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The type II topoisomerases DNA gyrase (GyrA/GyrB) and topoisomerase IV (ParC/ParE) are well-validated targets for antibacte-
rial drug discovery. Because of their structural and functional homology, these enzymes are amenable to dual targeting by a sin-
gle ligand. In this study, two novel benzothiazole ethyl urea-based small molecules, designated compound A and compound B,
were evaluated for their biochemical, antibacterial, and pharmacokinetic properties. The two compounds inhibited the ATPase
activity of GyrB and ParE with 50% inhibitory concentrations of <0.1 pg/ml. Prevention of DNA supercoiling by DNA gyrase
was also observed. Both compounds potently inhibited the growth of a range of bacterial organisms, including staphylococci,
streptococci, enterococci, Clostridium difficile, and selected Gram-negative respiratory pathogens. MIC,,s against clinical iso-
lates ranged from 0.015 pg/ml for Streptococcus pneumoniae to 0.25 pg/ml for Staphylococcus aureus. No cross-resistance with
common drug resistance phenotypes was observed. In addition, no synergistic or antagonistic interactions between compound A
or compound B and other antibiotics, including the topoisomerase inhibitors novobiocin and levofloxacin, were detected in
checkerboard experiments. The frequencies of spontaneous resistance for S. aureus were <2.3 X 10~'° with compound A and
<5.8 X 10~ " with compound B at concentrations equivalent to 8 X the MICs. These values indicate a multitargeting mechanism
of action. The pharmacokinetic properties of both compounds were profiled in rats. Following intravenous administration, com-
pound B showed approximately 3-fold improvement over compound A in terms of both clearance and the area under the con-
centration-time curve. The measured oral bioavailability of compound B was 47.7%.

he significance and impact of antibiotic resistance on human

health are widely recognized (1-3). Drug-resistant pathogens
that have been identified to be of particular concern include
methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-
resistant enterococci (VRE), penicillin- and fluoroquinolone-re-
sistant Streptococcus pneumoniae (PRSP and FQSP, respectively),
multidrug-resistant Gram-negative bacilli, and extensively drug-
resistant (XDR) Mycobacterium tuberculosis (4, 5). The increase in
antibiotic resistance has coincided with a decline in the rate of new
antibacterial drug discovery (1, 6, 7). Addressing these twin issues
involves the continuous discovery and development of new agents
that are effective against drug-resistant pathogens. There are sev-
eral strategies available for the discovery of new antibacterial
agents, such as optimizing existing drugs or inhibiting novel tar-
gets (8). One approach, which is relevant to this study, is to de-
velop novel compounds with new mechanisms of action against
well-established targets.

The bacterial type II topoisomerases DNA gyrase and topo-
isomerase IV are essential and highly conserved enzymes that
function to maintain DNA topology and integrity during replica-
tion, recombination, and transcription. DNA gyrase consists of
two GyrA and two GyrB subunits in complex, while topoisomer-
ase IV comprises two ParC and two ParE subunits. DNA gyrase
and topoisomerase IV are attractive and clinically validated targets
for antibacterial therapy (9—11). The quinolone/fluoroquinolone
class of antibiotics, an example of which is ciprofloxacin, inhibits
GyrA and ParC (12). GyrB is inhibited by the aminocoumarin
antibiotics, exemplified by novobiocin (13, 14). There is a high
degree of sequence and structural similarity between GyrA and
ParC on the one hand and GyrB and ParE on the other. This offers
the prospect of multitargeting, also referred to as polypharmacol-
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ogy, in which one ligand simultaneously inhibits two or more
targets (15, 16). The compelling advantage of a rational, multitar-
geting approach in antibacterial design is that the level of sponta-
neous resistance development will likely be very low, thereby
prolonging the potential clinical effectiveness of the therapeutic
(17, 18).

Despite the clinical and commercial success of the quinolones
and fluoroquinolones, their effectiveness is now limited by the
prevalence of target-based resistance. This has prompted the
search for new types of compounds with new mechanisms of ac-
tion against the type II topoisomerases. In recent years, there has
been considerable interest in discovering and developing novel
inhibitors of both GyrB and ParE to inhibit the ATPase activities
of DNA gyrase and topoisomerase IV (16, 18). This effort was
stimulated by the elucidation of the crystal structures of GyrB and
ParE (19, 20). The aminobenzimidazole class of dual-targeting
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FIG 1 Chemical structures of compound A and compound B.

ATPase inhibitors has been extensively characterized (21-23).
Representative compounds from this series demonstrated potent
in vitro bactericidal activity against Gram-positive pathogens, very
low spontaneous resistance frequencies, and in vivo efficacy in
multiple models of infection. Structurally related imidazolopyri-
dine and triazolopyridine analogues with potent biochemical and
antibacterial activity have also been described (24, 25). Alternative
chemotypes with dual targeting activity have been reported by
other workers (26-29; J. Dumas and B. Sherer, 5 March 2009,
international patent application WO 2009/02773). Despite the
considerable efforts made to develop these novel topoisomerase
inhibitors, none have yet progressed into the clinic.

We have synthesized a series of benzothiazole ethyl urea com-
pounds as inhibitors of both DNA gyrase and topoisomerase IV.
In the present study, the biochemical, antibacterial, and pharma-
cokinetic evaluation of two representative compounds, desig-
nated compound A and compound B, is described. The chemical
structures of the two compounds are shown in Fig. 1. Data on the
in vitro activity of the two compounds against bacterial type II
topoisomerase enzymes are presented. In addition, their whole-
cell potency against drug-susceptible and -resistant bacterial iso-
lates, mode of action, interaction with other antibiotics, propen-
sity for spontaneous resistance development, level of cytotoxicity,
and in vivo pharmacokinetic properties are also described.

