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WCK 771 is a broad-spectrum fluoroquinolone with enhanced activity against quinolone-resistant staphy-
lococci. To understand the impact of the target-level interactions of WCK 771 on its antistaphylococcal
pharmacodynamic properties, we determined the MICs for genetically defined mutants and studied the mutant
prevention concentrations (MPCs), the frequency of mutation, and the cidality against the wild type and double
mutants. There was a twofold increase in the MICs of WCK 771 for single gyr4A mutants, indicating that DNA
gyrase is its primary target. All first- and second-step mutants selected by WCK 771 revealed gyr4 and grid
mutations, respectively. The MICs of WCK 771 and clinafloxacin were found to be superior to those of other
quinolones against strains with double and triple mutations. WCK 771 was also cidal for high-density double
mutants at low concentrations. WCK 771 and clinafloxacin showed narrow mutant selection windows compared
to those of the other quinolones. Against a panel of 50 high-level quinolone-resistant clinical isolates of
staphylococci (ciprofloxacin MIC = 16 pg/ml), the WCK 771 MPCs were =2 pg/ml for 68% of the strains and
=4 pg/ml for 28% of the strains. Our results demonstrate that gyr4 is the primary target of WCK 771 and that
it has pharmacodynamic properties remarkably different from those of quinolones with dual targets (garenoxa-
cin and moxifloxacin) and topoisomerase I'V-specific quinolones (trovafloxacin). WCK 771 displayed an activity
profile comparable to that of clinafloxacin, a dual-acting quinolone with a high affinity to DNA gyrase. Overall,
the findings signify the key role of DNA gyrase in determining the optimal antistaphylococcal features of

quinolones.

Multidrug-resistant gram-positive bacteria are a growing
problem in both hospitals and the community. Methicillin-
resistant Staphylococcus aureus (MRSA) was first reported
sporadically in Europe beginning in 1961 and over the span of
the last 15 years has emerged as a major multidrug-resistant
pathogen worldwide (17).

Quinolones interact with type II topoisomerases, DNA gyr-
ase, and topoisomerase IV (topo IV) to execute their bacteri-
cidal activity. In S. aureus, quinolone resistance occurs stepwise
by mutations in the two target topoisomerase enzymes, with
the first mutation usually occurring in topo IV, followed by a
mutation in DNA gyrase, due to the preferential affinities of
the currently used quinolones to topo IV (31). With the in-
creasing use of older quinolones, resistance in staphylococci
has emerged rather quickly, and therefore, it is desirable that
new quinolones be optimized against staphylococci carrying
multiple resistance mechanisms, particularly the ones mani-
fested through mutations in both the target genes. A higher
affinity toward mutated targets results in higher potency and a
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lower frequency of mutation (FM). From a pharmacodynamic
(PD) angle, one of the parameters of quinolone optimization
would be lower, therapeutically attainable mutant prevention
concentrations (MPCs) for quinolone-resistant strains that
would lead to a narrow mutant selection window (MSW). For
a quinolone that exhibits such features, the rate of resistance
development could be anticipated to occur more slowly. Com-
parative evaluation of quinolones in terms of MICs, MPCs,
and FMs against strains with defined single and multiple mu-
tations could help establish a relationship between target pref-
erence, target affinity, and the ability to restrict the evolution of
resistance.

Delineation of the target affinities of quinolones is done by
two methods: genetic and enzymatic studies. While genetic
studies are good tools for prediction of target preferences, they
do not quantify the relative affinity to each target. Enzymatic
studies measure the affinities of quinolones against purified
DNA gyrase and topo IV (29). Comparison of quinolones for
their target preferences on the basis of the concentrations
required to inhibit 50% of the reaction (ICs,) for the topo-
isomerase enzyme has limitations due to the paucity of com-
parative studies involving multiple quinolones and also due to
limitations inherent to the in vitro methods of measuring en-
zyme inhibition. Moreover 1Cs, studies involving mutant topo-
isomerases are uncommon.

Generally, quinolones that interact equally with both topo
IV and DNA gyrase are considered dual acting. It has been
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widely reported that the dual affinity of a quinolone generally
leads to superior FMs and MPCs (12, 29). However, experi-
ments aimed at studying the impact of a preferential affinity to
a single target, such as DNA gyrase, on such properties have
not been undertaken. Such studies would probably indicate the
relative role of these targets in determining the antistaphylo-
coccal features of quinolones, particularly against strains with
multiple mutations.

Treatment with nadifloxacin (RS, *), a DNA gyrase-target-
ing fluoroquinolone (FQ), has been reported to result in an
unusually lower incidence of the emergence of resistant mu-
tants. A Japanese study by Nishijima et al. of S. aureus isolates,
including MRSA strains, collected during the period from 1994
to 2000 did not show significant increase in the MIC,, of
nadifloxacin (22, 23). The high potency of nadifloxacin (RS,
+), coupled with its ability to minimize resistance develop-
ment, appears to be unique, since such properties are generally
attributed to a dual-acting quinolone. The ICs, ratio of nadi-
floxacin (RS, =) has been reported to be the highest among all
the quinolones, indicating its affinity for gyrase (33). The ra-
cemic form of nadifloxacin (RS, *) is at least half as active as
that of the S(—) isomer, since the R(+) isomer is devoid of
significant antibacterial activity (2). Therefore, WCK 771 [the
arginine salt of the active S(—) isomer of nadifloxacin] would
have a lower ICs, (approximately half) for DNA gyrase com-
pared to those reported by Takei et al. for racemic nadifloxacin
(RS, =) (33). Independent studies have reported that clina-
floxacin and garenoxacin also possess improved affinities for
DNA gyrase (3, 33).

WCK 771 [S-(—)-9-fluoro-6,7-dihydro-8-(4-hydroxypiperidin-
1-yl)-5-methyl-1-oxo-1H,5H-benzo[i,j] quinolizine-2-carboxylic
acid L-arginine salt] (Fig. 1) is a broad-spectrum quinolone that
is active against MRSA and quinolone-resistant staphylococci
and is being studied in phase II clinical trials. To estimate the
range of target mutations that may affect the activity of WCK
771 and to determine its primary and secondary targeting
properties, we characterized sequentially selected staphylococ-
cal mutants and determined their quinolone susceptibilities.
WCK 771 was compared with other quinolones possessing
improved antistaphylococcal activities and diverse targeting
properties, such as moxifloxacin, trovafloxacin, and garenoxa-
cin. One of the objectives was to study the impacts of the
dual-acting, topo IV-preferring, and DNA gyrase-targeting
features of quinolones on antistaphylococcal PD attributes.
Therefore, we undertook a study of the PD aspects, such as
MICs, MPCs, FMs, and the high-inoculum cidalities, of these
quinolones against defined mutants. The correlation of these
PD properties with human pharmacokinetics (PK) led us to
define the MSW of WCK 771 for quinolone-resistant strains.
Furthermore, we used clinafloxacin, one of the most potent

MECHANISM OF ACTION OF WCK 771 AND MUTANT SELECTION 3569

antistaphylococcal quinolones, in MIC and MPC studies with
mutants with two mutations. To increase the robustness of the
study, we used two wild-type strains, S. aureus ATCC 29213
and S. aureus ISP 794 (ISP 794), and multiple mutants derived
from them.

