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Interaction of Nucleic Acids. V. Chemical Linkage of 3,4-Benzpyrene 
to Deoxyribonucleic Acid in Aqueous Solution” 

Stephen A. Lesko, Jr., Paul 0. P. Ts’o, and Robert S. Umans 

ABSTRACT: Chemical reactions between the carcinogen, 3,4- 
benzpyrene, and deoxyribonucleic acid have been carried out 
in neutral, aqueous solution and at room temperature. Data 
presented are consistent with the formation of a covalent 
linkage between 3,4-benzpyrene and deoxyribonucleic acid in 
these mild conditions. This chemical linkage has been induced 
by reacting the physical complex with iodine, hydrogen per- 
oxide in the presence and absence of ferrous ion, and with the 
ascorbic acid model hydroxylating system. Up to 4 0 x  of the 
physically bound 3,4-benzpyrene can be linked covalently to 
the deoxyribonucleic acid under appropriate conditions. In 

E ver since the discovery of the carcinogenicity of certain 
polycyclic hydrocarbons, workers in the field have been con- 
fronted with the challenging question about the origin of the 
biological specificity of these compounds. For instance, 3,4- 
benzpyrene is a potent carcinogen while the isomeric 1,2-benz- 
pyrene is not. This question must be related to the basic 
mechansim of carcinogenesis of these compounds which would 
in turn explain how these relatively inert polycyclic hydro- 
carbons exert their biological effect. 

During the last few years several laboratories, including our 
own, have studied the physical binding of polycyclic hydro- 
carbons such as 3,4-benzyprene and 1,2-benzyprene to nucleic 
acids (Boyland and Green, 1962; Liquori et al., 1962; Lerman, 
1964; Ts’o and Lu, 1964; Ball et a/., 1965; Kodama er al., 1966; 
Isenberg et al., 1967; Lesko et al., 1968). Our studies indicate 
that 3,4-benzyprene stacks with the bases of nucleic acid uia 
a face-to-face mode (Lesko et al., 1968). These findings cor- 
roborate the intercalation model of binding which has been 
proposed previously (Boyland and Green, 1962), and are sup- 
ported also by other observations (Liquori et al., 1962; Ler- 
man, 1964; Nagata et al., 1966; Green and McCarter, 1967). 
Comparison of binding with native DNA of carcinogenic hy- 
drocarbons and one of their structural isomers (3,4-benz- 
pyrene and 1,2-benzpyrene; 1,2,5,6-dibenzanthracene and 1,2- 
3,4-dibenzanthracene) led to nearly identical binding con- 
stants for the carcinogenic and noncarcinogenic members of 
each pair (Lesko et al., 1968). Apparently, these polycyclic 
hydrocarbons show no specificity in their physical binding to 
DNA, and hence, this type of interaction cannot be correlated 
with carcinogenicity. 

Chemical complexes of polycyclic carcinogens with DNA 
have been found in biological systems (Heidelberger and 
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these same reactions, a noncarcinogenic isomer, 1,2-benz- 
pyrene, is linked to deoxyribonucleic acid only to a very lim- 
ited extent. 

The covalently linked benzpyrene cannot be extracted 
by organic solvents which remove over 99% of the phys- 
ically bound benzpyrene from deoxyribonucleic acid. The 
chemical linkage was further characterized by sucrose gradient 
electrophoresis and gel filtration of the chemical complex be- 
fore and after enzymic hydrolysis. The present data suggest 
that benzpyrene free radicals (possibly cationic) may be in- 
volved as intermediates in the reactions. 

Davenport, 1961; Brookes and Lawley, 1964), and the avail- 
able data indicate that the extent of complex formation of 
various compounds may be correlated with the carcinogenic- 
ity of these compounds (Brookes and Lawley, 1964). Ts’o 
and Lu (1964) have reported that a 3,4-benzpyrene-deoxy- 
ribonucleic acid chemical complex could be formed efficiently 
in aqueous solution at neutral pH and room temperature when 
the physical complex was photoirradiated at  wavelengths 
above 320 mp at the absorption band of benzpyrene. Rapa- 
port and Ts’o (1966) have achieved a chemical linkage between 
3,4-benzpyrene and DNA by X-ray irradiation of the phys- 
ical complex. The success of this experiment suggested that 
the chemical reaction between 3,4-benzpyrene and DNA may 
be activated by hydroxyl radicals formed during X-ray irradi- 
ation. Rochlitz (1967) reported that a covalent linkage be- 
tween 3,4-benzpyrene and pyridine had been induced by io- 
dine vapor in a pyridine solid-phase system. Here, we wish to 
report the observations indicating the formation of 3,4-benz- 
pyrene-DNA chemical linkage in an aqueous, neutral solution 
at 0-50’ induced by peroxide, iodine, and the ascorbic acid 
model hydroxylating system of Udenfriend et al. (1954). Little 
or no 1,2-benzpyrene-DNA chemical complex formation was 
found under identical conditions. Thus, the chemical reactivity 
of this pair of isomers with DNA in the present aqueous sys- 
tems can be correlated with their carcinogenicity. Preliminary 
results on certain parts of this work have previously been re- 
ported (Umans et al., 1968, 1969). 

