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ARTICLE INFO ABSTRACT

Keywords: A number of peptides are known to bind lipid bilayer membranes and cause these natural barriers to leak in an
Pore forming uncontrolled manner. Though membrane permeabilizing peptides play critical roles in cellular activity and may
AFM

have promising future applications in the therapeutic arena, significant questions remain about their mechanisms
of action. The atomic force microscope (AFM) is a single molecule imaging tool capable of addressing lipid bi-
layers in near-native fluid conditions. The apparatus complements traditional assays by providing local topo-
graphic maps of bilayer remodeling induced by membrane permeabilizing peptides. The information garnered
from the AFM includes direct visualization and statistical analyses of distinct bilayer remodeling modes such as
highly localized pore-like voids in the bilayer and dispersed thinned membrane regions. Colocalization of distinct
remodeling modes can be studied. Here we examine recent work in the field and outline methods used to achieve
precise AFM image data. Experimental challenges and common pitfalls are discussed as well as techniques for
unbiased analysis including the Hessian blob detection algorithm, bootstrapping, and the Bayesian information
criterion. When coupled with robust statistical analyses, high precision AFM data is poised to advance under-
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standing of an important family of peptides that cause poration of membrane bilayers.

1. Introduction
1.1. Pore-forming peptides

Lipid membranes line the surface of cells and intracellular organ-
elles, providing a semi-permeable barrier that prevents uncontrolled
flow of molecules. Soluble peptides can bind to the surface of mem-
branes breaking the barrier to diffusion, often through a complex set of
steps leading to the formation of transmembrane pores. Evolution has
taken advantage of this process to disrupt membrane integrity in a way
that is useful to the organism. A few examples include human antimi-
crobial peptides that constitute an essential element of the innate im-
mune response [1], melittin, the primary active component of bee
venom which causes cellular damage [2], or Candidalysin, which is
necessary for the fungal pathogen Candida albicans to infect cells in
human mucosal tissues [3].

Not only are membrane permeabilizing peptides intriguing from the
perspective of understanding the mechanistic basis of their function, but

they also hold significant potential for applications across biotechnology
and medicine [1,4]. Such applications include delivering of molecular
cargo to cells and novel cancer treatments. A fundamental peptide-
induced membrane defect is a pore, or a highly localized void in an
otherwise continuous lipid bilayer. Diffuse membrane thinning and
linear trench-like features as well as other defect modes have been
observed [5-7]. Some examples of remodeling modes including pore-
like voids, trenches, and membrane-thinned regions are shown in Fig. 1.

The bilayer remodeling process is intrinsically “noisy”. Stochastically
driven peptides and lipid molecules interact with each other and be-
tween themselves on a complex energy landscape that produces stable
membrane structures [1,8,9]. Local electric fields, hydrophobic effects,
and peptide structure are thought to play important roles in the
remodeling process. A number of bulk biochemical techniques can be
employed for studying pore formation. Measurements of chemical
leakage across unilamellar vesicles are especially powerful, as are
electrical recordings [1]. Though bulk methods are in widespread use,
they generally leave unresolved the difficult-to-synchronize molecular
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Fig. 1. Pore-forming peptides at work. AFM imaging of supported lipid bilayers
subject to MelP5 or pHD108 reveals diverse lipid bilayer remodeling. (A) POPC
upon incubation with MelP5 (approximate P:L. = 1:1000). Dispersed areas of
thinned membrane (light brown) adjoin highly localized pore-like voids in the
membrane (dark brown). Regions exhibiting heights commensurate with the top
of the upper bilayer leaflet are also visible (white). (B) Image at higher MelP5
concentration (approximate P:L = 1:100). Larger scale linear features
(trenches) appear to be favored over highly localized voids. (C,D) Images in
acidic buffer (pH 4) reveal remodeling of POPC by the pHD108 peptide at
approximate P:L of 1:100 and 1:80, respectively. The lateral scale bar shown in
(A) is 50 nm and applies to all panels; the false color vertical scale spans 30 A,
as indicated. Data in (A-C) adapted from refs [27,28].

activities that underlie peptide-lipid interactions. Hence, single mole-
cule investigations are poised to provide valuable insights [1,10,11].

1.2. Single molecule atomic force microscopy of pore forming peptides

A powerful single-molecule technique for direct visualization of
biological systems is the atomic force microscope (AFM). Since its
original development in 1986 [12], the AFM was adapted to operate in
fluid, rendering the instrument capable of physiologically relevant im-
aging. This opened the door for biophysical studies of membranes in
near-native conditions [13]. Though the instrument is capable of atomic
resolution when imaging extremely flat surfaces [14], AFM images of
complex biological macromolecules are limited by convolution of the tip
geometry with that of the specimen. AFM images of membrane proteins
have spatial resolution of ~10 A laterally and ~1 A vertically [13]. The
temporal resolution of the AFM is also important. Imaging frame rates of
commercial AFMs can now exceed 10 images per second, though the
fundamental “speed limit” of the method can be much faster (~1 ps)
[15], as dictated by the mechanical response time of the cantilever
which sets an operative lower limit for pixel dwell time. This combi-
nation of attributes enables the AFM to directly visualize conformational
dynamics, parse asynchronous behavior, and reveal topographical de-
tails and heterogeneities that are often blurred out in traditional bulk
measurements [16-18].

