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ABSTRACT 

Experiments were performed to study the molecular 

mechanism of chemically induced mutagenesis in bacteriophage 

T4. We have found that base analogue, nitrous acid, and 

ethyl methanesulfonate mutagenesis are depressed in the 

presence of the defective ligase formed in a temperature-

sensitive ligase mutant, tsB20. The depressed mutagenesis 

was observed at temperatures at which growth of the mutants 

in terms of burst size was relatively normal. This indi

cates that DNA replication, involving joining of Okazaki 

fragments by the ligase was not substantially defective. 

The reversion of 10 amber mutations in 7 genes was studied. 

Mutagenesis by 2-aminopurine was reduced in 7 out of the 10 

cases in the presence of the defective ligase. tsB20(50), 

and 5-bromouracil mutagenesis was reduced in 9 out of 10 

cases. The reductions were from 2 to 99 fold. There was no 

correlation between the degree that 2-aminopurine mutagene

sis was depressed, and the degree that 5-bromouracil muta

genesis was depressed for a given amber mutant. Although 

the reduction in mutagen induced mutation was in some cases 

as great as 99%, the mutation rate in the presence of the 

mutagen was always greater than the spontaneous level. When 

revertants of the temperature-sensitive character were iso

lated from the tsB20(30) am double mutants, it was found 

ix 
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that base analogue and nitrous acid mutagenesis were not 

depressed in these revertants. The presence of the defec

tive ligase, tsB20 (50), also depressed nitrous acid muta

genesis for 8 of the 10 amber mutants to roughly the same 

extent as was observed for base analogue mutagenesis. When 

the nitrous acid experiments were carried out at 25°C in

stead of 32°C, the depression of nitrous acid mutagenesis in 

the presence of tsB20(50) was not observed. Also the de

pression in 2-aminopurine and nitrous acid mutagenesis was 

not observed in the presence of another gene 50 temperature-

sensitive mutant, tsA80(50), which has previously been shown 

to be capable of UV and MMS repair unlike tsB20 (50) which is 

unable to repair UV and MMS damage. Ethyl methanesulfonate 

mutagenesis was similarly depressed in the presence of the 

defective ligase, tsB20(50) for the two amber mutations 

tested. Since DNA ligase action is probably the last step 

in any repair process in T4, these results are interpreted 

as meaning that mutagenesis induced by treatment with base 

analogues, nitrous acid, and ethyl methanesulfonate depends 

at least partially on an excision-repair process. This 

excision-repair process might be capable of recognizing and 

editing chemically induced mispairs in the DNA. 



INTRODUCTION 

Historical 

Nitrogen and sulfur mustards were the first chemi

cal compounds shown to have mutagenic action (Auerbach, Rob-

son, and Carr, 1947). Although the work was done in 1939, 

because of wartime secrecy, it was not reported in the lit

erature until 1947. Auerbach and Robson (1946) showed these 

chemicals to be strong mutagens on Drosophila. In another 

study, Thorn and Steinberg (1939) found that nitrous acid was 

a strong mutagenic agent in Aspergillus. These chemicals 

plus a large number of others were subsequently found to be 

mutagenic for plants, animals, and microorganisms (see Fish-

bein, Flamm, and Falk, 1970 for review). During this period 

from 1939 to 1953, no prediction of mutagenic activity could 

be made on the basis of chemical structure, and no useful 

model of mutagenic action could be devised in the face of 

the large number of possible chemical reactions that these 

widely various mutagens could cause. However, with the elu

cidation of the genetic code by Watson and Crick (1953), 

these authors were able to propose that mutation could oc

cur as a result of changes in the base pairing properties 

of purine and pyrimidine in DNA due to changes in their hy

drogen bonding specifities. A number of chemical mutagens 

have been demonstrated to cause changes in base pairing 

1 



specificities (see Drake, 1970 for review). Among these 

chemicals are the base analogues 2-aminopurine and 5-bromo-

uracil which can be incorporated respectively for adenine 

and thymine, but which may undergo tautomeric shifts to pair 

with cytosine and guanine respectively (Freese, 1963; Lawley 

and Brookes, 1962; also see Discussion in this dissertation 

for more detailed review of the effects of these mutagens). 

Other chemical mutagens act directly on nucleotide structure 

to change base pairing properties. Nitrous acid and the al

kylating agent ethyl methanesulfonate are examples of such 

chemicals. Nitrous acid oxidatively deaminates adenine, 

guanine and cytosine to give respectively hypoxantine, xan

thine, and uracil (Schuster, 1960). Hypoxanthine and uracil 

will pair with cytosine and adenine respectively. Xanthine 

is apparently a nonsense base and can result in a lethal 

event (Richardson, Schildkraut, and Kornberg, 1963). Ni

trous acid conversion of adenine and cytosine, will there

fore cause transition mutations in both directions. 

Deamination of adenine causes an AT to GC shift, while de-

amination of cytosine causes a GC to AT shift (Michelson and 

Grunberg-Mango, 1964). Ethyl methanesulfonate treatment re

sults primarily in GC to AT transitions (Krieg, 1963). It 

is believed that the mechanism involved is alkylation at the 

N7 position of purines leading to mispairing (Krieg, 1963). 

A prevailing view until recently has been that in

duced mutation resulting from HNC^ or EMS treatment, or from 
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base analogue incorporation is due to mispairing during DNA 

replication and then the establishment of the mutant base 

pair on subsequent replication (see Drake for review, 1970). 

However another reasonable possibility exists which has not 

been given much attention in the literature until recently. 

This is that repair enzymes are able to recognize altered 

bases, and it is by the process of repair of these defects 

that the mutant base pairs become established. 

If repair processes play an important role in the 

establishment of fixation of an incorrect base pair after 

the initial change in the base has been introduced, then a 

reduction of repair enzyme activity might be expected to re

duce mutation. Thus a mutationally defective enzyme in

volved in repair of chemically induced mutagenesis might be 

expected to exhibit antimutator activity. 

Mutator and Antimutator 
Alleles m Phage T4 

Mutator and antimutator alleles have been observed 

in numerous systems (Drake, 1970). However, the most so

phisticated analyses have been done with procaryotes, espe

cially in those systems in which the mechanism of DNA 

replication and repair has been studied, and in which muta

tor and antimutator alleles have been identified with re

spect to their enzymatic function. Bacteriophage T4 

provides perhaps the best vehicle for mutator study due to 

the comparative completeness of its genetic map [about 70 



percent of the phage genome has been accounted for in terms 

of functional expression (Mathews, 1971)], the availability 

of more than one kind of conditional lethal mutation (non

sense codon mutations and temperature-sensitive mutations, 

the latter being important in studies of enzymatic func

tion), and the accumulated knowledge of gene functions. 

Studying mutator and/or antimutator alleles of genes in

volved in repair should clarify the mechanisms by which the 

products of the repair genes function, the pathways of re

pair, and the mechanism of mutation. 

The first mutator and antimutator alleles to be rec

ognized and extensively studied in phage T4 occurred in the 

structural gene of DNA polymerase, gene 43 (Speyer, Karam, 

and Lenny, 1966; Drake and Allen, 1968). Drake et al. 

(1969) have estimated that more than 80 percent of the gene 

43 ts_ mutants show mutator activity, and no more than 20 

percent show antimutator activity. Little or no synergism 

was observed between a strong mutator allele of gene 43 and 

several chemical mutagens (Freese and Freese, 1967; Speyer, 

1969). Yet using two specific antimutator alleles of gene 

43, Drake and Greening (1970) found that the mutagenesis 

normally caused by BUDR (5-bromodeoxyuridine)5 ZAP (2-amino-

purine) are strongly suppressed, while moderate suppression 

was observed for ethyl methanesulfonate and nitrous acid for 

some of the mutants studied. It is not known if this 



reflects the role of DNA polymerase in replication or in re

pair. 

Bacteriophage T2 is more than twice as sensitive to 

the action of UV light as bacteriophage T4 even though both 

phage contain the same amount of DNA. Genetic crosses have 

shown that this resistance is determined by an allelic dif

ference between the two phages, the v+ gene of T4 (Harm, 

1963). T4v mutants show UV sensitivity similar to that of 

T2. This gene codes for an endonuclease which is specific 

for pyrimidine dimers (Friedberg and King, 1971). It cata

lyzes the release of thymine dimers from UV-irradiated 'i'4 

or E. coli DNA, and can also bring about single-strand 

breaks in UV-irradiated DNA, presumably via the dimer-

excision reactions. Neither T4v mutants nor T2 can induce 

the dimer-excision enzyme nor can extracts of cells infected 

with T4v or T2 cause single-strand breaks in UV-irradiated 

DNA in vitro (Sekiguchi et al., 1970). 

Spontaneous mutation rates for v have been reported 

to be the same as for wild type (Drake, 1974). T4v exhibits 

both a UV sensitivity and UV-induced mutation rate of twice 

that of wild type so that the UV-induced mutation rate of 

lethal hit'is the same for T4v and wild type (Meistrich and 

Drake, 1972). It has been shown that the v system of re

pair is not essential for the repair of MMS or EMS lesions 

(Baldy, Strom, and Bernstein, 1971; Ray, Bartenstein 
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and Drake, 1972). This indicates that there is more than 

one system of repair in T4. 

Another mutant important in determining UV resis

tance for T4 has been studied. This was formerly thought to 

contain a single mutation in a gene designated x (Harm, 

1963). However, it has been recently shown that this mutant 

contained two different mutations affecting mutagenesis, jrx 

and hm. Gene px maps between gene 43 and the rlI region, 

and hm maps near gene 1 (Drake, 1974). The px mutant exhi

bits the increased UV sensitivity, MMS sensitivity (Baldy, 

Strom,and Bernstein, 1971) and the increased EMS sensitivity 

(Ray, Bartenstein, and Drake, 1972) that were observed for x 

(Drake, 1974). UV induced mutagenesis is decreased about 

7-fold and MMS induced mutagenesis is decreased about 3-fold 

per lethal hit. Conflicts have appeared with respect to the 

effect of px on recombination. Harm (1963) has observed an 

increase in recombination due to x while Drake (1974) men

tions that both x and px result in a reduced rate of recom

bination. Gene px. slightly reduces the spontaneous mutation 

rates. The spontaneous mutants arising in both wild type 

and in px. are predominantly nonrevertible by base analogues 

and contain very few deletions. This indicates that they 

probably are frameshift in character. The remaining mutants 

are A:T mutants which means that they probably arose from 

G-C to A-T transitions. A similar spectrum of mutations is 

observed on UV and MMS mutagenesis. 
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The hm mutation exhibits mild mutator activity for 

spontaneous 2EMS mutagenesis (Drake, 1974). 

