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ABSTRACT 

A new sensitive pH step alkaline elution technique has been 

utilized to characterize the effect of the binding of the chemical car

cinogen Benzo[a]pyrene Diol Epoxide I to different DNA replication inter

mediates in mammalian cells. Nascent DNA, eluted in a pH stepwise 

fashion, was separated into discrete DNA fragments which increased in 

size as the pH was increased. Treatment of African green monkey kidney 

cells with the diol epoxide resulted in an accumulation of the smaller 

sized DNA fragments believed to be associated with the DNA replication 

initiation complex. Benzo[a]pyrene diol epoxide I was therefore observed 

to inhibit DNA synthesis by blocking DNA elongation. 

An initial series of experiments designed to determine if an 

error-prone DNA repair mechanism is induced upon treatment of host cells 

with the diol epoxide is also presented. The results of these experi

ments, and their implications, are discussed. 
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INTRODUCTION 

Chemical carcinogenesis in humans was first documented by Pott in 

1775, who called attention to the high incidence of scrotal cancer in the 

chimney sweeps of London and correctly attributed this to their constant 

contact with coal tar and soot (Pott 1775). Current concepts of the 

mechanism(s) of chemical carcinogenesis involve the covalent interaction 

of the carcinogen with DNA (Bartholomew, Gamper, and Yokata 1981). 

Interest in this particular type of interaction originated from the 

observation that the phenotypic properties of cancer cells are passed on 

to progeny cells in a "heritable" fashion, implying an alteration in the 

genome through mutation. Although the mutation theory of chemical car

cinogenesis has been disputed, it remains a central focus in much of the 

research for understanding the mechanisms of chemical carcinogenesis 

(Bartholomew et al. 1981). Among the important classes of chemical 

carcinogens that become covalently bound to DNA, and other tissue macro-

molecules as well, are the polycyclic aromatic hydrocarbons (PAH). This 

group of chemicals is present in the atmosphere, soil, waterways and 

oceans, and food chain (see Gelboin 1980 for review). Major sources of 

PAH's include emissions from transportation systems, heat and power 

generation, refuse burning, and industrial processes. Benzo[a]pyrene, a 

prototypic PAH, is the principle carcinogenic agent in coal tar and is 

emitted into the United States environment at an estimated rate of 1300 

tons per year (National Academy of Sciences). Although many of the 

specific causal agents have not yet been identified, epidemiological 

1  
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studies indicate that the environment is a significant determinant in the 

incidence of human cancer (Gelboin 1980). One known causal agent in 

human cancer is the inhalation of cigarette smoke, as indicated by the 

high incidence of lung cancer among smokers. Many of the PAH's in cig

arette smoke, including benzo[a]pyrene (BP), have been shown to be power

ful carcinogens in experimental animals and hence are logical suspects as 

agents causing lung cancer in humans. Since PAH's are common environmen

tal pollutants, they may also be contributing factors in the cause of 

cancer at other organ sites as well as lung (Gelboin 1980). 

PAH: Mechanisms of Action 

It has been known for nearly three decades that carcinogenic 

PAH's can covalently bind to the proteins and DNA of mouse skin, and to 

the DNA, RNA, and proteins of transformable rodent cells in culture 

(Heidleberger 1975). However, it was initially observed that members of 

this class did not become covalently bound to DNA, RNA, or proteins when 

incubated together in a test tube. Then, in 1969 it was simultaneously 

and independently discovered by Grover and Sims and by Gelboin that 

PAH's, which did not bind covalently to DNA in the test tube, did undergo 

covalent interaction with the DNA when a liver microsomal mixed function 

oxidase system was added to the incubation mixture (Heidleberger 1975). 

Though these early experiments showed the requirement for microsomal 

activation for PAH's, the initial recognition of the importance of meta

bolic activation in chemical carcinogenesis was achieved by the Millers 

from their studies with aromatic amines. Their conclusions, which are 

now generally accepted, suggest that 1) all chemical carcinogens that 
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are not themselves chemically reactive must be converted metabolically 

into a chemically reactive form; 2) the activated metabolite is an elec-

trophilic reagent; and 3) the activated metabolite reacts with nucleo-

philic groups in cellular macromolecules to initiate carcinogenesis 

(Heidieberger 1975). 

The metabolic interface between environmental PAH's and humans 

and animals is the cytochrome P-450-containing mixed-function oxidase 

enzyme system (Gelboin 1980). Once ingested, absorbed, and transported, 

the PAH interacts with mixed-function oxidases (MFO) primarily in the 

membrane of the endoplasmic reticulum of the liver and also of most other 

tissues. The MFCs are part of a membrane complex that also contains 

other electron transport enzymes including NADH-cytochrome C reductase, 

NADPH-cytochrome C reductase, cytochrome b5, and NADH-cytochrome P-450 

reductases. One of the principle actions of these enzyme systems is to 

convert the lipophilic PAH into a hydrophilic substance that can be 

transported out of the cell and harmlessly excreted (Bartholomew et al. 

1981). This enzyme system, which is also referred to as aryl hydrocarbon 

hydroxylase (AHH), is inducible. AHH enzyme levels and activities have 

been observed to increase after pretreatment of experimental animals with 

various compounds, in particular, PAH's and phenobarbital (Heidleberger 

1975). 

For PAH's, there is evidence that the important intermediate(s) 

for carcinogenesis is the formation of epoxides (Bartholomew et al. 

1981). Initially, these compounds are oxygenated by the AHH enzyme 

system to epoxides (arene oxides), phenols, and quinones (Gelboin 1980). 

These oxygenated products, particularly the arene oxides, can be further 



activated via metabolism involving either oxygenation by the MFO's, 

hydration of the epoxide intermediates to dihydrodiols, or still further 

oxygenation of the dihydrodiols to diol epoxides. Alternatively, the 

oxygenated intermediates can undergo detoxification reactions via conju

gation to water-soluble glutathione, glucuronide, or sulfate conjugates. 

Thus, for the parent hydrocarbon as well as the intermediate species, 

detoxification pathways compete with the activation pathways, and it is 

the algebraic sum of these different processes which determines the net 

amount of available diol epoxide (Loew, Sudhindra, and Ferrell 1979). 

The epoxide of BP that is most active in mutagenesis and which 

may be the ultimate carcinogenic form is the r-7,t-8-dihydroxy-t-9,10-

oxy-7,8,9,10-tetrahydrobenzo[a]pyrene (Bartholomew et al. 1981). The 

relationship between the mutagenesis and carcinogenesis of BP-diol epox

ide is not clear in that to date a comparison of these processes has not 

been made in the same system. However, a comparison of the carcinogeni

city in animals of various derivatives of BP has shown that metabolites 

that are on the metabolic pathway to BP-diol epoxide are more carcinoge

nic than the parent compound and other derivatives of BP (Bartholomew et 

al. 1981). These studies have led to the suggestion that the metabolic 

pathway important for chemical carcinogenesis by BP is the conversion of 

the parent compound to the 7,8-epoxide via the enzymatic action of AHH, 

followed by attack by the enzyme, epoxide hydrase, which converts the 

epoxide to the trans dihydrodiol, (-)-t-7,8-dihydroxy-7,8-dihydrobenzo-

[ajpyrene. Epoxide hydrase, which is found in the same membranes that 

the epoxides are produced, is generally capable of inactivating the 

intermediate epoxides by converting them into the dihydrodiols. However, 
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If the epoxide group is located on the benzene ring opposite a "bay" 

region, as is the case with the 7,8 epoxide of BP, the resulting dihydro-

diol is the precursor of the even more reactive dihydrodiol epoxide, 7,8-

diol-9,10-epoxide (Glatt et al. 1979). Evidence has been presented that 

epoxide hydrase exists in a complex with the AHH system (Bartholomew et 

al. 1981). The complex is membrane-bound and may function to recycle a 

molecule that has already been epoxidized and hydrolyzed through another 

epoxidation step, thus, conceivably giving rise to the BP-diol epoxide 

through the 7,8-dihydrodiol. BP-diol epoxide can then either react with 

cellular macromolecules or be hydrolyzed to specific tetrols and reduced 

nonenzymatically to triols in the presence of NADPH or NADH (Gelboin 

1980). 

Stereospecificity of Benzo[a]Pyrene Metabolism 

The enzymatic conversion of benzo[a]pyrene to its diol epoxide 

derivatives is highly stereoselective. The hydroxyls of the 7,8-diol and 

the other diols, 4,5- and 9,10- are of trans configuration and are pro

duced in high optical purity (Gelboin 1980). MFO's contain various forms 

of the cytochrome P-450 molecule and these many forms have different 

catalytic activities in the formation of the different BP metabolites, 

preferring to oxygenate the diol on different sides of the plane. Some 

laboratories are of the opinion that the unique substrate positional 

selectivity and stereoselectivity of different cytochrome P-450's may 

regulate the balance between activation and detoxification pathways of BP 

and may determine tissue or individual susceptibility to the carcinogenic 

action of BP (Gelboin 1980). 



6 

Because the 7,8-diol formed enzymatically from BP is the trans 

isomer, there are four possible stereoisomeric 9,10 -epoxides derived 

from the trans-7,8-diol. These are the (+) or (-) enantiomers of the 

anti isomer, r-7,t-8-dihydroxy-t-9,10-oxy-7,8,9,10-tetrahydrobenzo[a]-

pyrene (BP-diol epoxide I) and the (+) or (-) enantiomers of the syn 

isomer, r7,t-8-dihydroxy-c-9,10-oxy-7,8,9,10-tetrahydrobenzo[a]pyrene 

(BP-diol epoxide II). In rat liver microsome preparations, BP-diol 

epoxide I is the predominant isomer formed on further oxidation of the 

optically pure (-) trans-7,8-diol (Gelboin 1980). The (-)-trans-7,8-diol 

is oxygenated to a smaller extent at the site of the 9,10-double bond 

which is cis. (on the same side of the plane) to the 7-hydroxyl group that 

forms BP-diol epoxide II. In separate studies in which the DNA and RNA 

adduct of BP was isolated and characterized after incubation of BP with 

either bovine or human bronchial explants, the major adduct was again 

derived from the 7r, 8s, 9r, lOr enantiomers of BP-diol epoxide I by the 

trans addition of the N2-amino group of guanine from either DNA or RNA 

to the 10-position of the diol epoxide (Gelboin 1980). The ratio of 

BP-diol I to BP-diol epoxide II formed depends on the tissue or enzyme 

preparation (or type of MFO) and also on whether the substrate is the (+) 

or (-) enantiomer of trans-7,8-diol as studies have indicated that the 

(+)-trans-7,8-diol is metabolized mainly to BP-diol epoxide II (Gelboin 

1980). 

