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Isogenic mutants derived from quinolone-susceptible isolate WT by introducing gyrA (S83L, D87G) and parC
(S80I, E84K) mutations associated with quinolone resistance were characterized with respect to quinolone
resistance, growth rate, and degree of global supercoiling. The latter was determined by use of a pair of reporter
plasmids carrying supercoiling-dependent promoters pgyrA and ptopA, respectively, transcriptionally fused to
the reporter gene bla coding for TEM-1 b-lactamase. The quotient (Qsc) of the b-lactamase specific activity
determined for a mutant carrying either plasmid was taken as a measure of the degree of global supercoiling.
These Qsc data were comparable to results obtained from the separation of topoisomers of plasmid pBR322
on chloroquine-containing agarose gels and indicate a reduced degree of negative supercoiling in resistant
mutants relative to the parent, WT. The S83L mutation in gyrA had the strongest influence on quinolone
resistance while leaving other parameters nearly unaffected. The gyrA double mutation (S83L plus D87G) had
an effect on quinolone resistance similar to that of a single mutation. Phenotypic expression of the parC
mutation (S80I) was dependent on the presence of at least one gyrA mutation. Expression of high-level
fluoroquinolone resistance (ciprofloxacin MIC, >4 mg/ml) required a combination of the gyrA double mutation
and one parC mutation (S80I or E84K). Such mutants showed considerable alterations of growth rate, global
supercoiling, or both. Introduction of a parC mutation affected neither the doubling time nor the degree of
supercoiling, while the presence of the gyrA D87G mutation was associated with a significant reduction in the
degree of DNA supercoiling.

Since their introduction into clinical use in 1983, fluoro-
quinolones have played an essential role in the treatment of
infectious diseases caused by enteric bacteria like Escherichia
coli (25). The primary cellular target of fluoroquinolones in E.
coli is a bacterial type II topoisomerase (DNA gyrase) consist-
ing of two pairs of subunits, A and B (17). Gyrase is unique in
catalyzing negative supercoiling of covalently closed circular
double-stranded DNA in an ATP-consuming reaction and is
therefore essential for maintenance of DNA topology. Re-
cently, another type II topoisomerase, topoisomerase IV,
which is responsible for decatenating the chromosomes before
cell division, was identified as a secondary target of quinolones
in E. coli (20, 33, 35). DNA gyrase and topoisomerase IV share
extensive amino acid sequence homology, including highly con-
served regions in both subunits A and B (31, 32).

In earlier reports, resistance to fluoroquinolones was rarely
observed among clinical isolates of E. coli, and when it was
observed, the isolates showed low-level resistance (3). How-
ever, in Germany, the prevalence of fluoroquinolone resistance
among clinical isolates of E. coli increased from ,1% to 5%
between 1990 and 1995 (34).

Two basic mechanisms of resistance to fluoroquinolones
have been identified: target alteration and reduced drug accu-
mulation. A single mutation does not result in clinically rele-
vant resistance (i.e., the MIC of ciprofloxacin [CIP] is ,2
mg/ml) (20). Instead a combination of mutations is involved
affecting the genes gyrA or gyrB (46, 62, 63) and parC or parE

(6, 61), which code for subunits A and B of topoisomerases II
and IV, respectively, and, as an example, the mar regulatory
locus affecting both active drug efflux via the AcrAB-TolC
complex (38, 59) and impaired access via reduced expression of
outer membrane protein OmpF (7, 26).

Among clinical isolates, two types of mutants are predomi-
nantly found: low-level resistant isolates (CIP MIC, ,2 mg/ml)
most frequently carrying a single gyrA mutation altering serine
83 to leucine (S83L) (9, 15, 20, 55) and high-level resistant
isolates (MIC, .4 mg/ml) carrying two gyrA mutations (S83L
most commonly in combination with a mutation affecting as-
partic acid 87 (D87) (22, 61) in addition to mutations affecting
the analogous positions serine 80 (S80) and glutamic acid 84
(E84) in parC (20, 35, 61). Such isolates often show reduced
drug accumulation (15, 21). However, the genetic basis of the
latter mechanism remains obscure. Thus, while nothing is
known about the sequence of the events following an initial
gyrA mutation in clinical isolates (20) in mutants selected in
vitro, mar-like mutations seem to occur as the second mutation
preceding additional target mutations (23, 27, 52). Preliminary
data indicate that highly resistant laboratory mutants have
impaired viability, as demonstrated by significantly increased
doubling times compared to that of the parent strain (WT) or
a randomly chosen clinical isolate (205096) carrying similar
gyrA and parC mutations (20, 23).

One possible explanation is that the accumulation of muta-
tions in genes which code for essential enzymes involved in the
control of DNA topology can affect the regulation of the de-
gree of supercoiling and, thus, the expression of supercoiling-
regulated genes in laboratory mutants. This might influence
the growth rate by an unknown mechanism.

Therefore, this study aimed at (i) creating a set of isogenic
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mutants derived from isolate WT and carrying different com-
binations of known quinolone resistance mutations and (ii)
investigating the impact of these mutations on the quinolone
resistance, growth rate, and degree of negative supercoiling of
the respective mutants.