Other mutations in phage T4 showing mutator activity 

occur in gene ts_ (Bernstein et al., 1972; Drake, 1974), gene 

32 (Bernstein et al., 1972; Drake, 1974), and gene 42 (Drake, 

1974). 

We have found that in the presence of the defective 

ligase specified by the temperature-sensitive mutation 

tsB20(30), base analogue mutagenesis, nitrous acid mutagene

sis, and ethyl methanesulfonate mutagenesis are depressed. 

The experiments were conducted at temperatures in which 

growth of the mutants in terms of burst size was relatively 

normal indicating that DNA replication (involving joining of 

Okazaki fragments by the DNA ligase) was not significantly 

defective. For the base analogue and the nitrous acid ex

periments, the reversion of 10 amber mutations in 7 genes 

was studied. Mutagenesis by 2-ami.nopurine was reduced in 7 

out of 10 cases in the presence of a defective ligase, and 

5-bromouracil mutagenesis was reduced in 9 out of 10 cases. 

There was no correlation between the magnitude of the effect 

of the defective ligase on 2-aminopurine mutagenesis and 5-

bromouracil mutagenesis among individual mutants. The re

duction was from 2 to 99 fold. It was also found that in 

the presence of a defective ligase, nitrous acid mutagenesis 

is depressed for 7 of the 10 amber mutants to a similar ex

tent as that observed with the base analogues. Ethyl 
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methanesulfonate mutagenesis was depressed in the presence of 

a defective ligase in the two amber mutants studied by about 

the same magnitude as was observed in the base analogue and 

nitrous acid experiments. Since ligase action is probably 

the last step in any repair process in phage T4, these re

sults are interpreted as meaning that mutagenesis induced by 

treatment with base analogues, nitrous acid, and ethyl meth

anesulfonate depends at least partially on an excision-

repair process. 



METHODS AND MATERIALS 

Phage 

All amber and temperature-sensitive mutants, and 

wild type T4D were obtained from the California Institute of 

Technology collection currently under the care of W. Wood. 

Double mutants were constructed in our laboratory. Mutants 

used in this study are designated by their phenotype (e.g., 

ts, for temperature-sensitive or am, for amber), their 

allele name and the gene in which they occur. Thus the 

temperature-sensitive mutant tsB20 which is in gene 30 is 

referred to as tsB20(30). 

Bacteria 

The restrictive (non-suppressing) host for amber 

phage mutants was E. coli S/6 (Su"). The permissive host 

for amber mutants was E. coli CR63 (Su^+). 

Media 

H-broth was used for preparation of phage stocks 

(Steinberg and Edgar, 1962). M9 media (Adams, 1959) was 

supplemented with 0.4% autoclaved Difco casamino acids (vi

tamin free), and FeCl^ (.27 mg/ml). This media is referred 

to as M9CA, and was used for growth during the base analogue 

experiments, and for suspension of the phage in nitrous acid 

and ethyl methanesulfonate treatments. EHA bottom and top 

9 
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agar were used for plaque assays (Steinberg and Edgar, 

1962) . 

Preparation of Phage Stocks 

High titer phage stocks were prepared by a liquid 

lysate method adapted from Adams (1959). 0.025 ml of E. 

coli CR63 were added to four tubes containing 25 ml H-broth 

and allowed to bubble for 2 hours at 30°C. At the end of 

2 3 4 
the two hour period, 10 , 10 , and 10 phage were added to 

the first three tubes, and then allowed to grow until some 

clearing occurred in the tubes, usually at about 8 hours af

ter inoculation. The fourth tube is used as a control to 

confirm that the bacterial cells used for preparing the ly-

sates grew normally. At the end of the 8 hours, enough 

chloroform was added to kill surviving bacteria. Bacterial 

debris was then removed from the lysates by either filtering 

through a millipore filter or by pelleting by centrifugation 

at 3,860 xg for 5 minutes. The phage in the supernatant 

were then collected by centrifuging for 45 minutes at 20,280 

xg. The phage were resuspended in 5 ml of M9CA. Their ti

ter was determined and they were then tested for both pheno-

type and reversion index. The phage stock having the 

highest titer was kept and the others discarded. 
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Preparation of Bacterial 
Plating Cultures 

Log phase cultures of bacteria which were used in 

phage plaque assays were prepared fresh for each day's plat

ing. They were prepared by inoculating 250 ml of H-broth 

with 2.5 ml of a fresh overnight culture of bacteria and 

incubating the suspension for about 2 hours with aeration at 

37°C. The bacteria were then collected by centrifugation 

and resuspended in 8 ml of H-broth. One to two drops of 

these fresh plating cultures were used per plate. 

Test of Efficiency of Plating 

Fresh bacteria cultures and one to five day old agar 

plates stored in plastic bags in the cold room were used for 

plaque assays to determine efficiency of plating of both T4D 

(wild type) and tsB20(30) or T4D and tsA80(30). Phage were 

diluted to give about 250 plaques per plate. These plates 

were incubated overnight at the same temperature and condi

tions as that in the particular experiment being conducted. 

Efficiency of plating (e.o.p.) was calculated as the ratio 

of the number of plaques obtained on E. coli S/6 to the num

ber formed on E. coli CR63 when equal aliquots of phage were 

plated. Values for e.o.p. generally varied between 0.95 and 

1.2. 



Reversion Indices 

The measure of reversion in any experiment was the 

reversion index, the ratio of am+ to am progeny at the end 

of the mutagenic treatment. Since the titer of am+ phage is 

determined by plating on E. coli S/6 and the titer of am 

phage is determined by plating on E. coli CR63, differences 

in the plating efficiency between the two bacterial strains 

are corrected for by multiplying the reversion index by the 

appropriate e.o.p. factor. When the am mutant phage carried 

a temperature-sensitive mutation in ligase then the e.o.p. 

was determined with phage carrying only the temperature-

g 
sensitive ligase mutation. Less than 2 x 10 phage were 

plated on each E. coli S/6 plate. At higher counts, the 

bacterial lawn becomes sparse and counts of am+ revertants 

are inaccurate. The reversion index for a lysate was deter

mined in at least 2 separate platings. 

Preparation of Double Mutants 

Phage crosses were performed at 30°C with E. coli 

CR63 as the permissive host using the procedure described by 

Fisher and Bernstein (1965) . The am t_s double mutants were 

identified by a spot testing procedure. First, about 250 

phage were plated out under permissive conditions on E. coli 

CR63 at 25°C. Plaques which appeared on this plate were 

touched by a toothpick and then the toothpick was touched to 

identical positions on three successive plates having the 



following characteristics: Plate 1 had a lawn of E. coli 

S/6 and was grown at 25PC; Plate 2 had a lawn of E. coli 

CR63 and incubated at 25°C; Plate 3 had a lawn of E. coli 

CR63 and was incubated at 45°C. Plates 1 and 3 represent 

non-permissive conditions for am and t_s mutants respective

ly. Plate 2 represents permissive conditions for these mu

tants. The E. coli S/6 plate is spotted first to avoid the 

possibility of contaminating that plate with the permissive 

4* 
bacterial host. Am t_s phage would be expected to form 

plaques on all three plates. Am+ t_s phage would grow on 

plates 1 and 2 only. Am ts+ phage would grow on plates 2 

and 3. Am ts_ double mutants would grow on plate 2. 

Isolation of Temperature-
Sensitive Revertants 

To isolate non-temperature-sensitive revertants of 

8 
am ts double mutants, about 10 phage from an am t_s mutant 

culture were plated on E. coli CR63 and incubated at 45°C 

overnight. Plaques formed on these plates should be non-

temperature- sensitive revertants. These plaques were sus

pended in liquid media and then tested by plating aliquots 

to determine if they still possessed the am characteristic 

by plating on E. coli S/6 at 25°C. They were also plated 

again at 45°C along with a known ts^ mutant for comparison to 

verify their non-temperature-sensitive character. These 

plaques were picked and resuspended in 1 ml, diluted to give 

250 plaques when plated at 45°C on E. coli CR63. Plaques 
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appearing on these plates were used to prepare fresh stock 

of the revertant strains. These strains were designated am 

ts R, the ts_ R abbreviation used to indicate the revertant 

genotype. 

2-Aminopurine (2AP) Mutagenesis 

Two separate batches of 2AP were used in the experi

ments, and there seemed to be a difference in their activity 

so that for the tsB20(30) experiments (page 18) a final con

centration of 1 mg/ml of 2AP as the nitrate salt was used 

and for the tsA80(30) experiments (page 44) to a final con

centration of .1 mg/ml 2AP as the free base was used. Both 

sets of experiments gave about the same increase in rever

sion of am mutants after 2AP treatment. For each set of 

experiments four liquid lysates were grown in a 32°C water-

bath for ten hours. Each phage strain was grown up in two 

tubes, one with M9CA and the other with M9CA plus 2AP. E. 

coli CR63 pregrown for two hours in M9CA at 32°C was used as 

the permissive host for the lysates. Lysates were formed by 

2 3 5 
adding 10 to 10 per ml of phage and 10 bacteria per ml to 

10 ml of media and allowing growth for 10 hours at 32°C. 

The first lysate consisted of am phage grown in M9Ca, the 

second consisted of am ts_ phage grown in M9CA, the third 

consisted of the am phage grown in M9CA plus 2AP, and the 

fourth consisted of am ts_ phage grown in M9CA plus 2AP. At 

the end of the ten hour growing period, chloroform was added 
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to kill any surviving bacteria. The lysates were then ti-

tered on E. coli CR63 at 25°C. To determine the reversion 

of am to am+, the phage were also plated on E. coli S/6 at 

25°C. 

