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PREFACE 

The purpose of the research is to further the 

understanding of the genetics and biochemistry of the 

lexA gene product in Escherichia coli K-12. The lexA 

gene product has been shown to be involved in D1TA repair 

and cell division. . The effect of a lexA mutation on DHA 

repair and cell division during normal grovrth and thymi

dine starvation has been measured for the above purpose. 

The importance of understanding the genetics 

and biochemistry of the lexA gene product can be demon

strated by the pleiotropic effect of this gene. This gene 

affects the sensitivity to ultraviolet light [TJV] and 

ionizing radiation and alkylating agents; the induction 

and repair of virus, mutagenesis of virus and bacteria, 

DNA strand joining after UV, exchange of thymine dimers 

after UV, post-replication repair of DNA after W, DITA 

degradation after radiation, and cell division* Pew other 

genes affect so many processes in the cell. 

The importance can be demonstrated by showing how 

some of these pleiotropic characteristics relate to 

evolutionary theory. Evolution from the simplest "organism" 
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to man is partially based on mutation. Bacteria are con

sidered a major early step in the evolutionary processes. 

Mutation induction is in part under the control of the lexA 

gene. If the genetics and biochemistry of mutations in 

bacteria were understood, the understanding of the evolu

tionary process would be somewhat deeper. 

A second hypothesis related to evolution is that 

DN"A repair systems were needed to protect the DMA of early 

life forms early during evolution. The efficiency of 

these repair systems at any one time during the evolution

ary process may have determined the type of life forms 

that were present. There is some conjecture that DNA re

pair (lexA type) may have, been needed in order for eukary-

otes.to'evolve from prokaryotes. 

There are several human diseases that either are 

or may be related to a deficiency in UNA repair: Xero

derma pigmentosum, Dyskeratosis congenita, Fanconi's 

anemia, Bloom's syndrome, Chedrak-Higashi syndrome, Downs' 

syndrome; also, DNA repair may be involved in the aging 

process and "in cancer. This suggests that D1TA repair 

processes play an important role in maintaining a variety 

of biological functions. 

Some cancer may be caused by the activation of a 

virus which upsets the balance of control in the cell. DMA. 

repair processes are known to regulate the expression of 

viral genes in E. coli K-12, There is extensive evidence 
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that carcinogenic agents are chemically active by inducing 

somatic cell mutations. At least some of these agents 

appear to damage DITA and induce the expression of an error-

prone DHA repair process. The mechanism of induction for 

this repair process also triggers changes in cell division 

and viral expression. In 23. coli. the function of the 

lexA gene appears to be to regulate the expression of this 

induction mechanism. 
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ABSTRACT 

When thymidine requiring lexA mutant strains were 

starved for thymidine, the kinetics of survival were simi

lar to those of a nearly isogenic lexA"1* strain. Using an 

autoradiographic method to analyze deoxyribonucleic acid 

£DITA] distribution in the cells, the lexA mutant cultures 

were found to have tenfold more cells itfithout UNA (H~ 

cells) during normal growth (2fo IP) and during thymidine 

starvation (20^ N") than WT cultures. During thymidine 

starvation there was more DNA degradation per cell in lexA 

mutant cells (80J& breakdown) than in lexA+ cells {$$%) as 

measured by loss of trichloroacetic acid counts insoluble 

H^-TdR counts. Also, the average molecular weight of the 

DNA of lexA mutant cultures during thymidine starvation 

was higher than lexA* DMA. as analyzed in alkaline sucrose 

gradients. These results indicate that IT" cells could have 

been produced in lexA. mutant cultures during thymidine 

starvation by DNA degradation. Wo abnormalities of DHA 

metabolism were detected during normal growth except that 

the thymine precursor pool size in lexA mutant cells may 

+ 
be- larger than in lexA cultures. 

The growth patterns of approximately 20-25 starved 

single cells suspended in agar were observed under a micro

scope on a temperature controlled stage. It was observed 

xiii 
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that during TdB starvation most of the lexA. mutant cells 

elongated (98$) and divided (9bf°) to remain normal size 

(<^.50 V.). In contrast, in lexA* cultures, some of the 

cells did not elongate (26$) and most of the cells did not 

divide (93$)* Most of the cell3 in lexA* cultures elon

gated (7k$) into filaments (> lj..50 u) without dividing. 

Some lexA mutant clones were observed to progress through 

three cycles of division during TdR starvation. Prom 

these observations it was concluded that the lexfl. gene 

affected cell elongation and septum formation during TdR 

starvation. Cell division in lexA mutant clones was often 

abnormal in that the timing and placement of septum were 

abnormal. It is suggested that H" cells are produced 

aa a result of this abnormal placement of septum (asym

metrically). However, the production of at least some of 

the IT" cells by a DUA degradation mechanism could not be 

ruled out. 

In normal growing lexA mutant clones most of the 

cells were observed to grow and divide, but a few of the 

newborn cells stopped elongating and dividing. This lethal 

sectoring effect was never observed in lexA+ clones. 

During normal growth lexA mutant cells divided sooner to 

produce smaller cells. These results indicate that the 

lexA, gene affects both cell elongation in newborn cells 

and the timing and placement of septum during normal growth 

as well as during TdR starvation. 



That the presence of lexA mutation leads to the 

production of cells may or may not be related to the 

effects of the lescA gene on cell elongation and septum 

formation. The process of chromosome replication and 

septum formation on the one hand, and that of cell elon

gation on the other hand, may be controlled separately. 

Since lexA gene affects DHA metabolism, elongation, and 

septum formation, it is proposed that the lexA. gene 

product affeots the coordinates mechanism of these 

processes during the cell cycle. 



CHAPTER 1 

HPERODtrCT ION 

DNA repair is one operation which a cell performs 

on its own DNA, others include recombination and replica

tion, When the chromosome of Escherichia coli [E. coli] 

K-12 is damaged by ultraviolet light [UV] (Kondo 1975* 

Setlow 1966), ionizing radiation (Freifelder 1968; Town, 

Smith, and Kaplan 1973)3 alkylating agents (Singer 1975)> 

or thymidine starvation [TdB-] (Barner and Cohen 195^4-)» 

then repair of the lesions is undertaken by the cells. 

This involves removal of damaged portions of DNA at some 

later time so that the correct base sequence is restored 

and without interruptions in the double helix. Then 

normal cell functions may resume and the cell divide. A 

similar repair process may occur in eukaryotic cells 

(Trosko and Chi 1975). 

Interruptions in the double helix occur normally 

in discontinuous DNA replication (Okazaki et al. 1968), 

and in the initiation of RNA synthesis (Pauling and Hana-

walt 1965). Lesions in DNA may inhibit DNA replication 

(Pettijohn and Hanawalt 19611.), RNA synthesis, protein 

synthesis (Swenson and Setlow 1966), and cell division 

(Adler and Hardigree 1961^., Rupp et al. 1971). The DNA 
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damage may inhibit these processes directly and/or in

directly. To assist in the repair of these lesions, a 

DNA repair system may be induced (Hadman 197k-) • The 

inhibition of cell processes could be indirectly con

trolled by gene products from the induced repair system. 

One of the processes that may be indirectly affected is 

cell division. 

DNA repair systems in E. coli K-12 consist of tvro 

distinct processes: a light repair or photoreactivation 

and a dark repair process. The dark repair process itself 

is made up of two separate subprocesses: excision and 

recombination repair. Photoreactivation repair is the 

enzymatic splitting of pyrimidine diraers in the presence 

of visible light {Kelner 1914-9; Setlow and Setlow 1962; 

Sutherland, Chamberlin, and Sutherland 1973; Wulff and 

Rupert 1962). Photoreactivating enzyme has also been 

found in human leukocytes (Sutherland 197^) • 

The isolation of UV sensitive mutants and their 

subsequent classification by phenotype has been the primary 

method of analysis of dark repair. The first known kind of 

dark repair is excision repair (Grossman et al. 1975) • If 

a gene product is involved in excision repair, survival of 

certain UV-irradiated phage ( A ) in general will be lower 

in a mutant unirradiated host than in an unirradiated wild 

type [WT ] parent host (host cell reactivation) (Ellison, 
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Feiner, and Hill I960). Cells carrying genes uvrA 

(Boyce. and Howard-Flanders I96I4., Setlow and Carrier 19614.), 

uvrB. uvrC (Howsird-Flanders, Boyce, and Theriot 1966; Van 

de Putte et al. 1965)? uvrD (Ogawa, Shimada, and Tomizawa 

1968; Shimada, Ogawa, and Tomizawa 1968), and uvrE (van 

Sluis, Mattern, and Paterson 197^) ar© sensitive to tFV 

and have been assigned to the excision repair pathway 

(Grossman et al. 1975). uvrA and uvrB mutant cultures are 

deficient in the specific endonuclease that makes a nick on 

the 5T side of the pyrimidine dimer (Braun and Grossman 

197if-) • Pemaps DM polymerase I then simultaneously excises 

the dimer and fill3 the gap (Kelly et al. 1969, Konrad and 

Lehman 197^) • Excision of the dimer could also be the action 

of exonuclease III (Yajko and Weiss 1975) resulting in the 

creation of a gap. The gap might then be filled by DNA 

polymerase I (Kelly et al. 1969), II (Masker, Hanawalt, 

and Shizuya 1973)t and/or III (Moses and Moody 1975j 

Tomilin 197i|.j Young and Smith 1973) > leaving a nick in 

DNA. DNA ligase would then seal the remaining nick (Gottes-

man, Hicks, and Gelbert 1973; Konrad, Modrich, and Lehman 

1973). The uvrC gene product is thought to act after 

the first nick (Grossman et al. 1975) and have a regula

tory function (Howard-Flanders et al. 1966). There is 

some evidence that the uvrD gene product act3 after the 



removal of the diner (Shimada et al. 1968). uvrD and 

uvrE mutants are defective in gene conversion (Severs 

and Spatz 1975)j and. uvrE is thought to be involved in 

modification of the first nick (van Sluis et al. 197i4-) -

Some forms of the human disease, Xeroderma pigmentosum, 

are thought to be defective in excision repair (Krame-

mer et al. 1975). 

The second type of repair goes by several names: 

recombination repair, mutagenic or error-prone repair, 

long gap or type IXX repair, S.O.S. repair, poatreplica-

tion repair, sister strand repair, and tolerance repair 

(Kondo 1975) • This second type of dark repair will be 

referred to subsequently as recombination repair. If a 

gene product is involved in recombination repair, TTV-

irradiated phage ( A ) survival in general will be 

lower on the mutant UV-irradiated bacteria than on the 

XJV-irradiated WT parent bacteria (UV-reactivation — 

Weigel 1953). All recombination repair mutants are them

selves sensitive to UV; some are also defective in recom

bination, for example, recA (Clark and Margulies 1965, 

Howard-Flanders and Theriot 1966), recB and recC (Howard-

Flanders and Boyce 1966, Willetts and Mount 1969); and 

some are defective in mutagenesis, for example recA 

(Miura and Tomizawa 1968, Witkin 1969a), lexA (Mount, Low 

and Edmiston 1972), and recF (Clark 1973; Horii and Clark 
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1973J Rothman, Kato, and Clark 197^). Recombination 

repair 3eems to be responsible for long patch repair (Type 

III) synthesis (1000 nucleotides) while excision is res

ponsible for short patch repair (5 nucleotides) (Cooper 

and Hanawalt 1971# 1972a, b). 

When experimental conditions were created such 

that a small number of lesions are being repaired only by 

recombinational repair, Rupp and Howard-Flanders .(1968) 

detected presence of newly synthesized, low-molecular-weight 

DNA that with time becomes joined to high-molecular-weight 

DNA (postreplication repair). Rupp et al. (1971) showed 

that DNA is exchanged between parental and progeny DNA 

strands. This exchange took place at approximately the 

same frequency as the frequency of occurrence of UV-

induced pyrimidine dimers. Their interpretation of these 

findings in terms of symmetrical-semi-conservative repli

cation was that replication passed the lesions (thymine 

dimers) but left gaps. These gaps were then filled by 

DNA from a complementary sister strand by recombination 

such that one template became completely free of lesions 

(sister strand repair, Pig. 1). In 197J+ Ann Ganesan ob

served that pyrimidine dimers also were transferred to 

daughter strands, and proposed that replication continued 

with the exchange of dimers and coirgplementary DNA until 

the dimers were diluted from the DNA eventually leaving 
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Pig. 1. The Model for Sister Strand Repair. — DNA 
containing thymine diraera (A) is replicated leaving gaps 
opposite dimers. The gaps are filled in by sister 
chromosome exchanges of the type shown. 
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one template strand free of dimer ENA. One form of the 

human disease, Xeroderma pigmentosum, is thought to be 

defective in recombination repair (Lehman et al. 1975)* 

Fanconi^ anemia and Bloom's syndrome are also genetic 

diseases which may be caused by a defect in recombina-

tional repair (Hand and German 197S>). 

A current hypothesis is that damage to DNA causes 

the inducted synthesis of DNA repair proteins by a mech

anism similar to the classical model for induction of B-

galactosidase by inactivation of repressor (witkin 1967). 

Evidence for the induction of gene products in irradiated 

cells is that DNA damage induces lambda (A) (George, Devo-

ret, and Radman 197^1-) > colicin E«j_ (Hull 1975) > an error-

prone repair system or S.O.S. repair (Defais et al. 1971* 

Ichikawa-Ryo and Kondo 1975# Morse and Pauling 1975* Witkin 

197^4-) aj&d inhibition of cell division (Adler and Hardigree 

196£>, Rupp et al. 1971). The latter effect (inhibition of 

cell division) is especially pronounced in Lon mutants 

(Donch, Green, and Greenberg 1968; Howard-Plander3, Simson, 

and Theriot 1961j.), and Tif mutant Cells (Castellazzi, 

George, and Butt in 1972a; Kir by, Jacob, and Goldthwait 

1967). It has been shown that most of these processes 

require protein synthesis for induction (Sedi/ick 1975a, 

b; Witkin 1969b). The reinitiation of DNA replication 

after damage also may require protein synthesis 
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Howard-Flanders I960, Pollard and Randal 1973* V/itkin 1969b). 

The induction of the above processes is dependent upon the 

presence of functional recA and lexA (Radman 197^ fexrA 

(Donch et al. 1968)] genes (Brooks and Clark 1967; Donch 

and Greenberg 197^; Hart man and Luria 1967; Miura and Tomi-

zawa 1968; Mount 1976; Mount, Low, and Edmiston 1972; 

Morse and Pauling 1975; Sedwick 1975a# b; witkin 1975). 

