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ABSTRACT: The ribosomally produced antimicrobial peptides of
bacteria (bacteriocins) represent an unexplored source of
membrane-active antibiotics. We designed a library of linear
peptides from a circular bacteriocin and show that pore-formation
dynamics in bacterial membranes are tunable via selective amino
acid substitution. We observed antibacterial interpeptide synergy
indicating that fundamentally altering interactions with the
membrane enables synergy. Our findings suggest an approach for
engineering pore-formation through rational peptide design and
increasing the utility of novel antimicrobial peptides by exploiting

synergy.

KEYWORDS: antimicrobial peptides, bacteriocins, synergy

B acteriocins, the ribosomally produced peptides of bacteria,
represent a potentially vast source of novel templates for
the design of antimicrobials, with their discovery aided by
recent advances in human genomic and microbiome
research.' > The class I bacteriocin AS-48 may hold significant
potential as a simple peptide scaffolds for the development and
optimization of antimicrobial compounds.*™” Enterocin AS-48,
first isolated from Enterococcus faecalis AS-48, is a circular
bacteriocin consisting of five helical domains with an overall
positive charge.”® These basic residues cluster within helices
four and five are designated as the membrane targeting
region.””'? Previous studies have shown that antimicrobial
activity is specifically dependent upon the hydrophobic
residues in this region, the amino acid structure of which
resembles the biochemical design of many cationic, helical, and
hydrophobic eukaryotic and synthetic antimicrobial peptides
(AMPs).%"'" These studies suggest that natural bacteriocins,
often too large for chemical synthesis, can be minimized to a
short core domain for rapid synthesis and development of
novel antimicrobial compounds.

Previously, we demonstrated that the membrane-interacting
region of an AS-48 homologue, safencin AS-48, can serve as a
simple linear peptide template for library optimization."" This
artificial peptide, termed syn-safencin, was modified by
selective substitution with lysine and tryptophan to create 96
synthetic peptides. Of the 96 peptides screened for
antimicrobial activity, we discovered two glycine to tryptophan
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substitutions at key sites correlating with the highest
antimicrobial activity. To gain a more fundamental under-
standing of how selective amino acid substitutions of minimal
synthetic bacteriocin peptides influence antimicrobial activity,
we performed detailed biophysical studies on several synthetic
AMPs and evaluated the effect of selective amino acid
substitutions on the mechanism of bacterial membrane
disruption within our optimized peptides series.

Red residues indicate an amino acid change relative to the
parent peptide

From our initial syn-safencin library we designated a group
of five peptides for further characterization. These include the
syn-safencin parent peptide (designated SynSaf-P1) and a set
of similar peptides with stepwise amino acid substitutions
derived from the most active SynSaf-P1 variant, the SynSaf-
P96 series. (Table 1). All of the peptide candidates exhibited
strong antimicrobial activity when tested against a panel of
agriculturally and clinically relevant Gram-negative bacteria,
with no detectable cytotoxicity or hemolytic activity (Table S-
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Table 1. Syn-safencin Peptides Selected for Study

Parent Peptide (Syn-safencin)

SynSaf-P1 AGKETIRQYLKNEIKKKGRKAVIAW
SynSaf-P96 Series

SynSaf-P8 AGKEKIRKKLKNEIKKKGRKAVIAW

SynSaf-P24 AWKEKIRKKLKNEIKKKGRKAVIAW

SynSaf-P56 AGKEKIRKKLKNEIKKKWRKAVIAW

SynSaf-P96 AWKEKIRKKLKNEIKKKWRKAVIAW

1, Figures S-1 & S-2). Increasing the overall charge in the
SynSaf-P96 series with lysine (SynSaf-P8) did not significantly
alter antimicrobial activity as compared to the SynSaf-P1
(Table S-1). However, tryptophan substitution at particular
residues significantly affected the overall antibacterial activity
with respect to the parent sequence. For SynSaf-P24, with the
G2W substitution, and SynSaf-P56, with the GI8W sub-
stitution, antibacterial activity, measured by minimum
inhibitory concentration (MIC), was significantly reduced

