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Abstract

Antimicrobial peptides (AMPs) have been studied for three decades, and yet a molecular
understanding of their mechanism of action is still lacking. Here we summarize current knowledge
for both synthetic vesicle experiments and microbe experiments, with a focus on comparisons
between the two. Microbial experiments are done at peptide:lipid ratios that are at least 4 orders of
magnitude higher than vesicle-based experiments. To close the gap between the two concentration
regimes, we propose an “interfacial activity model”, which is based on an experimentally testable
molecular image of AMP-membrane interactions. The interfacial activity model may be useful in
driving engineering and design of novel AMPs.

Introduction

The field of antimicrobial peptide research originated in the early 1980’s when Hans Boman
reported(1) that the humoral immune system of silk moths (Hyalophora cecropia) contained
peptides (cecropins) with potent and broad-spectruml antimicrobial activity. Shortly
thereafter, other AMPs were identified. For example, Shunji Natori described sarcotoxins
from fly larvae(2), Robert Lehrer described defensins from mammalian macrophages (3)
and Michael Zasloff described the magainins found in the skin of the frog Xenopus laevis
(4). Although the primary and secondary structures of these first antimicrobial peptides are
very different, the early reports described shared characteristics of biological activity and
biophysical behavior that are still appropriate today to identify and categorize antimicrobial
peptides; AMPs are cationic, amphipathic peptides that have broad spectrum microbicidal
activity which is associated with membrane permeabilization. Unlike nonspecific membrane
lytic peptide toxins, such as melittin, from the venom of the Honey Bee (apis melifera), or
alamethicin from the fungus Trichoderma viride, AMPs have little cytolytic or cytotoxic
activity against host cells.

Since those influential early publications, the field has undergone incredible growth, with
nearly 1000 known examples of antimicrobial peptides (5-7). Naturally occurring examples
are found in all classes of organisms: vertebrate animals, including humans, invertebrate
animals, plants and microbes. Descriptions of newly discovered AMPs are common
occurrences in the literature. In addition to the naturally occurring AMPs, peptides with the
same biological activity have been designed de novo(8), engineered from natural
sequences(9;10) or selected from combinatorial libraries(11;12).

Much of the vast literature on antimicrobial peptides is devoted to biophysical
characterization and structure-function studies in model systems such as lipid vesicles or
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detergents. Yet, despite the large volume of data available, compelling structure-function
relationships are very rare in antimicrobial peptide research. In fact, recent literature
suggests that antimicrobial activity is not dependent on specific amino acid sequences or on
specific peptide structures (9;13-16). Instead, activity depends more on the amino acid
composition of a peptide and on its physical chemical properties. We have called this
phenomenon “interfacial activity” and described it as “the ability of a molecule to bind to a
membrane, partition into in the membrane-water interface and to alter the packing and
organization of the lipids” (11;17). Interfacial activity depends mainly on the appropriate
balance of hydrophobic and electrostatic interactions between peptides, water and lipids. In
this paper we review the available information on the function of AMPs, with a special
emphasis on correlating function observed in model systems (e.g. synthetic lipid bilayers)
with biological activity. We describe a paradigm that may help bridge the gap between
biophysical and biological activity: The interfacial activity model.

AMP action starts at the membrane

Antimicrobial peptides fall into a myriad of secondary or tertiary structure classes as shown
in Figure 1. Helical and B-sheet rich AMPs are common, with many of the B-sheet examples
(e.g. the defensins) having disulfide cross-linked tertiary structure. Some AMPs are
cyclic(18). Some small AMPs (<~15 residues) are often poorly or irregularly structured(19).
In terms of structure, AMPs are about as diverse as possible (Fig 1). However, one of the
few conserved characteristics of antimicrobial peptides is their cationic and hydrophobic
composition. Most AMPs are cationic overall with some examples having net charges as
high as +9. From databases of AMP sequences(6;7), we observe that the basic amino acids,
Arg and Lys, are roughly 50% more abundant in AMPs than in genomes overall, while the
acidic amino acids, Glu and Asp, are ~75% less abundant than expected. The hydrophobic
amino acids are also more abundant in AMPs, while polar residues (especially GlIn) are less
abundant than expected. Smaller AMPs often have higher abundances of aromatic and basic
amino acids. Consistent with these observations, AMPs have been successfully engineered
using reduced amino acid alphabets(17) that contain only basic and hydrophobic amino
acids. Some simple cationic/hydrophobic peptides with good antimicrobial activity include
RW,, (n=1-5)(20), and WALRLYLVY (11). Even some cationic/hydrophobic acylated
tetra-peptides(21) or modified di-peptides(20) have potent antimicrobial activity.

