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ABSTRACT: LL-37 is the only cathelicidin-derived polypeptide found in humans. Its eclectic function makes
this peptide one of the most intriguing chemical defense agents, with crucial roles in moderating
inflammation, promoting wound healing, and boosting the human immune system. LL-37 kills both
prokaryotic and eukaryotic cells through physical interaction with cell membranes. In order to study its
active conformation in membranes, we have reconstituted LL-37 into dodecylphosphocholine (DPC)
micelles and determined its three-dimensional structure. We found that, under our experimental conditions,
this peptide adopts a helix—break—helix conformation. Both the N- and C-termini are unstructured and
solvent exposed. The N-terminal helical domain is more dynamic, while the C-terminal helix is more
solvent protected and structured (high density of NOEs, slow H/D exchange). When it interacts with
DPC, LL-37 is adsorbed on the surface of the micelle with the hydrophilic face exposed to the water
phase and the hydrophobic face buried in the micelle hydrocarbon region. The break between the helices
is positioned at K12 and is probably stabilized by a hydrophobic cluster formed by 113, F17, and 120 in
addition to a salt bridge between K12 and E16. These results support the proposed nonpore carpet-like
mechanism of action, in agreement with the solid-state NMR studies, and pave the way for understanding
the function of the mature LL-37 at the atomic level.

The increasing bacterial resistance to conventional anti-
biotic compounds is an urgent problem to be addressed.
Natural antimicrobial peptides are one of the first evolved
chemical defense mechanisms of eukaryotic cells against
bacteria, protozoa, fungi, and viruses (/, 2). The broad
spectrum antibacterial activity, high selectivity, and the
disruption of bacterial cell membranes exhibited by hundreds
of antimicrobial peptides suggest that these molecules are
potentially useful as antibiotics; therefore, it is important to
investigate their structure and function at high resolution in
order to increase their potency and selectivity. Interestingly,
there is no amino acid sequence homology among these
peptides. On the other hand, their ability to interact with lipid
membranes depends highly on their secondary and tertiary
structures. Therefore, high-resolution structures of these
peptides in a suitable membrane environment are essential
to understand their mechanism of action. While X-ray
crystallography can be used to solve the structures of these
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FIGURE 1: Primary amino acid sequence of LL-37. The regions
defined by the arrows indicate the active polypeptides identified
by different research groups.

peptides when they can be prepared as a single crystal, it is
difficult to obtain a single crystal of these short AMPs in a
membrane environment. Therefore, solid-state NMR spec-
troscopy in lipid bilayers and solution NMR spectroscopy
in micelles are the most suitable techniques to solve the
structures of AMPs at high resolution. In this study, we have
solved the high-resolution structure of the only cathelicidin-
derived human antimicrobial peptide, LL-37, using solution
NMR spectroscopy in detergent micelles.

Cathelicidins are a well-known family of structurally
diverse antimicrobial peptides that are linked at the carboxyl
terminus to a 15—18 kDa highly conserved cathelin-like
domain (cathepsin L inhibitor) (3). LL-37 is expressed as a
pro-peptide (hCAP18) within neutrophils (and testes) and
then cleaved into a 4.5 kDa mature peptide. The primary
sequence of LL-37 is reported in Figure 1. LL-37 has
cytotoxic activity against both Gram-positive and Gram-
negative bacteria, demonstrating synergistic effects with
lactoferrin and human defensin HNP-1. Electron micrographs
of bacteria exposed to LL-37 show typical cell death profiles,
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with membrane blebbing and lysis at the peptide minimal
inhibitory concentration (MIC). However, for some eukary-
otic cell lines LL-37 displays a cytotoxicity at MIC greater
than 5 times that of the bacterial cells.

LL-37 has also been detected in human wounds and blister
fluids, and more recently the gene coding for LL-37 was
found to be induced in human keratinocytes during
inflammation (4—6). LL-37 may play a critical role in cystic
fibrosis remediation, where inactivation of human j-de-
fensin-1 compromises the innate immunity of the lung,
leading to frequent bacterial infections (7). Under these
pathologic conditions, LL-37 is able to restore normal levels
of Pseudomonas aeruginosa and Staphylococcus aureus
killing (8, 9). More recently Soderlund and co-workers
evaluated the ability of LL-37 to inhibit HIV-1 infection in
vitro (10). These researchers found that LLL.-37 inhibits HIV-1
replication in primary CD4(+) T cells, showing that this
peptide may contribute to the local protection against HIV-1
infection. All of these biological data suggest that LL-37
function may extend beyond its antimicrobial activity,
including wound healing, chemotactic attraction of leuko-
cytes, and modulation of the inflammatory response (/7).
More details on various biological functions and physico-
chemical properties of this intriguing molecule are well
covered in a recently published review article by Durr et al.
1).

