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ABSTRACT: Using tethered sub-100 nm lipid vesicles that
mimic enveloped viruses with nanoscale membrane curvature,
we have in this work designed a total internal reflection
fluorescence microscopy-based single vesicle assay to inves-
tigate how an antiviral amphipathic α-helical (AH) peptide
interacts with lipid membranes to induce membrane curvature-
dependent pore formation and membrane destabilization.
Based on a combination of statistics from single vesicle
imaging, binding kinetics data, and theoretical analysis, we
propose a mechanistic model that is consistent with the
experimentally observed peptide association and pore
formation kinetics at medically relevant peptide concentrations
(10 nM to 1 μM) and unusually low peptide-to-lipid (P/L) ratio (∼1/1000). Importantly, the preference of the AH peptide to
selectively rupture virions with sub-100 nm diameters appears to be related to membrane strain-dependent pore formation rather
than to previously observed nanoscale membrane curvature facilitated binding of AH peptides. Compared to other known
proteins and peptides, the combination of low effective P/L ratio and high specificity for nm-sized membrane curvature lends this
particular AH peptide great potential to serve as a framework for developing a highly specific and potent antiviral agent for
prophylactic and therapeutic applications while avoiding toxic side effects against host cell membranes.

KEYWORDS: Single molecule fluorescence microscopy, lipid vesicles, peptide nucleation, pore formation, membrane curvature,
antiviral peptides

The rapid emergence of drug-resistant strains among
viruses places a great burden on antiviral drug discovery

and development. A principle challenge is the predominant
selection of antiviral targets that are encoded by the viral
genome whose replication machinery is error prone and
therefore generates a diversity of mutant strains that can evade
administered drugs. For lipid-enveloped viruses, such as HIV,
hepatitis C, and influenza, an alternative targeting approach
exists. All of these viruses feature a conserved structural
component that is critical for the virus life cycle and yet not
encoded within the virus genome. This Achilles’ heel is the
virus particle’s lipid envelope which is derived from host cell
membranes. Identification of agents that interfere with the
envelope coating thus represents an important strategy toward
the development of broad-spectrum antiviral agents.
In the course of studying the membrane-associating proper-

ties of an amphipathic α-helical (AH) peptide derived from the
N-terminus of the hepatitis C virus (HCV) NS5A protein that
is necessary for HCV genome replication, one such potential
antiviral agent was discovered.1 The peptide, here referred to as
AH peptide, was observed to rupture both suspended and

surface-immobilized lipid vesicles, which in these initial studies
served as models for the lipid envelopes of virus particles.2,3

Through further characterization efforts, the vesicle lysing
property was shown to be dependent on vesicle size, and the
size range leading to efficient rupture (complete lysis for
vesicles with diameter of <75 nm) corresponded well with
several medically important viruses including HIV, HCV,
herpes simplex, and dengue.3 Despite the simplicity of lipid
vesicles made of a single lipid component, in vitro studies
confirmed this hypothesis by demonstrating that the AH
peptide could act as an antiviral agent capable of disrupting
small-scale lipid-enveloped virions.3−5 Recently, results very
similar to those observed for AH peptide induced rupture of
adsorbed POPC lipid vesicles were obtained for vesicles with a
composition mimicking that of HIV,6 which further supports a
membrane curvature selective mode of action of this AH
peptide. This surprising selectivity against highly curved
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membrane structures makes this AH peptide particularly
interesting as an antiviral agent because toxic side effects
against host cell membranes would likely be minimal. In
particular, while pore formation is a general process of many
peptides that exert membranotropic effects,7 the size specificity
of this AH peptide’s activity suggests that it possesses a unique
mode of action. However, the still lacking mechanistic
understanding of this selectivity hampers a broad clinical
application of the AH peptide and its derivatives as well as their
further refinement. To shed new insight on the mechanism
behind the ability of AH peptide to selectively disrupt lipid
membranes with nanoscale curvature, we developed a total
internal reflection fluorescence microscopy (TIRFM)-based
assay capable of simultaneously probing peptide-induced pore
formation and membrane rupturing on the single vesicle level.
In general, membrane-disrupting peptides with antibacterial,

