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INTRODUCTION 

There are two major reasons for studying the inter- 

action of polycyclic aromatic hydrocarbons1 with DNA. 

Since hydrocarbons are only slightly water soluble, a 

study of their interactions may help elucidate hydro- 

phobic interactions in nucleic acid complexes. In 

addition, it is known (10) that some polycyclic aromatic 

hydrocarbons are carcinogenic and workers (8,10) have 

speculated that an early stage of tumor induction might 

involve complexing between such aromatic hydrocarbons 

and DNA. 

Boyland and Green (5) and Liquori et al. (19) dis- 

covered that many polycyclic aromatic hydrocarbons are 

appreciably more soluble in DNA solutions than in water. 

Boyland and Green (5) proposed a model of the hydrocarbon- 

DNA complex. In this model the hydrocarbons fit between 

adjacent base pairs of DNA, that is, hydrocarbons inter- 

1 The standard chemical nomenclature of the parent 
compounds is as shown: 

Antti racene 

g 9 

U' 4 3 

Prene 

5 JO 9 
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calate in DNA. In subsequent years, this intercalation 

model has been central in the discussion of hydrocarbon - 

DNA complexes, although supporting evidence has been 

scarce. 

The purpose of this thesis is to review past work 

on hydrocarbon -DNA complexes and to report on experimental 

evidence supporting the intercalation model. 
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LITERATURE REVIEW 

Purites- Hydrocarbon 

In 1946, Weil -Malherbe (23) reported an extensive 

set of investigations on the solubility of polycyclic 

aromatic hydrocarbons in aqueous purine solutions. 

Hydrocarbons are virtually insoluble in distilled water. 

(See Table 1.) In purine solutions the solubilities 

are appreciable increased. (See Table 2.) Certain 

general aspects appear in this table: 1) The substitution 

of electronegative substituents at position 2,6, and 8 

(Fig. 1) increases the solubilizing power of the purine. 

In line with this general observation, guanine is a more 

effective solubilizing agent than adenine. 

Adenine Guanine 

Fig. 1: Purine Nomenclature 

2) The solubility of aromatic hydrocarbons increases with 

the number of condensed rings. 3) Substances with an 

equal number of rings but angular arrangements (Fig. 2) 

N Nz 
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are more soluble than those with straight arrangements. 

Straight arrangement 

Angular Arrangement 

Fig. 2: Bing Arrangement 

The solubilization of hydrocarbons by purines im- 

plies an interaction between the two. This interaction 

is sufficiently strong so that Weil- Malherbe (23) was 

able to grow mixed crystals of tetramethyluric acid (TMU) - 

pyrene and TMU- 3,4- benzopyrene (BP). From diffraction 

studies of the crystals, Damiani and co- workers (9) re- 

ported a stoichiometry of 1:1 for TMU -pyrene and 2 :1 

for TMU -3,4 BP. They also found that TMU and pyrene 

were stacked plane to plane with a van der Waalts 
o 

separation of 3,4A. 

Damiani et al. (9) suggested that dipole- induced 

dipole interactions, together with van der Waalts forces, 

could account for the binding energy and the molecular 

orientation. The dipole from the polar purines presumably 
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induces a dipole in the polarizable hydrocarbons. More- 

over,' they postulated that stacking interactions could 

account for the solobility of hydrocarbons in aqueous 

purine and DNA solutions. 

DNA -Hydrocarbon 

Polycyclic hydrocarbons are more soluble in aqueous 

DNA solutions than in water (5,7,14,15,18,19,22). Al- 

though most workers agree that DNA does solubilize hydro- 

carbon, the quantitative variations in reported results 

have been surprisingly large. To quote but one example, 

reported solubilization of 3,4 BP has been as low as 1 BP 

complexed per 10,000 nucleotides (22) and as high as 1 BP 

per 80 nucleotides (2). The techniques used for such 

measurements are, for the most part,' straightforward, but 

many pitfalls exist. The problem, in large part, arises 

because one is dealing with small quantities of hydro - 

carbon in a medium in which hydrocarbons are only slightly 

soluble. As a result, technical problems are severe. If, 

for example, one uses plastic centrifuge tubes in a pre- 

parative stage, the hydrocarbon in the solution absorbs 

to the tube wall and is lost from solution (7). If 

millipore filters (13) are used to separate solid hydro- 

carbons from DNA- hydrocarbon solutions, the hydrocarbon 

tends to stick to the filter and again, some is lost. On 

the other hand,' if a separation of solid and soluble hydro- 
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carbon is not carried out well, even a small crystal 

of hydrocarbon adventitiously left in the "solution" 

will yield too high a value for the amount solubilized. 

