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We report here that DNA double-strand breaks (DSBs)
form in Escherichia coli upon arrest of replication
forks due to a defect in, or the inhibition of, replicative
DNA helicases. The formation of DSBs was assessed
by the appearance of linear DNA detected by pulse-field
gel electrophoresis. Processing of DSBs by recombin-
ation repair or linear DNA degradation was abolished
by mutations in recBCD genes. TwoE.coli replicative
helicases were tested, Rep, which is essential iacBC
mutants, and DnaB. The proportion of linear DNA
increased up to 50% upon shift ofrep recBTS recCTS
cells to restrictive temperature. No increase in linear
DNA was observed in the absence of replicating
chromosomes, indicating that the formation of DSBs
in rep strains requires replication. Inhibition of the
DnaB helicase either by a strong replication terminator
or by a dnaBTSmutation led to the formation of linear
DNA, showing that blocked replication forks are prone
to DSB formation. In wild-type E.coli, linear DNA was
detected in the absence of RecBC or of both RecA and
RecD. This reveals the existence of a significant amount
of spontaneous DSBs. We propose that some of them
may also result from the impairment of replication
fork progression.

Keywords DnaB/helicase/homologous recombination/
RecBCD/Rep

Introduction
DNA double-strand breaks (DSBs) can have multiple

Kowalczykowski et al, 1994; Myers and Stahl, 1994;
Haber, 1995). The RecBCD protein presumably acts at the
initiation stage of homologous recombination, combining
degradation (exonuclease V) and helicase activities to
render the DNA single-stranded, and therefore accessible
to the RecA protein (reviewed in Kowalczykowstd al.,
1994). It is essential for the repair of DNA DSBs induced
by DNA-damaging agents (Wang and Smith, 1983, 1986;
Sargentini and Smith, 1986) and binds to double-stranded
DNA endsin vitro (Ganesan and Smith, 1993).

It has frequently been observed that only a minority of
recB or recC mutant cells in culture form colonies when
plated (Capaldo-Kimball and Barbour, 1971). This was
thought to result from a defect in the repair of spon-
taneously occurring DSBs, the origin of which remained
mysterious. Recently, several observations suggested that
DSBs may occur during replication. Two classes of models
were proposed, depending on whether the break precedes
or follows the passage of the replication fork. DSBs may
result from the encounter of a replication fork with a pre-
existing nick or gap present in the template strand of the
DNA (Kuzminov, 1995a). Such events are probably rare
in wild-type cells, sinceE.coli synthesizes enough ligase
to repair a large number of nicks (Heitmanal, 1989).
However, they could take place following the action
of specific E.coli endonucleases, such as the SbcCD
endonuclease, which cuts hairpin structures formed at
palindromic DNA sequences (Connelly and Leach, 1996),
or in ligase- orpolA-deficient strains (Cao and Kogoma,
1995; Kuzminov, 1995a). In addition, Howaetlal. (1994)
observedin vitro that a T4 topoisomerase Il cleavage
complex formed in the presence of a topoisomerase
inhibitor is converted to a DSB following the action of
a helicase.

DSBs could also result from the breakage of arrested
replication forks. Progression of the replication fork may
be impeded by DNA secondary structures, DNA damage
or DNA-bound proteins, which inhibit the polymerases or

origins including exogenous factors, such as radiation or the helicases. These replication arrests could lead to DNA
chemical DNA-damaging agents (Krasin and Hutchinson, breakage (Bierneet al, 1991; reviewed in Bierne and
1977; d’Andrea and Haseltine, 1978), or site-specific Michel, 1994; Kuzminov, 1995b). Experiments supporting
endonucleases (Murialdo, 1988; Haber, 1995). Since theythe existence of a link between a defect in a replicative
represent a lethal lesion, all organisms have developedhelicase and the occurrence of DSBs were reported for
repair pathways. The most economical is a simple ligation two E.coli helicases, DnaB and Rep. DnaB is the only
with another available DNA end. This pathway is prepon- helicase essential for chromosome replication, and two
derant in higher eukaryotes but has serious disadvantagesindependent observations suggest that DnaB inactivation
since eventually it is accompanied by the loss of genetic or blockage creates entry sites for the RecBCD complex:
material and may even lead to gross chromosomal (i) in several dnaBTS mutants, recB-dependent DNA
rearrangements (Roth and Wilson, 1989; Lobrathal,, breakdown has been observed upon shift to restrictive
1995). The most elegant repair pathway is conservative temperature (Buttin and Wright, 1968; Fangman and
and uses recombination with an intact homologous copy. Russel, 1971; Weschler and Gross, 1971); (ii) the replica-
These recombination events require RecA and RecBCDtion terminator sites ofE.coli, Ter sites, which arrest

in Escherichia coliand proteins of the Rad 52 pathway replication by inhibiting DnaB action (Khatgt al., 1989;

in yeast (reviewed in Clark and Sandler, 1994, Leteal. 1989), are hotspots for RecBCD-dependent
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replication is arrested in rep mutant et al, 1992; Nakayamat al, 1994). Consequently, PFGE
allows the detection and quantification of intracellular
linear DNA. Our data confirm the occurrence of spon-
taneous DSBs in strains defective for the Rep helicase.
DSBs are detectable only in the absence of the repair
akage l enzymes RecA and/or RecBCD. They are associated with
ongoing replication since a chromosomal initiation block,
such as alnaATSmutation, abolishes breakage. Blockage

___e_
f of the replication forks by @naBTSmutation or insertion

b

=
[

of an improperly orienteder site in the chromosome also
results in increased breakage.