antimicrobial, or antiviral properties have been shown to
predominantly act by inducing the formation of pores in target
membranes.8 Conventional assays designed to characterize pore
formation are typically based on suspended vesicles containing
encapsulated dye molecules such that pore formation can be
recorded by dye release that results in dequenching and, in
turn, an increase in fluorescence emission. However, methods
based on dye release from suspended vesicles do not provide
direct insight into the underlying mechanism, because the
collective measurements are convoluted and disturbed by
vesicle aggregation and/or fusion.9 To overcome these
limitations, single vesicle approaches based on confocal
microscopy imaging of dye-loaded giant unilamellar vesicles
(GUVs) have been developed and shown to provide
mechanistic insight into peptide-induced leakage and mem-
brane destabilization of individual vesicles.10−12 While GUVs
with sizes on the order of tens of micrometers are suitable
models for mimicking bacterial and cell membranes, they are
not representative models for the highly curved membranes of
virion envelopes.
To gain insight into the mechanism by which the AH peptide

selectively targets lipid membranes with nanoscale curvature,
we took inspiration from previous work utilizing immobilized
small unilamellar vesicles, SUVs, (see ref 13 for a recent review)
and designed a surface-based assay through which pore
formation and membrane destabilization could be investigated
on the level of single vesicles with diameters of <100 nm. While
previous surface-based studies of individually resolved vesicles
have focused on studies of SNARE-mediated membrane
fusion,14,15 membrane curvature-dependent binding of AH
peptides,16 surface-induced vesicle deformation,17 or ion
permeability,18 the approach employed in this work takes
advantage of time-resolved TIR imaging of surface-tethered
SUVs (diameter of ∼70 nm) to temporally and discriminately
resolve both release of encapsulated vesicle contents and lipids
as induced by pore formation and membrane disruption,
respectively. This was accomplished by immobilizing POPC
SUVs, loaded with a water-soluble dye (calcein) and further
modified with a fluorescent lipid analogue (0.5 w% rhodamine-
PE), on a poly(L-lysine)-grafted poly(ethylene glycol) (PLL-g-
PEG) passivated neutravidin (NA)-modified glass slide at a
sufficiently low coverage (<1 vesicle per 80 μm2) to render
individual vesicles (>100 per field of view) visible by total
internal reflection fluorescence (TIRF) imaging (Figure 1a).
Figure 1b shows the temporal changes observed in two

emission channels for a representative single lipid vesicle upon
addition of 1 μM AH peptide to the tethered vesicle array.

Initially, a slow reduction in calcein emission was observed for
∼90 s, which was followed by a sharper decrease in the calcein
emission signal over the next 30 s (Figure 1b). In contrast, the
rhodamine signal remained stable until 5 min after addition of
AH peptide, after which the emission signal gradually decreased
during a 9 min time span (Figure 1b).
To identify general characteristics of the interaction of the

AH peptide with lipid vesicles, the response for each vesicle was
analyzed individually (see Supporting Information). Histogram
plots representing the onset times of the sudden intensity
reduction observed for the calcein and rhodamine channels
(Figure 1b, inset) demonstrate that the mechanisms underlying
release of the two probes are statistically separated by time. The
rapid and narrow release profile of the vesicle-encapsulated dye,
which is attributed to pore formation, precedes the release of
lipids that is induced by membrane destabilization upon vesicle
rupturing. This contrast is consistent with a previous report in

