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Ring-to-ring (early) replication of bacteriophage A DNA was blocked after
heat inactivation of the P protein. Rolling circle (late) replication continued for
several rounds at the rate reached when the temperature shift was carried out.
The same differential effect was observed after inhibition of RNA or protein
synthesis during the two different phases of replication. In contrast, inactivation
of the O protein resulted in a fast stop of A DNA synthesis at early and late times
after infection. The results were consistent with the following interpretations. (i)
The A P gene product plays a role in the initiation of the ring-to-ring replication.
(ii) Ring-to-ring replication continues parallel to rolling circle replication, possibly
diminishing with time after infection. (iii) The O function is stable in and necessary
for the structural integrity of an elongation complex. It is unstable in free form
and probably released from such - replication complex after each round of

replication at the ring-to-ring stage.

Two modes of replication of bacteriophage A
DNA are observed after lytic infection of an
Escherichia coli host cell (2; see reference 9 for
review). Covalently closed circular molecules
formed after the injection of the linear DNA
replicate bidirectionally from a fixed origin (16).
New ring molecules are created in the process.
After one or a few rounds of ring-to-ring repli-
cation, at approximately 8 min after infection
at 37°C, rolling circle structures of replicating
DNA are formed. The switch to the rolling circle
mode of replication is dependent on the product
of the A gene gam (4). This protein inhibits the
cellular recBC nuclease (13), which otherwise
destroys nascent rolling circle structures of rep-
licating A DNA. In wild-type host cells, the rep-
lication of gam-defective A mutants is thus con-
fined to the ring-to-ring mode (15). Rolling circle
DNA replication of A gam mutants does occur
in recBC-defective cells.

Numerous protein factors are involved in the
A replication process (7, 20), most of which are
contributed by the host cell. Only two phage-
specific replication proteins, the products of
genes O and P, are directly required for A DNA
replication. All host factors known to be needed
are active in DNA chain elongation (including
priming of Okazaki fragments). Three cellular
initiation factors, the gene products of genes
dnaA, dnaC, and dnaP, are dispensable for A
DNA replication (5, 21), suggesting that the
phage controls its replication initiation by ele-
ments coded for by its own genome.

Itis, in fact, known that the O protein interacts

specifically with the origin of replication (M. E.
Furth, C. McLeester, and J. L. Yates, submitted
for publication). The O protein is unstable (22).
It has a half-life of less than 5 min in vivo, as
tested by complementation of O-defective super-
infecting A phage. In addition to its role in initi-
ation, the O protein has an at least indirect func-
tion in chain elongation (17): heat inactivation
of thermolabile O product in vivo leads to an
immediate stop of chain elongation, with the
formation of extended single-stranded gaps in
the vicinity of the replication fork.

The role of the P protein, whose physical inter-
action with both the O protein (19) and the cel-
lular dnaB (6) protein has been inferred from
genetic analysis, is less clear.

Initiation of A DNA replication is directly
dependent on active RNA polymerase, which
may serve two functions: (i) synthesis of a primer
RNA (8) and (ii) transcriptional activation (3)
of the origin, which might be understood as a
change in the secondary structure of this DNA
sequence.

In this paper we try to further elucidate the
mode of action of the A replication functions in
the process of A DNA replication.

MATERIALS AND METHODS

Media and buffers. The following media and
buffers were used: Penassay broth (Difco Laboratories,
Detroit, Mich.), supplemented with 2 pg of thymine
per ml; A medium (1% tryptone [Difco]-2 ug of thy-
mine per ml-0.4% maltose); nutrient agar plates (1%
tryptone-0.1% yeast extract-0.8% sodium chloride-
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0.1% D-glucose-1% agar [Difco]); top agar (1%
tryptone-0.1% yeast extract-0.8%sodium chloride-0.1%
D-glucose-0.6% agar [Difco]-2.5 mM calcium chlo-
ride); phage buffer (0.01 M Tris-hydrochloride [pH
7.4]-0.01 M magnesium chloride-0.01% gelatin).

Unless specified otherwise, all chemicals where pur-
chased from E. Merck AG, Darmstadt, West Germany.

Bacterial and bacteriophage strains. All bacte-
rial strains used are listed in Table 1. The following
phage strains were used: AcId2 (referred to as wild type
in the text), Aclb20am8 Aclb2Pam3, Aclb2Pam80,
and Ac1520¢s28. Additional A mutants and recombinants
are described below.

