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While the rise of superbugs and new resistance mechanisms continues decreasing the effectiveness of classical
antibiotics, antimicrobial peptides (AMPs) are emerging as a new class of antimicrobials. Still, several drawbacks
limit their transition to the clinic, including high production cost, haemolytic activity and possible inactivation by
proteases. Here, we give an overview of the most recent work on short AMPs, which are currently a minority in
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the AMP databases, and of the main AMP design rules, describing their application for short sequences. We also
summarize the techniques that can serve to investigate the key steps of the antimicrobial action and that can aid
DOI: 10.1039/d4me00021h in the engineering of a tuned AMP interaction with bacterial barriers. Particular emphasis is given to the
relationship between peptide sequence features and interfacial behaviour, highlighting the role of AMPs self-

rsc.li/molecular-engineering assembly in the interaction with membranes and their antimicrobial activity.

Design, System, Application

Antimicrobial peptides (AMPs) are expected to be key players in the fight against bacterial infections. Their amino acid and chemical composition clearly
determine the physicochemical properties of AMPs in terms of charge, amphipathicity, hydrophobicity, flexibility and non-covalent interaction capacity,
features that define their mode of action and selectivity toward microbial cells. The growing knowledge on bacterial membrane structures and susceptibility
to AMPs has led to establishment of some recognized design rules, which aid in the development of novel AMPs. Here, we give an overview of well-
established design rules and highlight the structure-activity relationship for short AMP design. Particular insight is given into AMP interfacial
behaviour and its role in the engineering of a tuned interaction with bacterial barriers and antimicrobial activity.

Introduction

As antimicrobial resistance (AMR) rages, flanked by the
exhausted pipeline of new antibiotics, the search for
alternative therapeutic options for the treatment of bacterial
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infections is ever more topical."™ The era of antibiotics is,
indeed, coming to its end, fuelled by the rise of “superbugs”
and the continuous global spread of new resistance
mechanisms that are making available antibiotics
increasingly ineffective.>® In this scenario, antimicrobial
peptides (AMPs) are emerging as a new class of
antimicrobials, as shown by the thousands of entries in the
AMP databases.””®
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Peptides are used as natural defensive molecules in all
domains of life, and according to their primary sequence and
secondary structure, they exert antimicrobial activity through
multiple mechanisms, as summarized in Fig. 1.° Among
them, disruption of the bacterial membrane is the most
reported one, followed by the triggering of bacterial DNA
damage upon membrane translocation. Achieving fine
control over AMP interfacial behaviour is key.'® Indeed, for
both membrane disrupting and translocating peptides, their
interaction with the bacterial membrane and wall represents
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a first and crucial step.'"'” Generally, two main physical
features need to be tuned to properly engineer this
interaction: cationic charge content, that promotes selectivity
for negatively charged microbial cytoplasmic membranes
over zwitterionic eukaryotic ones, and a significant proportion
of hydrophobic residues that facilitate interactions with the
fatty acyl chains in the lipid bilayer.’***
Despite the definition of design rules and the high
number of AMPs discovered to date, their translation into the
clinic is still slow, and several limitations hamper their
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Fig. 1 Summary of AMP intracellular and extracellular modes of action.

confirmation as new therapeutics.>'®"®* Among them, high

cost of production, when compared to classical antibiotics,
and susceptibility to proteases represent critical issues. The
cost-effectiveness of AMPs could potentially be improved by
decreasing the length of the polypeptide sequences. Also, the
presence of a good proline (Pro, P) or tryptophan (Trp, W)
content, the chemical modification of peptides aimed at
increasing hydrophobicity,'"” and the use of p-amino acids
have shown to strongly improve AMP resistance to
proteolysis. But translating the key features that have been
identified as essential to control AMP behaviour in a shorter
sequence can be challenging, and such a difficulty is
reflected in the low number of AMPs shorter than 10 amino
acids (AAs) that can be found in the database.

In this minireview, we aim to give an overview of the most
recent work describing short AMPs. We will first introduce
the bacterial wall and membrane structures and the AMP-
membrane interaction mechanisms reported to date, and the
techniques that can serve to investigate this key step of the
antimicrobial action. Particular emphasis is given to the
relationship between sequence features and interfacial
behaviour, highlighting the role of AMPs self-assembly in the
interaction with bacterial barriers and their antimicrobial
activity.

Bacterial membranes and walls:
disruption and translocation

The integrity and selective permeability of the lipid bilayer
membrane are essential features for cell viability and
functionality of every living organism. Membrane permeabilizing

and/or disruptive biomolecules play a critical role in both
defensive and offensive strategies of living systems and many of

This journal is © The Royal Society of Chemistry and IChemE 2024

them, such as defensins, amphipathic peptides used as defensive
molecules by eukaryotes and plants, and melittin, the main
component of the bee venom, have been extensively studied as
possible antimicrobial drugs.>*?*> Defensins and melittin are
examples of membrane-disruptive and permeating peptides,
respectively, and the study of these and other naturally-occurring
peptides has paved the way towards the understanding of AMP
interaction with bacterial membranes and the possible
mechanism of action both in Gram+ (GP) and Gram- (GN)
species.

The cell structure and membrane composition vary
significantly between GP and GN bacteria.® GP species are
surrounded by a cell wall composed of a peptidoglycan (PG)
layer with a thickness of tens of nanometres. PG is a single
macromolecule made of glycan chains crosslinked by peptide
side branches, and by enclosing the bacterial cell, it acts as a
constraint that provides mechanical strength to the
bacteria.** Given its porous structure, PG can easily be
crossed by many drugs and chemicals. Thus, the main
barrier to external agents or molecules is represented by the
lipid bilayer membrane (Fig. 2).
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Fig. 2 Schematic representation of Gram+ and Gram- bacterial walls
and membranes.
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Differently, the GN bacteria cell wall comprises an outer
membrane (OM), a thin PG layer and an inner membrane
(IN). Notably, like other biological membranes, the OM is a
lipid bilayer, but it is composed of glycolipids, mostly
lipopolysaccharides (LPSs), and phospholipids (PLs) are
confined in the inner leaflet of the membrane (Fig. 2).>°
Together with contributing to the stiffness and strength of
the bacterial cell,?® the OM acts as an efficient barrier, with
highly selective porins controlling the uptake of external
molecules.”” Importantly, prokaryotic membranes bear
negatively charged lipids namely phosphatidylglycerol,
cardiolipin and phosphatidylserine and have, therefore, a net
negative charge.”®

AMP interaction with the bacterial membrane has widely
been studied, with the OM being frequently overlooked as a
first obstacle for peptides to exert their antimicrobial
activity.>* Many AMPs kill bacteria by inducing membrane
disruption and leakage of bacterial content, and several
models describing the possible mechanism behind this
action have been proposed, to date, and already extensively
reviewed.*”*" still, the understanding of the interaction
mechanisms remains poor for many AMPs, for which an
unambiguous mechanistic insight is lacking. Fig. 3
summarizes the models proposed to date, with the barrel-
stave (a), carpet (b), and toroidal pore (c) models being the
most frequently used to describe the origin of the
membrane-lytic action.