Figure 1. Simultaneous, real-time monitoring of content and lipid
release with a single vesicle assay. (a) Schematic illustration of calcein-
loaded biotinylated POPC vesicles immobilized via NA/biotin
coupling on a PLL-g-PEG/biotin-PEG coated glass surface and
visualized by TIRF imaging. (b) Fluorescent intensity time trace of a
typical single vesicle loaded with calcein and labeled with rhodamine-
PE lipid (0.2%) which was imaged sequentially in two fluorescence
(calcein (green) and rhodamine (pink)) channels after addition of 1
μM AH peptide. Corresponding surface plots and TIRF images
obtained through the calcein and rhodamine channels are also shown.
The inset shows the histograms corresponding to the onset of calcein
(green) and rhodamine (pink) release obtained from >100 individual
vesicles. No lipid release was observed at sub-μM AH peptide
concentrations (data not shown).
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which a combined quartz crystal microbalance with dissipation
(QCM-D) monitoring and optical reflectometry setup was used
to follow the AH peptide-mediated transformation of a layer of
intact vesicles into a planar supported lipid bilayer on a gold
substrate,19 suggesting that structural changes of the adsorbed
vesicles precede release of lipids by ∼5 min at this peptide
concentration. The experimental approach employed in this
work provides a likely explanation to the previously observed
structural change, suggesting that it is associated with pore
formation occurring before membrane destabilization and lipid
release. The initial pore formation likely induces membrane
destabilization by damaging membrane integrity upon reaching
a critical concentration of pores.
The high sensitivity and statistical power of the single vesicle

assay also provide an opportunity to investigate the activity of
the AH peptide at lower peptide concentrations (<1 μM),
which was so far not possible using label-free surface-based
methods20 and assays based on vesicles in suspension.3 This
feature of the assay is particularly important in the context of
AH peptide as an antiviral drug candidate because validating its
mechanism at low peptide concentration would not only
confirm its selective binding to lipid membranes with high
curvature but also support its clinical promise for low-dosage
administration. The effects of the AH peptide on calcein release
were therefore investigated at peptide concentrations down to
10 nM, allowing the initial, and hence the most crucial, step in
the vesicle rupturing process to be analyzed in further detail. At
higher peptide concentration, a sharp drop in calcein emission
was observed between 1 and 5 min after addition of AH
peptide, while at 10 nM there was a gradual decrease (20%) in
calcein emission intensity during the first 16 min, followed by a
more rapid decrease over the next 10 min (Figure 2a). The
concentration dependence of pore formation is visualized in
histograms of the onset time (Figure 2b).
To relate the onset time of pore formation to the amount of

AH peptide present on the surface of the vesicles, kinetics of
peptide binding to tethered vesicles was measured using the
surface plasmon resonance (SPR) technique.21,22 Peptide
binding curves suggest that the onset time of pore formation

identified from Figure 2b corresponds to around 15 RU (see
Figure S1), which in turn corresponds to a peptide-to-lipid ratio
(P/L) of about 1/1000 (see derivation in SI). This finding is
particularly interesting because peptide-induced disruption of
lipid membranes typically commences in the micromolar range
and at P/L values from ∼1/100 to 1/10,23,24 which suggests an
unusually high potency of the AH peptide to disrupt lipid
membranes of SUVs. This difference suggests that the mode of
action of AH peptide may be unique compared to classical
antimicrobial peptides, and we therefore introduced a
theoretical model to consider this possibility by analyzing
binding and pore formation kinetics for interaction of the AH
peptide with SUVs.
Peptide-induced disruption of lipid membranes is believed to

be initiated by stochastic pore formation, which is rate limited
by peptide nucleation rather than peptide binding to the lipid
membrane.25 Depending on the mode of action, multiple pores
may be formed in parallel (gradual pore formation), or a single
pore may grow in response to association of additional peptides
(abrupt pore formation), leading eventually in both cases to
membrane disruption. To theoretically analyze the peptide-
binding, nucleation, and pore formation kinetics in the case of
the AH peptide explored in this work, we recall that peptide
nucleation kinetics can be described in terms of the standard
scheme (see, e.g., ref 26 and note that our corresponding
kinetic eqs 5−10 below are different compared to those used
there; in particular, we treat the pore formation process under
transient conditions with respect to peptide adsorption, while
the earlier treatments were focused on the case where the
peptide is close to adsorption−desorption equilibrium)
including reversible association of peptides with the outer
leaflet of a lipid vesicle:

⇌P Ps a (1)

and n conventional steps resulting in or limiting peptide
nucleation:

+ ⇌P P Ca a 2 (2)

Figure 2. Statistics of content release from single vesicles at increasing AH peptide concentration. Fluorescent intensity profiles of representative
single calcein-containing vesicles exposed to AH peptide at concentrations of 10 nM (blue), 100 nM (green), or 1 μM (red). The onset of AH
peptide-induced membrane pore formation was detected as a decline in the intensity of fluorescence emission occurring after a concentration-
dependent latency period. The insets show sequential TIRF images and corresponding intensity surface plots of two individual vesicles incubated
with 100 nM AH peptide. (b) Histograms of the onset of calcein release corresponding to three AH peptide concentrations: 10 nM, 100 nM, and 1
μM. A β value of 0.67 (see eq 9) was obtained from the slope of a linear fit to the average of the onset times versus concentration of AH peptide
(inset). (c) Plots of logarithm of peptide binding responses (from Figure S1, inserts) versus concentration × time, and α is the slope of the fit as
predicted by the power law representation (eq 6). To confirm that the observed calcein release pattern was specific to the system under study,
spontaneous calcein release from tethered single vesicles was investigated, displaying a gradual decrease similar to that observed during the lag phase
before the rapid drop at 10 nM AH peptide (data not shown).
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+ ⇌ ≤ ≤ −+ i nP C C (2 2)i ia 1 (3)

+ →−P C Cn na 1 (4)

where Ps and Pa correspond, respectively, to peptide in solution
and the membrane-associated state in the monomer form, Ci (2
≤ i ≤ n − 1) is a complex containing i monomers, and Cn is a
complex containing n monomers and limiting peptide
nucleation. The basis for modeling AH peptide as a monomer
in solution is based on dynamic light scattering experiments,
which demonstrated that AH peptide exists as a monomer
within the concentration range and solution conditions used in
this work. The nucleation is considered to occur via association
with monomers. In principle, it may include, e.g., the dimer−
dimer association. Taking into account that the first steps of the
nucleation are typically thermodynamically unfavorable, the
monomer population is expected to be much higher than the n-
mer population (with n ≥ 2), and accordingly the association
with monomers should dominate.
Note also that this model strictly describes peptide

nucleation into an aggregate, which is a required step for
pore formation. However, a pore in an aggregate can reversibly
switch between an open and a closed state without changing
the number of peptides in an aggregate despite the fact that
nucleation is nearly irreversible, eq 4.
As mentioned above, during the interaction of AH peptide

with SUVs, pore formation occurs while the number, N, of
peptides bound per vesicle (∼50) is small compared to the
number of lipids in a vesicle ∼105 and still increases with time.
Under the assumption that the vesicle surface is uniform, such
that peptide association can occur at any site, the number of
attached peptides would initially increase linearly with
increasing time, and at any given time, peptide uptake would
be proportional to c. However, the dependence of peptide
binding on time and concentration appears nonlinear (Figure
2c) when the SPR response (proportional to the number of
bound peptides, N) is plotted to represent a power law
dependence of binding such that

= αN k ct( )a (5)

where ka is the association rate constant. Irrespective of peptide
concentration, a fit using eq 5 yields similar values of α between
0.4 and 0.5 (Figure 2c). This relatively low value of α indicates
that binding is noncooperative, suggesting that binding is
negatively influenced by membrane strain induced by attached
peptides primarily in the outer leaflet of the lipid vesicle.
Taking into account that only a small number of membrane-

associated peptides are expected to form complexes, we can
assume that N represents the number of bound monomers. Eqs
2−4 above can then be described in two limiting situations. The
first one corresponds to the case when the steps defined by eqs
2 and 3 are close to equilibrium. The alternative scenario, which
is treated in SI and discussed below, takes place when the
formation of Ci is irreversible and each subsequent step of this
pathway is slower than the preceding one.
Considering the first scenario, the number of Cn−1 is given by