(This work was presented in part at the 45th Interscience
Conference on Antimicrobial Agents and Chemotherapy,
Washington, D.C. [S. S. Bhagwat, L. Mundkur, S. V. Gupte,
H. F. Khorakiwala, and M. V. Patel, Abstr. 45th Intersci. Conf.
Antimicrob. Agents Chemother., abstr. C1-1409 and A-1829,
2005].)

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. aureus ATCC 25923, S. aureus
ATCC 29213, S. aureus ATCC 6538P, and S. aureus Smith ATCC 13709 were
obtained from the American Type Culture Collection (ATCC). S. aureus ISP 794
and its characterized mutants, mutants 1734J, 1734S, CipN, and MT 5224c, were
kindly provided by D. C. Hooper (Massachusetts General Hospital, Boston) (30).
Clinical isolates of S. aureus 5080 and S. aureus 5081 were kindly provided by
M. R. Jacobs (Case Western Reserve University and University Hospitals of
Cleveland, Cleveland, Ohio). All the strains were grown in tryptic soy broth (Hi
Media, India) at 35°C. The reference strain used for quality control for MIC
testing was S. aureus ATCC 29213.

Drug susceptibility determinations. WCK 771, garenoxacin (GRN), gemi-
floxacin, and clinafloxacin (CLX) were synthesized at Wockhardt Research Cen-
tre (Aurangabad, India). Moxifloxacin (MXF), trovafloxacin (TVA), ciprofloxa-
cin (CIP), and levofloxacin (LVX) were recovered from their commercial
preparations in tablet form. The purities and potencies of the agents recovered
from commercial preparations were documented by ascertaining a purity of
>98.5% by high-pressure liquid chromatographic analysis and by showing that
the MICs of standard antibacterials were within acceptable limits for quality
control strains. MICs were determined according to the recommendations of
CLSI on Mueller-Hinton agar containing serial twofold dilutions of the drugs
(21). For each strain, 10* CFU was applied per spot by using a multipoint
inoculator (Applied Quality Services, United Kingdom). Incubations were done
at 35°C, and growth was scored at 24 h. The MICs of novobiocin were used to
screen for grlB mutations, and the MICs of ethidium bromide were used to
screen for norA overexpression. Reserpine was dissolved in dimethyl sulfoxide
(Sigma) and was used at a concentration of 20 pg/ml to ascertain the presence of
quinolone efflux. In the MIC studies, the results for strains with twofold differ-
ences between tests were confirmed by a third repetition, and the more frequent
result was reported.

MPC determination and frequency of selection. Overnight cultures of staph-
ylococci were brought to log phase and concentrated in normal saline to a cell
density of 5 X 10'® CFU/ml by centrifugation. Two hundred microliters of this
suspension was spread in triplicate on large (150- by 15-mm) petri plates con-
taining Mueller-Hinton agar (Difco) at 2 to 16 times the MIC of each drug. The
plates were incubated at 35°C. MPC, the minimum concentration of drug which
prevents the appearance of visible colonies, was determined after 48 h of incu-
bation. Mutation frequencies were calculated as the ratio of the number of
resistant colonies appearing to the number of cells inoculated.

Selection of resistant mutants. The first-step selection of resistant mutants was
performed by plating 100 pl of a cell suspension (5 X 10'° CFU/ml) of the
culture on brain heart infusion agar (Difco) containing 1.5 times the MIC of
WCK 771 and two times the MICs of GRN, MXF, and TVA. Colonies were
picked up after 48 h of incubation at 35°C. Selected colonies were purified on
plates containing the same concentrations of the respective drugs. Mutants were
maintained at —70°C until further use. The MICs of the first-step mutants were
determined. Second-step selection was carried out by plating the first-step mu-
tants at two times the MIC by the same procedure mentioned above, and their
MICs were determined. Third-step selection was carried out by using mutant
M250 by plating it at two times the MICs of GRN, MXF, and TVA and 1.5 times
the MIC of WCK 771. Figure 2 elucidates the mutant lineage scheme for both
wild-type strains.

Sequence analysis. Genomic DNA was isolated with an Ultra Pure Genomic
DNA isolation kit (Bangalore Genie, Bangalore, India), according to the man-
ufacturer’s instructions. The cells were lysed and the genomic DNA was purified
by using an ion-exchange column. The purified genomic DNA was used as the
template for PCR to amplify the quinolone resistance-determining regions
(QRDRs) of the topoisomerases of selected strains. PCR was performed by
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FIG. 2. Mutant lineage and designations of wild-type strains, S. aureus ATCC 29213, and S. aureus ISP 794. %, designations of S. aureus ATCC

29213 mutants; °, designations of S. aureus ISP 794 mutants.

using a 2X PCR mixture (Fermentas, Canada). The primers used for amplifica-
tion and sequencing of the entire gene (11, 30) and the QRDRs (7) were
synthesized by using published sequences (Sigma-Genosys). PCR conditions for
QRDR amplification were an initial denaturation at 94°C for 5 min, followed by
94°C for 30 s, 55°C for 30 s, and 72°C for 30 s, with a final extension of 7 min at
72°C. Amplification was carried out for 30 cycles. PCR amplification of the entire
structural gri4 and gyr4 genes was carried out in two steps. The first five cycles
were run at an annealing temperature of 54.5°C, followed by 30 cycles at 48°C.
The extension time for both the cycles was 180 s. Denaturation and extension
were carried out for 120 s at 94°C and 72°C, respectively, and the final
extension of 10 min was carried out at 72°C. All the amplified fragments were
analyzed by electrophoresis in 1.5% agarose (US Biologicals). The PCR-
amplified DNA fragments were sequenced in both the forward and the
reverse directions by the dye terminator method with an automatic DNA
sequencer (Applied Biosystems, Foster City, CA). All four QRDRs of all
selected mutants were sequenced. For strains which showed increased resis-
tance without any mutation in the QRDRs of gyr4 and gri4, the complete
gyrA and gri4 genes were sequenced. Sequencing of the entire grlB and gyrB
genes was not carried out. The mutant sequences were aligned with published
sequences to locate base pair and amino acid changes (5, 18).

