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Eighty-nine clinical isolates of Staphylococcus aureus that were resistant to both ciprofloxacin (MIC, _3.13
,ug/ml) and methicillin (MIC, '12.5 ,ug/ml) were divided into two groups with respect to their susceptibilities
to AT-4140. Most isolates that were moderately resistant to ciprofloxacin (MICs, 3.13 to 12.5 ,ug/ml) or

ofloxacin (MICs, 0.78 to 6.25 ,ig/ml) were susceptible to AT-4140 (MICs, 0.05 to 0.2 ,ug/ml). Most isolates that
were highly resistant to ciprofloxacin (MIC, _25 ,ug/ml) or ofloxacin (MIC, '-12.5 ,ug/ml) were resistant to
AT-4140 (MICs, 3.13 to 25 ,ug/ml). The appearance of spontaneous single-step, quinolone-resistant mutants of
S. aureus P-20, a methicillin-resistant isolate, was more frequent than was that of S. aureus 209P JC-1, a

susceptible laboratory strain. Spontaneous single-step, quinolone-resistant mutants of P-20 were not selected by
AT-4140, and those selected by existing fluoroquinolones were susceptible to AT-4140. Spontaneous double-
step, quinolone-resistant mutants of P-20 were selected by various fluoroquinolones. All second-step mutants
selected by AT-4140 or ofloxacin from P-20-C, a spontaneous single-step mutant of P-20 selected by
ciprofloxacin, were resistant to all the quinolones. All second-step mutants selected by norfloxacin were

resistant to all existing fluoroquinolones but were less resistant to AT-4140. There was a close resemblance
between the resistance profiles of spontaneous quinolone-resistant mutants and those of clinically isolated
quinolone- and methicillin-resistant S. aureus.

The widespread incidence of methicillin-resistant Staphy-
lococcus aureus (MRSA) is a serious problem in antibacte-
rial chemotherapy (9). MRSA is intrinsically resistant to
1-lactam antibiotics because of the production of penicillin-
binding protein 2', a new penicillin-binding protein, with a
low affinity for ,-lactams. 3-Lactam treatment of MRSA
infections appears to be less effective (1, 18, 19). In addition,
clinical isolates of MRSA tend to have multiple antibiotic
resistances (7, 9).

Ciprofloxacin possesses a wide spectrum of activity
against both gram-positive and gram-negative bacteria (14,
20) and potent activity against MRSA (16). Ciprofloxacin
therapy for MRSA infections has been attempted (17);
however, ciprofloxacin seems to select quinolone-resistant
mutants of MRSA (10), and the emergence of ciprofloxacin-
resistant MRSA has diminished the efficacy of ciprofloxacin
therapy (6, 13).
AT-4140 is a new fluoroquinolone antibacterial agent for

oral use. One of its distinctive properties is improved activ-
ity against gram-positive cocci (8, 11). Therefore, the activ-
ity of AT-4140 against ciprofloxacin-resistant MRSA and the
frequency of S. aureus mutants that are resistant to AT-4140
were examined in comparison with those of the existing
fluoroquinolones, ciprofloxacin, ofloxacin, and norfloxacin.

MATERIALS AND METHODS

Drugs. AT-4140 was obtained from Dainippon Pharmaceu-
tical Co., Ltd., Osaka, Japan; ciprofloxacin was from Bayer
Yakuhin, Ltd., Osaka, Japan; ofloxacin and nalidixic acid
were from Daiichi Seiyaku Co., Ltd., Tokyo, Japan; nor-

floxacin was from Kyorin Pharmaceutical Co., Ltd., Tokyo,
Japan; novobiocin was from Sigma Chemical Co., St. Louis,
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Mo.; minocycline was from Lederle (Japan), Ltd., Tokyo,
Japan; vancomycin was from Shionogi & Co., Ltd., Osaka,
Japan; and methicillin was from Banyu Pharmaceutical Co.,
Ltd., Tokyo, Japan. Working solutions of each antibacterial
agent were prepared before use.

