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Transmembrane Pores Formed by Human Antimicrobial Peptide LL-37
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ABSTRACT Human LL-37 is a multifunctional cathelicidin peptide that has shown a wide spectrum of antimicrobial activity by
permeabilizing microbial membranes similar to other antimicrobial peptides; however, its molecular mechanism has not been
clarified. Two independent experiments revealed LL-37 bound to membranes in the a-helical form with the axis lying in the plane
of membrane. This led to the conclusion that membrane permeabilization by LL-37 is a nonpore carpet-like mechanism of action.
Here we report the detection of transmembrane pores induced by LL-37. The pore formation coincided with LL-37 helices align-
ing approximately normal to the plane of the membrane. We observed an unusual phenomenon of LL-37 embedded in stacked
membranes, which are commonly used in peptide orientation studies. The membrane-bound LL-37 was found in the normal
orientation only when the membrane spacing in the multilayers exceeded its fully hydrated value. This was achieved by swelling
the stacked membranes with excessive water to a swollen state. The transmembrane pores were detected and investigated in
swollen states by means of oriented circular dichroism, neutron in-plane scattering, and x-ray lamellar diffraction. The results are
consistent with the effect of LL-37 on giant unilamellar vesicles. The detected pores had a water channel of radius 23-33 A. The
molecular mechanism of pore formation by LL-37 is consistent with the two-state model exhibited by magainin and other small
pore-forming peptides. The discovery that peptide-membrane interactions in swollen states are different from those in less
hydrated states may have implications for other large membrane-active peptides and proteins studied in stacked membranes.

INTRODUCTION

Human antimicrobial peptide (AMP) LL-37 is the most
studied member of the cathelicidins (1), a major family of
mammalian proteins that play various roles in host defense
and inflammation (1-5). Considering its small size and rela-
tively simple structure, it is remarkable that LL-37 contains
all of the necessary information to perform its diverse func-
tions, including antimicrobial activity, chemotactic effects
that contribute to immune responses, release of inflamma-
tory mediators, transcriptional responses, and wound
healing (1,6). Most of these functions, with the exception
of direct antimicrobial activity, require specific molecular
interactions. Like all other AMPs (7), LL-37 is water-
soluble, but it spontaneously binds to bacterial LPS and lipid
bilayers (2) and permeabilizes microbial membranes,
leading to rapid cell death (2,8). The question is, how
does LL-37 permeabilize membranes? Previous experi-
ments revealed LL-37 bound to lipid bilayers in the
a-helical form (9) with the helical axis lying parallel to
the plane of bilayer (8,10). On the basis of this finding, it
is widely believed that LL-37 does not form pores in
membranes but permeabilizes or destroys membranes by
means of a nonpore carpet mechanism (8,9,11).

Here, we report the discovery of transmembrane pores
induced by LL-37. The pore formation coincided with the
detection of LL-37’s helical axis oriented approximately
normal to the plane of the membranes. The water channel

Submitted October 19, 2010, and accepted for publication February 14,
2011.

*Correspondence: hwhuang @rice.edu
Editor: William C. Wimley.

© 2011 by the Biophysical Society
0006-3495/11/04/1688/9  $2.00

of the detected pores ranged from 23 to 33 A in radius,
depending on the peptide/lipid (P/L) ratio. We found out
why previous investigations did not observe LL-37 inserted
in membranes. In previous studies of peptide orientation that
used solid-state NMR (10) or polarized Fourier-transform
infrared spectroscopy (FTIR) (8), the membranes were
prepared in multilayers. In commonly prepared membrane
multilayers, the periodic spacing of bilayers (the D spacing)
is up to ~52 A at full hydration. Under such conditions, our
measurements agreed with previous studies in which LL-37
helices were reported to be in the plane of the bilayers and
no pores were detected (8,11). However, we found that
LL-37 helices were oriented approximately normal to the
plane of the bilayers when the D spacing exceeded ~70 A.
For multilayers, this was a condition with excessive water,
i.e., a swollen state. It was as if the D spacing had to substan-
tially exceed the length of the peptide (~37 x 1.5 or 55 A,
assuming a helix (9)) before LL-37 could be found inserted
in the membranes.

We investigated multilayers in swollen states using x-ray
diffraction to make sure that the lipid-peptide bilayers were
in the lamellar phase. The thermal fluctuations of bilayers in
swollen lamellar states are of theoretical interest in statis-
tical physics (12,13). Therefore, they have been extensively
analyzed with the use of x-ray diffraction (13—15) and are
now well understood. We used the method of oriented
circular dichroism (OCD) (16) to measure the peptide orien-
tation in swollen states, and used neutron in-plane scattering
to detect and measure the transmembrane pores induced by
LL-37. We then correlated the results with the kinetic effect
of LL-37 binding to giant unilamellar vesicles (GUVs). We
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conclude that the membrane permeabilization mechanism
of LL-37 is consistent with the two-state model exhibited
by other well-studied pore-forming peptides (17,18).

