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ABSTRACT: Alamethicin is the archetypal antimicrobial
pore-forming peptide. Although the peptide has long been
known to form pores of characteristic conductances in lipid
membranes, the precise nature of these pores is not known.
Simultaneous calcium-flux imaging and single-channel re-
cording in a droplet interface bilayer allowed us to directly
attribute multiple conductance states to a single point
diffusing in the bilayer.

AJntimicrobial peptides (AMPs) are a vital component of the
innate immune response of all multicellular organisms."
Many AMPs are thought to function by permeabilizing the micro-
bial cell membrane, either by disrupting membrane integrity™ or
by forming conducting pores in the membrane.*> AMPs often
act as broad-spectrum antibiotics and exhibit lower susceptibility
to bacterial resistance than conventional therapeutics, character-
istics that are thought to be related to their general mode of
action. As such, AMPs have significant potential in the develop-
ment of new antimicrobial agents.%”

The pore-forming -helical peptide alamethicin is perhaps the
best studied AMP, primarily due to its use as a model of voltage-
gated ion-channel conduction.*” Alamethicin is generally be-
lieved to form pores by inserting 0t-helical peptides perpendicular
to the bilayer, where the hydrophilic faces of multiple peptides
align to form a water-filled channel.'® This “barrel-stave” model
of alamethicin pore structure' "> is based on a number of experi-
mental measurements, including X-ray and NMR structures of
the monomer,"® in-plane neutron scattering,"* and the power
dependence of pore conductance on monomer concentration.®
The most compelling evidence for channel formation are the
current steps observed in single-channel electrical recording
(SCR) of alamethicin; the conductance states appear in bursts,
starting and finishing from the lowest conductance state. Although
this evidence supports the conclusion that alamethicin conduc-
tion must occur via discrete pores present in the membrane, none
of these techniques provide direct evidence that this behavior is
caused by a single alamethicin pore.

We recently developed a new method for the generation of
artificial lipid bilayers, which involves contacting the monolayers
formed on a nanoliter aqueous droplet and a hydrogel layer im-
mersed in an oil/lipid solution to create a bilayer (Figure 1A).151¢
This method enables sin%le—molecule fluorescence imaging and
SCR from the bilayer."*"” Ca" flux imaging is a widely used
technique for the study of calcium permeant channels, including
those present in oocyte membranes and heart cells."*"” In this
work, we exploit the features of droplet interface bilayers (DIBs)
to study alamethicin pore formation using a combination of Ca**
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flux imaging and SCR. We report direct observation of multiple
conductance states arising from individual channels present in
the lipid bilayer.

DIBs were formed following our previously described
method.">'” Briefly, an aqueous droplet (100 nL, 0.5 uM
alamethicin, 0.4 mM EDTA, 50 uM Fluo-8H, 700 mM KCl,
10 mM HEPES, pH 7) and agarose substrate (1.8% w/v agarose,
100 mM CaCl,, 500 mM KCl, 10 mM HEPES, pH 7) were
brought together in a lipid (5.2 mM POPE, 1.6 mM POPG, 3:1)
and hexadecane mixture to form a lipid bilayer (Figure 1A). Ag/AgCl
electrodes were inserted into the droplet and the agarose
substrate (ground). The DIB system, electrodes, and the head-
stage for the patch clamp amplifier were all enclosed in a purpose-
built Faraday cage. Electrical currents were measured using an
Axopatch 200B patch clamp amplifier (Axon Instruments). Data
were recorded using Windows Electrophysiology Disk Recorder
(WIinEDR, Strathclyde Institute of Pharmacy and Biomedical
Science), which was used to apply a postacquisition 1 kHz low-
pass filter. To verify that Ca®" flux imaging did not significantly
perturb the behavior of the peptide, the electrical activity of ala-
methicin under these conditions was characterized (Figure 2).
Current—voltage characteristics from individual conductance
levels displayed nearly ohmic behavior at negative potentials,
comparable to that observed previously for alamethicin.”® The
application of large (~150 mV) positive potentials resulted in
the rapid appearance of many alamethicin pores and breakdown
of the bilayer, again as previously observed.”!

Single-channel conductances from alamethicin pores were
similar to those reported previously, and no pores were observed
in the absence of the peptide (Supporting Information).

Ca”" flux through individual alamethicin pores was visualized
using the Ca”* chelating dye, Fluo-8H, imaged by total internal
reflection fluorescence (TIRF) microscopy (Figure 1B). TIRF
was achieved through an oil immersion objective (60x Plan Apo,
NA 1.4) using an inverted microscope (TE-2000, Nikon Instruments)
and a 473 nm laser (Shanghai Dream Lasers Technology Co.).
The emitted fluorescence was directed through a dichroic mirror
and 525/50 nm band-pass filter before being imaged on an
emCCD (iXon+, Andor Technology, 128 x 128 pixels).