Supported lipid bilayers (SLBs), robust mimics of biological mem-
brane, are commonly imaged in the AFM [19,20]. Many groups have
focused on phase-transitions of different lipid species, as well as
remodeling caused by the addition of detergents or peptides [19,21-23].
Poration in membranes has been observed for several peptides, and
examples include amyloid p [24,25], the bee venom melittin and de-
rivatives thereof [26-28], and others [7,10,29].

Here we present methods commonly employed in the King
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laboratory to prepare AFM samples, acquire images, and objectively
analyze peptide-induced lipid bilayer remodeling. A recurring challenge
when applying this powerful single molecule imaging tool is to measure
molecular activities as accurately as possible without sacrificing the
biological relevance of the data.

2. Acquiring high precision AFM data in biologically relevant
conditions

2.1. Sample preparation considerations

To mimic physiological conditions, peptide-induced membrane
remodeling is observed in supported lipid bilayers immersed in aqueous
buffer solution. The choice of buffer will influence numerous aspects of
the imaging session. Ionic strength mediates the double-layer interac-
tion between the AFM tip and the sample surface. The screening distance
between tip and sample depends on salt concentration and valency of
the ions in the solution [30,31]. It should also be noted that salt con-
ditions can potentially affect the structure of the peptide under study
[32]. The pH of the buffer must also be considered. In many cases,
physiological pH is desired (pH 7.0-7.5). However, some intriguing
peptides have pH-dependent behavior [7,28,33,34], thus the acidity of
the buffer must be tuned accordingly.

Lipid species is another important consideration when imaging
peptide-lipid interactions. In the King laboratory we commonly use 1-
palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) or 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) as model lipids. Both are zwitterionic
and routinely used membrane bilayers in biophysical studies [35-37].
Lipid mixtures that contain a significant fraction of charged headgroups
(such as those extracted from E. coli), can also be employed [16,17,38],
but in some cases these are challenging to form homogeneous SLBs. The
effects of phase-coexistent lipids have also been studied [26]. SLBs are
typically formed in these experiments through the rupture and absorp-
tion of lipid vesicles onto a solid-state surface (see Section 2.1.3) [39].

2.1.1. Liposome preparation

To prepare the liposomes, lipid stock suspended in chloroform
(Avanti Polar Lipids) in a glass tube is dried with argon gas to create a
film. The tube is then incubated overnight in a vacuum chamber.
Following swelling in buffer, the lipids are extruded 25-30 times
through ~100 nm diameter filters (Whatman) to create vesicles.
Generally, the swelling buffer is the same as the imaging buffer
(described in Section 2.1.3). Each batch of lipid stock is quantified using
an appropriate assay, such as the Bartlett assay to measure the amount of
phosphorus. Careful quantification of lipid concentration is important to
deducing the peptide-to-lipid molar ratio (P:L). This ratio is a central
factor that influences lipid remodeling and can be a significant source of
uncertainty in AFM measurements, as discussed below. Another factor
that can affect pore-formation is the size of the liposome itself [40].
Extrusion through varied diameter filters can control for this and the size
may be evaluated using dynamic light scattering [41].

2.1.2. Protein-to-lipid ratio considerations

Multiple pore-forming peptides such as melittin have been charac-
terized via leakage and other solution assays at particular P:L values.
When addressing the same systems via AFM, previously studied P:L
values from bulk measurements represent logical starting points; how-
ever, there are a few AFM-specific complications to consider. The initial
P:L values can be determined with accuracy if the equilibrium partition
coefficient of the peptide into the specific lipid is known. Yet, AFM
sample preparation often requires rinsing to minimize loosely bound
material that can adhere to or interfere with the tip and cause imaging
artifacts [42]. Rinsing removes quantities of peptide, lipid or both. The
density of the peptide on the bilayer is challenging to calculate, since it
will be a factor of the number and volume of the rinses, as well as the
hydrodynamic properties of the flow (laminar vs. turbulent), which are
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complicated by surface effects. As a result, even if the dissociation
constant is known, errors in the estimated P:L can be large. In principle,
rinse volumes can be analyzed to measure the amount and type of ma-
terial removed during each rinsing step, but this is challenging due to
small overall volumes and is not often performed. Additionally, even if
the P:L is known, it may need to be modulated from bulk values to
optimize single molecule data collection. In practice, we have found it
best to evaluate a broad range of initial P:L (for example, from 1:50 to
over 1:1000) in order to find conditions where pore-like features are
visible, well-separated, and abundant enough for robust quantification
[27]. The range of optimal P:L values for AFM imaging may be narrow,
making this an important step when approaching a new sample.

