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A spontaneous Escherichia coli mutant, named Q3, resistant to nalidixic acid was obtained from a previously
described clinical isolate of E. coli, Q2, resistant to fluoroquinolones but susceptible to nalidixic acid (E.
Cambau, F. Bordon, E. Collatz, and L. Gutmann, Antimicrob. Agents Chemother. 37:1247–1252, 1993). Q3
harbored the mutation Asp82Gly in addition to the Gly81Asp mutation of Q2. The different mutations leading
to Gly81Asp, Asp82Gly, and Gly81AspAsp82Gly were introduced into the gyrA gene harbored on plasmid
pJSW102, and the resulting plasmids were introduced into E. coli KNK453 (gyrAts) by transformation. The
presence of Asp82Gly or Gly81Asp alone led to a low-level resistance to fluoroquinolones but not to nalidixic
acid resistance. When both mutations were present, resistance to both nalidixic acid and fluoroquinolones was
expressed. Purified gyrases of the different mutants showed similar rates of supercoiling. Dominance of the
various gyrA mutant alleles harbored on plasmids was examined. The susceptibility to quinolones associated
with wild-type gyrA was always dominant. The susceptibility to nalidixic acid expressed by the Gly81Asp mutant
was dominant, while that expressed by the Asp82Gly mutant was recessive. From these results, we hypothesize
that some amino acids within the quinolone resistance-determining region of gyrase A are more important for
the association of subunits rather than for the activity of the holoenzyme.

The quinolones are a clinically useful group of antibacterial
agents (7, 31) for which the molecular target in Escherichia coli
is thought to be DNA gyrase, the bacterial enzyme which
supercoils DNA using the energy of ATP hydrolysis (11, 18,
24). DNA gyrase from E. coli consists of two subunits, A and B,
with molecular masses of 97 and 90 kDa, respectively. The
active enzyme is the A2B2 tetramer. The mechanisms of bac-
terial resistance to quinolones in gram-negative bacteria in-
clude chromosomal mutations that either alter DNA gyrase
and topoisomerase IV, increase efflux of quinolones, or reduce
levels of quinolone accumulation in the cells (8, 10, 17, 20,
35–39). Mutations in the gyrA gene of E. coli involved in resis-
tance are clustered in a region between nucleotides 199
(Ala67) and 318 (Gln106), designated the quinolone resis-
tance-determining region (QRDR) (9, 16), and most of the
quinolone-resistant clinical isolates of E. coli have a substitu-
tion at Ser83 (9, 13, 16, 29, 38). The resistance patterns asso-
ciated with gyrA mutations are generally characterized by
higher MICs of nalidixic acid (8- to 400-fold increase in the
MICs) than those observed for the newer fluoroquinolones
(17, 35, 36).
We previously described a clinical isolate, E. coli Q2, which

expressed high-level resistance to fluoroquinolones but re-
mained susceptible to nalidixic acid (6, 27). Two mechanisms
were involved in this peculiar pattern of resistance: one was an
altered gyrase due to a transition from G to A at position 242
of the gyrA gene, leading to a Gly81Asp substitution in the
gyrase A subunit, while the other was an impaired accumula-
tion. Experiments designed to obtain further insight into the

altered function of mutant gyrases led us to study a nalidixic
acid-resistant derivative of Q2.
The results of this study were presented, in part, previously

(34).

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in the
present study are listed in the Table 1. All E. coli strains were grown in brain
heart infusion (BHI) broth or agar. A spontaneous nalidixic acid-resistant mu-
tant of Q2, called Q3, was selected in vitro by plating E. coli Q2 on BHI agar
containing nalidixic acid in increasing concentrations. Plasmid DNA was pre-
pared by the alkaline lysis method of Birnboim and Doly (4).
Antibiotics and MICs. Nalidixic acid was provided by Sterling-Winthrop, Cli-

chy, France, and ciprofloxacin was provided by Bayer Pharma, Sens, France. The
MICs of the quinolones were determined on BHI agar plates by using a Steers
replicator device that delivered ca. 104 bacteria per spot. MICs were read after
18 h of incubation at 378C.
PCR amplification of chromosomal DNA from E. coliQ3 and DNA sequencing.