MATERIALS AND METHODS
Materials

Human LL-37 (LLGDF FRKSK EKIGK EFKRI VQRIK DFLRN LVPRT
ES) was synthesized by GenScript USA (Piscataway, NJ) to >95% purity
by high-performance liquid chromatography. We purchased 1,2-dioleoyl-
sn-glycero-3-phosphocholine  (DOPC) and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-DOPE)
from Avanti Polar Lipids (Alabaster, AL). Calcein was purchased from
Invitrogen (Carlsbad, CA). Other chemicals were purchased from Sigma-
Aldrich (St. Louis, MO). All materials were used as delivered.

Stacked membranes

Open stacked membranes were prepared as previously described (19).
Briefly, a mixture of LL-37 and DOPC (in molar ratios of P/L = 1/100,
1/80, or 1/50) in organic solvent (1:1 (v/v) chloroform and tetrafluoro-
ethylene) was directly deposited onto a cleaned quartz plate, dried under
vacuum, and then hydrated by water vapor (referred to as open samples,
each with 0.2-0.4 mg of lipid). X-ray diffraction indicated that the multiple
bilayers were well aligned parallel to the substrate. The sample was kept in
a temperature-humidity chamber as previously described (20). A tempera-
ture transducer and a relative humidity (RH) sensor were mounted close to
the sample to monitor the sample condition. The outputs from the sensing
elements were fed to PID feedback control circuits, which in turn powered
two sets of Peltier modules (one to heat or cool the sample, and one to heat
or cool a water reservoir). Once the humidity sensor reached a new hydra-
tion level, the sample equilibration time was at most a couple of minutes
(as determined by continuous x-ray scanning). For data acquisition, we
allowed at least 10 min for equilibration.

For neutron experiments that required a large amount of sample (~30 mg
of lipid), we used stacked membranes sandwiched between two quartz
plates as described previously (21). Briefly, the peptide-lipid mixture was
first lyophilized and then hydrated by 100% RH water vapor overnight to
a gel-like texture at ~35°C. The gel-like mixture was spread on one quartz
plate and then covered by a second plate (referred to as sandwiched samples
at full hydration). For swollen-state samples, an amount of water equal to
the lipid in weight was added to the fully hydrated peptide-lipid mixture,
covered by a second substrate, and equilibrated for 1 h or longer (referred
to as sandwiched samples in a swollen state). Double substrates have been
shown to be capable of aligning thick lipid multilayers (22). The membrane
alignment in a sandwiched sample can be examined by polarized micro-
scopy (21,22) or neutron diffraction, or by x-ray diffraction if one substrate
is replaced by a mylar sheet.

OCD

CD spectra were measured in a Jasco (Tokyo, Japan) J-810 spectropolari-
meter. For the OCD measurements, the substrates of stacked membranes
were oriented normal to the incident light (16). A detailed analysis of
OCD for a-helices, including its experimental verification and limitations,
has been provided elsewhere (16). The technique has also been indepen-
dently confirmed by other laboratories (23-25). For practical purposes, the
CD of helices in solution can be recognized by a positive ~190 nm peak,
anegative ~208 nm peak, and a negative ~224 nm peak. The OCD of a helix
perpendicular to the incident light (parallel to the plane of the membrane) is
similar to the solution CD except that it has a stronger negative 208 nm
peak. In comparison with the solution helical CD, the OCD of a helix
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parallel to the incident light (normal to the plane of the membrane) has
the positive peak red-shifted, no peak at 208 nm, and a smaller 224 nm
negative peak. As a result, the zero crossing point between the positive
and negative peaks is also red-shifted. The vanishing of the negative peak
at ~208 nm has a theoretical basis (i.e., the Moffitt theory (16)) and is the
most prominent feature of a helix oriented in the direction of light (normal
to the membrane).

Neutron in-plane scattering

Neutron experiments were performed at the HFIR Bio-SANS CG-3 station
(26) of Oak Ridge National Laboratory. The small-angle scattering beam-
line was equipped with a 1 x 1 m area detector (5.1 x 5.1 mm? pixels)
with an adjustable sample-to-detector distance of 1-15 m. The neutron
wavelength was 6 A with ANV2A ~ 15%. The detector was positioned to
record the ¢ range from 0.013 to 0.3 A~!. Sandwiched samples were sealed
in an aluminum holder that provided a beam path of 16 mm in diameter. The
scattering data were collected for 10-30 min per sample. More technical
details can be found in He et al. (21).

