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Melittin is a 26-residue bee venom peptide that folds into amphipathic α-helix and causes membrane perme-
abilization via a mechanism that is still disputed. While an equilibrium transmembrane pore model has been a
central part of the mechanistic dialogue for decades, there is growing evidence that a transmembrane pore is
not required for melittin's activity. In part, the controversy is due to limited experimental tools to probe the
bilayer's response to melittin. Electrochemical impedance spectroscopy (EIS) is a technique that can reveal
details of molecular mechanism of peptide activity, as it yields direct, real-time measurements of membrane
resistance and capacitance of supported bilayers. In this work, EIS was used in conjunction with vesicle leakage
studies to characterize the response of bilayers of different lipid compositions to melittin. Experiments were
carried out at low peptide to lipid ratios between 1:5000 and 1:100. The results directly demonstrate that the
response of the bilayer to melittin at these concentrations cannot be explained by an equilibrium transmem-
brane pore model.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Membrane-active peptides have many potential applications in
medicine and biotechnology [1,2]. For example, the design or discovery
of peptides that self-assemble into multimeric, membrane-spanning
pores could lead to advances in biosensor platforms [3]. Yet peptides
that are known to form such explicit pore structures are rare, and the
lack of knowledge about the molecular mechanism of pore formation
is a roadblock to their rational design or engineering. The best studied
membrane permeabilizing peptide is the bee venom toxin melittin [4].
The basic architecture of melittin is well-described [4–6]. It is a cationic
26-residue peptide with a net charge of+6 that partitions strongly into
membranes and folds into an amphipathic α-helix. Formation of
melittin's helical secondary structure, which is divided into two inde-
pendent segments by a critical central proline residue at position 14
[7], is tightly coupled tomembrane binding because of the strong inter-
action between the non-polar face of the helix and the lipid hydrocar-
bon [8,9].

Once it has folded and partitioned into the membrane, melittin
causes membrane destabilization and permeabilization by a mecha-
nism that is still disputed [10,11]. Some experiments suggest that
melittin self-assembles into a “toroidal” pore [12–15]; either with ex-
tended helices spanning the entire bilayer [12] or with helices bent at
imley@tulane.edu
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the central proline residue, spanning half of the membrane thickness
as a hairpin [16]. Given that the melittin helix is the appropriate length
to span a membrane and is strongly amphipathic, it is easy to imagine
and to model transmembrane pores [12,13,15–18]. However, under
many experimental conditions melittin in bilayers is predominantly
monomeric and interfacially bound [9,10,19–21], which contradicts
the pore models. Perhaps more importantly, some experiments [22],
including our own [18,21,23], suggest that membrane permeabilization
by melittin is a transient phenomenon that occurs only immediately
after addition of melittin, and that the “pore” state does not persist at
equilibrium.

There are multiple reasons for the current lack of understanding of
membrane permeabilization by melittin and similar peptides. First,
the details of bilayer permeabilization are dependent on many experi-
mental factors, including lipid composition, ionic strength, temperature,
bilayer hydration, and more [11,15,22–28]. For some membrane
destabilizing peptides, there may be more than one relevant mecha-
nism of action, depending on the experimental conditions [11,13,27].
For example, melittin's leakage mechanism is very different in fully
anionic bilayers compared to zwitterionic bilayers [11]. Likewise,
melittin can transition from its typical surface bound state into a trans-
membrane state when the bilayer hydration is decreased [13]. Second,
the mechanism of membrane permeabilization by melittin depends
on the peptide concentration. At high melittin concentration, size-
independent leakage of macromolecules from vesicles, and changes in
light scattering from vesicles support the idea of large-scale membrane
disruption, or detergent-like membrane solubilization [11,14,24,28,29].
Solubilization-like phenomena may mimic pore-formation in some
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experiments [28,30,31], which may explain reports that membrane-
spanning melittin structures exist at very high peptide concentration,
such as a peptide-to-lipid ratio (P:L) of 1:10 [30]. The relevance of
experiments done at very high peptide:lipid ratios, where detergent-
like properties are dominant, to the mechanism of action at much
lower peptide concentrations, such as we report here, is unknown.
Third, there are limited experimental tools to probe the bilayer's func-
tional response to melittin and each method emphasizes different
aspects of the process, adding to the uncertainty in mechanism. Vesicle
leakage assays are the most frequently used functional assay for pore-
forming peptides. However, they typicallymeasure the integrated dissi-
pation of concentration gradients of large (>10 Å) analytes through the
bilayers and do not directly measure the response of the bilayer in real
time. On the other hand, electrophysiological planar bilayer studies
[32,33] directly monitor the bilayer's response to peptides in real
time, but are generally carried out under conditions where the peptide
to lipid ratio in the membrane is unknown.

