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Nanomolar LL-37 induces permeability of a
biomimetic mitochondrial membrane†
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LL-37, the only human host cathelicidin peptide, is proposed to be able to induce host cell apoptosis

through mitochondrial membrane permeabilization (MMP). Detailed pathways of the LL-37-triggered

MMP are however still disputed. It is generally believed that cationic peptides permeate a membrane

mostly in conditions of micromolar peptide concentrations and negatively charged membranes, which

are not usually satisfied in the mitochondrial circumstance. Herein, using a variety of single-molecule

techniques, we show that nanomolar LL-37 specifically induces permeability of a phosphoethanolamine

(PE)-rich biomimetic mitochondrial membrane in a protein-independent manner. The insertion dynamics

of single LL-37 molecules exhibit different metastable states in bilayers composed of different lipids.

Moreover, the PE lipids significantly facilitate adsorption and accumulation of LL-37 on the PE-rich

bilayer, and produce deeper insertion of peptide oligomers, especially tetramers, into the bilayer. This

work offers an alternative pathway of the LL-37-triggered MMP and apoptosis.

Introduction

LL-37, the only human member of the cathelicidin family of
host defense peptides, is one of the typical natural amphi-
pathic cationic peptides which have potent membrane permea-
bilizing ability over a variety of different host cell and bacterial
membranes.1–3 Besides the well-known antimicrobial ability,
LL-37 is a multifunctional peptide that links host defense,
inflammation, tissue repair and cancer.4–6 Studies have
demonstrated the accumulation of exogenous LL-37 at mito-
chondria.5 Moreover, it is well-documented that LL-37-induced
host cell cytotoxicity involves caspase-independent apoptosis
via induction of mitochondrial membrane permeabilization
(MMP) which is a critical event in the process of physiologic or
chemotherapy-induced apoptosis.7–9 Three possible pathways
of the LL-37-triggered MMP have been proposed but there is
still a lack of definite evidence to support or negate any of the
speculations.

One theory is that LL-37 activates a GPCR p53-Bax/Bak/Bcl-2
signaling cascade at mitochondria to mediate the apoptotic
pathway.8,10,11 There are also some reports suggest that LL-37
disturbs a lipid raft structure in the mitochondrial outer mem-
brane, leading to activation of specific pathways.8,12 It is more
likely, though, that LL-37 directly permeates the lipid mem-
brane in a protein-independent manner.8,13–16 However, this
last theory is challenged since it has been normally accepted
that an amphipathic cationic peptide induces membrane per-
meability only when it is in high concentrations above a
threshold value (e.g., a few μM) and over negatively charged
membranes.17–19 As such, most present studies on the action
mechanism of amphipathic cationic peptides (e.g., LL-37) are
performed using micromolar agents based on a combination
of many biochemical techniques such as the fluorescence
localization imaging and downstream cytokine detection.5,20–23

The effect of nanomolar peptides, which might also exist in
the physiological circumstances, is significantly neglected. On
the one hand, LL-37 is produced by specific cells at all times
and the physiological concentration of it covers a wide range
(from nM to μM).24 Moreover, a globular C1q receptor (p33)
protein, which is detected in mitochondria, shows high
affinity for LL-37, and, interestingly, shows negative correlation
with the cytotoxic effect of LL-37 over host cells.25 This
suggests that the p33 protein may recruit LL-37 to the mito-
chondrial membrane while decrease its local concentration to
a quite low level. On the other hand, high concentrations
(>4 μM) of LL-37 are shown to be cytotoxic to many different
human cell types through permeabilizing the cellular plasma
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membranes.5,25 This makes the potential mitochondrial dis-
turbance of peptides be covered by the potent cytotoxicity due
to plasma membrane permeabilization in related investi-
gations. Therefore, it is of vital importance to understand the
membrane permeabilizing effect of LL-37 at low (e.g., nano-
molar) concentrations.

