Biophys Rep 2021, 7(3):173-184

https://doi.org/10.52601/bpr.2021.200037

Biophysics Reports

REVIEW

Latest developments on the mechanism of action of membrane
disrupting peptides

Sara Pandidanl, Adam Mechler! ™

1 La Trobe Institute for Molecular Science, La Trobe University, Melbourne, Australia

Received: 1 August 2020 / Accepted: 19 March 2021

Abstract

Keywords

Antimicrobial peptides (AMPs) are integral components of the innate immune defence system of all
complex organisms including plants, insects, and mammals. They have wide range of antibacterial, anti-
fungal, antiviral, and even anticancer activities, therefore AMPs are attractive candidates for develop-
ing novel therapeutic approaches. Cationic a-helical membrane disrupting peptides are perhaps the
most widely studied subclass of AMPs due to their common fundamental characteristics that allow for
detailed structure-function analysis and therefore offer a promising solution to the threat of multidrug
resistant strains of bacteria. The majority of the studies of AMP activity focused on the biological and
biophysical aspects of membrane disruption; the understanding of the molecular mechanism of action
from the physicochemical point of view forms a relatively small subfield. This review will provide an
overview of these works, focusing on the empirical and thermodynamic models of AMP action.

Antimicrobial peptides (AMPs), Membrane disrupting peptides, Empirical models, Thermodynamic
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INTRODUCTION

The emergence of bacterial resistance to conventional
antibiotics is one of the most significant international
health issues of our time that requires an urgent
solution (Cohen 1992; Livermore 2004). At the least,
unnecessary antibiotic prescriptions should be
eliminated to preserve the efficiency of the drugs that
we have, however new antibiotics are also urgently
required (Livermore 2004; Zumla and Grange 2001). It
is critical that these new antimicrobial agents should
kill or inhibit growth of pathogens quickly before
allowing them to mutate and develop resistance.
Previously, pharmaceutical industry had exacting
requirements towards new drugs that focused
attention on synthetic small molecules. However, the
looming emergency broadened the scope: any working
solution is acceptable when our modern way of life is
under threat.
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One of the potential alternatives to traditional
antibiotics is the use of antimicrobial peptides (AMPs),
as they can work quickly, efficiently, and have wide
ranging activity (Hancock and Sahl 2006). These
naturally occurring AMPs represent one of the initial
and most effective forms of innate immune defence in
all multicellular organisms (and have their equivalents
in weapons of inter-bacteria warfare) (Diamond et al.
2009; Pasupuleti et al. 2012; Radek and Gallo 2007).
AMPs are active against both Gram-positive and Gram-
negative bacteria, while some of them show anticancer
and antiviral activities as well (Hancock and Diamond
2000; Mangoni and Shai 2009) and they may also have
activity against parasites and fungi; they are usually
released at the time of hazardous situations such as
facing the risk of a hunter’'s attack (Conlon and
Sonnevend 2010; Steiner et al. 1981; Zasloff 1987,
2002). AMPs typically contain 12 to 50 amino acids
however with substantial differences in their sequence
(Zasloff 2002). Hence, since their discovery, they were
seen as a potential solution for the global health threat
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of antibiotic resistance (Dubos 1939; Steiner et al
1981). Since they have evolved for the purpose of
killing pathogens with high efficiency and since their
mechanism of action fundamentally differs from
conventional antibiotics, AMPs are less likely to give
rise to AMP-resistant bacterial strains (Hoskin and
Ramamoorthy 2008; Klotman and Chang 2006; Parisien
etal. 2008).

As the number of known AMPs expanded, distinct
subclasses were identified based on their structure and/
or way of action. Perhaps the most intensively studied
subclass of AMPs is that of the «-helical cationic
membrane disrupting peptides as they do not only have
a unique mechanism but also exhibit common
fundamental characteristics (Powers and Hancock 2003;
Sato and Feix 2006). More than 100 AMPs have been
identified to have a-helical structure, consisting 12 to 40
residues and may have a central “hinge” region (Pukala
etal. 2004; Vouille et al. 1997). Specificity and selectivity
of these AMPs is based on the differences between
microbial and host cell membrane structures (Kabelka
and Vacha 2015). Membrane disruption is suggested to
proceed either through a surface acting mechanism that
dissolves the membranes (Gazit et al. 1996; Shai 2002;
Steiner et al. 1988) or discrete transmembrane pore
formation (Huang 2000; Ludtke et al. 1996; Matsuzaki et
al. 1998; Yang et al. 2001), either of which subsequently
leads to cell death by upsetting osmotic balance (Huang
et al. 2010). There are indications of more complex
mechanistic pathways, as e.g. pore forming mechanism
may take unexpected forms as seen in AFM image of
crack formation upon addition of melittin on
DMPC:DMPG (4:1) membrane (Fig. 1) (Lee et al. 2009).
Membrane disruption is proven for all peptides of this
class; however, the exact molecular mechanism of action
leading to membrane disruption is still debated (Fuertes
etal 2011; Karal et al. 2015; Nguyen et al. 2009).
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Membrane disrupting AMPs offer a unique solution to
the treatment of multidrug resistant strains of bacteria
(Fox2013; Uhligetal. 2014; Zhang et al. 2015). However,
there are fundamental impediments towards turning
AMPs into human pharmaceutics (Darveau et al. 1991;
Uhlig et al. 2014). Mammalian AMPs are too large for
cost effective synthesis but, given that they are
antimicrobials, are not feasible to produce with
microbiological methods (Dutta and Das 2016). Small
AMPs originate from insects and amphibians, and, while
specific and selective in their hosts, they are cytotoxic in
humans (Slocinska et al. 2008). Hence small AMPs have
to be modified for human use (Uhlig et al. 2014). That
however presupposes a good understanding of the
molecular interactions driving AMP activity, of which
hypotheses exist but do not fully explain the observed
level of specificity and selectivity of wild type AMPs
(Shai and Oren 2001).

Attempts to modify AMPs for human use started from
AMPs that exhibited some degree of specificity and
selectivity. The mutations focused on improving activity
by altering overall physicochemical characteristics of
the peptides: helicity, hydrophobicity and cationic
charge (Brogden 2005). With almost every attempt, the
antibacterial activity of the peptides was increased, an
optimum was found; however, the synthetic AMPs
became more haemolytic and/or lost most of their
specificity and selectivity compared to the wild type
originals (Dathe et al. 2001; Dathe and Wieprecht 1999).
Synthetic AMPs designed without a natural model also
used the assumed physicochemical design motifs, but
these artificial AMPs have not delivered the expected
breakthrough: they require much higher concentration
to perform the expected membrane disrupting
behaviour (Yang et al. 2008), and they might even follow
a different mechanism of action (Khara et al. 2014),
although there are some encouraging results (Speck et
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Fig.1 AFM images of interaction of pore former peptide melittin with DMPC:DMPG (4:1) model membrane show crack formation. Re-

produced with permission from Springer Nature (Lee et al. 2009)
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al. 2014). Nevertheless, the data suggest that the real
activity motifs of the AMPs should be sought at the
residue level.

This situation is compounded by the inconsistency
between biophysical studies that often disagree in the
effect of a particular mutation, or even the overall
mechanism of action (Guha et al. 2019; Pandidan and
Mechler 2019). This variability of the data can be traced
back to the lack of consensus on the desirable conditions
and lipid compositions for membrane disruption studies,
and hence activities are compared under vastly different
conditions and thus extrapolating them to actual
physiological environments and conditions is doomed
to failure.

There is a pressing need to develop a residue level
understanding of the drivers and controls of AMP action,
that is, the physical chemistry aspects of the process.
Most AMP studies focused on the phenomenological,
biological and biophysical aspects of membrane
disruption; comparably little attention was paid to the
physical chemistry of AMP activity. Therefore, the focus
of this review is the underlying mechanism: the often
still hypothetical series of molecular interactions and
processes leading to the membrane disrupting outcome.

EMPIRICAL MODELS OF MEMBRANE DISRUPTING
MECHANISM

While the exact mechanism of action of a particular
membrane disrupting AMP is rarely known, and in
many cases still debated (Hale and Hancock 2007;
Hwang et al. 1998), the two distinct classes of
membrane permeabilization mechanisms, that is,
surface and pore forming action are widely accepted
based on available data and the structure of AMPs
(Bahar and Ren 2013; Brogden 2005; Wimley 2010).
Transmembrane pore formation is divided into two
different pore geometries known as barrel-stave and
toroidal pores, and surface acting mechanism also has
two subclasses, described by the carpet and the
detergent models (Brogden 2005; Epand 2016; Kumar
et al. 2018; Wimley 2010). It should be emphasized that
all these proposed models classify peptide-membrane
interaction via the final product of the disruption
process while mostly neglecting to describe the
mechanistic pathway leading to these outcomes.

