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ABSTRACT: LL-37 is a broad-spectrum human antimicrobial peptide in the cathelicidin family. Potency assays
in the form of minimal inhibitory concentration and vesicle leakage indicate that the single-tryptophan
mutants, FOW and F17W, are as effective at killing bacteria and disrupting membranes as the native,
tryptophan-free LL-37 peptide. Steady-state fluorescence and UV resonance Raman spectroscopy of FOW
and F17W reveal molecular details of these tryptophan residues. The local environment polarity, hydrogen
bond strength of the indole N—H moiety, and rotational freedom decrease for both F6W and F17W in the
presence of carbonate ions relative to in pure distilled water; these results are consistent with burial of the
hydrophobic region of o-helical LL-37 in oligomeric cores induced in the presence of carbonate ions.
Differences in the spectroscopic properties of the carbonate-induced a-helical forms of FOW and F17W reflect
the presence of a local lysine residue near FOW that makes the microenvironment of F6W more polar than
that of F17W. In the presence of lipid vesicles, the mutants undergo additional loss of environment polarity,
hydrogen bond strength, and rotational freedom. Quenching experiments utilizing brominated lipids reveal
that the tryptophan residues in both mutants are essentially equidistant from the bilayer center and that
bromines closer to the bilayer center, in the 9,10 positions, quench fluorescence more efficiently than those
closer to the headgroups (6,7 positions). These results support carpeting or toroidal pore mechanisms of
membrane disruption by LL-37 and demonstrate that the combination of tryptophan mutants and sensitive

spectroscopic tools may provide important molecular clues about antimicrobial action.

Two major classes of antimicrobial peptides (AMPs)' have
been identified in the human innate immune system, the cathe-
licidins and defensins (7). LL-37 is derived from the only human
cathelicidin gene identified to date, hCAPI8, and is expressed
primarily in neutrophils and epithelial cells (2). Like the majority
of antimicrobial peptides found in nature, LL-37 is cationic with
an overall charge of 4-6. Its functional structure is an a-helix with
a primary sequence of LLGDFFRKSKEKIGKEFKRIVQ-
RIKDFLRNLVPRTES (3); a helical wheel is shown
(Supporting Information Figure S1). LL-37 exhibits broad-
spectrum antimicrobial activity, binds and neutralizes bacterial
lipopolysaccharide, plays a role in wound healing, and is directly
and indirectly chemotactic (1, 3, 4). The expression and activity of
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LL-37 have been implicated in a variety of medical conditions,
including rosacea, atopic dermatitis, psoriasis, cystic fibrosis, and
susceptibility to group A streptococci infection (/, 5). The
importance of this abundant human AMP in immunity and
disease combined with the lack of detailed structural information
on LL-37—membrane interactions motivates the current report.
General understanding of the membrane-disrupting activity of
AMPs has improved in recent years, but specific molecular
details remain unknown. In-depth studies of these ubiquitous
peptides have largely been hindered by the inherent complexity of
peptide—membrane systems as well as lack of practical tools for
the study of AMPs at the molecular level. Here we employ the
structurally sensitive technique of ultraviolet resonance Raman
(UVRR) spectroscopy combined with a variety of fluorescence
tools on LL-37 and two single-tryptophan mutants to elucidate a
molecular picture of peptide—membrane interactions.
Tryptophan has been extensively utilized as a natural spectro-
scopic probe for studying membrane proteins and peptides,
largely due to its intrinsic fluorescence and high propensity for
the membrane—water interface (6, 7). In addition to displaying
environment- and structure-sensitive photophysics, tryptophan is
ideal because it can be introduced into some classes of AMPs with
minimal perturbation of the structure (8, 9). The current study
combines the well-characterized fluorescence and UVRR signals
of tryptophan to reveal changes in local environment and
structure (/0). Comparison of these vibrational and fluorescence
spectra of LL-37 in solution and bound to synthetic membranes
provides valuable insight into the functional structures and
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supports the carpeting and toroidal pore mechanisms of mem-
brane disruption by this human cathelicidin.

