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Topoisomerases form a covalent enzyme-DNA intermediate after initial DNA cleavage. Trapping of the
cleavage complex formed by type IIA topoisomerases initiates the bactericidal action of fluoroquinolones. It
should be possible also to identify novel antibacterial lead compounds that act with a similar mechanism on
type IA bacterial topoisomerases. The cellular response and repair pathways for trapped topoisomerase
complexes remain to be fully elucidated. The RuvAB and RecG proteins could play a role in the conversion of
the initial protein-DNA complex to double-strand breaks and also in the resolution of the Holliday junction
during homologous recombination. Escherichia coli strains with ruvA and recG mutations are found to have
increased sensitivity to low levels of norfloxacin treatment, but the mutations had more pronounced effects on
survival following the accumulation of covalent complexes formed by mutant topoisomerase I defective in DNA
religation. Covalent topoisomerase I and DNA gyrase complexes are converted into double-strand breaks for
SOS induction by the RecBCD pathway. SOS induction following topoisomerase I complex accumulation is
significantly lower in the ruv4 and recG mutants than in the wild-type background, suggesting that RuvAB and
RecG may play a role in converting the initial single-strand DNA-protein cleavage complex into a double-
strand break prior to repair by homologous recombination. The use of a ruvB mutant proficient in homologous
recombination but not in replication fork reversal demonstrated that the replication fork reversal function of

RuvAB is required for SOS induction by the covalent complex formed by topoisomerase 1.

DNA topoisomerases can modulate DNA superhelicity and
help overcome topological barriers in cellular processes by
cleaving the DNA backbone phosphodiester linkage to allow
topological changes in DNA substrates. The ends of the
cleaved DNA are covalently linked to an active-site tyrosine on
the topoisomerase proteins in cleavage complex intermediates.
Covalent protein-DNA complexes exist only transiently during
catalysis because the cleaved DNA is rapidly religated. The
stabilization of covalent complexes formed by human topo-
isomerase I or I due to the action of certain anticancer drugs
results in the apoptotic death of cancer cells. Quinolone anti-
biotics are highly bactericidal because they cause the accumu-
lation of covalent complexes formed by bacterial DNA gyrase
and topoisomerase IV enzymes. Although a similar topoisom-
erase poison inhibitor remains to be identified for bacterial
type IA topoisomerases, bacterial topoisomerase I complex
accumulation due to mutations that inhibit DNA religation has
also been shown to cause rapid bacterial cell death (4, 36). The
requirement of a DNA cleavage step in the mechanism of
action of topoisomerases increases the vulnerability of cells to
conditions that would trap the covalent protein-DNA complex.
These conditions include the presence of DNA intercalators,
toxic metabolites, and DNA lesions, as well as protein thiola-
tion (9, 28-31, 38). Response to and repair of the trapped
covalent topoisomerase-DNA complex are thus needed for cell
survival. In eukaryotes, 3'-tyrosyl DNA phosphodiesterase
(TDP1) and 5'-tyrosyl DNA phosphodiesterase (TDP2), which
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can cleave the covalent linkage between topoisomerases and
DNA, have been identified (8, 15, 27). Tyrosyl DNA phos-
phodiesterases have not been identified in bacteria. Repair of
covalent bacterial topoisomerase-DNA complexes may require
the action of endonucleases to remove the DNA-bound topo-
isomerase proteins, similar to the Rad1-Rad10 repair pathway
characterized in yeast (37). In Escherichia coli, covalent topo-
isomerase I and DNA gyrase complexes have been shown to be
processed into double-strand DNA breaks (DSB), which are
then repaired via the RecBCD-mediated RecA homologous
recombination pathway with induction of the SOS regulon (24,
34). The RuvABC and RecG activities could play significant
roles in the response to the covalent topoisomerase complexes.
They are both capable of resolving the Holliday junctions fol-
lowing DSB formation in the later stages of homologous re-
combination repair (11). SbcCD has been shown previously to
remove protein from a protein-bound DNA end with nucleo-
lytic activity to create a DSB (7). In addition, it is also possible
that RuvAB and RecG might act at arrested forks to process
replication forks blocked by the covalently bound topoisomer-
ase proteins and generate DSB substrates for RecBCD (1, 32).
Previous studies have not clearly elucidated the roles of
RuvABC and RecG in the response to covalent topoisomerase
complexes. We examine here the effects of mutations in the
ruvA and recG genes on both bacterial survival and SOS in-
duction following the accumulation of covalent topoisomerase
I or gyrase complexes with cleaved DNA.

