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ABSTRACT DS-2969b is a novel GyrB inhibitor under clinical development. In this
study, the in vitro activity of DS-2969b and the in vivo activities of DS-2969b and its
water-soluble prodrug, DS11960558, against methicillin-resistant Staphylococcus au-
reus (MRSA) were evaluated. DS-2969b inhibited the supercoiling activity of S. aureus
DNA gyrase and the decatenation activity of its topoisomerase IV. DS-2969b showed
antibacterial activity against Gram-positive aerobes but not against Gram-negative aer-
obes, except for Moraxella catarrhalis and Haemophilus influenzae. DS-2969b was ac-
tive against MRSA with an MIC90 of 0.25 �g/ml, which was 8-fold lower than that of
linezolid. The presence of a pulmonary surfactant did not affect the MIC of DS-
2969b. DS-2969b showed time-dependent slow killing against MRSA. The frequency
of spontaneous resistance development was less than 6.2 � 10�10 in all four S. au-
reus isolates at 4� MIC of DS-2969b. In a neutropenic MRSA-induced murine muscle
infection model, DS-2969b was more efficacious than linezolid by both the subcuta-
neous and oral routes. DS-2969b and DS11960558 showed efficacy in a neutropenic
murine MRSA lung infection model. The pharmacokinetics and pharmacodynamics
of DS-2969b and DS11960558 against MRSA were characterized in a neutropenic
murine thigh infection model; the percentage of time during the dosing period in
which the free drug concentration exceeded the MIC (fTMIC) correlated best with in
vivo efficacy, and the static percent fTMIC was 43 to 49%. A sufficient fTMIC was ob-
served in a phase 1 multiple-ascending-dose study of DS-2969b given orally at 400
mg once a day. These results suggest that DS11960558 and DS-2969b have poten-
tial for use as intravenous-to-oral step-down therapy for treating MRSA infections
with a higher efficacy than linezolid.
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The discovery of penicillin and sulfa drugs in the 1930s significantly improved
antibacterial therapy. Numerous antibiotics were discovered in the subsequent 60

years; however, bacteria have constantly evolved and developed resistance to almost
all such antibiotics (1–3). Among the Gram-positive bacteria, Staphylococcus aureus,
Streptococcus pneumoniae, and enterococci present global challenges of antibiotic
resistance, causing significant public health concern and adding to the cost of health
care. In 2014, bacterial infections due to methicillin-resistant S. aureus (MRSA) were
responsible for 23,000 deaths in the United States alone, as reported by the Agency for
Healthcare Research and Quality (4). Gram-positive nosocomial MRSA has become
increasingly resistant to multiple antibiotics, such as vancomycin (VAN), trimethoprim-
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sulfamethoxazole, �-lactams, tetracycline, clindamycin, quinolones, and aminoglyco-
sides (5, 6). Approximately 700,000 antibiotic resistance-related deaths are documented
yearly, and this number is estimated to increase to 10 million by 2050, surpassing
cancer as the leading cause of death globally (7, 8).

The emergence of multidrug-resistant pathogens as well as their increasing contri-
bution to nosocomial infections is a growing medical concern. In U.S. hospitals, MRSA
accounted for 59.2, 55.0, and 47.9% of S. aureus isolates from non-intensive care unit
(non-ICU) inpatients, ICU patients, and outpatients, respectively (9). The ongoing
threats of VAN-resistant enterococci and VAN-intermediate-susceptible and VAN-
resistant S. aureus further underscore the need for novel therapies active against
resistant Gram-positive pathogens. The emergence of multidrug resistance in Gram-
positive pathogens has significantly limited the therapeutic options for nosocomial and
community-acquired infections. Despite extensive research in the past, drugs for the
treatment of nosocomial infections are still limited (10–12).

Linezolid (LZD) retains activity against resistant Gram-positive strains and is available
as both intravenous and oral formulations, which makes step-down therapy possible.
However, LZD may cause myelosuppression when used for a period longer than 14
days. In a phase 3 study performed in Japan, the total success rate of LZD against MRSA
infections was more than 60% at the end of therapy, whereas it dropped to less than
40% at 7 to 14 days after therapy (13). This indicates that the dose and therapeutic
duration of LZD were not enough to eradicate MRSA in patients. Although the
incidence of LZD-resistant MRSA is low, LZD resistance may be transferred from
resistant to nonresistant cells via the ribosomal methyltransferase gene, cfr (14). Tedi-
zolid, another anti-MRSA antibacterial that is available as both intravenous and oral
formulations, is used for the treatment of acute bacterial skin and skin structure
infections (ABSSSIs). However, there are safety and efficacy concerns over the use of
tedizolid in patients with neutropenia (15). In an animal model of infection, tedizolid
showed reduced efficacy in the absence of granulocytes (16). Alternative therapies are
recommended when treating ABSSSIs in patients with neutropenia (15, 16). Further-
more, tedizolid is still not indicated for the treatment of nosocomial pneumonia (17).
Similarly, although daptomycin is highly active against Gram-positive bacterial infec-
tions, including those caused by MRSA, it is not indicated for the treatment of
pneumonia because its antibacterial activity is impaired in the presence of pulmonary
surfactants. In addition, daptomycin is not indicated for left-sided infective endocarditis
due to S. aureus because of its poor clinical efficacy. Daptomycin is also associated with
myopathy and peripheral neuropathy (18).