MATERIALS AND METHODS

Chemicals. Wild-type LL-37 and mouse cathelicidin
(mCRAMP) were obtained as previously described (/7) as well
as purchased with >95% purity from Anaspec (San Jose, CA).
LL-37 mutants FOW and F17W were purchased with >95%
purity from Genscript (Piscataway, NJ) and used without further
purification. Anionic lipid 1-palmitoyl-2-oleoyl-sn-glycero-
3-[phospho-rac-(1-glycerol)] (sodium salt, POPG), neutral lipids
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and
1-palmitoyl-2-stearoyl-sn-glycero-3-phosphocholine ~ (PSPC),
and brominated lipids I-palmitoyl-2-stearoyl(6—7)dibromo-
sn-glycero-3-phosphocholine (Br(6,7)PC) and 1-palmitoyl-2-
stearoyl(9—10)dibromo-sn-glycero-3-phosphocholine (Br(9,10)PC)
were purchased from Avanti Polar Lipids as chloroform solu-
tions. Triton X-100 (Triton X) detergent was purchased from MP
Biomedicals, Inc. L-Tryptophan, sodium bicarbonate, monoba-
sic sodium phosphate, acrylamide, and HPLC-grade deionized
(DI) water were purchased from Fisher Scientific and used as
received. Tryptophan octyl ester (TOE) was obtained from Chem
Impex International, and the concentration for UVRR and
fluorescence experiments was 40 M in sodium phosphate buffer,
pH 7.4, and 15 uM in the presence of vesicles. The buffer used
for all LL-37 experiments was 50 mM sodium bicarbonate and
1.1 mM sodium monobasic phosphate at pH = 7.4. Dye leakage
assays were performed using the fluorophore 8-aminonaphtha-
lene-1,3,6-trisulfonate (ANTS) and the quencher p-xylenebis-
(pyridinium) bromide (DPX) from Invitrogen.

Vesicle Preparation. Chloroform—lipid solutions were com-
bined to yield the indicated molar ratios. The resulting solution
was dried under a stream of argon. Dried lipids were resuspended
in the appropriate buffer using a bath sonicator. For dye-
containing vesicles, the buffer also contained 50 mM ANTS
and 50 mM DPX. Small unilamellar vesicles (SUVs) were made
by sonication of the lipid solution with a Branson ultrasonicator
microtip and filtered through a 0.45 um filter to remove titanium
dust and other particulates. Dye-containing vesicle solutions
were passed through a gravity-driven desalting column
(Bio-Rad 10-DG) to separate free dye from vesicles. Vesicle
solutions were allowed to equilibrate for 1—4 h at 37 °C prior to
use. The lipid concentration, based on dilution of the initial lipid
solution and used in experiments, was 1 mg/mL. Vesicles were
characterized to have diameters of less than 100 nm by dynamic
light scattering measurements.

Circular Dichroism. Peptide was incubated for 1—4 h at
37 °Cin vesicle solutions or at room temperature in DI water and
buffer solution. Spectra were obtained using a 2 mm path length
cuvette on a Cary 61 spectropolarimeter with a final peptide
concentration of 40 uM. Data were acquired at a constant
temperature of 23 °C with a step size of 1 nm and acquisition
time of 5 s. Buffer-only and vesicle blank spectra were also
acquired and subtracted from corresponding peptide spectra.

Fluorescence Spectroscopy. Spectra were obtained on a
Jobin Yvon Horiba Fluorolog-3 Model FL3-11 spectrofluoro-
meter. For tryptophan fluorescence measurements, including
quenching experiments, vesicle-containing solutions were al-
lowed to incubate with peptide for 65 + 5 min at 37 °C.
DI water and buffer solutions were equilibrated with peptide
for 1-2 h at 30 °C. The excitation wavelength was 290 nm, and
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the entrance and exit bandpass were 2.6 or 2.0 and 6 nm,
respectively. The error in peak position is 1 nm. Fluorescence
measurements were recorded at a constant temperature of 30 °C.
Steady-state anisotropy measurements were made by introducing
vertical (V) or horizontal (H) polarizers in the excitation and
emission paths and collecting fluorescence. The resulting fluor-
escence intensities Iyvy, Ivyg, Iupg, and Iy, where the first and
second subscripts refer to excitation and emission polarizations,
respectively, were used to calculate the anisotropy at 350 nm, r35.

For leakage experiments, dye-containing vesicle solutions were
allowed to incubate with peptide for 65 + 5Smin at 37 °C (12, 13).
The excitation wavelength was 386 nm, and the bandpass for
entrance and exit slits was set to 5 nm. Triton X detergent was
added to dye-containing vesicle solutions to determine the
maximum fluorescence intensity corresponding to 100% dye
leakage. Control experiments of dye-containing vesicle solutions
in the absence of peptide were also performed to measure
spontaneous leakage of dyes. Fluorescence measurements were
recorded at a constant temperature of 30 °C.

