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Escherichia coli strains carrying mutations in sbcB (exonuclease I) or xthA (exonuclease III) accumulate
high-molecular-weight linear plasmid concatemers when transformed with plasmids containing the chi
sequence, 5'-GCTGGTGG-3'. Chi-dependent formation of high-molecular-weight plasmid DNA is dependent
on recA and recF functions. In addition, chi stimulation occurs only in cis. Our data are consistent with models
in which RecA and RecF proteins bind to and protect the DNA ends produced by RecBCD-chi interaction.

The RecBCD enzyme of Escherichia coli is required by the
major recombination pathway used during conjugation and
generalized transduction (6, 39). RecBCD is also the principal
enzymatic activity responsible for degradation of linear DNA
molecules in vivo (38, 46). In vitro, purified RecBCD binds to
the ends of linear double-stranded DNA molecules with flush
(or nearly flush) ends and degrades both strands by using
ATP-dependent helicase and double-strand exonuclease activ-
ities (see reference 42 for review). The enzyme has no activity
on closed or nicked circular substrates (15, 19).
The paradox presented by RecBCD's seemingly conflicting

roles in degradation and recombination has been partially
explained by genetic and biochemical work showing that
RecBCD is modulated by a specific DNA sequence called chi,
5'-GCTGGTGG-3' (41). Efficient host-mediated recombina-
tion in phage lambda crosses depends on the presence of a chi
sequence in at least one recombining chromosome (23). Chi-
mediated stimulation of recombination is also dependent on
the orientation of the chi sequence. Productive interactions
require that RecBCD approaches a chi site from the 3' side of
the sequence, as stated above (20). Recombination is stimu-
lated only in the interval to the 5' side of chi, and the
stimulation decreases with increasing distance from chi (4, 12).

In vitro studies have demonstrated chi-mediated alterations
of RecBCD activities. Dixon and Kowalczykowski demon-
strated that chi causes an attenuation of the enzyme's exonu-
clease activity without eliminating its helicase activity (10, 11).
The single-stranded DNA ends which are produced by the
continuing helicase reaction after chi recognition can initiate
RecA-mediated strand exchange (10). Under different condi-
tions, Taylor and Smith found that chi recognition causes
attenuation of the exonuclease, helicase, and chi-specific en-
donuclease activities of RecBCD (43). On the basis of genetic
studies, it has been proposed that chi recognition causes
dissociation of the RecD subunit from the enzyme (35, 44), and
recently some indirect biochemical evidence for this hypothesis
has been obtained (9).

In vivo evidence for chi-mediated attenuation of RecBCD
nuclease activity has been obtained by Dabert et al. (8), who
found that broad-host-range plasmids that replicate by a
rolling circle mechanism will produce high-molecular-weight
(HMW) linear plasmid DNA in E. coli if the plasmid contains
a chi sequence. The authors proposed that chi acts by prevent-

* Corresponding author. Present address: 5 Judith Lane, no. 6,
Waltham, MA 02154. Electronic mail address: cboles@world.std.com.

ing RecBCD-mediated degradation of rolling circle interme-
diates that escape normal replication termination.
We have sought to develop methods for analyzing the in vivo

DNA intermediates of the RecBCD recombination pathway.
As a first step toward this goal, we have tried to develop a
plasmid system that recombines via the RecBCD pathway.
Since plasmids are mostly in a closed circular form in vivo,
plasmid recombination is normally carried out by a different
pathway, the RecF pathway, which does not require RecBCD
function (18, 22).
Our approach is based on a well-known property of recBC

mutants that also carry mutations in the gene for exonuclease
I, sbcB. In these recBC sbcB mutants, plasmids can switch from
normal theta-style replication to a rolling circle mode which
produces large amounts of HMW linear concatemeric DNA
(7). This phenomenon suggests that elimination of rolling
circle replication intermediates is one of the major roles of
RecBCD in vivo.

