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New strategies for novel antibiotics: peptides targeting bacterial cell 
membranes

Karl Lohner

Institute of Biophysics and Nanosystems Research, Austrian Academy of Sciences, Graz, Austria

Abstract. Membranes are targets of host defence or antimicrobial peptides, effector molecules of
innate immunity that evolved in nature to contend with invaders as an active system of defence. The
different physicochemical properties of the lipids found in biological membranes allow antimicrobial
peptides to discriminate between bacterial and mammalian cell membranes. Such cationic amphip-
athic peptides will interact predominantly with negatively charged lipids exposed on the outer leaflet
of bacterial cell membranes. The molecular mechanism(s) of membrane rupture mutually depends
on the nature of the peptide and membrane lipid composition. Biophysical studies demonstrated 
a complex behavior in terms of membrane perturbation, which can range from pore formation to 
micellization (carpet model). Peptides aligned parallel to the membrane surface can induce a quasi-
interdigitated structure in the gel phase, while depending on the hydrophobic matching of the lipid 
bilayer core and the peptide membrane thinning or thickening can be observed in the fluid phase.
As a consequence, besides of peptide-lipid pores, formation of peptide-enriched membrane domains 
and promotion of cubic structures can be observed, which adversely affect membrane integrity and
function. A strategy using the membrane damaging properties of these peptides will form the basis 
for the development of such peptides as potential novel antibiotic drugs.
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The need of novel strategies for the treatment of bacterial
infections

Nowadays, we face a worldwide re-emergence of infectious 
diseases and a rapid increase in pathogenic bacteria that are 
multi-resistant to commercially available antibiotics. The
need of effective antibiotic treatment relates especially to
the ageing population, to patients that undergo cytostatic 
therapy and to immunocompromised patients. Furthermore, 
in the area of hospital infection control there is an increasing 
concern regarding the rapid emergence of drug-resistant 
strains, which can pass their resistance genes to other bac-
teria (Hawkey 2008). The dramatic situation is emphasized
by observations that antibiotic resistant bacteria, expected 
to be confined to hospitals such as e.g. methicillin resistant

Staphylococcus aureus (MRSA), the most common cause for 
nosocomial wound infections worldwide, increasingly occur 
outside hospital areas (Enserink 2003). Since the 1980s, the 
number of MRSA strains increased from close to zero up 
to 70% in Japan and the Republic of Korea and to around 
30% in the USA (Smith and Coast 2002). The proportions
of MRSA of total S. aureus infections also increased in 
the European countries. Reports from the “European an-
timicrobial resistance surveillance system” (EARSS 2006, 
annual report), demonstrated that in general lower level of 
MRSA (up to 5%) are found in Scandinavia, Denmark and 
the Netherlands, while Southern Europe, France and Great 
Britain show proportions between 25–50%.

When bacteria become resistant to antibiotics, treatment 
has to be switched to more costly second-line antibiotics 
resulting also in considerable economic effects. Thus, MRSA
infections are generally treated with antibiotics of last resort, 
mostly therapeutics of the group of glycopeptides, where 
vancomycin serves as the prototype (Fluit and Schmitz 
2003). However, a first vancomycin resistant S. aureus 
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strain was identified in Japan already in 1996 (Chang et
al. 2003; Fluit and Schmitz 2003). Although a number of 
MRSA strains are still susceptible to vancomycin and other 
glycopeptides, decreased vancomycin susceptibility has now 
emerged within all pandemic MRSA lineages (Howe et al. 
2004). In the annual report of 2006, the EARSS listed nine 
vancomycin intermediate resistant S. aureus strains within 
Europe (EARSS).

Hence the World Health Organization ranked antibiotic 
resistance as a priority disease and published a compre-
hensive document “Global Strategy for the Containment 
of Antimicrobial Resistance” suggesting some guidance on 
the implementation of interventions such as improving the 
use of antibiotics, i.e. to avoid excessive and often inappro-
priate use of antibiotics in human and animal health care, 
enforcing regulations, strengthening health-care systems 
and encouraging the development of novel antibiotics. Latter 
is a pressing need, because the number of new antibiotics 
markedly decreased, as reflected in the almost linear decline
of antibacterial new molecular entities within the last twenty 
years. However, new drugs with similar structures relative 
to existing antibiotics will remain highly vulnerable to bac-
terial resistance mechanisms and will have only a limited 
life span. With oxazolidinones and daptomycin, approved 
lately by the U.S. Food and Drug Administration, only two 

new classes were introduced on the market in the last three 
decades (Nordberg et al. 2005).