X-ray lamellar diffraction

Details regarding the equipment and experimental procedures used, as well
as the data analysis for x-ray lamellar diffraction by multilayers, can be
found elsewhere (27). The open sample was housed in a temperature-
humidity chamber in which the hydration level of the sample was controlled
by the RH of water vapor. The substrate orientation was vertical, and §-26
scans were recorded at a humidity level up to ~100% RH and at a few lower
RH values. We used the hydration dependence to determine the diffraction
phases according to the swelling method. The diffraction patterns at
RH > ~98% suffered undulation damping. Thus, the patterns at ~98%
RH were used to construct the electron density profiles across the bilayer.

Grazing-angle x-ray scattering for swollen
samples

The equipment and experimental procedure used for grazing-angle scat-
tering were as previously described (28). Swollen samples were sand-
wiched between a Si wafer and a mylar sheet. The sample was held
horizontally and then tilted <0.5° for scanning. X-rays from a point source
of Cu K, radiation (operating at 35 mA/40 kV) were double-focused (by
a pair of bent mirrors) horizontally at the sample. The scattering pattern
was recorded by a CCD area detector (Gemstar HS 75; Photonic Science
Ltd., E. Sussex, UK). The beam center and the sample-to-detector distance
were determined by powder scattering from Ag-behenate.

GUV experiment

GUVs of DOPC plus 0.5 mol % Rh-DOPE were produced in 200 mM
sucrose solution by electroformation (29). The osmolality of every solution
used in the GUV experiment was measured by a Wescor model 5520
dew-point osmometer (Wescor, Logan, UT). The micropipettes and walls
of the experimental chambers were coated with 1% bovine serum albumin
to neutralize the charge on the bare glass surface and then washed exten-
sively with water. All GUV experiments were performed at room tempera-
ture (~25°C).

For the leakage experiment, the solution in the GUV production chamber
also contained 10 uM calcein. A small amount of the GUV suspension
was transferred to an observation chamber containing 190 mM glucose,
10 mM HEPES at pH 7, and 5 uM LL-37. The GUVs settled at the
bottom due to the density differential and were observed under an
Olympus (Tokyo, Japan) microscope (model IX81) and recorded with
a Hamamatsu Photonics (Hamamatsu City, Japan) digital CCD camera
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(model C10600-10B). The content leakage was monitored by calcein
fluorescence. At the end of the leakage, we used the lipid dye image to
inspect the effect on the vesicle membrane.

For the aspiration experiments, a GUV was aspirated by a micropipette
with a small constant sucking pressure (~100 Pa, producing a membrane
tension of ~0.4 mN/m) and transferred via a transfer pipette (29) to an
observation chamber containing 190 mM glucose, 10 mM HEPES at
pH 7, and 0.5 uM LL-37. Equiosmolality between the inside and outside
of the GUV was maintained throughout the experiment. To record the
experiment, we used fluorescence imaging with a Photometrics (Tucson,
AZ) coolSNAP HQ2 camera. The technical details of the aspiration exper-
iment can be found elsewhere (29).

RESULTS AND ANALYSIS
OCD of LL-37 embedded in stacked membranes

The open sample was kept in a temperature-humidity
chamber in which separate temperature controls were used
for the sample and the water source (20). OCD was
measured with the sample substrate oriented vertically, so
that the UV beam for CD was incident perpendicular to
the plane of the bilayers (16). By varying the temperature
of the water source from below the sample temperature
(20°C) to the same temperature, we were able to vary the
humidity at the sample (measured by a humidity sensor in
the vicinity of the sample) from ~70% to ~100% RH. In
this range of RH, the spectrum was independent of RH
(Fig. 1 A). The OCD indicated that the peptide helices
were oriented approximately parallel to the plane of the
bilayers (16). This result is consistent with previous
measurements obtained by solid-state NMR (10) and polar-
ized FTIR (8). X-ray diffraction of the sample showed that
the D spacing increased from 47 A at ~70% RH to 52 A at
~100% RH (Fig. 2 A). The Bragg peaks at ~100% RH were
broadened and diminished at high orders, indicating bilayer
undulations in water (12,30).

