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Abstract

Background: Intracellularly active antimicrobial peptides are promising candidates for the development of antibiot-
ics for human applications. However, drug development using peptides is challenging as, owing to their large size,
an enormous sequence space is spanned. We built a high-throughput platform that incorporates rapid investigation
of the sequence-activity relationship of peptides and enables rational optimization of their antimicrobial activity. The
platform is based on deep mutational scanning of DNA-encoded peptides and employs highly parallelized bacte-
rial self-screening coupled to next-generation sequencing as a readout for their antimicrobial activity. As a target, we
used Bac7,_,3, a 23 amino acid residues long variant of bactenecin-7, a potent translational inhibitor and one of the
best researched proline-rich antimicrobial peptides.

Results: Using the platform, we simultaneously determined the antimicrobial activity of >600,000 Bac7,._,; variants
and explored their sequence-activity relationship. This dataset guided the design of a focused library of ~160,000
variants and the identification of a lead candidate Bac7PS. Bac7PS showed high activity against multidrug-resistant
clinical isolates of £. coli, and its activity was less dependent on SbmA, a transporter commonly used by proline-

rich antimicrobial peptides to reach the cytosol and then inhibit translation. Furthermore, Bac7PS displayed strong
ribosomal inhibition and low toxicity against eukaryotic cells and demonstrated good efficacy in a murine septicemia
model induced by £ coli.

Conclusion: We demonstrated that the presented platform can be used to establish the sequence-activity relation-
ship of antimicrobial peptides, and showed its usefulness for hit-to-lead identification and optimization of antimicro-
bial drug candidates.

Keywords: Antibiotics, Antimicrobial peptides, Drug discovery, High-throughput screening, Antimicrobials, Deep
mutational scanning, Proline-rich antimicrobial peptides, Protein synthesis inhibitor, Antimicrobial resistance,
Sequence-activity relationship

Background

The drug development field is in urgent need of novel

compounds to deliver the next generation of antibiotics

to combat multidrug-resistant (MDR) bacteria [1]. Sev-

eral promising leads have been identified in the group of
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rently in drug development pipelines [2]. However, fail-
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(MoA) that is prone to cause toxicity against human cells
[4].

Proline-rich AMPs usually do not lyse but are interfer-
ing with the activity of intracellular targets essential for
survival such as ribosomes [5]. One of the most inten-
sively researched proline-rich AMPs is bactenecin-7
(Bac?7). It is a 60 amino acid long linear peptide that was
first isolated from bovine neutrophils [6]. In vitro studies
on Bac7 truncates indicate that the two N-terminal argi-
nine residues are needed for efficient uptake [7] and its
C-terminus can be truncated resulting in peptides with
a length of 35, 23, and 16 amino acids at only a minor
loss of antimicrobial activity [8]. Moreover, the antimi-
crobial activity can be increased via modulation of the
amino acid sequence [7, 9, 10]. To interact with the ribo-
some and inhibit protein translation, Bac7 crosses the
outer membrane of Gram-negative bacteria via not yet
fully elucidated mechanisms and then traverses the inner
membrane through the SbmA transporter [11]. Bac7
displays high activity against many species of the Gram-
negative Enterobacteriaceae [8, 12], a family of bacteria
in which sbmA is expressed, and which are currently
listed as “critical priority pathogens” by the WHO [13].
Research on Bac7 may thus offer a path towards develop-
ing a treatment against these threatening pathogens.

The standard method to study the sequence-activity
relationship of AMPs relies on the chemical synthesis
of mildly modulated peptides followed by activity tests
using antimicrobial susceptibility assays. Due to limited
throughput and costs of peptide synthesis, these studies
can typically deliver only very few data points [9, 14].