E. coli cells that are mutant in recA or lexA gene 

function have similar pleiotropic effects: they are sensi

tive to UV, ionizing radiation and alkylating agents; are 

refractory to the mutagenic action of these agents; are 

prone to DMA degradation upon radiation (Moody, Low, and 

Mount 1973); defective in strand joining and exchange of 

thymine dimers and in production of high-molecular weight 

DNA after TJV (Ganesan 197^.* Ganesan and Seawell 1975); 

they reduce the induction of A prophage (Brooks and Clark 

1967; Castellazzi, George, and Buttin 1972b; Donch, Green, 

and Greenberg 1970; Hartman and Luria 1967); and they 

exhibit differences in cell growth and division (Capaldo 

and Barbour 1975* Castellazzi et al. 1972b, Donch and 

Greenberg 197^> Howe and Mount 1975* Inouye 1971) • recA 

mutant cells are also recombination deficient, more 

sensitive to UV than lexA mutant cells (Moody et al. 1973)? 

and the recA gene maps at 58 minutes (Willett3, Claris and 

Low 1969), of E. coli K-12 linkage map (Bachmann, Low, and 

Taylor 1976). On the other hand, lexA mutant cells are 
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recombination proficient, less sensitive to UV and the 

lexA gene maps at 90 minutes (Mount et al. 1972). The 

lexA gene is considered to be in the same repair pathway 

as the recA gene because of the similar phenotype mentioned 

above and because recA lexA double mutant cells are no more 

sensitive to UV-irradiation or ionizing radiation than 

lexA recA mutant cells (Moody et al. 1973) • 

+ 
Heterozygotes lexA /lexA are UV sensitive and not 

susceptible to UV mutagenesis, meaning that the lexA mu

tant phenotype is dominant, and that the lexA mutant 

phenotype results from the synthesis of a diffusible pro

duct (Mount et al. 1972). Ultraviolet resistant and 

mitomycin-C resistant derivatives of lexA mutant cells 

were selected and approximately $0% were found to be 

temperature sensitive. This phenotype has been designated 

Tsl. When tsl mutant cultures are grown at lj.2 G they form 

filaments which have DNA distributed along the whole length 

of the filament. The temperature sensitivity and filament 

formation are recessive in the tsl mutant. The tsl muta

tion maps very close to the lexA gene and likely affects 

the same gene product (Mount, Walker, and Kosel 1973). 

tal mutant cells have also been found to have low levels 

of mutagenesis and this level of mutagenesis is dominant 

(Mount and Kosel 1975)• tsl mutations also make recA mu

tant strain more resistant to UV, but not as resistant as 

recA+ strains (Mount, Kosel, and Walker 1976). 
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Another temperature sensitive mutation, tif, maps 

very close to the recA gene (Castellazzi et al. 1972a). 

This mutation causes spontaneous expression of phage ) 

induction and inducible error-prone D1TA repair pathway at 

lf.2 C without DNA damage (Kirby et al. 1967). Expression 

of a tif mutation at 1+2 C causes the induction of , an 

increase in spontaneous cell mutation rates, spontaneous 

TJV- reactivation of UV-treated phage, and the formation of 

long filamentous cells. (Formation of filaments is indi

cative of an inhibition of cell division.) Mutations 

designated sfiA, have been isolated that suppress only the 

filamentation of tif at ]\Z C, without affecting phage and 

DNA repair induction so that tif sfiA mutant cells are 

viable at i|2 G (George, Castellazzi, and Buttin 1975>)« 

lexA and recA mutations block all the effects of tif at 

l\Z C (Castellazzi et al. 1972b). 

Gudas and Pardee (1975) have proposed a model to 

explain the regulation of recA/lexA genes in recombination 

repair. This model was proposed as the result of studies 

by Gudas and Pardee (19750 of the regulation of the synthe

sis of protein, the X protein, found to be induced in 

+ + 
recA lexA bacteria after DNA damage (Inouye 1971) * Fur

ther, the X protein was not induced in recA or lexA (exrA) 

mutant cells after MA damage, but was found in t3l or 

tif mutant cells at both 30 and IjJL C even without 
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treatment by a DITA-damaging agent. Also, the X protein 

binds to single-stranded DNA preferentially, binds less 

tightly to double-stranded DNA and the binding is facil

itated by Mg++. 

The model (Pig. 2) states that lexA* protein is a 

repressor similar to the classical lac repressor (Jobe, 

Riggs, and Bourgeois 1972). The lexA repressor controls 

the synthesis of inducible repair functions including the 

X protein itself which binds to the DNA and prevents its 

breakdown. Damage induced by nalidixic acid for instance, 

leads to DWA degradation, and the degradation products 

include an inducer that reacts with repressor causing it 

to lose its affinity for the operator and leading to 

induction of X protein. The X protein then limits degra

dation and permits the operation of inducible repair 

system. In this model recA protein is an anti-repressor 

that irreversibly inactivates the repressor-inducer com

plex. The tif mutation is an operator-constitutive 

mutant with the temperature-sensitive phenotype accounted 

for by a somewhat lower affinity for repressor at high 

temperature, tsl (which makes X protein without treatment 

with inducing agent and does not produce much more after 

treatment) makes the repressor have reduced affinity for 

both operator and inducer in this model. Included in this 

operon is a protein (possibly X protein itself) that 
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interacts with cell division target, possibly in the 

membrane, and stops septum formation while DNA repair 

processes are talcing place. 

Recently another raitomycin-C resistant derivative 

of lexA mutant cultures, spr, has been isolated in a tif 

sfi mutant background (George et al. 1975) • In tif 3fi 

lexA spr (STS strain) mutant cultures, A forms clear 
plaques at both 30 and 1^.0 C, the ability of A to lyso-

genize is very much reduced, and levels of spontaneous 

mutagenesis are very much increased over that of VJT cells. 

The heterozygote, lexA+ spr+/lexA spr tif sfi, has the same 

phenotype as the tif sfi mutant strain sho^ring that the spr 

mutation is recessive to 3pr+, Error-prone repair is con

sidered to be spontaneously induced both at 30 and ij.0 C 

in STS cells (Mount 1976). 

Based upon his studies of S.O.S. repair in his 

laboratory, Mount (personal communications) also believes 

that the lexA protein may regulate the synthesis of DNA 

repair enzymes, but does not agree with functions assigned 

to the tif and recA genes. The spr mutation behaves as if 

repressor activity had been destroyed, allowing constitu

tive expression of the repair and phage induction pathways. 

According to the Gudas and Pardee (1975) model, this spr 

mutation should lead to constitutive expression of the 

r e p a i r  p a t h w a y s  e v e n  i n  r e c A  m u t a n t  s t r a i n s  a n d  t i f a n d  
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this was not observed. VJhat is observed is that the 

cell must have the spr lexA tif sfi recA+ genotype for 

spontaneous expression of the repair pathways. Lorraine 

Gudas (personal communication) has further shown that spr 

lexA. tif sfi or spr lexfl. sfi tif+ are like tsl mutants in 

that they produce high levels of X protein constitutively 

without much increase after an inducing treatment, and so do 

*1" "i" 
even spr lexA tif recA strains. The spr lexA tif sfi 

and spr lexA tif+ recA strains do not induce X spontaneous

ly. One must conclude that induction of X protein and 

that of phage and error-prone repair do not have the same 
fja 

functional requirements, and in particular recA protein 

is essential for phage and repair induction, but not for 

the induction of X protein. 

A second failure of the Gudas-Pardee (1975) model 

is that one would expect spontaneous expression of the 

induction for X and S.O.S. repair in recA tsl mutants to 

occur in parallel with the spontaneous production of pro

tein X. This, however, is not observed. Lambda is not pro

duced spontaneously or after W induction in tsl recA 

mutants to any greater degree than it is in tsl* recA 

mutations (no induction of A ), and there is no evidence 

for any spontaneous or induced expression of the S.O.S. 

or error-prone pathway. Rather, one observes in tsl recA 

cells the apparent induction of a repair pathway by TJV 

that repairs UV-irradiated A to S0% of the efficiency of 
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S.O.S. repair in lexA+ recA+ cells, but there are no ob

served mutations induced in the repaired phage. These 

observations have collectively shown that the induction 

mechanism cannot be as simple as that proposed in the 

(Judas and Pardee model (1975) (Mount, personal communica

tion; Mount, Kosel, and Walker 1976). Above has been pre

sented a review on DNA repair. This review has indicated 

that DM repair may be involved in the cell division of 

bacteria. To understand this involvement, a review of 

the cell cycle in bacteria will be presented next. 

The bacterial cell cycle proceeds as follows: a 

cell elongates, doubles in length, and a septum forms at 

the equatorial plane, which divides the cell bilaterally 

into two equal and identical cells, each containing a 

minimum of one newly replicated chromosome. With the 

septum formed, the daughter cells may then separate. As 

a cell goes through the cycle, four major processes 

occur: DHA replication, DITA segregation, cell elongation, 

and septum formation (Dix and Helmstetter 1973; Hirota, 

Ryter, and Jacob 1968; Jones and Donachie 1973). The 

emphasis of this dissertation will be the determination of 

the role of the lexA. gene in the regulation of these 

processes. Other more general metabolic processes, such 

as protein and RITA synthesis and energetic processes, are 

also simultaneously occurring in the cell cycle. It is 



not known if these processes affect or are affected by 

steps of cell cycle, but they could be. Since there is 

little information available on this subject (energetic 

processes, etc.), these other processes will not be dis

cussed except to state that they are a necessary part of 

the cell cycle. 

The chromosome of E. coli is circular (Cairns 

1963). The folded chromosome has been shown to be asso

ciated with the membrane. The folds are bound together 

by RITA chains (Hecht, Taggart, and Pettijohn 1975; Ston-

ington and Pettijohn 1971) t find possibly protein components 

(Drlica and Worcel 1975)- The replication of the folded 

chromosome is initiated (Hirose, Okazaki, and Tammanoi 

1973) at a known origin (82 min-P") (Kuempel 1972) which 

is membrane associated (Fralick and Lark 1973). Repli

cation is discontinuous (Okazaki et al. 1968) with RITA 

chain initiating the Okazaki fragment (Kurosawa et al. 

1975) • The DMA elongation of the Okazaki fragments is 

done by DNA polymerase III (Gefter et al. 1971). A 

protein that binds to single stranded DHA therefore 

allowing the DNA to remain unwound is probably also in

volved in DNA replication (Weiner, Bertsch, and Kornberg 

1975)* The replication complex may be membrane-bound 

(Mcintosh and Earhart 1975)* Replication is bidirectional, 

proceeds at equal rates in each direction, and probably 
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terminates halfway around the chromosome at 28 min. (Bird 

et al. 1972; Kuempel, Maglothin, and Prescott 1973). 

Temperature-sensitive mutants in DNA replication 

have been isolated. These imitations can he classified, 

depending upon the rate of termination of DHA synthesis fol

lowing a temperature shift to lj.0 C, into two types: (1) 

immediate stop mutants, defective in elongation of DHA, and 

(2) slow 3top mutants, mutants defective in initiation of 

DNA replication (Beyersmann, Messer, and Schieht 197^; 

Wechsler and Gross 1971). At restrictive temperature, type 

one mutants inhibit septum formation immediately, but they 

do not inhibit elongation of the cell; therefore, the cells 

grow into long filaments (Hirota, Jacob, et al. 1968). This 

indicates that there is a link in regulation of the cell 

cycle from DNA replication to septum formation, but not be

tween ENA replication and elongation of the cell. The 

second type of mutant, at restrictive temperature, 3tops 

dividing after approximately one round of replication. 

Elongation continues so that filaments are formed (Hirota, 

Ryter, and Jacob 1968). This suggests that there is a con

trol step between the termination or initiation of DITA 

replication and septum formation. Upon termination of DHA 

replication, protein synthesis is necessary for septum for

mation (Dix and Helmstetter 1973* Jones and Donachie 1973) 

indicating that the link between DUA replication and septum 
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formation is probably at the termination of DNA synthesis 

rather than the initiation. In summary, there seems to be 

a control mechanism linking DNA replication and/or termina

tion of DNA replication to septum formation in the cell 

cycle. There doe3 not seem to be any direct link between 

cell elongation and DMA replication. 

During the cell cycle the new daughter chromosomes 

separate so that upon septum formation there is one chromo

some on each side of the septum (DNA segregation), The 

actual separation of the daughter chromosomes has been shown 

to occur much faster than cell wall or membrane elongation, 

indicating that the mechanism of segregation of the chromo

somes is independent of these processes (Sargent 197^)• If 

DM replication is inhibited, DNA segregation is halted 

(Hirota, Ryter, and Jacob 1968). A temperature sensitive 

mutant in DNA segregation at nonpermissive temperature does 

not form septa and elongates into a filament with DMA con

centrated in the center of the cell (Hirota, Jacob, et al, 

1968), Mendelson (1968) has presented evidence suggesting 

that segregation is positively regulated. The above 

statements suggest that DNA replication regulates the DNA 

segregation which, in turn, regulates septum formation, but 

that there is no link between DNA segregation and elonga

tion in the cell cycle. 
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In E. coli septum formation is preceded by a 

formation of a membrane partitioning the cytoplasm. Cell 

wall formation then follows (Burdett and Murray 197^4-) • ' 

control of septum formation may be divided into seven 

levels: initiation, production of crossmembrane, pro

duction of crosswall, division site location, orientation 

of division plane, cell separation, and timing of division 

(Young and Wilson 1972). Mutants have been found that 

could be affecting many of these steps of septum formation 

(Ahmed and Rowbury 1971; Allen et al. 197bt Breakefield 

and Landman 1973; Ciesla et al, 1972; Coyne and Mendel son 

197k•; Hirota, Jacob, et al. 1968; Mendelson 1976;- Murray and 

Hartman 1972; Nagai and Tatmira 1972; Reeve et al, 1973; 

Ricard and Hirota 1973; Santos and De Almeida 1975; 

Spratt 1975; Van Alstyne and Simon 1971; Westling-

Haggstrflm and ITormark 1975; V7ijsman 1972; Zusman, Inouye, 

and Pardee 1972). It thus appears that the level of con

trol of the cell cycle by DNA metabolism could occur at 

any one of these later steps in division. 

Elongation of the rod-shaped cell is probably 

accomplished from two back to back growth zones at the 

equatorial plane of the rod (Ryter, Hirota, and Schwar 

1973). There may be another growth zone approximately 

one-fourth the length of the cell from the pole of the 

cell (Schwarz et al. 1975)• For the sake of simplicity 
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I assume the cell has only one set of growth zones until 

just before septum formation. The growth from this zone 

may be helical in nature (Mendalson 1976). Elongation of 

the cell is considered to occur all through the cell cycle 

while D1TA synthesis does not (Ward and Glaser 1971). 

Changes in medium (environment) cause changes in the 

generation time of the cell. The generation time must be 

related to cell elongation rates, septum formation, and 

rate of DMA synthesis. Variations in the rate of DMA 

synthesis are caused by increasing or decreasing the rate 

of initiation of new rounds of DNA replication from the 

origin so that the time needed to replicate a chromosome 

remains approximately constant at 37 C (lj.0 min — genera

tion time less 60 min) (Helmstetter et al. 1968). Since 

septum formation may be controlled by DUA replication, 

and replication is in turn controlled by the rate of initi

ation of DNA replication then septum formation and genera

tion time may also be controlled by the rate of initiation 

of DNA replication. The changes in elongation that are 

observed, with change in environment, are probably due to 

changes in the rate of elongation at the growth zone and 

not by an increase in number of growth zones. A model of 

the cell cycle presented by Sargent (1975) is shown in 

Figur® 3. In this hypothesis all four of the major 

processes in the cell cycle are described. A newborn cell 



Fig. 3. Relationship Between Surface Growth and 
Chromosome Replication 

(A-D) stages in chromosome replication. (A) 
immediately after establishment of new growth zone 
(Gr), chromosome-initiated origins (0) and terminus 
(•); (B) 0.2 generations after segregation (note 
origins moving apart but terminus at growth zone; 
(C) 0.8 generations after segregation; (D) termina
tion. Terminus detaches from growth zone and moves 
to junction of old and new wall formed one generation 
previously. Old growth zone committed to septum 
formation (S). Junction of oblique dotted lines 
represents junction of old and new cell surface. 
(Sargent 1975.) 
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Chromosome Replication 
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is shown in Figure 3A with a new set of growth zones in 

the middle (G-) of the cell. The initiation point of each 

bidirectional fork is shown with open circles as being 

attached to the membrane while the filled circle represents 

the termination point of DNA replication. As the cell 

elongates from the back to back growth zones, the chromo

some is also being replicated (Fig. 3B). Upon termination 

of DNA replication, the MA chromosome segregates and the 

old set of growth zones may then become septa (Fig. 3C-D). 

