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1. Introduction

The spread of infections caused by multidrug-resistant (MDR)
bacterial pathogens, such as methicillin-resistant Staphylococcus

aureus (MRSA), vancomycin-resistant enterococci (VRE), and
extended spectrum b-lactamase (ESBL)-producing enterobacter-
iaceae, has created a need for new antibiotics with novel
mechanisms of action [1–4]. FtsZ is a central protein that plays
a key role in bacterial cell division (cytokinesis) [5]. Upon binding
GTP, it self-polymerizes to form a ring-like structure (the Z-ring) at
the bacterial midcell [6–8]. This structure is tethered to the
bacterial membrane, and acts as a scaffold for the recruitment of
other cytokinetic proteins [9–11]. Mutational studies have
indicated that a functional FtsZ gene is essential for bacterial
viability [12,13]. The essential role that FtsZ plays in bacterial cell

division has made it an attractive new target for antibiotic
development that is not exploited by any current clinical agent
[14–28].

Among the first FtsZ-targeting antibacterial agents to be
identified was the benzamide derivative PC190723 (see structure
in Fig. 1) [17]. It exhibits potent activity against staphylococci and
bacilli in vitro, but has poor activity against enterococci,
streptococci, and Gram-negative species [14,16,17,27,29]. This
spectrum of activity appears to be correlated with the FtsZ-
targeting specificity of the compound [29,30]. Despite its initial
promise, the pre-clinical development of PC190723 and related
benzamide compounds has been hampered by poor formulation
properties. As part of an ongoing effort to develop more druggable
benzamide analogs, we report here the synthesis and characteri-
zation of a N-(3-((6-chlorothiazolo[5,4-b]pyridin-2-yl)methoxy)-
2,6-difluorobenzoyl)-1-methylpiperidine-4-carboxamide deriva-
tive (TXY541 - see structure in Fig. 1) that acts as a prodrug of
PC190723 in serum. It is associated with enhanced drug-like
properties and antistaphylococcal efficacy in vivo with both
intravenous and oral administration.
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A B S T R A C T

The benzamide derivative PC190723 was among the first of a promising new class of FtsZ-directed

antibacterial agents to be identified that exhibit potent antistaphylococcal activity. However, the

compound is associated with poor drug-like properties. As part of an ongoing effort to develop FtsZ-

targeting antibacterial agents with increased potential for clinical utility, we describe herein the

pharmacodynamics, pharmacokinetics, in vivo antistaphylococcal efficacy, and mammalian cytotoxicity

of TXY541, a novel 1-methylpiperidine-4-carboxamide prodrug of PC190723. TXY541 was found to be

143-times more soluble than PC190723 in an aqueous acidic vehicle (10 mM citrate, pH 2.6) suitable for

both oral and intravenous in vivo administration. In staphylococcal growth media, TXY541 converts to

PC190723 with a half-life of approximately 8 h. In 100% mouse serum, the TXY541-to-PC190723

conversion was much more rapid (with a half-life of approximately 3 min), suggesting that the

conversion of the prodrug in serum is predominantly enzyme-catalyzed. Pharmacokinetic analysis of

both orally and intravenously administered TXY541 in mice yielded a half-life for the PC190723

conversion product of 0.56 h and an oral bioavailability of 29.6%. Whether administered orally or

intravenously, TXY541 was found to be efficacious in vivo in mouse models of systemic infection with

both methicillin-sensitive and methicillin-resistant S. aureus. Toxicological assessment of TXY541

against mammalian cells revealed minimal detectable cytotoxicity. The results presented here highlight

TXY541 as a potential therapeutic agent that warrants further pre-clinical development.
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2. Materials and methods

2.1. Bacterial strains and comparator antibiotics

S. aureus 8325-4 was a gift from Dr. Glenn W. Kaatz (John D.
Dingell VA Medical Center, Detroit, MI) [31]. All other S. aureus

strains were obtained from the American Type Culture Collection
(ATCC, Manassas, VA). Vancomycin HCl, oxacillin (sodium salt),
and erythromycin were obtained from Sigma–Aldrich Co. (St.
Louis, MO).

2.2. General chemistry methods and synthesis of PC190723 and

TXY541

All reactions were done under nitrogen atmosphere. Reaction
monitoring and follow-up were done using aluminum backed Silica
G TLC plates with UV254 (Sorbent Technologies, Norcross, GA), and
visualizing with ultraviolet light. Flash column chromatography was
done on a CombiFlash Rf (Teledyne ISCO, Lincoln, NE). The 1H
(300 MHz) and 13C (75 MHz) NMR spectra were acquired on a Varian
Unity Inova (300 MHz) multinuclear NMR spectrometer. Data are
expressed in parts per million relative to the residual nondeuterated
solvent signals, and spin multiplicities are given as s (singlet) or m
(multiplet). Melting points were determined using a Mel-Temp II
apparatus (Laboratory Devices, Inc., Holliston, MA) and are
uncorrected. Unless otherwise indicated, all solvents and chemicals
were obtained from Sigma–Aldrich, Co.

