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The prevalence of antibacterial resistance has become one of the major health threats of modern times,
requiring the development of novel antibacterials. Antimicrobial peptides are a promising source of
antibiotic candidates, mostly requiring further optimization to enhance druggability. In this study, a series of
new antimicrobial peptides derived from lactomodulin, a human microbiome natural peptide, was
designed, synthesized, and biologically evaluated. Within the most active region of the parent peptide,
linear peptide LM6 with the sequence LSKISGGIGPLVIPV-NH, and its cyclic derivatives LM13a and LM13b
showed strong antibacterial activity against Gram-positive bacteria, including resistant strains, and Gram-
negative bacteria. The peptides were found to have a rapid onset of bactericidal activity and transmission
electron microscopy clearly shows the disintegration of the cell membrane, suggesting a membrane-
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Introduction

The high occurrence of antibiotic resistance in bacterial
infections is a serious global health problem, contributing to
financial burden, increased morbidity, and the death of
millions worldwide."™ Hence, there is an urgent need for
novel antibiotics capable of targeting difficult to treat
infections. One natural source of potential drugs that can be
explored for antibiotics discovery is the human
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microbiome.*® Indeed, there has been mounting evidence
regarding the role that the human microbiota plays in
invading  pathogens, among others.””®  Specifically,
antimicrobial peptides (AMPs), innate to all living organisms,
have been shown to have a dual action as antimicrobials and
modulators of the host immune system.”’® Natural AMPs and
their derivatives show great potential as promising antibiotic
candidates, notably because of their ability to penetrate
bacterial cell membranes. As such, many have already been
marketed as antibiotics (i.e. daptomycin, polymyxin B, and
colistin), while others are in the clinical pipeline.'*"*
Microbiota-derived AMPs have been found to have 35 to 57
amino acids on average, with the most common producers in
the gut being Bacillus and Lactobacillus."* In our previous
work, we identified lactomodulin (LM), a class IIb bacteriocin
AMP that we isolated from a strain of Lacticaseibacillus
rhamnosus (ATCC 7469)."* LM is a 52 amino acid long peptide
belonging to the lactobin A/cerein 7B family. Our
investigation into the activity of LM revealed that the peptide
possesses a dual antibacterial and anti-inflammatory activity,
including against resistant strains, while showing low
cytotoxicity on human cell lines. In this work, we set out to
find the shorter sequences derived from LM that conserve the
antibacterial activity, setting the groundwork for further
modifications and fine-tuning of the structural and
physicochemical properties. AMPs with longer sequences
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generally have unfavourable properties that hinder their
therapeutic applications, including stability and cost. As such,
it is important to determine the essential regions within the
peptide that have functionality, or in this case antibacterial
effect. The identification of these key regions is the first step
in the design and development of potent antibacterial
peptides with desirable properties through chemical
modifications. Using systemic and rational design, a first
series of nine peptides (LM1-LM9) derived from LM was
assessed, followed by another set of five peptides (LM10-
LM13) based on LM6. Compared with the parent peptide, the
best analogues showed similar activity against Gram-positive
pathogens, while showing additional, albite lower, Gram-
negative activity in vitro, leading to the identification of the
core key regions responsible for the antibacterial activity of
LM. Killing kinetics combined with transmission electron
microscopy imaging (TEM) suggested that these antimicrobial
peptides might target the cell membrane resulting in its
disruption in a fast-killing mode. However, this action is
associated with a considerable cytotoxicity on human cell
lines which needs to be addressed in the next design stage to
improve the peptides' therapeutic potential.

Results and discussion
Peptide design

A library of nine short peptides derived from LM was
designed and synthesized with the aim to pinpoint the
pharmacophore region within the parent peptide that would
retain the antibacterial activity. As such two methodologies
were used generating two separate series. The first series
included five peptides that were systematically derived from
the primary sequence of LM by splicing it into one 12-mer
(LM1) and four 10-mer (LM2-LMS5) peptides (Fig. 1). The
rationale behind this strategy was to cover all parts of the
original AMP, regardless of any predictions. The second
series consisted of four derivatives that were rationally
designed through the analysis of the LM sequence, by
examining and evaluating the antimicrobial prediction
scores, toxicity, and secondary structure (LM6-LM9, Fig. 1
and Table 1). In silico AMP prediction tools have proven
beneficial to AMP discovery and design, saving in time and
cost. CAMPR3, a curated database of known AMPs, offers an
AMP prediction tool based on four different prediction
models: discriminant analysis (DA), support vector network
(SVM), artificial neural network (ANN), and random forest
(RF)." The latter has been shown to be the most accurate in
a recent study.'® As the aim was to generate shorter bioactive
peptides, four chain length peptides (7, 10, 12, and 15-mers)
were generated through the prediction tool. By overlapping
the prediction results based on all four algorithms and four
lengths, it was apparent that most peptides were
concentrated within the K3-L30 region of LM. All the peptides
were predicted to be not toxic using the ToxinPred tool based
on the SVM (Swiss-Prot) and motif based method."”” The
helical secondary structure is considered as an important
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Fig. 1 Summary of the overall workflow used for the design stage.