A new set of growth zones then can be initiated and the 

cycle is then at Figure 3A again. Further implications 

of this model will be elaborated in the Discussion. 

Previously it has been stated that DUA damage 

causes filament formation (Adler and Hardigree 1965)# 

especially in Ion (Donch et al. 1968), and tif mutant 

cells (Kirby et al. 1967). There is also another imitation, 

ruv, which maps at a different position than Ion mutations, 

but behaves similar to Ion mutant cells upon UV (Iyehara 

and Ostsuji 1975). Filaments are assumed to be caused by 

inhibition of septum formation, while elongation of the 

cell continues. recA or lexA mutations suppress the fil

ament at ion of Ion mutant cells after UV irradiation and 

tif mutant ( A~) cells at G (Castellazzi et al. 1972 ).. 

sfi mutation also suppresses the filament formation of 

tif mutant cells at \\Z 0 (George et al. 1975) • Suzuki 
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(197^) has shewn that in recA uvrA mutants, damage to the 

DNA does not lead to filamentation, but coll division 

continues, tsl cells (UV resistant lescA mutant deriva

tives) at restrictive temperatures form filaments (Mount, 

Walker, and Kosel 1973). The above observations suggest 

that recombination repair genes affect the cell cycle 

during DNA repair. Nonviable cells (£0$>) during normal 

growth have been found in recA, B, and £ mutant cell3. 

In the recA mutant cultures some of the cells are without 

DNA (10$) (Capaldo and Barbour 1975). These results indi

cate that recombination repair genes may affect the cell 

cycle during normal growth. Inouye (1971) has found that 

if a culture of a thymidine-requiring recA mutant is 

starved for thymidine, some of the cells continue to 

divide, whereas this is not observed in a recA* culture. 

To interpret these results it is necessary to review the 

effects of thymidine starvation (a condition we will 

hereafter refer to as TdR-). 

If a thymidine requiring strain of E. coli K-12 

is incubated at 37 C in complete medium lacking TdR, the 

following occurs: DNA synthesis stops within a few 

minutes (Barner and Cohen 19f>8, Inouye 1971, Pr it chard 

and Lark 196I{.), RNA synthesis continues for about an hour 

before it ceases, protein synthesis continues for about 

two hours and then stops (Luzzati 1966, MeFall and Maga-

sanik 1962, 1961}.), single strand DNA breaks occur 
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(Freifelder 1969, Hill and Fangman 1973* Yoshinaga 1973) > 

the pool sizes of dATP and dCTP increase (lleuhard and 

Munch -Peter sen 1966), DBA degradation occurs (Breitman, 

Maury, and Toal 1972; Reiter and Ramareddy 1970), tti© 

cells grow into long filaments, and die at an exponential 

rate (Barner and Cohen 195^.). If death due to lack of 

thymidine • is to occur, an energy source is necessary 

(Freifelder and Maaloe 1961].) and messenger RHA synthesis 

must not be inhibited (Gallant and Suskind 1962, Hanawalt 

1963, Luzzati 1966). One hypothesis concerning the cause 

of death due to lack of TdR i3 that TdR- creates single 

strand breaks in the DITA (Freif elder 1968), These breaks 

are made either by transcription (Panling and Hanawalt 

1965) or by an endonuclease activated by TdR-'(Freifelder 

and Levine 1972), These breaks are then enlarged by an 

exonuclease. Since transcription is often localized, 

and if these breaks are made by transcription, then some 

of the breaks may be relatively near to each other. The 

cause of death of the cell may be enlargement of single 

strand breaks on opposite strands of the DITA during or 

after TdR- to the point where they overlap to form a 

double strand break (Yoshinaga 1973). With a double 

strand break in the chromosome cell death would likely 

occur. 
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Stains deficient in the enzymes DHA polymerase 

I (Berg and O'Heill 1973) and DUA ligase (Pauling 

and Hamm 1968) these enzymes are able to repair-

single strand breaks, have been reported to be more sensi

tive to TdR- than WT control strains. Other UNA repair 

mutants (uvrB, recB, C_) have been reported not to affect 

the survival of the bacterial strain when compared to a 

WT strain during TdR- (Anderson and Barbour 1973). Ioniz

ing radiation, which also causes single strand breaks in 

DM (Freifelder 1968), should then be comparable in its 

effects to TdR-. If the concept of thymidineless death 

is correct, mutants (recA, lexA) sensitive to ionizing 

radiation (Mount et al. 1972) should be sensitive to TdR-. 

Inouye (1971) reported that recA mutant cells are resis

tant to TdR-, but Anderson and Barbour (1973) have re

ported that a different recA imitation does not influence 

survival during TdR-. This discrepancy has not been 

accounted for, but could be due to differences in methods 

of measurement and strains tested. I will later present 

evidence that the lexA mutation has no effect on the 

survival during TdR-. It seems that these mutants, which 

are very sensitive to ionizing radiation, are not ab

normally sensitive to TdR-. This indicates that the above 

explanation for thymidineless death by DMA breaks is at 

the very least still incomplete. 
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Lately it has been reported by Bouvier and Si card 

(197f?) that dna initiation mutants (dnaA, C_, D) are resis

tant to thyraidineless death at restrictive temperature, 

while elongation mutants (dnaE and G) do not affect sur

vival at l±2 C. Different alleles of dnaB exhibit both of 

the above reactions. These results suggest that the DNA 

replication foric(s) may also be involved in cell death 

(Reiter and Ramareddy 1970) • 

Inouye (1971) has reported that recA mutant cul

tures during TdR- contain cell without DNA (N~ cells — 

Hirota, Ryter, and Jacob 1968). An important question is: 

How do IT" cells arise? Abnormal control of the cell cycle 

or DNA degradation of N+ cells are two possible answers. The 

first normal sized IP cells were reported by Hirota, Ryter, 

and Jacob (1968). The production of IP cells was shown to 

be due to a cell division mutation (divA) that was sepa

rated from the temperature sensitive dna initiation muta

tion (T -U6 recA+)-. Growth of the strain with only T-i;6 

mutation at 1\Z G did not lead to production of IT" cells, 

but to extensive filamentation without cell division. 

IP cells were not produced in the strain with the cell 

division mutation (divA) when DNA synthesis was blocked 

by TdR-. IP cells were also not produced at l±2P C in 

the double mutant (divA, T-lj.6) if DUA synthesis was 

inhibited by TdR-. In this case the divA mutation is 
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only expressed when DNA synthesis is inhibited at high 

temperature by temperature-sensitive DBA initiation muta

tion (T-lj.6). This suggests that the IT" cells are produced 

only with the right combination of cell division mutant 

and inhibition of D1TA synthesis. 

During the course of this research it raas observed 

that lexfl. mutant cultures contain N~ cells during normal 

growth and that the number of these IT" cells increases 

during TdR~. What follows is a description of the experi

ment to determine if these IP cells were made by D1TA 

degradation or abnormal cell division. 



CHAPTER 2 

MATERIALS AMD METHODS 

Medium 

The media employed were described previously 

(Davis and Mingioli 1950, Moody et al. 1973, Mount et al. 

1972). TdR was added to the medium. at a concentration 

of 2 jig/ml unless otherwise noted. Complete Davis minims 

medium [CDM] consists of Davis minimal salts (Davis and 

Mingioli 19f>0), 0.1 ̂ ng of thiamine per ml, 0.2% glucose, 

and 2 jog of TdR per ml. 

Bacterial Strains 

The properties of the strains and their sources 

are given in Table 1. The lex locus at 90 min on the E. 

coli K-12 linkage map (Bachmann et al. 1976) is desig

nated here leacA. 

Transduction Procedures 

The transduction procedures described by willetts 

et al. (1969) were used. 

UV Survivals 

The W survival technique described by tfllletta 

and Mount (1969) and Mount et al. (1972) was used. 

28 
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Strain Ho. Genotype8, 
Source of 
Reference 

DMlj.9 F", lexA3, thr-1, leu-6, proA2, 
thi-1, ar«E3, lacYl, galK2, 
ara-llu xvl-S, tsx-33, strA31, 
aup-37, " 

Mount et al. 
1972 

DM837 P~, malB32, lacYl or Zk,  thi-1, 
xyl-5 or -7, galK2, tsx-6, \" 

it 

DM9 92b As DM837, also thvA (?)c, dm 
(?)° 

This Disserta
tion 

DM95 2d As DM992, also malB+ it 

DM953d As DM992, also malB+, lexA3 it 

a = the nomenclature is that of Demerec et al, (1966), 
and Bachmann et' al. (1976). All markers •are wild' 
type except those listed. 

b = a Thy" derivative of DM837 using trimethoprim 
selerction (Stacy and Simson 1965). 

c = an allele number has not yet been assigned. 

d = a Mal+ transductants of DM992 using PI vira (Willetts, 
Clark, and Low 1969) growth on DM Ij.9. 
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Measuring; Survival During TdR- Starvation 

Cells to be starved for TdR were grown in CDM 
Q 

broth to log phase (2 x 10 cells/ml). The cells were 

centrifuged and the pellet was washed once at 3C and re-

suspended to the original volume in Davis minimal salts. 

The culture was then diluted 1,000-fold into CDM broth 

lacking TdR. Samples (0.1 to 1.0 ml) were taken, inocu

lated to CDM plates (using Davis minimal overlays plus 3 

jig of TdR per ml), and incubated at 37 C for about 2i{. 

hours. 

Optical Density Measurements 
During TdR-

Cells were grown to log phase as stated before 

and then centrifuged, and the pellet was resuspended in 

CDM broth without TdR. The centrifug-aticn and resuspension 

process was repeatedtwice and then the cells were starved 

for TdR. Optical density [0D] measurements were taken on 

a Klett-Summerson photoelectric colorimeter (green filter). 

Cell Number Counts 

Cultures were treated in the same manner as in the 

0D experiments. Samples (0.9 ml) were taken and 0.1 ml 

of 20$Ktr,malin was added to each. When necessary, the 

samples were diluted into Davis minimal salts containing 

2% Formalin. Portions were placed on a Fetroff-Hausser 

counter and photographed. Pour sets of pictures were taken 
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of each sample; each set was taken at two focal planes in 

the sample in order to score all cells. Kodak Tri-X film 

was used for the photography. The film was developed and 

printed on paper (8 by 10 inch; about 20 by 21}. cm) (#3) 

for cell counting. 

Aut o r adi o gr aph s 

The cells were grown and starved in the same way 

as in the 0D experiments except that the DNA was labeled 

by adding[%]TdR (specific activity 20 JiCi/ug, New England 

Nuclear Corp.) to cultures prior to starvation (minimum of 

10 generations). Samples for the autoradiographs (Caro and 

Schnos 1965; Caro* van Tubergen, and Kolb 1962), were taken 

before and after Ij. and 8 hours of TdH starvation. These 

were diluted into an equal volume of 1$ Formalin. Samples 

were filtered (I4.5 P- pore size, Millipore Corp., 13 mm) 

with a syringe, washed with distilled water, resuspended 

in distilled water, spread on tubbed slides," and dried. 

Subbed slides were prepared by cleaning microscope slides 

in 95$ ethanol, drying them, dipping them in a solution of 

0gelatine and 0.01$ chromium potassium sulfate, and 

drying them in a vertical position. Slides with the dried 

cultures were dipped in cold tricholoracetic acid for 

10 min. and distilled water twice for 2 min. These slides 

were then dipped in emulsion (Ilford L-i}. at lj.0 to 1+5 0) 

in the dark. Developing of the slides was done after 1 to 

8 days in the dark by dipping them into D19 developer 
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(5> min.), distilled water (1 min.), P2ij. fixer (2l].0 g of 

sodium thiosulfate, 2$ g of sodium bisulfite, and 10 g of 

sodium sulfute in 1,000 ml of distilled water, $ min), and 

then five consecutive baths of distilled water (2 min. each). 

The autoradiographs were analyzed on a phase contrast 

microscope. The cells were classified as N+ if they had 

grains and IT" if they did not (Eirota, Ryter, and Jacob 1968). 

A normal cell was defined as a cell with a length 

of p. or less and a filament was defined as a cell 

longer than I(_.0 )i • This definition was based on our obser

vation that 90% of the cells in lexA+ cultures growing in 

CDM medium were found to have lengths in the range of -0.7 

to ju, the median length being -2.2^ Ji. A length of 

P- ^or normal cell was selected as the longest 

cell which, after completing the process of cell division, 

would yield progeny of lengths near the average. 

Measuring the Increase in Viable 
Cells During; Normal G-rowth 

Cultures were grown in CDM medium for a minimum 

of 30 generations and then grown to log phase in the same 
Q 

medium (2 x 10° cells/ml). These cultures were then di

luted to approximately 200 cells/ml, and incubated in a 

temperature controlled shaker bath for 8 hours at 37 C. 

Samples (f?«0 jal to lml-Eppendorf pipettes) were taken 

every 20 min., put on ice, vortexed, inoculated to CDM 
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plates (using Davis minimal overlays plus 2 jag of TdR/ml), 

and incubated at 37 C for about 21^ hours. 

Optical Measurements During 
Normal Growth 

Cultxiros were prepared in a manner similar to 

the above, The log phase cultures were then diluted to 

approximately 1 x 10? cells/ml and incubated in a tempera

ture controlled shaker bath at 37 C until the cell3 reached 

stationary phase. 0D measurements were taken on a Klett-

Summerson photoelectric colorimeter. 

Measuring of Cell Length from 
the Autoradiographic Slide's"" 

Pictures were taken of the autoradiographic slides 

through a phase contrast microscope. Kodak ASA-12f> film 

was used. The negatives were then projected on a glass 

screen and the length determined with a Graphic Electronic 

Instrument. Either at the beginning or the end of each 

roll of film, a standard grid in p. (the same grid was 

used in all experiments in this dissertation) was substi

tuted for the autoradiographic slide, and pictures were 

taken. This grid was subsequently used to convert the 

length of the cells to ji. 

