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ABSTRACT 
The recent appearance of a growing number of bacteria resistant to conventional antibiotics has become a seri-
ous medical problem. To overcome this resistance, the development of antibiotics with novel mechanisms of action 
is a pressing issue. Endogenous antimicrobial peptides are attractive candidates as new antibacterial agents due 
to their broad antimicrobial spectra, highly selective toxicities, and the difficulty for bacteria to develop resistance 
to these peptides. Antimicrobial peptides play a key role in the defense against bacterial pathogens, with an in-
creased importance in those species lacking adaptive immunity. Their functions as key members of the innate im-
munity justify their potentiality as anti-infective therapeutic agents. An essential requisite for any host defense or 
therapeutic agent is selective toxicity over microbial targets and not to the host, implying a minimum risk for the 
latter. However, antimicrobial resistance to this sort of compounds must be carefully analyzed. The searching of 
new alternatives must be guaranteed by the previous knowledge about these molecules mechanism of action and 
structural determinants for activity. The purpose of this review is to show the main functional features that determine 
the antimicrobial peptides activity, with an insight in their mechanism of action. Here we expose basic knowledge 
and considerations about these molecules that must be taken into account for the new researchers in the field.  
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RESUMEN     
Péptidos antimicrobianos naturales. La reciente aparición de un creciente número de bacterias resistentes a los 
antibióticos convencionales se ha convertido en un problema serio para el sistema de salud mundial. Para superar 
esta resistencia es apremiante el desarrollo de antibióticos con nuevos mecanismos de acción. Los péptidos antimi-
crobianos son candidatos exitosos como nuevos agentes antimicrobianos debido a su amplio espectro de acción, 
alta selectividad citotóxica y su dificultad para que las bacterias desarrollen resistencia a éstos. Con esta revisión 
actualizada de la materia pretendemos mostrar conceptos básicos que deben ser dominados en los estudios que se 
realicen en el descubrimiento de nuevas moléculas de naturaleza peptídica con actividad antimicrobiana. Los péptidos 
antimicrobianos desempeñan una función primordial en la defensa contra patógenos bacterianos, teniendo un peso 
mucho mayor en aquellas especies que carecen de inmunidad adaptativa. Su función como moléculas claves de la 
inmunidad innata justifica su potencialidad como agentes terapéuticos antiinfecciosos. Un requisito esencial para 
cualquier agente de defensa del organismo o agente terapéutico es la toxicidad selectiva sobre objetivos microbianos 
más que sobre el hospedero, que impliquen un riesgo mínimo para este último. Sin embargo, la resistencia de los 
microorganismos a este tipo de compuestos debe ser cuidadosamente analizada. La búsqueda de nuevas alternativas 
debe estar respaldada por el conocimiento previo de los mecanismos de acción de estas biomoléculas así como los 
factores estructurales que determinan su efectividad. La literatura actualizada que se refiere en el artículo muestra las 
principales características funcionales de los péptidos antimicrobianos que determinan su actividad, profundizando 
además en el mecanismo de acción de los mismos. Se exponen conocimientos básicos y consideraciones sobre estas 
moléculas a tener en cuenta por los investigadores en el campo.
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Introduction
Living organisms are commonly exposed to microbial 
infections and environmental pathogens. Consequent-
ly, they have developed potent defense mechanisms as 
part of their innate or adaptive immune systems. One 
of the most relevant innate mechanisms comprises 
the production of substances displaying antimicrobial 
activity, which are mainly small peptides or polypep-
tides called antimicrobial peptides (AMPs) [1]. This 
type of peptides can be constitutively expressed or in-
duced and released in response to the interaction with 
the invading pathogen or its components, the specific 
mechanism depending on the organism itself.

Since the first isolation of Nisin A from Lacto-
coccus lactis as early as in 1947 [2], among the first 
peptides identified displaying antibacterial activity, 
the number has grown considerably, and up to 3000 
such peptides are reported yearly at specialized da-
tabases as in the Antimicrobial Peptide Database 
(APD; http://aps.unmc.edu/AP/main.php), all of 
them isolated from natural sources. They have shown 
a wide range of mechanisms of antimicrobial activ-
ity against bacteria, fungi and viruses with additional 
immunomodulatory effects. More precisely, AMPs 
denomination is currently reserved to those peptides 
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servations on an inhibitory substance 
(nisin) from lactic streptococci. Lancet. 
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3. Hale JD, Hancock RE. Alternative mech-
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when referring to their microorganisms-killing func-
tions. In this regard, AMPs can be grouped attending 
to their specific effect against pathogens, including 
antiparasitic, antiprotozoal or antibiofilm AMPs.  
The dbAMP database (http://csb.cse.yzu.edu.tw/db-
AMP/) hosts more than 4000 entries for natural AMPs 
which activity has been demonstrated or presumed by 
transcriptomic studies. In this database, peptides are 
differentiated attending to functional criteria, with 
more than 50 % being classified as antibacterial pep-
tides and 32 % as antifungal (Figure 1). 