We then set the water temperature to 1-2° above the
sample temperature, which caused water vapor to condense
on the sample. As the water visibly condensed on the
sample, the surface of the sample slowly slid downward
and out of the beam path (because the substrate was
vertical). In the meantime, the OCD changed its shape
with an overall decreasing amplitude (Fig. 1 A), indicating
a decreasing amount of sample in the beam path, but an
increasing fraction of the remaining peptide helices changed
to perpendicular to the plane of the bilayers. Eventually, the
OCD changed into a spectrum corresponding to all helices
oriented approximately normal to the plane of the bilayers
(16). At that moment, the humidity chamber was opened
to expose the sample to the room air (~50% RH) and the
sample was held horizontal for ~10 min. This stopped
the sample from flowing, and the OCD changed back to
the original spectrum of all helices parallel to membranes,
but the amplitude was smaller than the original amplitude
due to the partial loss of the sample. From the last two
spectra, we obtained two mutually normalized OCD spectra
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FIGURE 1 OCD. (A) Bottom red spectrum is the OCD of an open sample
of P/L = 1/50, unchanged from 50% to 100% RH. As excessive water
condensed on the sample, the spectrum gradually changed in time from
bottom to top (the blue color content of the spectra increased with time),
whereas the amount of sample in the CD beam path decreased because
the surface of the sample slowly slid downward. It took 40 min of contin-
uous OCD scanning from the red to the blue spectrum. The scan time for
each spectrum was ~4 min, including the resetting time, at 1 nm bandwidth,
0.1 nm/point, and 20 nm/min scan rate. Ten spectra were taken, but for
clarity only five are shown. (B) At the appearance of the top blue spectrum
in A (rescaled in B), the sample was open to 50% RH and held horizontally
for ~10 min. This made the sample stop flowing, and the spectrum turned to
the bottom red curve. The blue and red spectra were obtained from the same
amount of sample (blue, I spectrum for helices normal to the bilayers; red, S
spectrum for helices parallel to the bilayers). The green spectrum was
obtained from a sandwiched sample in a swollen state, fit by a linear combi-
nation of the I and S spectra (0.4 I + 0.6 S; purple line), indicating that 40%
of the helices were oriented normal to the bilayers.

of the LL-37 helices: one oriented approximately parallel
(the S spectrum) and one oriented approximately perpendic-
ular (the I spectrum) to the plane of the membranes
(Fig. 1 B). The same experiment was repeated several times
for each P/L = 1/80 and 1/50 sample, with the same result.

The sandwiched samples used in the neutron experiments
were too thick (~30 mg of lipid) for CD measurements.
Therefore, we reproduced sandwiched samples for CD
measurements with a smaller amount of Iyophilized
peptide-lipid mixture (~0.5 mg of lipid). Two different
hydration conditions were used. In one case, the mixture
was hydrated by ~100% RH and the measured OCD was
the S spectrum, consistent with open samples hydrated by
~100% RH. In the other case (the swollen state), the lyoph-
ilized peptide-lipid mixture was equilibrated with the same
weight of water as the amount of lipid. However, the second
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FIGURE 2 (A) X-ray lamellar diffraction by 6-26 scan from an open
sample of P/L = 1/50 equilibrating at 98% RH (bottom) and 100% RH
(top; with an attenuator below ¢ = 0.19 ;‘C]). Note that at 100% RH, the
peaks were strongly damped by layer undulations (30). (B) X-ray
grazing-angle scattering from an open sample of P/L = 1/50 equilibrated
at 60% RH (bottom) and (fop) in a swollen state (covered by a mylar sheet;
also with an attenuator below ¢ = 0.04 Afl). Note that in the swollen state,
the first-order peak has the characteristic power-law line shape as predicted
by Caillé’s theory (12,14) due to layer undulations in the swollen lamella.
(C) Grazing-angle scattering from the swollen lamella (B) recorded on the
CCD detector, which was oriented with the z axis vertically up. The beam
center was at the baseline. The rectangular diffraction peak image was the
shape of the x-ray beam cross section. The intensity profile along the z axis
is shown at the top of panel B.

cover, in the effort to avoid air bubbles in the sandwiched
sample, inevitably applied pressure and squeezed out a small
but unknown amount of water from the holder, despite the
use of a spacer between the two substrates. It was difficult
to reproduce the exact amount of water in the swollen state,
but the water content was nevertheless precisely measured
by its D spacing. In all swollen cases, the measured OCD
was a linear combination of the S and I spectra (16), indi-
cating that 30-60% of the LL-37 peptides were oriented
perpendicular to the bilayers (one example is shown in

1691

Fig. 1 B). It appeared that as long as the sample was in
a swollen state, a substantial fraction of LL-37 peptides
were oriented normal to the bilayers.

Previous solution CD studies on LL-37 indicated that the
peptide is a random coil in water containing no salt (as in
our stacked-membranes preparation) but changes to
a-helical upon the introduction of lipid vesicles (2,10,31).
Thus, it is clear that the LL-37 peptides in our stacked
membranes were membrane-bound whether they were in
nonswollen or swollen states, since the CD spectra were
clearly those of a-helices. One important question is, how
might the undulations of the bilayers in the swollen state
have affected the orientation of the peptide? First, we exam-
ined the swollen state by x-ray diffraction (Fig. 2, B and C).
In this case, the cover for the sandwiched sample was
a mylar sheet that was transparent to x-ray. Fig. 2 C shows
the scattering pattern of a lamellar phase (D spacing =71 /&)
in which the first-order peak has the characteristic power-
law line shape (Fig. 2 B, top) as predicted by Caillé’s theory
(12-15). The undulations of bilayers in a swollen lamellar
phase are well understood. The spectrum of out-of-plane
undulations of bilayers is dominated by long wavelengths;
therefore, despite the enhanced fluctuations induced by
swelling, the dominant tilt angles are still small (12-15).
The fact that the I spectrum was measured is proof that
the bilayers were well aligned on average, and it can only
be explained by the majority of helices being approximately
normal to the plane of the lamellar phase (16).

