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Topoisomerase functions are required in all organisms for many vital cellular processes, including transcription elongation. The
C terminus domains (CTD) of Escherichia coli topoisomerase I interact directly with RNA polymerase to remove transcription-
driven negative supercoiling behind the RNA polymerase complex. This interaction prevents inhibition of transcription elonga-
tion from hypernegative supercoiling and R-loop accumulation. The physiological function of bacterial topoisomerase I in tran-
scription is especially important for a rapid network response to an antibiotic challenge. In this study, Escherichia coli with a
topA66 single nucleotide deletion mutation, which results in a frameshift in the TopA CTD, was shown to exhibit increased sen-
sitivity to trimethoprim and quinolone antimicrobials. The topoisomerase I-RNA polymerase interaction and the SOS response
to the antimicrobial agents were found to be significantly reduced by this topA66 mutation. Consequently, the mutation fre-
quency measured by rifampin selection following SOS induction was diminished in the topA66 mutant. The increased antibiotic
sensitivity for the topA66 mutant can be reversed by the expression of recombinant E. coli topoisomerase I but not by the expres-
sion of recombinant Mycobacterium tuberculosis topoisomerase I that has a nonhomologous CTD even though the recombinant
M. tuberculosis topoisomerase I can restore most of the plasmid DNA linking number deficiency caused by the topA66 mutation.
Direct interactions of E. coli topoisomerase I as part of transcription complexes are likely to be required for the rapid network
response to an antibiotic challenge. Inhibitors of bacterial topoisomerase I functions and interactions may sensitize pathogens
to antibiotic treatment and limit the mutagenic response.

Microbial pathogens resistant to current antibiotics are be-
coming an increasingly urgent public health crisis. For ex-

ample, quinolones are widely used broad-spectrum antimicrobial
agents that are highly effective for rapid bactericidal outcomes (1),
but quinolone resistance can be acquired rapidly by the bacterial
pathogens via a number of mechanisms (2, 3). The bacterial SOS
response system has been shown to contribute to the increase in
antibiotic resistance (4). There are many factors that can poten-
tially lead to the increased resistance in response to the SOS-in-
ducing antimicrobials. These factors include elevations in the
expression levels of error-prone DNA polymerases (5) or plasmid-
mediated antibiotic resistance determinants (6, 7), higher rates of
transfer of resistance determinants (8, 9), and increases in the
numbers of persistors in the bacterial population (10).

The transcriptome in the bacterial cell must adjust rapidly to
the antibiotic challenge for survival. Due to resistance to the rota-
tional motion of the transcription ensemble around the DNA dur-
ing transcription, the transcription loci can accumulate positive
supercoils ahead of the RNA polymerase (RNAP)-nascent RNA
complex and negative supercoils behind the complex (11). In bac-
teria, DNA gyrase is responsible for removal of the positive super-
coils, while topoisomerase I function is used for removal of the
negative supercoils. Accumulation of hypernegative supercoils
and inhibition of transcription elongation account, at least in part,
for the growth defect of Escherichia coli topA null mutants without
any topoisomerase I activity (12). Multiple promoters, including
�32 and �s, have been shown to be utilized for transcription initi-
ation of the E. coli topA gene (13, 14). This suggests that the func-
tion of topoisomerase I may be especially important during a
stress response. E. coli strains with topA deletion have been shown

to have decreased survival rates when challenged with high tem-
peratures or oxidative stress (15, 16).

