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Abstract

We examined the influence of fluoroquinolones (norfloxacin, enoxacin, ofloxacin, levofloxacin, and sparflox-
acin) on DNA supercoiling of plasmids in Escherichia coli cells by analysis with agarose gel electrophoresis in

the presence of chloroquine.

All the fluoroquinolones tested immediately induced DNA relaxation. The relaxed DNA was re-supercoiled,
and the process was sensitive to chloramphenicol, suggesting that newly synthesized proteins participate in the
reaction. The concentrations of fluoroquinolones required for DNA relaxation were much higher than those

required for cell killing.

The bactericidal effect of fluoroquinolones is apparently related to mechanisms other than DNA relaxation.

Fluoroquinolones have broad spectra against Gram-positive
and -negative bacteria. Biochemical and genetic studies show
that DNA gyrase is a target of fluoroquinolones (Cambau &
Gutmann 1993; Hooper 1993; Drlica & Kreiswirth 1994; Shen
1994). However, the precise mechanism by which fluor-
oquinolones kill microorganisms remains to be elucidated.

Generally, chromosomal and plasmid DNA are negatively
supercoiled. In Escherichia coli cells, DNA gyrase catalyses
the formation of negative supercoiling of DNA, in an ATP-
dependent manner (Gellert et al 1976). Therefore, inhibitors of
DNA gyrase would be expected to relax DNA in cells. Nali-
dixic acid and novobiocin, specific inhibitors of DNA gyrase,
relax plasmid DNA in Escherichia coli cells (Mizushima et al
1993). Some fluoroquinolones also relax plasmid DNA in
Escherichia coli cells (Bliska & Cozzarelli 1987; Aleixandre et
al 1991).

We have systematically examined the influence of various
fluoroquinolones, which induce transient DNA relaxation, on
DNA supercoiling in Escherichia coli cells.

Materials and Methods

Materials

Norfloxacin was provided by Kyorin Pharm, Co. Enoxacin and
sparfloxacin were provided by Dainippon Pharm. Co. Oflox-
acin and levofloxacin were provided by Daiichi Pharm. Co.

Bacterial strains

The bacterial strains used were derivatives of Escherichia coli
K-12 (Bachmann 1972). W3110 was from our laboratory
stock.

Analysis of the supercoiling of plasmid DNA in cells
We used methods described elsewhere for the analyses of the
Supercoiling of plasmid DNA (Pruss 1985; Mizushima et al
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1992, 1993; Ogata et al 1994). Briefly, exponentially growing
(37°C) Escherichia coli cells (W3110 or nalA26 mutant)
harbouring pUC118 in LB medium containing 1% NaCl were
further incubated with quinolones in the same medium. Cul-
tures were chilled on ice and then cells were harvested by
centrifugation at 4°C for 5 min followed by washing with
0-9% NaCl (saline). Plasmid DNA was extracted and purified
by the alkaline method (Sambrook et al 1989). The samples
were analysed by agarose gel electrophoresis in the presence of
chloroquine. Electrophoresis was carried out in 100 mM Tris-
borate, 2 mM EDTA buffer (Maniatis et al 1989) at 60 V for
16 h. Gels were rinsed in deionized water for 5 h to remove
chloroquine and DNA was stained with 1 ug mL ™' ethidium
bromide. DNA bands were visualized by UV and photo-
graphed.

P1 transduction

H1515 (nalA26) (Ikeda et al 1981) was kindly provided by Dr
H. lkeda (University of Tokyo). P1 transduction of nalA26
mutation in HIS515 to W3110 was as described previously
{(Mizushima et al 1994; Shinpuku et al 1995). P1 phages were
grown in the H1515 cells, transduced into W3110 cells and the
transductants were selected on LB agar plates containing
25 ug mL™" tetracycline. Sensitivity of transductant to nali-
dixic acid (25 ug mL ') was examined to select the nalA26
mutant with the genetic background of W3110. We did not use
plates containing both tetracycline and nalidixic acid to avoid
appearance of spontaneous mutation resistant to nalidixic acid.

Determination of IC50 values for fluoroquinolones
Exponentially growing Escherichia coli cells (optical density
at 650 nm = 0-5) harbouring pUC118 in LB medium contain-
ing 1% NaCl were incubated with various concentrations of
fluoroquinolones in the same medium for 1 h at 37°C. The
cultures were appropriately diluted and spread on LB agar
plates and incubated at 37°C for 12 h. The numbers did not
increase when the plates were further incubated at 37°C for
12 h. The numbers of colonies were counted and concentra-
tions of drugs necessary for 50% inhibition of colony forma-
tion were determined.



986 MIKI MATSUO ET AL

Results and Discussion

DNA relaxation by fluoroquinolones in Escherichia coli cells
We first determined concentrations of fluoroquinolones
necessary for 50% inhibition of cell viability (IC50), under the
same conditions as those where the extent of DNA super-
coiling was examined in the following sections. IC50 values of
enoxacin, norfloxacin, ofloxacin, levofloxacin, and spar-
floxacin were 0-2, 0-06, 0-06, 0-04 and 0-02, respectively,
consistent with literature valucs.