Thus, for example, if the removal of solid hydrocarbons 

were imperfect so that only 1.O1g of 3,4 BP crystal were 

present, an error of 100 percent would be made under 

laboratory procedures commonly used 

In order to analyze the disparate, reported results, 

we shall review the five classes of techniques that have 

been used 

Centrifugation of DNA -Hydrocarbon 

Boyland and Green (5) solubilized pyrene and BP 

by shaking DNA solutions and crystalline hydrocarbons 

for one day at room temperature. After shaking, the 

suspension was centrifuged at 4500 g for twenty minutes. 

The assumption was made that this affected a separation 

of crystals from completed hydrocarbon. Bound hydro,,» 

carbon was calculated from ultraviolet absorption spectra. 

Boyland and Green (5) reported one pyrene complexed per 

50 nucleotides and one :3P per 150 nucleotides of native 

DNA. In a later paper (7), they lowered the values to 

1 pyrene per 500 nucleotides and 1 BP per 1000 nucleotides, 

because they found that, in the previous work, not all of 

the crystalline hydrocarbon had been centrifuged out of 

solution. They reported that centrifuging at 121,000 g 

for two hours was sufficient for separation. Since they 
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found that centrifuging either harder or for longer 

periods did not decrease the value for solubilization. 

Nagata et al. (20) and Isenberg et al. (15) also used 

the same technique as Boyland, Green and Liu (7), and 

both reported a ratio of 1 BP to 1000 nucleotides. (See 

Table 3.) 

Extraction with Cyclohexane 

Liquori et al. (19) investigated the solubility of 

3,4 BP and dibenzanthracene in DNA. They shook very fine 

crystals of hydrocarbons with DNA solution for one day. 

After filtering through sintered glass, one ml of DNA 

was extracted three times with cyelohexane. The concen- 

tration of BP was calculated from the absorbance at 383 

nm. (See Table 3.) Similar experiments were performed 

on denatured DNA. Liquori et al. (19) reported one BP 

complexed per 1000 nucleotides of native DNA and one BP 

per 100 nucleotides of denatured DNA. (See Table 3.) 

Isenberg et al. (15) used the same technique as Liquori 

et al. and also reported a ratio of 1 BP to 1000 nucleo- 

tides for native DNA. (See Table 3.) 

; adioactive Hydrocarbons 

Tsfo and Lu (22) equilibrated labelled hydrocarbon 

with DNA solutions by equilibrium dialysis tubing and an 

aqueous suspension of radioactive hydrocarbon outside. 

Kinetic studies (18) showed that equilibrium was achieved 
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after five days of dialysis. A solubility of 1 BP per 

1000 nucleotides was reported. (See Table 3.) 

Methanol -DNA Solution 

Ball et al. (2) dissolved a number of hydrocarbons in 

100 percent methanol, 50() mg /ml. They then shook o.5 ml 

of methanol- hydrocarbon solution with 60 ml of DNA solution 

for one day. There was about 1 percent methanol in the 

final solutions. Ball et al, reported a solubility of 

BP in DNA sixteen times greater than that reported by 

Boyland, Green and Liu (7), Liquori et al. (19), Isenberg 

et al. (15), and Tsto and Lu (22). This anomalously high 

value will be discussed later. 

Zone Crossing 

In a Sephadex SE -50 column, a zone of DNA will 

travel faster than a zone of caffeine- hydrocarbon. Lerman 

(16) placed a zone of caffeine- hydrocarbon on a column, 

followed by a zone of DNA which,' travelling faster, pre- 

sumably equilibrated with hydrocarbon as it passed through 

the caffeine- hydrocarbon zone. Lerman reported one BP 

complexed per 120 nucleotides. This high value also 

appears anomalous when compared with other results (5,7,15,20). 

Since caffeine interacts with both DNA (18) and BP, it is 

possible that BP- caffeine complexes could have been eluted 

with DNA. This point will be discussed later. 

. 



General Considerations of Technique 

As we have seen, crystalline hydrocarbon can be 

separated from DNA -hydrocarbon solutions by high speed 

centrifugation, filtration, or equilibrium dialysis, and 

a zone crossing procedure presumably avoids crystalline 

hydrocarbon completely. Since almost every laboratory 

that has studied hydrocarbon -DNA binding, has investigated 

the completing of BP to DNA, BP may be taken as a standard 

to compare techniques and evaluate methodology. In 

summary, the most generally accepted value for the binding 

of BP is 1 BP to 1000 nucleotides. 

