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ABSTRACT: LL-37 is a cationic, amphipathia-helical antimicrobial peptide found in humans that kills

cells by disrupting the cell membrane. To disrupt membranes, antimicrobial peptides such as LL-37 must
alter the hydrophobic core of the bilayer. Differential scanning calorimetry and deutefitiMNMVR
experiments on acyl chain perdeuterated lipids demonstrate that LL-37 inserts into the hydrophobic region
of the bilayer and alters the chain packing and cooperativity. The results show that hydrophobic interactions
between LL-37 and the hydrophobic acyl chains are as important for the ability of this peptide to disrupt
lipid bilayers as its electrostatic interactions with the polar headgroups?d MR data are consistent

with the previously determined surface orientation of LL-37 (Henzler Wildman, K. A., et al. (2003)
Biochemistry 426545) with an estimated-55 A depth of penetration of the hydrophobic face of the
amphipathic helix into the hydrophobic interior of the bilayer. LL-37 also alters the material properties
of lipid bilayers, including the area per lipid, hydrophobic thickness, and coefficient of thermal expansion
in a manner that varies with lipid type and temperature. Comparison of the effect of LL-37 on 1-palmitoyl-
2-oleoyl-phosphatidylcholine (POP31) and 1,2-dimyristoyl-phosphatidylcholine (DMRdss) at different
temperatures demonstrates the importance of bilayer order in determining the type and extent of disordering
and disruption of the hydrophobic core by LL-37. One possible explanation, which accounts for both the
’H NMR data presented here and the known surface orientation of LL-37 under identical conditions, is
that bilayer order influences the depth of insertion of LL-37 into the hydrophobic/hydrophilic interface of
the bilayer, altering the balance of electrostatic and hydrophobic interactions between the peptide and the
lipids.

The increasing prevalence of antibiotic resistance neces-bilayer disruption depends on the hydrophobicity, hydro-
sitates the development of new ways to combat bacterial phobic moment, and angle subtended by the hydrophobic
infection. Antimicrobial peptides represent a promising face of the peptide helix, regardless of the net charge of the
means for meeting this challenge. Unlike current antibiotics, membrane 4—6). These results confirm that the ability of
which interact strongly with specific target molecules such the peptide to interact with the hydrophobic region of the
as proteins, most antimicrobial peptides act by a nonspecificlipid bilayer is crucial in determining the degree of peptide-
mechanism and often Kkill cells by disrupting the plasma induced loss in cell membrane integrity.
membrane1—3). The hydrophobic core of the lipid bilayer In this study, the effect of the human antimicrobial peptide
provides a barrier between the aqueous environments insidd_L-37 on the core of lipid bilayers is monitored using a
and outside the cell that must be breached for membrane-combination of calorimetry and solid-state NMR. LL-37 is
active peptides to cause cell death. Insertion of a peptidea 4.5 kDa cationic, amphipathia-helical antimicrobial
into the lipid bilayer in a manner that disorders the lipid acyl peptide with the sequence LLGDFFRKSKEKIGKEFKRIVQ-
chains results in a decrease in the ability of the bilayer to RIKDFLRNLVPRTES (7). It is known to have antimicrobial
act as a barrier and permits leakage, whether throughactivity in vivo (8—11) and induces vesicle leakage and
organized peptidelipid pores or local defects. For instance, permeabilization of the inner and outer membranes of
extensive mutational and calorimetry studies of magainins Escherichia colicells in a dose-dependent manner at
have shown that the extent of peptide insertion and lipid concentrations comparable to its minimum inhibitory con-

centration (MIC} (12—14). Although LL-37 is highly

TThis research was partly supported by the NSF (CAREER charged (16_charged reS|dges, A E.it ”e””a' pH_), I 'S
development award to A.R.) and by the NIH (M.F.B.). K.A.H.-W.was NOt as selective as somehelical amphipathic antimicrobial
a Howard Hughes Medical Institute Predoctoral Fellow, and G.V.M. peptides, with MICs ranging from 1 to 1M for a variety

was a NIH postdoctoral fellow. of Gram-positive and Gram-negative bacteria and hemolytic
* Corresponding author: Dr. A. Ramamoorthy, email ramamoor@ P 9 yt

umich.edu; phone (734) 646572; fax (734) 7643323.

