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ABSTRACT: Lytic peptides comprise a large group of membrane-active peptides used in the defensive and
offensive systems of all organisms. Differentiating between their modes of interaction with membranes is
crucial for understanding how these peptides select their target cells. Here we utilized SPR to study the
interaction between lytic peptides and lipid bilayers (L1 sensor chip). Using studies also on hybrid
monolayers (HPA sensor chip) revealed that SPR is a powerful tool for obtaining a real-time monitoring
of the steps involved in the mode of action of membrane-active peptides, some of which previously could
not be detected directly by other techniques and reported here for the first time. We investigated the
mode of action of peptides that represent two major families: (i) the bee venom, melittin, as a model of
a non-cell-selective peptide that forms transmembrane pores and (ii) magainin and a diastereomer of
melittin (four amino acids were replaced by their D enantiomers), as models of bacteria-selective non-
pore-forming peptides. Fitting the SPR data to different interaction models allows differentiating between
two major steps: membrane binding and membrane insertion. Melittin binds to PC/cholesterol∼450-
fold better than its diastereomer and magainin, mainly because it is inserted into the inner leaflet (2/3 of
the binding energy), whereas the other two are not. In contrast, there is only a slight difference in the
binding of all the peptides to negatively charged PE/PG mono- and bilayer membranes (in the first and
second steps), indicating that the inner leaflet contributes only slightly to their binding to PE/PG bilayers.
Furthermore, the 100-fold stronger binding of the cell-selective peptides to PE/PG as compared with
PC/cholesterol resulted only from electrostatic attraction to the negatively charged headgroups of the
outer leaflet. These results clearly differentiate between the two general mechanisms: pore formation by
melittin only in zwitterionic membranes and a detergent-like effect (carpet mechanism) for all the peptides
in negatively charged membranes, in agreement with their biological function.

The interactions between bioactive peptides and cell
membranes play a key role in many cellular processes
including the action of cytolytic peptides, which comprise a
large group of membrane-active peptides used in the
defensive and offensive systems of all organisms. Moreover,
peptides from this family serve as a nonspecific defensive
system that complements the highly specific cell-mediated
immune response (1-6). Interestingly, despite similarities
in the structure and amino acid composition of many lytic
peptides, their spectra of activities are different, and they
act either on a specific or a variety of targets including
bacteria, fungi, and malignant and nonmalignant cells.
Numerous studies conducted on their interaction with model
phospholipid membranes revealed several modes of action
that can be classified into two major mechanisms: (i) the
barrel-stave mechanism in which peptides insert into the
hydrophobic core of the membrane and assemble therein in
a barrel-stave manner to form transmembrane pores (7-10)

and (ii) the carpet or the detergent-like mechanism in which
peptides bind onto the surface of the membrane, predomi-
nantly by electrostatic interactions, until a threshold con-
centration is reached (11-20); for a recent review see ref6.
This may eventually lead to the disruption of the membrane
in a detergent-like manner. An intermediate step may include
the formation of transient pores or channel aggregates, as
described by the two-state or the toroidal pore formation
model (6, 21-23). Differentiating between the different
mechanisms of peptide-membrane binding is crucial for
understanding how these peptides select their targets. Note,
for example, that the ability of a particular antimicrobial
peptide to permeate model membranes does not always
correlate with its biological function. This is because the
peptide needs to traverse the bacterial wall (composed of
lipoteichoic acid and peptidoglycan in Gram-positive and
lipopolysacharides in Gram-negative bacteria) before reach-
ing the target membrane. This step can be more difficult for
one peptide than for others (5). For example, magainin and
its cyclic form similarly bind and permeate model mem-
branes, but only the linear form possesses high antimicrobial
activity (24). Nevertheless, the ability of most antimicrobial
peptides to permeate model phospholipid membranes is a
prerequisite property for their biological function.
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For the past decade, surface plasmon resonance (SPR)1

technology, using a BIAcore biosensor, has been shown to
be a powerful tool for investigating the binding behavior of
macromolecules (25). Unlike other methods, the BIAcore
technique has the combined ability to monitor the amount
of adsorbed complex both continuously and with exceedingly
high sensitivity, thus yielding valuable information on the
kinetics and thermodynamics of the binding process. Since
its commercialization, the BIAcore technique has been
utilized in more than 400 studies, most of which have focused
on protein-protein or protein-DNA interactions (25-27).
The potential of SPR technology to provide molecular
insights into biomolecular membrane interactions is not
restricted only to the BIAcore instrument, as demonstrated
by Vogel et al. and others (28-30). The supported lipid
membrane developed by Vogel et al. was already used to
evaluate the interaction between cholera toxin and the
membrane-embedded receptor ganglioside GMI. This system
was also used to study the incorporation of the G-protein-
coupled receptor rhodopsin into a membrane (28). Further-
more, most of these studies utilized hybrid lipid monolayers
(using a HPA chip) (31, 32), and only a few studies reported
on the use of lipid bilayers (33), which constitute biological
membranes. These studies include the use of a L1 sensor
chip to study the interaction of the peripheral membrane
protein phospholipase A2 and its mutants with model
zwitterionic and anionic membranes (34).

