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ABSTRACT: Bacterial natural products have inspired the
development of numerous antibiotics in use today. As resistance
to existing antibiotics has become more prevalent, new antibiotic
lead structures and activities are desperately needed. An increasing
number of natural product biosynthetic gene clusters, to which no
known molecules can be assigned, are found in genome and
metagenome sequencing data. Here we access structural
information encoded in this underexploited resource using a
synthetic-bioinformatic natural product (syn-BNP) approach,
which relies on bioinformatic algorithms followed by chemical
synthesis to predict and then produce small molecules inspired by
biosynthetic gene clusters. In total, 157 syn-BNP cyclic peptides
inspired by 96 nonribosomal peptide synthetase gene clusters were
synthesized and screened for antibacterial activity. This yielded nine antibiotics with activities against ESKAPE pathogens as well as
Mycobacterium tuberculosis. Not only are antibiotic-resistant pathogens susceptible to many of these syn-BNP antibiotics, but they
were also unable to develop resistance to these antibiotics in laboratory experiments. Characterized modes of action for these
antibiotics include cell lysis, membrane depolarization, inhibition of cell wall biosynthesis, and ClpP protease dysregulation.
Increasingly refined syn-BNP-based explorations of biosynthetic gene clusters should allow for more rapid identification of
evolutionarily inspired bioactive small molecules, in particular antibiotics with diverse mechanism of actions that could help confront
the imminent crisis of antimicrobial resistance.

■ INTRODUCTION

Many antibiotics in clinical use today are either molecules
originally discovered from bacterial fermentation broths or
synthetic variants of these metabolites.1 Key to the tremendous
success of natural products in antibiotic discovery pipelines is
the amazing diversity of ways by which they have evolved to
inhibit bacterial growth.2 However, despite the success of
culture-dependent antibiotic discovery programs, large genome
and metagenome sequencing efforts indicate that we have
accessed only a small fraction of the bacterial biosynthetic
potential present in nature.3 In fact, sequenced biosynthetic
gene clusters that do not appear to correspond to any known
metabolites far exceed the number of bacterial natural products
that have been isolated and structurally characterized.3c,4 The
development of new methods for converting this untapped
reservoir of genetic information into chemical structures
should help to repopulate antibiotic discovery pipelines with
new molecules that function by diverse modes of action.5

Toward this end, we have been exploring a pipeline that does
not rely on the complex in vivo processes of transcription,
translation, and enzyme catalysis to produce natural products
for sequenced gene clusters (Figure 1a). In this purely in vitro

approach, which we have termed synthetic-bioinformatic
natural products (syn-BNPs), the structures of natural
products encoded by biosynthetic gene clusters are predicted
bioinformatically, and the resulting predictions are then
chemically synthesized to generate libraries of molecules that
are inspired by nature.6 The syn-BNP approach is not expected
to generate exact copies of natural products but instead
provide libraries of biomimetic natural product congeners that
should be enriched for evolutionarily selected biological
activities.
Although bacteria use numerous biosynthetic strategies to

generate structurally diverse antibiotics, among the most
productive is the ribosome-independent biosynthesis of short
linear and cyclic peptides by nonribosomal peptide synthetases
(NRPSs).7 Algorithms for predicting the peptide products of
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NRPS gene clusters as well as methods for synthesizing
peptides are well-established, making these gene clusters
appealing targets for syn-BNP discovery efforts. Although the
majority of characterized nonribosomal peptides are cyclic,
early syn-BNP studies largely focused on the synthesis of
simple linear peptides.6a−d To better mimic natural products,
we expanded our predictive and synthetic efforts to include
NRPS-inspired cyclic structures.6e Here we report on the
discovery of nine new syn-BNP cyclic peptide antibiotics
(SyCPAs) that collectively have multiple modes of actions,
show both narrow and broad spectra of activity against
antibiotic-resistant pathogens, and, in many cases, did not
easily develop resistance in the laboratory. Our results suggest
that the application of increasingly elaborate syn-BNP methods
to cryptic biosynthetic gene clusters is likely to be a rewarding
strategy for identifying naturally inspired, bioactive molecules,
in particular, mechanistically diverse antibiotics that could help
repopulate and diversify antibiotic discovery pipelines.

■ METHODS
Chemical Reagents, Consumables, and Instruments. Pre-

loaded 2-chlorotrityl resins for peptide syntheses were purchased from
Matrix Innovation, Inc. (Quebec, Canada). Reagents for solid-phase
peptide synthesis (SPPS), that is, PyAOP ((7-azabenzotriazol-1-
yloxy) tripyrrolidinophosphonium hexafluorophosphate), PyBOP
((benzotriazole-1-yloxy)tripyrrolidinophosphonium hexafluoro-

phosphate), HATU (O-(7-Azabenzotriazol-1-yl)-N,N,N′,N′-
tetramethyluronium hexafluorophosphate), and Cl-HOBt (6-chloro-
1-hydroxy benzotriazole), were purchased from P3 BioSystems
(Louisville, KY). Standard N-Fmoc amino acid building blocks were
purchased from P3 BioSystems and Chem-Impex International
(Wood Dale, IL), and building blocks with allyloxycarbonyl (Alloc)
protected side-chains were purchased from Ark Pharm, Inc.
(Arlington Heights, IL) and Chempep, Inc. (Wellington, FL). (D/
L)-N-Fmoc-3-aminotetradecanoic acid was purchased from Chem-
ieliva Pharmaceutical Co. (Chongqing, China). MTT [3-(4,5-
dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide], tetradeca-
noic acid, Pd(PPh3)4 (tetrakis(triphenylphosphine) palladium (0)),
and solid-phase extraction (SPE) C-18 cartridges were purchased
from Sigma-Aldrich (St. Louis, Missouri). A 12-position SPE vacuum
manifold was manufactured by WXIntl (Rowland Heights, CA) and
purchased on eBay. Fluorescent dyes SYTOX Green and DISC3(5)
(3,3′-dipropylthiadicarbo-cyanine iodide) were purchased from
ThermoFisher Scientific (Waltham, MA), and the assay results were
recorded using a SpectraMax M2e (Molecular Devices, San Jose, CA).
Peptide purification was performed on an XBridge Prep C-18 column
(Waters Corporation, Milford, MA) using a 1200 HPLC system
(Agilent Technologies, Santa Clara, CA). LCMS was performed on a
Waters Acquity UPLC M-class system. All other reagents, solvents,
and consumables were purchased from VWR International (Radnor,
PA). The ClpP protease assay kit was purchased from ProFoldin
(Hudson, MA), and a Tecan Infinite M Nano+ plate reader
(Morrisville, NC) was used to measure protease degradation.