Here we use electrochemical impedance spectroscopy (EIS) and
vesicle leakage studies in parallel to probe the bilayer response to
melittin. EIS is a technique that can reveal details of themolecular mech-
anisms of peptide activity that are not accessible in lipid vesicle experi-
ments, as it yields direct, real-time measurements of the resistance
and capacitance of supported bilayers [34–40]. It is highly sensitive
to the passage of small ions, and can thus detect small pores or small
disruptions in the bilayer structure. Thus, EIS can be used to probe the
low P:L concentration regime. Importantly, the bound P:L ratios used in
EIS measurements are under direct experimental control. Furthermore,
we have shown that we can vary the lipid composition of the bilayers
used in EIS without compromising the bilayer structure or electrical
properties [34–36,38,39]. The EIS results presented here for surface-
supported bilayers of three different lipid compositions are compared
directly to vesicle leakage results and demonstrate that, under the condi-
tions studied here, the response of the bilayer to melittin cannot be
explained by equilibrium transmembrane pore models.
2. Materials and methods

Themelittin used in this studywas purchased fromEnzo Life Science
International Inc. A stock was prepared in methanol and was stored in
4 °C. Alamethicin was purchased from Sigma Aldrich. Lyophilized
powders of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG), and cho-
lesterol (Chol) were purchased from Avanti andwere dissolved in chlo-
roform for use. Indium Gallium eutectic was obtained from Alfa Aesar.
The fluorescent dye and quencher, 8-aminonapthalene-1,3,6 trisulfonic
acid (ANTS) and p-xylene-bis-pyridinium bromide (DPX) were pur-
chased from Invitrogen Life Technologies. Triton 100-X was obtained
from Fischer Scientific. Potassium chloride (KCl), Sodium phosphate
(NaH2PO4, Na2HPO4), HEPES buffer, and all solvents were purchased
from Sigma-Aldrich.
2.1. Vesicle preparation

Lipid vesicles were formed by first dissolving lipids in chloroform at
25 mg/mL in a glass vial. The solvent was evaporated under nitrogen
for 15 min and the sample was dried under vacuum for at least
30 min. For the leakage experiments, a solution containing 12.5 mM
ANTS and 45 mM DPX in 5 mM HEPES buffer, pH 7.4, was added to
the lipids and the solution was vortexed to formmultilamellar vesicles.
Unilamellar vesicles (with and without encapsulated ANTS/DPX) of
0.1 μm diameter were formed by extruding the vesicles at least ten
times through a 0.1 μm Nucelopore polycarbonate filter. Vesicles with
encapsulated ANTS and DPX were separated from the free dyes on a
Sephadex column. The vesicles were stored at 4 °C.
2.2. Bilayer preparation

Bilayers were prepared using Langmuir Blodgett (LB) deposition
and vesicle fusion as described in previous work [34–42]. The bilayers
consisted of either (i) 100% POPC in both leaflets, (ii) 75% POPC
and 25% Cholesterol in both leaflets, or (iii) 90% POPC+10% POPG
in the top leaflet and 100% POPC in the bottom leaflet. The bilayers
were constructed on a polymer cushion by incorporating 5.9 mol%
DSPE-PEG2K into the lower (LB) leaflet of the bilayers [35,43].