against multiple bacterial species (Table 1 and Table S-1).
However, peptides with the G18W mutation exhibited greater
antimicrobial activity than their G2W counterparts (Table S-
1). Inclusion of both G2W and G18W substitutions in SynSaf-
P96 significantly enhanced the antimicrobial activity against
both Klebsiella pneumoniae strains tested and Pseudomonas
aeruginosa PAO1 (Table 1 and Table S-1). No appreciable
activity was observed against a panel of Gram-positive bacteria
(Table S-2). Next, we evaluated the MICs of the most effective
peptides, against clinically relevant isolates of E. coli and A.
baumannii (Table S-3). Again, we observed lower MICs for
SynSaf-PS6 compared to SynSaf-P96 which had both of the
tryptophan substitutions.

We hypothesized that the tryptophan-dependent increase in
the antimicrobial activity of the peptide series may correlate
with their increased ability to permeate Gram-negative
bacterial membranes. Fluorescence assisted cell sorting
(FACS) using propidium iodide (PI) treated Escherichia coli
BL-21 showed an increase in PI uptake with peptides that
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Figure 1. Systematic amino acid substitutions in Syn-safencin increase its membrane disrupting capacity. (A) PI FACs sorting histograms of E. coli
BL-21 treated with 20 uM peptide. Isopropyl alcohol, saline, SynSaf-P1, P8, P24, P56, and P96 are in black, red, purple, gold, green, blue, and
brown, respectively. Histograms are representative of three replicates (n = 3). (B) GFP expressing E. coli treated with 10 uM peptide (columns) for
0 (top), 4 (middle), and 8 (bottom) hours. Images are representative of two replicates (n = 2).
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contained tryptophan substitutions, confirming that trypto-
phan substitution enhanced peptide mediated membrane
permeabilization (Figure 1A). We further supported these
data with live-imaging experiments, wherein green fluorescent
protein (GFP)-expressing E. coli BL-21 was incubated with the
peptide candidates and imaged live for 8 h. Our results
indicated that the parent peptide, SynSaf-P1, was unable to
induce significant membrane leakage over 8 h, as evidenced by
retention of GFP (Figure 1B). Similar results were observed
for the lysine optimized peptides SynSaf-P4 and SynSaf-P8.
However, a rapid loss of GFP was observed when incubated
with all tryptophan substituted peptide candidates (Figure 1B).

To determine the effect of tryptophan substitution on key
biophysical characteristics of the SynSaf peptides, a detailed
investigation of secondary structure and pore formation
dynamics was conducted on each of the peptides in Gram-
negative model membranes.””™'” All CD studies were
performed using small unilamellar vesicles (SUVs) consisting
of phosphatidylethanolamine and phosphatidylglycerol (PO-
PE:POPG) while 2-D NMR structures were obtained in
sodium dodecyl sulfate (SDS) micelles. All patch clamp
experiments were performed on lipid bilayers consisting of
diphytanoylphosphatidylethanolamine and diphytanoylphos-
phatidylglycerol (DPhPE:DPhPG). The parent peptide,
SynSaf-P1, adopted a helical conformation in POPE:POPG
vesicles with bands at 208 and 222 nm (Supplemental Figure
3A). The NMR structure reveals that this helicity is
concentrated toward the C-terminus of the peptide (Supple-
mental Figure 3A). However, no appreciable membrane
disruption was observed in the patch clamp experiments
(Supplemental Figure 3B).

Upon lysine optimization, SynSaf-P8 shifted toward an
unstructured conformation in POPE:POPG with a single band
near 200 nm (Figure 2A). A similar trend is observed in the
NMR structure with SynSaf-P8 adopting a more unstructured
conformation compared to SynSaf-P1. This likely occurs
through electrostatic repulsion as the lysine substitutions are
located in close proximity to other basic residues.”” While the
charge optimization step did not confer any pore forming
capability to SynSaf-P8 it did increase the latency time, the
time to membrane activity upon peptide administration, of
SynSaf-P8 compared to SynSaf-P1 (Figure 2B and Figure S-7).
This indicates that, upon lysine addition, the peptides decrease
their affinity for the bacterial membrane despite its negative
surface charge. These observations explain the lack of
biological activity observed with SynSaf-P8 in the live imaging,
FACs, and MIC experiments (Figure 1 and Table S-1).