Microbes, Cell Line, and Growth Media. Bacterial strains and
growth conditions appear in Table S2. Growth media, including
Luria−Bertani (LB), brain heart infusion (BHI), and tryptic soy broth
(TSB), for microbes were purchased as premade powders from
Becton Dickinson (Franklin Lakes, NJ). Aerobic bacterial cultures
were grown shaken (200 rpm), and cultures of facultative aerobic
bacteria (Streptococcus and Lactobacillus species) were grown statically
in an anaerobic chamber. Primary screening of Syn-BNP cyclic
peptides was performed on bacteria embedded solid media [LB
supplemented with 1.5% (w/v) agar] grown statically at 30 °C.

Syn-BNP Peptide Sequence Prediction. High quality complete
bacterial genomes present in GenBank as of December 2014 (∼3000)
at the time this project was initiated were analyzed by using
antiSMASH bacterial version 2.0.8

SPPS and Peptide Cyclization. All target peptides were
produced by standard Fmoc (fluorenylmethoxycarbonyl) based
solid-phase synthesis on 2-chlorotrityl resins using standard amino
acid building blocks. To facilitate side-chain cyclization reactions,
serine and threonine nucleophiles were replaced with 2,3-diamino-
propionic acid, an isosteric residue that contains a more reactive
nitrogen nucleophile. Similarly, 3-aminomyristic acid was used as the
fatty acid for generating N-acylated peptides. The side-chain amines
on residues used as cyclization nucleophiles (e.g., diaminopropionic
acid, ornithine, or lysine) were protected with an allyloxycarbonyl
group to permit palladium-catalyzed differential deprotection. The 3-
amino-myristic acid in N-acylated peptides as well as the N-terminus
of nonacylated peptides was protected with Fmoc to permit
differential deprotection with piperidine. Syn-BNP cyclic peptides
for primary screening were synthesized from their linear counterparts
purchased as on-resin crude materials from Ontores Biotechnologies,
Inc. (Hangzhou, China) and Tahepna Biotechnologies, Co.
(Hangzhou, China). Peptides used in validation and follow up
studies were synthesized in-house either through manual synthesis or
using a Biotage Alstra Initiator-plus automated microwave synthesizer
(Charlotte, NC). Syntheses were performed as described previously6e

with the exception that tetradecanoic acid and N-Fmoc-3-amino-
tetradecanoic acid were used in the N-acylation of cSC and cFA
peptide designs, respectively.

Peptide Purification: Solid-Phase Extraction. C18 cartridges
were mounted on a vacuum manifold that enables the purification of
up to 12 peptides in parallel. Crude material from cyclization
reactions was solubilized in the minimal amount of methanol
(MeOH) and mixed with an equal volume of water. The resulting

Figure 1. (a) In biological systems, enzymatic machinery produces an
NRP based on the information encoded within biosynthetic genes. In
a syn-BNP approach, chemical synthesis produces a close structural
mimic based on predictions made by bioinformatic algorithms. (b)
We devised a synthetic scheme to allow each predicted peptide
sequence to be cyclized in two ways at the desired position.
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precipitate/suspension was immediately loaded onto a C18 cartridge
that had been prewashed with MeOH (10 mL) and water (10 mL).
The cartridge was washed with 50% MeOH (10 mL), acidified 50%
MeOH (1% v/v formic acid), eluted with 100% MeOH, and the
eluted MeOH fraction was dried by using a speedvac. Global
deprotection was accomplished by treating the cyclic peptides with
trifluoroacetic acid (TFA) containing water and triisopropylsilane
[2.5% (v/v) of each] at room temperature for 2 h. Liquid
chromatography coupled with low-resolution mass spectrometry
(LCMS) was used to verify the presence of the desired Syn-BNP
cyclic peptide once TFA had evaporated. This crude material was
dissolved in DMSO (12.8 mg/mL) and used directly in primary
antimicrobial screening.
Cyclic Peptide Purification: HPLC. Crude Syn-BNP cyclic

peptides that showed antimicrobial activity were purified on a XBridge
Prep C18 HPLC column (130 Å, 5 μm, 10 × 250 mm2) using a dual
solvent system (A/B: water/acetonitrile, supplemented with 0.1% v/v
of formic acid). Most peptides were eluted 35 to 75% B. Pure peptides
were confirmed by HRMS and MS/MS analyses, dissolved in DMSO
at 12.8 mg/L for MIC measurements and mechanism of action
studies. Diastereomers of antibiotic hits (if separable) were tested as
separate entities, and the more active isomer was used in MOA
studies.
Primary Antimicrobial Screening. Single colonies of bacteria

were inoculated in LB broth and grown overnight at 200 rpm in a
shaking incubator at 37 °C. The overnight culture was used to
reinoculated fresh LB broth (1/200×), grown to late log phase
(OD595 ≈ 1.0), and mixed with molten LB/agar [1.5% (w/v), 50 mL]
at 55 °C. The mixture was poured onto a Petri dish (150 × 15 mm2)
and allowed to cool down to room temperature inside a laminar flow
hood. DMSO solutions of 4 μL of each Syn-BNP cyclic peptides at
12.8 and 4.27 μg/μL were spotted directly on solidified LB/agar
embedded with bacteria. Alongside Syn-BNPs, three known anti-
biotics (carbenicillin, chloramphenicol, kanamycin) and DMSO were
used as the positive and negative controls, respectively. Once the
DMSO droplets have been absorbed into the solid media, the Petri
dishes were incubated statically at 30 °C for 18 h. On the following
day, the Petri dishes were visually inspected, and each Syn-BNP was
given a semiquantitative score on the scale of 0 (inactive) to 3
(potent) based on the size and clarity of its corresponding growth
inhibition zone.
Resynthesis of Nine Active SyCPAs. Solid-Phase Peptide

