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Antibiotics with novel mechanisms of action are becoming increasingly important in the battle against
bacterial resistance to all currently used classes of antibiotics. Bacterial DNA gyrase and topoisomerase IV
(topolV) are the familiar targets of fluoroquinolone and coumarin antibiotics. Here we present the charac-
terization of two members of a new class of synthetic bacterial topoll ATPase inhibitors: VRT-125853 and
VRT-752586. These aminobenzimidazole compounds were potent inhibitors of both DNA gyrase and topoIV
and had excellent antibacterial activities against a wide spectrum of problematic pathogens responsible for
both nosocomial and community-acquired infections, including staphylococci, streptococci, enterococci, and
mycobacteria. Consistent with the novelty of their structures and mechanisms of action, antibacterial potency
was unaffected by commonly encountered resistance phenotypes, including fluoroquinolone resistance. In
time-kill assays, VRT-125853 and VRT-752586 were bactericidal against Staphylococcus aureus, Streptococcus
pneumoniae, Enterococcus faecalis, and Haemophilus influenzae, causing 3-log reductions in viable cells within
24 h. Finally, similar to the fluoroquinolones, relatively low frequencies of spontaneous resistance to VRT-

125853 and VRT-752586 were found, a property consistent with their in vitro dual-targeting activities.

Antibiotic resistance in both hospital and community set-
tings is steadily increasing, severely limiting the effectiveness of
all currently used classes of antibiotics (4, 12, 17). Approxi-
mately 50% of Staphylococcus aureus hospital isolates are meth-
icillin resistant, while 30% of enterococci are reported to be
vancomycin resistant (4). The frequency of intermediate and
high-level penicillin resistance in the community pathogen
Streptococcus pneumoniae is approaching 50% (1, 12, 26). In
addition, bacteria that are simultaneously resistant to more
than one drug class are becoming increasingly prevalent (2). A
significant problem with the majority of currently marketed
antibiotics is that they are derived from structural classes that
have been in widespread use for many years. For instance,
resistance mechanisms acting on older B-lactams, fluoroquino-
lones, and macrolides often impact newer generations of these
commonly used classes of antibiotics. As a result, an actively
pursued strategy of the antibiotic industry to thwart current
drug resistance mechanisms is to create structurally novel class
of antibiotics with new mechanisms of action. During the last 3
decades, only two truly novel classes of antibacterials with
unique mechanisms of action, linezolid and daptomycin, have
been developed to combat the problem of antibiotic resistance.
Interestingly, there are already reports of linezolid resistance
arising in the clinic (22), which underscores the need for new
antibiotics with novel mechanisms of action.

Because of their essentiality and evolutionary conservation,
DNA topoisomerases have become important antibiotic tar-
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gets (11, 19). Both DNA gyrase and topoisomerase IV (topoIV)
are highly homologous functional A,B, heterotetramers (5).
DNA gyrase is uniquely responsible for introducing negative
supercoils into DNA, while the primary function of topolV
appears to be decatenation of replicated chromosomes and
relaxation of DNA (6, 15, 31). The catalytic functions of
both enzymes involve the breakage and rejoining of double-
stranded DNA, with the intermediate passage of a second
double strand of DNA through the break. Consistent with their
high degree of structural and functional relatedness, both
DNA gyrase and topolV have been identified as the primary
and secondary targets of the fluoroquinolone class of antibiotics
which stabilize the enzyme-DNA complex in the double-strand
break stage formed by gyrase and topolV in bacteria (9).
DNA gyrase and topolV are also inhibited by members of
the coumarin class of antibiotics, such as novobiocin and
coumermycin, which target the ATP-binding sites of the cor-
responding B subunits (19), thereby inhibiting the energy
source necessary for strand passage. At present, most couma-
rin resistance mutations in several organisms have mapped
within the region of gyrB, encoding the ATP-binding site (10,
21, 29). However, recent in vitro studies have shown that no-
vobiocin can also inhibit the ATPase activity of topolV at
higher concentrations than are necessary for inhibition of the
gyrase enzyme (3). Therefore, the potential for “dual target-
ing” of both gyrase and topolV exists at multiple steps during
the catalytic pathway.

Antibiotics that inhibit multiple targets, such as some fluoro-
quinolones, tend to exhibit lower spontaneous-resistance fre-
quencies, and their antibacterial activity is less affected by
individual, target-based mutations (7). This potentially delays
the emergence of high-level resistance during use, a major
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FIG. 1. Chemical structures of dual-targeting aminobenzimidazoles
VRT-125853 and VRT-752586.

cause of treatment failure. In order to exploit the dual-target-
ing potential of the GyrB and ParE ATP-binding sites, a series
of compounds belonging to the aminobenzimidazole class were
optimized by using structure-guided drug design. In this report,
we describe the characterization of two representative com-
pounds of this class, VRT-125853 and VRT-752586 (Fig. 1),
with respect to their abilities to inhibit the essential ATPase
activities of Escherichia coli and S. aureus gyrase and topolV,
their antibacterial potencies and spectrum of activity against
clinically prevalent resistant isolates, their bactericidal effec-
tiveness in time-Kkill assays, and the frequency of the emergence
of resistance in vitro.

MATERIALS AND METHODS

Compounds. VRT-125853 and VRT-752586 (Fig. 1) were synthesized at Vertex
Pharmaceuticals Incorporated, and dry powder was dissolved in 100% di-
methyl sulfoxide (DMSO) at a concentration of 25.6 mg/ml. Aliquots of DMSO
stock solutions were stored at —20°C prior to use. Novobiocin (Sigma, St. Louis,
MO), linezolid, (Zyvox, resuspended oral suspension; Pfizer, New York, NY),
and ciprofloxacin (US Biological, Swampscott, MA) stocks were prepared and
stored as described above. All of the other antibiotics used in this study were
from standard commercial sources.