Therefore, to meet the inadequacies of current anti-MRSA therapies, the demand for
a new class of anti-MRSA drugs is strong. Bacterial DNA gyrase and topoisomerase IV
are highly conserved type II topoisomerases that play essential roles in DNA replication
and transcription. They are established antibacterial drug targets (19, 20) and have
been used for the discovery of inhibitors with a novel scaffold (21, 22, 23). DNA gyrase
is a heterotetramer comprising two GyrA and two GyrB subunits, whereas topoisom-
erase IV is a heterotetramer comprising two ParC and two ParE subunits. The ATPase
activities of the GyrB and ParE subunits are essential for the strand-passage reaction
and are thought to be attractive targets for antibacterial drug discovery (24, 25).
Dual-target inhibitors pose lower risks of resistance development than single-target
inhibitors, which show large shifts in their MICs due to single-step mutations in
bacteria.

DS-2969b (Fig. 1A) is a new investigational GyrB inhibitor currently under clinical
development (26) for the treatment of Clostridium difficile infections. DS11960558 (Fig.
1B) is a water-soluble phosphonoxymethyl prodrug of DS-2969b. The water solubilities
of DS-2969b and DS11960558 are 0.4 and �100 mg/ml, respectively (27). DS11960558
is inactive in its native form and requires enzymatic conversion to DS-2969b to exert
antibacterial activity (27). In this study, the in vitro activities and in vivo activities of
DS-2969b and DS11960558 against MRSA were evaluated.
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RESULTS
Mechanism of action. To investigate the mechanism of action of DS-2969b, DNA

gyrase supercoiling and topoisomerase IV decatenation assays were performed using S.
aureus enzymes. The 50% inhibitory concentrations (IC50s) of DS-2969b for S. aureus
DNA gyrase and topoisomerase IV are shown in Table 1. DS-2969b inhibited both the
supercoiling activity of DNA gyrase and the decatenation activity of topoisomerase IV.
DS-2969b was 371- and 77-fold more potent in inhibiting S. aureus DNA gyrase and
topoisomerase IV, respectively, than levofloxacin (LVX). DS-2969b did not inhibit human
topoisomerase II (Table 1), indicating that DS-2969b selectively inhibits the activity of
bacterial topoisomerases.

Antibacterial activity. Table 2 shows the antibacterial activity of DS-2969b against
aerobic bacteria. DS-2969b showed potent antibacterial activity (MICs � 2 �g/ml)
against Gram-positive aerobic bacteria. However, it showed poor activity (MICs � 8
�g/ml) against Gram-negative aerobic bacteria, except for Moraxella catarrhalis and
Haemophilus influenzae (MICs � 0.25 and 0.5 �g/ml, respectively). The MIC90 (0.25
�g/ml) of DS-2969b against 67 MRSA clinical isolates was 8-fold lower than the MIC90s
of LZD and VAN, and the MIC range of DS-2969b was 0.03 to 0.5 �g/ml (Table 3). The
MICs against S. aureus ATCC 29213 and two MRSA strains were determined in the
presence of 2.5 or 5% pulmonary surfactant (Table 4). The presence of pulmonary
surfactant did not affect the activity of DS-2969b. The time-kill curves of DS-2969b and
LZD against MRSA 02541, a clinical isolate, are shown in Fig. 2. DS-2969b and LZD
showed time-dependent slow killing with exposures at 1�, 4�, and 16� MIC.

Propensity for in vitro resistance development. To assess the potential for
resistance development, the frequencies of spontaneous resistance development
against DS-2969b and LZD were determined in four S. aureus isolates, including three
MRSA strains, in triplicate (Table 5). The frequency of resistance development at 4�

MICs of DS-2969b and LZD was less than 6.2 � 10�10 in all four S. aureus isolates.
However, DS-2969b showed an 8-fold higher MIC against a VRT-752586-resistant
mutant having the T173I mutation in GyrB (24).

Murine muscle and lung infection models. The efficacy of DS-2969b was inves-
tigated in a neutropenic murine muscle infection model (Fig. 3) in which the infection
was caused by MRSA 02541. DS-2969b at a dose of 50 mg/kg of body weight showed
bactericidal potential by both the subcutaneous and the oral routes, whereas LZD
showed a static effect at the same dose and by the same routes of administration. At
lower doses, DS-2969b reduced the bacterial count in a dose-dependent manner

FIG 1 Chemical structures of DS-2969b (A) and DS11960558 (B).

