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ABSTRACT

A number of agents are capable of stimulating recombination 
by phage T40 Experiments with nitrous acid show that recombination 
can be stimulated above the normal level by more than seven times 
indicating that nitrous acid induced lesions are recombinogenico 
Temperature-sensitive mutants defective in an exonuclease function 
showed less than the normal spontaneous level of recombination even 
after nitrous acid treatment, A ligase mutant showed an extremely 
high frequency of recombination approaching the level of genetic 
equilibrium after treatment with nitrous acid. These results imply 
that ENOg induced lesions in DMA stimulate a recombinational repair 
process similar in some of its enzymatic steps to normally unstimu
lated recombination.



INTRODUCTION

The Role of Recombination 
Recombination is ubiquitous«, It occurs in bacteriophage, ani

mal viruses and higher organisms (see reviews by Hayes 1974; Fenner 
et alo 1974; Haywood and Magee 1976)o Despite its prevalence in 
biological systems, its role in nature has not yet been clarifiedo 
Recombination has been thought to be preserved by natural selection in 
order to generate genetic diversity but recently an alternative role 
for recombination as primarily a DNA repair process has been proposed 
(H0 Bernstein 1977)o

It seems reasonable to assume that when macromolecules first 
began to bear genetic information, mechanisms must have evolved to 
stabilize this information against the disruptions introduced by the 
environment. The rate of evolution of a species may have been directly 
related to the efficiency and discrimination of its DNA repair mecha
nisms, A number of DNA repair processes are known to exist in nature 
(Hanawalt and Setlow 1975)° Among the most well characterized are 
photoreactivation, excision, and recombination repair,

Photoreactivation is the simplest of the repair mechanisms and 
occurs through the action of a photoreactive enzyme. This enzyme recog
nizes and binds to dimer-containing regions of DNA in the dark.
Visible light provides the energy required to catalyze the subsequent 
cleavage of the dimer to generate the normal adjacent thymines.
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Excision repair occurs when a segment containing the lesion is 

excised* This can occur in the absence of light* Incisions are made 
on either side of the lesion and the released segment replaced by 
replicative gap filling* This synthesis is directed by the intact com
plementary strand of DNA acting as a template*

Recombination repair can occur when a lesion is replaced by a 
segment of DNA from an homologous chromosome or when a gap formed oppo
site a lesion by replication is filled by a segment of DNA from a 
homologous chromosome * In the first case the altered segment may be 
excised by incisions on both sides of the lesion and a homologous 
strand of DNA used to fill in the gap, producing a repaired duplex (for 
review see Kornberg 1974)* Evidence has been obtained that recombina
tion is used to repair lesions produced by UV-light, x-rays, ^T-decay, 
nitrous acid and psoralen + light (Epstein 1958I Harm 1958; Symonds 
and Ritchie 196l; Nonn and Bernstein 1977; Cole 1973)°

Several DNA repair processes sire found to occur by recombina
tion in E° coli and its phages (for review see H* Bernstein 1977)° The 
studies reported here in the repair of nitrous acid lesions of phage T4 
provide insight into the repair of damage to DNA through recombination* 

The original evidence for the occurrence of genetic exchange or 
recombination of DNA between bacteriophage comes from the work of 
Delbruck, Bailey and Hershey in 1946 (Delbruck and Bailey 1946; Hershey
1946)* They showed that recombination was a population phenomenon re
quiring more than one chromosome * Their results were consistent with . 
a number of models for genetic recombination* These models are break
age and reunion, breakage and copying, and complete copy choice*
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In 1935 Darlington developed a theory of genetic exchange which

was based on the observed behavior of chromosomes at meiosis (Darlington
1935)o He proposed that recombination occurred through breakage and
reunion,. Breakage and reunion involves the physical break in a parent
chromosome with a subsequent physical exchange of genetic material with
another chromosomeo This model of breakage and reunion was ultimately
supported by direct evidence, the most significant being a radioactive
labeling experiment with bacteriophage X (Meselson and Weigle 1961)»
They conducted two factor crosses between unlabeled X and A heavily

13 15labeled with isotopes C and -No Density gradient centrifugation was 
used to determine the distribution of labeled parental DNA among both 
parental and recombinant gene types of the progeny0 Their results 
demonstrated the presence of discrete portions of parental DNA in re
combinant phage o These experiments strongly indicated breakage and 
reunion as the mechanism for recombination in bacteriophage X«

The present experiments with nitrous acid study general re- 
combinationo This is the exchange between homologous segments of DNA 
which can take place anywhere along the chromosome 0 Recombination 
comprises a series of enzyme mediated steps (for review see Hayes 
1974)o These events include the breakage of DNA by enzymes, rejoining 
of segments of different parental molecules to form a joint molecule, 
the synthesis of new DNA from complementary strands to fill gaps, and 
the covalent joining of the DNA strands of different parental originso 
It is known that, in general, genes that affect recombination in 
Eo coli and phage T4 also affect the repair of lesions in DNA (for
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review see Kornberg 1974? Radding 1973)o The role of recombination in 
the repair of DNA in eucaryotic organisms remains unclear0