Conventional antibiotics bind to specific receptors in-
terfering with cell membrane processes such as cell wall or 
protein biosynthesis and DNA replication (Fig. 1, Table 1). 
The main challenge of a rational design of new drugs based
on protein receptor active sites is the identification of this site
as well as molecules that bind to it. Obviously, this requires 
detailed knowledge of the active site and although sequence 
and structure information on proteins doubles every three 
years, the majority relates to new proteins with unknown 
functions. Nevertheless, new drugs based on this strategy 
will still be prone to induce resistance. Therefore, alternative
agents with novel mechanism(s) of action have to be devel-
oped (Lohner 2001a). One emerging strategy is based on host 
defence peptides, effector molecules of innate immunity that
can provide a first line of defence against a substantial array of
pathogenic microorganisms. These peptides have evolved in
nature to contend with invaders as an active system of defence 
(Boman 1991; Ganz and Lehrer 2001). Within the last decade 
the number of such peptides being isolated and characterized 
increased immensely showing a wide variety of structures 
ranging from α-helical, β-sheet, extended to loop among the 
different peptides (Powers and Hancock 2003). These anti-
microbial peptides usually exhibit a high specificity towards

Table 1. Inhibition of cellular processes of common conventional antibiotics

Cellular target Commercial antibiotic
Cell wall biosynthesis Bacitracin, Carbapenems, Cephalosporins, Fosfomycin, Monobactams, Penicillins, Vancomycin
Protein biosynthesis 
(50S inhibitors) Clindamycin, Chloramphenicol, Erythromycin

Protein biosynthesis 
(30S inhibitors) Amikacin, Gentamycin, Spectinomycin, Streptomycin, Tetracycline, Tobramycin

DNA gyrase Quinolones
RNA polymerase Rifampin
Folic acid metabolism Sulfonamides, Trimethoprim

Figure 1. Scheme of a bacterium indicating major targets of conventional antibiotics that bind to specific receptors interfering with cell
membrane processes, while antimicrobial peptides (amps) interact predominantly with the lipid bilayer of the cytoplasmic membrane 
without specific receptors leading to membrane disruption.
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their target cell, i.e. exhibiting toxicity, which is restricted to 
microorganisms, and thus represent a novel source for the 
development of antibiotic agents. In contrast to conventional 
antibiotics antimicrobial peptides predominantly act without 
specific receptors, but interact with the lipid matrix of bacte-
rial cell membranes (Fig. 1). It should be noted, however, that 
antimicrobial peptides may have also specific targets such as
lantibiotics, which bind to lipid II, a precursor of the pepti-
doglycan layer, either resulting in membrane rupture by pore 
formation or preventing cell wall biosynthesis (Hasper et al. 
2006). In addition, some peptides traverse the membrane and 
bind to intracellular targets, as described in a recent review 
(Hale and Hancock 2007). Nevertheless, as will be outlined in 
more detail below, these cationic amphipathic peptides com-
posed of 10–40 amino acid residues particularly target nega-
tively charged lipids, which are exposed on the outer leaflet of
bacterial cell membranes. In these cases bacterial resistance 
is less likely to occur owing to the nature of the target, since 
substantial modification of the lipid composition would affect
bacterial cell viability. Degradation of antimicrobial peptides 
by proteases may be a concern, but also imposes problems, 
as most peptides are created from nondescript sequences of 
amino acids and hence lack unique epitopes as recognition 
site of proteases. In addition, multi-cellular organisms attack 
bacteria with a number of peptides of different structural
classes, and therefore, degradation of one peptide might not 
be sufficient to combat such an attack (Zasloff 2002). Another
advantage of antimicrobial peptides in respect of bacterial re-
sistance is that they can destroy bacteria within minutes. This
fast killing rate, being faster than the growth rate of bacteria, 
enables an effective defence (Boman 2003).

Membrane lipids as target for antimicrobial peptides

The structural unit of biological membranes is a phospholip-
id bilayer that acts as a fundamental permeability barrier. The
concept of a characteristic lipid composition for a given cell 
membrane is well accepted, although changes in lipid com-
position may occur depending on environmental conditions. 
Gram-positive bacteria have a simple lipid bilayer membrane 
protected by a lipoteichoic acid layer, while the cell envelope 
of Gram-negative bacteria is a complex structure consisting 
of an inner membrane, an unique outer membrane layer and 
an intervening layer of peptidoglycan in the periplasmic 
space (Fig. 2). The outer membrane of Gram-negative bac-
teria has a distinctive, highly asymmetric composition with 
the lipopolysaccharides (or endotoxin) located exclusively 
in its outer leaflet. Negatively charged lipids such as phos-
phatidylglycerol (PG) and diphosphatidylglycerol or cardi-
olipin and the zwitterionic phosphatidylethanolamine (PE) 
constitute to a large extent the cytoplasmic membrane of 
both bacterial classes (Lohner 2001b and references therein). 