Formation of the BP-Diol Epoxide-DNA Adduct 

Both BP-diol epoxides are able to form C-10 carbonium ion inter

mediates that are responsible for their reactivity toward cellular 
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nucleophiles (Gelboin 1980), It has, in fact, been reported that reac

tion of DNA nucleotide bases with anti-BP-diol epoxide (diol epoxide I) 

occurs exclusively at the benzylic C-10 position usually by trans addi

tion (Meehan and Straub 1979). BP-diol epoxide I reacts primarily with 

the exocyclic amino group of deoxyguanosine—approximately 90% of all 

adducts formed in native calf thymus DNA are deoxyguanosine adducts—and 

reacts roughly 10-fold less with adenosine residues. In addition, 1% of 

the adducts formed have been identified as deoxycytosine adducts, while 

no thymidine adducts have been found (Straub et al. 1977). In these in 

vitro DNA binding studies, the actual distribution of adducts obtained 

under the conditions employed was observed to be primarily a function of 

DNA secondary structure; that is, the more denatured the polymer, the 

higher the proportion of adenine adducts obtained (Meehan and Straub 

1979). Also dependent on the secondary structure of the nucleic acid is 

the ratio of the diastereomers formed when the anti-diol epoxide enantio-

mer reacts with the N2-amino group of deoxyguanosine. It has been shown 

that the (+)-anti enantiomer of the diol epoxide reacts preferentially or 

asymmetrically with deoxyguanosine in double-stranded DNA, whereas the 

two enantiomers [(+) and (-)-anti] react equally with the exocyclic amino 

group in single-stranded DNA (Meehan and Straub 1979). The basis for 

this stereoselective binding, which does not apply to the binding at the 

deoxyadenosine sites, is unknown, but it is felt it may involve formation 

of sterically orientated physical complexes before covalent attachment of 

the hydrocarbon to DNA. Intercalation or some other physical interaction 

may readily occur with the (+) enantiomer, but not with the mirror image 

hydrocarbon. Alternatively, the noncovalent interactions could "fix" the 
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hydrocarbon so that only one configuration is in a favorable position to 

react with the exocyclic amino group of deoxyguanosine (Meehan and Straub 

1979). 

The extent to which the activated hydrocarbons react chemically 

with DNA has been shown to be associated with their biological activi

ties. Brookes and Lawley (1964) showed that radioactive PAH applied to 

mouse skin bound covalently to DNA, RNA, and protein and that the rela

tive amount of binding to different PAH's correlated with their carcino

genicity. In addition, the difference in mutagenic acitivity between the 

(+) and (-)-anti diol epoxides in the V79 mammalian cell line seen by 

Wood and coworkers was of the same order as that found by Meehan and 

Straub (1979) for the difference in the level of covalent binding of the 

two isomers to the N2-guanine site in active DNA. Thus, in addition to 

metabolic factors, chemical and physical interactions with DNA may be 

important in evaluating the biological potency of carcinogenic and aroma

tic hydrocarbons. 

Computer models presented by Bel and (1978) show the (+) anti-BP 

diol epoxide-deoxyguanosin-N2-yl adduct to be situated within the minor 

groove of the DNA double helix, with very little freedom of rotation and 

a degree of steric interaction, suggesting that this adduct could cause 

some local destabilization. Yamasaki, Leffler, and Weinstein (1977) have 

reported a very slight decrease in the melting temperature (Tm) of diol 

epoxide-modified DNA as well as the unwinding of 1-2 bases per adduct 

and a small increase in the susceptibility of this modified DNA to the 

single-strand S-l endonuclease. Also, binding of the diol epoxide to 

adenine reportedly leads to partial denaturation of the DNA double helix 



9 

(Kakefuda and Yamamoto 1978), while binding of diol epoxide I to the 

phosphate groups of DNA results in DNA strand scission (Gamper et al. 

1977). 

Chromatin and its Effect on BP-Diol Epoxide Binding 

Eukaryotic DNA occurs as a nucleoprotein complex, or chromatin, 

consisting of a series of nucleoprotein subunits (nucleosomes) each con

taining about 200 bps of DNA and two molecules of each of the four major 

classes of histones. It is therefore of considerable interest to observe 

what effect the n.ucleoprotein complex would have on the binding of diol 

epoxide to DNA, or in reverse, what effect the diol epoxide would have on 

the chromatin structure. Yamasaki, Roush, and Weinstein (1978), in a 

series of experiments designed to determine these effects, found that 

despite observed localized regions of denaturation in the DNA structure 

and the covalent attachment of the bulk BP residue to guanine, the modi

fied DNA can still reassociate with histones to form a chromatin-like 

structure which, by the criteria they employed, resembles that of normal 

nucleosomes. These results suggested that although the DNA must have a 

structure which is primarily double-stranded, localized distortions in 

base pairing and the presence of fairly bulky substituents do not inter

fere with the DNA-histone associations involved in nucleosome formations. 

Further, using intact chromatin as a substrate, Yamasaki and co-workers 

(1978) saw that BP-diol epoxide reacts preferentially with the DNA pre

sent in the "open" region of the chromatin, or regions that are readily 

susceptible to digestions by Staphylococcus nuclease. However, a signi

ficant amount of binding of BP-diol epoxide to DNA was also present in 
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"closed" regions—the regions associated with histones in nucleosomal 

structures—such that the number of BP residues bound to these "closed" 

regions was nearly half that bound to the "open" regions (Yamasaki et al. 

1978). From these studies and those reported earlier, it can be seen 

that while the diol epoxide metabolite does have a preference for the 

actual nucleotide it will covalently bind (deoxyguanosine), it shows less 

of a preference for the region of DNA to which it binds. Hence, all 

regions of chromatin-associated DNA appear to be susceptible to attack by 

activated derivatives of chemical carcinogens, although the attack may 

still not be totally random. 

Cytotoxicity and Mutagenicity of BP Metabolic Derivatives 

The effect of the formation of the DNA-diol epoxide adduct on the 

DNA has been measured in terms of cytotoxicity, mutagenicity, and car

cinogenicity. Newbold and Brookes (1976), using Chinese hamster V-79 

cells and resistance to the purine analogue, 8-azaguanine, as a muta

tional marker, compared the cytotoxicity and mutagenicity of both diol 

epoxide I and diol epoxide II, and also of BP-4,5-oxide, the so-called 

K-region epoxide. These investigators observed for all three derivatives 

a similar type of multi-target dose-survival curve with a shoulder region 

at the low doses followed by a steep exponential portion. However, the 

dose range required to achieve this response varied approximately in the 

ratio of 1:3:6 for the anti isomer, the syn isomer, and BP-4,5-oxide, 

respectively (Newbold and Brookes 1976). Further, under conditions which 

enabled them to clearly distinguish between cytotoxic events and muta

genesis, Newbold and Brookes showed that BP-4,5-oxide and BP-diol epoxide 
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II ( s y n )  had approximately the same mutagenic efficiency, while BP-diol 

epoxide I (anti) was much more mutagenic when only the exponential por

tion of each survival curve was considered. These findings coincide with 

the observations of Wood and his associates who studied the mutagenicity 

of the four optical enantiomers of BP-diol epoxide and found that the 

(+)-dio1 epoxide I induced from 6-18 times as many mutants as the other 

stereoisomers in the V-79 cells (Wood et al. 1977). In bacterial sys

tems, however, the opposite is true as Wood's group and other labora

tories have observed BP-diol epoxide II to be a more potent mutagen than 

BP-diol epoxide I. Wood and coworkers found the (-) diol epoxide II to 

be 1.3 to 9.5 times more active than the other diol epoxide isomers. The 

reason for the observed differences in the two systems is unknown. 

Results of the studies discussed so far, which utilize mammalian 

systems have shown the greater mutagenicity of the (+) diol epoxide I, 

the predominant formation of BP-diol epoxide I and the predominance of 

binding of this form to DNA and RNA. These early studies therefore 

suggest that the diol epoxide I is the major active metabolite of BP. 

The diol epoxide II, although more reactive chemically owing to the 

positioning of the 7-hydroxyl group and 9,10-epoxide on the same side of 

the benzene ring, is of lesser mutagenic potency. One line of reasoning 

for this occurrence is that the greater chemical reactivity of diol 

epoxide II prevents it from reaching mammalian cell DNA as readily as 

diol epoxide I (Gelboin 1980). 



Effects of DNA Damage 

The question as to how replication occurs in DNA in which lesions 

or adducts have been introduced has been addressed in many different 

ways. Studies utilizing ultraviolet light irradiation as the principle 

DNA damaging agent have been a major source of information regarding the 

response of the cell and its DNA to DNA damage. Thompson and Humphrey 

(1970) were able to confirm the observations of Domon and Rauth that UV 

irradiated cells are delayed in their progression through S phase and 

further showed that once cells had passed through their first S phase 

following UV irradiation the subsequent cell cycle times approached 

normality. One interpretation of these results is that lesions in the 

DNA caused a reduction in the rate of DNA replication only during the 

first round of replication after UV irradiation (Thompson and Humphrey 

1970). Assuming that the DNA lesions are, in fact, responsible for the 

initially inhibited DNA replication, their effect could be exerted on 

replicon initiation or on the movement of replication complexes through 

damaged DNA. 

A number of different possible effects on DNA replication in the 

mammalian cell could explain the observed inhibition of DNA synthesis by 

ultraviolet light. These possibilities include: 1) the frequency of 

initiation of DNA synthesis in individual replicons might be reduced in 

irradiated cells; 2) the rate of elongation of DNA strands on replicat

ing chromosomes might be slowed in cells containing UV damage; 3) mamma

lian cells may possess mechanisms for coordination of DNA replication 

with DNA repair, such that replication is inhibited while certain repair 

processes are active; and 4) UV irradiation might alter DNA replication 
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in mammalian cells through induction of novel modes of DNA replication, 

as occurs in bacteria (for review, see Hall and Mount 1981). 

