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Decreasing susceptibility to ciprofloxacin was investigated in sequential clinical isolates of Pseudomonas
aeruginosa from a patient on ciprofloxacin therapy. All isolates were verified as the same strain by DNA probe.
MICs of all quinolones tested were 16- to 32-fold higher for the posttherapy isolates; nonquinolone MICs were
unchanged. The isolates were compared by analyses of outer membrane proteins and lipopolysaccharide
composition, antimicrobial susceptibilities, measurement of accumulation of ciprofioxacin, and inhibition of
DNA gyrase activity by ciprofloxacin and nalidixic acid. No significant changes in outer membrane proteins or

ciprofloxacin accumulation were observed; however, both posttherapy isolates lost the long chain 0-

polysaccharide component of lipopolysaccharide. Preparations of DNA gyrase from the quinolone-resistant
posttherapy isolates were 16- to 32-fold less sensitive to inhibition of supercoiling by ciprofloxacin and nalidixic
acid than was gyrase from the pretherapy isolate. Inhibition studies on combinations of heterologous gyrase
subunits showed that decreased inhibition was conferred by the resistant gyrase A subunits. Thus, acquired
resistance to ciprofloxacin in this strain involved an alteration in the A subunit of DNA gyrase and was

associated with changes in lipopolysaccharide.

Ciprofloxacin, one of the most active new quinolone
antimicrobial agents, is bactericidal against a broad spec-
trum of gram-positive and gram-negative microorganisms,
including Pseudomonas aeruginosa. Although P. aerugi-
nosa is intrinsically less susceptible to most antibiotics than
other clinically significant gram-negative organisms, 90% of
P. aeruginosa strains are inhibited by ciprofloxacin at 0.5
,ug/ml (7).
There have been reports of decreased susceptibility to

ciprofloxacin during therapy in clinical studies of P. aerugi-
nosa infections (9, 10, 27, 35). These reports did not specify
whether the decrease in susceptibility was due to the selec-
tion of naturally occurring resistant strains or the mutation of
the original strain to a resistant variant.
Kaatz and Seo (24), however, have described a P. aerugi-

nosa strain whose identity was based on serotype, pyocin
type, and plasmid profile. The MIC of ciprofloxacin for this
strain increased from 0.57 to 5.42 ,ug/ml during parenteral
therapy, with no significant change in susceptibility to other
antibiotics. Resistance involved a decrease in the sensitivity
of DNA synthesis to inhibition by ciprofloxacin, but the
basis of this decreased sensitivity was not investigated
further. Ogle et al. (31) analyzed 25 pairs of pre- and
posttherapy isolates of P. aeruginosa from patients treated
with imipenem, norfloxacin, or ciprofloxacin. Southern hy-
bridization showed clonal identity between 23 of the 25
paired isolates, confirming the development of quinolone
resistance rather than superinfection in these strains. The
mechanism of this acquired resistance was not studied.

Quinolones interfere with the activity ofDNA gyrase (12,
39), an essential bacterial topoisomerase that converts re-
laxed DNA to the supercoiled form. DNA gyrase has been
isolated from a variety of bacteria (3, 11, 26, 40) including P.
aeruginosa (28). In vitro studies with P. aeruginosa PAO
have shown that alterations in DNA gyrase (gyrA cfxA nalA
mutations) or permeability (cfxB nfxB) can result in de-
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creased susceptibility to quinolones, including ciprofloxacin
(32), norfloxacin (20), and nalidixic acid (22).
To further understand the factors which mediate qui-

nolone susceptibility in P. aeruginosa, we studied three
clinical isolates of P. aeruginosa from a patient with a

complicated infection. The MIC of ciprofloxacin increased
from 0.5 ,ug/ml at the initiation of parenteral ciprofloxacin
therapy to 16 ,ug/ml during therapy. All isolates were verified
as the same strain by Southern hybridization with a strain-
specific P. aeruginosa DNA probe (John Ogle, University of
Colorado School of Medicine, Denver). To characterize the
mechanisms involved in the acquisition of resistance to
ciprofloxacin in vivo, we examined the outer membrane
proteins (OMPs), lipopolysaccharide (LPS) content, antimi-
crobial susceptibilities, accumulation of ciprofloxacin, and
DNA gyrase of these isolates. We provide evidence that the
acquired resistance to quinolones in this clinical strain is
primarily due to an alteration in the DNA gyrase subunit A
and is associated with a change in the LPS content of the cell
envelope. This is the first report of the isolation and charac-
terization of quinolone-resistant DNA gyrase from clinical
isolates of P. aeruginosa.