PC190723 was synthesized as previously described [32]. 0.5 g of
N-methylisonipecotic acid hydrochloride (Combi-Blocks, Inc., San
Diego, CA) was dissolved in 1.5 mL of dry SOCl2. The mixture was
then heated at 80 8C for 2 h under argon. Cooling and evaporation
to dryness afforded N-methylisonipecotyl chloride as a yellow
solid, which was used without further purification. To a mixture of
PC190723 (400 mg, 1.12 mmol) and N-methylisonipecotyl chlo-
ride (HCl salt) (400 mg, 2.02 mmol) in 20.0 mL of dry tetrahydro-
furan (THF) was added NaH (200 mg, 5.0 mmol, 60% dispersion in
mineral oil) at room temperature. The resulting reaction mixture
was stirred at room temperature overnight. After completion of the
reaction, it was quenched by the addition of a few drops of 1 N
NaOH, and diluted with ethyl acetate. The organic phase was
separated, washed successively with saturated NaHCO3 brine, and

dried (with anhydrous Na2SO4). The solvent was removed under
reduced pressure. The resulting residue was purified using an ISCO
chromatograph [with 10% MeOH in dichloromethane (DCM) + 1%
NH4OH as the eluent] to afford N-(3-((6-chlorothiazolo[5,
4-b]pyridin-2-yl)methoxy)-2,6-difluorobenzoyl)-1-methylpiperi-
dine-4-carboxamide (TXY541) as a yellow solid (300 mg, 56%
Yield): mp 204–207 8C; 1H NMR (300 MHz, CDCl3) d: 8.58 (s, 1H),
8.28 (s, 1H), 7.23–7.15 (m, 1H), 6.95–6.88 (m, 1H), 5.48 (s, 2H),
2.94–2.85 (m, 3H), 2.30 (s, 3H), 2.10–1.76 (m, 6H). 13C NMR
(75 MHz, DMSO-d6) d: 175.6, 172.5, 171.4, 161.1, 156.3, 151.4,
146.9, 146.6, 142.5, 130.7, 130.0, 118.3, 112.1, 111.8, 69.9, 55.1,
42.7, 28.4. The high resolution mass spectrometry (HRMS) for
C21H19ClF2N4O3S (M+H)+ was calculated to be 481.0907, while
being found to be 481.0911. The molecular weights of TXY541 and
PC190723 are 479.93 and 354.76, respectively.

2.3. Compound solubility studies

The maximum solubility of TXY541 in 10 mM citrate (pH 2.6) or
phosphate-buffered saline (PBS) (pH 7.4) was determined at 25 8C.
In this assay, the compound was combined with vehicle at a w/v
ratio above its solubility limit, and the amount of dissolved
compound quantified. Each solubility assessment was conducted
in duplicate. All samples were vortexed for 3 min to afford
maximal compound dissolution and then centrifuged at 16,000 � g

for 1 min to pellet out any unsolubilized compound. The
concentration of compound in each of the resulting supernatants
was then quantified using reverse-phase high-performance liquid
chromatography (HPLC) as described below, and generating
standard curves of peak area versus compound concentration (in
the appropriate vehicle). Citrate was obtained from Sigma–Aldrich,
Co., and PBS was obtained from Lonza (Walkersville, MD).

2.4. Compound stability studies

Experimental solutions of TXY541 or PC190723 at concentra-
tions of 20 mM were prepared from 4 mg/mL DMSO stock solutions
in either cation-adjusted Mueller-Hinton (CAMH) broth (pH 7.4),
100% filtered mouse serum (pH 7.4), or 10 mM citrate (pH 2.6). The
relative amount of TXY541 and PC190723 in each experimental
solution was then assessed as a function of time at 37 8C using
reverse-phase HPLC as described below. CAMH broth was obtained
from Becton, Dickinson and Co. (Franklin Lakes, NJ), and filtered
mouse serum was obtained from Lampire Biological Laboratories,
Inc. (Ottsville, PA).

2.5. Reverse-phase HPLC

For all HPLC measurements, a reverse-phase SPHER-100 C18
column (Princeton Chromatography, Inc.) was used on a Shimadzu
LC-20AT liquid chromatograph equipped with a Shimadzu SPD-
20AV UV/VIS detector (set at 296 nm). The column size was
150 mm � 4.6 mm, with the particle and pore sizes being 5 mm
and 100 Å, respectively. A 20 mL sample of each experimental
solution was injected and a flow rate of 1 mL/min was applied,
along with a gradient of 10–90% acetonitrile [containing 0.1% (v/v)
trifluoroacetic acid (TFA)] and water in the mobile phase. The total
run time was 20 min, with the sampling frequency and response
time being 2 Hz and 1 s, respectively. Peak areas were determined
using the Shimadzu EZStart 7.4 SP3 software package.

