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ABSTRACT 

Recently, hydrogen peroxide (H202), and its free

radical product the hydroxyl radical (OH'), have been 

identified as major sources of DNA damage in living 

organisms. We examined DNA repair of hydrogen peroxide 

damage, using a standard bacteriophage T4 test system in 

which several different types of repair could be determined. 

Post~replication recombinational repair and den V-dependent 

excision repair had little or no effect on H202 damage . 
. 

Also, an enzyme important in repair of H202-inducec DNA 

damage in the E. ooli host cells, exonuclease III, was not 

utilized in repair of lethal H202 damage to the phage. 

However, multiplicity reactivation, a form of 

recombinational repair between multiply infecting phage 

genomes, was found to repair H202 damages efficiently. 

The RAD52 gene of Saooharomyoes oerevisiae and genes 

46 and 47 of bacteriophage T4 are essential for most 

recombination and recombinational repair in their respective 

organisms. The RAD52 gene was introduced into expression 

vectors which were used to transform E. ooli. RAD52 

expression was induced, and its ability to complement either 

gene 46 or gene 47 phage mutants was determined with respect 

to phage growth, recombination, and recombinational repair. 

ix 
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RAD52 gene expression allowed growth of gene 46 and gene 47 

mutants under otherwise restrictive oonditions, as measured 

by plaque formation and burst size. The RAD52 gene also 

restored the ability of gene 46 and gene 47 mutants to 

undergo recombination of rII markers. Furthermorre, the 

RAD52 gene restored recombinational repair after UV 

irradiation of gene 46 and gene 47 mutants. The published 

DNA sequence of RAD52 was compared wi th the publ i shed 

sequences of genes 46 and 47. Although overall homologies 

were only marginally significant, RAD52 and gene 46 had 

substantial sequence similarity over a limited region. 

These results indicate that the recombinational 

repair pathway found in phage T4 may be ubiquitous for DNA 

damage caused by endogenous oxidative reactions. 

Furthermore, they indica ted that an essent.i.al element of 

the recombination mechanism in both procaryotic viruses and 

eucaryotes arose from a common ancestor. Procaryotes and 

eucaryotes are thought to have diverged at least one billion 

years ago. Thus, recombination apparently arose early in 

evolution. 



CHAPTER ! 

INTRODUCTION 

Studies with bacteriophage T4 and SaccharOmyces 

cerevisiae have provided considerable insight into the 

genetic mechanisms of deoxyribonucleic acid (DNA) 

recombinational repair of DNA damage. DNA damages are 

chemical alterations in the DNA that cannot be ocpied upon 

replication, but can be recongnized by repair enzymes. DNA 

damages may block transcription and replication. Proaress 

has been made in procaryotic systems towards fully 

reconsti tuting DNA recombinational repair complexes using 

proteins made in vitro from cloned genes. In eucaryotes, 

such investigations are at a more preliminary stage. 

However, an early impression is that there is a surprising 

and encouraging similarity at the molecula~r level between 

the procaryotic and eucaryotic recombination repair systems. 

Bacter'iophage T4 and yeast (S. cerevisiae) are 

excellent procaryotic and eucaryotic model systems for the 

examination of recombinational repair. Phage T4 is a large 

lytic Escherichia coli phage containing a single linear 

double-stranded DNA molecule. Its DNA normally contains 5-

hydroxymethylcytosine instead of cytosine (Wyatt and Cohen, 

1 
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1953). The tightly organized genome encodes close to 200 

genes which choreograph a complex developmental process (see 

review by Guttman and Kutter, 1983). The structure of 

bacteriophage T4 has a tadpole shape with an hexagonal head 

and long tail. The T4 particle is about 215 nm in length and 

85 nm in width. The morphology of T4 based on electron 

microscopy is shown in Figure 1-1. The icosahedral capsid, 

or head, is made of a protein layer attached to a connector 

vertex at the neck. The neck structure, containing a 

whiskered collar, joins to the tail. The tail is 100 nm long 

and composed of 20 different gene products (Tschopp and 

Smi th, 1978). The six long tail fibers of T4 function as 

sensors of the environment, attach the virus to the cell 

surface, and signal conformational changes to the baseplate. 

Fibers are about 3.0 to 4.0 nm thick and 150 nm long and are 

made by the joining of two half-fibers. They provide the 

primary host range determinants and effect the adsorption 

process. (King, 1980). 

Saccharomyces cerevisiae is a unicellular fungus 

that reproduces predominantly by budding. The vegetative 

phase is predominantly diploid in nature. In the laboratory 

strains are all haploid except homothallics. Ascospores are 

globose to short ellipsoidal, wi th a smooth wall. Usually 

there are four ascospores per ascus. The life cycle of S. 

cerevisiae is illustrated in Figure 1-2. 

2 
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The locations of 568 genes, distributed over 16 

metacentric chromosomes have been identified in s. 

cerevisiae. In addition a single gene, KRB1, has been 

located on a 17th chromosome. The total minimum length of 

the yeast map is 4,500 cM, corresponding to about 1.4 x 10 7 

base pairs in the haploid genome (Mortimer and Sch~ld, 

1985). 

Hydrogen Peroxide (H202) Induced DNA Damage 

Hydrogen peroxide (H202) and its breakdown product, 

the OH· hydroxyl radical (a powerful oxidant), are by

products of oxidative cellular metabolism. They have 

recently been proposed to be an important natural source of 

oxidative DNA damage in cells. Ames et a1. (1985) have 

estimated that in man there are thousands of oxidative DNA 

hits per cell per day. Harman (1981), Sinet (1982) and Ames 

et a1. (1985) h3ve proposed that oxidative reactions may be 

a major source of DNA damage leading to aging and cancer in 

multicellular organisms. Thus, H202 and OH· may not only be 

a frequent cause of DNA damages, but inadequate repair of 

these damages may have important consequences in many 

organisms. 

Free radicals and acti va ted oxygen species are 

generated in a v'ariety of ways. Consecuti ve uni valent 

reductions of molecular oxygen to water produce three active 
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intermediates, superoxide (02-), hydrogen peroxide (H202), 

and the hydroxyl radical (HO'): 

+ HOI' ~ 
H 

It has been assumed that the cytotoxic nature of 02- and 

H202 might be due to their ability to generate 

intracellular hydroxyl radicals. The superoxide anion is 

notable in that it can act e i't.her as an oxidant or a 

reductant. Hydrogen peroxide is a relatively stable oxidant. 

However, the hydroxyl radical is an extremely powerful 

oxidant that reacts at nearly diffusion-limited rates wi th 

most organic sub8trates. The major classes of H202-induced 

damaB:e are (1) chemical alterations in the four bases and 

sugar moiety; (2) physicochemical damage resul t ing from 

backbone scissions in either one chain (single-strand 

breaks) or both chains in close proximity, (double-strand 

breaks); (3) DNA intrastrand crosslinks (i.e. within the 

same polynucleotide chain), as well as interstrand (i.e. 

between two chains in the same or different duplex 

molecules); and (4) DNA-protein cross-links. The approximate 

percentage of the different DNA lesions caused by H202 have 

been determined. Calf thymus DNA exposed to H202 incurred 

95% base alterations, 3% single strand breaks, 1% double-

6 
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strand breaks, anld 1% cross-links, (Massie et al., 1972). 

DNA-protein cross·-1inks were also induced by Hz02 (Lesko et 

al., 1982). 

Superoxide anion (02-), is an ubiquitous toxin 

formed by the univalent reduction of ground-state molecular 

oxygen. It is produced from a variety of sources including 

gamma irradiati()n (Cerutti, 1985), enzyme-substrate 

reactions such as xanthine-xanthine oxidase (Brown and 

Fridovich, 1981), and chemicals such as paraquat (M~dy and 

Hassan, 1982) and bleomycin (Burger et a1., .]981). In 

addition, Cunningham et a1. (1986) hfl.ve demonstrated that 

ultraviolet and solar radiaticu can interact with naturally 

occuring cellu1a~ metabolites to produce 02-' The superoxide 

formed by this quenching reaction is presumably less toxic 

than hydrogen peroxide (H202) or hydroxyl radical (HO') to 

cells (Fee, 1982; Halliwell, 1982). However, this only may 

be true in metal-free systems. Biological macromolecules 

exist in a medium enriched in transition metal cations 

(Me+), which may catalyze the reduction of 02- to the more 

highly reactive oxygen species hydrogen peroxide (H202) and 

hydroxyl radical (HO') by the Fenton reaction: 

202- + 2H+ ~ 02 + H2 0 2 

Me 3+ + 02- ~ Me 2+ + 02 

Me 2+ + H202 ---7 Me 3+ + OH- + HO' 

( 1 ) 

(2 ) 

( 3 ) 
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The HO' radical is a highly reactive oxidant that 

has been implicated in peroxide-mediated oxidation of a 

variety of substrates (Imlay and Linn, 1987). The bulk of 

the significant H202-induced damage to cellular DNA is 

inflicted by aqu~ous radicals, principally hydroxyl radicals 

(HO·). About 80-90% of these add to the double bonds of the 

heterocyclic bases forming various 5,6-saturated derivatives 

of the two pyrimidines and N7,C8-saturated derivatives of 

the purines (Lesko et al., 1982, Breimer and Lindahl, 1984). 

These modified bases often undergo spontaneous decomposition 

to simpler end products. The major products of thymine, the 

cis- and trans-isomers of 5, 6-dihydroxydihydrothymine 

degrade to urea, or N-formylurea, for example (Figure 1-3 I 

to III). Similarly, addition of an HO' radical to position 

C8 of adenine yields an 8-hydroxy derivative followed by 

fission of the imidazole ring to produce 4,6-diamino-5-

formamidopyrimidine (Figure 1-3 IV). In most cases, the 

modi fied bases remain attached to the sugar-phosp!1a te 

backbone (Figure 1-4). Certain types of damage, however, 

lead to cleavage of N-glycosidic linkages, thus leaving 

exposed deoxyribose residues along the backbone. The 

remaining hydroxyl radicals (10-20%) react with the sugar 

component by a hydrogen abstraction of the hydrogen atom 

bound to the C4' position of t,he deoxyribose sugar (Figure 

1-4). Subsequent reactions lead to chain breakage by 
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cleavage of proximal phosphomonoester bonds (Beer et al., 

1966; Teebor et al., 1984; Schweitz, 1969; Moody and Hassan, 

1982; Scholes, 1983; Lesko et a1., 1980). A minor fraction 

of the single-strand scissions can also arise by radical

mediated rupture of the C3'-C4' bond in the sugar skeleton 

itself. Sometimes, abstraction of the C4' hydrogen atom can 

result in labilization of N-glycosidic bonds with release of 

normal bases (Paterson and Gentner, 1984). The relative 

contribution of base damages or strand breaks (sugar 

damage), however, are unclear. 

Repair of Hydrogen Peroxide Induced Damages 

Since H202 lesions are frequent and ubiquitous, it 

is important to know how they are either avoided or 

repaired. E. coli respond to low levels of H202 by inducing 

the synthesis of at least 30 proteins in an adaptive 

response to oxidative damage. This induction is controlled 

by the oxyR gene and involves increased levels of 9 proteins 

including scavenging enzymes such as catalase and an alkyl 

hydroperoxide reductase. Catalase protects cells from H2u2 

toxicity by catalyzing the reduction of H202 to H20 and 02 

(Halliwell and Guteridge, 1985). In E. coli, mutational 

defects in catalase or in the repair enzymes recA (Carlsson 

and Carpenter, 1980), pol A (Ananthaswamy and Eisenstark, 

1977) or, especially, exonuclease III. (xthA) (Demple et a1., 
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1983) cause increased sensitivity to H202. The xthA gene 

product has activities as an exonuclease, an AP 

endonuclease, a DNA 3'-phosphatase, and an RNAase H (see 

summaries in White et a1., 1976; Demple et a1., 1983). Also, 

xthA has recently been shown to remove blocking groups at 

DNA 3' termini in H202-damaged E. coli cells (Demple et a1., 

1986). In addition, oxidation of thymine forms thymine 

glycol and a thymine ring fragmentation product, urea, can 

be removed from DNA by excision repair processes. Thymine 

glycol and urea are cleaved in vitro at the N-glycosylic 

bond by E. coli endonucleases III and VIII (Levin and 

Demple, 1988). Urea but not thymine glycol is removed by 

endonuclease IX. Urea also can be incise<;l in an 

endonucleolytic reaction by exonuclease III and endonuclease 

IV (Levin and Demple, 1988). Even though a variety of 

specific enzymes have been identified as being involved in 

repair of oxidative DNA damages, it is not clear which 

pathway( s) ·are most 'effective at removing the potentially 

lethal oxidative damages. There are a number of well defined 

repair pathways in phage T4 (see review by Bernstein and 

Wallace, 1983). These pathways include denV-mediated 

excision repair, post replication recombinational repair 

(PRRR), and mul tiplici ty reacti va t ion (MR, for further 

discussion see next section). The latter process depends on 

enzymes involved in recombination and only occurs when two 
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or more phage infect the same cell. These three pathways 

have analogs in most organisms examined, and thus the 

standard phage T4 system provides a useful and rapid 

method for determining the type (s) of repair pathways 

effective against lethal oxidative damage. 

Recombinational Repair in Phage T4 

Multiplicity reactivation. 

Luria (1947) and Luria and Dulbecco (1949) in 

studies of bacteriophages T2, T4, and T6 observed that 

survival after treatment with a DNA-damaging agent is 

substantially enhanced when two or more homologous phage 

chromosomes are present within a cell, and when normal 

recombination functions are present. This enhanced survival 

was designated multiplicity reactivation (MR). MR requires 

the products of genes 32, 41, 44, 46, 47, 59, uvsW, uvsX, 

and uvsY. The functions of most of these genes are 

understood to some extent (Table 1-1; for reviews see 

Bernstein, 1981; Bernstein and Wallace, 1983). 

When a genetic cross is carried out between 

differentially marked phage, genetic recombination can be 

measured. If the phage used in the crosses are first treated 

with any of the eight inactivating agents shown in Table 1-

2, a higher frequency of recombination between the markers 

------_.-._._---------------------------------------



Table 1-1. Genes of Phage '1'4 Required for MR and 
Recombination, and Their Ftmctions 

Gene 

32 

41 

46 

47 

59 

uvsW 

uvsX 

uvsl" 

Ftmction 

Helix-destabilizing 
protein, binds to 
single-stranded DNA 

DNA-helicase 

Exonuclease 

Exonuclease 

Unlmown, mutants have 
DNA arrest phenotype 
similar to gene 46 
and 47 mutants 

Unlmown 

recA-like protein 

Unlmown 

References 

Nonn & Bernstein, 
1977; Alberts et al., 
1968 

Bernstein & Wallace, 
1983 
Prashad & Hosoda, 

1972; BElrnstein, 
1968; Warner et al., 

1970 

Shah, 1976 

Hamlett & Berger, 1975 

Harm, 1964 

Boyle & Symonds, 1969 
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Table 1-2. Measured Levels of Repair during Single and 
Multiple Infections 

Single Multi~le infections 
Agent infections:% MR factor* Shoulder 

lesions repaired repair 

W 82 4.2 18 

MNNG 71 2.9 NONE 

MMS 64 ND NO 

.~ 41 36 NONE 

H2~ 68 8.3 2 

;PUVA( trioxalen) 38 6.6 NONE 

HN02 23 6.0 NONE 

!12p NO 4.6 NONE 

X-Rays 41 4.0 27 

ElliS 1.0 6 

The references establishing the MR factors and shoulder 
repair values are given in Bernstein and Wallace (1983) 
except for the H2~ values, which were established here. 

