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ABSTRACT 

Strains of E. ooll K12 carrying a lex mutation are 

sensitive to ultraviolet light (UV), alkylating agents and 

ionizing radiation, show a low rate of mutation Induction 

by UV, are incapable of reactivating bacteriophage lambda, 

Induce prophage lambda with lower efficiency, and appear to 

be capable of genetic recombination. lex*/lex" heterozy-

gotes are sensitive to UV and ionizing radiation which 

indicates that the lex" allele is dominant over lex* and 

that the radiation sensitivity of a lex" strain is due to 

the synthesis of a diffusible product. The nature of this 

product has not been elucidated. 

UV-reBlatant derivatives have been Isolated from 

lex" strains, in order to analyze the function of the lex 

gene at the molecular level. The derivatives fell into 

three classes. Over half of the derivatives have been 

found to be incapable of growth at 42.5°C. At 42.5°C these 

thermosensitive derivatives (Class I) form filaments with

out septa due to an apparent defect in cell division. The 

thermosensitive mutations (tsl) are tightly linked (less 

than 0.04 min on the E. coll linkage map) to the lex muta

tion in the parental strain and could lie within the same 

gene (intragenic suppression), tsl̂ /tsl" heterozygotes 

x 



grow at 42.5°C; the tsl mutations are therefore recessive 

in contrast to lex mutations, which are dominant. 

Ho lex" to lex+ true revertants were found among 

the UV-resistant derivatives of the lex" strains. There 

appeared to be two classes of thermoreslstant derivatives 

(Classes II and III). One class was UV-resistant and 

tended to form filaments at 30°C. The other class was 

slightly UV-sensitive but more resistant than the lex" 

parent. The thermoresistant mutations (six) also appear to 

map near their original lex" mutation. With respect to 

most characteristics studied, the thermosensitive and 

thermoreslstant derivatives appear to have returned to a 

wild type phenotype, except for an intermediate ability to 

induce mutations by UV-irradiation. These characteristics 

studied were UV survival, induction of lambda prophage by 

UV, UV-reactivation, and UV mutagenesis using induction of 

clear plaques in lambda as mutation indicator. 

It is thought that tsl" may Inactivate the lex 

product, thus allowing for constitutive synthesis of repair 

enzymes. This theory is partially supported by the fact 

that when tsl was put together with either Ion" or recA" 

in one strain, it appeared to partially suppress the extreme 

UV-sensltive phenotype caused by either of these mutations. 

Ion" mutations cause a cell division defect whereas recA" 

mutations a DNA repair defect. 
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Thirteen independent thermosensitive revertants 

of the thermosensitive Class I derivatives were Isolated. 

None was a tsl" to tsl+ revertant, and all appeared to have 

gained a new mutation which mapped between 15 and 22 min on 

the E. coll linkage map. It may be that the new mutations 

are in a gene which is under the control of the lex product. 

It appears likely that both tsl and six mutations 

alter the diffusible product that gives rise to the Lex" 

phenotype, but that they alter the product in different 

ways, thus giving different mutant phenotypes from one 

another. These studies have enabled us to conclude that 

the lex* product appears to be necessary for DNA repair and 

cell division. 



CHAPTER 1 

INTRODUCTION 

When a culture of Escherichia coll £12 Is Irradiated 

with ultraviolet light (UV), the deoxyribonucleic acid (DNA) 

of the cell is damaged as a result of photoproducts, partic

ularly thymine dlmers (52). In order for a cell to survive, 

these photoproducts have to be removed and the DNA restored 

to the correct base sequence without Interruption in the 

continuity of the strands. Interruptions in DNA may also 

occur during normal growth of E. coll as a result of discon

tinuous synthesis of DNA and the initiation steps of RNA and 

DNA synthesis. These too may have to be repaired before the 

DNA can act as template for the synthesis of new DNA. Three 

mechanisms of repair of thymine dlmers have been proposed: 

photoreactivation, excision- and recombination-repair. 

Mutants of E. coll K12 which are defective in DNA repair 

have been very useful in the analysis of DNA repair processes. 

Damage Resulting from Irradiation 
by Ultraviolet Light 

DNA damage results from the absorption of photons in 

nucleic acids (52). This damage includes cross linking of 

DNA (whose chemical nature is not well understood), pyrlm-

ldlne dlmers, DNA chain breaks, hydrates of pyrlmldines, and 

other minor products. The most common photoproduce is 
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thymine dimers, where adjacent thymine residues In the same 

DNA strand form covalent bonds, thus disturbing bonds with 

residues on the opposite complementary strand of DNA. 

Photoreactlvatlon 

When cultures previously Irradiated with UV are 

exposed to visible light, the viable cell count increases. 

This is proposed to be due to an enzyme which binds to 

thymine dlmers, absorbs energy from visible light, and 

breaks the dimer (49). All the experiments to be described 

in this work were performed in the dark to avoid photo-

reactivation. 

Excision-Repair 

Excision-repair is the first dark-repair mechanism 

proposed. In one popular model of excision-repair (46, 53) 

an endonuclease is thought to recognize the distortion in 

the DNA helix caused by a thymine dimer, and nick the back

bone of the chain near the dimer. An exonuclease is able 

to recognize this nick and excise the dimer plus a few 

adjacent nucleotides. A polymerase synthesizes a new strand 

in the gap left from exonucleaBe action. DNA polymerase I 

deficient mutants (so-called polA") may be defective in the 

polymerase which fills in the gaps. A llgase is suggested 

to seal the remaining nick following polymerase action. 

Several mutants in this pathway have been isolated; 

these fall into several categories. 



Excision-Deficient Mutants 

In several strains sensitive to UV, thymine dlmers 

are not removed, but remain In the DNA. It appears these 

strains are defective In the early steps of the excision-

repair pathway. Some genes Involved in these steps are 

uvrA (5), uvrB (57), and uvrC (34). 

Although strains carrying any one of these mutations 

are Incapable of excising dlmers, in uvrC" strains a nick 

is made in the DNA next to the dlmers. Thus, possibly the 

uvrC product is not an endonuelease (25)* Dr. Lawrence 

Grossman, Department of Biochemistry, Brandels University, 

Valtham, Maryland (personal communication, May 21, 1972) has 

Isolated an endonuelease that makes an Incision next to a 

thymine dimer and is present in uvr+. uvrC. but not uvrA or 

uvrB cells. 

Strains carrying uvr" mutations are incapable of 

repairing UV-lrradiated bacteriophage lambda DNA (host cell 

reactivation) (47). However, at low UV doses, they do show 

an Increased survival of Infecting UV-lrradiated lambda when 

they have also been UV-lrradiated, above that obtained when 

they are not UV-irradlated (UV reactivation) (14). 

DNA Polymerase I Mutation 

Cells defective In DNA polymerase I are UV-sensitive 

(23) and may be unable to fill In gaps following dlmer 



excision (36). polA Is the structural gene for DNA" poly

merase I (15). 

Polynucleotide Llaase Mutations 

Pauling and Hamm have reported a thermosensitive 

•train which produces a thermosensitive polynucleotide 

llgase (45). This strain Is slightly more UV-sensltive at 

40°C than at 30°C, while the parental llg+ strain has in

creased UV-resistance at 40°C over 30°C. Llgase appears to 

be an essential enzyme In DNA replication (19, 32, 44, 45)* 

in repair (19, 32, 45) and in recombination (19, 25). 

Sister-Strand Repair (Recombination-Repair) 

Discovered more recently, and much less well under

stood than the above two mechanisms, is sister-strand or 

recombination-repair (50, 51). At low UV doses, irradiated 

cells appear to replicate DNA containing thymine dlmers and 

gaps may be left In the newly synthesized strands opposite 

the dlmers. The gaps are thought to be filled by DNA from 

the just replicated sister chromosome. recA" strains* which 

are known to be defective in genetic recombination and are 

extremely sensitive to UV, may be defective in this type of 

repair (so-called recombination-repair). 

This pathway was proposed with the finding of muta

tions affecting DNA repair which were not part of the 

excision-repair pathway (12, 22, 26, 28). Other mutations 

affecting this pathway have since been found (38, 62). 
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Recombination-Deficient Mutations 

There are three main recombination genes: recA, 

recB. and recC. recA mutations give many plelotrophlc ef

fects as extreme radiation sensitivity (12)y no spontaneous 

or UV-lnduced induction of lambda prophage (7), recombin

ation deficiency (28), and absence of UV-reactlvation (UVR) 

(14, 43), which suggests that the recA.product is involved 

in several biochemical pathways in the cell. recA" cells 

also rapidly degrade their DNA after UV-irradiation (26). 

In both recB" and recC" mutant strains, an adenosine 

trlphosphate-dependent deoxyrlbonuolease activity (exonu-

olease V) Is lost in E. coll K12 (56). These mutant strains 

show lower recombination ability, radiation sensitivity, and 

low DNA degradation after UV-lrradlation (11, 12). All the 

rec" mutations are believed to be in the recombination-

repair pathway (50, 62). 

recA" recB" mutant strains do not degrade their DMA 

after UV-Irradiation and it Is thought that the recA+ 

product acts to inhibit DNA breakdown caused by the recB* 

and recC+ products (62). 

Strains Carrying a lex* Mutation 

lex" mutant strains show an increased sensitivity to 

UV-light, a rapid breakdown of DNA in UV-lrradiated cul

tures, and reduced induction of lambda prophage by UV-

lrradlatlon (26, 40). These strains do not appear to be 
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defective In genetic recombination although they have been 

Implicated in being part of the recombination-repair path

way (26, 40). lex+/lex" heterozygotes are UV-Bensitive; 

thus the Lex" radiation-sensitive phenotype is due to the 

synthesis of a diffusible product (40). 

is with recA" recB" strains, lex- recB" mutants do 

not degrade their DNA. These results imply that both the 

lex*4* and recA* products are needed to limit the DNA break

down due to the recB+ recC+ nuclease (38). 

Cellular Division in E. coll K12 

E. coll El 2 divides bilaterally and one parental cell 

separates into two equal and identical daughter cells. The 

original cell elongates and newly replicated chromosomes 

are thereby separated from each other. A septum forms at 

the equatorial plane of the cell forming two cells each con

taining half of the DNA of the parent cell. The daughter 

cells are now able to separate from one another (24). 

As in SNA repair, the isolation and study of various 

mutants has proved useful in elucidating the biochemical 

processes involved in cell division. One useful type of 

mutant has been the temperature slnsltlve mutants where the 

mutant defect or phenotype is only displayed at a non-

permissive temperature, as 40°C - 42°C. Otherwise, as at 

30°C, the cell appears to be normal. The reason for temper

ature sensitivity is, in most cases, not known. In the 
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ease of dnaE" mutants, thermosensitivity is due to a 

thermosensitive DNA polymerase III; therefore, the cell 

makes a thermolabile enzyme which is nonfunctional in vivo 

at higher temperatures. However, in other cases, the 

reason fbr thermosensitivity is unclear. 

There are two main classes of mutants: those de

fective in DNA synthesis and those defective In septum 

formation (24). Most of the mutants analyzed with these 

defects are thermo sensitive because x-hey are easy to use. 

However, strains defective in these processes do not neces

sarily have to show a thermosensitive phenotype, as in Ion" 

strains. 

Those thermosensitive cells defective in DNA syn

thesis are unable to synthesize DNA after temperature shift 

to 40°C - 42.5°C, and the cells grow into long filaments 

without septa. The DNA is found at only one or two places 

along the filaments. 

Those defective In septum formation synthesize DNA 

at a normal rate after a temperature shift to the non-

permissive temperature (40°C - 42.5°C). The cells grow 

Into long filaments without septa and the DNA may either 

Btay at one or two locations on the filament or else segre

gate along the entire filament. The former strains appear 

to be defective In segregation of newly formed chromosomes 

into cells, while the latter appear to be defective In 

septatlon. One cannot rule out completely, however, that 
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the latter class is not defective In some stage of DNA 

synthesis, e.g., packaging of chromosomes that must he com

pleted prior to septatlon and cell division. 

The properties of two well-characterized mutants, 

ion" and tlf. are described below. They are apparently 

defective In septum formation and tlf" also exhibits a 

thermosensitive phenotype. 

Longatlon Forming Mutants 

Lon" cells are not thermosensitive but are extremely 

sensitive to UV-Irradiation and form Into multi-nucleated 

filaments after exposure to radiation (2, 3, 27). It ap

pears that alterations In DNA metabolism may cause an Inhi

bition of septum formation leading to fllamentatlon of these 

cells (58, 59). lon" strains seem to have no direct defect 

in repair (58, 59); however, both recA" and lex" suppress 

filament formation caused by lon" mutations (17, 20, 58), 

although no cell division defect has yet been located In the 

lex region of the E. coll 112 chromosome. Cells of lon" 

strains also grow Into mucoid colonies due to the overpro

duction of capsular polysaccharides (29). This mucoid 

phenotype appears to be unrelated to the defect In flla-. 

mentation and thus UV-sensitivity, and can be separated from 

it by appropriate genetic manipulations. 
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A Thermosensitive Strain Carrying a tlf Mutation 

A thermosensitive strain, T44, has a mutation desig

nated tlf-1 (9, 24). At 40°C the cells of T44 grow Into 

filaments spreading newly synthesized DNA along their 

lengths. The tlf-1 mutation Is tightly linked to the recA 

gene. T44 thermally Induces prophage lambda at 40°C (30), 

and the tlf" phenotype is suppressed or augmented by certain 

purine and pyrlmldlne compounds (31). As with Ion muta

tions, lex and recA mutations suppress the tlf phenotype 

(10), but the genetic and biochemical basis of this sup

pression Is not presently understood. 

The Importance of. lex 

The study of mutations has enabled better understand

ing of the genes that possess them. By studying a mutant 

gene's phenotype, its role or function may be uncovered, 

and perhaps by studying many similar mutants, an entire 

biochemical pathway may be deduced. 

The goal of this research has been better under

standing of the genetic control and biochemistry of DNA 

repair in E. coll K12. My approach has been to study the 

lex" mutations which cause strains to be very UV-sensltlve 

and presumably lead to a defect in the recombination-

repair pathway. 