Enzyme assays and K; determinations. (i) DNA gyrase and topolV ATPase
assays. Enzymes were recombinantly expressed and purified as previously de-
scribed for the E. coli enzymes (3, 10). Enzymatic hydrolysis of ATP to ADP was
coupled to the conversion of NADH to NAD™. The decrease in NADH absor-
bance was monitored at 340 nm for 20 min with a Molecular Devices plate
reader. The rate of enzymatic hydrolysis was plotted against a serial dilution of
inhibitor to determine potency, and the data were fitted to the Morrison equa-
tion for tight-binding inhibition (20). Standard coupled enzyme reactions were
carried out at 30°C in a final volume of 100 pl. E. coli gyrase A,B, assay reaction
mixtures contained 100 mM Tris-HCI (pH 7.5), 1.5 mM MgCl,, 150 mM KCI, 2.5
mM phosphoenolpyruvate (PEP), 0.2 mM NADH, 1 mM dithiothreitol (DTT),
0.03 mg of pyruvate kinase per ml, 0.01 mg of lactate dehydrogenase per ml, 4%
DMSO, 0.9 mM ATP (equal to the K,,,), and 40 nM (active enzyme) E. coli gyrase
A,B,. E. coli topolV C,E, assay reaction mixtures contained 100 mM Tris-HCI
(pH 7.5), 6 mM MgCl,, 20 mM KCl, 2.5 mM PEP, 0.2 mM NADH, 10 mM DTT,
0.03 mg of pyruvate kinase per ml, 0.01 mg of lactate dehydrogenase per ml, 4%
DMSO, 0.05 mg of bovine serum albumin per ml, 5 pg of HindIII-linearized
pBR322 plasmid DNA per ml, 0.7 mM ATP (equal to the K,,,), and ~20 nM E.
coli topoIV C,E, (active enzyme). S. aureus gyrase A,B, assay reaction mixtures
contained 100 mM Tris-HCI (pH 7.5), 1.5 mM MgCl,, 150 mM KCl, 2.5 mM
PEP, 0.2 mM NADH, 1 mM DTT, 0.03 mg of pyruvate kinase per ml, 0.01 mg
of lactate dehydrogenase per ml, 4% DMSO, 0.55 mM ATP (equal to the K,,,),
and ~60 nM S. aureus gyrase A,B, (active enzyme). For S. aureus topolV C,E,
(encoded by the gri4 [C subunit] and gr/B [E subunit] genes) assay, reaction
mixtures contained 100 mM Tris-HCI (pH 7.5), 2 mM MgCl,, 200 mM potassium
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glutamate, 2.5 mM PEP, 0.2 mM NADH, 1 mM DTT, 0.03 mg of pyruvate kinase
per ml, 0.01 mg of lactate dehydrogenase per ml, 4% DMSO, 0.05 mg of bovine
serum albumin per ml, 5 pg of HindIII-linearized pBR322 plasmid DNA per ml,
0.24 mM ATP (equal to the K,,,), and ~21 nM S. aureus topolV C,E, (active
enzyme).

(ii) Human topoIl DNA decatenation assay. Human topoll was assayed for its
enzymatic activity, the ability to convert catenated kinetoplast DNA to decat-
enated DNA, by using a kit and the human topoll enzyme, which were both
obtained from TopoGEN (Columbus, OH). After 20 min, the reaction was
stopped with 5 ul of quench buffer (250 mM EDTA, 50% glycerol, 25 ug of
bromophenol blue per ml). The DNA was separated and visualized on a 1%
agarose gel stained with ethidium bromide. Standard reactions were carried out
at 37°C (reaction mixture volume, 25 pl) with the following components: 100 mM
Tris-HCI (pH 7.5), 10 mM MgCl,, 120 mM KCI, 1 mM DTT, 20 pg of kinetoplast
DNA per ml, 4% DMSO, 1.5 mM ATP, and 0.08 U of human topoll activity per
pl. The ECs is the compound concentration where approximately 50% inhibi-
tion of decatenation activity was observed, as determined by densitometric quan-
titation.

Bacterial strains. All bacteria, as indicated, were either from our laboratory
stocks, the proprietary clinical isolate collection of Focus Technologies (Herndon,
VA), the American Type Culture Collection (ATCC; Manassas, VA), or the
E. coli Genetic Stock Center (Yale University, New Haven, CT). Haemophilus
influenzae strain Rd 0894 acrA::kan was a generous gift from H. Nikaido (27). S.
aureus strains SA-1199, SA-1199B (NorA overproducer, GrlA A116E mutant),
SA-8325-4, and SA-K2068 (MepA overproducer) were generous gifts from G.
Kaatz (13, 14).