The archetype of mammalian cell membranes is represented
by the plasma membrane of red blood cells, which lipid 
composition and distribution was studied in most detail 
(Bevers et al. 1999). This membrane consists of about 60%
of phospholipids and 25% of cholesterol with an asymmetric 
distribution of phospholipids between the outer and inner 
lipid leaflet of the bilayer exposing the neutral phosphatidyl-
choline and sphingomyelin phospholipids to the extracellular 
side (Rothman and Leonard 1977; Yorek 1993).

In a simplified view that means that antimicrobial peptides
will face a negatively charged membrane surface in the case of 
bacteria and a neutral one in the case of mammalian cells, which 
will result in a lower affinity of these cationic peptides towards
host cells as compared to bacteria. This led to the concept of
lipid discrimination by host defence peptides (Lohner et al. 
1997; Lohner 2001b), whereby the lipid composition strongly 
influences the molecular mechanisms of membrane damage

Figure 2. Schematic presentation of the membrane architecture 
of Gram-negative bacteria consisting of an outer membrane 
with an asymmetric distribution of lipolpolysaccharides and 
phospholipids, predominantly PE, and a cytoplasmic or inner 
membrane. Gram-positive bacteria have only a cytoplasmic 
membrane protected by a peptidoglycan layer, which is also found 
in the periplasmic space of Gram-negative bacteria. PG is the 
most abundant negatively charged phospholipid species found 
in both bacteria.
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(Lohner and Blondelle 2005; Bechinger and Lohner 2006; 
Sevcsik et al. 2008). Initial work in this field by our group and
others showed that a number of antimicrobial peptides indeed 
interact preferentially with negatively charged phospholipids. 
For example, the β-sheet peptides such as tachyplesin (Naka-
mura et al. 1988), human neutrophil peptide (White et al. 1995; 
Lohner et al. 1997) or protegrin-1 from porcine leukocytes 
(Latal et al. 1996) discriminate between anionic and choline 
phospholipids, the former mimicking bacterial and the latter 
mammalian cell membranes. The same behavior was found for
the α-helical frog skin peptides (PGLa) (Latal et al 1997; Kono-
valov et al. 2002) and magainin, which killed more effectively
Gram-negative bacteria containing an inner membrane with 
higher amounts of PG (Matsuzaki et al. 1997). Moreover, the 
biologically less active [Glu-32] mutant of nisin Z, obtained by 
introducing a negative charge in the cationic C-terminus of this 
peptide, inserted less efficiently into monolayers composed of
negatively charged cardiolipin and PG (Breukink et al. 1997). 
These early observations clearly emphasize the role of electro-
static interactions as a major determinant to trigger the affinity
of antimicrobial peptides towards bacterial membranes.

Models of membrane perturbation by antimicrobial 
peptides

Carpet model and pore formation

In the frame of this review less focus will be given to the clas-
sical models of pore formation and peptide carpeting (Fig. 3), 
which have been widely described elsewhere (Matsuzaki 
2001; Oren and Shai 2001). In brief, the essential character-
istics of the carpet model are adsorption of antimicrobial 
peptides at the membrane surface until a certain threshold 
concentration is reached and subsequent insertion of the 
peptides into the hydrophobic core resulting in permea-
tion/disruption of the membrane. The detailed mechanism
of membrane permeation or disruption is less defined. It
could be disintegration in a detergent-like manner (Shai 
2002; Bechinger and Lohner 2006) or formation of pores 
(Matsuzaki et al. 1995; Ludtke et al. 1996) and channel like 
aggregates (Hancock and Rozek 2002).

In the case of pore formation, theoretically no covering 
of the membrane surface by peptides is necessary, as peptide 
oligomerization and trans-membrane pore formation may 
occur below the threshold concentration (Matsuzaki et al. 
1998). Nevertheless, it was shown that at low concentra-
tions antimicrobial peptides adopt a surface bound state 
and transform upon a certain threshold concentration into 
a pore-forming inserted state, which in model systems is 
frequently observed around a lipid-to-peptide molar ratio 
of 20 : 1 (Huang 2006). It was suggested that insertion of the 
peptides is driven by the entropy of the membrane adsorbed 

peptides (Pabst et al. 2007). The structure of these peptide
pores as well as the process of pore formation was extensively 
studied predominantly by the group of Matsuzaki and of 
Huang, respectively. An involvement of lipids in the forma-
tion of a peptide pore was proposed based on the observation 
that magainin 2 induced rapid lipid flip-flop coupled with
pore formation (Matsuzaki et al. 1996). The structure of
such a phospholipid-magainin pore was solved by neutron 
scattering (Ludtke et al. 1996). In this complex – named 
toroidal or wormhole pore – the phospholipids bend from 
the membrane interface towards the hydrophobic interior 
and are intercalated between the long axis of the peptide 
molecules, which are oriented perpendicular to the bilayer 
plane (Fig. 3). Subsequent studies revealed that other pep-
tides such as protegrin-1 (Heller et al. 2000) or the lytic bee 
venom peptide, melittin (Yang et al. 2001) arrange in such 
a pore. A pore of the barrel-stave type was described for 
alamethicin (He et al. 1996).

