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Inactivation of RecBCD nuclease (exonuclease V) and SbcB nuclease (exonuclease I) in Escherichia coli K-12
diverts most of plasmid replication activity from circular monomer production to the synthesis of linear
multimers. Linear multimer synthesis has been demonstrated in plasmids of diverse origins and copy numbers,
including E. coli minichromosomes. The effect of drnaA, dnaB, recF, and recJ mutations on the rate of linear
multimer synthesis in sbcB cells after gam inactivation of RecBCD nuclease was investigated. Results are
consistent with the hypothesis that homologous recombination, but not activities at the plasmid origin of
replication, is involved in initiation of linear multimer synthesis.

Replication of ColEl-type plasmids is initiated at the 3’
OH end of an RNA primer. After initiation, it proceeds
unidirectionally by a theta-like mode of replication to yield
circular plasmid monomers (26). Copy number is controlled
at the primer formation stage in this system by a small RNA
species, RNA I, which is transcribed from the DNA strand
opposite to that encoding the primer (44).

Recently, we (11) demonstrated another mode of replica-
tion for high-copy-number plasmids. This activity yields
linear multimers rather than circular monomers. It is inhib-
ited by RecBCD exonuclease and exonuclease I (sbcB
enzyme) and depends on a functional RecA protein. Unlike
normal replication, linear multimer synthesis is insensitive to
plasmid-copy-number control mechanisms. Thus, inactiva-
tion of RecBCD nuclease in sbcB mutants leads to a rapid
accumulation of plasmid linear multimers in the cell (11).

Synthesis of linear plasmid multimers in recB recC sbcB
mutants has been observed with derivatives of ColEl-type
plasmids and with Adv (11). It is of interest to determine
whether it also affects other replicons such as low-copy-
number plasmids and Escherichia coli minichromosomes. In
this paper we address this question and determine the
dependence of this mode of replication on functions which
are involved in plasmid replication and recombination in
wild-type cells.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains
used are listed in Table 1. Plasmids carrying cultures were
grown in L broth (32) supplemented with the appropriate
antibiotics (100 pg of ampicillin per ml and 20 pg of
kanamycin per ml). Cultures of temperature-sensitive strains
and of mutants carrying pSF117 or pSF119 were grown at
28°C. cI857 from pSF117 or pSF119 was inactivated by a
temperature shift to 37°C. DNA replication in dnaA46 or
dnaB558 mutants was arrested by a temperature shift to
42°C.

Plasmids. Plasmids used in this study are listed in Table 2.
pSBS was constructed by S. Broido in this laboratory. It
consists of a 4.4-kilobase Hincll fragment of pMC903 (8)
which includes the P15A origin of replication and the
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kanamycin resistance gene. pSF117 and pSF119 were a gift
from J. Hays. pSF117 carries a short form of the gam
(gamS*) gene of bacteriophage \ and a cI857 gene (19).
pSF119 is a derivative of pSF117 carrying a gamsS20!
mutation (19). pOC81 was a gift from W. Messer. It contains
an Hincll fragment (3837 to 1492) of pCM959 (34) and a
kanamycin resistance gene.

Preparation of DNA. Plasmid DNA was prepared by
cesium chloride-ethidium bromide density gradient centrifu-
gation of clear lysates (10). Total DNA (plasmid and chro-
mosomal) was prepared from cells at the log phase as
described by Gillen et al. (23).

Southern hybridization analysis of plasmid molecular
forms. Total DNA preparations (2 pg per lane) were sub-
jected to electrophoresis for 16 h at 1.5 V/cm in TBE buffer
on a 0.7% agarose gel (33). DNA was denatured, transferred
to nitrocellulose filters, and hybridized to a 32P-labeled DNA
probe by the Smith and Summers modification (41) of the
Southern procedure (40). Labeled pSF117 was used as a
probe for the detection of pSF117 or pSF119 molecular
species. An Xhol-BamHI fragment of pSBS which includes
the kan gene was used for detection of pSBS and pOCS81 in
total DNA preparations. This fragment does not cross-
hybridize with pSF117. Radioactive labeling of the probes
was done by nick translation (33). After hybridization,
autoradiograms were scanned with a Helena Quikscan
microdensitometer, and the ratio of linear multimers to
circular monomers was determined by weighing the corre-
sponding peaks of the tracings.