UV Resonance Raman Spectroscopy. The UVRR setup
has been described elsewhere (/4). Vibrational spectra of the
single tryptophan residue were obtained by setting the funda-
mental wavelength to 912 nm to generate a 228 nm excitation
beam. A typical sample volume of 2 mL was flowed through a
100 um i.d., 160 um o.d. vertically mounted fused silica capillary
at a rate of 0.16 mL/min to ensure fresh sample for each laser
pulse. The UV power was 2—3 mW at the sample. The peptide
concentration was 40 uM, and ten 1 min spectra were collected
and summed for all peptide samples. TOE spectra were collected
with 230 nm excitation, and data were acquired for 30—60 min.
UVRR spectra of all appropriate blank solutions were also
collected and subtracted from corresponding peptide spectra.
Accuracy was determined using ethanol peaks and was found to
be £2 cm™ . The bandpass was 11 cm ™. The error for relative
intensities is ~10%.

Minimal Inhibitory Concentration. The method to deter-
mine minimal inhibitory concentration (MIC) is a modification
of a previously published protocol (15). Briefly, Staphylococcus
aureus (S. aureus) 113 was grown to mid-log phase in media
containing 20% tryptic soy broth, 1.I mM dibasic sodium
phosphate, and 50 mM sodium bicarbonate, pH 7.4. S. aureus
at 10° CFU/mL was incubated with final concentrations of 0, 2,
4,8, 16, 32, and 64 uM peptides LL-37, F6W, and F17W in the
media. After 4 h of incubation at 37 °C, bacteria were plated on
Todd Hewitt agar and enumerated for CFU. MIC measurements
were performed a total of six times for each peptide.

RESULTS

Circular dichroism (CD) spectra of LL-37 and its mutants,
F6W and F17W, in DI water, buffer, and anionic vesicles are
shown in Figure 1. All peptides exhibit similar secondary
structure in the tested conditions and are consistent with previous
reports (3, 16). Spectra characteristic of random coil were
observed for peptide in DI water. In buffer and anionic vesicle
solutions the peptides have a-helical secondary structure con-
sistent with the CD minima at 208—210 and 222 nm as well as a
maximum at 193—196 nm.

Fluorescence leakage assay results are presented in Figure 2 for
LL-37, F6W, F17W, and the mouse cathelicidin mCRAMP at
peptide concentrations up to ~40 uM. The comparison to
mCRAMP was motivated by previous findings that LL-37 and
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FiGure 1: Circular dichroism spectra of F17W (solid), F6W
(dotted), and wild-type (dashed) LL-37 in 2:1 POPC:POPG vesicles,
buffer, and DI water.
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FIGURE 2: Fluorescence leakage assay results for native LL-37, F6W,
F17W, and mouse cathelicidin mCRAMP. The ordinate indicates the
fluorescence signal of the peptide relative to 100% leakage due to
complete disruption of vesicles by Triton X detergent.

mCRAMP exhibit different potencies (15, 17), and this variation
in potency is supported by the leakage assay data. Within this
concentration range there is no spectroscopic evidence of en-
hanced peptide—peptide interactions in the presence of vesicles
(Supporting Information Figure S2). Peptide-induced leakage is
reported relative to Triton X-induced leakage, which is 100%.
Leakage depended linearly on peptide concentration for the
range 5—40 uM. Scattering from vesicles was present at all
concentrations after 1 h of incubation with peptide (data not
shown). The MICs for LL-37 and both single-tryptophan
mutants against S. aureus were 4 uM based on the following
observation: in ~80% of the trials, the number of CFUs
decreased over 80% in the presence of 4 uM peptide relative to
2 uM peptide, and in the presence of 8 uM peptide, 100% of the
cells were killed for all trials. The observed MIC value of ~4 uM
for LL-37 is consistent with prior reports (15).

Normalized steady-state tryptophan fluorescence spectra of
40 uM F6W and F17W in the presence of anionic vesicles, buffer,
and DI water are shown in Figure 3. Fluorescence maxima
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FIGURE 3: Steady-state tryptophan fluorescence spectra of single-
tryptophan mutants F17W (solid) and F6W (short dash) in the
presence of vesicles (A, B), carbonate buffer (C, D), and DI water
(E). Spectra were normalized to a maximum emission intensity of
unity; the normalization factor varied from 1.9 x 10° to 3.6 x 10°
counts/s. All samples had a final peptide concentration of ~40 uM.

were most blue shifted in the presence of anionic vesicles with
emission maxima at 330 and 328 nm for F6W and F17W,
respectively. In buffer, the fluorescence maxima are 344 and
336 nm for F6W and F17W, respectively. Peptide in DI water
yielded spectra with emission maxima values similar to that of
50 uM model compound L-tryptophan (358 nm); F6W and
F17W in DI water exhibit maxima of 354 and 355 nm, respec-
tively. A summary of fluorescence maxima is presented in Table 1.

