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ABSTRACT
DNA Replication in Escherichia coli in vivo and ijn vitro
Effects of Bacteriophage T4 Infection

Joel J. Elliott
DNA synthesis has been studied in an in vitro sys¬
tem derived from cells infected with bacteriophage T4.
This in vitro system consists of cells treated with
toluene.

Such cells, though no longer viable, never¬

theless incorporate exogenous deoxyribonucleotide tri¬
phosphates into DNA (Moses and Richardson, 1970; Mordoh,
et. al.. 1970).

Toluenization of T4-infected cells

results in the reversal of phage-induced shutoff of
host DNA synthesis.

To see this result, however, the

infecting phage must carry a mutation in the D2a region
of the T4 genome.

If the phage is D2a+, host DNA syn¬

thesis in, vitro is severely depressed.

Thus, the D2a

product appears to inhibit, either directly or indir¬
ectly, bacterial DNA synthesis in toluenized cells.

The

D2a product probably controls (or is) a cytosine-specifi
deoxyribonuclease (Bruner, et. al., 1972).
T4 DNA synthesis can occur in toluenized cells.
T4 mutants which are defective in host DNA degrada¬
tion nevertheless shut off host DNA synthesis in, vivo.
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I, INTRODUCTION:

The shutoff of host metabolism by

T-even bacteriophage.
Viruses multiply by subverting the metabolism of
their hosts to the production of viral constituents.
This takeover of host metabolism is particularly extreme
in the case of T-even bacteriophage multiplication,
since shortly after T-even bacteriophage infect
Escherichia coli host-specific macromolecular syntheses
cease, including DNA, RNA, and protein synthesis (Cohen
and Anderson, 1946; Monod and Wollman, 1947; Cohen, 1948ab;
Volkin and Astrachan, 1956; Nomura, et. a,!., 1960;
Brenner, et. al_., 1961). The absence of host syntheses
has greatly simplified the study of T-even phage bio¬
chemistry, and indeed, the biochemical events occurring
during T-even phage infection are now known in considerable
detail (see Cohen, 1968; Mathews, 1971).

How the phage

inhibit or shut off host functions is, however, still
unclear.
A.

The effects of phage adsorption.

The shutoff

problem is complicated by the fact that the phage appears
to have two processes by which it inhibits host’ syntheses:
(l) a multiplicity-dependent cell surface effect caused
by phage adsorption and which occurs in the absence of phage
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protein synthe-sis, (2) a multiplicity-independent
effect mediated by phage proteins.

Recognition of

the cell surface effect is derived from studies of
phage infections in the absence of protein synthesis.
Even if no phage proteins are made, host nucleic acid
synthesis is depressed (Osawa, et. al., 1961; Nomura,
et. aj.,, 1962; Okamoto, et. al., 1962; Sekiguchi and
Cohen, 1964; Hayward and Green, 1965; Nomura, et. al.,
1966; Ennis and Cohen, 1968).

However, the depression

of host nucleic acid synthesis in the absence of phage
protein synthesis is not as complete as when phage pro¬
tein synthesis is permitted (Hayward and Green, 1965;
Nomura, et. al., 1966; Ennis and Cohen, 1968; Duckworth,
1971a).

Furthermore, the inhibition of host syntheses

is multiplicity-dependent in the absence of protein
synthesis; whereas, shutoff is independent of multiplicity
when phage protein synthesis is allowed (Nomura, et. al..
1966).

These latter results suggest another shutoff

mechanism in addition to the surface effect, which is
dependent upon phage proteins.
Cohen (1968) has proposed an alternative model in
which shutoff is caused only by the cell surface effect.
Cohen suggests that the lethal event is caused by phage
adsorption and is a disruption of the replication-tran¬
scription apparatus located on the cell membrane.

The

early studies demonstrating incomplete shutoff in the
absence of phage protein synthesis involved the use of
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chloramphenicol to inhibit protein synthesis (Hayward
and Green, 1965; Nomura, et. al„, 1966),

Cohen pro¬

poses that the effect of chloramphenicol on shutoff
has nothing to do with the inhibition of protein syn¬
thesis,

Rather, chloramphenicol simply inhibits a

disruption of the replication-transcription machinery
caused by phage adsorption.

Shutoff has now been

examined when protein synthesis is prevented by means
other than the use of chloramphenicol (Ennis and Cohen,
1968; Duckworth, 1971a).

The results are no different

than those those obtained with chloramphenicol.

Thus,

it appears that no matter how protein synthesis is inhibited,
shutoff is never as complete as when phage protein synthesis
is allowed.

This makes Cohen's hypothesis highly unlikely;

however, as Mathews (1971) points out, Cohen^s model may
well explain the multiplicity-dependent surface effect.
Terzi (1967) found that shutoff in an alternate
host, Shigella dysenteriae. is not as complete as in
E. coli.

Furthermore, Terzi observed that shutoff is

multiplicity-dependent in Shigella.

These results

resemble those obtained in E. coli when phage protein
synthesis is prevented.

Terzi therefore suggested that

there, are two shutoff mechanisms and that Shigella is
resistant to shutoff mediated by phage proteins.
The effects of phage attachment on host metabolism
have also been studied using phage ghosts.

Ghosts are

DNA-less phage particles produced by subjecting a phage

preparation to. an osmotic shock (Anderson, 1950).

Such

particles which, of course, have no genetic functions,
nevertheless adsorb to susceptible host cells and inhibit
host metabolism (Herriott, 1951; French and Siminovitch,
1955; Herriott and Barlow, 1957ab; Lehman and Herriott,
1958; Duckworth, 1970a; Fabricant and Kennell, 1970).
The effects of ghosts on host metabolism as described
in the literature are variable, and many of the results
are contradictory (see Duckworth, 1970b).

This is in

part due to the fact that early workers lacked a reli¬
able assay for ghosts.

A reliable assay is, however, now

available (Duckworth and Bessman, 1965).

Another problem

is that different results are obtained depending upon
whether the host cells are grown in broth or synthetic
media (see Duckworth, 1970b).

Duckworth's results

(1970a; 1971b) us ing broth-grown cells suggest that
ghost infection does not reflect what happens as a re¬
sult of phage attachment.
Fabricant and Kennell (1970) using cells grown in
synthetic media obtain a somewhat different result.
They find a major population of ghost-infected cells
which make neither DMA, RNA, nor protein.

These cells

are essentially metabolically inert, and they do not
recover to form colonies.

However, Fabricant and Kennell

find a subpopulation of ghost-infected cells (usually
10-15%), the size of which is inversely proportional to
the multiplicity of infection, which are only partially
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shut off.

