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Previous studies have shown that M13 single-strand synthesis is inhibited at
nonpermissive temperature in Escherichia coli polAexl, a temperature-sensitive
mutant defective in the 5' -. 3' exonuclease activity of polymerase I (T.-C. Chen
and D. S. Ray, J. Mol. Biol. 106:589-604, 1976). Under these conditions the
formation of covalently closed replicative form (RF) molecules is greatly reduced,
and miniature forms of RF accumulate. We show here that the accumulation of
mini-RFs is the consequence of a differential inhibition of the replication of unit-
length phage and preexisting miniphage rather than a de novo production of
miniphage. Mini-RFs do not accumulate even after as many as nine cycles of
growth in the mutant host infected only with unit-length phage. Mixed infections
of the mutant host with plaque-purified unit-length phage and a single cloned
miniphage show that discontinuities in the mini-RFs are joined with higher
efficiency than are those contained in unit-length RFs. After a shift to nonper-
missive temperature during single-strand synthesis in cells infected with plaque-
purified phage alone, M13 RFs are found largely as RFII molecules (RF form
having one or more single-strand discontinuities) containing only a single discon-
tinuity in the viral strand. The inability of the accumulated unit-length RFII
molecules to actively replicate may reflect the presence of either a bound protein
or RNA primer on the 5' terminus of the viral strand and provides further support
for the existence of distinct initiation and termination events in the synthesis of
the viral strand.

We have previously studied the replication of
filamentous bacteriophage M13 in the Esche-
richia coli polAexl mutant (1). This mutant,
originally isolated and characterized by Konrad
and Lehman (10), contains a temperature-sen-
sitive 5' -x 3' exonuclease associated with DNA
polymerase I (15). During replicative-forn (RF)
-* single-strand (SS) DNA synthesis, this strain
is defective in making M13 supercoiled DNA
and accumulates mini-RF molecules ranging in
size from 0.2 to 0.5 times genome length. Earlier
stages of M13 replication have also been found
to be inhibited in this mutant (2).

Since filamentous miniphage are known to
have duplications of a portion of the origin of
replication (4; T.-C. Chen and D. S. Ray, sub-
mitted for publication, they could perhaps be
enriched in the mutant host as a consequence of
their replication advantage. Experiments pre-
sented here show that mini-RFs do not accu-
mulate in the mutant host when infected with
phage that have been repeatedly plaque purified

to eliminate contaminating miniphage. Further-
more, by using a phage preparation known to
contain miniphage, we have shown that the ac-
cumulation of mini-RF molecules in the E. coli
polAexl strain is caused by a differential inhi-
bition of the replication of unit-length M13 rel-
ative to that of preexisting miniphage.

MATERIALS AND METHODS
Phage. M13JG was kindly provided by Jack Grif-

fith and has been described previously (9). Approxi-
mately 30% of the phage in this preparation were
found to be miniphage. Bacterial strains, media, and
centrifugation techniques as well as labeling of phage-
infected cells have also been described earlier (1).
Growth and isolation of phage. A 20-ml culture

of E. colipoLAexl (or its revertant) was grown at 300C
to a density of 2 x 108 cells per ml. M13JG was added
at a multiplicity of infection (MOI) of 50. At 30 min
after infection the culture was either left at 300C or
transferred to 38°C. [3H]thymidine was then added at
a concentration of 10 uCi/ml. After a labeling period
of 3 h, the culture was cooled on ice, and the cells were
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removed by centrifuging for 2 min at 12,000 rpm in a

Sorvall SS34 rotor at 0°C. The supernatant was made
0.5 M in NaCl and 5% in polyethylene glycol (PEG
6000). After 30 min on ice, the phage were harvested
by centrifugation for 5 min at 15,000 rpm in a Sorvall
SS34 rotor at 0°C. The phage pellet was resuspended
in 5 ml of sterile 0.01 M Tris-0.001 M EDTA (pH 8).
A second polyethylene glycol precipitation was carried
out in the presence of 0.5% Sarkosyl to remove con-

taminating E. coli pili. The resultant phage pellet was

resuspended in 1 ml of sterile 0.01 M Tris-0.001 M
EDTA (pH 8).

