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Abstract

Antimicrobial peptides (AMPs) have been an area of great interest, due to the high selectivity of these molecules toward bacterial
targets over host cells and the limited development of bacterial resistance to these molecules through evolution. The peptides are
known to selectively bind to bacterial cell surfaces through electrostatic interactions, and subsequently, the peptides insert into the
cell membrane and cause local disruptions of membrane integrity leading to cell death. Previous experiments showed that
replacing the Leu residues in the AMP C18G with other naturally occurring hydrophobic residues resulted in side-chain-
dependent activities. This work extends the investigation to non-natural hydrophobic amino acids and the effect on peptide
activity. Minimal inhibitory concentration (MIC) results demonstrated that amino acid substitutions containing long flexible
carbon chains maintained or increased antimicrobial activity compared to natural analogues. In solution, the peptide showed
aggregation only with the most hydrophobic non-natural amino acid substitutions. Binding assays using Trp fluorescence
confirm a binding preference for anionic lipids while quenching experiments demonstrated that the more hydrophobic peptides
are more deeply buried in the anionic lipid bilayers compared to the zwitterionic bilayers. The most effective peptides at killing
bacteria were also those which showed some level of disruption of bacterial membranes; however, one peptide sequence
exhibited very strong activity and very low levels of red blood cell hemolysis, yielding a promising target for future development.
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Introduction

Although the first case of antibiotic resistance was identified
in 1940, resistance development has rapidly increased since
the late 1990s [1]. Despite this, there has been a significant
decrease in the number of new antibiotics developed and
through clinical trials during this same period. The develop-
ment of new antibiotics is primarily hampered due to the eco-
nomic challenges of developing these compounds that will
rapidly lose viability in the clinic due to resistance develop-
ment [1, 2]. The World Health Organization and the US
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Centers for Disease Control have both identified antimicrobial
resistance as a major concern for public health, with ~3 M
antibiotic resistant infections per year in the USA alone.

The resistance phenomenon has fueled significant research
in academic settings on the development and application of
novel antimicrobial molecules, drug delivery platforms, and
combinatorial drug interactions to enhance efficacy.
Numerous groups have reported progress on natural products
[3, 4], polymers [5—7], peptidomimetics [8—10], metals and
metal nanoparticles [11-13], quorum sensing inhibitors [14],
polysaccharides [15], ionic liquids [16—18], and peptides
[19-22]. Each of these systems has inherent benefits and
drawbacks regarding efficacy, cytotoxicity, cost, and resis-
tance development [23]. Thus, none have effectively emerged
as a front runner, driving the continued research into all of
them.

Antimicrobial peptides (AMPs) have been the focus of tre-
mendous research since the discovery of magainin in the
1980s [24]. Although originally isolated from the skin secre-
tions of X. laevis, AMPs have since been found in all higher
organisms [25]. AMPs have been classified by their amino
acid composition, charge, secondary structural elements,
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intramolecular connections, among other characteristics
(reviewed in [26]). Of these, by far the most widely studied
class of AMPs are the amphiphilic, cationic, and helical pep-
tides. This class of peptides are often characterized by the
traditional facially amphiphilic structure that is adopted upon
binding to bacterial cell surfaces in which the hydrophobic
amino acid side chains are clustered on one face of the a-
helix while the cationic residues are localized on the opposite
face of the helix. AMP recognition and binding to the target
bacteria is initially driven by favorable electrostatic interac-
tions between the cationic peptide and the anionic bacterial
cell surface. Once bound, the facially amphiphilic helix struc-
ture facilitates the peptide interaction with the non-polar core
of the bacterial lipid bilayer while maintaining the electrostat-
ically favorable interactions between cationic side chains and
anionic lipid headgroups. Upon interacting with the bilayer,
the peptides induce membrane permeabilization or destabili-
zation, which is linked to the antibacterial mechanism [27].
Despite these investigations, no clear consensus sequence has
been identified for AMPs.

One of the significant drawbacks to the development of
AMPs as therapeutics is poor bioavailability. Generally, the
majority of AMPs are sensitive to proteolytic degradation, an
especially large hurdle for oral administration of these mole-
cules [28, 29]. Because of this, there has been an increasing
interest in the incorporation of non-natural (not found in na-
ture) or non-proteinogenic (found in nature, not normally in-
corporated into natural proteins) amino acids into AMPs to
improve physiochemical properties and reduce the sensitivity
to degradation [30-33]. This also expands the variety of side-
chains accessible in the chemical synthesis of AMPs as there
are hundreds of non-natural amino acids available and com-
patible with solid-phase peptide synthesis chemistry.
However, there is far less known about the impact these amino
acids have on peptide structure and properties compared to the
naturally occurring amino acids, thus complicating the design
and prediction of activity for novel AMPs.

The AMP C18G was originally developed based on the 13-
residue C-terminal fragment of the human platelet factor IV
protein [34]. C18G exhibited favorable physical properties
and enhanced broad-spectrum activity compared to the 13-
residue precursor [34]. The peptide structure was shown to
be o-helical, and based on the sequence, C18G would adopt
a facially amphiphilic structure when in the helical conforma-
tion. Microbiological studies showed that C18G can act as a
potent activator of the bacterial two-component sensing sys-
tem, PhoPQ, normally involved in Mg** sensing but also
linked to detection of antimicrobial peptides [35, 36].
Structure-activity studies showed that net cationic charge
was not sufficient to maintain activity, as C18G variants that
incorporated cationic residues with short side-chain arms
(such as di-amino propionic acid) were dramatically less ef-
fective, while variants with His as the cationic group displayed
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pH-dependent activity [30, 37]. Similarly, the hydrophobic
amino acids were dependent on side chain structure and com-
position, but activity tracked with overall hydrophobicity, the
more hydrophobic the side chain, the greater the antimicrobial
activity [33]. These findings paralleled numerous studies in
amphiphilic polymers that demonstrated similar trends for
both hydrophobic and cationic groups.