The mixed cationic and hydrophobic composition of AMPs makes them well suited for
interacting with and perturbing microbial cytoplasmic membranes which typically present
anionic surfaces, rich in lipids such as phosphatidylglycerol or cardiolipin, to the outside
environment. One of the most commonly cited explanations for the selectivity of AMPs for
microbes over host cells is the difference in membrane interactions due to differences in
exposed anionic lipid content. Because of the contribution of electrostatic interactions,
binding of AMPs to microbial membranes is significant, while binding of AMPs to the
neutral phosphatidylcholine/cholesterol/sphingomyelin-rich surfaces of animal plasma
membranes is weaker. There is ample direct evidence that most AMPs permeabilize
microbial cytoplasmic membranes and that the membranes are often permeabilized with
increasing severity with time(22). AMPs can dissipate the electrochemical gradient across
microbial plasma membranes, within a few seconds of addition(11;22). Thus, AMPs must be
able to rapidly pass through the thick proteoglycan layer of Gram positive bacteria and the
outer membrane lipopolysaccharide (LPS) layer of Gram negative bacteria. Permeation of
larger markers, including dye markers, metabolites and cytosolic proteins, through the
cytoplasmic membrane occurs on the timescale of minutes to tens of minutes(11;13). After
an hour or more in contact with AMPs, gross disruption of microbial membrane structure
and morphology is often noted, including membrane blebbing, vesiculation, fragmentation,
release of DNA, cell aggregation and destruction of cell morphology.

ACS Chem Biol. Author manuscript; available in PMC 2011 October 15.
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The membrane is not the only site of AMP action

While most AMPs interact with and influence the integrity of microbial membranes, it is not
known if membrane permeabilization is always the lethal event or if the membrane is the
only site of action. There are AMPs that may have alternate modes of action. For example
the bovine neutrophil defensin indolicidin, a 13-mer rich in basic and aromatic residues, has
typical low uM microbicidal effectiveness (23) and yet does not always permeabilize
microbial membranes(11). Likewise, in a set of ten similar AMPs that we selected from a
combinatorial library (11;17) we found some peptides that rapidly and completely
permeabilized microbial membranes while others had only small effects on microbial
membrane integrity(24;25). Antimicrobial activity and the degree of membrane
permeabilization were essentially uncorrelated, yet all of the peptides had similar low pM
broad-spectrum antimicrobial potency. Although potent biomembrane permeabilization is
often associated with AMP activity, it is apparently not always required for activity.

It is not known whether small amounts of membrane permeabilization, alone, can account
for lethality of AMPs. Those peptides that do not extensively permeabilize microbe
membranes may be having effects on microbe viability that depend on interactions with
intracellular components, perhaps in addition to effects on the membrane. Given the
similarity of physical chemistry between AMPs and some cell penetrating peptides (26—28)
it should not be surprising that AMPs can also translocate across microbial membranes, and
can sometimes do so without extensive permeabilization. Although translocation of peptides
into microbes has not often been studied carefully, there are reports that peptide
translocation is coupled to leakage. For example the human defensin cryptdin-4 and the frog
AMP magainin 2 both translocate across bilayers with a halftime of about 10
minutes(24;29). It seems likely that many AMPs will translocate across microbial
membranes. Axelsen reported changes in gene transcription in multiple genes in
microorganisms treated with sub-permeabilizing concentrations of cecropin A (30) and
concluded that systemic metabolic effects were taking place prior to membrane
permeabilization. This work suggested that translocation is occurring at concentrations that
do not induce permeabilization. Other intracellular targets of AMPs have been proposed,
including DNA and chaperonins.

Almeida and Pokorny have suggested that it may be appropriate to recognize a very broad
overlap between membrane permeabilization and membrane translocation activity(31;32).
They have described a quantitative, predictive model based on hydrophobicity scales(31). It
is likely that most AMPs will also be cell penetrating peptides when interacting with living
microbes, and will have access to the cytoplasm. Multiple simultaneous mechanisms of
AMP action (e.g. membrane permeabilization as well as intracellular effects) may help
explain their broad-spectrum activity and the rarity of inducible resistance.

Model membrane studies

There are countless studies showing that AMPs interact with and perturb lipid bilayer
membranes in vitro. Within these many experiments, lipid compositions, buffer conditions,
peptide and lipid concentrations vary widely. Even the phase state of the lipids and the
degree of bilayer hydration vary between experiments. Combined with the inherently
variable nature of AMP activity, these factors confuse the interpretation and comparison of
results. While lipid compositions vary widely, mixtures of anionic and zwitterionic lipids are
often used to mimic microbial membranes. For example, some laboratories use mixtures of
phosphatidylglycerol and phosphatidylethanolamine to specifically mimic the E. coli inner
membrane(33), while others use pure phosphatidylglycerol to specifically mimic Gram
positive bacteria(34). Other commonly used systems include phosphatidylcholine mixed
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with phosphatidylglycerol, phosphatidylserine or cardiolipin to broadly mimic the anionic
surface of a microbe(12;17). Experiments have also been performed with lipids extracted
from E. coli or other organisms(35). To mimic exposed mammalian or host membranes,
zwitterionic phosphatidylcholine (PC) or PC-cholesterol membranes are often used(8).
Because of the variety of protocols and experimental conditions used, a single most
appropriate lipid composition has never emerged from the literature.

