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Abstract : Quinolone antibiotics are DNA gyrase inhibitors, but their bactericidal action seems to involve
more than the inhibition of DNA gyrase activity. Hence, the potentially crucial factors among possible mecha-
nisms of quinolone action; cleavable complex formation, inhibition of DNA synthesis, and induction of SOS
response were investigated. These parameters were measured in an Escherichia coli strain exposed to quino-
lones in the logarithmic growth phase, and correlated with the bactericidal activity of quinolones. Cleavable
complex formation proved to be the factor most related to bactericidal action. Inhibition of DNA synthesis
was substantially correlated with bactericidal activity, but induction of SOS response was least correlated
with bactericidal activity. Therefore, it was concluded that quinolones exert bactericidal action primarily th-
rough cleavable complex formation, and subsequent unknown cellular processes together with inhibition
of DNA synthesis contribute to the bactericidal activity of quinolones.
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DNA gyrase (EC 5.99.1.3) in bacteria affects various
cellular processes involving DNA, such as replication,
transcription, and recombination by controlling DNA
superhelicity (reviewed by Gellert, 1981; Wang, 1985;
Wang, 1987). DNA gyrase generates negative DNA su-
percoils and removes positive DNA supercoils with con-
comitant ATP hydrolysis. The enzyme has a composi-
tion of A;B2, where A is a catalytic subunit and B is
a ATP-hydrolyzing subunit. Quinolones inhibit the en-
zyme by trapping the intermediate reaction product, the
so called cleavable complex (Drlica, 1988; Hooper,
1993). In the cleavable complex a tyrosine residue of
DNA gyrase is covalently bonded to the broken DNA
ends, concealing the DNA breaks (Horowitz and Wang,
1987). Quinolones are thought to bind to a presump-
tive single-stranded DNA region generated by DNA gy-
rase (Shen and Pemnet, 1985; Shen et al, 1989).

Quinolones, the inhibitors of the DNA gyrase A sub-
unit have a rapid bactericidal activity, a low occur-
rence of resistant bacteria, and a broad spectrum against
gram-positive and gram-negative bacteria (Neu, 1988).
However, although they are DNA gyrase inhibitors, qui-
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nolones are thought to exert bactericidal activity
through mechanisms somewhat different from DNA
gyrase inhibition. One of the reasons is that the minimum
inhibitory concentrations are 1/10 to 1/100 of the 50
% inhibitory concentration of DNA supercoiling activity
(Hooper & Wolfson, 1988; Zweerink & Edison, 1986).
Upon uptake of quinolones, negative DNA superhelicity
of bacterial chromosomes decreases due to inactivation
of DNA gyrase. The decreased negative superhelicity
lowers the initiation efficiency in replication and gen-
erally in transcription (Gellert, 1981; Wang, 1985; Wang,
1987). The cleavable complex may also impede the
movement of DNA and RNA polymerases in the elon-
gation steps of replication and transcription, respec-
tively. For example, in a cell-free SV40 replication sys-
tem, aberrant replication products are formed through
the collision of a replication fork with the cleavable
complex of eukaryotic DNA topoisomerase | (Hsiang
et al, 1989; Tsao et al, 1993). Inhibition of bacterial
DNA synthesis by quinolones is probably exerted
through blockage of replication forks and also through
inefficient replication initiation.

Quinolones induce SOS response due to DNA dam-
age in cleavable complex formation via the normal
pathway of RecA activation {(Huisman & D’Ari, 1981;
Phillips et al, 1987; Piddock et al, 1990). In SOS
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response, at least 17 genes participating in DNA repair
are induced (Walker, 1984). Among them, the sfiA
gene, the product of which is a cell division inhibitor,
is induced to stop cell division during DNA repair (Hui-
sman & D’Ari, 1981; Huisman & D’Ari, 1983; Huis-
man et al, 1984). Although the SfiA protein has a
short half-life time, the long-period induction of the sfiA
gene is lethal to bacteria (Maguin et al., 1986). There-
fore, it has been proposed that induction of SOS re-
sponse is thought to be, in part, a mechanism of quino-
lone action. (Phillips et al., 1987; Piddock et al., 1990).