Isolation of bacteriophage mutants and re-
combinants. (i) AcIb274686. A set of APts mutants in-
cluding AcIb27A66 was isolated by screening AmA
mutants isolated on E. coli groPA15 for thermosensi-
tivity of plaque formation. A7 mutants are known to
be missense mutants in gene P (6). The phenotype of
the mutants was confirmed by checking the tempera-
ture sensitivity of the phage-specific DNA synthesis.
Mutants exhibiting different degrees of temperature
sensitivity were obtained. AcI527A66 is one of the most
temperature-sensitive mutants isolated.

(ii) AcI857gambred113. AcI857gamb5red113 was
constructed in a cross of AcI857gamb5red113S7 and
Aclb2P80. Recombinants form normal plaques on
MO676 recBC, tiny plaques on W3350 rec*, and no
plaques on E1081 recA recBC*.

(iii) Agambred1137A66. \gambred113nA66 was
obtained in a cross of AcI857gambred113 and
Aclb27A66. The recombinant forms small plaques on
W3350 and grows on M0O676 at 37°C but not at 42°C.
Unexpectedly, it does not form plaques on the
groPA1S5 strain, possibly because of the compounded
effects of the gam and 7 mutations. It does, however,
complement AcIb2P80 in groPA 15 strains and can thus
be shown to carry a = allele.

Assay of bacteriophage DNA synthesis. E1081
or E1081 recBC bacteria were grown in A medium to
exponential phase (2 X 10® cells per ml), spun down,
and suspended in A medium prewarmed to 37°C, con-
taining 16 pug of mitomycin C (Kyowa Hakko Kogyo
Co. Ltd., Tokyo, Japan) per ml, at a concentration of
2 X 10° cells per ml. After the suspension had been
incubated for 20 min at 37°C in the dark, a fivefold
excess of ice-cold phage buffer containing 2 mM KCN
was added. The mitomycin treatment abolishes host
cell DNA synthesis. The cells were centrifuged, sus-
pended in phage buffer at a density of 2 X 10° cells
per ml, infected with A phage (multiplicity of infection,
5), and incubated at 0°C for 20 min. A control sample
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was left uninfected. The cells were then transferred
into glass tubes containing prewarmed A medium and
10 uCi of [*H]thymine (New England Nuclear Corp.,
Boston, Mass.) per ml. The final concentration was 2
X 10° cells per ml. Samples (0.2 ml) were taken at
different times, poured on glass filters of 24-mm di-
ameter (Whatman GF81) that had been soaked with
0.2 ml of 0.1 N NaOH-0.2% sodium dodecyl sulfate
(SERVA, Heidelberg)-0.02 mg of calf thymus DNA
(SERVA) per ml-2% saturated sodium PP;, and sub-
sequently dried again before use. At the end of the
experiment, the filters were washed once in 0.3 M
trichloroacetic acid-1% saturated sodium PP;, twice
in 0.06 M trichloroacetic acid, and finally twice in
methanol. The filters were dried, and radioactivity
was determined by scintillation counting.

In certain experiments, temperature shifts were per-
formed by transferring infected cells from the 37°C
water bath to prewarmed glass tubes in a 43°C water
bath. In experiments in the course of which chloram-
phenicol (Boehringer Mannheim Corp., New York) or
rifampin (SERVA) was applied, the procedure was as
follows. The infected cells were placed into glass tubes
containing fresh solutions of 5 mg of rifampin per ml
of 0.1 M Tris-hydrochloride (pH 7.4) or 1.25 mg of
chloramphenicol per ml of the same buffer. The final
concentration of rifampin was 500 ug/ml, and that of
chloramphenicol was 125 ug/ml. When the effects of
chloramphenicol, rifampin, and a temperature shift
were to be compared, the tubes used for the temper-
ature shift contained the same amount of buffer as
did those to which inhibitors had been added.

RESULTS

Heatinactivation of O and Pgene products
leads to different A DNA synthesis patterns
at the rolling circle stage. Takahashi (17)
observed that the inactivation of thermolabile O
or P proteins led to inhibition of A DNA synthesis
during rolling circle replication. Whereas the
inhibition of DNA synthesis was complete with
heat-labile O mutants, the rate of synthesis was
merely reduced with P mutants.