Bacterial strains. Eighty-nine isolates of S. aureus resis-
tant to both ciprofloxacin (MIC, _3.13 ,ug/ml) and methicil-
lin (MIC, _12.5 ,ug/ml) were collected from various hospitals
in Japan. S. aureus 209P JC-1 was a laboratory strain that
was susceptible to various antibacterial agents. S. aureus

MS16008, MS16373, MS16415, and MS16427 were randomly
selected from clinical isolates that were susceptible to both
ciprofloxacin and methicillin. S. aureus MS16023, MS16086,
P-5, P-20, and P-86 were randomly selected from clinical
isolates of MRSA that were susceptible to quinolones. S.
aureus P-20-C was obtained in this study as a spontaneous,
single-step quinolone-resistant mutant of P-20 selected by
ciprofloxacin at a concentration of 1.56 ,ug/ml.
Drug susceptibility testing. Drug susceptibility was tested

by the twofold serial agar dilution method with Sensitivity
Disk Agar-N (Nissui Pharmaceutical Co., Ltd., Tokyo,
Japan). The test organisms were cultured overnight in Sen-
sitivity Test Broth (Nissui) without shaking and were diluted
with phosphate-buffered saline containing 0.01% gelatin. By
using an inoculation apparatus (Microplanter; Sakuma Sei-
sakusho, Tokyo, Japan), a 5-,u portion of the dilution was

spotted onto agar plates containing antibacterial agents at
graded concentrations. The final inoculum was approxi-
mately 5 x 103 CFU per spot. The MIC was determined after
an overnight incubation at 37°C.
Mutant frequency test. Test organisms were grown in

Sensitivity Test Broth at 37°C with shaking, and 0.1 ml of the
overnight cultures or a 10-fold dilution of the overnight
culture with saline was spread onto Sensitivity Disk Agar-N
plates containing each fluoroquinolone at concentrations of
4, 8, and 16 times the corresponding MIC. The frequency of
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FIG. 1. Relationship between susceptibilities of ciprofloxacin- and methicillin-resistant S. aureus to AT-4140 and those to ciprofloxacin
(CPFX), ofloxacin (OFLX), and norfloxacin (NFLX). The numbers in the figures are the number of isolates with the corresponding MICs.
Isolates of group 1 were resistant to ciprofloxacin, ofloxacin, and norfloxacin but were susceptible to AT-4140 at concentrations below 0.78
,ug/ml. Isolates of group 2 were resistant to all the fluoroquinolones, including AT-4140 (MIC of AT-4140, >0.78 ,ug/ml).

spontaneous mutations selected by each fluoroquinolone
was calculated as the ratio of the number of cells growing on
drug agar to the number of inoculated cells after incubation
at 37°C for 40 h. The mutants which appeared on the agar
plate containing each fluoroquinolone at the highest concen-
tration that allowed the growth of spontaneous mutants were
transferred to Sensitivity Test Broth. Drug susceptibilities of
the spontaneous mutants were tested as described above.

RESULTS

Drug susceptibilities of clinical isolates. MICs of methicillin
were _100, 50, 25, and 12.5 ,ug/ml for 75, 4, 6, and 4, of the
89 isolates of ciprofloxacin-resistant MRSA tested in this
study, respectively. The relationship between the suscepti-
bilities of the isolates to AT-4140 and to ciprofloxacin,
ofloxacin, and norfloxacin are shown in Fig. 1. Among the
fluoroquinolones tested in this study, AT-4140 was the most
active agent against almost all isolates. The isolates were
divided into two groups with respect to their susceptibilities
to AT-4140. Of the 89 isolates, 43 (48%) were susceptible to
AT-4140 (MICs, 0.05 to 0.39 ,ug/ml), and the others were
resistant to AT-4140 (MICs, 1.56 to 25 ,ug/ml). Although
most isolates that were highly resistant to ciprofloxacin
(MIC, _25 ,ug/ml) or ofloxacin (MIC, _12.5 p,g/ml) were also
resistant to AT-4140 (MICs, 3.13 to 25 ,ug/ml), most isolates
that were moderately resistant to ciprofloxacin (MICs, 3.13
to 12.5 ,ug/ml) or ofloxacin (MICs, 0.78 to 6.25 ,ug/ml) were
susceptible to AT-4140 (MICs, 0.05 to 0.2 jxg/ml). While 54

of 89 isolates (61%) were highly resistant to norfloxacin
(MIC, _100 p.g/ml), 11 of the 54 isolates (20%) were suscep-
tible to AT-4140 (MICs, 0.05 to 0.39 ,ug/ml). Thus, there was
a difference in the susceptibility profile between AT-4140
and those of the existing fluoroquinolones among the clinical
isolates of ciprofloxacin-resistant MRSA tested.
Frequency of spontaneous quinolone-resistant mutation.