The common ground of these models is that the cell
killing activity is exerted via perturbation of the
membrane and breaching its integrity (Ganz and Lehrer
1995). The classification relies on overall biophysical
peptide characteristics (such as charge, hydrophobicity,
amphipathicity, size and solubility) to predict which
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mechanism would a particular peptide follow (Chen et
al. 2007; Dathe and Wieprecht 1999; Tossi et al. 2000).
AMPs are unstructured in aqueous solution and adopt a
typically amphipathic a-helical structure in the
presence of lipid membrane; this amphipathic structure
is essential for their affinity interactions with lipid
membranes and is seen as the main reason why these
AMPs are positioned at the interface between the
hydrophobic membrane core and the aqueous medium
and/or aggregate into transmembrane bundles (Lee et
al. 2014; Sani and Separovic 2016). Furthermore, the
preferred mechanism shows a weak correlation to the
peptide length (Wimley 2010). It is explained with
match or mismatch between membrane thickness and
the length of the helix, arguing that both short (<3 nm
helical length) and too long (>7nm) peptides have
difficulty forming pores through the membrane. 4-nm
long helices, that corresponds to approximately 20-30
amino acid residues in the a-helix, are seen as optimal
to span a lipid membrane of similar thickness by
forming pores (Lee et al. 2004). These characteristics
are sufficient to establish what might be described as
phenomenological membrane disruption models; in the
followings these will be described first, before
discussing the thermodynamic aspects of AMP action.

Barrel-stave pore model

Barrel-stave pore formation as a means of membrane
disruption was first proposed by analysis of steady-
state fluctuations of single-pore conductance in 1974 to
explain alamethicin activity in black lipid membranes
(Baumann and Mueller 1974; Boheim 1974). In this
hypothetical mechanism first the peptide monomers
bind to the membrane and form an a-helical structure.
Then the peptides aggregate on the surface to form a
permanent bundle with a narrow hydrophilic central
hole, essentially an ion-channel that consecutively
penetrates the core region of membrane, without
significant perturbation of the lipid molecules in the
way that their hydrophobic surfaces interact with the
lipid core and their hydrophilic surfaces form the
interior region of an aqueous pore (Fig. 2A) (Boheim
1974; Boheim and Benz 1978; Boheim et al. 1983;
Cafiso 1994; Estep et al. 1978; Mak and Webb 1995;
Oren and Shai 1998).

The logic of the model necessitates that hydrophobic
interaction is the main driving force in this mode of
action (Oren and Shai 1998). A more generic model of
the barrel-stave mechanism involves four main stages:
(1) initial electrostatic binding of the helical peptide
most likely in monomeric form to the membrane
surface, (2) membrane insertion of the hydrophobic
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Barrel-stave pore

Toroidal pore

Fig. 2 The two main geometries of pore forming action. A Barrel-stave pore. B Toroidal pore. In the schematic representation of the lip-
ids the head groups are shown in yellow and the peptides are shown fully helical

region of the bound peptides to a depth that varies
based on the membrane outer leaflet hydrophobicity,
(3) after a threshold concentration, the bound peptide
monomers self-aggregate and may insert deeper into
the membrane core region, (4) the peptide hydrophobic
faces align to the hydrophobic lipid core region, while
their hydrophilic regions form the interior part of a
water-filled pore (Park et al. 2011). The pore size and
the pore former oligomeric state would be then
determined by the distribution of the cross sectional
amphiphilicity of the helix: the narrower the
hydrophilic face, the smaller the pore. However, there is
not any direct or indirect evidence for the existence of
these intermediate stages.

It should be noted that the tightly packed peptide
bundle as required for this mode of action is only
feasible for very weakly charged peptides that can be
tightly packed; else the Coulombic repulsion would
destabilize the pore and/or inhibit its formation (Ludtke
et al. 1996; Yang et al. 2001; Zemel et al. 2003).
Consistently, barrel-stave pore formation might only be
possible for a small number of ideally proportioned
peptides; this unique pore formation in alamethicin is
well studied and confirmed, but alamethicin is the only
known peptide following this model (Lee et al. 2004;
Yang et al. 2001). It should be noted that based on
geometrical consideration it was assumed that
alamethicin pore would be formed by a fixed number of
monomers (Hall 1975), however there is evidence that
the pore size can increase with monomers joining the
aggregate, detected from increasing ion conductance
(Matsubara et al. 1996; Sansom 1991).

Toroidal pore model

Toroidal pore or wormhole mechanism was first
proposed in 1996 to describe magainin-induced pores
(Ludtke et al. 1996). In the toroidal pore mechanism,
AMP insertion into the membrane lead to asymmetric
tension that forms pores by induced surface bending in
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membrane leaflets once a critical threshold
concentration is reached, bridging the two leaflets in a
sharp curve so that the water core is lined by both the
inserted peptides and the lipid head groups (Fig. 2B)
(Ludtke et al. 1996; Yeaman and Yount 2003). By
disruption of the bilayer curvature and forming a torus,
the inserted peptides would cause permeabilization, or
disintegration of the membrane (Marsh and Goode
2007; He et al. 1995). The main difference between
barrel-stave and toroidal model is that in the toroidal
pore model, peptides are always associated with the
lipid head groups even when they reside in the pore
(Sengupta et al. 2008; Yang et al. 2001). Thus, toroidal
pore formation is caused by peptides that do not insert
into the membrane core, as even in the torus they are
essentially on the membrane surface. Hence it can be
seen as an extreme case of surface action as it will be
detailed below.

A peculiar aspect of the toroidal pore formation that
many, but not all, peptides assumed to follow this mode
of action do only disrupt the membrane at a threshold
concentration (Cudic and Otvos Jr 2002). Yet there is a
contradiction: this model also suggests that the torus
itself is not necessarily the lowest energy state for the
peptide in the membrane; hence the formation of stable
toroidal pore is highly dependent on a critical peptide-
lipid ratio, and increasing peptide concentration could
actually lessen the pore stability because of higher
electrostatic repulsion between the peptides (Brogden
2005). Furthermore, while this mode of disruption is
ascribed to many AMPs, in spite of the supposedly large
size of the pore compared to a barrel-stave bundle,
toroidal pores have not been observed with microscopy
methods; indeed in case of melittin, a markedly
different pore geometry was imaged (Fig. 1).

Carpet model
The so called carpet model was first proposed by Pouny

et al. in 1992 for explaining the mechanism of action of
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dermaseptin (Pouny et al. 1992). Carpet mechanism is
described in four steps: (1) Peptide monomers adhere
parallel to the membrane surface; it is assumed that the
main force of attachment in this mechanism is
electrostatic attraction between the negative charge of
bacteria membrane surface and positive charge of the
peptides (Mani et al. 2004; Shahmiri et al. 2015).
(2) Peptide obtains helical fold on the surface of the
membrane in a way that the positive charges of amino
acids interact with the negatively charged lipid
headgroups or water molecules, covering the
membrane surface in a carpet-like fashion. (3) Rotation
of peptide leading to reorientation of the hydrophobic
peptide residues toward the hydrophobic membrane
core region. (4) Finally breaking down the membrane
by disrupting the bilayer curvature and forming
micelles (Fig. 3A) (Oren and Shai 1998). The actual
mechanism of the last step is not well described even in
the hypothesis, it was suggested that formation of
transients pores in the membrane enabling the passage
of low molecular weight molecules could be the initial
stage before complete membrane collapse (Oren and
Shai 1998). The parallel orientation of the peptide on
the membrane surface during the whole process may
change the membrane fluidity by displacing
phospholipids and that could distort and destabilize the
phospholipid packing (Powers and Hancock 2003; Shai
and Oren 2001). However, that would be a gradual
process whereas it is well documented that in this
mechanism, as in the toroidal pore model, there is also
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Fig. 3 Surface action of antimicrobial peptides. A Carpet model.
B Detergent model. In the schematic representation of the lipids
head groups are shown in yellow and the peptides are shown
fully helical
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a critical peptide threshold concentration (Fernandez et
al. 2012; Gazit et al. 1995; Shai 1999; Shai and Oren
2001).

The existence of the threshold can be explained with
an adjustment to the above model, noting that the
presence of the peptides in the top membrane leaflet
alters surface tension and thus when the occupancy of
surface bound state is high enough the torque of the
asymmetric lateral tension between the two membrane
leaflets overcomes the hydrophobic force that holds the
membrane intact and thus the membrane breaks up
(Mechler et al. 2007, 2009; Shahmiri et al. 2015).

It is important to note, however, that there is little to
no difference in the reasoning between the toroidal pore
and carpet model, yet a substantially different outcome
is proposed. Consistently it was suggested that carpet
mechanism could be an extreme form of the toroidal
pore mechanism (Dathe and Wieprecht 1999).

Detergent model

Detergent model may be seen as the extended version
of the carpet model of AMP action. Some authors
combine these two models, suggesting that
comprehensive breakdown of the membrane integrity
includes membrane fragmentation into micelles
(Wimley and Hristova 2011). Others differentiate
between the two models based on whether or not the
peptide-induced leakage efficiency depends on the size
of the entrapped solutes (Ostolaza et al. 1993). The
initial interaction of peptide in detergent model is
similar to the carpet model, though without a
threshold: even at lower concentration the peptide is
causing some dye leakage which is caused by the
“budding” of mixed micelles that at higher
concentration leads to direct dissolution of the
membrane and thus cell death (Fig.3B) (Goyal and
Mattoo 2016; Kumar et al. 2018). It should be noted
that often the term "detergent effect" has been cited to
explain the catastrophic membrane integrity loss at
high concentration of peptides in other mechanisms
(Bechinger and Lohner 2006; Hristova et al. 1997;
Ostolaza et al. 1993).