2.6. Minimum inhibitory concentration (MIC) assays

MIC assays were conducted in accordance with Clinical and
Laboratory Standards Institute (CLSI) guidelines for broth micro-
dilution [33]. Briefly, log-phase S. aureus bacteria were added to
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Fig. 1. Structures of TXY541 and PC190723. TXY541 is depicted with the

methylpiperidine functionality in its protonated (cationic) form. The indicated

C log P values were calculated using the weighted method (VG = KLOP = PHYS = 1)

in the Marvin 5.12 Software Suite (ChemAxon, Ltd.), with Cl� and Na+/K+

concentrations being set at 0.1 mol/dm3.
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96-well microtiter plates (at 5 � 105 CFU/mL) containing two-fold
serial dilutions of compound or comparator drug (vancomycin,
oxacillin, or erythromycin) in CAMH broth. Compound and drug
concentrations (each concentration being present in duplicate)
ranged from 8 to 0.008 mg/mL in all assays except for the MRSA
assays with oxacillin and erythromycin, in which the drug
concentrations ranged from 64 to 0.063 mg/mL. The final volume
in each well was 0.1 mL, and the microtiter plates were incubated
aerobically for 24 h at 37 8C. Bacterial growth was then monitored
by measuring OD600 using a VersaMax plate reader (Molecular
Devices, Inc., Sunnyvale, CA), with the MIC being defined as the
lowest compound concentration at which growth was �90%
inhibited compared to antibiotic-free control. The following S.

aureus strains were included in these assays: 8325-4 (MSSA), ATCC
19636 (MSSA), ATCC 33591 (MRSA), and ATCC 43300 (MRSA). As
recommended by CLSI [33], the CAMH broth was supplemented
with 2% NaCl in all the MRSA experiments. When present, filtered
mouse serum was used at 50% (v/v).

2.7. Minimum bactericidal concentration (MBC) assays

MBC assays were conducted in accordance with CLSI guidelines
[33]. Broth microdilution assays were conducted as described in
the preceding section. After the 24 h incubation period, aliquots
from the microtiter wells were plated on to tryptic soy agar (TSA;
Becton, Dickinson and Co.). The colonies that grew after 24 h of
incubation were counted using an Acolyte colony counter
(Synbiosis, Inc., Frederick, MD), with MBC being defined as the
lowest compound concentration resulting in a �3-log reduction in
the number of colony forming units (CFUs) [33].

2.8. Assay for the frequency of resistance (FOR)

The frequency of resistance to TXY541 was assayed using a
large inoculum approach. In this approach, TSA plates containing
TXY541 at concentrations ranging from 4- to 8-times MIC were
prepared. A large inoculum of �7 � 109 CFU/mL S. aureus 8325-4
was spread onto each plate. The colony count of the inoculum was
verified by plating serial dilutions of the culture onto non-selective
TSA plates. All plates were incubated at 37 8C overnight and
examined after 24 h. Mutational frequency was calculated from
the ratio of the number of colonies observed on the selective plates
to the total number of plated bacteria [34].

2.9. Pharmacokinetic studies

Pharmacokinetic experiments were conducted by SAI Life
Sciences Ltd. (Pune, India) in accordance with guidelines established
by the Indian Committee for the Purpose of Control and Supervision
of Experiments on Animals (CPCSEA). Approval by the Institutional
Animal Ethics Committee (IAEC) was obtained prior to initiation of
the studies. Healthy male BALB/c mice (8–12 weeks old and
weighing between 25 g and 35 g) were obtained from ACTREC
(Mumbai, India). Twelve mice were divided into two groups of six
mice each, with three mice being housed per cage. Food and water
were provided to the mice ad libitum. The first group of mice received
a single intravenous (i.v.) dose of 24 mg/kg TXY541 by tail vein
injection. The second group received single oral (p.o.) dose of 32 mg/
kg TXY541 by gavage. In both cases, the compound was formulated
in 10 mM citrate vehicle (pH 2.6). Blood samples (�60 mL) were
collected from the retro-orbital plexus at 0.08, 0.25, 0.5, 1, 4, and 8 h
post i.v. dose and 0.25, 0.5, 1, 4, and 8 h post p.o. dose. The blood
samples were collected from a set of three mice at each time point,
and placed in microcentrifuge tubes containing a 20% K2EDTA
solution as an anticoagulant. The blood samples were then
centrifuged at 4000 RPM for 10 min at 4 8C to separate the plasma.

The plasma samples were stored at �80 8C prior to their bioanalysis.
Plasma concentrations of TXY541 and PC190723 were quantified by
LC–MS/MS, with the lower limit of quantitation (LLOQ) being
100.2 ng/mL for TXY541 and 10.1 ng/mL for PC190723. The time-
dependent plasma concentration data were analyzed using the
sparse sampling mode in the non-compartmental analysis (NCA)
tool of the Phoenix WinNonlin1 version 6.3 software package to
yield relevant pharmacokinetic parameters.

