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Abstract: We have recently identified low-molecular weight compounds that act as inhibitors of 

Lipid II, an essential precursor of bacterial cell wall biosynthesis. Lipid II comprises specialized 

lipid (bactoprenol) linked to a hydrophilic head group consisting of a peptidoglycan subunit 

(N-acetyl glucosamine [GlcNAc]–N-acetyl muramic acid [MurNAc] disaccharide coupled to 

a short pentapeptide moiety) via a pyrophosphate. One of our lead compounds, a diphenyl-

trimethyl indolene pyrylium, termed BAS00127538, interacts with the MurNAc moiety and the 

isoprenyl tail of Lipid II. Here, we report on the structure–activity relationship of BAS00127538 

derivatives obtained by in silico analyses and de novo chemical synthesis. Our results indicate 

that Lipid II binding and bacterial killing are related to three features: the diphenyl moiety, the 

indolene moiety, and the positive charge of the pyrylium. Replacement of the pyrylium moiety 

with an N-methyl pyridinium, which may have importance in stability of the molecule, did not 

alter Lipid II binding or antibacterial potency.
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Introduction
With the rapid increase of antibiotic resistance, there is an urgent need to develop 

novel classes of potent antibiotics against established molecular targets. Lipid II 

is essential for cell wall biosynthesis, synthesized in limited amounts,1 and has a 

high turnover rate, which makes it an established molecular target for antibiotics.2,3 

Four different classes of peptide antibiotics that target Lipid II have been described: 

(1) the glycopeptides, including vancomycin and teicoplanin; (2) the depsipeptide 

antibiotics, including ramoplanin and enduracidins; (3) the lantibiotics, including 

nisin and mersacidin; and (4) cyclic peptides, including mannopeptimycins, plusbacin, 

and katanosin B.1,4–9 Strikingly, these molecules do not share any obvious sequence 

homology or structural similarity, yet all are able to specifically interact with Lipid II 

in the bacterial membrane environment.

The glycopeptide antibiotic vancomycin was the first compound discovered to kill 

bacteria by targeting Lipid II. Currently, vancomycin serves as a principal treatment for 

infections caused by all major Gram-positive pathogens including methicillin-resistant 

Staphylococcus aureus (MRSA). However, resistance to vancomycin is increasing, 

and a number of vancomycin-insensitive strains have been described.10

We recently reported on the functional interaction between Lipid II and defensins, 

a major family of natural antimicrobial peptides that protect the host’s epithelial sur-

faces against microbial invasion.11,12 Several studies on defensins from other species, 

including fungi,13 invertebrates,14 and human,15 have firmly established Lipid II as a 

target for this class of natural antimicrobial peptides. Based on the interaction between 

Lipid II and human neutrophil peptide-1, we identified low-molecular weight synthetic 
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compounds that target Lipid II with high specificity and 

affinity.16 One of our lead compounds, BAS00127538, was 

characterized further and revealed a unique interaction with 

Lipid II that differs from antibiotics currently in clinical use 

or development. In this study, we report on the structural and 

functional relationships of derivatives of BAS00127538.

Materials and methods
Materials and bacterial strains
S. aureus ATCC 29213, Escherichia coli ATCC 25922, 

Enterococcus faecalis ATCC 29212, Streptococcus pneumonia 

ATCC 49619, and Acinetobacter baumannii ATCC 19606 

were obtained from Microbiologics (St Cloud, MN, USA). 

S. aureus USA300 (MRSA), S. aureus ATCC (vancomycin 

intermediate-resistant S. aureus), and S. aureus NTS (van-

comycin intermediate-resistant S. aureus) were generously 

provided by the Laboratory of Pathology, University of 

Maryland, School of Medicine. Vancomycin was purchased 

from Sigma. Compounds were obtained from various suppliers 

as listed in Table S1.

Computer-aided drug design – database 
searching
Identification of compounds similar to BAS00127538 was 

carried out using chemical/physiochemical similarity searches 

with MACCS17 and MPMFP18 fingerprints using the program 

MOE (Chemical Computing Group Inc.).19 The query com-

pound, Figure 1, was chosen to account for interactions of 

the positively charged oxygen of BAS00127538 with the 

phosphate of Lipid II as indicated by molecular dynamics 

(MD) simulations and nuclear magnetic resonance data as 

discussed in our previous study.

An in-house database in the University of Maryland 

Computer-Aided Drug Design (CADD) Center with 

5.04 million compounds was used for the similarity searching. 

Similar compounds with a Tanimoto index over a selected 

cutoff value and with drug-like characteristics that maximize 

bioavailability20 were selected for biological experiments.