In addition, X-ray studies showed that the thickness of 
the fluid bilayer decreases almost linearly with increasing
peptide concentration (Chen et al. 2003). In the fluid phase,
the bending rigidity of lipid bilayers is about one order of 
magnitude lower than in the gel phase. Therefore the bilayer
may respond elastically to a peptide embedded in the bilayer 
interface leading to a local membrane deformation and thin-
ning upon insertion of the peptides (Huang 2006; Li and 
Salditt 2006; Pabst et al. 2007). Recently, we have shown, 
however, that pore formation by antimicrobial peptides does 
not necessarily relate to membrane thinning. In contrast, 
an acyl chain dependant behavior was observed for the 

Figure 3. Modes of action of antimicrobial peptides – carpet model 
and pore formation (adapted and modified from Oren and Shai
(2001)). Barrell stave and toroidal pore are shown. Latter involves 
phospholipids in its formation. For details see text.
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antimicrobial frog skin peptide PGLa showing a membrane 
thickening for liposomes composed of diC14:0 PG (DMPG) 
and diC16:0 PG (DPPG) (Pabst et al. 2008). No changes in 
the overall bilayer structure for the longer chain diC18:0 PG 
(DSPG) was detected. This can be explained by considering
the length of the α-helical peptide and hydrophobic matching 
with the lipid bilayer core (Killian 2003) demonstrating that 
PGLa remarkably fits into the hydrophobic core of DSPG.
In case of DPPG the peptide cannot be accommodated with 
its full length and thus the lipid responds to the insertion of 
the peptide by stretching of the hydrocarbon chains leading 
to an increase of membrane thickness by about 2 Å (Fig. 4). 
Such a behavior was reported earlier for phosphatidylcholine 
(PC) bilayers in the presence of hydrophobic model peptides 
of various length with N- and C-terminal interface anchors 
(de Planque et al. 1998). The increase in bilayer thickness
was less pronounced for DMPG than for DPPG, which may 
be due to the entropic penalty of increasing the membrane 
thickness to a value that can accommodate PGLa with its 
helical axis normal to the bilayer surface. Therefore, tilting
of the peptide with respect to the bilayer normal, as shown 
for dimyristoyl-PC/dimyristoyl-PG bilayers (Strandberg et 
al. 2006), may be an energetically favorable compromise. 
These results demonstrate that membrane thinning cannot
be taken generally as the hallmark of pore formation by 
antimicrobial peptides (Pabst et al. 2008). This is further
supported by observations that membrane thinning of the 
fluid lipid bilayer was also observed for the human peptide
LL-37 (Sevcsik et al. 2008), for which no pore formation has 
been reported so far. This peptide, almost twice as long as

PGLa (37 vs. 21 amino acid residues) seemingly cannot adopt 
an energetically favorable bilayer-spanning position owing 
to the large hydrophobic mismatch between peptide length 
and hydrocarbon bilayer core (Fig. 4). However, in the gel 
phase both PGLa and LL-37 induced a quasi-interdigitated 
phase (Fig. 4) being most pronounced for the long-chain 
DSPG (Sevcsik 2007; Pabst et al. 2008).

“Free volume” model

Induction of an interdigitation of hydrocarbon chains in the 
gel phase can be understood in terms of the “free volume” 
(void) model, as described earlier for small amphiphilic 
molecules such as e.g. alcohols, anesthetics or surfactants 
(Lohner 1991; Balgavý and Devínsky 1996). It has been sug-
gested that the lateral expansion of a phospholipid bilayer 
caused by the intercalation of amphiphilic molecules between 
phospholipid molecules and the mismatch between their 
hydrocarbon chain lengths results in the creation of voids 
in the hydrophobic region of the bilayer (Fig. 5). However, 
formation of free volume within the hydrophobic core of the 
bilayer is energetically unfavourable and hence the system 
will rearrange in a way that hydrophobic interactions are 
maximized. Elimination of the free volume can be achieved 
via increased trans-gauche isomerisation of the hydrocar-
bon chains of the neighboring lipids or by interdigitation 

Figure 4. Both α-helical peptides, PGLa and LL-37, induce a quasi-
interdigitated phase in DPPG bilayers in the gel- phase, while in 
the fluid phase owing to different peptide alignments within the
membrane PGLa leads to membrane thickening and LL-37 to 
membrane thinning.