In model membranes and living cells, lipid composition will affect peptide binding as well
as the inherent susceptibility of the bilayer to permeabilization. Other than electrostatic
effects, there are few, if any, examples of specific binding of an AMP to a particular lipid
species. Cationic/hydrophobic peptides with good interfacial activity are expected to perturb
any fluid phase lipid bilayer membrane to which they bind well enough, although bilayers
with some lipid compositions may be inherently more or less stable than others. In practical
terms AMPs that are less hydrophobic and more cationic will require anionic lipids for
binding. For example, human defensins, which are highly cationic, must be studied in
bilayers with anionic lipids, or else they are inactive due to poor binding(36). The more
hydrophobic AMPs, such as the magainins, are active in zwitterionic lipid bilayers as well as
anionic bilayers. It is likely that any model system that comprises a fully hydrated, fluid
phase bilayer to which one can achieve reasonable bound peptide concentration is
appropriate as a model system. Recently we showed that large unilamellar
vesicles(11;12;25) composed of 90% phosphatidylcholine and 10% phosphatidylglycerol in
50 mM sodium phosphate buffer could be used to specifically select non-hemolytic, broad-
spectrum antimicrobial peptides from combinatorial libraries, suggesting that this may be a
good consensus membrane composition to study AMPs.

Upon binding of AMPs to anionic lipid vesicles through electrostatic and hydrophobic
interactions, many types of perturbations can occur, including membrane permeabilization.
But AMPs can also drive vesicle aggregation, vesicle fusion, formation of non-bilayer
phases, lipid phase separation, transbilayer movement (flip-flop) of lipids and complete
solubilization of membranes. Some of these effects may not relate to antimicrobial activity
and should be considered experimental artifacts. Although not often reported in the
literature, vesicle aggregation and fusion are very common occurrences when cationic
peptides are added to anionic vesicles(13), as evidenced by rapid increases in turbidity upon
peptide addition. It is likely that some (or many) reports of peptide-induced “leakage” from
anionic vesicles observed at very high P:L ratios (such as P:L = 1:10) include leakage that is
due to leaky fusion/aggregation events in addition to (or instead of) direct membrane
permeabilization. Few attempts have been made to distinguish leakage that is purely a
consequence of fusion from legitimate leakage that occurs without vesicle fusion. In a recent
paper(13) we examined AMP-induced fusion and leakage independently and found that
leakage and vesicle fusion both occurred at P:L > 1:50 while only leakage occurred at lower
P:L (up to 1:500). We concluded that leakage measured at P:L = 1:50 may have included a
contribution from fusion as well as membrane permeabilization.

As shown by the example data in Figure 3, most antimicrobial peptides are active against
vesicles when bound peptide to lipid ratios are from about 1:500 to 1:50, or about 200-2000
peptides per vesicle. In contrast, ideal pore-forming peptides can permeabilize lipid vesicle
with as few as 10 peptides bound per vesicle, or 1 peptide per 10,000 lipids(37). We
speculate that AMPs are not more potent because the very potent peptides lack selectivity.
On the other end of the spectrum, any membrane-interacting molecule can disrupt
membranes at very high concentrations. For this reason, it is likely that some published
results for putative AMPs permeabilizing vesicles are essentially artifacts that arise from
extremely high peptide:lipid ratios. The literature contains many experiments which show
significant leakage of vesicle entrapped contents at P:L of 1:10, 1:1 or even at P:L = 10:1.
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Any in vitro membrane permeabilization measurements that show activity only at more than
1 peptide bound per 50 lipids (P:L = 1:50) should be viewed with caution.

The prevailing transmembrane pore models

The simplest models of membrane permeation by peptides involve the formation of
transbilayer pores or channels through the membrane as shown by the models in Figure 2. In
a barrel stave pore, peptides interact laterally with one another to form a specific structure
that is reminiscent of a membrane protein ion channel. In the toroidal pore model, specific
peptide-peptide interactions are not present. Instead, peptides affect the local curvature of
the bilayer in a cooperative manner such that a toroid of high curvature forms. These two
structures are fundamentally different. Barrel stave pores work with the bilayer hydrocarbon
core, using it as a template for peptide-self assembly, while toroidal pores work against the
hydrocarbon core, disrupting the normal segregation of polar and non-polar parts of the
membrane by providing alternate surfaces for lipid hydrocarbon and headgroups to interact
favorably with.