Measuring PITA Degradation 

Preparation of the cultures was similar to the 

autoradiograph3 except [%]TdR specific activity was 10 
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jiCi/jog and the cell concentration was 2 s. 10̂ /ml. Two 

samples were taken. The first sample was filtered (0,i{.5 

ju pore size, MLllipore Corp., white $0 mm), dried at 60 C 

for 30 min. placed in scintillation fluid (7.55 S 2.5-

diphenyloxazole and 0 189 g of l,l^-bis-[2]-(5-phenylox-

azolyl)-benzene per 1,900 ml of toluene), and counted on 

a Nuclear-Chicago Mark I or Beckman LS-25>0 liquid scintil

lation counter. The second sample was put on ice and 12ml 

of 50% cold tricholoroacetic acid [TCA] was added. Samples 

were kept cold for 105 min., filtered and processed as 

above. Sample counts were in the range of 10^* to lo5 

counts/min x/ith background at 200 counts/min or less. To 

obtain the data points for Figures 16-18B, the points in 

Figures 16-18A were used in combination with those in 

Figure 10. Hours points 1 through 8 (lexA* — Fig. 10) 

were averaged and used to normalize the lezA mutant curve 

in Figures 16-18a to obtain the lexA mutant curve in 

Figures 16-18b. The 2-hr point (losa mutant — Fig. 10) 

was used to normalize the 2-hr point in Figures 16-18a 

for Figures 16-18b; the hours points 3 through 8 (lexA 

mutant — Fig. 10) were averaged to normalize the same lexfl. 

mutant points in Figures 16-18a for construction of Figures 

16-18b. 

Alkaline Sucrose Gradients 

The basic procedure used here has been reported 

by Rupp and Howard-Flanders (1968) and G-anesan and seawell 
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(1975). The cells were grown to log phase (2 x 10® cells/ 

ml-minimum of ij. generations) in CDM broth with H-3-TdR 

(specific activity 5® P- Ci/jig) or C1^" (specific activity 

1 p,Ci/}ig). The Td& concentration was adjusted to 2.5 

jog/ml in both or C^-Tdli cultures. Samples of normal 

DHA were taken from these log phase cultures (1-3 2: 10® 

cells/ml). If the cells were to be starved for TdR, the 

cells were centrifuged, and the pellet was washed once at 

3 C and re suspended to the original volume in Davis minimal 

salts. The cultures (H^-3 x 10® cells, 0^—6 x 10® cells) 

were then diluted 1,000-fold in CDM broth without TdR and 

incubated in a temperature controlled shaker bath at 37 C 

for I|. hours. The samples to be analyzed on the sucrose 

gradients were then filtered (same filter as in DITA break

down experiments), and washed with 0.5H Tris chloride 

(pH^.l) three times. The cells were then resuspended in 

0.5 ml of 0.5 M Tris plus 0.3 ml of M9 medium in ice. For 

comparison of two separate cultures labeled with h3 and 

respectively, these cultures were filtered together 

and then run through the whole lysis procedure together. 

The gradients were 5 to 20# sucrose (linear) with 0.3 M 

HaQHj 0.7 M UaCl, 0.001 M SETA. The lysozyme solution 

contained 29 pg lysozyme in l*2j. ml 0.5 M SDTA (pH=8.1). 

To the sample (10® cells) in ice 0.06 ml of 30# sucrose 

in 0,5 M Tris was added. Into this supension O.Oij, ml of 

the lysozyme solution was stirred gently. Forty-five 
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seconds later 0.1 ml 32 mM EDTA was gently stirred in, 

Sfo Sarkosyl in 0.5 M FaOH was then gently layered on the 

5 to 20% gradient. After 5 minutes 0.1 ml of the sphero-

plasts was gently layered onto the gradient. The 

spheroplasts were gently mixed into the Sarkosyl-ITaOH by 

stirring with a pin. The polyallomer tubes (Beckman) were 

then centrifuged in a SW50.1 rotor for various times 

(I}£-90 min) at 35*00° rev/min at 20 C in a Beckman 12-

65B ultracentrifuge. After centrifugation, drops were 

collected on filter disks ("Whatman 3*®0 which were washed 

3 times in cold 5$> TCA (30, 15* 5 min) and then processed 

as in the DUA breakdown experiments. Counts were corrected 

for spill over each label and background with known samples. 

In each experiment, each sample was confirmed for the pro

duction of spheroplasts by examination under a phase 

microscope. 

Single Cell Clonal G-rowth 

Cultures were grown in CDM medium for a minimum of 

30 generations and then grown to stationary phase in CDM 

medium. Samples for normal growth were then centrifiiged 

and the pellet was washed at 3 C and resuspended in l/5th 

the volume of CDM medium. The number of dead cells in a 

culture increases if the pellet is left for any length 

of time without medium so this time was always reduced to 

a minimum. This concentrated stationary phase culture 
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was used as a sample for the clonal growth of normal grow

ing cells. If the cells were to "be starved for TdR, then 

the cultures were treated the sane way except the sta

tionary phase culture was then diluted l/20th into CDM 

medium and grown to log phase (2 x 10® cells/ml). The log 

phase culture was centrifuged and the pellet was washed at 

3 C and resuspended in Davis minimal salts. The centrifu-

gation and resuspension process was repeated twice, in the 

last case, the pellet was resuspended in l/20th of the 

original volume. This concentrated log phase culture was 

then used as a sample for clonal growth of TdR- cells. 

"Chips11 were made as described next. Round coverslips 

(22 mm in circumference, #2 thiclmess) were cleaned in 95$ 

ethanol. Davis minimal salts plus agar .75$ was then 

liquified and cooled to 65 C. Glucose and thiamine were 

added in the same concentrations as in CDM medium. If 

the cells were to he TdR- then TdR wa3 omitted, but if 

the cells were to be grown normally, TdR was included. 

This hot medium (65 C) was sonicated (microtrip, Soni-

fier Cell Disrupt or, Model wl85D, Heat System-Ultrasonics, 

Inc.) so that air bubbles were dispersed throughout the 

hot medium. A few drops from a Pasteur pipette was placed 

on one round cover slip and allowed to cool. On another 

round coverslip a small drop from a Pasteur pipette of 

the sample culture was placed, and then the two coverslips 
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were brought together with the agar and the cells facing 

each other. The two round coverslips were sealed with a 

double layer of Parafilm M (American Can Co.). A sealed 

set of cover slips, or chip, was placed on a temperature 

controlled stage which was on a phase contrast microscope 

with a 35 mm camera. Pictures were taken every half hour 

or within 1% minutes of a cell division. The film was 

Kodak ASA-32. The length of the cells was determined in 

a similar manner as was used to measure the cells from 

the autoradiographic slides. 

Samples of the cultures were taken from all 

experiments, inoculated onto nutrient plates plus TdR, 

single colonies were isolated, and then tested to assure 

that the cultures used were lezA+ or lexA. mutant and that 

both had the TdR requirement. 

Measuring Length Doubling Times 

To determine the least square fit a Hemlett-

Packard HP-25? was used. In Hewlett-Packard HP-2f> Appli

cations Program Book under Curve Fitting, the exponential 

program was employed (p. 92) to determine the slope of 

each clone. The length doubling times for each clone 

were then determined by: 

length doubling time -
slope (min"1) 

and the doubling times were then averaged. 



CHAPTER 3 

RESULTS 

Section I — Cell3 Without DMA Found 
in Cultures of lexA Mutant 

Inouye (1971) reported that recA mutant cultures 

produce cells without DNA during TdR-. Later Capaldo and 

Barbour (1973* 1975) showed that there were N~ cells pres

ent in normal growing recA mutant cultures. As shown in 

the Introduction, the phenotypes of recA mutant and leaA 

mutant cultures are very similar. An attempt was therefore 

made to identify N~ cells in lexA mutant cultures. 

To detect N~ cells, the DMA in cells of growing cul

tures of thymidine [TdR] requiring lescA* and lexA mutant 

strains was labeled by growing the cultures with H-^-TdR for 

at least 10 generations. The cultures were then starved for 

TdR. DNA in individual cells wa3 then detected by autoradio

graphic samples taken before and during TdR-. The samples 

were spread on gelatin-covered microscope slides, washed in 

5% cold TCA (10 min.), dipped in photographic emulsion, and 

developed. The slides were analyzed on a phase contrast 

microscope for cells with grains (IT1") and without grains 

(N~). Also, the cells were classified as filaments ( > ji) 

or normal sized cells (<i|..5 p. — Table 2). Later an analy

sis of cells by length will be presented in more detail. 
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Table 2. Analysis of Autoradiographs for N" Cells During Thymidine Starvation 

lexA+ lexA" 

Time of 
Starva
tion 

# of N" 
Filaments 

# of IT 
Normal 
Length 
Cells 

Total # 
of N" 

# of N" 
Filaments 

# of N" 
Normal 
Length 
Cells 

Total # 
of N" 

A 

Count of 
H" Cells 0 7 7/5,^28-n- 2 119 121/5,72k 

u 
(hours) 

% of N" 
Cells 0 0.1 0.1 <0.1 2.1 2.1 

j. 

Count of 
N" Cells 2 67 69A,9^ $ Ikl 752A, 761}. 

(hours) 
% of N~ 
Cells <0.1 l.k l.k 0.1 15. 7 15.8 

8 
(hours) 

Count of 
N" Cells 12 86 98/5,088 34 963 977/5,311 

8 
(hours) 

% of N" 
Cells 0.2 1.7 1.9 0.3 18.1 18^ 

•KTotal Number of Cells Counted - N+ + N" Cells 



kl 

The strains used (Table 1) carry the same thyA and 

dmr(deoB) nutation (O'Donovan and Neuhard 1970)* and are 

isogenic except for the malB-lexA region of the E. coli K-12 

genetic map (Bachmann et al. 1976). Typical examples of 

autoradiographs of lexfl.4" and laxA mutant cultures that have 

been starved for TdR for four hours are shown in Figures Ij. 

and $ respectively. 

Pour different autoradiographic experiments, each 

of which gave similar results, have been combined to produce 

Table 24, The number of N" cells in lexA+ cultures is found 

to be very small (0.1$) as shown in Table 2. This low fre

quency could represent the lower limit of resolution of 

the autoradiographic technique for the detection of 

cells. This percentage increases to 1.1$ at Ij. hours and 

1.9$ at 8 hours of TdR-. This indicates that a small number 

of N- cells are produced in lexA+(WT) cultures. TJnstarved 

lexA mutant cultures have 2.1$ cells. This is considerably 

more than WT cultures (0.1$). At Ij. and 8 hours of TdR-, the 

IT" cells increase to 15.8$ and l8.2j.$ respectively, in lexA 

mutant cultures. This result shows that there ia a sub

stantial number of N~ cells being produced in lexA mutant 

cultures during TdR-. The yield (20$) is tenfold higher 

than that of lexA*1" at the same time of starvation (2$) and 

that of lexA mutant cultures during normal growth (2$). 

The N" cells observed are largely (>> 95$) normal size 



Pig. ij.. Autoradiograph of TdR- Starved lexA* 
Cultures. — Gultiare contains mostly filaments with a 
few normal-sized cells of which one is IT". The length 
of one of the small normal-sized cell is approximately 
2 p. 



Pig. f>. Autoradiograph of TdR-Starved lexA Mutant 
Cultures. — Culture contains 3ome filaments and some 
normal-sized rods of which £ are N". The length of one 
of the small normal-sized cells is approximately 2 ji. 



calls. This will be discussed later. In stannary, 

approximately ten times more 1ST" cells are observed in 

both unstarved and starved lexA mutant cultures than are 

present in similarly treated WT cultures. This experi

ment demonstrated that lexA mutant cultures have IT" 

cells as do recA mutant cultures (Capaldo and Barbour 

1975> Inouye 1971). 

The question arising from these observations is: 

How are the IT" cells produced in lexA mutant cultures 

during normal growth and also during TcLR-? Two possible 

explanations are: There could be abnormal regulation 

of the cell cycle in lexA mutants such that the cells 

occasionally form a septum with chromosomes on one side, 

but not the other side of the septum; or K" cells could 

result from extensive EttTA degradation in H+ cells. The 

following two sections present experiments designed to 

try to negate one of the above explanations. In the 

next section on cell cycle it will be shown that the 

lexA gene has an effect on cell division and cell size 

during TcLR-. To study these effects in more depth, clonal 

analysis of lexA* and lexA mutant cells was done during 

normal growth and TdR-, and will be presented in the 

fourth and final section of the results of this disser

tation. 



Section II — Experiments to Determine if 
N~ Cells Could be Produced' by Abnormal 

Regulation of Cell Cycle 

The observed effects of the lexA mutation in in

creasing the production of IT" cells is maximal during TdR-

(20% N~ cells) and less dramatic during normal growth (2% 

cells). Experiments with starved cultures are therefore 

presented first, followed by those describing normal growth 

effects. 

Experiments Done During TdR-

Survival During TdR-

During TdR- breaks appear in DNA (Preifelder 1969). 

Since the lexA imitation, reduces repair of W-induced breaks 

in UNA following replication of UV-damaged DNA, an effect 

on survival during TdR- was also expected (G-anesan and Sea-

well . 1975)• Superimposed upon this repair effect is the 

production of larger numbers of cells in the mutant 

culture which might also be expected to decrease survival. 

Survivals were measured in CDM broth lacking TdR (2 x 10^ 

cells/ml) and samples (0.1 to 1.0 ml) were taken, inocu

lated on to CDM plates using the standard overlay technique 

(Pig. 6). The results shorn .are the average of three 

experiments, each of which gave similar results. (All 

experiments to be described have been repeated at least 

two times and show the same general trends, except when 

noted.) The kinetics of survival during TdR- shown in Pig. 6 
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are similar for the two strains in disagreement with our 

expectations and indicating that the lexA gene product 

does not appear to affect the repair of DNA lesions arising 

from TdR-. The production of tenfold more H" cells in the 

lexA. mutant during TdR- also does not appear to affect the 

survival. Similar observations were made by Anderson and 

Barbour (1973) when they measured survivals with recA 

mutant cells during TdR-. Inouye (1971) found a different 

recA mutant strain to be more resistant to starvation. 

Similar kinetics of survival (Cummingsand Mondale 1967) 

were also observed in exrA mutants (thought to be identical 

to lexA mutants of E. coli K-12 -- Donch and Greenberg 

197^) of E. coli B and a related strain E. coli B/r. How

ever, since these strains differ by at least one mutation 

in addition to exrA (sul — Johnson and Greenberg 1975) 

which also affects cell division, the interpretation of 

their result is difficult. 

Change in Optical Density During; TdR-

N" cells can be detected photometrically. If they 

arise through abnormal septum formation, one would expect to 

see an. increase in optical density [OD] with-time of incuba

tion as.the number, of cells increased with TdR-. On the 

other.hand if IT" cells .were produced through D1TA degradation 

then there may not be any OD increase. A complication is 

that increase in cell length should also increase the OD, 
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and this has been monitored in later experiments. Changes 

in OD measurements were measured on cultures in the same 

medium as the survivals, using the Klett-Summerson photo

electric colorimeter (2 x 10® cells/ml) (Fig. 7). The 

total change in OD as shown in Figure 7 is greater in the 

lexA mutant than WT cultures, suggesting that there may be 

more cell division and that cells are produced by ab

normal septum formation* Similar results were shown by 

Inouye (1971) with recA mutant strain. 