ND = not determdned • 
. . * The MR factor is a measure of the' effectiveness of 

recombinational repair in a multiple infection. It is 
defined in the seCtion II (see Material and Methods) • 
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is found. Since these agents also cause potentially lethal 

damage that can be repaired by MR, these increases in 

recombination probably reflect the recombinational repair 

which goes on during MR. Recombinational repair through MR 

apparently is an error free process since new mutations are 

not introduced (Yarosh et a1., 1980; Piette et a1., i978). 

Although the molecular mechanism of multiplicity 

reactivation is unknown, a mechanism similar to the recently 

proposed double-strand break repair model of recombination 

(Szostak.et a1., 1983) seems reasonable. In this model the 

recombination event is initiated by the formation of a 

double-strand break in the recipient DNA molecule which is 

enlarged into a double-strand gap as shown in Figure 1-5a. 

One of the free 3' ends then invades a homologous region on 

the intact chromatid, displacing a small D-loop (Figure 1-

5b). This D-loop is enlarged by repair DNA synthesis until 

the displaced single-stranded region can pair with the other 

end of the gap (Figure 1-5c). Gap repair synthesis and. a 

second strand transfer yields a structure with two Holliday 

junctions (Figure 1-5d). Each of these junctions can undergo 

branch migration producing larger regions of symmetric 

heteroduploex DNA. Finally, each of the Holliday junctions 

may be resolved in either of the two possible 

configurations, yielding a number of different products. By 

definition, MR depends on at least two homologou~ phage 
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, 
A t gp46/47 

B ~ gp32, gpuvsX, gpuvsY, gpuvsW ..... 
~ 

7 

C ~ gp32, gpuvsX, gpuvsY, gpuvsVV 
.. t ...... 

~ 
>-

D ~ gp43 --_._----.... 
~ 

7 

A9p30 
----..... 

L-____ _ ..... _---
7 -- 7 

non-crossover crossover 

, 

...... 

Figure 1-·5. Tb/3 double-strand break repair model of phage T4 
adapted from ctrr-Weaver and Szostak (1985). The gene products 
that may be involved, with their relevant functions (as 
r~~viewed in Bernstein and Wallace, 1983), are: 

g'ene 30 DNA ligase, Final sealing step in 
t recombination. 

gene 32 Promotes I'enaturation of complementary single 
strands facilitating helix formation. 
Required for formation of joint molecules 
which are thought to be intermediates in 
recombination. 

gene 43 DNA polymera.!3e. Repair synthesis in single
strand gaps • 

genes 46/47 Nuclease required to expand nicks into gaps. 
uvSX Similar to r~ protein of E. coli. Prepares 

DNA for pairing. Promotes strand uptake by 
recipient duplex. 

uvsW, uvsY May promote strand uptake similar to r~. 

17 
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chromosomes infecting the same cell. It resul ts from 

enzyme-mediated exchange of DNA segments through 

recombination, leading to progeny that are free of lethal 

damages. The damage may be removed in the initial formation 

of the double-strand gap. The mechanism of MR may be 

basically the same as the double-strand-break repair model. 

Postreplication Recombinational Repair. 

In phage T4, a separate recombinational repair 

pathway, in addition to MR, has been found (Harm, 1964). 

This pathway results from recombinational processes between 

two replicated daughter chromosomes, and is thus termed post 

replication recombinational repair (PRRR). The PRRR pathway 

requires gene products 1, 30, 32, 41, 42, 43, 44, 45, 46, 

47, 56, 59, uvsW, uvsX, and uvsY (Maynard-Smith and Symonds, 

1973; Bernstein, 1981). Genes 32, 46, 47, 59, uvsW, uvsX, 

and uvsY are involved in genetic reco~bination and MR. The 

overlap of gene functions involved in MR and PRRR, implies a 

similarity in mechanism. The distinction between MR and PRRR 

is that in MR the survival of damaged phages is 

SUbstantially enhanced when two or more phage infect the 

same cell even when the PRRR pathway is present. PRRR is, 

therefore, more constrained than MR by necessarily depending 

on two replicated daughter chromosomes from a single 

18 
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infecting phage. Thus, MR has a higher potential to repair 

DNA damages. 

Recombinational Repair in Yeast 

A group of mutants in yeast has been isolated on the 

basis of increased sensitivity to ionizing radiation (Nakai 

and Matsumoto, 1967). These mutants are presumably 

defective in repair of DNA damage and have been used to 

define the genes required for repair by the use of genetic 

complementation and genetic mapping. The yeast DNA repair 

genes have been organized into different epistasis groups. 

Two genes are defined aD being in the same epistatic group 

if mutants defective in the two genes are tested for 

sensitivity to DNA damage and it is found that the 

sensitivity of the double mutant is no greater than that of 

the more sensi ti ve single mutant. On the other hand, two 

genes are classified as being in different epistasis groups 

if double mutants defective in both genes show additive or 
.. 

synergistic sensitivity relative to the single mutants. 

Within the same epistasie group, the different genes are 

thought to specify the sequential steps of a multistep 

biochemical pathway or components of a multiprotein complex 

involved in DNA repair. 

The RAD52 epistasis group is thought to reflect the 

existence of a recombinational repair response to DNA 



damage. This group includes genes OD09, RAD24, RAD50, RAD61, 

RAD62, RAD63, RAD54, RAD55, RAD66, RAD67, and PSOl 

(Friedberg, 1988). The molecular mechanism of recombination 

in yeast cells is poorly understood, and the search for an 

illusory recombinational protein has been plagued by 

failures (Freidberg, 1988). Within the RAD52 group, genes 

RAD51 , RAD52, and RAD64 are essential for meiotic and 

mitotic recombination. Defective mutants in either of these 

three genes are extremely sensitive to ionizing radiation 

(Haynes and Kunz, 1981; Schild et a1., 1982). In addition, 

these mutants have spontaneous and 'radiation-induced 

chromosome instability, defective repair of double strand 

breaks, and defective homothall ic switching (Morrison and 

Hastings, 1979; Mortimer et al., 1981; Ho, 1975; Resnick and 

Martin, 1976 Malone and Esposito, 1980). Also, these mutants 

show a sharp reduction of the X-ray resistance normally 

associated with mating-type heterozygosity (Game, 1983). 

'The other rad mutants in the RAD52 epistasis group, 

rad50, rad53, rad55, rad56, and rad57, are typically less 

sensi tive to ionizing radiation than the mutants discussed 

above. The repair of double strand breaks in this subgroup 

is not well studied yet. The observation that mutants in the 

second subgroup are defective in meiotic and mitotic 

recombination coupled wi th the phenotypic di fferences 

between mutants in the two subgroups have led to the 
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hypothesis that the sequential repair events in the RAD50 

subclasses may depend on the RAD51 , RAD52, and RAD54 gene 

functions. 

The Bvolution of Recombinational Repair 

The adaptive advantage of sexual reproduction (sex) 

is a major unsolved problem in evolutionary biology 

(Williams, 1975; Maynard-Smith, 1978; Bell, 1982). The 

traditional view is that the benefit of sex is the 

production of varied progeny (see review by Levin and 

Michod, 1987). This view can be called the variation 

hyprothesis. Over the past decade, serious difficulties with 

different specific theories of sex based on an advantage of 

variation have become evident (for review see Bell, 1982). 

An alternative unifying explanation has been suggested for 

sex based on the advantage of DNA repair. By this 

explanation the,' prevalence. of genome dc~mage and the 

retrieval of 'damaged lnformution through recombination are 

the keys to understanding both the adaptive benefit and the 

origin of sex. This explanation is referred to as the repair 

hypothesis of sex. 

Dougherty (1955) was the first to propose that 

sexual reproduction originated as a DNA repair process. 

Recently, Bernstein et l:l.1. (1987) rev i ewed the evidence 

bearing on the hypothesis that DNA damage is the primary 



selective force maintaining genetic recombination and 

meiosis. Recombination is central to sexual reproduction, 

and the repair proposes that the main selective advantage of 

sex is repair of genome damages in the germ line. Genomic 

damage was likely a problem in the earliest stages of 

evolution. If the primary function of sex is to repair 

genome damage, it should have arisen at a primitive stage 

and had a continuous evolutionary history. 

Origin of Sex 

Some investigators have proposed that sex arose 

early in primitive unicellular organisms while others have 

maintained that sex arose relatively late, with the 

evolution of primitive cellular 

asexual. Recently, Margulis et a1. 

organisms being entirely 

(1985) stated that "The 

origin of sex in plants and animals is not homologous to the 

origin of bacterial sex, meiotic 

bacterial sex in its origin, its 

complexity." 

sex di ffers from 

details and its 

Similari ties in the mechanism of recombination 

between phages and fungi (Stahl, 1979) suggest that 

reoombination may have evolved in an early ancestor common 

to both procaryotic viruse3 and eucaryotes. This possibility 

can be £eRted by determining whether genes essential for 

recombination in yeast and phage T4 share functional and 
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sequence homology. If yeast recombination genes can provide 

the functions missing in phage T4 mutants, it would imply 

that the recombination processes in phage T4 and yeast are 

descended from a common ancestral recombination process. 

Repair of H202 Induced Damage in Phage T4 

In phage T4, sexual reproduction or mating takes 

place when two or more phage chromosomes enter a single 

bacterium. Since H202-induced damages are common in nature 

it would be expected that such damages would be 

expeditiously repaired by recombinational repair during 

mating if the adaptive value of mating is DNA repair. 

MR in phage T4 is the only form of repair that 

depends on the sexual interaction of two or more phage. It 

can be manipulated experimentally simply by carrying out a 

high multiplicity infection which allows multiple infection 

of individual cells. In control experiments, a low 

multiplicity of infection was ca~ried out to allow the phage 

to infect singly. In the experiments reported here, MR was 

shown to efficiently repair H202-induced lethal damage. A 

mutation in the xthA gene of the host E. coli had no effect 

on the H202 sensi ti vi ty of the infecting phage. Two other 

types of repair in phage T4, post-replication

recombinational-repair and denY-mediated excision repair, 

did not protect against H202-induced lethal damages. 
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Comparison of Yeast RAD52 Gene and Phage T4 Genes 46/47. 

The RAD52 gene of the yeast S. cerevisiae and the 46 

and 47 gene pair of bacteriophage T4 are essential for most 

recombination in their respective organisms. Table 1-3 

summarizes the properties of these genes and indicates their 

functional similarity. The RAD52 gene controls an 

exonuclease required for meiotic and mitotic recombination 

in yeast. It is also required for recombinational repair and 

production of v iable meiotic spores. Genes 46 and 47 code 

for an exonuclease, possibly composed of two polypeptide 

chains. This exonuclease expands DNA nicks into gaps, 

allowing joint molecules to form (Prashad and HOBoda, 1972; 

Mickelson and Wiberg, 1981). It is required for 

recombination, recombinational repair, and production of 

viable progeny phage. Both mutants ill rad52 and genes 46, 47 

have mutator activity (Bernst.ein, 1967; Chow and Resnick, 

1987). This suggests that the recombinational repair 

pathways they encode are accurate processes, and that their 

loss causes more damages to be repaired by inaccurate 

repair. 

In the experiments reported here, it was found that 

when the yeast RAD52 gene is allowed to express in E. coli, 

it complements phage T4 gene 46 or gene 47 mutants. 

Complementation is observed with respect to progeny phage 

production, the abili ty to carry out recombination of 
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Table 1-3. Comparison of Phage T4 Genes 46 and 47 with Yeast 
RAD52 

Gene 

46/47 

Phenotype References 

Essential for most HosOOa, (19'76); Berrl.Stein, 
recombinational events (1968); Berger et al., 

(1969); Broker, (1973); 
Fry, (1979) 

DNase:extends single 
strand nicks into gaps 

Repair of DNA dama.ge 

Mutants produce 
inviable phage with 
partial genomes 

Prashad & Hosoda, (1972); 
Mickelson & Wiberg, (1981); 

Baldy, (1970); Davis & 
Symonds, (1974); Jones et 
al., (1978); Schneider et 
a1., (1978); Chen & 
Bernstein, (1987) 

Shalitin & Kahana, (1970) 

RAD52 EssElntial for 
meiotic and mitotic 
recombination 

Game et al., (1980); 
Prakash et a1., (1980); 
Saeki et al., (1980); 
Jackson & Fink, (1981) 

Centrols an endo
exonuclease 

Repair of DNA damage, 
especially double
strand breaks 

Mutants produce 
inviable· spores 

Chow & Resnick, 1987; 
Chow & Resnick, 1988; 

Game & Mortimer, (1974); 
Orr-Weaver et a1., (1981) 

Resnick, (1969); Game et 
a1., (1980) 
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genetic markers, and recombinational repair. A comparison of 

the published DNA sequence of the RAD52 gene with each of 

those of gene 46 and gene 47 indicates partial homology with 

each phage gene. Thus RAD52 and genes 46 end 47 appear to 

have a common ancestry on the basis of functionall 

similarity, genetic recombination and partial sequence 

homology., This suggests that genetic recombination and, by 

implication, sex were present in a common, ancestor of 

procaryotic viruses and eucaryotes. Eucaryotes appear to 

have diverged from procaryotes over one billion years ago 

(Schwartz and Dayhoff, 1978). 

26 



CHAPTBR II 

MATBRIALS AND METHODS 

Media 

To allow plaque formation, phage were plated out on 

petri dishes by the agar overlay method (Adams, 1959) with 

containing enriched Hershey's media. The bottom layer was 

prepared from the following constituents (per liter of 

distilled.· deionized water): Bacto agar (Difco) 10.0g; Bacto 

Tryptone (Difco) 13.0g; NaCI 8.0g; sodium citrate 1.0g; and 

glucose 3. Og. Soft agar (top agar) was prepared with the 

same ingredients as the plating agar except that the agar 

concentration was reduced to 6.5 gIl and the glucose reduced 

to 1.3 gIl (Steinberg and Edgar, 1962). Growth of bacteria 

and the preparation of phage lysates were performed in 

Hershey Broth (per liter of distilled deionized water): 

Bacto Nutrient Broth 8. Og; Bacto Peptone 5. Og; NaCI 5. Og; 

and glucose 1.0g. This solution was adjusted to pH 7.2-7.4 

with 8N NaOH. When antibiotics, salts or nutritents were 

needed, the appropriate amount of stock solution was added 

to the concentrations recommened in Bernstein (1967), Weiss 

(1976) and Maniatis et a1. (1983). M9 adsorption salts 

solution was used in diluting phage and promoting phage 
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infection of host baoteria in various assays. To prepare the 

M9 adsorption salts solution the following chemicals were 

added per liter of distilled deionized water: NH4CI 1. Og i 

KH2P04 3.0gj Na2HP04 6.0g; at pH 6.8 to 7.0. All media and 

stock solutions were sterilized either by autoclaving or by 

filter sterilization. In titering phage by the plaque assay 

method, soft agar was melted and kept in a warm heating 

block at 45 0 C before plating. 

Bacteria, Phage and Plasmid Strains 

The relevant genetic markers and the sources of the 

bacterial strains, phage strains, and plasmids are listed in 

Table 2-1. The gene assignments of each of the ts phage 

mutants were verified by the inability of each mutant to 

complement an amber mutant defective in the same gene. The 

phenotype of phage rII mutants was verified by their 

inability to grow on E. coli lysogenic for lambda phage. 