Pieces of (111) silicon were cut and washed with isopropanol
(IPA), acetone, IPA and then treated with a piranha etch solution
(34% hydrogen peroxide and 66% sulfuric acid). Chloroform solutions
of 1 mg/mL (POPC or POPC+Chol with 5.9% PEG2K-DSPC) were
deposited onto the surface of a NIMA Langmuir Blodgett Trough. After
solvent evaporation, the lipids were compressed to a final surface
pressure of 32 mN/m for POPC and 32.5–33 mN/m for POPC/Chol.
Immersed silicon pieces were withdrawn at a speed of 15 mm/s,
maintaining a constant surface pressure, in order to deposit a monolay-
er of the desired lipid composition. A Teflon electrochemical cell was
clamped to the surface of the silicon with a rubber o-ring in contact
with the surface. To prepare a bilayer, 450 μL of a vesicle solution in
10 mM sodium phosphate and 100 mM potassium chloride pH 7.0
(prepared as described above) was deposited onto the area defined by
the o-ring. After 1 h, 10 mL of the buffer solutionwas added to the elec-
trochemical cell on top of the vesicle solution and allowed to sit for up to
24 h before measurements. A hydrofluoric acid etch solution (25% HF)
was applied via cotton swab to an exposed piece of the silicon. After
1 min, the excess was removed and an Indium Gallium eutectic was
deposited onto the etched surface with the blunt end of the swab.

2.3. Leakage assays

Leakage assays were performed following established protocols
[44]. ANTX and DPX were co-encapsulated in the vesicles as described
[45,46]. ANTS/DPX containing vesicles (1 mM lipid) were added to a
quartz cuvette and the fluorescence was recorded using a Horiba
Jobin Yvon FluoroLog fluorometer. After an initial reading was
taken, different concentrations of peptide were added to the solution
from a concentrated stock solution. The peptides were added with a
glass syringe and the peptide addition was immediately followed by
10 cycles of pipette aspiration to allow for mixing. The samples
were excited at a wavelength of 355 nm and the fluorescence at
520 nm was recorded for at least 10 min. Afterwards, 50 μL of 10%
Triton 100-X was added to fully lyse the vesicles. The amount of leak-
age due to peptide interaction with the membrane was calculated as:

FractionalLeakage ¼ Ipeptide−Ibackground
Ifinal−Ibackground

ð1Þ

where Ipeptide is the maximum fluorescence measured upon peptide
addition, Ibackground is the background fluorescence prior to peptide
addition, and Ifinal is the fluorescence after Triton addition. Kinetic
traces were obtained by recording the fluorescence intensity every
second for up to 15 min.

2.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was performed
using a three electrode electrochemical cell and a Solartron 1286/1255
Electrochemical Interface/Frequency Response Analyzer. An Ag/AgCl
reference electrode and a Pt counter electrode were placed into contact
with the buffer solution in the cell and connected to the impedance
analyzer, while the silicon electrode served as the working electrode.
A 20 mV rms perturbation was applied to the cell at zero DC bias
(0.0 V vs. Ag/AgCl). Impedance spectra were measured over the
frequency range from 105 to 1 Hz. Spectra were recorded every 2 min
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continuously for one hour. In some cases, additional measurements
were performed every hour for up to 16 h. Fits to an ideal circuit were
performed using the Zplot software from Scribner. The rest of the data
analysis was performed using Igor from WaveMetrics. Individual EIS
spectra were analyzed based on fitting to the ideal circuit shown else-
where [38,39]. In the equivalent circuit, Rct and Cp represent the resis-
tance and the capacitance of the solution-semiconductor interface; Rm

and Cm represent the resistance and the capacitance of the bilayer. Rs

represents the series resistance of the bulk electrolyte.
As bilayers can have variable initial resistance, R0, the ratio Rm/R0

was calculated following peptide addition. For kinetic analysis, the
changes in normalized membrane resistance Rm/R0 were fit to the
following equation:

Rm tð Þ
R0

¼ yþ Ae−
t−t0
τ

� �
: ð2Þ

In this equation the time constant (τ) was the fitted parameter. The
constant t0was the time at which the lowest normalized resistancewas
observed after the initial drop in the case of melittin, or 0 in the case of
alamethicin. The offset ywas the normalizedmembrane resistance after
30 min, and Awas the difference between the values of the normalized
membrane resistance at t0 and after 30 min.