Here we used SPR spectroscopy to study the interaction
between lytic peptides and both lipid monolayers (HPA
sensor chip) and bilayers (L1 sensor chip) using BIAcore.
To get a better understanding of the steps involved in their
interaction with phospholipid membranes, we used both non-
cell-selective and bacteria-selective lytic peptides that were
proposed to act against the cell’s membrane, via the two
mechanisms described above, namely: (i) Melittin, the major
component of the venom of the honey beeApis mellifera, is
a 26-residue amphipathic polypeptide that has non-cell-
selective lytic activity (35) and is one of the most studied
membrane-seeking polypeptides (36). Melittin binds strongly
to both zwitterionic and negatively charged phospholipid
membranes. Studies on its mode of action suggested that it
forms transmembrane pores in zwitterionic lipid bilayers via
a barrel-stave mechanism (37-43), but it acts as a detergent
in negatively charged membranes (44). (ii) A synthetic
diastereomer of melittin, in which four amino acids were
replaced by their D enantiomers and the antimicrobial peptide
magainin, which are both bacteria-selective lytic peptides
that strongly bind and efficiently permeate only negatively
charged membranes. Both peptides do not act via the barrel-
stave mechanism but rather permeate the membrane by
interacting solely with the lipidic headgroup and not with
the lipidic constituent of the membrane (45-48).

Using both types of sensor chips provides real-time
monitoring of the interaction of these peptides with phos-
pholipid membranes and enables us to clearly differentiate

between the two major mechanisms. Furthermore, the use
of both chips enables us to distinguish between the two major
steps, membrane binding and membrane insertion, and hence
provides a physical explanation to the different mode of
actions of closely related lytic peptides.

MATERIALS AND METHODS

Materials. 4-Methyl benzhydrylamine resin (BHA) and
butyloxycarbonyl (Boc) amino acids were purchased from
Calibochem-Novabiochem (La Jolla, CA). Other reagents
used for peptide synthesis included trifluoroacetic acid (TFA,
Sigma),N,N-diisopropylethylamine (DIEA, Aldrich), meth-
ylene chloride (peptide synthesis grade, Biolab, IL), di-
methylformamide (peptide synthesis grade, Biolab, IL),
piperidine (Merck, Darmstadt, Germany), and benzotriazolyl-
n-oxy-tris(dimethylamino)phosphonium-hexafluorophos-
phate (BOP, Sigma). Egg phosphatidylcholine (PC), egg
phosphatidylglycerol (PG), phosphatidylethanolamine (PE)
(Type V, fromEscherichia coli), N-octyl â-D-glucopyrano-
side (OG), and bovine serum albumin (BSA) were purchased
from Sigma. Cholesterol (extra pure) was supplied by Merck
(Darmstadt, Germany). All other reagents were of analytical
grade. Buffers were prepared in double glass-distilled water.

Peptide Synthesis and Purification. Native melittin and
its diastereomeric analogue were synthesized by a solid-phase
method on 4-methyl benzhydrylamine resin (0.05 mequiv)
(49). Magainin was synthesized by a solid-phase method on
butyloxycarbonyl-(amino acid)-(phenylacetamido) methyl
resin (0.05 mmol) (49). All resin-bound peptides were
cleaved from the resins by hydrogen fluoride (HF), and after
HF evaporation and washing with dry ether, they were
extracted with 50% acetonitrile/water. HF cleavage of the
peptides bound to 4-methyl benzhydrylamine resin resulted
in C-terminus amidated peptides. Each crude peptide con-
tained one major peak, as revealed by RP-HPLC that was
50-70% pure by weight. The peptides were further purified
by RP-HPLC on a C18 reverse-phase Bio-Rad semiprepara-
tive column (250× 10 mm, 300-Å pore size, 5-µm particle
size). The column was eluted in 40 min using a linear
gradient of 20-80% acetonitrile in water, both containing
0.05% TFA (v/v), at a flow rate of 1.8 mL/min. The purified
peptides were shown to be homogeneous (>98%) by
analytical HPLC. The peptides were further subjected to
amino acid analysis and electrospray mass spectroscopy to
confirm their composition and molecular weight.

