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ABSTRACT: Physical interactions between polypeptide chains and
lipid membranes underlie critical cellular processes. Yet, despite
fundamental importance, key mechanistic aspects of these
interactions remain elusive. Bulk experiments have revealed a linear
relationship between free energy and peptide chain length in a
model system, but does this linearity extend to the interaction
strength and to the kinetics of lipid binding? To address these
questions, we utilized a combination of coarse-grained molecular
dynamics (CG MD) simulations, analytical modeling, and atomic
force microscopy (AFM)-based single molecule force spectroscopy.
Following previous bulk experiments, we focused on interactions
between short hydrophobic peptides (WLn, n = 1, ..., 5) with 1-
palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) bilayers, a
simple system that probes peptide primary structure effects. Potentials of mean force extracted from CG MD recapitulated the
linearity of free energy with the chain length. Simulation results were quantitatively connected to bulk biochemical experiments via a
single scaling factor of order unity, corroborating the methodology. Additionally, CG MD revealed an increase in the distance to the
transition state, a result that weakens the dependence of the dissociation force on the peptide chain length. AFM experiments
elucidated rupture force distributions and, through modeling, intrinsic dissociation rates. Taken together, the analysis indicates a
rupture force plateau in the WLn−POPC system, suggesting that the final rupture event involves the last 2 or 3 residues. In contrast,
the linear dependence on chain length was preserved in the intrinsic dissociation rate. This study advances the understanding of
peptide−lipid interactions and provides potentially useful insights for the design of peptides with tailored membrane-interacting
properties.

■ INTRODUCTION
Protein−lipid interactions are fundamental in biology.1−5 A
number of experimental and theoretical techniques have been
employed to shed light on these interactions which underlie
critical cellular processes and result from a variety of forces
including hydrophobic and electrostatic.6−8 A robust param-
eter that can be extracted from bulk biochemical assays is the
bilayer-to-solution free energy of transfer, ΔG. Seminal work in
the field9 has shown that ΔG increases linearly with peptide
chain length for WLn (n = 1, ..., 5) and POPC, a model system
that avoids the complexity of peptide secondary structure
formation upon lipid binding. Notwithstanding its importance,
free energy is an equilibrium thermodynamic quantity that
does not reveal much in terms of mechanistic details at the
molecular level. As a result, basic aspects of peptide−lipid
interactions, including interaction strength and dissociation
kinetics, remain poorly understood.
Computer simulations can provide molecular level mecha-

nistic details that are not accessible to bulk experiments. For
example, molecular dynamics (MD) simulations of pentapep-

tides have aided in interpreting the thermodynamic data that
comprises the interfacial hydrophobicity scale developed by
Wimley and White.9−12 One-dimensional free energy profiles,
known as the potential of mean force (PMF), have been
calculated for side chains of amino acids and short peptides
embedded in lipid bilayers.13−21 Meaningful parameters such
as the activation energy (energy barrier height, U0) and
activation length (x0) can be extracted from this computational
method (Figure 1a); however, most investigations have been
limited to extracting single PMFs which may not capture the
full range of dissociation pathways for peptide−lipid systems.
Coarse grain molecular dynamics (CG MD) simulations have
proven effective at simulating complex biophysical interac-
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tions�such as membrane pore formation,22 interactions of
peripheral membrane and transmembrane proteins,23 and
protein ligand binding24�while increasing simulation speed
by up to 3 orders of magnitude.25 The method can provide
multiple PMFs per system without undue computational time
and is well suited for short peptide chains which do not fold or
assume a secondary structure upon binding the membrane.
Mechanistic insights can also be garnered from precise

experimental measurements of individual biomolecular inter-
actions. Among single molecule methods, atomic force
microscopy (AFM)-based force spectroscopy is well suited
for investigations of membrane proteins. Many studies have
addressed large membrane protein assemblies, such as
bacteriorhodopsin, that are embedded in stable, close-packed
arrays.26−28 Intra- and interprotein interactions are at play in
such systems; hence, protein−lipid interactions may not be
pronounced. Polypeptide interactions with lipid bilayers under
highly dilute conditions have been reported by several
groups.29−31 Experimental rupture force distributions, P(F),
generated from repeated approach/retraction experiments
revealed that even short peptides (∼10 amino acid residues)
can display complex behavior when dissociating from lipid
membranes. The interactions have been modeled as diffusive
escape over a free energy barrier,32−35 linking the force data to

kinetics and requiring complex stochastic models for accurate
representation.36−38