(This paper was presented in part at the 89th Annual
Meeting of the American Society for Microbiology [B. L.
Masecar, R. A. Celesk, and N. J. Robillard, Abstr. Annu.
Meet. Am. Soc. Microbiol. 1989, A-80, p. 14].)

MATERIALS AND METHODS

Bacterial isolates. P. aeruginosa MP-001 was isolated in
1986 prior to ciprofloxacin therapy from a patient with
mediastinitis and empyema. P. aeruginosa MP-002 and
MP-003 were isolated from chest tube drainage and sputum,
respectively, approximately 3 weeks after initiation of paren-
teral ciprofloxacin therapy. All were submitted to Miles Inc.,
Pharmaceutical Div., West Haven, Conn., by Steven Sei-
denfeld (R. H. Dedman Medical Center, Dallas, Tex.).
The isolates were verified as one strain by John Ogle

(University of Colorado School of Medicine, Denver), using
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Southern hybridization with an epidemiological DNA probe
(31).

Antimicrobial susceptibilities. Cation-supplemented Muel-
ler-Hinton broth (Difco Laboratories, Detroit, Mich.) was
used to determine MICs by standard methods (30).

Antibiotics. Antibiotics were obtained as follows: cipro-
floxacin (Miles Inc., Pharmaceutical Div.); tetracycline and
novobiocin (Sigma Chemical Co., St. Louis, Mo.); carbeni-
cillin (Beecham Laboratories, Bristol, Tenn.); norfloxacin
(Merck Sharp & Dohme, Rahway, N.J.); ofloxacin (Ortho
Diagnostics, Inc., Raritan, N.J.); enoxacin (Warner-Lam-
bert Co., Ann Arbor, Mich.); and tobramycin (Eli Lilly &
Co., Indianapolis, Ind.).

Isolation ofDNA gyrase. Cells were grown, harvested, and
frozen as described previously (32). Approximately 10 g of
cells was lysed for each gyrase isolation. Cell lysis and
streptomycin sulfate precipitation were performed as de-
scribed previously (36). Solid ammonium sulfate was added
to the lysate to a final concentration of 0.4 g/ml; after being
stirred on ice for 30 min, the lysate was centrifuged at 10,000
x g for 20 min at 4°C. The pellets were suspended in
approximately 20 ml of buffer B (0.05 M KCl-25 mM
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid-1 mM
EDTA-10% [wt/vol] glycerol-1 mM dithiothreitol) (38) and
dialyzed overnight against two changes of the same buffer.
Gyrase subunits A and B were purified from the dialysate by
the novobiocin-Sepharose procedure of Stadenbauer and
Orr (38) with the following modifications. After baseline was
achieved with buffer B as determined by an ISCO UA-5
Absorbance/Fluorescence Detector (ISCO Inc., Lincoln,
Nebr.), gyrase A was eluted from the novobiocin-Sepharose
column with a 0.05 to 1.0 M KCl gradient in buffer B. This
was followed by an extensive wash with 3 M KCl in buffer B.
Buffer B was then passed over the column to regain baseline.
Gyrase B was eluted with 5 M urea in buffer B. Fractions
containing the A and B subunits were dialyzed and concen-
trated against buffer B in a Micro-ProDiCon negative pres-
sure microprotein dialysis concentrator (Bio-Molecular
Dynamics, Beaverton, Oreg.).
DNA supercoiling assay and ICse determinations. Relaxed

plasmid pBR322 substrate DNA was prepared by treatment
with calf thymus topoisomerase I (Bethesda Research Lab-
oratories, Inc., Gaithersburg, Md.) according to the recom-
mended protocol of the manufacturer. The DNA supercoil-
ing assay was performed as previously described (29). One
unit of gyrase is defined as that amount of enzyme which
catalyzes the conversion of one-half of the relaxed closed
circular DNA to the supercoiled form in 30 min at 37°C in the
standard gyrase reaction containing 0.4 jig ofDNA. Approx-
imately 6 U each of gyrase A and B per reaction was used.
The IC50 is defined as the concentration of antibiotic that

