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ABSTRACT 

The nature of pre-replicative DNA synthesis within the first 

5 minutes of infection of Escherichia coli cells with bacteriophage T4 

was investigated by following the incorporation of radioactive DNA 

precursors into acid-insoluble material. The labeled DNA products 

have been characterized by means of sucrose gradients, DNA-DNA 

hybridization studies, kinetic isotope uptake experiments, and 

equilibrium density gradients. Through these techniques it was shown 

that early DNA, DNA synthesized within the first 5 minutes of infec

tion, is host-specific. 

Early DNA was observed cosedimenting with parental viral 

DNA in neutral and alkaline 5 milliliter sucrose gradients. However, 

this was not a consequence of covalent bonding of early DNA since 

cosedimentation was not observed in large, 33 milliliter sucrose 

gradients, where the labeled DNA was subjected to different sedimen

tation forces. Moreover, isopycnic centrifugation studies showed that 

early DNA assumed the density of bacterial and not viral DNA. 

Other studies demonstrated that newly synthesized DNA was 

not detectable within the first 5 minutes of infection when host DNA 

synthesis but not viral DNA replication was selectively inhibited. 

xvii 



Host enzymes appeared to be active in early DNA synthesis as evi

denced by the fact that only viral DNA synthesis was inhibited when 

chloramphenicol was present during infection. It was postulated that 

early DNA was newly synthesized bacterial DNA, broken into frag

ments of approximately the same size as parental phage DNA. 

Experiments which supported this hypothesis showed that infection of 

cells with prelabeled host DNA resulted in the apparent degradation of 

bacterial DNA to fragments which cosediment with viral DNA in 5 

milliliter sucrose gradients but not in large, 33 milliliter sucrose 

gradients. The fragmentation was not apparent upon sedimentation of 

DNA from uninfected labeled cells. It was also observed that the 

amount of early DNA and prelabeled host DNA which sedimented with 

viral DNA increased with the age of the lysates, indicating that some 

additional fragmentation of DNA, other than that resulting from infec

tion, occurs in the lysing fluid over a period of time. 

The bacterial DNA breakdown which occurs during infection 

appears to be a metabolic event, i. e. , a carbon source is required, 

and the rate of breakdown is affected by changes in temperature. The 

addition of chloramphenicol after infection does not affect the fragmen

tation of host DNA which suggests that degradation is probably a 

result of bacterial nuclease action. 

Hybridization experiments showed that bacterial DNA synthesis 

occurs during the pre-replicative period of infection, where only host 



xix 

DNA is synthesized, and later, during replication, when both host and 

viral DNA is being formed. The rate of host DNA synthesis after 

infection was examined by pulse-label hybridization experiments. It 

was found that the rate of host DNA synthesis increased during the 

first few minutes of infection and after 5 minutes of infection, but was 

found to decrease at other times after infection. The rate of host DNA 

synthesis also varied with the conditions of infection, i. e. , the 

presence or absence of chloramphenicol or mitomycin C and the 

nature of the phage (mutant or wild-type) infecting the cell. 

Furthermore, data from equilibrium density gradient studies 

indicated that during the first 5 minutes of infection newly synthesized 

host DNA results from bacterial DNA replication. However, at later 

times host-specific DNA synthesis is a product of bacterial DNA 

repair rather than replication. These studies represent the first 

extensive analysis of the origin and kinetics of host DNA synthesis 

early in infection. 



CHAPTER 1 

INTRODUCTION 

The basic component of all biological systems is the cell, the 

single self-sustaining unit of life. A single cell can make up an entire 

living entity such as a bacterium or protozoan, or a cell can multiply 

such that the resulting progeny cells differentiate into tissues, groups 

of specialized cells with distinct functions and shapes. Certain 

tissues combine to form specific organs, and eventually a higher 

organism is produced from one single cell. Unexplained as yet is the 

complcx phenomenon of cellular differentiation, where cells at a 

specified time divide into daughter cells whose shape and function has 

been significantly modified from that of the original cell. The meta

bolic processes of each individual cell, whether the cell is a special

ized unit in muscle, blood, or nervous tissues or a simple single unit 

such as a bacteria cell, are subject to many regulatory mechanisms 

in order to maintain and duplicate life in response to environmental 

stimuli. 

Most cells contain complex metabolic processes of respira

tion, fermentation, and synthesis of macromolecules, including 

ribonucleic acid (RNA), deoxyribonucleic acid (DNA), protein, and 

1 
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polysaccharides. DNA plays a central role in the maintenance of 

cellular life, since it contains the essential information for the con

trol of cellular division, differentiation, regulation of other cellular 

metabolic processes, as well as its own duplication. All cells in an 

organism, regardless of their shapes and functions, contain the same 

genetic information, which is carried by genes in a coded form in DNA 

molecules. Any change or mutation which might occur in the code, 

such that the information carried by the DNA molecules of an organism 

is not identical to the parent cell, could possibly be lethal to the 

organism. It is generally postulated that the activation and inactiva-

tion of genes on a DNA molecule is one of the means by which cellular 

processes can be regulated. 

One important aspect of the cellular regulation is the control 

of DNA replication itself, where specific intermediates must be 

sequentially synthesized before a complete molecule is produced. DNA 

replication can be investigated by studying the replication of a rela

tively small amount of genetic material such as that present in bac

terial viruses, bacteriophage. After a bacteriophage DNA molecule is 

injected into the host, the bacterial cell, the molecule provides infor

mation for the synthesis of phage macromolecules and the release of 

progeny virus. . In addition, the bacteriophage DNA directs the utiliza

tion of the host's metabolic machinery and the eventual destruction of 

the host.' Experimentally bacteriophage and bacteria are advantageous 
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in that growth conditions can be carefully controlled during the pro

duction of mature virus by means of a chemically defined growth 

media; and bacterial mutants, which have certain growth require

ments, may be conveniently isolated and cultured for infection. In 

addition, results from phage DNA synthesis experiments can be 

obtained rapidly, since viral production from a bacterial cell is com

plete within a few minutes to a few hours, depending on the type of 

infecting bacteriophage and its host. 

In contrast to the events of phage DNA replication, DNA syn

thesis and the regulatory processes of mammalian cells must be far 

more complex, since for example, the growth of each cell in a tissue 

culture is regulated by the behavior of neighboring cells. In addition, 

far more information is present in the haploid mammalian cell of man, 

where there are about 4 X 10'^grams (g) of DNA per cell (a molecu

lar weight of 1012 daltons (d), Watson, 1970) or about 2000 times the 

amount of DNA, 2X10 ^g/particle, present in bacteriophage (or a 

molecular weight of 1.2 X 10 d). Even the messages of bacterial DNA 

must be more complex and/or numerous than the coded genetic infor-

-14 
mation of phage, since there are 4X10 g of DNA per cell of 

Escherichia coli (E. coli) corresponding to a molecular weight of 

o 
about 2.4 X 10 d, approximately 20 times the molecular weight of 

phage DNA (Watson, 1970). Furthermore, in contrast to phage repli

cation experiments, mammalian cells may require a day or more for 
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a single cycle of division such that experiments can be rather lengthy 

when the replication of mammalian DNA is studied. Many experi

menters have investigated the development of mammalian cells and 

have obtained information which is important for the understanding of 

complex cellular processes, but phage DNA replication provides one 

of the simpler and more convenient systems for studying molecular 

mechanisms of DNA replication. 

Viral DNA Replication 

Bacteriophages 

The T-even bacteriophages require as little as 25 minutes for 

the production of phage in the host E. coli depending on the environ

mental conditions. As reviewed by Mathews (1971), the T-even 

bacteriophage consists of a hexagonal, protein coat, head surround

ing a mass of DNA and a tail through which it injects DNA into the 

bacterium after absorbing to specific cellular sites with its 

tail fibers and pins (Figure 1). Upon infection, bacterial metabolic 

functions are altered, such that host protein and nucleic acid synthesis 

cease and in time the replication of viral DNA assumes major propor

tions, leading to synthesis of complete progeny virus. The gene 

functions of T4 have been studied the most extensively of the T-even 

bacteriophage. It has been shown that T4 phage DNA replication 

commences 5 to 7 minutes after infection (at 37°C) and approximately 
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20 minutes later most of the viral DNA is encased in protein coats, 

whereupon 100-200 mature phage are released from the bacteria 

(Hershey, Dixon, and Chase, 1953). 

Conditional lethal mutants have been isolated from T4 bac

teriophage and have been used to characterize the functions of essen

tial T4 viral genes (Epstein ̂ t al. , 1963). These are phage mutants 

which do not grow under conditions where the mutant gene is not 

expressed; and, under other conditions, the defective gene is expressed 

resulting in death of the cell and growth of the virus. The lethal con

sequences of the defective phage genes of these mutants have been 

analyzed by examining the macromolecules synthesized by the mutant, 

when the gene is either expressed or not expressed. 

The conditional lethal mutants include temperature-sensitive, 

ts, mutants which are able to grow and produce an active gene product 

at 30 C but not at 43 C (Edgar and Lielausis, 1964; Edgar, Denhardt, 

and Epstein, 1964; Wiberg and Buchanan, 1964). In most cases this 

mutation involves the structural change of an essential protein such 

that the protein is active only at 30°C. Conditional lethal mutants also 

include host-dependent mutants, such as the amber mutants, am, which 

contain a suppressible nonsense mutation and are viable upon the 

infection of certain E. coli strains such as CR63 (Epstein et al. , 1963; 

Benzer and Champe, 1962). The capacity of certain bacterial strains 

to support infection depends upon the presence of a suppressor gene 
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which allows translation of the nonsense triplet codon generated in 

messenger RNA. Unless the nonsense triplet codon is translated, 

polypeptide chains will be prematurely terminated, resulting in the 

production of an incomplete protein. As a result, amber mutants 

cannot replicate upon infection of bacterial strains lacking the appro

priate suppressor gene, such as E. coli B (Benzer and Champe, 1962; 

Garen, 1968). 

Characteristics of T4 DNA 

T4 DNA is a linear double-stranded molecule containing the 

pyrimidine, 5-hydroxymethylcytosine, which is glucosylated to protect 

the viral DNA from intracellular degradation by bacterial or phage-

induced nucleases (Thomas and MacHattie, 1967; Mathews, 1971; 

Wiberg, 1967; Molholt and Fraser, 1965). By comparison, _E. coli 

DNA is double-stranded, but circular, containing cytosine instead of 

5-hydroxymethylcytosine (Davidson, 1969; Cairns, 1962, 1963). The 

linear, double-stranded T4 DNA molecule has been observed by elec

tron microscopy and autoradiography (Huberman, 1968); however, T4 

genetic maps, determined by recombination frequency studies of 

infecting DNA molecules, have demonstrated that the genetic loci 

generate a circular map (Streisinger and Bruce, I960). The paradox 

has been resolved by postulating that the T4 DNA molecule is circularly 

permuted such that molecules begin and end at different points but 
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have the same gene order (Streisinger, Edgar, and Denhardt, 1964). 

For example, the following diagram represents three DNA molecules 

which begin at different points in the gene sequence, such that one 

molecule starts with gene A, another with gene D, and another with 

gene X but they all maintain the same gene sequence: 

ABCDE 

DEFGH 

XYZAB 

The theory of circular permutation of the genes was confirmed 

by the work of Thomas and Rubenstein (1964), Thomas, Ritchie, and 

MacHattie (1967), and Thomas and MacHattie (1964). The latter 

report demonstrated that annealing of denatured DNA resulted in 

formation of circular double - stranded molecules. This would be 

expected if the beginning gene sequence of one single-stranded DNA 

molecule annealed with homologous genes in the center of another 

molecule and the rest of the complementary genes paired to form a 

circular molecule. 

Not only is the T4 DNA genome circularly permuted but the 

DNA molecule is terminally redundant with a reduplication of about 

1 to 3 per cent of the beginning gene sequence at the terminal end 

(Thomas and MacHattie, 1967). The following diagram represents 

three DNA molecules of T4 phage which are both circularly permuted 

and terminally redundant: 
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ABCDE-- XY ZABC 

DEFGH ABCDEF 

XYZAB UVWXYZ 

The terminal redundancy of the T4 phage molecule was 

illustrated by MacHattie et al. (1967) when they showed that phage 

DNA could produce a circular structure when nucleotides were 

removed from the terminating sequence of double-stranded molecules 

and the remaining single-stranded complementary 5' redundant ends 

annealed. 

T4 DNA Replicative Intermediates 

T4 DNA is different from IS. coli DNA with respect to its 

pyrimidine content and the circular permutation and terminal redun

dancy of its genes. T4 also appears to have a different mode of DNA 

replication. Five to 7 minutes after infection, viral DNA synthesis 

begins. Vegetative DNA, noninfective viral DNA, builds up and is 

later incorporated into infective progeny, 12 to 15 minutes after infec

tion has commenced (Hershey, Dixon, and Chase, 1953). This is in 

contrast to host DNA replication in which the newly synthesized 

molecule segregates into daughter cells immediately upon duplication 

of the chromosome. Viral DNA replication proceeds in a semi-

conservative fashion as in bacterial DNA synthesis. In this process 

complementary strands separate during replication with the end result 
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being a DNA molecule containing one old and one new DNA strand. A 

large amount of recombination takes place during the duplication of 

viral DNA such that the original, parental strands are extensively 

fragmented and the parental fragments are found dispersed among the 

newly synthesized molecules (Kozinski, 1961). 

Analysis of Replicative Intermediates. Frankel investigated 

T4 DNA replication and in particular the newly replicated pool of DNA. 

He used the technique of velocity sedimentation in sucrose density 

gradients to separate molecules on the basis of molecular weight and 

shape. The molecular weights of two molecules can be derived from 

the sedimentation coefficient, S, of the molecules and the distances, 

D, through which two molecules sediment in the gradient. These 

parameters of two molecules (S, D, and M) may be expressed 

mathematically as: 

£2 = ^2 k
=^2 , 

Si Mj Dj 

where the constant k equals 0. 35 (Burgi and Hershey, 1963). This 

formula holds for molecules with molecular weights of less than 

31 X 106d. 

Frankel DNA or Replicating DNA. Frankel (1966) observed 

that a small amount of DNA was synthesized during the first 5 minutes 

of T4 phage infection of 15. coli and that this DNA cosedimented with 

32 
P -labeled mature phage DNA (55S). After the initiation of phage 
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DNA replication at approximately 7 minutes after infection, a newly 

synthesized DNA structure appeared which sedimented more rapidly 

than the phage genome. By about 12 minutes post-infection the newly 

synthesized DNA structure had increased in size such that its sedi

mentation rate was about 200S. Furthermore, at 12 minutes after 

infection, newly synthesized progeny DNA was found cosedimented 

with mature phage DNA (55S) (Frankel, 1966). 

The DNA of 200S size, the Frankel structure, differed from 

mature phage DNA in several respects. Although it was the same 

density in cesium chloride gradients as mature DNA, it was more 

susceptible to fragmentation by shear forces than mature phage DNA 

and it contained single-stranded regions. In addition, the Frankel 

structure sedimented in neutral gradients at a rate which suggested 

that it represented a macromolecule consisting of 20 or more phage 

DNA molecules. Upon deniituration in alkaline sucrose gradients, the 

single strands of DNA in the Frankel structure sedimented as DNA 

molecules which were up to 7 times the length of a single phage 

molecule (Frankel, 1968a, b). Visual support for the existence of the 

Frankel structure was obtained by Huberman (1968), when he observed 

large, tangled, DNA complexes at 20 minutes post-infection through 

electron microscopic and autoradiographic techniques. Frankel (1968a) 

has also shown that the newly synthesized, rapidly sedimenting DNA 
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structure of 200S is an intermediate in phage DNA replication and is a 

precursor of mature phage DNA. 

Frankel (1968a, b) concluded that the rapidly sedimenting 

replicating structure was made up of concatemers, i. e. , linear 

molecules of several phage DNA equivalents covalently linked end to 

end. It was proposed that these concatemers of newly synthesized 

DNA could arise by recombination of the terminally redundant ends of 

the T4 molecules of one phage equivalent length (Streisinger, Emrich, 

and Stahl, 1967). It was also proposed that the generation of circu

larly permuted and terminally redundant mature DNA molecules 

resulted from the cutting of the concatemer into phage DNA units 

which represent approximately 102 per cent of the phage genome. The 

DNA molecules produced would have a terminal redundancy of about 

1 to 3 per cent of the genome and the nucleotide sequences would start 

at different points (Figure 2). It has been further suggested that the 

phage head, or protein coat, is somehow responsible for recognizing 

and cleaving a phage equivalent length of DNA before it is finally 

packaged into the viral head (Streisinger, Emrich, and Stahl, 1967). 

Recently, Frankel, Batcheler, and Clark (1971) proposed that the 

product of the phage T4 gene 49 may change the structure of the repli

cating DNA such that it can be cleaved or enclosed in the phage head 

for the formation of a mature virus particle. 
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Early DNA. As previously mentioned, Frankel's results 

(1966) also showed that radioactive nucleic acid precursors were 

incorporated into DNA within the first 5 and 6 minutes after infection 

and the newly synthesized material cosedimented with mature marker 

DNA in sucrose gradients. The DNA synthesized during the first 5 

minutes could not represent replicated phage DNA since replication 

(as determined by the detection of hybrid density molecules produced 

during semiconservative replication, Kozinski, 1961), does not com

mence until 5 to 7 minutes after infection. 

Murray and Mathews (1969a) investigated the DNA that was 

synthesized before replication of T4 phage DNA commenced, desig

nating the newly synthesized structure as early DNA. Early DNA 

synthesis was observed following T4 phage infection of a thymidine-

requiring bacterial strain, _E. coli B3, with both wild-type phage and 

DNA-negative amber mutants of T4 phage, such as T4amN82. The 

T4amN82 mutant is defective in gene 44, which codes for an unknown 

gene product essential for DNA replication (Epstein et al. , 1963; 

3 Warner and Hobbs, 1967). The kinetics of incorporation of H -

thymidine into acid-precipitable material after T4amN82 infection 

demonstrated that the newly synthesized DNA accumulated until 4 to 5 

minutes after infection, after which time there was no further increase 

in the amount of acid-insoluble material in the infected cell. Quanti

tatively, early DNA appeared to represent 6 per cent of a 



phage-equivalent unit of DNA and the amount of synthesis per cell was 

dependent on the number of phage infecting a bacterium. Early DNA 

was also found to consist mostly of double-stranded DNA with a few 

single-stranded regions (Murray and Mathews, 1969a). 

Murray and Mathews (1969a) proposed that early DNA might 

represent a covalent addition to nucleotides to the parental viral DNA 

in view of the fact that early DNA cosedimented with mature viral DNA 

and the amount synthesized was dependent on the multiplicity of infec

tion. Supporting evidence for this hypothesis was obtained through an 

equilibrium cesium chloride density gradient experiment. In this ex

periment, phage were grown in the presence of an analog of thymidine, 

5-bromodeoxyuridlne (BUDR). The incorporation of BUDR into DNA re

sults in synthesis of DNA which is more dense than normal DNA. 

BUDR-labclod 7'4amN82 phage were used to infect I£. coli B3 in the 

3 
presence of tritium-labeled thymidine (Ii TdR), and the DNA from cells 

harvested at 5 minutes was then analyzed in a density gradient for the 

presence of dense DNA and labeled DNA. The tritium-labeled early 

DNA assumed the same density as the added dense marker viral DNA, 

suggesting that the newly synthesized DNA was attached to the infecting 

dense parental DNA (Murray and Mathews, 1969a). In addition, the 

incorporation did not appear to be a result of the repair of nicks of 

parental DNA, a process which occurs early in infection (Kozinski 

and Felgenhauer, 1967), since the conversion of infecting DNA to 
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acid-soluble fragments is only about 1 per cent of a phage-equivalent 

unit of DNA within the first 5 minutes, as compared to the 6 per cent 

synthesis of new material (Murray £nd Mathews, 1969b). 

The virus-specific nature of early DNA was suggested by the 

3 
absence of incorporation of H -thymidine in uninfected bacteria and 

the presence in the early DNA of the unique viral pyrimidine, 

5-hydroxymethylcytosine (Murray and Mathews 1969a). However, 

results from hybridization studies showed that early DNA did not 

appear to have a gene sequence that was homologous to mature viral 

DNA. Early DNA self-hybridized and hybridized with the replicating 

structure, Frankel DNA, but it would not hybridize to either E. coli 

DNA or viral DNA (Murray and Mathews, 1969a). It appeared that 

the Frankel replicating structure might have contained certain 

sequences that were homologous to early DNA but different from 

mature DNA. Murray and Mathews (1969b) did not suggest how early 

DNA might be covalently bound to the parental molecule, whether early 

DNA was an external or internal nucleotide sequence, and how the 

single-stranded, and/or double-stranded regions on the early DNA 

molecule were arranged. They did suggest, however, that bacterial 

enzymes were probably responsible for its synthesis since the incor

poration began immediately after infection before any viral enzymes 

could be produced. 
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A more rapidly sedimenting structure, 100S, was detected by 

10 to 12 minutes after T4amN82 infection of IS. coli B3. The 100S 

size structure was apparently a result of an increase in sedimentation 

3 rate ri early DNA sincc there was no further incorporation of H -

thymidine after 5 minutes of infection (Murray and Mathews, 1969b). 

Even though infection with phage T4amN82 did not result in the forma

tion of the Frankel replicating structure (200S) under nonpermissive 

conditions, this rapidly-sedimenting complex of DNA, called the N82 

structure, was synthesized. The N82 structure was extremely sus

ceptible to shear forces, indicating that the molecule might be similar 

in structure to the concatenated Frankel DNA (Murray and Mathews, 

1969b). In order to explain the formation of a rapidly sedimenting 

structure without any apparent DNA synthesis, Murray and Mathews 

(1969b) postulated that the infecting molecules might join in some 

fashion with early DNA, to form a concatemer-like molecule contain

ing parental and early DNA. Further supporting evidence for this 

hypothesis was obtained when they found that the sedimentation rate of 

the N82 structure increased with increasing multiplicity of infection, 

and labeled parental DNA was found to cosediment with the more 

rapidly sedimenting early DNA. 

It was further postulated (Murray and Mathews, 1969b) that 

early DNA might serve as some kind of a link joining the parental 

molecules together as the "concatenated" N82 structure and that the 



18 

N82 structure could be an important pre-replicative intermediate. In . 

a non-defective virus, or under conditions of replication, they hypoth

esized that the N82 structure might be transformed into a replicating 

Frankel structure. These hypotheses seemed plausible since previous 

experiments had demonstrated that early DNA would only hybridize 

with itself and the Frankel replicative structure, and not with mature 

DNA (Murray and Mathews, 1969b). In order to explain the hybridiza

tion results it was proposed that a portion of the Frankel replicative 

structure contained a manifold repetition of a short sequence present 

in mature DNA, a sequence not long enough in a single copy to form a 

stable hybrid (Murray and Mathews, 1969b). 

Mathews (1970) obtained supporting evidence for the theory 

that early DNA or the N82 structure might be essential structures for 

replication and the production of a viable phage when he performed 

32 
P and BUDR phage inactivation experiments. The disintegration of 

32 
the P incorporated into phage DNA results in the breakage of a single 

polynucleotide chain and occasionally breakage of both of the DNA 

molecules; the latter result is lethal to the phage (Stent, 1963). Phage 

DNA containing BUDR in place of thymidine is extremely sensitive to 

inactivation by near-ultraviolet light, and although the overall struc

tural integrity of the DNA molecule is maintained, there are a variety 

32 
of lethal chemical modifications that can occur (Stent, 1963). P and 

BUDR were incorporated into DNA during the first 5 minutes after 



infection of IS. coli with the wild-type phage T4, and after ultraviolet 

32 
(UV) irradiation or P decay there was a significant reduction in the 

proportion of infected cells producing phage (Mathews, 1970). It was 

32 
proposed that UV and P decay inactivated early DNA resulting in a 

reduction of phage yields, and that the integrity of early DNA was 

required for production of phage (Mathews, 1970). 

Models of T4 DNA Replication 

The unusual features of T-even phage DNA, with regard to 

DNA replicative intermediates, circular permutation, and terminal 

redundancy of the phage DNA molecule, cannot be readily explained by 

the simple Watson and Crick model of DNA replication. In this model, 

the double-stranded DNA helix simply unwinds with the rupture of 

hydrogen bonds, exposing single polynucleotide strands each of which 

serve as templates for the formation of the complementary molecule. 

The end result is the synthesis of two hybrid daughter DNA molecules 

(Watson and Crick, 1953; Stent, 1963). In order to establish a model 

of T4 viral DNA replication, many questions must be answered. Is 

replication initiated at a certain point along the DNA molecule and if 

so, where and how? Are both of the DNA strands copied simultane

ously and are they duplicated in the same direction or opposite direc

tions? Does viral replication occur at a specific site in the host, such 

as at a point on the membrane? In addition, models of replication 
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must account for the existence of various intracellular viral DNA 

structures whose properties do not correspond to infectious mature 

DNA, such as Frankel DNA, early DNA, and the N82 structure. DNA 

replication models must also explain the high frequency of recombina

tion between infecting and replicating DNA molecules, which results 

in the redistribution of small fragments of parental DNA molecules 

among progeny molecules, and the fact that mature viral molecules 

are circularly permuted and terminally redundant. Finally, the model 

must illustrate replication in both singly- and multiply-infected cells. 

At present it is difficult to imagine how a single-infecting DNA mole

cule could be reproduced such that there would be enough molecules 

present to form a concatemer before phage DNA replication commences 

if concatemer formation is necessary for the replication of phage DNA. 

Streisinger's Model 

As mentioned before, Streisinger et al. (1967) proposed the 

first model to explain the production of terminally redundant, circu

larly permuted mature DNA molecules in which DNA concatemers were 

cleaved to one phage equivalent in length (Figure 2). However, 

Streisinger1 s model does not account for other facets of replication. 

Specifically, the model does not explain how parental DNA molecules 

of multiply-infected cells, with each parental genome beginning and 
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ending with different sequences, might join together to form the 

Frankel replicating structure. 

Frankel's Model 

Frankel (1968a) suggested a modification of Streisinger' s 

model to account for the joining of circularly permuted DNA mole

cules. According to this theory, parental and progeny molecules 

beginning and ending with different sequences could form the large 

concatemer by the recombination of terminal regions of homology and 

also by recombination of one end of a molecule with an internal 

homologous sequence of another, resulting in a very complex struc

ture (Figure 3). In view of the proposal of Murray and Mathews 

(1969b), that early DNA might be incorporated into the N82 structure, 

it was possible that early DNA might serve as a link between the 

different parental DNA molecules. However, it is difficult to imagine 

how early DNA might link DNA molecules without interfering with the 

nucleotide sequence of the progeny molecules. An additional mecha

nism would have to be available, in which early DNA was cleaved from 

the replicating structure before the mature molecules were incorpo

rated into the progeny virus particles. 

Model of Miller, Kozinski, and Litwin 

The formation of a phage DNA concatemer structure in 

multiply-infectcd cells by recombination and replication of the 
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parental molecules can account for the presence of the rapidly-

sedimenting Frankel structure, but it does not necessarily explain 

how replication proceeds in a singly-infected cell, whether by the 

formation of a concatemer structure or any other method. Few 

studies have been performed under conditions of single infection, since 

it is difficult to ensure that DNA isolated from singly-infected cultures 

would not be contaminated with DNA synthesis in uninfected cells. 

Miller, Kozinski, and Litwin (1970) have proposed that large DNA 

intermediates are formed by the initial replication of a single parental 

DNA molecule followed by recombination between newly synthesized 

phage DNA molecules. In this model, singly-infected cells would 

synthesize the concatemer as well as multiply-infected cells, but 

replication would precede recombination rather than vice versa as in 

Frankel's and Streisinger1 s model. The model of Miller, Kozinski, 

and Litwin (1970) is based on experimental results which illustrate 

that 20 phage-equivalent units of DNA must be synthesized before 

concatemers are detected. These experimenters found that if recom

bination in the infected cell were inhibited by chloramphenicol within 

5 minutes after infection, the formation of multi-phage-length strands 

was prevented in spite of the synthesis of at least 45 phage-equivalent 

units of DNA. 



Circular Models 

Werner. Circular models of phage DNA replication were 

proposed by Werner (1968), Frankel (1968a), and Gilbert and 

Dressier (1968) to describe the replication process involving a single 

infecting parental molecule. Werner (1968) examined the number of 

growing points, sites where DNA replication is occurring, and the 

arrangement of the growing points in the pool of replicating phage DNA. 

The growing points were detected by permitting incorporation of ET*-

bromouracil into replicating DNA for short periods of time and ana

lyzing the length of hybrid DNA synthesized by density gradient 

techniques (Bonhoeffer and Gierer, 1963). Werner's experiments 

determined that the cells infected at 25°C contain about 1.0 to 1.5 

growing points per phage-equivalent of DNA; the growing points move 

at about 0. 08 phage-equivalent units per minute; and the number of 

growing points increase from 0 to 60 within thirty minutes after infec

tion, with the distance between two replication points being between 

0. 15 and 0. 19 phage units. These results suggested that the increase 

in rate of DNA synthesized during replication was due to an increase 

in the number of growing points and that these growing points are 

clustered along the T4 replicating molecule. 

Based on the above observations, Werner (1968) proposed a 

model in which all the growing points could be initiated at a specific 

point along the T4 DNA molecule only after the parental molecule 



circularized by the recombination of its terminally redundant ends. 

Circularization was hypothesized as being the structural requirement 

necessary for activation of the potential replication initiation site. 

After the growing point was initiated upon the recognition of a specific 

sequence on the circularized DNA, it continued on around the circular 

DNA many times, producing a DNA molecule of multiple-phage -

lengths. In addition, more growing points could be initiated at a 

single site every time the replication points proceeded 0. 15 to 0. 19 

phage-equivalent lengths, resulting in formation of more concatemers 

which are arranged in a pinwheel fashion around the central replicating 

DNA molecule (Figure 4). Presumably, recombination between circles 

and concatemers could occur, resulting in one large entangled struc

ture per cell such as that seen in Huberman's (1968) electron 

microscope pictures. The long duplex strands can later be cleaved 

into one phage equivalent in length and packaged into the phage head as 

in Streisinger's model (Streisinger et al. , 1967). 

Frankel. Another circular model similar to Werner's has 

been proposed by Frankel (1968a) in addition to his linear concate

nated replicating model. According to Frankel's circular model, the 

growing point travels along the circular parental template, but in 

contrast to Werner's hypothesis, additional points can be initiated on 

the end of the displaced daughter molecule. 
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Gilbert and Dressier - Rolling Circle Model. Gilbert and 

Dressier (1968) have proposed the rolling circle model of replication 

which they have applied to many replication systems, including that of 

T4 DNA. Their model is basically the same as Werner's and Frankel's 

except for a few variations. Before circularization of the parental 

molecule occurs, DNA synthesis is initiated at a specific internal 

sequence of the linear phage DNA such that many copies of one end of 

the molecule are produced (Figure 5). This modification of the 

circular replication model was hypothesized to account for the experi

mental results of Roller (1964), and Kozinski (1961), both of whom 

discovered that short fragments of parental DNA were incorporated 

into the earliest-maturing phage particles. The early synthesis of 

one end of the phage DNA might also account for the short single-

stranded molecules seen by Frankel (1968a) in alkaline sucrose 

gradients. 

The rolling circle model further proposes that the homologous 

ends of the parental and newly synthesized molecules eventually 

recombine to form a circle as in Frankel's and Werner's models. 