Enzymes. Restriction endonucleases and DNA polymer-
ase were purchased from New England BioLabs, Inc. (Bev-
erly, Mass.). Enzymatic reactions were performed as di-
rected by the supplier. For partial hydrolysis by restriction
enzymes, 0.1 unit/ug of DNA was used, and incubation was
for 1 h. RecBCD enzyme (exonuclease V) was a gift from
Andrew F. Taylor and Gerald R. Smith. Digestion with
exonuclease V was performed by the method of Lackey and
Linn (28).

Determination of relative rates of DNA synthesis. Samples
(2 ml) of exponentially grown cultures were pulse-labeled
with 10 pCi of [methyl-*H]thymidine per ml (2 Ci/mmol) in
the presence of 200 pg of adenosine per ml for 5 min. A
0.1-ml sample of the mixture was added to 3 ml of 10%
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TABLE 1. E. coli strains

. Genotype Source or
Strain recB recC sbcB® recF recJ dnaA dnaB Others reference
JC5519 21 22 + + + + + —b 45
JC7623 21 22 15 + + + + b 42
JC11451 + + 15 + + + + — A. Templin
AC113 + + 15 + 284::Tnl0 + + —b This work?
ACl116 + + 15 143 + + + b This work®
AC120 + + 15 + + 46 + —* This work”
AC123 + + + + + 46 + —>b This work#
AC129 + + 15 + + + 558::Tnl0 b This work”
Al6A17 Kan"

2 All shcB15 mutants listed in this table have or are likely to have sbcC201 (30).

b All strains are derived from AB1157 (3). Other mutations are: thr-1 ara-14 leuB6 A(gpt-proA)62 lacY1 tsx-33 supE44 galK2 hisG4 rpsL31 kdgKS51 xyl-5 mtl-1
argE3 thi-1.

€ JC11451 is a sup* derivative of JC7689 (27). Other mutations are as in footnote b.

4 AC113 is a Tet" transductant from JC11451 by PI-JC12123 (31).

¢ AC116 is a Tet’ transductant from JC11451 by PI-JC12334 (38).

f AC120 is a Tet" temperature-sensitive derivative of JC11451, constructed by transduction with PI-CG642. CG642 is a dnaA46 tna::Tnl0 strain constructed by
C. Georgopoulos.

£ AC123 is a Tet' temperature-sensitive derivative of AB1157 (3), constructed by transduction with PI-CG642.

# AC129 is a Kan' temperature-sensitive derivative of JC11451, constructed by transduction with PI-AC122. AC122 is a dnaB558::Tnl0A16A17 kan* (16) strain,
constructed by transduction of CG53 by PI-CG1088. CG53 carries a dnaB558 (21) mutation. CG1088 is a dnaB*::Tnl0A16A17 kan® strain. Both strains were a
gift from C. Georgopoulos.

trichloroacetic acid, and incorporation of [*H]thymidine into
acid-precipitable material was determined.

RESULTS

Synthesis of linear multimers by E. coli minichromosome.
The plasmid pOCS81 is an OriC derivative carrying 2,346 base
pairs of E. coli chromosome origin of replication and a
kanamycin resistance marker (35). The distribution of the
molecular species of this plasmid in recB21 recC22 (JC5519),
sbcB15 (JC11451), and recB21 recC22 sbcB15 (JC7623) mu-
tants of E. coli K-12 was determined by Southern hybridiza-
tion (Fig. 1). Most of the pOC81 DNA in recB21 recC22 and
sbcB15 mutants was associated with supercoiled monomers.
On the other hand, in recB21 recC22 sbcBl5 cells, most of s
the pOC81 DNA comigrated with linear multimers of high- Origin
copy-number plasmids and with chromosomal DNA. The
noncircular structure of pOC81 DNA, which is associated
with this band, was demonstrated, as previously done (11), Linear _
by its susceptibility to digestion by RecBCD exonuclease multimers
(Fig. 2A). To confirm that the slow-migrating material con-
sists of pOC81 concatamers, we digested total DNA prepa-
rations with PstI, which has a unique site on pOC81, and
subjected them to electrophoresis and hybridization. While
complete digestion with Ps¢I yielded a single product (linear
monomer), partial digestion yielded products that were also
hybridizable and that corresponded in their mobility to
pOCS81 linear oligomers (Fig. 2B). The electrophoretic mo-
bility of the hybridization band, its susceptibility to recBCD ‘
exonuclease, and its restriction endonuclease products sug-
gest that pOC81, like high-copy-number plasmids, serves as
a substrate for linear multimer synthesis in recB recC sbcB

