ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Aug. 1992, p. 1601-1605

0066-4804/92/081601-05$02.00/0
Copyright © 1992, American Society for Microbiology

Vol. 36, No. 8

Quinolone Accumulation in Escherichia coli, Pseudomonas
aeruginosa, and Staphylococcus aureus

C. McCAFFREY, A. BERTASSO, J. PACE, anp N. H. GEORGOPAPADAKOU*
Roche Research Center, Nutley, New Jersey 07110

Received 8 January 1992/Accepted 11 May 1992

The accumulation of quinolones by Escherichia coli JF568, Pseudomonas aeruginosa PAO1, and Staphylo-
coccus aureus ATCC 29213 was measured by a modified fluorometric assay (J. S. Chapman and N. H.
Georgopapadakou, Antimicrob. Agents Chemother. 33:27-29, 1989). The quinolones examined were flerox-
acin, pefloxacin, norfloxacin, difloxacin, A56620, ciprofloxacin, ofloxacin, and Ro 09-1168. In all three
organisms, uptake was complete in less than 5 min and was proportional to extracellular quinolone
concentrations between 2 and 50 pg/ml, which is consistent with simple diffusion. Washing cells with
quinolone-free buffer decreased accumulation by up to 70% in E. coli and P. aeruginosa but not in S. aureus.
Similarly, incubation with the uncouplers 2,4-dinitrophenol and carbonyl cyanide m-chlorophenylhydrazone
increased accumulation up to fourfold in E. coli and P. aeruginosa, though not in S. aureus, suggesting
endogenous, energy-dependent efflux. High quinolone hydrophobicity was generally associated with decreased
accumulation in E. coli and P. aeruginosa (except in the case of pefloxacin) but was associated with increased
accumulation in S. aureus (except in the case of difloxacin). Ciprofloxacin had the highest accumulation in E.
coli and P. aeruginosa, while pefloxacin had the highest accumulation in S. aureus.

Fluoroquinolones are synthetic antibacterial agents with
marked bactericidal activities, broad antibacterial spectra,
and favorable pharmacokinetics after oral or parenteral
administration (25, 36, 44, 48). Their molecular target is
DNA gyrase, a unique and essential bacterial enzyme that
catalyzes the negative supercoiling (unwinding) of double-
stranded DNA and the decatenation of chromosomes after
replication (15, 17-19, 23, 24). Quinolones thus interfere with
a variety of processes involving DNA, such as replication,
chromosomal segregation, transcription, and recombination.

The ability of quinolones to enter bacterial cells is a factor
contributing to their antibacterial potency (4, 41). Both the
outer and cytoplasmic membranes are involved; alterations
in either or both are associated with decreased quinolone
accumulation and low-level resistance (2, 5-7, 10, 43, 47). In
enterobacteria, quinolones diffuse across the outer mem-
brane through the porin channels (13, 21, 26, 27, 37) and the
phospholipid layer after disrupting the lipopolysaccharide
(LPS) (8, 20). In Pseudomonas aeruginosa, they diffuse
through the D2 protein in the outer membrane and probably
through the phospholipid bilayer similarly to enterobacteria
(12, 16, 22, 31, 33, 49). The cytoplasmic membrane is less of
a barrier for quinolones, which enter by simple diffusion (2,
5, 26). However, quinolone accumulation is reduced by an
active efflux system which is especially prominent in qui-
nolone-resistant strains (11, 29, 51). Nevertheless, perme-
ability plays a secondary role in quinolone susceptibility and
resistance, in sharp contrast to the situation with B-lactam
antibiotics (37).

In this study, we have examined the accumulation of
several quinolones in Escherichia coli, P. aeruginosa, and
Staphylococcus aureus by using a modification of a previ-
ously described fluorometric assay (9). The three organisms
were chosen as major gram-negative and gram-positive
human pathogens; the latter two have recently acquired
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additional significance because of the rapid emergence of
quinolone-resistant strains (47).

(This work was presented in part at the 91st General
Meeting of the American Society for Microbiology [40].)

