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Gamper, ~ ~ 

REACTIONS OF ACTIVATED BaP WITH DNA AND RNA 

ABSTRACT 

.. 
The in vitro reaction of .?1.!!. and anti-diol epoxides and enzyme-activated 

benzo[a]pyrene with DNA has been investigated. The HPLC elution profile of 

the anti-diol epoxide adducts closely resembles that obtained for the enzyme­

activated benzo[a]pyrene adducts. High resolution mass spectroscopy of the 

major anti-diol epoxide adduct is consistent with a structure involving deoxy­

guano~ine attached to the hydrocarbon via the N2-exocyclic amine. 
I 

In addition to adduct formation, gel electrophoresis and electron 

microscopy demonstrate fragmentation of DNA and RNA by the synthetic diol 

epoxides. It is postulated that the formation of unstable phosphotriesters 

leads to strand scission. This reaction pathway represents a minor percent-

age of the total DNA modification by diol epoxide. 

To be published in: 

POLYCYCLIC HYDROCARBONS AND CANCER: CHEMISTRY, MOLECULAR 
BIOLOGY AND ENVIRONMENT 

P.O.P. Ts'o and H. V. Gelboin, eds. 
Academic Press 
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REACTIONS OF ACTIVATED BENZO[a]PYRENE WITH DNA AND RNA. 

Howard Gamper, Thomas Meehan, Kenneth Straub, 

Agatha s~c. Tung, and Melvin Calvin 

Chemical carcinogens are known to undel~go binding .!.D_ vivo to c:ellular 

macromolecules, including DNA, RNA, and protein. Covalent binding correlates 

with both the mutagenicity and carcinogenic activity of these chemicals, and 

it is this interaction \\•ith cellular macromolecules tlw.t ·i:; t:, <;ht to be 

essen~ial to the transformation process (Brookes and Lawley, 1964; Miller and 
I 

Miller, 1974; Heidelberger, 1975). We have been investigating the binding of 

the widespread carcinogen BaP to model nucleic acids and calf thymus DNA 

under in vitro conditions. 

Prev·ious studies by ourselves and by other investigators have implicated 

the 7,8,9,10-positions of BaP as being involved in microsomal enzyme-mediated 

binding to nucleic acids. Figure 1 shows the spectral correlations between 

material derived from the reaction of BaP, microsomal enzymes, and poly(G) 

with tha.t of synthetic 10-hydroxy-7,8,9,10-tetrahydroben7.o[a]pyrene. The 

similarities in both excitation and emission spectra are readily apparent. 

These results together with published metabolism studies suggested that the 

7,8-diol-9,10-epoxicle of BaP wa.s the activated species involved in covalent 

binding to poly(G) and DNA (Sims et ~., 1974; Meehan et ~., 1975 a and b; 

Yang et £]_., 1976; Weinstein et ~-, 1976; Koreeda et .£]_. ?. 1976). We· therefore 

undertook the synthesis of the isomeric dial epoxides of BaP using published 

Abbreviations: BaP, benzo[a]pyrene; anti-dial epoxidc, 7S.8a-dihydroxy-9a,10a.­

epoxy-7 ,8, 9,1 0--tetrahydrobenz o[a ]pyrene; ~-di o 1 epoxi de, 7B ,8a-di hydroxy-9B, 

lOB-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene; HPLC, high pressure liquid chromato-

graph.>'. 



procedures (McCaustland and Engel, 1975; Vagi et ~-, 1975) and studied t.he 

binding of these compounds to poly(G), DNA, and guanosine-5'-monophosphate. 

2 

We then compared the spectral and chromatographic properties of these adducts 

with those obtained between enzymatically activated BaP and DNA. Figure 2 

shows the methodology involved in isolating monomeric adducts derived from 

the reaction of the diol epoxides or enzyme-activated BaP with poly(G), ONA, 

or 5'-GMP. The fluorescence excitation and emission spectra of the major 

products of these reactions are shown in figure 3. In all cases the charac­

teristic 7,8,9,10-tetrahydrobenzo[a]pyrene spectrum was exhibited. The adducts 

I 

derived from poly(G) and DNA were found to be stable compounds, whereas the 

5'-GI~P adduct readily underwent hydrolysis to 5'-GMP and 7,8,9,10-tetrahydroxy-

7,8;9,10-tetrahydrobenzo[a]pyrene. This suggested that the latter adduct involved 

reaction between the 5'-phosphate and diol-epoxide~ and was our first indica­

tion that multiple reaction sites in the nucleic acid (including the phospho­

diester groups) could be involved in covalent binding with the hydrocarbon. 