MATERIALS AND METHODS

Bacterial strains. Fluoroquinolone-resistant E. coli clinical isolate 205096
(22), quinolone-susceptible isolate WT, and its consecutive mutants MI, MII,
MIII, MIVb, and R17 (selected in vitro) have been described previously (23).

Plasmids. The plasmids used in this study are listed in Table 1.
Oligonucleotides. The oligonucleotides used in this study for amplification and

sequence determination of fragments from genes gyrA and parC have been
described previously (20, 22).

Antimicrobial agents. Amikacin (Grünenthal, Aachen, Germany), nalidixic
acid (Sterling-Winthrop, Guildford, United Kingdom), CIP, ampicillin (Bayer,
Wuppertal, Germany), nitrocefin (Glaxo, Greenford, United Kingdom), and
chloramphenicol (Bayer) were kindly supplied by the manufacturers. Novobiocin
and tetracycline were obtained from Sigma (Deisenhofen, Germany).

Biochemicals. All biochemicals, unless otherwise indicated, were from Boehr-
inger (Mannheim, Germany). Taq DNA polymerase, restriction endonucleases,
and buffers were purchased from Life Technologies (Eggenstein, Germany) and
New England Biolabs (Schwalbach, Germany). DNA sequencing was performed
by using the Silver Sequencing kit of Promega (Heidelberg, Germany) in accor-
dance with the manufacturer’s instructions. Chloroquine was purchased from
Sigma.

Chemicals and media. All chemicals, unless otherwise stated, as well as stan-
dard broth no. I (NI agar and NI broth), were purchased from Merck (Darm-
stadt, Germany).

Mueller-Hinton broth was obtained from Difco (Detroit, Mich.). Luria-Ber-
tani (LB) broth and agar were prepared by standard protocols as previously
described (41).

Susceptibility testing. MICs were determined by a broth microdilution method
in accordance with the guidelines of the National Committee for Clinical Lab-
oratory Standards (47) by using unsupplemented Mueller-Hinton broth. The
drug susceptibilities of the plasmid-bearing strains used for detection of domi-
nance were determined as single-cell MICs (24). Briefly, overnight cultures of a
quinolone-resistant strain and the respective transconjugant grown in the pres-
ence of amikacin to maintain selective pressure against plasmid loss were serially
diluted 10-fold. Three different inoculum sizes (1027, 1026, and 1025) were
spotted onto NI agar plates containing twofold serial dilutions of CIP to yield
single CFU. By definition, the single-cell MIC was determined after 18 h of
incubation as that concentration leading to a .10-fold reduction in the viable cell
count compared with that of a drug-free control.

DNA isolation and transfer techniques. Small amounts of plasmid DNA were
prepared from transconjugant E. coli strains by alkaline lysis in accordance with
a standard protocol (41). Large-scale preparation of plasmid DNA was per-
formed either with the plasmid midi-kit (Quiagen) in accordance with the man-
ufacturer’s guidelines or by cesium chloride buoyant density gradient centrifu-
gation of cleared lysates (41).

Transformation of plasmid DNA was performed in accordance with standard
protocols (41). Plasmids pBP507, pBP517, and pBP567, used for dominance
tests, as well as pBP523 and pBP524, used for investigation of the degree of
supercoiling, were transferred to the recipients by mobilization essentially as

described previously (24), except for the use of E. coli K-12 strain S-17-1 (56)
instead of C600SN(RP1H) as the donor.

DNA isolation for PCR. Chromosomal DNA for the amplification of the
promoter regions of gyrA and topA was isolated by resuspending three colonies
in 100 ml of distilled water and incubating them for 15 min at 99°C. After brief
centrifugation, 5 ml of the supernatant was used as the template for the subse-
quent PCR. Plasmid pBR322 was used as the source for the b-lactamase TEM-1
gene bla.

PCR and DNA sequencing. Amplification of pgyrA and ptopA was performed
with primers SB1 and SB2 and primers TOPB1 and TOPB2, respectively. Am-
plification of bla was performed with primers SB3 and SB4 for pBP523 and with
TOPB3 and TOPB4 for pBP524. SB1 and TOPB1 contained restriction sites for
EcoRI, whereas SB4 and TOPB4 contained restriction sites for XbaI. The prim-
ers used were SB1 (59-GATTCAGGAACGAATT-39), SB2 (59-ACGGAAATG
TTGAATACTCATCTAACCGCTAT-39), SB3 (59-GAGGGATAGCGGTTAG
ATGAGTATTCAACATTTC-39), SB4 (59-TAACTCTAGATCTGACGCTCA
GTGGA-39), TOPB1 (59-GGCGAGCTCGAATTCGCGGTCGATGGGTTGT
GT-39), TOPB2 (59-GAAATGTTGAATACTCATATTCACCTTACCTAATTT-
39), TOPB3 (59-TTAGGTAAGGTGAATATGAGTATTCAACATTT-39), and
TOPB4 (59-GCAGGTCGACTCTAGATCCTTTGATCTTT-39). DNA fragments
pgyrA, ptopA, and bla were amplified by using the following temperature profile:
initial denaturation at 95°C for 5 min; 25 cycles of 40°C for 30 s, 72°C for x s, and
95°C for 30 s; and one final cycle of 40°C for 30 s and 72°C for 5 min (x 5 30 for
pgyrA, 60 for ptopA, and 90 for bla). The fragments were fused to a bla-containing
DNA fragment by SOEing (splicing genes together by overlap extension) as
previously described (43). The conditions for the fusion reactions were as fol-
lows: initial denaturation at 95°C for 5 min; 12 cycles of 72°C for 120 s and 95°C
for 30 s; 20 cycles of 40°C for 30 s, 72°C for 90 s, and 95°C for 30 s; and one final
cycle of 40°C for 30 s and 72°C for 5 min. This brought the bla gene under the
control of the pgyrA (pBP523) and ptopA (pBP524) promoters, respectively.