Synthesis. 2-Chlorotrityl resin preloaded with the first amino acid
(0.2 g, 0.455 mmol/g) was swollen in DCM for 30 min at room
temperature and drained under vacuum. The resin was then washed
with DMF (3 mL, 4×). Couplings proceeded with the addition of two
molar equivalents (relative to resin loading) of the respective Fmoc-
protected amino acids that were activated by HATU (2 equiv) and
diisopropylethylamine (DIEA, 2 equiv) in DMF (3 mL). Reactions
were allowed to proceed at room temperature for 1 h with occasional
swirling. The resin was then drained under vacuum and washed with
DMF (3 mL, 4×). Fmoc removal was carried out by treatment with
20% piperidine in DMF for 7 min with occasional swirling (2 mL,
2×). After deprotection, resins were washed with DMF (3 mL, 4×).
Fatty acids, N-Fmoc-3-aminotetradecanoic acid, or myristic acid (2
equiv), as predicted, was activated and coupled to the N-termini of
the resin bound synthetic peptides using the same procedure.
Alloc Deprotection for Side-Chain Cyclized Peptides. SyCPA 2,

SyCPA 4, SyCPA 12, and SyCPA 63 were cyclized between the C-
terminus of the peptide and a side chain amino group. Alloc
deprotection of the amino acid side chain used for cyclization was
performed by first washing resin bound linear peptides with dry DCM
(3 mL, 4×) and then flushing with argon. Phenylsilane (15 equiv) and
Pd(PPh3)4 (0.5 equiv) were dissolved in dry DCM (5 mL) at room
temperature under anhydrous argon and added to the resin. This
mixture was allowed to react for 2 h with occasional swirling. After 2
h, the resin was washed with 10% sodium diethyldithiocarbamate
trihydrate in DMF (5 mL, 5×) to remove the palladium, followed by
washes with DMF (3 mL, 4×) and DCM (5 mL, 5×). The synthetic
linear peptides were then cleaved from the resin (see below).

Fmoc Removal for Fatty Acid Cyclized Peptides. SyCPA 102,
SyCPA 116, SyCPA123, and SyCPA144 were cyclized between the
C-terminus of the peptide and the 3-amino group on the fatty acid (3-
aminotetradecanoic acid). The N-Fmoc group was removed using
20% piperidine in DMF as described above. The synthetic linear
peptides were then cleaved from the resin (see below).

Fmoc Removal for Head-to-Tail Cyclized Peptide. SyCPA 153
was cyclized between its C- and N-termini. The N-terminal Fmoc
group was removed using 20% solution in DMF as described above.
The synthetic linear peptide was then cleaved from the resin (see
below).

Cleavage and Cyclization. The resin bound linear peptides were
cleaved from the resin to perform peptide cyclization. The resin was
treated with 1% TFA in DCM (2 mL, 10×), immediately neutralized
with 10% DIEA in DCM, and then air-dried overnight. The cleaved
linear peptides were dissolved in DMF (40 mL). PyAOP (7 equiv)
and DIEA (15 equiv) were added at room temperature, and the
reaction was allowed to proceed for 1 h. DCM (50 mL) was added to
the cyclized peptide and washed repeatedly with 1% formic acid in
water (5 mL, 10×). The extracted peptide was air-dried overnight.

Global Deprotection. The dried cyclic peptides were transferred
into 50 mL falcon tubes and mixed with 3 mL of TFA containing
2.5% (v/v) water and 2.5% (v/v) triisopropylsilane. Global
deprotections were carried out at room temperature for 3 h with
occasional swirling. Diethyl ether and hexane were mixed 1:1 (45 mL
in total), cooled to −20 °C, and then added to the above TFA treated
peptides. Cyclic peptides were allowed to precipitate at −20 °C for 20
min and collected by centrifugation (2500g, 5 min). Crude peptide
pellets were dissolved in 5 mL of methanol and dried overnight in a
speed-vac.

Peptide Purification. Dried crude cyclic peptides were dissolved in
50% methanol (4 mL). They were then HPLC purified in 0.5 mL
portions using a Waters XBridge prep C18 column (5 μm, 10 × 250
mm2) and a 40 min linear gradient from 35 to 75% acetonitrile
supplemented with 0.1% (v/v) of formic acid. Peptide purity and
identity were confirmed by UPLC, HRMS (Table S3), tandem MS
(Figure S3), and 1H NMR (Figures S4−S12).

MIC Determination. Standard susceptibility assays were
performed in the appropriate growth medium in 96-well microtiter
plates to determine the minimum inhibitory concentration (MIC) by
the broth microdilution method in accordance to protocols
recommended by Clinical and Laboratory Standards Institute.9 For
polymyxin-supplemented assays, the MIC of polymyxin against a
bacterium was first determined (1× MIC). The growth medium for
setting up a MIC assay was then supplemented with polymyxin at 1/
4× MIC of each respective bacteria. The measured MICs were as
follows: E. coli DH5α (0.0625 μg/mL), K. pneumoniae and P.
aeruginosa (0.15 μg/mL), A. baumannii (0.3 μg/mL), and E. cloacae
(2 μg/mL). Note that the E. cloacae ATCC 13047 strain we used was
not susceptible to polymyxin (MIC > 64 μg/mL). These
supplemented growth media were then used in a standard broth
microdilution to determine the polymyxin-supplemented MIC of each
antibiotic hit. All assays were done at least in duplicate (n = 2).