View Article Online
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Not all antimicrobial peptides exert their major action on
membranes. Indeed, an increasing number of peptides have
been proved to act on intracellular targets in bacteria. Successful
membrane translocation of an AMP strictly depends on its ability
to interact with the bacterial membrane and create a passage
across the lipid bilayer hydrocarbon core, without causing
irreversible membrane damage. This process can happen
through different pathways. In detail, the peptide can enter either
via autonomous membrane translocation and/or through a
specific transporter mechanism. In the first case, transient
membrane permeabilization occurs. The mechanism behind this
process is still under debate, but the leading hypothesis is that,
upon their addition, AMPs accumulate on the outer monolayer of
the targeted membrane, causing an imbalance of mass, charge,
surface tension and lateral pressure. This is followed by a
stochastic local dissipation event that relieves the asymmetry
caused by peptides, rendering the membrane transiently
permeable with a rapid burst of cell content leakage
accompanying the peptide translocation. The leakage event is fast
and membrane re-sealing takes place in a time frame that allows
the bacterial cell survival.>"*>

Among specific membrane carriers, ABC transporters
SbmA and BacA, belonging to the peptide uptake permease
family, are the most known ones.** Although essential for
bacterial survival and host colonization, these transporters
serve well as an aid for AMP membrane translocation,**
particularly for Pro-rich ones.*

AMPs interaction mechanisms
with bacterial membrane
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Fig. 3 Proposed models for the AMP-bacterial membrane disruption mechanism. a) Barrel-stave model: after AMP insertion into the membrane, a
transmembrane pore is formed with the peptides lining the pore lumen in a parallel direction relative to the phospholipid chains, which remain
perpendicular to the bilayer plane. b) Toroidal pore model: peptide insertion induces a local membrane curvature in such a way that the pore
lumen is lined partly by peptides and partly by phospholipid head groups. c) Carpet model: AMPs interact with the membrane surface and disrupt
its integrity by covering it like a carpet. This model does not involve the formation of transmembrane pores; instead, above a minimum AMP
concentration, it leads to a detergent-like effect (d) causing membrane breakdown and fragmentation.
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Given the multiple possible modes of action of AMPs,
tailored design of their primary sequence and secondary
structure is essential for engineering a specific antimicrobial
mechanism. In the next paragraph, the main design rules
established, to date, will be summarized.

Interaction with bacterial membranes
— design rules

The amino acid composition clearly determines the
physicochemical properties of peptides in terms of charge,
amphipathicity, hydrophobicity, flexibility and non-covalent
interaction capacity, features that define their mode of action
and selectivity toward microbial cells. The growing
knowledge on bacterial membrane structures and
susceptibility to AMPs has led to establishment of some well-
recognized design rules, which aid in the development of
novel AMPs. Here, we will give an overview of well-
established design rules and highlight the structure-activity
relationship for AMP design, including the key points that
are still not fully elucidated.

Charge

Given the net negative charge of the bacterial membrane,
AMPs are generally cationic, a feature that facilitates their
adsorption on bacterial cells. Negatively charged AMPs have
also been discovered, but they represent a minority.***” The
peptides’ positive charge is directly related to their arginine
(Arg; R) and lysine (Lys; K) content, as these cationic AAs
mediate the formation of strong electrostatic interactions
with anionic lipids of GN and GP bacteria. Notably, both Arg
and Lys bear one single positive charge, but with respect to
Arg, Lys lacks a guanidinium group, resulting in lower
toxicity to eukaryotic cells.*® Several studies have been
performed to better understand the impact of charge content
on peptides' antimicrobial activity and obtain quantitative
information about the minimum charge content needed for
an effective bactericidal action.®® In general, an increase in
positive charge content leads to a boost in the antimicrobial
activity, but increases, at the same time, the AMP haemolytic
action, which represents one of the main limitations in AMP
confirmation.*’

In a recent study by Lépez Cascales et al, the
antimicrobial activity of two short AMPs, RQWRRWWQR-NH,
(P4) and RKFRRKFKK-NH, (P7) with charges +4 and +7,
respectively, was compared. The Edmundson wheels obtained
for these two peptides (Fig. 4a) clearly showed the presence
of two perfectly differentiated portions of similar size, a
cationic face (marked with blue cut lines) and a more
hydrophobic face (represented by solid yellow lines), for P4,
while P7 was characterized by a large cationic portion
covering most of the peptide surface and a small
hydrophobic moiety. Notably, only P4 showed antimicrobial
activity. Thermodynamic studies about peptide insertion in
simulated bacterial membranes were performed and revealed

This journal is © The Royal Society of Chemistry and IChemE 2024
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that P7 is unable to reach the threshold concentration
necessary to induce membrane disruption. This effect was
associated with the poor insertion of the peptide into the
lipid bilayer, which is essential to screen out the electrostatic
repulsion between neighbouring peptides and favour their
subsequent adsorption on the membrane. Differently, P4,
owing to its wider hydrophobic portion, could protrude into
the lipid bilayer, limiting the electrostatic repulsion between
neighbouring peptides. This interfacial behaviour allowed P4
to reach the threshold concentration needed to induce
membrane disruption.*' More recently, a study by Wu et al.
investigated the impact of the Lys content on the activity of
short Fmoc-cationic AMPs. Among three designed peptides,
Fmoc-KF, Fmoc-KKF and Fmoc-KKKF, Fmoc-KKF showed the
strongest antimicrobial activity against both GP bacteria and
GN bacteria, as well as low haemolytic activity. Thus, this
work proved that systematically increasing the number of Lys
residues in short Fmoc-F AMPs could not improve the
antibacterial activity, highlighting the need to properly
engineer a combined effect of cationicity, hydrophobicity,
and secondary conformation.*?

Importantly, also the position of positively charged
residues plays a role in AMP activity, as it affects contact
frequency between the peptides and cell membrane. Indeed,
positive residues at a peptide's extremity (i.e., N- and C-
terminal) are more exposed to the solvent and, thus,
encounter the membrane with a higher frequency. In
contrast, positive residues located in the middle of the
peptide sequence tend to be less exposed to the solvent and
bind to the lipid bilayer with a lower frequency.**

Hydrophobicity

Insertion of the AMP hydrophobic portion into the bacterial
membrane core is an essential step for achieving either
membrane rupture or permeabilization.  Therefore,
hydrophobic content is another crucial parameter to be
tuned when engineering AMPs.*> Notably, while peptides
with carbon chain AAs (leucine (Leu), valine (Val)) are
energetically favoured for membrane insertion, membrane
interfaces tend to prefer AAs with aromatic rings (tryptophan
(Trp), phenylalanine (Phe)). Thus, the position of
hydrophobic residues is an additional determinant for AMP
interaction with membranes, with sequences bearing
aromatic residues at the extremity of the peptide sequence
having a higher tendency to be adsorbed.*®