3. Results

3.1. Response of POPC/Chol bilayers to melittin

First, we investigated the effect of melittin on POPC/Chol bilayers;
a lipid composition often used to mimic mammalian cell membranes.
The lower leaflet was composed of 25% Chol, 69.1% POPC, and 5.9%
DSPE-PEG2K. The last component, DSPE with PEG of molecular
weight 2000 covalently attached to its headgroup, was added such
that the PEG chains provide a cushion to support the bilayer [35].
Fig. 1. EIS response of POPC/Chol bilayers to melittin. The bilayer composition was 25% Cho
the top leaflet. Melittin was added at peptide to lipid ratios of 1:200, 1:1000, and 1:5000, calc
shows the normalized change in resistance Rm(t)/R0 as a function of time. The traces are an a
((initial−final)/ initial) as a function of peptide concentration. Panel c shows the averaged c
are the time-averaged standard error. To determine the time constant for recovery, the cur
section. The time constants are shown at the bottom right.
The vesicles used in the fusion step were composed of 75% POPC
and 25% cholesterol. The initial membrane resistance (Rm) values
were 1.71×104±6.3×103 Ω cm2, obtained by fitting the impedance
spectra to an equivalent circuit model [38,39]. The initial capacitance
value was 0.93±0.12 μF/cm2 corresponding to a bilayer thickness of
3.8±0.5 nm, assuming a relative permittivity of 4 [38–41].

After bilayer formation and initial impedance measurements,
melittin was added to the buffer in the chamber, without removing
excess vesicles, as described in previous work [34,37]. This procedure
allows us to perform experiments at a well-defined peptide to lipid
ratio. Three different melittin:lipid ratios were used, 1:200, 1:500
and 1:1000. Impedance spectra were collected every two minutes
after peptide addition and were fitted to the equivalent circuit
[38,39], yielding membrane capacitance and resistance as a function
of time. Fig. 1a shows the normalized membrane resistance, Rm/R0,
as a function of time, and Fig. 1c shows the membrane capacitance
as a function of time. Results shown are the averages from at least
three independent experiments (N≥3). The average standard errors
in the measurements are shown in Fig. 1a and c at the end of the
curves.

As seen in Fig. 1a, the bilayer resistance dropped abruptly after the
addition of melittin, consistent with many observations that melittin
is a potent membrane destabilizing peptide. However the resistance
drop was followed, unexpectedly, by an exponential recovery to a
steady state value that was 60–80% of the initial resistance. The final
resistance was not strongly dependent on peptide concentration. The
time constants for this recovery phasewere obtained by fitting the tran-
sient membrane resistance to a single exponential (Eq. (2)). The time
constants for recovery were on the order of 10 min. The bilayer capac-
itance showed a small decrease in the first measurements after peptide
addition that was reproducible, but was similar inmagnitude to the ex-
perimental uncertainties. This may suggest a slight thickening of the bi-
layer due to peptide binding. However, the capacitance did not change
any more over the remaining course of the 60 min measurement
l, 69.1% POPC, and 5.9% DSPE-PEG2k in the lower leaflet and 75% POPC and 25% Chol in
ulated based on a final lipid concentration of 65 μM in the impedance chamber. Panel a
verage of 3 to 5 independent experiments. Panel b shows the relative resistance change,
apacitance from the same experiments. The error bars shown at the ends of the curves
ves shown in panel a were fitted to Eq. (2) as described in the Materials and methods



Fig. 2.Melittin-induced leakage of ANTS/DPX from POPC/Chol vesicles. The normalized
ANTS fluorescence is shown as a function of time for a solution of 1 mM ANTS/DPX
containing vesicles made from 75% POPC and 25% cholesterol. Melittin was added to
the solution at about 1.3 min at peptide:lipid ratios of 1:100, 1:500 and 1:5000. The
intensity at each point was normalized to the maximum intensity measured at about
13 min after Triton-X100 solubilization of the vesicles.
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(Fig. 1c). Thus, neither the overall bilayer thickness nor the relative
permittivity of the bilayers is changed significantly by melittin.

