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Antimicrobial peptides are made by lower and higher organisms responding to pathogenic challenges. Antimicrobial

peptides (AMPs) kill the invading pathogens and modulate the innate immune response. They are commonly classified

according to their sources, amino-acid-rich species, structural characteristics, and activities. In multicellular organisms and

humans, they are localized into specific sites commonly exposed to microbes (i.e., mucosa epithelia and skin).
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1. Viral AMPs

Some phage proteins, including lysins, depolymerases, virion-associated peptidoglycan hydrolases (VAPGHs), and

holins, show antibacterial activity . They are defined as “enzybiotics” to indicate their use as antibacterial materials as

alternatives to standard antibiotics . The two types of phage Antimicrobial peptides (AMPs) are known as phage-

encoded lytic factors and phage-tail complexes .

Phage lysines (size range from 25 to 40 kDa) are peptidoglycan-hydrolyzing enzymes , which can hydrolyze the

microbial cell wall, permitting bacteriophage progeny release . Lysins have rapid bactericidal activity (against Gram-

positive and Gram-negative bacteria) and other desirable characteristics, such as synergy with cell-wall-reducing

antibiotics, anti-biofilm action, heat stability up to ~50 °C, and the possibility of lyophilization . Peptidoglycan

hydrolases (VAPGHs), encoded mainly by double-stranded DNA phages, have high thermal stability. They infect Gram-

positive and Gram-negative bacteria. VAPGHs have a C-terminal cell-wall-binding domain, which can link them to

receptors on the bacterial cell surface. They inject genetic materials into bacterial cells after partially and locally damaging

bacterial cell wall peptidoglycans . They can be classified into three categories: glycosidases that cut glycosidic bonds in

the peptidoglycan chain, amidases that cut amide bonds (between N-acetylmuramic acid lactyl and stem peptide l-

alanines), and endopeptidases that cleave peptide bonds within either the stem peptide or cross-link .

Phage-tail-like AMPs are high-molecular-weight cylindrical peptides with a structure like a phage tail . They can be

classified into two classes: R-type (related to Myoviridae phage tails) and F-type (related to Siphoviridae phage tails) .

R-type phage-tail-like bacteriocins are nonflexible and have tubes surrounded by contractile sheaths . They initially

make a channel in the cell membrane and successively drive their internal core into the cell. This process determines

rapid cell death by decoupling cellular ion gradients , interfering with oxygen uptake, and affecting macromolecule

synthesis .

F-type phage-tail-like bacteriocins are flexible and noncontractile . They act similarly to R-type bacteriocins .

2. Bacterial AMPs

2.1. AMPs Made by Gram-Positive Bacteria

Gram-positive bacteria can produce AMPs in ribosomes (ribosomal AMPs) or enzymatically (non-ribosomal AMPs) 

(Figure 1). Twenty-sixty amino acids (hydrophobic and cationic) can make up ribosomally synthesized bacterial AMPs

(bacteriocins) .
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Figure 1. Classification of the AMPs produced by Gram-positive bacteria.

Bacteriocins can be classified into bacteriocins produced by Gram-positive and Gram-negative bacteria .

2.2. AMPs Made by Gram-Positive Bacteria

Gram-positive organisms make bacteriocins that can be grouped into lantibiotics (class I), non-lantibiotics (class II), large-

sized bacteriocins (class III), and uniquely structured bacteriocins (class IV)  (Figure 1).

Lantibiotics are active against primarily Gram-positive bacteria . They are small peptides (<5 kDa; 19–50 amino acids)

that are stable to heat, pH, and proteolysis . Lantibiotics can be subdivided into subclasses Ia and Ib (Figure 1).

Subclass Ia lantibiotics form pores in bacterial membranes that determine cellular death .

Subclass Ib lantibiotics are inflexible peptides that decrease the activity of bacteria crucial enzymes .

Class II AMPs (non-lanthionine-containing bacteriocins) are small (<10 kDa) and heat-stable peptides that can form pores

in the bacterial membrane. They can be grouped into four subclasses .

Subclass IIa consists of disulfide linear peptides with similar amino acid sequences that permeabilize the cell membrane,

showing significant antilisterial activity .

Subclass IIb bacteriocins increase the permeability of the bacterial cell membrane to specific small molecules . They

contain two peptide subunits (α and β) .

Subclass IIc bacteriocins permeabilize the microbial membrane, dissipate the membrane potential, and cause cell death

. They comprise small, cyclic peptides whose C- and N-terminals are covalently linked .