To expand the coverage of protein or peptide sequence-
activity relationships in general, deep mutational scan-
ning (DMS) methods are widely used as they grant access
to millions of variants and data points in single experi-
ments [15]. Most frequently, these methods are used to
study the effects of single amino acid residue substitu-
tions [16], since introducing multiple substitutions leads
to a combinatorial explosion of possible variants. In
DMS, first, large libraries are produced by systematically
varying the coding DNA sequence by chemical DNA syn-
thesis methods or error-prone polymerase chain reaction
(epPCR) [17]. The resulting peptide or protein variants
are then expressed recombinantly in cells and subjected
to screening or selection protocols, allowing the cor-
relation of phenotype of the variants with a measurable
output, e.g., cell survival or the level to which genetically
encoded fluorophores are synthesized. To also ascertain
the genotype, next-generation sequencing (NGS) is used
to identify and quantify the encoding DNA fragments
[18]. In the case of AMPs, DMS can be based on self-
screening where the degree to which growth is affected
by AMPs is estimated via quantification of the relative
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abundance of peptide-encoding DNA fragments [19].
Recently, DMS studies investigated the effect of amino
acid residue substitutions of the proline-rich AMP api-
daecin and oncocin on critical interactions with the ribo-
some [20, 21]. However, DMS has never been exploited
as a platform for hit-to-lead optimization of antimicro-
bials. If applied successfully, the coverage of the AMP
sequence-activity relationships could be increased con-
siderably and deliver valuable clues for the design of
AMP drug candidates.

In this study, we optimized the 23 amino acid truncate
of Bac7 (Bac7,_,3) in two DMS rounds. In the first round,
we screened a Bac7, ,5 library consisting of 601,551 ran-
domly mutagenized variants and assessed their growth
inhibitory effects when expressed intracellularly in E. coli.
This enabled us to determine the contribution of each
amino acid residue substitution to antimicrobial activ-
ity. Guided by these results, we performed a second DMS
round with a focused, semi-rationally designed library of
Bac7, ,5 covering 156,779 variants. After assessing the
effect on growth inhibition of each variant, we were able
to build a peptide bearing the most activity-enhancing
amino acid residue combination. This new-to-nature
peptide called Bac7PS has a higher activity towards a
broad panel of bacterial pathogens than Bac7,,;, low
toxicity against eukaryotic cells, and good efficacy in vivo
studies.

Results

Deep mutational scanning of Bac7,._,; using random
mutagenesis

First, we performed DMS of Bac7,_,, to identify all amino
acid residues essential for antimicrobial activity and
those amendable to further activity optimization. To do
so, the Bac7, ,; coding gene was randomly mutagenized
by epPCR, and the modified DNA fragments were ligated
into plasmids allowing their expression from the tightly
regulated Py, promotor (Fig. 1a). To determine the anti-
microbial activity of the synthesized peptide variants,
we transformed E. coli TOP10 and induced their intra-
cellular synthesis. Growth curves recorded for 94 ran-
domly selected strains in microtiter plates indicated that
about half of the Bac7,_,; variants efficiently suppressed
the growth of the respective host (Additional file 1: Fig.
S1). To assess the antimicrobial effect of a much larger
proportion of the randomly mutated library at once, we
grew around 500 million transformed E. coli TOP10 cells
expressing the entire peptide-encoding library in a shake
flask (n = 3; Additional file 1: Fig. S2), induced peptide
synthesis, and counted the abundance of each peptide-
encoding DNA sequence at the time of induction and
4 h later by NGS (Additional file 2). As the synthesis of
active peptides limits the growth of their hosts and the
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Fig. 1 Sequence-activity relationship of Bac7, ,;. a DMS workflow. epPCR: the Bac7, ,; gene is amplified at a high error rate using an error-prone
DNA polymerase in the presence of Mn?*. Cloning: the mutagenized DNA sequences are inserted into plasmids downstream of inducible
promoters. Transformation: £. coli TOP10 is transformed with the generated peptide-encoding DNA library. Growth: the pooled transformants

are grown in a single shaking flask (n = 3), peptide synthesis is induced and plasmids are isolated after 4 h. NGS: the abundance of each
peptide-encoding DNA sequence is determined by NGS at the time of induction and 4 h later. Analysis: for each peptide-encoding DNA sequence,
the log2-fold change is determined (log2 ratio of abundances at the two time points). Histogram showing the log2-fold changes of the abundance
of the peptide-encoding DNA of all 601,551 variants. Ranking: peptide sequences are ranked by the degree of the observed antimicrobial effect.
The more negative a log2-fold change, the higher the observed antimicrobial effect and vice versa. b Bac7,_,; sequence-activity relationship
displaying the magnitude of the observed antimicrobial effect. For each amino acid residue substitution (and stop codon), the enrichment in higher
or lower antimicrobial peptides is determined and a z-score (z) is calculated (see the “Methods” section). z corresponds to the number of standard
deviations by which the calculated enrichment lies above (positive values) or below (negative values) the mean a null distribution indicating no
enrichment. z is empirically divided into four groups, corresponding to very positive (yellow; z > 40), positive (green; z > 4), negative (blue; z <