To better understand the EIS results, we performed vesicle leakage
assays using vesicles of the same lipid composition as the upper leaflet
of the supported bilayers, 75% POPC+25% Chol. The vesicles were
loaded with a fluorescent dye, ANTS, and a contact quencher, DPX,
such that the ANTS fluorescence was quenched in the intact vesicles
by the high concentration of DPX. Upon melittin addition, leakage
across the bilayer was quantified by measuring the increase in ANTS
fluorescence that occurs upon its release and dequenching. The time
dependence of the fluorescence in these experiments is shown in
Fig. 2. At the highest melittin concentration studied, P:L=1:100, there
is an initial burst of leakage, followed by a phase during which leakage
slows substantially. Leakage does not reach 100%, under these condi-
tions, consistent with results reported elsewhere: melittin does not
cause 100% leakage from vesicles except when P:L is greater than
Fig. 3. EIS response of POPC/Chol bilayers to alamethicin. The bilayer composition was 25% C
in the top leaflet. Alamethicin was added in peptide to lipid ratios of 1:200, 1:1000, and 1:50
Panel a shows the normalized change in resistance Rm(t)/R0 as a function of time. The traces
change, ((initial−final)/ initial) as a function of peptide concentration. Panel c shows the av
curves are the time-averaged standard error. The time constants describing the kinetics of
1:100 [23]. The burst phase occurs on a time scale of a few seconds,
which is similar to the time of peptide partitioning into bilayers
[47–49]. Considering that leakage experiments have a temporal resolu-
tion of a few seconds compared to several minutes for EIS, the time
scales of vesicle leakage burst phase is indistinguishable from that of
the initial drop in membrane resistance seen by EIS. After the initial
burst, the leakage rate in the vesicles approaches zero, consistent with
a recovery of the bilayer in the presence of melittin. The time scale of
the recovery phase in the vesicle leakage experiments, around 10 min,
is very similar to the time scale of the recovery phase in EIS.We propose
that the samephenomenon is being observed in the two types of exper-
iments, and that the phenomenon is not transmembrane pore forma-
tion. At lower concentrations, P:L=1:5000, no vesicle leakage activity
is observed, while in EIS an initial drop is observed followed by recov-
ery. Differences in membrane permeabilization probably reflect the
differences between the two detection systems: EIS is sensitive to the
permeation of small ions that may pass through defects in the bilayer,
while ANTS leakage from vesicles requires a pathway through the
membrane that is larger than about 10 Å, and may require that melittin
acts cooperatively, at least transiently.

To investigate the expected behavior of equilibrium transmembrane
pores in our experiments, we investigated another α-helical peptide,
alamethicin, that is known to form transmembrane pores in mem-
branes under most conditions [50–52]. EIS results for alamethicin
added to POPC/Chol bilayers are shown in Fig. 3. Alamethicin was
added at peptide:lipid ratios that were similar to the melittin:lipid
ratios used earlier. Like melittin, alamethicin caused an immediate
decrease in bilayer resistance. However, unlike melittin, little or no
recovery of the bilayer resistance was observed. Instead, the bilayer re-
sistance decreased to a steady-state level that was linearly dependent
on peptide:lipid ratio. At the highest peptide concentration studied,
peptide:lipid=1:200, the equilibrium bilayer resistance was less than
10% of the initial value for bilayerswith alamethicin,while itwas always
greater than 50% of the initial value for bilayers with melittin. Further-
more, the change in resistance increases linearly with alamethicin
hol, 69.1% POPC, and 5.9% DSPE-PEG2k in the lower leaflet and 75% POPC and 25% Chol
00 calculated based on a final lipid concentration of 65 μM in the impedance chamber.
are an average of 3 to 5 independent experiments. Panel b shows the relative resistance
eraged capacitance from the same experiments. The error bars shown at the ends of the
the resistance drop are shown at the bottom right.
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Fig. 4. Alamethicin-induced leakage of ANTS/DPX from POPC/Chol vesicles. The normal-
ized ANTS fluorescence is shown as a function of time for a solution of 1 mM ANTS/DPX
containing vesicles made from 75% POPC and 25% cholesterol. Triton-X100 was added
after ~13 min to completely solubilize the vesicles.