CADD modeling and MD simulations
Molecular modeling, energy minimization, and MD simula-

tions were performed with the program CHARMM21 using 

the CHARMM36 lipid22 and protein force field23,24 for Lipid II  

and the TIP3P water model25 along with the CHARMM 

General force field26–28 for the ligands. Using the final snap-

shot from previously published 10 ns MD simulations of 

the BAS00127538–Lipid II complex in aqueous solution, 

the aromatic rings of the Steven Fletcher (SF) analogs were 

aligned with those of BAS00127538. Each system was then 

subjected to a short energy minimization following which a 

100 ps MD simulation with a short time step of 0.5 fs was 

carried out. Each 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. Free energies of bind-

ing, ΔG, were estimated using the linear interaction energy 

method as follows:29

	
∆G E E

E E

elec elec

vdw vd

= 〈 〉 − 〈 〉( )
+ 〈 〉 − 〈

α

β
bound unbound

bound unbound
ww 〉( ) +γ

� (1)

where α =0.5, β =0.16, γ cancels out as we only considered 

the relative free energies ΔΔG, and the unbound interaction 

energies were computed from 5 ns MD simulations of the 

compounds alone in water.

3-Lipid II purification
Short-chain water-soluble Lipid II containing a lipid tail 

of three isoprene units (3-Lipid II or farnesyl-Lipid II) was 

generated and purified essentially as described.30

Surface plasmon resonance
Surface plasmon resonance binding experiments were carried 

out on a BIAcore T100 system (BIAcore Inc., Piscataway, NJ, 

USA) at 25°C. The assay buffer was 10 mM HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid), 150  mM 

NaCl, and 0.05% surfactant P20, pH 7.4 (±3 mM ethylene-

diaminetetraacetic acid) supplemented with 10% dimethyl 

sulfoxide (DMSO). 3-Lipid II (50 RUs) was immobilized 

on CM5 sensor chips using the amine-coupling chemistry 

recommended by the manufacturer. For initial determination 

of binding, compounds were introduced into the flow cells 

(30 L/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 Figure 1 BAS00127538 and the query compound used for similarity searching.
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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 

(MICs) by dilution was carried out by broth dilution according 

to Clinical and Laboratory Standards Institute standards.31

Cytotoxicity
The cytotoxic concentration of antibacterial compounds that 

produces half maximal decrease in viability (CC
50

) against 

mammalian cells (HeLa, ATCC CCL-2.2) was determined 

as described.32

Macromolecular synthesis assays
The effect of the bis-indoles on the following macromolecular 

synthetic pathways in S. aureus NCTC 8325 was measured 

as previously described.33 To inhibit efflux, S. aureus NCTC 

8325 was grown in the presence of 20 µg/mL of reserpine. 

Each data point is the average of three replicates, and the 

error bars represent standard deviation.

Chemical synthesis
1-Methyl-2,4-diphenyl-6-((1E,3E)-3-(1,3,3-
trimethylindolin-2-ylidene)prop-1-en-1-yl)pyridin- 
1-ium tetrafluoroborate (“SF-5-219”)
The tetrafluoroborate salt of BAS00127538 (14 mg, 27.1 µmol) 

was dissolved in absolute EtOH (1 mL). A solution of meth-

ylamine in EtOH (33%; 5 µL, 40.7 µmol, 1.5  equiv) was 

added, followed by one drop of AcOH. The reaction mixture 

was heated at reflux for 16 hours, by which time the dark blue-

green reaction mixture had become deep purple. All volatiles 

were removed in vacuo. The residue was suspended in ether 

(10 mL) and was briefly sonicated, and then left to stand in 

the fridge overnight. The next day, the purple solid was col-

lected by vacuum filtration, washing with ether to afford the 

title compound (8 mg, 57%): δ
H
 (400 MHz, DMSO-d

6
) 8.45 

(s, 1H, pyridinium), 8.20 (t, 1H, J=13.2 Hz, CH=CH=CH), 

8.06–8.12 (m, 2H, Ph), 7.60–7.77 (m, 9H, Ph, pyridinium), 

7.44 (d, 1H, J=7.2  Hz, indolene), 7.29 (t, 1H, J=7.8  Hz, 

indolene), 7.09 (d, 1H, J=8.0  Hz, indolene), 7.03 (t, 1H, 

J=7.4 Hz, indolene), 6.62 (d, 1H, J=13.6 Hz, CH=CH=CH), 

6.03 (d, 1H, J=12.8 Hz, CH=CH=CH), 3.82 (s, 3H, NCH
3
), 

3.36 (s, 3H, NCH
3 

(indolene)), 1.69 (s, 6H, C(CH
3
)

2
); m/z 

(atmospheric-pressure chemical ionization) 443.2 M+.