However, in order to distinguish earlier DNA synthesis from the 

process of replication, replication is initiated upon the enzymic open

ing of one strand of the circular DNA at a specific site followed by the 

attachment of the exposed 5' end of the single-stranded DNA to a 

membrane site. In contrast, the other circular models propose that 
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replication starts upon the circularization of the DNA molecule. The 

attachment of the 5' end to a specific cellular component in the Gilbert 

and Dressier rolling circle model is necessary in order to prevent 

the repair of the nick which initiates replication upon the opening of 

the one strand. As in the other circular models, replication can con

tinue on around the circle and additional growing points can be ini

tiated such that a large entangled pinwheel is formed. Finally mature 

particles are formed upon the condensation of the phage-equivalent 

length progeny molecules into a phage head. 

Objections to Circular Models. There are several objections 

to the circular models of replication. Although the models can ex

plain the formation of a concatenated replicating structure from a 

single infecting molecule, they do not account for replication in a 

multiply-infected cell where one, very large, concatenated structure 

is apparently formed (Hubcrman, 1968). Presumably, recombination 

between individual replicating circles would have to occur to form such 

a structure in a multiply-infected cell. 

Further objections to the circular models arise from the pre

diction that the parental strand which is being displaced from the circle 

in the initial stages of replication, must be covalently linked to newly 

synthesized DNA if the growing point is to continue around the circle 

several times to form a concatemer. Except for early DNA synthesis, 
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no evidence has been found to support the theory of covalcnt linkage 

between parental and progeny DNA. 

Other objections are concerned with the circular model pre

diction that replication proceeds in an asymmetric fashion, such that 

only one strand of parental DNA becomes incorporated into progeny 

DNA, while the other strand remains in the vegetative pool of DNA, 

functioning only as a template. This asymmetric replication is in 

marked contrast to Kozinski's (1969) results which illustrated that 

strands of parental DNA are distributed equally among progeny DNA. 

Extensive recombination between circularized parental molecules and 

progeny particles could possibly account for this discrepancy, i. e. , 

the inability to observe asymmetry of replication. Finally, as men

tioned previously, experiments by Miller, Kozinski, and Litwin (1970) 

suggest that replication must occur before replicating concatemers 

are detected. These results do not agree with the prediction of the 

circular models that long concatemers are formed simultaneously with 

the onset of replication. 

Qkazaki Fragments - Discontinuous Replication. A mecha

nism for the replication of the double-stranded template at the growing 

point (the section of DNA which is being copied at a certain instance) 

has been proposed by Okazaki et al. (1968a) in their model of DNA 

replication. The investigators found that short pieces of labeled DNA 

(8-11S) could be isolated after both phage-infected (8-9S) and 



uninfected (10-1.1S) cells had been pulse-labeled with radioactive DNA 

precursors for short periods of time, 10 - 30 seconds. It was 

assumed that these newly-synthesized pieces of DNA were eventually 

linked together to form the long chromosomal strands. The "Okazaki 

fragments, " or 8-1 IS pieces of labeled DNA, are synthesized from 

both parental strands in a 5' to 3' direction (Sugimoto et al. , 1969). 

The model proposed that the Romberg DNA polymerase, or a similar 

enzyme, was essential for initiating synthesis of the fragments in the 

5' to 3' direction, and the generated short strands would be joined by 

DNA ligase (Figure 6). Many questions have since been raised as to 

the role of the Kornberg DNA polymerase in replication, because the 

enzyme could only copy DNA in one direction, namely the 5' to 3' 

direction. In vivo, both strands of DNA are copied simultaneously 

during replication such that a polymerase which is active in DNA 

replication must be able to participate in an overall mechanism 

involving growth in both directions. 

Since Okazaki's model was originally proposed, an IS. coli 

mutant, pol Al, has been isolated (De Lucia and Cairns, 1969) which 

has the ability to replicate DNA and grow even though it lacks the 

Kornberg DNA polymerase. As a result, it is now believed that the 

Kornberg DNA polymerase is not necessary for replication, but in

stead it probably functions as an enzyme for repairing any breaks in 

the DNA strand (De Lucia and Cairns, 1969; Gross and Gross, 1969). 
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Figure 6. The Role of Okazaki Fragments and Polynucleotide Ligase 
in DNA Replication 

Illustration of a model which proposes that Okazaki fragments, 
synthesized in the 5' to 31 direction, and polynucleotide ligase play a 
role in DNA replication (Okazaki £t al. , 1968b). 



In addition, Okazaki et al. (1970) was able to demonstrate the presence 

of Okazaki fragments upon T4 infection of pol Al mutants, and he 

suggested that discontinuous replication was associated with an un

known polymerase in the membrane. More recently, Okazaki, Arisawa, 

and Sugino (1971) have observed that pol Al mutants join fragments to

gether more slowly than normal and thus produce a larger amount of 

short DNA fragments than do wild-type strains. Okazaki et al. (1971) 

have suggested that the function of DNA polymerase I may normally be 

to join fragments together during host DNA replication, but its function 

may be dispensable in pol Al mutants where perhaps DNA polymerase 

II (Kornberg and Gefter, 1971; and Knippers, 1970) and a product of 

the rec A gene (Gross, Grunstein, and Witkin, 1971) serve to replace 

the function of the Kornberg enzyme. 

Support for the involvement of the enzyme polynucleotide 

ligase, coded for by T4 gene 30 (Fareed and Richardson, 1967), in 

joining phage DNA fragments synthesized during T4 DNA replication 

has come from experiments with phage gene 30 amber mutants. These 

mutants can synthesize only short fragments of DNA rather than whole 

DNA molecules under nonpermissive conditions (Sugimoto, Okazaki, 

and Okazaki, 1968; Okazaki et al. , 1968b; Newman and Hanawalt, 

1968a, b; and Hosoda and Mathews, 1968). In addition, Okazaki frag

ments accumulated when chloramphenicol inhibited the synthesis of 
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polynucleotide ligase in wild-type T4 phage-infected cells (Iwatsuki 

and Okazaki, 1970). 

Although most of the models proposed for T4 DNA replication 

attempt to incorporate the various facts known about the duplication 

process into plausible theories, the proposals still cannot account for 

all of the data, and in many cases serious inconsistencies arise from 

the models. It is evident that much more information is needed before 

the mechanism of T4 DNA replication can be elucidated. 

The Effect of Viral Infection on Host Processes 

Phage gene products play a role in controlling the cessation 

of bacterial cellular functions, the utilization of the host's metabolic 

machinery, and phage DNA duplication. The method and the extent to 

which phage DNA redirects host macromolecular processes for its 

own benefit or terminates host macromolecular synthesis is impor

tant for discovering how much residual host macromolecular synthesis 

remains after infection as well as for determining how such residual 

synthesis might interfere with or contribute to the production of 

progeny phage particles. 

Host Protein Synthesis 

Host protein synthesis appears to be the first cellular pro

cess that is blocked upon phage infection (Cohen, 1968) being replaced 

by the synthesis of only phage-specific proteins immediately after 



infection (Levinthal, Hosoda, and Shub, 1967). The synthesis of 

various host enzymes like beta-galactosidase, which is present in 

cells after induction with ^-galactoside inducers such as lactose, 

cannot be detected in the infected cell in the presence of an inducer 

(Kennell, 1968). Duckworth (1970a) has shown that phage induction or 

viral DNA injection is not necessary to halt host protein synthesis. 

She found that the synthesis of cellular proteins, as well as DNA and 

RNA synthesis, ceased upon the adsorption of an empty viral protein 

coat, the phage ghost, to the cellular wall. It is possible that the 

inhibition of host macromolecular processes in ghost-infected cells 

occurs by a different mechanism than in phage-infected cells, since 

the cellular metabolic processes observed in ghost-infected cells are 

different than those observed during phage infection. For instance, 

the transport of nucleosides and some amino acids is inhibited in ghost-

infected cells but not in virus-infected cells. In addition, the inhibi

tion of protein synthesis can be reversed in some ghost-infected cells, 

where the number of cells exhibiting protein synthesis after an initial 

inhibition depends on the state of the host prior to ghost infection. In 

contrast, the inhibition of host protein synthesis in phage-infected 

cells is not a reversible phenomenon. Furthermore, chloramphenicol 

does not protect the cell from any of the effects of ghost infection as it 

does for viral infection (Duckworth, 1970b). 



Host RNA Synthesis 

The sudden cessation of host protein synthesis has been 

attributed to the inhibition of bacterial nucleic acid synthesis after 

infection. Initial studies could not detect any net synthesis of RNA 

early in viral infection; and, furthermore, any labeled RNA formed 

after infection was found to be homologous only to phage DNA (Volkin 

and Astrachan, 1956; Spiegelman, 1961). In addition, viral proteins 

were synthesized on bacterial ribosomes remaining in the cell after 

infection, with no new ribosomes or ribosomal RNA being produced 

during infection. 

However, more recent investigations, using techniques which 

result in more efficient nucleic acid hybridization and thus a more 

sensitive test for host nucleic acid synthesis, have revealed that host 

RNA synthesis actually continues several minutes after infection 

(Kennell, 1968; Landy and Spiegelman, 1968). The latter authors 

detected a small but significant portion of host-specific RNA, 13 to 16 

per cent of the total RNA synthesized during the two minute interval 

3-5 minutes post-infection. Kennell (1968) has suggested that host 

RNA represented about half of the RNA synthesized 3-4 minutes after 

infection. In addition, Kennell's results indicated that transfer RNA 

(t-RNA), ribosomal RNA (r-RNA), and messenger RNA (m-RNA) were 

all synthesized after infection in about the same proportion as in unin

fected cells. The discrepancy between his results and those of Landy 
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and Spiegelman (1968) were attributed to Kennell's much higher effi

ciency of hybridization in his experiments. Since host protein 

synthesis does not continue after infection, the host messenger RNA 

that is synthesized must not serve as a template for translation into 

proteins. Kennell has suggested that host messenger RNA synthesis 

represents the completion of host messages initiated before infection; 

however, as Mathews (1971) has mentioned, host messenger RNA 

synthesis should have been completed in much less than 2 or 3 min

utes in view of the studies on the rates of RNA chain elongation in 

E. coli (Bremer and Yuan, 1968; Winslow and Lazzarini, 1969). If 

host messenger RNA synthesis is in fact rapidly completed, then 

Kennell's results must be interpreted to mean that the rate of tran

scription has been significantly slowed down after infection, or else 

host messenger RNA synthesis is initiated after infection. Additional 

data are needed to explain how host RNA synthesis continues within 

3 minutes after infection. 

Host DNA Synthesis 

An investigation of host DNA synthesis after infection with 

wild-type phage revealed that net DNA synthesis ceased at 2 minutes 

after infection and resumed upon initiation of synthesis of viral DNA 

at 5 minutes after infection (Kennell, 1968). Duckworth (1970a) failed 

to observe any DNA synthesis after infection of IS. coli B with a 



DNA-cIofcctivo amber mutant, T4amE957. However, Murray and 

Mathews (1969a) were able to demonstrate DNA synthesis within the 

first 5 minutes of infection with the DNA-negative mutant T4amN82 and 

the thymidine-requiring phage T4td8. The inability of earlier investi

gators to detect significant DNA synthesis early in phage infection can 

be accounted for when one considers the relative specific activities of 

the isotopic precursors used. Murray and Mathews (1969a) labeled 

infected cultures with H -thymidine having a specific activity of 

approximately 15 curies/millimole (Ci/mmole). They estimated that 

the specific activity of H -thymidine was about one thousand times 

14 
higher than the specific activity of C -uracil used in previous experi

ments (Mathews, 1968), and suggested that the use of such a high spe

cific activity enabled the detection of previously unobserved DNA synthe

sis early in infection. Furthermore, in Murray's experiments where 

early DNA was observed, the incorporation of only exogenous radio

active thymidine into DNA was ensured by eliminating most of the 

endogenous synthesis of thymine nucleotides through the use of viral 

and bacterial mutants lacking the enzyme thymidylate synthetase. 

More recently, Cascino, Riva, and Geiduschek (1971) used a 

radioactive precursor with a lower specific activity than that used by 

Murray and Mathews (1969a) and detected synthesis of low molecular 

weight, double-stranded host DNA during infection of E. coli B with 

a temperature-sensitive gene 43 DNA polymerase and gene 30 amber 



DNA ligase-cleficicnt double mutant, T4tsP36 amH39X. In a non-

permissive host, a gene 43 mutant cannot start phage DNA replication 

but a gene 30 mutant can partially replicate phage DNA by synthesizing 

phage DNA (Sugimoto et al., 1968; Hosoda and Mathews, 1968). 

Cascino et al. (1971) found that host DNA synthesis started 5 minutes 

after infection of _E. coli B with T4tsP36 amH39X and the rate of 

synthesis increased until about 10-12 minutes after infection, at 

which time a portion of the incorporated label became acid-soluble. 

No such synthesis was observed upon infection of DNA polymerase 

(polAl) mutant E. coli. In addition, pulse-label experiments showed 

that the incorporation of C^-thymidine into host DNA continued beyond 

15-20 minutes after infection, but net DNA synthesis decreased 

presumably because newly synthesized host DNA was degraded at 

later times in infection. Cascino et al. (1971) reasoned that the new 

host DNA synthesis was actually a repair of EL coli DNA by ID. coli 

enzymes. During wild-type phage infection of E. coli B, the phage 

DNA ligase would normally participate in the repair of the T4 phage-

induced single-stranded breaks in host DNA and thus would limit 

further phage-induced exonuclease action and resultant host polymerase 

repair synthesis. However, in the absence of the phage ligase, 

Cascino et al. (1971) suggested that IS. coli DNA polymerase I, whose 

activity is controlled by the pol Al gene, is active in filling the gaps 

in host DNA. 



40 

In order to understand how phage stop host cellular processes, 

it is important that host DNA synthesis after infection be thoroughly 

investigated to resolve the above conflicting results about the exis

tence of viral and bacterial DNA synthesis early in infection. Part of 

this dissertation investigates bacterial and phage DNA synthesis 

within the first 5 minutes after infection with DNA-negative amber 

mutants as well as wild-type phage. Hybridization techniques have 

been used to detect host and phage DNA synthesis. 

The Effect of Bacterial DNA Destruction on the 
Cessation of Host Macromolecular Functions 

The shutoff of host messenger RNA synthesis and, hence, 

host protein synthesis within the first 5 minutes after infection, was 

originally attributed to the destruction of the host chromosome (Luria, 

1950; Jacob and Monod, 1961). The breakdown of the bacterial chro

mosome was initially demonstrated by the transfer of isotope from host 

DNA to progeny DNA (Kozloff, 1953), and by the cytological observa

tion of the destruction of bacterial DNA (Luria and Human, 1950; 

Kellenberger, Sechaud, and Ryter, 1959). Nomura, Matsubara et al. 

(1962) tested the hypothesis that the physical destruction of the 

bacterial chromosome resulted directly in the cessation of host 

cellular functions. No destruction of the chromosome could be 

detected within the first 5 minutes, at which time most cellular 

functions are inhibited. Sucrose gradient sedimentation and cesium 



chloride equilibrium density gradient techniques were used to detect 

the destruction of the host DNA. By 10 minutes after infection, 

degraded bacterial DNA was observed, but this degradation could 

be prevented by treating the bacteria before infection with chloram

phenicol, an inhibitor of protein synthesis. In the infected 

chloramphenicol-pretreated cells, both bacterial DNA and host 

messenger RNA synthesis were inhibited; however, ribosomal and 

transfer RNA synthesis continued (Okamoto, Sugino, and Nomura, 

1962; Nomura, Okamoto, and Asano, 1962). Furthermore, phage-

infected male bacteria were able to transfer functional bacterial DNA 

markers to recipient female bacteria for 10 to 20 minutes after infec

tion. All of these results indicated that the functional integrity of the 

bacterial chromosome must be retained for at least 10 minutes after 

infection (Nomura, Matsubara et al., 1962). As a result, Nomura and 

his colleagues concluded that the destruction of the host DNA was not 

the direct cause of the breakdown of bacterial cellular processes and 

that inhibition of these processes by the phage must occur by other 

virus-induced processes. 

On the basis of the above experiment which examined bacte

rial nucleic acid synthesis in chloramphenicol-pretreated infected 

cells, it was hypothesized that the synthesis of host messenger RNA and 

cellular DNA was inhibited by phage in absence of viral protein syn

thesis. However, the presence of virus-induced protein synthesis was 



42 

required to halt the synthesis of bacterial ribosomal and transfer 

RNAs in the infected host. Nomura et al. (1966) re-examined viral 

inhibition of host processes and discovered that in addition to the 

synthesis of ribosomal and transfer RNA, there was also a partial 

synthesis of host DNA and host-specific mRNA in chloramphenicol -

pretreated cells. This result was in contrast to the results of experi

ments of Okamoto et al. (1962) where such synthesis was not detected 

in the infected chloramphenicol-pretreated cells. Nomura et al. (1966) 

further found that the synthesis of all host nucleic acids was inhibited 

at higher multiplicities of infection, with the degree of inhibition be

coming greater the higher the multiplicity of infection. This last 

result could be used to explain the discrepancies between earlier 

(Okamoto et al., 1962; Nomura, Okamoto, and Asano, 1962) and later 

(Nomura et al. , 1966) experimental results, since different multi

plicities of infection were used in the 2 experiments. 

Nomura et al. (1966) hypothesized that there are two mech

anisms involved in phage-directed shutoff of RNA and DNA 

synthesis based on the fact that the inhibition of nucleic acid synthesis 

is greater at higher multiplicities of infection. One mechanism which 

blocks bacterial ribosomal and transfer RNA formation is dependent on 

the synthesis of a phage-directed enzyme. The second mechanism, 

whose degree of inhibition of total host nucleic acid synthesis depends 

on the multiplicity of infection, possibly involves the interaction of the 
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phage with the bacterial surface and a cellular membrane site which 

is active in nucleic acid synthesis. However, Nomura et al. (1966) 

also conceded that at a high multiplicity of infection, the number of 

infecting phage per cell might overcome the chloramphenicol effect 

such that enough viral protein is produced to inhibit the cellular 

functions. Mathews (1971) has suggested that there may be a third 

mechanism for phage-directed host-cell arrest which is responsible 

for the inhibition of cellular mRNA and DNA synthesis but is 

chloramphenicol-resistant. Mathews' (1971) suggestion of the exis

tence of a third mechanism was based in part on an inspection of 

Nomura's data (Nomura et al. , 1966), which showed that even at 

normal multiplicities of infection such as 6, where host-cell arrest 

should be almost complete even in chloramphenicol-pretreated 

infected cells, there was less than 50 per cent inhibition of host 

cellular processes. 

Cohen (1968) objected to Nomura's proposal (Nomura et al. , 

1966) that a nascent viral encoded protein is required to shut off host 

synthesis, since the precise mechanism of action of chloramphenicol 

is not known. He suggested that chloramphenicol might have affected 

cellular metabolism in ways other than inhibition of protein synthesis. 

Duckworth (1970a) pointed out that phage ghosts, which cannot induce 

viral protein synthesis, also inhibit macromolecular synthesis. 

However, she explained that phage ghosts may inhibit cells in an 
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entirely different manner than do phage. In further studies, 

Duckworth (1971) investigated the requirement for phage protein 

synthesis by infecting cells with a phage mutant unable to produce 

phage DNA and by treating the cells with a variety of protein inhibitors 

other than chloramphenicol. Her experiments showed that, with the 

exception of 5-methyltryptophan, all protein inhibitors interfered with 

the phage-directed arrest of bacterial DNA synthesis and that the 

degree of inhibition of host DNA synthesis in the absence of nascent 

phage enzymes was increased with increasing multiplicities of infec

tion, as predicted by Nomura et al. (1966). Duckworth's (1971) 

results were in agreement with those of Nomura et al. (1966) and 

showed that protein synthesis is required for inhibition, and that such 

inhibition is also dependent on the number of infecting particles. 

Duckworth (1971) further proposed a mechanism by which the 

multiplicity of infection affected the degree of inhibition. According to 

her theory, the phage coats of the infecting virus radically change the 

cell membrane. Except for host macromolecular synthesis, most of 

the membrane's function at the site of phage attachment can be re

stored by the injection of phage DNA and internal protein into the cell. 

A large number of phage would alter a greater proportion of the mem

brane such that even in the absence of phage enzymes, host macro-

molecular synthesis would be inhibited. Her proposal implies that 

phage ghosts inhibit host macromolecular synthesis to a greater degree 
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than phage because the initial alteration of the cell membrane by the 

phage coat is not reversed by the injection of phage DNA and internal 

protein. 

Kinetics of Bacterial DNA Breakdown 

Kutter and Wiberg. Other investigators have studied the 

kinetics of breakdown of host DNA and the phage genes involved in the 

degradation process since Nomura's original study on the destruction 

of bacterial DNA in 1962. Kutter and Wiberg (1968) followed the DNA 

degradation process of E. coli infected with wild-type phage and 

amber phage mutants defective in genes 46 and 47. They found that 

the products of these genes are necessary for host DNA degradation 

to nucleotides. Bacterial DNA destruction was determined by sedi-

menting prelabeled host DNA through neutral and alkaline sucrose 

gradients at various times after infection. They observed at least two 

stages of destruction, where the first stage occurred at about 7 to 12 

minutes after infection and resulted in the formation of bacterial DNA 

6 7 fragments of an average molecular weight of about 10 - 10 d. These 

fragments did not contain any detectable single-stranded breaks, and 

phage mutants which were defective in the synthesis of the products of 

genes 46 or 47 could not degrade the host DNA any further. Chloram

phenicol was found to suppress this partial degradation to fragments 

6 7 of 10 - 10 d, which indicated the possible involvement of a 
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phage-directed enzyme in cellular DNA destruction (Kuttcr, 1968). 

Nomura, Matsubara et al. (1962) had similarly found that degradation 

of host DNA was inhibited by treating the cells before infection with 

chloramphenicol. However, Kutter and Wiberg (1968) were able to 

detect a small amount of degradation of the host DNA 2. 3 X lO^d to 

O 
fragments of about 2 X 10 d molecular weight as early as 4. 5 minutes 

after infection. According to Kutter and Wiberg (1968), Nomura's 

group (1962) failed to observe the "early fragmented" DNA during the 

first 5 minutes of infection because of his crude DNA isolation 

techniques, which only allowed him to isolate fragments of a molecular 

weight of 1. 9 X 10^d. 

The second stage of degradation detected by Kutter and 

/ 7 
Wiberg (1968) resulted in the degradation of fragments of 10 - 10 d 

to acid-soluble material. This acid-solubilization appeared to be 

directed in some way by the products of genes 46 and 47, since infec

tion under nonpermissive conditions by these mutants did not result 

in the breakdown of host DNA to DNA fragments smaller than 

6> 7 
10 - 10 d. It is not known whether or not genes 46 or 47 exert their 

effect directly through the synthesis of specific nucleases, or indirectly 

by serving as regulatory genes or by activating host nucleases after 

infection. Since the phage mutants in either gene displayed identical 

phenotypes, the two genes could code for the synthesis of different 

subunits of the same enzyme. So far, the mutants were found to 



4 7  

synthesize all the known phage-coded exonucleases and endonucleases, 

and as a result, the nature of the gene products and their mode of 

action remains to be discovered. 

Warren and Bose. Warren and Bose (1968) have also inves

tigated the degradation of host DNA, using the technique of zone 

sedimentation through linear glycerol gradients to isolate the break

down products. Within 5 minutes after infection they observed the 

degradation of host DNA to fragments which sedimented between 50S 

to 70S: presumably representing fragments of molecular weight 

6 7 
10 to 10 that Kutter and Wiberg (1968) observed. Uninfected 

bacterial DNA sedimented at 90S to 100S in the glycerol gradients. 

Warren and Bose (1968) suggested that the initial breakdown product 

after 5 minutes of infection may have resulted from viral nuclease 

action on host DNA, but that it was also possible that the decrease in 

sedimentation rate of the structure may have represented an altera

tion in the conformation of the host chromosome or the conversion of 

the DNA to a state which is more sensitive to shear forces or deoxy-

ribonucleases. 

The hydrolysis of bacterial DNA after infection was examined 

further by Bose and Warren (1969) in order to determine whether or 

not the different steps of bacterial degradation were results of viral or 

bacterial enzymatic action. In this study, the first structure that 

could be detected was a rapidly sedimenting molecule of about 70 to 
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85S, which may represent the DNA fragments of molecular weight 

Q 

2 X 10 d observed by Kutter and Wiberg (1968). The 70 to 85S frag

ments were found after 5 minutes of infection with wild-type phage, 

UV-irradiated phage, and various amber mutants. Further experi

ments showed that the 70 to 85S material was broken down within the 

next 2 to 5 minutes to a more slowly sedimenting structure (40 to 60S) 

which would be eventually reduced to acid-soluble fragments during 

the normal infection period, as indicated by Kutter and Wiberg (1968). 

These experiments were performed with a bacterial strain which was 

lacking an active bacterial nuclease, endonuclease I. Bose and 

Warren (1969) showed that protein inhibitors such as chloramphenicol 

and puromycin, if added at the time of infection or at 5 minutes after 

infection, inhibited any further degradation of host DNA. Based on 

these results, Bose and Warren proposed that the first virus-induced 

endodeoxyribonuclease is synthesized 5 to 7 minutes after infection, 

resulting in the degradation of bacterial DNA to fragments of a higher 

O 
molecular weight, about 10 d. Seven to 10 minutes after infection, 

they hypothesized that a second endodeoxyribonuclease is synthesized 

during normal infection, but not by UV-irradiated phage and mutants 

of gene 46 and 47. Hydrolysis of host DNA fragments to acid-soluble 

material was proposed to occur at the final stages of degradation as a 

result of the action of viral exonucleases. Although it is possible that 

viral nucleases are induccd after infection, as suggested by Bose and 



Warren (1969). Kutter and Wiberg (1968) pointed out that chloram

phenicol inhibition of degradation could mean that the synthesis of a 

viral protein, not necessarily an enzyme or nuclease, is necessary 

to activate a bacterial nuclease. 

Warner et_al. Warner et al. (1970) were further able to 

clarify the role of phage nucleases in host DNA destruction by iso

lating a mutant of T4 which could replicate normally in any host cell 

but could not degrade bacterial DNA into fragments any smaller than 

g 
a molecular weight of approximately 2X10 d. Since complete 

breakdown of host DNA to acid-soluble material did not occur, the 

viral mutant could not use the host DNA as a source of precursors for 

viral DNA synthesis. Host fragments which accumulated during infec

tion with the T4nd28 mutant appeared to coincide in size with those 

fragments found within 5 minutes after infection in the experiments of 

both Bose and Warren (1969) and Kutter and Wiberg (1968). Analysis 

g 
of the 2 X 10 d fragments of DNA in alkaline sucrose gradients showed 

that the fragments of single-stranded DNA were of a molecular weight 

g 
of about 1X10 d or exactly half the weight of the double-stranded DNA. 

Based on these results, Warner et al. (1970) concluded that the frag

ments from the T4nd28 infection were totally double-stranded with no 

single strand breaks. 

It was evident that the failure of the T4nd28 mutants to de-

8 
grade the bacterial DNA any further than the 2 X 10 d fragments was 



probably the result of the absence of a nuclease, most likely viral in 

nature. Of the known phage nucleases that are induced after infec

tion, it was found that cells infected with T4nd28 did not contain any 

endonuclease II activity. Endonuclease II (Sadowski and Hurwitz, 

1969) specifically hydrolyzes cytosine-containing DNA and will not 

degrade hydroxymethylcytosine-containing viral DNA. In view of the 

absence of endonuclease II in the infected cells and its specificity, 

Warner et al. (1970) suggested that this enzyme very likely played a 

direct role in the destruction of host DNA, in particular degrading 

8 6 7 
DNA fragments of 2 X 10 d to 10 - 10 d. In addition, they proposed 

a scheme for the degradation of bacterial DNA involving all known 

nucleases (Figure 7). 

Hercules et al. Hercules et al. (1971) isolated a viral mutant 

den A (den referring to DNA endonuclease negative) which cannot 

degrade host DNA and has little T4 endonuclease II activity. When the 

phenotypes of the two viral endonuclease-deficient mutants were com

pared, it appeared that these phage (T4nd28 and T4 den A) had muta

tions in the same gene. However, Hercules et al. (1971) were not 

able to provide evidence for any degradation of bacterial DNA prior to 

the blocked enzymatic step. Under their conditions of isolation of 

DNA, they could not isolate the DNA of uninfected bacteria in frag-

8 
ments any larger (2X10 d) than fragments isolated from cells 

infected with den A mutants. It is not known whether or not the initial 
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fragmentation of host DNA to 2 X 10 d size particles is a result of 

viral nuclease action (Bose and Warren, 1969) or bacterial nuclease 

action (Kutter and Wiberg, 1968). The 2 X 10^d host DNA could even 

be an artifact formed during the isolation and ultracentrifugation of 

host DNA from infected cells where phage infection could make the 

host DNA more susceptible to shear forces than it would be if isolated 

from uninfected cells. This dissertation will provide additional 

information about the "initial DNA degradation" step, its origins, and 

its importance to the appearance of early DNA. 

Role of Genes 46 and 47 in Host DNA Degradation 

It is apparent that the isolation of viral mutants which cannot 

degrade bacterial DNA has answered some questions about the steps 

involved in the destruction of the host chromosome and the importance 

of viral gene products to this process, but it has also revealed another 

important question. Does viral replication really require degradation 

of host DNA? The phage mutant, T4nd28, remains viable in spite of 

the inability to degrade host DNA, indicating that host derived deoxy-

ribonucleotides or viral-induced cndonuclease II arc not necessary 

for phage production. However, if acid-solubilization of host DNA from 

( 7 
fragments of 10 } to 10 d is blocked by absence of the products of genes 

46 or 47 of the T4 phage, the effect is lethal. T4 phages that are defec

tive in genes 46 and 47 inhibit production of complete phage but direct 



the synthesis of an unstable rapidly-sedimenting viral DNA (Shah and 

Berger, 1971). These mutant T4 phages also exhibit an arrest in 

viral DNA synthesis late in infection at the onset of late protein syn

thesis (Hosoda and Mathews, 1971). Possibly the products of genes 

46 and 47 catalyze not only the additional fragmentation of bacterial 

DNA but also some other process, such as recombination, which 

might be necessary for viral DNA replication (Bernstein, 1968). 

A Study of Viral DNA Replication and Host Cellular Destruction 

A thorough investigation of the processes regulating phage 

DNA synthesis must include studies of both viral DNA replication and 

the arrest of host DNA synthesis. For example, genes 46 and 47 

appear to control three separate but interrelated processes involving 

metabolism of host and viral DNA such that both areas must be studied 

to understand the overall function of the products of genes 46 and 47. 

In this dissertation, early DNA has been studied with respect to both 

phage DNA replication and bacterial DNA degradation in order to deter

mine the origin of early DNA and its function. 

The data presented by previous-investigators on the presence 

or absence of bacterial DNA synthesis within the first 5 minutes after 

infection and at later times are contradictory. Consequently, a more 

detailed study of the kinetics of bacterial DNA synthesis was also 

performed using techniques which would detect small amounts of newly 
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synthesized DNA. Finally, this investigation includes an analysis of 

the breakdown of host DNA within the first 5 minutes after infection. 

At the conclusion of this study, it is seen that the formation of early 

DNA is related to the breakdown of host DNA as well as the synthesis 

of host DNA after infection. 