Preparation of Small Unilamellar Vesicles (SUV).SUVs
were prepared by sonication of PC/cholesterol (10:1 w/w)
or PE/PG (7:3 w/w) dispersions as previously described (50).
Vesicles were visualized using a JEOL JEM 100B electron
microscope (Japan Electron Optics Laboratory Co., Tokyo,
Japan) as follows. A drop of vesicles was deposited on a
carbon-coated grid and negatively stained with uranyl acetate.
Examination of the grids demonstrated that the vesicles were
unilamellar with an average diameter of 20-50 nm.

Binding Analysis by SPR Biosensor.Biosensor experiments
were carried out with a BIAcore X analytical system
(Biacore, Uppsala, Sweden) using HPA and L1 sensor chips
(BIAcore). The HPA sensor chip is composed of aliphatic
chains covalently bound to a gold surface. A hybrid lipid
monolayer is formed when in contact with vesicles. The L1
sensor chip contains hydrophobic aliphatic chains that contain

1 Abbreviations: BHA, 4-methyl benzhydrylamine resin; Boc, but-
yloxycarbonyl; HF, hydrogen fluoride; PBS, phosphate buffered saline;
PC, egg phosphatidylcholine; PE,E. coli phosphatidylethanolamine;
PG, egg phosphatidylglycerol; Cho, cholesterol; RP-HPLC, reverse-
phase high-performance liquid chromatography; SUV, small unilamellar
vesicles; TFA, trifluoroacetic acid; RU, resonance signal; SPR, surface
plasmon resonance.
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exposed polar headgroups. Thus, when in contact with
vesicles, a lipid bilayer is formed. We performed the protocol
described by Aguilar et al. (31). Briefly, PBS (pH 6.8) was
always used as the running buffer, whereas the washing
solution was 40 mMN-octyl â-D-glucopyranoside, and the
regenerating solution was 10 mM NaOH. All solutions were
freshly prepared, degassed, and filtered through 0.22-µm
pores. Experiments were done at 250°C. After the BIAcore
X instrument was cleaned according to the manufacturer’s
instruction, it was left running overnight using Milli-Q water
as eluent to thoroughly wash all liquid handling parts of the
instrument. The HPA (or L1) chip was then installed, and
the alkanethiol surface was cleaned by an injection of the
nonionic detergent, 40 mMN-octyl â-D-glucopyranoside (25
µL), at a flow rate of 5µL/min. PC/cholesterol (10:1 w/w)
and PE/PG (7:3 w/w) SUVs (80µL, 0.5 mM) were then
applied to the chip surface at a low flow rate (2µL/min).
To remove any multilamellar structures from the lipid
surface, we injected NaOH (50µL, 10 mM) at a flow rate
of 50 µL/min, which resulted in a stable baseline corre-
sponding to the lipid monolayer (or bilayer in the case of
L1) linked to the chip surface. The negative control BSA
was injected (25µL, 0.1 mg/µL in PBS) to confirm complete
coverage of the nonspecific binding sites. The monolayer
(or bilayer) linked to the chip surface was then used as a
model cell membrane surface to study the peptide-
membrane binding.

Peptide solutions (a 30-µL PBS solution of 0.015-100
µM peptide) were injected on the lipid surface at a flow rate
of 5 µL/min. PBS alone was then replaced by the peptide
solution for 15 min to allow peptide dissociation. SPR detects
changes in the reflective index of the surface layer of peptides
and lipids in contact with the sensor chip. A sensogram was
obtained by plotting the SPR angle against time. The
peptide-lipid binding event was analyzed from a series of
sensograms collected at seven different peptide concentra-
tions.

Our system reached binding equilibrium during injection
of the sample; therefore, the affinity constant could be
calculated from the relationship between the equilibrium
binding response (Req or RUmax) and the peptide concentra-
tion (C), using a steady-state affinity model. The affinity
constants were thus determined by nonlinear least-squares
(NLLSQ) fitting using the following equation:

whereX is the peptide concentration, RUmax is the maximal
response unit (or equilibrium binding response), andKA is
the affinity constant. The affinity constant is defined as the
ratio of the association and dissociation rate constants
(KA ) ka/kd, with ka and kd having 1/M‚s and 1/s units,
respectively).

The sensograms for each peptide-lipid bilayer interaction
(L1 chip) were also analyzed by curve-fitting using numerical
integration analysis (51). The BIAevaluation software offers
different reaction models to perform complete kinetic
analyses of the peptide sensograms. One curve-fitting
algorithm (the two-state reaction model) was chosen on the
basis of what was known about the possible binding
mechanisms of lytic peptides. The data were fit globally by
simultaneously fitting the peptide sensograms obtained at

seven different concentrations. The two-state reaction model
was applied to each data set. This model describes two
reaction steps (31) that, in terms of peptide-lipid interaction,
correspond to

where in the first step, peptide (P) binds to lipids (L) to give
PL, which is changed to PL* in the second step. PL* cannot
dissociate directly to P+ L and may correspond to partial
insertion of the peptide into the lipid bilayer. The corre-
sponding differential rate equations for this reaction model
are represented by

where RU1 and RU2 are the response units for the first and
second steps, respectively,CA is the peptide concentration,
RUmax is the maximal response unit (or equilibrium binding
response), andka1, kd1, ka2, andkd2 are the association and
dissociation rate constants for the first and second steps,
respectively.ka1 has 1/(M‚s) units, andkd1, ka2, andka2 have
1/s units. Thus, the total affinity constant for all processes,
K, has M-1 units.