MATERIALS AND METHODS

E. coli strains and growth media. The E. coli strains and plasmids used in this
study are listed in Table 1. E. coli cells were grown in Luria-Bertani (LB) broth
and, when appropriate, with an antibiotic (ampicillin at 100 wg/ml, chloramphen-
icol at 20 pg/ml, kanamycin at 50 wg/ml, or spectinomycin at 60 pg/ml) at 37°C
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TABLE 1. E. coli strains and plasmids used in this study

J. BACTERIOL.

Strain or plasmid

Relevant genotype and/or description

Source, reference, or construction

Strains
BW27784 A(araBAD)567 A(rhaBAD)568
A(araFGH) ®(AaraEpP p,g-araE)
JW1850-2 ruvA786(del)::kan; Keio collection
JW3627-1 recG756(del)::kan; Keio collection
JW1852-1 ruvC789(del)::kan; Keio collection
JHS4 BW27784ruvA786(del)::kan
JHSS BW27784 recG756(del)::kan
JHS7 BW27784ruvC789(del)::kan
JJC671 AB1157ruvA60::Tnl0 (ruvB polar) [pGB2-RuvAB]
JHS6 BW27784 ruvA60::Tn10 (ruvB polar)
Plasmids
pETOP With E. coli topA under control of BAD promoter,

pETOP-G116S
pAYTOP

pAYTOP-G122S

high copy number

pETOP with G116S mutation

With Y. pestis topA under control of BAD promoter,
medium copy number

pAYTOP with G122S mutation

Yale E. coli Genetic Stock Center; 18

Yale E. coli Genetic Stock Center; 2
Yale E. coli Genetic Stock Center; 2
Yale E. coli Genetic Stock Center; 2
P1(JW1850-2) X BW27784, Kan"
P1(JW3627-1) X BW27784, Kan"
P1(JW1852-1) x BW27784, Kan’
Bénédicte Michel; 23

P1(JJC671) X BW27784, Tet"

4

Site-directed mutagenesis of pETOP
5

34
5

pDinlux SOS reporter plasmid with dinD1::luxCADBE fusion
pGB2 Cloning vector
pGB2-RuvAB Contains entire ruvAB operon

pGB2-RuvA™ RuvB-Y184H

RuvAB proficient in recombination but not RFR

Bénédicte Michel; 6
Bénédicte Michel; 32
Bénédicte Michel; 20

for cell viability and luciferase assays. Mueller-Hinton broth (MHB) was used for
culture dilutions for MIC tests. Strain BW27784 was used to measure cell death
upon the induction of mutant bacterial topoisomerase I enzymes deficient in
DNA rejoining. The mutant topoisomerases included a mutant Yersinia pestis
topoisomerase I expressed from plasmid pAYTOP-G122S (34) and a mutant E.
coli topoisomerase I expressed from plasmid pETOP-G116S (4). In these plas-
mids, the expression of the mutant topoisomerase is under the control of the
BAD promoter. The use of BW27784 and its derivatives allows uniform con-
trolled induction of expression from the BAD promoter dependent on increasing
concentrations of arabinose (18). Plasmids pAYTOP and pETOP were used to
express wild-type recombinant Y. pestis and E. coli topoisomerase I proteins,
respectively. For strain maintenance and overnight culture of transformed
strains, 2% glucose was included in the LB medium to suppress the potentially
lethal expression of the recombinant mutant topoisomerase proteins. The rele-
vant E. coli gene mutations being studied were introduced into BW27784 by
P1-mediated generalized transduction according to standard procedures and
selected by the associated antibiotic resistance markers. The presence of the
mutations in the resulting strains was confirmed by PCR.