This differentiates them from those settings in 
which other alternative functions are discussed, such 
as immunomodulatory, angiogenic, healing or chemo-
tactic activities, among others, or when such functions 
determine the mechanism of action of the molecules 
themselves in vivo, being denominated host defense 
peptides (HDPs) [3].

There are certain significant sources for natural 
AMPs relevant for their specific activity, despite this 
type of peptides have been found in all the organisms 
studied to date. For instance, defensins have been 
widely assessed in humans, while more than a thou-
sand peptides identified in frog secretions are among 
the most intensively analyzed ones due to their anti-
microbial potential. The most frequently researched 
biological sources of AMPs are summarized in the 
table. 

The aim of this review is to provide an overview of 
compounds classified in the group of natural AMPs. 
Their main structural properties, including those less 
frequently found, are discussed here. Moreover, their 
mechanisms of action on the cellular membrane and 
the characteristics mediating them are also described, 
in the light of current debates on the possible appli-
cation of AMPs to circumvent microbial resistance.

AMPs: basic concepts
AMPs comprise a unique and diverse group of mol-
ecules which are classified in subgroups or families 
attending to their structural properties determined by 
peptide primary sequence and tridimensional confor-
mation. At the same time, a given family groups those 
peptides showing a specific structural constraint that 
determines its action on the membrane of a particular 
set of microorganisms. Noteworthy, there is also a va-
riety of effects on the membrane among the peptides 
belonging to a single AMP family, broadening their 
spectrum of action over several antibiotic-resistant 
pathogens for the treatment of infectious diseases [4].

Up to date, the research and discovery of new 
structures with associated antimicrobial activity has 
necessarily and continuously widen the parameters 
considered for AMPs classification. The well-known 
family of cationic AMPs (CAPs) constitute the largest 
set of AMPs molecules characterized in the literature 
[5]. All of them share as main properties a relatively 
low number of residues and molecular weight (12 to 
50 amino acids), a net positive charge (from +2 to +9) 
and they are hydrophobic. Moreover, they are enco-
ded in the genome with constitutive and/or inducible 
expression, the last triggered by signals from infec-
tious and/or inflammatory agents [6].

More recently, new AMPs have been described 
which structural properties tend to differ from those  

abovementioned classification parameters while  
displaying antimicrobial activity. Among them are 
natural anionic peptides, both anionic and catio-
nic peptides derived from larger protein molecules, 
and even anionic and cationic peptides of molecular 
weights higher than 10 kDa [7, 8]. According to their 
properties, these molecules can be arranged following 
either the classical or the non-classical classification 
criteria [9]. Another more practical classification resi-
des on the traditional classification attending to their  

4. Li J, Koh JJ, Liu S, Lakshminarayanan 
R, Verma CS, Beuerman RW. Membrane 
Active Antimicrobial Peptides: Translat-
ing Mechanistic Insights to Design. Front 
Neurosci. 2017;11:73.

5. Phoenix DA, Dennison SR, Harris F. Cat-
ionic Antimicrobial Peptides. In: Phoenix 
DA, Dennison SR, Harris F. Antimicrobial 
Peptides. Weinheim: Wiley-VCH Verlag 
GmbH & Co. KGaA; 2013. p. 39-81.
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F i g u r e  1Figure 1. Main functional activities detected in natural antimicrobial peptides. Elaborated 
from the information retrieved from the dbAMP database (http://csb.cse.yzu.edu.tw/dbAMP/).

Table. Summary of the main natural sources and distinctive structural properties of some 
natural antimicrobial peptides

Species

Humans

Plants

Insects

Crustaceans

Amphibia

Peptide family

Defensins

Defensins

Defensins

Penaeidins

Buforins

β-sheets / 3 disulfide bonds

β-sheets / α-helix

Csαβ motif

Proline-rich / α-helix domain

α-helix

Membrane disruption

Diverse mechanisms

Membrane disruption

Undescribed

Membrane disruption / 
DNA binding

Dermcidin

Knottin-type

Apidaecins

Melittins

Magainin
Dermaseptin

α-helix

β-sheets

Proline-rich

α-helix

α-helix
α-helix

Membrane depolarization

Vacuolar ATPase inhibition

ATPase/Protein folding 
inhibition

Membrane disruption

Membrane disruption
Membrane disruption

Cathelicidins

Thionins

Cecropins

Crustins

Temporins

α-helix

β-sheets / α-helix

Disordered / α-helix

Cluster of 3 or 4  
     disulfide bonds

α-helix

Membrane disruption

Membrane disruption

Membrane disruption/
depolarization

Undescribed

Membrane disruption

Structural properties Mechanism of action

Chart Title

1 2 3 4 5 6 7 8

32 % 59 %

6 %

2 %

1 %
0.2 % 0.5 %

1 %
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mechanism of action on their target cells, being divi-
ded in membrane breaking or non-breaking peptides, 
the later penetrating the cell membrane and binding 
their target molecules within the cell [10].