Susceptibility testing. Susceptibility testing was performed at either Vertex
Pharmaceuticals Incorporated or Focus Technologies (Herndon, VA). For aerobic
organisms, MIC determinations were performed in liquid medium in 96-well
microtiter plates as described by the Clinical and Laboratory Standards Institute
(CLSI [formerly the National Committee for Clinical and Laboratory Stan-
dards]; 23). Liquid medium was supplemented as appropriate for optimal growth
(23). Serial twofold dilution series of 200 -concentrated compound stocks were
prepared in 100% DMSO, and 0.5 pl of each compound dilution was added to
50 l of liquid medium in 96-well microtiter assay plates. An additional 50 pl of
liquid medium containing the appropriate bacterial cells was then added to the
assay plate. The final DMSO concentration in the assay was 0.5%. Compounds
and cells were mixed, and plates were incubated at 35°C for at least 18 h prior to
reading the susceptibility result. A twofold variation in the MIC was the standard
error of the assay and hence considered insignificant. To measure the relative
effects of serum on compound susceptibility, human serum (US Biological,
Swampscott, MA) was added to liquid medium to a final concentration of 50%
in assays performed with S. aureus ATCC 29213. For determining the MICs of
anaerobic organisms, the agar proportion method was used according to CLSI
recommendations (24). Susceptibility testing of Mycoplasma pneumoniae was
performed by a reference broth microdilution method established by Waites et
al. (30). MICs for Legionella pneumophila were determined by the standardized
CLSI method (23). Mycobacterium tuberculosis susceptibility testing was per-
formed with the BACTEC 460 TB System manufactured by Becton Dickinson,
Cockeysville, MD. MICs for the Mycobacterium avium complex (MAC) were
determined by the agar proportion method recommended for testing slow-grow-
ing mycobacterium species (25). All of the test methods used met acceptable
standards based on recommended quality control ranges for all comparator
antibiotics and the appropriate ATCC strain.

Determination of spontaneous-resistance frequencies. The microtiter MIC of
a given compound stock was verified prior to determination of spontaneous-
resistance frequencies. Resistance frequencies were minimally determined in
duplicate with two independently inoculated cultures. Fresh overnight cultures
or glycerol seed stocks of mid-log-phase cultures were diluted 100-fold into
appropriate fresh medium and grown at 37°C with a floor shaker rotating at 300
rpm, until late-log phase (approximately 10°® to 10° CFU/ml). The inoculum was
serially diluted and plated to confirm the starting number of CFU. Selection
plates were prepared by adding an appropriate dilution of compound in 100%
DMSO to 50 ml of molten agar at 55°C (8-NAD and hemin for HTM [23] was
added at this time for H. influenzae, fresh 5% defibrinated sheep blood [Biorec-
lamation, Inc., Hicksville, NY] was added to brain heart infusion agar for S.
pneumoniae, and 5% laked horse blood [Quad Five, Ryegate, MT] was added to
Mueller-Hinton broth agar for Enterococcus faecalis and Enterococcus faecium)
and poured into sterile polystyrene petri plates (150 by 15 mm). The final
concentration of compound was a multiple of the liquid MIC (2X, 4X, or 8X),
and the final concentration of DMSO per plate was <0.1%. Plates were dried in
a sterile hood for approximately 30 min prior to plating of bacteria. The late-
log-phase inoculum was concentrated 10-fold by low-speed centrifugation, and



1230 MANI ET AL.

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 1. Dual inhibition of bacterial gyrase and topolV by VRT-125853 and VRT-752586

K; (nM)

K; (nM)

E. coli S. aureus ECsy (LM)
Compound E. coli E. coli topolV/gyrase S, aureus S. aureus topolV/gyrase human topoll
gyrase topolV ratio gyrase topolV ratio decatenation assay
VRT-125853 18 680 38 44 215 5 >25
VRT-752586 <4 23 >6 14 <6 <0.4 >25
Novobiocin 13 160 12 19 900 47 ND“

“ ND, not determined.

approximately 10'° CFU were spread onto the surface of compound-containing
agar plates. Plates were incubated at 35°C for a minimum of 3 days prior to
counting of colonies. The resistance frequency was calculated as the number of
compound-resistant colonies divided by the total number of CFU plated.

Bactericidal (time-kill) assays. Five milliliters of appropriate growth medium
was inoculated with approximately 10° log-phase cells, and cultures were grown
in 15-ml sterile polypropylene conical tubes containing various dilutions of VRT-
125853, VRT-752586, or control antibiotics. The final concentration of DMSO
per culture was <0.5%. A sample of the inoculum was also serially diluted and
plated to determine the starting number of CFU. Cultures were grown horizon-
tally on a wheel (S. aureus ATCC 29213, S. pneumoniae ATCC BAA-255 [strain
R6], and E. faecalis ATCC 29212) rotating rapidly (approximately 70 rpm) at
37°C or by shaking (H. influenzae ATCC 51907) in a tilted position in a floor
shaker at 300 rpm. Samples (0.1 ml) were removed from cultures at timed
intervals, serially diluted, and plated for CFU determinations on agar plates.
Bactericidal activity was defined as a 3-log drop in the starting number of CFU
in the culture within 24 h. Novobiocin, ciprofloxacin, and linezolid were run as
controls.

RESULTS AND DISCUSSION

Dual targeting of DNA gyrase and topolV enzymes by VRT-
125853 and VRT-752586. VRT-125853 and VRT-752586 were
shown to be inhibitors of both the DNA gyrase and topolV
enzymes derived from E. coli and S. aureus (Table 1). For the
E. coli enzymes, both compounds were significantly more po-
tent against DNA gyrase than against topolV. The lower K;s of
both VRT-125853 and VRT-752586 against E. coli DNA gy-
rase versus topolV suggested that DNA gyrase would be the
primary target for both compounds in this organism in the
absence of a cellular permeability barrier (see next section). In
contrast to what was observed with the E. coli enzymes, the
activities of VRT-125853 and VRT-752586 were more similar
against both of the S. aureus enzymes, with topolV/DNA gy-
rase K; ratios of ~5 and <0.4, respectively. The potent inhibi-
tion of both the gyrase and topolV enzymes of E. coli and S.
aureus demonstrated the in vitro dual-targeting properties of
VRT-125853 and VRT-752586; however, the topol V/DNA gy-
rase K; ratios appeared to be both compound and organism
specific. In contrast, novobiocin was found to be a more potent
inhibitor of DNA gyrase than of topolV in both sets of en-
zymes, consistent with findings in the literature that DNA
gyrase is the major target of novobiocin in both E. coli and S.
aureus (10, 21, 29). In a decatenation assay, neither amino-
benzimidazole significantly inhibited human topoll (ECs,, >25
wM; Table 1), a homologue with strong sequence similarity to
both bacterial enzymes (5), indicating that the compounds are
selective for the bacterial topoisomerases.