A classical example of a lytic peptide toxin that almost certainly forms transmembrane pores
is alamethicin, a 20 residue fungal peptide that folds into an amphipathic a-helix.
Alamethicin can exist, depending on hydration and concentration, either parallel or
perpendicular to the lipid bilayer normal(38). The perpendicular structure (39;40) is
consistent with transmembrane barrel stave or toroidal pore. Huang has given evidence that
the pore is a barrel-stave pore(39), however we have shown that alamethicin catalyzes very
rapid transbilayer equilibration of lipids, which is consistent with a toroidal pore (41). In any
case, the evidence clearly suggests a transmembrane pore for alamethicin. The lytic peptide
toxin melittin, from honey bee venom, is another classical example of a pore-forming
peptide which forms a membrane-spanning pore. But in the realm of membrane
permeabilizing peptides, these classical “examples” are actually exceptions. In any case,
alamethicin and melittin are not really antimicrobial peptides, which are defined by their
host defense function, but instead are nonspecific, membrane-permeabilizing peptide toxins.
For the vast majority of so called “pore forming” antimicrobial peptides, evidence for water-
filled, transmembrane pore is scarce or lacking entirely, as we discuss below.

The prevailing non-pore models

In addition to the pore models described above, AMP activity has also been described using
some common non-pore “models” that have been proposed to explain or categorize the
mechanism of action of AMPs. The so called “carpet model” is the most commonly cited
phenomenological model, and was proposed in 1996 by Shai (42) to explain the mechanism
of action of mammalian cecropin P1 on model membranes. Cecropin P1 is always oriented
parallel to the membrane surface and is active only at high P:L ratios. Shai and coworkers
concluded that the peptide is active only when it forms a “carpet” on the bilayer surface. The
“detergent model” is also often cited to explain the catastrophic collapse of membrane
integrity and probe-size independent leakage observed with some AMPs at high peptide
concentration(35).

While these catchphrases, and others, have been useful towards providing a common lexicon
to a diverse field, they lack a specific molecular or physical-chemical basis for membrane-
permeabilizing activity. While these models may have broadly inspired successful design
efforts(16), they have rarely been used to make specific molecular predictions, or drive
engineering and design. In contrast some recent discussions have a laid a physical chemical
foundation that should be much more useful. For example, Bechinger and Lohner (43;44)
recently presented a model based on molecular shape to describe antimicrobial peptide
activity. They suggested that the physical chemistry of AMPs and membranes could be
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described with phase diagrams, as one would describe mixtures of lipids. Recently, Epand
and colleagues(45;46) have proposed that lateral lipid phase separation, or lipid clustering,
induced by cationic antimicrobial peptides explains their biophysical properties as well as
their selectivity and biological activity. They have provided experimental evidence to
support this idea suggesting that leakage could occur at phase boundary defects (45).
Almeida and colleagues have described AMP activity in terms of binding, insertion and
perturbation (32;47-49) using kinetic and thermodynamic models. Such quantitative
descriptions of AMP activity, once they are parameterized to correlate peptide sequence or
composition to activity, could allow for predictions of activity to be made and thus could be
useful for engineering. We suggest here that the physical chemical concept of “interfacial
activity”, perhaps in conjunction with these other concepts, will be useful to explain, predict
and engineer the activity of AMPs.

AMP may not form transmembrane pores

Despite innumerable studies of AMP activity in cells, vesicles and other synthetic bilayer
systems, compelling evidence for specific, transmembrane, pores or channels in vesicle
bilayers, even transient pores, is rare. While some structural studies have indirectly
supported the idea of discreet pores(50-52), vesicle-based leakage experiments are mostly
inconsistent with this idea. AMPs bind to vesicles rapidly (<30 sec) (17) and remain bound
at equilibrium. Because large unilamellar vesicles (LUV) contain roughly 100,000 lipids
each, in a typical experiment (peptide:lipid ratio, P:L, of 1:100) there are about 1000
peptides bound to each vesicle, capable of forming a hundred or more small pores. To
examine what would happen to a vesicle’s contents if a pore were present, we have
performed numerical simulations of uncharged small molecule release from single vesicles
based on random walk diffusion through single pores. These simulations predict the release
kinetics of entrapped small probes from a large unilamellar vesicle(53) through a single
water-filled channel of 10 A diameter (Figure 4). The calculated release rate of 50,000 ions
per second per pore is consistent with the known ability of protein ion channels to pass as
many as 107 ions per second (54). Because the interior of a “large” unilamellar vesicle is
only about 10719 liters there are only a few hundred to a few thousand probe molecules
inside each vesicle. The simulation results, in figure 4, show that a single aqueous channel
through a bilayer will release all the contents of a vesicle in a few tenths of a second, at
most. A vesicle with 1000 bound peptides (P:L = 1:100) could conceivably contain more
than 100 pores. In reality, vesicles with 1000 bound antimicrobial peptides typically release
only a portion of their contents over tens of minutes, with maximum initial rates rates from
0.1 to 100 ions per second per vesicle. Commonly, initial rates are 1-10 ions per second per
vesicle (i.e. per 1000 peptides). The observed release rates are thus at least three orders of
magnitude slower than predicted for even a single aqueous channel. Furthermore, leakage
from vesicles caused by AMPs is often incomplete, suggesting that true pores do not form,
even transiently. This analysis suggests that most AMPs do not ever form true pores in large
unilamellar vesicles and leakage occurs by a general disruption of membrane integrity.