A 668-bp fragment including the QRDR of gyrA was amplified from the chro-
mosomal DNA of Q3 by PCR with oligonucleotide primers I (59-GAGGAAGA
GCTGAAGAGCTCCT-39) and II (59-CCGGTACGGTAAGCTTCTTCAA-39)
(Bioprobe System, Montreuil-sous-bois, France). Primer I corresponds to nucle-
otide positions 40 to 61, and primer II is complementary to positions 686 to 707
of the E. coli K-12 gyrA gene (6). PCR was carried out with Taq polymerase from
Boehringer, Mannheim, Germany, as recommended by the manufacturer. The
reaction mixture contained 2.5 U of Taq polymerase per 100 ml of reaction
mixture; 50 ng of DNA template; Tris-HCl (10 mM; pH 8); KCl (50 mM); MgCl2
(1.5 mM); gelatin (0.1%); 200 mM each dATP, dCTP, dGTP, and dTTP; and the
primers at approximately 0.5 mM each. The reaction mixture was incubated for
40 cycles in a programmable heat block (Techne Instruments, Ltd., OSI, Paris,
France) for 1 min at 938C, 1 min at the annealing temperature (558C), and 2 min
at 728C.
Amplified PCR fragments were digested with SacI and HindIII, whose restric-

tion sites are present in oligonucleotide primers I and II, respectively (underlined
sequence). They were ligated into M13mp19 (26) and introduced into E. coli
JM101 by transformation. DNA sequencing was carried out by the dideoxy chain
termination method of Sanger et al. (32), using the T7 sequencing kit (Pharmacia
Biotech, Orsay, France).
Construction of the chimeric plasmid and transformation. The multicopy

plasmid pJSW102 was derived from pJSW101 by plating on ceftazidime (33).
This plasmid carried the gyrA gene and conferred resistance to ceftazidime.
Construction of the chimeric plasmid containing the different mutations were
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carried out as described by Soussy et al. (33) with the PCR amplified fragments
digested with AccI-BamHI. Transformation was achieved by electroporation,
and transformants were selected on BHI agar containing ceftazidime at 4 mg/ml.
Site-directed mutagenesis.Mutagenesis was performed by the uracil template

method (21) (Altered Sites kit; Promega, Madison, Wis.). Single-stranded DNA
was prepared from the M13mp18 vector containing the 668-bp SacI-HindIII gyrA
fragment carrying the QRDR. E. coli CJ236 (dut ung) carrying the vector
M13mp18 with the insertion was used to produce single-stranded DNA contain-
ing uracil by the method of McClary et al. (25). In vitro DNA synthesis was
performed with uracil single-stranded DNA, and the 29-mer oligonucleotide
primer 59GGTAGACCGCCGAGCCACCATGGGGATGG 39 containing the
desired mutation at position 245 (underlined) to encode the Asp82Gly substitu-
tion. The DNA was introduced into E. coli JM101, mixed with soft agar, and
overlaid onto minimal agar plates. The single-stranded form of the recombinant
DNA, extracted from plaques of transfected JM101, were analyzed by DNA
sequencing to confirm the presence of the appropriate mutation.
The construction of the chimeric plasmid containing the Asp82Gly mutation

was carried out as described by Soussy et al. (33). The novel plasmid, in which the
AccI-BamHI gyrA fragment was replaced by that present in M13mp18, is derived
from pJSW102. The recombinant plasmid was named pJSW104 (Table 1).
Purification of DNA gyrase and supercoiling assays. The purification proce-

dure was carried out as previously described (2) with 2 liters of culture of E. coli,
with minor modifications. The 37 to 42% ammonium sulfate fraction was dia-
lyzed overnight against 1 liter of buffer (25 mM HEPES-KOH, 200 mM KCl, 1
mM EDTA, 1 mM dithiothreitol, 10% [vol/vol] ethylene glycol, pH 8). The
dialysate was applied to a column of novobiocin-sepharose equilibrated with the
same buffer. The holoenzyme was eluted with 20 mM ATP–25 mM acetate, pH
4, and the fractions were pooled and concentrated with polyethylene glycol
20000. Protein concentrations were measured according to the procedure of
Bradford (5), and sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis was carried out as described by Laemmli (22). DNA supercoiling assays
were carried out as previously described (2, 11) to detect the gyrase activity. The
standard reaction mixture for assaying the supercoiling activity of DNA gyrase
contained 35 mM Tris-HCl (pH 7.5), 20 mM KCl, 20 mM MgCl2, 1 mM EDTA,
2 mM spermidine, 1 mM ATP, 0.5 mM DTT, 30 mg of bovine serum albumin
(BSA) per ml, 10% ethylene glycol, 100 ng of relaxed pM2 phage DNA from