* University of Michigan. 1 Abbreviations: MIC, minimum inhibitory concentration; DMPC,
U Current address: Biochemistry Department, Brandeis University, 1,2-dimyristoyl-phosphatidylcholine; POPC, 1-palmitoyl-2-oleoyl-phos-

Waltham, MA 02454. phatidylcholine; POPG, 1-palmitoyl-2-oleoyl-phosphatidylglycerol; DSC,
8 University of Arizona. differential scanning calorimetry; MLV, multilamellar vesicles.

10.1021/bi036284s CCC: $27.50 © 2004 American Chemical Society
Published on Web 06/12/2004



8460 Biochemistry, Vol. 43, No. 26, 2004

activity occurring at 25uM in vitro (12, 15-17). This is
consistent with an important role for hydrophobic peptide
lipid interactions in the mechanism of LL-37 activity, which

balance the electrostatic interactions that promote anti-

Henzler-Wildman et al.

City, CA) peptide synthesizer using FastMoc chemistry with
double coupling and double deprotection. Cleavage from the
Sert-Bu)—Wang resin (Peptides International, Louisville,
KY) to produce a free carboxylate at the C-terminus and

microbial selectivity. Previous studies have shown that the deprotection were accomplished using trifluoroacetic acid

amphipathic helix of LL-37 lies parallel to the membrane
surface, and*P NMR and differential scanning calorimetry
(DSC) experiments reveal that LL-37 induces positive

curvature strain but does not break the membrane into small

fragments or micellesl®). The role of curvature strain has
been discussed previously with regard to lipid modulation
of membrane function1@, 20. These results support a
toroidal pore model of bilayer disruption or formation of less

and scavengers. Characterization of the peptides by mass
spectrometry and analytical HPLC indicated that they had
the correct molecular weight (4.5 kDa) and wer@6% pure.
Sample PreparatianAll of the peptide concentrations are
reported as peptide/lipid mole ratio or are given in mole
percent of peptide relative to the total moles of peptide plus
lipid. Multilamellar vesicle (MLV) samples were prepared
by mixing the desired amounts of peptide and lipid in 2:1

organized transient defects in the membrane. Thus, penetraCHCIly/MeOH. The peptide/lipid samples were dried under

tion into and interference with the hydrophobic interior of
the lipid bilayer is expected to be important for LL-37
activity.

To better understand the mechanism of LL-37 activity,
this work has investigated the effect of LL-37 on the
hydrophobic acyl chain region of lipid bilayers using solid-
state’H NMR and DSC. The DSC results demonstrate that
LL-37 penetrates into the hydrophobic interior of the bilayer
and disrupts acyl chain packing and cooperativity. While
calorimetry provides insight into the effect of a peptide on
the thermodynamic properties of the bilayer, site-specific
resolution and quantitative information on the influence of
LL-37 on acyl chain motion is obtained frorH NMR
spectra of acyl chain perdeuterated lipid%)( The?H NMR

a stream of nitrogen and then under vacuum overnight to
completely remove any residual solvent. Tris buffer (10 mM
Tris, 100 mM NaCl, 2 mM EDTA, pH 7.4) was added to
the MLV samples used for the DSC experiments to produce
a final lipid concentration of 0.5 mg/mL DMPC or an
equimolar concentration of 9:1 DMPC/DMPG or 8:2 DMPC/
DMPG. The samples were vortexed for 2 min above the lipid
phase transition temperature and freetteawed several times