Critique of the phenomenological models

It is important to note that most of the known AMPs
exhibit anomalies in the expected behaviour based on
either of these models (Dathe and Wieprecht 1999;
Lehrer et al. 1989; Zasloff 2002). Some studies cast
doubt on the very existence, or at least the importance
of the four different membrane breaching pathways,
arguing that allowing sufficient time all AMPs may
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fragment the membrane bilayer into micelle structures,
regardless of their preferred mechanism (Hoskin and
Ramamoorthy 2008; Shai 2002; Zasloff 2002). Other
than for the barrel-stave mechanism of alamethicin
there is scarce evidence in support of either of these
mechanistic pathways, mainly due to the lack of
suitable methodology. The peptides themselves, and
even the peptide induced membrane structures are
small, dynamic and highly environment dependent,
thwarting microscopic observation and most
biophysical and physicochemical methods that could be
used to characterize the molecular processes.
Furthermore, the models are limited to molecule level
biophysical characteristics to predict the membrane
interactions, such as overall charge, hydrophobicity,
amphiphilicity and length; however, these parameters
cannot fully explain the specificity and selectivity of the
action of these peptides observed in microbiological
studies (Brogden 2005). Attempts to identify drivers
and motifs of activity at the residue level delivered
mixed results, given that mutations of the peptides may
change multiple properties and therefore
randomization and alanine screen methods that are
frequently used in medicinal chemistry necessarily fail
on AMPs (Cantisani et al. 2014; Cunningham and Wells
1989; Hawkins et al. 1993). The failure of linking
chemical structure to the empirical models has been
thus far the greatest impediment towards rational
design of AMPs for human therapeutics.

THERMODYNAMIC MODELS

Thermodynamic models of peptide-membrane
interactions rely on the chemical parameters of the
peptides and the lipid membrane, and a morphological
model of the interaction (the term “structural” is often
used but it implies a static assembly whereas these
models assume dynamic assemblies) (Seelig 2004). The
process is described as a chain of equilibria, where each
step of the mechanism is a distinct thermodynamic
state, defined by the free energy of the specific peptide-
membrane interactions and entropic factors. The
occupancy of these states is defined by the Boltzmann
distribution. Assuming that the states proceed from
surface attachment to the final broken-up membrane in
the order of increasing free energy, the occupancy of
the states must have a clear concentration dependency,
explaining the existence of thresholds in the process.
The energy of each state can be calculated based on a
model, or potentially measured with calorimetric
methods. Even though thermodynamical modelling
offers the means of gleaning much better insights to the

178 | June 2021 | Volume 7 | Issue 3

dynamic process than the common structural
approaches, there is only scarce data in the literature.

From the thermodynamic point of view, the
membrane might be described as a platform where the
peptides occupy various states, depending on how they
interact with the lipid molecules and each other. This is
a simplification, as the presence of the peptide alters
the membrane structure as well, but a simplification
that makes it possible to construct various sequences of
states, i.e. mechanistic pathways for the peptides to
follow. Sources mostly agree that the initial stages of
peptide-membrane interaction can be divided into
three thermodynamic steps: unstructured solution
state, unstructured surface binding due to electrostatic
attraction, and conformation change into the a-helical
membrane disrupting fold (Ennaceur et al. 2009; Hall et
al. 2014; Hirst et al. 2013; Jacobs and White 1989;
Ningsih et al. 2012; Seelig 2004). Yet, even this simple
process is called into question: it was shown recently
that phenylalanine residues play a key role in
membrane attachment, and removal of these residues
eliminates activity, even if the charge is not altered; this
was demonstrated for the surface acting aureinl1.2 but
it is feasible to assume broader validity of the
observations (Shahmiri et al. 2017). It was also shown
that the C-terminal amidation plays a necessary and
unique role: without amidation many AMPs are
inactive, which was explained before with charge
effects (Huang et al. 2010; Strandberg et al. 2007;
Strgem et al. 2002). However, it was recently
demonstrated, also for aurein1.2, that methylamidation
deactivates the peptide as well, even though it delivers
the same cationic charge increase (by eliminating a
negative charge) and structural effects (through
hydrogen bonding) as simple amidation (Shahmiri and
Mechler 2020). These results question the role of
charge in the disruption process, suggesting that there
can be other factors that are hitherto unaccounted for.
Further uncertainty surrounds the steps leading from
surface binding to membrane disruption, as these are
difficult to analyse due to the dynamic nature of the
process, and that may also involve nucleation at
membrane defects (Karatekin et al. 2003; Melikov et al.
2001; Weaver and Chizmadzhev 1996).

Two and three stage pore forming models

From a purely energetic point of view the main reason
for the formation of stable pores would be that the pore
is the lowest energy state for the peptides to occupy in
the membrane (Afonin et al. 2008; Huang 2009; Huang
et al. 2004; Lazaridis et al. 2013). This is the case when
the AMP helix is mostly hydrophobic with a narrow
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hydrophilic face: such peptides may form permanent
small channels of the barrel-stave geometry because
only the central part of the pore would be water-loving
and all the hydrophobic residues can favourably
interact with the membrane core and each other
(Brogden 2005). It should be noted that this
assumption may be incorrect, as a free energy
calculation study suggested that the thermodynamic
mechanism for the formation of both types of pores (i.e.
barrel-stave and toroidal) are the same and the only
difference is the free energy of the pore itself (Huang
2009). Nevertheless, the simplest energetic model of
membrane disruption contains two states for peptide-
membrane interaction, the S-state for the surface
bound state of peptide and the I-state for the
membrane inserted monomeric state (Huang 2000,
2006). This does not account for the different,
supposedly lower energy state of the pore forming
aggregate therefore a third state of pore expansion
known as E-state was proposed for the formation of a
pore-like structure by in-membrane aggregation
resulting from continued insertion of peptide
(Rakowska et al. 2013). Such simplistic models,
however, fail to deliver results of acceptable predictive
validity.

Flip-flop pore model

The above assumption of a lower energy pore state
might not be valid for highly amphiphilic peptides. For
these the membrane insertion is a higher free energy
state than the surface bound state, since the polar face
of the helix may remain hydrated allowing water
penetration into the membrane core, and the energy
cost of breaking the physical bonds to the lipid
headgroups is not fully recovered by the weak van der
Waals type interactions in the membrane core. If only
the energy difference is considered such peptide would
not enter the membrane; however, in a dynamic
system, the membrane inserted state of such peptides
is sparsely populated due to the mixing entropy; the
relative occupancies are described by the Boltzmann
distribution. Thus a modification of the two state model
can be introduced assuming that transient pores might
be resulted from this higher energy membrane inserted
state of the peptides, as they are flip-flopping in and out
of the membrane, potentially also leading to transfer
between the membrane leaflets (Kim et al. 2009;
Ludtke et al. 1996; Matsuzaki 1999). This kind of two-
state system was extensively studied for the peptide
magainin2 secreted by African clawed frog Xenopus
laevis (He et al. 1995; Karal et al. 2015; Ludtke et al.
1996; Papo and Shai 2003; Tamba and Yamazaki 2005,
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2009). Association of monomeric peptide to the
headgroup region of the outer leaflet of the membrane
is defined as B, state (Hirsh et al. 1996; Tamba and
Yamazaki 2009). Increasing the concentration leads to
more and more peptides "dipping" into the membrane,
carrying with them some lipid molecules from the top
leaflet and allowing water to penetrate the membrane
at the hydrophilic side of the peptide. This is called the
P (pore) state; when involving multiple peptides this
could lead to the formation of dynamic, transient
toroidal pores (Ludtke et al. 1996). Since these pores
are not stable, they are expected to close once excess
peptide is transferred to the inner leaflet through the
curved membrane surface of the torus and an
equilibrium develops due to the even distribution of
monomers at both sides of the membrane (Ludtke et al.
1995, 1996; Matsuzaki et al. 1995). This model does not
assume any peptide aggregation in the membrane,
which was confirmed with NMR measurements (Hirsh
et al. 1996). Dual polarisation interferometry studies of
magainin2 on model membranes suggested that the
membrane can recover when the excess peptide is
removed from the solution, confirming the existence of
a dynamic equilibrium, but the disruption can also
proceed towards complete membrane lysis if the
peptide concentration is increased (Hall et al. 2014).

Membrane penetrating fissure model

The most complex semi-empirical thermodynamic
model of membrane disruption to date is the fissure
model. Developed to explain the mechanism of action of
melittin, it is supported by real time microscopy
evidence as well as QCM viscoelastic fingerprinting
(Pandidan and Mechler 2019). When parts of the
peptide are highly charged but it also contains a
sufficiently hydrophobic helical segment, a situation
might arise where the peptide can insert in the
membrane partially with the charged segment firmly
attached to the lipid headgroups and the helix
penetrating the membrane core. In the fissure model
the peptides thus partially insert in monomeric form
into the top membrane leaflet; given the polar-to-
apolar ratio of the inserted helix is ~1:3, the insertion is
not costly in energy terms compared to the surface
bound state. The schematic representation of the
fissure pathway is shown in Fig.4 (Pandidan and
Mechler 2019).