inhibits 50% of the supercoiling activity of gyrase in a
standard gyrase reaction. The IC50s of ciprofloxacin and
nalidixic acid were determined for each of the gyrase prep-
arations. Antibiotic was added to a series of gyrase reactions
before the addition of enzyme to achieve a final concentra-
tion range of either 0.25 to 16.0 ,ug of ciprofloxacin per ml or
25 to 1,600 j±g of nalidixic acid per ml. A control reaction
without drug was included. The enzyme was removed by
extraction with chloroform-isoamyl alcohol (24:1), and the
substrate DNA was electrophoresed through a 1% agarose
gel in TPE buffer (0.08 M Tris phosphate-0.002 M EDTA,
pH 8) overnight at 30 V. After the gel was stained in 0.5 ,ug
of ethidium bromide per ml, the IC50s were determined by
visual comparison with the control reaction lacking antibi-
otic.

Accumulation of ciprofloxacin. Cell cultures grown over-
night in basal salts medium (BSM) (33) were diluted 1:20 in
fresh BSM and incubated for 4 to 5 h with aeration at 35°C.
The cells were harvested by centrifugation and suspended to
a turbidity of 260 Klett units in cold BSM. Cell volumes of 5
ml were added to 50-mi flasks and temperature equilibrated
at 37°C for 5 min in a shaking water bath. When used, 50 ,ul
of 25 mM carbonyl cyanide m-chlorophenylhydrazone
(CCCP) was added just before the temperature equilibration
period. Fifty microliters of a 100x ciprofloxacin stock solu-
tion was added and incubated for 5 min. One-milliliter
samples were then centrifuged through 0.5 ml of silicon oil at
15,000 x g for 3 min to remove extracellular ciprofloxacin as
described previously (5, 23) and frozen at -70°C. The
bottom of each microcentrifuge tube was cut off below the
water-oil interface with a heated scalpel. Tube bottoms were
inverted over absorbent paper to remove residual oil. Cell
pellets were suspended in 0.2 ml of phosphate-buffered
saline (pH 7.2), transferred to new 1.5-ml microcentrifuge
tubes, and boiled for 7 min to extract cell-associated drug
(19). Cell debris was removed by centrifugation at 15,000 x
g for 5 min. The concentrations of ciprofloxacin in the
supernatants were determined by an agar well diffusion
bioassay (16), using Klebsiella pneumoniae ATCC 10031 as
the assay organism.
Membrane protein isolation. Late-log-phase cells grown

with aeration at 35°C in BSM were diluted 1:50 into 2-liter
flasks containing 400 ml of fresh BSM. After overnight
incubation with aeration at 35°C, the cells were harvested by
centrifugation. Cell lysates containing OMPs were pro-
duced, using a modification of the method of Ames (1). Cells
were suspended in cold 0.0625 M Tris hydrochloride (pH
6.8), maintained on ice, and disrupted by sonic oscillation,
using the maximum output of a VirTis Virsonic 300 micro-
probe (The VirTis Co., Inc., Gardiner, N.Y.). The cells were
subjected to 10 bursts of 30 s each with a 30-s pause between
bursts. Debris from the lysate was removed by centrifuga-
tion at 6,000 x g for 20 min in a Sorvall SS34 rotor (Ivan
Sorvall, Inc., Norwalk, Conn.). Resultant supernatants were
centrifuged in a Beckman Ti7O rotor (Beckman Instruments,
Inc., Palo Alto, Calif.) at 111,000 x g for 35 min at 10°C.
OMPs contained in the pellets were purified, using the
method of Sawai et al. (34), incorporating an overnight
incubation of OMPs in 2% lauroyl sarcosine-sodium salt.
The purified OMPs were suspended in 0.01 M phosphate
buffer (pH 7.0). Protein content was estimated, using the
method of Smith et al. (37).
LPS preparation. LPS were extracted from whole cell

