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Membrane-Active Peptides and the Clustering of Anionic Lipids
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ABSTRACT There is some overlap in the biological activities of cell-penetrating peptides (CPPs) and antimicrobial peptides
(AMPs). We compared nine AMPs, seven CPPs, and a fusion peptide with regard to their ability to cluster anionic lipids in
a mixture mimicking the cytoplasmic membrane of Gram-negative bacteria, as measured by differential scanning calorimetry.
We also studied their bacteriostatic effect on several bacterial strains, and examined their conformational changes upon
membrane binding using circular dichroism. A remarkable correlation was found between the net positive charge of the peptides
and their capacity to induce anionic lipid clustering, which was independent of their secondary structure. Among the peptides
studied, six AMPs and four CPPs were found to have strong anionic lipid clustering activity. These peptides also had bacterio-
static activity against several strains (particularly Gram-negative Escherichia coli) that are sensitive to lipid clustering agents.
AMPs and CPPs that did not cluster anionic lipids were not toxic to E. coli. As shown previously for several types of AMPs,
anionic lipid clustering likely contributes to the mechanism of antibacterial action of highly cationic CPPs. The same mechanism
could explain the escape of CPPs from intracellular endosomes that are enriched with anionic lipids.
INTRODUCTION
It has recently become evident that there is functional
overlap in the properties of antimicrobial peptides (AMPs)
and cell-penetrating peptides (CPPs) (1–3). Both classes
of peptides exhibit a wide variety of sequences, lengths,
hydrophobicities, and structures, and can operate via several
different mechanisms. They are generally polycationic
and amphiphilic, and hence have a high affinity for nega-
tively charged membranes. Some CPPs can permeabilize
membranes and exhibit antimicrobial activity, whereas
some AMPs are toxic without membrane permeabilization.
In addition, peptides that act as AMPs can be bacteriostatic
against one class of bacteria while being bactericidal to
others (4,5).

The preferential interaction of these peptides with nega-
tively charged lipids could result in the lateral segregation
of such lipids from zwitterionic ones, leading to the
formation of membrane domains. Such clustering of anionic
lipids could contribute to the toxicity against bacteria (6–8).
Anionic lipid clustering has not yet been studied with CPPs.
Differential scanning calorimetry (DSC) is a suitable tool
for characterizing such changes in membrane properties.
Phase separation by lipid clustering is different from that
which produces peptide-rich and -poor domains with distinct
transitions. The phenomenon of clustering of anionic lipids
away from zwitterionic ones was used to predict the
specificity of several antimicrobial agents against different
bacterial species (9). It was shown that a mixture of 1-palmi-
toyl-2-oleoyl-phosphatidylethanolamine (POPE) and tetrao-
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leoyl cardiolipin (TOCL) in a 75:25 ratio, which mimics the
lipid composition of Gram-negative bacteria, is a simple
system that can be used to probe the clustering of anionic
lipid by peptides and proteins (10) at ambient temperatures.
The gel-to-liquid crystalline phase transition temperature
of pure TOCL is <0�C. If an agent causes anionic lipid
clustering by segregating TOCL, the phase transition
temperature of the other component in the lipid mixture
will increase, bringing it closer to that of pure POPE,
i.e., ~24�C. This effect persists over several heating and
cooling cycles.

Candidates for inducing lipid clustering are Arg and Lys
residues. The Arg side chains not only contribute to the net
cationic charge, they also help to stabilize membrane inter-
actions and peptide insertion (11). Recently, the contribu-
tion of individual Arg residues to the overall antimicrobial
activity was dissected with fragments of LL-37 (12). The
role of Arg in promoting anionic lipid clustering and bacte-
rial species selectivity was reported in a study of three
homologous, small, Arg-rich AMPs (10). Arg has also
been the subject of extensive study in CPPs (13). In general,
CPPs contain more Arg compared with AMPs. Because of
their bidentate structure, Arg residues generate a negative
Gaussian curvature (i.e., negative curvature along two
perpendicular principal directions), whereas Lys generates
a negative curvature along one direction only (2,14).
Some of the most effective CPPs for delivering cargo
are the Arg-rich ones, such as HIV-TAT and penetratin
(15,16). For this reason, Arg residues in membranes have
received much attention (2,15,17,18). Both Arg and Lys
residues have high pK values, so they remain protonated
at physiological pH, thereby creating an energetic barrier
for partitioning into the membrane. Nevertheless, the
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guanidinium moiety in Arg can form two hydrogen bonds
with the phosphate group of phospholipids, thus allowing
for easier membrane penetration (19). Recent computer
simulations indicated that the translocation of an Arg
through the membrane involves the formation of a water-
filled defect that keeps the charged group hydrated (20).
Most of the energy penalty for inserting Arg into
membranes is paid for by insertion of the first Arg residue;
the remaining ones can use the same water-filled defect
without much further cost. Because Arg induces Gaussian
curvature, whereas Lys forms monodentate hydrogen bonds
and generates only negative curvature (2), Lys-rich AMPs
are more lytic and damaging to membranes compared
with Arg-rich CPPs.