The hydrophilic face of the inserted helix however
allows in-membrane aggregation of the peptide; with
essentially % of the helix being hydrophilic, the
preferred aggregation geometry is a linear fissure. This
fissure may expand as more monomers join the
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Fig.4 Schematic hypothetical pathways of fissure and asymmet-
ric tension for melittin pore forming mechanism. S1, S2 and S3
are solvated, adsorbed and helical state of peptide, respectively,
leading to S4a, S4b as linear “crack” assembly or toroidal pore
formation, respectively. Reproduced from Pandidan and Mechler
(2019) under Creative Commons license 4.0 (http://creativecom-
mons.org/licenses/by/4.0/)

aggregate, leading to substantial water penetration and
hence unbalancing the bottom membrane leaflet,
exposing the hydrophobic core; energetic stability can
be achieved by flip-flopping peptides through the
fissure to the bottom leaflet side, completing the
transmembrane fissure. Spreading of the fissures may
break up the membrane to small island or form
peptide-stabilized nano discs. There is microscopy
evidence of this process (Lee et al. 2009).

Asymmetric tension model

If the amphiphilic cross section of the helix approaches
an even distribution along its full length, it is too long,
or in case of specific (charge or hydrogen bonding)
interactions between the polar face of the amphiphilic
helix and the lipid headgroups, as is the case of charged
bacterial membranes, the energy cost of membrane
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penetration is too high: the occupancy of the membrane
inserted state is negligible, the peptides remain on the
surface (Shahmiri et al. 2015, 2016). Continuing
peptide adsorption can have various effects on the
membrane: it may dilute the membrane and changes
fluidity, leading to instability (Shahmiri et al. 2015,
2016); if that does not proceed to the flip-flop
mechanism for reasons outlined above, it leads to a
gradual increase in the membrane tension in the top
leaflet, while the bottom leaflet is unaffected. The
peptides may remain monomeric (Shai and Oren 2001)
or may aggregate and partially insert into the top leaflet
(Shahmiri et al. 2015). The resulting surface tension
difference introduces a spontaneous curvature in the
membrane, a torque that, when reaching the lateral
membrane tension, may cause blistering and/or
eventual catastrophic breakdown of the membrane
(Hartmann et al. 2010; Shahmiri et al. 2015). One
possible pathway is shown in Fig. 4 (right side). The
energetic model in this case is very simple, given that
the peptide remains in essentially one state throughout,
the surface adsorbed state, although for aggregation
and partial penetration further intermediate states are
introduced; however, the membrane disruption itself is
described in terms of the resulting surface free energy
changes of the membrane itself.

It is easy to see that under specific conditions the
asymmetric tension may not proceed to complete
membrane breakdown but lead to the formation of
toroidal type pores (Pandidan and Mechler 2019) as
also described in the pore expansion model (Chen et al.
2002, 2003). Hence this model is distinct from the flip-
flop model that describes transient, unstable pores.

SUMMARY

The models outlined in this review are, to a large part,
hypothetical. The available evidence supports certain
aspects of the models, however none of them has been
proven unequivocally. The field has taken enormous
strides in the 1990s and early 2000s in understanding
AMP action, however by now that initial momentum is
spent without reaching the goal: development of AMPs
into viable drug candidates for human therapeutics.
This is the time to revisit the fundamentals and develop
in-depth understanding of the molecular interactions
leading to membrane interaction, to further develop
and parametrize the thermodynamic models. Such
knowledge will reveal design motifs and allow for
rational design of membrane disrupting peptides for
specific goals, to kill bacteria or fungi, eliminate
cancerous cells, or disrupt the envelope of viruses.
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http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Mechanism of action of membrane disrupting peptides

REVIEW

Compliance with Ethical Standards

Conflict of interest Sara Pandidan and Adam Mechler declare
that they have no conflict of interest.

Human and animal rights and informed consent This article
does not contain any studies with human or animal subjects
performed by any of the authors.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Afonin S, Grage SL, leronimo M, Wadhwani P, Ulrich AS (2008)
Temperature-dependent transmembrane insertion of the
amphiphilic peptide PGLa in lipid bilayers observed by solid
state 19F NMR spectroscopy. ] Am Chem Soc 130(49):
16512-16514

Bahar AA, Ren D (2013) Antimicrobial peptides. Pharmaceuticals
6(12): 1543-1575

Baumann G, Mueller P (1974) A molecular model of membrane
excitability. ] Supramol Struct 2(5-6): 538-557

Bechinger B, Lohner K (2006) Detergent-like actions of linear
amphipathic ~ cationic  antimicrobial  peptides. = BBA-
Biomembranes 1758(9): 1529-1539

Boheim G (1974) Statistical analysis of alamethicin channels in
black lipid membranes. ]| Membr Biol 19(1): 277-303

Boheim G, Benz R (1978) Charge-pulse relaxation studies with lipid
bilayer ~membranes modified by alamethicin. BBA-
Biomembranes 507(2): 262-270

Boheim G, Hanke W, Jung G (1983) Alamethicin pore formation:
voltage-dependent flip-flop of a-helix dipoles. Biophys Struct
Mech 9(3): 181-191

Brogden KA (2005) Antimicrobial peptides: pore formers or
metabolic inhibitors in bacteria? Nat Rev Microbiol 3(3):
238-250

Cafiso D (1994) Alamethicin: a peptide model for voltage gating and
protein-membrane interactions. Annu Rev Biophys Biomol
Struct 23(1): 141-165

Cantisani M, Finamore E, Mignogna E, Falanga A, Nicoletti GF,
Pedone C, Morelli G, Leone M, Galdiero M, Galdiero S (2014)
Structural insights into and activity analysis of the
antimicrobial peptide myxinidin. Antimicrob  Agents
Chemother 58(9): 5280-5290

Chen F-Y, Lee M-T, Huang HW (2002) Sigmoidal concentration
dependence of antimicrobial peptide activities: a case study on
alamethicin. Biophys ] 82(2): 908-914

Chen F-Y, Lee M-T, Huang HW (2003) Evidence for membrane
thinning effect as the mechanism for peptide-induced pore

© The Author(s) 2021

formation. Biophys ] 84(6): 3751-3758

Chen Y, Guarnieri MT, Vasil Al, Vasil ML, Mant CT, Hodges RS (2007)
Role of peptide hydrophobicity in the mechanism of action of
a-helical antimicrobial peptides. Antimicrob Agents Chemother
51(4): 1398-1406

Cohen ML (1992) Epidemiology of drug resistance: implications for
a post-antimicrobial era. Science 257(5073): 1050-1055

Conlon JM, Sonnevend A (2010) Antimicrobial peptides in frog skin
secretions. In: Antimicrobial Peptides. Springer. pp 3-14

Cudic M, Otvos Jr L (2002) Intracellular targets of antibacterial
peptides. Curr Drug Targets 3(2): 101-106

Cunningham BC, Wells JA (1989) High-resolution epitope mapping
of hGH-receptor interactions by alanine-scanning mutagenesis.
Science 244(4908): 1081-1085

Darveau RP, Cunningham M, Seachord CL, Cassiano-Clough L,
Cosand WL, Blake ], Watkins CS (1991) Beta-lactam antibiotics
potentiate magainin 2 antimicrobial activity in vitro and in vivo.
Antimicrob Agents Chemother 35(6): 1153-1159

Dathe M, Nikolenko H, Meyer ], Beyermann M, Bienert M (2001)
Optimization of the antimicrobial activity of magainin peptides
by modification of charge. FEBS Lett 501(2-3): 146-150

Dathe M, Wieprecht T (1999) Structural features of helical
antimicrobial peptides: their potential to modulate activity on
model membranes and biological cells. BBA-Biomembranes
1462(1-2): 71-87

Diamond G, Beckloff N, Weinberg A, Kisich KO (2009) The roles of
antimicrobial peptides in innate host defense. Curr Pharm Des
15(21): 2377-2392

Dubos R] (1939) Studies on a bactericidal agent extracted from a
soil bacillus: I. Preparation of the agent. Its activity in vitro. ]
Exp Med 70(1): 1-10

Dutta P, Das S (2016) Mammalian antimicrobial peptides:
promising therapeutic targets against infection and chronic
inflammation. Curr Top Med Chem 16(1): 99-129

Ennaceur SM, Hicks MR, Pridmore C], Dafforn TR, Rodger A,
Sanderson JM (2009) Peptide adsorption to lipid bilayers: slow
processes revealed by linear dichroism spectroscopy. Biophys ]
96(4): 1399-1407

Epand RM (2016) Host defense peptides and their potential as
therapeutic agents. Springer

Estep T, Mountcastle D, Biltonen R, Thompson T (1978) Studies on
the anomalous thermotropic behavior of aqueous dispersions
of  dipalmitoylphosphatidylcholine-cholesterol =~ mixtures.
Biochemistry 17(10): 1984-1989

Fernandez DI, Le Brun AP, Whitwell TC, Sani M-A, James M,
Separovic F (2012) The antimicrobial peptide aurein 1.2
disrupts model membranes via the carpet mechanism. Phys
Chem Chem Phys 14(45): 15739-15751

Fox JL (2013) Antimicrobial peptides stage a comeback. Nat
Biotechnol 31: 379-382

Fuertes G, Giménez D, Esteban-Martin S, Sanchez-Munoz OL,
Salgado ] (2011) A lipocentric view of peptide-induced pores.
Eur Biophys ] 40(4): 399-415