5-Bromouracil (5BrUra) Mutagenesis 

These experiments were performed by adding 5-bromo-

uracil to a final concentration of 1 mg/ml (for the experi

ments presented on page 23) and of 0.5 mg/ml (for the 

experiments presented on page 28) the 5BrUra was added to 

the growth tube at the same time as the phage. The growth 

media was M9CA, and the experiments were conducted in a 32°C 

2 3 
waterbath. Lysates were formed by adding 10 to 10 phage 

per ml and 10^ bacteria per ml to 10 ml of media and allow

ing growth to continue for 10 hours. For each lysate pre

pared in the presence of 5-bromouracil, a parallel lysate 

was also grown in the absence of the 5-bromouracil. At the 

end of ten hours, chloroform was added to lyse any surviving 

bacteria. Reversion indices were obtained for these lysates 

as described above. 

Nitrous Acid (HNO2) Mutagenesis 

For nitrous acid mutagenesis, the bacteriophage ly

sates were diluted ten fold into 0.1 M pH 4.0 sodium acetate 

buffer plus 0.1 M NaNC^ and incubated at room temperature 

for 20 minutes. At the end of the 20 minute nitrous treat

ment, another ten fold dilution was carried out into 1.0 M 



pH 8.0 Tris buffer (Adams, 1959) in order to stop the action 

of nitrous acid. Untreated samples of the appropriate phage 

stocks were also diluted ten fold into Tris buffer to deter

mine the effect of the buffer on mutation rate and survival. 

The phage were then plated on E. coli CR63 and E. coli 3/6, 

and the plates incubated in plastic containers submerged in 

a 32°C waterbath [experiments on pages 28, 44). In one set 

of experiments the incubation was a 2 5°C waterbath (page 

37) . 

Ethyl Methanesulfonate (EMS) 
Mutagenesis 

0.2 ml of the am mutant phage at 10"^ per ml and 0.2 

10 
ml of the am ts_ double mutant phage at 10 per ml were each 

placed in an equal volume of 0.4 M EMS dissolved in 12.5% 

ethanol. The EMS was obtained from Sigma Laboratories (St. 

Louis, Missouri) and had a specific density of 1.196 gm/ml. 

The phage suspension being treated with EMS was incubated at 

37°C for one hour. At the end of the one hour incubation, 

0.3 ml of the phage suspension was diluted into 3 ml of H-

broth (Luria and Burroughs, 1957), and incubated for an 

additional 20 hours at 37°C. At the same time 0.1 ml of un

treated am phage at 10^ per ml were each diluted into 1 ml 

of L-broth and also incubated for 20 hours at 37°C. At the 

end of the 20 hour post - treatment, aliquots were removed 

from the two EMS treated suspensions, from the two suspen

sions receiving only the post-treatment, and from two 



untreated original suspensions. Reversion indices were de

termined for each of the suspensions as described above. 

Plates for determining the reversion indices were incubated 

in plastic containers submerged in a 32°C waterbath. The 

reversion index of phage receiving only the post-treatment 

was carried out to determine the effect of the post-

treatment on phage survival and mutation. 

The DNA of bacteriophage T4 possesses a peculiarity 

in that cytosine is completely replaced by 5-hydroxymethyl-

cytosine (5HMC). Therefore, whereas C is used in the text 

of this dissertation, 5HMC is meant but not stated so as to 

maintain normal convention. 



RESULTS 

Depression of Base Analogue 
Induced Mutagenesis by a 

Temperature-Sensitive DNA Ligase 

The effects of the temperatiire-sensitive ligase mu

tation tsB20(30) on mutation induced by the base analogue 

2-amnipurine was determined. Double mutants (tsB20 (30), am) 

were constructed with tsB20 (30) in combination with 10 amber 

mutations in 7 genes. Reversion indices of the am mutants 

in the presence or absence of 2AP and in the presence of a 

wild type ligase or a temperature - sens itive ligase, 

tsB20(30), are shown in Table I. The reversion index of the 

amber mutant in the presence of the wild type ligase is 

listed first. Next is given the reversion index in the pres

ence of a temperature-sensitive ligase, tsB20 (30), then the 

reversion index in the presence of the wild type ligase and 

2AP, and finally the reversion index in the presence of the 

temperature-sensitive ligase, tsB20(30), and 2AP. All ex

periments were carried out at 32°C. 

Stimulations and depressions in reversion index were 

calculated by taking the ratio of the reversion index mea

sured under one condition in Table I to the reversion index 

measured under another condition. The ratios are shown in 

Table II. In our experience and the experience of Drake and 

Greening (1970) who used a similar system, ratios in the 

18 
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Table I. Effect of tsB20(30) on 2-Aminopurine Induced 
Reversion oT am Mutations. 

Mutant and Treatment 

Reversio 
per 10 

Expt. 1 

n Indices 
Progeny 

Expt. 2 

amB2 5 5(10) 46 20* 
amB25 5(10) + tsB20(30) 77 49 
amB 255 (10) and~2AP 67,000 59,000 
amB255(10) + tsB20(30) and 2AP 710 610 

amN69(12) 3. 6 9.0* 
amN 69(12) + tsB20 (30) 5. 9 7.1 
amN69(12) and-2AP 2,400 7,000 
amN69(12) + tsB20(30) and 2AP 780 1,700 

amN104(12) 1. 2 
amN104(12) + tsB20(30) 2. 0 
amN104(12) ancT~2AP 640 
amN104 (12) + ts_B20(30) and 2AP 711 

amE18(18) 28 
amE18(18) + tsB20(30) 20 
amE18(18) anT~2AP 3,100 
amE18(18) + tsB20(30) and 2AP 200 

amB17(23) 9. 2 8 . 1* 
amB17(23) + tsB20(30) 10 7.1 
amB17(23) and-2AP 5,800 4, 500 
amB17(23) + tsB20(30) and 2AP 6,000 4,700 

amB27 2 (23) 7. 8 
amB2 7 2 (23) + tsB20(30) 8. 4 
amB27 2 (23) ana~2AP 2,200 
amB272(23) + tsB20(30) and 2AP 200 

amN58(34) 2. 0 
amN58(34) + tsB20(30) 1. 5 
amN58(34) and-2AP 1,200 
amN58 (34) + tsB20(30) and 2AP 330 

amN 252 (35) 18 
amN 252 (35) + tsB20 (30) 40 
amN252 (35) and-2AP 1,800 
amN252(3 5) + tsB20(30) and 2AP 500 
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Table I, Continued. 

Mutant and Treatment 

Revers ion 
per 10? 

Expt. 1 

Indices 
Progeny 

Expt. 2 

amN52 (37) 
amN52(37) + tsB20(30) 
amN 52 (37) and 2AP 
amN52(37) + tsB20(30) and 2AP 

1.3 
1.0 

1,000 
750 

amA481(37) 
amA481(37) + tsB20(30) 
amA4 81(37) and 2AP 
amA481 (37) + tsB20(30) and 2AP 

7.7 
15 

17,000 
5,700 

5. 0a 

10 
8,600 
1, 200 

aRelated reversion indices placed in one column are obtained 
on the same day using aliquots of a single culture of host 
bacteria. Reversion indices placed in the adjacent column 
were obtained with a different culture of host bacteria. 



Table II. Depression of 2-Aminopurine Induced Reversion of am Mutations by tsB20(30). 

Mutant 
ts + 

ts~ 

ts+ $ 2AP 

ts + 
ts_" $ 2AP 

ts " 

ts" § 2AP 

ts^ § 2AP 

% elimination of induced 
mutagenesis in the pres
ence of tsB20(30)a 

amB255(10) 0.6 1,500 9.2 0. 01 99 
0.4 3,000 12 0.01 99 

amN69(12) 0.6 660 130 0.33 67 
1.3 780 240 0.24 76 

amN104(12) 1.2 540 700 1.1 none 

amE18(18) 1.4 110 10 0.07 93 

amB17(23) 0.9 560 670 1.0 none 
1.1 590 1,000 1.1 none 

amB 27 2(23) 0.9 280 24 0.09 91 

amN 58(34) 1.3 620 210 0.28 72 

amN 252 (35) 0.4 96 12 

00 fs
] o
 72 

amN 52 (37) 1.3 790 240 0.75 2 5b 

amA481(37) 0.5 22,000 390 0.34 66 
0.5 1,700 120 0.14 86 

% elimination is calculated using the folloxving formula: 
% elimination = 100 - (ts~ § 2AP/ts+ § 2AP). 

^ A reduction of 50% is not considered significant. 
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range of 0.5 to 2.0 indicate no significant difference in 

reversion under the conditions compared. No systematic in

crease or decrease in the spontaneous mutation rate was ob

served in the presence of a defective ligase (see column 1, 

Table II). 2AP increases reversion 96 to 22,000 or 9.2 to 

1,000 fold in the presence of a temperature-sensitive ligase 

(column 3,Table II), but in 7 out of 10 cases, the increase 

is less in the presence of the temperature-sensitive ligase, 

tsB20(30). This is shown more dramatically in columns 4 and 

5 of Table II, where it can be seen that the tsB20(30) de

fect markedly reduces the 2-aminopurine stimulated increase 

in the reversion index for 7 of the 10 mutants studied. 

Only three mutants were unaffected by the presence of de

fective ligase from tsB20 (30): amN104(12), amB17(23), and 

amN52(37). In the case of amB17(23), the experiment was re

peated with the same results. The lack of effect observed 

with amN104(12) was not gene specific since another mutant 

in gene 12, amB272(12), showed a 68-76% reduction in 2-

aminopurine mutagenesis when tsB20(30) was present. Simi

larly, although no effect was observed with the gene 23 

mutant amB17 or the gene 37 mutant amN52, a 91% reduction 

was observed with another gene 23 mutant amB272 and a 69-86% 

reduction was observed with another gene 37 mutant 

amA4 81. 