Figure 5. Induction of “free volume” (void) by incorporation of 
peptides aligned parallel at the membrane interface (left) and
by small amphiphilic molecules such as e.g. alcohols or tertiary 
amines (right). Modes of compensation and their effect on the
main transition temperature (Tm) are indicated in the panel (for 
details see text).
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of the hydrocarbon chains. Both will result in a decrease in 
the bilayer thickness. For example, the effects of non-ionic
surfactants (N-alkyl-N,N-dimethylamine-N-oxides) on the 
bilayer thickness of phosphatidylcholine model membranes 
and the lipid surface area at the bilayer-aqueous interface 
were shown to depend on the hydrophobic mismatch 
between the alkyl chain of the amphiphilic molecule and 
the acyl chain of PC (Balgavý et al. 1993; Karlovská et al. 
2004). Interestingly, these tertiary amines exhibit besides 
other biological activities also an antimicrobial activity 
(Devínsky et al. 1990; Balgavý and Devínsky 1996; Glover 
et al. 1999). The biological activities of these surface active
compounds increase progressively with increasing chain 
length up to a critical point of a chain length, beyond which 
the compounds cease to be active, the so-called cut-off ef-
fect. The reduced activity in case of long hydrocarbon chain
substituents is due to the decrease in the difference between
the hydrocarbon chain length of the phospholipid and am-
phiphile and by the increase in their van der Waals attraction, 
while short substituent amphiphiles are mobile and exchange 
between multiple binding sites in the bilayer (Balgavý et al. 
2001). Very short-chain amphiphilic molecules like ethanol 
were shown to induce a biphasic behavior in saturated PC 
membranes (Rowe 1983), i.e., at low concentrations of alco-
hols the gel to fluid phase transition temperature is decreas-
ing, while it is increasing at higher alcohol concentrations. 
Simon and Mclntosh (1984) demonstrated that this biphasic 
behavior is due to the formation of an interdigitated phase, 
where the lipid acyl chains from opposing monolayers fully 
interpenetrate with a concomitant increase in headgroup 
area and van der Waals contacts in the hydrocarbon core. 
At very high concentrations, the hydrophobic mismatch 
between the amphiphiles and phospholipids can result in 
bilayer destabilization and formation of non-bilayer phases 
and mixed micelles (Kragh-Hansen et al. 1998; Uhríková et 
al. 2001; Hrubšová et al. 2003). These effects are probably the
cause of the biocidal properties of such non-ionic detergents, 
but can also be important for the isolation, purification and
crystallization of membrane proteins.

Considering now the situation, where peptides are aligned 
parallel to the membrane plane, voids will be also created in 
the hydrophobic core of the membrane (Lohner and Blon-
delle 2005). The extent of this perturbation will depend on
a number of parameters such as the concentration, molecular 
size and aggregation state of the peptide, which determine 
the lateral area occupied by the peptide in the membrane, as 
well as on the membrane penetration depth of the peptide. 
Latter is influenced by the hydrophobic angle of the peptide
and in particular by electrostatic interaction between peptide 
and lipid. At certain conditions this perturbation cannot be 
compensated by increased trans-gauche isomerization of 
the acyl chains of the lipids as seen for smaller amphipathic 
molecules, but by moving the opposing monolayer of the 

bilayer towards the hydrophobic face of the peptide, which 
results in a quasi-interdigitated structure (Fig. 5). The forma-
tion of such a structure was verified by biophysical studies,
whereby the strongly reduced membrane thickness was 
deduced from small-angle X-ray diffraction experiments
(Sevcsik et al. 2007). Furthermore, electron spin resonance 
spectroscopy data demonstrated a reduced mobility of the 
hydrocarbon chains near the terminal methyl group of this 
peptide-enriched domain (Sevcsik et al. 2007) and micro-
calorimetric experiments showed that the phase transition 
temperature of the peptide induced quasi-interdigitated 
phase shifts to higher values (Latal et al. 1997; Sevcsik et
al. 2007; Pabst et al. 2008). Regarding penetration depth of 
peptides it was shown that cationic peptides penetrate less 
deeply into the hydrophobic core of anionic as compared to 
neutral bilayers (Dathe et al. 2002). In agreement with this 
observation, LL-37 induced a quasi-interdigitated phase 
in negatively charged DPPG but not in zwitterionic DPPC 
bilayers, where disk-like micelles were found (Sevcsik et al. 
2007). The presence of the quasi-interdigitated structure was
most prominent for the longest chain PG studied. Moreover, 
such a structure was observed to some extent also for PCs 
with increased acyl chain length (diC18:0 PC and diC20:0 
PC) (Sevcsik et al. 2007; Pabst et al. 2008). These observations
clearly indicate that there is a tight coupling between the 
peptide properties and those of the lipid bilayer. Very similar 
effects were also observed for the α-helical peptides melittin
and PGLa, although differences in the ability and extent of
the induction of a quasi-interdigiated structure were found 
that can be attributed predominantly to the different size
of the peptides. For example, in DPPG bilayers at 4 mol% 
of peptide a fully quasi-interdigitated phase was only seen 
for LL-37 (37 amino acid residues), while in the case of the 
smaller melittin (26 residues) and PGLa (21 residues) the 
original bilayer gel phase co-existed in various proportions 
with the quasi-interdigitated phase. Based on these findings,
a general phase diagram was proposed for lipid/peptide 
mixtures as long as the amphipathic peptides adopt a spatial 
orientation parallel to the membrane surface taking into ac-
count the balance between peptide penetration depth and 
thickness of the hydrocarbon core of the membrane (Sevcsik 
et al. 2007). This means that the respective phase boundary
for the occurrence of a quasi-interdigitated phase of PC/
peptide mixtures are shifted towards longer chain lengths
as compared to PG/peptide mixtures reflecting mainly the
deeper penetration of the peptide in PC bilayers.