MATERIALS AND METHODS

Chemicals. Compound A and compound B were synthesized at BioFocus
DPI Ltd. (Saffron Walden, United Kingdom), Jubilant Chemsys Ltd.
(Noida, India), and Biota Scientific Management Pty. Ltd. (Melbourne,
Australia), as described elsewhere (30). Powder aliquots were dissolved in
dimethyl sulfoxide (DMSO) at a stock concentration of 16 mg/ml and
stored at —20°C. All other chemicals, including commercially available
antimicrobials, were purchased from Sigma (Poole, United Kingdom).
Microbiological media, agar, and growth supplements were purchased
from Oxoid Ltd. (Basingstoke, United Kingdom). Horse serum was pur-
chased from Southern Group Laboratory Ltd. (Corby, United Kingdom).

DNA gyrase and topoisomerase IV ATPase assays. Gyrase Band ParE
monomers have only modest ATPase activity which is enhanced in the
case of the holoenzymes and stimulated further by DNA. The phosphate
released following conversion of ATP into ADP can be detected by the
addition of malachite green solution and measured by monitoring the
increase in absorbance at 600 nm. Topoisomerases were purchased from
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Inspiralis Ltd. (Norwich, United Kingdom). For the Escherichia coli DNA
gyrase ATPase assay, the final assay composition was 10 nM DNA gyrase
(a complex of two GyrA and two GyrB subunits [the A,B, complex]), 35
mM Tris, pH 7.5, 24 mM KCl, 2 mM MgCl,, 6.5% glycerol, 0.1 mg/ml
bovine serum albumin (BSA), 2 mM dithiothreitol (DTT), 1 mM ATP,
and 5% DMSO solution containing the compounds. For the E. coli topo-
isomerase IV ATPase assay, the final assay composition was 10 nM topo-
isomerase IV (a complex two ParC and two ParE subunits), 40 mM HE-
PES-KOH, pH 7.6, 100 mM potassium glutamate, 25 mM magnesium
acetate, 10 pg/ml single-stranded DNA, 0.2 mg/ml BSA, 10 mM DTT, 0.5
mM ATP, and 5% DMSO solution containing the compounds. The reac-
tions were started by the addition of the ATP, and the reaction mixtures
were allowed to incubate at 30°C for 60 min. Reactions were stopped by
adding malachite green solution (0.034% malachite green, 10 mM ammo-
nium molybdate, 1 M HCI, 3.4% ethanol, 0.01% Tween 20). Color was
allowed to develop for 5 min, and the absorbance at 600 nm was measured
spectrophotometrically. The half-maximum (50%) inhibitory concentra-
tion (ICs,) values were determined from the absorbance readings using
no-compound and no-enzyme controls. The values reported are the av-
erages of at least four independent experiments.

DNA gyrase supercoiling assay. One unit of S. aureus DNA gyrase
enzyme (A,B, complex), supplied by Inspiralis Ltd. (Norwich, United
Kingdom), was mixed with 0.5 g of relaxed pBR322 DNA, also supplied
by Inspiralis Ltd., in the presence or absence of compound or novobiocin
at the concentrations indicated below. The final assay buffer contained 35
mM Tris HC, pH 7.5, 24 mM KCl, 2 mM MgCl,, 2 mM DTT, 1.8 mM
spermidine, 1 mM ATP, 6.5% (wt/vol) glycerol, and 0.1 mg/ml BSA. Re-
actions were run for 30 min at 37°C and stopped by the addition of an
equal volume of chloroform-isoamyl alcohol (24:1). Gel loading buffer
was added, and the samples were briefly centrifuged to separate the
phases. Samples (15 pl) from the aqueous phases were resolved by elec-
trophoresis through a Tris-acetate-EDTA (TAE) agarose gel (0.8%, wt/
vol). DNA was stained with SYBR Safe DNA gel stain (Life Technologies
Ltd., Paisley, United Kingdom) and visualized under UV light.

Bacterial strains. The bacterial strains used in this study were ob-
tained from the American Type Culture Collection (LGC Promochem,
Teddington, United Kingdom) or the Biota Europe Ltd. laboratory col-
lection and were propagated using standard microbiological procedures.
Miiller-Hinton (MH) agar or MH broth was used for the routine growth
of bacterial strains at 37°C in an ambient atmosphere. Brain heart infusion
(BHI) agar and broth supplemented with 5% (vol/vol) sterile filtered de-
fibrinated horse serum and NAD, as necessary, were used to culture Hae-
mophilus influenzae, Streptococcus pneumoniae, and Streptococcus pyo-
genes, H. influenzae, S. pneumoniae, and S. pyogenes were grown at 37°C in
an atmosphere containing 5% CO,. Reinforced clostridial medium or
reinforced clostridial agar was used to culture Clostridium difficile and
Propionibacterium acnes at 37°C under anaerobic conditions. Yeast extract
broth or agar supplemented with buffered charcoal yeast extract growth
supplement was used to culture Legionella pneumophila at 37°C in an
atmosphere containing 5% CO,. Gonococcal broth or agar supplemented
with Vitox was used for the growth of Neisseria gonorrhoeae in an atmo-
sphere containing 5% CO,.

Antimicrobial susceptibility testing. MICs were determined by the
broth microdilution or agar dilution method according to the recommen-
dations of the Clinical and Laboratory Standards Institute (31, 32). Two-
fold variations in the MIC were considered to be within the acceptable
reproducibility for the test. Where indicated, MICs were also measured in
the presence of 50% horse serum. Testing of panels of clinical isolates of
Enterococcus faecalis, Enterococcus faecium, Staphylococcus aureus, Staph-
ylococcus epidermidis, S. pneumoniae, and S. pyogenes was performed by
Quotient Bioresearch Ltd. (Fordham, United Kingdom). Antimicrobial
combination MICs were determined using the checkerboard method
(33). Interpretation of the fractional inhibitory concentration index
(FICI) was as described previously (34).
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Bactericidal activity assay. The bactericidal activity of compounds
was assessed by the time-kill method according to the recommendations
of the Clinical and Laboratory Standards Institute (35). Briefly, a growing
culture of S. aureus ATCC 29213 was diluted to approximately 10°
CFU/ml in volumes of MH broth containing the concentrations of com-
pounds described below or DMSO (negative control). Cultures were in-
cubated at 37°C with agitation. At the time intervals indicated, 100-pl
samples were removed and serially diluted in MH broth, and 100-p.l vol-
umes from these dilutions were spread onto MH agar. Cell counts (num-
bers of CFU/ml) were enumerated after incubating the plates until colo-
nies were readily visible.