Unlike defensins, LL-37 retains a broad-spectrum bacte-
ricidal activity with a high rate of microbial killing at both
physiological and elevated salt concentrations. In addition,
LL-37 is devoid of disulfide bridges and forms stable
oligomers protected from proteolytic degradation. Unlike
other antimicrobial o-helical amphipathic peptides, LL-37
binds and permeates both zwitterionic and negatively charged
membranes and is resistant to proteolysis when bound to
phospholipids in either monomeric or oligomeric states.
These features make LL-37 an excellent lead for drug design.
Using a minimalist approach, several groups studied trun-
cated versions of LL-37 with the goal of improving its
antimicrobial action and identifying a small template to
design new therapeutic approaches (/7). Originally, the most
active region was limited to about 20 residues, while more
recent studies using a TOCSY-trim approach permitted
further reduction of the active polypeptide down to 13
residues without jeopardizing the peptide activity (/2)
(Figure 1).

Given its small size, LL-37 has been the target of several
structural and spectroscopic investigations. In particular,
circular dichroism (CD) studies helped to characterize LL-
37 secondary structure as well as its oligomerization state.
It was found that LL.-37 assumes a random coil conformation
in aqueous solutions and adopts a helical structure in both
organic solvents and membrane-mimicking environments
such as detergent micelles. Using CD in conjunction with
activity assays, Johansonn et al. found that both the helical
conformation and oligomerization of LL-37 are important
for cytotoxic action of the peptide (/3). In addition, recent
solid-state NMR studies provided an initial characterization
of the conformation, dynamics, orientation, and oligomeric
nature of LL-37 in membranes (/4). The mechanism of
membrane disruption by LL-37 in model membrane bilayers
with various lipid compositions was also reported (/5). The
helical propensity of LL-37 has been reiterated by a few
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recent papers, describing fully functional fragments of this
peptide solubilized in SDS as well as DS8PG micelles (/2).
Taken with structural predictions, these studies identified the
helical nature of LL-37 and the possibility of breaks into
the secondary structure. To date, however, the lack of
resolution in the NMR spectra and the inability to crystallize
this peptide prevented the determination of the complete
high-resolution structure.

Here, we present the high-resolution structure and the
topology of LL-37 in complex with dodecylphosphocholine
(DPC) micelles as a membrane-mimicking environment.
Taken with the recent solid-state NMR results, these new
data offer a more realistic picture of how this peptide interacts
with membranes.

MATERIALS AND METHODS

Materials. All of the reagents for peptide synthesis and
cleavage were purchased from Applied Biosystems (Foster
City, CA) and Aldrich (Milwaukee, WI), respectively. Fmoc-
protected amino acids were from Advanced ChemTech
(Louisville, KY), and isotopically labeled Fmoc-amino acids
and perdeuterated DPC were from Cambridge Isotope
Laboratories (Cambridge, MA). Chloroform and methanol
were from Aldrich (Milwaukee, WI), and all other reagents
were from Fisher (Pittsburgh, PA).

Peptide Synthesis. LL-37 was synthesized on an ABI-431A
(Applied Biosystems, Foster City, CA) peptide synthesizer
using FastMoc chemistry with double coupling and double
deprotection. The peptide was cleaved from the Ser(z-Bu)-
Wang resin (Peptides International, Louisville, KY) to
produce a free carboxylate at the C-terminus. Removal of
protecting groups was accomplished using trifluoroacetic acid
(TFA) and scavengers. The peptide was purified using
reversed-phase high-pressure liquid chromatography on a C8
column (Vydac). The residual TFA was washed out using a
solution with 1% acetic acid. It was essential to remove the
residual TFA from the sample as its presence altered the
property of lipid bilayers as determined from 3'P solid-state
NMR experiments. The molecular mass and the purity of
the samples were characterized by mass spectrometry and
analytical HPLC (molecular mass of ~4.5 kDa with >96%
purity).