Materials 

[3H]3,4-Benzpyrene with a specific activity of 500 mCi/ 
mmole was purchased from Amersham-Searle Corp. Radio- 
chemical purity, based on chromatographic assay, was re- 
ported to be 99 % by the manufacturer. Chromatographic ex- 
amination of two batches confirmed this report (Ts’o and Lu, 
1964). 1,2-Benzpyrene (242 mCi/mmole purity greater than 
98 %) and [3H]1,2,3,4-dibenzanthracene (306 mCi/mmole, pur- 
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ity greater than 96%) were also purchased from Amersham- 
Searle. The hydrocarbons, received in benzene solution, were 
lyophilized and used dry. Highly polymerized calf thymus 
DNA was purchased from Sigma Chemical Corp. This prep- 
aration of DNA had a SZO,~,,% value of 13.5 S and a hyper- 
chromicity of 3 5 4 0 %  when heated above the melting tem- 
perature after shaking for 10 days, the time required to max- 
imize the physical binding of benzpyrene to DNA (Lesko et 
al., 1968). 

DNA solutions were made up in 1 X M phosphate 
buffer at pH 6.8 which consisted of Na2HP04 (0.0025 M) and 
NaH2P04 (0.005 M). The DNA concentration was calculated 
from a molar extinction coefficient of 6.6 X lo3, the absor- 
bancy at 259 mp of a solution containing 1 mole of DNA phos- 
phorous/l. of phosphate buffer. DNA was denatured in phos- 
phate buffer by heating in boiling water for 10 min, after which 
the solution was quick cooled in ice for 30 min. 

The ascorbic acid hydroxylating system (Boyland et al., 
1964) was prepared as follows: 41.7 mg of FeS04, 280 mg 
Na2EDTA, and 280 mg of ascorbic acid were suspended in 2 
ml of 0.2 M KHzP04  and then 25 ml of 0.2 M NasHP04 was 
added to a final pH of 6.6. Upon use, this solution was diluted 
1 : I  with a DNA-benzpyrene physical complex in 1 X lop2 
M phosphate buffer. 

Experimental Procedures 

Preparation and Treatment of Physical Complex. The [3H]- 
hydrocarbon-DNA physical complexes were prepared in 1 X 

M phosphate buffer and the radioactivity was measured 
as previously described (Lesko et al., 1968). To induce chem- 
ical linkage, an aqueous solution of Ip or H202 (with or without 
FeC12) was added to  the physical complex. Final concentra- 
tion of I p  and H202 were 1 X lop4 and 1.5 X lop2 M, respec- 
tively; FeClz was added to a final concentration of 1 X 
M. To solutions without FeC12, sodium citrate (pH 7.0) was 
added to 1 X lo-* M in order to  chelate any trace metals. All 
work was conducted in the dark when possible. After incu- 
bation at varying lengths of time and desired temperature, the 
DNA was precipitated with 9 5 z  ethanol in the presence of 
NaC104 or NH4Ac at 0” and the precipitate was washed 
exhaustively with 95% ethanol and ether as previously de- 
scribed (Ts’o and Lu, 1961). After removal of the ether in 
uacuo, the DNA precipitate was redissolved in 1 x 10-2 M 

phosphate buffer for measurement of radioactivity and con- 
centration of DNA. The DNA precipitates from reaction 
mixtures containing FeCL were redissolved in 1 X M 
EDTA and allowed to stand overnight at room temperature. 
This DNA was then precipitated again as described above and 
washed three times with 95z ethanol and two times with 
ether, dried, and treated as above. When the chemical link- 
age was induced with ascorbic acid, equal volumes of hy- 
droxylating system and physical complex were combined in a 
stoppered vessel with a long chimney and oxygen was bubbled 
through the solution. After incubation for varying lengths of 
time at room temperature, the DNA was precipitated with 
cold HClO4 (final concentration was 0.2 N). The precipitate 
was washed once with 0.2 N HC104 and then three times with 
95 ethanol and two times with ether. After drying in Gacuo, 
the residue was redissolved in 1 X M phosphate buffer 
and precipitated again with 95% ethanol at 0’. The precip- 
itate was then treated as above in the Ip reaction. This wash- 

ing procedure removed over 99% of the tritium-labeled hydro- 
carbons from the physical complex (Ts’o and Lu, 1964). How- 
ever, when the tritiated hydrocarbons were chemically linked 
to DNA, they could no longer be extracted by the above pro- 
cedure. The extent of chemical reaction is expressed as the 
percentage of hydrocarbon physically bound converted into 
hydrocarbon chemically linked to DNA. 

