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Abstract

Recently we described a novel di-benzene-pyrylium-indolene (BAS00127538) inhibitor of

Lipid II. BAS00127538 (1-Methyl-2,4-diphenyl-6-((1E,3E)-3-(1,3,3-trimethylindolin-2-yli-

dene)prop-1-en-1-yl)pyryl-1-ium) tetrafluoroborate is the first small molecule Lipid II inhibi-

tor and is structurally distinct from natural agents that bind Lipid II, such as vancomycin.

Here, we describe the synthesis and biological evaluation of 50 new analogs of BAS001

27538 designed to explore the structure-activity relationships of the scaffold. The results of

this study indicate an activity map of the scaffold, identifying regions that are critical to cyto-

toxicity, Lipid II binding and range of anti-bacterial action. One compound, 6jc48-1, showed

significantly enhanced drug-like properties compared to BAS00127538. 6jc48-1 has

reduced cytotoxicity, while retaining specific Lipid II binding and activity against Enterococ-

cus spp. in vitro and in vivo. Further, this compound showed a markedly improved pharma-

cokinetic profile with a half-life of over 13 hours upon intravenous and oral administration

and was stable in plasma. These results suggest that scaffolds like that of 6jc48-1 can be

developed into small molecule antibiotic drugs that target Lipid II.

Introduction

The biosynthesis pathway of the bacterial cell wall is well studied and a validated target for the
development of antibacterial agents. Cell wall biosynthesis involves two major processes; 1) the
biosynthesis of cell wall teichoic acids and 2) the biosynthesis of peptidoglycan. Key molecules
in these pathways, including enzymes and precursormolecules are attractive targets for the
development of novel antibacterial agents [1–4]. The cell wall of both Gram-negative and
Gram-positive bacteria comprises a peptidoglycan layer which is composed of a polymer of
alternating amino sugars, N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid
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(MurNAc). On the cytoplasmic side of the plasma membrane, the soluble precursor UDP-
MurNAc-pentapeptide is linked to the membrane carrier bactoprenol- phosphate (C55P) yield-
ing Lipid I. In a second step GlcNac is added by the enzymeMurG to yield Lipid II [1]. Lipid II
is essential for cell wall biosynthesis, is synthesized in limited amounts and has a high turnover
rate, making it an attractive and established target for antibacterial compounds.

Various classes of natural antibiotic peptides have been discovered that bind Lipid II,
including depsipeptides, lantibiotics, cyclic peptides and glycopeptides [1]. Of these, vancomy-
cin and its more recently developed derivatives daptomycin, oritavancin and telavancin are
approved as first line treatments for Gram-positive infections [5–8]. However, resistance to
these drugs is increasingly reported [9–11]. Several studies on defensins, effector peptides of
innate immunity [12], revealed specific interactions with Lipid II, adding another class of natu-
ral compounds to the growing list of structurally unrelated peptides that bind this target [13–
19]. Based on the interaction between Lipid II and Human Neutrophil Peptide -1, we previ-
ously identified, for the first time, low molecular weight synthetic compounds that target Lipid
II with high specificity and affinity [20]. One of our lead compounds, BAS00127538, was char-
acterized further and revealed a unique interaction with Lipid II that differs from antibiotics
currently in clinical use or development [20]. In this study, we report on the structural and
functional relationships of derivatives of BAS00127538.

Materials and Methods

Materials and Bacterial Strains

Staphylococcus aureus ATCC 29213, Escherichia coli ATCC 25922, Enterococcus faecalis ATCC
29212, Streptococcus pneumonia ATCC 49619 and Acinetobacter baumanii ATCC 19606 were
obtained fromMicrobiologics (St. Cloud,MN). E. faecalis ATCC 51575, ATCC 51299 and
REMEL C99707 and E. faecium ATCC 51559 (MDR), REMEL IH79985 and REMEL C110914
were generously provided by the Laboratory of Pathology, University of Maryland Baltimore
School of Medicine. Unless stated otherwise, chemicals and reagents were purchased from
Sigma.

CADD modeling and MD simulations

Molecular modeling, energyminimization and Molecular Dynamics (MD) simulations were
performedwith the program CHARMM [21] using the CHARMM36 lipid [22] protein [23,
24] and carbohydrate [25, 26] force field for Lipid II, the TIP3P water model [27] along with
the CHARMM General force field [28–30] for the ligands. Using the final snapshot from the
previously published 10 ns MD simulations of the BAS00127538-Lipid II complex in aqueous
solution the aromatic rings of the 48–1 analogs were alignedwith those of BAS00127538. The
system was then subjected to a short energyminimization following which a 100 ps MD simu-
lation with an integration time step of 0.5 fs was carried out. The system was then subjected to
a 20 ns MD simulation run with a time step of 1 fs. Simulations were carried out in the NPT
ensemble at 300 K and 1 atm with SHAKE of covalent bonds involving hydrogens, and there
were no restraints in the simulations. The final structures from the simulations were used for
visualization of the ligand-Lipid II interactions.

3-Lipid II purification

Short-chain water-soluble Lipid II containing a lipid tail of three isoprene units was generated
and purified essentially as described [31]. Typically, M. flavus vesicles (120 μmol lipid-Pi) were
incubated together with 500 μmol UDP-GlcNAc, 500 μmol UDP-MurNAC-pentapeptide and
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400 μmol farnesyl phosphate in 100 mMTris-HCl pH 8.0, 5 mMMgCl2. The incubation lasted
two hours at room temperature for 3-P. The synthesis of 3-Lipid II was followed using RP-8
reversed phase TLC (Merck) developed in 75% methanol. For purification, the membranes
were removed by centrifugation at 40,000 x g and the supernatant was collected and loaded on
a C18 HPLC column and eluted with a linear gradient from 50 mM ammonium bicarbonate to
100% methanol in 30 minutes. Farnesyl-Lipid II (3-Lipid II) eluted at approximately 60%
methanol. Its identity was confirmed by mass spectroscopy.