= ∝ α
−

− −N KN ct( )n
n n

1
1 ( 1)

(6)

where K is the equilibrium constant for the formation of Cn−1
via eq 3. The equation for the number of Cn is thus

= ∝ α
−N t k N N ctd /d ( )n n n

n
1 (7)

where kn is the rate constant of eq 4. The number of pores, Np,
can be identified with Nn, and according to eq 7, we have

= ∝ α α +N N c tn
n n

p
1

(8)

This equation indicates that the time which corresponds to
peptide nucleation and hence formation of the first pore (Np =
1) depends on c as

∝ β−t c1 (9)

where

β α
α

=
+
n

n 1 (10)

In the alternative scenario, i.e., when the formation of Ci is
irreversible and each subsequent step of this pathway is slower
than the preceding one, the dependence of t1 on c is described
by eq 9 with (see SI)

β α
α

=
+ −

n
n( 1) 1 (11)

The inset in Figure 2b shows that the dependence of the
onset time on c is in good agreement with eq 9, with β = 0.67.
With α = 0.45, eq 10 suggests that n is close to 4, while eq 11
suggests that n is close to 1. Since pore formation requires more
than one peptide, the first scenario is the most likely one,
suggesting that pore formation is initiated by a complex of four
AH peptides. This interpretation is further supported by the
fact that β increases to 1 and decreases to 0.25 with increasing n
according to eqs 10 and 11, respectively.
The unusually low P/L ratio required for pore formation can

thus be attributed to peptide nucleation leading to pore
formation already at n = 4. Furthermore, the low peptide
coverage at the onset of pore formation makes it likely to
assume that leakage may very well occur through a single pore
at the lowest peptide concentration (10 nM). This assumption
is supported by the relatively slow content release (on the order
of minutes) at 10 nM peptide concentration (Figure 2a),
suggesting that the rate of leakage is restricted by diffusion
through the pore. Although this interpretation is in accordance
with a pore comprised of as few as four AH peptides, it is also
possible that the pore acts in a regime including sequential
open and closed phases. However, even if the latter holds true,
the theoretical analysis proposed above is still sufficient because
it is focused on the formation of the critical nucleus and does
not describe what happens after peptide nucleation. This
finding is also important in the context of previous work based
on ensemble averaging of multiple vesicles, in which case
evaluation of kinetic data requires the rate of leakage through a
single pore to be assumed. If diffusion through the pore is free,
dye escape from a vesicle in the size range of 100 nm diameter
is expected to occur on the order of hundreds of ms,27 which is
significantly shorter than observed in this work. Single vesicle
observations thus provide a unique means to circumvent this
limitation inherent to all ensemble averaging methods.
Since previous work has shown that AH peptide specifically

targets lipid-enveloped viruses within a certain size range3 and
that in situ vesicle rupturing activity by AH peptide decreases
for larger vesicles compared to SUVs, we also investigated the
interaction of AH peptide with larger vesicles (∼200 nm
diameter), i.e., outside the optimal target size range. Figure 3
shows histograms for onset of pore formation for vesicles with
average diameters of 70 and 200 nm at 1 μM AH peptide and
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the corresponding rate of peptide binding obtained from SPR
(see inset).
The onset of pore formation is almost a factor of 10 slower

for larger vesicles, while the rate of peptide binding displays no
significant dependence on vesicle diameter. Taking into
account that in these two cases the lipid mass within the
sensing volume was identical and noting that the SPR signals
(which are proportional to the mass uptake of AH peptide,
expected to be uniform on the immobilized vesicles) are nearly
equal, we conclude that the rate of AH peptide binding per unit
vesicle area is nearly independent of the vesicle radius. This
behavior appears specific to the HCV NS5A-derived AH
peptide, since binding of AH peptides generally increases with
decreasing vesicle dimension.16 Furthermore, the potency of
membrane-active peptides to induce pore formation and
destabilization typically increases with vesicle diameter,28