NMR Sample Preparation. Before preparing NMR samples,
LL-37 was dissolved in a chloroform—methanol—water
(4:4:1 v/v) solution. The solvent mixture was evaporated
under nitrogen flux, and the peptide was lyophilized. The
NMR samples were prepared by dissolving the lyophilized
peptides in an aqueous solution (10% 2H,O, 90% H,O)
containing 300 mM perdeuterated DPC (Cambridge Isotope
Laboratories) and 20 mM phosphate buffer at pH ~6 at a
final concentration of 1.5 mM. To detect the NOEs between
LL-37 and detergent molecules, the NMR sample was doped
with 10% protonated DPC.

To determine the location of LL-37 with respect to the
micelle, the sample was doped with gadopentetate dimeglu-
mine (Gd** for simplicity).

Dynamic Light Scattering. The size of the micelle/LL37
complex was evaluated by dynamic light scattering (DLS).
All of the measurements were carried out at 298 K using a
DynaPro (Protein Solutions) Titan (Wyatt Technology Corp.)
with a vertical polarized light of 488 nm wavelength.
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Samples both in the absence of peptide and in the presence
of different DPC/peptide molar ratios were prepared in 20
mM phosphate buffer at pH 6.0 and centrifuged for 10 min
at 5000 rpm prior to each measurement.

NMR Spectroscopy. All of the NMR experiments were
performed at 300 K on a Varian Inova 600 MHz spectrom-
eter. The 2D ['H,'H] total correlation spectroscopy (TOCSY)
(16) (50 and 65 ms mixing time) and 2D ['H,'H] NOESY
(17) (50—300 ms mixing time) experiments were run in the
phase-sensitive mode using time-proportional phase incre-
mentation (TPPI) for quadrature detection in the indirect
dimension. All of the pulse sequences utilized a WATER-
GATE pulse scheme (/8) for solvent suppression. The
experiments were acquired with 256 and 1024 complex data
points in the w; and w, dimensions, respectively. A DIPSI-2
pulse sequence (/9) was used for isotropic mixing in the
2D TOCSY experiments. The spectral widths were 8000 Hz
in both the w; and w, dimensions. To determine the location
of LL-37 with respect to the micelle, three 2D ['H,'H]
NOESY experiments (70 ms mixing time) were collected:
the first in the absence of Gd**, the second in the presence
of 1:2 peptide:Gd*" molar ratio, and a third NOESY in the
presence of 1:4 peptide:Gd*" molar ratio. The intensity
retentions of the peptide fingerprint were reported. Proton
chemical shifts were referenced to internal 3-(trimethylsi-
lyl)propionic acid. The NMR data were processed and
analyzed using NMRPipe (20) and SPARKY (27) software
packages. The 2D data from all of the experiments were zero-
filled to 4096 points in w, and to 1024 points in w; and
then processed with a sine-bell squared window function
shifted between 60° and 90° as appropriate before Fourier
transformation. A polynomial of sixth order was used for
baseline correction in both frequency dimensions. Spectra
were assigned using a standard assignment approach de-
scribed by Wuthrich (22). A table with all of the assigned
resonances is provided in the Supporting Information.

Structure Calculations. NOE cross-peaks from the 250 and
300 ms mixing time NOESY experiments were integrated
and used for the structure calculations. The NOE volumes
were calibrated using the average NOE volume from resolved
aromatic vicinal protons of F27 and classified as strong,
medium, and weak, corresponding to distance restraints of
1.8—2.9, 1.8—4.5, and 1.8—5.0 A, respectively. Solvent
accessibility of the amide backbone signals was determined
by proton/deuterium exchange studies. Samples were pre-
pared by dissolving the lyophilized protein sample in fully
deuterated DPC into *H,O, and solvent accessibility was
monitored by following the disappearance of the Ho,—Hy
cross-peaks by 2D NOESY spectra. After a period of 24 h,
most of the resonances of the N-terminal portion of the
polypeptide had disappeared, while the most solvent-
protected residues (residues 9 and 29) were still detectable
after several days.