(a) (c)
A rep recBC
rep m“ty reﬁ,ff.‘fml () \nutant Results

recombination ) breakage at the other fork Linear DNA can be detected in recBC and recA
via RecBCD degradation lethality recD E.coli mutants
—— In order to study the effect of helicase mutations on the
breakage oE.colichromosomal DNA, a method allowing
the direct detection of DSBs has been developed. The
presence of linear DNAn vivo was investigated by using
l replication PFGE combined with cell lysis in agarose plugs. Cells of
E.coli grown in the presence offi]thymidine were lysed
in agarose plugs. The plugs were subjected to PFGE, and
the gels were stained with ethidium bromide to visualize
the DNA and then sliced. The tritium label present in
each slice was counted, and the proportion of migrating
Fig. 1. Model for lethality ofrep recBCandrep recA recDstrains. DNA .was determined. Under the Cond't_mns used, the
Arrest of a replication fork due to the lack of the Rep helicase leads to Majority of chromosomal DNA from wild-type cells
breakage of the fork. In the presence of RecBCD and RecA (a) the remained in the well (Figure 2; Table I). When the same
DSB is repaired and replication can restartrép recAstrains (b), the plugs were treated with a restriction enzyme, nearly all

broken arm of the chromosome is degraded by RecBCD, and A
replication can restart from the chromosomal origin. When RecBC or the DNA entered the gel (nOt Shown)' This indicates that

both RecA and RecD are defective (c), no degradation or repair can ~ Chromosomes remain intact upon gentle lysis in plugs and

take place, and a second breakage will lead to the formation of a that only linear DNA migrates in these experiments, as
linear chromosome (adapted from Uzestal, 1995). reported previously (Birren and Lai, 1993).

recBC mutants are defective for both the RecBCD-
homologous recombination (Horiuchet al, 1994; mediated recombination repair of DSBs and the degrada-
Horiuchi and Fujimura, 1995). A second replicative hel- tion of linear DNA by exonuclease V (exoV) activity. In
icase inE.coliis the Rep helicase. Although not essential recBCmutants, linear DNA was detected, mostly migrating
for E.coliviability, itis required for the ‘normal’ replication as 2-3 Mb controls (Figure 2). The total amount of linear
of the chromosome (Lane and Denhart, 1974). About DNA reached 15-20% (Table RecD strains are devoid of
80 min are required for the replication of the entire exoV activity but proficient for homologous recombination
chromosome irep mutants, versus 40 min in wild-type (Amundsenet al, 1986). They showed low amounts of
strains (Lane and Denhart, 1975; Cosalanti and Denhart, migrating DNA (Table 1). However, nectherecD
1987). Based orin vitro data, it was proposed that Rep mutant, where both recombination repair and degradation
might facilitate the progression of replication forks by of linear DNA are inhibited, a significant proportion (25%)
removing DNA-bound proteins (Yancey-Wrona and Mat- of DNA entered the gel (Figure 2; Table I). These
son, 1992; Matsoet al,, 1994). We recently reported that experiments indicate that upon inactivation of RecBC or

rep recBand rep recCdouble mutants are inviable and RecA and RecD, broken chromosomes accumutete/o.
proposed that, imep strains, DSBs occur at a higher rate

than in wild-type strains, thus rendering the RecBCD- rep recBTS recCTS mutants accumulate linear
dependent recombination repair essential (Uzdsal, DNA upon incubation at the restrictive

1995). Since chromosome replication is slowed down in temperature

rep cells, breakage could result from frequent replication It was proposed previously, on the basis of genetic

pausing. The breaks could either be repaired or lead to evidence, that DSBs form frequently in cells lacking the
cell lethality, as described in the model shown in Figure 1. Rep helicase (Uzest al., 1995). To follow directly the
In the present work, the occurrence of chromosome amount of broken DNA producesp imutants, it

breakage upon inactivation of replicative helicases was appeared necessary to prevent the degradation and repair
investigated by pulse-field gel electrophoresis (PFGE) of of these DSBs by controlling the level of RecBCD activity.
bacterial chromosomes. In contrast to linear DNA which recBTS recCT®nutations, which inactivate the RecBCD
migrates in pulse-field gel€.coli chromosomes do not protein at 42°C, were used for this purplreg::kan

enter the gels, probably due to their large size and circular recBTS recCTS$ells were grown at 30°C in the presence
structure (Birren and Lai, 1993). Forked DNA, which is #fi[thymidine. After two generations, part of the culture
Y-shaped oro-shaped, also remains in the wells (Petit was shifted to 42°C, where inactivation of the RecBC

431



B.Michel, S.D.Ehrlich and M.Uzest

cpm
1000

wild-type

T

recA recD
1000 |
500 |
L

0 +—+—+—t—t—t+—t—+—t—t—

1 5 10 15 20 25 29

/’\ slice number

Gel 5 _ _ -
origin 1,8 to 3 Mb 16Mb 1Mb 0,2 Mb

size markers

Fig. 2. The proportion of linear DNA is increased iecB and inrecA
recD mutants. OvernighE.coli cultures were diluted in minimal
medium supplemented with 0.4% glucose, 0.2% casamino acids and
5 pg/ml of deoxyadenosine at 37°C at @9 0.01 or 0.02 and grown
until ODgs 0.2-0.5. Agarose plugs were prepared and used for PFGE
as described in Materials and methods. Gels were cut in 3 mm slices
and the amount offH]thymidine present in each slice was measured.
The total amount of tritium per lane varied from ~45 000 to