These mutations were found by Howard-Flanders (26) 

and characterized by David Mount (38, 39. 40, 41). The 
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function of lex is still unknown except that it probably 

oontrols part of the sister-strand (recombination) repair 

pathway. These mutants were especially Interesting because 

they exhibited such a varied plelotrophlc mutant phenotype. 

lex" mutations are dominant (40), prevent UV-reactlvatlon 

and UV-mutagenesls of lambda (14), and affect induction of 

prophage lambda (I0)t block UV-mutagenesis of cells (35, 

67), degrade their DNA at a high extent after UV-lrradiatlon 

(38), and appear to affect DNA repair after UV-lrradiatlon. 

They are also able to suppress other mutations such as Ion" 

(17v 66) or tif" (10), although neither of these mutations 

has been associated with DNA repair, but are considered to 

be defective only In cell division. 

Few other mutations demonstrate such an extensive 

plelotrophlc effect In a cell, which indicates that lex may 

have a critical function in repair or regulation of repair. 

To better understand the experiments to be described on 

lex, a model of its function based upon accumulated knowl

edge of its probable function, is proposed here. 

Model of Function 

The lex gene codes for a repressor which is destroyed 

by UV-lrradiatlon. This may be analogous to the destruction 

of the lambda repressor in UV-lrradlated lysogens, which 

results in the Induction of the prophage. The destruction 

of the lex repressor leads to increased levels of enzymes 
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needed for DNA repair. Thus, repair enzymes are dere-

pressed after UV-lrradiation. This repair process is 

error-prone leading to mutations In cells or phage infect

ing these cells. 

The lex" mutation makes a repressor not Inactivated 

UV-irradiation, thus the repair enzymes are not dere-

pressed. Since the error-prone repair enzymes are not 

made, or made In reduced levels, in lex" cells, UV-

sensltlvlty and low mutagenesis after UV-irradiation is 

observed. 

Possible Types of Revertants of lex-

Another way to understand the lex function better, 

might be to obtain several classes of mutants which inacti

vate or alter the lex" product. Several classes might be 

predicted. One class could be a true back revertant from 

lex" to lex*. This would be seen by the fact that lex" 

could no longer be retrieved in these cells by P1 trans

ductions and this cell would have returned to a wild type 

phenotype, i.e., normal UV-reslstance, normal UV-mutagenesis, 

etc. Another type might be lntergenlc suppression, Where a 

mutation In a gene other than lex would lead to a partial 

lex* phenotype. However, It would be expected that lex" 

could be transduced out of these cells. One type of lnter

genlc suppression is the nonsense suppressors. If lex" is 

due to a nonsense mutation, i.e., a codon altered which now 
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terminates translation of a polypeptide chain, then the 

lex* phenotype Is partially returned by a mutation In a 

nonsense suppressor gene. Several different types have 

been located around the E. coll K12 chromosome (54, 55). 

However, lex" mutations are dominant; nonsense mutations 

are usually recessive. The last class of revertants might 

be Intragenic suppressors. These are second mutations In 

the same gene which suppress the first mutation and return 

the cell to a partial wild type phenotype. lex" might be 

transduced out of such a derivative. However, this Is 

dependent on how close the two mutations are, and If It 

would take a 4 crossover class to recover lex". I.e., the 

second mutation Is between the selected marker and lex" 

mutation. 

The following Is a physiological and genetic analysis 

of UV-reslstant revertants Isolated from lex" strains. A 

major class of these revertants was found to be Incapable 

of growth at 42.5°C, and appeared to be thermosensitive 

cell division mutants. By studying these mutants, It Is 

hoped that a better understanding of the function of the 

lex gene at a molecular level can be found. 



CHAPTER 2 

MATERIALS AND METHODS 

Media 

N (complete) medium was used to titer cultures, inUV 

survival experiments, and In all lambda experiments. N broth 

contains 8 g bacto-tryptone (Difco), 5 gNaCl, 2 g glucose, 2.5 

g easamlno acids (Difco) and 20v g thiamine per liter distilled 

water; N plates contain Nbroth plus 20 g agar (Difco) per 

liter. N agar containing 0.5 ygMitomycin C (Sigma)/ml was used 

for selection of Mitomycin C-resistant revertants. 

Minimal medium was either Davis minimal (13) or M-9 

salts described by Adelberg and Burns (1). Davis minimal 

plates were used for all selection of transduction and con

jugation crosses, and contain 3.5 g potassium phosphate 

(diajbaslc), 1 g potassium phosphate (monobasic), 0.25 g 

sodium citrate, 0.5 g ammonium sulfate, 0.05 g magnesium 

sulfate per liter of water. The plates were supplemented 

to a final concentration of 0.2# glucose, 100 wg/ml required 

amino acids, and 0.1 yg/ml thiamine. M-9 salts are 7 g 

NagHPÔ , 3 g KH2PO4, 1 g NH4CI, 0.5 g NaCl, 0.01M FeClj per 

liter water and pH was adjusted to 7.3. For use in DNA and 

protein synthesis experiments, M-9 salts were supplemented 

with a final concentration of 0.2# glucose, 0.5# casoamino 

acids, and 0.1 yg/ml thiamine and designated EM-9* 

13 



All cultures used In Pi transductions vere grown In 

Lurla broth (63), which Is 10 g bacto-tryptone, 5 g yeast 

extract, 10 g NaCl, 0.2 g sodium hydroxide per liter water. 

PI cultures were tltered and/or grown on LC plates, which 

are 10 g bacto-tryptone, 5 g NaCl, 5 g yeast extract, 10 g 

Dlfco agar, 10 ml 0.1 M CaCl2, 2.5 ml glucose, 20 ml thymin-

dine per liter water. Transduction buffer was used to 

facilitate the adsorption of P1 to cells. It is made by 

adding 3 ml 1M MgS04 and 3 ml 0.5M CaCl2 94- ml water. 

For conjugation crosses, all cultures used were 

grown in Oxold broth (2,5% Oxoid nutrient extract broth 

No. 2, Wilson Diagnostics, Inc.) (37). 

Occasionally calls were diluted into or washed in 

either saline (8.5 g NaCl per liter water) or phosphate-

buffered-saline (6 g potassium phosphate dlabasic, 10 g 

potassium phosphate monobasic, and 7.36 g NaCl per liter 

water). 

Bacterial Strains 

The properties and sources of the bacterial strains 

used are shown in Table 1. Fig. 1 shows partial linkage 

map of E. coll K12 with respect to the lex region Including 

near-by markers and the extent of the episome F118 (33). 

Two types of double mutant strains were constructed in the 

laboratory. 
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Table 1. Properties of Bacterial Strains. 

Strain 
no. Genotype 

Source of 
reference 

AB1157 

DM49 

DM511 

DM837 

P", thr-1. leu-6, proA2. hla-4. 
thl-1. argE3. lacYI. galK2. 
ara-14. xyl-5. tsx-33. 
strA3l. sup-37. X ~  

as AB1157, also lex-3 

as DM49, also tsl-1b 

*"» ES222£» or Z4, *"» 
thl-1. xyl-5 or -7. galK2. 
tax-6 

E. A. Adelberg 

(40) 

(41) 

(40) 

DM843 as DM837, also malB+ . (39) 

DM844 as DM837, also malB+, lex-1 (39) 

DM959 as DM844, also tal-2b (41) 

DM982 as DM837, also malB+, tsl-2b This paper 

DM983 as DM837, also malB+. slx-2b This paper 

DM935 as DM511, also his+ This paper 

DM936 aa DM935, also recAa This paper 

DM937 as AB1157, also hls+ This paper 

DM938 as DM937, also recAl This paper 

DM1008 as DM844, also slx-1b This paper 

DM1009 as DM844, also six-lb This paper 

DM1010 as DM844, also slx-2b This paper 

DM1011 as DM844, also slx-2t) This paper 

DM1012 as DM844, also slx-2to This paper 

JC5219 as AB1157, 
SUD+ 

also met". c!£-, This paper 
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Table 1, Continued 

Strain 
no. Genotype 

Source of 
reference 

DM517 as JC5219, also Ion" This paper 

DM985 as DM517, also thr*. leu"**. Ion"*" This paper 

DM986 as DM985. also tsl-1b This paper 

DM987 as DM517, also thr+. leu* This paper 

DM988 as DM987. also tsl-l̂  This paper 

C600 F~, thr", leu", thl". lac". 
A", SUIT* 

(4) 

AB2480 as AB1157. also uvrA6. recA13 (26) 

ELI 32 as AB1157, also arg+, mtl+, 
thyA25. uvrB31. recAl. malAl 

(40) 

F118/KL1 32 F', pvrB+/KL1 32 (40) 

PA200YS as AB1157, also argE*. pyrB" E. B. Low 

DM257 HfrC, met" E. A. Adelberg 

DM259 HfrH. thi-1. rel-1. A " E. A. Adelberg 

Hfr6 Hfr, met", A" A. J. Clark 

KL99 Hfr, A " A. J. Clark 

Ra"2 Hfr. mal-22. supE42. AR. A " (40) 

DM962 as Ra"2. also mal+. tsl-1b D. Mount 

KL16 HFr, thl". A" E. B. Low 

ELI 6-99 as ELI 6, also recA E. B. Low 

aThe nomenclature Is that of Demerec et al. (16) 
and Taylor (54, 55). AH markers are wild type except 
those listed. 

T̂he presence of a lex mutation has not been demon
strated in these strains. 
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flex") tsl" Strains 

Strains DM935 to DM938 were made by crossing either 

a recA* or recA" donor with a tsl* or a tsl" recipient. 

Both donor and recipient strains were grown to log phase In 

Oxold media. 0.5 ml donor was added to 4.5 ml recipient and 

placed In a stationary water bath for 45 minutes at 30°C. 

They were centrlfuged, resuspended In saline, and Inoculated 

on plates selecting for his* strR. The resulting recom

binants were tested for thermosensitivity and UV survival. 

DM935 recA* (lex") tsl": The donor was KL16 recA* 

his* str3 and the recipient was DM5* 1 tsl" his" str**. A 

recombinant was scored and picked for Its thermosensitivity 

and UV-reslstance. 

DM936 recA" (lex") tsl": The donor was KL16-99 

recA" his* str3 and the recipient was DM511. A recombinant 

was scored and picked for Its thermosensitivity and UV-

sensltlvlty. 

DM937 recA* lex* tsl*: The donor was KL16 and the 

recipient was AB1157 lex* tsl* his" strR. A recombinant 

was scored and picked for Its thermoresistance and UV-

reBlstance. 

DM938 recA" lex* tsl*: The donor was KL16-99 and 

the recipient was AB1157. A recombinant was scored and 

picked for Its thermoreslstance and UV-sensltlvlty. 
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It was assumed that as strain DM936 showed both 

mutant phenotypes of recA" and tsl", that it contained both 

mutations. 

Fig. 2 shows a partial linkage map of E. coll E12 

showing relevant markers and the origin and direction of 

Hfr'B used in this section. 

Ion" (lex") tal" Strains 

Strains DM985 to 988 were made by crossing Hfr 

strain DM962 lon+ (lex") tsl" thr+ leu+ str̂  with strain 

DM517 Ion" lex* tsl"*" thr" leu" str̂ . Cultures were grown 

in Oxold broth. 0.5 ml of a log phase culture of DM962 was 

added to 4.5 ml of a stationary culture of DM517 diluted 

10-fold. The cultures were allowed to sit in a 30°C 

stationary water bath for 15 min. 0.1 ml was then added to 

lee cold phosphate-buffered-saline and shaken. Samples 

were spread on plates selecting for thr* leu+ strR. and the 

plates were incubated two days at 30°C. Two types of 

clones grew on the plates, mucoid and non mucoid. The 

mucoid clones were UV-resistant. Both mucoid and non mucoid 

ceils gave either a thermoresistant or a thermosensitive 

phenotype. It was assumed that these four types represented 

Ion" tsl" (mucoid and thermosensitive), Ion* tsl+ (non 

mucoid and thermoresistant), Ion" tsl'*' (mucoid and thermo-

resistant), and lon+ tsl" (non mucoid and thermosensitlve) 

strains. One of each type was purified and Isolated. 
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3̂ ' 40' 45' 59' 55' 60* 65' 7?' 75' 

" T — 1 — 1 — n * 1 — r  
his recA etrA 

KL16 
KL16-99 

Pig. 2. Partial Linkage Map of E. coll K12 (a). 

Shown are the relevant markers and the origins and direc
tions of transfer of Hfr strains used in the construction 
of the recA" tsl" double mutant. 
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Fig. 3 shove a partial linkage map with relevant 

markers and the origin and direction of Hfr's used in this 

section. 

UV Survival 

For the determination of UV-sensitivity for UV 

survival curves the technique of Willets and Mount (64) was 

used. Cultures in exponential phase at about 10®/ml were 

diluted 100-fold in phosphate-buffered-saline. A 5 ml 

amount of this diluted suspension was transferred to a glass 

petri dish, giving a layer less than 1 mm thick. The sus

pension was gently agitated during Irradiation for the re

quired time with UV light from a GE 15-W germicidal lamp 

placed 43 cm away, achieving a dose rate of 13 ergs/mm2/sec. 

For low UV doses, the lamp was enclosed in a light-tight 

box with a 7 mm slit, through which light passed to give a 

dose rate of 0.24 ergs/mm2/sec. Samples were taken both 

before and immediately after irradiation, diluted, and 

plated on complete medium; the plates were Incubated over

night in the dark. 

A quantitative test for UV-sensitlvity was the 

patch test. Individual clones grown on plates were lightly 

touched by a toothpick and gently patched on N agar plates 

by placing the ends of the toothpick to the plate and moving 

them in a gentle, rotating motion. The patched clones were 

allowed to grow for approximately 2 hours at which time they 
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Fig. 3. Partial Linkage Map of E. coll K12 (b). 

Ralevent markers and the origins and directions of transfer 
of Hfr strains used both for the construction of the Ion" 
tsl" strain and for the testing of recombination ability. 
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were UV-irradiated at a doae of 400 ergs/mm2, and Incubated 

overnight. Only extremely UV-sensitive colonies will not 

grow by this treatment. 