2.10. In vivo efficacy studies

Antistaphylococcal efficacy in vivo was assessed in a mouse
peritonitis model of systemic infection with S. aureus 8325-4
(MSSA), ATCC 19636 (MSSA), or ATCC 43300 (MRSA). These studies
were conducted in full compliance with the standards established
by the US National Research Council’s Guide for the Care and Use of
Laboratory Animals, and were approved by the Institutional
Animal Care and Use Committee (IACUC) of Rutgers University.
Groups of 6 female Swiss–Webster mice with an average weight of
25 g were infected intraperitoneally with a lethal inoculum of each
bacterial strain in saline. The inocula of S. aureus 8325-4 and ATCC
43300 contained 5 � 107 CFUs of bacteria, while the inoculum of S.

aureus ATCC 19636 contained 5 � 106 CFUs of bacteria. All the
inocula also contained porcine mucin (Sigma–Aldrich, Co.) at a (w/
v) percentage of 1.5% (in the 8325-4 and ATCC 19636 inocula) or 5%
(in the ATCC 43300 inoculum). The differing compositions of the
inocula of the three S. aureus strains were selected based on the
virulence of each strain, with MSSA ATCC 19636 being the most
virulent strain and MRSA ATCC 43300 being the least virulent
strain. The reduced virulence of the MRSA strain relative to the
MSSA strains is consistent with previously reported findings [35].

All compound and vehicle intravenous (i.v.) administrations
were by tail vein injection, with TXY541 being formulated at
2.0 mg/mL in 10 mM citrate (pH 2.6). Four experimental groups of
MSSA-infected mice were treated as follows: Group 1 – untreated;
Group 2 – vehicle only; Group 3 – 96 mg/kg TXY541 (in four
divided doses of 24 mg/kg); and Group 4 – 16 mg/kg vancomycin.
The first dose of TXY541 was administered 1 min after infection,
with subsequent doses being administered at 10-min intervals
thereafter. The dosing volume for all the i.v. administrations was
8 mL/kg.

The mice were fasted overnight prior to their use in the oral
(p.o.) studies. All compound and vehicle p.o. administrations were
by gavage, with the vehicle also being 10 mM citrate (pH 2.6). Both
TXY541 and PC190723 were formulated at 2.0 mg/mL, with the
resulting TXY541 formulation being a solution and the resulting
PC190723 formulation being a suspension. Four experimental
groups of MSSA-infected mice were treated as follows: Group 1 –
untreated; Group 2 – vehicle only; Group 3 – 128 mg/kg TXY541
(in four divided doses of 32 mg/kg); and Group 4 – 128 mg/kg
PC190723 (in four divided doses of 32 mg/kg). The first dose of
compound was administered 10 min after infection, with subse-
quent doses being administered at 12-min intervals thereafter. In
the MRSA studies, three experimental groups of infected mice were
treated as follows: Group 1 – untreated; Group 2 – vehicle only;
and Group 3 – 192 mg/kg TXY541 (in six divided doses of 32 mg/
kg). In these studies, the first dose of compound was administered
one hour after infection, with subsequent doses being adminis-
tered at 12-min intervals thereafter. The dosing volume for all the
p.o. administrations was 16 mL/kg.

The body temperatures of all mice were monitored for a period
of 5 days after infection. Body temperatures were recorded at the
Xiphoid process using a noninvasive infrared thermometer
(Braintree Scientific, Inc., Braintree, MA). Infected mice with body
temperatures �28.9 8C were viewed as being unable to recover
from the infection [36] and were euthanized.
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2.11. Mammalian cytotoxicity studies

The cytotoxicity of TXY541 versus Vero cells (African green
monkey kidney epithelial cells; ATCC) was assessed using a 72-h
continuous 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay as described previously [37].

3. Results and discussion

3.1. TXY541 is associated with a 143-fold enhanced solubility relative

to PC190723 in an acidic aqueous vehicle (10 mM citrate, pH 2.6)

suitable for in vivo drug administration

We sought to determine whether the 1-methylpiperidine-4-
carboxamide functionality on TXY541 afforded the compound
enhanced aqueous solubility relative to PC190723. To this end, we
used reverse-phase HPLC to determine the maximal solubility of
TXY541 in two different aqueous vehicles suitable for in vivo drug
administration [38,39], one at a physiological pH of 7.4 (PBS) and the
other at an acidic pH of 2.6 (10 mM citrate). These studies yielded
maximalTXY541solubilitiesof12.6 � 1.4 mg/mLand3220 � 173 mg/
mL in PBS and citrate, respectively (Table 1). Thus, TXY541 is 255-times
moresolubleintheacidiccitratevehiclethaninthePBSvehicleatpH7.4.
We have previously shown that the maximal solubility of PC190723 is
23.9 � 4.0 mg/mL in PBS and 22.5 � 1.6 mg/mL in 10 mM citrate [40]. A
comparison of these solubilities with the corresponding values for
TXY541 reveals that TXY541 is approximately half as soluble as
PC190723 in PBS. Thus, the 1-methylpiperidine-4-carboxamide func-
tionality diminishes the aqueous solubility of TXY541 relative to
PC190723 at physiological pH. In striking contrast, however, the 1-
methylpiperidine-4-carboxamide functionality renders TXY541 143-
times more soluble than PC190723 in the acidic citrate vehicle.
Importantly, unlike PC190723, the solubility of TXY541 in this vehicle
is sufficient in magnitude for in vivo efficacy studies of TXY541.