55 000 c.p.m., hence, in order to render the different lanes directly
comparable, the values shown in the figure were corrected for a total
amount of 50 000 c.p.m. in each lane. The gel origin is not shown.
The position of the size markers is indicated. Under the conditions
used,S.cerevisia@nd H.wingei0.2-1 Mb chromosomes migrated as
individual bands, while 1.8-3 Mb chromosomes co-migrated as a
diffuse band. Results from a representative experiment are shown.

protein leads to the loss of cell viability (Uzestal., 1995;
Figure 3A and B). Aliquots were removed periodically for

Table I. Linear DNA inrecBCDcells

Strain Genotype Linear DNA (%)
JJC40 wild type 2.7 0.2
JJC315 recB:Tnl0 175+ 2.7
JJC316 recC:Tnl0 14.9

JJC273 recD::Tn10 3+0.8
JJC432 recD::Tn10 recA:cam 255+ 6.6

Cells were grown at 37°C. Results shown with standard deviation are
the mean of two independent determinations.

Generation of linear DNA in rep strains in the
presence of the Gam protein
Induction of thex Gam protein, which inactivates RecBCD
(Unger and Clark, 1972), is also lethal feep mutants
(Uzestet al,, 1995), although residual RecBCD-dependent
recombination activity is detectable in Gam-containing
cells (Friedman and Hays, 1986; Murphy, 1991). We
therefore used Gam to investigate further the formation
of Rep-dependent DSBs. Cultures of cells containing a
temperature-inducible gam gene (plasmid pSF117,
Friedman and Hays, 1986) were grown at 30°C (Gam
An aliquot of the culture was shifted to 42°C (Gayfor
3 h and the chromosomes were analysed by PFGE (Table
[II). The proportion of migrating DNA was at most 2-fold
higher upon Gam induction imep than in wild-type
strains, in spite of a clear loss of viability (Figure 3C).

To check that residual recombination is responsible for
the relatively low amount of linear DNA irep Gant cells,
rep recA gam cells, where homologous recombination is
totally inactivated by theecA mutation, were used. The
lethality upon Gam induction is increased compared with
that of rep single mutants (compare Figure 3C and D).
The proportion of linear DNA in theep recA gan strain
reached 50-60% of total DNA (Table Ill). The migration
properties of linear DNA in theep recA gani strain
were similar to those observed in thep recBTS recCTS
strain (see Figure 4).

In recA mutants, both SOS induction and homologous
recombination are abolished. To determine which of the

PFGE analyses (Figure 4). An increasing amount of linear two effects caused the accumulation of linear DNA, we

DNA, migrating as 2-3 Mb linear controls, appeared
upon incubation at 42°C. The proportion of linear DNA

used aexA ind strain, which is proficient for recombin-
ation but defective in the SOS response. Inactivation of

increased to as much as 50% compared with 15% in theonly the SOS response did not lead to a significant increase

recBTS recCTSnutant (Figure 5). Similar results were
obtained inrep71 recBTS recCT&lIs (not shown). These
results show that the chromosomesref-defective cells

in the amount of linear DNA (compareep lexA ind
gam” andrep gant strains, Table 1l). We conclude that
the accumulation of linear DNA in aep recA gam

suffer more breaks than those of wild-type cells, and the strain results from the inactivation of the homologous
resulting linear DNA can be detected in the absence of recombination function of RecA.

RecBCD.
Little or no DSBs were detected iep single mutants
(Table II), indicative of efficient DSB repair and/or linear

In rep Gant cells, recombination could proceed by the
RecF pathway or result from the residual RecBCD activity.
The amount of linear DNA was similar irep gant and

DNA degradation by the RecBCD enzyme. As expected, rep recF gani cells (Table Ill). This suggests that, in the

in rep recAstrains, which are proficient for exoV activity,
or in arep recDmutant, which is proficient for homologous
recombination, the amount of migrating DNA was
unchanged compared with the isogerep strains (Table
I1). The rep recA recDtriple mutants could not be tested,
as they are non-viable (Uzest al, 1995) and thus DSBs
in rep mutants can only be detected iacBTS recCTS

rep gam’ cells, the conversion of linear DNA to a
non-migrating form is mediated by RecA and residual
RecBCD activity.

The Gam protein also inactivates the SbcCD protein
(Kulkarni and Stahl, 1989), which exhibits endo- and
exonucleolytic activitiesin vitro (Connelly and Leach,
1996). Both the presence of a high level of linear DNA

mutants, where both exoV and recombination can be in rep recA gam cells and the lack of effect adbcCD

inactivated.
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Fig. 3. Loss of viability in various strains upon shift to restrictive conditions) §JC505 (gp recBTS recCT)SODgsq other panels, colony-forming
units (c.f.u.). B) JJC505. C) JJC213 [pSF117]rép). (D) JIC356 [pSF117]rép recA. (E) JIC507 §naB8 recB. (F) JJC438 [pBadTus]lifvTer

recB). Overnight cultures were diluted in minimal medium supplemented with 0.4% glucose, 0.2% casamino aciggmtdd deoxyadenosine at
30°C at OR5n 0.01 or 0.02, with the exception of JJC507, grown in LB, and JJC438 grown at 37°C. For plasmid-containing cultures, f§0-200
of ampicillin were added. When the cultures reacheds63B0.1, they were divided in two, and one part was incubated at 42°C (time 0); for JJC438
(F), 0.2% of arabinose was added at time 0. Aliquots were taken every hour to measuregtig@@bDc.f.u. Plates were incubated for 24-48 h at
30°C; for JJC438 at 37°C. Results from representative experiments are shipwa°C; ll, 42°C. In (F), JJC438, open symbols show no arabinose
and closed symbols 0.2% arabinose. ForrdmrecAstrain (D), although the Ofgincreased 24-foldn 5 h at30°C (not shown), the c.f.u. only
increased 4-fold during that time, reflecting the low plating efficiency of the strain (@zedt 1995). Growth of all control strains was as expected