Gel electrophoresis. Electrophoresis was per-

formed in gels set in glass tubes of 6-mm internal
diameter and 20-cm length. Agarose disk gels were

prepared as described by Suggs and Ray (13). Agarose
was dissolved in electrophoresis buffer by autoclaving
for 15 min (or, alternatively, irradiated for 1 min in a

microwave oven) and poured into gel tubes sealed with
Parafilm. After the gels hardened, the Parafilm was

removed, the top few centimeters of gel were sliced off
to provide a flat surface, and the bottoms of the gels
were covered with cheesecloth.

For separation of M13 full-length phage and mini-
phage, 3% agarose disk gels were used with the elec-
trophoresis buffer (9) containing 14 g of glycine and 3
g of Tris per liter (pH 8.9). Agarose gels (2%) were

used to analyze DNA samples in an electrophoresis
buffer (12) containing 0.036 M Tris, 00.3 M NaH2PO4,
1 mM EDTA, and 0.05% sodium dodecyl sulfate. In
our experiments we often omit sodium dodecyl sulfate.
After electrophoresis the gels were sliced into 1.8-mm
disks and solubilized by autoclaving in 1 ml of distilled
water prior to counting in a toluene-Triton X-100-2,5-
diphenyloxazole (PPO) (2 liters, 1 liter, 8 g, respec-

tively) scintillation fluid.
EtBr-CsCl equilibrium centrifugation. Equilib-

rium centrifugation in the presence of ethidium bro-
mide (EtBr) was performed in the following manner.

A 2.9-ml sample of DNA, 0.1 ml of EtBr at 4 mg/ml,
and 2.8 g of CsCl were mixed together and centrifuged
for 50 h at 34,000 rpm 17°C in a Beckman type 40.2
rotor. Fractions of 6 drops were collected from the
bottom of the tube by pumping oil in from the top.

RESULTS
Lack of mini-RF molecules in E. coli

polAexl infected by plaque-purified M13.
Our previous experiments on M13 replication in
E. colipolAexl (1) utilized M13 phage that had
been grown in a large-scale fermentor, a condi-
tion under which miniphage have been observed
to be produced (4). In these experiments the E.
coli polAexl strain was found to be defective in
making M13 supercoiled DNA as indicated by
an excessive accumulation of material sediment-
ing at the rate of RFII. In addition, a component
sedimenting slower than unit-length RFII was

observed. This slow-sedimenting component
was found to consist of both open and closed
circular forms of mini-RF molecules.
We have reexamined M13 RF SS replica-

tion in E. coli polAexl cells using a plaque-
purified M13 preparation. Cells grown and in-

fected at permissive temperature were shifted at
1 h after infection to 38°C, a temperature at
which progeny SS synthesis is only partially
inhibited but at which accumulation of mini-RF
molecules was previously found to be most pro-
nounced (1). Five minutes after the temperature
shift, tritiated thymidine was added to label-
replicating DNA. Ten minutes after addition of
the label, the cells were harvested, lysed, and
sedimented through a neutral high-salt-sucrose
gradient. None of the incorporated label sedi-
mented slower than unit-length RFII, the region
of the gradient where mini-RF molecules have
been shown to sediment (Fig. la). In agreement
with our previous results, the defective 5' -. 3'
exonuclease function associated with DNA po-
lymerase I is required for sealing RFII molecules
into RFI molecules (RF molecules having both
strands covalently closed) as evidenced by the
excessive accumulation of material sedimenting
at the rate of RFII in Fig. la. At this temperature
(1), some viral SS can still be synthesized, and
these are observed here in fractions 32-37. Al-
kaline sedimentation of this material shows that
the labeled viral strands are almost entirely unit-
length linear molecules and indicates that the
accumulated RFII molecules contained only a
single discontinuity in the viral strand (Fig. lb)
and are uncontaminated by mini-length mole-
cules. Furthermore, the plaque-purified phage
were serially passed nine times at a high MOI
(MOI = 100) on E. coli polAexl. When such a
phage stock was used for infection, the resulting
radioactivity profile resembled that of Fig. la.
The absence of mini-RFs even after repeated
cycles of growth on the polAexl host indicates
that mini-RFs are not produced de novo at
abnormally high frequency in this mutant.
Preferential replication of preexisting