Peptides with substitutions of W at G2 or G18 (SynSaf-P24,
SynSaf-P56) adopted a helical structure (Figures S-4A and S-
SA). Discrete membrane events were observed for the peptides
containing either W substitution (Figures S-4B and S-SB). For
SynSaf-P24 (G2W replacement) channel-like activity, similar
to other pore-forming peptides, was observed, with two
populations of event intensities around 0.5 and 1.5 pA (Figure
S-4B)."”*" SynSaf-P56 (G18W substitution) exhibited strong
membrane disrupting activity with a large population of events
around 3pA. However, these events did not appear to be as
strongly defined as SynSaf-P24 (Figure S-5B)

SynSaf-P96 exhibited a helical signature that was markedly
different from the parent peptide, indicating a shift in the
helical content with both W substitutions (Figure 3A and
Figure S-3A). SynSaf-P96 was shown to be highly structured at
its N-terminus with a weaker helical conformation toward the
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Figure 2. Syn-safencin 8 (SynSaf-P8) is an unstructured, non-
membrane disrupting peptide. (A) Secondary structure interrogation
of SynSaf-P8 indicates that it is an unstructured peptide. CD data
were collected in the presence of POPE:POPG SUVs. 2-D NMR
structure of SynSaf-P8 determined in SDS micelles (inset) PDB
accession number 608P. Arrows indicate the region of increased
positive charge due to the amino acid substitutions in Table 1. Basic,
acidic, polar, and hydrophobic residues are in blue, red, green, and
white, respectively. (B) SynSaf-P8 does not disrupt Gram negative
model membranes, at 40 uM, as indicated by patch clamp. The all-
data point histogram and example trace (inset) of SynSaf-P8 are
representative of six experiments (n = 6) on DPhPE:DPhPG bilayers.

C-termini (Figure 3A). The extension of helical content along
most of its length likely contributes to its pronounced ability to
disrupt the bacterial membrane as observed in FACS (Figure
1). Interestingly, we did not observe similar secondary
structural differences between the SynSaf peptides in a
Gram-positive mimicking environment (POPG SUVs) (Figure
S-6). This in concert with previous MIC data may indicate that
our previously described optimization method may have
imparted some specificity toward the Gram-negative mem-
brane (Tables S-1, S-2, and S-3).

SynSaf-P96, with both G2W and G18W replacements, also
strongly disrupted models of Gram-negative membranes in
patch clamp experiments giving rise to five discrete populations
of events from 0.5 pA to 17 pA; however, these events included
discrete channel formation, akin to SynSaf-P24, and indis-
criminate intense events, akin to SynSaf-P56 (Figure 3B insert,
Figure S-4B inset, and Figure S-5B inset).”~'”*' Using the five
levels of events identified, estimated pore sizes were calculated
for the SynSaf-P96 series.”' Similar pore sizes were observed
for SynSaf-P1 and SynSaf-P8, but for peptides with the G18W
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Figure 3. Syn-safencin 96 (SynSaf-P96) is a helical, pore forming
antimicrobial peptide. (A) Secondary structure interrogation of
SynSaf-P96 indicates that it is a helical peptide. CD data was
collected in the presence of POPE:POPG SUVs. 2-D NMR structure
of SynSaf-P96 determined in SDS micelles (inset). PDB accession
number 608S. Arrows indicate the G2W and G18W substitutions
noted in Table 1. Basic, acidic, polar, and hydrophobic residues are in
blue, red, green, and white, respectively. (B) SynSaf-P96 strongly
disrupts Gram negative model membranes, at 40 yM, as indicated by
patch clamp. The data point histogram and example trace (inset) of
SynSaf-P96 are representative of six experiments (n = 6) on
DPhPE:DPhPG bilayers.

substitution, SynSaf-P56 and SynSaf-P96, level one pores were
larger than those for the other peptides with radii equal to
0.082 and 0.067 nm respectively (Table S-4). Despite the
location dependent effects of pore formation, this had no effect
on the latency time with tryptophan addition significantly
reducing the latency time compared to their nontryptophan
optimized counterparts (SynSaf-P1 and SynSaf-P8) (Figure S-
7).

