ACS
Combinatorial
nce

e

Subscriber access provided by UNIVERSITY OF SOUTH CAROLINA LIBRARIES
Letter

Peptoid Library Agar Diffusion (PLAD) Assay for the
High-Throughput Identification of Antimicrobial Peptoids
Kevin J. Fisher, Jeremy A. Turkett, Ashley E. Corson, and Kevin L. Bicker

ACS Comb. Sci., Just Accepted Manuscript » DOI: 10.1021/acscombsci.6b00039 « Publication Date (Web): 17 May 2016
Downloaded from http://pubs.acs.org on May 20, 2016

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or conseqguences arising from the use of information contained in these “Just Accepted” manuscripts.

ACS Combinatorial Science is published by the American Chemical Society. 1155
Sixteenth Street N.W., Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

N4 ACS Publications



Page 1 of 19 ACS Combinatorial Science

Peptoid Library Agar Diffusion (PLAD) Assay for the High-Throughput Identification of
Antimicrobial Peptoids

©CoO~NOUTA,WNPE

Kevin J. Fisher, Jeremy A. Turkett, Ashley E. Corson, Kevin L. Bicker'

Middle Tennessee State University, Department of Chemistry, 1301 E. Main St., Murfreesboro,
20 TN 37132.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Combinatorial Science

Abstract

Rapid emergence of antimicrobial resistant organisms necessitates equally rapid methods
for the development of new antimicrobial compounds. Of recent interest have been mimics of
antimicrobial peptides known as antimicrobial peptoids, which exhibit similar potency to the
former but with improved proteolytic stability. Presented herein is a high-throughput method to
screen libraries of antimicrobial peptoids immobilized on beads embedded into solid media.
Termed the Peptoid Library Agar Diffusion (PLAD) Assay, this assay allows for individual
chemical manipulation of two identical peptoid strands. One strand can be released to diffuse
out from a solid support bead and interact with the microorganism during screening. The other
strand can be cleaved after screening from beads showing strong antimicrobial activity and
analyzed by mass spectrometry to deconvolute the structure of the peptoid. This method was
applied to a small library of peptoids to identify an antimicrobial peptoid with modest efficacy

against the ESKAPE pathogens.
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The increasing prevalence of multi-drug-resistant (MDR) bacterial infections in the clinic
necessitates methods to rapidly identify potent new antimicrobial agents that are effective against
MDR bacteria. Antimicrobial resistance (AMR) is considered by the World Health Organization
to be a major threat to global public health, resulting in a significant rise in global mortality rates
and a significant decline in economic growth due to the growing cost of bacterial infection
treatment.’ A recent study predicted that by the year 2050, AMR will result in 10 million
premature deaths per year worldwide and roughly $100 trillion USD in lost economic output.”
Bacterial resistance is a growing problem due to increasing and improper use of antibiotics
combined with the ability of bacteria to readily transmit information from one microbe to
another.”* Common mechanisms of bacterial resistance include drug efflux pumps and enzymes
that break down common antibiotics, such as B-lactamases and aminoglycosides. * There is
now a need for antimicrobial compounds that are not susceptible to these drug resistance

mechanisms.

One such class that has drawn particular interest lately is antimicrobial peptides (AMPs).
AMPs serve as a natural part of the host-defense innate immune system of several organisms.°
There is little known antibiotic resistance to AMPs, likely due to their non-specific mode of
killing.” Tt is believed that most AMPs cause membrane permeabilization, resulting in leakage of
cytoplasmic components and cell death.>” Other evidence indicates that some AMPs may bind
to and disrupt DNA or RNA, which is not surprising given the amphipathic structure of these
compounds.”’ Although promising, AMPs have not been developed into legitimate therapeutics
due to the poor proteolytic stability and low bioavailability of peptides.g’ ? Several mimics of
AMPs have been developed with the goal of preserving their advantages while circumventing

their shortcomings.10 One promising class of these have been based on N-substituted glycines
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(termed peptoids) which are similar to peptides, but with the side chain shifted from the alpha-

carbon to the amide-nitrogen.” !