being attributed to the fact that the number of bound peptides
per vesicle increases at a constant P/L ratio, which in turn
accelerates the pore formation process.26 Thus, the unusual
membrane curvature dependence of this AH peptide suggests
that it is actually pore formation, rather than the rate of peptide
binding, which is facilitated by high curvature-related
membrane strain. As discussed in other contexts,29 the apparent
activation energy, Ea, for nucleation is expected to decrease with
decreasing vesicle radius, R, as Ea(R) = E0 − A/R, where E0 is
the energy corresponding to the strain-free case and A is a
constant. Furthermore, the effect of curvature-related mem-
brane strain on the activation energy of rate processes occurring
in the membrane is expected to increase with increasing
activation energy. From this perspective, the effect of the
membrane curvature on the pore formation is expected to be
higher than that on the peptide attachment, because the
activation energy of the former process is larger. This is in line
with our observations, which thus provide crucial mechanistic
insight to help explain the unique and exceptional antiviral
activity of AH peptides. Indeed, the combination of such a low

effective P/L ratio and specificity for nanoscale membrane
curvature lends the AH peptide great potential to serve as the
framework for developing a highly specific and potent antiviral
agent for prophylactic and therapeutic applications while
avoiding toxic side effects against host cell membranes.
Moreover, the single vesicle assay employed to elucidate this
mechanism is generic and is thus expected to serve the further
development of potent, broad-spectrum antiviral as well as
antimicrobial agents. For example, since pore formation and
membrane disruption can be separately measured on the level
of single vesicles, we envision to explore, in forthcoming
studies, the dependence of these critical events on external
parameters. Finally, we emphasize that our combined
experimental and theoretical approach could potentially aid
the development of a peptide that shows the same or better
antiviral potency as this one but in addition also displays
suppressed binding to lipid membranes with low curvature,
such as cell membranes. In this way, avoiding depletion due to
binding to cell membranes, one could envision high clinical
effects in the low nM rather than in the low μM regime,4,5,30

which could facilitate intracorporeal rather than topical
administration.

Materials and Methods. Small unilamellar vesicles were
made by the extrusion method. Briefly, a chloroform solution of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl-
(polyethylene glycol)-2000 (DSPE-PEG(2000)biotin) (0.1 mol
%), and1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(liss-
amine rhodamine B sulfonyl (rhodamine-PE) 0.5 wt % was first
dried using a flow of nitrogen (all lipids purchased from Avanti
Polar Lipids). The dried lipid film was kept under vacuum for 3
h after which it was rehydrated with tris buffer (pH 7)
containing 100 mM NaCl and 10 mM tris. After vortex mixing
of the solution of hydrated lipids (4 mg/mL), unilamellar
vesicles of different size were made by a Mini Extruder (Avanti
Polar Lipids) using polycarbonate membrane with a pore size
of 200 or 50 nm. To produce dye-loaded vesicles, 30 mM
calcein was added to the buffer, and the solution was subjected
to eight freeze−thaw cycles before extrusion. The encapsulation
efficiency is expected not to be perfect, and since significant
self-quenching of calcein occurs above 30 mM,31 influence of
self-quenching on the fluorescence emission is expected to be
minor. Free calcein was removed by a Sephadex G-25 gel
filtration column. The average vesicle diameters were measured
by the Nano-Sight particle tracking technique. The AH peptide
(H-Ser-Gly-Ser-Trp-Leu-Arg-Asp-Val-Trp-Asp-Trp-Ile-Cys-
Thr-Val-Leu-Thr-Asp-Phe-Lys-Thr-Trp-Leu-Gln-Ser-Lys-Leu-
Asp-Tyr-Lys-Asp-NH2) was synthesized by Anaspec Corp. (San
Jose, CA). Previous dynamic light scattering experiments have
demonstrated that AH peptide exists as a monomer within the
concentration range and solution conditions used in this work.