This work presents an investigation of the peptide C18G
and the impact of non-natural hydrophobic amino acids on
activity. The C18G sequence contains six Leu residues as
the only hydrophobic amino acids in the peptide. Previous
work showed that replacing these Leu residues with other
natural hydrophobic amino acids resulted in a spectrum of
effects on activity, both antimicrobial and biophysical. The
incorporation of a series of non-natural amino acids isomeric
to the naturally occurring counterparts was incorporated into
C18G to parallel the investigation of the natural amino acids.
The results show that side chain length, and likely side chain
flexibility, is an important driving force in the antimicrobial
and membrane destabilizing activities in AMPs.

Materials and Methods
Materials

C18G and related sequences: ALWKKLLKKLLKSAKKLG,
L=1(C18G-Nle), L=v (C18G-Nva), L=f (C18G-Cha), L->b
(C18G-Abu) and LA (C18G-Ala) were synthesized using
standard FMOC-solid phase chemistry. Natural amino acids
were purchased from Bachem (Torrance, CA USA) while
non-natural amino acids were from ChemPep Inc.
(Wellington, FL USA), and rink-amide resin was from
ChemImpex (Wood Dale, IL USA). Peptides were synthe-
sized using 20% piperidine in dimethylformamide (DMF) as
a deprotecting agent, 1-[bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate
(HATU) and N,N-diisopropylethylamine (DIEA) activation
cocktail and was carried out on a rink-amide resin. Peptides
were cleaved from the resin using a cocktail containing
92.5:2.5:2.5:2.5 trifluoroacetic acid (TFA)/H,O/triisopropyl
silane (TIPS)/ethanedithiol. Peptides were separated from
the resin via filtration and subsequent precipitation by
dropwise addition into ice-cold diethyl ether, followed by
centrifugation. All peptides were purified by reversed phase
HPLC (RP-HPLC) using a linear gradient of water and aceto-
nitrile supplemented with 0.1% TFA on a Jupiter 300 C4
column (Phenomenex). Peptide identity was confirmed by
ESI-MS. Eluted HPLC fractions containing peptide were
pooled and lyophilized. Lipids: (16:0-18:1) 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphotidylcholine (POPC) and (16:0—
18:1) 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphotidylglycerol (POPG), and 1,2-dioleoyl-sn-glycero-
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3-phosphoethanolamine (DOPE) were purchased from Avanti
Polar Lipids (Alabaster, AL USA), used without further puri-
fication and stored as stocks in chloroform at — 20 °C. Buffers
used in all assays were PBS (150 mM NaCl, 50 mM sodium
phosphate; pH 7.0), 10x diluted PBS (for CD measurements),
or Z-Buffer (0.1 M Na,HPO,/NaH,PO,, 10 mM KCI, 1 mM
MgSO,, 0.05 M (3-mercapthoethanol, pH 7.0). All reagents
were from VWR (Radnor PA, USA) unless otherwise noted.

Lipid Vesicle Preparation

Appropriate volumes of lipids were taken from stock solutions
in chloroform, mixed in glass test tubes, dried under a gentle
stream of N, for approximately 15 min, and further dried
under vacuum for at least 60 min. Small unilamellar vesicles
(SUVs) used in binding experiments were created by adding
1.5 mL of PBS buffer to the test tube containing the dry lipid
film and vortexing to ensure complete resuspension of the
film. This sample was placed in a bath sonicator for 17—
20 min to create SUVs. For CD and quenching experiments,
SUVs were formed using the ethanol dilution method [38].
Briefly, lipid films were dissolved in 10 puL of ethanol to
which the appropriate volume PBS were added while
vortexing to a total volume of 800 uL accounting for the
future addition of peptide.

Antimicrobial Activity

Minimum inhibitory concentration (MIC) was deter-
mined using previously described method of serial dilu-
tions based on the guidelines from the Clinical
Laboratory Standards Institute [39]. A fixed volume of
10 puL peptide dissolved in a 75:25 H,O/EtOH were
added to a 96-well microplate and serially diluted in
water. Subsequently, 90 pL of bacterial culture in
Mueller-Hinton (MH) broth was added to each well
for a final bacterial cell density of approximately 5 X
10° CFU/mL and incubated at 37 °C overnight. Growth
was determined after 18 h by measuring optical density
at 600 nm (ODggo) in the wells. Wells with no peptide
were used as a positive growth control reference. The
minimal bactericidal concentration (MBC) was deter-
mined by plating 1 mL of culture from each well of
the MIC plate onto a fresh Luria-Bertani (LB) agar
plate. The culture was allowed to grow on the plate
for 18 h at 37 °C. The lowest concentration that showed
no growth of colonies on the plate was determined to
be the MBC. Strains tested were Acetinobacter
baumannii ATCC:19606, Pseudomonas aeruginosa
ATCC:10145, Staphylococcus aureus ATCC:27660,
and the Escherichia coli D31 used was the chromosom-
al penicillin V-resistant isolate in the 1968 study by
Burman et al. [40].

