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Abstract-The extents of reaction that occurred between the K-region epoxides of 
3H-labelled polycyclic hydrocarbons and DNA, RNA and apurinic acid have been 
estimated after incubation at 37” in neutral aqueous solution. Phenanthrene 9,10-oxide 
was less reactive than benz[a]anthracene 5,6-oxide, 7-methylbenz[a]anthracene 5,6- 
oxide or dibenz[a,h]anthracene 5,6-oxide, all of which reacted much more extensively 
with DNA and RNA than with apurinic acid. In similar experiments with polyribonu- 
cleotides, the K-region epoxides were reactive towards poly(G), reacted less with poly(A), 
poly(X) and poly(1) but did not react appreciably with poly(U) or poly(C). The results 
of these experiments suggest that the purine moieties of nucleic acids are the main sites 
for reaction with polycyclic hydrocarbon epoxides. 

MICROSOMAL metabolism of the double bonds of carcinogenic polycyclic hydrocarbons 
such as benzo[a]pyrene and 7,12-dimethylbenz[a]anthracene involves the formation of 
epoxides.1-4 The suspicion that reactive intermediates of this type could be responsible 
for the biological effects produced by the parent hydrocarbons led to efforts to syn- 
thesize polycyclic hydrocarbon epoxides. Those prepared have been mainly K-region 
derivatives5-’ but the synthesis of a range of non-K-region epoxides is now in progress 
in this laboratory. 8-1o The positive results obtained in biological tests with K-region 
epoxides gave rise to the formation of our working hypothesis which states that the 
mechanism of polycyclic hydrocarbon carcinogenesis involves somatic mutations 
caused by epoxides produced by metabolism. This hypothesis is supported by investi- 
gations that have shown that K-region epoxides are formed by metabolism1*3*4 and; 
(a) are alkylating agents**ll that react with nucleic acids chemically and in cells in 
culture;11-13 (b) a re more active than their parent hydrocarbons in effecting the 
malignant transformation of rodent cells in culture’4-16 and; (c) are mutagenic in 
bacteriophage,l’ in bacteria,‘* in mammalian cells in culturelg and in Drosophila.* 
In whole animals, however, K-region epoxides have so far proved to be less active as 
carcinogens than the parent hydrocarbons. 20*21 The reasons for this are not known 
but may be associated with the relative instability of the epoxides. 

The chemical reactions that occur between 3H-labelled K-region epoxides and 
nucleic acidsl’ have not previously been examined in detail and consequently the 
structures of the products formed are not known. This paper describes the results 

* 0. G. Fahmy and M. J. Fahmy, unpublished observations. 
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obtained in some investigations of the reactions of 3H-labelled K-region epoxides 
derived from phenanthrene, benz[a]anthracene, 7-methylbenz[a]anthracene and 
dibenz[a,h]anthracene with nucleic acids and with synthetic polyribonucleotides. 

EXPERIMENTAL 

Materials. Polycyclic hydrocarbons generally labelled with tritium were obtained 
from the Radiochemical Centre, Amersham, Bucks., and the 3H-labelled K-region 
epoxides phenanthrene 9,10-oxide (sp. act. 39 mCi/mmole), benz[a]anthracene 5,6- 
oxide (sp. act. 57 mCi/mmole), 7_methylbenz[a]anthracene 5,6-oxide (sp. act. 271 
mCi/mmole) and dibenz[a,h]anthracene 5,6-oxide (sp. act. 198 mCi/mmole) were 
prepared from the hydrocarbons by methods described previously.5*22.23 DNA from 
salmon testes (Sigma Chemical Co., St. Louis) was deproteinized by a detergent-salt 
procedure;24 apurinic acid was prepared from deproteinized DNA by treatment with 
acid.25 Synthetic polyribonucleotides were purchased from Miles Seravac Ltd., 
Maidenhead, Berks and RNA (highly polymerized from yeast) from British Drug 
Houses Ltd., Poole. 