TABLE 1 IC50s of DS-2969b and levofloxacin for S. aureus and human topoisomerases

Compound

IC50 (�g/ml)

S. aureus

Human topoisomerase IIDNA gyrase Topoisomerase IV

DS-2969b 0.14 0.84 �200
Levofloxacin 52 6.5 �1,024
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compared to the bacterial count in the controls before treatment (precontrol); however,
at the same doses of LZD, there was an increase in the bacterial count compared to the
bacterial count in the controls before treatment. In a neutropenic murine lung infection
model using MRSA 562, another clinical isolate, DS-2969b exhibited a bactericidal effect
at 50 mg/kg once a day (QD) and at 6.25 and 12.5 mg/kg/dose four times a day (QID)
(Fig. 4A). However, LZD exerted a similar bactericidal effect at a 4-fold higher dose. In
the neutropenic murine lung infection model, subcutaneously administered
DS11960558 exerted bactericidal effects at 50 and 100 mg/kg/day and via fractionated
dosing regimens (Fig. 4B). VAN showed a similar bactericidal potential at a higher
dose of 220 mg/kg/day. Overall, DS-2969b and DS11960558 showed bactericidal
activities in a neutropenic murine MRSA lung infection model at lower doses than LZD
and VAN, respectively.

PK-PD analysis. Pharmacokinetic (PK) studies of DS-2969b and DS11960558 were
conducted for PK-pharmacodynamic (PD) analysis in mice. Both drugs showed a
dose-dependent increase in exposure from 3.125 to 200 mg/kg/day (as the active free
forms) after subcutaneous administration. PK-PD studies were carried out in the
neutropenic murine thigh infection model using MRSA 02541. For each PK-PD index,
nonlinear regression analysis was done, and the coefficient of determination (R2) was
calculated for both DS-2969b and DS11960558 (Fig. 5). The percentage of time during
the dosing period in which the free drug concentration exceeded the MIC (percent
fTMIC) correlated best with in vivo efficacy. R2 values between efficacy and the percent
fTMIC for DS-2969b and DS11960558 were 0.65 and 0.80, respectively. R2 values be-
tween efficacy and the area under the concentration-time curve (AUC)/MIC (or the area
under the concentration-time curve for the free drug [fAUC]/MIC) for DS-2969b and
DS11960558 were 0.62 and 0.65, respectively. The correlation between efficacy and the
maximum concentration (Cmax)/MIC (or the maximum concentration of the free drug
[fCmax]/MIC or percent TMIC) for DS-2969b and DS11960558 was poor. Static percent
fTMIC values for DS-2969b and DS11960558 were 48.9 and 43.0%, respectively.

TABLE 2 Antibacterial activities of DS-2969b and linezolid against aerobic bacteria

Strain

MIC (�g/ml)

DS-2969b Linezolid

Staphylococcus aureus ATCC 6538P 0.25 2
Staphylococcus epidermidis ATCC 14990 0.5 1
Streptococcus pneumoniae ATCC 49619 0.25 1
Streptococcus pyogenes ATCC 12344 �0.125 1
Enterococcus faecalis ATCC 29212 0.25 2
Enterococcus faecium ATCC 19434 2 4
Moraxella catarrhalis ATCC 25238 0.25 8
Haemophilus influenzae ATCC 49247 0.5 8
Klebsiella pneumoniae ATCC 13883 64 �128
Enterobacter cloacae ATCC 13047 �128 �128
Serratia marcescens ATCC 13880 32 �128
Proteus vulgaris ATCC 13315 16 16
Pseudomonas aeruginosa ATCC 15692 128 �128
Stenotrophomonas maltophilia ATCC 13637 64 �128
Acinetobacter baumannii ATCC 19606 64 �128

TABLE 3 Antibacterial activities of DS-2969b and reference compounds against MRSA
clinical isolatesa

Compound

MIC (�g/ml)

Range 50% 90%

DS-2969b 0.03–0.5 0.125 0.25
Linezolid 0.5–2 1 2
Vancomycin 0.03–2 1 2
Levofloxacin 8–32 32 32
aA total of 67 isolates were tested.
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Rat thigh infection model. The efficacy of DS-2969b and DS11960558 was inves-
tigated in a neutropenic rat thigh infection model (Fig. 6) in which the infection was
caused by MRSA 02541. Both DS-2969b and DS11960558 showed a static effect at 12.5
mg/kg QID.