Although these cells do.not make protein,

they do make normal amounts of DMA and RNA.. Moreover,
they recover the ability to make protein 30 minutes3
after infection and the ability to divide 80 minutes
after infection.

Fabricant and Kennell suggest the

following: The subpopulation which is not metabolically
inert reflects the effects of phage attachment; protein
synthesis ceases but is recovered after 30 minutes; DNA
and RNA synthesis are relatively unaffected.

The hypothesis

that phage attachment causes the shutoff of protein syn¬
thesis is attractive because it would explain why the
inhibition of protein synthesis after phage infection
is so rapid (Benzer, 1953; Kennell, 1970).
B.

The effects of phage-induced proteins.

Although

the effects of phage adsorption are not completely under¬
stood, a major process whereby phage inhibit host functions
(at least RNA and DNA synthesis) appears to involve phage
proteins.

I would like to focus now on how phage proteins

might shut off host syntheses.

One question to ask here

is whether all types of host macromolecular syntheses
are inhibited by the same mechanism.

There is now good

evidence that protein synthesis and RNA synthesis are in¬
hibited by separate mechanisms.

Host RNA synthesis con¬

tinues for 4-5 minutes after infection (Landy and Spiegelman,

a

All times pertain to infection at 37°C unless other¬
wise noted.
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1968; Kennell, 1968) whereas protein synthesis ceases
immediately after infection.

It is thought that host DNA

synthesis also'ceases immediately upon infection (Cohen,
1948a).

However, the kinetics of shutoff of DNA syn¬

thesis have not been carefully studied.

Thus, whether

the shutoff of DNA synthesis is related to the shut¬
off of either RNA or protein synthesis is unclear.
Several known events which occur after phage in¬
fection might cause shutoff of host functions.

Transla¬

tional initiation factors are altered such that host .
mRNA can no longer form initiation complexes with
ribosomes (Hsu and Weiss, 1969; Dube and Rudland, 1970;
Steitz, jet. a!., 1970; Klem, et. aJL., 1970).

This event

requires phage protein synthesis but is not completed
until 3 minutes or longer after infection (Hsu and Weiss,
1969), probably too late to account for the shutoff of
protein synthesis.

Kennell (1970) finds host mRNA ex¬

cluded from polyribosomes within seconds after phage in¬
fection, but this may be due to phage attachment as
Kennell suggests rather than phage-induced proteins.
Other modifications of the host translational
machinery such as alteration of an aminoacyl-tRNA syn¬
thetase, alteration of tRNA modifying enzymes, alteration
of pre-existing host tRNA species, and synthesis of new
tRNA species also occur after phage infection (see Daniel,
et. al., 1970 for a review).

It is not obvious, however,
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how any of these changes could explain the rapid and
complete inhibition of host protein synthesis.
Although the basic subunit structure of host RNA
polymerase (Burgess, 1969; Burgess, et. al.,, 1969) is
conserved throughout phage infection (Travers, 1970),
all of the subunits are altered (Walter, et. al_., 1968;
Schachner and Zillig, 1971; Seifert, et. al_., 1971;
Seifert, et. al.,, 1969; Goff and Weber, 1970).

In addi¬

tion, the sigma subunit or initiation factor appears to be
replaced by a series of phage-specific ones (3autz and
Dunn, 1969; Travers, 1969; Travers, 1970).

All of these

changes are probably correlated with the programmed
sequence of phage transcriptions (Bolle, ejt. a_l., 1968ab;
Salser, .et. ajL., 1970; Guha, el:, al.., 1.971) and may
play a role in the shutoff of host RNA synthesis.

No

change in the RNA polymerase, however, has been shown to
result in a shift in template specificity such that host
DNA is no longer transcribed in. vitro.

Recently an

E, coli mutant with an altered RNA polymerase has been
found whose RNA synthesis is not completely shut off by
T4 infection (Montgomery, et. aJL., 1972).
T-even phage infection results in the degradation of
the host chromosome to nucleotides (Kozloff and’Putnam,
1950; Weed and Cohen, 1951; Hershey, et. ajL., 1953;
Nomura, et. .al., 1962).

Nomura and co-workers obtained

data which was interpreted as indicating that the host
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chromosome is both physically and functionally intact as
long as 10 minutes after infection (Nomura, ejb. aJL#, 1962).
Although they detected no physical degradation prior to
10 minutes after infection, the largest pieces of host
DNA Nomura, et. aJL., observed even from uninfected cells
were much smaller than the intact bacterial chromosome.
Thus, these workers could not possibly have detected the
earliest degradation steps.

Their data regarding the

functional integrity of the host DNA are also subject to
criticism.

Genetic transfer of host markers after phage

infection occurred to a significant extent only when
phage protein synthesis was prevented by the presence of
streptomycin.

Thus, the experiment only shows that

degradation is not important in the shutoff caused by
phage adsorption.

In more recent work physical degrada¬

tion has been detected as early as 5 minutes after infection
(Warren and Bose, 1968; Bose and Warren, 1969), but this
may still be too late to account for the inhibition of
host DNA synthesis (Cohen, 1948a).

Other evidence that

degradation is not responsible for the shutoff of host
nucleic acid synthesis comes from studies of T4 mutants
which fail to degrade the host chromosome beyond a molecular
weight of 2 X 10^ or about 1/10 the size of the .intact
chromosome (Warner, et. aJL., 1970; Hercules, et. al..
1971).

Such mutants nevertheless shut off host DNA syn¬

thesis (K. Hercules, personal communication; Souther, et. al.,
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1972; this thesis).

The problem with all physical

measurements of the size of host DNA after phage in¬
fection is that the bacterial chromosome cannot be
isolated intact except under special conditions which
make quantitative analysis difficult (Cairns, 1963;
Davern, 1966).

Therefore, although current thought

is that degradation of host DNA is not involved in shut¬
off, the possibility that it is cannot be ruled out.
C.

An in vitro approach.

Recently, several systems

employing permeabilized cells have been developed for
the study of bacterial DNA replication (Buttin and
Kornberg, 1966; Buttin and Wxight, 1968; Moses and
Richardson, 1970; Mordoh, e_t. aJL., 1970; Vosberg and
Hoffman-Berling, 1971; Wickner and Hurwitz, 1972).
Permeabilized cells, though no longer viable, incorporate
deoxynucleoside triphosphates into DNA for extended
periods of time.

The DNA synthesis in some of these

systems has been shown to be primarily replicative,
rather than repair (Moses and Richardson, 1970; Vosberg
and Hoffman-Berling, 1971;’Wickner and Hurwitz, 1972).
These systems might allow a new biochemical approach
to the question of how T-even phage inhibit host DNA
replication.

If the inhibition of host DNA synthesis

is observed in these systems prepared from phage-in¬
fected cells, then a biochemical dissection of the components
involved in DNA replication in these "In vitro" systems
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might allow identification of the target of phage in¬
hibition.