Here we apply CG MD simulations in conjunction with
AFM-based single molecule force spectroscopy to study WLn
(with n = 1, ..., 5) interacting with POPC bilayers. In this
system tryptophan (W) effectively anchors the peptide to the
bilayer interface and the n leucine (L) residues, which are also
hydrophobic, readily penetrate into the lipid bilayer.13,16,39

This is the same peptide−lipid system utilized by Wimley and
White to demonstrate a linear increase in free energy of
transfer with leucine number.9,11 Hence, the system allows
quantitative benchmarking to the bulk experimental results.
With this work, we sought to characterize the contributions of
additional amino acid residues in a peptide chain and thus to
quantitatively evaluate the notion of additivity as it pertains to
peptide−lipid bilayer interaction strength and dissociation
kinetics at the single-molecule level.

■ RESULTS AND DISCUSSION
Membrane Penetration of Individual WLn Residues.

We used 5 μs long free CG MD simulations to study the
partitioning of WLn into a POPC bilayer (see the Experimental
Section for details). In each of the previously equilibrated
WLn−POPC (n = 1, ..., 5) systems, the peptide was placed in
the solution at a distance of 1.5 nm above the surface of the
bilayer. As expected, within the first 0.5 μs, the peptide
partitioned in the membrane. Thus, the last 4.5 μs of the CG
MD trajectory was used for the data analysis. The distributions
of the membrane penetration depth of individual WLn residues,
shown in Figure 2, provide insight into the conformational
dynamics of the partitioned peptide. In Figure 2, the residues
are color coded, and each panel refers to a single peptide,
starting with WL1 and ending with WL5. The plots represent
the distribution function, P(zres), of the position of the
backbone bead of individual residues, zres, with respect to the
membrane surface (defined as the plane of the phosphate
beads).
All penetration depth distributions are approximately

unimodal with similar broadening, as expected for highly
mobile, unstructured short peptides. Noticeably, in all WLn−
POPC systems, the terminal W residue has the same mean
penetration zW ≈ −2 Å, located just below the membrane
surface. This observation is consistent with previous
experimental and computational findings.9,10,13,16,40−43

In all systems, interior L residues exhibit very similar P(zres)
with peak positions at zres ≈ −3.5 Å, suggesting that these
residues do not go deep into the hydrophobic core of the
POPC bilayer. In each system, out of all L residues, the
terminal L (which carries a charge) is situated the closest to
the surface of the bilayer, with a mean penetration depth
similar to that of W, i.e., −2 Å, as shown (Figure 2, black).
Thus, the two terminal residues provide a snorkeling
conformation10,18 to WLn that helps to stabilize it within the
POPC bilayer.

Conformational Dynamics of WLn during Forced
Detachment. To mimic the single-molecule forced detach-
ment experiments in which the peptide (tethered to the tip of
the AFM cantilever through the terminal W residue) is
repeatedly retracted from the surface of the membrane, we
used a series of CG steered molecular dynamics (SMD) and
equilibrium umbrella sampling (US) simulations that are
described in the Experimental Section. Unlike the AFM
experiments and the previously described free CG MD