The membrane action process of amphipathic cationic pep-
tides normally consists of two steps, including the surface
binding and transformation of peptides followed by reorienta-
tion of peptides and permeabilization of the membrane.19 To
overcome the high energy barrier of peptide reorientation and
membrane insertion, oligomerization and fibrillation of pep-
tides might occur.26–28 A variety of structural techniques have
been used in previous studies to provide insight into the
ensemble average structure of micromolar LL-37.29,30 However,
the molecular dynamics of LL-37 interaction with membranes
remains unclear. In this work, using a combination of several
single-molecule methods, we show that LL-37 at low concen-
trations (e.g., 1 or 10 nM) is able to induce membrane per-
meability over a biomimetic mitochondrial membrane.
Moreover, the physical molecular mechanism underlying the
membrane penetration ability of LL-37 is revealed for the first
time. A phosphoethanolamine (PE)-rich bilayer membrane was
fabricated to mimic the mitochondrial outer membrane.31,32 A
phosphocholine (PC)-rich bilayer mimicking the eukaryotic
cell plasma membrane, and a heavily charged phosphatidylic
acid (PA)-rich bilayer, were also fabricated for comparison.31

The results obtained using the newly developed surface-
induced fluorescence attenuation (SIFA) technique33 in combi-
nation with single-molecule imaging and traditional vesicle
leakage assay demonstrate that, in comparison of PA which
enhances the initial binding of LL-37 on the bilayer surface
alone, PE significantly facilitates the accumulation and inser-
tion of LL-37 on/into the bilayer, leading to an enhanced mem-
brane permeabilization effect. Moreover, the PE-triggered oli-
gomerization of LL-37 is found responsible for the insertion of
peptides into the bilayer. This work proves an alternative
pathway of the LL-37-triggered MMP and apoptosis, which is
helpful for the design of advanced chemotherapy drugs.

Results and discussion
Lipid-specific membrane permeabilization by nanomolar
LL-37

LL-37 possesses 37 amino acid residues that are distributed
among a long amphipathic helix (residues 2–31) and a dis-
ordered tail (residues 32–37)34 (Fig. 1a). To understand the
membrane permeabilization activity of LL-37 at the molecular
level, experiments were performed using nanomolar concen-
trations of the peptide (e.g., 1 or 10 nM) approaching the
minimum physiological concentration.24 In order to character-
istically distinguish the mitochondrial outer, plasma, and
strongly charged membranes, PE-, PC-, and PA-rich model
membrane systems were fabricated, respectively.31,32 The per-
meabilization of LL-37 through these membranes was studied

by monitoring the real-time fluorescence of the Fluo-4 fluoro-
phores encapsulated in Cy5-labeled unilamellar liposomes
that were dispersed in a calcium-containing buffer solution
and immobilized on the substrate coverslip. Upon permeation,
Ca2+ flows into the liposome, thereby enhancing the Fluo-4
fluorescence signal observed using a total internal reflection
fluorescence microscope (TIRFM; Fig. 1b; see more details in
Materials and methods, ESI†).

The results illustrated in Fig. S1† demonstrate that after
liposome immobilization on the substrate, the three liposome
systems with varying lipid composition exhibit similar lipo-
some numbers. In control experiments, the liposomes remain
unchanged with no Ca2+ entry for more than 10 min, indicat-
ing stability of the system (Fig. S1 and S2†). The fluorescence
of individual liposomes in the Fluo-4 channel detected upon
the addition of 10 nM wild-type LL-37 in situ confirms that the
peptide induces a transmembrane influx of Ca2+. Based on the
fluorescent images captured after 10 min incubation (Fig. 1c),
PE-rich liposomes exhibit more Fluo-4 fluorescent spots than
the other two systems. This suggests that LL-37 permeabilizes
PE-rich membranes more effectively than PC- and PA-rich
membranes. Indeed, in the PE-rich system, immediate lipo-
some leakage after LL-37 addition is ∼10%, which is signifi-
cantly higher than the leakage detected in PA- or PC-rich
systems (<5%; Fig. 1d and S3†). After 5 min, the leakage per-
centage of PE-rich liposomes increases to ∼19%, which further