CHAPTER 2 

MATERIALS AND METHODS 

Bacteria 

All bacteria used in these experiments were various strains 

of E. coli. E. coli B (a thymine-requiring, nonpermissive host for 

amber virus mutants), E. coli B3 (a low-thymine-requiring non-

permissive host for amber virus mutants), and E. coli CR63 (a per

missive host for amber virus mutants) were obtained from the culture 

collection of Dr. C. K. Mathews. _E. coli CR63 was used to grow 

phage stocks of amber mutants; E. coli B and B3 were used as virus 

hosts as indicated in each experiment. Other hosts include the ]£. coli 

strains 201, a low-thymine-requiring nonpermissive host (Lomax and 

Greenberg, 1968) obtained from G. R. Greenberg (University of 

Michigan, Ann Arbor, Michigan); ER22, an endonuclease I-negative 

mutant (Eigner and Block, 1968) obtained from J. Eigner (Washington 

University, St. Louis, Missouri); MX74T2ts27, a 41 °C temperature-

sensitive DNA synthesis mutant (which is also streptomycin resistant, 

thymine-requiring, and cannot utilize lactose, Inouye and Pardee, 

1970) obtained from A. B. Pardee (Princeton University, Princeton, 

+ 
New Jersey). JG 113 polA thy , a thymine-requiring mutant which 
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contains the Kornberg polymerase (De Lucia and Cairns, 1969; Gross 

and Gross, 1969), and JG 112 polA~~thy~, a thymine-requiring, 

Kornberg polymerase-negative mutant (De Lucia and Cairns, 1969; 

Gross and Gross, 1969), were both obtained from D. Mount (Univer

sity of Arizona, Tucson, Arizona), who originally acquired them 

from J. Gross. The phenotype of thymine-requiring bacteria was 

occasionally checked by examining the ability of the cells to grow in 

the presence or absence of 5 jug/ml of thymidine and a thymidine-

requiring bacteria was reisolated if the bacteria grew in the absence 

of thymidine. 

Bacteriophage 

The bacteriophage T3 was obtained from phage stocks of this 

laboratory and T5 from D. Mount. The bacteriophage T4D (wild-type 

strain of T4) was originally supplied by R. S. Edgar (California 

Institute of Technology, Pasadena, California); and T4td8, a mutant 

of T4 which is unable to induce thymidylate synthetase (Simon and 

Tessman, 1963), was originally acquired from I. Tessman (Uni

versity of California, Irvine, California). The amber mutants of 

phage T4D, such as amN82 (a DNA-negative gene 44 mutant) 

(Epstein et al. , 1963), amH39 (a gene 39 mutant) (Fareed and 

Richardson, 1967), and amA453 (a gene 32 mutant) (Warner and Hobbs 

1967) were also originally obtained from R. S. Edgar. These amber 

mutants were purified genetically by two cycles of backcrossing 



against T4D (Adams, 1959). II. Bernstein (University of Arizona) 

supplied the amber mutant T4amN011, defective in gene 47. In 

addition, the mutant T4nd28, defective in the breakdown of host DNA 

(Warner et al. , 1970), was acquired from H. R. Warner (University 

of Minnesota, St. Paul, Minnesota). Phage ghosts of T4 were 

supplied by M. Vallee of H. Bernstein's laboratory. 

The phenotype of the amber mutants was checked by deter

mining relative plating efficiency on IC. coli B and CR63; stocks were 

not used unless the ratio of B/CR63 was less than 10"^. The ability 

of phage to induce thymidylate synthetase was determined as de

scribed by Mathews and Cohen (1963). 

The double mutant bacteriophage T4td8amN82 was prepared by 

mixed infection of .E. coli CR63 in nutrient broth with T4td8 and 

T4amN82 at a multiplicity of infection (moi) of 9 and 1, respectively. 

The progeny phage were assayed for their ability to induce the synthe

sis of thymidylate synthetase (Mathews and Cohen, 1963) and for their 

ability to grow on E. coli B and/or CR63 where the double mutants 

were identified by their inability to induce the synthesis of thymidylate 

synthetase or grow on E. coli B. The mutant T4nd28-td8 was isolated 

by W. Collinsworth of this laboratory from progeny of mixed infection 

of .E. coli B with phages T4nd28 and T4td8. This mutant cannot induce 

thymidylate synthetase and cannot grow in the presence of hydroxyurea, 

as described by Warner et al. (1970). 
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Purification of Phage 

All purified phage stocks were prepared by infecting E. coli B, 

g 
or CR63 in the case of amber mutants, at a concentration of 2 X 10 

cells/ml in M-9 medium (Adams, 1959) at an moi of 0. 1 to 0. 5, as 

described by Adams (1959). After almost complete lysis of the cells, 

the phage lysate was treated with chloroform, and cell debris was 

removed by low speed centrifugation at 5, 000 (5K) rpm or 7, OOOg, for 

10 minutes at 4°C. The phage lysate was incubated in the presence of 

1 jig/ml of DNase and RNase and 3. 8 millimoles/ml or MgSO^. for 30 

minutes at 37°C to destroy any nucleic acids in the medium. Phage 

were pelleted by centrifugation for two hours at 10K rpm, or at 40K for 

40 minutes in the SW40 rotor in the Beckman model L ultracentrifuge 

(Adams, 1959). The phage pellet was resuspended, subjected to low 

speed centrifugation and again pelleted at high speed. 

Reagents 

All radioisotopes, including thymidine-methyl-H (>16 

32 3 Ci/mmole), P (carrier-free phosphoric acid), thymine-methyl-H 

14" 3 
(15 Ci/mmole), thymidine-2-C (54 mCi/mmole), H -5-bromodeoxy-

14 3 
uridine (26 Ci/mmole), C -5-bromodeoxyuridine (23 mCi/mmole), H -

deoxyribothymidine triphosphate, and uracil-2-C*^ (56.3 mCi/mmole), 

were purchased from the New England Nuclear Company. Cytidine, 

guanosine, and adenosine deoxynucleoside triphosphates were 



supplied by Sigma Chemical Company. In addition, 5-bromodeoxy-

uridine, calf thymus DNA (highly polymerized sodium salt), bovine 

albumin (fraction V in powdered form), polyvinylpyrrolidine, Ficoll, 

and mitomycin C (from Streptomyces caespitosus) were obtained from 

Sigma. Lysozyme was purchased from Worthington Biochemical and 

pronase (grade B) from Calbiochem. Cesium sulfate and cesium 

chloride (optical grade) were obtained from Schwarz/Mann Company. 

Finally, dimethyl-1 -4-bis-2-5-phenyloxazolyl-benzene (POPOP) and 

2, 5-diphenyloxazole (PPO) were purchased from Packard Instrument 

Co. , Inc. All other reagents and chemicals were standard reagent 

grade products. 

Media 

A variety of media were used throughout this investigation. 

F medium, containing 9 mg/ml of lactic acid, M-9 medium, containing 

3 mg/ml of glucose, and nutrient broth medium are described by 

Adams (1959). Carbon sources and micronutrients of iron, magnesium, 

_ 3 and calcium (each at a concentration of about 10 M) were added to 

minimal media as required. Glycerol-Casamino acids medium (8 mg/ 

ml of Casamino acids - Difco Co. ), or FJ medium, was formulated by 

Fraser arid Jerrel (1953). Tris-glucose medium, TG medium, con

taining 3 mg/ml of glucose is described by Simon and Tessman (1963). 

L/uria broth or L broth has been previously described by Luria and 



Burrous (1957). Thymine-requiring bacteria were grown in M-9, F, 

TG, or glycerol-Casamino acid media in the presence of 5 ^ig/ml of 

thymidine, and during phage infection, L-tryptophan was added at a 

concentration of 20 jjg/mi, as an adsorption cofactor (Anderson, 1945, 

1948). 

Growth and Infection of Cells 

Bacteria cultures in stationary phase of growth in broth 

cultures were diluted to an optical density of 15 to 20 as measured on 

a Klett colorimeter (no. 42 filter). The culture was allowed to grow 

until it reached an optical density of 60 in M-9 or FJ medium, or 80 

8 
in TG medium, corresponding to a viable count of about 2X10 cells/ 

ml. The cells were then harvested, washed, and suspended in the 

appropriate medium to 2 X 1 0 cells/ml in the absence of a carbon 

source. If the phage and bacteria were to be mixed for adsorption in 

the cold (5°C), the bacteria were resuspended in one-fourth the 

original volume of cold medium containing 20 jig/ml of tryptophan, in 

absence of glucose and thymidine, and phage were added at an moi of 

8 plaque forming units (PFU) per cell. After 5 minutes of adsorption 

of phage in the cold without aeration, a sample was removed and 

plated in order to determine the number of surviving or uninfected 

bacteria. The cells were then diluted by a factor of 4 into a warm 

o 
(37 C) aerated medium containing the carbon source and radioactive 



DNA precursors. If FJ medium was used, the procedure was the 

same except that the carbon source, glycerol, was present during 

the period of adsorption in the cold. Upon addition of the cells to the 

warm medium (37°C), infection is considered to commence (time 

zero). Around 0. 1 per cent or less of uninfected bacteria were 

normally present in each experiment. 

O 
Isotopic precursors such as H -thymidine, at 10 ;uCi/ml or 

a specific activity of about 19, 000 juCi/jjmole, were added at any time 

after infection. 

14 
Measurement of Incorporation of C -Uracil into DNA 

Host colls were grown in presence of 20 ^ig/ml of uracil 

before infection to repress endogenous synthesis of pyrimidines 

during growth (Mathews, 1966). After reaching a concentration of 

g 
2 X 1 0  c e l l s / m l ,  t h e  b a c t e r i a  w e r e  w a s h e d  a n d  s u s p e n d e d  i n  m e d i u m  

containing a carbon source, 20 ;ug/ml of tryptophan, and 2 ;ug/ml of 

nonradioactive uracil. The cells were then infected in the presence of 

0. 08 juCi/ml of C^-uracil, or at a specific activity of 0. 896>uCi/ 

jumole. Since uracil is incorporated into both DNA and RNA, RNA 

was removed from the extracted nucleic acids by alkaline hydrolysis. 

The nucleic acids were precipitated from the infected culture by 

addition of cold 10 per cent trichloroacetic acid (TCA) to a final 

concentration of 5 per cent. The samples were then centrifuged for 



5 minutes at 7, OOOg and the nucleic acids were washed twice with 

one volume of cold 5 per cent TCA to remove all acid-soluble 

material. The nucleic acid pellet was taken up in 0. 3 mis of a 

freshly prepared solution of 0.3M potassium hydroxide and incubated 

at 37°C overnight to hydrolyze the RNA. After alkaline hydrolysis, a 

portion (0. 01 to 0. 1 mis) of the DNA solution was pipetted onto 2. 5 cm 

disks of Whatman no. 3MM filter paper either supported on steel pins 

or placed on Saran Wrap (Murray and Mathews, 1969a). The disks 

were dried and 35 filters at a time were treated or washed with three 

250 ml volumes of cold 5 per cent TCA allowing 15 to 20 minutes for 

each wash to precipitate the DNA on the filters, followed by two suc

cessive rinses in 100 ml volumes of acetone. After being dried under 

a heat lamp or in an oven (110°C), the filters were placed in vials 

containing 5 mis each of toluene-based liquid scintillation cocktail 

(0. 3 g dimethyl-POPOP and 7 g PPO/liter), and counted in a Beckman 

liquid-scintillation spectrometer with an external standard ratio of 

about 0. 75. 

3 
Samples of DNA labeled with H -thymidine were added 

directly to the filters without alkaline hydrolysis and treated as de

scribed above. In some cases, the filters were soaked in 5 per cent 

TCA and dried before the samples were pipetted onto the filters to 

inhibit DNA synthesis immediately upon sampling. Fractions from 

sucrose gradients, cesium chloride, or cesium sulfate density 



gradients, were collected directly onto the filters and either counted 

immediately after drying, or acid-precipitated and then counted. 

Millipore filters from hybridization experiments were not acid-

precipitated but were added directly to the toluene-based scintillation 

cocktail after drying. 

, Treatment of Cells with Mitomycin C and Chloramphenicol 

Host DNA synthesis was inhibited by incubating bacteria 

g 
(2 X 10 cells/ml) in the dark in the presence of 50 jug/ml of mito

mycin C (MC) for 10 minutes at 37°C, as described by Lindqvist and 

Sinsheimer (1967). The stock solution of mitomycin C was stored 

frozen in the dark with the antibiotic suspended in distilled water 

(2 mg/ml). After incubation, the treated cells were harvested and 

washed twice with M-9, FJ, or TG media to remove any MC which 

was not cross-linked to the host DNA (Iyer and Szybalski, 1963) before 

they were infected. If protein synthesis was to be inhibited during 

infection, chloramphenicol was added as a solid at a concentration of 

100 jiig/ml about 5 minutes before Infection commenced. 

Sucrose Gradients 

Linear 32 and 5 ml 5 per cent to 20 per cent sucrose gradients 

were prepared in a standard gradient mixer with 15. 5 mis of 20 per cent 

sucrose and 16. 5 mis of 5 per cent sucrose or 2.4 mis of 20 per cent 

and 2. 6 mis of 5 per cent sucrose, respectively. Twenty to 70 per 
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cent gradients were prepared in the same way except for the concen

trations of sucrose employed. All neutral sucrose solutions were at a 

pH of 6. 7, 0. 05M in sodium phosphate, and 0. 1M in NaCl, and all 

alkaline sucrose solutions were 0. 1M in NaOH and 0. 9M in NaCl . 

The gradients were formed, with mixing, in 33 ml or 6 ml Beckman 

cellulose nitrate tubes which had been treated with Siliclad (Clay-

Adams, Inc. ) to prevent binding of the DNA to the walls of the tubes. 

Small gradients were centrifuged at 40K rpm for about 60 minutes in 

the SW65 or SW50. 1 rotor and large gradients were centrifuged at 

24K rpm for 100 to 300 minutes, as indicated, in the SW 25 rotor of 

a Beckman model L, preparative ultracentrifuge or the model L2-65B 

preparative ultracentrifuge. Unless specified, the gradients were 

5 ml, 5 to 20 per cent sucrose. At the conclusion of centrifugation, the 

gradients were fractionated with a Buchler peristaltic pump at a rate 

of about 1. 1 ml per minute. Fractions from the small gradients were 

pumped directly onto filters and acid-precipitated; one ml fractions were 

collected from large gradients and 0. 1-ml aliquots were pipetted with 

an Eppendorf pipet onto filters for acid-precipitation. 

Lysing Procedures 

The high temperature lysing procedure used in this study was 

modified from the method of Frankel (1966). Cells were mixed with an 

equal volume of lysis fluid containing 0. 01M ethylenediaminotetraacetic 



acid (EDTA) pH 8. 5, 0. 1M NaCN, and 200 jig/ml of egg white 

lysozyme. The mixture was immediately placed in a 65°C water 

bath and after 1 to l|- minutes, sodium dodecyl sulfate (SDS) was 

added to a concentration of 0. 1 per cent. Incubation was continued 

for ten more minutes, and the resultant clear lysate was removed 

from the water bath and cooled for a few minutes to room tempera

ture. This procedure released DNA from uninfected or infected cells 

as well as from phage particles. Generally, the cells were infected, 

labeled, and lysed in 10 ml disposable plastic tubes to minimize 

breakage of DNA which might occur when transferring the liquid from 

one to another. In addition, the lysate was not stirred and the liquid 

transfers to the gradients were carried out with Falcon plastic pipets 

broken at the tip so that each pipet had a uniform inner diameter of 

about 3mm to avoid shearing the DNA. Neither tubes nor pipets were 

used more than once. One- to two-mi samples or 0. 2 ml samples of 

the lysates were layered on the large or small sucrose gradients, 

respectively. If the lysates were to be centrifuged through alkaline 

gradients, sodium hydroxide was added to the lysates to a concentra

tion of 0. 1M prior to layering. One-tenth ml samples were removed 

from the lysates and acid-precipitated to determine the total amount of 

3 
acid-precipitable counts in H that were added to each gradient. 

If the lysates were treated with pronase, 1 mg/ml of pronase 

(previously incubated for 2 hours at 37°C or for 10 minutes at 80°C to 



destroy DNase activity, as described by Takahashi, 1968) was added 

to the lysates and incubation was continued from 4 to 6 hours at 

either 37°C or 60°C. The activity of pronase was assayed by deter

mining the loss in activity of glucose 6-phosphate dehydrogenase 

(Pastore and Friedkin, 1961) after incubation with 1 mg/ml of pronase 

at 37°C for 30 minutes. 

The low temperature lysing procedure, as described by 

Frankel (1968b), involves lysing of the cells at various times after 

infection by addition of an equal volume of lysis fluid containing 

2 mg/ml of lysozyme in 0. 1M KCN and 0. 05M EDTA, at pH 8, and 

holding the cells at 0°C for 20 minutes. One-tenth volume of 33 per 

cent sodium lauryl sarcosinate was added and the mixture held for an 

additional 5 minutes at 0°C. The solution was then rolled slowly in 

the cold for 10 minutes with a Multi-purpose Rotator (Model 150 V of 

Scientific Industries, Inc. ) at a speed of about 20 rpm, and the lysates 

were centrifuged as before at 5 to 10°C. It should be noted that this 

procedure does not release DNA from non-infecting phage particles. 

As a result, intracellular parental DNA, obtained by infecting cells 

with phage containing labeled DNA for one minute in the absence of 

radioactive nucleic acid precursors, served as a marker for viral DNA 

in sucrose gradients. 
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Assay for Kornberg DNA Polymerase Activity 

The procedure was adapted from De Lucia and Cairns (1969). 

Cells to be examined for polymerase activity were grown in L broth 

supplemented with 5;ug/ml of thymidine and 0. 2 per cent glucose. 

O 
After reaching an optical density of 80 (about 5X10 cells/ml), the 

cells were harvested at 4°C by centrifugation at 5K rpm for 10 min

utes and washed in one volume of cold TM buffer (a 0. 1M tris-HCl 

buffer containing 0. 01M MgSO^ at a pH of 7.4), pelleted again and 

resuspended in one-tenth volume of cold TM buffer. The cells were 

sonicated at a full power setting for one minute or until the cells 

"cleared" using a Branson Instrument sonifier. Sonicated calf thymus 

DNA, which was dissolved in the TM buffer, was added to the mixture 

to a final concentration of 20 jug/ml. Deoxyadenosine triphosphate 

(dATP), deoxycytidine triphosphate (dCTP), and deoxyguanosine tri

phosphate (dGTP) were also added to the sonicated cells to a final 

concentration of 20 ;imoles/ml. The reaction was initiated upon the 

addition of tritiated deoxythymidine triphosphate at 2. 5 juCi/ml or a 

specific activity of 4. 1 juCi/jimole. Samples were removed from the 

incubation mixture at different times and added to 50 volumes of a cold 

(5°C) TCA-SP solution, consisting of 5 per cent TCA and 1 per cent 

sodium pyrophosphate. After 15 minutes in ice, the samples were 

filtered onto a 2.4 cm Whatman GFA filter (glass fiber, 0. 25mm 

thickness). The sample tube was rinsed with 5 mis of the TCA-SP 
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solution which was then poured through the filter. The filter was 

washed with 5 mis of cold 5 per cent TCA and 5 mis of 5 per cent 

acetic acid. The filter was dried and counted in the Beckman liquid-

scintillation spectrometer. 

Preparation of Labeled Phage and Bacteria 

32 
P -labeled phage were prepared by infecting .E. coli B or 

CR 63 at an moi of 5 in TG medium containing labeled phosphate at a 

specific activity of 8 mCi/mg of phosphorous. The resultant lysate 

was treated with DNase and RNase and centrifuged as described 

previously. 

14 
Uracil-C -labeled phage (T4, T3, or T5) or amber mutants 

g 
were prepared by infecting E^. coli B or CR 63 at 2 X 10 cells/ml. 

The cells were previously grown in 20 jig/ml of uracil (to repress 

endogenous pyrimidine synthesis) and then washed twice. Infection 

at an moi of 4 was allowed to proceed in M-9 medium in the presence 

of 3 mg/ml of glucose, 20 jig/ml of tryptophan, and 1.25 jiCi/ml of 

14 
C -uracil or at a specific activity of approximately 56 mCi/mmole. 

After lysis, the phage were purified, as previously described. 

H -thymidine-labeled T4td8 phage were prepared by infecting 

E. coli B at an moi of 4 in the presence of 10 jig/ml of thymidine and 

1. 5 ;aCi/ml, or at a specific activity of 36. 3 jiCi/jimole. 
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C^-BUDR-labeled T4td8 phage were prepared by infecting 

E. coli 201 in FJ medium at an moi of 1 in the presence of 1. 5 juCi/ml 

14 
of C -BUDR, or at a specific activity of 23. 3 jaCi/;amole. During 

infection and purification, care was taken not to expose the labeled 

phage to excess light and, therefore, to avoid inactivation of the phage 

by near-UV light (Stahl et al. , 1961; Mathews, 1970). 

All of the above labeled phage were used in experiments as 

infecting phage or marker phage DNA, and DNA extracted from these 

phage was used in hybridization studies. 

Tritium-labeled _E. coli DNA was prepared by growing El. coli 

g 
201 in FJ medium in the presence of 4 ;ig/ml of thymidine to 2 X 10 

cells/ml. The DNA was labeled by growing the cells in presence of 

o 
0.4 p C i / m l  of H -thymidine (specific activity of 24.2 ̂ xCi/^imole) for 

one: gene:ration or until the optlciil density reached 120. The cells 

weri: then ci:ntrifugc:d at 5K for 10 minutes, and the DNA was extracted 

as later described for use in hybridization studies. 

14 
The DNA of JS. coli cells was labeled with C -thymidine by 

14 incubation in FJ medium in the presence of 0.4 ;iCi/ml of C 

thymidine (specific activity of 30 jiCi/^imole) and 2 jig/ml of thymidine 

14 for two generations (from 15 to 60 Klett units). These C -labeled 

cells were then infected and used to determine the density of light 

DNA during CsCl density gradient experiments. 



70 

The DNA of I£. coli ER22 was labeled by growing the cells in 

the presence of 50 juCi/ml of H -thymidine (specific activity of 19 

mCi/mmole) in the presence of 250 jug/ml of deoxyadenosine for two 

generations (Bose and Warren, 1969) from 15 to 60 Klett units. 

Deoxyadenosine was added to suppress thymidine synthesis. These 

cells were used as hosts during infection where host DNA synthesis 

was investigated. 

Cesium Sulfate Density Gradients 

Cesium sulfate density gradients were prepared by dissolving 

optically pure cesium sulfate in 0. 01 M Tris and 0. 001M EDTA and 

adjusting the pH to 7.4, such that the density of the solution was 

1.4345 g/ml. The density of the solution was determined on an Abbe 

3 Bausch & Lomb refractometer. 

DNA samples from high temperature lysates were digested 

with pronase, purified by extraction with chloroform-isoamyl alcohol 

(as described later), precipitated twice with ethanol, and resuspended 

in 0. 5 mis of the cesium sulfate solution. One-tenth to two-tenths mis 

of the cesium sulfate-DNA mixtures were then layered on the cesium 

sulfate solution (1. 3693 g/ml) to make a final volume of 4. 0 ml in the 

5 ml cellulose nitrate centrifuge tubes. Mineral oil was then layered 

on the gradient to within 0. 5 ml of the top of the tube. The samples 

were then centrifuged for 72 hours in the SW65 or SW50. 1 rotor in the 



Spinco preparative ultracentrifuge at 30K rpm at 20°C. Fractions of 

0. 15 mis were collected with the Buchler peristaltic pump at a flow 

rate of about 0. 9 ml/minute, and 0.05 ml of each fraction was spotted 

on Whatman No. 3 MM filters, and acid-precipitated. The filters 

were counted in the Beckman scintillation spectrometer. 

Cesium Chloride Density Gradients 

Cesium chloride gradients were prepared in 5 ml cellulose 

nitrate centrifuge tubes by addition of 3. 95 g of cesium chloride to a 

3. 0 ml solution of standard saline citrate (0. 15 M NaCl and 0. 015 M 

sodium citrate, pH 7. 0 where 0. 01X, 0. IX, 3X, 6X, and 20X are 

0. 01, 0.1, 3, 6, and 20 times the concentration of all components in 

the IX solution), containing the sample of DNA (Murray and Mathews, 

1969a). The density of this solution was 1.75 g/ml. The solution was 

overlaid with mineral oil to within one-half ml of the top of the tube. 

The samples were centrifuged at 37K rpm for 48 hours at 20°C in 

either the SW65 or SW50. 1 rotor in the model L2-65B Spinco prepara

tive ultracentrifuge. Samples were collected directly onto filters and 

radioactivity was determined as previously described. 

Preparation of Phage or Host DNA for Immobilization onto Filters 

Bacterial DNA was prepared from 6 g (wet weight) of cells 

grown in either nutrient broth or glycerol-Casamino acids media. The 

DNA extraction procedure used was that described by MLura (1967). 



The cells were lysed and then treated several times with freshly dis

tilled phenol. The concentration of _E. coli DNA was estimated from 

the optical density (OD) of each sample: an OD of 0. 02 at 260 mji was 

equivalent to 1 ;ug/ml of DNA (Thomas and Abelson, 1966). 

Phage DNA was prepared by treating the phage with phenol as 

described by Thomas and Abelson (1966). The concentration of T4 DNA 

was estimated by assuming that an OD of 0. 0181 at 260 mju was 

equivalent to 1 jug/ml of T4 DNA (Thomas and Abelson, 1966). 

The extracted .E. coli and T4 DNA exhibited OD 260/280 

ratios of 1. 6 to 2. 0 and 260/230 ratios of 1. 8 to 2. 2. Phenol was 

removed by dialysis of DNA against standard IX saline citrate. 

Isolation of Frankel DNA 

]£. coli B was grown in FJ medium to an OD of 80 as 

measured on the Klett colorimeter and infected at an moi of 8 with 

C^-labeled T4td8 phage (labeled at a specific activity of 56. 3 mCi/ 

mmole and 2. 5 jiCi/ml of uracil) in the presence of 5 jug/ml of thymi

dine. After 15 minutes of infection, the cells were centrifuged in the 

cold for 10 minutes at 5K rpm and suspended in one-tenth volume of 

FJ medium. The infected cells were lysed by the high temperature 

3 
lysis procedure along with H -labeled T4td8 marker phage. Because of 

the high concentration of infected-cells, it was necessary to incubate 

the cells in the presence of 1 mg/ml of pronase and gently roll them 

in a multi-purpose rotator at 6 rpm to effect complete lysis. After 



the lysate cleared, two mis of the lysate were layered on a 20 to 70 

per cent, 30 ml gradient and centrifuged in the SW25 rotor for three 

hours at 22. 5K. One ml fractions of the sucrose gradient were 

collected and one-tenth ml aliquots of the fractions was pipetted onto 

filters, which were dried, acid-precipitated, and counted. The 

14 rapidly sedimenting C -labeled Frankel DNA structures (about 

1 jag/ml) were dialyzed against 0. IX standard saline citrate. The 

Frankel DNA was then fixed on Millipore filters (with about an 85 per 

cent retention of the label) as described below, and used in the 

hybridization tests. 

Extraction of DNA from Lysates for Hybridization 

Cells were lysed by the high temperature lysing procedure at 

different times after infection during various isotope incorporation 

experiments and DNA was prepared from the lysates by either of two 

methods. One method used phenol as a protein denaturant as de

scribed by Thomas and Abelson (1966). An equal volume of freshly 

distilled, water saturated, phenol which was neutralized with l/50th 

volume of 1. 0M phosphate buffer, pH 6. 8, was added to the DNA 

lysates and the mixture was rolled with the multi-purpose rotator at 

60 rpm for 30 minutes at 4°C. The mixture was centrifuged for 5 

minutes at 3K rpm at 4°C and the phenol layer was removed and dis

carded. This procedure was repeated before transferring the aqueous 



DNA layer to dialysis tubing which had been boiled in 5 per cent 

sodium bicarbonate for 20 minutes and washed extensively in dis

tilled water. After dialysis of the DNA against IX SSC, the purified 

DNA was then used in hybridization studies. 

A second procedure (personal communication from Marshall 

Dinowitz, Assistant Professor of Microbiology, College of Medicine, 

University of Arizona) resulted in a higher recovery of DNA. Cells 

were lysed by the high temperature lysing procedure and were incu

bated with 1 mg/ml of pronase for 3 to 6 hours at 37°C. An equal 

volume of a solution of chloroform and 4 per cent isoamyl alcohol was 

added to the pronase-treated lysates and the mixture was rolled at 

60 rpm for 30 minutes at room temperature. The chloroform-isoamyl 

alcohol phase was removed, and the extraction repeated. DNA from 

the aqueous phase was precipitated with two volumes of cold ethanol 

and the precipitate was collected by centrifugation at 15K rpm for 10 

to 15 minutes. The pellet was resuspended in 0. IX SSC and again 

precipitated with ethanol. The DNA was finally resuspended in 0. IX 

SSC, and was used in hybridization studies. 

Denaturation and Immobilization of DNA to Millipore Filters 

Millipore filters (HAWP 24mm 0.45;u) were initially soaked 

in 6X SSC and then washed with 10 mis of 6X SSC. DNA to be immo

bilized on filters was denatured by heating at 100°C in 3. 5 mis of 

0i 01X SSC for 10 minutes. The concentration of SSC was made to 6X 



by addition of 20X SSC. After 5 more minutes of heating, the DNA 

was filtered through the soaked Millipore filter, and the tube and 

filter were washed with 100 mis of cold 6X SSC. Retention of DNA on 

the filters was normally between 70 per cent to 100 per cent of 1 0 to 

20 jig added per filter. Radioactivity or absorbance at 260 mji before 

and after filtration was determined to calculate the per cent retention 

of DNA on the filters. (Blanks for measuring the absorption consisted 

of 6X SSC before filtration and after filtering hot 6X SSC through the 

Millipore filter. ) The amount of DNA to be fixed was adjusted so that 

10 or 20 }ig of DNA was fixed per filter. The DNA-fixed filters were 

placed in empty scintillation vials, and the vials were put in a 

o 
desiccator under vacuum and dried overnight at 80 C. The filters 

were stored in a desiccator until use (Gillespie, 1968). 

Preparation of DNA for Hybridization 

DNA was prepared by one method as described by Denhardt 

(1966). In this method, 0. 6 ml of the deproteinized, or reference 

DNA, was added to 2.4 ml of 0. OlX SSC, such that the DNA concen

tration was approximately 1 jig/ml. The sample was heated for 10 

minutes and then quickly cooled by adding cold 20X SSC to 3X SSC 

followed by transferring the solution to cold sonication tubes. The DNA 

was then fragmented by sonicating the sample for one minute at the 

highest capacity of the sonicator. One-half ml of the sonicated 
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sample, or about 0. 5 ug of DNA was then incubated with filters con

taining immobilized DNA. 

A second procedure, as described by Cohen and Chang (1970) 

and Tomizawa and Ogawa (1968), resulted in about 10 per cent higher 

hybridization efficiency. This procedure results in the denaturation 

of annealing DNA and fragmentation of DNA without sonication. A 

DNA sample (0. 6 ml) was boiled in an equal volume of 1M NaOH for 

7 minutes. After boiling, 0. 75 mis of cold 20X SSC was added to the 

solution, and the sample was neutralized with HC1. The final volume 

of the solution was increased to 3. 0 mis and made 3X in SSC and con

tained approximately 1 j-ig/ml of DNA. The DNA concentration was 

occasionally increased 2.5 times such that about 1.25 jag of DNA was 

incubated with filters containing approximately 20 pg of DNA. 