Gibco BRL (Life Technologies, European Division, Eragny, France) and 1 U of
gyrase in a 30-ml assay volume (1 U of enzyme was defined as the minimum
amount required to supercoil 100 ng of relaxed pM2 DNA in 30 min at 378C).
After 30 minutes at 378C, 30 ml of stop solution containing 2% SDS, 10 mM
EDTA, 0.1% bromophenol blue, 20% glycerol, and 0.4 mg of proteinase K per ml
was added. The reaction products were separated on a 0.8% agarose gel, stained
with 0.5 mg of ethidium bromide per ml, and photographed under UV light. The
minimal dose of quinolones able to inhibit gyrase (MED) was determined by
using electrophoretic assay, with various concentrations of quinolones and a
constant concentration of gyrase (2).
For the purification of the DNA gyrase with the Asp82Gly mutation, we used

E. coli KNK453 gyrA (Ts) (19) transformed with plasmid pJSW104 harboring the
desired mutation. Bacteria were grown at 428C, and the inhibition test was
performed at 428C to ensure the inactivation of the chromosome-encoded GyrA
subunit of the gyrase.
Ethidium bromide fluorescence measurements for the determination of ki-

netic constants of DNA gyrase. The ethidium fluorescence assay used here has
previously been described (1, 23, 28). The assay buffer contained 20 mM potas-
sium phosphate (pH 12), 0.5 mM EDTA, and 0.5 mg of ethidium bromide per ml
and was kept at room temperature in a light-proof container. A Hitachi fluo-
rimeter with an excitation filter at 525 nm and an emission filter at 600 nm was
used to measure the fluorescence. Before the samples were read, the fluorimeter
was zeroed with a blank of assay buffer and then standardized to 50 arbitrary
fluorescence units with the addition of 50 ml of pM2 supercoiled DNA (10 mg/ml)
to 2 ml of assay buffer. The supercoiling of relaxed pM2 DNA was followed by
the concomitant increase in ethidium fluorescence, for which an increase of 40%
corresponds to complete supercoiling. After incubation of the standard super-
coiling mixture as described above, 15 ml of the reaction mixture was removed
and added to 2 ml of assay buffer, and the fluorescence was measured. The
remaining 15 ml of reaction mixture was submitted to the standard electrophore-
sis assay.
To determine the rates of supercoiling of E. coli gyrases we followed the time

course of gyrase-catalyzed DNA supercoiling monitored by ethidium bromide
fluorescence, as described above, using various DNA concentrations. Initial rates
were determined from six individual time points taken in the early phase of the
reaction (less than 10 min).

RESULTS

In vitro selection of the double mutant E. coliQ3 from E. coli
Q2. By plating Q2, which harbors the Gly81Asp mutation, onto
32 mg of nalidixic acid per ml, we selected a nalidixic acid-
resistant mutant, Q3, at a frequency of ca. 10

28 to 1029. The
MICs of quinolones for E. coli Q1, Q2, Q3, and KF130 harbor-
ing the Ser83Leu mutation, which was used as a reference
resistant mutant, are shown in Table 2. The double mutant Q3
was highly resistant both to nalidixic acid (MIC 5 128 mg/ml)
and to ciprofloxacin (MIC 5 16 mg/ml).
Nucleotide sequence analysis. Nucleotide sequencing of the