All Irradiation was performed In dimmed lights. 

Transductions 

10 ml of an exponential culture (which Is the recip

ient) was centrlfuged and resuspended In 1 ml 1 % tryptone. 

This was divided Into two 0.5 ml portions. To one portion 

was added 0.5 ml Lurla broth and 0.5 ml transduction buffer; 

and to the other portion was added 0.5 ml transduction buf

fer and 0.5 ml of a suspension of PI bacteriophage grown 

the day before on the donor strain and diluted to 5 x 10̂  

phage/ml. These two portions were placed in a 37°C sta

tionary water bath for 20 min, then put in ice for 2 mln, 

twice centrlfuged and resuspended in 5 ml saline, and cen

trlfuged again and resuspended in 0.1 ml saline. This 0.1 

ml suspension was then spread on a selective plate and 

incubated for two days. 

Conjugation Crosses 

Both recipient and donor cultures were grown in 

Oxoid broth, the donor was in exponential phase and the 

recipient in stationary. The recipient was diluted 10-fold 

in Oxoid. 1 ml of the donor was added to 4 ml of the 

diluted recipient and allowed to sit in a 37°C stationary 

bath anywhere from 15 mln to two hours. This culture was 



diluted 100-fold Into Ice cold phosphate-buffered-saline 

and shaken hard. 0.1 ml samples were spread on selective 

media and Incubated two days. 

Measurement of Rates of DNA 
and Protein Synthesis 

Rates of DNA synthesis were measured as described 

by Mount and Kosel (39). Cultures, grown to exponential 

phase at 30°C In unlabeled EM-9 medium, were diluted Into 

labeled medium to a concentration of approximately 4 x 

10®/ml and Incubated at 30°C or 42.5°C. Rates of protein 

synthesis were measured by a similar procedure to that 

described above, except that the labeling medium contained 

20 yCl Ĥ -labeled leucine (New England, Nuclear)/ml. 

Selection of UV-Reslstant 
Derivatives of lex" Strains 

Cultures of single colony Isolates of strains DM49 

and DM844 were grown In N broth at 30°C to exponential 

phase and 10̂  cells were spread on N agar plates containing 

Mitomycin C or on N agar plates which were UV-irradiated 

with a dose of 600 ergs/mm2. Plates were Incubated at 30°C 

for two days. Surviving colonies were tested for their 

resistance to UV-lrradlatlon. 

Construction of Merodlplolds and Proof 
of Their Heterozygous Structure 

Merodlplolds of the thermosensitive strains con

taining eplsome P118, which carries their respective tsl+ 
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alleles, were constructed by mating them with strain 

F118/KL132 and plating at 30°C without selection on minimal 

medium on which only the recipient strain could grow. 

Colonies bearing F118 were identified by their ability to 

donate pyrB* to strain PA200YS. All these were able to 

grow at 42.5°C. They were purified by single colony iso

lation on N agar at 42°C and grown into liquid cultures in 

N broth at 42°C. UV and thermosensitivity tests were 

carried out on exponential cultures grown from the above 

at 30°C. It was shown that more than 15% of the cells in 

the test cultures carried F118. 

The presence of the tsl mutation In the heterozygous 

strains was demonstrated by showing that cultures gave rise 

to thermosensitive segregants at a low frequency or by 

transducing strain DM800 metA" tsl+ with Pi grown on the 

test cultures, selecting for metA+ transductants at 30°C. 

The frequency of unselected tsl" marker among the metA+ 

transductants from the respective crosses was found to be 

approximately the same as that obtained with PI grown on 

the metA* tsl" parent strain. 

Survival of Irradiated Lambda 
on Unirradiated Cells 

(Host Cell Reactivation) 

Suspensions of bacteriophage lambda were diluted 

100-fold Into phosphate-buffered-saline. 5 ml samples were 

UV-irradiated for various doses and then inoculated on N 
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plates with one of various unirradiated hOBt strains. The 

plates were Incubated overnight at 30°C. 

Survival of Irradiated Lambda on 
Irradiated Cells (UV-Reactlvatlon) 

The method Is that of Castellazzl, George, and 

ButtIn (10). Cells were grown In N broth supplemented with 

1j6 maltose (Instead of glucose), and V$> MgSÔ .. 30 ml of 

each type of cells was centrlfuged and resuspended In 30 ml 

of 0.01 M MgSO/̂ . The 30 ml was subdivided Into 10 ml 

portions and two portions were put into glass petrl dishes. 

One set was UV-irradlated 400 ergs/mm2 and the other 800 

ergs/mm2 (except for recA strains which were irradiated for 

35 and 70 ergs/mm2). All the portions were centrlfuged 

separately and each resuspended in 0.2 ml of 0.01 H M6SO4. 

Suspensions of lambda were diluted to approximately 2 x10® 

phage/ml. A 5 ml portion of this suspension was irradiated 

in a glass petrl dish for either 650 or 2000 ergs/mm2. 0.1 

ml alequots of Irradiated lambda were added to each of the 

three sets of bacteria cells. The same procedure is also 

done for the unirradiated lambda. The phage are allowed to 

adsorb to the bacteria cells for 30 min at 30°C (in the 

dark). They were diluted and the infected cell suspensions 

Inoculated on N agar plates with AB2480 recA1 3 uvrA6 indi

cator strain. The dilutions were such as to give approxi

mately 200 plaques per plate. 
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UV Mutagenesis 

This technique is the same as that for UV-reactlvation 

except the phage suspensions were UV-irradlated for 650 

ergs/mm2 only, and the final dilutions were such that there 

were 2000 - 6000 plaques per plate. 

Lambda Induction 

Lysogenic cells were grown to log phase in 25 ml N 

broth. These were centrlfuged and resuspended in 6.25 ml 

0.01M HgSÔ . Viable cells were assayed by titering on N 

agar plates. 0.05 ml was put into 4.95 ml ice cold broth 

in a glass tube and put into ice. 5 ml of the original sus

pension was then UV-irradlated in a glass petrl dish for 

various doses. After each dose, 0.05 ml was placed into 

ice cold 4.95 ml N broth in glass tubes. After UV-

irrldatlon, all glass tubes were put into a covered 37°C 

water bath for 30 minutes with gentle shaking. The tubes 

were then put back into Ice. They were diluted and inocu

lated on complete agar plates with C600 indicator in order 

to observe the total number of cells induced by UV-

lrridation. A few small plaques were recovered from the 

unirradiated cells and were considered background. This 

number was subtracted from the plaque count for the UV-

irradiated cells. 
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Autoradiography 

Cells were grown in EM-9 overnight. These were 

diluted 10,000-fold into EM-9 and grown five to six hours 

or until they reached 5 x 10̂ /ml concentration. They were 

filtered (45 p millipore filter) and the cells on the 

filter were resuspended in EM-9 media containing 250 y AdR 

and 20 yg/ml Ĥ -TdR (New England, Nuclear). These were 

allowed to grow overnight at which time they were diluted 

into formalin. 

Autoradiography was done by the method described by 

Caro, Van Tubergen and Solb (8) and Reeve, Groves and Clark 

(48), and graciously taught me by John Reeve, Sheila Coyne, 

and Bill Howe. 

0.5 ml of the overnight cultures in formalin 

were millipore filtered again with a syringe. They were 

resuspended in distilled water, spread on subbed slides and 

dried. (Subbed slides were prepared by first cleaning the 

slides in 95# ethanol, drying them, dipping them in a 

solution of 0.1# gelatine and 0.01# chromium potassium 

sulfate, and drying them again in a vertical position.) 

When cultures spread on slides were dry, they were dipped 

in cold 5% TCA for 10 min, distilled water for 2 mln, and 

fresh distilled water for another 2 mln. These were dried 

and then dipped in emulsion (in the dark). The emulsion, 

llfordl-4 (Ilford-llmited, Essex, England) was at a 
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temperature between 40°C and 45°C. The slides were left 

fire days In the dark. 

After five days the slides were developed by dipping 

them Into D19 developer (5 mln), distilled water (1 min), 

F24 fixer (5 mln), and then 5 consecutive vials of dis

tilled water at 2 mln each. They were allowed to dry( at 

which time they were ready to be photographed. 

Measurement of Thermoaensltlvlty 

Cells were grown to exponential phase at 30°C In N 

broth, and then diluted and spread on duplicate N agar 

plates. One set of plates was Incubated at 30°C and the 

other at 42.5°C. These were allowed to grow overnight. 

Thermoaensltlvlty was measured by the ratio of clones 

visible on the 42.5°C plate compared to those on the 30°C 

plate. 

A quick technique to test many strains was to patch 

clones to N agar plates by the same technique described in 

the quantitative UV survival section. These were allowed 

to grow at 30°C for 4 hours. They were then repatched or 

replica plated to two N plates, one prewarmed to 42.5°C. 

One plate was incubated at 42.5°C and the other at 30°C. 

By this treatment, thermosensltive clones will not grow on 

the 42.5°C plate but they will grow on the 30°C plate. 
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Recombination Ability 

Recombination ability of a strain la done by per

forming a conjugation cross with DM259 as the donor strain 

and selecting for thr+ leu* str**. The number of recom

binants was scored and this number divided by the donor 

titer to give the recombination percentage or the ability 

of any given recipient strain to perform recombination. 

Fig. 3 shows the origin and direction of DM259 and 

the position of markers thr and leu on the E. coll linkage 

map. 



CHAPTER 3 

RESULTS 

Selection of UV-Reslstant Derivatives 
from lex" Strains 

The first UV-reslstant derivative from a lex" 

strain was Isolated In this laboratory In the following 

manner. A culture of DM49 lex-3 was exposed to UV and the 

survivors grown at 37°C on N agar plates. Treatment of 

lex" strains with UV does not appear to be mutagenic (35» 

67). Hence, It was probably selective for the growth of 

spontaneous, UV-reslstant derivatives. One derivative, 

designated DM511, was isolated from approximately 10̂  irra

diated cells. DM511 was found to be unable to grow on 

either complete or minimal media at 42.5°C, while growing 

apparently normally on these same media at 30°C or 37°C, 

i.e., shows a thermosensltlve phenotype. 

In order to isolate more UV-reslstant derivatives 

from lex" strains, 10̂  stationary-phase cells of a culture 

of DM844 lex-1 were spread on an N agar plate containing 

Mitomycin C. lex" strains are much more sensitive to Mito

mycin C than lex* strains, and most Mitomycin C-resistant 

derivatives from lex" strains are UV-reslstant. It Is not 

known if mutations are Induced In lex" strains by treatment 

with Mitomycin C. Hence, plating lex" cultures on Mitomycin 

31 
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G plates is selective for UV-reslstant derivatives, but It 

Is not known if these are spontaneous or Induced by the 

Mitomycin C. The plate was Incubated at 30°C and the sur

viving colonies were tested for UV-sensitivity, filament 

formation, and thermosensitlvlty. Nine cultures started 

from separate colonies of DM844 lex-1 yielded one to five 

UV-reslstant colonies per plate. These could be divided 

into three phenotyplc classes according to the above tests 

(Table 2). 

None of these classes shows the same spectrum of 

properties as lex* strains. Therefore, none was expected 

to be true lex" to lex* revertants. Strains in Class I are 

all similar to the thermosensitive strain DM511 described 

already. They are as UV-resistant as lex* strains when 

tested at 30°C, and fail to produce colonies on complete or 

minimal media under the non-permissive conditions of growth 

at 42.5°C. Under these conditions they grow into long 

filaments. 

Strains in Classes II and III differ from those in 

Class I with respect to thermosensitlvlty; Ohey show normal 

growth characteristics at 42.5°C. Those in Class II are as 

UV-reslstant as lex* strains when tested at 30°C. They dif

fer from lex* strains in their tendency to grow into fila

ments in liquid cultures at 30°C. Strains in Class III do 

not form filaments under any conditions like those in 

Classes I or II and show, when tested at 30°C, levels of 



Table 2. Class of Derivatives Obtained 

Number of 
Mutant Independent UV-aensltlvltya Growth" Cell Morphology Genetic 
class mutants 300 ergs/mm2 30°C 42.5̂ 3 30°C 42.5°C change 

lex"1" - 25% + + rods rods -

lex" - 0.1# + + . rods rods lex* to lex" 

I 7 25% + - rods filaments lex" 
lex-

tsl+ to 
tsl" 

II 3 30% + + filaments 
and rods 

rods lex" 
lex-

six* to 
slx" 

III 3 . 1-5# + + rods rods lex" 
lex-

slx+ to 
six-

aUV-sensitivity was tested by growing cells to log phase In N broth at 30°C, 
diluting them 100-fold In phosphate-buffered-sallne and UV-Irradiating them as 
described In Materials and Methods. UV-lrradiated and unirradiated cultures were 
diluted and inoculated on N agar plates which were incubated at 30°C. 

Ĝrowth was scored by the replicating plating technique described in 
Materials and Methods. 

CA11 morphology was determined as described in the text. 



UV-sensltivity intermediate between those of lex" and lex+ 

strains. 

Genetic Analysis of the Derivatives 

Baaed upon the characteristics of the derivatives 

given above, It Is assumed that they have acquired an 

additional mutation. None appears to be a lex" to lex* 

true revertant. The mutation In the thermosensitive Class 

I derivatives has been designated tsl (thermosensitive lex 

derivatives), tsl mutations appear to suppress UV-

sensltlvlty due to a lex mutation and result In defective 

cell division at 42.5°C. The mutation In the derivatives 

of Classes II and III has been designated six (suppression 

of lex). six mutations suppress UV-sensltivity; they do 

not appear to alter the phenotype of the strains In any 

other way, with the exception that the six mutations In 

Class II strains appear to result in filament formation to 

a limited extent in cultures growing at 30°C. 