Fig. 1 Membrane permeabilization by nanomolar LL-37. (a) Amino acid
sequence, helical wheel, and molecular structure of LL-37 (PDB ID:
2K6O). The basic, acidic, and hydrophobic amino acids are shown in
blue, red, and yellow, respectively. (b) Schematic illustration of the lipo-
some leakage assay. (c) Typical total internal reflection fluorescence
microscopy (TIRFM) images of liposomes labeled with Cy5-PE (red
colour in the right channel) and the liposome-encapsulated Fluo-4
(green colour in the left channel) in a solution containing 10 mM Ca2+

and 10 nM label-free LL-37. The images were captured after 10 min of
incubation with the peptide. Scale bar in the image is 2 μm. (d)
Percentage of leaked vesicles in PE-, PA-, and PC-rich membranes. The
statistics in (d) correspond to at least three independent experiments,
and the error bars represent the statistical error.
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reaches 40% after 10 min of incubation with LL-37 (Fig. 1c and
d). To confirm the membrane permeabilizing ability of LL-37,
Escherichia coli protoplasts, which are also characteristically
rich in PE component,35 were prepared and exposed to LL-37
at 10 nM. The protoplasts are effectively permeabilized as well
(Fig. S4†). These observations demonstrate that the nanomolar
LL-37 has a much stronger permeabilizing ability against the
biomimetic mitochondrial (as well as the bacterial) mem-
branes that are rich in PE, than the negatively charged PA-rich
membranes or PC-rich eukaryotic plasma membranes.

Membrane-insertion dynamics of monomeric LL-37 peptides

The results observed above suggest that LL-37 exhibits lipid-
specific, PE-facilitated membrane permeabilization activity. To
elucidate the mechanism underlying this activity, the
dynamics of peptide insertion into a bilayer was studied using
the recently developed single-molecule surface-induced fluo-
rescence attenuation (SIFA) method. SIFA is able to monitor in
real time the Z-position of a fluorophore in a supported lipid
bilayer (SLB) with sub-nanometer resolution.33,36,37 A SLB
membrane was deposited on a graphene oxide (GO) mono-
layer, and a BSA layer between them was used as spacer.
Considering that the energy transfer between fluorophores
and GO depends on the distance between them, changes in
the Z-position of an individual fluorophore (i.e., the distance
of the probe from GO; d ) were deduced from the temporal vari-
ation of its normalized fluorescence intensity (normalization
against the pristine fluorescence intensity of the dye; F/F0;
Fig. 2a; refer to the ESI†). To accurately reflect the effect of
membrane composition, different F0 (pristine fluorescence
intensity of the dye) values were measured for different mem-
brane systems (Fig. S5†).

The N- and C-termini of LL-37 were separately labeled with
TAMRA (N-TAMRA-LL-37 and C-TAMRA-LL-37, respectively) in
order to study the bilayer insertion states of both termini.
First, 1 nM C-TAMRA-LL-37 peptides were added to PE-, PA-,
and PC-rich SLBs. It is found that the fluorescence intensity of
the peptides does not change significantly with time, which
indicates that the C-termini of these peptides remain on the
membrane surface (Fig. S6†). The same experiment was per-
formed with labeled N-termini of the peptides, and the
obtained results show that N-TAMRA-LL-37 exhibits significant
fluctuation in fluorescence intensity. Interestingly, in the case
of the PE-rich system, most peptides present obvious changes
in fluorescence intensity before photobleaching (as representa-
tively shown in Fig. 2). In addition, three preferred F/F0 values
corresponding to the three peaks observed in the fluorescence
intensity distribution histograms (states I, II and III) are
measured (Fig. 2b). These values refer to the locations of the
upper surface (molecular proportion of 36.6%), the central
layer between leaflets (46.2%), and the lower surface of the
bilayer (15.8%; see Tables S1–S3 in ESI†), which are deter-
mined upon conversion to Z-position. The obtained results
suggest that the N-terminus of LL-37 undergoes transmem-
brane insertion and that a favourable state (state II) exists at
the bilayer center during the transmembrane translocation of