Salt Effects 

Hydrocarbon binding of DNA is a function of ionic 

strength. Boyland, Green and Liu (7) reported the effects 

of increasing the concentration of NaCl. With native DNA, 

the higher the salt concentration the less the binding. 

Furthermore, if divalent cations replaced NaC1, such as 

MgC12, the binding of hydrocarbons to DNA was decreased. 

Colloid Versus Complex 

In 1964 Giovanella, McKinney, and Heidelberger (12) 

claimed that the samples studied by Boyland and Green (5) 

did not contain true complexes at all but were actually 

colloidal suspensions of the hydrocarbons, stabilized by 

the DNA solution. Giovanella et al. stated that a 

solution of BP in DNA, prepared by the method of Boyland 

9 
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and Green, lost its characteristic absorption spectrum 

when it was centrifuged at 99,900 g for four hours. 

They claimed, therefore, that the hydrocarbon had not 

been in solution but had been in a suspension and could 

be pelleted by centrifugation. 

In a later publication, Boyland and Green (6) re- 

plied that the removal of BP from DNA in the experiments 

of Giovanella et al. (12) was not due to centrifugation, 

but resulted from the use of improper centrifuge tubes. 

These workers pointed out that Giovanella et al. had 

used plastic centrifuge tubes and the hydrocarbon was re- 

moved by absorption to the tubes. Moreover, the ultra- 

violet spectrum of BP dissolved in DNA was similar to BP 

dissolved in aqueous TMU, that is, they were both red - 

shifted. Furthermore, the fluorescence of BP was quenched 

by added DNA (5), but was not quenched when the BP was in 

a colloidal suspension. 

To summarize, with the exception of Lerman (16) 

and Ball et al. (2), all the differing results may be ex- 

plained as due either to an error in technique, or to 

varying ionic strength of the solutions. In the Discussion 

section, we shall examine Lerman's and Ball's high results. 

When Boyland and Green (5) first proposed the inter- 

calation model, they did so in analogy to the intercalation 

model of acridine dye -DNA complexes that Lerman (17) had 

suggested. Since acridine dyes are closely related 
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structurally to polycyclic aromatic hydrocarbons. Boy - 

land and Green (5) suggested that both interact with Di »A 

in a similar manner. 

Only indirect evidence favoring the intercalation 

model exists: The ultraviolet spectrum of 3,4 BP dissolved 

in either TMU (23) or DNA (5) is red -shifted 10 nm compared 

to its spectrum in cyclohexane. This suggests that 

caffeine and DNA might exert similar perturbations on the 

electronic transitions of the hydrocarbon molecule. Since, 

in crystals, the 3,4 BP -TMU complex has a plane -to -plane 

stacking, DNA- 3,4-BP also might be stacked in a planar 

fashion. However, a red -shift might be the result of 

other types of interaction and, by itself, does not con- 

stitute strong support for an intercalation model. 

Lerman found that DNA solubilized hydrocarbon better 

than poly -dAT (16). From this Lerman deduced that there 

was a C -G preference in binding. Consistent with this is 

Weil- Malherbe =s observation (23) that guanine solubilizes 

hydrocarbons better than adenine. 

Aromatic hydrocarbons have a plane of symmetry. 

The transition moment of a -m- TT * transition is in the 

plane of an aromatic hydrocarbon. In the intercalation 

model, all hydrocarbon transition moments should be per- 

pendicular to the helical axis. Nagata et al. (20) oriented 

DNA by flowing aqueous solution through an optical ab- 

sorption cell. In this way, Nagata et al. could tell if 
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the transition moment was perpendicular to the DNA, a 

configuration consistant with an intercalation model. 

Nagata et al. reported that hydrocarbons could be classi- 

fied into two groups, one of which had the transition 

moment perpendicular to the direction of flow and one 

parallel to the direction of flow. This observation per 

mitted a partial resolution of the geometry of the complex. 

The planes of 3,4 BP, pyrene and phenanthrene (group A) 

were perpendicular to the flow. The planes of 20- 

methylcholanthrene,, tetracene, pentracene and coronene 

(group B) were reported to be parallel to the flow; a re- 

sult clearly at variance with the intercalation model 

proposed by Boyland and Green (5). However it should be 

noted, Isenberg et al. (15) found that they could not 

duplicate the group B results of Nagata et al. and, indeed 

found no detectable amount of group B solubilization. 