Membrane Depolarization Assay. Membrane depolarization
assays were done in a 384-well plate, and all stock solutions were
prepared in Dulbecco’s phosphate buffer saline (PBS). An overnight
bacterial culture was harvested by centrifugation, washed twice with
PBS, and resuspended in PBS (OD595 ≈ 0.4). Cell suspension (10
μL) and 20 μM DiSC3(5) (5 μL) were added to PBS (15 μL) and
incubated in the dark at room temperature for 15 min. Potassium
chloride (2 M, 5 μL) was added and incubated for another 15 min.
This mixture was then transferred into a 384-well microtiter plate, and
its fluorescence intensity was recorded continually at 3 s intervals (Ex/
Em 643/675 nm). Once the signal had stabilized, which takes
approximately 3 to 5 min, Syn-BNP antibiotics were added and
immediately mixed by manual pipetting without stopping recording.
The final mixture is a PBS solution containing DiSC3(5) (1 μM), KCl
(100 mM), bacteria (OD595 ≈ 0.04), and antibiotics at 1× MIC
against the bacteria of interest. Gramicidin and DMSO were used as
the positive and negative controls, respectively. All assays were done

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c04376
J. Am. Chem. Soc. 2020, 142, 14158−14168

14160

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c04376/suppl_file/ja0c04376_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c04376/suppl_file/ja0c04376_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c04376/suppl_file/ja0c04376_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c04376?ref=pdf


in duplicate (n = 2); a representative recording for each Syn-BNP is
shown in either Figure 4c or d.
Membrane Lysis Assay. Membrane lysis assays were done in

disposable plastic cuvettes, and all stock solutions were prepared in
LB broth. An overnight bacterial culture was harvested by
centrifugation and resuspended in fresh LB (OD595 ≈ 0.4). SYTOX
Green (15 μM, 100 μL) was added to the cell suspension (900 μL)
and incubated in the dark at room temperature for 10 min.
Fluorescence intensity of the mixture was recorded continually at 2
s intervals (Ex/Em 488/523 nm). Once the signal had stabilized, which
takes approximately 3 to 5 min, syn-BNP antibiotic as a 12.8 mg/mL
DMSO solution was added and immediately mixed by manual
pipetting without stopping the recording. The final mixture is a LB
solution containing SYTOX (1.5 μM), bacteria (OD595 ≈ 0.04), and
antibiotics at 1× MIC against the bacteria of interest. Daptomycin
supplemented with 10 mM calcium chloride (CaCl2) and DMSO
were used as the negative control and positive controls. Data were
presented as the relative intensity with respect to the average
fluorescence signal prior to the addition of the antibiotic. All assays
were done in duplicate (n = 2); a representative recording for each
Syn-BNP is shown in either Figure 4c or d.
Lipid II Precursor Accumulation Assay. A single bacterial

colony was inoculated into LB and grown overnight at 200 rpm in a
shaking incubator at 37 °C. On the following day, the overnight
culture was used to reinoculate fresh LB broth (1/200×) and grown
to mid log phase (OD595 ≈ 0.5). Chloramphenicol was added to 1 mL
of mid log phase culture and incubated at 37 °C for 20 min at 200
rpm. Antibiotics of interest were added at 20 μg/mL and incubated
for another 60 min. Cells were collected by centrifugation,
resuspended in 30 μL of water, and then incubated in boiling water
for 15 min. The boiled suspension was centrifuged at 15 000g, and the
supernatant was analyzed by LCMS. Vancomycin and DMSO were
used as the positive and negative controls, respectively. All assays were
done in duplicate (n = 2); a representative trace for each Syn-BNP
was shown in Figure 5a.
Cytotoxicity Assessment. HeLa cells were grown in Dulbecco’s

modified Eagle medium (DMEM) supplemented with penicillin (10
units/mL), streptomycin (10 units/mL), L-glutamate (2 mM), and
heat-inactivated fetal bovine serum (10% v/v) at 37 °C in a 5% CO2

atmosphere. HeLa cells were seeded into 384-well plates (500 cells
per well) and incubated in DMEM at 37 °C with 5% CO2 for 16 h to
allow cells to adhere. The OD570 readings were used to calculate
relative growth (%) based on the positive (2 μM Taxol, 0%) and
negative (DMSO, 100%) controls. The cytotoxicity assay was
performed in quadruplicate (n = 4) and analyzed according to
protocol reported previously.6e

Resistant Mutant Selection and SNP Identification. Resistant
mutants were raised as reported previously.6a Briefly, a single bacterial
colony was inoculated into LB and grown overnight at 200 rpm in a
shaking incubator at 37 °C. A portion of the overnight culture
containing approximately 109 cells was diluted (1/100× to 1/400×
fold) into LB containing the antibiotic of interest at 2.5× of its MIC.
The resulting mixture was distributed into microtiter plates at 200 μL
per well. After incubating statically at 30 °C for 12 to 18 h, colonies
that appeared were transferred into fresh LB containing the same
concentration of antibiotic. In a second round of selection, these
cultures were grown at 30 °C for an additional 12 to 18 h. Mature
cultures were struck for singles on LB/agar free of antibiotics. The
MIC of 12 to 36 individual colonies was then tested using the
standard microtiter dilution method described above. DNA was
extracted from cultures of colonies that showed elevated MIC, and the
resulting DNA was sequenced using MiSeq Reagent Kit V3 (MS-
102−3003, Illumina). DNA extraction and next generation sequenc-
ing were performed as reported previously. Single-nucleotide
polymorphisms (SNPs) were identified using SNIPPY (http://
github.com/tseemann/snippy) by mapping MiSeq reads to the
reference genome of S. aureus USA300_FPR3757 (RefSeq assembly
accession: GCF_000013465.1).

