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SUMMARY: Benzo[a]anthracene and the 5 metabolically possible trans dihydro- 
~ f  benzo[a]anthracene were metabolized, in the presence of S. typhi- 
murium stra in TAIO0, by a highly pur i f ied hepatic microsomal monooxygenase 
system. The metabolic product(s) of benzo[a]anthracene 3,4-dihydrodiol was 
nearly I0 times as mutagenic to the bacteria as were the metabolites of 
benzo[a]anthracene and the other four dihydrodiols. The marked act ivat ion 
of benzo[a]anthracene 3,4-dihydrodiol,  presumably to the 3,4-diol- l ,2-epoxide 
is consistent with and supports the hypothesis that bay region epoxides of 
unsubstituted polycycl ic hydrocarbons are ul t imately reactive forms of these 
carcinogenic compounds. 

Interest in diol epoxides as potential ultimate carcinogens of benzo[a]- 

pyrene (BP) 1 was stimulated by observations that BP 7,8-dihydrodiol was bound 

more extensively to DNA on metabolic act ivat ion than was BP or several other 

metabolites of BP ( I )  and that a 7,8-diol-9,10-epoxide of BP accounted for 

much of the chemical binding to DNA in vivo (2). Since our report of the 

remarkably high mutagenicity of one of the stereosiomeric t rans-7,8-d io l -9,  

lO-epoxides of BP at the International Pharmacology Congress (3) in the summer 

of 1975, several papers have appeared on the high mutagenicity of these com- 

pounds toward bacterial (4-7) and mammalian cel ls (4,6-9). In contrast, a l l  

of the known primary oxidative metabolites of BP are re la t i ve ly  weak or in-  

active as mutagens when compared to the 7,8-diol-9,10-epoxides (3,4,6-11). 

Abbreviations used are BP, benzo[a]pyrene; BA, benzo[a]anthracene; BA 3,4- 
dihydrodiol ,  trans-3,4-dihydroxy-3,4-dihydro BA; BA 1,2-, 5,6-, 8,9- and 
lO, l l -d ihydrod io ls ,  other trans dihydrodiols of BA. 
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In an attempt to correlate structure with carcinogenic ac t i v i t y ,  we have 

surveyed the l i t e ra tu re  to ascertain the effects of substituents on the car- 

cinogenic ac t i v i t y  of polycycl ic aromatic hydrocarbons and have found that 

subst i tutents on angular benzo rings of polycycl ic hydrocarbons markedly re- 

duce carcinogenic ac t i v i t y  (12), presumably through blocking metabolism at 

that portion of the molecule. Furthermore, we have calculated that benzylic 

carbonium ions such as would be derived from the epoxides of diol epoxides on 

tetrahydrobenzo rings of carcinogenic hydrocarbons should have an unusual ease 

of formation when the carbonium ion is located in the "bay region ''2 of the 

hydrocarbon (12,13). In accord with these calculat ions 7,8,9,10-tetrahydro BP 9, 
lO-epoxide, with the benzylic carbon atom of the oxirane r ing in the bay region 

of the hydrocarbon, is far more mutagenic than the isomeric 7,8,9,10-tetrahydro 

BP 7,8-epoxide in which the oxirane ring is remote from the bay region (7). 

Thus, a consistent theory emerges; the carcinogenicity of polycycl ic aromatic 

hydrocarbons results from metabolic formation of extremely reactive benzo ring 

diol epoxides in which the epoxide ring is si tuated near the requisi te bay 

region of the hydrocarbon. To test  th is concept, the present study evaluates 

the metabolic act ivat ion of the f ive possible trans, v ic inal  dihydrodiols of 

the hydrocarbon benzo[a]anthracene (BA). Our predict ion that among the several 

dihydrodiols of BA the BA 3,4-dihydrodiol should be metabolically activated to 

the most mutagenic metabolite, presumably isomeric 3,4-diol- l ,2-epoxides based 

on pr ior  studies of the metabolism of BP 7,8 dihydrodiol to one (9) or both (14) 

of the isomeric 7,8-diol-9,10-epoxides, has proved to be val id and supports our 

pr ior  quantum mechanical calculat ions (13) which predict biological  ac t i v i t y  or 

the lack of i t  for  the unsubstituted polycycl ic hydrocarbons. 