To prove that the [ and 40% I spectrain Fig. 1 B could not be
the result of bilayer undulations with surface-bound helices,
imagine that the bilayers had become vesicles (with the
helices on the bilayer surface), then the CD spectrum would
be the familiar CD of helices in solution, which is (1/3)I +
(2/3)S (16). Thus, if the helices were on the bilayer surface,
even the worst-case perturbation of bilayers could not
produce the 40% I spectrum, not to mention the I spectrum.

According to a previous NMR study of LL-37 adsorbed on
a lipid micelle (9), the membrane-bound LL-37 is largely
«-helical with a bend in the helical axis at K12. Thus, it is
similar to the melittin (32) and alamethicin (33) helixes,
both of which exhibit the S and I states in membranes
(16,34). Henzler Wildman et al. (10) performed oriented
NMR on LL-37 in DMPC at P/L = 1/50 in stacked
membranes prepared with 30 mol of H,O per mole of
lipid-peptide, but the exact hydration condition was
unknown (most likely it was not in a swollen state, because
the authors would have noted the sample flow problem).
The authors concluded that the «-helix is oriented parallel
to the surface of the bilayer (with a measured g33~10-25°
relative to the surface). The first investigation of LL-37
orientation was performed by Oren et al. (8), who used polar-
ized FTIR on stacked membranes of LL-37 in PC/cholesterol
and PC/PG at P/L~1/70, hydrated with saturated D,O vapor
(a nonswollen state). The measured order parameter was
consistent with helical axes parallel to the membrane surface.

Biophysical Journal 100(7) 1688—1696
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Having broad spectra, CD is a low-resolution spectros-
copy. It is an appropriate spectroscopic technique for fluid
lipid systems in which structures are subject to significant
fluctuations (e.g., in orientation) and thus have intrinsically
low resolution, as shown by previous solid-state NMR
measurements (10). Within the spectral resolution, the I
spectrum is consistent with the great majority of helices
approximately oriented normal to the plane of the
membranes, and the S spectrum is consistent with the great
majority approximately oriented parallel to the plane of the
membranes, as dictated by Moffitt’s theory (16). The exact
orientations of the I and S states are not essential to our
conclusion. What is essential is that we detected two distinct
orientation states (one approximately parallel and one
approximately normal to the plane of membranes) and,
furthermore, the detection of the I state was coincidental
with the detection of pores and no pores were detected in
the S state (see below). As pointed out by Wu et al. (16),
OCD cannot distinguish whether an intermediate state
between I and S (such as the 40% I spectrum in Fig. 1 B)
is due to uniformly tilted helices or due to a mixture of
two distinct orientation states. For instance, one could inter-
pret the series of intermediate states in Fig. 1 A as helices
being uniformly stabilized in a series of tilt angles.
However, this is physically unlikely and has never been
observed in any peptide. It is more reasonable to assume
that the intermediate spectrum in Fig. 1 B represents
a mixture of helices in the S and I states.

Neutron in-plane scattering

The neutron in-plane scattering technique makes use of the
large difference (contrast) between the neutron scattering by
hydrogen and deuterium. We exchanged the water in our
multilayer samples to D,O by exposing the samples to
D,0 vapor. Then, in the plane, the bilayers had a uniform
scattering density, except for the D,O channels in the trans-
membrane pores, as long as the magnitude of the scattering
vector g was <27/(4.5 A) (the denominator is the size of the
cross section of a hydrocarbon chain) (21). Thus, if the
peptides were to form pores in the membrane, neutron
in-plane scattering would detect a collection of D,O chan-
nels representing the pores diffusing in a two-dimensional
uniform background (21).

We used a stack of three sandwiched samples, each
containing 8-10 mg of lipid, for neutron scattering. The
substrates were aligned perpendicularly to the incident
neutron beam. The scattering vector ¢ at small-angle scat-
tering (¢ < 0.3 A" was essentially in the plane of the
aligned multilayers. Each sample was scanned in three
conditions in the following sequence: 1), the sample was
equilibrated with 100% RH D,O vapor; 2), the sample
was equilibrated in a swollen condition with a 1:1 (w/w)
D,O/lipid ratio; and 3), the sample was equilibrated in
a swollen condition with H,O. The results for P/L = 1/50
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are shown in Fig. 3. The sample in the first condition showed
only a lamellar peak at g = 0.124 Al corresponding to a D
spacing of 51 A, the same as for open samples measured by
x-ray in the same hydration condition. The lamellar peak
was due to oily streak defects in multilayers (21,22). The
absence of any other scattering signal indicated that there
were no pores in the bilayers. In the second condition, there
was a broad peak at 0.041 A~ and a shoulder peak at
0.085 A~'. The shoulder peak, which also appeared in other
samples in swollen conditions with D,O, was a lamellar
peak resulting from oily streak defects corresponding to
a D spacing of 74 A. Both peaks disappeared in the third
condition.