The phenotypes of the uvsX- and denV- mutants were confirmed 

by measuring their UV sensitivities relative to wild type 

phage. A T4 alcW7 mutant was used to obtain phage with dC

DNA (instead of dHMC-DNA). This phage mutant and the 

bacterial hosts used to generate the dC-T4 alcW7 phage, E. 

coli K803 and E. ooli B834, were obtained from E. Kutter. 

Phage T4 1l1or'17 has mutations in genes 56 (dCTPase), denB 

(endonuclease IV), rIIB and. 42 (HMase). It was tested for dC 
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Table 2-1. Bacteria, Plasmid and Phage Genotypes of Strains 
Used. 

Strains 

E. coli 
S/6 
CR63 
K803 
K594 (.>,) 
KL16 
BW9101 
0034 
JM105 
N4830-1 
N4830BR 
N4830-T4-46 
N4830-T4-47 
HB101 

Plasmid 
pUC18 
pPw2819 
pACYC-BR 
pPr.c-T4-46 
pPr.c-T4- 47 
YSL1 
YRp-A4Sal-[RAD52] 
pUC-[RAD52] 
pptc- [RAD52] 

T4 phage 
T4D+ 
tsL86(47) 
·tsLI09 (46) 
uvsX 
tsL67(32) 
tsA52(47) 
arnNOll ( 47 ) 
amNG280(46) 
arnN024(46) 
rED 1 44 
r71 
rED144,tsLI09(46) 
rED144,tsL86(47) 
r71 , tsLI09 ( 46 ) 
r71,tsL86(47) 

Genotype or 
Conments 

su-, 
Su+, 
SU+, 
lambda. lysogeny 
Nild-type, Xth+ 
isogenic KL16, xth-
8U-, r-
lacIQzAM15 
lambda. cI857 
lambda. cI857, kmr 
host of pptc-T4-46 
host of pPr.c-T4-47 
host of YRp-[RAD52] 

ampr, lacZ 
ampr,~ 
!anI', pACYC101 
T4 gene 46, PPLC2819 
T4 gene 47, pPLC2819 
yeast RAD52 
yeast RAD52, YRp7 
yeast RAD52, pUC18 
yeast RAD52, pPLc2819 

wild-type 
exonuclease gene 47 
exonuclease gene 46 
recA-like 
ssb gene 32 
exonuclease gene 47 
exonuclease gene 47 
exonuclease gene 46 
exonuclease gene 46 
rIIA 
rlIA 
rII, exonuclease (46) 
rII, exonuclease (47) 
rII, exonuclease (46) 
rII, exonuclease (47) 

Source or 
References 

This Lab 
This Lab 
This Lab 
This Lab 
B. Weiss 
B. Weiss 
This Lab 
Pharmacia 
Pharmacia 
This study 
This study 
This study 
D. Schild 

Pharmacia 
W. Flers 
R. Ramage 
:Ibis study 
This study 
H. Ogawa 
D. Schild 
This study 
This study 

This Lab 
This Lab 
This Lab 
This Lab 
This Lab 
This Lab 
This Lab 
This Lab 
This Lab 
This Lab 
This Lab 
This Lab 
This Lab 
This Lab 
This Lab 
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content by observing whether its DNA was cut by EcoHI and 

8a1I restriction enzymes, after growing it by the method of 

Kutter and Snyder (1983) to generate T4 dC-DNA. 

E. coli S/6 was used as the plating indicator for 

all experiments (except those involving phage T4 alcW7) 

since it allowed consistant, clear plaque formation. For 

experiments involving phage T4 a1cW7, E. coli KL16 was used 

as the plating indicator. E. coli KL16 and E. coli BW9101 

were obtained from B. Weiss (University of Chicago). E. coli 

KL16 is wild-type with respact to H202 sensitivity and 

carries the markers thi-1, re1A1 and spoT1. E. coli BW9101 

has an xth-pncA deletion which confers H202 sensitivity, 

but is otherwise isogenic with E. coli KL16 (White et a1., 

1976). E. coli BW9101 will henceforth be referred to as E. 

coli xthA- and E. co1.i I{L16 as E. coli xthA+. E. coli xthA+, 

E. coli xthA- or E. coli S/6 were used as the initial host 

to which phage were adsorbed before plating in all H202 

inactivation experiments. The dC-DNA T4 phage that were 

prepared using the a1cW7 phage mutant were found to plate 

with equal efficiency on E. coli K803, E. coli S/6 and E. 

coli KL16; and with somewhat lower, but still good, 

efficiency on E. coli B834. This indicates that each of 

these three bacterial strains are r- (restrictionless). E. 

coli KL16 was unable to plate most am mutants and was thus 

su- but, as expected (Kutter and Snyder, 1983), such an srr 

30 



" 

strain should support growth of a1cW7 phage which the 

mutations in a1cW7 phage are non-essential with respect to 

phage growth. 

The bacterial strains 

complementation studies were E. coli 

used in the RAD52 

S/6, E. coli K594 C\) , 

E. coli JM105 [thi, rpsL, endA, sbcB15, hspR4, A(lac-proAB), 

(F', traD36, proAB, laclqZAM15»), and E. coli N4830-1 [SI, 

A8, (AABam, ~H1»). The RAD52-containing plasmid YRp7 -A4Sal

[RAD52) was kindly given to us by D. Schild, and the RAD52-

containing plasmid YpSL1- [RAD52) was kindly provided by H. 

Ogawa. Their properties are described in Schild et a1. 

(1983) and in Adzuma et a1. (1984), respectively. E. coli 

JM105, a restrictionless host strain, was developed to allow 

replication of high-copy-number pUC-plasmid cloning vectors 

(Yanisch-Perron et a1., 1985). E. coli N4830-1, a lambda 

lysogen, carries the clts857 and N genes to give a complete 

thermoinducible protein expression system (Gottesman et 

a1.,1980). Plasmid pUC-18 was purchased from Pharmacia LKB 

Biotechnology Inc. The pUC-18 plasmid contains a pBR322 

derived ampicillinase gene and origin of DNA replication 

ligated to a portion of the 1acZ gene of E. coli. A DNA 

insert containing an array of unique restriction enzyme 

recognition sites has been introduced into the lac region 

of this plasmid (Vieira and Messing, 1982). When introduced 

into 1ac- E. coli JM105, the plasmids give rise to blue 
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colonies on appropriate indicator plates (Ruther, 1980). 

Cloning DNA fragments into any of the multiple restriction 

sites inactivates the lao gene, giving rise to white 

colonies. Plasmid pPLC2819 was obtained as a gift from W. 

Fiers, (State University of Ghent, Belgium). The strong, 

well regulated leftward PL promoter of phage lambda is 

controlled by the CI repressor. When used in a bacterial 

host contining a temperature sensitive CI repressor, such as 

cI857, a thermoinducible system can be created for the 

expression of proteins that might otherwise be lethal to the 

host. At low temperature (29~310C) the cI857 gene product 

maintains the PL promoter in the repressed state. Raisj ng 

the temperature destroys the repressor acti vi ty and allows 

extensive transcription from the PL promoter. There is a 

mul ticloning site, EooRI-BamHI-HindlII-XbaI-Sa1I-XbaI-PstI-

XbaI-HindIII, in the plasmid pPLC2918 inserted downstream 

from the start of PL transcription (Figure 2-1). Sequences 

inserted into this restriction site are regulated by the 

PL- c1857 thermoinducible system (Remaut et a1., 1981; 

Remaut et a1., 1983). 

Phage Growth at Controlled Multiplicities of Infection 

Phage were purified and concentrated by low speed 

centrifugation at about 2000 xg relative centrifugal force 



HplI' 

PItQ2819 

EcoRI BAMBI HindU I XbaI SalI 
GAATl'CCGGATCCGGCCAAGC'ITGGCTCI'AGAGGl'CGACC 

___ 0 

TI'CGAACCGAGATCTCCGACGTCGGGAGATm' 
HindI II XbaI PstI XbaI 

Figure 2-1. The restriction map of the plasmid pPuc2819 and the 
multicloning sites. 
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(RCF) for 15 minutes to remove bacterial debris, followed by 

pelleting by high speed centrifugation at, about 26,000 xg 

RCF for 1.5 hours. The spent Hershey broth was poured off 

and about 1/40 volume of adsorption salts solution was 

added back. Phages were allowed to resuspend in the cold, 

overnight, and then the phage suspension was centrifuged at 

about 2000 xg RCF for 15 minutes to pellet out further 

debris which had aggregated during the high-speed 

centrifugation. The supernatant, which contained the phage, 

was decanted and stored in screw-cap tubes in the cold. 

Bacteria to be used as host cells were grown in log phase to 

about 2 x 108 cells/ml in Hershey broth and then centrifuged 

at about 2000 xg RCF for 15 minutes and resuspended in 

adsorption salts solution. The cells were allowed to starve 

in this adsorption salts solution for 30-60 minutes until 

infected. starvation prevents immunity to superinfection 

from being expressed by the first entering phage (Dulbecco, 

1952). This allows for efficient, multiple 'infection by phage 

T4. When the thiamine requiring strains E. coli KL16 and E. 

coli BW9101 were used, thiamine at 100 rg/ml was added to 

the adsorption media. 

Titration of Cells and Phage Plaque Forming Units 

Bacteria were ti tered on enriched Hershey agar 
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plates with top agar overlays to determine colony forming 

units (cfu). The procedure for titering phage plaque forming 

units (pfu) was described by Adams (1959). First the phage 

suspension was diluted appropriately. Then an fraction of 

the phage-containing dilution was dispensed into soft agar 

along with approximately 3 drops of plating culture. The 

mixture was then spread evenly over the surface of an agar 

plate by gently tilting the plate in a circular manner. The 

soft agar was allowed tl) harden on a level surface. After at 

least 12 hours incubation at an indicated temperature, the 

plaques were counted and their number recorded. All titering 

of phage and bacteria was carried out using duplicate 

dilution series. Titers were calculated separatedly for the 

two series and then averaged. 

Inactivation by "202 

Phage stocks to be used at high mUltiplicity of 

infection (m.o.L) were prepared at about 2 x 10 10 / ml in 

adsorption salts solution. Stocks to be used at low m.o.i. 

were prepared at 2 x 106 Iml. In inactivation experiments, 

H202 was added to phage suspensions to yield a final 

concentration of H202 of 0.125M. The H202 was prepared from 

a 30% concentration stock and diluted with distilled water 

to 0.250M before addition to the phage suspension. Then, 
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ImM/ml CuS04 was added to activate the hydroxyl radical. At 

increasing time intervals, 1.0 ml sample of the phage 

suspension were removed and added to tubes containing 0.1 ml 

of catalase at 75,000 unitslml to inactivate the H202 and 

stop the reaction. For convenience, the stopped-reaction 

tubes were kept in the cold, overnight. [Similar results 

(data not shown) were obtained if the phage suspensions in 

the stopped-reaction tubes were used to infect cells on the 

day of preparation]. An sample of each treated-phage 

suspension was then allowed to infect E. coli xthA + and 

another fraction was allowed to infect E. coli xthA-, except 

in two experiments where E. coli S/6 was the host. After 10 

minut~s of adsorption, the phage-host complexes were diluted 

in one or more parallel dilution series, and plated with E. 

coli S/6 indicator bacteria. Infective center titers were 

determined and surviving fractions were plotted against 

times of treatment with H202' 

Infections at Low Mul tiplici ty to Form Monocomplexes 

0.5 ml fractions of treated phage at 2 x 10 5 Iml 

were added to 0.5 ml of bacteria at 2 x 108 Iml. This gave 

an m.o.i. of 0.001. By the Poisson distribution, the 

probability of a single infection is me- m and the 

probability of a double infection is (m 2e-m)/2 where m is 
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the m.o.i. At an m.o.i. of 0.001 the probability of single 

infection is 10-3 and the probability of double infection is 

5 x 10-7 . The probability that any infected cell will be 

doubly infected is 0.0005. The single phage-bactertial 

complexes are designated monocomplexes. Monocomplex survival 

can be assayed at doses of DNA damaging agent which allowed 

surviving fractions larger than the fraction of the 

population which was doubly infected. Surviv:ing fractions 

that were smaller than 0.0005 would be affected by 

mUltiplicity reactivation in the·doubly infected cells. 

Infections at High Multiplicity to Form Multicomplexes 

0.5 ml samples of treated phage at about 2x10 9 /ml 

were added to 0.5 ml of bacteria at about 2 x 10B/ml to give 

an expected m.o.i. of 10. The mUltiple phage/bacterial 

complexes are designated mul ticomplexes. The actual m. o. i. 

was determined by titering the bacterial cells before 

infection, and then measuring the total infective centers 

and unadsorbed phage after phage adsorpt ion had occurred. 

Subtracting unadsorbed phage from the total number of added 

phage gave the number of phage adsorbing to cells. The 

number of phage adsorbed to cells divided by the number of 

bacterial cells present gave the m.o.i. 
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Survival Curves for monocomplexes 

Survival curves were initially obtained by plotting 

the fraction of surviving phage-host complexes versus the 

time of H202 treatment on semilogarithmic coordinates. The 

points representing surviving fractions of monocomplexes 

fell along straight lines on these coordinates. Thus 

monocomplex inactivation followed single-hit kinetics of the 

form S/So = e- kd where S/So represents the surviving 

fraction, d represents the dose and k is the number of 

lethal hits per unit dose. In our hands the lethal action of 

H202 varied from batch to batch of newly prepared solution. 

To be able to determine H202 sensitivity of a mutant phage, 

wild-type phage were always inactivated in parallel with the 

mutant using the same batch of H202 and doing the 

inactivations within 10 minutes of each other. We chose as 

our standard unit dose in each experiment the time of H202 

treatment which resulted in an average of 1.0 lethal hits to 

the wild-type monocomplexes, and plotted all doses of H202 

in units of wild-type monocomplex lethal hits. 

Survival Curves of Multicomplexes. 

In plotting survival curves of mul ticomplexes, the 

initial titer of infected cells at zero dose was obtained by 

treating a sample with H202 that had been previously 

inactivated with catalase, i.e. there was no active H202 

remaining. The unadsorbed phage were subtracted from the 
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total infective centers to give the initial titer of 

infected cells at zero dose. Unadsorbed phage, corrected for 

expected survival in single infections, were also subtracted 

from subsequent infective center counts on a few occasions 

when they constituted more than 10 % of the counts. 

Growth at Controlled Temperatures 

The repair processes which overcome the H202-induced 

damage occur during the first growth cycle after the initial 

phage-host complexes are formed. To control the temperatures 

during this period, the ~ilution tubes and plates used were 

always prewarmed to 37 0 C, the plating was performed in a 

370 C warm room, and the plates were left to incubate in the 

same room. 

Phage T4 DNA Manipulation: Isolation and Purification 

Phage T4 DNA was isolated and purified by the 

following procedure. First, phage particles suspended in M9 

sal ts solution were lysed by treatment wi th 1 % sodi urn 

dodecylsulfate. The suspension was incubated at 37 0 C for one 

hour. The viscous lysate was further purified by phenol and 

chloroform extraction. The aqueous layer was then gently 

pipetted into a large sterile corex tube, whereupon 2 

volumes of ice cold 100% ethanol were slowly added. The DNA 

39 



precipitated from the ethanol solution during a one hour 

incubation at -200C. The DNA was recovered by centrifugation 

at 10,000 rpm for 15 minutes. It was then resuspended in TE 

buffer (10 mM Tria-HCI and 1.0 mM EDTA at pH 8.0) at 

approximately 1/100th the volume of the starting culture. 