Spectrum of activity of VRT-125853 and VRT-752586. The
antibacterial activities of VRT-125853 and VRT-752586 were
determined against panels composed of recent drug-resistant
and -susceptible aerobic, facultatively anaerobic, anaerobic, and

atypical clinical isolates (Tables 2 and 3). Susceptibility results in
Table 2 show that VRT-125853 and VRT-752586 had excellent
activities against S. aureus, S. epidermidis, S. pneumoniae, S. pyo-
genes, E. faecalis, and E. faecium, suggesting their potential for use
in a variety of hospital- and community-acquired infections. Al-
though VRT-125853 and VRT-752586 were not active (MIC,
>64 wg/ml) against Acinetobacter spp., E. coli, Salmonella enterica
serovar Typhimurium, Klebsiella pneumoniae, Proteus mirabilis,
Providencia spp., Pseudomonas aeruginosa, and Stenotrophomonas
maltophilia (not shown), both compounds had significant activity
against aerobic gram-negative respiratory pathogens H. influenzae
and Moraxella catarrhalis (Table 2).

Confirmation of a gyrase-mediated mechanism of action of
both compounds in bacteria was demonstrated by an upward
shift in the MIC with an S. aureus strain containing a GyrB
T1731 mutation compared to wild-type parental strain ATCC
29213. Mutations in threonine 173 in S. aureus GyrB have been
previously implicated in conferring novobiocin resistance (29);
the MIC of novobiocin (0.063 wg/ml) was increased by eight-
fold for the GyrB T1731 mutant strain; however, the MICs of
other antibiotics (ciprofloxacin, vancomycin, and linezolid)
were unaffected (data not shown). The GyrB T1731 mutation
increased the MICs of VRT-125853 (2 pg/ml) and VRT-752586
(0.032 pg/ml) by 8-fold and 16-fold, respectively, indicating that
the MIC:s of these compounds for wild-type S. aureus are depen-
dent on an interaction with GyrB and that their site of interaction
with GyrB overlaps the binding site of novobiocin.

Increased susceptibilities of E. coli mutant strains with either
improved permeability (impA mutant) or decreased efflux
(tolC mutant), and an H. influenzae mutant with decreased
efflux (acrA::kan), suggested that permeability and efflux re-
duce the antibacterial potency of both compounds in these,
and perhaps other, gram-negative organisms (Table 4). The
improved potency of VRT-752586 versus VRT-125853 against
gram-positive bacteria such as staphylococci, enterococci, and
streptococci (Table 2) could be attributed, at least in part, to
the superior enzymatic potency and dual-targeting properties
of VRT-752586 (Table 1). It is also possible that VRT-752586
is better able to permeate or is less prone to efflux in gram-
positive bacteria. Susceptibility testing against an S. aureus
NorA-overproducing strain, SA-1199B, and a MepA-overpro-
ducing strain, SA-K2068, indicated that these particular efflux
pumps, implicated in fluoroquinolone resistance (13, 14), do
not appreciably recognize VRT-125853 and VRT-752586; the
susceptibility of both efflux pump mutant strains was similar to
that of the corresponding wild-type parental strains (data not
shown). These results do not rule out the possibility that other
gram-positive efflux systems are involved in the efflux of our
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TABLE 2. Activities of VRT-125853 and VRT-752586 against aerobic and facultatively anaerobic bacteria

MIC (pg/ml) No. of isolates®
Organism (no. of isolates) Antimicrobial

Range 90% S 1 R
Enterococcus faecalis (35) VRT-125853 0.5-1 1 — — —
VRT-752586 0.03-0.06 0.06 — — —
Ampicillin 0.5-4 2 35 — —
Levofloxacin” 1->4 >4 22 0 13
Linezolid® 2->8 2 32 1 2
Novobiocin 4-16 8 — — —
Oxacillin 4->32 32 — — —
Quinupristin-dalfopristin® 2->8 >8 0 2 33
Telithromycin 0.06->4 4 — — —
Vancomycin® 1->32 16 31 1 3
Enterococcus faeclum (34) VRT-125853 0.25-4 2 — — —
VRT-752586 0.015-0.25 0.12 — — —
Ampicillin® 0.5->16 >16 6 0 28
Levofloxacin® 1->4 >4 3 2 29
Linezolid® 1->8 >8 28 1 5
Novobiocin 1-8 2 — — —
Oxacillin 8->32 >32 — —
Quinupristin-dalfopristin® 0.5->8 4 19 11 4
Telithromycin 0.03—>4 >4 — —
Vancomycin® 1->32 >32 17 0 17
Staphylococcus aureus (54) VRT-125853 1-4 4 — — —
VRT-752586 0.06-0.25 0.12 — — —
Ampicillin® =0.25->16 >16 2 0 52
Levofloxacin” 0.12->4 >4 15 1 38
Linezolid 1->8 4 53 — —
Novobiocin =0.25-1 0.5 — — —
Oxacillin® 0.25->32 >32 18 0 36
Quinupristin-dalfopristin 0.25-2 2 46 8 0
Telithromycin® 0.06->4 >4 25 0 29
Vancomycin® 1->32 4 50 2 2
Staphylococcus epidermidis (24) VRT-125853 1-4 2 — — —
VRT-752586 0.03-0.12 0.12 — — —
Ampicillin® =0.25->16 >16 2 0 22
Levofloxacin® 0.12->4 >4 11 0 13
Linezolid 1-2 2 24 — —
Novobiocin =0.25-1 0.5 — — —
Oxacillin® 0.25->32 >32 5 0 19
Quinupristin-dalfopristin 0.25-2 1 23 1 0
Telithromycin® 0.03—>4 >4 16 0 8
Vancomycin 1-4 4 24 0 0
Streptococcus pneumoniae (64) VRT-125853 0.12-0.5 0.5 — — —
VRT-752586 0.004-0.03 0.03 — — —
Amoxicillin® =0.015-8 8 53 3 8
Azithromycin® 0.06->2 >2 36 1 27
Ceftriaxone” 0.03—>4 2 53 7 4
Levofloxacin” 0.5—>8 >8 53 0 11
Linezolid 0.5-2 2 64 — —
Novobiocin =0.5-4 2 — — —
Quinupristin-dalfopristin =1-=1 =1 64 0 0
Telithromycin 0.015-1 0.5 64 0 0
Streptococcus pyogenes (22) VRT-125853 0.015-8 4 — — —
VRT-752586 0.004-0.12 0.12 — — —
Amoxicillin =0.015-0.06 0.06 22 — —
Azithromycin® 0.06->2 >2 7 0 15
Ceftriaxone 0.03-0.12 0.12 22 — —
Levofloxacin =0.25-1 1 22 0 0
Linezolid =0.25-2 1 22 — —
Novobiocin =0.5-4 4 — — —
Quinupristin-dalfopristin =1-=1 =1 22 0 0