In addition to evaluating the solubility of TXY541 in the acidic
citrate vehicle, we also assessed the chemical stability of the
compound in the same vehicle using reverse-phase HPLC. Fig. 2
shows the HPLC chromatogram of 20 mM TXY541 after 24 h of
incubation in the citrate vehicle at 37 8C. The corresponding
chromatogram of 20 mM PC190723 is also shown for comparative
purposes. Under the running conditions employed in our HPLC
assays, TXY541 elutes at approximately 10.2 min after injection,
while PC190723 elutes at approximately 11.7 min. The shorter
retention time of TXY541 relative to PC190723 is consistent with
its correspondingly decreased hydrophobicity (C log P = �0.38 for
TXY541 versus +2.64 for PC190723; Fig. 1). Note that, even after
24 h of incubation, the chromatographic profile of TXY541 remains
essentially unchanged, a result highlighting the chemical stability
of TXY541 over this period of time in the acidic citrate vehicle.

3.2. TXY541 converts to PC190723 under physiological conditions,

with the time dependence of this conversion being different in

staphylococcal growth media versus mouse serum

We next sought to evaluate the time-dependent stability of
TXY541 at 37 8C in two different physiological media at pH 7.4,

CAMH broth (the media used for culturing S. aureus) and 100%
filtered mouse serum. The left panel of Fig. 3 shows the HPLC
chromatograms of 20 mM TXY541 after incubation in CAMH broth
over a time period of 22 h. Note that over this time period, TXY541
fully converts to PC190723. Analysis of the TXY541 peak areas at
the different time points yields a half-life for the conversion of
8.2 � 0.4 h (Fig. 4A and B). Thus, TXY541 acts as an acid-soluble
prodrug that converts to PC190723 under physiological pH condi-
tions. We have previously shown that an N-Mannich base derivative
of PC190723 (TXY436) also acts as a prodrug at physiological pH,
converting to PC190723 with a half-life of approximately 18 min [40].
This conversion half-life is approximately 27-times faster than that of
TXY541. Thus, the 1-methylpiperidine-4-carboxamide functionality
affords TXY541 significantly greater stability at physiological pH than
the N-Mannich base functionality affords TXY436.

We next investigated how the conversion of TXY541 to PC190723
in100%mouseserum(alsoatpH7.4)comparedwiththatobservedin
CAMHbroth.TherightpanelofFig.3showstheHPLCchromatograms
of 20 mM TXY541 after incubation in mouse serum for various times
at 37 8C. Inspection of these chromatograms reveals that the
conversion of TXY541 to PC190723 in mouse serum is complete
within 30 min, a time period over which TXY541 remains essentially
unconvertedinCAMH broth(comparethe30-minchromatogramsin
the left and right panels of Fig. 3). The differing conversion kinetics of
TXY541in100%mouseserumversusCAMHbrothaloneishighlighted
by the analysis of the relevant TXY541 peak areas depicted in Fig. 4.
This analysis yields a conversion half-life for TXY541 in mouse
serum of 3.4 � 0.2 min (Fig. 4D), a value approximately 145-times
shorter than the observed conversion half-life in CAMH broth. In other
words, the conversion of TXY541 to PC190723 is approximately 145-
times faster in mouse serum than in CAMH broth. This striking
differential implies that the conversion of TXY541 to PC190723 in
mouse serum is induced by more than just the pH conditions, which
occurs over a period of hours not minutes. It is therefore likely that the
conversion in serum is predominantly catalyzed by one or more
carboxyesterase and/or amidase enzymes that are present in serum.
Future studies will be directed toward discerning the identities of the
specific enzymes involved.

3.3. The TXY541 prodrug maintains the antistaphylococcal potency of

PC190723 in the presence of mouse serum

We compared the antistaphylococcal activity of TXY541 and
PC190723 in the absence and presence of 50% (v/v) mouse serum.

Table 1
Solubilities of TXY541 and PC190723 in 10 mM citrate and PBS at 25 8Ca.