(see Uzestt al, 1995).

JJC484 and JJC498, Table 1V; data not shown) indicate

increased during 3 h (Figure 6). This shows that formation

that the SbcCD nuclease does not have a major role inof linear DNA requires the presence of replication forks.

the formation of DSBs imrep cells.

The accumulation of linear DNA in rep recA gam™
cells is DnaA dependent

Inactivation or inhibition of the DnaB helicase
leads to the formation of DSBs
DnaB is the only essential helicasehircoli, as it catalyses

In a previous report, we proposed that these breaks couldthe unwinding of replicating chromosomes. Several lines

occur upon blockage of the replication forks (Uzesal.,
1995; Figure 1). To test directly whethezp-dependent
formation of linear DNA requires the presence of replica-
tion forks, adnaAT Snutation was used. The DnaA protein
is essential for the initiation of chromosomal replication
but not for its propagation. Therefore, after shifting a
dnaATSmutant to the restrictive temperature, ongoing
replication is not affected while no new replication rounds
are initiated at the origin (Kornberg and Baker, 1992). As
we could not construct aep recBTS recCTS dnaATS
mutant (not shown), we took advantage of the Gam-
inducible system to test the involvement of replication in
DSB formation. ThednaATS rep recAstrain, (strain
JJC481, Table IV) carrying the plasmid encoding Gam
(pSF117) was used. In this strain, incorporation of tritiated
thymidine was arrested after 1-2 h at the restrictive
temperature, in contrast to tltaA" control strain (not
shown). During the first 1.5 h at 42°C, while replication
still took place, the amount of linear DNA increased.
When replication stopped, the amount of linear DNA

ceased to increase (Figure 6). As expected, in the control

dnaAt strain, the amount of linear DNA continuously

of evidence, including RecB-dependent DNA degradation
in dnaBTSmutants (Buttin and Wright, 1968) and elevated
rates of RecBCD-dependent recombination in the region
next to replication arrest sites (Horiuckt al., 1994),
suggested that inhibition of the DnaB helicase might
also induce DSB formation. AecB:Tnl10 mutation was
introduced idnaB" and adnaBTSisogenic strains
(JJC506 and JJC507, Table IV). The amount of linear
DNA was measured at different times after shift to 42°C
by PFGE (Figure 7). The percentage of linear DNA
increased rapidly idnBiBTSmutant at the restrictive
temperature, confirming the hypothesis that replication
block effectively leads to DSB.
Replication inE.coliis naturally arrested at sites named
Ter, located in the terminal region of the chromosome.
Ter sites act by inhibiting DnaB action when bound by
their cognate protein Tus. To investigate the effects of
fork arrest atTer sites on DSB formation, we made use
of a strain carrying two invdeedites in the terminus
of E.coli (Inv-Ter structure) in which Y-structures typical
of arrested replication forks accumulate in the presence
of Tus (Sharma and Hill, 1995). As expected, overproduc-
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Fig. 4. DNA breakage irrep recBTS recCT8ells. JJC505 cells were
grown as described in the legend to Figure 3 in the presenceu@fi5

of [3H]thymidine. After 3, 4 © 5 h of growth at 30°C, at Oy

ranging from 0.05 to 0.2, cells were incubated for 3,r2L.ch at42°C
respectively. The control culture was grown at 30°C for 6 h. DNA was
prepared and analysed as described in Figure 2. Results are the mean
of two independent experiments.

% linear
DNA
50 A
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N time
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Fig. 5. The proportion of linear DNA imecBTS recCTStrains

increases with incubation at 42°C. JJC3&&t) and JJC505

(Arep::kan) cells were grown and treated as described in the legend to
Figure 4. The proportion of linear DNA was calculated. Results are
the mean of 2-5 independent determinatidns.JJC330;M, JJC505.
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Table Il. Linear DNA inrep cells

Strain Genotype Linear DNA (%)
30°C 37°C 42°C

JJC489 rep71 7 7.4 5.3
JJC213 rep::kan 2.1 1.9 1.8
JJC502 rep71 recA.cam 54 ND 3.6
JJC356 rep::kan recA:tet ND 5 ND
JJC269 rep::kan recD:Tn10 1.4 ND 1.7
ND, not determined.
Table Ill. The effects of Gam on linear DNA
Strain Genotype Linear DNA (%)

Gam- (30°C) Gant (42°C)
JJC40 wild type 6.45- 0.4 8.1+ 2.7
JJC16 recA:tet 17 x=0.2 235+ 05
JJC489 rep71 55 =05 16.7+ 3
JJC502 rep71 recA.cam 15 =1 495+ 0.8
JJC503 rep71 reck:kan 43 =13 11.8*+ 1.6
JJC213 rep::kan 435+ 1.3 114+ 1.4
JJC356 rep::kan recA:tet 11.4 = 0.6 60 =1
JJC335 rep::kan lexA ind3 54 =08 16.6*+ 1.3

