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ABSTRACT: LL-37 is an amphipathiax-helical, antimicrobial peptidé>N chemical shift and®N dipolar—

shift spectroscopy of site-specifically labeled LL-37 in oriented lipid bilayers indicate that the amphipathic
helix is oriented parallel to the surface of the bilayer. This surface orientation is maintained in both anionic
and zwitterionic bilayers and at different temperatures and peptide concentrations, ruling out a barrel-
stave mechanism for bilayer disruption by LL-37. In contrast, electrostatic factors, the type of lipid, and
the presence of cholesterol do affect the extent to which LL-37 perturbs the lipids in the bilayer as observed
with 3P NMR. The3!P spectra also show that micelles or other small, rapidly tumbling membrane fragments
are not formed in the presence of LL-37, excluding a detergent-like mechanism. LL-37 does increase the
lamellar to inverted hexagonal phase transition temperature of both PE model lipid systefsslagidchia

coli lipids, demonstrating that it induces positive curvature strain in these environments. These results
support a toroidal pore mechanism of lipid bilayer disruption by LL-37.

The increasing prevalence of antibiotic resistance neces-selective peptides such as magainins and cecropins fit this
sitates the development of new ways to combat bacterial model, electrostatics cannot be the only source of selectivity
infection. Antimicrobial peptides represent a promising because other highly amphipathic cationic peptides, including
means for meeting this challengB.(Unlike current antibiot- melittin and mastoparan, are nonselective toxB)s Thus,
ics, which interact strongly with specific target molecules, other aspects of membrane composition and additional
usually proteins, most antimicrobial peptides act by a non- peptide properties must also be important in determining
specific mechanism and often induce cell death by disrupting selectivity. Extensive mutational and calorimetric studies of
the plasma membrand)( Selective antimicrobial peptides magainins by Dathe et. al. have shown that although
distinguish between eukaryotic cells and bacterial cells basedelectrostatic attraction increases the concentration of peptide
on variations in the composition of the cell membrafe (  at the membrane surface, disruption of the membrane
In the case of eukaryotic cells, the primary membrane depends on hydrophobic interactions of the peptide and
features are the presence of cholesterol, predominancetof PCmembrane regardless of whether the membrane is neutral
lipids, and a nearly neutral outer membrane. Bacterial cells or anionic @, 4). Therefore, more subtle hydrophobic
lack cholesterol, have PE as their most common zwitterionic properties of the peptide, including its hydrophobic moment
lipid, and have 26-25% negatively charged lipids in their and angle subtended by the hydrophobic face of the helix,
outer membranes. Since the majority helical, amphi- are crucial in determining the extent of peptide insertion and
pathic, antimicrobial peptides are positively charged at disruption of membrane integrity. Understanding the mech-
physiological pH, the prevailing theory is that selectivity anism of membrane disruption by a variety of peptides in
results from electrostatic attraction of the cationic peptide many different types of membranes is necessary to elucidate
to the anionic bacterial membraney.(While some highly the various factors determining the activity of a peptide in a
particular membrane environment and to design therapeutic

T This work was supported an NSF CAREER award to A. Rama- peptides with the desired potency and selectivity.

Q,roe%rct,?{c',gl'?:'emgcvz_lerW"dman is a Howard Hughes Medical Institute There is little homology among antimicrobial peptides

* To whom correspondence should be addressed: Telephone: (734)except for their amphipathic topology, and active antimi-
647-6572. Fax: (734) 764-3323. E-mail: ramamoor@umich.edu.  crobial peptides can have any type of secondary structure

1 CD, circular dichroism; CF, cystic fibrosis; CP, cross polarization; ; ; ; i ;
CSA, chemical shift anisotropy; DiPoPE, 1,2-dipalmitolessdglycero- (1). Sligt differences in charge, hydrophobicity, and relative

3-phosphatidylethanolamine; DMPC, 1,2-dimyristeptglycero-3- Silze of hydmphOb.iC and hydrophilic domains Ieaq to very
phosphatidylcholine; DMPG, 1,2-dimyristogh-glycero-3-phosphati- different behavior in membranes in a manner that is not well
dylglycerol; DSC, differential scanning calorimetry; LL-8%-unlabeled understood ). Seemingly similar peptides exhibit a wide

LL-37; LL-37-L, ¥Cy-Ala;z-1N-Valy-13C'-Leus;-LL-37; MAS, magic - . . . .
angle spinning; MIC, minimum inhibitory concentration; MLV, mul- range of orientations, regularlty and size of holes in the

tilamellar vesicle; PC, phosphatidylcholine; PG, phosphatidylglycerol; bilayer, and peptide effect on lipid flip-flop, headgroup tilt,
PS, phosphatidylserine; POPC, 1-palmitoyl-2-olemiyflycero-3-phos-  curvature strain, and acyl chain disordering. Three primary

phatidylcholine; POPE, 1-palmitoyl-2-oleogh-glycero-3-phosphati- ; ; ; iatian i
dylethanolamine: POPG. 1-paimitoyl-2-olecykglycero-3-phosphati- mechanisms have been proposed to explain this variation in

dylglycerol; S/N, signal-to-noise ratio; SUV, small unilamellar vesicle; behavior as _reViewed in refs 5-9). Some peptides, S.UCh
TFA trifluoroacetic acid. as alamethicin, form well-defined barrel-stave pores with the
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peptide inserted into the bilayer and its hydrophilic face lining provides a large portion of the thermodynamic driving force
the water-filled pore10—12). Other peptides have only been for membrane binding and insertio28). In contrast, LL-
observed to lie on the surface of the membrane, or insert37—membrane interactions must have a different energetic
very transiently, and are considered to operate by toroidal basis since it is helical in both physiological buffer conditions
pore or carpet mechanisms. The toroidal pore mechanismand upon association with the membrane and does not
was developed based on the behavior of magainins andundergo a conformational change.
involves the induction of curvature strain in the bilayer by  This unique stability of LL-37 structure under a variety
the peptide, leading to the formation of transient, toroidal of conditions, including high salt concentrations, could be
lipid-peptide pores when there is a high local concentration useful in treating cystic fibrosis (CF). Four times the normal
of peptide (3—15). An alternative mechanism for surface- level of LL-37 expression restored normal bacterial killing
oriented peptides is the carpet model, which is characterizedin a rat bronchial xenograft model of CF, suggesting that
by general disruption of the bilayer in a detergent-like LL-37 may be an effective addition to CF treatmeg8)(
manner, eventually leading to the formation of micelles at CF is characterized by chronic lung infections that cannot
high peptide concentration8,(16). In this study, we report  be cured by antibiotics, usually causing death by the mid
the mechanism of lipid bilayer disruption by the human 30s. It is caused by mutation of the CF transmembrane
antimicrobial peptide LL-37. conductance regulator chloride channel, and this defect leads
LL-37 is a 4.5-kDa human, cationic, amphipathicheli- to abnormal conditions at the surface of the lung epithelia,
cal, antimicrobial peptide with the sequence LLGDFFRK- in particular, elevated salt concentrations that inhibit many
SKEKIGKEFKRIVQRIKDFLRNLVPRTES (7). Although of the usual antibacterial defenses in the lugg, 9).
highly charged (16 charged residues, #&tat neutral pH), To better understand the mechanism of LL-37 activity,
it is not as selective as some-helical, amphipathic, this work investigates the mechanism of lipid bilayer
antimicrobial peptides, with MICs ranging from 1 to A disruption by LL-37 using solid-state NMR and differential
for a variety of gram positive and gram negative bacteria, scanning calorimetry (DSC). The extent of the amphipathic
and eukaryotic cytotoxicity occurring at £25uM in vitro o-helical region was confirmed usifigC solid-state NMR
(18—21). The antimicrobial activity of LL-37 has been and the orientation of the helix parallel to the surface of lipid
confirmed in vivo as well 22). A highly selective peptide,  bilayers was determined usifgN solid-state NMR of site-
such as magainin (MIC mg/mL, no hemolysis up to 150 specifically labeled LL-373'P NMR reveals the perturbation
ug/mL) (23), has a larger difference between the concentra- of the lipid headgroups when LL-37 is incorporated into lipid
tion required to kill bacterial and eukaryotic cells. However, bilayers, but shows that small bilayer fragments or micelles
LL-37 is not insensitive to membrane composition. Some are not formed. A combination 6P NMR and differential
bacterial strains that colonize the lungs have developedscanning calorimetry shows that LL-37 induces positive
resistance to LL-37 by adding choline headgroups to lipo- curvature in the membrane. Together, these results support
polysaccharide or other nonphospholipids in their outer a toroidal pore model of bilayer disruption, rather than a
membrane Z4). This suggests that although choline head- barrel-stave or detergent-like micellization mechanism.
groups do not prevent membrane disruption by LL-37, since  DMPC was chosen as the initial lipid system for detailed
it lyses eukaryotic cells with choline-rich membranes, the characterization of the interaction of LL-37 with lipid bilayers
headgroups may modulate LL-3membrane interactions because it is simple and well characterized. As a zwitterionic
either directly or through their effect on other properties of lipid with symmetric, saturated acyl chains, the lipid proper-
the lipid bilayer to which LL-37 is sensitive. LL-37 aggrega- ties are well-known30), aiding in interpretation of the data.
tion is also sensitive to bilayer composition, with a higher In addition, the interaction of LL-37 with lipids containing
aggregation state in zwitterionic PC bilayers than in nega- choline headgroups is of interest because of the possible role
tively charged PC/PS bilayerg¥). of phosphorylcholine in bacterial resistance to LL-ZA)(
LL-37 has a mainlya-helical secondary structure and is  although the presence of phosphatidylcholine headgroups on
aggregated in agueous solutions at physiological pH and ionicphospholipids does not prevent membrane disruption by LL-
strength. Its conformation is sensitive to salt concentration, 37. DMPC has also been widely used in other studies of
with LL-37 assuming a random coil configuration in pure peptides that interact with lipid bilayers, enabling comparison
water and becoming-helical in the presence of millimolar  of the results of this work with studies of other antimicrobial
anion concentrationsl8). The helical conformation of LL-  peptides and membrane-perturbing molecudds-@9), thus
37 is stable over a wide range of buffer conditions, including allowing insight into the mechanism of membrane disruption
high salt, and is also the same in the presence of lidils (  and the similarities and differences exhibited by the various
25, 26). Sequence analysis reveals that LL-37 can form an cationic, amphipathiax-helical peptides. It also provides a
amphipathica-helix from residues 1132, which matches  good baseline for comparison when the bilayer composition
the percent helicity determined from CD dai®,(27). The is varied. The results presented here also examine the effects
formation of helical structure also correlates with LL-37 of headgroup charge, acyl chain unsaturation, and the
aggregation and activityl, 25), which occurs at micromolar  presence of cholesterol in the membrane on the interaction
peptide concentrations in the presence of anions. This helical,of LL-37 with lipid bilayers. Although LL-37 is a highly
aggregated form of LL-37 in solution is very different from charged cationic peptide, it is still hydrophobic enough to
other amphipathioyx-helical, antimicrobial peptides that are penetrate into the core of the bilayer, and is not highly
monomeric and unstructured in aqueous solution and only selective. The interaction of LL-37 with lipid bilayers varies
become a-helical upon association with a membrane. with the membrane composition and aqueous environment
Calorimetric studies of magainin derivatives have shown that (the ionic strength, pH, etc. of the buffer or water hydrating
this conformational change from random coil ¢ehelix the bilayers), thus its behavior in a variety of lipid types is
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necessary in order to understand its function. Understanding Small unilamellar vesicles (SUVs) for CD spectroscopy
the method of disruption in several types of membrane is were prepared by mixing the lipids in chloroform, drying