In another set of experiments C. Bernstein has shown 

that the defective ligase, tsB20 also inhibited mutagenesis 

by 5-bromouracil (Table III and Table IV). Reversion in

dices of the untreated amber mutants given in Table I and 

in Table III are in good agreement. Ratios of reversion in

dices in column 1 of Table II and Table IV are also in good 

agreement, which is to be expected since they represent the 

•f 
effect of a defect in gene 30 on the reversion of am to am 

of the same mutant in both tables. The last two columns of 

Table IV indicates that nine of the ten mutants show a de

pression in 5-bromouracil induced reversion in the presence 

of a defective ligase. Only one mutant did not show an ef

fect, amB2 7 2 (23) . 

Table V provides a side-by-side summary of the ef

fects of tsB20 (30) on the reversion of ten amber mutants to 

+ 
amber in the presence of two base analogues, 2-ammopurme 

and 5-bromouracil. While both 2-aminopurine and 5-bromo-

uracil induced reversions are depressed in the presence of 

a defective ligase, there is no apparent correlation between 

the levels of depressions in 2-aminopurine and 5-bromouracil 

induced reversion indices. The three mutants [amNl04 (12), 

amB17(23), and amN52(37)] with which no depression of 2-

aminopurine mutagenesis was observed by tsB20 did show a de

pression in 5-bromouracil induced mutagenesis. Conversely, 

the one mutant [amB272(23)] which did not show a depression 

in 5-bromouracil mutagenesis, did show a depression in 
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Table III, Effect of tsB20 on 5- Bromouracil Induced Rever-
sion of am Mutations (Bernstein, 1974). 

Reversion Indices 
Mutant and Treatment per 10' Progeny 

amB2 55(10) 46 
amB 2 55 (10) + tsB20(30) 67 
amB255(10) and 5BrUra 1,100 
amB2 5 5 (10) + tsB20(30) and 5BrUra 79 

amN69(12) 10 
amN 69(12) + tsB20 (30) 5. 0 
amN69(12) ancf~5BrUra 360 
amN69(12) + tsB20(30) and 5BrUra 15 

amN104(12) 5. 4 
amN104(12) + tsB20(30) 5. 4 
amN104(12) and 5BrUra 91 
amN104(12) + tsB20(30) and 5BrUra 26 

amE18(18) 800 
amE18(18) + tsB20(30) 460 
amE18(18) and^S BrUra 2,600 
amE18(18) + tsB20(30) and 5BrUra 850 

amB17(23) 1. 7 
amB17(23) + tsB20(30) 2. 9 
amB17(23) and 5BrUra 510 
amB17(23) + tsB20(30) and 5BrUra 20 

amB27 2(23) 8. 0 
amB 27 2 (23) + tsB20(30) 13 
amB272 (23) and-5BrUra 130 
amB27 2 (23) + tsB20(30) and 5BrUra 110 

amN58(34) 18 
am N 58 (34) + ts_B20(30) 14 
amN58(34) and 5BrUra 1,400 
amN58(34) + tsB20(30) and 5BrUra 200 

amN252(35) 38 
amN 252 (35) + tsB20 (30) 170 
amN252 (35) and-5BrUra 5,900 
amN252(35) + tsB20(30) and 5BrUra 2,300 
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Table III, Continued. 

Reversion Indices 
Mutant and Treatment per 10' Progeny 

amN 52 (37) 18 
amN 52 (37) + tsB20(30) 7.2 
amN52 (37) and 5BrUra 410 
amN5 2 (37) + t^B20 (30) and 5BrUra 35 

amA481(37) 8.2 
amA481(3 7) + tsB20(30) 12 
amA481 (37) anH~5BrUra 1,800 
amA481(37) + tsB20(30) and 5BrUra 60 



Table IV. Depression of 5-Bromouracil Induced Reversion of am Mutations by 
tsB20(30). 

Mutant 

ts + ts+ § 5BrUra ts" § 5BrUra ts" § 5BrUra 

% elimination 
of induced 

mutagenesis in 
the presence 
of ts_B20 (30) Mutant ts' tsf ts" ts+ § 5BrUra 

% elimination 
of induced 

mutagenesis in 
the presence 
of ts_B20 (30) 

amB255(10) 0.7 25 1.2 0. 07 93 

amN69(12) 2.0 36 3.0 0.04 96 

amN104(12) 1.0 17 4.8 0.28 72 

amE18 (18) 1.7 3.3 1.9 0.33 67 

amB17 (23) 0.6 290 6.9 0.04 96 

amB 27 2(23) 0.6 16 8.4 0.85 15b 

amN 58(34) 1.3 75 14 0.14 86 

amN252(35) 0.2 150 14 0.39 61 

amN52(37) 2.5 23 4.8 0.09 91 

amA481(3 7) 0.7 220 5.0 0. 03 97 

a % elimination is calculated using the following formula: 
elimination = 100 - (ts~ § 5BrUra/ts+ § 5BrUra). 

^ A reduction of less than 50% is not considered significant. 
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Table V. Comparison of the Effect of tsB20(30) on 2-Amino-
purine and 5-Bromouracil Induced Reversion of am 
Mutations. 

% elimination 
induced mutagenesis 
in the presence of 

ts" § 2AP t_s~ ^ 5BrUra ts_B20 (30)' 

Mutant ts+ § 2AP ts+ 3 5BrUra 2AP 5BrUra 

amB 25 5 (10) 0.01 
0. 01 

0.07 99 
99 

93 

am N 69(12) 0.33 
0. 24 

0.04 • 67 
76 

96 

amN104(12) 1.1 0. 28 none 72 

amE18(18) 0.07 0.33 93 67 

amB17(23) 1.0 
1.1 

0.04 none 
none 

96 

amB272(23) 0. 09 0.85 91 151 

amN58(34) 0. 28 0.14 72 86 

amN 252 (35) 0. 28 0. 39 72 61 

amN 52 (37) 0.75 0. 09 25b 91 

amA481(37) 0. 34 
0.14 

0.03 66 
86 

97 

a % elimination is calculated using the following formula: 
% elimination = 100 - (ts_~ § mutagen/ts+ § mutagen) . 

k A reduction of less than 50% is not considered significant. 
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2-aminopurine mutagenesis. This indicates that the depres

sion of analogue induced reversion by ligase deficiency is 

not only site specific, but depends also on the particular 

base analogue used to induce reversion of the amber codon. 

The data in Table VI show that the decreases in base 

analogue induced mutagenesis can be attributed directly to 

a defect in DNA ligase, tsB20 rather than to undefined fac

tors in the genetic background of this strain. Two of the 

double mutants that showed depression of induced mutagenesis 

with both 2-aminopurine and with 5-bromouracil were used to 

select non-temperature-sensitive revertants, which are re

ferred to as am tsR strains. Two sets of experiments were 

conducted with each am tsR using 2-aminopurine and 5-bromo

uracil. As can be observed from Table VI, the am tsR strain 

did not show a depression in induced mutagenesis. 

Depression of Nitrous Acid 
"Induced Mutagenesis by a 
Temperature-Sensitive Ligase 

The effects of tsB20(30) on nitrous acid induced mu

tation was determined. The tsB20(30) am double mutants used 

were the same as those used in the base analogue experi

ments. Experiments were carried out at 32°C as shown in 

Table VII and Table VIII and in some cases at 25°C as shown 

in Table IX. Column 1 of Table VII lists the ten amber mu

tations studied. Column 2 indicates if the wild type or the 

tsB20(30) temperature-sensitive ligase is present. Column 3 



Table VI. Loss of Inhibition of Base Analogue Mutagenesis Upon Reversion of 
tsB20. 

Mutant and Treatment 

amB 255(10) 
amB 255(10) 
amB 255(10) 

amB 25 5 (10) 
amB 255 (10) 
amB255(19) 

amB 255 (10) 
amB 255 (10) 
amB255(10) 

+ tsB20(30) 
+ tsB20R 

and 2AP 
+ ts_B20(30) and 2AP 
+ tsB29R and 2AP 

and 5BrUra 
+ ts_B20 (30) 
+ tsB20(30R 

and 5BrUra 
and 5BrUra 

amN252(35) 
amN252(35) 
amN252(30) 

amN252(35) 
amN 2 5 2 (35) 
amN252(35) 

amN252(35) 
amN252(35) 
amN252(3 5) 

+ tsB 20(30) 
+ tsB20R 

and 2AP 
+ tsB20(30) and 2AP 
+ t_sB20R and 2AP 

and 5BrUra 
+ tsB20(30) and 5BrUra 
+ tsB20R and 5BrUra 

Reversion Indices per 10 Progeny 

70 
50 
40 

47,000 
6 0 0  

65,000 

800 
70 

730 

tsB20R § 2AP 

ts+ ^ 2AP 
= 1.4 

5sB20R § 5BrUra 

ts+ § 5BrUra 

= 0.91 

41 
64 
42 

960 
310 
700 

2,900 
820 

3,200 

tsB20R § 2AP 

ts+ § 2AP = °*73 

tsB20R § 5BrUra 

ts+ § 5BrUra 
= 1.1 



Table VII. Effect of tsB20(30) on Nitrous Acid Induced Reversion of Amber 
Mutations. 

tester 
allele 

ts 
allele 

surviving 
fraction 

find: 
revertants per 10 progeny 

buffer buffer untreated buffer0 HNC^ rate6 

I elimination 
of induced 
mutagenesis 

in the 
presence of 
tsB20(30) 

7 

amB 255(10) 

amN69(12) 

-t-
ts 
ts_B 20 (30) 

0.72 
0. 56 

0.02 
0.02 

7.0 
7.4 

12 
7.0 

77 
25 

20 
5.4 

73 

+ 
ts 
t_s B 20 (30) 

1.7 
0.68 

0.02 
0.02 

6.7 
7.8 

8.2 
6.9 

186 
40 

39 
9.1 

76 

+ 
ts 
tsB 20(30) 

0.98 
0.81 

0.06 
0.10 

7.0 
7.2 

7.6 
3.3 

28 
5.6 

7.9 
1.1 

86 

+ 
ts 
tsB 20(30) 