Single Vesicle Content Release Assay. Glass microscope
coverslips were first cleaned by SDS (1%) and treated by UV
ozone for 20 min and then assembled into a home-made flow
cell of circular geometry with a height of ∼1.5 mm and a total
volume of ∼150 μL. The coverslips were coated by self-
assembled monolayer of a 10000:1 mixture of poly(L-lysine)-
grafted poly(ethylene glycol) (PLL-g-PEG) and PLL-g-PEG(-
biotin) (SuSoS AG). The PEGylated surface was further
incubated with neutravidin (10 μg mL −1) for 20 min and
subsequently washed carefully. Biotinylated POPC vesicles
loaded with calcein were immobilized at concentration of 0.1
μg mL−1 for 10 min. The vesicle membrane contained 0.5 wt %

Figure 3. Onset of content release for vesicles with varying membrane
curvature. Histograms of the onset of content release corresponding to
vesicles with a mean diameter of 70 nm (red) or 200 nm (orange)
treated with 1 μM AH peptide. Histograms are based on normalized
traces from several hundred single vesicle measurements which were
fitted to an exponential decay model including a lag parameter (see
Figure 2 legend). The mean values of the latency time were obtained
from a Gaussian fit to the histograms. Note that the scales on the x-
axis are different for the two histograms. The inset shows the SPR
response versus time upon addition of the AH peptide to vesicles with
mean diameters of 70 (red) and 200 nm (orange). The amount of the
immobilized lipid mass within the probed sensing volume was
controlled to be the same in both cases.
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rhodamine-PE. The different AH peptide concentrations were
injected using a peristaltic pump at a flow rate of 100 μL/min.
Vesicles were imaged using total internal reflection fluorescence
(TIRF) microscopy. Using alternating emission filters (FITC
and TRITC), time-lapse imaging was applied to record the
fluorescence emission from calcein and rhodamine upon
addition of AH peptide. All measurements were performed in
a temperature stabilized environment (T = 22 °C).
TIRF Microscopy Setup. TIRF microscopy was performed

on an inverted Eclipse TE 2000 microscope (Nikon) equipped
with a high-pressure mercury lamp, an Apo TIRF 60× oil
objective (NA 1.49), and a Luca EMCCD camera (1002 ×
1004 pixel). Filter sets and dichroic mirrors in the filter cubes
were chosen to match the excitation and emission properties of
the selected fluorophores. Fluorescent images (190 × 190 μm)
were acquired for 200 ms in time intervals of 10 s.
Single Vesicle Data Analysis. Image analysis was conducted

in Matlab 2010 (scripts available upon request). A vesicle was
defined as a group of at least three connected pixels exceeding
an intensity threshold set at 3−6 times higher than the average
noise level. The intensity time trace of each vesicle was
obtained by pixelwise integration and subsequent background
correction over the complete time series. Subsequently, these
time traces were fitted by a piecewise defined function
composed of a linear decay during the first part (latency
period) and a monoexponential decay during the second part
(contents release period). The linear decay is attributed to
photobleaching, which could be minimized by adjusting the
imaging acquisition rate. A least-squares fitting method gave
access to the two decay rate constants, the initial vesicle
intensity, and the point in time when the transition between
linear and monoexponential decay takes place, i.e., the onset of
contents release.
SPR Measurements. A BIACORE 2000 instrument was used

for all SPR measurements. Neutravidin was covalently bound to
the surface of a carboxy-terminated gold chip (Biacore AB),
which had been activated using the amine-coupling kit from GE
Healthcare. Carboxy-terminated gold chips were prepared by
incubation with 11-mercapto-undecanoic acid (0.1 mM in
ethanol) overnight. Prior to all surface modifications, the
substrates were cleaned in TL1 solution (1:1:5 mixture of 30%
H2O2, 25% NH3, and Milli-Q water at 80 °C) for 5 min.
Biotinylated POPC vesicles were immobilized on the function-
alized gold surface and subjected to solutions of AH peptide at
different concentrations at 22 °C. In all measurements vesicle
supply was terminated at an SPR response of around 7500 RU.
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