Figure 1. Overview of peptide−lipid dissociation. (a) Forced
dissociation of a peptide from a bilayer is modeled as stochastic
crossing of a single free energy barrier. The model parameters:
activation energy (U0), activation length (x0), intrinsic dissociation
rate (k0), and membrane partitioning free energy (ΔG) are shown.
The reaction coordinate, zW, is defined as the normal distance from
the membrane surface to the W residue. The experimental observable
is force, F, drawn in red. (b) Cartoon of the AFM-based force
spectroscopy experiment. (c) Experimental data for WL3 and POPC.
Forced dissociation (rupture) events are marked by a sudden decrease
in the force.
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simulations, these CG SMD and CG US simulations can
provide insight into the order in which the L residues in WLn
detach from the POPC bilayer as W is gradually pulled into the
solution along the reaction coordinate, zW. The CG US
simulation results are shown in Figure 3, where the mean
positions, zres (measured from the surface of the bilayer, z = 0),
of the L residues are plotted as a function of zW for each WLn
peptide. The plots in Figure 3 suggest that (i) in the

membrane-partitioned (zW < 0) system, the charged terminal L
is located closer to the membrane surface than any of the
interior L residues; (ii) as W is pulled out of the membrane
(zW > 0), the L residues exit the membrane sequentially,
starting with L1, which is the closest to W; however, (iii) at the
very end, for n > 2 (n = 2) the last three (two) L residues leave
the surface of the membrane simultaneously. This last

Figure 2. Simulations of penetration depth, zres, distributions, P(zres),
of individual residues in WLn (n = 1, ..., 5) partitioned in a POPC
bilayer via free CG MD. The shaded gray regions indicate the bilayer
interior. The residues are color coded, and their penetration depth
distributions are grouped by WLn peptide, with terminal residues
shown in solid lines and interior residues shown as dashed lines. The
positions of the residue beads in the cartoons of the individual
peptides correspond to their most likely penetration depths.

Figure 3. CG US simulation results. Mean position, zres, of individual
residues from the surface of the bilayer within each simulated US
window as a function of the corresponding target zW value, for each
WLn peptide. The gray regions represent the interior of the bilayer.
The thin-dashed line shows the locally deformed membrane surface
(region defined by the phosphates located within a 12 Å radius
around the center of mass of the peptide).
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observation suggests that the characteristic dissociation force,
at least for the peptides considered here, depends only weakly
on the length of the peptide.
Furthermore, the CG US simulation results show the

peptide−lipid interaction led to only a slight (≲2 Å)
puckering-like local deformation of the membrane surface
(thin-dashed lines in Figure 3) in the proximity of the peptide.
In all cases, when the peptide is partitioned (detaching) from
the POPC bilayer, these local deformations manifest as a subtle
depression (bulging) of the membrane surface.
Potential of Mean Force (PMF). The PMF, U(zW),

represents the free energy profile along the reaction coordinate,
zW, and plays an important role in the quantitative character-
ization of peptide−lipid interactions. As described in the
Experimental Section, for each of the five systems, we
reconstructed Ns = 52 PMFs by employing CG US simulations
combined with WHAM.44 Each set of Ns PMFs, corresponding
to initial locations of the peptides distributed uniformly
throughout the plane of the membrane patch, are plotted in
Figure 4 (thin lines). They are all similar and have a simple

structure with a minimum (bound state) and a maximum
(transition state), characterized by a free energy barrier
(activation energy, U0) and spatial separation (activation
length, x0). It appears that for all systems the bound state is
located around zW ≈ −2.5 Å (see also Figure S1), which is
consistent with the mean equilibrium position of the W residue
in the free CG MD simulations shown in Figure 2.

Furthermore, because the distribution functions of U0 and x0
are highly peaked and approximately unimodal (see Figure 4),
one may conclude that for each WLn peptide the dissociation
from the POPC bilayer takes place along a single energetic
pathway defined by the mean PMF (thick curves in Figure 4).
The corresponding U0 and x0 values (mean and standard
deviation) are listed in Table 1. It should be noted that the

values for both U0 and x0 increase with the peptide length, n. In
fact, as shown in Figure 5, U0 increases linearly with n, similarly

to the corresponding free energy of transfer, ΔG, measured in
bulk thermodynamic experiments.9 Interestingly, by rescaling
the activation energies, Ũ0 = U0/α, with the same α ≈ 1.7,
these match closely the experimental ΔG (see Figure 5).
Therefore, for subsequent numerical calculations, we have used
the rescaled Ũ0 instead of U0.
Moreover, the PMFs can be used to estimate the