0.98 
0. 98 

0.13 
0.18 

7.8 
6.3 

8.0 
6.4 

46 
3.2 

18s 0g 
100£ 

ts 
tsB20(30) 

0.81 
1.2 

0.05 
0.04 

5.0 
5.9 

5.2 
5.6 

12 
5.0 

2.2 
0§ 

100f 

amN104(12) 

amN104(12) 

ts 
tsB20 

+ 
ts 
tsB20 

0.78 
0 . 2 8  

0. 58 
0 . 2 0  

0 . 0 1  
0 . 0 1  

0 . 2 6  
0 . 0 1  

1.5 
2.5 

1 . 2  
2.5 

1.3 
9.0 

20 
5. 7 

4.0 
0^ 

1.4 
6.9 

8. 
4. 
6 
6 

7.2 
0 

100J 

100' 



Table VII, continued; Effect of tsB20(30) Mutations. 

surviving 
fraction 

% elimination 
of induced 
mutagenes is 

tester 
allele 

ts 
allele 

HNO? 
+ ^ revertants per 10^ progeny 

in the 
presence of 
tsB20 (30) 

tester 
allele 

ts 
allele buffer buffer untreated*3 buffer 

c u,Tn d e 
HN02 rate 

in the 
presence of 
tsB20 (30) 

1 2 3 4 5 6 7 8 9 

amE18 (18) 
+ 

ts 
tsB20 

0.98 
0.89 

0.14 
0.09 

2.8 
2.1 

1.4 
3.6 

8.5 7.2 
0.43 0.43 

100f 

amB17 (23) 
+ 

ts 
tsB20 

0.95 
0.51 

0. 04 
0.05 

8.1 
7.1 

13 
10 

11 11 
1.7 1.7 

84 

amB27 2(23) 
+ 

ts 
tsB20 

0.75 
0.64 

0. 01 
0.05 

8.0 
13 

10 
8 . 2 

84 19 
14 5.3 

73 

amN58 (34) 
+ 

ts 
tsB20 

1.5 
0.64 

0.13 
0. 08 

13 
11 

25 
13 

140 47 
26 6.2 

87 

amN2 52(35) 
+ 

ts 
tsB20 

0. 54 
0.49 

0.14 
0.09 

19 
40 

22 
41 

70 35 
71 22 

38h 

amN52(37) 
+ 

ts 
tsB20 

0.98 
0.89 

0.40 
0.17 

1.5 
3.0 

1.6 
3.1 

7.2 6.3 
4.0 5.8 

7. 3h 

amA481(37) 
+ 

ts 
tsB20 

0.97 
1.1 

0.06 
0.38 

8.5 
10 

9.7 
17 

140 45 
75 50 

0 



Table VII, continued; Effect of tsB20(30) Mutations. 

Surviving fraction is determined by dividing the phage titer before treatment by 
the titer after treatment. 

Untreated refers to the original phage lysate. 

c Buffer refers to the phage in buffer only. This measurement is made to determine 
if the buffer has any mutagenic effect. 

^ HNO_ refers to the phage that have undergone nitrous acid treatment, which in
cludes being diluted into Tris buffer to stop the reaction. 

Rate is the HN02 induced reversion rate per lethal hit and is determined by the 
following calculations: 

The Poisson equation can be applied to the distribution of lethal hits in a virus 
population: 

h = average number of lethal hits per virus 
particle 

hx e~h 
P(x) = j— e = the base of the natural logarithms 

X * 

P(x) = the probability that a virus receives 
exactly x lethal hits 

Since nitrous acid shows single-hit kinetics (Bautz-Freese and Freese, 1961) the 
above formula can be simplified to: 

~ h 
P(0) = e = S S = surviving fraction which is further ex

plained in footnote 



Table VII, continued; Effect of tsB20(30) Mutations. 

If the hits are delivered at a constant rate then h = kt and the single-hit hit 
equation becomes: 

log^S = -0.4343 kt or log^S = -0.4343 h 

then h = -2. 303 log^S 

To determine HN0? induced lethal hits (h) the equation is modified to account 
for buffer effects: 

surviving fraction in HNO? + buffer 
h = -2.303 log S' S = 

surviving fraction in buffer 

Finally the reversion rate per lethal hit is determined by the following equa
tion: 

reversion index in HN0? + buffer - reversion index in buffer 
rate = 

HNC>2 induced lethal hits (h) 

f 
This is given in 100% since the reversion index of tsB20 am in HNO- is even less 
than the reversion index of the phage in Tris buffe~alone. 

® This is given as 0 since either the reversion index of the phage in HN0_ is less 
than the reversion index in Tris buffer. 

k A reduction of less than 50% is not considered significant. 



Table VIII. Loss of Inhibition of Nitrous Acid Mutagenesis Upon Reversion of 
tsB20(30). 

tester 
allele 

ts 
allele 

surviving 
fraction 

7 
revertants per 10 progeny 

tester 
allele 

ts 
allele buffer hno2 untreated buffer hn°2 rate 

1 2 3 4 5 6 7 8 

amB 255(10) 
+ 

ts 
tsB20 
tsB20R 

0.98 
0.71 
0.68 

0.02 
0.03 
0.02 

7.0 
7.0 
7.6 

9.1 
7.0 
9.5 

92 
24 

110 

21 
5.4 

30 

+ 
ts 
tsB20 
tsB20R 

0.89 
0.60 
0.92 

0.06 
0.12 
0.08 

7.1 
7.0 
7.7 

11 
7.0 

11 

35 
8.8 
29 

9.0 
1.1 
7.4 

amN69(12) 
+ 

ts 
tsB20 
tsB20R 

0.98 
0.91 
0.98 

0.08 
0.06 
0.06 

4.7 
6.0 
4.8 

4.7 
6.0 
5.0 

15 
16.1 
16 

4.5 
.03 
3.8 

amN104(12) 
+ 

ts 
tsB20 
tsB20R 

0.68 
0.25 
0.72 

0.10 
0.01 
0.15 

1.2 
2.2 
1.1 

1.5 
6.0 
1.4 

20 
6.0 
16 

9.8 
0 
9.1 

See footnotes to Table VII for further explanation of each column. 



indicates the surviving fraction after buffer treatment. 

These tests were performed to determine the independent ef

fect on survival of the Tris buffer used to dilute the ni

trous acid treated phage upon termination of the mutagen 

treatment. Buffer action on the phage resulted in 20 to 

100% survival, with the average survival being 82%. Drake 

and Greening (1970) have reported that the buffer alone had 

some killing and some mutagenic effect. Column 4 gives the 

survival after combined HNC^ treatment and dilution into 

buffer. The two columns can be compared to determine what 

killing is directly attributable to HNC^ treatment. The 

surviving fractions were determined by dividing the final 

titer by the titer of the untreated phage suspension. HNC^ 

treatment resulted in 1 to 40% survival with the average 

survival being 101. 

Columns 5 through 7 in the table show reversion in

dices and column 8 shows reversion rates. Column 5 gives 

the reversion indices of the untreated bacteriophage suspen

sions to which the next two columns are to be compared. It 

should first be noted that the reversion indices for the un

treated phage were not significantly affected by the pres

ence of defective ligase. The reversion indices of the 

phage in Tris buffer (column 6) alone showed no significant 

increases or decreases in reversion indices except in the 

case of amN104(12) in which a small (about 2 to 3 fold) in

crease in mutagenesis due to the buffer seems to exist in 



the presence of the tsB20 (30) allele. As shown in column 7, 

the ligase defect markedly reduces nitrous acid mutagenesis 

for seven out of ten of the amber mutations studied. 

AmN252 (35), amN52 (37), and amA481 (37) did not show a clear 

reduction in nitrous acid mutagenesis when tsB20(30) was 

present. The nitrous acid induced reversion rate per lethal 

hit was calculated, in order to eliminate any effect of the 

Tris buffer and to take into account that equal treatments 

with HNC>2 or buffer did not result in equal levels of in-

activation. The results are given in column 8. The rever

sion rate was calculated by first determining the number of 

lethal hits that the HNC>2 alone induced in a particular ex

periment. This is done by dividing the surviving fraction 

in HNC>2 by the surviving fraction in buffer alone. This 

gives the surviving fraction due to HNC^ alone. Mean lethal 

hits (based on the zero term of the Poisson distribution) 

can be given as -2.303 log^g surviving fraction. The rever

sion rate is equal to the reversion index of the phage 

treated with HNC^ and buffer minus the reversion index of 

the phage receiving Tris buffer treatment alone divided by 

the number of lethal hits. The percent elimination of ni

trous acid induced reversion of amber mutations in the pres

ence of tsB20(30) was considered significant if it was 

greater than 50% Significant elimination by the defective 

ligase was observed with 7 of the 10 amber mutants studies 
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Table VIII gives data which verifies that the de

crease in induced mutagenesis is directly related to the 

tsB20(30) defect and not to other undefined differences in 

the genetic background of stains carrying tsB20(30). Non-

temperature sensitive revertants were selected from double 

mutants in which there was a substantial suppression of HNC^ 

induced mutagenesis. AmB25 5(10) , amN69(12) , and amN104(12) 

were the amber mutations in the three double mutants. As 

can be seen in columns 7 and 8 of Table VII, the am tsR 

revertants respond in the same manner as the am mutants with 

respect to nitrous acid induced mutagenesis. That is the 

reversion index of am tsR mutations is comparable to that of 

the am mutants. Unreverted doubles were included as a con

trol to illustrate that the depression in mutagenesis still 

occurred in the presence of the tsB20(30) allele. As in 

Table VII, amN104(12) still shows a small but significant 

increase in mutagenesis by buffer in the presence of the 

ItsB20(30) allele. 

Table IX shows two separate experiments in which 

parallel sets of plates were incubated at 25°C and at 32°C. 

The plates incubated at 32°C gave results comparable to 

those found in previous experiments. In the presence of 

tsB20(30) at 32°C, nitrous acid induced reversion of an am

ber mutation is significantly lower than in the presence of 

wild type ligase. However at 25°C, this effect is elimi

nated. 