Classical cationic AMPs  
Most AMPs can be grouped following second-
ary structure criteria in three main groups: peptides 
in α-helix, peptides enriched in one specific amino 
acid, and antiparallel β-sheets conformations stabi-
lized through disulfide bonds (Figure 2). Many CAPs 
adopt an amphipathic α-helix structure in the cell 
membrane microenvironment (Figure 2A), which is 
regarded a prerequisite for lytic activity. Several in 
vitro and in vivo studies has demonstrated the anti-
microbial activity as mediated by a complex and fine 
balance of peptide parameters including the peptide 
chain length, net charge, hydrophobicity, secondary 
structure, amphypaticity, the size and depth of the 
polar helix in respect to apolar zones in the peptide, 
the molecule’s flexibility and the resistance to degra-
dation. The specific preponderance of each of these 
properties tends to vary according to the peptide. 
Hence, engineering peptides of low toxicity and high 
antimicrobial activity has to be established case by 
case [11].

This subgroup comprises around 300 cationic pep-
tides which are short, spanning 40 amino acid residues 
approximately, lacking Cys and sometimes bearing a 
sort of molecular hinge in the middle of the amino acid 
chain. They form complex and disordered structures 
in water solutions. Particularly, they form complete or 
partial α-helixes in the presence of trifluoroethanol, in 
liposome dispersions [12] or Lipid A [13]. This struc-
ture correlates with a strong wide-range antimicrobial 
activity against both Gram-positive or Gram-negative 
bacteria [14].

There is another subgroup formed by peptides 
approximately 50 amino acids in length and rich in 
proline, arginine, tryptophan or phenylalanine (among 
other residues), these amino acids conferring them its 
hydrophobic nature and positive charges. This sub-
group also lacks Cys residues and are generally linear 
molecules while forming extended spirals occasiona-
lly (Figure 2 B) [5]. Moreover, it completely diverges 
from α-helix and β-sheets prototypes.

In the case of Cys-bearing peptides and β-sheet for-
mation, they are composed of a quite diverse subset of 
molecules attending to their primary sequence. They 
commonly show antiparallel β-sheets stabilized by up 
to six disulfide bonds [15]. A few years ago, a multidi-
mensional proteomics analysis discovered a common 
motif for all the Cys-stabilized antimicrobial peptides. 
It was called ‘γ-core’ and it is composed by two anti-
parallel β-sheets, with polar basic residues along the 
axis (Figure 2C) [16]. In fact, this structural motif is 
recurrent to all the classes of Cys-stabilized defense 
peptides found in the organisms [17].

Currently, it is relatively easy to design and crea-
te synthetic antimicrobial peptides based on the 
sequences known, due to their small structure and 
the number of physical properties observed, combi-
ned with their marked natural sequence variability 
and amino acid chain length [18, 19]. Nevertheless, 
their sequence homology is rather limited, even for  
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Nat Acad Sci U S A. 2004;101(19):7363-8.

9. Yount NY, Bayer AS, Xiong YQ, Yea-
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2006;84(5):435-58.

10. Hale JD, Hancock RE. Alternative 
mechanisms of action of cationic antimi-
crobial peptides on bacteria. Expert Rev 
Anti-infective Ther. 2007;5(6):951-9.

11. Zhao J, Zhao C, Liang G, Zhang 
M, Zheng J. Engineering antimicrobial 
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2013;53(12):3280-96.
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tions. J Biol Chem. 2012;287(10):7738-45.

13. Mohanram H, Bhattacharjya S. Salt-
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Biopolymers. 2016;106(3):345-56.

14. Huang Y, Huang J, Chen Y. Alpha-
helical cationic antimicrobial peptides: 
relationships of structure and function. 
Protein Cell. 2010;1(2):143-52.

15. Ganz T. Defensins: antimicrobial pep-
tides of innate immunity. Nat Rev Immunol. 
2003;3(9):710-20.

16. Yount NY, Yeaman MR. Multidi-
mensional signatures in antimicrobial 
peptides. Proc Nat Acad Sci U S A. 
2004;101(19):7363-8.

17. Dias Rde O, Franco OL. Cysteine-
stabilized alphabeta defensins: From a 
common fold to antibacterial activity. 
Peptides. 2015;72:64-72.

18. Haney EF, Hancock RE. Peptide de-
sign for antimicrobial and immuno-
modulatory applications. Biopolymers. 
2013;100(6):572-83.
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Anionic antimicrobial peptides from eu-
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peptides belonging to the same family, something 
explaining to some extent its successful and prolon-
ged evolution.