The ability of AT-4140, ciprofloxacin, ofloxacin, and nor-

floxacin to select quinolone-resistant mutants was examined
in five strains each of methicillin-susceptible S. aureus

(MSSA) and MRSA. The frequencies of spontaneous single-
step mutants resistant to fluoroquinolones from MSSA and
MRSA are shown in Table 1. The frequencies of spontane-
ous single-step mutations in S. aureus selected by quinolo-
nes were generally low, regardless of the susceptibilities of
the strains to methicillin, but the frequency of mutations in
P-20 was relatively high. The frequency of spontaneous
single-step mutations in P-20 selected by 0.78 ,ug of cipro-
floxacin per ml was 2.5 x 106, which was more than 1,600
times higher than the frequency of spontaneous mutations in
209P JC-1. Even at a concentration of 1.56 ,ug/ml, 19
spontaneous single-step mutants from P-20 were selected by
ciprofloxacin (Table 2). The frequency of spontaneous sin-
gle-step mutations in P-20 selected by 0.78 ,ug of ofloxacin
per ml was 7.8 x 10-7, which was more than 520 times
higher than that in 209P JC-1 (Table 1). Sixteen spontaneous
single-step mutants from P-20 selected by 0.78 ,ug of oflox-
acin per ml were obtained (Table 2). The frequency of

TABLE 1. Frequencies of spontaneous single-step mutants resistant to quinolones in S. aureus

MIC (Rg/ml)a Mutation frequency (10-l9)ab
S. aureus strain

AT-4140 CPFX OFLX NFLX DMPPC AT-4140 CPFX OFLX NFLX

209P JC-1 0.05 0.2 0.39 0.39 1.56 <1.5 <1.5 <1.5 380
MS16008 0.025 0.2 0.2 0.78 1.56 <3.3 30 <3.3 37
MS16373 0.0125 0.2 0.2 0.78 1.56 <3.0 21 <3.0 3.0
MS16415 0.025 0.2 0.2 0.78 1.56 <5.3 37 16 11
MS16427 0.05 0.39 0.39 1.56 1.56 <5.3 100 <5.3 53
MS16023 0.05 0.39 0.39 1.56 >100 <5.2 31 <5.2 16
MS16086 0.05 0.39 0.39 1.56 >100 <6.2 <6.2 <6.2 6.2
P-5 0.05 0.39 0.39 1.56 >100 <4.3 43 <4.3 17
P-20 0.05 0.2 0.2 0.78 >100 <4.9 2,500 780 780
P-86 0.05 0.2 0.2 0.78 >100 <4.3 210 100 150
a Abbreviations: CPFX, ciprofloxacin; OFLX, ofloxacin; NFLX, norfloxacin; DMPPC, methicillin.
b Mutation frequencies were examined at a selective concentration of four times the MICs.
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TABLE 2. Drug susceptibilities of spontaneous single-step, quinolone-resistant S. aureus mutants

MIC (,ug/ml) for individual mutantsa
Organism (no. of mutants)

AT-4140 CPFX OFLX NFLX NA NB MINO VCM

S. aureus 209P JC-1 0.05 0.2 0.39 0.39 100 0.1 0.1 0.39
Spontaneous mutants of 209P JC-1 selected 0.2 0.78 1.56 3.133, 6.2522 800 0.0518, 0-17 0.051, 0.124 0.39

by norfloxacin at 1.56 p,g/ml (25)