Outer Membrane Permeabilization Assay (B-
Lactamase Assay)

A single colony of E. coli was inoculated in sterile LB medi-
um supplemented with 100 pg/mL ampicillin (LB+Amp).
The culture was incubated at 37 °C overnight with shaking
and subsequently diluted 1:250 in fresh LB+Amp. Culture
was then incubated at 37 °C with shaking until it reached an
ODgo between 0.2 and 0.5. The culture was centrifuged for
15 min at ~ 1000 RCF in a bench-top clinical centrifuge. The
pellet was then resuspended in an equal volume of PBS.
Peptides or polymyxin B (positive control) were 2-fold serial-
ly diluted as described above. Subsequently, 80 uL of resus-
pended bacterial cells were added to each well of the plate.
Immediately prior to measurement, 10 pL of nitrocefin (EMD
Millipore, Billerica, MA) was placed into each of the wells to
a final concentration 50 pg/mL. Absorbance was measured at
486 nm in 5-min intervals over 90 min. All experiments were
performed in triplicate.

Inner Membrane Permeabilization (B-Galactosidase
Assay)

A single colony of E. coli was inoculated in sterile LB medi-
um supplemented with 100 pg/mL ampicillin. The culture
was incubated at 37 °C overnight with shaking and subse-
quently diluted 1:250 in fresh LB+Amp and additionally sup-
plemented with 0.4 mM isopropyl p-D-1-
thiogalactopyranoside (IPTG). Culture was then incubated at
37 °C with shaking until it reached an ODgq between 0.2 and
0.5. Appropriate volumes of the culture were added to wells of
a 96-well plate, which contained serially diluted aliquots of
peptides or control compound cetyltrimethylammonium bro-
mide (CTAB). Immediately prior to measurement, a 10 uL
aliquot of ONPG (ortho-nitrophenyl--galactoside, from a
4 mg/mL stock in Z-buffer) was added to each well for a final
sample volume of 100 pL. The total volume of each well was
maintained at 100 pL by balancing with additional Z-buffer if
necessary. Absorbance at 420 nm was measured in 5-min
intervals over 90 min. All experiments were performed in
triplicate.

Fluorescence Spectroscopy

Samples containing 2 uM peptide dissolved in PBS were
added to a semi-micro quartz cuvette. All measurements were
performed using a Fluoromax-4 (JY Horiba Scientific,
Piscataway, NJ, USA) instrument. Fluorescence emission
spectra (Aex =280 nm) were recorded prior to addition of lipid
vesicles. Samples were titrated with aliquots of lipid vesicles,
and fluorescence was re-measured after each addition. Spectra
were corrected for background by subtraction and corrected
for dilutions. Barycenters were calculated as previously
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described [38]. Red edge excitation shift (REES) experiments
were performed similarly, except that A, was varied.

Acrylamide Quenching

Samples were prepared similarly as previously described
above except lipid vesicles were added in 1 aliquot to a final
concentration of 200 uM. Peptide concentration was main-
tained at 2 uM. Instrument settings were A, =295 nm and
Aem = 340 nm. The excitation wavelength of 295 nm was used
to minimize inner filter effects and correction for inner filter
effects was performed as previously described [38]. Emission
was measured prior to addition of acrylamide (F).
Acrylamide was added in 10 pL aliquots from a 4 M solution.
Fluorescence was measured after each addition. Fluorescence
intensity was corrected for dilution, inner filter effects, and
background fluorescence.

Trichloroethanol Quenching

Peptide concentration was maintained at 2 pM. Instrument
settings were A =280 nm and A, =340 nm. Emission was
measured prior to addition of trichloroethanol (TCE) (Fy).
TCE was added in 4 puL aliquots from a 10 M stock.
Fluorescence was measured after each addition.
Fluorescence intensity was corrected for dilution and back-
ground fluorescence. Barycenters were calculated as previous-
ly described [38].

Model Vesicle Leakage

Leakage from model vesicles was determined by using the
fluorophore calcein. Twenty millimolars of lipid film was pre-
pared as previously described (the “Lipid Vesicle Preparation”
section). A 75 mM stock of calcein was prepared in HEPES
buffer, pH 7.0. The 20 mM lipid film was then dissolved into a
700 pL aliquot of the calcein solution. The solution was then
subjected to seven rounds of freeze-thawing by alternating a
liquid N, bath and a 42 °C water bath, finishing with a final
thaw. The sample was then sonicated using a VCX 130 Probe
sonicator (Sonics & Materials, Inc.) for 60 s at 45% intensity
using 1-s pulses. To separate the unincorporated calcein ves-
icles from those incorporated with the fluorophore, a size ex-
clusion column was utilized using G25 Sephadex. The col-
umn was equilibrated in HBS (50 mM HEPES, 150 mM
NaCl, pH 7.0) under gravity flow for ~ 1 h. Immediately fol-
lowing the loading of the vesicle solution, ~40 1 mL fractions
were collected from the column. Fractions that contained the
vesicles with the incorporated calcein would elute early and
exhibit a cloudy orange color, while those without the calcein
would be clear and yellow in color. Two of the most concen-
trated fractions are diluted 1:1 with HBS buffer, pH 7.0.
Vesicles were used on the same day as they were prepared.
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Ten microliters of peptide solution was dispensed into a black
flat-bottom 96-well plate, followed by 20 uL of the diluted
vesicle solution, and 70 L of PBS buffer (50 mM NaHPOQ,,
150 mM NaCl, pH 7.0). Peptides were prepared in a serially
diluted manner with a final concentration range of 15 uM to
0.234 uM. The last row contained only 0.01% acetic acid to
act as a negative control. Calcein leakage was measured by
intensity of fluorescence emission at 520 nm with an excita-
tion at 495 nm using a 510 nm cutoff filter in a Spectramax
M35 multimode plate reader (Molecular Devices, San Jose, CA
USA). After the initial reading, 20 uL of the detergent Triton
X-100 was added to the last row as a positive control. The
plate was shielded from light and allowed to shake at 400 rpm
for 1 h. Fluorescence emission was recorded once more fol-
lowing the hour of shaking. The wells containing Triton X-
100 were used as the 100% leakage normalization value. Data
reported is the average of three replications.