Among the various cellular responses against quino-
lones, the one which plays a crucial role in the cell
killing pathway is not certain. Rapid inhibition of DNA
synthesis has been generally accepted as the primary
cause of cell death. However, the fact that the bacteri-
cidal activity of quinolones is repressed by rifampin and
chloramphenicol, unlike inhibition of DNA synthesis,
suggests that other processes besides inhibition of DNA
synthesis may be involved in the cell killing pathway
(Deitz et al., 1966). So, the mechanism which is most
responsible for the bactericidal action of quinolones
was investigated. The bactericidal activity of each qui-
nolone agent was compared with its ability to form
a cleavable complex, to inhibit DNA replication, and
to induce SOS response. Correlations were made be-
tween bactericidal activity and each of the above factors.
According to the results, the bactericidal action of qui-
nolones is most related to cleavable complex formation.

Materials and Methods

Materials

E. coli PB40 (MC4100, zei-298:Tnl0, Aclind sfiA::
lacZ) was obtained from Dr. Martine Couturier of the
Universite Libre de Bruxelles, Belgium. Ciprofloxacin
and ofloxacin were from Bayer Pharmaceutical Co. and
Jae-il Phar. Co. (Seoul, Korea), respectively. Other qui-
nolones used in this work were purchased from the
Sigma Chemical Co. Lysozyme, sodium dodecyl sulfate,
proteinase K, dithiothreitol, deoxynucleoside triphos-
phates, thymidine, and o-nitrophenyl B-D-galactopyra-
noside were purchased from the Sigma Chemical Co.
Klenow fragment was supplied by Promega and GF/C
filters (AA disc, 6.0 mm) were purchased from What-
man. [a-**P]dCTP and [*HJthymidine were supplied
by Amersham. Bacto agar, bacto tryptone, and yeast
extract were Difco (Detroit, USA) products.

E. coli culture

E. coli PB40 cells were grown in LB medium and
treated with quinolones in the logarithmic growth phase
(O.D.6oo sm=0.4), except cells used for measurement of

DNA synthesis (O.D.goo nm=1.0).

Bactericidal activity

The bactericidal activity of quinolones was measured
by cell killing kinetics. E. coli PB40 cells were grown
to the logarithmic phase in LB medium at 37°C, then
each of the six quinolones was added in appropriate
concentrations, followed by a further incubation for 30
min. Cultures were rapidly cooled on ice, then centri-
fuged. Harvested cells were washed with phosphate-
buffered saline (PBS) once, then diluted 10,000 times with
PBS solution. A cell suspension of 100 ul was spread
on an agar plate (dia. 8.7 cm), then incubated at 37°C
overnight. The number of colonies was counted and
percent nonviability was calculated with respect to the
number of colonies lacking drug treatment.

Cleavable complex formation

E. coli PB40 cells were grown to the logarithmic
phase, then divided into aliquots of 30 ml in 37°C
prewarmed culture tubes containing appropriate conce-
ntrations of a quinolone. The aliquots were further in-
cubated for 5 min at 37°C, then rapidly cooled on
ice. Bacteria were harvested and the cell pellets were
resuspended in 200 pl of a buffer (25 mM Tris-Cl,
pH 8.0, 50 mM glucose, 10 mM EDTA). To the cell
suspensions, 50 ul of 0.25 M EDTA and 50 ul of 10
mg/ml lysozyme were added, and incubation continued
for 10 min at 4°C. To the lysate, 50 pl of 10% SDS
and 20 ul of 2 mg/ml proteinase K were added, and
the reaction was continued at 37°C for 7 h. After two
phenol extractions, RNase A digestion (100 pg/ml) was
performed at 37°C for 20 min, followed by phenol
extraction and ethanol precipitation. The DNA pellets
were resuspended in 20 pl of TE (pH 8.0) buffer. The
amount of isolated chromosomal DNA was measured
by mixing the DNA with Hoechst 33258 dye, then
measuring the fluorescence (Kontron SFM 25 fluoro-
meter).