Final structures of LL-37 were calculated starting from
an extended conformation using the simulated annealing (SA)
protocol available in XPLOR-NIH (23). A total of 100
conformers were generated using random seed at an initial
temperature of 5000 K with 6000 high-temperature steps,
3000 cooling steps, and a step size of 5 fs. The final target
function included a total of 348 NOEs (130 intraresidue and
218 interresidue distances). In addition, 17 hydrogen bond
constraints were implemented using NH—CO (i, i + 4)
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distance restraints from I13 through R29. The final stage of
refinement of the structural ensemble was carried out starting
at an initial temperature of 500 K and using 30000 cooling
steps with a 1 fs step size. The 70 refined structures had no
NOE violations >0.5 /0\, no bond violations >0.05 A, and
no bond angle violations >4°. The 40 lowest energy
conformers were then selected for further analysis. The
analysis of Ramachandran angles for the 48 lowest energy
structures was carried out using PROCHECK-NMR (24).
For the final conformers, the occurrence of the ¢ and y
angles for all of the residues in the Ramachandran plots was
83.6% in the most favored, 11.1% in the allowed, 1.6% in
the generously allowed, and 3.7% in disallowed regions. The
residues located in the N- and C-termini, which had fewer
structural restraints, account for those residues found in the
disallowed regions of the Ramachandran plots.

The orientation of LL-37 with respect to the micelle was
determined using a pseudomicelle potential (25). In short,
we first estimated the size of the DPC micelle from DLS
data (see above). We calculated an average of ~60 mono-
mers per micelle in the presence of the peptide. According
to Tieleman and co-workers (http://www.ucalgary.ca/
~tieleman/download.html), this corresponds to a micelle
radius of ~20 A. To model the distances obtained from Gd3*
paramagnetic quenching experiments and the detergent—
peptide NOEs, we assumed a spherical size of the micelle
with a pseudoatom positioned in the center of micelle. Upper
and lower bounds of 4 A were defined using the classical
convention for paramagnetic relaxation enhancement (PRE)
data established by Battiste and Wagner (26). For residues
located outside the micelle (see Gd*" data) we imposed
harmonic distance restraints for their amide protons greater
than 16 A from the center of the micelle. For residues located
inside the micelle, we imposed harmonic distance restraints
less than 16 A from the center of the micelle. We will refer
to these distances as pseudomicelle restraints. Indeed, we
used a conservative approach, considering outside the
micelles only those residues with ~100% of intensity
retention and inside the micelle those residues with intensity
retention less than 50%.

RESULTS

Previous NMR investigations focused on functional frag-
ments of LL-37 solubilized in SDS or DS8PG micelles.
However, the 2D spectra of full-length unlabeled, synthetic
LL-37 under these experimental conditions were poorly
resolved and did not allow for full structure determination
(12). For our structural analysis, the full-length synthetic LL-
37 was reconstituted in DPC micelles. We chose DPC as a
detergent because of the high affinity of LL-37 for zwitte-
rionic membranes containing phosphatidylcholine (11, 14).
Peptide concentration, pH, and ionic strength as well as
peptide/detergent ratios were carefully scanned to obtain a
high-resolution peptide fingerprint. The size of the micelle/
peptide complex was estimated by DLS. In the absence of
peptide, we found that the hydrodynamic radius (HR) for
DPC micelles in the absence of LL37 is 24 + 2 A with a
molecular mass of ~26 kDa. In the presence of peptide, we
observed only a slight increase of HR (~26 + 2 A).
However, the estimated molecular mass was 30 kDa, which
fits well with the increase in molecular mass upon addition
of LL-37.
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FIGURE 2: Fingerprint region of LL-37 extracted from a 2D ['H—'H]
NOESY experiment at 300 ms mixing time. The sample consisted
of 1 mM LL-37 reconstituted into phosphate buffer containing 300
mM DPC at pH 6.0.

