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The antibacterial activities of tosufloxacin and other quinolones against and apparent uptakes of tosufloxacin
and other quinolones by outer membrane mutants of Escherichia coli, Proteus mirabilis, and Salmonella
typhimurium were studied. The hydrophobicity of tosufloxacin was nearly equal to that of ofloxacin or lower
than those of sparfloxacin and nalidixic acid. OmpF- and OmpC-deficient E. coli and 40-kDa porin-deficient P.
mirabilis mutants were twofold more susceptible to tosufloxacin and sparfloxacin but two- to fourfold less
susceptible to other quinolones than their parent strains. In S. typhimurium lipopolysaccharide-deficient
(rough) mutants, the differences in susceptibility to tosufloxacin were similar to those to sparfloxacin and
nalidixic acid. The apparent uptake of tosufloxacin by intact cells was increased in porin-deficient mutants
compared with that by their parent strain. These results suggest that the permeation route of tosufloxacin
across the outer membrane is different from that of other fluoroquinolones and that tosufloxacin may permeate
mainly through the nonporin pathway, presumably phospholipid bilayers. However, this characteristic is
independent of the hydrophobicity of the molecule.

The mechanisms of quinolone resistance in gram-negative
bacteria, especially Escherichia coli, have been well studied.
One of the major resistance mechanisms is alteration of the
subunit structure ofDNA gyrase (1, 5, 10, 12, 14, 16, 20, 22,
27, 28, 30, 31), and another is decreased permeability
through the outer membrane from a reduced number of
porins (3, 4, 6-8, 11, 13-15). In E. coli, fluoroquinolones are
thought to cross the outer membrane primarily through the
OmpF porin; this has been demonstrated previously with
defined porin-deficient strains (4, 6, 13, 26). Moreover, the
lipopolysaccharide (LPS)-deficient (rough) mutants were
more susceptible to hydrophobic quinolones than was the
wild-type strain, suggesting that the passage of quinolones
through the outer membrane is not limited to porins (13).

Tosufloxacin is a fluoroquinolone that has potent activities
against both gram-positive and gram-negative bacteria (9).
We unexpectedly observed increased susceptibilities of E.
coli and Proteus mirabilis porin-deficient mutants to tosu-
floxacin compared with those of their parent strains. In this
study, we characterize tosufloxacin uptakes by wild-type
strains and by porin-deficient mutants. Our results suggest
that the mechanism of uptake for tosufloxacin is different
from that for other quinolones and that tosufloxacin may
permeate the outer membrane mainly through a nonporin
pathway, presumably phospholipid bilayers.

MATERLALS AND METHODS

Materials. Tosufloxacin (Toyama Chemical Co., Ltd.,
Toyama, Japan), ofloxacin and nalidixic acid (Daiichi Sei-
yaku Co., Ltd., Tokyo, Japan), ciprofloxacin (Bayer Yaku-
hin Co., Ltd., Osaka, Japan), norfloxacin (Kyorin Seiyaku
Co., Ltd., Tokyo, Japan), cefoxitin (Banyu Seiyaku Co.,
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Ltd., Tokyo, Japan), erythromycin (Shionogi Seiyaku Co.,
Ltd., Osaka, Japan), and sparfloxacin (Dainihon Seiyaku
Co., Ltd., Tokyo, Japan) were all commercially available.
Other reagents were all analytical grade and commercially
available.

Bacterial strains. The source and characteristic(s) of each
strain used are described in Table 1. E. coli KY strains and
E. coli KL-16 were derived from E. coli K-12, the parent
strain. E. coli KY-2563 (wild type), KY-2562 (OmpF-
OmpC-), KY-2209 (OmpF+ OmpC-), and KY-2201
(OmpF- OmpC+) were kindly provided by T. Yura (23),
Kyoto University, Kyoto, Japan. E. coli KL-16 was used for
the preparation of DNA gyrase. The series of LPS-deficient
mutants of Salmonella typhimurium (Table 2) was kindly
provided by Lindberg and Hellerqvist (17) and Roantree et
al. (21). P. mirabilis T-116 was a clinical isolate which
showed susceptibility to quinolones. A spontaneous porin-
deficient mutant of P. mirabilis T-116 was isolated on the
basis of its cefoxitin resistance (19, 24). The cefoxitin
concentration used for the isolation of this porin-deficient
mutant was 25 ,ug/ml for P. mirabilis T-116, and the mutant
lacking porins was termed P. mirabilis T-116R1. The isola-
tion frequency of this mutant was about 5 x 10-8 to 1 x 10-9
CFU per plate.

Determination of susceptibility. MICs were determined by
a twofold serial agar dilution method. An overnight culture
of the bacterial strain in heart infusion broth (Difco Labora-
tories) was diluted 100-fold with fresh medium, and 5 p,l of
the bacterial suspension (about 2 x 106 cells per ml) was
inoculated onto Mueller-Hinton agar (Difco Laboratories)
plates by using a Microplanter (Sakuma Factory, Tokyo,
Japan). The plates were measured after incubation at 37°C
for 18 h. The MIC was the lowest concentration of the drug
that inhibited the development of visible growth on agar.