MATERIALS AND METHODS

Bacterial strains and growth conditions. The E. coli K-12
strains JF568 (39) and TE18 (38) were gifts of J. Foulds of the
National Institutes of Health and S. Normark of Washington
University, respectively. The standard antibiotic suscepti-
bility strains E. coli ATCC 25922, S. aureus ATCC 25923,
and S. aureus ATCC 29213 were purchased from the Amer-
ican Type Culture Collection (Rockville, Md.). P. aerugi-
nosa PAOl was from the Roche culture collection. All
bacterial cultures were grown at 37°C in Luria broth.

Quinolones. Fleroxacin (Ro 23-6240) and Ro 09-1168 were
obtained from Roche Laboratories (Nutley, N. J.). Norflox-
acin was from Merck Sharp & Dohme Research Laborato-
ries (Rahway, N. J.); pefloxacin was from Rhone-Poulenc
Pharmaceuticals (Monmouth Junction, N.J.); difloxacin
(A56619) and A56620 were from Abbott Laboratories (Chi-
cago, IlL.); ciprofloxacin was from Miles Inc., Pharmaceuti-
cals Division (West Haven, Conn.); sparfloxacin was from
Parke-Davis (Ann Arbor, Mich.); and ofloxacin was from
Ortho Pharmaceutical Corp. (Raritan, N.J.).

Other chemicals. 2,4-Dinitrophenol (DNP) and carbonyl
cyanide m-chlorophenylhydrazone (CCCP) were obtained
from Sigma Chemical Co. (St. Louis, Mo.); *H,O (18 pCi/
mmol) and [**CJinulin (9 mCi/mmol) were from Amersham
Corp. (Arlington Heights, Ill.); and Aquasol was from New
England Nuclear Corp. (Boston, Mass.). All other reagents
(analytical grade) were from Fisher Scientific Co. (Pitts-
burgh, Pa.). Culture media were from Difco Laboratories
(Detroit, Mich.).

Quinolone hydrophobicity. The hydrophobicities of the
quinolones were determined by their partitioning between
n-octanol and 0.1 M sodium phosphate buffer, pH 7.2 (8, 20).
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TABLE 1. Physical properties of quinolones used

Quinolone Mol wt HydrophoEncnty Nex” (nm) Aem” (nm)
(Papp) ©
Fleroxacin 359 0.123 282 442
Pefloxacin 322 1.360 277 442
Norfloxacin 308 0.046 281 440
Difloxacin 399 4.353 280 452
A56620 387 0.135 281 459
Ciprofloxacin 332 0.032 275 448
Ofloxacin 337 0.376 292 496
Ro 09-1168 348 0.143 297 509

@ P,pp, partition coefficient in 1-octanol-0.1 M sodium phosphate, pH 7.2 (8,
20).
® hex and A, €xcitation and emission maxima, respectively, determined in
0.1 M glycine-HCI, pH 3.0.

Quinolone concentrations were determined by quinolone
absorbance values at the excitation maximum (Table 1).

Uptake studies. Quinolone accumulation in bacterial cells
was assayed by the fluorometric method of Chapman and
Georgopapadakou (9), with the following modifications. Af-
ter incubation with quinolone, cells were pelleted in a
water-cooled Savant centrifuge (1 min at 5,000 rpm) without
prior addition of 1.5 ml of buffer. They were then washed
with 2 ml of quinolone-free buffer at 4°C instead of at room
temperature. These modifications increased cellular reten-
tion of quinolones by bacteria (29, 31a, 35). Where indicated,
cells were treated with 2.0 mM DNP or 0.25 mM CCCP after
10 min of incubation with quinolone. Incubations were
performed at least in duplicate (error, <10%), and error
between repeat experiments was <20%.