to ensure a uniform mixture of lipid and peptide. MLV
samples for solid-stattH NMR experiments contained 50
mg of DMPC-ds,4 with or without 2 mol % LL-37 and were
prepared by transferring the dry peptide/lipid mixture to an
8-mm OD glass tube and adding 50 wt*¢4-depleted water
(Aldrich, Milwaukee, WI). The samples were again vortexed

experiments show that LL-37 disorders the acyl chains and and subjected t0-810 freeze-thaw cycles. The glass tubes
are used to characterize the extent of the perturbation atwere cut off a short distance above the sample and sealed
different depths in the hydrophobic core. The results are with Teflon stoppers, paraffin, and ParafilP NMR

consistent with the amphipathic helix axis aligned parallel

chemical shift spectra were used to confirm that the lipids

to the membrane surface at the hydrophobic/hydrophilic were in a well-hydrated uniform lamellar phase. All MLV

interface of the bilayer. In addition, the NMR data are
analyzed to determine the effect of LL-37 on the material
properties of the lipid bilayersl@), such as hydrophobic

thickness, area per lipid, and coefficient of thermal expansion,

since the effect of LL-37 varies greatly with its environment.
Although LL-37 is a highly charged cationic peptide, it is
still hydrophobic enough to penetrate into the core of
zwitterionic lipid bilayers, which is consistent with its

moderate selectivity. The ability of LL-37 to perturb the
hydrophobic region of the membrane is critical for its

samples were stored at20 °C prior to use.

Differential Scanning CalorimetnAll buffers and samples
were degassed under vacuum for 15 min before being loaded
into the Nano-DSC Il calorimeter (Calorimetry Sciences
Corp., Provo, UT). The scan rate was 0°Z5Fmin over the
temperature range -2 °C with 10 min equilibration
between scans. Initial heating and cooling scans of buffer
alone were run before each sample to provide a baseline.
The sample was loaded below the main phase transition
temperature ), and heating and cooling scans were run

membrane-disrupting cell-lytic activity. The results presented until subsequent heating scans produced identical results.
here demonstrate that the process is strongly influenced byDSC experiments were conducted with samples containing

properties of the lipid environment, thus providing insight
into the mechanism of both activity and selectivity of LL-
37.

EXPERIMENTAL PROCEDURES

peptide/lipid mole ratios in the range 1:500 to 1:25 in DMPC,
4:1 DMPC/DMPG, or 9:1 DMPC/DMPG, as well as pure
lipid samples with no peptide. The raw data were converted
to molar heat capacity using the CPCalc program provided
with the calorimeter, using the lipid concentration and

Materials. Peptide synthesis and cleavage reagents weremolecular weight of each sample along with a partial specific

purchased from Applied Biosystems (Foster City, CA) and
Aldrich (Milwaukee, WI), respectively. Fmoc-protected
amino acids were from Advanced ChemTech (Louisville,
KY), and isotopically labeled Fmoc-amino acids were from
Cambridge Isotope Labs (Cambridge, MA). All the lipids
were purchased from Avanti Polar Lipids (Alabaster, AL).
Chloroform and methanol were from Aldrich (Milwaukee,
WI), and all other reagents were from Fisher (Pittsburgh,
PA).
Peptide Synthesid.L-37, a 37 residue peptider), was

synthesized on an ABI-431A (Applied Biosystems, Foster

volume of 0.956 mL/gZ2). The total calorimetric enthalpies
were calculated by integrating the peak areas after baseline
subtraction.

°H NMR SpectroscopyH NMR quadrupolar echo spectra
of MLV samples of acyl chain perdeuterated lipids were
obtained on a Bruker AMX-500 spectrometer using a home-
built 8-mm solenoid coil probe. The samples contained about
45 mg of lipid. The?H frequency was 76.77 MHz, and the
71/2 pulse width was 4.2ks. The spectral width was 1 MHz,
the delay between the twe/2 pulses was 4%s, and an
average of 2000 scans were acquired for each sample with
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a 1 s recycle delay. The data were processed and de-Paked

