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FIG. 4. Agar plate growth at 43°C of E. coli KNK453 (gyrA[Ts])
transformed with the following; untransformed (A), pSLS447 (E. coli
gyrA) (B), pGL2B5 (PAO1 gyrA) (C), and pGLlA16 (C-terminus-
truncated PAO1 gyrA) (D).

coli SA-2742 and was found to have a molecular mass of
approximately 103 kDa, in good agreement with the estimated
molecular mass from the amino acid sequence predictions
(Fig. 5).
Complementation of quinolone resistance in E. coli and P.

aeruginosa. In E. coli and P. aeruginosa, the nalidixic acid
resistance phenotype (GyrAr) is recessive in merodiploids (8,
26). Therefore, strains with a mutation in the chromosomal
gyrA gene causing quinolone resistance are transformed to
nalidixic acid susceptibility by the introduction of a plasmid-
encoded wild-type gyrA gene. It is thus possible to distinguish
phenotypically nalidixic acid-resistant strains which have mu-
tationally altered chromosomal gyrA genes from those which
have an alternative mechanism of resistance such as altered
permeability or mutations in gyrB. We therefore cloned the
PAO1 gyrA gene into the broad-host-range vector pUCP19
(29). This construct (pUCP19-3.6) and pNJR3-2 containing the
wild-type E. coli gyrA gene on the cosmid vector pLA2917 (26)
were introduced into quinolone-resistant laboratory mutants
of E. coli and P. aeruginosa. Table 1 shows the decreases in the
MICs of ciprofloxacin for E. coli DH5a (GyrAr) and P.
aeruginosa PA04702 (GyrAr) after transformation with plas-
mids containing wild-type gyrA genes. The MIC of ciprofloxa-
cin decreased eightfold for E. coli DH5ao and 16-fold for P.
aeruginosa PA04702 after introduction of either the wild-type
E. coli or PAO1 gyrA gene. Decreases in the MICs were the
same after the introduction of PAO1 gyrA or E. coli gyrA. This
indicates that P. aeruginosa GyrA is as susceptible as E. coli
GyrA to inhibition by quinolones. For E. coli DH5o, the MIC
of ciprofloxacin was decreased to less than that for the parent
strain. This may be due to the recA genotype of this strain
because recA mutants have been shown to be more susceptible
to quinolones (16). The introduction of PAO1 gyrA into P.
aeruginosa PK1013E (nfxB) (20), a laboratory-derived quin-
olone-resistant strain thought to be quinolone resistant be-
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FIG. 5. E. coli SA-2742 minicell expression following transforma-
tion with plasmids containinggyrA. Autoradiogram of [35S]methionine-
labeled protein separated by SDS-10% PAGE. Lanes: 1, no plasmid;
2, pUC19 vector; 3, pSLS447 (E. coli gyrA); 4, pGL2B5 (PAO1 gyrA).
The bands at approximately 30 kDa are plasmid-encoded 1-lactamase.

cause of its decreased level of drug accumulation, had no effect
on the MIC for the strain (data not shown).

Sequencing of the quinolone resistance-determining region
of ciprofloxacin-resistant clinical isolates of P. aeruginosa.
Table 2 shows the nucleotide changes in PCR-amplified frag-
ments of the gyrA gene from three sets of pre- and during-
ciprofloxacin therapy isolates. Each 360-bp fragment was se-
quenced four times to check for errors introduced during PCR.
No errors of amplification or sequencing were detected. In
three of nine resistant isolates, a nucleotide change leading to
an amino acid substitution was detected. In isolate sets P and
Y, the aspartic acid at position 87 was substituted with either
an asparagine or a tyrosine, respectively. In isolate set S, the
threonine at position 83 was substituted by an isoleucine.
Amino acid substitutions at both of these positions have been
found in quinolone-resistant E. coli, although the substitutions
to tyrosine at position 87 and isoleucine at position 83 have not
been described before. In all isolates of P. aeruginosa, the
amino acid at position 83 was threonine rather than serine, as
in E. coli. This conservative substitution of one polar amino
acid for another is also seen in the GyrA sequence of quin-
olone-susceptible strains of K pneumoniae and C. jejuni, and
thus appears unlikely to affect the susceptibility of PAO1 GyrA
to quinolones (3, 34). All other detected nucleotide changes
were silent.