■ RESULTS AND DISCUSSION

Bioinformatic Analysis, Design, and Synthesis of
NRPS-Inspired Cyclic Syn-BNPs. Nonribosomal peptides
are produced by modular assembly line-like enzymes. In
canonical systems, each module incorporates a single amino
acid into a growing peptide. Detailed bioinformatic analyses of
functionally characterized NRPS gene clusters have led to the
development of algorithms that use protein sequence data to
predict the identity and order of the amino acid building
blocks encoded by a gene cluster.8,10 To generate syn-BNP
targets, we bioinformatically analyzed large (≥5 adenylation
domains) NRPS gene clusters found in ∼3000 complete
bacterial genomes present in GenBank.11 For each gene
cluster, we predicted the peptide it encoded using three
different prediction tools.10 We excluded from further analysis
any gene clusters that were predicted to encode known
nonribosomal peptides, a large number of tailoring enzymes, or
residues that did not have a consensus prediction across
algorithms. We also removed from further analysis those gene
clusters that did not appear to follow a canonical colinear
organization pattern. From the remaining NRPS gene clusters,
we selected 96 linear peptide predictions to serve as the basis
of our cyclic syn-BNP targets (Table S1).
The majority of characterized nonribosomal peptides are

cyclized through their C-termini, and therefore, we focused our
synthetic efforts on generating C-terminally cyclized syn-BNPs.
Monocyclic nonribosomal peptides that are cyclized through
the C-terminal carboxylate can largely be grouped into three
distinct categories based on the nucleophile that is used in the
cyclization reaction. The carboxylate can react with either an
amino acid side-chain, the N-terminus of the peptide, or in the
case of N-acylated peptides, a nucleophile on the fatty acid.
While bioinformatically predicting the specific nucleophile
used for cyclization remains challenging,12 an analysis of
characterized cyclic nonribosomal peptides revealed the
following trends:6e,13 (1) when more than one potential side-
chain nucleophile is present, nonribosomal peptides are most
often cyclized through the residue that yields the largest
macrocycle, (2) fatty acid cyclization most commonly occurs
through beta-oxidation of the lipid, and (3) the vast majority of
nonribosomal peptide macrocycles contain four or more amino
acid residues (n ≥ 4). We used these observations to guide the
design of sets of differential cyclic syn-BNP targets for each
linear nonribosomal peptide prediction (Figure 1b). Specifi-
cally, when a nonribosomal peptide was predicted to be N-
acylated with a fatty acid, the corresponding syn-BNP peptide
was cyclized through either the β-heteroatom of the fatty acid
(cFA, Figure 1b) or the nucleophilic amino acid side-chain
closest to the N-terminus (cSC, Figure 1b). Alternatively,
when no fatty acid was predicted to be present at the N-
terminus, the syn-BNP peptide was cyclized either head-to-tail
(cHT, Figure 1b) or through a nucleophilic side-chain (cSC,
Figure 1b). Finally, peptides inspired by NRPS gene clusters
that were predicted to encode products without a nucleophilic
side-chain capable of forming a macrocycle of at least four
amino acids were only cyclized either head-to-tail or through
their fatty acids. Using this general scheme, we targeted the
synthesis of 171 syn-BNPs that were inspired by our 96 linear
peptide predictions. Each cyclization reaction was partitioned
over a C-18 solid-phase extraction cartridge to obtain a
semipure synthetic cyclic peptide. The desired target mass was
identified in 157 (92%) cases (Table S1). Fractions containing
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the target masses were dried in vacuo, resuspended in DMSO,
and used directly for bioactivity screening.
Syn-BNP Screening for Antibiosis. Nonribosomal

peptides display a wide variety of bioactivities, but they have
offered their greatest utility as antibiotics.14 To identify
antibacterial active syn-BNPs, we screened each fraction
containing the mass of a target syn-BNP cyclic peptide against
Bacillus subtilis, Escherichia coli, and the ESKAPE pathogens.
The ESKAPE pathogens represent the bacteria most
commonly associated with antibiotic-resistant nosocomial
infections: Enterococcus faecium, Staphylococcus aureus, Klebsiel-
la pneumoniae, Acinetobacter baumannii, Pseudomonas aerugino-
sa, and Enterobacter cloacae.15

In our initial screen, semipure peptides were spotted on solid
growth media seeded with each bacterium. After the bacterial
lawns matured, a semiquantitative score on a scale from 0
(inactive) to 3 (clear growth inhibition zone) was assigned to
each cyclic peptide (Figure 2a). Syn-BNPs scoring a “3” against

any bacterium or having a combined score of 8 or higher across
all pathogens were regarded as primary hits. In total, we
identified 15 fractions that reached one or both thresholds.
Syn-BNPs were purified by HPLC from the fractions
associated with each primary hit and then reassayed for
antibacterial activity (Figure 2b). Once purified, nine primary
hits showed an MIC of ≤8 μg/mL against at least one
bacterium in our panel. We called these validated hits syn-BNP
cyclic peptide antibiotics (SyCPAs) and considered them our
final set of active compounds (Figure 3). Many previously
characterized natural product antibiotics have similar single-
digit μg/mL MICs, indicating that even though syn-BNPs are
unlikely to be perfect copies of evolutionary optimized natural

products, they can have potencies that are comparable to
antibiotics produced using biosynthetic machinery.