Ganz T, Lehrer RI (1995) Defensins. Pharmacol Therapeut 66(2):
191-205

Gazit E, Boman A, Boman HG, Shai Y (1995) Interaction of the
mammalian antibacterial peptide cecropin P1 with
phospholipid vesicles. Biochemistry 34(36): 11479-11488

Gazit E, Miller IR, Biggin PC, Sansom MS, Shai Y (1996) Structure
and orientation of the mammalian antibacterial peptide
cecropin P1 within phospholipid membranes. ] Mol Biol
258(5): 860-870

Goyal RK, Mattoo AK (2016) Plant antimicrobial peptides. In: Host
defense peptides and their potential as therapeutic agents.
Springer. pp 111-136

181 | June 2021 | Volume 7 | Issue 3


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/ja803156d
https://doi.org/10.3390/ph6121543
https://doi.org/10.1016/j.bbamem.2006.07.001
https://doi.org/10.1016/j.bbamem.2006.07.001
https://doi.org/10.1007/BF01869983
https://doi.org/10.1016/0005-2736(78)90421-2
https://doi.org/10.1016/0005-2736(78)90421-2
https://doi.org/10.1007/BF00537815
https://doi.org/10.1007/BF00537815
https://doi.org/10.1038/nrmicro1098
https://doi.org/10.1146/annurev.bb.23.060194.001041
https://doi.org/10.1146/annurev.bb.23.060194.001041
https://doi.org/10.1128/AAC.02395-14
https://doi.org/10.1128/AAC.02395-14
https://doi.org/10.1016/S0006-3495(02)75452-0
https://doi.org/10.1016/S0006-3495(03)75103-0
https://doi.org/10.1128/AAC.00925-06
https://doi.org/10.1126/science.257.5073.1050
https://doi.org/10.2174/1389450024605445
https://doi.org/10.1126/science.2471267
https://doi.org/10.1128/AAC.35.6.1153
https://doi.org/10.1016/S0014-5793(01)02648-5
https://doi.org/10.1016/S0005-2736(99)00201-1
https://doi.org/10.2174/138161209788682325
https://doi.org/10.1016/j.bpj.2008.10.039
https://doi.org/10.1021/bi00603a029
https://doi.org/10.1039/c2cp43099a
https://doi.org/10.1039/c2cp43099a
https://doi.org/10.1038/nbt.2572
https://doi.org/10.1038/nbt.2572
https://doi.org/10.1007/s00249-011-0693-4
https://doi.org/10.1016/0163-7258(94)00076-F
https://doi.org/10.1021/bi00036a021
https://doi.org/10.1006/jmbi.1996.0293
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/ja803156d
https://doi.org/10.3390/ph6121543
https://doi.org/10.1016/j.bbamem.2006.07.001
https://doi.org/10.1016/j.bbamem.2006.07.001
https://doi.org/10.1007/BF01869983
https://doi.org/10.1016/0005-2736(78)90421-2
https://doi.org/10.1016/0005-2736(78)90421-2
https://doi.org/10.1007/BF00537815
https://doi.org/10.1007/BF00537815
https://doi.org/10.1038/nrmicro1098
https://doi.org/10.1146/annurev.bb.23.060194.001041
https://doi.org/10.1146/annurev.bb.23.060194.001041
https://doi.org/10.1128/AAC.02395-14
https://doi.org/10.1128/AAC.02395-14
https://doi.org/10.1016/S0006-3495(02)75452-0
https://doi.org/10.1016/S0006-3495(03)75103-0
https://doi.org/10.1128/AAC.00925-06
https://doi.org/10.1126/science.257.5073.1050
https://doi.org/10.2174/1389450024605445
https://doi.org/10.1126/science.2471267
https://doi.org/10.1128/AAC.35.6.1153
https://doi.org/10.1016/S0014-5793(01)02648-5
https://doi.org/10.1016/S0005-2736(99)00201-1
https://doi.org/10.2174/138161209788682325
https://doi.org/10.1016/j.bpj.2008.10.039
https://doi.org/10.1021/bi00603a029
https://doi.org/10.1039/c2cp43099a
https://doi.org/10.1039/c2cp43099a
https://doi.org/10.1038/nbt.2572
https://doi.org/10.1038/nbt.2572
https://doi.org/10.1007/s00249-011-0693-4
https://doi.org/10.1016/0163-7258(94)00076-F
https://doi.org/10.1021/bi00036a021
https://doi.org/10.1006/jmbi.1996.0293

REVIEW

S. Pandidan, A. Mechler

Guha S, Ghimire ], Wu E, Wimley WC (2019) Mechanistic landscape
of membrane-permeabilizing peptides. Chem Rev 119(9):
6040-6085

Hale JD, Hancock RE (2007) Alternative mechanisms of action of
cationic antimicrobial peptides on bacteria. Expert Rev Anti
Infect 5(6): 951-959

Hall J (1975) Toward a molecular understanding of excitability.
Alamethicin in black lipid films. Biophys ] 15(9): 934-939

Hall K, Lee T-H, Mechler Al, Swann MJ, Aguilar M-I (2014) Real-time
measurement of membrane conformational states induced by
antimicrobial peptides: balance between recovery and lysis. Sci
Rep 4: 5479. https://doi.org/10.1038/srep05479

Hancock RE, Diamond G (2000) The role of cationic antimicrobial
peptides in innate host defences. Trends Microbiol 8(9):
402-410

Hancock RE, Sahl H-G (2006) Antimicrobial and host-defense
peptides as new anti-infective therapeutic strategies. Nat
Biotechnol 24(12): 1551-1557

Hartmann M, Berditsch M, Hawecker ], Ardakani MF, Gerthsen D,
Ulrich AS (2010) Damage of the bacterial cell envelope by
antimicrobial peptides gramicidin S and PGLa as revealed by
transmission and scanning electron microscopy. Antimicrob.
Agents Chemother 54(8): 3132-3142

Hawkins RE, Russell SJ, Baier M, Winter G (1993) The contribution
of contact and non-contact residues of antibody in the affinity
of binding to antigen: the interaction of mutant D1. 3
antibodies with lysozyme. ] Mol Biol 234(4): 958-964

He K, Ludtke S], Huang HW, Worcester DL (1995) Antimicrobial
peptide pores in membranes detected by neutron in-plane
scattering. Biochemistry 34(48): 15614-15618

Hirsh D], Hammer ], Maloy WL, Blazyk ], Schaefer ] (1996)
Secondary structure and location of a magainin analogue in
synthetic phospholipid bilayers. Biochemistry 35(39):
12733-12741

Hirst D], Lee T-H, Swann M], Aguilar M-I (2013) Combined mass and

structural kinetic analysis of multistate antimicrobial
peptide-membrane interactions. Anal Chem 85(19):
9296-9304

Hoskin DW, Ramamoorthy A (2008) Studies on anticancer activities
of antimicrobial peptides. BBA-Biomembranes 1778(2):
357-375

Hristova K, Selsted ME, White SH (1997) Critical role of lipid
composition in membrane permeabilization by rabbit
neutrophil defensins. ] Biol Chem 272(39): 24224-24233

Huang HW (2000) Action of antimicrobial peptides: two-state
model. Biochemistry 39(29): 8347-8352

Huang HW (2006) Molecular mechanism of antimicrobial peptides:
the origin of cooperativity. BBA-Biomembranes 1758(9):
1292-1302

Huang HW (2009) Free energies of molecular bound states in lipid
bilayers: lethal concentrations of antimicrobial peptides.
Biophys ] 96(8): 3263-3272

Huang HW, Chen F-Y, Lee M-T (2004) Molecular mechanism of
peptide-induced pores in membranes. Phys Rev Lett 92(19):
198304. https://doi.org/10.1103/PhysRevLett.92.198304

Huang Y, Huang ], Chen Y (2010) Alpha-helical cationic
antimicrobial peptides: relationships of structure and function.
Protein Cell 1(2): 143-152

Hwang PM, Zhou N, Shan X, Arrowsmith CH, Vogel H] (1998) Three-
dimensional solution structure of lactoferricin B, an
antimicrobial peptide derived from bovine lactoferrin.
Biochemistry 37(12): 4288-4298

Jacobs RE, White SH (1989) The nature of the hydrophobic binding
of small peptides at the bilayer interface: implications for the
insertion of transbilayer helices. Biochemistry 28(8):

182 | June 2021 | Volume 7 | Issue 3

3421-3437

Kabelka I, Vacha R (2015) Optimal conditions for opening of
membrane pore by amphiphilic peptides. ] Chem Phys
143(24): 243115. https://doi.org/10.1063/1.4933229

Karal MAS, Alam JM, Takahashi T, Levadny V, Yamazaki M (2015)
Stretch-activated pore of the antimicrobial peptide, magainin 2.
Langmuir 31(11): 3391-3401

Karatekin E, Sandre O, Guitouni H, Borghi N, Puech P-H, Brochard-
Wyart F (2003) Cascades of transient pores in giant vesicles:
line tension and transport. Biophys ] 84(3): 1734-1749