Killing kinetics. To increase the stringency of assessment of bactericidal ac-
tivity, time-kill kinetic studies were also performed at a higher cell density (1 X
10® CFU/ml) with diverse double mutants generated as a result of exposure to
the quinolones. To obtain log-phase high-density cultures, cultures (5 X 10°
CFU/ml) grown overnight in a shake flask were diluted 1:10 in fresh, warm

Mueller-Hinton broth and brought to log phase and to a density of 5 X 10°
CFU/ml. Prior to drug addition, the log-phase culture was diluted appropriately
to get a starting inoculum of approximately 2 X 10® CFU/ml. To assess viability
changes, the bacterial counts were measured at 4, 8, 12, and 24 h by plating
0.1-ml volumes of serial 10-fold dilutions of cultures on drug-free medium.
Antimicrobials were considered bactericidal for high-density cultures when they
could bring about 99.9% killing over the initial inoculum by 12 h or before. The
killing kinetics starting at an inoculum of 1 X 10° CFU/ml were also determined
according to the guidelines of CLSI, with 24 h as the time point of assessment
(data not shown). The problem of the drug carryover effect was addressed by
dilution, as described previously (25).

RESULTS

Activities of WCK 771 and other quinolones against genet-
ically defined strains. To study the target preferences of WCK
771, we determined the MICs of WCK 771 for genetically
defined mutants of S. aureus and compared them with those of
GRN, MXF, and TVA (Table 1). Against the wild-type strain,
WCK 771 was two, four, and eight times more active than
TVA, MXF, and CIP, respectively. However, its activity was
comparable to that of GRN. Against MT5224c4 and CipN,
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TABLE 1. Activities of WCK 771 and other quinolones against genetically defined mutants of S. aureus
MIC (pg/ml)*
Strain Genotype

WCK 771 GRN MXF TVA CIP
ISP 794 Wild type 0.007-0.015 0.007-0.015 0.03-0.06 0.015-0.03 0.12
17343° gyrA (G82D) 0.06-0.12 0.06 0.06-0.12 0.03 0.25
1734S¢ grA (G82D) 0.12 0.03 0.06 0.03 0.12
CipN griA (A116E) 0.03 0.06 0.12-0.25 0.12 2.0
MT 5224 c4¢ grlA (S8OF) 0.03 0.06 0.12-0.25 0.12 2.0

“ MICs were determined in three different experiments; the more frequent results are shown.

b Selected from WCK 1734 (MIC, 0.024 p.g/ml).
¢ Selected from WCK 1734 (MIC, 0.016 p.g/ml).
@ The strain also harbors the gyrB142 mutation.

which harbor two different single mutations in the A subunit of
topo IV, there was just a onefold increase in the MIC of WCK
771. For mutants 1734J and 1734S, which harbor a single gyr4
mutation, the WCK 771 MICs increased by four to eight times
compared to that for the wild-type strain. These results indi-
cate that gyr4 could be the target of preference for WCK 771
in staphylococci. On the other hand, the MICs of TVA and
MXEF against MT5224c4 and CipN increased by four to eight
times. For mutants harboring single mutation in the A subunit
of DNA gyrase, the MICs of MXF increased two times com-
pared to that for the wild type. The smaller impact on the
MICs of MXF and TVA for mutants with single gyr4 muta-
tions compared to those for mutants with grlA mutations indi-
cates that grl4 is the primary target of these quinolones in S.
aureus, as described previously (7, 14). However, the GRN
MIC:s increased uniformly against all the mutants, irrespective
of the site of the mutations, demonstrating a balanced affinity
toward both the targets (15). WCK 771 was the most potent
quinolone against mutants with a single grl4 mutation, while
TVA was the most active against strains harboring a single gyr4
mutation. Strains with a grl4 mutation showed significant levels
of resistance to CIP compared to the levels of resistance for
strains with a gyr4 mutation. The CIP MICs were in agreement
with the values reported earlier (30). The results indicate that
WCK 771 has substantially different primary targeting proper-
ties compared to those of GRN, MXF, and TVA.

MPCs and frequency of development of resistance to WCK
771 and other quinolones in wild-type strains. We determined
the MPCs and the FMs (at two times the MICs) of WCK 771,
GRN, MXF, and TVA to assess their abilities to limit the
resistance development (Table 2). Against the four wild-type
strains used in the study, the MICs of WCK 771 were generally
comparable (within a fold) to those of GRN and TVA but were
superior to those of MXF. Unlike other quinolones, the MPCs

of WCK 771 for all the strains were within two times the MIC.
The MPCs were 4 to 8 times within the MICs for GRN and
MXF and 8 to 16 times within the MICs for TVA. WCK 771
displayed 2 to 4 log lower FMs (>2 X 10~') compared to
those of the other quinolones (1 X 107°to 1 X 10~%). Com-
pared to the FMs of MXF and TVA, GRN showed a 1-log
lower FM. Thus, WCK 771 displayed a significantly superior
ability to resist the spontaneous development of resistance
compared to those of the other quinolones tested.

Genomic characterization and antibiotic susceptibilities of
first-step mutants of S. aureus ATCC 29213 and ISP 794. To
confirm the observations noted on the basis of the MIC results
for the defined mutants, single-step selections of mutants from
two wild-type strains were carried out (Table 3 and Table S1 in
the supplemental material) by using WCK 771 and the com-
parator quinolones to locate the genomic changes in the
QRDRs of the quinolone target genes.

All four single-step mutants of both S. aureus ISP 794 and S.
aureus ATCC 29213 selected by WCK 771 demonstrated mu-
tations in the gyr4 gene. While ISP 794 revealed G82D and
S84L mutations, S. aureus ATCC 29213 had a Ser84Leu
change. No change in the QRDR of grl4 was found in any of
the nine mutants selected with WCK 771. All four mutants
from ISP 794 selected with TVA and one mutant from ISP 794
selected with MXF revealed an Ala-to-Glu change at codon
position 116 of grlA. The remaining three mutants selected
with MXF revealed a Pro-to-Glu change at position 451 of the
grlB gene. The selection of a grlB mutation by MXF is in
agreement with the findings presented in earlier reports and
possibly indicates a nonconventional interaction of MXF with
the target enzymes (14). These patterns of mutations confirm
the earlier observation that topo IV is the primary target of
these two agents (7, 8, 14). Of four first-step mutants of ISP
794 selected by GRN, mutants M221, M222, and M219 showed

TABLE 2. MICs, MPCs, and FMs of WCK771 and other quinolones against wild-type strains of S. aureus®

WCK 771 Garenoxacin Moxifloxacin Trovafloxacin
Strain
MIC MPC EM MIC MPC EM MIC MPC M MIC MPC M
(pg/ml)  (pg/ml) (g/ml)  (pg/ml) (hg/ml)  (pg/ml) (ng/ml)  (pg/ml)
S. aureus ATCC 29213  0.015 0.03 >2 X 1071 0.015 0.12 3x 1077 0.06 0.5 1x107°  0.03 0.25 1x10°8
S. aureus ATCC 25923  0.03 0.06 >2x 1071 0.03 0.12 8x 1077 0.12 0.5 4x107%  0.06 0.5 1x10°°
S. aureus ISP 794 0.015 0.03 >2x 1071 0.015 0.06 5x1077 0.03 0.125 1x107°  0.015 0.12 1x10°°
S. aureus ATCC 13709  0.015 0.03 >2.0X 107 0.007 0.06 6x 1077 0.03 0.25 <1.0x107° 0.015 0.25 <1.0x10°°