For DNA cycle sequencing with the Silver Sequencing and Staining kit (Pro-
mega), 100 fmol of a PCR fragment was used in accordance with the manufac-
turer’s instructions.

Allelic exchange of chromosomal genes. To introduce point mutations associ-
ated with quinolone resistance into the chromosomal gyrA and parC genes, the
allelic exchange technique (19) was applied with the following modifications.
Briefly, PCR fragments carrying the respective mutant allele flanked by suitable
restriction sites were cloned into the polylinker region of plasmid pMAK705:
gyrA genes were isolated as BamHI/XbaI fragments from plasmid pBP7614 (22)
and inserted into the BamHI/XbaI sites of plasmid pMAK705. The parC gene of
E. coli MIII was isolated from plasmid pBP567-4 (20) as an NsiI/SacI fragment
and inserted into the compatible PstI/SacI sites of pMAK705. The presence of
the respective mutant allele in recombinant plasmids was confirmed by DNA
sequencing of the quinolone resistance-determining region (QRDR). For allelic
exchange, the respective plasmid was introduced into the strain to be mu-
tagenized by electroporation using a Gene Pulser (BioRad, Munich, Germany)
by following the manufacturer’s instructions. About 30 colonies of recombinant
cells growing at 30°C on LB agar containing chloramphenicol (30 mg/ml for
JM83, WT, and MI or 60 mg/ml for MII) were used to inoculate 100 ml of LB
broth.

Gel electrophoretic separation of topoisomers. DNA of plasmid pBR322 was
transferred to strain WT and different mutants by the CaCl2 transformation
method, and the supercoiled topoisomers were isolated by cesium chloride buoy-
ant density gradient centrifugation (41). The purified plasmid DNA was sepa-
rated on 1.8% agarose gels in 13 TAE buffer (40 mM Tris-HCl [pH 8.3], 25 mM
sodium acetate, 1 mM EDTA). Gels containing different concentrations of chlo-

TABLE 1. Plasmids used in this study

Plasmid Relevant markersa Function(s)b Source or reference

pBP507 Mob1 Amir Vector control 22
pBP517 Mob1 Amir gyrAs gyrA1 dominance test 22
pBP567 Mob1 Amir parCs parC1 dominance test 20
pMAK705 Clmr Repts Cloning 19
pMAK705gyrA3 Clmr Repts gyrA(S83L, D87G) Mutagenesis This study
pMAK705gyrA3.1 Clmr Repts gyrA(S83L) Mutagenesis This study
pMAK705gyrA3.2 Clmr Repts gyrA(D87G) Mutagenesis This study
pMAK705parC4 Clmr Repts parC(S80I) Mutagenesis This study
pBR322 Ampr Tetr Template for bla gene cloning, topoisomer distribution 5
pBR328 Ampr Tetr Control for Qsc determination Boehringer
pBP523 Mob1 Amir Ampr pgyrA-bla Qsc determination This study
pBP524 Mob1 Amir Ampr ptopA-bla Qsc determination This study

a Relevant markers include determinants mediating resistance to amikacin (Amir), ampicillin (Ampr), chloramphenicol (Clmr), and tetracycline (Tetr); sequences
required for mobilization transfer (Mob1) and thermosensitive replication (Repts); quinolone resistance mutations in genes gyrA and parC leading to amino acid
exchanges of serine-83 to leucine and aspartate-87 to glycine (gyrAS83L and gyrD87G), as well as serine-80 to isoleucine (parCS80I), respectively; and reporter gene fusions
of the bla gene coding for TEM-1 b-lactamase to promoters pgyrA and ptopA.

b Qsc, measure of the relative degree of supercoiling (for a definition, see the text).
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roquine (2, 5, and 10 mg/ml in 1% acetic acid) were run for 16 h at 2.5 V/cm.
Three washing steps of 30 min each were performed in 10 mM MgSO4, in 13
TAE buffer, and in distilled water. Gels were stained with SYBR Green (Biozym,
Hessisch Oldendorf, Germany) diluted 10,000-fold in TAE buffer for 15 min.

Determination of doubling time. For determining the doubling time, freshly
grown cells were diluted 1:1,000 in prewarmed LB broth and incubated at 37°C
under agitation (250 rpm). Every 15 min, samples were taken for determining the
viable cell count. Doubling times during log phase were determined from the
linear part of a semilogarithmic plot of the number of CFU per milliliter against
time.