Circular Dichroism Spectroscopy

Circular dichroism (CD) was measured using a JASCO-J810
Spectropolarimeter (Jasco Inc., Easton, MD USA) in contin-
uous scanning mode collecting data over the range 190—
260 nm. Samples were prepared similar to above except that
1:10 diluted PBS was used to minimize background in the low
UV wavelength region. Peptide concentration was 3 uM for
all samples. Spectra were recorded of peptide in buffer, pep-
tide in 1:1 buffer/trifluoroethanol, and peptide with lipid ves-
icles at 150 uM total lipid. Blank spectra lacking peptide were
subtracted for each sample. Sample spectra represent the av-
erages of 64—128 scans.

Hemolysis Assay

Hemolysis of human red blood cells (RBCs) was used to
quantify membrane destabilization by leakage of hemoglobin.
Blood was collected in 10 mL EDTA-coated vacutainer tubes
(provided by the Rowan Department of Health and Exercise
Science from a fresh draw ~ 1 h prior to use, IBC protocol
2019-11). A 7 mL aliquot of whole blood was mixed with an
equal volume of sterile PBS. The mixture was then
sedimented via centrifugation for 7 min. The supernatant
was aspirated and the pellet containing RBCs was resuspend-
ed to the original volume of 14 mL with sterile PBS. The
sedimentation and resuspension was repeated for a total three
times. The final cell pellet was resuspended to a final volume
of 14 ml, and 90 uL of this cell suspension was added to all
wells of a conical-bottom 96-well plate. Prior to addition of
RBCs, 10 pL of serially diluted peptide or the detergent,
Triton-X 100 (as a positive control), were added to the wells.
The covered plate was placed into a shaking incubator for
60 min at 37 °C while shaking (150 rpm). The remaining cells
were pelleted using the lowest setting of the centrifuge at 4 °C
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for 10 min. Next, 6 uL of the supernatant was added to 94 pL.
of fresh PBS in a flat-bottom plate. Analysis of hemolysis was
performed by measuring absorbance at 415 nm. Percent he-
molysis was calculated based on the absorbance of each well
compared to those wells with no additive and those with
Triton-X 100. All data reported is the average of 3 replicates.

Results
Peptide Sequences

Peptides were synthesized and subsequently purified via RP-
HPLC. Major fractions were isolated and analyzed via ESI-
MS to determine the molecular weight of the purified fractions
(Table 1). The peptide sequences are based on the C18G se-
quence originally described by Darveau et al. [34]. This pep-
tide is highly cationic (+ 8 charge) and will adopt a facially
amphipathic structure when in an «-helical conformation
(Fig. 1a). The parent C18G and the C18G-Ala peptides are
both predicted to adopt -helical conformation in solution by
the iTasser algorithm (model shown in Fig. 1b) [41]. Notably,
the C18G sequence exclusively contained Leu as the hydro-
phobic amino acids which orient to the non-polar face of the
helix. Peptide variants were synthesized in which these Leu
residues were replaced with other hydrophobic amino acids
norleucine (Nle, 1), norvaline (Nva, v), cyclohexyl-alanine
(Cha, f), or aminobutyric acid (Abu, b) (Fig. 1c).

Antimicrobial Activity

The peptide antimicrobial activity was investigated using the
broth microdilution method to determine the minimal inhibi-
tory concentration (MIC). After MIC determination, aliquots
from each sample were plated on fresh LB-agar plates to de-
termine the MBC, as MIC may report inhibition of growth
and/or bactericidal activity. The MICs and MBCs were deter-
mined against four bacterial strains, S. aureus (Gram-posi-
tive), E. coli, A. baumannii, and P. aeruginosa (Gram-nega-
tive). Notably, the MBC was equal-to or 1-dilution higher
than the MIC in all cases, indicating that the peptides likely
act in a bactericidal manner (Table 2).

Solution Aggregation Properties

As part of the mechanism of action, AMP transition from an
aqueous soluble conformation to a membrane bound confor-
mation upon interaction with bacteria. Any changes in amino
acid composition could impact the properties of the peptide in
solution, potentially impacting aggregation or oligomerization
in solution, which would subsequently impact the thermody-
namics of the membrane-binding interaction. One approach to
assessing solution state aggregation is by trichloroethanol
(TCE) quenching. TCE is a relatively non-polar small mole-
cule that has been shown to be effective at quenching fluores-
cence from Trp residues buried in the interior of proteins or
protein aggregates [42, 43]. TCE quenching, presented as
Stern-Volmer plots, are shown in Fig. 2a. The greater the
slope of the line fit to the quenching data (Ksv), the greater
the extent of quenching and thus burial/occlusion of the Trp
side chain. The data show all peptides, with the exception of
C18G-Cha, were effectively unaffected by TCE, indicating
little to no aggregation that affected the Trp.