Membrane-peptide domain formation affecting adversely
bacteria

As outlined above depending on the concentration of the 
peptide co-existing phases will be found in the lipid bilayer 
gel phase, which also protrude into the physiologically rel-
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evant fluid bilayer phase with membrane domains differing
significantly in their properties in respect of membrane
thickness, fluidity and curvature strain. Because of the dif-
ferences in the physicochemical properties between the lipid 
bulk phase and the lipid domains enriched with antimicro-
bial peptide, packing defects will arise at their boundary 
lines, which lower the membrane permeability barrier. Such 
defects are obviously present during the thermotropic phase 
transition from the gel to fluid phase, where enhanced leak-
age of entrapped solutes in liposomes was observed (Hays et 
al. 2001). Promotion of domain formation in the presence of 
antimicrobial peptides was not only observed in mono-com-
ponent model systems as described above, but also detected 
in binary lipid mixtures. Adding, cationic antimicrobial pep-
tides (e.g. PGLa, human defensin) to liposomes composed 
of PE/PG, typical lipids of bacteria, resulted in a depletion 
of the negatively charged PG from the lipid mixture giv-
ing rise to the formation of peptide poor and peptide-rich 
domains (Lohner et al. 1997; Lohner and Prenner 1999) 
and a synthetic antimicrobial peptide induced demixing of 
a cardiolipin and PG mixture (Arouri et al. 2009). Further, 
aggregation of cateslytin β-sheets on negatively charged lipids 
promoted rigid membrane domains (Jean-Francois et al. 
2008). The importance of induced lateral phase separation
has been specifically proposed as a mechanism contribut-
ing to the antimicrobial activity of a designed α/β peptide 
(Epand et al. 2006), a flexible sequence-random polymer
that mimics host defence peptides (Epand et al. 2008a) and 
an oligo-acyl-lysine compound (Epand et al. 2008b). This
mechanism is expected to be most important for substances 
with sequential positive charges contained within a flexible
molecule that can adapt to the arrangement of charged 
groups on the surface of the bacterial cell membrane (Epand 
and Epand 2009).

Another important aspect is that exclusion of certain 
lipids, i.e. segregation of anionic lipids from areas of the 
cell membrane due to their preferential interaction with 
cationic antimicrobial peptides, will perturb existing mem-
brane domains. Although less investigations have been 
devoted to the domain formation in bacterial membranes 
as compared to the numerous studies on lipid rafts in mam-
malian membranes, there has been increasing evidence that 
they also exist in bacteria as e.g. demonstrated by chemical 
cross-linking of lipids (Matsumoto et al. 2006). The presence
of domains was also shown by fluorescence studies incor-
porating pyrene-labelled PE and PG into Escherichia coli 
and Bacillus subtilis membranes, which indicated that PE 
and PG are segregated into distinct domains that differ in
composition, proteo-lipid interaction and degree of order 
(Vanounou et al. 2003). Moreover, it was shown that the 
process of cell division of E. coli is dependent on the pres-
ence of PE (Mileykovskaya et al. 1998) and that cardiolipin 
forms large domains in the septal region and poles of E. coli 

(Mileykovskaya and Dowhan 2000). Therefore, it has been
suggested that lipid domains may be important for certain 
regulatory functions of the cell in particular for bacterial divi-
sion (Norris and Fishov 2001; Mileykovskaya and Dowhan 
2005; Matsumoto et al. 2006). Thus one can speculate that
specific interaction of antimicrobial peptides with anionic
lipids may have important implications on structure and 
integrity of membranes and therefore also influence the
function of membrane proteins adversely affecting bacteria.
Epand and Epand (2009), however, emphasized that cluster-
ing of anionic lipids is not likely to be the sole mechanism 
by which these agents act to kill bacteria, but rather it is an 
additional contributory factor, as has been also proposed 
earlier (Lohner and Blondelle 2005).