Determination of b-lactamase specific activity. Cells were grown to mid-log
phase (optical density at 546 nm, 0.5). Twenty milliliters was harvested by cen-
trifugation (8,000 3 g), washed in 5 ml of ice-cold phosphate buffer (0.1 M, pH
7.0), and resuspended in 1 ml of phosphate buffer. Cells were lysed by two 10-s
ultrasonification steps (Branson Sonifier B-12) with a 1-min cooling interval.
After centrifugation (8,000 3 g, 4°C), the supernatant was used for determina-
tion of b-lactamase specific activity using nitrocefin as a chromogenic substrate
(48). Protein content was measured by the method of Lowry et al. (37).

RESULTS
Isolation and genotypic characterization of topoisomerase

mutants. A series of isogenic derivatives of isolate WT carrying
various combinations of mutations in genes gyrA and parC
were obtained either by introducing a point mutation via the
allelic-exchange technique or by a one-step selection proce-
dure. The resulting strains are included in Table 2. Since the
genetic background of the source strain, WT, which is a ran-
domly chosen quinolone-susceptible isolate, is not defined, E.
coli K-12 strain JM83 was used as a control for some first- and
second-step mutants (Table 2).

Quinolone resistance phenotype of mutants. Independently
of the genetic background in WT, MII, or JM83, a single gyrA
S83L mutation (MI, MII, or JM83-3.1, respectively) conferred
a higher level of quinolone resistance (by one serial dilution
step) than a single gyrA D87G mutation (WT-3.2, MII-3.2, or
JM83-3.2). Introducing a gyrA double mutation (S83L and
D87G) into WT and JM83 (yielding WT-3 and JM83-3, re-

spectively) resulted in an increase in the CIP MIC of one serial
dilution step and an increase of two dilution steps for MII-3
(MII genetic background) compared to S83L (MI, JM83-3.1;
Table 2). In contrast, a single parC mutation (S80I) in strain
WT did not affect the quinolone susceptibilities of the resulting
derivative, WT-4, while it significantly affected those of the
gyrA double mutant WT-3 (WT-3-4M4), as did the parC mu-
tation E84K (WT-3-4M21) (Table 2). Again, the combination
of three mutations (gyrA S83L, D87G, and parC S80I) was
associated with higher quinolone MICs (by one serial dilution
step) in the background of MII (MIII) compared to WT-3-
4M4. MIII resembles clinical isolate 205096 by carrying a sim-
ilar combination of topoisomerase mutations and showing an
identical MIC of CIP (64 mg/ml).

Reductions in the MICs of CIP and nalidixic acid after
transfer into the different mutants of plasmid-coded alleles of
gyrA1 (pBP517) or parC1 (pBP567), respectively, indicated
that both types of mutations contribute to the expression of
quinolone resistance (data not shown).

Doubling times of topoisomerase mutants. E. coli K-12
JM83-3.1, carrying the single S83L mutation in gyrA, as well as
JM83-3.2 (D87G), showed a doubling time increase of 33%.
The doubling times of respective mutants MI and WT3.2 de-
rived from strain WT were less affected by a single mutation in
gyrA (4 to 8%). For all of the mutants investigated which carry
the double mutation in gyrA—including consecutive mutant
MIII—the doubling time is increased by at least 40%. In con-
trast, the doubling time of clinical isolate 205096, with muta-
tions in gyrA and parC identical to those in mutant MIII, is
even slightly reduced compared with that of strain WT (21
versus 25 min; Table 2).

Relative degrees of DNA supercoiling. Supercoiling alter-
ations were investigated by isolating plasmid pBR322 from the
different strains and separating topoisomers on chloroquine-

TABLE 2. Results of genetic and phenotypic characterization of quinolone-resistant mutants

E. coli strain
Mutation(s) in QRDR of: MIC (mg/ml)b

Doubling
time (min)

Change in
doubling

time (%)c
Qsc DQscd (%) se

gyrA parC CIP CLM

K-12 JM83 —g — 0.015 16 24 0 1.57 0 0.05
JM83/3.1 S83L — 1 16 32 33 1.23 22 0
JM83/3.2 D87G — 0.5 16 32 33 0.92 41 0.05
JM83/3 S83L, D87G — 2 16 49 104 1.29 18 0.01

WT — — 0.015 4 25 0 1.60 0 0.05
MI S83L — 0.5 4 26 4 1.37 14 0.02
MIIa S83L — 4 8 27 8 1.38 13 0.05
WT-3.2 D87G — 0.25 8 27 8 1.17 27 0.12
WT-4 — S80I 0.03 NDh ND ND 1.56 2 0.07
WT-3 S83L, D87G — 1 8 36 44 1.49 6 0.06
MI-4 S83L S80I 2 ND ND ND 1.33 17 0.05
MII-3.2a D87G — 2 16 29 16 1.13 29 0.03
MII-3a S83L, D87G — 8–16 16 75 200 0.50 32 0.02
WT-3-4M4 S83L, D87G S80I 32 ND ND ND 1.56 3 0.03
WT-3-4M21 S83L, D87G E84K 32 ND ND ND 1.62 22 0.00
MIIIa S83L, D87G S80I 64 32 35 40 1.00 36 0.06
MIVba S83L, D87G S80I 256 64 127 408 0.36 77 0.06
R17 S83L, D87G S80I 256 32 37 48 0.44 72 0.05
205096f S83L, D87G E84K 64 32 21 216 1.47 6 0.06