RESULTS

We utilized a BIAcore biosensor method to investigate
the mode of action of lytic peptides that represent two major
families: (i) Melittin, as a model for a non-cell-selective lytic
peptide that forms transmembrane pores in zwitterionic
phospholipid membranes presumably via the barrel-stave
mechanism and acts in a detergent-like manner on negatively
charged membranes. (ii) Magainin and a diastereomer of
melittin, as models for nonhemolytic antimicrobial peptides
that permeate preferentially negatively charged membranes
by interacting with the acidic phospholipid headgroups via
the carpet mechanism. The sequences of the peptides are
shown in Table 1.

Binding Affinity of the Peptides to Lipid Monolayers and
Bilayers Measured by SPR.
Steady-State Affinity Model for Peptide Binding to Mem-
branes.PC/cholesterol (10:1 w/w) and PE/PG (7:3 w/w)
monolayers and bilayers were absorbed onto the HPA and
L1 chips, respectively. Typical sensograms of the binding
between magainin, melittin diastereomer, and melittin with
bilayers of PC/cholesterol (10:1 w/w) and PE/PG (7:3 w/w)
are shown in Figures 1-3, panels A and B. The sensograms
of the binding between melittin with lipid monolayers
showed markedly lower response levels as compared with
their binding to bilayers (four and two times lower in the
case of PC/cholesterol and PE/PG, respectively, figure not
shown). However, the sensograms of the binding between
magainin and the melittin diastereomer with lipid monolayers
showed similar response levels as compared to their binding
to bilayers (figure not shown). These results indicate that
whereas the membrane’s inner layer increases the binding
of melittin to the lipid bilayer, it has no influence on the
interaction of magainin and the melittin diastereomer with
lipid bilayers. Note also that although all the peptides

RU(X) ) KA× X × RUmax/(1 + KA × X)

P + L {\}
ka1

kd1
PL {\}

ka2

kd2
PL*

dRU1/dt ) ka1 × CA × (RUmax - RU1 - RU2) - kd1 ×
RU1 - ka2 × RU1 + kd2 × RU2

dRU2/dt ) ka2 × RU1 - kd2 × RU2
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reached similar levels when bound to PC/cholesterol bilayers
(Figures 1-3, panel A), melittin concentrations (0.015, 0.03,
0.07, 0.15, and 0.3µM) were much lower than those of
magainin and the melittin diastereomer (6.25, 12.5, 25, 50,
and 100µM), demonstrating the higher affinity of melittin
toward PC/cholesterol bilayers.

The sensograms revealed that the RU signal intensity
increased as a function of the peptide’s concentration. This
indicates that the amount of peptide bound to the lipids is
proportional to the increase in peptide concentration. On the
other hand, the data show that the curves of melittin obtained
by using acidic bilayers (Figure 3B) or zwitterionic bilayers
(Figure 3A) reached similar levels. On the other hand, similar
concentrations of magainin and the melittin diastereomer
gave higher levels (two times higher) in the binding
sensograms of acidic bilayers (Figures 1B and 2B, respec-
tively) as compared with zwitterionic bilayers (Figures 1A
and 2A, respectively). Similar results were obtained by using
monolayers instead of bilayers (figure not shown). These
results correlate with the nonselective activity of melittin
toward zwittereionic and negatively charged membranes as

compared with the selective activity of magainin and the
melittin diastereomer to negatively charged phospholipids.

Our system reached binding equilibrium during the injec-
tion of the sample; therefore, the affinity constants could be
calculated from the relationship between the equilibrium
binding response (Req) and the peptide’s concentration (C),
using a steady-state affinity model (Figures 1-3, panels C
and D). The affinity constants are defined as the ratio of the
association and dissociation rate constants (KA ) ka/kd). Table
2 shows the affinity constants of the peptides to both
zwitterionic and negatively charged membranes, as well as
the ratio between the affinity constants to bilayers and
monolayers. The data reveal that the affinity of the antimi-
crobial peptides magainin and the melittin diastereomer to
negatively charged phospholipid membranes is∼100-fold
higher than to zwitterionic membranes, similar to what has
been obtained by other methods (47, 52). This indicates that
electrostatic interactions play an important role in their
affinity to membranes. In contrast, the affinity of melittin to
monolayers is not affected by the charge of the phospholipid
headgroup and is only slightly higher in zwitterionic than