The concentration of DNA was determined by measuring the 

absorbance of the solution at 260nm and 280nm in a 

spectrophotometer. The DNA concentration was calculated and 

adjusted to 50 pg/ml. 

Isolation of Plasmid DNA: Alkaline Extraction Procedure 

A rapid mini screens alkaline extraction method for 

the isolation of plasmid DNA was adapted from Birnboim 

(1983) and Maniatis et a1. (1982). Plasmid bearing cells 

were inoculated into 25 ml HB medium containing the 

appropriate antibiotic. Cultures were incubated at 37 0C 

overnight with aeration. Then 1.5 ml of culture into was 

dispensed Eppendorf tubes and cells were pelleted by 

centrifugation for 2 minutes. The cells were resuspended in 

100 pI of lysozyme solution (5 mg/ml lysozyme; 50 mM 

glucose; 10 mM EDTA; 25 mM Tris.HCI, pH 8.0). After 10 

minutes at room temperature, 200 pI of an alkaline solution 

(0.2 N sodium hydroxide; 1% SDS) was added and the solution 

gently vortexed. After an additional 10 minutes on ice; 150 
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pI of a high salt solution (3M potassium acetate, 1.8 M 

formic acid, at pH4.8) was added and the mixture was gently 

inverted several times to allow a curdlike precipitate to 

form. The solution was centrifuged for 10 minutes; the 

supernatant was collected in a fresh Eppendorf tube, then 

plasmid DNA was precipitated with 600 pI of isopropanol. The 

tube was kept at -200C for 30 minutes. The precipitate was 

collected by centrifugation for 15 minutes, after removal of 

the supernatant. After drying the pellet, resuspened DNA in 

50 pI TE containing DNase free RNase (50 pg/ml). 

Cloning of Phage T4 Genes 46, 47 

Genes 46 and 47 are located in the T4 restriction 

map in region 32.951 to 36.093 (see Figure 2-2). 

Transcription proceeds in the gene 47 to gene 46 direction 

(Hercules and Sauerbier, 1973; Gram et a1., 1984). Gene 47 

contains 1017 nucleotides and gene 46 has 1680 nucleotides 

(Gram and Ruger, 1985). Surrounding genes 46 and 47, there 

are Reveral restriction sites available that can be used to 

clone the fragments containing gene 46 or gene 47 (Gram and 

Ruger, 1985). The procedure used to clone gene 46 and gene 

47 are diagrammed in Figures 2-3 and 2-4, respectively. 

To clone gene 46, the T4 dC-DNA was cut with restriction 

enzyme PstI, and a unique 7.123kb fragment was isolated in a 
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0.5% horizontal agarose gel electrophoresis. All the 

procedures for using restriction enzymes in this study 

followed the manufacturers suggestions including the 

suggested digestion times. According to the restriction map 

of Gram and Ruger (1985) this 7.123 kb fragment contains 

gene 46. The fragment was next cut with PvuI to produce two 

new fragments. The small fragment, having 569 base pairs 

with PstI and PvuI ends, was saved for generating a new 

cloning si te (see below). The large fragment, 5.4 kb, was 

then cut with EcoRI to produce a 2.3 kb fragment. This 

fragment containing EcoRI and PvuI ends was inserted into 

the plasmid vector. 

The plasmid vector used was pPLC2819 (Remaut et al., 

1983). Plasmid pPLC2819 is an expression vector which 

contains the fully repressible lambda PL promoter upstream 

of a region of multiple cloning sites, and an ampicillin 

gene under control of a separate promoter. An expression 

plasmid with a tightly controlled promoter was chosen to 

anticipate the possiblilty that the gene 46 and 47 products 

may be lethal to E. coli. 
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Since the plasmid vector lacks a PvuI cloning site 

one end had to be further modified before the gene 46-

bearing PvuI-EcoRI fragment could be inserted in the correct 

orientation. The plasmid was first cut with PstI restriction 

enzyme, then ligated with the small, 569bp PstI-PvuI . 
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fragment of T4 dC-DNA described above (see Figure 2-2). This 

created PvuI termini on the linearized plasmid. The next 

step was to cut the linearized plasmid at an EcoRI site near 

one of the termini. Then the 2.3 kb PvuI-EcoRI fragment of 

T4 dC-DNA and the modified plasmid were ligated as shown in 

Figure 2-3. This plasmid should not circularize on itself 

because its ends are not complementary. The recombinant 

plasmid formed by the ligation was then used to transform E. 

coli N4830BR which is su- and has two copies of the lambda 

cI857 temperature sensitive repressor (sec below). 

Transformed cells were isolated on the basis of the 

ampicillin resistance expressed by the plasmid. 

Although E. coli N4830-1 already contains a defective 

prophage carrying the temperature-sensitive CIts857 

repressor, the lambda PL promoter in plasmid pPLC2819 still 

allows some leaky expression of genes under its control in 

this host (Stan Tabor, personal communication). E. ooli 

N4830-1 was transformed by plasmid pACYC-BR containing a 

phage lambda repressor gene (cI857) and a kanamycin 

resistance gene to form E. coli N4830BR. With two copies of 

the repressor gene in E. ooli N4830BR, the PL promoter was 

well-repressed at low temperature (28 0 C) by the cI-gene 

product. But when shifted to 42 0 C the repressor became 

defective, thus allowing transcription of the downstream 

region. 
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A clone containing a recombinant plasmid with the 

ampicillin and kanamycin markers as well as gene 46 was 

obtained by first selecting for ampicillin and ~anamycin 

resistant colonies. Next the size of plasmid was determined 

to be 5.6kb rather than 2.8kb or 9.7kb, the respective sizes 

of the parental plasmids pPLC2819 and pACYC-BR. The presence 

of gene 46 in the recombinant plasmid was determined by 

marker rescue with a phage T4 gene 46 mutant (Mattson et 

a1., 1977). The orientation of the gene 46 insert was 

determined by restriction mapping. 

The steps of cloning gene 47 are described in Figure 

2-3. It should be noted that the single-stranded end formed 

by restriction at the BalI site on the plasmid is 

complementary to the single-stranded end formed at the XhoI 

si te on the T4 dC-DNA fragment, allowing annealing of the 

two ends. However, because the bases flanking the cut sites 

of the BalI and XhoI recognition sequences differ, the 

hybrid sequence is not recognized by ei ther enzyme. 

when the plasmid pPLC-T4-47 is later cut by 

Thus, 

Sa1I 

endonuclease the hybrid site will not be cleaved. A clone 

has been isolated which contains a recombinant plasmid with 

the gene 47 insert as demonstrated by two criteria: (1) the 

size of the plasmid; (2) marker rescue with a gene 47 

mutant. 
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Spot Tests for Genetic Characterisation of Recombinant 

Plasmid 

The spot test is a quick method for screening 

transformed cells bearing a recombinant plasmid with an 

inserted wild-type DNA sequence for homology wi th the 

defective sequence in a tester mutant. However, it was not 

taken as conclusive evidence for such homology. In this 

procedure, which was previously described (Mattson et a1. 

1977), the plasmid bearing host was grown exponentially in 

the presence of the appropriate, antibiotic at 28 0 C with 

aeration. First, agar plates were overlaid with soft top 

agar containing 1 x 109 cells of a non-permissive E. ooli 

host (ie. one on which the phage tester mutant will not 

grow). Then 0.0 1ml of the plasmid bearing E. ooli culture 

was spotted on the surface of the plate. While the spots 

were still wet a 0.005ml suspension at approximately 10 6 

plaque-forming units/ml of each of the phage T4 mutants to 

be tested was applied to each spot. Alternatively, 

the plasmid bearing E. ooli were infected with the T4 tester 

mutant, and after incubation for 15 minutes at 420C, this 

mixed indicator was plated. The preadsorption of the tester 

phage permitted some expression of the cloned gene product 

and thereby increased the sensitivity of the test. The 

tester phage used usually carried a conditional lethal 

mutation in the gene that the transformed cells were being 
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screened for. For instance, when testing a recombinant 

plasmid presumed to have gene 46, tester phalte were used 

which had an amber nonsense mutation or temperature 

sensitive missense mutation in gene 46. Growth of the phage 

under restrictive plating conditions indicated that the 

plasmid carried a fragment of wild type DNA corresponding to 

the mutated region of the tester phage. Vigorous growth 

reflects complementatioll and implies the entire wild type 

gene is present and expressed from the plasmid. 

Subcloning of the Yeast RAD52 Gene 

Two independently obtai~ed recombinant plasmids 

containing yeast gene RAD52 were obtained from other 

investigators. The first was kindly provided by D. Schild, 

University of California, Berkeley and is referred to as 

plasmid YRp7-A4-Sal-[RAD52). The second was kindly provided 
. 

by H. Ogawa (Osaka Vniversity, Japan) and is referred to as 

YSL1. The structrues of these two plasmids are illustrated 

in Figure 2-5 and 2-6. YRp7-A4-Sal-[RAD52) contains a 3.3kb 

RAD52 fragment surounding by two SaIl restriction sites, 

YpSLl also contains a 3. 3kb RAD52 fragment with two, SaIl 

ends. The DNA fragment containing the RAD52 gene from the 

plasmid provided by D. Schild was removed by SaIl 

restriction enzyme digestion and subcloned into expression 

vector pUC18. The RAD52 gene from the plasmid obtained by 

--.---.--- ------------------------------------ , 'I 
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Figure 2-5. Restriction map of plasmid YRp7-A4-Sal-[RAD52]. The 
thin line represents a pBR322 sequence; the cross-hatched 
bar represents a TRP1-ARSl sequence. The 3.3kb fragment 
containing RAD52 acti vi ty was cloned into the SalI site of 
YRp7. 
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Figure 2-6. Restriction maps of plasmid YpSL1. The thin line 
represents a pBR322 sequence; the wavy line a TRPI-ARS1 
sequence; the open bar represents SL1 of yeast fragment. 
The arrow indicates the location and orientation of bla 
(AmpI'). Restriction sites shown are EceR! (E), Bam HI (B), 
BglII (G), and Sa11 (S). Detailed maps of the cloned Sal! 
3.3kb fragment (SLl ) in YpSLl is shown below the map of 
the plasmid. 
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H. Osawa was subcloned, also after SaIl digestion, into 

expresssion vector pPLC2819. The expression of RAD52 in 

pUC18 is under control of the IPTG 

(isopropylthiogalactoside) inducible lacZ promoter (Helfman 

et a1. I 1983). In pPLC2819 the RAD52 gene is under the 

control of a thermoinducible PL promoter (Remaut et a1., 

1983). Recombinant plasmids pUC-[RAD52J and pPLC-[RAD52J 

were used to transform E. coli strains JM105 and N4830-1, 

respectively. 

Complementation of Phage T4 Gene 46-, or 47- Mutants by the 

Yeast RAD52 Gene 

Complementation of phase T4 gene 46- or 47- mutants 

by the yeast RAD52 gene was determined by the growth of the 

phage T4 mutants under non-permissive conditions in the 

plasmid-bearing host. The procedure for measuring 

complementation quantitatively was similar to the spot test 

method described previously. The pUC- [RAD52J bearing host 

was grown under antibiotic selection and with IPTG to induce 

the RAD52 gene product. The cells were infected with phage 

(m.o.i = 0.1) at 43 0 C. This is a non-permissive temperature 

for ts mutants. The infected cells were plated out with 

indicator bacteria and incubated at 43 0 C and 28 0 C separately 

to measure the plaque forming ability of the infected pUC-

52 
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[RAD5Z] bearing cells. As controls the mutants were allowed 

to infect pUC- [RAD5Z] bearing cells without IPTG induction 

or E. ooli S/6 without the plasmid. 

Marker Recombination and Burst Size 

Marker recombination experiments were performed 

using a protocol for phage mating described originally by 

Steinberg and Edgar (1962) and modified by Bernstein (1967). 

In all crosses involving rII mutants, E. ooli S/6 was the 

nonselective indicator. E. ooli K594() which supports the 

growth of wild-type T4, but not rII mutants, was used as the 

selecti ve indicator for wild-type recombinant.s in all rII x 

rII crosses. 

Crosses were carried out in water baths at 42 0 C when 

testing the gene 46 mutant (tsLl09) and at 37 0 C when testing 

the gene 47 mutant (tsL86). Crosses were usually performed 

in sets of six. Host cells pUC-[RAD52] were grown with 

aeration to 2 x 107/ml, IPTG was added, and growth was 

continued until the cells reached 2 x lOB/mI. To 0.5 ml of 

bacteria, O.lM KCN was added to temporarily inhibit 

cellular metabolism. The KCN prevents the immunity barrier 

to superinfection from being established and thus allows 

parental phage of both genotypes to successfully infect. 

After 2.5 minutes, 0.5 ml of a mixture of equal numbers of 
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the two parental rII mutants was added to the cells at a 

multiplicity of infection (m.o.i.) of 10. After allowing 10 

minutes for adsorption the phage cell complexes were diluted 

to 5 x 10 3/ml. Since the latent period preceding normal 

lysis varies with temperature and phage and host genotype, 

as much as 360 minutes were allowed before chloroform was 
.. 

added and progeny assayed. Total progeny were measured by 

plating on the non-selective host, E. coli Sl6 and 

recombinant progeny were measured by plating on the non-

permissive host, E. coli K594( ). Bacterial concentration at 

the time of phage addition was determined by direct colony 

count prior to addition of the phage. Burst size was 

calculated as total progeny phage over the bacterial titer 

determined by colony count. 

Complementation with Respect to DNA Repair 

Prior to ultraviolet irradiation, phage at about 2 x 

1010l ml were distributed in 10ml samples in petri dishes. A 

15W General Electric G15T8 germicidal lamp was used a t a 

distance of 23cm, delivering about 7.5 erglmm2 per second. 

The pUC-[RAD52] bearing host was grown with aeration at 1 x 

107 /ml, IPTG was added, and growth was continued until the 

cells reached mid-log phase. The cells were then centrifuged 

and resuspended in 16 ml M9 salts solution. This 

resuspension in solution lacking a carbon source imposed 
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starvation conditions upon the cells. The procedures used in 

the multiplicity reactivation (MR) experiments were as 

described previously. 

Preparation of Cell Lysates for Sodium Dodecyl Sulfate 

Polyacrylamide Gel Electrophoresis. 

To detect expression of the RAD52 gene product, lml 

of the induced and 1ml of the uninduced cultures were 

pelleted in an Eppendorf centrifuge tube and washed twice 

with an equal volume of M9 salts solution. The pellet was 

next resuspended in 200ul of SDS-PAGE loading buffer which 

contained 0.05 M Tris-HOl, pH6.8, 1% SDS, 1% beta-

mercaptoethanol, 10% glycerol and 0.05% bromphenol blue as a 

tracking dye. The suspension was boiled for 5 minutes, 

cooled and then 20ul of each separate sample was loaded in a 

lane of an electrophoresis apparatus. 