rec B21 recC22
rec B21 rec C22 sbc B15

sbc B15

TABLE 2. Plasmids o
: : Reference monomers . -.
Name Source or Native Denvefl for derived
reference replicon plasmid " josmid FIG. 1. Southern analysis of pOC81 DNA in E. coli strains. Total
pSBS S. Broido PI1SA pACYC177 14 Xhol-BamBHI pSBS5 fragment as a probe. The locations of pOC81

covalently closed monomers (ccc monomers) and of the linear
R 1 pMB1 POR U multimers of pSBS (linear multimers) are indicated. (Chromosomal
4 p p DNA comigrates with linear multimers in this system.)
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mutants. A fraction of OriC DNA in recB recC sbcB cells
was detectable at the electrophoretic origin. A similar band
was observed when ColEl derivatives were propagated in
the same mutant (11). The molécular nature of this material
has not yet been determined.

Inhibition of RecBCD enzyme by thermal activation of
gam function in sbcB mutants harboring plasmid pSF117
results in the accumulation of pSF117 linear multimers.
When sbcB mutants are cotransformed with pSF117 and
anothetr compatible plasmid, accumulation of linear multi-
mers of both plasmids is observed under the same conditions
(11). The rate of accumulation of pOC81 linear multimers
was compared in this system with that of pSBS, a Km"
derivative of plasmid P15A (Fig. 3). Cultures of an sbcBI5
mutant (JC11451) harboring pSF117 and either pSBS or
pOC81 were grown at 28°C. Gam activity was thermally
induced by transferring the cultures to 37°C. Samples were
taken at various time intervals after temperature shift, and
total DNA preparations were analyzed by Southern hybrid-
ization with the kanamycin resistance gene as a probe (Fig.
3). Anincrease in the amount of pOC81 linear multimers was
observed after thermal activation of Gam synthesis in
sbeB15 cells. This increase depends on gam activity, since it
is not observed when pSF117 is substituted by pSF119 in this

A B
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nuclease (units /u DNA)
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. FIG. 2. Digestion of pOC81 DNA in recB21 recC22 sbcB15 cells
by RecBCD nuclease and PstI. Total DNA preparations of E. coli
JC7623 cells harboring pOC81 were subjected to digestion by
RecBED nuclease (A) and to partial or complete digestion by PstI
(B). Electrophoresis was on a 0.7% agarose gel for RecBCD
nuclease-digested DNA and on a SeaKem LE 0.4% agarose gel for
Pstl-digested DNA. Electrophoretically separated pOC81 DNA
fragments were visualized by Southern hybridization. The lengths of
hybridizing fragments were determined by using molecular weight
markers as described previously (33). Location of pOC81 covalently
closed circular (ccc) monomers, open circular (0.c.) monomers,
linear monomers (l.monomers), linear oligomers (I.multimers), and
molecular length standards are indicated. kb, Kilobases.
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FIG. 3. Accumulation of pSBS and pOCS81 linear multimers after
derepression of gamS™* in sbcB15 cells. Samples of exponential-
phase cultures of JC11451 cotransformed with pSF117 and either
pSBS or pOC81 were transferred from 28 to 37°C for the indicated
period. Total DNA preparations (2 pg) were subjected to Southern
hybridization analysis with an Xhol-BamHI pSB5 DNA fragment as
a probe. The hybridization autoradiograms were analyzed by
microdensitometer scanning, and the ratio of linear multimers to
monomers was determined by weighing the corresponding peaks
from photocopies of the tracings.

system (data not shown). The kinetics of linear multimer
accumulation by pOC81 plasmids differed from that of pSBS.
While linear multimers of pSBS5 were observed as early as 15
min after temperature shift, linear multimer formation by
pOC81 was observed only after a 1-h lag, and rate of increase
was lower than that of pSB5 accumulation.

Dependence of linear multimer synthesis on dnad and dnaB
activities. To relate the replication process which yields
linear multimers to normal plasmid replication, we tested the
role of two functions which are involved in plasmid replica-
tion: dnaA, which is involved in initiation of plasmid repli-
cation at the origin (20), and dnaB, which is essential for any
replication to occur (29).