-4), or very negative (purple; z < —40) effects on the antimicrobial activity. No effect on growth inhibition is detectable if the z is close to 0 (white;
—4 < z < 4).Black dots are used for indication of Bac7,_,; wild-type amino acid residues. The underlined positions are chosen as targets for the

propagation of the peptide-encoding DNA [19], a reduc-
tion of the relative abundance of the peptide-encoding
DNA of each variant, expressed as log2-fold change,
is representative of antimicrobial activity (Fig. la). In
total, the library consisted of 601,551 different Bac7, ;5
variants, ranked from the most active (=lowest negative

log2-fold change) to the least active peptide (=highest
positive log2-fold change) (Additional file 3). Among
more heavily substituted variants (Additional file 1: Fig.
S3), we found 398 peptides with one amino acid substi-
tutions to Bac7,.,3 (87% out of 460 possible variants),
21,567 double substitutions (21% out of 101,200 possible
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variants), 185,993 triple substitutions (1.3% out of ~14
million possible variants), and 228,433 quadruple substi-
tutions (0.01% out of ~1.4 billion possible variants).

Sequence-activity relationship of Bac7,_,;

To determine the effect of each amino acid residue on
antimicrobial activity, we investigated the ranking of
601,551 Bac7, ,; variants (Additional file 3). As NGS-
based abundancy rankings can be error-prone, especially
at low DNA fragment read counts [22], here ranking
should be considered a qualitative instead of a quantita-
tive measure.

This means that interpreting the effect of an amino
acid residue should not be inferred from a single peptide
(one data point in the ranking) but rather using groups
of peptides all having the same amino acid residue at a
specific position (multiple data points in the ranking).
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However, amino acid residue substitutions were unevenly
introduced in the library; for example, only one peptide
incorporated a tryptophan at position 17 or methionine
at position 11, while 2685 different peptides incorpo-
rated the substitution to glycine at position 1 (Additional
file 1: Fig. S4). Thus, to robustly measure the effect of a
particular amino acid residue on antimicrobial activ-
ity, we investigated whether specific amino acid residues
were significantly enriched in peptides with a higher or
lower antimicrobial activity using a permutation scheme
(Fig. 1b; enrichment calculation is explained in more
depth for Fig. 2a, or fully in the “Methods” section).
Based on these results, we could not assign a contribu-
tion to antimicrobial activity for 250 out of 483 possible
single amino acid residues (23 positions x 20 amino acids
plus the stop codon leading to truncated peptides; white
boxes in Fig. 1b). Out of these 250, we could not draw any
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Fig.2 DMS of Bac7,_,5 site-saturation mutagenesis library. a Enrichment curves. Peptides are first ranked according to their antimicrobial activity
(x-axis; from left to right starting from the most growth inhibitory) and then a running enrichment score for each amino acid residue at each of the
four substitution sites is calculated (y-axis). Increasing y-values indicate the presence of that particular amino acid residue in the ranking segment
while decreasing y-values indicate the absence. In all cases, the AUC is calculated, whereby positive AUC values represent an enrichment among
more active peptides (left side of the x-axis) and negative AUC values represent an enrichment among less active peptides (right side of the x-axis).
An example is shown for the glutamate (E) at position 5 (AUCgs). b AUC values for each amino acid residue substitution. Effects on antimicrobial
activity are binned empirically: very positive (yellow; AUC > 0.2), positive (green; AUC > 0.07), no effect (white; —0.07 < AUC < 0.07 = interquartile
range of all values), negative (blue; AUC < —0.07), or very negative (purple; AUC < —0.2). Black dots correspond to the Bac7 parental amino acid
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statistical conclusion for 100 amino acid residues because
they were too underrepresented in the library (Addi-
tional file 1: Fig. S4, and Additional file 1: Fig. S5; p-value
> 0.1, Benjamini-Hochberg adjusted). The remaining 233
amino acid residues showed an influence on antimicro-
bial activity. Peptides bearing the amino acid residues of
the wild-type Bac7 ‘RLPRPR’ sequence at position 9-14
and an arginine residue at position 6 were considerably
enriched in the fraction of the highly antimicrobial vari-
ants thereby indicating the crucial importance of these
amino acids for the activity of Bac7,_,; (yellow boxes in
Fig. 1b). Additionally, we found that the random incor-
poration of stop codons at any of the first 16 positions
had mostly negative effects on antimicrobial activity,
while insertions downstream of position 16 had no nega-
tive effect (Fig. 1b). These results point towards a mini-
mal requirement for Bac7-truncates of 16 amino acids by
length, previously also reported by others [7]. Interest-
ingly, substituting the wild-type amino acid residues at
positions 3, 5, 7, and 15 and at positions 17-23 allowed
to considerably increase the antimicrobial activity of the
respective peptide variant. Hence, those 11 positions
are potential targets for further activity optimization in
Bac7, ,5 (Fig. 1b). However, proposing a Bac7,_,; lead
compound is hardly possible based on the sequence-
activity relationship data obtained from the epPCR
library mainly for two reasons: firstly, many amino acid
substitutions were too underrepresented in the library
to infer statistical significance concerning their effect
on antimicrobial activity (Additional file 1: Fig. S4 and
Additional file 1: Fig. S5). Secondly, Bac7, ,; is already
very active, and single, or even double substitution, may
not suffice to considerably boost antimicrobial activity
in minimal inhibitory concentration (MIC) assays [9].
As only a small portion of the sequence space was cov-
ered for simultaneous substitution (combinations), we
decided to create in-depth knowledge on amino acid resi-
due combinations in the course of a second DMS round
using a focused Bac7, _,; library.