Cell Length 

It was noted in OD experiments (under phase contrast 

microscope) that in lexA mutant cultures there seemed to be 

more normal size cells, whereas the majority of lexA* cells 

were abnormally long. The data in Table 2 also show that 

most of the N~ cells are of normal length. One hypothesis 

that accounts for the origin of these cells is that lexA 

mutant cells divide to form normal size cells that are If", 

but that these IT" cells do not elongate. To test thi3 hy

pothesis, the cells on the autoradiographic slides were' 

classified both as or U~ and in terms to length. Cells 

were classified as normal size if they were ̂ lj..f?0 p. + l ;u, 

and as filaments if they were^ I4..50 p + 1 ji in length 

(Table 3). The size limits imposed in the above classifi

cation was arrived at from the observation that 90$ of WT 

cells in CDM medium had a size range of 1.0 to p. 
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Table 3. Analyaia of Autoradiographs for the Number of Normal Length Cells and 
Filaments During Thymidine Starvation 

lexA.+ lexA" 

Time of 
Starva
tion 

# of 
Filaments 

# of 
Normal 
Length 
Cells 

Total 
# 

# of 
Filaments 

# of 
Normal 
Length 
Cells 

Total 
# 

Count of 
*Total Cells 3,881 1,073 k,95k 1,382 3,382 K> 7% 

b 
(hours) 

% of Total 
Cells 78.3 21.7 100 29.0 71.0 100 

Count of 
Total Cells 3,796 1,292 5,088 1,301 ij., 010 5,311 

8 
(hours) 

% of Total 
Cells •ft. 6 25.il- 100 2̂ .5 75.5 100 

*Total Cells = N+ + N~ Cells 
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with average cell length of 2.2£ p. (data not shown). A 

length of lj.,50 /i for the longest normal size cell was 

selected as the largest cell which, after completing the 

process of division (observed), would yield progeny of 

near average lengths. The percentage of normal size cells 

in loxA mutant cultures is greater during TdR- (75$) than 

WT cultures (25$) as shown in Table 3. If only H+ cells 

were considered, the proportion of normal size cells in 

loxA mutant was still more (55$) than that of YJT cultures 

(25$) (Table 1}.). This indicates that N" cells do not make 

up the complete increase in number of normal size cells 

during TdR- in lexA mutant cultures, but approximately half 

of the increase. 

To analyze cell length directly, pictures were 

taken of the cells on the autoradiographic slides, and the 

length of the cells was measured directly from the nega

tives. The distribution of cells (N+ + U~) by length 

during TdR- as shown in Figures 8 and 9 proves defi-

netly that lexA mutant cells are smaller than WT cells. 

The mode (class with most cells -- 2.25 }i), median (50$ 

group of cells — 2.2£^l), and mean (1j..10 ;l), of lexA 

mutant cultures during TdR- are all smaller than those of 

"WT cultures (mode — 10 ji; median — 7.0/u- mean 

8.12 p.) (Table 5). The length distribution of N~ cells 

has not been shown because the N" cells cannot be 



Table 1}.. Analysis of Autoradiograph for N+ Cells During Thymidine Starvation 

lexA+ lexA" 

Time of 
Starva
tion 

# of N* 
Filaments 

# of N+ 

Normal 
Cells 

Total # 
of N+ 

# of N+ 

Filaments 

# of N+ 
Normal 
Cells 

Total # 
of H 

i, 

Count of 
N+ Cells 3,879 1,006 k, 88̂ / 

k, 9^ 
1,377 2,635 012/ 

lf.,76̂  

(hours) 

% of N+ 
Cells 78.3 20.3 98.6 28.9 55.3 81).. 2 

8 
(hours) 

Count of 
N+ Cells 3,7% 1,206 k,990/ 

5,088 
1,287 3,Olt-7 k, 33k/ 

5,311 
8 

(hours) 

% of N+ 
Cells 7ii-.it- 23.7 98.1 21̂ .2 Sl.k 81.6 

-"•Total number of cella counted = N+ + N" cells 

va 
ro 
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Table 5« Summary of Call Length of Autoradiographs of lexA* and lexA Mutant 
During TdR-. 

lexA+ lexA." 

Time of # of # of 
TdR- Cells Cells 
(ji) Mode(ji) Median(ji) Mean(ji) Counted Mode(ji) Median(ji) Mean(ji) Counted 

1* 10 7.0 8.12 939 2.25 2.25 Ij.,10 1008 

8 10 8.0 8.99 935 2.00 2.50 I4..6O 1017 

mode = class with most cells 
median = class with 50 percentile cell 
mean = cell of average length 
Includes H and N~ cells 

va 
vji 
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classified in a similar manner as before (Table 2) and 

because the number of N" cells found in this experiment 

(Pigs. 8, 9) are small. The IT* cells found were mostly 

normal size cells as shown in previous section (Table 2). 

The skewed distribution and markedly different average 

cell size indicates that the lexA gene definitely affects 

the size or elongation of the cell during TdR-. 

Petroff-Hausser Cell Count 

Barner and Cohen first observed in 195k- that during 

TdR- cells elongated into long filaments without septa. 

During TdR- lexA mutant cultures show many cells of normal 

size (75$ — Tables 3 and I4., Figs. 8 and 9); however, the 

change in mass is greater in lexA of mutant than in WT cul

tures (Pig. 7) indicating that there is probably an increase 

in cell number in the lexfl. mutant cultures. To measure 

such an increase, cells were counted on the Petroff-Hausser 

counter. The results are shown in Figures 10 - 12. 

The total number of lexA mutant cells is shown to 

increase over an 8-hour interval while the increase in the 

number of lexA cells is very slight (Fig. 10). This 

indicates that there is much more cell division during TdR-

in lexA. mutant cultures than in lexA+ cultures. In lexA+ 

cultures the number of normal-sized cells decreases (Fig. 

11) while there is an increase in the number of filaments 

(Fig. 12). This result suggests that most of the short 
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rods in lexA4" cultures grow into filaments during TdR-. The 

amount of increase in the number of normal sized cells (Fig. 

11), and the total number of cells in lexA mutant cultures 

(Fig. 10) is very similar. This suggests that the short 

rods are produced in lexA mutant cultures during TdR- and 

these probably do not elongate into filaments. Similar 

results were obtained with recA mutant cells during TdR- by 

Inouye (1971). 

Summary of Experiments Described Above 

The lexA gene does not seem to affect survival 

during TdR-, but does affect the total change in 0D, the 

cell size, and septum formation. The direct.counting 

experiments indicate that most of the WT cells elongate into 

filaments while very few divide. lexA mutant cells seem to 

divide often and a majority of the newborn cells probably do 

not elongate into filaments. The. result is that most of the 

cells in lexA mutant cultures during TdR- are of normal 

size. These newborn cells could be the IT" cells also found 

in lexA mutant cultures. Cells which have grains on one 

side of the septum, but not on the other side, have been 

observed (on autoradiographic slides) in lexA mutant cultures 

during TdR- (data not shown). In the following section 

similar experiments will be done during normal growth 

(TdR+) to see.if similar effects can be detected. 



61 

Experiments Daring Normal Growth 

In the previous section two conclusions were 

reached: (1) that ET~ cells could have been produced by 

abnormal regulation of cell cycle, and (2) that the cell 

cycle was affected by the lexA. mutant gene during TcLEl-. 

Similar experiments were done next to see if similar 

conclusions could be reached. 

Viable Cells 

The rate of increase in the number of cells able 

to form a colony is a measure of the time needed to 

complete the whole cell cycle. Production of a small 

fraction of N" cells would not be detected in this measure

ment, The ejqperiments were done in CDM medium (2 x 102 

to 2 x 10* cells/ml), and cells were groxm in medium for 

a minimum of 50 generations before experiments commenced 

in order that the cells were maximally adapted for growth 

In Figure 13 the rate of increase in the number 

of cells able to form colonies is shown to be almost the 

same but suggest that lexA mutant doubling time may be 

3 omewh at slower. 

Change in Optical Density 

The rate of increase of the 0D seen in Figure lij. 

is almost similar for both lexA mutant and lexA* cultures, 
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1 2 3 4 5 6 7 

Time of Normal Growth (hours) 

Pig. 13. The Increase in leaA.* and lexA Mutant 
Viable Cells During Normal Growth „ 
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but suggest that lexA mutant doubling time may be somewhat 

slower. The OD curve (Fig. 11}.), and the viability curve 

(Pig. 13) are similar both suggesting that lexA mutant 

doubling times may be slightly longer. 

Cell Length 

During TdR- the size distribution of lexA mutant 

cells is definitely skewed to a smaller cell size 

than that of WD. Tables 6 and 7 depict the colls that have 

been classifed as normal size cells or f ilaments at the same 

time they were classified as N+ or The lexA mutant 

shows a larger proportion of normal size cells (96$) than 

WT cultures (92$) during normal growth as shown in Table 

6. Th-e increase in normal size cells (96-92 = 1$) could 

approximately be accounted for by half the N~ cells (2$) 

in lexA mutant cultures (Tables 2, 6} 7)-

A more direct measurement of cell length is derived 

from pictures of cells on the autoradiographic slides. The 

distribution of cells during normal growth seems to be 

skewed towards a smaller size cell in lexA mutant cultures 

(Pig. 15). The mode (2.00 ji), median (1.75 >0* and mean 

(2.50 >1) of lexA mutant cell3 show this skewing when com

pared with WT cells (mode -- 2.50 jti, median — 2.25 }*•> 

mean — 3.06 (u. — Table 8). This indicates that the lexA 

gene affects cell size or rate of elongation during normal 

growth. 



Table 6. Analysis of Aut or adio graphs for the Number of Normal Length Cells aad 
Filaments During Normal Growth 

lexA+ lexA" 

# of # of 
Time of Normal Normal 
Starva # of Length Total # of Length Total 
tion Filaments Cells # Filaments Cells # 

Count of 
Total Cells# i\2Q 5,000 5,I}.28 21^9 5,i|75 5,72k 

0 
(hours) 

% of Total 
Cells 7.9 92.1 100 l^.l^ 95.6 100 

-xTotal cells = N+ + N" cells 



Table 7. Analysis of Autoradiograph for N+ Cells During Normal Growth 

lexA lexA" n 

Time of # of N+ # of N+ 
Starva- # of N+ formal Total # # of N Normal Total # 
tion Filaments Cells of N+ Filaments Cells of N+ 

Count of 5,603/ 
N+ Cells 1]28 lj.,993 5,*1-28-* 2^7 5,356 5,72l|. 

0 
(hours) 

fo of N+ 
Cells 7.9 92.0 99.9 ij.,3 93.6 97.9 

-"•Total Number of Cells Counted = N+ + N~ Cells 

ON 
on 
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Table 8. Summary of Cell Length of Autoradiographs of lexA*1" and lexA Mutant 
Cultures During Normal Growth 

lexA+ lexA" 

# of Cells # of Cells 
Mode(ji) Median(ji) Mean(ji) Counted Mode(ji) Median(p.) Me an (p.) Counted 

2.50 2.2£ 3.06 1162 2.00 1.75 2.50 1081}. 

mode 
median 
mean 

= class with most cells 
= class with f>0 percentile cell 
= cell of average length 
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Summary of Section II 

During normal growth the rate of increase in via

bility and OD in lexA* and lexA mutant cultures is almost 

the same although the rates may be slightly less in lexA 

mutant cultures. The distribution by length of lexA mutant 

cells is skewed somewhat towards a smaller cell size in 

comparison with WT cells during normal growth. This result 

is similar to those observed in Section I during TdR-, 

although the magnitude of the difference is much smaller. 

Since it has been concluded that N" cells could have been 

produced by abnormal regulation of the cell during normal 

growth this suggests that the IT" cells could have arisen 

through similar abnormal regulation of septum formation 

as during TdR-. During both normal growth and TdR- there 

is an increase in the number of normal size cells in the 

lexA mutant. possibly attributed to the production of IT" 

cells. What can be concluded is that the lexA gene affects 

cell size during both normal and TdR- and also affects 

septum formation during TdR-. These effects will be 

studied in more depth in Section IV. In the next section 

(III), the second possible explanation for the origin of 

cells in lexA mutant cultures by extensive DNA break

down of cells will be examined. 
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Section III — Experiments to Determine 
if N~ Cells Gould be Produced 

by DNA" Degradation 

Since the absolute effects of the lexA gene are 

greater during TdH- than during normal growth, the rate 

of turnover of DNA or "DNA breakdown" during TdR- td.ll be 

examined first. 

Experiments Done During TdR-

Early experiments indicated that there was no DNA 

breakdown or turnover of DNA during TdR- (Barrier and Cohen 

1958* Gallant and Suskind 1961, Maaloe and Han aw alt 1961). 

In later experiments it was demonstrated that there was a 

small amount of DNA breakdown (1 Sfo) (Breitman et al. 1972) 

during TdR- and that thi3 breakdown probably occurs at the 

replicative fork(s) (Reiter and Ramareddy 1970). 

DNA Breakdown During TdR-

Gell DNA was labeled by growing cells for a mini

mum of three generations to 2 x 10^ cells in H-^-TdR, and 

the cultures then starved for TdR. The cell concentration 
o 

during this first experiment was 2 x 10° cells/ml, and the 

DNA breakdown was monitored by measuring the rate of loss 

of trichloroacetic acid [TGA] insoluble counts. In this 

experiment no loss in TCA insoluble counts lexA+ or lexA 

mutant was observed (data not shown). The problem of 

measuring DNA degradation in an experiment such as this 
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one is to stop the reincorporation of label into high 

molecular weight DITA (acid-insoluble) once it has been re

leased into the growth medium. In an attempt to reduce 

such reutilization, the prelabeled cells were diluted dur

ing TdR- as much as possible within technical capabilities 

(2 x 10^ cells/ml). If cells in the diluted cultures de

graded their DUA and excreted the labeled precursors into 

the medium, the concentration of these precursors should 

be much lower than in the more concentrated cultures so 

that the possiblity of reincorporation should be reduced. 

The results of these experiments show that there is ex

tensive DITA breakdown of DITA during TdR- (50% in 8 hours of 

TdR- — Howe and Mount 1975). Because of the large dif

ference between the diluted and concentrated cultures the 

question arose as to how much of the label was still being 

reincorporated into the DHA. A reconstruction experiment 

was performed by starving unlabeled, diluted cold cells for 

TdR in medium containing the 3ame number of counts of h3-

TdR that had been lost by the labeled cells in the previous 

breakdown experiments. These experiments showed that 

approximately 15$ of the label was incorporated into acid 

insoluble material by the cell (Table 9). By this time 

technical capabilities had been expanded and a second recon

struction experiment was then performed at a cell concentra

tion of 2 x 10* ceils/ml, with the results that there was 
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Table 9. Percent Total Counts Reincorporated into :vT 
Cell During TdH at Different Cell Concentrations 

Time of Cell Concent rations (cells/ml) 
Starvation , . ^ w 
(hours) 2 x 107 8 x 10b 2 x 106 8 s 1(K 2 x 105 

0 5 1 1 1 0 

1 21 12 1 1 

2 32 2l|. 10 k 1 

3 2M- 25 ll|. 5 2 

k 25 22 17 7 k 

5 22 20 16 7 3 

6 21 19 16 7 3 

7 19 15 13 8 

Q 17 13 13 8 5 

Note: Done once, except 2 x 10^ -which was done three 
times. Total counts possible fa? each sample is 
105 cpm. 
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leas than reincorporation of label into TCA insoluble 

counts (Table 9). 