“ The FMs were determined at two times the MICs of all the drugs. MICs and MPCs were determined in three different experiments; the more frequent results are

shown.
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TABLE 3. Characteristics of first-step mutants” of S. aureus ISP 794 selected by WCK 771 and other quinolones

Substitution MIC (pg/ml)
Selecting drug Mutant
grlA glB grA WCK 771 GRN MXF TVA LVX
None Wild type 0.015 0.015 0.03 0.015 0.125
WCK 771 Mo61 None” None G82D 0.06 0.06 0.125 0.03 0.125
M62 None None G82D 0.06 0.06 0.125 0.03 0.125
M63 None None G82D 0.06 0.06 0.125 0.03 0.125
Mo64 None None G82D 0.06 0.06 0.125 0.03 0.125
M65 None None S84L 0.06 0.06 0.125 0.015 0.125
Trovafloxacin M71 Al16E None None 0.03 0.06 0.25 0.125 0.5
M72 All16E None None 0.03 0.06 0.25 0.125 1
M73 All16E None None 0.03 0.06 0.25 0.125 0.5
M74 All16E None None 0.03 0.06 0.25 0.125 1
Moxifloxacin MS81 All16E None None 0.03 0.06 0.25 0.06 0.5
M154 None P451Q None 0.03 0.06 0.25 0.06 0.5
M155 None P451Q None 0.03 0.06 0.25 0.06 0.5
M156 None P451Q None 0.03 0.06 0.25 0.06 0.5
Garenoxicin M219 None None K518D 0.03 0.125 0.25 0.125 0.5
M220 None None None 0.03 0.125 0.25 0.125 0.25
M221 None None G82C 0.03 0.125 0.125 0.06 0.5
M222 None None S84L 0.06 0.125 0.125 0.06 0.25

“ None, no mutation was found in the QRDR.
® No mutations were found in the QRDR of gyrB.

mutations in gyr4. Two mutants (mutants M212 and M216)
selected from S. aureus ATCC 29213 showed S84L mutations
in gyrA. This is indicative of the relatively higher affinity of
GRN for DNA gyrase compared to that for topo IV, as re-
ported earlier (3). However, mutant M213 revealed an Ile5SAsn
mutation, outside the QRDR, in grl4. One mutant each from
S. aureus ISP 794 and S. aureus ATCC 29213 did not have any
changes in the whole gyr4 or grl4 gene or in the QRDRs of
gyrB and griB.

The MICs of WCK 771 increased four to eight times for
mutants with a single gyr4 mutation, regardless of the quino-
lone used for selection (Table 3 and Table S1 in the supple-
mental material). However, there was an increase of just one
step in the MICs of WCK 771 for mutants selected with TVA
and MXF (a single mutation in grl4) and those mutants se-
lected with GRN, which showed mutations outside the
QRDRs. The MICs of GRN increased to 0.06 to 0.12 pg/ml
(four to eight times) for all the mutants, irrespective of the
selecting quinolone, of both wild-type strains. High levels of
cross-resistance to MXF and TVA were detected for mutants
selected with either of these agents. Mutants selected with
GRN and WCK 771 showed minimal increases in the MICs of
TVA. Surprisingly, the TVA MICs were elevated for M219,
which harbors a Lys518Asn mutation in gyr4. A similar in-
crease in the MIC was also seen for M220, which did not show
any mutations over the entire lengths of the gyrA4 and the grid
genes. The results are indicative of lower levels of cross-resis-
tance between WCK 771 and TVA due to divergent target
preferences. None of the mutants displayed resistance due to
the overexpression of efflux, as indicated by their susceptibili-
ties to ethidium bromide and the MICs of the quinolones in
the presence of reserpine.

The target preference trends for the quinolones used in this

study were broadly in agreement with our MIC results ob-
tained with defined mutants.

Genomic characterization and antibiotic susceptibilities of
second-step mutants of S. aureus ATCC 29213 and ISP 794.
The second-step selection of mutants was carried out in order
to analyze the secondary targeting properties of WCK 771 and
the other quinolones tested. The comparative potencies of
quinolones against the various double mutants thus generated
were determined (Table 4 and Table S2 in the supplemental
material).

All second-step mutants selected by WCK 771 by using both
wild-type strains (Table 4 and Table S2 in the supplemental
material) depicted an additional change in grl4, along with the
preexisting mutation in gyr4 acquired during the first-step
selection. While mutants derived from ISP 794 revealed a
Ser80Phe mutation, three mutants derived from S. aureus
ATCC 29213 (mutants M23, M25, and M27) showed changes
in the 84th codon (Glu84Lys in M23 and M27 and Glu84Gly in
M25). One mutant, mutant M22, showed a Ser-to-Phe change
at codon position 80. For both wild-type strains, all the second-
step mutants selected with TVA had diverse gyrA mutations.
All second-step mutants selected with MXF except mutant
M239 revealed an S84L mutation in gyrA; mutant M239 did not
show any mutation. Consequently, no elevation in the quino-
lone MICs for this mutant was observed over the first step.
GRN selected mutations in topo IV of second-step mutants
of both wild-type strains. While uncommon gr/B mutations
(Pro451GIln and Glu460Asn) were selected in ISP 794,
Ser80Phe and Glu84Lys were found in S. aureus ATCC 29213.
In the second round of selection with GRN, mutants with no
QRDR mutations during the first selection step did not show
appreciable increase in MICs and therefore were not analyzed
for genomic changes. Thus, while the secondary target for
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TABLE 4. Characteristics of second-step mutants® of S. aureus ISP 794 selected by WCK 771 and other quinolones
Substitution MICs (pg/ml)
Selecting drug” Mutant

grlA olB g WCK 771 GRN MXF TVA CLX LVX

WCK 771 M250 S80F” None* S84L 1 2 2 2 0.5 8

M98 SS8OF? None G82D 1 1 2 1 0.25 4

M99 S80F” None G82D 1 1 2 1 0.25 4

M100 SS8OF” None G82D 1 1 2 1 0.25 4

TVA M101 All16E None E88G? 0.25 0.25 1 1 0.125 2

M102 Al116E None S84L° 0.5 1.0 2 0.5 0.25 2

M103 Al16E None G82¢? 0.25 0.5 1 1 0.125 2

M104 Al116E None E88K” 0.5 1.0 2 0.5 0.25 2

MXF M105 Al116E None S84L° 1 2 2 2 0.5 8
M242 None P451Q S841.° 0.25 1 1 0.5 0.25 2.0
M243 None P451Q S84L° 0.25 1 1 0.5 0.5 2.0
M244 None P451Q S841.° 0.25 1 1 0.5 0.5 2.0

GRN M232 None P451Q° G82C 0.125 0.25 0.5 0.5 0.25 2

M233 Al16E? None G82C 0.125 0.25 0.5 0.5 0.25 2

M234 None None S84L 0.125 0.25 0.5 0.125 0.125 1

M235 None E460D” S84L 0.125 0.25 0.5 0.125 0.125 1

“ None, no mutation was found in the QRDR.
> The mutation was acquired at the second step.
¢ No mutations were found in the QRDR of gyrB.