Khara ]S, Wang Y, Ke XY, Liu S, Newton SM, Langford PR, Yang YY,
Ee PL (2014) Anti-mycobacterial activities of synthetic cationic
alpha-helical peptides and their synergism with rifampicin.
Biomaterials 35(6): 2032-2038

Kim C, Spano J, Park E-K, Wi S (2009) Evidence of pores and thinned
lipid bilayers induced in oriented lipid membranes interacting
with the antimicrobial peptides, magainin-2 and aurein-3.3.
BBA-Biomembranes 1788(7): 1482-1496

Klotman ME, Chang TL (2006) Defensins in innate antiviral
immunity. Nat Rev Immunol 6(6): 447-456

Kumar P, Kizhakkedathu JN, Straus SK (2018) Antimicrobial
peptides: diversity, mechanism of action and strategies to
improve the activity and biocompatibility in vivo. Biomolecules
8(1): 4. https://doi.org/10.3390/biom8010004

Lazaridis T, He Y, Prieto L (2013) Membrane interactions and pore
formation by the antimicrobial peptide protegrin. Biophys ]
104(3): 633-642

Lee M-T, Chen F-Y, Huang HW (2004) Energetics of pore formation
induced by membrane active peptides. Biochemistry 43(12):
3590-3599

Lee T-H, Hall K, Mechler A, Martin L, Popplewell ], Ronan G, Aguilar
M-I (2009) Molecular imaging and orientational changes of
antimicrobial peptides in membranes. In: Peptides for Youth.
Springer. pp 313-315

Lee T-H, Heng C, Separovic F, Aguilar M-I (2014) Comparison of
reversible membrane destabilisation induced by antimicrobial
peptides derived from Australian frogs. BBA-Biomembranes
1838(9): 2205-2215

Lehrer R, Barton A, Daher KA, Harwig S, Ganz T, Selsted ME (1989)
Interaction of human defensins with Escherichia coli.
Mechanism of bactericidal activity. ] Clin Invest 84(2):
553-561

Livermore D (2004) The need for new antibiotics. Clin Microbiol
Infect 10: 1-9

Ludtke S, He K, Huang H (1995) Membrane thinning caused by
magainin 2. Biochemistry 34(51): 16764-16769

Ludtke SJ], He K, Heller WT, Harroun TA, Yang L, Huang HW (1996)
Membrane pores induced by magainin. Biochemistry 35(43):
13723-13728

Mak D, Webb WW (1995) Two classes of alamethicin
transmembrane channels: molecular models from single-
channel properties. Biophys ] 69(6): 2323-2336

Mangoni ML, Shai Y (2009) Temporins and their synergism against
Gram-negative  bacteria and in lipopolysaccharide
detoxification. BBA-Biomembranes 1788(8): 1610-1619

Mani R, Buffy J], Waring AJ, Lehrer RI, Hong M (2004) Solid-state
NMR investigation of the selective disruption of lipid
membranes by  protegrin-1.  Biochemistry = 43(43):
13839-13848

Marsh ], Goode JA (2007) Antimicrobial peptides. Ciba Foundation
Symposium 186. Wiley, Chichester, UK. https://doi.org/
10.1002/9780470514658

Matsubara A, Asami K, Akagi A, Nishino N (1996) lon-channels of
cyclic template-assembled alamethicins that emulate the pore
structure predicted by the barrel-stave model. ChemComm 17:

© The Author(s) 2021


https://doi.org/10.1021/acs.chemrev.8b00520
https://doi.org/10.1586/14787210.5.6.951
https://doi.org/10.1586/14787210.5.6.951
https://doi.org/10.1038/srep05479
https://doi.org/10.1038/srep05479
https://doi.org/10.1038/srep05479
https://doi.org/10.1016/S0966-842X(00)01823-0
https://doi.org/10.1038/nbt1267
https://doi.org/10.1038/nbt1267
https://doi.org/10.1128/AAC.00124-10
https://doi.org/10.1128/AAC.00124-10
https://doi.org/10.1006/jmbi.1993.1650
https://doi.org/10.1021/bi00048a002
https://doi.org/10.1021/bi961468a
https://doi.org/10.1021/ac402148v
https://doi.org/10.1016/j.bbamem.2007.11.008
https://doi.org/10.1074/jbc.272.39.24224
https://doi.org/10.1021/bi000946l
https://doi.org/10.1016/j.bbamem.2006.02.001
https://doi.org/10.1016/j.bpj.2009.01.030
https://doi.org/10.1103/PhysRevLett.92.198304
https://doi.org/10.1103/PhysRevLett.92.198304
https://doi.org/10.1007/s13238-010-0004-3
https://doi.org/10.1021/bi972323m
https://doi.org/10.1021/bi00434a042
https://doi.org/10.1063/1.4933229
https://doi.org/10.1063/1.4933229
https://doi.org/10.1021/la503318z
https://doi.org/10.1016/S0006-3495(03)74981-9
https://doi.org/10.1016/j.biomaterials.2013.11.035
https://doi.org/10.1016/j.bbamem.2009.04.017
https://doi.org/10.1038/nri1860
https://doi.org/10.3390/biom8010004
https://doi.org/10.3390/biom8010004
https://doi.org/10.1016/j.bpj.2012.12.038
https://doi.org/10.1021/bi036153r
https://doi.org/10.1016/j.bbamem.2014.02.017
https://doi.org/10.1021/bi00051a026
https://doi.org/10.1021/bi9620621
https://doi.org/10.1016/S0006-3495(95)80102-5
https://doi.org/10.1016/j.bbamem.2009.04.021
https://doi.org/10.1021/bi048650t
https://doi.org/10.1002/9780470514658
https://doi.org/10.1002/9780470514658
https://doi.org/10.1021/acs.chemrev.8b00520
https://doi.org/10.1586/14787210.5.6.951
https://doi.org/10.1586/14787210.5.6.951
https://doi.org/10.1038/srep05479
https://doi.org/10.1038/srep05479
https://doi.org/10.1038/srep05479
https://doi.org/10.1016/S0966-842X(00)01823-0
https://doi.org/10.1038/nbt1267
https://doi.org/10.1038/nbt1267
https://doi.org/10.1128/AAC.00124-10
https://doi.org/10.1128/AAC.00124-10
https://doi.org/10.1006/jmbi.1993.1650
https://doi.org/10.1021/bi00048a002
https://doi.org/10.1021/bi961468a
https://doi.org/10.1021/ac402148v
https://doi.org/10.1016/j.bbamem.2007.11.008
https://doi.org/10.1074/jbc.272.39.24224
https://doi.org/10.1021/bi000946l
https://doi.org/10.1016/j.bbamem.2006.02.001
https://doi.org/10.1016/j.bpj.2009.01.030
https://doi.org/10.1103/PhysRevLett.92.198304
https://doi.org/10.1103/PhysRevLett.92.198304
https://doi.org/10.1007/s13238-010-0004-3
https://doi.org/10.1021/bi972323m
https://doi.org/10.1021/bi00434a042
https://doi.org/10.1063/1.4933229
https://doi.org/10.1063/1.4933229
https://doi.org/10.1021/la503318z
https://doi.org/10.1016/S0006-3495(03)74981-9
https://doi.org/10.1016/j.biomaterials.2013.11.035
https://doi.org/10.1016/j.bbamem.2009.04.017
https://doi.org/10.1038/nri1860
https://doi.org/10.3390/biom8010004
https://doi.org/10.3390/biom8010004
https://doi.org/10.1016/j.bpj.2012.12.038
https://doi.org/10.1021/bi036153r
https://doi.org/10.1016/j.bbamem.2014.02.017
https://doi.org/10.1021/bi00051a026
https://doi.org/10.1021/bi9620621
https://doi.org/10.1016/S0006-3495(95)80102-5
https://doi.org/10.1016/j.bbamem.2009.04.021
https://doi.org/10.1021/bi048650t
https://doi.org/10.1002/9780470514658
https://doi.org/10.1002/9780470514658

Mechanism of action of membrane disrupting peptides

REVIEW

2069-2070

Matsuzaki K (1999) Why and how are peptide-lipid interactions
utilized for self-defense? Magainins and tachyplesins as
archetypes. BBA-Biomembranes 1462(1-2): 1-10

Matsuzaki K, Murase O, Fujii N, Miyajima K (1995) Translocation of
a channel-forming antimicrobial peptide, magainin 2, across
lipid bilayers by forming a pore. Biochemistry 34(19):
6521-6526

Matsuzaki K, Sugishita K-i, Ishibe N, Ueha M, Nakata S, Miyajima K,
Epand RM (1998) Relationship of membrane curvature to the
formation of pores by magainin 2. Biochemistry 37(34):
11856-11863

Mechler A, Praporski S, Atmuri K, Boland M, Separovic F, Martin
LLJBj (2007) Specific and selective peptide-membrane
interactions revealed using quartz crystal microbalance.
Biophys ] 93(11): 3907-3916

Mechler A, Praporski S, Piantavigna S, Heaton SM, Hall KN, Aguilar
M-I, Martin LL (2009) Structure and homogeneity of pseudo-
physiological phospholipid bilayers and their deposition
characteristics on carboxylic acid terminated self-assembled
monolayers. Biomaterials 30(4): 682-689