lysates, using the method of Hitchcock and Brown (21).
After growth in BSM with aeration at 35°C, cells were
harvested in late log phase, washed in Dulbecco phosphate-
buffered saline (pH 7.2), and suspended to a density of 300
Klett units. For each isolate, a 1.5-ml sample was centri-
fuged in a microcentrifuge tube and the supernatant was
discarded. Cell pellets were suspended in 50 ,ud of a lysing
buffer containing 2% sodium lauryl sulfate, 4% 2-mercapto-
ethanol, 10% glycerol, 0.1 mg of bromphenol blue per ml,
and 1 M Tris hydrochloride (pH 6.8). The lysate was boiled
for 10 min. Contaminating protein in samples of LPS was
digested with proteinase K at 60°C for 1 h.

RESULTS

Susceptibility to quinolones and other antibiotics. Postther-
apy isolates MP-002 and MP-003 exhibited 16- and 32-fold
decreases in susceptibility to ciprofloxacin, respectively,
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TABLE 1. Susceptibilities of pre- and posttherapy isolates of a
P. aeruginosa clinical strain to quinolone antibiotics

MIC (ILg/ml)
Isolate
no. Cipro- Norflox- Oflox- Enox- Nalidixic

floxacin acin acin acin acid

MP-001 0.5 2 4 2 64
MP-002 8 32 32 32 >256
MP-003 16 32 32 32 >256

compared with the pretherapy isolate MP-001 (Table 1).
Complete cross-resistance to other quinolones tested was
also observed for MP-002 and MP-003. Susceptibilities to
several nonquinolone antibiotics were within one dilution of
the values obtained for MP-001 (data not shown). The MIC
of novobiocin, whose target is the B subunit ofDNA gyrase
(13), remained unchanged at 200 jig/ml.
OMP composition. Comparison of the composition of

OMPs from the pre- and posttherapy isolates (Fig. 1A)
showed some variation in the density of the Coomassie-
stained proteins which migrated similarly to the Dl and Hi
OMPs described by Hancock and Carey (17). Variation was
also observed among the isolates in several lightly staining
bands that migrated between the 45,000- and 66,000-dalton
markers. These differences were not seen consistently and
could not be correlated with quinolone resistance.

rsU. 1. Analyses O0 outer memoranes O0 pre- and posutnerapy
isolates of a P. aeruginosa clinical strain. (A) Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis of OMPs. Lanes: 1,
isolate MP-001; 2, isolate MP-003; 3, isolate MP-002. Molecular
masses (in kilodaltons) are indicated to the left. (B) Sodium dodecyl
sulfate-urea polyacrylamide gel electrophoresis of extracted LPS,
visualized by silver stain. Lanes: 1, isolate MP-001; 2, isolate
MP-003; 3, isolate MP-002.

TABLE 2. Accumulation of ciprofloxacin by pre- and
posttherapy isolates of a P. aeruginosa clinical

strain exposed to 40 ,ug of drug per ml

Ciprofloxacin (ng/mg) accumulated
Isolate (meana ± SE)
no.

Without CCCP With CCCPb

MP-001 337 ± 96 2,054 ± 321
MP-002 382 ± 104 1,970 ± 200
MP-003 186 ± 47 1,759 ± 140

a Each value is the mean of four separate determinations.
b CCCP final concentration, 2.5 x 10-4 M.

LPS analysis. Polyacrylamide gel analysis of LPS showed
that both posttherapy isolates had lost the long chain 0-
polysaccharide core complexes (Fig. 1B) present in MP-O01
and characteristic of P. aeruginosa.

Accumulation of ciprofloxacin. MP-003 accumulated less
ciprofloxacin than either MP-001 or MP-002 (Table 2). All
three isolates responded similarly to the presence of the
metabolic inhibitor CCCP, with proportional increases in
ciprofloxacin accumulation.

Analysis of DNA gyrase. To determine whether resistance
in the posttherapy isolates was due to an altered DNA
gyrase, each enzyme preparation was assayed for inhibition
of supercoiling (IC50) by ciprofloxacin and nalidixic acid
(Table 3). DNA gyrase preparations from the posttherapy
isolates were 16- to 32-fold more resistant to inhibition of
supercoiling by ciprofloxacin. The IC50s of ciprofloxacin for
gyrase from MP-002 and MP-003 were 8 and 16 ,ug/ml,
respectively, while the IC50 of nalidixic acid was 400 ,ug/ml
for both isolates.