Determination of frequency of spontaneous resistance. Cells of S.
aureus ATCC 29213 were grown to late exponential phase (optical density
at 600 nm = 0.9 * 0.1; approximately 10° CFU/ml) and spread onto MH
agar containing compound A or compound B at the concentrations indi-
cated below. To determine the number of viable cells in the inoculum,
cultures were serially diluted and plated on compound-free MH agar.
Plates were incubated at 37°C for 48 h, and the colonies were enumerated.
Putative resistant mutants were patched and streaked to single colonies on
the same concentration of compound. The frequency of resistance (FoR)
was calculated by dividing the number of resistant colonies by the number
of CFU in the inoculum. In the case where no resistant colonies were
isolated, the FoR was defined to be less than the number of CFU in the
inoculum.

Isolation and characterization of first- and second-step compound-
resistant mutants. Spontaneous GyrB G85S and GyrB R144S first-step
mutants were generated in S. aureus ATCC 29213 with novobiocin at 8 X
MIC. The GyrB T173N first-step mutant derived using S. aureus ATCC
29213 was isolated at 8 X MIC of a benzothiazole ethyl urea analogue of
compound A and compound B. Spontaneous ParE T172A and A53S first-
step mutants were derived from S. pneumoniae ATCC 49619 and S. pyo-
genes ATCC 51339, respectively, at concentrations equivalent to 4X MIC
of a different benzothiazole ethyl urea analogue of compound A and com-
pound B. In each case, high-density, late-exponential-phase cultures were
inoculated onto compound agar. Putative compound-resistant colonies
that arose after incubation at 37°C were patched onto compound agar.
The second-step mutants, one with GyrB T173N and GyrB S129T muta-
tions and the other with GyrB T173N and ParE T167N mutations, were
subsequently derived from the S. aureus GyrB T173N first-step mutant
with other analogues of compound A and compound B following multi-
ple passages. Chromosomal DNA was purified from putative mutants and
amplified by PCR using the following oligonucleotides: for S. aureus gyrB,
CGATTCAGCATAAAGTACAAACATTTGTC and GCACGAGCAACG
ATAACAG; for S. aureus parE, GCATTTACGCTGATTTATATAAGAAT
AACTATTG and GACTGTTTTCGCACTTTTA; for S. pneumoniae gyrB,
GCAGCTTATTTTACAGAAGTGG, ATCAGTGATAGAAATTTGAAGA
CCGC, GGTTTCAGGTGGTCTTCACGGGG, GAAGAACAGTCTGCT
AGTTTCC, GCCAATAATATTCATACACATGAAG, CTTGATCTGCA
CCCGGCTGG, GCAGACTGTTCTTCTAATAACCCTG, and CATTTA
CTGGAAGATTGTATAGTTG; for S. pneumoniae parE, ATGCGGAAGG
TATTGGTCGTT, ATAGTCGCGTCAGGCATAAAAGTA, CCGATGGC
GCTGGTCTTCA, AACGGCCGCTAGTCCCTCACGATA, AAGCGAACA
GATGAAGCGATTGAG, GGCAGAACCACCGGCAGAGTC, TGACCCC
AGCCCAATCTAAG, and CAAAGCCCATAAAATACCAAGTGA; for S.
pyogenes gyrB, GTTTTAATACCTTGCTTGTTGACG and ATTAACGCTG
TCCCTCAAGATG; and for S. pyogenes parE, GATGAAACTGTCTGGA
GGTCand ATGGCGGCTTTCTATTATT. DNA fragments were purified,
and full-length gyrB and parE genes were sequenced (GATC Biotech, Lon-
don, United Kingdom). The amino acid substitutions described were the
only ones detected by the sequencing analysis.

Plasma protein binding. Protein binding was measured using an ul-
tracentrifugation method with undiluted rat plasma (Sera Laboratories
International Ltd., Haywards Heath, United Kingdom). Compounds
were tested at 10 uM in a final DMSO concentration of 1% (vol/vol) and
allowed to equilibrate at 37°C for 60 min. Duplicate samples were then
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centrifuged at 250,000 X g at 37°C for 260 min in a Sorvall MTX150
microultracentrifuge fitted with a S80-AT2 rotor (Thermo Scientific, Bas-
ingstoke, United Kingdom). Samples were extracted using acetonitrile
and centrifugation. Supernatants were analyzed by liquid chromatogra-
phy-mass spectrometry (LC-MS) to determine the free compound con-
centration by comparison with the concentration in samples that had not
been centrifuged.

Human topoisomerase II relaxation assay. Testing of compounds in
the human topoisomerase II assay was performed by Inspiralis Ltd. (Nor-
wich, United Kingdom). Compounds were prepared in DMSO and added
to the reaction mixtures to a final compound concentration of 10 uM and
a DMSO concentration of 10% (vol/vol). Reaction mixes comprised 0.5
g supercoiled plasmid DNA (pBR322) and reaction buffer (50 mM Tris
HCl at a pH of 7.5, 125 mM NaCl, 10 mM MgCl,, 5 mM DTT, 0.5 mM
EDTA, 0.1 mg/ml BSA, 1 mM ATP). One unit of human topoisomerase II
was added to all reaction mixtures, with 1 U defined to be the amount of
enzyme required to just fully relax the substrate. The control compounds
were levofloxacin, novobiocin, and m-amsacrine (AMSA). Following in-
cubation at 37°C for 30 min, each reaction was stopped by the addition of
chloroform-isoamyl alcohol (26:1) and stop dye, before the reaction mix-
ture was loaded on a 1% TAE gel and run at 85V for 90 min. Once the gels
had been stained with ethidium bromide and processed with gel-scanning
software, the level (percent) of inhibition (INH) was determined by mea-
suring the amount of supercoiled plasmid DNA as a percentage of that for
the no-enzyme negative control.