The broad peak at 0.041 A~! was due to the presence of
D,O columns in the membranes, and thus implied the
presence of transmembrane pores. The peak disappeared
upon exchange to H,O as expected, since H,O columns in
membranes had no significant contrast against the lipid
background by neutron scattering. Similar neutron in-plane
scattering peaks induced by magainin, alamethicin, prote-
grin, and melittin were thoroughly studied in previous works
(21,35-37). It was demonstrated that in some lipids, these
peaks can be crystallized into a rhombohedral lattice (28)
and are therefore amenable to x-ray diffraction analysis
(38,39). The structures revealed by diffraction were indeed
transmembrane pores (38,39).

The in-plane scattering intensity I(g) is theoretically
expressed as 1(q) = A|F(¢)|*S(q), where F(g) is the form
factor, i.e., the scattering amplitude of an individual pore;
S(q) = (3= ;exp[—ig+(ri —r;)])/N is the structure factor,
where r; is the position of the center of a pore in the plane
of bilayer, <> represents the ensemble average, N is the
total number of pores; and A is the normalization constant.
The analysis of neutron in-plane scattering was described in
detail in a previous study (21), which showed that F(q) is
dominated by the scattering amplitude of the D,O channel
inside the pore, and therefore is essentially determined by
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FIGURE 3 Neutron in-plane scattering of a sandwiched sample of P/L =
1/50 under three conditions: equilibrated at 100% RH D,O (triangles),
equilibrated with excessive D,O in a swollen state (circles), and equili-
brated with excessive H,O in a swollen state (squares). Inset: Obtained
from the circles curve after removing the background (the empty sample
cell). The shoulder peak was fit with a Gaussian curve (gray) at 0.085 AL
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the radius of the cylindrical D,O channel. S(g) can be
simulated by randomly distributed disks on a plane repre-
senting pores in the bilayer. The peak comes from the inter-
ference due to nonoverlapping between disks. Therefore, the
diameter of the disk represents the collision distance
between two pores in the membrane. We carried out the
fit to the data by adjusting three independent parameters:
1), the disk diameter, which is essentially determined by
the position of the peak; 2), the fit to the left side of the
peak, which is essentially determined by the density of
the disks in the plane (which is the density of the pores in
the membrane); and 3), the fit to the right side of the
peak, which is essentially determined by the form factor
F(q) or the radius of the water channel.

The results obtained by the minimum x fit are shown in
Fig. 4. At P/L = 1/50, the water channel radius is 33 A and
the collision distance (i.e., the closest approach between two
pores) is 130 A. At P/L = 1/100, the water channel radius is
23 A and the collision distance is 82 A. In comparison, the
water channels of magainin pores are 15-25 A in radius,
with a collision distance of 70-84 A (35). In one measure-
ment, the melittin pores had a water channel of radius
21 A and collision distance of 77 A (34). The previous
results, particularly for magainin, were obtained by repeated
measurements with different P/L ratios and lipid composi-
tions (35,37). Therefore, the pore radius range of 23-33 A
for LL-37 measured here should be regarded as a minimum
range. Perhaps not surprisingly, the pores induced by
LL-37 are larger than those induced by smaller peptides

0.3

FIGURE 4 Analysis of neutron in-plane scattering. (A) P/L = 1/50 (data
from Fig. 3, inset, after subtracting the shoulder peak). (B) P/L = 1/100.
The dash-dotted curve is |F (q)|27 the dashed curve is S(g), and the solid
curve is the minimum x> fit.
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(i.e., magainin or melittin). The number of LL-37 peptides
that participated in each pore was ~5, which we calculated
by assuming that all peptides were in pore formation. The
precise number was unknown because it depended on the
fraction of the peptides oriented normal to the bilayers
(as noted above, the neutron samples could not be directly
measured by OCD). In comparison, the magainin pores
were estimated to contain four to seven peptides in each
pore (35).