peptides. Notably, the dwell times of states I, II, and III are
26.4, 24.5, and 21.9 s, respectively (refer to Fig. S7† for the defi-
nition of dwell time). Considering that these values are much
larger than those determined for other AMPs such as melittin
(a few seconds only),38 the translocation dynamics of LL-37
across the bilayer is slower than that of melittin.

The PA- and PC-rich membranes were also exposed to
N-TAMRA-LL-37, and the results (Fig. 2c and d) show that pep-
tides are not fully inserted into the PA-rich bilayer, as evi-
denced by the absence of state III in the F/F0 histogram.
However, two barely distinguished metastable states constitut-

Fig. 2 Dynamics of monomeric LL-37 insertion in different lipid
bilayers. (a) Schematic illustration of the single-molecule SIFA method.
(b–d) Dynamics of N-TAMRA-LL-37 insertion into (b) PE-, (c) PA-, and
(d) PC-rich SLB membranes. The top graph shows a representative nor-
malized fluorescence intensity trace of peptides. Colored straight lines
are step fits of the trace. A reference molecule (on the substrate region
without GO) is also shown in gray. The graph in the middle-left shows
fluorescence intensity distributions analyzed based on around 200
traces each. The colored lines represent fitting curves and were used to
determine the states. The middle-right graph shows the dwell times of
different states. The bottom graph shows configurational cartoons of
the mean position of fluorescence-labeled N-terminus LL-37 peptides
corresponding to each state in the membrane. The data were collected
immediately after LL-37 addition. I, II (II’ or II’’), and III represent different
states in the bilayer.
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ing 38.0% of all states are detected near the central layer
(termed as states II′ and II″). This indicates that LL-37 cannot
be efficiently inserted into a PA-rich bilayer. Moreover, the dwell
time of state I in the PA-rich bilayer is much longer (39.7 s) than
that in the PE-rich counterpart, which suggests that the pep-
tides are strongly bound to the lipids on the bilayer surface.
Similar results are observed in the case of the PC-rich bilayer.
Indeed, the peptides interacting with this membrane are mostly
located on the membrane surface (88.5%, with a dwell time of
50.7 s), and the inter-leaflet state (state II) can be obviously dis-
tinguished. Altogether, monomeric LL-37 peptides can pene-
trate through a PE-rich bilayer via their N-termini, with a favour-
able state at the interface between the two leaflets. In contrast,
these peptides are inclined to adsorb on the surface of PA- and
PC-rich membranes, and only a small proportion of them are
half inserted into the bilayers. This strengthened insertion
ability of LL-37 into a PE-rich membrane probably attributes to
the nanomolar-peptide-induced permeability of the biomimetic
mitochondrial membrane.

To further reveal the insights, investigations on the helical
structure and oligomerization state, which play key roles in
determining the membrane actions of peptides,39,40 were
carried out. CD spectra of LL-37 (5 μM) were acquired after
incubation with liposomes of different lipid compositions.
The peptides exhibit a disordered structure in buffer
(Fig. S8a†), but in the presence of liposomes, particularly PE-
rich liposomes, their helical architecture is strengthened.
Indeed, the helical content in PE-, PA-, and PC-rich membrane
systems is 70.0 ± 1.0, 43.2 ± 3.7, and 33.1 ± 1.1%, respectively
(Fig. S8b†). The positive correlation between helical content of
peptides and leakage possibility of liposomes suggests that the
lipid-specific membrane permeabilizing ability of LL-37 may
be related to the unique disorder-to-order conformational
change of peptides in different membrane environments.