Several workers (5,15,20) have reported severe 

fluorescence quenching of the hydrocarbon. However, by 

using wide slits on their spectrofluorometer. Green and 

NeCarter (11) claimed that they were able to get a 

sufficiently good signal to noise ratio to measure the 

fluorescence and the polarization of fluorescence, of 

bound hydrocarbon, only qualitative or semi -quantitative 

results were obtained but it was reported that the trans- 

ition moment' of the hydrocarbons was more nearly per- 

cndicalar than parallel to the DNA axis. These results : 
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are consistent with an intercalation model. However, 

it should be noted that the measurement of emission 

properities of substances having an extremely low quantum 

yield is hazardous. Green and McCarter did not give 

evidence in their paper that emission was due to the 

hydrocarbon rather than to an adventitious impurity of 

high quantum yield. 

The viscosity of DNA depends on the length and 

rigidity of the DNA -helix. If molecules are intercalated 

between base pairs, the length and stiffness of the DNA- 

helix increases and is a function of the thickness and 

number of intercalated molecules. Lerman found that the 

viscosity of solution of DNA- pyrene complexes was 30 

percent larger than that of solutions of the same con- 

centration of DNA. 

Size Criterion 

In a re- examination of the work of Nagata et al. 

(20), Isenberg et al, (15) could not observe any measur- 

able solubility of Class B hydrocarbons. The solubiliza- 

tion of Class A hydrocarbons was confirmed. From model 

building experiments, using Cory- Pauling- Koltun space 

filling models of DNA and various hydrocarbons, Isenberg 

al. pointed out that molecular size might be a criterion 

for the solubilization of hydrocarbons by DNA. Class A 

hydrocarbons fit between two phosphodiester chains in 
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DNA; Class B did not fit. Isenberg et al, reported that 

Class A hydrocarbons were soluble in DNA; Class B hydro- 

carbons were insoluble in DNA solution. 

Tsso and Lu (22) had previously suggested that 

hydrophobic interactions could be responsible for much 

of the hydrocarbon complexing. The size criterion is 

consistent with the suggestion of Tsso and Lu (22), This 

criterion proposes that hydrocarbons which can fit between 

base pairs, so as to be protected from interaction with 

the aqueous medium, will be much more soluble in DNA 

solutions than hydrocarbons which are too large to be 

protected. It is of interest that coronene is small 

enough to fit between base pairs of DNA but is a little 

too wide to be protected from the aqueous medium. Coronene 

complexes to DNA in a ratio is one ooronene per 3000 

nucleotides (15). This value is intermediate between 

Class A and Class B. 

However Isenberg et al. tested only a limited number 

of hydrocarbons. Their suggestion of a size criterion 

needed further critical testing. In this thesis we re- 

port such further testing. 

MATERIALS AND METHODS 

DNA 

Salmon Sperm DNA was purchased from Calbiochem. 

(Na salt, Lot 50208). DNA was dissolved in 0.003M NaC1,' 
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0.001M phosphate buffer (pH 7.6), to a concentration 

of approximately 5mg /ml. 

Reagents 

All chemicals were reagent grade. Cyclohexane 

was Speotro grade. Water was glass distilled« Hydro- 

carbons were purified either by sublimation, or two crys- 

tallizations from ethanol. Purity was checked by com- 

paring ultraviolet spectra with spectra in the literature 

(1,3). 

All absorption spectra were run on a Cary Model 

14 spectrophotometer. The Sephadex was SE -50 cationic 

exchanger (fine) Lot No. 1354. 

Protocol. for Shaking 

Solubilization of Hydrocarbon 

It has been reported (5,7,19) that the shaking of 

solid hydrocarbons in DNA solution for 24 hours is sufficient 

to achieve equilibrium. 

We shook Salmon Sperm DNA with crystalline hydro- 

carbon at 4 °C for 96 hours. Some samples were shaken 

for longer times, up to two weeks. Solid hydrocarbon was 

removed by centrifugation for two hours at 24,000 g. 

Absorption Spectra 

The concentration of hydrocarbon in the centrifuged 

complex was calculated from ultraviolet absorption spectra. 
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Molar extinction coefficients and wavelengths used are 

given in Table 4. 

Extraction of Hydrocarbon 

To extract hydrocarbon,' 0.5 ml aliquots of supernate 

from the centrifuge runs were pipetted into 40 ml test 

tubes and diluted with distilled water to 20 ml. The di- 

luted solutions were filtered into 50 ml flasks through 

Whatman No. 1 filter paper. We extracted the filtrate 

three times with 2 ml portions of eyclohexane. The six 

ml of cyolohexane were evaporated to 1 ml, and spectra 

were taken. (See Table 4.) 