also important for discerning the reasons for its limited off the solvent under a stream of nitrogen and then under
selectivity and ability to kill eukaryotic cells, important vacuum, hydrating with an appropriate amount of water or
considerations for the future development of amphipathic phosphate buffer (20 mM phosphate, pH 7.2) to create a 3

cationic antimicrobial peptides as therapeutic agents. mM lipid stock, and sonicating until the solution was
optically clear,~5 min. Peptide stock solutions (2G0M)
EXPERIMENTAL PROCEDURES were prepared by dissolving dry peptide in water or

. . . hosphate buffer.
Materials. Peptide synthesis and cleavage reagents Werep P )

purchased from Applied Biosystems (Foster City, CA) and  Oriented samples for solid-staté#® and**N NMR were
Aldrich (Milwaukee, WI), respectively. Fmoc-protected prepared using a slight modification of a procedure developed
amino acids were from Advanced ChemTech (Louisville, N our lab utilizing naphthalene to create a more porous
KY), and isotopically labeled Fmoc-amino acids were from Peptide/lipid film which aids in hydration40). Peptide and
Cambridge Isotope Labs (Cambridge, MA). Lipids and !iPids were mixed in 2:1 CHGIMeOH using 2 mg of lipid
Escherichia colitotal lipid extract were purchased from for P samples and 100 mg of lipid féfN samples. The
Avanti Polar Lipids, Inc. (Alabaster, AL). Chloroform and liPid/peptide mixture was dried under nitrogen and resus-

methanol were from Aldrich (Milwaukee, WI) and all other Pended in 2:1 CHGIMeOH with a 5:1 mole ratio of
reagents were from Fisher (Pittsburgh, PA). naphthalene to lipid/peptide. This solution was spread on 1

: : 31P) or 25 {°N) thin glass plates (11 mm 22 mm x 50
Peptide Synthesitl -37 (LLGDFFRKSKEKIGKEFKR- ( L X
IVQRpIKDFL)I/QNLVPRTEsg was synthesized on an ABI- #M. Paul Marienfield, GmbH, Bad Mergentheim, Germany),
431A (Applied Biosystems, Foster City, CA) peptide syn- allowed to air-dry, and then vacuum-dried overnight. The

- . ; : : lates were then indirectly hydrated for-3 days in a 37
thesizer using FastMoc chemistry with double coupling and E . ) Y S
double deprotection. LL-3W refers to this peptide, which C hydration chamber at 93% relative humidity, which is

. . : Lo . maintained above a saturated ammonium phosphate solution.
fﬁ_e;?ngf_%gtil;‘ v?/?s/ |§Ic;t(()) 2|>(ltnl£ahbeeslisz. esgfemscrz)ergglf z:}clilr)]/gla'tgfeleed Follqwing indirect hydration, 30 mol of D per mole lipid/ _
labels: 15N at Vabs, 3C=0 at Leus, andC,-Ala in place peptide was added and t_he plat(_es were stacked, covered Wl_th
of lless. Alanine was substituted for isoleucine at residue 13 & top plate, af‘d sealed in plastic using a pag sealer (Plastic
due to the very limited availability 0f3C,- and 13C=0- Bagmart, Marietta, GA) to prevent dehydranon. The samples
labeled Fmoc amino acids as required for the synthesis.Were tohen allowed to eqwhbrate an gddltlona{GBdays at
Incorporating the'3C=0 label in the leucine near the 5._.10 C above t'he main phase transition 'temperature of the
C-terminus of the helix and replacing #iewith 13C,-Ala lipids before being used for NMR experiments. An equal

was thus the most conservative way of incorporating three volume O.f tris buffer was used to d_|rectly hy_drate some
well-resolved labels in a single synthetic peptide, reducing samples instead of water, and this is noted in the figure
the time and cost required for synthesis. Cleavage from the Captions and text.

Ser¢-Bu)-Wang resin (Peptides International) to produce a  CD. Peptide and lipid SUV stocks were mixed in a 5-mm
free carboxylate at the C-terminus and deprotection were cuvette with additional buffer or water to make each CD
accomplished using TFA and scavengers. The peptides weresample. The cuvette containing the sample was then equili-
purified by HPLC, washed with 1% acetic acid to remove brated to 35°C in the CD spectrometer (AVIV, Lakewood,
residual TFA, and lyophilized from water at a concentration NJ) and three scans of the CD spectrum were taken and
of about 1 mg/mL. Characterization of the peptides by mass averaged. Baseline spectra of buffer with the same concen-
spectrometry and analytical HPLC indicated that both had tration of lipid SUVs were subtracted to isolate the peptide
the correct molecular weight and weré6% pure. signal.

Sample PreparatiorlL-37-L was used in all the samples ~ DSC. All buffers and samples were degassed under
prepared for'3C and'*N NMR experiments. Samples for vacuum for 15 min before being loaded into the Nano-DSC
31P NMR, DSC, and CD experiments used LL-B7All of Il calorimeter (Calorimetry Sciences Corp., Provo, UT). The
the peptide concentrations are reported as peptide/lipid molescan rate was 0.282/min over the temperature range-15
ratio, or are given in mole% of peptide relative to the total 65°C with 10 min equilibration between scans. Initial heating
moles of peptide plus lipid. and cooling scans of buffer alone were run before each

Multilamellar vesicle (MLV) samples were prepared by Sample to provide a baseline. The sample was loaded below
mixing the desired amounts of peptide and lipid in 2:1 the lamellar to inverted h.e_xagonal p_hase transition temper-
CHCI/MeOH. The peptide/lipid samples were dried under ature i) and three additional heating and cooling scans
a stream of nitrogen and then under vacuum overnight to Were run to ensure that the first scan was not anomalous.
completely remove any residual solvent. Tris buffer (10 mMm DSC experiments were run with samples containing P/L mole
Tris, 100 mM NaCl, 2 mM EDTA, pH 7.4) was added to "atios of 1:5000, 1:1000, 1:500, and 1:100 in DiPoPE. The
the DSC MLV samples to produce a final lipid concentration 'aw data were converted to molar heat capacity using the
of 0.10 mg/mL DiPOPE. The NMR MLV samples were CPCalc program provided with th.e calorimeter and the lipid
hydrated with 50 weight % water. The samples were vortexed concentration and molecular weight of each sample along
for 2 min above the lipid phase transition temperature and With @ partial specific volume of 0.988 mL/$Q).
freeze-thawed using liquid nitrogen several times to ensure 3P, 13C, and®N NMR. 3P, 13C, and®™N NMR spectra
a uniform mixture of lipid and peptide. All MLV samples were acquired using a Varian/Chemagnetics 400 MHz
were stored at-20 °C prior to use. spectrometer withtH, 3P, 13C, and >N frequencies of
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400.139, 161.978, 100.618, and 40.551 MHz, respectively. whered and ¢ are as defined in Figure 3F. The principal
Home-built, double-resonance, flat-coil probes were used for values are reported using the convention ihat> o2, >
the mechanically aligned samples with a coil just large o1:. The oriented chemical shift spectra were simulated using
enough to hold the samples. The flat coils were made of the principal values of the chemical shift tensor obtained from
2-mm wide flat copper wire with 1-mm spacing between the powder pattern to determine the angheand ¢. The
turns and 4-6 turns per coil. The bilayers were oriented with 1-D dipolar-shift powder spectrum was simulated to deter-
the bilayer normal parallel to the magnetic field unless mine the orientation of the principal axes of tH&l-Valy;
otherwise noted. A commercial Varian/Chemagnetics double chemical shift tensor with respect to tHitd—*H bond. Both
resonance MAS probe with a 5-mm zirconia MAS rotor was the >N chemical shift and scalediN—H dipolar coupling
used to acquire the static and MAS spectra of the dry peptidecontribute to the dipolar-shift spectrum as described by the
and?!P spectra of unoriented MLV samples. Spectra were equations fobcsin ref 2 for the chemical shift andyy for
processed using Chemagnetics Spinsight software on a Surthe dipolar coupling:
Sparc workstation and Igor Pro 3.14 (Wavemetrics, Lake
Oswego, OR) on an iMac. wny = 0.580\4/2)[1 — 3{sin O sinB cosgp — ) +

3P chemical shif.t spectra of mecha}nically aligned bilayer cos6 cosl} 2] )
samples were obtained using a chemical shift echo sequence,

90°-7-180°-r-acq, witht = 100 us and 25 kHZ'H decou- whereDyy = uohynyn/8a%rad, and, o, 6, ande are as

pling. Typical*!P /2 pulse lengths were-33.5us and the  qefineq in Figure 3F. Gaussian line broadening was used in
spectral width was 50 kHz. An average of 2000 transients | the simulations. The best fitting spectra were determined

were averageo|| with a renyCIe delay ,0;3 s. The specotra ofhy comparing both the frequency and intensities of the
oriented samples were referenced with respect 10 83% H foa1res in the spectra. Further details on the simulation of

PG, between glass plates (0 ppm), since this differs from .o ginolar-chemical shift spectra can be found elsewhere
the chemical shift of a cylindrical capillary sample of 85% (41-43).