1-Isopropyl-2,4-diphenyl-6-((1E,3E)-3-(1,3,3-
trimethylindolin-2-ylidene)prop-1-en-1-yl)pyridin- 
1-ium tetrafluoroborate (“SF-5-330”)
δ

H
 (400  MHz, DMSO-d

6
) 8.41 (s, 1H, pyridinium), 8.13 

(t, 1H, J=13.2 Hz, CH=CH=CH), 8.06–8.09 (m, 2H, Ph), 

7.60–7.67 (m, 9H, Ph, pyridinium), 7.43 (d, 1H, J=7.2 Hz, 

indolene), 7.27 (t, 1H, J=7.8  Hz, indolene), 7.06 (d, 1H, 

J=8.0 Hz, indolene), 7.01 (t, 1H, J=7.4 Hz, indolene), 6.76 

(d, 1H, J=13.6 Hz, CH=CH=CH), 6.21 (d, 1H, J=12.4 Hz, 

CH=CH=CH), 4.91 (quintet, 1H, J=6.8 Hz, CH(CH
3
)

2
), 3.37 

(s, 3H, NCH
3
), 1.67 (s, 6H, C(CH

3
)

2
), 1.64 (d, 6H, J=6.8 Hz, 

CH(CH
3
)

2
).

1-Isobutyl-2,4-diphenyl-6-((1E,3E)-3-(1,3,3-
trimethylindolin-2-ylidene)prop-1-en-1-yl)pyridin- 
1-ium tetrafluoroborate (“SF-5-331”)
δ

H
 (400  MHz, DMSO-d

6
) 8.44 (s, 1H, pyridinium), 8.23 

(t, 1H, J=13.2 Hz, CH=CH=CH), 8.08–8.10 (m, 2H, Ph), 

7.62–7.71 (m, 9H, Ph, pyridinium), 7.44 (d, 1H, J=7.6 Hz, 

indolene), 7.28 (t, 1H, J=7.8  Hz, indolene), 7.09 (d, 1H, 

J=7.6 Hz, indolene), 7.03 (t, 1H, J=7.4 Hz, indolene), 6.69 

(d, 1H, J=14.4 Hz, CH=CH=CH), 6.08 (d, 1H, J=12.4 Hz, 

CH=CH=CH), 4.30 (br, 2H, CH
2
CH(CH

3
)

2
), 3.37 (s, 3H, 

NCH
3
), 2.07 (m, 1H, CH

2
CH(CH

3
)

2
), 1.68 (s, 6H, C(CH

3
)

2
), 

0.74 (br, 6H, CH
2
CH(CH

3
)

2
).

1-(2-Hydroxyethyl)-2,4-diphenyl-6-((1E,3E)-3-(1,3,3-
trimethylindolin-2-ylidene)prop-1-en-1-yl)pyridin- 
1-ium tetrafluoroborate (“SF-5-332”)
δ

H
 (400  MHz, DMSO-d

6
) 8.42 (s, 1H, pyridinium), 8.15 

(t, 1H, J=13.0 Hz, CH=CH=CH), 8.03–8.08 (m, 2H, Ph), 

7.58–7.65 (m, 9H, Ph, pyridinium), 7.40 (d, 1H, J=6.8 Hz, 

indolene), 7.24 (t, 1H, J=7.8  Hz, indolene), 7.05 (d, 1H, 

J=7.6  Hz, indolene), 6.98 (t, 1H, J=7.2  Hz, indolene), 

6.70 (d, 1H, J=13.6  Hz, CH=CH=CH), 5.97 (d, 1H, 

J=12.0 Hz, CH=CH=CH), 5.05 (m, 1H, OH), 4.41 (t, 2H, 

J=4.8 Hz, CH
2
CH

2
OH), 3.63 (m, 2H, CH

2
CH

2
OH), 3.38 (s, 

3H, NCH
3
), 1.64 (s, 6H, C(CH

3
)

2
).

1-(2-(Dimethylamino)ethyl)-2,4-diphenyl-6-((1E,3E)-
3-(1,3,3-trimethylindolin-2-ylidene)prop-1-en-1-yl)
pyridin-1-ium tetrafluoroborate (“SF-5-334”)
δ

H
 (400  MHz, DMSO-d

6
) 8.44 (s, 1H, pyridinium), 8.22 

(t, 1H, J=13.0 Hz, CH=CH=CH), 8.06–8.10 (m, 2H, Ph), 

7.62–7.71 (m, 9H, Ph, pyridinium), 7.44 (d, 1H, J=7.6 Hz, 

indolene), 7.28 (t, 1H, J=7.8  Hz, indolene), 7.09 (d, 1H, 

J=7.6 Hz, indolene), 7.02 (t, 1H, J=7.2 Hz, indolene), 6.67 

(d, 1H, J=13.6 Hz, CH=CH=CH), 6.05 (d, 1H, J=12.8 Hz, 

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy 2015:9submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2386

Fletcher et al

CH=CH=CH), 4.40 (t, 2H, J=6.4  Hz, CH
2
CH

2
N(CH

3
)

2
), 

3.37 (s, 3H, NCH
3 

(indolene)), 2.57 (t, 2H, J=6.4 Hz, 

CH
2
CH

2
N(CH

3
)

2
), 1.90 (s, 6H, CH

2
CH

2
N(CH

3
)

2
), 1.68 (s, 

6H, C(CH
3
)

2
).