Another approach to investigate aggregation is red-edge
excitation shift (REES) which reports on the local mobility
of the Trp residue, which in turn can be affected by oligomer-
ization of the peptide [42, 43]. Briefly, REES is dependent on
the reorientation of solvent around the fluorophore (Trp) dur-
ing the excited state lifetime, which is directly affected if the
fluorophore is part of a larger order assembly or oligomer
compared to free in solution [44, 45]. This approach varies
the excitation wavelength used to induce fluorescence and
monitors the changes in the emission spectra. An upward cur-
vature of the REES data, resulting in total shifts ~5 nm is
indicative of oligomerization/aggregation in solution causing
restricted motion of the Trp side chain. REES results are
shown in Fig. 2b. Similar to the TCE quenching, C18G-Cha
is the only peptide that exhibited a marked increase in REES.

Binding and Interactions with Lipid Bilayers

The initial step in most AMPs activity against bacteria is in-
teraction with the bacterial cell surface. The binding of the
modified C18G peptides to model lipid membranes was in-
vestigated by fluorescence spectroscopy exploiting the

Table 1 Peptide sequences and

properties Peptide name Sequence Net charge MW calculated MW found
C18G ALWKKLLKKLLKSAKKLG +8 2065.7 n/a
C18G-Nle AIWKK11KK11KSAKK1G +8 2066.69 2066.0
C18G-Nva AVWKKvVKKVVKSAKKVG +8 1982.53 1981.6
C18G-Cha AfWKKEfKKEffKSAKKEG +8 2306.8 2305.2
C18G-Abu AbWKKbDKKbbKSAKKDG +8 1889.21 1891.2
C18G-Ala AAWKKAAKKAAKSAKKAG +8 1814.21 1813.6
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Fig. 1 Helical models of C18G and hydrophobic amino acid structures. a
Helical wheel diagram of C18G is shown. Gray shaded residues are
hydrophobic while white residues are polar or cationic. b Ribbon
diagram of the predicted helical structure of C18G-Ala. ¢ Chemical

environmental sensitivity of the Trp residue as a reporter. The
fluorescence emission spectrum of Trp is inherently sensitive
to the local environment, resulting in a red-shifted fluores-
cence spectrum when the Trp is in the aqueous milieu and a

CHs
c CHs CH,
CH—CHj CH,

H;N——CH—C——OH HoN——CH—C——OH

o o
Valine Norvaline, Nva, v
CHj,
CH, CH,
CH—CHg, CH,
CH, CH,

H,N—— CH—C——OH H,N—— CH—C——OH

o o

Leucine Norleucine, Nle, 1

CH, CH,

HaN——CH—C——OH H,N——CH—C——OH

o o
Phenylalanine  Cyclohexylalanine, Cha, f
CHg
CHs <|:H2

H,N——CH—C——OH H,N——CH—C——OH

Alanine Aminobutyric Acid, Abu, b

structures of the hydrophobic amino acids used in this study. Helical
wheel projection was made using the R software. 3D model was
constructed using the iTasser software (40) and visualized in PyMol

more blue-shifted emission spectrum when the Trp is buried in
a non-polar environment, such as the hydrophobic core of the
lipid bilayer. The binding is saturated, presumably at or near
100% peptide bound, when the barycenter plateaus as a

Table 2 Minimal inhibitory

concentration/minimal bactericid- S. aureus E. coli A. baumannii P. aeruginosa

al concentration (LM)
Peptide name ~ MIC MBC MIC MBC MIC MBC MIC MBC
C18G* 1.88 3.75 1.88 7.5 3.75 7.5 7.5 15
C18G-Nle 1.88 3.75 0.94 0.94 3.75 3.75 3.75 7.5
C18G-Nva 7.5 15 1.88 1.88 3.75 3.75 3.75 3.75
C18G-Cha >15 >15 15 15 15 15 >15 >15
C18G-Abu >15 >15 >15 >15 >15 >15 >15 >15
C18G-Ala >15 >15 >15 >15 >15 >15 >15 >15

? Data taken from [30]
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Fig. 2 Peptide aggregation ac’
assays. a Trichloroethanol (TCE)
quenching. b Red edge excitation 5
shifts (REES). In all cases sam-
ples contained 2 uM peptide. In 4
both panels, filled circles repre-
sent C18G-Nle, open squares £3
represent C18G-Nva, filled dia- &
monds represent C18G-Cha, 2
filled triangles represent C18G- g ?
Abu, and open circles represent Lo 8 § u} Q
C18G-Ala. In a, lines are to guide
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function of lipid added. Peptide binding was investigated
using vesicles with three different lipid headgroup composi-
tions: 100% PC (net neutral, zwitterionic); 3:1 PC:PG (net
anionic, combination of zwitterionic and anionic), and 3:1
PE:PG (net anionic, combination of zwitterionic and anionic).
Lipids with PE headgroups are commonly found in bacterial
membranes while PC lipids are the primary component of
mammalian lipid membranes [46]. The results are shown in
Fig. 3, with representative spectra shown in Supplementary
Fig. 1. Only C18G-Nle showed significant binding to the
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Fig. 3 Peptide binding to small unilamellar vesicles. Peptide binding was
assayed using Trp fluorescence emission by titrating SUVs into a sample
containing 2 uM peptide. The spectral barycenter was calculated after
each addition of lipid vesicles and the Abarycenter is the difference
between the initial barycenter and that after each addition. Binding was
assayed using a 100% PC, b 3:1 PC:PG, or ¢ 3:1 PE:PG vesicles. In all
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zwitterionic composition, but both C18G-Nle and C18G-
Nva exhibited enhanced binding when anionic lipids were
incorporated. C18G-Cha exhibited a low level of binding in
all compositions, while C18G-Abu and C18G-Ala exhibited
minimal binding to any composition.