HepG2 cytotoxicity assay. Human cell viability was assessed by mea-
suring the levels of ATP using a CellTiter-Glo kit (Promega United King-
dom, Southampton, United Kingdom), according to the manufacturer’s
instructions. Cells were seeded at 5,000 cells/well in Eagle’s minimal es-
sential medium (EMEM) supplemented with 1% fetal bovine serum
(FBS) and left to settle overnight. Compound dilutions were prepared in
DMSO and added to cells to a DMSO concentration of 1% (vol/vol). The
positive-control compound was chlorpromazine. Cells were incubated
with compound at 37°C in 5% CO, for 48 h. The CellTiter-Glo reagent
was added, and the luminescence was read on a Tecan plate reader.

Pharmacokinetics. Pharmacokinetic experiments were performed by
GVK Biosciences Pvt. Ltd. (Hyderabad, India) in compliance with the
Regulations of the Committee for the Purpose of Control and Supervision
of Experiments on Animals (CPCSEA), Government of India. Groups of
healthy adult male Sprague-Dawley rats received compounds by intrave-
nous (i.v.) administration as a single bolus through the tail vein at a dose
level of 3 or 10 mg/kg of body weight or by oral (p.o.) administration via
an oral gavage needle at a dose level of 3 mg/kg. In all cases the dose
volume was 5 ml/kg. Compounds were formulated in 10% dimethyl ac-
etamide (DMA), 40% tetraethylene glycol (TEG), and 10% 2-hydroxy-
propyl-B-cyclodextrin (HPBCD) in water (final concentrations). At the
time points indicated below, samples of blood were collected for analysis.
Three animals were used for each time point. Plasma concentrations of
compounds were measured by LC-MS/MS, and pharmacokinetic param-
eters were calculated using WinNonlin software.

RESULTS

Inhibition of DNA gyrase and topoisomerase IV in vitro activ-
ity. The compounds were tested for their ability to inhibit the
ATPase function of DNA gyrase and topoisomerase IV in in vitro
biochemical assays. Purified, recombinant enzymes from Esche-
richia coli were used. Novobiocin, a competitive inhibitor of the
ATPase activity of the bacterial type II topoisomerases (36), was
included as a control. Compound A and compound B potently
inhibited the turnover of ATP by both the DNA gyrase and topo-
isomerase IV enzymes, with mean IC;ys ranging from 0.0033
jg/ml to 0.046 pg/ml (Table 1). On a molar basis, the compounds
inhibited the topoisomerase enzymes to a greater extent than no-
vobiocin, with ICs,s being between 3- and 11-fold lower than
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TABLE 1 In vitro activity of compound A, compound B, and
novobiocin against the ATPase function of the E. coli DNA gyrase and
topoisomerase IV enzymes

IC5o (pg/ml)®
Compound DNA gyrase Topoisomerase IV
A 0.0039 *+ 0.0017 (0.0077 *+ 0.0034) 0.046 = 0.030 (0.091 = 0.060)
B 0.0033 =+ 0.0021 (0.0064 * 0.0041) 0.024 = 0.012 (0.046 = 0.023)
Novobiocin 0.045 = 0.027 (0.073 = 0.044) 0.18 *+ 0.059 (0.29 = 0.096)

@ Data in parentheses are IC5,s in M.

those of novobiocin. The effect of the compounds on the in vitro
function of DNA gyrase was also measured using a gel-based DNA
supercoiling assay. Relaxed plasmid DNA (pBR322) incubated
with S. aureus DNA gyrase was converted to supercoiled DNA that
migrated more rapidly through an agarose gel (Fig. 2). Inclusion
of 1.0 pg/ml novobiocin or 1.0 pg/ml compound A in the reaction
mixture prevented the conversion of the relaxed DNA to the su-
percoiled form (Fig. 2). Thus, compounds A and B are potent
inhibitors of gyrase and topoisomerase in enzyme assays.

Antibacterial profiles of compound A and compound B. The
scope of the antibacterial activity of the two compounds was de-
termined by assaying their MICs against strains of clinically im-
portant Gram-positive and Gram-negative bacterial pathogens.
The results are listed in Table 2. Data for linezolid and novobiocin
are also included for comparison. Both compound A and com-
pound B potently inhibited the growth of all Gram-positive spe-
cies tested (MICs = 0.12 pg/ml). The two compounds displayed
similar levels of potency against these organisms. The MICs of the
compounds increased up to 16-fold in mutant strains of S. aureus,
S. pneumoniae, and S. pyogenes carrying spontaneous first-step
mutations encoding single-point amino acid substitutions in ei-
ther GyrB (T173N) or ParE (T172A or A53S) (Table 3). These
mutants, which were derived from the respective type strains, had
been previously isolated against analogues of compound A and
compound B (see Materials and Methods). The S. aureus gyrB
mutant (encoding the T173N substitution) and the S. pneumoniae
parE mutant (encoding the T172A substitution) have been iso-
lated and characterized with the aminobenzimidazole chemotype
of GyrB/ParE inhibitors (22). The compound susceptibility data
for the mutants support the in vitro biochemical data presented in
Table 1, indicating that compound A and compound B target the
type II topoisomerase enzymes.

Variable levels of potency against the Gram-negative species
were observed. Both compounds had activity against the Gram-
negative respiratory bacterial pathogens Legionella pneumophila,
Moraxella catarrhalis, and Haemophilus influenzae. Neisseria gon-
orrhoeae was also susceptible to the two inhibitors. In contrast, the
growth of wild-type Acinetobacter baumannii, E. coli, Pseudomo-
nas aeruginosa, and Salmonella enterica serovar Typhimurium was
not inhibited by either compound. The compound A and com-
pound B MICs for the E. coli pump mutant strain N43 were 4
pg/mland 2 pg/ml, respectively (Table 2), indicating that the lack
of activity against the wild-type E. coli strain is due to export me-
diated by the AcrAB-TolC multidrug efflux transport system.

