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ABSTRACT 

Mutagenesis by ultraviolet light (UV) or by psoralen-plus-light 

was measured by the increased frequency of wild type revertants of two 

late gene amber mutants of phage T4 treated with these mutagens. These 

two am mutants were crossed to mutants defective in DNA repair func

tions and double mutants were isolated. 

In the presence of an antimutator polymerase with an increased 

proofreading function, the reversion of the amber alleles induced by 

these mutagens was eliminated. This suggests that the enhanced proof

reading activity of the polymerase prevents mutagenesis induced by 

damage to DNA. These results support the recent hypothesis that the 

DNA polymerase, upon reaching a damaged site in the template DNA during 

replication, is blocked in synthesis by the proofreading function. 

Presumably, if the proofreading function can be relaxed, synthesis cam 

proceed, but at the cost of increased mutation in progeny DNA. 

UV and psoralen-plus-light induced reversion of the two am 

alleles was abolished by the presence of a temperature-sensitive ligase 

allele at semi-restrictive temperatures. When the single am mutants 

were UV irradiated and then allowed a single passage in a permissive 

host, the UV-induced reversion frequency was increased by 15- to 25-

fold. Thi6 increased mutagenesis was abolished by the presence of the 

ligase allele. When the UV-irradiated single am mutants multiply in

fected a permissive host, allowing multiplicity reactivation to occur, 

ix 
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the induced reversion frequency was reduced similarly to the reduction 

in lethality. The mutagenesis that remained was again abolished by the 

presence of the ligase allele. These results suggest that UV and 

psoralen-plus-light induce mutations in phage T^ through the action of 

a ligase-dependent error-prone repair pathway. The increase in muta

tion frequency after growth in a permissive host implies that mutagene

sis can occur at more than one stage before expression of the mutant 

genome. The process of multiplicity reactivation appears to be error-

free since it overcomes lethal lesions without inducing new mutations. 

The frequency of UV-induced reversion of these two am mutants 

per survivor was not altered by the presence of the v_ mutant. This 

•f 
suggests the thymine dimer-specific endonuclease coded by the v gene 

has little if any role in error-prone repair. 

A temperature-sensitive gene exonuclease allele eliminated 

UV-induced reversion of one am mutant but not the other at semi-

restrictive temperatures, while both am-tsL86 double mutants showed 

equal UV sensitivities. This suggests that the gene kj exonuclease, 

which may participate in recombinational repair, may also be involved 

in the error-prone repair of lesions at some, but not all, sites in 

DNA. In addition, these data in combination with the multiplicity 

reactivation results suggest that recombinational repair does not 

itself introduce mutations into DNA. 

These results suggest that UV induces mutations in bacterio

phage T4 through an error-prone repair pathway which employs the phage 

DNA polymerase and DNA ligase. The gene k7 exonuclease may be re

quired for mutagenesis at some sites in DNA but not others. The 



xi 

mutagen psoralen-plus-light induces mutations through a similar pathway. 

The other pathways which repair UV-induced damage to phage T*f DNA, 

excision repair and recombinational repair, eliminate lethal lesions 

without inducing mutations. 



INTRODUCTION 

Ultraviolet-induced Photoproducts 
in DNA and Their Repair 

The effect of ultraviolet light (UV) irradiation on DNA is 

perhaps better understood than the action of any other physical or 

chemical agent. Beukers and Berends (i960) demonstrated that UV 

irradiation of an aqueous solution of thymine in vitro results in the 

formation of cyclobutane-type thymine dimers. Wacker (1963) has shown 

that UV irradiation of DNA results in the formation of intrastrand 

dimers between adjacent thymine residues, and that such dimers account 

for a large fraction of the biological effects of UV on DNA. Kelner 

(19^9) observed that Escherichia coli, inactivated by UV, could re

cover viability if the cells were subsequently exposed to short wave

length light, a phenomenon he called photoreactivation. In fact, 

thymine dimers are split by 330 to k50 nm light in the presence of an 

enzyme isolated from yeast (Rupert i960). UV can also cause the for

mation of cyclobutane-type dimers between adjacent cytosine residues 

in DNA, although these are far less frequent than thymine dimers. 

Some of the biological effects assigned to thymine dimers should prob

ably be reassigned to dimers involving cytosine (Smith 1966). UV thus 

induces the formation of pyrimidine dimers in DNA, and these dimers 

may be reversed through photoreactivation. 

1 
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Excision Repair 

Pyrimidine dimers may be removed from DNA in the absence of 

photoreactivating light by a repair system which excises the lesions 

from the damaged DNA strand. This repair pathway was genetically 

characterized in phage T4 by Harm (1963)* w^o isolated a mutant, v, 

which was approximately twice as UV sensitive as wild type phage T4. 

This _v mutant fails to produce endonuclease V, which nicks DNA near 

the site of the dimer and initiates excision repair (Friedberg and 

King 1971). Excision repair is also performed by E. coli, which re

lease thymine dimers from DNA in the absence of DNA replication (Setlow 

and Carrier 1964). A mutant of E. coli, uvrA, has been isolated which 

is UV sensitive and is unable to make incisions near dimers in DNA 

(Boyce and Howard-Flanders 1964). The 51 to 3' exonuclease activity 

of E. coli polymerase I is responsible for the removal of dimers from 

the DNA in both E. coli (Kelly et al. 1969) and phage T4 (Pawl et al. 

1976). In addition, polymerase I resynthesizes the excised DNA, using 

the undamaged strand as a template, in both E. coli (Cooper and 

Hanawalt 1972) and phage T4 (Maynard-Smith and Symonds 1973)* The 

final phosphodiester bond is sealed by DNA ligase, the product of gene 

lig in E. coli (Heijneker et al. 1971) or gene 30 in phage T4 (Maynard-

Smith and Symonds 1973)* 

Excision repair appears to be an accurate repair process. In 

E. coli, mutants defective in excision repair show mutation frequen

cies equal to or higher than excision-proficient strains at equal 

levels of survival (R. Hill 1965; Witkin 1966). Thus mutagenesis still 

occurs, and may even be stimulated, in the absence of excision repair. 
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Recombinational Repair 

Phage may overcome UV damage through a pathway of recombina

tion. UV stimulates recombination between genetic markers in wild type 

phage, and a mutant defective in excision repair further stimulates 

UV-induced recombination (Chan 1975; Priemer and Chan 1978), suggesting 

that unrepaired dimers can serve as substrate for recombinational re

pair. Mutants defective in genes whose functions are thought to be 

essential for recombination, such as mutants defective in ligase (gene 

30), DNA unwinding protein (gene 32), DNA polymerase (gene ^3), exo-

nuclease (genes k6 and k7) (Baldy 1970), genes x (Harm 1963) and 

(Boyle and Symonds 1969), are also UV sensitive. These phage functions 

have been grouped together in one repair pathway distinct from excision 

repair because double mutants, containing one mutant allele from the 

group and the v mutant allele, show increased UV sensitivity when com

pared to either mutant alone, while double mutants containing two 

mutant alleles from within the group show no added UV sensitivity com

pared to either single mutant parent (Maynard-Smith and Symonds 1973)• 

This recombinational repair pathway bears some similarity to the post-

replicational repair controlled by the rec genes in E. coli. Mutants 

defective in recA, recB, recC and recF are deficient in post-

replication repair and are UV sensitive (Clark 1971, 1973)- In the rec 

pathways of repair, replication of UV irradiated DNA results in the 

formation of gaps opposite dimers in daughter strand DNA, which are 

filled by recombination with parental DNA (Rupp and Howard-Flanders 

1968; Rupp et al. 1971)- Broker and Doermann (1975) have presented a 

model of general recombination in phage T*f which may be appropriate 



k 

for recombinational repair. UV damage may stimulate the formation of 

nicks in DNA, either directly, through the action of endonucleases, or 

by blocking DNA replication. These nicks may be expanded into single-

stranded gaps by the exonuclease activity of the phage DNA polymerase 

or by the genes and ^7-controlled exonuclease. The gaps are pre

served by binding of the gene 32 protein, and this results in the 

synapse of a complementary DNA strand with the undamaged DNA strand 

exposed by the gap. When the gap has been filled by branch migration, 

nucleases may remove the branches at recombinational junctions, leaving 

small nicks in duplex DNA which may be repaired by the phage poly

merase. The final phosphodiester bond may be sealed by DNA ligase. 

The functions of the products of genes x and £ in recombination are 

not well understood. 