Surface Plasmon Resonance

Surface Plasmon Resonance binding experiments were carried out on a BIAcore T100 system
(BIAcore Inc., Piscataway, NY) at 25°C. The assay buffer was 10 mM HEPES, 150 mMNaCl,
0.05% surfactant P20, pH 7.4 (± 3 mM EDTA) supplemented with 10% DMSO. 3-Lipid II (50
RUs) was immobilized on CM5 sensor chips using the amine-coupling chemistry recom-
mended by the manufacturer. For initial determination of binding, compounds were intro-
duced into the flow-cells (30 μl/min) in the running buffer at 10 μM. Resonance signals were
corrected for nonspecific binding by subtracting the background of the control flow-cell. After
each analysis, the sensor chip surfaces were regenerated with 50 mM NaOH for 30 s at a flow
rate 100 μl/min, and equilibrated with the buffer prior to next injection. For binding kinetics
studies, binding isotherms were analyzed with manufacturer-supplied software for BIAcore
T100.

Antibacterial activity assay

Determination of the Minimal Inhibitory Concentrations (MIC) by dilution was carried out by
broth dilution according to CLSI standards [32].

Cytotoxicity

The cytotoxicity concentration of antibacterial compounds that produces half maximal
decrease in viability (CC50) against mammalian cells (HeLa, ATCC CCL-2.2) was determined
as described [33]. The effect of compounds on HeLa cell viability was assessed in triplicate by
measuring the mitochondrial activity using MTS assays according to the manufacturer’s
instructions (Cell Titer 96 proliferation assay, Promega). The cells were incubated for 72 hours
in RPMI1640 medium containing the compounds at final concentrations ranging from 64 to
0.125 μg/ml. CC50 was determined using a standard curve of serially diluted untreated cells in
each experiment.

Macromolecular synthesis assays

The effect of compounds on the macromolecular synthetic pathways of E. faecalis EF1509 were
measured as follows: Cells were grown at 35°C overnight on Tryptic Soy Agar Broth (Remel,
Lenexa, KS), and growth from the plate was used to inoculate 15 ml of Mueller Hinton Broth.
The culture was grown to early exponential growth phase (OD600 = 0.2 to 0.3) while incubating
in a shaker at 35°C and 150 rpm. For each macromolecular assay, the test agents were added at
either 0, 0.25, 0.5, 1, 2, or 4, -fold their respectiveMIC values for E. faecalis EF1509. As positive
control drugs, the following antibiotics were added at 8X MIC in order to validate each assay:
Vancomycin (cell wall synthesis); ciprofloxacin (DNA synthesis), rifampin (RNA synthesis),
cerulenin (lipid synthesis), and linezolid (protein synthesis).

For DNA and protein synthesis, 100 μl of cell culture reaching early exponential phase was
added to triplicate wells containing various concentrations of test compound or control
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antibiotics (2.5 μl) at 40X the final concentration in 100% DMSO (0.1%methanol in water for
Rifampicin). A 2.5% DMSO treated culture served as the “no drug” control for all experiments.
Cells were added in 1.25X strengthMHB to account for the volume of drug added to each reac-
tion, or in M9 minimal medium for protein synthesis reactions. Following a 5 min incubation
at room temperature either [3H]Thymidine (DNA synthesis) or [3H]Leucine (protein synthe-
sis) was added at 0.5–1.0 μCi per reaction, depending on the experiment. Reactions were
allowed to proceed at room temperature for 15–40 min and then stopped by adding 12 μl of
cold 5% trichloroacetic acid (TCA) or 5% TCA/2% casamino acids (protein synthesis). Reac-
tions were incubated on ice for 30 min and the TCA precipitated material was collected on a 25
mmGF/1.2 μm PES 96 well filter plate (Corning). After washing five times with 200 μl per well
of cold 5% TCA, the filters were allowed to dry, and then counted using a Packard Top Count
microplate scintillation counter.

For cell wall synthesis, bacterial cells in early exponential growth phase were transferred to
M9 minimal medium and added to 1.5 ml eppendorf tubes (100 μl/tube) containing various
concentrations of test compound or control antibiotics (2.5 μl) at 40X the final concentration
in 100% DMSO as described above. Following a 5 min incubation at 37°C, [14C] N-acetyl-glu-
cosamine (0.4 μCi/reaction)was added to each tube and incubated for 45 min in a 37°C heating
block. Reactions were stopped through the addition of 100 μl of 8% SDS to each tube. Reactions
were then heated at 95°C for 30 min in a heating block, cooled, briefly centrifuged, and spotted
onto pre-wet HA filters (0.45 μM). After washing three times with 5 ml of 0.1% SDS, the filters
were rinsed two times with 5 ml of deionizedwater, allowed to dry, and then counted using a
Beckman LS3801 liquid scintillation counter.

For lipid synthesis, bacterial cells were grown to early exponential growth phase in MHB
and 100 μl was added to 1.5 ml Eppendorf tubes (in triplicate) containing various concentra-
tions of test compound or control antibiotics as described above. Following a 5 min incubation
at room temp., [3H] glycerol was added at 0.5 μCi per reaction. Reactions were allowed to pro-
ceed at room temperature for 40 min and then stopped through the addition of 375 μl of chlo-
roform/methanol (1:2) followed by vortexing for 20 sec after. Chloroform (125 μl) was then
added to each reaction and vortexed, followed by the addition of 125 μl dH2O and vortexing.
Reactions were centrifuged at 13,000 rpm for 10 min, and then 150 μl of the organic phase was
transferred to a scintillation vial and allowed to dry in a fume hood for at least 1 hr. Samples
were then counted via liquid scintillation counting. Each data point is the average of three rep-
licates and the error bars represent standard deviation.

Chemical synthesis

The general procedure for pyrylium salt synthesis is given in Scheme 1.
Scheme 1. general procedure for pyrylium salt synthesis. To a substituted acetophenone

and acetic anhydride was added boron trifluoride etherate (32.0 mmol) at room temperature.
The reaction was heated to 135°C for 4 h, cooled, poured into EtOAc and allowed to stand for
1 h. The yellow solid was filtered and washed with excess EtOAc to give the title compounds as
the boron tetrafluoride salts.

The general procedure for the condensation reaction with aldehydes is given in Scheme 2.
Scheme 2. General procedure for condensation with aldehydes. Pyryliumsalt (0.28 mmol)

and aldehyde (0.34 mmol) in MeOH (8 mL) was heated to reflux for 4 h. The reactionwas
cooled, reduced in vacuo, poured into EtOAc and allowed to stand for 1 h. The dark solid was fil-
tered and washed with excess EtOAc to give the title compounds as the boron tetrafluoride salt.