S. aureus P-20 0.05 0.2 0.2 0.78 100 0.1 0.1 0.78
Spontaneous mutants of P-20 selected

by:
Ciprofloxacin at 1.56 ,ug/ml (19) 0.1 3.13 1.56 12.51, 2518 10015, 2004 0.057, 0.112 0.1 0.78
Ofloxacin at 0.78 ,ug/ml (16) 0.1 1.5610, 3.136 0.785, 1.5611 6.254, 12.57, 255 1002, 20014 0.051, 0.112, 0.23 0.1 0.78
Norfloxacin at 6.25 ,ug/ml (14) 0.1 1.563, 3.1311 1.56 12.513, 251 200 0.113, 0.21 0.1 0.78

a Abbreviations: CPFX, ciprofloxacin; OFLX, ofloxacin; NFLX, norfloxacin; NA, nalidixic acid; NB, novobiocin; MINO, minocycline; VCM, vancomycin.
Inferior numbers are the number of mutants with the indicated MIC.

spontaneous single-step mutations in P-20 selected by 3.13
,ug of norfloxacin per ml was 7.8 x 10-7 (Table 1), and 14
spontaneous single-step mutants of P-20 were obtained (Ta-
ble 2). However, no spontaneous single-step mutants from
MSSA and MRSA were detected when selected by AT-4140,
even at a concentration of four times the MIC (Table 1).
Drug susceptibilities of spontaneous single-step mutants.

The drug susceptibilities of spontaneous single-step qui-
nolone-resistant mutants from strains 209P JC-1 and P-20
were tested. As shown in Table 2, the spontaneous single-
step mutants from 209P JC-1 selected by 1.56 jig of norflox-
acin per ml were 8- to 16-fold less susceptible to norfloxacin
and were 4- to 8-fold less susceptible to other quinolones,
including AT-4140 and nalidixic acid. They were essentially
unchanged from the parent strain 209P JC-1 in their suscep-
tibilities to novobiocin, minocycline, or vancomycin, which
are structurally unrelated to quinolones.
Nineteen spontaneous single-step mutants from P-20 se-

lected by ciprofloxacin at a concentration of eight times the
MIC (1.56 ,ug/ml) were 16-fold less susceptible to ciproflox-
acin. The mutants were also 8- to 32-fold less susceptible to
ofloxacin and norfloxacin, but they were only 1- to 2-fold less
susceptible to AT-4140 and nalidixic acid. Similar results
were obtained with the mutants from P-20 that were selected
by ofloxacin and norfloxacin. No spontaneous single-step,
quinolone-resistant mutants from P-20 selected by ciproflox-
acin, ofloxacin, and norfloxacin were resistant to novobio-
ci, minocycline, or vancomycin.

Spontaneous double-step mutants selected by quinolones.
The second-step mutation to quinolone resistance in P-20
was also examined. S. aureus P-20-C was a spontaneous
single-step mutant of P-20 selected by ciprofloxacin at a
concentration of eight times the MIC (1.56 jig/ml). It was
16-, 8-, and 32-fold more resistant to ciprofloxacin, ofloxa-
cin, and norfloxacin, respectively, but only 2-fold more
resistant to AT-4140 in comparison with P-20, its parent
strain (see Table 4). The frequencies of spontaneous second-
step mutation in P-20-C were low when selected at a con-
centration of four times the MIC: 4.1 x 10-8 for AT-4140,
1.0 x 10-8 for ciprofloxacin, 7.7 x 10-9 for ofloxacin, and
7.7 x 10-9 for norfloxacin (Table 3). These mutants were

usually highly resistant to all quinolones tested. The MICs of
AT-4140, ciprofloxacin, ofloxacin, and norfloxacin for the
mutants selected by AT-4140 or ofloxacin were 6.25, 12.5,
12.5, and 50 ,ug/ml, respectively (Table 4). In contrast, one of
four mutants selected by ciprofloxacin and all three mutants
selected by norfloxacin showed different susceptibility pro-
files. They were highly resistant to ciprofloxacin, ofloxacin,
and norfloxacin; but they were slightly less susceptible to

AT-4140 than their parent strain P-20-C was. Spontaneous
second-step, quinolone-resistant mutants of P-20 were still
susceptible to novobiocin, minocycline, and vancomycin.