Table IX. Effect of tsB20(30) on Nitrous Acid Induced Reversion of amB255(10) 
Mutations at 25°C versus 32°C, 

temperature 
ts 

allele 

surviving 
fraction 

hno7 
+ z 

buffer buffer 

revertants per 

untreated buffer 

n n7 10 progeny 

hnc>2 rate 

% elimination 
of induced 

mutagenesis in 
the presence 
of tsB20(30) 

25°C 
+ 

ts 0.96 0.65 9.5 10 36 65 14 
tsB20 0.83 0. 59 19 20 39 56 

32 °C ts + 0. 96 0.65 9.0 10 44 85 72 
tsB20 0.83 0.59 9.0 10 18 24 

25°C 
+ 

ts 0. 96 0.39 15 16 100 95 30 
tsB20 1.1 0.40 35 37 98 67 
ts + 0. 96 0.39 10 12 99 92 97 
tsB20 1.1 0.40 29 19 22 3 

See footnotes to Table VII for further explanation of each column. 

00 
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Figures 1 and 2 illustrate the mutagenic effect of 

nitrous acid in the presence or absence of the temperature-

sensitive ligase tsB20(30). Nitrous acid treated suspen

sions of phage were diluted into buffer at various times to 

stop the reaction and the reversion indices were measured. 

These figures show that there is a linear induction of re

version of am to aro+ by nitrous acid as a function of time. 

Bautz-Freese and Freese (1961) illustrated the same relation

ship between production of mutants and lethal hits. This 

linear relationship is produced when am or am ts_ phage 

stocks are exposed to nitrous acid mutagenesis. However, 

the increased mutagenesis is far less for the double mutant 

even though at time zero their reversion indices were very 

similar. This also illustrates that tsB20(30) reduces ni

trous acid mutagenesis. 

Depression of Alkylating Agent 
Induced Mutagenesis by a Teinperature-

Sensitive DNA Ligase" 

The effects of a temperature-sensitive mutation in 

gene 30 [tsB20(30)] on transition mutagenesis induced by the 

alkylating agent ethyl methanesulfonate was examined. The 

results are given in Table X. Two of the am ts_ double mu

tants that had previously shown a reduction in am reversions 

with base analogue and nitrous acid due to the defective li

gase were tested. The experimental procedure consisted of 

treatment with EMS followed by a post - treatment period. 
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amB255(!0) 
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Time (minutes) of Nitrous Acid Exposure 

Figure 1. Linear Production of Mutations [amB255(10) to 
am+] by Nitrous Acid as a Function of Time. 
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amBI7(23) + tsB20(30) 
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Time (minutes) of Nitrous Acid Exposure 

Linear Production of Mutations [amB17 (23) to 
am+] by Nitrous Acid as a Function of Time. 



Table X. Effect of t_sB20(^0) on Ethyl Methanesulfonate Induced Reversion of 
Amber Mutations. 

surviving y 
fraction revertants/10 progeny 

tester ts post - EMS+post- post-
allele allele treatment treatment untreated treated EMS 

1 2 3 4 5 6 7 

amB272(23) 
+ 

ts 0.61 0. 01 10 11 100 
tsB20 0.48 0. 01 10 10 9.0 

amN58 (34) 
+ 

ts 1.2 0.01 52 110 440 
tsB20 0.38 0.01 23 25 30 

aSee footnote to Table VIII for explanation of each column. 
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As can be seen in column 3 the post-treatment could cause a 

decrease in the surviving fraction to as low as .38. Com

paring columns 5 and 6 shows three of the four reversion 

indices were not affected by post-treatment, but one, for 

amN53 (34) did show a two-fold increase. It is possible that 

there is a small post - treatment effect on mutation frequen

cy. As shown in column 4, survival after EMS and post-

treatment was about 1%. A comparison of column 7 to 6 shows 

that ethyl methanesulfonate increases the reversion index of 

am mutations which contained a wild type ligase between 4 

and 10 fold. However, when tsB20(30) is present, there is no 

significant increase in the reversion index. Reversion 

rates per lethal hit are not given for the EMS experiments 

because inactivation of T4 by EMS shows multiple-hit kinet

ics (Freese, 1961). 

Effect of tsA80(3 0) on Base 

Analogue and Nitrous Acid Induced 
Reversion of am Mutations 

The effects of another temperature-sensitive muta

tion is gene 30, tsA80, on base analogue and nitrous acid 

induced reversion of amber mutations was studied. Double 

mutants (tsA80 am) were constructed with tsA80 in combina

tion with two of the amber mutants used in the previous ex

periments, amB272 (28) and amN58 (34). Again all experiments 

were conducted at 32°C. 



Table XI gives the results of the 2-aminopurine ex

periments. As can be observed from columns 5 and 6 the 2-

aminopurine induced reversion indices of the amber mutants 

in the presence of the wild type or the tsA80 temperature-

sensitive ligase are not significantly different. When 

tsA80 am double mutants were treated with nitrous acid at 

32°C (Table XII), tsA80(50) caused no reduction in the re

version of the amber mutations. In the case of amN58(54) 

one suspension showed a slightly greater than two-fold in

crease in mutagenesis in the presence of tsA80(50), but the 

second suspension shown below it in the table, did not show 

a significant increase. This indicates that tsA80(50) has 

no effect on either 2-aminopurine or nitrous acid mutagene

sis . 

Comparison of Efficiency of 
PlatTng of Wild Type Phage (T4D) 

with tsB20 (50) and t~sA80(50) 

As described in the Material and Methods, the effi

ciency of plating (e.o.p.) is determined by dividing the 

number of plaques obtained on plates when E. coli CR65 is 

used as the indicator bacteria by the number obtained with 

E. coli S/6 when equal aliquots of the same phage are plated 

out. For the experiments described in Tables I-VI, the re

version indices were corrected using the e.o.p. obtained 

with wild type phage (T4D). As shown in Table XIII (first 

two columns), the efficiency of plating of wild type phage 



Table XI. Effect of tsA80(30) on 2-Amirtopurine Induced Reversion of am Mutations. 

% elimination 
of induced 
mutagenesis 

reveytants in the 
tester ts_ per 10 progeny fold presence of 
allele allele untreated ZAP increase tsA80(30) 

1 2 3 4 5 6 

amB 2 72(23) ts+ 1.7 
tsA80 3.6 

amN58(34) ts+ 5.0 
tsA80 2.5 

ts+ 6.3 
tsA80 3.7 

480 280 none 
1, 000 280 

580 120 none 
430 170 

4,000 630 none 
2,500 680 



Table XII. Effect of tsA80(30) on Nitrous Acid Induced Reversion of am Mutations. 

surviving 
fraction 

elimination 
of induced 

tester ts 
hn0? 

+ z revertants per 10 progeny 
mutagenesis 

in the presence 
allele allele buffer buffer untreated buffer hn°2 rate of tsA80(30) 

1 2 3 4 5 6 7 8 9 

amB272(23) 
+ 

ts 
tsA80 

0.98 
0.94 

0.11 
0.10 

11 
13 

11 
18 

280 
320 

71 
83 

none 

amN58 (34) 
+ 

ts 
tsA80 

1.0 
1.0 

0.04 
0.99 

7.9 
8.4 

14 
14 

74 
24 

19 
54 

none 

+ 
ts 
tsA80 

0.95 
0.84 

0.04 
0.03 

5.6 
3.1 

6.0 
5.5 

140 
200 

42 
60 

none 

£ 
See footnote to Table VIII for explanation of each column. 
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Table XIII. Comparison of Efficiency of Plating of Wild 
Type Phage (T4D) with tsB20(30) and tsA80(30). 

T4D tsB20(30) tsA80(30) 

Experimenta 25°C 32°C 25°C 32°C 32°C 

1 0.78 1.2 
2 1.2 1.7 
3 1.2 0.74 
4 0. 88 0.92 
5 0. 90 1.4 
6 1.2 1.0 0.72 0. 73 
7 1.0 1.0 0.82 
8 1.2 0. 84 1. 3 0. 91 
9 1.1 0. 93 1.3 0.87 
10 1.2 0.97 1.7 1.2 
11 1.2 0. 98 1.2 0. 94 
12 1.1 0. 72 
13 0. 90 0.88 
14 0.97 0. 90 
15 0.78 0. 88 
16 0.97 0.93 
17 0.90 0.82 
18 0.90 1.0 
19 0.94 0.89 
20 0.94 0. 92 

Average 1.2 0.95 1.2 1.0 0.88 

a Each e.o.p. determination was carried out using fresh in
dicator bacteria and represents the average of twelve 
platings on each host, 6 on CR63 and 6 on S/6. 



both at 25°C arid 32°C is close to 1. Since all of the dou

ble mutants used in these experiments contained either 

tsB20 (30) or tsA80(30), a comparison of e.o.p.'s of wild 

type phage (T4D) with tsB20(30) and tsA80(30) was made 

(Table XIII). Experiments were conducted at 25°C in addi

tion to the usual temperature of 32°C for tsB20(30) and T4D 

since some of the nitrous acid experiments were performed 

at 25°C. No significant differences in e.o.p. between wild 

type phage (T4D) and either of the mutants were observed at 

both of the temperatures. 



DISCUSSION 

The Role of DNA Ligase in 
Base Analogue Induced Mutation 

Freese (1959) proposed that base analogue mutagene

sis results from the increased formation of analogue-base 

mispairs (see Figure 3 for an example of mispairing by 2AP) 

during replication, and the subsequent establishment of the 

mutant pairs by further replication (see Figure 4). Evi

dence bearing on this model has been reviewed by Drake 

(1970). By Freese's model, there is no reason to expect. 

that the level of ligase activity would influence base ana

logue induced mutation. However, as has been shown here, in 

the presence of a defective ligase base analogue mutagenesis 

is depressed. The final step in any DNA repair process in

volving single strand gaps would be expected to require a 

ligase. The ligase mutant tsB20(30) has been shown to be 

deficient in the ability to repair UV induced lesions, even 

at temperatures when growth of the mutant (in terms of 

burst size) was relatively normal (Baldy, 1970). TsB20(50) 

is also strikingly deficient in the ability to repair MMS 

induced lesions at semi-permissive conditions (Baldy, Strom, 

and Bernstein, 1971). Therefore our results could be inter

preted as meaning that base analogue induced mutation occurs 

by a process involving repair of single strand gaps. 