Spectrum of Activity of SyCPAs. Four SyCPAs are
Gram-positive specific antibiotics and five show activity against
at least one Gram-negative bacterium (Figure 4a). Almost all
SyCPAs are active against at least one antibiotic-resistant
ESKAPE pathogen. Among the Gram-positive active anti-
biotics, we see distinct activity patterns. SyCPA 4 and 153 are
mostly active against B. subtilis, while SyCPA 2 and 116 show
broader Gram-positive activity. Broad-spectrum SyCPAs range
from being active against a number of the Gram-negative
bacteria we tested (SyCPA 63) to only being active against A.
baumannii (SyCPA 123 and 144). When assayed for
cytotoxicity against HeLa cells using the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-tetrazolium (MTT) metabolic activ-
ity assay (Figure 4b), SyCPA 2 and 116 were the only peptides
that showed significant toxicity (IC50 16 and 11 μg/mL,
respectively), indicating that most SyCPAs are not general
cytotoxins but are instead specifically antibiotics.
All nine SyCPAs were designed based on biosynthetic gene

clusters that, to the best of our knowledge, have not been
previously associated with any natural products and their
structures do not closely resemble any natural products
deposited in the Dictionary of Natural Products or SciFinder
databases (Figure S2).13,16 These SyCPAs range from 5 to 13
amino acids in length and contain 18 to 39-membered
macrocycles (Figure 3). Representatives of all three cyclization
modes we employed are found among our final hits. The
largest peptide, SyCPA 153, is the lone head-to-tail macrocycle
(cHT). Four peptides each belong to the other two types of
cyclic modes, that is, cyclization through the fatty acid (cFA,
SyCPA 102, 116, 123, and 144) and cyclization through a
nucleophilic side-chain (cSC, SyCPA 2, 4, 12, and 63). As
opposed to being dominated by metabolites from Actino-
bacteria, which has been the most productive source of
antibiotics from fermentation-based discovery efforts, the
majority of SyCPAs were inspired by biosynthetic gene
clusters found in the genomes of Proteobacteria and
Firmicutes: 4 from Proteobacteria, 3 from Firmicutes, and 2
from Actinobacteria. As the syn-BNP approach focuses on
individual biosynthetic gene clusters and not entire organisms,
it is not biased by the need for a bacterium to be
“biosynthetically rich” to justify its inclusion into the screening
platform and therefore more likely to provide access to
molecules inspired by “gene cluster poor” taxa that might
otherwise be deprioritized in natural product screening
programs.

Mode of Action Studies. Although known cyclic peptide
antibiotics have diverse modes of action, they have frequently
been found to either inhibit cell wall biosynthesis by binding
intermediates in this biosynthetic pathway or cause membrane
disruption through depolarization or cell lysis.17 We therefore
tested each SyCPA for these common modes of action using
three discrete assays: SYTOX fluorescence (cell lysis), 3,3′-
dipropylthiadicarboncyanine iodide (DiSC3(5)) fluorescence
(membrane depolarization), and UDP-MurNAc-pentapeptide
accumulation (inhibition of cell wall biosynthesis).

Cell Lysis by the Broad Spectrum SyCPAs 12, 102, and
123. Cell lysis was assessed using the nucleic acid binding dye
SYTOX. Antibiotics were tested for lytic activity against S.
aureus unless they were significantly more active against B.
subtilis, in which case B. subtilis was used (Figure 4c,d). At 4×
their MICs, three broad spectrum antibiotics, SyCPA 12, 102,

Figure 2. (a) Syn-BNPs were screened against a panel of bacteria to
identify new antibiotics. This panel included model Gram-positive
and Gram-negative bacteria (B. subtilis and E. coli, respectively) as well
as the ESKAPE pathogens. (b) Each Syn-BNP was given a
semiquantitative score for its activity against each bacterium that
ranged from 0 (inactive) to 3 (most potent) based on the size of its
zone of growth inhibition. (c) A total of 171 Syn-BNP cyclic peptides
were synthesized based on bioinformatic predictions of 96 NRPS gene
clusters. We identified 15 primary hits from this syn-BNP collection.
Nine hits were validated upon resynthesis.
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and 123, induced SYTOX fluorescence, indicating that they
induce cell lysis. All three of these antibiotics contain positively
charged residues. Cationic peptide antibiotics are a structurally
diverse class of natural products that commonly function by
interference with the cytoplasmic membrane barrier.18 They
have attracted growing interest in recent years because they
often exhibit activity against antibiotic resistant Gram-negative
pathogens and show low rates of resistance.19 As SyCPA 12,
102, and 123 are structurally distinct from any previously
reportednatural products (Figure S2); they provide novel
chemical scaffolds for investigating the bioactivity of cationic
peptide antibiotics.
Inhibition of Cell Wall Biosynthesis by SyCPA 4.

Antibiotics that bind cell wall biosynthetic intermediates
often result in the accumulation of the lipid II precursor
UDP-MurNAc-pentapeptide. On the basis of the spectrum
activity of each SyCPA, cultures of either S. aureus or B. subtilis
were exposed to individual SyCPAs and then monitored by
LCMS for the accumulation of UDP-MurNAc-pentapeptide
(Figure 5a). B. subtilis cultures treated with SyCPA 4
containing increased concentrations of UDP-MurNAc-penta-
peptide indicated inhibition of cell biosynthesis by this
antibiotic (Figure 5a). SyCPA 4 was most active against B.
subtilis in our initial screen. When tested against a broader
collection of bacteria it remained most potent against Gram-
positive Bacilli (e.g., Bacillus anthracis, Bacillus cereus, and
Lactobacillus rhamnosus, Figure 5b) but largely inactive against
other strains. The structure of the peptidoglycan in Gram-
positive Bacilli differs from that in most other Gram-positive
bacteria in that a meso-diaminopimelic acid replaces lysine at
the third position of the pentapeptide moiety (Figure 5c),20

suggesting that SyCPA 4 antibiosis may depend on an

interaction with this divergent residue. Interestingly, Gram-
negative peptidoglycan also contains meso-diaminopimelic
acid; however, SyCPA 4 was not active against any of the
Gram-negative bacteria we initially tested. We expected this
might be due to the Gram-negative outer membrane
preventing access to the peptidoglycan. We therefore tested
the effect of polymyxin, which disrupts the outer membrane of
Gram-negative bacteria, on the antibiosis of SyCPA 4, as well
as the other SyCPAs. As would be expected, all SyCPAs with
native activity against Gram-negative bacteria showed
increased potency in the presence of polymyxin (Figure 5d).
Among the Gram-positive specific SyCPAs, SyCPA 4 was the
only one to show an increased spectrum of activity. In fact, in
combination with polymyxin, SyCPA 4 is active against most
Gram-negative ESKAPE pathogens. While detailed binding
assays will be required to determine the exact mechanism of
SyCPA 4’s cell wall inhibition activity, its spectrum of activity
suggests that it likely specifically interacts with the meso-
diaminopimelic acid moiety that is common to the
peptidoglycan of Gram-positive Bacilli as well as Gram-
negative bacteria.
Interestingly, SyCPA 4 was also the only Gram-positive