HsPO, by several ppm. The FID was processed beginning

at the top of the echo with 80 Hz exponential broadening, RESULTS

zero filled to 4096 points and Fourier transformed. Samples

for each3P experiment were prepared several times inde-  The structure of LL-37 and its mechanism of membrane

pendently, and the spectra were compared to confirm thedisruption were studied using solid-state NMR and dif-
results. ferential scanning calorimetry. The majority of the experi-
All the 15N spectra of labeled LL-37 in lipid bilayers were Ments were carried out using LL-37;synthetic LL-37 with
acquired using cross-polarization witfta z/2 pulse length a sequence identical to the biologically active form and no
of 3—3.5us, 45-55 kHz CP power, andH decoupling of isotopic labels. CD spectroscopy was used to confirm that
6575 kHz during acquisition. The recycle delay was 5 s this synthetic peptide behaved as reported previously in the
and the spectral width was 50 kHz. TH chemical shift  literature (8, 19, 25, 26), exhibiting a random coil structure
spectra of 2% LL-37_ in oriented DMPC bilayers were in pure water and a primarily helical signature in the presence
acquired using a 5-ms ramp CP with a 10 kHz ramp on the of anions or lipids at micromolar peptide concentrations (data
1H channel. The number of scans required for adequate S/NMOt shown). A second sample of LL-37, LL-3/-was
varied with temperaturex15 000 scans were acquired at synthesized incorporating site-specific isotopic labé-
25 and 35°C, while ~70 000 scans were acquired at3D V@l “C=O-Lew, and™*Cy-Alass This labeling scheme
for the 2% LL-37L in DMPC samples. Thé&N chemical ~ Places an®N label in the middie of the proposed amphi-
shift powder pattern of 2% LL-3T-in DMPC MLVs was pathic,a-helical region of the peptide, which extends from
acquired with the same parameters except that a 2.mgresidues 1132 based on estimates of the helical content
nonramped CP was used. The 14 dipolar-shift spectra fgom CD spectra and sequence analysis of the peptide. The
(41) were acquired using the same parameters as the chemical T\ !abel is useful for determining the orientation of the
shift spectra, but with a 2-ms nonramped CP andithe  o-helixin lipid bilayers. The twg*C labels are placed near
decoupling frequency was offset to create an effective field either end of the helical region and used to confirm the extent

at the magic angle4q). All the spectra were processed with of the helix. To enable easy resolution and assignment in
120 Hz exponential broadening and referenced to powder the doubly*C-labeled peptide, ortéC, and one*C=0 label

(*°NH,),SO» at 24.1 ppm relative to liquid Ni were used. Alanine was substituted for isoleucine at residue
13 and™N static and MAS spectra of dry powder peptide ;\ziglsje to the limited availability dfC,-labeled Fmoc amino

samples were obtained with a MAS speed of 5 kHz and all
other parameters the same as for the peptide in MLV sample.
15N spectra were referenced as above, and't@espectra
were referenced with respect to TMS via adamantane at 29
and 38.6 ppm.

The principal values of th&N-Val,; chemical shift tensor
were determined from the best fitting simulation of the
powder spectrum. The spectrum was simulated using Igor
Pro 3.14 (Wavemetrics, Lake Oswego, OR) and

Secondary Structure of LL-37T.0 check that the single
amino acid substitution did not alter the secondary structure
_50f the peptide, CD spectra of the labeled and unlabeled LL-
37 samples were compared in the presence of lipids (both
DMPC and 4:1 DMPC/DMPG) at different peptide/lipid
mole ratios in both water and phosphate buffer. A sample
pair of CD spectra for both LL-3T-and LL-37U in DMPC
SUVs in phosphate buffer is shown in Figure 1. The spectra
are the same with clear minima at 208 and 222 nm, indicating
) i ) that both LL-37L and LL-37U are primarilyo-helical in
Ocs= 011 COSP SIPO + 0y, SN’ SIN'O + 033050 (1) lipid vesicles, and have the same degree of helicity. The same
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typical of a-helical structure. Thé&N isotropic chemical shift

o 10 is also sensitive to peptide secondary structdfe 49) and
B is 118.2 ppm for*N-labeled Vaj; in LL-37-L (Figure 2B).
%‘ 0 This is consistent with the amphipathichelix extending
5 10 from residues 13 to 32 as predicted.
8 Orientation of LL-37 in Lipid BilayersThe orientation
20 of LL-37 in a variety of lipid bilayers was determined from
N chemical shift spectra of LL-3EZ-in oriented bilayer
30x10° samples. Interpretation o®N chemical shift spectra of

[T T aligned samples requires knowledge of both the magnitude
200 210 220 230 240 250 and orientation of the chemical shielding tensor in the
Wavelength (nm) molecular frame. These parameters were determined from
FicurRe 1: CD spectra of LL-37J (solid line) and LL-37E (dotted spectra of a dry powder sample of LL-37¢Figure 3A,D)
line) in lipid SUVs in phosphate buffer at a LL-37/DMPC mole  gjnce the chemical shielding tensor is primarily sensitive to

ratio of 1:25 ratio and 2«M LL-37 concentration. There is no .
difference between the CD spectra of LL-87and LL-374. in the the local peptide sequence and secondary structure and the

presence of DMPC. o-helix in which Vab; is located is very stable and is
maintained under a wide range of conditions. Use of a solid
A) 53.5 sample eliminates motion of the peptide that occurs in a fluid

bilayer and can interfere with acquisition of spectra; it also
improves S/N since larger quantities of peptide can be used
when lipids and water are not included in the sample volume.
The principal values of thé®N-Val,; chemical shielding
tensor were determined to be 5452 ppm, 78.5+ 2 ppm,

T[T T T[T T T[T T T[T T T[T T T [TTIT] and 221:|:2ppmfrom the bestfitting simulation of the

240 200 160 120 80 40 0 powder pattern (Figure 3A). A 1-D dipolar-shift powder
C Chemical Shift (oppm) pattern, shown in Figure 3D, was used to determine the
B) 118.2 orientation of the chemical shielding tensor relative to the
' BN—!H bond. The values af andp, the angles which define

the orientation of th&>N~1H dipolar vector in the principal
axis system of the chemical shielding tensor (see Figure 3F),
were determined by simulating the dipolar-shift powder
spectrum as described in Experimental Procedures. The best
ML £ A b S . A hta fit was obtained with3 equal to 19+ 2°, a equal to 20+
15°, and a dipolar coupling of 10& 0.5 kHz. This dipolar
300 250 152[\?%her’:1iigl Sh}g?ppm)so 0 coupling corresponds to @iN—'H bond length of 1.0%

. 0.02 A. These values for th&N—!H bond length and
: 1 -31- . . . . -
g'i,ﬂF;El\ﬁAs(Agt ;g_PT'\fQSp:gfscgfTgfé;é@g%’ ngdce(;r‘r'é';gond orientation of the"N chemical shift tensor are very similar

to the 1C=0 Leu; and 13C, Alays site-specific isotopic labels, 0 those observed for specificalfyN-labeled residues in
respectively. The chemical shift ranges characteristiz-bélix and magainin and pardaxir®, 43, 50). The line shape depends

fB-sheet for leucine carbonyl are 173.877.6 ppm and 1705 strongly on the strength of the dipolar coupling and the angle
174.4 ppm, respectively. For alaning e typical ranges are 52 g g4 these parameters are determined precisely with this

54.1 ppm fora-helix and 47.5-52 ppm for-sheet. The peaks - .
marked with an asterisk are spinning sidebands. The remaining method, buta. cannot be determined as precisely because

peaks are natural abundance background signal from the rest ofthe line shape varies only slightly witt for small values
the peptide. (B}*N CPMAS spectrum of LL-37- dry powder with of B, as is the case heredZ, 43). These parameters,

5 kHz MAS at 35°C; the peak is at 118.2 ppm. Chemical shifts determined from the solid powder spectra, were used to

between 122 and 129 ppm are characteristic of vafiken 5-sheet, ; Qi ; inid i
while chemical shifts lower than 122 ppm are characteristic of an Interprgt the_ Spe_zctra .Of LL 3'.2 in oriented Ilpld_bllayers.
a-helix. LL-37 is helical in a lipid environment, and is likely to be

helical in the solid state as well under the conditions with
results were obtained for all such pairs of samples comparingwhich the sample was prepared. Even if the secondary
LL-37-L and LL-37U in either type of lipid and at various  structure is lost in the solid, the chemical environment of
peptide:lipid mole ratios (data not shown), confirming that the >N nucleus is the same in both samples, as confirmed
there is no difference in behavior between the two peptides. by the similarity between the powder patterns obtained in
Figure 2A shows thé3C CPMAS spectrum of LL-31- the solid (Figure 3A) and lipid environments (Figure 3C).
as a dry powder. The sample was prepared by lyophilizing A slight difference in the chemical shift principal values

the peptide from water at a concentration of about 200 (which cannot be determined accurately from the lipid-

conditions under which the peptide is helical and aggregatedassociated sample due to the low signal-to-noise ratio) would
in solution. The single intense peaks in tf&=0 and*C, have a minor effect in the calculation of the exact angle of
regions are from the site-specific labels at t.eand Alags, peptide orientation, but does not affect the interpretation of

respectively. Backboné3C isotropic chemical shifts are the results in terms of surface versus transmembrane orienta-
sensitive to the secondary structure of the peptide at eachtion.