As for the charge content, the AMP hydrophobicity needs
to be properly balanced.”” Indeed, while its increase usually
tends to boost antimicrobial activity, favouring membrane
insertion, it can, at the same time, result in a decreased
selectivity for bacterial cells, often leading to haemolysis.*®
Yang et al. reported on the antimicrobial activity of a set of
nonapeptides designed based on the sequence RXRXRXRXL-
NH by introducing different ratios (W:1=1:3,2:2, and 3:1)
of aromatic residues (Trp, W) and branched-chain residues
(lle, 1) in the X position.*” They found that the presence of
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Fig. 4 a) Edmundson representation obtained for P4 (RQWRRWWQR-NH,) and P7 (RKFRRKFKK-NH,). b) Molecular dynamics (MD) simulation of
the starting configuration of phospholipid bilayers of dipalmitoylphosphatidylcholine (DPPC) in the presence of P4 (yellow) and P7 (red). Blue beads
correspond to chloride ions used to balance the total charge existing in the system. Water has been removed for clarity. Panels a and b are reproduced
with permission from ref. 41. Copyright © 2018 American Chemical Society. c) Harris-Clark diagram showing the inhibitory activities of peptide sequences
against P. aeruginosa. Each peptide can be identified by reading the sequence from the N-terminal residue in each ring towards the C-terminal residue at
the center of the chart; inhibitory activity (ICsp) is indicated for each peptide by the colour of shading in the outermost compartment (i.e. the compartment
identifying the N-terminal of each peptide). Grey sections represent peptides which did not exhibit an ICso within the range of concentrations assayed (0.8-
400 uM). d) Effect of peptide length on harmonic means and standard deviations for ICso and ECso. €) Appearance of P. aeruginosa bacteria treated with
the peptide RWWRWWR at concentrations of 80 and 400 pM, visualized by SEM (left: scale bars shown are 1 um in length) and AFM (right: scale bars shown
are 2 uM in length). A control image of bacteria not treated with peptide is also shown in both cases. Panels c-e are adapted and reproduced with

permission under a Creative Commons License (CC-BY 4.0) from ref. 43. Copyright © 2021 Springer Nature.

Trp at the 4th and 6th loci of the nonapeptide sequence
facilitated the formation of a B-pleated sheet with a certain
turn conformation, indicating that these two positions
determine structural flexibility (Fig. 4a and b). The
nonapeptides (3IW, W2IW, and IW2I) with the B-pleated
sheet conformation showed optimal antimicrobial activity,
suggesting a correlation between antimicrobial activity and
structural conformation.

In general, amphiphilicity has been found to be far more
important ~ for  interfacial  binding than  simple
hydrophobicity.”® This is confirmed by the work by Clark
et al.,, who recently studied a complete set of all possible
peptides, up to 7 residues long, composed of positively
charged Arg (R) and/or hydrophobic Trp.** Peptide sequences
comprising only Trp or only Arg were inactive against
selected bacteria, highlighting the importance of a mixture of
the two residues underpinning activity. Antimicrobial efficacy
was typically higher for heptamer peptides containing 3R and
4W, but, importantly, small differences in the sequence could
be associated with large differences in activity, with the
heptapeptide WWWRRRR showing an ICs, value 65-fold
higher than WWWRRRW. Overall, for penta-, hexa- and

546 | Mol Syst. Des. Eng., 2024, 9, 541-560

heptapeptides, those with ~60% Trp content exhibited the
lowest ICs, concentration against all the tested organisms,
but consistently with what was reported by other research
groups, a further increase in Trp content, and thus an overall
70-80% hydrophobicity, led to an increased haemolytic
activity.*®>*

Secondary structure

The formation of an ordered secondary structure upon AMP
interaction with phospholipid biomolecules is another key
step defining peptide antimicrobial activity. Most AMPs
assume an alpha-helix conformation when in contact with
membrane components, but lately B-sheet structures have
also been reported for some AMPs. The majority of natural
host defence peptides spontaneously assume an alpha
conformation when exerting their antimicrobial activity.
Thus, the design of a-helix AMPs has mostly relied, to date,
on the identification of common sequence patterns in
numerous naturally occurring peptides.”> Recently, Lohan
et al. designed a set of de novo short helical peptides with
broad-range bactericidal activity and selectivity toward

This journal is © The Royal Society of Chemistry and IChemE 2024
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bacterial cells.® All peptides showed an irregular spatial
structure in aqueous solution. The most effective peptide of
the series, NH,-KWLKKWLKWWKK-CONH,, formed an
amphipathic helix upon interaction with the lipid bilayer,
confirming the correlation of the o-helix content with its
membranolytic action.

Teixobactin, an wundecapeptide containing five non-
canonical AAs discovered for the first time in 2015,
represents an innovative AMP effective against several
superbugs.®® It exerts its antimicrobial action by targeting
lipid 1I, a precursor of peptidoglycan. Teixobactin specifically
binds to the pyrophosphate-sugar moiety of lipid II, whereas
the N terminus coordinates to the pyrophosphate of another
lipid II molecule. Shukla et al. recently proved that this
configuration favours the formation of a f-sheet for
teixobactins bound to the target, creating a supramolecular
fibrillar structure, key to antimicrobial action. In detail, small
B-sheets are formed upon binding of lipid II (Fig. 5). Then,
these assemblies elongate into fibrils that eventually
associate into lateral fibrillar sheets, obstructing the
biosynthesis of peptidoglycan and causing membrane
defects.”

Importantly, secondary structure formation is crucial also
for cell-penetrating AMPs having an intracellular target.>*
Most cell-penetrating peptides (CPPs) have a disordered/
random coil conformation in solution, but the presence of
o-helices and f-sheets when in contact with the bacterial
membrane and cells has been reported. In general, it can be
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argued that peptides undergoing a greater extent of helicity
are more likely to cause large phase perturbations in a
membrane and are, therefore, more likely to kill the bacteria
through membrane damage. This is consistent with the
widely reported tendency of Pro, known as a helix-breaker, in
promoting peptide translocation ability. Due to its cyclic
structure, the Pro amide group lacks the proton needed to
form hydrogen bond (HB) interactions, which are essential
for stabilising a-helix and B-sheet structures.’® Therefore, Pro
usually induces regions of helix distortions with higher
flexibility in transmembrane helices.”” Typically, the cell
penetration efficiency of peptides tends to increase with their
amphipathicity content, but when a high value of
hydrophobicity is reached, peptides predominantly remain
on plasma cell membranes.>® Overall it is not possible, from
the reported literature, to correlate a specific secondary
structure with an efficient passage through the membrane, as
the uptake process was obtained with peptides characterized
by an o-helical, a B-sheet, or a random coil structure
(Table 1).

Non-covalent interaction capacity

AMP interaction with bacterial component membranes is
based on an interplay of weak interactions, namely
interactions, hydrophobic effect and HBs.
Besides being crucial for the stabilization of the peptide
secondary structure, HBs are a determinant for direct AMP

electrostatic

AN

Peptidoglycan
synthesis

Fig. 5 a) Chemical structure of teixobactin. b) Mode of action model for teixobactin. Teixobactin first forms small B-sheets upon binding of lipid II,
and then elongates into fibrils that eventually associate into lateral fibrillar sheets, obstructing biosynthesis of peptidoglycan and causing
membrane defects. c) Snapshots of a timelapse HS-AFM video following the assembly of teixobactin-lipid Il fibrils. Images were obtained on a
supported lipid bilayer containing 1% (mol) lipid Il in the presence of 800 nM teixobactin, added after 24 s. Image acquisition rate of 0.5 frames per
second. d) Zoomed in view of an HS-AFM image of a fibrillar sheet on the membrane surface, as marked by a white rectangle in (c) at 624 s. The
inset in the lower right corner shows the height profile at the dashed line. e) HS-AFM image of a lipid bilayer deformed by teixobactin-lipid Il fibrils
below the membrane surface, 50 min after the addition of 800 nM teixobactin. The inset shows the height profile at the dashed line. Panels a-e
are reproduced and adapted with permission under a Creative Commons License (CC-BY 4.0) from ref. 55. Copyright © 2022 Springer Nature.
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Table 1 Summary of general AMP design rules and their application in short AMP development

