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Antimicrobial peptides (AMPs) are naturally occurring molecules that are utilized as an innate immune response in a
variety of organisms. AMPs can be constitutively expressed, and/or their transcription may be upregulated following
pathogenic infection. Cecropins (Cecs) are insect AMPs, generally active against Gram-negative bacteria and to a lesser
extent, Gram-positive bacteria. Some have been demonstrated to also exhibit an antifungal activity as well as anti-
inflammatory and anti-tumor properties. Cecs function by associating their N- and C-terminal helices to the cellular
membrane. Polar residues interact with the lipid phosphates while the non-polar residues burrow into the membrane. At
high concentrations, Cecs form carpet-like structures with detergent-like properties that result in cell death. At low
concentrations, Cecs organize into oligomers that form pores through the cellular phospholipid layer, resulting in an
electrolyte imbalance that causes cell death.
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| 1. Introduction

Cecropins (Cecs) are one of the largest groups of insect AMPs and comprise Cecs and Cec-like peptides. In the absence
of any infections, Cec genes can be constitutively expressed at low levels in different body compartments, as
demonstrated in the Drosophila reproductive tractill or in the silkworm Bombyx mori midgut or fat body (a structure
equivalent to the mammalian liver). Following an immune challenge, Cecs become highly transcribed in several tissues,
such as gut epithelia or epidermis during local infections, and the fat body and hemocytes, during systemic infections
(e.g., WIZEY, ike other AMPs, Cecs are translated as immature pre-peptides, undergo proteolytic cleavage of the N-
terminal signal peptide, and are secreted in a mature and active form#/8, Before maturation, Cec sizes range between 58
and 79 aa, while active forms contain between 34 and 55 residues. Experimental and computational analyses indicated
that Cec and Cec-like peptides are structurally related and are characterized by an N-terminal basic, amphipathic domain

linked to a more hydrophobic C-terminal segment, through a flexible proline- and glycine-rich hinge region (Figure 1ARIE]
[§]).
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Figure 1. Cecropin (Cec) structure and mechanisms of action against bacteria. (A) Structure of the mature 35 aa B.
mori Q53 Cec B natural variant obtained using SWISS-MODEL (Available online: https://swissmodel.expasy.org/),
showing N- and C-terminal o-helices linked through a flexible hinge region. (B) Model of action against bacteria. Cecs
associate with the bacterial membrane, with the long axes of the a-helical domains parallel to the lipid bilayer surface.
Polar residues interact with the lipid phosphates; non-polar residues bury in the hydrophobic core of the membrane. At
high concentrations (upper part), Cecs form a carpet-like structure with detergent-like properties, disrupting membranes.
At lower concentrations (lower part), Cecs form pores, which affect the cellular electrolyte balance, causing bacterial
deathl®. The pore is formed of different Cec molecules organized as oligomers, with C-terminal hydrophobic domains
submerged into the phospholipidic hydrophobic chains®. The red rectangle represents the N-terminal helix, the blue one
the C-terminal helix; the dark blue ellipse indicates the C-terminal amidated residue.

| 2. Mechanism of Action Against Microorganisms

Insect Cecs and Cec-like peptides are generally active against Gram-negative bacteria and to a lesser extent, Gram-
positive bacteria. Some have been demonstrated to also exhibit antifungal activity. Moreover, Cec and Cec-like peptides
were shown to have a low toxicity against normal mammalian cells and a weak or absent hemolytic effect against
mammalian erythrocytes. As for other cationic AMPs, the ability of these peptides to target microorganisms without
interacting with host eukaryotic cells relies on the difference in composition of the respective cell membranes. Bacterial
membranes are predominantly composed of negatively charged compounds (e.g., phosphatidylglycerol, cardiolipin, and
phosphatidylserine), while eukaryotic membranes are positively charged by the presence of zwitterionic phospholipids and
cholesterol®. Furthermore, Gram-negative bacteria possess an external membrane rich in negatively charged
Lipopolysaccharides (LPS, also known as endotoxin), whereas in Gram-positive bacteria, the peptidoglycan is anchored
to the cytoplasmic membrane by negatively charged teichoic acids. It is also generally thought that the discrimination
between fungi and other eukaryotic host membranes is due to the different sterol compositions of their respective
membranesid.

