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The replication of M-1 3 in a strain of Escherichic coli with a thermosensitive lesion
in deoxyribonucleic acid synthesis was studied. M-13 failed to replicate at the re-

strictive temperature, even when the parental replicative form was allowed to forni
at the permissive temperature. When cells which were actively producing phage at
the permissive temperature were shifted to the restrictive temperature, phage pro-
duction continued. The incorporation of radioactive label into phage particles at
42 C indicated that continued single-strand synthesis was unaffected by the lesion in

the host cell.

The genome of the small deoxyribonucleic acid
(DNA) bacteriophages, such as OX174, S-13,
and M-13, contains about 5,000 to 5,500 nucleo-
tides (21, 25) and probably codes for only a few
proteins. So far, six genes have been identified
in M-13 (18), six in OX (23), and seven in S-13
(25). This is probably close to the maximum
number of genes which is possible (25). With
such limited genetic information, these phages
probably rely not only on the host for a supply of
small molecular weight precursors, but also on
the host cell enzymatic machinery for DNA
replication. Since the formation of the first
replicative forms (RF) of 4X174 and S-13 occur
in the presence of 100 tg of chloramphenicol per
ml (15, 24), it can be inferred that this step is
dependent upon host cell enzymes. Furthermore,
it was recently shown in vitro that DNA polym-
erase, in conjunction with a polynucleotide-
joining enzyme, can produce a fully covalent
duplex circle from the single-stranded circular
DNA of «X174 (9, 17). Additional evidence for
the participation of host enzymes has been
presented by Denhardt et al. (6) who isolated a
bacterial mutant (called rep-) which allows the
formation of the first RF but not i s subsequent
replication. Phages M-13 and fl also fail to
replicate in this strain.
We began studying the replication of M-13 in

Esclherichic coli strains with a temperature-sensi-
tive lesior. in DNA synthesis (is DNA) in an
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attempt to clearly define the host-controlled steps
in the viral life cycle and hopefully to identify the
lesion in the host cells.

MATERIALS AND METHODS

Phacgev tcold hcictelia. Coliphage M-13 was supplied
by D. Pratt, University of Wisconsin, Madison. The
preparation of high-titer stocks of purified phage has
been described previously (4).

E. (oli S-26 was the host normally used for plating
M-13. This strain , which was originally de-
scribed by Garen (8), was supplied by R. L. Sin-
sheimer, California Institute of Technology, Pasadena.
The strains of E. coli used in the experiments to be

described were kindly supplied by F. Bonhoeffer,
Max-Planck Institut fur Virusforschung, Tubingen,
Germany. Strain 1 is HfrH, thy-, Strs; strain 5, a strain
I derivative, is HfrH, po-, thy-, strr, ts DNA. In
strain 5, DNA synthesis is normal at 35 C but ceases
almost immediately upon shifting to 42 C (2). Ac-
cording to Bonhoeffer (2), DNA polymerase activity,
protein and ribonucleic acid synthesis, and the levels of
the trinucleotide phosphate pools are normal at the
restrictive temperature, and the ultraviolet repair sys-
tem is intact. Recently, Gellert et al. (Abst. Cold
Spring Harbor Symp. Quant. Biol. XXXXIII) re-
ported that this strain hias DNA ligase activity at
42C.

Media. Cells were grown in the defined medium of
Maal0e and Hanawalt (16) supplemented with thy-
mine, proline, leucine (40 ,ug of each per ml), glucose
'0.21'), and Casamino Acids (0.t1'-). This medium
will be referred to as HNM medium. Top and bottom
agar and KC broth were described by Dowell and Sin-
sheimer (7), and phage dilution butTer was described
by Brown and Dowell (4).

Chemicals. Radioactive methyl-3H-thymine (16.7
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c/mmole) was purchased from New England Nuclear
Corp., Boston, Mass. Solid CsCl (optical grade) was
obtained from the Harshaw Chemical Co., Cleveland,
Ohio. Chloramphenicol was a gift from Parke, Davis
& Co., Detroit, Mich.

Controls on bacterial strains. Under certain circum-
stances, cells of strain 5 can support growth of M-13
at the restrictive temperature; therefore, all cultures
were checked for absence of phage prior to infection.
In addition, all cultures of strain 5 were examined at
the end of each experiment to ensure that they were
still unable to grow at 42 C, i.e., they had not reverted.

Phage assay proceduire. E. coli S-26 was grown with
aeration to 3 X 108/ml at 37 C in KC broth. A 0.4-
ml amount of this culture was added to the appropriate
phage dilution in 2 ml of melted top agar at 46 C,
the mixture was poured over plates of bottom agar as
described by Adams (1). The plates were incubated
overnight at 37 C.