Isolated chromosomal DNA (3.0 ug) was incubated
at 37°C for 30 min in a buffer (20 ul) containing 50
mM Tris-Cl (pH 7.6), 10 mM MgCl,, 1 mM dithiothrei-
tol, 25 pM each of dATP, dTTP, and dGTP, 10 uCi
of [0-**P]JdCTP (3,000 Ci/mmol), and 5 U of Klenow
fragment. The reaction was stopped by addition of 1
ml of 5% ice-cold trichloroacetic acid and the reaction
mixture was kept on ice for 1 h. Acid insoluble material
was collected by centrifugation at 14,000 rpm in a
microcentrifuge for 1 h, then the material was resuspend-
ed in 50 pl of TE buffer (pH 8.0). Precipitation in
5% trichloroacetic acid was repeated twice and washed
DNA pellets were resuspended in 50 ul of TE buffer.
After addition of 10 ml of a cocktail solution to each
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sample, radioactivity was measured using a liquid scin-
tillation counter (Packard, TRI-CARB 1900-TR).

Inhibition of DNA synthesis

E. coli PB40 cultures (O.D.¢g0 nm=1.0) were pretreat-
ed with quinolones for 5 min. [®*H]Jthymidine (10 pCi,
70 Ci/mmol) was added to 1 ml cultures and incuba-
tion was continued for 10 min before stopping the reac-
tion by adding 1 ml of an ice-cold 10% trichloroacetic
acid solution. The reaction mixture was kept on ice
for 30 min, then run through a GF/C filter fixed in
a vacuum manifold (Bio-Rad). GF/C filters were pre-
soaked in a 0.05% nonradioactive thymidine solution
to block nonspecific adsorption of [a-*H]thymidine. Fil-
ters were serially washed with 5 ml each of cooled
5% trichloroacetic acid, 0.1 N HCI, and 95% ethanol.
Radioactivity on the filters was counted using a liquid
scintillation counter (Packard, TRI-CARB 4530).

Induction of SOS response

Induction of SOS response in E. coli PB40 was
measured using the method of Huisman & D’Ari
(1981). E. coli PB40 cells were grown to the logarithic
phase and divided into 5 ml aliquots in prewarmed
culture tubes containing appropriate concentrations of
quinolones. The aliquots were further incubated for 30
min, then rapidly cooled on ice. After harvesting the
cultures by centrifugation at 4°C, 8-galactosidase activity
was measured by the method of Miller (1972) with
chloroform and SDS as lysing agents.

Results

E. coli PB40 (MC4100, zei-298:Tnl0, Aclind sfiA::
lacZ) cells were used to examine various cellular proc-
esses upon exposure to quinolones. The strain has a
sfiA promoter fused with the coding region of the lacZ
gene so that induction of SOS response can be easily
detected by measuring expressed f-galactosidase activ-
ity (Bernard and Couturier, 1992). The bactericidal
potency of quinolones was measured by counting the
surviving number of E. coli PB40 cells after 30 min
growth in the presence of quinolones. The percentages
of nonviable cells were plotted against the concentra-
tions of quinolones added to the E. coli cultures (Fig.
1). Ciprofloxacin was the most potent drug, killing al-
most all cells at concentrations higher than 0.1 ug/ml.
Nalidixic acid was the least efficient drug, killing only
17% of the cells at 10 pg/ml. Ofloxacin, norfloxacin,
enoxacin, and oxolinic acid all showed cell killing effi-
ciencies between the two extremes, in the listed order.
Bactericidal efficiency was represented by the percent-
age of nonviable cells instead of by minimum inhibi-
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tory concentrations because the percentage of nonvia-
ble cells was more quantitative and appropriate for com-
parison with other parameters measured in this study.