If shutoff is not observed in_ vitro, then

constraints are placed on the possibilities for shut¬
off mechanisms.

For example* if shutoff is not observed

in an in_ vitro system, then it is unlikely that irreversible
damage to the host chromosome is responsible for the
shutoff of DNA synthesis.

With these ideas in mind I

undertook to study the effects of T4 infection upon DNA
replication in toluenized cells (Moses and Richardson,
1970; Mordoh, et. al., 1970).
The results indicate that the inhibition of host
DNA synthesis is not observed in toluenized cells.

In

fact, shutoff is actually reversed since the cells are
toluenized after phage infection.

To see these results,

however, the cells must be infected with phage carrying
certain rll deletion mutations.

These mutants appear

to lack a nuclease which acts on cytosine-containing
DNA (Bruner, ert. al., 1972).

Such mutants are not

defective in iji vivo shutoff (Bruner, et. al.., 1972;
Souther, et. al., 1972; this thesis).

These results

appear to rule out certain models for the shutoff of
host DNA synthesis (see Discussion).

II.

MATERIALS AND METHODS
A. Bacterial strains.

polAl thy

Escherichia coli p3478

which lacks DNA polymerase I (DeLucia and

Cairns, 1969; Gross and Gross, 1969) was used in most of
the jLn vitro experiments.

In addition, W3110 thy”, (the

polA+ parent of p3478) and E. coli BB were used in some
experiments.

All of the above strains are non-permissive

for phage amber mutants.

p3478 was routinely checked for

the presence of the polAl mutation by its sensitivity
to MMS (DeLucia and Cairns, 1969) (0.1ml of 10% solution
added to the top agar).
Phage amber mutants were propagated on E. coli CR63
(su I).

Stocks of am

phage were prepared on BB. CR63 (X)

and K (X) Benzer (non-suppressing) were non-permissive
hosts for phage rll mutants.

BB/HU and G^^/HU (su II)

were non-permissive hosts for phage carrying the denA S112
mutation when plated with 0.2ml 2M HU.
B. Phage strains (all T4).

The DNA” amber mutants

used are from the collection of Dr. R. S. Edgar with the
exception of amE4311 which was provided by Dr. J. D. Karam.
These strains are shown in Table 1 and will be referred
to in the text by their gene number (for example, amN82
is am44).

Phages carrying rll deletions were provided by
11
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Dr. S. Champe.

They are from the collection of Dr. S.

Benzer and are shown in figure 1.

The mutant denA S112

fails to induce T4 endonuclease II and is deficient in
the degradation of the host chromosome (Hercules, et. al..
1971; Sadowski, ejt. aJL., 1971).
J. Wiberg.

It was provided by Dr.

Multiple mutants were constructed by standard

phage crosses (Adams, 1959) in BB bacteria.
C. Media.

SM contains per liter 0.2g MgSC>4«7H20,

lg sodium citrate* 2^0, 2g (NH^) SO , 15g l^HPO^,
6g KH2PO4 (Spizizen, 1958) and was used for bacterial
dilutions.

SMGCT was the standard growth medium and is

SM supplemented with glucose to 2mg/ml, vitamin-free
casamino acids to 2.5mg/ml, and tryptophan to 25/jg/ml.
Thymine was added to 5^jg/ml for the thymine-requiring
strains.

VY contains 25g veal infusion broth and 5g

yeast extract per liter.

Bottom agar for minimal plates

is 20g Bacto-agar (Difco) per liter of SMGCT (4mg/ml
glucose).

Minimal top agar is 7g Bacto-agar per liter.

Broth bottom agar is 33g TBAB (Difco) per liter.
top agar is 15.4g TBAB per liter.

Broth

SSC is 0.15M sodium

chloride and 0.015M sodium citrate.
D. Chemicals.

HU was purchased from Sigma; PCMB,

DTT, egg white lysozyme, and bovine pancreatic ribonuclease
from Calbiochem.; dNTPs and ATP from P-L Biochemicals,
3
and MMS from Eastman. Radiochemicals were H-dATP (0.5mC/ml,
ll;jtg/ml) (New England Nuclear) and ^H-Tdr (MEN) (stock
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solution: lpC/ml, 0.18jjg/ml),
E. Phage and bacterial assays.

Phage were assayed

on broth plates by the top agar overlay method (Adams,
1959) with 0,1ml indicator bacteria. The indicator
g
bacteria were grown to 3 X 10 /ml and concentrated
3-fold in VY.
Bacteria were assayed on minimal plates also by
top agar overlay.

All assays and incubations were done

at 37°C unless otherwise noted,
F, DNA synthesis in vivo and in vitro.

Both measure

ments were performed on the same sample of cells.

Cells

were grown in SMGCT to a density of about 3 X 10®/ml.
The culture was then either used immediately or placed on
ice.

To start the experiment the culture was divided

into 10ml samples (usually 3, for 2 infected and 1 unin¬
fected sample), and each sample was started shaking at
37°C at t= -5 minutes.

At t= 0 samples were infected

(phage volume: 0.5ml or less).
were assayed for viable bacteria.

At t= 7 all samples
At approximately

t= 12 8ml of cells were removed from each sample for
the iri vitro measurements.

15 minutes after infection

in vivo DNA synthesis was measured in 1ml of cells from
each sample.
1,

DNA synthesis in vivo: 0.1ml ^H-Tdr was added to

lml of cells shaking in a water bath.

Incorporation was

terminated 1.5 minutes later by the addition of 5ml cold
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quench solution (lOOpg/ml each thymine and thymidine) and
the reaction mix was placed on ice.

Samples were collected

on 25mm 0,45/jm millipore filters and washed with 30ml
boiling water.

Filters were dried for 20 minutes under

an infra-red lamp and placed in vials to which 5ml
scintillation fluid (160ml Liquifluor, MEN #NEF-903,
1 gallon of toluene) was added.

Vials were counted

in a Packard Tricarb Liquid Scintillation counter.
2,

DMA synthesis in vitro: This procedure is modified

from Moses and Richardson (1970) and Mordoh, et. al.,
(l970).

8ml of cells were centrifuged at 5000X g and

0°C for 5 minutes.

Pellets were washed with 8ml 50mM

Tris pH 7.5, and recentrifuged.

The pellets were then

resuspended in 0.6ml 50mM Tris pH 7,5 to which was added
1 drop of toluene.

The mixture was briefly stirred on a

Vortex-Genie mixer and allowed to stand for 20 minutes
at 37°C in a water bath.
used immediately.