The derivatives were first tested for the presence 

of the lex mutation that was present in the parental strains. 

lex mutations are cotransduclble with malB in transduction 

crosses at a frequency of 59-71# (40). Therefore, their 

presence or absence in the derivatives can be tested by 

transducing a ma IB lex* tsl+ six"*" recipient to Mal+ using 

the derivatives as malB+ donors. The data in Table 3 indi

cate that the presence of the lex mutation could not be 



Table 3. Cotransduction of tal and six with malB.a 

IIIW I I I li 

% 
Cotransductlon 

I DM511 malB+ (lex-3) tsl-1 1019 359 0 660 65̂ d 

DM959 malB+ (lex-1) tsl-2 300 117 0 183 61 

II DM1008 malB+ (lex-1 ) slx-1 150 150f 0 m mm MM 
DM1009 malB+ (lex-1) slx-1 50° 50f 0 — — M M 

III DM1010 malB+ (lex-1) slx-2 100 100f 0 MM 
DM1011 malB+ (lex-1) slx-2 100 100f 0 
DM1012 malB+ (lex-1) slx-2 100 100f 0 — - -

UnBelected markers** 
Total number lex"1" tsl+ 

Donor transductants lex-*- six"1" 
class Donor strain analyzed (lex-) six" lex" tal" 

aThe recipient strain was DM837 malB" tsl+ alx+ lex*. Parentheses around the 
lex mutations Indicate that their presence In the strains has not been demonstrated 
either by recombination or reversion analysis. 

ÛV-sensltlvlty was measured by UV-lrradlatlng cells growing In patches on plates 
with approximately 400 ergs/mm2. These were Incubated overnight at 30°C. lex" transdlc-
tants can be recognized under these conditions. lex+ six-1- and (lex") six" transductants 
cannot be distinguished and their numbers have therefore been combined together In the 
same column. 

c10of malB+ transductants were also tested to see if they formed filaments at 
30°C, i.e., have the class II mutant phenotype. 6 of the 10 did show this phenotype. 

elex-1 and malB+ cotransduce at a frequency of 59% (AO). 
fNone of the transductants were thermosensitive. 



demonstrated in strains from each of the three phenotjplc 

classes described above. When thermosensitive (Class 1) 

strains were used as malB+ donors, thermosensitlve malB* 

transductants were obtained at a frequency of 61-65£« This 

is the same as the frequency of malB+ lex" transductants 

from a malB+ lex" donor to this same malB lex* recipient 

and the data suggest that tsl and lex are closely linked. 

The formula of Wu (69) was used to convert cotransductlon 

frequencies of lex and tsl with malB (Table 3) into linkage 

map distances. Based upon these calculations, lex-3 and 

tsl-1 are separated by less than 0.04 min while lex-1 

and tsl-2 are separated by less than-0.02 min. It seems 

very likely that tsl mutations are a class of mutations 

appearing in the same gene as lex mutations. In addition 

to the two thermosensitlve (Class I) strains used in the 

transduction crosses shown in Table 3, five others of this 

same class were also used as transduction donors to a malB" 

recipient. Ten malB* transductants from each cross were 

scored for inheritance of lex" and tsl". None of the ten 

was lex". From three to ten transductants were tsl". Thus 

it appears that essentially in all the thermosensitlve 

strains tsl" is tightly linked to lex. 

The above crosses establish that the presence of a 

lex mutation cannot be demonstrated in the thermosensitlve 

strains and that tsl mutations are closely linked to lex. 

It is also shown above that tsl mutations occur in 



37 

approximately one-half of the UV-resistant revertants of 

lex" strains and result In loss of UV-sensitlvity. It 

seems likely that tsl and lex mutations are located in the 

same gene. The tsl mutations may be an Intragenic sup

pressor mutations (18) that restores normal levels of DNA 

repair, or it may be due to a mutation at the same site as 

the lex" mutation which causes a substitution of a base 

pair other than the wild type base pair. Failure to 

recover lex from the thermosensitive strains in the crosses 

shown in Table 3 might be due to tight linkage of tsl and 

lex. It is also possible that tsl is more closely linked 

to malB than lex, so that in order to recover lex, a rare 

4-crossover event would be necessary. Another possibility 

Is that tsl mutations occur at the same site as the lex 

mutation or result In a deletion or other aberration within 

the same gene. 

lex" could not be recovered in the six" derivatives 

of Classes II and III; it Is likely that these mutations 

are also closely linked to lex. In that case six would be 

recovered in the majority of the malB+ transductants. 

Since six does not produce a detectable mutant phenotype 

this conclusion cannot be verified experimentally. Sug

gestive evidence was obtained in the examination of MalB*1* 

transductants from a malB" recipient transduced with a 

Class II donor strain. Class II strains show a tendency to 

grow into filaments at 30°C and this phenotype appears to 



be due to the six mutations in Class 11 strains. It was 

found that six of ten maIB* transductants tested clearly 

showed this tendency to filament at 30°C. These therefore 

appear to have inherited six". 

Based upon the above genetic analysis of the UV-

reslstant derivatives of lex" strains, it was concluded 

that they have aoqulred an additional mutation, which sup

presses the lex" mutation, and is thightly linked to it or 

is a mutation at the same site. Some of these suppressor 

or same site mutations confer a-thermosensitive phenotype. 

Because the thermosensitive (Class I) derivatives 

have a distinct mutant phenotype, they can be readily sub

jected to further genetic and physiological analyses. In 

the following sections, the nature of the physiological 

defeot in the thermosensitive strains at 42.5°C and the 

relationship of tsl suppressor mutations to lex mutations 

have been further investigated. 

Properties of the Thermosensltlve Strains 

The above section describes a class of UV-resistant 

derivatives of lex" strains which are thermosensltlve. 

They appear to have acquired an additional mutation desig

nated tsl which suppresses UV-sensltivlty due to the lex 

mutation and results in thermosensltlve growth. This muta

tion is located within 0.04 min of the original lex on the 

E. coll K12 linkage map. 
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The objective of this section is to investigate why 

these strains fall to grow at 42.5°C. Macromolecular syn

thesis of protein and DNA, and the process of cell division 

and growth, will be analyzed under permissive and non-

permissive conditions for growth. 

UV Survival 

UV survival curveb of the thermosensitive deriva

tive DM511 and its related lex* and lex" strains 

are shown in Pig. 4. Cultures were grown at 30°C to expo

nential phase, UV-lrradlated and plated for survivors on N 

agar plates at 30°C. The UV survival of strains DM511 

(lex-3) tsl-1 and ABU 57 lex* tsl* at 100 ergs/mm2 is be

tween 60 - 70# (Pig. 4). The strains DM959 (lex-1) tsl-2 

and DM843 lex* tsl+ also show the similar survival curves 

(data not shown). The thermosensitive strains DM511 and 

DM959 therefore show approximately the same resistance to 

UV-lrradlatlon as their corresponding lex+ strains, in 

contrast to their related UV-sensitive lex" strains. 

Efficiency of Colony Formation at 30°C and 42.5°C 

To define in a quantitative way the degree of 

thermosensitivity of the Class I derivatives, cultures 

growing at 30°C were diluted and spread on N agar (complete 

agar) plates which were Incubated at 30°C or 42.5°C. Vir

tually every cell, inoculated on the plates incubated at 

30°C, grows into a visible colony. In contrast, cells 
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Fig. 4. UV Survival Curves of Thermosensitive and Related 
Strains. 

Cells were grown to exponential phase at 30°C and UV-
irradlated for various doses. They were then Inoculated 
on N plates and Incubated at 30°C. 

AB1157, lex*. O DM49, lex-3. • DM511, (lex-3) tsl-1. A 
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Inoculated on plates Incubated at 42.5°C only rarely grow 

Into visible colonies. In Table 4 the ratio of the yield 

of visible colonies on plates Incubated at 42.5°C, over the 

yield on 30°C plates, has been calculated for cultures of 

the thermosensitive strain DM959 and related lex* and lex" 

strains. The thermosensltlve strain yielded approximately 

10,000-fold fewer colonies at 42:5°C than at 30°C, whereas 

the related lex* and lex" strains yielded equal numbers of 

colonies at these two temperatures. Essentially, all the 

colonies of the thermosensltlve strain growing at 42.5°C 

were still thermosensltlve, and consequently arose due to 

partial growth at 42.5°C. 

All the other thermosensltlve strains described 

above also fall to produce colonies when cultures are in

oculated on plates and incubated at 42.5°C whereas, they 

all grow into colonies on plates Incubated at 30°C. 

Morphology of Cells 

Figure 5 shows the morphology of lex*. lex" and 

(lex") tsl" strains growing at 30°C and 42.5°C. This 

experiment was performed with strains that are Isogenic 

except for the lex region of the E. coll K12 linkage map. 

They were made by cotransduction of lex*, lex", and (lex") 

tsl" with malB+ from donor strains AB1157, AB2494, and 

DM959 into the same malB" recipient strain DM837. Strains 

were grown to log phase in N (complete) broth at 30°C. The 
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Table 4. Relative Efficiency of Colony Formation of 
Thermosensitive Derivatives and Related lex* 
and lex" Strains at 30°C and 42.5°C.a 

Yield of Yield of 
Strain and colonies colonies Yield ratio 
genotype at 30°C at 42.5°C 42.5°C/30°C 

DM843 2.09 x 108/ml 1.98 x 108/ml 1 
lex* tsl+ 

108/ml 108/ml 1 

DM844 1.40 x 108/ml 1 .43 x 108/ml 1 
lex-1 tsr4-

108/ml 108/ml 1 

DM959 2.60 x 107/ml 6.10 x 103/ml 2.3 x 10-4 
(lex-1) tsl-2 

107/ml 103/ml 2.3 x 10-4 

aExponential cultures growing in N broth at 30°C 
were diluted and spread on N agar plates which were incu
bated at either 30°C or 42.5°C. These strains are isogenic 
except for the lex region of the E. coll El 2 genetic map. 
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Fig. 5. Cellular Morphology in Cultures of Thermosensitive 
and Related Strains. 

Cells gere grown to exponential phase at 30°C, diluted to 
2 x 10 /ml ig complete broth, and were incubated at either 
30°C or 42.5 C in water baths with gentle shaking. They 
were allowed to incubate at these temperatures for 3 hours. 
At this time they were diluted into formalin, spread on 
slides, and dried. The slides were then photographed. 

(A) DM843, lex+, at 30°C 

(C) DM844, lex-1, at 30°C 

(E) DM982, (lex-1) tsl-2, at 30°C 

(B) DM843 at 42.5°C 

(D) DM844 at 42.5°C 

(F) DM982 at 42.5°C 
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cultures were then diluted 100-fold Into fresh N broth and 

placed either at 30°C or 42.5°C. These were allowed to 

grow for two more hours and formalin was added to each 

culture to a final concentration of \%. A drop of each 

culture was placed on a slide, allowed to dry, and then 

photographed. 

A culture of the thermosensitive strains growing at 

42.5°C is shown In Fig. 5F. The cells nearly all appear as 

long filaments. A culture of the same strain Incubated at 

30°C, shown in Fig. 5E, forms rod-shaped cells of normal 

dimensions. The Isogenic lex* and lex" strains growing at 

30°C or 42.5°C form rod-shaped cells; these are shown in 

Fig. 5A, B, C, and 0. The abnormal morphology of cells of 

the thermosensitive strain DM959 at 42.5°C Is typical of all 

the thermosensitive tal" derivatives which have been studied 

in this laboratory; cultures of each of these growing at 

42.5°C are all composed almost entirely of long filaments. 

Therefore, It appears that at 42.5°C the cells elongate 

normally but fall to synthesize septa to separate daughter 

cells. 

Protein and DNA Synthesis at 30°C and 42.5°C 

The above experiment showed that cells of the ther-

moBensitlve strains growing at 42.5°C appear to elongate 

normally but fall to produce cross-septa that separate 

daughter cells. In this respect they resemble mutants that 
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have been isolated In other laboratories. However, thermo-

sensltlve mutations In these strains, to the best of my 

knowledge, are not located In the same region of the E. 

coll El 2 genetic map as the tsl mutations under analysis In 

the present study. 

Defects in protein and DNA synthesis can lead to 

the growth of cells Into non-septate filaments. Starvation 

of thymine-requlring strains for thymine, or incubation of 

strains with a thermosensitive lesion affecting DNA syn

thesis at the non-permissive temperature, prevents DNA 

synthesis which leads to filamentous growth. Thermosensi-

tlve lesions affecting protein or RNA synthesis can also 

produce these same effects, since protein and RNA synthesis 

are required for the iniatlon of new rounds of replication 

of the E. coll chromosome. The eventual decline in DNA 

synthesis then leads to filament formation. 

The thermosensitive strains therefore have been 

examined for a possible defect in overall rates of DNA and 

protein synthesis, in order to test whether or not the fila

mentous growth at 42.5°C was due to a defect in one of these 

processes. 

Rates of protein and DNA synthesis were measured in 

cultures of the thermosensitive derivative DM511 and re

lated lex4, and lex" strains growing either at 30°C or 42.5°C 

(Fig. 6). These strains were grown to log phase and diluted 

40-fold in broth with Ĥ -labeled leucine to measure protein 



46 

~ A ~ 
u 
z 3000r 3000 

11000 . 1000 
~ 
w 
...J 
CD 
:::> 
...J 

300 0 300 
(/) 

~ 
c:t 
u ..... 
0 30 60 30 60 90 
..... 
~ D 
...J 
w 
~ 3000 
...J 

~ 

0 
w 
~ 1000 c:t ..... 
Q.. 

:::> 
w 
> 
t= 300 :5 
w 
a: 

30 60 90 30 60 90 
TIME IN MINUTES 

Fig. 6. DNA and Protein Synthesis Measurements. 

{A) DNA synthesis at 30°C (B) DNA synthes-is 42.5°C 

(C) Protein synthesis at 30°C (D) Protein synthesis at 42.5°C 

AB11 57, m+, ~ DM49, lex- 3, 0 DM511, ( lex-3) tsl-1, 0 
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synthesis or Ĥ -labeled thymidine to measure DNA synthesis, 

and incubated at either 30°C or 42.5°C. 0.1 ml allquots 

were removed at different intervals and put on filters 

which were washed in Ice-cold TCA and allowed to dry. 