In this paper, we report that plasmids containing chi sites
form HMW linear plasmid concatemers in sbcB and xthA
(exonuclease III) single mutants. We show that chi-mediated
HMW plasmid formation in sbcB strains is dependent on recA
and recF functions. In addition, the chi effect occurs only in cis.
We discuss these results in terms of a model in which the recA
and recF gene products cooperate to protect the DNA ends
produced by RecBCD-chi interaction.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial
strains used in this study are listed in Table 1. All transforma-
tion was carried out by a CaCl2 procedure (36). Usually, strains
were freshly transformed the day before each experiment.
Occasionally, transformants were kept on selective plates at
4°C for up to 1 week prior to use. Transformants were selected
on LB medium (10 g of tryptone, 5 g of yeast extract, and 5 g
of NaCl per liter) supplemented with ampicillin (100 ,g/ml for
plates, 50 .g/ml for liquid media) or spectinomycin (50 jig/ml
for plates and liquid media). All cultures were grown at 37°C.

Plasmids. All plasmids used in this study were derivatives of
pBR322 (3) or pCL1920 (26). pBR322 is known to lack chi
sites (40). Except for a 243-bp region near the 5' end of the
spectinomycin resistance gene, the sequence of pCL1920 can
be deduced from the literature (2, 5, 17, 32, 48), and that
sequence also lacks chi sites (data not shown).
pMMZ15 was constructed by inserting a chi-containing
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TABLE 1. E. coli strains

Strain Relevant genotype Additional mutations present Source

AB1157 rec + argE3 his-4 leu-6 proA2 thr-1 thi-1 rpsL31 galK2 A. J. Clark
lacYl ara-14 xyl-5 mitl- supE44 kdgK51

RDK1899 sbcB15 As for AB1157 S. T. Lovett
JC7623a sbcBl5 recB15 recC22 As for AB1157 A. J. Clark
JC8814 sbcB15 recF143 As for AB1157 S. T. Lovett
STL1671 sbcB15 del(srlR-recA)304 As for AB1157 S. T. Lovett
SK1314 xthAI argE3 his-4 thi-] Spcr rpsE lacMS286 480dII S. R. Kushner

lacBKI
SK4642 del(sbcB) lac-301 argE3 del(his) leu307(Am) S. R. Kushner

trpE9829(Am) rpsL321 Tetr supD
JC10287 del(srlR-recA)304 As for AB1157 A. J. Clark

a This strain is also likely to carry sbcC201 (27).

double-stranded oligonucleotide into the BamHI site of
pBR322. The double-stranded oligonucleotide was formed by
annealing 5'-GATCCTCIAGAGCTGGTGGG-3' and 5'-G
ATCCCCACCAGCTCTAGAG-3'. The oligonucleotide also
contains an XbaI site, which was used to screen for chi'
constructs. In pMMZ15, the chi sequence reads 5'-GCTG
GTGG-3' in the clockwise orientation for the map shown in
Fig. 1. pMMZ16 was constructed in the same way as pMMZ15,
except that the chi site is in the opposite orientation.
pMMZ18 (chi') was constructed by ligating the large

HindIII-SalI fragment of pCL1920 to the 631-bp HindIII-SalI
fragment of pBR322. pMMZ19 (chi') was constructed by
ligating the large HindIII-SalI fragment of pCL1920 to the
651-bp chi' HindIII-SalI fragment of pMMZ15. All constructs
were amplified and stored in the del(recA) strain JC10287.

In preliminary studies, pBR322 derivatives carrying a differ-
ent chi-containing duplex oligonucleotide were used. The
oligonucleotide (5'-CAGCTGGTGG-3') was cloned into the
Klenow fragment-filled NheI site of pBR322 by blunt-end
ligation.

Preparation of total DNA. Cells were grown to mid-log
phase (about 2 X 108 to 3 X 108 cells per ml), pelleted by
centrifugation at 12,000 x g for 5 min, and resuspended in lysis
buffer (100 mM Tris-HCl [pH 7.6], 1% sodium dodecyl sulfate
[SDS], 30 mM EDTA) containing 1 mg of proteinase K per ml.
Two hundred microliters of lysis solution was used for each
milliliter of culture. Proteinase K digestion was continued
overnight at 25°C. After digestion, the DNA was partially
sheared by pipetting the cell lysate 20 times through a 200-,ul

disposable pipette tip. After shearing, the DNA was extracted
twice with phenol and ethanol precipitated.

Southern hybridization analysis of plasmid species. DNA
samples were run in 1% agarose (Sigma) gels with TAE buffer
(50 mM Tris-acetate [pH 7.8], 5 mM sodium acetate, 1 mM
EDTA) for 18 h at 1.42 V/cm. DNA transfer to nylon filters
(Nytran; Schleicher and Schuell) and blot hybridization with
2P-labeled probes were carried out as described previously
(36). Plasmid probes were produced by the random priming
method (13, 14) with a commercially available kit (Boehringer
Mannheim). For pBR322-specific probes, the 454-bp AseI-
XmnI fragment from the ampicillin resistance gene was used.
For pCL1920-specific probes, the 550-bpAlwNI-SpeI fragment
was used.