Inhibitory effect on DNA gyrase. DNA gyrase was pre-
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TABLE 1. Bacterial strains

Strain Characteristic(s) Source (reference)

KY-2563 thi tsx maLA T. Yura (23)
KY-2562 KY-2563 ompBlOl (OmpC- OmpF-) T. Yura
KY-2201 KY-2563 ompBlOl ompCpl (OmpF-) T. Yura
KY-2209 KY-2563 ompBlOl ompFpg (OmpC-) T. Yura
T-116 Clinical isolate This laboratory
T-116R1 Mutant of T-116 selected for cefoxitin This laboratory

resistance
LT2 Autotroph (smooth) Lindberg (17)
SL1034 rfe465(SR) Roantree (21)
TV119 rfb430(Ra) Roantree
SL733 rfaK(Rbl) Roantree
TV160 metA422 hryB2 galT411 rfa418 (Rb2) Lindberg
TV148 rfa433(Rb3) Lindberg
LT2M1 galE(Rc) Roantree
SL1004 rfl430 rfaGS71(Rdl) Roantree
TA2168 hisC3076galE506 rfalOO9(Re) Lindberg

pared from E. coli KL-16 and P. mirabilis T-116 by the
method of Fujimaki et al. (9). Each enzyme fraction was
stored in a refrigerator at -40°C. The inhibition of DNA
gyrase supercoiling activity was assayed in a manner similar
to that described previously (9). The standard reaction
mixture containing subunit A and B proteins, a drug solu-
tion, and relaxed pBR322 DNA was incubated at 37°C for 2

Strain

LT2(S)

h. The reaction was stopped by the addition of proteinase K
(Sigma) to a final concentration of 1% and was subjected to
agarose gel electrophoresis (0.8% agarose in 40 mM Tris-
acetate-2 mM EDTA; 3 V/cm for 16 h). The gel was stained
with ethidium bromide (0.5 ,ug/ml) for 1 h and photographed
with a shortwave UV lamp (254 nm). The negatives were
traced with a densitometer (GS300 Transmittance/Reflec-
tance Scanning Densitometer; Hoefer Scientific Instru-
ments, San Francisco, Calif.).
Measurement of quinolone uptake. The apparent uptakes

of quinolones were measured by a modification of the
methods of Chapman and Georgopapadakou (6) and Hirai et
al. (13, 14). Bacterial cells were grown with Antibiotic
Medium 3 (Difco Laboratories) to an A660 of 0.6, harvested
by centrifugation, washed once with 50 mM sodium phos-
phate buffer-0.145 M NaCl (pH 7.0), and suspended at an
A660 of 12 in the same buffer. The concentrations of cells at
this stage were about 4 x 109 to 6 x 109 CFU/ml. Quinolones
were added to a final concentration of 10 ,ug/ml, and the 0.5
ml of cell suspension was incubated for 10 min at 37°C.
Then, the cell suspension was diluted immediately for 2.0 ml
of buffer. The cells were centrifuged (10,000 x g for 1 min)
and washed once with 2.0 ml of buffer. The cell pellets
obtained were extracted four times with a 1-ml portion of
100% acetonitrile, and the extracts were evaporated to
dryness under reduced pressure by using a VC-960 Centrif-
ugal Concentrator (TAITEC Co., Ltd., Tokyo, Japan). The

TABLE 2. Chemical structure of the LPS of S. typhimurium

Chemical structurea

rAbe 1 Abe GNac Gal Hep KDO

LMan-Rha-Gal. n-Man-Rha-Gal-Glu-Gal-Glu-Hep-Hep-vDO-KDO-lipid A

Abe GNac Gal Hep KDO

Man-Rha-Gal-Glu-Gal-Glu-Hep-Hep-KDO-KDO-lipid ASL1034(SR)

GNac Gal Hep KDO
IlI

Glu-Gal-Glu-Hep-Hep-KDO-KDO-lipid A

Gal Hep KDO

Glu-Gal-Glu-Hep-Hep-KDO-KDO-lipid A

Gal Hep KDO

Gal-Glu-Hep-Hep-RDO-KDO-lipid A

Gal Hep KDO

Glu-Hep-Hep-EDO-RDO-lipid A

Hep KDO

Glu-Hep-Hep-KDO-KDO-lipid A

Hop RDO

Hep-Hep-KDO-KDO-lipid A

KDO

KDO-RDO-lipid A

a Abe, abequose; Man, mannose; Rha, rhamnose; Gal, galactose; Glu, glucose; Hep, heptose; GNac, N-acetylglucosamine; KDO, 2-keto-3-deoxyoctonic acid.

TV119(Ra)

SL733(Rbl)

TV160(Rb2)

TV148(Rb3)

LT2M1(Rc)

SL1004(Rdl)

TA2168(Re)
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evaporated extracts were dissolved with 0.2 ml of the
solvent for high-pressure liquid chromatography (HPLC).
The solvent was made up of acetonitrile-1 M citric acid
disodium-10% methansulfonic acid-10% triethylamine-H20
(18:3:2:2:75 for ofloxacin and norfloxacin, 20:3:2:2:73 for
ciprofloxacin, 25:3:2:2:68 for tosufloxacin and sparfloxacin,
and 40:3:2:2:53 for nalidixic acid). The amount of each
quinolone in the resulting extract was defined as the uptake
and expressed as nanograms of quinolone per milligram (dry
weight) of cell. The concentration of each quinolone was
determined by HPLC under the following conditions: an
Inertsil ODS-2 column (Gasukuro Kogyo Co., Ltd., Tokyo,
Japan) (precolumn, 4 by 50 mm; analytical column, 4 by 150
mm), a flow rate of 1.0 ml/min, and detection wavelengths of
286 nm (ofloxacin), 283 nm (norfloxacin), 271 nm (ciproflox-
acin), 345 nm (tosufloxacin), 289 nm (sparfloxacin), and 320
nm (nalidixic acid). Twenty-five microliters of sample was
injected into the column.
Measurement of amounts of outer membrane protein. The