The E. coli topA gene encodes 865 amino acids. The first 595
amino acids of topoisomerase I form the N-terminal domains that
are responsible for cutting and rejoining of a single strand of DNA
during the catalytic cycle. There are three tightly bound Zn(II)
ions, each coordinated by a tetracysteine motif present in the re-
gion between residues 598 and 737 (17). The last 122 residues of
the enzyme do not bind Zn(II) but also fold into a zinc ribbon
structure (18). The C-terminal domains (CTD) between residues
598 and 865 contribute to the protein-protein interaction with
RNA polymerase for relief of transcription-driven supercoiling
during transcription elongation (19). This direct interaction with
RNA polymerase may be critical for topoisomerase I function dur-
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ing a stress response when high rates of transcription of certain
genes are needed for adaptation and survival. The topA66 muta-
tion in E. coli strain DPB636 is a single nucleotide deletion chang-
ing the reading frame to �1 for the last 100 amino acids and
terminating one codon beyond the normal stop codon (20). Pre-
viously reported phenotypes associated with the topA66 mutation
are linked to suppression of various replication defects, including
an integration host factor requirement for pSC101 plasmid repli-
cation (21), a segregation defect of muk mutants (22), and Tus-
mediated replication arrest (20). There is some disagreement in
the literature (23) on whether the E. coli topA deletion mutants are
viable without compensatory mutations in other genes such as the
gyrase genes (24, 25), but it can be stated that E. coli topA deletion
mutants are likely to acquire a compensatory mutation. In con-
trast, there does not appear to be any selective pressure under
standard laboratory growth conditions for compensatory muta-
tions in other genes for the topA66 mutant, and the topoisomerase
relaxation activity in the cell extract of the topA66 mutant was
found to be significantly higher than that for other topA mutants
that have been isolated and characterized (21). Previous studies
have shown that the last 126 amino acids at the C terminus of E.
coli topoisomerase I are not required for the enzyme to exhibit in
vitro or in vivo relaxation activity (26). Although the growth rate
under normal laboratory conditions is not affected significantly
by this topA66 CTD mutation, the experiments described here
showed that the topA66 CTD mutation can nevertheless result in a
severe disadvantage due to a deficiency in the SOS response to an
antibiotic challenge. Our results demonstrate that growth inhibi-
tion and loss of viability following treatment with certain antimi-
crobials are more severe for the topA66 CTD mutant, along with a
reduced SOS response and a diminished elevation in the mutation
frequency, following SOS induction when measured by rifampin
resistance.

MATERIALS AND METHODS
Bacterial strains and plasmids. The E. coli strains and plasmids used this
study are listed in Table 1. The frameshift mutation in the topA66 gene of
strain DPB636 was introduced into the expression plasmid pLIC-ETOP
by the QuikChange method of site-directed mutagenesis using PfuUltra II
fusion DNA polymerase (with oligonucleotide primer 5=-GCCGTGCGA
AAAACAGATGCTTATTTC-3= and its complement). Plasmid pBAD/
Thio was obtained from Invitrogen. Plasmids pETOP (27) and pMTOP
(28) for expression of recombinant E. coli and Mycobacterium tuberculosis
topoisomerase I from the BAD promoter were described previously.

Topoisomerase enzymes. Wild-type E. coli topoisomerase I (ETOP)
and mutant topoisomerase I (ETOP66) encoded by a gene with the topA66

frameshift mutation were expressed from pLIC-ETOP (29) and pLIC-
ETOP66 in E. coli BL21 AI (Invitrogen). Protein purification to �90%
homogeneity was carried out using nickel-nitrilotriacetic acid (Ni-NTA)
agarose and single-stranded DNA cellulose affinity chromatography as
described previously (29). The relaxation activity of purified wild-type
and mutant topoisomerase I was assayed with supercoiled pBAD/Thio
plasmid DNA under standard assay conditions (27).

Assays for activity of antimicrobial agents. Activities of antimicrobi-
als against different bacterial strains in this study were measured using (i)
a spotting assay, (ii) MIC determination, and (iii) a viability assay. For
spotting assays, norfloxacin, ciprofloxacin, and trimethoprim were added
to Mueller-Hinton agar plates at the specified concentrations. Overnight
cultures were adjusted to an optical density at 600 nm (OD600) value of
0.1, and 10-fold serial dilutions of the OD-adjusted cultures of DPB635,
DPB636, and their transformants in lysogeny broth (LB) were spotted on
Mueller-Hinton agar plates with or without antimicrobials and incubated
at 37°C overnight to compare growth inhibition. MIC values were deter-
mined by the broth microdilution method with Mueller-Hinton medium
as described by the Clinical and Laboratory Standards Institute (CLSI)
approved standards. To measure the viability following treatment with
the bactericidal antibiotic norfloxacin, DPB635 and DPB636 were diluted
1:100 from overnight cultures and grown in Mueller-Hinton medium for
4 h before treatment with 100 to 250 ng/ml of norfloxacin. Following
incubation with shaking at 37°C for the indicated length of time, serial
dilutions of the culture were plated on LB plates and incubated at 37°C for
determination of the number of viable colonies. Experiments were re-
peated at least three times.