WCK 771 and GRN in staphylococci is topo IV, MXF and
TVA target DNA gyrase in the second step.

A gradual increase in the MICs as a result of the stepwise
accumulation of mutations was observed for all the quino-
lones (Table 4 and Table S2 in the supplemental material).
The MICs of WCK 771 for all the mutants derived from
both S. aureus ISP 794 and S. aureus ATCC 29213 were in
the range of 0.06 to 1 wg/ml. Similarly, the MIC ranges were
0.125 to 0.5 pg/ml for CLX, 0.25 to 2 pg/ml for GRN, 0.5 to
4 pg/ml for MXF, 0.25 to 2 pg/ml for TVA, and 1 to 16
pg/ml for LVX. Overall, all the quinolones displayed equiv-
alent fold increases in the MICs for the second-step mutants
compared to those for the first-step mutants. The combina-
tion of mutations in grli4 and gyr4 (such as S80F and G82D,
respectively; SS80F and S84L, respectively; E84K and S84L,
respectively; and S80Y and E88K, respectively) gave rise to
high levels of quinolone resistance (LVX MICs, 4 to 16
pg/ml). None of the mutants displayed resistance due to the
overexpression of efflux, as indicated by susceptibility to
ethidium bromide and the MICs of the quinolones in the
presence of reserpine.

Impact of third mutation selected by WCK 771 and other
quinolones. To proceed with third-step selection, we chose
mutant M250, which harbored two mutations, S84L (gyr4) and
S80F (grlA4), generated through two stepwise exposures to
WCK 771. We selected this mutant since strains with this
combination of double mutations have been reported to be
widely prevalent in clinics and cause high levels of quinolone
resistance (CIP MIC = 16 pg/ml) (28, 34). Two mutants se-
lected with WCK 771 did not show additional mutation in any
of the four genes, while the remaining two mutants revealed a
third mutation in gyr4 (Ser85Pro) (Table 5). Similar observa-
tions were seen with GRN selection. Only one mutant selected
with GRN showed a Lys-to-Glu change at codon position 555
of grlA. Thus, WCK 771 and GRN exposure did not readily

select for a third mutation compared to the rate of selection
with the other quinolones. All third-step mutants selected with
TVA and MXF depicted a Glu-to-Lys mutation at codon po-
sition 84 in grlA.

Interestingly, no change in the MICs of WCK 771 was ob-
served in mutants with triple mutations selected with MXF and
TVA (Table 5). While the MICs of CLX for mutants selected
with WCK 771 remained unchanged, a onefold increase in the
CLX MICs was observed for mutants selected with MXF and
TVA. Moreover, there was a minimal increase in the MICs of
WCK 771 for mutants with a third mutation in gyr4 compared
to the MICs for the parent. Unlike mutants selected with WCK
771, MXF, and TVA, mutants selected with GRN displayed
high levels of cross-resistance to all the quinolones. There was
no appreciable rise in the resistance to TVA and MXF for
mutants selected with WCK 771; however, mutants derived by
selection with MXF and TVA showed cross-resistance to MXF
and TVA. The GRN MICs increased by onefold for mutants
selected with MXF, TVA, and WCK 771 and twofold for those
selected with GRN. The increased resistance to TVA in M246
could not be explained. The MICs of WCK 771 and CLX
remained 2 pg/ml or less for all the mutants with triple muta-
tions except M255. Thus, WCK 771 and CLX had comparable
activities and were more potent than the other quinolones
studied.

Study of clinical isolates with high levels of quinolone re-
sistance. Two unusual clinical isolates with high levels of quin-
olone resistance were analyzed for their mechanisms of resis-
tance to WCK 771 and the other quinolones in the background
of the observations made in our genomic study (Table S3 in the
supplemental material). While one strain, S. aureus 5080, was
found to be resistant to all the quinolones except WCK 771 and
CLX, another isolate, S. aureus 5081, displayed even higher
levels of resistance to all the quinolones.

S. aureus 5080 demonstrated resistance due to the combina-
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TABLE 5. Activities of quinolones against third-step mutants” selected by WCK 771 and other quinolones by using ISP 794 mutant M250

Substitution(s)

Selecting drug Mutant

Concn (pg/ml)

A grlA WCK 771 GRN MXF TVA CLX LVX
None M250, parent S84L S8OF 1 2 2 2 0.5 8
WCK 771 M85¢ S84L S80F 1 4 4 2 0.5 8
M86° S84L S80F 1 4 4 2 0.5 8
MS87 S85P,“ S84L S80F 2 4 4 2 0.5 8
M88 S85P,* S84L S80F 2 4 4 2 0.5 8
TVA M89 S84L E84K,* S80F 1 4 8 16 1 16
M90 S84L E84K,” S80F 1 4 8 16 1 16
MoI1 S84L E84K,* S80F 1 4 8 16 1 16
M92 S84L E84K,” S80F 1 4 8 16 1 16
MXF M93 S84L E84K,” S80F 1 4 8 16 1 16
M94 S84L E84K,* S80F 1 4 8 16 1 16
M95 S84L E84K,” S80F 1 4 8 16 1 16
M96 S84L E84K,* S80F 1 4 8 16 1 16
GRN M246° S84L S80F 1 4 4 8 1 16
M247¢ S84L S80F 1 2 2 4 0.5 8
M254¢ S84L S80F 1 2 4 4 0.5 8
M255 S84L S80F, KS55E 4 4 8 8 1 32

“ Mutation acquired at the third-step selection.
® No mutations were found in the QRDRSs of gyrB and griB.
¢ No mutations were found in any of the four genes at the third step selection.

tion of the overexpression of both efflux and target mutations
(Table S3 in the supplemental material). CIP and gemifloxacin
were adversely affected due to efflux, as indicated by the de-
crease in their MICs in the presence of reserpine. Genomic
analysis of strain 5080 depicted Ser84Leu and Ser80Tyr muta-
tions in gyrA and griA, respectively.

For strain 5081, four mutations, two each in gyr4 (S84L and
S85P) and gri4 (E84K and S80F), were found (Table S3 in the
supplemental material). The MICs of WCK 771 and CLX for
this strain were 4 and 8 wg/ml, respectively. GRN, MXF, and
gemifloxacin had MICs of >16 pg/ml (Table S3 in the supple-
mental material). The results fall broadly in line with those
obtained in our stepwise mutant selection studies, in which the
WCK 771 MICs remained at 2 pg/ml or less for the majority of
mutants with two or three mutations.