Exonuclease digestion. Total DNA was simultaneously di-
gested with exonuclease I (U.S. Biochemicals) and lambda
exonuclease (Gibco BRL), under conditions that degrade
linear DNA but not open or closed circular DNA. The reaction
conditions were 67 mM glycine-KOH (pH 9.4), 2.5 mM MgCl2,
50 ,ug of bovine serum albumin per ml, 5 ,ug of total DNA per
ml, 50 U of lambda exonuclease per ml, and 50 U of exonu-
clease I per ml. Reactions were allowed to proceed at 37°C for
30 min. Reactions were terminated by extracting the DNA
twice with phenol prior to ethanol precipitation.

RESULTS

Chi-dependent formation of HMW linear plasmid DNA in
recBCD+ strains. To test HMW plasmid formation, plasmids

Aso ap Tc rep clcis ont m s n
ppoitZ15 Spe pCLI920Iao Z i p) r
4380 bp 4600 b~p 5202 bp9

od Aiwn alI
a. b. SP/Sm

FIG. 1. Diagram of plasmids. (a) pMMZ15 is a chi' derivative of pBR322 carrying a chi-containing oligonucleotide inserted at the BamH1 site.
The oligonucleotide also carries an Xbal site to facilitate screening. In pMMZ15, chi is read 5'-GCTGGTGG-3' clockwise on the map shown'. In
pMMZ16, the chi site is in the opposite orientation. (b) pCL192O is based on the pSCl0l replicon (rep) and carries spectinomycin resistance (Sp)
(26). (c) pMMZ19 is a derivative of pCL1920 carrying the 651-bp chi' HindIII-SalI fragment of pMMZ15 inserted between the HindIII and Sall
sites of pCL1920. pMMZ18 is the chi' version of pMMZ19. Ap, ampicillin resistance; Tc, tetracycline resistance; Sm, streptomycin resistance.
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FIG. 2. Southern blot analysis of chi' and chi' plasmids in sbcB and
xthA strains. Strains with the indicated genotypes were transformed
with pBR322 (chi°) or its chi' derivative, pMMZ15. Total DNA was

prepared from mid-log cultures of three independent transformants of
each strain. Samples were electrophoresed in 1% agarose gels, trans-
ferred to nylon filters, and probed with 32P-labelled pBR322. The
positions of supercoiled monomer (Sc.m.), nicked monomer (N.m.),
supercoiled dimer (Sc.d.), nicked dimer (N.d.), and HMW (hmw)
plasmid DNA were determined from markers which were visualized by
ethidium bromide staining prior to blotting (data not shown). Strains
used were JC7623 (recBC sbcB), RDK1899 (sbcB), STL1671 [del(recA)
sbcB], AB1157 (rec+), and SK1314 (xthA1).

with (chi') and without (chi°) chi sites were transformed
separately into E. coli strains. Individual transformants were

grown to mid-log phase, and total DNA was prepared by lysis
with SDS and proteinase K. DNA samples were electropho-
resed in agarose gels and blotted to nylon filters, and plasmid
DNA was detected by hybridization with 32P-labeled plasmid
probes and autoradiography. Under the electrophoresis con-
ditions used, linear DNA greater than 20 kb in length migrates
as a single low-mobility band, indicated in the figures by HMW.
To identify this position in the gels, the E. coli chromosomal
DNA, which is visible in ethidium-stained gels (data not
shown), or samples of HMW pBR322 DNA prepared from a

recBC sbcB strain (7) were used as markers. The chi' plasmids
were constructed by cloning a synthetic oligonucleotide con-

taining the chi sequence into the BamHI site of pBR322, as

illustrated in Fig. la. The chi sequence of pMMZ15 reads
5'-GCTGGTGG-3' in the clockwise direction as drawn in Fig.
la, whereas the chi sequence of pMMZ16 is in the opposite
orientation.