Pharmacokinetic study of BAS00127538
A solution of BAS00127538 was prepared at 0.5 mg/mL 

in 10% DMSO and 50% polyethylene glycol in phosphate-

buffered saline and administered at 1 mg/kg intravenous (tail 

vein) to male CD1 mice (N=3 per group). Approximately 

0.02 mL of blood was collected at 5 minutes, 15 minutes, 

30 minutes, 1 hour, 2 hours, 4 hours, 6 hours, 8 hours, and 

14 hours posttreatment in centrifuge tubes containing 2 µL 

of heparin (1,000 units). Compound was quantified by liquid 

chromatography–tandem mass spectrometry using working 

solutions of 10 ng/mL, 20 ng/mL, 50 ng/mL, 100 ng/mL, 

500 ng/mL, 1,000 ng/mL, 5,000 ng/mL, and 10,000 ng/mL 

BAS00127538 prepared in blank CD1 mouse plasma as 

internal standards. No adverse clinical observations were 

made for the duration of the experiment. Experiments were 

carried out by Pharmaron, Inc. (Beijing, People’s Republic 

of China) and have been approved by the Office of Labo-

ratory Animal Welfare (Bethesda, MD, USA) under the 

identification number A5844-01.

Results and discussion
Previous studies demonstrated that BAS00127538 makes 

three distinct interactions with Lipid II:16 i) a phosphate–

pyrylium ionic interaction, ii) the N-acetyl muramic 

acid–phenyl stacking, and iii) alkyl chain–indolene hydro-

phobic interactions. To identify Lipid II-binding analogs, we 

designed a query compound (Figure 1, detailed in “Materials 

and methods”) that was used to search the University of 

Maryland CADD Center in silico compound database of 

5.04 million commercially available compounds using 

chemical fingerprint (BIT-MACCS) and physiochemical 

fingerprint (MPMFP). Chemical fingerprint-based searching 

may identify structurally similar compounds with improved 

biological activity, as well as lay the foundation to determine 

the relationship of the chemical structures to the function of 

the compound.34 Physiochemical fingerprint searching may 

identify compounds with dissimilar structures that may still 

have similar biological activity, potentially identifying novel 

lead compounds for future development. Using a similarity 

cutoff of 70% for the chemical fingerprint and 83% for the 

physiochemical fingerprint, 175 and 177 compounds were 

identified, respectively.

Twenty-one of the top ranking compounds similar to query 

were obtained and tested for antibacterial activity. In addition, 

seven compounds were selected to examine functionality of 

the indolene moiety (Table S1). Out of the 28 compounds that 

were tested, three compounds (ASN10791182, 4400-0093, 

and 56133428) showed antibacterial activity against S. aureus 

(Table 1). We next compared the antibacterial activity of 

BAS00127538, ASN10791182, 4400-0093, and 51633428 

against an extended panel of bacterial species (Table S2). 

As previously reported, BAS00127538 is potently active 

against Gram-positive species.16 In particular, BAS00127538 

showed activity against S. aureus (MIC 0.5), irrespective 

of vancomycin- or methicillin resistance. BAS00127538 

was also active against the Gram-negative bacteria E. coli 

and A. baumannii,35 with MICs of 8 µg/mL and 2 µg/mL, 

respectively. The antibacterial activity of ASN10791182, 

4400-0093, 56133428, and BAS00127537 was significantly 

reduced as compared to that of BAS00127538, in particular 

against S. aureus and A. baumannii (Table S2). Compounds 

ASN10791182, 4400-0093, and 56133428 were tested 

further for cytotoxicity and their ability to bind to Lipid II. 

Compounds ASN10791182 and 4400-0093 showed a 30-fold 

and 70-fold reduction, respectively, in Lipid II-binding 

affinity compared to BAS00127538, whereas 56133428 

and BAS00127537 Lipid II binding was reduced ~15-fold 

(Table 1). Reduction in Lipid II-binding affinities coincided 

with a reduction in cytotoxicity (approximately fivefold for 

ASN10791182, greater than tenfold for 4400-0093, approxi-

mately twofold for 56133428) as well as antibacterial activ-

ity (32-fold for ASN10791182 and 4400-0093, 16-fold for 

56133428) compared to BAS00127538 (Table 1). None of the 

other compounds showed antibacterial activity (Table S1). 