DNA degradation was next measured in starved cul

tures at 2 z 10^ cells/ml. Table 10 shows that at time, 

the TCA-soluble pool of thymine metabolites in lexA mu

tant cultures is larger than in WT cultures vs. 18# 

over 3 experiments). Kinetics of breakdown of label 

during TdE- is shown in Figure 16 (total counts), Figure 

17 (TCA-insoluble counts), and Figure 18 (TCA-3oluble 

counts = total counts — insoluble counts) with Figures 

16A, 17A, and l8A as the percent counts (cpm). These DNA 

degradation results assume that the cell number in each 

sample remains constant. However, this is not true be

cause lexA mutant cells divide while lexA* cells do not 

during TdE- (Fig. 10, Table 12). Figures 16B, 17B, and 

18b 3how the DNA breakdown data normalised to total cell 

number (Fig. 10). There seems to be an extensive loss of 
• 

TCA insoluble counts in both lexfl.T and lexA mutant cul

tures, but somewhat more in the lexA mutant cultures 

(2i$ more) as shown in Figure 17B. The TCA soluble thy

mine metabolites in lexA mutant cells is markedly reduced 

while in lexA+ cultures the pool size remains approximately 

the same (Fig. 18b). This increase of UNA breakdown dur

ing TdR- (21^), which could represent the production of N" 

cells, is larger than actual production of N~ cells (l8j£). 



Table 10. Percent Total Soluble ENA-* at 0 Time of TdR-

lexA+ lexA" 

Experi- Experi- Experi- Experi- Experi- Experi
ment #1 ment #2 ment #3 Average ment #1 ment #2 ment #3 Average 

10 111- 29 18 20 22 i}2 28 

i-4 Soluble D1TA = total count - Insoluble counts 
total counts 



Pig. 16. Percent Total Counts of H^-TdR 

(A) Percent total counts of H^-TdR in lexA and 
1exk mutant cultures during TdR-. (B) Percent total 
counts of H3-TdR per cell in lexA* and lexA mutant 
cultures during TdR-. 



75 

£ 
V)  

c5 
o 

10 
o 
X 

CO 
•4—« 

c 
13 o 
O 

o 
H-

E 
Q. 
O 

0 
o 

£ 
a 
o 

lexA+ 

lexA" 

lexA+ 

lexA" 

Time of Thymidine Starvation (hours) 
Pig. 16. Percent Total Counts of H^-TdE 



Fig. 17. Percent Cold Trichloroacetic Insoluble 
Acid H^-TdR Counts 

(A) Percent cold trichloroacetic insoluble acid 
H3-TdR counts in lexA+ and lexA mutant cultures during 
TdR-. (B) Percent cold trichloroacetic insoluble 
acid H-3-T&R counts per cell in lesA+ and lexA mutant 
cultures during TdR-. 
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Pig. 18. Percent Cold Trichloroacetic Soluble Acid 
Counts of H^-TcLR 

(A) Percent cold trichloroacetic soluble acid counts 
of h3'-t&R in lexA+ and lexA, mutant cultures during TdR-. 
(B) Percent cold trichloroacetic soluble acid counts of 
EP-TcLR per cell in lexA+ and lexfl. mutant cultures during 
TdR-. 
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This result, and other results in this section (III) will 

be elaborated on in the Discussion. 

Alkaline Sucrose Gradients of TflR- PITA 

In the previous section it was observed that there 

was more DMA breakdown in lescA mutant versus lexA.* cultures 

during TdR-. Freifelder (1968) has shown that there are 

breaks produced in the DMA during TcLR-. Later, others (Hill 

and Fangman 1973* Walker 1970, and Yoshinaga 1973) showed 

that the size of the DMA decreases in alkaline sucrose gra

dients as the time of starvation is increased. The question 

arose: Is the size of the DMA related to the amount of 

breakdown? 

To try to answer this question, the DMA was anal

yzed on alkaline sucrose gradients. Cells were first pre-

labeled with .either C^* or H^-TdR in CDM medium after which 

they were starved for TdH (2 x 10^""^ cells/ml). The cells 

were then treated with lysozome and 3DTA to produce sphero-

plasts, which were then lysed gently on the top of the 

gradient with Sarkoszol and MaOH to try to avoid artafactual 

breaks in DMA. The size distribution of the DMA was de

termined on an alkali sucrose gradient (TCA insoluble 

counts). The DMA sediments in similar position of the 

gradient as Ganasen and Seawell (1975). In the first 

experiments the DNA from normal growing and starved cells 

of both lexA+ and lexA mutant cultures was compared by 
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lysing the appropriately labeled cells on top of the gradi

ent. The DMA of TdR- cultures wa3 of lower molecular weight 

than the DITA of normal growing cells indicating that breaks 

were made in the DITA of both lexA* and lexA mutant cultures 

during TdR- (data not shown). 

A set of gradients were run (65 min centrifuga-

tion time) to compare lexA+ and lexA mutant DNA during 

TdR- and this is shown in Figure 19. The peak of DITA in 

the lexA mutant is nearer the bottom of the gradient than 

lexA* DITA indicating that the DITA in lexA mutant cells is 

of higher molecular weight than WT DNA. A similar result 

was obtained when the labels were reversed (data not shown). 

Prom this section it appears that lexA mutant cells 

have more DUA breakdown than WT cells, lose their TCA 

soluble pool of thymine metabolites, and the TCA insoluble 

DITA of lexA mutant cultures is made up of pieces that have 

on the average, larger size than those of WT TCA insoluble 

DITA during TdR-. 

The next question asked was whether the differences 

occur during normal growth. The DITA breakdown experiments 

described already showed that the pool of soluble thymine 

metabolites in unstarved cultures is larger in lexA mu

tant versus WT cultures. This implies that the lexA gene 

affects DITA metabolism during normal growth. This is 

examined in the next section. 
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Experiments Done During ITormal Growth 

The rate of uptake of labeled TdR was measured 

(2 x 10^ cells/ml) and very little difference was found 

between lexA and lexA mutant cells (data not 3hown). The 

measurement of DMA degradation during normal growth vras 

attempted by labeling the cells and then watching for the 

loss of label while the cells grew in complete medium 

(2 x 105 cells/ml). Sometimes the lexA mutant cells seemed 

to lose the label faster than WT; in other experiments this 

was not true (data not shown). Since the data were not 

reproducible, these experiments were terminated. They 

appeared to suggest that there is not significantly more 

breakdown of the D1TA in lexA mutant cultures than VJT dur

ing normal growth. 

Since the size distribution of the DHA of lexA* 

and lexA. mutant cells were different during TdR-., alka

line sucrose gradients of the type performed during TdR-

were done during normal growth (centrifugation time = 

kS mi.n — Pigs. 20A and B). As is shown, the size dis

tribution of lexA* and lexA mutant DITA is the same when 

lexA mutant cells are labeled with and lexA+ cells 

with but are somewhat different when the labels are 

reversed (repeated once). This shift to smaller DNA could 

be due to a greater sensitivity of lexA mutant DNA to 

tritium decay and was not explored further. 



Pig. 20. The Sedimentation of Normal Growing lexA (H^) and. lexA (G ^") Mutant 
DNA, and Sedimentation of Normal Growing lexA (G1^-) and lexA (H^) 
Mutant DNA, Through Alkaline Sucrose Gradients 

(A) Sedimentation of normal growing lexA+ (h3) and lexA (C^) mutant DNA 
through an alkaline sucrose gradient. (B) Sedimentation of normal growing 
lexA+ (c1^) and lexA (h3) mutant DNA through alkaline sucrose gradients. 
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Section 17 — Analysia of G-rowth of 
Single lexA Mutant Cells in 

Agar Suspension 

In Section II it was reported that the lexft gene 

seemed to affect cell size during both normal growth and 

TdH- and septum formation during TdH-. These data were 

based upon the appearance of cells in mass cultures and 

there was no way to observe how individual cells behaved 

in the experiment. A technique of observing the growth 

of single cells under starvation and control conditions 

was therefore employed to examine the cell division process 

in more detail. In the following section single cells, 

which have been suspended in CDH medium (0.757» agar) be

tween two sealed coverslips, were photographed under a 

phase contrast microscope on a temperature controlled 

stage as they elongated and divided. Both unstarved and 

starved clones were examined. The negatives were then 

enlarged tenfold by projection on a screen and the cell 

length determined. The following results are an analysis 

of how these single cells grew and divided. 

Initial Analysis of Clones During TdR-

Cell Size During; TdR-

One of the first observations was in liquid cul

tures that lexA mutant cells during Edit- are on the average 

smaller than WD cells (Sables 3 and Ij., Pigs. 8 and 9). The 

accumulated distribution of cell sizes in the clones was 
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measured (Table 11). These results show that the distri

bution of cell sizes in the clones during TdR closely 

resembles that in mass liquid cultures. 

Cell Elongation and Division During TdR-

From the cell count experiments on mass cultures 

given in Figures 10-12, it was suggested that in lexA 

mutant cultures the normal size cells were produced by 

division and the newborn cells produced did not elongate 

further. The growth patterns of the 26 lexA and 21 lexA 

mutant clones that were observed in these experiments 

(TdH-) are depicted diagrammatically in Figure 21 and 

Table 12. One class (A) of cells did not elongate (<0.5l ji) 

or failed to double in length from their original length at 

the beginning of the experiment and didnot reach a final 

length of Clones classified as B were those 

that more than doubled in length over the original- cell 

and Ttfhose terminal length was ij-50 )i. Class A and B 

clones would be scored as normal size cells and filaments, 

respectively, in liquid cultures. Clones in class C elon

gated and divided, and this cycle may be repeated up to 

two times. Hewbom cells may be observed not.to grow in 

the course of the experiment, or they may be observed to 

elongate a small amount. Measurements of cells are accu

rate to within 0.25 ji with the technique employed. In

creases of more than 0.50 p. are therefore considered 



Table 11. • Cell Size of the Cells in the Clones at Different-Times After TdR-

lexA + lexA" 

Length Time (hr) K Time of TdR - (hr) 
( nT 0,^.la Ik. 2 2^,3 kh.t 5k>r6 0,%.l lh.2 2h.1 ft A 5 5isor6 

2 # 37 8 6 6 k 2 20 16 26 8 15 8 
% 59 19 17 18 13 10 30 31 32 1§ 

23 19 
3 a 10 21 9 5 5 2 38 23 33 25 2t 18 

% 16 25 1? 16 10 58 k$ la h? 37 U.2 
4- jt 10 5 8 K 1 1 8 10 18 14 13 10 

% 16 12 22 12 3 5 12 20 22 27 20 23 
5-6 # 3 5 9 8 8 2 0 2 k 5 13 7 

% 12 25 20 10 0 k 5 10 20 13 
7-9 # 0 2 3 6 8 9 0 0 0 0 0 1 

% 0 5 9 18 25 k? 0 0 0 0 0 2 
10 i 3 2 1 ij- 6 4 0 0 0 0 0 0 

% 5 5 3 12 19 20 0 0 0 0 0 0 

Total0 63 k3 36 33 32 20 66 81 52 65 kl 

a = at each time the cell was measured and so is included in this column 

b = cell measured at either or 6 hours only 

c = during starvation there is some, lysis, especially in WT, cells 

CD 
On 



87 

significant. Other newborn cells are observed to elongate 

a considerable amount. Two types can be recognized— 

cells that elongate more than O.^O p., but reach a total 

length of ̂  p. (normal size cells) and those that 

elongate to a total length of^ l±,$Q p. (filaments) (Fig. 

21). 

X'Jhen the 26 starved lexA* clones were analyzed for 

growth patterns, it was found that 7 were in class A, 18 

in B, and 1 in 0. The one class G clone elongated and 

divided once, and the newborn cells did not elongate fur

ther (Table 12). In Figure 22 (A and C) are shown five 

lexA+ clones, two clones in class A and three in class B. 

The growth patterns of 21 starved lexA mutant clones were 

considerably different. There was one clone in class A, 

2 class B, and 18 class C. Four class C clones progressed 

through the cycle of elongation and division more than 

once—two clones repeated the cycle once and two others 

repeated it twice. In Figure 23 (A-F) is shown a micro

scopic view displaying five lexA mutant type C clones. 

In summary, most lexfl. cells grow into long filaments and 

do not divide, whereas the majority of lexA mutant cells 

elongate and divide one or more times. These results 

from clonal growth studies clearly establish that lexfl."** 

and lexA mutant cells respond differently in their growth 

and division to starvation for Ted. 
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Table 12. Growth Patterns of Individual Clones During TdR-

Clonal 
Growth 
Patterns 

lexA+ 

# of Clone 
fo of 
Total 

lexA" 

# of Clone 
fo of 
Total 

A. Hongrowing 
Normal Size h 

Cells 7 27a 1 5 

B. Elongation to 
Form Filaments 
Without Division 18 69 2 10 

C. Division 1 I4. 18 86 

a = total number of lexA clones is 26 

b = total number of lexA. mutant clones is 21 



Fig. 22. Pictures of lexA+ Clones During TdR-

Pictures of lexA clones during TdR- sire shown 
with 2 clones in class A and 3 clones in class B. The 
two cells in the upper left hand corner of the pictures 
have not elongated or divided during TdR- (class A: 0 
time, B: 23o hr, C: 6 hr of TdR-). The center three 
clones have elongated into filaments without dividing 
(class B). Prom the first picture it is observed that 
the two newborn cells (B divided before TdR-) have 
slightly moved during TdR- so that they have elongated 
side by side into filaments (G). The length of one 
of the small normal-sized cells is approximately 2 



Fig. 22. Pictures of lexA+ Clones During TdR-



Pig. 23. Pictures of Five lexA Mutant Clones During 
TcLR-

Pictures of five lexA. mutant clones during 
TcLR- are shown with all five clones in class C 
(A: 0 time, B: h hr, C: 1 hr, D: 2 hr, E: 3 hr, and 
P: 5^5 hr of TdB-). The cell in the most upper left 
hand corner of the pictures divides (picture b)* 
moves some, and one cell does not grow at all while 
the second cell in that clone grows a little (both 
cells classified as 0-1). The clone below grows, 
divides (picture D), moves some, and one cell does 
not elongate much (0-1) while the other cell elon
gates and divides (picture P, C-2). The clones on 
the right side grow, divide (picture e) and then do 
not grow much (C-l). The length of one of the small 
normal-sized cells is approximately 2 ji. 



V 

Pig. 23. 
During TdR-

Picturaa of Five lexA Mutant Clones 
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Pig, 23 — Continued 



A more detailed description of the clonal growth 

patterns can be obtained by examining the origins of the 

filaments (cell > ji) and normal size cells ( < !|..£>1 ji) 

that were present in the clones at the end of the experi

ment. The percent filaments and normal size cells in the 

clones at the end of TdR- is shown in Table 13 and the 

analysis of the origin of the cell3 through the patterns 

of growth (Pig. 21) are shown in Table lii. All the fila

ments that were present in lexA* clones arose by elonga

tion without division of normal size cells present at the 

start of the experiment (Pig. 2133, Table ll|3). On the 

other hand, filaments in the lexA mutant clones nearly all 

divided (Pig. 21C-1, Table li|£-l — 8$%) originated by 

elongation of a normal size cell that itself arose by a 

previous division event during TdR-. Hormal size cells 

in the VJT clones present at the end of the period of ob

servation — Table li}A, Pig. 21A) mostly arose from 

cells that had not elongated or divided. Two sister cells 

represent the remaining 22$ of the total which arose by 

an unusual cell division event in one of the lexA* clones. 