MPCs of WCK 771 and other quinolones for mutants with
defined and undefined mutations. Against double mutants har-
boring various combinations of mutations, the ranges of MPCs
were 0.5 to 4 pg/ml for WCK 771, 0.5 to 2 pg/ml for CLX, 1 to
8 pg/ml for GRN, 2 to 16 pg/ml for MXF, and 8 to 16 pg/ml
for TVA (Table 6). Thus, the MPCs of WCK 771 were com-
parable to those of CLX and were superior to those of GRN (1
to 8 times), MXF (2 to 16 times), and TVA (2 to 16 times). The
FM of WCK 771 was either comparable to or superior to those
of GRN and CLX. However, FMs of TVA and MXF were
inferior to those of WCK 771, GRN, and CLX.

To assess the resistance suppression potential of WCK 771
against a larger panel of clinical isolates, we performed addi-
tional MPC studies with 50 strains with high levels of quino-
lone resistance (CIP MICs > 16 pg/ml) (Fig. 3). Sixty-eight
percent of the strains showed MPC values of 2 wg/ml for WCK
771. Twenty-eight percent of the strains had WCK 771 MPCs
of 4 pg/ml. Only, 8, 4, and 8% of the strains demonstrated

MPC:s at or below 2 pg/ml for MXF, TVA, and GRN, respec-
tively, largely owing to their poor potencies. While the MPC
range for MXF and GRN was 4 to 16 pg/ml, TVA showed the
broadest MPC range (2 to 32 wg/ml). For the majority of
strains, the MPCs were 8 pg/ml for all three comparator quin-
olones.

Stringent assessment of lethality by WCK 771 and other
quinolones toward diverse double mutants. To assess the role
of target preference, high-cell-density killing kinetic studies
were performed with five mutants with diverse double muta-
tions that are the most commonly encountered in clinics (Fig.
S1 in the supplemental material) (9, 27, 28, 32). When the
starting inoculum density was raised to 10® CFU/ml, the ranges
of concentrations that brought about 99.9% Kkilling at the end
of 12 h were 2 to 4 pg/ml for WCK 771 and 4 to 16 pg/ml for
the other quinolones. WCK 771 required 4 pg/ml against only
one of five mutants (mutant M27) to cause cidality of the
culture at a high inoculum. We also observed that WCK 771
effected the killing of a variety of double mutants at a CLSI-
recommended initial inoculum within a concentration range of
0.5 to 2.0 pg/ml. Similarly, the killing concentrations at the
normal inoculum were 1 to 4 pg/ml for GRN and 2 to 8 wg/ml
for MXF and TVA (data not shown).

DISCUSSION

As mentioned above, this study was designed to determine
the MSW for WCK 771 against wild-type and quinolone-resis-
tant strains. Studies were also undertaken to establish the
linkage between the target specificity and PD attributes, such
as FM, MPC, and lethality.

The finding of a higher specificity of WCK 771 for DNA
gyrase compared with those of the other quinolones tested
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emerges from our data, which show not only that WCK 771 has
two- to threefold increases in the MICs for mutants with a
single gyr4 mutation but also that it selects for all first-step
mutations in DNA gyrase (Tables 1 and 3 and Table S1 in the
supplemental material). As reported earlier, TVA and CIP
showed a primary affinity for topo IV, while MXF and GRN
were found to have dual affinities. Although the MICs of MXF
for both types of mutants increased, the adverse impact on the
MICs for mutants with a single grl4 mutation was of a higher
degree compared to the adverse impact on the MICs for mu-
tants with a single gyr4 mutation. This observation is in agree-
ment with the findings of a study published earlier (14). This
suggests that a single mutation in either enzyme might con-
tribute to resistance to MXF and GRN.

The proximity of the MPCs to the MICs of WCK 771 for
wild-type strains demonstrates that this quinolone has a very
narrow mutant selection window (Table 2). This observation
may have clinical significance, since the levels of WCK 771 in
blood following the administration of doses of 600 mg twice a
day (unbound maximum concentration, 4 pwg/ml; half-life, 6 h)
will remain well above the MPCs for quinolone-susceptible S.
aureus over the entire 24-h dosing period, provided that the
concentrations in serum reflect those in the tissues where mu-
tants are enriched (2) (Table S4 in the supplemental material).
Thus, it is conceivable that exposure to WCK 771 would greatly
minimize the frequency of selection of single-step mutants that
act as precursors of fully FQ-resistant strains. The results of
our FM studies with mutants with single mutations in gyr4 and
grlA suggest that, irrespective of the targeting properties, it is
intricate to differentiate quinolones on the basis of the mutant
prevention concentration, once a mutation is taken up in any
of the two prominent targets (data not shown). Therefore, a
closer MPC-to-MIC ratio and a low frequency of resistance
development in sensitive strains is a positive PD property of
WCK 771.

The selection of first-step mutants by the quinolones further
elucidated the primary targeting properties of each of these
agents (Table 3 and Table S1 in the supplementary material).
The occurrence of either the S84L or the G82D mutation in
DNA gyrase in all first-step mutants and no changes in gri4
clearly reflect a target preference of WCK 771 for DNA gyrase.
While the Ser84Leu mutation selected by WCK 771 is a very
common mutation reported in gyr4 (20), Gly82Asp is an un-
common mutation reported earlier only with WCK 1734 selec-
tion (30). Non-QRDR mutations selected with GRN, such as
Glu518Asp in gyr4 and IleSAsn in grl4, have not been reported
earlier. For two mutants selected with GRN, a reserpine effect
was not found, nor was any mutation detected in the entire
grA or griA gene. The elevated MICs of GRN for these mu-
tants may be mediated through either non-QRDR mutations
in gyrB or grlB or certain unknown resistance mechanisms. The
adverse impact on the MICs of quinolones due to a non-
QRDR mutation in gyr4 was of a higher degree compared to
the adverse impact on the MICs of quinolones due to a non-
QRDR mutation in grl4. Surprisingly, WCK 771 was not af-
fected by either of these mutations. The primary affinity and
specificity of WCK 771 for DNA gyrase seems to be even
higher than those of GRN, since all 9 mutants selected with
WCK 771 showed mutations in gyrA, whereas 4 of 12 mutants
selected with GRN showed mutations in gyrA4 (data are shown
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FIG. 3. MPC distributions for 50 QRSA strains (ciprofloxacin MIC > 16 pg/ml). The value indicated at the top of each bar is the percentage

of strains exhibiting the MPC at that concentration for each drug.

for eight mutants [Table 3 and Table S1 in the supplemental
material]). Moreover, unlike WCK 771, one mutant selected
with GRN showed a grl4 mutation.