Recombination appears to be an accurate repair pathway. In E. 

coli, mutational blocks in the recB and recF pathways of post-

replicational repair still permit UV-induced mutation to occur, while 

mutations in recA eliminate recombination and UV-induced mutation (Kato, 

Rothman and Clark 1977). The recA gene, therefore, may control both 

recombinational repair and em error-prone repair pathway, but recombi

nation is not thought to introduce errors in DNA (Witkin 1976). 

Multiplicity Reactivation 

When more than one UV-irradiated phage simultaneously infect a 

bacterium, multiplicity reactivation (MR) occurs and the genomes inter

act to efficiently eliminate lesions that would be lethal in a single 

infection (Luria 19^7). MR has long been thought to be a 



recombinational process (Luria 19^7; Luria and Delbecco 19^9)• Gene 

products essential to recombination have been shown to be necessary 

for MR (Davis and Symonds 197k; Nonn and Bernstein 1977). Two pro

cesses appear to cooperate to produce MR of UV-induced lesions. One, 

governed by the host polA gene (Maynard-Smith, Symonds and White 1970) 

the phage v_ gene (Symonds, Heindl and White 1973) and gene k7 (Nonn 

and Bernstein 1977), determines the final slope of the MR survival 

curve. The second process, governed by phage genes x, 1206 (Symonds 

et al. 1973)» 32, Mf, k6 (Davis and Symonds 197*0 and k7 (Nonn and 

Bernstein 1977), determines the extent of the shoulder of the survival 

curve. 

MR does not appear to be the result of random recombination 

among infecting phage since phage carrying 20 to 50 lethal hits do not 

inactivate a co-infecting undamaged phage (Luria 19^7). Rather, MR 

appears to represent recombination stimulated at the site of a lesion, 

as suggested by Sturtevant and reported by Luria and Delbecco (19^9)• 

When two input phage, marked differently at 2k separate sites and each 

containing an average of 7 UV lethal hits, were used to co-infect a 

bacterium, MR followed, yet at least one parental type phage was 

present in 23 out of 3k single bursts examined (Rayssiguier and Vigier 

1972). This suggests that damaged parental strands often can be 

completely replicated. Nonn and Bernstein (1977) have proposed that 

MR involves the transfer of a short length of undamaged DNA from a 

non-replicating chromosome to replace a portion of a damaged strand 

in a replicating chromosome. 
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Ultraviolet-induced Mutations 

In many organisms, including bacteriophage Hk (Meistrich and 

Drake 1972), E. coli (Witkin, Sicurella and Bennett 1963) and 

Saccharomyces cerevisiae (Lawrence and Christensen 1978), mutations 

induced by UV can be prevented if the irradiated DNA is exposed to 

photoreactivating light. This suggests that the primary UV photo-

product, the thymine dimer, can initiate mutagenesis. However, in 

phage (Meistrich and Drake 1972), E. coli (Coulondre and Miller 

1977) and S-. cerevisiae (Lawrence and Christensen 1978) the predominant 

transition mutation is GC to AT. Therefore, the process of mutagenesis 

following UV irradiation can fix a mutation at a site in the DNA se

quence which is distinct from the original lesion. 

Mutants Deficient in UV Mutagenesis 

Many mutants have been isolated in microbial systems which fail 

to show UV-induced mutagenesis. Mutations in genes Xt £ and 1206 of 

phage T4 reduce UV mutagenesis (R. R. Green and Drake 197*0 • In phage 

lambda, UV mutagenesis is reduced by the host recA, lex and lig (DNA 

ligase) mutations and by the phage red mutation (Castellazzi, George 

and Buttin 1972; DeFais, Fauquet and Radman 1971; Bresler, Kalinin and 

Shelegedin 1978). In E. coli, the recA, lex, polC (polymerase III), 

umuC mutants and the uvrDrecB double mutant all have reduced muta

genesis (Witkin 1969; Mount, Low and Edmiston 1972; Bridges, Motter-

shead and Sedgwick 1976; Kato and Shinura 1977; Sargentini and Smith 

1978). In Bacilis subtilis, mutants showing reduced UV mutagenesis are 

HA 106, HA 118 and HA 101/17 (T. Hill, Prakash and Strauss 1972). In 
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S. cerevisiae, rev 1, rev 2, rev 3» rad 6, rad 8, rad 9 and rad 18 show 

this effect (Prakash 1975)- In Neurospora, uvs and upr mutations 

(deSerres 1971) and in Aspergilis nidulans, the uvs mutants (Chang, 

Lennox and Tuveson 1968) have reduced UV mutagenesis. The enzymatic 

defects have not been identified in many of these mutants. The hypoth

esis that UV-induced mutations occur through an error-prone repair 

pathway (Witkin 1976) offers an attractive explanation for these obser

vations. The broad range of organisms in which such mutants have been 

isolated implies that UV mutagenesis through error-prone repair may be 

a general mechanism. 

Molecular Mechanisms of UV 
Mutagenesis 

In E. colit error-prone repair of UV lesions is inducible; that 

is, protein synthesis is required following UV irradiation for the 

maximum induction of mutations, and pre-treatment of bacteria with a 

grnal 1 dose of UV makes subsequent large doses of UV more mutagenic 

(Witkin 1976). Pre-treatment of host cells with UV increases muta

genesis in subsequently infecting UV-irradiated phage lambda, and this 

phenomenon is named Weigle Mutagenesis, after its discover (Weigle 

1953)• Pre-treatment of host cells with UV has no effect on muta

genesis in subsequently infecting UV-irradiated phage T*+ (Miura and 

Tomizawa 1968). V'eigle Mutagenesis is dependent on recA and lex 

(Bresler et al. 1978), the same genes upon which E. coli error-prone 

repair depends, suggesting the same pathway may act on E. coli and 

phage lambda DNA. 
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After UV irradiation of E. coli, there is a rapid increase in 

the synthesis of protein X» which has been identified as the recA gene 

product (McEntee 1977; Gudas and Mount 1977). This protein has pro

tease activity, and can cleave the phage lambda repressor protein in 

vitro (Roberts, Roberts and Mount 1977). The recA protein may cleave 

repressors of other gene functions and induce the production of pro

teins essential to error-prone repair. The product of the lex gene 

has not been firmly identified but it is thought to be the repressor 

for the recA gene (Vitkin 1976). 

Polymerase III is essential for the fixation of mutations in 

E. coli DNA during incubation following UV irradiation (Bridges et al» 

1976). When UV-irradiated DNA is used as a template by polymerase III, 

synthesis is blocked and an excessive turnover of nucleoside triphos

phates occurs, while other polymerases lacking a 3' to 5' editing 

exonuclease are not blocked (Villani, Boiteux and Radman 1978). It has 

been hypothesized that the proofreading function of the polymerase pre

vents chain elongation when the replication fork encounters a dimer, 

and that to restore polymerization, proofreading might be relaxed at 

the cost of increased mutagenesis (Villani et al. 1978). In E. coli, 

the functions induced by UV irradiation of DNA may result in the re

laxation of proofreading. 

In phage T^, mutants defective in genes x, £ and 1206 show re

duced UV mutagenesis (Green and Drake 197*0, but the products of these 

genes have not been identified. The pathway of error-prone repair in 

this organism has not been well characterized. 
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Error-prone Repair of Other Lesions 

Mutants in many organisms which reduce or eliminate UV muta

genesis also affect mutagenesis induced by other agents. In Table 1 

these mutants sire presented by mutagenic agent and organism. Many gene 

products in one organism may mediate mutagenesis induced by a single 

agent, suggesting that error-prone repair is a multi-step process. In 

addition, a single gene product may be found to mediate mutagenesis 

induced by many agents, suggesting that error prone repair may act on 

a variety of induced lesions. Thus, error-prone repair may be a 

general mechanism for overcoming damage to DNA. 