Determination of cell killing by mutant topoisomerase I. Overnight cultures of
transformants of mutant topoisomerase clones grown in LB medium with 2%
glucose plus antibiotics were diluted (1:100) in LB medium with antibiotics and
incubated in a shaker at 37°C. When cells reached exponential phase (440 =
0.4), the cultures were divided into noninduced (no arabinose) and induced
(0.00002 to 0.0002% arabinose) samples. After an additional 2 h at 37°C with
shaking, serial dilutions of the cultures were carried out with LB medium and the
diluted cultures were plated on LB medium plates containing appropriate anti-
biotics and 2% glucose. The viable counts were recorded after overnight incu-
bation at 37°C. For Western blot analysis of mutant topoisomerase I expression,
cells were collected at 2 h after arabinose addition and lysed by boiling in sodium
dodecyl sulfate (SDS) gel sample buffer for 5 min. The lysates were electropho-
resed in a 10% SDS gel before transfer and blotting with mouse monoclonal
antibodies against E. coli topoisomerase I.

Determination of cell viability following norfloxacin treatment. Exponential-
phase cultures in LB medium (44, = 0.4) were treated with norfloxacin (50 to
200 ng/ml) and incubated with shaking at 37°C for 2 h. Cultures were diluted and
plated on LB medium plates, and the ratio of the number of surviving colonies
from the treated culture to the number of surviving colonies from the untreated
control culture was calculated.

Fluoroquinolone susceptibility. The broth macrodilution method was used to
measure MICs for BW27784 and its mutant derivatives treated with norfloxacin.
The inoculum was added to a 0.85% saline solution and adjusted to equal the
turbidity of a McFarland 0.5 standard using a spectrophotometer. The inoculum
was then further diluted in MHB (1:200). One-milliliter volumes of the diluted

inoculum were added to tubes with 1-ml volumes of MHB containing 2-fold
serial dilutions of norfloxacin (0.015 to 32 pg/ml). The tubes were incubated
overnight at 37°C, and the presence or absence of growth was recorded. The MIC
was determined as the lowest concentration of antibiotic that completely inhib-
ited bacterial growth.

Ciprofloxacin Etests were done with wild-type and mutant E. coli strains on
MHB plates. The inoculum was adjusted in saline as described above and then
swabbed onto plates to form a bacterial lawn. Etest strips (AB BIODISK) were
applied, and the plates were incubated at 37°C for 18 h before reading of the
MIC according to the directions outlined by the manufacturer.

Luciferase assay to measure SOS induction. To measure SOS induction from
topoisomerase I cleavage complex accumulation, overnight cultures of strains
transformed with pAYTOP-G122S and pDinlux (5) were diluted in LB medium
containing appropriate antibiotics. Cultures were grown to exponential phase
and then distributed into a 96-well Microlite 1 plate (Thermo Scientific). Arabi-
nose (0.00001 to 0.0001%) was added to cultures to induce mutant topoisomer-
ase I expression from plasmid pAYTOP-G122S. SOS induction is measured as
an increase in the luciferase signal from the plasmid pDinlux following arabinose
addition and normalized to the luciferase signal from a control culture not
treated with arabinose. The pDinlux plasmid contains the gene fusion luxCADBE
from Vibrio fischeri under the control of the SOS-inducible dinDI promoter.
Luminescence was measured at 37°C for 35 cycles at 10 min per cycle with 30 s
of shaking before and during the measurements. The Perkin-Elmer 7000 Bio-
Assay Reader was used.

To measure SOS induction following topoisomerase I cleavage complex accu-
mulation, luminescence measurements were conducted with strains carrying
pDinlux after treatment with norfloxacin (15 to 200 ng/ml).

RESULTS

Effects of null mutations of recA and recG on viability fol-
lowing quinolone treatment or induction of topoisomerase I
cleavage complexes. Null mutations in the ruvA4 and recG genes
present in the Keio collection of E. coli mutants (2) were
transduced into E. coli strain BW27784 to examine the effects
of the mutations on viability upon the induction of mutant
topoisomerase I cleavage complexes with arabinose. In strain
BW27784, the expression level of induced recombinant
topoisomerase proteins can be correlated with the arabinose
concentration (18). The results (Fig. 1A) showed that hy-
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FIG. 1. Effects of ruvA and recG mutations on relative cell viability
following induction of mutant topoisomerase I with arabinose. YTOP-
G122S (A) and ETOP-G116S (B), encoded by plasmids pAYTOP-
G122S and pETOP-G116S, respectively, were induced in strains
BW27784 (squares), JHS4 (triangles), and JHSS (circles) with the
indicated concentrations of arabinose. Viable counts at 2 h after the
addition of arabinose were normalized against the viable counts of
uninduced cultures to obtain survival ratios. The results represent the
average and standard deviation of at least three experiments.