DNA Hybridization Method 

The following procedure was adapted from Denhardt (1966) 

and Denhardt and Burgess (1968). The filters containing immobilized 

DNA were incubated in 1. 5 mis of an incubation medium containing 

0. 04 per cent each of Ficoll, polyvinylpyrrolidine, and bovine albumin 

in 3X SSC for 6 hours at 65°C. This procedure reduced non-specific 

attachment of DNA to filters to less than 1 per cent. During the 

incubation period, the filters were shaken about 50 rpm in a New 

Brunswick Scientific Co. Gryotory Shaker. After the incubation 



period, about 0. 5 ug of DNA in 0. 5 ml was added to the incubated 

filters containing immobilized DNA. Incubation was carried out in 

scintillation vials 12 hours at 65°C with a constant agitation. The 

filters were then washed on both sides with 100 mis of 3X SSC, dried, 

and radioactivity was determined as previously described. During 

the hybridization period, about 20 per cent of the DNA that was 

immobilized on filters was lost. The efficiency of hybridization of 

DNA in each experiment was calculated from the amount of radio

activity of the T4 or IS. coli DNA sample removed from solution after 

hybridization with T4 or IS. coli DNA immobilized filters. In 

general, IE. coli DNA hybridized with about 20 per cent efficiency and 

T4 DNA with about 80 per cent efficiency. The counts presented in 

the hybridization experiments were normalized to an efficiency of 

100 per cent. 



CHAPTER 3 

RESULTS 

Experiments described in this dissertation are designed to 

develop an understanding of how early DNA is synthesized and what 

the synthesis represents. The results of these experiments are 

organized into three different sections. The first series of experi

ments attempted to duplicate earlier results of Murray and Mathews 

(1969a), and also investigated whether or not the inhibition of bacterial 

DNA synthesis during infection blocks the synthesis of early DNA. In 

the course of these experiments, it was found that early DNA does not 

exhibit the same properties as those observed by Murray and Mathews 

(1969a). In particular, it was found that early DNA does not always 

cosediment with parental DNA in sucrose gradients, and equilibrium 

density gradient experiments showed that early DNA or newly synthe

sized DNA is not covalently bound to parental DNA. Furthermore, it 

was discovered that no early DNA is observed when bacterial DNA 

synthesis is inhibited during infection. In view of these results, it 

was suspected that early DNA actually represents host DNA which was 

synthesized after infection and then degraded or fragmented to mole

cules which cosedimented with parental viral DNA. 

7 8  
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The next group of experimental results showed that host 

DNA, which has been prelabeled before infection, is fragmented after 

infection to a species which sediments at the same rate as early DNA. 

In addition, the results indicated that the fragmentation of host DNA 

is possibly a result of a bacterial nuclease whose activity is dependent 

on energy derived from cellular metabolism. 

The final series of experiments used the technique of hybridi

zation to analyze the rate of host and viral DNA synthesis during the 

first 10 minutes of infection. The results illustrated the extent of 

incorporation of labeled precursors into host DNA during infection. 

Further equilibrium density gradient studies indicated that the incor

poration of labeled precursors into host DNA during the first few 

minutes of infection with amN82 mutants of T4 represents mostly 

replication of bacterial DNA and from 5 to 10 minutes after infection, 

most of the incorporation appears to be a result of repair synthesis. 

Requirements for Synthesis of Early DNA 

The following experiments investigate whether viral or 

bacterial enzymes are responsible for early DNA synthesis. 

Early DNA Synthesis after Infection of Various 

Host Mutants with Different Phage Mutants 

14 Kinetics of Uracil-C Incorporation into DNA by T4D, 

amH39, amA453, and amN82 Viral Mutants. Amber mutants which 

can synthesize some viral DNA under restrictive conditions, but are 



defective in the ability to form long-stranded replicative intermedi

ates might not be able to synthesize early DNA, if early DNA 

synthesis is required to form Frankel DNA, as proposed by Murray 

and Mathews (1969a). Accordingly, mutants which cannot form 

replicative intermediates were tested for their ability to synthesize 

early DNA. 

14 
The kinetics of incorporation of uracil-C into acid-

insoluble material was measured for IE. coli B cells infected with 

T4D (wild-type); T4amH39 (a mutant deficient in the ability to synthe

size polynucleotide ligase, an enzyme which closes single-stranded 

breaks in double-stranded molecules in vitro, Fareed and Richardson, 

1967; Olivera and Lehman, 1967; and Zimmerman et al. , 1967); T4 

amA453 (a mutant of gene 32 whose product may stabilize single-

stranded regions on nicked parental molecules until these regions 

recombine to form joint molecules, Warner and Hobbs, 1967; Kozinski 

and Felgenhauer, 1967; Berger, Warren, and Fry, 1969; Alberts and 

Frey, 1970); and T4amN82 (a DNA-negative mutant, Epstein et al., 

1963). Aliquots of cells were removed at 10 minute intervals after 

infection and the nucleic acids were extracted by acid precipitation 

and the DNA isolated after alkaline hydrolysis of RNA. 

The results show (Figure 8) that the rate of synthesis of DNA 

during infection by T4amA453 and T4amH39 mutants was much less 

than the rate of synthesis of DNA in cells infected with T4D throughout 
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the 60 minute period of the experiment. Almost no incorporation of 

label into acid-precipitable material occurred in cells infected with 

the T4amN82 mutant, and the synthesis of early DNA during T4amN82 

14 infection was difficult to detect with uracil-C at a low specific 

activity of 0. 896 jic/jimole. However, there was an initial rise in 

DNA synthesis during the first 10 minutes of infection with T4amA453 

and T4amH39 as well as during wild-type infection, and this synthesis 

was assumed to be of viral origin since there was little DNA synthesis 

after host infection with the DNA-negative T4 mutant that could be 

attributed to formation of host DNA. Since the data show that some 

viral DNA synthesis occurs early in infection, these two mutants are 

probably not defective in early DNA synthesis if early DNA is a pre

requisite for viral DNA replication (Murray and Mathews, 1969a). 

Kinetics of DNA Synthesis Following Infection of a 

Temperature-Sensitive Bacterial Mutant with T4td8. Bacterial mutants 

that are defective in the synthesis of DNA were analyzed for their 

ability to synthesize early DNA, to establish if a bacterial enzyme exists 

which might be responsible for early DNA synthesis. A temperature-

sensitive bacterial mutant, MX74T2ts27, which is defective in the 

o o 
synthesis of bacterial DNA at 41 C but not at 30 C (Inouye and Pardee, 

1970) was used in these studies. Inouye and Pardee (1970) have sug

gested that there are temperature-sensitive changes in membrane 

proteins of this mutant which contribute to an inhibition of DNA 



synthesis if these bacterial mutants are incubated at nonpermissive 

temperatures. The MX74T2ts27 mutant was infected in M-9 medium 

in this experiment with the thymidine-requiring T4 phage, td8, at 

o o 
both 41 C and 30 C. The thymidine-requiring phage cannot induce 

the synthesis of thymidylate synthetase and, as a result, endogenous 

synthesis of unlabeled thymidine will not occur. The newly synthesized 

3 
DNA was labeled with H -thymidine at a specific activity of 242 JIC/ 

jimole and one-tenth ml samples were removed from the infected 

culture at 3 minute intervals after infection and acid-precipitated. 

The results of this experiment are presented in Figure 9. 

The data show that viral DNA synthesis was not inhibited at 

o o 
early times if infected cells were incubated at either 30 C or 41 C. 

On the contrary, the rate of viral nucleic acid synthesis was most 

rapid at the higher temperature, as would be expected since most 

metabolic processes occur at a faster rate at a higher temperature. 

A control experiment (not shown), in which wild-type ]£. coli B 

o 
was infected with T4td8 at 41 C, also showed an increased rate. DNA 

synthesis occurred in uninfected cells at 41°C to the same extent as 

o 
in uninfected cells incubated at 30 C for the first 25 minutes. The 

background incorporation of label into acid-precipitable material of 

uninfected cells could be a result of the leakiness of the mutant. In a 

separate experiment, the burst size (phage released/infective center) 

was determined to be 35 at 30°C and 80 at 41°C in FJ medium. 
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The results further showed that during the first 5 minutes of 

infection at both the permissive and nonpermissive temperatures, 

DNA was synthesized to a slightly greater extent than in the uninfected 

cells indicating that early DNA might be synthesized and be of viral 

origin. Further investigation of the sedimentation properties of DNA 

synthesized within the first 5 minutes was necessary to substantiate 

the synthesis of early DNA. 

Formation of Early DNA upon Infection of MX74T2ts27 with 

td8 at 41°C and 37°C. The preceding kinetic experiments (Figure 9) 

showed that T4td8 viral DNA synthesis was unimpaired upon infection 

in MX74T2ts27 cells at 41°C. To accurately determine the presence 

of early DNA within 10 minutes of infection of the bacterial mutant, 

the sedimentation properties of newly synthesized DNA products were 

examined. DNA harvested at 5 and 9 minutes after infection was 

released from cells by the Frankel (1966) high temperature lysing 

procedure and centrifuged in 5 to 20 per cent sucrose gradients. The 

results, showing the effect of 30 and 41°C on synthesis of early DNA 

in a temperature-sensitive DNA synthesis host, are presented in 

Figure 10. 

No DNA species of phage DNA size were synthesized in in

fected cells within 5 or 9 minutes of infection at 41°C (Figure 10B, C). 

However, most of the DNA synthesized within 5 minutes of infection at 

30 C (Figure 10A) sedimented at a slower rate than marker phage DNA. 
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The large peak of radioactive DNA near the bottom of the gradient in 

3 
Figure 10A probably represents incorporation of H -thymidine into 

fast sedimenting host DNA, indicating that bacterial DNA synthesis 

is not shut off immediately after viral infection (see later sections). 

Furthermore, not all of the acid-precipitable counts can be recovered 

because of the sedimentation of the labeled, rapidly sedimenting DNA 

to the bottom of the tube. The radioactive peak at the top of the 

gradient may represent short fragments of acid-insoluble host DNA 

that were synthesized after infection. A similar peak of greater 

quantity is seen at the top of the gradient when bacterial DNA synthesis 

is inhibited with mitomycin C (Figure 14B, p. 97). 

After 60 minutes of infection (Figure 10) the burst size was 

o o 
7 at 41 C and 15 at 30 C, however, the titer of released viable phage 

(burst size) was determined with an old rather than freshly grown 

bacteria culture (Adams, 1959), and as a result the burst size results 

might be unreliable due to the inability of phage to replicate in dead 

cells of the week-old culture. Other measurements of burst size of 

cells infected in Fraser Jerrel medium have shown an equal or better 

burst size at 41 C than at 30°C and additional sucrose gradient studies 

have revealed the absence of early DNA at 41°C in T4td8 infected 

MX74T2ts27 cells. 

Although newly synthesized DNA at 30°C exhibited a slower 

sedimentation rate than marker DNA and did not have the exact 



sedimentation characteristics of "early DNA, " it is evident that no 

DNA is synthesized at 41°C. The difference in sedimentation rate as 

compared to early DNA will be investigated further in other experi

ments. Phage DNA replication and phage production were not signif

icantly hindered by the absence of early DNA after infection at the 

nonpermissive temperatures (Figures 9 and 10) which suggests that 

early DNA is not essential for replication and early DNA synthesis 

does not occur when bacterial DNA synthesis is hindered. 

The Effect of Mitomycin C (MC) on Early DNA Synthesis 

The synthesis of early DNA in the presence of mitomycin C 

(MC) was next examined. Lindqvist and Sinsheimer (1967) demon

strated that host DNA synthesis could be inhibited by treating the cells 

with MC before infection with the virus, 0X174. Viral DNA synthesis 

was not inhibited. MC inhibits synthesis of bacterial DNA by causing 

covalent cross-linking of complementary DNA strands but is not 

known to inhibit the activity of proteins (Iyer and Szybalski, 1963). 

An experiment was performed to determine the minimum con

centration of MC necessary to inhibit bacterial DNA synthesis. Host 

DNA synthesis was followed by determining the level of incorporation 

14 
of uracil-C into DNA of E. coli B where endogenous synthesis of 

pyrimidines was suppressed prior to labeling with 20 )ig/ml of uracil. 

The cells were treated with different concentrations of MC for 10 



minutes, and after the removal of MC (see Chapter 2), labeling com

menced. Samples were removed from the culture at 1 0 minute inter

vals and acid-precipitated with 5 per cent TCA as described in Chapter 

2. The results (not shown) of this experiment demonstrated that at a 

concentration of only 10 ug/ml of MC, there was a substantial decrease 

14 (97 per cent) in the level of incorporation of uracil-C into acid-

precipitated material within 10 minutes of addition of label. Similar 

levels of inhibition were found when 20 and 30 jug/ml of MC were used. 

In most experiments employing MC, an excess of MC, 50jug/ml, was 

used to ensure maximal inhibition of host DNA synthesis. 

The Effect of MC on DNA Synthesis in T4td8 Infected Cells. 

The effect of MC on synthesis of T4td8 viral DNA in IS. coli B3 cells 

was investigated. The cells were treated with MC for 10 minutes 

prior to infection, and then washed to remove MC and cold thymidine. 

Cells were infected and incubated in F medium in the presence of 

3 
H -TdR and one-tenth ml samples were pipetted onto filters at 10 

minute intervals and acid-precipitated. The results are presented in 

Figure 11. The initial lag in DNA synthesis during the first 10 minutes 

of infection in both MC-treated- and untreated-cells is a result of the 

inhibition of bacterial DNA synthesis and absence of viral DNA 

replication at this time during infection. The fact that the rate of 

viral DNA synthesis is lower than the rate of DNA synthesis in unin

fected cells will be discussed in the following experiment. After 



Figure 11. The Effect of MC on DNA Synthesis in T4td8 Infected Cells 

The incorporation of H -thymidine into acid-insoluble material in 
untreated and MC-treated uninfected _E. coli B3 and T4td8 infected 
untreated and MC-treated JS. coli B3, was followed by removing 
samples at 10 minute intervals and acid-precipitating the labeled 
material on filters. 
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10 minutes of infection, an increase in DNA synthesis occurs in both 

MC-treated- and untreated-infected cells. This increase reflected 

commencement of viral DNA replication. However, there appears 

to be more DNA synthesis in untreated infected cells than in 

MC-treated infected cells. The treated cells may contain a small 

amount of residual MC which was not removed by washing and viral 

DNA synthesis may have been slightly inhibited at the beginning of 

infection. 

The Effect of MC on DNA Synthesis in T4D Infected Cells. 

The previous experiment was repeated, using wild-type phage T4D to 

infect IC. coli B3 cells. The T4D infected ]£. coli B3 were suspended 

3 
in M-9 medium containing H -thymidine at a specific activity of 605 

jaCi/jimole. The results are presented in Figure 12. In agreement 

with the'previous results, treatment of cells with MC prior to infec

tion resulted in inhibition of host DNA synthesis by about 86 per cent 

during infection, with little effect on viral DNA synthesis. It should 

be noted that the zero minute sample did not show zero radioactivity, 

and this is most likely because there is at least a 10 second lapse 

between the addition of labeled precursors and harvest of the sample, 

during which time some incorporation of label will occur due to host 

DNA synthesis. Some of this extra incorporation could be avoided by 

treating the filters with 5 per cent TCA to kill the cells more rapidly. 

After 60 minutes of infection the burst size of the infected cells was 



Figure 12. The Effect of MC on DNA Synthesis in T4D Infected Cells 

3 The kinetics of incorporation of H -TdR into acid-insoluble material in 
untreated and MC-treated uninfected IE. coli B3 and T4D infected 
untreated and MC-treated E. coli B3, was followed by removing 
samples at 10 minute intervals and acid-precipitating the labeled 
material on filters. 
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about 50 in the presence of MC and about 60 in the absence of MC. 

However, other experiments occasionally showed an equal or slightly-

larger burst size in the presence of MC suggesting that MC does not 

significantly inhibit phage production. 

There is an expected increase in viral DNA synthesis in the 

treated and untreated infected cell over that in the uninfected cell 

(Figure 12), in contrast to the results of the previous experiment 

(Figure 11) where the DNA synthesis in the infected cells is low. The 

fact that T4td8 infection appears to exhibit a slower rate of DNA synthe

sis relative to the uninfected cell could be a result of the use of differ

ent incubation media (F vs. M-9) or the use of two different infecting 

phage where one was a mutant and the other a wild-type phage 

(Rosenbaum-Oliver and Zamenhof, 1972). It is also possible that the 

lower specific activity of thymidine present during T4td8 infection (242 

juCi/jumole as compared to 605 uCi/jimole during T4D infection) was 

not high enough to allow the detection of the rapid increase in viral 

DNA synthesis after 10 minutes of infection. In addition, a lag in DNA 

synthesis was not observed in T4D infected cells during the first 5 to 

10 minutes of infection as would be expected during a period in which 

little host or viral DNA synthesis is occurring. However, the lag may 

have been obscured by the onset of rapid DNA replication and resultant 

3 incorporation of H -TdR between 5 to 10 minutes of infection. 
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Effect of MC on the Rate of DNA Synthesis in ]£. coli B3 

Cells Infected with T4amN82td8. The kinetics of DNA synthesis in 

MC-treated E. coli B3 cells infected with the double mutant 

T4amN82td8 was investigated to determine whether or not synthesis 

of early DNA was inhibited in MC-treated cells. As described pre

viously (Figures 11 and 12) cells were treated with MC, and after 

removal of MC the cells were infected and labeled with H^-thymidine. 

Samples were removed at 3 minute intervals and acid-precipitated on 

filters. The results are shown in Figure 13. Under nonpermissive 

conditions for viral growth (see Chapter 1, pg. 6), there was no 

increase in DNA synthesis after 5 minutes of infection of the treated 

cells but an increase was observed after infection of the untreated 

cells. The initial incorporation of H -thymidine, at a specific activ

ity of 19, 200^uCi/jimole during the first 5 minutes, is presumably 

into early DNA (Figure 13). The uninfected, untreated sample shows 

a rise in synthesis followed by leveling off of incorporated radioactive 

material, which is probably a result of the depletion of the radioactive 

precursor during incubation. It should also be noted that the initial 

sample points are drawn from zero, although the actual experimental 

data shows counts that arc greater than zero as discussed in earlier 

experiments (Figure 12). 

This experiment demonstrates the apparent lack of any signif

icant synthesis of DNA during the 15 minute period of incorporation of 
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isotopic precursors into acid-precipitable material in the T4amN82td8 

infected MC-treated cell, but that DNA precursors are incorporated 

into DNA in the T4amN82td8 infected untreated cells. The very low 

level of incorporation observed in the MC-treated infected cells does 

not appear to be early DNA since even the treated, uninfected control 

shows about the same amount of label incorporated into acid-insoluble 

DNA. In this experiment it appears that the inhibition of host DNA 

results in the inhibition of early DNA synthesis as was previously 

observed during wild-type infection of a DNA defective temperature-

sensitive bacterial strain at nonpermissive temperatures (Figure 10). 

Isolation of Early DNA from MC-Treated T4td8 Infected Cells. 

Since very little if any early DNA was formed during T4amN82td8 

infection of MC-treated cells, further experiments were performed to 

determine whether early DNA could be isolated from MC-treated cells 

infected with T4td8 phage. Infected cells were incubated in M-9 

medium containing H -thymidine (specific activity of 10, 000 jic/jimole). 

Cells were harvested at 5 minutes after infection and lysed by Frankel's 

high temperature lysing procedure (Frankel, 1966). Aliquots of the 

lysates were centrifuged in 5 - 20 per cent, 5 ml sucrose gradients. 

A negligible amount of DNA was synthesized in MC-treated infected 

cells (Figure 14B), where after 60 minutes of infection, the burst size 

was 37. The untreated control (Figure 14A), which had a 60 minute burst 

size of 24, showed a significant amount of early DNA in the sucrose 
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treated E. coli B3 in M-9 medium. 



gradient even though the gradient recovery of tritium-labeled DNA is 

only 17 per cent due to residual synthesis of bacterial DNA. A large 

peak of DNA is seen at the top of the gradient after sedimentation of 

the lysate of the MC-treated infected cells. This slowly sedimenting 

DNA might represent small pieces of I£. coli DNA where the host DNA 

has been fragmented as well as covalently cross-linked by MC (Iyer 

and Szybalski, 1963). Or this incorporation could be a result of an 

abortive attempt of a DNA polymerase to replicate DNA from the 

cross-linked strands such that only small fragments of DNA are 

synthesized. The presence of acid-precipitable fragments of DNA 

will be further demonstrated later in this dissertation (Figure 48, 

p. 181, and Tables I and II, pp. 183, 184). 

The results of the present experiment show that the synthesis 

of early DNA is reduccd in the MC-treated cell; however, as shown by 

previous experiments (Figures 11 and 12), it does not affect viral DNA 

replication. Apparently, the integrity of bacterial DNA, and/or the 

presence of newly synthesized host DNA itself, is necessary for the 

production of early DNA. Since early DNA synthesis is reduced in 

both MC-treated infected cells and upon infection of DNA temperature-

sensitive bacterial mutants, these results suggest that early DNA 

represents synthesis of bacterial DNA after infection and fragmenta

tion of that DNA into pieces which have a sedimentation coefficient of 

approximately 55S. This hypothesis will be investigated in later 
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experiments. Any small amount of early DNA which is synthesized 

when bacterial DNA replication is inhibited may represent residual 

host DNA synthesis resulting from incomplete inhibition of replication 

processes, where 0. 2 per cent of the bacteria were not inactivated. 

Other Factors which Affect the Synthesis of Early DNA 

In the following experiments, factors other than those 

involved in the dircct inhibition of host DNA synthesis were also found 

to affcct the Incorporation of radioactive nucleotides into DNA early 

in infection. 

Production of Early DNA in Different Media, Labeling 

Conditions, and Hosts. Various hosts were infected in different media, 

were labeled for various times, and were analyzed for the presence 

of early DNA and the amount synthesized. Sucrose gradient sedimen

tation of lysates from various infections are shown in Figure 15. In 

Figure 15A, B, and C, a thymidine-requiring mutant, E. coli B3, was 

used as the host and was infected with T4td8 in M-9 medium. This 

14 phage contained DNA labeled with uracil-C and, in some cases, . 

14 C -BUDR. All infections were synchronized by permitting adsorp

tion of virus to cells at 0°C in the presence of various nutrient media. 

Thus all bacteria would begin active metabolism simultaneously upon 

shifting the culture to a temperature of 37°C. Incorporation of H^-

thymidine (specific activity of 20, 000 ;uCi/;umole) was permitted to 
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occur from 0 to 4 minutes (Figure 15A) and from 1 to 4 minutes after 

infection (Figure 15B). The greatest amount of incorporation occurred 

from 0 to 4 minutes after infection. In Figure 15C, a smaller amount 

of incorporation was observed from 1 to 4 minutes after infection 

where the infecting phage were labeled several days previously with 

C^-BUDR to determine if C^-BUDR phage which have not been 

freshly labeled can be used to produce early DNA. The reduced level 

of DNA synthesis observed during infection (Figure 15C) with the 

C^-BUDR labeled phage was perhaps due to a loss of about 50 per 

cent of the viability of the BUDR-labeled phage during the three days 

of storage before infection. 

Various amounts of early DNA were also detected after 

labeling from 1 to 4 minutes after a synchronized infection of JE. coli 

B3 with uracil-C^ labeled T4td8 in FJ medium (Figure 15E) and in 

M-9 medium (Figure 15F); or a nonsynchronized infection with 

C*^-T4td8 of E. coli B3 in M-9 medium (Figure 15D). IS. coli 201 is 

similar to IS. coli B3 in that it requires an exogenous supply of thymi

dine for growth but will not exhibit an unexplained phenomenon of 

"clumping" when diluted with new media or infected, as occurs with 

EL coli B3. During "clumping, " the cells appear to coagulate together 

into large groups of bacteria which precipitate to the bottom of the 

growth flask and as a result the growth and infection of the cells must 

be repeated. 
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The results show that early DNA is synthesized during infec

tion of ]E. coli 201 hosts (Figure 15F) as well as during infection of 

E. coli B3 hosts (Figure 15B). In addition a smaller amount of early 

DNA is synthesized during nonsynchronized infection (Figure 15D). 

Infection of B3 in FJ medium (Figure 15E) shows the least synthesis of 

early DNA where the low production of early DNA in FJ medium may 

be a result of an overgrowth of the cells, as indicated by the low viable 

count of uninfected bacteria, in the rich FJ medium and a resultant 

loss of the ability to produce phage or synthesize host DNA. However, 

other experiments (not shown) have demonstrated the presence of newly 

synthesized DNA which cosediments with parental DNA after infection 

in FJ medium. It should be noted that Murray and Mathews (1969a) 

used Tris-glucose (TG) medium for detection of early DNA; and infec

tion and incubation in this medium (Figures 17, p. 106, and 30, p. 135) 

for 5 minutes has also demonstrated the synthesis of early DNA. 

The data from Figure 15 show that the quantity of DNA which 

is synthesized after infection varies with different conditions of infec

tion. In particular, the most incorporation into DNA appears when 

labeling commences immediately after infection rather than at one min

ute after infection. In view of previous data showing inhibition of early 

DNA along with host DNA after treatment of the cells with MC, the 

above results suggest that DNA synthesized within at least the first 

minute of infection, represents bacterial DNA whose synthesis is not 
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shut off immediately after infection. It is also apparent that infec

tion of both ID. coli 201 and B3 results in DNA synthesis early in 

infection. Synchronization of cells before labeling appears to only 

slightly affect the synthesis of DNA (Figure 15D and F). The apparent 

difference in sedimentation properties of the newly synthesized DNA 

will be investigated in later experiments (Figures 21-26, pp. 113-122). 

The Appearance or Release of Early DNA 
at Different Times after Infection 

In the following experiments, it is shown that the time after 

infection and freshness of centrifuged lysates are factors which must 

be considered when investigating the conditions necessary for detec

tion of early DNA synthesis. Centrifugation of the lysate immediately 

after lysis of cells eliminated or reduced the amount of DNA which 

was fragmented in uninfected cells. 

Early DNA Production on Sucrose Gradients as Compared to 

Kinetics of Isotope Incorporation into Acid-Precipitable Material. The 

kinetics of DNA formation was examined during 90 minutes of infection 

of .E. coli J33 with C^-labeled T4amN82 phage (DNA-negative mutant) 

in TG medium. Infection was not synchronized in this experiment. 

3 
H -thymidine was added at 0 time in TG medium and samples were 

3 14 harvested at various times and assayed for H and C cpm in 
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acid-insoluble material. In agreement with the results of Murray and 

Mathews (1969a), an increase in DNA synthesis was seen up until 5 

minutes post-infection and a large portion of the DNA was synthesized 

during the first 3 minutes (Figure 16). At 5 minutes there is a 

slight decrease in net synthesis followed by a larger decrease in acid-

precipitable DNA synthesized after 20 minutes of infection. This 

decrease of labeled DNA later in infection may represent the degrada

tion or acid-solubilization of the DNA formed within the first 5 min

utes of infection. 

Centrifugation of the 3 minute lysate revealed the presence 

of only a small amount of DNA, in spite of the large amount of acid-

precipitable material present after 3 minutes of infection (Figure 17A). 

At 4 and 5 minutes after infection, an increasingly larger amount of 

newly synthesized DNA appears in the gradients (Figure 17B and C) 

although there is no substantial increase in net DNA synthesis from 

4 to 5 minutes after infection (Figure 16). There is a corresponding 

increase in per cent recovery of the newly synthesized nucleic acids 

from the gradients from 3 to 5 minutes after infection, as if the 

labeled material were being released from certain large labeled DNA 

structures which would ordinarily be pelleted to the bottom of the 

gradient. It is also interesting that most of the DNA sedimenting at 

4 minutes does not cosediment with the C^-parental DNA but is 

instead dispersed throughout the gradient with one large peak 
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sedimenting more rapidly than viral DNA. In view of these results, 

most newly synthesized DNA does not appear to be covalently bound 

to parental DNA, and, in fact sediments as larger but more hetero

geneous molecules even though the kinetics of infection in this experi

ment were similar to those previously observed by Murray and 

Mathews (1969a). 

Degradation of Early DNA and the Rapidly Sedimenting 

Structure. The apparent fragmentation of DNA synthesized after 

infection was further investigated in the following experiment, per

formed in collaboration with Dr. Mathews. DNA was labeled during 

32 
infection of E. coli B3 with P -labeled T4amN82 in M-9 medium con-

3 
taining H -thymidine at a specific activity of approximately 15,000 

jaCi/umole. Infected cells were removed at 4, 7, 10, 13, and 16 min

utes after infection (Figure 19B, C, D, E, and F, respectively), by 

the Frankol (1966) high temperature lysing procedure, and the DNA 

was centrifuged into 20 to 70 per cent sucrose gradients. In these 

gradients, high molecular weight DNA does not sediment to the bottom 

of the sucrose gradient as would occur in a 5 to 20 per cent gradient. 

The kinetics of isotope incorporation was also followed by taking samples 

at 3 minute intervals after infection and determining the kinetics of 

accumulation of acid-insoluble material (Figure 18). 

The data in Figure 18 clearly shows an immediate increase in 

accumulation of H -thymidine into acid-insoluble material at 3 minutes 
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infection and then at 3 minute intervals until 21 minutes after infection. 
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after infection, followed by a decrease in incorporation into acid-

precipitable material at about 9 minutes after infection. DNA species 

were synthesized within 4 minutes after infection which also cosedi-

mented with viral DNA (Figure 19B). In addition a large amount of 

rapidly sedimenting material was observed which probably represents 

bacterial DNA synthesized after infection since a large Frankel 

replicating structure cannot be synthesized by T4amN82. DNA species 

which cosediment with parental DNA were also synthesized at 7 min

utes of infection (Figure 19C). 

At later times in infection (10 to 16 minutes), the amount of 

rapidly sedimenting DNA and DNA that cosedimented with viral DNA 

decreased and was replaced by DNA which banded near the top of the 

gradient. The unsymmetrical or skewed parental peak which occurs 

after 10 minutes of infection could be indicative of the appearance of 

the N82 structure later in infection where the spreading peak repre

sents the inability of the 20 to 70 per cent sucrose gradient to resolve 

the heavier N82 structure; (Murray and Mathews, 1969b). Further

more, the DNA which bands at the top of the gradient late in infection 

could represent newly synthesized bacterial DNA, early DNA, or the 

N82 structure which was fragmented as infection proceeded. 

Release of Newly Synthesized DNA which Cosediments with 

Viral Marker DNA on Small but not Large Sucrose Gradients. The 

sedimentation properties of newly synthesized DNA at different times 
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after infection were further investigated in the following experiment. 

E. coli B3 was infected with C^-T4amN82 in M-9 medium in the pres-

3 
ence of H -thymidine (specific activity of 18,000 pCi/jimole). One-

tenth ml aliquots were removed directly from the lysates of the cells 

after 3, 4, and 5 minutes of infection and acid-precipitated on filters. 