MATERIALS AND METHODS: Dilauroyl phosphatidylcholine was obtained from 
Serdary Res. Labs, Ontario, Canada, while BA and other commercially available 
biochemicals were obtained from Sigma Chemical Co., Inc.,  St. Louis, Mo. The 
f ive possible trans dihydrodiols of BA were synthesized by unequivocal chemical 
procedures andt--~h-eTr structures were confirmed by nuclear magnetic resonance 
spectrometry (15). The ana ly t i ca l l y  pure dihydrodiols were stored at -90 o and 
dissolved immediately before use in acetone/NHmOH (I000:I)  under subdued 
l i gh t .  Oxidative metabolism of BA and BA dihy~rodiols was catalyzed by a 
highly pur i f ied and reconstituted hepatic microsomal monooxygenase system 
consist ing of cytochrome P-448 from 3-methylcholanthrene-treated rats,  NADPH- 

A bay region in a polycycl ic aromatic hydrocarbon exists when two non- 
adjacent benzene r ings, one of which is a benzo-ring, are in close prox- 
imity.  The prototype for a bay region is the s te r i ca l l y  hindered area 
between the 4- and 5-posit ions of the phenanthrene molecule. Thus, the 
region between I0- and l l -pos i t ions  of BP and the I -  and 12-positions of 
BA (Figure I )  are bay regions. 
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Figure I .  
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Structure of benzo[a]pyrene and benzo[a]anthracene. The region 
between the I0 and I I  positions of BP and the 1 and 12 positions 
of BA are bay regions. 

cytochrome c reductase (150 uni ts) ,  di lauroyl phosphatidylcholine (0.08 ~mol) 
and NADPH (0.I umol) (16). Reaction mixtures of 0.5 ml, contained 2 x I0 ~ 
h is t id ine requiring bacteria of strain TAIO0 of S. typhimurium (17) and were 
as previously described for the metabolic act ivat ion of benzo[a]pyrene and 
benzo[a]pyrene derivatives (18). Mutations were quantif ied two days af ter  
treatment by counting the number of macroscopic colonies of bacteria which 
were present on a h ist id ine def ic ient agar medium. All experiments were per- 
formed in t r i p l i ca te  and in those cases where standard deviations of the mean 
were omitted for c l a r i t y ,  the coeff ic ients of variat ion averaged 13 percent. 

Figure 2. 
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Effect of cytochrome P-448 concentration on the metabolic ac t i -  
vation of BA and BA diols.  Incubation time was 15 minutes at 
37 o and the concentration of each hydrocarbon was 25 ~M. 
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RESULTS: BA 3,4-dihydrodiol is metabolically activated to a product(s) 

which is highly mutagenic to stra in TAIO0 of S. typhimurium. Reversion to 

h is t id ine autotrophy is proportional to the amount of cytochrome P-448 present 

in the reaction mixture (Figure 2) and as l i t t l e  as 25 pmol of the hemoprotein 

induces a 30 fold increase in mutation frequency. In marked contrast to these 

results BA and the next most active dihydrodiol, BA 8,9-dihydrodiol ,  are meta- 

bolized to products which induce less than a 5-fold increase in mutation f re-  

quency in the presence of 75 pmol of cytochrome P-448. The BA 1,2-, 5,6- and 

lO, l l -d ihydrod io ls  undergo l i t t l e  or no metabolic act ivat ion to mutagenic 

products. Since the number of h is t id ine revertants induced in the absence of 

cytochrome P-448 (ordinate intercept,  Figure 2) are within spontaneous back- 

ground levels, BA and the BA dihydrodiols are without i n t r i ns i c  mutagenic 

ac t i v i t y  in stra in TAIO0. 

The number of mutations induced by the metabolite(s) of BA 3,4-dihydro- 

diol is proportional to the duration of the monooxygenase reaction (Figure 3A). 
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Figure 3. 
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Effect of incubation time (A) and hydrocarbon concentration (B) 
on mutations induced by the metabolism of BA or BA dihydrodiol. 
Dihydrodiol concentration was 25 ~M in (A), incubation time was 
15 minutes in (B) and 50 pmol of cytochrome P-448 was used in 
both experiments. 
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After a 15 minute incubation with 50 pmol of cytochrome P-448, metabolites of 

BA 3,4-dihydrodiol induce 9 times as many h is t id ine revertants as do the meta- 

bol ic products of BA 8,9-dihydrodiol.  The marked act ivat ion of BA 3,4-dihy- 

drodiol re la t ive to BA or BA 8,9-dihydrodiol is not due to suboptimal concen- 

t rat ions of the hydrocarbons in the incubation mixture since a l l  three com- 

pounds show maximal act ivat ion at a 25 ~M concentration (Figure 3B). 