Recombination in Phage T4

General Recombination
Molecular and genetic recombination in phage T4 has been re

viewed by Broker atid Poerman (1975)= Broker and Lehman (1971) demon
strated the existence of branched DMA molecules that are intermediate 
in the process of recombination„ These intermediates were found by 
electron microscopy in extracts of Eschericia coli infected by wild- 
type phage T4 but were absent in infections with mutants defective in 
recombinationo These results led to the formulation of a model for 
recombination in bacteriophage T4 (Broker 1973)°

Their idealized pathway for recombination is shown in.Figure 1» 
The first step involves the injection Of a number of phage T4 chromo
somes which have base pair sequences that are circular permutations of 
each othero This DNA is acted upon by an endonuclease creating nicks, 
an example of which is indicated by the 1Ve in the-figure= These nicks 
can be sealed by the phage T4 DNA ligase which is coded for by gene 300 
Thus the ligase counteracts the effect of the endonuclease0

The next step involves the enlargement of nicks to gaps and 
the exposure of stranded regions by a DNA. exonuclease coded for by 
genes 46 and 47c The action of genes 46 and 4? are counteracted by a 
DNA polymerase coded for by gene 43o

The single stranded regions created by exonuclease bind the 
product of gene 32, a single stranded DNA binding protein (Alberts and
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Figure 1. Broker and Doerman model for recombination in phage T4.



Frey 1970)o It is thought that the gene 32 protein protects the single 
stranded regions from nucleases and promotes the pairing of comple
mentary sequences of DNA» The gene 32 protein is indicated by the 
solid Ovoid shapes in Figure 10

The next step involves the pairing of homologous strands of 
DNA0 The mechanism for this phenomenon is not known. The pairing 
leads to a heteroduplex region with duplex branches. Paired regions 
are extended either by a diffusion controlled strand exchange or a 
nuclease directed strand assimilation.

The branches of DNA are then eliminated by the action of 
nucleases creating two possible recombinants. The lower recombinant 
in the drawing is termed an insertion heteroduplex and the upper re
combinant is termed a staggerd heteroduplex. The gaps between strands 
are then filled by either the host or the phage T4 polymerase. The 
strands are finally sealed by either the host or phage T4 ligase.

The experiments reported here on the effects of phage T4 mu
tations on nitrous acid induced recombination imply that the Broker 
and Dperman recombinatidnal pathway applies to nitrous acid-induced 
stimulated recombination, particularly with respect to the first few 
steps of the pathway in Figure 1.

The Function of Genes 46 and 4?
' Phage T4 gene 46 and gene 4? functions have been shown to be

required for recombination (H. Bernstein 1968; Berger, Warren and Fry 
1969; Broker and Lehman 1971)= Amber and temperature-sensitive muta
tions in genes 46 and 47 are also defective in DNA synthesis in the
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late period of a phage T4 infection (Hosoda, Mathews and Jensen 1971)» 
Electron microscopic examination of intracellular phage UNA inter
mediates formed by genes 46 and 47 mutants show no branched molecules 
in DNAo Such mutants fail to produce single stranded gaps or termini 
(Broker 1973) o' These branched structures are thought to be inter
mediates in phage T4 recombination in wild-type phage infections*

Genes 46 and 47 were found to have an exonucleolytic activity 
on host and phage DNA (Kutter and Wiberg 1968)= The time course of 
bacterial DNA degradation after infection of E* coli B with phage T4 
was followed with neutral and alkaline sucrose density gradient cen
trifugation* It was found that the degradation of both E* coli and 
cytosine containing phage DNA (instead of normal hydroxymethylcytosine 
containing DNA) occurred as a two step process* The first step 
involves limited endonucleolytic cleavage * This was found to occur 
in gene 46 and 4? mutants* The next step involves a second nuclease 
sequence of reactions for the degradation of large DNA fragments to an 
acid soluble form* It was found that mutations in either genes 46 or 
47 completely blocked this second stage in degradation leaving all of 
the bacterial DNA as double stranded fragments (Kutter and Wiberg 1968)* 

Digestion.of hydroxymethylated and glucosylated wild-type phage 
T4 DNA (Wyatt and Cohen 1953) has been found to be carried out by the 
products of genes 46 and 47* Parental DNA did not become acid soluble 
when mutations in genes 46 and 47 were present (Hosoda and Mathews 
1971? Prashad and Hosoda 1972)*

As mentioned above gene 46 and 47 mutants have been shown to 
be deficient in recombination* Recombination between pairs of rll



markers was drastically reduced in infections by gene 46 and 4? 
temperature-sensitive mutants (Ho Bernstein 1968)0 Other experiments 
using amber mutations in genes 46 and 47 have also shown a great re
duction in recombination (Berger, Warren and Fry 1969)0