Using chemically synthetized natural Cec variants and modified analogs, several studies have been performed to explain
the Cec action mechanism against pathogens, as well as to identify the functions of specific residues within the peptide.
Most mature Cec peptides contain a tryptophan residue in the first or second positions, which is considered important in
conferring full antimicrobial activity to the peptide@IBIEIL A study performed on Papiliocin, from the lepidopteran Papilio
xuthus, suggested that the presence of tryptophan? and phenylalanine® aromatic residues in the N-terminal region are
essential for the full-length peptide to interact with LPS in the outer membrane, and permeabilize the inner membrane of



Gram-negative bacterial®. However, some dipteran Cecs, such as those from the black fly Simulium bannaense and the
mosquito Aedes aegypti have been shown to be highly effective against different bacteria, although lacking an N-terminal
tryptophan residuelL31i14],

In several cases, Cec peptides undergo amidation of the C-terminal residue, a post-translational modification, which
increases both antimicrobial activity and the action spectrum of the peptide®3. |t has been demonstrated that the
antimicrobial activity of Cec AMPs relies on the structure they assume in the presence of bacterial cells. Circular dichroism
analyses showed that in aqueous solution, Cecs have a random coiled structure but adopt a-helical conformations upon
interaction with microbial membranes, where they exert a Iytic effectl@ARILZ] Although some aspects remain unclear, it is
currently accepted that Cec peptides do not interact with specific receptors but initially associate with the bacterial
membrane along the axes of the a-helical domains parallel to the lipid bilayer surface. At this level, the polar residues of
the peptide interact with the lipid phosphates, while the non-polar side chains burrow in the hydrophobic core of the
membranel®(Figure 2B). In a first model of action, the continuous accumulation of peptides at the bacterial lipid bilayer
leads to the formation of a peptide “carpet” on the membrane surface. This “carpet” structure possesses intrinsic
detergent-like lytic properties, which disintegrate the membranesl®. Cec P1R8I7 and H. cecropia Cecs, when
administrated at high concentrations (Cec P1 > 25 mM; H. cecropia Cecs > 5 mM), appear to act through this carpet-like
mechanism (Figure 1B)EIE. However, at lower concentrations (2-5 pM), H. cecropia Cecs are able to associate with
membranes and form channels or pores, which affect cellular electrolyte balance and in turn cause the death of the
microorganism (Figure 1B)EIEIE |nitially, it was postulated that the N-terminal amphipathic regions of the peptides were
involved in the formation of the pore (called “type Il channel”), with the positively charged residues forming the inner
channel819 sybsequent authors have hypothesized that the C-terminal hydrophobic domains of the peptides insert into
the membrane giving rise to a more stable pore (type | channel), in which the polar aa of the C-terminal helices are
oriented toward the center of the porelll18 Efimova and colleagues analyzed the effect of H. cecropia Cecs A and B in
model lipid membranes, with or without small molecules capable of modifying the membrane physical-chemical
propertiesl®ll¥. Using these data, they developed a model in which Cec peptides first interact as monomers with the
hydrophilic heads of the lipid bilayer surface, acting parallel to the membrane plane. Next, the peptides submerge their C-
terminal hydrophobic domains into the phospholipidic hydrophobic chain. Individual Cec molecules then organize into
oligomers forming ion-permeable pores in the cell membrane (Figure 1B). Other monomers can then insert into the pores,
increasing the ion channels’ conductance. The authors also postulated that all the steps of this process are reversible and
in equilibrium®. This pore model therefore resembles the “barrel-stave” model, in which the different C-terminal regions of
the H. cecropia Cec peptides are organized to form a barrel penetrating the bacterial membrane. However, in cases
where the peptide is shorter than ~ 22 aa (e.g., synthetically Cec-derived analogs), the structure of the pore might be
more similar to the so-called “toroidal-pore” model, in which the pore is composed by both peptides and lipids(&.

As mentioned above, natural Cec and Cec-like peptides show a higher activity against Gram-negative compared to Gram-
positive bacteria. This feature has been related to the difference in the intrinsic properties of bacterial membranes (i.e.,
lipid composition, charge density, and electrochemical potential across the membrane), as demonstrated when
evaluating H. cecropia Cec B against protoplasts obtained from Gram-negative Escherichia coli and Gram-
positive Staphylococcus aureus or S. epidermidis22. Moreover, a recent study on natural Papiliocin and its modified
derivatives associated the Cec’s preferential activity against Gram-negative bacteria specifically with the presence of the
C-terminal helix. In fact, compared to the full-length natural form, a truncated Papiliocin carrying only the N-terminal
portion was less effective against Gram-negative, and more active against Gram-positive bacterialt2l.

Finally, in a study evaluating the interaction between different B. mori natural Cec B variants and live Gram-
negative Pseudomonas aeruginosa, it was suggested that Cecs might first affect the outer bacterial membrane, enabling
the translocation of the peptide to the inner membrane, resulting in the disorganization of both lipid bilayers!Z.
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