Tryptophan fluorescence steady-state anisotropy values mea-
sured at 350 nm (r35) are also summarized in Table 1. Model
compound L-tryptophan yielded an anisotropy value of 0.02 &+
0.01 in DI water, in buffer, and in the presence of vesicles and a
value of 0.05 £ 0.01 in 99% glycerol. In DI water, peptides
exhibited 35y values of 0.04 £+ 0.01 and 0.03 £+ 0.01 for F6W and
F17W, respectively. In buffer, 350 values of 0.06 £ 0.01 and
0.08 £ 0.01 were observed for FOW and F17W, respectively.
Rotation was further hindered in the presence of vesicles, with
anisotropy values of 0.10 & 0.01 and 0.12 £ 0.01 for F6W and
F17W, respectively.

Figures 4 and 5 present tryptophan fluorescence spectra in the
presence of brominated lipids for peptide concentrations of 10,
20, and 40 uM. Bromines in the 9,10 positions quenched
tryptophan fluorescence more efficiently than bromines in the
6,7 positions for both F6W and F17W over this concentration
range. Although quenching varied with bromine position, all
recorded fluorescence intensity values were within 62—76% of
the fluorescence intensity in the absence of quenching. The
relative fluorescence values, F/F,, where F and F; are fluores-
cence intensities in the presence and absence of brominated lipids,
respectively, are summarized in Table 2.

Excitation with 228 nm selectively enhances Raman scattering
from tryptophan residues (18, 19). Figure 6 and Supporting
Information Figure S3 show UVRR spectra of F17W and FOW
in anionic vesicles, buffer, and DI water. The labeled tryptophan
peaks W3, W7, and W10 have been shown to be sensitive to local
environment (0, 18, 20—23). The W10 doublet ratio, Ry, is
equal to 1140/I-1250 and changes from 2.1 in DI water to 0.9 in
anionic vesicles for FOW and from 1.8 (DI water) to 1.0 (anionic
vesicles) for F17W. The Fermi doublet ratio, Ryp, is equal to
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Table 1: Spectroscopic Values for L-Tryptophan, F6W, and F17W in DI Water, Buffer, and Vesicle: Emission Maximum (4,,x), UVRR Ratios Rgp and Ry,

and Anisotropy Value r3so

DI water

buffer

vesicle
sample Amax Rep Rwio 7350 Amax Rep Rwio 7350 Amax Rep Rwio 1350
L-Trp 358 1.0 2.5-3.5 0.02 358 1.0 2.5-3.5 0.02 358 1.1 2.5-3.5 0.02
FowW 354 1.2 2.1 0.04 344 1.7 1.3 0.06 330 2.1 0.9 0.10
F17W 355 1.4 1.8 0.03 336 2.0 1.1 0.08 328 2.3 1.0 0.12
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FIGURE 4: Fluorescence spectra of F6W in the presence of
1:1:1 POPC:POPG:PSPC (solid), 1:1:1 POPC:POPG:Br(6,7)PC
(long dash), and 1:1:1 POPC:POPG:Br(9,10)PC (short dash)
vesicles. Peptide concentrations are indicated. Downward arrows
indicate decrease in fluorescence intensity in the presence of
brominated lipid.

L 1360/1-1340 and shifts from 1.2 to 2.1 for F6W in DI water and
anionic vesicles, respectively. For F17W, Rgp shifts from 1.4 to
2.3in DI water and anionic vesicles, respectively. The W3 mode is
sensitive to torsion angle y*' and shows frequency variations in
DI water, buffer, and anionic vesicle solutions. For F6W the
frequencies correspond to y*' angles of 95° in DI water (W3 =
1551 em™'), 102° in carbonate buffer (W3 = 1554 cm™),
and 100° in vesicle solutions (W3 = 1553 cm™'). W3 peak
positions for F17W correspond to %*' values in DI water,
carbonate buffer, and vesicles of 98° (W3 = 1552 cm™ "), 108°
(W3 = 1556 cm™ "), and 104°(W3 = 1554 cm™"), respectively
(20—23). UVRR Rgp and Ry data are summarized in Table 1.