Evidence has been presented (Prashad and Hosoda 1972) that 
single strand breaks in DNA were repaired with ligase alone when 46 and 
47 mutations were presente This result suggests that genes 46 and 47 
control either directly or indirectly an exonuclease activity which can 
attack T4 DNA at nicks to create gapso

In summary, genes 46 and 47 code for an exonuclease that can 
degrade either host or phage DNAo When mutations in genes 46 and 47 
are defective the level of genetic recombination as well as the level 
of observable branched intermediates is greatly reducedo

The Function of Gene J>0
It has been found using temperature-sensitive and amber muta

tions that DNA ligase is coded for by gene 30 of phage T4 (Fareed and 
Richardson 1967)o The ligase catalyzes the repair of single strand 
nicks in a DNA duplex by the formation of a phosphodiester bondo In 
the reaction adenosine 5' triphosphate (ATP) is cleaved to adenosine 
5* phosphate (AMP) and inorganic phosphate (PPi) (Becker, Gefter and 
Hurwitz 1967)°

Mutants defective in ligase show an increase in recombination 
(Berger et alo 1969; Ho Bernstein 1968)0 Cesium sulfate and sucrose 
density-gradient analysis of mutants defective in both the T4 induced 
ligase and DNA polymerase result almost exclusively in the production
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of joint structures. These joint structures are hydrogen bonded 
hybrids of parental DNA as opposed to recombinant (covalently linked) 
hybrids. Joint structures contain components from different parental 
chromosomes and are thought to require ligase for final sealing (Fig.
1). These joint structures were interpreted as being intermediates in 
recombination (Anraku, Anraku and Lehman 1969). Temperature-sensitive 
mutations in gene 30 were found to increase recombination between £11 
markers of T4 (H. Bernstein 1968). Amber mutations in gene 30 were 
also found to increase recombination (Berger, Warren and Fry 1969).

Understanding the effects of ligase mutants in the presence of 
an rll mutant (such as used in the nitrous acid experiments) is com
plicated by the suppressive effect of _rll mutations on ligase mutations. 
It has been reported that under conditions when lig amber mutations are 
not viable (Fareed and Richardson 196?), £ll lig mutations may be 
viable (Berger and Kozinski 1969; Karam 1969). The mechanism of this 
suppression has been investigated (Berger and Kozinski 1969; Karam 
1969). The conferring of an £ll mutation and a gene 30 amber mutation 
partially restored phage growth in the Su” host E. coli B. The pres
ence of the rll mutation also resulted in nearly complete restoration 
of phage DNA synthesis preventing the extensive degradation of parental 
phage DNA observed after infection with lig” single mutants (Berger and 
Kozinski 1969).

E. coli host ligase has also been shown to have a role in sub
stituting for the defective phage ligase in £ll”lig” infections 
(Krisch, Shah and Berger 1971). Increased recombination in ligase
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deficient £ll infections is reduced in bacterial strains which produce 
a greater than normal level of host ligase (Karam 1969).

In summary these results show that mutations in the phage T4 
gene 30 ligase decreased viability and increased recombination. Double 
mutants rll lig show increases in viability compared to single lig~ 
mutations. The E. coli host ligase may play a role in rll" lig™ 
infections.

Multiplicity Reactivation
When multiplicity reactivation was first discovered by Luria 

- in 194? he suggested the possible involvement of recombination (Luria
1947). Luria found that after irradiation of phage and infection of 
cells at either high or low multiplicity, the cells infected at high 
multiplicity of infection, moi, showed a much higher plaque forming 
ability than cells infected at low moi.

These experiments point to a relationship between recombination 
and survival after UV-irradiation but they give no insight into the 
mechanism at the molecular level.

In 1958 Harm studied the survival of multicomplexes at differ
ent moi after irradiation with X-rays (Harm 1958). It was found that 
multiplicity reactivation of intracellular X-rayed phage occurred, 
indicating that multiplicity reactivation was not limited to UV-induced 
lesions.

Recent work by Nonn and Bernstein (1977) has implicated a 
number of T4 gene functions in multiplicity reactivation. These ex
periments involved the multiplicity reactivation of phage T4 damaged
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by nitrous acid. The survival of monocomplexes and multicomplexes of 
wild-type phage after HNO  ̂treatment was determined. Multicomplexes 
showed a much greater survival than monocomplexes after treatment sug
gesting that the DNA lesions produced by nitrous acid were effectively 
repaired by multiplicity reactivation.

The survival of mutants defective in gene 46 (tsL109) and gene 
47 (tsL86) was determined and compared to wild-type infections. The 
level of multiplicity reactivation was far less in 46"* and 47" multi
complexes than in wild-type multicomplexes. This indicates that genes 
46 and 47 have a role in multiplicity reactivation.