Quinolones inhibit DNA gyrase by reversibly forming
a ternary complex with DNA and gyrase. In the ternary
complex, double-stranded DNA breaks are produced
by gyrase, but resealing is interfered by quinolones (re-
viewed by Drlica, 1988; Hooper, 1993). In order to
compare the ability of quinolones to induce gyrase-me-
diated DNA cleavages, E. coli PB40 cells treated with
quinolones were lysed by the addition of lysozyme,
then sodium dodecyl sulfate. Sodium dodecyl sulfate
denatures DNA gyrase in a cleavable complex pro-
ducing irreversible double stranded DNA breaks. Prote-
inase K cleaves the denatured DNA gyrase off the DNA
ends staggered by 4 base pairs (Lockshon and Morris,
1985). To quantify the extent of gyrase-mediated and
quinolone-induced DNA cleavage, the generated 3’ re-
cessive DNA ends were filled with [a-32PJdCTP using
Klenow fragment. Radioactivity incorporated in a fixed
amount of chromosomal DNA has a parallel relation-
ship with the extent of gyrase-mediated DNA-breaks.
The relative extent of DNA cleavage is plotted for qui-
nolones at various concentrations in Fig. 2. The ranking
order of quinolones in a capacity for production of
chromosomal DNA cleavage is exactly the same as for
the bactericidal efficiency illustrated in Fig. 1.

The extent of chromosomal DNA synthesis after
preincubating E. coli PB40 cells with quinolones was
measured by counting the radioactivity of [a-3HJthymi-
dine incorporated into chromosomal DNA. The percent
inhibition of DNA synthesis is plotted for different con-
centrations of quinolones in Fig. 3. At 0.1 pg/ml, cipro-
floxacin inhibited DNA synthesis 57%, while ofloxacin
inhibited synthesis only 8.7%. On the contrary, the
other four quinolones increased DNA synthesis slightly,
which is thought to be due to induction of the DNA
repair system. When the preincubation time with qui-
nolones at 0.1 pg/ml was lengthened from 5 min to
30 min, increases in DNA synthesis were observed for
all quinolones tested except nalidixic acid (data not
shown). This suggests further activation of the cellular
DNA repair system due to longer drug treatment. Cip-
rofloxacin, ofloxacin, norfloxacin, and enoxacin nearly
eliminated DNA synthesis at 1 pg/ml. Oxolinic acid and
nalidixic acid at 1 pg/ml slightly inhibited DNA synthe-
sis to a similar extent, while at 10 pg/ml oxolinic acid
was more inhibitory than nalidixic acid.

As an indicator of induction of SOS response by
quinolones, changes in expression from the sfiA pro-
moter were measured as shown in Fig. 4. Transcription
of the sfiA gene is repressed by the LexA protein, and
the expressed protein prevents cell septation (Huisman
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Fig. 1. Bactericidal activity of quinolones at various concentra-
tions. E. coli PBA0 cells in the logarithmic growth phase were
treated with quinolones for 30 min, then viable counts were esti-
mated by plating the cells on nutrient agar. The average standard
deviation of nonviability was 4.0%.

and D’'Ari, 1983; Huisman et al, 1984). In E. coli PB
40 the sfiA promoter exists in the chromosome fused
with the coding region of the B-galactosidase gene. Rel-
ative extents of sfiA induction were measured by the
activity of B-galactosidase in permeabilized cells, after
incubating the cells with quinolones for 30 min. Ciprof-
loxacin significantly induced the sfiA gene at 0.01
ug/ml, however, it did not cause much increase in in-
duction at higher concentrations. Ciprofloxacin had a
lower sfiA gene induction at 10 pg/ml than at 1 pg/ml.
A similar contradicting decline in bactericidal efficiency
was also observed above the highest bactericidal con-
centrations of quinolones (Walters et al., 1989; Piddock
et al., 1990). This phenomenon at high quinolone con-
centrations is thought to originate from an inhibition
of transcription by quinolones (Phillips et al, 1987).
Ofloxacin was the second most efficient quinolone hav-
ing an extent of sfiA gene induction similar to ciprof-
loxacin at 0.1 pg/ml. Enoxacin and norfloxacin pro-
duced significant increases in induction between 0.1 and
1 pg/ml. Oxolinic acid did not significantly induce the
sfiA gene at concentrations up to 1 pg/ml, but it showed
a great increase in induction at 10 pg/ml, having a
greater effect than norfloxacin. Nalidixic acid was the
least efficient drug in induction as in bactericidal activity
and cleavable complex formation. Quinolones caused
gradual increases in induction with elapsed times up
to 1 h at 1 pg/ml (data not shown). However, at 10
ug/ml of oxolinic acid, sfiA gene induction began to