In Fig. 2, data obtained from pBR322 (chi°) and pMMZ15
(chi+) transformants of several different strains are shown.
When the recBCD+ sbcB+ strain AB1157 (rec+ in Fig. 2) is
used, HMW plasmid DNA is not formed in most transfor-
mants regardless of the chi genotype of the plasmid. In
contrast, all chi+ transformants of the sbcB strain form HMW
plasmid DNA. No HMW plasmid DNA is seen in chi° trans-
formants of the sbcB strain. Similar experiments with
pMMZ16 (chi+) gave identical results, demonstrating that the
chi effect is independent of chi orientation. The fraction of
chi+ plasmid migrating as HMW DNA in sbcB strains is much
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FIG. 3. Restriction analysis of HMW plasmid DNA. Total DNA
preparations from chi' (pMMZ15) transformants were digested with
PstI and subjected to electrophoresis and blot hybridization with
pBR322 probes as described in the legend to Fig. 2. The sizes of the
hybridizing fragments were determined by using molecular weight
standards visualized by ethidium bromide staining prior to blotting
(data not shown). l.m. and Wd. indicate linear monomers and linear
dimers, respectively. Other abbreviations are as described in the
legend to Fig. 2.

lower than that observed in pBR322 samples isolated from
recBC sbcB mutants (Fig. 2, left lanes).
To ensure that the results in Fig. 2 were attributable to the

chi sequence and not to some other feature of the inserted
oligonucleotide, the experiments were repeated with a pBR322
derivative carrying a different chi-containing oligonucleotide
inserted at a different plasmid location (see Materials and
Methods). The results obtained with this plasmid were identi-
cal to those in Fig. 2 (data not shown).
To verify that the HMW material is linear concatemeric

plasmid DNA, we performed the restriction endonuclease and
exonuclease digestions shown in Fig. 3 and 4. The concate-
meric nature of the HMW plasmid DNA is demonstrated by
the production of a single monomeric plasmid product after
complete cleavage with a restriction enzyme which cuts the
monomer plasmid only once (Fig. 3). The linear nature of the
HMW DNA is confirmed by the experiments of Fig. 4, which
show that the HMW material was completely digested by a
mixture of exonuclease I and lambda exonuclease under
conditions in which circular forms remain undegraded.

Chi-dependent HMW plasmid formation is not dependent
on the specific sbcB allele used in these experiments, sbcB15,
since identical results were obtained with the sbcB deletion
strain SK4642 (data not shown). This result suggests that the
formation ofHMW plasmid DNA in the sbcB mutant is due to
a deficiency of exonuclease I activity.

Since Niki et al. (30) reported that recBC xthA strains
accumulate HMW plasmid DNA, we also tested xthA strains
for chi-dependent HMW DNA formation. Our results for the
xthzA strain (Fig. 2, right lanes) are similar to those obtained for
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FIG. 4. Exonuclease sensitivity of HMW plasmid DNA. Total
DNA preparations from an sbcB strain (RDK1899) transformed with
pMMZ15 (chi') and from a recBC sbcB strain (JC7623) transformed
with pBR322 were digested simultaneously with lambda exonuclease
and exonuclease I as described in Materials and Methods. After
digestion, the DNA was analyzed by electrophoresis and blot hybrid-
ized with pBR322 probes as described in the legend to Fig. 2. The
abbreviations are as described in the legend to Fig. 2.

the sbcB strain, although the level of HMW plasmid DNA is
lower in the xthA strains.
The role of recombination functions in chi-mediated HMW

plasmid DNA formation. In previous work from other labora-
tories, HMW linear plasmid DNA formation was dependent
on the RecF recombination pathway genes recA, recF, rec,
recO, and recQ (21, 37). To test the requirement for recombi-
nation function in chi-dependent HMW plasmid formation, a
del(recA)sbcB strain was transformed with chi' and chi'
plasmids and assayed as shown in Fig. 2. No HMW plasmid
was observed in chi' or chi' transformants of this strain,
indicating that recA function is required for HMW plasmid
production in the sbcB background.

Similar experiments were performed with a recF sbcB strain
to test the requirement of recF function in chi-mediated HMW
plasmid formation. By visual inspection of Fig. 5, we estimate
that the recF mutation decreases the amount ofHMW plasmid
DNA by at least fivefold. Thus, chi-mediated HMW plasmid
formation shows a strong but not absolute dependence on recF
function.