and prominent feature of AMPs and shorter sequences within
the helical region of LM would be prioritized. However, the
secondary structure of LM is not known. When we used the
different structure prediction tools, AlphaFold, RoseTTAFold2,
and Quark for the prediction of the secondary structure of the
LM peptide, there was a convergence in the results, which
showed the mostly helical structure of LM (Fig. S1t). This
indicates that most predicted sequences were likely to come
from helical regions within LM."®" Based on these results,
three overlapping peptides (LM6-LMS8) within the K3-L30
region with high AMP probability prediction were shortlisted
for testing. LM6, a 15-mer with the sequence
LSKISGGIGPLVIPV (position 9-23), along with its shorter
derivatives, was one of the few peptides predicted by all four
algorithms to have AMP character with high probability,
occupying the centre of the AMP region. LM7, a 12-mer with
the sequence IGPLVIPVAAIL (position 16-27), and its different
variations have high scores in the RF algorithm and nicely
overlap with LM6. LMS8, a 13-mer with the sequence
KLNEVELSKISGG (position 3-15), overlaps with LM6 on the
N-terminal side and completes the AMP predicted region. The
C-terminal region of LM has low AMP probability throughout
all algorithms, but the sequence HADELVAGVKQ (LM9) was
added to the series regardless, especially as it was predicted
by PEP-FOLD3 (Fig. S1f) to have an a-helical structure.*
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Along with it, LM1, LM3, LM5, and LM8 all showed predicted
helicity as well. LM7 is mostly a random coil, except for a four
amino acid stretch (PVAA) that is helical. LM6 is predicted to be
a random coil, while the shorter version peptide LM2 is
predicted to have a B-hairpin structure with a two-residue turn
(GP). Some physicochemical properties were theoretically
determined using the Database of Antimicrobial Activity and
Structure of Peptides (DBAASP v3.0) to assess the hydrophobicity,
amphiphilicity, and toxicity of the shortlisted compounds, using
the Eisenberg and Weiss hydrophobicity scale.>*** The parent
peptide LM is negatively charged overall with a -2 charge, while
the majority of known antimicrobial peptides are cationic.
Anionic AMPs bind to metal ions and form salt bridges with the
negatively charged bacterial membrane, allowing the AMP to
penetrate through.> Positively charged AMPs on the other hand
interact directly with the bacterial membrane. The synthesized
peptides of the first library are mostly cationic (+1 or +2), except
for peptides LM4 (-2) and LM9 (0). The peptides were
synthesized as their C-terminal amide, neutralizing the
carboxylic acid and securing an additional positive charge for
the linear peptide. At the same time, hydrophobicity is an
important characteristic of peptides, which is essential for their
interaction with the hydrophobic core of bacterial membranes,
and has been shown to correlate with their antibacterial
activity.”**” An increased hydrophobicity however has been
linked to hemotoxicity (red blood cell destruction). Hence,
amphipathicity or amphiphilicity is important, and can be
measured through the normalized hydrophobic moment. The
normalized hydrophobicity of all truncated peptides and the
parent peptide ranges from —0.86 to 0.23 and the normalized
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hydrophobic moment from 0.10 to 0.52 (Table 1). The values
are within the expected ranges of known AMPs. The
amphiphilicity index indicates the helical structural stability at
the membrane-water interface. A value of zero shows no
stability, while a higher value indicates a higher stability.”®
Three peptides showed an amphiphilicity index of zero, LM2,
LM3, and LM7, while all the others showed a certain stability
with the highest value being for LM5. In vitro aggregation
propensity is a useful prediction as it is associated with lower
antimicrobial activity, decreased physical stability, and increased
cytotoxicity of the peptide.”® Peptide LM3 showed a high value,
similar to the parent peptide LM (690 and 580, respectively),
LM9 showed a low propensity to in vitro aggregation, and all the
other peptides are not predicted to aggregate.

Biological evaluation

To assess whether the synthetized peptides retained the
antibiotic activity of the parent compound, we first
performed an agar diffusion on a panel of human pathogens,
with peptide concentration ranging from 1 to 10 uM. All the
peptides showed some level of antibiotic activity. We then
measured their corresponding minimum inhibitory
concentration (MIC) values (Table 2), as the average of five
replicates each, against a collection of Gram-positive and
Gram-negative pathogens. The parent peptide LM has shown
good antibacterial activity against Gram-positive pathogens
Staphylococcus aureus ATCC 25923 (hereafter referred to as
SA; 0.8 uM MIC), Clostridium difficile ATCC 43602 (hereafter
referred to as C. diff; 1.1 uM MIC), and Listeria monocytogenes

Table 2 Antimicrobial and anti-inflammatory activities and cytotoxicity of the synthesized peptides

MICs (uM)

Gram-positive

Pro-inflammatory

Gram-positive bacteria resistant strains Gram-negative bacteria biomarker reduction (%) ECs, (uM)

S. C. E. S.

aureus difficile L. S. aureus  faecium  E. coli P. enterica

ATCC ATCC  monocytogenes MRSA VRE BAA ATCC aeruginosa ATCC TNF
Peptide 25923 43602 ATCC 15313 BAA 2313 2317 33694 BAA 1744 13314 IL-8 IL-6 IL-1B alpha H292 A549
LM 0.8 1.1 1.2 1.4 1.2 7.5 NA NA 95 90 91 80 — —
LM1 6.2 NA 3.1 NA NA NA NA NA 1 2 0 0 — —
LM2 2.1 1.6 1.2 NA NA 8.9 9.5 NA 6 6 20 0 2.97 6.35
LM3 6.5 NA NA NA NA NA NA NA 0 0 0 0 — —
LM4 2.6 NA NA 3.5 NA NA NA NA 61 50 19 0 — —
LM5 1.2 2.1 1.8 1.4 1.9 7.8 NA NA 18 12 18 0 2.28 11.11
LM6 0.9 0.9 2.3 1.7 1.3 9.2 9.3 NA 10 0 7 10 2.80  3.69
LM7 1.5 1.8 3.6 1.8 1.5 NA NA NA 18 25 27 25 — —
LMS 2.3 2.6 2.6 2.9 3.2 NA NA NA 17 5 8 0 — —
LM9 1.3 1.0 1.1 2.5 3.1 NA NA NA 12 32 33 40 2,72 11.71
LM10 2.4 4.1 3.7 NA NA NA NA NA 0 0 0 0 — —
LM11 5.1 NA NA NA NA NA NA NA 0 0 0 0 — —
LM12 3.9 4.6 5.1 NA NA NA NA NA 0 0 0 0 — —
LM13a 0.8 0.9 1.5 1.7 1.5 8.2 8.3 NA 14 9 4 15 2.07  8.50
LM13b 0.7 0.9 1.5 1.6 1.8 8 8.5 NA 10 4 13 5 2.55 4.73
Amoxycillin 5 5 5 35 35 NT NT NT
Fidaxomicin ~ NT 1 1 NT 2 NT NT NT
Ciprofloxacin 2 NT 2 2 4 2 2 2

NA: not observed within the tested concentrations. NT: not tested on these strains.