DISCUSSION

Clinical isolates of ciprofloxacin-resistant MRSA were
divided into two diverse groups with respect to their suscep-
tibilities to AT-4140: group 1, which were moderately or
highly resistant to ciprofloxacin, ofloxacin, and norfloxacin
but practically susceptible to AT-4140 (MICs, 0.05 to 0.39
p,g/ml), and group 2, which were resistant to all fluoroqui-
nolones tested, including AT-4140 (MICs, 1.56 to 25 ,ug/ml).
The results demonstrate the presence of a difference in the
susceptibility profiles between AT-4140 and existing fluoro-
quinolones in MRSA isolates.
The emergence of quinolone-resistant MRSA is probably a

result of a selective pressure from quinolones that are used
clinically against S. aureus. To investigate this hypothesis,
we examined the frequencies of spontaneous quinolone-
resistant mutations in S. aureus. The frequencies of sponta-
neous single-step quinolone-resistant mutations in S. aureus
ranged from <1.5 x 10-9 to 2.5 x 10-6 when selected by
ciprofloxacin, ofloxacin, or norfloxacin at a concentration of
four times the MIC; and it was difficult to conclude whether
methicillin resistance affected the frequency of quinolone-
resistant mutations in S. aureus (Table 1). An interesting
finding was that no spontaneous single-step, quinolone-
resistant mutants were detected in any of the S. aureus

TABLE 3. Frequencies of spontaneous mutations to quinolone
resistance in S. aureus P-20-Ca

Compound Selected MIC Mutation
(concn [pg/ml]) frequency

AT-4140 4 x MIC (0.39) 4.1 x 10-8
8 x MIC (0.78) 1.3 x 10-"

16 x MIC (1.56) 7.7 x 10-9

Ciprofloxacin 4 x MIC (12.5) 1.0 x 10-
8 x MIC (25) <2.6 x 10-9

Ofloxacin 4 x MIC (6.25) 7.7 x 10-9
8 x MIC (12.5) <2.6 x 10-9

Norfloxacin 4 x MIC (100) 7.7 x 10-9
8 x MIC (200) <2.6 x 10-9

a S. aureus P-20-C is a spontaneous single-step, quinolone-resistant mutant
of P-20 that was selected by ciprofloxacin at a concentration of 1.56 1lg/ml.
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TABLE 4. Drug susceptibilities of spontaneous double-step quinolone-resistant mutants of S. aureus P-20

MIC (p.g/ml) for individual mutantsa
Organism (no. of mutants)

AT-4140 CPFX OFLX NFLX NA NB MINO VCM

S. aureus P-20 0.05 0.2 0.2 0.78 100 0.1 0.1 0.78
S. aureus P-20-C' 0.1 3.13 1.56 25 100 0.1 0.1 0.78
Spontaneous mutants of P-20-C

selected by:
AT-4140 at 1.56 p.g/ml (3) 6.25 12.5 12.5 50 400 0.1 0.1 0.78
Ciprofloxacin at 12.5 jig/ml (4) 0.391, 6.253 25 6.251, 12.53 100 4001, 8003 0.2 0.1 1.56
Ofloxacin at 6.25 ,ug/ml (3) 6.25 12.5 12.5 50 400 0.1 0.1 1.56
Norfloxacin at 100 ,ug/ml (3) 0.21, 0.392 501, 1002 12.51, 252 4001, >4002 4002, 800° 0.2 0.1 1.56

a See footnote a of Table 2.
b See footnote a of Table 3.

strains tested with AT-4140 at a concentration of four times
the MIC (Table 1). Spontaneous single-step, quinolone-
resistant mutants selected by ciprofloxacin, ofloxacin, or
norfloxacin were resistant to all existing fluoroquinolones;
but they were less resistant to AT-4140 (Table 2). Therefore,
spontaneous single-step, quinolone-resistant mutants se-
lected by ciprofloxacin, ofloxacin, or norfloxacin in vitro
appeared to correspond to group 1 of the clinical isolates of
ciprofloxacin-resistant MRSA.