Scheme 3. General synthesis of the BAS00127538 scaffold and variation at the R1 and R2
positions.
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Detailed chemical synthesis and characterization of compounds described in this study is
listed in the experimental supplemental section.

In vitro ADMET studies

Liquid Chromatography Tandem Mass Spectrometry Analysis: For liquid chromatography tan-
demmass spectrometry (LC-MS/MS) analysis, a Sciex 6500 QTrap Triple QuadrupoleMass
Spectrometer (Sciex, Ottawa, Ontario) coupled with an Agilent 1290 Infinity Liquid Chro-
matograph (Agilent Technologies, Santa Clara, CA) was employed. Separation was performed
on a Halo C18 Column (2.7um, 2.1mm x 50mm) (Advanced Materials Technology, Wilming-
ton, DE) with mobile phase A beingmethanol with 0.1% formic acid and mobile phase B being
0.1% formic acid in water. A chromatographic ramp was employed consisting of 0 min➔ 3
min: 95% mobile phase B➔ 95% mobile phase A, 3 min➔ 3.1 min: 95% mobile phase A➔
95% mobile phase B, 3.1 min➔ 6min: 95% mobile phase B. The chromatographic flow rate
was 500ul/min. The autosampler compartment was held at 10°C. The mass spectrometer was
operated in positive, electrospray mode using multiple reactionmonitoring (MRM). The fol-
lowingMS setting were employed: ion source temperature, 600°C; capillary voltage, +5500V;
curtain gas, 30; collision assisted dissociation (CAD) gas, medium; ion source gas 1 and 2, were
50 and 70 respectively; declustering potential, 45V; entrance potential, 10V. The ion transi-
tions: 525.9Da➔ 182.7Da, collision energy = 54eV, collision cell exit potential = 24V and
525.9Da➔ 155.0Da, collision energy = 94eV, collision cell exit potential = 19V were monitored.
Peak areas were integrated using Analyst software (Sciex, Ottawa, Ontario).

Quality Control. Purity was assessesdwas performedon a Sciex 6500 QTrap LC-MS/MS
operated in Information Dependent Analysis (IDA) mode. The test compound was prepared at 5
uM and 500 nM in three matrices: 50/50 water/methanol, 50/50 water/methanol + 0.1% formic
acid and 50/50 water/methanol + 10 mM ammonium bicarbonate. The IDA mass spectrometric
methodwas designed to perform a full scan (20-700Da) and obtain a product ion spectrum(MS/
MS) from each of the 3 most abundant ions in the full scan. This IDA was run in both positive
and negative mode.When operated in negative mode a mobile phase of 50/50 water/methanol
+ 10mM ammonium bicarbonate was used.When operated in positivemode a mobile phase of
50/50 water/methanol + 0.1% formic acid was used.No LC columnwas employed, but an Agilent
1290 Infinity Liquid Chromatograph (Agilent Technologies, Santa Clara, CA) was used to pro-
duce an isocratic flow for introduction of samples directly into the mass spectrometer. Each sam-
ple was directly injected into the mass spectrometer, via the autosampler and the total run time
for each sample was 2min. Peak areas were analyzed using the Analyst software. MS/MS data
was compared to full spectrumdata to determine if the most abundant peaks were due to the test
compound, impurity, or in-source fragmentation of the test compound. A percent purity was cal-
culated from the ratio of the known peak areas to the total peak areas in each positive and nega-
tive mode. Calculated percent purities, in positive and negative modes, were weighted according
to the total observed signal in the full scans and averaged.

Plasma Stability. Plasma stability of compound 6jc48-1 was determined using heparin-
ized, pooled human plasma (BioreclamationIVT, Hicksville, NY). Test compound was spiked
into plasma at a final concentration of 1uM. Test compound solution was subsequently incu-
bated at 37°C for up to 1 hour. Aliquots were removed at 0, 5, 10, 20, 30, 40, 50 and 60 min
incubation time and diluted 1:2 in cold acetonitrile. Samples were centrifuged at 4000rpm for
10min. Supernatant was collected and diluted 1:2 in 30% methanol in water. The diluted super-
natant was analyzed by LC-MS/MS using the method described above. Stability in plasma was
calculated by integrating peak areas of samples using Analyst software (Sciex, Ottawa,
Ontario).
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Solubility. Solubility in water was determined using a NEPHELOstarplus laser nephelome-
ter (BMG Labtech, Cary, NC) at a wavelength of 635 nm and bottom read optics using a
96-well plate format. A solution of 6jc48-1 was prepared at a concentration of 2.5 mg/ml in
DMSO. The DMSO solution (10 μl) was added to wells containing water (290 μl) for a final
concentration of 125 μg/ml. The plate was incubated at room temperature for two hours prior
to reading in the nephalometer. All samples were run in triplicate. Control samples (DMSO
with no analyte) were prepared and run in parallel.

Cytochrome P450 inhibition. Cytochrome P450 inhibition was conducted according to
the method of Paradise et al (2007) with modifications. Briefly, drug inhibition of the test com-
pound was measured on specific cytochrome P450 enzymes using traditional substrates for
CYP3A4, CYP2D6 and CYP2C19. Recombinant human CYP450 3A4, 2D6 and 2C19 enzymes
(Supersome™) were obtained from Corning1. Supersomes™ typically have a CYP450 content
of 1000–2000 pmol/ml. Standard substrates (mephenytoin, dextromethorphan, testosterone)
were prepared at 500 μM in acetonitrile. The final concentration of each substrate was 1 μM.
Positive control inhibitors and test compound were prepared 50X the final concentration in
acetonitrile; 0.25 mM ketoconazole (inhibitor of 3A4), 25 uM quinidine (inhibitor of 2D6) and
5 mM tranylcypromine (inhibitor of 2C19). The typical IC50 values for the standard inhibitor/
substrate combinations are listed in Table 1. Eight concentrations of a positive control inhibi-
tor, eight concentrations of test compound, a no inhibitor control and a background control
were tested. The test compound had a final concentration range from 20 μM to single–digit
nanomolar. After a 10 minute pre-incubation at 37°C, a 2X concentrated enzyme/substrate
mixture was added to all samples with the exception of the background control. The enzyme/
substrate solution contained 100 mM potassium phosphate buffer (pH 7.4), water, substrate
and 50 pmol/ml of the respective enzyme. The reactions were quenched with acetonitrile at the
appropriate time points.