This journal is © The Royal Society of Chemistry 2025
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ATCC 15313 (hereafter referred to as Lm; 1.2 uM MIC), as
well as the resistant strains: methicillin resistant
Staphylococcus aureus BAA 2313 (hereafter referred to as
MRSA; 1.4 uM MIC) and vancomycin resistant Enterococcus
faecium BAA 2317 (hereafter referred to as VRE; 1.2 uM MIC).
It also showed low activity against the Gram-negative
Escherichia coli ATCC 33694 (hereafter referred to as E. coli;
1.2 uM MIC), while no activity was observed at the highest
tested concentration against the other Gram-negatives
Pseudomonas aeruginosa BAA 1744 and Salmonella enterica
ATCC 13314 (hereafter referred to Pa and Sen, respectively).
The least active peptide of the first series is LM3, followed by
LM1. LM3 is only active against SA with an MIC of 6.5 uM. It
has a high hydrophobicity and a high propensity for in vitro
aggregation. LM4 is the only peptide with a total negative
charge and has the highest normalized hydrophobic moment
with a high amphiphilicity index. In terms of activity
however, the peptide showed MICs only against SA and
MRSA, at 2.6 uM and 3.5 pM, respectively. LM2 showed
activity against the Gram-positive pathogens SA, C. diff, and
Lm with acceptable MIC values compared to LM, that is 2.1
uM, 1.6 uM, and 1.2 uM, respectively. However, it showed no
activity at the tested concentration against the drug resistant
strains. On the other hand, it showed activity against E. coli
with an MIC of 8.9 uM in the same range as the parent
peptide. More interestingly, LM2 showed a new activity
against the Gram-negative strain Pa, with an MIC of 9.5 uM.
Its physicochemical properties show a normalized
hydrophobicity and normalized hydrophobic moment of
-0.64 and 0.10, respectively, with an amphiphilicity index of
zero, indicating an instability of the helical structure at the
membrane-water interface. The last peptide of the systemic
splicing is LM5 at the C-terminal of LM. It is positively
charged with a +2 charge, has a high ratio of polar amino
acids, and has the highest hydrophobicity of the family. It
also shows high stability of its helical structure. LM5 showed
good MIC values within the same range as the parent peptide
against all Gram-positive pathogens (MIC SA = 1.2 uM, C. diff.
= 2.1 uM, Lm = 1.8 uM), including resistant strains (MIC
MRSA = 1.4 uM and VRE = 1.9 uM), as well as E. coli (MIC =
7.8 uM). Looking at the correlation between the antibacterial
activity of the peptides and their physicochemical properties,
it seems non-existent. The peptides coming from the
different regions within LM are very different in terms of
their primary sequence, hence making the comparison of
their properties quite difficult, especially that the predicted
values are well within the range of what is expected for AMPs.
Regardless, just by focusing on the bioactivity profile of these
systematically truncated peptides, we could identify two
potential areas that can be further exploited and that showed
the better activities, LM2 and LM5.

The activity of the rationally designed peptides by
looking mostly at their AMP prediction also correlates
with these results. Very similar in primary structure to
LM1, LM8 has most of the amino acids of LM1 except
MN from the N-terminal with the additional SGG at the
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C-terminal. Most of its predicted physicochemical
properties are similar or within the same range as LMI1.
The only difference is the ratio of polar to non-polar
residue. But conversely, LM8 has a much better activity
profile against all Gram-positive pathogens with MICs in
the range of 2.3 uM to 3.2 pM, including resistant strains
(2.9 uM and 3.2 puM). However, LM8 was the weakest
compound within this second series. LM7 is a hybrid
between LM2 and LM3 and has shown improvement in
its MIC value compared to them against SA (1.5 pM),
while recovering the activity against the resistant strains
MRSA (1.8 puM) and VRE (1.5 puM). It was less active
nonetheless against C. diff (1.8 uM) and Lm (3.6 uM).
However, it remained inactive against the Gram-negative
pathogens. LM7 is highly hydrophobic and is predicted to
aggregate in vitro. LM6, the peptide at the core of the
AMP prediction region, showed a very good activity profile,
almost matching the parent peptide activity with only 15
amino acids. The MIC against SA is 0.9 uM and 1.7 uM
against MRSA, 0.9 uM against C. diff., 2.3 uM against Lm,
and 1.3 pM against VRE. The Gram-negative E. coli activity
is also conserved with an MIC of 9.2 uM, while a new Pa
activity was also introduced with 9.3 pM MIC. Most
peptides performed better than amoxycillin against the
Gram-positive bacteria, and in particular activity was
observed against resistant strains. Similar activity to
fidaxomicin was observed for the most active peptides
(LM6 and LM9) against C. diff, while the others were
slightly less active. More specifically, the activity of LM6 is
superior to both ciprofloxacin and amoxycillin in
inhibiting Gram-positive bacteria while comparable to
fidaxomicin in killing C. difficile (Table 2). However, it is
about 5 times less active than ciprofloxacin against the
Gram-negative bacteria. LM6 is the best peptide of the
series and the library. When looking at its sequence, it is
an extension of LM2 with an additional 4 amino acids at
the N-terminal and one at the C-terminal. As LM2 gave
good bioactivity, it is not surprising that LM6 has even
surpassed it. LM6 has an additional positive charge, a
higher hydrophobicity, and amphiphilicity. The second
best, LM9, is a hybrid between LM4 and LM5. It is a
neutral peptide with low hydrophobicity, and high polar
amino acid content. LM9 was specifically chosen as it had
some of the lowest scores for the AMP prediction.
Nonetheless, it showed a very good activity profile against
all Gram-positive pathogens, but with higher MIC values
compared to LM5 for the resistant strains, with 1.3 pM,
1.0 uM, 1.1 puM, 2.5 uM, and 3.1 uM against SA, C. diff,,
Lm, MRSA, and VRE, respectively. LM9 however remained
inactive against the Gram-negative pathogens.