Attempting to distinguish the consequences of UV irradiation on 

replicon initiation from those on DNA elongation, Doniger (1978) pulse-

labeled unirradiated and irradiated cultures of Chinese hamster cells 

with high specific tritium-labeled thymidine and then used autoradio

graphy to determine the distances between the replication forks which had 

initiated from the same origins. The results he obtained suggested that 

the replicons undergoing replication following UV irradiation initiated 

and then replicated at near normal rates. These experiments, along with 

those of Cleaver, who used alkaline sucrose gradient sedimentation to 

look at the size of nascent DNA replicated in normal human cells and in 

Xeroderma pigmentosum, group A, cells after radiation treatment (Cleaver, 

Thomas, and Park 1979, Park and Cleaver 1979), indicate that replicon 

initiation is not substantially inhibited by UV irradiation. Conse

quently, another possible mechanism for inhibition of DNA synthesis via a 

reduction in rate of chain elongation has been considered (Hall and Mount 

1981). A decreased rate of elongation might occur by a general slowing 

down of replication forks in damaged cells. For example, a general 

reduction in elongation rates might occur if components of the replica

tion complex are sequestered for DNA repair processes. Alternatively, a 

reduction in chain elongation might occur by the specific blockage of 

replication forks when they reach pyrimidine dimers. 



Comparison of the DNA-Damaging Effects of UV Light and 
BP-Diol Epoxide I 

Pyrimidine dimers, the primary photo products of UV irradiation, 

are excised in both bacterial and mammalian cells in a series of enzyma

tic steps. There have been at least three different methods used to 

determine excision repair in mammals: 1) direct measurement of the 

removal of thymine dimers; 2) incorporation of [3H]-thymidine into DNA 

in the absence of semiconservative DNA synthesis; and 3) photolysis of 

incorporated Bromodeoxyuridine (BUdR). Regan and Setlow (1974), using 

the BUdR method, distinguished between two types of DNA repair — that 

involving short sequences and that involving long sequences. The short 

sequence repair was found to occur after ionizing radiation and is 

thought to involve single-strand breaks. Long sequence repair, which 

involves the removal of approximately 100 nucleotides from the DNA, has 

been shown to be associated with excision repair, and the excision of 

thymine dimers from UV-irradiated DNA has served as the prototype. 

Several experiments, including those by Day, Scudiero, and 

Dimattina (1978), Waters et al. (1978), and Regan et al. (1978), have 

demonstrated that the predominant diol epoxide derivatives of benzo[a]-

pyrene elicit damage to DNA that is comparable to that caused by the 

pyrimidine dimer. The kinetics of the dBUdR photolysis assay utilized by 

Regan's group indicated that the BP-diol epoxides cause DNA damage which 

is repaired by a long patch excision repair system. Furthermore, UV 

excision-deficient Xeroderma pigmentosum cells were not able to repair 

this chemical damage (Regan et al. 1978). Since the covalent binding of 

BP-diol epoxide to DNA results in damage to DNA that is very similar to 
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the damage caused by pyrimidine dimers after UV irradiation, it is of 

interest whether or not the effect on DNA replication is the same in both 

instances. 

Mizusawa and Kakefuda (1979) studied the effect of BP binding to 

DNA in an in vitro system in which BP-diol epoxide I was bound to double-

stranded circular pBr322 DNA, an artificial plasmid, and the newly syn

thesized DNA was obtained through alkaline sucrose density gradient sedi

mentation and analyzed. These investigators observed that many interme

diate-sized DNA fragments smaller than the unit size of pBr322 DNA were 

accumulated when BP-diol epoxide I-modified DNA underwent replication. 

Mizusawa and Kakefuda concluded that the effect of covalently bound 

BP-diol epoxide I is to inhibit chain elongation while initiation of DNA 

replication remains, for the most part, unaffected. This conclusion 

compares favorably with those reached from the earlier studies presented 

above utilizing UV light. 

pH Step Alkaline Elution as an Alternative Method 

The methods used up to now in studies looking at the effect of 

damaging agents on DNA replication, including alkaline sucrose gradient 

sedimentation and autoradiography, have a number of limitations such 

that results obtained from these types of analyses cannot be considered 

definitive (Hall and Mount 1981). In alkaline sucrose gradient sedimen

tation there is the possibility of error in the estimation of the average 

molecular weights of DNA from peaks which are often broad. There is also 

the chance of error in calculating the molecular weights (Mw) of small 

molecules which sediment in the upper portion of the gradient where the 



position of a DNA molecule varies rapidly with molecular weight. In 

addition, the autoradiographic technique used by Doniger (1978) may be in 

error because only replicons in which replication forks were moving away 

from the origin in opposite directions were scored. Consequently, those 

replicons in which one or both forks might be stalled were not considered 

in the analysis (Hall and Mount 1981). The major focus of the research 

presented here is thus to characterize the effect of the binding of 

BP-diol epoxide I on mammalian cell DNA, or more specifically, on the 

different DNA replication intermediates, utilizing the sensitive new pH 

step alkaline elution technique. 

pH step alkaline elution is a technique designed for the purpose 

of isolating DNA replication intermediates and for the study of the DNA 

replication process. This method, as modified by Erickson (Erickson, 

Ross, and Kohn 1979), is an adaptation of the original alkaline elution 

technique developed by Kohn for the study of DNA damage in mammalian 

cells (Kohn et al. 1976). The new procedure utilizes the influence of 

molecular weight on the selective denaturation of newly replicated DNA 

exposed to alkali in the pH transition zone. This results in the prefer

ential denaturation of nascent DNA from the parental strand, following 

the immobilization of the cellular DNA on a membrane filter (Erickson et 

al. 1979). The pH step alkaline elution technique, which is based on 

the observation that the rate of DNA released from the cell lysate at 

high pH is very sensitive to x-irradiation of cells, has a number of 

advantages which include the following. Initially, the procedure allows 

for the utilization of filters to discriminate DNA single-strand sizes in 

mammalian cells — the filters do not adsorb DNA under the conditions 
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employed but act rather mechanically to impede the passage of long DNA 

strands. Secondly, the procedural manipulations allow the flexibility in 

handling cell DNA without mechanical fragmentation. This is accomplished 

by depositing the cells on filters prior to lysis with a detergent solu

tion. Thirdly, most of the cell protein and RNA can be washed through 

the filter leaving the DNA alone and intact on the filter. This is 

accomplished by the lysis solution, the composition of which (2M NaCl, 

0.2% sarkosyl, 0.02M EDTA, pH 8-10) assures that most DNA-protein com

plexes are dissociated. Lastly, although this technique is more quali

tative than quantitative in that molecular weight values are not easily 

obtained, it does have several advantages over alkaline sucrose gradient 

sedimentation. First, the alkaline elution technique is considerably 

more sensitive than sucrose sedimentation — the range of DNA single-

strand lengths that can be discriminated by elution above the alkaline 

transition pH (i.e., pH 12.1) is from 5 x 108 to 10^0 daltons as compared 

to 2-5 x 108 daltons for alkaline sucrose gradient sedimentation. In 

addition, the resolution of populations of single-stranded molecules with 

small differences in molecular size is considerably better with pH step 

alkaline elution than with alkaline sucrose gradient sedimentation. 

Thus, use of the pH step alkaline elution technique to study the effect 

of BP-diol epoxide I on DNA replication in mammalian cells will serve to 

either support or bring to question the results of previous studies which 

employed different techniques. 
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Possible Induction of an Alternate Mode of DNA Replication 
by DNA-Damaging Agents 

It is understood that the presence of any lesion that distorts 

the double helix or prevents accurate base pairing will tend to interfere 

with DNA replication and protein synthesis. Unless damage to DNA is suc

cessfully repaired it can cause the death of a cell, and in mammalian 

cells, can sometimes initiate a process that leads to cancer. There is 

evidence showing that primary DNA damage in mammalian cells can be speci

fically but only partially excised through the excision repair pathway 

(Hanawalt and Setlow 1975). Yet, even in the presence of pyrimidine 

dimers DNA from UV-irradiated cells has been shown to replicate its whole 

genome at least one time (Meyn et al. 1976). Therefore, it is apparent 

that the cell utilizes a repair mechanism, in addition to excision 

repair, that enables it to continue replication of its DNA past the site 

of damage, and thus continue to survive. A second major DNA repair 

process, postrep!ication repair, was discovered by the team of Rupp and 

Howard-Flanders just over a decade ago and shown to operate only after 

the replication of damaged DNA (Rupp and Howard-Flanders 1968). These 

investigators theorized that when the replication fork reaches an 

unexcised pyrimidine dimer, correct base pairing is impossible along 

the damaged strand. The synthesis of one new strand is interrupted, to 

be reinitiated at some point in the undamaged region of the template 

beyond the dimer. As a result, "postreplication gaps" are formed in the 

daughter strands which cannot be handled by excision repair because of 

its requirement for an intact complementary strand. Postreplication 

repair, then, functions to fill in these "gaps", either by sister-strand 



19 

recombinational exchanges, as proposed and substantiated by Rupp and 

Howard-Flanders in bacteria, or by numerous other pathways, including the 

process of de novo synthesis which has been proposed by Lehman (1974) to 

be the primary mechanism occurring in eukaryotic systems. Various uncer

tainties are associated with de novo synthesis, however, because such a 

process should involve random incorporations of bases opposite lesions 

in the template which in turn might lead to mutagenesis. These uncer

tainties and their possible relationship to an inducible repair mechan

ism^) will be expanded upon below. 

When certain bacteria are treated with ultraviolet radiation or 

other DNA damaging agents, a group of inducible functions known as "SOS" 

functions including, prophage induction, Weigle reactivation of ultravio-

let-irradiated bacteriophage, mutagenesis, filamentous growth, and error-

prone DNA repair, are expressed. The term "SOS" implies that damage to 

DNA, or inhibition of DNA synthesis, initiates a regulatory signal that 

results in derepression of these functions, all of which presumably 

promote the survival of the cell or its phages (Witkin 1976). Ori

ginally, Defais et al. (1971) had proposed that UV mutagenesis in E. coli 

might depend upon an inducible function which, like X prophage, was 

repressed in healthy wild-type cells but was expressed in response to UV 

irradiation. A basis for this suggestion was the finding that UV muta

genesis was dependent upon the rec A+ and lex A+ gene products which are 

also required for prophage induction by UV irradiation, and for the 

pleiotropic expression of other UV-inducible functions as well. Radman 

expanded upon this proposal by adding an error-prone DNA repair activity 

to the coordinately regulated group of inducible functions that were 
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jointly controlled by the rec A+ and lex A+ gene products, and thus 

introduced the "SOS" hypothesis (Radman 1974). 

In the very early studies of Weigle, the increased survival of 

UV-irradiated phage that occurred when the host was also irradiated 

before infection was accompanied by a high level of phage UV mutagenesis 

(Weigle 1953). It was further shown that this phenomenon, referred to as 

"Weigle-" or "UV-reactivation", and the mutagenesis that accompanied it 

required the rec A+ and lex A+ genotype in the host. Like other rec A+-, 

lex A+-dependent functions, Weigle-reactivation of X required protein 

synthesis after the inducing treatment for its expression. From these 

findings, Radman proposed that a single inducible error-prone repair 

replication system (SOS repair) may be responsible for both the mutagenic 

reactivation of UV-irradiated phage and for error-prone repair of bac

terial DNA (Radman 1974). 