miniphage in E. colipolAexl cells. Since the
polAexl mutation does not result in the gener-
ation of mini-RF molecules during M13 replica-
tion, the accumlation of mini-RF molecules in
mutant cells infected with M13 phage grown
through several cycles without plaque purifica-
tion could possibly result from a preferential
replication of preexisting miniphage contained
in the original phage preparation. To test this
possibility, we have used a phage stock, desig-
nated M13JG, which is known to contain mini-
phage (8). M13JG phage were grown in either
the E. coli polAexl mutant or its revertant for
3.5 h at 30 or 38°C in the presence of tritiated
thymidine. The phage were then harvested, con-
centrated by polyethylene glycol precipitation,
and analyzed on 3% agarose gels.

Figure 2 shows the resulting radioactivity pro-
file after gel electrophoresis. In these gels, min-
iphage particles migrated ahead (fractions 12 to
14) of unit-length phage particles (fractions 6 to
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FIG. 1. Velocity sedimentation analysis ofM13RF
o SS synthesis in E. coli polAexl cells infected by
plaque-purified M13. An E.colitpolexl culture was
grown at 30'C to a density of2 x 10O' cells per ml and
was infected with plaque-purified M13 at an MOI of
1(X). At 60min after infection the culture was shifted
to 380C. At 5 min after the temperature shift C'HI-
thymidine was added to the culture at a concentra-
tion of 20 MCi/ml for 10 min. Cells were then har-
vested, lysed, and sedimented through a 34-ml, 5 to
20% sucrose gradient for 17 h at 24,000 rpm in a
SW27 rotor at 5°C. DNA sedimenting at the rate of
M13 RFII (fractions 18 to 21) was pooled, dialyzed,
and further sedimented through a 3.5-ml, 5 to 20%
alkaline sucrose gradient containing 0.2 N NaOH
and 5mM EDTA. 3P-labeled M13 SS were included
as markers for unit-length circles (c) and linears (1).
Centrifugation was for 4 h at 56,000 rpm in a SW60
rotor at 20'C. The direction of sedimentation is in-
dicated by the horizontal arrow. (a) Cell lysate ana-
lyzed by neutral velocity sedimentation; fractions
were collected from the top ofthe tube. (b) RFIIDNA
analyzed by alkaline velocity sedimentation; frac-
tions were collected from the bottom of the tube.

8). Of the total labeled phage made in the re-
vertant at 300C, 21.5% of the radioactivity was
in miniphage particles and 78.5% in unit-length
phage particles (Table 1). In the E. colipolAexl

mutant at the same temperature, 39.7% of the
label was contained in miniphage and 60.3% in
unit-length phage. The proportion of miniphage
was increased further at 38°C. At this tempera-
ture the distribution of radioactivity between
miniphage particles and unit-length phage par-
ticles in the revertant was similar to that at
300C. On the other hand, nearly 57% of the total
tritium label resided in miniphage particles in
the E. coli polAexl mutant at 380C. These re-
sults indicate a preferential inhibition of repli-
cation of M13 unit-length phage relative to the
miniphage in the E. coli poLAexl mutant.
Preferential closure of mini-RFII. The