It is important to note that while the overall P:L can be controlled at
the initial stages of sample preparation, it is difficult to account for or to
predict the effects of rinsing as well as overall sample inhomogeneity or
incomplete mixing. A common question arises as to whether or not the P:
L ratio is uniform on a given surface. Despite thorough mixing and
rinsing prior to AFM imaging we have observed significant bilayer
remodeling variations occurring across small length scales (~150 nm)
on the exact same sample surface (Fig. 2). Local inhomogeneities can
persist. Observation of asynchronous bilayer remodeling activity sug-
gests the importance of local concentration gradients in remodeling
activity.

2.1.3. Surface incubation methods

Standard protocols for the formation of SLBs are adapted for AFM
studies. They require that a given concentration of liposomes (typically,
100 pM DOPC) are deposited on freshly cleaved mica, incubated for a
period of time, then rinsed to remove unruptured or loosely bound lipid.
Peptide of synthetic or natural origin may be added to the liposomes for
incubation prior to deposition onto the solid-state surface, or to a pre-
formed supported bilayer, or a hybrid approach is also possible. In all
experiments, mica is the surface of choice because when freshly cleaved,
it is clean, atomically flat over large areas, and highly hydrophilic. There
are other commonly employed surfaces in biological AFM such as glass,
but this often contains pits that are topographically similar to features
formed by pore-forming peptides [43].

For a solution-based peptide addition (Fig. 3A), a liposome stock is
diluted in imaging buffer that approximates physiological conditions
(typically, 10 mM Hepes, 150 mM NaCl, pH 7.5). Peptide is added to the
lipid solution and incubated to deliver a specific P:L (typically, 1:100).
The liposome-peptide solution is mixed manually with a pipette to
ensure uniform diffusion of the peptide. A volume (typically, 75 pL) of
the liposome-peptide mixture is then deposited onto freshly cleaved
mica. During a surface incubation time of about 10 min at room
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temperature, bilayers are formed through vesicle fusion [39]. The
sample is then rinsed by exchanging 75 pL of imaging buffer with a
pipette tip 5 times.

An alternative method consists in adding peptide after the bilayer
has formed on the surface (Fig. 3B). In this method, bilayers are formed
by absorbing liposomes to freshly cleaved mica for about 15 min. The
sample is then rinsed with the imaging buffer and can also be imaged at
this stage to characterize the bare lipid. At a later time, peptide is added
to the preformed bilayer and incubated. The sample is imaged with or
without additional rinsing, as desired.

In some cases, we have also found useful a hybrid incubation method
which was inspired by sample preparation protocols developed for
nucleic acid imaging [44]. Here peptide is added during the SLB for-
mation process (Fig. 3C). Under certain conditions (i.e., ionic strength,
pH, different protein and lipid species, etc.) free peptides can compete
successfully with liposomes for binding the supporting surface and thus
interfere with bilayer spreading. This method was developed in effort to
push such systems in favor of SLB formation rather than coverage of the
mica surface with peptide. For hybrid incubation, liposomes are
deposited on freshly cleaved mica. A short time (<5 min) thereafter
peptide is added to the sample. The sample is then incubated ~ 15 min.
To ensure uniform diffusion of the peptide, the solution is mixed halfway
through this incubation by inserting a pipette tip into the droplet above
the surface and depressing and releasing the pipette several times. Then
the sample is rinsed in the same manner as the other methods and
imaged.

2.2. Imaging

2.2.1. General considerations

When imaging lipid bilayer remodeling, perturbations of the system
emanating from the AFM probe tip must be minimized. We typically
image using a commercial AFM apparatus (Asylum Research, Cypher) in
amplitude modulated intermittent contact (also known as tapping)
mode. Careful monitoring of the feedback parameters is critical to
minimize the force imparted on the sample (<100 pN). Since hydro-
dynamic and thermal perturbations can destabilize measurements per-
formed in fluid, the resonant frequency and amplitude should be
checked frequently throughout imaging. It should be noted that though
the AFM is capable of imaging individual integral and peripheral
membrane proteins, such as central components of the protein export
machinery of E. coli [16], it is currently not possible to image individual
peptides bound to fluid lipid bilayers due to their rapid lateral diffusion
[11]. Owing to similarity in size, one may expect a small polypeptide
chain to diffuse at a rate similar to that of the lipid to which it is bound. A