DnaA protein is a positive regulator of replication initia-
tion at the chromosomal origin (20). Thus, synthesis of OriC
plasmid DNA is arrested after transfer of dnaA(Ts) mutants
to the restrictive temperature (45). To determine the effect of
dnaA inactivation on linear multimer synthesis by an OriC
replicon, sbcB15 dnaA46 double mutants (AC120) harboring
pSF117 and pOC81 were grown at 28°C and transferred to
42°C for the indicated time. Total DNA preparations were
subjected to Southern hybridization, and the ratio of linear
multimers to monomers was determined (Fig. 4). While the
rate of total DNA synthesis declined after transfer to the
restrictive temperature, the synthesis of pOC81 linear mul-
timers was not affected. As in sbcB (dnaA™) cells, pOC81
linear multimers were detectable 60 min after temperature
shift, and their proportion increased thereafter.

Synthesis of pBR322 derivatives proceeds after dnaA
inactivation (13). However, the rate of synthesis is reduced
(1, 37), and the mode of synthesis differs from that in dnaA*
cells. Replication mainly occurs by a rolling circle mecha-
nism (1) and is resistant to rifampin (1, 37). Results presented
in Fig. § indicate that dnaA activity is not involved in the
synthesis of pSF117 linear multimers. Multimer synthesis of
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FIG. 4. Accumulation of pOC81 linear multimers in sbcBI15
dnaA46 cells at 42°C. Exponential cultures of AC120 harboring
pSF117 and pOC81 were transferred from 28 to 42°C for the
indicated period. Total DNA preparations were subjected to South-
ern hybridization (insert), and the ratio of pOC81 linear multimers to
circular monomers was determined as described in the legend to Fig.
3. The rate of incorporation of [*H]thymidine into acid-insoluble
material was determined in samples taken at the indicated time and
incubated in the presence of [*H]thymidine for 5 min. c.c.c.,
Covalently closed circular.

pSF117 plasmids in sbcB15 dnaA46 cells was initiated after
the temperature shift and proceeded at a rate similar to that
observed in sbcB (dnaA*) hosts. As in dnaA* cells, accu-
mulation of linear plasmid multimers in dnaA46 cells de-
pended on inactivation of both RecBCD exonuclease and
exonuclease I. Replication was not observed in a dnaA46
(sbcB*) (AC123) strain or when pSF119 substituted for
pSF117.

While DnaA protein is specifically involved in initiation of
replication at the origin, DnaB protein is part of the primo-
some system (2) and acts as a helicase (29), and as such, it is
involved directly in the propagation of the replication forks.
The synthesis of linear multimers of pSF117 depended on
dnaB activity (Fig. 5). Linear multimers were not observed
when sbcB15 dnaB558 double mutants (AC129) harboring
pSF117 were incubated at 42°C. A Southern blot of a total
DNA preparation of such cultures was indistinguishable
from that of a culture harboring pSF119 and incubated at the
same temperature.

Dependence of linear multimer synthesis on recF and recJ
activities. The dependence of linear multimer synthesis on
recA activity in a recB recC sbcB genetic background
suggests that recombination is involved in this mode of DNA
replication. However, the minor effect of recJ and recF
mutations on the proportion of linear multimers in the same

J. BACTERIOL.

genetic background argues against this conclusion (11).
While the presence of linear multimers in recB recC sbcB
recF and recB recC sbcB recJ mutants indicates that their
synthesis occurs regardless of recJ and recF genotypes, their
proportion in these mutants does not necessarily reflect their
rate of accumulation. This rate can be determined in a shcB
(recB™*) genetic background after thermal activation of the
gam function of pSF117.

Cultures of sbcB15 mutants (JC11451) and isogenic strains
carrying recF143 (AC116) or recl284 (AC113) mutations
were transformed with pSF117 and grown at 28°C. Samples
were transferred to 37°C for the indicated period, and total
DNA preparations were analyzed for the ratio of linear
plasmid multimers to plasmid circular monomers (Fig. 6A)
and for the ratio of pSF117 plasmid DNA to chromosomal
EcoRI fragments longer than linear plasmid monomers (Fig.
6B). As observed before (11), linear plasmid multimers were
synthesized in recJ and recF mutants when both RecBCD
nuclease and exonuclease I were inactivated. However, the
rate of multimer synthesis was lowered by recF and recJ
mutations. Although in sbcBIl5 mutants harboring pSF117
the majority of the plasmid DNA population consisted of
linear multimers at less than 1 h after a temperature shift, in
an isogenic strain carrying a recJ mutation, this molecular
species reached only 15% of total plasmid DNA after 1 h at
37°C. Linear multimers were detectable in sbcB recF cells
harboring pSF117 only 2 h after a temperature shift, and
their proportion increased to about 4% of total plasmid DNA
3 h after a temperature shift. No linear multimers were
observed in any of the strains when pSF119 substituted for
pSF117.