We noted that although some peptide candidates were
unable to induce membrane disruption, they still exhibited
significant antimicrobial activity, suggesting that these peptides
may adopt an alternative antimicrobial mechanism of action.
For example, SynSaf-P8 did not induce membrane disruption
in our experiments. Nonetheless, this agent showed strong
antibacterial activity against the plant pathogens, Pseudomonas
syringae and Xanthomonas axonopodis, with MICs of 1 and 4
ug/mL, respectively, and weak antimicrobial activity against
Acinetobacter baumannii AYE, MIC ~ 64 ug/mL (Table S-1).
To determine whether alternative mechanisms of antimicrobial

activity exhibited by our SynSaf peptides could display

421

synergistic antibacterial effects, we investigated peptide—
peptide synergy using a comprehensive MIC-based assay of
peptide combinations. We reasoned that small amino acid
changes that fundamentally altered the pore-forming mecha-
nism of action within our library would display synergistic
effects, as they have adopted a distinct mechanism of action
from SynSaf-P1. We observed multiple synergistic interactions
within the SynSaf-P96 series against E. coli NCTC 12923 and
A. baumannii AYE (Table S-S). These synergistic interactions
were consistent for SynSaf-P96 in combination with SynSaf-P1,
-P8, and -P24 (Table S-S). The interaction between SynSaf-P8
and SynSaf-P96 was determined to be strongly synergistic
using a full checkerboard assay (FICI = 0.31 + 0.08). This
activity was similar to the FICI value for PGLa and magainin,
two naturally synergistic frog AMPs, which is 0.3 against E.
coli”* The synergistic interaction was further interrogated via
patch clamp and FACS analysis. Synergy is detected in FICI
assays when the effective concentration of both compounds
can be reduced at least 4-fold in combination. SynSaf-P8 shows
no membrane activity in patch clamp or FACs analysis when
used at a much lower concentration (Figure S-8A and Figure
4A). At a reduced concentration, SynSaf-P96 retains pore
forming activity as indicated by patch clamp with two
populations at 0.5 and 2 pA (Figure S-8B). This is reflected
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Figure 4. Synergy between the nonpore forming SynSaf-P8 and the
pore-forming SynSaf-P9, results as a consequence of tryptophan
optimization. (A) Synergy condition results in a shift toward a higher
fluorescent intensity of treated E. coli via PI FACS. Cells were treated
with 5 uM peptide alone or S M of each for the synergy condition.
Arrow indicates the population of higher fluorescent intensity.
Isopropyl alcohol, SynSaf-P8, P96, or P8, and P96 are in black,
gold, brown, and pink, respectively. Histogram is representative of
three replicates (n = 3). (B) Synergy results in discrete pore
formation. SynSaf-P8 and SynSaf-P96, both at 10 uM, were used to
treat DPhPE:DPhPG bilayers. The data point histogram and trace
(inset) are representative of six replicates (n=6).
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in our FACS analysis with a single population of PI positive E.
coli (Figure 4A). Upon treatment with both peptides, a second
population of higher fluorescent intensity emerges in FACS
(Figure 4A). Consistently, new populations of high amplitude
pores appear in patch clamp (Figure 4B). Level-2 pores were
formed in the synergy condition that were larger than those
formed by SynSaf-P96 alone, (0.125 and 0.096 nm
respectively) (Table S-6). These data indicate that SynSaf-
P8, a nonpore forming peptide, enhances the pore forming
capability of SynSaf-P96. To further investigate the synergistic
mechanism of Gram-negative membrane disruption, we
interrogated the membranes of P. aeruginosa PAO1 treated
with SynSaf-P8 and -P96 using transmission electron
microscopy (Figure SA). Similar to other TEM images of P.