Subclass IId comprises the remaining non-characterized bacteriocins in class II .

Class III bacteriocins (bacteriolysins)  are large (>30 kDa), heat-labile peptides  (Figure 1).

Class IV AMPs containing lipids or carbohydrates are susceptible to lipolytic and glycolytic enzymes  (Figure 1).

Non-ribosomally synthesized AMPs are made from peptide synthetases produced by Gram-positive and Gram-negative

bacteria .

Bacteriocins can decrease food spoilage .

2.3. AMPs Made by Gram-Negative Bacteria

Gram-negative organisms make bacteriocins that can be grouped into microcins, colicins, colicin-like bacteriocins, and

phage-tail-like bacteriocins  (Figure 2).
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Figure 2. Classification of the AMPs produced by Gram-negative bacteria.

Microcins are made by Enterobacteriaceae. Microcins interact with some cellular targets. They can format pores that

determine membrane disruption  or decrease the functionality of enzymes (the ATP synthase complex, DNA gyrase,

RNA polymerase, and aspartyl-t RNA synthetase) . They are grouped into two subclasses: subclass I (molecular weight

lower than 5 kDa) and subclass II (molecular weight ranging from 5 to 10 kDa)  (Figure 2).

Colicins (MW > 10 kDa) are made mainly by Enterobacteriaceae (mainly E. coli) . They can form pores in the cell wall

or degrade bacteria nucleic acid structures (RNAses, DNAses, or tRNAses) . Colicins can be grouped into four

subclasses: colicins forming channels in the cytoplasmic membrane, colicins degrading DNA, colicins targeting rRNA or

tRNA, and colicins inhibiting murein and lipopolysaccharide biosynthesis  (Figure 2).

Colicin-like bacteriocins are made by the Klebsiella genus (klebicins) and P. aeruginosa (S-type pyocins) . They are

similar in size, structure, and function to colicins.

Phage-tail-like bacteriocins have structures similar to phage tails. They are cylindrical peptides with high molecular

weights . They are grouped into the R-type and F-type subclasses  (Figure 2).

R-type phage-tail-like bacteriocins bind to cell surface receptors, force the internal core into the microbial cell envelope,

and determine rapid cell death . They also affect macromolecule synthesis and oxygen uptake . F-type phage-tail-

like bacteriocins have a mechanism of action similar to R-type, but do not have contractile movement .

3. Fungal AMPs

Fungi produce peptaibols and fungal defensins  (Figure 3).

Figure 3. Classification of the AMPs produced by fungi.

The term “peptaibol” is linked to structural characteristics. It is a combination of the words “peptide,” “α-aminoisobutyrate,”

and “amino alcohol” . Peptaibols are mainly made by Trichoderma fungi . They are short peptides (containing 5–21

amino acids) with a high proportion of non-proteinogenic amino acids (i.e., α-aminoisobutyric acid), acylated N-terminal

residue, and amino alcohol (i.e., leucenol or phenylalaninol) linked to the C-terminal . Their three-dimensional

structures consist of α-helix and β-bend patterns . They are classified based on sequence length as “long” (18−20

residues), “short” (11−16 amino acids) (Figure 3), and founded on modification types on the terminal groups, “lipo”

peptaibols (i.e., N-terminal acylated by decanoic) . Different mechanisms have been proposed to describe their action.

Concerning large peptaibols, it was hypothesized that their helical structures oligomerize and can form ion channels in the

membrane. Instead, short peptaibols can form a pore via helical bundles (within the bilayer or by a barrel-stave

mechanism) and interact with diverse molecular targets . Peptaibols’ modes of action that do not involve interaction
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with the bacterial membrane include the inhibition of cell wall synthesis, DNA, protein synthesis, and that of relevant

enzymes .

Eukaryotes and bacteria can produce defensins. Defensins are a class of cysteine-rich AMPs with short, cationic disulfide

bridges . They can be grouped into two superfamilies (cis and trans) (Figure 3). Fungi can produce cis-defensins with

α-helical (cysteine-stabilized) or β-sheet folds. Defensins can disrupt the microbial cytoplasmic membrane, bind the

bacterial precursor lipid II of the cell wall, or prevent cell wall biosynthesis .

4. Plant AMPs

Plant AMPs are the first line of defense against infections produced by pathogenic microorganisms. They can have

diverse structures and action mechanisms. Their classification is based on their tridimensional structures and amino acid

sequence similarity, including thionins, hevein-like peptides, defensins, knottins, stable-like peptides, snakins, lipid transfer

proteins, and cyclotides  (Figure 4).

