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Objectives: Antimicrobial resistance is a growing concern and claims over 1 million lives per year. The discovery
of new antimicrobial drugs is expensive and often generates low profitability, with very low success rates. One
way to combat this is by the improvement of known antimicrobials, such as antimicrobial peptides (AMPs). The
aim of this study was to improve the antimicrobial activities of two known AMPs, UyCT3 and indolicidin, with the
use of peptide libraries and growth curves.

Methods: Peptide permutation libraries were synthesized for two AMPs, indolicidin and UyCT3, which included
520 peptides. These peptides were subsequently tested against MG1655-K12, to which subsequent peptide de-
sign was performed, then tested against three clinically Gram-negative relevant drug-resistant isolates. Best-
performing candidates were subjected to a haemolysis assay for toxicity validation.

Results: Single amino acid permutations of UyCT3 and indolicidin were sufficient to inhibit growth of MG1655-
K12, and subsequent generations of peptide design were able to inhibit growth of clinical isolates at concentra-
tions as low as 5 pM. Our best-performing AMP, UyCT31sa, wev, k101, F131, WAS Not seen to be toxic towards sheep
RBCs.

Conclusions: The efficacy of the AMPs improved with the use of our peptide library technology, whereby an AMP
was found that inhibited bacterial growth of clinical Gram-negative isolates 4-fold better than its WT

counterpart.

Introduction

The rise of antimicrobial resistant (AMR) bacteria is a serious glo-
bal health issue;* for example, in 2018 in the USA approximately
26% of bacterial infections were resistant to first-line treatments
such as amoxicillin or combinatory treatments of amoxicillin/cla-
vulanic acid.? An estimated 1.27 million deaths were attributed
to AMR infections in 2019, with this number projected to rise to
10 million deaths by the year 2050.> The development of new
antibiotics and novel treatment options is an important compo-
nent of the fight against AMR, but is scientifically challenging
and time consuming. Unfortunately, antibiotic drug development
has entered a relatively dry discovery pipeline since the 1980s,
with fewer antimicrobial agents undergoing clinical trials in the
following decades.”> As such, there is a desperate need for
new biomolecules targeting pathogenic bacteria.

Antimicrobial peptides (AMPs) have emerged as a promising
type of new antimicrobials.® Since their discovery in 1928,
AMPs have been increasingly discussed in the literature and sub-
jected to clinical trials as key antimicrobial agents. The first
FDA-approved AMP was nisin, a peptide used primarily as a food
preservative. However, wide use of AMPs as antimicrobials has
been limited by their toxicity to host cells, as well as other draw-
backs such as manufacturing costs and time for synthesis.®
Despite these challenges in translating in vivo antimicrobial effects
into prescribable therapeutics, seven AMPs have been granted FDA
approval: gramicidin, daptomycin, colistin, vancomycin, ortivancin,
dalbavancin and telavancin. Moreover, numerous AMPs are cur-
rently in clinical trials, underlining interest in these biomolecules
as antimicrobials.”

AMPs are produced by plants, animals, fungi and bacteria. These
naturally occurring AMPs thus provide a wealth of raw material for
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Figure 1. Methodology for systematic evolution of antimicrobial peptides. (a) Permutations are performed by the amino acid substitution of single
residues on WT peptides, known as the first generation. (b) Said peptides were tested for growth inhibition against MG1655. Second peptide genera-
tions were made, and motifs were generated for further growth inhibition testing. Final candidates were tested for haemolytic activity.

the development of new therapeutics. However, since naturally de-
rived AMPs have evolved against the pathogens faced by organisms
in their own environments, they may not have optimal activity
against infectious agents of concern to humans. Thus, it is likely
that naturally occurring AMPs can be further optimized.

As a new systematic strategy for AMP development, we used
in vitro evolution to enhance the activity of two established AMPs,
indolicidin and UyCT3, against the opportunistic pathogen
Escherichia coli (Figure 1). This method involves systematically
permutating amino acids within defined peptide sequences,
and selecting substitutions that improve activity.