specific antibiotic that caused a dramatic increase in SYTOX
fluorescence, suggesting that in addition to inhibiting cell wall
biosynthesis, it also induces cell lysis (Figure 4c). This is
reminiscent of the bifunctional semisynthetic glycolipopeptide
telavancin that was recently approved for treatment of
antibiotic resistant Gram-positive bacterial infections.21 In
the case of telavancin, the peptide moiety interacts with
peptidoglycan to inhibit cell wall biosynthesis and the lipid
substituent interacts with the bacterial membrane to cause
depolarization. SyCPA 4 induced an increase in SYTOX

Figure 3. Structures of validated SyCPAs, key features of the NRPS gene cluster from which each was predicted, and their respective overall
synthetic yields are shown above. Bold bonds indicate the site of cyclization.
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fluorescence at 4× its MIC but had no such effect at 1× its
MIC, suggesting that inhibition of cell wall biosynthesis is
likely its principal mode of action, except at very high
concentrations. Bifunctional antibiotics are of considerable
interest due to the low rates of resistance development they
tend to exhibit.22 This mirrors our experience with SyCPA 4 in
that all efforts to raise resistant mutants have so far been
unsuccessful. SyCPA 4 was given the trivial name “gladiosyn”
(Burkholderia gladioli BSR3 syn-BNP).
Membrane Depolarization and Mycobacterium tuber-

culosis Growth Inhibition by SyCPA 63. Cell membrane
depolarization was measured using the voltage-sensitive dye
3,3′-dipropylthiadicarboncyanine iodide (DiSC3(5)). In addi-
tion to the four SyCPAs that caused cell lysis (SyCPA 4, 12,
102, and 123), one additional antibiotic, SyCPA 63, induced
an increase in DiSC3(5) fluorescence (Figure 5), indicating
that it depolarizes the bacterial membrane but does not lyse
bacteria. SyCPA 63 shows the broadest spectrum of activity
among the SyCPAs we identified. Among the Gram-negative
bacteria we tested, it was most active against K. pneumoniae (8
μg/mL) but also showed modest antibacterial activity against
most of the Gram-negative bacteria in our panel. Interestingly,
when tested for activity against other pathogens, SyCPA 63
was the only SyCPA that inhibited the growth of M.
tuberculosis H37Rv (MIC 6 μg/mL) (Figure 4a). SyCPA
63’s broad spectrum of activity against diverse pathogens,
together with its minimal HeLa cell cytotoxicity and our failure
to identify SyCPA 63 resistant mutants in laboratory
experiments, make it an appealing structure for future synthetic

efforts designed to improve its potency. We have given SyCPA
63 the trivial name thurinsyn (Bacillus thuringiensis BMB171
syn-BNP).

Resistant Mutant Screening. To look for other potential
mechanisms of action, we attempted to raise resistant mutants
for each antibiotic that did not strongly respond to any of the
discrete assays we used above (SyCPAs 2, 116, 144, and 153).

Dysregulation of the ClpP Protease by SyCPA 116. In an
initial round of resistant mutant screening using S. aureus USA
300, all SyCPA 116 resistant mutants contained single-
nucleotide polymorphisms (SNPs) in the farR gene (Table
S4). FarR is a LysR transcription factor that induces expression
of FarE, an efflux pump that has been associated with
resistance to antimicrobial fatty acids.23 Constitutive over-
expression of the farER efflux system (pALCfarER) in an S.
aureus farER deletion mutant23 (SyCPA 116 MIC of 8 μg/
mL) conferred resistance to SyCPA 116 (MIC > 64 μg/mL),
suggesting that FarE can efflux SyCPA 116. Therefore, in a
second round of screening, we attempted to raise resistant
mutants using the farER deletion strain. This yielded mutants
that were able to grow on >128 μg/mL of SyCPA 116. Whole
genome sequencing of these strains identified mutants with
SNPs in the ClpP protease (clpP) gene or in an operon that
encodes a multisubunit Na+/H+ antiporter that has been
associated with tolerance to diverse molecules including salt,
cholate, and thrombin-induced platelet microbicidal protein.24

Interestingly, a number of the clpP point mutations introduced
stop codons (Figure 6a), which suggested that disruption of
this protease provides resistance to SyCPA 116. This

Figure 4. (a) Minimum inhibitory concentrations (MICs) of the SyCPAs (μg/mL, “>” indicates the MIC is greater than 64 μg/mL; the highest
concentration tested for M. tuberculosis was 12.5 μg/mL). (b) Cytotoxicity of B. subtilis and S. aureus active SyCPAs were assessed using HeLa cells
and the MTT metabolic activity assay. Cell survival was normalized to that of the DMSO control. Syn-BNP antibiotics were assayed at 4× MIC
against either (c) B. subtilis or (d) S. aureus. Two fluorescent dyes were used to probe potential membrane acting mechanisms: SYTOX Green for
lysis and DiSC3(5) for depolarization. DMSO was used as the negative control in all assays (light gray traces).
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hypothesis was confirmed by the fact that a targeted clpP
deletion mutant (S. aureus SH1000 ΔclpP) was resistant to
SyCPA 116 (>128 μg/mL) but the parent of this strain was
not.25

The ClpP protease is part of a protein degradation
machinery that targets misfolded and unneeded proteins.26

