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Abstract

Quantitative characterization of membrane defects (pores) is important for elucidating molecular
basis of many membrane active peptides. We study kinetic defects induced by melittin in vesicular
and planar lipid bilayers. Fluorescence spectroscopy measurements indicate that melittin induces
time-dependent calcein leakage. Solution atomic force microscopy (AFM) is used to visualize
melittin induced membrane defects. After initial equilibration, the most probable defect radius is
~3.8 nm in 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) bilayers. Unexpectedly, defects
become larger with longer incubation, accompanied by substantial shape transformation. The
initial defect radius is ~4.7 nm in 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) bilayers.
Addition of 30mol% cholesterol to DOPC bilayers suppresses defect kinetics, although the
inhibitory impact is negated by longer incubation. Overall, the kinetic rate of defect development
follows DLPC > DOPC > DOPC/cholesterol. Kinetic defects are also observed when anionic
lipids are present. Based on the observation that defects can occupy as large as 40% of the bilayer
surface, we propose a kinetic defect growth model. We also study the effect of melittin on the
phase behavior of DOPC/egg-sphingomyelin/cholesterol bilayers. We find that melittin initially
suppresses or eliminates liquid-ordered (Lo) domains; Lo domains gradually emerge and become
the dominant species with longer incubation. Defects in phase coexisting bilayers have a most
probable radius of ~5 nm, and are exclusively localized in the liquid-disordered (Ld) phase. Our
experimental data highlight that melittin induced membrane defects are not static; conversely,
spontaneous defect growth is intrinsically associated with membrane permeabilization exerted by
melittin.
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Introduction

It has been known for almost a half century? that the 26-residue amphipathic peptide
melittin has an extraordinary high affinity for lipid membranes2. Sequence analysis shows
that four charged and two polar residues are sequestered at the C-terminal (residues 21-26),
while the N-terminal is primarily composed of hydrophobic residues. Atomistic crystal
structure3 reveals that melittin monomer contains two helices that are joined by a short Gly-
Leu-Pro loop (Fig. S1, Supporting Information). The inside of the wedge-shaped monomer
contains a stretch of hydrophobic residues (except the C-terminal), which are proposed to
preferentially interact with lipid hydrocarbon chains. The wedge-shaped monomer can lie
parallel to membrane surface by partially inserting into lipid backbone region, thus
disrupting proximal lipid chain packing and allowing solutes to permeate through the
membrane barrier (the “wedge” effect). Alternatively, melittin monomers can line up at the
edge of lipid membranes and form transmembrane (TM) pores (the “edge” effect). The two
mechanisms are not necessarily exclusive, but can take effect in different regimes depending
on melittin concentration.

The large interest in melittin induced membrane disruption lies in the emerging health
concern of infectious bacterial pathogens. By nonspecifically targeting and damaging
bacterial membranes, small cationic antimicrobial peptides (AMPs) including melittin are
thought as promising substitutes for conventional antibiotics. More recently, melittin has
been shown to exhibit anti-inflammation and anticancer activities.*-> As a well-studied
prototype, melittin has been instrumental in elucidating the action mode of the AMP family.
Consistent with the wedge and edge effects, melittin is generally thought to bind to
membrane surface at low peptide concentration. Monomers with rapid in-plane motion® can
transiently translocate between opposing leaflets to reach symmetrical distribution, as well
as to form transient pores. TM configuration becomes the preferential state when melittin
concentration becomes large. Stable pores are formed by grouping a few TM monomers
together. Based on ion conductivity’—8 and neutron in-plane scattering® measurements, it
was proposed that melittin pores are lined by a mixture of monomers and lipids, the so-
called toroidal pore model. The transition from surface state to TM state was formulated into
a two-phase model.19 The model predicts that above a peptide/lipid threshold, P/L*, TM
pores are spontaneously formed. One limitation of the two-phase model is that it only
addresses the behavior of static pores. Vesicle based studies have suggested that melittin
pores might be more dynamic than previously thought.}1-12 To explore the kinetic aspect of
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melittin pores, it is important to study pore structure as a function of time. In addition, the
existence of nanometer-sized pores was primarily based on indirect measurements, such as
neutron in-plane scattering and fluorescence spectroscopy. It will be advantageous to
directly see these pores in a membrane environment. Currently, there is only one study that
has directly observed pore-like structures in lipid monolayers induced by melittin.13 Since
atomic force microscopy (AFM) in air was used in that study,12 the reported structures need
to be verified or refuted by measurements performed in solution environment.

Cell membranes are crowded with proteins, including those forming ion channels and pores.
It has been proposed that the interplay between proteins and lipids is important in governing
membrane lateral organization.14 Since melittin is a prototype of TM pores, it will be
interesting to study whether and how melittin modulates lipid membrane lateral structure.
Indeed, AMPs have been shown to impart a profound effect on lipid membrane phase
behavior.2>-17 For example, by using lipid bilayers exhibiting liquid-ordered (Lo) and
liquid-disordered (Ld) phase coexistence, it was found that the morphology and size of Lo
domains could be modified by AMPs or alike peptides. In this paper we are interested in
exploring (i) whether and how phase coexistence inhibits melittin pore formation, and (ii)
the role of melittin in governing the heterogeneous organization of phase coexisting bilayers.