DISCUSSION

Molecular level structure—function relationships are complex
and not fully understood for amphipathic a-helical AMPs (24).
This study aims to elucidate mechanistic details of cathelicidin
LL-37, a major peptide of the human innate immune system
that is primarily expressed by epithelial cells and neutrophils (2).
Here, we probe the mechanisms by which LL-37 acts on synthetic
vesicles by utilizing single-point mutations in which a native
phenylalanine residue was converted to a tryptophan residue in
position 6 or 17 to yield two mutant LL-37 peptides, FOW

F17W
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FIGURE 5: Fluorescence spectra of F17W in the presence of 1:1:1
POPC:POPG:PSPC (solid), 1:1:1 POPC:POPG:Br(6,7)PC (long
dash), and 1:1:1 POPC:POPG:Br(9,10)PC (short dash) vesicles.
Peptide concentrations are indicated. Downward arrows indicate
decrease in fluorescence intensity in the presence of brominated lipid.

Table 2: Relative Fluorescence Intensity (F/Fp) for 10, 20, and 40 uM F6W
and F17W in the Presence of Brominated Lipids

0. 50

F/Fo

0. 00

10uM
FeW

40uM
F17wW

0.70
0.76

m9,10Br-PC
6,7 Br-PC

0.67
0.72

and F17W. The current study complements and builds upon
the only other LL-37 tryptophan mutant, F27W (8), studied via
spectroscopy; our focus on the F6W and F17W mutants permits
analysis of the N-terminus and central portion of the peptide and
thereby helps to provide a comprehensive molecular picture of
peptide—membrane interactions. In addition to gaining insight



11268  Biochemistry, Vol. 48, No. 47, 2009

w10 w w3 F17TW

3

1237

A

LS

Few

Resonance Raman Intensity

]
r«f\\j«f

AV

1200 1300 1400 1500 11600 1700
Raman Shift (cm )

F1GURE 6: UVRR spectra of F17W (top) and F6W (bottom) in 2:1
POPC:POPG vesicles (A), buffer (B), and DI water (C). Normal
modes W10, W7 (Fermi doublet), and W3 are indicated. Spectra are
normalized to the W18 peak at ~770 cm ™' and offset for clarity.

into LL-37, the current study seeks, for the first time, to combine
the structurally sensitive technique of UVRR with a wide variety
of fluorescence techniques as general tools for the study of AMPs.
Potency of LL-37 Mutants. A single point mutation in
position 6 or 17 from phenylalanine to tryptophan did not affect
the antimicrobial activity of LL-37 against S. aureus nor its
ability to cause leakage of 2:1 POPC:POPG vesicles. Further-
more, secondary structure differences were negligible in all tested
conditions. Similar results have been reported previously; muta-
tion from phenylalanine to tryptophan in position 27 of LL-37
was shown to have negligible effect on antimicrobial activity against
B. subtilis and S. aureus as well as negligible effect on secondary
structure (8). The lack of observable change in peptide potency
upon incorporation of a tryptophan residue may be counter-
intuitive since thermodynamic studies have indicated that trypto-
phan partitions into the bilayer interface more readily than phenyl-
alanine (7). In addition to having the largest thermodynamic driving
force for insertion into bilayer interfaces, tryptophan plays a unique
and essential role in transmembrane and membrane-associated
proteins and peptides due to its dipole, aromaticity, nonpolar
surface area, and ability to form a hydrogen bond (25—28).
While tryptophan is an important residue in membrane-
associated proteins, the LL-37 results described here are not
without precedent. Single-tryptophan mutants of magainin-2
F5W and F16W were equipotent against Escherichia coli
and in causing leakage from anionic large unilamellar vesicles
relative to wild type (9, 29). The F12W mutation in magainin-2
appeared to augment antibacterial and hemolytic activities (30);
however, there is some uncertainty in this interpretation (9, 31).
Tryptophan to phenylalanine mutations of all five tryptophan
residues (38% of the peptide by residue count) of indolici-
din (32) and the single-tryptophan residue of cecropin (33) had
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negligible effect on antimicrobial activity but lessened or
eliminated hemolytic activity. While the replacement of phenyl-
alanine with tryptophan has varying effects on peptide
potency, omission of the single tryptophan residue in cecro-
pin (33) and melittin (34) greatly reduced both hemolytic and
antimicrobial activities, suggesting that aromatic residues as a
general class are critical. Our observation that the phenylala-
nine-to-tryptophan mutation in LL-37 had negligible structural
and potency effects relative to wild type is consistent with these
and other reports and supports the use of these mutations to
elucidate LL-37 action.