Because polycationic peptides bind strongly to anionic
membranes, one might expect CPPs to be able to cluster
anionic lipids away from zwitterionic ones, as shown previ-
ously for AMPs (6–9,21,22). Therefore, in this work we
compared anionic lipid clustering in the presence of several
different representative polycationic peptides (Table 1), all
of which were previously characterized (23–37). To compare
the relative effectiveness of Arg versus Lys residues in
modulating anionic lipid clustering, we modified some of
the peptides by replacing all of their Lys residues with Arg.
EXPERIMENTAL METHODS

Materials

All lipids used in this study were obtained from Avanti Polar Lipids

(Alabaster, AL). Chemicals for peptide synthesis were obtained from Iris

Biotech GmbH (Marktedwitz, Germany), and solvents for synthesis and

purification were purchased from Acros Organics (Geel, Belgium) or Bio-

solve (Valkenswaard, Netherlands). All of the peptides listed in Table 1

were synthesized (as C-terminal amides, with the exception of magainin

2, penetratin, SAP, PEP1, transportan, and HIV-TAT) by Fmoc solid-phase
TABLE 1 Peptides and their sequence and primary function

Peptide Sequence Function

Gramicidin S cyclo(PVOLfPVOLf)* AMP

MSI-103 KIAGKIAKIAGKIAKIAGKIA-amide AMP

MSI-103-Arg RIAGRIARIAGRIARIAGRIA-amide AMP

PGLa GMASKAGAIAGKIAKVALKAL-amide AMP

PGLa-Arg GMASRAGAIAGRIARVALRAL-amide AMP

Magainin 2 GIGKFLHSAKKFGKAFVGEIMNS AMP

Magainin 2-Arg GIGRFLHSARRFGRAFVGEIMNS AMP

KIGAKI KIGAKIKIGAKIKIGAKI-amide AMP

BP100 KKLFKKILKYL-amide AMP

MAP KLALKLALKALKAALKLA-amide CPP

MAP-Arg RLALRLALRALRAALRLA-amide CPP

Penetratin RQIKIWFQNRRMKWKK CPP

SAP VRLPPPVRLPPPVRLPPP CPP

PEP1 KETWWETWWTEWSQPKKKRKV CPP

Transportan GWTLNSAGYLLGKINLKALAALAKKIL CPP

HIV-TAT GRKKRRQRRRPPQ CPP

FP23 AVGIGALFLGFLGAAGSTMGARS-amide FP

All cationic side chains are shown in bold, and the N-terminus contributes

an extra charge.

*D-amino acids are presented in lower case; O stands for ornithine.
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peptide synthesis on a Syro II multiple peptide synthesizer (Syro II; Multi-

Syntech, Witten, Germany). They were purified by preparative high-perfor-

mance liquid chromatography (HPLC) with water/acetonitrile gradients

containing 5 mM HCl as the ion pairing agent as described previously

(32,38,39). The identity was confirmed by analytical HPLC (Agilent Tech-

nologies, Waldbronn, Germany) coupled to a mass spectrometer (m-TOF,

Bruker, Bremen, Germany). The purity was >95%.
Differential scanning calorimetry

Measurements were performed with a NANO II differential scanning calo-

rimeter (Calorimeter Sciences, Linden, UT) as previously described (9).