Peptoids are similar to peptides in function, yet they are not
recognized by proteases and hence have a prolonged lifetime in vivo as well as improved

bioavailability, making them excellent candidates as therapeutics.”

The development of antimicrobial peptoids has relied on the mimicry of known AMPs
and the generation of small (<20 compound) subsets of peptoids.'”"” This work has generated
antimicrobial peptoids that are effective against M. tuberculosis and P. aeruginosa biofilms."> '
The rapid development of MDR bacterial strains demands novel antibiotics, and the above
mentioned efficacy of peptoids demonstrates their potential as therapeutics. The need now is to
develop methods to screen very large libraries of peptoid compounds against any bacteria of
interest in a rapid fashion, thereby identifying antimicrobial peptoids that can treat new strains of
MDR bacteria. Combinatorial libraries, generated by split-and-pool synthesis, are a way to
generate large cohorts of potential therapeutic compounds in a relatively short period of time."®
" Combinatorial libraries of peptoids, first synthesized by Zuckermann et al.,”® have been used
to identify inhibitors of VEGFR?' and antibody ligalnds,22 among other applications. These
libraries are typically synthesized on the solid-phase to provide easy manipulation during
synthesis and subsequent screening.18 Combined with high-throughput screening methods,
combinatorial libraries represent a powerful tool for drug discovery. The work detailed here
introduces a Peptoid Library Agar Diffusion (PLAD) assay, which takes advantage of a solid-
phase combinatorially produced library of peptoids on a chemically cleavable linker that can be
screened within solid agar plates to readily identify potent antimicrobial peptoids against

microbes of interest. This PLAD assay relies on a unique branched system with a disulfide

linker that can be chemically cleaved after embedding the library into the agar. In contrast to
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previous bead diffusion assays, which have used photolabile linkers,”? the disulfide linker
allows for cleavage after the beads are embedded in the agar, negating the need for irradiation
optimization and reducing cross contamination that would arise from irradiating the beads in one
large batch and then spreading them across the agar. Also, since the beads are surrounded by
agar instead of spread on top, the compounds have better contact with bacteria, creating zones of

inhibition that are easier to read.

The key to the PLAD Assay is a C-terminal linker system that results in two identical
peptoid strands, termed the alpha and beta strands, that can be individually chemically
manipulated. During the assay, soft agar is inoculated with the microorganism of interest before
addition of compound beads and a small amount of reducing reagent. The soft agar mixture is
then poured onto a hard agar Petri dish and allowed to solidify, resulting in an even distribution
of compound beads embedded in inoculated soft agar (Figure 1; Stage 1). The plate is then
incubated overnight, which allows for the bacteria to grow into a lawn and also results in
cleavage of the disulfide bond with reducing reagent, releasing the beta-strand peptoid from the
bead (Figure 1; Stage 2). A peptoid compound that is an effective antimicrobial agent kills the
microorganism surrounding the bead it was released from, generating an easily read zone of
inhibition. This bead can then be removed from the plate manually, and the alpha-strand peptoid

cleaved to analyze by mass spectrometry (MS) and MS/MS (Figure 1; Stage 3).

Synthesis of the C-terminal linker in the PLAD Assay was done on TentaGel resin, a
solid support which consists of polyethylene glycol grafted onto a polystyrene matrix. This
feature allows swelling in both organic solvents, for synthesis, and aqueous solutions, for
screening. The amino acid methionine is added first to the resin (Figure 2), which provides a

way to orthogonally cleave the peptoid from the resin post-screening using cyanogen bromide.
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Resulting in a homoserine lactone, use of a methionine for orthogonal release of the compound
from the resin is now common in combinatorial library synthesis and screening.26’ 2T After
methionine, B-alanine is added as a spacer to help move the rest of the linker system and peptoid
away from the resin. The disulfide linker is then introduced via peptoid submonomer methods''
using bromoacetic acid followed by mono-Boc protected cystamine.  Lastly, Fmoc-
aminohexanoic acid was added to the N-terminus of the peptomer followed by removal of the
Boc and Fmoc protecting groups. This produces a linker system with two free amino groups
ready for peptoid synthesis to generate identical sequences with orthogonal chemical
manipulation. Aminohexanoic acid was chosen to use at the branch point in order to space out
the two amino groups. Without this spacer, cyclization of the two branches was observed during

subsequent peptoid synthesis (data not shown).