All cells contained the plasmid pSF117. Cells were grown in the
presence of 100 or 200g of ampicillin. The average of two or three
independent determinations are shown. The slightly high amount of
linear DNA detected imecA cells at 30°C reflects the presence of
some Gam protein which escapes repression.

tion of Tus, encoded from an arabinose-dependent pro-
moter (plasmid pBadTus, Table IV), was lethal in the-

Ter strain carrying arecB mutation (Figure 3F). In the
absence of Tus, the proportion of linear DNA was 17%,
as in otherrecB cells. This proportion increased up to
30% in 3 h of Tusinduction. This confirms that DSBs
are generated efficiently upon a replication fork block due
to the inhibition of the main replicative helicase, DnaB.

Discussion

In this work, we examined the susceptibility of the
chromosomes to DSB formation under conditions in
which different replicative helicases were impaired. In the
absence of exoV and recombination repair, a significant
amount of linear DNA is detected, revealing a surprisingly
high level of spontaneous DSBs. Inhibition of replicative
DNA helicases further increased the amount of linear
DNA, indicating that arrested replication forks are suscept-
ible to breakage. This suggests a role for replication
blockage in spontaneous DSBs and points to a role for
helicases in the prevention of replication-associated DSBs,
possibly by a limitation of replication pauses. The main
phenotype of cells lacking such a helicase is a dramatic
need for efficient DSB repair.

DSB repair

This study also allowed the investigation of DSB repair
in the absence of any DNA-damaging agent. Linear DNA
was only detected in significant amounts@tBCor recA
recD mutants (see Table I). The elevated proportion of
linear chromosomes found in these mutants correlates



DNA double-strand breaks due to replication arrest

Table IV. Strains and plasmids

Strains Genotype/description Source/reference

DG76 wild type, parent of PC8 B.Backman

FG252 sbcD300:kan Gibsonet al. (1992)

GC2687 dnaATS TnaTnl0 R.DAri

GY9701 ArecA:cam [miniF recA R.Devoret

K1019 rep 71 ilv::Tnl10 N.Zinder

N2101 recB268:Tn10 Lloyd et al. (1987)

N2103 recC266:Tn10 Lloyd et al. (1987)

N2364 sbcC201 phoR:Tn10 Lloyd and Buckman (1985)

PC8 dnaB8 B.Backman

SK129 recB270 recC271 Kushner (1974a,b)

TH347 Atus:kanlnvter:spc{pBadTus] Sharma and Hill (1995)

WA576 reck:Tn5 W.Wackernagel

JJC16 A(recA-sr)::Tnl0 laboratory stock

JJC40 wild type laboratory stock

JJC41 as JJC40, but[Rcl9, lacZAM15, proAG laboratory stock

JJC213 Arep::kan Uzestet al. (1995)

JJC269 recD1901:Tn10, Arep::kan Uzestet al. (1995)

JJC273 recD1901:Tn10 Uzestet al. (1995)

JJC315 recB:Tnl0 P1 N2101 * JJC40 to TBt

JJC316 recC:Tn10 P1 N2103 * JJC40 to TBt

JJC335 lexAXInd"), Arep::kan Uzestet al. (1995)

JJC356 A(recA-sr)::Tnl10, Arep::kan Uzestet al. (1995)

JJC390 Arep::kan, recA:Cam P1 GY9701 * JJC213 to Cdm

JJC432 recD::Tnl10, recA:Cam P1 GY9701 * JJC273 to Cdmn

JJC438 Atus:kan Inv-Ter:spc recB:Tn10 P1 N2101 * TH347, and additional screening for the loss of the plasmid
pBadTus

JJC480 Arep::kan dnaATS P1 GC2687 * JJC213 to TRscreening for thermosensitivity

JJC481 Arep::kan dnaATS, recACam P1 GY9701 * JJC480 to Cdn

JJC482 recB270, recC271, rep71 P1 K1019 * SK129 to Tét screening for thermosensitivity

JJC484 rep71, recB270, recC271, shcD36an, ilv::Tn10 P1 FG252 * JJC482

JJC489 rep71 P1 K1019 * JJC40 to T8tscreening for defect M13 replication

JJC495 rep71, recB270, recC271, shcD3tKan ilvt revertant of JJC484

JJC498 rep71, recB270, recC271 shcC201, phdR10 P1 N2304 * JJC495 to TBtscreening foADRL154 growth

JJC502 rep 71, recAcam P1 GY9701 * JJC489

JJC503 rep 71, reckE:Tn5 P1 WA576 * JJC489

JJC505 Arep::kan, recB270, recC271 P1 JJC213 * SK129

JJC506 recB:Tnl0 P1 N2101 * DG76

JJC507 dnaB8 recBTn10 P1 N2101 * PC8

Plasmid

pBR322 cloning vector

pSF117 pBR322 carrying pL-Gam Friedman and Hays (1986)

pBadTus pBR322 carryintus under the control Sharma and Hill (1995)

of the araC promotor

Phage

M13mp2 J.Messing

ADRL154 Apal571delta-spb, cl857, chi-Cll D.Leach

Most of the JJC strains are JJC40 derivatiless, his4, argE3, lacY1, galk2, aral4, xyl5, mtll, tsx33, rpsL31, supE44, hsdR; JJC438 is trpR,

trpA905am, his29-am, ilv, pro-2, arg-427, thyA, deoB or deoC, tsx, rac-plus, IN(rrnD-rrE) lac, del-tusi2a4 InvTer:sp&, JJC482 and
derivatives and JJC505 are AB1157 derivatives (as JJC4€hbAt, proA2,HsdR"); JJC506 and JJC507 aleuB6, thyA47, deoC3, rpsL153
Abbreviations: T}, tetracycline resistance; KBnkanamycin resistance; C&mchloramphenicol resistance; $pspectinomycin resistance.