Lipid films were prepared with POPE/TOCL (75:25). After hydration, the

samples were brought to 0�C and scanned from 0 to 35�C with several

cycles of heating and cooling. The scan rate was 1�/min. Degassed buffer

was placed in the reference cell, and each cell volume was 0.34 mL. The

buffer was 20 mM PIPES, 140 mM NaCl, 1 mM EDTA, pH 7.4. The total

lipid concentration in the calorimeter cell was 2.5 mg/mL. Calorimeter data

were analyzed with the use of a program provided by Microcal and plotted

with Origin 7.0.
Determination of minimal inhibitory
concentration

The minimal inhibitory concentrations (MICs) of the peptides were deter-

mined in sterile 96-well plates. Peptide stock solutions (1.024 mg/mL)

were prepared in water and successively diluted in series (1:1 v/v) using

50 ml Müller-Hinton (MH) broth to obtain the desired peptide concentration

in each well in 50 ml total volume. To each well, an aliquot of 50 ml of

a bacterial suspension containing 106 colony-forming units/mL in MH

media was added to obtain a final volume of 100 ml. Antibacterial activities

are expressed as the MIC and correspond to the lowest concentration of

peptide, in micromolar units, at which no bacterial growth was detected

after overnight incubation at 37�C. The MIC was determined against

Escherichia coli DSM 1103, Pseudomonas aeruginosa DSM 1117, Staph-

ylococcus aureus DSM 1104, and Staphylococcus epidermidis DSM 1798.
Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy was performed with a Jasco J-815

spectropolarimeter (Jasco, Groß-Umstadt, Germany). The spectra were re-

corded in thermostated quartz cuvettes maintained at 30�C, from 260 to

185 nm in 0.1 nm intervals. CD spectra of the peptides were measured

in both the presence and absence of small unilamellar vesicles (SUVs)

composed of POPE/TOCL (75:25) at a lipid/peptide (L/P) molar ratio of

20 or 100. Three repeat scans were recorded at a scan rate of 20 nm/min,

with a response time of 8 s with 1 nm bandwidth. The resulting spectra

were averaged and corrected for the baseline spectra corresponding to

peptide-free lipid suspension. The resulting spectra were smoothed with

the use of Jasco Spectra Analysis software. At high peptide concentration,

we observed the precipitation of vesicles in a few cases, which caused

significant light scattering. This effect, together with other CD artifacts,

led to absorption flattening, i.e., to reduced signal intensity toward low

wavelengths (vide infra).
RESULTS

DSC

Using DSC, we evaluated the phase behavior of a mixture
of POPE/TOCL (75:25) in a suspension of multilamellar
vesicles, in the presence and absence of peptides, at an
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L/P molar ratio of 20. The DSC curves are shown in Fig. 1,
A and B, and the shift in the transition temperature of the
higher melting component is shown in Table 2. At a lower
L/P ratio, we observed precipitation and/or clarification of
the lipid mixture, whereas at higher ratios the thermotropic
effects were less pronounced. Hence, we report the results
only for the mixtures with L/P ¼ 20.

Overall, the net positive charge of the peptide was the
major contributing element to the clustering effect. The
cyclic gramicidin S and the fusogenic peptide FP23 (corre-
sponding to the N-terminal 23 residues of the gp41 protein
of HIV-1), with only two charges each, did not have any
effect on clustering. A clear correlation with net positive
charge is seen for the series of homologous peptides MSI-
103, PGLa, KIGAKI, and MAP (Fig. 1 A). The substitution
of Arg by Lys did not have any effect on anionic lipid
clustering. The only exception was magainin 2-Arg, which
became more active in segregating anionic lipids. Peptides
that are too hydrophilic or too short to penetrate deeply
into the membrane (e.g., BP100 and HIV-TAT) have only
a marginal or no effect (Fig. 1, A and B). Peptides that are
very hydrophobic cannot cluster anionic lipids if there are
not enough cationic charges present (or if they are preaggre-
gated, as is the case with SAP), but they are good at clus-
tering provided that sufficient cationic charges are present
FIGURE 1 DSC of the lipid mixture POPE/TOCL (75:25) in the absence and

negative values correspond to cooling. The first cycle of heating and cooling fro

cooling in the presence of peptide. All scans were performed at a scan rate of 1
(as with transportan; Fig. 1 B). Of note, the lipid-clustering
experiments did not distinguish between the functionalities
of AMP and CPP.