Giant Unilamellar Vesicle Studies

Studies of AMP activity in giant unilamellar vesicles (GUV) are revealing because they
allow individual vesicles and individual events to be monitored. Not surprisingly, different
AMPs studied in GUVs in different laboratories behave quite variably. In some cases,
individual vesicles accumulate AMPs on their surface until a catastrophic burst event occurs
(55). Bursting occurs only above a threshold peptide concentration, and is a stochastic event
in a collection of vesicles. This behavior is consistent with the all or none release behavior
observed in LUVs (described above). In other GUV experiments, vesicles remain intact after
AMP addition but steadily lose entrapped contents over the course of a few hundred
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seconds(56;57). Toroidal or barrel stave pores have been invoked to explain this type of
observation. Given the 100 fold larger size of a GUV relative to an LUV, leakage through a
single pore is expected to occur in the observed time range (Figure 4). But a single GUV
actually has enough bound peptide to have millions of peptide pores. In a typical GUV
experiment, a small concentration of GUVs (very low lipid concentration, see Fig. 5) are
exposed to 1-10 uM peptide. The bound peptide:lipid ratio will be high, minimally P:L =
1:50 for a peptide that binds moderately well (see Figure 5). A 10 um GUV will contain
about 10° lipids (compared to 10° for an LUV) meaning that a GUV will have roughly
2x107 peptides bound to it in a typical experiment. That is enough peptide bound to a single
giant vesicle to form about two million pores, assuming decameric pores. The fact that
release of entrapped contents is very slow even when there are twenty million peptides
bound to each vesicle indicates that transmembrane pore formation, if it occurs at all, is a
very rare event. It is much more likely that there is a low flux of markers through the
membrane caused by the global disruption of the lipid packing caused by the peptides.
Tamba and Yamazaki called this a “two-state transition” model of external binding followed
by critical destabilization of the bilayer. This is the same idea used to explain “carpet
model” leakage from LUVs.

The Enigma of Partial Transient Release

Studies of vesicle permeabilization by AMPs (e.g. Fig. 4C) frequently show an enigmatic
and still unexplained behavior: Upon addition of peptide to a homogeneous population of
vesicles (or vesicles to peptide) a rapid burst of leakage occurs which then stops with a
halftime of just a few minutes. Leakage often ceases before complete loss of entrapped
contents has taken place. A second addition of peptide will cause a second burst of leakage
which also stops (WCW unpublished observations). Increasing the peptide concentration
will increase the fractional loss of contents. Perhaps even more enigmatic is the observation
that partial transient release is sometimes graded(13), in which all of the vesicles release a
fraction of their contents, and is sometimes all-or-none(17), in which a fraction of the
vesicles release all of their contents and the remainder release none of their contents.
Furthermore, AMP-induced leakage of probes is sometimes probe-size dependent and
sometimes probe-size independent. For many AMPs the rate of leakage after the rapid initial
burst is very slow, sometimes immeasurably slow. For example, we have shown that some
antimicrobial peptides (13;17) release almost no measurable amount of entrapped markers
for as long as 24 hours after the initial burst, despite the fact that hundreds of peptides
remain bound to each vesicle and that the peptides have the same secondary structure as
during the initial leakage phase. See Figure 4C for example of actual release data. Published
leakage curves for many AMPs are very similar to these curves. In sharp contrast, true pore-
forming peptides, such as alamethicin, cause rapid and continual leakage of vesicle contents
which does not stop until complete release has occurred. As shown diagrammatically in
Figure 3, leakage caused by true pore forming peptides occurs at P:L ratios as low as
1:10000 (10 peptide/vesicle) whereas most AMPs have good activity only in the range of
P:L = 1:100 (1000 peptides per vesicle) or higher.

Transient failure

Partial transient release shows that vesicle permeabilization by most AMPs must be driven
by non-equilibrium events. It has been suggested that it is driven by the disequilibrium state
that immediately follows the addition of peptide to the vesicles in which only the outer
monolayer of the vesicle has peptide bound to it. The resulting imbalance of charge, area,
and surface tension may drive the transient, sometimes catastrophic, failure of the bilayer
structure and concomitant leakage of entrapped contents. Depending on the magnitude and
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lifetime of the failure, it is possible to imagine either graded or all-or-none release, and it is
possible to imagine size-dependent or size independent release.