Time-dependent accumulation and assembly of LL-37 in
different membrane systems

The accumulation and oligomerization degree of peptide mole-
cules on/in the membrane are the principal factors affecting
the membrane insertion efficiency of the peptide.26–28 Herein,
the accumulation state of LL-37 on/in SLB membranes of
varying lipid composition was estimated using the single-
molecule fluorescence method. 1 nM TAMRA-labeled LL-37
was added to SLB membranes containing different phospholi-
pid components, and fluorescent images were recorded over
time under TIRFM. These images were used to calculate the
mean amount of peptides in the field of vision (40 × 40 μm),
N, as well as the number of molecules accumulated in individ-
ual oligomers, n. Representative fluorescence images of the
SLB membranes captured at 90 min after LL-37 addition and
the temporal evolution profiles of N for different membrane
systems are shown in Fig. 3a and b, respectively (refer to
Materials and methods, ESI†). Obviously, LL-37 molecules
accumulate on the lipid bilayer over time. Immediately after
LL-37 addition (t = 0 min), more peptides are detected on the
PA-rich membrane than on the PE- or PC-rich membranes.

After 30 min of incubation (t = 30 min), the PA- and PC-rich
surfaces are saturated with peptides, but the number of pep-
tides on the PE-rich membrane continues to increase until it
reaches approximately twice the number detected on the PA-
rich surface (t = 90 min).

The value of n was determined according to the single-
molecule stepwise photobleaching method,37,41 wherein the
number of peptides per single immobile oligomer is obtained
by evaluating the steplike photobleaching drops in the fluo-
rescent-intensity trace. Fig. S9† shows the typical fluorescent-
intensity traces of photobleaching used to determine the n of
individual oligomers, whereas Fig. 3c–e shows the probability
distribution histograms of n for different membrane systems,
at 0 and 120 min after LL-37 addition. Interestingly, in the
presence of PA- or PC-rich membranes, LL-37 exists mostly as
monomers or dimers, irrespective of the incubation duration.
However, in the presence of the PE-rich membrane, oligomeri-
zation tends to occur immediately after peptide addition.
Indeed, at t = 0 min, the oligomers (up to hexamers) account
for ∼53.5% of the spots, which means that ∼79.3% of all the
peptide molecules exist in the form of oligomers. The oligo-
merization level is significantly enhanced after incubation for
120 min, and the proportion of oligomers increases to

Fig. 3 Oligomerization and accumulation of LL-37 in different lipid
membrane systems. (a) Representative TIRFM images of SLBs after incu-
bation with LL-37 for 90 min. LL-37 is labeled with TAMRA, and the lipid
composition is marked in each image. Scale bars in the images are 2 μm.
(b) Temporal evolution of the mean amount of LL-37 per unit area (N)
for different membrane systems. The data are analyzed based on three
independent experiments. (c–e) Probability distribution histograms of
LL-37 oligomer stoichiometry (n) in (c) PE-rich, (d) PA-rich, and (e) PC-
rich membrane systems at 0 and 120 min after LL-37 addition. The data
are analyzed based on more than 300 traces corresponding to three
independent tests.
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∼73.9%, meaning that ∼91.1% of the peptide molecules are
oligomers. The time-related oligomerization process of pep-
tides on/in the PE-rich membrane was also observed in indi-
vidual oligomers (Fig. S10†). Moreover, formation of oligomers
might induce formation of membrane defects with larger sizes
(Fig. S11†). To determine the aggregation state of the peptide,
E. coli protoplasts were exposed to LL-37 (1 nM). The obser-
vations confirmed the PE-facilitated accumulation and oligo-
merization of LL-37 (Fig. S12†). Comparison between the
initial and final oligomerization states of LL-37 on a PE-rich
membrane (i.e., Fig. 3c) indicates that the interaction between
LL-37 and PE lipids is a time dependent process, which is con-
sistent with the time-dependent increase of peptide number
on the PE-rich membrane (orange profile in Fig. 3b).
Moreover, comparison between the oligomerization process of
peptides on different membranes (Fig. 3c–e) suggests that PE
lipids specifically play active roles in facilitating the membrane
actions and oligomerization of LL-37 peptides.