Once the initial linker design was completed, a test peptoid was synthesized onto it to
confirm the chemical manipulability of the PLAD linker. The submonomer sequence of the test
peptoid was NVal-NMeo-NPhe. Nomenclature for peptoid submonomers uses standard three
letter codes, as for amino acids, but prefixes the code with “N” to denote the placement of the
side chain on the amide nitrogen. Synthesis was accomplished by peptoid submonomer
methods'' using bromoacetic acid, diisopropylcarbodiimide, and the amines isopropylamine
(NVal), 2-methoxyethylamine (NMeo), and benzyl amine (NPhe). The test peptoid was
analyzed by mass spectrometry (MS) to show the complete mass (Figure S1) as well as tested to
ensure that treatment with tris(2-carboxyethyl)phosphine (TCEP), a reducing reagent, effectively
cleaved the disulfide bond, yielding the B-strand peptoid (Figure S2). Lastly, the remaining a-
strand peptoid after TCEP treatment was cleaved from the resin with cyanogen bromide then

analyzed by MS (Figure S3) and MS/MS (Figure S4). The resultant spectra confirmed the
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peptoid sequence and demonstrated the ability to deconvolute the sequence of a library peptoid
after screening. Although all these analyses were successful, the conditions of cyanogen
bromide cleavage had to be optimized. After multiple cyanogen bromide cleavages were
unsuccessful for hydrophobic compounds in 0.1 M HCI in water, the hydrophobicity of the
cleavage solution was altered with addition of acetonitrile. After trying several different ratios
(data not shown), it was determined that an optimal ratio of 80:20 acetonitrile:water containing
0.1 M HCI resulted in the highest quality compound analysis by mass spectrometry. This could
be in part due to the swelling properties of TentaGel resin as well as a more non-polar solution

aiding diffusion of the hydrophobic peptoid out of the bead and into solution.

With conditions optimized for synthesis, chemical manipulation, and mass spectroscopic
analysis of the PLAD Assay linker and peptoid strands, we next set out to optimize PLAD Assay
screening conditions. A known antimicrobial peptoid was synthesized on the PLAD Assay
linker as a proof-of-concept compound for bacterial screening (Figure 3A). The peptoid of

choice, termed C134¢, was designed by Barron et al’>

and involves the use of hydrophobic
alkyl tails to mimic the antibacterial properties of lipopeptides.28 The addition of an alkyl tail
allows the peptoid of interest to be shortened, while still retaining useful antimicrobial behavior.
As shown by Barron et al.*® incorporation of 10 or 13 carbon alky tails onto pentameric
antimicrobial peptoids yields similar potency to peptoids that are 12 to 16 submonomers in
length but without long alkyl tails. One benefit of the shortening involves limiting the number of
reactions occurring in the peptoid process, allowing for a higher yield. Another benefit is the
reduction in molecular weight of the compound when changing from a 10-15 submonomer

length peptoid (~1250 Da on average) to a 3-5 submonomer length peptoid (~400 Da on

average). The sequence of the C134y,, peptoid synthesized on the PLAD Assay linker was NTri-
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NLys-NPea-NPea-NLys. Synthesis was again accomplished by peptoid submonomer methods''
using bromoacetic acid, diisopropylcarbodiimide, and mono-Boc-1,4-diaminobutane (NLys),
(£)-phenylethylamine (NPea), and 1-tridecylamine (NTri). The acid sensitive Boc protecting
group was used on 1,4-diaminobutane, as any unprotected NLys sub-monomers would act as
branching points during bromoacylation. The Boc group was shown to still be attached after
subsequent treatments with bromoacetic acid (data not shown) demonstrating its stability to weak
acids and usefulness as a protecting group for this synthetic method. After the final coupling of
the tridecyl alkyl tail, the Boc groups were removed with triflouroacetic acid (TFA) and the resin
washed thoroughly to ensure residual acid was removed. The synthesized C134me; compound
was analyzed by mass spectrometry (MS) to show the complete mass (Figure S5) as well as
tested to ensure that treatment with TCEP effectively cleaved the disulfide bond, yielding the -

strand of this compound (Figure S6).