diminish after 90 min (data not shown).
Discussion

Quinolones kill bacteria primarily by acting as inhibi-
tors of DNA gyrase, which is an essential enzyme to
maintain the negative superhelicity of chromosomal
DNA. Because negative DNA supercoiling promotes ini-
tiation of DNA replication, ‘recombination, and usual-
ly initiation of RNA transcription, these cellular proc-
esses are under the indirect control of DNA gyrase (Gel-
lert, 1981; Wang, 1985; Wang, 1987). Besides these
indirect roles, DNA gyrase actively participates in the
elongation step of transcription by removing excessive
positive DNA supercoils generated in front of RNA pol-
ymerase (Wu et al,, 1988). DNA gyrase is also thought
to be crucial in the segregation of replicated daughter
DNA molecules in bacteria, based on the role of DNA
topoisomerase Il in yeasts (Dinardo et al, 1984; Ue-
mura et al, 1987) and also in an in vitro SV40 DNA
replication system (Yang et al, 1987). Although DNA
gyrase is a major cellular target of quinolones it re-
mains to be determined how quinolones cause cell
death. In order to find a cellular process which plays
a critical role in the cell killing pathway, the efficiencies
of quinolones in producing cellular responses were
examined, and these efficiencies were compared with
bactericidal efficiencies.

As shown in Figs. 1 to 4, various cellular reactions
occur in response to quinolone uptake. In order to
determine the most important cellular reaction contri-
buting to cell death, the bactericidal activity illustrated
in Fig. 1 was correlated with chromosomal DNA cleav-
age, inhibition of DNA synthesis, and induction of the
sfiA gene shown in Figs. 2 to 4. Correlations, plotted
in Fig. 5, were made between data points correspond-
ing to identical concentrations of the same drug.
Among the three parameters correlated with bacterici-
dal activity (represented by percent nonviable cells) chro-
mosomal DNA cleavage had the highest correlation
coefficient of 0.9498. In Fig. 5A which shows the cor-
relation between percent nonviable cells and chromo-
somal DNA cleavage, five data points beyond DNA
cleavage at 3,000 cpm were excluded in calculating
the correlation coefficient. Even though these data points
deviated from the linear correlative relationship, they
indicated a perfect correlation in a biological sense,
in that all cells lost viability above that level of chro-
mosomal DNA cleavage. The correlation of percent non-
viability with inhibition of DNA synthesis shown in
Fig. 5B illustrates a polarization of data points which
is mainly due to a lack of data points at medium levels
of DNA synthesis inhibition. However, inhibition of
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Fig. 2. Cleavable complex formation in E. coli PB40 at various
concentrations of quinolones. After growing E. coli PB40 cells
in the presence of quinolones for 5 min, chromosomal DNA was
isolated using lysozyme and sodium dodecyl sulfate. The extent
of cleavable complex formation was determined by measuring
the amount of [a-32P]JdCTP incorporated into broken chromoso-
mal DNA ends in an end-filling reaction. The average standard
deviations of DNA cleavage were 61, 144, 196, and 269 cpm
at the concentrations 0.01, 0.1, 1, and 10 pg/ml of quinolones,
respectively.
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Fig. 3. Inhibition of DNA synthesis in E. coli PB40 at various
concentrations of quinolones. DNA synthesis was quantified by
measuring the amount of [a-*H]thymidine incorporated into ne-
wly synthesized DNA after 5 min of pre-exposure to quinolones.
The average standard deviation was 2.7 %.