Indolicidin is a tridecapeptide (ILPWKWPWWPWRR) that was
isolated from the cytoplasmic granules of bovine neutrophils.’
It has broad and potent antimicrobial activity against both
Gram-negative and Gram-positive bacteria. It is thought to bind
abasic sites of DNA and interfere with the recruitment of DNA ma-
chinery, cause DNA filamentation, and to interact with DNA topo-
isomerase 1.57% In addition, it has been proposed that indolicidin
may also inhibit bacterial proteases.*! This peptide is unusual in
that it does not take on the typical a-helical or B structure that
is common in other cationic peptides. With its high percentage
of tryptophan residues, it adopts a wedge conformation with its
hydrophobicity in the bacterial membrane. Although indolicidin
has substantial therapeutic potential, it has high toxicity towards
mammalian RBCs, yielding a high haemolytic activity.*?

UyCT3 is an a-helical peptide derived from the venom of the
scorpion Urodacus yaschenkoi.'®* The full-length protein com-
prises 68 amino acids, but the subsequence ILSAIWSGIKSLF is
known to confer its antimicrobial activity. It is a member of the
non-disulphide-bridged peptide family as well as the small anti-
microbial peptide group.'* The mechanism of action for UyCT3 is
debated in the literature but it is proposed to create a helical
channel in the membrane of the bacterium, causing autolysis
and ultimately bacterial death.*

We generated systematic amino acid permutation libraries
based on the sequences of indolicidin and UyCT3 to evolve
AMPs with increased therapeutic potential. The growth rates of
selected AMPs and their analogues were assessed in both labora-
tory and clinically derived strains of E. coli. We additionally evalu-
ated the haemolytic activity of peptides displaying the highest
growth inhibition.

Materials and methods

Strains

The standard laboratory E. coli strain K-12 (MG1655) was used for screen-
ing of peptide libraries. Selected AMPs were tested against clinically de-
rived E. coli strains pb3, pbl5 and pb35 that were provided by the
Zhanel Laboratory from the University of Manitoba and characterized pre-
viously.'® The three strains were chosen based on their differing sources
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Table 1. Tabulated information on clinical strains

Drug resistance

Chromosomal mutations®

Strain Infection source  CIP MIC, ng/uL CAZ MIC, mg/L gyrA gyrB parC

pb3 Urinary tract infection 15.6 4 D678E, A828S E185D D475E

pb5 Respiratory 32000 0.5 S83L, D87N, D678E, A828S S492N, A618T,E656D S80I, A108V

pb1l5  Blood 32000 128 S83L, D87N, A828S A618T S80I, E84V, A192V, A471G, D475E

CAZ, ceftazidime; CIP, ciproflaxin.
“Bolded mutations refer to mutations that lead to resistance phenotype.

rather than their MDR or mutation profiles. Their AMR profiles are shown in
Table 1 with relevant MIC values and site-specific mutations obtained
from Basra et al.'® These strains were chosen because they originated
from differing sources (blood, urine, respiratory). All strains were grown
in Mueller-Hinton broth (MHB) purchased from Sigma Aldrich.

Peptide synthesis

UyCT3 and indolicidin permutation libraries were synthesized. Each resi-
due was mutated to one of the remaining 19 amino acids, while keeping
the rest of the AMP sequence constant. This led to the synthesis of 520
unique peptides, 260 each for indolicidin and UyCT3.

Peptides were synthesized using solid-phase Fmoc [N-(9-fluorenyl)
methoxycarbonyl] chemistry using a ResPep SL peptide synthesizer
(Intavis) at a 2 pmol scale using Rink-NH; resin following procedures de-
scribed previously.*® All amino acid derivates and activator were pur-
chased from p3Bio Systems. To allow for quantification, peptides were
synthesized with a C-terminal tryptophan separated by a 6-aminoheca-
noic acid (6-ahx) linker. After synthesis, peptides were liberated from
the resin, and protecting groups were cleaved using an acidic cleavage so-
lution (95% trifluoroacetic acid, 3% tri-isopropylsilane, 2% water). Cold di-
ethyl ether (-20°C) was used to precipitate and wash the peptides of
residual cleavage solution. Once dried, pellets were dissolved in 1X PBS
containing 4% acetic acid. Peptides were brought up to pH 7 using 5 M
NaOH and quantified by A280 and molar extinction coefficients calcu-
lated by ProtParam Expasy.

Growth curves

Overnight cultures of bacteria were grown in MHB with continuous shak-
ing (150 rpm) at 37°C. The overnight cultures were then diluted 1:100 in
MHB and experimental peptides were tested at 40 uM in triplicate in a
96-well plate, with the lid left on to prevent evaporation. The OD600
was read every 30 min for 24 h with continuous shaking using Gen5 soft-
ware with a BioTek plate reader. For serial dilution testing of AMPs, a 2-fold
dilution series was performed to test the range of 40 pM to 5 uM in
triplicates.