Non-classical AMPs 
One relevant non-classical AMPs subgroup compris-
es anionic peptides 5-70 amino acid in length, rich 
in glutamic and/or aspartic acid, the latter commonly 
conferring them with a negative –1 or –2 net charge. 
They are produced in millimolar concentrations, re-
quiring zinc as cofactor for its antimicrobial action 
and they are effective against both Gram-positive and 
-negative bacteria [19]. They are similar to the charge 
quenching pro-peptides found in large zymogen mol-
ecules, which display its antimicrobial activity once 
synthetized separately [7].

In this family, there is another subgroup of nearly 
400 peptides both anionic and cationic. They bear Cys 
residues as disulfide bonds and adopt a stable β-sheet 
conformation. This is one of the most numerous 
groups which includes protegrins and a very diverse 
family of defensins (α, β and θ) found in vertebrates, 
invertebrates and plants [7, 20].

Finally, there is a group of anionic and cationic 
peptides which are fragments from larger proteins. 
They are similar in composition and structure to the 
previously mentioned peptides, and comprise pepti-
des like lactoferricin B. This molecule acts by alte-
ring the ionic equilibrium of the pathogen cell while 
simultaneously triggering the immune response acti-
vation by stimulating the phagocytic activity of neu-
trophils and its IL-8 secretion [21].

Noteworthy, the structural classification of AMPs 
can vary attending to the selected properties, mainly 
their structural features, their natural source [16] or a 
combination of both. It could include those synthetic 
AMPs, with the rise of in silico bioactive AMP de-
sign tools. Hence, a fourth group has been proposed 
for classic AMPs denominated ‘peptides with looped 
structure and single bond’ [22] in addition to those 
susceptible to form α-helix or β-sheet structures, or 
those showing predominance of a given single amino 
acid. This group comprises peptides with antiparallel 
β-sheets stabilized by a single disulfide bond.

Other classifications have been proposed for AMPs 
based on their biological activity [23]. Nevertheless, 
the most accepted classification criteria based on the 
structural properties of AMPs are presented here.

A B C

Figure 2. Classic secondary structures of natural antimicrobial peptides. A)  α-helix (Melit-
tin). B) Abundance of a single amino acid (Indolicidin). C) Antiparallel β-sheets stabilized 
by disulfide bonds (hBD3). Loop structures are shown in blue,  β-sheets in yellow,  α-helixin 
purple and disordered structure in gray.
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Structural features of AMPs determining 
its biological activity 

Selective cytotoxicity for its microbial target is the 
main requirement for any defense agent of the organ-
ism or therapeutic agent to be developed. In this re-
gard, AMPs selectivity resides on initial recognition 
of the highly preserved bacterial molecular structures, 
which are absent on the host cells. These specific 
structures called ‘pathogen associated molecular pat-
terns’ (PAMPs) are common to a wide spectrum of 
microbes [24]. Besides, the recognition of these well 
preserved structures is further specified by distinctive 
structural constraints making AMPs able to discrimi-
nate among cell types to exert its action.

Amphypaticity [25] is one key structural property 
of AMPs. It consists on the selective location of hy-
drophilic amino acid residues along one side of the 
helicoidal molecule and the hydrophobic amino acid 
residues along the other side. A standard method to 
quantitate this property is the hydrophobic momen-
tum (HM), which is calculated as the vectorial sum 
of normalized hydrophobicities of each independent 
amino acid on its ideal α-helix [26]. This peptide 
property highly correlates to the antimicrobial toxi-
city and efficacy of the peptides. Highly amphypatic 
molecules, mostly exhibiting segregated hydropho-
bic domains, tend to break zwitterionic membranes 
in mammalian cells. In fact, the increased amphy-
paticity has been correlated to the high efficacy of 
the antimicrobial activity in studies using helicoidal 
peptides and others bearing β-sheets of similar charge 
and hydrophobicity [9].

The amphipathic properties of the peptides resem-
ble those of membrane phospholipids, allowing the 
former to interact an exploit vulnerabilities inherent 
to microbial structures as the cell membrane [27]. For 
this, peptides must have certain tridimensional topo-
logical homology which then translate into a structure 
able to penetrate a hydrophobic environment as the 
cytoplasmic membrane. Those structures showing 
these properties support their classification in two 
major groups: AMPs bearing α-helix or β-sheets, and 
the others enriched in one or more amino acid resi-
dues like Arg or Trp [28], Phe, His, Pro or other more 
unusual residues as Gly or Asp [29].

Other structural parameters such as conformation, 
charge and polar angle further influence on each me-
chanism of action of AMPs [30]. While studying the 
differential effect of each parameter, their interrela-
tionship must be considered, since modifying one 
could notably influence on the others. Highly signi-
ficant changes in a single parameter would affect the 
behavior of the entire molecule, ultimately determi-
ning a change in the properties of the AMP and com-
promising its antimicrobial activity.