We use vesicular and planar lipid bilayers to study the kinetic behavior of melittin induced
pores. We first use calcein leakage to study the disruptive effect of melittin on unilamellar
vesicles (ULVs). Time-course measurements are used to reveal membrane permeabilization
as a function of incubation time and melittin concentration. We next use solution AFM to
visualize melittin induced defects (pores) in mica supported lipid bilayers. Note that we will
use "defects" instead of "pores" to describe features observed in our solution AFM study. It
has been shown that mica is a suitable substrate for studying membrane-associated
phenomena. There is a ~2-nm-thick water layer separating the supported bilayer from the
mica substrate.18-19 Water layer mediated decoupling gives rise to reasonable diffusion
coefficients of lipids (~1 pm?/s) in mica supported bilayers.29 Mobility of peptides and lipids
is important for our kinetic study. In particular, we visualize nanometer-sized defects in
several types of lipid bilayers with different melittin concentrations. Unexpectedly,
membrane defects are found to evolve as a function of incubation time. To explain the
kinetic behavior of membrane defects, we propose a kinetic defect growth model, which
extends the existing two-phase model by introducing a lipid removal process. In addition to
single-phase bilayers, we also explore the kinetic effect of melittin on Lo+Ld phase
coexisting bilayers.

Materials and Methods

1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), 1,2-dioleoyl-sr-glycero-3-
phosphocholine (DOPC), POPC (1-palmitoyl-2-oleoyl-sr-glycero-3-phosphocholine),
POPG (1-palmitoyl-2-oleoyl-srglycero-3-phosphoglycerol), egg-sphingomyelin (eSM), and
cholesterol (Chol) are purchased as lyophilized powders from Avanti Polar Lipids
(Alabaster, AL). Melittin purified from bee venom is purchased from Fisher Scientific
(Waltham, MA).
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Fluorescence spectroscopy

DOPC dry film is hydrated using 20 mM NacCl, 30 mM calcein, and 20 mM HEPES at pH
7.0 (buffer A). Freeze-thaw cycles between —80 and 50°C are carried out to ensure uniform
distribution of calcein. Lipid dispersion is extruded using an Avanti mini-extruder and a
filter with 100-nm-diameter pores. External calcein is removed by a gel filtration column
(Superdex 200 10/300 GL). The elution buffer contains 108 mM NaCl and 20 mM HEPES
at pH 7.0 (buffer B). The equality of the osmotic pressure between buffer A and buffer B is
confirmed using a Wescore 5500 vapor pressure osmometer (Logan, Utah).

For kinetic leakage study, an aliquot of melittin stock solution (in buffer B) is diluted with
buffer B to make a final volume of 980 pL. The solution is transferred to a 1-mL quartz
cuvette placed in the sample holder of a Jasco FP-8300 fluorometer (Easton, MD). A small
magnetic rod is used to stir the solution (300 rpm). Right before each measurement, 20 uL of
calcein-enclosed DOPC ULVs is pipetted into the cuvette. Time-course fluorescence
intensity is collected every 1 sec. The excitation and emission wavelength is 494 and 514
nm, respectively. Based on the time-course spectrum, the initial mixing time for ULV and
melittin solution in the cuvette is ~10 s. The mixing time becomes much longer without
magnetic stirring. To obtain the maximum fluorescence intensity (Imax) When complete
leakage is reached, 100 pL of 100 mM Triton X-100 (in buffer B) is added to the reacted
ULV/melittin mixture (dilution is taken into account). The percentage of fluorescence
enhancement (FE) is defined as: FE=(1(t)—1g)/(Imax—lo) % 100%, where lg is the fluorescence
intensity of the ULV solution without melittin.

Solution AFM

Unless noted otherwise, all concentrations, ratios, fractions, or percentages are molar based.
Lipid mixtures are prepared by mixing appropriate ratios of stock solutions in glass test
tubes. Organic solvents are removed by a gentle stream of argon gas using a 12-position N-
EVAP evaprator (Organomation Associates, Inc., Berlin, MA), and then pumped under
vacuum for > 2 h. Lipid dry films are hydrated by 10 mM HEPES at pH 7.0 and appropriate
volume of melittin stock solution (in the same HEPES buffer). Small unilamellar vesicles
(SUVs) are produced by ultrasonicating lipid/peptide suspension using a Sonic
Dismembrator operated at ~40 W with total duration of 10 min. The obtained SUVs are
centrifuged before planar bilayer preparation.