Compound Mean solubility (mg/mL) � SD

Citrate (pH 2.6) PBS (pH 7.4)

TXY541 3220 � 173 12.6 � 1.4

PC190723b 22.5 � 1.6 23.9 � 4.0

a Each solubility reflects the average of two independent determinations.
b Solubility values for PC190723 are taken from reference [40].
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Specifically, we used two different MSSA and two different MRSA
strains in these evaluations, with the resulting MICs being
summarized in Table 2. For all the MSSA and MRSA strains
examined, the increased MIC of PC190723 in the presence (2.0 mg/
mL) versus the absence (0.5 mg/mL) of serum suggests that
PC190723 is approximately 75% bound to serum proteins in 50%
mouse serum. Inspection of the data in Table 2 also reveals that the
antistaphylococcal MICs of TXY541 in the absence and presence of
serum are identical (2.0 mg/mL). Thus, compared to PC190723, the
TXY541 prodrug exhibts reduced antistaphylococcal potency in
the absence of serum, but identical potency in the presence of
serum. Recall that the conversion of TXY541 to PC190723 occurs

approximately 145-times more rapidly in mouse serum than in
CAMH broth with no serum. The slow rate of conversion in CAMH
broth alone likely accounts for the reduced antistaphylococcal
potency of TXY541 relative to PC190723 in the absence of serum,
since the MICs for TXY541 determined under these conditions
reflect the mixed presence of both the TXY541 prodrug itself as
well as the PC190723 product. By extension, these MIC results also
imply that any intrinsic antistaphylococcal activity associated with
the TXY541 prodrug must be lower than that of the PC109723
product.

With regard to the two MRSA strains used in the studies, the
activity of TXY541 was comparable to the activity of the
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Fig. 3. Reverse-phase HPLC chromatograms of 20 mM TXY541 after the indicated times of incubation at 37 8C in either 100% cation-adjusted Mueller-Hinton (CAMH) broth,

pH 7.4 (left panel) or 100% mouse serum, pH 7.4 (right panel). For comparative purposes, the corresponding chromatograms of 20 mM PC190723 after incubation for 22 h in

CAMH broth (bottom of left panel) or 30 min in mouse serum (bottom of right panel) are also presented. The baseline chromatograms of CAMH broth and mouse serum alone

are shown at the tops of the left and right panels, respectively. The solid arrows indicate the peak corresponding to TXY541, while the dashed arrows indicate the peak

corresponding to PC190723.
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prototypical anti-MRSA drug vancomycin (MIC = 2.0 mg/mL),
which was included as a comparator antibiotic. Oxacillin (also
included as a control antibioitc) was predictably inactive versus the
MRSA strains (MIC > 64 mg/mL).

3.4. The antistaphylococcal activity of TXY541 is bactericidal in nature

We next sought to determine whether the antistaphylococcal
activity of TXY541 is bactericidal or bacteriostatic in nature. To this

end, we determined the MBC values of TXY541 against the two
MSSA strains (8325-4 and ATCC 19636) and the two MRSA strains
(ATCC 33591 and 43300). The bactericidal antistaphylococcal drug
vancomycin and the bacteriostatic drug erythromycin were used
as comparator controls in these determinations. As per CLSI
standards, an MBC/MIC ratio of 1 to 2 is considered indicative of
bactericidal behavior [33]. By contrast, an MBC/MIC ratio >8 is
viewed as being indicative of bacteriostatic behavior. As expected,
the control bactericidal agent vancomycin yielded MBC/MIC ratios
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Fig. 4. (A and C) Time-dependence of integrated HPLC peak areas for TXY541 after incubation at 37 8C in 100% CAMH broth (A) or 100% mouse serum (C). AU denotes arbitrary
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Table 2
Antistaphylococcal activities of TXY541 and PC190723 in the absence and presence of mouse serum.a

Compound MIC vs. S. aureus (mg/mL)

8325-4 (MSSA) ATCC 19636 (MSSA) ATCC 43300 (MRSA) ATCC 33591 (MRSA)

No serum 50% mouse serum No serum 50% mouse serum No serum 50% mouse serum No serum 50% mouse serum

TXY541 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0

PC190723 0.5 2.0 0.5 2.0 0.5 2.0 0.5 2.0

Vancomycin 1.0 2.0 1.0 2.0 2.0 2.0 2.0 2.0

Oxacillin 0.13 0.5 0.13 0.5 >64 >64 >64 >64

a Vancomycin and oxacillin are included as control antistaphylococcal agents.

M. Kaul et al. / Biochemical Pharmacology 86 (2013) 1699–17071704



Author's personal copy

of 1 to 2 against all the MSSA and MRSA strains examined (Table 3).
Also as expected, the control bacteriostatic drug erythromycin
yielded MBC/MIC ratios >128 against the two MSSA strains. Both
MRSA strains were resistant to erythromycin, precluding MBC
determinations against these strains. Significantly, TXY541 exhib-
ited MBC/MIC ratios of 1 to 2 against all the MSSA and MRSA
strains, indicative of bactericidal antistaphylococcal behavior.