Procedure for Enzqwic Hydrolysis. The [ 3H]3,4-benz- 
pyrene-DNA chemical complex was hydrolyzed to nucleo- 
tides with DNase I and snake venom phosphodiesterase and 
to nucleosides with bacterial alkaline phosphatase as pre- 
viously described (Rapaport and Ts’o, 1966). 

Sucrose Gradient Electrophoresis. The [ 3H]3,4-benzpyrene- 
DNA chemical complex was subjected to sucrose gradient 
electrophoresis in 3.3 X M phosphate buffer (pH 6.8). 
Nucleotides and nucleosides produced by enzymic hydrolysis 
of the chemical complex were subjected to electrophoresis in 
5 x 10-3 M sodium citrate buffer (pH 3.5). The apparatus and 
procedure have been described previously (Lesko et a/., 1968). 

Gel Filtration Chromatography. The [ 3H]3,4-benzpyrene- 
DNA chemical complex and nucleotide hydrolysates of the 
chemical complex were examined by gel filtration through 
Sephadex G-200; 1 ml of complex (absorbance at 259 mp 
about 10) was layered on a 1.4 X 32 cm column and eluted 
with 1 X M phosphate buffer at a flow rate of 8 ml/hr; 
2-ml fractions were collected and absorbance and radioac- 
tivity were measured. 

Photoirradiation of Physical Complexes. The apparatus and 
procedure for photoirradiation have been described previously 
(Ts’o and Lu, 1964). In these experiments, the [3H]hydro- 
carbon-DNA physical complexes were photoirradiated for 
1 hr and cooled by circulation of ice-water through a 
jacketed vessel. 

Results 

Photoirradiation. Preliminary experiments have been done 
to determine if the extent of chemical linkage induced by 
photoirradiation can be correlated with the carcinogenicity 
of aromatic polycyclic hydrocarbons. For the same dosage 
of photoirradiation at wavelengths above 300 mp, the per- 
centage of conversion from a physical complex into a chemical 
linkage was about fourfold higher for 3,4-benzpyrene-DNA 
complexes than for 1,2-benzpyrene complexes. In the case of 
1,2,3,4-dibenzanthracene-DNA complexes us. 1,2,5,6-dibenz- 
anthracene-DNA complexes, the percentage of conversion 
in both cases was similar to that of the 1,2-benzpyrene com- 
plex, about 20%, and less than that of the 3,4-benzpyrene 
complex. These results are not unexpected since the absorp- 
tion of light at wavelengths above 320 mp by 1,2-benzpyrene, 
1,2,3,4-dibenzanthracene, and 1,2,5,6-dibenzanthracene is 
much less than that of 3,4-benzpyrene. More definite con- 
clusions about the selective activation of these polycyclic hy- 
drocarbons by photoirradiation must await quantitative ex- 
periments based on quantum yield calculations. 

Chemical Linkage Induced by Iodine. Figure 1 shows the 
rate of conversion of a physical complex of 3,4-benzpyrene- 
native DNA into a chemical complex in the presence of 1 X 
lo-* M I? at room temperature in 1 X M phosphate buffer. 
The reaction is almost over in 30 min and reaches a plateau at 
2-6 hr. Prolonged incubation up to 24 hr results in a loss in 
the amount of [3H]3,4-benzpyrene linked to DNA as assayed 
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TABLE I : Percentage of Physically Bound Benzpyrene that 
Becomes Chemically Linked to DNA When Induced by 1 X 

M Iodine in Aqueous Solution: 

Room Temp 0" 

3,4-Benzpyrene 
Native 
DNA 
Denatured 
DNA 

1,2-Benzpyrene 
Native 
DNA 
Denatured 
DNA 

5.2,  6 .2 ,  10 .4  6.1,  5 . 7  
9 .8 ,  11.5 
32.1,  31.5 29.2, 23 .0  
31.5 

0 .7 ,  0 .5% 1 3 
0 . 5  
0.7,  0 .4 ,  1 . 2  
0 . 6  

a In these experiments 0.05 ml of M 1 2  was added to 
0.45 ml of DNA-benzpyrene physical complex dissolved in 
1 x M phosphate buffer. The reaction mixtures were 
incubated at  indicated temperatures for 2 hr after which the 
DNA was precipitated by adding 0.05 ml of 4 M NHeAc and 
1.5 ml of 95z ethanol followed by cooling for 1 hr in ice. 
The precipitate was washed three times with 95% ethanol 
and twice with ether. After vacuum drying the residue was 
dissolved in 1 ml of 1 X lo-* M phosphate buffer and radio- 
activity and absorbance at 259 mp were measured. 