Protocol for Zone Crossing and Equilibration with Colloidal 
Solutions 

The eluant for the Sephadex column consisted of 

0.001 M cacodylate buffer, pH 7,' 0.001M EDTA, ans 0.001M 

NaC1. 

Salmon Sperm DNA, 5mg/ml, was diluted to 0.6mg /m1 

with 0.003M NaC1 and 0.001M phosphate buffer. 

The preparation of saturated caffeine hydrocarbon 

was as follows: To 35 ml of a saturated caffeine solution, 

we added 5mg of solid hydrocarbon. After 48 hours, the 

solution was centrifuged at 10,000 g for twenty minutes and 

the hydrocarbon concentration calculated from ultraviolet 

absorption spectra. 
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Preparation of Sephadex Column 

In order to clear the Sephadex column of possible 

hydrocarbon impurities, we ran 20 ml of a saturated 

caffeine solution through the column. Since Sephadex 

absorbs hydrocarbons (21), the column was equilibrated 

with the hydrocarbon to be studied first by running 10 

ml of saturated hydrocarbon- caffeine solution through 

the column (16) and then by eluant saturated with the 

hydrocarbon to be studied. It is likely that this pro- 

cedure produced microcrystals of hydrocarbon in the column 

since the results obtained with column techniques agreed 

with those obtained by shaking methods. 

Zone Crossing 

We layered 5 ml of saturated hydrocarbon -caffeine 

on top the column,, followed by 1 ml of eluant and 2 ml 

of DNA, 0.6 mg /ml. Two ml fractions were collected and 

the amount of hydrocarbon complexed to DNA was calculated 

from ultraviolet spectra,. We took emission spectra to 

determine if any caffeine was present in the samples. 

Column Equilibration in the Presence of Colloidal Suspension 

Ten ml of a saturated solution of pyrene in Spectro 

Grade propanol was mixed with eluant. Upon mixing, a 

turbid colloidal suspension formed. The suspension 

showed excimer emission (4). The colloidal suspension 

was then passed through the column for three days. The 
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solution from the column was collected and its emission 

characteristics examined. No exeimer emission was found, 

We concluded that the colloid was trapped in the column. 

Five ml of DNA were layered onto the column and 2 ml 

fractions were collected. Again the amount complexed 

was calculated from ultraviolet spectra of the 2 ml 

fractions. As we shall discuss later, we may e3nclude 

that the procedure described above permits the hydrocarbon 

complexing to reach equilibrium. 

RESULTS 

The measured amount of hydrocarbon complexed to DNA 

was independent of the time of shaking. We therefore 

conclude that 96 hours was sufficient to achieve equi- 

librium. Shorter times may also be sufficient (5,7,19) 

but kinetic studies to check this were not made by us. 

In centrifuging the solid hydrocarbon -DNA mixture, 

we noted that, in some cases, not all of the crystalline 

hydrocarbon settled to the bottom. For example, 9- phenyl 

anthracene and 1,2 BP crystals floated on top of the 

solution. For this reason, the supernatant was filtered 

through Whatman No. 1 paper. Inscoe (13) found that, in 

filtering aqueous hydrocarbon solutions, Whatman No. 1 

paper absorbed only 7 percent of the hydrocarbon. Other 

commonly used filters absorbed considerably more. For 

example, glass frit and millipore filters absorbed 50 

percent of phenanthrene in saturated, aqueous phenanthrene 
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solutions. 

In all of the three types of experiments the ab- 

sorption spectrum of the hydrocarbons in DNA was red - 

shifted 10 nm from the spectrum in cyclohexane; vibrational 

structure was identical. The DNA absorption masked all 

hydrocarbon absorption below 300 nm. Isenberg et al. 

(15) found that extraction of DNA alone by cyclohexane 

yielded ultraviolet absorbing material. Our extraction 

also yielded ultraviolet absorbing material, and all of 

our absorption spectra were corrected for this effect. 

Pyrene, 1,2 benzanthracene and anthracene in colloidal 

suspension display excimer emission, i.e., in structure- 

less, broad emission band that is red -shifted from mono- 

mer fluorescence bands (4). From emission spectra, we 

could ascertain that no colloid was eluted from the 

Sephadex column. There was no excimer emission from 

eluded DNA -hydrocarbon, in agreement with recent observa- 

tions in the literature (11,15). It may be concluded 

that the interaction of DNA with hydrocarbon is a complex 

and not a colloidal suspension. 