(23—26) to obtain the 0 aligned spectra using Matlab scripts
(27). The quadrupolar splitting was determined directly from

the de-Paked spectrum and used to calculate the order

parameterSp, using

3
Avg=27o(3 cogh — 1)Sp 1)
where @ = 0° and yo = 167 kHz @8) (in the de-Paked
spectra, the average bilayer normal is parallel to the
laboratory frame). Althougl&co is negative, it is reported

as the absolute value in most figures. An oriented sample of

POPCds;, with 1% LL-37 was also prepared, and the
spectrum with the bilayer normal parallel to the magnetic
field (0° alignment) was compared with the de-Paked
powder-type spectrum of an otherwise identical MLV sample
to confirm the accuracy of the de-Pakeing procedure.

Smoothed order parameter profiles were determined for

the POPGd3; and 3:1 POPQL/POPG spectra by integrating

the area under the de-Paked spectra and dividing it into equal
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Ficure 1: Frame transformations involved in order parameter
analysisP represents the frame of the principal axis system of the
deuterium quadrupolar interaction, and the bilayer normal frame
is indicated byN. | designates the internal frame. The laboratory

frame,L, is defined by the magnetic field direction and is parallel
to N for a C°-oriented bilayer sample.

The segmental order parameter is subdivided using the
rules for Wigner rotation matrix frame transformatioBg)(
(see Figure 1), resulting in

o =- % cos Y — %D

®)

portions. Since the spgctra are more complicated for DMPC-Whereﬁ(i) describes the orientation of the internal frarfie (
ds4 due to perdeuteration of both acyl chains, the area underq¢ 5 particular segment with respect to the average bilayer
the peaks in the quadrupolar echo spectra was fit to determing, 5 mal (). For a methylene group, the interrahxis is

the number of nuclei and then used in conjunction with
previous assignments of site-specifically deuterated DMPC
(29, 30 to derive the order parameter profile. Although LL-

perpendicular to the BC—D plane; cf. Figure 1. The mean-
torque model assumes that the orientational distribution of
each acyl chain segment results from a mean-field orienta-

37 changes the quadrupolar splitting, it does not change thegona| potential, which is expanded as a series of Legendre

overall shape of the spectra in any of the lipid types studied,

allowing the peaks to be assigned with the reasonable

polynomials

assumption that the arrangement of peaks in the spectrum isU(8) = U,P,(cosf) + U,P;(cosf) + U,P,(cosp) + ...

not perturbed by the peptide. The site-specific chandggin
between pure lipid and lipid plus peptide was then calculated
as

ASY, = |S(lipid) | — |SYp(lipid+peptide)  (2)

To enable comparison of the relative change in order
parameter along the chain upon addition of peptide, the
change inSp was normalized to that of the pure lipid,

ASh

A i),norm= :
T e

®3)

THEORETICAL BASIS

Analysis of Order Parameters Using the First-Order
Mean-Torque ModelThe mean-torque model is a continuum
model of acyl chain segment orientations, naturally including
molecular and bilayer motions in addition to acyl chain
isomerization 21, 31), and it has been shown to be superior
to discrete models for configurational statistics of lipid
bilayers 82, 33. The use of the mean-torque model follows
Petrache et al2(l), and only the key points are summarized
here. The order parameter describing the motion ofittne
segment with respect to the bilayer normal is given by

% = DO (4)

whereD® is the second-rank Wigner rotation matrfRpy

= fBen represents the angle between thelCbond direction
and the bilayer normalN frame), and the angular brackets
denote a time or ensemble avera8é)(

(6)

where the superscriptis suppressed for clarity. Here the

coefficients,Uo, U1, Uy, ..., depend on the position of the
segment along the acyl chain, pressure, temperature, and
bilayer hydration level. All the samples used in this work
were prepared identically, so that the coefficients depend only
on temperature and acyl chain position.