amounts of outer membrane protein in total protein of whole
cells were measured and expressed as micrograms of outer
membrane protein per milligram of total protein of whole
cells. Outer membrane proteins were prepared as 2% N-lau-
roylsarcosine-insoluble fractions by the method of Sawai et
al. (24). Protein amounts were determined according to the
method of Lowry et al. (18).
The porin contents of total outer membrane protein were

measured by densitometric tracing of sodium dodecyl sulfate
(SDS)-polyacrylamide gels. A 10-,ug portion of outer mem-
brane protein was analyzed by SDS-10% polyacrylamide gel
electrophoresis (PAGE) and stained with Coomassie brilliant
blue R250 (Sigma). The gels were traced with a densitometer
(GS-300 Transmittance/Reflectance Scanning Densitometer;
Hoefer), and porin contents were expressed as the percent of
porin in total outer membrane protein.

Cell surface hydrophobicity. Cell surface hydrophobicity
was determined by the method of Hirai et al. (14) with slight
modifications. Bacterial cells were grown in Antibiotic Me-
dium 3 (Difco) to anA660 of 0.6, harvested by centrifugation,
washed once with 50 mM phosphate buffer (pH 7.0), and
suspended at an A530 of 1.0. A 5-ml sample of bacterial cells
was mixed with 10 ml ofp-xylene by vortexing for 2 min and
then was allowed to separate at room temperature for 20
min. The cell surface hydrophobicity was calculated as (A530
of untreated control - A530 of treated sample)/A530 of
untreated control.

Quinolone hydrophobicities. The hydrophobicities of the
quinolones were determined by partitioning with 0.1 M
phosphate buffer (pH 7.2) and n-octanol by the methods of
Hirai et al. (13) and Chapman and Georgopapadakou (6). The
buffer-octanol mixture was incubated for 24 h to equilibra-
tion, and then each quinolone was added to a final concen-
tration of 10 ,ug/ml in the aqueous phase. The partition
coefficient is expressed as the ratio of the quinolone concen-
tration in the organic phase to that in the aqueous phase.
Quinolone concentrations were determined by measuring
UVA286 (ofloxacin), A283 (norfloxacin), A271 (ciprofloxacin),
A345 (tosufloxacin), A289 (sparfloxacin), and A320 (nalidixic
acid).
SDS-PAGE. Outer membrane proteins were prepared by

the method of Sawai et al. (24). The OmpF and OmpC
proteins in E. coli were analyzed with an 8 M urea-SDS-10%
polyacrylamide gel as described by Uemura and Mizushima
(25). The outer membrane proteins of P. mirabilis were
analyzed with an SDS-10% polyacrylamide gel. (24).

FIG. 1. Outer membrane proteins from E. coli and P. mirabilis
separated by SDS-PAGE. (A) 8 M urea-SDS-10% polyacrylamide
gel; (B) SDS-10% polyacrylamide gel. The strains are listed under-
neath the lanes. Lane STD contained molecular mass standards that
correspond to, from top to bottom, myosin (200 kDa), phospholi-
pase b (97.4 kDa), bovine serum albumin (68 kDa), ovalbumin (43
kDa), and ox-chymotrypsinogen (25.7 kDa).

RESULTS

Strain characterization. The outer membrane profiles of E.
coli KY series strains by SDS-PAGE are shown in Fig. 1A.
The outer membrane profiles of porin-deficient mutants were
unaltered compared with those of the wild-type strain except
for reduced numbers of the OmpF or OmpC porin (data not
shown).
The porin-deficient mutant P. mirabilis T-116R1 was iso-

lated by measuring its cefoxitin resistance. We have already
reported that P. mirabilis had only one kind of porin protein,
a protein with a molecular mass of 40 kDa (19). The outer
membrane profiles of P. mirabilis T-116R1 were unaltered
except for the lack of the 40-kDa protein (Fig. 1B).
The 50% inhibitory concentrations needed for inhibition of

the supercoiling activities of E. coli KL-16 and P. mirabilis
T-116 DNA gyrase are listed in Table 3. The DNA gyrase
obtained from P. mirabilis T-116 was about two- to threefold
less susceptible to quinolones than that from E. coli KL-16.
Tosufloxacin was a potent inhibitor compared with other
quinolones.

Quinolone susceptibilities of outer membrane mutants. The
bacterial susceptibilities of outer membrane mutants of E.
coli, P. mirabilis, and S. typhimurium to quinolones and
other antimicrobial agents are shown in Table 4. Decreases
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TABLE 3. Inhibitory effects of quinolones against DNAK gyrase
from E. coli KL-16 and P. mirabilis T-116

MIC (,ug/rnl) ID50(>/m)
Compounda E. coli P. mirabilis E. coli P. mirabilis

KL-16 T-116 KL-16 T-116

NFLX 0.05 0.2 0.80 1.85
CPFX 0.0125 0.025 0.35 0.97
TFLX 0.025 0.1 0.28 0.75
OFLX 0.05 0.1 0.70 1.78
SPFX 0.025 0.2 0.80 1.00
NA 3.13 6.25 50 NIC

a NFLX, norfloxacin; CPFX, ciprofloxacin; TFLX, tosufloxacin; OFLX,
ofloxacin; SPFX, sparfloxacin; NA, nalidixic acid.

b 50% inhibitory dose of DNA gyrase.
c NT, not tested.

in bacterial susceptibilities to cefoxitin were observed with
E. coli and P. mirabilis porin-deficient mutants but not with
S. typhimurium LPS stepwise-deficient mutants. Cefoxitin
was believed to mainly pass through porins.