The results of experiments, in which equilibrium 

was reached by shaking solid hydrocarbon and DNA solutions, 

are summarized in Table 4. The shape and dimensions 

of the molecules used are listed in Table 5. These 

dimensions were obtained from Corey -Pauling- Koltun (CPK) 
atomic models by considering the sides of rectangles 

passing through the perimeter protons. They were arrived 
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at by assuming aromatic C -C lc hs o .39$ and C-H 

lengths -of 1.1OÁ. Accuracy is 

A number of comparative ults sY uld ted 

in Tables 4 and 5. The solubl j o." i,2 .nzanthracene 

and 1,2,3,4 dibenzanthracene f the an rder of 

magnitude and only slightly s than tY tubility 

of anthracene. However, no d, table amour 
' complexed 

1,2,5,6 dibenzanthracene was 1 2)aó n 

zanthracene is appreciably lo (1.4k) than 

dibenzanthracene, 

9- Phenyl anthracene is a, least two orders of mag- 

nitude less soluble in DNA solutions than anthracene or 

9 methyl anthracene. 

It may also be seen that no complexing of 1,2,3,4, 

dibenzopyrene or 1,,467 dibenzopyrene was observed while 

measurable amounts of pyrene or 3,4 BP are found. 

Only a limited amount of work was done using equi- 

libration by zone crossing or loading a column with a 

colloidal suspension. These procedures mainly checked 

equilibration processes. However, they also served to 

demonstrate that Lermants high values for solubilization 

of hydrocarbons by zone crossing were probably in error. 

We found that both the zone crossing method and 

colloidal suspension yielded a solubility ratios of one 

pyrene complexed per 450 nucleotides. These values are 

somewhat higher than those obtained by the shaking method. 

.r 

n- 

4, 

'. 

. 



21 

However, at present, we ascribe no significance to this. 

The experimental error in our measurements is large, and 

in all probability, the accuracy is good to within a 

factor of two only. 

DISCUSSION 

We have verified the conclusions of others (5,7, 

15,16,19,20) that hydrocarbons do complex with DNA. In 

addition, we have observed no excimer emission from our 

solutions. We therefore conclude that the claim of 

Giovanella et al. that hydrocarbons form colloidal sus- 

pensions in DNA, rather than true complexes, is wrong. 

For the most part,' the hydrocarbons we have used, 

have not been used by others. However, almost all workers 

have examined the binding of 3,4 benzopyrene. Our re- 

sults are comparable to those obtained by Boyland, Green 

and Liu (7), Nagata et al. (20), Liquori et al. (19), 

Ts=o and Lu (22) and Isenberg et al. (15), but lower 

than those published by Ball et al. (2) and Lerman (16). 

(See Table 3.) Ball et al. reported a ratio of 1 BP per 

60 nucleotides. Their samples were prepared by the simple 

addition of BP in methanol to a DNA solution. This is 

similar to our method of making a colloid. In the prep- 

arations of Ball et al, (2) the viscous DNA could have 

stabilized the colloid giving an apparently high value 

for the complex. 



22 

Lerman (16) reported a ratio of 1 pyrene per 120 

nucleotides. We found that if the column was not washed 

free of caffeine, caffeine and extra hydrocarbon would 

be eluted with the DNA -hydrocarbon complex. Our results 

from zone crossing experiments were one pyrene complexed 

per 450 nucleotides, This value agrees with others (5, 

7,15,19,20). 

Thermodynamic arguments may also be used to rule 

out the anomalously high values obtained by Ballet al. 

(2) and Lerman (16) provided that equilibrium had been 

reached. When the DNA solution is in equilibrium with 

solid hydrocarbon, the experiments measure the maximum 

amount of hydrocarbon bound to DNA. Since this is the 

maximum amount of hydrocarbon that can be solubilized by 

DNA solution under any conditions, it follows that reports 

of greater solubilization must be incorrect. As may be 

seen, the logic rests upon the assumption that equilibrium 

is reached. However this has been demonstrated by the 

finding that after 24 hours the amount solubilized is in- 

dependent of the time of shaking. 

Our results verify the predictions of the size 

criterion proposed previously by Isenberg, Baird and 

Bersohn (14,15). Group A and C (Tables 4,5) illustrate 

that if a hydrocarbon exceeds a certain length, it is 

virtually insoluble in DNA. For example 1,2,3,4 ben - 

zanthracene is at least ten times more soluble than 1,2,5,6 
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dibenzanthracene. 3,4 Benzopyrene complexes with DNA 

while 1,2,3,4 and 1,2,6,7 dibenzopyrene have no de- 

tectable solubility. Furthermore detectable amounts 

of tetracene,' pentacene or 20- methylcholanthrene are 

not found. 