To generate growth curves, the OD600 over the 24 h period was plotted.
All y-values in the linear portion of the log phase were log,-transformed
and plotted against time (min). A LINEST function was used in Microsoft
Excel to output the slope and standard error of regression. All growth rates
were normalized to the ‘No AMP’ control treatment.

Second-generation peptide clustering

The list of predicted second-generation AMPs was clustered into 100
individual groups that represent the greatest sequence diversity and
were used for evaluation. Each set of peptides was ranked in each cluster
by varying characteristics: charge, charge density, isoelectric point (pI),
instability index, aromaticity, aliphatic index, Boman index and

hydrophobicity. The top-ranking peptide in each group was compiled
into a new list of 100 AMPs and used for further testing.

Haemolytic assay

A haemolytic assay was performed as described.’” Sheep RBCs (SRBCs)
were purchased in a 10% suspension from Fisher Scientific (Cat No.
0855876). UyCT3wr, UyCT3 154, wey, k101, 131 and UyCT31sa, we, K1oc, F13v
were prepared at a concentration of 400 puM in PBS buffer. 1% Triton
X-100 was used as a positive control, PBS as a negative control, and
0.66% DMSO was used as the vehicle control. We added 75 pL of AMP
to 75 plL of sRBCs in a flat, black, clear bottom 96-well plate. The plate
was shaken at 37°C for 1 h. The plate was spun at 1000 x g for 15 min
to collect the pellet, and supernatant was taken and diluted 1:10 with
PBS buffer. The OD414 was read and percentage haemolysis was deter-
mined by the following formula: (sample absorbance — average abor-
bance of negative control)/(average aborbance of positive control —
average aborbance of negative control). Absorbances were taken in
triplicates.

Pepwheel visualization

Amino acid residue formations for UyCT3wr, UyCT31sa wev, k101, F131 and
UyCT31sa, wek, k10c, F13v Were visualized using the EMBOSS Pepwheel tool
(EMBOSS; http://emboss.bicinformatics.nl/cgi-bin/emboss/pepwheel), as
done previously.'®

Statistical analysis

Growth rate data derived from the AMP permutations were manipulated
into a 13x 19 matrix with the WT AMP on the y-axis and amino acid mu-
tations along the x-axis. These two matrices were subjected to peptide
specificity analysis (PeSA) to create motifs for a second-generation of
AMP synthesis 12 A motif is provided based on a threshold, which is rela-
tive to the positive control (WT AMP). A threshold of 2 SDs above the mean
‘WT AMP’ score was set. Mutations that elicit a score that is 2 SDs above
the ‘WT AMP’ score were used for motif production to create the second
generation of AMPs. Statistical analysis was performed using Graphpad
Prism (version 9.0) with independent Student’s t test. Mean values of ex-
perimental AMPs were tested against mean WT AMP growth rates.
Statistical significance is denoted by asterisks: * denotes P value <0.05,
** denotes P value <0.01, and *** denotes P value <0.001.

Results

Effect of single amino acid mutations on growth
inhibition

The peptide sequences of indolicidin and UyCT3 were permutated
at each residue, for a total of 520 unique peptides (260 for
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Figure 2. Amino acid permutations show increased antimicrobial activity. (a) Growth rate detection through single amino acid permutation of UyCT3.
(b) Growth rate detection through single amino acid permutation of indolicidin. Relative growth inhibition is shown with each respective bar. Blue col-
oration represents mutations that did not result in any growth inhibition, whereas red represents mutations that performed better than the WT pep-
tide. Any boxes coloured white represent inhibition matching the WT. All points are normalized to the substitution that results in the WT AMP (showed in
bolded boxes). Motifs are shown for (c) UyCT3 and for (d) indolicidin. (e, f) Peptides made from motif for UyCT3 and indolicidin, respectively, that de-
monstrated significant growth inhibition of MG1655 at 40 pM. All growth rates were normalized to ‘No AMP treatment’, and statistical comparisons
were with the WT peptide. Error bars show the standard error of regression. *P value <0.05, **P value <0.01, ***P value <0.001.

indolicidin, 260 for UyCT3). Each of these peptides was then
tested against E. coli WT strain MG1655 (K12). Each peptide
was initially tested at 40 pM, because this is a typical MIC of
most AMPs.*® Peptides were deemed stable throughout experi-
mental conditions by monitoring degradation by SDS-PAGE using
a Tris-Tricine gel necessary for peptide resolution.?°

Figure 2 shows data from the initial peptide permutation
screens of indolicidin (Figure 2a) and UyCT3 (Figure 2b). From
the UyCT3 screen, 118 peptide mutations decreased bacterial
growth, whereas 129 peptides increased bacterial growth com-
pared with WT UyCT3. For indolicidin, 125 peptide mutations de-
creased bacterial growth, whereas 122 peptides increased
bacterial growth compared with WT indolicidin.