a MII and its derivatives carry a mutation reducing CIP accumulation (23).
b Susceptibilities were determined as MICs of CIP and chloramphenicol (CLM) by broth microdilution assay.
c The change in the doubling time of a mutant compared to that of its parent (strain WT or JM83) is given.
d Differences in Qsc values were calculated in comparison to the respective isogenic parent (DQsc 5 0).
e s, standard deviation.
f The data determined for isolate 205096 are calculated in relation to those for strain WT (100%).
g —, no mutation detected.
h ND, not determined.
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containing agarose gels. Depending on the concentration of
the intercalating dye, the agarose concentration, and the plas-
mid used, the electrophoretic mobilities of the different topo-
isomers vary. The relative position of the topoisomer with the
average linking number gives an estimate of the mean degree
of supercoiling of the DNA. The results are shown in Fig. 1. At
the chloroquine concentration used in the assays (5 mg/ml),
more relaxed topoisomers migrated as positive supercoils while
negatively supercoiled forms migrated as negative supercoils.
In accordance, compared to the mobility of the mean topoiso-
mer band(s) of reference strain JTT1, that of strain RS2 (in-
creased negative supercoiling) is higher while that of strain
KD112 (reduced negative supercoiling) is lower, irrespective of
the chloroquine concentration used (2 to 10 mg/ml; Fig. 1,
lanes 6 to 8, and data not shown). Comparably, in the presence
of 5-mg/ml chloroquine, strains WT and MI show similar to-
poisomer distribution patterns, while those of mutants WT-3.2,
MIII, and MIVb are shifted to lower mobilities (Fig. 1). The
slight difference between WT and MIVb observed at a chlo-
roquine concentration of 5 mg/ml is increased in the presence
of chloroquine at 2 and 10 mg/ml (data not shown).

As an alternative approach, the expression of the reporter
gene bla coding for TEM-1 b-lactamase was transcriptionally
fused to the pgyrA and ptopA promoters, and cloned into plas-
mid pBP507 to yield plasmids pBP523 (pgyrA-bla) and pBP524
(ptopA-bla), respectively. These plasmids were introduced sep-
arately into bacterial strains by transformation for determining
the expression of b-lactamase. The quotient Qsc was calcu-
lated by dividing the b-lactamase specific activity of cells car-
rying plasmid pBP524 by that of cells carrying plasmid pBP523.

Qsc was determined in at least three separate experiments for
each strain and was taken as a measure of the relative degree
of DNA supercoiling.

To verify that the reporter gene assay responds to alterations
in the relative degree of supercoiling, b-lactamase specific ac-
tivities of cells containing either reporter plasmid in compari-
son to that of cell carrying pBR328 containing the native
TEM-1 promoter were determined in the presence of increas-
ing concentrations of novobiocin. Novobiocin, a competitive
inhibitor of ATP binding to gyrase subunit B, is known to relax
supercoiled DNA. Table 3 summarizes the results. Irrespective
of the novobiocin concentration used (0 to 75 mg/ml), the
expression of b-lactamase from plasmid pBP523 was always
higher and that of plasmid pBP524 was always lower than the
intermediate expression level from plasmid pBR328. As shown,
decreasing Qsc values reflected the relaxation of DNA by no-
vobiocin.

Furthermore, the functionality of the reporter gene assay
was verified by determining the Qscs of reference strain E. coli
K-12 JTT1, showing a normal relative degree of supercoiling,
and its derivatives RS2 (increased negative supercoiling due to
a topA deletion) and KD112 (reduced negative supercoiling
due to the gyrB226 mutation) (58). The different Qscs reflected
the increased degree of supercoiling of RS2, as well as the
reduced degree of supercoiling of KD112 (Table 3).

The results of the Qsc determination for the various mutants
are summarized in Table 2. The introduction of the mutation
S83L into gyrA of strain WT had no detectable impact on the
distribution of DNA topoisomers (Fig. 1) and caused a slight
(14%) decrease in Qsc. For JM83-3.1, the Qsc value decreased
by 22% compared to that of its parent, JM83. Introduction of
the mutation D87G into gyrA resulted in greater alterations of
the Qsc values compared to that of the respective parent strain
(41% for JM83-3.2 and 27% for WT-3.2). However, mutant
MII carrying the S83L gyrA mutation in a mar background
shows nearly the same Qsc value as the immediate parent MI,
while the Qsc of mutant MII-3.2 (D87G mutation in the mar
background) is decreased by 18% in relation to mutant MII
(Table 2).