Binding to the bilayer is followed by membrane disruption
in the activity of AMPs. This requires the burial of hydropho-
bic side chains into the non-polar core of the membrane, re-
quiring a conformational change on the membrane surface.
Acrylamide quenching was used to investigate the occlusion
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panels, filled circles represent C18G-Nle, open squares represent C18G-
Nva, filled diamonds represent C18G-Cha, filled triangles represent
C18G-Abu, and open circles represent C18G-Ala. All data are averages
of 2-3 samples, and the error bars represent the standard deviation. Data
shown is after subtraction of a background sample and correction for
dilution by the addition of SUVs
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of the Trp after binding to model bilayers. Similar in principle
to the TCE experiments, acrylamide is an effective quencher
of Trp residues which are exposed to the aqueous mi-
lieu, and quenching is significantly reduced if the Trp is
in the non-polar core of the bilayer [38]. Acrylamide
quenching experiments in solution and in the presence
of lipid vesicles are shown in Fig. 4, with Ksv values
shown in Supplemental Table 1. In all cases, quenching
in solution exhibits the highest Ksv of all conditions
tested. In general, there were significant decreases in
Ksv when the peptide was bound to vesicles containing
anionic lipids, indicating the Trp became more shielded
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Fig. 4 Acrylamide quenching and Ksv determination. Peptide
fluorescence was measured in the absence of acrylamide and after each
subsequent aliquot. In all cases, samples contained 2 pM peptide.
Quenching was measured with a C18G-Nle, b C18G-Nva, ¢ C18G-
Cha, d CHA-Abu, and e C18G-Ala. In all panels, filled circles
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from the aqueous environment when bound. Notably,
the C18G-Ala peptide exhibited significant shielding in
POPC bilayers, despite only small changes in barycenter
in the binding experiments.

Investigating the membrane disruption mechanism of
AMPs in a model bilayer system allows for direct par-
allels to the binding and quenching experiments. Vesicle
leakage experiments rely on the entrapment of a
membrane-impermeable fluorophore in the vesicle inte-
rior, in this case calcein. Calcein undergoes self-
quenching at high concentrations, and therefore exhibits
low fluorescence emission when trapped in the vesicle.
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represent control (no lipid), open squares represent 100% PC, filled
diamonds represent 1:3 PC:PG, and open triangles represent 1:3 PE:PG.
All data are averages of 3—6 samples, and error bars represent the standard
deviation. Data shown is after subtraction of a background sample and
correction for both dilution and inner filter effects
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Upon bilayer disruption, the calcein can leak out of the
vesicle which relieves the self-quenching, resulting in a
significant increase in fluorescence emission. The results
are shown in Fig. 5. If permeabilization occurred, the
peptides exhibited a dose-dependent permeabilization of
the vesicles, regardless of bilayer composition. The
C18G-Nle peptide was the only molecule to induce sig-
nificant disruption of the zwitterionic PC vesicles. All
peptides induced significantly less leakage in vesicles
with anionic lipids. This indicates that the final bilayer
orientation of the peptides is significantly different in
the anionic lipid vesicles resulting in differential
activity.

Fig. 5 Lipid vesicle
permeabilization. Peptide-
induced permeabilization was
measured by calcein leakage from
lipid vesicles. Assays were per-
formed using a 100% PC, b 3:1
PC:PG, or ¢ 3:1 PE:PG vesicles.
In all panels, filled circles repre-
sent C18G-Nle, open squares
represent C18G-Nva, filled dia-
monds represent C18G-Cha,
filled triangles represent C18G-
Abu, and open circles represent
C18G-Ala. Error bars represent
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Secondary Structure Analysis

The original development of C18G stemmed from iso-
lation of a 13-residue helical fragment of human platelet
factor IV. Subsequent studies have shown the C18G
peptide is disordered in solution and «-helical when
bound to bilayers or bilayer mimetics. This helical pro-
pensity was evident regardless of substitutions to the
hydrophobic or cationic residues, including several
non-proteinogenic amino acids [33, 47]. Circular dichro-
ism spectroscopy was used to investigate the secondary
structure of the peptides with non-proteinogenic hydro-
phobic substitutions (Fig. 6). The peptides exhibited a
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Fig. 6 Circular dichroism (CD) spectroscopy. CD spectra were collected
of samples containing 5 uM peptide in 0.1x PBS, or supplemented with