When alamethicin was present in the droplet and a negative
potential was applied, individual stable, diftusing fluorescent spots
were observed in the bilayer (Figure 1B,C). Generally, the inten-
sity of fluorescence from individual conductance states was seen
to vary linearly with the applied potential. Fluorescent signals due
to Ca”* flux were localized using a single-particle tracking algo-
rithm developed for ImageJ** by the Computational Biophysics
Lab at ETH Zurich.** Analysis of the mean-squared displacement
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Figure 1. (A) Schematic of experiment. A bilayer was formed between
an agarose substrate containing Ca®" and an aqueous droplet containing
alamethicin and Fluo-8H. Ion current through alamethicin (red cylinders)
pores was detected on application of a potential difference using Ag/
AgCl electrodes. Ca”* ion flux was monitored fluorescently using TIRF
microscopy. Multiple diffusing fluorescent spots were observed in the
bilayer when alamethicin was present. (B) The diffusion trajectory of an
example fluorescent spot is superimposed onto the initial image of the
sequence. (C) Image sequence (10.6 ms/frame, sampled at 1 s intervals,
35.2 um X 35.2 um per component image) showing persistent fluo-
rescent spots that exhibit distinct changes in intensity.
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Figure 2. Electrical characterization of alamethicin in DHB. (A) Varia-
tion in the current levels of a single alamethicin pore over a range of
voltages under the same conditions as those used for simultaneous
electrical and Ca®* flux imaging measurements. Mean current values for
each level were obtained from a multipeak Gaussian fit to a histogram of
the electrical recording. (Droplet: 0.5 #M alamethicin, 2 mM EDTA,
and 50 uM Fluo-8H. Agarose substrate: 100 mM CaCl, and 500 mM
KCL) (B) In the absence of the components required for Ca** flux
imaging, alamethicin also displayed macroscopic current—voltage char-
acteristics consistent with previous reports. (Droplet: 0.5 uM alamethi-
cin and 500 mM KCl. Agarose substrate: 500 mM KCL.) Data were fitted
with an exponential function. Data points were averaged from five con-
secutive experiments on the same bilayer, and error bars show the
standard deviation.

versus time for diffusion (Figure 1B) yields a diffusion coefficient
of 1.4 4 0.3 um”s ™", similar to that found using the fluorescence
recovery after Ehotobleaching of a fluorescently labeled alamethi-
cin derivative.**

To enable extended observation of alamethicin pores, the
substrate agarose concentration was increased (~2.5% w/v) to
restrict pore mobility. The electrical behavior of the alamethicin
was unchanged and still showed characteristic discrete conduc-
tance level behavior. Simultaneous measurement of the electri-
cal conductance of the bilayer and Ca** flux imaging allowed
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Figure 3. (A) Simultaneous SCR and Ca®" flux of a single alamethicin
pore exhibiting multiple conductance levels (conductances: 268 =+ 39,
478 + 43, and 744 £ 49 pS; 0.5 uM alamethicin). Current events
corresponding to different conductance levels are clearly reflected in the
fluorescence from a single alamethicin pore. The resolution of the
electrical trace was decreased by linear interpolation to match the time
resolution of the fluorescence measurement (2 ms exposure, 485.44 Hz).
Histograms of the current (B) and fluorescence (C) data shown in (A)
are also provided. Electrical and fluorescence data have been filtered using
a step-preserving, running-average algorithm prior to binning. Details
are given in the Supporting Information.
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Figure 4. Dependence of spot peak height on spot width (fwhm) for
the alamethicin pore in Figure 3 following 2D Gaussian fitting of the
fluorescent spot. Each data point corresponds to a fit from a single frame.
Three clusters of data points can be distinguished, corresponding to the
three conductance levels observed.

observation of multiple conductance steps originating from a
single alamethicin pore. Individual pores were observed to switch
rapidly between distinct conductance states. For a bilayer con-
taining a single pore, steps between discrete conductance states
are correlated in the electrical and fluorescent measurements,
confirming that multiple conductance states originate from a
single pore (Figure 3).

We also examined the variation in fluorescence peak ampli-
tude with full width at half-maximum (fwhm) from the 2D
Gaussian fits of fluorescent spot intensity corresponding to an
individual alamethicin pore (Figure 4). Three distinct bands can
be seen, corresponding to the three distinct conductance states
seen in Figure 3. The intensity threshold used to discriminate
spots from background during our spot detection algorithm
determines the minimum spot amplitude, and hence the absence
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of data points at low amplitude. The optical diffraction limit
determines the minimum fwhm. Figure 4 shows that, for each
conductance state, the spot is well described by a Gaussian peak
arising from a pore of essentially constant Ca™* flux.

These experiments provide direct observation of the ion
current through alamethicin pores on the bilayer and show that
multiple conductance states do arise from punctate diffusing enti-
ties on the bilayer. Additionally, the variation in spot peak ampli-
tude with fwhm places some limitations on the size of the ALM
pore or pore complex. The smallest diffusing spots are at the
Abbe diffraction limit (~400 nm in our instrument), which
places a maximum size limit on the diffusing entities. Two pos-
sibilities are consistent with these observations: (1) Each diffus-
ing spot is a single alamethicin pore with discrete conductance
states. (2) Each spot is a number of alamethicin pores diffusing
together as a collective unit. The size of such a collection must be
smaller than the diffraction limit.

The observation of discrete diffusing punctate pores disfavors
mechanisms of alamethicin action based on generalized disrup-
tion of membrane integrity. However, these experiments cannot
distinguish between other models of pore action,*” including
the barrel-stave model and those that attribute pore gating to
a conformational change of the peptide molecule."

The primary limitation of the current work is that we do not
determine the number of peptides contributing to a specific state,
or whether there is a mechanism responsible for peptides' addi-
tion to or departure from the pore. A combination of single-
molecule imaging and photobleaching step-counting®” of fluor-
escently labeled alamethicin should reveal these details. We
anticipate that similar ion-flux imaging experiments using droplet
interface bilayers will prove to be a useful tool in studying other
pore-forming antimicrobial peptides, both to understand mem-
brane permeabilization mechanisms and to identify new anti-
microbial agents.
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