DISCUSSION
DNA gyrase subunits have been cloned and sequenced or

have been purified from a number of diverse bacteria. In
general there is good homology at the amino acid level
between the gyrA amino acid sequences from these species.
The P. aeruginosa gyrA protein is the largest, having 48 more
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TABLE 1. Alterations in MIC of ciprofloxacin on introduction of cloned DNA gyrase genes from E. coli and P. aeruginosa into
quinolone-susceptible and -resistant strains of E. coli and P. aeruginosa

Ciprofloxacin MIC (pg/ml)a
Host strain

Vector PAO1gyrA E. coli gyrA

E. coli C600 (wild type) 0.016 (pUC19) 0.016 (pGL2B5) 0.016 (pSLS447)b
E. coli DH5a (GyrAr) 0.032 (pUC19) 0.004 (pGL2B5) 0.004 (pSLS447)

P. aeruginosa PAO1 (wild type) 0.128 (pUCP19 or pLA2917) 0.128 (pUCP19-3.6) 0.128 (pNJR3-2)c
P. aeruginosa PA04702 (GyrAr)d 2 (pUCP19 or pLA2917) 0.128 (pUCP19-3.6) 0.128 (pNJR3-2)

a The plasmids used in each case are given in parentheses.
bE. coli gyrA in pBR322 (32).
cE. coli gyrA in pLA2917 (26).
d cfx,A3 ser-3 (ciprofloxacin resistant) (26).

amino acids than the E. coli protein. This is mainly due to a
stretch of 43 amino acids showing almost no aligned homology
with other gyrase sequences. The predicted size of the P.
aeruginosa GyrA protein (101 kDa) and the measured size in
E. coli minicells (103 kDa) determined in the present study do
not match the previous size estimations of 79 kDa obtained on
the basis of studies of partially purified enzyme from P.
aeruginosa PAO1 (12). It seems likely that those investigators
wrongly identified the A subunit protein in partially purified
gyrase preparations selected on the basis of DNA supercoiling
activity or that a proteolytic cleavage product of the complete
polypeptide was present in large quantities. Assuming the size
of the P. aeruginosa gyrase B subunit to be similar to those of
E. coli and P. putida (90 kDa), the size of the A2B2 gyrase
holoenzyme would be 386 kDa, in approximate agreement with
the 360-kDa size estimation of the holoenzyme by density
gradient centrifugation (18).

Expression of PAO1 gyrA in a gyrA(Ts) E. coli mutant
showed that gyrase A subunits from P. aeruginosa could
combine with B subunits from E. coli to produce an active
holoenzyme able to complement the gyrA(Ts) mutation in E.
coli KNK453. This result is not surprising given the high degree
of homology between the P. aeruginosa and the E. coli gyrA
proteins and the fact that the less homologous B. subtilis GyrB
protein can functionally complement the E. coli GyrA protein
(21). The C terminus of E. coli GyrA has been postulated to be
involved in gyrase-DNA complex stability (25). The lack of

TABLE 2. Nucleotide changes and predicted amino acid alterations
in PCR-amplified 360-bp fragments of the gyrA genes of

P. aeruginosa isolated from ciprofloxacin-resistant,
during-therapy isolatesa

Ciprofloxacin Nucleotide Amino acid
Strainb MIC change change

(plg/ml) (position) (position)

Set P
Pretherapy (Cips) 0.5
During-therapy (Cipr) 4 G--A (259) Asp--Asn (87)

Set S
Pretherapy (Cip') 0.25
During-therapy (Cipr) 8 C--T (248) Thr-dle (83)

Set Y
Pretherapy (Cip') 1
During-therapy (Cipr) 32 G->T (259) Asp->Tyr (87)

a All sequences were compared with those from the corresponding ciprofloxa-
cin-susceptible, pretherapy isolate.

b Cips, ciprofloxacin susceptible; Cipr, ciprofloxacin resistant.