The Sephadex LH-20 column elution profile of the products derived from 

microsome-activated BaP and DNA is presented in figur~ 4. The material con­

tained in peak Ia was concentr:~ted and then analyzed by high pressure 1 fquid 

chromatogr·aphy. A sim·ilar procedure \'Ja.s used in analyzing the products ob­

tained by reacting DNA \vith the two isomeric diol epoxides of BaP. Figures 

5a and 5b show the HPLC elution profile of the diol epoxide-DNA adducts, and 

figure 6a shows the m·icrosome-activated BaP-DNA product. The similarity be­

tween the elution profile of the anti-diol epoxide/DNA addutts and the micro-

some-activated BaP/DNA p1·oducts is appal~cnt. This was confinned by co-injection 

of the two samples as shown in figure 6b. The main fluorescent peak of the 

anti-diol epoxide/DNA product co-chromatographs with the major enzyme-activated 

[G-
3

H]BaP/DNA adduct. The elution profile of the adducts obtained from the 

sxn-diol epoxi de is rna rkedly different from that of the enzyme-activated BnP /DNA 

• 
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and anti-dial epoxide/DNA products. Thus the major products obtained in the 

enzyme system appear to be derived from anti-diol epoxide, although some of 

the minor products do co-elute in the same region as the syn-diol epoxide 

adducts. We have recently obtained a high resolution mass spectrum of the 

majot' ar."!".i-diol epoxide adduct (as the permethylated del~ivative) that is 

cons·istent 1v"ith a s"i:l'Ucture involving deoxyguanosine attached to the hydro­

carbon v·ia the N
2
-cxocyclic amine of the purine. This structure is analogous 

to. that reported by Jeffrey et ~· (1976) for the adduct betlveen anti -diol 

epoxidc and poly(G). It is apparent that a large number of other products 

also appear in the elution profile of figure 5a, and the structures of these 

adJucts are currently under investigation. 

The reaction of dial epoxi de \'lith 5'-GMP suggested that the hydrocarbon 

inigtrt react with the phosphodiester backbone of DNA and RNA to give unstable 

phosphotricsters and that subsequent tri~ster hydrolysis could lead to strand 

scission. To investigate this possibility superhelical ColEl DNA was reacted. 

wi tli various ~on((:J:tr'ations of dial epoxi de and then subjected to agarose gel 

el ect1·ophor·cs ·is. The resultunt el ectrophoregram (Fig. 7) demonstrated that 

incr·easing concentrations of diol epoxide first nicked and then broke the DNA. 

Analysis of representative reaction mi xturcs by electron micl~oscopy substun-

tiated these results (Fig. 8). Both geometric forms of the dial epoxide 

exhibited comparable nicking act"ivities (Fig. 9). Incubation of Co1El DNA with 

syn or anti-diol epoxide at u. hydrocarbon to DNA mononucleotide ratio. of 0.5- 1.0 

genernted form II relaxed DNA; this relaxation -reflects approximately one nick 

pel' 6000 base pait·s. The tetraol hydrolysis product of diol epoxhle did not 

exhibit nick·ing activity. 

The diol epoxide also·degrades RNA. For example, when MS2 RNA was 

l"eacted wHh ar.t~-diol epoxide at a hydrocarbon to RNA mononucleotide ratio of 

5.0 the mobility of the v·i1~a1 RNA increased upon agcH~ose gel electrophoresis 



and the matE!rial ran as a diffuse rapidly migrating (low molecular weight) 

band. Since depurination strand scission is negligible in RNA, chai~ 

4 

breaks are considered diagnostic for the presence of phosphotri esters (Shooter, 

1975). Our evidence indicates that diol epoxide reacts with the phosphodiester 

backbone of HNA to form unstable phosphotriesters. Koreeda et ~· (1976) 

have presented indirect evidence for reaction of syn-diol epoxide with the 

phosphate groups of poly(G). 

Strand scission in DNA is generally ~ssumed to occur through depurination 

or depyrimidination (Singer, 1975). This is a two-step process 

consisting of loss of an alkylated base followed by (3-elimination. Phospho­

tdestcrs, once fanned in DNA, are very stable since there are no sugar 

2'-hydroxyl groups to catalyze their hydrolysis _.(.Bannon and Verly, 1972). 

By analogy 11Jith RNA, diol epoxide probi:l.bly forms phosphotr·iestel~s in DNA. We 

postulate that the hydroca1·bon S-hydroxyl 9l'Ot~p on such triesters facilitates 

rapid hydrolysis with strand scission. Therefore, diol epoxide degradation 

of DNA can be ex~lained by two entirely different mechanisms. 

The kinetics of DNA nick·ir.g by antj_-diol epoxide (Fig. 10) supportthe 

phosphotl'i es tcr mechanism. At an af!!.l_-diol epoxi de concentration just 

sufficient to relax superhelical ColEl DNA the relaxation process was completed 

in under 4 h, implying a half-life for strand scission of less than 60 min. 

Such a short half-life is not consistent v:ith depurination or depyrirnidination 

stl'and scission. These processes proceed slowly o.s exemplified by the kinetics 

of dimethyl sulfate induced dopurination strand scission of Co1El DNA shown 

in Fig. 10. While it is conceivable that theN-glycosidic linkage to a 

specific hydrocarbot:-basc adduct could be rapidly cleo.ved to give an apurinic 

or apyrimidinic site, subsequent a-elimination to give strand scission is 

known to br: a slov; process under physiological conditions (Strauss~.!_~·, 

1968; Rhaese and Freese, 1969). Acceleration of the rate of S-elimination 

·'"' 
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by the presence of diol epoxide or tetraol seems unlikely. We therefore 

suggest that phosphotriester hydrolysis by the mechanism outlined in Fig. 11 

best explains the rapid nicking of DNA by diol epoxide. 