50A

-50A

Fig. 2. Neighboring lipid bilayer patches exhibit different stages of remodeling. Upper and lower DOPC lipid patches are identified, separated by a small distance
(~150 nm). Though both patches are subject to the same concentration of BaxE5 they behave quite differently. In particular, the upper patch is only beginning to
exhibit pore-like voids at 310 s, whereas the lower patch is completely disrupted. The scale bar is 100 nm. Data adapted from ref [7].
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Fig. 3. Cartoons depicting different sample preparation methods. (A) In a solution-based method, the peptide and liposomes are incubated together in an Eppendorf
tube prior to deposition onto a clean flat surface. After surface incubation, the sample is rinsed and imaged. Pores are drawn as circular defects in liposomes and
surface supported bilayers. (B) Surface-based incubation method where bare liposomes form a supported lipid bilayer. Peptides are then added to the preformed
bilayer, incubated, rinsed and imaged. (C) Hybrid method in which liposomes are deposited on the surface first. After a short time, peptide is added. Finally, the

sample is incubated, rinsed, and imaged.

recent SLB study tracked the lateral motion of individual DOPC mole-
cules in the surface-distal leaflet and extracted a diffusion constant >4
pm?/s at room temperature [45]. Hence, the lipid bilayer remodeling
structures that are visualized via AFM (i.e., topographical features that
are stable on the timescale of current imaging technology) are likely due
to the action of several individual peptides.

2.2.2. Spatial resolution

Spatial resolution is a fundamental factor in any microscopy method.
This is especially true when characterizing small (~10 A) pore-like voids
in fluid lipid bilayers. Indeed, this dimension is smaller than the effective
radius of the tip (typically, R, ~ 80 A) employed by many researchers.
Images should be taken with a small pixel size (or step size), px. Ideally,
Px < Ryjp, as this will increase precision in measurements of structural
properties. AFM images are a convolution of the tip geometry with in-
dividual surface features. Resolution is limited by the probe geometry
and can also depend on user input parameters. Many AFM tips, including
those used in the studies reported here (Olympus biolever mini: Ry, ~
80 A, cone angle ~17.5°) cannot translocate through the entire thick-
ness of a small peptide-induced membrane pore. We note that the

biolever mini represents a compromise between tip sharpness and other
cantilever attributes (geometry/dimensions, effective mass, stiffness)
which influence force control and measurement bandwidth in fluid.
Because tips are not infinitely sharp, as pore radius decreases, the
amount of the pore accessible to the tip also decreases. These effects are
simulated in Fig. 4 and discussed in Section 3.3.1.

2.2.3. Temporal resolution

Time resolution is another important aspect of AFM imaging
[28,29,46,47]. Collecting a series of images of a single area allows
observation of dynamics in the lipid remodeling behavior. For example,
Fig. 5A displays a series of images of BaxE5 induced poration in a DOPC
bilayer at acidic pH ”. This peptide was derived from Bax, a protein that
is known to disrupt the mitochondrial outer membrane [48]. The series
of images show dynamics of a single pore-like feature undergoing
conformational changes over 420 s. To further increase time resolution,
high speed AFM imaging technology can be employed [17,47]. Alter-
natively, the slow scan axis of a conventional AFM can be disabled to
capture kymographs. These are one dimensional line scans over a single
feature in time (neglecting the effects of tip/sample drift). Depending on
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Fig. 4. Simulated AFM images of pores and comparison to experimental data. Simulated images are generated as a convolution of a cylindrical pore structure and an
assumed AFM tip geometry. (A) Images simulated from pores of increasing radii (indicated in the upper left corner of each panel). The pore depth was held constant
at 40 A, characteristic of the lipid bilayer thickness. The tip geometry was approximated as a cone (angle § = 17.5) truncated with a sphere of radius 80 A, sketched in
panel (G, left). The lateral scale bar in the first image is 50 A and applies to all images. (B) Line scans (color coded by pore radius) through the center of each simulated
pore are plotted showing the profile of each pore. Note, the tip reaches the bottom of the lower bilayer leaflet only for pores exhibiting radii >70 A. (C, right) In an
alternative tip geometry, a smaller, overlapping hemisphere of radius 40 A is added to the tip apex. (D) Three pores simulated with this alternative tip geometry. Line
scans through these pores are overlaid in panel B, dashed. (E) A 2D smoothed histogram showing pore depth versus pore area for experimental data of the peptide
pHD108 with POPC [28]. The probability density is shown in grayscale and is normalized to unity when the ordinate and abscissa are plotted in MKS units.
Simulation results (squares) show that the small hemispherical tip modification (red) increases the accuracy of the simulated images. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

the scan rate, this can push topographical measurements into the
millisecond regime. An example of a kymograph for pore-like features
formed by the pHD108 peptide in a POPC bilayer at acidic pH is shown
in Fig. 5B [28]. This peptide was synthetically evolved from melittin to
disrupt membranes under acidic conditions at low concentration [49].
Variations from line to line show significant changes in pore depth and
radius on a <500 ms timescale (320 ms per line).