As stated above, linear plasmid multimer synthesis is not
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FIG. 5. Effect of dnaA46 and dnaB284 mutations on the accu-
mulation of pSF117 linear multimers in an sbcB15 genetic back-
ground. Cultures of the designated genotypes harboring pSF117 or
pSF119 at the exponential phase of growth were transferred from 28
to 42°C for the indicated period. Total DNA preparations were
subjected to Southern hybridization with radiolabeled pSF117 as a
probe. The ratio of linear multimers to circular monomers was
determined as described in the legend to Fig. 3.
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FIG. 6. Effect of recFI143 and recJ284::Tnl0 mutations on accumulation of pSF117 linear multimers in an sbcB15 genetic background.
Cultures of the designated genotypes harboring pSF117 or pSF119 at the exponential phase of growth were transferred from 28 to 37°C for
the indicated period. The ratio of plasmid linear multimers to circular monomers was determined as described in the legend to Fig. 3. To
determine the increase in the proportion of pSF117 in the cell after the temperature shift, equal amounts (3 ng) of DNA were digested with
EcoRI to fragment the chromosomal DNA arid to form monomers of the plasmid DNA and were subjected to agarose gel electrophoresis in
the presence of ethidium bromide (33). The electrophoretograms were photographed under UV illumination, and the negatives were scanned
with a microdensitometer. The ratio of linéar plasmid monomers to chromosomal DNA fragments that were longer than the linear plasmid
monomers was determined for each sample by weighing the corresponding areas of photocopies of the tracing (11).

effectively controlled by the plasmid-copy-number control
mechanism. Therefore, activation of this mode of plasmid
replication leads to an increase in the proportion of plasmid
DNA in the cell. This increase can be followed in sbcB cells
harboring pSF117 by electrophoresis of EcoRI-digested total
DNA preparations in the presence of ethidium bromide,
photography under UV illumination, and microdensitometer
tracing of the negatives (11). While an increase in the ratio of
plasmid to chromosomal DNA was observed in sbcB15 cells
harboring pSF117 after the temperature shift (Fig. 6B), no
such increase was detéctable in sbcBIS5 recF143 or sbcBl15
recJ284 mutants harboring the same plasmid under the same
conditions.

Results presented in this section indicate that linear
multimer synthesis in sbcB cells after derepression of Gam
protein depends on recF and recJ activities. These observa-
tions and the dependence of linear multimer synthesis on
RecA activity in recB recC sbcB mutants (11) suggest that
homologous recombination is involved in this mode of
replication. However, we cannot rule out the possibility that
recJ and recF mutations interfere with gam inhibition of
RecBCD nuclease.

DISCUSSION

Inhibition of RecBCD nuclease leads to the activation of a
DNA synthesis pathway that converts circular monomers
into linear multimers. The similarity between this mode of
replication and lambda phage DNA linear multimer synthe-
sis led to the proposal that plasmids, like A phage DNA (5,
18), replicate by a rolling circle mechanism after RecBCD
nuclease inactivation (11). We have demonstrated that this
mode of DNA synthesis affects several replicons of diverse
origins, such as high-copy-number plasmids (11), E. coli
minichromosomes (this report), and derivatives of medium-

copy-number (pSC101) and low-copy-number (mini-F) plas-
mids (A. Cohen and Z. Silberstein, unpublished data). We
therefore propose that circular replicons can serve as sub-
strates for either one of two types of replication. One type is
initiated at the origin, yields circular monomers, and is
controlled by the functions of the replicon. The other type
yields linear multimers, and its activity is not effectively
controlled. »

The observation that all replicons which have been tested,
including minichromosomes, can serve as substrates for
linear multimer synthesis has several interesting implica-
tions. Most notable is the possibility that under certain
genetic and physiological conditions such activity affects the
chromosome. _

Linear DNA molecules, which are present in recB recC,
recB recC sbcA, or recB recC sbcB mutants after conjuga-
tion, may prime a rolling circle type of synthesis at a
homologous site on the chromosome. Such a reaction may
lead to the production of transcribable, but not inheritable,
recombination intermediates in recB mutants (6). It may also
be involved in the production of recombinants via the RecE
or RecF recombination pathway (4, 9) in recB recC sbcA or
recB recC sbcB mutants, respectively. A role for linear DNA
ends in plasmid recombination in recB recC sbcA mutants,
but not in wild-type cells, has recently been proposed (43).