M13JG phage preparation and other prepara-
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FIG. 2. Gel electrophoresis ofM13phage and min-
iphage grown in E. colipolAexl and its methyl meth-
ane sulfonate-resistant revertant. E. coli polAexl
cells (or its methyl methane sulfonate-resistant re-
vertant cells) were grown to a cell density of2 x 108
cells per ml at 30°C and were infected with M13JG
at an MOI of50. After 30 min the culture was divided
into two equalportions. One was left at 30°C and the
other one was transferred to 38°C. p6HJthymidine
was added to each culture to a final concentration of
10,uCi/ml and2pg/ml, and incubation was continued
for another 3 h. At the end of labeling, cells were
removed by low-speed centrifugation. Phage were
harvested and purified from the supernatant by two
serial polyethylene glycol precipitations. Samples
were then analyzed on 3% agarose tube gels in Tris-
glycine buffer (pH 8.9). The direction of migration is
indicated by the arrow. (a) M13JG grown in E. coli
polAexl at 30°C; (b) M13JG grown in the revertant
at 30°C; (c) M13JG grown in E. colipolAexl at 38°C;
(d) M13JG grown in the revertant at 38°C.
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TABLE 1. Relative yields ofM13 and M13
miniphage in E. coli polAexl and a temperature-

resistant revertant

Relative yields (%)
M13JG growth in Growth

temp (°C) Unit-length Miniphage
phage

E. colipoAexl 30 60.3 39.7
E. colipolAexl 38 43.3 56.7
Revertant 30 78.5 21.5
Revertant 38 80.2 19.8

tions grown in bulk contain a heterogeneous
population of miniphage. To investigate the rep-
lication of both unit-length and mini-RF mole-
cules in the mutant host, we have cloned mini-
phage by the methods described by Hewitt (9)
and have obtained phage preparations contain-
ing unit-length phage and miniphage of only a

single homogeneous length. One such mini-
phage, JC04, has been used here to investigate
the replication of mini-RFs. This particular min-
iphage is 35% of unit length and contains a

duplication of a portion of the replication origin
(Chen and Ray, submitted for publication).
E. coli polAexl cells were infected by either

plaque-purified M13 alone or cloned miniphage
JC04 in the presence of M13 helper phage. In
the latter case, there were 2.5 times as many
M13 helper phage as there were JC04 mini-
phage. The infected cells were labeled with trit-
iated thymidine for 10 min during late infection,
lysed, and sedimented through neutral high-salt-
sucrose gradients. These gradients were allowed
to run long enough that all the unit-length M13
SS pelleted at the bottom and the mini-RFII
and mini-RFI molecules were well separated
from unit-length RFII and RFI molecules.

Figure 3b displays such a radioactivity profile
in which cloned miniphage JC04 was used. La-
beled DNA at fractions 18 to 21 in Fig. 3b was
identified as mini-RFII DNA based on its migra-
tion as a single homogeneous peak faster than
unit-length RFII (Fig. 4a) and its banding at the
same density as unit-length RFII in an EtBr-
CsCl gradient (Fig. 5a). The small amount of
material banding at a density greater than that
of M13 supercoiled RFI in Fig. 5a possibly re-

flects the presence of a small amount of relaxed
but covalently closed RFs. Labeled DNA at
fractions 22 to 25 in Fig. 3b was characterized as
mini-RFI DNA based on its migration as a single
homogeneous peak faster than unit-length RFII
and mini-RFII molecules (Fig. 4b) and its band-
ing largely as supercoiled DNA in an EtBr-CsCl
gradient (Fig. 5b). The small amount of material
banding at the density of RFII results from an

overlap of the mini-RFII peak in the original
sucrose gradient and possibly from a small

amount of random nicking during handling. In
addition, upon digestion with various restriction
endonucleases, DNA from fractions 18 to 21 and
22 to 25 both gave rise to the same spectrum of
restriction fragments. Thus, we conclude that
these are open and closed forms of the same
duplex DNA.
Comparison of Fig. 3a and 3b shows an unex-