Of these compounds, only Z56760026 and BAS00127537 

Table 1 Antibacterial activity, Lipid II binding, and cytotoxicity of active compounds of the BAS00127538 similarity search

Assay Unit BAS00127538 ASN10791182 56133428 4400-0093

Lipid II binding (SPR) Kd (µM) 2.09±0.3 61±12.4 32.2±12.3 145±35.3
Staphylococcus aureus (USA300) MRSA MIC (µg/mL) 0.5 16 8 16
Cytotoxicity (J774) CC50% (µM) 18.7 92 33.2 128

Notes: MIC was determined by microbroth dilution assay. Binding to immobilized 3-Lipid II was analyzed by SPR. CC50% equals compound concentration resulting in 50% 
J774 macrophage cell survival measured by MTT assay following incubation for 6 hours.
Abbreviations: SPR, surface plasmon resonance; MIC, minimal inhibitory concentration; MRSA, methicillin-resistant S. aureus; CC, cellular cytotoxicity.
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bound Lipid II (K
d
: 3.7±3.5×10-5 M and 71±15.3×10-5 M; 

Table S1). The lack of activity of these compounds indicates 

that the nonpolar aromatic tail on the active compounds is 

functionally important. This finding is consistent with our 

molecular model indicating these moieties to interact with 

the hydrophobic isoprenyl units of Lipid II.16

Due to the presence of a pyrylium moiety in BAS00127538, 

it is possible that the compound is reactive toward nucleo-

philes, including water, amines, and thiols. We tested the 

chemical stability of BAS00127538 directly by determin-

ing its pharmacokinetic profile in vivo. BAS00127538 was 

administered as a single dose by intravenous injection, and 

compound plasma concentration was determined by liquid 

chromatography–tandem mass spectrometry over time. Com-

pound was rapidly cleared in vivo (half-life of 22.7 minutes) 

and was no longer detected after 1 hour (Figure 2). Based 

on this observation, the pharmacokinetic parameters were 

calculated (Table 2). The observed maximum plasma con-

centration was 101 ng/mL and decreased rapidly over time. 

The mean residence time of the unchanged drug in circula-

tion was 0.226 hour with an area under the curve AUC
inf

 of 

27.9 h ng/mL (Table 2). Volume of distribution at equilib-

rium (V
ss
) was 12.2 L/kg with total plasma clearance (CL) 

of 711 mL/min/kg.

Based on the structure of the BAS00127538–Lipid II 

complex, the potential reactivity of pyrylium moieties, and 

the in vivo data above, we designed five BAS00127538 deriv-

atives to increase chemical stability in the scaffold (Figure 3). 

Our initial design strategy was twofold: i) convert pyrylium 

Figure 2 Pharmacokinetics of compound BAS00127538 in vivo.
Notes: Compound was administered at 1 mg/kg 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.
Abbreviations: DMSO, dimethyl sulfoxide; PEG, polyethylene glycol; PBS, phosphate-
buffered saline; LC/MS/MS, liquid chromatography–tandem mass spectrometry; PK, 
pharmacokinetic; IV, intravenous.

Table 2 Pharmacokinetic properties of BAS00127538

T1/2 (hours) 0.227
Cmax (ng/mL) 101
AUClast (h ng/mL) 26.9
AUCinf (h ng/mL) 27.9
AUCextrap (%) 4.38
AUClast/D (h mg/mL) 26.9
Vss_obs (L/kg) 12.2
CLobs (mL/min/kg) 711
MRT (hours) 0.226

Abbreviations: T1/2, terminal half-life; Cmax, maximum plasma concentration; 
AUClast, area under the curve up to last measurable concentration; AUCinf, area 
under the curve to infinite time; AUCextrap, area under the curve extrapolated; D, 
dose; Vss_obs, volume of distribution at steady state observed; CLobs, clearance of drug 
observed; MRT, mean residence time.

Figure 3 Pyridinium analogs of BAS00127538 synthesized in this study.
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to pyridinium to diminish potential reactivity and maintain 

ionic interaction with phosphate, and ii) increase hydrogen 

bonding between inhibitor and Lipid II. The five molecules 

in Figure 3 were modeled onto Lipid II and subjected to 

MD simulations. In addition, a sixth compound in which the 

pyridinium moiety was substituted with an acid group was 

designed as a negative control as the negative charge of the 

acid moiety would have unfavorable interactions with the 

phosphate of Lipid II based. During the 20 ns MD simula-

tions, three of the compounds were observed to dissociate 

from Lipid II during the first 2 ns; these included SF-5-219, 

SF-5-330 and as anticipated, the negative control compound 

containing the acid moiety. For the remaining compounds, 

including BAS00127538, their binding free energies with 

Lipid II were computed. The binding free energies of 

BAS00127538, SF-5-331, SF-5-332, and SF-5-334 were 

estimated by linear interaction energy method. As shown 

in Table 3, BAS00127538 is predicted to be the strongest 

binding ligand, and SF-331 the second strongest.