Label incorporated into high molecular weight material will 

not be washed off the filters by this treatment. A more 

complete description of the method may be found in Materials 

and Methods. The data given in Fig. 6 show that no sig

nificant differences were observed among the lex+, lex", 

and tsl" strains. Strain DM511 therefore shows no apparent 

defect in rates of DNA or protein synthesis to account for 

its thermosensitivity. 

Location of DNA Synthesized in Filaments 
at 42.5UC by Autoradiography 

Cultures of the thermosensitive strains growing at 

42.5°C at a concentration of 10̂ /ml produce long filaments 

without septa, while at 30°C they produce normal-sized rods. 

Non-septate filaments up to 10x normal length are observed 

following three hours Incubation at 42.5°C. It appears that 

they are defective in septation at 42.5°C and, as shown in 

the above section, there is no apparent defect in rates of 

protein or DNA synthesis to account for this thermosensi

tivity. 

Previous studies have shown that In some thermosen

sitive strains that grow into filaments, the rate of DNA 

synthesis is normal but the DNA remains in one region of 



48 

the filament. Such strains appear to be defective In the 

segregation of daughter chromosomes. Such separation may 

be a function of the cell membrane. The cell chromosome Is 

thought to be attached to the cell membrane, and following 

a round of replication of the chromosome, newly formed 

chromosomes are thought to be separated by growth of the 

cell membrane between the points of attachment of the 

daughter chromosomes. A defect In the packaging of the DNA 

may also Inhibit normal DNA segregation. Recent experiments 

by Worcel and Burgl (68) suggest that the chromosome of 

E. coll Is present In a tight compact form. This form of 

the chromosome Is likely to be a necessary precursor step 

to the segregation of daughter chromosomes by the cell 

membrane and then subsequent separation Into daughter cells 

by septum formation. 

When temperature-sensitive strains, as those dis

cussed above, have their DNA labeled (at 30°C) with Ĥ -TdR 

and are allowed to grow Into filaments by growing them at 

42.5°C and the filaments autoradlographed, the tritium 

label will be seen only In one or two places along the fil

aments. 

In other temperature-sensitive mutants that grow 

Into filament8 and synthesize normal amounts of DNA at non-

permlsslve temperatures, segregation of DNA occurs along 

the filament, and It seems likely that the chromosomes 

occupy positions they would have occupied had cell dlvlson 
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occurred. These mutants are presumed to be defective In 

septum formation. Under conditions where the DNA in these 

strains is labeled at 30°C with Ĥ -TdR, and the strains are 

grown into filaments at 42.5°C, and the filaments auto-

radiographed, the tritium is seen spread out along the 

filaments. 

An autoradiograph experiment was performed to test 

whether or not the UNA synthesized in tsl" cells, growing 

into filaments at 42.5°C, is segregated along the filaments* 

Cells were grown to approximately 5 x 1Ô /ml in EM-9 media. 

They were then filtered and resuspended in media containing 

tritium labeled thymidine to label their DNA, and grown 

overnight at 42.5°C. The labeled filaments were diluted 

into formalin and fixed on slides. The slides were over-

layed with photographic film and exposed. Subsequent 

development of the slides results in the appearance of 

grains in the photographic emulsion above the tritium label 

in DNA. This autoradiographic procedure is described in 

detail in Materials and Methods. Fig. 7 shows a typical 

filament in a culture of DM982. Grains are Been above the 

filament along its entire length. This result indicates 

that the mutant defect at 42.5°C does not involve segre

gation of DNA, which appears in DM982 to be distributed 

uniformly along the length of the filament. The primary 

defect in tsl" cells at 42.5°C therefore appears to be an 
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Fig. 7. Segregation of DNA in Filaments of Thermosensitive 
Strain DM982. 

Strain DM982 (lex-1) tsl-2 was grown to exponential phase 
at 30°C without label and was then added to labelled media 
and shifted to 42.5°C. It was grown for 20 hours at this 
temperature, then added to formalin at which time autoradi
ograph pro.ceedures were begun. 



Inability to synthesize septa to separate newly formed 

daughter cells. 

ReceBslveness of tsl Mutations 

lex+/lex~ heterozygotes have been constructed and 

found to be UV-sensitive (40). Thus, the lex" mutation is 

dominant and the lex" mutant phenotype must be due to the 

synthesis of a diffusible product. Possibly the tsl muta

tions, which are tightly linked to lex mutations and sup

press the lex" phenotype, inactivate this diffusible 

product. Inactivation of this product would then result 

in the thermo8ensitive phenotype. If this were the case, 

tsl" would be recessive to tsl+, and a lex* t8l+/(lex") tsl" 

heterozygote would grow at 42.5°C. This same lex+ tslV 

(lex") tsl" heterozygote would be UV-resistant, since the 

tsl allele would have Inactivated the diffusible product 

causing the Lex- mutant (UV-sensitlve) phenotype. The ob

jective of this section is to investigate properties of a 

lex4" tsrV(lex-) tsl" heterozygote in order to see if the 

above model can be supported by experiment. 

F118, which carries the lex+ tsl"*" region of the 

E. coll K12 linkage map, was crossed into the thermosensi-

tlve strain DM959. Construction of the Btraln and the 

proof of its genetic structure are described in Materials 

and Methods. The resulting heterozygous strain was grown 

into exponential cultures at 30°C and inoculated on N agar 
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plates which were Incubated at either 30°C or 42.5°C. In 

contrast to the thennosensitive parent, cells In the cul

ture of the heterozygous strain were capable of growth Into 

normal-sized colonies at 42.5°C. The data shown In Table 5 

establish that the culture of the heterozygote yielded the 

same number of colonies when Inoculated and grown on plates 

at either 30°C or 42.5°C. In contrast, the culture of the 

parent tsl" strain produced approximately 5,000-fold fewer 

colonies at 42.5°C than at 30°C. The heterozygous strain 

was also tested for Its resistance to UV. Exponential cul

tures were diluted 100-fold Into phosphate-buffered-sallne, 

UV-lrradlated, Inoculated on N agar plates, and Incubated 

at either 30°C or 42.5°C. The calculations on the data for 

the surviving colonies are shown In Table 6. The heterozy

gous strains, either grown at 30°C or 42.5°C, are as UV-

reBlatant as the related lex* and tsl" strains. 

These results show that tsl" Is recessive to tsl+. 

This Is consistent with our conclusion that tsl" results 

from the loss of a product necessary for cell division at 

42.5°C. The results also Indicate that lex and tsl muta

tions affect the same gene product. These results do not 

support a model In which lex and tsl affect different 

products. If the tsl+ product were necessary to obtain the 

lex" mutant phenotype, then the above heterozygote would be 

UV-sensltlve since the tsl* allele on the eplsome would 

supply active tsl+ product missing in the thermosensitive 



53 

Table 5. Relative Efficiency of Colony Formation of tsl" 
Derivatives and lex* t3l+/(lex-) tsl" Meterozy-
gotes at 30°C and 42.5UC. 

Ratio of yield of 
colonies at 4-2.5°C 

Strain Genotype over yield at 30°C 

DM959 (lex-1) tsl-2 2.3 x 10"4 

F118/DM959 lex+ tsl+/(lex-1 ) tsl-2 1 .0 

See legend of Table 4. 



Table 6. UV Survival of lex* tBl+/(lex") tal" Heterozygotes. 

Strain number Genotype ' Temperature 
UV aurvlval at 
100 erga/mm2 

Uv survival at 
300 erga/mm2 

AB1157 lex-*" tal-*- 30° C 60% am mm 

DM511 (lex-3) tal-1 30° C 70% — 

F118/DM511 lex+ tal+/(lex-3) tfll-1 30° C 70% — 

F118/DM511 42.5°C 70% — 

DM843 lex-*- tal"*- 30° C — 25% 

DM959 (lex-1) tsl-2 30° C — 25% 

F118/DM959 lex+ tal+/(lex-1) tsl-2 30°C . — 20% 

F118/DM959 42.5°C — 17% 

See legend to Table 2. 

ui 
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derivatives. Since the heterozygote Is UV-reslstant, It 

seems most likely that tsl" and lex" are In the same gene. 

It Is concluded that the tsl mutation probably Inactivates 

the same product that gives rise to the Lex" mutant pheno-

type. 

The Influence of Thermosensitive tsl 
kutatlons on Bacteriophage Lambda 

It was proposed earlier that the lex4- product may 

be a repressor of the synthesis of repair enzymes and that 

this repressor Is Inactivated after UV-Irradiation of the 

cell, leading to enzyme Induction. The lex" mutation Is 

thought to make a repressor that Is more active than the 

normal repressor and continues to repress repair enzyme 

synthesis following UV-lrradlatlon of cells. 

It has been shown above that the tsl mutations 

appear to Inactivate the lex" product. If the lex product 

were a repressor the repair enzymes proposed to be under 

Its control would be made constltutlvely, both In unir

radiated and UV-lrradlated cells. The following experiments 

are designed to test the hypothesis that repair enzymes are 

made constltutlvely In tsl" strains. The tests depend upon 

the observation that lex mutations are known to affect the 

Induction of a lambda prophage by UV and the' repair of bac

teriophage lambda DNA containing UV photoproducts. 
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Induction of Prophage Lambda by UV 

The effect of mutations affecting DNA repair on the 

induction of prophage lambda was determined in the following 

manner. Cultures of lex*, lex", and (lex") tsl" strains 

were grown to log phase, UV irradiated at different doses, 

and then allowed to Incubate at 37°C for 30 min. This 

period of Incubation at 37°C allows lytic phage development 

to occur in cells in which the prophage has been Induced. 

However, Induced cells have not started to burst and release 

free phage at this time. The culture was Inoculated on 

plates with indicator bacteria to assay for Infection cen

ters (cells that form plaques) and the plates incubated at 

37°C. The induced cells burst in the overlay a short time 

later and plaque development then occurs. Experimental 

details are in Materials and Methods. 

In Fig. 8 a graph is plotted of the fraction of 

lysogenic cells in lex*. lex", and (lex") tsl" cultures 

which are induced to produce phage. The yield of phage-

producing cells in the lex* culture increases as the dose 

is Increased from 0 to 400 ergs/mm2, where It reaches a 

maximum, and then gradually decreases for larger UV doses 

(600 ergs/mm2; data for very large doses is not shown). 

Induction of prophage by UV is known to result from inactl-

vatlon of phage repressor uhich leads to lytic growth of 

the phage and cell lyBis. The increase in the above induc

tion curve probably represents the kinetics of repressor 
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Fig. 8. Kinetics of Induction of Prophage Lambda by UV-
irradiation. 

Measurements of lambda induction were done by assaying the 
number of viable cells induced after various doses of UV. 
Lysogenlc cells were grown to exponential phase at 30°C. 
They were UV-irradiated for various doses and cells were 
allowed to incubate for 30 min. at 37°C, with gentle 
shaking. They were inoculated on N plates with C600 Indi
cator strain and incubated at 30°C. 

AB1157, lex"*". A DM49. lex-3.B DM511. (lex-3) tsl-1.Q 
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lnactlvatlon, and the decline phase the killing of prophage 

by large UV doses. 

The curve of prophage Induction In the lysogenlc 

lex" strain, shown In Fig. 8, Is seen to rise at approxi

mately the same rate as the lex* strain for small UV doses, 

although the yield was lower. The maximum level of phage-

producing cells reached Is lower {0,6%) compared to the 

lex* strain (20̂ ), and the decline at high doses Is more 

rapid than In the lex* strain. The main difference between 

prophage Induction kinetics In lex* and lex" strains, as 

seen In the above data, Is probably attributable to a host 

cell difference In ability to repair damaged prophage In 

UV-lrradlated cells. 

The curve of prophage Induction In the lysogenlc 

tsl" strains Is similar to that of the lex"1" strain (Fig. 8). 

Thus, It appears that the tsl" derivative has the ability 

to repair prophage In heavily Irradiated cells, In contrast 

to the lex" parent which lacks this ability. 

Repair of UV-lrradlated Lambda Bacteriophage 

The ability of mutant strains of bacteria to repair 

UV-damaged genomes of bacteriophage lambda was measured as 

described below. Cells grown to log phase were divided 

Into four parts, two of which were UV-lrradlated and two 

were not. One set each of Irradiated and unirradiated 

cells was Infected with a suspension of phage lambda, while 
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the other was infected with the same suspension that had 

been UV-irradiated. Conditions for infection were such 

that adsorption of phage was very efficient. Before the 

infected cells lysed, they were inoculated on nutrient agar 

plates to assay for plaque-forming-units. The strain of 

lndieator bacteria was AB2480 recA" uvrA" that shows very 

low levels of repair of UV-irradlated phage. Therefore, 

the assay measured the repair of phage in the test strain 

of bacteria, and the indicator strain did not contribute 

additional repair. 

It has been shown that the survival of plaque 

forming ability, when the phage suspension Infects unirradi

ated lex* and lex" bacteria, is approximately the same (10). 

This result indicates that unirradiated lex* and lex" 

strains do not differ In their capability to repair UV-

irradlated lambda bacteriophage. However, when UV-irradlated 

cells are infected, a large difference Is seen between the 

lex* and lex" strains. The ratio of phage survival on 

irradiated cells, to that on unirradiated cells, is desig

nated the UV-reactivation factor. This factor is plotted 

against UV dose to the cell in Fig. 9. The reason for 

basing the survival on the titration of the unirradiated 

phage suspension on Irradiated, rather than unirradiated 

cells, is to correct for the loss of capacity of Irradiated 

cells to support phage growth. This would make the titre 

of the UV-irradiated phage suspension appear lower than it 
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irradiated phage on Irradiated cells divided by the ratio 
of survival of UV-lrradlated over unirradiated phage on 
unirradiated cells. 
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really la. The UV-reactivation factor therefore measures 

the ability of Irradiated cells to repair UV-lrradiated 

phage genomes, in comparison to unirradiated cells. 

The data in Fig. 9 clearly show that Irradiated 

lex* cells show a much greater capacity, than unirradiated 

cells, to repair UV-irradiated lambda; whereas, no greater 

capacity is observed in the case of the lex" strain. This 

Increased capacity for repair of UV-irradiated lambda, in 

UV-irradiated versus unirradiated cells, could be due to 

the induction by UV-irradlation of cell repair enzymes that 

are able to repair the irradiated phage. The incapacity of 

irradiated lex" cells to show increased repair could be 

attributed to the inability of the cellB to induce the 

repair enzymes. 