Solution AFM measurements (at room temperature) are performed using a liquid-compatible
Multimode 8 AFM and a Nanoscope V controller (Bruker, Santa Barbara, CA).
Experimental procedure has been described elsewhere.21-23 Briefly, mica supported planar
bilayers are formed by injecting SUVs into the AFM liquid cell using a syringe pump. Once
a complete bilayer is formed (~20 min), 10 mM HEPES at pH 7.0 is injected to remove
excess SUVs. To test whether and how melittin disrupts preformed bilayers, a modified
procedure is carried out. Specifically, pure lipid SUVs (without melittin) are injected into the
AFM liquid cell to form a bilayer. After flushing with HEPES buffer (to remove excess
SUVs), melittin dissolved in HEPES buffer (e.g., 1 pM) is injected and remains in the liquid
cell for the rest of the AFM measurement. For both procedures, kinetic bilayer disruption is
monitored by in situ AFM scans.
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PeakForce quantitative nanomechanic (QNM) mode coupled with a silicon nitride probe
(Bruker model: ScanAsyst-Fluid+) is used for bilayer scanning. The peak force is set to
~300 pN. Square images are acquired at a scan rate of 1.0 Hz. The typical scanning time for
one image is ~5 min. For kinetic study, images are acquired at different time points after
initial SUV injection. To eliminate potential influence of repetitive scanning on bilayer
structure, AFM tip is withdrawn and moved to a different location after one or a few scans
with different magnifications. AFM images are leveled by subtracting linear backgrounds
and analyzed using Image Processing Toolbox of Matlab (The MathWorks, Inc., Natick,
Massachusetts).

Calcein leakage induced by melittin

Formation of membrane defects (pores) can be monitored by influx or efflux of fluorescent
markers that are initially compartmentalized at the exterior or interior of membrane vesicles.
We use time-dependent calcein leakage from DOPC ULVs to study the membrane disruptive
effect of melittin. Calcein-encapsulated ULVs are exposed to different concentrations of
melittin. Note that DOPC lipid concentration is ~0.1 mM for all samples based on
phosphorus assay of ULV stock solution.1® By monitoring fluorescence intensity as a
function of incubation time, the kinetic leakage behavior is obtained (Fig. 1). We use an
exponential expression to fit the fluorescence enhancement data, FE=FE 5 (1—-exp(—(t+tg)/
1)), where FE,,x is the maximum fluorescence enhancement, tg is a time shift due to
mixing, and < is the exponential time constant. The resulting time constant is 23, 18, 12, 9,
and 3 min for melittin concentration of 0.5, 0.8, 1.0, 1.4, and 2.0 uM, respectively (Fig. S2,
Supporting Information). The inverse relationship between the time constant and the peptide
concentration indicates that the efficiency of membrane disruption increases with melittin
concentration.

Melittin induced defects in DLPC bilayers

We perform solution AFM measurements to visualize melittin induced defects in mica
supported planar bilayers. (We use "defects" instead of "pores" to describe the features
observed in our solution AFM study.) Height images of DLPC bilayers doped with 0.5 and
1.0mol% melittin are shown in Fig. 2. A time stamp is used in each image to notate the
incubation time of the bilayer in the AFM liquid cell (from SUV injection to the time when
the image is acquired). At both peptide concentrations, round defects are seen after initial
incubation of 34 min (Fig. 2A and 2B). Longer incubation results in curvilinear defects. To
examine the depth of defects, height profiles along horizontal lines crossing the center of
each bilayer are displayed (Fig. 2A and 2B). The apparent defect depth is ~1 nm after initial
equilibration; the apparent depth increases to ~2 nm at 117 min for DLPC+0.5mol% melittin
bilayer. Compared to the known thickness of DLPC bilayers (~3 nm),24 melittin induced
defects do not seem to penetrate the entire bilayer. This is not consistent with the
contemporary notion that melittin forms TM pores (defects). The discrepancy is likely due to
the finite size of AFM tips. When defect width is comparable to the size of the AFM tip, the
tip cannot go all the way down to the bottom of the defect. As the defect width becomes
larger, the apparent depth becomes more accurate compared to the actual depth. This trend is
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illustrated by comparing DLPC+0.5mol% melittin bilayer at 34 and 117 min, i.e., the
apparent depth increases from ~1 to ~2 nm as the defect width increases (Fig. 2C).

We next perform image analysis to quantitatively characterize defect size and shape. Proper
height thresholds are used to distinguish defects from the rest of the bilayer. (Pixels with
heights smaller than the threshold are considered as defects.) To account for pixels with
occasional small heights (i.e., noise), a cutoff is used to remove artificial defects (e.qg.,
regions with areas smaller than 7 nm? are not considered as defects). The resulting defects
(i.e., bright regions in the binary image) are shown in Fig. S3 (Supporting Information).
Defect area is determined by the total pixels (scaled by pixel size) occupied by each defect.
The area fraction covered by defects is 0.15, 0.34, and 0.39 for DLPC+0.5mol% melittin
bilayer at 34, 78, and 117 min, respectively; and 0.32, 0.36, and 0.40 for DLPC+1.0mol%
melittin bilayer at 34, 44, and 72 min, respectively. These values indicate that larger area of
DLPC/melittin bilayer is perforated with longer incubation. Since defect (pore) radius is
more commonly used in the literature, we convert defect area into defect radius by assuming
that defects are circularly shaped. To account for non-circular shapes, we use a parameter
referred to as defect eccentricity. This is done by identifying an equivalent ellipse that has
the same second-moments as the defect (Matlab function: regionprops). Defect eccentricity
is defined by the ratio of the minor and major axis of the ellipse. Qualitatively, defect
eccentricity of one corresponds to a circular defect, while defect eccentricity of zero
corresponds to a line.