persensitivity to induction of mutant recombinant Y. pestis
topoisomerase I YTOP-G122S from plasmid pAYTOP-G122S
could be observed in both the ruv4 and recG mutants (up to
57-fold for ruvA mutant JHS4 and up to 37-fold for recG
mutant JHS5 compared to BW27784 at 0.00006% arabinose).
A similar mutant E. coli topoisomerase I, ETOP-G116S, was
expressed under the control of the BAD promoter in plasmid
pETOP-G116S present at a higher copy number than
pPAYTOP-G122S. A greater effect on viability was observed
after induction of the BAD promoter with arabinose (Fig. 1B),
also with hypersensitivity for the ruvA and recG mutants (up to
60-fold for ruvA and up to 230-fold for recG compared to the
wild type at 0.00002% arabinose). This hypersensitivity was not

BW27784 JHS4 JHS5
I LI [ 1
12 3 1 2 38 1 2 38

FIG. 2. Expression of wild-type and mutant recombinant topo-
isomerase I in the ruvA and recG mutant backgrounds following
arabinose induction. Shown is a Western blot analysis of total pro-
teins of BW27784, JHS4, and JHS5 with pETOP induced for 2 h
with 0.00004% arabinose (lane 1), pETOP-G116S induced with
0.00004% arabinose (lane 2), or pETOP-G116S with no arabinose
present (lane 3), using monoclonal antibodies against E. coli topo-
isomerase I.
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FIG. 3. Effects of ruvA and recG null mutations on cell survival
after norfloxacin treatment. Viable counts of BW27784 (squares),
JHS4 (triangles), and JHS5 (circles) were measured at 2 h after the
addition of norfloxacin and normalized against the viable counts of
untreated cultures to obtain survival ratios. The results represent the
average and standard deviation of at least three experiments.

due to an increased level of mutant topoisomerase protein
being induced in the ruvA and recG mutant strains, as demon-
strated by Western blotting with antibodies against E. coli
topoisomerase I (Fig. 2). ETOP-G116S accumulated at lower
levels than wild-type ETOP in BW27784, but the levels were
not further affected by the ruvA or recG mutation.

The hypersensitivity of the ruvA4 and recG mutants to type II
topoisomerase cleavage complex accumulation was also seen,
but to a lesser degree, when viability was compared after treat-
ment with different concentrations of norfloxacin (Fig. 3). With
norfloxacin at 100 and 150 ng/ml, the ruv4 and recG mutations
resulted in ~14- to 16-fold lower viability. With norfloxacin at
200 ng/ml, there was no difference in the survival ratio nor-
malized to the viable counts in untreated cultures.

Because the effects of the ruvA4 and recG mutations on via-
bility following norfloxacin treatment were relatively modest,
additional experiments were conducted to evaluate the effect
of the ruvA and recG mutations on growth inhibition by quin-
olones. MICs of norfloxacin and ciprofloxacin were measured
by the broth macrodilution method, as well as with Etest strips.
The results (Table 2) showed that MICs were 2- to 4-fold lower
in the ruv4 and recG mutants.