residue 44—48). The Lewy; 13C=0 peak at 175.8 ppm and For a residue in an-helix, such as Val, the orientation

the Alayiz 13C, peak at 53.5 ppm are both within the ranges of the peptide in lipid bilayers can be determined from the
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FiIGURE 3: 15N chemical shift and dipolar shift spectra of LL-B7¢*5N label at Va;). (A) Chemical shift powder pattern spectrum of dry
LL-37-L. On the basis of the simulation (dotted line), the principal values of the shielding tensor are 54.5, 78.5, and 221 ppm. Chemical
shift spectra of 2 mol % LL-317-in (B) oriented DMPC bilayers with the bilayer normal parallel to the magnetic field and (C) unoriented
DMPC bilayers. (D) Dipolar-chemical shift powder pattern of dry LLi37imulated spectrum (dotted line) for 10.1 kHz dipolar coupling,

o =20, f = 19°. (E) Dipolar-chemical shift spectrum of 2 mol % LL-37in oriented DMPC bilayers with the bilayer normal parallel

to the magnetic field. (F) Orientation of the magnetic field atdt'H dipole with respect to the principal axis system of the chemical shift
tensor.

chemical shift spectrum of an oriented sample. Since the
I5N—H bond is nearly parallel to the helix axis andds,

a chemical shift neaws; (>200 ppm) is indicative of the
15N—H bond and helix axis oriented parallel to the magnetic
field, while a chemical shift near;; ando,, (<100 ppm) is
observed when th®N—'H bond and helix axis are perpen-
dicular to the magnetic field. All of the mechanically oriented
samples are aligned with the bilayer normal parallel to the
magnetic field, so the former corresponds to a transmembrane
peptide orientation and the latter to a surface-oriented peptide.
The !N chemical shift spectrum of a mechanically oriented
sample containing LL-3T-in DMPC bilayers is shown in
Figure 3B. The hydration and alignment of all oriented
samples were confirmed withP NMR and the’'P spectra

are discussed below. There is a single peak near 85 ppm in
the N spectra of LL-37t in oriented DMPC, indicating
that the LL-37 helix is perpendicular to the magnetic field,
and is therefore located on the surface of the bilayer in
DMPC. The exact location of the peak in the oriented 0 20 40 60 80

spectrum depends on both the orientation of the peptide and theta (degrees)

its motion. Figure 4 shows the values of the anglend¢ Ficure 4: Calculated chemical shifts for all possible orientations

(defined in Figure 3F) that are consistent with the oriented OfILL-37f\{vfithCr:eSSAF\)%Ctt to the (;“fagne:ihc field ;Sing th‘ti‘ Pri”Ci%m

, - - o values of the etermined from the powder spectrum and eq
Chemlcal shift Of_ 85 ppm, assuming that there is mlnl_mal 2. The observed chemical shift of 85 ppm for LL-B7n bilayers
motional averaging of the static CSA tensor determined qriented with the bilayer normal parallel to the magnetic field

above. The results show thags is tipped 65-80° relative indicates that the peptide helix is oriented roughly parallel to the
to the magnetic field, or 1825° relative to the surface of  bilayer surface, but is tilted 26-25° relative to the surface.

the bilayer. Motion of the peptide in the hydrated lipid bilayer

that narrowed the powder pattern could also result in the DMPC MLVs is shown in Figure 3C. The signal-to-noise

observed peak at 85 ppm with less tilt. TH&l chemical ratio is poor because of limited sample and peptide motion,
shift powder pattern obtained from 2% LL-37in hydrated but the powder pattern is not significantly narrower in the
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Mechanism of Lipid Bilayer Disruption by LL-37

lipid MLVs than in the dry peptide powder indicating that
there is limited motion of the peptide on the millisecond time

Biochemistry, Vol. 42, No. 21, 20035551

A)

scale under these conditions. When the sample was aligned

with the bilayer normal perpendicular to the magnetic field,
no signal was observed (data not shown). This can be
explained either by motion of the peptide on the NMR time
scale or a distribution of the peptide orientations on the
bilayer surface. Since the bilayer surface is a two-dimensional
fluid), peptide helices embedded in the bilayer surface may
point in any direction, resulting in a very broad powder-
pattern-like peak in the perpendicular orientation, which
would have very low S/N. The LL-37 helix cannot be
undergoing rapid rotation about the bilayer normal, as has
been reported for other peptideS1), since under those
conditions significant averaging of the CSA is observed in
a MLV environment and a single peak at the averaged
chemical shift is observed. Therefore, the lack of signal from

perpendicularly oriented samples is due to the small sample

size and low S/N of the broad powder pattern expected for
the variety of possible peptide orientations on the bilayer
surface.

The 1-D dipolar-shift spectrum of 2% LL-3Z4n oriented
DMPC bilayers (Figure 3E) is also consistent with a surface
orientation of the LL-37 helix. The splitting between the two
peaks in the 1-D dipolar-shift spectrum is proportional to
the dipolar coupling, as described in Experimental Proce-
dures. The dipolar splitting observed for LL-87eriented
in DMPC bilayers with the bilayer normal parallel to the
magnetic field is 7.4 kHz. Compared to the full dipolar
coupling of 10.1 kHz determined above from the dipolar-
chemical shift powder pattern, this indicates that tie¢—
1H bond is tipped 73t 2° from the magnetic field direction,
or 174 2° from the plane of the bilayer, assuming no peptide
motion. These spectra confirm that LL-37 is oriented on the
surface of the bilayer as was determined from the chemical
shift spectra.

The effects of temperature, peptide concentration, lipid

composition, and the presence of ions in the aqueous phase

on the orientation of LL-37 in hydrated lipid bilayers were
investigated, and>N chemical shift spectra are shown in
Figures 5-7 (all samples aligned with the bilayer normal
parallel to the magnetic field). Despite their potential to alter
the orientation of LL-37 in the bilayer, none of these factors
had any effect on LL-37 orientation as shown below.

No change in the position or width of the peak was
observed over the temperature range studied-685°C) in
any of the samples, indicating that the surface orientation of

B)

300 250 200 150 100 50 0
>N Chemical Shift (ppm)

FiIGURE 5: 15N chemical shift spectra of 2 mol % LL-3Z-(*N
label at Va}y) in oriented DMPC bilayers with the bilayer normal
parallel to the magnetic field at (A) 35C and (B) 50°C. The
surface orientation of LL-37 is the same at both temperatures.

300 250 200 150 100 50

N Chemical Shift (ppm)

FiGURE 6: 15N chemical shift spectra of POPE oriented bilayer
samples showing that increasing LL-37 concentration does not alter
its orientation in the bilayer. (A) Spectra of 2 mol % LL-87in
POPE at 35C (solid line) and 50C (dotted line). (B) Spectrum

of 5 mol % LL-37L in POPE at 35C. The peak near 30 ppm is
due to natural abundanéeN in the ethanolamine headgroups of
the lipids.

0

The role of electrostatic interactions is shown in Figure

LL-37 was maintained under these conditions (Figures 5 and7. When DMPC bilayers containing 2% LL-37-were

6). However, the relative intensity of the LL-37 peak does hydrated with tris buffer (10 mM tris, 100 mM NacCl, 2 mM
decrease with temperature, resulting in worse S/N at higherEDTA, pH 7.4) instead of deionized water (Figure 7A), the
temperatures. This is most easily seen in the POPE spectrd®N chemical shift of the labeled peptide in mechanically
(Figure 6) where the natural abundaneé signal from the aligned bilayers was still 85 ppm (compare with the water-
ethanolamine headgroup (Figure 6A, near 30 ppm) provideshydrated samples in Figure 5). This demonstrates that the
a standard for comparison. This decreased signal at highersurface orientation of LL-37 in the lipid bilayer is identical

temperatures is most likely due to increased motion of LL-
37 that interferes with cross-polarization when the bilayer
is more fluid. The effect of LL-37 concentration is also
shown in Figure 6. Increasing the LL-37 concentration from
2 to 5% does not result in any change in #id chemical
shift spectrum of LL-37- in POPE, verifying that the surface
orientation of LL-37 remains at even higher peptide con-
centrations.

in the presence or absence of aqueous ionsThehemical
shift peak also remained at 85 ppm upon addition of
negatively charged lipids to the bilayer as shown in the
spectra of 2% LL-37- in 4:1 DMPC/DMPG (Figure 7B)
and 4:1 POPC/POPG (Figure 7D) hydrated with water. This
indicates that the same surface orientation of LL-37 is
maintained in both negatively charged and zwitterionic lipid
bilayers.
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FIGUrRe 7: The presence of negatively charged lipids or hydration a1 ) g 31 . )
of the bilayer with ion-containing buffer does not alter tHal P Chemical Shift (ppm) P Chemical Shift (ppm)

chemical shift and orientation of LL-37 in the bilayer. (A) Spectrum  Figure 8: 3P spectra of oriented bilayer samples (bilayer normal

of 2 mol % LL-374 in tris-buffer-hydrated DMPC at 50C. (B) parallel to the magnetic field) showing the effect of negatively
Spectrum of 2% LL-317- in water-hydrated 4:1 DMPC/DMPG at  charged lipids and hydration with ion-containing buffer on the