To determine whether the compounds were lethal, the com-
pounds were tested at 1 X and 8 X MICs in a time-kill assay with S.
aureus ATCC 29213. The results from representative experiments
are shown in Fig. 3. Both compounds produced comparable time-
kill curves at each concentration, causing a >99% reduction in the
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number of CFU within 24 h. This indicates a bactericidal mode of
action (35) and has been seen previously with novobiocin (37).
The bactericidal activity was concentration independent, as evi-
denced by the similarity of the profiles at the two concentrations.
At the higher concentration, the rate of killing with compound A
and compound B was less rapid than that measured with levo-
floxacin, which caused a >99% reduction in the number of CFU
within 2 h. This observation is consistent with a mechanism of
action of the benzothiazole ethyl ureas against the topoisomerase
enzymes different from that of the quinolone class of antibiotics.

The two compounds were then tested against panels of clinical
isolates of six major Gram-positive pathogens (Table 4). The com-
pounds potently inhibited the growth of all 66 isolates tested.
MIC,, values for both compounds ranged from 0.015 pg/ml for S.
pneumoniae to 0.25 pg/ml for S. aureus, whereas the MIC,,, values
for the two organisms were 2 pug/ml and 4 ug/ml, respectively, for
linezolid and >16 pg/ml and 16 pg/ml, respectively, for levo-
floxacin. Importantly, compound A and compound B showed
narrow MIC ranges within the sets of isolates. The compounds
retained excellent potency against characterized drug-resistant
strains, including VRE, MRSA, vancomycin-resistant S. aureus,
linezolid-nonsusceptible S. aureus, daptomycin-nonsusceptible S.
aureus, methicillin-resistant S. epidermidis, PRSP, and FQSP
strains, indicating that there is no cross-resistance caused by the
mechanisms responsible for conferring resistance to these antibi-
otics (Table 5).

Interaction of compound A and compound B with other
topoisomerase and nontopoisomerase inhibitors. To evaluate the
potential for interactions between the compounds and other an-
tibacterial agents, checkerboard MIC experiments were per-
formed using S. aureus strain ATCC 29213. The antibacterial ac-
tivities of the two compounds were tested in the presence of a
range of concentrations of five antibiotics comprising the known
type II topoisomerase inhibitors, levofloxacin and novobiocin, as
well as agents with diverse mechanisms of action. The occurrence
of synergism or antagonism was assessed by calculating the frac-
tional inhibitory concentration index (FICI), as described previ-
ously (33). Synergy is defined as a FICI of =0.5, while antagonism
is evidenced by a FICI of >4.0 (34). The results from these exper-
iments are displayed in Table 6. Compound A and compound B
had no effect on the activity of the B-lactam antibiotic oxacillin,
the glycopeptide vancomycin, or the protein synthesis inhibitor
linezolid. In each case, the measured FICIs were between 1.0 and

- + + + + DNA gyrase
- = 10 = = Novobiocin
- = = 01 1.0 CompoundA

FIG 2 Effect of compound A on DNA supercoiling by DNA gyrase. Relaxed
pBR322 DNA was incubated with or without S. aureus DNA gyrase enzyme
and in the absence or presence of 1.0 pug/ml novobiocin (equivalent to 1.6 wM)
or 0.1 or 1.0 pg/ml of compound A (equivalent to 0.2 or 2.0 M, respectively).
At the end of the assay, samples were resolved by agarose gel electrophoresis
along with a DNA molecular weight marker (leftmostlane). The upper ladders
of topoisomers represent relaxed (nonsupercoiled) DNA, while lower, tighter
bands are supercoiled DNA.
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TABLE 2 Antibacterial activities of compound A, compound B, linezolid, and novobiocin

MIC (p.g/ml)

Organism and strain Linezolid Novobiocin Compound A Compound B
Acinetobacter baumannii ATCC 19606 64 8 >64 >64
Clostridium difficile ATCC 9689 1 2 0.03 0.015
Enterococcus faecalis ATCC 29212 2 4 0.015 0.03
Escherichia coli ATCC 25922 >64 64 >64 >64
E. coli N43 (acrA) 16 8 4 2
Haemophilus influenzae ATCC 49247 4 0.5 2 2
Klebsiella pneumoniae ATCC 13882 32 8 >64 >64
Legionella pneumophila ATCC 33152 4 0.06 0.25 0.25
Moraxella catarrhalis ATCC 25240 4 0.25 0.12 0.12
Neisseria gonorrhoeae ATCC 49226 4 1 0.12 0.12
Propionibacterium acnes ATCC 6919 0.5 2 0.015 0.03
Pseudomonas aeruginosa ATCC 27853 >64 >64 >64 >64
Salmonella enterica serovar Typhimurium ATCC 19585 >64 >64 >64 >64
Staphylococcus aureus ATCC 29213 2 0.12 0.12 0.12
S. aureus ATCC 29213 + 50% serum 4 8 2 2
Staphylococcus epidermidis ATCC 12228 1 0.06 0.03 0.03
Streptococcus pneumoniae ATCC 49619 1 0.5 0.008 0.008
Streptococcus pyogenes ATCC 51339 1 1 0.06 0.06

2.0. No interactions were also observed between the two com-
pounds and levofloxacin, which targets the GyrA and ParC sub-
units, or novobiocin, which preferentially binds to GyrB. On the
basis of these results, it would be predicted that compound A or
compound B could be used in combination with the antibiotics
tested without a loss of activity due to antagonism; however, no
synergism would be expected.