IC50 assays were repeated with combinations of heterolo-
gous DNA gyrase subunit preparations derived from MP-001
combined with either MP-002 or MP-003. When the A
subunit of MP-001 was replaced by the A subunit from either
MP-002 or MP-003, there was a significant increase in
resistance to inhibition of supercoiling by both antibiotics
(Table 4). This is illustrated in Fig. 2, where the A subunit of
MP-001 (lanes A through H) was replaced with the A subunit
from MP-003 (lanes I through P). Conversely, substitution of
the A subunit of either posttherapy gyrase enzyme with the
A subunit from MP-001 resulted in decreased IC50s compa-
rable to those of the MP-O01 holoenzyme.

DISCUSSION

In vitro resistance to ciprofloxacin in P. aeruginosa PAO
can occur by a mutation in the gene for DNA gyrase subunit
A (nalA gyrA cfxA) resulting in a quinolone-resistant enzyme
(20, 22, 32). cfxA mutants of P. aeruginosa PAO exhibit 8- to
16-fold increases in MICs of ciprofloxacin and cross-resis-
tance to other quinolones, while nonquinolone antibiotic
susceptibilities remain unchanged. cfxB mutants ofP. aerug-

TABLE 3. Concentrations of ciprofloxacin and nalidixic acid
which inhibit P. aeruginosa DNA gyrase supercoiling activity

Source of DNA IC50 (Rg/ml)
gyrase Ciprofloxacin Nalidixic acid

MP-001 0.5 25
MP-002 8 400
MP-003 16 400
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TABLE 4. Concentrations of ciprofloxacin and nalidixic acid
which inhibit supercoiling activity of P. aeruginosa

reconstituted DNA gyrases

Source of reconstituted IC50 (4g/ml)
DNA gyrasel Ciprofloxacin Nalidixic acid

As + Brl 0.5 25
Arl + Bs 8.0 400
As + Br2 1.0 50
Ar2 + Bs 8.0 400

a Abbreviations: As and Bs, gyrase A and B subunits from isolate MP-001;
Arl and Brl, gyrase A and B subunits from isolate MP-002; Ar2 and Br2,
gyrase A and B subunits from isolate MP-003.

inosa PAO are resistant to ciprofloxacin and cross-resistant
to novobiocin, tetracycline, chloramphenicol, and carbeni-
cillin (32). cfxB mutants are associated with the appearance
of an additional OMP (5, 32) and appear altered in perme-
ability. Outer membrane alterations also occur in quinolone-
resistant nfxB mutants of PAO, which exhibit decreased
norfloxacin accumulation and hypersusceptibility to -
lactam and aminoglycoside antibiotics (20).

In this report, we have described the mechanism of
resistance to ciprofloxacin which occurred within a single
clinical strain of P. aeruginosa. The quinolone-specific de-
crease in susceptibility observed in the posttherapy isolates
is characteristic of cfxA mutants of P. aeruginosa PAO2
isolated in vitro (32).
As with cfxA mutants of PAO2, DNA gyrase from the

posttherapy isolates was significantly more resistant to inhi-
bition of supercoiling by ciprofloxacin and nalidixic acid.
The gyrase A subunits from either of the resistant isolates
conferred resistance to both antibiotics in heterologous
gyrase subunit assays. Therefore, alterations in the A sub-
unit of DNA gyrase significantly contributed to quinolone
resistance in this strain.
To determine whether other factors contribute to resis-

tance, we analyzed the accumulation of ciprofloxacin by
these organisms and the composition of their outer mem-
branes. Although MP-003 appeared to accumulate less cip-
rofloxacin than either MP-001 or MP-002, this decrease was
not readily apparent in the presence of CCCP. In a recent