Early studies reporting the occurrence of Weigle-reactivation in 

single-strand phages implied, barring multiple infection, a non-recombi-

national repair mechanism (Ono and Shimazu 1966, Tessman and Ozaki 1960). 

Additional studies by Blanco and Devoret (1973) and Devoret et al. (1975) 

led these investigators to rule out recombinational repair as the mechan

ism of Weigle-reactivation and to support the idea of an error-prone 

repair activity induced in the host cell by UV radiation and other SOS-

inducing treatments. 

It is not known whether DNA damage initiates the induction of an 

"SOS-like" cluster of functions in eukaryotic cells, but a number of 

similarities between prokaryotic and eukaryotic systems have been 

reported, thus indicating that such a possibility may be likely. Some 
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of the reported similarities between the two cell types include the 

finding that most of the agents that are effective SOS inducers in bac

teria are also known to be carcinogenic in mammals (Witkin 1976). In 

addition, most mammalian carcinogens have been shown to be mutagenic in 

the Salmonella test system. Since much of the mutagenesis required the 

product of a Salmonella equivalent of the E. coli rec A+ gene, these 

studies indicate that the mutagenicity of many carcinogens in bacteria 

may depend upon the induction of SOS repair activity (McCann et al. 

1975). 

One type of Xeroderma Pigmentosum (XP), a disease found in humans 

and known to be caused by an autosomal recessive mutation, is similar to 

uvr- mutants of E. coli in that the ability to perform the initial step 

of excision repair (incision) is absent. Skin fibroblast cultures taken 

from a patient with this type of XP are UV hypermutable at low UV flu-

ences as are uvr- mutants (Maher et al. 1976). Consequently, since 

unexcised dimers cause hyperinducibility for SOS functions in E. coli, 

Maher and coworkers thought it possible that the induction of an error-

prone repair activity in response to unexcised UV damage may account for 

the hypermutability of XP cells and may also contribute to their high 

rate of carcinogenesis (Maher et al. 1976). 

In addition, carcinogens are known to induce prophage in E. coli 

(Moreau, Bailone, and Devoret 1976), as well as mutagenic DNA polymerase 

activity, and uvr- mutants are hyperinducible for both functions. If 

comparable SOS-type activities are induced by carcinogens in mammalian 

cells, the induction of latent virus and of error-prone DNA polymerase 

activity should occur simultaneously, and either or both could contribute 



to carcinogenicity (Witkin 1976). The intent of the second set of 

experiments presented in this thesis, in which the occurrence of enhanced 

virus reactivation on damaged host cells is studied, is mainly to see if 

an error-prone DNA repair mechanism is induced upon treatment of host 

cells with BP-diol epoxide. Additionally, though, the virus experiments 

represent one of many attempts to determine if findings obtained from 

bacterial studies can be used to explain similar occurrences in mammalian 

cells; that is, to see if enhanced virus reactivation in mammalian cells 

is the same as induced prophage reactivation in bacteria and thus consti

tutes an inducible mammalian SOS function. The reported reactivation 

studies are admittedly limited in substance. It is hoped, however, that 

upon expansion of these studies, the total effect of the chemical carci

nogen, Benzo[a]pyrene Diol Epoxide I, on mammalian cells will be more 

clearly discerned, and a solution to the questions of inducible DNA 

repair mechanisms and "SOS" functions more clearly in sight. 



MATERIALS AND METHODS 

Cell Culture Techniques 

African green monkey kidney--Vero--cells, a gift of Dr. J. Hall, 

Department of Cell and Developmental Biology, University of Arizona, 

Tucson, were cultured in Eagle's media as modified by Dulbecco (DME), 

supplemented with 10% fetal calf serum (FCS), 10,000 units penicillin/ml 

and 10,000 yg streptomycin/ml (Gibco, Grand Island, NY). The cells 

were grown at 37°C in an atmosphere of 90% air and 10% CO2. For all non-

viral experiments performed, cells were plated at a density of 1.8 x 10^ 

cells/cm^ and allowed to grow for 48 hours so that the cells were in log 

phase when treated. 

Chemicals and Radiochemicals 

Racemic BP-diol epoxide I was obtained through Dr. D. G. 

Longfellow of the Chemistry Operational Unit, Carcinogenesis Branch of 

the National Cancer Institute, from Dr. J. Keith of the National Cancer 

Institute, Chemical Repository (ITT Research Institute, Chicago, IL). 

BP-diol epoxide I was prepared in anhydrous dimethyl sulfoxide (DMS0) 

(Pierce Chemical, Rockford, IL) and stored in small aliquots at -90°C. 

The [methyl-3H] thymidine (64 Ci/mmol) used for pulse-labeling was 

obtained from New England Nuclear, Boston, MA. 

Survival Assay 

Exponentially growing cells were treated with various concentra

tions of BP-diol epoxide I for one hour, then washed two times with 
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serum-free DME, trypsinized, and centrifuged for five minutes at 1000 

RPM. The pellet was resuspended in 10% FCS-containing DME and serial 

dilutions on the cell suspension were performed. Cells were plated in 60 

mm dishes at densities of 1 x 102 per dish and 1 x 103 per dish and incu

bated at 37°C for 14 days. The resulting cell colonies were then fixed 

with 3% glutaraldehyde in phosphate buffered saline (PBS), stained with 

0.2% methylene blue solution, and counted. 

pH Step Alkaline Elution of BP-Diol Epoxide Treated Vero Cells 

Unlabeled Vero cells were treated with BP-diol epoxide I, or DMS0 

as a control, for periods ranging from 0.5 to 12 hours. After treatment, 

the cells were pulse-labeled with [methyl-3H] thymidine (40 yCi/ml) for 

ten minutes. The incorporation of the radioactive label was stopped by 

pouring off the radioactive media and submerging the 60 mm dishes in ice 

cold PBS for 3-4 minutes. The cells were then scraped off the surface of 

the dish with a rubber policeman into Hank's balanced salt solution,, pH 

7.5, containing 0.02% EDTA. This single cell suspension was pelleted 

and resuspended in cold PBS, pH 7.4, at a final concentration of between 

1-1.5 x 105 cells per ml and kept on ice. A total of 10 ml was applied 

to a 25 mm, 20 yM pore-size, polyvinyl chloride membrane filter 

(Millipore, type BSWP) using mild suction. The cells were lysed and the 

nascent DNA eluted in a stepwise fashion with tetrapropyl ammonium 

hydroxide solutions of pH 11.0, 11.3, 11.5, and 12.1 as described by 

Erickson et al. (1979) and outlined below. 

Briefly, 5 ml of lysis solution containing 0.02M Na2 EDTA, 

0.3% sarkosyl, and 2.0M NaCl, pH 10, was allowed to flow through the 
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cell-containing filter via gravity in subdued light. The lysed cells 

were then rinsed with 3 ml of 0.02M EDTA, pH 10, containing 0.04M NaOH, 

in order to remove the excess salt. The filter apparatus was hooKed up 

to a peristaltic pump and the newly synthesized DNA eluted in a stepwise 

fashion with the alkaline solutions of increasing pH. The flow rate was 

approximately 0.08 ml/min. and the pump was run for 60 minutes with each 

solution. Single fractions were collected for each pH and the total 

volume was measured. One ml aliquots were removed from each fraction in 

duplicate, mixed with 10 ml of ACS liquid scintillation fluid containing 

0.7% acetic acid and counted for radioactivity in a Tracor Analytic, 

Model 6892, liquid scintillation system. The DNA still remaining on the 

filter was hydrolyzed and also counted for radioactivity. The DNA in the 

combined lysing and rinsing eluants was precipitated with 12% trichloro

acetic acid (TCA) and then solubilized and counted. The data was com

puted and analyzed as the fraction of the total radioactivity recovered. 

pH Step Alkaline Elution of Vero Cells Exposed to Ionizing Radiation 

The medium of Vero cells growing in 60 mm dishes was replaced 

with cold DME supplemented with 10% FCS, and these cells were then placed 

on ice approximately 30 minutes prior to treatment with x-ray. Control 

cells not receiving ionizing radiation were similarly treated. The 

cells, still on ice, were then exposed to 500 rads of x-ray from a Linac 

II accelerator. After the x-ray treatment, the cold media in control and 

treated dishes was replaced with DME containing 10% FCS warmed at 37°C, 

and then both groups of cells were incubated for various times at 37°C. 

At the end of each incubation period, cells were pulse-labeled for ten 



minutes, scraped off the surface and subjected to pH step alkaline elu-

tion as before. 

Alkaline Sucrose Gradient Sedimentation of DNA Eluting at the 
Various pH«s 

Untreated cells were pulse-labeled with [methyl-3H] thymidine at 

a concentration of 50 yCi/ml for ten minutes and then deposited on the 

membrane filters and eluted in a stepwise fashion. DNA eluting at the 

different pH's was then sedimented on linear 5-25% sucrose gradients. In 

order to observe the sedimentation pattern of the pH 11.0 fraction how

ever, it was necessary to increase the tritium-labeled thymidine concen

tration to 200 nCi/ml. 

For alkaline sucrose sedimentation of DNA eluting at pH 11.3, 

11.5, and 12.1, the DNA was eluted directly onto separate sucrose gradi

ents. Sedimentation was for 12 hours at 22°C with a constant speed of 

17,500 revolutions per minute. DNA eluting at pH 11.0 was collected in a 

single vial and a fraction of the total volume (0.8 ml out of 4.6 ml) was 

removed and layered on top of a single sucrose gradient. Sedimentation 

in this case was for 38 hours at 22°C, with a speed of 21,000 revolutions 

per minutes. 14C-SV40 Form III DNA (16S), 14C-SV40 Form 1 DNA (53s)» and 

14C-X phage DNA (38S) were used as markers. 

Plaque Purification of SV40 Virus 

Vero cells, grown to approximately 90% confluency, were infected 

with various dilutions of a small plaque strain of SV40 virus kindly 

given to us by Dr. William Meinke, University of Arizona, Department of 

Microbiology, Tucson, A2. The infected cells were then overlaid with 



Dulbecco's modified Eagle's media, supplemented with 5% FCS and 0.3% 

agarose. The cells were incubated at 35-37°C and overlaid two more times 

during a 17 day period. A single plaque was isolated from one of the 

infected dishes and used to infect non-confluent Vero cells in DME sup

plemented with 5% FCS alone. After a period of seven days, the plaque-

purified virus-infected cells were lysed up off the surface of the dish. 