Table 1: Designations, Sequences, and Retention Times of the Peptides Investigated

peptide designation sequencea
RP-HPLC

retention time (min)b

non-pore-forming peptides
magainin GIGKFLHSAKKFGKAFVGEIMNS-COOH 17.03
melittin diastereomer GIGAVLKVLTTGLPALISWIKRKRQQ-NH2 18.41
pore-forming peptide
melittin GIGAVLKVLTTGLPALISWIKRKRQQ-NH2 24.95

a Underlined and bold amino acids are D enantiomers.b A C18 reverse-phase analytical column was used. The peptides were eluted in 40 min,
using a linear gradient of 20-80% acetonitrile in water, both containing 0.05% TFA (v/v).

FIGURE 1: Panels A and B: Sensograms of the binding between various concentrations of magainin and the lipid bilayer (L1 chip), PC/
cholesterol (10:1 w/w) (panel A), and PE/PG (7:3 w/w) (panel B). Panels C and D: The corresponding relationships between the equilibrium
binding response (RUeq) and the peptide concentration (C) (circles). The data were fit using the BIAcore’s steady-state affinity model
(lines). Magainin concentrations used are 6.25, 12.5, 25, 50, and 100µM.
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negatively charged phospholipid bilayers. This indicates that
the affinity of melittin to membranes is driven predominantly
by hydrophobic interactions.

The difference between the affinity of the peptides to
monolayers as compared to bilayers should indicate the
contribution of the inner leaflet to the binding process. The

FIGURE 2: Panels A and B: Sensograms of the binding between various concentrations of the melittin diastereomer and the lipid bilayer
(L1 chip), PC/cholesterol (10:1 w/w) (panel A), and PE/PG (7:3 w/w) (panel B). Panels C and D: The corresponding relationships between
the equilibrium binding response (RUeq) and the peptide concentration (C) (circles). The data were fit using the BIAcore’s steady-state
affinity model (lines). Peptide concentrations used are 6.25, 12.5, 25, 50, and 100µM.

FIGURE 3: Panels A and B: Sensograms of the binding between various concentrations of melittin and the lipid bilayer (L1 chip), PC/
cholesterol (10:1 w/w) (panel A), and PE/PG (7:3 w/w) (panel B). Panels C and D: The corresponding relationships between the equilibrium
binding response (RUeq) and the peptide concentration (C) (circles). The data were fit using the BIAcore’s steady-state affinity model
(lines). Melittin concentrations used are 0.015, 0.03, 0.07, 0.15, and 0.3µM.
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values of the ratioKA bilayers/KA monolayer, listed in Table 2,
demonstrate that the binding of magainin, as well as the
melittin diastereomer to PC/cholesterol monolayers, is similar
to their binding to bilayers, indicating that the peptides are
not influenced by the membrane’s inner layer. Thus, these
two peptides do not insert into the PC/cholesterol bilayers.
However, their binding to PE/PG bilayers is slightly higher
than to monolayers (∼3.5-fold higher, Table 2), indicating
that they are slightly influenced by the inner layer and thus
are partially inserted into the inner leaflet of PE/PG bilayers.
This process might relate to the translocation of magainin
into the inner leaflet (52). A different situation is observed
with melittin. Its affinity to PC/cholesterol bilayers is 25-
fold higher than to monolayers, indicating that melittin is
inserted deeply into the inner membrane. Since melittin’s
interaction with PC/cholesterol membranes is driven pre-
dominantly by hydrophobic interaction, these results support
the pore-forming property of melittin as proposed by others
(36-42). As compared to PC/cholesterol membranes, the
affinity of melittin to PE/PG bilayers is only∼8.5-fold higher
than to monolayers, indicating a mechanism that includes
predominatly a detergent-like effect as proposed by others
(44).

Two-State Model for the Peptide’s Binding to Membranes.
We employed numerical integration analysis that uses
nonlinear analysis to fit an integrated rate equation directly
to the sensograms (31). When fitting the peptide’s sen-
sograms globally (using different concentrations of the
peptides) with the simplest 1:1 Langmuir binding model, a
poor fit was obtained (data not shown), confirming that this
model does not represent the lipid binding mechanism of
all the peptides investigated. However, a significantly
improved fit was obtained using numerical integration of the
two-state reaction model of the binding sensograms. This
model reflects a two-step process in the interaction of the
peptides with lipid bilayers: the first step is the actual
binding, and the second step is the insertion of the peptide
into the membrane. A set of peptide sensograms with seven
different peptide concentrations was used to estimate the