Figure 4. Classification of the AMPs produced by plants.

4.1. Thionins

Thionins are classified into five types indicated by Roman numerals, have sizes ranging from 45 to 48, and are found in

monocots and dicots. They include two distinct superfamilies: α/β-thionins and γ-thionins . α/β thionins have similar

structures (homologous amino acid sequences)  and are rich in arginine, cysteine, and lysine. γ-thionins are similar to

defensins, so some authors classify them in this group . Thionins have a broad spectrum of activities. They act against

Gram-positive and Gram-negative bacteria, yeast, fungi, insect larvae, and nematodes  and present cytotoxic

effects against mammal cells in vitro .

4.2. Hevein-like peptides

Hevein-like peptides can contain 29–45 amino acids with glycine (6), cysteine (8–10), and aromatic residues. They have a

chitin-binding domain responsible for their antifungal activity  and 3–5 disulfide bonds that stabilize the antiparallel β-

sheets and short α-helix . The factors that favor chitin-binding are the three aromatic amino acids that give stability to

the hydrophobic C-H group, the π electron system that determines van der Waals forces, and the hydrogen bonds

between serine and N-acetylglucosamine . Hevein-like peptides damage the fungal cell wall by interacting with

hydrophobic residues and chitin present in the fungal cell . They can constrain some enzymes’ activities by linking them

with disulfide bonds .

4.3. Defensins

Defensins can comprise 45–54 amino acids and four disulfide bridges. They have an antiparallel β sheet, are enclosed by

an α-helix, and are limited by intramolecular disulfide bonds  called cysteine-stabilized αβ (CSαβ) motifs . Defensins

are resistant to proteolysis and are stable to variations in temperature and pH. They prevent microbial growth, trypsin, and

α-amylase activities, decrease abiotic stress, and change the redox state of ascorbic acid .

4.4. Knottins

Knottins, also called “cysteine-knot peptides”, are formed by 39 amino acids (of which six are cysteine residues), have

three disulfide bonds (cysteine-knot motifs), and can be found in two conformations (cyclic and linear) . They have

high thermal stability and resistance to proteolytic action and can inhibit α-amylase, trypsin, carboxypeptidase, and
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cysteine protease . They differ from protease inhibitors and defensins regarding cysteine space . They are

amphipathic peptides whose cationic portions can bind cell membranes, acid-sensing channels, and K  and Na  channels

in membranes. Once they enter a cell, they attack intracellular targets (i.e., carboxypeptidases) and promote resistance

. Unfortunately, knottins are highly cytotoxic to human cells since their contact with membranes is not selective.

4.5. Stable-like Peptides

Stable-like peptides are a class of small peptides that form a helix-loop-helix structure with a typical Cys motif of

XnC1X3C2XnC3X3C4Xn (-X is an amino acid residue different from cysteine). Although their amino acid sequence is

highly variable, the three-dimensional structure of stable-like peptides is conserved. They can have antifungal,

antibacterial, ribosome-inactivating, and trypsin inhibiting activities . Their bacteriostatic effect is due to binding with

DNA, which decreases RNA and protein synthesis . Their activity relates to the loop region that connects the two α-

helices .

4.6. Snakins

Snakins are generally small (~7 kDa), cysteine-rich, and positively charged proteins with antimicrobial, antinematode, and

antifungal properties . The mechanism of action is not precise. More than one hypothesis has been developed to

explain it. Some authors believe they can promote immune responses by destabilizing the site of action through

interaction with the negatively charged component . Other authors hypothesized that they can act on phytohormone

biosynthesis and transduction processes .

4.7. Lipid Transfer Proteins

Lipid transfer proteins (LTPs) are small, cysteine-rich proteins (containing 100 aa) having 4 to 5 helices in their structure

that are stabilized by hydrogen bonds. They can transfer lipids (i.e., fatty acids, phospholipids, acyl CoA fatty acids, and

sterols) between membranes. In this way, they form pores and determine cell death. They can be classified into two

subfamilies, LTP1 (relative molecular weight of 9  kDa) and LTP2 (relative molecular weight of 7 kDa), or into five types

(LTP1, LTP2, LTPc, LTPd, and LTPg) based on the position of the conserved intron, the space between the cysteine

residues, and the identity of the amino acid sequence .