Subsequently, all five compounds, SF-5-219, SF-5-330, 

SF-5-331, SF-5-332, and SF-5-334, were synthesized accord-

ing to Figure 4 to challenge the modeling and to evaluate 

the compounds experimentally. First, we examined the 

antibacterial activities, Lipid II binding, and cytotoxicity 

of the BAS00127538 derivatives (Table 4). The modeling 

results were generally predictive of the relative antibacterial 

activities of the pyridinium analogs (Table 4), with the 

exception of the isobutyl analog, a result that may indicate 

an alternative binding mode for that compound. All analogs 

were shown to bind to Lipid II in the surface plasmon reso-

nance measurements,16 with more variability in the MICs. 

Based on their broad-range antibacterial activity, SF-5-330 

and SF-5-331 were selected to determine their mechanism 

of action (Figure 5). BAS00127538 most potently inhibited 

cell wall synthesis (IC
50

 of 0.19  µg/mL vs 0.42  µg/mL, 

0.39  µg/mL, and 0.62  µg/mL for DNA, protein, or lipid 

synthesis, respectively) in accordance with our previous 

findings.16 SF-5-330 and SF-5-331 inhibited all pathways at 

low concentrations.

Conclusion
Although no definite structure–activity relationship could be 

determined, some conclusions on the structural features that 

may influence the antimicrobial activity of compounds like 

BAS00127538 can be drawn by the comparison among the 

structures and activities of the compounds.

•	 The molecular modeling of BAS00127538 and derivatives 

indicates a binding mode that is consistent with the nuclear 

magnetic resonance data.16

•	 Lipid II binding correlates with the presence of the follow-

ing: 1) Positive charge of the pyrylium; for BAS00127538, 

this charge is predicted to interact with the phosphate moiety 

Table 3 LIE calculation results

Compounds 〈 〉Eelec
bound 〈 〉Evdw

bound 〈 〉Eelec
unbound 〈 〉Evdw

unbound ∆∆G

BAS00127538 -46.43 -16.70 -39.72 -17.22 0
SF-5-331 -50.67 -31.79 -44.75 -33.15 0.53
SF-5-332 -47.44 -40.00 -44.87 -41.02 2.15
SF-5-334 -50.60 -43.53 -47.90 -43.35 1.89

Notes: The electrostatic and the vdw components of interaction energy between the compound and its environment during simulations with the presence of Lipid II 
(bound) and without the presence of Lipid II (unbound) are reported as ensemble average over MD trajectories. Relative free energy is reported as ∆∆G as computed by 
Equation 1.
Abbreviations: LIE, linear interaction energy; MD, molecular dynamics.

∆

Figure 4 Synthesis of pyridinium analogs of BAS00127538.
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Table 4 Functional analysis of BAS00127538 and derivatives

Organism MIC (µg/mL)a

BAS00127538 SF-5-219 SF-5-330 SF-5-331 SF-5-332 SF-5-334

Staphylococcus aureus 1094 (MRSA) 0.5 1 1 1 1 16
S. aureus HFH-30123 (MRSA) 0.5 1 1 1 1 16
Enterococcus faecium EF1509 (VRE) 0.16 0.5 0.5 0.5 1 8
E. faecium F118 (VRE) 0.16 5 5 2 8 32
Klebsiella pneumoniae NR-15410 (KPC) 8 32 10 16 32 32
K. pneumoniae NR-15411 (KPC) 16 32 25.4 32 32 32
Acinetobacter baumannii BAA-1605 2.5 8 8 8 20.1587368 32
A. baumannii ATCC 19606 4 8 8 8 20.1587368 32
Pseudomonas aeruginosa X13273 64 32 4 8 32 32
P. aeruginosa ATCC 27853 64 32 8 32 32 32
Enterobacter cloacae ATCC 13047 32 32 16 32 32 32
Enterobacter aerogenes ATCC 13048 16 32 8 32 32 32

CC50 vs HeLa (µg/mL)b 0.56 0.25 0.33 0.26 0.8 2.25

Lipid II binding (Kd, µM)c 3.52±2.06 7.4±3.08 0.54±0.16 0.34±0.24 4.4±3.02 1.9±0.86

Notes: aData given are mean of three replicates. bCC50 value is the average of two replicate assays and represents exposure to HeLa cells for 72 hours. cValues are averages 
of three replicate assays.
Abbreviations: MIC, minimal inhibitory concentration; MRSA, methicillin-resistant S. aureus; VRE, vancomycin-resistant enterococci; KPC, klebsiella pneumoniae carbapenemase; 
Kd, binding affinity constant; CC, cellular cytotoxicity.