50°C. (C) Spectrum of 2 mol % LL-3T-in water-hydrated POPC  apility of LL-37 to perturb the lipid headgroup. Spectra of (A)
at 35°C. (D) Spectrum of 2 mol % LL-31-in water-hydrated 41 pMPC hydrated with water, (B) DMPC hydrated with tris buffer
POPC/POPG at 35C. (10 mM tris, 100 mM NaCl, 2 mM EDTA, pH 7.4), (C) 4:1 DMPC/
DMPG hydrated with water, and (D) 4:1 DMPC/DMPG hydrated
Tne PE neadtaup o more common 1y bacerl e i Bt e it 3% ek s nd
branes, while the PC headgroup is prevalent in eukaryotic ¢ ) ! o)
ou_ter membranes. ThéSN_ chemical _shift and surface ;hgh%wﬁg?gnéaatiede\llivrt]lleerinp?/t\t)e ;grocfour?]ggﬁggiq DMPC MLVs
orientation of 2% LL-37k in POPE (Figure 6A) exactly
matches the results obtained in DMPC and POPC bilayersphase DMPC powder pattern (Figure 8A, dashed line),
(Figures 5 and 7). Comparison of the results for LL-37 in indicating that all the lipids are well aligned with no residual
DMPC with those in POPC and POPE also demonstratespowder pattern characteristic of unoriented lipids. At the
that the surface orientation is the same whether the acylhigher temperature, there is a slight shitl( ppm) toward
chains are saturated or contain a single unsaturation. Thesgower frequency of the aligned peak as expected due to
results show that LL-37 orients along the surface of the increased motional narrowing of the CSA, but the spectra
bilayer under all the conditions studied, regardless of peptide are otherwise identical. No change is observed when the
concentration, lipid composition, temperature, or the presencepilayer includes 1% LL-37 and the lipids remain well
of agueous ions, ruling out the formation of barrel-stave oriented at both temperatures. With 2% LL-37 incorporated
pores. in the bilayer, the oriented peak is slightly broader, indicating
Perturbation of the Lipid Bilayer by LL-373'P NMR.The that the presence of 2% LL-37 causes some of the lipid
effect of LL-37 on the lipid headgroup was investigated using headgroups to change conformation or become tilted relative
31p solid-state NMR of oriented samples with the bilayer to the unperturbed bilayer. In the 5% LL-37 samples, the
normal aligned parallel to the magnetic field for all samples oriented peak is further broadened and shifted to lower

unless otherwise noted. THéP spectrum of pure DMPC
bilayers hydrated with water at 3& (solid line) and 50C

frequency at both 35 and 3C, which may reflect increased
tilt or wobbling motion of the headgroup. There is also a

(dotted line) are shown at the top of Figure 8A. Both spectra small peak near 15 ppm and a low intensity broad component

have a single narrow peak at the parallel edge of the L

that extends across the base of the spectra representing
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unaligned lipids; however, the shape of this unaligned less distinct. There is a similar but much smaller increase of
component is not that of a typical powder pattern and it is the broad, unaligned component in the tris-buffer-hydrated
discussed further below. samples.

Oriented DMPC bilayers were also directly hydrated with ~ Overall, the®'P spectra report moderate changes in the
tris buffer (Figure 8B) to test whether the presence of ions, headgroup of oriented DMPC and 4:1 DMPC/DMPG bilay-
known to affect the structure and aggregation state of LL- €rS in the presence of LL-37. The slight shift of the oriented
37 in solution (8), also affect its interaction with lipids. ~Peak toward lower chemical shift with increasing LL-37
For DMPC with 0% or 1% LL-37, thé'P spectra obtained ~ concentration reflects a slight change in headgroup tilt or

with either hydration method are identical (Figure 8A,B) wobble, since the residual unoriented component in the 5%
indicating that these samples are insensitive to low salt LL-37 samples indicates that the CSA is not narrowed by

concentrations. At 5% LL-37, the samples hydrated with tris Motional averaging. Assuming that the headgroups have a

buffer (Figure 8B) are similar to those hydrated with water Single tilt angle, this shift is accounted for by a tilt of about
except that there are additional peaks at about 9 and 18 ppm1& away from the bilayer normal in the DMPC samples
These peaks may each represent distinct populations of lipids2nd 'ess than8in 4:1 DMPC/DMPG samples. The head-
with different headgroup tilt, or the peaks at 27 and 9 ppm 9roup tilt required to produce the peak at-18 ppm found

may represent different domains with the peak at 18 ppm iﬂ_the hilghefrl LL'3’I.7 _((:poce(rjltration Sﬁmples is zgﬁlﬁ'm
arising from exchange between them. However, no cross- IS pea re_dlects P! ealgrOUIFS tl é?fjafe ¥V° |rr:g, or are
peaks were observed when 23fP exchange experiments moving rapidly over a nonlamellar lipid surface, the range

were performed with mixing times up to 600 ms (data not of angles covered must b? larger t_hari’.30 - .
shown), so the former explanation is more likely. The The effect of LL-37 on bilayers with other lipid composi-

unoriented components of the spectra in samples hydrateotlons was also investigated usifi§ NMR spectroscopy, and

with either water or tris buffer are also less at®Dthan at tf}eﬂ:esults aret sh'ovm inl'Fi'gt]u(rje ?f T?e meOLSt;trikirl[% felgt%re
35 °C (Figure 8A,B). of these spectra is the limited effect o -37 on the lipi

. headgroups, even at concentrations of 5%. In Figure 9A, the

The effect of LL-37 on the'P spectra of oriented 4:1  gffect of increasing LL-37 concentrations on POPC is shown.
DMPC/DMPG bilayers at 35 and 5@ with water or tris  There s broadening of the oriented peak, but almost no
buffer hydration is shown in Figure 8C,D. In the case of the ynoriented component, even at the highest peptide concentra-
pure lipid bilayers, two peaks are resolved at both temper- tions, In 4:1 POPC/POPG bilayers (Figure 9B), the pure lipid
atures in the presence of salt (Figure 8D, top), while samplesgpectrum has a shoulder on the main peak, which becomes
hydrated with water alone (Figure 8C, top) have a slight |ess resolved as the LL-37 concentration increases, as was
shoulder. There is atsa 2 ppm difference between the geen for DMPC/DMPG bilayers (Figure 8C,D). Since bi-
oriented peak in water-hydrated and tris-buffer-hydrated layers composed of POPC and POPG have a single unsatur-
samples, showing that the addition of charged lipids makes ated bond in the SN-2 acyl chain, they are more fluid than
the bilayer more sensitive to the presence of salt. The areapmpc and DMPG bilayers which have only fully saturated
of the two resolved peaks in the pure lipid spectra in Figure acy| chains. Thé'P spectra in Figures 8 and 9 show that
8C,D is not exactly equal to the 4:1 ratio of DMPC to DMPG | | -37 induces headgroup distortion or nonlamellar lipid
present in the sample, but the smaller peak is assigned tostryctures in a larger percentage of the lipids in the more
DMPG-rich regions and the larger peak to DMPG-poor rigid, fully saturated bilayers. Disruption of the bilayer also
regions on the basis of the relative amount of each lipid in decreases slightly when the temperature, and consequently
the sample. LL-37 prevents this domain separation sincethe fluidity, of fully saturated DMPC bilayers increases
these domains are not discernible when LL-37 is present in (Figure 8). This pattern is supported by the spectra in Figure
the sample, regardless of hydration method as seen in FiguréC as well, which show théP spectra of 4:1 POPC/
8. At 1% LL-37 in the samples hydrated with tris buffer cholesterol bilayers with varying amounts of LL-37. There
(Figure 8D) the single oriented peak has the chemical shift js significant broadening of the oriented peak and formation
of the DMPG-poor peak in the pure lipid samples. 1% LL- of an unoriented component, as in DMPC (Figure 8).
37 causes a broadening of the oriented peak in the tris buffer-Cholesterol increases the rigidity of the fluid lamellar bilayer
hydrated samples, demonstrating that there is tilt or a changeand the effect of the peptide on the lipid headgroup is much
in conformation of the headgroup as was seen in water- greater than in POPC alone.
hydrated DMPC at higher (2%) LL-37 concentrations (Figure  In POPE (Figure 9D) and 4:1 POPE/POPG (Figure 9E),
8A). At 2% LL-37 in 4:1 DMPC/DMPG bilayers hydrated LL-37 has a greater effect on the lipid headgroup at
with water (Figure 8C), there are additional peaks at about intermediate concentrations{2%) than at high concentra-
0 and 18 ppm at both temperatures and also a small peakions (5%) as shown by the broadening of the oriented peak
near 10 ppm at 38C. These peaks are much larger than in and intensity of the unoriented component. This suggests that
the DMPC samples containing 2% LL-37 and are most extensive peptide aggregates form at these high concentra-
similar to those seen in DMPC with 5% LL-37 and tris buffer tions so that fewer lipids are actually perturbed. High LL-
hydration (Figure 8B). As expected, these results show that37 concentrations also lead to resolution of two oriented
cationic LL-37 interacts more strongly with negatively components in POPE/POPG bilayers (Figure 9E), the op-
charged bilayers than zwitterionic bilayers, requiring less posite of the effect observed in DMPC/DMPG (Figure 8C,D)
peptide for the same amount of perturbation. At 5% LL-37, and POPC/POPG (Figure 9B). In zwitterionic bilayers,
there is a large increase in the broad, unaligned componentisruption of POPE (Figure 9D) is greater than disruption
in the water-hydrated 4:1 DMPC/DMPG samples (Figure of POPC, particularly at2%. These differences demon-
8C), but the peaks present in the 2% LL-37 sample are muchstrate that the interaction of LL-37 with both anionic and
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Ficure 10: LL-37 inhibits the formation of negatively curved
B) E) inverted hexagonal phase in POPE. g8 chemical shift spectra

of oriented POPE bilayers with 5 mol % LL-37 at increasing
temperatures. The dotted spectrum is of pure POPE in the absence
of any LL-37 at 70°C. Both samples were aligned with the glass
plate normal parallel to the magnetic field. (BP spectrum of
POPE containing 2 mol % LL-37 at 80C with the glass plate
normal parallel to the magnetic field (top) and perpendicular to
the magnetic field (bottom) with the simulated spectra of oriented
hexagonal phase shown for each orientation as a dotted line.