Increases in bacterial susceptibilities to erythromycin,
novobiocin, and crystal violet were observed with S. typhi-
murium LPS stepwise-deficient mutants but not with E. coli
and P. mirabilis porin-deficient mutants. These compounds
were more hydrophobic than quinolones and susceptible to
the effect of an LPS barrier. These results suggest that the
composition of porins in S. typhimurium LPS-deficient mu-
tants and the LPS structure of porin-deficient mutants were
unaltered between the wild-type strains and their mutants.
The susceptibilities of the OmpF-deficient mutant KY-

2201 and the OmpC-deficient mutant KY-2209 to tosufloxa-
cin and sparfloxacin were equal to those of wild-type KY-
2563, but the susceptibility of strain KY-2562, which lacks
both OmpC and OmpF, was twofold higher than that of
KY-2563. The susceptibilities of strains KY-2201 and KY-

2562 to norfloxacin, ciprofloxacin, and ofloxacin were two-
fold lower than those of KY-2563, and the susceptibilities of
strain KY-2209 to these quinolones were equal to those of
KY-2563. The susceptibilities of all porin-deficient mutants
to nalidixic acid were equal to that of KY-2563. As with E.
coli porin-deficient mutants, the susceptibilities to tosuflox-
acin and sparfloxacin of P. mirabilis T-116R1, which lacks
the 40-kDa porin, were twofold higher than those of its wild
type, T-116, but the susceptibilities of T-116R1 to norfloxa-
cin, ciprofloxacin, and ofloxacin were two- to fourfold lower
than those of T-116. The differences in the susceptibilities of
porin-deficient mutants and those of their wild-type strains
appeared stronger for P. mirabilis than for E. coli.
The susceptibilities of LPS stepwise-deficient mutants of

S. typhimurium to norfloxacin and ciprofloxacin were not
affected by alteration of the LPS structure. These mutants
showed a slight increase in susceptibility to ofloxacin com-
pared with that of the parent strain. In contrast, the suscep-
tibilities of LPS-deficient mutants (Rd1 and Re) to tosuflox-
acin were fourfold lower than that of wild-type LT2, and the
relative activities of tosufloxacin against LPS-deficient mu-
tants were comparable to those of sparfloxacin and nalidixic
acid. Nevertheless, the hydrophobicity of tosufloxacin was
similar or slightly lower than that of ofloxacin, and the
increase in its antibacterial activity against LPS-deficient
mutants was larger than that of ofloxacin.
Uptake of tosufloxacin. Increased susceptibilities of porin-

deficient mutants to tosufloxacin might result from increased
drug uptake. We examined the accumulation of tosufloxacin
and other quinolones by wild-type E. coli KY-2563 and P.
mirabilis T-116 and their derivatives KY-2562 and T-116R1.
Under our assay conditions, the accumulations of drugs
plateaued at 10 min after the addition of drugs (data not
shown). The accumulation of drugs is shown as the apparent
uptake when the uptake by the wild type is expressed as
100%.

TABLE 4. Antibacterial activities of antimicrobial agentsa against outer membrane mutants of E. coli, P. mirabilis, and S. typhimurium

MIC (,ug/ml)
Strain NFLX CPFX TFLX OFLX SPFX NA

(0.021)b (0.027) (0.29) (0.31) (0.89) (3.38) CFX EM NOVO Cv

E. coli
KY-2563 (wild type) 0.05 0.0125 0.025 0.05 0.025 3.13 3.13 25 >200 25
KY-2209 (OmpC- OmpF+) 0.05 0.0125 0.025 0.05 0.025 3.13 3.13 25 >200 25
KY-2201 (OmpC+ OmpF-) 0.1 0.025 0.025 0.1 0.025 3.13 25 25 >200 25
KY-2562 (OmpC- OmpF-) 0.1 0.025 0.0125 0.1 0.0125 3.13 50 25 >200 25

P. mirabilis
T-116 (wild type) 0.2 0.025 0.1 0.1 0.2 6.25 6.25 200 50 3.13
T-116R1 (Por-)c 0.78 0.1 0.05 0.39 0.1 12.5 50 200 50 3.13

S. typhimurium
LT2(S) 0.1 0.0125 0.025 0.1 0.025 6.25 3.13 50 >200 100
SL1034(SR) 0.1 0.0125 0.025 0.1 0.025 6.25 3.13 50 >200 25
TV119(Ra) 0.1 0.0125 0.0125 0.1 0.0125 6.25 3.13 50 200 12.5
SL733(Rb1) 0.1 0.0125 0.025 0.1 0.025 6.25 3.13 50 >200 12.5
TV160(Rb2) 0.1 0.0125 0.025 0.1 0.025 6.25 3.13 50 >200 12.5
TV148(Rb3) 0.1 0.0125 0.0125 0.05 0.00625 3.13 3.13 50 >200 12.5
LT2M1(Rc) 0.1 0.0125 0.0125 0.05 0.00625 3.13 3.13 50 200 6.25
SL1004(Rd1) 0.1 0.0125 0.00625 0.05 0.00313 1.56 3.13 6.25 50 0.78
TA2168(Re) 0.1 0.0125 0.00625 0.05 0.00313 1.56 3.13 1.56 25 0.39
a NFLX, norfloxacin; CPFX, ciprofloxacin; TFLX, tosufloxacin; OFLX, ofloxacin; SPFX, sparfloxacin; NA, nalidixic acid; CFX, cefoxitin; EM,

erythromycin; NOVO, novobiocin; CV, crystal violet.
b Numbers in parentheses are the partition coefficients obtained with n-octanol-50 mM phosphate buffer (pH 7.2). For details, see Materials and Methods.
c Porin-deficient mutant.
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TABLE 5. Apparent uptakes of quinolones by outer membrane mutants of E. coli and P. mirabilis