kinetic parameters. The average values for the rate constants
obtained from the two-state model analysis are listed in Table
3 along with the affinity constant values (K). The data are
shown only for peptide-bilayer interactions (L1 sensor chip).
The data reveal several important observations. First, the
affinity constants,K, determined by using the two-state model
are similar to those obtained by directly fitting the data using
a steady-state model (see previous paragraph and Table 2).
Second, the higher affinity of the antimicrobial peptides
magainin and the melittin diastereomer to PE/PG as com-
pared with PC/cholesterol membranes is the result of the first
step and not the second step. This is because they bind∼10-
fold faster (ka1) and dissociate∼10-fold slower (kd1) from
PE/PG than PC/cholesterol in the first step, but they have
similar binding rate constants in PE/PG and in PC/cholesterol
in the second step (Table 3). Third, whereas melittin
dissociates in the second step similarly to the other two
peptides in both PE/PG and PC/cholesterol, its association
with PE/PG and PC/cholesterol is∼ 2-3-fold and∼8-10-
fold, respectively, faster than the other two peptides. This
indicates that the major difference between melittin and the
other two peptides is in the insertion process. Interestingly,
however, melittin binds and dissociates with similar rates
from both PC/cholesterol and PE/PG membranes only in the
first step. These results indicate a major difference between
the mode of action of melittin and the other two peptides in
PC/cholesterol and to a lesser extent into PE/PG membranes.
In other words, melittin inserts into the inner membrane of
PC/cholesterol but to a lesser extent to PE/PG membranes.
Note that in all cases, the second step (K2, insertion) was
slower than the first (K1, initial binding). The experiments
were repeated three times with a standard deviation of 10%.

DISCUSSION

The present study demonstrates that SPR is a powerful
tool for investigating real-time interactions between membrane-
active peptide and lipid monolayers and bilayers, and as a
result, allows distinguishing between different modes of
action. This is because it allows continuous monitoring of

Table 2: Equilibrium Affinity Constants of the Peptides with PC/Cholesterol and PE/PG Monolayers (HPA Chip) and Bilayers (L1 Chip)
Derived According to a Steady-State Affinity Model

PC/Cholesterol (10:1 w/w) PE/PG (7:3 w/w)

KA (× 104 M-1) KA (× 104 M-1)

peptide
designation monolayer bilayer

KA bilayer/
KA monolayer monolayer bilayer

KA bilayer/
KA monolayer

magainin 0.11 ((0.01) 0.09 ((0.01) 0.80 3.23 ((0.12) 10.9 ((0.8) 3.4
melittin diastereomer 0.13 ((0.01) 0.11 ((0.01) 0.85 3.70 ((0.15) 12.9 ((0.9) 3.5
melittin 1.88 ((0.09) 47 ((3) 25 1.89 ((0.02) 15.9 ((0.9) 8.4

Table 3: Association (ka1, ka2) and Dissociation (kd1, kd2) Rate Constants in Bilayers Determined by Numerical Integration Using the Two-State
Reaction Modela

peptides lipid
ka1

(1/M‚s)
kd1

(1/s)
K1

(× 104 1/M)
ka2

(1/s)
kd2

(1/s) K2

K
(× 104 1/M)

magainin PC/cholesterol 1.9 ((0.1) 0.0070 ((0.0006) 0.03 0.041 ((0.003) 0.0090 ((0.0004) 4.5 0.12 ((0.01)
PE/PG 19.6 ((0.9) 0.0007 ((0.0001) 2.8 0.059 ((0.004) 0.018 ((0.002) 3.3 9.2 ((0.9)

melittin diastereomer PC/cholesterol 2.1 ((0.1) 0.0080 ((0.0006) 0.03 0.062 ((0.005) 0.020 ((0.002) 3.1 0.081 ((0.007)
PE/PG 18.8 ((0.8) 0.00060 ((0.00003) 3.1 0.049 ((0.004) 0.015 ((0.001) 3.3 10.2 ((0.1)

melittin PC/cholesterol 19.0 ((1.5) 0.00050 ((0.00004) 3.8 0.410 ((0.04) 0.025 ((0.002) 16.5 62.3 ((3.4)
PE/PG 15.5 ((1.1) 0.00040 ((0.00003) 3.9 0.115 ((0.01) 0.016 ((0.001) 7.2 27.9 ((1.7)

a The affinity constantsK1 and K2 are for the first (K1 ) ka1/kd1) and second (K2 ) ka2/kd2) steps, respectively, and the affinity constant (K)
determined as (ka1/kd1) × (ka2/kd2) is for the complete binding process.
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two major steps: first, the peptide’s association with the
membrane, followed by a second slower process of insertion
into the hydrophobic core or into the inner surface of the
bilayer. We used liposomes, mimicking the outer leaflet
plasma membrane of bacteria and erythrocytes, as well as
native and synthetic peptides with different modes of action;
melittin, which forms pores in zwitterionic membranes via
the barrel stave mechanism, and magainin and a diastereomer
of melittin, which do not form transmembrane pores.