All samples were centrifuged for 3 minutes at 13,000 x g at room temperature. The superna-
tant was collected for analysis by LC/MS/MS. Computation of IC50 values:The background of
no-enzyme samples to determine the background value were averaged. The positive control or
full-reaction samples to determine the signal value were averaged.

The percent activity of each sample was calculated as follows:
[(Test compoundmetabolite – average background)/(average signal – average background)]

X 100 = % activity
GraphPad Prism software was used to plot the calculated percent activity values versus the

log concentrations of test compound. The the IC50 value using non-linear regression was
calculated.

IC50 values for standard inhibitors, calculated in-house, are shown in Table 2. Although
IC50 ‘s may vary slightly, literature reports demonstrate similar values [34].

LiverMicrosome Stability. The in vitromicrosome stability assay was performed using
human liver microsomes and a Biomek FXP liquid handling workstation to deliver reagents to
a 96 deep well plate on a shaking peltier with temperature controls. Human liver microsomes
were purchased from Corning1. The test compound was incubated in an aqueous reaction
mixture (200 ul total volume) consisting of human liver microsomes (150 mixed donor pool)
and NADPH Regenerating System Solutions A and B (Corning1) in the presence of 100 mM
potassium phosphate buffer (pH 7.4). The NADPH solution A comprises nicotinamide ade-
nine dinucleotide phosphate (NADP+) and glucose 6-phosphate and solution B contains glu-
cose-6-phosphate dehydrogenase. Solutions A and B were combined prior to adding to the
reaction plate to generate a supply of NADPH. The NADPH was added last to simultaneously
initiate the reactions. The final concentration of the test compound was 10 uM and the micro-
somal protein concentration was 0.5 mg/ml. After incubation at 37°C, the reaction was
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Table 1. Antibacterial activity, cytotoxicity and Lipid II binding of BAS00127538 derivatives.

6jc37 6jc38 6jc39 6jc41-1 6jc43-1 6jc43-2 6jc48-1 6jc48-2 Jc-49-1 6jc51-1 BAS-00127538

S. aureus MRSA 1094 16 64 2 16 4 >=64 32 >=64 8 1 0.5

S. aureus HFH-30123 (MRSA) 16 >=64 4 32 4 >=64 32 >=64 8 2 0.5

E. faecium EF1509 (VRE) 64 >=64 4 22.62742 4 64 2.828427 4 16 0.5 2

E. faecium F118 (VRE) 64 >=64 4 8 4 >=64 5.656854 16 16 2 2

K. pneumoniae NR-15410 (KPC) >=64 >=64 64 >=64 >=64 >=64 >=64 >=64 >=64 16 8

K. pneumoniae NR-15411 (KPC) >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 64 16

A. baumanii ATCC 19606 >=64 >=64 16 >=64 45.25483 >=64 >=64 >=64 >=64 8 4

P. aeruginosa PA01 >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 64 64

P. aeruginosa X13273 >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 45.25483 >=64

P. aeruginosa ATCC 27853 >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 64 64

E. cloacae ATCC 13047 >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 64 32

E. aerogenes ATCC 13048 >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 64 16

CC50% (72 h HeLa cells) 18.96 >32 1.31 >32 0.93 >32 >100 60.51 2.2 <.78125 0.56

CC50%/MIC (based on S. aureus) 1.185 NA 0.655 >2 0.2325 NA 3.125 <0.945 0.275 <.78125 1.12

Lipid II binding Kd, μM No No 39±4 34±4 62±6 ND 0.15±0.03 1.14±0.3 0.17±0.05 9.2±2 1.81±0.3

6jc51-2 6jc-53-2 6jc-58 6jc-59-1 6jc-59-3 6jc-60-1 6jc64-1 6jc64-2 6jc64-3 6jc65-1 BAS-00127538

S. aureus MRSA 1094 2 2 1.41421 2 4 8 4 8 5.66 2.83 0.5

S. aureus HFH-30123 (MRSA) 4 4 2 2 4 8 4 8 4 2 0.5

E. faecium EF1509 (VRE) 0.5 8 4 4 5.656854 8 4 5.66 8 2 2

E. faecium F118 (VRE) 2 5.65685 4 4 8 8 5.66 16 8 4 2

K. pneumoniae NR-15410 (KPC) 64 >=64 45.2548 >=64 >=64 >=64 >=64 >=64 64 64 8

K. pneumoniae NR-15411 (KPC) >=64 >=64 64 >=64 >=64 >=64 >=64 >=64 64 >=64 16

A. baumanii ATCC 19606 32 >=64 8 >=64 >=64 >=64 16 >=64 >=64 11.31 4

P. aeruginosa PA01 >=64 >=64 64 >=64 >=64 >=64 >=64 >=64 >=64 64 64

P. aeruginosa X13273 >=64 >=64 32 >=64 >=64 >=64 >=64 >=64 >=64 64 >=64

P. aeruginosa ATCC 27853 >=64 >=64 64 >=64 >=64 >=64 >=64 >=64 >=64 64 >=64

E. cloacae ATCC 13047 >=64 >=64 64 >=64 >=64 >=64 >=64 >=64 64 64 32

E. aerogenes ATCC 13048 >=64 >=64 32 >=64 >=64 >=64 >=64 >=64 >=64 32 16

CC50% (72 h HeLa cells) <.78125 1.12 <.78125 <.78125 1.35 <.78125 <.78125 <.78125 3.29 <.78125 0.56

CC50%/MIC (based on S. aureus) <.39 0.56 0.56 0.39 0.3375 0.097 0.195 0.097 0.581 0.276 1.12

Lipid II binding Kd, μM 9.5±2 10±3 17±4 1.9±0.3 27.9±3 37.9±4 07.28±0.3 23.8±4 4.92±0.5 2.17±0.2 1.81±0.3

6jc65-2 6jc66-1 6jc66-2 6jc66-3 6jc66-4 6jc-67A 6jc-69-1 6jc-69-3 6jc-69-4 6jc-69-5 BAS-00127538