Deep mutational scanning of Bac7,_,; using site-directed
mutagenesis

To study the focused library, we first performed com-
binatorial saturation mutagenesis at four positions of
Bac7, ,; (20* = 160,000 possible variants). From the 11
positions that seemed to offer room for the accommo-
dation of potentially activity-enhancing amino acid resi-
dues (Fig. 1b), we chose to saturate positions 5 and 18-20.
Position 5 was selected as it is not part of the crucial
N-terminal ‘RRIR’ motif important for cellular uptake
and ribosomal binding, nor of a conserved core region
among proline-rich AMPs [23]. As little is known from
crystallization studies about potential interactions of
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residues downstream of position 16 with the ribosome
[23, 24], and we sought to increase knowledge about the
effect those C-terminal amino acid residue substitutions,
positions 18-20 were also selected.

The focused library was generated by site-saturation
mutagenesis, using one NNK codon for position 18 and
a mixture of codons NDT, VMA, ATG, and TGG as
described by Tang et al. [25] for the remaining positions.
This reduced the need for oversampling drastically, as it
limits the bias in amino acid distribution compared to
less restrictive schemes (e.g., NNK) [26]. We again grew
E. coli TOP10 cells expressing the entire library in a sin-
gle flask (n=3; Additional file 1: Fig. S6), sequenced the
peptide-encoding DNA at the time of induction and 4.5
h later (Additional file 4), and used its relative abundance
as a proxy for growth inhibition (comparable to the DMS
workflow display in Fig. 1a; Additional file 5). In total,
156,779 Bac7, ., derivatives were traced back thereby
indicating 98% coverage.