characteristic dissociation force, Fd, of the WLn peptides
from the POPC bilayer. Indeed, one can approximate Fd by (1)
F0 = Ũ0/x0 and (2) F̅ = |⟨dŨ0(zW)/dzW⟩|, where the average is
calculated for zW between the bound and transition states (see
also Figure S2). The results for Fd are listed in Table 1, and the
values are in the range of 20−30 pN, which are comparable
with values reported for similar peptides interacting with lipid
membranes.36−38,45,46 Furthermore, because both U0 and x0

Figure 4. Left column: Ensemble of Ns = 52 PMFs, U(zW), for each
WLn interacting with a POPC lipid bilayer. The mean PMFs are
shown as thick curves. Dashed horizontal and vertical lines indicate
the location of the bound and transition states used to calculate the
corresponding activation energy U0 and length x0. Right columns:
Distribution functions of the model parameters U0 and x0, for each
WLn. They are compared to Gaussian distributions (black dashed
lines) defined by the mean and standard deviation values U0 and x0,
which are listed in Table 1.

Table 1. Mean Values and Standard Deviation of the
Activation Energy, U0 (in kcal/mol), and Activation Length,
x0 (in Å), for WLn Interacting with POPC Bilayersa

WLn ΔG U0 x0 F0 F̅

WL1 3.2 4.4 ± 0.5 7.9 ± 0.6 22.7 22.3
WL2 3.5 6.0 ± 0.5 8.3 ± 0.6 29.4 27.2
WL3 4.1 7.2 ± 0.6 8.8 ± 0.5 33.6 31.7
WL4 4.8 8.4 ± 0.8 9.6 ± 0.8 35.9 33.3
WL5 5.3 9.5 ± 0.8 10.9 ± 0.9 35.8 32.6

aThe characteristic dissociation forces, F0 and F̅ (in pN; see the text),
are estimates of the peptide−lipid interaction strength. Free energy of
transfer from bulk biochemical experiments,9 ΔG (in kcal/mol), is
provided for comparison. Note that for each peptide ΔG ≈ Ũ0 = U0/
α, with α ≈ 1.7.

Figure 5. Mean activation energy, U0 (filled cyan squares), and
experimental bulk biochemical free energy of transfer results,9 ΔG
(black circles), as a function of the number of L residues, n. The lines
are linear fits through the data points. The rescaled activation
energies, Ũ0 = U0/α with α ≈ 1.7 (see text), shown as open cyan
squares, align well with the corresponding ΔG values.
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increase (almost) linearly with the number of L residues, Fd
depends only weakly on n, i.e., increases (compared to the n =
1 value) slightly for n = 2, 3 and then levels off for n = 3, 4, 5.
This result is consistent with (1) the observation that the final
rupture event in the forced dissociation of the peptide involves
the last 2 or 3 L residues (see Figure 3) and (2) the AFM force
spectroscopy experiments (see below).
Single Molecule Experiments. Experiments were per-

formed to complement the CG MD simulations with real-time,
single-molecule data. To this end we performed precision47

AFM-based force spectroscopy experiments to measure the
strength of interaction between each WLn peptide and POPC
bilayers (Figure 1b). AFM tips were functionalized with
peptides in a site-specific, covalent manner (see the
Experimental Section for details) via a flexible PEG linker.36,48