Determination of intracellular volume. Intracellular volume
was determined from the distribution of water and inulin in
the cell pellet (1, 45). Inulin cannot penetrate the outer
membrane because of its size and thus serves as a conve-
nient extracellular marker. Cells were grown as for qui-
nolone uptake and suspended in 50 mM sodium phosphate
buffer (pH 7.0) to an optical density at 660 nm (ODg) of 20.
Aliquots (0.5 ml) were removed and incubated at 37°C for 10
min, *H,0 and [**Clinulin were added (final concentrations,
10 and 2 pCi/ml, respectively), and the incubation was
continued for another 10 min. The cell suspensions were
centrifuged at 5,000 rpm (Savant centrifuge) for 1 min, the
supernatant was removed carefully, and the pellet was
resuspended in 100 pl of buffer. Aliquots (50 pl) of the
supernatant and pellet were removed and counted. Intracel-
lular volume was calculated by the following equation (1,
45): intracellular volume = [1 — ([**C/°H ratio] ey /[**C/"H
ratiolpernatand] X 100.
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RESULTS AND DISCUSSION

Physicochemical properties of quinolones. The physico-
chemical properties of the quinolones used in this study are
shown in Table 1. Molecular masses ranged from 300 to 400
Da, and hydrophobicities ranged from 0.046 to 4.353. Fluo-
rescence spectra were similar, with excitation maxima at 275
to 297 nm and emission maxima at 440 to 509 nm. The
5-amino quinolone sparfloxacin, while structurally similar to
ciprofloxacin, showed markedly reduced fluorescence (see
also reference 42) and was dropped from further studies.

Cell parameters. In an effort to measure the intracellular
concentrations of quinolones, the percentage of wet cell
pellet representing intracellular volume was determined un-
der assay conditions for quinolone uptake (Table 2). Differ-
ent cell parameters (cell number, wet weight, dry weight,
and protein content) were also correlated with ODgg, so that
quinolone accumulation values obtained for E. coli, S.
aureus, and P. aeruginosa could be directly compared with
those reported in the literature.

Quinolone uptake. The concentrations of quinolones accu-
mulated by the three organisms at 37°C over a 30-min time
course are shown in Fig. 1. Maximum levels of most
quinolones were reached in less than 5 min. Accumulation
was proportional to the external quinolone concentration
between 2 and 50 pg/ml (data not shown), confirming pub-
lished reports that uptake occurs by simple diffusion (3, 29,
46). Subsequently, a 10-ug/ml quinolone concentration was
used throughout the study. Quinolone accumulation in un-
washed cells of the three organisms varied between 150 and
300 ng/mg (dry weight) of cells at the 10-pg/ml extracellular
quinolone concentration (Fig. 1). This corresponds to a 5- to
10-fold intracellular accumulation. Quinolone accumulation
was significantly lower in washed cells of E. coli and P.
aeruginosa, though it remained relatively unchanged in
washed cells of S. aureus.

Blocking energy production by the uncouplers DNP and
CCCP appeared to increase quinolone accumulation signifi-
cantly in E. coli and P. aeruginosa but only slightly in S.
aureus (Fig. 2). In previous studies we were unable to show
any effect of DNP on fleroxacin accumulation by E. coli (8).
This was probably due to the extensive loss of cell-associ-
ated quinolone after the cells were washed at room temper-
ature. In the modified assay, all steps subsequent to qui-
nolone loading were carried out at 4°C. Similar conditions
have been recently adopted by other investigators (29, 35).
Ofloxacin was more affected than the less hydrophobic
fleroxacin, a situation reminiscent of that with tetracyclines
(32). Active efflux may thus be largely responsible for the
loss of cell-associated quinolone by washing. DNP and
CCCP have been reported to increase quinolone accumula-

TABLE 2. Cell parameters in different bacteria at an ODgg, of 1

Concn (mg/ml) of: Intracellular vol

Organism CFU/ml
Cells (wet wt) Cells (dry wt) Protein (% wet wt)
E. coli
ATCC 25922 9 x 108 3.0+0.1 0.44 = 0.02 0.24 = 0.04 55
JF568 ND“ 25+0.1 0.41 = 0.01 0.21 + 0.04 ND
P. aeruginosa PAO1 8 x 108 2.7+0.2 0.42 = 0.02 0.16 = 0.01 ND
S. aureus ATCC 29213 5 x 108 1.5+ 0.1 0.30 = 0.02 0.18 = 0.02 52