PLAD linked C134mer was subsequently used to evaluate the most effective reducing
reagent for the PLAD Assay (Figure 1) against relatively non-pathogenic E. coli (ATCC 25922).
Several common reducing reagents were examined at varying concentrations (0, 2, 6, 10, and 14
mM) to identify the most suitable reagent to effectively cleave the disulfide linker without
significantly affecting microorganismal growth. The reagents tested were dithiothreitol (DTT),
B-mercaptoethanol (BME), and tris-(2-carboxyethyl)phosphine (TCEP). Effectiveness at
cleaving the disulfide linker and releasing the beta-strand peptoid was evaluated by measuring
the zone of inhibition, defined as the area around the bead with no bacterial growth and
measured from the edge of the bead to the start of bacterial lawn growth. Effect of reducing
reagent on bacterial lawn growth was evaluated by measuring the luminosity of the light

reflected by the bacterial lawn when illuminated from an angle, with denser bacterial lawns
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resulting in greater luminosity. All three reducing reagents resulted in concentration dependent
zones of inhibition (Figure 3B, Supporting Figure S7). Comparatively, TCEP provided the
clearest zones of inhibition, with the largest zones not surprisingly observed at 14 mM.
Evaluation of the bacterial lawn density indicated that no significant effect on bacterial growth
was observed for any of the reducing reagents at the concentrations tested (Figure S8). Given

this data, TCEP at a concentration of 14 mM was used for any subsequent PLAD Assays.

To evaluate the usefulness of the PLAD Assay in identifying antimicrobial peptoids, a
very small proof-of-concept library was synthesized on the PLAD linker using semi-
combinatorial chemistry (Figure 4A). Three aromatic submonomers (furfurylamine,
benzylamine, and 1-phenylethylamine) were randomly incorporated into the first C-terminal
position of this library, two cationic submonomers (mono-Boc-diaminoethane and mono-Boc-
diaminobutane) were randomly incorporated into the second position, and three hydrophobic
submonomers (isopropylamine, 1l-aminodecane, and 1-aminotridecane) were randomly
incorporated into the third position. These submonomers were chosen for this proof-of-concept
library because previous studies have shown that peptoids comprised of cationic and
hydrophobic submonomers exhibit strong antimicrobial activity.ls’ 28-29 This produced a library
with 18 unique peptoid sequences (Figure S9) that could be screened to demonstrate the utility

of the PLAD Assay and identify a novel antimicrobial agent.

This library was screened against non-pathogenic E. coli. (ATCC 25922) as described
previously with the known C134,; antimicrobial peptoid and zones of inhibition were measured
using a Leica M165FC microscope. In total, roughly 800 beads were screened, representing 44
replicates of the theoretical diversity. Multiple replicates were evaluated in one screening to gain

a better understanding of antimicrobial peptoid sequence homology and to give statistical
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credence to the relationship between peptoid sequence and zone of inhibition. Representative
images from this screening can be seen in Figure S10. Hits, defined as beads with a measurable
zone of inhibition, were isolated manually with surgical tweezers and placed into individual
tubes. These beads were boiled in 1% sodium dodecylsulfate (SDS) to remove bacterial and
media debris from the beads. The alpha-strand of the peptoid was cleaved from the bead using
cyanogen bromide then analyzed by MS and MS/MS to identify the structure of the unknown
peptoid. Representative spectra are given in Figures S11 and S12. In total 34 hits were
identified (24% hit rate) and 31 sequences were successfully obtained by MS and MS/MS
(Figure S13). A homology chart was generated to determine which residues were most
prevalent at particular positions in the identified hits (Figure S14). In the first position, most
antimicrobial peptoids contained benzylamine or 1-phenylethylamine in equal prevalence, while
very few contained furfurylamine. There was also little difference in the abundance of
diaminoethane and diaminobutane in the second position of identified hits. Interestingly, in the
third position, all antimicrobial peptoids identified contained a 1-aminotridecane submonomer.
Improved antimicrobial activity with a long hydrophobic residue in this position is not surprising
given previously published results. The size of the zone of inhibition, presumably a measure of
the peptoid’s antimicrobial potency, was also correlated with peptoid sequence (Figure 4B).
The peptoid with the largest average zone of inhibition was sequence K15 (NTri-Nae-NPea).
Note that all but one of the hits identified from this screening had a larger zone of inhibition than
C134mer, demonstrating the ability of even a small peptoid library in identifying potent
antimicrobial agents. Interestingly, the hits with the smallest zones of inhibition correlated to
those containing furfurylamine in position 1, confirming the homology data which showed very

little prevalence of this submonomer in identified hits.