Petrache et al2(l) showed that the first-order mean-torque
model is sufficient to describe the behavior of symmetric,
saturated acyl chain bilayers, such as DM&¢in the L,
phase. Assuming a Boltzmann distribution, the first-order
mean-torque coefficientd; are calculated from

. L”(%’ codpB — %) e VOKT gin g dg

%D = 2 fﬂ
0

e VO sing d

The average projection of each segment onto the bilayer
normal,
| =1,8ospl (8)

can then be calculated in a similar manner using the known
potential function, wherd, = 1.27 A is the maximum
segmental projection along the bilayer normal.

Area per Lipid and Coefficient of Thermal Expansion.
Calculation of the area per lipid from the total acyl chain
length obtained by summing these projections is complicated,
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because it assumes3)

/M0~ QLD 9)

Therefore, following ref21, calculation of the acyl chain
length and hydrophobic thickness of the bilayer is done using

a second-order expansion of
g = /cospdd (10)

near the point of maximum probability, which provides a
better approximation than eq 9,

q~ 3 — 3eospH o A0 (11)

where the first and second moments are calculated from the

previously determined potential function, cf. eq 7. Moreover,

only the plateau order parameters are used in the calculation

to avoid complications from chain upturns, early termina-
tions, and interdigitation. The final results for calculation of
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the area and the hydrophobic thickness of one monolayer ofFicure 2: DSC heating scans of the main phase transition as a

the bilayer are

20V,
A= I (12)
0
2Ve  ndlg
Dc=—=— 13

in which nc is the number of carbons per acyl chain (14 for
DMPC); Vcn, and V¢ are the volume per methylene and
hydrocarbon volume per lipid chain, respectively, and are
estimated as describedl)).

The coefficient of thermal expansion,

a:lﬂ)
v(an

can be divided into components parallel and perpendicular
to the bilayer normal. Since the hydrocarbon thickness and
area per lipid are inversely related,

1

__(%) +i£@£)
D\ AT /e AN T /P

o= 0y + ag

(14)

a (15)

(16)

The coefficients of thermal expansion, calculated according

function of LL-37 concentration: (a) DMPC; (b) 4:1 DMPC/DMPG
with LL-37/lipid mole ratios as indicated. For clarity, the traces
are offset and alternating solid and dashed lines are used. In both
DMPC and 4:1 DMPC/DMPG, LL-37 decreases the cooperativity
of the main phase transition, indicating that it disrupts the packing
of the lipid acyl chains.

smaller, broader peak near I&® corresponding to the
pretransition (lamellar gel, L, to rippled gel, B). The
pretransition has a lower enthalpy, is less cooperative, and
corresponds to melting or untilting of the lipid headgroup.
The width of the transition peak in the DSC scan, reported
as ATy, is inversely related to the cooperativity of the
transition, so a narrower peak corresponds to a larger
cooperative unit. There is a slight difference in the enthalpy
of the main phase transitiom\H), the temperature of the
main phase transitionTf), and the cooperativity of the
pretransition between the DMPC and 4:1 DMPC/DMPG
samples. However, both show the features characteristic of
a pure lipid or ideal lipid mixture. Further discussion of the
phase transitions of pure saturated phosphatidylcholines,
phosphatidylglycerols, and their binary mixtures can be found
elsewhere 35—37).

The effect of varying amounts of LL-37 on both the
pretransition and main transition of DMPC and 4:1 DMPC/
DMPG are also shown in the DSC heating scans in Figure
2. As the concentration of LL-37 increases, the pretransition

to these equations, describe the rate of change of the arepeak disappears, and the melting of the acyl chains becomes

per lipid or hydrocarbon thickness of a lipid bilayer as a
function of temperature.