DISCUSSION

The in vitro results indicated that DS-2969b is a novel potent inhibitor of S. aureus
DNA gyrase and topoisomerase IV. It showed markedly improved activity against S.
aureus target enzymes compared with LVX (Table 1). It inhibited S. aureus DNA gyrase
more effectively than its topoisomerase IV, whereas fluoroquinolones are usually more
active against S. aureus topoisomerase IV than its DNA gyrase (28). DS-2969b showed
an 8-fold higher MIC against a VRT-752586-resistant mutant having the T173I mutation
in GyrB. This result suggests that DS-2969b shows antibacterial activity primarily via
GyrB inhibition in S. aureus. In addition, DS-2969b inhibited the ATPase activities of the
GyrB and ParE subunits derived from S. pneumoniae (E. Namba, N. Masuda, and Y.
Kurosaka, unpublished data), and the binding of another derivative which has a
structure very similar to that of DS-2969b to the ATPase pocket of S. aureus ParE has
been confirmed by cocrystallization (E. Imai and H. Hanzawa, unpublished data). These
results suggest that DS-2969b shows antibacterial activity via inhibition of the ATPase
activity of GyrB/ParE. Most MRSA strains are resistant to fluoroquinolones, thereby
limiting the clinical utility of fluoroquinolones (28, 29). DS-2969b had a narrow MIC
range against MRSA clinical isolates, suggesting that it does not show cross-resistance
to fluoroquinolones (Table 3). It exhibited potent in vitro activity against Gram-positive
aerobic bacteria, whereas it showed high MICs against Gram-negative aerobic bacteria
(Table 2), indicating its specific activity against Gram-positive bacteria. The presence of

TABLE 4 Effect of pulmonary surfactant on antibacterial activities of DS-2969b and
comparator antibacterial agents

S. aureus strain

MIC (�g/ml) in the presence of the indicated amt (%) of pulmonary
surfactant

DS-2969b Daptomycina Linezolid Vancomycin

0 2.5 5 0 2.5 5 0 2.5 5 0 2.5 5

ATCC 29213 0.125 0.125 0.125 1 �16 �16 2 2 2 1 1 1
MRSA 562 0.125 0.125 0.125 0.5 �16 �16 2 2 2 1 1 1
MRSA 02541 0.125 0.125 0.125 2 �16 �16 2 2 2 1 1 1
aIn MHB with Ca2� (50 �g/ml).

FIG 2 Time-kill curves of DS-2969b (A) and linezolid (B) against MRSA 02541.
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a pulmonary surfactant significantly impairs the antibacterial activities of many stan-
dard antibiotics, such as moxifloxacin, colistin, and daptomycin (30, 31). Our findings on
daptomycin (Table 4) also showed reduced antibacterial activity in the presence of a
pulmonary surfactant. However, the activity of DS-2969b was not affected in the
presence of a pulmonary surfactant, indicating its potential utility in respiratory tract
infections. The low frequency of spontaneous resistance development (Table 5) sug-
gests that DS-2969b may have a low propensity to induce resistance in clinical
situations, which was evident in previous LZD surveillance studies (32, 33). We evalu-
ated the in vivo efficacy of DS-2969b in neutropenic murine muscle and lung infection
models in which the infections were caused by MRSA; these models resemble human
ABSSSIs and pneumonia, respectively. Overall DS-2969b and DS11960558 displayed
better in vivo efficacies than LZD and VAN, respectively, against MRSA after oral and
subcutaneous administrations (Fig. 3 and 4). Intravenous therapy for a few days
followed by oral therapy is found to be beneficial in many patients; this is called
step-down therapy. DS-2969b and DS11960558 were also found to be efficacious
against neutropenic rat thigh infections when they were administered by the intrave-
nous route. O’Dowd et al. identified a bacterial topoisomerase inhibitor that exhibited
bactericidal potential at 60 mg/kg/day in a murine pneumonia model (34). DS-2969b
and DS11960558 showed bactericidal effects at doses lower than 60 mg/kg/day;
however, the animal model was different. DS-2969b was efficacious after both paren-
teral and oral administrations, suggesting that it could be amenable for use in step-
down therapy.

PK-PD analysis is a useful tool for predicting the clinical efficacy of an antimicrobial
agent (35). In our PK-PD studies (Fig. 5), fTMIC correlated the best with the in vivo
efficacies of DS-2969b (R2 � 0.65) and DS11960558 (R2 � 0.80), and the static percent
fTMIC values for DS-2969b and DS11960558 were 48.9 and 43.0%, respectively. After a
single oral administration of DS-2969b at 400 mg to humans (36), the percent fTMIC

TABLE 5 In vitro frequency of resistance development against DS-2969b and linezolid in
different S. aureus strains

S. aureus strain

Frequency of resistance at 4� MIC

DS-2969b Linezolid

ATCC 29213 (MSSAa) �2.5 � 10�10 �2.5 � 10�10

IHMA 1170860 (MRSA) �4.3 � 10�10 �4.3 � 10�10

IHMA 1170865 (MRSA) �6.2 � 10�10 �6.2 � 10�10

IHMA 966834 (MRSA) �1.5 � 10�10 �1.5 � 10�10

aMSSA, methicillin-susceptible S. aureus.