Toluenized cells were always

Toluene treatment leaves fewer than

10~^% colony-forming units in the uninfected samples.
The reaction was started by adding 0.1ml toluenized cells
to 0.1ml pre-warmed reaction mix.

The reaction mix is

50mM Tris pH 7.5, 30pM (l5jjg/ml) each of the 4 dNTP,
1.5mM ATP, lOOpM DTT, 10mM MgCl2, 160mM KC1, and
(2.5^iC/ml).

3

H-dATP

Samples were incubated for 30 minutes at

37°C in a water bath.

Incorporation was terminated by

the addition of 3ml cold 0.1M NaPPi in 10/o TCA.

Samples

15

were left on ice for 15 minutes prior to filtering.
Samples were collected on filters (previously described)
and the filters washed with 15rnl each cold 0.1M NaPPi-10/oTCA
and 10mM B31.

Filters were dried and counted as previously

described.
G.
1.

DNA-DNA hybridization.

Isolation of DMA.

Unlabeled E. coli BB DNA was iso¬

lated by the procedure of Marmur (1961).

Unlabeled T4

DNA was isolated from phage particles (amE51rIIH23) by
phenol extraction (Thomas and Abelson, 1966).

Radio-

actively labeled DNA made in_ vitro was prepared as
follows: The usual method for the assay of in vitro DNA
synthesis was followed except that the reaction was scaled
up 10-fold, and the specific activity of the radioactive
label (3H-dATP) was increased 20-fold to 50^0/ml, 15pg/ml.
The labeled in vitro DNA was isolated by a modification
of the procedure of Smith (1967).

After the 30 minute

incubation for the in. vitro reaction, EDTA was added to
20mM and lysozyme to 25(pg/ml and incubation at 37°C con¬
tinued for 5 minutes.

SLS was added to 0.5% and the in¬

cubation continued for another 5 minutes.

The DNA was

then extracted with phenol, treated with RNase (at 20pg/ml)
for 30 minutes at 37°C and again extracted with-phenol.
Following phenol extraction DNA preparations were dialyzed
extensively against SSC/100.

DNA concentrations were

determined by measuring absorption at 260nm in a Gilford
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spectrophotometer (l OD unit corresponds to 55jjg/ml
native glucosylated DNA, or 50pg/ml native non-glucosylated DNA),

The radioactivity of the labeled. DNA

was determined by measuring the amount of TCA-precipitable cpm in a sample.

Labeled DNA was sheared

by passing it through a 20 gauge needle.
2. Preparation of DNA filters.

The procedure of

Kourilsky, ejt. aJL,, (1971) was used with the following
modifications.

25mm Schleicher and Schuell B6 membrane

filters were used.

Each filter was loaded with 7;jg

unlabeled DNA (either BB or T4 DNA diluted in 2X SSC)
and dried overnight at 80°C,

Control experiments with

radioactively labeled DNA showed 80-90% retention of the
label on the filters.

Blank filters were those to which

no DNA was fixed.
3. Hybridization.

This is also a modification of the

procedure of Kourilsky, et. al., (1971).

Filters were

incubated in separate vials in 8M urea-2X SSC with
6-7pg labeled DNA.

The incubation volume was 0.5ml.

After a 12-16 hour incubation at 42°C, filters were
washed by suction (50ml 2X SSC on each side) and
dried and counted as previously described.

III. RESULTS
A. In vivo and in vitro DMA synthesis after in¬
fection with DNA~D2a~ phages.

The question I set out to

answer is this: Is the shutoff of host DNA synthesis
observed in an in. vitro system prepared from T4 phageinfected cells?

The ini vitro system I chose to use is

toluenized cells (Moses and Richardson, 1970; Mordoh,
et. al., 1970).

The basic experiment is simply to infect

Escherichia coli with various phages and then measure both
in vivo and ini vitro DNA synthesis on the same sample.
This kind of experiment determines whether DNA synthesis
can occur in an :Ln vitro system prepared from phage-in¬
fected cells.

In addition, where DNA synthesis does occur

in vitro, conclusions can be drawn from the genotype of
the infecting phage regarding the type of DNA (phage or
host) synthesized in vitro, (sections A-D). DNA made
in vitro after phage infection is also analyzed by DNA-DNA
hybridization experiments (section E).

Whereas the former

experiment provides primarily genetic evidence, the latter
experiment contributes physical evidence as to the type
of DNA made iri vitro.

Both kinds of experiments lead to

the same conclusions.
The obvious way to test for the shutoff of host DNA
synthesis is to infect with a phage carrying a mutation
17
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in a gene essential for DNA synthesis (DNA" phage).
Upon infection with such a phage, phage DNA synthesis is
prevented and consequently does not obscure what happens
to host DNA synthesis.

The results of some infections

with DNA" phages are shown in Table 2Aa,

Notice that

almost no DNA synthesis occurs in vivo after infection
with these phages (column 3),

That is, no more DNA

synthesis is observed than that expected from the number
of surviving (uninfected) cells: This is the shutoff
phenomenon.

The in vitro measurements, however, produce

a different result (column 4).

In this case, a large

amount of DNA synthesis does occur.

This iri vitro syn¬

thesis is not due to uninfected cells, since the survivor
data (column 2) as well as the :Ln vivo data (column 3)
indicate that the infections were successful.
The simplest interpretation of these results is that
the in, vitro synthesis seen in cells infected with a DNA“
phage represents host DNA replication.

If this interpreta¬

tion is correct, then the shutoff of host DNA synthesis
is not observed in this in, vitro system.
off seems to be reversed, since the

Actually, shut¬

vitro system

is

prepared from phage-infected cells.

In these experiments phage DNA synthesis is pre¬
vented by a mutation in T4 gene 44. Similar results are
obtained when phages carrying other DO mutations are
used (see section H).
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The relative amounts of in. vitro DNA synthesis as
shown in Table 2A vary between 1.0 and 2.0.

These

amounts are consistent with relatively normal ijn vitro
synthesis by the whole population of infected cells.
Since numbers greater than 1.0 were frequently obtained,
phage infection may actually stimulate host DNA synthesis
in vitro.a
B.

In vivo and in vitro DNA synthesis after in+
fection with DNA D2a phages. There are no reports of
T4 DNA replication in toluenized cells.

Therefore, it

was of interest to do some experiments with phages capable
of replicating their DNA (DNA

phage).

The results of

some of these experiments are shown in Table 2B,

The

in vivo data (column 3) reflect the stimulation of DNA
synthesis seen after phage infection.