Normalized probabilities of defect radius and defect eccentricity are shown in Fig. 2D and
2E. The most probably defect radius (based on Gaussian curve fitting) is 3.8 nm at both
peptide concentrations after 34-min incubation. The probability of observing ~4 nm sized
defects decreases with longer incubation. This is paralleled by enhanced probabilities of
larger defect radii. For shape transformation, the most probable defect eccentricity is ~0.7 at
34 min; the most probable defect eccentricity shifts to ~0.5 at later time points. Based on the
definition of defect eccentricity, it is clear that defects become elongated with longer
incubation. We note that defect eccentricity is not linearly related to the actual shape. This
explains the moderate decrease of defect eccentricity while defect shape seems to change
remarkably (Fig. 2A and 2B).

Melittin induced defects in DOPC bilayers

DOPC bilayers were reported to exhibit a peptide/lipid threshold of ~1/100, above which
melittin induced defects were detected.2> The existence of a threshold is recapitulated by our
solution AFM measurements. At 1.0mol% melittin, only a few defects are observed with
incubation time up to 141 min (Fig. S4, Supporting Information). Increasing melittin
concentration to 2.0mol% results in many defects immediately after initial incubation;
defects become more densely packed with longer incubation (Fig. 3). Height profiles
crossing bilayer surfaces (Fig. S5, Supporting Information) show similar apparent defect
depths as in DLPC bilayers. The same image analysis procedure is used to extract defects
from the rest of the bilayer. The total area fraction of defects is found to increase from 0.04
to 0.25 as the incubation time increases from 26 to 188 min (Fig. S5, Supporting
Information). The most probable defect radius is ~4.7 nm for incubation time < 60 min; the
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probability of observing larger defects increases with incubation time (Fig. 3). Interestingly,
no curvilinear defects are observed even after ~3 h incubation. This is supported by little
change of the eccentricity distribution as a function of incubation time (Fig. S5, Supporting
Information).

For both DLPC and DOPC bilayers, defects are observed by mixing melittin with lipids
before bilayer formation. Since AFM based studies have reported that (i) pore-like structures
were not detected or (ii) bilayers underwent large-scale dissolution1®: 26-27 when melittin
was added to preformed bilayers, it is interesting to explore whether lipid-melittin premixing
is a prerequisite for defect formation. We test this hypothesis by injecting 1.0 uM melittin
into the AFM liquid cell with a preformed DOPC bilayer. The process is very similar to
calcein leakage experiment where melittin is introduced to the exterior of lipid vesicles. In
accord with calcein leakage data, 1.0 uM melittin is able to induce defects in mica supported
DOPC bilayers as a function of incubation time (Fig. S6, Supporting Information). Image
analysis reveals that the most probable defect radius is 4.8 nm after 79 min incubation; the
number of defects, as well as the defect size, increases with incubation time. We also tested
melittin concentrations = 5.0 uM. Consistent with previous reports16: 26-27 the majority of
bilayers are immediately dissolved after a few minutes of incubation. Altogether, our data
indicate that kinetic defects can be obtained by incubating low concentrations of melittin
(e.g., a few pM) with preformed lipid bilayers, while larger concentrations of melittin result
in fast bilayer dissolution.

Melittion induced defects in DOPC/cholesterol bilayers

By modulating lipid membrane structural and mechanical properties, cholesterol was
reported to change membrane response to melittin disruption.28-2% We study cholesterol
effect by adding 30mol% cholesterol to DOPC+2.0mol% melittin bilayer. Solution AFM
height images are shown in Fig. 4. Sporadic defects are observed after 24 min incubation;
the number of defects and defect size increase with incubation time. Height profiles reveal
similar apparent defect depths compared to those when no cholesterol is added (Fig. S7,
Supporting Information). The total area fraction of defects is determined to be 0.01, 0.03,
0.07, 0.16, and 0.17 for incubation time of 24, 45, 73, 101, and 136 min, respectively. Defect
growth is illustrated by the probability distribution of defect radius (Fig. 4B). Gaussian curve
fitting indicates that the most probable radius is 4.7, 6.1, 6.9, and 8.3 nm for incubation time
of 24, 45, 73, and 101 min, respectively. Defect shape transition is reflected by the change of
the eccentricity distribution (Fig. S7, Supporting Information). Collectively, melittin induced
defects with similar sizes are observed in DOPC and DOPC/cholesterol bilayers. One
noticeable difference is the number of defects as a function of incubation time. For example,
after incubation of ~25 min, the number (and the area fraction) of defects is larger in DOPC
bilayer than in DOPC/cholesterol bilayer (Figs. 3 and 4). Similar difference is observed after
incubation of ~2 h. It seems that cholesterol acts by suppressing the kinetics of defect
development, although the inhibitory effect is negated by longer incubation.