Supported POPC lipid bilayers were utilized as robust cellular
membrane mimics.49,50 Figure 1c shows force spectroscopy
data for WL3 dissociating from the bilayer. We note that
multiple rupture events on a single trace were sometimes
discernible; we recorded the magnitude of the last rupture
event (i.e., the event occurring the furthest away from the
bilayer surface) in our analyses.
The dissociation force needed to detach a peptide from a

lipid membrane is a stochastic quantity and, as such, is
characterized by a distribution function P(F), which can be
constructed from the AFM force spectroscopy data. P(F), for
each WLn peptide, is shown in Figure S3 and in the top panel
of Figure 6. Each P(F) compiles the last rupture events across
multiple AFM experiments, with each experiment correspond-
ing to a unique functionalized AFM tip. Table S1 summarizes
the number of events collected across all tips used for each
peptide along with the number of tips used. Control
experiments showed that the majority of dissociation events
can be derived from specific peptide−lipid interactions (Figure
S4).
The dissociation force distributions in Figure 6 appear to be

very similar. Indeed, despite the substantial n-dependence of
U0 and ΔG, the most probable force, FMP, corresponding to the
peak of the experimental P(F), increases only slightly with n.
Furthermore, because the widths of the P(F)s are similar, the
corresponding standard deviations are also similar (σ ∼ 6 pN;
see Table S1). To better illustrate these observations, the n-
dependence of the most probable force FMP is shown in the
bottom panel of Figure 6 (filled magenta circles); here the
error-bars represent the standard deviation of P(F). For
comparison, the n-dependence of the simulated dissociation
force Fd ≈ F̅ = |⟨dŨ0(zW)/dzW⟩|, calculated from the set of
PMFs obtained from CG MD simulations, is also shown (filled
cyan squares). While offset slightly higher from the
experimental FMP, the simulated Fd has an appreciable n-
dependence for n ≤ 3; i.e., it increases (compared to n = 1) for
n = 2, 3 and then levels off for n = 3, 4, 5. A similar n-
dependence may also be present in the experimental force data,
but the error bars are too large to draw a conclusion. The 13%
increase in experimental FMP from about 22 to 25 pN (for n =
1 to n = 5) is within one standard deviation. Line fits through
FMP (Figure 6, dotted and dashed lines) guide the eye and do
not indicate a statistically significant n-dependence. Taken
together, the data suggest that the dissociation force for
unstructured lipophilic peptides from lipid bilayers under these
conditions is weakly dependent on the length of the peptide.
Theoretical Modeling of P(F). The interactions between

the WLn peptides and POPC membranes are modeled as a

diffusive escape over a free energy barrier.32−35 For each WLn−
POPC system, the dissociation force distribution, P(F),
constructed from the AFM data, was fitted using a stochastic
model,37,38,51 as described in the Experimental Section. The
model requires as input the (rescaled) PMFs, obtained from
CG MD simulations, and uses as fitting parameter the
unknown intrinsic dissociation (or off-) rate, k0. While the
dissociation of WLn from POPC bilayers appears to follow a
single dominant pathway (characterized by Ũ0, x0, and k0), the
fitting of the AFM data still required the inclusion of double
rupture events38,51 (e.g., when two peptides, bound to the
AFM tip, detach simultaneously from the membrane) besides
the regular single ruptures (involving the detachment of a
single peptide from the membrane; for more details see the
Experimental Section). Thus, this requires the introduction of
a second fitting parameter, w, representing the fraction of
single ruptures (0 < w < 1). Furthermore, because the
experimental AFM data was poorly sampled at small rupture
forces, thus yielding an incomplete P(F) for F < Fc = 15 pN,

Figure 6. Chain length dependence of the dissociation force. Top:
Rupture force probability distribution, P(F), for each WLn (n = 1, ...,
5), obtained from AFM measurements. The number of rupture events
included in each distribution is indicated in parentheses. Bottom:
Most probable (peak) dissociation force corresponding to P(F) (filled
magenta circles); the error bar represents the standard deviation of
P(F). For comparison, the corresponding forces estimated from the
PMFs obtained from CG MD simulations (see Figure S2) are also
shown (filled cyan squares). Linear fits of F vs n for n = 1, 2, 3 (dotted
lines) and n = 3, 4, 5 (dashed lines) guide the eye.
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the actual fitting of P(F) was restricted to F > Fc. The results of
the fittings, including the resulting values of fitting parameters
k0 and w, are shown in Figure 7. By inspection, it is manifest
that in general the inclusion of double-rupture events leads to
better fits than using only single-ruptures. This conclusion is
supported by the smaller χ2 and BIC values52,53 for the latter
compared to the former (for details, see Table S2). As
previously noted,37,38,51 the theoretical model can extract the
P(F) for only single-rupture events (see Figure S5), thus
allowing comparisons of seemingly different looking dissocia-
tion force distributions obtained from nominally identical
experiments. In such cases, the only fitting parameter that is
affected is w, which is clearly experiment dependent.
While for the WLn−POPC systems, both peak and mean