To assign the backbone and side chain resonances, a
combination of 2D ['H,'H]-TOCSY and NOESY spectra at
different mixing times was used. As an example, the
fingerprint region of the NOESY spectrum at 300 ms of
mixing time is shown in Figure 2. The complete resonance
assignment is given in Table 1 in the Supporting Information.
With the exception of the H,—Hy correlations for L1 and
P33 residues, which are absent in the spectra, all of the
resonances in the fingerprint region were assigned. However,
due to the inefficient relay of the magnetization in the
TOCSY experiments only a few residues displayed complete
spin systems, while the Ho—Hy cross-peaks were detected
for most of the residues. The latter allowed us to “walk”
through the polypeptide backbone and perform most of the
sequential assignment (22). From the analysis of the 2D
NOESY spectra, we identified and assigned a total of 348
NOEs (130 intraresidue and 218 interresidue). Figure 3 shows
a summary of the backbone NOE:s for the secondary structure
assignment with a histogram indicating the number of NOEs
per residue. We detected several dyn(i, i + 1) and don(i, i +
1), as well as dnn(i, i + 2), throughout the entire peptide
backbone. Also, several dyn(i, i + 3) and dun(i, i + 4) NOE
correlations diagnostic of a-helical conformation were
detected from residues G2 through P33. While the highest
density of NOE correlations was located between K15 and
N30, there were a significant number of NOEs in the
N-terminal portion of the peptide. In particular, three do~(i,
i + 4) correlations between D4 and K8, F6 and K10, and
K10 and G14 suggest that the N-terminal region adopts an
a-helical conformation. However, this is a weaker, more
dynamic helix, based on the values of the Ha chemical shift
index reported at the bottom of Figure 3 and the H/D
exchange experiments. In fact, after 24 h from the sample
preparation only the resonances from I13 through R29
remained solvent protected, showing H,—Hy correlations in
the 70 ms NOESY experiments. The C-terminal residues
from 30 through 37 are unstructured and more dynamic as
demonstrated by the H/D exchange experiments and the lack
of long-range backbone NOEs.

Like pardaxin (27), magainin 2 (28, 29), and other peptides
and proteins reconstituted in detergent micelles (30, 31), the
quality of the spectra allowed us to assign most of the
resonances but not to measure the J coupling constants. All
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FIGURE 4: (A) Histogram of NOEs versus residues for LL-37. (B)
Histogram of the backbone RMSD versus residues for the final 40
LL-37 conformers. The superpositions of the conformers from residue
4 to residue 33 and from residue 12 to residue 33 are reported.

of the NOEs and the H/D exchange data were converted into
distances and modeled using the classical simulated annealing
protocol built into XPLOR-NIH (23). Of the 70 structures
calculated, 40 were selected for the final analysis. The
overlays of backbone and side chain heavy atoms for the
final selected conformers are reported in Figure 4. As
reported in Figure 4C, the most structured region (RMSD
< 1 A) spans from residue 4 to residue 33. The superposition
of the heavy backbone atoms from residue 4 to residue 33
gives an RMSD of 0.9 + 0.2 A, while the superposition of
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helix-1 helix-2

FIGURE 5: (A) Representative structure of LL-37 showing the angle
between the two helical domains and the break point centered at
K12. (B) Ensemble of conformers for LL-37 showing the conver-
gence of the conformers for backbone atoms. (C) Heavy atom
representation of the final calculated ensemble of conformers
showing the convergence of the side chains. The structures were
fit onto the relaxed average conformation.

all of the heavy atoms gives an RMSD of 1.7 + 0.4 A. The
highest structural precision is attained if the RMSD is
calculated by overlaying the backbone atoms of residues
12—33 (RMSD of 0.4 £ 0.1 A for the backbone and 1.0 &
0.2 A for all of the heavy atoms). Taken with the H/D
exchange measurements, these calculations support the
existence of a helix—break—helix conformation of LL-37,
with a more dynamic N-terminal helix, a break at K12, and
a more stable conformation from residue 13 to residue 33.
The hydrophobic residues reside in the concave face of the
peptide, perhaps contacting the interior of the lipid bilayer.
The absence of a side chain at G14 facilitates the physical
contacts between [13 and F17 that form a tight cluster with
120 located in the hydrophobic face of the peptide (Figure
6). The kink induced by this hydrophobic cluster may be
further stabilized by the presence of a salt bridge between
K12 and E16 located on the hydrophilic face of the peptide.
The presence of the salt bridge can be inferred by the close
proximity of the side chains of these residues in most of the
structures analyzed (Figure 6). In addition to the dun(i, i +
4) interactions, some of the structures of the final confor-
mational ensemble show that the side chains of K8 and E11
are also close in space, forming a salt bridge. Both dun(i, i
+ 3) and dun(i, | + 4) glutamate—lysine interactions have
been reported to stabilize a-helices through ion pairing, with
an energy contribution of ~1 kcal/mol for solvent-exposed
salt bridges (32). Given the occurrence of lysines in
antimicrobial peptides (33—38), these types of interactions
might play an important role in helix formation for amphi-
pathic peptides upon interaction with membranes.