Selection of the Target Membrane Takes Place in the First
Step.The data show a marked difference between melittin
and the two antimicrobial peptides magainin and the melittin
diastereomer. Importantly, all the parameters determined for
magainin and the melittin diastereomer are identical (Tables
2 and 3, within the error of the measurements), suggesting
that both act via a similar mechanism, in agreement with
their nonhemolytic and antimicrobial activity (45-47).
Similarly to what has been shown by other methods,
magainin and the melittin diastereomer interact preferentially
with anionic lipids ∼100-fold stronger than that with
zwitterionic lipids (Tables 2 and 3). The BIAcore studies
show that this difference in binding is mainly due to the first
binding step. Furthermore, this preferential binding is due
to both an increase of∼10-fold in the rate of association
(ka1, Table 3) and a decrease of∼10-fold in the rate of
dissociation (kd1, Table 3) from PE/PG as compared with
PC/cholesterol. Thus, the first step is mainly governed by
electrostatic interactions between the peptide and the mem-
brane. In contrast, in the second step, the rates of association
(ka2, Table 3) and dissociation (kd1, Table 3) are similar for
both PE/PG and PC/cholesterol, indicating that electrostatic
interactions are not important for the insertion of the peptides
into the membrane. The difference between the binding
constants measured by using SPR (the present study) and
the tryptophan fluorescence experiments reported elsewhere
(47) is the result of the difference in the methods and the
experimental conditions used. More specifically: (i) the
detection of membrane binding by using tryptophan fluo-
rescence can be done only when the fluorescence of
tryptophan is significantly changed upon membrane binding.
However, if tryptophan does not move to a detectable
hydrophobic environment such as on the surface of the
membrane and with an affinity less than 103 (as in the case
of the diastereomer of melittin in Oren and Shai (47)), it
would be difficult to detect membrane binding. (ii) The
phospholipids used in Oren and Shai (47) are different from
those used in the present study. (iii) Tryptophan fluorescence
experiments measure a peptide’s binding to vesicles under
steady-state conditions (i.e., the maximum bound peptide
after equilibrium is reached). However, the SPR technique
calculates the binding constant in real-time during the whole
binding process and at different peptide concentrations, which
should be more accurate. Ladokin and White (48) used the
equilibrium dialysis method and also could detect binding
of the diasteromer of melittin to PC alone (with no
cholesterol) with a partition constant that is∼10-fold weaker
than in this study.

As compared with the two antimicrobial peptides, melittin
binds strongly to both types of lipids. Note that the binding
constant of melittin and magainin to the negatively charged
lipids PE/PG that we used is about 10-100-fold weaker than
that reported by others using PC/PG or DMPG instead (31,

38). In addition, the peptides’ affinity to PC/cholesterol is
2-9-fold weaker than that reported by Mozsolits et al. (31).
When we substituted PE for PC or used only PG, we detected
an increase in the binding constant by more than 10-fold.
Furthermore, when we substituted PC/cholesterol for PC, we
observed a 2-10-fold increase in the binding constant (data
not shown). Note also that melittin binds similarly to
monolayers composed of PC/cholesterol and PE/PG, but its
binding to PC/cholesterol is slightly increased as compared
to PE/PG when bound to bilayers (Table 2). The rate
constants shown in Table 3 reveal that this difference is
mainly due to the insertion process in step 2. Moreover, Table
3 shows thatka1 is the same for PC/cholesterol and PE/PG,
but ka2 is about 3-fold higher for PC/cholesterol than to PE/
PG. A plausible explanation is the tighter association of the
positively charged melittin with the negatively charged
surface of PE/PG as compared to a zwitterionic surface of
PC/cholesterol, which makes it more difficult for melittin
to insert into the hydrophobic core. The weaker ability of
melittin to insert into PE/PG as compared with PC/cholesterol
supports the notion that melittin acts, at least partially, in a
detergent-like manner when it binds to negatively charged
membranes (44).

The rate constants of the second step further support the
assumption that melittin forms stable pores in PC/cholesterol
membranes. Note that whereas the ratio between the rate of
association and dissociation is 3-4.5 for the antimicrobial
peptides magainin and the melittin diastereomer, the ratio is
16.5 for melittin.