by organic solvent extraction, indicating instability of the 
products. Table I shows the specificity of chemical complex 
formation, the effect of temperature, and the influence of con- 
formational states of DNA in the Is reaction. As shown, the 
12-induced linkage is very specific ; 3,4-benzpyrene becomes 
chemically linked to DNA while 1,2-benzpyrene reacts only 
to a very limited extent. The values shown for 1,2-benzpyrene 
are about the same as background level values from incu- 
bation mixtures containing no I?. The percentage of con- 
version of 3,4-benzpyrene from physically bound to chemically 
linked was much higher with denatured DNA (about 3 0 x )  
than for native DNA (5-10z). The variation in the native 
DNA values may be due to differing degrees of denaturation 
in the native samples. The reaction appears to be relatively 
independent of temperature; the small effect observed with 
denatured DNA may be due to the influence of temperature 
on the conformation. Here, for the first time, is an effective 
procedure for linking 3,4-benzpyrene to  DNA under mild 
conditions. The reaction is highly specific and the extent of 
linkage can be correlated with the carcinogenicity of this pair 
of isomers, Le., carcinogenic 3,4-benzpyrene is linked to DNA 
while noncarcinogenic 1,2-benzpyrene is not linked to any 
great extent. As shown below, essentially the same results 
were obtained for the reaction with H202. 

Chemical Linkage Induced bjt H20,. Figure 2 shows the 
rate of conversion of a physical complex of 3,4-benzpyrene- 
denatured DNA into a chemical complex in a reaction mixture 
containing 1.5 X M H202 at 37" in the presence and in 
the absence of 1 X M FeCI2. As indicated, the presence 
of ferrous ion greatly enhances the rate and the extent of the 
reaction. The reaction proceeds at  a higher rate for the first 

i 
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FIGURE 1 : Kinetics of the I,-induced chemical linkage of 3,4-benz- 
pyrene to native DNA at room temperature in 1 X M Ip. 

3 hr and then gradually levels off leading to a 4 0 x  conversion 
after 24 hr. In Figure 3 is shown the percentage of physically 
bound 3,4-benzpyrene that becomes chemically linked to de- 
natured DNA as a function of H?O? concentration after in- 
cubation for 1 hr at 37" in the presence of 1 X M FeC12. 
Analysis of these data led us to use a concentration of 1.5 X 
10-2 M H202 in our experiments since this appears to be the 
saturation level. As shown in later paragraphs, H20n can lead 
to degradation of DNA and hence, the concentration of H20?  
should be kept as low as possible. The rate and the extent of 
the Hs02-induced reaction can be correlated with carcinoge- 
nicity as shown in Figure 4 for denatured DNA and Figure 5 
for native DNA. The data clearly indicate that this H20-  
induced reaction is highly specific, Le., carcinogenic 3,4-benz- 
pyrene becomes chemically linked to DNA while noncarcino- 
genic 1,2-benzpyrene is linked to only a limited extent. The 
reaction proceeds more rapidly and more extensively with 
denatured DNA than with native DNA. The effect of tem- 
perature on the H202-induced reaction is shown in Table 11. 

45 c 

I '  /p- 

FIGURE 2: Kinetics of the H10p-induced chemical linkage of 3,4- 
benzpyrene to denatured DNA at 37" in the presence and in the 
absence of 1 X M H,Oz. (0-0-0) 1 
X 

M Feci2 with 1.5 X 
M FeCly and (0-0-0) 1 X lo-* hi sodium citrate. 
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FIGURE 3: Effect of H202 concentration on the chemical linkage of 
3,4-benzpyrene to denatured DNA in 1 X M phosphate buffer. 
Reaction mixtures (1  ml) were run in duplicate and incubated 1 hr at 
37" with 1 X M FeC12. 

The data suggest that the mild temperature effect is an indirect 
one, i.e., the temperature variation exerts its effect on the con- 
formational states of DNA which have a strong influence on 
the reaction. 

Chemical Linkage Induced by Ascorbic Acid Model Hydroxyl- 
ating System. Figure 6 shows the rates of conversion of phys- 
ical complexes of 3,4-benzpyrene-denatured DNA and 1,2- 
benzpyrene-denatured DNA into chemical complexes in reac- 
tion mixtures which contained 6.75 X M EDTA, 1.38 
X 10-3 M FeSO4, and 1.46 X M ascorbic acid at room 
temperature. The rate of conversion of 3,4-benzpyrene starts 
slowly, proceeds at a rapid rate from 2 to  7 hr, and then levels 
off to a value of 4 2 x  after 24 hr. The reaction is also specific 
with 3 2 x  of the physically bound 3,4-benzpyrene being chem- 
ically linked while only 7% of the 1,2-benzpyrene becomes 
chemically linked after 7 hr. This value of 7 x  for 1,2-benz- 
pyrene is significantly higher than that observed in the Iz- and 
HnOz-induced reactions (1-2 %). Since the reaction in the 
standard model hydroxylating system was carried out at a 
higher ionic strength than that of the H202 system (0.1 M salt 
compared to 0.01 M salt), we studied the linkage of 1,2-benz- 
pyrene to denatured DNA with the model hydroxylating sys- 
tem at a lower salt concentration (0.027 M). The results ob- 
tained in the low salt reaction were similar to those observed 
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FIGURE 4: Comparison of the kinetics of the H20z-induced chemical 
linkage of 1,2-benzpyrene and 3,4-benzpyrene with denatured DNA 
in 1.5 X M H,Os-l X M FeCls at 37", 1 X M phos- 
phate buffer. (0-0-0) 3.4-Benzpyrene and (O-O-O) 1,Zbenz- 
pyrene). 