The analysis of data presented in a singular study of Takei et
al. (33) that compared 15 quinolones for their ICss for staph-
ylococcal DNA gyrase and topo IV suggests that the extensive
improvement in the activity of moxifloxacin over that of levo-
floxacin is essentially brought about through improvement in
its affinity toward DNA gyrase (moxifloxacin ICss, 3.44 wg/ml
for gyrA mutants and 7.84 pg/ml for grlA mutants; levofloxacin
1Csys, 8.06 pg/ml for gyrA mutants and 9.81 wg/ml for grid
mutants). Clinafloxacin, one of the most potent antistaphylo-
coccal quinolones, was reported in the study mentioned above
(33) to have the lowest ICs, for both DNA gyrase and topo IV,
with an approximately two times higher affinity for DNA gyrase
(33). Therefore, it appears that an increased affinity for DNA
gyrase is critical for the enhanced antistaphylococcal potencies
of the quinolones, although TVA is an exception, as it has an
optimized affinity for topo IV. Thus, the improved antistaphy-
lococcal potency of WCK 771 could be attributed to its lower
1Cs, (about half) for DNA gyrase, as deduced from the data
presented by Takei et al. for racemic nadifloxacin (RS, *) (33).

While a higher affinity to either or both of the FQ target
enzymes determines high potency, superior PD properties such
as low MPCs and FMs are generally attributed to dual-acting
quinolones (13). The results of assays such as the assays for the
MPCs and the FMs of the quinolones performed in this study,
however, suggest that the antistaphylococcal potencies of novel
quinolones do not necessarily translate into an improved pro-
file against the emergence of resistance. Thus, while the po-
tencies of WCK 771, TVA, and GRN against the wild-type
strains were comparable, the resistance emergence rate profile
was found to be on the order WCK 771 < GRN < TVA. Thus,
specificity for DNA gyrase plays a significant role not only in
determining high potency but also in determining a superior
profile against the emergence of resistance. Our FM results are

in agreement with those obtained previously with MXF (14)
and TVA (6). However, they are contrary to the FMs reported
by Gootz et al. (7) for TVA and Ince et al. (15) for GRN. In
our study as well, GRN displayed relatively superior MPC and
FM profiles compared to those of MXF and trovafloaxcin,
probably because of its higher affinity for DNA gyrase. Thus,
the superiority of a quinolone in assays that challenge larger
populations appears to be the outcome of its ability to over-
come heterogeneous resistance due to varieties of target mu-
tations through its affinity for DNA gyrase.

Even though WCK 771 and GRN target DNA gyrase at the
primary stage, both WCK 771 and GRN selected grl4 muta-
tions in the second step (Table 4 and Table S2 in the supple-
mentary material). The lack of an impact of non-QRDR mu-
tations on the activity of WCK 771 and the selection of
mutations only at codon positions 80, 84, and 88 in both gyr4
and grlA indicate that WCK 771 possesses a strong affinity for
these active sites of the enzymes. It has been reported that
Ser80 and Glu84 of the grl4 gene product are sites that corre-
spond to Ser84 and Glu88 of gyrA, respectively (35), which lie
in the N-terminal part of the enzyme responsible for binding
with DNA, leading to topoisomerase activity (10). This sug-
gests that the high-affinity binding of WCK 771 to these critical
regions of the enzymes might effectively stabilize the FQ-en-
zyme-DNA complex, which causes the cessation of the repli-
cation process and which ultimately leads to cell death. The
superior potency of WCK 771 against strains with double mu-
tations compared to the potencies of the other quinolones
could be an outcome of its unique targeting property (Table 4
and Table S2 in the supplementary material). In an earlier
publication, while TVA’s high potency against quinolone-re-
sistant strains was attributed to its high affinity for topo IV,
stringent test conditions, such as those used for the determi-
nation of MPCs and high-density killing curves, were not used
to test its ability to limit resistance development (7). The find-
ings observed under such test conditions probably have a better
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potential to predict an effective drug-target interaction that
would lead to favorable PD properties. Since WCK 771 and
CLX were the most active quinolones against mutants that
harbor mutations (in gri4 and gyrA-gri4) frequently encoun-
tered in institutional settings, it is feasible that the use of WCK
771 would further limit the spread of resistance.

Selection at the third step yielded certain interesting obser-
vations (Table 5). While WCK 771 selected mutations in gyrA,
MXF and TVA readily selected second mutations in gri4.
Thus, the target preference of each of these quinolones at the
third step shifted back to their primary target in the presence
of two mutations. This indicates that the relative target selec-
tivity of quinolones would be disparate in strains with no mu-
tation, a single mutation, and double mutations and would
alternate between the two targets on the basis of preexisting
changes. GRN selected mutations outside the QRDR ingri4 in
only one mutant in the third step. No increase in the MICs of
WCK 771 for third-step mutants derived from MXF and TVA
and a one- to twofold increase in the MIC for mutants selected
with WCK 771 and GRN indicate that WCK 771 retains high
potency against strains with multiple mutations. Similarly,
CLX also displayed high potency against such strains. Inter-
estingly, at the third-step selection, the gyrase-specific quino-
lones WCK 771 and GRN frequently led to mutants that
lacked an additional mutation in gyr4 and grlA, a finding not
observed with the topo IV-specific quinolones. Thus, TVA and
MXEF always led to the acquisition of a third mutation in the
QRDR, thereby causing a further loss in their potencies. The
activities of WCK 771 and CLX against mutants with triple
mutations, particularly those with two gyrase mutations, indi-
cate that these quinolones possesses the ability to accommo-
date a larger number of mutations in their targets without a
concomitant loss of target recognition. It has been reported
that the accumulation of mutations in the DNA gyrase of
Escherichia coli leads to a reduced degree of DNA supercoiling
due to the modified enzymatic activity of DNA gyrase. Con-
sidering that a similar phenomenon occurs in S. aureus as well,
the continued action of WCK 771 probably suggests that it
continues to efficiently form ternary complexes involving mu-
tated topoisomerases and DNA with a reduced degree of su-
percoiling, a property not probably endowed by TVA and
MXEF (1).

Owing to the inherent tendency of quinolones to select mu-
tations in quinolone targets by a single exposure, it would be
arduous to optimize a quinolone that shows a complete ab-
sence of cross-resistance. In such a situation, therefore, mini-
mal cross-resistance with other quinolones, as displayed by
WCK 771, is a desired option. Recently, Strahilevitz et al. (31)
have described a novel des-fluoro(6) quinolone, DX-619, that
possesses affinities for quinolone targets beyond the QRDR. It
has also been shown that as a result of this property it selects
for first-step mutants in nonclassical regions of both the genes
outside the QRDR. However, the MIC data reported in that
study also show that mutations in the classical QRDR
(Ser84Leu in gyrA and Ser80Phe in grl4) adversely affect the
activity of this quinolone, albeit to a lesser extent (31). Thus,
even des-fluoro(6) quinolones with an extended span of affin-
ities to quinolone targets show a modulation in their potencies
similar to those of gyrase-targeting quinolone.