2.2.4. Statistical weight of a data set

Large scale imaging increases the statistical weight of the dataset and
provides a more accurate picture of ensemble behavior. Qualitatively,
lipid bilayer remodeling trends should be reproducible in day-to-day
measurements. There are also quantitative methods to check the sta-
tistical relevance of image data. A method commonly used in statistical
inference is bootstrapping, in which a so-called “bootstrapped” data set
is created from the original set by deleting points and replacing them
with resampled points [50]. Comparison of certain statistical metrics
(such as mean, median, skewness, etc.) or analyzing the distribution of
these metrics for a large number of bootstrapped datasets allows unbi-
ased judgement as to whether enough data has been gathered to accu-
rately represent the behavior of the system [51].

2.2.5. Artifacts
Geometric and/or chemical properties of the tip apex can change

during imaging, leading to artifacts including double imaging or shad-
owing [42]. This occurs frequently if there is loosely adsorbed material
available to bind to the tip during imaging. Though minimized by
rinsing, one has to be constantly on the lookout for such artifacts and
clean or change the tip when necessary. We typically clean tips via
alternated rinsing in ethanol followed by milli-Q water from squirt
bottles, then blowing dry using ultrapure nitrogen. Additionally, an
oxygen plasma apparatus (Harrick Plasma, PDC-001) can be used to
remove carbonaceous material from the tip.

2.3. Verifying the presence of a lipid bilayer

A fundamental requirement to study peptide-induced lipid bilayer
remodeling is to ensure that a supported lipid bilayer is present in the
region of interest of the sample. Conveniently, in the case of pore-
forming peptides under appropriate conditions, the remodeling itself
is evidence of the lipid bilayer. Methods to verify the presence of a
bilayer are only necessary when trouble shooting, for example, if no
remodeling behavior is observed, or when carrying out control experi-
ments in which only lipid is present.

Several AFM-based methods can be employed for bilayer verifica-
tion. The first and most straightforward is to locate the edge of a bilayer
patch in an AFM image. The topographical height of a lipid bilayer is
typically 4-5 nm [52]. However, in some cases, the bilayer spreads
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Fig. 5. (A) A series of images of a single BaxE5 pore showing structural changes over time. Hessian blob analysis of each image yields measurements of radius and
depth, displayed below the image. Data adapted from ref [7]. Panel B is an example of a kymograph of an individual pHD108 pore, with position on the x-axis and
time on the y-axis. The width and depth of the pore vary significantly from line to line, which were acquired at 320 ms intervals. The pore appears to briefly disappear

halfway up the kymograph, then reappear. Data adapted from ref [28].

completely, leaving no patches or edges to measure. Comparing AFM-
measured surface roughness with and without lipid is one method to
verify its existence in such cases; however, this metric is dependent on
tip geometry and imaging parameters. Hence these measurements have
to be performed with the same exact tip and performed with care [43].
Analysis of force-distance curves in lipid bilayer rupture measurements
provides another method to demonstrate a supported lipid bilayer
[53,54]. However, large forces are usually required (>1 nN) to generate
lipid breakthrough events. Such high forces can also break covalent
bonds [55] leading to irreversible tip damage and lipid or other
contamination on the tip. In addition to AFM, optical methods can be
used to verify the presence of lipid bilayers over large length scales, but
these techniques generally require the addition of fluorophores [56,57].
Some advanced optical techniques do not require labeling and hence are
natural complements to AFM measurements [58,59].

2.4. Colocalization of membrane remodeling modes

Peptide-induced pore formation has been shown to be affected by a
number of factors, such as incubation time, peptide-to-lipid molar ratio,
lipid species, and the pH of the environment [26-28]. All of these factors
can be investigated in a bulk biochemical manner; however, AFM im-
aging offers unique visualization that can discriminate between
remodeling modes and determine if they are colocalized on the bilayer.

Figs. 1 & 7 illustrate distinct pore-like voids and other lipid bilayer
remodeling modes. The images of MelP5, a peptide synthetically
evolved from melittin to form large and stable pores at low concentra-
tion in zwitterionic lipid [60], with POPC (Fig. 1A & B and Fig. 7) unveil
interesting aspects that are likely related to the pore-forming mechanism
[27]. Atlow P:L (Fig. 1A and Fig. 7) punctate pore-like voids were found

to co-localize with thinned areas of the membrane, consistent with a
two-step pore-formation process dependent on local peptide concen-
tration [61]. For this system, AFM imaging shed light on phenomena
accompanying membrane poration that would be challenging if not
impossible to observe using other methods. At a higher P:L value
(Fig. 1B), larger scale linear features or trenches were observed, possibly
resulting from coalescing of several pore-like voids.