Feature General rule Short AMPs Exceptions

Charge Cationic content favors the interaction  High charge content hinders membrane Neutral AMPs, as Fmoc-F,”®
with bacterial cells and antimicrobial insertion. Optimal activity between or specific anionic peptides®”
activity (up to +9). Positive charges +2 and +4

mainly from Arg and Lys content
Hydrophobicity Hydrophobic residues favor AMPs
insertion into the lipid bilayer.
Aromatic AAs (Trp, Phe) have higher
tendency for adsorption
Secondary structure Ordered secondary structure (a-helix,
B-sheet) enhances interaction with
lipid bilayer. Optimal secondary
structure for efficient peptide
translocation not well defined
Non-covalent interaction  Electrostatic interactions, hydrogen
capacity bonding, n-n interactions crucial
for secondary structure stabilization
and membrane perturbation

interaction with the bacterial membrane. Indeed, under
physiological conditions, basic residues such as Lys and Arg
are HB donors, enabling HB formation with the sulfate and
carboxylate moieties of the bilayer phospholipid headgroups.
Arg, in particular, can bind more favorably to the membrane
interface, owing to the multidentate HB mediated by its
guanidine side group, leading to multiple interactions that
contribute to membrane perturbation and destabilization.®
The extensive HB capacity of Arg strongly influences its
overall contribution to the creation of a negative membrane
curvature, which is topologically necessary for pore formation
and disruption of the membrane. A recent study by Arora
et al. evidenced the direct correlation between membrane
deformation and relative amounts of Arg, Lys and Leu in the
twelve amino acid-long peptide KLLLRLRKLLRR.®®
Considering the modification in the membrane spontaneous
curvature that can be induced by cationic and hydrophobic
AAs (negative and positive, respectively), a higher Arg content
was combined with fewer Leu residues, given the additional
positive contribution induced by the formation of Arg-
mediated multidentate HBs with the membrane. When
combined with other hydrophobic residues such as Trp,
however, Arg-rich peptides have often been associated with a
stronger overall activity, as evidenced by the recurring
presence of Arg and Trp even in short AMPs.” In addition to
a balanced cationic/hydrophobic content, the high activity of
these peptides has been attributed to the complex interaction
pattern that is created between Trp, Arg and the cell
membrane.®* Trp itself is able to form HBs with the bilayer
components due to its aromatic side chain. Moreover, the
negatively charged clouds of its n-electron system can
mediate the interaction with the Arg guanidium group,
enabling the formation of ion-pair-n interactions.*’ This
allows for a deeper insertion of Arg inside the lipid bilayer,
being shielded by the Trp residue. Notably, in contrast to Lys,
the unique HB capability of Arg is maintained while engaging
in cation-n interactions, facilitating its interaction with the
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Peptide hydrophobic content should be Highly hydrophobic®®
balanced to prevent haemolysis. Optimal  or hydrophilic AMPs®°
activity with hydrophobic content < 60%

As for longer peptides. Short AMPs may Some CPPs with random
lack clearly defined secondary structures  coil structures®®

Optimal activity when Arg and Trp -
residues are combined (Arg > 40%

and multiple adjacent Trp). Extended
non-covalent interactions can lead to

AMPs self-assembly

negatively charged lipid bilayer and promoting disruption of
the pathogen membrane.®

Non-canonical amino acids and chemical modifications

In an attempt to face drawbacks of AMPs limiting their
confirmation as new antimicrobials, several chemical strategies
have been employed, to date, to tune their chemical-physical
properties and optimize their antimicrobial activity (Table 2).
These include N- and/or C-terminal modification, incorporation
of unnatural AAs, cyclization and use of non-peptide backbones
(peptidomimetics).®® Among different N-terminal post-
modifications (e.g., glycosylation, PEGylation...), lipidation is
one of the most explored approaches, as evidenced by the fact
that the most successful AMPs under clinical studies are cyclic
lipopeptides, such as daptomycin and polymyxins E and B.®”
Lipidation, i.e. the attachment of a fatty acid moiety to N-terminal
residues or Lys side chains, increases peptide hydrophobicity,
favouring interfacial binding and membrane permeability. This
results in an overall improvement in the antimicrobial activity of
peptides without altering their essential properties. Starting from
the landmark work of Makovitzki et al. on ultrashort cationic
lipopeptides, several studies focusing on the optimal
combination in terms of both peptide length and fatty acid chain
length have been reported.®® For instance, Narayana et al.
identified different peptides ranging from four to twelve AAs
derived from the KR12 fragment of the human cathelicidin LL-37
and modified the terminal amine with fatty acid chains with
varying length (C6-C14).*° Results showed that C10-KR8
(KRIWQRIK) is the most cell selective lipopeptide, with strong
activity against S. aureus, E. coli, and P. aeruginosa (MIC 1.6-12.5
uM) and poor haemolytic activity (HCso > 200 uM), while longer
fatty acid chains (>C10) lead to higher haemolysis. Increased
haemolysis induced by lipopeptides in a fatty acid length-
dependent manner is generally known, but the specific peptide
sequence plays an essential role in determining the optimal acyl
length for the overall AMP activity.®®”®”" Narayana et al also
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Table 2 Summary of chemical modifications employed to tune the antimicrobial activity of short AMPs

Serum stability and Cell selectivity

Chemical Residues Impact on antimicrobial resistance to proteolytic ~ and haemolysis
modification modified/involved activity degradation activity Ref.
Lipidation N-terminal Enhanced due to increased Generally improved Haemolysis increase  68-70
or Lys membrane affinity in a fatty acid
length-dependent
manner
N-Glycosylation N-terminal, Variable effect Generally improved Negligible haemolytic 67
Lys, Asn activity
p-Amino acids - Variable effect dependent ~ High stability at Variable effect 72,73
on peptide sequence physiological conditions.
Significantly improved
resistance to enzymatic
degradation
Halogenation ~~ F Phe, Tyr, Enhanced membrane Generally improved Variable effect 74-76,
"j <l Trp affinity and disruption, 77
~ | but overall effect dependent
)\/j/ CF. on the halogen type and
Ho peptide sequence
Dimerization and @, A2 Cys Generally improved Stable peptide structure  Possible haemolysis 51, 78
cyclization via po with improved resistance increase
disulfide bonds f.z 'j. to proteolytic degradation
®

observed that by substituting the r-amino acids with their
p-enantiomeric form, C10-KR8 displayed significantly higher
stability under physiological conditions and improved resistance
to five different proteases.®” AA 1-to-p conversion is indeed
another common strategy used to improve AMP antimicrobial
activity, even though a complete substitution may lead to highly
stable peptides, with a consequent undesirable increase of
cytotoxicity. Thus, only partial p-amino acid substitution of key
residues was proven to be sufficient to enhance the half-life of
peptides without compromising the AMP pharmacological
profile.”