RESULTS

Differential Scanning Calorimetry of Lipid Mixtures with
LL-37. The effect of LL-37 on the thermotropic phase
behavior of DMPC and 4:1 DMPC/DMPG multilamellar
vesicles hydrated with Tris buffer was observed using
differential scanning calorimetry (DSC). DSC heating scans
of the gel to liquid crystalline (L) phase transition of the
lipids alone and with increasing LL-37 concentrations are
shown in Figure 2. In the pure lipid scans, there is a tall
narrow peak near 22C corresponding to the chain melting
transition (rippled gel, P, to fluid lamellar, L), which has
a large enthalpy and is highly cooperative. There is also a

less cooperative as demonstrated by the decreasing amplitude
and increasing widthATy;) of the main transition peak. At

the lower LL-37 concentrations, the shape of the main
transition peak is very similar to that of the pure lipid, but

at higher LL-37 concentrations, it becomes asymmetric. The
asymmetric line shape indicates that the phase transition is
no longer two-state or there are multiple two-state transitions.
Making the reasonable assumption that there are two phases
that coexist and each undergoes a two-state transition, the
low, broad component is attributed to lipids in peptide-rich
regions or those lipids that are near the peptide and are highly
perturbed. The sharper peak is more similar to the peak
observed for pure lipids and is attributed to those lipids that
are in peptide-poor regions or are farther away from the
peptide and thus have less perturbed acyl chains.
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bilayer dispersions at 35C. LL-37 causes a decrease in the 2 4 6 8 10 1214 16 2 4 6 8 10 12 14 16

quadrupolar splittings of POP@z;, both alone and when mixed Carbon _

with POPG. Thus, LL-37 increases the disorder in both zwitterionic FIGURE 4: Effect of LL-37 on the order parameter profile of PGPC

and anionic bilayers containing this lipid. ds;. Smoothed order parameter profiles are shown for P@RC-
bilayers at (a) 50, (b) 35, and (c) EC; and for 3:1 POPlz,/

PR . POPG bilayers at (d) 50, (e) 35, and (f) 1G with the LL-37
The effect of LL-37 on zwitterionic (DMPC, Figure 2a) concentrations indicated in the figure. LL-37 decreases the order

a_nd_ anionic (4:1 DMPC/DMPG’ Figure 2_b) Iipi(_:l bilayers is  parameters throughout the acyl chain in both types of bilayers with
similar, but LL-37 is slightly more disruptive to the the greatest effect at 1.

negatively charged bilayers. This is observed through the
greater broadening and shift of temperature of the sharp
component of the main phase transition in the presence of
LL-37 in the anionic lipid mixture. The pretransition also

disappears at lower LL-37 concentrations in the 4:1 DMPC/
DMPG mixture than in pure DMPC. The total enthalpy of

the main phase transition decreases slightly in both DMPC

and 4:1 DMPC/DMPG, but it does not go to zero, indicating peptide concentration, as is most easily seen by comparing

that the Phase transition is not abohshed.. the effect of 1% and 2% LL-37 on POR®; at 10°C. where

?H Solid-State NMR Spectroscopy of Mixtures of POPC- the acyl chain disordering induced by LL-37 is largest. Figure
ds1 and POPC-g/POPG with LL-37.Solid-state’H NMR 4d—f shows the corresponding order parameter profiles for
was used to investigate the effect of LL-37 on the lipid acyl 3:1 pOPCd;/POPG with 0% or 1% LL-37 incorporated at
chains in the |, phase and to provide site-specific resolution the same temperatures. The results for the anionic POPC/
of its influences on the hydrocarbon region. Quadrupolar pOpPG lipid mixture are very similar to those observed in
echo?H NMR spectra of LL-37 in three different lipid  zwitterionic POPC. The effect of LL-37 on both lipid systems
environments (DMP@s,, POPCés;, and 3:1 POPQy/ appears similar, but there may be differences that do not
POPG) and a range of temperatures were obtained. Thegppear in these data, since only the saturated acyl chain of
powder-type spectra of the unoriented samples were numerithe zwitterionic POPC component is perdeuterated and thus
Ca”y inverted (de'Paked)ZQ) to obtain the 0O-oriented 0n|y th|s Component iS Observed'
spectra, which have greater resolution. Representative de- Although addition of LL-37 results in a decrease in the
PakedH NMR spectra of POP@; at 35°C alone and with  magnitude of the segmental order parameters in both lipid
1 mol % LL-37 incorporated are shown in Figure 3a, and environments, its effect is not uniform along the acy! chain.
the corresponding spectra of 3:1 POBGPOPG with and  Tq highlight this, order parameter difference profiles were
without 1 mol % LL-37 are shown in Figure 3b. Since the calculated by Subtracting th&d values of the mixed
2H NMR line Shapes in the presence of LL-37 are similar to pept|de/||p|d Samp'es from IH&ZD| results for the same acyl
the pure lipid spectra (see Figure 3), the peaks in the spectrachain position in the pure lipid. With this convention, a
with LL-37 present were assigned in the same manner, aspositive value ofASp indicates a decrease itSeo| (or
described in the Experimental Procedures secti®hNMR  increase in disorder) upon addition of LL-37. However, the
spectra of each sample confirmed that the lipids were in a gitference profiles are complicated by the intrinsic decrease
fluid lamellar phase with a typicatP chemical shift powder iy the magnitude of the order parameters along the acyl chain.
pattern both before and aftéH NMR experiments were  Thys, what appears as a small order parameter difference at
performed (results not shown). the tail end of the acyl chain is actually a large change