Analogous to the epPCR library, we then quantified the
effect of each amino acid residue substitution on anti-
microbial activity. As each amino acid substitution (e.g.,
alanine in position 5) appeared in roughly 8000 different
peptides (1 x 203=8000; one residue in a specific position
fixed and combined with the entire set of possible sub-
stitutions at the remaining three positions), no permu-
tation scheme had to be used to calculate the respective
effect (z) on antimicrobial activity. Instead, we directly
inferred the effect of single amino acid residue substitu-
tions by a method inspired by gene set enrichment analy-
sis (GSEA) [27]. First, we ranked all peptides according to
their antimicrobial activity (log2-fold change; similarly to
Fig. 1a) and then drew enrichment curves for each amino
acid residue (Fig. 2a). From those curves, the area under
the curve (AUC) was computed giving values between
—1 and 1. Positive AUC values indicate enrichment of
a specific amino acid residue in peptides with higher
antimicrobial activity (left side of the x-axis in Fig. 2a),
while negative AUC values indicate enrichment in pep-
tides with lower antimicrobial activity (right side of the
x-axis in Fig. 2a). Amino acid residues with AUC values
between —0.07 and 0.07 (covering the interquartile range
(IQR), or middle 50%, of all AUC values) did not affect
the enrichment and thus on antimicrobial activity.

Our results indicated that peptides that had alanine,
glycine, or arginine residues at any of the four positions
experienced negative or very negative effects on anti-
microbial activity, while isoleucine and tyrosine had
positive or very positive effects (Fig. 2b). However, even
though these analyses revealed the effect of each sin-
gle amino acid residue substitution at all four positions
in higher detail, they did not reveal the effect of residue
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combinations, likely to be substantial for generation if an
antimicrobial lead compound.

Effects of amino acid residue combinations

When substituting multiple amino acid residues in pro-
teins or peptides, the effect on function usually equals
the sum of the effect of the single substitutions (=addi-
tive effects) [28]. In this case, we could select the most
activity-enhancing amino acid residues of each position
and combine them in one peptide. However, it has been
shown that the effect of such combinations can be non-
additive [28, 29], that is, it can become larger (coopera-
tive) or smaller (antagonistic) than the sum of the single
substitution. Naturally, especially antagonistic combina-
tions have to be avoided.

To investigate if such phenomena occurred, we meas-
ured if the effect on antimicrobial activity of one amino
acid residue substitution (AUC,,;; as shown in Fig. 2a,
b) changed upon conditioning the same calculation on a
second substitution at another position (AUCy4; | aa2)-
This change can be described as AAUC, j1g422=AUCx 4
| aa2—AUC, ;. For example, we compared the effect on
antimicrobial activity for the single substitution histidine
at position 5 (AUC,;; = 0.089; Fig. 3a) among all peptides
(~160,000) to the effect on antimicrobial activity of his-
tidine at position 5 among peptides (~8000) that have
a cysteine residue at position 18 (AUCyg) ¢ = 0.072;
Fig. 3a). Note that the latter set of peptides is a subset of
the former. In this case, AAUC5¢c15 is small (—0.016),
suggesting the effect of histidine in a peptide does not
change if cysteine is positioned at position 18, i.e., the
combination behaved additively (Fig. 3a). Comparing the
AAUC of all double combinations (4800) indicated that
96.1% (4613) behaved additively, (—0.09<AAUC<~+0.09
= within IQR £ 1.5 x IQR; Fig. 3b; all data in Addi-
tional file 6). The remaining 187 combinations displayed
non-additivity, of which 83 combinations showed coop-
erativity (AAUC>+0.09), and 104 combinations showed
antagonism (AAUC<—0.09). As exemplarily illustrated
(Fig. 3a), we discovered cooperativity for phenylala-
nine on position 19 and tyrosine at position 18 (AAUC
r1oey1s =10.144) and antagonism for two prolines at
position 18 and 19 (AAUCy;g gp1g =—0.207). In fact, two
prolines at any of the positions 18, 19, and 20 behaved
antagonistically (Additional file 6). Single substitu-
tions to tyrosine had a positive or very positive effect
on antimicrobial activity (Fig. 2a), but combining two
tyrosines, e.g., at positions 18 and 19 (AAUCygey19 =
—0.099), 5 and 18 (AAUC ysgy15 =—0.152), or 18 and
20 (AAUC vy gey20=—0.133), was antagonistic. In gen-
eral, we observed most non-additive effects among aro-
matic amino acid residues (57 times), proline (24 times),
and arginine (18 times), and very few non-additive
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effects among serine (0 times), valine (1 time), and glu-
tamate (2 times) (Additional file 1: Fig. S7). Moreover,
non-additivity occurred more frequently for neighbor-
ing amino acids, e.g., at positions 19 and 20, or 18 and
19 (see boxplots in Fig. 3b). Interestingly, we also discov-
ered cooperativity between the proline and phenylalanine
residues (AAUC pggp0=0.140) at positions 19 and 20
both being part of the Bac7, ,; wild type sequence. We
hence showed that for design of optimized peptide vari-
ants, single substitutions cannot always be combined as
antagonistic effects could strongly limit the antimicrobial
activity of the peptide.