Melittin induced defects in phase coexisting bilayers

In addition to single-phase bilayers, we are interested in elucidating the interplay of melittin
induced defects and the lateral organization of phase coexisting bilayers. We choose the
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well-studied DOPC/eSM/Chol as the model system.21: 30-31 The heterogeneous structure of
DOPC/eSM/Chol 0.48/0.32/0.20 is shown in Fig. S8 (Supporting Information). Round
domains (average radius of ~230 nm) corresponding to the Lo phase are surrounded by the
Ld bulk phase. The height contrast between the coexisting phases is ~1 nm, and the total
area fraction of the Lo phase is ~0.27. Addition of 1.2mol% melittin to the heterogeneous
bilayer yields smaller Lo domains after 38 min incubation (Fig. 5). Specifically, the average
radius of Lo domains decreases to ~120 nm, and the area fraction of the Lo phase decreases
to 0.11. A marked change is observed after incubating the bilayer for 142 min. The total area
fraction of the Lo phase increases to 0.47 (Fig. 5A). Moreover, Lo domains have irregular
boundaries and the interiors of Lo domains are perforated by Ld domains. Despite these
changes, the height contrast between the coexisting phases remains at ~1 nm. Close
examination reveals that melittin induced defects are exclusively localized in the Ld phase.
We choose a bilayer patch in the Ld phase (incubation of 66 min) to analyze defect structure
(Fig. 5C). Image analysis indicates that the most probable defect radius is 4.5 nm. This value
is similar to those obtained from DOPC-containing single-phase bilayers (Figs. 3 and 4).

Increasing melittin to 2.0mol% reveals a more dramatic transition (Fig. 6). After incubation
of 47 min, no Lo domains are observed; the bilayer only contains Ld phase with uniformly
dispersed defects. Lo domains gradually emerge with longer incubation; the area fraction of
Lo phase increases to ~0.38 at 140 min. Similar to the ternary bilayer with 1.2mol% melittin
(Fig. 5), defects are sequestered in the Ld phase; the newly formed Lo domains have
irregular boundaries and are perforated by Ld domains; the height contrast between the
coexisting phases is ~1 nm (Fig. S9, Supporting Information). Using a bilayer patch in the
Ld phase (incubation of 56 min), we find that the most probable defect radius is 4.5 nm (Fig.
6B). Image analysis of defects in the Lo+Ld phase coexisting bilayer is problematic due to
the height contrast between the coexisting phases. To circumvent the difficulty, we select
several regions corresponding to the Ld phase (Fig. S9, Supporting Information). Defects in
these regions are then determined using the same image analysis method. Compared to the
bilayer at 56 min, defects become slightly larger at 129 min (Fig. 6B and 6C). Defect
elongation is also seen by comparing the eccentricity distribution (Fig. S9, Supporting
Information).

To explore whether the retardation effect of cholesterol on defect kinetics inferred from
single-phase bilayers also play a role in phase coexisting bilayers, we fix the ratio of
DOPC/eSM to 3:2 while increasing cholesterol concentration to 32mol% (DOPC/eSM/Chol
0.41/0.27/0.32). The topographic image is shown in Fig. S10 (Supporting Information).
Height profiles reveal that the height contrast between coexisting phases is ~0.5 nm. The
small height contrast reduces line tension at domain edges,3? thus yielding non-circularly
shaped Lo domains. Such a transition has been reported before.2l 30 |n addition to domain
shape and height contrast, the area fraction of the Lo phase becomes 0.37 at 32mol% Chol.

Addition of 2.0mol% melittin results in time-dependent phase remodeling (Fig. 7). Small
height contrast (~0.3 nm) between coexisting phases is observed after 37 min incubation.
Defects are dispersed in regions with smaller height (i.e., the Ld phase). The height contrast
between the coexisting phases gradually increases to ~0.5, ~0.9, and ~1.0 nm at 89, 125, and
162 min, respectively (Fig. 7B). The progressively increasing height contrast indicates that
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melittin is able to induce lipid redistribution between coexisting phases. The largest increase
of the Lo phase content occurs between 37 and 89 min; the area fraction of the Lo phase
remains more or less constant (~0.5) after 89 min. Defect structure is determined for the
bilayer at 51 min (Fig. 7C). Gaussian curve fitting reveals that the most probable radius and
eccentricity are 4.5 nm and 0.59, respectively. For the bilayer with longer incubation, the
peculiar heterogeneity renders quantitative defect analysis difficult. Nevertheless, close
inspection indicates that defects preferentially partition into the Ld phase; defect size does
not increase significantly with incubation time. Together, increasing cholesterol content from
20 to 32mol% in the ternary bilayer system results in retarded response of height contrast
between coexisting phases, whereas the overall impact of melittin on phase restructuring
remains similar, including irregular Lo domain boundaries and spontaneous increase of the
Lo phase content.