LL-37 Structures and Environments in Solution. The
solution structures and local environments of F6W and F17W
in DI water and buffer were observed with CD, UVRR, and
fluorescence techniques. In DI water, wild type, F6W, and F17W
CD spectra indicate a random coil secondary structure, consis-
tent with previous findings (/6); UVRR and tryptophan fluo-
rescence spectra indicate tryptophan—solvent interactions simi-
lar to those of the solvated model compound r-tryptophan. The
Fermi doublet ratio, Rgp, has previously been shown to be an
indicator of the hydrophobicity of the local tryptophan
environment (/0—12), and we have recently demonstrated that
the W10 ratio, Rwo, is an indicator of the strength of hydrogen
bonding of the tryptophan indole N—H moiety. Specifically,
R increases with enhanced hydrogen bonding in both hydro-
philic and hydrophobic environments (see Supporting Informa-
tion Figure S4). Rpp values for both peptides in DI water indicate
relatively hydrophilic environments; however, values in the
1.2—1.4 range suggest some solvent exclusion relative to free
L-tryptophan. This difference in environment is consistent with
the blue-shifted (~3 nm) fluorescence maxima of peptide relative
to L-tryptophan in DI water. Ry, values for the mutants suggest
that tryptophan is strongly hydrogen bonded, presumably to
solvent. Steady-state fluorescence anisotropy values show that
tryptophan residues of LL-37 in DI water are relatively unhin-
dered. In the concentration range of 4—40 uM, there is no
indication of peptide aggregation in DI water. From these data
we conclude that majority populations of both mutants in DI
water lack well-defined secondary structure and are solvated
by water.

The introduction of carbonate-containing buffer leads to the
formation of o-helical secondary structure as determined by
circular dichroism. Some, albeit less, o-helical structure was
observed in 5 mM HEPES and 0.1 mM EDTA, pH 7.0, buffer
for F27W (8). The formation of secondary structure in buffer is
consistent with previous results for native LL-37, which sug-
gested the formation of oligomers in the presence of some salts,
including sodium bicarbonate (/6). In the current experiments,
sodium bicarbonate buffer was chosen because of its biological
relevance in the context of AMP-expressing tissues (35, 36) as well
as studies that suggested that carbonate enhances susceptibility of
bacteria to LL-37 (15). This increase in susceptibility has largely
been attributed to carbonate’s direct effect on the bacterial cell
wall and membrane composition as well as alterations in gene
expression, as opposed to a direct effect on LL-37 (15). However,
since the disruptive activity of LL-37 on membranes is concomi-
tant with the formation of a-helical structure, we were motivated
to compare the o-helical structure induced via salt effects and
interpeptide interactions with the membrane-bound, functional
structure (16, 37, 38).

Upon formation of a-helical structure in the presence of
carbonate ions, the tryptophan local environment of F6W and
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F17W became more hydrophobic, and the extent of hydrogen
bonding was reduced relative to the random coil conformation
in DI water. This interpretation is based on increases in Rgp
and decreases in Ry, respectively. Fluorescence maxima in
buffer were blue shifted relative to in DI water and remained
constant from 0.5 to 40 uM (data not shown), indicating that the
oligomeric state (/6) is unchanged in the presence of carbonate in
this concentration range. The anisotropy values are consistent
with these UVRR and fluorescence results and suggest a decrease
in tryptophan mobility upon burial in the hydrophobic core. The
lower anisotropy value for F6W compared to F17W is consistent
with 2D (39) and 3D (40) NMR structural data that showed that
F6 of native LL-37 is considerably more mobile than F17.
Collectively, these results support the picture, as has been
suggested (16, 41), that self-association of LL-37 may be driven
by sequestration of the hydrophobic face of the peptide; this
enhanced hydrophobicity is apparent in the current fluorescence
and UVRR results of the tryptophan residues.

There are significant differences in the local tryptophan
environments of F6W and F17W in buffer. The tryptophan of
F17W experiences a more hydrophobic environment than does
FO6W based on both tryptophan fluorescence emission maxima
and UVRR Rpp values, while the hydrogen-bonding indicator
Rw 1s equivalent for both peptides. In order to understand this
difference in local environment, a recently published NMR
structure (40) was modified to create models of FOW and
F17W. The necessary single point mutation was added, and a
sterically allowed rotamer consistent with y*' values based on
UVRR W3 frequencies was generated using Swiss-PDB Viewer
DeepView (9, 14, 32). These models (Figure 7) illustrate that the
tryptophan residue of F6W is in close proximity to Lys10 while
the tryptophan residue of F17W is isolated from hydrophilic
residues. Tryptophan location relative to charged residues within
membrane-associated peptides has previously been shown to
influence fluorescence emission maxima (42). The presence of
Lys10 likely creates a more polar environment near W6 by direct
and indirect effects. The center of the tryptophan residue
(midpoint of the C%2—C#? bond) in our F6W model is approxi-
mately 7-8 A away from the center of PheS, suggesting only
weak s—u interaction (43, 44). While these effects of tryptophan
intramolecular localization and solvent accessibility contribute to
the difference in local hydrophobicity, as reflected by Rpp and
emission maxima values, this difference may also reflect inter-
peptide interactions of the LL-37 multimer.