FIG 3 Efficacy of DS-2969b and linezolid after subcutaneous (A) and oral (B) administration in a neutropenic murine
muscle infection model in which the infection was caused by MRSA 02541. Each circle represents the number of
CFU derived from an individual animal, and each column represents the mean (n � 3). The numbers of CFU in each
treated group were compared with those in the control group after treatment (postcontrol). Asterisks indicate a
significant difference compared with the result for the control group after treatment (**, P � 0.01; ***, P � 0.001).
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against strains with an MIC of 0.25 �g/ml was more than the static percent fTMIC values
in murine PK-PD studies. After multiple oral administrations (36), the percent fTMIC in
humans increased with repeated administration and reached almost 100% at steady
state. These data suggest that 400 mg QD could be sufficient for the treatment of MRSA
infections; however, further studies are required for predicting the pharmacologically
active dose for MRSA infections. DS-2969b was safe and well tolerated when it was
given at a dose of up to 400 mg QD in the multiple-ascending-dose study (36).

DS-2969b displayed potent in vitro and in vivo activities against MRSA. The results of
this investigational study support the possibility that DS11960558 and DS-2969b could
have the potential for use as intravenous-to-oral step-down therapy for the treatment
of MRSA infections.

MATERIALS AND METHODS
Antimicrobial agents. DS-2969b and VRT-752586 were synthesized at Daiichi Sankyo Co., Ltd., as

described previously (37, 38). DS11960558 was synthesized at Daiichi Sankyo India Pharma Private
Limited (Gurgaon, India) as described in a filed patent (M. K. Khera, N. Dumbre, and P. Khan, India patent
application number 201711008754, 2017). LVX and LZD were synthesized at Daiichi Sankyo Propharma
Co., Ltd., and Daiichi Sankyo RD Associe Co., Ltd., respectively. The other antimicrobial agents used in this
study were obtained from Sigma-Aldrich Co. LLC.

FIG 4 Efficacies of DS-2969b and linezolid (A) and DS11960558 and vancomycin (B) after subcutaneous
administration in a neutropenic murine lung infection model in which the infection was caused by MRSA
562. Each circle represents the number of CFU derived from an individual animal, and each column
represents the mean (n � 5). The numbers of CFU in each treated group were compared with those in
the control group after treatment. The numbers of CFU in all treated groups were significantly different
from those in the control group after treatment (P � 0.01).
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Bacterial strains. Standard strains were obtained from the American Type Culture Collection.
Sixty-seven fresh MRSA clinical isolates were obtained from International Health Management Associates,
Inc. (IHMA). MRSA 02541 was a clinical isolate collected by the Levofloxacin Surveillance Group in 2007.
MRSA 562 was obtained from Ranbaxy Laboratories Limited. A VRT-752586-resistant mutant having the
T173I mutation in GyrB was isolated by plating S. aureus ATCC 6538P on Mueller-Hinton agar (MHA;
Becton, Dickinson and Company) plates containing 0.12 �g/ml of VRT-752586.

DNA gyrase supercoiling assay. Subunits A and B of S. aureus DNA gyrase were purified as fusion
proteins with maltose-binding protein in Escherichia coli. The assays were carried out in a reaction
mixture containing 4.94 ng/ml relaxed pBR322 plasmid (TopoGEN, Inc.) as a DNA substrate, 40 mM
Tris-HCl (pH 7.5), 60 mM KCl, 5 mM MgCl2, 1 mM spermidine, 1.5 mM ATP, 1 mM dithiothreitol (DTT), 20

FIG 5 Impact of PD regression in the PK-PD studies with DS-2969b (A) and DS11960558 (B) against MRSA 02541. Individual data points are shown.
The dose data are expressed as either Cmax/MIC, AUC/MIC, the percentage of time during the dosing period in which the drug concentrations
exceeded the MIC (%TMIC), fCmax/MIC, fAUC/MIC, or %fTMIC.
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�g/ml bovine serum albumin (BSA), and 10 �g/ml factor Xa. Various concentrations (5 �l) of DS-2969b
and LVX, the reaction mixture (10 �l), and 1 unit of S. aureus DNA gyrase (5 �l) were mixed to a total
volume of 20 �l. After incubation at 37°C for 1 h, the reaction was terminated by adding 1.2 �l of stop
solution (5% Sarkosyl, 0.025% bromophenol blue, 25% glycerol). The samples were electrophoresed in a
0.7% (wt/vol) agarose (Wako Pure Chemical Industries, Ltd.) gel at 60 V for 1.5 h. The gel was stained in
ethidium bromide solution for 30 min, destained with water, and then photographed under UV
illumination by an imaging analysis system (Gel Print 2000i/VGA; RelyOn Ltd.). The amount of the
supercoiled DNA band was quantified by densitometric analysis using Intelligent Quantifier software (Bio
Image Systems Inc.). Compound-free samples were tested in duplicate in each assay. The percentage of
supercoiling activity observed in the presence of a test compound relative to that observed in the absence
of the compound (100%) was determined. For each compound, the IC50 was estimated by connecting two
data points encompassing 50% inhibition. The two relative inhibition values and the corresponding log-
transformed concentrations were used for calculation. This analysis was performed using Microsoft Office
Excel 2003 software (Microsoft Corporation). The IC50s are rounded to two significant figures. The experiments
were repeated twice, and the values were similar. Representative results are presented.