To verify whether the determined MIC kills the entire
bacterial population, we performed the minimal bactericidal
concentration (MBC) experiment for all tested peptides
against all the pathogens. It showed that the peptides indeed
killed the bacteria at the observed MIC values, as no bacterial
growth was observed after 48 hours of incubation at 37 °C,

This journal is © The Royal Society of Chemistry 2025
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confirming that the MIC and MBC values were the same, and
indicating a bactericidal mode of action.

Using this methodology, we were able to determine two
main regions within the LM peptide that contribute most to
the antibacterial activity, represented by the peptides LM6
and LM9. Both peptides come from the second series
obtained through AMP predictions. However, LM9 and other
peptides around that region had very low scores, probably
because of the high proportion of polar amino acids, and
would have been dismissed otherwise. Nonetheless, the other
three AMP peptides with high AMP prediction scores all
showed good MIC activities against the Gram-positive
pathogens, including the resistant strains. Within the first
series, the systemic splicing also led to the same general two
regions with peptides LM2 and LM5. More importantly, both
methods were convergent in pinpointing the core region with
antibacterial activity. We also evaluated the peptides for their
anti-inflammatory activity based on the percentage reduction
in multiple proinflammatory biomarkers' (IL-8, IL-6, IL-1B,
and TNF-alpha) concentration in Caco-2 cell lines inoculated
with the inflammatory-inducing pathogen C. difficile ATCC
43602. LM has shown excellent reduction in all four
biomarkers, with 95% reduction in IL-8 concentration, 90%
for IL6, 91% for IL-1B, and 80% for TNF alpha. This anti-
inflammatory level of activity however could not be replicated
in any of the shorter peptides. LM4 showed some anti-
inflammatory activity with 61% reduction in IL-8, 50%
reduction in IL-6, and 19% reduction in IL-1B, while TNF
alpha concentration was not affected. The LM9 peptide,
which contains part of LM4, reduced all four biomarkers IL-
8, IL-6, IL-1B, and TNF-alpha by 12%, 32%, 33%, and 40%,
respectively. LM5, on the other hand, which completes the
C-terminal of the peptide, has induced a lower response with
18%, 12%, and 18% reduction of the respective interleukins,
but none against TNF alpha. LM7 also showed some
moderate activity between 18 and 27% reduction of all four
cytokines. LM2, LM6, and LM8 induced the reduction of
some cytokines by less than 20%, while LM1 and LM3 had
virtually no effect. Despite not having a single peptide that
has retained the full anti-inflammatory activity of the parent
peptide, these results indicate that the C-terminal of the
peptide is one of the key regions involved in the observed
activity. Having a dual mode of action to target both the
bacterial pathogen and the associated inflammation is of
great interest in the development of novel therapeutics,
specifically targeting complicated infections leading to
sepsis.*’

Follow-up series

After analysis of the obtained results, and the key regions
identified within the peptide sequence, LM6 was considered
the best of the series, given its low micromolar MIC values
against the Gram-positive pathogens and the resistant strains
comparable to those of the parent peptide. But more
importantly, it retained the Gram-negative activity against E.
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coli and showed new activity against Pa within the same
range of the MIC as Lm. Three more peptides were
considered by further truncating the sequence of LM6, given
the activity profile of LM2. Two peptides, LM10 and LM11,
have ten amino acids including the lysine residue, compared
to LM2, thus having a +2 charge. The third peptide is a
hexamer of the N-terminal side of LM6 with a charge of +2.
LM2 remained the best truncated derivative of LM6, as the
other three also showed no activity against the tested
resistant strains, nor the Gram-negative pathogens. LM10
showed an MIC value of 2.4 uM against SA, similar to LM2,
but higher MIC values against C. diff. and Lm. LM11 showed
activity exclusively against SA with a higher MIC of 5.1 pM.
Surprisingly, the shorter LM12 peptide still showed a
moderate Gram-positive activity with MICs of 3.9 uM, 4.6 uM,
and 5.1 pM against SA, C. diff and Lm. The calculated
physicochemical properties of the peptides differ slightly but
are all within the same range or direction. As LM6 remains
the best performer peptide, we then synthesized and tested
its macrocyclized derivatives. Cyclic peptides have been
shown to have better stability in vivo in general, while
sometimes being more active caused by a more rigid
structure and fewer conformations in solution, facilitating
their interaction with the biological target.’’™* The
macrocyclization reaction with PyBop gave two separable
products (ML13a and ML13b), the major of which (LM13a)
contains the epimerized valine residue at the C-terminal
point of macrocyclization, as verified by Marfey's analysis
(Table S2 and Fig. $21).>* No attempts were conducted at this
stage to optimize the macrocyclization reaction and both
macrocycles were tested. The presence of p-amino acids is
another chemical strategy that is used to increase the
stability of peptides.®® Both cyclic peptides show mostly
similar MIC values and a slight gain in activity compared to
the linear peptide LM6 against most pathogens tested,
making them the best performers of this first round of
design. The cytotoxicity of the best antibiotic compounds was
evaluated against two human lung cancer cell lines H292 and
A549. Although favourable in silico predictions were obtained,
toxicity was observed and was more pronounced against the
H292 cell line compared to A549. Despite the low therapeutic
index of these peptides (ranging from 1 to 10 depending on
the peptide and cell line), there is ample room for further
improvement and proper optimization of these molecules.
Decreasing the overall lipophilicity of the peptides and
increasing the net positive charge and amphipathicity are
strategies that have been previously successful in reducing
the toxicity of AMP analogues.’*>® More advanced
modifications entail the introduction of peptoids, non-
natural amino acids, and peptidomimetic scaffolds within
the peptidic structure,*®*9*>