Pulldown of RNA polymerase by His-tagged topoisomerase I. The
same amount (8.3 nmol) of recombinant ETOP or ETOP66 protein with
an N-terminal 6-histidine tag was mixed with various quantities (0 to 33.2

FIG 1 C-terminal domain mutation of topA results in more severe growth
inhibition by antimicrobials. Overnight cultures of DPB635 (topA�) and
DPB636 (topA66) in LB were adjusted to an OD600 value of 0.1. Volumes of 5
�l from 10-fold serial dilutions of OD600-adjusted cultures were spotted on
Mueller-Hinton agar plates with and without antimicrobials. The cell growth
on the plates was photographed after 24 h of incubation at 37°C.

TABLE 1 E. coli strains and plasmids used in this study

Strain or plasmid Genotype or description Source or reference

Strain
DPB635 ��, zci-2250::mini-kan, rph-1 Yale CGSC, 21
DPB636 ��, topA66 zci-2250::mini-kan, rph-1 Yale CGSC, 21

Plasmid
pBAD/Thio Protein expression vector with BAD promoter Invitrogen
pETOP pBAD/Thio-derived expression plasmid for E. coli topoisomerase I 27
pMTOP pBAD/Thio-derived expression plasmid for M. tuberculosis topoisomerase I 28
pLIC-ETOP T7 promoter-driven expression plasmid for E. coli topoisomerase I 29
pLIC-ETOP66 pLIC-ETOP mutagenized for expression of topoisomerase I with topA66 mutation This study
pDinlux SOS reporter plasmid with dinD1::luxCADBE fusion 30
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nmol) of E. coli RNA polymerase holoenzyme (Epicentre) in a buffer of 20
mM potassium phosphate (pH 7.5), 0.1 M KCl, and 0.1% NP-40 at 4°C for
2 h. The mixtures were added to 60 �l of HisPur Cobalt agarose resin
(Thermo Fisher). After overnight mixing at 4°C, the resin was centrifuged
and washed twice with the same buffer. Proteins bound to the resin were
eluted with buffer containing 400 mM imidazole. Following SDS-PAGE,
the �= subunit of E. coli RNA polymerase was detected by Western blotting
using NT73 monoclonal antibodies from NeoClone. The chemilumines-
cent Western blot signal was detected by the Li-Cor C-DiGit blot scanner
and quantitated with Image Studio software.

Plasmid supercoiling. E. coli strains DPB635 and DPB636 each trans-
formed with the respective plasmids (pBAD/Thio or pETOP or pMTOP)
were grown in LB containing 100 �g/ml ampicillin. The plasmids were
isolated from early stationary-phase cultures using the Qiagen Spin mini-
prep kit. The level of supercoiling was compared by electrophoresis in 1%
agarose gel with Tris-acetate-EDTA (TAE) buffer containing a chloro-
quine concentration optimized for the separation of topoisomers of each
of the plasmids for 16 h at 30 V. After electrophoresis, the gels were washed
extensively with deionized water, stained with ethidium bromide, and
photographed over UV light. Densitometry plots of the different plasmid
topoisomers were generated with AlphaView software (ProteinSimple).

Viability following oxidative stress challenge from toxic electro-
phile. DPB635 and DPB636 cells from cultures were challenged with the
toxic electrophile N-ethylmaleimide at 0.4 to 1 mM concentrations for the
indicated lengths of time at 37°C as described previously (15). Treated
cells and the untreated control were diluted serially, plated on LB plates,
and incubated overnight at 37°C for viable colony counts. The relative
survival ratio was calculated as the ratio of the viable colony counts from
treated and untreated cultures. Experiments were repeated at least three
times.

Assay of SOS induction of responsive promoters. DPB635 and
DPB636 cells were transformed with the pDinlux plasmid (30) with
dinD1::luxCADBE fusion as a luciferase reporter for SOS induction. The
cultures in LB with 100 �g/ml ampicillin were grown to the exponential
phase before treatment with inducers of SOS. Luminescence was mea-
sured at 37°C for 35 cycles at 10 min/cycle with 300 s of shaking before and
during the measurements using the PerkinElmer 7000 Bio Assay reader.
The luciferase response ratio was obtained as the ratio between the lucif-
erase signal from the treated culture and the control untreated culture.