668-bp fragment of the gyrA gene of Q3 revealed a second
transition (A3G) at nucleotide 245, leading to the replace-
ment of the aspartic acid at position 82 by a glycine in addition
to the Gly81Asp mutation already present in Q2. Asp82Gly has
not been described previously and resulted in the substitution
of the neutral amino acid Gly for the negatively charged Asp.
Role of the Asp82Gly mutation. In Q3, the Asp82Gly muta-

tion, associated with the Gly81Asp mutation, engendered re-
sistance to nalidixic acid. To study the phenotype conferred by
the sole mutation Asp82Gly, site-directed mutagenesis was
used to obtain a fragment of the gyrA gene containing the
transition A3G at nucleotide 245 and encoding a GyrA with
a Gly at position 82. The fragment was then used to construct
the chimeric plasmid pJSW104 (Table 1). Table 2 shows the
phenotypes obtained at the restrictive temperature (428C),
when KNK453 was transformed with a plasmid encoding the
wild-type GyrA subunit and chimeric plasmids encoding the
GyrA subunits harboring mutations Gly81Asp, Asp82Gly, or
both. When alone on plasmids pJSW103 or pJSW104, either
mutation conferred the same phenotype, NalS, with a low level
of fluoroquinolone resistance, i.e., a four- to eightfold increase
in the MIC of ciprofloxacin compared to that for KNK453.
When both mutations were present on the plasmid pJSW106,
KNK453 became highly resistant to nalidixic acid (MIC 5 128

TABLE 1. Bacterial strains and plasmids used in this study

Strain or
plasmid

Genotype and
derivation

Relevant
pheno-
typea

Reference

E. coli
KL16 Wild type Nals FQs 33
Q1 Clinical isolate Nals FQs 27
Q2 Clinical isolate gyrA(Gly81Asp) Nals FQr 27
Q3 Selected on Nal from Q2 Nalr FQr This study
KNK453 gyrA43(Ts) polA thiA uvrA thx Nals FQs 19
KF130 K16 gyrA (Ser83Leu) Nalr FQr 33
CJ236 F9 dut ung 21
JM101 F9 traD36 proAB lacIq Z DM15 thi

strA endA hsdR sbcB15 supE
14

Plasmids
pJSW101 Derivative of pUC19 with gyrA

(wild type) from E. coli KL16
Ampr 33

pJSW102 Derivative of pJSW101, conferring
resistance to ceftazidime

Cazr This study

pJSW103 Derivative of pJSW102 with a 418-
bp AccI-BamHI fragment of
gyrA containing mutation
Gly81Asp from E. coli Q2

Cazr This study

pJSW104 Derivative of pJSW102 with a 418-
bp AccI-BamHI fragment of gyrA
containing mutation Asp82Gly

Cazr This study

pJSW105 Derivative of pJSW102 with a
418-bp AccI-BamHI fragment of
gyrA containing mutation
Ser83Leu from E. coli KF130

Cazr This study

pJSW106 Derivative of pJSW102 with a
418-bp AccI-BamHI fragment of
gyrA containing mutation Gly81
Asp Asp82Gly from E. coli Q3

Cazr 33, this
study

a Nal, nalidixic acid; FQ, fluoroquinolones; Amp, ampicillin; Caz, ceftazidime;
s, susceptible; r, resistant.

86 TRUONG ET AL. ANTIMICROB. AGENTS CHEMOTHER.



mg/ml), while the MIC of ciprofloxacin increased to 1 mg/ml.
The difference in the level of resistance observed for cipro-
floxacin in KNK453, after introduction of these different plas-
mids encoding gyrases harboring the simple mutations 81 and
82 and the double mutation 81 and 82, and that observed in the
parental strains Q2 and Q3 is due to the additional impaired
accumulation affecting the fluoroquinolone but not nalidixic
acid, present in these later strains (reference 28 and data not
shown). As a control, plasmid pJSW105 (Ser83Leu), con-
structed by using the QRDR from KF130 gyrA, was introduced
into KNK453, where it produced the same phenotype as that of
the parental strain.
The MICs of the quinolones for KNK453 transformed with

the different plasmids were the same at 428C and at the per-
missive temperature (308C). A similar observation was made
previously (9, 39) and suggests that the thermosensitive gyrA
gene of KNK453 has a recessive expression at 308C.
Enzymatic properties of the mutant gyrases. The enzymatic