SDS-PAGE Analysis 

The SDS-PAGE analysis was carried out using a 

modificatidn of the method ~f Laemmli (1970) and of 

O'Farrell and Gold (1973). A Biorad SDS-PAGE Protean II 

Apparatus was used with a discontinuous buffer system and 

with a slab gel composed of a 4.5% stacking gel and a 12.5% 

separating gel. Electrophoresis was conducted at 100 
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constant volts until the dye reaohed the separation gel, and 

then the voltage was increased to 150 volts. The 20 ul 

samples (E. coli JM105, E. coli JM105:pUC-[RAD52]-induced, 

and E. coli JM105:pUC-[RAD52]-uninduced) were loaded on each 

lane. A standard set of molecular weight markers (sigma SDS-

7B) was loaded in the center lane. The gels ran for 6 to 8 

hours under normal conditions. After electrophoresis the 

proteins were fixed and stained with a solution of 0.2% 

Coomassie brilliant blue in 50% methanol and 10% acetic acid 

for approximately 12 hours at room temperature. The gels 

were then destained in the above solution without Coomassie 

brilliant until the background stain disappeared. A 12.5% 

gel system was selected because it gave the best resolution 

of bands for proteins in the molecular weight range from 

25,000 daltons to 80,000 daltons. The RAD52 gene product is 

about 56,000 daltons. 

DNA and Amino Acid Sequences Comparison 

A computer program from Mount and Conrad (1987, 

vision 5) was used for DNA and protein sequence analyses to 

find open reading frames (orfs) and to identify products of 

translation. The FASTP program for searching the protein 

data base was used to find the best subsequence alignments 

allowing mismatches but no gaps (Lipman et al., 198~). The 

quality of a subsequence alignment is based on a score which 
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is incremented for identities and decremented for 

mismatches. A quick and easy program, HYDRO, was also used 

for the production of a printer plot of hydrophobicity data 

from protein sequences. This program does a 6 element 

running average similar to a Kyte and Doolittle plot (1982). 
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CHAPTER III 

RBSULTS 

Recombinational Repair of Hydrogen Peroxide-induced Damages 

in DNA of Phage T4 

Hydrogen peroxide (H202) and its breakdown product, 

the OH' hydroxyl radical (a powe~ful oxidant), are by

products of oxidative cellular metabolism. They have 

recently been proposed to be an important natural source of 

oxidative DNA damage in cells. Using phage T4 would allow us 

to determine what pathways are involved in repair of H202-

induced lethal damages. 

Inactivation and Repair Using Wild-type Phage T4 

The open symbols in Figure 3-1 show the surviving 

fractions obtained when samples of wild-type phage were 

treated with increasing doses of H202, allowed to singly 

infect host cells, and then plated out with E. coli S/6 

indicator bacteria. The host cells used were either E. coli 

XthA+ or E. coli xthA-, The inactivation of wild-type phage 

T4 in monocomplexes with E. coli xthA- occurred at the same 

rate as in E. coli XthA+, Thusj all the values for 
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fractional survival of monocomplexes on both hosts fall 

along the same line. 

The filled symbols in Figure 3-1 show the survival 

of plaque forming ability of multiply-infected cells. In 

these experiments, samples of wild-type phage were treated 

with increasing doses of H~2' allowed to infect E. coli 

XthA+ or E. coli xthA- at m,o.i.'s that varied from 6.0 to 

10.0, and then plated out with E. coli 8/6 indicator 

bacteria. Each of the experments was carried out in parallel 

with an experiment to measure survival of wild-type 

monocomplexes using E. coli XthA +. The doses used in the 

multicomplex experiment are given in units obtained in the 

parallel wild-type monocomplex experiment. The fractional 

survival values for the multicomplexes on either host fell 

along the same curve and there was no detectable influence 

of m.o.i. within the range of 6-10. 

The survival curve obtained with wild-type 

multicomplexes had a shoulder out to about two monocomplex-

lethal-hits (mlh). It then decreased in a straight line on 

the semi-logarithmic coordinates used. Thus, after an 

ini tial shoulder, the mul ticomplexes were inactivated with 

single-hi t kinetics, following an equation of the form 8/80 

= e-kd . The inactivation constant of the straight line 

portion of the mul ticomplex curve (kmul ti) had a value of 
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WILD TYPE MONOCOMPLEX LETHAL HITS 

Figure 3-1. Survival of monocomplexes and mu1 ticomplexes of 
wild-tYPe phage T4 as a function of the H2<>2 dose which the 
phage received prior to adsorption. The dose is given in units 
of monocomplex lethal hits as described in the Materials and 
Methods. The open symbols are monocomplex surviving fractions 
and the filled symbols are mul ticomplex surviving fractions. 
Symbols 0 and • represent infections using as host E. coli 
XthA+, ¢ and. E. coli xthA- respectively. The average results 
of 4 independent experiments are shown. 
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0.12, compared to a val~e of 1.0 for the monocomplexcs 

(kmono )' The multicomplex survival ourve thus indicates that 

for the first two mlh of H202 treatment, multicomplexes can 

repair all their lethal lesions. After this point, one 

lethal hit is delivered to the multicomplexes for each 8.3 

lethal hits delivered to monocomplexes. 

A MR factor is defined as kmono/kmulti in the region 

where both have single-hit inactivation kinetics (Nonn and 

Bernstein, 1977). Thus, for wild-type phage treated with 

H202 as described in Charpter II, Materials and Methods, the 

MR factor is 8.3. Two MR experiments were also carried out 

in which the host strain was E. coli 8/6. In both of these 

experiments the same values for shoulder repair (2.0 mlh) 

and MR factor (8.3) were found as in E. ooli XthA+ and E. 

coli xthA- (data not shown). 

Inactivation and Repair by Mutants or Phage T4 

Figure 3-2 shows the survival curves obtained when 

phage mutant tsLl09(46) was treated with H202 and allowed to 

form multicomplexes or monocomplexes with E. coli XthA+ or 

E. coli xth- and then plated out on E. coli 8/6. The host 

cells were infected and plated at 37 0 C, a semi-permissive 

temperature for these mutant phage (Bernstein, 1968). The MR 

factor obtained was only 1.6 on each of the host strains 
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Figure 3-2. Survival of tsLl09(46) monocomplexes and 
multicomplexes as a function of H202 dose in units of wild-type 
monocomplex lethal hits. Open symbols are monocomplex surviving 
fractions and filled symbols are mul ticomplex surviving 
fractions. Symbols 0 and • represent infections of E. coli 
XthA+, and () and. of E. coli xthA-, respectively. The broken 
lines show the survivals of wild-type multicomplexes and 
monocomplexes obtained in the same experiments. Each data point 
represents the average result from two independent experiments. 

62 

---------------------- --------,---_ .. -----



used and there was no shoulder repair. The survival curves 

for wild-type phage multicomplexes and monocomplexes are 

also shown in Figure 3-2 as dashed lines. It can be seen 

that the tsLI09(46) monocomplexes are inactivated by H202 at 

a rate which is only 60% of the wild-type phage inactivation 

rate. 

Figure 3-3 shows the survival curves obtained when 

mutant phage tsA52(47) were treated with H202 and allowed to 

form multicomplexes or monocomplexes with either E. coli 

XthA+ or E. coli xthA- and then plated on E. coli 8/6. The 

temperature was 37 oC, a semi-permissive temperature for 

these mutant phage (Bernstein, 1968). The MR factor obtained 

with this mutant was 1.9 on E. coli XthA+ and 1.7 on E. coli 

xthA-. The difference in slope of the two multicomplex 

curves (from the two hosts) was small. In order to avoid 

confusion, a single line was drawn between the two sets of 

points. To do this, the k value of each curve was 

determined, the two values were averaged and a line was 

drawn representing this average k value. Similarly, the k 

values of the monocomplex inactivation curves were 0.75 on 

E. coli XthA+ and 0.81 on E. coli xthA-. The line shown in 

Figure 3-3 for monocomplex survival of tsA52(47) has an 

average k value of 0.78. The actural k values obtained for 

all sets of points (not averaged values) in all Figures are 

summarized in Table 3-1. 
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Figure 3-3. Survival of tsA52(47) monocomplexes and 
mUlticomplexes as a function of H202 dose in units of wild-type 
monocomplex lethal hits. Open symbols are monocomplex surviving 
fractions and filled symbols are mul ticomplex surviving 
fractions. Symbols 0 and • represent infections of E. coli 
XthA+ and <> and • of E. coli xthA-, respectively. The broken 
lines show the survivals of wild-type mUlticomplexes and 
monocomplexes obtained in the same experiments. Each data point 
represents the average result of two independent experiments. 
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Table 3-1. H:~2-induced Inactivation of Monocomplexes and 
Multicomplexes of Mutant and Wild-type Phage T4 

Phage Defective Host Mn Lethal hits per %MR 
genotype function strain factor unit dose of H202 ftmction 

of phage Mono Multi retained* 

Wild-type XthA+ 8.3 1.00 0.12 100 
rlhA- 8.3 1.00 0.12 100 

tsL67(32) ssDNA- XthA+ 1.6 0.72 0.44 19 
binding xthA- 1.6 0.76 0.47 19 

tsL109(46) exo- . XthA+ 1.6 0.60 0.37 19 
nuclease rlhA- 1.7 ' 0.63 0.38 20 

tsA52(47) exo- XthA+ 1.9 0.75 0.39 23 
nuclease rlhA- 1.7 0.81 0.48 20 

tsL86(47) exo- XthA+ 3.4 1.00 0.29 41 
nuclease xthA- 3.8 1.00 0.26 46 

uv.sx- strand XthA+ 4.0 0.80 0.20 48 
exchang rlhA- 4.0 0.80 0.20 48 

denV- endo- XthA+ 8.3 1.00 0.12 100 
nuclease V rlhA- 8.3 1.00 0.12 100 

alcM7 dCTPase XthA+ 1.1 1.00 0.86 13 
(56, rIIB, HMase xthA- 1.1 1.00 0.86 13 

denB, endo-
rIIB, 42) nuclease 

* Each of the mutants except denV- lost the MR funciton giving 
complete repair to 2.0 m1h of damage in additon to the loss of 
MR function in the exponential portion of the inactivation 
curve indicated in this column. 
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As before, survival curves for wi ld-type phage 

mUlticomplexes and monocomplexes are shown in Figure 3-3 as 

dashed lines. Since the k value of the mutant monocomplex 

curve is 0.78, compared to the wild-type monocomplex k value 

of 1.0, this implies that mutant tsA52(47) monocomplexes 

only sustain an average of 0.78 lethal hits for every lethal 

hit to wild-type phage. 

Another mutant defective in gene 47 tsL86(47) was 

also assessed for its ability to undergo MR repair and its 

sensitivity to inactivation by H202 in monocomplexes. It did 

not have altered sensitivity in monocomplexes. MR factors 

of 3.4 and 4.4 were observed on the two hosts used compared 

to the wild-type MR factor of 8.3 (see Table 3-1). 

Figure 3-4 shows the survival curves obtained when 

the mutant phage tsL67(32), a gene 32 mutant, were treated 

with H202 and allowed to form multicomplexes or 

monocomplexes with host cells and then plated on E. coli 

S/6. As before, the temperature was 37 oC, a semi-permissive 

temperature for these mutant phage (Nonn and Bernstein, 

1977). The host cells were either E. coli XthA+ or E. coli 

xthA-. An MR factor of 1.6 was obtained on both E. coli 

XthA+ and E. coli xthA-. The monocomplex inactivation curves 

had k values of 0.72 (E. coli XthA+) and 0.76 (E. coli 

xthA -) • 

Figure 3-5 shows the survival curves obtained with 
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Figure 3-4. Survival of tsL67(32) monocomplexes and 
multicomplexes as a function of H2~ dose in units of wild-type 
monocomplex lethal hits. Open symbols are monocomplex surviving 
fractions and filled symbols are mul ticomplex surviving 
fractions. Symbols 0 and • represent infections of E. coli 
XthA + and ¢ and • of E. coli xthA -, respecti vely. The broken 
lines show the survivals of wild-type multicomplexes and 
monocomplexes obtained in the same experiments. Each data point 
represent the average result of two independent experiments. 
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Figure 3-5. Survival of uvSX- monocomplexes and multicomplexes 
as a function of the H202 dose in units of wild-type 
monocomplex lethal hits. Open symbols are monocomplex surviving 
fractions and filled symbols are multicomplex surviving 
fractions. Symbols ° and • represent infectipns of E. coli 
XthA +, and ¢ and • of E. coli xthA -, respect~ vely. The broken 
lines show the survivals of wild-type mUlticomplexes and 
monocomplexes obtained in the same experiments Each data point 
represents the average of two independent experiments. 
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the mutant phage uvsX-. The MR factors obtained with the two 

hosts were both 4.0, and the monocomplex inactivation 

factors were both 0.80. 

Figure 3-6 shows the survival curves obtained with 

the mutant phage denV-. The MR factors obtained with the two 

hosta were both 8.3, the same value obtained with wild-type, 

and its monocomplex inactivation factors were both 1.0, 

again the same as wild-type. 

In Figure 3-7 the surviving fr~ctions are shown for 

both wild-type monocomplexes and the 5 different mutant 

monocomplexes, on E. coli XthA+ and E. coli xthA- in 

parallel experiments. In each panel, A-E, a single average 

line is drawn to represent the mutant monocomplex 

inactivation curves on the two hosts when they are the same 

or only silghtly different. This avoids excessive complexity 

in the figure. There is clearly less sensi ti vi ty to H202 

inactivation et almost every point for monocomplexes of 

mutants tsL67(32) (panel A), tsLl09(46) (panel B), tsA52(47) 

(panel C), and uvsX (panel D), than there is for 

monocomplexes of the wild-type phage. There is virtually 

identical sensitivity to H202 of monocomplexes of denV- and 

wild-type phage (panel E). 

The failure of a mutation in the xthA gene of the 

host cells to affect H202 sensitivity of infecting phage T4 
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Figure 3-6. Survival of denV- monocomplexes and 
multicomplexes as a function of H2~ dose in units'of wild
type monocomplex lethal hits. Open symbols are monocomplex 
surviving fractions. Symbols 0 and • represent infections of 
E. coli xthA+, and 0 and • of E. coli xthA-, respectively. 
The broken lines show the survivals of wild-type 
mul ticomplexes and monocomplexes obtained in the same 
experiments. Each data point represents the average of two 
independent experiments. 
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Figure 3-7. Comparison of wild-type and mutant monocomplex 
surviving fractions as a ftmction of H2~ dose in tmi ts of 
wild-type monocomplex lethal hits. The solid symbols are wild
type monocomplex surviving fractions and open symbols are 
mutant monocomplex survi ving fractions. Symbols 0 and • 
represent infections of E. coli XthA+, and ¢ and. of E. coli 
xthA-, respectively. 
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could be due to the 

hydroxymethyldeoxycytosine (HMdC) in 

72 

presence of 5 ' -

the phage DNA in place 

of deoxycytosine (dC). The exonuclease or other functions of 

the xthA enzyme may not be active on HMdC DNA. ThuB, a 

multiple mutant of phage T4, alcW7, was grown under standard 

conditions (Kutter and Snyder, 1983) to give dC-DNA. 

The alcW7 phage containing dC DNA were treated with 

H202 and allowed to form monocomplex~s and mul ticomplexes 

with the hosts E. coli XthA+ and E. coli xthA-. The 

surviving fractions of the dC-alcW7 phage-host complexes 

with increasing dose of H,202 and after plating on E. coli 

XthA + are shown in Figure 3-8. The MR factor was 1.1, and 

there was no difference in sensitivity whether the phage had 

infected E. coli XthA+ or E. coli xthA-. 