This stimulation

of DNA synthesis is also observed jin. vitro (column 4).
Since more in vitro DNA synthesis is observed when the
phage is DNA

than when the phage is DNA

(compare

Table 2A with 2B), the extra in. vitro synthesis seen
with a DNA
tion.

phage probably results from phage DNA replica¬

These data suggest that phage DNA synthesis can

3

All of the results are, for convenience, presented
relative to an uninfected sample. The author realizes
that such comparisons may not be entirely valid. For
example, the efficiency of incorporation of label might well
be different between infected and uninfected cells both
in vivo and in. vitro. This possibility does not, however,
jeopardize the major conclusions of this work which are
derived by comparing various groups of infected cells.
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occur in toluenized cells.
If shutoff is reversed _in vitro, then both phage
and bacterial DNA synthesis should occur
4

IJT.

vitro in

”

infections with DNA

phages.

The fact that there is

approximately 1.0 more in vitro synthesis than i_n vivo
synthesis (compare columns 3 and 4, Table 2B), is con¬
sistent with this possibility.

That is, the extra 1,0

of in. vitro synthesis may represent host DNA replication.
Both results shown in Table 2, the presence of
host DNA synthesis .in vitro in cells infected with a
DNA

phage and the stimulation of jus vitro synthesis in
4

*

cells infected with a DNA

phage, are dependent upon

the phage carrying certain extended rll deletion mutations.
Both rIIH23 and rllPTS, the mutations used in these ex¬
periments, are deletions which extend into the D2a region
of the T4 map (Fig. l).

An rll

phage or a phage carry¬

ing an rll deletion whose right end does not.extend into
D2a (rII-D2a^ phage) give quite different results (see
below).
C,

In vivo and in vitro DNA synthesis after in—

fection with DNA D2a
—

DNA D2a

4

4

~

phages.

Cells infected with a

*

phage show no DNA synthesis in. vivo and little

or no DNA synthesis in. vitro (Table 3A).
4

*

matter whether the phage is rll

It does not

_

or an rII-D2a

(compare line 1 with lines 2 and 3).

4

*

mutant

These results are

in contrast with those obtained with DNA D2a

phages which
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seem

to permit host DNA synthesis in. vitro (Table 2A).

The two rll mutations used here, rIIA105 and- rII1241,
like those used in Table 2 (rIIH23 and rllPTS) are dele¬
tions.

However, neither rIIA105 nor rII124l extend into

D2a (see Fig. l).

Thus, if the phage is a D2a mutant

(_e.£. rIIH23) then host DNA synthesis is observed in. vitro
(section A), but if the phage is D2a

(_e.c|. rIIA105)

then such synthesis is not observed.

The D2a product

must, therefore, prevent, either directly or indirectly,
host DNA synthesis ini vitro.
Why should the D2a product inhibit host DNA synthesis
in vitro?

This question will be considered more completely

in the Discussion,

but I will say now that the D2a

region has previously been implicated in the control of
a deoxyribonuclease which attacks cytosine-containing
DNA (Bruner, et., al., 1972; Souther, et.. ajL., 1972).
Host DNA may, therefore, be degraded in vitro if the
phage makes a functional D2a product.
D, In vivo and in vitro DNA synthesis after infection with DNA D2a

phages.

I have suggested that

the difference between in. vivo and in. vitro synthesis seen
with a DNA+D2a

phage (see section B) represents host

DNA synthesis.

On the basis of previous results, one
-f-

would expect that a DNA D2a

-J*

*

*

phage would allow little if

any host DNA synthesis in. vitro (see section C), So, un+
.
.
+
+
like a DNA D2a phage (section B), a DNA D2a phage should
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not exhibit greater in vitro than in, vivo synthesis.
data in Table 3B agree with this prediction.
•

•

infection by a DNA D2a

-f*

The

In fact,

phage results in less DMA syn-

thesis in vitro than ijn vivo

(compare columns 3 and 4).

These phages do, nevertheless, stimulate the synthesis
of a substantial amount of DNA _in vitro.

This DNA is

presumably only phage DNA and not host DNA.
Does the D2a product affect phage DNA synthesis?
I have mentioned that the D2a region appears to control
a nuclease which is specific for cytosine-containing DNA.
Such a nuclease is not likely to affect phage DNA synthesis
in vivo because phage DNA does not ordinarily contain
cytosine.

h)

-f

In fact, DNA D2a

4"

phage make DNA jLn vivo
-f

-

as well if not better than DNA D2a
2B and 3B).

phage (compare Tables

In vitro, however, one might expect a D2a

effect since here even phage DNA synthesized contains
cytosine.0 Unfortunately, the data do not provide a
clear-cut answer to this question although an argument
can be made that there is a D2a effect on phage DNA
synthesis in vitro (see Discussion).

0

The amounts of phage DNA synthesis iri vivo seen in
Table 3B are somewhat larger than those observed with
the DNA phages of Table 2B, Whether or not this difference
is due to the phages in Table 2B being D2a mutants is not known.
^The phage makes DNA with hydroxymethylcytosine rather
than cytosine (see Mathews, 1971).
c

dHTP is not supplied, only dCTP.

E♦

DNA-DNA hybridization analysis of DNA made

in vitro.

Radioactively-labeled DNA made _in vitro from

both infected and uninfected cells was hybridized to
unlabeled phage and bacterial DMA,
in Table 4,

The results appear

As expected, most of the DMA made in vitro

by uninfected cells which hybridizes does so to bacterial
DNA (column 2).

No more hybridizes to phage DNA than

to a blank filter.
I argued in section A that the shutoff of host DNA
synthesis is reversed jLn vitro.

That is, I suggested

that am44-rIIH23 (a DNA”D2a~ phage) permits host DNA
synthesis in vitro.

The data in column 5 of Table 4

support this suggestion.

A significant amount of the

labeled DNA binds to bacterial DMA; whereas, no more
binds to phage DNA than binds to a blank filter.
In section B evidence is presented which suggests
that rIIH23 (a DNA+D2a"* phage) not only allows host
DNA synthesis in_ vitro but makes phage DNA as well.

The

hybridization data (Table 4, column 4) confirm both
ideas.

Substantial amounts of labeled DNA made in vitro

after infection with rIIH23 bind to both bacterial and
phage DNA.
Since the D2a product prevents host DNA synthesis
in vitro, then DNA D2a

phages should make only (or pri¬

marily) phage DNA in vitro (see section D),

Again, the

hybridization data (column 3) support the prediction.

Most of the labeled DNA made in vitro by cells infected
with wild type phage which hybridizes does so to phage
DNA.
The hybridization data thus corroborate the genetic
data presented earlier and substantiate these conclusions
(l)

DNA D2a~ phages allow the synthesis of bacterial DNA

in vitro. (2)

the D2a product inhibits at least host

DNA synthesis in vitro. (3)

phage DNA replication can

occur jLn vitro.
I should point out that although the hybridization
data are reproducible, these results are preliminary
and not all the appropriate control experiments have been
done.