Investigations into the mode of action. A preliminary
study into the mode of action (MOA) of the most active
peptide LM6 and its cyclic derivative LM13a was conducted.
First, a time-kill assay was undertaken to monitor the effect
of the peptides on the growth of SA over time, in
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comparison to amoxicillin (AMOX) as a positive control.
LM6, LM13a, and the parent peptide LM have shown a
rapid onset of action, with bactericidal activity against SA at
their corresponding MIC concentration (Fig. 2A). While the
untreated cells showed constant growth over time, AMOX
and all tested peptides resulted in a significant reduction of
bacterial growth (Fig. 2A). After 2 hours, AMOX resulted in
a 4-log fold decrease in colony forming units or surviving
bacteria, LM13a in 3-log fold decrease, and LM6 and LM in
2-log fold decrease. LM13a reduced surviving bacteria by
5log CFU mL™ within 6 hours, while all the other
molecules reached that level at the 12-hour mark, including
AMOX. These results show the superiority of the cyclic
derivative, exhibiting a faster bactericidal effect compared to
the others. Additionally, transmission electron microscopy
(TEM) was used to visualize ultrastructural changes to the
cell membrane of SA in the presence of LM6 and LM13a
peptides. Most AMPs are known to have a membrane
targeting MOA, where the interaction of the AMP with the
celllmembrane = components leads to  membrane
destabilization through the formation of pores and cavities
resulting in leakage of intracellular components, cell lysis,
and death.>® Many of the SA cells treated with LM6 showed
clear deformation of the cells and complete disintegration
and lysis of the bacterial cell wall, leading to fragmentation

A - - —®- Untreated
_ -»- AMOX
£
E -~ LM
[®) -o- LM6
o
> LM13a
<)

o |
SR S L L S
0 2 4 6 8 101214 16 18 20 22 24
Time in hrs
B C D

Fig. 2 Preliminary investigation into the possible mode of action of
the designed peptide derivatives. A: Time-killing graph of S. aureus in
the presence of the parent peptide LM, the best of series peptide LM6,
its cyclic derivative LM13a, and the positive control antibiotic
amoxicillin (Amox). B-D: TEM micrographs demonstrate the intact cell
membrane of growing S. aureus cells (B) compared to a ruptured cell
membrane (top) or complete disintegration and leakage (bottom)
observed when the cells are treated with LM6 (C) and a partially
disintegrated cell membrane with clear extracellular protrusions when
cells are treated with the cyclic derivative LM13a (D).
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and leakage of the cell's intracellular content (Fig. 2C).
Meanwhile some other cells demonstrated detachment of
pieces of the cell wall. Treatment with the cyclic derivative
ML13a also showed cell damage and extracellular
protrusions that are most likely fragments of the lysed cell
wall or leaked intracellular contents (Fig. 2D). Detached
fragments were also seen, confirming the lytic effect on the
cell wall.

Conclusions

Starting from lactomodulin, a 53-amino acid long peptide
isolated from the gut microbiota with promising antibacterial
and anti-inflammatory activities, we set out to determine the
key core regions that would conserve the activity. As such,
two series of nine peptides were determined based on
systematic truncation of the parent peptide or AMP
prediction calculations. The synthesized peptides ranging
from 10-15 amino acid residues were evaluated for their
antibacterial and anti-inflammatory activities. The two
methods were convergent in identifying the best two regions
within the peptide that conserved the antibacterial activity
against Gram-positive pathogens and resistant strains
spanning LM2/LM6 and LM5/LM9. The Gram-negative
activity against E. coli was conserved for LM2 and LMS6, in
addition to the activity against P. aeruginosa. The anti-
inflammatory activity however was very low for most
peptides, with the best being peptides LM4, LM7, and LM9,
showing anywhere between 18 and 61% reduction in some
cytokine levels. The best of the series peptide LM6 was
further truncated, but the shorter peptides showed a
significant decrease in activity. Finally, LM6 was
macrocyclized head-to-tail to generate two cyclic peptides
LM13a and LM13b, where the former has an epimerized
valine residue. The cyclic peptides proved to be the best
performers, with similar or better activities against all the
bacterial strains compared to LM6. The activity of LM6 and
its cyclic derivatives against Gram-positive bacterial strains is
comparable or superior to some commercial bactericidal
antibiotics tested in this study. The best six antibacterial
peptides were assessed against two human cancer cell lines
but showed toxicity and low therapeutic index. Further
optimization in the next round of design to improve the
peptides’ properties is considered. The LM6 and LM13a
peptides were found to be bactericidal at their MIC
concentration using a time-kill curve and were shown to have
a membrane-targeting mode of action by transmission
electron microscopy. Bacterial cells of S. aureus treated with
either of the compounds have shown clear signs of
membrane damage and intracellular content leakage. This
study has identified LM6 as an ideal starting point for the
generation of lactomodulin-inspired antibacterial peptides
through further optimizations. Despite not having a
conserved anti-inflammatory activity, other regions within
the peptide have shown promise for the development of
peptides with dual antibacterial and anti-inflammatory
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activities. Further investigations around the optimization of
the identified peptides and a detailed study of their
antibacterial properties and mechanism of action, as well as
their potential for selecting resistance are currently
underway.

Experimental
Materials and methods

Bacterial strains. The bacterial strains S. aureus ATCC
25923, C. difficile ATCC 43602, L. monocytogenes ATCC 15313,
S. aureus MRSA BAA 2313, E. faecium VRE BAA 2317, E. coli
ATCC 33694, P. aeruginosa BAA 1744, and S. enterica ATCC
13314 were obtained from the American Type Culture
Collection.