In order to investigate how group 2 isolates emerge, we
isolated spontaneous double-step, quinolone-resistant mu-
tants from S. aureus. A clinical isolate of MRSA, P-20, was
used for this study because it had the highest frequencies of
quinolone-resistant mutations among the strains tested.
First, a spontaneous quinolone-resistant mutant, termed
P-20-C, was selected by ciprofloxacin, and then spontaneous
second-step, quinolone-resistant mutants were selected from
P-20-C by various quinolones by using higher selective
concentrations. The frequencies of spontaneous second-
step, quinolone-resistant mutations ranged from 7.7 x 10-'
to 4.1 x 10-8 when selected by AT-4140, ciprofloxacin,
ofloxacin, or norfloxacin at concentrations of four times the
MICs for P-20-C (Table 3). All spontaneous second-step,
quinolone-resistant mutants selected by AT-4140 or oflox-
acin and most mutants selected by ciprofloxacin were mod-
erately or highly resistant to all quinolones tested, including
AT-4140 (MIC, 6.25 ,ug/ml; Table 4). Therefore, they ap-
peared to correspond to group 2 of the clinical isolates of
ciprofloxacin-resistant MRSA. All spontaneous second-step,
quinolone-resistant mutants selected by norfloxacin and one
mutant selected by ciprofloxacin were moderately or highly
resistant to ciprofloxacin, ofloxacin, and norfloxacin but
were less resistant to AT-4140 (MICs, 0.2 to 0.39 ,ug/ml) and
appeared to belong to group 1.
Spontaneous single-step mutants from S. aureus 209P

JC-1 selected by norfloxacin were 4, 4, 4, 8 to 16, and 8 times
more resistant to AT-4140, ciprofloxacin, ofloxacin, norflox-
acin, and nalidixic acid, respectively, than their parent strain
was (Table 2), suggesting that these mutants have mutations
that affect their susceptibilities to all quinolones. Such a
mutation may be located on the gyr genes, as gyr mutations
in Escherichia coli affect its susceptibility to all quinolones,
with few exceptions (3, 12, 21-23). In contrast, all sponta-
neous single-step mutants from S. aureus P-20 selected by
ciprofloxacin, ofloxacin, or norfloxacin were 8 to 16, 4 to 8,
and 8 to 32 times more resistant to ciprofloxacin, ofloxacin,
and norfloxacin, respectively, than their parent strain was;
but they were less resistant to AT-4140 and nalidixic acid
(Table 2), suggesting that some structure of the S. aureus cell
may change so that it affects the permeability to or the efflux

of quinolones (3-5, 9, 12). The outer membrane of gram-
negative rods has been well accepted as a barrier to pene-
tration of antibacterial agents into the bacterial cell body (3,
15), but the S. aureus cell does not possess an outer
membrane structure. The barrier function may exist some-
where in the S. aureus cell structure, probably in the
cytoplasmic membrane. It is worth pointing out that AT-
4140 (unpublished data) and nalidixic acid are more lipo-
philic than ciprofloxacin, ofloxacin, and norfloxacin (2). The
results obtained in this study indicate that the mechanism of
quinolone resistance in S. aureus may not be simple, and the
mechanism of quinolone resistance in S. aureus remains to
be elucidated.
AT-4140 was well absorbed when given orally, and its

average peak level in plasma in six healthy volunteers who
received a single oral dose of 200 mg was about 0.7 ,ug/ml
and its elimination half-life in plasma was about 16 h (M.
Kanamaru, M. Nakashima, T. Uematsu, and Y. Takikuchi,
Program Abstr. 28th Intersci. Conf. Antimicrob. Agents
Chemother., abstr. no. 1490, 1989). Further examination of
this agent as a potent candidate for treatment of MRSA is
warranted because of its potent activity against S. aureus (8,
11), its improved oral efficacy against systemic and urinary
tract infections models with S. aureus in mice (11), the low
frequency of AT-4140-resistant mutants in S. aureus, and its
good pharmacokinetic properties in healthy volunteers.

LITERATURE CITED
1. Hartman, B. J., and A. Tomasz. 1984. Low-affinity penicillin-

binding protein associated with P-lactam resistance in Staphy-
lococcus aureus. J. Bacteriol. 158:513-516.