activities of the gyrases isolated from the quinolone-resistant
mutants Q2, Q3, and KF130 and from KNK453 Asp82Gly
(pJSW104) were compared with that of the wild-type gyrase
from KL16. The enzymes are ca. 80% pure and contain equal
amounts of A and B subunits as revealed by SDS-polyacryl-
amide gel electrophoresis (data not shown). The specific activ-
ities of these holoenzymes were in the range of 0.1 3 104 to
0.25 3 104 U/mg. The MED as determined by using the elec-
trophoresis assay are shown in Table 3. The MED of cipro-
floxacin for the double mutant Q3 was only 2-fold higher than
those observed for Q2 and Asp82Gly, while the MED for
nalidixic acid was 30-fold higher, consistent with the results of
the complementation test on the role of the double mutation.
Interestingly, the MED of ciprofloxacin for Q2 and Q3 enzymes
were in the range of that of KF130, which confirmed the role
of the impaired accumulation as the additional mechanism
responsible for the high-level fluoroquinolone resistance ob-
served in the former. We determined the rates of DNA super-
coiling from several time points taken in the initial phase of
reaction using the fluorescence assay described above. Figure 1
shows the time course of E. coli KL16 gyrase-catalyzed super-
coiling of five different concentrations of DNA. The same
result was obtained with the four other gyrases (not shown).
Complementation tests. Transformation with pJSW102 bear-

ing gyrA (wild type) restored the susceptibility to nalidixic acid
and fluoroquinolones of all the strains (Table 2). However,
strains Q2 and Q3 remained somewhat resistant to fluoro-
quinolones, probably because of the impaired accumulation
(28). We were interested in seeing whether the susceptibility to
nalidixic acid conferred by the mutations Gly81Asp and

Asp82Gly could be also dominant over resistant alleles, when
carried on a multicopy plasmid. Therefore, additional mero-
diploids were constructed by using different hosts and the chi-
meric plasmids pJSW103 (Gly81Asp), pJSW104 (Asp82Gly),
pJSW105 (Ser83Leu), and pJSW106 (Gly81Asp Asp82Gly).
Table 2 shows that transformation with pJSW105 (Ser83Leu)
conferred resistance to nalidixic acid to all the strains, includ-
ing the wild-type, KL16. To exclude the possibility of recom-
bination of plasmid-borne gyrA (encoding resistance) (Ser83
Leu) with the chromosome, the transformation of KL16 was
repeated several times; five clones were isolated each time, giv-
ing the same resistance phenotype. Furthermore, when grown
on plates devoid of ceftazidime, the transformants tend to lose
the plasmid, and colonies susceptible to ampicillin and nali-
dixic acid may be recovered (data not shown). Transformation
with pJSW103 (Gly81Asp) caused no change in the phenotype
of the wild-type strain but lowered the resistance to nalidixic
acid of Q3 and KF130 by factors of 4 and 8, respectively.
Transformation with pJSW104 (Asp82Gly) did not alter the
phenotype of any strain, except KNK453, which appears to be
always recessive. Transformation with pJSW106 (Gly81Asp
Asp82Gly) did not modify the susceptibility of the wild-type
strain but rendered Q2 resistant to nalidixic acid.

DISCUSSION

In E. coli, gyrA mutations conferring resistance to quino-
lones are located within a 130-bp fragment, the QRDR, cen-
tered around codon 83, which is the most frequently altered in
resistant clinical isolates (6, 16, 17, 35). Starting from an E. coli
clinical isolate, Q2, harboring a mutation at position 81 of the
DNA gyrase (Gly81Asp) associated with a particular pheno-
type (Nals FQr) (6), we selected, on nalidixic acid, a double
mutant named Q3. This mutant was highly resistant to nalidixic

TABLE 2. MICs of quinolones for E. coli strains harboring plasmids carrying different gyrA alleles

Recipient cellsa

MIC (mg/ml)b with: transforming plasmid

None pJSW102
(WT)

pJSW105
(Leu83)

pJSW103
(Asp81)

pJSW104
(Gly82)

pJSW106
(Asp81Gly82)

Nal Cip Nal Cip Nal Cip Nal Cip Nal Cip Nal Cip

KNK453 (gyrAts)c 4 0.06 2 0.015 128 0.125 8 0.25 8 0.5 128 1
KL16 (WT) 2 0.015 2 0.015 64 0.06 2 0.015 2 0.015 2 0.03
KF130 (Leu83) 128 0.125 2 0.015 128 0.125 16 0.125 128 0.125 128 0.5
Q1 (WT) 2 0.015 2 0.015 64 0.06 2 0.015 2 0.015 2 0.03
Q2 (Asp81)

d 4 8 4 0.5 64 4 4 8 4 8 64 16

a Amino acids present at positions 81, 82, and 83 are indicated in parentheses; amino acids differing from the wild type (WT) are in boldface.
bWhen a plasmid was present, MICs were determined on BHI agar plates containing 4 mg of ceftazidime per ml to ensure its stability. Nal, nalidixic acid; Cip,

ciprofloxacin.
c For KNK453, MICs were determined at 428C, except for KNK453 without plasmid (308C), which did not grow at 428C. gyrAts, thermosensitive gyrase.