3.5. The staphylococcal frequency of resistance (FOR) to TXY541 is

similar to that observed with PC190723

PC190723 has been reported to be associated with a frequency
of resistance (FOR) in S. aureus of approximately 3 � 10�8 [17,41].
We sought to determine the corresponding FOR to TXY541 in S.

aureus using a large inoculum approach. These studies yielded an
FOR to TXY541 of (1.0 � 0.4) � 10�8, a value similar in magnitude to
that reported for PC190723. This similarity is not surprising, as the
majority of the TXY541 prodrug is converted to the PC190723 product
under the conditions employed in the FOR determinations.

3.6. Pharmacokinetic analysis of the TXY541 prodrug and its

PC190723 product following intravenous or oral administration of

TXY541 to mice

As a prelude to conducting in vivo efficacy experiments, we
sought to evaluate the plasma pharmacokinetics of the TXY541
prodrug and its PC190723 product following intravenous (i.v.) or
oral (p.o.) administration of TXY541 to mice. In these studies, a
single i.v. dose of 24 mg/kg or p.o. dose of 32 mg/kg was
administered to mice and plasma concentrations of TXY541 and
PC190723 were measured at time points ranging from 0.08 to 8 h

using LC–MS/MS. No TXY541 was detectable in the plasma at any
time point by either route of administration. By contrast, the
plasma concentration of PC190723 was detectable and quantifi-
able up to 4 h following both i.v. and p.o. administration. This
observation is consistent with the rapid conversion of TXY541 to
PC190723 that we observed in the presence of 100% mouse serum
at 37 8C (Figs. 3 and 4).

The time-dependent plasma concentrations of PC190723 after
both p.o. and i.v. administration of TXY541 are graphically
depicted in Fig. 5. Pharmacokinetic analysis of these time-
dependent plasma concentration data yielded the pharmacokinet-
ic parameters listed in Table 4. Analysis of the PC190723 plasma
concentrations after i.v. administration of TXY541 yielded an
elimination half-life (t½) of approximately 0.6 h and a moderate
total body clearance (CL) of 55.1 mL/min-kg, approximately 61%
that of normal liver blood flow in mice (90 mL/min-kg). The
volume of distribution at steady state (Vss) was found to be 2.18 L/
kg. Significantly, this value of Vss is approximately 3-times greater
than that of normal body water (0.7 L/kg), indicating the
extravascular distribution of PC190723. This degree of extravas-
cular distribution on the part of PC190723 is not surprising given
the lipophilic nature of the compound (C log P = 2.64).

Upon oral administration of TXY541, the peak plasma
concentration of PC190723 was achieved within 15 min
(tmax = 0.25 h). A comparison of the areas under the curves up to
the last detectable concentrations of PC190723 (AUClast) following
both p.o. and i.v. administration of TXY541 yields an oral
bioavailability (%F) for PC190723 of 29.6% after normalization
for dose. Thus, unlike many clinical MRSA drugs, including
vancomycin, daptomycin, and the streptogramins, TXY541 is
orally bioavailable.

Table 3
Comparison of MIC and MBC values for TXY541 against methicillin-sensitive and

methicillin-resistant strains of S. aureus.a

Compound MIC (mg/mL) MBC (mg/mL) MBC/MIC

8325-4 (MSSA)

TXY541 2.0 4.0 2

Vancomycin 1.0 2.0 2

Erythromycin 0.125 32 256

19636 (MSSA)

TXY541 2.0 4.0 2

Vancomycin 1.0 1.0 1

Erythromycin 0.5 >64 >128

33591 (MRSA)

TXY541 2.0 4.0 2

Vancomycin 2.0 4.0 2

Erythromycin >64 na na

43300 (MRSA)

TXY541 2.0 4.0 2

Vancomycin 2.0 4.0 2

Erythromycin >64 na na

na, not applicable.
a Vancomycin and erythromycin are included as control bactericidal and

bacteriostatic agents, respectively.
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Fig. 5. Time-dependent plasma concentrations of PC190723 following either a
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Table 4
Pharmacokinetic parameters of the PC190723 product following a single intravenous (i.v.) or oral (p.o.) administration of the TXY541 prodrug to male BALB/c mice.a

Route of

administration

Dose of TXY541

(mg/kg)

tmax

(h)

C0
b

(ng/L)

AUClast

(ng/L-h)

AUCinf

(ng/L-h)

t½

(h)

CL

(mL/min-kg)

Vss

(L/kg)

%Fc

i.v. 24 na 6308 7216 7258 0.56 55.1 2.18 na

p.o. 32 0.25 2263 2848 3016 na na na 29.6

a Parameters were calculated by analysis of the plasma concentration versus time plots shown in Fig. 5 using the sparse sampling mode in the NCA module of the Phoenix

WinNonlin v6.3 software package na, not applicable.
b Extrapolated concentration for i.v. group.
c AUClast was used for calculation of %F.
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3.7. When administered either intravenously or orally, TXY541 is

efficacious in vivo against systemic MSSA and MRSA infections

Armed with the pharmacokinetic results described above, we
next evaluated the in vivo antistaphylococcal efficacy of TXY541
using a mouse peritonitis model of systemic infection with S.

aureus. In our initial studies, mice were inoculated intraperitone-
ally with a lethal inoculum of MSSA (either strain 8325-4 or ATCC
19636) in 1.5% mucin. The mice were either left untreated, treated
i.v. with vehicle (10 mM citrate, pH 2.6) alone, or treated i.v. with
96 mg/kg TXY541 (in four divided doses of 24 mg/kg).