“ ND, not determined.
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FIG. 1. Quinolone uptake by E. coli JF568 (A through C), S.
aureus ATCC 29213 (D through F), and P. aeruginosa PAO1 (G
through I). The quinolones used were fleroxacin (A, D, and G),
ciprofloxacin (B, E, and H), and ofloxacin (C, F, and I). Open and
closed circles, washed and unwashed cells, respectively.

tion by clinical isolates of S. aureus (28, 50, 51). The
variability could be due to the different strains and media
used, as has been proposed for other species (2). In this
context, it is interesting that DNP has been reported to
inhibit quinolone uptake by E. coli in one study (14) and to
stimulate it in another (10). Similarly, E. coli MAL300, a
strain unable to maintain a transmembrane potential at
elevated temperatures (30), showed no increased uptake of
fleroxacin or ofloxacin at the restrictive temperature (31a).

Quinolone hydrophobicity was negatively associated with
uptake in E. coli, especially the smooth strain ATCC 25922,
except in the case of pefloxacin (Table 3). The association
was less pronounced in the K-12 strains TE18 and JF568,
which lack the long-chain O-polysaccharide component of
LPS, and in P. aeruginosa PAOL. In both E. coli and P.
aeruginosa, norfloxacin and ciprofloxacin showed the high-
est accumulations. Quinolone hydrophobicity was positively
associated with uptake in S. aureus, except in the case of
difloxacin. Pefloxacin had the highest accumulation in this
organism.

Various studies have reported quinolone accumulation per
OD unit of cell suspension (3), number of cells (46), milli-
gram (wet weight) of cells (34), milligram (dry weight) of
cells (21), and milligram of protein (10). Throughout this
article, quinolone accumulation is expressed in nanograms
per milligram (dry weight) of cells. However, by using the
appropriate conversion factors from Table 2, quinolone
accumulation can also be expressed in nanograms per mi-

QUINOLONE ACCUMULATION IN BACTERIA 1603

200 r r

200

100 | -
b’

Quinolone uptake (ng/mg dry wt)
Qo

0
0 10 20 30 0 10 20 30 O 10 20 30

Time (min)

FIG. 2. Quinolone uptake by E. coli JF568 (A and B), S. aureus
ATCC 29213 (C and D), and P. aeruginosa PAO1 (E and F). The
quinolones used were fleroxacin (A, C, and E) and ofloxacin (B, D,
and F). The addition of 0.25 mM CCCP (®) and 2 mM DNP (V) to
control (O) is indicated by arrows.

croliter of intracellular volume. Thus, 100 ng of quinolone
per mg (dry weight) of E. coli ATCC 25922 cells is equivalent
to 16 ng/mg (wet weight) of cells or 26 ng/ul of intracellular
volume (versus the 10-ng/pl external concentration). All
quinolones showed concentrative uptake in E. coli (=40
ng/mg [dry weight] of cells) even after the cells were washed
(Table 3).

In conclusion, the present work improves and extends the
previously developed fluorometric assay for quinolone up-
take to more quinolones and organisms. In the process, it
examines the impact of efflux on concentrative uptake.
Finally, the surprisingly poor fluorescence of sparfloxacin
points to a major limitation of the fluorometric assay.

TABLE 3. Quinolone uptake by bacteria (washed cells) at a 10-
ng/ml external concentration after 10 min of incubation

Uptake (ng/mg [dry wt] of cells)

Quinolone E. coli P. aerugi- l“ﬂs_

ATCC nosa ATCC ATCC

25922 TE18 JF568 PAO1 29213 25923

Fleroxacin 94 103 128 57 142 157
Pefloxacin 145 163 168 95 245 353
Norfloxacin 211 170 226 105 188 ND“
Difloxacin 46 111 64 55 68 185
A56620 95 121 138 72 150 ND
Ciprofloxacin 283 202 281 101 145 ND
Ofloxacin 97 147 120 64 194 187
Ro 09-1168 60 89 81 32 134 ND

“ ND, not determined.
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