Spontaneous frequency of resistance to compound A and
compound B. Single-enzyme-target inhibitors have spontaneous
frequencies of resistance (FoRs) in the range of 10~° to 1077 (38).
A dual-targeting intracellular inhibitor of GyrB and ParE would
be expected to show a lower FoR. To test this hypothesis, the in
vitro FoR against S. aureus strain ATCC 29213 was measured at
high multiples of the MICs of the compounds. At concentrations
equivalent to 4- and 8-fold the MICs of compound A (agar MIC =
0.12 pg/ml) and compound B (agar MIC = 0.06 p.g/ml), no spon-
taneous mutants were isolated, giving measured FoRs on the order
of =107'° (Table 7). This magnitude of FoR provides a further

TABLE 3 Potencies of compound A, compound B, linezolid, and
novobiocin against topoisomerase mutant strains of S. aureus, S.
pneumoniae, and S. pyogenes

MIC (p.g/ml)

Organism and strain Linezolid Novobiocin Compound A Compound B

Staphylococcus aureus 2 0.12 0.12 0.12
ATCC 29213

S. aureus GyrB G85S 2 8 0.06 0.06

S. aureus GyrB R144S 2 8 0.06 0.06

S. aureus GyrB T173N 2 0.25 0.25 0.25

S. aureus GyrB T173N, 2 1 0.25 0.12
GyrB S129T

S. aureus GyrB T173N, 2 1 16 4
ParE T167N

Streptococcus pneumoniae 1 0.5 0.008 0.008
ATCC 49619

S. pneumoniae ParE T172A 1 0.5 0.12 0.12

Streptococcus pyogenes 1 0.06 0.06
ATCC 51339

S. pyogenes ParE A53S 1 1 0.5 0.5
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piece of experimental evidence in support of a multitargeting
mechanism of action for compound A and compound B. By com-
parison, the equivalent FoRs with novobiocin, which preferen-
tially targets GyrB in S. aureus, were measured as 5.8 X 10~ ® (4%
MIC) and 3.2 X 10~ ® (8 X MIC). These values for novobiocin are
in line with published data (21, 39). The data also indicate that the
concentration required to stop the isolation of first-step mutants,
i.e., the mutant prevention concentration (MPC), is =<0.5 pg/ml
for compound A and =0.25 pg/ml for compound B. With S. pyo-
genes ATCC 51339, the frequencies at 8 X MIC were <7.1 X 10~ "
for compound A and <2.2 X 10~ '° for compound B, giving an
MPC of =0.5 pg/ml for both compounds with this species. For the
fluoroquinolone ciprofloxacin, a concentration equivalent to 16-
fold the agar MIC was necessary to achieve a multitargeting FoR of
<7.4 X 10~ " in S. aureus (Table 7). This translates to an MPC of
4 pg/ml for this antibiotic with S. aureus.

Toxicity of compounds A and B. The potential for toxicity of
the compounds was investigated by determining the specificity of
the compounds for bacterial topoisomerase II and measuring the
cytotoxic effect against the HepG2 human liver cell line. The com-
pounds were tested for their ability to inhibit the activity of human
topoisomerase II in the DNA relaxation assay. At 10 M, the con-
trol inhibitor (AMSA) resulted in 36.7% inhibition of human to-
poisomerase II, whereas novobiocin, ciprofloxacin, and both
compounds A and B resulted in less than 1% inhibition at the
same concentration. This represents a >100-fold window to the
ICsqs observed in the E. coli DNA gyrase and topoisomerase IV
ATPase assays and a >5-fold window to the inhibition of DNA
supercoiling by S. aureus DNA gyrase in the supercoiling assay. In
the HepG2 cytotoxicity assay, no inhibition was seen for either
compound A or compound B up to the maximum concentration
tested of 64 pg/ml. For both compounds, this represents a >500-
fold window to the S. aureus ATCC 29213 MIC of 0.12 pg/ml.

Pharmacokinetic properties of compound A and compound
B. The pharmacokinetic profiles of compound A and compound
B were determined in the rat by measuring the total concentration
in plasma by LC-MS/MS following a single intravenous (i.v.) ad-
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FIG 3 Time-kill profiles of compound A and compound B at 1X MIC (left) and 8 X MIC (right). Cells of S. aureus ATCC 29213 were cultured in the presence
of compound A (solid triangles), compound B (solid circles), levofloxacin (solid diamonds), or DMSO (negative control; open squares) for 24 h. Samples were
taken at the time intervals indicated for the determination of viable cell numbers (numbers of CFU/ml) by serial dilution.

ministration of the compounds. The full set of calculated pharma-
cokinetic parameters from these experiments is shown in Table 8.
For animals receiving a 10-mg/kg dose of compound A, the area
under the curve (AUC) was 16.6 jg-h/ml, the clearance (CL) was
9.4 ml/min/kg, and the half-life (t,,,) was 210 min. For animals
receiving a 3-mg/kg i.v. dose of compound B, the AUC was 17.4

TABLE 4 Antibacterial activities of compound A, compound B,
linezolid, and levofloxacin against panels of clinical isolates of six major
Gram-positive pathogens

MIC (p.g/ml)

Organism (no. of isolates) Compound Range 90%
Enterococcus faecalis (10) A 0.015-0.03 0.03
B 0.015-0.06 0.06
Linezolid 1-2 1
Levofloxacin 1->16 >16
Enterococcus faecium (12) A 0.06-0.25 0.12
B 0.06-0.25 0.12
Linezolid 1-4 2
Levofloxacin 0.5->16 >16
Staphylococcus aureus (13) A 0.12-0.5 0.25
B 0.06-0.25 0.25
Linezolid 1-16 4
Levofloxacin 0.12->16 16
Staphylococcus epidermidis (10) A 0.03-0.12 0.06
B =0.004-0.12 0.06
Linezolid 0.5-8 1
Levofloxacin 0.12->16 >16
Streptococcus pneumoniae (11) A =0.008-0.03 0.015
B =0.008-0.03 0.015
Linezolid 0.5-2 2
Levofloxacin 0.5->16 >16
Streptococcus pyogenes (10) A 0.06-0.12 0.12
B 0.12-0.12 0.12
Linezolid 1-1 1
Levofloxacin 0.25-1 0.5
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pg-h/ml, the CL was 2.8 ml/min/kg, and the t,,, was 104 min. In
vitro, the levels of protein binding of compounds A and com-
pound B were similar, with the fraction unbound for both com-
pounds determined to be 0.007 using rat plasma. The MIC in the
presence of 50% horse serum was also the same for both com-
pounds, with a shift of 16-fold compared to that in serum-free
medium (Table 2). The total plasma concentrations of the two
compounds scaled to a 3-mg/kg i.v. dose are shown in Fig. 4. The
graph in Fig. 4 reveals that a markedly greater AUC and reduced
clearance were observed with compound B. The in vivo pharma-
cokinetics of compound B were also assessed in rats following a
single oral (p.o.) administration of 3 mg/kg (Fig. 4). By this route,
the AUC was 8.3 pg-h/ml (Table 8). The oral bioavailability fol-
lowing p.o. administration of compound B was calculated to be
47.7%.