Counts from these filters illustrated that the amount of newly synthe

sized DNA, or acid-precipitated material, remained constant at about 

10,000 cpm/0. 1ml. Lysates of the 3, 4, and 5 minute samples were 

centrifuged in 5 - 20 per cent sucrose gradients and the results of this 

sedimentation are shown in Figure 20. The amount of newly synthe

sized DNA which coscdimented with viral DNA in the 5-20 per cent 

gradient increased from 3 to 5 minutes after infection in spite of the 

fact that total amount of DNA remained constant. In contrast to a 

previous experiment (Figure 17) where the newly synthesized DNA did 

not cosediment with the parental DNA, this experiment shows a good 

correspondence between the parental and early DNA on small 5 ml 

sucrose gradients (5-20 per cent). However, after centrifuging the 

same lysates 4 days later on a large 32 ml sucrose gradient (Figure 

21), the early DNA did not cosediment with the parental DNA, and in 

fact it behaved as if it were of a larger molecular weight than that of 

viral DNA. 
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Figure 21. Sedimentation of DNA after Storage of Lysates for Four 
Days 

These lysates (C^-T4amN82 infected E. coli B3) were the same as 
those centrifuged in Figure 20. Centrifugation in this experiment is 
into large, 32 ml, 5-20% sucrose gradients for 4 hours at 24K rpm. 
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Sucrose Gradient Centrifugation of Fresh Lysates of Early 

DNA on Large and Small Gradients. The previous experiment showed 

that early DNA and parental DNA cosediment in small gradients but 

not in large gradients after storage of the lysate. In view of this 

result, one could postulate that a nuclease may act on the DNA during 

the 4 day period during which the lysates were stored. If the covalent 

bond between early DNA and parental DNA were cleaved by an active 

nuclease, the two molecules would not cosediment in a sucrose gradient. 

To preclude this possibility, fresh lysates of IS. coli infected with 

14 3 C -T4amN82 in M-9 medium in presence of H -thymidine were pre

pared for centrifugation in this experiment. Lysate samples were 

obtained at 3, 4, and 5 minutes after infection (Figure 22A, B, and C). 

The results again show a gradual increase in the amount of early DNA 

isolated, as well as a good correspondence in sedimentation coeffi

cients of parental and newly synthesized DNA in 5 ml gradients. How

ever, upon the immediate centrifugation of the same lysates on 25 ml 

gradients (Figure 22D, E, and F) little or no early DNA is detected in 

the 3 or 4 minute samples and sedimentation of early DNA was hetero

geneous in the 5 minute sample. Even though the lysates were centri-

fuged immediately after infection, early DNA is apparently not 

covalently bound to parental DNA in view of these results. Early DNA 

has probably sedimented to the bottom of the large gradient as a heavier 

structure since the total counts dispersed throughout each gradient 
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are not enough to account for the loss of the newly synthesized DNA 

peak. 

Early DNA Formation in Gene 47 Phage Mutant Infected 

Cells, Aged Lysates, and Pronase Digested Lysates. The possibility 

existed that nuclease action on early DNA might occur during the Z\ 

to 4 hours of centrifugation required to separate DNA species on the 

large sucrose gradients. During the centrifugation period, an enzyme 

could cleave the covalent bond of early DNA to parental DNA such that 

there would be no cosedimentation with parental DNA. It was thought 

that any nucleases, or other enzymes and protein which are present 

and active in the lysate, might be digested by pronase, an enzyme 

which digests itself as well as other proteins. In addition, a viral 

mutant T4amN011 defective in gene 47, which codes for the acid-

solubilization of host DNA (Chapter 1), was used to infect the host in 

the hopes that it would not be able to induce the synthesis of proteins 

or enzymes responsible for the modification of early DNA. Conse

quently Frankel high temperature lysates of IC. coli B3 cells that were 

infected for 5 minutes with C^-labeled T4amN82 and T4amN011 in the 

presence of H^-thymidine in M-9 medium, were sedimented before and 

after incubation for 4 hours at 60°C with and without pronase to deter

mine whether the sedimentation of early DNA was affected by high 

temperature incubation, the presence of pronase, or the absence of 

the product of gene 47. 
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The results of the sedimentation of fresh lysates of (Un

labeled T4amN82 and T4amN011 infected cells are shown in Figure 23 

14 where two of the sedimented lysates represent C -T4amN82 infection. 

Some early DNA is observed after T4amN011 infection (Figure 23C) 

but little synthesis is apparent after T4amN82 (Figure 23A and B) 

infections. The T4amN011 lysate and one of the T4amN82 lysates 

were then incubated for 4 hours at 60°C. The results of sedimenta

tion of these lysates are shown in Figure 24A and C, respectively. 

Both gradients showed an increase in the amount of early DNA. The 

other T4amN82 infected lysate (Figure 23B) was also incubated for 

4 hours at 60°C but 2 mg/ml of pronase was present during incuba

tion. The sedimentation of the pronase incubated lysate is seen in 

Figure 24B, where an increase in the amount of early DNA is also 

observed. Regardless of pronase digestion or infection by a host DNA 

breakdown deficient mutant there was a release of early DNA from 

some structure. The release could also be effected by 4 hours of 

incubation at 60°C. Furthermore, incubation at 60°C in the presence 

of pronase had little effect on the size of the DNA sedimented. 

Centrifugation of the same host and pronase treated lysates 

3 days later in small gradients (Figure 25) showed that early DNA 

cosediments with parental DNA but the observed quantity of early DNA 

increased significantly over the quantity found in fresh lysates (Figure 

24). Upon centrifugation of these three-day-old lysates on 25 ml 
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gradients, early DNA sedimented as if it were a heavier structure 

than parental DNA in all three of the gradients (Figure 26A, B, and C). 

Early DNA and marker DNA, isolated from the pronase incubated 

three-day-old lysate of T4amN82 infected cells, also cosedimented in a 

small alkaline gradient, where the high pH ruptures the hydrogen 

bonds of double-stranded DNA, resulting in single-stranded DNA 

molecules (Figure 25D). This cosedimentation of single-stranded, 

newly synthesized DNA and marker DNA in alkaline gradients illus

trates that the single - stranded components in early DNA are of the 

same size as single-stranded components in phage marker DNA. If 

such breaks had occurred, the alkaline gradient would have showed 

3 
H -labeled single - stranded molecules sedimenting at a slower rate 

14 than the single-stranded C -parental DNA. 

The data from the previous experiments illustrate that aged 

lysates contain more early DNA, newly synthesized DNA which sedi

ments with parental DNA on small gradients, than do fresh lysates. 

In addition, the sedimentation of early DNA depends on centrifugation 

conditions even after treatment with pronase or after early DNA is 

synthesized in cells infected with a T4 mutant (amNOll) unable to com

pletely hydrolyze host DNA. These facts suggested that early and 

parental DNA are separate molecules. In addition, the apparent 

"release" of early DNA after incubation for 4 hours at 60°C indicates 

that there is a fragmentation of some larger structure to form or 
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release early DNA, perhaps as a result of a nonenzymatic process. 

Furthermore, early DNA is totally double-stranded, as shown by data 

from sedimentation of DNA in the alkaline gradient. 

Sedimentation of T3, T5, T4 DNA on Large and Small 

Gradients. Large sucrose gradients require longer centrifugation 

times and the DNA is sedimented through longer distances. These 

factors, rather than the modification of early DNA by nuclease diges

tion, may result in a greater separation or resolution of early DNA 

from parental DNA on large gradients than on small gradients. Con

sequently, the apparent cosedimentation of newly synthesized DNA and 

parental DNA in the small gradient may not necessarily mean that the 

two species are of the same size. An experiment comparing the sedi

mentation rate of 3 phage DNA molecules, whose molecular weights 

arc known, on small and large gradients should determine whether 

large gradients have any special resolving power. In Figure 27, the 

sedimentation rate of three phage DNA molecules, T3, T4, and T5, of 

molecular weights 24 X 10^d, 130 X lO^d, and 76 X lO^d (Mathews, 

1971) respectively, are compared on small and large sucrose gradi

ents. In contrast to previously discussed experiments, in which the 

25 ml gradient is subjected to higher centrifugation forces (g-min. )' the 

conditions of sedimentation in both the large and small gradients with 

respect to the centrifugation forces (g-min. ) were kept equivalent. 
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Burgi and Hershey (1963) proposed that the following equa-

0. 35 
tion, S = 0. 080 M (S = sedimentation coefficient and M = molecu

lar weight) is valid for DNA of a molecular weight of less than 

6 
31 X 10 d. The validity of this equation for higher molecular weights 

was tested in this experiment. According to the Burgi-Hershey equa

tion, the above DNA molecules should have the following sedimenta

tion coefficients: T3 = 30. 72S, T4 = 56. 5S, and T5 = 45. 6S. In 

Figure 27 it is seen that the resolution of the different phage DNA 

peaks is the same on the large and small gradients when the centrifu-

gation forces are equal for both gradients. In addition, sedimenta

tion coefficients of the DNA of T3, T4, and T5 are the same values 

respectively, on small gradients as on large gradients. The molecular 

weight or sedimentation coefficients of linear, double-stranded DNA 

molecules can be calculated using the following equation when one DNA 

molecule is used as a reference molecule (Burgi and Hershey, 1963). 

Ic 
In the equation, S2/SJ = (M^/Mj) = D2/D^ , k is a constant of 0.35, 

D is the distance of the molecules from the meniscus of the gradient, 

and T3 is the reference molecule. From this equation, the sedimen

tation coefficient of T4 is calculated as 52. 2S in the small gradient and 

57. 5S in the large gradient. These values compare fairly closely to 

the calculated 56. 5S value which is based on molecular weights. How

ever, T5 also has a calculated sedimentation value of 52. 2S and 57. 5S 

on the small and large gradients respectively and, based on a molecular 
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weight of 76 X 10^d, the sedimentation coefficient of T5 should be 

45. 6S, a much lower value than that calculated from the sucrose 

gradients. As a result, it appears that molecules which share the 

same sedimentation coefficient in sucrose gradients do not necessarily 

have the same molecular weight. It is apparent that other physical 

properties of the DNA molecules may cause the molecules to sediment 

at different rates than expected. 

Burgi and Hershey (1963) have pointed out in their discussion 

of molecular weights and sedimentation coefficients in sucrose gradi

ents, that substances with molecular weights larger than 31 X 10^d, 

such as T4 and T5 DNA's, occasionally demonstrate some sort of 

molecular interaction, which results in an abnormally fast sedimenta

tion of these large molecules. This could explain why T5 appears to 

have a larger molecular weight in the above experiment than its actual 

molecular weight. For some unknown reason, the T4 molecule is 

unaffected and does not undergo an increase of molecular weight in 

this experiment. 

The cosedimentation of early DNA with parental DNA in small 

gradients does not preclude the possibility that they actually have two 

different molecular weights as seen from the results in Figure 27. 

Furthermore, not only do large molecules exhibit unexpected sedimen

tation rates, but other factors, such as the concentration of the DNA 

and the shape of the molecule, could possibly invalidate the 
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Iler shey- Burgi equation for calculating the true molecular weight of 

a particular DNA molecule. Since the structure or physical proper

ties of early DNA are not well known, an accurate estimation of the 

molecular weight of early DNA, on the basis of the Her shey and Burgi 

equation and cosedimentation with viral DNA, would be difficult to 

make. 

Cesium Sulfate and Cesium Chloride Density Gradients of Early DNA 
Formed after Infection of IS. coli 201 with C^-BUDR T4td8 

Newly synthesized DNA is not covalently bound to parental 

DNA according to the previous results from sucrose gradient experi

ments. To further determine whether or not early DNA is attached 

to the infecting phage DNA, DNA was isolated from infected cell 

lysates and analyzed by isopycnic centrifugation in CsCl and CsS04 

density gradient. 

Cesium Sulfate Density Gradients of Early DNA. In cesium 

sulfate, viral and bacterial DNA can be separated by isopycnic cen

trifugation on the basis of density. Viral DNA has a higher buoyant 

density than bacterial DNA because of the presence of glucose groups 

(Erikson and Szybalski, 1964; Erikson, 1969)* Newly synthesized 

DNA which is a product of viral DNA synthesis or is covalently attached 

to parental DNA and is too small to affect the buoyant density of the 

phage DNA will exhibit the same buoyant density as phage DNA. 

14 
E. coli 201 was infected with C -T4amN82 in FJ medium and the 
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resulting DNA was labeled from 1 to 6 minutes after infection with 

3 
H -thymidine present at a specific activity of 18, 000 jic/jimole 

(Figure 28A). In another culture, jE. coli DNA was labeled before 

infection with 18, 000 .uc/umole of H -thymidine and then chased with 

10 .ug/ml or a 73-fold excess of cold thymidine for 10 minutes. The 

prelabeled bacteria were then infected with C^-T4amN82 in the pres

ence of cold thymidine so that any newly synthesized DNA would not be 

labeled (Figure 28B). The data supplied from the two experiments just 

described will provide a comparison of the density of the bacterial 

DNA (Figure 28B) to that of newly synthesized DNA (Figure 28A). The 

DNA from both lysates was deproteinized with pronase and the DNA 

was extracted with isoamyl alcohol-chloroform mixture as described 

in Chapter 2. The purified DNA was centrifuged for 72 hours at 30, 000 

rpm in a cesium sulfate solution of an original density of 1.4345 g/ml. 

Figure 28 shows that there are two different peaks of labeled 

DNA; one of C^^-labeled viral DNA at a buoyant density of 1.448 g/ml 

O 
and one of H -labeled DNA of a buoyant density of 1.427 g/ml. These 

densities compare favorably with the densities reported for T4 and 

E. coli DNA by Erikson and Szybalski (1964): 1.4430 and 1.426 g/ml, 

14 respectively. Although the resolution of the C -parental phage DNA 

and the DNA formed during the first 6 minutes of infection is not 

entirely complete (Figure 28A), the results suggest that the newly 



129  

A. H3 DNA Synthesized B. Hs E. coli DNA After 
from 1-6 Min. After Host Infection by 

C14 am N82 Infection C14 om N82 

85,160 epm 24-6 -

'-Density 1.427 
22-

20-5-

18-

k— Newly 
Synthesized DNA 

14-

y4- 1 6 -

Bacterial DNA 
CL 

12-

10-
o 

8 -2 -

6 -

Density — i 
1.450 Porentol DNA4" 

Parental DNA 
2 -

Dense 20 4 
Fraction Number 

Figure 28. Cesium Sulfate Equilibrium Density Gradient Centrifuga-
tion of Purified DNA from Lysates of Infected Cells 

(A) Infection of E. coli 201 with C14-T4amN82 in FJ medium in the 
presence of H^-TdR from 1-6 minutes after infection. 
(B) Infection of - labeled .E. coli 201 with C -T4amN82 in FJ 
medium in the presence of non-radioactive TdR for 6 minutes after 
infection. 



130  

synthesized DNA is of the same density as that of the control of labeled 

IE. coli DNA (Figure 28B). 

From the above data, it could be interpreted that newly 

synthesized DNA, or early DNA, is host DNA; but, it is also possible 

that the cesium sulfate gradients did not provide sufficient resolution 

to illustrate the presence of a second tritium peak which is of the same 

density of parental viral DNA. In addition, since early DNA was not 

detected on sucrose gradients prior to isopycnic centrifugation, it is 

difficult to determine whether or not early DNA of viral origin was 

synthesized during infection. Furthermore, if it was synthesized, 

purification of DNA might have destroyed any newly synthesized DNA 

which is covalently bound to the parental DNA. The following experi

ments will rule out these objections and will show that early DNA is 

really bacterial DNA synthesized after infection. 

Cesium Chloride Density Gradients of C^-BUDR Phage 

Infected Cells. Another density gradient experiment was performed 

using cesium chloride density gradients to demonstrate the similarity 

of early DNA to bacterial DNA and also to compare my results to those 

reported by Murray and Mathews (1969a). In these experiments, the 

14 
infecting T4td8 phage contained DNA that was labeled with C -BUDR. 

The phage containing heavy labeled parental DNA was freshly prepared 

the day before this experiment to ensure that the phage were viable 

for this experiment. IC. coli 201 were infected with C^-BUDR labeled 
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T4td8. DNA from the infected cell lysates was purified using pronase 

and chloroform-isoamyl alcohol as previously described. Aliquots 

were mixed with CsCl to a density of 1. 75 g/ml and the whole was 

centrifuged for 48 hours at 37, 000 rpm. 

Early DNA was labeled between 0 and 5 minutes after infec-

tion in FJ medium with H -thymidine present at a specific activity of 

18, 000 juCi/;umole. As seen in Figure 29C, DNA synthesized from 

0 to 5 minutes banded at a position that was less dense than phage DNA. 

If uninfected IS. coli 201 were labeled and the cells then infected with 

14 C -BUDR T4td8 for 5 minutes in the absence of any radioactive nucleic 

acid precursors, the DNA from these cells had the same buoyant 

3 14 
density as H -labeled host DNA and C -BUDR labeled viral DNA 

(Figure 29B). The buoyant density of host and viral DNA was deter-

•J 14 
mined by lysing H -labeled IS. coli 201 cells and C -BUDR labeled 

T4td8 phage together and purifying and centrifuging the DNA as de

scribed above (Figure 29A). 

Another experiment was performed in which DNA, synthe-

14 
sized during the first 5 minutes of infection with C -BUDR T4td8, was 

3 
labeled at a specific activity of 16, 000 jiCi/jimole with H -thymine 

(Figure 29D). Werner (1971) proposed that thymine is a direct pre

cursor for replication of DNA. Since the DNA synthesized in the above 

experiments did not correspond to the density of viral DNA, such as 

might be expected of early DNA if it is a prereplicative structure 



Figure 29. Cesium Chloride Equilibrium Density Gradient Centrifuga-
tion of DNA Labeled with H^-Thymidine or H^-Thymine 
during the First 5 Minutes of C^-BUDR T4td8 Infection in 
FJ Medium 

H^-TdR labeled DNA from uninfected IE. coli 201 mixed with C^-BUDR 
labeled DNA from T4td8 (A); H^-TdR labeled IC. coli 201 DNA after 
5 minutes of infection of host with C^-BUDR labeled T4td8 in the 
absence of labeled DNA precursors (B); H^-TdR labeled DNA (C) and 
H^-thymine labeled DNA (D) synthesized during the first 5 minutes of 
infection of E. coli 201 with C ^-BUDR labeled T4td8. 
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(Murray and Mathews, 1969a), thymine was used as a precursor in 

this experiment in the hopes that it might be specifically incorporated 

into early DNA. When the experiment was performed, it was found 

that the amount of H -labeled acid-precipitable counts remaining after 

purification of the DNA was low (20 per cent recovery), and after 

isopycnic centrifugation, the DNA was of the density of host DNA, not 

viral DNA (Figure 29D). The rest of the tritium counts corresponded 

to a very light density similar to that found in all of the gradients. 

Since the fractions collected after CsCl density centrifugation were 

not acid-precipitated, the counts at the top of the gradient might 

correspond to any three radioactive precursors remaining after purifica

tion of the DNA. Reasons for the low incorporation of thymine into 

•2 
DNA and the difficulty in extracting the H -thymine acid-precipitable 

DNA will be discussed further in a later experiment which shows a 

difference between thymine and thymidine incorporation in infected 

cells (Figure 54, p. 199). 

The above experiment illustrates that the majority of DNA 

labeled early in infection is not attached to viral DNA and has a lighter 

buoyant density in CsCl than phage DNA. However, the possibility 

still existed that new DNA which was to be associated with viral DNA 

was not synthesized because of the presence of BUDR in the DNA of the 

infecting phage. Also, the covalently bound DNA might be destroyed 

during the purification process. An experiment similar to that 
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performed by Murray and Mathews (1969a) was carried out below 

using large sucrose gradients for isolation of early DNA for additional 

cesium chloride density gradient centrifugation. 

The Density of Early DNA Isolated from Sucrose Gradients. 

Early DNA was prepared for isopycnic centrifugation by sucrose 

gradient sedimentation of lysates of ]£. coli 201, synchronously 

14 
infected with C -BUDR labeled T4td8 in TG medium in the presence 

of unlabeled thymidine or H -thymidine (specific activity 18, 000 jiCi/ 

jiimole) during the first 5 minutes of infection. 

Figure 30A illustrates the large, 5-20 per cent sucrose 

gradient sedimentation (100 minutes at 24K rpm) of DNA species from 

a lysate in which E. coli cells, whose DNA was labeled prior to infec-

3 
tion with H -TdR, were infected from 0 to 4. 5 minutes with freshly 

14 
labeled C -BUDR labeled T4td8 phage in the presence of unlabeled 

thymidine. It appeared that the labeled bacterial DNA was degraded 

to a species which coscdiments with parental viral DNA. The frac

tions containing cosedimenting early and viral DNA (Figure 30) were 

then isolated and centrifuged in cesium chloride gradients as pre

viously described. The results in Figure 31A show a complete sepa

ration of more dense viral DNA from tritiated bacterial DNA. 

3 14 
A peak containing H -labeled early DNA and C -labeled phage 

DNA was observed after sucrose gradient centrifugation of lysates of 

cells infected with C^-BUDR T4td8 and labeled from 0 to 4. 5 minutes 
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(Figure 30B) and Z to 4. 5 minutes (Figure 30C) after infection. The 

cosedimenting DNA from these sucrose gradients (Figure 30A and B) 

14 separated into a denser C -parental viral DNA and light, newly-

synthesized, tritium-labeled DNA, or early DNA, after centrifugation 

in cesium chloride density gradients (Figure 31B and C). 

Cosedimentation of the two species on sucrose gradients 

suggest similarities in size and/or shape of early and viral DNA; how

ever, the CsCl gradients show that these DNA species have highly 

different buoyant densities. These studies did not show that newly syn

thesized material was attached to the heavy viral DNA, as was reported 

by Murray and Mathews (1969a). This experiment was repeated num

erous times with similar results. Based on the similarity between the 

boyant densities of labeled host DNA and early DNA labeled after infec

tion, the results provide additional evidence that early DNA is in fact 

bacterial DNA which has been synthesized after infection. During 

infection the newly synthesized host DNA may fragment to particles 

which have a similar sedimentation rate as parental phage DNA. 

The Synthesis and Degradation of Bacterial DNA after 
Infection as Related to Early DNA 

The next series of experiments will deal with the hypothesis 

that bacterial DNA synthesis does occur after infection and the resulting 

nascent host DNA is subsequently degraded to molecules which can 
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cosediment with viral DNA in sucrose gradients. Experiments will be 

presented showing that this degraded host DNA is the same as early 

DNA found by Murray and Mathews (1969a). 

Sedimentation of Labeled Host DNA Following Viral Infection 

Cosedimentation of Labeled Bacterial DNA after Infection in 

Small but not Large Gradients. The following experiment was per

formed to ensure that labeled bacterial DNA of E. coli 201 after infec

tion with C^-T4amN82 exhibits the same sedimentation pattern on 

large and small gradients as does DNA synthesized during the first 5 

minutes of T4amN82 infection of .E. coli. The DNA of JE. coli B3 was 

labeled prior to infection by incubating the cells in the presence of 

tritiated thymidine at a specific activity (sp. act.) of 18,000 uCi/jumole 

for 1.5 minutes and then flooded with 143-fold excess of cold thymidine 

to dilute the radioactive thymidine. Fifteen seconds later, the cells 

were infected for 5 minutes, and the resulting DNA lysate of tritiated 

host DNA labeled prior to infection and -labeled viral DNA were 

found to sediment as in Figure 32A. Two peaks appear, one which 

sediments rapidly and one which cosediments with parental DNA. A 

similar sedimentation profile of early DNA (labeled DNA synthesized 

within the first 5 minutes of infection) was seen earlier in Figure 17C. 



Figure 3Z. Sedimentation of Acid-Precipitable IS. coli B3 DNA from 
Fresh and Aged Lysates of C^-T4amN82 Infected Cells 

Infection of ]E. coli with prelabeled DNA proceeded in M-9 medium in 
the presence of unlabeled DNA precursors and lysates were centri-
fuged through large and small sucrose gradients. 
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The same lysate of C^-T4amN82 infected IS. coli B3 which 

contained labeled DNA prior to infection was centrifuged a few days 

later on a small gradient (Figure 32B) and a large gradient (Figure 

32C); and it was found that the prelabeled host DNA cosediments with 

viral DNA, in one peak on the small gradient and at a faster rate than 

the marker DNA on large gradients, observed during early DNA sedi

mentation in previous experiments (Figures 20 and 21). In addition, 

it should be noted that there was also an increase in the recovery of 

tritiated acid-precipitable material, from 32 per cent to 68 per cent, 

after centrifugation of the two-day-old lysate. A similar increase in 

recovery was observed upon the incubation of early DNA lysates at 

60 C for 4 hours (Figures 23 and 24). 

The above experiment illustrates the similarity between the 

sedimentation of host DNA after infection and the sedimentation of 

DNA synthesized during the first 5 minutes of infection, early DNA, 

from both fresh and aged lysates on small and large gradients. These 

experiments also indicate that labeled bacterial DNA present before 

infection may be fragmented in a stepwise fashion early in infection 

such that two host DNA peaks are observed during the sedimentation of 

a fresh lysate. Unfragmented host DNA would have a molecular weight 

9 of about 2.3X10 d and could not be detected in these gradients. These 

results suggest that early DNA is host DNA, synthesized and then 

fragmented after infection. 
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Factors which Affect Host DNA Degradation After Infection 

Additional experiments were performed to determine whether 

or not the fragmentation of bacterial DNA after infection and the syn

thesis of host DNA is affected by mitomycin C and chloramphenicol in 

a similar manner in which early DNA production is affected. 

Early DNA Synthesis in Cells Infected in the Presence of 

Chloramphenicol. The following experiment examined the effect of 

chloramphenicol on early DNA synthesis. The pretreatment of the 

host with mitomycin C previously resulted in the reduction of early 

DNA synthesis, as would be expected if early DNA is actually frag

mented host DNA synthesized after infection. The role of proteins in 

either fragmentation or synthesis of DNA after infection can be exam

ined by treating the cell with chloramphenicol during T4amN82 infec

tion of E. coli and demonstrating the presence or absence of early, or 

fragmented, DNA. 

Figure 33 shows the sucrose gradient sedimentation of DNA 

O 
species labeled with H -thymidine in M-9 medium from 1. 5 to 5 min

utes after infection of E. coli B3 with C^^-labeled T4amN82 (A) and 

after C*^-T4amN82 infection of E. coli B3 which was treated with 

chloramphenicol for 5 minutes before infection (B). The control of 

untreated infected cells (Figure 33A) shows early DNA synthesis but a 

larger amount of early DNA was synthesized in infected cells treated 
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with chloramphenicol during the 5 minute period of infection (Figure 

33B). Nomura et al. (1966) and Duckworth (1971) have shown that 

phage protein synthesis is necessary for the shutoff of host DNA 

synthesis after infection and accordingly more early DNA synthesis 

would be expected upon infection of CM-treated cells if early DNA 

represents the synthesis of bacterial DNA after infection. . 

Bacterial DNA Degradation in Mitomycin C-Treated Cells 

and in the Presence of Chloramphenicol. If early DNA represents 

fragmented host DNA, MC and CM should have the same effects on 

the sedimentation of DNA synthesized after infection as they do on the 

sedimentation of host DNA from infected cells whose DNA was labeled 

prior to infection. To test this the following experiments were per

formed. Host cells (E. coli B3) were treated with 50 jig/ml of MC 

and then were incubated in the presence of 18, 000 juCi/jumole of H -

thymidine for 1. 5 minutes at which time a 143-fold excess of cold 

14 thymidine was added. The cells were then infected with C -labeled 

T4amN82 and upon sucrose gradient sedimentation of the resultant 

lysates, little DNA synthesis was evident and little early DNA (Figure 

34A) or fragmented bacterial DNA was produced. On the other hand, 

when the DNA of the untreated host was labeled for 1. 5 minutes with 

H -thymidine, diluted with unlabeled thymidine and then infected in the 

presence of 100 jug/ml of chloramphenicol, sedimentation of the DNA 

of this lysate revealed a large amount of "early DNA" like, bacterial 



Figure 34. Sedimentation of Most Labeled DNA after Infection of Cells 
Treated with MC and CM, and after High Temperature 
Incubation of the Lysates 

Sucrose gradient analysis of acid-precipitable DNA after lysis of 
infected cells which were labeled with H^-TdR prior to infection after 
MC treatment (A), or from H^-TdR labeled untreated I£. coli B3 
infected with C -T4amN8Z in M-9 medium in the presence of CM (B) 
followed by incubation of this lysate for 3 hours at 60°C (C). 
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DNA (Figure 34B) just as in the previous experiment (Figure 33B). 

Upon further incubation of the chloramphenicol-treated lysate for 3 

hours at 60°C (Figure 34C), the per cent recovery of labeled DNA 

increased from 23 per cent to 73 per cent, and a more rapidly sedi-

menting DNA species appeared in the gradient. The untreated control 

lysate (Figure 32A) exhibited a similar rapidly sedimenting DNA peak 

in addition to the viral cosedimenting material. 

The two previous experimental results show that host DNA syn

thesis is necessary for the appearance of early DNA. A bacterial 

enzyme, whose synthesis is not affected by chloramphenicol, may be 

necessary for the fragmentation of host DNA from a molecular weight 

• Q 
of 2.4 X 107d to a species which has the same or larger sedimentation 

Q 

rate than parental viral DNA (2 X 10 d). It is also possible that 

mechanical manipulations during lysis or layering on gradients might 

have caused breakage of host DNA. Any additional fragmentation of 

bacterial DNA or release of early DNA (Figure 34C) could be a result of 

the exposure of the DNA to heat, for long periods of time, or fragmenta

tion of the DNA as a result of convection forces within the lysis fluid. 

Kinetics of Bacterial DNA Synthesis after Flooding the Cells 

with Cold Thymidine. The above experiment supports the.theory that 

early DNA is bacterial DNA, but it is still possible that upon the ini

tiation of infection, not all of the tritiated thymidine is diluted out by 

the addition of the cold thymidine, 30 seconds after infection. If this 
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is the case, some of the radioactive precursors could be incorporated 

into a viral, early DNA species. In order to show that early DNA is 

a result of bacterial DNA synthesis and no incorporation of labeled 

precursors into viral DNA occurs, the following experiment was per

formed. 

The appearance of acid-precipitable material upon the addi

tion of cold thymidine was followed by incubating _E. coli B3 in M-9 

3 medium in the presence of 18, 000 juCi/jimole of H -thymidine for 1. 5 

minutes, at which time a 286-fold excess of cold thymidine was added. 

Aliquots (0. 01 ml) were pipeted onto filters and acid-precipitated. 

' « 3 
Five minutes after the addition of H -thymidine, an uninfected sample 

was obtained for lysis and sucrose gradient sedimentation. Some 

acid-precipitable tritiated material was synthesized after the addition 
i 

of cold thymidine, indicating that tritiated thymidine could be incor

porated into DNA after the addition of cold thymidine (Figure 35A). 

To ensure that even a small amount of incorporation after infection 

would not occur in future experiments, the infections in all experiments 

hence, including the first experiment in which prelabeled ID. coli DNA 

was sedimented after infection in sucrose gradients (Figure 30A), 

start 5 to 10 minutes after the addition of cold thymidine. 