X-ray lamellar diffraction in nonswollen
conditions

X-ray diffraction was used to investigate the condition of
lipid bilayers in stacked membranes for both the swollen
(see the OCD section above) and nonswollen states. In the
nonswollen states, LL-37 helices were parallel to the bila-
yers, as determined by OCD. We performed x-ray diffrac-
tion to investigate the effect of surface-bound LL-37 on
the lipid bilayers. We constructed electron density profiles
of DOPC bilayers containing LL-37 at P/L = 0, 1/80, and
1/50 from the lamellar diffraction patterns obtained at
~98% RH (Fig. 5). The profile peaks at the phosphate group
on both sides of bilayer. Thus the peak-to-peak distance
(PtP) can be used to measure the changes in the bilayer
thickness (as explained previously (27), the peptides do
not contribute to the x-ray profile). In similarity to previous
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FIGURE 5 X-ray lamellar diffraction of open samples of 1), P/L = 1/50;
2), P/L = 1/80; and 3), pure DOPC (all at ~98% RH, 25°C). (A) Diffraction
patterns. (B) Constructed electron density profiles across one unit cell (the
coordinate z normal to the bilayer) from which the PtP was measured and
plotted in the inset as a function of P/L.
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measurements obtained with various peptides in their
surface-bound states (17), we observed membrane thinning
linearly proportional to P/L (Fig. 5). This membrane thin-
ning effect by surface-bound peptides has also been detected
by other techniques, such as atomic force microscopy on
supported lipid bilayers (40) and small-angle x-ray scat-
tering on lipid vesicles (41). Our result is analyzed as
follows: Let Ap be the monolayer area expansion per peptide
embedded in the headgroup region of the monolayer, and
Ay the cross section area per lipid. Then the fractional
area expansion of the lipid monolayer (or the lipid bilayer)
is AA/A = (P/L)(Ap/A;). From the chain volume conserva-
tion, we have AA/A = —Ah/h = (P/L)(Ap/A;), where the
hydrocarbon thickness % is directly obtained from PP by
h = PtP —10 A (42). Therefore, from the slope of the
membrane-thinning data (Fig. 5), we obtain the value of
Ap = 309 A2 This is not the along-the-axis cross section
of the LL-37 helix. The peptide binding involves release
of water molecules from the headgroup region, which makes
Ap smaller than the physical size of the peptide (43).

Effect of LL-37 binding to GUVs

GUVs with lipid dye (red) in the bilayers and solution dye
(green) in their contents were brought to a solution contain-
ing 5 uM LL-37. Leakage occurred stochastically (i.e., at
random times) in individual GUVs, as observed in a previous
magainin leakage experiment (44). Fig. 6 A shows one
example in which the content dye leaked out in ~200 s while
the vesicle remained intact. This shows that the pores
induced by LL-37 were stable (i.e., were not expanding
indefinitely and did not disappear during the experimental
time) and did not disintegrate the lipid vesicle.

The method of aspiration (45) allowed us to distinguish
the surface binding from pore formation (18,29,46,47). A
GUYV that formed in 200 mM sucrose solution was aspirated

1 2 3
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and brought to an isotonic glucose/HEPES solution contain-
ing 0.5 uM LL-37 (Fig. 6 B). The binding of the peptide
initially expanded the protrusion inside the pipette, which
allowed us to calculate the fractional area expansion AA/A
(45). The protrusion length reached a maximum and then
began to decrease. This was the indication of pore formation
in the membrane and the influx of the smaller sugar
(glucose) molecules exceeding the outflow of the larger
sugar (sucrose) molecules, resulting in an increase of the
GUYV volume (18,46). The same experiment was repeated
nine times with an average maximum AA/A = 1.3 + 0.7%.

DISCUSSION

The stability of the pores induced by LL-37 was demon-
strated by the leakage experiment from GUVs. When
a GUV was exposed to LL-37 in the solution, the dye inside
the vesicle leaked out while the vesicle remained intact
(Fig. 6). This indicated the formation of finite-sized pores
in the membrane of GUV, which lasted for the entire exper-
imental time. The same phenomena were previously
observed by Tamba and Yamazaki (44) with magainin.
This observation did not imply pore-size stability during
the kinetic process. Recent kinetic studies showed that the
pores induced by magainin and other pore-forming peptides
initially leaked out large dye molecules but later leaked only
smaller ones (48,49). Whether LL-37 has similar pore-size
kinetics remains to be investigated. None of these pore-
forming peptides, including LL-37, dissolved the lipid
bilayer as a detergent would.

The experiment with aspirated GUVs provided further
insight into the process (18,29,46,47). In this experiment,
the amount of peptide bound to the GUV, or the P/L ratio,
increased with time. The initial phase of LL-37 binding
extended the protrusion length inside the micropipette,
indicating a membrane area expansion of the GUV without