Effect of trimethoprim treatment on mutation frequency. The in-
crease in mutation frequency following SOS induction by trimethoprim
was determined by selection of rifampin resistance with procedures sim-
ilar to those previously described (31). Overnight cultures of DPB635 and
DPB636 cells were diluted at a 1:10,000 ratio into LB and incubated at
37°C with shaking at 225 rpm for 3.5 h. The cultures were then diluted
with fresh LB at a 1:3 ratio and either treated with 8 �g/ml of trim-
ethoprim or left untreated as a control. Ten individual 2-ml aliquots of
either treated or untreated cultures were incubated further at 37°C with
shaking at 225 rpm for 20 h. The total number of viable colonies in each
aliquot (CFU per milliliter) was determined by serial dilution of 30 �l of
the cultures and plating on LB plates for overnight incubation. The num-
ber of rifampin-resistant colonies was determined by plating of the re-
mainder of the cultures in aliquots on LB plates containing 100 �g/ml
rifampin followed by 40 h of incubation at 37°C. The mutation frequency
was calculated by the Ma-Sandri-Sarkar maximum likelihood estimator

(MSS-MLE) method using the web tool FALCOR (32). The experiment
on each strain was repeated three times.

RESULTS
Effect of C-terminal topA66 mutation on growth inhibition by
antimicrobials. Sequence analysis of several nondeletion topA
mutant strains isolated in previous studies showed that the asso-
ciated topA mutations are all found in the CTD downstream of
amino acid 766 toward the C terminus (20). Biochemical activity
assays have shown that the C-terminal region beyond Asp-760 is
not required for the in vitro relaxation activity of the enzyme (26).
The topA CTD mutations may, however, affect the previously
identified interaction between RNA polymerase and topoisomer-
ase I (19). This interaction could be more critical when a rapid cel-
lular response to a stress challenge is required for survival. Isogenic
strains of DPB635 with wild-type topA and DPB636 with topA66
CTD mutations were compared for growth inhibition by antimicro-
bial agents that induce the SOS response. Serial dilutions of cells from
overnight culture in LB were spotted onto LB plates with and without
antimicrobials. The results from 24 h of incubation of the plates (Fig.
1) showed that the topA66 mutation in strain DPB636 confers more
severe growth inhibition in the presence of ciprofloxacin, norfloxa-
cin, and trimethoprim than the topA� isogenic strain DPB635. There
is a 2-fold decrease in MIC values determined by the broth microdi-
lution method for DPB636 with the topA66 mutation compared with
that for DPB635 (Table 2).

Relaxation activity of mutant topoisomerase I with frame-
shift mutation in the CTD. The topA66 mutation was introduced
by site-directed mutagenesis into the T7 promoter-driven expres-
sion plasmid for E. coli topoisomerase I enzyme (pLIC-ETOP).
The resulting TopA enzyme (ETOP66) with a shift in the reading
frame for the last 100 amino acids and terminating earlier by one
codon was purified using the same procedures as those used for
wild-type recombinant ETOP. The in vitro relaxation activity of
ETOP66 protein was compared with that of wild-type ETOP and
found to be decreased by 2- to 3-fold (see Fig. S1 in the supple-
mental material).

The topA66 CTD mutation decreases interaction between
topoisomerase I and RNA polymerase. Purified ETOP and
ETOP66 proteins with N-terminal 6-histidine tags were incubated
with increasing amounts of E. coli RNA polymerase prior to pull-

TABLE 2 Effect of topA66 mutation on MICs

Drug

MIC (�g/ml)

DPB635 (topA�) DPB636 (topA66)