The series of experiments with UV-light, X-rays and nitrous 
acid as inactivating agents suggests that multiplicity reactivation is 
a recombinational process useful in the repair of a variety of DNA 
lesions. Both recombination of genetic markers and multiplicity 
reactivation requires at least two homologous chromosomes. Also the 
experiments with mutants defective in genes 46, 47 and 30 show that 
multiplicity reactivation and recombination as measured by marker 
exchange require common gene functions.

Stimulated Recombination 
It has been shown in phage T4 that the frequency of exchange 

between genetic markers can be stimulated by a variety of agent. These 
agents include X-rays, UV-light, -decay, and 9-aminoacridine (Harm 
1938; Epstein 1938; Symonds and Ritchie 1961; Mattson 1970). All of 
these experiments were carried out with phage that did not carry 
mutations deficient in unstimulated recombination. Thus it was not
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clear whether the same enzymatic pathway was used for stimulated and 
unstimulated recombination.

It has been shown that recombination increases after treatment 
with X-rays when the percentage of wild-type recombinants was plotted 
as a function of X-ray dose (Harm 1958)• This stimulation of recom
bination was greater than four times the level in untreated phage.
UV-light has also been shown to stimulate recombination in phage T4 
by over three times (Epstein 1958). Symonds and Ritchie (1961) re
ported stimulation of recombination by the incorporation of in 
phage infected E. coli cells. This increase was two times that of 
untreated Tk/E. coli complexes. In addition it has been shown that
9-aminoacridine is capable of stimulating recombination in phage T4 
(Mattson 1970). An increase of genetic exchange between rll markers 
of over three times was reported. These experiments also showed that 
this increase in recombination was not attributable to a delay in 
maturation of the phage particle.

X-rays, UV-light, -decay, and 9-aminoacridine are known to 
have a variety of effects on DNA. UV-light introduces pyrimidine 
dimers (Bedkers and Berends i960) and it is thought that 9-aminoacridine 
intercalates into the DNA double helix (Lerman 1964). X-rays and 
^̂ P-decay (see review by Dertinger and Jung 1970) have been shown to 
cause both single strand and double strand breaks in DNA. The follow
ing experiments will show the effects of nitrous acid-induced lesions 
on recombination in phage T4. It is known that nitrous acid causes 
oxidative deaminations (Schuster i960) and crosslinks in DNA (Becker,
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Zimmerman and Geiduschek 1964)„ It is proposed that the damage caused 
by nitrous acid may be responsible for the effects on recombination0



MATERIALS AND METHODS

Phage and Bacterial Strains
T4 phage and E. coli bacterial strains were obtained from the 

California Institute of Technology. Double mutant phage were con
structed in this laboratory. Phage stocks were prepared by inoculating 
a slightly turbid culture of S/6/5 with approximately 10  ̂phage/ml. 
These stocks were grown at 37° overnight. The cells were lysed with 
chloroform and the debris removed by centrifugation in the cold. The 
phage were then concentrated by ultracentrifugation in a Sorvall SS-34 
rotor at 17,000 r.p.m. for 2.5 hours to a titer of greater than 2.25 
x 10" phage/ml.

The phage strains used were rEDlM+C^IIA), r/lCrTIA), tsL109(46) 
rEDl44(rIIA), tsL109(46)r71(rIIA), tsL86(47)rEDl44(rIIA), tsL86(47)rIIA, 
tsB20(30)rEDl44(rIIA), tsB20(30)r71(rIIA), and T4D wild-type, The ts 
symbol indicates that the mutant was sensitive to increases in tempera
ture. The brackets indicate which gene was defective.

Media
Hershey's Broth (Steinberg and Edgar 1962) were used for the 

growth of phage lysates and growth media for the phage crosses. Phage 
to be treated with nitrous acid were suspended in modified M-9 media 
containing NaHPÔ  (6.0g/L), KH P̂O  ̂(3»0g/L), NĤ Cl (l.Og/L) (Adams 
1959)• The agar overlay method on agar plates (Adams 1959) was used 
for measuring phage plaque formation.

14
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Nitrous Acid Treatment 

Phage concentrated at approximately 2*5 x lO^/ml were diluted 
10-fold into 4.5 ml of sodium acetate buffer (0.1 m and pH 4.0). Then 
0.45 ml of l.CM NaNO  ̂was added to the phage in acetate buffer to give 
a final concentration of 0.1M NaNO  ̂(Bernstein et al. 1976). At short 
intervals after adding NaNÔ  samples of phage were removed and dilated
10-fold into modified M-9 solution to stop the reaction.