Telithromycin 0.015->4 >4 — —

Continued on following page
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TABLE 2—Continued

MIC (pg/ml) No. of isolates®
Organism (no. of isolates) Antimicrobial

Range 90% S 1 R

Haemophilus influenzae (36) VRT-125853 2->16 >16 — — —
VRT-752586 0.5->16 >16 — — —

Amoxicillin-clavulanate? =1->8 8 32 0 4

Ampicillin® =1->4 >4 21 0 15

Azithromycin =0.5->8 2 35 — —

Ceftriaxone =0.03-0.5 0.06 36 — —

Levofloxacin 0.015->4 >4 31 — —

Novobiocin =14 =1 — — —

Telithromycin® =0.5->16 4 34 1 1

Moraxella catarrhalis (23) VRT-125853 0.25-2 2 — — —
VRT-752586 0.03-0.25 0.25 — — —

Amoxicillin-clavulanate =1-=1 =1 — — —

Ampicillin =1->4 >4 — — —

Azithromycin =0.5-=0.5 =05 — — —

Ceftriaxone =0.03-2 2 — — —

Levofloxacin 0.03-0.12 0.06 — — —

Novobiocin =1-=1 =1 — — —

Telithromycin =0.5-1 =0.5 — — —

@ —, CLSI interpretive criteria for susceptibility and resistance have not been defined.

® Tsolates resistant to this antibiotic were present in the panel.

¢ Relevant resistance phenotypes were confirmed by using CLSI breakpoints for susceptibility (S), intermediate susceptibility (I), and resistance (R).

4 MIC for 90% of strains tested.

aminobenzimidazole compounds to different degrees. Interest-
ingly, we found that the naturally novobiocin-resistant organ-
ism Staphylococcus saprophyticus was susceptible to both VRT-
125853 and VRT-752586 (MICs equal to 2 and <0.008 pg/ml,
respectively), comparable to what was observed with the other
staphylococci tested. The novobiocin MIC for the S. sapro-
phyticus isolate tested was >8 pg/ml. This result indicated that
the mechanism of novobiocin resistance in this organism has
no effect on its susceptibility to aminobenzimidazole inhibitors.
Improved activity of VRT-752586 versus VRT-125853 was
also observed for most of the anaerobic and atypical organisms
tested (Table 3). Presumably, this finding is also due to the
greater enzymatic potency and dual-targeting properties of
VRT-752586. Additionally, neither compound had any mea-
surable effect on the growth of Candida albicans up to 64 pg/ml
(highest tested concentration), which was used as a convenient
indicator of nonspecific eukaryotic toxicity (data not shown).
Activity of aminobenzimidazole compounds against drug-
resistant pathogens. Consistent with the novel mechanism of
action of VRT-125853 and VRT-752586, susceptibility was un-
affected by commonly encountered resistance phenotypes (Ta-
bles 2 and 3). Oxacillin-, levofloxacin-, telithromycin-, and van-
comycin-resistant S. aureus strains were as susceptible to both
compounds as were nonresistant isolates. Amoxicillin, ceftri-
axone, azithromycin, and levofloxacin resistance similarly had
no effect on the susceptibility of S. pneumoniae. Levofloxacin,
linezolid, and vancomycin resistance had no effect on the sus-
ceptibility of E. faecalis and E. faecium to VRT-125853 and
VRT-752586. In H. influenzae, where for 13 out of 36 isolates
the MIC of VRT-752586 was >2 pg/ml, no correlation of
B-lactam resistance with reduced aminobenzimidazole suscep-
tibility was observed. Unlike the multigenerational members of
the B-lactam, macrolide, glycopeptide, and fluoroquinolone
antibiotic families, it is anticipated that this new class of amino-

benzimidazole antibiotics would not be vulnerable to most
of the resistance mechanisms present in current clinical iso-
lates. The finding that the antibacterial activities of VRT-
125853 and VRT-752586 were unaffected by fluoroquinolone
resistance (Table 2) suggests that fluoroquinolone resistance
mutations in GyrA and ParC are far enough removed in the
heterotetramer and do not impact the ATP-binding site in
GyrB and ParE.