In any case, release driven by AMPs over a wide range of peptide concentration usually
stops or slows significantly before all vesicle contents have been released. This probably
means that once transhilayer equilibrium of peptides has been reached, the driving force for
large-scale bilayer destabilization is decreased. Recently, we reported a family of AMPs that
causes partial, all-or-none release of vesicle contents(17). Assuming that all peptides
ultimately reach transhilayer equilibrium, this observation suggests that in addition to the
stochastic, transient event that relieves transbilayer asymmetry of peptides and
concomitantly causes complete release of entrapped contents, there can also be a “silent”
non permeabilizing pathway to equilibrium. At least for this family of peptides, a fraction of
the vesicles reach equilibrium by a catastrophic event, losing all their contents, while the
remaining vesicles reach equilibrium by a process that involves no leakage whatsoever. The
silent pathway to equilibrium is presumably peptide translocation across the bilayer. At
higher peptide concentration, the fraction of vesicles releasing all their contents increases,
consistent with an increase in probability of catastrophic bilayer permeabilization.

A comparison of biophysical and biological experiments

While the biological activity of AMPs and their vesicle permeabilizing activity are
correlated, it is not known how closely the mechanisms of action overlap in the two systems.
For example, there are no data to suggest that transient release phenomena occur in
microbial permeabilization. The overlap in mechanism is a critical question in engineering
and design studies, because these are almost always based on vesicle permeabilization
assays. To begin comparing mechanisms of action we have contrasted a typical in vitro
experiment using synthetic lipid bilayers with a typical biological experiment measuring on
microbe sterilization. Experimentally verified stoichiometry information from the two
classes of experiments is shown in Table 1. In both experiments it is common to use peptide
concentrations in the low micromolar range, ~ 5 pM. Vesicle experiments are typically
carried out at 0.1 — 1 millimolar lipid, which gives system P:L ratios roughly P:L = 1:100.
Biological assays are carried out at 104-106 bacterial cells per ml (58). Assuming that an E.
coli cell is tubular and is 1 um wide and 2 um long, and taking into account the area of a
lipid molecule (~0.7 nm?2)(59) and the fact that there are two membranes, we calculate
roughly 2.5x107 lipids in bacterial cell. Thus, at 10° cells per ml the total lipid concentration
is about 5 nanomolar. This is 4-5 orders of magnitude lower lipid concentration than a
typical vesicle-based experiment. The total (system) peptide to lipid ratio in a microbe
sterilization experiment is as high as 1000:1, compared to P:L = 1:100 in a typical vesicle
leakage experiment.

In order to compare these experiments directly, we must know how much of the peptide is
actually bound. In vesicle permeabilization experiments using anionic vesicles, peptide
binding, when measured, is usually significant; 10 to 100% of the total peptide is bound to
the vesicles(11). For this comparison, we assume 50% binding under typical conditions. The
few available direct measurements of AMP binding to microbes show that they bind much
better than one would predict from lipid vesicle binding. Despite the fact that total lipid
concentration of a microbe experiment is nM, 10-95% of a uM peptide is bound to microbes
within 10-15 minutes of addition, (60)(R. Rathinakumar and W.C. Wimley, unpublished
observations). Thus, based on direct measurements of binding, in a typical microbe
sterilization assay there are roughly 10-100 peptides bound for each bacterial lipid molecule
(Table 1) amounting to as many as 10° peptides bound to every cell. Importantly, such high
concentrations of bound peptide are required for activity; a ten-fold decrease in peptide
concentration (e.g. from 5 uM to 0.5 uM peptide) eliminates antimicrobial activity for most
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AMPs despite the fact that there are still huge numbers of peptides bound to each cell. Of
course, it is not physically possible to have 100 peptides bound per lipid in a membrane;
peptide must be binding in large amounts to other cellular components. AMPs are known to
bind lipopolysaccharide, cell wall components, and DNA (61;62). Whatever the actual
membrane binding, it is reasonable to assume the microbial membranes are saturated with
peptide and that there is a large reservoir of non-membrane peptide bound to each cell. With
as many as 109 peptides bound to each cell, AMPs will actually outnumber all proteins,
ATP, and most electrolytes and metabolites. (For example, there are probably several
million ATP molecules per bacterial cell). The practical consequence of these numbers is
that microbe killing can result from leakage that is very inefficient. For example, one critical
molecule like ATP released for every 100 bound peptides is enough to deplete ATP
completely. Given the conditions described in Table 1, it should not be surprising that
bacteria do not frequently develop inducible resistance to AMPs, and when they do it
involves changes in gross membrane architecture(63). Most importantly, these numbers
show that the formation of explicit transmembrane pores is not necessary to explain the
biological activity of AMPs.