Trichloroacetic acid precipitation of labeled niucleic
acids. Samples (0.1 ml) were added to tubes containing
0.1 ml of denatured herring sperm DNA (800 ,ug/ml)
and 1 ml of ice-cold 10% trichloracetic acid. The
samples were allowed to precipitate in the cold for 20
min and were then filtered through 0.45-,4m Millipore
filters (Millipore Corp., Bedford, Mass.) which had
been soaked overnight in 5% trichloroacetic acid. The
filters were then washed with 20 ml of cold 5% tri-
chloroacetic acid and placed in scintillation vials; 10
ml of Bray's solution (3) was added.
To prevent nonspecific adsorption of labeled thy-

mine, the 10% and 5%70 trichloroacetic acid was sup-
plemented with 50MAg of unlabeled thymine per ml.

Deternminationz of the ntumber of intfected cells. In-
fected cells, washed three times with ice-cold dilution
buffer to remove extracellular phage, were resuspended
in ice-cold dilution buffer. Samples (0.1 ml) were
added to tubes containing 0.1 ml of lysozyme (2 mg/
ml) and 0.8 ml of 0.033 M tris (hydroxymethyl)amino-
methane (Tris), pH 8.1. After 10 min, samples were
frozen (in a dry-ice acetone bath) and thawed (at 42
C) rapidly three times to break open the cells. Freeze-
thawing does not affect the viability of unadsorbed
phage (19) and, since Brown and Dowell (5) showed
that there is no build up of intracellular phage in M-13
infected cells, the difference in the number of infective
centers before and after treatment represents the
number of infected cells.

Isolation of intracellular DNA. Intracellular DNA
was extracted by the method of Brown and Dowell (4).

Sucrose density gradient cenitrifugation. Samples of
9H-labeled DNA were layered onto a 5 to 20%7Q linear
sucrose gradient containing 0.0187 M sodium chloride
and 0.00187 M sodium citrate; "4C-labeled ,X174
DNA was added as a single-strand marker. The
gradients were spun for 5.5 hr at 4 C and 37,000 rev/
min in a Spinco SW-39 rotor. Fractions were collected
directly into scintillation vials; 10 ml of Bray's solu-
tion was added.

CsCl equilibriuim density gradient centrifugation of
labeled phage. Solid CsCl was added (0.46 g/g) to
phage-containing samples to give a mean density of
1.30 g/ml. The density was checked by weighing a
known volume (500 ,.liters) of each sample. Samples

prepared in this way were centrifuged for 24 hr at 4 C
and 37,000 rev/min in a Spinco SW-39 rotor. Five-
drop fractions were collected, alternate fractions being
added directly to scintillation vials; 10 ml of Bray's
solution was added. The remaining fractions were col-
lected in glass vials (450 by 125 mm) containing 0.5 ml
of dilution buffer and were assayed for phage infec-
tivity.

Scintillation counting. All radioactive samples were
counted for at least 10 min in a Packard Tri-Carb
liquid scintillation counter. When necessary, correc-
tions were made for quenching.

RESULTS

Infection with M-13 at the restrictive andpermis-
sive temperatures. To determine whether the ts
DNA lesion in strain 5 prevented replication of
M-13, cells which had been grown at 35 C were
infected with M-13 at both the restrictive and
permissive temperatures. From the results shown
in Fig. 1, it is clear that there was no increase in
infective centers in strain 5 at 42 C over a period
of 2 hr, whereas there was a 500-fold increase with
strain 1. Both strains showed a similar increase at
35 C. These results suggest that the lesion which
prevents host-cell DNA synthesis at 42 C also
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FIG. 1. Cells of both strains were grown in HM
medium to 3 X 108/ml, centrifuged, anid resuspended
in HM medium at 35 and 42 C; M-13 was added at a

multiplicity of infection of l. Samples were removed at
regular intervals for assay of infective centers.
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affects the synthesis of viral progeny.
similar result would be obtained ii
failed to adsorb to strain 5 at 42 C.
this possibility, the number of infec
strain 5 after incubation for 2 hr a
determined. The number of infec
before freeze-thawing was 7.50 x
freeze-thawing, the number of infec
was 8 X 104; therefore, the number
cells was 7.42 x 106. This represen
the viable cells, thus confirming thal
capable of being infected at the rest
perature but is unable to produce pha
Phage multiplication after temperi

The infective cycle of M-13 is distingu
fact that progeny phage are released
wall of the infected cell without lysiP
19). It was thus of interest to see whe
strain 5 which were actively producii
35 C could continue to do so after b
to 42 C. Figure 2 clearly demon
production of phage by strain 5 was
by the shift. However, continued s
phage after the shift could result

However, a depletion of a pool of viral single strands synthe-
f the phage sized prior to the shift or from de novo synthesis
To examine of single strands. By shifting cells into a labeled
ted cells of medium at 42 C, it is possible to distinguish be-
it 42 C was tween these alternatives. De novo synthesis of
tive centers single strands demands that label be incorporated