Melikov KC, Frolov VA, Shcherbakov A, Samsonov AV, Chizmadzhev
YA, Chernomordik LV (2001) Voltage-induced nonconductive
pre-pores and metastable single pores in unmodified planar
lipid bilayer. Biophys ] 80(4): 1829-1836

Nguyen KT, Le Clair SV, Ye S, Chen Z (2009) Molecular interactions
between magainin 2 and model membranes in situ. ] Phys
Chem B 113(36): 12358-12363

Ningsih Z, Hossain MA, Wade ]D, Clayton AH, Gee ML (2012) Slow
insertion kinetics during interaction of a model antimicrobial
peptide with unilamellar phospholipid vesicles. Langmuir
28(4): 2217-2224

Oren Z, Shai Y (1998) Mode of action of linear amphipathic a-helical
antimicrobial peptides. Pept Sci 47(6): 451-463

Ostolaza H, Bartolomé B, de Zarate 10, de la Cruz F, Goiii FM (1993)
Release of lipid vesicle contents by the bacterial protein toxin
a-haemolysin. BBA-Biomembranes 1147(1): 81-88

Pandidan S, Mechler A (2019) Nano-viscosimetry analysis of the
membrane disrupting action of the bee venom peptide
melittin. Sci Rep 9(1): 1-12

Papo N, Shai Y (2003) Exploring peptide membrane interaction
using surface plasmon resonance: differentiation between pore
formation versus membrane disruption by lytic peptides.
Biochemistry 42(2): 458-466

Parisien A, Allain B, Zhang ], Mandeville R, Lan C (2008) Novel
alternatives to antibiotics: bacteriophages, bacterial cell wall
hydrolases, and antimicrobial peptides. ] Appl Microbiol
104(1): 1-13

Park S-C, Park Y, Hahm K-S (2011) The role of antimicrobial
peptides in preventing multidrug-resistant bacterial infections
and biofilm formation. Int ] Mol Sci 12(9): 5971-5992

Pasupuleti M, Schmidtchen A, Malmsten M (2012) Antimicrobial
peptides: key components of the innate immune system. Crit
Rev Biotechnol 32(2): 143-171

Pouny Y, Rapaport D, Mor A, Nicolas P, Shai Y (1992) Interaction of
antimicrobial dermaseptin and its fluorescently labeled
analogs with phospholipid membranes. Biochemistry 31(49):
12416-12423

Powers J-PS, Hancock RE (2003) The relationship between peptide
structure and antibacterial activity. Peptides 24(11):
1681-1691

Pukala TL, Brinkworth CS, Carver JA, Bowie JH (2004) Investigating
the importance of the flexible hinge in caerin 1.1: solution
structures and activity of two synthetically modified caerin
peptides. Biochemistry 43(4): 937-944

© The Author(s) 2021

Radek K, Gallo R (2007) Antimicrobial peptides: natural effectors of
the innate immune system. Semin Immunopathol 29(1): 27-43

Rakowska PD, Jiang H, Ray S, Pyne A, Lamarre B, Carr M, Judge P],
Ravi ], Gerling Ul, Koksch B (2013) Nanoscale imaging reveals
laterally expanding antimicrobial pores in lipid bilayers. Proc
Natl Acad Sci USA 110(22): 8918-8923

Sani M-A, Separovic F (2016) How membrane-active peptides get
into lipid membranes. Acc Chem Res 49(6): 1130-1138

Sansom MS (1991) The biophysics of peptide models of ion
channels. Prog Biophys Mol Biol 55(3): 139-235

Sato H, Feix ]JB (2006) Peptide-membrane interactions and
mechanisms of membrane destruction by amphipathic o-
helical antimicrobial peptides. BBA-Biomembranes 1758(9):
1245-1256

Seelig ] (2004) Thermodynamics of lipid-peptide interactions. BBA-
Biomembranes 1666(1-2): 40-50

Sengupta D, Leontiadou H, Mark AE, Marrink SJ (2008) Toroidal
pores formed by antimicrobial peptides show significant
disorder. BBA-Biomembranes 1778(10): 2308-2317

Shahmiri M, Cornell B, Mechler A (2017) Phenylalanine residues act
as membrane anchors in the antimicrobial action of Aurein 1.2.
Biointerphases 12(5): 05G605. https://doi.org/10.1116/1.499
5674

Shahmiri M, Enciso M, Adda CG, Smith BJ, Perugini MA, Mechler A
(2016) Membrane core-specific antimicrobial action of
cathelicidin LL-37 peptide switches between pore and
nanofibre formation. Sci Rep 6: 38184. https://doi.org/
10.1038/srep38184

Shahmiri M, Enciso M, Mechler A (2015) Controls and constrains of
the membrane disrupting action of Aurein 1.2. Sci Rep 5:
16378. https://doi.org/10.1038/srep16378

Shahmiri M, Mechler A (2020) The role of C-terminal amidation in
the mechanism of action of the antimicrobial peptide aurein
1.2. EuroBiotech ] 4(1): 25-31

Shai Y (1999) Mechanism of the binding, insertion and
destabilization of phospholipid bilayer membranes by a-helical
antimicrobial and cell non-selective membrane-lytic peptides.
BBA-Biomembranes 1462(1): 55-70

Shai Y (2002) Mode of action of membrane active antimicrobial
peptides. Pept Sci 66(4): 236-248

Shai Y, Oren Z (2001) From "carpet" mechanism to de-novo
designed diastereomeric cell-selective antimicrobial peptides.
Peptides 22(10): 1629-1641

Slocinska M, Marciniak P, Rosinski G (2008) Insects antiviral and
anticancer peptides: new leads for the future? Protein Peptide
Lett 15(6): 578-585

Speck S, Courtiol A, Junkes C, Dathe M, Muller K, Schulze M (2014)
Cationic synthetic peptides: assessment of their antimicrobial
potency in liquid preserved boar semen. PLoS One 9(8):
€105949. https://doi.org/10.1371/journal.pone.0105949

Steiner H, Andreu D, Merrifield RB (1988) Binding and action of
cecropin and cecropin analogues: antibacterial peptides from
insects. BBA-Biomembranes 939(2): 260-266

Steiner H, Hultmark D, Engstrom A, Bennich H, Boman H (1981)
Sequence and specificity of two antibacterial proteins involved
in insect immunity. Nature 292(5820): 246-248

Strandberg E, Tiltak D, leronimo M, Kanithasen N, Wadhwani P,
Ulrich AS (2007) Influence of C-terminal amidation on the
antimicrobial and hemolytic activities of cationic a-helical
peptides. Pure Appl Chem 79(4): 717-728

Strgm MB, Rekdal @, Svendsen ]S (2002) The effects of charge and
lipophilicity on the antibacterial activity of undecapeptides
derived from bovine lactoferricin. ] Pept Sci 8(1): 36-43

Tamba Y, Yamazaki M (2005) Single giant unilamellar vesicle
method reveals effect of antimicrobial peptide magainin 2 on