4.8. Cyclotides

Cyclotides are macrocyclic with cyclic cystine knot (CCK) structural motif peptides . Disulfide bridges stabilize the head-

to-tail cyclo. They can be classified into two subfamilies: Möbius and bracelets . Their action depends on the cystine

knot structural motif that promotes hydrophobic residue surface contact, some of which form a hydrophobic patch .

Cyclotides can act against bacteria, helminths, insects, and mollusks and have ecbolic anti-HIV and anticancer properties

.

5. Animal AMPs

Vertebrate defensins are synthesized as “prepropeptides” and classified into α, β, and θ defensins . They have short

polypeptide sequences (18–45 amino acids), cationic net charges (+1 to +11), and three intramolecular disulfide bonds. In

human α-defensins, the characteristic connections of disulfide bridges are Cys –Cys , Cys –Cys  and Cys –Cys  .

They are synthesized by promyelocytes and intestinal Paneth cells . β-defensins differ from α-defensins in disulfide

bond distributions and cysteine residues. The disulfide bridges in human β-defensins are Cys –Cys , Cys –Cys  and

Cys –Cys  . θ-defensins are cyclic octadecapeptides not expressed in humans and are active against B. anthrax, S.
aureus, and C. albicans . They contain a macrocyclic backbone and are structurally dissimilar to α- and β-

defensins .

Invertebrates synthesize AMPs as components of humoral defense . They are cationic peptides that can contain six or

eight cysteine residues and show a cysteine-stabilized α/β motif . The defensins produced by insects, arthropods, and

mollusks contain six cysteines.

Eight cysteines form defensins made by mollusks and nematodes .

Invertebrate defensins are phylogenetically and structurally associated with vertebrate β-defensins. They have a

hydrophobic domain (N-terminal) that can act against Gram-positive bacteria and a cationic domain (C-terminal containing

six cysteines) that can act against Gram-negative bacteria .
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Crustins (cationic cysteine-rich peptides that form a tightly packed structure) are found in crustaceans . They have an

N-terminal multidomain (rich in glycine, cysteine, and proline) and a C-terminal (with four C-terminal disulfide bridges)

(Table 1) .

Table 1. Animal AMPs.

Animals AMPs

Mammalians

cathelicidins
defensins (α-, β-, and θ-defensins; θ-defensins are not expressed in adult humans)
platelet antimicrobial proteins
dermicidins
hepcidins

Reptiles defensins (α, β-, and θ-defensins)
cathelicidins

Fish

β-defensins
cathelicidins
hepicidins (HAMP1 and HAMP2)
histone-derived peptides
piscidins (piscidins 1–7)

Amphibians magainins
cancrins

Crustaceans crustins

In fish, reptiles, amphibians, birds, and mammalians, AMPs ( size range of 15–200 residues) play an essential role in the

immediate response to microorganisms . Fish produce β-defensins, cathelicidins, hepicidins, histone-derived peptides,

and piscidins  (Table 1).

Fish defensins are β-defensin-like proteins containing six cysteine motifs . Cathelicidins are cationic proteins activated

by elastase and other proteases discovered in the secretory granules of immune cells . They act against Gram-positive

and Gram-negative bacteria, parasites, fungi, and enveloped viruses . Cathelicidins can bind and disrupt

negatively charged membranes, alter RNA and DNA synthesis, damage the functions of enzymes and chaperones, and

promote protein degradation .

Fish hepcidins are cysteine-rich peptides similar to human hepcidin with a hairpin structure linked via four disulfide bonds.

They are iron-regulating antimicrobial hormones .

Hepcidins are grouped into HAMP1 and HAMP2 . They act against bacteria (Gram-positive and Gram-negative) and

fish pathogens and induce the internalization and degradation of ferroportin .

Piscidins are linear amphipathic AMPs. They have histidine residue and an α-helix that can interact with lipid bilayers .

They are classified into piscidins 1–7 based on their biological activity, amino acid sequence, and length .

Reptiles and avians produce cathelicidins and defensins (α-, β-, and θ-defensins) . Cathelicidins are small-sized

proteins made by macrophages and neutrophils .

Amphibians can produce magainin and cancrin (GSAQPYKQLHKVVNWDPYG) .

Mammalians make cathelicidin, defensin, platelet antimicrobial protein, dermcidin, and hepcidin AMPs . Mammalian

cathelicidins are cationic peptides with an amphipathic structure that assume α-helical, elongated conformations or β-

hairpin forms .
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