values of the dissociation force, as well as the entire P(F) (for
single-ruptures) exhibit only a weak n-dependence, the
obtained off-rate, k0, has a significant, near-linear decrease
with n, as shown in Figure 8. Each additional L residue reduces
the value of k0 by 1.53 ± 0.22 s−1. Consequently, the intrinsic
lipid-bound-state lifetime, τ0 = 1/k0, increases faster than
linearly with the number of L residues. Thus, for short,
unstructured, lipophilic peptides, an increase in chain length
leads to only a modest increase in the dissociation force; at the
same time, it significantly increases the intrinsic lipid-bound-
state lifetime.

■ CONCLUSIONS
We have presented a quantitative study of the interaction
between small lipophilic peptides and a phospholipid bilayer.
Our investigation focused on the strength and kinetics of the
interaction and explored how these parameters vary with
peptide length, as determined by the dissociation force and the
intrinsic dissociation rate. A general framework capable of
describing peptide−lipid membrane interactions with single
residue resolution was employed, which combines CG MD
simulations, AFM force spectroscopy experiments, and
theoretical modeling.
Experiments were mimicked via tens of μs long CG MD

trajectories. These simulations of WLn interacting with POPC
provided crucial insights and, notably, were benchmarked to
bulk thermodynamic experiments.9 The linear increase in free
energy of transfer with the number of leucine residues was
recapitulated in the simulations. More quantitatively, the
rescaled Ũ0 = U0/α, with α ≈ 1.7, closely aligned to the bulk
experimental ΔG, with each L residue contributing ΔŨ0 ≈
ΔΔG ≈ 0.6 kcal/mol. Importantly, the distance to the
transition state, x0, was also found to increase with n. Since
force can be equated to change in energy divided by change in
distance, this result renders the mean dissociation force only
weakly dependent on the length of the peptide.
Dissociation force distributions were directly measured by

AFM-based force spectroscopy. The single molecule experi-
ments revealed a weak interaction strength dependence on n,
consistent with the simulation results. For each peptide, we
successfully fitted P(F) with a theoretical model38 that uses
simulation-derived U0 and x0 as input and intrinsic dissociation
rate and weight of single rupture events as fitting parameters.
We found that k0 ranges between ∼1 and 7 s−1 and decreases
approximately linearly with the number of L residues (see
Figure 8). This information could be useful for the future
design of membrane-cell-interacting peptides with specific
mean membrane residency times.

Taken together, the results indicate that the activation
energy (similarly to the free energy of transfer) increases, while
the dissociation rate decreases linearly with the number of L

Figure 7. Overlay of experimental (black) and theoretical model
(red) dissociation force distributions, P(F)’s, for each WLn peptide.
The 1-sigma confidence band of the model P(F) is shown as a pink-
shaded region. The gray area indicates the force region undersampled
in the experimental data. Contributions from single and double
rupture events are shown by dashed blue and cyan lines, respectively.
For each fit, the calculated intrinsic off-rate, k0, and single-rupture
weight, w, are also shown.
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residues for WLn interacting with POPC. By contrast, the mean
dissociation force (∼25 pN) and P(F) depend only weakly on
the length of the peptide. We posit that this is because the
dissociation events involve only the last few (two or three) L
residues, a conjecture that is supported by the CG MD
simulations. Further work is required to investigate to what
extent these results generalize to peptides with variable
residues as well as to longer polypeptide chains that may
exhibit higher order structure.