Plating
Indicator bacteria were prepared by inoculating 250 ml of 

Hershey's broth with 0.4 ml of a saturated E. coli broth culture that 
had been incubated overnight (Steinberg and Edgar 1962). Plating cul
tures were incubated at 37°C until they reached a titer of approxi-

g
mately 1 x 10 cells/ml. The cells were then harvested by centrifu
gation for 30 minutes at 3,000 rpm and resuspended in 15 ml of Hershey*s 
medium for use as plating indicators. The permissive plating host for 
the rll mutant was E. coli S/6/5* The restrictive plating host was 
E. coli K594A. Plates were incubated overnight at 25*0.

Cross Protocol
Log phase E. coli were prepared by inoculating 250 ml of 

Hershey* s Broth with 0.4 ml of a fresh saturated culture of bacteria
g

and growing the cells at 37*0 until a titer of 1 x 10 cells/ml was 
achieved. Cells were concentrated by centrifugation and adjusted to

g
4 x 10 viable cells/ml with modified M-9 solution. A klett meter was 
used to estimate the titer and a viable bacterial count was obtained 
by diluting an aliquot of the adjusted suspension and plating at 25*0 
to measure colony formation.
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Aliquots of log phage bacteria were suspended in modified M-9 

salts solution for 30 minutes and prewarmed to 37°C in absorption 
tubes. Aliquots of phage mixtures for crosses were added at concentra
tions giving 5-25 phage per bacteria. After 10 minutes of incubation 
infected cells were diluted 4 x 10  ̂into prewarmed growth tubes at 37*0. 
Unabsorbed phage were sampled within 23 minutes after infecting the 
host cells. After 90 minutes the growth cycle was terminated by the 
addition of chloroform. Total progeny was determined by diluting and 
plating on E. coli S/6/5 and <rll+ progeny were determined by diluting 
and plating on E. coli K594A.. The recombination frequency was twice 
the rll+ progeny divided by total progeny. This fraction was multi
plied by 100 so that it could be expressed as a percentage.



RESULTS

Genes 46 and 4?
Treatment with nitrous acid resulted in survival curves that 

followed single hit kinetics for both wild-type and mutant strains of 
phage T4. Nitrous acid treatment was found to produce approximately 
one lethal hit for 2.2 minutes of exposure at the concentration used 
(0.1M).

The assay for recombination could detect two or more r+ re
combinants out of 10,000 phage progeny. The spontaneous r* revertant 
frequency for all of the ts rll mutants used was less than 10 .
Figure 2a and 2b each show the results of two crosses. In all crosses 
the frequency of recombination was measured between the markers 
rEDl44(rIIA) and r71(rIIA). When these strains are untreated, crosses 
give recombination frequencies of 1-2%. In Figure 2a the percent re
combinants obtained in the control cross ts* rEDl44 x ts*r71 is repre
sented by closed circles and labeled (ts*). It shows a frequency of 
recombination at zero minutes of treatment of 1.5%. After treatment 
with nitrous acid the frequency of recombination rose to 10%. The 
open circles in Figure 2a represent the cross between mutants 
tsL109rEDl44 (gene 46) and tsL86r71 (gene 46). The initial frequency 
of recombination was 0.012% and the final frequency after treatment 
with nitrous acid was 0.017%.

17
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In Figure 2b the control cross again is represented by closed 

circles and labeled ts~*~• It shows a frequency of recombination at zero 
minutes of treatment with nitrous acid of 1 , % , After treatment with 
nitrous acid the frequency of recombination rose to The open
circles in Figure 2b represent the cross between mutants _tsL86rEDl44 
(gene 4?) and tsL86r71 (gene 47). The initial frequency of recombina
tion was 0.047# and the final frequency after treatment with nitrous 
acid was 0.069#. The results shown in Figure 2a and 2b demonstrate am 
appreciable increase in recombination of the control crosses from 1.5# 
to 9.5-10# after treatment with nitrous acid. Mutants tsL109 (gene 46) 
and tsL86 (gene 47) showed a marked reduction in the frequency of re
combination without treatment. Even after treatment with nitrous acid 
the frequency of recombination was well below that of ts* control fre
quencies of recombination. These results indicate that genes 46 and 
47 are essential for both unstimulated recombination and the added 
recombination induced by nitrous acid lesions.

Gene 30
Figure 3 shows the effect of the gene 30 ligase allele tsB20 

on recombination. The control cross rEDl44 x 3*71 is shown by the 
closed circles and labeled ts*. The frequency of recombination at 
zero minutes of treatment with nitrous acid was 1.8#. After treatment 
with nitrous acid the frequency of recombination rose to 8.5#. The 
cross tsB20r71 x tsB20rEDl44 was represented by open circles. The 
frequency of recombination at zero minutes of treatment was 8.5# as 
opposed to 1.8# for the ts* wild-type control. After treatment for
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6 minutes the level of recombination rose to 41%„ At 12 minutes of 
treatment the level of recombination was 33%» Thus in•the presence of 
a defective ligase the frequency of recombination both before and after 
treatment with nitrous acid is greatly enhanced,.