Binding to MonolayersVersus Bilayers.The advantage of
comparing both monolayers and bilayers is that it allows
examining directly the effect of the membrane’s inner layer
with regard to the binding properties of the peptides. Table
2 shows that there is no difference between the affinity of
the antimicrobial peptides magainin and the melittin dias-
tereomer to PC/cholesterol monolayers as compared to
bilayers. This indicates that the inner membrane does not
participate in the binding, or in other words, the antimicrobial
peptides do not insert into the inner PC/cholesterol mem-
brane. In contrast, there was a 25-fold increase in the binding
of melittin to PC/cholesterol bilayers as compared with
monolayers. This strongly suggests that melittin inserts into
the hydrophobic core of the membrane (Figure 4D). Fur-
thermore, the finding that the binding constant,K1, in the
two-step model (Table 3) is very similar to the binding
constant for the monolayer,KA (Table 2), also supports the
notion that the increase in binding results from the insertion
of melittin in the second step. However, a different situation
was observed with PE/PG membranes. Table 2 shows only
∼3.5-fold increase in the binding of magainin and the
melittin diastereomer to bilayers as compared with mono-
layers. This supports the notion that the inner bilayer is
weakly involved in the binding process. This is also
confirmed by the finding that the binding constants for both
peptides,K1, in the first step of the two-step model (Table
3) are very similar (∼3 × 104 M-1) to the binding constant
for the monolayer,KA (Table 2). This is in line with the
partial translocation of magainin into the inner membrane,
probably through intermediate transient pores (Figure 4, panel
C), but this does not support a trans membrane pore
formation mechanism similar to melittin. Interestingly, there
is an 8.4-fold increase in the binding of melittin to PE/PG
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bilayers as compared with monolayers. This value is less
than that found for melittin in PC/cholesterol but higher than
that found for magainin and the melittin diastereomer in PE/
PG. This strengthens the evidence for a situation in which
melittin acts, at least partially, as a detergent in negatively
charged membranes.

Our BIAcore studies are in agreement with other studies
on the mode of action of melittin in zwitterionic and
negatively charged membranes. It has been shown that
melittin forms pores in POPC vesicles (43, 53), but it causes
a detergent-like release from POPG vesicles (44). Further-
more, oriented circular dichroism experiments with melittin
in oriented POPC and POPG multibilayers showed that
melittin can adopt a transmembrane configuration only in
POPC multilayers (54). It has been proposed that melittin
cannot insert and readily adopt a transmembrane orientation
in anionic bilayers because of an increased kinetic barrier
because of strong electrostatic interactions of melittin with
the negatively charged lipids, or alternatively, because a new
type of pore with helices parallel to the membrane plane is
being formed (44). Aggregation of such surface-bound
helices might induce and enhance the effect on the local

bilayer thickness. The detergent-like action may therefore
occur because surface-bound melittin aggregates reduce
bilayer thickness and consequently cause local structural
instabilities and fluctuations equivalent to transient pores.
Such structures were also described as transient pores in
toroidal pore formation and the carpet mechanism (Figure
4B).

The finding that the binding of magainin and the melittin
diastereomer to PC is similar in mono- and bilayers suggests
that they do not interact with the hydrophobic core of the
membrane, and thus, stay localized on the membrane surface
(Figure 4A). Therefore, the increase in their binding to PE/
PG bilayers as compared with monolayers indicates that that
they translocate into the inner membrane by interacting with
the headgroup, as proposed by Matsuzaki and co-workers
(52), and by the carpet mechanism (55). The inability of the
melittin diastereomer and magainin to insert into the
hydrophobic core of the membrane as compared to melittin
is also supported by FTIR studies, which showed that
magainin and the melittin diastereomer did not change the
lipid order of PC and PE/PG, whereas melittin did (47, 56,
57).

FIGURE 4: Schematic representation of the different mechanisms of membrane lysis by the peptides. Peptides bind in the first step mainly
by electrostatic interactions and align parallel to the outer membrane surface (A). Increasing peptide concentration does not affect the
interaction of magainin and the melittin diastereomer with PC/cholesterol (B). In contrast, increasing the concentration of magainin and the
melittin diastereomer causes initial permeation of PE/PG membranes (C) followed by membrane disintegration. The peptides remain in
contact with the headgroup region of the lipid bilayer during the whole process, as described in the carpet model (58, 59). Finally, melittin
inserts deeply into the hydrocarbon region of PC/cholesterol membranes (D) and forms transmembrane pores by the assembly of several
monomers via a barrel-stave mechanism (7).
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In summary, we have shown that SPR is a fast and
powerful tool to obtain real-time monitoring of the steps
governing the mode of action of membrane-active peptides,
some of which could not be detected directly by other means.
The binding constants obtained herein using the BIAcore
biosensor are similar to those values obtained by using
different techniques such as equilibrium dialysis (48) and
tryptophan fluorescence (38, 47). However, the SPR studies
clearly differentiate between the two steps involved in
membrane binding and permeation via the two general
mechanisms, namely, pore formation by melittin only in
zwitterionic membranes and a detergent-like effect (a carpet
mechanism) for all the peptides in negatively charged
membranes, which is in agreement with their biological
function. Similar studies should assist in the rapid screening
of antimicrobial peptides urgently needed because of the
increasing resistance of harmful microorganisms to the
available antibiotics.
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