PeSA software was used to generate a sequence motif that re-
presents all AMP mutations that increased the potency of either
UyCT3 (Figure 2c) or indolicidin (Figure 2d) peptides; the threshold
cut-off for the motif was based on +2 SDs above the ‘WT AMP’
score (2.91 and 1.069 for indolicidin and UyCT3, respectively).
Many of the residues found in the original AMP sequence are
held constant in the motifs, but a large array of amino acid fam-
ilies can also be identified.

Clustering of candidate AMPs using sequence motifs

To generate the second generation of peptides, PeSA was used to
output every combination of peptide sequences that are encoded
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Table 2. AMP candidates from the second-generation screen

Peptide name Sequence
Indoksa ILPWAWPWWPWRR
Indoksc ILPWCWPWWPWRR
Indoksp ILPWDWPWWPWRR
Indoks, ILPWLWPWWPWRR
UyCT31sa, wev. K101, F131 ILSAAYSGIISLI

UyCT 3154, we, K10C, F13v ILSAAESGICSLV
UyCTEISAY wW6Q ILSAAQSGIKSLF
UyCT31sa, wey, K10M, F13v ILSAAYSGIKSLF
UyCT3wer. k10m ILSAITSGIMSLF
UyCT315a wem, k10T ILSAAMSGITSLF

within each motif. This resulted in a total of 20 and 1440 peptides for
indolicidin and UyCT3, respectively. Given the high number of com-
binatorial peptides from UyCT3, the 1440 peptides were clustered
into 100 discrete groups for testing; these clusters were ranked
based on peptide characteristics (charge, charge density, pI, instabil-
ity, aromaticity, Boman index and hydrophobicity). One hundred
peptides were generated from the clustering and tested further.

Growth inhibition by second-generation AMPs

A total of 120 peptides representing our second generation of
AMPs were synthesized and tested against MG1655 at 40 pM,
and their growth rates monitored. Only four peptides from second-
generation indolicidin showed growth inhibition (Figure 2f). For
UyCT3, 6 of the 100 predicted AMPs significantly decreased growth
compared with UyCT3. Notably, these peptides differed from the
first generation of peptides tested (Figure 2e) as they contain at
least one or more amino acid mutations and are not derived direct-
ly from the WT sequence. The growth rates of the 120 peptides and
20 peptides are shown in Table S1 (available as Supplementary
data at JAC-AMR Online) for UyCT3 and Table S2 for indolicidin.
The peptides used further in this study are shown in Table 2.

Growth inhibition of clinical strains by second-generation
AMPs

To give insight into the clinical relevance of our chosen peptides,
three strains of E. coli were chosen (AMR profiles shown in Table 1).
Notably, the indolicidin second-generation AMPs were found to dis-
play a broad range of effects on these clinical strains (Figure 3a).
Specifically, there was greater effect of Indoksa and Indogsc against
strains pb3 and pb35, with a reduced but still significant effect on
pb15. The indolicidin-derived AMPs Indoksp and Indogs. gave an
equivalent response across all three strains and were chosen for fur-
ther characterization. For UyCT3-derived AMPs, only three out of the
nine peptides significantly decreased growth across all three strains,
with UyCT31s, wev, k1or, 131 and UyCT31sa, we, kioc, F13v displaying
significant growth inhibition (P<0.01) (Figure 3b).

Dose-response of candidate AMPs

Serial dilutions of AMPs were tested for growth inhibition on clin-
ical strains (Figure 3c-h). Indogs, inhibited pb35 and pb3 strains
significantly at 20 uM (Figure 3c and g). In contrast, Indoksp

significantly inhibited bacterial growth at concentrations down
to 10 uMin pb15 (Figure 3e) compared with Indowst. Indoyt inhib-
ited pb35 and pbl5 in a concentration-dependent manner,
whereas pb3 growth was not inhibited across the concentrations
tested. Indoksp was the most promising derivative since it inhib-
ited strains pb15 at 10 uM and pb3 at 20 pM.