Design of the optimized variant Bac7PS

Cooperativity alone (AAUC values>0.09) cannot be
used for the design of highly optimized peptide vari-
ants because these effects also appeared among peptide
variants with low activity. For example, even though the
strongest cooperativity resulted from the combination of
proline at position 19 with cysteine at position 18 (AAUC
prozcig = + 0.18; asterisk in Fig. 3b), proline at position
19 occurred mostly among less active peptides (AUCp;q
= —0.149; Fig. 2a, b).

We thus aimed to extract a design for the most opti-
mized peptide variant using significant pattern mining
[30]. This method looks for significantly enriched combi-
nations of three amino acid residues among the 10% and
25% (arbitrary threshold set by us; Table 1; full dataset in
Additional file 7) most and least antimicrobial peptides.
A specific combination of four amino acid residues can-
not be enriched in a fraction, as it appears only in a single
peptide. In addition, as also previously stated, single data
points in an NGS-based ranking can be error-prone. We
thus investigated enrichment among all triple amino acid
residue combinations (in total 32,000 = 20° x (;L))

shown in Additional file 7), each appearing in 20 different
peptides (20 possible combinations for the fourth amino
acid residue). Peptides with the triple combination of ala-
nine-proline-proline residues at positions 5, 18, and 19
were the least active peptides in the entire library
(Table 1). Indeed, our previous analysis showed that com-
bining two prolines at positions 18 and 19 was strongly
antagonistic for activity (AAUCp,q ¢p13 =—0.207; Fig. 3a,
b). Additionally, we found that, even though single tyros-
ine residues were the most positive substitutions for anti-
microbial activity (Fig. 2a, b), peptides with combinations
of three tyrosine residues were not among the most
active peptides (two examples shown in Table 1). This
can be explained by the measured antagonism in combi-
nations of two tyrosine residues shown before. We
recorded the highest antimicrobial activity among pep-
tides bearing tyrosine-phenylalanine-methionine at posi-
tions 18-20, including cooperativity (AAUCp oey15
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Table 1 Significant pattern mining results
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Rank Position 5 Position 18 Position 19  Position 20  #in 25% #in 25% #in 10% #in 10% least
most least actives most actives
actives actives

1 - Y F M 20 0 20 0

2 - N H N 20 0 20 0

3 @ N N - 20 0 19 0

1602 Y Y Y 1 0 7 0

4815 Y Y 10 0 3 0

32,000 A p - 0 20 0 20

A subset of triple amino acid combinations was obtained by significant pattern mining (see Additional file 7 for all combinations). The first column indicates the rank
of each combination (from most to least significantly enriched in 10% most inhibitory peptides by p-values). Columns 2-5 indicate the amino acid residue at each
position in the triple combination. “~" indicates the open fourth position of the peptide. Columns 6-9 indicate the number of peptides containing the respective

combination among the top 25% and top 10% most and least active peptides

=4-0.144; Fig. 3a, b), or asparagine-histidine-asparagine
at positions 18-20, including cooperativity (AAUC
Hioen1g =10.108) (Table 1).

To design an optimized peptide variant as our lead
compound, we build a peptide containing asparagine-his-
tidine-asparagine at positions 18—20. This was the most
significantly enriched triple combination among highly
activity peptides in the library and incorporated one of
the largest cooperative effects. For the remaining posi-
tion 5, we avoided a second tyrosine and chose isoleucine
because it showed the second most positive effects on
growth inhibition at position 5 (Fig. 2a, b). In addition,
among all 20 variants containing the chosen triple com-
bination in the library, the peptide containing isoleucine
at position 5 was the most active (Additional file 5). This
Bac7, 5,3 P5I R18Y L19F P20M variant is from here on
referred to as Bac7PS.