DISCUSSION: Of the f ive possible trans dihydrodiols of BA, only BA 3,4- 

dihydrodiol is metabolized to a product(s) highly mutagenic toS .  typhimurium 

st ra in TAIO0. Simi lar ly ,  recent studies with four trans dihydrodiols of BP 

(BP 4,5-, 7,8-, 9,10- and l l ,12-d ihydrodio ls)  have shown that only BP 7,8- 

dihydrodiol is metabolized to a product(s) with high mutagenicity (5,9,18) 

and DNA binding capacity ( I ) .  In addit ion, BP 7,8-dihydrodiol (19) and i t s  

immediate metabolic precursor, BP 7,8-oxide (20), are both highly carcinogenic 

on mouse skin. The high chemical reac t i v i t y  ( including binding to DNA), cyto- 

t ox i c i t y  and mutagenicity of the two stereoisomers of BP 7,8-diol-9,10-epoxide 

(2-9) strongly implicate these metabolites as reactive ultimate carcinogens 

obtained on metabolism of BP 7,8-dihydrodiol.  Likewise, our "bay region" con- 

cept (12) predicts that the isomeric BA 3,4-diol- l ,2-epoxides should be the 

most mutagenic metabolites of BA. In support of th is hypothesis is the pre- 

sent observation that only BA 3,4-dihydrodiol is metabolically activated to 

potent mutagens when BA and the 5 metabolically possible trans dihydrodiols 

of BA are u t i l i zed  as substrates. By analogy to the metabolism of BP 7,8- 

dihydrodiol (14), the 2 stereoisomeric 3,4-diol- l ,2-epoxides in which the 

benzylic 4-hydroxy group is e i ther syn or anti to the epoxide ring are ex- 

pected to be highly mutagenic metabolites of BA 3,4-dihydrodiol.  

The 1,2-posit ion of BA 3,4-dihydrodiol and the 9,10-posit ion of BP 7,8- 

dihydrodiol are s t ruc tu ra l l y  s imi lar  in that these are the only posit ions of 

the hydrocarbons at which a bay region epoxide of a saturated, angular benzo- 

r ing can be metabolically formed. Perturbational molecular orbi ta l  calcula- 

t ions (21) indicate unusually low energy requirements for the opening of 

these diol epoxides to benzylic carbonium ions (13). These easi ly formed 

carbonium ions may account for  the high mutagenic ac t i v i t y  of the bay region 

diol epoxides of BP. An essential feature of this mechanism is the formation 
of a diol epoxide as opposed to an arene oxide at the bay region. Direct 

epoxidation of the BP or BA molecule in the 9,10 or 1,2-region respectively 

would y ie ld  the corresponding arene oxides, which s t i l l  possess a double bond 
in the benzo-ring containing the epoxide. These arene oxides are chemically 

d i s t i nc t  from the i r  corresponding epoxides and are much less susceptible to 
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nucleophilic attack (22). In contrast to BP 7,8-diol-9,10-epoxide and 9,10- 

epoxy-7,8,9,10-tetrahydro BP, BP 9,10-oxide is only weakly mutagenic in bac- 

terial and mammalian cells (7,10,11). Thus the metabolic importance of 

dihydrodiol formation is to saturate the double bond adjacent to the subse- 

quent site of epoxidation. Lack of mutagenic act ivi ty for the stereoisomeric 

diol epoxides from trans-l,2-dihydroxy-l,2-dihydronaphthalene (4) and the 

weak mutagenic act ivi ty of a 8,9-diol-lO,ll-epoxide from BA (5) further 

support our concept since the benzylic carbonium ions which result on opening 

of these diol epoxides are not in a bay region of these hydrocarbons. Present 

research is directed toward the synthesis and evaluation of biological act ivi ty 

of selected diol epoxides of BA with the anticipation that the 3,4-diol- l ,2- 

epoxides wi l l  be the most mutagenic. In addition, the appropriate dihydrodiols 

of other polycyclic hydrocarbons are being synthesized and evaluated for biolo- 
gic act ivi ty in order to further establish that epoxidations in the bay region 

of dihydrodiols are key reactions in the activation of unsubstituted carcino- 

genic hydrocarbons. 
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