From the de-PaketH NMR spectra (Figure 3), itis clear relative to its initial value in the pure lipid. To correct for
that the quadrupolar splittings decrease in the presence otthis effect, the order parameter difference profiles are
LL-37, indicating that it causes disordering of the lipid acyl normalized relative to the pure lipid order parameter profile
chains. The smoothed order parameter profiles for POPC-as shown in Figure 5. These profiles show the fractional
ds; with 0%, 1%, and 2% LL-37 incorporated are shown at change in order parameter upon incorporation of LL-37. They
several different temperatures in Figure 4a to more clearly reveal that the extent of acyl chain disordering by LL-37 is

illustrate the effect of LL-37 at each temperature. Figure
4a—c shows that LL-37 causes a decrease in the value of
|<p| throughout the acyl chain in zwitterionic PORIg;
although the magnitude of the effect is much larger at lower
temperatures than at higher temperatures. These profiles also
show that acyl chain disruption increases with increasing
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00 L+ + 37 suppresses the change in the lipid order parameters with
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Carbon

Ficure 5: Normalized order parameter difference profiles upon
addition of 1% LL-37 to POP@k; and 3:1 POPQk)/POPG at (a)

50, (b) 35, and (c) 16C. The normalized order parameter difference
is calculated as described in the text and reflects the fractional
change in&p| at each position along the acyl chain upon addition
of LL-37. The values are positive, indicating that the presence of
LL-37 induces a decrease in the order. The effect is much larger
in the tail half of the acyl chain than near the headgroup.

divided into two distinct regions along the acyl chain. The
upper half of the acyl chain (C2C8) is disordered by LL-
37, but the effect is much greater in the lower half of the
acyl chain (C9-C16). Within each region the effect of LL-
37 is relatively constant, and the same pattern along the acyl
chain is observed at all temperatures and for both the
zwitterionic and anionic lipid bilayers. This greater perturba-
tion of the tail end of the acyl chain is consistent with a
surface orientation of the LL-37 helix at the hydrophobic/
hydrophilic interface, as determined previously), which
is discussed below in more detail.

As the temperature increases, lipid bilayers naturally 40 20 kaz
become more fluid and disordered, resulting in a decrease

in order parameter with temperature. One possible expIana—E:g‘;FéErsTDEﬁ;glt(:é 'atﬁ;uopnoltgfze"éh’\c')'\g';eigzcéﬁ ﬁlﬁé\ﬂfﬁ%hﬂp c
tion for the decreasing effect of LL-37 with increasing dsg biIayérs in the absence (solid line) and presence (dotted line)