Antimycobacterial activities of VRT-125853 and VRT-752586.
VRT-125853 and VRT-752586 were active in vitro against
multiple strains of drug-susceptible and -resistant M. tubercu-
losis (Table 5), suggesting that, similar to fluoroquinolones (8),
these aminobenzimidazoles would be effective against current
and emerging multidrug-resistant strains. VRT-752586 exhib-
ited limited activity against MAC isolates; VRT-125853 was
inactive against all of the MAC isolates tested (Table 5). Sim-
ilar to other observed antibacterial activities, VRT-752586 had
greater potency against M. tuberculosis than did VRT-125853.
That the activities of both compounds against M. tuberculosis
and MAC isolates (VRT-752586 only) are mediated through
inhibition of gyrase remains to be confirmed. Mycobacterial
DNA gyrase has been shown to possess both efficient negative
supercoiling and decatenase activities in vitro under physiolog-
ical conditions (18). Given that M. tuberculosis has no distinct
topolV enzyme (18), the improved potency of VRT-752586
cannot be attributed to dual targeting and may result from an
ability to permeate, reduced recognition by efflux pumps, or
potent inhibition of the bifunctional enzyme in this organism.

Effects of human serum on aminobenzimidazole activity. As
an indicator of relative serum-binding potential, compounds
were tested in an MIC assay with S. aureus ATCC 29213 in the
presence and absence of 50% human serum, similar to the
actual serum content of blood. Compound activity in the pres-
ence of serum provides an estimation of the amount of un-
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TABLE 3. Activities of VRT-125853 and VRT-752586 against anaerobic and atypical bacteria

MIC (pg/ml) No. of isolates®
Organism (no. of isolates) Antimicrobial

Range 90%* S 1 R

Bacteroides distasonis (11) VRT-125853 >16->16 >16 — — —
VRT-752586 2-4 4 — — —

Amoxicillin-clavulanate 2-8 8 9 2 0

Imipenem 0.5-1 1 11 0 0

Clindamycin® 4—>8 >8 0 1 10

Metronidazole 0.5-1 1 11 0 0

Penicillin® 4->32 >32 0 0 11

Bacteroides fragilis (11) VRT-125853 >16->16 >16 — — —
VRT-752586 2-4 4 — — —

Amoxicillin-clavulanate 0.5-8 1 10 1 0

Imipenem 0.25-1 0.5 11 0 0

Clindamycin® 0.5-8 4 8 2 1

Metronidazole 0.5-1 1 11 0 0

Penicillin® 1-32 16 0 1 10

Bacteroides thetaiotaomicron (11) VRT-125853 >16->16 >16 — — —
VRT-752586 2-2 2 — — —

Amoxicillin-clavulanate” 1->16 4 10 0 1

Imipenem 0.25-1 1 11 0 0

Clindamycin® 4-8 8 0 3 8

Metronidazole 0.5-2 2 11 0 0

Penicillin® 8->32 >32 0 0 11

Bacteroides vulgatus (11) VRT-125853 >16->16 >16 — — —
VRT-752586 2-4 4 — — —

Amoxicillin-clavulanate” 1-16 8 9 1 1

Imipenem 0.12-1 1 11 0 0

Clindamycin® =0.25->8 >8 8 0 3

Metronidazole 0.25-2 2 11 0 0

Penicillin® 1->32 >32 0 1 10

Clostridium difficile (11) VRT-125853 1->16 >16 — — —
VRT-752586 0.06-4 4 — — —

Amoxicillin-clavulanate 0.25-4 1 11 0 0

Imipenem” 0.5-16 4 10 0 1

Clindamycin® 0.5->8 >8 6 1 4

Metronidazole 0.25-2 0.5 11 0 0

Penicillin® =0.5->32 4 5 3 3

Clostridium perfringens (11) VRT-125853 8-16 16 — — —
VRT-752586 0.5-2 2 — — —

Amoxicillin-clavulanate =0.12-0.25 0.25 11 0 0

Imipenem 0.06-0.25 0.25 11 0 0

Clindamycin® =0.25-8 8 5 4 2

Metronidazole 0.5-4 4 11 0 0

Penicillin =0.5-=0.5 =05 11 0 0

Fusobacterium sp. (11) VRT-125853 4->16 >16 — — —
VRT-752586 2->16 >16 — — —

Amoxicillin-clavulanate” =0.12-16 4 10 0 1

Imipenem 0.03-0.5 0.5 11 0 0

Clindamycin® =0.25->8 0.5 10 0 1

Metronidazole® =0.12->32 0.25 10 0 1

Penicillin® =0.5-32 =1 9 1 1

Peptostreptococcus sp. (11) VRT-125853 16->16 >16 — — —
VRT-752586 0.5->16 >16 — — —

Amoxicillin-clavulanate =0.12-4 0.5 11 0 0

Imipenem =0.015-1 0.12 11 0 0

Clindamycin® =0.25->8 4 9 1 1

Metronidazole® =0.12->32 32 9 0 2

Penicillin® =0.5->32 =05 10 0 1

Prevotella sp. (11) VRT-125853 >16->16 >16 — — —
VRT-752586 4-16 8 — — —

Continued on following page
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TABLE 3—Continued

MIC (pg/ml) No. of isolates®
Organism (no. of isolates) Antimicrobial

Range 90%* S 1 R

Amoxicillin-clavulanate =0.12-4 4 11 0 0

Imipenem 0.06-0.5 0.5 11 0 0

Clindamycin® =0.25-8 8 4 4 3

Metronidazole 0.5-16 2 10 1 0

Penicillin® =0.5->32 >32 3 0 8

Legionella pneumophila (11) VRT-125853 4-8 8 — — —
VRT-752586 0.12-0.25 0.25 — — —

Azithromycin 0.06-2 1 — — —

Doxycycline 1-8 4 — — —

Levofloxacin 0.015-0.03 0.03 — — —

Telithromycin 0.03-0.06 0.06 — — —

Mycoplasma pneumoniae (6) VRT-125853 2-8 NA? — — —
VRT-752586 0.12-0.5 NA — — —

Azithromycin =0.008->8 NA — — —

Doxycycline 0.06-0.12 NA — — —

Levofloxacin 0.5-1 NA — — —

Telithromycin =0.015->16 NA — — —

@ —, CLSI interpretive criteria for susceptibility and resistance have not been defined.