This system is not essential to S. aureus. Inhibition of ClpP is
therefore not a viable antibacterial mode of action. On the
other hand, dysregulation of ClpP that results in uncontrolled
protein degradation is known to be lethal (Figure 6b).27 The
fact that deletion of clpP provides resistance suggests a ClpP
dysregulation mode of action for SyCPA 116. To the best of
our knowledge, only one known family of bacterial natural
product antibiotics, the acyl depsipeptides (ADEPs), functions
by dysregulating ClpP.27,28 Although both SyCPA 116 and the
ADEPs are cyclic acylated peptides, their structures are quite
different (Figure 6c): (1) they share no amino acids, (2) their
macrocycles differ in size, (3) SyCPA 116 is not a depsipeptide
but instead cyclized through an amide bond, and (4) the N-
terminus of SyCPA 116 contains a fully saturated acyl
substituent, while ADEPs contain polyunsaturated acyl

substituents. Whether ADEPs and SyCPA 116 bind the
same site or even function by the exact same mechanism
remains to be determined. Efforts to identify unique chemical
matter that activates ClpP and kills bacteria have seen only
modest success.29 As seen with some ADEP analogs, SyCPA
116 also shows human cell line toxicity (Figure 4b). This is
likely due to dysregulation of the mitochondrial ClpP protease,
which is known to lead to apoptotic cell death.30 The SyCPA
116 scaffold therefore provides opportunities to explore ClpP
protease activation not only as an antibacterial mode of action
but also as a way of killing cancer cells. We have given SyCPA
116 the name “collimosyn” (Collimonas fungivorans Ter331
syn-BNP).

SyCPAs 2, 144, and 153. SyCPAs 2, 144, and 153 were
neither highly active in any of the discrete assays we looked at
initially nor were we able to identify resistant mutants that
could provide insight into their modes of action. Each of these
antibiotics did cause a slight increase in either SYTOX or
DiSC3(5) fluorescence in our initial assays (Figure 4c,d),
suggesting limited cell lysis or membrane depolarization,
respectively. Additional experiments will be required to

Figure 5. (a) All peptides were tested at 20 μg/mL for inducing the accumulation of the lipid II biosynthetic precursor UDP-MurNAc-
pentapeptide. Vancomycin and DMSO were used as the positive and negative controls, respectively (dark and light gray traces). (b) SyCPA 4
(gladiosyn) is most active against Gram-positive Bacilli. (c) Bacillus and Gram-negative bacteria use a meso-diaminopimelic acid to cross-link their
peptidoglycans in cell wall biosynthesis, as opposed to using lysine in those of other Gram-positive bacteria. (d) SyCPAs show improved activities
when tested in combination with polymyxin at 1/4× MIC of each respective bacterium (μg/mL, “>” indicates the MIC is greater than 64 μg/mL).
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determine if this is indicative of the antibiotic’s primary mode
of action or whether this is a secondary effect. Although their
modes of action remain to be determined, among these
antibiotics, SyCPA 144 is of particular interest for future
synthetic optimization studies due to its native activity against
A. baumannii, broad spectrum activity in the presence of
polymyxin, lack of toxicity to human cells in vitro, and our
inability to raise resistance mutants in laboratory-based
experiments using either Gram-positive or Gram-negative
bacteria (S. aureus, B. subtilis, and Escherichia coli imp). We
have named SyCPA 144 “mucilasyn” (Paenibacillus mucilagi-
nosus syn-BNP).

■ CONCLUSION
Continuous improvement in DNA sequencing technologies
promises to uncover an increasingly large number of
uncharacterized bacterial biosynthetic gene clusters. The
biosynthetic instructions contained in these gene clusters
encode a reservoir of naturally occurring bioactivities including
the diverse mechanisms that bacteria have evolved to control
the growth of other bacteria. The successful translation of
uncharacterized biosynthetic gene clusters into bioactive
molecules should have a significant positive impact on
antibiotic discovery pipelines and in turn on our ability to
address the growing problem of antimicrobial resistance. Of
the 96 gene clusters we explored using the syn-BNP approach,
almost ten percent inspired the synthesis of an antibiotic with
activity against antibiotic-resistant pathogens of clinical
interest, many of which failed to develop resistance in
laboratory experiments. Our data suggest that these new
antibiotics function by multiple different modes of action.
The syn-BNP peptides reported range from 5 to 14 amino

acids in length with the median length being 7 amino acids. To
cover all possible 7-mer peptide sequences composed of the
canonical amino acids in both D- and L-forms calls for a
combinatorial library that contains ∼1.6 × 1011 members. A
library of this size is unrealistic to build or screen with
currently available methods. The syn-BNP approach takes cues
from evolution to narrow our scale of synthesis and increases
the likelihood of identifying bioactive compounds. Syn-BNPs

are not expected to represent perfect translations of the
instructions contained in gene clusters but instead biosyntheti-
cally inspired structures with enough similarity to native
metabolites to capture the diverse bioactivities encoded by
uncharacterized gene clusters.
In fact, because the vast majority of biosynthetic gene

clusters are silent in laboratory conditions, it is not currently
possible to determine the exact product of most biosynthetic
gene clusters that inspire syn-BNPs. As has often been done
with traditional natural products, we expect mechanistically
interesting syn-BNPs will serve as inspiration for the
generation of more potent and clinically relevant small
molecule derivatives in subsequent synthetic optimization
studies. The work outlined here adds to a growing body of
evidence that the syn-BNP approach represents an effective,
scalable, and orthogonal method for using the biosynthetic
instructions found in natural product biosynthetic gene clusters
to inspire the creation of bioactive small molecules. Building
on our previous work involving largely linear syn-BNP
peptides, this study expands to the design and synthesis of
our largest collection yet of cyclic syn-BNP peptides.
Subsequent screening and mechanistic studies show that this
approach is particularly fruitful in the discovery of antibiotics
with diverse modes of action. Improvements in bioinformatic
algorithms for predicting chemical structures from biosynthetic
gene clusters together with the incorporation of additional
synthetic complexity beyond peptide cyclization will undoubt-
edly lead to even higher hit rates and more diverse bioactivities
in future syn-BNP studies.
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