One such control would involve the analysis of

DNA made iri vitro after infection with an am44-D2a+ phage
Unfortunately, such a phage does not make enough DNA
in vitro for the hybridization analysis to be meaningful.
F,

Repair versus replicative DNA synthesis in vitro

after phage infection.

PCMB inhibits replicative syn¬

thesis rather than repair synthesis in toluenized cells
(Moses and Richardson, 1970).

In addition, ATP specif¬

ically stimulates replicative synthesis in the same
system.

In most of my experiments either a +PCMB or a

-ATP control is run in parallel with the experimental
tube.

Some representative data showing these controls

are presented in Table 5.

The data show that PCMB also

inhibits (and ATP stimulates) in vitro DNA synthesis
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after phage infection.

In general, either the presence

of PCMB or the absence of ATP results in the inhibition
of .in vitro DMA synthesis by 10-90%.

These results

are consistent with the synthesis observed in vitro after
phage infection being replicative and not repair syn¬
thesis.

Furthermore, all the data presented are from

infections of p3478 (polAl) which lacks a major DNA
repair enzyme.

This makes the possibility that I ob¬

serve repair synthesis i_n vitro after phage infection
less likely.
G,

In vivo and in vitro DMA synthesis after infect¬

ion with phages defective in the degradation of host DNA,
In the Introduction I discuss the possibility that
degradation of the host chromosome is responsible for
the shutoff of host DNA synthesis.

The conclusion is

that such degradation is probably not involved in host
shutoff.

I cite evidence which shows that phage mutants

defective in host DNA degradation are not defective in
host shutoff.

Some of this evidence is presented below.

denA mutants, though very defective in host DNA
degradation (Hercules, jst. aJL., 1971), still shut off
host DNA synthesis (Table 6A).

The survivor data (column 2)

illustrate the success of the infections, while-the in vivo

a

Interestingly, PCMB stimulates in vitro DNA syn¬
thesis if the host is polA+ (data not shown). The basis
for this phenomenon is not known.
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data (column 3) clearly show the shutoff of host DNA
synthesis.

Since under certain conditions some degrad¬

ation of host DNA can be ascribed to the D2a region
(Souther, ejfc.

ELL.,

1972), D2a-denA double mutants were

also tested.

D2a-denA double mutants (lines 4 and 6)
4

*

resemble their D2a -denA parents, in that they are not
defective in host shutoff.
The denA mutation does not affect ijn vitro DNA
synthesis either (column 4).

No difference in in vitro

synthesis is observed between the denA mutants and
their denA

parents.

Similar results are obtained with

DNA+ phages (Table 6B, column 4).

The effect of D2a

mutations upon in. vitro DNA synthesis has been discussed
in sections A-E,
The observation that the denA mutation does not
affect jin vitro DNA synthesis is somewhat surprising.
One might expect that the extent of degradation of the
host chromosome prior to the
be important.

vitro measurement would

OUT,

A possible explanation for this result is

presented in the Discussion.
H,

In vivo and in vitro DNA synthesis after infection

with certain other DNA** phages.

I mentioned in section

A that some other DNA" phages give results similar to
those obtained with am44 mutants.

The results with

am44 phages which I have discussed previously are the
4

*

following: If the phage is D2a , then little iri vitro
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DNA synthesis occurs; however, if the phage is a D2a
mutant, then a large amount of ir» vitro DNA synthesis
does occur.

The results obtained with some other DNA”

phages are presented below.
The data for an am45 mutant (Table 7A) are virtually
identical to the am44 data seen in Tables 2A and 3A.
The in vivo data reflect the defect in phage DNA syn¬
thesis (column 3); it does not matter whether the phage is
4*

+

D2a

or a D2a mutant. An am45-D2a

phage makes only a

small amount of DNA In vitro (line 1, column 4).

However,

an am45-D2a double mutant allows a much greater amount
of DNA synthesis jin vitro (line 2, column 4).

Again, as

with the am44 results, the conclusion is that the D2a
product inhibits jLn vitro DNA synthesis.

Since the phage

is a mutant which fails to make DNA in vivo, the jLn vitro
synthesis observed after infection by the D2a mutant
probably represents host DNA replication.
The am43 results (Table 7B), although quantitatively
different, are nevertheless qualitatively similar to the
am44 and am45 results.

An am43-D2a double mutant syn¬

thesizes considerably more DNA jLn vitro (line 2, column 4)
than an am43-D2a+ single mutant (line 1, column 4).
This again leads to the conclusion that the D2a product
inhibits DNA synthesis jLn vitro.

The synthesis observed

is probably bacterial DNA replication, since the infecting
phage carries a mutation in a gene essential for phage DNA
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replication.

The am43 results are interesting because

the amount of in vitro synthesis seen with an am43-D2a
phage is much smaller than that observed with am45-D2a
or am44-D2a

phages (compare line 2, Table 7A with

line 2, Table 7B).

I have no explanation for this

discrepancy although one might ’wonder whether the phage
DNA polymerase (gene 43) somehow stimulates host DNA
synthesis in. vitro.
In spite of the problem noted above, the results
are qualitatively similar no matter which of three
mutations, in 3 different DO genes, is used to pre¬
vent phage DNA synthesis.

The basic conclusion is

that the iin vitro DNA synthesis seen after infection by
DNA D2a” phages is host DNA replication.

The alternative

possibility, that this in vitro synthesis represents phage
DNA replication, is unlikely since such a hypothesis re¬
quires that three gene products essential for DNA syn¬
thesis in vivo be unnecessary for phage DIMA synthesis
in vitro.

The hybridization data (section E) also argue

against this possibility.

IV. DISCUSSION
A.

Shutoff in vitxo.

The shutoff of host DNA syn¬

thesis is not observed in an in. vitro system prepared by
treating T4 phage-infected cells with toluene (section A,
Results).

That is, toluene treatment after infection re¬

verses phage-induced shutoff.
on possible shutoff mechanisms.

This result places constraints
For example, it is un¬

likely that irreversible damage to any essential part of
the host replication machinery is reponsible for the shut¬
off of host DNA synthesis in. vivo.
How is shutoff reversed in vitro?
are the following: (l)

Two possibilities

the component of the host DNA

replication system which is the target of phage inhibition
is not required for DNA synthesis in. vitro, (2)

an

inhibitor of host DNA synthesis iri vivo leaks out of
toluenized cells or is inactivated by toluene.

If (l)

above is correct, then it should be possible to isolate
bacterial mutants other than those with defects in nucleotide metabolism which can make DNA in vitro but not in vivo.
An intriguing question is whether shutoff is reversed

I am excluding mutants in nucleotide metabolism
from consideration because it is unlikely that the phage
causes shutoff by interfering with host nucleotide
metabolism.
29
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in other _in vitro systems.