Fig. 6. Melittin-induced leakage of ANTS/DPX from POPC vesicles. Melittin was added
to the solution at about 2 min at peptide:lipid ratios of 1:100, 1:500 and 1:5000. The
intensity at each point was normalized to the maximum intensity measured at about
13 min after Triton-X100 solubilization of the vesicles.
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concentration (Fig. 3b), as expected for a pore. As in the case of melittin,
the capacitance of bilayers with alamethicin remains generally con-
stant, indicating that the over-all bilayer architecture is unchanged.

We also performed vesicle leakage experiments using alamethicin.
The leakage of ANTS/DPX from 1 mM POPC/Chol vesicles was mea-
sured for various alamethicin:lipid ratios. The results are shown in
Fig. 4. Like melittin, alamethicin also causes an immediate burst of
leakage. However, all but the lowest concentration (P:L=1:5000 or
~20 peptides per vesicle) of alamethicin caused 100% leakage from
vesicles, whereas no melittin concentration studied caused 100%
leakage.
3.2. Pure POPC bilayers

To investigate the effect of the lipid composition on the observed
behavior,we also studied the response of pure POPC bilayers tomelittin.
The resistance and capacitance values for POPC bilayers with melittin
show a behavior that is similar to POPC/Cholesterol bilayers (Fig. 5). Ex-
cept at peptide-to-lipid ratio of 1:5000, where no activity was observed,
Fig. 5. EIS response of POPC bilayers to melittin, for different melittin to lipid ratios. The bil
POPC in the top leaflet. Panel a shows the normalized change in resistance Rm(t)/R0 as a funct
the relative resistance change, ((initial−final)/ initial) as a function of peptide concentratio
shown at the ends of the curves are the time-averaged standard error. The time constants
the POPC bilayers showed a rapid decrease in resistance followed by an
exponential recovery that had a time constant of about 10 min. Unlike
POPC/Chol bilayers, the resistance of pure POPC recovered completely
to the valuemeasured before peptide addition. Becausemelittin's inter-
action with POPC and the formation of itsα-helical secondary structure
in bilayers are driven by simple hydrophobic partitioning [8,9,53,54],
the peptide remains associated with the bilayers as an α-helix under
all conditions. Thus, the recovery of bilayer resistance requires that
melittin rapidly equilibrate into an inactive, but membrane-bound
state.

We also performed vesicle leakage studies with POPC bilayers and
melittin (Fig. 6). The general features of the leakage from POPC vesicles
were similar to those observed for POPC/Chol vesicles. There is a rapid
burst of leakage, followed by a second phase during which leakage
slows down. At the concentrations studied (up to P:L of 1:100) leakage
stops before reaching 100%, consistent with our previously published
results [21,23]. Melittin is slightly more potent in POPC compared to
POPC/Chol, as also reported elsewhere [55,56]. Yet, the potency is still
much lower than that of alamethicin, suggesting a similar mechanism
of melittin action in POPC/Chol and pure POPC bilayers.
ayer composition was 94.1% POPC and 5.9% DSPE-PEG2k in the lower leaflet and 100%
ion of time. The traces are an average of 3 to 5 independent experiments. Panel b shows
n. Panel c shows the averaged capacitance from the same experiments. The error bars
describing the recovery kinetics are shown at the bottom right.

image of Fig.�4
image of Fig.�5
image of Fig.�6


Fig. 8. Melittin-induced leakage of ANTS/DPX from POPC/POPG vesicles. The normalized
ANTS fluorescence as a function of time for a solution of 1 mMANTS/DPX containing ves-
icles made from 90% POPC+10% POPG. Melittin was added to the solution at about
1.5 min at peptide:lipid ratios of 1:100, 1:500 and 1:5000. The intensity at each point
was normalized to the maximum intensity measured at 13 min after Triton-X100 solubi-
lization of the vesicles.
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3.3. POPC/POPG bilayers

We further tested the effect of melittin on POPC bilayers containing
10% anionic POPG in the uppermonolayer. In Fig. 7 we show the electri-
cal response of such bilayers to different concentrations of melittin. The
initial bilayer response to melittin was similar to that of the other bilay-
ers studied, with a drop in resistance to less than 50% of the initial value,
even at the highest peptide concentration. However, in the case of POPG
containing bilayers, the recovery was much slower such that the recov-
ery was incomplete at 60 min after melittin addition.