—
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cardiolipin, and 17.6% other lipid types by weight. In

particular, the greatest disruption is again observed at
intermediate LL-37 concentrations where there is a large
unoriented component present, and by 5% LL-37 this

o N Q
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40 20 0 20 40 20 0 -20 . .
3'p Chemical Shift (ppm) 31p Chemical Shift (ppm) unoriented component has decreased greatly, but two oriented
components become resolved. These results show that in a

C) F) variety of model lipid bilayers and actugl coli lipids LL-

37 is capable of perturbing the structure of oriented bilayers
but does not induce the formation of an isotropic peak
characteristic of micelles, ruling out a detergent-like mech-
anism of bilayer fragmentation.

Induction of Positve Curature Strain in Lipid Bilayers
by LL-37.The toroidal pore model of lipid bilayer disruption
by antimicrobial peptides depends on the induction of
curvature strain in the bilayer by the peptides to form the
toroidal peptide-lipid pore. A combination of'P NMR and
differential scanning calorimetry (DSC) was used to inves-
tigate the ability of LL-37 to induce curvature strain in lipid

20 0 20 0 20 0 =20 bilayer_s. Figure 10 iIIustra}tes the ability of LL-37 to inhibit
¢'P Chemical Shift (ppm) *'P Chemical Shift (ppm) the fluid lamellar (l,) to inverted hexagonal (H phase

E o ) : . transition of POPE. When the inverted hexagonal phase is
IGURE 9: 3P spectra of oriented bilayer samples showing the effect . AR s
of increasing LL-37 concentration (mole%) on the lipid headgroup formed from oriented lipid bilayers, the characteristic tubes
in bilayers with a variety of lipid compositions. The spectra are of Of this phase are aligned with their main axis parallel to the
(A) POPC, (B) 4:1 POPC/POPG, (C) 4:1 POPC/cholesterol, (D) bilayer surface from which they formed. Since the tubes are
POPE, (E) 4:1 POPE/POPG, (E) colilipids at 35°C. narrow enough for rapid lipid diffusion to occur around the
S ) tube, a single peak at the average chemical shift of the
zwitterionic lipids is influenced by the headgroup size of parallel and perpendicular edges of the lamellar spectrum is
the major component of the bilayer. observed for a sample aligned with the original bilayer
Model lipid bilayers enable the testing of the importance normal parallel to the magnetic field (Figure 10B, top). If
of various features such as lipid charge, acyl chain saturation,the sample is turned so that the original bilayer normal is
or headgroup type on the interaction of LL-37 with the lipid perpendicular to the magnetic field, then a spectrum is
headgroup, but it is also necessary to examine the behaviorbtained that extends from the chemical shift of the parallel
of LL-37 in a more biologically relevant environment in order oriented hexagonal phase to the perpendicular edge of the
to understand its function. The effect of LL-37 @& coli lamellar spectrum (Figure 10B, bottom). This is because
lipids is shown in Figure 9F. The spectra are very similar to hexagonal phase tubes can form in any direction parallel to
those obtained in POPE/POPG bilayers (Figure 9E), which the bilayer surface. This lack of directional preference leads
is not surprising since the lipid composition of t&e coli to a circular distribution, the 2-dimensional equivalent of the
lipid extract is 57.5% PE lipids, 15.1% PG lipids, 9.8% spherical powder distribution. The dotted lines in Figure 10B
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i 7 7 |: T I T | Ficure 12: LL-37 inhibits the formation of negatively curved

o5 30 35 40 45 50 55 60 inverted hexagonal phase in the physiological mixture of lipids
Temperature (°C) found inE. colimembranes'P chemical shift spectra of oriented

) ) ) ) E. coli bilayers at 50C show significant inverted hexagonal phase
Ficure 11: Differential scanning calorimetry of the lamellar to  formation (peak near 5 ppm), but increasing concentrations of LL-
inverted hexagonal phase transition of DiPOPE shows that LL-37 37 reduce and eliminate this peak from the spectrum.
inhibits the formation of inverted hexagonal phase and raises the
phase transition temperature at the low peptide-to-lipid ratios of K15 D26
1:5000 and 1:500. e R19

are spectra simulated for pure oriented inverted hexagonal
phase formed from aligned bilayers in either orientation.
The dotted line in Figure 10A is the spectrum of pure
POPE which undergoes the, Ito H, phase transition near
70°C and has a single peak at about 5 ppm characteristic of
an oriented inverted hexagonal phase. The phase transitior
is observed at 72C using DSC, but temperature cannot be
determined as precisely within the spectrometer during
acquisition. The spectra shown in Figure 10A with solid lines Ficure 13: Cartoon showing the location of LL-37 in the
correspond to POPE with 5% LL-37 incorporated. A7) membrane interface.
all of the lipids remain in the lamellar phase, and the o o .
transition to the inverted hexagonal phase is not complete Py examining the effect of LL-37 o&. colilipids directly.
until 90°C, 20°C above the phase transition temperature of - P spectra of oriented. colilipids at 50°C are shown in

the pure lipid. This demonstrates that LL-37 inhibits the L Figure 12. When no LL-37 is present, a significant non-

curvature strain in the membrane. Panel B of Figure 10 Of oriented hexagonal phase-§ ppm, see Figure 10).
confirms that the lipid peak at 5 ppm observed in the Increasing concentrations of LL-37 suppress this peak to the
presence of LL-37 is due to formation of a hexagonal phase €xtent that there is no hexagonal phase peak present at 5%
and not merely tilting of the lipid headgroups. The solid line LL-37; only oriented and unoriented lamellar components
spectra in Figure 10B are of POPE with 2% LL-37 at 80 are visible in the spectrum. Since tke c0I|_I|p|ds have a
°C. The parallel (Figure 10B, top) and perpendicular (Figure high percentage of PE, the peak at 5 ppm is most likely due
10B, bottom) orientations of the sample produce spectra thatt© formation of inverted hexagonal phase, with the. transition
match the simulated spectra for pure oriented hexagonaltémperature lower than pure POPE due to the additional lipid
phase in each orientation, although there is an additional Components in thé&. colilipid mixture. This confirms that
unoriented lipid component in the parallel orientation. These LL-37 induces positive curvature strain in biologically
spectra show that moderate to high concentrations of LL-37 "élevant lipid mixtures, as well as simple model systems.
induce significant positive curvature strain in the lipid bilayer,
and that the effect increases with increasing peptide con-DISCUSSlON
centration. The above data demonstrate that LL-37 forms a stable
The same results are obtained for much lower concentra-a-helix that lies at the polar/nonpolar interface on the surface
tions of LL-37 using DSC. DiPoPE undergoes theta H, of the bilayer (Figure 13). This surface orientation, which
phase transition near 4C. Figure 11 shows that as little as does not change with temperature, lipid headgroup charge,
3uM LL-37 in a 1:5000 peptide/lipid mole ratio induces an LL-37 concentration, or the presence of aqueous ions,
observable increase in the transition temperature. Even atexcludes a barrel-stave mechanism of membrane disruption.
these low concentrations, which are directly comparable to Although previous work Z5) had suggested detergent-like
the MIC of LL-37 againsE. coli, LL-37 inhibits the L, to fragmentation of the membrane, the lack of an isotropic peak
H, phase transition and induces positive curvature strain. (or other peak characteristic of a high degree of motional
The physiological relevance of the ability of LL-37 to induce averaging of thé*P CSA) in the®'P spectra eliminates this
curvature strain in the lipid bilayer was further confirmed possibility. Thus, LL-37 must function by initially carpeting
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the surface of the membrane and inducing leakage eitherpresence of ions in aqueous solution increases the helicity
through the formation of toroidal pores, as supported by the and aggregation of the highly cationic LL-3¥8), but adding
induction of positive curvature strain, or less well-defined negatively charged lipids to the hydrated bilayer or ions to
membrane defects. the aqueous phase has no effect on the orientation of LL-37

Previous studies in the literature have shown that LL-37 (see Figure 7). Thus, LL-37 remains in a stable surface
forms a more stable helix than the usual amphipathic, orientation and does not insert into a transmembrane orienta-
o-helical, antimicrobial peptide, and does not require a tion, even under conditions suitable for aggregation, ruling
membrane surface in order to foltig, 28). CD experiments  out a barrel-stave mechanism for pore formation and
have shown that LL-37 is predominantlyhelical in solution membrane disruption.
as long as anions are present {160 mM concentration, LL-37 Does Not Fragment the Bilayer in a Detergent-
depending on the anion), or the concentration of peptide is Like Manner.Distinguishing between the remaining mech-
above 1uM (18). The concentration dependence and cross- anisms requires knowledge of how LL-37 perturbs the lipids
linking experiments demonstrate that aggregation of LL-37 themselves. The toroidal pore model and detergent-like
stabilizes the helical conformatio2%). Published CD and  micelle formation both have an initial step in which peptides
IR results (8, 25) and the CD experiments shown here carpet the surface of the bilayer, but they differ in how the
(Figure 1) demonstrate that the helical conformation is bilayer structure is disrupted. THBP NMR experiments
maintained in the presence of lipids. Since the helical provide the necessary insight into the effects of LL-37 on
conformation remains unchanged over a wide range of the lipid bilayers to enable the detergent-like model to be
conditions and is stabilized by aggregation, the same helicalruled out. In the’'P spectra of oriented lipid bilayers with
structure is expected to remain in the solid state, and this isLL-37 incorporated, no isotropic peak characteristic small
consistent with thé3C CPMAS experiments (Figure 2). The bilayer fragments such as micelles or small disks was
extent of the helical region has been predicted to range fromobserved (Figures 8 and 9). Isotropic peaks are clearly present
residues 1132 based on the percent of helical residues in 3P spectra of both oriented and unoriented bilayers
indicated by CD spectra and analysis of the peptide sequenceperturbed by other peptides which are known to induce
and the®*C isotropic chemical shifts of*C=0-Lew; and micellization of the membrane, such as melittiB6),
13C,-Ala;3 support this prediction. mastoparan3b), nisin (62), or d-lysin (39). In the case of