Many AMPs characterized so far show a positive 
net charge in the range +2 to +9, with a well-defined 
cationic domain asymmetrically distributed on the 
peptide’s structure. This is a key feature mediating 
the initial electrostatic attraction between the peptide 
and the negatively-charged microbial membrane, due 
to the presence of certain types of phospholipids. The 
fact that bacterial membranes are enriched of acidic 
phospholipids as phosphatidylserine (PS), phosphati-

dylglycerol (PG) and cardiolipin (CL) confers a net 
negative charge to those membranes [31]. Further-
more, the presence of PAMPs as lipopolysaccharide 
(LPS) in Gram-negative bacteria, or teichoic acid and 
teichuronic acid in Gram-positive bacteria imposes an 
additional negative charge, resulting in a highly ioni-
zed membrane. All these properties favor the electro-
affinity among membranes and peptides, also aiding 
on the selectiveness of the latter [32].

There are several examples on the proportional ba-
lance between the increase in the net charge of pep-
tides and their antimicrobial activity [33, 34]. Howe-
ver, not all their effectiveness is mediated by their 
electroaffinity despite the observed correlation. For 
instance, the temporins found in amphibians are the 
smaller size AMPs described (10-14 amino acid resi-
dues), and, despite their negative net charge, they are 
among the lowest charge peptides because of having 
just +1 or +2 cationic residues on their structure [35]. 
Moreover, the peptide Alamethicin is devoid of char-
ged residues or Trp which could function as anchors 
when interacting with the interfacial membrane, but it 
shows a strong antimicrobial activity against Gram-
positive and –negative bacteria [36].

AMPs require a moderate level of hydrophobici-
ty for their action following the initial electrostatic 
attraction. Hydrophobicity determines the range in 
which they partition within the lipid bilayer. The li-
pid portion is defined by approximately 50 % of the 
amino acid residues showing this property [7]. Con-
versely, the excess of hydrophobicity influences on 
the loss of antimicrobial activity and increases the 
peptide’s toxicity in mammalian cells [37].

There has been described that hydrophobicity sig-
nificantly affects the AMP selectivity by modifying 
the activity on phosphatidylcholine (PC) bilayers 
[38]. A high membrane permeation efficiency has 
been reported for AMPs on palmitoyl-phosphatidyl-
choline (POPC) vesicles. On the contrary, the exten-
sion of the polar/hydrophobic angle correlates with 
the increase activity on 1-palmitoyl-2-oleoylphospha-
tidyl-DL-glycerol (POPG) [39]. In fact, the increased 
concentration of peptides on the lipid bilayer destabi-
lizes it through electrostatic interactions with the ne-
gatively charged lipid membranes, as the ones formed 
by (POPG). However, this effect is associated with a 
decrease in the peptide permeation efficiency. Hence, 
there is a threshold determined by the combination 
of AMP hydrophobicity, its hydrophobic momentum 
and the polar angle, distinctively influencing on the 
effect over prokaryote membranes, mammalian lipid 
bilayers and cell membranes [9].

In this regard, the polar angle acts as a measure of 
the relative ratio of the polar vs. the apolar side of the 
peptides forming an amphipathic helix. For instance, 
a hypothetical α-helix peptide with one side compri-
sing hydrophobic residues exclusively and charged 
residues in the other, the ideal polar angle is 180º. 
Therefore, a slight separation between these two do-
mains or an increase in the hydrophobic portion of the 
α-helix could proportionally reduce the polar angle 
[27]. Several studies with natural and synthetic pepti-
des have shown that a small change in the polar angle 
is associated to the rise in the membrane permeation 
capacity of the peptide [40, 41]. The polar angle has 
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2013;74(9):1069-79.

21. Sinha M, Kaushik S, Kaur P, Sharma S, 
Singh TP. Antimicrobial lactoferrin peptides: 
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tion of a multifunctional protein. Int J Pept. 
2013;2013:390230.

22. Nagarajan K, Marimuthu SK, Palanisa-
my S, Subbiah L. Peptide therapeutics 
versus Superbugs: Highlight on current 
research and advancements. Int J Pept Res 
Ther. 2018;24(1):19-33.

23. Chen W, Luo L. Classification of anti-
microbial peptide using diversity measure 
with quadratic discriminant analysis. J 
Microbiol Methods. 2009;78(1):94-6.

24. Rosenfeld Y, Shai Y. Lipopolysaccharide 
(Endotoxin)-host defense antibacterial 
peptides interactions: role in bacterial re-
sistance and prevention of sepsis. Biochim 
Biophys Acta. 2006;1758(9):1513-22.
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G, Divita G, Le Grimellec C, Heitz F. Primary 
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with model membranes. Biochemistry. 
2004;43(24):7698-706.

26. Eisenberg D, Weiss RM, Terwilliger TC. 
The hydrophobic moment detects periodic-
ity in protein hydrophobicity. Proc Nat Acad 
Sci U S A. 1984;81(1):140-4.

27. Yeaman MR, Yount NY. Mechanisms 
of antimicrobial peptide action and resis-
tance. Pharmacol Rev. 2003;55(1):27-55.
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been correlated to the stability and the half-life time of 
peptide-induced membrane pores [42].