2.5. Imaging in acidic conditions

Lipid bilayer remodeling emanating from pH-dependent peptides
must be studied in a carefully controlled environment. Many pH-
dependent peptides are designed to be activated in acidic conditions
[1,7,28,62] and many commercial AFM tools are capable of operating in
low pH environments. Fig. 1C & D shows lipid bilayer remodeling by a
pH-dependent peptide derived from melittin, pHD108, at two P:L values
[28]. Here, the peptide was incubated with POPC lipid using the
solution-based incubation method (Fig. 3A) in a pH 4.0 buffer. An
approximately 25% increase in the peptide concentration resulted in a
significant increase in the number of pore-like voids per unit area
(compare Fig. 1C and 1D). These results highlight the significant role
that the P:L can play in the remodeling behavior. That said, defining the
P:L during an AFM experiment with much precision is challenging
(discussed in Section 2.1.2). Additionally we note that varying pH
throughout the course of an AFM imaging session can be challenging due
to interfacial hydrodynamics. No slip boundary conditions limit fluid
flow at or very near surfaces [63].
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2.6. Control experiments

Control experiments add to the broad picture of AFM imaging data
and can reinforce validity of the conclusions. Controls can include
studying the individual components of the peptide-lipid system in
nominally identical conditions. For example, in low-pH studies, the bare
lipid membrane should be characterized under the same acidic condi-
tions for comparison to the peptide-lipid sample. Imaging peptide
without lipid can also give insights into the initial steps of the membrane
disruption process. Such measurements can potentially be used to
evaluate peptide oligomerization or aggregation in solution prior to any
membrane interactions.

3. Analysis of AFM image data
3.1. Region of interest detection

Images of membrane remodeling can be analyzed using a variety of
particle-detection algorithms. In the King Lab, we have used both
traditional height-thresholds and the newly introduced Hessian blob
detection algorithm [64]. There are benefits and drawbacks to each of
these methods, which will be described.

A traditional particle detection method utilizes a height threshold set
at a user specified background level. Any features with heights either
above or below this background limit are isolated as regions of interest.
Pixels from these regions are extracted and used for further analysis.
Creating a histogram of pixel values yields a distribution of depths for
pore-like features. Footprint area is another valuable parameter to
analyze. While the height thresholding method may be able to define a
pore perimeter close to the pore edge, it is sensitive to user input and
requires a high amount of preprocessing. Minimizing user input bias in
data analysis is key to achieve an objective interpretation. Furthermore,
when processing large quantities of data for statistical analyses, the
requirement of user input becomes increasingly time consuming.

The Hessian blob algorithm (described in detail elsewhere [64]) is a
particle detection software that does not necessitate a large amount of
preprocessing or user input. Briefly, the algorithm automatically detects
individual point-like features or particles within an image and then
precisely defines particle perimeters using a method from differential
geometry. One potential drawback of this method is the slight under-
estimation of footprint area due to a feature perimeter defined using
Gaussian curvature. However, this is a systemic error that can be
quantified, e.g., through simulations. We note that even if left uncor-
rected, the relative difference between footprint area populations should
remain accurate.

3.2. Statistical data interpretation

Once features of interest such as pore-like voids or membrane-
thinned regions have been extracted from image data, populations can
be identified and separated by fitting histograms with a summation of
model distributions (e.g., Gaussians). In general, increasing the number
of distributions increases the accuracy of the fit. How does one know
when to stop adding additional distributions? Doing so in an unbiased
manner requires some penalty for overfitting. Several criteria have been
developed for the purpose of model selection. Here, we use the Bayesian
information criterion (BIC) to penalize overfitting and optimize the
number of model distributions needed for a given histogram of interest,
such as a pore area distribution. The BIC for a model is given by

BIC = Klnn —2In (Z)

Where, k is the number of free parameters in the model, n is the

number of points in the data set being fitted, and L is the maximized
likelihood function for the fitted model [65]. Note that k will scale with
the number of model distributions (e.g., Gaussians) added. As a specific
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example of this method, Fig. 6 shows an area histogram fitted with N
Gaussian distributions for pore-like features formed by the peptide
Candidalysin in a DOPC membrane. BICs are computed for the sum-
mations of N Gaussian distributions. The minimum BIC in the plot
(Fig. 6B) gives the optimal number of distributions to use when fitting
the histogram, in this case, N = 2 (Fig. 6A). In this way the number of
distinct populations of pore-like voids can be determined in a statisti-
cally robust and unbiased method.