We also performed vesicle leakage experiments with POPC/POPG
vesicles (Fig. 8). The general features of the leakage were similar to
the leakage observed for POPC/Chol and POPC vesicles. Again, there
was a burst of leakage, followed be a second slower phase (as revealed
by the slight slope at 1:500 peptide to lipid ratio) during which leakage
slows. The potency of melittin in destabilizing POPC/POPG bilayers
was still far lower than the potency of alamethicin for POPC/Chol
destabilization.

4. Discussion

In thiswork,we used electrochemical impedance spectroscopy (EIS)
and vesicle leakage to study the response of lipid bilayers of various
lipid compositions to the membrane permeabilizing peptide melittin
at low concentration. Despite the inherent limitations of EIS (e.g. EIS
only follows the movement of charged molecules and requires the
assembly of a robust planar bilayer) this technique can provide unique
information about the response of bilayers to low concentrations of
active peptides [34]. Our goal was to use the unique sensitivity and
capabilities of EIS to determine if there is evidence that melittin
forms equilibrium, membrane-spanning pores. Experiments were
done at controlled peptide to lipid ratios (P:L) from 1:200 down to
1:5000. At these concentrations detergent-like bilayer solubilization
bymelittin does not occur [23]. As the action ofmembrane destabilizing
Fig. 7. EIS response of POPC/POPG bilayers to melittin. The bilayer composition was 94.1%
leaflet. Melittin was added in peptide to lipid ratios of 1:200, 1:1000, and 1:5000 calcula
shows the normalized change in resistance Rm(t)/R0 as a function of time. The traces are an a
((initial−final)/ initial) as a function of peptide concentration. Panel c shows the averaged
are the time-averaged standard error. To determine the time constant for recovery, the curv
time constants describing the recovery phase are shown at the bottom right.
peptides is dependent on various experimental factors, including the
lipid composition, we used three different types of bilayers in these
studies: 1) plain PC bilayers, 2) PC bilayers with cholesterol, which are
generally more resistant to permeabilization by melittin and other
peptides [21,26,55,57], and 3) PC bilayers with anionic PG lipids,
which are often more susceptible to permeabilization by cationic pep-
tides [58–61]. All the measurements gave similar results. The melittin-
dependent permeabilization of bilayers is not consistent with the for-
mation ofmembrane-spanning, equilibrium pores under the conditions
studied. Instead, both vesicle leakage and EIS experiments show evi-
dence of rapid, but transient membrane permeabilization. EIS showed
a transient decrease in bilayer resistance after addition of peptide. The
most likely transient state is one in which the membrane-bound
melittin is asymmetrically distributed across the bilayer because it is
initially bound to the outer monolayer only. We speculate that leakage
slows or stops once melittin has translocated and equilibrated across
POPC and 5.9% DSPE-PEG2k in the lower leaflet and 90% POPC+10% POPG in the top
ted based on a final lipid concentration of 65 μM in the impedance chamber. Panel a
verage of 3 to 5 independent experiments. Panel b shows the relative resistance change,
capacitance from the same experiments. The error bars shown at the ends of the curves
es shown in panel a were fitted to Eq. (1) starting at the point of lowest resistance. The
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the bilayer. In support of this idea, the final equilibrium resistance by
EIS was close to the initial value and did not depend on the peptide
concentration. Similarly, vesicle leakage assays showed an initial burst
of leakage followed by a slow phase during which leakage stopped
before the vesicles had released all of their entrapped contents. The
timescales for both the fast and slow phases were similar for the two
techniques, supporting the idea that both techniques are probing the
same phenomena.