Mechanisms of action of AMPs 
AMPs have been regarded as ‘dirty drugs’ in the sci-
entific literature [43], due to their amphiphilic and 
cationic nature mediating their multiple targets. For 
many years they were assummed to act through the 
interaction with the microbial membranes affecting its 
integrity (Figure 3). Nevertheless, alternative mecha-
nisms and/or molecular targets have been postulated 
which have locations other than the cellular mem-
brane [3]. Therefore, AMPs have been classified into 
two main functional classes: membrane disrupting 
peptides and membrane non-disrupting peptides [44]. 
The differentiation between both types of peptides is 
quite difficult since all the peptides attack membranes 
during the initial interaction, but it does not always 
result in the disruption of the supramolecular assem-
bly of the membrane. A possible outcome could be the 
increase in permeability leading to peptide transloca-
tion within the cell, where it interacts with the final 
molecular target.

Membrane-disrupting AMPs
The interaction with the cytoplasmic membrane starts 
when the AMPs get into contact with phospholipids. 
While the peptide:lipid ratio is low, the AMPs re-
main associated along the membrane plane, inserted 
into the hydrophilic interface of lipid heads and the 
hydrophobic part of the acyl heads [7]. When the 
peptide:lipid ratio increases, peptide aggregation and/
or reorientation towards the membrane begin, disrup-
ting membrane’s integrity. This disruption process fo-
llows certain models proposed in the literature [3, 7].

Particularly, the ‘Barrel-stave’ model (Figure 2A) 
is known as a helicoidal mallet [45]. Following pep-
tide association with the membrane and the rise abo-
ve the critical threshold peptide:lipid concentration, 
peptides get reoriented perpendicular towards the 
membrane, and further expands the lipid bilayer, as in 
the case of the non-cationic AMPs Alamethicin [45]. 
The hydrophobic side of the lateral chain reorients 
towards the hydrophobic core of the membrane, and 
the polar side of the lateral chain heads inside, crea-
ting a hydrophilic pore that expands until reaching 
both sides of the membrane. Then, cytoplasmic con-
tent can be released through the pore. Nevertheless, 
this model is unable to explain the pore formation 
process, since the obtained channels are quite irregu-
lar in size and they are somehow transient and rela-
tively selective for anions (something relying on the 
orientation of cationic groups into the lumen of the 
channel) [3].

A model called the ‘toroidal-pore’, also known as 
the ‘wormhole’ (Figure 2B) has been postulated, in 
which peptides bind to the membrane and cause the 
folding of the membrane inside, leading to a channel 
recovered by the phospholipids polar heads associated 
to the interface, forming a transmembrane continuous 
channel. In this structure, the peptides remain attached 
the most to the lipid heads along the entire process, 
quite different to the process seen in then ‘barrel-
stave’ model. Consequently, the formed pores release 
the cellular components, ultimately causing cell death. 

For instance, peptides magainin-1, melitin and prote-
grin-1 interacts with the membrane forming this pore 
type [46, 47]. One variant of this model is named the 
‘disordered wormhole’ or ‘disordered toroidal pore’, 
with a less pronounced lipid folding, keeping most of 
the peptides parallel to the bilayer, with just one or 
two peptides located near the pore core [48].

A very distinct model called the ‘carpet model’  
(Figure 2C) has been described, in which the peptides 
do not insert into the membrane, remaining associated 
to the interface region of the outer layer instead. Once 
the critical peptide concentration is achieved, pepti-
des forms a carpet capable of weakening the bilayer 
structure through the destruction of the electrostatic 
surface, and thereby provoking the collapse of the 
membrane into a micellar configuration [49]. That is 
the case of the AMP denominated PMAP-23, which 
amount of peptide required for such membrane co-
llapse has been successfully quantitated in the range 
of 106-107 peptides per cell, enough for destabilizing 
the lipid bilayer and causing bacterial death [50].

Another model called ‘aggregate model’ requires a 
specific concentration of peptides bound to the inter-
face, which reordering forms a micelle-like complex 
with the lipids extending the lipid bilayer in a lipid-
peptide complex. This random aggregation of trans-
membrane lipids, peptides and water molecules form 
channels through which ions are released, causing the 
cellular death by the release of cytoplasmic compo-
nents. Alternatively, these complexes could sponta-
neously disintegrate, allowing peptide translocation 
into the cytoplasm, where they affect the cellular me-
tabolism [51].

Membrane non-disrupting peptides
Recent evidences suggest that a high number of AMPs 
are able to act on target molecules located within 
cells, as frequent that there has been considered that 
their main target molecule is within the cell instead 
the membrane itself. This type of peptide is able to 
penetrate the cell directly or as an additive effect of its 
mechanism of action following an incomplete desta-
bilization of the cell membrane. Possible intracellular 
targets are the varied number anionic compounds in-
teracting with them, such as enzymes, nucleic acids, 
proteins involved in the cell division process, among 
others [3].