Possibly the synthesis of these enzymes could be 

regulated directly by the lex repressor. If tsl" mutations 

were to inactivate the lex repressor, then in tsl" strains, 

these repair enzymes would be made constitutively. Conse

quently, unirradiated tsl" cells would be expected to repair 

UV-irradiated phage as efficiently as irradiated lex* cells, 

and their capacity to repair phage would not be Increased 

further by UV-irradiation. 

The data in Fig. 9 do not support the above hypoth

esis. The reactivation of UV-irradiated phages in unirradi

ated (lex") tsl** cultures is no greater than it is in 
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unirradiated lex* and lex" cultures. The UV-reactivatlon 

factor for UV-irradiated phage in irradiated tsl" cells, 

shown in Fig. 9, is similar to that of the lex4, strain. 

This result shows that Increased ability to repair UV-

irradlated phage, in UV-irradiated compared to unirradiated 

cells, has been restored in (lex") tsl" strains. 

Reactivation experiments similar to those described 

above were done on lex*, lex", and (lex") tsl" strains 

grown at 42.5°C for two hours. Under these conditions the 

(lex") tsl" strains grow into filaments, but are still 

viable and capable of supporting phage growth. The results 

were similar to those for cultures grown at 30°C. Thus, 

these experiments do not lend support to the hypothesis 

that there Is constitutive synthesis of repair enzymes in 

tsl" cells, either at 30°C or 42.5°C. However, they are 

not a critical test of it, since one cannot be certain that 

the enzymes proposed to be under control of the lex gene 

and those proposed to repair Irradiated-lambda are the same 

ones. 

UV Mutagenesis of Bacteriophage Lambda 

When a culture of lex* E. coll strain is irradiated 

with UV, more mutants per suvivor are found in the culture 

than in control, unirradiated cultures (61). This increased 

yield of mutants per survivor is not obtained in UV-

irradiated cultures of lex" strains. 
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It was proposed above that UV-irradiation destroys 

the lex product, a repressor of repair enzymes, and that the 

enzymes are Induced In lex+ but not lex" cells. It is pro

posed here that the activity of these enzymes in lex+ cells 

leads directly or indirectly to errors in the repair of UV 

photoproducts. 

This error-prone system that is active In Irradiated 

lex*. but not lex", cells also acts on UV-irradiated lambda 

phage. The increased yield of phage mutants is associated 

with the increased yield of survivors of UV-irradiated 

lambda phage, growing in UV-irradlated versus unirradiated 

cell8, and neither an Increased yield of mutants nor sur

vivors is obtained in Irradiated lex" cells. These results 

also imply the existence of a UV-inducible, error-prone 

repair system that is Induced in irradiated lex*, but not 

lex" cells. 

The effect of lex and tsl mutations on the Induction 

of mutations in phage lambda may be detected by scoring the 

appearance of so-called clear mutations. Non-mutant lambda 

produces a turbid plaque due to the lysogenization, as well 

as lysis, of Indicator bacteria within the area of growth 

of the plaque. The lysogenlzed cells, once formed, are 

immune to lytic infection by phage and grow within the 

plaque to produce turbidity. Phage mutants which produce 

clear plaques arise spontaneously. These fall to lysogenlze 

the indicator bacteria due to a failure to produce phage 
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repressor, which shuts off lytic functions In lysogenic 

cells. Lambda gives an Increased number of clear plaques 

under conditions where both phage and host cells are UV-

lrradlated and when the host Is lex*. No Increase Is seen 

on a lex" host (10, 14). 

tsl mutations were shown above to suppress the lex" 

phenotype. lex" strains are UV-sensitive, do not Induce 

lambda prophage efficiently after UV-lrradlatlon, and fall 

to show an Increased capacity to repair Irradiated phage 

lambda when they are UV-irradiated. The (lex") tsl" strains 

are UV-reslstant, capable of efficient induction of lambda 

prophage by UV, and Irradiated cells show full capacity to 

repair irradiated phage lambda. This full capacity is not 

seen in unirradiated cells (last section), and it was con

cluded above that the tsl mutation does not lead to direct 

constitutive synthesis of the enzymes that repair irradiated 

phage, but rather to restoration of ability to be induced 

indirectly by UV. 

This explanation of the effect of tsl mutations on 

induced repair enzyme synthesis would predict that irradi

ated (lex") tsl" cells should have greater capacity than 

unirradiated cells to Induce mutations in phage lambda. To 

test this possibility, cultures were grown to log phase and 

divided into four parts, two of which were UV-irradlated 

and two were not. One set each of Irradiated and unirra

diated cells was infected with a suspension of phage lambda, 
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while the other was Infected with the same suspension that 

had been UV-lrradlated. They were Inoculated on nutrient 

agar plates; the Indicator bacteria was AB2480 recA" uvrA" 

which shows a low ability to both repair and Induce muta

tions In UV-lrradlated lambda. 

Lambda clear plaques are readily visible on plates, 

compared with normal lambda turbid plaques. Clear plaque 

frequencies In Irradiated and vinlrradlated suspensions In

fecting Irradiated and unirradiated cells have been calcu

lated In Table 7. There Is an Increase of about 10-fold In 

the frequency of clear plaques for Irradiated lambda grown 

In Irradiated, compared to unirradiated, cultures of DM843 

lex"*" tsl+. No such Increase was observed In Irradiated 

cultures of DM844 lex" tsl+; these results are In agreement 

with those of Defals et al (14). Under the same conditions, 

the (lex") tsl" strain shows about a 5-fold Increase In the 

frequency of clear plaqueB. The smaller Increase seen In 

the (lex") tsl" strain, compared to the lex+ tsl"*- strain, 

Is reproducible. 

The above results for the tsl" strains therefore 

show a partial recovery of ability to Induce mutation In 

UV-lrradlated lambda. This may Indicate that (lex") tsl" 

strains are now allowing only partial Induction of the 

error-prone, UV-lnduclble repair enzymes, and that some 

other system of repair allows full reactivation of UV-

lrradlated phage reactivation without mutation Induction. 



Table 7. UV Mutagenesis In tsl-2. slx-1. six-2. Wlldtype and lex-1 Strains. 

UV dose to 
the bacteria 

Frequency of X clear plaques x 10"̂  
UV dose to the phage (ergs x mm"2) 

Bacteria Genotype (ergs x mm"2) 0 650 

DM843 lex* tsl+ six* 0 
800 

1 (2)a» 
1 0) 

b 3 (3) 
30 (30) 

DM844 lex-1 tsl+ slx+ 0 
800 

1 (1)H 
3 (3) 

3 (3) 
4 (4) 

DM982 CLex-1 ) tsl-2 six* 0 
800 

1 (0)c 
1 (1) 

2 (6) 
10 (32) 

DM983 (lex-1) tsl+ slx-2 0 
800 

3 (7)° 
A (8) 

1 (4) 
6 (23) 

DM1010 (lex-1) tsl+ slx-1 0 
800 

1 (0)b 
4 (5) 

1 (1) 
8 (9) 

Frequenoy of clear plaques as a function of UV dose to host cell and 
UV dose to phage. All experiments were done at 30°C. 

aNumber of clear plaques scored. 

Âverage of two experiments. 

"Average of three experiments. 
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Alternatively, the lex product may be partially active in 

(lex") tsl" cells, and partially repress the error-prone 

repair system while a second error-free system may be per

forming part of the repair. 
* 

Two classes of UV-resistant derivatives of lex" 

strains, other than the Class I thermosensitlve strains, 

were described in the first part of these results. Class II 

type form some filaments at 30°C and are UV-resistant, and 

Class III make rods at 30°C and are slightly UV-sensltive. 

The six mutations In these classes of mutants are also 

suppressors of lex and are located in or near the lex 

region and could represent a different change in the lex 

product, other than that in tsl" strains. The effect of 

these suppressor mutations on the Induction of clear 

mutations in phage lambda was determined. It was thought 

that these experiments might shed more light on the nature 

of the control of reactivation and mutagenesis of lambda. 

Table 7 also shows the clear plaque frequencies 

using cultures of DM983 (Class II) and DM1010 (Class III). 

All derivatives show Intermediate levels of UV-mutagenesls 

under conditions where both phage and host are UV-irradiated. 

These results are similar to those obtained with (lex") tsl" 

strains, and show that six suppressor mutations affect 

reactivation and mutagenesis of lambda in the same manner 

as tsl suppressor mutations. 



Temperature-Insensitive Revertants of the 
Thermosensitive Derivatives of lex" Strains 

Reversion Analysis 

An attempt was made to demonstrate the presenoe or 

absence of a lex" mutation In the thermosensitive strains 

by selecting revertants able to grow at 42.5°C. Possibly 

in some of these, tsl" may have back-mutated to tsl+. If 

the lex" mutation were present in these, they would be 

expected to have a lex" phenotype. Ten and three indepen

dent temperature-insensitive revertants were obtained from 

DM5H and DM959t respectively. 

Table 8 shows UV-survlval of the ten temperature-

insensitive revertants of DM511. The revertants are desig

nated DM511R(1 — 10). Nine of the ten revertants show 

normal UV-survival curves, and one is only slightly more 

sensitive; thus, none of the ten revertants has returned to 

the lex" UV-sensitive phenotype. 

To test to see if lex" could be regained, PI trans

ductions, using the derivatives as malB+ donors to a malB" 

lex-*- recipient, were done on eight of the thirteen 

revertants. A typical result is shown in Table 9 In which 

none of the eight tested gave back UV-sensitlvity; however, 

all gave back a thermosensitive phenotype at a frequency 

consistent with the cotransduction frequency between tsl 

and malB. Thus, it is assumed that for these Btraina a 

third mutation was gained which now suppresses the 
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Table 8. UV Survival of Thermo-lnsensltlve Derivatives of 
DM511. 

Strain 
UV dose In 
ergs/mm2 Percent Survival 

AB1157 200 40 

400 15 

DM511 200 50 

400 20 

DM511R (1-9) 200 35 

400 10 

DM511R (10) 200 10 

400 1 

See Legend to Table 2. 
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Table 9. Cotransduction of tsl with malB from a Thermo-
lnsensltlve Derivative.® 

Donor 
Strain 

Total No. of 
transductants 
analyzed 

Unselected markers 

lex" (UV8) tsl-l(TS-) lex+ tsl+ 

DM511R4 100 0 64 36 

aFour other revertants of DM511 and three thermo-
lnsensltlve revertants of DM959 also gave similar results. 

See Legend to Table 3 
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thermosensitive phenotype, and that none was a tsl" to tal* 

revertant. Therefore, a reversion analysis could not be 

employed to demonstrate the presence or absence of the lex" 

mutation in the thermosensitive strains. 

genetic Analysis of New Mutatlon(s) 

If the new mutation(s) which suppresses the thermo-

sensitive phenotype, were near tsl" or lex", it could also 

be cotransduced with malB. and the tsl" marker would 

probably not have been regained at a normal frequency as 

shown in Table 9. This would be due to the fact that the 

new suppressor mutation would also be transduced, and a 

percentage of the malB+ transductants would carry both tsl" 

and the new suppressor mutation, and be thermoresistant. 

This over-all effect would be a decrease in the percentage 

of thermosensitlve transductant recovered with malB+ selec

tion. As this result was not obtained, It appears that the 

new suppressor mutations are not located near lex" or tsl" 

and are not cotransducible with these markers in a malB* 

selection. 

If tsl" causes repair enzyme(s) to be depressed in 

a lex" strain, then it may be possible that a suppressor of 

tsl" would occur as a mutation in the structural gene of 
4 

one of these enzymes, with the result that the thermo-

insensitive revertant would be less UV-reslstant than its 

tsl" parent. In Table 8 it has already been shown that one 
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of the revertants is slightly more sensitive to UV than its 

parent. This strain (DM511 RIO) was also one of the eight 

strains in which it was shown that tsl" was still present 

by P1 transduction. An attempt was made to locate the new 

mutation(s) to see if any (particularly the one mentioned 

above) map in a position near a known DNA repair gene. 

Short conjugation crosses were done with selected 

Hfr male strains, whose origi.ns are located around the 

E. coll K12 map, and nine of the DM511 revertants. Various 

auxotrophic markers were selected for, and thermosensitivity 

was scored. If in the revertants, the new mutation is 

crossed out by conjugation, then the conjugant cell should 

regain a thermosensltlve phenotype. By this criterion it 

was found that in all nine revertants of DM511, the sup

pressor̂ ) appeared to be located between the origins of 

DM257 and KL99 (Table 10, Fig. 10) or between 15 and 22 min 

on the E. coll K12 linkage map (55)* No known DNA repair 

genes have been mapped in this region, but there may be 

some as yet undiscovered. . 

It is known that several ochre suppressors are 

located in this region; and it was thought that tsl-1 may 

be an ochre mutation in the lex gene which now could be 

suppressed by an ochre suppressor. The his" and arg" 

markers of strain AB1157 (from which DM511 derived) are due 

to ochre mutations (21); and if DM511 thermo-insensitive 

derivatives were now due to ochre suppressors present in 



Table 10. Happing of Suppressor Mutations In Theriao -In sensitive Derivatives of DM511 

(No. of thermosensitive recombinants0) 
Donor Selection DM511 R1 R2 R3 R4 R5 R6 R8 R9 RIO 

Hfr6 His+ StrR 3b 3 3 2 6 4 1 2 2 

KL99 His+ StrR 0 0 0 0 0 0 0 0 0 

DM257 Pro* Str11 0 0 0 0 0 0 0 0 0 

aDM511 and revertants are his" pro" strR: the donors are his+ pro"*" str3. 

N̂umber of the rmo sensitive cells Which could be recovered out of 50 recombi
nants tested. 