Strain Apparent uptake (ng/mg [dry cell])a
NFLX CPFX OFLX TFLX SPFX NA

E. coli
KY-2563 (wild type) 60.30 ± 10.98 (100)b 37.39 ± 4.85 (100) 11.37 ± 1.07 (100) 9.45 ± 0.64 (100) 4.10 + 1.16 (100) 18.63 ± 2.46 (100)
KY-2562 (OmpC- 28.36 ± 7.62 (47) 22.22 ± 6.89 (59) 4.96 ± 0.24 (44) 11.92 ± 0.48 (126) 4.88 + 0.56 (119) 13.04 + 0.49 (70)
OmpF-)

P. mirabilis
T-116 (wild type) 27.78 ± 7.78 (100) 20.78 ± 1.47 (100) 12.28 ± 1.37 (100) 4.80 + 0.68 (100) 2.53 ± 0.67 (100) 26.71 ± 4.76 (100)
T-116R1 (Por-)c 7.99 ± 2.06 (29) 6.78 ± 3.05 (33) 5.38 ± 0.17 (44) 7.53 ± 1.16 (157) 3.61 ± 0.54 (143) 7.48 ± 2.10 (28)

a The values are means + standard deviations of five separate experiments. For abbreviations, see Table 3, footnote a.
b Values in parentheses are relative to the uptake of the wild-type strain, expressed as 100%.
c Porin-deficient mutant.

Tosufloxacin was more efficiently accumulated by the
OmpC- and OmpF-deficient mutant KY-2562, with the up-
take being approximately 130% compared with that by the
wild-type KY-2563, whereas the uptakes of ofloxacin, nor-
floxacin, and ciprofloxacin by KY-2562 were approximately
50% compared with those by the wild type (Table 5).
Similarly, the results for uptakes of tosufloxacin and spar-
floxacin were approximately 120% compared with those by
the wild type. However, for the most hydrophobic qui-
nolone, nalidixic acid, the uptake was decreased to approx-
imately 70% compared with that by the wild-type strain.
For P. mirabilis, the difference in uptake by the porin-

deficient mutant and that by the wild-type strain was much
larger than that for E. coli. The 40-kDa porin-deficient
mutant T-116R1 also accumulated approximately 60% more
tosufloxacin than did wild-type T-116, but the uptakes of
norfloxacin, ciprofloxacin, ofloxacin, and nalidixic acid were
decreased to 28 to 44% of those by the wild-type strain. As
with E. coli and its uptake of sparfloxacin, T-116R1 accumu-
lated approximately 40% more sparfloxacin than did the wild
type.

Cell surface hydrophobicities of outer membrane mutants.
It is still unknown why porin deficiency enhanced the
intracellular accumulation of tosufloxacin and sparfloxacin.
The direct exposure of the phospholipid bilayers in the outer
membrane to an outside environment, when porins are
lacking, has been suggested by Yamaguchi et al. (29).
Furthermore, the pH-dependent binding of ciprofloxacin and
enoxacin to liposomes predominantly containing phospho-
lipids, which could be the first step in the diffusion of these
compounds across the lipid bilayers, has been reported by
Bedard and Bryan (2). Presumably, tosufloxacin may also
associate with and then permeate the phospholipid bilayers
exposed to the outside environment in the outer membrane.
To confirm our conclusion, we examined the effect of porin
deficiency on the outer membrane by measuring cell surface
hydrophobicity in intact cells (Table 6). In the control
experiment, the cell surface hydrophobicities of S. typhimu-
rium LPS-deficient mutants were increased stepwise by the
lack of LPS. However, contrary to our expectations, cell
surface hydrophobicity was increased in the P. mirabilis
porin-deficient mutant (about 158%) and unaltered in the E.
coli porin-deficient mutant.

Determination of amounts of outer membrane protein in
whole cells. The lack of differences in the hydrophobicity of
the porin-deficient mutant and that of the wild-type strain in
E. coli suggests that the amount of outer membrane protein
in the total protein of whole cells might be smaller than that
in P. mirabilis. We determined the amounts of outer mem-

brane protein in the total protein in whole cells of E. coli
KY-2563 and KY-2562 and P. mirabilis T-116 and T-116R1
(Table 7). For the wild-type strains, the amount of outer
membrane protein in P. mirabilis T-116 was about twofold
larger than that in E. coli KY-2563. However, we observed
a significant decrease in the amount of outer membrane
protein in P. mirabilis T-116R1 but not in E. coli KY-2562.
Decreased amounts of outer membrane protein might result
from a deficiency in porins. We examined the porin content
of total outer membrane proteins. In E. coli, the porin
content (OmpF and OmpC) was about 38% of the total outer
membrane, whereas the 40-kDa porin of P. mirabilis occu-
pied about 78% of the total outer membrane proteins. These
values are consistent with the reduced amounts of outer
membrane protein in porin-deficient mutants.