Evolution of Recombinational Repair 

Genomic damage was likely a problem in the earliest 

stages of evolution. The· prevalence of genome damage and the 

retrieval of damaged information through recombination may 

be the key to understanding both the mechanism and the 

evolution of recombinational repair. Experiments to test 

the idea that recombination arose early in evolution are 

possible. Genes essential for recombination in yeast can be 

transferred to the E. coli host of phage T4. If yeast 
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Figure 3-8. Survi val of alcW7 monocomplexes and mul ticomplexHs 
as a function of H2~ dose in units of monocomplex lethal hi tEl. 
Open symbols are monocomplex surviving fractions and fil1f~ 
symbols are multicomplex surviving fractions. Symbols 0 and • 
represent infections of E. coli XthA+ and 0 and • of E. coli 
xthA -, respectively. The broken lines show the survivals of 
wild-type mUlticomplexes obtained in the same experiments. Each 
data point represents the average of two independent 
experiments. 
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recombinational genes can provide the functions missing in 

phage T4 mutants, or vice versa, it would imply that the 

recombination processes in phage T4 and yeast are descended 

from a early common ancestral recombination process. 

Cloning of Phage T4 Genes 46 and 47 

The phage T4 strain aloW7 was used as the source of 

T4 DNA for the construction of the recombinant plasmids. Due 

to several point mutations in genes specifying enzymes of 

the nucleotide pathway, this strain replaces the HMC in its 

DNA by cytosine when grown on a permissive host. Cytosine-

containing T4 DNA is cleaved by restriction endonucleases. 

T4 wild-type DNA, with few exceptions, is not cleaved 

(Kutter and Snyder, 1983). The procedures used for isolating 

and purifying total phage T4 genomic DNA was as described in 

the Materials and Methods. 

Cloning of Gene 47. 

Sa11 and XhoI restriction enzymes were used to 

digest the T4 DNA allowing appropriate fragment ends to be 

constructed. T4 DNA ligase was used for ligation of a T4 DNA 

fragment containing gene 47 to plasmid pPLC2819 (see cloning 

strategies in Materials and Methods). This recombinant 

plasmid contains gene 47. 



E. coli strain N4830-1 containing the temperature 

sensitive CI repressor gene tsCI857 was used as the 

recipient of plasmid pPLC2819 by transformation. Stable 

uptake of the plasmid DNA was indicated by the expression of 

the plasmid ampicillin resistance marker. An effort was made 

to determine if any recombinant plasmid containing colonies 

had active gene 47. Three ampicillin resistant colonies were 

transferred to two sets of plates. One set was incubated at 

42 0 C and the other set was incubated at 28oC. Two of the 

isolates grew at both 280 C and 42o C. These two clones were 

found to contain the parental plasmid, pPLC2819, without an 

insertion. Only one colony grew at 28 0 C bllt not at 42 oC. 

This suggests that expres~ion of gene 47 at 42 oC, when the 

CI repressor is inactive, may be lethal to the host 

bacteria. The plasmid from this colony was isolated and 

digested wi th restriction enzymes SalI and EooRI or EcoRI 

and Pst!. On the basis of the restriction fragment lengths, 

a restriction map was oonstructed (Figure 3-9). This map 

confirmed that the inserted fragment is in the right 

orientation and oontains gene 47. However, this olone proved 

to be unstable. After a week, the isolo:i:.e was found to be 

susoeptable to ampicillin, and no longer contained the 

recombinant plasmid. Since E. coli N4830-1 contains only one 

oopy of the tsoI857 repressor gene, the PL promoter is not 

full repressable and shows some level of leakness S. 
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Figure 3-9. The restriction map of gene 47. The maps of 
inserted fragment are diagramed on the bottom. Letters E, S, 
and (X) represent restriction site EcoRI, Sa1I, and modified 
XYc[, respectively. 
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Tabor, personal communication). This level of expression of 

gene product 47 might be deleterious and select for cells 

that have lost the plasmid. The presence of additional 

copies of the repreasor C1 gene should help to fully repress 

expression of cloned gene. The plasmid BR2 constructed by R. 

Ramage, University of Arizona, contains the tsC1857 gene, a 

pACYC origin, and a kanamycin resistant gene. The origin of 

pACYC can coexist with, and is compatable with, the origin 

of ColEl which the plasmid pPLC2819 contains. This BR2 

plasmid was therefore transformed into E. ooli N4830-1 and 

this new strain was called E. coli N4830BR. E. coli N4830BR 

was then transformed by the recombinant plasmid containing 

gene 47. A total of 42 colonies were obtained with 

ampicillin and kanamycin resistant markers. Three of these 

colonies were unable to grow at 42°C but formed colonies at 

28 0 C. Again, lack of growth is presumed to reflect the 

lethality of gene 47 expression. The recombinant plasmid was 

reisoll'.ted from these clones. The restriction map of the 

plasmid was determined to be the same as the one we 

identified previously. However, these new clones bearing 

gene 47 were relatively stable. One of thes,e new clones was 

grown and called E. coli N4830-T4-47. 

Cloning Phage T4 Gene 46. 

The strategy for cloning gene 46 was described in 
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Materials and Methods (charpter II). Phage T4 genomic DNA 

was cut with restriction enzymes PstI, PuvI, and EcoRI. A 

unique 2.3kb fragment was isolated and ligated into plasmid 

pPLC2819. The recombinant plasmid containing gene 46 was 

used to transform E. coLi N4830BR. A total of ~O colonies 

were isolated on t,he basis of both kanamycin and ampicillin 

resistance. Seven out of 80 were unable to grow at 42 0 C but 

formed colonies at 28 o C. The recombinant plasmid was 

isolated from one of these clones and its restriction map 

determined by cutting with restriction enzymes EcoRI, PstI, 

and HindI!! (Figure 3-10). This mapping confirmed the 

presence of gene 46. Again, the clones containing gene 46 

were stable. They maintained their ability to grow in 

ampicillin and ltanamycin containing media for at least a 

month. Thus, the transformed cell containing this plasmid 

pPLC-T4-46 was designed as E. coli N4830-T4-46. 

Spot Tests for Ge~etic Characterization of Genes 46 and 47 

Recombinant Plasmids. 

The spot test is a quick method for screening 

transformed cells that bear a recombinant plasmid (Mattson 

et a1., 1977). This method measures the plaque forming 

ability of a phage mutant when growth of the mutant depends 

on marker rescue by wild-type DNA present in a recombinant 
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Figure 3-10. The restriction map of gene 46. The maps of 
inserted fragment are diagramed on the bottom. Letters E, H, 
PuvI, P, and B represent the position restriction site of 
EcoRr, HindUI, PvuI., Ps~I, and BamH1., repecti vely. 
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plasmid. E. coli N4830-T4-46 and B. coli N4830-T4-47 

containing recombinant plasmids pPLC-T4-46 and pPLC-T4-47, 

respectively, were tested for their ability to support 

plaque formation by gene 46 mutants amN024 or amNG280, or 

by gene 47 mutant amNOll (Table 3-2). E. coli N4830-T4-46 

and E. coli N4830-T4-47 are su- strains and thus cannot 

ordinarily support growth of phage amber mutants. However, 

the two gene 46 amber mutants grew on E. coli N4830-T4-46, 

and the gene 47 amber mutant grew on E. coli N4830-T4-47. 

Nei ther of these phage grew on E. coli N4830BR which does 

not contain a phage DNA insert. The large clear spot found 

on the plates incubated at 42 0 C indicated that genes 46 and 

47 were expressed from the respective plasmid inserts 

allowing both complementations and marker rescue. The 

individual plaques observed at 280 C when the T4 inserts do 

not express, presumably reflects marker rescue, but not 

complementation. In addition, when phage T4 46 mutants 

infected the cell containing gene 47 plasmid, they did not 

form plaques on either temperatures. Similarily, amN011(47) 

did not form plaques as well. This result indicated that 

genes 46 and 47 do not cross complement on the hosts N4830-

T4-47 and N4830-T4-46, respectively. 

Gram and Ruger (1985) failed to clone genes 46 and 

47 in Bacillus subtilis and yeast in several attempts. My 

results show that gene products 46 and 47 are toxic in E. 
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Table 3-2. Spot Tests for Genetic Characterization of Gene 
46 and 47 Recombinant Plasmids. 

Phage Strain Host 

arnNG280(46) 

amN024(46) 

arnNOll (47) 

Bacteria 

E. coli 
N4830-T4-46 
N4830-T4-47 
N4830-BR 

N4830-T4-46 
N4830-T4-47 
N4830-BR 

N4830-T4-47 
N4830-T4-46 
N4830-BR 

Plaque Forming Ability 
280 0 42°0 

+ ++ 

+ ++ 

+ ++ 

+ indicated that clear plaques fonned on petri dishes. 
++ : indicated that a large clear spot fonned on petri dishes. 
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ooli. However, RAD52 is able to express in E. ooli without 

producing toxic problems. The approach of cloning gene 46 

and 47 into yeast to test their ability to restore RAD52 

function in yeast seemed less promising than the approach of 

cloning RAD52 into E. ooli and testing its ability to 

restore gene 46 and 47 function in phage T4. 

Yeast Gene RAD52 Can Substitute for Phage T4 Genes 46 or 47 

in Carrying Out Recombination and DNA Repair 

The RAD52 fragment obtained from D. Schild was 

subcloned into plasmid pUC18, an expression vector. This 

pUC18 vector has a multiple cloning site down stream of a 

1aoZ promoter. The expression of a cloned gene can be 

induced by IPTG. 

Expression of the RAD52 gp from pUC-[~D52]. 

To determine whether the RAD52 gene product is 

expressed from the pUC- [RAD52] recombinant plasmid, crude 

protein samples were extracted from E. ooli JM105 cells 

containing the plasmid. These were prepared as described 

(Materials and Methods) a'ad subjected to 12.5% SDS 

polyacrylamide gel electrophoresis. As shown in Figure 3-11, 

a 51kD protein was present in cells induced with IPTG. In 

uninduced cells, there is a very faint band at this position 
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Figure 3-11. Expresssion of the RAD52 gene product from an 
induced pUC18(RAD62) recombinant plasmid as detected by 
80s-PAGE. Extracts were prepared as described in Materials 
and Methods Bud the gels were stained with Coomassie blue. 
Lane A represents an extract of E. coli JMI05 without 
plasmid pUC18-[RAD52]. Lane B, D and E are extracts from 
E. coli JM105 containing pUC18-[RAD52]. IPI'G, an inducer 

. of the lacZ promoter was added to the cells shown in Lane 
A, B and D, but not to the cells shown in lane E. Lane C 
contains protein markers of molecular weights 26, 36.5, 
48.5, 58, 84, and 116kD, respectively. The arrow shows the 
positions of the RAD52 gene product at 51lill. 
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which may represent leaky expression. Cells lacking the 

plasmid lack this band. Adzuma et a1. (1985) have estimated 

the molecular weight of the RAD5Z gene product to be about 

52kD. Thus it appears that the RAD5Z gene is expressed from 

pUC- [RAD5Z] . 

Complementation with Respect to Phage Growth. 

E. coli JM105 containing recombinant plasmid pUO

[RAD5Z] was tested for its ability to support plaque 

formation by gene 46 mutant tsLl09 and by gene 47 mutants 

tsLlJ6 and tsA5Z (Table 3-3). At the permissive temperature 

of 28 0 C these mutants formed plaques on JMI05(RAD5Z) whether 

or not the RAD5Z gene was induced to express. At the 

restrictive temperature of 42 0 0 these mutants did not form 

plaques on either E. coli 8/6 or uninduced JMI05(RAD5Z). 

Plaques were formed at 42 0 C, however, when the RAD5Z gene 

was induced with IPTG. The efficiency of plating of the ts 

mutants at 42°C in the presence of expresssed RAD5Z varied 

from 41 to 98% of that at 280 0 '(Table 3-3). These results 

indicate that the yeast RAD5Z gene complements mutants 

defective either in gene 46 or 47. 

A complementation test was also performed using the 

RAD5Z containing recombinant pll!1smid from H. Ogawa (see 

Materials and Methods). This gene was inserted into plasmid 

84 



Table 3-3. Plaque Formation by Gene 46 and 47 Temperature 
Sensitive Mutants after IPTG Induction of RAD52 

Phage T4 
Strain 

tsLl09(46) 

tsL86(47) 

tsA52(47) 

E. coli 
Host 

S/6 

JM105 (RAD52) 

JM105 (RAD52) 

S/6 

JM105 (RAD52) 

JM105 (RAD52) 

S/6 

JM105 (RAD52) 

JM105 (RAD52) 

IPTG Plague Formation % Recovery 
Induced 2800 4200 4200/2800 

No + 0 

No + 

Yes + 

No + 

No + 

Yes + 

No + 

No + 

Yes + 

+ 

+ 

+ 

o 

98 

o 

o 

o 

o 

58 
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pPLC2819, so that expression of RAD52 came under the control 

of the thermeinduci ble lambda PL promoter. In this system 

RAD52 is inducible only at high temperatures which are also 

restricti ve ·for phage temperature~sensi ti ve mutants. The 

recombinant plasmids were transferred into E. coli N4830-1 

which is a su- strain and thus cannot support growth of 

phage amber mutants. Therefore am, rather than ts mutants 

were used in the complementation tests. Two gene 46 mutants, 

amNG280 and amN024, and one gene 47 mutant, a.mN011, Nere 

plated on E. ooli N4830-1(RAD52) to measure their plaque 

forming ability (Table 3-4). All three am mutants formed 

plaques on this host at 42 0 0 when RAD52 was thermoinduced, 

but not at 28 0 C when it was not induced. Thus the RAD52 

isolate of H. Ogawa, like the one from D. Schild, 

complemented phage gene 46 and 47 mutants with respect to 

plaque formation. 

Complementation with Respect to rII Marker Recombination and 

Burst Size. 

Recombination was measured between the two rII 

markers r71 and rED144 in either a gene 46 mutant (tsLl09), 

a gene 47 mutant (tsL86) or a wild type background (Table 3-

5). The crosses were carried out at the semirestrictive 

temperature of 37 0 0 for the gene 47 mutant and at 40 0 C for 
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Table 3-4. Plaque Formation by Gene 46 and 47 Amber Mutants after 
Temperature Induction of RAD52 

Phage T4 li:. coli Pl~ue Formation 
Strain Host 280 420 

amNG280(46) N4830-[RAD52] + 
W\830-1 

amN024(46) N4830-[RAD52] + 
N4830-1 

a.mNOll (47) N4830-[RAD52] + 
N4830-1 

87 
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Table 3-5. Percentage Recombination between Phage T4 rII 
Mutants in the Presence or Absence of Induced Gene RAD52 

Phage No plasmid RAD52 plasmid RAD52 plasmid 

cross uninduced induced 

rED144 x r71 0.96%, 1.01%* 1. 07%, 1. 22% 1.40%, 1.49% 

rED144,tsL109(46) 

x r71, tsL109( 46) 0.01%, 0.05% 0.03%, 0.06% 1.15%, 1.47% 

rED144,tsL86(47) 

x r71, tsL86(47) 0.02%, 0.12% 0.02%, 0.08% 0.50%, 0.67% 

* TI1e two values shown in each case are f~om separate experiments. 
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the gene 46 mutant (Bernstein, 1968). The host bacteria, 

JM105, contained either no RAE52 plasmid, a HAD52 plasmid 

that was uninduced, or a RAD52 plasmid that was induced. The 

percent recombination between the rII markers in a wild-type 

background when RAD52 was not present or uninduced varied 

from 0.96 to 1.22 (average 1.07). When the phage carried the 

the tsLl09(46) mutation, the percent recombination was much 

lower, varying from 0.01 to 0.06 (average 0.04) i when 

tsL86(47) was present, the percent recombination varied from 

0.02 to 0.12 (average 0.06). These low percentages of 

recombination in the presence of either the gene 46 or 47 

mutation under semirestricti ve condi tions ref lect the 

essential role of the gene 46, 47 exonuclet>,s.e in 

recombination. When the plasmid containing the RAD52 gene 

was present and induced, the percent recombination in the 

tsLl09(46) mutant cross increased 35-fold from 1.15 to 1.47 

(average 1.31). Similarly, when the RAD52 gene was expressed 

in the tsL86(47) mutant'cross the percent recombination 

increased 10-fold from 0.50 to 0.67 (average 0.59). These 

increases upon RAD52 gene induction show that the RAD52 gene 

can complement gene 46 and 47 mutants with respect to their 

defective recombination phenotype. The average of the burst 

sizes measured in these two crosses are shown in Table 3-6. 