FIGURE 5:  Comparison of the kinetics of the Hp02-induced 
chemical linkage of 1,2-benzpyrene and 3,4-benzpyrene with native 
DNA in 1.5 X M H ~ 0 ~ - 1  X 
M phosphate buffer. (0-0-0) 3,4-Benzpyrene and (O-O-O) 
1,2-benzpyrene. 

M FeCI, at 37", 1 X 

a t  the higher ionic strength, therefore the effect of salt cannot 
be responsible for increased chemical linkage. In addition 
to the production of hydroxyl radicals as in the case of the 
H 2 0 2  system, Grinstead (1 960) has proposed the formation 
of perhydroxyl and ascorbate radicals as well in the ascorbic 
acid model hydroxylating system. At present, the reason for 
the increase in chemical linkage of 1,2-benzpyrene to de- 
natured DNA in the model system is not obvious. 

Sucrose Gradient Electrophoresis and Gel Filtration Chro- 
matography. The 3,4-benzpyrene chemical complex was also 
characterized by sucrose gradient electrophoresis and molec- 
ular sieve chromatography in order to show that the complex 
was not contaminated by any 3,4-benzpyrene reaction prod- 

TABLE 11: Effect of Temperature on the Formation of DNA- 
Benzpyrene Chemical Complexes Induced by 1.5 X lo-* M 
HnOrl x M Feel2 in Aqueous Solution: 

Chem- 
ically 

Linked/( x) 
Phys- 

Temp ically 
("C) Bound 

Native DNA (4-hr incubation) 0 
30 
37 
50 

Denatured DNA (1-hr incubation) 0 
30 
37 
50 

2 . 0  
3 . 8  
5 . 5  

14.5 

3 .1  
10.4 
1 3 . 3  
14.7 

(1 Reaction mixtures (1 ml) were run in duplicate and incu- 
bated at indicated temperatures. Reaction was performed in  
1 X M phosphate buffer. 
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TABLE I I I :  Effect of Various Conditions on the Stability of 
DNA-Benzpyrene Chemical Linkage: 

Experimental Condition 

% Decrease 
in Sp Act. 

(cpm/OD at 
259 mp) 

100' for 10 min, pH 6.8 
1 X N NaOH for 1 hr, pH 11.0 9 
24 hr at 37O, pH 6.8 

9 

4 
6 

13 

18 hr at 37O, pH 6.6, and 6 hr at 

12 days at 5 O ,  pH 6.8* 
37", pH 9.2 

a After experiments, the DNA-benzpyrene chemical com- 
plex was reprecipitated by adding 0.25 ml of 5 M NaC104 
and 3 ml of 95% ethanol/ml of DNA solution. This was 
allowed to stand for 1 hr in ice. After centrifugation, the 
precipitate was washed three times with 9 5 x  ethanol and 
twice with ether and then vacuum dried. Residue was dis- 
solved in 1 X M phosphate buffer and radioactivity and 
absorbance at 259 mp were measured. * Native DNA, other 
experiments done with denatured DNA. 

ucts insoluble in organic solvents. A sucrose gradient elec- 
trophoretic pattern of 3,4-benzpyrene-denatured DNA chem- 
ical complex induced by H n 0 2  is shown in Figure 7. This 
chemical complex had been precipitated and washed exhaus- 
tively with alcohol and ether as previously described. It can 
be seen that the [3H]3,4-benzpyrene has the same electro- 
phoretic mobility as denatured DNA, thus indicating an at- 
tachment between 3,4-benzpyrene and DNA even after or- 
ganic solvent extraction. The results of a study by molecular 
sieve column chromatography are shown in Figure 8. A 3,4- 
benzpyrene-native DNA chemical complex induced by I2 was 
placed on a column of Sephadex G-200 after precipitation and 
extraction with organic solvents. As shown in Figure 8a, 
[3H]3,4-benzpyrene and DNA are eluted together from the 
column at the void volume. The 3,4-benzpyrene-native DNA 
chemical complex was next hydrolyzed to mononucleotides 
by DNase I and snake venom phosphodiesterase. The hy- 
drolysate was then placed on the same column of Sephadex 
G-200. The [3H]3,4-benzpyrene was eluted from the column 
with the same effluent volume as the hydrolytic products (Fig- 
ure 8b). The data indicate that [3H]3,4-benzpyrene eluted 
at void volume before enzymic hydrolysis was attached to  
native DNA by an 12-induced reaction, and after enzymic hy- 
drolysis of the DNA, the [3H]3,4-benzpyrene was then eluted 
together with the resultant mononucleotides. 