Characterization of Bac7PS and Bac7,_,5

To investigate if our optimization strategy resulted in
a potential antimicrobial drug lead compound with
improved activity over Bac7, ,5, we chemically synthe-
sized Bac7PS (92% purity) and Bac7; ,5 (95% purity) and
characterized them further. While strictly adhering to
CLSI standards [31], we first evaluated the antimicrobial

Table 2 Summary of susceptibility assays

activity of the peptides against the microbial pathogen
model used for DMS (E. coli TOP10) in MIC assays.
The set was completed by E. coli ATCC 25922, a qual-
ity control strain often used in clinical microbiology, the
transporter-loss mutant E. coli BW25113 AsbmA [32],
which is less susceptible to Bac7, 5 [33], and its paren-
tal strain E. coli BW25113 [32]. Remarkably, we found
an approximately twofold reduction of the MIC with
Bac7PS for the DMS strain E. coli TOP10 (MIC of 2.1 pM
for Bac7PS, 4.6 uM for Bac7, ,3). Furthermore, Bac7PS
showed a MIC of 14.4 pM against the transporter-loss
mutant BW25113 AsbmA, while Bac7,_,; was only active
at the highest tested concentration of 52.1 pM (Table 2).
Interestingly, the MIC for the quality control strain was
similar for both peptides (2.6 M for Bac7PS, 2.8 uM for
Bac7, ,3). Next, we recorded the MICs of both peptides
against a panel of 45 E. coli clinical isolates also contain-
ing 23 MDR strains expressing extended-spectrum beta-
lactamases (ESBL) or carbapenemase (CRE) collected
from Swiss hospitals. The results indicated that the anti-
microbial activity of Bac7PS exceeded that of Bac7, ,4
with an MIC;, for Bac7PS of 2.9 uM as compared to 7.5
uM for Bac7, ,5 (Fig. 4a), hence proofing the superiority
of the DMS optimized variant Bac7PS.

MIC against E. coli strains [uM] Hemolysis of Toxicity IC5, [uM] Tl
mouse red blood
cells [%]
Peptide TOP10 ATCC 25922 BW 25113 BW 25113 Clinical 1xMIC 4xMIC Hela HEK 293 Toxicity/MIC
AsbmA isolates
(MICs)
Bac7, 3 4.6 2.8 74 52.1 7.5 2.1% 6.4% 1460 1970 195
Bac7PS 2.1 2.6 3.6 144 29 3.1% 3.8% 521 755 180

MIC values are averaged (n>3) and performed under CSLI standards in the MHB Il medium. Hemolysis assays and toxicity measurements were performed in triplicates.
The therapeutic index (TI) is calculated by dividing the IC5, values measured with HeLa cells by the MIC;, obtained from clinical isolates (see Fig. 4a)
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We next investigated whether an increased propen-
sity to damage membranes could be the reason for
the improved antimicrobial activity of Bac7PS. Mem-
brane damage is the most frequent way AMPs Kkill bac-
teria and is often considered the reason for high toxicity
against eukaryotic cells [4]. However, Bac7 is known to
not damage bacterial membranes at its MIC [12]. Con-
sequently, we investigated if Bac7PS had acquired a
tendency to damage membranes, which could imply a
greater risk for systemic human applications. Cell dam-
age was assessed by measuring leakage of green fluores-
cent protein (GFP), expressed in E. coli TOP10 cells, and
uptake of (membrane-impermeable) propidium iodide
(PI) [34]. For both peptides, we confirmed that the integ-
rity of the membrane is neither affected at the MIC nor
8-fold higher concentrations (~1% PI-positive cells for
Bac7, 55 and Bac7PS, ~99% of cells retained GFP levels;
Fig. 4b). In contrast, the known membrane-active peptide
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melittin rapidly induced PI uptake and loss of GFP at its
MIC (Fig. 4b). However, at approximately 16-fold above
its MIC (~35 uM), we noticed minor membrane dam-
age of cells only treated with Bac7PS, indicated by loss of
GFP (26% of cells lost GFP) and minor uptake of PI (~3%
PI-positive cells). This effect was more pronounced when
comparing these peptides in MHB I medium, which is
not cation-adjusted and therefore less ionic, an effect
that is often taken advantage of to increase membrane
interaction of cationic AMPs [35, 36] (Add