S. aureus MRSA 1094 2 2.83 4 8 2 1 2 4 8 >=64 0.5

S. aureus HFH-30123 (MRSA) 2 4 4 8 2 1 2 4 8 64 0.5

E. faecium EF1509 (VRE) 2 4 4 4 2 2 2 2.83 4 6 2

E. faecium F118 (VRE) 4 8 5.66 11.31 4 1.41 2 4 5.66 11.31 2

K. pneumoniae NR-15410 (KPC) 64 >=64 64 >=64 64 16 >=64 >=64 >=64 >=64 8

K. pneumoniae NR-15411 (KPC) >=64 >=64 >=64 >=64 >=64 32 >=64 >=64 >=64 >=64 16

A. baumanii ATCC 19606 32 45.25 64 >=64 64 4 32 >=64 >=64 >=64 4

P. aeruginosa PA01 >=64 >=64 >=64 >=64 >=64 64 >=64 >=64 >=64 >=64 64

P. aeruginosa X13273 >=64 >=64 >=64 >=64 >=64 32 >=64 >=64 >=64 >=64 >=64

P. aeruginosa ATCC 27853 >=64 >=64 >=64 >=64 >=64 32 >=64 >=64 >=64 >=64 >=64

E. cloacae ATCC 13047 64 >=64 >=64 >=64 >=64 32 >=64 >=64 >=64 >=64 32

E. aerogenes ATCC 13048 64 >=64 >=64 >=64 >=64 16 >=64 >=64 >=64 >=64 16

CC50% (72 h HeLa cells) 0.94 1.36 1.42 5.68 0.92 <.78125 <.78125 <.78125 3.09 4.43 0.56

CC50%/MIC (based on S. aureus) 0.47 0.48 0.355 0.71 0.46 0.78 0.39 0.195 0.38 0.06 1.12

Lipid II binding Kd, μM 3.9±0.4 2.9±0.3 1.6±0.2 60±11 27.9±2 7.89±0.2 16.1±0.3 0.6±0.1 30.3±0.5 32.7±2 1.81±0.3

doi:10.1371/journal.pone.0164515.t001
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terminated at 0, 5, 10, 20, 30, 40, 50 and 60 minutes, respectively, by the addition of 600 uL of
acetonitrile. Three replicates were run for each time point. The quenched reaction plate was
centrifuged at 4500 rpm for 10 minutes. The supernatant was diluted 1:2 in 30% Methanol in
water for LC/MS/MS analyses to monitor substrate depletion.Water was substituted for
NADPH for the zero time-point samples. A control plate, without NADPH cofactor, was com-
pleted on the same day, using the same conditions.

The half-life (t1/2) was obtained using the equation below:

t1=2 ¼
� 0:693

slope

Where slope is the slope of the line formed by ln(% remaining test compound) vs. time. The
in vitro intrinsic clearance (CLint) value was calculated using equation:

CLint ¼
0:693

t1=2

 !
incubation volume ðulÞ

total microsomal protein ðmgÞ

� �

The data was compared to a positive control, dextromethorphan, which exhibited a t1/2
of 40 minutes and an intrinsic clearance value of 31 ul/min/mg, consistent with literature
values (McNaney et al, ASSAY and Drug Development Technologies, Bolume 6, Number 1,
2008).

Plasma Protein Binding. Human plasma protein binding was determined using TRAN-
SILXL PPB plates (Sovicell, Leipzig, Germany). The compound 6jc48-1 (15 ul, 32% DMSO
stock solution) was added to each well of a column (8 wells total) on a room temperature equil-
ibrated plate. The plate was incubated for twelve minutes on a shaker at 1000 rpm then centri-
fuged for 10 minutes at 750 × g to sediment the beads from the suspension. Aliquots (100 ul)
were transferred from the supernatants to 96-well plate for MS analysis. Plasma protein bind-
ing data analysis was completed by using the supplied spreadsheet from the manufacturer
(Sovicell, User Guide TRANSIL PPB binding kit V2.01, 2013).

Plasma stability and PharmacokineticStudy of 48–1. A solution of 6jc48-1was prepared
at 2.5 mg/ml in 10% DMSO, 50% PEG in PBS and administered at 2.5 mg/kg intravenous (tail
vein) to male CD1mice (N = 3 per group). ~0.02 ml of bloodwas collected at 5 min, 15 min,
30 min, 1h, 2h, 4h, 6h, 8h and 14h post-treatment in centrifuge tubes containing 2 μl heparin
(1,000 units). Compound was quantified by LC/MS/MS using working solutions of 10, 20, 50,
100, 500, 1,000, 5,000 and 10,000 ng/ml 6jc48-1 prepared in blank CD1mouse plasma as

Table 2. Activity of 6jc48-1 against Enterococcus spp.

Organism: MMX#-ATCC# 6jc48-1 Vancomycin

E. faecium REMEL IH79985 8 ND

E. faecium REMEL C110914 4 ND

E. faecium S1559 2 ND

E. faecalis 51575 2 ND

E. faecalis 51299 4 ND

E. faecalis REMEL C99707 2 ND

E. faecium (n=5)* clinical isolates 4 to 16 >32

E. faecalis (n=5)* clinical isolates 4 to 16 >32

ND-Not Determined

* clinical isolates sensitive to linezolid and daptomycin

doi:10.1371/journal.pone.0164515.t002
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internal standards. No adverse clinical observationswere made for the duration of the experi-
ment. For plasma stability measurements, 6jc48-1 (10 μg/ml) was incubated for 24 hours in the
presence of serum (50%). Samples were taken after 2 min, 5min, 15min, 30min, 1h, 2h and
19h. Stability of compound was quantified by LC/MS/MS. Experiments were carried out by
Pharmaron, Inc., (Beijing, China).