Summary of Results 
A summary of the results is shown in Table 10 The results of 

three wild-type crosses were averaged, and they show an increase in 
recombination frequency of nearly six times0 The results of 8 experi
ments (including the three shown here and five additional experiments) 
show average increases in recombination frequency of over seven times0 

The mutant cross with a gene 30 ligase deficiency shows a sub
stantial increase in the frequency of recombination after treatment 
with nitrous acid (from 8o3% to as high as 4l%) whereas the crosses in 
the presence of genes 46 and 4? controls show little if any increase 
in recombination after treatment with nitrous acido
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Table lo Effect of gene 309 46 and 4-7 mutations on recombination of 

HN02 treated phage0

Mutation
% Recombination 
without HN02

Maximum % 
Rec ombination 
with HN02 Stimulation

Wild Type* I06 9.3 yes
46" 0=012 0=017 no
4?" 0=047 0=069 no
30" 8=5 53-41 yes

*Average of three experiments.



DISCUSSION

A number of agents have been shown to stimulate recombination 
in phage T40 X-rays, UV-light, -decay, and 9-aminoacridine have 
been found to increase the level of recombination by up to four times 
(Epstein 1958; Harm 1958Y Symonds and Ritchie 196I5 Mattson 1970) =>
In the three experiments with nitrous acid reported here the average 
increase in recombination was six times= The average increase in re-

. 7  ■combination in eight experiments (including an additional five not 
reported here) was over seven times.. It is postulated that the high 
stimulation of recombination in contrast to that found with other 
agents may reflect some particular characteristic of HNO^ lesions in 
DNAo

Phage T4 inactivation by nitrous acid follows first order 
kinetics. This indicates that lethal lesions are caused by single 
chemical alterations (Vielmetter and Schuster I960), Nitrous acid 
causes the oxidative deamination of bases (Schuster i960) and the 
cross-linking of DNA (Becker, Zimmerman and Geiduschek 1964)0 Oxi
dative deamination converts guanine, adenine, and cytosine respec
tively to xanthine, hypoxanthine, and uracilo It is not known to what 
degree oxidative deaminations contribute to lethality. The formation 
of cross-links relative to deaminations is thought to be frequent 
(Becker, Zimmerman and Geiduschek 1964)=. The existence of only a 
single unrepaired cross-link in DNA is thought to result in lethality,
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It is postulated that a cross-link prevents the denaturation of double- 
stranded DNA«, Strand separation must occur for the accurate replica
tion and transcription of DNA (Becker, Zimmerman and Geiduschek 1964)0 
Recombination is the only known repair process which can accurately 
repair cross-linked DMA (Cole 1973; Hanawalt and Setldw 1975? pp° 421- 
429? 487-500; Howard-Flanders and Lin 1973)o Since nitrous acid is 
known to produce cross-links in DMA this may present one explanation 
for the increase in the level of recombination observed in wild-type 
crosseso

The inhibition of recombination by mutations in genes 46 and 
47 strengthens current concepts of how their gene products function in 
phage T4o Genes 46 and 47 probably code for a DMA exonuclease (Kutter 
and Wiberg 196B)„ These gene functions act in recombination to widen 
the nick formed previously by an endonuclease (see Figo 1) (Broker and 
Doerman 1975)= The action of exonuclease results in the creation of 
single-strand gaps0 If this exonuclease is not present, gaps will not 
be formed and the level of recombination will be reduced* The advance
ment of the recombinatipnal pathway will then be blocked» The results 
obtained here with mutants tsL109 (gene 46) and tsL86 (gene 47) indi
cate greatly reduced frequencies of recombination even after treatment 
with nitrous acid* These results show that natural and HNO^ stimulated 
recombination require common gene functions and thus repair recombina
tion may occur by a pathway similar to natural recombination0 The 
inhibition of recombination obtained with mutations in genes 46 and 4? 
also correlates with results obtained by multiplicity reactivation0 
It was demonstrated that multiplicity reactivation could effectively
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repair lesions produced by nitrous acid (Harm 1974; Nonn and Bernstein 
1977)o Mutants defective in genes 46 and 47 had levels of multiplicity 
reactivation appreciably lower than that of wild-type6 This correlates 
well with the lower level of recombination in gene 46 and 47 mutants0 
The Observations of Nonn and Bernstein support the hypothesis that 
multiplicity reactivation is a recombinational process requiring the 
same gene functions as recombination,.