49 
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Perhaps when base analogues are incorporated into DNA during 

replication, analogue-base mispairs occur as proposed by 

Freese, but many of them become established as mutant base 

pairs by an excision-repair process. Direct biochemical 

evidence for exision-repair processes capable of recogniz

ing and excising base mispairs is not available in phage T4, 

but Hogness et al. (1966) has presented evidence for such a 

mechanism using phage A DNA. 

Three different excision-repair processes are illus

trated in Figures 5, 6, and 7. In Figure 5, the sequence 

of events are similar to those in Figure 4 up to the stage 

of 2-aminopurine mispairing to form 2AP:C. Whereas in Fig

ure 4, this mispair is resolved to generate a mutation by 

another round of replication, in Figure 5 the resolution is 

by excision of the 2AP followed by repair synthesis, involv

ing ligase, to insert a G opposite the C. In Figure 6, 2-

aminopurine is incorporated during replication opposite 

thymine, undergoes a tautomeric shift to the rate imino-

state, and is then recognized by an excision-repair process 

as a mispair. The 2-aminopurine is excised and replaced 

with a guanine due to the error-prone nature of the excision-

repair system. In Figure 7, it is the base opposite the 

altered base that is excised and is replaced by an error-

prone system. 
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In the models depicted in Figures 5, 6, and 7, 

depression of base analogue mutagenesis in the presence of 

a defective ligase could result from the discarding of un

sealed chromosomes possibly because a nick can prevent nor

mal condensation of DNA in the filling of the phage head 

envelope. 

Initiation of repair at a particular lesion probably 

depends on the magnitude of the steric alteration. This is 

determined by the nature of the alteration in the base, 

whether the altered base is paired incorrectly, and the base 

sequence surrounding the lesion (i.e., context). Apparently 

the incorporation of a base analogue by itself does not nec

essarily produce a sufficient deformity to invoke excision-

repair. It has been demonstrated that when thymine 

requiring strains of E. coli are grown in SBrUra containing 

medium and infected with phage T4 , a normal burst size of 

phage is obtained (Dunn and Smith, 1954; Drake and Greening, 

1970). This indicates that 5BrUra has been able to substi

tute functionally for thymine. If an excision-repair system 

were to normally recognize 5BrUra then when the system con

tained a defective ligase so that nicks could not be sealed, 

the result should be a high level of lethality. However, in 

our experiments we observed no significant reduction in fi

nal titer of phage lysates in the presence of highly muta

genic concentrations of 2AP or 5BrUra when the ligase was 

defective. To test this more directly C. Bernstein 



(personal communication, 1974) grew tsB20 (30) on plates con

taining mutagenic concentrations of 5BrUra and on control 

plates without 5BrUra. The plates were then incubated at 

various temperatures. No loss of infective center formation 

was observed in the presence of 5BrUra compared to the con

trols without 5BrUra. This suggests that 5BrUra incorpora

tion does not induce frequent ligase mediation repair. 

These observations tend to rule out any model of repair me

diated mutagenesis in which the incorporated base analogue 

is subject to frequent repair prior to mispairing. In the 

models presented in Figures 5, 6, and 7, it is the mispair 

itself which induces excision-repair. Since mispairs would 

occur infrequently only a low level of lethality would be 

expected when the potential mutations are eliminated due to 

a defective ligase. The models in Figures 6 and 7 also rely 

on an error-prone repair system to cause mutation. In 

error-prone repair models mutations are induced at or near 

to the repair region. In the model in Figure 6, the sjjeci-

ficity of mutation would depend on the characteristics of 

the repair system rather than the mutagen used. This expec

tation seems contradictory to the extensive evidence in 

phage T4 for specificity of mutagenic action of base ana

logues and chemical mutagens (see review by Freese, 1963), 

and therefore tends to rule out the error-prone repair model 

of Figure 6 as a likely explanation for base analogue in

duced mutation in T4. 
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It was noted that 2AP induced reversion of amber 

mutations at different positions in the genetic map was de

pressed to widely different extents by the defective ligase. 

It is interesting to speculate about the basis of these dif

ferential effects. The amber codon is UAG. ZAP is known to 

induce both kinds of transition mutations, AT to GC and GC 

to AT (Champe and Benzer, 1962). Therefore, UAG may be con

verted to CAG, UGG or UAA. However, since UAA is also a 

nonsense codon, transitions at the third position of UAG 

would not cause am to am+ reversion as measured on our Sia 

selective host E. coli S/6. Both conversion of U to C at 

the first position of UAG and A to G at the second position 

would involve an AT to GC transition. In this kind of 

transition an expected intermediate would be the mispair 

2AP:C (see Figure 3). This mispair might be resolved by 

either replication (Figure 4) or by excision-repair (Fig

ures 5, 6, and 7). Perhaps the 2AP:C mispair might be more 

sterically acceptable in certain local DNA contexts than in 

others, and thus the probability of its being excised would 

vary with its position in the DNA. The more sterically ac

ceptable mispairs might tend to be resolved by replication 

whereas the less acceptable ones would tend to be resolved 

by excision-repair. This then could account for the differ

ential depression by defective ligase of 2AP induced rever

sion of am sites. The steric acceptability of the 2AP:C 

mispair and 5BrUra mispair at any given am site may be quite 
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different. Thus for a given am mutant such as amN104(12) 

in Table V, replication would be the predominant mode of 2AP 

induced reversion, whereas excision-repair may be the pre

dominant mode of 5BrUra induced reversion. 

The Role of DNA Ligase in Nitrous 
Acid and Ethyl Methanesulfonate~ 

Induced Mutation 

Nitrous acid and ethyl methanesulfonate act directly 

on individual bases in DNA changing their base-pairing prop

erties (Schuster and Schramm, 1958; Lawley, 1966). Mutation 

resulting from treatment with these agents has been proposed 

to occur through mispairing during replication, and estab

lishment of the mutant mispair on subsequent replication in 

a similar manner to that shown in Figure 4 for 2-aminopurine 

mutagenesis. However, in the presence of a repair-defective 

ligase, tsB20(50), both nitrous acid and EMS induced muta

genesis are depressed implicating a repair process similar 

to the alternatives shown in Figures 5, 6, and 7. 

Contrasting Modes of Repair 

It seems plausible that damages to DNA of different 

types might require different modes of repair. In particu

lar, base-mispairs arising after reaction of normal bases 

with chemical mutagens such as nitrous acid or alkylating 

agents, or upon incorporation of base analogues may be re

paired by a different mechanism than used to repair UV-

induced thymine dimers. 
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In phage T4 a mutant px has been shown to decrease 

MMS induced mutagenesis (Drake, 1974). Both px and 

tsB20(30) are sensitive to inactivation by the alkylating 

agents EMS and MMS as well as to UV light (Ray, Bartenstein, 

and Drake, 1972; Baldy, Strom, and Bernstein, 1971). Baldy, 

Strom and Bernstein (1971) have been unable to show MMS sen

sitivity of ts_ mutants defective in several early function 

genes which have been implicated in repair of UV-induced le

sions (Baldy, 1968 and 1970; Maynard-Smith and Symonds, 

1973). In particular, the v gene whose product has been 

shown to be needed for thymine dimer excision, is not re

quired for repair of MMS induced lesions (Baldy, Strom, and 

Bernstein, 1971) or EMS induced lesions (Ray, Bartenstein, 

and Drake, 1972). Recent work in this laboratory (Genzler, 

unpublished results, 1974) indicates that v gene function is 

also not necessary for 2-aminopurine mutagenesis. The above 

observations suggest that the repair of alkylation induced 

lesions and base analogue induced mispairs is different from 

repair of UV induced lesions. 

Maynard-Smith and Symonds (197 3) have shown the ex

istence of two pathways of repair of UV lesions. The exci

sion of v gene pathway employs the functions of genes v, 1, 

30, 42, 45, and 56. The alternate pathway, or y gene path

way, requires genes y, 1, 30, 42, 45, 56, 32, 41, 43, and 

44. This second pathway was thought to be analogous to the 

recombination-repair pathway of E. coli (Howard-Flanders and 



6 1  

Boyce, 1966) which employs the products of the resA and the 

lex genes (Moody, Low, and Mount, 1973) or the 

recombination-repair pathway of phage which also employs the 

red functions (Witkin, 1969). Pietrzykowska (1973) studied 

the effects of the recA and lex genes of E. coli, and the 

r e d  f u n c t i o n s  ( A  e x o n u c l e a s e  a n d  p  p r o t e i n )  o f  p h a g e  A  o n  5 -

bromouracil induced reversion of a A am mutant. Defects in 

these genes and in combinations of these genes resulted in 

substantial depression of 5BrUra mutagenesis. Since recA 

is necessary for recombination in E. coli (Clark, 1971), and 

exo and 3 are involved in recombination in A (Cassuto and 

Radding, 1971), Pietrzykowska interpreted the data to indi

cate that recombination-repair is necessary for 5BrUra 

mutagenesis in phage A. The enzymatic functions of recA, 

lex and 3 are unknown, and they may not be restricted solely 

to recombination but may have a role in other repair path

ways. If in phage T4 5BrUra and 2AP mutagenesis were a re

sult of recombination-repair, mutagenic concentrations of 

these analogues should increase recombination. However, H. 

Bernstein (personal communication, 1974a) has found that 

5Brl!ra and 2AP at the concentrations used in the present mu-

tageneic studies had no effect on recombination. 