RecBCD nuclease appears to play a major role in deter-
mining the mode of replication activity in the cell. In
wild-type cells in which this nuclease is active, all or most
replication activity is directed toward the production of
circular monomers. Inactivation of RecBCD nuclease by
mutations or by phage activity diverts replication toward the
production of linear multimers. Linear multimer production
in a recB recC genetic background is greatly enhanced by
inactivation of exonuclease I or by activating 5’ exonu-
cleases such as exonuclease VIII (11) or lambda exonuclease
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(18). The role of these exonucleases in determining plasmid
modes of replication will be discussed elsewhere (A. Cohen,
S. Maor, and Z. Silberstein, manuscript in preparation).

The dependence of plasmid linear multimer formation on
dnaB activity, but not on dnaA, indicates that DNA synthe-
sis is involved in this process but that initiation of this mode
of replication differs from that of normal plasmid replication.
Differences in mechanisms of initiation between normal
replication and linear multimer synthesis were also sug-
gested by the insensitivity of the latter activity to plasmid-
copy-number control systems (11).

Replication may be initiated independently of the activi-
ties at the origin by alternative mechanisms, such as priming
by recombination (15, 18, 36) from a 3’ OH end at a strand
break (22) or at alternative ori sités on the replicon (17).
Plasmid recombination in E. coli depends on recA, recF, and
recJ activities (12, 24, 25). The dependence of linear
multimer synthesis on recA activity and its insensitivity to
lexA3 mutations in recB recC sbcB cells suggested a role for
recombination in this mode of plasmid replication (11). This
proposal is further substantiated by the observation that
linear multimer synthesis after RecBCD nuclease inactiva-
tion in sbcB cells depends on recF and recJ activities.

Although recombination appears to be an effective mech-
anism for initiation of plasmid linear multimer synthesis, the
residual activity which is observed in recB recC sbcB strains
carrying recA, recF, or recJ mutations (11) and in recJ sbcB
and recF sbcB cells after RecBCD nuclease inactivation
indicates that other, less efficient mechanisms may also be
involved.

The kinetics of accumulation of pSF117 multimers after
RecBCD nuclease inactivation in sbcB cells is biphasic (11).
This property is even more prominent when synthesis of
pOCS81 linear multimers is followed under the same condi-
tions. Linear multimer derivatives of pOC81 are detectable
60 min after temperature shift, and their proportion increases
thereafter. The biphasic nature of the kinetics curves may be
due to the functioning of more than one mode of initiation in
this system. A relatively inefficient process, such as initia-
tion from random nicks, may account for the first phase of
linear multimer synthesis. Double-strand ends or 3' OH
single-strand ends which are produced during the primary
process may then serve as recombinogenic elements to
initiate the second phase of linear multimer synthesis.

The difference in the kinetics of linear multimer synthesis
between pOC81 and pSBS5 or pSF117 after RecBCD nuclease
inactivation in sbcB mutants may be due éither to the low
copy number of OriC derivatives or to the absence of genetic
elements which are involved in linear multimer synthesis of
pOCS81. The observation that insertion of an n’ recognition
sequence (39) into pOC81 greatly enhances the rate of
multimer synthesis by this plasmid (A. Cohen, unpublished
data) is consistent with the second possibility.

ACKNOWLEDGMENTS

We thank A. J. Clark for advice and stimulating discussions, Y. S.
Halpern for critical review of the manuscript, J. Hays and W.
Messer for plasmids, A. F. Taylor and G. Smith for RecBCD

nuclease, and C. Georgopoulos, A. J. Clark, and A. Templin for-

bacterial strains.
This work was supported by the U.S.-Israel Binational Founda-
tion (B.S.F.).

LITERATURE CITED

1. Abe, M. 1980. Replication of ColE1 plasmid deoxyribonucleic
acid in thermosensitive dnaA mutants of Escherichia coli. J.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

J. BACTERIOL.

Bacteriol. 141:1024-1030.

. Arai, K. L., and A. Kornberg. 1979. A general priming system

employing only dnaB protein and primase for DNA replication.
Proc. Natl. Acad. Sci. USA 76:4308—4312.

. Bachmann, B. J. 1972. Pedigrees of some mutants of Esche-

richia coli. Bacteriol. Rev. 36:525-557.

. Barbour, S. D., H. Nagaishi, A. Templin, and A. J. Clark. 1970.