Antimicrobial peptides promoting non-lamellar structures

Although the maintenance of a stable bilayer is essential 
to normal membrane function, it is well-known that cell 
membranes contain substantial amounts of so-called 
non-lamellar phase forming lipids (e.g. PE, cardiolipin or 
monoglucosyldiacylglycerol) and that microorganisms such 
as E. coli or Acholeplasma laidlawii regulate precisely their 
lipid composition in a narrow window close to a lamellar to 
non-lamellar phase boundary (McElhaney 1992; Rilfors et al. 
1993; Morein et al. 1996). The presence of such lipids confers
upon these membranes a degree of non-lamellar structure 
forming propensity owing to their molecular properties. In 
contrast to PG or PC, which are characterized by a cylindrical 
molecular shape, PE (>80% of the total phospholipids in 
E. coli) is characterized by a truncated cone shape because of 
its small head group as compared to the cross-section of its 
hydrocarbon chains (Cullis and de Kruijff 1979; Israelachvili
et al. 1980). In terms of the lateral pressure profile throughout
the hydrocarbon chain region this means that PG exhibits 
a uniform lateral pressure, while PE leads to an increase 
in the lateral pressure in the center of the bilayer (Seddon 
and Templer 1995; de Kruijff 1997). This in turn results in
a bilayer, where the desire for monolayer curvature is physi-
cally frustrated. Formation of non-lamellar structures may 
be understood qualitatively in terms of this lateral pressure 
profile balancing the repulsive and attractive interactions
between the individual lipid molecules within the compound 
of the lipid bilayer (Seddon and Templer 1995). Therefore,
it was proposed that antimicrobial peptides may affect
this balance lowering the lamellar to non-lamellar phase 
boundary, which may lead to membrane rupture in case of 
bacteria with high content of non-lamellar phase forming 
lipids (Lohner and Blondelle 2005). Recently, a correlation 
of non-lamellar phase formation of E. coli total lipid extracts 
and antimicrobial activity of cationic amphipathic peptides, 
derived from a fragment of human lactoferricin (LF-11), 
was reported (Zweytick et al. 2008). The peptide-induced
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structures were identified to belong to the bicontinous cubic
phases of space group Pn3m and Im3m as described earlier 
for E. coli lipid extracts in the presence of the antimicrobial 
peptide gramicidin S (Staudegger et al. 2000). The most active
peptides were characterized by a larger hydrophobic volume 
at the N-terminus than their less active counterpart. Simi-
larly, N-acylated derivatives of these lactoferricin derived 
peptides were also able to promote cubic phases (Fig. 6). 
While the bulky hydrophobic N-terminus seems to play 
an important role in the promotion of these non-lamellar 
structures, in case of gramicidin S the capability to strongly 
promote negative curvature and thus cubic phase forma-
tion was proposed to be due to the limited flexibility of the
β-turn of gramicidin S as well as to the clustered location of 
the ornithine side chains.

PE, a major component of both the inner and outer leaflet
of Gram-negative bacteria, can adopt non-lamellar structures, 
such as the inverted hexagonal (HII) and cubic phases (Siegel 
and Banschbach 1990; Rappolt et al. 2003). The phase transi-
tion temperature, depending on the acyl chain composition 
(e.g. Lohner 1996), was markedly decreased in the presence 
of a number of antimicrobial peptides (Lohner and Blondelle 
2005 and references therein; Pabst et al. 2008). Alamethicin 
promoted cubic phase formation, when incorporated in 

small amounts in dielaidoyl PE (Keller et al. 1996), which 
was suggested to be due to changes regarding the thickness 
and/or flexibility of the lipid bilayer, because in diphytanoyl
PC model membranes this peptide causes membrane thin-
ning with a concomitant increase in chain disorder over 
a large area (Ludtke et al. 1995; Wu et al. 1995). Interestingly, 
membrane thinning was also observed for E. coli lipid extracts 
in presence of the lactoferricin derivatives (Zweytick et al. 
2008). The decrease in membrane thickness will lead to an
increase in the hydrophobic cross-sectional area of the lipid 
acyl chains. This lateral expansion would further enhance the
existing mismatch between the cross-sectional areas of the 
head group and hydrocarbon side chains of PE, which could 
be a promotive force for the lipid monolayer to curl.