complementation of the gyrA(Ts) mutant with a C-terminus-
truncated PA01 gyrA clone supports the importance of the
region for full gyrase function.
Comparison of the intrinsic susceptibilities of DNA gyrases

from different species to quinolone inhibition has so far relied
on comparisons of in vitro reactions with purified enzymes. It
has been reported that the DNA gyrase from P. aeruginosa is
3-fold less susceptible to inhibition by nalidixic acid and
between 20- and 60-fold less susceptible to newer fluoroquino-
lones in in vitro DNA supercoiling reactions than the enzyme
from E. coli (13, 18). Other data, however, suggest that the two
enzymes have the same susceptibilities to quinolone inhibition
(27). The data obtained in the present study show that
introduction of the cloned PAO1 gyrA into a GyrAr mutant of
E. coli decreased the quinolone MIC to slightly below that for
the wild type. This result shows that the PAO1 gyrA protein has
susceptibility comparable to that of the E. coli gyrA protein.
This result is not surprising given the almost identical amino
acid sequences of the two genes at the N terminus, the region
shown to be important for mutationally altered quinolone
susceptibility in E. coli and S. aureus. Conversely, the introduc-
tion of wild-type gyrA from E. coli or P. aeruginosa into
wild-type P. aeruginosa did not reduce the MIC to that for
wild-type E. coli, indicating that an intrinsic factor such as low
membrane permeability is responsible for susceptibility differ-
ences between the two species. It could be argued that the
introduction of a large number of plasmid-encoded gyrA genes
may increase the concentration of drug targets and thus affect
susceptibility; however, this seems unlikely given the lack of an
effect on the MIC for wild-type E. coli or P. aeruginosa and the
limited number of preferred gyrase-binding sites on the chro-
mosome (30).
The major mechanisms of bacterial resistance to quinolones

are target site modification (alteration in DNA gyrase) and
decreased intracellular accumulation. The results of the
present study show that P. aeruginosa may modify DNA gyrase
in a manner similar to the way that E. coli and S. aureus modify
their enzymes. Alterations in DNA gyrase caused by mutations
in the so-called quinolone resistance-determining region (38)
of gyrA appear to provide the highest level of resistance in E.
coli and S. aureus. In the present study, alterations in DNA
gyrase were found in only three of nine resistant isolates tested.
In each of these cases, a coding change occurred at a nucle-
otide previously shown to be a mutation site in gyrA of E. coli,
S. aureus, and C. jejuni. It remains possible that resistance-
causing mutations in gyrA occur outside of the 360-bp region
sequenced; however, the similarity in the clustering of muta-
tions in E. coli, S. aureus, and C. jejuni strongly suggests that
this region is especially important in intermolecular interac-
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tions in the quinolone-gyrase-DNA complex. It should be
noted, however, that a functional demonstration of the altered
susceptibility caused by these mutations has so far been
demonstrated only in E. coli by the construction and expression
of chimeric constructs of wild-type and mutationally altered
gyrA genes (2).

In all nine sets of clinical isolates examined, the pre- and
posttherapy ciprofloxacin-susceptible isolates had identical
gyrA sequences, indicating either an in vivo reversion of the
mutation found in the corresponding during-therapy strain or
an overgrowth with a subpopulation of cells with the pre-
therapy sequence which may have resisted the action of
ciprofloxacin by another mechanism. Evidence for this latter
mechanism was provided in set P, in which the pre- and
posttherapy strains had a silent mutation at nucleotide 252
which was not present in the during-therapy strain. Interest-
ingly, attempts to isolate revertants of the during-therapy,
ciprofloxacin-resistant isolates of sets P, S, and Y on cipro-
floxacin-free agar in the laboratory were unsuccessful, despite
approximately 40 repeated subcultures, whereas other resistant
isolates quickly reverted (5).
The cloning of PAO1 gyrA reported here should allow the

construction and expression of chimeric genes from parts of
gyrA genes isolated from quinolone-resistant strains of P.
aeruginosa and wild-type PAO1 genes to confirm and quanti-
tate the contribution of the gyrA alterations to resistance as has
been done in E. coli (2). The data obtained from the present
study indicate that mutational alterations in DNA gyrase may
be a relatively minor component of clinical resistance to
quinolones in P. aeruginosa. In another study (39), 12 of 17
clinical isolates of P. aeruginosa were considered to have
mutational alterations in gyrA, as shown by phenotypic char-
acterization by using complementation with an E. coli gyrA
gene. Other resistance mechanisms such as decreased intracel-
lular accumulation may be operating in resistant isolates in
which changes in gyrA have not been detected. Our previous
phenotypic characterization of these strains (5) found differ-
ences in the outer membrane protein and lipopolysaccharide
profiles of susceptible and resistant isolates; however, no
significant differences in the uptake of 14C-labeled ciprofloxa-
cin could be shown other than in set Y, in which drug binding
was lower in the resistant isolate. Final elucidation of the
quinolone resistance mechanisms in these strains will require
further study.
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