The topology of LL-37 in detergent micelles was obtained
using a Gd** paramagnetic mapping and by direct detection
of NOEs between the peptide and the detergent micelles.
Figure 7A shows a plot of the intensity retention for the Ho
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FIGURE 6: Kinked region of LL-37. The proximity of K12 and E16
side chains in most of the conformers generated using the simulated
annealing procedure suggests the presence of a salt bridge between
these residues. Also, the hydrophobic cluster formed by 113, F17,
and 120 stabilizes the kink between the two helices.
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FIGURE 7: (A) Intensity retention (/g) plots for Hot of LL-37 in the
presence of 1:2 (blue trace) and 1:4 (red trace) peptide to Gd>*
ratios. (B) Selected region of the NOESY spectrum showing the
NOEs between the aromatic residues and the methylene detergent
resonances.

protons of LL-37 in the presence of Gd*". The oscillatory
behavior of the intensities in the presence of the paramagnetic
agent further supports the helical conformation of the peptide
in interaction with the DPC micelle. In addition, to orient
the hydrophobic phase of the peptide, we doped the NMR
sample with 10% protonated DPC. A careful analysis of
NOESY spectra reveals the presence of cross-peaks between
the DPC resonances at ~1.4 ppm and the well-resolved
resonances of 0 protons of F5, € protons of F6, and ¢ protons
of F17 and F27 (Figure 7B). Both the paramagnetic quench-
ing experiments and the NOEs were modeled using a
pseudomicelle potential (see Materials and Methods). Figure
8 shows the orientation of LL-37 with respect to the micelle.
As predicted from the analysis of the peptide’s amphipathic
nature and the secondary structure, the concave face contain-
ing the hydrophobic residues points toward the micellar
interior, whereas the hydrophilic residues are oriented toward
the bulk solvent.
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Hydrophilic Residues
] Hydrophobic Residues

FIGURE 8: Molecular model of LL-37 embedded into a DPC micelle. (A) LL-37 orientation obtained from the pseudomicelle restraints. The
black sphere represents the target distance (20 A); the outer and inner spheres represent the lower and upper bounds (£4 A). (B) LL-37
docked to a DPC micelle. The coordinates of the micelle consisting of 65 DPC lipids and equilibrated with molecular dynamics in the
presence of 6305 water molecules were downloaded from the Biocomputing Web Site at the University of Calgary (Department of Biological
Sciences at the University of Calgary, http://moose.bio.ucalgary.ca/) and overlaid to the coordinates of the pseudomicelle sphere.

DISCUSSION

Previous structural studies by CD spectroscopy (13, 14)
revealed that LL-37 assumes a random coil conformation in
pure aqueous solution but a helical secondary structure in
common structure-inducing environments like TFE or lipid
bilayer vesicles. These studies correlated the helical content
to the observed antibacterial activity of the peptide. There-
fore, the accurate knowledge of the three-dimensional
structure of the mature peptide is crucial to understand its
function. Unfortunately, organic solvents cannot substitute
for the bilayer structure of lipid membranes, and the data
acquired so far on LL-37 in membranes did not allow for
the determination of a high-resolution structure of the full-
length peptide. On the other hand, DPC micelles are a reliable
membrane mimetic model and have been utilized extensively
for solution NMR studies of antimicrobial peptides (27, 28,
39—47)as well asintegral membrane proteins (30, 31,44, 48—51).
In selected cases, DPC micelles preserve not only the native
conformations of membrane proteins (30) but also membrane
enzyme activity (52, 53). The activity of LL-37 has been
measured by solid-state NMR experiments on model mem-
branes containing LL-37 and lipids with phosphocholine
headgroups (/4). This not only justifies the choice of DPC
but allows for further experiments characterizing membrane
protein binding interfaces (31, 52, 53). Under our experi-
mental conditions, LL-37 assumes a helix—break—helix
conformation, with K12 located at the break point between
the N-terminal and the C-terminal helices. The overall NOE
pattern of LL-37 is reminiscent of that of pardaxin, another
antimicrobial/toxin peptide that we studied in DPC micelles
(27). As with pardaxin, most of the dipolar correlations are
localized in the central region of LL-37, with several long-
range NOEs present in the N-terminal region and very few
NOEs in the C-terminal part of the peptide. In addition to
the helix—break—helix motif, both peptides have the hydro-