FIG. 2. Inhibition of supercoiling activity of reconstituted gyrase
by ciprofloxacin. A reaction mixture of the standard supercoiling
assay contained 6 U each of DNA gyrase A and B subunits from
MP-001 (pretherapy) (lanes A through H) or 6 U of DNA gyrase
subunit A from MP-003 (posttherapy) with 6 U of gyrase subunit B
from MP-001 (lanes I through P). The upper band (a) represents
relaxed pBR322 DNA. The lower band (b) represents supercoiled
pBR322 DNA. Ciprofloxacin concentrations (,ug/ml): lanes A and I,
0 (controls); lanes B and J, 0.25; lanes C and K, 0.50; lanes D and L,
1.0; lanes E and M, 2.0; lanes F and N, 4.0; lanes G and 0, 8.0; and
lanes H and P, 16.0.

report, we demonstrated that P. aeruginosa PA02 accumu-
lates up to sevenfold more ciprofloxacin when deenergized
by the presence of CCCP, indicating the possible presence of
an active efflux system similar to that proposed for Esche-
richia coli (8); however, cfxB mutants of PA02 accumulate
up to fourfold less ciprofloxacin than PA02 and its cfxA
mutants under these same conditions (5).
The OMP compositions of the pre- and posttherapy iso-

lates were similar but not identical. Both posttherapy iso-
lates showed variable expression of the Dl and Hi OMPs
which have been implicated in permeability-associated anti-
biotic resistance (4, 18). These OMP variations were asso-
ciated with growth phase and medium composition (gels not
shown) and did not appear to be involved in resistance in this
strain. Together with the lack of any decrease in CCCP-
induced ciprofloxacin accumulation compared with MP-001,
these observations suggest that neither a cfxB nor an nfxB
class mutation is involved in the decreased susceptibility of
MP-002 and MP-003.
The long chain O-polysaccharide component of LPS,

which was not observed in the posttherapy isolates, was
easily visualized in LPS preparations of the pretherapy
isolate. Unlike similar LPS alterations in other quinolone-
resistant isolates of P. aeruginosa (6, 25), LPS alterations
could not be correlated with decreased accumulation of
ciprofloxacin. While both posttherapy isolates lost the 0-
polysaccharide side chains, only MP-003 exhibited an appar-
ent decrease in accumulated drug. MP-002 accumulated
amounts of drug similar to those accumulated by MP-001,
the initial isolate. Chamberland et al. (6) reported a 67 to 74%
decrease in norfloxacin uptake and cross-resistance to chlor-
amphenicol associated with alterations in the O-polysaccha-
ride side chains ofLPS in a norfloxacin-resistant isolate ofP.
aeruginosa selected in vivo during experimental endocardi-
tis. Quinolone resistance was also attributed to an alteration
in DNA gyrase because total DNA synthesis was more
resistant to inhibition by norfloxacin. Legakis et al. (25)
observed not only slightly decreased quinolone accumula-
tion and loss of the long chain O-polysaccharide component
of LPS in ciprofloxacin-resistant mutants of P. aeruginosa
selected in vitro but also changes in OMPs and cross-
resistance to nonquinolone antibiotics. Decreased length of
LPS side chains in P. aeruginosa has also been associated
with decreased P-lactam permeability (14, 15) and, contrar-
ily, with hypersusceptibility to P-lactams, gentamicin, and
hydrophobic agents (2).
The major change in the structure of LPS in both post-

therapy isolates suggests that modification of the 0-polysac-
charide component of LPS may be involved in the expres-
sion of resistance to quinolones; however, because the
accumulation assay does not adequately distinguish between
intracellular and adherent extracellular drug, the precise
nature of the relationship between alterations of LPS and
quinolone resistance cannot be inferred. There is insufficient
evidence that saline washes or centrifugation through oil
satisfactorily removes drug that may be instantaneously
associated with the outer membrane. Also, small variations
in associated drug may not be resolvable by bioassay, and a
small difference in ciprofloxacin permeability may have a
large impact on cell viability.
The increase in resistance ofDNA gyrase-mediated super-

coiling to ciprofloxacin within this strain, conferred by the
gyrase A subunits from the resistant posttherapy isolates,
correlates very well with the decrease in ciprofloxacin
susceptibility in these isolates. Therefore, we conclude that
an alteration in the gyrase A subunit is the major contributor
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to quinolone resistance in this clinical strain of P. aerugi-
nosa. Loss of the O-polysaccharide side chains of LPS may
play a minor role as well.
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