DNA Polymerase and Mutagenesis in Phage T*» 

The product of gene of phage T4 has been identified as the 

DNA polymerase which catalyzes the addition of deoxyribonucleotides to 

an elongating DNA chain in a 5' to 3' direction in the presence of 

single-stranded template (deWaard, Paul and Lehman 1965)« Because 

mutants of gene 43 can show either very high (Speyer 1965) or very low 

(Drake 1968) spontaneous mutation frequencies it is thought that this 

polymerase plays a crucial role in determining the accuracy of repli

cation. The gene kj polymerase also possesses a 3f to 5' exonucleo-

lytic activity which removes mismatched bases during replication 

(Brutlag and Kornberg 1972). The error frequency of the polymerase is 

thought to be controlled by the ratio of the polymerizing activity to 

the exonuclease activity (Muzyczka, Poland and Bessman 1972). Missense 

mutations in gene have been shown to alter the mutation frequency 

primarily by changing the relative rates of insertion and excision by 



Table 1. Genes required for induced mutagenesis 

Mutagen Phage T4 Phage Lambda E. coli B. subtilis S. cerevisiae 

uv xa 

ya 

1206a 
30*3 

b3c 

k7° 

.p 
recA 
lexf 

red^ 
ligS 

recA^ 
lex^ 
PQlC1 

umuCm 

uvrDrecBn 

HA106P 

HAll8P 

HA101P 

revl,2,3q 

rad6,8r 

rad9,l8r 

X-rays recA° 
uvrA° 

rad6,9r 

Nitrous Acid 30d 
hjf 

recA*1 

lep 
HA118P 

HA101P 
rad6,9s 

radl5s 

M e thylme thane 
sulfonate 

x» recA° 
uvrA° 

HA106P 

HAll8P 
rad6,9s 

N-methyl-N'-nitro-
N-nitroso-
guanidine 

recA° HA118P 

HA101P 
rad6,9s 

5-Bromodeoxy-
uridine 

lexA^-
red1 

lexA° 

*t-Ni tro-quinolone-
1-oxide 

recA° revl,2,3s 

rad6, 9r 

radl5,17s 

radl88 

.Green and Drake 197^ 
Yarosh 1978 
,Yarosh (in press) 
<3. Bernstein et al. 1976 
-Drake and Greening 1970 
BeFais et al. 1971 

^Bresler, Kalinin and ShSlegedin 1978 

^Kerr and Hart 1972 
"Ipietrzykowska 1973 
Afitkin 1969 
^Mount et al. 1972 
Bridges et al. 1976 

"kato and Shinura 1977 

nSargentini and Smith 1978 
°Kondo et al. 1970 
PT. Hill et al. 1972 
^Averbeck, Laskowski and 
Lehmann-Brauns 1970 

rPrakash 1975 
Lawrence and Christensen 1976 
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the phage T4 polymerase during replication (Bessraan et al. 197^; 

Gillin and Nossal 1976). Because the gene kj> polymerase is involved in 

determining the mutation frequency during DNA replication, it may also 

participate in determining the mutation frequency during DNA repair. 

This Investigation 

E. coli polymerase III, upon reaching a UV damaged site in the 

template DNA during replication, is blocked in synthesis by the proof

reading function. It has been hypothesized that if the proofreading 

function can be relaxed, synthesis can proceed but at the cost of in

creased mutations in progeny DNA (Villani et al. 1978). On this 

hypothesis, an antimutator polymerase with an increased ratio of 

exonucleolytic to polymerizing activity and an excessive turnover of 

nucleoside triphosphates might not be able to relax sufficiently to 

overcome the block in DNA synthesis. Such a polymerase might have re

duced UV mutagenesis. A temperature-sensitive mutant of phage T4, 

tsCB120, possesses such a polymerase (Drake 1968; Gillin and Nossal 

1976). The temperature-sensitive phenotype co-reverts with the anti

mutator phenotype, indicating that both are the product of the same 

genetic defect (Drake 1968). Semiconservative replication by the 

mutant polymerase, requiring displacement of the parental strand com

plementary to the template strand, is slower than by the wild type 

polymerase. As a consequence more incorporated nucleotides are turned 

over and the selective removal of noncomplementary nucleotides is in

creased (Gillin and Nossal 1976). Evidence is presented here that the 

tsCB120 mutation blocks both UV and psoralen-plus-light induced 

reversion of amber alleles in phage T1*. 
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E. coli polynucleotide ligase is essential to Weigle Mutagene

sis of phage lambda (Bresler et al. 1978). A temperature-sensitive DNA 

ligase mutant of phage T*f, tsB20, has been previously shown to be UV 

sensitive (Baldy 1970) and to be defective in the conversion of 

nitrous acid-induced lesions to mutations (Bernstein et al. 1976). 

The ligase reaction may be a component of error-prone repair of other 

lesions. Results presented here demonstrate that ligase is essential 

to mutagenesis induced by UV and psoralen-plus-light. 

E. coli mutants unable to excise dimers from DNA nevertheless 

show UV induced mutagenesis (R. Hill 1965; Witkin 1966). This suggests 

that excision repair may be error-free. Results presented here show 

that phage T4 mutant _v, defective in excision repair, is still induced 

to mutate by UV, suggesting that phage excision repair is accurate, and 

endonuclease V has little or no role in error-prone repair. 

The DNase controlled by E. coli gene recB has a significant 

role in UV induction of prophage, a process closely related to UV 

mutagenesis of E. coli and Weigle Mutagenesis (Smith and Oishi 1978). 

In permeable cells prophage induction can be associated with a recB,C 

DNase-dependent degradation of DNA at the chromosome replication fork 

(Oishi and Smith 1978). In addition, the recB,C DNase is required for 

recombination (Clark 1971» 1973)• In phage T4, the exonuclease product 

of gene k7 resembles in some respects the recB,C DNase. Gene k? 

mutants are unable to convert nicks in duplex DNA into single-stranded 

gaps (Prashad and Hosoda 1972), and are deficient in recombination 

(H. Bernstein 1968). Like recB mutants, gene k7 mutants are UV sensi

tive (Baldy 1970). Results presented here suggest that UV mutagenesis 



at one, but not another site in phage DNA is dependent on the gene 

k7 exonuclease. 

Often common gene products are required for both recombination 

and error-prone repair. It is therefore difficult to determine if re

combination is an accurate repair process. In E. coli, mutational 

blocks in two recombinational repair pathways still permits UV-induced 

mutagenesis (Kato et al. 1977), suggesting that recombination probably 

does not contribute to mutagenesis. In MR of UV damaged phage, re

combination is thought to be increased above that in single infections 

with UV damaged phage (Luria 19^7)• Evidence is presented here that 

MR does not increase the freauency of UV mutagenesis, suggesting that 

this recombinational repair is an accurate process. 



MATERIALS AND METHODS 

Phage and Bacteria 

Two amber mutants defective in late function genes were used. 

amN52 is from the California Institute of Technology collection and is 

defective in tail fiber formation; amSl was isolated in this labora

tory and is defective in the central plug. E. coli CR63 (su-l+) was 

used as the permissive host, and E. coli S/6/5 (su ) was the restric

tive host. The two am mutants were crossed to the temperature-

sensitive antimutator polymerase allele tsCB120, the temperature-

sensitive ligase allele tsB20, and the temperature-sensitive exo-

nuclease allele tsL86. All of these ts mutants were from the California 

Institute of Technology collection. Double mutants were isolated from 

the crosses on the basis of their inability to grow on E. coli CR63 at 

42°C and on E. coli S/6/5 at 25°C but their ability to grow on E. coli 

CR63 at 25°C. Amber mutant segregants were derived by back-crossing 

the double mutants to TU wild type phage and isolating the progeny 

unable to grow on E. coli S/6/5 at 25°C, but able to grow on E. coli 

CR63 at *f2°C. The amber mutants were also crossed to the endonuclease 

V mutant v, and double mutants were isolated on the basis of their 

inability to grow on E. coli S/6/5 at 25°C and their increased UV 

sensitivity compared to the parental amber mutant. The jr mutant is 

from the California Institute of Technology collection. The identities 

14 



of the am and ts mutations in the double mutants and single mutant 

segregants were confirmed by complementation tests against the parental 

phage. 

Media 

Hershey broth (Steinberg and Edgar 1962) was used as the liquid 

growth medium. Phage stocks were routinely centrifuged and resuspended 

in adsorption medium consisting of (in grams per liter of distilled 

water): NH^Cl, 1.0 g; KEyPO^, 3.0 g; and Na^HPO^, 6.0 g. Adsorption 

medium was used for adsorption in single passage and multiple infec

tion experiments. The phage were diluted into a solution consisting 

of 0.1 M NaCl, 1.0 mM MgC^, and 1.0 mM CaC^ for UV treatment. 

Growth of phage on agar plates was by the agar overlay method (Adams 

1959). 