Compared to strains carrying a single S83L mutation in gyrA
(MI, MII, and MI-4), the gyrA double mutation (S83L and
D87G) in mutant WT-3 yielded a similar decrease in the Qsc
value (6% versus 14, 13, and 17%). A remarkable decrease in
the Qsc of 32% compared to that of WT was detected for
mutant MII-3 carrying the gyrA double mutation in the mar
background (Table 2). Similarly, decreases in Qsc values of 36

FIG. 1. Electrophoretic separation of plasmid pBR322. Supercoiled DNA of
plasmid pBR322 was isolated from different E. coli strains as described in Ma-
terials and Methods. Topoisomers were separated in a 1.8% agarose gel con-
taining chloroquine at 5 mg/ml in TAE buffer. Samples were run at 2.5 V/cm for
16 h. Under these conditions relaxed control DNA of pBR322 (rel), which was
obtained by treatment of supercoiled DNA with calf thymus topoisomerase I
(Gibco-BRL) in accordance with the manufacturer’s recommendations, runs as
positively supercoiled (1ve) while negatively supercoiled topoisomers still run as
negatively supercoiled (2ve). OC, open circular DNA.

TABLE 3. b-Lactamase specific activities and Qscs of novobiocin-treated strain WT, reference strain JTT1, and its topoisomerase mutants

Strain Reference Dsc (%)a Novobiocin
concn (mg/ml)b

b-Lactamase sp act (U/mg)c for strain
carrying plasmid: Qsc DQsc (%)d

pBR328 pBP523 pBP524

WT 23 10.8 7.5 12.1 1.61 0
WT 25 15.1 13.6 13.8 1.01 237
WT 50 21.3 26.1 19.6 0.75 253
WT 75 24.6 29.4 13.2 0.45 272
JTT1 58 0 NDe 4.1 7.7 1.87 0
KD112 57 217 ND 5.8 8.3 1.44 223
RS 2 58 18 ND 1.2 6.8 5.54 1296

a The differences in the degree of supercoiling (D sc) relative to that of the wild-type parent (JTT1; Dsc 5 0) are from reference 58. A negative value indicates a
reduction in the degree of negative supercoiling, and a positive value indicates an increase.

b Cells were grown in the presence of subinhibitory concentrations of novobiocin as indicated.
c The bla gene was transcriptionally fused to promoter pbla (plasmid pBR328), pgyrA (plasmid pBP523), or ptopA (plasmid pBP524).
d Differences in Qsc values (DQsc) were calculated in comparison to the respective isogenic parent (DQsc 5 0).
e ND, not determined.
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to 77% were detected in gyrA double mutants MIII, MIVb, and
R17 selected in vitro.

The S80I mutation of parC had no influence on the degree
of supercoiling, whether introduced alone (WT-4) or in com-
bination with S83L (MI-4). In agreement with this finding, the
Qscs of mutants WT-3-4M4 and WT-3-4M21, which carry the
S80I and E84K mutations in parC, respectively, show Qsc val-
ues comparable to that of parent strain WT-3.

DISCUSSION

According to the currently accepted alternating-target
model, high-level fluoroquinolone resistance in E. coli devel-
ops by stepwise acquisition of target mutations (20, 33, 35).
This idea is supported by data showing that the two isolated
target enzymes, DNA gyrase and topoisomerase IV, are dif-
ferently sensitive to quinolones (28). However, clinical isolates
which carry single mutations in gyrA and parC, like E. coli
3204917 (20), and which are intermediately resistant to CIP are
found with a very low prevalence (15). This raises the question
of whether the development of high-level fluoroquinolone re-
sistance, besides known resistance mutations, requires the ac-
quisition of additional stabilizing mutations that do not neces-
sarily confer a higher level of resistance. Since the genetic
background of clinical isolates is generally poorly defined, in
the present study, mutants carrying defined quinolone resis-
tance mutations in the identical genetic background of quin-
olone-susceptible isolate WT were generated. These mutants
were investigated for their levels of quinolone resistance, their
relative degrees of DNA supercoiling, and their growth rates in
order to obtain a set of comparable data.

Mutants MI, MII, and MIII, which had been preferentially
selected in vitro, show a higher level of quinolone resistance
than in vitro-generated mutants belonging to the same fictive
selection step. Nevertheless, the latter mutants are viable even
in the absence of a stabilizing mutation(s) but have reduced
quinolone susceptibilities and, in most cases, bear other disad-
vantages, like an increased doubling time, a decreased degree
of supercoiling, or both. Thus, during the selection of quinolone-
resistant mutants in vitro, the level of quinolone resistance
conferred by a respective mutation seems to be the major
factor determining the sequence of mutations. Besides these
general findings, a certain mutation with an observed pheno-
type is not generally obvious. (i) Mutant MI not only shows a
higher MIC of CIP than WT-4 and WT-3.2 but also is slightly
less affected in its growth rate than WT-3.2, which carries a
D87G mutation frequently found secondary to an S83L gyrA
mutation (Table 2) (15, 20, 35, 36, 61). Thus, the data pre-
sented here provide a plausible explanation for the high prev-
alence of the gyrA S83L mutation in clinical isolates. The find-
ing that a parC mutation alone does not alter the quinolone
susceptibility of a gyrA1 strain (WT-4; Table 2) supports the
view that gyrase is the primary target of CIP in E. coli.