Recombinants were recovered by technique in Legend of Table 11, only selection 
was for either His+ StrR or Pro+ StrR . 50 recombinants of each cross were then 
scored for thermosensitivity to see if the suppressor of tsl" had been crossed out. 
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Pig. 10. Partial Linkage Map of E. coll K12 (c). 

Included are the markers and the origins and directions of 
Hfr strains used In the mapping of the suppressor In the 
thermo-lnsensltlve revertants of DM511 . 
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these cells, they should have a higher ability to grow on 

media without hlstldlne or arglnlne than their parent 

strain DM511. Two of the DM511 thermo-insensitive deriv

atives were tested and were found not to grow on media without 

hlstldlne or arglnlne. Also, all the thermo-Insensitive 

derivatives of DM511 were streaked on plates without any 

of these amino acids, and none was able to grow. It is 

concluded that the new suppressor mutation(s) in the thermo-

insensitlve derivatives of DM511 are not ochre suppressors. 

It is impossible at this time to say what the nature of the 

new mutations are; however, it may be that they are in (a) 

gene(s) which may be normally under the control of the lex 

product. 

Analysis of Double Mutants 

Properties of a Strain with Both 
a recA and a tsl Mutation 

Both lex" and recA" strains are very sensitive to 

UV; however, recA" strains are somewhat more sensitive than 

lex" strains. They are both incapable of showing increased 

repair of lambda when both host and phage are Irradiated 

(UV-reactivatlon; Fig. 12); however, both lex" (10) and 

recA" strains (Pig. 13) are capable of repairing lambda 

under conditions where only the phage is irradiated (host 

cell reactivation) in comparison to strains as urvA" or 

% 
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urvB" which are Incapable of performing host cell reacti

vation (not shown). 

lex mutants may be defective In the same DNA repair 

pathway as recA" strains (38). This has been demonstrated 

by the fact that recA" lex" double mutant strains are as 

UV-sensitive as recA" single mutant strains. The rationale 

behind this Is that, in general, if two gene products affect 

the same pathway of DNA repair, a strain with both genes 

defective will usually not be more UV-sensitive than a 

strain with only one of the genes defective. On the other 

hand, if the gene product affects different pathways, the 

strain with both genes defective should be more UV-sensltlve. 

lex" strains are recombination proficient, yet 

recA" strains show very low, if any, recombination pro

ficiency. This suggests that there may be at least two 

steps of DNA repair defective in recA" strains, only one of 

which is involved In recombination, lex" and recA" strains 

may both be defective in the step not involved in recom

bination; whereas, recA" strains may have an added 

recombination defect resulting in greater UV-sensitivity 

than lex" strains. 

The model of the lex ge.ne proposed earlier was that 

lex Is a repressor that regulates repair enzymes and that 

UV-irradiation leads to destruction of this repressor and 

induction of the enzymes. Possibly the recA+ product is 

needed for that destruction of repressor in a similar way 
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to Its requirement for destruction of lambda repressor when 

ly so genie cells are UV-irradiated. If tsl" were to allow 

the restoration of repair enzymes synthesis by destruction 

of repressor, one would expect constitutive synthesis of 

the enzymes and acquisition of UV-resistance independent of 

the recA function. Consequently, the tsl" recA" strain may 

have a greater resistance to UV than a tsl'*' recA" strain, 

as these enzymes may partially suppress the DNA repair 

defect of recA" strains. The recombination deficiency of 

recA" strains should not be suppressed by tsl mutation for 

the reason given above that the common pathway of DNA repair 

affected by both lex and recA mutations does not appear to 

affect recombination proficiency. 

In an attempt to test the above hypothesis, a recA" 

tsl" double mutant was constructed. The construction of 

such a mutant is detailed In Materials and Methods. This 

double mutant was tested for Its UV-sensitivity, recombi

nation ability, and ability to reactivate irradiated 

bacteriophage lambda. 

UV-survival curves of isogenic strains of recA+ 

tsl+, recA" tsl'*'. recA+ tsl". recA" tsl" are shown in 

Fig. 11. The tsl" recA" strain is significantly more UV-

resistant than the recA" tsl+ strain. Recombination 

ability was tested by crossing the recA" tsl" and recA" tsl+ 

strains with Hfr strain DM259, and selecting for Thr+ Leu+ 

Str̂  recombinants. The recombination ability is expressed 
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In Table 11 aa the number of recombinants recovered per 100 

Hfr cells. The data show that the recA" tsl" strain Is as 

recombination deficient as the recA" tsl4, strain. These 

UV survival and genetic recombination results are conslstant 

with the hypothesis given above. 

It was shown in the above section that tsl mutations 

result In the restoration to full capacity of the reactiv

ation of UV-irradiated phage in UV-irradiated cells. To 

ascertain If this full capacity seen in the tsl" strain was 

recA-Independent or to other reasons, perhaps unrelated to 

the synthesis of repair enzymes, the double mutant was 

tested for capability to reactivate UV-lrradlated lambda. 

For instance, tsl" might indirectly suppress the UV-

sensitlve phenotype of recA" cells by inhibiting for longer 

times chromosomal or cellular division so the DNA has more 

time to be repaired. If this were true, then a UV-

irradiated recA" tsl" strain should repair irradiated 

lambda with the same low efficiency as an UV-irradiated 

recA" tsl+ strain. 

Two test8 were carried out on the double mutant to 

examine its reactivation ability. Fig. 12 shows the UV-

reactivatlon factor for Irradiated and unirradiated lambda 

on irradiated and unirradiated hosts. It appears as though 

the recA" tsl" strain has a slightly higher reactivation 

ability than the recA" tsl+ strain. Fig. 13 shows the 

ability of unirradiated cultures of the same strains to 



Table 11. Recombination Ability of recA" tsl" and recA" tel* 8trains.a 

Titer of 
recombinants % 

Recipient Genotype of recipient Donor titer recovered Recombination 

DM936 thr" leu" str11 tsl-1 (lex-3) 7 x 107/ml 1.5 x 102/ml 2.1 x 10"4 
recA" 

str11 tsl-1 (lex-3) 

DM938 thr" leu" strR tsl+ lex+ recA" 7 x 107/ml 3*6 x 102/ml 5.1 x 10"4 

DM935 thr" leu" 
rec* 

str̂  tsl-1 (lex-3) 7 x 107/ml 2.0 x 106/ml 2.9 thr" leu" 
rec* 

aDonor strain was DM259 thr+ leu"1, str̂ . Recombination ability was tested by 
mating recipient and donor cultures for 30 minutes at 30°C and then inoculating them 
on plates selecting for Thr+ Leu* StrR recombinants. These were Incubated at 30°C. 

oo 
o 
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Pig. 12. Survival of UV-irradiated Lambda In UV-irradiated 
Cell8. 

The experiment Is similar to the presents in Fig. 9, except 
lambda Is irradiated with a dose of 650 ergs/mm2. The 
Btralns DM935 and DM937 were irradiated for 400 and 800 
ergs/mm2, while strains DM936 and DM938 were irradiated for 
35 and 70 ergs/mm2. 
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Fig. 13. Survival of Irradiated Lambda in Unirradiated 
CellB. 

Suspensions of irradiated and unirradiated lambda were 
inoculated on N agar plates with unirradiated cultures, 
and incubated at 30°C 
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repair irradiated lambda. Under these circumstances, the 

recA" tsl" double mutant Is clearly better In reactivating 

lambda than the recA" single mutant. These two experiments 

suggest that the restoration of UV-reactlvation in tsl" 

strains is partially, but not totally, recA-dependent. 

The results of this section tend to support the 

hypothesis that the tsl" mutation derepresses UV-inducible 

repair enzymes which are able to partially suppress defec

tive repair of UV photoproducts in recA" strains. This 

defective repair mechanism, which results in lower UV-

sensltlvlty and UV-reactlvation of lambda, is not thought 

to be the same as the defective mechanism that results in 

recombination deficiency in recA" strains (which may also 

contribute to UV-sensitlvity). 

Properties of a Strain with Both 
a Ion and a tsl Mutation 

One of the earliest types of radiation-sensitive 

mutants of E. coll that was described was the so-called Ion 

mutant of E. coll K12 or fll mutant of E. coll B/r (E. coll 

B is naturally fll"). These mutants formed mucoid colonies 

due to overproduction of capsular polysaccharide and appear 

to produce constitutively the enzymes involved in at least 

four pathways of carbohydrate metabolism (29). However the 

radiation-sensitivity seen in Ion mutants is probably not 

due to this overproduction of capsular polysaccharides, 

because other mutations which also cause this overproduction 
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(and thus show a mucoid phenotype) are not UV-aenaitive 

(29). Also, the capsular overproduction can be suppressed 

in Ion" strains by introducing a lesion into polysaccharide 

synthesis to stop capsular formation, so they make non-

mucold clones. These non-mucoid cells still exhibit the 

same UV-sensitive phenotype as the mucoid cells. 

It has been suggested that Ion" strains are not 

defective in any repair enzyme. After UV-irradlation of 

wild type E. coll K12 cells, or after any other treatment 

that inhibits DNA synthesis, cell division is stopped and 

the cells tend to grow into filaments. As DNA synthesis is 

restored, new chromosomes are segregated along the filaments. 

Later, cell division is restored and then chromosomes are 

segregated Into daughter cells. In cells carrying a Ion 

mutation, cell division is also inhibited, even after very 

low doses of UV-irradiation, and the cells grow into very 

long filaments. However, in this case, cell division is 

not restored as in lon+ cells (2, 58, 59). 

It has been proposed by Witkln (65) that the produc

tion of an inhibitor of cell division is induced by UV-

irradiation. Witkln envisions the synthesis of the 

inhibitor to be under control of a repressor that is de

stroyed when the cell is Irradiated in a process analogous 

to the destruction of phage lambda repressor in a lambda 

lysogen. Production of the Inhibitor continues until DNA 
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Is repaired and DNA synthesis Is reinitiated. The Inhib

itor becomes diluted out as the cell elongates and eventu

ally cell division Is restored. Possibly In Ion" cells, 

production of this Inhibitor would not be stopped after DNA 

synthesis Is reinitiated, or more Inhibitor may be made In 

Ion" cells than In lon+ cells so that It Is not diluted 

sufficiently during cell elongation for cell division to be 

restored. 

UV-lrradlatlon cultures of lex" ion" strains do not 

grow Into filaments and are of the same UV-sensltlvlty as 

lex" lon+ strains (6, 66). Consequently, lex mutations 

appear to suppress the cell division defect In ion" strains. 

However, lex" ion" strains are still mucoid. Therefore, 

the lex mutation does not influence the overproduction of 

capsular polysaccharide due to a Ion mutation. How the lex" 

mutation suppresses filamentatlon due to a Ion mutation is 

not clearly understood. A plausible explanation is that 

the lex* product is necessary for destruction of Vitkln's 

repressor so that the inhibitor of cell division can be 

produced. The lex" product could interfere with either the 

induction or activity of the inhibitor, lex mutations have 

already been shown to prevent Increased repair of UV-

lrradiated lambda in UV-irradlated cells (UV-reactivatlon), 

so that a model based upon their effect on the regulation 

of Inhibitor synthesis seems highly plausible. The product 

made by lex" probably does not in any way directly 



substitute for the defective Ion* product in Ion" strains, 

since lex" does not suppress the mucoid Lon" phenotype and 

thus cannot repress the capsular polysaccharide production 

controlled by the lon product. 

The effect of tsl mutations on the expression of 

the Lon" phenotype has been determined to understand more 

fully the genetic and biochemical relationship between the 

lex+ and lon* products. A double mutant carrying both tsl" 

and lon" was prepared and its properties compared to the 

properties of other strains carrying only one of these 

mutations. The method of preparation of these strains is 

detailed in Materials and Methods. They were examined as 

to their morphology, UV-survlval, and thermosensitivity. 

The lon" strain used to make the double mutant is 

not one reported in the literature, but one Isolated and 

characterized in this laboratory. A strain designated 

JC5219 lon+ was treated with N-methyl-N'-nitro-N-

nitrosoguanldine and surviving colonies were tested for 

their sensitivity to UV-irradiation and methyl methane 

sulfonate (MMS). One colony, designated DM517, was found 

to be extremely sensitive to UV and MMS and to form mucoid 

colonies. DM517 was found also to be normal in recombi

nation and in reactivation of UV-lrradiated lambda In 

unirradiated cells, but could not lysogenize lambda at a 

normal frequency. 



87 

The nutation was mapped between markers purE and 

proC. near tax. Mucoid, UV-sensitlve colonies were re

covered at a frequency of 3/6 In P1 transduction crosses to 

a proC" recipient, using DM517 as a proC* donor. It was 

also found that after very small doses of UV ( 10 ergs/mm2), 

cells of DM517 grow Into long filaments. All these facts 

strongly suggest that DM517 has a Ion mutation, as Ion 

mutations described In the literature also produce all these 

characteristics (2, 29, 60). 

A culture of the Ion" tsl" double mutant does not 

make appreciably more filaments per cell number than either 

lon+ tsl" or Ion" tsl* strains at 42.5°C or 30°C respec

tively (data not shown). Cells of the double mutant also 

form mucoid colonies. The data in Table 12 show that there 

does not appear to be a significant difference In thermo-

sensitlvity between Ion" tsl" and lon+ tsl" strains. Thus 

it appears as though the Ion mutation does not affect the 

thermosensitive Tsl" phenotype at 42.5°C. Whether or not 

the double mutant forms filaments after UV treatment is not 

known. 

UV-Burvival curves for the strains are shown in 

Pig. 14. The Ion" (lex") tal" strain is significantly more 

resistant to UV than the Ion" lex+ tsl+ strain. Thus it 

appears that the Lon" UV-sensitive phenotype is being 

partially suppressed. The lon" (lex") tsl" strain Is still 

more UV-senBitlve than the lon* (lex") tsl" and lon* lex+ tsl*1" 
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Table 12. Relative Efficiency of Colony Formation of 
ion" tsl" Derivatives at 30°C and 42.5°C. 