Halogenation is another valuable and novel approach for
optimizing physicochemical and functional features of a wide
range of bioactive compounds, including AMPs. Several small
halogenated biomolecules with antibacterial properties have
been found in nature, where halogen atoms are usually
incorporated at phenolic and indolic moieties catalyzed by
substrate-specific halogenases.”” Similar building blocks are
generally used in synthetic halogenated AMPs, leading to an
increase of the hydrophobic volume of Phe and Trp residues.””
Molchanova et al. demonstrated that inactive peptoids can be
converted into effective antibacterials by bromination of Phe
residues without leading to increased haemolytic activity or
in vitro cytotoxicity.”* Similarly, a study by Jia et al. evidenced the
improved proteolytic stability of several halogenated derivatives
of the honeybee peptide Jelleine-1 (PFKLSLHL-NH,), with the
iodinated analogue displaying an eightfold increase in the
antimicrobial activity with respect to the parent peptide.”
Notably, AMPs modified with fluorinated sulfono-y-AA were
recently tested in antimicrobial in vivo studies, showing excellent
efficacy and safety.”® While the impact of halogenation on the
physicochemical and structural properties of AMPs is evident

This journal is © The Royal Society of Chemistry and IChemE 2024

(but still, strongly dependent on the halogen type and peptide
sequence),**® the exact mechanisms behind the enhanced
antimicrobial activity are still under investigation.””

Finally, in terms of increasing AMP stability, intramolecular
disulfide bonds are known to improve the conformational rigidity
of peptides.” Thus, introducing a cysteine (Cys) residue in the
sequence can lead to the formation of peptide dimers or cyclic
structures via disulfide bridges, which direct and stabilize the
supramolecular properties of AMPs, which, in turn, contributes
to their antimicrobial activity.”®

The role of peptide self-assembly

Peptides hold unique self-assembly properties, being able to form
highly ordered and hierarchical nanoscale structures. With 20
AAs available and the possibility to further functionalize the
peptides’ primary sequence, a huge toolbox of self-assembling
building blocks is accessible and such a versatility has led to a
plethora of peptide nanostructures with different sizes, shapes
and functionalities.*® Self-assembly is a key step also for the
antimicrobial action of many AMPs.**® Indeed, as previously
discussed in this review, upon contact with microbial
membranes, AMPs often undergo structural changes,
oligomerizing into aggregates that also account considerably for
the diversity of the antimicrobial mode of action.** Moreover,
nanoscale systems of several peptides have been recently
proposed as effective antimicrobials.*®”  Importantly,
supramolecular organization of peptides not only enhances their
antimicrobial activity, but can also result in the formation of
highly dynamic suprastructures, which are often responsive to
external stimuli (such as pH, ionic strength, etc.) and more stable
(resistant to proteolysis) in the biological environment.*®
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In this regard, the scientific community has made many
efforts in designing, with the help of in silico simulations,
biomimetic peptide sequences forming self-assembled
nanostructures with enhanced resistance to enzymatic
degradation and able to selectively destabilize bacteria cell
membranes.®* The self-assembly behaviour of AMPs is driven
by the onset of different types of non-covalent interactions,
previously described in this review. To control and predict
AMP self-assembly, it is pivotal to carefully design and select
distinct peptide building blocks. Several self-assembling
peptides have been proposed and studied to date: cyclic
peptides, peptides functionalized with hydrophobic chains
(alkyl and lipid chains) and surfactant-like peptides.’

About three decades ago, Ghadiri et al. first reported that
cyclic p,.-a-peptides based on alternating r-Trp and bp-Leu
self-associated in nanotubular B-sheet-like structures, with
exposure of the AAs side groups to the environment.***° It has
been shown that these nanotubes, upon interaction with the
bacterial membrane, lay parallel to the lipid plane. This
supramolecular arrangement afforded superior proteolytic
stability, thanks to the ring rigidity, and enhanced anti-
bacterial activity by increasing membrane permeability and
destabilizing transmembrane ion potentials.”® The majority
of self-assembling cyclic peptides are rich in Trp and Arg
residues that provide hydrophobic and positively charged
moieties, respectively, and that are key factors for
antibacterial activity.”*> Substitution with glutamic acid,
instead, seems to reduce this activity due to the electrostatic
repulsion with the bacterial membrane.”®> More recently,
Parang et al have deeply investigated, for example, the
assembly and antibacterial activities of cyclic R4W4 and
W4KR5 showing their selectivity and bactericidal ability
against both GP and GN species.”*°® Further, in a recent
study, Granja's group designed a modular approach for the
preparation of cyclic peptides, having a small hydrophobic
core and large hydrophilic surface. Such features led to the
parallel stacking of the peptides and to the formation of
effective antimicrobial nanotubes.”” All these studies
highlighted the importance of achieving optimal balance
between hydrophobicity and cationic charge for enabling the
formation of the nanotubes and obtaining a broad-spectrum
antimicrobial action.

Another common strategy used for promoting self-assembly
of AMPs is their functionalization with hydrophobic moieties,
such as alkyl and lipid chains. Such functionalization leads to
higher hydrophobicity and stronger tendency to self-assemble
minimizing the number of AAs (PA).”” Of note, nature-derived
lipopeptides, isolated by fungi and bacteria, have shown to have
antimicrobial properties against diverse pathogens.”® Thus,
peptide lipidation, or more generally functionalization with
hydrophobic moieties, has been largely used to promote the
antibacterial activity of short peptides.” These peptides,
composed of a hydrophilic peptide portion linked to a
hydrophobic chain, have an amphiphilic nature and usually self-
assemble in nanostructures of different shapes (micelles, vesicles
or nanofibers) depending on the packing parameter of the
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obtained molecular adduct, maintaining or assuming a f-sheet
conformation upon membrane interaction.”” This strategy has
been pioneered by Stupp and coworkers, who have designed
many amphiphilic peptides forming supramolecular aggregates
for different biomedical applications.’®”'** Independent of the
shape of the final aggregate, alkylation or lipidation of peptide
sequences usually ends up in an increased resistance to
proteolysis and enhanced activity against the bacterial
membranes, thanks to the multivalence provided by the
formation of a nanostructure at the bionanointerface. However,
as previously mentioned, the length of the lipid chains was found
to be correlated to cytotoxicity as increasing hydrophobicity
decreases the specificity to bacterial membranes, with the
optimal value in the range of C8 and C16.'°*'* Lipidated
tripeptides, containing a minimal cationic sequence (two Lys
residues as either v or p) and a C16 alkyl chain, were reported to
form positively charged spherical micelles showing good viability
and promising antibacterial activity against both GN and GP
bacteria in vitro."** Interestingly, double-sited lipidated peptides
were synthesized using shorter chain lengths (C2-C10) showing
high antibacterial activity and lower cytotoxicity with respect to
analogues with longer single lipid chains."® Further,
bolaamphiphiles with a generic structure Arg—(Ala),~Arg
exhibited different self-association properties as a function of the
number of Ala residues with correlated antimicrobial activities
against both GP and GN species, thus representing a promising
class of potential AMPs (Fig. 6a)."°®

Another interesting approach for promoting AMP self-
assembly is fluorination. In fact, it has been shown that
fluorination of gene and protein vectors enhances cellular
internalization, endosome escape and plasma stability with
respect to alkylated ones (ie. conventional lipids or
polymers).'®®'% In the same way, the functionalization of
peptide sequences of different lengths (7-15 AAs) with linear
fluoroalkyl chains resulted in the formation of peptide
nanoparticles of about 200 nm with increased proteolytic stability
and ability to successfully deliver the peptide intracellularly."*
Thus, with a correct design of the peptide sequence,
fluoroalkylation could be exploited for promoting the self-
assembly of AMPs in more resistant nanostructures, likely
facilitating their interaction with the bacteria lipid membrane
and thus enhancing their therapeutic effect.