Lysis of E. coli B3 with .Labeled DNA in the Presence of a 

cl4_T4amN82 Marker DNA. The appearance of early DNA or frag

mented bacterial DNA could also be a result of the lysis procedure 



Figure 35. Synthesis of E. coli DNA after Dilution of Label and 
Sedimentation of Labeled DNA from Uninfected Cell 
Lysates 

Kinetics of incorporation of H^-thymidine for 1. 5 min into acid-
precipitated DNA of uninfected JE. coli B3 in M-9 medium and after 
addition of unlabeled TdR (A); and sedimentation of H^- DNA from the 
uninfected IS. coli B3 cells from fresh (B) and aged lysates (C). 
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such that early DNA would also be observed upon lysis of uninfected 

labeled bacteria. This possibility was investigated by lysing unin

fected bacteria with labeled DNA used in the above experiment, in the 

presence of C^-T4amN82 phage as marker DNA. The lysates were 

then centrifuged on small gradients (Figure 35B) as in previous experi

ments. The results show that 82 per cent of the DNA sedimented to 

the bottom of the 5 ml gradient, with no significant cosedimentation 

of tritiated material with marker viral DNA. However, eight days 

later, sucrose gradient sedimentation of the same lysate showed that 

the lysate contained fragmented labeled bacterial DNA (Figure 35C), 

and the per cent recovery of labeled material from the gradient in

creased from 12 per cent to 79 per cent. A portion of this DNA 

cosedimented with phage marker DNA and other species sedimented 

at a faster rate. This additional breakage of bacterial DNA upon 

storage of the lysate may be due to the release of host DNA from 

membrane structures or proteins which might normally protect the 

DNA from breakage, rather than the hydrolysis by enzymes resistant 

to denaturation during lysis. However, the formation of early DNA as 

observed in fresh lysates appears to be a result of some virus-induced 

process rather than induced by mechanical means since early DNA is 

not found in fresh lysates of uninfected cells. The following experi

ments will investigate the origin of early DNA further. 
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Low Temperature Lysing Procedure and Infection with Phage 

Ghosts. A low temperature lysing procedure, described in Chapter 2, 

was used in the following experiment to determine whether or not 

early DNA might be formed by a non-enzymatic process simply because 

the infected bacterial cell is more susceptible to DNA breakage than 

are uninfected cells. This low temperature lysing procedure is 

designed such that nuclease action presumably does not occur during 

lysis. However, it should be noted that when this lysing procedure 

was used the recovery of radioactive DNA, even from infected cells, 

was often quite low. The low recovery can probably be attributed to 

incomplete lysis of the cells. 

Lysis was performed at 0°C in the presence of sodium lauryl 

sarcosinate and lysozyme. This procedure does not lyse the phage 

coat to release marker viral DNA and as a result phage marker DNA 

was added to the gradients by lysing (low temperature) unlabeled 

C^-T4amN82 infected cells. The involvement of a bacterial enzyme in 

the fragmentation of bacterial DNA after infection was also investigated 

Ipy infecting cells containing labeled DNA with phage ghosts, i. e. , 

virus particles composed of only the outside phage coat and thus con

tain no virus genetic material. 

3 E. coli 201 was labeled in FJ medium with H -thymidine 

(sp. act. 18, 000 juCi/jumole) for 2 minutes and the label diluted with 

200-fold excess cold thymidine for 10 minutes. The uninfected cells, 
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which contained labeled bacterial DNA, did not contain early DNA or 

a significant amount of degraded or broken bacterial DNA as observed 

in Figure 36A. In addition, little host or early DNA was detected 

when bacteria containing labeled DNA were challenged with phage 

ghosts for 5 minutes at 0°C in the presence of a carbon source 

(Figure 36B). After adsorption of phage ghosts to the labeled cells at 

0°C, the cells were incubated for 5 minutes at 37°C. Sedimentation 

of the cells after low temperature lysis showed degraded host DNA 

cosedimenting with marker viral DNA (Figure 36C). 

These results indicate that host DNA degradation during the 

first '5 minutes after infection is performed by bacterial enzymes at 

physiological temperatures and is not affected by the lysis procedure 

or by the presence of virus-induced enzymes within the cell. However, 

it should be recognized that although phage ghost infection appears to 

induce bacterial DNA degradation at 37°C, the phage coat is known to 

produce certain host membrane-related phenomena, such as leakage 

of metabolites from the cell and inhibition of uptake of precursors for 

macromolecular synthesis processes which do not normally occur 

during phage infection (Duckworth, 1970b). In other words, phage 

ghost infection, may produce a far more drastic effect on the cell 

membrane than that which occurs normally during infection. However, 

this result, in conjunction with others such as the chloramphenicol 

effect (Figures 33 and 34), suggest that a bacterial enzyme is 
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responsible for degradation of host DNA to a size similar to that 

found for early DNA. 

The Effect of Nutrients and Temperature on the Degradation 

of Bacterial DNA. Temperature appeared to affect the ability of a 

ghost-infected cell to degrade the host DNA in the previous experi

ment. The following experiment was performed to determine whether 

or not the phage-infected cell, as well as the ghost-infected cell, is 

affected by temperature in its ability to produce fragments of host 

DNA which cosediment with parental viral DNA. If temperature can 

affect.the degradation of host DNA, the presence or absence of growth 

nutrients such as a carbon source might also affect the ability of the 

cell to disrupt bacterial DNA. These premises were tested using the 

high temperature lysing procedure to obtain host DNA which was 

labeled before infection in M-9 medium as described in the previous 

experiment (Figure 36). 

Figure 37A illustrates the results of a control experiment 

which demonstrated that degradation of bacterial DNA does not occur 

in uninfected labeled bacteria. However, after incubation of phage 

ghosts with _E. coli 201 at 37°C for 5 minutes in the presence of a 

carbon source, glucose, a rapidly sedimenting peak did appear (Figure 

14 
37B). When C -T4amN82 was adsorbed with the host containing labeled 

DNA at 0°C in the presence of glucose (Figure 37C), the only signifi

cantly fragmented DNA in the lysate sedimented near the bottom of the 



Figure 37. The Effect of a Carbon Source, Temperature, and Ghost or 
Phage Infecting Particles on Degradation of Host DNA 

Sedimentation analysis of H -prelabeled DNA of E. coli 201 after 
high-temperature lysis of uninfected cells (A), phage-ghost and 
C ^-T4amN82 infected cells which were infected at 0° or 25°C, with 
or without glucose (B-E). 
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gradient. There were only a limited amount of DNA fragments 

corresponding to the sedimentation rate of marker viral DNA. When 

3 bacteria containing H -thymidine labeled DNA were adsorbed with 

C^-T4amN82 phage in the absence of glucose for either 1 minute 

(Figure 37D) or 5 minutes (Figure 37E) after infection at room 

temperature (25°C), bacterial DNA degradation to molecules which 

sediment at the same rate as phage DNA was largely inhibited. Large 

amounts of rapidly sedimenting DNA were present in both gradients. 

These results illustrate that phage adsorption in the presence 

of glucose at 0°C, or in the absence of glucose at 25°C, does not 

result in the automatic inducement of bacterial DNA degradation to 

v 
early DNA-like sedimenting molecules. This result is similar to that 

observed previously during phage ghost preadsorption (Figure 36). 

The fragmentation of host DNA to particles which sediment at the 

same rate as phage DNA could therefore be due to an ATP-dependent 

deoxyribonuclease, a bacterial enzyme or nuclease which requires 

ATP for activity (Tanner and Oishi, 1971). As a result, cellular 

metabolism, which is dependent on both a carbon source such as 

glucose and physiological temperatures such as 37°C, would produce 

the necessary energy, in the form of ATP, for the degradative action 

of the nuclease. 
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Activation of the Degradation of Host DNA in C^~T4amN82 

Infected Cells by a Shift in Temperature. The dependence of the host 

DNA degradation process on temperature during infection is illus

trated further in Figure 38A and B. Figure 38A shows limited DNA 

degradation after adsorption of bacteria containing labeled DNA with 

14 o 
the C -T4amN82 phage for 5 minutes at 0 C in the presence of glucose. 

Figure 38B illustrates the degradation of host DNA upon shifting the 

preadsorbed culture to a temperature of 37°C for 5 more minutes in the 

presence of glucose. This results in the production of both rapidly 

sedimenting DNA and DNA which cosediments with viral DNA, as does 

early DNA. 

Addition of Glucose to Activate Bacterial DNA Breakdown in 
v 

IS. coli 201 Infected with T4td8. Some of the observed fragmentation of 

host DNA might be a result of a time-dependent degradation process 

in which host DNA degradation does not occur until after adsorption 

has proceeded for 5 or 10 minutes, regardless of the presence of 

nutrients or the culture being at a temperature of 37°C. In addition, 

the degradation phenomenon might occur only after infection with an 

amber phage mutant. To eliminate these possibilities and further 

demonstrate the dependence of host DNA fragmentation on temperature 

and a carbon source, an experiment was performed below in which 

these factors were varied. The results are shown in Figure 39. 



Figure 38. Effect of 0°C to 37°C Temperature Shifts on Host DNA 
Fragmentation in C^ -T4amN82 Infected E. coli 201 

O 
Sedimentation analysis of H -labeled DNA of E. coli 201 after 
C^-T4amN82 infection in M-9 medium at 0°C for 5 min in the 
presence of glucose (A) and (B) at 0°C for 5 min and then shifting 
the culture to 37°C for 5 min in the presence of glucose. 
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3  .E. coli 201, containing DNA labeled with H -thymidine was 

14 lysed in' presence of C -labeled T4td8 (Figure 39A). Rapidly sedi-

rrlenting DNA was detected near the bottom of the gradient in this 

uninfected sample and a small amount of DNA sedimented in the 

3 
vicinity of viral DNA. In Figure 39B and C, ID. coli 201, H -labeled 

in cell DNA, was lysed after adsorption of C^-T4td8 for 5 and 10 

minutes at 0°C. In these samples some DNA which sedimented near 

marker DNA was also detected, and, in addition bacterial DNA frag

ments were detected at the bottom of the gradient. The small amount 

of fragmentation of host DNA in these experiments might be attributed 

to mechanical fragmentation of DNA during preparation for sedimen

tation. Figure 39D illustrated the sedimentation of labeled host DNA 

3 
from a sample in which _E. coli containing H -labeled DNA was 

adsorbed with C^-T4td8 for 5 minutes at 0°C and then incubated for 

5 more minutes at 37°C in the absence of a carbon source. In this 

experiment, most DNA rapidly sedimented as a peak near the bottom 

of the gradient while a slightly larger amount of DNA than was observed 

in Figure 39A, B, and C s.edimented in the region of the marker viral 

DNA. Earlier experiments (Figure 37E) showed little 55S DNA sedi-

menting under conditions similar to the present experiment. Either 

the lysates were handled more gently in the earlier experiment or the 

shorter total incubation time and a lower temperature of 25°C in the 

presence of glucose resulted in a slower degradation of DNA and a 
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much smaller amount of fragmented DNA being formed (Figure 37E). 

It is also possible that in the present experiment (Figure 39D), any-

endogenous glucose or ATP which could not be removed when the 

cells were washed before infection, might have enabled some degrada-

, tion to occur at 37°C. The same experiment (Figure 39D) was per

formed again (Figure 39E), except that glucose was added for 5 

minutes at 37°C after the cells were preadsorbed with phage at 0°C 

for .5 minutes without a carbon source. A significant degradation of 

labeled host DNA to DNA which sediments in the vicinity of marker 

viral DNA occurred as would be expected upon the addition of glucose 

to the medium. 

One final experiment was performed which illustrates the 

degradation of host DNA after host cells are incubated without glucose 

at 0°C for 5 minutes, shifted to a' 37°C water bath for 5 more minutes, 

and incubated for an additional 5 minutes after the addition of glucose 

to the culture (results not shown). In this experiment, as in the 

previous experiment (Figure 39E), there was a large amount of degrada

tion of host DNA to DNA which cosedimented with viral DNA and to 

DNA which rapidly sedimented. Recovery of acid-precipitable DNA 

from the gradient was about 80 per cent. In this experiment the 

control which was infected for 5 minutes at 0°C without glucose and 

for 5 more minutes at 37°C without glucose showed host DNA 
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fragmentation to rapidly sedimenting DNA but not to any significant 

amount of 55S sedimenting material. 

Possible Endonuclease Involvement in Bacterial DNA 

Degradation. The results of previous experiments involving infection 

of chloramphenicol treated cells and infection by phage ghosts suggest 

that a bacterial enzyme or nuclease might be involved in the degrada

tion of host DNA after being activated by bacteriophage infection, the 

injection of viral DNA, or the alteration of the cell membrane 

(Duckworth, 1971). 

A bacterial mutant, ER22, which is deficient in endonuclease 

I, was used as a host for infection by T4amN82 (Figure 40) to deter

mine whether or not this enzyme is involved in the degradation of the 

tritiated labeled bacterial mutant DNA. As seen in Figure 40A and B, 

the uninfected controls of the bacteria JE. coli 201 and E^ coli ER22 

show no degradation of the labeled DNA. However, in Figure 40C, 

infection of IS. coli ER22 containing labeled DNA at 37°C for 5 minutes 

in the presence of glucose, resulted in the degradation of some host 

DNA to DNA which scdimonted with viral DNA and other DNA which 

sedimented more rapidly than phage DNA. Since host DNA degradation 

occurred even when the endonuclease I negative mutant was used as a 

host, it was concluded that endonuclease I is probably not involved in 

the initial degradation of the host DNA during the first 5 minutes of 

infection. 
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Figure 40. Host DNA Breakdown in an Endonuclease I Negative 
Mutant 

Sedimentation analysis of H -prelabeled DNA of uninfected E. coli 201 
(A) and E. coli ER22, endonuclease I mutant (B), and T4amN82 
infected E. coli ER22 for 5 min in the presence of glucose (C). 
c!4_T4amN82 phage was present during lysis for viral DNA marker. 
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Investigation of the Amount of Bacterial and 
Viral DNA Synthesized after Infection 

Hybridization was next used to distinguish between the incor

poration of precursors into host and phage nucleic acids. The 

hybridization results should show that bacterial and not viral DNA 

synthesis occurs early in infection and thus represents "early DNA" 

synthesis. 

The Kinetics of Continuous Isotope Incorporation into 

Bacterial and T4 Hybridizable DNA after Infection. Any labeled DNA 

synthesized after infection can be annealed to single-stranded viral 

(T4) DNA or bacterial (E. coli) DNA which has been fixed on Millipore 

filters, using the technique of hybridization described in Chapter 2. 

Any newly synthesized DNA which is complementary to the appropriate 

DNA fixed on the filter, or has similar DNA sequences, will hybridize 

to the respective filter-fixed DNA. In this way the kinds of DNA 

synthesized after infection can be identified. 

The results of a hybridization experiment in which IE. coli 

201 was infected with C14-T4amN82 in FJ medium in the presence of 

3 H -thymidine (sp. act. 18,000 jiCi/jimole) from 2 minutes before 

infection until 6 minutes after infection are shown in Figure 41. A 

sample of the uninfected culture was removed after 2 minutes of 

labeling. At this time the culture was infected and samples were 

removed at 30 second intervals. The samples were lysed according to 



Figure 41. .E. coli and T4 Hybridizable DNA Synthesized in Uninfected 
and T4amN82 Infected Cells 

Hybridization of DNA synthesized during infection of I£. coli 201 in FJ 
medium with C^-labeled T4amN82 to either T4 DNA or ]£. coli 201 
DNA. Cells were continuously labeled for two minutes before infec
tion and for six minutes after infection in the presence of H^-thymidine. 
Samples were taken just before infection and at 30 second intervals 
after infection, the DNA extracted with phenol, sonicated and heated, 
and then incubated with T4 DNA or E. coli DNA immobilized on filters. 
The extracted tritium counts hybridized to host or viral DNA are shown 
in A, and the per cent of the total tritium labeled DNA which hybridized 
to host or viral DNA is shown in B. 
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the high temperature lysis procedure, phenol extracted, sonicated 

and heated, and finally hybridized with E,. coli DNA or T4 DNA, both 

of which were immobilized on filters. As seen in Figure 41A, prac

tically all of the tritiated DNA synthesized after infection hybridized 

to bacterial DNA, with an insignificant amount, from 0 to 2 per cent 

of the total DNA from each sample, hybridizing with viral DNA 

(Figure 41B). The 0 to 2 per cent hybridization probably represents 

nonspecific hybridization of labeled bacterial DNA to viral DNA, which 

is about 1 to 2 per cent of the input DNA as determined by annealing 

H^-E. coli DNA to immobilized T4 DNA. Bacterial DNA synthesis 

continued until about 1. 5 minutes after infection and then stopped 

around 2. 5 minutes. About 4 minutes after infection, DNA synthesis 

was greater than the initial host DNA synthesis. In agreement with 

the results from isopycnic centrifugation studies, host DNA synthesis 

after infection can be detected by hybridization, when the synthesized 

DNA is labeled with isotopic precursors which have sufficiently high 

specific activities, such as those employed by Murray and Mathews 

(1969a). 

Just as Murray and Mathews (1969a) found that early DNA 

hybridized to Frankel DNA, these studies also demonstrated a similar 

3 hybridization (data not shown). However, H -labeled ]£. coli DNA was 

also found to hybridize to filter-fixed Frankel DNA, which was isolated 

from a 5-20 per cent sucrose gradient as described in Chapter 2, with 
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a 6 per cent efficiency and viral DNA with an efficiency of 10. 6 per 

cent. These results suggested that in these experiments and possibly 

in Murray and Mathews1 (1969a) experiments, replicating DNA might 

be contaminated with host DNA. 

Bacterial DNA Synthesis after Infection 

To further investigate the incorporation of precursors into 

DNA after infection, the rate of bacterial and viral DNA synthesis 

after infection, as effected by DNA and protein synthesis inhibitors, 

was next examined using hybridization techniques. 

The Rate of Incorporation of Precursors into DNA in Infected Cells 

One minute pulse-labels after infection of IS. coli 201 with 

T4td8 and T4amN82 were used to determine the rate of synthesis of 

host or phage DNA in the following experiments. The incorporation of 

label into DNA over a 1 minute period of time should represent 

almost the entire amount of DNA synthesized during the pulse since 

there should be little breakdown of DNA in 1 minute. More degrada

tion might occur during a longer labeling period and the newly synthe

sized DNA would represent that DNA remaining after any acid-

solubilization. Thus these experiments should eliminate the unlikely 

possibility that during a 6 minute labeling period early viral DNA might 

be synthesized and then degraded such that it could not be detected in 

the previous kinetic hybridization experiment (Figure 41). 
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Pulse-Labeling of DNA during T4amN82 Infection. The non-

permissive host E. coli 201 was incubated in the presence of 0. 1 jig/ml 

of unlabeled thymidine and 1 ml of the cells was removed and incubated 

3 
with H -thymidine for one minute. The remaining cells were infected 

14 
with C -labeled T4amN82 and at one minute intervals, 1-ml samples 

3 were removed from the infected culture and were labeled with H -

thymidine (sp. act. 11, 000 jic/jamole) for one minute. The incorpora

tion of labeled precursors into DNA was stopped by the addition of a 

0°C, EDTA, NaCN, lysozyme lysing fluid (see Chapter 2) and chilling 

the mixture to 0°C. The lysates were extracted with phenol and the 

DNA tested for the ability to hybridize to I£. coli DNA or T4 phage DNA. 

The results of this experiment are shown in Figure 42. The rate of 

synthesis of E. coli DNA increased from 0 to 2 minutes after infection 

and then decreased from 2 until 4 minutes after infection. At 4 min

utes after infection, the rate of incorporation increased very slightly 

during the next 4 minutes. Acid-precipitation of counts from the crude 

lysates before extraction (data not shown), including the sample from 

5 to 6 minutes, demonstrated the same pattern in rates of synthesis 

cxccpt that there was a leveling off of the rate of DNA synthesis from 

4 until 7 minutes after infection, after which the rate increased 

slightly. The acid-precipitated samples in a later experiment (Figure 

56, p. 205) show a similar pattern. 



Figure 42. Rate of Synthesis of E.' coli and T4 Hybridizable DNA in 
T4amN82 Infected E. coli 201 

The DNA synthesized in sequential one minute pulse periods with 
H^-thymidine in E. coli 201 infected with C^^-labeled T4amN82 was 
mixed with .E. coli or T4 phage DNA and placed under annealing 
conditions. The sample taken from 5 to 6 minutes after infection was 
accidentally destroyed. The bar graph represents corrected 
hybridizable counts where the counts were normalized to 100% 
hybridization efficiency. 
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Figure 42. Rate of Synthesis of E. coli and T4 Hybridizable DNA in 
T4amN82 Infected E. coli 201 
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Less than 1 per cent of the total bacteria arc uninfected after 

5 minutes of infection, so any continued synthesis of DNA cannot be 

attributed to DNA synthesis in uninfected cells. These results are in 

agreement with the results of the previous experiment (Figure 41A) 

where net synthesis of DNA which hybridized to host DNA was observed 

during infection but there was no significant hybridization of the early 

synthesized DNA to viral DNA. 

In order to ensure that the DNA was of sufficient size for 

optimal hybridization under the annealing conditions employed, the 

DNA samples were treated with a hot alkaline solution (no sonication) 

and then neutralized. The hot alkaline treatment of double-stranded 

DNA resulted in the separation of DNA into single strands and frag

mentation of the DNA. The resultant annealing DNA hybridized with a 

greater efficiency than when the DNA samples are sonicated, probably 

because the alkaline treatment denatures any contaminating protein on 

the DNA, and hydrolyzes any RNA species which might anneal to the 

fixed DNA and block the hybridization of labeled DNA. Fragmentation 

of DNA still occurs in this procedure (Cohen and Chang, 1970; 

Tomizawa and Ogawa, 1968). 

Pulse-Labeling of DNA during T4td8 Infection. To test whether 

host DNA synthesis was inhibited upon infection of this same host with a 

wild-type thymidine requiring phage, T4td8, a pulse-labeling experiment 

similar to the previous experiment (Figure 42), was performed. The 
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results are shown in Figure 43. In contrast to the T4amN82 infection, 

there was an immediate decrease in the initial rate of bacterial DNA 

synthesis as shown by a decline in radioactive precursors incorpo

rated into host DNA upon infection. However, from 2 to 4 minutes 

after infection, there was an increase in the rate of host DNA syn

thesis followed by a decrease in the rate of synthesis from 4 until 7 

minutes after infection. After 7 minutes of infection, the rate 

increased again and continued to do so until at least 9 minutes after 

infection. Total acid-precipitable counts of these samples before 

extraction confirmed these changes of rates of synthesis for the first 

5 minutes of infection. Furthermore, a duplicate experiment (not 

shown) showed the same results. 

Viral DNA synthesis was not observed in these hot alkali-

denatured samples during the first 5 minutes of infection. However, 

after 5 minutes of infection, when the rate of host nucleotide incorpo

ration decreased for a second time, viral DNA replication commenced. 

It appears that infection of IS. coli 201 with wild-type phage resulted 

in an initial inhibition of host DNA synthesis when compared to 

T4amN82 infection, but the rate of host DNA synthesis increased from 

2 to 4, remained level from 4 to 7, and then increased from 7 to 9 

minutes. This increase in rate of incorporation into host DNA was 

also observed during T4amN82 infection from 4 to 8 minutes after 

infection. 



Figure 43. Rate of Synthesis of _E. coli and T4 DNA in T4td8 Infected 
E. coli 201 

•3 
Cells were incubated in FJ medium with H -thymidine for one minute 
pulses before and after infection. The DNA was extracted with phenol 
from the pulsed samples, and placed under annealing conditions with 
either JE. coli or T4 phage DNA. 
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Pulse-Labeling of DNA during Synchronized T4td8 Infection. 

Pulse-labeling in the two previous experiments (Figures 42 and 43) was 

carried out in such a way that the first sample is a one minute pulsed, 

uninfected, bacterial DNA sample. This point was determined in 

order to estimate the pre-infection rate of host DNA synthesis. One 

minute later the unlabeled bacterial culture was infected with phage, 

and samples were removed for purposes of pulse-labeling. Because 

of this procedure, synchronization of infection was not controlled to 

ensure that all infected cells commenced DNA synthesis at the same 

time. Under these nonsynchronized conditions, the rate of DNA syn

thesis in the infected cells (Figures 42 and 43) may reflect DNA synthe

sis of cells in different stages of infection. 

A pulse-labeling experiment, performed in a manner similar 

to that described for the previous experiments (Figures 42 and 43), 

was repeated under conditions of a synchronized infection. Synchroni

zation was achieved by permitting adsorption of the phage to bacteria 

at 0°C in FJ medium for 5 minutes. The infection was initiated by 

transferring the cells to a 37°C bath where they were pulsed at one 

•J 

minute intervals. The rate of incorporation of H -thymidine into host 

and viral DNA under these conditions is shown in Figure 44. The 

increase in the rate of host DNA synthesis occurred 2 minutes later 

than in unsynchronized cultures. Viral DNA replication commenced at 

7 instead of 5 minutes after infection as was observed in unsynchronized 



Figure 44. The Rate of Synthesis of ID. coli and T4 DNA after a 
Synchronized Infection of .E. coli 201 with T4td8 

Cells were incubated with -thymidine for one minute pulses after 
preadsorption of cells with phage at 0°C. The DNA was extracted from 
the sequentially pulsed sample and placed under annealing conditions 
with either E. coli or T4 phage DNA. The sample from 4-5 minutes 
was accidentally destroyed. 
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cultures. This delay may be attributed to the time required to warm 

up the incubation medium from 0°C to 37°C so that DNA synthesis 

can proceed at a normal rate. There was no indication of the synthe

sis of any viral DNA-hybridizable material during the first 5 minutes 

of infection. Acid-precipitable samples of the unextracted DNA show 

the same increase and decrease in the rate of DNA synthesis as was 

observed in the hybridized E. coli DNA counts except that the increase 

in rate of DNA synthesis commenced at 4 - 5 minutes after infection. 

Synthesis of DNA during Infection of a Kornberg Polymerase-

Deficient Mutant JG 112 polA"thy" of E. coli by T4td8. A repair 

enzyme such as the Kornberg DNA polymerase might be responsible 

for an increase in rate of DNA synthesis after the initial decrease 

during infection. This enzyme was originally proposed to be respon

sible for DNA replication in ID. coli until the isolation of a bacterial 

mutant, polAl, which replicates but has no Kornberg polymerase 

activity (De Lucia and Cairns, 1969). It is now suspected that this 

enzyme takes part in the repair of damaged host DNA. This theory is 

partially supported by the fact that Kornberg polymerase mutants are 

more sensitive to ultraviolet light irradiation than normal cells, most 

likely because they cannot repair the ultraviolet light damaged DNA 

(De Lucia and Cairns, 1969). 

Activity of the Kornberg polymerase was detected by exam

ining cellular extracts for their ability to incorporate tritiated 
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deoxyribonucleotides, thymidine-triphosphate (H -TTP) into acid-

precipitable material. The results of assays for Kornberg polymerase 

activity (procedure is described in Chapter 2) in several bacterial 

strains are shown in Figure 45. Cell extracts from bacteria with 

polymerase activity, but without thymidylate synthetase activity, 

JG 113 po!A+thy , incorporate H^-TTP into acid-precipitable 

material. However, cell extracts from two JG 112 polA~thy~ cultures 

were not capable of incorporating H -TTP into acid-insoluble material 

as expected because the mutants lack the polymerase activity. 

The ability of the T4td8 infected DNA polymerase negative 

mutant to synthesize bacterial DNA after infection was next investi

gated. The experiment is similar to previous ones, in that the DNA 

samples from a nonsynchronized infection of the mutant cells were 

pulse-labeled for one minute, and then lysed and phenol extracted in 

preparation for hybridization against JE. coli and T4 DNA. The results 

are shown in Figure 46. No viral DNA was detected until after 5 min

utes of infection. However, a low level of host DNA was synthesized 

between 2 and 5 minutes of infection, as was observed in earlier 

experiments. 

In this experiment, however, the per cent recovery of 

extracted DNA was about 10 times lower than in other experiments, 

resulting in the extraction of only about 2 per cent of the initial crude 

lysate of acid-precipitable DNA. The poor recovery could be 
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The top curve of the two bottom curves represents an assay of the 
cell culture used for infection in the following experiment (Figure 46). 
The bottom curve is an assay of cells taken from the original cell 
stock. 
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attributed to the phenol extraction procedure as will be discussed 

later. However, regardless of the low recovery, the host hybridizable 

material is synthesized during the infection process; and if this incor

poration of label into host DNA represents repair synthesis, the 

Kornberg enzyme most likely does not take part in the repair of DNA 

in the infected cells. 

The Effect of Protein and Bacterial DNA Inhibitors 
on the Rate of Host DNA Synthesis 

Both bacterial and viral enzymes may be involved in deter

mining the rate of incorporation of nucleotides into host DNA at 

different times in infection. In the next series of experiments, a 

protein inhibitor was added during infection to determine to what extent 

virus-induced enzymes are necessary to increase the rate of incor

poration of precursors into host DNA. 

The Effect of Chloramphenicol on Incorporation of Nucleotides 

into DNA after Infection with T4td8. Virus-induced enzymes play a 

role in the degradation of host DNA (Warner et al. , 1970). To deter

mine whether or not phage enzymes are involved in host DNA synthesis 

after infection, chloramphenicol was used to inhibit the synthesis of 

virus-induced enzymes. Chloramphenicol was added 5 minutes before 

infection, and samples were removed and exposed for 1 minute to 

3 
H -thymidine (sp. act. 18, 000 jic/jumole). The results are presented 

in Figure 47. DNA was extracted with chloroform-isoamyl alcohol 
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The labeling procedure is described in Figures 42 and 43. 
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mixture and hybridized to T4 and IE. coli DNA. An initial decrease in 

the rate of host DNA synthesis was observed within 1 minute of infec

tion, similar to previous observations in cells infected with wild-type 

phage in the absence of a protein inhibitor (Figure 44). These results 

show that phage-induced enzymes are not necessary for the initial 

inhibition of host nucleic acid synthesis which agrees with the studies 

of Nomura et al. (1966) and Duckworth (1971). However, the rate of 

synthesis of host DNA did not increase at 3 to 5 minutes after infection 

in contrast to the increase observed in absence of CM (Figure 44). 

Around 7 minutes after infection, there was a slight increase in the 

rate of synthesis of host DNA as was found in earlier experiments. In 

addition, no T4 DNA was synthesized since viral replication was 

inhibited by chloramphenicol. 

Chloramphenicol did not interfere with the degradation of host 

DNA to viral cosedimenting fragments, as was observed in prior exper

iments (Figures 33B and 34B) or the initial inhibition of host DNA 

synthesis; however, it did appear to prevent the increase in the rate of 

incorporation of isotopic precursors into host DNA within the first 5 

minutes of infection. This might be expected if in the presence of 

chloramphenicol there were no phage-induced nucleases present to 

degrade DNA and thus promote repair synthesis of host DNA. 
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The Effect of Mitomycin C on the Incorporation of Nucleotides 

into DNA after Infection with T4td8. Earlier experiments with MC 

(Figures 13, 14, 19, and 34) showed that very little synthesis of DNA 

occurred during the first 5 minutes of infection. However, a small 

amount of H"^-labeled acid-precipitable material was always detected 

in DNA of infected cells that were treated with MC prior to infection. 

It was thought that this incorporation might represent early DNA which 

is present in very small quantities. 

A hybridization experiment was performed to detect early host 

and/or viral DNA synthesis in mitomycin C-treated cells. Cells were 

treated with MC for 10 minutes and then infected with T4td8. Samples 

were phenol extracted and the DNA was prepared for hybridization 

(Figure 48). As expected, the results show that replication of T4 DNA 

began at 5 minutes and the rate of synthesis increased until termina

tion of the experiment at 9 minutes. Only a small amount of 

DNA was synthesized which hybridized to cell DNA and synthesis of 

this DNA was not readily detectable until 7 minutes after infection. 