If inactivation of an in¬

hibitor by toluene reverses shutoff in toluenized cells,
then shutoff may not be reversed in other in vitro
systems.

One such system which should be tested is

that developed by Bonhoeffer and co-workers (Schaller,
et. al.. 1972).

The Bonhoeffer system is more concen¬

trated than the toluenized-cell system.

Thus, if an

inhibitor leaks out of toluenized cells, it might be
retained in the Bonhoeffer system.

Furthermore, the

Bonhoeffer system offers an important advantage in that
it is more accessible to biochemical analysis than are
toluenized cells.
B.

Action of the D2a product.

To observe the re¬

versal of shutoff iri vitro, the cells must be infected
with a phage carrying an rll deletion mutation which
extends into the D2a region of the T4 genetic map (Fig. l).
That is, the phage must be a D2a mutant.

If the phage is

D2a+, then little host DNA synthesis is observed iri vitro.
These results suggest that the D2a product prevents,
either directly or indirectly, host DNA synthesis in, vitro.
Evidence indicates that the D2a region controls a
nuclease which attacks cytosine-containing DNA (Bruner,
et. al.. 1972).

In light of this iri vivo result, it

seems likely that the D2a product prevents host DMA
synthesis ,in vitro by controlling the degradation of
cytosine-containing DNA.

DNA synthesis in vitro would not
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be observed if the template and/or the product of DMA
synthesis were destroyed.

If the template is not de¬

stroyed, then it may be possible to prevent the D2a
effect in vitro by supplying dHTP instead of dCTP in
the reaction mix.
Experiments in which the fate of host DNA (radioactively labeled prior to infection) after infection
is followed show that under certain conditions a small
amount of degradation can be attributed to D2a (Souther,
jet. al., 1972).

This small effect in. vivo

is in con¬

trast to the rather large in vitro effect seen in my
experiments.

These results suggest that perhaps D2a acts

only on nascent (replicating or recently replicated) DNA.
If this were true, then D2a might have a small effect
in vivo because there is little nascent host DNA in_ vivo
after phage infection (because of shutoff).

On the other

hand, D2a could have a large effect in. vitro because shut¬
off is reversed there.
So far, I have attributed the phenotype of certain
rll deletion mutants to the lack of the D2a product.

I

should point out, however, that these phages are also
mutant for the rll as well as the D1 regions (see fig. l).
Thus, it cannot be ruled out from these studies-that the
phage must also be mutant in the rll and/or D1 region to
have the phenotype attributed to D2a mutants.
time of these experiments, the only D2a mutants

At the

available were extended rll deletions.

Recently, how¬

ever, others in this laboratory have attempted to isolate
D2a point mutants.

Preliminary characterization of the

resulting strains suggests that D2a mutations, alone,
are responsible for the D2a phenotypes (D. Solomon,
T. Berger, and R. Bruner, unpublished results).
C,

Phage PNA replication in vitro.

It is quite

clear from the hybridization data (section E, Results)
that phage DNA synthesis can occur in toluenized cells,
if the phage is DNA+.

This DMA synthesis may be repli¬

cative rather than repair synthesis (section F, Results).
In as much as the toluenized-cell system was developed
for the study of bacterial DMA replication, the same
system might also be useful for the study of phage DMA
replication.
We have seen that the D2a product affects host DMA
synthesis in vitro.

This probably occurs because the

D2a region controls a nuclease which attacks' cytosinecontaining DMA (Bruner, et. aJL., 1972).

One might

expect an effect on phage DMA synthesis in vitro since
any phage DMA made in. vitro must contain cytosine (only
dCTP is supplied, and not dHTP).

The data suggest,

however, that there is at most a partial effect on
phage DMA synthesis in. vitro (see below).
To .ascertain whether there is a D2a effect upon
phage DNA synthesis In vitro, one can compare the amounts
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+
+
+
of phage DNA made in vitro by DMA D2a and DMA D2a
phages.

The problem here is determining the amount of

phage DMA made iri vitro by a DNA+D2a

phage,

a phage allows host DNA synthesis in vitro.

since such
One way to

solve this problem is simply to subtract out the host
component from the in, vitro DNA synthesis seen after
*f

infection with a DNA D2a

-

phage.

A reasonable guess as

to what the host component is in such infections is the
amount of _in vitro DNA synthesis observed after infection
with DNA D2a

phages (see Table 2A).

Subtracting this

number from the amount of DNA synthesis iri vitro observed
*f

after DNA D2a

—

infection suggests a phage component of

1.0 to 1.6 (Table 2B~ Table 2A),

Recall that DNA D2a

phages make a 1.0 to 1.2 relative amount of DNA in. vitro
(Table 3B).

Mow, comparing the DMA D2a

with the DNA+D2a

numbers (l.O to 1.2 versus 1.0 to 1.6) suggests little
or no D2a effect on phage DNA synthesis _in vitro.
ever,

How¬

a slightly different argument suggests a partial

effect on phage DNA synthesis in. vitro (see below).
If one assumes that 1.0 of the iri vitro synthesis
observed with DNA D2a

phages represents bacterial DNA

synthesis, then the relative amounts of phage DNA syn•f*

—

thesis seen with DNA D2a

phages in vivo and in. vitro

are similar (Table 2B).'

For example, if one subtracts

1.0 from the amount of DNA synthesized in. vitro in cells
infected with rIIH23 phage, then rIIH23-infected cells
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make a 1.8 relative amount of phage DNA _in vivo and
l*8 iH vitro.

If the D2a product has no effect on phage
-j- "i*
DNA synthesis .in vitro, one would expect DNA D2a phages
to stimulate similar amounts of in vivo and in. vitro
synthesis since these phage do not allow host DNA syn¬
thesis ijn vitro.
-}■

fact, DNA D2a

This is not the case, however.

In

“f"

phages allow much less synthesis i_n vitro

than in. vivo (Table 3B).

Thus, the D2a product may have

an inhibitory effect on phage DNA replication in. vitro.
The above argument is weak, however, for the following
reason.

There is no assurance that the phage really makes

similar relative amounts of DNA jin, vivo and in vitro (see
footnote on page 19).

The idea that there is a 1.0 com¬

ponent of host DNA synthesis iri vitro in infections with
~j-

DNA D2a

phages is an inference.

Recall that there is

sometimes as much as 2.0 DNA synthesis iri vitro (host DNA)
in infections with DNA D2a

phages (section A, Results).

Thus, the difference between the iri vitro synthesis of
DNA+D2a

and that of DNA+D2a

phages may simply be due to

the'presence or absence of host DNA synthesis.
Even if one accepts the argument that there is a D2a
effect on phage DNA synthesis in. vitro, it is clear that
the effect is of smaller magnitude than the effect on host
DNA synthesis iri vitro.