It is also possible to design a pure peptide sequence (i.e.
only composed of AAs) bearing intrinsic amphiphilic
properties. This strategy has led to the development of short
peptides with surface activity able to form nanostructures,
such as nanotubes, vesicles and micelles, in aqueous
solutions.”" In this regard, Chou et al. have recently reported
promising antimicrobial and antibiofilm activities for a panel
of peptides containing WWW or WW motifs."”” One of the
sequences, termed K6, containing two central KK motifs and
two positively charged WW moieties at the edges, could
engage in a network of hydrophobic and m-electron cloud
interactions that led to the formation of spherical aggregates
of 150-200 nm in size (Fig. 6e and f). Such a self-assembly
pattern was correlated with the highest antimicrobial ability

This journal is © The Royal Society of Chemistry and IChemE 2024
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Fig. 6 a) SAXS data and b) cryo-TEM image of 1 wt% amphiphile RAgR in water. The red line in panel a corresponds to the fitting using the form
factor of a long cylindrical shell. ¢ and d) Antimicrobial activity against c) E. coli and d) S. aureus. Time 0 is ~5 min from when the peptide is added
to the solution. Panels a-d are reproduced with permission under a Creative Commons License (CC-BY) from ref. 106. Copyright © 2019 American
Chemical Society. e) Peptide K6 chemical structure and conceptual graph of its main self-assembly driving force. f) SEM image of peptide K6 taken
at its minimal inhibitory concentration (MIC) for P. aeruginosa (4 uM) (insert: average size of peptide K6 nanoparticles). g) Minimal inhibitory
concentration (MIC) values of peptides K1-K6 and gentamicin against bacteria. The color code indicates the dilution of a standard stock of the
peptide from 1 to 64 uM, which showed complete growth inhibition. h) 10-fold dilutions of E. coli OMNIMAX were plated after 30 min of treatment
with the respective peptides or in PBS at 37 °C, showing the rapid effect of peptide K6. i and j) Antibiofilm activity of peptide K6 with
respect to gentamicin, measured through crystal violet staining. Panels e-j are reproduced with permission under a Creative Commons License

(CC-BY-NC-ND 4.0) from ref. 107. Copyright © 2023 PNAS.

of the series (Fig. 6g and h). Even more interestingly, K6 also
demonstrated a strong biofilm-disrupting ability against
mixed P. aeruginosa and S. aureus biofilms in vitro at low
concentrations (Fig. 6i and j). Bacterial biofilms are clusters
of bacteria that are attached to a surface and/or to each other
and embedded in a self-produced matrix consisting of
proteins (e.g., fibrin) and polysaccharides (e.g., alginate), as
well as eDNA, and the use of peptides to dismantle such a
structure is gaining increasing attention."'®> K6 was also
successfully tested in a mouse infection model, showing no
acute toxicity.

Other examples of amphiphilic peptides were reported by
Hamley and co-workers, who have extensively studied the self-
assembly behaviour of Ala/Arg peptides, along with their
interaction with lipid membranes and their potential use as
antimicrobial agents for both GP and GN pathogens. ' 11137115

This journal is © The Royal Society of Chemistry and IChemE 2024

Another common category of peptides with surfactant-like
behaviour, forming hydrogels with antimicrobial properties
is represented by (Fmoc)-protected ultrashort peptides.'*®
Notably, even Fmoc-Phe, despite not bearing positive charges,
exhibits antibacterial activity against GP bacteria.’® Moreover,
the incorporation of p-AAs in these compounds was
beneficial for the resistance to proteolytic degradation.'*”

Probing AMP interaction with
bacterial membranes

A physicochemical approach aimed at establishing clear
relationships between the structural and physical features of
therapeutics and their functional properties can be instrumental
to define the guidelines for a tailored design. Such an approach,
which can be of general applicability, is particularly advantageous

Mol. Syst. Des. Eng., 2024, 9, 541-560 | 551


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4me00021h

Open Access Article. Published on 19 March 2024. Downloaded on 2/23/2026 11:29:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Mini review

in the design of AMPs with their action being strongly dependent
on their interfacial behaviour.>'*® In this framework, an
emerging research topic related to AMPs is the investigation of
their interaction with synthetic proxies of bacterial membranes.
Compared to the direct in vitro investigation of bacteria
challenged by AMPs, the employment of bacterial membrane
biomimetic systems, made of either synthetic lipids or bacterial
membrane extracts, has multiple advantages.'" First, the
membrane composition of the artificial proxies can be controlled
and finely tuned to investigate and determine the role of selected
components in the interaction with AMPs. Furthermore, the
geometry and structural arrangement of the biomimetic
membrane can be varied at will, to match the requirement of
different experimental techniques. Fig. 7 reports some examples
of biomimetic membranes."*® From a compositional standpoint,
the two general reference bacterial membrane structures are
those of GP and GN bacteria, reported in Fig. 2 and here
discussed in a previous section. Accordingly, the composition of
displayed biomimetic membranes can be finely modulated in a
controlled manner, by adding specific components, such as LPSs,
lipid A, and zwitterionic or anionic lipids, in tuned
proportions. Further, from a structural standpoint, depending
on the specific phenomenon under investigation and on the
available experimental technique, diverse biomimetic systems
can be employed, from nanometric or micrometric vesicles (large
and giant unilamellar vesicles (LUVs and GUVs)) enclosing an
aqueous pool, to planar supported (SLBs) or freestanding lipid
bilayers or monolayers."*" As a general consideration, while the
effects of AMPs on bacteria can be strongly dependent on the
bacterial type/strain and environmental conditions, and can be
investigated through limited experimental tools, probing the
interaction of AMPs with biomimetic systems of bacterial
membranes gives access to a host of fundamental information
gained via diverse complementary experimental techniques.
Membrane adhesion to a bacterial membrane can be quantified
via quartz crystal microbalance with dissipation monitoring
(QCM-D), nuclear magnetic resonance (NMR) spectroscopy and
null ellipsometry,’** and structurally resolved at the nanoscale
through neutron and X-ray reflectivity (NR, XRR) on SLBs or
suspended bilayers,"* and through small-angle X-ray and
neutron scattering (SAXS, SANS) on LUVs."** For instance, QCM-

(A) Spherical vesicles

(B) Supported planar bilayers
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MSDE

D provides information on the amount of adhered AMPs on the
membrane, while NR and XRR allow reconstructing the profile
of the bilayer along the z-axis (ie., perpendicularly to the
membrane), allowing thus the adhesion “mode” of AMPs to the
membrane to be determined, with simple surface adhesion or a
significant penetration degree inside the outer or the inner
leaflet of the bilayer. Membrane disruption effects can be
quantified at the molecular-to-nano length scale through
spectroscopic or scattering methods on nanometric vesicles, or
through NR, XRR, and atomic force microscopy (AFM) on
SLBs.'*®