with their low colony-forming ability. This confirms the while unrepaired DSBs may be responsible faephe
central role of the RecBCD pathway in the repair of linear recA recDtriple mutant inviability.
DNA in E.coli, via its dual action as a double-stranded Results inXhBam-containing cells revealed more
DNA exonuclease and recombinase. complex repair pathways. Irep recA gant cells, there

It is interesting to note that the amount of linear DNA is a clear correlation between lethality and DSB formation.
increased with temperature inracB mutant (Figure 7). This is not the case forep Gant cells which contain
This could reflect an increased number of replication forks only 11-17% linear DNA. The linear DNA could be
at high temperature, and consequently more opportunitiesconverted to a non-migrating form by RecA-dependent
for fork breakage. DSB repair in threp mutant proceeds homologous recombination. Alternatively, RecA could
via the same pathway, since (i) the proportion of linear protect the chromosomes specifically from DSB formation
DNA increases upon inactivation of RecBC in thep in the rep gant cells. Neither mechanism, however,
recBTS recCTSstrains and (ii)rep recD and rep recA restores cell viability, possibly because proteins remain
strains which are viable do not accumulate linear DNA, bound to the DNA, leading to structures which do not
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Fig. 7. The proportion of linear DNA increases upon incubation of
recB dnaBTSells at 42°C. Cells were grown in LB medium plus
5 ug of [*H]thymidine. Part of the culture was grown at 30°C for 6 h.

Fig. 6. Effect of adnaATSmutation on the proportion of linear DNA
in rep recA[pSF117]. Cells were grown as described in the legend to

Figure 3. An aliquot was grown at 30°C (time 0) and two aliquots Aliquots were shifted to 42°C for 0.5, 1, 1.5c8 h for thednaBTS
were shifted to 42°C for 1.5 @n3 h respectively. Results are the mean mutant and for 1.5 ah3 h for the DnaB control. Results are the
of two independent determma_uons fep recA[pSF117] ) and mean of two independent determinations. JJC506;M, JJC507.
three independent determinations fep recA dnaATS

[pSF117] ().

DNA-bound proteinsn vitro (Yancey-Wrona and Matson,
allow replication restart. A similar ‘lethal repair’ may take 1992). Therefore, the Rep protein could prevent the

place inrep recBCD sbcBG@ndrep recBCD sbcAstrains, formation of DSBs by limiting replication pauses.

which would account for the intriguing observation that The mechanism of chromosomal breakage is unknown.

these mutants are inviable, although they are recombination Are the breaks at arrested replication forks due to enzym-

proficient via the alternative RecF and RecE recombination atic cleavage of DNA, and in this case are there specific

pathways, respectively (Uzestt al, 1995). Repair of nucleases involved, or do DNA breaks occur spon-

DSBs by the wild-type RecBCD enzyme appears to be taneously, as a result of tensions consequent to cell growth?

the only way to restore viable chromosomesdpstrains. The two best characterized single-stranded endonucleases
Among the proteins proposed to be involved in restarting in E.coli are RecBCD and SbcCD. However, if these

stalled or repaired replication forks are the primosome endonucleases are responsible for the introduction of

assembly protein PriA and the RecF protein (Kogoma breaks at arrested replication forks, they are dispensable,

et al, 1996; Sandler, 1996). PriA and RecF mutations, since a significant amount of breakage occurregpin the

therefore, were tested for their effect iep strains. recBTS recCTS shcChutants at restrictive temperature.

However, as PriA is essential for RecBCD-dependent Analysis of appropriate mutants should allow the identi-

homologous recombination (Kogoreaal,, 1996; Sandler  fication of functions that promote breakage at arrested

et al, 1996), it is expected to be essentialrap strains. replication forks.

Effectively we could not constructrap3, priA:kandouble A rep homologue has been identified$taphylococcus

mutant (our unpublished result). RecF does not seem toaureus where this gene is essential (lordanescu, 1993).

play a major role irep strains, as we detected no effect Whether the absolute requirement for tie@ gene in this

of the recF::Tn5 mutation in eitherep, rep recD or rep species correlates with a limited capacity for DSB repair

ganT strains. In addition, the high level of replication- is unknown. The role proposed here for the Rep helicase

dependent breakage reported here in cells which are is reminiscent of that proposed for the T4 Dda helicase

proficient for both PriA and RecF indicates that neither which shares no homology with Rep (Bedinger al,

of these two proteins allows replication restart in the 1983). Recently, a correlation between the defect in a

absence of Rep. putative helicase and increased DSBs was described in
humans. Two genetic disorders, Bloom’s syndrome and

DSB formation and helicase inhibition Werner’s syndrome, were found to result from a defect in