In the crosses that are wild-type with respect to genes 46 

and 47 the average burst sizes varied form 68 to 114 
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Table 3-6. Burst Size of Phage T4 r II Mutants in the Presence 

or Absence of Induced RAD52 

Phage No plasmid 

cross 

rED144 x r71 

rED144,tsLI09(46) 

x r71,tsLI09(46) 

rED144, tsL86(47) 

x r71, tsL86(47) 

68* 

12 

9 

RAD52 plasmid 

uninduced 

112 

14 

19 

RAD52 plasmid 

induced 

114 

126 

67 

90 

* Each value represents the average of two independent measurements. 
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(overall average of 98) phage per cell. In the tsLI09 (gene 

46) mutant crosses, when RAD52 was absent or uninduced, the 

average burst sizes were 12 and 14, respectively. However, 

the average burst size increased 10-fold to 126 when RAD52 

was induced. A 5-fold increase was seen in the tsL86 (gene 

47) crosses when RAD52 was induced. These results show that 

the RAD52 gene complements gene 46 and 47 mutan ts wi th 

respect to burst size. Thus, complementation is evident with 

respect to two measures of phage growth, efficiency of 

plating (previous section) and burst size. 

Complementation with Respect to DNA Repair 

Mul tiplici ty reactivation (MR) is a major form of 

DNA repair in phage T4 (see review Bernstein and Wallace, 

1983). This type of repair depends on the presence of at 

least two phage genomes in the same infected cell, and the 

expression of genes required for recombination. These genes 

include 46 and 47. 

Panel A in Figure 3-12 shows the MR obtained with wild-

type phage when the RAD52 gene is uninduced. The open 

circles represent fractional survival after UV irradiation 

of the infective center forming ability of cells infected by 

wild-type phage at a multiplicity of 0.001 (so that most 

infected cells receive only a single phage genome). The 

filled circles represent survival of the infective center 
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Figure 3-12. Comparison of wild type and mutant monocomplex and 
multicomplex surviving fractions as a function of UV dose. 
Open symbols are monocomplex survi virig fractions and 
filled symbols are mul ticomplex surviving fractions. Upper panels 
represent infections of E. coli JM105 without pUC-[RAD52]. 
The lower panels represent infections of E. coli JM105 containing 
pUC-[~52], where the cells were induced prior to infection. The 
presence of wild type alleles or mutant alleles of genes 46 or 47 
of the infecting phage is indicated in each panel. Each data 
point represents the average of values obtained in two 
independent experiments. 
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forming ability of cells infected by the same irradiated 

phage but at a multiplicity of about 10. The slower rate of 

inactivation upon multiple infection compared to single 

infection reflects MR. The survival curve obtained with 

wi ld-type mul ticomplexes had a tiny shoulder out to about 

0.5 mlh. It then decreased in a straight line on the semi

logarithmic coordinates used. Thus, after an initial 

shoulder, the multicomplexes were inactivated with single

hit kinetics. The inactivation constant of the straight-line 

portion of the multicomplex curves (kmulti) had a value of 

0.5, compared to a value of 1.0 for the monocomplexes 

(kmono )' The multicomplex survival curve thus indicates that 

for the first 0.5 mlh of UV irradiation multicomplexes can 

repair all their lethal lesions. After this point, one 

lethal hit is delivered to the multicomplexes for each 2.0 

lethal hi ts delivered to monocomplexes. The MR factor 

kmono/kmulti=2.0 for wild type. 

Panel B shows the results obtained when the same 

experiment was carried out with mutant phage tsLl09(46). 

Multicomplexes or monocomplexes were allowed to form with E. 

ooli JM105 under conditions in which RAD52 was not induced. 

The complexes were then plated out on E. ooli 8/6. The 

infections and platings were at 40 oC, a semi-permissive 

temperature for these mutant phage (Bernstein, 1968). The 
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average MR factor in two independent experiments was only 

1.23. There was still a small amount of shoulder repair 

(0.5 mlh). By comparing these survival curves to the 

survival curves for wild-type phage multicomplexes and 

monocomplexes (panel A), it can be seen that the tsLl09(46) 

monocomplexes are inactivated by UV at the same rate as the 

wild-type phage monocomplexes. The rate of inactivation in 

the multiple infections (filled circles) is distinctly 

greater in the tsLl09(46) infections than in the wild-type 

infections, indicating reduced MR. 

Panel C shows the survival curves obtained when 

mutant phage tsL86(47) were irradiated with UV and allowed 

to form multicomplexes or monocomplexes with E. ooli JM105, 

and then plated on E. ooli S/6. Again, RAD52 was not 

induced. The temperature during the initial infeotion and 

plating was 37 oC, a semi-permissive temperature for these 

mutant phage (Bernstein, 1968). The MR faotor obtained with 

this mutant was 1.18. The monoo0l.l1plex inactivation curves 

had a k value of 0.97. Again MR was reduced relative to 

wildtype. 

Panels D, E, and F show. the results obtained with 

wildtype tsLl09(46) and tsL86(47), respectively, when the 

RAD52 gene was induced with IPTG prior to infection. Panel D 

shows the monooomplex and mul ticomplex survival curves for 

wild-type phage. The level of MR in the wild-type infection 
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was 7.4. This is a substantial increase compared to the MR 

factor of 2.0 observed when the RAD52 was not expressed 

Panel A). 

Panel E shows the survival curves obtained with the 

mutant phage tsLl09(46). As before (panel B), the 

temperature was 420 C. An MR factor of 2.55 was obtained, 

which is a subtantial increase over the MR factor of 1.23 

observed when RAD52 was not induced (panel B). 

Panel F shows the survival curves obtained with the 

mutant phage tsL86(47). As before (panel C), the experiments 

was done at 370 C. An MR factor of 7.5 was observed compared 

to 1.18 when RAD52 was not induced (panel C). The 

substantial increases in the level of MR in the tsLl09(46) 

and tsL86(47) infection when the RAD52 gene is induced 

indicates that RAD52 gene complements the gene 46 and 47 

mutants with respect to MR. Since MR is a form of 

recombinational repair, these results imply that the RAD52 

gene can substitute for genes 46 and 47 with respect to 

their r~le in recombinational repair, as well as enhance 

recombinational repair of wild-type. The k values obtained 

for all sets of points in Figure 3-12 are summarized in 

Table 3-7. 

Comparison of DNA Sequences. 

The published sequences of genes 46 and 47 (Gram and 
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Table 3-7. UV-induced Inactivation of Monocomplexes and 
Mul ticomplexes in Respective DNA Repair by RAD52 in E. coli 
JM105[RAD52] 

Phage Defective IPTG MR Lethal hists per % of 
Geno- function induc- factor UIll.i t dose of W MR function 
type of phage tion Mono Mult.i retain 

Wild- NO 2.0 1.00 0 .• 50 100 
type YES 7.6 1.00 0.14 380 

tsLl09 exonuclease NO 1.23 1.00 0.82 61 
(46) YES 2.55 0.83 0.33 127 

tsL86 exonuclease NO 1.18 0.97 0.83 59 
(47) YES 7.5 0.88 0.12 375 
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Ruger, 1985) were compared to the published sequence of the 

RAD52 gene (Adzuma et a1., 1984) by computer analysis [Rapid 

Biosequence Similari ty Analysis wi th IBM-PC and PC/XT 

(Lipman et a1., 1984)]. When the 504 amino acid sequence of 

the RAD52 gene product and the 339 amino acid sequence of 

gene 47 product were aligned to give a good match, 63 amino 

acids were identical implying significant homology. 

Similarly, when the RAD52 sequence was aligned with the 560 

amino acid sequence of the gene 46 product, 95 amino acids 

were identical, again implying significant homology. 

Although in both of these comparisons significant homology 

was found, in neither case was the overall homology 

impressive. However, when amino acids 14 to 199 of gene 

product 46 were aligned with amino acid 37 to 334 of gene 

product RAD52, and gaps in the sequences allowed in order to 
, , 

maintain optimum homology, there were 26% identical matches. 

Within this region, gene 46 and RAD52 also showed 

substantial homology over a contiguous 40 amino acid region. 

This might indicate a uniquely conserved functional region. 

The ":" and the "." symbols shown in the comparison of these 

40 amino acid sequences below, indicate identical matches 

and conserved substitutions respectively (Lipman and 

Pearson, 1985). The disignation, conserved Bubstitution, 

indicates the amino acids are chemically simi lar. Such 



substitutions should not greatly affect the structure of the 

protein. 

gp46-T4 

gpRAD52-
yeast 

When we compared 3,615 protein sequences from the GenBank 

with the sequences of RAD52, 46 and 47, 306 protein 

sequences had statistially significant homology at the 95% 

confidence level above the mean with at least one of these 

genes. However, none of these showed greater homology than 

RAD52 had with either gene 46 or 47. Also, none of them 

showed homology with the 40 amino acid region shown above. 
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CHAPTER IV 

DISCUSSION 

Recombinational Repair of Hydrogen Peroxide-induced Damages 

in DNA of Phage T4 

In this section the effectiveness of MR in repairing 

H202-induced damages is first compared to its effectiveness 

in repairing other types of damages. The MR factor and the 

shoulder repair value together indicate the increase in 

repair of lethal lesions occurring in multicomplexes 

compared to monocomplexes (Figure 3-1). A large MR factor or' 

large shoulder repair indicates a large rescue from 

lethality through the recombinational repair that occurs in 

the presence of multiple chromosomes (Bernstein and Wallace, 

1983). An MR factor of 8.3 is associated with H202-induced 

lethal damages in phage T4 (Figure 3-1 and Table 3-1). The 

efficiency of MR of these damages is compared to that of 

other types of damages in Table 1-2. The table lists the 

agents that have been tested thus far, their associated MR 

factors, and any shoulder repair that has been found. Only 

mi tomycin-C has a larger MR factor among the nine agents 

tested. UV' light and X-rays hav~ more repair in their 
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shoulder areas. Thus H202-induced lethal damages are among 

those most efficiently repaired by MR. 

The inactivation curves for both mono- and 

multicomplexes in Figure 3-1 are the same for E. coli XthA+ 

and E. coli xthA-. Thus wild-type phage T4 does not depend 

on the exonuclease, endonuclease or other functions that are 

defective in E. coli xthA- for repair of H202-induced 

damages. The repair of H202-induced lethal damages in 

multicomplexes depends on the functions of genes 32, 46, 47, 

and uvsX, but not on the function of denY (Figures 3-2 to 3-

6 and Table 3-1). Mutations in genes 46, 47, 32 and uvsX 

cause reduced recombination of genetic markers (Harm, 1964; 

Bernstein, 1968; Berger et a1., 1969; Nonn and Ber~stein, 

1977) while a mutation in denY causes little, if any, 

reduced recombination (Harm, 1964; Boyle and Symonds, 1969). 

MR of phage T4 damaged by UV light, HN02 and mi tomycin-C 

also depends on the functions of genes 32, 46, 47, and uvsX 

and does not (except for'UV light) depend on the function of 

denY (for review see Bernstein and Wallace, 1983). Thus, 

repair in multicomplexes of H202-induced lethal damages, as 

well as lethal damages caused by UV, HN02 and mitomycin-C, 

probably depends on recombination. The increased H202 

sensi tivi ties of the mutant mul ticomplexes with defects in 

genes 32, 46, 47, and uvsX involved complete removal of the 
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shoulder present in the wild-type inaoti vation ourve. The 

removal of a shoulder of an inactivation curve may reflect 

removal of a saturable repair process (Nonn and Bernstein, 

1977). Similar removals of the shoulders of mUlticomplex 

inacti vation curves were obtained after UV irradiation of 

mutants defective in genes 32, 46, 47, uvsX, uvsY, 44 and 59 

(Symonds et a1., 1973; r ~s and Symonds, 1974; Nonn and 

Bernstein, 1977). Thus the repair of H20~-induced lethal 

damages and UV-induced lethal damages in phage T4 

multicomplexes may occur by a recombinational repair process 

that has an efficient but saturable component. 

The mutant a1cW7, grown to contain dC-DNA I showed 

virtually no MR of H202 lethal damages (Figure 3-8 and Table 

3-1). It is likely that genes 42 (HMase) and 56 (dCTPase), 

in which a1cW7 is defective, are needed for MR. Maynard-

Smith and Symonds (1973) showed that the products of genes 

42 and 56 are required for repair of UV damage (by a 

survival of phenotype test) both through the excision repair 

pathway and a pathway that depends on the uvsY function 

during multiple infection (presumably MR). It was not clear 

from this work of Maynard-Smi th and Symonds, however, 

whether the products of genes 42 and 56 act in the MR 

pathway. 

The results shown in Figure 3-8 indicate that the state 



'I' 

102 

of the XthA gene of the host does not affect the repair of 

the dC-DNA phage either in single or multiple infection. 

Therefore, the lack of effect of XthA on sensitivity in the 

other experiments carried out here is not due to the 

presence of dHMC DNA in those cases. 

A second kind of recombinational repair termed post 

replication recombinational repair (PRRR) is known to occur 

in single infections in response to a number of kinds of 

lethal damages. PRRR depends on phage genes including 32, 

46, 47, and uvsX (for review see Bernstein, 1981; Bernstein 

and Wallace, 1983). The data in Figures 3-2 to 3-7 indicate 

that this type of repair is not effective against H202-

induced lethal damages. If PRRR had occurred in wild-type 

monocomplexes, then monocomplexes of mutants defective in 

genes 32, 46, 47, or uvsX would be more sensitive to H202' 

In fact, mutants defective in these genes were less 

sensitive than wild-type to inactivation by H202 in single 

infections. This lesser sensitivity is not understood. 

There are some small differences in mono- or 

multicomplex sensitivity of mutants tsLI09(46), tsL86(47) 

and tsA52(47) to H.?02-inactivation depending on whether E. 

coli XthA+ or E. CQli xthA- was used (Table 3-1). However, 

the magnitudes and directions of the changes in sensitivity 

were not consistent, so it is not clear how the host 



'l' 

103 

functions coded for by the XthA gene may interact with the 

T4 DNA intermediates produced by these mutants. 