DISCUSSION

The objective of this study was to evaluate the in vitro and in vivo
properties of substituted benzothiazole ethyl urea-based mole-
cules, as exemplified by compound A and compound B. The
mechanism of action and time-kill profiles of the compounds
were comparable to those reported for the coumarin class of an-
tibiotics (39). Molecular docking studies predict that the putative
binding site is similar to that in the aminobenzimidazole class of
type I topoisomerase inhibitors (23). Like novobiocin, both com-
pounds inhibited the ATPase function of DNA gyrase (GyrB) and
topoisomerase IV (ParE), with IC5,s of <0.1 pg/ml (Table 1). On
a molar basis, the compounds inhibited the topoisomerase en-
zymes to a greater extent than novobiocin, with ICy,s being be-
tween 3- and 11-fold lower than those of novobiocin. Like novo-
biocin, compound A prevented the supercoiling of relaxed DNA
in a gel-based supercoiling assay (Fig. 2).

In terms of their intracellular action, the activity of compound
A and compound B is different from that of novobiocin. In S.
pneumoniae and S. pyogenes, the first-step amino acid substitu-
tions were in ParE (T172A or A53S), indicating that ParE is the
primary target in these species. The MICs against the two mutants
were 0.5 pg/ml or lower, a =16-fold increase in the MIC com-
pared to that for the wild type (Table 3). In contrast, in the case of
S. aureus, the first-step amino acid substitutions were in GyrB
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TABLE 5 Antibacterial activities of compound A, compound B, linezolid, and levofloxacin against drug-resistant strains

MIC (p.g/ml)
Organism Phenotype Linezolid Levofloxacin Compound A Compound B
E. faecalis Vancomycin resistant 1 >16 0.03 0.03
E. faecium Vancomycin resistant 2 >16 0.06 0.06
S. aureus Methicillin resistant 1 0.12 0.25 0.25
S. aureus Vancomycin resistant 1 16 0.5 0.25
S. aureus Linezolid nonsusceptible 16 16 0.25 0.25
S. aureus Tigecycline resistant 1 8 0.12 0.12
S. aureus Daptomycin nonsusceptible 1 >16 0.12 0.12
S. aureus Fluoroquinolone resistant 1 16 0.25 0.25
S. epidermidis Methicillin resistant 0.5 16 0.06 0.015
S. epidermidis Linezolid nonsusceptible 8 8 0.06 0.12
S. epidermidis Quinupristin-dalfopristin resistant 0.5 8 0.06 0.06
S. epidermidis Daptomycin nonsusceptible 0.5 >16 0.06 =0.004
S. pneumoniae Penicillin resistant 1 0.5 0.015 0.015
S. pneumoniae Macrolide resistant 0.5 0.5 0.015 0.015
S. pneumoniae Linezolid resistant 2 1 0.015 0.015
S. pneumoniae Fluoroquinolone resistant 1 >16 0.015 0.015
S. pyogenes Macrolide resistant 1 0.25 0.12 0.12

(T173N), indicating that GyrB is the primary target of compounds
A and B. The MICs against the S. aureus first-step mutant GyrB
(T173N) and the second-step mutant strain that harbors two mu-
tations in GyrB (T173N and S129T) were only slightly raised, with
a =2-fold increase compared to the MIC for the wild type (Table
3). Consistent with a multitargeting mechanism of action, in the
event of one or more mutations in the primary target (GyrB), the
compounds are still able to exert their antibacterial effect by in-
hibiting ParE. Multitargeting by compounds A and B is also sup-
ported by the marked decrease in susceptibility to the two com-
pounds (a >32-fold increase in the MIC) that was observed when
both target enzymes were mutated, as in the second-step S. aureus
GyrB (T173N) ParE (T167N) double mutant (Table 3). This situ-
ation contrasts with that for novobiocin, which preferentially tar-
gets either GyrB or ParE inside the cell (13, 14, 20). A primary
mutation event in response to novobiocin, for example, at residue
G85 or R144 of GyrB in S. aureus, drastically raises the MIC of
novobiocin by 64-fold (Table 3) (39). The dual-targeting mecha-
nism of action of the compounds is further evidenced by the
spontaneous FoR data (Table 7). The FoR in S. aureus for both
compounds, at =10~ ', is below the range expected for a single-
enzyme-target inhibitor and is at least 2 orders of magnitude less

TABLE 6 Interaction of compound A and compound B with other
topoisomerase and nontopoisomerase inhibitors determined by the
checkerboard assay with S. aureus ATCC 29213

Compound Antibiotic FICI Interaction

A Novobiocin 2.0 None
Levofloxacin 0.75 None
Linezolid 2.0 None
Vancomycin 1.0 None
Oxacillin 2.0 None

B Novobiocin 1.0 None
Levofloxacin 0.75 None
Linezolid 1.0 None
Vancomycin 1.1 None
Oxacillin 2.0 None

than the FoR to novobiocin. Taken together, these biochemical
and microbiological data support a dual-targeting mechanism of
action in which the compounds are able simultaneously to inhibit
both type II topoisomerase enzyme complexes.