Melittin induced defects in anionic lipid-containing bilayers

Anionic lipids were proposed as the driving force of membrane selectivity for many cationic
AMPs against eukaryotic and bacterial membranes.33-35 In addition, the degree of
membrane disruption induced by AMPs was found to be dependent on the charge state of
lipids.36-38 Compared to zwitterionic lipids, it has been reported that cationic lipids not only
reduced vesicle permeabilization caused by melittin, but also exhibited no apparent
selectivity against vesicle-encapsulated fluorescence markers with different sizes.3? We use
a binary lipid mixture, POPC+10mol% POPG, to explore the effect of anionic lipid POPG
on melittin induced defects. After bilayer formation and removal of excess SUVs, 0.7 uM
melittin is injected into the AFM liquid cell. Bilayer defects are detected after initial
equilibration. An example is shown in Fig. 8. Image analysis indicates that the most
probable defect radius is 7.0 nm after equilibrating for ~2 h. This value is similar to the
defect size of DOPC bilayers after being exposed to 1.0 pM melittin for similar time (Fig.
S6, Supporting Information). It seems that for peptide concentrations used in this study,
melittin is able to bind to lipid bilayers and induce TM defects, regardless of the bilayers'
charge state. This could be due to the high affinity of melittin to lipid membrane
environment.

Discussion

Calcein leakage

We use calcein leakage to monitor membrane perturbation imparted by melittin. Note that
efflux of calcein cannot distinguish the wedge or edge effect, but rather provides a collective
assessment of membrane disruption as a function peptide concentration and/or incubation
time. Another fact that is often neglected is that fluorescence intensity is not linearly related
to calcein concentration. Therefore, the obtained fluorescence enhancement data cannot be
directly translated into the actual amount of leaked calcein (or the number of membrane
defects). Nevertheless, leakage of fluorescent markers has been broadly used to explore
membrane permeabilization induced by melittin,12: 28, 40-45 | addition to vesicle leakage,
aspiration of micron-sized giant unilamellar vesicles has also been used to study the
response of a single vesicle after being exposed to melittin.46-48 Our time-course
measurements indicate that the exponential time constant derived from fluorescence
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enhancement data is inversely related to melittin concentration. Membrane permeabilization
takes place over a time scale of minutes to hours depending on melittin concentration. This
result ensures the feasibility of AFM based kinetic study since it normally requires a few
minutes to acquire one AFM image.

Nanometer-sized defects in mica supported planar bilayers are visualized using solution
AFM. Similar defects have been observed before.4? Since defect size governs the largest
molecule that can permeate through the membrane, it is interesting to quantitatively compare
our results to literature values. Neutron in-plane scattering measurement suggested an inside
radius of 2.2 nm in DLPC and POPC bilayers.? By co-encapsulating fluorescent markers, an
inside defect radius of 1.3-1.5 nm was inferred.>0 Using solution AFM, we find that after
~0.5 h incubation, the most probable defect radius is 3.8 nm in DLPC bilayers, and 4.7 nm
in DOPC bilayers. Our values are larger than previous estimations. Several sources could
contribute to the discrepancy. For example, neutron scattering relies on the assumption of a
uniform water column residing at defect lumen, whereas vesicle leakage is based on size
estimation of fluorescent markers. Defect radius obtained from our AFM study corresponds
to defect opening at the distal leaflet (relative to the substrate) of the supported bilayer.
Considering the wedge-like structure of melittin monomers, it is possible that defects might
become narrower near the bilayer center. In addition, our size estimation is affected by the
shape of AFM tips and the step size used during AFM scan (i.e., pixel size). Most of our
analyses are performed using pixel sizes of 0.8-2 nm. This gives rise to an estimated upper
boundary of 2 nm uncertainty for the reported defect radius. Finally, based on our
observation that defects can continuously grow, size estimation is complicated by when
measurements are performed relative to bilayer formation. Other factors such as peptide
concentration and water content may also play a role.>!

Defect kinetics

The most remarkable result from our solution AFM study is the observation that melittin
induced defects can continuously grow — through defect enlargement, merging, or generation
of new defects. Note that although we do not monitor the growth of individual defects, the
broadening of defect radius distributions clearly shows that at least some defects become
larger with longer incubation. Such a conclusion is also supported by directly examining
AFM height images. Defect growth requires more materials to line defect edges. Since the
amount of melittin monomers do not increase, defect growth can only be achieved by
recruiting more lipids to defect edges. The picture that defects are lined by TM peptides and
lipids fits the proposed toroidal pore model.? In addition to defect size, Table S1 (Supporting
Information) shows that the total area fraction covered by defects (empty space) also
increases with incubation time. Take the DLPC+0.5mol% melittin bilayer for example, the
empty space occupies 40% of the total bilayer surface after ~2 h incubation. If no material is
lost, 40% reduction of DLPC lipid area is required (0.5mol% melittin contributes little to the
total bilayer area). This obviously is not physical, considering the minor impact of melittin
on lipid area.>? In fact, studies have suggested a disordering effect of melittin on lipid chain
packing.>3 Then the only reasonable explanation that can account for the significantly
increased defect area fraction is the removal of lipids from the bilayer environment, probably
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through micellization process (some peptides might also be removed from the bilayer). Our
hypothesis of melittin facilitated lipid removal is supported by rapid dissolution of solid
supported bilayers after being exposed to higher concentrations of melittin.2’

Kinetic defect growth model

We propose a kinetic defect growth model to describe our data. The model encompasses
following processes: (i) depending on lipid bilayer properties and peptide concentration,
surface-binding melittin monomers can reorient and take TM configuration; (ii) defects are
nucleated by lining a few TM monomers and lipid headgroups at defect edges (i.e., toroidal
pore model); (iii) compared to lipids in the bulk phase, defect lining lipids have lower free
energy barrier AG of being transferred to the aqueous phase. Removal of metastable defect
lining lipids prompts in-plane movement of melittin monomers (away from defect edges);
(iv) water exposure of hydrophobic lipid chains in the vicinity of defect edges results in
reorientation of nearby lipid headgroups to line the enlarged defect. Steps (iii) and (iv) repeat
as defect grows.