For comparison, a similar calculation can be done for a typical erythrocyte hemolysis assay
(e.g. 50 uM peptide added to 5x108 red blood cells (8)). This calculation gives a system P:L
ratio of about 1:1. Because binding of AMPs to erythrocytes is weak, the bound P:L ratio
may be 1:20 or less. Thus, in terms of overall peptide to lipid ratio, a typical hemolysis assay
is performed under conditions that are comparable to lipid vesicle leakage assays. While the
overall peptide to lipid ratio in a hemolysis assay is quite dissimilar to the conditions of a
microbe sterilization assay, it is likely that the membranes in both assays are close to
saturation, and thus may be comparable to one another.

The Interfacial Activity Model

The hydrocarbon core of an unperturbed lipid bilayer membrane is one of the most
hydrophobic microenvironments found in nature, with physical-chemical properties that are
very similar to a liquid alkane phase(64). Accordingly, the hydrocarbon core (25 to 30 A
thick) normally imparts a strict barrier to the permeation of polar or charged solutes through
the bilayer. Yet, it is positioned between the two bilayer interfacial zones, called “zones of
tumultuous chemical heterogeneity”” by Wiener and White (64)). Each interfacial zone is
10-15 A thick and is comprised of the lipid polar groups, water and solution counter ions, as
well as small amounts of the hydrocarbon groups.

The property that we define as “interfacial activity” is the ability of a peptide to perturb the
permeability barrier imposed by the hydrocarbon core by partitioning into the interfacial
region of the bilayer and driving local rearrangements in vertical lipid packing (i.e. normal
to the bilayer plane) that alter the segregation between the hydrocarbon core and the
interfacial groups. This activity is driven by peptides that bind to membranes, and are
amphipathic, but with imperfect segregation of polar and nonpolar groups. Unlike a very
hydrophobic peptide, or one with ideal amphipathicity, when an interfacially active peptide
is bound to a bilayer, the bilayer must be deformed, and the hydrocarbon disrupted (i.e.
intermingled with polar lipid headgroup moieties), to simultaneously accommodate the
nonpolar and polar/charged groups of the peptide (11). Examination of the structures and
sequences of AMPs (Figure 1) reveals that most of them have a hydrophobic segment or
patch, but one that is not nearly large enough to span a bilayer, and is interrupted by, or
bounded by at least one polar residue, frequently arginine or lysine. Such “imperfect
amphipathicity” is necessary for interfacial activity. Much of the available data suggests that
the exact structure or spatial arrangement of the hydrophobic and polar groups is not as
important as the physical chemical balance between the two types of interactions. When
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such a peptide binds to a bilayer, the hydrophobic portion, often dominated by aromatic
residues drives a deep partitioning into the interfacial zones. But the nearby polar residues
promote the incursion of lipid polar groups deeper in the membrane, along with the polar
residues of the peptide. We suggest that the signature of an interfacially active peptide in a
lipid bilayer experiment will be bilayer translocation of peptide and lipid, even at low
peptide concentration. At higher peptide concentrations, the non-equilibrium distribution
causes a transient, cooperative transhilayer movement of peptide, lipids and polar solutes,
which defines the leakage activity of the peptide.

In Figure 6, we show the results of molecular dynamics simulations of a peptide “pore”
conducted by Sengupta and Marrink (65). These simulations capture the essence of the
interfacial activity model in several aspects. The presence of peptides, which are mostly
partitioned into the interfacial zone, dramatically perturbs the normally strict segregation of
polar and nonpolar moieties across the bilayer. Compare, for example, the distribution of
water and lipid polar groups in the vicinity of the peptides (bilayer middle) and away from
the peptides (bilayer left/right). The leakage of polar solutes across the bilayer occurs
because they are carried across the bilayer along with peptide and lipid molecules when the
perturbed bilayer structure is formed. The most significant difference between the
simulation results and the interfacial activity model is that some interfacially active
antimicrobial peptides can act without self-assembly, as shown experimentally by Almeida
(49).

When one considers interfacial activity in the context of a peptide-saturated bacterial
membrane, the details will be different from a lipid vesicle experiment, but the interactions
are driven by the same basic physical chemistry. This is the reason there is a strong
correlation between the two experiments, but not an exact overlap in mechanism. We have
proposed here that the interfacial activity of imperfectly amphipathic peptides, as measured
in lipid vesicle experiments, is a reasonable surrogate measurement for the likelihood that a
peptide will have broad-spectrum antimicrobial activity.

Experimentally Testable Predictions

The interfacial activity model can be expressed in terms of experimentally testable
predictions.

» Interfacially active peptides partition into the bilayer interface and locally perturb
polar-nonpolar segregation of lipid moieties.

» Interfacial activity requires imperfect amphipathicity and the proper balance of
hydrophobic and polar amino acids.