We investigated this differential behavior in
more detail. Figure 1 confirms that heat inacti-
vation of the O function led to an almost imme-
diate and complete stop of A DNA synthesis,
regardless of the time after infection at which
the inactivation was carried out. In contrast,

TABLE 1. E. coli K-12 strains and their chromosomal markers

Strain Chromosomal markers Source
C600 thrl leu6 thil lacY1 tonA21 supE44 Our own collection
E1081 thyA recA uvrB RNase™ Our own collection
E1081 recBC thyA recA uvrB RNase™ recBC Our own collection
groPA15 dnaBts arg met sm" (supports growth of AzA 1. Herskowitz

and AzB phage mutants)
MO676 recB21 recC22 sbcbl5 endB supE M. Oishi through H. Hoff-
mann-Berling

W3350 gal Our own collection
204 (AcI857gambred113S7) thy recA A. Skalka
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F1G. 1. Effect of a temperature shift on DNA syn-
thesis in A\Ots28-infected E1081 bacteria at different
times after infection. Mitomycin-treated E1081 bac-
teria were infected with \Ots28 phage and incubated
in [*H]thymine-containing medium at 32°C. Samples
(0.2 ml) were taken at intervals and assayed for acid-
insoluble radioactivity as described in the text. At
different times after infection, portions of the culture
were transferred to test tubes at 42°C. Symbols: O,
DNA synthesis at 32°C; ®, DNA synthesis after a
temperature shift to 42°C.

Acid insoluble radioactivity (cts/min x103)

with a temperature-sensitive P mutant, the resid-
ual rate of replication depended on the time of
heat inactivation (Fig. 2), dropping off very grad-
ually after that time. At the permissive temper-
ature the rate increased up to 25 min after
infection and became apparently linear after-
wards before it decreased toward the end of the
latent period (after 40 min). These results were
repeatedly obtained with 10 different tempera-
ture-sensitive P mutants from a set isolated as
described above.

Inhibitors of RNA and protein syntheses
produce a pattern of DNA synthesis com-
parable to that found after inactivation of
the Pfunction. The data described above might
be interpreted as an inhibition of DNA chain
elongation in the case of the inactivation of the
O function (17). In the case of the P function, the
results indicate a block of initiation of ring-to-
ring replication (i.e., formation of new replica-
tion forks). To test this notion, we inhibited
RNA polymerase by adding rifampin at different
times after the infection with wild-type A, thus
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blocking initiation of DNA replication. (It is
known that the drug does not affect chain elon-
gation in the course of the cellular DNA synthe-
sis [21].) The effects of rifampin on DNA syn-
thesis were indeed similar to those obtained
after inactivation of the P protein (Fig. 3).

This effect could be due to a direct effect on
RNA polymerase, i.e., elimination of transcrip-
tional activation necessary for initiation of rep-
lication (3). On the other hand, blocking RNA
synthesis might indirectly affect protein synthe-
sis and thereby inhibit the resynthesis of a labile
protein necessary for initiation of ring-to-ring
replication. Figure 4 shows results of experi-
ments similar to those shown in Fig. 3, with
protein synthesis instead of RNA synthesis in-
hibited by the addition of chloramphenicol.
Again, the rate of DNA synthesis was reduced
to values correlated with the times at which the
inhibitor was employed. Thus, the effect of ri-
fampin may be due to either direct action on
RNA synthesis or the indirect effect on protein
synthesis.

Inhibition of RNA or protein synthesis
or inactivation of the P function leads to a
complete stop of replication at the ring-to-
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FiG. 2. Effect of temperature shifts on DNA syn-
thesis in E1081 bacteria infected with the Pts mutant
AcIb2A66. Thymine incorporation of 0.2-ml samples
was determined as described in the text. The times
of the temperature shifts (in minutes after infection)
are indicated by the numbers inserted in the figure.
Symbols O, DNA synthesis at 37°C; @, DNA synthe-
8is after a temperature shift to 43°C.
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FiG. 3. Influence on DNA synthesis in AcIb2-in-
fected E1081 bacteria of rifampin addition at differ-
ent times after infection. A 500-ug amount of rifampin
was added per ml of infected bacteria at the times
(in minutes) indicated by the numbers inserted in the
figure. Thymine incorporation of 0.2-ml samples was
determined as described in the text. Symbols: O, DNA
synthesis without rifampin; ®, DNA synthesis after
application of rifampin.