Correlation between oligomerization and the membrane
insertion ability of LL-37

To better understand the positive correlation between oligo-
merization and the membrane insertion of LL-37, SIFA ana-
lysis was also performed on the oligomerized peptides. Briefly,
1 nM N-TAMRA-labeled LL-37 was added to SLBs, and after
120 min of incubation, traces of oligomerized peptides (i.e.,
with photobleaching steps) were collected for analysis
(Fig. S13†). The single-molecule-fluorescence stage (F/F0 < 1; as
magnified in Fig. 4) in these traces was used to construct the
fluorescence intensity distribution histograms corresponding
to different membranes. The results show that in the case of a
PE-rich bilayer, LL-37 dimers are preferably located on the
upper surface of the membrane, at the center, or on the
bottom surface (states I, II, and III, respectively; Fig. 4a and
Tables S1–S3†). The highest proportion of dimers (47.4%) is
detected in the central layer. Comparatively, the peptides on/in
PA- and PC-rich bilayers have two preferred locations only
(states I and II), and they tend to be located on the bilayer
surface (Fig. 4b and c).

The location tendencies of LL-37 trimers are similar to
those of the peptide dimers (Fig. S14†). However, the LL-37 tet-
ramers tend to insert more deeply into the bilayer. Indeed,
most tetramers (42.3%) are located on the bottom surface of
the PE-rich membrane (Fig. 4d). However, the proportions of
tetramers on the bottom surfaces of PA- and PC-rich mem-
branes are lower compared to the PE condition (Fig. 4e and f).
Overall, these results suggest that oligomerization is correlated
with transmembrane insertion of peptides and that the for-
mation of tetramers significantly facilitates partial or complete
transmembrane penetration and stable localization of pep-
tides, especially in a PE-rich membrane.

Molecular mechanism of the PE-facilitated insertion and
oligomerization of LL-37

Due to the characteristic pyramidal shape of PE lipids, an
abundance of defects might exist on the PE-membrane

surface, particularly compared to the continuous and dense
surface of a PC or PA film (left column in Fig. 5).42 These
defects facilitate the embedding of peptide residues, and trig-
gers the subsequent contact between the hydrophobic part of
the surface-bound peptides and the hydrophobic tail chains,
thereby stimulating the formation of the amphiphilic helical
structure of LL-37. Peptides with this structure aggregate with
other peptide molecules, resulting in the formation of aggre-
gates or peptide–lipid complexes. In turn, aggregation
increases the disturbance of the membrane structure and
enhances the insertion efficiency of LL-37. Interestingly, most
LL-37 molecules are inserted into the PE-rich bilayer as oligo-

Fig. 4 States of oligomerized N-TAMRA-LL-37 insertion into different
lipid bilayers. (a–c) LL-37 dimers on/in (a) PE-, (b) PA-, and (c) PC-rich
bilayers. (d–f ) LL-37 tetramers on/in different bilayers. The top graph
shows a representative normalized fluorescence intensity trace. The last
stage (referring to single-molecule-fluorescence) is magnified, and
colored straight lines correspond to step fits. A reference molecule (on
the substrate region without GO) is also shown (in gray). The bottom
graph shows the fluorescence intensity distributions analyzed based on
more than 80 traces each. The colored lines represent fitting curves that
were used to determine the states. The insets show configurational car-
toons corresponding to the mean position of the probe in a bilayer. The
size of the spot reflects the fluorescence intensity at a particular posi-
tion. I, II, and III are used to represent different states in the bilayer, and
the red arrow in each graph refers to the state with the highest pro-
portion. The data were collected at 120 min after LL-37 addition.
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mers (e.g., fully inserted tetramers or half-inserted
dimers), leading to the permeabilization of the membrane
(Fig. 5a–c). In comparison, the peptides are easily adsorbed on
the surface of PA-rich membranes due to electrostatic
interaction with negatively charged lipid heads. However, strong
adsorption impedes the contact of peptides with the phospholi-
pid tail chain, resulting in impaired aggregation and membrane
insertion. Therefore, a smaller number of LL-37 peptides are
observed in the PA-membrane than in the PE-membrane.
Moreover, the LL-37 peptides adsorbed on the PA bilayer are
mostly monomers, which can hardly be inserted into the mem-
brane (Fig. 5d–f). The electroneutral and dense surface of the
PC membrane also hampers the adsorption, transformation,
and insertion of LL-37 (Fig. 5g–i).