As expected, the compounds did not show synergy or antago-
nism with antibiotics that do not target the bacterial type II topo-
isomerases, i.e., linezolid, vancomycin, and oxacillin (Table 6).
Interestingly, compound A and compound B also did not display
any apparent in vitro interaction with levofloxacin or novobiocin,
both of which target the type II topoisomerases. Additivity and
synergism between the coumarin drugs (novobiocin or coumer-
mycin) and quinolones has been reported in in vitro assays with S.
aureus, Enterococcus spp., and E. coli (40-43). These divergent ob-
servations further support the inference that the mechanism of
action and molecular interaction between compound A or com-
pound B and GyrB/ParE are distinct from the interaction between
novobiocin and GyrB/ParE. Consistent with this conclusion, the
GyrB G85S and GyrB R144S amino acid substitutions that arise in
the presence of novobiocin and have a substantial impact on its

TABLE 7 Measured frequencies of spontaneous resistance of compound
A, compound B, and selected antibiotics in S. aureus strain ATCC 29213

Compound MIC multiple FoR

A 4x <23X 1071
8x <23 X101

B 4x <4.5X% 1071
8x <58 X101

Novobiocin 4% 58X 10°%
8x 32X 1078

Ciprofloxacin 4X 1.1X10°8
8Xx 7.5 %X 107°
16X <74 x 10"

Linezolid 4X <74 X101
8x <53 X101
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TABLE 8 In vivo pharmacokinetic parameters of compound A and compound B following intravenous or oral administration in rats”

Compound

(dose) Co(pg/ml)  C..(pg/ml) T, (min) AUC (ug-h/ml) t;, (min)  CL (ml/min/kg)  V (liters/kg)  Bioavailability (%)
A (10 mg/kgiv.) 53.6 16.6 210 9.4 2.6

B (3 mg/kgi.v.) 9.8 17.4 104 2.8 0.4

B (3 mg/kg p.o.) 1.8 120 8.3 47.7

@ C,, extrapolated concentration in plasma at 0 min; C,,,,,, maximum concentration in plasma; T,,,,, time to maximum concentration in plasma; V, volume of distribution.

MIC (Table 3) (39) showed no effect on the potency of compound
A and compound B (Table 3).

The compounds demonstrated potent antibacterial activity
against a broad range of Gram-positive bacteria, with MICs rang-
ing from 0.008 to 0.12 pg/ml (Table 2). This included sets of
representative clinical isolates of the major Gram-positive patho-
gens (Table 4). Potency was unaffected by a wide spectrum of drug
resistance phenotypes among representative Gram-positive iso-
lates (Table 5). This result is consistent with the novel mechanism
of action of the compounds. It also demonstrates a lack of cross-
resistance between other resistance mechanisms, including those
for other bacterial type II topoisomerase inhibitors and the ben-
zothiazole ethyl urea inhibitors of GyrB and ParE. The com-
pounds had mixed activity against Gram-negative organisms.
Certain species, such as Moraxella catarrhalis and Neisseria gonor-
rhoeae, were as susceptible to the compounds as their counterpart
Gram-positive bacteria. In contrast, the majority of the Gram-
negative bacterial species tested were not susceptible to inhibition
by the compounds, despite the ability of the compounds to inhibit
potently the ATPase function of the purified E. coli enzymes. The
susceptibility of the E. coli N43 strain (MIC = 4 pg/ml), which
lacks a functional AcrA protein (44), indicates a role for efflux
rather than target-based factors in the apparent lack of suscepti-
bility of some of the Gram-negative organisms. AcrA forms one
component of the tripartite AcrA-AcrB-TolC multidrug efflux
pump (45). Efflux pumps of the resistance-nodulation-division
(RND) superfamily of transporters, which includes the AcrA-
AcrB-TolC complex, are known to play a major role in multidrug

10

0.1
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o
-
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FIG 4 In vivo pharmacokinetic profiles of compound A and compound B in
rats. The plasma concentrations of compound A (open circles) scaled to a
3-mg/kg dose are shown following a single i.v. administration of 10 mg/kg. The
plasma concentrations of compound B following a single i.v. (solid squares) or
p.o. (solid triangles) administration of 3 mg/kg are shown.
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resistance in Gram-negative bacteria, such as E. coli and P. aerugi-
nosa (46).

The mode of action of compound A and compound B was
bactericidal with a time-dependent, concentration-independent
kill profile (Fig. 3). A bactericidal mode of action against S. pyo-
genes, M. catarrhalis, and H. influenzae was also observed (data not
shown). A bactericidal mode of action may be advantageous in an
antibacterial agent for the treatment of severe Gram-positive bac-
terial infections (47). Novobiocin, the chemical structure of which
is distinct from that of the benzothiazole ethyl urea ligands, had a
broadly similar profile in the time-kill experiment (data not
shown). Arathoon and coworkers reported a slow, bactericidal
mode of action for novobiocin in time-kill studies with clinical
isolates of MRSA (37). The combination of these published data
with our own results suggests a common mode of action for di-
verse GyrB and/or ParE inhibitors. At concentrations above the
MICs, the rate of killing by GyrB/ParE inhibitors is relatively slow
compared with the rapid drop in CFU counts observed with levo-
floxacin, which binds to the topoisomerase-DNA complex close
to the active site in GyrA/ParC (Fig. 3). This indicates that, at
higher relative concentrations, interfering with the ATPase func-
tion of bacterial type II topoisomerases by novobiocin, compound
A, or compound B may be less catastrophic for the cells than
poisoning by the formation of enzyme-DNA-quinolone com-
plexes (11, 48, 49).

The compounds showed specificity for bacterial topoisomer-
ases, with no inhibition of human topoisomerase II being ob-
served. Furthermore, no cytotoxicity against HepG2 cells was seen
for either compound A or compound B.

Preliminary pharmacokinetic studies in rats indicated that
compound B generally showed superior pharmacokinetic param-
eters to compound A (Table 8). Scaled to an identical dose of 3
mg/kg, the AUC of compound B was approximately 3-fold greater
than that of compound A (Fig. 4). Both compounds were similarly
highly bound to plasma proteins (>99%). The reduced clearance
and higher AUC of compound B compared with those of com-
pound A are likely due to the o substitution to the carboxylate
moiety off the piperidine ring of the molecule. This conclusion is
supported by pharmacokinetic data for other a-substituted car-
boxylate analogues that also display enhanced pharmacokinetics
relative to compound A (30).

In summary, we report the biological profiles of two represen-
tative molecules of the benzothiazole ethyl urea chemotype. These
compounds are potent inhibitors of the bacterial type II topo-
isomerases with activity against drug-susceptible and drug-resis-
tant bacteria. The multitargeting nature of the inhibitors trans-
lates into a very low spontaneous FoR. The pharmacokinetic
properties of both compounds have also been described. Further
investigation of this class of compounds as potential antibacterial
agents is under way and will be reported elsewhere in due course.
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