Figure 5 The effect of BAS00127538 and analogs on the macromolecular pathways for DNA, cell wall, protein, and lipid synthesis.
Notes: The dose-dependent activity of the following compounds on each pathway was measured: (A) BAS00127538 (MIC 0.5 µg/mL), (B) SF-5-330 (MIC 1 µg/mL), and (C) 
SF-5-331 (MIC 1 µg/mL).
Abbreviation: MIC, minimal inhibitory concentration.
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of Lipid II.16 The pyridinium derivatives (SF analogs) bind 

Lipid II with high affinity. Compound 56133428 binds 

to Lipid II with higher affinity and is more bactericidal 

compared to ASN10791182, which does not carry the 

positive charge. 2) Hydrophobicity of the indolene moi-

ety; for BAS00127538, this moiety is predicted to interact 

with the first residues of the isoprenyl chain of Lipid II.16 

These isoprenyl residues of Lipid II are assumed to reside 

in the interface between the phospholipid head groups 

and fatty acid chains, thus making it drug accessible.1,5 

BAS00127538 and the SF analogs bind Lipid II with 

the highest affinity, and all contain the indolene moiety. 

Compound 56133428 does not contain the indolene 

and shows reduced Lipid II-binding affinity. 3) Phenyl 

rings; for BAS00127538, the two phenyl rings interact 

with the N-acetyl muramic acid moiety of Lipid II.16  

All of the SF analogs, ASN10791182 and 56133428, 

are active compounds and contain two phenyl rings 

projected from the core of the small molecules, whereas 

4400-0093 does not. Elaboration of these phenyl rings 

with para-ethoxy groups as in BAS00127537 reduces 

Lipid II-binding affinity and negates bacterial killing. 

Compound Z56760026 (Table S1) binds Lipid II but 

does not kill S. aureus.

•	 Lipid II binding correlates with antibacterial activity and 

cell wall specificity.

•	 Replacement of the pyrylium oxygen with a nitrogen to 

afford the chemically more stable pyridinium framework 

was successful and maintains broad-range antibacterial 

activity, in particular for the isobutyl analog SF-5-331; 

however, this modification also results in loss of pathway 

specificity and increases the cytotoxicity-to-MIC ratio.

•	 Pharmacokinetic analysis of BAS00127538 upon single-

dose intravenous injection indicates that compound con-

centration over the MIC for S. aureus can be achieved at 

1 mg/kg.

In summary, these studies focused on the potentially 

active scaffold of BAS00127538 pointed out the functional 

importance of the positions of the phenyl groups, the posi-

tively charged pyrylium/pyridinium, and hydrophobicity of 

the indole side chain in the substitution pattern. Optimization 

at these positions may lead to the development of small-

molecule antibiotic targeting Lipid II with broad-spectrum 

activity.
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Table S1 Structure and functional analysis of BAS00127538 analogs identified by similarity search

ID Structural  
formula

Chemical  
formula

MW  
(g/mol)

IUPAC name MFR Lipid II 
binding

S. aureus 
killing

Z56760026 C19H18ClNO4 359.8 1,2-Dimethyl-4,6-diphenylpyridin-1-ium Enamine Yes No

ASN10791107

N+

F

F

CH3

C14H12F2N 232.3 2-[(E)-2-(2,6-difluorophenyl)ethenyl]-1-
methylpyridin-1-ium

Asinex No No

ASN10791113 C17H15N2 247.3 1-Methyl-2-[(E)-2-(quinolin-8-yl)
ethenyl]pyridin-1-ium

Asinex No No

ASN10791121 C15H13N2 221.3 2-[(E)-2-(3-cyanophenyl)ethenyl]- 
1-methylpyridin-1-ium

Asinex No No

ASN10791251 C17H15N2 247.3 1-Methyl-2-[(E)-2-(quinolin-6-yl)
ethenyl]pyridin-1-ium

Asinex No No

ASN10791087 C15H16N 210.3 1-Methyl-2-[(E)-2-(2-methylphenyl)
ethenyl]pyridin-1-ium

Asinex No No

ASN10791029 C17H15N2 247.3 1-Methyl-4-[(E)-2-(quinolin-6-yl)
ethenyl]pyridin-1-ium

Asinex No No

5102026 C18H18IN 375.3 3-Benzyl-1,2-dimethylisoquinolin-2-ium ChemBridge No No

5470710 C20H18NO 368.3 1-[1-Oxo-1-(4-phenylphenyl)propan- 
2-yl]pyridin-1-ium

ChemBridge No No

5479592 C22H22NO 396.9 3,5-Dimethyl-1-[1-oxo-1- 
(4-phenylphenyl)propan-2-yl] 
pyridin-1-ium

ChemBridge No No

5480976 C21H20NO 382.3 3-Methyl-1-[1-oxo-1-(4-phenylphenyl)
propan-2-yl]pyridin-1-ium

ChemBridge No No

5533917 C10H14INO 291.1 2-[(1E)-3-hydroxybut-1-en-1-yl]- 
1-methylpyridin-1-ium

ChemBridge No No

8005-4461 C14H16N 198.3 1,2,5-Trimethyl-4-phenylpyridinium ChemDiv No No

(Continued)
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Table S1 (Continued)