Cell lines. The cell lines A549 (catalog #86012804), H292
(catalog #91091815), and Caco-2 (catalog #86010202) were
procured from Sigma-Aldrich, USA. The A549 and H292 cells
were cultured in RPMI-1640 medium (catalog #R8758), while
the Caco-2 cells were grown in DMEM (catalog #D6429). Both
media were supplemented with 10% fetal bovine serum
(catalog #F9665) and antibiotics (catalog #A5955), consisting
of 100 U ml™" penicillin and 100 pg ml™" streptomycin.
Cultures were maintained in a humidified incubator at 37 °C
with 5% CO.,.

Chemicals and reagents. Fmoc-Rink Amide aminomethyl-
polystyrene resin, 2-chlorotrityl chloride (2-CTC) resin, was
obtained from Hecheng (China). HBTU, ethyl (hydroxyimino)
cyanoacetate (OxymaPure®), and Fmoc-protected amino acids
were obtained from Iris Biotech (Germany). Triisopropyl
silane (TIS), N,N'-diisopropylcarbodiimide (DIC), DIPEA, TIPS,
piperidine, and N,N-dimethylformamide (DMF) were
purchased from Merck (Germany) or Sigma-Aldrich
(Germany). TFA was procured from Iris Biotech (Germany) or
Sigma-Aldrich (Germany). Dichloromethane, diethyl ether,
LCMS grade and HPLC grade acetonitrile were purchased
from Honeywell (Germany). Amoxycillin, fidaxomicin, and
ciprofloxacin were purchased from Merck (Germany). All
chemicals and solvents were used without any further
purification. The LM peptide was purchased from Genscript
Inc. (Piscataway, NJ, USA). Water used for analytical and
preparative high-performance liquid chromatography (HPLC)
was filtered (0.22 pm) in-house using a Q-POD® ultrapure
water remote dispenser connected to a Milli-Q® IQ water
system.

General procedures. Analytical HPLC was performed on an
Agilent® Eclipse Plus C18 column (150 mm x 4.6 mmy;
particle size: 5 pm; pore size: 95 A) using a Thermo Scientific
Ultimate 3000 system, eluting using a linear gradient over 25
minutes with H,O and acetonitrile (MeCN) with 0.1%
trifluoroacetic acid (TFA) added to the eluents, going from 0
to 50% MeCN with UV detection at 1 = 220 nm and coupled
to a Q Exactive mass spectrometer with HRMS and MS”
capability. Preparative HPLC was performed by using an
Agilent InfinityLab ZORBAX 5 SB-C18 column (250 x 21.2
mm; particle size: 5 um; pore size 80 A) on an Ultimate 3000
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system using the same eluents as for analytical HPLC. High-
resolution mass spectrometry (HRMS) and MS/MS spectra
were obtained simultaneously on a Thermo Scientific 3000
ultimate HPLC coupled with a Q Exactive mass spectrometer
using both full scan and MS/MS in the positive mode (full
MS: sheath gas flow rate 50, aux gas flow rate 13, polarity
positive, spray voltage 3.5 kV, capillary temperature 263 C,
aux gas temperature 425, resolution 70 000).

Synthesis of linear peptides. All the peptides were
synthesized by a solid-phase method using the Fmoc/tBu
strategy on a Syro wave I (Biotage, Sweden) automated
peptide synthesizer. All the linear peptides are amidated at
the C-terminal, through the use of the rink amide resin. The
synthesis employed the standard coupling/deprotection
protocol and final cleavage. For all peptides LM1-LM12, the
same general synthetic strategy was followed. First, the rink
amide resin (78 mg, 0.53 mmol g™* loading, 100-200 mesh)
was swelled in 1:1 DMF: DCM for 5 min before use and then
washed with DMF. Fmoc-protected amino acid building block
(5.0 equiv.) coupling was performed using a double coupling
strategy at room temperature for 0.5 h each coupling with
intermittent shaking every 2 min. The first coupling uses DIC
(0.5 M in DMF; 5.0 equiv.) and OxymaPure® (2.0 M in DMF;
5.0 equiv.) and the second uses HBTU (0.48 M in DMF; 5.0
equiv) and DIPEA (2 M in NMP; 5.0 equiv.). Fmoc
deprotection was performed in two steps with 40% (v/v)
piperidine in DMF at rt for 3 min and 20% (v/v) piperidine in
DMF at rt for 9 min, with shaking, followed by washing with
DMF. Cleavage was performed off-line by treating the resin-
bound peptide with 2 mL of a TFA/H,O/TIPS mixture (95:
2.5:2.5; v/v) two times for 1 h each. The combined eluates
were kept at rt for 2-3 h. The solution was transferred into a
round-bottom flask and co-evaporated with toluene. The
addition of cold diethyl ether resulted in the precipitation of
the crude peptide. Crude peptides were purified by semi-
preparative RP-HPLC using a linear gradient of 0-40% ACN
over 20 min with a flow rate of 20 mL min™". The purity and
identity of the peptides were verified by analytical HPLC and
LC-MS HRMS analysis, respectively. The purified peptides
were freeze-dried and stored at -20 °C until biological
testing.