® Tsolates resistant to this antibiotic were present in the panel.

¢ Relevant resistance phenotypes were confirmed by using CLSI breakpoints for susceptibility (S), intermediate susceptibility (I), and resistance (R).

4 NA, too few isolates to determine MIC,.
¢ MIC for 90% of isolates tested.

bound compound available to inhibit bacterial growth in hu-
man blood. A twofold shift in the VRT-125853 MIC and a
16-fold shift in the VRT-752586 MIC suggested that the latter
compound was relatively more highly protein bound by human
serum. Regardless of the greater degree of serum binding, the
serum-shifted MIC of VRT-752586 still remained below 1 g/
ml. Consistent with reports in the literature (16, 28), in this
assay the MIC of novobiocin was shifted greater than 60-fold,
confirming previous results showing that novobiocin is highly
protein bound in human serum. The clinical relevance of these
serum-binding results for VRT-125853 and VRT-752586 re-
mains to be explored by animal efficacy studies.
Spontaneous-resistance frequencies and mutant prevention
concentrations (MPCs) of VRT-125853 and VRT-752586. It
has been estimated that the bacterial population at a given
infection site can reach on the order of 10'° cells (7). If spon-
taneous antibiotic-resistant mutants arise during the expansion
of an infection, then antibiotic treatment will likely fail to
eradicate the infection. To estimate the probability that resistant
mutants would arise in a naive population of approximately 10'°
cells, the in vitro frequencies of spontaneous resistance of several

relevant pathogens to VRT-125853, VRT-752586, and compara-
tors were measured (Table 6). In general, across the organism
panel, the spontaneous-resistance frequencies observed for VRT-
125853 and VRT-752586 were comparable to, or in some cases
better than, those obtained with novobiocin, ciprofloxacin, and
linezolid at similar multiples of their respective MICs (Table 6).

The MPC has recently been suggested as a way to rank
antibiotics with regard to the ability to suppress the emergence
of resistance during infection (7). The MPC reflects the ability
of an antibiotic to block the growth of first-step mutants with-
out regard for whether the mutations cause alterations in the
molecular target, drug efflux, drug inactivation, or drug exclu-
sion. Theoretically, if the MPC for an infecting organism is
maintained at the infection site, the growth of resistant mu-
tants will be suppressed. In most cases, except for H. influenzae
(VRT-125853 and VRT-752586) and S. pneumoniae (VRT-
125853 only), the spontaneous-resistance frequencies were ap-
proximately <107'° at concentrations within eight times the
MIC, illustrating favorable MPCs of these compounds for each
organism (Table 6). Lower spontaneous-resistance frequencies
are consistent with the inhibition of more than one essential

TABLE 4. Activities of VRT-125853 and VRT-752586 against gram-negative bacteria

MIC (pg/ml)*
Bacterium Isolate
VRT-125853 VRT-752586 Novobiocin Ciprofloxacin
H. influenzae ATCC 51907 (Rd) 4 1 0.13 0.004
H. influenzae Rd acrA::kan mutant 1 0.13 0.016 0.008
E. coli ATCC 25922 >64 >64 64 0.016
E. coli impA mutant® 8 0.5 1 0.008
E. coli tolC mutant” 2 0.13 1 0.004

“ All MICs were determined in duplicate.
b E. coli K-12 strain.
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TABLE 5. Activities of VRT-125853 and VRT-752586 against
M. tuberculosis and the MAC

Organism and Ph ; MIC (pg/ml)
. enotype’
strain VRT-125853  VRT-752586

M. tuberculosis

H37Rv (ATCC SM/INH/RIF/EMB-S 2 0.12

27294)

MSI 04-294 SM-R/INH-R 2 0.25

MSI 04-295 SM-R/INH-R 2 0.25

MSI 04-3543 RIF-R 2 0.12

MSI 04-7770 INH-R 2 0.12
MAC

ATCC 700898 NA® >4 4

MSI 04-7929 NA? >4 2

MSI 04-7766 NA® >4 2

MSI 04-6714 NA? >4 >4

MSI 04-7744 NA® >4 4

“ Confirmed phenotypes for M. tuberculosis: SM, streptomycin; INH, isoniazid;
RIF, rifampin; EMB, ethambutol; S, susceptible; R, resistant. All isolates were
fluoroquinolone sensitive.

® Members of the MAC are intrinsically resistant to all of the first-line anti-
mycobacterial drugs.

target at a given compound concentration. The spontaneous-
resistance frequencies of E. faecalis (both compounds) and E.
faecium (VRT-752586 only) were below the level of detection
at two times the MIC, suggesting the inhibition of more than
one target in these organisms. For other organisms, complete
suppression of spontaneous emergence of resistance was
achieved at higher multiples of the MIC (Table 6). Additional
experiments with animal models of infection are necessary to
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determine whether the MPC for each compound with regard
to each organism is achieved at a given site of infection.