UV Treatment 

Before irradiation, the phage were adjusted to titers of 2 x 

10 8 
10 /ml for multiple infection, 2 x 10 /ml for single infection, and 

2 x 10^/ml for direct plating experiments. Three milliliters of the 

diluted phage was placed in a plastic petri dish for each dose in each 

experiment. A 15-W General Electric G15T8 germicidal lamp was used at 

2 
a distance of 40 cm, delivering either 13 ergs/mm per sec at full 

2 
lamp or 1 erg/mm per sec with a 4.5- by 8.5-cm aperture. The petri 

dish was placed under the lamp, vigorously shaken during exposure, and 

immediately removed after the appropriate dose. 
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Psoralen Treatment 

4,5*,8 trimethoxy-psoralen (Paul B. Elder Co., Bryan, Ohio) 

was dissolved in ethanol and added to phage to give a final concentra-

Q 
tion of 8 x 10 phage/ml, 100 jig psoralen/ml, and ZQP/o ethanol. This 

suspension was irradiated with an ITT F 15T8/BLB black-light-blue bulb 

at 9 cm with a peak of emission at 360 nm and with negligible emission 

below 320 and above *fl0 nm. Samples were removed at appropriate times 

and immediately diluted 2^-fold. Phage suspended in 2C$> ethanol with

out psoralen and irradiated with the black-light-blue bulb at 9 cm for 

over 100 sec showed no reduced viability and no added mutagenesis. 

Direct Plating 

The phage were immediately diluted after UV or psoralen-plus-

light treatment, plated with E. coli CR63, and incubated in the dark to 

determine survival of total phage. To determine survival of am"*" 

revertants, samples were plated with E. coli S/6/5 and incubated in the 

dark. High concentrations of E. coli S/6/5 were used to ensure low 

multiplicities of infection (MOI) (<0.05) in order to avoid multi

plicity reactivation on the plate. These precautions should be suf

ficient to avoid any complications of MR (Bautz-Freese and Freese 1966; 

Bernstein et al. 1976). Because mutagenic events will occur during the 

first cycle of growth on the plates, the plates used in the double 

mutant experiments to test the effect of the ts allele on reversion 

were prewarmed to the final incubation temperature. The semi-

restrictive temperature used in plating the am-tsB20 double mutants was 

31°C, and for the am-tsCB120 and am-tsL86 double mutants it was 37°C. 
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Single Passage; Single and 
Multiple Infections 

The phage, after UV treatment, were added to E. coli CR63 sus-

g 
pended at 2 to 6 x 10 cells/ml and starved for 30 min in adsorption 

medium. After 10 min of adsorption at 31°C, the infected cells were 

separated from the unadsorbed phage by centrifugation at 5»000 rpm for 

10 min, resuspended in adsorption medium, and then diluted to 2 to 

6 x 10 cells/ml in Hershey broth. The infected cells were incubated 

in the dark at 31°C for 60 min. Initial cell concentrations higher 

g 
than 6 x 10 cells/ml and subsequent incubation of cells at concentra-

n 
tions higher than 6 x 10 resulted in low burst sizes and elevated 

spontaneous reversion rates. Therefore, high cell concentrations were 

avoided. The number of infecting phage was adjusted to achieve an MOI 

of< 0.05 for single infections and >2 for multiple infections. These 

precautions should be sufficient to avoid MR in the growth step of the 

single infection experiments (Bautz-Freese and Freese 1966; Bernstein 

et al. 1976). After incubation, chloroform was added and the phage 

were diluted and plated on E. coli CR63 for total phage survivors and 

on E. coli S/6/5 for revertant survivors. 

Spontaneous Reversion Index 

A small inoculum (<10 ) of phage from single plaque isolates 

was added to 1 ml of log phase E. coli CR63» After incubation at 37°C 

overnight, the progeny of the inoculum were diluted and plated on E. 

coli CR63 to determine the total progeny titer and on E. coli S/6/5 to 

determine the titer of revertants. The average spontaneous reversion 
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index among the progeny was used as the spontaneous reversion index for 

each phage strain. 

Calculation of Frequency of 
Induced Revertants 

For each dose of UV or psoralen-plus light, the frequency of 

newly induced revertants was taken as the frequency of revertants in 

the population minus the initial spontaneous frequency of revertants 

measured in the same experiment. In all cases, experiments were re

peated at least once, and the frequencies of induced revertants ob

tained in the parallel experiments at a given dose were averaged. For 

psoralen-plus-light treatment, the frequency of induced revertants did 

not rise significantly above spontaneous levels until the phage and 

psoralen suspension had been exposed to 60 sec of light. Therefore 

the abscissa in Figure 3 (see p. 25), and Figure 6 (see p. 29) is dis

continuous, omitting doses between 5 and 55 sec. The abscissa and 

ordinate are discontinuous in Figure k- (see p. 26) and Figure 7 (see 

p. 31) in order to show the survival curve at doses which are mutagenic. 

In the experiments in which aro-tsCB120 mutants were irradiated 

with high doses of UV, low survivor frequencies combined with low spon

taneous and induced reversion frequencies produced an extremely low 

frequency of am* revertant phage per irradiated particle (approximately 

10"9). In order to insure low MOI during the platings for the detec

tion of revertants, the irradiated phage population was allowed to 

infect a non-permissive bacterial population fifty to one hundred times 

its size, so that it required approximately 10^ non-permissive bac-

teria to detect a single am revertant. In addition, several am 



revertants had to be detected before a reasonably accurate reversion 

frequency could be calculated. However, in our hands, viable phage 

would not produce visible plaques on a bacterial lawn seeded with over 

10^ permissive cells in a standard petri dish, probably because at 

such high cell densities the cells shift quickly from log to station

ary phase where they are more resistant to infection. Therefore, in 

order to accurately detect induced revertants at high doses of UV, 

aliquots of irradiated phage were plated on ten to fifteen plates 

seeded with about 10^ non-permissive bacterial cells in each experi

ment, and the reversion frequency at a given dose was calculated by 

dividing the total number of am+ revertants detected in all the experi

ments by the total number of survivors in all the experiments. Thus, 

to determine the reversion frequency of amN52tsCB120 mutants exposed 

2 9 
to 100 ergs/mm UV, a total of 3 x 10 irradiated particles were plated 

g 
in aliquots on 20 plates, so that each plate received 1.5 x 10 irradi

ated phage and 10^ indicator bacteria. A total of 10 am* revertants 

were detected. Because the surviving fraction at this dose was 

approximately 2$, the reversion frequency at 100 ergs/mm was 1.5 x 

_7 
10 , a frequency very close to the spontaneous reversion index of the 

stock of amN52tsCB120 used. It was concluded therefore that UV did 

not induce mutations in this strain. The same calculations were used 

to determine the frequency of reversion in other mutant strains which 

showed low survival following UV or psoralen-plus-light treatment and 

low induced mutagenesis. 



RESULTS 

Antimutator Polymerase Reduction of 
Spontaneous Reversion of Amber Alleles 

The tsCB120 antimutator allele of phage T4 has been shown pre

viously to greatly reduce the spontaneous reversion of both rll and 

amber mutants grown at 30°C (Drake 1968). Spontaneous AT to GC 

transitions appear to be preferentially suppressed by the antimutator 

polymerase (Drake 1968). In Table 2, the _tsCB120 allele is shown to 

suppress the spontaneous reversion of amWg2 and amSl mutants grown at 

37°C. When the amber alleles are segregated from tsCB12Q by crossing 

the double mutants to wild type phage, the spontaneous reversion index 

of each of the amber alleles returns to a level similar to that of the 

original amber mutant parent. 

Dependence of UV Mutagenesis 
on Phage DNA Polymerase 

The data in Figure 1 show that at 37°C, the tsCB120 allele 

eliminates UV-induced reversion of both amN52 and amSl. In Figure la, 

UV is shown to induce reversion of the amber mutant amN52 to wild type, 

while there is no induced reversion of the amber allele in the double 

mutant amN52tsGB120, even at high doses of UV. When the amN$2 allele 

is reisolated from the double mutant as a segregant from a cross to 

wild type phage, the segregant can again be induced to revert by UV 

(Fig. la). In Figure lb, UV is shown to induce the reversion of both 

20 
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Table 2. Effect of 
reversion 

antimutator allele tsCB120 
indexes of amber alleles. 

on the spontaneous 

Phage 
Strain 

Spontaneous 
Reversion Index 

Relative 
Reversion Index 

amN52 3.9 x 10~8 (4)a 1.0 

amN52tsCB120 0.9 x 10~8 (2) 0.2 

amN52 segregant x 10~8 () lA 

amSl 3x 10~7 (4) 1.0 

amSltsCB120 0.13 x 10~7 (2) 0.03 

amSl segregant 2.7 x 10~7 (if) 0.8 

a. The number of repeat determinations of each index. 