35. Mangoni ML, Shai Y. Temporins and 
their synergism against Gram-nega-
tive bacteria and in lipopolysaccharide 
detoxification. Biochim Biophys Acta. 
2009;1788(8):1610-9.

36. Marsh D. Orientation and peptide-lipid 
interactions of alamethicin incorporated 
in phospholipid membranes: polarized 
infrared and spin-label EPR spectroscopy. 
Biochemistry. 2009;48(4):729-37.

37. Zelezetsky I, Pag U, Sahl HG, Tossi A. Tun-
ing the biological properties of amphipathic 
alpha-helical antimicrobial peptides: rational 
use of minimal amino acid substitutions. 
Peptides. 2005;26(12):2368-76.

38. Jiang Z, Kullberg BJ, van der Lee H, 
Vasil AI, Hale JD, Mant CT, et al. Effects of 
hydrophobicity on the antifungal activity of 
alpha-helical antimicrobial peptides. Chem 
Biol Drug Design. 2008;72(6):483-95.

39. Cheng JT, Hale JD, Elliot M, Hancock 
RE, Straus SK. Effect of membrane com-
position on antimicrobial peptides aurein 
2.2 and 2.3 from Australian southern bell 
frogs. Biophys J. 2009;96(2):552-65.

40. Uematsu N, Matsuzaki K. Polar angle 
as a determinant of amphipathic alpha-
helix-lipid interactions: a model peptide 
study. Biophys J. 2000;79(4):2075-83.

41. Galanth C, Abbassi F, Lequin O, Ayala-
Sanmartin J, Ladram A, Nicolas P, et al. 
Mechanism of antibacterial action of der-
maseptin B2: interplay between helix-hinge-
helix structure and membrane curvature 
strain. Biochemistry. 2009;48(2):313-27.

42. Kim C, Spano J, Park EK, Wi S. Evidence 
of pores and thinned lipid bilayers induced 
in oriented lipid membranes interacting 
with the antimicrobial peptides, magain-
in-2 and aurein-3.3. Biochim Biophys Acta. 
2009;1788(7):1482-96.

43. Peschel A, Sahl HG. The co-evolution 
of host cationic antimicrobial peptides and 
microbial resistance. Nat Rev Microbiol. 
2006;4(7):529-36.

44. Lee J, Lee DG. Antimicrobial Peptides 
(AMPs) with Dual Mechanisms: Membrane 
Disruption and Apoptosis. J Microbiol 
Biotechnol. 2015;25(6):759-64.

45. Pieta P, Mirza J, Lipkowski J. Direct vi-
sualization of the alamethicin pore formed 
in a planar phospholipid matrix. Proc Nat 
Acad Sci U S A. 2012;109(52):21223-7.

Figure 3. Diagram of the classic mechanisms of cationic antimicrobial peptides’ interaction   
with membranes. A) ‘Barrel-stave’ model. B) ‘Disordered toroidal pore’. C) ‘Carpet model’. 
Peptides are represented in blue.
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All the previously mentioned models tend to pre-
dict the capacity of cationic AMPs to disrupt the cyto-
plasmic membrane, but only the ‘toroidal pore’ and 
the ‘aggregate model’ successfully explain the action 
of certain peptides on their cytoplasmic targets. The 
most relevant studies on the action of these peptides 
on nucleic acids [52, 53], on protein synthesis [54, 55] 
and protein translation and folding [56, 57] have de-
monstrated their use for treating infectious diseases. 
The activity of these peptides for the interruption of 
the cell wall synthesis and cell division processes has 
been reported [58, 59].

Selective cytotoxicity of AMPs
AMPS are highly selective for discriminating among 
microbial targets and host cells. The rules governing 
such selective cytotoxicity remain unraveled in full 
detail. Nevertheless, as already mentioned, there are 
conserved structural features which relate AMPs with 
their functional properties against potential targets. 
They are: a) the divergence between composition and 
the electrostatic affinities in microbial membranes as 
compared to those of the host cells; b) the entropy of 
target cells which accelerates the interaction of pep-
tides with the microbial membranes and slows down 
such interaction with host cells; c) the limitations of 
AMPs with low selective toxicity for host cells to po-
tentially access susceptible host cell types [27].

Effective AMPs are extensively characterized, their 
location for production and its range of activity well 
documented [60, 61]. Besides, the structure-activity 
relationship has been well described for many of 
them, while there is scarce literature on the molecular 
basis mediating the activity and specificity differences 
seen among them. For instance, differences found in 
the susceptibility of a single organism against a panel 
of AMPs has indicated the coincidence in the above-
mentioned distinctive properties for each subgroup as 
determining the AMPs activity [62, 63]. Otherwise, 
the differences found in susceptibility among a panel 
of microorganisms against a single AMP indicated 
that the composition of the microbial surface and the 
cytoplasmic membrane is relevant for such suscepti-
bility [64].