Approximately four cationic charges are required to
produce a clustering effect in peptides that are capable of
forming an amphipathic helix. Magainin 2 is at the border-
line, with 3.5 charges, which may explain its sensitivity to
Arg-Lys substitution. Recent calculations performed with
a coarse-grained physical model that takes into account
peptide amphiphilicity and the presence of anionic lipids
showed that a peptide net cationic charge of R4 was neces-
sary for the bacteria selectivity of AMPs (40).
Minimal inhibitory concentration

Even though the MICs for some of the peptides studied
here have already been reported in the literature, we
redetermined them under identical conditions so that the
values would be comparable. The MIC values of the
peptides were determined against two Gram-negative strains
(E. coli and P. aeruginosa) and two Gram-positive strains
(S. aureus and S. epidermidis). The MIC values shown in
Table 3 have been converted to micromolar units to account
for the different lengths of the peptides. As previously
noted, Gram-positive strains that are devoid of an outer
presence of peptides at L/P ¼ 20. Positive values correspond to heating, and

m 0�C to 25�C is in the lipid alone, followed by two cycles of heating and
�/min. (A) Clustering by AMPs. (B) Clustering by CPPs.

Biophysical Journal 103(2) 265–274



TABLE 2 Physical properties of the peptides and the shifts caused in the transition temperature of the binary mixture POPE/TOCL

(75:25)

Net charge Charge density* Mean hydrophobicity (H4) Anionic lipid clustering Dl (�C)y

Gramicidin S 2 0.20 (10 aa) not availablez 0.0

MSI-103 7 0.33 (21 aa) �1.0 (0.185) 5.0

MSI-103-Arg 7 0.33 (21 aa) �1.02 (�0.580) 6.0

PGLa 5 0.24 (21 aa) �0.63 (0.279) 3.7

PGLa-Arg 5 0.24 (21 aa) �0.65 (�0.082) 2.8

Magainin 2 3.5 0.15 (23 aa) �0.58 (0.173) 0.9

Magainin 2-Arg 3.5 0.15 (23 aa) �0.60 (�0.006) 3.2

KIGAKI 7 0.39 (18 aa) �0.98 (0.163)x 6.2

BP100 6 0.55 (11 aa) 0.07 (�1.490) 1.7

MAP 6 0.33 (18 aa) 0.65 (0.202) 4.4

MAP-Arg 6 0.33 (18 aa) 0.62 (�0.084) 4.7

Penetratin 7 0.44 (16 aa) �2.33 (�0.552) 5.4

SAP 3 0.17 (18 aa) 0.53 (�0.090) 0.6

PEP1 3 0.14 (21 aa) �2.55 (�0.390) 0.9

Transportan 4 0.15 (27 aa) 0.84 (0.320) 3.5

HIV-TAT 8 0.62 (14 aa) �7.29 (�1.474) 2.0

FP23 2 0.10 (23 aa) 0.81 (0.514) 0.0

*Charge density ¼ net charge per number of residues.
yDl ¼ maximum temperature shift (in �C) for L/P ¼ 20 from the DSC transition of the pure lipid.
zAmphiphilic cyclic b-sheet. Hydrophobicity could not be calculated by the same programs used for the other peptides because of the presence of Orn.
xAmphipathic linear b-sheet (36). Mean hydrophobicities H4 were calculated with the program HydroMCalc (57) and the Eisenberg consensus scale (58) (in

parentheses).
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membrane are more susceptible to amphiphilic membrane-
active peptides as compared with Gram-negative strains.
All of the investigated AMPs show moderate to high anti-
microbial activity, as previously noted in the literature
(28,31,32,36). Similar antimicrobial activities are also
observed for several CPPs, as previously reported, e.g., for
MAP (41) and penetratin (42,43). CPPs in general have
less activity than AMPs, i.e., they have higher MIC values.
However, some CPPs that can fold into amphipathic
a-helical structure (here, MAP, MAP-Arg, penetratin, and
transportan) do show significant antimicrobial action. As ex-
pected, the fusogenic peptide FP23 did not show any antimi-
TABLE 3 Minimal inhibitory concentration (mM)

Peptides

E. coli

(G�)

P. aeruginosa

(G�)

S. aureus

(Gþ)

S. epidermidis

(Gþ)

Gramicidin S 53 >211 1 2

MSI-103 3 28 3 2

MSI-103-Arg 6 26 3 2

PGLa 30 119 15 7

PGLa-Arg 7 113 4 2

Magainin 2 99 >99 99 99

Magainin 2-Arg 47 95 95 24

KIGAKI 8 8 4 8

BP100 10 20 5 5

MAP 31 >122 8 4

MAP-Arg 57 >115 29 4

Penetratin 51 51 51 13

SAP >122 >122 >122 >122

PEP1 >87 >87 >87 >87

Transportan 43 >86 43 5

HIV-TAT >128 128 128 >128

FP23 >117 >117 >117 >117
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crobial activity against any of the strains, in similarity to the
other less toxic CPPs (SAP, PEP1, and HIV-TAT).