Using X-ray diffraction and oriented circular dichroism measurements, Huang and
coworkers reported that melittin (and several other AMPs) forms stable defects only when
the peptide/lipid ratio is above a threshold.1%: 54 Depending on lipid composition, the
threshold can be infinitesimally small or as large as 1/30.2% 55 To account for the disparate
thresholds, a two-phase model — originally referred to as the two-state model — was proposed
that defects spontaneously form when the chemical potential per monomer is the same
between the surface-binding and the TM phase. Different thresholds were attributed to lipid
dependent parameters describing the chemical potential in each phase (or state).10 One
assumption made by the two-phase model is that defect size does not vary once formed. This
obviously is not compatible with the kinetics observed in our study. Our proposed kinetic
defect growth model extends the two-phase model by introducing a third process that defect
lining lipids can be removed from the bilayer. Note that the first two steps in our model
follow similar principle as the two-phase model. Therefore, experimental observations such
as the existence of peptide/lipid threshold?® 55 and membrane dependent defect formation?®
are compatible with our model.

Our model predicts that defect growth is accomplished by lipid removal from the membrane.
This implies that defect growth rate will be influenced by the energy barrier AG, which is
required to transfer defect-lining lipids to the aqueous phase. Our AFM study of single-
phase lipid bilayers indicate that defect growth rate is in the order of DLPC > DOPC >
DOPCl/cholesterol (Figs. 2-4). Such a trend can be reconciled by considering that (i) short
chain lipid DLPC has the largest tendency of dissociating from defect edges, and (ii)
addition of cholesterol modifies lipid properties (e.g., hydrocarbon chain order), thus
augmenting the energy barrier of removing DOPC lipids from defect edges.

Lipid removal from the bilayer environment by melittin resembles the action mode of the
nonionic detergent Triton X-100.56 Figure S11 (Supporting Information) shows an example
of lipid dissolution for a DOPC bilayer after incubating with 0.5 mM Triton X-100 for ~50
min. TM defects with irregular edges are observed. Compared to the defects induced by
melittin, the defects induced by Triton X-100 exhibit larger heterogeneity in terms of size
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and shape. The difference could be due to different degrees of cooperativity when extracting
lipids from defect edges. Nevertheless, the similarity between the two types of defects
supports our proposition that melittin induces kinetic defects by extracting lipids from defect
edges to the aqueous phase.

Membrane phase behavior modulated by melittin induced defects

Lateral heterogeneity is important for various membrane-associated activities. Despite large
interest, the molecular basis governing membrane lateral organization is unclear. For a lipid
bilayer exhibiting Lo+Ld phase coexistence, the content of Lo (or Ld) phase is determined
by the overall lipid composition (i.e., phase content is determined by the coordinate in a
triangular Gibbs phase diagram). Our kinetic defect growth model suggests that (i) defects
are formed by recruiting lipids to defect edges, and (ii) defect growth is accomplished by
lipid removal. It is conceivable that depending on lipid chemical composition, certain lipids
will have a larger tendency of being attracted to defect edges and/or being removed from the
bilayer. Lipid redistribution will alter the overall lipid composition in defect-free region, thus
yielding modulated phase content. Indeed, by using a three-component lipid bilayer system
(DOPC/eSM/Chol), we find that Lo domains can be suppressed or eliminated by changing
melittin concentration. Longer incubation results in large increase of the Lo phase content.
Based on the reported phase diagrams,3L: 57-58 the Lo phase is enriched with eSM and
cholesterol, and the Ld phase is enriched with DOPC. To explain the enhanced Lo phase
content, we propose that compared to eSM and cholesterol, DOPC lipid is preferentially
attracted to defect edges and later removed from the bilayer. This hypothesis is in line with
the observation that defects are exclusively localized in the DOP-Cenriched Ld phase.
Similar phase remodeling induced by AMPs and other peptides has been reported.16-17 The
authors attributed their findings to altered line tension at domain edges. Since line tension is
dependent on height contrast between coexisting phases,32 our observation of time-
dependent height contrast (Fig. 7) supports the proposition of line tension modulation.