Reactions of epoxides with macromolecules. Nucleic acid or polyribonucleotide 
(= 4.0 pmole-P) was dissolved in distilled water (pH 7.4, 2 ml) and mixed with an 
ethanol solution (1 ml) of the 3H-labelled hydrocarbon epoxide (= 0.04 pmole). 
After incubation for 2 hr at 37” in subdued light, the mixture was extracted with 
ether (3 x 3 ml) and the aqueous portion applied to the top of a G25 Sephadex 
column (0.9 x 15 cm) which was eluted with distilled water of pH 7.4. Fractions 
(0.5 ml) were collected and analysed both for U.V. absorbance at 260 nm and for 
radioactivity. Extents of reaction were calculated from elution profiles using E&&C,m, 
values for nucleic acids and polyribonucleotides and the specific activities of the 3H- 
labelled hydrocarbon epoxides. 

RESULTS 

Reactions with DNA, RNA and apurinic acid. G25 Sephadex column elution pro- 
files obtained following incubation of DNA, RNA and apurinic acid with 3H-labelled 
benz[a]anthracene 5,6-oxide are shown in Fig. 1. The amounts of reaction that were 
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Fro. 1. G25 Scphadex column elution profiles obtained following reaction of 3H-labelled benz[a]an- 
thracene 5,6-oxide with DNA, RNA and apurinic acid. O-0 E!$&,bcnmm; 0-O counts/min x lows/ 

0.2 ml. Reactions were carried out as described in the text. 
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found to occur when these nucleic acids were incubated with the K-region epoxides 
derived from phenanthrene, benz[a]anthracene, 7-methylbenz[a]anthracene or 
dibenz[a,h]anthracene are given in Table 1. These results show that, under the condi- 
tions used, phenanthrene epoxide is not as reactive towards DNA and RNA as the 

TABLE 1. REACTIONS OF 3H-~~~~~~~~ K-REGION EPOXIDES OF POLYCYCLIC 
KYDROCARBONSWITHDNA,RNA ANDAPURIMCACID 

pMoles/mole-P 

K-region epoxide 

Phenanthrene 9,10-oxide 

Benz[a]anthracene 5,6-oxide 

7_Methylbenz[a]anthracene 5,6-oxide 

Dibenz[a,h]anthracene 5,6-oxide 

DNA RNA Apurinic acid 

15 <7 <7 

680 505 21 

1630 960 51 

327 417 20 

Nucleic acid (4.0 pmole-P) dissolved in distilled water (pH 7.4, 2-O ml) was 
mixed with a solution of the epoxide (O-04 rmole) in ethanol (I ml) and 
incubated at 37” for 2 hr. Extents of reaction were calculated as described in 
the text following passage through a G25 Sephadex column. 

other epoxides and that the K-region epoxides derived from benz[a]anthracene, 
7-methylbenz[a]anthracene and dibenz[a,h]anthracene react to a much greater extent 
with DNA and RNA than with apurinic acid. 

Reactions with polyribonucleotides. Figure 2 shows the Sephadex column elution 
profiles for U.V. absorbance and radioactivity obtained following incubation of the 
synthetic polyribonucleotides poly(G), poly(A), poly (X), poly(I), poly(C) and poly(U) 
with 3H-labelled benz[a]anthracene 5,6-oxide. The extent of reaction that occurred 
when these polyribonucleotides were incubated with each of the four K-region 
epoxides are given in Table 2. The most extensive alkylations occurred with poly(G) 
and lower levels of reaction took place with poly(A), poly(X) and poly(1). Significant 
reactions were not detected with the pyrimidine polymers poly(C) and poly(U). 

DISCUSSION 

The investigation of epoxides as possible reactive intermediates that are involved in 
polycyclic hydrocarbon carcinogenesis was stimulated by the finding that microsomal 
metabolism of 3H-labelled polycyclic hydrocarbons leads to the formation of products 
that react with DNA.z6 K-region epoxides derived from phenanthrene and dibenz- 
[a,h]anthracene were then shown to be alkylating agents that reacted with 4-(p-nitro- 
benzyl)pyridine,‘l a result that led to studies of the reactivity of K-region epoxides 
towards biological macromolecules both in solution” and in cells in culture.12J3 