Figure 1. Frequency of induced revertants in am and am-tsCB120 
mutants as a function of UV dose. 

Assayed by direct plating at 37°C. The strain, the 
number of experiments averaged, and the symbols are: 
(a) amN52, O; amN52tsCB120, 3» #i amN52 segre-
gant, 2, • . (b) amSl, 3» O? amSltsCB120, 3» •? 
amSl segregant, 3* D• 



XD 

100 0 20 0 20 

Dose UV (ergs/mrrr) 
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the amSl mutant and the amSl allele segregated from the amSltsCB120 

double mutant. The tsCB120 allele eliminates UV-induced reversion of 

amSl as it had amNg2. Any UV-induced reversion would have been easy 

to detect in these double mutants because of their low spontaneous 

reversion indexes. Neither aroN52tsCB120 nor amSltsCB120 are more UV 

sensitive than wild type phage (Fig. 2). 

Dependence of Psoralen-Plus-Light 
Mutagenesis on Phage DNA Polymerase 

The experiments to test the effect of the antimutator poly

merase on psoralen-plus-light induced reversion of the am alleles were 

performed by Virginia Johns. In Figure 3, psoralen-induced reversion 

of the two amber alleles is shown to be blocked by the tsCB120 allele 

at 37°C. In Figure 3a, psoralen-plus-light is shown to induce the re

version of the amber allele amN52 to wild type. The double mutant 

amN32tsGB120 fails to show an increase in reversion of the amber allele 

even at high doses of psoralen-plus-light. The amN52 allele, segre

gated from the double mutant by back-crossing to wild type phage, is 

again induced to revert by psoralen-plus-light. In Figure 3b, psoralen-

plus-light is shown to induce the reversion of the aiaSl mutant and the 

amSl allele segregated from the amSltsCB120 double mutant. The tsCB12Q 

allele, however, eliminates the psoralen-induced reversion. The anti

mutator polymerase does not increase the psoralen-plus-light sensi

tivity of the double mutants amN52tsCB120 and amSltsCB120 in comparison 

to wild type phage (Fig. 4). Even a small increase in the reversion 

frequencies induced by psoralen in either double mutant would have been 

detected because of their low spontaneous reversion indexes. 
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Figure 2. Survival of am, am-tsB20, and am-tsCB120 mutants as a func
tion of UV dose. — The strain, the temperature of growth, 
the number of experiments averaged, and the symbol are: 
amN52, 31°C, 2 •; amN52tsB20, 31°C, 2 A; amN52tsCB120, 37°C, 
3,B; amSl, 31°C, 3, O; aniSltsB20, 31°C, 2 A; amSltsCB120, 
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Figure 3» Frequency of induced revertants in am and am-tsCB120 mutants as a function 

of psoralen-plus-light dose. — Assayed by direct plating at 37°C. The 
strain, the number of experiments averaged, and the symbols are: 
(a) amN52, ̂ O; amN52tsCB120, b% •; amN52 segregant, 2, •. (b) amSl, 
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Dependence of UV Mutagenesis on DNA Ligase 

The temperature-sensitive DNA ligase allele eliminates UV 

mutagenesis of both amber alleles. In Figure 5a, amN52 is shown to be 

induced to revert by UV. In the presence of the gene 30 ligase allele 

tsB20, when growth after irradiation is at 31°C, no UV-induced re

version is observed. The amN52 allele, segregated from the double 

mutant by back-crossing to wild type, again can be induced to revert 

by UV. Figure 3b shows similar results for amSl. The single mutant 

amSl shows an increasing frequency of induced revertants as the UV 

dose increases when growth after UV irradiation is at 31°C. The pres

ence of the tsB20 allele eliminates UV-induced reversion at 31°C. How

ever, when growth is at 25°C, amSltsB20 shows inducible reversion. The 

am and am-tsB20 mutants showed approximately wild type UV sensitivity 

on-E. coli CR63 at 31°C (Fig. 2). 

Dependence of Psoralen-Plus-Light 
Mutagenesis on MA Ligase 

Virginia Johns conducted the experiments to test the effect of 

the tsB20 mutation on psoralen-plus-light induced reversion of amN52. 

Figure 6 shows that the temperature-sensitive ligase allele tsB20 

eliminates psoralen-plus-light induced mutagenesis. The amber mutant 

amN52 is induced to revert by psoralen-plus-light. The psoralen treat

ment induces a lower frequency of reversion per unit dose in amN52 at 

32°C (Fig. 6) than at 37°C (Fig. 3). This is similar to observations 

with UV-induced reversion of this allele, where the final induced re

version is lower at 31°C (Fig. 5a) than at 37°C (Fig. la). In the 

double mutant amN52tsB20, no induced reversion was found when the 
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Figure 5. Frequency of induced revertants in am and am-tsB20 mutants 
as a function of UV dose. — Assayed by direct plating. 
The strain, the temperature of growth, the number of 
experiments averaged, and the symbol are: (a) amN52, 
31°C, 2, •; amN52tsB20, 3l°C, 2, •; amN52 segregant, 31CC, 
2, (b) amSl, 31°C, 3» O; amSltsB20, 31°C, 2, A; 
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treated phage are plated at 32°C. At this temperature the double 

mutant is not more sensitive to psoralen-plus-light than the single 

mutant (Fig. 7). The amN52 segregant isolated from the double mutant 

by back-crossing to wild type phage could again be induced to revert 

by psoralen-plus-light (Fig. 6). 

Single Passage UV Mutagenesis 

In the direct plating assay for revertants, the UV irradiated 

phage were allowed to immediately infect the plating indicators E. coli 

CR63 and E. coli S/6/5. In the single passage techniques for measuring 

reversion frequency, the irradiated phage were allowed 60 min of growth 

at 31°C in the permissive host E. coli CR63 at low MOI (< 0.05) before 

they were plated on the indicators E. coli CR63 and E. coli S/6/5. 

This passage increased the frequency of newly induced revertants de

tected (Fig. 8). The reversion frequency of amN52 was much greater 

when measured after a single passage than after direct plating (Fig. 

8a). The amSl mutant also showed a higher frequency of newly induced 

revertants after single passage than after direct plating (Fig. 8b). 

The increase was considerable: for amN52, the frequency of newly in-

_«7 
duced revertants rose 15-fold with passage (from 15 x 10 to 225 x 

—7 2 
10 at 100 ergs/mm ); for amSl, the frequency of newly induced re-

-7 —7 
vertants rose 25-fold with passage (from x 10 to 1,000 x 10 at 

2 
120 ergs/mm ) (Fig. 8). These frequencies of newly induced revertants 

were easy to measure, since the background frequency of spontaneous 

revertants was low for both am mutants. 

The tsB20 allele was effective in eliminating the UV muta

genesis measured by the single passage method. Even at high doses, 
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Figure 7» Survival of amN$2 and amN52tsB20 mutants as a function of 
psoralen-plus-light dose. — Assayed at 32°C. The strain, 
the number of experiments averaged, and the symbol are: 
amN$2, amN52tsB20, 
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Figure 8. Frequency induced revertants in am and am-tsB20 mutants as 
a function of UV dose. — Assayed after passage of the 
phage through E. coli CR63 at 31 °C. Single infection 
(M0I<0.05). Dashed lines represent frequency of induced 
revertants observed after direct plating taken from 
Figure 5» The strain, the number of experiments averaged, 
and the symbol, are: (a) amN52, 3, •; amN32tsB20, 2,A. 
(b) amSl, 2, O; amSltsB20, 2, A. 
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the aroN52tsB20 double mutant had no detectable UV mutagenesis (Fig. 

8a). The same result was obtained for the amSltsB20 double mutant 

(Fig. 8b). 

Survival of Repair Deficient Mutants 

In Figure 9, survival following UV irradiation among repair 

proficient and repair deficient strains of phage Tk is compared. When 

growth following UV irradiation is at 37°C, repair proficient am 

mutants plated on E. coli CR63 show a slight shoulder at low doses and 

logarithmic killing at high doses. Exonuclease-deficient double 

mutants, containing the temperature-sensitive gene 47 exonuclease 

allele, show greater sensitivity to UV compared to the single am 

mutants, as has been reported (Baldy 1970). Excision deficient double 

mutants, containing the v~ allele, are extremely UV sensitive, sis 

others have observed (Harm 1963). 