LL-37 Does Not Form Barrel-St@ Pores.The orientation protegrin-1 63), an isotropic peak was not observed, but
of the peptide in the membrane is a key feature distinguishing significant averaging of thé'P CSA did occur, and was
the barrel-stave model from the rest, and #id NMR attributed to the formation of small disklike fragments from
experiments address this question. The orieftdspectra the membrane. This was also not observed in any of the lipid
show that the peptide helix is aligned on the surface of the systems containing LL-37. To confirm that the absence of
bilayer in a variety of lipid environments, as was predicted bulk water in the oriented samples was not preventing
for such an amphipathic-helix (Figures 5-7). The N membrane fragmentation, %P spectrum of 2% LL-37 in
spectra of LL-37 in MLVs indicate that LL-37 does not rotate  DMPC MLVs at a 0.74/M lipid concentration was obtained
rapidly about the membrane normal as has been shown to(data not shown). A powder pattern was clearly present while
occur for another surface-oriented antimicrobial peptide, no isotropic peak was visible. Thus, tFf® results indicate
ovispirin (51). LL-37 is larger than ovispirin, which may that LL-37 disrupts the lipid bilayer, but does not break the
slow its rotation. LL-37 also aggregates in solution, and membrane up into small fragments via a simple detergent-
fluorescence studies suggest that LL-37 is partly self- like mechanism under any of the conditions of lipid
associated when bound to PC membra@&y @nother factor composition, temperature, or peptide concentration studied
that would slow rotation of the peptide. in this work.

It has been proposed that antimicrobial peptides which lie  LL-37 Induces Posite Curature Strain in Lipid Bilayers.
on the surface may still function by a barrel-stave mechanism The 3'P spectra and DSC scans in PE lipids (Figures 10
through equilibrium with an inserted pore-forming orienta- 12) show that LL-37 does induce positive curvature strain.
tion, and that the inserted form is favored by higher peptide The small size of the PE headgroup relative to the acyl chains
concentrations and hydrophobic matching between the bi-results in a tendency of these lipids to form negatively curved
layer thickness and hydrophobic length of the inserted helix phases. When LL-37 is added, the formation of the negatively
(7). Since fluorescence studies showed partial LL-37 ag- curved inverted hexagonal phase by the PE lipids is inhibited.
gregation in PC bilayers at a P:L ratio as low as 1:138),( This demonstrates that LL-37 induces positive curvature
the 2% LL-37 concentration used f&\N NMR experiments  strain in the bilayer that partially compensates for the intrinsic
should be high enough for aggregation to occur, and at leastnegative curvature favored by the lipids, resulting in an
some transmembrane oriented peptide should be observe@xtended range of stability of the lamellar phase. This ability
if it functions by the barrel-stave mechanism. Instead, only of LL-37 to induce positive curvature strain was confirmed
surface oriented peptide is observed for LL-37 (Figure3)H at concentrations and in lipid environments that are relevant
in agreement with a previously published FTIR study on LL- (Figures 11 and 12) for its antibacterial activity. This supports
37 at P:L mole ratios of 1:40, 1:80, and 1:120 in PC bilayers the toroidal pore model of bilayer disruption by LL-37 both
(25). The oriented chemical shift is also the same at both 35 in model lipid bilayers and under the conditions in which it
and 50°C and at 2 and 5% LL-37 (see Figures 5 and 6). naturally functions.
Changing the temperature and the peptide concentration Lipid Properties Affect the Degree of Bilayer Disruption
should result in a change in tHeN chemical shift of LL- by LL-37.At 2% LL-37, the3!P NMR spectra show that the
37-L if there was an underlying equilibrium between a effect of LL-37 on the lipid headgroups differs between
surface and inserted form, but no change was observed. Thanionic and zwitterionic bilayers (Figure 8), but the surface
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orientation of the peptide remains constant (Figures 5 andthe lipid bilayer and its penetration into the hydrophobic core
7). This implies that the degree of bilayer disruption must is reduced. Both thé'P and!N results are consistent with
be controlled by the depth of helix insertion or variation in this model in which the helix is held higher in the hydrophilic
local peptide concentration and aggregation state. Theregion of the polar/nonpolar interface in anionic lipid
importance of aggregation in bilayer disruption by surface bilayers, resulting in increased headgroup perturbation
oriented peptides has already been recognized, and thewithout altering peptide orientation. In bilayers hydrated with
general model of activity for these peptides postulates that buffer, anions in the buffer shield electrostatic interactions,
toroidal pores, or other membrane defects, arise in areas offacilitating greater self-association of the cationic LL-37 and
high local peptide concentration that form transiently through increased perturbation in zwitterionic bilayers (Figure 8A,C).
diffusion of the peptide on the bilayer surfack 54). In anionic membranes, this electrostatic shielding disrupts
The high net charge of LL-37+6, and the resulting the DMPG-LL-37 interactions as well as peptigpeptide

electrostatic repulsion between peptides limits LL-37 ag- repulsion, reducing the membrane p_erturbanon relative to
gregation as shown by the pH and anion dependence of helixwater—hydrated 4:1 DMPC/DMPG (Figure 8B,D).

formation and aggregation of LL-37 in solutiob8). Anions A number of features observed in the orient&# spectra
screen this peptidepeptide repulsion and enable LL-37 to in the presence of LL-37 differ from well-aligned pure lipid
fold into a helix and aggregate. LL-37 helicity and aggrega- bilayers. The peaks between 5 and 20 ppm could be due to
tion state in solution are positively correlated with activity changes in lipid headgroup structure or tilting of the lipid
(18), indicating that peptidepeptide association and high headgroups relative to the bilayer normal, but the shape of
local peptide concentration are important. In lipid bilayers, the broad componentis not consistent with any common lipid
similar reasoning holds that electrostatic attraction betweenPhase. The experimental evidence presented here favors
LL-37 and negatively charged lipids should lead to regions formation of a toroidal peptidelipid pore, and the surface
rich in PG and peptide, and that greater disruption of the of Sl.JC.h apore has.a nonlamellar and nonspherical d|§tr|but|on
lipids should occur in anionic bilayers due to this indirect Of lipids. Neglecting the area taken up by peptide and
lipid-mediated peptide aggregation. This is in agreement with @SSuming that lipids cover the entire pore surface, such a
the3'P results (Figures 8 and 9) and the moderate selectivity POre would result in & spectrum similar to a reversed
of LL-37 for anionic bacterial membranes over the corre- Powder pattern (high intensity near the parallel edge and low
sponding zwitterionic bilayers. intensity near the perpendicular edge) if the pore was stable
: . on the NMR time scale and the lipids in the pore did not
These results contrast with fluorescence studigwhich diffuse quickly due to strong peptiedipid interactions in

indicate that LL-37 is partly self-associated in zwitterionic the e : .
i . . . pore complexgb). If the lipids diffused rapidly through
PC bilayers but not in negatively charged PC/PS bilayers atihe pore, a peak with a chemical shift between 7 and 20

P:L mole ratios of 1:150. However, the fluorescent tags ppm would be observed in tHéP spectrum depending on
attached to the N-terminus of LL-37 may affect its ability e sjze of the pore. THEP results are consistent with this
to aggregate, since truncation studies suggest that aggregatiopyerpretation, since all the distinct peaks fall within the

occurs through the N-terminu2§). Also, fluorescence  gypected ranges, and the unoriented components do not have
energy transfer may be difficult to observe for transient, the normal powder pattern shape with high intensity at the
indirect aggregation of peptides with lipids in regions of high low-frequency edge, but instead have the pattern expected
local peptide and anionic lipid concentration. The experi- from simulation of a toroidal pore. More conclusive simula-
ments presented here also use PG for the anionic lipid tion of the3IP line shapes would require additional informa-

headgroup, while the fluorescence experiments used PS angion on lipid headgroup conformation and lipid motion within
the characteristics of lipids with PG and PS headgroups areghe pore.

significantly different. Although both have a netl charge,
the relative size of the headgroup, distribution of charge and
susceptibility of the lipid to curvature strain differ, resulting

In addition to the presence of anionic lipids or anions in
the aqueous phase, temperature, bilayer rigidity, and head-
o o o : : group size influence LL-37-induced bilayer disruption as
m‘ths |gr:|f|cantf ;_/a_réatmn of pehptldehfpld Interaction with observed by'P NMR (Figures 8 and 9). These factors alter
either type of lipid, as was shown for magainits the membrane properties and may affect the depth of the