" Untreated
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Figure S. SynSaf-P8 and SynSaf-P96 synergize in vivo. (A) TEM
images of peptide treated P. aeruginosa PAO1. Bacteria were treated
with 20 uM peptide or S uM of both peptides for the synergy
condition. Arrow indicates sites of membrane disruption. (B) In vivo
synergy in A. baumannii AYE infected G. mellonella larvae. SynSaf-P8
and SynSaf-P96 were both administered at 25 mg/kg, and the peptide
combination included 25 mg/kg of each peptide (n = 20).
Meropenem (MEM), PBS, SynSaf-P8, P96, or P8 and P96 are in
black, red, gold, brown, and blue, respectively. An asterisk ()
indicates a significant difference according to a Mantel-Cox Test using
a Bonferronni corrected alpha value (p < 0.0125). The abbreviation
“n.s.” indicates no significant difference.

aeruginosa, we observed intact membranes in the untreated
control (Figure SA).”>** SynSaf-P§ and -P96 both caused
membrane disruptions compared to the untreated control;
however, the observed disruptions were different. SynSaf-P8
caused minor disruptions in the membrane with small leakage
events (Figure SA). For SynSaf-P96, we observed membrane
“bundling” events across the surface of the bacteria (Figure
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SA). When the concentrations of the peptides are reduced by a
fourth for the synergy condition, we observed a unique
membrane phenotype in which there were large membrane
disruptions and dramatic membrane bundles (Figure SA).
These data indicate, in our synergistic conditions, that both
SynSaf-P8 and SynSaf-P96 enhance each other’s unique
membrane-based mechanisms of action. Recent publications
have proposed that AMPs act synergistically by forming
heterodimers that accelerate and enhance pore formation.”
While the exact mechanism by which synergy occurs in our
synthetic peptide series is unknown, SynSaf-P8 could alter the
local charge of the bacterial membrane without fully
penetrating the membrane providing a more energetically
favorable surface to allow SynSaf-P96 to form pores more
efficiently and deform the membrane at lower concentrations.

To determine if the syn-safencin peptides could synergize in
vivo, we utilized the G. mellonella model of infection using A.
baumannii AYE. Initial toxicity studies indicate that the
peptides are nontoxic when injected into the hemolymph of
the uninfected larvae with only one death in the SynSaf-P1
treated group (Table S-7). Single formulations of the SynSaf
peptides at a 100 mg/kg dose were unable to increase
survivorship in the A. baumannii infected larvae (20—50%
survival) to a level similar to the Meropenem control group
(90% survival) over the course of the three-day infection
(Figure S-9). For the synergy study, peptide concentration was
reduced by a fourth to a 25 mg/kg dose with the synergy
condition consisting of 25 mg/kg each of SynSaf-P8 and -P96.
For the single peptide 25 mg/kg doses, we observed only 40%
and 20% survival for the SynSaf-P8 and SynSaf-P96; however,
a significant increase to 80% survival was observed for the
synergy condition when compared to the PBS or single peptide
formulations (Figure SB). This could indicate that synergistic
combinations of peptides not only increase the efficacy of the
compounds but may also provide additional in vivo stability to
antimicrobial peptides.

Our studies show how systematic amino acid substitutions in
reductive linear variants of natural bacteriocins can be utilized
as a heuristic approach for the design and development of
novel antimicrobials. Our data suggest that full-length
bacteriocins can be reductively optimized for rapid synthesis
of small peptide variants that can be screened for improved
activity. Furthermore, our findings show that single amino acid
substitutions can alter the fundamental mechanism of action by
which these peptides exert antibacterial activity. Library
optimization and synergistic evaluation of peptides in SAR
studies, such as those described herein, will improve the
discovery of novel antimicrobial compounds that can be
further developed for drug formulations. We highlight that
evaluating bacteriocin-derived peptide libraries for synergy may
uncover new modalities for therapeutic treatment of bacterial
disease, especially given that many natural bacteriocins require
two peptides in order to become fully active against their target
species.”””” Including these approaches in future SAR
evaluation of AMPs can allow for the deliberate engineering
of synergistic peptide combinations. As peptides continue to be
explored as novel antimicrobials, systematic approaches to
reductively design bacteriocins variants and determine their
mechanism of action hold enormous potential for developing
rational-based approaches to AMP discovery.
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