Across all three tested strains, UyCT3 and its derivates dis-
played antimicrobial activity. UyCT3wr was inhibitory at 40 uM
for pb35 (Figure 3d) and pb3 (Figure 3h) but showed a linear
range of inhibition for pblS (Figure 3f) UyCTBI_r,AY W6Y, K101, F131
showed significant inhibition of pb35 (Figure 3d) and pb3
(Figure 3h) at concentrations greater than or equal to 10 pM.
All three UyCT3 tested peptides had a similar response to pb15
(Figure 3f), with UyCT31sa, wev, ko1, F131 and UyCT31sa; wee, k1o,
r13v iNhibiting bacterial growth significantly at 40 uM. UyCT3;s,,
wev, K101, F131 Was the most promising derivative due to its ability
to inhibit growth at concentrations of 5-10 uM of most strains.

a-Helical mapping of UyCT3 and derivatives

UyCT3wr, UyCT 3154, wev, k1o, F131 aNd UyCT 3154 wek, kioc, F13v Were
further investigated to explore why these peptide derivatives dis-
play a high level of inhibition of bacterial growth compared with
UyCT3wr. The EMBOSS Pepwheel was used to visualize the forma-
tion of amino acids in our peptide sequence to identify regions of
hydrophobicity and hydrophilicity. Aliphatic residues are marked
with blue squares, hydrophilic residues are shown in red dia-
monds, positively charged residues with black octagons, and
hydrophobic residues in purple font. With the mutations made
to create the UyCT3 derivative peptides, residues are replaced
with those that have aliphatic characteristics with branched
side groups (Figure 4a-c).

Haemolytic activity of UyCT3 and its variants

As a preliminary screen for cytotoxicity, haemolytic activity of
UyCT3, UyCT31s54, wev, kior, F131 aNd UyCT31sa wee, kioc, F13v WAS
tested against sRBCs (Figure 4d). HCsg values (i.e., the concentra-
tion of peptide that lyses 50% red blood cells) were found for
UyCT3 against human erythrocytes at 20 puM?! but to cast a
wide net, concentrations of 200 uM to 3.125 uM were used for
the assay across all three peptides. At 200 uM, UyCT3sa, weE,
k1oc, F13v showed close to 10% haemolysis activity, whereas
UyCT3 and UyCTgl_r,Ay W6Y, K101, F131 showed less than 5%.

Discussion

Although there have been many advances in antimicrobial ther-
apeutics and combatting AMR in the last decade, there is still a
need to find new therapeutics active against AMR pathogens.
The process of finding new antibiotics is costly, as most are found
through natural sources (plants, fungi, etc.).” Here, we explored
the use of peptide permutation arrays to optimize naturally oc-
curring AMPs. Through permutation of two known AMPs, indolici-
din and UyCT3, we developed four AMPs that inhibited the growth
of E. coli with more potency than their WT counterparts.
Overnight cultures were grown and diluted 1:100 to allow for
the bacterium to grow from lag phase into log phase. Growth
rate, which is determined from the log phase, was the metric
used throughout all growth curves to interpret effects due to
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Figure 3. AMPs show broad inhibition across three clinical strains. AMPs shown in Table 2 originating from (a) indolicidin and (b) UyCT3 tested against
strains pb3 (black), pb15 (light grey) and pb35 (dark grey). All AMPs tested at 40 pM. Serial dilutions were performed for pb35, pb15 and pb3 for indo-
licidin variants (c, e, g) and UyCT3 variants (d, f, h), respectively. All growth rates were normalized to ‘No AMP treatment’, and statistical comparisions
were with the WT peptide. Error bars show the standard error of regression. *P value <0.05, **P value <0.01, ***P value <0.001.

added peptides. Had more bacteria been present at the start of Mutating position K5 of indolicidin to any other amino acid
the growth curves, the cells would have already been entering  showed an increase in antimicrobial activity (Figure 2b). Often,
log phase or already in it, which would not allow for the best mutations of lysine to arginine do not cause drastic effects on
quantification of growth rate. peptide activity because both amino acids carry a positive
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Figure 4. UyCT31sa wey, k101, F131 results in a more amphipathic peptide than UyCT3yyr, with similar haemolysis properties. Pepwheels are shown for
(a) UyCT3wr, (b) UyCT315a, wev, k101, F131 ANd (€) UyCT 3154 wek, k10c, F13v- Aliphatic residues are marked with blue squares, hydrophilic residues are marked
in red diamonds, positively charged residues with black octagons, and hydrophobic residues in purple font. Images generated using EMBOSS Pepwheel
software. (d) Haemolysis of sSRBCs was conducted with UyCT3wr and its variants.