In addition to aggregation, the depth of insertion of the helix in the membrane interface,“aggregation” of LL-37, or
peptide helix may vary with bilayer properties. Dathe et. al. the susceptibility of the membrane to curvature strain, and
have used model peptides based on magainin to show thathus alter ability of LL-37 to perturb the bilayer. Although
amphipathiax-helical cationic antimicrobial peptide activity many factors are clearly important in determining the
and selectivity are based on a complex combination of disruption of real membranes, significant disorderingzof
electrostatic and hydrophobic interactioBs4). Theirwork  coli lipids is observed at physiological temperatures (Figure
illustrates the importance of electrostatic interactions in initial 9) in accord with the known activity of LL-37 againkt
peptide-lipid association and selectivity, but also demon- coli. Interestingly, some bacteria have developed resistance
strates that membrane binding and insertion is determinedto LL-37 by adding choline headgroups to lipolpolysaccha-
by a balance of electrostatic attraction to the lipid headgroupsride in their outer membran@4). Although the mechanism
and hydrophobic interaction with the bilayer core. When the is not clear, thé’’P spectra (Figure 9) show that LL-37 is
attraction between positively charged residues on the hy-less disruptive to lipids with choline headgroups, such as
drophilic face of the peptide helix and the lipid headgroups POPC, than to common bacterial lipids, such as POPE,
is enhanced by the addition of anionic lipids to the bilayer, consistent with a protective role for choline headgroups
the peptide is held more tightly to the headgroup region of against bilayer disruption by LL-37.
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CONCLUSION 21

Three basic mechanisms have been proposed for the 22
membrane disrupting activity of amphipathie-helical
antimicrobial peptides, such as LL-37. TH& spectra of
labeled LL-37 in oriented bilayers show that LL-37 is
oriented parallel to the bilayer surface, ruling out formation 25
of barrel-stave pores. A detergent-like mechanism in which

the membrane is eventually fragmented into micelles or small 26.
27.

disks has been suggested as the most likely for LLZY, (
but the3P spectra presented here are not consistent with
this model. The third model is formation of toroidal peptitle

lipid pores due to curvature strain induced by the presence 28.

of peptide. This model is consistent with th® and DSC
results, which show that LL-37 induces positive curvature
strain. It is also possible that locally high concentrations of 3¢
LL-37 disrupt the packing of lipids in the bilayer to such an

extent that transient defects form in the membrane hydro- 31-
32.

phobic barrier, allowing leakage of ions and molecules down
the concentration gradient. Further work is underway to

characterize the ability of LL-37 to disrupt the acyl chains  33.

in the hydrophobic core of the bilayer. On the basis of the
experimental results presented here, the mechanism of LL-
37 is most like the toroidal-pore model. 35

ACKNOWLEDGMENT 36

Thanks to Dr. John Omnaas, Dr. Kate Kojiro, and Dr. a7
Henry Mosberg for assistance in peptide synthesis, and Dr.
Kevin Hallock for discussion of the results.

38.
REFERENCES 39
1. Zasloff, M. (2002)Nature 415 389—395.
2. Wieprecht, T., Apostolov, O., Beyermann, M., and Seelig, J. (2000)
Biochemistry 39442—-452, 40.
3. Dathe, M., and Wieprecht, T. (199Bjochim. Biophys. Acta 1462
71-87. 41.
4. Dathe, M., Nikolenko, H., Meyer, J., Beyermann, M., and Bienert,

M. (2001) FEBS Lett. 501146-150. 42
5. Epand, R. M., and Vogel, H. J. (199B)ochim. Biophys. Acta
1462 11-28. 43
6. Bechinger, B. (1997). Membr. Biol. 156197-211.
7. Huang, H. W. (2000Biochemistry 398347-8352. 44
8. Shai, Y. (1999Biochim. Biophys. Acta 14655-70.
9. Oren, Z., and Shai, Y. (1998iopolymers 47451-463. 45
10. Fox, R. O., and Richards, F. M. (198%ature 300 325-330.
11. He, K., Ludtke, S. J., and Huang, J. W. (198&)chemistry 34 46
15614-15618.
12. He, K., Ludtke, S. J., Worcester, D. L., and Huang, H. W. (1996) 47
Biophys. J. 702659-2666.
13. Ludtke, S. J., He, K., Heller, W. T., Harroun, T. A., Yang, L., 48.
and Huang, H. W. (1996Biochemistry 3513723-8.
14. Matsuzaki, K., Murase, O., Fujii, N.; and Miyajima, K. (1996)  49.
Biochemistry 3511361-8.
15. Matsuzaki, K., Sugishita, K., Ishibe, N., Ueha, M., Nakata, S., 50.

Miyajima, K., and Epand, R. M. (199&iochemistry 3711856~
63

16. Ladokhin, A. S., and White, S. H. (200RBjochim. Biophys. Acta
1514 253-260.

17. Gudmundsson, G. H., Agerberth, B., Odeberg, J., Bergman, T., 52.

Olsson, B., and Salcedo, R. (1996)r. J. Biochem. 238325~

32. 53
18. Johansson, J., Gudmundsson, G. H., Rottenberg, M. E., Berndt,

K. D., and Agerberth, B. (1998). Biol. Chem 273 3718-24. 4

29.

34.

Henzler Wildman et al.

. Larrick, J. W., Hirata, M., Zhong, J., and Wright, S. C. (1995)
Immunotechnology,165—72.

. Bals, R., Weiner, D. J., Moscioni, A. D., Meegalla, R. L., and
Wilson, J. M. (1999)infect. Immun. 676084-6089.

23. Zasloff, M. (1987)Proc. Natl. Acad. Sci. U.S.A. 88449-53.
24,

Lysenko, E. S., Gould, J., Bals, R., Wilson, J. M., and Weiser, J.
N. (2000)Infect. Immun. 681664-1671.

. Oren, Z., Lerman, J. C., Gudmundsson, G. H., Agerberth, B., and
Shai, Y. (1999)Biochem. J. 341501-13.

Nagaoka, I., Hirota, S., Yomogida, S., Ohwada, A., and Hirata,
M. (2000) Inflamm. Res. 4973—79.

Agerberth, B., Gunne, H., Odeberg, J., Kogner, P., Boman, H.
G., and Gudmundsson, G. H. (19%%pc. Natl. Acad. Sci. U.S.A.
92, 195-9.

Wieprecht, T., Apostolov, O., Beyermann, M., and Seelig, J. (1999)
J. Mol. Biol. 294 785-94.

Bals, R., Weiner, D. J., Meegalla, R. L., and Wilson, J. M. (1999)
J. Clin. Invest. 103 1113-7.

. Marsh, D. (1990CRC Handbook of Lipid Bilayey<CRC Press,
Ann Arbor, MI.

Whiles, J. A., Brasseur, R., Glover, K. J., Melacini, G., Komives,
E. A., and Vold, R. R. (2001Biophys. J. 80280-293.

Otten, D., Brown, M. F., and Beyer, K. (200D)Phys. Chem. B
104, 12119-12129.

Oldfield, E., Meadows, M., Rice, D., and Jacobs, R. (1978)
Biochemistry 172727-2740.

Koenig, B. W., Ferretti, J. A., and Gawrisch, K. (198dchem-
istry 38 6327-6334.

. Hori, Y., Demura, M., Niidome, T., Aoyagi, H., and Asakura, T.
(1999) FEBS Lett. 455228—-32.

. Naito, A., Nagao, T., Norisada, K., Mizuno, T., Tuzi, S., and Saito,

H. (2000)Biophys. J. 782405-2417.

. Prenner, E. J., Lewis, R., Kondejewski, L. H., Hodges, R. S., and
McElhaney, R. N. (1999Biochim. Biophys. Acta 141211~
223.

Trouard, T. P., Nevzorov, A. A., Alam, T. M., Job, C., Zajicek,
J., and Brown, M. F. (1999). Chem. Phys. 11B802-8818.
Lohner, K., Staudegger, E., Prenner, E. J., Lewis, R. N. A. H.,
Kriechbaum, M., Degovics, G., and McElhaney, R. N. (1999)
Biochemistry 3816514-16528.

Hallock, K. J., Wildman, K. H., Lee, D. K., and Ramamoorthy,
A. (2002) Biophys. J. 822499-2503.

Lee, D. K., and Ramamoorthy, A. (1998) Magn. Reson. 133
204—-206.

.Lee, D. K., Santos, J. S., and Ramamoorthy, A. (1309%¢m.
Phys. Lett. 309209-214.

. Lee, D. K., Santos, J. S., and Ramamoorthy, A. (199®hys.
Chem. B 1038383-8390.

. Wishart, D. S., and Sykes, B. D. (199gthods Enzymol. 239
363-392.

. Wishart, D. S., Sykes, B. D., and Richards, F. M. (1921¥ol.
Biol. 222 311-333.

. Saito, H. (1986Magn. Reson. Chem. 2835-852.

. Henzler Wildman, K. A., Lee, D. K., and Ramamoorthy, A. (2002)

Biopolymers 64246-254.

Lee, D. K., and Ramamoorthy, A. (199R)Phys. Chem. B 103
271-275.

Shoji, A., Ando, S., Kuroki, S., Ando, I., and Webb, G. A. (1993)
Ann. Rep. NMR Spectrosc.,28—98.

Hallock, K. J., Lee, D. K., Omnaas, J., Mossberg, H. I., and
Ramamoorthy, A. (2002Biophys. J. 831004-1013.

. Yamaguchi, S., Huster, D., Waring, A., Lehrer, R. I., Kearney,
W., Tack, B. F., and Hong, M. (200Biophys. J. 812203—
2214.

El Jastimi, R., Edwards, K., and Lafleur, M. (19%ipphys. J.
77, 842-852.

. Yamaguchi, S., Hong, T., Waring, A., Lehrer, R. I., and Hong,
M. (2002) Biochemistry 419852-9862.

54. Matsuzaki, K. (1998Biochim. Biophys. Acta 137891—-400.

19. Turner, J., Cho, Y., Dinh, N. N., Waring, A. J., and Lehrer, R. . gg
(1998) Antimicrob. Agents Chemother. 42206-14.

20. Tanaka, D., Miyasaki, K. Y., and Lehrer, R. I. (2000yal
Microbiol. Immunol. 15226—-231.

. Hallock, K. J., Lee, D. K., and Ramamoorthy, A. (2088)phys.
J., in press.

BI10273563