DISCUSSION

In this study, we determined the outer membrane perme-
ation of tosufloxacin by using an isogenic set of mutants with
altered outer membrane structures.

Inhibitory doses of quinolones against DNA gyrase from
P. mirabilis were about two- to threefold less than those of
quinolones against DNA gyrase from E. coli. This difference

TABLE 6. Cell surface hydrophobicities of outer
membrane mutants

Strain Hydrophobicity'

E. coli
KY-2563 (wild type)..................................... 0.84 (100)"
KY-2201 (OmpC-)....................................... 0.81 (96)
KY-2209 (OmpF-) ....................................... 0.87 (104)
KY-2562 (OmpC- OmpF-) ........................... 0.85 (101)

P. mirabilis
T-116 (wild type) ....................................... 0.34 (100)
T-116R1 (40-kDa Por-)c................................ 0.57 (168)

S. typhimurium
LT2(S)....................................... 0.26 (100)
TV119(Ra)....................................... 0.32 (123)
TV160(Rb2) .......................... ............. 0.50 (192)
LT2M1(Rc) .......................... ............. 0.57 (219)
TA2168(Re) .......................... ............. 0.82 (315)
a Values are partition coefficients with p-xylene-cell suspension. See Ma-

terials and Methods for details.
b Values in parentheses are relative to that for the wild type (100%) and are

expressed as percents.
c Porin-deficient mutant.
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TABLE 7. Amounts of outer membrane proteins in total proteins
of whole cells and porin contents of total outer

membrane proteins

Amt of outer Porin contentStrain membrane proteinsa (%)b

E. coli
KY-2563 (wild type) 17.32 (100)C 38 (OmpC OmpF)
KY-2562 (OmpC- 11.74 (68)
OmpF-)

P. mirabilis
T-116 (wild type) 31.75 (100) 78 (40-kDa porin)
T-116R1 (Por-)d 5.74 (18)
a The values are the means of three separate experiments and are expressed

as micrograms per milligram of total protein.
b Values are expressed as percents of total outer membrane proteins.
c Numbers in parentheses are values relative to that for the wild-type strain

(100%).
d Porin-deficient mutant.

is compatible with the difference in susceptibilities of E. coli
and P. mirabilis. The susceptibility of P. mirabilis, which is
less than that of E. coli, might be caused by the lack of
susceptibility of DNA gyrase against quinolones.

Hirai et al. (13) reported that alteration of the LPS
structure significantly affected outer membrane permeability
to hydrophobic qu-inolones that had partition coefficients
higher than 2.0 but not that to hydrophilic quinolones with
partition coefficients lower than 1.0.
However, despite the fact that the hydrophobicity of

tosufloxacin (0.29) is nearly equal to that of ofloxacin (0.30)
and lower than those of sparfloxacin (0.89) and nalidixic acid
(3.38), the susceptibility of S. typhimurium TA2168(Re) to
tosufloxacin was fourfold higher than that of the parent
strain, LT2(S). Similar findings have been noted for spar-
floxacin and nalidixic acid. The outer membrane permeation
of tosufloxacin was more affected by the barrier of LPS than
we predicted from its hydrophobicity. Similarly, it has been
previously noted that the activity of amifloxacin, which is
more hydrophobic than nalidixic acid, was affected little by
alterations in the LPS structure (26). These findings together
with our results suggest that the permeation of quinolones
through a barrier of LPS, at least in part, is not limited
simply by the apparent hydrophobicity of the molecules but
also by the differences in basal structure (quinoline, naph-
thyridine, or benzoxazine nucleus) or in each specific moi-
ety.
Our result showed that a deficiency of the OmpF porin in

an isogenic set of mutants caused reduced susceptibilities to
norfloxacin, ciprofloxacin, and ofloxacin. OmpC porin defi-
ciency had no apparent effect on susceptibility. These find-
ings are in agreement with some results previously reported
for norfloxacin (13, 14, 16) and enoxacin (4) and indicate that
these hydrophilic quinolones pass through the outer mem-
brane via the OmpF porin. We observed a similar relation-
ship with the P. mirabilis 40-kDa porin-deficient mutant.
However, despite the fact that the antibacterial activities of
hydrophilic fluoroquinolones against porin-deficient mutants
were decreased, the antibacterial activities of tosufloxacin
and sparfloxacin were enhanced in porin-deficient mutants
compared with those in the parent strains. These results
suggest that tosufloxacin and sparfloxacin may interact with
the outer membrane mainly by the nonporin pathways and
that the lack of porins enhances the interaction or perme-
ation of these drugs. Our conclusion is supported by the

results obtained by measuring the uptakes of tosufloxacin
and sparfloxacin by porin-deficient mutants. Consequently,
these drugs were more efficiently accumulated by E. coli and
P. mirabilis porin-deficient mutants than by the parent
strains. These results suggest that the uptakes of tosufloxa-
cin and sparfloxacin are different from those of other hydro-
philic fluoroquinolones and that these drugs may permeate
the outer membrane mainly through the phospholipid bilay-
ers.
The susceptibility to nalidixic acid, which has more hy-

drophobicity than tosufloxacin or sparfloxacin, of S. typhi-
munum TA2168(Re) was increased compared with that of
the parent strain, LT2(S). Moreover, in the uptake study, the
accumulation of nalidixic acid in porin-deficient mutants was
decreased compared with that in wild-type strains, suggest-
ing that nalidixic acid can pass through the outer membrane
via porin channels. This result suggests that nalidixic acid
uses the porin channels to permeate the outer membrane,
though the permeation was subject to the effect of the LPS
barrier because of the high hydrophobicity of the molecule.
Under our assay conditions, an accumulation of drugs