Norfloxacin 0.125 0.0625
Ciprofloxacin 0.032 0.016
Trimethoprim 4 2

FIG 2 Effect of topA66 mutation on interaction with RNA polymerase. Pull-
down of E. coli RNA polymerase at increasing RNA polymerase to topoisom-
erase molar ratios (RNAP:Topo) was measured by Western blotting using
antibodies against the �= subunit of RNA polymerase. The level of the �=
subunit signal relative to the maximal signal seen in each experiment was
plotted as the average plus standard deviation for three independent experi-
ments.
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down with Cobalt agarose resin. The amounts of RNA polymerase
bound to ETOP or ETOP66 at the different RNA polymerase to
topoisomerase molar ratios were analyzed by immunoblotting us-
ing antibodies against the �= subunit of RNA polymerase. The
results in Fig. 2 show that the affinity for RNA polymerase was
reduced for ETOP66 as a result of the topA66 CTD mutation. The
maximal level of RNA polymerase (RNAP) can be pulled down by
ETOP at an 	3-fold lower RNAP/topoisomerase ratio than by
ETOP66.

Recombinant Mycobacterium tuberculosis topoisomerase I
can complement for DNA supercoiling but not for antibiotic
hypersensitivity. It was previously reported that plasmids ex-
tracted from E. coli with the topA66 mutation are more negatively
supercoiled than plasmids extracted from E. coli with wild-type
topA (20, 21). This was confirmed by electrophoretic analysis of

the pBAD/Thio plasmid extracted from strains DPB635 and
DPB636 in agarose gel containing chloroquine. Plasmid pBAD/
Thio topoisomers from the topA66 mutant DPB636 were more
negatively supercoiled and showed a decrease in the linking num-
ber difference (

Lk) of �8 and a change in the superhelical
density (
�) value of �0.0189 compared to the pBAD/Thio plas-
mid topoisomers from topA� DPB635 (Fig. 3A). The basal level
expression of recombinant E. coli or M. tuberculosis topoisomerase
I from pETOP and pMTOP was shown previously to be sufficient
for complementation of the topAts allele in E. coli AS17 for growth
at nonpermissive temperatures (28). Here we found that the defi-
ciency in the relaxation activity for DPB636 due to topA66 muta-
tion could be complemented by the basal recombinant topoisom-
erase I activities contributed by pETOP completely and to a large
extent by those of pMTOP. The pETOP plasmid DNA extracted

FIG 3 Comparison of plasmid DNA supercoiling in DPB635 and DPB636 with and without recombinant topoisomerase I. Plasmid DNA cloning vector
pBAD/Thio (A), pETOP-expressing recombinant E. coli topoisomerase I (B), and pMTOP-expressing recombinant M. tuberculosis topoisomerase I (C) were
extracted from early stationary-phase cultures of DPB635 (topA�) or DPB636 (topA66) transformants and analyzed by electrophoresis in agarose gel containing
4, 1.5, and 2 �g/ml of chloroquine, respectively. The chloroquine concentrations were optimized for comparison of the linking numbers of each of the plasmids.

FIG 4 Increased sensitivity of DPB 636 to ciprofloxacin can be reversed by expression of recombinant E. coli topoisomerase I but not by recombinant M.
tuberculosis topoisomerase I. Tenfold serial dilutions of DPB635 (topA�) and DPB636 (topA66) transformed with pBAD/Thio vector or pETOP- or pMTOP-
expressing recombinant E. coli and M. tuberculosis topoisomerase I were spotted on control plates with or without ciprofloxacin.
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from DPB635 and DPB636 had identical supercoiling levels (Fig.
3B). The pMTOP plasmid DNA extracted from DPB636 had a
broader range of linking number distribution than the pMTOP
plasmid DNA extracted from DPB635 (Fig. 3C) with the center of
the topoisomer distribution shifted by a linking number differ-
ence of 2 (

Lk � �2), corresponding to a change in the super-
helical density (
�) value of only �0.0029.

However, while the expression of recombinant M. tuberculosis
topoisomerase I complemented much of the DNA supercoiling
effect from the topA66 mutation in DPB636, only recombinant E.
coli topoisomerase I from pETOP was able to reverse the increased

growth inhibition by antimicrobials for DPB636 as shown by the
growth of the serially diluted cultures on plates with 4 ng/ml of
ciprofloxacin (Fig. 4). DPB636 transformed with pMTOP was as
susceptible to the antibiotic as DPB636 transformed with pBAD/
Thio. This pattern of reversal in antibiotic susceptibility can also
be seen in MIC determination assays, wherein the DPB636 strain
transformed with pETOP shows a 2-fold increase in MIC com-
pared to that for the DPB636 strain transformed with pBAD/Thio
or pMTOP (Table 3).