A simple theory may be proposed. If a hydrocarbon 

is not too large to fit between base pairs,. it is essen- 

tially shielded from the aqueous solvent. Model building 

experiments, using CPK models, demonstrate that the theory 

is reasonable. Smaller molecules such as pyrene, or 

even 3,4 BP may easily be intercalated between base pairs 

so that little contact with the medium occurs. However, 

a molecule such as 1,2,5,6 dibenzanthracene has no orien- 

tation that will avoid good contact with a water environ- 

ment. 

The difference between anthracene, 9- methyl an- 

thracene and 9- phenyl anthracene is striking. The latter 

is virtually insoluble in DNA solutions. Model building 

experiments show that if the molecule is intercalated, 

the phenyl group on 9- phenyl anthracene protrudes into 

the aqueous medium. 

In conclusion, the existence of a size criterion, 

which is in turn compatible with an intercalation model, 

may be taken as strong evidence for the intercalation 

model. 



24 

SUMMARY 

The principle conclusions of this work are as 

follows: (1) Aromatic hydrocarbons complex with DNA 

as individual molecules. (2) Complexing appears to 

depend on molecular dimensions. (3) The size criterion 

lends strong support to the intercalation model of the 

DNA- hydrocarbon complex. 
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Conc. of sat. 

solution 

(umol.) 

Phenanthrene 15 

Chrysene 3.4 

Pyrene 1.0 

Anthracene 0.5 

324-Benzpyrene 0.024 

Table 1. Solubility of some hydrocarbons 

in distilled water 
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Moles Purine /Moles Hydrocarbon 

In In 
05% 05% 

caffeine T.M.U. 

Phenanthrene 

Anthracene 

9:10-Dimethylanthracene 

114 

3,680 

2,680 

455 

950 

1,166 

Pyrene 151 75 

Chrysene 1,280 1,385 

1:2-Benzanthracene 1,960 617 

9:10--Dimethyl-1:2 
benzanthracene 12,100 3,880 

20-Methylcholanthrene 44,600 25,800 

3:4-Benzpyrene 2,430 468 

1:2:5:6-Debenzanthracene 18,800 16,000 

Coronene 15,700 10,100 

Naphthacene 
Practically insoluble 

Bubr en e 

T.M.U. 1:3 :7 :9-Tetramethyluric acid. 

Table 2. Comparative solubility of hydrocarbons 
in solutions. 

5 percent T.M.U. and caffeine 

w 

- 



Table 3 

Comparison of Solubility of 3,4 Benzopyrene and DNA Solution 

Liguori et al. Boyland & Green (1962) Tslo & Lu 

Equilibrium 
conditions 

` 20 °, 1 day by stirring room temp by shaking 5 °C, 3 days by shaking 

Undissolved 
hydrocarbon 
removed by 

Glass filter centrifuge 3,500 rpm 
40 min 

Glass filter 

DNA -bound 
hydrocarbon 
detected by 

O.D. measured after 
cyclohexane extraction 

O.D. measurements of DNA 
solution. 

Radioactivity measurements 

Native DNA 

DNA Conc. Salt 
Conc. 

0 

.01M 

Mh /Mp 

1.6x10-3 

1.4x10 -3 

DNA Conc. Salt 
Conc. 

Mh /Mp DNA Conc. Salt 
!'ore. 

i;:I, /mp 

1 x 10- 

7.9x10 -3 

1.2x10 -314 

1.2x10 -311 
(1964) 

0 
.1M 
.O1M 

(1964) 

5.3x10- 
7.7x10- 

.0x10 -4 

- (1. 5)x10"31, . ['' 

__ 
6:' Sx1 C -..I1 

Heat- 
denatured 
DNA 

7.9x10-3M .011 1.4x10 -2 1.2x10 -3M 0 4.8x10 -4 (1.5- 5)x10 -3< 

I 

.5m 1.3x10 -4 

Other hydro- 
carbons 
tested 

1,2,5,6, dibenz- 
anthracene 3x10 -3 

pyrene 1.5x10 -2 

i 
, 

1 

1 

J 
(.) 

' 



Table 3. Continued 

Isenberg et al. Nagata et al. Ball et al. 

Equilibrium 
conditions 

! 