The hydrolytic products were further examined by sucrose 
gradient electrophoresis at pH 3.5 and the pattern is shown 
in Figure 9a; 95 % of the radioactivity, r3H]3,4-benzpyrene- 
nucleotides, left the origin and migrated toward the anode 
producing definite and reproducible peaks. However, the 
mobility of the radioactivity was not the same as that of the 
free nucleotides. This result was not unexpected since chem- 
ical attachment of benzpyrene may cause the pK.'s of the 
bases to vary or increase the size of the nucleotides substan- 

I / 
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2 4 6 8 24 
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FIGURE 6:  Comparison of the kinetics of the ascorbic acid induced 
chemical linkage of 1 ,a-benzpyrene and 3,4-benzpyrene with de- 
natured DNA at room temperature in 6.8 X M EDTA, 1.4 X 
10-3 M FeS04, 1.46 X M ascorbic acid, and 0.1 M phosphate 
buffer (pH 6.6). (0-0-0) 3,4-Benzpyrene and ( 0 - 0 - 0 )  1,2- 
benzpyrene. 

tially. The nucleotide hydrolysate was next treated with al- 
kaline phosphatase to  produce nucleosides. The majority of 
the radioactivity remained at the origin with the nucleosides 
when the alkaline phosphatase digest was analyzed electro- 
phoretically (Figure 9b). One may conclude from these re- 
sults that the migration of about 95% of the radioactivity, 
representing the [ 3H]3,4-benzpyrene, toward the anode shown 
in Figure 9a must result from attachment to nucleotides. The 
small amount of radioactivity migrating toward the anode in 
Figure 9b could be due to [ 3H]3,4-benzpyrene-dinucleoside 
monophosphates or oligonucleotides. Therefore, the [ 3H]- 
3,4-benzpyrene must be chemically coupled to the base or 
sugar moiety of DNA in the H202 reaction. The possibility 
that the radioactivity represents merely an exchange of tri- 
tium between r3H]3,4-benzpyrene and DNA was excluded 
since the radioactivity and the ultraviolet absorbance do not 

1 
C 20 3c 4: 
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FIGURE 7: Sucrose gradient electrophoresis pattern of the denatured 
DNA-benzpyrene chemical complex induced by H202. Electro- 
phoresis ran for 1 hr at 4 mA, 3150 V, using 3.3 X 10-3 M phosphate 
buffer (pH 6.8). Fractions (1 rnl) were collected and absorbance at 
260 rnp (0-0-0) and radioactivity (0-0-0) were measured. 
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FIGURE 8: Gel filtration patterns on Sephadex G-200. (a, left) Of the native DNA-benzpyrene chemical complex induced by 12. Fractions (2 
ml) were collected and absorbance at 260 mp (0-0-0) and radioactivity ( ~ - ~ - ~ )  were measured. (b, right) Of the hydrolytic products of 
the native DNA-benzpyrene chemical complex induced by Io. The DNA-benzpyrene chemical complex was hydrolyzed as described by 
Rapaport and Ts'o (1966) with DNase I for 17 hr at 37", pH 6.6, and snakevenom phosphodiesterase for 6 hr at 37", pH 9.2. (0-- -0- -4) 
Absorbance at 260 mp and (0-0-0) radioactivity. 

r9a:- -I u ' ' #PEL  F R A C T ; O N  NUMBER 

FIGURE 9: Sucrose gradient electrophoresis patterns of nucleotide and nucleoside hydrolysates resulting from enzymic digestion of a dena- 
tured DNA-benzpyrene chemical complex induced by HsO2. (a) Nucleotides (see Figure 8b for details of hydrolysis). Electrophoresis ran 
for 5 hr at 4.5 mA, 2250 V, using 5 X 1 0 - 3 ~  sodium citrate buffer (pH 3.5); 1-ml fractions werecollectedand absorbance at 260 mp (0-0-0) 
and radioactivity ( 0 - 0 - 0 )  were measured. (b) Nucleosides which were obtained by hydrolysis of the nucleotide mixture with alkane 
phosphatase for 3 hr at 37' at pH 9.2. Conditions for electrophoresis are the same as in a. (0-0-0) Absorbance at 260 mp and 
( - - 0 ) radioactivity. 

exactly coincide in the electrophoretic pattern of the nucleo- 
tides (Figure 9a). 

Stability of Chemical Linkage. The chemical linkage be- 
tween [3H]3,4-benzpyrene and DNA induced in these reac- 
tions tends to be somewhat unstable. Table I11 shows the ef- 
fect of various conditions on the stability of the [3H]3,4-benz- 
pyrene-DNA chemical linkage. After the incubation period 
for enzymic hydrolysis (37", 18 hr at  p H  6.6 and 6 hr  at  p H  
9.0), a certain amount of the radioactivity (5510%) was ex- 
tractable from this aqueous hydrolysate by cyclohexane. This 
material presumably represents the breakdown product of 
3,4-benzpyrene-nucleotides, since this material if not removed 
by cyclohexane extraction, remained at  the origin during elec- 
trophoresis. 