phobic face of the amphipathic helix positioned toward the
concave side. The central hinge region is a common motif
in many antimicrobial peptides and is thought to provide for
the conformational flexibility required for the formation of
ion channels (54, 55). The N-terminal portions of both
pardaxin and LL-37 are not ideal amphipathic helices and
both terminate with a pair of phenylalanines (27). These
residues are usually located at the water/lipid interface and
may facilitate the insertion of the antimicrobial peptide in
the lipid membranes. In pardaxin, the two phenylalanines
make the N-terminal region structured, probably through
m—s interactions (27). On the contrary, the N-terminal
domain of LL-37, which is necessary for the antimicrobial
action, is not stabilized by the two phenylalanines and has a
higher structural disorder, as demonstrated by the presence
of sparse NOEs and H/D exchange experiments. In fact, if
it is truncated, the peptide loses most of the antimicrobial
potency against Escherichia coli bacteria. In spite of the
structural and sequence similarities, the mechanisms of action
for pardaxin and LL-37 are significantly different. While
pardaxin is thought to operate through a “barrel-stave” model
at a low peptide concentration and via a carpet model at
higher concentrations (27, 56), recent solid-state NMR data
suggest that LL-37 interaction with the membranes does not
involve a “barrel-stave” mechanism; rather the carpet-
toroidal-type mechanism of action was proposed (/4). The
structure and the topology of LL-37 that we obtained in
detergent micelle support the latter mechanism with LL-37
in a helical conformation that is absorbed on the surface of
the micelle.

Another important structural feature of LL-37 in DPC
micelles is the pronounced curvature of the structure (see
Figures 5 and 7), which we also observed in two variants of
magainin peptides (MSI-78 and MSI-594) (28). The struc-
tural determinants for the curvatures in transmembrane and
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amphipathic helices are unknown. However, a recent paper
by Koeppe and co-workers (60) identified lysines as the
possible cause of curvatures in membrane-associated pep-
tides. All of these polypeptides (LL-37, MSI-78, and MSI-
594) are lysine-rich, and the curvature may be due to the
interactions that the lysine side chains make with the
interfacial region of the micelle. Interestingly, a marked
curvature of the two amphipathic helices was also observed
for a-synuclein (57, 58), a membrane binding protein that
has been associated with Parkinson’s disease. a-Synuclein
has six repeat regions that contain lysine residues (KT-
KEGYV). A model of LL-37 interacting with the DPC micelle
is depicted in Figure 8. It should be kept in mind that these
studies in micelles represent only a starting point for our
understanding of the interactions of LL-37 with membrane
bilayers. In fact, a significant problem with detergent micelles
is that the curvature of the micelle surface may induce
structural deviations. To give a more realistic view of the
interactions between LL-37 and lipid membranes, solution
NMR data must be interpreted in the light of solid-state NMR
results acquired in lipid bilayers. Assuming there are only
slight deviations of the LL-37 structure in micelles from that
in lipid bilayers (59) and including the PISEMA solid-state
results obtained in mechanically oriented lipid bilayers (/5),
LL-37 appears to be adsorbed on the surface of the lipid
membrane. Therefore, it is possible to hypothesize that LL-
37 is mostly unstructured in solution and becomes helical
upon interaction with lipid membranes. From the surface
position, LL-37 can be depicted diffusing into the bacterial
inner membrane and destroying it upon reaching MIC (11, 14).
This is consistent with the nonpore carpet-like mechanism
of action (56).

In conclusion, we have solved the three-dimensional
structure of the mature LL-37 peptide embedded in DPC
micelles. While the overall structure of LL-37 (helix—break—
helix) is reminiscent of pardaxin, the different structural and
dynamic details in the N-terminus might explain the different
selectivity and mechanism of action of LL-37. Taken with
the solid-state NMR results on phospholipid bilayers with
varying composition (/7), this study of LL-37 in micelles
will help to pave the way for a detailed understanding of its
interaction with lipid membranes and its role in human
biochemical defense. Since knowledge of the structures of
naturally occurring peptides such as LL-37 is essential to
design more potent and selective antimicrobial peptides, the
present study will be of significant value for designing
efficient peptide fragments or de novo peptides for pharma-
ceutical applications. In addition, a comparison of the
structural features and mechanism of LL-37 with other well-
studied amphipathic o-helical antimicrobial peptides such
as pardaxin (27, 56) and magainins (28) will lead to further
insights for the development of new antimicrobial compounds
of pharmaceutical importance to overcome the increasing
bacterial resistance problem.
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