Murine peritoneal sepsis model

Ethics statement. Care of the mice met or exceeded the standards set forth by the National
Institute of Health Guide for the care and use of laboratory animals and the AVMA panel on
Euthanasia. All procedures in this study have been approved by the Institutional Animal Care
and Use Committee (IACUC) at the University of Maryland Baltimore School of Medicine
(Protocol number 02122005). Adult C57BL/6J mice (~18 grams, 8–10 weeks old) were used for
all experiments.Mice were obtained from the Jackson Laboratory (Bar Harbor, Maine, USA)
and housed in the IHV SPC animal core facility. Mice were fed standard chow (Harlan Labora-
tories) and water ad libitum. To assess the protective potency of defensin mimetic 6jc48-1,
groups of 5 mice were inoculated intraperitoneally ~ 5 x 108 CFU/ animal of Enterococcus fae-
calis EF1509 in 500 μL saline solution plus 4.5% (w/v) porcine gastric mucin (Sigma Chemical
Co., St. Louis, MO). Infected animals (n = 5) were subsequently treated by intraperitoneal
injection 30 min post-infectionwith 100 mg/kg of compound in 300 μL sterile saline solution,
5% Tween 80, 10% DMSO (V/V), ampicillin (300mg/kg), or vehicle (sterile saline solution, 5%
Tween 80, 10% DMSO (V/V)) as positive and negative controls, respectively. Animals were
closely observedduring a period of 24 h and mice that show signs of severe sepsis were
humanely euthanized.Mice were anesthetized by intraperitoneal injection of ketamine (80-
100mg/kg) and xylazine (10–15 mg/kg). Once sedated, bloodwas collected by cardiac punc-
ture. Immediately after blood collection the mice were euthanized by cervical dislocation.
Spleens were harvested aseptically, weighed and homogenized in 500 μl of sterile saline solution
using an IKA T10 basic disperser (IKA,Wilmington NC). Spleen homogenates were serially
diluted and plated onto BHI agar plates. Bacterial counts were determined following 24 h incu-
bation at 37°C and expressed as CFU per gram for spleen.

Results

Ligand Design Strategy

In our previous study a molecularmodel of the interaction of BAS00127538 with a lipid II ana-
log was obtained that was consistent the NMR data obtained in that study [20]. That model is
shown in Fig 1A with Lipid II. In the model the two phenyl rings and the pyryliumwrap
around Lipid II with the positive charge of the pyrylium being in the vicinity of the Lipid II
phosphates, one phenyl ring interacting with the sugar moiety and the second interacting with
the top of the aliphatic tail. In addition, the indolene moiety also interacts with the aliphatic
tail. Based on this interactionmotif we hypothesized that increased hydrophobicity of the phe-
nyl groups would lead to more favorable interactions with the sugar moiety and aliphatic tail of
lipid II. Similarly, the presence and nature of the indolene was varied as well as the pyrylium to
ring linker length and composition to understand their impact the SAR. Throughout the posi-
tively charged pyriliumwas maintained given that in a previous study we showed the pyridi-
nium was not active. This led to the design, synthesis and experimental validation of the
compounds shown in the experimental supplement and S1 Table. Subsequent modeling of the
top synthesized compound (6jc48-1) showed the binding orientation to be similar to that of
BAS00127538 (Fig 1B and 1C), though some variation in the Lipid II conformation upon bind-
ing of compounds within the complex occurs. These include additional interactions of the
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Fig 1. Models of BAS00127538 and 6jc48-1 in complex with a Lipid II analog. The compounds are shown in CPK atom

colored format, with the Br atoms for 6jc48-1 shown as vdW spheres, and the Lipid II is in licorice representation with atom type

coloring with the N-acetylglucoseamine sugars shown in blue. The phosphate (Phos), sugars (GlcNAc) and pentapeptide

(Peptide) are indicated. The upper and lower panels are approximately 180˚ rotations of the two complexes. (C) Chemical

structure of de novo synthesized BAS00127538 and the 6jc-48-1 derivative.

doi:10.1371/journal.pone.0164515.g001
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bromophenyl moieties with the sugar and aliphatic moieties. In addition, the dimethylaniline
analog in 6jc48-1 interacts with the peptidic portion of Lipid II and the ligand is shifted further
away from the phosphate moieties. In contrast, the indolenemoiety of BAS00127538 seemingly
interacts with the aliphatic chain of the C55 only.

General chemical synthesis

The general strategy for preparing new analogs of BAS00127538 is shown in Schemes 1, 2 and
3 in the methods section. This method allowed for independent variation of R1 and the R2

groups in the BAS00127538 scaffold (Scheme 3). We note that due to detailed description of
the individual syntheses of compounds in this study is given in the S1 File.

Functional characterization

The functional consequences of chemicalmodifications of the substituents around the di-phenyl
pyrylium core were initially evaluated in two functional assays: 1) anti-bacterial activity;2) Lipid
II binding as assayed by Surface Plasmon Resonance; (S1 Table). Based on these functional assays,
select compounds were further assayed for: 3) broad-range antibacterial activity;4) Cellular cyto-
toxicity against mammalian cells (HeLa) expressed as CC50, the concentration at which cell viabil-
ity is decreasedby 50%.Measured Lipid II binding was also further qualified by determining the
binding constant of these compounds. The data from these assays are presented in Table 1.

Effects of modifications of the R2 indolene moiety

To explore the role of the indolene group on potency, toxicity and Lipid II binding, a series of
analogs were synthesized in which the indolenemoiety was replaced by varying aldehydes at
the R2 position (Scheme 3 and Table 1). Based on anti-bacterial activity, substitution at the R2

position can be ranked from highest to lowest potency as: julolidine derivative (6jc65-1)> N-
methyl-3-indolyl (6jc-53-2)> 3-indolyl (6jc53-2)> 4-dimethylaminophenyl (6jc51-1)> N,N-
dimethyl-4-vinylaniline (6jc51-2). Antibacterial killing potency was correlated with cytotoxic-
ity. Notably, with the exception of compounds 6jc51-1, 6jc58 and 6jc67A, all compounds dis-
played markedly reduced activity against Gram-negative species.