Number of 
colonies recovered 
per ml at temperature Ratio of 

Strain Genotype 30°C 42.5°C 42.5°C/30°C 

DM985 Ion• lex+ tsl+ 2.4 x 10® 2.4 x 10® 1 

DM986 ion-*- (lex") tsl" 3.0 x 108 3.2 x 104 1.1 x 10~4 

DM987 ion" lex+ tsl+ 1.2x10® 1.8x10® 1.5 

DM988 ion" (lex-) tsl" 6.0 x 10? 4.5 x 103 7.5 x 10-5 

See Legend to Table 4. 
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Pig. 14. UV Survival Curves of Ion" tsl" and Related 
Strains. 

See legend to Fig. 4. 

DM985, lon+ lex+ tsl*. A DM986, lon+ (lex-3) tBl-1.0 

DM987, Ion" lex+ tsl"*". B DM988, Ion" (lex-3) tsl-1 .• 



strains; therefore, a fully UV-realstant phenotype is not 

restored. 

Two hypotheses are proposed to explain the data. 

The first is that the UV-inducible repair enaymes previously 

proposed to be derepressed in tsl" cells could compensate 

for repair enzymes present in lower quantities in Ion", 

compared to Ion* cells. That is, these cells are being 

repaired with a higher efficiency, although the Lon" pheno

type itself is not being directly suppressed. This view 

seems unfavorable because of the data from other labora

tories that suggests Lon" strains have normal repair capa

bility but their cell division apparatus is UV-sensitive 

(2, 3, 59). 

The second hypothesis proposes that tsl mutations 

do not totally inactivate the lex (or lex") product. 

Instead, a partially active (lex") tsl" product would be 

made and this product would still be able to partially 

suppress the Lon" phenotype in the same manner as the 

mutationally unaltered lex" product, i.e. by interfering 

with either the synthesis or the activity of a cell 

division inhibitor. This second hypothesis is yet to be 

tested by observing whether or not lon" (lex") tsl" cells 

show the same degree of filamentation as lon" lex+ tsl+ 

cells after UV-irradiation. 



CHAPTER 4 

DISCUSSION 

Selection and Characterization 

Thirteen Independent, UV-resistant derivatives of 

lex" strains were obtained by selection on plates contain

ing Mitomycin C. These derivatives fall Into three classes; 

approximately one-half of them (Class I) fall to grow at 

42.5°C on either enriched or minimal media, but grow 

normally on these same media at 30°C, I.e., show a thermo-

sensltlve phenotype. The other two classes do not show a 

thermosensitive phenotype; strains In Class II tend to form 

filaments at 30°C but not 42.5°C; strains In Class III show 

a slight UV-sensltlve phenotype. These derivatives appear 

to have acquired a suppressor mutation, designated tsl in 

Class I, and six in Classes II and III, that overcomes the 

defect in DNA repair due to a lex mutation. The tsl muta

tion also results in defective cell division at 42.5°C. 

The thermosensitive strains form long filaments 

without septa at 42.5°C, however, overall rates of protein 

and DNA synthesis appear to be normal. Newly synthesized 

DNA is segregated along the length of the filament. These 

thermosensitive strains are similar in phenotype to strains 

of E. coll that have been isolated in other laboratories; 
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however, none of these other mutations has been mapped near 

lex (24, 42, 48). 

Linkage of Suppressor Mutations to 

tsl and six mutations are tightly linked to the 

site of the original lex mutation, i.e., they are located 

at 80.9 min. on the E. coll K12 linkage map (55). Using 

the formula of Wu (69) to convert the cotransduction 

frequencies of lex and tsl with malB (Table 3, ref. 40) 

into linkage map distances, it is estimated that tsl and 

lex are separated by less than 0.04 min. It is likely that 

tsl and six mutations are classes of mutations appearing In 

the same gene as lex mutations. 

It could be argued that since lex" could not be 

transduced out of tsl" or six" derivatives that all these 

derivatives are double mutants in which lex" has mutated to 

lex* and that tsl'1' or six* have mutated to tsl" or six" 

respectively. It has been shown that the tsl and six 

derivatives of lex" strains exhibit lower UV-inducible 

mutagenesis than lex* strains. This result argues against 

the idea that the derivatives arose from a double mutational 

event. Probably the derivatives arose spontaneously, so it 

is very likely only one mutational event took place. This 

supports the conclusion that lex" is still present in the 

tsl" and six" derivatives. 
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ifis,"* $j£L+/(Iex~) tsl" Merodlplold Strains 

tslVtsl" merodlplold strains were prepared and 

found to grow at 42.5°C. The tsl mutations are therefore 

recessive to tsl+ and appear to result In deficiency of a 

product necessary for growth at 42.5°C. On the other hand, 

lex+/lex" heterozygotes are UV-sensltlve, showing that lex" 

mutations are dominant over lex* and that the Lex" phendtype 

Is due to the synthesis of a diffusible product. It Is 

proposed that tsl mutations Inactivate, partially or total

ly, the product necessary for the Lex" phenotype. 

The tslVtsl" heterozygous strains are UV-reslstant 

at 30°C and 42.5°C. Consequently, the Lex" phenotype can

not be restored In trans by a tsl'*" allele. This obser

vation further supports the proposal that lex and tsl 

mutations affect the same gene product. The nature of this 

product remains to be determined. The properties of the 

mutant strains Indicate that It Is necessary for DNA repair 

and cell division. 

Nature of the tsl" Mutation 

Most functions lost In lex" strains appear to be 

regained In (lex") tsl" strains. These functions are 

mainly Involved In DNA repair. This Is shown by the fact 

that (lex") tsl" strains show normal UV-survlval curves a.id 

normal repair of UV-lrradlated lambda phage as demonstrated 

In their UV-induction of lambda prophage and UV-reactlvatlon 



or Irradiated lambda phage. These results suggest that 

repair enzymes lacking In a lex" tsl+ strain are made In 

a (lex") tsi" strain. 

It has been proposed that these repair enzymes are 

also responsible for the higher UV-reslstance seen In the 

recA" tsl" cells than In recA" tsl+ cells, and perhaps also 

for the higher UV-survlval curves seen with Ion" tsl" com

pared to Ion" tsl* cultures; however, the latter case Is 

not as clear since Ion" does not appear to cause a defect 

In DNA repair but rather a defect In cell division. 

In other characteristics, tsl" does not appear to 

completely suppress the Lex" phenotype. One example Is 

that (lex") tsl" strains still exhibit a lower ability In 

UV-mutagenesls towards phage lambda than lex* strains, 

although the frequency of Induction of clear mutations In 

lambda after UV Is higher than that of lex" tsl+ strains. 

This may Indicate that the tsl mutations result In dere

pression of an error-prone system. In either case, It 

appears that some lex" product activity Is present In (lex") 

tsl" or that another repressor activity Is present In (lex") 

tsl" cells which compensates for an Inactive lex product. 

Similar findings have been published by Bridges (6), using 

the exr gene In E. coll B (which Is comparable to the lex 

gene In E. coll K12). Bridges has shown that a gamma-

resistant derivative of an exr" strain of E.coll B also 

appears to show low levels of gamma-and-UV-mutagenesls. 
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However, the genetic studies on this mutant are somewhat 

unclear and whether or not the derivative arose due to an 

Intragenic or intergenic suppressor is unknown. 

Comparison of tsl" Strains with 
Another Thermosensltlve Strain 

The properties of the thermosensltlve strains de

scribed above are remarkably similar to those of another 

thermosensltlve strain, T44, whose thermosensltlve mutation 

is designated tlf-1 (9, 24). The similarities are filament-

formation at the high, non-permissive temperature, spreading 

of newly synthesized DNA along the filaments, and tight 

linkage of the thermosensltlve mutations to mutations that 

block DNA repair (recA in the case of tlf, lex in the case 

of tsl). T44 tlf" exhibits other properties that we have 

not yet been able to demonstrate in tsl" strains (unpublished 

observations). These Include thermal Induction of prophage A 

at 40°C (30), and suppression or augmentation of thermo-

serisltivity by certain purine and primidine compounds and 

compounds structurally related to these (31). Furthermore, 

recA mutations suppress thermosensitivity in T44 but not in 

the thermosensltlve strains described above (unpublished 

observations). Therefore, active recA+ product is required 

for expression of the T44 but not the Tsl" mutant phenotype. 

These differences suggest a different biochemical defect in 

tif" and tsl" strains. 
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On the other handt It is known that lex mutations 

suppress thermosensitivity, filament formation and prophage 

Induction In T44 tlf": this demonstrates that the lex* 

product Is necessary for expression of the T44 mutant 

phenotype (10). Furthermore, the lex* and recA* products 

have been Implicated In the same pathway of DNA repair (38). 

These observations suggest that the lex and recA regions of 

the E. coll K12 genetic map act In a common biochemical 

pathway of DNA metabolism. 

Model of (lex") tsl" Strains 

When cells are UV-irradiated, DNA synthesis Is In

hibited and many operons appear to become derepressed. This 

Is evidenced by Inhibition of cell division, destruction of 

lambda repressor and Induction of prophage, Increased ca

pacity to repair UV-irradiated lambda, and increased rate 

of mutations. If lex" Is present in cells, the UV-induction 

of certain operons appears to be blocked, however, it seems 

as though tsl" allows the induction of these operons once 

again. Two models are presented to explain these facts. 

Inactlvatlon of the lex" Product Due to tsl" 

Dr. Evelyn Wltkin, Department of Biological Sci

ences, Douglass College, Rutgers, New Brunswick, New Jersey 

(personal communication, August 24, 1973) has proposed that 

lex controls the production of enzymes which after 



UV-lrradlatlon are part of a metabolic pathway whose end 

product Induces a variety of cell functions (such as cell 

division). Wltkln believes that the expression of these 

functions are geared to the cell cycle, and that Inter

ruption of the cycle, as for example by Inhibiting DNA 

synthesis, results In their Induction (65). In lex" cells, 

the production of the enzymes Is altered so the pathway Is 

blocked and the functions are not Induced after UV-

lrradlatlon. It may be that tsl" Inactivates the lex 

product so that the pathway Is restored. The available 

evidence suggests that the expression of these functions Is 

abnormal. Cell division Is Inhibited at 42.5°C In tsl" 

strains, Implying that an Inhibitor of cell division Is 

produced. Since cell division Is Inhibited at 42.5°C but 

not at 30°C, the Inhibitor may be produced at the high 

temperature only. Alternatively, it may be produced at 

both temperatures, but may only be active at 42.5°C. 

Possibly, the inhibitor interferes with a cell division 

function of the cell membrane at 42.5°C but does not in

fluence membrane function at 30°C. This could be attrib

uted to a difference in membrane structure at the two 

temperatures such that different sets of proteins regu

late Its function at 30° C and 42.5°C. 

Another apparent abnormality in (lex") tsl" strains 

is that of reduced UV-mutagenesis of UV-irradiated lambda 

in UV-irradlated cells. This implies that the quantity 
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and/or quality of DNA repair enzymes are not the same as 

they are In lex* cells. As a result of these observations 

it is concluded that the tsl mutation probably does not 

result in simple restoration of a pathway leading to the 

induction of repair enzymes. 

Activity of the (lex") tal" Product 

Another hypothesis proposed is that lex makes a 

repressor which controls induction of the functions men

tioned above, and that this repressor is inactivated by UV-

irradiation. The lex" mutations alter the repressor so it 

is not inactivated by UV, thus, these operons are repressed 

even after Irradiation, tsl" is a second mutation in the 

lex gene which returns the lex product to partial lex"1" 

activity; however, it is only partially Inactivated after 

UV, thus some repressor activity remains after irradiation 

as shown by a lower rate of UV-mutagenesis and by a partial 

suppression of Ion". 

Thermosensltlvltv in tsl" Strains 

The biochemical and genetic basis of the thermo-

sensitlve phenotype observed in (lex") tsl" strains is 

unknown. Neither model above can account for this property. 

The frequency and consistency with which these thermosensi-

tlve cell division mutants are recovered argues against the 

phenotype being due to a thermosensitive enzyme. 
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Perhaps when a culture In log phase Is shifted from 

30°C to 42.5°C, the synthesis of DNA and cell division Is 

temporarily Interrupted, although both are quickly reiniti

ated. The lex product may be Involved In the Initiation of 

the cell division after a temperature shift, and if lex is 

inactivated by tsl" in this function, then the (lex") tsl" 

product would be unable to allow reinitiation of cell 

division after a shift from 30°C to 42.5°C. The (lex") 

tsl" product would then appear to be recessive in the thermo-

sensltlve phenotype, but perhaps it would not be found to 

be recessive in other phenotypes depending on whether or 

not tsl" only alters (second model), or completely inacti

vates (Witkin's model) the lex product. 

Partial Suppression of the UV-Sensltlvlty 
Due to a recA or Ion Mutation 

An observation of this work without precedence in 

the literature, to my knowledge, was that of lntergenic 

suppression of UV-sensitivity due to a recA or Ion mutation. 

This suppression due to the tsl mutation appears to be an 

example of indirect rather than informational suppression. 

In addition, intragenic suppression of UV-sensitivity due 

to lex mutations was also observed. The most plausible 

interpretation of these results, in view of previous results 

suggesting that lex. recA. and Ion mutations all appear to 

influence the same pathway of DNA repair, is as follows. 

The lex*. Ion*. and recA4 products appear to be necessary 
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for high levels of DNA repair by Influencing the quality 

and/or quantity of repair enzymes that are achieved In UV-

lrradlated cells, tsl mutations allow restoration of 

repair that Is Independent of these functions. In the case 

of UV-sensitivity due to recA mutations this might be 

attributed to a partial need for recA+ product to inacti

vate the lex* product (a repressor) resulting In the in

duction of repair enzymes by UV. tsl mutations would 

inactivate the lex* product so that this recA* function 

would no longer be required for DNA repair, resulting in 

increased resistance of Rec~ strain to UV. The biochemical 

basis for the influence of a Ion mutation on the repair of 

UV photoproducts is not understood at this time. However, 

one might speculate that the Ion* product is also necessary 

to inactivate the lex* product. This hypothesis is made 

more plausible by the recent finding that Ion mutations 

influence the synthesis or activity of phage lambda repres

sor resulting in reduced efficiency of lysogenization 

(unpublished observations, ref. 60). 
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