The small amount of host DNA synthesized at 7 to 9 minutes after 

infection might represent incorporation of nucleotides into host DNA 

molecules not cross-linked by MC. However, in contrast to previous 

experiments, any DNA which was synthesized during the first 6 min

utes of infection as detected by acid-precipitation of the crude lysates 

could not be recovered during phenol extraction or be detected by 
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Samples of MC-treated IS. coli 201 before and after infection with 
T4td8 were taken at one minute intervals and pulsed with H^-thymidine 
as described in Figures 42 and 43. The DNA was extracted with phenol 
and annealed to either JC. coli or T4 phage DNA. 
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hybridization. The per cent recovery and the counts before and after 

phenol extraction are shown in Table I, where the only DNA recovered 

( 3 to 4 per cent) was in the 6 to 9 minute samples during phage DNA 

replication. The inability of the phenol extraction procedure to 

recover a very high percentage of acid-precipitable DNA from lysates 

of MC-pretreated infected cells was examined in subsequent experi

ments to see if the low yield was peculiar to the DNA of MC-pretreated 

infected cells. 

Another method for purifying DNA from crude lysates 

employing chloroform and isoamyl alcohol was used. The per cent 

recovery of DNA from MC-treated cells by this procedure was exam

ined under 3 different labeling conditions as shown in Table II. The 

cells were lysed according to the high temperature lysis procedure 

and incubated with pronase for 4 hours at 60°C. DNA was extracted 

from these 3 samples resulting in recovery of 70 to 85 per cent of the 

acid-precipitable DNA as compared to 5 to 7 per cent recovery when 

DNA was extracted with phenol. After dialysis to remove chloroform 

and isoamyl alcohol, most of the DNA labeled before infection and 

within 5 minutes after infection was lost. However, the DNA synthe

sized 8 to 10 minutes after infection was not lost during dialysis. If 

the DNA labeled before 5 minutes of infection was precipitated with 

ethanol to remove impurities, rather than dialyzed, the 
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Table I. DNA Recovery from Phenol Extracted MC-Treated Cells 

Per cent recovery of acid-precipitable counts in DNA during 
one-minute pulses from MC-treated T4fcd8 infected E. coli 
201 after phenol extraction and dialysis. 

Time of one-
minute pulse 

before and after cpm per 0. 01 ml cpm per 0. 05 ml per cent 
infection crude lysates after extraction recovery 

-1 to 0 

0 to 1 

1 to 2 

2 to 3 

3 to 4 

4 to 5 

5 to 6 

6 to 7 

7 to 8 

8 to 9 

44. 3 

26. 5 

21.3 

25. 5 

19. 9 

29. 3 

89. 5 

329. 5 

1140. 7 

1972. 7 

0 

0 

0 

0 

0 

0 

0 

54. 0 

230. 8 

339. 2 

0% 

0% 

0% 

0% 

0% 

0% 

0% 

3.2% 

4. 0% 

3.4% 
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Table II. Comparison of DNA Recovery from MC-Treated Cells after 
Different Extraction Procedures 

Per cent recovery of acid-precipitable counts in DNA 
extracted from MC-treated T4td8 phage infected or 
uninfected cells after phenol, chloroform-isoamyl 
alcohol extraction, and dialysis. 

MC-treated cells 

two 
two chloroform- recovery 

phenol isoamyl after 
extractions extractions dialysis 

uninfectcd-2 minute 
pulse 

infected-2 minute pulse 
from 0-2 minutes after 
infection and 5-minute 
chase 

7. 7% 

5.4% 

84. 0% 

70. 0% 

8.4% 

18. 5% 

infected-2 minute pulse 
at 8-10 minute post
infection 17. 5% 92. 0% 85. 0% 
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acid-precipitable counts still could not be retained. The radioactivity-

lost during these experiments was found to be in the dialysate or 

supernatant. 

The previous experiment (Table II) demonstrated a more 

efficient recovery of labeled DNA synthesized during viral replication 

if chloroform and isoamyl alcohol were used in extraction. However, 

even with this procedure, DNA synthesized early in infection of MC-

treated cells could not be recovered. It is possible that the unrecovered 

radioactivity represented molecules large enough to be acid-precipitated 

but too small to be precipitated by ethanol or retained inside the 

dialysis tubing (average pore radius of 24 Angstroms). The presence 

of such fragments might have been a result of MC fragmentation of 

DNA (Iyer and Syzbalski, 1963) or an abortive attempt of a polymerase 

to replicate the MC cross-linked DNA molecule. 

Synthesis of Host DNA in the Absence of Bacterial DNA Degradation 

In the previous chloramphenicol experiment, chloramphenicol 

(Figure 47) appeared to inhibit the increase in rate of DNA synthesis 

after the initial decrease in rate which occurs immediately after infec

tion. To eliminate the possibility that the protein inhibitor might 

produce an aberrant effect on the infected cell rather than simply 

inhibiting virus-induced synthesis of nucleases or proteins, a phage 

which is naturally incapable of synthesizing active nucleases for 
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bacterial DNA degradation but is able to replicate its own DNA was 

used as the infecting phage in another pulse-label hybridization exper

iment. 

Hybridization of DNA Synthesized after Infection of E. coli 201 

with T4nd28-td8 to J5. coli or T4 Phage DNA. The rate of incorpora

tion of tritiated-thymidine into host or viral hybridizable DNA was 

examined in bacteria which were infected by a viral mutant 

(T4nd28-td8), which multiplies in the host cell but does not degrade the 

host DNA to fragments which are any smaller than those which sedi

ment at the same rate as mature viral DNA (Warner et al. , 1970). 

Dr. William Collinsworth of this laboratory isolated this double mutant, 

which is unable to induce activity of the enzyme thymidylate synthetase 

or endonuclease II (Warner et al., 1970). IS. coli 201 was infected with 

T4nd28-td8. Samples were taken at various times and incubated with 

3 
H -thymidine for one minute. The samples were then extracted with 

chloroform and isoamyl alcohol, made twice as concentrated as the 

original lysate, and placed under annealing conditions with ID, coli or 

T4 DNA. The rate of DNA synthesis as measured by acid-insoluble 

counts are shown in Figure 49A. DNA that hybridizes to E. coli or T4 

•a 
phage DNA is shown in Figure 49B. The rate of incorporation of H -

thymidine into DNA is very similar to that obtained during T4amN82 

infection (Figure 42). It should be noted that recovery of labeled DNA 

from the uninfected-pulsed cells and the cells infected for the first 2 



Figure 49. The Rate of DNA Synthesis in IS. coli Infected with a Phage 
Unable to Degrade Host DNA 

Acid-insoluble counts from one minute pulses of crude lysates of 
T4nd28-td8 infected E. coli 201 in FJ medium as described in Figures 
42 and 43 (A); hybridization to IS. coli or T4 DNA of 2X concentrated 
DNA purified from the crude infected lysates with chloroform-isoamyl 

alcohol (B). 
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minutes was low. The difficulty of extracting DNA from samples 

obtained early in infection may be a result of the attachment of newly 

synthesized host DNA to some cellular structure which is difficult to 

disrupt (Smith, 1967; Earhart et al. , 1968). 

As in T4amN82 infection of JE. coli 201, a decrease in host 

DNA synthesis did not occur until 2 minutes after infection. At 5 min

utes after infection, there was an increase in the rate of incorporation 

3 
of H -thymidine into both host and viral DNA. The time course of host 

DNA synthesis after T4nd28-td8 infection was comparable to that 

obtained following infection with T4amN82. However, infection of 

IS. coli 201 by T4nd28-td8 did not result in the same rate of bacterial 

DNA synthesis as in cells infected with T4td8 in the presence of CM 

during the first 5 minutes of infection, because bacterial DNA synthe

sis did not decrease immediately upon infection with T4nd28-td8. The 

observed difference may simply represent the differences between 

T4td8 and T4nd28-td8 or T4amN82 infections. 

Figure 50 summarizes the data obtained from hybridization 

experiments where IS. coli DNA was synthesized after host infection 

with T4amN82, T4nd28-td8 (Figure 50A), and T4td8, in the presence 

and absence of CM (Figure 50B). There was a rapid (0 to 1 minute) 

decrease in the rate of synthesis of DNA which hybridized to bacterial 

DNA immediately after infection with T4td8 in the presence or absence 

of CM. In the absence of chloramphenicol, there was an increase in 
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rate of synthesis from 1 to 4 minutes after T4td8 infection. However, 

host DNA synthesis was inhibited from 1 to 4 minutes after infection 

by two phages, one which cannot synthesize viral DNA and the other 

which cannot degrade host DNA. There was also a slight increase in 

host DNA synthesis from 5 to 8 minutes after T4amN82 infection and a 

large increase in rate was observed upon T4ndZ8-td8 infection. 

Repair or Replication Involved in the Synthesis of Host DNA 

The incorporation of H^-TdR into host DNA could represent 

incorporation into degraded DNA, repair synthesis or the replication 

of a new DNA molecule. Several kinds of experiments were performed 

to determine the stability of the newly synthesized DNA and whether or 

not repair of fragmented host DNA occurred. 

The Synthesis of'Acid-Precipitable DNA after Infection with 

T4amN82. The rate of synthesis of DNA in T4amN82 infected E_. coli 

was followed by determining the amount of acid-insoluble material 

formed during 1-minute pulses with H -thymidine for the first 8 min

utes of infection. At 8 minutes after infection, the sample that was 

pulsed with H -thymidine between 7 to 8 minutes was chased for 10 

minutes by diluting out the radioactive label with 200-fold excess of 

unlabeled thymidine. Samples were removed from the chased sample 

at 1 minute intervals and acid-precipitated to determine whether or 

not degradation of the radioactive DNA occurred. All of the DNA 
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represents bacterial DNA synthesis since no viral DNA has been 

detected under these conditions in past hybridization experiments. The 

results are presented in Figure 51. 

The results show the decline in the rate of DNA synthesis 

from 2 to 5 minutes after infection, a very slight increase in the rate 

of incorporation from 5 to 8 minutes after infection, and isolation of 

approximately similar amounts of acid-precipitable DNA for the next 

9 minutes during the chase. This result suggests that DNA that is 

synthesized after 7 minutes is relatively stable, or there is little turn-

over of the H -thymidine label. Or it is possible that virus-induced 

degradation of host DNA is occurring, but the decrease in acid-

precipitable DNA is obscured by the incorporation of H -acid-

solublized nucleotides back into the degraded host DNA during repair 

synthesis. This possibility is further investigated in Figure 56. 

The Stability of DNA Labeled at Different Times in Infection 

by T4amN82. The fate of prelabeled host DNA after infection and DNA 

synthesized early during infection of the nonpermissiye host E. coli 201 

by T4amN82 was investigated by harvesting samples from"infected cells 

that were incubated prior to infection with H -thymidine for a period of 

2 minutes followed by a 5 minute chase before infection; or were 

incubated from 1 to 3 minutes after infection, or 6 to 8 minutes after 

infection. The label incorporated into the host DNA of the various 

cultures was chased for 30 minutes by addition of a 200-fold excess of 



Figure 51. The Rate of Host DNA Synthesis in Uninfected and 
T4amN82 Infected E. coli 201 and the Fate of DNA 
Synthesized from 7 to 8 Minutes during Infection 

Uninfected and T4amN82 infected IS. coli were sequentially pulsed for 
one minute with -thymidine in FJ medium for 8 minutes and 
aliquots were removed from each pulsed sample and acid-precipitated. 
The label incorporated into DNA in the 7 to 8 minute sample was 
chased with 200-fold unlabeled thymidine and samples were removed 
and acid-precipitated every minute. 



192 

68 -

6 4  -

60 -

56-

5 2  -

4 8  -

-  4 4  -

40-

28 -

2 4  -

20 -

16 -

add 200 X 

unlabeled TdR 12 -

1 7  1 5  7  1 3  5  3  9  
Minutes of Infection 

Figure 51. The Rate of Host DNA Synthesis in Uninfected and 
T4amN82 Infected IC. coli 201 and the Fate of DNA 
Synthesized from 7 to 8 minutes during Infection 



1 9 3  

unlabeled thymidine and additional samples were removed. Figure 

52A indicates that the amount of acid-precipitable DNA labeled for a 

2 minute period before infection decreased during the next 30 minutes 

of infection suggesting that labeled host DNA is degraded. The acid-

insoluble counts of DNA obtained from cells labeled for 1 to 3 minutes 

after infection and chased for 30 minutes (Figure 52B) also decreased. 

If the infected cells are pulsed for 6 to 8 minutes after infection, the 

amount of label incorporated into host DNA is much lower than that 

which occurs when the cells are pulsed earlier in infection; however, 

after chasing the incorporated label for 30 minutes, the pulsed DNA is 

stable (Figure 52C). 

These results demonstrate that the label incorporated into 

replicating host DNA before infection or into host DNA during the first 

few minutes of infection, is unstable in the sense that much of the DNA 

is susceptible to degradation by nucleases during infection (Warner 

£t al. , 1970). Ordinarily, replicated DNA would not be degraded in 

uninfected cells as seen in Figure 35A and would be present in a pulse-

chase experiment as a stable species. The DNA synthesized from 1 to 

3 minutes after infection probably represents replication rather than 

repair synthesis of DNA, since the synthesis occurs early in infection 

before much viral nuclease action (Warner et al., 1970), and newly 

synthesized host DNA in infected cells appears to be susceptible to 

degradation (Figure 52A). 



Figure 52. Kinetics of Degradation of Host DNA Synthesized before 
and after Infection in IS. coli 201 Infected with T4amN82 

Aliquots were removed and acid-precipitated at different times after 
infection of IE. coli 201 with T4amN82 in FJ medium. In A infected 
cells were those whose DNA had been labeled with -thymidine for a 
2 minute period and then chased with cold thymidine prior to infection. 
In B infected cells were pulsed with -thymidine from 1 to 3 minutes 
after infection and in C infected cells were pulsed from 6 to 8 minutes. 
Each pulse in the infected cells (B and C) was followed by a 200-fold 
dilution of the label (as indicated by the arrow) for thirty minutes. 
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The; host DNA synthesized 6 to 8 minutes after infection with 

the DNA defective viral mutant is apparently quite stable, since a 

chase of the label shows that the acid-precipitable DNA is degraded at 

a very slow rate. The stability of this DNA has also been observed in 

a previous experiment (Figure 51). It could be proposed that the incor

poration represents repair of degraded DNA since it is unlikely that 

host replication would occur late in infection at a relatively high 

multiplicity of infection of 8 (Nomura et al. , 1966; Duckworth, 1971) 

and with less than 0. 1 per cent uninfected bacteria remaining in the 

culture, which could contribute only about 42 cpm of labeled acid-

precipitable material over a 2 minute period. The apparent stability 

of repaired DNA might be explained by suggesting that repaired DNA is 

not susceptible to further degradation (Cascino et al. , 1971) or the 

chase did not work and labeled nucleotides were continuously reincor

porated. 

Repair or Replication of IS. coli 201 DNA Following Infection 

with T4td8. Werner (1971) proposed that IC. coli uses thymine as a 

precursor for replication of DNA more readily than the nucleoside, 

thymidine, which is used primarily as a precursor for repair synthesis. 

This theory was based on his observation that during the growth of 

E. coli, short pulses of H -thymidine were preferentially incorporated 

into small chains of DNA, Okazaki pieces, whereas short pulses of 

14 C -thymine were incorporated into higher molecular weight DNA 



1 9 6  

molecules. However, it should be noted that Okazaki et al. (1971) has 

obtained data which does not support Werner's data. 

It would be possible to use both C^-thymidine and H^-thymine 

as precursors for DNA repair or replication synthesis during the infec

tion of I£. coli 201 with T4td8 if Werner's hypothesis is correct and 

could be applied to viral infection under normal experimental condi

tions. One-minute pulse-labeled samples from such an experiment 

would be annealed against host or viral DNA. A difference in the rate 

of incorporation between the two nucleic acid precursors would suggest 

that at different times during infection, repair synthesis is dominant 

14 
if the C -thymidine incorporation rate is prevalent or that replication 

3 
synthesis occurs if the rate of incorporation of H -thymine is greater 

than that of C^-thymidine. 

The experiment was carried out as follows. A portion of an 

uninfected IS. coli 201 culture in FJ medium was pulse-labeled with 

H^-thymine and thymidine for 1 minute and the remainder of the 

culture was infected for 9 minutes with T4td8. At different times after 

infection, portions of the culture were removed and sequentially pulse-

labeled with H^-thymine and thymidine for periods of 1 minute. 

The samples were lysed at the end of each pulse and the DNA extracted 

with chloroform and isoamyl alcohol. Before extraction, aliquots were 

removed from the crude lysates and acid-precipitated. The total 

acid-precipitable counts for each pulsed sample are shown in Figure 53. 
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One-Minute Pulses into Acid-Insoluble Material in E. coli 
201 Prior to and after Infection with T4td8 in FJ Medium 
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The rate of incorporation of tritiated thymine into ac id in soluble 

material remained at a constant level "until 8 to 9 minutes after infec

tion. However, in agreement with the results of previous experiments, 

incorporation of C^-thymidine into acid-insoluble material was 

similar to previous experiments. 

The amount of host or viral DNA present in the pulsed 

samples was detected by annealing the extracted DNA with E. coli and 

T4 fixed on filters. The results are shown in Figure 54. There was 

o 1 A 

no significant hybridization of either H -thymine or C -thymidine 

labeled DNA to viral DNA (Figure 54B) during the first 5 minutes after 

infection; but from 6 to 9 minutes, DNA containing either thymine or 

thymidine hybridized to viral DNA. Host DNA synthesis utilizing 

thymidine as the precursor was at the same rate as shown in previous 

studies. Host DNA synthesis utilizing thymine as a precursor was 

reduced significantly in comparison to the use of thymidine as the 

precursor molecule. 

The incorporation into host-hybridizable DNA was more diffi

cult to detect in this experiment since it was necessary to use precur

sors of low specific activities (C^-thymidine at 54 jic/jimole and 

3 
H -thymine at 845 jac/jimole) to ensure that thymidine and thymine 

were present at equivalent concentrations during infection. It should 

also be noted that the amount of H -thymine labeled DNA remaining 

after extraction of the first 6 samples was low when compared to the 



Figure 54. Rate of E. coli and T4 DNA Synthesis in IC. coli 201 
Infected with T4td8 as Measured by Incorporation of 
C -Thymidine and H^-Thymine 

Hybridization of DNA extracted from uninfected and infected cells. 
The DNA was synthesized in sequential one minute pulses with 
H^-thymine and C^-thymidine and was then extracted and annealed 
to E. coli DNA (A) or T4 phage DNA (B). 



1 9 9  

35 -

2 5  

1 5  

A. 

E- coli 

hybridizable 

DNA 

CM 

o 
X 

E 
a. o 

5  -

o 

IO 
X 

4 -

3  -

I -

14 
C thymidine 

labeled 

labeled 

H thymine 

~t—r 
-i o I 

1—i—i—i—i—i—" 

r-i 
i 
i 

B. 

T 4 

hybridizable 

DNA 

r -J  

14 
C thymidine 

labeled _ 

-f 

i 
l 

thymine 

labeled 

_J 

-HJZL 
-i—i—i—i—r 

_r 
-i—i—i—i 

2 3 4 5 6 7 8 9  - 1 0 1 2 3 4 5  6 7 8 9  
Minutes of Infection 

Figure 54. Rate.of JS. coli and T4 DNA Synthesis in E. coli 201 
Infected with T4td8 as Measured by Incorporation of 
C^-Thymidine and H^-Thymine 



200 

amount of C^-thymidine labeled DNA that was extracted. A similar 

phenomenon was observed during the extraction of MC-treated infected 

3 cells early in infection. Similarly, the acid-precipitable H -thymine 

may represent short fragments of polynucleotides which cannot be 

extracted but can be precipitated on filters. 

One cannot necessarily conclude from this experiment that 

repair of bacterial DNA occurs during infection based only on the pre

dominance of thymidine incorporation. The rate of incorporation of 

thymine into DNA in either an uninfected cell or in an infected cell prior 

to the onset of viral replication is much slower than that for thymidine 

because deoxyribosyl donors such as deoxyadenosine or thymidine are 

required for taking up thymine into these kinds of cells and endogenous 

synthesis of such donors would not occur before phage DNA replication 

commences (Kammen and Strand, 1967). 

Although Werner (1971) apparently demonstrated a difference 

between incorporation of thymidine and thymine during repair or repli

cation, the results of the two experiments cannot be compared because 

Werner analyzed DNA synthesis during'10 second pulses in uninfected 

stationary phase cells at 14°C rather than during one minute pulses in 

infected cells at 37°C as was done in this experiment. 

Equilibrium Density Gradient Analysis of DNA Synthesis in 

Presence of H^-BUDR. Studies on replication or repair synthesis of 

DNA were performed by labeling DNA with BUDR and analyzing the 
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density of the resultant DNA by isopycnic centrifugation in density 

gradients. The incorporation of BUDR in the place of thymidine during 

14 one round of semi-conservative replication of C -labeled light DNA 

results in a hybrid molecule consisting of one parental C^-labeled 

•2 
strand and one newly synthesized H -BUDR labeled strand (Stent, 1963). 

The hybrid DNA moleculc will have a density which is intermediate 

between light and heavy DNA. 

3 Repair synthesis would be detected as incorporation of H -

BUDR into one short segment of one strand of a DNA duplex containing 

14 
C -thymidine. Centrifugation of such DNA molecules in a density 

3 14 gradient would result in coincident H - and C -labeled DNA peaks 

at the normal density of double-stranded DNA. The following experi

ment follows the rationale previously described by Pauling and 

Hanawalt (1965) for detecting repair synthesis in bacteria during 

thyminelcss death. 

IS. coli 201 was incubated in FJ medium with 30 jic/jimole of 

thymidine. The cells were harvested by centrifugation, washed, 

O 
and incubated in the presence of H -BUDR (sp. act. 26, 000 jic'/jimole) 

for a time period either before or after infection. It should be noted 

14 that after C -labeling and washing of the cells, and before incubation 

3 
of the cells with H -BUDR, the uninfected cells are incubated for 5 

minutes in the presence of unlabeled 0. 1 jig/ml of BUDR to eliminate 

fragments of DNA containing transition (replication) points (Hanawalt 
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and Ray, 1964; Pettijohn and Hanawalt, 1964). Transition points 

would be segments of DNA containing both -thymidine and 

H^-BUDR where incorporation of C*^-thymidine ended at the growing 

3 point and incorporation with H -BUDR commenced. These areas of 

the DNA would be partially, density labeled such that the DNA would 

band at a position which is intermediate between hybrid and light DNA. 

IE. coli with C^-labeled DNA was incubated for 5 minutes 

3 with H -BUDR, lysed, extracted with chloroform and isoamyl alcohol, 

and dissolved in CsCl for isopycnic centrifugation. 'Figure 55A shows 

the CsCl density gradient of the labeled hybrid density IE. coli. A 

certain portion of the C^-labeled molecules band at the light position 

of cell DNA because the DNA did not replicate significantly during 

incubation and incorporated little BUDR. The second significant peak 

O  1 / 1  

is tritium-labeled rather than both H - and C -labeled and is of a 

higher density than light DNA, a density which would correspond to 

DNA containing BUDR in one strand. Little C*^ label appeared in this 

peak probably because the specific activity of the C^-thymidine in a 

single strand was too low to detect in the hybrid peak. 

In order to determine the density of DNA synthesized early in 

infection, C^^-labeled I£. coli cells were infected by T4amN82 in the 

3 presence of H -BUDR from 1 to 4 minutes after infection and lysed. 

The results of isopycnic centrifugation of the chloroform-isoamyl 

alcohol extracted DNA are shown in Figure 55B where a density 



Figure 55. Replicative DNA Synthesis Early in Infection 

Centrifugation in CsCl gradients of DNA from C^-TdR labeled IC. coli 201 in FJ medium labeled 
for 5 minutes with H^-BUDR (0. 2 ml samples, A); and C^-TdR labeled cells infected with 
T4amN82 and labeled from 1-4 minutes after infection with H^-BUDR (0.4 ml sample, B). Arrow 
defines T4 DNA density as determined by concurrent isopycnic centrifugation of heavy phage DNA 
in another tube. 
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distribution of light and hybrid DNA similar to that of the uninfected 

culture (Figure 55A) is observed. This data also supports the hypoth

esis that replication of cell DNA occurs early in infection. Some 

H^-C^^-labeled DNA of intermediate density is observed which again 

probably represents DNA containing replication or transition points. 

The density of DNA synthesized from 5 to 6 minutes after 

infection was also examined. C^-labeled E. coli 201 cells were 

infected with T4amN82 in the presence of H^-BUDR 5 to 10 minutes 

after infection, lysed, and the DNA extracted with chloroform-isoamyl 

alcohol. Figure 56 shows the results of centrifugation of the DNA in 

•2 
CsCl gradients. Most of the H -BUDR-containing DNA bands at the 

same density as light thymidine labeled host DNA. This data 

corresponds to that which would be observed during repair synthesis, 

where only a small portion of BUDR is incorporated into the light 

strands and the density of the DNA is not affected. These results 

concur with the interpretation of results from previous pulse-chase 

experiments (Figures 51 and 52) in which it was suggested that replica

tion occurs during the first few minutes of infection and repair synthe

sis during the next 5 minutes of infection. 

The tritiated dense material observed in the bottom of all three 

gradients, is difficult to explain since its density does not correspond 

to that expected for heavy BUDR-labeled DNA. The density of heavy 

DNA is estimated from that of heavy phage DNA which was centrifuged 



Figure 56. Replicative and Repair Synthesis of Host DNA 

Centrifugation in CsCl gradients of DNA from C ^-TdR labeled IC. coli 
201 infected with T4amN82 in FJ medium and incubated in presence of 
H^-BUDR from 5-10 minutes after infection (3 ml sample). 
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in a separate tube at the same time as the other gradients. Perhaps 

the dense DNA represents the inadequate purification of the lysates 

such that a portion of cell wall material was retained which had incor

porated BUDR into the structure such that it was of a larger density. 

Okazaki (I960) has previously reported the incorporation of deoxynucle-

otides into sugars which may be utilized in the synthesis of cell walls 

(Salton, 1964). 

Samples of purified tritiated BUDR and -labeled DNA 

synthesized in the experiments above (Figures 55 and 56), were 

hybridized to viral and E. coli DNA (results not shown), to demonstrate 

the absence of any viral-hybridizing DNA. The synthesis of viral-

hybridizing DNA would not be expected if early DNA was not a viral 

DNA species attached to parental DNA. The .H -labeled DNA hybrid

ized with the fixed bacterial DNA as did the light -labeled DNA, but 

at a much lower efficicncy. Incorrcct hydrogen bonding or base pairing 

of BUDR to guanine rather than adenine (Davidson, 1969) might result 

in difficulty in annealing the dense DNA with the thymine substituted 

host DNA and a lower hybridization efficiency. The counts hybridized 

to T4 DNA were insignificant in that the amount hybridized was no 

larger than the amount of DNA from uninfected cells nonspecifically 

hybridized to T4 DNA. 



CHAPTER 4 

DISCUSSION 

Characteristics of DNA Synthesized within Five 
Minutes of Infection 

This dissertation has principally investigated the origin of 

"early DNA, " or that material labeled by isotopic DNA precursors 

during the first 5 minutes of viral infection, as originally described 

by Murray and Mathews (1969a). The results show that incorporation 

of H -thymidine into DNA during the first 5 minutes of infection occurs 

as a result of residual host nucleic acid synthesis after infection. This 

DNA is subsequently degraded. The incorporation of H "thymi

dine during the first 5 minutes of infection does not represent addition 

onto parental viral DNA molecules as previously suggested by Murray 

and Mathews (1969a). Early DNA is not necessary for viral replica

tion and as a result it does not serve as a prereplicative intermediate 

for synthesis of viral DNA as was proposed by Murray and Mathews 

(1969a). The experimental results which lead to these hypotheses are 

summarized below. 

The conclusion that early DNA represents host DNA synthesis 

after infection stems in part from the finding that early DNA cannot be 

2 0 7  
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cletccted when host DNA synthesis is inhibited. In addition, neither 

Murray and Mathews (1969a) nor I have isolated viral mutants which 

are deficient in early DNA synthesis upon infection of a host which is 

able to synthesize DNA, although neither my search nor Murray's has 

been exhaustive. When a temperature-sensitive DNA bacterial mutant, 

MX74T2ts27 was infected with T4td8 at a temperature which inhibits 

host DNA replication, early DNA was not synthesized and phage pro-

- duction was not inhibited. Furthermore, when host DNA synthesis 

was inhibited by mitomycin C, early DNA was not detected in sucrose 

gradients, during hybridization studies, and during kinetic experiments 

although phage yields were unaffected. In addition, infection of .E. coli 

B3 that had previously been treated with MC, and infection of 

MX74T2ts27 at nonpermissive temperatures did not alter viral DNA 

replication, providing additional proof that early DNA synthesis is not 

a prerequisite for phage DNA synthesis. Although there was a low 

background of acid-precipitable DNA detected during the first 5 min

utes of infection of an MC-prctreated host by T4amN82 (a DNA-

negative mutant), the small amount of DNA appeared to represent only 

very small oligonucleotides since the acid-precipitable DNA could not 

be retained during dialysis and most of it failed to sediment through 

sucrose gradients. The incorporation may represent an attempt of 

host DNA polymerases to replicate the MC-cross-linked host DNA 
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(Iyer and Szybalski, 1963), resulting in the synthesis of very small 

DNA molecules. 

Other results indicate that early DNA is formed by the incor

poration of radioactive DNA precursors into host DNA and the subse

quent degradation of the newly synthesized bacterial DNA such that it 

cosediments with viral DNA. The largest quantity of labeled early 

DNA was detected when isotopic precursors were added immediately 

after infection by T4td8. As later hybridization experiments showed, 

the rate of incorporation into host DNA during T4td8 infection was 

greatest immediately after infection, and as a result, more host'DNA 

. 3 was synthesized and available for degradation the earlier H -thymidine 

is added. 

The rapidly sedimenting structure, the N82 structure, which 

was suggested by Murray and Mathews (1969b) to be composed of early 

DNA and parental DNA molecules joined together in a large concat

enated structure, also appeared to be subject to degradation late in 

infection. Although the N82 structure was not completely resolved in 

this experiment, the structure appeared to be degraded or decreased 

in some manner after 13 minutes of infection. Later in infection, this 

same experiment showed the degradation of a rapidly sedimenting 

species, which was presumed to be host DNA. Degradation of host 

DNA, that was labeled before infection, upon phage infection ha§ 

been reported by several investigators, including Warner £t al. (1970), 
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who has suggested a scheme for this degradative process (see 

Chapter 1). 

The formation of early DNA by degradation of newly synthe

sized DNA was illustrated in experiments where a large amount of 

early DNA was apparently released upon incubation of lysates for a 

few days at 25°C or by incubating the lysates for 4 hours at 60°C. The 

increase in the amount of newly synthesized DNA cosedimenting with 

viral DNA was not affected by incubation of the lysate in the presence 

of pronase, which presumably destroys any active nucleases, or upon 

infection of the cells with gene 47 phage mutant, T4amN011, which is 

defective in host DNA breakdown. In addition, Warner et al. (1970) 

have observed that a viral mutant, T4nd28, which cannot solubilize 

host DNA, still degrades the host DNA to a species which sediments 

iit the same rate as marker viral DNA. Thus, it appears that a host 

nuclease, which is probably activated by phage infection, is involved 

in formation of early DNA via degradation of the host chromosome. 