40C, 4 days by shaking 4 °C, 2 days by shaking. room temp, 16 hours 

Undissolved Whatman #1 Centrifuge 15,000 rpm Centrifuge 12,500 g 
hydrocarbon) 
removed by 

Centrifuge 2 hours 
17,000 g 

60 min 10 min 

DNA -bound O.D. measurements O.D. measurements O.D. measurements 
hydrocarbon 
detected by 

of DNA solution of DNA solution of DNA solution 

Native DNA 

DNA Conc. Salt nth /Mp 
Conc. 

DNA Conc. 

6x10-3M .003.! 1.5x10- 1.2x10-JM 
1.2x10 -3M 
8.0x10 -3M 

Salt j Mh /ßp DNA Conc. Salt In /d p 
Conc.' Conc. 

0 
1 

1.7x10 -? 6.9x10-3 1.0x10°"3 5.5x10-5 
'.1M 

; 

1.7x10 - 

.01M !2.1x10 
-4 
4 

I 

Heat 6x10-3 
denatured 
DNA tetracene 

coronene 

.003M 1.5x10- 

Other 
hydro- 
carbons 
tested 

pyrene 
20-methyl- 
cholanthrene 

phenanthraene 

.1x10 - 
1.5x10-3 

.1x10 -4 
1.5x10-3 

1.2x10 -311 0 
j 
3.3 x10 

1.2x10 1 , 7.5x10 
8 . 0x10-3i . O lî 2.1 x10- 

No values but made 
comment that sol. 
lowered by de- 
naturation 

pyrene 
20-methyl- 
cholanthrene 
tetracene 

dimethyl- 
bci,zathracene 

1 2. 3: dibenz- 
anthracene 

' 20-methyl 
Í chol`,n nr cne 
oyroi1e 

1.54.:102 

.. , 0? ..0 

I 

L 

' 

! 

; 

; 

: 

I 

' 

i 

1 

;OM 

r i 

' 

3.0x10-3 

1x10-+ 
5x10-5 

l.J 

( 

- 

! 
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Table 4 

Solubility of Hydrocarbons in Salmon Sperm DNA Solution 

Hydrocarbon 104x Moles Hydrocarbon 
per Mole of DNA Phosphate 

Absorption Extraction 

max max 

Anthracene 8.3 8.8 356 9,800 

Phenanthrene* 15 30 293 14,800 

1,2 Benzanthracene 4.0 5.1 341 6,900 

1,2,3,4 Diben- 
zanthracene 1.4 4.0 350 3,400 

1,2,5,6 Diben- 
zanthracene 0.72 0.72 350 12,500 

9 Methyl Anthracene 7.0 8.0 386 11,000 

9 Phenyl Anthracene 0.1 0.1 384 10,000 

Pyrene 15 15 335 56,000 

3,4 Benzopyrene 1.5 1.5 385 34,000 

1,2,3,4 Dibenzo- 
pyrene 0.6 0.6 332 42,000 

1,2,6,7 Dibenzo- 
pyrene 0.36 0.36 326 12,700 

Coronene* 0.1 1.0 338 63,000 

Tetracene* 0.1 0.1 

Pentacene* 0.1 0.1 

20-Methylchol- 
anthrene 0.1 0.1 

r' A 



Group 
A 

Group 
B 

Group 
C 

Table 5 

Molecular Dimensions of Hydrocarbons 

Hydrocarbons 
Molecular 

Shape 

r-- 

( 

Anthracene CCO 

1,2 Benzanthracene 

1,2,3,4 Dibenzanthracene 

1,2,5,6 Dibenzanthracene 

/Anthracene 

) 9- Methyl Anthracene 

9- Phenyl Anthracene 

Coronene* 

/Pyrene 

3,4 Benzopyrene 

1.,2,3,4 Dibenzopyrene 

1,2,6,7 Dibenzopyrene 

Tetracene 

Pentacene 

a1ß 

c80 

20-Methylcholanthrene 
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Molecular 
Dimensions 

9.8 x 5.4 

11 x 6.9 

11.7 x 9.2 

14.4 x 7.1 

9.8 x 5.4 

9.8 x 6.1 

9.8 x 10.1 

9.1 x 9.1 

9.2 x 7.3 

11.5 x 7.3 

11.5 x 9.8 

11.7 x 9.2 

11.7 x 5.0 

14.6 x 5.0 

10.4 x 9.0 

1 

i 

, 

) 

j 

COCO 

i 

WOO 
. 

Vlil 
¡¡y) 

ma 

Cit0 

- 

., 

IIJJ 

t 