Specifically, both NR and XRR allow estimating the order/
thickness decrease of the lipid bilayer upon incubation with
AMPs, as well as its overall hydration increase, suggesting the
occurrence of membrane perturbation/disruption effects. As
a complementary approach, AFM allows visualizing in 2D the
membrane disruption effects at the nanoscale. From a design
perspective, these techniques allow determining how the
balance between the hydrophobicity and cationic charge of
AMPs drives their binding to model bacterial membranes
and influences localized disruption, and how topological
characteristics of self-assembled AMPs impact bacterial
membrane integrity and, ultimately, lead to bacterial
death.”®'®” More extensive structural modifications of the
target membrane, such as membrane disruption or
morphological alterations occurring at a micrometric length
scale, can be detected, for instance, through light
microscopy-based  techniques, such as fluorescence
microscopy, laser scanning confocal microscopy (LSCM),'*®
and total internal reflection fluorescence microscopy (TIRF)
on GUVs and fluorescently-labeled SLBs."**'*° For instance,
by employing fluorescently labelled lipid probes marking the
biomimetic membrane, it is possible to determine how
incubation of the biomimetic membranes with AMPs affects
fluorescence distribution homogeneity, which is a clear
hallmark of extensive membrane disruption. The interaction
mechanism, either of membrane disrupting or of membrane
translocating AMPs, can be resolved on LUVs at a molecular
lengthscale through time-resolved SAXS and SANS. For
instance, in a recent publication, Lund et al have
investigated at a molecular level the membrane impact of

water
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Fig. 7 Schematic representation of bacterial biomimetic membrane models employed to study the mechanism of action of AMPs: A) spherical
vesicles, B) supported planar bilayers, C) interfacial monolayers, D) vesicles on planar support and E) unsupported planar bilayers. Reprinted
(adapted) with permission from ref. 120. Copyright © 2014 American Chemical Society.

552 | Mol Syst. Des. Eng., 2024, 9, 541-560

This journal is © The Royal Society of Chemistry and IChemE 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4me00021h

Open Access Article. Published on 19 March 2024. Downloaded on 2/23/2026 11:29:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

a 1.0
Aurein 1.2 Cecropin A
0.8
0.64
= CG-head B
= PC/G-head —PC/G-head
—Tail —Tail
04| i —Water
Peptide Peptde
0.2 inner leaflet Outer leaflet ]

Outer leaflet 7

Volume probability

Outer leaflet

Tinner leaflet

60 -40 20 0 20 40 60 60 -40 -20 O 20 40 60

Distance from Bilayer Center (A)

View Article Online

Mini review

Pore-forming

Flow

Antimicrobial peptide
DNA cytometry

Neutron SLD
profiles

Final lipid bilayer
composition
+Virus-like
129 81%

Initial bilayer

aoagpaa‘))'qgr) 1

Water content

Inner LL-37 volume
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peptides in the membrane, calculated from small angle X-ray scattering curve fitting of biomimetic lipid vesicle/peptide systems in solution.
Reprinted with permission from ref. 131. Copyright 2021 Elsevier. b) High throughput microfluidic system to monitor the membrane interaction of
AMPs with large unilamellar vesicles (LUVs): double emulsions are formed on a microfluidic device, each containing a particular AMP. The peptide
may or may not interact with the co-encapsulated LUVs, disrupting their membranes. As the LUVs are loaded with a self-quenching concentration
of fluorescent dye, their disruption causes release and dilution of the dye, generating a fluorescence signal, which can be detected. Reprinted with
permission from ref. 132. Copyright 2022 Wiley. c) Interaction of vectorized AMPs with planar biomimetic membranes (supported lipid bilayers,
SLBs): silica NPs of different topologies (smooth, virus-like, mesoporous) are co-incubated with a SLB and their combined interaction with SLBs is
monitored, highlighting a prominent impact of the vector topology in driving the interaction at the nano-bio interfaces. Reprinted with permission

from ref. 133. Copyright 2021 American Chemical Society.

natural AMPs with nanometric lipid vesicles.’*' By combining

SAXS and time-resolved SANS experiments, they explored the
hypothesis of membrane pore formation as a consequence of
AMP incubation with lipid vesicles, studying both the overall
structure of AMP insertion in the lipid membrane (Fig. 8a)
and the impact of AMPs on the kinetic mechanisms of lipid
transport within the lipid membrane. Interestingly, a similar
effect of most AMPs was found, suggesting the possibility of
finding a unique description for AMP-induced destabilization
of bacterial membranes. Besides the well-established
experimental techniques and methods, the versatility of
artificial bacterial membrane proxies allows designing and
setting-up specific experimental tools to investigate AMP-
bacterial membrane proxy interactions. For instance, Dittrich
and coworkers developed a double emulsion-based system
designed with the aid of microfluidics as a high-throughput
tool for fast screening of AMP interaction with LUVs of
mammalian-like and bacterial-like cell composition
(Fig. 8b)."**

The difficulties in achieving a thorough understanding and
description of AMP interaction with bacterial membranes are
further enhanced in the case of vectorized AMPs. Associating
AMPs with nanoparticles or nanostructured delivery systems can
be a valuable strategy to enhance AMP ability to interact with
cells, or to improve AMP pharmacokinetic properties. For these
complex nanosystems, fundamental studies with biomimetic
membranes are key to decouple the interfacial effects due to
AMPs and to the vector itself and to derive some fundamental
information to improve the formulation of AMP-nanovector
systems. In a recent study, the topology of different silica-based
nanovectors (smooth, mesoporous or virus-like) was explored in

This journal is © The Royal Society of Chemistry and IChemE 2024

terms of capability to enhance LL37 AMP interaction with a target
membrane (Fig. 8c)."** Similarly, the ability of a soft lipid
nanocarrier having a cubic structure to efficiently deliver AMPs
without hampering their membrane adhesion/disruption
function was tested on different mammalian and bacterial
mimicking membranes, to determine the relative affinity of the
system for different cells."*’

Overall, these examples show how recent efforts of
researchers in the field of AMP development are aimed at
exploiting the potentialities of bacterial membrane
biomimetic systems both to derive specific information on
the behaviour of selected AMPs and, at the same time, to
build up a core of new general concepts on the interaction of
AMPs with bacterial membranes, which could boost the
design of novel systems of superior efficacy, and, ultimately,
the full translation of synthetic AMPs into medical practice.

The aid of microscopy

Direct visualization by nanoscale microscopy techniques has
represented, in the last few years, the natural complement to
the reciprocal space analysis tools described in the previous
section.

In the characterization of peptide-membrane interaction,
atomic force microscopy (AFM) and electron microscopy (EM)
have both played a crucial role in different frames. While
EM, taking advantage of its high resolution over several
magnification ranges, has been precious to elucidate the
membrane permeabilization and bacterial damage at the
cellular level, AFM has rather served to gain insight into the
molecular basis of peptide-membrane interaction."**
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In the last two decades, AFM has been the most suitable
technique for imaging biological molecules at the nanoscale,
under conditions close to the native ones. Indeed, while
when employing EM techniques biomolecules have to be
imaged in a vacuum or under controlled humidity
conditions, single proteins have been imaged and
manipulated in a fully liquid environment by AFM, thus
allowing their conformation to be monitored during their
activity."*> Moreover, proteins and polypeptides displaying a
symmetric three-dimensional quaternary structure, such as
membrane proteins, have allowed gaining extremely high
resolution.”**"*® Further, AFM represents an effective tool to
visualize many of the membrane-mimicking structures
described in the previous section. In particular, this
microscopy technique has been widely used to study
tethered, polymer-cushioned, standing over pores and
supported lipid bilayers (SLBs), allowing the structural and
physical-chemical properties of their interface to be probed
at the nanoscale such as their stability, phase separation, and
their interaction with biomolecules.'*’