To verify that these techniques could recognize equilibrium
transmembrane pores, we also studied the bilayer's response to the
amphipathic α-helical peptide alamethicin, which is known to form
such structures [51,62–64]. We found that both EIS and leakage
experiments gave results for alamethicin that were consistent with
equilibrium, transmembrane pores. In impedance experiments, we
observed a sharp decrease in the resistance of supported bilayers to a
new equilibrium value that was stable. The decrease in resistance
was linearly dependent on the peptide concentration, and there was
little or no recovery of bilayer resistance, which remained at a steady-
state low resistance after alamethicin addition. In vesicle leakage
measurements, alamethicin caused 100% leakage of probes from vesi-
cles, with little evidence of transient/incomplete leakage events down
to P:L of 1:1000. Only at P:L of 1:5000 (only 20 peptides per vesicle)
did alamethicin show less than 100% leakage over the course of the
15 min experiment.

Numerical simulations have demonstrated that a single water-filled
peptide pore in a large unilamellar vesicle will allow the release of all
entrapped contents within a few seconds [65]. All the vesicle leakage
assays discussed here show evidence of this kind of effect. After
alamethicin addition, for example, essentially all of the vesicle contents
are released within the first 2–3 s, except when P:L≤1:5000. The
release is so rapid that we cannot capture it in the ~5 s mixing time of
the vesicle leakage experiments. For melittin, there is also a very rapid
burst of leakage (at least at P:L=1:100), however unlike the case for
alamethicin, only a fraction of the vesicle contents are released, and
the rest remain entrapped indefinitely at this P:L. At lower P:L, we
observed little leakage, consistent with published results [23,24]. Only
at much higher P:L (e.g. P:L=1:50), melittin-induced permeabilization
is complete [23]. We conclude that if melittin forms transmembrane,
multimeric pores in bilayers at all, it only happens in the first moments
of peptide-membrane interaction and the pores are transient, not equi-
librium, structures. In agreement with this conclusion, the impedance
experiments report a real-time drop in bilayer resistance that occurs
over the first minute or two after peptide addition. The initial timescale
appears slower in impedance measurements, but this is due to the
fact that data points are acquired every 2 min. In the presence of
melittin, the bilayer recovers its resistance, at least partially, while for
alamethicin there is no recovery. Previously published results support
the contrast between melittin and alamethicin. For example, we have
shown that lipid vesicles with melittin up to about P:L=1:200 are not
permeable to small molecule probes a few hours after peptide addition,
while vesicles with alamethicin at P:L≤1:2000 remain permeable to
small molecules indefinitely [21,23]. Furthermore it has been shown
that melittin causes graded leakage from LUVs [66] and from GUVs [10]
rather than all-or-none leakage as expected for equilibrium pores. Grad-
ed leakage can only occur if there is transient permeabilization [44,67].

One of the advantages of EIS is that it yields direct measurements of
a peptides' effect on the bilayer resistance and capacitance even after
transient events have taken place. When the melittin-bilayer system
has equilibrated (~30 min), the bilayer resistance values by EIS are
close to the original value, even for P:L=1:200. For POPC bilayers,
the equilibrium resistance is indistinguishable from the peptide-free
bilayer, while for POPC/Chol and POPC/POPG bilayers there is a small
decrease in resistance at equilibrium suggesting a slight perturbation
of the bilayer barrier properties.

In summary, here we used EIS to augment standard vesicle leakage
assayswhere the bilayer permeability properties are usually not directly
measurable once leakage of entrapped analytes has taken place. The sur-
prising observation of the studies described here was that the addition
of melittin to bilayers caused only rapid, transient leakage which was
quickly followed by a recovery of the bilayers permeability barrier that
occurred despite the continued presence of melittin bound to the bilay-
ers. These observations, which were made up to a peptide-to-lipid ratio
of 1:200 are consistent with a model in which melittin forms an initial
membrane-disrupting, non-equilibrium state upon binding to a mem-
brane, but then reorganizes into a state that is much less disruptive to
the bilayer. Mechanistic models or simulations in which melittin forms
equilibrium transmembrane pores, or toroidal pores, at these sub-
solubilizing concentrations are not consistent with the EIS data, or
with the vesicle leakage data. Instead, permeabilization occurs through
a transient process that is not well understood.We hope that futuremo-
lecular dynamics simulations andadditional experiments can help eluci-
date the structure of the transient state.
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