pected difference in the replication of unit-
length and mini-RFs. The efficiency of closure
of RFII molecules to form supercoiled RFI mol-
ecules is clearly much higher for the mini-RFs
than for unit-length RFs. Since JC04 has been
found to contain only a single functional viral
strand origin (Chen and Ray, submitted for pub-
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FIG. 3. Neutral velocity sedimentation analysis of
M13 RF - SS in E. coli polAexl cells infected by (a)
plaque-purified M13 or (b) M13 and cloned mini-
phage JC04. Cells were grown to a density of2 x 108
cells per ml at 30°C and were infected with plaque-
purified M13 alone (MOI = 50) or with M13 (MOI =
50) and JC04 (MOI = 20) together. At 60 mmn after
infection cultures were transferred to 38°C. After 5
min, [3H]thymidine was added to each culture at a
concentration of 20 uCi/ml. After 10 min of labeling,
cells were harvested, lysed, and sedimented through
5 to 20%o neutral high-salt-sucrose gradients. Centrif-
ugation was for 24 h at 24,000 rpm in a SW27 rotor
at 5°C. The direction of sedimentation is indicated
by the horizontal arrow.
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(a) based on its density in neutral CsCl gradients
DNA of and its electrophoretic mobility relative to M13

RFE R
fr 18 to 21 SS. Thus, the ratio of unit-length RFII to RFI

3 - 3 made in the presence of miniphage is very sim-
RFMII ilar to that made in the absence of miniphage

(Fig. 3a). These results indicate that the mini-
RFII molecules become convalently closed with

(b) much higher efficiency than unit-length RFII in

I10 | f
DNA tof2 5 the E. colipoMAexl mutant.

O ° ~~~~~~~~~DISCUSSION

x c Filamentous miniphage have been discovered
-E NE that are unable to express any trans-acting gene

function and are only propagated upon coinfec-
_ CL tion with a full-length helper (4, 5, 8). The gen-I eration of miniphage during rephcation is not a

normal event since discrete plaques produced by

(c)(aDNA of (a)
3- ~~~~fr26 to35~~~~~~~~10 23
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FIG. 4. GelelectrophoreticanalysisofpooledDNA
fractions from E. coli polAexl cells coinfected with A-
M13 and cloned miniphage JC04. (a) DNA from l
fractions 18 to 21 in Fig. 3b; (b) DNA from fractions -
22 to 25 in Fig. 3b; (c) DNA from fractions 26 to 35 in x
Fig. 3b. DNA from various regions in Fig. 3b were
pooled, dialyzed, and concentrated by ethanolprecip- E (b)
itation. Samples were mixed with 32P-labeled M13 e
RFII and RFIII molecules and subjected to gel elec- Q 10
trophoresis in 2% agarose gels in Tris-phosphate- I
EDTA buffer. Electrophoresis was for 2 h at 160 V.

lication) there was no a priori reason to expect
any difference in the closure of mini-RFII mol-
ecules formed during asymmetric viral strand 5
synthesis.
To determine also the ratio of unit-length

RFII to RFI in cells coinfected with miniphage,
DNA fractions were pooled from the region
(fractions 26 to 35 in Fig. 3b) where unit-length
RFII and RFI sediment, dialyzed, concentrated 20 40
by ethanol precipitation, and analyzed by gel 20o 40
electrophoresis. This DNA migrated as three Fraction number
discrete peaks (Fig. 4c). The slowest-migrating FIG. 5. Equilibrium centrifugation of mini-RFs in
peak (slices 6 and 7) is unit-length RFII since it EtBr-CsCl gradients. JC04 RFII and RFI DNA were