In the presence of the cytolytic melittin, the fluid to
HII transition of a mixed chain PE was abolished and only 
a bilayer structure was observed in the studied temperature 
range, which was explained by electrostatic repulsion due to 
the charged peptide (Hickel et al. 2008). Seemingly this does 
not play a role for the antimicrobial peptide PGLa, which 
has the same net charge as melittin, but exhibited a strongly 
reduced bilayer separation as compared to melittin and like 
protegrin-1 induced cubic phase formation to some extent. 
This different behavior was explained by shielding of the
positive charges of PGLa owing to lipid/peptide pore for-
mation in the fluid phase. In contrast to these observations,
some antimicrobial peptides such as nisin (El Jastimi and 
Lafleur 1999) or a 17 β-amino acid oligomer (Epand et al.
2003) can stabilize the inverse hexagonal phase of PEs. In 
case of nisin this was explained in analogy to hydrophobic 
molecules such as squalene (Lohner et al. 1993) being due to 
insertion of the large hydrophobic section of nisin (segment 
1–19), which will lead to an increase in the hydrophobic 
volume in the bilayer interior. This in turn will promote
negative curvature and hence formation of inverted non-
lamellar structures. Similarly it was argued that owing to 
the penetration depth of a 17 β-amino acid oligomer HII 
structures were facilitated by expanding the regions of the 
bilayer below the pivotal plane more than regions close to 
the interface. Again this will result in an increase in negative 
curvature strain (Epand et al. 2003).

The different packing properties of non-lamellar and
bilayer stabilizing lipids may have also implications for mem-
brane function. The high lateral hydrocarbon chain pressure
exhibited by non-lamellar phase preferring lipids supposedly 
controls the conformation of integral membrane proteins 
(de Kruijff 1997). In accordance with this assumption are
observations that for example functioning of transport 
proteins (Bogdanov and Dowhan 1995) as well as protein 
translocation (Rietveld et al. 1995) was severely impaired 
in E. coli mutants lacking PE, non-lamellar lipids are often
required for functional reconstitution of membrane proteins 
(Mileykovskaya and Dowhan 2000) and PE is found in pro-

Figure 6. Promotion of cubic structures of E. coli total lipid extract 
by short peptides (8–10 aa) derived from LF-11, a fragment of hu-
man lactoferricin at a lipid-to-peptide molar ratio of 25 : 1. Data for 
VS1-13 and VS1-24 taken from Zweytick et al. (2008). In addition, 
results from VS1-15 and VS1-22 as well as their N-methyloctanoyl 
analog (VS1-15-MO, VS1-22-MO) are included. The decrease in
the onset temperature of cubic phase formation was determined 
from small-angle X-ray experiments. Scheme of the cubic phases 
(Pn3m, Im3m) detected are shown in the panel.
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tein-rich membrane domains (Vanounou 2003). Therefore,
antimicrobial peptides that affect the lateral hydrocarbon
chain pressure upon insertion may lead as a secondary effect
to conformational changes of integral membrane proteins 
and hence to impairment of membrane function.

Summary and outlook

The different physical and chemical properties of the lipids
found in biological membranes lead to differences of their
structural and mechanical properties, which in turn allows 
antimicrobial peptides to discriminate between bacterial and 
mammalian cell membranes. Thus, in order to address mem-
brane-peptide interaction adequately the lipid composition 
has to be elucidated. This is an important goal of lipidomics,
which can be achieved now on a qualitative and quantitative 
level owing to recent developments in analytical instrumen-
tation such as e.g. two-dimensional nano-high-performance 
liquid chromatography and tandem mass spectroscopy. The
studies on liposomes mimicking the more complex biologi-
cal membranes as described above support this notion. It is 
evident from these investigations that there is no general mo-
lecular mechanism of bacterial killing, but mutually depends 
on the nature of the peptide and the membrane lipid com-
position. In particular biophysical studies in this field have
demonstrated a complex behavior in terms of membrane 
perturbation, which depends on several parameters such as 
lipid acyl chain length and head group, peptide concentration 
as well as hydrophobic matching of the lipid bilayer core and 
the peptide, which can lead to different molecular mecha-
nisms of membrane damage and in turn to killing of bacterial 
cells. It is therefore a prerequisite to study the properties of 
pure lipids or lipid mixtures in detail, in order to be able to 
address the effects observed, when antimicrobial peptides
interact with the lipid matrix. Since there is a wide variety 
of host defence peptides, but many of them do not posses 
sufficient activity and/or selectivity, this knowledge will help
to optimize peptides to fine-tune their selective interaction
with bacterial cell membranes in order to get a highly active 
and specific peptide that can be used in combination with or
preferably without conventional antibiotics. Such a strategy 
is expected to yield novel antibiotic compounds that can be 
used in combination with or preferably without conventional 
antibiotics and that are characterized by improved properties 
in respect of selectivity and thus reduced toxicity as well as 
of hindered development of drug resistance owing to the 
lack of need of a specific receptor molecule.
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