In the specific frame of AMPs, direct visualization of the fine
structure assumed upon their interaction with membranes has
contributed to unveiling the different mechanisms of actions.
Several membrane disruption models have been identified by
AFM, such as barrel-stave and toroidal pore models, by imaging
the pores formed at different length scales, while membrane
roughening has been used to support the carpet models."*® When
membrane thinning has been thought to be the mechanism of
action, a direct measurement of the bilayer thickness has been
performed with extremely high accuracy to decipher the role of
peptide-induced changes in membrane interfacial tension."*" In
addition, when preparing bilayers with different lipid phases, AFM
can reveal differences in peptide preference for binding onto them
or, when accessible, on the phase boundaries.”** Importantly,
together with probing the membrane bilayer structure, AFM also
allows tracking of the AMP self-assembly. Such an approach has
been recently employed by Shen and coworkers to investigate the
activity of a new short AMP, KRRFFRRK (termed FF8), designed to
target the negatively charged lipid membrane and self-assemble
into nanofibers on it."**

Besides its main role of imaging, AFM is also widely used
to mechanically manipulate biomolecules. In the case of
peptide-membrane interaction, this has a twofold
implication: (1) measuring the interaction force between the
peptide and the phospholipids, and thus correlating such
force with the AMP impact on the membrane, and (2)
characterizing the bilayer fluidity and mechanical properties.
In the first case, the interaction force can be directly
measured by bringing into contact a peptide tethered to the
AFM probe with a bilayer formed on the substrate surface
and then measuring the load necessary to break the formed
bond."** In the second one, by indenting the membrane with
the AFM tip, one can measure the force necessary to punch
through the lipid layers, which is related to their cohesive
energy, their packing and the overall fluidity."* Such a
nanomechanical approach has been applied by Manioglu
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and coworkers to discover new molecular insights into the
mechanism of action of polymyxins, a group of cyclic
heptapeptides bearing an N-terminal fatty acid, currently
used in the clinic against the superbugs Acinetobacter
baumannii and Pseudomonas aureginosa.**® In particular, they
utilized outer membrane vesicles (OMVs) of Gram-negative E.
coli to form native membrane patches containing LPSs in the
outer leaflet. Their study revealed that, upon exposure to the
membrane patches, polymyxins arrange the LPSs into
hexagonal assemblies to form crystalline structures. This led
to a decreased membrane thickness and an increased
membrane area and stiffness, proving that the crystalline
hexagonal assembly formation constitutes the mechanism of
action of polymyxins (Fig. 9a-c).

It is important to mention that high resolution AFM imaging
is not limited to ideal samples, such as synthetic lipid bilayers on
flat surfaces, but is still informative when working with the entire
living bacteria showing nanoscale changes in their
membrane.'*®'*® AMPs alter cell physical properties, specifically
morphology, volume, surface roughness, and stiffness. These
effects can be fully investigated by AFM working with living cells
in their physiological environment and further corroborated by
EM techniques, which can be complementary to AFM to fully
elucidate the AMP mechanism of action and impact on the
bacterial morphology.’*® The role of EM techniques in AMP
design and characterization becomes even more relevant when
employed under cryogenic conditions that allow samples to be
preserved in their frozen-hydrated (native-like) state. More
recently, cryo-electron tomography (cryo-ET) has been emerging
as an excellent method for studying the three-dimensional (3D)
structure of living cells. In this framework, Chen and coworkers
reported on the use of cryo-ET and AFM to study how the de novo-
designed peptide composed of fourteen AAs (Myr-
WKKLKKLLKKLKKL-NH,; Myr: myristoylation), termed pepD2M,
interacted with the natural membrane of Gram-negative
bacteria."*” This study pioneered the use of cryo-ET in AMP
design. As shown in Fig. 9, tomography reconstruction of cryo-
EM images allowed visualizing the severe disruption exerted by
pepD2M on the E. coli membrane, and imaging and measuring
the size of the formed pores. AFM was instead used to prove that
pepD2M effectively removes the lipids from the bacterial OM.
The combination of the experimental data obtained with the two
microscopy approaches allowed the authors to identify the exact
mechanism of action of pepD2M, which differed from the one
predicted for an amphipathic and a-helix forming peptide which
usually forms transmembrane pores. Indeed, the removal of
lipids from the OM by pepD2M leads to the formation of irregular
pores destabilizing the bacterial wall. This allows pepD2M to
reach the IM where the membranolytic action is fully exerted,
leading to loss of the cytoplasmic material and shrinkage of the
bacterial cell.

Future outlook and conclusions

AMPs are expected to become future key players in the fight
against antimicrobial resistance and superbug emergence. This

This journal is © The Royal Society of Chemistry and IChemE 2024
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is proved by the intense research effort made by scientists from
several scientific communities to better understand the
mechanism of action of these peptides and optimize their design
towards new effective therapeutic options.

To date, AMPs have mostly been studied as agents able to
kill bacteria targeting intracellular components or bacterial
walls and membranes. Still, as described in the work by Chou
and coworkers previously discussed in this review,'”’
additional antimicrobial effects have recently been reported,
with AMPs shown to be able to suppress biofilm formation
and even induce the dissolution of existing biofilms."*"**> A
recent example of the role of AMPs as antibiofilm agents was
reported by Harding et al., who designed cycliccERWGHDFIK,
a potent inhibitor of the P. aeruginosa aminopeptidase
(PaAP), highly abundant in the biofilm matrix where it
contributes to its formation and nutrition.’>® Notably, the

This journal is © The Royal Society of Chemistry and IChemE 2024

antibiofilm action shown by many AMPs also opens up to
their use in the development of biomaterials endowed with
intrinsic antimicrobial activity, which could limit the
insurgence of infections.">*">*

In this review, we have highlighted the main steps of the AMP
engineering process and we chose to focus on short AMPs which,
we believe, have a more realistic chance to replace classical
antibiotics, given their lower cost and faster production, when
compared to longer sequences. We summarized the main design
rules that can aid in developing effective AMPs by modulating
physicochemical determinants and obtain the desired biological
parameters.'”® As recently stated by Gagat et al., the engineering
of novel AMPs could significantly be eased by a database of non-
AMPs, currently not available, reporting on peptide sequences
that were found to be inactive for specific bacterial species.'””
Access to such a database would undoubtedly reduce the number
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of studies and peptide sequences tested and would provide a
precious tool in the identification of effective AMPs and the
optimization of their features. Further, given the charged nature
of almost all AMPs, we believe that the study of their interaction,
not only with bacterial membranes and cells, but also with the
host biological fluids, would be functional for the identification
of effective peptide sequences. This is currently an underexplored
side of AMP research, but probing the bio-nano interaction
taking place in the physiological environment would be key, in
particular, to nanoscale AMP systems, which could be deeply
changed in terms of surface charge, composition and features
upon contact with physiological proteins, salts and
biosurfactants.'*®

Overall, we have provided an overview of the most recent
work on short AMPs and on the techniques that are key to
studying their chemical and physical features, as well as for
the assessment of their interaction with bacterial walls and
membranes. Bearing in mind the multiple opportunities
offered by AMP design, in terms of peptide sequence and
post-synthetic chemical modification, we expect that many
novel peptides of relevance in the fight against microbial
infection and resistance will be identified and that the
number of AMPs tested in the clinic will soon increase.
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