The known lipid membrane compositions of the bacterial
strains used in this work (10,44) are shown in Table 4.
The POPE/TOCL (75:25) mixture was previously found
to mimic the composition of Gram-negative bacteria very
well (6,10). Most Gram-negative bacteria are rich in
PE, although there are a few species in which PE is not
the major lipid (e.g., Caulobacter crescentus). In contrast,
it is common for Gram-positive bacteria to have little zwit-
terionic lipid. A frequently used example is S. aureus. It
should be borne in mind, however, that the membrane
composition of different Gram-positive bacterial species
normally varies widely and is subject to changes
according to environmental conditions. In addition, some
Gram-positive bacteria contain a variety of glycolipids in
different proportions (7,10). Furthermore, in certain strains,
the phosphatidylglycerol (PG) and cardiolipin (CL) can be
acylated with amino acids, producing cationic lipids that
can repel cationic antimicrobial agents, leading to resistance
(7,10,45). Thus, most Gram-negative bacteria will be
susceptible to agents that induce anionic lipid clustering.
However, we must obtain more detailed knowledge about
the lipid composition of Gram-positive bacteria before
TABLE 4 Lipid composition of the cytoplasmic membrane

Bacteria PE CL PG

E. coli (G�) 80 5 15

P. aeruginosa (G�) 60 11 21

S. aureus (Gþ) 0 19 57

S. epidermidis (Gþ) 0 1 90
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we can predict their susceptibility to anionic lipid clustering
agents.
CD spectroscopy

CD spectroscopy was used to monitor the conformational
changes of all the investigated peptides (AMPs, CPPs, and
FP23) upon addition of SUVs composed of POPE/TOCL
(75:25). The CD experiments had to be done with SUVs
to avoid scattering artifacts, even though DSC was carried
out with MLVs. First, the peptide spectra were recorded in
10 mM phosphate buffer (pH ¼ 7) in the absence of lipids
(data not shown). Most of the peptides show a completely
disordered conformation (random coil) with a characteristic
negative band around 196 nm, or they are largely disordered
(PEP1, transportan, and MAP) with a minimum around
201–202 nm. The only exceptional spectra are seen for
gramicidin S, because of its cyclic structure, and SAP, which
is known to be preaggregated in aqueous solution (46).

In the presence of lipids, amphiphilic peptides tend to
acquire their preferred secondary structure. In our CD
experiments, the addition of SUVs composed of POPE/
TOCL (75:25), caused severe precipitation at an L/P ratio
of 20 in the case of MSI-103, MSI-103-Arg, MAP, and
BP100. Precipitation decreased the amount of material
(lipids and peptides), and in some cases led to the appear-
ance of weak, random, coil line shapes due to residual
unbound peptide in solution. Furthermore, it gave rise to
light scattering and other CD artifacts such as absorption
flattening (47,48). Therefore, the CD experiments shown
in Fig. 2 were performed at L/P ¼ 100 instead of L/P ¼
20 as in the DSC experiments with MLVs, for which the
CD data are not shown. Aside from the artifacts, we
observed no obvious conformational differences for the
different L/P ratios.