■ EXPERIMENTAL SECTION
Coarse-Grained Molecular Dynamics Simulations. System

Preparation. All coarse-grained (CG) WLn−POPC peptide−lipid
bilayer systems were created with CHARMM-GUI Martini
Maker.54,55 The MARTINI15,56 CG models of the WLn peptides,
with n = 1, ..., 5, were created from atomistic models built with
VMD.57 The CG peptides had a positively (negatively) charged W
(L) residue at the N-terminus (C-terminus). The POPC bilayers
contained 32 lipids per leaflet and, to mimic experimental conditions,9

were fully solvated on each side with 25 Å layers of 50 mM NaCl
solution. Each WLn−POPC system comprised around 4,000 CG
beads.
Molecular Dynamics Protocol. Simulations were performed in the

NPT ensemble, using GROMACS 2021.2 with the Martini 2.2 force-
field with polarizable water.15,58,59 Constant pressure (P = 1 atm) was
maintained through a semi-isotropic Berendsen barostat, while
temperature (T = 300 K) was regulated with the velocity rescaling
method, with their respective time constants set at 5 and 1 ps. The
systems under these conditions exhibited expected area per lipid
(APL ≈ 65 ± 1 Å2) and bilayer thickness (Δz = 39 ± 1 Å).60,61

Electrostatic interactions were managed using the reaction field
method with an 11 Å cutoff. The equations of motion were integrated
using a 20 fs time step.

Constant-velocity steered molecular dynamics (SMD) was used to
first guide peptide insertion into the bilayer to zW = −8 Å. Then, after
a 5 μs long constrained equilibration (see below), the peptides were
pulled out from the POPC bilayer into solution to zW = 19 Å. A
harmonic guiding potential, with a force constant of 5 kcal/mol·Å2,
was employed for pulling the W backbone beads (zW) with a speed of
0.1 Å/ns. To account for the local microscopic inhomogeneities of the
membrane, Ns = 52 initial configurations, with the location of the
residue W distributed uniformly throughout the plane of the
membrane patch, were extracted from a 5 μs long CG MD trajectory,
in which the W backbone bead was constrained to the deepest
insertion of the W residue, i.e., zW = −8 Å. Each of the subsequent Ns
SMD trajectories was 280 ns long.
Potential of Mean Force (PMF) Calculations. PMFs of the WLn−

POPC systems, as a function of the position zW of the W backbone

bead, with respect to the surface of the bilayer (defined as the plane of
the phosphate beads) were constructed by using CG umbrella
sampling (US), combined with the weighted histogram analysis
method (WHAM).44 For each PMF, NW = 28 US windows were used,
with an adjacent separation of 1 Å and centers located at zW ranging
between −8 and 19 Å. The spring constant for all US simulations was
k = 5 kcal/mol·Å2. For each system, a total of Ns = 52 PMFs were
constructed by starting from initial configurations extracted from the
corresponding SMD trajectories. In each US window, the reaction
coordinate zW was sampled for 40 ns (over 2 μs) for every (all Ns)
PMF calculation(s). Finally, for each system, the mean PMF was
calculated by averaging over the Ns PMFs.

Atomic Force Microscopy. Supported Lipid Bilayer Prepara-
tion. POPC lipid was purchased (Avanti Polar Lipid). Liposomes
were prepared by extrusion through a membrane (∼25 times, 100 nm
pore diameter). Supported lipid bilayers were formed by vesicle fusion
(1 mM, 45 min incubation, ∼30 °C) to clean glass surfaces, as
described previously.50,62 To verify lipid bilayer coverage we utilized
nonfunctionalized cantilevers (AC40, spring constant ∼90 pN/nm,
Olympus) and performed lipid breakthrough experiments with a tip
approach and retraction speed of v = 1000 nm/s (Figure S6).63,64

Force Spectroscopy. For force spectroscopy, AFM cantilevers were
functionalized following established protocols with minor modifica-
tions.36,48,65 Precision cantilevers with partial reflective coating (qp-
SCONT, NanoSensors) were employed.47 Spring constants were in
the range 10−13 pN/nm, as determined via thermal calibration.66,67