Topoisomerase IV decatenation assay. Subunits A and B of S. aureus topoisomerase IV were
purified as fusion proteins with maltose-binding protein in E. coli. Decatenation assays were carried out
in 20 �l of a reaction mixture containing 40 mM Tris-HCl (pH 7.5), 60 mM KCl, 5 mM MgCl2, 0.5 mM ATP,
1 mM DTT, 50 �g/ml BSA, 10 �g/ml factor Xa, 0.4 �g catenated kinetoplast DNA (TopoGEN, Inc.) as a DNA
substrate, 1 unit of S. aureus topoisomerase IV, and various concentrations of DS-2969b and LVX. After
incubation at 37°C for 1 h, the reaction was terminated by adding 1.2 �l of the stop solution. The samples
were electrophoresed in a 0.7% (wt/vol) agarose gel at 60 V for 1.5 h. The gel was stained in ethidium
bromide solution for 30 min, destained with water, and then photographed under UV illumination by the
imaging analysis system Gel Print 2000i/VGA. The amount of the decatenated form of kinetoplast DNA
was quantified by densitometric analysis using Intelligent Quantifier software. Compound-free samples
were tested in duplicate in assays for each compound. The percentage of decatenation activity observed
in the presence of the compound was determined when the amount of decatenated kinetoplast DNA in
the absence of compound was set to 100%. The IC50s were determined as described for the DNA gyrase
supercoiling assay.

Human topoisomerase II� decatenation assay. Human topoisomerase II� was prepared as a
histidine-tagged protein in E. coli. Decatenation assays were carried out in 20 �l of a reaction mixture
containing 50 mM Tris-HCl (pH 7.5), 120 mM KCl, 10 mM MgCl2, 0.5 mM ATP, 0.5 mM DTT, 30 �g/ml BSA,
0.4 �g catenated kinetoplast DNA as a DNA substrate, human topoisomerase II� enzyme, and various
concentrations of DS-2969b and LVX. After incubation at 37°C for 1 h, the reaction was terminated by
adding 1.2 �l of the stop solution. The samples were electrophoresed in a 0.7% (wt/vol) agarose gel at
60 V for 2 h. Gel staining and analysis were performed as described for the topoisomerase IV decatena-
tion assay.

Antibiotic susceptibility studies. MICs against aerobic bacteria were determined using the broth
microdilution method described in Clinical and Laboratory Standards Institute document M07-A8 (39).
Pulmonary surfactant (Survanta; AbbVie Inc.) or calcium chloride was added to Mueller-Hinton broth
(MHB; Becton, Dickinson and Company), as required. The experiments were repeated twice or three
times, and the values were similar. Representative results are presented.

Time-kill assay. The activities of DS-2969b and LZD against MRSA were determined by the use of
time-kill curves as described earlier (40). Solutions of the test compounds at 100 times the final
concentration (1�, 4�, and 16� MIC) were prepared in dimethyl sulfoxide. MRSA 02541 was cultured at
35°C overnight on MHA plates. Bacterial colonies grown on the agar plates were suspended in

FIG 6 Efficacies of DS-2969b and DS11960558 after intravenous administration in a neutropenic rat thigh
infection model in which the infection was caused by MRSA 02541. Each circle represents the number
of CFU derived from an individual animal, and each column represents the mean (n � 4). The numbers
of CFU in each treated group were compared with those in the control group after treatment. The
numbers of CFU in all treated groups were significantly different from those in the control group after
treatment (P � 0.05).
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cation-adjusted MHB, dispensed (9.9 ml) into separate flasks, and incubated at 35°C for 3 h under
constant shaking (120 rpm) to obtain cultures containing approximately 106 CFU/ml of bacteria. To 9.9
ml of each bacterial culture was added 0.1 ml of each test compound solution to make final concen-
trations of 1�, 4�, and 16� MIC or 0.1 ml of dimethyl sulfoxide as a control, and the cultures were
incubated further. Aliquots were withdrawn after 0, 2, 4, and 8 h of exposure and diluted with saline, and
0.1 ml of the diluted samples was spread onto agar plates for overnight incubation at 35°C. Further, the
number of colonies was counted.

Frequency of resistance. A previously described method for determination of the frequency of
resistance was followed (40). Bacterial suspensions of each S. aureus strain were prepared by suspending
the bacterial colonies in tubes containing MHB, and 100 �l of each suspension was plated onto
the surface of MHA containing 4� MIC of the test compounds. After incubating for about 48 h at
37°C, the number of colonies was counted and divided by the number of bacteria inoculated to
determine the frequency of resistance. MICs determined by the agar dilution method (39) were used for
the calculation of 4� MIC.