183 | June 2021 | Volume 7 | Issue 3


https://doi.org/10.1016/S0005-2736(99)00197-2
https://doi.org/10.1021/bi00019a033
https://doi.org/10.1021/bi980539y
https://doi.org/10.1529/biophysj.107.116525
https://doi.org/10.1016/j.biomaterials.2008.10.016
https://doi.org/10.1016/S0006-3495(01)76153-X
https://doi.org/10.1021/jp904154w
https://doi.org/10.1021/jp904154w
https://doi.org/10.1021/la203770j
https://doi.org/10.1002/(SICI)1097-0282(1998)47:6&lt;451::AID-BIP4&gt;3.0.CO;2-F
https://doi.org/10.1016/0005-2736(93)90318-T
https://doi.org/10.1021/bi0267846
https://doi.org/10.3390/ijms12095971
https://doi.org/10.3109/07388551.2011.594423
https://doi.org/10.3109/07388551.2011.594423
https://doi.org/10.1021/bi00164a017
https://doi.org/10.1016/j.peptides.2003.08.023
https://doi.org/10.1021/bi035760b
https://doi.org/10.1007/s00281-007-0064-5
https://doi.org/10.1073/pnas.1222824110
https://doi.org/10.1073/pnas.1222824110
https://doi.org/10.1021/acs.accounts.6b00074
https://doi.org/10.1016/0079-6107(91)90004-C
https://doi.org/10.1016/j.bbamem.2006.02.021
https://doi.org/10.1016/j.bbamem.2004.08.004
https://doi.org/10.1016/j.bbamem.2004.08.004
https://doi.org/10.1016/j.bbamem.2008.06.007
https://doi.org/10.1116/1.4995674
https://doi.org/10.1116/1.4995674
https://doi.org/10.1116/1.4995674
https://doi.org/10.1038/srep38184
https://doi.org/10.1038/srep38184
https://doi.org/10.1038/srep38184
https://doi.org/10.1038/srep16378
https://doi.org/10.1038/srep16378
https://doi.org/10.2478/ebtj-2020-0004
https://doi.org/10.1002/bip.10260
https://doi.org/10.1016/S0196-9781(01)00498-3
https://doi.org/10.2174/092986608784966912
https://doi.org/10.2174/092986608784966912
https://doi.org/10.1371/journal.pone.0105949
https://doi.org/10.1371/journal.pone.0105949
https://doi.org/10.1016/0005-2736(88)90069-7
https://doi.org/10.1038/292246a0
https://doi.org/10.1351/pac200779040717
https://doi.org/10.1002/psc.365
https://doi.org/10.1016/S0005-2736(99)00197-2
https://doi.org/10.1021/bi00019a033
https://doi.org/10.1021/bi980539y
https://doi.org/10.1529/biophysj.107.116525
https://doi.org/10.1016/j.biomaterials.2008.10.016
https://doi.org/10.1016/S0006-3495(01)76153-X
https://doi.org/10.1021/jp904154w
https://doi.org/10.1021/jp904154w
https://doi.org/10.1021/la203770j
https://doi.org/10.1002/(SICI)1097-0282(1998)47:6&lt;451::AID-BIP4&gt;3.0.CO;2-F
https://doi.org/10.1016/0005-2736(93)90318-T
https://doi.org/10.1021/bi0267846
https://doi.org/10.3390/ijms12095971
https://doi.org/10.3109/07388551.2011.594423
https://doi.org/10.3109/07388551.2011.594423
https://doi.org/10.1021/bi00164a017
https://doi.org/10.1016/j.peptides.2003.08.023
https://doi.org/10.1021/bi035760b
https://doi.org/10.1007/s00281-007-0064-5
https://doi.org/10.1073/pnas.1222824110
https://doi.org/10.1073/pnas.1222824110
https://doi.org/10.1021/acs.accounts.6b00074
https://doi.org/10.1016/0079-6107(91)90004-C
https://doi.org/10.1016/j.bbamem.2006.02.021
https://doi.org/10.1016/j.bbamem.2004.08.004
https://doi.org/10.1016/j.bbamem.2004.08.004
https://doi.org/10.1016/j.bbamem.2008.06.007
https://doi.org/10.1116/1.4995674
https://doi.org/10.1116/1.4995674
https://doi.org/10.1116/1.4995674
https://doi.org/10.1038/srep38184
https://doi.org/10.1038/srep38184
https://doi.org/10.1038/srep38184
https://doi.org/10.1038/srep16378
https://doi.org/10.1038/srep16378
https://doi.org/10.2478/ebtj-2020-0004
https://doi.org/10.1002/bip.10260
https://doi.org/10.1016/S0196-9781(01)00498-3
https://doi.org/10.2174/092986608784966912
https://doi.org/10.2174/092986608784966912
https://doi.org/10.1371/journal.pone.0105949
https://doi.org/10.1371/journal.pone.0105949
https://doi.org/10.1016/0005-2736(88)90069-7
https://doi.org/10.1038/292246a0
https://doi.org/10.1351/pac200779040717
https://doi.org/10.1002/psc.365

REVIEW

S. Pandidan, A. Mechler

membrane permeability. Biochemistry 44(48): 15823-15833

Tamba Y, Yamazaki M (2009) Magainin 2-induced pore formation in
the lipid membranes depends on its concentration in the
membrane interface. ] Phys Chem B 113(14): 4846-4852

Tossi A, Sandri L, Giangaspero A (2000) Amphipathic, a -helical
antimicrobial peptides. Pept Sci 55(1): 4-30

Uhlig T, Kyprianou T, Martinelli FG, Oppici CA, Heiligers D, Hills D,
Calvo XR, Verhaert P (2014) The emergence of peptides in the
pharmaceutical business: from exploration to exploitation.
EuPA Open Proteom 4: 58-69

Vouille V, Amiche M, Nicolas P (1997) Structure of genes for
dermaseptins B, antimicrobial peptides from frog skin: exon
1-encoded prepropeptide is conserved in genes for peptides of
highly different structures and activities. FEBS Lett 414(1):
27-32

Weaver ]JC, Chizmadzhev YA (1996) Theory of electroporation: a
review. BBA-Biomembranes 41(2): 135-160

Wimley WC (2010) Describing the mechanism of antimicrobial
peptide action with the interfacial activity model. ACS Chem
Biol 5(10): 905-917

Wimley WC, Hristova K (2011) Antimicrobial peptides: successes,
challenges and unanswered questions. ] Membr Biol 239(1-2):
27-34

Yang L, Gordon VD, Trinkle DR, Schmidt NW, Davis MA, DeVries C,
Som A, Cronan JE Jr., Tew GN, Wong GC (2008) Mechanism of a

184 | June 2021 | Volume 7 | Issue 3

prototypical  synthetic membrane-active antimicrobial:
Efficient hole-punching via interaction with negative intrinsic
curvature lipids. Proc Natl Acad Sci USA 105(52):
20595-20600

Yang L, Harroun TA, Weiss TM, Ding L, Huang HW (2001) Barrel-
stave model or toroidal model? A case study on melittin pores.
Biophys ] 81(3): 1475-1485

Yeaman MR, Yount NY (2003) Mechanisms of antimicrobial peptide
action and resistance. Pharmacol Rev 55(1): 27-55

Zasloff M (1987) Magainins, a class of antimicrobial peptides from
Xenopus skin: isolation, characterization of two active forms,
and partial cDNA sequence of a precursor. Proc Natl Acad Sci
USA 84(15): 5449-5453

Zasloff M (2002) Antimicrobial peptides of multicellular organisms.
Nature 415(6870): 389-395

Zemel A, Fattal DR, Ben-Shaul A (2003) Energetics and self-
assembly of amphipathic peptide pores in lipid membranes.
Biophys ] 84(4): 2242-2255

Zhang Q, Xu Y, Wang Q, Hang B, Sun Y, Wei X, Hu ] (2015) Potential
of novel antimicrobial peptide P3 from bovine erythrocytes
and its analogs to disrupt bacterial membranes in vitro and
display activity against drug-resistant bacteria in a mouse
model. Antimicrob Agents Chemother 59(5): 2835-2841

Zumla A, Grange JM (2001) Multidrug-resistant tuberculosis — Can
the tide be turned? Lancet Infect Dis 1(3): 199-202

© The Author(s) 2021


https://doi.org/10.1021/bi051684w
https://doi.org/10.1021/jp8109622
https://doi.org/10.1002/1097-0282(2000)55:1&lt;4::AID-BIP30&gt;3.0.CO;2-M
https://doi.org/10.1016/j.euprot.2014.05.003
https://doi.org/10.1016/S0014-5793(97)00972-1
https://doi.org/10.1021/cb1001558
https://doi.org/10.1021/cb1001558
https://doi.org/10.1007/s00232-011-9343-0
https://doi.org/10.1073/pnas.0806456105
https://doi.org/10.1016/S0006-3495(01)75802-X
https://doi.org/10.1124/pr.55.1.2
https://doi.org/10.1073/pnas.84.15.5449
https://doi.org/10.1073/pnas.84.15.5449
https://doi.org/10.1038/415389a
https://doi.org/10.1016/S0006-3495(03)75030-9
https://doi.org/10.1128/AAC.04932-14
https://doi.org/10.1016/S1473-3099(01)00096-2
https://doi.org/10.1021/bi051684w
https://doi.org/10.1021/jp8109622
https://doi.org/10.1002/1097-0282(2000)55:1&lt;4::AID-BIP30&gt;3.0.CO;2-M
https://doi.org/10.1016/j.euprot.2014.05.003
https://doi.org/10.1016/S0014-5793(97)00972-1
https://doi.org/10.1021/cb1001558
https://doi.org/10.1021/cb1001558
https://doi.org/10.1007/s00232-011-9343-0
https://doi.org/10.1073/pnas.0806456105
https://doi.org/10.1016/S0006-3495(01)75802-X
https://doi.org/10.1124/pr.55.1.2
https://doi.org/10.1073/pnas.84.15.5449
https://doi.org/10.1073/pnas.84.15.5449
https://doi.org/10.1038/415389a
https://doi.org/10.1016/S0006-3495(03)75030-9
https://doi.org/10.1128/AAC.04932-14
https://doi.org/10.1016/S1473-3099(01)00096-2
https://doi.org/10.1021/bi051684w
https://doi.org/10.1021/jp8109622
https://doi.org/10.1002/1097-0282(2000)55:1&lt;4::AID-BIP30&gt;3.0.CO;2-M
https://doi.org/10.1016/j.euprot.2014.05.003
https://doi.org/10.1016/S0014-5793(97)00972-1
https://doi.org/10.1021/cb1001558
https://doi.org/10.1021/cb1001558
https://doi.org/10.1007/s00232-011-9343-0
https://doi.org/10.1073/pnas.0806456105
https://doi.org/10.1016/S0006-3495(01)75802-X
https://doi.org/10.1124/pr.55.1.2
https://doi.org/10.1073/pnas.84.15.5449
https://doi.org/10.1073/pnas.84.15.5449
https://doi.org/10.1038/415389a
https://doi.org/10.1016/S0006-3495(03)75030-9
https://doi.org/10.1128/AAC.04932-14
https://doi.org/10.1016/S1473-3099(01)00096-2

	INTRODUCTION
	EMPIRICAL MODELS OF MEMBRANE DISRUPTING MECHANISM
	Barrel-stave pore model
	Toroidal pore model
	Carpet model
	Detergent model
	Critique of the phenomenological models

	THERMODYNAMIC MODELS
	Two and three stage pore forming models
	Flip-flop pore model
	Membrane penetrating fissure model
	Asymmetric tension model

	SUMMARY