The membrane action of monomeric peptides might be the
basis of the oligomerization and membrane insertion (which
probably occur simultaneously and cooperatively) of peptides.
The membrane insertion of the first monomeric peptide, as a
precursor, might recruit more peptides for the formation of
oligomers, and decrease the energy barrier for membrane
insertion of peptides, leading to the ultimate formation of
transmembrane defects (e.g., pores).43 However, the exact
relationship between monomer and oligomer peptides during
their membrane actions remains an open question.

Conclusions

In this study, the permeabilizing effect of nanomolar LL-37
over membranes of different lipid composition was thoroughly
investigated using a combination of several single-molecule
methods. Different from traditional models in which mem-
brane-insertion of amphiphilic cationic peptides is principally
triggered by the electrostatic affinity between peptides and
lipids and requires high local number density of peptides, the
PE-specific and oligomerization-facilitated insertion dynamics of
LL-37 at nanomolar concentrations is demonstrated herein. CD
test and liposome leakage assays quantitatively demonstrate an
enhanced helical content and membrane permeabilization
efficiency of LL-37 in a PE-rich membrane compared with a PA-
or PC-rich membrane. Single-molecule photobleaching and SIFA
tests show that approximately twice as many LL-37 peptides
accumulate on/in a PE-rich membrane than on/in PA- or PC-rich
membranes, most of which exist in the form of oligomers (mono-
mers in the case of PA- or PC-rich systems). Moreover, the LL-37
tetramers tend to be inserted into the bottom of the PE-rich
bilayer, while the monomers (as well as dimers and trimers) are
inclined to stay in the central layer between leaflets. This work
proves that nanomolar LL-37 can directly permeate the lipid
membrane in a protein-independent manner, which gains new
insights to the membrane activity of the highly concerned amphi-
philic cationic peptides. The result might benefit the design of
targeting peptides or peptidomimetics to defined cellular popu-
lations, such as the oncological therapeutic agents that overcome
the Bcl-2-mediated stabilization of mitochondrial membranes. In
addition, recent studies demonstrated that LL-37 plays active and
complicated roles in modulating different physiological processes
such as autophagy.44 This work may be helpful for the under-
standing of these processes.
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Fig. 5 Membrane-selective insertion of LL-37. The lipid heads in PE
membrane are sparsely distributed due to the characteristic pyramidal
shape of PE lipids, exposing more tail chain parts compared with the PA
or PC membrane (left column; a, d and g). The membrane insertion
activity of LL-37 includes surface adsorption and structural transition,
followed by oligomerization and insertion of peptides into the bilayer
membrane. PE facilitates the oligomerization and transmembrane inser-
tion of LL-37, leading to effective permeabilization of the membrane
(b, c). In contrast, peptides tend to adsorb on the PA (e, f ) and PC (h, i)
membrane surface with little insertion. Cartoons show side and top
views of the membranes. Blue/brown/green beads with grey tails:
PE/PA/PC lipids; helices in dark blue or red: LL-37 in α-helix; curves in
red: LL-37 in random coil.
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