Experimental animals. Five-week-old female Crl:CD1 (ICR) mice were used for the muscle infection
model. Mice were purchased from Charles River Laboratories Japan, Inc., and housed in rooms under
controlled conditions (temperature, 23 � 2°C; relative humidity, 55% � 20%; artificial light, 12-h
light/12-h dark cycle with lights on at 8:00 a.m.). All experimental procedures were performed in
accordance with the in-house guidelines of the IACUC of Daiichi Sankyo Co., Ltd.

Other animal studies were carried out at the Daiichi Sankyo India facility. Specific-pathogen-free
female Swiss Webster mice (4 to 6 weeks old) and Sprague Dawley (SD) rats (4 to 6 weeks old) were
purchased from Vivo Bio Tech Ltd., Hyderabad, India. The mice and rats were used after an acclimation
period of 8 days in an animal quarantine facility. The experimental environment was controlled (temperature,
22 � 2°C; relative humidity, 40 to 60%; 12-h light/12-h dark cycle). Feed and water were provided ad libitum
during the whole study. All animal protocols were approved by the Institutional Animal Ethics Committee of
Daiichi Sankyo India Pharma Private Limited, Gurgaon, India. The study was conducted under the strict
guidelines set out by the Committee for the Purpose of Control and Supervision of Experiments on Animals,
Ministry of Environment, Forests and Climate Change, Government of India; the facility registration number
is 1390/PO/R/S/2010/CPCSEA, and the approved protocol application numbers were DS-2014/043 and
DS-2014/004E1 for the studies with mice and rats, respectively.

Murine muscle infection model. The murine muscle infection model was established as described
earlier (41). Colonies growing on Trypticase soy agar (TSA) were inoculated into MHB and incubated
overnight at 35°C. After 10-fold dilution with fresh MHB, the bacterial suspension was used as the
inoculum. DS-2969b and LZD were administered subcutaneously or orally QID. A mixture of ketamine
hydrochloride (Daiichi Sankyo Propharma Co. Ltd.), xylazine hydrochloride (Bayer Medical Ltd.), and
water for injection (Fuso Pharmaceutical Industries, Ltd.) in a ratio of 2:1:4 was used for anesthesia. The
mice were injected with the anesthetic solution intramuscularly (0.05 to 0.07 ml/mouse). At 4 days and
1 day before MRSA inoculation, the mice were intraperitoneally injected with 150 and 100 mg/kg of
cyclophosphamide (Endoxan, Shionogi & Co., Ltd.), respectively, for causing neutropenia. MRSA 02541
(40 �l) was inoculated into the right calf muscle of the anesthetized mice. DS-2969b and LZD solutions
were injected subcutaneously or orally 2, 8, 14, and 20 h after the inoculation (n � 3). The number of
bacteria in the calf muscle was determined at 2 h (at the onset of treatment) and 26 h (at 24 h after
treatment) after the inoculation. The anesthetized mice were exsanguinated by severing the axillary
artery and vein, and the right calf muscle of each mouse was removed aseptically for the determination
of the number of bacteria. The calf muscles were homogenized in 3 ml of phosphate-buffered saline (PBS;
TaKaRa Bio Inc., Shiga, Japan) by an autohomogenizer (AH-30; Dainippon Seiki). The homogenates were
diluted with PBS and inoculated on agar plates at a volume of 0.1 ml/plate using an autodilutor and
-inoculator (DD-700; Dainippon Seiki). The homogenates of the calf muscle were then inoculated on TSA.
The inoculated agar plates were incubated overnight at 35°C, and the number of colonies growing on
the agar plates was counted. Bacterial densities were expressed as the number of CFU per muscle. When
no bacterial colony in the muscle was observed, the value of the detection limit, 30 CFU per muscle, was
substituted for descriptive purposes.

Murine lung infection model. The murine lung infection model was established using a clinical
isolate, MRSA 562, as described earlier (42) with slight modifications. Briefly, 3 to 5 mice were utilized for
each treatment and control group. Mice were rendered neutropenic by intraperitoneally injecting
cyclophosphamide (Getwell Pharmaceuticals, India) at 4 days (150 mg/kg) and 1 day (100 mg/kg) prior
to MRSA infection. MRSA 562 that had been grown overnight in brain heart infusion (Becton, Dickinson
and Company) at 36°C was used for inoculum preparation. The overnight culture was diluted 10-fold with
MHB and mixed with an equal volume of 5% mucin (Becton, Dickinson and Company). After anesthe-
tizing the mice with isoflurane (Baxter, India), they were held upright and 50 �l of the inoculum was
administered into the nares, which was inhaled by the mice into the lungs. Treatment was initiated 1 h
after infection. Mice were subcutaneously or orally administered DS-2969b, LZD, DS11960558, or VAN.
Further, they were euthanized after 24 h, and the lungs were harvested and homogenized in 3 ml of
sterile PBS. The homogenates were used for the determination of the viable bacterial count after
inoculation on TSA plates.