Only the designer-made b-stranded KIGAKI (Fig. 2 A)
and the fusogenic FP23 (Fig. 2 B) showed a pronounced
structural transition from disordered to b-sheets, as charac-
terized by a positive band around 203–205 nm and a broad
minimum between 215 and 219 nm. Most other peptides
showed a transition from disordered to largely a-helical,
as characterized by a positive band around 190 nm and
two negative bands around 208 and 220 nm. This includes
the AMPs PGLa, PGLa-Arg, magainin 2, magainin 2-Arg,
MSI-103, and MSI-103-Arg (Fig. 2 A), and the CPPs
MAP, MAP-Arg, and transportan (Fig. 2 B). We note that
none of the Lys-to-Arg substitutions caused any conforma-
tional change in the a-helical PGLa, magainin 2, MSI-
103, or MAP. PEP1 and penetratin showed a mixture of
a-helical and b-pleated folded states, as characterized by
the appearance of a negative band at 217–220 nm (Fig. 2
B). Gramicidin S (Fig. 2 A), SAP (Fig. 2 B), and HIV-TAT
(Fig. 2 B) did not show any change in secondary structure
upon addition of lipids. This observation can be attributed
to the cyclic conformation of gramicidin S, the preaggrega-
tion of SAP, and the complete lack of secondary structure of
the Arg-rich peptide HIV-TAT.
DISCUSSION

In this study, we focused on the possible role of anionic
lipid clustering in the antimicrobial action of CPPs. It was
recently suggested that a common feature among CPPs is
their ability to induce negative Gaussian curvature in lipid
bilayers, and that this enables the internalization of peptides
into cells (15) as well as cytoskeletal remodeling (2). Previ-
ously, much of the research on cell-penetrating mechanisms
was focused on distinguishing between direct entry and
endocytic pathways. A new physicochemical focus on a
common aspect that can account for all pathways would
advance our understanding of these agents. However,
because CPPs have several different entry pathways, and
different CPPs favor different mechanisms, it is unlikely
that changes in a single membrane property can explain
all variations in CPP behavior. One of the arguments given
in a previous study is that similar trends are seen for CPPs
and AMPs when one plots the ratio of the number of Arg
residues over the total number of charges, i.e., NArg/(NLys þ
NArg), versus the mean hydrophobicity (see Fig. 2 G in
Mishra et al. (2)). We evaluated whether the peptides used
in this work fall on these curves, but we found significant
deviations. For example, a CPP or AMP with a positive
mean hydrophobicity, or one close to zero, would be pre-
dicted by those curves to have a low value for the fraction
of Arg residues. Some peptides fit this generalization, but
others, such as PGLa-Arg, Mag 2-Arg, MAP-Arg, and
SAP, do not. In addition, the fusogenic peptide FP23 has
the highest hydrophobicity but carries only one Arg and
no Lys.

Negative Gaussian curvature should result in the promo-
tion of inverted micelles or bicontinuous cubic phases, as
has been observed with the TAT peptide in dimyristoyl-
phosphatidylcholine (DMPC), and in the eukaryotic mimic
phosphatidylcholine (PC)/phosphatidylethanolamine (PE)/
phosphatidylserine (PS) (23,49). Many other peptides that
are not known to be CPPs also promote negative Gaussian
curvature, as evidenced by the formation of bicontinuous
cubic phases. These include the influenza fusion peptide
(50) (which facilitates the bending of membranes (51,52),
even though it has no activity as either a CPP or an
AMP), the antimicrobial defensins in PC/PE/PS (14), ala-
methicin in DEPE (53), gramicidin S in microbial lipid
extracts (54), lactoferricin derivatives in an E. coli lipid
extract (55), and protegrin-1 (PG-1) and PGLa in POPE
(56). Hence, it is likely that the promotion of negative
Gaussian curvature per se is not a requirement for the
function of a CPP, nor would all agents that promote this
curvature implicitly function as CPPs. In addition, the
promotion of Gaussian curvature is dependent on the lipid
composition of the membrane. Although the ability to
Biophysical Journal 103(2) 265–274



FIGURE 2 CD spectra measured at 30�C of the

investigated peptides in the presence of SUVs

composed of POPE/TOCL (75:25) at an L/P molar

ratio of 100. (A) CD spectra of the AMPs (grami-

cidin S, MSI-103, MSI-103-Arg, PGLa, PGLa-

Arg, magainin 2, magainin 2-Arg, KIGAKI, and

BP100). (B) CD spectra of the CPPs (MAP,

MAP-Arg, penetratin, SAP, PEP1, transportan,

HIV-TAT) and the fusion peptide (FP23).
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promote membrane curvature is not a required property of
CPPs or AMPs, this does not mean that it cannot play
a role for some peptides.