Testing a recombinational initiation role for chi in HMW
plasmid formation. The results of the previous section suggest
the possibility that chi may stimulate HMW plasmid formation
by a mechanism which involves recombination. In the recBC
sbcB system, two different models for the role of recombina-
tion in the formation of HMW plasmid DNA have been
proposed. The first model holds that plasmid recombination
creates replication forks that initiate rolling circle plasmid
replication (7, 21, 37, 47). The second model proposes that
intramolecular recombination reactions in the rolling circle
tails create intermediate structures which prevent degradation
by cellular exonucleases (7, 30). To investigate the relevance of
these models to chi-mediated HMW plasmid synthesis, we
tested the ability of chi sites to act in trans. The recombina-
tional initiation model predicts that a chi' plasmid could
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FIG. 5. Southern blot analysis of chi' and chi' plasmids insbcB and
sbcB recF strains. Strains with the indicated genotypes (RDK1899,
JC8814) were transformed with pBR322 (chi') or its chi' derivative,
pMMZ15. Total DNA was prepared from mid-log-phase cultures of
three independent transformants of each strain and analyzed as
described in the legend to Fig. 2. The abbreviations are as described in
the legend to Fig. 2.

activate HMW plasmid formation in a chi' plasmid in trans if
the two plasmids share homology. The degradation model
predicts that chi will stimulate HMW DNA formation only in
cis.
Two partially homologous compatible plasmids were trans-

formed into an sbcB strain. One of the two plasmids contained
a chi site in the region of homology. Using probes specific for
each plasmid, we analyzed DNA samples from the double
transformants forHMW DNA derived from each plasmid. The
results are shown in Fig. 6 and 7. The plasmids used are
represented by a and b in Fig. 6 and 7 and are illustrated
schematically in Fig. 1. The a plasmids are pBR322 and its chi'
derivative, pMMZ15. The b plasmids are derivatives of
pCL1920 (26). pCL1920 uses a pSC101 replicon and has no
homology to pBR322. To create plasmids that have a limited
region of homology with pBR322 and pMMZ15, the small
HindIII-SalI fragments from pBR322 and pMMZ15 were
cloned into pCL1920 to create pMMZ18 (chio) and pMMZ19
(chi'). Figures 6 and 7 show that the chi' plasmid always
formed HMW plasmid DNA, whereas the partially homolo-
gous chio plasmid did not. This result is not caused by selective
loss of cells which contain HMW DNA from both plasmids,
since this condition is readily observed when both plasmids
carry chi sites (Fig. 6 and 7, lanes 10 to 13).
A small amount of chio HMW plasmid DNA is observed in

Fig. 6, lane 7, and Fig. 7, lanes 2 to 5. We examined these
samples to determine whether the HMW chio DNA was
formed from rolling circle replication of the monomer chio
plasmid, representing authentic chi stimulation in trans, or
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FIG. 6. Analysis of cis and trans activity of chi with a pBR322-

specific probe. An sbcB strain (RDK1899) was cotransformed with
derivatives of pBR322, plasmid a (colEI origin, Apr), and pCL1920,
plasmid b (pSC101 origin, Spr), as depicted schematically at the top of
the figure. The thickened segment indicates the 631-bp HindIII-SalI
fragment of pBR322. Fragments carrying chi sites (inserted at the
pBR322BamHI site within the HindIII-SalI fragment) are indicated by
an asterisk. Total DNA samples were electrophoresed and blot
hybridized with a pBR322-specific probe. Each lane contains DNA
from an independent cotransformant. The plasmid combinations used
were (from left to right) pMMZ15 and PMMZ18, pBR322 and
pMMZ19, pMMZ15 and pMMZ19, and pMMZ15 and pCL1920. s
represents sample HMW (hmw) pBR322 DNA prepared from a recBC
sbcB strain (JC7623). Sc.m., supercoiled monomer; N.m., nicked
monomer; Sc.d., supercoiled dimer; N.d., nicked dimer; S.c.t., super-
coiled trimer.

whether the HMW chio DNA was produced from a het-
erodimer containing both types of monomer. As shown in Fig.
8, we found that the HMW DNA in the sample shown in Fig.
6, lane 7, was derived from a heterodimer, since it is digested
to the expected heterodimer size by enzymes which only cut
one of the two monomer plasmids. Similar results were ob-
tained for the HMW DNA in the samples of Fig. 7, lanes 2 to
5 (data not shown).
These results are most compatible with models in which the

chi sites act in cis to cause formation of HMW plasmid DNA
and therefore argue against models in which chi acts by
recombinational initiation of plasmid rolling circle replication.
However, these experiments do not rule out the possibility that
chi-independent plasmid recombination may play a role during
initiation of HMW plasmid DNA synthesis.