Mouse PK-PD study. A previously described method was followed for the mouse PK-PD study (43).
The PK study was carried out after the subcutaneous administration of 3.12, 25, 100, and 200 mg/kg of
DS-2969b and molar equivalent doses of DS11960558 at 3.906, 31.25, 125, and 250 mg/kg in healthy
mice. Following the administration, blood samples were collected at different time points until 24 h
postdosing. Plasma samples were obtained after centrifugation and analyzed using liquid chromatog-
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raphy (LC)-tandem mass spectrometry (MS/MS). DS-2969b and DS11960558 were extracted from plasma
samples by acetonitrile precipitation. Briefly, 50 �l of water was added to 20 �l of plasma samples. To
this, 50 �l of acetonitrile and 350 �l of an internal standard (1 �M niflumic acid in acetonitrile) were
added. The contents were mixed on 96-well shakers and filtered through Captiva 96-well polypropylene
filter plates. Supernatants (8 �l) were injected into an LC-MS/MS system (AB Sciex API-4000 with an
electrospray ionization-MS probe kept at 450°C) coupled with an Acquity ultraperformance liquid
chromatography (Waters) system under gradient mobile phase flow. A Sunniest HT C18 column (50 by 2.1
mm; particle size, 2 �m) was used, and the flow rate was set at 0.8 ml/min. The mobile phase consisted
of 100 mM ammonium acetate-acetonitrile-formic acid (50:950:2, vol/vol/vol) (mobile phase A) and 100
mM ammonium acetate-water-acetonitrile-formic acid (50:900:50:2, vol/vol/vol/vol) (mobile phase B).
The selected precursor and product ion were m/z 429.2 and 249, respectively, for DS-2969b and, and
539.2 and 411.1, respectively, for DS11960558. Analyst software (version 1.4) was used to process the
sample in quantitation mode using (1/x) weighted linear regression analysis. PK parameters were
calculated using Phoenix WinNonlin software (version 6.3; Certara, L.P.).

A neutropenic murine thigh infection model in which the infection was caused by MRSA 02541 was
used for PD evaluation. Mice were rendered neutropenic by intraperitoneally injecting cyclophospha-
mide (Getwell Pharmaceuticals) 4 days (150 mg/kg) and 1 day (100 mg/kg) prior to MRSA infection. All
mice were weighed and randomized into different treatment groups 1 day before the study. The mice
were infected by injecting 2 � 105 to 3 � 105 CFU of MRSA 02541 (MIC of DS-2969b � 0.25 �g/ml) in
the right thigh. Dose fractionation studies (every 24 h, 12 h, 6 h, and 3 h) were performed after the
subcutaneous administration of 25, 50, 100, and 200 mg/kg/day; the first dose was administered 2 h after
infection. Thighs were removed 24 h after dosing and processed for determination of the number of CFU.
The level of plasma protein binding in mice used for the analysis was 90.1%, which was evaluated using
the ultracentrifugation method and was similar to that in humans. For each PK-PD parameter, nonlinear
regression analysis was performed, and R2 values were calculated using GraphPad Prism software
(version 5.03; GraphPad Software).

Rat thigh infection model. Rats were rendered neutropenic by a single intraperitoneal injection of
cyclophosphamide (100 mg/kg) 4 days prior to MRSA infection. An overnight-grown culture of MRSA
02541 in MHB was adjusted to a 0.5 McFarland standard. The suspension was then diluted 1:10 in fresh
MHB, and 200 �l was injected intramuscularly in the right thigh muscle of the rats. The bacterial inocula were
confirmed by quantitative culture analyses and found to be 6 � 106 CFU per rat thigh muscle. Treatment
started at 2 h postinfection. DS11960558 was intravenously administered at 12.5 and 25 mg/kg QID, whereas
DS-2969b was intravenously administered at 12.5 mg/kg QID. Rats were euthanized after 24 h, and the thigh
muscles were harvested and homogenized in 3 ml of sterile PBS. The homogenates were used for the
determination of the viable bacterial count after inoculation on TSA plates.

Statistical analysis. The statistical significance of the difference between the viable bacterial counts
recovered in the muscles of each treated group and those recovered in the muscles of the untreated
control group was evaluated by one-way analysis of variance followed by Dunnett’s multiple-comparison
test. The statistical significance of the difference between the viable bacterial counts in the lungs of each
treated group and those in the lungs of the untreated control group was evaluated by nonparametric
Mann-Whitney analysis. The difference between the treated and the untreated control groups was
considered to be statistically significant if the P value was �0.05.
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