Effect of modification on the R1 positions of the di-phenyl moiety

The effects of modification to the R1 positions at the two phenyl rings of the pyrlium core are
summarized in Scheme 3 and Table 1. Compared to the parent scaffold, none of the R1 substi-
tutions markedly enhanced potency or breadth of antibacterial activity. Irrespective of varia-
tions at the R2 position, para-methyl (cmpnds: 51–1, 51–2, 53–2, 65–1, 65–2),meta,para-
dimethyl (cmpnds: 59–1, 59–2, 59–3, 66–4, 69–3) or para-ethyl (cmpnds: 64–1, 64–2, 64–3,
66–2, 69–1) at the R1 position retained antibacterial activity most potently. Substitution of the
R1 moiety with tert-butyl, chloride or bromide in the para position significantly reduced anti-
bacterial killing. Although in general antibacterial activity correlated with Lipid II and cellular
cytotoxicity, the 48–1 and 48–2 compounds were a notable exception. These compounds
revealed high affinity Lipid II binding and markedly reduced cellular cytotoxicity and a surpris-
ingly specific anti-Enteroccocci activity.

Based on its markedly decreased cytotoxicity (Table 1), 6jc48-1 was selected for further
analysis. First, given its specific potency against Enterococci, 6jc48-1 was tested for potency
against a wider array of E. faecium and E. faecalis strains (Table 2). The compound was effec-
tive in killing these drug-resistant strains, confirming its specific activity against these species.
Next, to gain insight into its mechanism-of-action,MMS analyses were performed using the E.
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faecalis EF1509 strain (Fig 2). 6jc48-1 (MIC: 4 μg/ml) most potently inhibited cell wall synthe-
sis (IC50 of 3.8 μg/ml), followed by inhibition of lipid and DNA synthesis (IC50 of 7.8 and
8.3 μg/ml respectively). Compound 6jc-67 (MIC: 2 μg/ml), the de novo synthesized parent
BAS00127538 scaffold also most potently inhibited cell wall synthesis (IC50 of 1.1 μg/ml), fol-
lowed by inhibition of DNA (IC50 of 1.8 μg/ml) and lipid synthesis (IC50 of 2.3 μg/ml), as previ-
ously reported for the commercially available chemical. Surprisingly, 6jc48-1 showed a
markedly reduced inhibition of protein synthesis (IC50 of 50.4 μg/ml) compared to the JC-67,
parent BAS00127538 scaffold (IC50 of 1.6 μg/ml).

Due to the presence of a pyryliummoiety in 6jc48-1, it is possible that the compound is
reactive toward nucleophiles, including water, amines, and thiols. We therefore tested the
drug-like properties of 6jc48-1 in in vitro assays. Analysis showed that the 6jc48-1 compound
has favorable purity and solubility, liver microsome stability, and with the exception of
CYP3A4/BFC, did not inhibit P450 enzyme activity at �10 μM. Further, Plasma protein bind-
ing was found to be 89% (Table 3). Due to incompatibility with solubilization conditions,
membrane permeability and hepatotoxicity could not be determined (not shown).

In vivo stability of 6jc48-1

We tested the chemical stability of 6jc48-1 directly in vivo by determining its stability in plasma
as well as its pharmacokinetic profile. Compound plasma stability was tested by LC/MS/MS
after 2 min, 5 min, 15 min, 30 min, 1h, 2h and 19h. Fig 3 shows that 6jc48-1 was stable after 2

Fig 2. MMS analysis of 6jc48-1. The effects of 6jc48-1 (MIC 4 μg/ml) and Jc-67 (BAS00127538) (MIC 2 μg/ml) on the

macromolecular synthetic pathways for DNA, Cell wall, protein, and lipid.

doi:10.1371/journal.pone.0164515.g002

Table 3. In vitro drug-like properties of 6jc48-1.

assay 6jc48-1

Purity (LC-MS-MS) >95%

Solubility (laser nephelometry) >50 μg/ml (n=3)

Liver microsome stability (human; 1h 37 oC) Half-life >60 min;

clearance <23 μl/min/mg

Plasma protein binding (human, TransilTM) 89%±3

P450 enzyme inhibition (IC50 fluorescence)

CYP3A4/ DBF >10 μM

CYP3A4/ BFC 1.3 μM

CYP2D6/ AMMC >10 μM

CYP2C19/CEC >10 μM

doi:10.1371/journal.pone.0164515.t003
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hours in serum and after 19h, 46% of compound remained, indicating that plasma stability is
long lasting.We next compared the pharmacokinetic (PK) profile of 6jc48-1 to parent
BAS00127538 [35]. To determine the PK parameters, compounds were administered as a sin-
gle dose of 2.5 mg/kg by intravenous injection or as a single oral dose of 5 mg/kg, and the
plasma concentration over time was determined by LC/MS/MS. Upon intravenous administra-
tion, compound 6jc48-1 was very stable in vivo and could be readily detected after 4h (PO) or
24h (IV) (Fig 4). Based on these observations, the PK parameters were calculated for both com-
pounds (Table 4). Compared to BAS00127538, compound 6jc48-1 showedmarkedly improved
half-life (>13 h vs 0.22h), maximum concentration (1039 vs 101 ng/ml), increased volume of dis-
tribution (~23 vs 12.2 L/kg) and decreased clearance (23.6 vs 711 ml/min/kg).Upon oral admin-
istration, 6jc48-1 had a half-life of ~3h with a calculated bioavailability of ~2.5%, whereas
compound BAS00127538 could not be detected (not shown).

In vivo efficacy of 6jc48-1

We established a murine model for sepsis to evaluate the efficacy of 6jc48-1 as an antibiotic
agent in vivo. Preliminarymaximum tolerated dose studies indicated that compound 6jc48-1
could be safely administered intraperitoneally at 100 mg/kg. Solubility of the compound
restricted testing concentrations above 100 mg/kg (not shown). Based on the data obtained in
the pharmacokinetic analysis, mice (n = 5) were inoculated intraperitoneally with E. faecalis
EF1509 (~5 x 108 CFU/ animal) and treated after 30 min with compound 6jc48-1 (100 mg/kg
IP), ampicillin (300 mg/kg IP) or vehicle. Animals were monitored for survival and after 24 h
spleen samples were collected and analyzed for the presence of bacteria. Bacterial counts were
determined by plating serial dilutions on BHI agar plates and compared to control treatment
with ampicillin as measures of efficacy (Fig 5). Animals treated with vehicle did not survive the
length of the experiment. Four out of five animals treated with 6jc48-1 and all animals treated

Fig 3. Compound 6jc48-1 plasma stability. Stability was tested by LC/MS/MS after 2 min, 5 min, 15 min, 30 min,

1h, 2h and 19h in the presence of 50% serum. Compound 6jc48-1 was fully stable after 2 hours in serum and after

19h, 46% of compound remained, indicating that plasma stability is long-lasting.

doi:10.1371/journal.pone.0164515.g003

Lipid II Inhibitors as Novel Antibiotics

PLOS ONE | DOI:10.1371/journal.pone.0164515 October 24, 2016 13 / 19



with ampicillin survived the length of the experiment. Bacterial counts measured in spleen
revealed significant bacterial clearance in both cases, indicative of in vivo antibiotic efficacy.