The present work shows that impairment of the progression proteins sharing homologies with prokaryotic and yeast

of replication forks leads to DSB formation. Inhibition of helicases (Elliset al, 1995; Yuet al, 1996). Indicators

the E.coli helicase DnaB leads to chromosome breakage of defective DNA metabolism in these syndromes include

and replication-dependent DSBs occur rep mutants. chromosomal instability and hyper-recombination pheno-

Studies on the progression of replication forks rap type, resulting from increased DSBs. In Bloom’s syndrome

mutants revealed a slow but constant rate of replication cells, the rate of nascent DNA chain elongation is retarded

(Lane and Denhart, 1975; Cosalanti and Denhart, 1987). (Hand and German, 1975; @tanlelli977). This and

This suggests that replication pauses occur all over theseveral additional observations led to the proposal that

chromosome. Replication pauses due to collisions with the helicase defective in Bloom’s syndrome is involved

the transcription apparatus or DNA-bound proteins were in DNA replication (Elliset al., 1995). The present work

observedn vivo andin vitro (French, 1992; Vilettest al, illustrates how, irE.coli, a defect in a replicative helicase

1992; Liu and Alberts, 1995), and the Rep protein removes can lead directly to increased DSB formation.
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Materials and methods total amount generally did not differ significantly from the tritium present
in an intact plug counted as a control.

Strains and plasmids
The E.coli K12 strains and plasmids used are listed in Table IV. All
strains constructed during this work were made by P1 transduction. P1 Acknowledgements
stocks were prepared, and transductions performed as described (Miller,
1992). Transductions with stocks grown on strains carrying a We are very grateful to Drs R.D'Ari, R.Devoret, C.Gross, A.Gruss,
malF3089:Tn10, fuc3154:Tnl0kanor amalF:camallele were used as  S.Kushner, D.Leach, R.Lloyd, T.Lohman, S.Sommers and W.Wackerna-
controls for the Tét, KarR and CarR markers respectively. Unless gel for sending strains and plasmids. We are very grateful to Dr T.Hill
otherwise indicated, all transductions described in this work gave the for providing thelInv-Ter strain and manuscripts prior to publication,
expected amount of clones with the expected phenotype. Comparedand to Dr D.Leach for providing manuscripts prior to publication. We
with JJC482 (ep71 recBTS recCTSstrain JIC3364rep::kan, recBTS are particularly grateful to A.Gruss for her enthusiasm and constant
recCTS Uzestet al, 1995) displays better growth ability and less linear ~ support during this work and for essential participation in the redaction
DNA at 30°C. P1 transduction of thep71mutation in JJC336 revealed  of this manuscript. We thank E.Cassuto and M.A.Petit for helpful
that this could not be attributed to the difference in tap alleles, and discussions and corrections to the manuscript, A.Kuzminov for helpful
was probably due to the presence of a compensatory mutation in JJC336 reading of the manuscript, and F.Haimet for her help in producing the
selected during growth at 30°C. For this reason, a Aep::kan, recBTS artwork. B.M. is on the CNRS staff. This work was supported, in part,
recCTSstrain, JJC505, was constructed and used in the present work. by a CEE grant number BIOT CT91-0268.
This strain grows as JJC482.

The Rep phenotype was verified by transforming Gaf©mpetent
cells by M13mp2 RF DNA on a lawn of JJC41'fRndicator cells. The References
phenotype ofrecA, recBand recC mutants was verified by measuring
UV sensitivity. Dilutions of cultures in late exponential phase #10 Amundsen,S.K., Taylor A.F., Chaudhury,A.M. and Smith,G.R. (1986)
cells per ml) were plated on LBAT (Luria broth agar thymine medium) recD: the gene for an essential third subunit of exonucleaserdt.
and irradiated at 254 nm. Plates were irradiated with an energy of 20—  Natl Acad. Sci. USA83, 5558-5562.
120 J/n? at a rate of 2—4 J/Afs. Dose rate was measured with a Latarjet Bedinger,P., Hochstrasser,M., Jongneel,V.G. and Alberts,B.M. (1983)

dosimeter. The exophenotype ofrecB, recC and recD mutants was Propertie_zs on _the T4_bacteriophage replication apparatus: the T4 dda
verified by measuring the plating efficiency of T4 genepBage, which DNA helicase is required to pass a bound RNA polymerase molecule.
is increased ~2000-fold in these mutants. Cell, 34, 115-123.

Rich medium was Luria broth (Miller, 1992) supplemented with Bierne,H. and Michel,B. (1994) When replication forks stdyol.
25 pug/ml thymine (LBT). Minimal medium was medium M63 (a medium Microbiol., 13, 17-23.
devoid of NaCl, Miller, 1992), supplemented with 0.4% glucose and 0.2% Bierne,H., Ehrlich,S.D. and Michel,B. (1991) The replication termination
casamino acids. Antibiotics were used at the following concentrations: ~ signalTerB of the Escherichia colichromosome is a deletion hotspot.

ampicillin (Amp), 40 pg/ml; tetracycline (Tet), 151g/ml; kanamycin EMBO J, 10, 2699-2705.

(Kan), 45ug/ml; chloramphenicol (Cam), 2fg/ml; and spectinomycin Birren,B. and Lai,E. (1993ulse Field Gel Electrophoresia Practical

(Spc), 60ug/ml. Overnight cultures were grown routinely in 5 ml of LBT Guide Academic Press, NY.

broth. Cells were made competent by Cai@atment and transformedas ~ Buttin,G. and Wright,M. (1968) Enzymatic DNA degradation in

described (Dagert and Ehrlich, 1979). Escherichia coli its relationship to synthetic processes at the
chromosome levelCold Spring Harbor Symp. Quant. Bipl33,

Preparation of plugs and PFGE migration 259-269.