RuvA and RecG are required for SOS induction following
topoisomerase I cleavage complex accumulation but not for
SOS induction by quinolones. Covalent topoisomerase I and
DNA gyrase complexes are converted into double-stranded
DNA breaks for RecA loading via the RecBCD pathway (24,
34), inducing the SOS regulon. The luciferase activity from
transcription of the dinD1::luxCADBE fusion was used here to

TABLE 2. Effects of ruvA and recG mutations
on fluoroquinolone MICs

MIC? (ng/ml)

Strain
Ciprofloxacin Norfloxacin
BW27784 12 60
JHS4 3 30
JHSS 6 30

¢ Ciprofloxacin MICs were determined with Etest strips. Identical results were
obtained in two independent experiments. Norfloxacin MICs were measured by
the broth macrodilution method. The results shown were identical in three
experiments.
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FIG. 4. SOS induction in ruvA and recG null mutants following
treatment with quinolones or topoisomerase I cleavage complex
accumulation. The luciferase signal at 250 min after the addition of
nalidixic acid (A), norfloxacin (B), or arabinose (C) to induce mu-
tant topoisomerase from pAYTOP-G122S was divided by the lucif-
erase signal from an untreated culture to obtain luciferase response
ratios. The results represent the average and standard deviation of
at least three experiments. Symbols: X, BW27784; triangles, JHS4;
circles, JHSS.

monitor SOS induction at multiple time points at different
levels of topoisomerase cleavage complex accumulation. In a
previous study, the effects of the ruv4 and recG mutations on
SOS induction were measured with nalidixic acid treatment at
a single concentration of 10 pg/ml with a B-galactosidase assay
for the transcription of dinD::lacZ (26). Induction of lacZ was
evident for the ruvA4 and recG mutants that were studied but at
a lower level than in the wild-type background and with a large
variation in the induced B-galactosidase units for the recG
mutant (26). This previous result is consistent with our results
obtained here with multiple concentrations of nalidixic acid
and norfloxacin (Fig. 4A and B). The ruvA4 and recG mutations
resulted in small increases in dinD promoter activity in the
absence of any treatment (data not shown), as reported in the

J. BACTERIOL.

previous study. Accumulation of gyrase cleavage complexes
was initiated by the addition of quinolones. Induction of the
SOS response could clearly be seen in the ruv4 and recG
mutant strains. The degree of induction relative to that in the
wild type varied, depending on the concentration of the quin-
olone drug used.

In contrast, a null mutation in either the ruvA or the recG
gene consistently diminished the SOS induction following mu-
tant topoisomerase I cleavage complex accumulation initiated
by the addition of arabinose (Fig. 4C). At concentrations of
arabinose not greater than 0.00004%, the effect of the mutant
YTOP-G122S protein on viability was relatively modest (Fig.
1A). The survival ratios of JHS4 and JHSS at these low arabi-
nose concentrations were not lower than that of BW27784 at
0.0001% arabinose. In BW27784, robust luciferase activity
could still be observed at 0.0001% arabinose. Therefore, the
absence of a luciferase signal in the ruvA4 and recG mutant
strains at all of the arabinose concentrations tested was un-
likely to be due to lack of ATP from loss of viability.

Effect of the ruvC mutation on cell viability and SOS induc-
tion following mutant topoisomerase I complex accumulation.
We hypothesize that the replication fork reversal (RFR) func-
tion of RuvAB and RecG is responsible for processing of
topoisomerase I cleavage complexes to generate the DSB sub-
strate for RecBCD. This model predicts that a null mutation in
ruvC would not eliminate the SOS response following mutant
topoisomerase I complex accumulation. However, because the
RuvABC complex is required for homologous recombination
repair following RecA loading, the ruvC mutation would lead
to a decrease in cell viability. These predictions were tested by
the construction of strain JHS7 carrying the deletion mutation
in ruvC. The results obtained with JHS7 transformed with
PAYTOP-G122S following arabinose induction of mutant
topoisomerase I were in agreement with the model (Fig. 5).
The ruvC mutation decreased cell viability significantly (Fig.
5A). SOS induction following mutant topoisomerase I cleavage
complex accumulation in the ruyC mutant was similar to that in
wild-type BW27784 at low arabinose concentrations (Fig. 5B).
At high arabinose concentrations, the luciferase response ratio
began to decrease in wild-type BW27784, and more rapidly in
JHS7 with the ruvC mutation, due to the loss of viability. The
SOS response was not seen when wild-type topoisomerase I
was induced from pAYTOP in JHS7 (Fig. 5B).