Gene 30 of phage T4 codes for a polynucleotide ligase. . It is 
thought to catalyze the esterification of 31-hydroxy 5'-phosphate 
single stranded scissions in double stranded DNA (Becker, Gefter and 
Hurwitz 1967)0 If ligase is completely deficient the sealing of nicks 
in the final stages of recombination does not occur (Fig0 1) (Broker 
and Lehman 1971)o Viability and recombination are decreased in these 
infectionso Bernstein has shown that a mutation in gene 30 (tsB20) 
results in an increased level of recombinationo In the present study 
the level of recombination at 37*0 with a tsB20 ligase mutant was in
creased three to four times* The additional increase in recombination 
observed here in response to HNÔ  treatment can be accounted for by 
examining the model shown in Figure 1* If ligase is deficient the 
nicks created by endonuclease which initiate the pathway will accumu
late* This creates a quantity of substrate for action by exonuclease* 
The ligase deficiency thus advances the pathway*

Ligase is also required for the final step of recombination 
(Fig* 1) (Broker and Lehman 1971)= Either the phage T4 ligase or the 
host ligase is thought to be available to complete the final stage in 
the pathway* The great stimulation of recombination by nitrous acid
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in the presence of a ligase mutation could be explained by assuming 
that the available pool of ligase is depleted by the high number of 
nicks caused by the many HNCL, lesions= It is difficult to explain why 
this deficient level of ligase stimulates recombination while at the 
same time it is sufficient for the final step of recombination* Per
haps the latter time of the final ligase step or a greater contribution 
by the host ligase at the later stage of the maturation cycle could 
account for this sufficiencyo



LIST OF REFERENCES

Adams, Me. He 1959= Bac ter i ophage s = Inter science Publishers, Inc0, 
New Yorko pp0 29-30»

Alberts, B= Mo and L0 Frey0 1970o T4 bacteriophage gene 32; A
structural protein in the replication and recombination of 
DNA0 Nature 227;1313-1318<

Ahraku, No, Yo Anraku and !» R, Lehman0 . 1969° Enzymatic joiningo 
VIIIo Structure of hybrids of parental DNA molecules0 
Jo Molo Biol. 46:481-492o

Becker, Ao, Mo Gefter and Jo Hurwitzo 1967o Reactions at termini of 
DNAo Federation Proceedings 26:395o

Becker, E0 Fo, Jr?, B» K= Zimmerman and Po E0 Geiduscheko 19640 
Structure and function of cross-linked DNA 1= Reversible 
Denaturation and Bacillus subtillus transformation0 Jo Mol0 
Biolo &377-391o

Bedkers, Ro and W e BerendSo I96O0 Isolation and identification of 
the irradiation product of thymineo Biochim0 et Eiophyso 
Acta 41:550-551o

Berger, Ho and Ao W0 Kozinskio 1969= Suppression of T4D ligase
mutations by rllA and r_IIB mutations0 Proc0 Nato Acado Scio 
(UoSoAo) 64:897-904o

Berger, Ho, J= A= Warren and K0 E= Fz*yo 1969= Variations in genetic 
recombination due to amber mutations in T4D bacteriophage0 
Jo Virolo 2;171-175=

.Bernstein, Go, Do Morgan, H» L= Gensler, So Schneider, Go E= Holmes= 
1976o The dependence of HNOg mutagenesis in phage T4 on 
ligase and the lack of dependence of 2AP mutagenesis.on repair 
Functionso Molec0 Geno Geneto 148;213-220o

Bernstein, Ho. 1968= Repair and recombination in phage T40 Io Genes 
affecting recombinatioho Cold Spring Harbor Symposium 28s 
325-331=

Bernstein, H= 1977= Germ line recombination may be primarily a 
manifestation of DNA repair process, Jo Theor, Biolo 69; 
371-380o

27



28
Broker, To B0 1973° An electron microscopic analysis of pathways for 

bacteriophage T4 DNA recombinationo Molo Biolo 8l:l-l60
Broker, To Ro and A® Ho Boerman® 1975o Molecular and genetic re

combination of bacteriophage T40 Ann® Rev® Gen® jh 213-243®
Broker, T® R® and I® R® Lehman® 1971° Branched DNA molecules: Inter

mediates in T4 recombination® J® Mol® Biol® 60:131-149®
Cole, R® S® 1973° Repair of DNA containing interstrand crosslinks in 

Escherichia coli: Sequential excision and recombinationo
Proc® Nat® Acad® Sci® (U®SoA®) 70?1064-1068®

Darlington, C® D® 1935° The time place and action of crossing over®
Jo Genet® 31;185-212o

Delbruck, M® and W® T® Bailey, Jr® 1946® Induced mutations in bac
terial viruses® Cold Spring Harbor Symposia on Quantitative 
Biology 11:33-37°

Dertinger, H® and H® Jung® 1970® Molecular Radiation Biology®
Springer Verlag, New York, pp® 180-183®

i

Epstein, R® H® 1958° A study of multiplicity reactivation in the 
bacteriophage T4® I® Genetic and functional analysis of 
T4P-K12 (A) complexes® Virol® 6̂ :382-403®