106; after into intracellular phage components and into
tive centers progeny phage particles at 42 C, whereas no
of infected label incorporation would be observed if an intra-

ts 13.9%7, of cellular pool of single strands was being depleted.
t strain 5 is Whereas uninfected cells incorporate only a small
trictive tem- amount of label at 42 C, as would be expected for
ge. a is DNA strain, infected cells show a marked
uture shifts. incorporation of label which parallels phage
ished by the production (Fig. 3); almost all of this label is in
through the phage-specific components (Fig. 4). Under the
s (4, 10, 11, ionic conditions used in this experiment, the
ther cells of faster-sedimenting component is RF I and the
ng phage at slower-sedimenting component is RF II (5),
)eing shifted whereas host DNA sediments to the bottom of
strates that the tube (L. R. Brown, unpublished data). The
not affected absence of a peak of radioactivity at the bottom
synthesis of of the gradient shows that host DNA was not
either from labeled, indicating that phage infection does not

restore the capacity of the cells to synthesize DNA
at 42 C. In the CsCl gradient shown in Fig. 5, the
peak of radioactivity coincides with the peak of

35C phage infectivity, demonstrating that labeled
phage were produced and, therefore, that de novo

42C
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FIG. 2. Cells were gr-owln at 35 C in HM imeditum to
108/ml, itfected with M-13 at a multiplicity of infection
of' O, and incubated for 2 hr at 35 C. The cells were

washed thoroughlly with cold HM medium anid resits-
penided inl HM medium at 35 antd 42 C. Samples were

removed at reguilar intervals for assacy ol' infective
centers.

FIG. 3. Cells were growni at 35 C to a density of 108
cells/ml and infected with M-13 at a multiplicity of in-
fection of'10. After a fiurther 2-hlr of incuibation at 35 C,
the cells were washed three times alnd resuspenided in
HM mediuim warmed to 42 C antd conttaininlg 10 lic oJ
3H-thymine/ml. Samples were removed at regklcir inter-
vals and assayed lfr phage anid trichlor-oacetic acid-
precipitable counts. Samples (20 ml) were removed 30
miii after the shift aiid were used for analysis of intra-
cellukli/r phage components (see Fig. 4).
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FIG. 4. The 20-ml samples described in the legend
to Fig. 3 were cenitrifuged to pellet the cells, anid both the
cell anid the supernatant fractionis were retainied. The
cells were washed three times with cold HM medium,
and the DNA was extracted and sedimented in a sucrose

density gradienit as described. Symbols: 0, 'IC-labeled
sintgle-stranded DNA; , 3H-labeled ittracellularforms
ofM-13 DNA.
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FIG. 5. Thte supernzatant fraction described in the
legenid to Fig. 4 was spun at 4 C antd 27,000 rev/miti for

16 htr ini a Spinico model L-2 fitted with the S W-30 rotor.
The phlage pellet was washed onice with dilutiont buffer
anzd banded in a CsCI density gradienit. Fractious were

collected and assayed for phage and radioactivity as

described. Symbols: A, PFU; 0, 3H cpm.

synthesis of viral single strands must have taken
place.

Replication of M-13 after infection in the pres-
ence of chloramphenicol. When cells are infected
with S-13 or OX174 in the presence of 100 ,ug of
chloramphenicol per ml, the incoming viral DNA
is converted to RF, but subsequent replication
of this RF is blocked (15, 24). Pratt and Erdahl
(in press) obtained similar results with M-13. By
infecting cells at 35 C in the presence of chlor-
amphenicol and observing whether phage is
produced after the shift to 42 C, it is possible to
determine whether formation of the first RF
bypasses the block to phage production in the

host cell. The data presented in Fig. 6 indicates
that the step blocked is subsequent to the forma-
tion of the first RF (Fig. 6) and confirms that
the lesion in the host cell at 42 C prevents phage
replication.
Adsorption of M-13 to host cells is almost

eliminated at cell concentrations below 108,/ml
(26). Therefore, it is unlikely that the increases in
infective centers seen in the control cultures are
due to reinfection of the cells after release from
chloramphenicol inhibition, since the final
concentrations used in this experiment were 2 X
105 to 3 X 105/ml. However, as an added control,
the ability of M-13 to adsorb to E. coli at low
cell and phage concentrations was examined.
Even at phage concentrations of 106 particles per
ml, which was the maximum reached in the experi-
ment shown in Fig. 6, there was no detectable
increase in phage titer over a period of 90 min,
but rather a marked decrease (Fig. 7). Thus, it is
unlikely that reinfection occurred after release
from chloramphenicol inhibition.