These cells were then suspended well and transferred to a sterile test 

tube. The purification was completed by freeze-thawing the virus-

infected cells a total of three times. 

Determination of the SV40 Virus Titre 

Ninety percent confluent Vero cells were infected with 10-5^ 

10-6, 10-7, and 10-8 dilutions of the plaque-purified virus suspension 

for approximately 60 minutes. Afterwards, the inoculum was pipetted off 

and the cells were overlaid with agarose-containing media and incubated 

at 37°C. These cells were then overlaid once every seven days for a 

total of two times during the 17 day incubation. At the end of this 

period, the agarose-containing media was removed and the cells were fixed 

and stained with 0.1% crystal violet in 20% ethanol. The virus titre, in 

plaque-forming units (PFU)/ml, was determined by counting the number of 

plaques appearing on the cell monolayers infected with the various dilu

tions of SV40 virus. 

Preparation of Virus Stock 

The plaque-purified SV40 virus, having a titre of ~ 3 x 107 

PFU/ml, was then grown on confluent Vero cells at 0.01 PFU/cell until 

total cell lysis had occurred (about ten days). The lysed cells were 
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then scraped off the dishes with a sterile rubber policeman, resuspended 

to homogeneity, and transferred to sterile plastic tubes and capped. The 

suspensions were freeze-thawed a total of three times and then stored at 

-90°C, The resulting virus stock, which consisted of nine tubes each 

containing a total volume of approximately 4.5 ml, was titred and then 

used in all of the experiments performed in the reported research. 

Pretreatment of Vero Cells 

Ultraviolet Light Irradiation 

Cells were grown to confluency in either 60 mm or 100 mm petri 

dishes at 37°C and then split into two groups. One group of cells was 

washed one time with sterile PBS and then irradiated with UV light from 

a germicidal lamp. The cells were exposed to UV doses of 10, 15, 20, 30, 

and 50 J/m2 at an incident dose rate of 2 J/m^/sec. After UV irradi

ation, the cells were washed three times with sterile PBS, culture media 

containing 2% FCS was added and the cells were incubated at 37°C until 

virus infection. The second groups of cells, the control, was washed 

once with sterile PBS and then incubated at 37°C in DME containing 2% 

FCS. 

Benzo[a]Pyrene Diol Epoxide I 

Media from confluent Vero cells was removed and mixed with BP-

diol epoxide I at a final concentration of either 0.1 or 0.16 pM and 

then replaced. The cells were incubated with the diol epoxide at 37°C 

for one hour and then washed three times with sterile PBS. DME contain

ing 2% FCS was added and the cells were incubated at 37°C until virus 



infection. Cells, acting as the control, were also as previously des

cribed. 

SV40 Virus Plaque Assay 

Cells exposed to UV light were incubated for a period of 24-25 

hours at 37°C before virus infection, whereas cells treated with BP-diol 

epoxide I were incubated for periods of 25, 44, and 72 hours before 

infection with SV40 virus. The purpose of the incubation period between 

cell treatment and virus infection was to maximize the virus reactivation 

caused by pretreating the cells. Both UV-irradiated and non-irradiated 

SV40 virus were used to infect pretreated or control cells. A 1 ml sus

pension of virus (about 3 x 10^ PFU/ml) was added to a 35 mm culture dish 

and irradiated with UV light by the same lamp that was used for cell 

irradiation, but at an incident dose rate of 4.8 J/m^/sec. The total 

exposure time of the virus to ultraviolet radiation was 4.5 minutes with 

constant agitation, such that the virus received a final dose of approxi

mately 1300 J/m2. Various dilutions of the irradiated and non-irradiated 

virus were then prepared in serum-free DME in a darkened hood, and used 

to infect the cells. 

After the pretreated or control Vero cells were incubated for the 

desired time, they were washed with serum-free DME and then 0.25 ml of 

the appropriate virus dilution was added per 60 mm dish (0.7 ml of virus 

dilution was added per 100 mm dish). Virus absorption by the cells was 

at 37°C for a period of approximately 90 minutes, during which time the 

dishes were shaken frequently. At the end of the incubation period, the 

virus inoculum was removed and an agarose medium overlay was added as 



before (DME, 5% FCS, and 0.3 or 0.4% agarose). A second overlay was 

added six days later and a third overlay was added five days after that. 

The infected cells were incubated at 37°C for a total of 14 days and then 

the overlay was aspirated off and the cells fixed and stained with 0.1% 

Crystal Violet in 20% ethanol. The viral infection was scored by count

ing the number of plaques appearing on each dish and determining the 

reactivation factor; that is, the ratio of the surviving fraction of the 

virus in treated cells compared to the ratio of the surviving fraction of 

virus in untreated cells. 



RESULTS 

BP-Diol Epoxide Effects on Vero Cell Survival 

Treatment of logarithmically growing Vero cells with various 

concentrations of BP-diol epoxide I for one hour resulted in a survival 

curve that displays a slight shoulder at the low doses of 0.16 and 2.0 ^ 

(Figure 1). This shoulder region is followed by a linear exponential 

decrease in survival as the diol epoxide concentration is increased, 

reaching a minimum survival of 1% of control at the highest concentra

tion, 1.66 vM, used in these studies. DMSO, the solvent in which the 

diol epoxide was dissolved, was not seen to have any toxic effects on 

these cells. Treatment of Vero cells with 0.66 yM BP-diol epoxide I, 

the concentration used in the majority of the experiments performed, 

resulted in a 21% survival rate as compared to control cells. 

Alkaline Sucrose Gradient Sedimentation of DNA Eluted at Various pH's 

Nascent DNA that was initially eluted in a pH stepwise fashion 

and then sedimented on alkaline sucrose gradients was shown to be separ

ated, depending on the pH, into discrete groups of different sized frag

ments. Profiles of DNA eluting at pH 11.0, 11.3, 11.5, and 12.1 showed 

that increasing lengths of DNA were eluted with increasing pH. This is 

in agreement with the findings of Erickson et al. (1979) and thus pro

vides additional evidence that the pH step alkaline elution technique 

utilizes the influence of molecular weight on the selective denaturation 

of newly replicated DNA exposed to alkali in the pH transition zone. 
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Figure 1. Vero cell survival after treatment with BP-diol epoxide I. 

Exponentially growing cells were treated with various concentrations of 
BP-diol epoxide I for one hour. The cells were then plated at densities 
of 1 x 10* per dish and 1 x 103 per dish and incubated at 37°C for 14 
days. Cell survival was determined by measuring cloning efficiencies of 
control and treated cells. A minimum of three determinations were made 
for each point. 



The average molecular weight of DNA eluted by pH 11.0 (Figure 2A) 

was calculated to be 150,000 daltons, whereas, DNA eluted at pH 11.3 had 

an average molecular weight of approximately 13.4 x 106 daltons. The DNA 

in the pH 11.5 fraction exhibited a broader range of nascent sizes, hav

ing an average molecular weight of 38 x 10^ daltons, while still larger 

DNA eluting at pH 12.1 consisted of sizes ranging from 51 to 71 million 

daltons (Figure 2B). 

Alkaline Elution of Vero Cells Treated with X-Ray 

Exposure of mammalian cells to low doses of x-ray may result in 

inhibition of the initiation of DNA replication in replicons (Watanabe 

1974, Makino and Okada 1975, Painter and Young 1975). Erickson's group, 

using 500 rads of x-ray, tested to see whether or not any of the nascent 

DNA fractions isolated by step elutions were involved in the initiation 

of DNA replication at the replicon level. These experiments using low 

doses of ionizing radiation were repeated in our lab in order to deter

mine which fraction of Vero cell DNA, if any, would be suppressed and 

thus could be said to be associated with the initiation process. The 

results are summarized in Table 1. 

Upon exposure to 500 rads, followed by incubation at 37°C for 

various times, it can be seen that Vero cell nascent DNA eluting at both 

pH 11.0 and at pH 11.3 is suppressed. Erickson et al. (1979) reported 

that only the pH 11.3 fraction in asynchronous CH0 cells was suppressed 

by the x-ray treatment. Preliminary experiments utilizing CH0 cells in 

our lab have shown results similar to Erickson's findings (R.C. Davis, 

personal communication). A possible reason for the discrepancy between 
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Figure 2A. Alkaline sucrose sedimentation of nascent DNA eluted at pH 
11.0. 

Untreated asynchronous Vero cells were pulse-labeled with 200 pCi/ml 
[methyl-3Hj~thymidine for ten minutes, deposited on membrane filters, and 
eluted with the pH 11.0 alkaline solution. A fraction of the total DNA 
was layered on top of a preformed sucrose gradient. Sedimentation was at 
21,000 revolutions per minute, 22°C, for 38 hours. 
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Figure 2B. Alkaline sucrose sedimentation of pH step eluted nascent DNA. 

Untreated asynchronous Vero cells were pulse-labeled with 50 pCi/ml 
[methyl-3H]-thymidine for ten minutes. Nascent DNA was then eluted in a 
stepwise fashion with alkaline solutions of pH 11.3 (o—o), pH 11.5 
(•—•), and pH 12.1 (B —• ) directly onto preformed alkaline sucrose 
gradients. Sedimentation was at 17,500 revolutions per minute, 22°C, 
for 12 hours. 
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Table 1 

pH Step Elutions of Vero Cells Pulse-Labeled with 40 pCi/ml 
[Methyl-3H]-Thymidine for Ten Minutes at Various Times after 500 Rad X-Ray 

Time After pH % of 
X-ray (min.) Step Fraction of Total CPM Control 

Control X-ray 

10 11.0 0.033 0.024 72.7 
11.3 0.163 0.146 89.6 
11.5 0.271 0.294 108.5 
12.1 0.428 0.441 103.0 

20 11.0 0.037 0.026 70.3 
11.3 0.160 0.113 70.6 
11.5 0.275 0.288 104.8 
12.1 0.431 0.456 105.7 

30 11.0 0.036 0.022 60.2 
11.3 0.148 0.090 61.2 
11.5 0.215 0.218 101.2 
12.1 0.449 0.485 108.1 

60 11.0 0.043 0.024 55.8 
11.3 0.158 0.092 57.9 
11.5 0.250 0.235 93.8 
12.1 0.445 0.552 117.0 
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the observation seen with primate cells and those seen with rodent cells 

is that DNA of various sizes is associated with the initiation complex in 

monkey kidney primate cells, whereas only DNA of a limited size range is 

found at the origins of replication in the Chinese hamster ovary cells. 