The topoisomerase I CTD mutant has decreased viability fol-
lowing treatment with bactericidal antibiotics and a toxic elec-
trophile. Norfloxacin and N-ethylmaleimide were used to deter-
mine the effect of the topA66 mutation on survival following
different bactericidal challenges. Cultures of DPB635 and DPB636
cells were treated with norfloxacin at 100 to 250 ng/ml concentra-
tions. Comparisons of the ratios of viable colony counts from
treated cultures to those of untreated cultures showed that the
topA66 mutation in DPB636 decreased the viability by up to 80-
fold after the norfloxacin treatment (Fig. 5A and B). Survival fol-
lowing bactericidal stress induced by N-ethylmaleimide as a toxic
nucleophile has been shown previously to depend on topA func-
tion (15). Results in Fig. 5C and D showed that DPB636 had up to

TABLE 3 Effect of recombinant topoisomerase I on ciprofloxacin MIC
of DPB635 (topA�) and DPB636 (topA66)

Strain Plasmid MIC (�g/ml)

DPB635 pBAD/Thio vector 0.032
DPB635 pETOP 0.032
DPB635 pMTOP 0.032
DPB636 pBAD/Thio vector 0.016
DPB636 pETOP 0.032
DPB636 pMTOP 0.016

FIG 5 The CTD mutation resulted in decreased viability of topA66 mutant DPB636 following stress challenge. DPB635 (topA�) and DPB636 (topA66) were
treated with 100 to 250 ng/ml of norfloxacin for 17 h (A), 250 ng/ml of norfloxacin for the indicated time periods (B), 0.4, 0.8, or 1 mM N-ethylmaleimide (NEM)
for 1 h (C), or 0.4 mM NEM for the indicated time periods (D). Viable colony counts were determined before and after treatment by serial dilutions and plating
on LB plates. The relative survival ratio after different treatments is calculated by dividing the viable colonies at the indicated time period or concentration by the
viable count of respective nontreated cultures. Error bars correspond to standard deviations.
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a 49-fold lower survival ratio than DPB635 after treatment with
0.4 to 1 mM N-ethylmaleimide. Therefore, the topA66 CTD mu-
tation in DPB636 not only resulted in greater bacteriostatic
growth inhibition by antimicrobial agents but also resulted in de-
creased viability following bactericidal stress challenge by antimi-
crobials and a toxic electrophile.

SOS response is impaired by the CTD mutation in topoisom-
erase I. The luciferase signal produced by the dinD1::luxCADBE
fusion present in the reporter plasmid (30) can be used to monitor
the SOS response in E. coli. The topA66 CTD mutation was found
to impair transcription from the dinD1 promoter during the SOS
response to low concentrations of ciprofloxacin and trim-
ethoprim. The luciferase signal did not increase relative to that in
the untreated culture in DPB636 following treatment with cipro-
floxacin (Fig. 6A). Transcription from the dinD1 promoter fol-
lowing treatment with trimethoprim is also diminished in
DPB636 compared to that in DPB635 (Fig. 6B).

Mutation frequency increase following trimethoprim treat-
ment is diminished by the CTD mutation in topoisomerase I.
The SOS response from treatment with sublethal levels of antimi-
crobial agents has been shown to increase the mutation frequency
in E. coli, which can be measured by the selection of rifampin
resistance (4). Because the topA66 mutation reduced the number
of viable colonies following treatment with bactericidal quino-
lones, the bacteriostatic antibiotic trimethoprim was used to in-
duce the SOS response in DPB635 and DPB636. The trim-

ethoprim-treated cultures were spread on plates containing
rifampin to determine the mutation frequency. The results from
three independent sets of experiments showed that the increase in
mutation frequency following trimethoprim pretreatment (0.25
and 0.5 �g/ml) was diminished by �75% as a result of the topA66
mutation in DPB636 (Fig. 7).