Synthesis of macrocyclic peptides. The macrocyclic
peptide LM13 was synthesized on a 2-CTC resin and the
macrocyclization took place in solution on the crude
peptide before deprotection. First, the 2-CTC resin (78 mg,
0.53 mmol g™ loading, 100-200 mesh) was swelled in 10%
DIPEA in dry DCM for 10 min before use and then washed
with dry DCM and drained. Fmoc-Val-OH (5 equiv.) and
DIPEA (10 equiv.) dissolved in 1 mL of dry DCM were added
to the resin. The reaction was kept shaking for 3 h at room
temperature under inert atmosphere. After draining, the
resin was washed and drained three times with DMF, DCM,
and DMF successively and then capped with a 0.5 mL
solution of MeOH/DIPEA (1:2) in DCM (3 mL) to quench
unreacted CTC for 0.5 h at rt. After washing, the initial
linear peptide was then completed on the automated Syro I
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(Biotage) peptide synthesizer. The procedure for coupling/
deprotection cycles is the same as the one described for the
other linear peptides. After complete synthesis, the resin
was washed with two cycles of successive DMF and DCM
washing. Full cleavage of the side-chain fully-protected
peptide was achieved by adding 30% HFIP in DCM and
shaking at room temperature over 1 h. The crude peptide
(80 mg) was obtained after evaporation and was directly
used for the cyclization reaction. The crude peptide was
dissolved in 40 mL DMF, and DIPEA (50 uL, 6 equiv.) was
added to the solution. Then PyBOP (80 mg, 3 equiv.) was
added and the reaction mixture stirred overnight at rt.
Progress of the macrocyclization reaction was monitored by
LCMS. DMF was removed under reduced pressure and the
crude macrocyclic peptide was obtained by addition of 20
mL MeCN:H,O (1:1) followed by centrifugation. The final
deprotection was then done by treating the crude
macrocycle with the TFA/H,O (97.5:2.5) solution for 3 h
while shaking. Progress of the deprotection was also
monitored by LCMS. TFA was co-evaporated with toluene
and cold diethyl ether was added to precipitate the peptide.
The crude was then purified by semi-preparative RP-HPLC
using a linear gradient of 0-100% MeCN over 25 min with
a flow rate of 20 mL min™'. Two macrocyclic products,
LM13a (major) and LM13b (minor), with the same mass
were observed and separated. The purified peptides were
freeze-dried and stored at —20 °C until biological testing.

All the peptides had a purity >95%, except for LM1 at
76% after two purification rounds. Total yields of the linear
peptides were approximately 10-38% based on the resin
loading (for each compound, the yield is stated in Table
S1t). The analytical reversed-phase HPLC chromatograms
and ESI mass spectra for purified peptides are presented in
Fig. S2-S15.}

Marfey's analysis. The absolute configuration of the
valine residues within the cyclic peptides LM13a and
LM13b was determined by Marfey's method.** About 200
png of each peptide and an 1-vVal standard were dissolved
in 6 M HCI (100 pL) and heated to 110 °C for 45 min
and then dried at 110 °C in 15 min. To the dried
samples, H,O (50 pL) and 1 M NaHCO; (200 pL) were
added, and then divided into two equal portions. The
Marfey's solutions were prepared with 5 mg of Marfey's
reagent diluted in acetone (2 mL). A 100 upL aliquot of
Marfey's solution (1- and bp-FDLA) was added to the two
corresponding portions of each sample, respectively. The
vials were heated to 40 °C for 1 h, then quenched with
200 pL of 1 M HCL Finally, the reaction products were
diluted with MeCN (200 pL) and filtered prior to LC-MS
analysis. Aliquots (10 pL) of each sample were then
injected to LC-MS for analysis. The optimized acidic pH
solvent system consisted of solvent A (H,0/0.1% TFA) and
solvent B (MeCN/0.1% TFA). The optimized gradient was
5-10% B (0-1 min), 10-35% B (1-14 min), 35-55% B (14-
21 min), 55-80% B (21-24 min), and 80% B (24-25 min)
at 45 °C, flow 0.6 mL min ' and UV at 340 nm. MS
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detection was done using the negative ion mode and
corresponding masses extracted from the full scan.

Agar diffusion test. In summary, a 10 uL aliquot of actively
growing overnight culture for each pathogen was spread onto
agar plates. Subsequently, sterile glass pipettes were used to
puncture holes in the agar, into which 20 uL of peptides
ranging from 1 to 10 pM concentration were added. The
plates were then aerobically incubated at 37 °C for 24 hours.
Following incubation, the plates were examined to detect any
zones of inhibition.

Minimal inhibitory concentration (MIC). To determine
the MIC of each peptide against the tested pathogens, a
broth microdilution antimicrobial assay was performed
using a 96-well microtiter plate.** A single colony of each
pathogen was cultured for 24 hours in its recommended
broth medium under its optimum growth conditions, then
diluted with the same medium in a 1:10000 ratio,
following the McFarland Standards. Subsequently, 196 pL of
this inoculated medium was dispensed into each well,
followed by the addition of 4 uL of various serial dilutions
of each peptide into the respective wells. The control wells
were filled with 196 pL of non-inoculated medium and 4 pL
of DMSO, the solvent used to dissolve the peptides.
Fidaxomicin, amoxicillin, and ciprofloxacin served as
positive controls. Plates were then incubated aerobically or
anaerobically, depending on the growth requirements of
each pathogen, at 37 °C. Following a 24-hour incubation
period, the ODgo of each well was measured using a
microplate reader. Subsequently, the MIC, defined as the
lowest peptide concentration resulting in 100% growth
inhibition, was determined for each pathogen. Each
concentration was tested in duplicate, and the entire assay
was independently repeated five times. The percentage of
growth inhibition was calculated using the following
equation:

% of inhibition = 1 - [(ODgg test — ODgqo blank medium)/
(ODggo pathogen only — ODgq, blank
medium)] x 100

Minimal bactericidal concentration (MBC). To verify that
the determined MIC Kkills the entire bacterial population, we
dispensed 10 pL of the inhibitory concentrations identified
from the broth microdilution assay (where no growth was
detected) onto agar plates. These plates were then incubated
for 48 hours at 37 °C, after which we examined them for the
presence of any colonies. Control experiments included a
culture treated with fidaxomicin at a concentration of 1 uM.