LL-37 Structure and Environment in Vesicles. In the
presence of anionic vesicles, the peptides F6W, F17W, and native
LL-37 exhibit strong a-helical content, consistent with previous
studies of native LL-37 and mutant F27W (4, 15, 35, 36).
Fluorescence emission maxima are significantly blue shifted,
anisotropy values indicate enhanced hindrance, Rrp values
suggest hydrophobic environments, and Ry values show
further loss of hydrogen bonding compared to the o-helix in
buffer. In combination with leakage assay data, these spectro-
scopic observations support strong peptide—vesicle interactions.

Analogous to peptide in carbonate buffer, the emission max-
imum for F17W is more blue shifted than that of F6W; however,
the difference in emission maxima of ~180 cm™ ' for these
peptides in vesicle (330 vs 328 nm) is much smaller than the
difference of ~690 cm™' in buffer (344 vs 336 nm). Since the
absorption maximum of tryptophan varies ~2—3 nm in mem-
brane proteins, the fluorescence emission maxima roughly
reflect the Stokes shift and can be compared across peptides.
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FIGURE 7: Model of the tryptophan residue of F6OW (top) and F17W
(bottom).

The difference in Stokes shift for a given condition represents
an amalgamation of structural and environmental differences
between peptide in buffer and bound to vesicle. In the presence
of vesicles there is no change in emission maximum with
peptide concentrations from 4 to 40 uM (Supporting Information
Figure S2), consistent with a previous report that suggested a
majority of vesicle-bound monomer population (45). Although
these results show no indication of static multimer formation in
the presence of anionic vesicles, these data do not exclude these
conformations nor the possibility of transient multimeric pores
proposed in other studies (37, 41). Finally, the data presented
here provide no evidence for amyloid-like fibril formation as has
been reported for the LL-37 F27W mutant (8); this difference
may be attributable to variations in vesicle and buffer composi-
tion as well as temperature and incubation time.

Comparison of UVRR spectra of LL-37 mutants to model
tryptophan compounds that are known to reside at the bilayer—
water interface indicates that the tryptophan residue in F6W and
F17W likely does not interact closely with lipid headgroups.
Tryptophan octyl ester (TOE) has previously been used as a
model compound to study the properties of tryptophan localized
in the interfacial region of phospholipid bilayers (46, 47). We
have measured the UVRR spectra of TOE (Supporting Informa-
tion Figure S5). In 20 mM potassium phosphate buffer (pH 7.4),
TOE exhibits a fluorescence emission maximum of 359 nm with
Rrp and Ry values of 1.1 and 2.4—2.8, respectively. TOE
bound to POPC vesicles exhibits a fluorescence emission max-
imum of 343 nm with Rgp and Ry values of 1.4 and 2.4—2.8,
respectively. It appears that TOE in the POPC vesicle has
greater hydrogen-bonding character than FOW or F17W in the
presence of vesicles based on the Rwjo values. This finding
confirms that TOE is localized at the water—bilayer interface
and is thus partially solvent-exposed, while the tryptophan
residues of F17W and F6W are shielded from solvent due to
penetration into the bilayer and/or to the presence of neigh-
boring hydrophobic residues. The TOE spectrum also shows
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evidence of cation—u interactions, with presumably the choline
headgroup, based on alterations in the WI8 and WI16
peaks (48—50). Analogous analysis of the FOW and F17W
UVRR spectra also suggests the presence of cation—s interac-
tions, especially for F6OW; the decrease in intensity of the W16
peak relative to the W18 peak is significant (~15% relative to in
DI water). Lysl0 is a likely candidate for intramolecular
cation—r interaction since it is in the i + 4 position relative to
Trp6 (57). However, we do not eliminate the possibility of
intermolecular cation—s interactions. Finally, comparison of
the W3 peak widths of TOE and LL-37 reveals that the structural
distribution of TOE is highly heterogeneous when bound to
vesicles whereas the LL-37 distribution is less heterogeneous.