Extent of DNA Degradation. The extent of DNA degra- 
dation produced by these three chemical reactions has been 
examined. No  diminution in the sedimentation coefficient of 

native DNA was found after the I? reaction (1 X M 12, 

2 hr a t  room temperature). Oxidation of DNA by iodine takes 
place only under much more drastic conditions (Jones et a/., 
1966). There was, however, a reduction in the sedimentation 
coefficient of native DNA after reaction with 1 . 5  X M 
H202-1 X M FeCI? a t  37' after 24 hr. Under the same 
conditions of H202-FeC12, denatured DNA showed a reduc- 
tion of 30% in s value after 1 hr and a 44% reduction after 
24 hr. No  detectable change in optical density was observed 
when denatured DNA (concentration 1 mg/ml) was incubated 
with 1.5 X M H202-1 X M FeC12 at  37' for 24 hr. 
In the absence of ferrous ion, the reduction in s value of de- 
natured DNA was negligible (only 3%) when incubated in 
the presence of 1 X 10+ M sodium citrate a t  37'. These data 
indicate that there was degradation of DNA leading to chain 
scission in the HoO2-induced reaction. The effect of H202 on 
DNA has recently been studied in several laboratories (Yam- 

2296 L E S K O ,  T S ' O ,  A N D  U M A N S  



V O L .  8, N O .  6, J U N E  1 9 6 9  

afuji and Uchida, 1966; Rhaese and Freese, 1968a,b; Rhaese, 
1968). There also appears to be DNA degradation in the 
ascorbic acid reaction since the amount of DNA that can be 
recovered decreases as the reaction proceeds. I t  should also 
be noted that hydroxyl or perhydroxyl radicals are probably 
involved in the ascorbic acid system and therefore it should 
be similar to the HnOy-FeCly system (Udenfriend et ul., 1954; 
Grinstead, 1960). 

Discussion 

It is too early to speculate on the precise mechanism of these 
interesting reactions for the formation of DNA-benzpyrene 
chemical complexes, especially in view of the fact that active 
research toward this goal is now in progress. The present 
data implicate benzpyrene free radicals (possibly cationic) as 
intermediates. Rochlitz (1967) has proposed that the cationic 
radicals are involved in the formation of benzpyrene-pyridine 
salt with a C-N linkage. Recently, one-electron transfer oxi- 
dation of the carcinogen 7,12-dimethylbenz(a)anthracene by 
Mn02,  Fe’“ Fe”’ (CN)6, and (NH& Ce”. (NO& has been re- 
ported by Fried and Schumm (1967), a radical cation having 
been suggested as the intermediate in the reaction. Marcoux 
et a/. (1967), have reported on the one-electron oxidation of a 
whole class of polycyclic hydrocarbons. By the use of cyclic 
voltammetry, they have demonstrated that electrochemical 
oxidation of these compounds goes through an activated 
stage involving a one-electron oxidation process. 

These in citro studies suggest that the relatively inert poly- 
cyclic hydrocarbons can be transformed into active free-rad- 
ical intermediates in an aqueous solution, neutral pH, and at  
room temperature. This type of reaction could well be the 
general mechanism for the activation of polycyclic hydro- 
carbons in living organisms. When provided with an oppor- 
tunity, these activated immediates of polycyclic hydrocarbons 
can chemically react with the DNA. Free-radical intermedi- 
ates offer two distinct advantages in reactions with highly 
structured biopolymer systems. (1) Free-radical forms of 
large unsaturated hydrocarbon systems are often relatively 
long lived due to extensive delocalization of the free electron 
within the T system. In fact, electron spin resonance spectra 
of a number of large polycyclic hydrocarbon radicals (Lewis 
and Singer, 1969, including 3,4-benzpyrene (Kon and Blois, 
1958), have been reported. The relatively long lifetimes of 
these species provide the time necessary to maximize the num- 
ber of orientations which the hydrocarbon can assume with 
respect to  the sterically restricted environment of the bio- 
polymer. This, in turn, maximizes the possibility that the ap- 
propriate relative orientation will be reached ; (2) the exten- 
sive delocalization of the free electron and the associated pos- 
itive “hole” provide multiple sites for possible reactivity 
throughout the electronic system of the hydrocarbon. This 
is important in the sterically restricted biopolymer system 
where, even considering the relatively long lifetimes of the 
reactive states, potentially reactive sites on the biopolymer 
may overlap only with limited portions of the complexed hy- 
drocarbon. 