Other possibilities will be expanded upon below. 

Since inhibition of DNA replication initiation after treatment 

with low doses of x-ray has been reported, the results obtained suggest 

that Vero cell DNA found in both the pH 11.0 and pH 11.3 fractions is 

associated with the initiation complex in replicons. The pH 11.5 and 

12.1 fractions are not affected by the x-ray treatment indicating that 

the DNA eluting in these fractions, shown by alkaline sucrose sedimenta

tion to be of intermediate and large sizes, is not associated with the 

initiation of DNA replication, but rather represents different stages of 

DNA elongation. 

Alkaline Elution of BP-Diol Epoxide Treated DNA 

Newly synthesized Vero cell DNA that was eluted with the pH 11.3 

solution shows a large increase over control after treatment with BP-diol 

epoxide I for one hour (Figures 3A and 3B). This is in contrast to the 

suppression of this same fraction observed after treatment with ionizing 

radiation. Nascent DNA eluted at pH 11.0 after diol epoxide treatment is 

also seen to increase, achieving a maximum somewhat later than that seen 

for the pH 11.3 fraction, while the larger DNA eluting at pH 11.5 and pH 

12.1 show a decrease in fraction of total radioactivity as compared to 

their respective controls. 
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Figure 3A. Effect of 0.66 pM BP-diol epoxide I on Vero cell DNA 
replication intermediates. 

Unlabeled Vero cells were treated with 0.66 pM BP-diol epoxide I, or 
DMSO as a control, for periods ranging from 0.5 to 12 hours. Immediately 
following treatment, cells were pulsed with 40 yCi/ml [methyl-3H]-
thyjnidine for ten minutes, deposited on membrane filters and eluted in a 
pH stepwise fashion with alkaline solutions of pH 11.0 (0—0), 11.3 
(A—A), 11.5 ( • — B ), and 12.1 (0 —0). Data for both treated and 
control cells was computed as the fraction of the total radioactivity 
(CPM) recovered, and the ratio of treated DNA to control DNA was plotted 
versus time. The error bars represent the standard of error of at least 
three determinations. 
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Figure 3B. Effect of 1.66 pM BP-diol epoxide I on Vero cell DNA 
replication intermediates. 

Experimental conditions were the same as those described for Figure 



While the patterns of elution are similar for both 0.66 uM and 

1.66 yM BP-diol epoxide I (Figures 3A and 3B), the magnitude of the 

observed changes are dose-dependent at all the pH's studied. An example 

of this is seen with the pH 11.3 fraction after treatment with the diol 

epoxide for 1.0 hour. For 1.66 uM BP-diol epoxide I, the increase over 

control is approximately 3.5 fold, whereas the increase over control 

observed with 0.66 pM BP-diol epoxide I is only 2.5 fold. Further, the 

decrease noted for the pH 12.1 fraction after 1-2 hours of treatment was 

approximately 20% of control when the higher concentration of the diol 

epoxide was used, while the maximum decrease in the 12.1 fraction after 

treatment with 0.66 pM BP-diol epoxide I was 45% of control. 

The large increases over control noted for pH 11.0 and pH 11.3 

are shown to decline while the decreases observed at the higher pH's 

tended to recover toward control values over the 12 hour time course. A 

general recovery is thus seen at all the pH's, with substantial recovery 

occurring at pH 11.0 and pH 11.5 and slight recovery toward control 

occurring with the 11.3 and 12.1 fractions. 

It was felt that the substantial increase over control noted for 

pH 11.3 DNA at 1.0 hour, as well as the significant decreases observed 

with the pH 11.5 and pH 12.1 fractions, could be explained by at least 

two possibilities. The increased incorporation observed in the intiation 

complexes could imply a blockage in DNA elongation after initiation has 

occurred, or alternatively, the observed increase in the pH 11.3 fraction 

radioactivity could be a result of an increase in the number of initi

ation sites due to the treatment with BP-diol epoxide. To distinguish 

between these possibilities, Vero cells were treated with DMS0, which 



acted as the control, or with BP-diol epoxide I for one hour (that time 

where the maximum effect was seen) and then pulse-labeled for various 

lengths of time. These cells were then subjected to a slightly modified 

pH step alkaline elution technique in that a specified number of cells 

was applied to the membrane filters. Thus, an increase in the amount 

of radioactivity incorporated, if observed, could be attributed to an 

increase in the number of initiation sites, and not to the fact that one 

group had more cells applied to the filter, a condition which could also 

account for a higher amount of radioactive incorporation. The results of 

this study are depicted in Figure 4. 

One significant finding shown in Figure 4 is that, with the 

control cells, as the pH is increased the amount of CPM incorporation is 

also increased at all the pulse times studied. However, this pattern 

does not occur with the diol epoxide-treated cells as the pH 11.3 frac

tion is shown to have the highest amount of incorporation, followed by 

the pH 11.5, 12.1 and 11.0 fractions, respectively. This finding com

plies with the high percentage of DNA fragments eluting at pH 11.3 as 

seen in Figure 3. 

Also significant is the fact that an increased amount of CPM 

incorporation in the diol epoxide-treated cells was not observed compared 

to the DMSO-treated or control cells. Figure 4 shows that BP-diol epox-

ide-modified DNA incorporates less [methyl-^H] thymidine than unmodified 

DNA from control cells at all the pulse times studied. Therefore, we 

conclude that DNA synthesis is inhibited by treatment with BP-diol epox

ide I, and more specifically, that an accumulation of initiation frag

ments resulting from a block of DNA elongation after initiation had 
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Figure 4. Effect of 0.66 pM BP-diol epoxide I on the absolute number 
of 3H-CPM's eluting at the various pH's following pulse times of varying 
lengths. 

Vero cells were treated with BP-diol epoxide I or DMSO for one hour and 
then pulse-labeled with 40 pCi/ml [methyl-3H]-thymidine for 2, 5, 10 or 
30 minutes. Equal numbers of cells (1.0 x lO*5) were then loaded onto the 
filters and eluted in a stepwise fashion with alkaline solutions of pH 
11.0 (•—», Control; o—o, Treated), 11.3 (A--A, Control; A—A, Treated), 
11.5 ( • -- B , Control; • — O , Treated), and 12.1 plus filter 
( & --0 , Control; Q — Q , Treated). 
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occurred is the process responsible for the buildup of DNA fragments 

eluting at pH 11.3, and possibly also at pH 11.0 

Virus Reactivation 

Pretreatment of Vero Cells 

Varying doses of UV light, ranging from 10 to 50 J/m2 were 

administered to confluent Vero cell monolayers. This dose range was 

based in part on the findings of Sarasin and Hanawalt (1978) who pre-

treated monkey kidney cells with various UV fluences in an attempt to 

determine the optimum dose needed for virus reactivation. They found 

that maximum reactivation was attained with an initial dose of 5 J/m2 

followed by a plateau with doses up to 16 J/m2. A major consideration in 

determining the optimum inducible reactivation following pretreatment of 

cells is that the cell monolayer is not affected in such a way that cell 

lift off occurs due to cell killing. We, therefore, initially subjected 

confluent Vero cells to UV fluences of 10, 15, 20, 30, and 50 J/m2 and 

then observed the cell monolayers over a 24 hour period. The results 

obtained showed that although some cells were found to be in the media 

after treatment with 10, 15, and 20 J, the cell monolayer was intact and 

remained confluent. However, after UV fluences of 30 and 50 J/m2, given 

at an incident dose rate of 2 J/m2/sec., the cell monolayer was essen

tially wiped out with most of the cells lifted off into the media. From 

these initial findings, therefore, only UV doses of 10, 15, and 20 J/m2 

were used in pretreating the Vero cells. 

Early studies testing the toxicity of various doses of BP-diol 

epoxide I on Vero cells showed that these cells displayed a decreased 



colony forming ability upon treatment with increasing concentrations of 

the diol epoxide (see Figure 1). It has been reported that the dose 

needed to induce reactivation is lower compared to the doses necessary 

to produce other measurable effects such as DNA repair or cell toxicity 

(Sarasin and Hanawalt 1978). Therefore, the initial concentrations of 

BP-diol epoxide I used to pretreat the cells were 0.1 and 0.16 yM rather 

than the 0.66 yM used for the alkaline elution studies. Initially 

cells were treated with either concentration of the diol epoxide for one 

hour and then observed over a 24 hour incubation period. After this 

time, with the cell monolayer still intact, the cells were mock infected 

(i.e., cells were inoculated with serum-free DME and incubated at 37°C 

for approximately 60 minutes) and then overlaid with agarose media and 

observed further for a two week period. It was found that lift off due 

to cell killing was minimal for either of the two concentrations used, 

and when fixed and stained, the cell monolayers were comparable to those 

of control treated cells. Therefore, for the preliminary studies per

formed with BP-diol epoxide I, a concentration of 0.16 yM was used in 

the pretreatment of cells. 

Virus Infection 

Cells pretreated with either 10 J/m? of UV light or 0.16 yM BP-

diol epoxide I, incubated at 37°C for 25 hours, and then infected with 

UV-irradiated or non-irradiated virus, both induced virus reactivation 

to a similar extent (see Table 2). A reactivation factor of 2.2 was 

obtained when the cells were exposed to 10 J of UV light, while treatment 

with the diol epoxide resulted in a reactivation factor of 2.06. This 
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Table 2 

Reactivation Factors of UV-Irradiated (1300 J/m2) SV40 
Virus after Treatment of Vero cells with either BP-Diol 

Epoxide I or Ultraviolet Light 

Cell Treatment Incubation Time (Hr) Reactivation Factor 

UV (10 J/m2) 25 2.2 

Diol Epoxide 
(0.16 yM) 

25 2.06 
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finding differs from that of Lytle and coworkers (Lytle, Coppey, and 

Taylor 1978) who reported that enhanced survival was much more pronounced 

in carcinogen-treated cells than in UV-irradiated ones. However, the 

carcinogens they used included aflatoxin B], N-acetoxy-AAF, and N-

hydroxy-AAF rather than the diol epoxide derivative of benzo[a]pyrene. 

The authors postulated that the greater enhancement due to carcinogen 

treatment may have been because the chemical damage caused by the respec

tive carcinogen was not as efficiently removed by excision repair pro

cesses. Benzo[a]pyrene diol epoxide I, on the other hand, elicits damage 

that is repaired by a UV excision repair pathway (Regan et al. 1978) and 

thus could be expected to induce virus reactivation at a level comparable 

to UV light. 