Our purpose in this study was not to find an alternative
mechanism to the promotion of negative Gaussian curva-
ture, but rather to determine whether there are other factors
that contribute to the pronounced antimicrobial activity
shown by some CPPs. One such factor is lipid clustering.
This phenomenon was monitored here by alterations in
the DSC profile upon addition of the peptide. The effect is
readily observed in a binary mixture of POPE containing
20–30 mol % TOCL, which is initially well mixed. Note
that comparable mixtures containing PG tend to phase
Biophysical Journal 103(2) 265–274
separate, which leads to DSC profiles with multiple peaks
and thus makes them unsuitable for studying the effects
of peptides. As we previously noted (8,10), the peptide-
induced segregation of CL from PE is not caused by prefer-
ential binding of certain peptides to PE. Any polycationic
peptide would bind more strongly to an anionic lipid than
to a zwitterionic one. This is demonstrated by the fact that
such peptides always shift the phase transition of the PE
component toward that of the pure lipid, regardless of
whether the anionic lipid is the higher or lower melting
component in the mixture.

By this DSC criterion, it is clear that anionic lipid
clustering is promoted by several AMPs and CPPs (Fig. 1,
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Table 2), although this phenomenon is not required for
a peptide to behave as a CPP, nor is a specific secondary
structure required. Remarkably, we find an excellent corre-
lation of the transition temperature shift Dl (obtained exper-
imentally by DSC) with the net positive charge of the
peptides, as illustrated in Fig. 3. It is seen that the AMP
gramicidin S and the fusogenic FP23, with only two positive
charges each, cannot cluster anionic lipids. The CPPs SAP
and PEP1, with only three positive charges each, have a
weak clustering effect. The linear correlation continues
with the a-helical MSI-103, PGLa, transportan, KIGAKI,
PEP1, and penetratin. The only exceptions are BP100
and HIV-TAT, both of which are very hydrophilic and
very short in length, which may lead to a larger entropic
penalty. Peptides that were studied as a pair, and carry either
Lys or Arg as the basic residues, generally have similar
activities. The only deviation is seen for magainin 2, which
has much more lipid clustering activity in the Arg form
compared with the natural Lys form (Fig. 3). These results
suggest that if the Arg and Lys peptides differ in lipid
clustering activity, the Arg form should be more potent.
This relationship was previously observed and ascribed to
differences in the hydrogen-bonding capabilities of these
two different side chains (2). We find that this newly
described linear correlation also applies to other previously
studied AMPs, but to ensure that all of the data refer to
the same experimental conditions, they are not included
in Fig. 3.

Note that an excellent correlation is obtained only when
the net charges of the peptides (i.e., the effective number
of cationic charges added to the lipid mixture) are consid-
ered. When only the number of cationic side chains is
counted, and the compensating effect of anionic residues
and the C-terminus is ignored (Table 2), we do not obtain
such a good correlation. A poor correlation is also obtained
FIGURE 3 Maximum temperature shift of the main transition obtained

by DSC in the presence of peptide (Fig. 1, A and B, Table 2), with respect

to the lipid mixture in the absence of peptide, Dl, plotted as a function of

the peptide’s net positive charge. The short peptides BP100 and HIV-TAT

fall out of line. The linear relationship holds for the AMPs (solid squares)

as well as for the CPPs (open squares).
when we consider the charge density per amino acid residue
(Table 2), suggesting that the anionic lipids are simply
not influenced by the presence of any uncharged regions
of the peptides, whether they are long or short. We did
not find any correlation between the hydrophobicity of
the peptides and their lipid-clustering ability (Table 2). It
should be pointed out, however, that the mean hydrophobic-
ities of the peptide pairs studied with either Lys or Arg as the
basic amino acid (Table 2) did not differ significantly when
calculated with the consensus scale used in the program
HydroMCalc (57), but they differed significantly when
calculated with the consensus scale of Eisenberg (58).
Because these peptide pairs generally have similar biolog-
ical properties, this suggests that other factors are also
required to explain the observed activities in addition to
promoting negative Gaussian curvature.

It was previously recognized that many CPPs have AMP-
like activity (1,3). Furthermore, members of both classes
are able to fuse vesicles composed of lipids mimicking eu-
karyotic membranes or containing a late-endosome-specific
anionic lipid (34,59). Here, we show that the antimicrobial
activity of CPPs could result from a simple contribution
made by anionic lipid clustering. This phenomenon is ex-
pected to be more important for Gram-negative bacteria
than for most Gram-positive bacteria, because the cyto-
plasmic membrane of Gram-negative species contains a
sizeable amount of zwitterionic lipids from which anionic
lipids can segregate. The Gram-negative bacterium E. coli
in particular was reported to be a good model because of
its susceptibility to lipid clustering by AMPs (10). In this
work, we found that the lipids of this bacterium exhibit
the same susceptibility to clustering when exposed to the
presence of certain CPPs.

