uor1de_and water: shows a character1st1c‘

quartet corresponding to the protonatidnfof_both-74'and;12fpoSitions.
'FUrthernore,~sone of the products obtained by chemical oxidation of

16

this hydrOcarbon g 1nd1cate the 7- and 12-p051t1ons to be the reactive

ones. The metabo]1sm of the DMBA 1n the presence of rat liver homo-

17, '3 shows ma1n1y the format1on of 7- hydroxymethy] 12—

genates
» methylbenz[a]anthracene and ]2 hydroxymethy] 7-methy]benz[a]anthracene,
__Inc1denta1]y, the hydroxymethy] derivative is the maJor metabo]1te '
from p- methy]phenyla]an1ne in the presence of pheny]alanlne hydroxy]-_
]9 - Some speculation concerning the format1on of:the hydroxymethy]

derivative suggests as precursor intermediate‘the hydroxy] group



subst1tuted on the same carbon atom at wh1ch the nethy] group s
vsubst1tuted 12 | | | - j | _ | _ |
The carc1nogen1c act1v1ty of the hydrocarbon 1s then probab]y
determ1ned by the initial e]ectroph111c attack of the act1ve oxygen
on the 7- or 12- pos1t1on with subsequent formatlon of .active cationic
'1ntermed1ate(s) The cat1on1c charge is mainly. 1oca112ed on a com-
. p]ementary. 1nterre1ated position(s) of the 7- or 12—pos1t1on,
which necessar11y must be separated by an even number of carbon
atoms. The react1ve 1ntermed1ate( ) ]1ke1y-attaeks the cellular
nuc]eoph11e | | ' :'.'v‘ | |
An ana]ogous s1tuat1on is presented by the 3-methylcholanthrene

3, where the metabo]1sm by rat 11ver homogenates revea]s predomlnant]y

the presence of 1- and Z-hydroxy]-der1vat1ves.,»Th1s presumably indi-

3
cates, by analogy with DMBA the h1ghest subst1tut1ng react1v1ty of

the 12b- and 2a- carbon atom In th1s case the 1nterre1ated posi-
tion(s ) wh1ch must be separated by an even number of carbon atoms
-from these two active.ones, are probab]y the same e1ther for the 12b-
or 2awpos1t1on. Experiments dlsp]ayung the presence of the comple- |
mentary pos1t10ns for d1methy1benz[a]anthracene and 3 methy]cho]an-

threne are in progress.
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