Overnight cultures were grown in LBT medium. The cells were diluted Cao,Y. and Kogoma,T. (1995). The mecharest pdlA lethality:

to ODgsg 0.01 or 0.02 in M63 supplemented with 0.4% glucose, suppression by RecA-independent recombination repair activated by

0.2% casamino acids, 100g/ml deoxyadenosine and fACi/ml of thelexA(Def) mutation inEscherichia coliGenetics 139, 1483—-1494.

[H]thymidine (sp. act. 87 Ci/mmol, New England Nuclear). For JJC338 Capaldo-Kimball,F. and Barbour,S.D. (1971) Involvement of

(thyA deo@, 5 pg/ml of cold thymidine were added, and, due to poor recombination genes in growth and vialilggharichia coliK-12.

growth in minimal medium, JJC506 and JJC5GRAyA deoGQ were J. Bacteriol, 106, 204-212.

grown in LB plus 5puCi/ml of [3H]thymidine. When 3 or 4 h of Clark,A.J. and Sandler,J. (1994) Homologous genetic recombination: the

incubation at restrictive temperature were required, the culture was pieces begin to fall into plac&rit. Rev. Microbiol, 20, 125-142.

divided into two when the OR, reached 0.07-0.08. One part was Connelly,J.C. and Leach,D.R.F. (1996b&Beand shcD genes of

incubated further at 30°C, the other was shifted to 42°C. For shorter  Escherichia coliencode a nuclease involved in palindrome inviability

times of incubation at restrictive temperature, the shift was performed and genetic recombi@aties.to Cellsl, 285-291.

at a higher OD. Cells were collected (they reachedg£[.3-0.7), Cosalanti,J. and Denhardt,D.T. (1987) Techerichia coli repnutation.

washed in cold minimal medium and resuspended in Tris 10 mM, EDTA X. Consequence of increased and decreased Rep prokéah. levels.

100 mM, EGTA 10 mM (TEE buffer) at a final OD of 0.7. After 10 min Gen. Genef.209 382-390.

of incubation at 37°C, the suspension was mixed with an equal volume Dagert,M. and Ehrlich,S.D. (1979) Prolonged incubation in calcium

of agarose InCert 1.5% in TEE and allowed to solidify in plug molds. chloride improves the competence E$cherichia colicells. Gene 6,

The plugs were then incubatedrf® h at37°C in 20 ml of TEE buffer 23-28.

containing 0.05% sarcosyl, 5 mg/ml lysozyme solution, and overnight d’Andrea,A.D. and Haseltine,W.A. (1978) Sequence specific cleavage

at 52°C in 10 ml TEE buffer containing 1 mg/ml proteinase K, 1% SDS. of DNA by the antitumor antibiotics neocarzinostatin and bleomycin.

Plugs were kept in 10 ml of TEE buffer at 4°C and used within 2 weeks. Proc. Natl Acad. Sci. USA’5, 3608—-3612.
The 1% agarose gels were run for 40 h at 160 V (6—7 V/cm) ix0.3  Ellis,N.A., Groden,J., Ye,T.-Z., Straughen,J., Lennon,D.J., Ciocci,S.,
TEB, using a PFGE ramp from 3 ms forward/1 ms backward to 180 ms  Proytcheva,M. and German,J. (1995) The Bloom’s syndrome gene

forward/60 ms backward. product is homologous to RecQ helic&3sb.83, 655-666.

After migration, gels were stained with ethidium bromide and photo- Fangman,W.L. and Russel,M. (1971) X-irradiation sensitivity in
graphed. Plugs containing the chromosomes of the y&astharomyces Escherichia cdifective in DNA replicationMol. Gen. Genet.110
cerevisiaeand plugs containing the chromosomesHansenula wingei 332-347.
were used routinely as molecular weight standards (Bio-Rad). The lanes French,S. (1992) Consequences of replication fork movement through
were cut into 3 mm slices using a razor blades slicer. A total of 36—42  transcription unitsn vivo. Science258 1362—1365.
slices representing 12-14 cm of migration were usually made to allow Friedman,S.A. and Hays,J.B. (1986) Selective inhitstibarihia
the recovery of all fragments from the migration origin to 30-50 kb coli RecBC activities by plasmid-encoded GamsS function of phage
fragments. The amount of tritium in the slices corresponding to the lantbeiae 43, 255-263.
smaller fragments was generally low or null. The agarose slices were Ganesan,S. and Smith,G.R. (1993) Strand-specific binding to duplex
melted at 90°C, and diluted 5-fold in 0.1 M HCI at the same temperature. DNA ends by the subunit€stiiegichia coliRecBCD enzyme.
Counting was performed in 10 ml of scintillation fluid (Beckman ready J. Mol. Biol, 229, 67-78.
safe) in a Beckman scintillation counter. The fraction of migrating DNA Gianelli,F., Benson,P.F., Pawsey,S.A. and Polani,P.E. (1977) Ultraviolet
was calculated by dividing the amount of tritium found in a lane by the light sensitivity and delayed DNA-chain maturation in Bloom's
total amount of tritium found in the lane plus the migration origin. This syndrome fibrobldatsre 265 466-469.
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