TABLE 3. MICs and MED of quinolones for E. coli strainsa

Strains
MIC (mg/ml) MED (mg/ml)

Nal Cip Nal Cip

KL16 2 0.015 20 0.08
Q1 2 0.015 20 0.08
Q2 4 8 20 20
KNK453 (gyrA82Gly) 8 0.5 20 40
Q3 128 16 640 40
KF130 128 0.12 640 20

a Nal, nalidixic acid; Cip, ciprofloxacin.
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acid and fluoroquinolones and had a novel mutation, Asp82
Gly, in addition to Gly81Asp of Q2.
Since strains Q2 and Q3 have an impaired accumulation of

fluoroquinolones, we used transformation of E. coli KNK453,
which has a thermosensitive gyrase A, to assess the sole effect
of the gyrA mutations at the restrictive temperature. Transfor-
mation of E. coli KNK453 with a chimeric plasmid encoding
the double mutant Gly81AspAsp82Gly, conferred high-level
resistance to nalidixic acid and moderate resistance to fluoro-
quinolones and, separately, the mutation Gly81Asp and Asp82
Gly, gave a similar nalidixic acid-susceptible and low-level-
fluoroquinolone-resistant phenotype. Therefore, the presence
of both mutations in the GyrA subunit are necessary for the
resistance to nalidixic acid. This situation, to our knowledge,
has not been previously encountered since, generally, double
mutations yielding high-level resistance to fluoroquinolones
have resulted from single mutations which alone conferred
resistance to nalidixic acid (16, 35).
The results of MIC testing were confirmed by the isolation

of the corresponding gyrases and their assay for inhibition of
DNA supercoiling by nalidixic acid and ciprofloxacin. The mu-
tations at position 81 or 82 did not alter the sensitivity of the
enzyme to inhibition by nalidixic acid but conferred a low level
of resistance to ciprofloxacin, whereas the gyrase containing
both mutations was highly resistant to all the quinolones. It is
noteworthy that the rates of supercoiling for the different en-
zymes at a range of DNA concentration were comparable. This
indicated that these gyrases interact normally with DNA and
that the single or double mutations described in this report did
not significantly alter the supercoiling activity of the enzymes.
Therefore, the amino acids within the QRDR could play a role
in the association of gyrase with quinolones but not in the
activity of the holoenzyme itself.
We also examined the issue of dominance among different

alleles of gyrA. As previously described (15), when introduced
into any resistant mutant, the wild-type gyrA gene reversed the
resistance phenotype; thus, nalidixic acid-susceptible gyrA al-
leles are dominant over nalidixic acid-resistant ones. This dom-
inance of the susceptible allele could result from preferential
expression of the wild-type gene product, because the mutant

protein either is less efficient in its catalytic properties, is trans-
lated poorly, or is degraded more readily by proteases (19).
It may also relate to the number of gene copies within the
cell; if this were the case, the plasmid-encoded gyrase, even
if it is a mutant, would be dominant over the chromosome-
encoded one. Therefore, we introduced the multicopy plas-
mid pJSW105 encoding the Ser83Leu mutant gyrase into the
various hosts used in this study. The results (Table 2) are in
agreement with the hypothesis of gene dosage, since the resis-
tance to nalidixic acid conferred by the Ser83Leu mutant gyrA
was always dominant. Such a result has been reported by Go-
mez-Gomez et al. (12), who introduced an unidentified nali-
dixic acid resistance-encoding gyrA gene into E. coli KL16 cell.
Cullen et al. (9) pointed out that KNK453 (Ts), transformed
with a plasmid coding for a highly resistant gyrase (Ser83Trp),
was highly resistant, even at the permissive temperature. The
same phenomenon was observed by Yoshida et al. (38), al-
though no explanation on a molecular basis of this dominance
was given. In our study we observed that the introduction of
any plasmid harboring a gyrA gene into KNK453 imposed its
phenotype, even at the permissive temperature (308C). This is
also in good agreement with the hypothesis of dominance of
the multicopy plasmid-encoded gyrase over the unique chro-
mosome-encoded one.
However, the situation became more complex when other