Anti-inflammatory activity. To evaluate the potential anti-
inflammatory properties of the synthesized peptides, a cell-
based assay was conducted using human colorectal
adenocarcinoma Caco-2 cells following a standard protocol.™
These cells were cultured in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine serum
at 37 °C in an environment containing 5% CO, (Eppendorf,
Hamburg, Germany). Cultures were maintained until cells
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reached 90% confluence over a 5-day period. Subsequently,
PBS buffer was used to wash the cells 2-3 times to remove
culture media or non-adherent cells. Prior to each assay, cells
were seeded into 12-well tissue-culture plates (BD Falcon,
Becton, NJ, USA) and incubated for 24 hours in a 5% CO,
incubator at 37 °C, with a seeding density of 30000 cells per
well. Overall, the experimental design involved treatment of
the cell lines challenged with an inflammation-inducing
pathogen with each peptide then measurement of the
released pro-inflammatory cytokines in the culture
supernatant using commercially available ELISA kits. The
pathogen C. difficile was used as a model to induce
inflammation. Briefly, C difficile was cultured overnight in
meat broth medium at 37 °C under anaerobic conditions.
The culture was then subjected to centrifugation at 12 000 x g
for 2 minutes, followed by two washes with PBS buffer and
suspension in meat broth. Subsequently, 1 pL of 0.5 ODggg
culture was used for each 300 pL of culture medium in every
well of the 12-well plate. After a 2-hour incubation period, 1
pL of each peptide was added to achieve a final concentration
equivalent to the MIC. Negative control experiments included
untreated cells or cells treated with DMSO, while positive
controls consisted of cells treated with the pathogen only.
The duration of incubation was determined through prior
optimization experiments and referenced from previous
reports regarding the optimal timing for cytokine release and
measurement in Caco-2 cells. To quantify cytokine release in
Caco-2 cells following co-incubation, an enzyme-linked
immunosorbent assay (ELISA) was employed for IL8, IL-6, IL-
18, and TNF-a in the collected supernatant. Commercial kits
from Invitrogen, Carlsbad, CA, USA (catalog numbers
BMS204-3, BMS213HS, KHC001, and BMS223-4 for IL8, IL-6,
IL-1B, and TNFa, respectively) were utilized for this purpose.
Cytokine levels were determined following the provided
protocol. Each analysis was conducted in three independent
replicates.

Cell viability and proliferation assay. To evaluate the
cytotoxic effects of the synthesized peptides, an MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) assay
was employed on two lung cancer cell lines, namely A549
and H292." These cell lines were cultured in RPMI-1640
medium (#R8758, Sigma, USA), supplemented with 10%
fetal bovine serum and antibiotics (100 U ml™ penicillin
and 100 pg ml™" streptomycin), within a humidified
incubator (5% CO, in air at 37 °C). Each cell line was
seeded in 96-well plates at a density of 30000 cells per well
(200 uL per well), treated with a serial dilution of each
peptide at concentrations of 50 uM, 10 uM, 1 puM, 0.1 uM,
and 0.01 puM, and incubated in a CO, incubator for 24
hours. Following the removal of the supernatant and
washing twice with PBS1X, 20 pL of MTT solution was
added to each well and incubated for 3 hours.
Subsequently, the absorbance intensity was measured using
spectrophotometry with a microplate reader at an
absorbance wavelength of 570 nm (Thermo Fisher Scientific,
Waltham, MA, USA). DMSO was used as the negative

This journal is © The Royal Society of Chemistry 2025

View Article Online

Research Article

control. ECs, values were calculated using OD values
(triplicate) normalized to blank (average of six) and an
online software program (AAT Bioquest EC50 Calculator).*®

Time-kill kinetic assay. Time-kill curves were used to
monitor bacterial growth over time.*” First, S. aureus (ATCC
25923) was grown overnight on TSA plates at 37 °C, then
diluted to a working concentration of 5 x 10° CFU ml ™" using
Mueller-Hinton broth (Oxoid, United Kingdom). Thereafter,
the test compounds were added to the bacteria, at the MIC
concentration, in a 96-well plate format. Aliquots were taken
at different time points (0, 1, 2, 4, 6, 12, 18, and 24 h). At
every time interval, a 5 ul sample was taken from each well,
serially diluted tenfold in a solution of 0.85% NacCl, plated on
TSA, and incubated overnight at 37 °C. Colony forming units
(CFUs) were calculated and the experiment was repeated in
two independent duplicates.

TEM characterization. TEM imaging was conducted to
visualize any change in the cell morphology or -cell
membrane upon treatment with the synthesized peptides.*®
Initially, a single colony from an overnight culture was
suspended in 10 ml of LB broth and incubated with
continuous shaking at 37 °C overnight. The overnight culture
was diluted (1:30) in 40 ml of LB broth and shaken
continuously for 2 hours until the ODgy reached
approximately 0.5. Subsequently, the tested compounds were
added at their minimum inhibitory concentration (MIC) and
incubated at 37 °C. Cells were then centrifuged at 4 °C to
prevent cell damage, followed by washing and resuspension
in 0.1 M phosphate-buffered saline (PBS; pH 7.2). The fixed
cells were preserved overnight using a fixative solution
comprising 4% formaldehyde, 1.25% glutaraldehyde, 4%
sucrose, 0.01 M CaCl,, and 0.075% ruthenium red in PBS.
Following preservation, the fixed cells underwent a series of
washes in PBS buffer and were post-fixed for 1 hour with 1%
osmium tetroxide in PBS supplemented with 0.075%
ruthenium red, followed by further washing. Dehydration
was achieved through successive ethanol treatments (30%,
50%, 70%, 80%, 90%, 95%, and 100%), each lasting 15
minutes, ultimately culminating in treatment with propylene
oxide. The cells were then infiltrated with a mixture of
propylene oxide and Agar 100 epoxy resin in ratios of 1:1, 1:
2, and 1:3, and subsequently polymerized at 65 °C for 24
hours. The resulting blocks were trimmed, and ultrathin
sections (95 nm) with gold coloration were cut using an EM
UC7 Ultracuts ultramicrotome from Leica (Vienna, Austria).
Ultrathin sections were collected on 200 mesh copper grids,
air-dried, and then contrasted with uranyl acetate and lead
citrate. The grids were subsequently examined using a
transmission electron microscope, with images captured at
varying magnifications using the Titan system at 300 kV. The
entire experiment was repeated in duplicate.

Data availability

The data supporting this article have been included as part
of the ESL}
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