DISCUSSION

Mutant topoisomerase I with CTD mutations retains a partial
level of relaxation activity that appears sufficient for viability of the
organism under normal laboratory growth conditions (20, 21).
The results reported here demonstrated that the topA66 CTD mu-
tation resulted in increased bacteriostatic and bactericidal activity
of antimicrobials such as fluoroquinolones and trimethoprim. A
number of suppression phenotypes associated with DNA replica-
tion were observed for the topA CTD mutants (20–22). These
suppression phenotypes have been attributed to the increase in
negative DNA supercoiling observed in the topA CTD mutants.
However, while recombinant M. tuberculosis topoisomerase I re-
stores nearly all of the relaxation activity, it did not alleviate the
increased antibiotic sensitivity observed for strain DPB636 due to
the topA66 CTD mutation. The CTD sequences of E. coli and
M. tuberculosis topoisomerase I have diverged in evolution even
though they appear to play similar roles of interaction with a pass-
ing strand of DNA in the mechanism of relaxation of negative
DNA supercoiling (33, 34). This suggests that the protein-protein
interaction between the CTD of topoisomerase I and RNA poly-
merase (19) may be the basis for the increased bacteriostatic and
bactericidal effect of antimicrobials observed for the topA66 mu-
tant.

FIG 6 Effect of topA66 mutation on transcription from the SOS response
promoter. The luciferase signal from plasmid-encoded dinD1::luxCADBE fu-
sion in DPB635 (topA�) and DPB636 (topA66) was monitored after treatment
with 25 ng/ml norfloxacin (A) or 10 ng/ml ciprofloxacin (B). The response
ratio was calculated as the ratio of luciferase from a treated culture versus the
luciferase signal from an untreated culture.

FIG 7 Decreased mutation frequency due to the topA66 mutation. Control
and trimethoprim (TMP)-treated cultures of DPB635 (topA�) and DPB636
(topA66) were plated on LB plates with or without rifampin to determine the
mutation frequency. The plot shows the averages and standard deviations of
the mutation frequencies from three experiments. The fold increase in muta-
tion frequency was calculated as the ratio of the mutation frequency for TMP-
treated cultures versus the mutation frequency for the untreated control cul-
tures.
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In order to compete and survive in the host environment, bac-
terial pathogens are likely to require the activity of topoisomerase
I to be tightly associated with the RNA polymerase complex for
relief of transcription-driven supercoiling (11) generated during
rapid transcription at gene loci associated with the stress response.
Hypernegative supercoiling leads to R-loop accumulation and in-
hibition of transcription elongation (12). The bacterial SOS re-
sponse induces a set of genes that counteract the stress challenge
from DNA damage and improves bacterial survival. The SOS re-
sponse has also been shown to increase the rate of mutations that
can lead to increased frequency of resistance to antibiotics (4, 5).
The topA66 CTD mutation resulted in a diminished SOS response.
This correlated with decreased viability following the stress chal-
lenge and also affected the increase in the frequency of antibiotic
resistance development that would have been a result of the SOS
response.

E. coli topoisomerase I has been shown recently to have a role in
genome maintenance by preventing overreplication originating
from oriC and R loops (35). In addition to a diminished SOS
response, the topA mutation may also be expected to result in
overreplication that could potentially increase the sensitivity to
the antimicrobials tested here. Gyrase and topoisomerase IV tar-
geted by the fluoroquinolones tested here are required for move-
ment of the DNA replication fork and resolution of the replication
intermediates.

Topoisomerase I function has been shown to be essential for
viability even under nonselective growth conditions for certain
bacterial pathogens, including M. tuberculosis and Helicobacter py-
lori (36, 37). The presence of topoisomerase I in every bacterial
pathogen as a potential target for a topoisomerase I poison inhib-
itor supports the targeting of topoisomerase I for discovery of
novel antimicrobial agents, since the bactericidal action of the
topoisomerase poison inhibitors does not require the topoisom-
erase function to be essential (38). The results reported here sug-
gest that catalytic inhibitors of bacterial topoisomerase I could
also be very useful if used along with other antibiotics. Perturba-
tion of the function of bacterial topoisomerase I from the action of
catalytic inhibitors might affect sensitivity to other antibiotics and
might also decrease the frequency of general antibiotic resistance
that can be developed.
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