(ii) Mutant MII carries a mar mutation, reducing drug ac-
cumulation (30), in addition to the gyrA S83L mutation. All
other in vitro mutants carrying two mutations (WT-3, MII-3.2,
and MI-4) are less resistant and more affected in growth rate,
supercoiling, or both (Table 2). The finding that the increase in
the MIC of CIP for gyrA double mutant WT-3 is only one serial
dilution step compared to gyrA single mutant MI and, thus, is
less than that for MI-4 (gyrA S83L, parC S80I) provides direct
evidence that a gyrA double mutation is not sufficient to confer
high-level fluoroquinolone resistance. However, in practice, a
mar mutation and not, as postulated, a parC mutation has been
identified secondary to a gyrA mutation in the course of in vitro
selection.

(iii) In the third selection step, mutant MIII was obtained,
which is the first high-level fluoroquinolone-resistant mutant in
this series of consecutive mutants selected in vitro. Curiously,
this mutant had acquired two mutations (gyrA D87G and parC
S80I) in a single selection step (20, 23). Moreover, despite the
simultaneous acquisition of an increased doubling time and a
reduced relative degree of supercoiling, this statistically un-
likely event has been reproducibly confirmed by two indepen-
dent in vitro selection experiments using unrelated susceptible
isolates as parents (2). Using mutant WT-3 instead of MII,
high-level fluoroquinolone-resistant mutants can be obtained
easily with a natural mutation frequency of about 2 3 1028.
Two resulting mutants from a single experiment, WT-3-4M4
and WT-3-4M21, have acquired one additional parC mutation
(S80I and E84K, respectively) and show a degree of global
supercoiling comparable to that of their immediate parent,
WT-3, and nearly identical to that of the progenitor strain, WT
(Table 2). Mutant MII-3, which is a possible candidate for an
intermediate mutant in the selection from MII to MIII, shows
slightly increased MICs of CIP in comparison with MII. How-
ever, the CIP MIC remains below that for MIII. Additionally,
the increased growth rate of MII-3 and its reduced relative
degree of supercoiling indicate reduced viability.

Taken together, the data provide direct evidence that three
target mutations—two in gyrA and one in parC—are the min-
imal requirements for high-level fluoroquinolone resistance in
E. coli, i.e., a MIC of CIP of .8 mg/ml. This is in agreement
with the current view that both targets, DNA gyrase and to-
poisomerase IV, are involved in the expression of fluoroquin-
olone resistance. However, considering the sequence of events
following an initial gyrA S83L mutation, results obtained from
laboratory mutants are different from observations made with
clinical isolates. While a mar mutation seems to be an impor-
tant early step in vitro (8, 23, 27, 52), the prevalence of this
mutation is less than 15% among fluoroquinolone-resistant
clinical isolates of E. coli, as a recent study revealed (40). Thus,
mar mutations do not seem to be the predominant mutations
affecting quinolone accumulation in clinical isolates (15, 40).
Nevertheless, reduced quinolone accumulation has been de-
tected in several resistant clinical isolates (15, 21, 49), but the
genetic basis remains obscure.

Since the primary target, DNA gyrase, is an essential enzyme
involved in the regulation of global DNA supercoiling, it is
tempting to speculate that the accumulation of mutations in
the QRDR, a region highly conserved even among distantly
related species, affects not only the intrinsic activities of quin-
olones but also the enzymatic activity of gyrase.

The intracellular level of DNA supercoiling is maintained by
the opposing enzymatic activities of DNA gyrase (negative
supercoiling) and topoisomerase I (relaxing), and by homeo-
static control of the corresponding genes, gyrA/gyrB and topA,
respectively (17, 44).

A standard technique for determination of the relative de-
gree of supercoiling of cellular DNA is gel electrophoretic
separation of reporter plasmids on agarose gel containing an
intercalating dye like ethidium bromide or chloroquine. These
compounds alter the pitch of the DNA double helix and
thereby reduce the superhelical tension of a covalently closed
circular DNA double strand. For the discrimination of positive
and negative supercoiling, two-dimensional separation of to-
poisomers can be used (for a summary, see reference 14).

As an alternative approach, supercoiling-affected promoters
instead of supercoiling-dependent structural alterations have
successfully been used to determine supercoiling-dependent
gene expression. The results were consistent for supercoiling-
regulated promoters pgyrA, pproU, and plac, irrespective of
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their location on the bacterial chromosome, and indicated a
homogeneous level of DNA supercoiling of the different chro-
mosomal supercoiling domains (45, 51).

We have developed a similar system for determination of the
supercoiling-dependent expression of the bla gene coding for
TEM-1 b-lactamase in E. coli wild-type strains and their fluo-
roquinolone-resistant derivatives by using promoters pgyrA
and ptopA, respectively. These promoters respond reciprocally
to alterations of the degree of supercoiling: pgyrA activity is
increased over that of ptopA at a low degree of negative su-
percoiling, while ptopA activity is increased over that of pgyrA
at a high degree of supercoiling (44). At the transcriptional
level, this contributes to homeostatic control, i.e., the mainte-
nance of a constant degree of chromosomal DNA supercoiling.
In the present study, to sense alterations of the level of super-
coiling, two broad-host-range plasmids have been developed
which carry the TEM-1 b-lactamase gene bla as a reporter
gene transcriptionally fused to promoters ptopA and pgyrA,
respectively. Thus, alterations of the level of global supercoil-
ing affect b-lactamase expression differently with the different
promoters and can be expressed as the Qsc quotients of the
respective b-lactamase activities (Tables 2 and 3).