Stability of chi' plasmids in sbcB strains. recBC sbcB strains
show high rates of plasmid loss under nonselective growth
conditions (1, 33). This phenotype is correlated with a toxic
effect ofHMW plasmid accumulation on host cell growth (21).
For this reason, we tested for chi effects on plasmid stability in

FIG. 7. Analysis of cis and trans activity of chi with a pCL1920
sequence-specific probe. The blot used for Fig. 6 was stripped and
reprobed with a probe that detects only pCL1920 sequences. All
abbreviations are described in the legend to Fig. 6.

the sbcB background with the method of Bassett and Kushner
(1). Single transformants were grown in selective liquid me-
dium to mid-log phase and then were plated on nonselective
agar medium. One hundred of the resulting colonies were
replicated to nonselective and selective plates to determine the
number of colonies that had lost plasmids. Using this assay, we
found that the chi' (pMMZ15, pMMZ16) and chi° (pBR322)
plasmids were equally stable in sbcB strains: 99 to 100 of 100
nonselectively grown colonies retained the plasmid. With the
same assay, pBR322 was completely unstable in a recBC sbcB
mutant; none of the 100 nonselectively grown colonies retained
the plasmid after growth on nonselective plates. Therefore,
chi-dependent HMW DNA in sbcB strains differs in structure
or amount from the HMW plasmid DNA in recBC sbcB strains
in a way that dramatically reduces problems during plasmid
segregation.

DISCUSSION

There are basically two ways in which chi sites could lead to
the accumulation ofHMW plasmid DNA. First, chi sites could
act positively to initiate or increase production of HMW
plasmid DNA. Second, chi could act negatively to suppress
degradation of HMW plasmid DNA that had been formed in
a chi-independent process. In Fig. 9, we consider models of
these two classes that are consistent with our observation that
the process is dependent on the recA and recF gene products
(Fig. 2 and 5).

In Fig. 9a, chi sites act by stimulating intermolecular pairing
events that initiate rolling circle replication and HMW plasmid
DNA formation (7, 21, 27, 47). Contrary to the prediction of
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FIG. 8. Restriction analysis of chi' HMW plasmid DNA. Aliquots
of the total DNA sample used in lane 7 of Fig. 6 were digested with PstI
or XbaI, electrophoresed in agarose gels, and blot hybridized with
pBR322 probe. PstI cuts pBR322 once but does not cut pMMZ19.
XbaI cuts pMMZ19 twice (300 bp apart) but does not cut pBR322. PstI
digestion therefore produces a 4.3-kb fragment from pBR322 and a
9.5-kb fragment from a pBR322-pMMZ18 heterodimer. XbaI pro-
duces a 9.2-kb fragment from a pBR322-pMMZ19 heterodimer. L.m.,
linear monomer. Other abbreviations are as described in the legend to
Fig. 6.

this model, the data presented in Fig. 6 and 7 demonstrate that
chi usually, if not exclusively, acts in cis to stimulate HMW
plasmid formation. Therefore, our data argue against a role for
chi in initiation of HMW plasmid synthesis.
Our results do not exclude the possibility that chi-indepen-

dent recombination is required for initiation ofHMW plasmid

lb

FIG. 9. Models for the role of chi in HMW plasmid formation in
sbcB strains. In pathway a, chi sites on one plasmid stimulate recom-
bination events that initiate rolling circle replication in another
plasmid. In pathways b and c, chi sites interact directly with RecBCD
enzyme to attenuate its exonuclease activity. In pathway b, the tails
produced by RecBCD-chi interaction form intramolecular recombina-
tion intermediates that further inhibit degradation. In pathway c,
additional protection of rolling circle forms is caused by direct binding
of RecA (0) and RecF (0) to the single-stranded DNA ends
produced by RecBCD helicase activity.