seems to be the total amount of drug incorporated into the
cytoplasm and bound to the extracytoplasmic compartment,
possibly the periplasm or the outer membrane. This conclu-
sion is supported by previously measured uptakes of enox-
acin, ciprofloxacin, and norfloxacin (3, 4, 15). Even the
results of apparent uptake under these conditions reflect the
susceptibilities of outer membrane mutants to quinolones,
suggesting that the cell-associated drug plays an important
role at least in part in determining susceptibility to quino-
lones. We could not find differences in the cell surface
hydrophobicity of the E. coli porin-deficient mutant and that
of the wild-type strain. Presumably, it is difficult to measure
the precise and delicate cell surface hydrophobicity of
porin-deficient mutant cells by using the p-xylene-aqueous
phase partition coefficient system, because the exposure of
phospholipid bilayers, by a lack of porins, to the outside
environment might only limit local changes in the outer
membrane.
The increase in the cell surface hydrophobicity of the P.

mirabilis porin-deficient mutant, larger than that of E. coli,
suggests that the effect of porin deficiency on outer mem-
brane structure, probably exposure of the phospholipid
bilayers, was strong in P. mirabilis. This conclusion was
supported by our result that the amount of outer membrane
protein in P. mirabilis was twofold larger that that in E. coli
and that the porin content of the total outer membrane
protein is much higher in P. mirabilis (78% of total outer
membrane proteins) than in E. coli (38%).
At present, it is still not known in detail why or how

tosufloxacin permeates the outer membrane of porin-defi-
cient mutants. We speculate that the divalent metal ion
chelation properties of the molecules are important, leading
to outer membrane destabilization and allowing the so-called
self-promoted uptake of these particular quinolones (6).
The characteristic structural difference of tosufloxacin

compared with other fluoroquinolones is a 2,4-difluorophe-
nyl moiety of the 1.4-dihydro-4-oxo-1.8-naphthyridine nu-
cleus. We now expect that this moiety may play an impor-
tant and unique role in outer membrane permeation.
The fact that a loss of porin proteins results in increased

susceptibility to tosufloxacin suggests that tosufloxacin
could be an effective antimicrobial agent when altered outer
membrane permeations have rendered other antibiotics in-
effective. Further studies will be required in order to deter-
mine the precise mechanisms of penetration of tosufloxacin
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through the outer membranes of porin-deficient mutants of
gram-negative bacteria.

REFERENCES
1. Aoyama, H., K. Sato, T. Kato, K. Hirai, and S. Mitsuhashi.

1987. Norfloxacin resistance in a clinical isolate of Eschenchia
coli. Antimicrob. Agents Chemother. 31:1640-1641.

2. Bedard, J., and L. E. Bryan. 1989. Interaction of the fluoroqui-
nolone antimicrobial agents ciprofloxacin and enoxacin with
liposomes. Antimicrob. Agents Chemother. 33:1379-1382.

3. Bedard, J., S. Chanberland, S. Wong, T. Schollaardt, and L. E.
Bryan. 1989. Contribution of permeability and susceptibility to
inhibition of DNA synthesis in determining susceptibilities of
Eschenchia coli, Pseudomonas aeruginosa, and Alcaligenes
faecalis to ciprofloxacin. Antimicrob. Agents Chemother. 33:
1457-1464.

4. Bedard, J., S. Wong, and L. E. Bryan. 1987. Accumulation of
enoxacin by Escherichia coli and Bacillus subtilis. Antimicrob.
Agents Chemother. 31:1348-1354.

5. Bourguignon, G. J., M. Levitt, and R. Sternglantz. 1973. Studies
on the mechanism of action of nalidixic acid. Antimicrob.
Agents Chemother. 4:479-486.

6. Chapman, J. S., and N. H. Georgopapadakou. 1988. Route of
quinolone permeation in Escherichia coli. Antimicrob. Agents
Chemother. 32:438-442.

7. Cohen, S. P., D. C. Hooper, J. S. Wolfson, K. S. Souza, L. E.
McMurry, and S. B. Levy. 1988. Endogenous active efflux of
norfloxacin in susceptible Escherichia coli. Antimicrob. Agents
Chemother. 32:1187-1191.

8. Cohen, S. P., L. M. McMurry, D. C. Hooper, J. S. Wolfson, and
S. B. Levy. 1989. Cross-resistance to fluoroquinolones in multi-
ple-antibiotic-resistant (Mar) Escherichia coli selected by tetra-
cycline or chloramphenicol: decreased drug accumulation asso-
ciated with membrane changes in addition to OmpF reduction.
Antimicrob. Agents Chemother. 33:1318-1325.

9. Fujimaki, J., T. Noumi, I. Saikawa, M. Inoue, and S. Mitsu-
hashi. 1988. In vitro and in vivo antibacterial activities of
T-3262, a new fluoroquinolone. Antimicrob. Agents Chemother.
32:827-833.

10. Gellert, M., K. Mizuuchi, M. H. O'Dea, T. Ito, and J. Tomizawa.
1977. Nalidixic acid resistance: a second genetic character
involved in DNA gyrase activity. Proc. Natl. Acad. Sci. USA
74:4772-4776.

11. Gutmann, L., R. Williamson, N. Moreau, M.-D. Kitziz, E.
Collats, J. F. Acar, and F. W. Goldstein. 1985. Cross-resistance
to nalidixic acid, trimethoprim, and chloramphenicol associated
with alterations in outer membrane proteins of Klebsiella,
Enterobacter, and Serratia. J. Infect. Dis. 151:501-507.