Five distinct peptides were synthesized (Peptide 2.0) at >95% purity
with the following sequence C-W-Ln, where n represents the number
of leucines in the sequence n = 1, 2, 3, 4, or 5. The cysteine residue at
the C-terminus allowed site-specific, covalent binding onto AFM tips
via a 9.5 nm long NHS-PEG24-maleimide linker (Thermo Scientific).
Cantilevers were oxygen plasma cleaned (10 min, 30 W, Harrick
Plasma), immersed in silane (3-ethoxydimethylsilyl) propylamine
(Sigma-Aldrich) for 60 s, and baked at 80 °C for 30 min. These dry
tips were incubated in sodium borate (50 mM, pH 8.5) for 1 h,
followed by the NHS-PEG24-maleimide linker for 1 h, and then
peptide at 100 μM for 2 h. Finally, the tips were washed (10 mM
HEPES, pH 7.2, 75 mM Na3PO4) and loaded into the microscope for
force spectroscopy experiments. Such conditions typically yield ∼1
peptide tethered to the tip apex.36 Force spectroscopy experiments
were carried out in aqueous buffer solution (100 mM Na3PO4, pH
7.6) at ∼30 °C using a commercial AFM (Cypher, Asylum Research)
with tip retraction speed v = 100 nm/s. To minimize artifacts, the
compressive force applied to the lipid bilayer was ≤500 pN.
Dissociation events exhibiting rupture forces >60 pN were rare and
excluded from analysis. Additionally, to minimize nonspecific
interactions, events occurring <3 nm above the lipid surface were
excluded from analysis.

Theoretical Modeling of P(F). Forced detachment of a peptide
from a lipid membrane can be described as a stochastic escape process
across a free energy barrier.32−35,68 For each WLn−POPC system, the
dissociation force distribution, P(F), was calculated as37,38,51

P F
k F

F
k f

F
f( )

( )
exp

( )
d

F

0

Ä

Ç
ÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑ

=
(1)

where the force loading rate is Ḟ = ksv, with cantilever stiffness ks ≈ 12
pN/nm and retraction speed v = 100 nm/s, and the force dependent
dissociation rate is38
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Here, k0 is the sought intrinsic dissociation rate, u(x, F) = (Ũ(x) −
Fx)/kBT, with Ũ(x) the (rescaled) mean PMF determined from the
CG US simulations, kB the Boltzmann constant, T the temperature,
and x− (x+) the value of the reaction coordinate zW in the bound
(transition) state corresponding to the minimum (maximum) of the
PMF.

Figure 8. Intrinsic off-rate, k0, as a function of the peptide length, or
number of L residues, n. The error bars represent the standard
deviation obtained by using the ensemble of Ns PMFs in the
theoretical model P(F) when fitting the experimental P(F).
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While our PMF calculations indicate that the dissociation of WLn
from the POPC bilayer occurs along a single dominant energetic
pathway (defined by the mean PMF, Ũ(z)), in characterizing and
fitting the rupture force distribution Pexp(F) constructed from the
corresponding AFM experimental data, one needs to include both
single- and double-rupture events.38,51 Indeed, the functionalized tip
of the AFM cantilever may contain more than one peptide, thus
opening the possibility that (within the finite temporal resolution of
the AFM instrument) two peptides bound to the bilayer detach
simultaneously (double-rupture). In general, the force distribution of
double-ruptures, Pd(F), can be calculated as the self-convolution of
P(F) for single-ruptures. Indeed, Pd(F) = ∫ 0

∞ df1 ∫ 0
∞ df 2P( f1)

P( f 2)δ(F − f1 − f 2) = ∫ 0
F df P( f)P(F − f).

Finally, the experimental data was fitted with Pexp(F) = wP(F) + (1
− w)Pd(F), where the unknown fraction w of single-rupture events
and the intrinsic dissociation rate k0 were the only fitting parameters.
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