ring stage. We assumed that the effect of in-
activation of the P function at late times after
infection reflects a stop in the initiation of the
ring-to-ring replication, i.e., that no new repli-
cation forks are formed. If this assumption were
correct, denaturation of the heat-labile P protein
at the ring-to-ring stage should lead to a fast
stop of DNA synthesis since the completion of
an initiated replicating ring molecule takes 2
min or less. The same argument is valid for the
interpretation of the RNA or protein synthesis
inhibition. By using gam mutants in a recBC*
host, we can show (Fig. 5 and 6) that DNA
synthesis is indeed much more sensitive to the
abolition of the P function or to inhibition of
RNA or protein synthesis during ring-to-ring
replication than it is at the rolling circle stage
(compare Fig. 2, 3, and 4).

Elimination of the recBC nuclease re-
stores the rolling circle mode of replication
with a gam mutant. The ring-to-ring mode of
A DNA replication is maintained by gam mu-
tants in wild-type host cells due to the lack of
inhibition of the cellular recBC nuclease (4).
recBC mutant host cells allow Agam phages to
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carry out normal rolling circle replication. It can
therefore be expected that the DNA synthesis
pattern after heat inactivation of a gam-deficient
APts mutant in a recBC-deficient host would be
identical to the one seen after the inactivation
of Agam*Pts in recBC* cells. Figures 7 and 8
show a comparison of results of temperature-
shift expenments employing AgamP* and
AgamPts phage in a recBC strain, on the one
hand, with results obtained with a pair of P* and
Pts phages both carrying the wild-type gam
allele in the same host, on the other hand: DNA
replication of both Agam* and Agam phage con-
tinued (at a reduced rate) after heat inactivation
of the P function in the recBC host late after
infection. This must be compared with the re-
sults obtained in the otherwise isogenic recBC*
host described above (compare Fig. 2 and 5).

DISCUSSION

We observed a differential change in the rate
of A DNA synthesis after inactivation of the P
function as well as after inhibition of RNA or

protein synthesis at the early (ring-to-ring) com-
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F1G. 4. Influence of chloramphenicol on Aclb2-in-
fected E1081 bacteria at different times after infec-
tion. A 125-ug amount of chloramphenicol was added
permlofmfectedbactenaatthetzmes(mmmutes)
indicated by the numbers inserted in the figure. Thy-
mine incorporation of 0.2-ml samples was determined
as described in the text. Symbols: O, DNA synthesis
without chloramphenicol; ®, DNA synthesis after
application of chloramphenicol at 25 min after infec-
tion.
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FiG. 5. Effect of a temperature shift on A\ DNA
synthesis in \gam5red113nA66-infected E1081 bacte-
ria. Thymine incorporation of 0.2-ml samples was
determined as described in the text. Symbols: O, DNA
synthesis at 37°C; @, DNA synthesis after a temper-
ature shift to 43°C at 25 min after infection.

pared with the late (rolling circle) stage of rep-
lication. The results obtained with the inhibitors
of transcription and translation are used below
to help interpret the experiments involving P in-
activation.

As mentioned above, it can be assumed that
inhibition of protein and RNA syntheses specif-
ically blocks initiation of ring-to-ring replication.
Our results then suggest that, after a short phase
during which the incoming molecule is repli-
cated as a ring, the mode of replication is
changed to the rolling circle mechanism for
which initiation at the origin of replication is
no longer necessary. Parallel to the rolling circle
replication, which probably depends only on
elongation factors, ring-to-ring replication con-
tinues, and new forks are thus formed by re-
peated initiation events.

The rate of DNA synthesis normally still in-
creases while rolling circle replication is already
going on. This increase is abolished after rifam-
pin or chloramphenicol treatment (Fig. 3 and
4).