Differential Inactivation of Repair 
and Replication Functions of Ligase 

DNA ligase catalyses the esterification of 3'-

hydroxyl-5'-phosphate single-strand lesions in 
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double-stranded DNA (Richardson et al., 1968). This enzyme 

has been implicated in three biological processes in phage 

T4. These are (1) the joining of short, newly replicated 

polynucleotide strands during chromosome replication (Okaza-

ki et al., 1968), (2) the repair of nicks or breaks in one 

chain of double-stranded DNA such as those resulting from 

UV-radiation (Baldy, 1968) or alkylating agents such as 

methylmethane sulfonate (Ray, Bartenstein, and Drake, 1972) 

and (3) the joining of segments of DNA to complete the pro

cess of genetic recombination (Weiss and Richardson, 1967; 

Bernstein, 1968; Broker and Lehman, 1971). 

In order to distinguish what role replication and 

repair have in chemically induced mutagenesis, it was neces

sary to find a condition in which the two processes could 

be separated. At high temperatures, from about 36°C and 

above, replication is abnormal with both tsB20 (30) and 

tsA80(30) as indicated by reduced burst sizes after infec

tion (Baldy,1970). At 43-44°C, Okazaki fragments are accu

mulated by both tsB20(30) and tsA80(30) (Okazaki et al., 

1968) reflecting a defect in the ligase's role in replica

tion. Failure to repair nicks probably also accounts for 

the stimulation of genetic recombination observed at higher 

temperatures with tsB20(30) and tsA80(30) (Bernstein, 1968 

and personal communication, 1974b). At 32°C, a temperature at 

which replication is relatively normal with both mutants, 

tsA80(30) exhibits normal repair function, but tsB20(30) 



does not. At 32°C tsB20(30) is sensitive to inactivation by 

methylmethane sulfonate (Baldy, Strom, and Bernstein, 1971) 

and UV light (Baldy, 1968) whereas tsA80(30) does not show 

sensitivity. Ray, Bartenstein and Drake (1972) found that 

for ethylmethane sulfonate both tsB20(30) and tsA80(50) 

showed sensitivity to inactivation in a ligase defective 

host at 43°C. One could predict that if repair plays the 

major role in chemically induced mutageneiss compared to 

replication, when experiments are conducted at a temperature 

at which replication is normal for both mutants, tsB20(30) 

might show a depression in mutagenesis while tsA80(30) 

might not. This was the result observed. 

Mutagenic Effects of tsB20 (30) 

We have shown that the ligase mutation tsB20(30) 

does not stimulate spontaneous reversion of the amber mu

tants tested at 32°C. At higher temperatures, where the 

loss of ligase activity leads to restriction of growth, it 

seems likely that the essential role of ligase in sealing 

Okazaki fragments during DNA replication may be interferred 

with. The assumption is made here that the gene 30 ligase 

acts both in repair and in replication, but the repair ac

tivity is more sensitive to temperature in tsB20 (30). Cam-

bell and Rowe (1972) showed that when tsB20 (30) is grown at 

high temperatures (42.0°C) where phage growth is largely 

restricted, tsB20(30) becomes strongly mutagenic. These 
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results suggest that interference with the joining of Oka-

zaki fragments may introduce replication errors. 

Comparison of the Effects of 2-Aminopurine, 
5-Bromouraci1, Nitrous Acid and Ethyl 
Methanesulfonate on Reversion Indices 
in the Present Study with Previous 

Published Results 

Tables XIV and XV compare previously published re

sults of the effects of base analogue mutagenesis on rever

sion indices in bacteriophage T4 (Champe and Benzer, 1962; 

Drake and Greening, 1970; and Freese and Freese, 1967) with 

the results obtained in the present study. As can be noted 

there is a great deal of variability in the degree of stimu

lation of base analogue mutagenesis with different mutants. 

Procedures in each of the studies varied for a number of 

conditions including temperature, concentration of the base 

analogue, and growth conditions. Within each study cited 

all growth conditions were the same for both base analogues 

except for their initial concentration. Comparisons are 

shown only for the AT to GC transition since this is the 

only relevant transition in am mutants. This transition is 

strongly stimulated in the presence of 2-aminopurine, but 

only mildly in the presence of 5-bromouracil (Tables XIV and 

XV). Table XIV shows that the mean and median 5BrUra in

duced mutation indices from the present study are 4 to 5 

fold higher than those of Champe and Benzer (1962). However 

only one value in this study did not fall within the range 



Table XIV. Comparison of the Effect of 5-Bromouracil Mutagenesis on Spontaneous 
Reversion of Amber and rlI Mutations by AT+GC Transitions in Different 
Studies. 

7 
Revertants per 10 Progeny 

This Thesis 

1 mg/ml 5BrUra 
am § 5BrUra/am 

Champe and Benzer (1962) 

AG+GC 
0.05 mg/ml 5BrUra 
rll § 5BrUra/rII 

TA^CG 
0.05 mg/ml 5BrUra 
rll § 5BrUra/rII 

Drake and 
Greening (1970) 

0.05 mg/ml 5BrUra 
rll § 5BrUra/rII 

300 8.0 200 
200 7.2 97 
160 5.0 67 
78 4.1 46 
36 3.2 45 
24 3.0 40 
23 2.0 36 
17 2.0 18 
16 2.0 16 
3.2 1.7 11 

1.5 10 
.83 6 

6 
5 
4 
3 
n 

0.48 

rUV199a 3.0 rUV199a 15 



Table XIV, Continued. 

Revertants 
7 

per 10 Progeny 

This Thesis Champe and Benzer (1962) 
Drake and 

Greening (1970) 

1 mg/ml 5BrUra 
am § 5BrUra/am 

AT+GC 
0.05 mg/ml 5BrUra 
rll § 5BrUra/rII 

AT+CG 
0.05 mg/ml 5BrUra 
rll § 5BrUra/rII 

0.5 mg/ml 5BrUra 
rll § 5BrUra/rII 

mean 
median 
range 

88 
30 

300-3.2 

3.4 
2 . 5 

80-3.2 

Mean 
Median 
Range 

35 
14 

200-.048 

22 
5.5 

200-0.48 

11 

15 § 7.3 

£ 
Mutants that were used in more than one of the studies have their reversion in
dices listed separately a second time for comparison. 

CT\ 



Table XV. Comparison of the Effect of 2-Aminopurine Mutagenesis on Spontaneous 
Reversion of Amber and rll Mutations by AT+GC Transitions in Different 
Studies. 

7 
Revertants per 10 Progeny 

Drake and Freese and 
This Thesis Champe and Benzer (1962) Greening (1970) Freese (1967) 

AT+GC TA+CG 
1 mg/ml 2AP 
free base 0.5 mg/ml 2AP 0.5 mg/ml 2AP 1 mg/ml 2AP 500 mg/ml 2AP 

am § 2AP/am rlI $ 2AP/rII rl I § 2AP/rII rlI § 2AP/rII rlI § 2AP/rlI 

3,000 30,000 140,000 90 310 
2,000 14,000 48,000 60 120 
1,700 8,000 42,000 60 
1,400 7,000 22,000 28 

780 6,200 20,000 6.8 
770 5,000 16,000 
670 4,600 16,000 
630 3,000 11,000 
600 3,000 8,200 
560 2,000 7,300 
530 1,500 3,200 
280 1,500 2,400 
280 1,200 2,100 
120 1,400 
110 1,300 
100 1,000 

417 

rUV199a 2,400 rUV199a 6 0  



Table XV, Continued. 

7 
Revertants per 10. Progeny 

Drake and Freese and 
This Thesis Champe and Benzer (1962) Greening (1970) Freese (1967) 

AT GC TA CG 
1 mg/ml 2AP 
free base 0.5 mg/ml 2AP 0.5 mg/ml 2AP 1 mg/ml 2AP 500 mg/ml 2AP 
am § 2AP/am rlI $ 2AP/rII rll § 2AP/rII rll § 2AP/rII rlI $ 2AP/rl I 

rN17a 1,400 rN17a 60 
rN24a 1,500 rN24 310 

mean 840 6,000 20,000 75 100 
median 630 4,600 9,600 60 
range 

3,000-100 3,000-1,200 140,000-417 90 $ 60 310-6.8 

mean 14,000 
median 6,200 
range 140,000-417 

Mutants that were used in more than one of the studies have their reversion in-
dices listed separately for comparison. 

ON 
oo 
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observed by them. When the 2AP induced mutation indices 

from the present study are compared to previous studies 

(Table XV), the mean and median from this study are found 

to be 7 to 8 fold lower than those of Chainpe and Benzer 

(1962) and 6 to 8 fold higher than those of Freese and 

Freese (1967). However, the values in this study fell with

in the range observed in each of these studies. 

The range of variability in the in vitro mutagenesis 

by nitrous acid (Table XVI) is narrower than with the base 

analogues. The stimulations we observed by nitrous acid are 

in good agreement with those reported by Drake and Greening 

(1970). There is approximately an 8 fold difference in our 

results and those reported by Drake and Greening (1970) for 

stimulation of reversion indices by ethyl methanesulfonate 

(Table XVII). This can be attributed inpart to the fact that 

while the same general protocol was used in both studies our 

exposure time was half that used by Drake and Greening be

cause of very low survival after the post-treatment. 
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Table XVI. Comparison of the Effect of Nitrous Acid on the 
Spontaneous Reversion in Different Phage T4 
Studies. 

7 
Revertants per 10 Progeny 

Drake $ Greening Freese § Freese 
This Thesis (1970) (1967) 

am $ HNO~/am rll 5 HNO?/rII_ rl_l § HN0o/rII 
rate/rate rate/rate RI/Ri 

47 27 9.3 
45 24 3.8 
39 19 0.0 
35 9.6 
2 0  
10 
18 
11 
8.5 
7.9 
7.2 
6.3 
4.0 
2 . 2  

Median 14 22 3.8 
Mean 19 2 0 4.4 
Range 47-2.2 27-9.6 9.3-0.0 
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Table XVII. Comparison of the Effect of Ethyl Methane-
sulfonatc on Reversion Index in Different Phage 
T4 Studies. 

7 
Revertants per 10 Progeny 

This Thesis Drake § Greening 
(1970) 

am $ EMS/am rl_l § EMS/rll 

rate RI/RI RI/RI 

61 10 101 
23 8.5 51 

Mean 42 9.3 76 
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