synthesis, as proposed by others working with the recBC sbcB
background (7, 21, 27, 47). The recF dependence of HMW
plasmid synthesis in our system (Fig. 5) is consistent with this
proposal, although other interpretations are discussed below.
Two models in which chi acts negatively to prevent degra-

dation of HMW plasmid DNA are shown in paths b and c of
Fig. 9. In both cases, the primary function of chi is to prevent
degradation by direct interaction with RecBCD enzyme. Ad-
ditional inhibition of degradation is caused by secondary
processes that prevent access of RecBCD to the HMW DNA
in a recA- and recF-dependent fashion. In model b, the
secondary inhibition is caused by the formation of terminal
intramolecular recombination intermediates in the rolling cir-
cle tails. In model c, the secondary inhibition is caused by
direct binding of RecA and RecF proteins to single-stranded
DNA ends produced by RecBCD-chi interactions. Both of
these inhibition models are consistent with the data presented
in this paper. However, in other work (49), we have obtained
evidence that indirectly argues in favor of path c. As described
in that report, plasmid recombination in sbcB strains is greatly
stimulated by plasmid chi sites. As expected, chi stimulation of
recombination is dependent on recA function. However, it is
independent of recF function. This suggests that RecF's role in
HMW plasmid synthesis (Fig. 5) is not to stimulate the
formation of recombination intermediates, as in model b of
Fig. 9. Therefore, the recF effects appear to be most consistent
with model c, in which RecA and RecF assist in preventing
degradation ofHMW plasmid DNA by directly binding to the
DNA ends generated by RecBCD-chi interactions. A direct
binding role for RecF is also consistent with genetic and
biochemical evidence demonstrating that RecF is a single-
stranded DNA-binding protein (16) that interacts with RecA
protein (28, 29, 45).

It is important to note that for these simple models, chi
cannot be acting in both ways, by stimulating recombinational
initiation of rolling circle replication forks and also by slowing
degradation of the linear tails. This is because the orientation
of chi which would be required for chi-dependent recombina-
tional initiation of rolling circle replication cannot produce
linear tails in which chi sites are properly oriented to inhibit
RecBCD degradation and vice versa (compare Fig. 9a and b).
The recF dependence of chi-mediated HMW plasmid syn-

thesis suggests that RecF protein plays important roles in DNA
metabolism in recBCD+ strains. Previously, Lanzov et al. (24)
found that recF mutations decrease the density of crossovers
during conjugational recombination by the RecBCD pathway.
Additional work will be required to establish how that obser-
vation is related to our results.
Our study confirms and extends the findings of Dabert et al.

(8), who observed chi-dependent protection of HMW linear
DNA formed from plasmids that replicate by a rolling circle
mechanism. In their system, the chi effect was dependent on
recA function, in agreement with our results, and they also
proposed that RecA binding protects DNA ends generated by
RecBCD-chi interaction. However, their study demonstrated
that plasmid chi sites can act in trans to protect DNA from
RecBCD-sensitive gene 2 mutants of phage T4. In contrast, no
trans activity was found in our system (Fig. 6 and 7). The larger
amount ofHMW plasmid DNA produced in their system may
account for this difference.
The similar effects of sbcB and xthA mutations on HMW

plasmid formation are difficult to reconcile with the enzymatic
differences between exonuclease I (25) and exonuclease III
(34). These differences argue against models in which exo-
nucleases I and III assist RecBCD enzyme in degrading HMW
plasmid DNA. In addition, the work of Dabert et al. (8)
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CHI-DEPENDENT FORMATION OF LINEAR PLASMID DNA

demonstrates that HMW plasmid formation induced by a
rolling circle replicon occurs efficiently in sbcB+ xthA + strains.
In agreement with these results, we have found that dimeric
chi' plasmids occasionally form HMW plasmid DNA in
recBCD' sbcB+ xthA' strains (Fig. 2, rec' strain, right lane).
These observations are most consistent with a model in which
exonucleases I and III normally suppress aberrant processes
that lead to rolling circle plasmid replication. Thus, if rolling
circle plasmid replication is initiated by a process that circum-
vents the steps inhibited by sbcB+ or xthA', HMW plasmid
DNA from chi' plasmids will be formed, even in recBC'
sbcB+ xthA' strains.
Our data suggest that intermediates of productive RecBCD-

chi interactions are responsible for the accumulation of chi'
HMW plasmid DNA and therefore should be present in the
HMW fraction. If sufficiently gentle techniques for isolating
the HMW plasmid DNA can be perfected, structural studies
on the intermediates could provide new insights into the
mechanisms of homologous recombination.
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