These observations can be interpreted as fol-
lows. With initiation blocked, DNA synthesis at
the rolling circle stage first continues at a con-
stant rate before slowly dropping off. This de-
crease in rate could be due to the withdrawal

J. VIRoL.
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F1G. 6. Effect of rifampin or chloramphenicol on
DNA synthesis in \gam5red113nA66-infected E1081
bacteria. A 500-ug amount of rifampin or 125 pg of
chloramphenicol was added per ml of cell suspension
at 25 min after infection. Thymine incorporation of
0.2-ml samples was determined as described in the
text. Symbols: O, DNA synthesis in the absence of
antibiotic; ®, DNA synthesis after-application of ri-
fampin; A, DNA synthesis after application of chlor-
amphenicol.

of replicating molecules from the pool during
packaging or to the slow inactivation of replica-
tion forks. In the situation of continued ring-to-
ring replication (after infection of recBC* host
cells with Agam phage), which needs repeated
initiation, inhibition of RNA and protein
syntheses blocks DNA replication, presumably
due to the abolition of initiation. It is known
from studies of the replication of the E. coli
chromosome, which is also a circular DNA mol-
ecule replicating bidirectionally, that its initia-
tion, too, is sensitive both to protein synthesis
inhibition and, directly, to RNA synthesis inhi-
bition (11, 12).

The results of our experiments involving the
inactivation of the P function parallel those ob-
tained after RNA and protein synthesis inhibi-
tionand, therefore, suggest arole of the AP protein
in initiation.

This statement, however, must be qualified
in two ways. First, it is based on the assumption
that the chain elongation mechanisms are iden-
tical at the early and late stages of replication,
and, second, there remains the possibility that
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F1G. 7. Effect of temperature shifts on the DNA synthesis in E1081 recBC cells infected with (A)
Agam5red113P* or (B) Agam5red1131rA66 The infected cells were incubated at 37°C. They were shifted to
43°C at 25 min after infection. Thymine incorporation of 0.2-ml samples was determined as described in the
text. Symbols: O, DNA synthesis at 37°C; @, DNA synthesis at 43°C.
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all of our Pts mutants represent a class in which
only one replication function, namely, the one
necessary for initiation, is modified, whereas an
elongation function of the same protein might
still be heat resistant.

Dual roles are in fact known with other repli-
cation proteins, as will be discussed below. The
inactivation of temperature-sensitive O mutants
leads to a fast shutdown of A DNA synthesis
(17; Fig. 1; and unpublished data), even at late
times after infection when mainly rolling circle
replication is taking place. This has been inter-
preted as indicating a role of the O protein in
chain elongation. On the other hand, it is known,

as discussed above, that the O protein interacts
with the origin of replication and with the P
protein, which, according to the data presented
here, has a role in initiation. A comparable sit-
uation exists with the cellular replication func-
tion dnaB (23): one dnaB allele (dnaB252) leads
to a phenotype, which suggests that the dnaB
product is involved in the initiation of DNA
replication at the origin of the bacterial chro-
mosome, whereas an analysis of other dnaB
alleles indicates a role in chain elongation (7).

These experimental results on the dual roles
of replication proteins can be reconciled if one
assumes that the proteins are parts of replication
complexes, which is most likely for the O, P, and
dnaB proteins as discussed above.

A converse situation has been found (14) for
the dnaC product of E. coli, which, although
normally classified as an initiation factor, ex-
hibits a behavior reminiscent of elongation func-
tions when the dnaB function is replaced by an
analogous protein coded for by prophage P1.

In the case of the O function, it would appear
that the protein has an essential role in the
replication complex, which would result in the
inactivation of the whole complex upon the in-
activation of the O protein and thus stop chain
elongation.

The observed effects (Fig. 4 and 6) of protein
synthesis inhibition on A DNA synthesis at the
early and late phases of replication suggest that
a labile protein is absolutely required for ring-
to-ring replication. This points to its involve-
ment in the creation of new replication forks.

The most likely candidate for such a compo-
nent is the O protein. It is involved in initiation,
interacting with the origin as discussed above,
and has a short half-life when assayed as com-
plementing activity of O mutants in vivo (22). It
is part of the replication machinery throughout
the lytic cycle (Fig. 1). All of these properties
are compatible with a model describing the O
protein as a stable component of a chain elon-
gation complex. However, if this complex is rear-
ranged after each ring-to-ring replication, the O
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protein might be liberated and decay. Therefore,
its continuous resynthesis would be essential for
the ring-to-ring mode of replication.

Consequently, protein synthesis inhibition
would block the formation of new replication
forks and thus abolish the increase in replication
rate late after infection.

It is noteworthy in this context that the limi-
tation of the amounts of the O and P proteins in
the cell leads to almost exclusive rolling circle
replication (1, 18), which is consistent with our
ideas about the essential roles of these factors
in the initiation of ring-to-ring replication.
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