The RFR function of RuvAB is required for processing of
the topoisomerase I cleavage complex into a DSB. ruv4 and
ruvB mutants specifically impaired in RFR have been stud-
ied previously (3, 20). To further test our hypothesis, the
ruvA60::Tnl0 (ruvB polar) mutation (23) was transduced into
BW27784, resulting in strain JHS6. This ruvA460::Tnl0 (ruvB
polar) mutation also prevents the expression of ruvB down-
stream, thus requiring both RuvA and RuvB activities for
complementation (23). Plasmid pGB-ruvAB encodes wild-type
RuvA and RuvB for both RFR and homologous recombina-
tion functions. Plasmid pGB-RuvA™ RuvB-Y184H encodes
wild-type RuvA along with a mutant RuvB protein that when
expressed in the ruvA60::Tni0 (ruvB polar) genetic back-
ground would result in RuvAB activity that is deficient in RFR
at arrested forks while maintaining Holliday junction resolu-
tion function during homologous recombination (20). The ef-
fect of the ruvA460::Tnl10 (ruvB polar) mutation in strain JHS6
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FIG. 5. Effect of ruvC mutation on viability and SOS response
following topoisomerase I cleavage complex accumulation. Follow-
ing induction of wild-type or mutant topoisomerase, relative viabil-
ity (A) or SOS induction, as indicated by luciferase response ratio,
at 250 min (B) was determined. Symbols: X, BW27784 with
pPAYTOP-G122S; circles, JHS7 with wild-type pAYTOP; squares,
JHS7 with pAYTOP-G122S.

on SOS induction and viability following topoisomerase I
cleavage complex accumulation was similar to those observed
for the Keio ruvA null mutation in JHS4. When JHS6 was
transformed with vector pGB2 with no RuvAB function, SOS
induction after topoisomerase I cleavage complex accumula-
tion was diminished (Fig. 6) along with viability (Fig. 7). Plas-

. B\V27784
1 JHSB/pGB2

= JHS6/pGB-RVAB

F358 UHS6/pGB-RuvA ' RuvB-Y184H

1

?

w
1

H

Luciferase Response Ratio

— XXX

-
L

FIG. 6. Effect of RFR-deficient ruvB allele on SOS induction in
response to topoisomerase I cleavage complex accumulation. All of the
strains here contain plasmids pAYTOP-G116S and pDinlux. The lu-
ciferase signal from an induced culture was measured at 250 min after
the addition of 0.00004% arabinose and divided by the luciferase signal
from a noninduced culture not treated with arabinose to obtain the
luciferase response ratio. The results represent the average and stan-
dard deviation from at least three experiments.
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FIG. 7. Effect of RFR-deficient ruvB allele on viability following
topoisomerase I cleavage complex accumulation. All of the strains here
contained plasmid pAYTOP-G122S to measure complementation of
RuvAB activity for survival after induction of mutant topoisomerase I by
arabinose. Symbols: squares, BW27784 control; circles, JHS6/pGB2; tri-
angles, JHS6/pGB-RuvAB; X, JHS6/pGB-RuvA " RuvB-Y184H.

mid pGB-RuvAB, but not pGB-RuvA™ RuvB-Y184H, was
able to restore the SOS induction after topoisomerase I
cleavage complex accumulation (Fig. 6). This result showed
that the RFR function is involved in the conversion of the
topoisomerase I-associated DNA break into the DSB sub-
strate for RecBCD-dependent loading of RecA. Plasmid
pGB-RuvA ™ RuvB-Y184H restored the viability of JHS6 to
a level close to that obtained with plasmid pGB-RuvAB
following topoisomerase I cleavage accumulation (Fig. 7).
The ruvA60::Tnl0 (ruvB polar) mutation in JHS6 did not
decrease the SOS induction ratio in response to norfloxacin
(data not shown), similar to the results obtained with JHS4
(Fig. 4B), confirming that RuvAB activity was not required to
generate the DSB repair substrate for RecBCD.