TFE or SUVs with peptides a C18G-Nle, b C18G-Nva, ¢ C18G-Cha, d
C18G-Abu, and e C18G-Ala. In all panels, solid line represents PBS

disordered conformation in PBS while adopting o-
helical conformations when bound to anionic lipid ves-
icles. The overall extent of helical content does appear
to vary between peptides. The C18G-Ala and C18G-
Abu peptides maintained a significant component of un-
structured conformation when interacting with PC vesi-
cles, consistent with the different behavior of these pep-
tides compared to the others. Additional experiments of
the peptides in the helix-promoting solvent, TFE, con-
firm the ability to adopt helical conformations. These
results mimic the helical conformations predicted for
C18G and C18G-Ala by the iTasser algorithm (Fig. 1).
It should be noted that the CD results should be taken
qualitatively regarding helical conformation and not
quantitatively in terms of helical content.
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resents 1:1 TFE:PBS. All spectra are the average of 64 scans and have
been background corrected by subtraction of spectra lacking peptide

Bacterial Membrane Permeabilization

While biophysical studies in model membranes are in-
formative, the bacterial cell surface is a much more
chemically complex environment. Bacterial membranes
include significant proportions of proteins and polysac-
charides, as well as a greater variety of lipid headgroups
and lipid acyl chain identities. This presents a much
more complex environment in which the peptides would
act under therapeutic conditions. As such, bacterial
membrane permeabilization assays were carried out
using membrane-impermeable chromogenic substrates
of bacterial enzymes. Briefly, if the bacterial membrane
is in-tact, the substrate cannot cross the membrane and
be converted into a chromophore by the complementary
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enzyme. However, if the peptide (or other agents) de-
stabilize the bilayer, the substrates can more easily cross
the membrane, access the enzyme, and be converted
into a product which is monitored spectrophotometrical-
ly. The permeability of the E. coli outer membrane is
probed using the periplasmic enzyme {3-lactamase and
the chromogenic substrate, nitrocefin, while permeability
of the E. coli inner membrane is probed using the cy-
toplasmic enzyme [3-galactosidase and the chromogenic
substrate ortho-nitrophenyl-f3-galactoside (ONPG).

The results of the bacterial permeabilization experi-
ments are shown in Fig. 7. The data shown represents
leakage at 30 min after the addition of peptide; however

full 90-min time courses are shown in the Supplemental
Figs. 2 and 3. Both C18G-Nle and C18G-Cha caused sig-
nificant, dose-dependent permeabilization of the E. coli
outer membrane, paralleling the results in lipid vesicles.
Similarly, the C18G-Nva peptide exhibited a similar dose
dependence, but requiring higher concentrations of peptide
for similar levels of permeabilization. The C18G-Abu and
C18G-Ala peptides appeared to be inactive against the out-
er membrane at this time point, however, did show activity
at longer time points (Supplemental Fig. 2). Conversely,
only the C18G-Nle peptide exhibited any activity against
the E. coli inner membrane at the 30-min time point (Fig.
7b), or at longer time points (Supplemental Fig. 3).

Fig. 7 Membrane aos
permeabilization of E. coli or red
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nitrocefin hydrolysis by - g 04
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Hemolysis Assays

The membrane disrupting activity of AMPs has also been
linked to hemolytic and cytotoxic activity. Human red blood
cell (RBC) hemolysis assays were carried out as a first approx-
imation of potential cytotoxic activity for the C18G peptides.
This also allows identification of potential lead compounds,
that is, those which exhibit high activity but low hemolysis at
a given concentration. Thus, the assays were performed at the
same concentrations as the MIC/MBC experiments. The assay
relies on the leakage of hemoglobin from RBCs upon expo-
sure to peptides. The hemolysis data is shown in Fig. 7c. The
data are normalized to internal controls using a detergent that
completely dissolves the RBC membrane as 100% hemolysis.
Interestingly, the C18G-Cha was the only peptide that induced
significant hemolysis, up to 65% at the highest concentration
tested. C18G-Nle induced up to 24%, but only above back-
ground levels at the two highest concentrations tested, and the
remaining peptides induced no detectable hemolysis. Notably,
the parent peptide, C18G, has been shown to induce < 10%
hemolysis over the same concentration range [30].

Discussion

The broader interest in AMPs is driven by multiple factors
including the pressing public health needs for development
of new antibacterials, the evolutionary persistence of AMPs
in higher organisms indicating the inability of bacteria to de-
velop effective resistance mechanisms, and facile chemical
synthesis facilitating study. Despite this, there has been no
consensus sequence found for AMPs, nor has there been a
data-driven, predictive model for design or detection of
AMPs. Thus, using the power of solid-phase peptide synthesis
coupled with non-natural amino acids, structure-activity rela-
tionships can be elucidated and inform the development of
novel molecules.

The initial analysis of the data presented here show several
important trends. In solution, the peptides show clear and
consistent trends in behavior. First, the CD experiments dem-
onstrate that all of the peptides in this study are unstructured in
solution. This is consistent with other studies on AMPs which
show similar properties. The aggregation studies, TCE
quenching and REES, were consistent in that the majority of
peptides showed very little evidence of aggregation/
oligomerization in solution. However, the only peptide which
showed some aggregation propensity was the C18G-Cha se-
quence, evidenced by the increased Ksv in TCE quenching
and the upward curvature in the REES plot. This is not sur-
prising considering the bulky, hydrophobic Cha side chain.