When doses other than 10 J/m2 were used, slightly different 

reactivation fractions were obtained. Cells exposed to 15 J/m2 of UV 

gave rise to a reactivation factor of 2.36, while cells with 20 J/m2, the 

highest fluence to not disrupt the cell monolayer, produced a reactiva

tion vation factor of 1.62 (see Figure 5). These results suggest that UV 

fluences up to 15 J/m2 are capable of inducing maximal virus reactivation 

in the system used. Experiments testing doses lower than 10 J/m29 how

ever, still need to be performed. 

Sarasin and Hanawalt (1978) found that after aflatoxin B-| treat

ment of host CV-1 cells, the reactivation factor of UV-irradiated SV40 

virus attains a maximum three days after treatment. Because of this, 

cells pretreated with BP-diol epoxide I were incubated for periods longer 

than the 25 hour incubation used for UV-irradiated cells prior to virus 

infection. In contrast to Sarasin and Hanawalt's findings, however, a 
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Figure 5. Reactivation factor of UV-irradiated (1300 J/m2) SV40 virus 
after treatment of host Vero cells with varying doses of UV light. 

Confluent Vero cell monolayers were exposed to UV fluences of 10, 15, 
and 20 J/m2 in duplicate at an incident dose rate of 2 J/m2/sec. After 
UV radiation, the cells were washed three times with sterile PBS and 
then incubated at 37°C for approximately 25 hours in DME containing 2% 
FCS. After the incubation period, UV-irradiated and control cells were 
infected with UV-irradiated (1300 J/m2) and non-irradiated SV40 virus in 
duplicate and then overlaid with agarose-containing DME. The virus 
infection was scored in each group by counting the number of plaques 
appearing on each dish and taking the average of the replicate plates. 
The reactivation factor was determined by calculating the ratio of the 
surviving fraction of the virus in treated cells compared to the ratio of 
the surviving fraction of virus in untreated cells and was plotted versus 
UV fluence. 
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decrease in the reactivation factor was seen in diol epoxide-treated 

cells after 25 hours (see Figure 6). These findings are not definitive, 

though, because only one experiment was performed at each of the later 

time points. Still, the lower reactivation factors of 1.25 at 44 hours 

incubation and 1.33 at 72 hours incubation may be representative in that 

the aflatoxin B] used in Sarasin and Hanawalt's experiments needed to 

first be metabolized by rat liver microsomal enzymes and thus would not 

be expected to react with the cells DNA right away. The diol epoxide 

derivative of benzo[a]pyrene, on the other hand, is the ultimate carcino

genic form and does not require further metabolism. Consequently, the 

diol epoxide could again be thought to act more like UV light which 

induces maximum virus reactivation when the virus infection occurs 24 

hours after cell treatment. 
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Figure 6. Effect of varying the incubation period between cell treatment 
and virus infection on the reactivation factor of UV-irradiated (1300 
J/m2) virus following treatment of Vero cells with BP-diol epoxide I. 

Confluent Vero cells were treated with 0.16 yM BP-diol epoxide I for 
one hour at 37°C. The cells were then washed three times with sterile 
PBS and incubated in DME containing 2% FCS for 25, 44, or 72 hours 
prior to virus infection which was performed as described for Figure 5. 
For each incubation period, cells were treated in duplicate. The values 
for the 44 and 72 hour incubation times represent only one experiment 
each, whereas the value for the 25 hour incubation period is the average 
of three separate determinations. 



DISCUSSION 

Using the pH step alkaline elution technique, as modified by 

Erickson et al. (1979), we have looked at the effects of the chemical 

carcinogen, benzo[a]pyrene diol epoxide I, on DNA replication intermedi

ates in an African green monkey kidney cell line. 

Initially, studies were performed to determine whether or not the 

pH step alkaline elution technique could be applied to the monkey kidney 

or "Vero" cells. The results of alkaline sucrose sedimentation of the 

eluted nascent DNA showed that discrete DNA fragments of increasing size 

are eluted as the pH is increased, and thus are in general agreement with 

the observations of Erickson et al. (1979). Erickson, however, reported 

the elution of DNA fragments having a sedimentation coefficient of "less 

than 9S" in the pH 11.0 fraction, whereas we have observed that the nas

cent DNA in our pH 11.0 fraction has an average Mw of 150,000 daltons, 

which is a good deal smaller. Erickson has proposed that nascent DNA 

fragments less than 9S probably represent Okazaki pieces. Though it is 

possible that such Okazaki pieces are a part of the 11.0 fraction, this 

proposal seems extreme when one considers that the 9S DNA fragments 

represent a class of DNA much larger than the estimated Mw of 60-70,000 

daltons for an average single-stranded Okazaki-size DNA fragment 

(DePamphilis and Wassarman 1980). We felt that by altering the centrifu-

gation procedure slightly from that used for the other pH's we would be 

better able to discern the class of DNA fragments eluting at pH 11.0. 

Although the class of DNA represented in our pH 11.0 fraction is still 

50 
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somewhat larger than an average Okazaki fragment, we contend, as did 

Erickson, that this fraction may consist of Okazaki size pieces, but that 

it does not consist of these fragments exclusively. 

Experiments testing the effect of low doses of ionizing radiation 

on Vero cell DNA showed a relative suppression in the class of DNA eluted 

at pH 11.0 as well as in the class eluted at pH 11.3. Since other 

workers (Watanabe 1974, Makino and Okada 1975, Painter and Young 1975) 

have found that exposure of mammalian cells to low doses of x-ray results 

in inhibition of the initiation of DNA replication, our observations sug

gest that both the pH 11.0 and 11.3 fractions consist of DNA associated 

with the initiation complex. Though these results differ from those of 

Erickson et al. in that their pH 11.0 fraction was not suppressed by 

x-ray, it is conceivable that our pH 11.0 fraction is composed of both 

Okazaki-size fragments and higher Mw fragments of DNA associated with the 

initiation complex. Our data suggest that there is a range in the sizes 

of DNA replicating at the origin in replicons, possibly owing to the 

presence of oligomers and polymers of the basic nucleosomal DNA sequence 

or Okazaki pieces ligated together (Sheinin et al. 1978). 

While exposure to ionizing radiation resulted in the suppression 

of DNA associated with the pH 11.0 and pH 11.3 fractions, an increase 

over control was observed in these same fractions in cells treated with 

BP-diol epoxide I. The dramatic increase observed with the pH 11.3 

fraction after one hour of treatment was shown to indicate an accumula

tion of DNA initiation complexes owing to a block in elongation. This 

finding is substantiated by the concomitant decrease in DNA eluting at 



the higher pH's, for example, pH 12.1, after treatment with the BP-diol 

epoxide I (Figure 4). 

Small DNA fragments associated with the pH 11.0 fraction were 

also seen to elute in a greater relative proportion in BP-diol epoxide-

treated cells. That this increase over control is more gradual than that 

observed for the pH 11.3 fraction, reaching a maximum somewhat later than 

the pH 11.3 DNA, raises questions as to the possible significance of 

these kinetic differences. If one assumes that the buildup of DNA in 

these fractions is due to the presence of a DNA-BP-diol epoxide I adduct 

in or near a functioning replicon which impedes or inhibits progression 

of the growing fork, then the noted differences may simply be related to 

the differences in the size of the DNA in the two fractions. That is, 

DNA eluting at pH 11.3, because it is larger, would reach the adduct 

before the smaller-sized DNA, and thus be affected more quickly. Pre

liminary studies utilizing highly radioactive BP-diol epoxide I at a 

concentration of 0.66 MM have indicated that approximately one adduct 

per 10? dalton of DNA, or roughly one replicon, is introduced into Vero 

cell DNA, thus giving credence to this idea (N. Ossanna and G.T. Bowden, 

unpublished observations). 

An alternative possibility takes into consideration the regula

tory levels for DNA replication in eukaryotic cells and the fact that an 

asynchronous cell population was used in the studies. The varying times 

at which cells enter into the S phase, as well as coordinated regulation 

of adjacent replicons within a single DNA strand where not all replicons 

are actively functioning at any one time, are factors which should be 

considered in any attempt to explain the observed kinetic differences. 
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Apparent from this discussion is the need for more detailed experi

ments designed to determine the actual significance of the observed 

differences between the pH 11.0 and pH 11.3 fractions. Such experi

ments could include repeating the reported experiments and subjecting 

synchronized cell populations to initial treatment with BP-diol epoxide 

I and then to pH step alkaline elution. Also, the DNA eluting in the 

lower pH fractions could be further characterized using polyacrylamide 

gel electrophoresis. 

Admittedly, many questions have been raised by the studies 

reported herein. Nevertheless, it can still be concluded that treatment 

of Vero cell DNA with BP-diol epoxide I results in an accumulation of DNA 

initiation complexes concomitant with a blockage in the elongation of 

DNA, and thus, inhibition of DNA synthesis. It is felt that with time, 

the blockage in elongation is overcome and a recovery toward control 

synthesis obtained, as shown in Figure 4. How the blockage is overcome, 

and whether an error-prone or mutagenic mechanism is responsible, was the 

focus of the preliminary studies also presented above which looked for 

the occurrence of enhanced virus reactivation in damaged Vero cells. 

Although primary DNA damage in mammalian cells can be specifi

cally excised through the excision repair pathway, the removal of the 

damage is not complete (Hanawalt and Setlow 1975). Cerutti et al. (1977) 

have shown that only 15$ of BP-DNA adducts formed are excised from the 

DNA of mice after 24 hours, and that 28% of the BP-DNA adducts formed 

in vitro in hamster cell DNA are excised after 24 hours. Preliminary 

studies of the excision of BP-diol epoxide-DNA adducts from Vero cell DNA 

after 24 hours have produced results similar to these earlier reports 



(N. Ossanna and G.T. Bowden, personal communication). Thus, it is highly 

conceivable that it is the unexcised damage which is responsible for the 

blocking of elongation and inhibition of DNA synthesis reported in the 

studies above. Alteration of DNA replication, however, may be restricted 

to the first S phase following DNA damage, as Meyn and his associates 

have shown that Chinese hamster ovary (CHO) cells irradiated with UV 

early in the first S phase recover normal DNA replication in the second S 

phase even though dimers were still present in the DNA (Meyn, Kasschau, 

and Hewitt 1977). It is generally agreed, therefore, that the cell is 

capable of overcoming damage to its DNA and continues to replicate on 

damaged templates. 

Unexcised DNA lesions could also be responsible for the mutagenic 

process as well, and several potential mechanisms that might give rise to 

either mutagenesis, gene derepression, viral transformation, or integra

tion are possible. Much of the data suggest a role in mammalian cell 

mutagenesis for an error-prone postreplication repair system as well as 

for misinsertion during DNA replication (Hart, Hall, and Daniel 1978). 