UV Mutagenesis in Excision-Deficient 
Mutants 

The presence of the _v mutation does not prevent UV-induced 

mutagenesis. In Figure 10a, amNg2 is shown to be induced to revert 

by UV per unit dose when growth is at 37°C. The amN52v double mutant 

shows a higher frequency of UV-induced reversion per unit dose than 

amN52 alone. Similar results are shown for amSl and amSlv in Figure 

10b. The amSlv double mutant is induced to revert more frequently per 

unit dose than the amSl mutant. However, at equal doses survival is 

much lower in the am-v double mutants than in the single MI mutants 

(Fig. 9)• When the frequencies of induced revertants in the am and 
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Figure 9. Survival of am, am-tsL86, and am-v mutants as a function of 
UV dose. — Assayed at 37°C. The strain, the number of 
experiments averaged, and the symbol are: amN52, O; 
amSl, 3t •» amN52taL86, 3» A; amSltsL86, 2, •; amN52v, 
2, •; amSlv, 2, 
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Figure 10. Frequency of induced revertants in am and am-v mutants as a function 
of UV dose. — Assayed by direct plating at 37°C. The strain, the 
number of experiments averaged, and the symbol are: (a) amN52, 
A-, O; amN52v, 2, (b) amSl, 3i •; amSlv, 2,B. 



am-v mutants are compared at equal survival levels, the curves are 

comparable (Fig. 11). In Figure 11a, amNg2 and amN52v are shown to be 

induced to revert to wild type with approximately the same frequency 

when compared at equal survival levels. Similarly, aroSl and amSlv sire 

induced to revert at almost equal frequencies when compared at equal 

survival levels. 

UV Mutagenesis in Exonuclease Deficient 
Mutants 

The amN52 and amSl alleles behave differently in the presence 

of the temperature-sensitive gene k7 exonuclease allele tsL86 (Figs. 

12 and 13). In Figure 12a, amN52 is shown to be induced to revert by 

UV when growth following irradiation is at 37°C. However, no UV-

induced reversion is observed in the amN52tsL86 double mutant. The 

amN52 allele, segregated from the double mutant by back-crossing to 

wild type, is again induced to revert by UV. The amSl mutant is in

duced to revert by UV (Fig. 12b). However, the double mutant amSltsL86 

is also induced to revert by UV. Because survival was lower per unit 

dose in the am-tsL86 double mutants than in the am mutants (Fig. 9)» 

the frequency of induced revertants is compared at equal survival 

levels in Figure 13. In Figure 13a, both the amN52 parent and segre-

gant alleles are shown to be induced to revert by UV, while the 

amN52tsL86 double mutant shows no UV-induced reversion. In Figure 13b, 

however, amSl and amSltsL86 show similar UV-induced reversion frequen

cies at equal levels of survival. 



Figure 11. Frequency of induced revertants in am and am-v mutants 
as a function of surviving fraction following ITV 
irradiation. 

Assayed by direct plating at 37°C. The strain, the 
number of experiments averaged, and the symbol are: 
(a) amN52, k, O; an^52v, 2, •. (b) amSl, 3, •; 
amSlv, 2, • . 
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Figure 13• Frequency of induced revertants in am and am-tsL86 
mutants as a function of surviving fraction following 
UV irradiation. 

Assayed by direct plating at 37°C. The strain, the 
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Multiple Infection UV Mutagenesis 

Under conditions where more than one irradiated phage simul

taneously infect a bacterium, MR occurs and the two genomes interact 

to efficiently eliminate lesions that would be lethal in a single in

fection (e.g., Luria 19^7; Epstein 1958). In Figure l4a, the survival 

of amN52 and amN52tsB20 are compared in single and multiple infections. 

The multiple infection survival curve shows much higher values at all 

doses. One measure of the efficiency of MR is the ratio of the final 

slope of the multiple infection curve compared with the final slope of 

the single infection curve. In these experiments, the multiple-

infection curve had a final slope one-seventh that of the single in

fection curve. MR shown by the double mutant containing tsB20 is about 

the same as MR of the single am mutant and may in fact show an MR slope 

even less steep than that of the single am mutant. Thus, as in the 

case of MR of nitrous acid-induced lesions (Bernstein et al. 1976), the 

tsB20 defect in ligase does not decrease MR of UV-induced lesions. 

Figure 14b shows MR for amSl and its double mutant. Here the multiple 

infection survival curve has a final slope one-sixth that of the 

single infection curve. Again, the presence of the tsB20 ligase allele 

does not decrease MR of W-induced lesions. 

The induction of mutations can be followed in phage that have 

been repaired by MR. In Figure 15a, the frequency of induced revert-

ants is compared per unit dose after passage in E. coli CR63 for amN52 

in multiple and single infections. MR greatly reduced mutation induc

tion per unit dose as shown by the solid line compared to the dashed 

line. Figure 15b shows similar results for amSl. The frequency of 
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newly induced revertants after multiple infection was much lower than 

after single infection per unit dose. 

The tsB20 allele eliminates the UV mutagenesis that occurs 

during'MR. The amN52tsB20 double mutant shows no UV-induced reversion 

among progeny of multiply infected cells (Fig. 15a). Similarly, no 

+ 
UV-induced reversion to am is found in progeny of multiple infections 

of UV-treated amSltsB20 phage (Fig. 15b). 

These comparisons between single, and multiple infection re

version frequencies are made per unit dose of UV. However, because MR 

is an efficient mode of lethal lesion repair, the level of survival is 

much higher per unit dose among the progeny of a multiple infection 

compared with a single infection. In Figure 16a, the reversion fre

quencies of amN52 in single and multiple infections are compared per 

log of the surviving fraction. Progeny of multiple infections show a 

significantly lower frequency of induced revertants than do progeny of 

single infections at equal survival levels. In Figure l6b, amSl also 

shows that the frequency of induced revertants among the progeny of 

multiple infections is consistently lower than the frequency of induced 

revertants among progeny of a single infection at equal levels of 

survival. 
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DISCUSSION 

Molecular Mechanism of Induced Mutagenesis 

The polymerases responsible for UV-induced mutagenesis in phage 

and E. coli are probably the replicative enzymes coded for by gene 

and polC, respectively (see Fig. 1, and Bridges et al. 1976). These 

polymerases possess 3' to 51 editing exonuclease activities which sire 

thought to remove mismatched nucleotides incorporated into newly syn

thesized DNA (Brutlag and Kornberg 1972). According to the model pro

posed by Villani, Boiteaux and Radman (1978) for E. coli, the proof

reading activity of polymerase III prevents the polymerase from 

continuing DNA synthesis past pyrimidine dimers in template DNA re

sulting in a block in DNA synthesis and an excessive turnover of 

nucleoside triphosphates. These authors propose that the proofreading 

function subsequently may be relaxed, allowing DNA synthesis to be 

restored and mutations to be induced in daughter strands of E. coli 

DNA (Villani et al. 1978). 

The gene ^3 polymerase produced by the phage T4 mutant tsCB120 

synthesizes DNA more slowly than the wild type polymerase and has an 

excessive turnover of incorporated nucleoside triphosphates (Gillin 

and Nossal 1976). Hopfield (197*0 has proposed that a time lag between 

incorporation of successive nucleotides into newly synthesized DNA 

would increase the accuracy of polymerization by allowing more time 

for the 3' to 51 exonuclease to turn over misincorporated nucleotides, 

^5 



and thus increase kinetic proofreading. The tsCB120 polymerase, de

fective in extending the primer and displacing the parental strand 

complementary to the template strand during semiconservative replica

tion, appears to have such a time lag, which results in increased 

turnover of incorporated nucleotides and enhanced proofreading (Gillin 

and Nossal 1976). In accord with the hypothesis of Villani, Boiteux 

and Radman (1978), we propose that this mutant polymerase of phage T*+ 

blocks DNA synthesis at pyrimidine dimers, but unlike the wild type 

enzyme, is unable to relax its proofreading function sufficiently to 

allow synthesis past the pyrimidine dimer. Thus mutations are not 

induced by UV in progeny DNA (Fig. 1). The tsCB120 mutant is not more 

UV sensitive than wild type phage (Figs. 2) suggesting that the 

pyrimidine dimers that ordinarily contribute to mutation either are 

infrequent or are eventually accurately repaired (e.g., by excision or 

recombinational repair), permitting continuing DNA synthesis. 