ID Structural  
formula

Chemical  
formula

MW  
(g/mol)

IUPAC name MFR Lipid II 
binding

S. aureus 
killing

8005-4525 C14H14N3 224.3 1-Methyl-3-(1-methyl-1H-benzimidazol-
2-yl)pyridinium

ChemDiv No No

8005-4452

HN

N+
C14H17N2 213.3 1,2,5-Trimethyl-4-(phenylamino)

pyridinium
ChemDiv No No

0865-0038 C18H16N3 274.3 1,3-Dimethyl-2-(quinolin-2-yl)-1H-3,1-
benzimidazol-3-lum

ChemDiv No No

0865-0043

N+

C14H14N 196.3 1-Methyl-2-[(E)-2-phenylethenyl]
pyridinium

ChemDiv No No

8009-7229 C23H22ClN3O 391.9 1-(4-Chlorophenyl)-3-methyl-4-[2-
(1,3,3-trimethylindolin-2-ylidene)
ethylidene]-1,2-diazolin-5-one

ChemDiv No No

Z56594936 C19H18BrNO 356.3 1-(4-Bromophenyl)-2-[(2E)-1,3,3-
trimethyl-2,3-dihydro-1H-indol-2-
ylidene]ethan-1-one

Enamine No No

F9995-0768 C24H23NO 341.4 (2E)-2-[(2E)-4-[(2E)-1,3,3-Trimethyl-
2,3-dihydro-1H-indol-2-ylidene]but- 
2-en-1-ylidene]-2,3-dihydro-1H-inden-
1-one

Life 
Chemicals

No No

F9995-0769
CH3

H3C O

H3C

N

C25H25NO 355.5 (2E)-2-[(2E)-4-[(2E)-1,3,3-Trimethyl-
2,3-dihydro-1H-indol-2-ylidene]
but-2-en-1-ylidene]-1,2,3,4-
tetrahydronaphthalen-1-one

Life 
Chemicals

No No

STK628777 C19H17N3OS 335.4 N-[(2E)-2,3-dihydro-1,3-benzothiazol-
2-ylidene]-4-(1H-indol-3-yl)butanamide

Vitas No No

BAS00138032 C26H21O2 365.4 2-[2-(4-Methoxy-phenyl)-vinyl]-4,6-
diphenyl-pyranylium

Asinex No No

BAS00127537 C35H36NO3 518.7 2,4-Bis-(4-ethoxy-phenyl)-6-[3-
(1,3,3-trimethyl-1,3-dihydro-indol-2-
ylidene)-propenyl]-pyranylium

Asinex Yes No

Abbreviations: MW, molecular weight; IUPAC, International Union of Pure and Applied Chemistry; MFR, manufacturer.

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy

Publish your work in this journal

Submit your manuscript here: http://www.dovepress.com/drug-design-development-and-therapy-journal

Drug Design, Development and Therapy is an international, peer-
reviewed open-access journal that spans the spectrum of drug design 
and development through to clinical applications. Clinical outcomes, 
patient safety, and programs for the development and effective, safe,  
and sustained use of medicines are a feature of the journal, which  

has also been accepted for indexing on PubMed Central. The manu-
script management system is completely online and includes a very 
quick and fair peer-review system, which is all easy to use. Visit 
http://www.dovepress.com/testimonials.php to read real quotes from 
published authors.

Drug Design, Development and Therapy 2015:9submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

Dovepress

2394

Fletcher et al

Table S2 Antibacterial activity of active BAS00127538 similars

Organism ATCC # BAS00127538 ASN10791182 4400-0093 56133428 Ciprofloxacin Vancomycin

Staphylococcus aureus (VISA) 700699 0.5 16 16 8 0.5 8
S. aureus (VISA) NRS22 0.5 16 16 8 0.5 8
S. aureus (MRSA) USA300 0.5 16 16 8 2 0.5
Enterococcus faecalis 29212 2 8 16 8 1 ND
Streptococcus pneumonia 49619 4 8 16 8 1 ND
Escherichia coli 25922 8 32 64 64 0.5 ND
Acinetobacter baumannii 19606 2 64 64 64 ND 64

Abbreviations: VISA, vancomycin intermediate-resistant S. aureus; MRSA, methicillin-resistant S. aureus; ND, not determined.
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