An effective definition of the activity and specifi-
city of AMPs should consider the in vivo studies con-
ducted under physiological conditions. This includes 
the concentration of antimicrobial peptides at the in-
fection site, the synergic role of the substances that 
could be present in tissues and fluids (the presence of 
bivalent cations, lysozyme, other endogenous pepti-
des), the role of inhibitory substances (physiological 
concentrations of salts and serum proteins) and the 
unusual properties of bacterial replication in vivo [65].

Microbial resistance mechanisms 
against AMPs 
The microbial antibiotic resistance phenomenon is 
increasingly alarming since they comprise the emer-
gence of unprecedented evolutionary adaptations of 
microorganisms to existing therapies. This increases 
the vulnerability of any antimicrobial strategy to re-
sistance in the post-antibiotic age. Therefore, many 
factors have to be taken into account which could 
influence ahead in the lack of effectiveness of some  

antimicrobial alternatives. In the case of natural 
AMPs, their biological success for host defense 
mechanisms against infections must be considered 
from the evolutionary point of view. Nevertheless, it 
is also relevant the natural regulatory pathways for the 
genetically encoded AMPs, which protects from the 
unnecessary exposure of tissues and even common 
microbiota to these peptides, unless challenged with 
the pathogens, something that protect these molecules 
from the development of potential resistance mecha-
nisms by pathogens.

Microorganisms have evolved several resistance 
mechanisms against conventional antibiotics that 
can interfere with the antimicrobial action of AMPs. 
In certain cases, microorganisms have even changed 
their cytoplasmic membrane structural composition, 
something that could interfere with the initial step 
of attraction and interaction of AMPs with micro-
bial membranes. An example is found in bacteria as 
Staphylococcus aureus, which incorporated D-Ala 
residues in lipoteicoic acid, thereby reducing the 
negative charge of the latter molecule and interfering 
with peptide binding to the cell surface [66]. Other 
alterations of the membrane are found in Salmonella, 
where the transference of a palmitate chain to a free 
hydroxyl group in Lipid A decreased the fluidity of 
the membrane and hampers the insertion of AMPs in 
the bilayer [67].

In addition to the modification of the lipids present 
on the membrane surface, either aimed to modify the 
net charge or to alter the membrane’s fluidity, other 
resistance mechanisms against AMPs have been re-
ported. Certain bacterial strains are able to produce 
highly elaborated outer matrixes which encapsulate 
the cell, providing the microorganisms with protec-
tive mechanical barriers that block the interaction of 
the peptides with the cytoplasmic membrane for their 
protection. Such extracellular matrixes can function 
either as electrostatic barriers that reject or sequester 
AMPs as mechanism of resistance against them, as 
reported for Klebsiella and Neisseria strains [68].

It is also known that many bacteria release pro-
teases that degrade AMPs, particularly those linear 
and less stabilized peptides. The rigidity conferred 
by disulfide bonds and Pro residues to many AMPs 
make them more resistant to this type of proteolysis 
[43]. Lastly, some efflux mechanisms present in cer-
tain microbes function as resistance pumps against 
AMPs [69], expelling them from the cytoplasm or the 
periplasmic space outside the cell. Noteworthy, it is 
plausible that the resistance mechanisms mentioned 
could be found simultaneously in a given pathogen, 
similarly as demonstrated for conventional antibiot-
ics [70]. For instance, in Neisseria meningitidis, the 
mechanism of modification of surface lipids and an 
efficient efflux excretion mechanism coexist against 
AMPs with the polysaccharide encapsulation of the 
cell. Their combination has been found to confer re-
sistance of this bacteria against certain AMPs [71].

Regardless the abovementioned limitations, the 
therapeutic potential of AMPs is undeniable. Antimi-
crobial peptides are able to evade the classic resistan-
ce mechanisms expanded among infectious microor-
ganisms and to be effective. In fact, they have proven 
effective against multi-resistant bacteria refractory to 
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conventional antibiotics, leading to consider them as 
promising therapeutic drugs.

Conclusions
Due to the chemical-physical properties of genetical-
ly-encoded AMPs, their mechanisms of action which 
directly influences on the lipid composition of microor-
ganism’ membranes and cell walls, the AMPs described 
can be regarded as molecules with great potential for 
the design of new generation antibiotics. Currently, the 
dynamics for obtaining new generations of antibiotics 
are overrun by the adaptive capacity of microorgan-
isms, due to the fast development of new resistance 

mechanisms. Hence, new antimicrobial therapeutic al-
ternatives are needed. In this setting, the finding of new 
molecules with novel mechanisms of action must be 
accompanied by new strategies for using them, that can 
be adapted to conventional therapies. Therefore, AMPs 
can primarily function as non-classical  treatments 
complementary to established antibiotic therapies, in 
order to palliate opportunistic and emergent infectious 
diseases. 
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