In contrast, 97/£ (Table IJ4.C-I and 2) of the normal size 

cells in lexA mutant clones arose by an observed elonga

tion and division event, and only yfo (Table lijA) arose 

from cells that had not elongated and divided. In summary, 

this analysis demonstrates that the usual response of 



Table 13. Percent Filaments (and Normal Size Cells (^^*5 jp.) in Clones 
After 6 Hours of TdR-

lexA* lexA." 
# of # of 

# of # of Normal # of § of Normal 
Clone s Filaments Size Clones Filaments Size 

Cells Total Cells Total 

# Counted 26 18 9 27a 21 13 35 l|.8a 

% of Total / 67 33 100 / 27 73 100 

a = before lysis occurred 



Table ll±. Origin of the Normal Size Cells and Filament in Clones Found at End of TdR-

Origin of Cells # of 
at End of TdR- Cells 

lexA+ 

% of Fil. 
or Normal 
Size Cells 

% of 
Total 

# of 
Cells 

lexA 
% of Fil. 
or Normal 
Size Cells 

% of 
Total 

A. Nongrowing 
Normal Size 7 

B. Elongation to 
Form Filaments 
Without Divi
sion 18 

C. Division 2 

1. Nongr owing 
Normal Size 2 

2. Growing Nor
mal Size 0 

3. Elongation to 
Form Filaments 0 

78' 

100 

22a 

22a 

<11 

O.I 

26' 

67 

7 

7 

<k 

4k 

2 

kS 

27 

7 

11 

15* 

/ 

77 

20 

85c 

k 

9k 

56 

15 

23 

a = total number of lexA ̂normal size cells = 9 
b = total number of lexA cell = 27 
c.= total number of lexA mutant normal size cells = 35 
d = total number of lexA mutant filaments = 13 
e = total number of lexA mutant cell3 = I4.8 

vO 
vn 
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lexA+ cells to TcLR- is failure to divide and sometimes to 

elongate, whereas the usual response of lexA mutant cells 

is cell elongation followed by the cell dividing one or 

more times. 

A More Comprehensive Analysis of Clonal 
Growth During Normal Growth and TdR-

Nongrowing Cells 

The above observations suggest that the lexfl. gene 

determines whether or not a cell elongates and divides 

during T&R-. We now turn to analysis of the growth be-

havior of lexA and lexA mutant clones during normal 

growth, and will demonstrate that there are detectable 

differences. The clones were examined for the presence 

of nongrowing cells as defined previously and the results 

of this analysis are given in Table l£. During normal 

growth some of the lexA mutant clones produced cells that 

did not grow and divide further, whereas the remaining 

cells in the clone continued to grew and divide. This 

represents 11% (8/I4.3) of all the cells in the clones at 

the end of the experiments. Such nondividing cells have 

not been observed in WT clones (0/86). This indicates 

that the lexA gene affects the growth (elongation) of the 

cells under normal growth conditions. 



Table 15. Nongrowing Cells During Outgrowth of the Clones 

lexA+ lexA" 

# of # of & Of NG Cells fit # of # of # of NG- Cells at 
Clones Cells Start During Total Clones Cells Start During Total 

Normal Growth 

# of Cells 
Counted 18 86 3 0 3 25 73 5 8 13 

% Counted / 100 3 <1 3 / 100 7 11 18 

TdR 

# of Cells 
Counted 26 27 7 2 9 21 10 1 27 28 

% Counted / 100 26 7 33 / 100 2 56 58 

NG = nongrowing. A nongrowing cell is defined as a cell that does not elongate 
( < 0.5l Ji) or not double in length when nearby cells do. 

vO 
->1 
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Generation or Doubling Times 

Another measurement of elongation is the time 

that it takes for the accumulated length of all the 

cells in the clone to double in length. If elongation 

is affected by the lexA gene, then the doubling times may 

be different in lexA+ and lexA mutant clones. To de

termine the length of doubling times, the sum of the 

lengths of the cells in the clones were plotted versus 

time on semi-log paper (data not shown), From these 

data it was determined that from one to four hours, the 

rates of elongation of most of the clones were increasing 

exponentially as a function of time during normal growth 

in both lexA+ and lexA mutant cultures. The doubling 

time for each clone was calculated from the slope of the 

line obtained by a least squares fit. The following 

equation gives the time needed for the clone to elongate 

to twice its original size. 

Length Doubling Time -
Slope {min"^-) 

The average length doubling times during normal 

growth were computed to be 9U- and 107 min in lejcA*1* and 

lexA mutant clones respectively (Table 16). The reason 

for the variability from clone to clone is that the 

metabolic conditions may vary with the position of the 

clone depending on how close an air bubble is (Mendelson 
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1975). The above results do not support the idea that 

there is any difference in the elongation rates of lexA* 

and lexA mutant cells clone during normal growth. 

Table 16. Length Doubling Time During Normal Growth 

# of 
Clones* 

Range of 
Doubling 
Time 

Average 
Doubling 
Time 

Normal lexA 15 75-156 9^ 

Growth lexA" Hj. 78-207 107 

a = only clones where all cells grew 

Patterns of Clonal Growth and Division 
During Hormal Growth and TdR" 

In the initial analysis of the clones it was shown 

that during TdH- lexA mutant cells usually elongated and 

divided, whereas WT cells did not. During normal growth 

tfD and lexA mutant cells both elongated and divided so a 

different method of analysis had to be devised to test 

whether or not septum formation was affected by the lexA 

gene. The method used was to determine patterns of cell 

growth and division. Some abnormal variants of these 

patterns were also observed in TdR- clones and these are 
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also included in Figures 2ij.-26. The number of patterns 

that can be distinguished is determined by the accuracy of 

the measurement of the newborn cells, which is 0.25 )i. Nine 

different patterns were observed. The normal pattern 

(Pig. 2l\.) is: the cell elongates to approximately fx and 

then divides symmetrically to form two newborn cells of 

2.00 + .50 and with a size difference of ̂  0.5l y.. The 

delayed pattern of septum formation (Pig. 2ij.) is basically 

the same as the normal pattern except septum formation is 

delayed (the cell has grown longer than normal before 

division occurs) such that one of the newborn cells is 

longer than 2.50 p.. Asymmetric division (Pig. 21).) is cell 

division in which the daughter cells show a size difference 

of more than 0.50 p.. The early pattern (Pig. 25) is the 

formation of the septum early enough to result in one new-

bom cell of less than 1.50 ,u. The remaining patterns are 

combinations of the above patterns (Pigs. 25-26). 

The division patterns observed in the normal clones 

are categorized in Table 17. The normal pattern was found 

to be the dominant pattern in the cell cycle in both lexA4* 

and lexA mutant clones during (85 % and 81$ respectively) 

normal growth of the clones. The total delayed patterns are 

responsible for the cell growth and division in 16% of the 

divisions in WT clones a3 shown in Table 17, while very 

•^0W mutant clones (1$) follow this pattern. Both 

lexA+ and lexA mutant divisions seem to follow the 



NORMAL PATTERN OF CELL GROWTH AND DIVISION 

~2p 2.+ 50ii 2+50/i 
1) < >— * ) K .. ^ ( i 

Elongates Divides Symmetrically 

(Difference of <.50/i between daughter cells) 

DELAYED PATTERN OF SEPTUM FORMATION 

~2pt ~5fi 2.±.50/x >2.50p 
2) ( ) X ) X ) ( 

Elongates Divides Symmetrically 
(Differences of <.50ji between daughter cells) 

ASYMMETRIC PATTERN OF SEPTUM FORMATION 

~2fi ~4fi 2.±.50ji 2.±.50/z 
3) ( X ) M ) ( J 

Elongates Divides Asymmetrically 

(Difference of >.50/x between daughter cells) 

Fig, 21|. A Schematic Diagram of Normal, Delayed, and Asymmetric 
Patterns of Septum Formation 



EARLY PATTERN OF SEPTUM FORMATION 

~2/i ~3n 2.±.50ji <1.50/1 
4) ( •) H -) W ) < > 

Elongates Divides Symmetrically 
(Difference <50ft) 

DELAYED ASYMMETRIC PATTERN OF SEPTUM FORMATION 

~2/j —5jut 2.±.50/i >2.50/i 
5) ( ) w i w ) f 

Elongates Divides Asymmetrically 
(Difference >.50/i) 

DOUBLE DELAYED PATTERN OF SEPTUM FORMATION 

~ 2 — 6 / i  > 2 . 5 0 / 1  > 2 . 5 0 jli 
6) ( ") w ) H 1 ( ) 

Elongates Divides Symmetrically 
(Difference <(.50/1) 

Pig. 2$. A Schematic Diagram of Early, Delayed Asymmetric, and Double Delayed 
Patterns of Septum Formation 



ASYMMETRIC EARLY SEPTUM FORMATION 

~2n ~3/i <1.50|i 2.±.S0/i 

7) t ) X 3 KTD t > 
Elongates Divides Asymmetrically 

(Difference >.50/j) 

DELAYED ASYMMETRIC EARLY SEPTUM FORMATION 

~2n ~4/i CI.SO/i >2.50/1 

8) ( ) M ) KZD C 
Elongates Divides Asymmetrically 

(Difference >.50/i) 

DOUBLE DELAYED ASYMMETRIC SEPTUM FORMATION 

~2/i ~8/i >2.50/1 >2.50/i 

9) ( 1 W • ) M D ( ) 
Elongates Divides Asymmetrically 

(Differences >.50/0 

Pig. 26. A Schematic Diagram of Asymmetric Early, Delayed Asymmetric Early, 
and Double Delayed Asymmetric Patterns of Septum Formation 
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Table 17. Patterns of Clonal Growth and Division During 
Normal Growth and TdR- in lexA* and lexfl. 
Mutant Cultures 

Normal Growth TdR-

Patterns lexA+ lexA." lexA" 
of FoT Tor 7t of 

Growth Pattern % Pattern % Pattern % 

Normal 57 81̂  39 85 11 ip-

Delayed b 6 1 2 Ij- 15 

Asymmetric 0 1 1 2 2 7 

Early 0 1 h 9 0 li-

Delayed 
Asymmetric 3 k i 2 2 7 

Double Delayed k 6 0 2 5 19 

Asymmetric 
Early 0 1 0 2 1 Jj. 

Delayed Asym
metric Early 0 1 0 2 1 k 

Double Delayed 
Asymmetric 0 1 0 2 1 k 

Total 68 100 lj.6 100 27 100 

Total 

Delayed 11 16 2 [!• 13 W 
Asymmetric 3 If- 2 if- 7 26 
Early 0 1 Ij. 9 2 7 
Non-Nornal 11 16 7 15 16 59 



10£ 

asymmetric division pattern with approximately equal fre

quency but WT clones also delay septum formation at 

the same time. lexA mutant clones follow the early pattern 

9% of the time, while WT clones less than 1$. In summary, 

during normal growth both lexA+ and lexA mutant clones, . 

most of the growth and division follow the normal cell pat

tern. The remaining uT divisions showed the delayed pattern 

while the remaining lexA. mutant cells form their septum 

early or divide asymmetrically. The above results show 

that the timing and/or placement of the septum is affected 

by the lexA gene during normal growth. 

The pattern of cell growth and division during TdR-

in lexA mutant clones were analyzed and are also shown in 

Table 17. Only one WT cell in the 26 clones observed 

divided and this one followed the normal pattern. In lexA 

mutant clones of the divisions were not the normal 

pattern compared to 1$% for the unstarved lexA mutant 

clones. There is an increase in the total delayed (1$ to 

Ij.Q%) and of asymmetric septum formation from to 26$. 

Early septum formation in lexA mutant cell3 remain approxi

mately the same (9/£ to 7%), There are three new patterns 

of growth and division (Pig. 26) during TdR- which are not 

observed during normal growth of the lexA mutant clones. 

The differences-in these patterns between .lexA+ and lexA 

mutant clones indicating that the lexA gene can affect the 
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placement and/or timing of the septum "both during TcLH-

snd normal growth. 

The Distribution of the Lengths of 
Newborn Cells and their Parents 

Since lexA mutant cells can divide earlier, during 

normal growth, this suggests that parent cells about to 

divide and newborn cells formed from these divisions should 

on the average be shorter than their WT counterparts. 

This expectation is supported by the data in Figures 27 

and 28. This will be elaborated in the Discussion. 
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Length (ju) Of Newborn Cells During Normal Growth 
» 

Fig. 27. A Distribution by Length of Newborn Cells of lexA* (127 Cells) 
and lexA. (86 Cells) Mutant Clones During Normal Growth 



3.00 4.00 5.00 6.00 7.00 

Length (ju) Of Parent Cells During Normal Growth 

# Pig. 28. A Distribution by Length of Clones With One Septum in lexA* 
(75> Cells) and lexA (I4.6 Cells) Mutant Clones During Normal G-rowth 



CHAPTER ij. 

DISCUSSION 

When lexA mutant cultures were observed during nor

mal growth and under conditions of thymidine starvation, it 

was found that there were tenfold more cells without DNA 

(IP cells) than ME cultures (Table 2). Also during TdR-, 

21$ more breakdown of DNA per cell occurs in lexA mutant 

cells than in WD cells. The TCA soluble thymine metabo

lite pool seems to be reduced to 20^ of the original in the 

lexA mutant, while in WT, the pool size remains approxi

mately the same. Alkaline sucrose gradient analysis has 

shown that the TCA insoluble DNA of lexA mutant cultures 

is, on the average, of higher molecular weight than TO 

DNA during TdR-, These results indicate that the lexA 

gene affects the number of single stranded interruptions 

in DNA during TdR-. This is not surprising in view of the 

observations that after UV treatment lexA or recA mutant 

cultures have an Increased amount of DNA breakdown (Moody 

et al. 1973) j & reduction in DNA strand joining and a 

reduction in exchange of pyrimidine dimers (G-anesan 197̂ * 

Ganesan and Seawell 1975). In summary, the lexA gene 

affects DNA metabolism during TdR- or during DNA repair. 

109 
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This raises the question of whether or not the lexA gene 

also affects DNA metabolism in some way during normal 

growth. 

In lexA mutant cultures no D1TA degradation during 

normal growth is observed. On the other hand, DNA break

down has been reported in recA mutant cells during normal 

growth (Clark et al. 1966). The TCA soluble pool of 

thymine metabolities in lexA mutant cells was larger than 

in OT cultures (Table 10). This implies a small differ

ence may exist in the metabolism of DMA precursors in 

these cells. The alkaline sucrose gradients showed that 

the DNA size was similar in both lexA* and lexA mutant 

cultures, indicating no measurable difference in the 

number of single interruption in D1TA. I conclude that 

there is no detectable difference in DHA metabolism be

tween lexA* and loxA mutant strains during normal groitfth. 