In Gram-positive bacteria, with the predominance of
anionic lipids in the membrane and zwitterionic lipids
mostly absent, one would expect that other membrane-per-
turbing mechanisms, such as pore formation, would predom-
inate, leading to a bacteriostatic/bactericidal action in the
presence of AMPs or CPPs. With regard to CPPs, we
found only two that are poor in anionic lipid clustering:
SAP and PEP1. These peptides also have the weakest anti-
microbial activity of all the CPPs tested (Table 3). In several
species of bacteria that do not have much uncharged or
zwitterionic lipid in their cytoplasmic membranes (e.g.,
S. aureus and S. epidermidis), they were also effective as
bacteriostatic agents. It is conceivable that preferential
interaction with one of the anionic lipids can lead to clus-
tering in mixtures of anionic lipids, as we previously found
(60). This phenomenon, however, did not correlate well
with the measured MIC values in Gram-positive bacteria.

In mammalian cells, almost all of the anionic lipids are
located in the cytoplasmic leaflet of the cell membrane.
Nevertheless, there are several nonphospholipid anionic
species exposed on the outer surface of eukaryotic cells,
including the protein nucleolin, and proteoglycans such as
Biophysical Journal 103(2) 265–274
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heparin sulfate, that have been suggested to make initial
contact with CPPs (61). However, it was recently shown
for penetratin that binding to the cell surface does not
correlate well with the internalization efficiency of the
peptide (62). It was also reported that several different
CPPs can induce the clustering of glycosaminoglycans
(63). At higher peptide concentrations, there is an accumu-
lation of the peptide on glycosaminoglycans, and the activa-
tion of endocytosis results in peptide internalization (62).
Hence, binding of CPPs to anionic lipid components on
mammalian cell membranes is not generally expected to
be required for internalization. It is also known that
processes such as apoptosis or the initiation of blood coag-
ulation will promote the appearance of anionic PS on the
outside of cells, and that this is accelerated by oxidized
lipids via flip-flop (64). Apparently, CPPs by themselves
do not promote the flip-flop of lipid molecules (65).
However, the function of CPPs in eukaryotic cells is to pene-
trate the cell membrane, which would be facilitated by the
presence of Arg residues or aromatic ones, or increased
hydrophobicity. Hence, during their penetration of the
membrane, CPPs would access the cytoplasmic leaflet of
the cell that is rich in anionic lipid.

Of note, the anionic lipid bis(monoacylglycero)phosphate
(BMP) is known to be enriched in late endosomes, and was
postulated to be involved in escape of Arg-rich peptides
(59). A leaky fusion mechanism has been suggested for
the escape of HIV-TAT after endocytosis. Even though this
particular CPP showed an unusually low lipid clustering
capacity in our study on POPE/TOCL mixtures, the concept
of leaky fusion would be fully supported by any process
that can induce lipid phase segregation. For example, early
studies attributed the fusogenic effect of Ca2þ ions against
anionic lipid vesicles to the formation of gel phase domains
(66). This mechanism need not even require the formation
of gel phase domains, but most likely could also occur to
some extent at any boundary or defect-rich line between
two distinct membrane domains. The possibility of endoso-
mal escape by lipid clustering should therefore also be
considered as a possible mechanism in membranes that
contain BMP as the anionic agent.

In summary, when a biologically active polycationic
peptide approaches a bacterial plasma membrane, it encoun-
ters the lipid headgroups, gravitating toward the negatively
charge ones and promoting clustering. We have demon-
strated here that clustering of anionic lipids that are typi-
cally found in bacterial membranes can contribute to the
antimicrobial activity of CPPs, as was previously shown
for AMPs. The major factor in clustering is the net charge
of the peptide, regardless of its primary or secondary struc-
ture. In interactions with mammalian cells, peptide-induced
lipid clustering could result from an encounter of a CPP
with anionic lipids in the inner leaflet of the plasma
membrane, or, more likely, after endocytosis in a late endo-
some that is enriched in anionic lipid BMP.
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