Since MR is effective in repairing H202-induced 

lethal damages and PRRR is not, these damages are likely to 

be those which affect both strands of DNA. PRRR is a form of 

repair which uses the redundant information on the second 

strand of DNA to replace information damaged on a first 

strand through a sequence of reactions that occur after DNA 

replication (Bernstein and Wallace, 1983). MR, however, 

presumably involves the use of information from a second 

homologous chromosome present at the start of infection. MR 

should therefore allow replacement of information which is 

missing from both strands of the first damaged chromosome. 

It may be analogous to the repair of double-strand breaks 

carried out by E. coli (Krasin and Hutchinson, 1977) and by 

yeast (Resnick and Martin, 1976; Ho and Mortimer, 1975) in 

which gene functions involved in recombination and the 

presence of a second homologous chromosome are both 

required. Our results therefore suggest that the lethal 

damages in phage T4, caused by H202 treatment, may be 

double-strand damages such as double-strand breaks or cross

links. As pointed out in the Introduction, unrepaired 

oxidative damages caused by H202 may be a major source of 

DNA damage leading to aging and cancer in multicellular 
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organisms. Our results indicated that the lethal damages 

caused by H202 are only repaired efficiently by 

recombinational repair in the presence of two homologous 

chromosomes (MR) in phage T4. 

The MR repair process in phage T4 may also be 

similar to recombinational repair that can be carried out in 

the diploid cells of eucaryotes. As pointed out and reviewed 

by Wake et a1. (1985) homology-dependent recomb ina t i on 

events are commonly observed between linear DNA molecules 

introduced .into animal cells in culture. These events have 

been detected in primate, rodent and avian cells. The 

enzymes responsible for this homologous recombination are 

thought to be normal components of animal cells and to exist 

primarily for the repair of double-strand breaks. 

The number of mitotic recombinational events in 

humans per cell generation, as measured by sister chromatid 

exchanges (SCE's) seems to be of the order of magnitude as 

the number of hydrogen peroxide and (related free radical) 

damages measured in human cells per day. The frequency of 

SCE in human cells is about 0.12/chromosome per cell cycle 

(Brewer and Peacock, 1969) or a total of 5.5 (spread over 46 

chromosomes) per cell generation. Saul et a1. (1987) have 

estimated that on average there are about 960 oxidative DNA 

hits per human cell per day. About 2% of these should be 
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double strand breaks or cross-links (Massie et a1., 1972) 

and would, presumably, need homologous chromosome dependent 

recombinational repair. Thus in human cells, on average, 

there would be about 2% of 960 or 19 recombinational events 

expected per day. These very rough calculations do not take 

into account the recombinational events not gcored by SCE's, 

or the fact that most human cells do not replicate each day. 

However, it is clear that the frequency of double-strand 

lesions induced by reactive oxygen in human cells is not out 

of line with the number of recombinational events that are 

known to occur and which might be involved in their repair. 

This homologous chromosome dependent recombinational repair 

occurs in mitotic cells. Presumably, the even higher levels 

of recombination that occur during meiosis in eucaryotes 

reflects the more careful elimination of damages necessary 

for preserving the germ line DNA, as predicted by the repair 

hypothesis of sex. 

Cloning Phage T4 Genes 46 and 47 

The question of whether organisms, generally, share 

a common mechanism of recombinat~on is our major interest. 

If genes required for recombinational repair in phage T4 

can functionally substitute for gene functions missing in 

yeast, or vice versa, it would imply a common ancestral 
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recombinational processes. Since genes 46 and 47 are 

essential for recombination in phage T4 we started this 

project by attempting to clone these genes to see if they 

would complement RAD52 mutants of yeast. As indicated in 

Table 1-3, genes 46/47 and RAD52 have similar 

characteristics. 

The first function of genes 46 and 47 to be 

identified was their role in host DNA degradation (Wiberg, 

1966; Kutter and Wiberg, 1968). A mutation in either of 

these genes results in the inability of the infecting phage 

to convert host DNA to acid-soluble products. Rather such 

mutations resulted in the accumulation of host DNA fragments 

of size 10 6 to 10 7 daltons. Prashad and Hosoda (1972) 

provided a possible explanation for these observations. 

Their results indicated that the products of genes 46 and 

47 may constitute a nuclease which enlarges nicks to gaps. 

Later, Mickelson and Wiberg (1981) presented evidence that 

genes 46 and 47 control the synthesis of a membrane-bound 

exonuclease. A mutation in either of these genes totally 

eliminates this activity. However, the products of genes 

46 and 47 have not yet been extensively purified, and their 

exact roles remain uncertain. 

Attempts to clone genes 46 and 47 in Baoillus 

subtilis and yeast by Gram and Ruger (1985) were 

----- - - ---------------------------------------
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unsuccessful. There are two possible explanations for this. 

One is that the cloned DNA interfers with replication of the 

recombinant plasmid so that it is diluted out when the host 

cells replicated (Stuber and Bujard, 1982). Second, the 

cloned gene produces a gene product that is toxic to the 

host. The results presented here show that genes 46 and 47 

can be cloned in E. coli, but that their expression is toxic 

to the E. coli cells. As discussed above gene products 46 

and 47 appear to interact to form a membrane associated 

exonuclease involved in breaking down host dC-DNA, and this 

might account for the toxicity. 

Previously we had planned to clone genes 46 and 47 

into the yeast rad52-1 mutant in order to test for 

complementation. However, these experiments are impractical 

to do right now. If there were a system in yeast in which 

the expression of a cloned gene could be fully controlled, 

this might provide a feasible approach to cloning genes 46 

and 47 in yeast. 

Evolution of Recombinational Repair 

We have shown here that the yeast RAD52 gene can 

substitute for phage T4 genes 46 and 47 with respect to 

their roles in phage growth, marker recombination and 

recombinational repair. We have also shown that RAD52 has 
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partial sequence homology wi th genes 46 and 47. These 

findings, as well as the similarity in their enzymatic 

function, indicate that genes RAD52 and 46, 47 have a common 

ancestry. Recombination and recombinational repair in phage 

T4 requires at least five genes in addition to genes 46 and 

47 (genes 32, 59, uvsrv, uvsX and uvsY; see Bernstein, 1981 

for review). The requirement for at least seven gene 

products suggests that recombination is carried out by a 

complex protein apparatus (Alberts, 1984). A similar complex . 
protein apparatus may exist in yeast composed of the 

products of genes in the RAD52 epistatic group (Game, 1983). 

Our finding that the RAD52 gene can efficiently replace 

phage genes 46 and 47 indicates that the RAD52 gene product 

is able to integrate its action with the rest of the phage 

recombination apparatus. This suggests that the similarity 

in the yeast and phage mechanisms may extend beyond the 

exonuclease function. 

In addition, RAD52 promoted recombination of the 

phage 46 mutant more effectively than of the 47 mutant 

(Table 3-5). Ho~ever, in Figure 3-12, RAD52 appears more 

effective at repairing UV-induced damages of the phage 47 

mutant than of the 46 mutant. The difference implies that 

phage gene products 46 and 47 play different roles in 

spontoneous recombination and in recombinational repair of 

UV-induced damages. 

-
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The Nature of RAD52 Gene Function 

RAD3 and RAD52 gene products are examples of yeast 

repair enzymes that fail to show activity in cell free 

systems. Al though the RAD3 gene is necessary for excision 

repair of thymine dimers in vivo, incubation of UV-

irradiated DNA or chromatin with extracts of repair

proficient (RAD3+) yeast cells did not result in the 

preferential loss vf thymine-containing dimers under a 

variety of experimental conditions tested (Love and 

Friedberg personal communication). Ogawa purified the RAD52 

protein but could not detect its enzymatic acti vi ty in a 

cell free system. The failure to date to estabilish a cell-

free system in which crude extracts of yeast cells 

reproducibly catalyze selective repair of damaged DNA places 

considerable restraints on future biochemical studies. The 

methods used to test RAD52 function in our experiments not 

only provided a new approach to ~tudying the enzyme in vivo, 

but also avoid the problem that purification of the enzyme 

may result in the loss of its activity in vitro. 

Chow and Resnick (1983) have proposed that the RAD52 

gene product has an exonuclease activity. They found that an 

antiserum raised against a purified single-stranded DNA-

binding DNase from Neurospora crassa identified a 70kD 

protein present in wild type yeast that was absent in the 

mutant rad52-1. However, Adzuma et a1. ( 1985) pointed out 

---"--- "--------------------------------------



110 

that the molecular weight of the RAD52 protein that they 

obtained from their sequencing data was less than 52kD (the 

exact molecular weight was uncertain because several start 

codons were possible). This estimate does not match the 70kD 

molecular weight of the protein identified by Chow and 

Resnick (1983). However, the complementation of gene 46 and 

47 mutants by gene RAD52 gene product indicates that the 

RAD52 gene prpduct has DNase activity. The discrepancy 

between the reported molecular weights may indicate that the 

RAD52 fragment isolated by Adzuma et a1. (1985) does not 

contain the complete RAD52 sequence. However, since the 

fragment complements RAD52 mutants of yeast as well as gene 

46 and 47 mutants of phage T4, it must encode a gene product 

that is at least partially functional. 

Recently, Chow and Resnick (1987) have proposed that 

the RAD52 gene product controls, rather than directly 

encodes, the endo-exonuclease identified by the antibodies 

against the Neurospora nuclease. They refer to this enzyme 

as yNucR. Furthermore, they presented evidence that RAD52 is 

not the structural gene for yNucR, and suggested that the 

RAD52 protein regulates or activates yNucR. Thus, the RAD52 

gene product may function both to control yNucR and as a 

DNase. 
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The Homologies between Nuoleases Required for Reoombination 

in Phage T4; T7 and Yeast 

In phage T7 gene 6 encodes an exonuclease required 

for recombination (Studier, 1972; Pow1ing and Knippers, 

1976; Dunn and Studier, 1983). The sequence of this gene was 

determined by Dunn and Studier (1983). We compared the 

sequence of phage T7 gene 6 with phage T4 genes 46 and 47, 

and also with yeast RAD52. It appears that gene 6 does not 

have substantial homology wi th either genes 46, 47 or 

RAD52. The hydrophobicity plot of the predicted polypeptide 

trans1~ted from the nucleotide sequence of phage T7 gene 6 

indicates that gene 6 protein contains a hydrophilic amino

terminus domain similar to gene 47 of phage T4 (Figure 4-1). 

The length of the polypeptide sequence of gene 6 is also 

similar to the length of phage T4 gene 47. Phage T7 only has 

one gene coding for an exonuclease. In contrast, phage T4 

contains two genes, 46 and 47, coding for one exonuclease. 

It would be interesting to test if, RAD52 complements phage 

T7 gene 6 mutants, or whether cloned gene 6 complements 

phage T4 gene 46 or 47 mutants. 

Other Examples of Functional Substi tution accross the 

Procaryote Eucaryote Boundary 

In addition to RAD52, two other repair genes have 

been shown to functionally substitute across the procaryote-



Figure 4-1. The hydrophobicity profiles of yeast gene 
RAD52, phage T4 genes 46 and 47, and phage T7 gene 6. 
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eucaryote boundary. The denV gene of phage T4 can complement 

R.~Dl and RAD3 mutants of yeast (Valerie et a1., 1986) and 

human Xeroderma D cells (Arrand et a1., 1987). The denV gene 

product, endonuclease V, combines a DNA glycosylase activity 

specific for pyrimidine dimers and an aprimidine 

endonuclease activity in the same molecule. Also, an E. ooli 

gene, ada, which encodes 06-me thylguanine methyl transferase 

has been shown to restore oellular resistance to alkylating 

agents in repair deficient human cells (Ishizaki et a1., 

1987). Neither of these genes, however, are involved in 

recombination. 

Sup~rrepair by RAD52 

It can be noted in Figure 3-12, by comparing panel A 

to panel D, that multiplicity reactivation of UV irradiated 

wild-type phage is more efficient when the RAD52 gene is 

induced than when it is not. This suggests that the RAD52 

gene product can promote recombinational repair of UV

induced lethal lesions beyond those handled by the normal 

phage T4 recombinational repair apparatus. One possible 

explanation is that yeast has evolved a more efficient 

mechanism than phage T4 for recognizing and repairing UV

induced lesions: and that the RAD52 gene product is 

responsible for this gr.~ater efficiency. Alternatively, this 
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may be a quanti tati ve effect resulting from overproduction 

of the RAD52 protein. 

Similarities of Phage T4 Genes to Bucaryotic Genes 

Besides the similarity between phage T4 genes 46/47 

and yeast gene RAD52, there are a number of other 

interesting similarities between genes of phage T4 and genes 

of eucaryotes or their viruses. The type II topoisomerase 

subuni t of phage T4 encoded by gene 62 shows significant 

homology with the carboxyl half of yeast DNA toposiomerase 

I I (Huang, 1986). The phage T4 DNA polymerase encoded by 

gene 43 shares regions of homology with human DNA polymerase 

alpha, and the DNA polymerases of Herpes family viruses, 

vaccinia virus and adenovirus (Wong et a1., 1988). The DNA 

ligase of phage T4 and the ligases of both budding and 

fission yeast are homologous over the specific stretch of 

amino acids that form the putative ATP-binding region 

(Barker et a1., 1986; Barker et a1., 1987). Introns have 

been observed in genes td (Chu et a1., 1986), nrdB 

(Pederson-Lane and Belfort, 1987), ORF55 (Chu et a1., 1988) 

of phage T4 which encode respectively, thymidylate 

synthetase, nucleotide reductase small subunit, and an 

unidentified gene product. The td intron shares homology 

wi th three self-splicing group I in trollS of' mi tochondrial 

genes of filamentous fungi (Michel and Dujon, 1986). 
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The above similarities between genes and introns of 

phage T4 and those of eucaryotes indicate that these 

enti ties arose in a common progenitor and that they have 

experienced selective pressure to retain an early beneficial 

adapti ve structure. Therefor.e, any knowledge gained about 

gene products, such as gene product 46 and 47, in the 

relatively accessible phage T4 system may be pertinent to 

the homologous gene products in eucaryotes. 

The results reported here bear on the evolution of 

sexual reproduction. The adaptive benefit of sex is regarded 

as a major unsolved problem in evolutionary biology 

(Williams, 1975; Maynard Smith, 1978; Bell, 1982). 

Traditionally, it has been assumed that the benefit of sex 

is the genetic variation (new combinations of alleles) it 

produces. Recently, an alternative view has been presented, 

proposing that the primary benefits of sex are repair of DNA 

and the masking of mutations (Bernstein et a1., 1981; 1985a; 

1985b; 1985c; 1987). This latter view assumes that genome 

damage is a fundamental problem for life, and that adaptive 

mechanisms arose early in evolution to cope with it. By this 

view, sexual reproduction evolved in early protocellular 

organisms because of the advantage of recombinational repair 

of genome damage, and it has been maintained since then by 

the selective pressure of such damage (Bernstein et a1., 

1984). This view requires that genes encoding the basic 
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processes of sexual reproduction should have had a 

continuous evolutionary history extending through an early 

ancestor to extant procaryotes and eucaryotes. Other authors 

wi th different views of the evolution of sex have argued 

that there is no way to connect procaryotic and eukaryotic 

sex (Zinder, 1985), and that they differ in their origin 

(Margulis et a1., 1985). However, the evidence presented 

here indicates that a gene product essential for 

recombination (and by implication, sex) arose in an ancestor 

common to eucaryotes and procaryotes. This gene product is 

also required for repairing DNA. These findings support the 

v'iew that recombination (and sex) arose as an early 

evolutionary adaptation for repairing genome damage. 

-_ ........ _.-._---------------------;-------------------
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