DNA synthesis had a fairly high correlation coefficient
of 0.9284 with percent nonviability, but it was slightly
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Fig. 4. sfiA gene induction in E. coli PB40 at various concentra-
tions of quinolones. E. coli PB40 cells were incubated with quino-
lones for 30 min, then permeabilized to measure induction of
SOS response. Induction was represented by the activity of f-ga-
lactosidase expressed under the control of the sfiA promoter. The
average standard deviations of relative sfiA induction were 2.8,
7.8, 14.7, and 164 at the concentrations 0.01, 0.1, 1, and 10
pg/ml of quinolones, respectively.

lower than the correlation coefficient between chromo-
somal DNA cleavage and percent nonviability. sfiA
gene induction had the lowest correlation coefficient
of 0.8482 with percent nonviability, indicating that SOS
response is probably not directly involved in the cell
killing pathway. Walters et al. (1989) demonstrated that
mutations in SOS reponse genes affected the cell killing
kinetics of quinolones differently where, depending on
mutated genes and quinolones, lack of SOS response
either protected cells against quinolones or made cells
more susceptible to quinolones. These results coincide
with the relatively weak correlation between induction
of SOS response and percent nonviability in this study.
It may be argued that the weak correlation partly result-
ed from the disruption of the sfiA gene in the E. coli
PB40 strain. Although this possibility can not be exclud-
ed, the effects of the gene disruption is thought to
have been complemented or lessned by the sfiC gene
playing almost the same role in SOS reponse. Piddock
et al. (1990) demonstrated an excellent correlation be-
tween the concentration of quinolones required to in-
hibit DNA synthesis by 50%, the minimum inhibitory
concentration, the maximum recA-inducing concentra-
tion, and the optimum bactericidal concentration.
The immediate cellular reactions which occur due
to quinolone uptake are cleavable complex formation
and a gradual decrease in negative DNA superhelicity.
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Fig. 5. Correlation of the bactericidal activity of quinolones with cellular reactions in E. coli PB40 caused by quinolones. Correlations
were made between data points corresponding to the identical drug at the same concentrations of Figs. 1 to 4. Panel A:bactericidal
activity vs. cleavable complex formation, Y=0.0446X—1.1788, correlation coeff. 0.9498. Panel B:7bactericidal activity vs. inhibition of
DNA synthesis, Y=0.8574X+ 16.5502, correlation coeff. 0.9284. Panel C: bactericidal activity vs. induction of SOS response, Y=04070

X+3.9716, correlation coeff. 0.8482.

The cleavable complex and decreased negative DNA
superhelicity cause inhibition of DNA synthesis through
blockage of DNA replication forks and inefficient initia-

tion of DNA synthesis, respectively. SOS response is
induced by the cleavable complex where single-stran- -~

ded regions may be generated through collision with
DNA replication forks, or by the action of the RecDEF
complex. Our results suggest the possibility that both
chromosomal DNA cleavage and inhibition of DNA syn-
thesis are in the quinolone-induced cell death path-

- _way, On. the other hand, SOS response is not consid-

ered to be a crucial factor in the pathway. Although
inhibition of DNA synthesis is an important factor lead-
ing to cell death, it is not alone a sufficient condition
since the bactericidal activity of quinolones and not
inhibition of DNA synthesis is greatly enhanced by
ongoing protein synthesis (Deitz et al, 1966; Piddock
et al, 1990). Cleavable complex formation showed a
better correlation with bactericidal activity than inhibi-
tion of DNA synthesis, implying that the cleavable com-
plex contributes to cell death not only through inhibi-
tion of DNA synthesis, but also through another path-
way. One subsequent process of cleavable complex for-
mation is collision of the complex with replication forks,
which may produce irreversably broken DNA ends. Ir-
reversible DNA breaks were observed when human
DNA topoisomerase | and its inhibitor camptothecin
were present in an in vitro SV40 DNA replication sys-
tem (Hsiang et al., 1989; Tsao et al., 1993). The irre-

versibly broken ends may initiate an unknown celluar

reaction leading to cell death. It was demonstrated in
Saccharomyces cerevisiae and mammalian cells that

the cause of cell death by DNA topoisomerase II inhi-
bitors is not the inhibition of DNA topoisomerase Il
activity but DNA damage due to cleavable complex

" formation (Davies et al, 1988; D'Arpa et al, 1990;
~ Nitiss et al., 1992). The results of this study also sug-

gest that cleavable complex formation by quinolones
is the main cause of cell death, and an unknown sub-
sequent process(es) as well as inhibition of DNA syn-
thesis are involved in the cell-killing pathway.
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