hosts were transformed with plasmids encoding the single gyrA
mutant Gly81Asp and Asp82Gly or the double gyrA mutant
Gly81Asp Asp82Gly. Both single mutations conferred a nali-
dixic acid-susceptible phenotype and a low-level resistance to
ciprofloxacin (four- to eightfold increase) in KNK453. When
introduced into the hosts used in this study, the plasmid en-
coding the susceptible phenotype associated with Asp82Gly
had no effect, suggesting that in this case the chromosome-
encoded gyrases were dominant and that Asp82Gly was reces-
sive although encoded by a multicopy plasmid. In contrast,
the presence of the plasmid pJSW103 (Gly81Asp) was able
to lower the resistance to nalidixic acid of Q3 and of KF130,
although it did not restore a full susceptibility, suggesting
that the nalidixic acid-susceptible phenotype associated with
Gly81Asp was only partially dominant. Finally, the nalidixic

FIG. 1. Monitoring of the time course of gyrase-catalyzed DNA supercoiling activity at a range of DNA concentrations. Samples (15 ml) were taken at different times
from the supercoiling reaction (0 to 30 min) and were analyzed by BET-fluorescence. The results shown are for KL16, and the same were obtained with the four other
gyrases: gyrase harboring mutations (Asp81Asp82), (Gly81Gly82), (Asp81Gly82), and (Leu83). A.U., arbitrary units.
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acid and fluoroquinolone resistance conferred by the double
mutation Gly81Asp Asp82Gly was obviously recessive with
respect to the chromosomally encoded wild-type phenotype of
KL16. However, it was dominant over the chromosomal mu-
tation Gly81Asp in Q2, where it increased the resistance to
nalidixic acid.
The results of transformation using gyrA1 and gyrA (encod-

ing resistance) (Ser83Leu) are in good agreement with the
hypothesis of dominance of the subunit in excess dosage and
not of the gyrA1 over the gyrA one. However, the effect of
transformations by plasmids harboring mutations at position
81, 82, or both are compatible with neither hypothesis. Since
the rates of supercoiling of all the gyrases of this study were
similar, the dominance cannot be explained by enzyme efficacy.
Thus, it is very likely that both the nature and position of the
mutation in the QRDR, as well as its location on the chromo-
some or on a multicopy plasmid, are critical for the expression
of dominance. One possible explanation of the observed pat-
tern of dominance is that critical amino acids in the QRDR
play a role in the association of gyrase subunits. Recent results
(3) on the structure and mechanism of DNA topoisomerase II
based on the crystal structure of the yeast enzyme indicated
that in the dimeric enzyme, contacts between the A and B
domains of each promoter occur primarily in the region cor-
responding to the QRDR of the procaryotic DNA gyrase. This
is consistent with our hypothesis of the importance of the
QRDR in the association of the A and B subunits. We hypoth-
esize that after transformation of a strain encoding a chromo-
somal gyrase, Ac2B2, by a plasmid coding for another type of
gyrase A subunit, Ap, there may be within the cell several types
of gyrases, due to the association of the different subunits A
and B: Ac2B2, A

p
2B2, and A

cApB2. If the plasmidic GyrA
subunit, Ap, is overexpressed, then there will be essentially no
homodimers of the chromosomic GyrA subunit, Ac2, only a
small number of heterodimers AcAp, and the phenotype of the
overexpressed Ap subunit will be dominant. If both GyrA sub-
units are expressed at similar levels, the result will depend on
the stabilities of the different possible A2B2 gyrases. At this
time, the formation, the enzymatic behavior, and the inhibition
by a quinolone of the heterodimer AcApB2 remain hypotheti-
cal. In this context, Kreuzer and Cozzarelli (19) suggested that
when both sensitive and resistant promoters exist in one tet-
ramer, inactivation of any one protomer by an inhibitor may
block the activity of the multimer.
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