3.3. Challenges of demonstrating bona fide transmembrane pores via
AFM

In an AFM image, transmembrane pores appear as highly localized
voids in the membrane. However, many pores have radii smaller than
the effective radius of the apex of the AFM tip itself. Despite this
complication, pore-like features can be distinguished based on footprint
area. For example, in Fig. 6 Bayesian model-selection was used to
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Fig. 6. Bayesian information criterion provides unbiased modeling by pre-
venting overfitting. A model is selected and fitted to the smoothed area histo-
gram of N = 601 pores formed by the peptide Candidalysin in DOPC using BIC
analysis. (A) Two Gaussian distributions are fitted to the area histogram based
on a minimized BIC calculation. The peak position and weight (calculated from
the area under each curve) of each distribution are also displayed. The prob-
ability density is normalized to unity when plotted in MKS units. (B) BICs are
plotted for N Gaussian distributions, revealing a minimum at N = 2.
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Fig. 7. Discriminating membrane-thinned regions from pore-like voids. (A & B)
Membrane-thinned regions show significant topographical changes in sequen-
tial images of MelP5 remodeling POPC. A relatively static pore-like void (dashed
circle) is observed in the center of both images. A dilated mask (magenta con-
tour) guides the eye in delineating the boundary between membrane-thinned
and topographically higher regions. A few pixels are left out of the masked
region due to dilation. The time dependence of this boundary in A & B is
highlighted (C & D, respectively). Here membrane-thinned regions are purple,
topographically higher regions are black. The lateral scale bar shown in A is 10
nm and applies to all panels. (E) Integrated area histograms for pore-like fea-
tures (N = 572, black) and the thinned regions (N = 710, purple). Inset: Detailed
view highlights differences between the two populations. Data adapted from ref
[27]. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

separate populations with peak positions at 4228 A2 and 12,390 A2, If
these features are assumed to be circular, the radii of these peak posi-
tions are 37 A and 63 A, respectively, both less than the nominal tip
radius (~80 A). Due to convolution of tip geometry with the membrane
topography, artificially shallow depths are expected. Additionally, one
would expect that these depths scale with the radius of the pore, as
shown in simulated AFM images and experimental pHD108 data
(Fig. 4).

3.3.1. Depth versus radius analysis
The close connection between AFM-measured depth and feature
radius has been observed experimentally and can provide evidence of
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bona fide transmembrane pores. Simulated images show the dependence
of AFM-measured pore depth on the radius of the pore and on the shape
of the AFM tip apex. Simulations are calculated as a morphological
dilation of an assumed pore geometry and tip geometry [16,18]. In
Fig. 4, the tip is first modeled as a cone truncated to a single hemi-
spherical endcap (radius = 80 A, cone angle = 17.5). This is the nominal
geometry of the tip apex supplied by the manufacturer (Olympus, Bio-
lever mini). The membrane and pore are modeled as a plane with a
cylindrical through-hole. The radius of the simulated pore is varied
between 10 A and 90 A with a step size of 10 A (Fig. 4A). The pore depth
is kept constant at 40 A, transecting the lipid bilayer in a rectilinear
fashion. The solid lines in Fig. 4B show line scans through the center of
each simulated image (color coded by pore radius). Each line scan shows
a profile of the convolved pore and shows the relationship between pore
radius and the AFM-measured depth, based on the assumed tip geome-
try. As the pore radius decreases, so too does the AFM-measured depth.

Better agreement between simulations and experiments can be ach-
ieved by assuming a sharper tip than nominal dimensions, which tend to
be conservative. In an alternative tip geometry, a smaller hemisphere
(radius = 40 A) is added to the nominal tip apex such that it overlaps the
larger hemispherical endcap (radius = 80 A). The geometry of this
alternative tip is drawn next to the nominal tip (Fig. 4C). Three simu-
lated AFM images of pores (radii: 20, 50, and 80 10\, respectively) are
shown using this alternative tip geometry (Fig. 4D). Line scans through
these three pores are overlaid (Fig. 4B, dashed) and can be compared to
those of the same size pores with the nominal tip geometry. A bivariate
smoothed histogram showing experimentally measured pore depth
versus pore area for the pHD108 peptide with POPC imaged at pH 4 is
also shown (Fig. 4E) [28]. Simulation data are overlaid as squares on the
experimental data. The results indicate that the alternative tip geometry
(red squares) increases the accuracy of the simulations compared to the
nominal tip geometry (white squares). More generally, the overall
agreement between experimental data and simulations implies that the
geometrical metrics extracted from the experimental AFM images are
limited by tip geometry. Many features appear as sharp as the tip itself.
Such highly localized voids in the bilayer are likely to be pores.

3.3.2. Differential mobility of remodeling modes

Studying the lateral mobility of topographic features identified on a
lipid bilayer surface can be used to discriminate between distinct
remodeling modes and can provide further evidence of pores. By defi-
nition, a transmembrane pore penetrates both the upper and lower
bilayer leaflets. During AFM imaging, the lower bilayer leaflet is in close
proximity (~10 A [66,67]) to the solid-state supporting surface. This
proximity suppresses diffusion of lipid molecules in the surface-proximal
leaflet substantially more than lipids in the surface-distal leaflet [45,68].
Hence, a bona fide pore would experience greater drag force due to its
direct coupling with the surface-proximal leaflet. On the other hand,
non-transmembrane features accessible to the AFM tip would not be
strongly coupled to the surface-proximal leaflet. As a consequence, one
would expect non-transmembrane features to exhibit more lateral mo-
tion per unit time than pores. To demonstrate this we compared dy-
namics of membrane-thinned regions to pore-like features generated in
supported POPC bilayers exposed to MelP5. The results show that the
distinct membrane remodeling modes exhibit different lateral mobilities
(Fig. 7A-D). In particular, significant topographical changes of the
membrane thinned region were apparent whereas the pore-like void was
much more stable. The areal extent of the membrane-thinned region
increased by 30% on the 180 s timescale shown in Fig. 7. Taken together,
these observations with POPC and MelP5 are consistent with the as-
sertions that (i) the membrane thinned regions do not penetrate into the
surface proximal leaflet and that (ii) the pore-like voids are indeed
transmembrane pores.