The functionality of this method for the determination of the
relative degree of supercoiling is demonstrated in several ways.
(i) Compared to the parent strain, E. coli K-12 JTT1, topA
mutant RS2, known to have a greater degree of negative su-
percoiling, yields higher Qsc values, while gyrB mutant KD112
yields a lesser degree of negative supercoiling (Table 3). (ii)
Selective inhibition of gyrase by quinolones or coumarins,
which results in the relaxation of DNA (53), yields Qsc values
significantly lower than that of the untreated control (Table 3
and data not shown) (18, 42, 54). (iii) Repeated determinations
with different strains yielded reproducible results with standard
deviations of ,10% (Table 2). (iv) Parent strain WT and some
selected mutants showed qualitatively comparable results in
assays of both Qsc and topoisomer distribution, indicating a
reduction in the relative degree of negative supercoiling. How-
ever, no quantitative correlations between the two methods
were detectable.

This was not unexpected, since there is not necessarily a
linear correlation between alteration of the activity of a pro-
moter and the distribution of topoisomers. In addition, the
impact of an alteration of the degree of supercoiling on various
promoters is different. Nevertheless, the data presented in this
study provide evidence of the applicability of an approach
using reporter plasmids to qualitatively sense alterations in the
degree of supercoiling. This view is supported by data pre-
sented by others (45, 51).

In contrast to earlier studies showing that gyrB mutations
which confer resistance to coumarin lead to different levels of
reduction in gyrase activity while gyrA mutations conferring
quinolone resistance usually do not affect enzyme activity (1),
in the present study, different gyrA mutations showed graded
effects on DNA supercoiling. This might be due to a higher
sensitivity of the enzymatic reporter gene assay used. A single
gyrA mutation S83L (in mutants JM83-3.1 and MI), alone or in
combination with a second mutation (WT-3, MI-4, or MII),
results in a less dramatic reduction in the degree of DNA
supercoiling than the gyrA mutation D87G, either alone (WT-
3.2 or JM83-3.2) or in combination with a mar mutation (MII-
3.2): the Qsc values are reduced by up to 30% (Table 2). This
is indicative of topologically underwound DNA in these mu-
tants (Fig. 1). Whereas the D87G mutation had the strongest
influence on global supercoiling, its impact on quinolone re-
sistance was lower than that of the S83L mutation (Table 2).
These findings may provide a reasonable explanation for the

high prevalence in clinical isolates of mutation S83L as the first
gyrA mutation instead of D87G.

As the transcription of many genes is known to be depen-
dent on the degree of supercoiling, bacteria with alterations in
DNA superhelicity show different patterns of protein expres-
sion, even if the alterations are small (57). The increases in the
doubling times of some mutants may be due to changes in
DNA supercoiling. In vitro mutants MIII to MIVb and R17,
showing high-level resistance to fluoroquinolones, reveal con-
siderable decreases in Qsc (36 to 77%; Table 2). In addition,
the doubling time is increased at least by 40%. In contrast,
mutants WT-3.2 and MII-3.2, obtained by in vitro mutagenesis,
have Qsc reductions between 27 and 29%, while the doubling
times are only slightly increased (8 to 16%). Moreover, mutant
WT-3, with an increase in doubling time of 44%, reveals only
a minimal reduction in the degree of supercoiling of 6%. These
data indicate that for a given mutant, alterations in doubling
time and Qsc are not necessarily interrelated. A reasonable
explanation could be that the process of gene transcription,
like other gyrase-involving reactions, e.g., recombination,
might be more sensitive to local changes in the degree of
supercoiling than to global alterations (12).

The finding that changes in the degree of supercoiling occur
in vitro during the development of quinolone resistance makes
it tempting to speculate that they even play a role in vivo. The
alterations in the degree of supercoiling, globally as well as
locally, may occur transiently and may be compensated for by
additional mutations that restore the viability of the cell. Mu-
tations which restore the degree of supercoiling to a level like
that of the wild type have been detected in genes coding for
type I and II topoisomerases (1, 10, 11, 50), as well as in genes
coding for histone-like DNA-binding protein H-NS or HU (13,
29). HU is thought to play a physiological role in chromosomal
DNA topology, probably by facilitating the action of gyrase
(39). Mutations in genes coding for proteins that are involved
in the process of transcription, like integration host factor
(IHF), could compensate for mutations in gyrA that affect local
disturbance during gene expression. Due to the involvement of
IHF in affecting the activity of a large number of operons in E.
coli, mutations in IHF could render transcriptional regulation
to levels like that of the wild type (16). Under in vivo condi-
tions, i.e., at the site of an infection, variations in the global
gene expression pattern might also cause alterations in the
response to environmental stimuli and, thus, affect the type of
mutant preferentially selected. As a consequence, mutations
selected in vitro would differ from those selected in vivo, as has
been observed in the present study.

Further analysis of the in vitro-selected mutants, as well as
clinical isolates, is necessary to elucidate the interrelationship
among quinolone resistance, DNA supercoiling, and compen-
satory mutations.
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