None of the mice treated with citrate vehicle alone survived
beyond a day post infection (Fig. 6). By contrast, �83% of the mice
treated with TXY541 survived the MSSA infections. Vancomycin
was used as a positive control in these i.v. studies and yielded its
expected salutary impact on survival.

We next sought to determine whether the in vivo efficacy of
TXY541 against systemic MSSA infection would also be observed
when the compound is administered orally. To this end, TXY541 or
PC190723 were administered p.o. to mice infected with MSSA
strain ATCC 19636. In these studies, the compounds were
administered at a dose of 128 mg/kg (in four divided doses of

32 mg/kg). Note that the poor solubility of PC190723 in the citrate
vehicle mandated that this compound be administered as a
suspension rather than as a solution like TXY541. The results from
these studies are shown in Fig. 7A. Once again, none of the mice
treated with citrate vehicle alone survived beyond one day post
infection. As observed in the i.v. studies, 83% of the mice treated
p.o. with TXY541 survived the infection. Thus, the TXY541 prodrug
is not only efficacious against systemic MSSA infection when
administered intravenously, but also when administered orally. In
marked contrast to TXY541, p.o. treatment with PC190723 was not
efficacious, failing to yield any survivors beyond one day post
infection. This lack of efficacy on the part of PC190723 may be due
to the poor solubility of the compound in the citrate vehicle, which
mandated that the compound be administered as a suspension
rather than a solution.

In our next series of studies, we sought to determine whether
the oral antistaphylococcal efficacy of TXY541 would extend
beyond MSSA infections to include MRSA infections as well. In
these studies, mice were inoculated intraperitoneally with a lethal
inoculum of MRSA ATCC 43300 in 5% mucin. The mice were either
left untreated, treated p.o. with citrate vehicle alone, or treated p.o.
with 192 mg/kg TXY541 (in six divided doses of 32 mg/kg). None of

Fig. 6. Intravenous (i.v.) in vivo efficacy of TXY541 against systemic MSSA infection

with S. aureus 8325-4 (A) or ATCC 19636 (B). TXY541 was administered at a dose of

96 mg/kg (in four divided doses). As a positive control, vancomycin was

administered i.v. at a dose of 16 mg/kg. The vehicle was 10 mM citrate (pH 2.6)

in all experiments.

Fig. 7. Oral (p.o.) in vivo efficacy of TXY541 against systemic infection with either

MSSA ATCC19636 or MRSA ATCC 43300. In the MSSA experiments, TXY541 and

PC190723 were administered at 128 mg/kg in four divided doses. In the MRSA

experiments, TXY541 was administered at 192 mg/kg in six divided doses. The

vehicle was 10 mM citrate (pH 2.6) in all experiments.
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the vehicle-treated mice survived beyond three days post infection
(Fig. 7B). By contrast, 100% of the mice treated with TXY541
survived the infection. Thus, the TXY541 prodrug is not only orally
efficacious against systemic MSSA infections, but also against
systemic MRSA infections.

3.8. TXY541 is minimally toxic to mammalian cells

To probe for any potential mammalian cytotoxicity, we used a
3-day tetrazole (MTT)-based assay to assess the cytotoxicity of
TXY541 against Vero, African green monkey kidney epithelial cells.
TXY541 was found to be minimally toxic to Vero cells, with an IC50

of >128 mg/mL. Significantly, this IC50 value is >64-times the
antistaphylococcal MIC values of TXY541 (2.0 mg/mL). This
promising initial result suggests that TXY541 may be associated
with a significant therapeutic window. Future studies with
additional mammalian and human cell lines will be directed
toward assessing the general nature of this result.

4. Conclusions

In conclusion, our results indicate that the 1-methylpiperidine-
4-carboxamide derivative TXY541 acts as a prodrug of the FtsZ-
targeting benzamide PC190273. It is associated with enhanced
formulation properties compared to PC190723 itself, which, in
turn, confer the prodrug with efficacy in vivo against both MSSA
and MRSA systemic infections. The in vivo antistaphylococcal
efficacy of TXY541 is not only observed when the compound is
administered intravenously, but also when it is administered
orally. This result is significant, as few anti-MRSA agents in current
clinical use are orally bioavailable. The in vitro and in vivo

antistaphylococcal properties of TXY541, coupled with its minimal
cytotoxicity versus mammalian cells, warrant further investigation
of the compound as a potentially useful agent for the treatment of
MSSA and MRSA infections.
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