The importance of the geometric relationship between the 
3,4-benzpyrene and the DNA in the physical complex is illus- 
trated by the observation lhat the formation of chemical link- 
age is four- to sixfold more with the denatured DNA than with 
native DNA. The extent of physical binding of 3,4-benzpy- 

rene, however, is about the same to both native and denatured 
DNA and our way of expression (per cent conversion of the 
physically bound) has already taken into account the small 
variation in physical binding. The decreased chemical linkage 
with native DNA can be due to  the stereochemical barrier 
between the activating compounds (such as .OH and I*) and 
the physically bound benzpyrene, or the stereochemical barrier 
between the activated benzpyrene and the DNA. The latter 
case is more likely to be the real reason since the same disparity 
between native and denatured DIVA was observed in the 
photoinduced chemical reaction. In addition, the sizes of 
.OH and 1, are greatly different, yet both have the same dis- 
parity with native and with denatured DNA. The inability 
of 1,2-benzpyrene to react under the experimental conditions 
might be explained by the following alternative reasons: (1) 
the compound will not form a radical intermediate; (2) the 
radical produced will not react with DNA. Experiments are 
now in progress to distinguish between these two possibilities. 

The formation of a chemical linkage between 3,4-benz- 
pyrene and DNA in the ascorbic acid model hydroxylating 
system is of considerable interest. This system was so named 
by Udenfriend and coworkers (Udenfriend et ai., 1954) be- 
cause of its ability under certain conditions to catalyze oxi- 
dation and hydroxylation of aromatic compounds very sim- 
ilar to those catalyzed by the in cioo enzymic systems. Boy- 
land et d. (1964) have compared the reaction products of 
naphthalene, anthracene, phenanthrene, pyrene, and benz- 
(a)anthracene in both the model hydroxylating system and 
in the rat liver microsomal system. There were a lot of sim- 
ilarities between the products obtained from these two sys- 
tems, especially for the simpler hydrocarbons. These obser- 
vations suggest that the chemical reaction between 3,4-benz- 
pyrene and DNA reported here could occur in a biological 
system. 

What is the effect of chemical linkage of benzpyrene on the 
biochemical function of nucleic acids? The most likely effect 
should be on the replication and transcription processes in- 
volving DNA polymerase and RNA polymerase. One ob- 
vious answer is that linkage of benzpyrene to DNA may lead 
to stoppage of the replication or transcription process at  that 
point. Another more interesting answer to the question is 
that attachment of benzpyrene to  DNA may introduce errors 
in the replication or transcription process. Such errors are 
likely to produce serious biological consequences. 

During the completion of this manuscript, Morreal et al. 
(1968) have reported the induction of a chemical linkage of 
the polycyclic hydrocarbons 3,4-benzpyrene, 3-methylchol- 
anthrene, and 9,10-dimethyl-1,2-benzanthracene to calf thy- 
mus DNA with dilute solutions of Hs02. 
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ABSTRACT: Polyadenylic acid of a high degree of polymeriza- 
tion ( ~ ~ 0 , ~  = 20 S) was synthesized by use of polynucleotide 
phosphorylase from Micrococcus lysodeikticus. A simple 
“falling-object’’ viscometer was developed for assaying the 
polymerization reaction at low shear stress with adequate 
accuracy. During purification of the polymer it was noticed 
that extensive dialysis against glass-distilled water caused deg- 
radation of the polymer. We demonstrated that the polymer 
is not degraded if dialysis is carried out against a neutral elec- 
trolyte solution or against a 0.1 M buffer solution of pH 4.0, 
approximately the pH established inside the membrane when 
the polymer is dialyzed against water. In agreement with the 
sedimentation data of Fresco and Doty (Fresco, J. R., and 

P olyadenylic acid is commercially available only with rather 
low molecular weight. Since we are interested in studying the 
thermodynamic and kinetic properties of the helix-coil tran- 
sition of this polymer in a size range where the thermodynamic 
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Doty, P. (1957), J.  Am. Chem. SOC. 79, 3928), spectral mea- 
surements indicate that polyadenylic acid is in the protonated 
helical form following water dialysis. We tentatively conclude 
that the electrostatic interactions are sufficiently large in the 
absence of salt to promote dramatically the chemical hydrol- 
ysis of the backbone chain. Melting curves were measured 
for the helix-coil transition of the protonated double-helical 
form present at acid pH. It was found that the transition curve 
for the high molecular weight sample ( S Z O , ~  = 20 S) is consid- 
erably sharper than that for a commercial sample with sZo,w = 
8.2 S. This latter sample is therefore of a size range where 
equilibrium melting properties are not yet independent of 
molecular length. 

properties are chain length independent, we set out to syn- 
thesize poly A with a molecular weight of at least 
five million (Crothers et a/., 1965). The reaction condi- 
tions for the synthesis were based on published condi- 
tions (Grunberg-Manago, 1963) with modifications to  en- 
hance the production of long-chain-length molecules (Peller 
and Barnett, 1962). In the assay and purification of the poly A 
we discovered and circumvented two major procedural steps 
which degrade the polymer. 

The progress of the polymerization was assayed by taking 
periodic viscosity measurements of the reaction mixture. The 
high shear stress inherent in the use of a standard capillary 
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