FIGURE 6 (A) GUV with red dye in
the lipid and green dye in its content
was exposed to 5 uM LL-37. Leakage
occurred stochastically. 1) t = 0, right
before leakage occurred. 2) t = 30 s.
3) t =60s.4) t = 300 s (the GUV
was still intact). Within 60 s, the
leakage reduced the content dye inten-
sity to ~10% of the r = 0 value, whereas
photobleaching decreased the intensity
of a nonleaking GUV to ~90%.
Leakage was complete at r ~ 200 s.
(B) 1) An aspirated GUV was exposed
to 0.5 uM LL-37. 2) The protrusion
length initially increased, indicating
a membrane area expansion without
pore formation (the image shows the
maximum protrusion). 3) After reach-

ing the maximum, the protrusion length decreased, indicating pore formation in the membrane (see text). In nine runs of aspiration experiments, the average
time to reach the maximum protrusion was ~13 s and the average time to decrease to the original protrusion length (where AA/A = 0) was ~10 s. Both scale

bars = 10 um.
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pore formation (45). When the fractional area expansion
AA/A reached a value of ~1.3%, the protrusion length began
to decrease, indicating the formation of pores in the
membrane. The decrease of the protrusion length was due
to the finite size of the peptide-induced pores, which
allowed more permeation of the smaller glucose compared
with the larger sucrose, and the resultant osmolality imbal-
ance induced a net water influx. This increase and then
decrease of the GUV protrusion has been carefully analyzed
with other peptides, with the variations of sugar concentra-
tions and with the exchange of sucrose and glucose
(18,29,46,47). The maximum area expansion AA/A of
GUVs can be directly related to a critical peptide concentra-
tion P/L*: (AA/A)pax = (P/L)*(Ap/AL) (18). From the values
of (AA/A),ax, Ap, and Ay, we obtained P/L*~1/320. This is
the critical P/L. value. When the P/L of the peptides ad-
sorbed to the bilayer was below P/L*, the bound peptides
expanded the membrane area without pore formation.
Further binding of the solution peptides to the GUV made
P/L exceed P/L*, and then the peptides began to form pores.
This P/L* value for LL-37 in DOPC is too small to be
measured in equilibrium experiments. For the peptides or
the effect of peptides in stacked membranes to be detectable
by OCD or x-ray/neutron techniques, the P/L must be ~> 1/
150. For example, for melittin in di20:1PC (P/L*~1/70) and
di22:1PC (P/L*~1/40), the same value of P/L* was obtained
in both kinetic and equilibrium experiments (18).

The structural data obtained from stacked membranes of
peptide-lipid mixtures corroborated the GUV findings.
When the P/L of the peptide-lipid mixture was above
P/L*, a substantial fraction of the LL-37 peptides became
embedded in the bilayer with their helical axes normal to
the plane of the bilayer, consistent with pore formation. A
surprising finding was that the normal orientation of
LL-37 helices was observed only in swollen states, with
a D spacing exceeding ~70 A, and not in the same stacked
membranes fully hydrated by ~100% RH water vapor,
which had a D spacing ~52 A, or in any drier condition.
We assume that stacked membranes at larger D spacings
are closer to the situation in which peptides interact with
bilayer membranes in solution.

In swollen states with P/L > P/L*, neutron scattering re-
vealed LL-37 forming transmembrane pores in lipid bila-
yers with a water channel, but no pores were detected
under nonswollen conditions. Because the primary purpose
of this investigation was to determine whether LL-37
forms pores, we only measured LL-37 in DOPC bilayers
in two P/L values (1/100 and 1/50). Pores were detected
in both cases, with the water channel radius at 23 and 33
A, respectively. Much more systematic neutron studies
were carried out for the pores formed by smaller peptides,
i.e., alamethicin (21), magainin (35), melittin (34), and pro-
tegrin (28). We analyzed, and confirmed by anomalous
x-ray diffraction, two types of peptide-induced transmem-
brane pores: the barrel-stave pore and the toroidal pore
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(34,38,39). Only the special peptide alamethicin, which is
electrically neutral and barely soluble in water, forms
barrel-stave pores. All other peptides (which are highly
cationic and water-soluble) form toroidal pores. The
toroidal pores of magainin, melittin, and protegrin have
water channel radii in the range of 15-25 A, and vary in
size depending on the P/L ratio and lipid composition
(35). The toroidal pores are substantially larger than the
barrel-stave pores of alamethicin, which have a water
channel radius of 9 A (21). The pores formed by LL-37
are characteristic of the toroidal type. The GUV experiments
are consistent with LL-37 binding on the membrane surface
at low P/L ratios and forming transmembrane pores at high
P/L ratios. Its mechanism is consistent with the two-state
model exhibited by magainin and protegrin (17).

Human cathelicidin LL-37 is a widely expressed arche-
typal AMP (1). Recently, the activity of the Alzheimer’s
disease-associated amyloid @-protein against microbial
organisms was compared with the microbicidal activity of
LL-37 (50). It is significant that despite the versatile multi-
functionality of LL-37, our experimental results suggest that
its molecular mechanism for direct antimicrobial activity
may be similar to that of smaller AMPs such as magainin
and protegrin. Finally, we wonder whether the necessity of
studying LL-37 in swollen states implies that a similar
consideration should be applied to other large membrane-
active peptides and proteins.
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