Formation of early DNA is not an artifact of the lysis procedure, as it 

Was shown that early DNA synthesis cannot be detected in fresh lysates 

of uninfected bacteria. 

Murray and Mathews (1969a) concluded that early DNA was 

covalently attached to parental DNA, based on experiments which 

showed that newly synthesized DNA and parental viral DNA cosedi-

mented in 32-ml 5 to 20 per cent sucrose gradients centrifuged for 100 
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to 200 minutes at 25, 000 rpm. The results in this dissertation 

illustrate that this covalent attachment does not exist. Upon sedi

mentation of the lysates in both large and small gradients, cosedimen-

tation is observed in small gradients or in large gradients centrifuged 

for a short period of time, 100 minutes at 24, 000 rpm. However, if 

the lysates are centrifuged in large gradients for a period of 3 to 4 

hours, early DNA exhibited a faster sedimentation rate than that of 

parental DNA. Thus early DNA and parental DNA could not be cova-

lently attached if they exhibit different rates of sedimentation. Neither 

neutral nor alkaline 5 ml gradients resolved these two DNA molecules 

(early and viral DNA) when centrifuged at 40, 000 rpm for 60 minutes. 

In another experiment, the relationship between the observed sedimen

tation rate and calculated molecular weight of T3, T4, and T5 DNA 

molecules in large and small gradients was compared to the known 

molecular weights of the DNA molecules. The results from this 

esqperiment suggest that the T5 DNA molecule has a large sedimenta

tion rate and molecular weight, as calculated from the Hershey-Burgi 

equation, than the actual molecular weight and sedimentation coeffi

cient of the T5 molecule. These findings are in complete agreement 

with those of Burgi and Hershey (1963), who pointed out that their 

equation was not valid for molecules with molecular weights larger 

than 31 X 10^d. Based on these results, the molecular weight of early 

DNA cannot be accurately estimated from the experimental data. 
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Murray and Mathews (1969a) previously illustrated that early 

DNA fractions isolated from sucrose gradients assumed the density of 

parental DNA in neutral cesium chloride gradients upon infection of 

E. coli B3 with T4amN82 phage containing dense DNA (BUDR labeled) 

in the presence of tritiated thymidine. However, when similar exper-

14 iments were performed using C -BUDR labeled T4amN82 or 

14 
C -T4amN82 phage to infect the host, newly synthesized DNA did not 

assume the density of viral DNA, as shown either in cesium chloride 

or cesium sulfate density gradients. Samples for the density gradient 

centrifugation were taken directly from either lysates or from sucrose 

gradient fractions in which early and viral DNA cosedimented. In 

either case the newly synthesized material appeared to be of the same 

density as bacterial DNA. In addition, there was no evidence that 

freshly prepared C^-BUDR labeled phage lose a significant amount of 

viability, or that there is any unnecessary shearing of the tritiated 

DNA after sucrose gradient isolation or during protein extraction pro

cedures, such that early DNA would be cleaved from parental phage 

DNA. 

From the above results it was concluded that there is no 

attachment between the newly synthesized DNA and parental phage DNA. 

The cosedimentation of prelabeled host DNA with parental phage DNA 

on 5 ml sucrose gradients after infection of the prelabeled cell with 

T4amN82,- and the fact that newly synthesized DNA assumes the density 
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3 of II -thymidine labeled bacterial DNA, adds support to the premise 

that early DNA is actually host DNA synthesized after infection. 

Although Murray found that tritiated newly synthesized DNA from cells 

infected with BUDR labeled T4amN82 assumed the density of dense 

DNA rather than hybrid DNA, his results might be explained by 

suggesting that some of the T4amN82 phage reverted to wild-type 

phage such that a small amount of replication (not enough to affect the 

density of dense DNA) was initiated by 4. 5 minutes after infection. 

His results might also be explained by assuming that parental DNA was 

nicked by nucleases (Kozinski, Kozinski, and James, 1967) and was 

repaired such that there was no effect on the density of parental DNA. 

Experiments by Murray and Mathews (1969a) showed that 

early DNA was slightly denser than light phage marker DNA and much 

loss dense than the heavy marker phage DNA in alkaline CsCl gradients. 

However, the light density of single-stranded early DNA was explained 

on the basis that parental DNA receives many single-stranded breaks 

or nicks, as described by Kozinski et al. (1967) and Kozinski and 

Felgenhauer (1967), resulting in the cleavage of heavy parental DNA 

and covalently bound early DNA such that fragments of early DNA with 

attached portions of heavy parental DNA are formed. In addition, some 

fragmentation of the tritiated structure was shown by the centrifugation 

32 of parental (P -labeled T4td8) and early DNA in alkaline sucrose 

gradients. On the other hand, the light density of the tritiated material 



in alkaline cesium chloride gradients, could be used as evidence for 

the lack of covalent attachment of early DNA and parental DNA, pro

viding it could be shown that there is no substantial nicking of the 

newly synthesized and parental DNA during the first 5 minutes of 

infection. Accordingly, one experiment showed the cosedimentation 

of newly synthesized and parental DNA.in neutral and alkaline 5 ml 

sucrose gradients, where the sedimentation rate of the molecules on 

the alkaline gradients appears to be about half that on the neutral 

gradients. Since the newly synthesized material and parental DNA 

sediment in alkaline gradients as if their molecular weight is about 

half that in neutral gradients, it appears that there are few single-

strand breaks in the parental and tritiated DNA, and as a result the 

densities of the entire molecules would probably be observed in 

alkaline as well as neutral CsCl gradients. 

Hybridization studies showed that DNA synthesized within the 

first 5 minutes of infection annealed only to host DNA and not to viral 

DNA. These studies were carried out with T4amN82, T4nd28-td8, and 

T4td8 phages. Similarly, Murray and Mathews (1969a) also did not 

detect annealing of early DNA to viral DNA but they attributed this 

result to the unique nucleotide sequence of.early DNA and the subse

quent fragmentation of early DNA from the parental DNA upon sonica-

tion of the samples. The fragmenting effect of sonication could have 

caused the separation of the covalently attached early DNA from 
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parental DNA such that the early DNA fragment, whose sequence did 

not correspond to that of viral DNA, could not hybridize to viral DNA. 

If the early DNA samples were not sonicated, presumably the parental 

DNA portion of the molecule would hybridize to viral DNA; and early 

DNA, still covalently attached to the parental DNA, would appear to 

be hybridized to viral DNA. On the other hand, the hybridization 

efficiency of unsonicated annealing DNA to filter-fixed DNA would be 

too low to detect a significant amount of hybridization. Alkaline 

treated annealing DNA proved to anneal the most efficiently in these 

experiments but this process also fragmented the DNA. However, the 

DNA synthesized after infection did not always cosediment with phage 

DNA and isopycnic centrifugation of the DNA did not reveal any DNA 

of the density of phage DNA proving that covalently linked DNA was 

nonexistent even under conditions where the DNA would not be exten

sively fragmented. 

Murray also showed that newly synthesized DNA hybridized 

to Frankel DNA but not to bacterial'DNA. The latter result could be 

attributed to the low bacterial DNA hybridization efficiency of 12 per 

cent in Murray's experiments as compared to the 30 per cent in these 

experiments. It should be noted that the hybridization results of this 

dissertation showed that the newly synthesized DNA hybridized to the 

Frankel structure. However, it could not be concluded that the newly 

synthesized DNA was viral in nature because labeled host DNA also 
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hybridized to "Frankel DNA" and as a result, it was suspected that 

the isolated Frankel DNA contained both host and viral DNA. It should 

also be noted that Dr. Murray did not test the hybridization of host 

DNA to Frankel DNA and gave little information on the isolation of 

Frankel DNA for hybridizations, or on the hybridization procedure 

itself. 

Murray and Mathews (1969b) suggested that the N82 structure, 

formed after 5 minutes of T4amN82 infection, represented a large mole

cule composed of several parental DNA molecules which were linked 

together by early DNA to form a rapidly sedimenting structure which 

was very susceptible to shear forces. Newly synthesized host DNA, 

as discovered in this dissertation, is also observed to sediment more 

rapidly than parental DNA in large gradients after 5 minutes of infec

tion, and occasionally a fast sedimenting structure is observed in the 

small gradients. According to Burgi and Hershey (1963), depending 

on the DNA concentration and molecular weight of a DNA molecule, 

aggregation between large molecules can occur such that the DNA 

sediments faster than its actual molecular weight. Such an aggrega

tion between parental viral DNA and newly synthesized host DNA might 

have occurred during lysis to form the N82 structure, although Murray 

and Mathews (1969b) presumed to eliminate this possibility by showing 

that a similar structure could be detected upon a 10-fold dilution of the 

lysate. However, this dilution experiment was only carried out with 
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tritiated newly synthesized DNA and not with labeled parental phage 

DNA, such that cosedimentation of the parental and newly synthesized 

DNA as a rapidly sedimenting structure was not demonstrated. 

Murray also showed that sedimentation of the N82 structure and syn

thesis of early DNA increased with increasing multiplicity of infection. 

The same effect might have arisen if there were more degradation of 

host DNA at higher multiplicities of infection. 

Miller and Kozinski (1970) demonstrated the presence of a 

very small amount of newly synthesized DNA which sedimented with 

parental DNA in sucrose gradients after 3 minutes of infection with 

the wild-type phage, T4BOp and the DNA-negative mutant T4amN82. 

Their procedure employed a very gentle lysing procedure, a 

lysozyme-Triton X-100 method, which does not denature proteins. 

The newly synthesized DNA was labeled between 3 and 3. 5 minutes 

after infection and was found to sediment slightly faster than reference 

DNA, but much more slowly than a rapidly sedimenting structure, of 

parental, newly synthesized DNA and protein, formed from 4 to 5 min

utes after infection. The slowly sedimenting DNA, which was synthe

sized at 3. 5 minutes was also detected at 4 to 4. 5 minutes after 

infection in the fast-sedimenting intermediate which could be extracted 

by SDS and phenol. In contrast to the results of Murray and Mathews 

(1969a), Miller and Kozinski showed that the DNA that was synthesized 

at 3 to 3.5 minutes after infection was not covalently attached to 
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parental DNA moleculcs as demonstrated by alkaline sucrose gradi

ents and in addition they showed that this material was found to 

hybridize to both strands of viral DNA. Furthermore, they showed 

that incorporation of labeled precursors into DNA began at 3 minutes 

after infection and continued during replication of viral DNA (Miller 

and Kozinski, 1970). On the other hand, early DNA, as isolated by 

Murray and Mathews (1969a) and myself, was synthesized almost 

immediately after infection and the net incorporation of labeled pre

cursors stopped after 5 minutes of infection with the DNA-negative 

phage mutant, T4amN82. In Miller and Kozinski1  s experiments, 

replication of phage DNA commenced as early as 4 minutes after 

infection in their experiments, rather than after 5 minutes of infection 

as in Murray and Mathews (1969a) and my experiments. 

It appears that Miller and Kozinski (1970) were observing a 

different DNA structure during the first 5 minutes of infection than 

that which was detected in the present studies and apparently in the 

experiments of Murray and Mathews (1969a). This would explain why 

the hybridization and sucrose gradient results in this dissertation and 

in the investigation of Murray and Mathews (1969a) did not detect the 

presence of viral-hybridizable material at 3. 5 minutes after infection. 

The observation of different structures could be due to the different 

methods of lysis used by these investigators. Both Murray and Mathews 

and myself used a high temperature lysing procedure which denatures 
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protein, whereas the other investigators used a procedure which is 

performed at 0°C and avoids denaturing proteins. Miller and Kozinski 

(1970) described the protein containing newly synthesized DNA as being 

so small that it did not appreciably affect the density of parental DNA 

in CsCl density gradients as would be expected of a replicating DNA 

species. Miller and Kozinski (1970) also stated that they did not find 

any labeled host DNA by hybridization but they did not show their data. 

It is possible that they did not detect any newly synthesized host DNA 

in their experiments because they pulse-labeled for 30 seconds after 

3 minutes of infection rather than labeling for longer periods of time, 

earlier in infection. 
V 

Mathews (1970) has presented results which indicate that the 

material synthesized during the first 5 minutes of infection is necessary 

for the viability of the infecting phage, T4B0j and T4td8. Inactivation 

32 of the phage was observed after incorporation of P and BUDR into 

phage-infected cells during the first 5 minutes of infection. Mathews 

32 suggested that this was due to incorporation of P and BUDR into 

early DNA and the subsequent inactivation of these nucleotides such 

that the integrity of the DNA was destroyed and as a consequence phage 

growth was inhibited. However, the data presented in this dissertation 

has shown that bacterial DNA synthesis, and thus early DNA synthesis, 

32 is unnecessary for phage DNA replication. Instead of P and BUDR 
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being incorporated into early DNA, it is possible that the label is used 

to repair partially nicked or degraded parental DNA as well as synthe

size host DNA. The amount of labeled precursors incorporated into 

host DNA might represent 5 per cent of a phage genome, and another 

portion of the labeled precursors may be used to repair 1 per cent of 

the parental viral DNA nicked by nucleases after infection (Kozinski 

et_ al. ,  1967). These figures would agree with the approximation of 

Murray and Mathews (1969b) that 1 per cent of the parental DNA is 

acid-solubilized while an amount corresponding to 6 per cent of the 

32 phage genome is synthesized. In addition, P and BUDR might be 

incorporated into crucial genes which are necessary for viral DNA 

32 replication. It is also possible that during wild-type infection, P 

and BUDR were incorporated into the DNA-protein complexes found by 

Miller and Kozinski (1970) from 3 to 5 minutes after infection such 

that the subsequent inactivation of this DNA resulted in the inhibition 

of viral DNA replication. 

Degradation of Host DNA 

Investigations of the characteristics and origin of early DNA 

synthesis discussed earlier in this dissertation, have indicated that it 

represents degraded host DNA. The experiments discussed here show 

the similarity between the sedimentation of early DNA and host DNA 

in cells that contained labeled DNA prior to infection with phage. The 
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degradation of host DNA during infection occasionally demonstrated 

the presence of a rapidly sedimenting bacterial DNA structure as well 

as the viral cosedimenting DNA. Such data indicate that there might 

be several stages involved in the initial degradation of host DNA during 

the first 5 minutes of infection. 

Murray and Mathews (1969a) suggested that since the forma

tion of early DNA took place from time zero in their experiments, a 

bacterial enzyme or enzymes were responsible for early DNA synthe

sis. The results of this dissertation are in agreement with this 

hypothesis in the sense that a bacterial polymerase is probably 

responsible for synthesis of new DNA but a bacterial enzyme may also 

be necessary for fragmentation of the newly synthesized host DNA. 

The possibility of host enzyme involvement in bacterial DNA degrada

tion was shown by several experiments. Fragmentation of host DNA 

occurred in the absence of protein synthesis, where chloramphenicol 

was present during infection. This indicates that a protein which is 

present before infection, such as a host enzyme, or an internal pro

tein from the phage head, is involved in the degradation. This theory 

is further supported by the fact that degradation is also observed during 

phage ghost infection. However, it should be noted that phage ghost 

infection affects the transport of metabolites into the cell, an effect 

which is not observed during normal phage infection (Duckworth, 

1970b). 
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The enzyme that was active in degradation of host DNA to 

fragments that cosedimented with viral DNA in velocity sedimentation 

experiments was probably activated by phage infection. This enzyme 

required energy for activity, since little degradation was observed in 

the absence of a carbon source and/or at a temperature of 0°C. In 

this dissertation, experiments with an endonuclease I-negative host 

mutant, ER22, still resulted in the degradation of host DNA suggesting 

that breakdown was due to another enzyme such as that described by 

Tanner and Oishi (1971). They detected an ATP-dependent deoxyribo-

nuclease in extracts of E. coli infected with bacteriophage T4, and it is 

suspected that this enzyme plays a role in genetic recombination, since 

it is not detected in recombinationless mutants. This enzyme degrades 

both glucosylated T4 and nonglucosylated _E. coli DNA in vitro (Oishi, 

1969). After infection the activity of the ATP-dependent deoxyribo-

nuclease decreased to 30 per cent of its original value. In order to 

determine: whether or not this enzyme is responsible for the initial 

degradation of host DNA, the recombinationless mutants (recB and 

rccC) should be tested for their ability to fragment host DNA to a viral 

cosedimenting species after infection. 

Degradation of host DNA following infection by T4 phage has 

been observed by several other investigators, including: Hercules et 

al. (1971), Warner et al. (1970), Bose and Warren (1969), and Kutter 

and Wiberg (1968). Warner et al. have isolated viral mutants 
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exemplified by T4nd28, which are defective in the ability to degrade 

6 7 bacterial DNA to a molecular weight of 10 to 10 d, but which do allow 

fragmentation of host DNA to a double-stranded material which sedi-

g 
ments as if it has a molecular weight of 2 X 1 0 d. This is approxi

mately the molecular weight of viral DNA and one-tenth that of host 

DNA. In addition, Warner et al. (1970) could not detect the presence 

of any single strand breaks in the fragmented DNA, as determined by 

sedimentation of the degraded host DNA in alkaline sucrose gradients 

where the host DNA sedimented at a rate which corresponded to one-

O 
half the molecular weight observed in neutral gradients, 1 X 10 d. 

These results are in agreement with those in this dissertation, where 

parental and early DNA cosediment in alkaline sucrose gradients at 

about half the sedimentation rate observed in neutral sucrose gradients. 

Kellenberger et al. (1959) used an electron microscope to 

observe the dispersal of the bacterial nucleus by 2 minutes after infec

tion with the bacteriophage T2, but they did not observe the dispersal 

upon the addition of CM during infection. Warner at al. (1970) sug

gested that this observation could be evidence for the enzymatic 

degradation of bacterial DNA after infection. However, these investi

gators also pointed out that investigation of host DNA degradation by 

the lysing and sucrose gradient centrifugation of DNA might result in 

the artificial breakage of host DNA. As mentioned previously, I have 

also noticed that there might be some nonenzymatic fragmentation of 
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host DNA in aged lysates of uninfected cells, but not in fresh lysates 

of uninfected bacteria. Upon lysis, the host DNA may be released 

from a cellular replication site such as that observed by Earhart et al. 

(19^8). As a result, the released DNA may be much more susceptible 

to breakage during the storage of the lysate for a long period of time 

than it would be if it were attached to the cell membrane. On the other 

hand, a nuclease which is resistant to pronase and SDS may be slowly 

released upon the lysis of the cell or upon infection, such that degrada

tion of the host DNA occurs. If a mutant can be found which is defec

tive in the fragmentation of DNA during infection, perhaps degradation 

in the uninfected cell upon storage of the lysate would not be observed. 

Bose and Warren (1969) claim to have inhibited all degrada

tion of host DNA during infection in the presence of chloramphenicol, 

in contrast to the results of this dissertation, which show the degrada

tion of bacterial DNA within 5 minutes after infection even in the 

presence of chloramphenicol. Their data apparently shows a degrada

tion product of about 70 to 85S appearing in 40 to 60 per cent glycerol 

gradients after 5 minutes of infection, with formation of this product 

being inhibited by the presence of chloramphenicol. In their experi

ments, T4 marker phage DNA had a sedimentation rate of 62. 5S, as 

determined by analytical centrifugation. They also suggest that this 

product is degraded to a more slowly sedimenting structure (40 to 60S) 

from 7 to 10 minutes after infection. As a result, they proposed that 
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a virus-induced endodeoxyribonuclease, which degrades host DNA to 

70 to 85S sedimenting fragments, is made 5 to 7 minutes after infec

tion. The synthesis of a second endodeoxyribonuclease is apparently 

responsible for degradation of the DNA to 40 to 60S fragments, and 

this enzyme is not made after infection with ultraviolet irradiated 

phage or phage with a mutation in gene 46, or 47. 

The experimental procedure of Bose and Warren (1969) must 

be examined in order to explain their observation that chloramphenicol 

inhibits the fragmentation of DNA after 5 minutes of infection. In their 

experiment, the lysis procedure involved the addition of a Tris, EDTA-

NaCl buffer to frozen, infected cells and the incubation of this mixture 

for 10 minutes at 65°C. The lysates were then allowed to stand over

night at room temperature before centrifugation in 40 to 60 per cent 

glycerol gradients. However, as shown by my experiments with unin

fected bactcria, breakage of the bacterial DNA could have resulted by 

allowing the lysates to stand overnight. As a result, a change in the 

sedimentation rate of host DNA iifter 5 minutes of infection of the host 

cell might not be detected if the results were compared to sedimenta

tion of DNA from the uninfected control. This can be shown by the fact 

that they did not appear to detect hydrolysis until after 5 minutes/of 

infection, whereas my data indicates that hydrolysis of host DNA occurs 

within the first 5 minutes of infection. In addition, it is difficult to 

compare the sedimentation rates and molecular weights of DNA 
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molecules greater than 31 X 10^d within gradients, as discussed 

previously, or between different types of gradients such as sucrose 

and glycerol gradients. For instance, the structure that these investi

gators observed 5 to 7 minutes after infection was of a slightly higher 

sedimentation rate (70 to 85S) than marker phage DNA (62. 5S) and may 

or may not correspond to the fragments of host DNA observed in my 

experiments. 

Kutter and Wiberg (1968) have also observed the presence of 

fragmented host DNA after 6 minutes of infection to fragments of 

approximately the same molecular weight as phage DNA, about 

8 1 . 5 X 1 0  d .  T h e y  u s e d  a  l y s i n g  p r o c e d u r e  s i m i l a r  t o  t h a t  u s e d  i n  m y  

i 
experiments, a modification of the Frankel lysing procedure (1966), 

and the lysatcs were, immediately ccntrifuged in 5 to 20 per cent 

sucrose gradients. As observed in my experiments, Kutter and Wiberg 

(1968) found that the recovery of bacterial DNA during the first few 

minutes of T4 infection is quite poor, but by 6 minutes after infection, 

more than 90 per cent of the labeled host DNA was recovered in a peak 

which sedimented slightly faster than marker phage T4 DNA. They 

suggest that by 6 minutes after infection, the host DNA may be dis

rupted from a cellular complex, such that the DNA can be observed 

sedimenting within the gradient. 

The data in this dissertation also showed that some host DNA 

synthesis occurred during infection, in contrast to earlier investigations 
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which did not detect host DNA synthesis after infection when using 

precursors of low specific activities such as 1 jic/ml and 10 )ic/jamole 

(Duckworth, 1970a). Host DNA synthesis was detected in this investi

gation bccausc DNA was labeled at a high specific activity (18, 000 

.uc/jumolc) of H^-thymidino at a concentration of 10 jic/ml, and because 

phage and bacterial thymidine auxotrophs are used in most of the 

experiments. Nomura et al. (1966) and Duckworth (1971) have since 

shown that protein synthesis is necessary in order to inhibit bacterial 

DNA synthesis during infection and that the inhibition is also dependent 

on the number of infecting phage particles. However, until this study, 

no one has studied the kinetics of the shutoff of host DNA synthesis 

with DNA-negative or wild-type phage. 

There was an accumulation of acid-insoluble DNA during the 

first 5 or 6 minutes of infection when the kinetics of DNA synthesis or 

acid-precipitable material was measured after infection of a host with 

the DNA-negative phage mutant, T4amN82 at an moi of 8. This acid-

insoluble DNA was gradually degraded after 5 or 6 minutes of infec

tion. Corresponding hybridization experiments showed that this 

incorporation represented DNA that hybridized only to cell and not to 

•5 
viral DNA. Additional experiments determined the rate of H -

thymidine incorporation into DNA that hybridized to host DNA using 

short periods (1 minute) of pulse labeling during infection of the cell 

with the T4 mutants amN82 or nd28-td8. The latter mutant was unable 
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to degrade host DNA further than a molecular weight of 2 X 10^d. The 

rate of incorporation increased during the first two minutes after infec

tion, then decreased, and later showed a slight increase at 4 to 7 min

utes after infection. After infection of cells with T4td8, an increase 

in the rate of incorporation into host-hybridizable DNA was also 

observed, only during a different time period, from 2 to 4 minutes 

after infection, and from 7 to at least 9 minutes after infection. How

ever, immediately following T4td8 infection there is a decrease in the 

amount of host DNA synthesized during the first two minutes after 

infection rather than the increase observed during T4amN82 and 

T4nd28-td8 infection. This result might indicate that host DNA synthe

sis is not immediately shut off upon infection of bacteria with the 

DNA-negative mutant, T4amN82, and T4nd28-td8. The slow shutoff 

in host DNA synthesis could be due to the difference in phage coats 

or internal proteins of these mutants, such that inhibition of host DNA 

synthesis is slower. Duckworth (1971) suggested that phage disruption 

of the bacterial membrane upon attachment of phage to the cell wall 

may play a role in inhibiting host macromolec.ular synthesis. 

Continued incorporation of labeled precursors into host DNA 

was observed late in infections by T4td8, T4nd28-td8, and T4amN82 

and cannot be attributed to the replication of host DNA in uninfected 

cells in the culture, since there were less than 0. 1 per cent uninfected 

cells present at 5 minutes after infection. It was also of interest to 



note that Cascino et al. (1971) detected a large amount of host DNA 

synthesis 5 to 20 minutes after infection of E. coli with T4 gene 30 

(DNA ligase negative) mutants. They suggested that this DNA synthesis 

represents the synthesis of unstable host DNA as a result of the efforts 

of the host DNA polymerase 1 to repair T4-induced degradation of host 

DNA, a process which might normally be performed by the T4-induced 

ligase. Accordingly, incorporation of H -thymidine into DNA late in 

infection in the present study could be a result of repair synthesis by 

host polymerases and the T4-induced ligase when the sealing of single-

stranded gaps by the latter might protect repaired DNA from further 

degradation. The incorporation observed late in T4nd28-td8 infection 

of cells and in T4td8 infection of CM-treated cells may be due to the 

inability of phage to completely shut off host DNA synthesis because of 

the lack of the appropriate active nucleases in the infected cell. 

A pulse-label hybridization experiment in which a Kornberg 

polymerase mutant was used as a host (JG 112 polA~thy~) during T4td8 

infection showed approximately the same rate of incorporation of 

3 H -thymidine into pulsed DNA as was observed upon irifection of non-

mutant hosts. This result suggested that the Kornberg enzyme (hypoth

esized as being responsible for repair of host DNA) is most likely 

not responsible for the increase in the rate of incorporation of label 

into acid-insoluble DNA seen after infection. During the pulse-label 

experiment with the host JG 112 polA'thy~, the recovery of DNA from 
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ly sates was very poor. With regard to the poor rccovcjry, it is 

interesting to note that Okazaki et al. (1971) observed an increase in 

the amount of pulse-labeled short DNA chains accumulating during 

replication of a polA" mutant as compared to the wild-type strains, 

resulting in a 10-fold decrease in the rate of joining of newly repli

cated DNA. If these small fragments are synthesized during the 

1-minute pulses, they might be. difficult to extract from infected cells. 

Perhaps a sucrose gradient analysis of the pulsed samples would 

indicate whether or not the short fragments are formed. 

Chloramphenicol has not been observed to have any effect on 

the formation of early DNA or the fragmentation of host DNA during 

infection in this dissertation. However, chloramphenicol was used 

in the pulse-label experiments to determine if its presence changes 

the rate of labeled precursor incorporation into host-hybridizable DNA. 

A rapid decrease in the rate of synthesis immediately after infection 

was observed as well as an increase after 6 minutes of infection due 

to the lack of virus-induced enzymes to inhibit host DNA synthesis 

(Duckworth, 1971; Nomura et al. ,  1966). However, in contrast to the 

results of previous experiments, an increase in the rate of host DNA 

synthesis from 3 to 5 minutes after infection was not observed. This 

result indicates that a phage-induced enzyme or protein might be 

responsible for stimulating or initiating the increase in the rate of 

DNA synthesis by degrading the: DNA such that host enzymes must 
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repair the bacterial DNA. However, since no significant acid-

solubilization of host DNA was observed within 5 minutes of T4amN82 

infection and since fragments of host DNA, which cosediment with 

parental viral DNA, were formed in the presence of CM, it was 

difficult to equate the increase in the rate of incorporation during 

T4td8 infection with the appearance of fragmented host DNA and the 

degradation of host DNA. Exactly what the increase in incorporation 

of nucleotides between 3 and 5 minutes after T4td8 infection represents 

is not entirely clear; but perhaps density labeling experiments from 

3 to 5 minutes after infection in the absence of CM, where the density 

of the DNA is analyzed on CsCl equilibrium density gradients, or 

where nucleases or proteins formed at this time during infection are 

examined would help determine whether the synthesis represents 

repair or replication. 

Experiments were also performed to determine whether or 

not the incorporation of nucleotides into host DNA represents a repair 

or replication synthesis, at different times after infection. The use of 

thymine and thymidine as precursors did not elucidate which processes 

were predominant in the host synthesis. However, pulse-chase experi

ments indicated that DNA formed prior to and during the first 3 minutes 

of T4amN82 infection was generally degraded to acid-soluble material. 

These results taken in conjunction with isopycnic centrifugation of DNA 

synthesized under the same circumstances would indicate that this 
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of infection. On the other hand, if the incorporation occurred from 

6 to 8 minutes after infection, there was little degradation or acid-

solubilization of this DNA. Cesium chloride density gradients, which 

showed some H -BUDR labeled newly synthesized DNA at approxi

mately the same density as light DNA, suggested that DNA synthesized 

from 5 to 10 minutes after infection represents the repair of host DNA 

and not replication of host DNA. This result would agree with the 

idea that newly replicated DNA synthesized before and just after infec

tion is degraded during infection (Warner et al. , 1970) and later 

repaired (Cascino et al. ,  1971). However, to explain why the labeled 

material present after 5 minutes of infection is not acid-solubilized it 

can be hypothesized that after 5 minutes of infection with a DNA-

negative mutant such as T4amN82, a large amount of acid-solubilization 

of repaired host DNA might not occur because the nucleotides would 

not be required for phage DNA replication. The "stabilized-repair 

DNA synthesis" may be unique to T4amN82 infection, in which case the 

stability of DNA synthesized late in infection by other DNA-negative 

mutants should also be investigated. If the stability of the repaired 

DNA is found to be unique to T4amN82 infection or all DNA-negative 

mutants, then the repair synthesis during wild-type infection should 

also be investigated. 
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From the experiments performed in this dissertation, much 

has been learned about the extent of host DNA synthesis during infec

tion. Through the use of precursors at high specific activities, these 

results have shown that host DNA synthesis is not completely shut off 

even after wild-type infection. The incorporation of nucleotides into 

host DNA and the degradation or fragmentation of this DNA has unex

pectedly resulted in the formation of a structure which was originally 

thought to be a precursor of viral DNA replication, early DNA. As a 

result, in experiments examining viral DNA replication, care should 

be taken that host DNA synthesis is inhibited by using an antibiotic 

such as MC. Certainly much remains to be learned about the steps 

involved in the degradation of DNA; the enzymes involved in the frag

mentation; the cells or viral species which stimulate the incorporation 

of nucleotides into host DNA; and finally, how host DNA synthesis is 

shut off or inhibited during infection with wild-type phage or with DNA-

negative mutants like T4amN82, or mutants such as T4nd28 which 

cannot acid-solubilize host DNA and do not require host nucleotides 

for replication. 
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