charge.?® Though the nature of most AMPs is cationic, there is a
preference for guanidinium groups in arginine rather than the
amine group observed in lysine.”* Another study performed per-
mutations on indolicidin and found that Indoksa resulted in a re-
duced MIC, but increased haemolytic activity.?*

UyCT3 permutation analysis showed important residues for
bacterial growth inhibition. Of particular importance, position
W6 had the most leniency for mutations. When mutating this
position to either glutamine, serine, threonine, alanine or glycine,
growth inhibition increased (Figure 2a). These amino acid muta-
tions result in more amphipathic AMPs, which might perform bet-
ter at penetrating bacterial membranes.

UyCT315A, W6Y, K101, F13I is the most promising derivative of
UyCT3 due to its ability to inhibit growth at concentrations of
5-10 pM of most strains (Figure 3). Indoksp is the most promising
derivative of indocilidin because it inhibits strains pb15 at 10 uM
and pb3 at 20 uM (Figure 3). To investigate why UyCT31sa wey, k101,
r131 Might be inhibiting bacterial growth better than WT UyCT3,
we plotted the a-helix conformation using the EMBOSS
Pepwheel (Figure 4a-c). EMBOSS Pepwheel visualization allows
us also to look at the distribution of amino acid residues in the
context of peptide structure.?® Interestingly, mutations in
UyCT315a, wey, k101, F131 and UyCT31sa, wev, k101, F131 result in a
more hydrophobic region on one side versus the WT UyCT3 pep-
tide. Accompanied by the abundance of serine residues on the

opposite side, this leads to the creation of a more amphipathic
AMP. Because UyCT3 is proposed to create a helical membrane
in the channel of the bacterium, such mutations may encourage
channel formation leading to loss of cell rigidity.**?*

Itis alsoimportant to look at the impact of permutation on the
oligomerization of AMPs in solution. Figure 4(a) shows UyCT3wr,
which has a solvent-exposed lysine residue. Figure 4(b) shows
the mutated AMP, UyCT315A_ WY, K101, F131, which loses the lysine
residue. This loss of positive charge might allow for better oligo-
merization due to no positive charge repulsions between peptide
structures in pore formation. This is termed coulomb repulsion,
which is the repulsive force between two positive or two negative
species.’® Coulomb repulsion is a driving force for the determin-
ation of biological peptide activity.

A haemolytic assay was performed to measure toxicity to-
wards mammialian cells, shown in Figure 4(d). Haemolysis assays
are implemented as a tool for the viability of AMPs as therapeu-
tics, as it allows for the screening of toxic compounds against
mammalian Ce“S.27 At 200 HM, UyCT315A, WG6E, K10C, F13V showed
close to 10% haemolysis activity, whereas UyCT3 and UyCT3;sa,
wev, k101, F131 Showed less than 5%. At clinically relevant concen-
trations, UyCT3 and UyCT31sa, wey, k101, F131 Showed the least tox-
icity towards sRBCs. Even though UyCT31sa wev, k101, F131 takes on
a more amphipathic structure, it appears to have low affinity for
mammalian membranes.
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We have focused our efforts on activity against a
Gram-negative bacterium, E. coli. It will also be interesting to in-
vestigate the effects of our novel AMPs against Gram-positive
pathogens such as MRSA. Gram-positive bacteria have a substan-
tially thicker peptidoglycan layer than Gram-negative bacteria,
with a more negative charge overall.?® As previously discussed,
most AMPs interact with negatively charged bacterial cell walls
as an initial mechanism of action, but our best-acting AMP has
a neutral charge.

We have optimized an AMP that is more potent than its WT
counterpart at a 3-fold concentration difference, including
against MDR clinical strains. This systematic AMP design was
accomplished using a permutation library of a known AMP
sequence. With the success of this approach in vitro, this applica-
tion can be implemented to optimize additional AMPs, examining
how systematic permutating and in vitro evolution of existing
AMP sequences might lead to better antimicrobial activity.
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