DNA supercoiling in cells treated with fluoroquinolones was
then analysed. pUC1T18 was used as a reporter for analysis of
the DNA supcrcoiling. The plasmids were extracted using
alkaline methods (Maniatis et al 1989) and the extent of
supercoiling was analysed with agarose gel clectrophoresis in
the presence of chloroquine. When we examined the effects of
the fluoroquinolones on DNA supercoiling at concentrations
much the same as the IC50, no significant alteration was seen
by treatment with the drugs (data not shown). Next. we
examined the effects of fluoroquinolones on DNA supercoiling
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FiG. 1. DNA relaxation by sparfloxacin. Exponentially growing cells
harboring pUC118 at 37°C were incubated with indicated concentra-
tions of sparfloxacin for 10 min (A) or with 1-6 ug mL. ' sparfloxacin
for the indicated period (B). pUCI18 was extracted and analysed by
1% agarose gel electrophoresis in the presence of 20 g ml
chloroquine.

at concentrations greater than the [C50 value. Fig. 1 shows that
sparfloxacin altered the extent of DNA supercoiling, in a dose-
dependent manner. In the agarose gel containing 20 ug mL ™!
chloroquine, the more relaxed molecules migrate faster (Hig-
gins et al 1988). Therefore, sparfloxacin relaxes the plasmids in
cells. The concentration of sparfloxacin required to detect
DNA relaxation was 0-8 ug mL ™', that is 40 times the 1C50
value.

We recently found that relaxation of plasmid DNA by
nalidixic acid is transient; the extent of DNA supercoiling
reverts to the original level within 60 min, after the addition of
nalidixic acid (Ohtsuka et al unpublished resuits). In this study,
we examined the time course of DNA relaxation rcaction
caused by fluoroquinolones. As shown in Fig. 1, DNA rclaxed
10 min after exposure to the drug and re-supercoiled 60 min
later. Thus, the DNA relaxation caused by sparfloxacin was
transient. We also examined the extent of DNA supercoiling
by other fluoroquinolones, e¢noxacin, norfloxacin, ofloxacin,
and levofloxacin, at higher concentrations than the IC50 of
each (Fig. 2). All these fluoroquinolones transiently relaxed
DNA in cells as did sparfloxacin. The concentrations of
cnoxacin, norfloxacin, ofloxacin, and levofloxacin required for
DNA relaxation in cells were 1-6, 0-6, 0-6 and 0-4 ug mL ™',
respectively and these values are much higher than those
required for bactericidal cffects. Thus, the bactericidal actions
of fluoroquinolones do not scem to be related to the DNA
relaxation caused by these drugs.

Influence of fluoroquinolones on DNA supercoiling in a nalA26
mutant

Some mutations in the girA gene, including the nalA26
mutation, causc a phenotype resistant to fluoroquinolones
{Cambau & Gutmann 1993). This means that DNA gyrase is a
target molecule of fluoroquinolones for their bactericidal
actions, The 1C50 value for sparfloxacin was determined to be
0-92 g mL~ " for the nalA26 mutant, being 43 times that for
the wild type cells. We examined the influence of sparfloxacin
on DNA supercoiling in the na/A26 mutant (Fig. 3). The
concentration of sparfloxacin required to relax DNA in the
nalA26 mutant was 72 g mL ', that is 90 times that required
for the wild type cells. Similar results were obtained with other
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FiG. 2. DNA relaxation and re-supercoiling reactions with various
fluoroquinolones. Exponentially growing cells harboring pUC1 18 were
incubated with enoxacin, norfloxacin, ofloxacin, levofloxacin and
sparfloxacin for 10 or 60 min. pUCH18 was extracted and analysed
by 1% agarose gel electrophoresis in the presence of 15 g mL '
chloroquine.



DNA RELAXATION BY FLUOROQUINOILONES 987

Sparfloxacin concn (ug mL")

wild type
0 09 9

nalA26
18 36 72

18 36 72 0 09 9

FiG. 3. Influence of the nal/A26 mutation on DNA relaxation by
sparfloxacin. Exponentially growing na/A26 mutants harboring pUC
118 were incubated with indicated concentrations of sparfloxacin for
10 min. pUC118 was extracted and analysed by 1% agarose gel
electrophoresis in the presence of 20 ug mL ~ chloroquine.

fluoroquinolones, enoxacin, norfloxacin, ofloxacin, and levo-
floxacin (data not shown). These data strongly suggest that
fluoroquinolones relax DNA through inhibition of the super-
coiling activity of DNA gyrasc.

Requirement of protein svnathesis for re-supercoiling reaction
in the presence of fluoroquinolones

We examined the influence of an inhibitor of protein synthesis
on relaxation and re-supercoiling of DNA in cells after expo-
sure to fluoroquinolones. Cells were preincubated with
100 ug mL ™' chloramphenicol for 10 min and then further
incubated with sparfloxacin. As shown in Fig. 4, preincubation
with chloramphenicol caused an cxcessive and continuous
DNA relaxation by sparfloxacin; the re-supercoiling reaction
of relaxed DNA was completely inhibited by the chlor-
amphenicol treatment. Chloramphenicol itself did not alter the
extent of DNA supercoiling. Similar results were obtained with
other fluoroquinolones (data not shown). These results suggest
that newly synthesized proteins after exposure to fluoro-
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FiG. 4. Influence of chloramphenicol on the topological change of
DNA after addition of sparfloxacin. Exponentially growing cells
harbouring  pUC118  were preincubated with or  without
100 yg mL ! chloramphenicol for 10 min, followed by incubation
with or without 1-6 ug mL ° sparfloxacin for the indicated period.
pUCT18 was extracted and analysed by 1% agarose gel electrophoresis
n the presence of 20 ug mL~ r chloroquine.

quinolones are required for the re-supercoiling reaction but not
for the relaxation reaction with fluoroquinolones. The
increased expression of gyrA and gyrB genes, encoding A and
B subunits of DNA gyrase, by relaxation of DNA has been
reported (Menzel & Gellert 1983). Thus, the overproduction of
DNA gyrase that is sensitive to chloramphenicol, may account
for the re-supercoiling reaction in the presence of fluoro-
quinolones.
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