One can estimate the magnitude

of the host effect by comparing Table 2A with 3A.

These

numbers suggest a 4 to 8 fold D2a effect on host DNA
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synthesis in vitro.

In the argument that there is a D2a

effect on phage DMA synthesis .in vitro, I assumed that
the phage makes the same amount of DNA in. vitro as in. vivo.
Thus, one can determine the magnitude of the presumptive
D2a effect by comparing the in. vivo and in. vitro numbers
in Table 2B.

Such a comparison suggests a 2 to 3 fold

effect on phage DNA synthesis ini vitro.

Thus, even if

the D2a product attacks phage DNA in. vitro (and it may
not; see above),

it must somehow discriminate between

phage and host DNA.

Either the D2a product attacks host

DNA but not phage DNA in vitro, or else the D2a product
attacks host DNA to a greater extent than it does phage
DNA in vitro.

A possible explanation for this D2a select¬

ivity is discussed below.
Of possible relevance here is how the D2a product
aqts on chemically hybrid DNA, that is, DNA with cytosine
in one strand and hydroxymethylcytosine in the other.
This situation arises during the first round of phage DNA
replication in vitro.

Perhaps, the D2a product either

does not act, or acts less efficiently on such hybrid
DNA than on DNA which contains only cytosine and not
hydroxymethylcytosine.

This might explain why the D2a

I am not considering other rounds of DNA synthesis be¬
cause I have no evidence that more than one round of phage
DNA synthesis occurs in. vitro. The argument could, how¬
ever, be easily extended to explain D2a discrimination
over multiple rounds of phage DNA synthesis.
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effect on phage DNA synthesis in vitro is partial or non¬
existent.

It should be possible to test this effect by

supplying dHTP instead of dCTP jin vitro.
D, Effect of T4 endonuclease II on in vitro DMA
synthesis.

denA mutants of phage T4 fail to induce endo¬

nuclease II and are very defective in the degradation of
host DNA (Hercules, et. al., 1971; Sadowslci, ejt. al^., 1971).
One might expect that denA

phage would allow less host

DNA synthesis .in vitro than denA mutants.
is not the case.
than denA

This, however,

denA mutants make no more DNA i_n vitro

phage (section G, Results) even though the

in vitro measurements are taken well after degradation of
the host chromosome has begun (see Warren and Bose, 1968;
Bose and Warren, 1969).

It appears, therefore, that the

size of the template is not critical for in vitro DNA
synthesis.

That is,

small pieces of DNA may be competent

templates for maximum DNA synthesis in. vitro. This is
quite possible, since over the population of toluenized
cells only about 10% of the host chromosome is replicated
even if the system is prepared from uninfected cells.
E. In vitro DNA synthesis after infection with cer¬
tain other DNA

phages.

Mutations in T4 genes 43, 44,

and 45 prevent phage DNA synthesis jin vitro.

These gene

products are, therefore, absolutely essential for phage
DNA synthesis both in vivo and in. vitro.
Since exogenous deoxyribonucleotide triphosphates are
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furnished for the synthesis of DNA in vitro, one would
expect that some phage mutants which fail to.replicate
their DNA in. vivo would show no defect in DNA synthesis
in vitro.

That is, phages with defects in nucleotide

metabolism should be able to make DNA in. vitro.

I did

not test this prediction for any such mutants but gene 1
mutants (deoxynucleotide kinase) and gene 42 mutants
(hydroxymethylase) should fall into this category.

In

addition, there are a number of other phage genes which
play a role in phage DNA synthesis but whose functions
are unknown.

It would be interesting to test these mutants

• for the ability to make phage DNA in. vitro.
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TABLE 1

Phage mutants in genes essential for DNA synthesis

class3

b
function

mutant

gene

amE43ll

43

DO

DNA polymerase

amN82

44

DO

unknown

amElO

45

DO

unknown

amE51

56

DS

dCTPase

DO types make no DNA; DS types make a small amount
of DNA (Epstein,

et. aJL., 1963; Warner and Hobbs, 1967).

^see Mathews (1971).
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TABLE 2

In vivo and in. vitro DMA synthesis after infection
with DNA D2a

3
and DNA+D2a“ phages

phage

surviving

strain

bacteria

.04

1.63

«

CO

B.

am44-rIIH23

in vitro
DNA b
synthesis

o

A.

b

in vivo
DNA k
synthesis

am44-rIIPT8

.03

.07

1.19

rIIH23

.05

1.59

2.60

rIIPT8

.05

1.81

2.84

a

The host in this and other Tables is p3478 (polAl)

^As a fraction of the uninfected control (in this
Typical values for the uninfected

and other Tables) .
g

control were 3 X 10

bacteria/ml, 1500 cpm

3

H-Tdr in-

O

corporated (jLn vivo), and 800 cpm
(in vitro).
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H-dATP incorporated

TABLE 3
In vivo and Ln vitro DMA synthesis after infection
with DNA~D2a+ and DNA+D2a+ phages

surviving

strain

bacteria3

in vitro
DMA
synthesis

am44

e

am44-rIIA105

.04

am44-rII1241

.06

wild type

.04

2.79

1.22

rIIA105

.09

3.30

.98

rII1241

.09

2.89

1.23

.23
.25

.02
o•
00

B.

in vivo
DMA a
synthesis

o•
00

A.

o
00

phage

.26

3

As a fraction of the uninfected control.
the footnotes to Table 2.
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TABLE 6

In vivo and in, vitro DNA synthesis after infection with
phage mutants defective in host DNA degradation

phage

surviving

in, vivo in vitro
DNA
DNA
a
a
synthesis synthesis
a

strain

bacteria

am44

•
o
00

.23

am44-denA
am44-rIIH23

%
o
*—!

.31

•
o
00

a m44 - r 11H23 - d e n A

.03

.04

1.63

.03

1.56

.03

.05

•
o
00

am44-rIIPT8

.07

1.19

am44-rIIPT8-denA

.02

.04

1.47

wt

.04

2.79

1.22

denA

.01

2.77

1.20

a

As a fraction of the uninfected control.

footnotes to Table 2.
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See the

TABLE 7
In vivo and in_ vitro DMA synthesis after infection
with certain other DMA

phage

phages

surviving

in vivo

bacteria3

synthesis

in vitro
ONA a
synthesis

.03

.02

.40

DMA

strain

A.

am45

•
O
«—

B.

!

am45-rIIPT8

a

.05

1.14

am43

.05

.03

.15

am43-rIIPT8

.03

.02

.44

3

As a fraction of the uninfected control.
footnotes to Table 2.

53

See