12. Higgins, N. P., C. L. Peebles, A. Sugino, and N. R. Cozzarelli.
1978. Purification of subunits of Escherichia coli DNA gyrase
and reconstitution of enzymatic activity. Proc. Natl. Acad. Sci.
USA 75:1773-1777.

13. Hirai, K., H. Aoyama, T. Irikura, S. Inoue, and S. Mitsuhashi.
1986. Differences in susceptibility to quinolones of outer mem-
brane mutants of Salmonella typhimurium and Escherichia coli.
Antimicrob. Agents Chemother. 29:535-538.

14. Hirai, K., H. Aoyama, S. Suzue, T. Irikura, S. Iyobe, and S.
Mitsuhashi. 1986. Isolation and characterization of norfloxacin-
resistant mutants of Eschenchia coli K-12. Antimicrob. Agents
Chemother. 30:248-253.

15. Hooper, D. C., J. S. Wolfson, K. S. Souza, E. Y. Ng, G. L.
McHugh, and M. N. Swartz. 1989. Mechanisms of quinolone
resistance in Escherichia coli: characterization of nfxB and

cfxB, two mutant resistance loci decreasing norfloxacin accu-
mulation. Antimicrob. Agents Chemother. 33:283-290.

16. Hooper, D. C., J. S. Wolfson, K. S. Souza, C. Tung, G. L.
McHugh, and M. N. Swartz. 1986. Genetic and biochemical
characterization of norfloxacin resistance in Escherichia coli.
Antimicrob. Agents Chemother. 29:639-644.

17. Lindberg, A. A., and C. G. Hellerqvist. 1971. Bacteriophage
attachment sites, serological specificity, and chemical composi-
tion of the lipopolysaccharides of semirough and rough mutants
of Salmonella typhimurium. J. Bacteriol. 105:57-64.

18. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193:265-275.

19. Mitsuyama, J., R. Hiruma, A. Yamaguchi, and T. Sawai. 1987.
Identification of porins in outer membrane of Proteus, Mor-
ganella, and Providencia spp. and their role in outer membrane
permeation of 13-lactams. Antimicrob. Agents Chemother. 31:
379-384.

20. Nakamura, S., M. Nakamura, T. Kojima, and H. Yoshida. 1989.
gyrA and gyrB mutations in quinolone-resistant strains of Esch-
erichia coli. Antimicrob. Agents Chemother. 33:254-255.

21. Roantree, R. H., T. T. Kuo, and D. G. Macphee. 1977. The effect
of defined lipopolysaccharide core defects upon antibiotic resis-
tances of Salmonella typhimurium. J. Gen. Microbiol. 103:223-
234.

22. Sato, K., Y. Inoue, T. Fujii, H. Aoyama, M. Inoue, and S.
Mitsuhashi. 1986. Purification and properties of DNA gyrase
from a fluoroquinolone-resistant strain of Escherichia coli.
Antimicrob. Agents Chemother. 33:593-594.

23. Sato, T., and T. Yura. 1981. Regulatory mutations conferring
constitutive synthesis of major outer membrane proteins (OmpC
and OmpF) in Escherichia coli. J. Bacteriol. 145:88-96.

24. Sawai, T., R. Hiruma, N. Kawana, M. Kaneko, F. Taniyasu, and
A. Inami. 1982. Outer membrane permeation of 1-lactam anti-
biotics in Eschenichia coli, Proteus mirabilis, and Enterobacter
cloacae. Antimicrob. Agents Chemother. 22:585-592.

25. Uemura, J., and S. Mizushima. 1975. Isolation of outer mem-
brane proteins of Escherichia coli and their characterization on
polyacrylamide gel. Biochim. Biophys. Acta 413:163-176.

26. Watanabe, M., M. Inoue, and S. Mitsuhashi. 1989. In vitro
activity of amifloxacin against outer membrane mutants of the
family Enterobacteriaceae and frequency of spontaneous resis-
tance. Antimicrob. Agents Chemother. 33:1837-1840.

27. Wolfson, J. S., D. C. Hooper, and M. N. Swartz. 1989. Mecha-
nisms of action of and resistance to quinolone antimicrobial
agents, p. 5-34. In J. S. Wolfson and D. C. Hooper (ed.),
Quinolone antimicrobial agents. American Society for Microbi-
ology, Washington, D.C.

28. Yamagishi, J., H. Yoshida, M. Yamayoshi, and S. Nakamura.
1986. Nalidixic acid-resistant mutations of the gyrB gene of
Escherichia coli. Mol. Gen. Genet. 204:367-373.

29. Yamaguchi, A., N. Tomiyama, R. Hiruma, and T. Sawai. 1985.
Difference in pathway of Escherichia coli outer membrane
permeation between penicillins and cephalosporins. FEBS Lett.
181:143-148.

30. Yoshida, H., M. Bogaki, M. Nakamura, and S. Nakamura. 1990.
Quinolone resistance-determining region in the DNA gyrase
gyrA gene of Escherichia coli. Antimicrob. Agents Chemother.
34:1271-1272.

31. Yoshida, H., T. Kojima, Y. Yamagishi, and S. Nakamura. 1988.
Quinolone-resistant mutations of the gyrA gene of Escherichia
coli. Mol. Gen. Genet. 211:1-7.

2036 MITSUYAMA ET AL.