2. Hirai, K., H. Aoyama, T. Irikura, S. Iyobe, 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.

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

4. 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. Agent Chemother. 33:283-290.

5. 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.

6. Issacs, R. D., P. J. Kunke, R. L. Cohen, and J. W. Smith. 1988.
Ciprofloxacin resistance in epidemic methicillin-resistant Staph-
ylococcus aureus. Lancet ii:843.

7. Kanda, K., and T. Yokota. 1988. Susceptibility of recently

1126 KOJIMA ET AL.



AT-4140 ACTIVITY AGAINST QUINOLONE-RESISTANT MRSA

isolated highly methicillin-resistant Staphylococcus aureus to 13
antimicrobial agents. Chemotherapy (Tokyo) 36:289-293.

8. Kojima, T., M. Inoue, and S. Mitsuhashi. 1989. In vitro activity
of AT-4140 against clinical bacterial isolates. Antimicrob.
Agents Chemother. 33:1980-1988.

9. Lyon, B. R., and R. Skurray. 1987. Antimicrobial resistance of
Staphylococcus aureus: genetic basis. Microbiol. Rev. 51:88-
134.

10. Milne, L. M., and M. C. Faiers. 1988. Ciprofloxacin resistance
in epidemic methicillin-resistant Staphylococcus aureus. Lancet
ii:843.

11. Nakamura, S., A. Minami, K. Nakata, N. Kurobe, K. Kouno, Y.
Sakaguchi, S. Kashimoto, H. Yoshida, T. Kojima, T. Ohue, K.
Fujimoto, M. Nakamura, M. Hashimoto, and M. Shimizu. 1989.
In vitro and in vivo antibacterial activities of AT-4140, a new
broad-spectrum quinolone. Antimicrob. Agents Chemother. 33:
1167-1173.

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

13. Piercy, E. A., D. Barbaro, J. P. Luby, and P. A. MacKowiak.
1989. Ciprofloxacin for methicillin-resistant Staphylococcus au-
reus infections. Antimicrob. Agents Chemother. 33:128-130.

14. Sanders, C. C. 1988. Ciprofloxacin: in vitro activity, mechanism
of action, and resistance. Rev. Infect. Dis. 10:516-527.

15. Sanders, C. C., W. E. Sanders, Jr., R. V. Goering, and V.
Werner. 1984. Selection of multiple antibiotic resistance by
quinolones, I-lactams, and aminoglycosides with special refer-
ence to cross-resistance between unrelated drug classes. Anti-

microb. Agents Chemother. 26:797-801.
16. Smith, S. M., and R. H. K. Eng. 1985. Activity of ciprofloxacin

against methicillin-resistant Staphylococcus aureus. Antimi-
crob. Agents Chemother. 27:688-691.

17. Smith, S. M., R. H. K. Eng, and F. T-Tumang. 1989. Ciproflox-
acin-therapy for methicillin-resistant Staphylococcus aureus
infections and colonizations. Antimicrob. Agents Chemother.
33:181-184.

18. Ubukata, K., N. Yamashita, and M. Konno. 1985. Occurrence of
a ,B-lactam-inducible penicillin-binding protein in methicillin-
resistant staphylococci. Antimicrob. Agents Chemother. 27:
851-857.

19. Utsui, Y., and T. Yokota. 1985. Role of an altered penicillin-
binding protein in methicillin- and cephem-resistant Staphylo-
coccus aureus. Antimicrob. Agents Chemother. 28:397-403.

20. Wise, R., J. M. Andrews, and L. J. Edwards. 1983. In vitro
activity of Bay 09867, a new quinolone derivative, compared
with those of other antimicrobial agents. Antimicrob. Agents
Chemother. 23:559-564.

21. Yamagishi, J., Y. Furutani, S. Inoue, T. Ohue, S. Nakamura,
and M. Shimizu. 1981. New nalidixic acid resistance mutations
related to deoxyribonucleic acid gyrase activity. J. Bacteriol.
148:450-458.

22. 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.

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

VOL. 34, 1990 1127