Insertion of the wrong nucleotide by the DNA polymerase during subsequent 

periods of DNA replication may be one of the erroneous cellular responses 

caused by the long-term binding of carcinogen to DNA. Radman and associ

ates (1976), working with the single-stranded DNA phage <|>X174 and UV 

light, found DNA synthesis to be prevented by prior UV irradiation of the 

phage DNA and the subsequent presence of pyrimidine dimers. They felt 

that the blockage was due to the "proofreading" 3'-5'-exonuclease acti

vity of DNA polymerase I, which increased 2-3 orders of magnitude rela

tive to the polymerizing activity, when the <t>X174 DNA template was 
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exposed to a UV fluence of 500 J/m2. The blockage was overcome, however, 

and an increase in mutagenesis seen, thereby leading the investigators to 

suggest that an inducible inhibitor of the proofreading activity of con

stitutive DNA polymerases may be the mutagenic effector since they failed 

to identify any new induced DNA polymerases in their study (Radman et al. 

1976). 

Further, members of Radman's laboratory (Villani, Boiteux, and 

Radman 1978) have demonstrated in vitro the phenomenon of DNA polymerase 

"idling" at the sites of pyrimidine dimers in <|>XI74 DNA templates, 

which is a continuous turnover of NTP precursors to free NMP's in the 

absence of DNA chain elongation. Since they found that exonuclease-free 

DNA polymerases, such as purified mammalian DNA polymerases, show only a 

decreased rate of DNA synthesis rather than complete arrest (Villani et 

al. 1978), Radman and Villani proposed that the prevention of an errone

ous pyrimidine dimer bypass synthesis is caused by the 3'-5'-exonuclease 

associated with E. coli DNA polymerases I and III. Also, there is 

evidence that phages A and 4»X174 show high UV-induced mutagenesis when 

irradiated (and to a lesser degree, unirradiated) phages infect irradi

ated recA+ lexA+ umuC+ host cells at suitable postirradiation times 

(Radman et al. 1977). Under these conditions, Caillet-Fauquet and 

coworkers (Caillet-Fauquet, Defais, and Radman 1977) showed that pyrimi

dine dimer bypass synthesis occurs on single stranded <|>X174 DNA in 

vivo, thus prompting the proposal that UV irradiation, or any other SOS-

inducing treatment, leads to the induction of a protein factor which 

causes inhibition of the polymerase-associated 3*-5'-exonuclease activity 

(Villani et al. 1978). Although such a protein had not been identified, 
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it was felt that the existence of a nonpleiotropic mutant (umuC), which 

is deficient only in UV mutagenesis and in the inducible mutagenic repair 

of phage \ (W-reactivation) but normal for other SOS functions, is con

sistent with such a possibility. 

Until recently, there was not any evidence for the presence of a 

factor in eukaryotic cells having proofreading properties similar to the 

3'-5'-exonuclease associated with bacterial DNA polymerases. However, it 

was observed that the capacity of mammalian DNA polymerase a to copy 

irradiated DNA increased in the course of its purification (Radman et al. 

1978). The increase in the capacity for pyrimidine dimer bypass synthe

sis occurred concomitantly with a decrease in copying fidelity and a loss 

of a 3'-5'-exonuclease activity. Radman and associates have partially 

purified a 3'-5'-exonuclease activity from calf spleen, and experiments 

using this exonuclease activity suggest its involvement in a proofreading 

role for DNA polymerase a in vivo (Radman et al. 1977). 

Another mechanism possibly involved in mammalian cell mutagene

sis, postreplication repair, is a process in which DNA newly synthe

sized from a defective.or damaged template is repaired. This is based 

on the observation that newly synthesized DNA in UV-irradiated cells is 

initially smaller than in unirradiated cells but gradually increases in 

size upon subsequent incubation (Hart et al. 1978). The gradual increase 

in molecular weight has been interpreted as the repair of gaps formed in 

the new DNA opposite lesions. Work done by Bowden and Yuspa (1979)» in 

which they incubated BP-diol epoxide-treated DNA with a single-strand 

specific endonuclease from Neurospora crassa, has provided evidence 

for the presence of gaps in nascent DNA from treated cells. These 
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investigators also showed, using pulse-chase experiments, that these gaps 

were closed with time. 

In the process of mutation induction, postreplication repair 

would be important only in cells actively synthesizing DNA and in those 

cells that were unable to excise all lesions from their DNA prior to the 

onset of DNA synthesis (Hart et al. 1978). It is felt that gaps formed 

in daughter strands opposite unexcised lesions might lead to errors 

during the gap-filling process, thus providing the basis for a postulated 

error-prone postreplication repair mechanism. In fact, de novo synthesis 

is the primary mechanism of postreplication repair postulated to occur in 

eukaryotic cells (Lehman 1974). This mechanism is generally presumed to 

be error-prone and is analogous to the "misinsertion" repair system 

described above. 

Whether these postreplication repair mechanisms are similar to or 

include the type of induced DNA repair that is highly mutagenic and part 

of the expression of the "SOS functions" observed in treated bacteria is 

a matter of debate and cause for further experimentation. Sarasin and 

Hanawalt (1978) reported evidence which shows the possible existence of 

an induced repair pathway after carcinogen treatment in eukaryotic cells. 

They felt that such an error-prone process, which could be responsible 

for the mutagenic activity of various chemicals, might also enhance the 

probability of malignancy. It has been reported that when cells are 

stimulated to divide following treatment with a carcinogen their transfor

mation frequency appears to increase (Hart and Trosko 1976). Conversely, 

when postreplication repair is inhibited for long durations (72 hours or 

more) in Chinese hamster V-79 cells, the mutation frequency for a number 
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of agents decreases and cell killing increases. The data strongly imply 

a role for error-prone repair in transformation and mutation of mammalian 

cells (Hart and Trosko 1976). 

Sarasin and Hanawalt have observed an enhancement of survival of 

UV-irradiated SV40 virus on carcinogen-treated monkey kidney cells under 

conditions similar to those used in phage reactivation experiments in 

which mutagenic DNA repair, one of the "SOS" functions, is induced in 

bacteria. Because of this similarity, Sarasin and Hanawalt hypothesized 

that treatment of mammalian cells with UV light or carcinogens induces a 

type of response similar to the SOS functions induced in E. coli. It is 

thus relevant to investigate whether or not the enhanced reactivation 

observed by Sarasin and Hanawalt is also mutagenic. Furthermore, it has 

been stated that the processes of enhanced reactivation and induction of 

mammalian viruses may be associated with mammalian cell oncogenic trans

formation, and thus may be used as tools to study phenomena related to 

DNA repair (Bockstahler 1981). It was for reasons such as these that we 

looked for the enhanced reactivation, if any, of irradiated SV40 virus 

after infection of BP-diol epoxide-treated Vero cell monolayers. 

The experiments performed, testing various doses of UV or BP-diol 

epoxide I on the host Vero cells, showed an enhanced reactivation of 

irradiated SV40 virus after prior treatment of cells with BP-diol epoxide 

I that was comparable to the reactivation observed on UV-irradiated cells 

(see Table 2). Although more experiments are needed in order to deter

mine the most optimal conditions, it is clear that under similar condi

tions, prior treatment of Vero cells with UV or BP-diol epoxide I pro

duced near identical results. Because of their common capability to 
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Induce virus reactivation in mammalian cells, and because the UV-enhanced 

reactivation in these cells is similar in certain aspects to mutagenic 

Weigle-reactivation in bacteria, a major focus of current research has 

been on whether either the diol epoxide or UV light, or both of these 

agents, also induce an error-prone DNA repair mechanism in eukaryotic 

cells. 

Sarasin and Benoit (1980) examined the rate of back mutation 

(reversion) to wild type growth of two UV-irradiated SV40 ts mutants 

(tsA58 and tsB201) grown on UV-irradiated monkey kidney cells. They 

observed that the progeny virus from irradiated cells had a significantly 

higher reversion frequency as compared with the progeny from unirradiated 

cells and also that the mutagenesis increased with increasing UV dose to 

the virus. These investigators could r.ot, however, observe any obvious 

correlation between the reversion frequency and UV dose to the cells, but 

felt that statistical fluctuations in the data were probably responsible 

for the lack of correlation. Sarasin and Benoit concluded that UV-

enhanced reactivation was mutagenic and was associated with inducible 

error-prone repair (Sarasin and Benoit 1980). 

These findings are in contrast, however, to those of Lytle, 

Goddard, and Lin (1980). These investigators measured the forward muta

genesis to iododeoxycytidine-resistant TK- mutants of UV-irradiated Her

pes Simplex Virus (HSV) in UV-irradiated monkey kidney cells and con

cluded that the observed reactivation was not associated with increased 

mutagenesis. Lytle's group found that the mutation frequency of irradi

ated virus was not greater in irradiated cells than that in unirradiated 

cells under conditions of low multiplicity of infection (M0I)--0.2 PFU/ 



cell—and without multiplicity reactivation present. They did, however, 

find the mutation frequency to be greater in irradiated cells under con

ditions of high MOI (2 PFU/cell) and demonstrated presence of multipli

city reactivation. Lytle and coworkers, therefore, felt that increased 

mutagenesis was due to multiplicity reactivation, whereas Sarasin and 

Benoit, who performed their experiments under conditions of low MOI, 

concluded that the observed mutagenesis resulted from UV-enhanced reacti

vation. 

It is apparent that more work is necessary before the association 

of DNA-damaging agents with an inducible error-prone repair mechanism 

in mammalian cells can be definitely confirmed or disputed. Studies in 

this area, as exemplified by the works of Lytle's group and Sarasin and 

Benoit, have produced conflicting and questionable results. Furthermore, 

a recent postulate has raised additional questions by proposing that the 

process of viral transformation is enhanced by physical and chemical 

carcinogens only because of the availability of more sites for viral 

integration into the cells' DNA during the time that the damage to the 

DNA is being repaired (Milo et al. 1978). The availability of additional 

sites in the DNA could also explain the process of enhanced virus reacti

vation. 

The questions raised by the work I have done in G. Tim Bowden's 

lab, and by the work done by others and described herein, encompass too 

vast an area to be answered by any one research project. It is therefore 

hoped that the merit of the research I have done lies in the fact that it 

aided in the transition phase necessary to introduce viral studies to the 



lab; thereby providing the foundation for a new series of experiments 

designed to probe further the mechanisms of DNA repair in mammalian cells. 
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