3.3.3. Footprint area analysis
A challenge is to distinguish between a pore, a thinned area of the
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membrane, and a lipid defect caused when bilayer coverage is inter-
rupted. A defining feature of a pore is that it is small, usually exhibiting
radii less than the nominal tip radius. Additionally, one may expect
pores to exhibit specific structures corresponding to minima in a com-
plex energy landscape. Hence, when analyzed statistically, pores of a
specific structure should have a very narrow distribution of footprint
area. In contrast, membrane-thinned regions can often come about from
peptides that are bound to the membrane with their long axis oriented
parallel to the membrane surface [61]. Due to a lack of underlying
structure, membrane-thinned regions as well as lipid bilayer defects
should exhibit a broad array of footprint areas. For example, N = 710
thinned regions of the POPC were delineated algorithmically from a
series of images of MelP5 remodeling, as were N = 572 pore-like voids
[27]. Integrated area histograms of both populations were compiled and
plotted (Fig. 7E). For pore-like voids, the integral saturated to unity
quickly. This indicates that the majority of footprint areas are localized
into a well-defined peak. However, for the membrane-thinned regions,
the integral did not reach unity nearly as rapidly, owing to a lack of
underlying structure. Additionally, for each image there was on average
59 membrane-thinned features that accounted for 37% of the total area
of the image. Concurrently there were 190 pore-like voids that
accounted for only 3% of the total area of the image. The membrane-
thinned regions were therefore substantially larger than the pore-like
voids.

Taken together, these observations provide additional evidence that
the highly localized pore-like voids identified in MelP5 are likely to be
bona fide transmembrane pores. At the same time, the membrane-
thinned regions exhibited a broad area distribution with no well-
defined peak in the histogram. This is a good indication that there is
no underlying structure; hence, membrane thinned features are not
likely to be pores.

3.3.4. Corroboration with other techniques

Like many experimental approaches, AFM analysis is most powerful
when combined with other techniques. Agreement between indepen-
dent lines of inquiry provides further confidence in the identification of
transmembrane pores and in their overall structural characterization. A
variety of functional assays can be performed side-by-side with AFM
imaging. For example, leakage experiments are a common bulk mea-
surement that can verify the presence of transmembrane pores or large
membrane defects [1]. By varying the size of the molecules used in
leakage assays, the method can also provide insight into the pore radius
and the results can be compared to AFM measurements [27,28].

4. Conclusion and outlook

In its applications to biomolecules, the atomic force microscope has
proven to be a powerful tool in characterization of structure and dy-
namics. Its ability to directly visualize biological systems in fluid at a
single molecule level gives insight into heterogeneity, asynchronous
behavior, and structural changes that would be difficult or impossible to
resolve otherwise. Our group has utilized this ability to study pore-
forming peptides in a planar lipid bilayer environment.

In this work we presented an overview of methodology used to
achieve high precision AFM data on membrane-peptide samples. We
discussed optimizing imaging conditions through careful sample prep-
aration, control of imaging parameters, and awareness of artifacts.
Additionally, we presented analysis methods that reduce user bias and
characterized remodeling modes in a robust statistical manner. Tip-
geometry constraints on AFM images give rise to shallow pores with
depths smaller than the thickness of a lipid bilayer. This makes it chal-
lenging to unambiguously identify pores in AFM images. Several
methods were presented to increase confidence in discriminating be-
tween transmembrane pores, membrane defects and membrane-thinned
regions.

Technical advances on the horizon could improve data quality.
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Advanced lithographic methods including ice lithography [69,70] could
improve spatial resolution by enabling precise control over AFM tip apex
geometry and chemical species. Advancements in AFM time resolution
will allow observation of pore evolution on increasingly short time-
scales. The effective mass and cross-sectional area of commercial AFM
tips can be modified and fine-tuned using focused ion beam milling to
reduce mechanical response times in fluid [15,71]. One of the unique
benefits of single molecule investigations is that they can be combined to
address the same system at the same moment in time. For example,
single channel recording can potentially be performed simultaneously
with AFM imaging of pore forming peptides at work. Reduction of ionic
current passing through the membrane while the tip passes over a pore-
like feature could unambiguously identify that feature as a trans-
membrane pore, as has been shown with solid state nanopores [72]. We
think that it is fair to conclude that AFM has a bright future for
improving understanding of peptide-induced lipid bilayer remodeling.
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