WCK 771 and CLX showed another interesting property
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of tolerating more than one mutation in gri4. This could be
a clinically valuable property, since our results with third-
step selection demonstrate that most of the quinolones not
only target gri4 at the first step but also target grl4 again at
the third step. Thus, it is plausible that as a result of the
extensive use of such quinolones, the enrichment of high-
level quinolone resistance in clinical isolates might take
place due to at least two mutations in gr/4 and one mutation
in gyrA. As shown here, these are the precise combinations
of mutations against which WCK 771 and CLX were found
to be the most active.

Very high levels of quinolone resistance (MXF MICs, 8 to 16
pg/ml; CIP MICs, 32 to >128 pg/ml) in staphylococci are still
not widely prevalent. The clinically attractive activity of WCK
771 against triple mutants prompted us to characterize the
resistance mechanisms involved in two such rare quinolone-
resistant S. aureus strains (CIP MICs, 512 pg/ml) (Table S3 in
the supplementary material). Strain 5081 was found to have
four mutations, two each in gyr4 and griA. All four mutations
(Ser84Leu, Ser85Pro, Ser80Phe, and Glu84Lys) are known to
adversely affect quinolones when they are present individually
or in combination. This strain also displayed resistance due to
efflux in conjunction with target mutations, the latter playing a
more dominant role. The WCK 771 MIC of 4 pg/ml for this
strain indicates that the emergence of resistance to WCK 771
would be extremely slow due to a lower probability of occur-
rence of four mutations in a single strain. Our results are in
agreement with those presented in an earlier report in which
an MIC of 12.5 pg/ml has been reported for racemic nadifloxa-
cin against a clinical isolate with similar mutations (24). We
also found that strain 5080 mediated resistance primarily due
to the overexpression of efflux, in addition to target site mu-
tations (double mutations). Unlike previous reports, a higher
level of resistance to gemifloxacin in this strain was mediated
through efflux (13). The WCK 771 MIC of 0.5 wg/ml for this
strain correlates well with our susceptibility results for double
mutants and also confirms that efflux-mediated resistance has
no impact on the intrinsic potency of WCK 771 (16).

Our multistep selection studies with large number of mu-
tants have generated a high level of predictability of the po-
tency of WCK 771 against strains with a range of mutations.
Thus, we have established that WCK 771 would have MICs of
0.03 to 0.06 pg/ml for strains with a single mutation, MICs of
0.25 to 1 pg/ml for strains with double mutations, MICs of 1 to
2 pg/ml for strains with three mutations, and MICs of 4 wg/ml
for strains with four mutations. Thus, the fold elevation in
MIC:s for strains harboring single mutation to strains with four
mutations is lower (sevenfold) for WCK 771 than for GRN,
MXN, and TVA (ninefold) (Table S3 in the supplementary
material).

An MPC range from 0.5 to 2 pg/ml for majority of defined
mutants indicates that, regardless of the diversity in the muta-
tions, WCK 771 and clinafloxacin show consistent abilities to
prevent the emergence of mutants at concentrations closer to
the MIC. An MPC study involving 50 quinolone-resistant S.
aureus strains further established the clinically attainable
MPCs (Fig. 3). The MPCs of all the other quinolones were
quite high and beyond the clinically meaningful PK-PD range.
The MPCs for 90% of strains (MPCys) for MXF (16 wg/ml)
and GRN (12 pg/ml) reported by us are in agreement with



3578 BHAGWAT ET AL.

those reported earlier (19, 36). Since, the MIC,, of WCK 771
for a large panel of quinolone-resistant staphylococcal strains
is 1 pg/ml (16), these MPCs demonstrate a very narrow mutant
selection window. Thus, the most likely concentrations of the
lower and the upper limits of the window for WCK 771 would
be 1 and 2 pg/ml, respectively, for most quinolone-resistant
strains. On the basis of the PK in humans, the serum WCK 771
concentrations would be above the MPC for at least 60% of
the dosing interval; and therefore, coupled with other interest-
ing PD properties, such as lethality for a high inoculum and
lower FMs, WCK 771 should be the least likely agent to enrich
resistant mutants. This presumption was confirmed in our in
vitro pharmacokinetic modeling studies with quinolone-resis-
tant staphylococci. Our studies, published in the form of a
poster (M. V. Patel, S. V. Gupte, D. J. Upadhyay, A. Dixit, Y.
Chugh, V. Patil, S. Latad, S. Bhagwat, P. K. Deshpande, R.
Jha, N. J. De Souza, and H. F. Khorakiwala, Abstr. 43rd In-
tersci. Conf. Antimicrob. Agents Chemother., abstr. A-1165,
2003), have demonstrated that WCK 771 causes effective cidal
action and prevents the emergence of quinolone-resistant strains
when they were exposed to the human PK concentration profile
in an in vitro pharmacokinetic model.

High-density killing kinetics are a measure of the ability of a
drug to cause cidality for a population that possesses a higher
probability to give rise to the selection of resistant mutants due
to a large initial population composed of subclones with vari-
ous susceptibilities (4). Under such conditions, WCK 771
caused the killing of all of the diverse double mutants over a
concentration range of 2 to 4 pg/ml, whereas MXF, TVA, and
GRN required concentrations of 4 to 16 pwg/ml for (Fig. S1 in
the supplementary material). For WCK 771, the cidal concen-
trations fall in the clinically relevant range since it achieves an
unbound maximum concentration of 4 pg/ml with a half-life of
6 h when it is used at the therapeutic dose in humans and has
been proposed to have a PK-PD breakpoint of 2 pg/ml, on the
basis of the findings of in vivo studies (2, 26) (Table S4 in the
supplemental material). We have also established that WCK
771 effected the killing of a variety of double mutants at a
CLSI-recommended starting inoculum over a concentration
range of 1 to 2 wg/ml (data not shown). The ability of WCK 771
to cause cidal effects at therapeutically meaningful concentra-
tions indicates that WCK 771 would exert antibacterial action
not merely by bacterial growth inhibition but also by killing a
large pathogen population, including subclones of mutants,
within a period of 12 h, since it is proposed for use by dosing
twice a day.

In summary, gyr4 is the primary target of WCK 771. WCK
771 has PD features comparable to those of CLX and superior
resistance-limiting properties compared to those of the dual-
target (GRN, MXF) and topo IV-specific (TVA) quinolones.
On the basis of the findings reported here, the DNA gyrase
preference of a quinolone would lead to several desirable fea-
tures, such as improved cidality and lower MPCs and FMs,
leading to a narrow MSW as well as the retention of good
potency against strains bearing multiple mutations in quino-
lone targets. Thus, this study identifies the role of the gyrase-
specific action in determining the optimal antistaphylococcal
features of quinolones.
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