10
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To evaluate the efficacy of an antimicrobial peptoid identified from the PLAD Assay, the
tripeptoid K15 (Figure S15) was synthesized and its MIC against the ESKAPE pathogens
determined (Figure 4C). The ESKAPE pathogens (Enterococcus faecium, Enterococcus
faecalis, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter spp.) represent a cohort of bacteria that are resistant
to most clinically used antibiotics.™® We note that the E. coli tested here was the same strain of
E. coli used during library screening (ATCC 25922). K15 displayed modest efficacy against six
of the seven pathogens tested with the strongest antimicrobial efficacy against A. baumannii and
E. faecium (25 pg/mL). This modest efficacy is undoubtedly due to the limited diversity of the
proof-of-concept library. However, these results demonstrate the capability of the PLAD Assay
to identify compounds with antimicrobial activity, even against pathogens with modes of
antimicrobial resistance. Subsequent studies will focus on screening more diverse libraries via

the PLAD Assay against each of the ESKAPE pathogens.

In summary, we have demonstrated a high-throughput screening system to identify
antimicrobial peptoids, which we believe to be modular enough to screen any cohort of
combinatorially synthesized molecules. By designing a branched linker with orthogonal
chemical manipulability, we have shown that we can release the beta-strand of a peptoid using
TCEP to cleave a disulfide bond during screening, producing an easily read zone of inhibition in
response to effective antimicrobial peptoids, while leaving the alpha-strand still attached to the
bead. MS analysis of test peptoids and a small proof-of-concept library demonstrate the
feasibility of deconvoluting the alpha-strand peptoid sequence of strong antimicrobial peptoids
after screening, allowing researchers to rapidly screen large cohorts of potential compounds

without knowing their structure. The optimal reducing reagent conditions were determined for

11
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this assay and a proof-of-concept library was synthesized and screened, subsequently identifying
K15, a peptoid with modest efficacy against the drug resistant ESKAPE pathogens. Current
efforts are focused on screening more diverse peptoid libraries against both antimicrobial

resistant bacterial and fungal pathogens.
Supporting Information

Materials, submonomer synthesis, peptoid synthesis, and screening procedures as well as

supplemental figures can be found in the supporting information.
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24 Figure 1. The general PLAD Assay screening schematic. (Stage 1) PLAD linked peptoids
25 immobilized on beads are imbedded into soft agar containing a small amount of reducing reagent
and inoculated with the microorganism of interest. (Stage 2) Overnight incubation results in
28 growth of a microorganismal lawn, reduction of the disulfide, and release of the beta-strand
29 peptoid from the bead. Peptoids with antimicrobial properties generate a zone of inhibition
30 around the bead. (Stage 3) Beads showing zones of inhibition are removed from the plate,
31 alpha-strand peptoids are cleaved from the bead, and the peptoid structure is determined by
32 MS/MS.
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Figure 2. Synthesis of the PLAD linker, resulting in identical peptoid strands that can be
chemically manipulated orthogonally. The beta-strand peptoid can be released using a reducing
reagent to cleave the disulfide, followed by release of the alpha-strand using cyanogen bromide
to cleave at the C-terminal methionine.
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tris(2-carboxyethyl)phosphine (TCEP).
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Figure 4. (A) Amines incorporated into a low diversity, proof-of-concept library on the PLAD

linker. (B) Average zones of inhibition for the antimicrobial peptoids identified from screening

the proof-of-concept library. Minimum inhibitory concentration (MIC) values for peptoid K15

tested against the ESKAPE pathogens.
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