comigrated with 3P-labeled M13 RFII marker. each pooled, dialyzed, and ethanolprecipitated from
The middle peak (slices 9 and 10) migrated at a sucrose gradient which had been centrifuged for 17
the position of unit-length RFI just behind a h instead of 24 h as in Fig. 3. Samples were mixed
unit-length RFIII (linear RF) marker. In other with "P-M13 RFs and subjected to equilibrium cen-
unperitength(notsown)thaR trifugation in EtBr-CsCl gradients. Centrifugation
experiments (not shown) this material comi- wams for 50 h at 34,000 rpm in a Beckman type 40.2
grated with 32P-labeled M13 RFL. The third peak rotor at 17rU. Buoyant density increases from right
(slices 26 and 27) has been identified as mini-SS to left. (a) JC04 RFII; (b) JC04 RFI.
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a stock containing miniphage yield phage which
are all full-length particles (9). However, once a
miniphage is produced, it replicates readily and
tends to outgrow the full-length phage in a wild-
type host.
We have shown that the accumulation of

mini-RF molecules in the E. colipolAexl strain
is not due to a de novo production of mini-RFs
as a direct consequence ofthepolAexl mutation,
but rather that this mutant host replicates
preexisting miniphage better than it replicated
unit-length M13. The E. coli polAexl strain is
defective in making unit-length M13 supercoiled
DNA and therefore accumulates M13 RFII mol-
ecules. In contrast, mini-RFII molecules are con-
verted efficiently into mini-RFI DNA even
though unit-length RF molecules in the same
cells remain largely in an open circular form.
The more efficient replication of miniphage thus
may be a direct result of the preferential closure
of mini-RFII molecules. It should be noted that
both the miniphage used here and those isolated
in Zinder's laboratory have one or more dupli-
cation6 of the region containing the origin of
replication (4; Chen and Ray, submitted for pub-
lication) which might affect, in an unknown way,
the closure of the RFII.

Our previous results (1), as well as results
presented here, indicate a reduced ability of the
unit-length RFII molecules accumulated in the
polAexl mutant to actively replicate. This result
is consistent with the existence of distinct ter-
mination and initiation steps in viral strand syn-
thesis. A pause in viral strand synthesis at the
origin of replication had already been indicated
by the finding that the discontinuity in wild-type
RFII molecules is located at the viral strand
origin of replication (13).

In the rolling circle model, as conceived by
Gilbert and Dressler (7), covalent closure of the
discontinuity in the viral strand after a round of
replication is not a necessary step in the further
replication of the viral strand. In such a contin-
uous rolling circle model, replication might even
be stimulated by preventing the closure of RFII
molecules. The unexpected inhibition of viral
strand synthesis in the absence of the polymer-
ase I 5' -- 3' exonuclease activity (1) suggests
that each round of viral strand synthesis is ter-
minated by the formation ofRFI before the next
round can be initiated. One step in the termi-
nation of a round of viral strand synthesis ap-
pears to involve degradation of the 5' terminus
of the viral strand. Possible termination events
might include the removal of either a protein or
an RNA primer from the 5' terminus by the
concerted action of the 5'-b 3' exonuclease and
the polymerase activities of DNA polymerase I

and subsequent closure of the viral strand by
ligase. Before initiation of another round of
DNA replication, the final step in the termina-
tion of viral strand synthesis appears to be the
conversion of RFIV, the relaxed, covalently
closed RF molecule, to the supercoiled form,
RFI, by the host gyrase (K. Horiuchi, personal
communication). Upon conversion to RFI, a sub-
sequent round of synthesis can be initiated by
gene 2-mediated nicking of the viral strand at
the origin (6).
We had previously suggested that M13 viral

strands might be synthesized in a discontinuous
manner (1). However, results presented here
with plaque-purified M13 phage preparations do
not support this suggestion. M13 RFII molecules
accumulated in the mutant host contain linear
viral strands of unit length. Viral strand frag-
ments of less than unit length observed in our
earlier work can now be accounted for by the
miniature species of RF known to be present in
those preparations (1). Similarly, the observa-
tion by DasGupta and Mitra (3) that nascent
replicative forms of M13 isolated from the
polAexl mutant contain multiple discontinuities
might be explained by the presence of mini-RF
molecules and also by the possible excision-re-
pair of uracil residues in the nascent DNA
strands (14).
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