Biochemical and genetic studies of recombination proficiency in
Escherichia coli. I1. Rec* revertants caused by indirect sup-
pression of Rec™ mutations. Proc. Natl. Acad. Sci. USA 67:
128-135.

. Bastia, D., and N. Sueoka. 1975. Studies on the late replication

of phage lambda: rolling circle replication of the wild type and a
partially suppressed strain, Oam29Pam80. J. Mol. Biol. 98:
305-320.

. Birge, E. A., and K. B. Low. 1974. Detection of transcribable

recombination products following conjugation in Rec*, RecB~
and RecC~ strains of Escherichia coli K-12. J. Mol. Biol.
83:447-457.

. Bolivar, F., R. L. Rodriguez, P. F. Green, M. Betlach, H. L.

Heyneker, H. W. Boyer, J. Crosa, and S. Falkow. 1977. Con-
struction and characterization of new cloning vehicles. II.
Multipurpose cloning system. Gene 2:95-113.

. Casabadan, M. J., J. Chou, and S. N. Cohen. 1980. In vitro gene

fusion that joins an enzymatically active B-galactosidase seg-
ment to amino-terminal fragments of exogenous proteins: Esch-
erichia coli plasmid vectors for the detection and cloning of
translational initiation sighals. J. Bacteriol. 143:971-980.

. Clark, A. J. 1973. Recombination deficient mutants of E. coli

and other bacteria. Annu. Rev. Genet. 7:67-86.

Clewell, D. B., and D. R. Helinski. 1969. Supercoiled circular
DNA-protein complex in Escherichia coli: purification and
induced conversion to an open circular form. Proc. Natl. Acad.
Sci. USA 62:1159-1166.

Cohen, A., and A. J. Clark. 1986. Synthesis of linear plasmid
multimers in Escherichia coli K-12. J. Bacteriol. 167:327-335.
Cohen, A., and A. Laban. 1983. Plasmidic recombination in
Escherichia coli K-12: the role of recF gene function. Mol. Gen.
Genet. 189:471-474.

Collins, J., P. Williams, and D. R. Helinski. 1975. Plasmid ColE1
replication in Escherichia coli temperature-sensitive strains for
DNA replication. Mol. Gen. Genet. 136:273-289.

Chang, A. C. Y., and S. N. Cohen. 1978. Construction and
characterization of amiplifiable multicopy DNA cloning vehicles
derived from P15A, the cryptic miniplasmid. J. Bacteriol. 134:
1141-1151.

Dannenberg, R., and G. Mosig. 1983. Early intermediates in
bacteriophage T4 DNA replication and recombination. J. Virol.
45:813-831.

Davis, M. A., R. W. Simmons, and N, Kleckner. 1985. Tnl0
protects itself at two levels from fortuitous activation by exter-
nal promoters. Cell 43:379-387.

de Massy, B., O. Fayet, and T. Kogoma. 1984. Multiple origin
usage for DNA replication in sdrA (rnh) mutants of Escherichia
coli K-12: initiation in the absence of QriC. J. Mol. Biol.
178:227-236. ]

Enquist, L. W., and A. Skalka. 1973. Replication of bacterio-
phage A DNA dependent on function of host and viral genes. I.
Interaction of red, gam, and rec. J. Mol. Biol. 75:185-212.
Friedman, S. A., and J. B. Hays. 1986. Selective inhibition of
Escherichia coli RecBC activities by plasmid-encoded gam$S
functions of phage lambda. Gene 43:255-263.

Fuller, R., and A. Kornberg. 1983. Purified dnaA protein in
initiation of replication at the E. coli chromosomal origin of
replication. Proc. Natl. Acad. Sci. USA 80:5817-5821.
Georgopoulos, C. P., and 1. Herskowitz. 1971. Escherichia coli
mutants blocked in lambda DNA synthesis, p. 553-564. In A. D.
Hershey (ed.), The bacteriophage lambda. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Gilbert, W., and D. H. Dressler. 1968. DNA replication: the
rolling circle model. Cold Spring Harbor Symp. Quant. Biol.
33:473-484.

Gillen, J. R., D. K. Willis, and A. J. Clark. 1981. Genetic



VoL. 169, 1987

24,

25.

26.

27.

28.

29.

30.

31.
32.
33.

34.

3s.

analysis of the RecE pathway of genetic recombination in
Escherichia coli K-12. J. Bacteriol. 145:521-532.