In order to better understand the position and orientation of
LL-37 relative to the bilayer, brominated lipid quenching experi-
ments were performed with both mutant peptides. Bromine pairs
at varying positions along the lipid tail have previously been
shown to cause distance-dependent tryptophan fluorescence
quenching when tryptophan is inserted in the bilayer (52, 53).
Brominated lipids Br(6,7)-PC and Br(9,10)-PC were utilized. For
both peptides, Br(9,10)-PC quenched tryptophan fluorescence
more efficiently than Br(6,7)-PC. These data were analyzed using
the parallax method to determine the distance from the center of
the bilayer to tryptophan (54). The distance between the two
bromine pairs, Ly, and distance from the center of the bilayer to
the shallow quencher, L., were taken to be 3 and 11 A,
respectively, based on X-ray diffraction data (55). Given these
parameters, the average distance from the bilayer center to
tryptophan, z, for both F6W and F17W was ~9 A. This
distance corresponds to a depth in the hydrophobic core of ~6 A.
Given the uncertainty in the lipid bilayer dimensions and the
assumptions and sensitivity of the parallax method, the accuracy
of this measured depth is difficult to quantify. Regardless of this
uncertainty the data support a picture in which the tryptophan of
both F6W and F17W lies in the same plane. This finding is
supported by Stern—Volmer plots for the peptides; acrylamide
quenching data indicate that FOW and F17W have similar
solvent accessibility (Supporting Information Figure S6). Similar
data were reported for F27W which was found to have a z. value
of 10 A (8). Collectively, the quenching data for F6W, F17W, and
F27W confirm that LL-37 is oriented parallel to the bilayer
surface as was previously reported (45, 56). These data are also in
agreement with NMR studies which place the bottom of the
amphiphilic helix of native LL-37 between C8 and C9 of the lipid
acyl chain at a depth of 5—6 A into the hydrophobic core (47).

Implications for LL-37 Mechanisms of Membrane Dis-
ruption. Four primary mechanisms of membrane disruption
have been proposed for antimicrobial peptide activity: the barrel
stave, toroidal pore, detergent, and carpeting models (57). More
recently “peptide-induced demixing” has been proposed as a
mechanism for activity. In this model, lipid—peptide domains
form due to the electrostatic attraction between cationic AMPs
and anionic lipid headgroups (58). The observation that vesicles
remain intact based on fluorescence and dynamic light scattering
measurements in the presence of LL-37 eliminates a detergent-
like mechanism for complete dissolution of the vesicle in the
4—40 uM concentration range. The finding that tryptophan
residues of FOW and F17W are at equivalent depths in the
bilayer and experience similar environments consequently rules
out the membrane-spanning orientation necessary for barrel
stave formation. Instead, our data are consistent with carpeting,
demixing, and toroidal pore mechanisms and, therefore, support
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prior work on LL-37 (41, 45, 56, 58). This convergence of
hypotheses based on a diverse set of experiments strengthens
this model of AMP action for this ubiquitous a-helical peptide.
In these scenarios, the lack of change in tryptophan emission
maxima in the presence of vesicles as a function of peptide
concentration suggests that the monomeric or multimeric state of
the functional peptide is unaltered over the studied concentration
range. It is likely that a combination of mechanisms is involved in
membrane disruption. For example, monomeric LL-37 may first
carpet the membrane, followed by lipid demixing; this demixing
may disrupt the lipid bilayer and cause defects that allow leakage
of intravesicular molecules (56).

Conclusion and Outlook. A growing body of evidence
suggests that for many AMPs, in particular the o-helical and
small unstructured peptides, conversion of phenylalanine to
tryptophan and vice versa does not affect antimicrobial activity
against Gram-negative and Gram-positive bacteria but, instead,
significantly alters hemolytic activity (8, 9, 30, 32, 33). This
finding is crucial for the design of peptides as novel antibiotic
agents as well as for the design of spectroscopic experiments to
probe mechanisms of AMP action. The abundance of aromatic
amino acids makes UVRR a promising technique for gaining
molecular level understanding of AMP activity; the experimental
findings reported here may allow for site-specific spectroscopic
studies of the 100+ helical and 700+ nonhelical tryptophan- or
phenylalanine-containing peptides currently found in the anti-
microbial database (59). A key advantage to UVRR is that it not
only elucidates the structure and environment of aromatic
residues, but this technique may be applied to reveal local
microenvironment, including hydrogen-bonding states, of other
residues including proline, histidine, cystine, cysteine, and
methionine, as well as backbone structure (2/—23). Furthermore,
UVRR measurements can be made with very high time resolu-
tion, which allows for observation of membrane binding and
secondary structure formation events in real time. UVRR and
other inherently structure-sensitive tools will contribute to a
fundamental understanding of the molecular interactions that
govern antimicrobial activity and, hence, impact AMP engineer-
ing that may help to deter the growing number of antibiotic-
resistant pathogens.
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