DISCUSSION

From the data presented, it is clear that the
lesion which prevents DNA synthesis in the host
at 42 C also inhibits the replication of M-13.
In agreement with this, Dowell and Dapper (in

loo
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FIG. 6. Cells were grown at 35 C in 20 ml of HM
medium to 3 X 108/ml, cenitrifuged, and resuspended
in 20 ml oJ HM containing 150 uAg of chloramphenticol
per ml. Afier S mim, M-13 was added at a multiplicity of
infection of 1,000, and incubationt continuied at 35 C for
I hr. The cells were washed three times with cold HM
to free them of unadsorbed phage, resuspended in 20 ml
of cold HM, and dilutted 1000-fbld into HM warmed
to 35 and 42 C. Samples were removed at 30-min inter-
vals and were assayed for infective centers.
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FIG. 7. Cells wvere growi tantd treated in the sanme mnaiiiter as the experiment oitliledl inl Fig. 6, except that phlige
)t'as iot added aftier resispension in the medium contaiiining clhloramplhenicol. After the 1,000-/bld dilation, M-13
tas acldled to givefinal conI(cent rations of 10(, 105, aiitd /06 particlesm/i. (4) Strain Itt 35 C; (b) straint / (it 42 C;
(c) strain 5 (it 35 C.

prel)airation), Sinslheinler (pe)rson0al conlinnnica-
tion), and Denhardt [cited by Sinsheimer (22)]
found that OX174 fails to replicate in a Bonhoeffer
strain 5 at 42 C. It is also apparent with M-1 3
that the lesion at 42 C can be bypassed by al-
lowing infected cells to reach the phase of single-
strand synthesis, and then shifting them to the
restrictive temperature. However, with qX174,
phage production stops after the shift to 42 C (22).
The replication of an RF molecule probably

requires the participation of a polymerase to
make the two daughter strands and a ligase to
join the 3' and 5' ends. Possibly a third enzyme
could be required to open one of the strands to
permit their separation during replication.
Another protein could be involved, since OX174
RF does not replicate unless it is attached to a

'site' on the host-cell membrane (12, 27). How-
ever, this 'site' could represent the cellular loca-
tion of some of the enzymes referred to above
(12, 27). Since the E. coli chromosome is also a

double-stranded circle, similar enzymes, if not
the same ones, are probably involved in its
replication.
The replication of RF appears to require both

phage- and host-specified functions. A 100-,g
amount of chloramphenicol per ml is known to
prevent RF replication (15, 24). A similar effect
was obtained by infecting cells with mutants in
gene 2 of M-13 (Pratt and Erdahl, in press), gene
IV of S-13 (24), and gene VI of OX]74 (23). The
experiment reported here, which shows that the
lesion in strain 5 at 42 C cannot be bypassed by
infecting cells at 35 C in the presence of chlor-

amphenicol, indicates that a host-specified func-
tion is also required. Denhardt et al. (6) and
Friedman and Tessman [cited in (20)] isolated
mutants which do not allow RF replication, but
these may differ from strain 5 since these muta-
tions are not lethal for the host cell. At the
present moment, it is not possible to correlate any
of the known mutations in either the host or the
phage with any of the necessary enzymatic steps.
With M-13 infection, no precursor relationship

has yet been shown between any of the RF
molecules and single strands but, by analogy
with OX (13, 14), it is reasonable to assume that
such a relationship exists.
The data presented her-e show that, although

single-strand synthesis can occur at 42 C (Fig. 5),
M-13 is unable to replicate at this temperature
even after RF formation at 35 C (Fig. 6). If M-13
replication is identical with OX174, then this
suggests that either RF replication or the initia-
tion of single-strand synthesis is blocked in strain
5 at 42 C. The isolation of labeled RF I and RF It
after a temperature shift (Fig. 4) demonstrates
that synthesis of these components continues at
42 C. However, this does not necessarily imply
that RF replication is unaffected by the lesion in

the host cell, since it is possible that once RF
synthesis is initiated at 35 C, it will continue after
a shift to 42 C. Alternatively, labeled RF could be
obtained after the shift, even in the absence of
net RF synthesis, if one of the strands of the
preexisting RF molecules is replaced by a dis-
placement mode of replication in an analogous
manner to OX single-strand synthesis (13, 14).
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This is currently being examined and should
determine whether RF is indeed a precursor of
viral single strands.

According to Brown and Dowell (5) and Pratt
and Erdahl (in press), there is no large intracellu-
lar pool of single-strand DNA; the sedimentation
profile shown in Fig. 4 is in agreement with their
results.
An ancillary consequence of these experiments

is the development of a technique for producing
radioactively labeled phage with 10 times as many
counts per minute per phage than has been de-
scribed previously (4). If cells of strain 5 which
are actively producing phage at 35 C are shifted
to 42 C into medium containing 10 ,uc of 3H-
thymine per ml as the sole thymine source, it is
possible to obtain phage with an activity of 1
count per min per 105 phage particles.
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