James, A. A., P. T. Morrison, and R. Kolodner. 1982. Genetic
recombination of bacterial plasmid DNA. Analysis of the effect
of recombination-deficient mutations on plasmid recombination.
J. Mol. Biol. 160:411-430.

Kolodner, R., R. A. Fishel, and M. Howard. 1985. Genetic
recombination of bacterial plasmid DNA: effect of RecF path-
way mutations on plasmid recombination in Escherichia coli. J.
Bacteriol. 163:1060-1066.

Kornberg, A. 1980. DNA replication. W. H. Freeman & Co.,
San Francisco.

Kushner, S. R., H. Nagaishi, A. Templin, and A. J. Clark. 1971.
Genetic recombination in Escherichia coli: the role of exonu-
clease I. Proc. Natl. Acad. Sci. USA 68:824-827.

Lackey, D., and S. Linn. 1980. Assay for type II restriction
endonuclease using the Escherichia coli recBC DNAse and
duplex circular DNA. Methods Enzymol. 65:26-28.

Lebowitz, J. H., and R. McMacken. 1986. The Escherichia coli
dnaB replication protein is a DNA helicase. J. Biol. Chem.
261:4738-4748.

Lloyd, R. G., and C. Buckman. 1985. Identification and genetic
analysis of sbcC mutations in commonly used recBC sbcB
strains of Escherichia coli K-12. J. Bacteriol. 164:844-863.
Lovett, S. T., and A. J. Clark. 1984. Genetic analysis of the recJ
gene of Escherichia coli K-12. J. Bacteriol. 157:190-196.
Luria, S. E., and J. W. Burrous. 1957. Hybridization between
Escherichia coli and Shigella. J. Bacteriol. 74:461-476.
Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning, a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

Meijer, M., E. Beck, F. G. Hansen, H. E. N. Bergmans, W.
Messer, K. Von Meyenburg, and H. Schaller. 1979. Nucleotide
sequence of the origin of replication of Escherichia coli K-12
chromosome. Proc. Natl. Acad. Sci. USA 76:580-584.
Messer, W., U. Bellekes, and H. Lother. 1985. Effect of dam

SYNTHESIS OF LINEAR PLASMID MULTIMERS

36.

37.

38.

39.

41.

42.

43.

45.

3137

methylation on the activity of the E. coli replication origin.
EMBO J. 4:1327-1332.

Mosig, G. 1983. Relationship of T4 replication and recombina-
tion, p. 120-130. In C. K. Mathews, E. Kutter, G. Mosig, and P.
Berget (ed.), Bacteriophage T4. American Society for Microbi-
ology, Washington, D.C.

Polaczek, P., and Z. Ciesla. 1983. Rifampicine-induced replica-
tion of the plasmid pBR322 in Escherichia coli strains carrying
dnaA mutations. Mol. Gen. Genet. 190:326-330.

Ream, L., W. L. Margossian, A. J. Clark, F. G. Hansen, and K.
von Meyenburg. 1980. Genetic and physical mapping of recF in
Escherichia coli K-12. Mol. Gen. Genet. 180:115-121.
Shlomai, J., and A. Kornberg. 1980. An E. coli replicating
protein that recognizes a unique sequence within a hairpin
region in $X174 DNA. Proc. Natl. Acad. Sci. USA 77:799-803.

. Southern, E. M. 1975. Detection of specific sequences among

DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

Smith, E. E., and M. D. Summers. 1980. The bidirectional
transfer of DNA and RNA to nitrocellulose, or diazobenzyloxy-
methyl-paper. Anal. Biochem. 109:123-129.

Staudenbauer, W. L., E. Lanka, and H. Schuster. 1978. Repli-
cation of small plasmids in extracts of Escherichia coli. Mol.
Gen. Genet. 162:243-249.

Symington, L. S., P. Morrison, and R. Kolodner. 1986. Intramo-
lecular recombination of linear DNA catalyzed by the Esche-
richia coli RecE recombination pathway. J. Mol. Biol. 186:
515-525.

. Tomizawa, J. 1. 1984. Control of ColE1 plasmid replication: the

process of binding of RNA I to the primer transcript. Cell
38:861-870.

von Meyenburg, K., F. G. Hansen, E. Riise, H. E. N. Bergmans,
M. Meijer, and W. Messer. 1978. Origin of replication, OriC, of
the Escherichia coli chromosome: genetic mapping and mini-
chromosome replication. Cold Spring Harbor Symp. Quant.
Biol. 43:121-128.