Prom the experiments performed with growing single 

cells suspended in agar, it may be concluded that during 

TdH- most of the lexA mutant cells elongate (98$) and 

divide (9lj.$) in contrast to WT cultures where some of the 

cells do not elongate (26$), and most of the cells do not 

divide (9l|$ — Table lij.). An analysis of the distribution 

of cell length during TdR- showed that 75$ of lexA mutant 

cells are normal size as opposed to "WT cultures which are 

75$ filaments. The above data show that the lexA gene 
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affects cell elongation and septum formation during TdR-. 

tsl mutant cells (W resistant lexA derivatives) form 

filaments at lj.2 C and are temperature sensitive (Mount et 

al, 1973). recA or lexfl. mutations suppress the filamenta-

tion of Ion mutant cells after TJV (Donch and G-reenberg 

197i{-) and tif mutant cells at J4.2 G (Castellazzi et al. 

1972b). Suzuki (197ij-) has shown that in recA uvrA mu

tants damage to DNA leads not to filamentation, but to a 

continuation of cell division. These reports are con

sistent with the statement that lexA. and possibly recA, 

genes affect elongation and septum formation during DMA 

repair. It has also been asked if the lexA gene affect 

cell elongation and septum formation during normal growth. 

In normal growing lexA mutant clones, most of the 

cells grow and divide, but a few of the newborn cells do 

not elongate and divide. This was not observed in clones 

of WT cells. The above observation indicates that the lexA 

gene determines whether or not elongation of the cell 

occurs during normal growth. Another result supporting 

this hypothesis is that the distribution of cells by 

length in lexA mutant cultures seems skewed toward shorter 

cells when compared with WT cultures. In addition, when the 

sizes of the cells in the clones that were either about 

to divide or had recently divided were more closely 

examined, it was observed that they are generally smaller 

than the same classes of WT cells. 



112 

The clones of lexA+- and lexA mutant most of the 

time grow and divide by the normal cell growth and divi

sion pattern (Pig. 21}.). However, while the remaining WT 

cells delay septum formation, the remaining lexA mutant 

cells form their septum early or divide asymmetrically. 

These observations suggest that the lexA gene not only 

affects whether elongation occurs, but also when and 

where septum formation occurs during the normal cell cycle. 

In recA mutant cultures %0% of the cells will not form a 

colony indicating that recA mutations may also affect 

growth and division processes (Capaldo and Barbour 1975). 

This lethal sectoring has also been observed by Haefner 

(1968) in recA mutant cells, but has not been previously 

described for the le^A mutant. Moreover, the abnormalities 

of growth and division in recA mutants have not been 

characterized as they have here. 

Finally, some of the lexA mutant clones divide 

early to form smaller newborn cells than WT clones. 

This later result accounts for the different distribution 

of cells by length where on the average lexA mutant cells 

are somewhat smaller than WT cells. The above indicates 

that lexA mutant septum forms when the cell is of a 

shorter length than WT cells. It therefore appears that 

lexA mutant cells divide sooner relative to an absolute 

length,-producing smaller cell but giving lexA mutant cul

tures similar doubling times as WT cultures, 
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The lexA mutant cells are abnormally sensitive to 

other agents which cause DHA damage, but not to TdR- or 

thymidineless death. VJhen growth and division processes are 

observed in lexA+ and lexA mutant cells during TdR- they are 

quite different. DHA metabolism is also quite different as 

shown by more DMA breakdown in lexA mutant cells and that 

size of lexA mutant D1TA is different from that of WT MA. 

This means that three major biosyathetic processes of the 

cell cycle are different, but still the rates of thymi

dineless death are not affected. Probably many different 

biochemical parameters affect the survival of a cell under 

these conditions and cell death can result from more than 

one set of events. I would like to suggest that bio

chemical and cellular events that lead to death of a 

_lexA+ cell are much different from those in a lexA. mutant 

cell. 

After eight hours of TdR-, 18^j of the lezA mutant 

cells are IT . One of the major questions pursued by thi3 

investigation is: Could these EP cells be produced as a 

result of ETTA degradation of IT+ cells during TdR-? 

After eight hours of TdR-, 21$ more TCA insoluble H^-TdR 

counts per cell in lexk mutant cultures were lost when 

compared with the number lost per cell in I-JT cultures. 

This rate of D1TA breakdown is greater than the rate of 

production of IT" cells. 
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When DiTA in TcK-starved cells is analyzed on an 

alkaline sucrose gradient, the average EttTA of lexA mutant 

cells sediments more rapidly than WT DITA. One possibil

ity is that breaks randomly occur in the DITA during TdR-

producing pieces of various sizes. In *ZE cells the small 

pieces are preferentially broken down to TCA soluble 

label. In lexA mutant cells there are fewer small pieces, 

and so larger pieces are broken down, and in some cells 

(18#) all of the larger pieces may be degraded. This re

sults in the production of an IT" cell. The shoulder in 

the alkaline sucrose gradient of WT DITA (Fig. 19) equals 

approximately the difference in loss of TCA insoluble 

counts (2L$J) between lexA* and lexA mutant cells x*hich 

would agree with this hypothesis. 

An alternate explanation for the presence of IT" 

cells in lexA mutant cultures is that they could be pro

duced by abnormal regulation of the cell cycle such that 

the cell forms a septum with the chromosome on one side 

of the septum. During TdR- lexA mutant cells divide more 

than enough times to produce the observed number of IT" 

cells while WT cells do not divide. Also, cells which 

have gpain3 on one side of the septum but not on the 

other side, have been observed on the autoradiographic 

slides of lexA mutant cells during TdR-. In the clonal 

experiments, a cell produced by abnormal septum 

formation such that one of the newborn cells would 
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be without DNA would likely appear as a cell that under

went division but did not further elongate or divide. 

During clonal growth, this class of nongrowing cells re

presents approximately 56# (Table II4.) of lexA mutant cells 

after six hours of TdR-. However, the number of N" cells 

at this time represents only 18$ of the total. I have 

looked for a class of nongrowing cells during TdR- whose 

number would correspond with the number of N" cells found 

in lexA mutant clones. Pour classes of cells may meet 

the above requirements: (l) the class of cells that divide 

more than once, (2) the class of cells that divide by the 

normal division pattern, (3) the class of cells that divide 

by delayed septum formation, and (!{.) the class of cells 

that divide by asymmetric septum formation. At this point, 

the data does not allow any of these classes to be ruled 

out, but the production of H" cells by asymmetric cell 

division would logically be favored. In this case the 

septum is already placed abnormally and it can easily be 

imagined that all the DNA is in the larger cell leaving 

none in the smaller cell. 

The first approximately normal size IT™ cells were re

ported by Hirota, Ryter, and Jacob (1968). To produce such 3SF-

cells, a mutation was needed in DNA synthesis as well as 

in cell division. Since there was no DNA degradation ob

served, these cells were clearly made by abnormal control 
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of the cell cycle. Inouye (1969) also observed a similar 

affect in another dna unit ant. Adler et al. (1966) 

found a second kind of cell that is extremely small and 

is without BETA, namely a minicell. These minicell3 result 

from genetic defects affecting the cell cycle and do not 

arise by D1TA breakdown. 

Inouye (1971) reported that recA mutant cultures 

produce IT" cells during TdR-, but not during normal growth 

and that no DUA degradation takes place during TdR-. 

Later Capaldo and Barbour (1975) showed that there were 

IT" cells present in recA mutant cultures during normal 

growth after all. Since there is extensive DHA breakdown 

during normal growth (Clark et al. 1966) it is conceivable 

that at least some of these IT" cell3 could have arisen 

through D1TA degradation. Inouye's (1971) recA"lTexA+ MA 

breakdown results are not in agreement with those pre

sented here. While he found no D1TA degradation, the 

data presented herein show $0% DITA degradation (Pig. 17). 

His procedure, however, probably did not inhibit the re-

utilization of DITA precursors. Hi3 conclusion that IT" 

cells are produced by cell division in recA mutant cultures 

during TdR-, based on his conclusion of no breakdown, now 

appears to be open to question. 

The IT" cells of Hirota, Ryter, and Jacob*s (1968) 

and Adler's ot al, (1966) minicells .have been shown 
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to be produced from abnormal cell division. Hone of the 

H" cells have been positively shown to be derived by DNA 

breakdown, although the U~ cells in recA mutant cultures 

may be. The data presented in this dissertation show 

that lexfl. mutant IT" cells could be produced either by DNA 

degradation or by abnormal control of the cell cycle. 

The literature seems to concur that generally IT" cells 

arise through abnormal cell division. Therefore, I con

clude that while some of the IT" cells could arise by DNA 

breakdown, the most reasonable interpretation is that 

cell division is perpetuated in lexfl. mutant cultures under 

conditions where division in WD E. coli K-12 cultures 

would normally be blocked. This division results in the 

formation of N- cells. 

That the presence of the lexA mutation leads to 

the production of N~ cells may or may not be related to 

the effects of the lexA gene on cell elongation and septum 

formation. The rate of elongation and septum formation 

plus UNA segregation and DNA synthesis must be related to 

the doubling time or to the time needed to complete the 

cell cycle. The rate of DNA synthesis is dependent on the 

rate of initiation of DNA replication (Helmstetter et al. 

1968). D1TA replication is linked to DNA segregation which 

is further linked to septum formation (Hirota, Jacobs et al. 

1968). In addition, septum formation may also be . 
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affected by termination of chromosome replication (Jones 

and Donachie 1973). In summary, the control of DHA segre

gation and septum formation may be linked all the way to 

the actual initiation of DITA replication (Pig. 29). The 

question that arises is: What factor or factors regulate 

the rate of initiation of DHA replication? It could be 

postulated that there is some sort of coordinating mech

anism that regulates the rate of initiation of DHA repli

cation in step with other processes in the cell and the 

enviromnent. If this is true, then DITA segregation and 

septum formation could be linked to the coordinating 

mechanism through the affect of this mechanism on the 

initiation of DHA replication (Pig. 29). 

The clonal analyses that I have presented can 

only measure certain parameters of the cell cycle; that 

is, how a cell grows and divides. The clonal analyses 

say nothing, positive or negative, about segregation, 

termination of DITA replication, DITA replication, and ini

tiation of DITA replication in lexA.* and lexA mutant clones. 

If the le:cA gene affects the processes listed above dur

ing the cell cycle, these processes would in turn affect 

elongation and septum formation. 

Elongation or growth of the cell probably 

takes place at tvro back to back growth zones located 

at the equatorial plane of the cell (Hyter et al. 

1973) 0?ig. 2A). As the environment changes, the rates 
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of elongation change in the growth zones but the number 

of active elongation zones remain constant (Sargent 1975). 

For each set of growth conditions, the elongation rates 

are most likely constant throughout the total cell cycle 

(Sargent 1975? Ward and G-laser 1971). The control of elon

gation would likely be in initiation of these growth zones 

(Pig. 29). It could be assumed that the coordinating 

mechanism proposed regulates the initiation of growth zones. 

In the Introduction it has been noted that elongation of 

the cell probably is not linked to DETA replication or 

segregation as is septum formation. For this reason the 

initiation of growth zones by the coordinating mechanism 

is placed in a separate regulatory pathway than initia

tion of DMA replication, as shown in Figure 29. If a 

cell did not elongate then the initiation of the growth 

zone may be blocked. Since the lezsA gene has been demon

strated to stop the elongation of newborn cells, it would 

be logical to propose that it affects the initiation of 

growth zones. 

In a previous report (Howe and Mount 1975) w© 

proposed that the lexA gene controls the synthesis or 

activity of an inhibitor of septum formation. In this 

dissertation additional evidence has been presented to 

show that the lexA gene affects septum formation. 

The lexfl. gene effect on septum formation which causes 
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cells to divide early or asymmetrically, may be at the 

level of septum formation, DMA segregation, D1TA termina

tion, DHA replication, DNA initiation, or the biological 

clock itself (Pig. 29). Since the lexA gene product 

affects both elongation and septum formation, I would 

like to propose that a lexA gene controlled product acts 

on the coordinating mechanism "which regulates the initia

tion of growth zones, initiation of D1TA replication and, 

perhaps, initiation of septum formation. 

The idea that the lexA. gene, a D1TA repair gene, 

affects the cell cycle comes from a working hypothesis. 

This hypothesis is that when DITA is damaged, it would be 

advantageous for the bacterial cell if the processes of the 

cell cycle would be adjusted so that the DNA could be re

paired. This would mean that cell elongation, cell division, 

DNA segregation, and possibly DNA replication would be in

hibited while DNA repair was occurring. Therein it has been 

proven that the lexfl. gene, a DUA repair gene, affects cell 

division during DITA repair. The LexA+ phenotype inhibits 

or delays cell division while in lexA mutant cells septum 

formation is allowed or occurs early. If the DITA repair 

process was to control cell elongation, cell division, 

DHA segregation, and DHA replication, then the simplest way 

would be to affect a coordinating mechanism of these 

processes. To obtain more evidence to support that the 

leJcA gene affects this coordination mechanism, experiments 
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should be done that would determine if there were inhibi

tory effects on the elongation, DNA segregation and DHA 

replication by the lexA* gene. Elongation or initiation 

of growth zones could be studied by electron microscope 

autoradiographs of growth zones in lexA* and lescA mutant 

cells using the methodology of Ryter et al. (1973). The 

patterns of DNA segregation should be determined in lexA"** 

and lexA mutant cells during both normal growth and TdR-. 

Some of the techniques that could be used are autoradio-

graphs, clones with nuclear stain, and electron microscope. 

DHA replication-metabolism in lexA mat ant cells 

needs to be studied in greater depth. In this dissertation 

data have been presented indicating that the pool sizes 

of thymine metabolites are different in lexA"1* and lexA' 

mutant cells. The pool sizes of different nucleic acids 

needs to be determined. These pool sizes may be import

ant in regulation of cell division because' it has been 

shown that adenine, quanosine, and cytidine affect cell 

division of tif mutant cells (Kirby et al. 1967) and another 

cell division mutant (Santos and DeAlraeida 1975). The 

studies on the pool sizes may then lead to other experi

ments on D1TA initiation, replication, and degradation. 

DNA breakdown during TdR- may be different in different 

cells and this could be tested by separating the filaments 

and normal size cells (filter—Hirota, Ryter, and Jacob 

1968; sucrose gradient—Inouye 1971)and then measuring DITA 



degradation in each population of cells (filaments, normal 

izing cells) during TdR-. If the lexA gene affects the 

coordinating mechanism then differences should be found in 

lexA+ and lexft. mutant cells in cell elongation, cell divi

sion, UNA segregation, and DNA metabolism-replication. 

This dissertation has indicated that the lexA gene affects 

cell elongation, DNA metabolism, and proven that the lexA 

gene affects cell division during TdR-. 



list op abbreviations 

WT ~ Wild type strains, or in this specific case, 
lexfl.* bacteria. 

N+ = Cells with D1TA 

IT" = Cells without DFA 

TdR- = Thymidine starvation 

UV = Ultraviolet light 

OD = Optical density 

TCA = Trichloracetic acid 

X = Lambda 

CDM = Complete Davis minimal medium 

TdR = Thymidine 
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