Discussion

In this study, we expand on our previous work in identifying and optimizing small molecule
antagonists of Lipid II [20, 35, 36]. One of our most promising lead compounds,
BAS00127538, was optimized to reduce cytotoxicity, increase in vivo stability and retain

Fig 4. Pharmacokinetics of 6jc48-1 in vivo. Compound was administered at 2.5 mg/kg (IV) or 5 mg/kg (PO) to male CD1

mice (n = 3) in 10% DMSO and 50% PEG 400 in PBS. Half-life was determined by measuring the plasma concentration of

compound by LC/MS/MS at the time points indicated.

doi:10.1371/journal.pone.0164515.g004

Table 4. Pharmacokinetic properties of 6jc48-1.

BAS00127538 (IV) 6jc48-1 (IV) 6jc48-1 (PO)

T1/2 (h) 0.227 13.3±1.8 2.78

Cmax (ng/mL) 101 1039±323 19.1

AUClast (h*ng/mL) 26.9 1340±117 46.9

AUCInf (h*ng/mL) 27.9 1769±120 90

AUCExtrap (%) 4.38 24.3±3.1 48.6

AUClast/D (h*mg/mL) 26.9 536±47 9.4

Vss_obs (L/Kg) 12.2 22.8±2.9 1.75

Cl_obs (mL/min/Kg) 711 23.6±1.7 NA

MRT (h) 0.226 7.29±0.27 NA

Flast (%) NA NA 1.9

Finf (%) NA NA 2.54

T1/2: half-life; Cmax: Maximum observed concentration; AUC: area under the curve; D: Dose; Vss; volume of distribution; Cl: clearance; MRT: mean

residence time; F: bioavailability

doi:10.1371/journal.pone.0164515.t004
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activity against Enterococci bacterial pathogens. In the United States, Enterococci infections in
hospital settings are the secondmost common and vancomycin resistance is on the rise [37].
The observation that compound 6jc48-1 retained activity against Enterococci spp. specifically is
somewhat surprising. The parent scaffold BAS00127538 is most potent against S. aureus and
Enterococci, yet displays broad-range antibacterial activity, including activity against Gram-
negative species [20, 36]. One possible explanation could be variations of Lipid II composition
between different bacterial species [38]. For example, amidation of the D-iso-glutamine residue
of Lipid II has been described in strains of S. aureus resulting in reduced sensitivity to the gly-
copeptides such as vancomycin [39, 40]. This modification has not been found in vancomycin-
resistant Enterococci spp [41, 42]. Additional variations, such as differences in amino acid link-
age between peptidoglycan subunits or variations in the MurNac/GlnNac moieties of Lipid II
could further potentiate binding of the benzoaldehydemoiety of 6jc48-1, but not the indolene
moiety in the BAS00127538 scaffold. This is consistent with our model of the 6jc48-1 interac-
tions shown in Fig 1. More detailed structural studies of our small molecule antagonists in
complex with Lipid II isolated from different species will be needed to answer these questions.
The secondmajor difference between parent BAS00127538 and 6jc48-1 is reduced cellular
cytotoxicity. Mechanism-of-action studies revealed that 6jc48-1 does not inhibit protein syn-
thesis to the same extent as BAS00127538. Since the incorporation of bromines in the para
positions of the phenyl rings of the parent scaffold did not reduce cytotoxicity (6jcJC-67A), the
indolenemoiety in BAS00127538 likely contributes to cytotoxicity. Our model revealed similar
interactions of parent scaffold and 6jc48-1 with Lipid II, possibly suggesting that the indolene
moiety in the parent BAS00127538 molecule contributes to the interference of protein synthe-
sis as a cause for cytotoxicity. Our in vitro and in vivo data indicate that the oxonium moiety in
6jc48-1 is chemically stable. In a previous study, we showed that replacement of the positively
charged oxygen with nitrogen increased antibacterial activity and Lipid II binding, but did not
lead to an improvement of cytotoxicity in the BAS00127538 scaffold [35]. Introducing this
change in the 6jc48-1 scaffold could further enhance its antibacterial spectrumwhile maintain-
ing low cytotoxicity.

Fig 5. In vivo efficacy of 6jc48-1 in murine sepsis. Spleen samples were collected from vehicle-treated,

ampicillin (300 mg/kg) treated or 6jc48-1 (100 mg/kg) treated animals at 20 h post-infection with 5 x 108 CFU/

animal of E. faecalis EF1509. * One animal treated with compound did not survive.

doi:10.1371/journal.pone.0164515.g005
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Conclusions

An SAR study of the small molecule Lipid II antagonist BAS00127538 has identified one com-
pound, 6jc48-1, which displays improved drug-like properties compared to the parent scaffold.
6jc48-1 is stable and efficacious in vivo, has low toxicity and can be administered intravenously
and orally. Molecular models of BAS00127538 and 6jc48-1 complexed with Lipid II, while
qualitative in nature, indicate that the overall interaction pattern of the two compounds with
Lipid II are similar, though specific differences are present, suggesting that further variations of
the scaffold may lead to further improvements in activity. The 6jc48-1 scaffold, together with
increased understanding of scaffold functionality that impact Lipid II interactions as well as
bioavailability considerations, will facilitate the development of the first small molecule antibi-
otic that targets Lipid II.

Supporting Information

S1 File. Detaileddescription of the medicinal chemistry approaches and characterizationof
the compounds generated for this study. For each compound, scheme of synthesis, nomen-
clature and NMR is given.
(PDF)

S1 Table. Chemical and functional overviewof compounds generated in this study. For
each compound, chemical structure, formula and molecular weight is provided. Additionally,
compounds were assayed for binding to Lipid II by SPR and tested for activity against S.
aureus.
(PDF)
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