Psoralen-plus-light treatment introduces monoadducts and inter-

strand crosslinks into DNA (Cole 1970). Either lesion is physically 

much different than the intrastrand pyrimidins dimer formed by UV 

(Wacker 1963). In phage T4, nevertheless, mutagenesis induced by both 

of these agents depends on the functions of genes _Xi y, and 1206 (Green 

and Drake 197*0 and gene 30 (Figs. 5 and 6). In addition, the gene k3 

tsCB12Q antimutator polymerase has the same inhibitory effect on 

psoralen-plus-light mutagenesis as it does on UV mutagenesis (Figs. 1 

and 3). However, while both mutagens induce approximately the same 

-6 -6 
level of mutagenesis at If? survival ( 6 x 10 for UV and 10_x 10 for 

psoralen), increasing doses of psoralen beyond this level accelerate 

mutagenesis, suggesting at least two types of premutagenic lesions. 



Dependence of Induced Mutagenesis on Lipase 

The elimination of UV and psoralen-plus-light induced muta

genesis in the presence of tsB20 at semi-restrictive temperatures sug

gests that polynucleotide ligase is involved in error-prone repair in 

phage T4. This finding supports previous work which implicated the 

phage T4 gene 30 ligase in nitrous acid mutagenesis (Bernstein et al. 

1976) and the E. coli ligase in phage A mutagenesis (Bresler et al. 

1978). The ligase deficiency eliminated UV mutagenesis under direct 

plating, single passage, and multiple infection conditions. Because 

all measurable TJV and psoralen-plus-light induced reversion is elimi

nated in the presence of the tsB20 ligase allele, no other mechanism 

(in which the ligase is not involved) appears to contribute signifi

cantly to mutagenesis by these agents. Polynucleotide ligase may seal 

the final phosphodiester bond in the last step of any repair process 

and thus might participate in the error-prone repair of a variety of 

lesions. 

Although UV and psoralen-plus-light induced mutations are 

eliminated by the presence of the tsB20 allele at 31°C or 32°C, the 

relative survival is not noticeably affected. This may be due to 

action of the error-prone repair pathway on only a small fraction of 

induced lesions or the substitution of another, more accurate repair 

pathway. We may note, however, that when much more restrictive tem

peratures are used and a temperature-sensitive ligase allele is present, 

replication is greatly reduced, both in phage T*f (Baldy 1970; Campbell 

and Rowe 1972) and in E. coli (Morse and Pauling 1975)• Under these 

damaging conditions, the temperature-sensitive ligase deficiency seems 



to cause lesions leading to mutagenesis (Campbell and Rowe 1972; Morse 

and Pauling 1975)• 

Dependence of UV Mutagenesis on Exonuclease 

The temperature-sensitive gene ^7 exonuclease allele tsL86 

eliminates UV-induced reversion of the amN52 allele but not the amSl 

allele at semi-restrictive temperatures (Figs. 12 and 1J>). This is 

similar to UV-induced reversion of mutant alleles in 53. cerevisiae 

(Lawrence and Christensen 1978), where, despite the fact that two 

mutant alleles may contain similar or perhaps identical codons and can 

revert by similar or identical base pair substitutions* one allele re

verts by a process which does not require the HEV-1 gene product while 

the reversion of the other allele is REV-1 dependent. 

The gene k7 exonuclease expands nicks in duplex DNA into 

single-stranded gaps (Prashad and Hosoda 1972), In the case of UV-

induced reversion of the amN52 allele, this exonuclease activity may 

be essential to the degradation of DNA at a replication fork blocked 

in the vicinity of the amN52 allele, in order to dislodge the replica

tion fork or to generate a signal which triggers another function to 

dislodge the blocked replication fork, as has been proposed for the 

recB,C exonuclease of E. coli (Oishi and Smith 1978). In the case of 

the reversion of the amSl allele, another exonuclease activity may be 

able to substitute for the gene h7 exonuclease in the vicinity of the 

amSl allele, or reversion of this allele may be dependent on a second 

error-prone repair pathway which does not employ an exonuclease. 

The two am-tsL86 double mutants showed equivalent increases in 

UV sensitivity compared to their respective single am mutants (Fig. 9)» 



suggesting that the absence of error-prone repair in the amN52tsL86 

mutant at semi-restrictive temperatures does not have a measurable 

effect on survival following OV treatment. Either thymine dimers 

leading to mutations are infrequent or are eventually repaired accu

rately. 

Allele Specific Reversion and 
Neighborhood Effects 

In addition to the differences in reversion in the presence of 

a defective gene ^7 exonuclease, the alleles amNj?2 and amSl show marked 

differences in the kinetics of revertant induction after passage 

through a permissive host (Fig. 16). In the single infection experi

ments, amN52 mutants showed an accumulation of UV-induced revertants 

at high survival levels, while amSl mutants showed few induced revert

ants until after survival had fallen below 5&. In the multiple infec

tion experiments, amN52 mutants were induced to revert at a frequency 

nearly equal to the frequency in a single infection, while amSl showed 

a significant reduction in UV-induced reversion frequency compared to 

a single infection. These variations suggest that the neighborhood of 

DNA in which the premutational lesion occurs influences the ability of 

error-prone repair to convert the lesion to a mutation. 

Lawrence and Christensen (1978) have observed that similar 

codons in S. cerevisiae may revert with very different frequencies 

following UV irradiation. Witkin (1966) has found in E. coli that 

mutational blocks in excision repair may stimulate mutation at some 

loci while reducing mutation at other loci, and has suggested that 

repair processes may act preferentially at some site in DNA. In 
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phage T4, 2-aminopurine induced conversion of ochre (UAA) mutations to 

opal (ITGA) mutations can vary more than 600-fold among different sites 

in the £11 region (Salts and Ronen 1971). The frequency of the tran

sition mutation AT to GC induced by 2-aminopurine in phage T*f can be 

stimulated 10-fold if the 3' adjacent base pair is GC and not AT (Koch 

1971). In addition to the effects of adjacent base pairs, Bessman and 

Reha-Krantz (1977) have suggested that spontaneous mutations may be 

increased in regions of DNA with a disproportionately large frequency 

of GC base pairs, where stronger base pair bonding may inhibit the 

polymerase editing function. Thus it appears that the UV-induced 

mutation frequency at a genetic site may depend on the composition of 

base pairs in that neighborhood of DNA. 

Time Course of Mutation 

It has previously been noted that hydrazine-induced mutagenesis 

in S. cerevisiae (Lemontt 1977)* nitrous acid-induced and UV-induced 

mutagenesis in actinophages (Alikhanian and Mkrtumian 1964), and hydra

zine mutagenesis in Haemophilus influenzae (Kimball and Hirsch 1976) 

are much greater after replication has been allowed to occur. In phage 

T4, reversion induced by nitrous acid (Bautz-Freese and Freese 1961) 

and ethyl methane sulfonate (Green and Krieg 1961) is also increased 

by preliminary passage through a permissive host. These induced 

mutants appear in bursts with nonmutant phage. This suggests that 

mutagenesis increases upon replication. One interpretation offered 

for this has been that premutational lesions may occur on a nontran-

scribed strand and would not be expressed without permitting 
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replication. Replication permits segregation and subsequent expression 

in progeny (Bautz-Freese and Freese 1966; Tessman 1959)- This would 

account, however, for only two-fold differences in mutation frequency 

before and after replication. Differences of 15- and 25-fold are noted 

here, and differences of 10-fold were found in yeast (Lemontt 1977). 

This delayed appearance implies that a persistent lesion may generate 

mutations at late times in the infectious cycle of phage T*f. These 

mutations may arise too late in the first infectious cycle to be effec

tively expressed under direct plating conditions and therefore can only 

be detected after passage through a permissive host. This has been pro

posed by Green and Krieg (1961) for phage T4 and by Lemontt (1977) for 

yeast. 

Pawl et al. (1976) have shown that about half of all thymine 

dimers induced by UV are not removed but persist during the course of 

infection. Drake (1968) showed that the majority of lesions that lead 

to mutation can be removed by photoreactivation. Thus it is likely 

that persistent UV-induced dimers can account for the delayed appear

ance of UV-induced mutagenesis. Thymine dimers have been found to 

persist in E. coli after replication (Ganesan 197*0. In E. coli, how

ever, all potentially mutagenic dimers are converted to mutations by 

error-prone repair in the first postirradiation cell division, and 

those which persist beyond this division are not premutational lesions 

(Witkin 1976). 