DISCUSSION

Mutations affecting either RuvABC or RecG activity have
been shown to result in increased sensitivity to nalidixic acid
and ciprofloxacin in previous studies (25, 35). This can be
attributed to the Holliday junction resolution function of
RuvABC and RecG during homologous recombination initi-
ated by the RecBCD pathway. Either RuvABC or RecG can
act in separate pathways to resolve the Holliday junction fol-
lowing RecA-mediated homologous recombination. Double
mutants with defects in both RuvABC and RecG exhibit ex-
tremely poor growth phenotypes, even in the absence of DNA
damage, due to the requirement of a homologous recombina-
tion function during exponential cell growth (16). While their
functions in homologous recombination should account for the
effects of the ruvA4 and recG null mutations on viability follow-
ing gyrase cleavage complex accumulation, it is not quite clear
from previous studies if the replication fork restart function of
RuvAB and RecG acting at arrested forks (1) is involved in
generating the DSB repair substrate for RecA loading by
RecBCD following quinolone treatment. As we saw no drastic
decrease in SOS induction following quinolone treatment in
the ruvA and recG mutants, our results suggest that RuvAB
and RecG do not play a role in generating the DSB repair
substrate for RecBCD during the response to quinolone treat-
ment. Instead of converting the type ITA topoisomerase cleav-
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age complex into a DSB, RuvAB has been shown in vitro to
reverse the DNA strand breakage and displace the ternary
complex formed by quinolone-bound topoisomerase IV and
DNA (33). Since the DNA strand breakage made by the mu-
tant recombinant topoisomerase I was not reversible, this
could account for the difference in outcome from interaction
with RuvAB. However, the reversible complexes formed by
gyrase and topoisomerase IV are also converted into an irre-
versible complex in the cell killing pathway. Processing of the
irreversible topoisomerase-quinolone-DNA complex to con-
vert the DSB made by the type ITA topoisomerases into sub-
strates for RecBCD is likely to involve factors other than
RuvAB.

SOS induction following topoisomerase I cleavage complex
accumulation in E. coli also occurs via the RecBCD pathway,
with the SOS induction shown to be abolished completely by a
recB null mutation in our previous study (34). In contrast to the
response to quinolone treatment, processing by RuvAB and
RecG at replication forks arrested by covalent topoisomerase
I complex accumulation is likely to be required to generate the
DSB repair substrate for RecBCD and subsequent RecA-me-
diated SOS induction. A model of the RFR action of RuvAB
following topoisomerase I cleavage complex trapping is shown
in Fig. 8. RecG could potentially initiate replication fork re-
gression (1), although it cannot be ruled out that it may have
additional roles in response to the topoisomerase-mediated
DNA damage. The effect of the individual ruvA4 or recG null
mutation on SOS induction and viability is less than that ob-
served previously for recA and recB null mutations (34), prob-
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ably because RuvA and RecG could act independently of each
other for similar repair functions.

The arrest of replication forks by type I topoisomerase cleav-
age complex accumulation has been proposed as part of the
mechanism of action of the anticancer drug camptothecin that
targets human topoisomerase I (14). The RFR function for
repair could account for at least part of the decreased viability
observed in the ruvA4 and recG mutants following topoisom-
erase I cleavage complex accumulation. However, the
RuvAB RFR deficiency had virtually no effect on viability
following topoisomerase I cleavage complex accumulation
compared to the loss of homologous recombination function
from the null mutation (Fig. 7). In a recently reported study
(22), the RFR function deficiency of the RuvB-Y184H mu-
tant was found to similarly decrease the constitutive SOS
induction from RecA4142 loading onto reversed replication
forks with no effect on UV sensitivity.

The results of our studies suggest that topoisomerase I cleav-
age complex accumulation can trigger the oxidative cell killing
pathway (21) in a mechanism not affected by DNA repair at
the arrested forks. RecA is likely to be involved in response to
the oxidative cell killing pathway. Other bactericidal antibiot-
ics, such as aminoglycosides, which do not act on DNA repli-
cation can also involve oxidative damage in at least part of
their bactericidal action (10, 19). The pathway from topoisom-
erase cleavage complex accumulation to changes in metabo-
lism that result in the production of superoxide and other
reactive oxygen species remains to be fully elucidated.

Certain synthetic peptides have been shown to trap Holliday
junction intermediates in E. coli and inhibit the activities of
RuvABC and RecG (12, 13, 17). Administration of such DNA
repair inhibitors in combination with drugs that trap topoisom-
erase cleavage complexes could improve the efficiency of an-
tibacterial therapy and limit the development of drug resis-
tance.
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