Fareed, G® C® and C® C® Richardson® 1967® Enzymatic breakage and join
ing of deoxyribonucleic acid, II® The structural gene for poly
nucleotide ligase in bacteriophage T4° Proc® Nat® Acad® Sci® 
58:665-672®

Fenner, F®, B® R® McAuslan, C® A® Mims, J® Sanbrook and D® 0® White® 
1974® The Biology of Animal Viruses® Academic Press, Inc®,
New York, p® 296°

Hanawalt, P® C® and R® B® Setlow® 1975® Molecular Mechanisms for
Repair of DNA® Plenum Press, New York and London, pp® 421-429, 
487-500®

Harm, W® 1958® Multiplicity reactivation, marker rescue, and genetic 
recombination in phage T4 following X-ray inactivation®
Virol® 5:337-361=*

Harm, W® 1974® Recovery of phage T4 from nitrous acid damage®
Mutation Res® 24:205-209°

Hayes, W® R® 1974® The genetics of bacteria and their viruses®
John Wiley and Sons, New York and Toronto, pp® 376, 61-64®



29
Hershey, A. Dc 1946* Spontaneous mutations in bacterial viruses,.

Cold Spring Harbor Symposia on Quantitative Biology, 11;67-76,
Heywood, P„ and P„ To Mageee 1976° Meiosos in protists —  some 

structural and physiological aspects of meiosis in algae, 
fungi and protozoao BactQ Revo 40;190-2400

Hosoda, Jo and E0 Mathews. 1971° DNA replication in vivo by poly- 
nucleotideligase defective mutants of T40 11= Effect of
chloroamphenicol mutations in other genes0 Jo Molo Biol.
55;155-179°

Hosoda, Jo, S. Mathews and B. Jensen. 1971° Roles of genes 46 and 4? 
in bacteriophage T4 reproductiono Jo Virol. &  572-587°

Howard-Flanders, P. and P. P. Lin. 1975° Genetic recombination in
duced by.DNA cross-links in repressed phage XG Genetics 
73 (Supp. 1);85-90o

Karam, J° Do 1969° DNA replication by phage T4 rll mutants without 
polynucleotide ligase (Gene 30). Biochem. and Biophys. Res. 
Commo 37:416-422o

Kornberg, A. 1974o DNA Synthesis. Will. Freeman and Co., San . 
Francisco.

Krisch, H. M., D. B. Shah and H. Berger0 1971° Replication and re
combination in ligase-deficient rll bacteriophage T4D. J. 
Virol. 7;491-498.

Kutter, Eo M. and J. S. Wiberg. 1968= Degnadation of cytosine-
containing bacterial and bacteriophage DNA after infection of 
Escherichia coli B with bacteriophage T4D wild-type and with 
mutants defective in genes 46, 47, and 56° J. Mol. Biol.
38;395-411.

Lerman, 1. S. 1964. Acridine mutagens and DNA structure. J. Cello 
Comp. Physiolo 64 (Supp. I);l-l8.

Luria, S. E. 1947° Reactivation of irradiated bacteriophage by
transfer of self-producing units. Proc. Nat. Acad. Sci. 33; 
253-264.

Mattson̂  T. L. 1970o Recombination of bacteriophage T4 stimulated 
by 9-aminoacridine. Genetics 65»535-544.

Meselson, M. and J. J. Weigle. 1961. Chromosome breakage accompanying 
genetic recombination in bacteriophage. Proc. Nat. Acad. Sci. 
(U.S.A.) 47;857-868.



30
Norm, E. M. and C. Bernstein. 1977• Multiplicity reactivation and 

repair of nitrous acid-induced lesions in bacteriophage T4.
Mol. Biol. 116:31-47.

Prashad, N. and J. Hosoda. 1972. Roles of genes 46 and 4? in 
bacteriophage T4 reproduction. II. Formation of gaps in 
parental DMA of polynucleotide-ligase defective mutants.
J. Mol. Biol. 70:617-635.

Padding, C. M. 1973. Molecular mechanisms in genetic recombination. 
Ann. Rev. Genetics 7/87-111.

Schuster, H. i960. The reaction of nitrous acid with deoxyribo
nucleic acid. Biochem. Biophys. Res. Comm. ̂ 2:320-323.

Steinberg, C. M. and R. S. Edgar. 1962. A critical test of a current
theory of genetic recombination in bacteriophage. Genetics 
47:187-208.

Symonds, N. and D. A. Ritchie. 1961. Multiplicity reactivation after 
the decay of incorporated radioactive phosphorus in phage T4.
J. Mol. Biol. 3:61-70.

Vielmetter, W. and H. Schuster, i960. The base specificity of
mutation induced by nitrous acid in phage T2. Biochem and 
Biophys. Res. Comm. 2:324-328.

Wyatt, G. R. and S. S. Cohen. 1953. The bases of the nucleic acids of
some bacterial and animal viruses: The occurrence of
5-hydroxymethylcytosine. Biochem. J. 55:774-782.