With respect to peptide-lipid interactions, there is a signif-
icant difference in behavior for several peptides between zwit-
terionic and anionic lipid vesicles. As expected, the C18G-Nle
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and C18G-Nva peptides displayed a clear preference for bind-
ing anionic vesicles due to the electrostatic attraction between
the cationic peptide and the anionic bilayer surface, and the
presence of hydrophobic groups in the peptide sequence. The
C18G-Nle peptide, while able to bind the zwitterionic PC
vesicles, exhibited an enhanced barycenter shift upon binding
anionic vesicles, indicating a different final orientation. The
C18G-Cha peptide bound similarly to all vesicles, indicating
that electrostatics are not playing a major role and thus the
binding is likely driven by hydrophobic forces in this case.
This is reasonable considering the bulky, hydrophobic Cha
side chain. Also notable was the minimal apparent binding
of the C18G-Abu and C18G-Ala peptides, indicating that de-
spite the electrostatic interactions, the peptides did not interact
strongly with the anionic bilayers. It should be noted that
precise Kd calculations were not carried out as the aggregation
state in solution, which appears to differ between peptides (see
above), was not quantified. However, the acrylamide
quenching experiments indicate the Trp in both peptides was
shielded upon interaction with bilayers. Therefore, it is likely
that the C18G-Abu and C18G-Ala peptides are binding to
bilayers but the Trp is not deeply partitioning in the bilayer
core, resulting in a significantly smaller barycenter shift. This
is consistent with the physically shorter hydrophobic side
chains of C18G-Abu and C18G-Ala, requiring the peptide to
adopt more shallowly inserted conformation. Similar effects
were observed for C18G variants in which the cationic side
chains were shortened, as well as in other peptides and poly-
mers [30, 48]. The smaller shift when bound could also be a
result of different rotational orientation of the helix on the
membrane surface. These peptides have smaller hydrophobic
driving force to bury side chains in the non-polar core, thus
making aqueous exposure of these groups less energetically
costly. Taken together, it is apparent that both hydrophobicity
and electrostatics play a role in C18G binding to bilayers, and
that the final conformation is impacted by the side-chain iden-
tity of the hydrophobic amino acids. Regarding the peptide
structure, all peptides showed some degree of «-helical con-
formation when bound to anionic vesicles. However, this he-
lical conformation was absent for the C18G-ABU and C18G-
Ala peptides bound to PC bilayers. This supports the premise
that these peptides adopt a different bilayer-bound conforma-
tion in PC, which likely contributes to the changes in
barycenter shift and acrylamide quenching.

The hydrophobic balance of AMPs and
peptidomimetic polymers has been an area of intensive
study by many groups [9, 49-52]. Overall, a threshold
hydrophobic character is required for these molecules to
exert antimicrobial activity, presumably providing the
ability to partition into and disrupt the bacterial mem-
brane [53]. However, specific detail on this threshold
appears tied to both the hydrophobicity and the struc-
ture of the hydrophobic groups (see below). Similar
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results were observed in peptides with non-natural ami-
no acids and in peptidomimetic polymers [9, 31, 32, 49,
54-56].

Regarding the mechanism of action of the peptides, many
studies have shown membrane disruption is the, or minimally
a component of the, mechanism of action of many AMPs. In
this work, the three best performing peptides judged by MIC
data were also the three that exhibited the greatest extent of
E. coli outer membrane permeabilization. This activity is sim-
ilar to the behavior of C18G peptides in which hydrophobics
were altered using only naturally occurring residues, as well as
C18G variants in which the cationic residues were varied [30,
33]. Interestingly, the permeabilization of E. coli membranes
and RBCs did not parallel to the lipid vesicle leakage assays.
In model vesicles, the peptides disrupted zwitterionic bilayers
most efficiently. Ramamoorthy and coworkers observed a
similar pattern for the peptide MSI-78 (pexiganan) which
has similar size and net charge to C18G [57]. One possibility
for the discrepancy is the size and curvature of the bilayers.
The SUVs created by sonication in the vesicle leakage assay
typically average ~ 50-100 nm in diameter as compared to the
much larger E. coli cell which averages ~1 x 3 wm [58]. The
smaller SUVs have significantly enhanced bilayer curvature
compared to the larger E. coli cell. It has been reported that a
number of proteins and peptides can sense membrane curva-
ture and have functions which are modulated by membrane
curvature [59, 60]. Similarly, AMPs have been shown to both
induce and be impacted by bilayer curvature [61, 62].
Matsuzaki and Epand demonstrated a similar result with
Magainin-2 where the peptide loses the ability to permeabilize
bilayers upon inclusion of PE lipids which induce membrane
curvature [63].

The most intriguing results from this study are regarding
the C18G-Nva peptide. This sequence showed good antimi-
crobial activity, on par with the most active C18G-Nle peptide
in this study and the parent sequence C18G containing Leu as
the hydrophobic residue. The non-natural norvaline side chain
enhanced the activity of the peptide compared the variant with
Val residues and was the only such isosteric substitution that
enhanced activity compared to the naturally occurring coun-
terparts [33]. Additionally, the C18G-Nva peptide exhibited
almost no hemolytic activity over the range tested. The major
difference between the two is the 3-branching in the valine
side chain as opposed to the linear chain in norvaline. This
results in a slightly longer side chain which can bury into the
bilayer but may also impact how lipids pack around the side
chain. A linear Nva side chain (and Nle) can likely pack more
tightly with lipid acyl chains compared to the branched natural
variants, although it is unclear why this may enhance activity
for C18G-Nva but not C18G-Nle, nor why the C18G-Nva
exhibits significantly less hemolysis. Additional investiga-
tions on the impact of these peptides on bilayer properties
may shed light on the role and difference between the

peptides. The combination of good antibacterial activity and
low hemolytic activity make this sequence a promising can-
didate for further development.
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