Results reported here confirm the reactivity of K-region epoxides towards DNA 
and RNA but also indicate that compounds of this type do not react appreciably 
with apurinic acid (Table 1). The possibility that the epoxides react with the purine 
moieties of the nucleic acids is borne out by results obtained using synthetic polyribo- 
nucleotides. In these experiments appreciable reactions occurred between K-region 
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FIG. 2. G25 Sephadex column eIution profiles obtained following reaction of 3H-labelled benz[a)an 
thracene 5,6-oxide with polyribonucleotides. O-0 E&i;%; l ----6 counts/min x lo-“/O*Z ml 

Reactions were carried out as described in the text. 

epoxides and poly(G) or poly(A) that were not detected with the pyrimidine polymers 
poly(C) or poly(U) (Table 2). Furthermore the reactivity of the epoxides towards 
poly(X) or poly(I) was in general lower than the corresponding reactivity towards 
poly(G) or poly(A) (Table 2) suggesting that the amino groups of the purines may be 
involved in reactions with epoxides. Experiments with a model alkylating derivative 
of a polycyclic hydrocarbon, ‘I-bromomethylbenz[a]anthracene, have also indicated 
that reactions occur with the purine amino groups of nucleic acids.27 

In the present work 3H-labelled K-region epoxides that have been prepared by 
synthesis from the parent hydrocarbons have been used for reactions with nucleic 
acids and polynucleotides. 3H-labelled K-region epoxides of pyrene, of benzo[a]py- 
rene and of 7,12-dime~ylbenz[alanthracene have not so far been prepared by synthesis 
but they have been obtained as microsomal metabolites; these epoxides have also been 
found to react with p~ly(G).~** 
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TABLE 2. REACTIONS OF 3H-~~~~~~~~ K-REGION EPOXIDES OF POLYCYCLIC HYDROCARBONS WITH 
POLYRIBONIJCLEOTIDES 

rMoles/mole-P 

K-region epoxide Poly(G) Poly(A) Poly(X) Poly(1) Poly(U) Poly(C) 

Phenanthrene 9, IO-oxide 280 22 31 42 <9 c9 
Benz[a]anthracene 5,6-oxide 870 161 86 45 <7 17 
7_Methylbenz[a]anthracene 5,6-oxide 1310 566 265 so 27 8 
Dibenz[a,h]anthracene 5,6-oxide 1860 35 90 51 <5 <5 

Polyribonucleotide (4.0 rmole-P) dissolved in distilled water (pH 7.4, 2.0 ml) was mixed with a 
solution of the epoxide (O+$~mole) in ethanol (1 ml) and incubated at 37” for 2 hr. Extents of 
reaction were calculated as described in the text following passage through a G25 Sephadex column. 

Attempts to detect reactions of polycyclic hydrocarbon epoxides with purines or 
pyrimidines, nucleosides or mononucleotides have not been successful. This is probably 
due partly to the lower activity of polycyclic hydrocarbon epoxides as alkylating agents 
in comparison with, for example, aliphatic mustards and partly to the much lower 
reactivity of, say, guanine towards alkylation when present in guanosine or guanylic 
acid than when present in a polymer. 28*2g In addition, the activity of polycyclic 
hydrocarbon epoxides as frameshift mutagens in a bacterial system” may mean that 
intercalation of the hydrocarbon epoxide between adjacent bases of a nucleic acid 
precedes covalent reaction. Stacking interactions of this type seem less likely to occur 
in dilute solutions of monomeric nucleotides. 

The significance of variations in the reactivity of different K-region epoxides towards 
nucleic acids (Table 1) and towards polynucleotides (Table 2) is not yet clear but the 
lower reactivity of phenanthrene epoxide merits comment. Unlike the K-region epox- 
ides of benz[a]anthracene, 7_methylbenz[a]anthracene and dibenz[a,h]anthracene, 
phenanthrene 5,6-oxide has not been found to be carcinogenic,20 mutagenic17*18 
or active in the malignant transformation of C,H mouse prostate cells15 although 
positive results were obtained with hamster embryo cells.16 

The biological effectiveness of polycyclic hydrocarbon epoxides may well be linked 
to their reactivity towards nucleic acids. In the wider context of hydrocarbon carcino- 
genesis, however, an understanding of other factors including the sites of enzymic 
oxidation and the relative rates of epoxide formation and further metabolism may be 
required. 
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