Bactericidal activities of VRT-125853 and VRT-752586. All
antibiotics are bacteriostatic (i.e., they stop bacterial cell growth);
however, some antibiotics also kill bacteria (i.e., they are bacte-
ricidal). Bacteriostatic antibiotics require the host’s natural de-
fense mechanisms to play a role in completely eradicating the
infection, while bactericidal antibiotics are able to clear infections
independently of the host’s defenses. In the case of immunocom-
promised host defenses, antibiotics with bactericidal activity are
therefore preferred.

The in vitro bactericidal activities of VRT-125853 and VRT-
752586 against S. aureus, E. faecalis, S. pneumoniae, and H.
influenzae were evaluated in standard time-kill assays. Repre-
sentative time-kill curves are shown in Fig. 2. Both VRT-
125853 and VRT-752586 were found to be bactericidal against
all of the strains tested, as defined by a 3-log reduction in the
starting inoculum by 24 h (Fig. 2). Interestingly, the rate of
killing was fastest for H. influenzae, where a 3-log reduction
was observed in 3 to 5 h. While the explanation for this finding
is unclear, the rapid bactericidal action against H. influenzae
seems to be a property of the aminobenzimidazole class since
a similar phenomenon has been observed with other members
of the class as well (data not shown). Because the mechanism
of action of VRT-125853 and VRT-752586 is inhibition of the
ATPase activity of DNA gyrase and topolV, the rate of killing
was not as rapid as that seen with ciprofloxacin (data not
shown), a drug which promotes DNA breakage, triggering a
rapid cascade of lethal events in the cell (9). Linezolid, as
expected, was bacteriostatic against all bacteria except H.

TABLE 6. Frequencies of spontaneous resistance to VRT-125853 and VRT-752586"

Compound and concn

Frequency of spontaneous resistance

(fold over MIC)” S. aureus ATCC

S. pneumoniae ATCC

E. faecalis ATCC E. faecium ATCC H. influenzae ATCC

29213 BAA255 (R6) 29212 49624 51907 (Rd)
VRT-125853

2 1.4 x10°8 >1.0x107° <13 x107° 1.6 X 1078 1x1077

4 <13x 10710 28% 1078 <13x107° 3.6%107° 32%107°

8 <13 x 1071 9.0 % 107° <13x107°° <45%x 1071 7.0 X 10710
VRT-752586

2 24 %1078 6.0 x 1077 <21 %1071 <13x 1071 >1 X 107°

4 74 %x 1077 43 %1078 <2.1x10°1 <13 x 1071 55%x10°8

8 <57 %1071 <55x 1071 <21 %1071 <13x 1071 28 %x107°
Novobiocin

2 35%10°8 5.4 %1077 <3.8x 10710 <3.6 x 10710 >1.0 X 107°

4 1.8 x 1078 6.5x 1078 <38x 10710 <3.6x 10710 3.1x10°8

8 1.2x10°8 33%x10°% <38x 1071 <3.6x 10710 7.0 X 107°
Ciprofloxacin

2 >1.0 X 10°° >1.0 X 10°° >1.0 X 10°° >1.0 X 10°° >1.0 X 10°°

4 33x1078 1.4 x107° >1.0x 10°° >1.0 X 107° 3.5%x107°

8 1.1x107° <82x 10710 <38 x 10710 <3.6x 10710 5.8 x 10710
Linezolid

2 <37 %1071 <82 X 1071 54%x107° 24 %1078 <23 x 1071

4 <37 %1071 <82 X 1071 1.9 x 107° <4.0x 1071 <23 X 1071

8 <37 %1071 <82 X 1071 <38x 1071 <4.0x 1071 <23 x 1071

“ Representative values for duplicate determinations are presented.

® MIC (micrograms per milliliter) of VRT-125853 and VRT-752586, respectively, are as follows: S. aureus ATCC 29213, 2 and 0.032; S. pneumoniae ATCC BAA255,
0.13 and 0.004; E. faecalis ATCC 29212, 0.5 and 0.016; E. faecium ATCC 49624, 2 and 0.031; H. influenzae ATCC 51907, 4 and 1.
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FIG. 2. Bactericidal activities of VRT-125853 and VRT-752586. Cells were cultured as described in Materials and Methods. Cells were grown
in the presence of the indicated compound concentrations: O, no drug; A, 4 times the MIC; X, 8 times the MIC; [, 10 times the MIC. MICs
(ng/ml) for VRT-125853 and VRT-752586, respectively, were as follows: S. aureus ATCC 29213, 2 and 0.032; S. pneumoniae ATCC BAA255, 0.13
and 0.004; E. faecalis ATCC 29212, 0.5 and 0.016; H. influenzae ATCC 51907, 4 and 1.
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influenzae in this assay (data not shown). Consistent with the
related mechanism of action, the rate of killing for both VRT-
125853 and VRT-752586 was similar to, or slightly faster than,
the rate of killing by novobiocin for all of the organisms tested
(data not shown).

Summary. VRT-125853 and VRT-752586 are representa-
tives of a novel aminobenzimidazole class of bacterial topo-
isomerase inhibitors. Their potent activity against resistant and
susceptible staphylococci, enterococci, streptococci, and respi-
ratory gram-negative bacteria (H. influenzae and M. catarrhalis)
suggests their potential utility against a variety of both nos-
ocomial and community infections. VRT-125853 and VRT-
752586 also showed favorable pharmacokinetic properties in
animals and demonstrated efficacy in animal models of infec-
tion, supporting their use for skin and skin structure infections,
as well as respiratory infections caused by drug-susceptible
and -resistant pathogens (unpublished data), thereby making
them a promising new class of antibacterials for combating the
problem of drug resistance.
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