The frequency of ni eking vs. adduct formation has also been investigated. 

In ColEl DNA \'Je can detect approximately 50 adducts per supercoiled molecule 

before n·icking is observed. The relative biological significance of strand 

scission vs. adduct formation has yet to be evaluated, although both processes 

probably occur j_Q_ vivo. 

. I 
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Figure Legends 

Figure 1: 

Figure 2: 

Figur·e 3: 

Fi gut'e 4: 

Corrected fluorescence excitation and emission spectra of 

a) 10-hydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene, and b) covalent 

adduct obtained by reacting BaP, rat liver mic1·osomes, and 

poly(G). Corrected fluorescence spectra were recorded on a 

Perkin-Elmer Hodel MPF- 3 Spectrophotofl uorometer. 

Protocol used in obtaining BaP-DNA adducts. 

Corrected fluorescence excitation and emissions spectra of 

a) reaction p1·oductof an_!j_-diol epoxide and guanosine-5'­

monophosphatc. b) covalent adduct obtained from poly(G) and 

micr·osome-act·ivated BaP. c) covalent adduct from DNA and micl'O­

some-activated BaP. 

Sephadex LH-20 column profile of products obtained after 

enzymatic hydt·olysis of the reaction mixture from microsome­

act-; vatE:d [G-
3
H]BaP and DNA. 

Figure 5: HPLC profile of a) material derived from reaction of anti-dial 

epoxide and' ON!\, isolated according to figu1·e 2. b) material 

ded'ved fr·om reaction of syn-diol epoxide and DNA, .isolated 

according to figure 2. HPLC was perfol~ed on a Varian Model 

8500 LC, equipped with a Valc:o injection valve and two 3.9 mm 

x 30 em ~Jaters Jl-Bondapak columns. 1\ Schoeffel ~1odel FS970 

Fluorometer was used as detector (excitction at 248 nm, emission 

>390 nm). 
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·Figure 6: HPLC prof~le of a) material isolated from reaction of DNA and 

microsome~activated [G- 3H]BaP. b) coinjection of material shown 

in figures 5a and 6a. 

Figure 7: Agarose gel electrophoregram of ColEl DNA reacted with anti-diol 

epoxide. Superhelical ColEl DNA (mononucleotide cone. 32.5 pM) 

jn 20 mM tris~HCl, pH 8.0, containing 0.5 mM EDTA and 5% (v/v) DMSO 

was incubated at 37° with (A) 0, (B) 0.0165, (C) 0.165, (D) 1.65, 

(E) 4.13, (F) 8.25, (G) 12,4, (H) 16.5, and (I) 165 pM anti-dial 

epoxide. After 24 h 40 pl aliquots wer.e loaded onto a 1.4% aga-rose 

slab gel and electrophoresed at 50 V for 18 h. The gel was stained 

with ethidium bromide and the fluorescent DNA bands photographed 

through a Corning 3-69 filter. DNA forms I, II, and I II correspond, 

respectively, to superhelical, relaxed, and linear ColEl DNA. 

Figure 8: Electron micrographs of ColEl DNA (mononucleotide cone. 32.5 pM) 

reacted \'lith (A) 0, (B) 16.5, (C) 165 pM anti-dial epoxide. The 

DNA was visualized with the Kleinschmidt technique using an uni-

directional Pt/Pd shadow. With this technique hydrocarbon 

aggregates appear as small background granules. 

Figure 9: Nicking of superhelical ColEl DNA by dial epoxide. Superhelical 

ColEl DNA (mononucleotide cone. 32.5 pM) was incubated with the 

indicated cones. of diol epoxide (closed circles) or tetraol (open 

circles) as described in Fig. 7 and analyzed by agarose·gel 

9 



electrophoresis. The electrophoregrams were scanned with a 

Schoeffel model SD3000 spectrodensitometer in the reflectance 

mode. Fig. 9a refers to anti-diol epoxide and its tetraol 

hydrolysis product. Fig. 9b refers to ~-diol epoxide ant its 

tetraol dydrolysis product. 

Figure 10: Kinetics of ColEl DNA relaxation by anti-diol epoxide and 

dimethyl sulfate. Superhelical ColEl DNA (mononucleotide 

cone. 32.5 11~1) was reacted with 16.5 ~r1 anti-diol epoxide 

(closed circles) or 530 11M dimethyl sulfate (open circles) in 

20 mM tris-HCl, pH 8.0, containing 0.5 ~M EDTA and 5% (v/v) 

DMSO at 37°. Aliquots were taken at various times for analysis 

by agarose gel electrophoresis. 

Figure 11: Postulated mechanism of DNA strand scission by benzo[a]pyrene 

dial epoxides. 
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FORMATION OF ADDUCTS 
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