Accuracy of Excision Repair 

In phage T4, excision repair is dependent on the activity of 

endonuclease V, the v gene product (Friedberg and King 1971)* In 



phage v mutants lacking excision repair, the frequency of UV-induced 

mutations per unit dose is increased compared to excision proficient 

strains (Fig. 10), suggesting that dimers which ordinarily are repaired 

accurately by excision repair can become premutational lesions if they 

are allowed to remain in DNA. However, survival in the absence of 

excision repair is greatly reduced, and it is not possible to deter

mine from Figure 10 if dimers which remain in DNA in the excisionless 

strains are more likely to become lethal lesions or premutational 

lesions. In Figure 11 the frequencies of UV-induced revertants in the 

excision deficient and proficient strains are compared at equal levels 

of survival, and the curves are approximately similar. The probability 

that an unrepaired dimer will result in a mutation in the excision 

deficient and proficient strains can be compared in the following man

ner. Let d=the mean number of dimers in UV irradiated phage DNA, 

r^=the probability of the dimer being accurately repaired in the 

excision deficient v mutant, and r =the probability of accurate dimer ™ 4" 

repair in the excision proficient strain. Then drv=the mean number 

of repaired dimers in the v mutant and d-drv=the mean number of un

repaired dimers in the v mutant. Similarly, dr+=the mean number of 

repaired dimers in wild type phage and d-dr+=the mean number of unre

paired dimers in these phage. Assuming that one dimer may be a lethal 

lesion, the surviving fraction (SF) in the mutants is determined by 

the zero term of the Poisson distribution, or by the equation: 

1. 

and in the wild type phage 

2. 
+ 



If we let mv=the probability that an unrepaired dimer will be

come a mutation in the v mutants and m+=the probability that an unre

paired dimer will become a mutation in the wild type phage, then the 

frequency of mutation in all _v mutant phage, surviving or not, is 

m (d-dr^) and this frequency in wild type phage is m+(d-dr+). Using 

equations 1 and 2 to determine the surviving fraction, the mutation 

frequency (MF) in only the surviving v mutant phage is: 

3. MF =m (d-dr ) (e~^~^rv^) 
v v v 

and for wild type phage it is 

km MF =m (d-dr )(e~^d"dr+^). 
*f + "f 

Inspection of Figure 8 shows that at equal levels of survival, or when 

SF =SF , MF =MF . If we set MF =MF , then, from equations 3 and we 
v + v + v +' 1 n 

obtain: 

5. m (d-dr JCe'^'^v^sm (d-dr )(e~^~(*r+^). 
v v + + 

At all points where SFv=SF+, using equations 1 and 2, we obtain 

-(d-dr ) -(d-dr ) 
e v = e + 

and therefore 

d-dr =d-dr . 
v + 

Using this relationship, we show from equation 5 that when SFv=SF+, 

then m^ = m+. Thus the probability that an unrepaired dimer will 

become a mutation is equal either in the presence or absence of 

excision repair in phage T4. 

In E. coli Hill (1965) has found that the frequency of UV-

induced reversion to prototrophy at the same level of survival is equal 

in excision proficient and deficient strains, and has suggested that 



excision repair eliminates lethal lesions and pre-mutagenic lesions 

equally, Witkin (1966) has found that in E. coli UV-induced reversion 

of a tryptophan auxotroph is less frequent at equal survival levels in 

an excision deficient strain compared to an excision proficient strain. 

Paradoxically, UV-induced mutation to streptomycin resistence in the 

same strain is more frequent in an excision deficient strain compared 

to a proficient strain at equal survival levels. Witkin (1966) has 

suggested that these results might be due to differences in the molecu

lar neighborhood of these two loci. 

The data from phage T*f and E. coli demonstrate that UV-induced 

mutation occurs in the absence of excision repair, suggesting that this 

repair pathway is accurate. In addition, the absence of excision re

pair appears to equally increase the lethal and mutagenic effects of 

TJV since the frequency of mutants per lethal lesion is similar in _v 

and v+ strains. This suggests that in general, all unrepaired pyrimi-

dine dimers have a common fixed probability of resulting in either 

death or mutation. 

Accuracy of Recombinational Repair 

In phage T4, mutants defective in the gene k7 exonuclease are 

deficient in spontaneous recombination (H. Bernstein 1968) and are UV 

sensitive (Fig. 9; Baldy 1970). The two am-tsL86 double mutants used 

in this study showed identical UV sensitivities, despite the absence 

of UV-induced mutagenesis in amN52tsL86 and its presence in amSltsL86 

(Figs. 12 and 13). This suggests that error-prone repair is not re

sponsible for the reduced UV sensitivity in wild type phage compared 
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to gene k7 mutants. Because gene V? mutants are also deficient in MR 

of UV-irradiated phage (Nonn and Bernstein 1977) the increased UV 

sensitivity of gene mutants may be due to a reduction in recombi-

national repair. 

The amSltsL86 mutant showed UV-induced reversion (Figs. 12 and 

13) despite the absence of recombinational repair, suggesting that re-

combinational repair is accurate. In E. coli, mutational blocks in 

the recB and recF post-replicational repair pathways still permit UV-

induced mutagenesis (Kato, Rothman and Clark 1977)i also suggesting 

that recombinational repair is accurate. In this study, the amN52tsL86 

mutant showed no UV-induced reversion. This may indicate that the gene 

ky exonuclease is involved in error-prone repair at some sites in 

addition to recombinational repair. 

The experiments with MR also indicate the accuracy of recombi

nation. When multiple infections are compared with single infections 

per unit dose of UV, the multiple infections show a lower frequency of 

newly induced mutations (Fig. 15)• However, survival is higher per 

unit dose in the multiple infection than in the single infection due 

to MR. The data in Figure 16 demonstrate that the frequency of induced 

revertants per log of surviving fraction was somewhat higher in single 

infections than in multiple infections. It is clear that MR, which is 

very effective in eliminating lethal lesions, does not generate new 

mutations. In fact, the results suggest that in reaching the same 

level of survival, MR may have somewhat selectively eliminated lesions 

which in the single infection were converted into mutations. Thus MR 

appears to be an accurate repair process. 
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UV-Induced Mutations and Carcinogenesis 

Mutations induced by UV in higher animals appear to play a role 

in carcinogenesis. Human fibroblasts from patients with the hereditary 

disease xeroderma pigmentosum have higher UV-induced mutation frequen

cies than normal fibroblasts per unit dose of UV (Maher et al. 1976), 

and these patients have high frequencies of tumors in skin exposed to 

sunlight (Robbins et al. 197*0. In the Amazon molly fish, thyroid 

tumors induced by the injection of UV-irradiated thyroid cells can be 

prevented if the injected cells are treated with photoreactivating 

light (Hart, Setlow and Woodhead 1977). The data from these two 

organisms suggest that pyrimidine dimers can initiate carcinogenesis. 

Fiber autoradiography shows that UV irradiation of HeLa cells blocks 

DNA synthesis at intervals equal to the interdimer distance (Edenberg 

1976). Thus damage to eucaryotic DNA may prevent replication past the 

site of a lesion. Pre-treatment of Chinese hamster cells with small 

doses of UV enhanced their ability to replicate DNA damaged by subse

quent large doses of UV (D'Ambrosio, Aebersold and Setlow 1978). The 

enhanced ability of pre-induced cells to replicate damaged DNA may 

indicate that induced relaxation of base pairing constraints within 

the replication fork could permit replication at the cost of more fre

quent mutations, leading to cell transformation. 

Conclusions 

UV induces mutations in bacteriophage T4 through an error-prone 

repair pathway. This pathway appears to employ the products of gene 

30, which codes for polynucleotide ligase, gene ^3, which codes for 



the phage DNA polymerase, and gene ^7» which codes for an exonuclease. 

The gene k7 product is not absolutely required for induced mutagenesis 

at all sites. The phage polymerase may be responsible for inducing 

mutations during error-prone repair synthesis when its proofreading 

activity is relaxed so that it can replicate past pyrimidine dimers. 

In fact, replication of irradiated phage DNA during growth in a per

missive host strongly increases the frequency of UV-induced mutations. 

Psoralen-plus-light may induce mutations through a similar pathway. 

The other two repair modes in bacteriophage T4, excision and 

recombinational repair, appear to operate accurately. Excision repair 

removes lethal lesions without increasing the frequency of induced 

mutations in the survivors. When recombinational repair removes 

lethal lesions, either in a multiple or single infection, it does not 

add to the frequency of induced mutants. 
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