Conclusions

We use lipid vesicles and mica supported planar bilayers to study melittin induced defects in
single-phase and Lo+Ld phase coexisting bilayers. Time-course fluorescence spectroscopy
measurements reveal that melittin induces defects that allow calcein to permeate through;
leakage efficiency is proportionally correlated with peptide concentration. Solution AFM is
used to directly visualize membrane defects. In particular, we find that defects are readily
observed in DLPC bilayers with 0.5 and 1.0mol% melittin. Image analysis indicates that the
most probable defect radius is 3.8 nm after initial equilibration. In contrast to the concept of
static defects (pores), both defect size and shape evolve as a function of incubation time. The
area fraction of membrane defects can be as large as 40% of the total bilayer surface. This
value cannot be simply explained by the reduction of area per lipid. For DOPC bilayers, the
most probable defect radius is 4.7 nm (incubation < 60 min); defects become larger with
longer incubation; area fraction covered by defects increases up to 25% after ~3 h
incubation. Interestingly, addition of 30mol% cholesterol to DOPC+2.0mol% melittin
bilayer delays defect development. Overall, the kinetic rate of melittin induced defect
formation follows DLPC > DOPC > DOPC/cholesterol. Similar TM defects are observed
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when exposing POPC+10mol% POPG bilayers to melittin solution. Therefore, for the
peptide concentrations used in this study, addition of anionic lipids does not seem to modify
bilayer disruption imparted by melittin. To explain the observed kinetics, we propose a
kinetic defect growth model, which extends the established two-phase model by introducing
a third process that defect lining lipids can be transferred from defect edges to the aqueous
phase.

We also study the effect of melittin induced defects on the phase behavior of DOPC/eSM/
Chol bilayers. We find that (i) defects are exclusively localized in the Ld phase; (ii)
depending on its concentration, melittin can either suppress or eliminate Lo phase formation;
(iii) Lo domains with irregular boundaries and perforated interiors gradually emerge and
become the dominant species as the incubation time increases; (iv) the retardation effect of
cholesterol is evidenced by the gradually increasing height contrast between liquid
coexisting phases; (v) for all the phase coexisting bilayers studied, the most probable defect
radius is ~5 nm after initial equilibration; and (vi) longer incubation leads to defect
enlargement (at least for some defects), a similar trend observed in single-phase bilayers.
The observed phase remodeling behavior can be accounted for by our proposed kinetic
defect growth model, which predicts that lipid redistribution in defect-free region can be
induced by kinetic defects that selectively attract and remove DOPC lipids.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Time-course measurements of calcein leakage induced by melittin at different

concentrations.
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Figure 2.
Solution AFM height images of DLPC bilayers doped with 0.5mol% (A) and 1.0mol% (B)

melittin. Scale bars = 50 nm. From left to right, the incubation time is 34, 78, and 117 min in
(A), and 34, 44, and 72 min in (B). (C) Height profiles along dashed lines indicated in (A)
and (B). (D) Normalized probabilities of defect radius. (E) Normalized probabilities of

defect eccentricity. Solid lines (D and E) are Gaussian fits.
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(A) Solution AFM height images of the DOPC+2.0mol% melittin bilayer. From left to right,
the incubation time is 26, 60, 92, 127, and 188 min. Scale bars = 100 nm. (B) Normalized
probabilities of defect radius. Solid lines are Gaussian fits. The most probable defect radius

is 4.7 and 4.6 nm for incubation time of 26 and 60 min, respectively.
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(A) Solution AFM height images of the DOPC+2.0mol% melittin bilayer doped with 30mol
% Chol. From left to right, the incubation time is 24, 45, 73, 101, and 136 min. Scale bars =
100 nm. (B) Normalized probabilities of defect radius. Solid lines are Gaussian fits.
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Figure5.
(A) Solution AFM height images of the DOPC/eSM/Chol 0.48/0.32/0.20 bilayer doped with

1.2mol% melittin. From left to right, the incubation time is 38 and 142 min. Scale bars =
800 nm. (B) Height profiles along dashed lines highlighted in (A). (C) Defects in the Ld-
phase bilayer (incubation of 66 min). Scale bar = 100 nm. Solid line is Gaussian fit.
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Figure®6.
(A) Solution AFM height images of the DOPC/eSM/Chol 0.48/0.32/0.20 bilayer doped with

2.0mol% melittin. From left to right, the incubation time is 47, 95, 117, and 140 min. Scale
bars = 400 nm. (B) Defects in the Ld-phase bilayer (incubation of 56 min). Scale bar = 100
nm. (C) Defects in the Ld-phase region of the Ld+Lo phase coexisting bilayer (incubation of
129 min). Scale bar = 100 nm. Solid lines (B and C) are Gaussian fits.
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Figure7.
(A) Solution AFM height images of the DOPC/eSM/Chol 0.41/0.27/0.32 bilayer doped with

2.0mol% melittin. From left to right, the incubation time is 37, 89, 125, 162, and 102 min.
Scale bars = 200 nm. (B) Height profiles along dashed lines highlighted in (A). (C) Defects
in the ternary bilayer incubated for 51 min. Scale bar = 100 nm. The gray-scale image shows
defects determined by image analysis. Solid lines are Gaussian fits.
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Figure8.
(A) Solution AFM height image of the POPC+10mol% POPG bilayer after being exposed to

0.7 uM melittin for ~2 h. Scale bar = 200 nm. (B) Defect radius distribution. Gaussian curve
fitting (solid line) indicates that the most probable defect radius is 7.0 nm.
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