» Interfacial activity will depend more on amino acid compaosition than peptide
structure or sequence.

» Interfacial activity does not require peptide self-assembly.

»  The permeation pathway is mostly made of lipid and peptide, not an aqueous
channel.

»  Only a few molecules are transported across the membrane per peptide.

» Atsimilar bound peptide to lipid ratios, an interfacially active peptide will behave
similarly in all fluid phase membranes.

» At low bound peptide to lipid ratios AMPs will translocate across membranes.

» Lipid translocation, peptide translocation and membrane leakage will always be
coupled.

ACS Chem Biol. Author manuscript; available in PMC 2011 October 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wimley Page 11

» Leakage from vesicles will depend on the rate of peptide addition.

*  Non-peptide molecules (peptide mimetics or other polymers) which are imperfectly
amphipathic can have AMP-like activity.

Conclusions

In terms of detailed molecular mechanisms, multiple overlapping mechanisms of AMP
activity probably exist and it may not be possible to define a single unifying description.
What we have done here is to define the physical chemical commonalities that seem to be
important in antimicrobial peptide activity. While there is overlap between the interfacial
activity model, and others in the literature, we think it is beneficial to begin to think about
the problem of antimicrobial peptide mechanism, engineering and design using an
experimentally testable, mechanistic and semi-molecular model of AMP action.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A menagerie of antimicrobial peptide structures. AMPs range from 4 to about 40 amino
acids in length, Some are linear, while others are cyclic, disulfide crosslinked or acylated.
Known antimicrobial peptides have many types of secondary structure, including a-helix, -
sheet and irregular structure or random coil. Engineered AMPs have the same properties as
natural examples. The one feature that unites all AMPs is their hydrophobic and cationic
nature.
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A: Barrel-stave Pore B: Toroidal Pore

& =
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Figure 2.

Commonly cited models for antimicrobial peptide activity. Barrel-stave and toroidal pores
are membrane-spanning aqueous channels. Antimicrobial peptides are described with the
carpet model. Such peptides permeabilize membranes by “carpeting” the bilayer with
peptides. At high concentrations carpet model peptides can behave more like detergents.
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Figure 3.

Peptide activity against lipid vesicles. True transmembrane pore-forming peptides, such as
alamethicin, permeabilize vesicles at very low peptide:lipid ratios. The green line is based
on experimental measurements. Antimicrobial peptides, on the other hand, are active against
lipid vesicles only at high peptide:lipid ratios. Data points in red are actual data from several
recent publications(13;17). Almost any peptide that binds to membranes can cause leakage
at very high concentration, shown schematically in blue.
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Figure 4.

Release of vesicle-entrapped probes. A: A large unilamellar vesicle of 0.1 pm LUV, the type
used in most experiments, is made of roughly 10° lipids enclosing a volume of about 10719
liter. B: Predicted kinetics of probe release from large unilamellar vesicles containing a
single pore of 10 A diameter. Complete release occurs in a few tenths of a second. C: Actual
release kinetics observed in experiments with AMPs. Note the difference in X-axis scale
indicating that actual release data is 3 orders of magnitude slower than predicted.
Furthermore, the simulated release goes to completion, while the actual release is
incomplete.
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Typical peptide:lipid ratios in vesicle leakage experiments and microbe sterilization assays.
Microbe sterilization assays are done under conditions of peptide excess over lipid such that
the membrane is saturated by peptide and there is a large reservoir of unbound peptide.
Vesicle leakage experiments are done under conditions where lipid is in excess and most

peptide is bound.
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Terminal CH,

Figure 6.

Molecular dynamics simulation of peptide pore formation from Sengupta and Marrink (65).
Top: The peptide-lipid bilayer with 12 groups removed. Blue spheres are water molecules
and yellow spheres are the terminal methyl groups. Other color spheres are the lipid polar
groups. Bottom: The same peptide-lipid bilayer separated into groups. Notice in the vicinity
of the peptide “pore” the strict segregation between polar and non-polar is broken down.
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calculated for typical experimental conditions. Bound peptide:lipid ratios are conservative estimates based on
direct, experimentally measured binding (see text).

Property Large Unilamellar Vesicle | E. coli sterilization assay
Dimension 0.1 um diameter 1 pum x 2 um diameter
Agueous Volume 10719 liter 10715 liter
Number of Lipids 100,000/vesicle 25,000,000/cell
SOPZHM_Iipid 105 cells/ml
Typical Concentrations 1x10*4 vesicles/ml 0.004 uM lipid
5 uM peptide 5 uM peptide

Relative Peptide

1x103 peptides/vesicle

1 x10° peptides/cell

Total Peptide:Lipid

1 peptide:100 lipids

1000 peptide : 1 lipid

Bound Peptide:Lipid

1 peptide : 200 lipids

100 peptides : 1 lipid
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