temperature is simply that a certain amount of disorder in of 294 [ -37 at (a) 35, (b) 40, (c) 45, and (d) 5C. At 45 and 50
the acyl chains is required to accommodate the insertion of °C, LL-37 induces a decrease in the quadrupolar splittings as was
the amphipathic helix, and at higher temperatures, the observed in POP@s. LL-37 causes the opposite effect at 35,
hydrophobic core is already sufficiently disordered so that @1d at 40°C, the spectra in the presence and absence of LL-37
the helix can insert with minimal additional effect on the match.
acyl chains. To assess this hypothesis, it is useful to comparewithout (solid line) 2% LL-37 were also obtained, as shown
the order parameter profiles as a function of temperature in Figure 7. The spectra of the random dispersions were de-
instead of LL-37 concentration, and this is shown in Figure Paked to obtain the °Goriented spectra (bilayer normal
6. The pure lipid profiles are shown in Figure 6, parts a and parallel to the magnetic field). At 33C (Figure 7a), the
¢, and the profiles in the presence of 1% LL-37 are shown quadrupolar splitting is greater in the presence of LL-37 at
in Figure 6, parts b and d. These graphs show that LL-37 all positions along the acyl chain, while at 4C (Figure
suppresses the change in acyl chain order parameter with7b), the spectrum of DMP@s, containing LL-37 matches
temperature, particularly in the tail half of the acyl chain that of the pure lipid. At the higher temperatures of 45
(from C8/C9 to C16), supporting the proposed explanation (Figure 7c) and 50°C (Figure 7d), a decrease of the
for the temperature dependence of acyl chain disorderingquadrupolar splittings is induced by LL-37. The decrease in
by LL-37. the quadrupolar splittings along the acyl chain when LL-37
°H Solid-State NMR Spectroscopy of Mixtures of DMPC- is added to DMPGis, at the higher temperatures reflects a
dss with LL-37. Quadrupolar echH NMR spectra of less-ordered bilayer. The greater acyl chain motion corre-
DMPC-ds, multilamellar vesicles with (dashed line) and sponds to a thinning of the bilayer with increased surface
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FiGure 8: Effect of LL-37 on the order parameter profile of DMPC  addition of 2% LL-37 The normalized order parameter difference
dss at (a) 50 and (b) 38C. The LL-37 concentration is indicated is calculated as described in the text and is shown for (a) 50 and
in the figure, and thesn-1 andsn2 acyl chains are represented (b) 35°C. These graphs show the fractional changiSia| at each
with circles and squares, respectively. The order parameters areposition along both acyl chains upon addition of 2% LL-37. The
larger in the presence of LL-37 at 36 but smaller in the presence  positive values at 50C reflect an increase in disorder upon addition
of LL-37 at 50°C. of LL-37, while the negative values at 3€ reflect a decrease in

disorder upon addition of LL-37 at that temperature. The effect is

slightly larger near the tail end of the acyl chain than in the plateau
area per lipid. This increased disorder induced by LL-37 in region near the glycerol backbone.

DMPC-ds4 acyl chains at higher temperatures is similar to

the effect of LL-37 on POP@ks; and 3:1 POPQL/POPG . . . - o

at all of the temperatures that were observed. However, the NS rend is evident in Figure 7, where it is also apparent
effect of LL-37 on DMPCés, at lower temperatures is that the quadrupolar splittings decrease even more dramati-
opposite, for example, there is an increase in the quadrupola/c2!ly With temperature in the LL-37 containing samples. This
splittings upon addition of LL-37 to DMP@s, at 35 °C, S|_gn|f|cant change. in behawo.r wlth temperature is very
indicating a more-ordered or rigid bilayer with less acyl chain different from what is observed in bilayers containing POPC-

motion. This corresponds to a thicker bilayer with less surface ds1, where the quadrupolar splittings and order parameter
area per lipid molecule, contrary to what might be expected profiles hav_e a smaller temperature variation in the presence
for insertion of an amphipathic helix into the interface region of LL-37_(F|gure 6)'_ Thus, the_eﬁect of LL-37 on t_he lipid
of the bilayer.’N NMR experiments confirmed that the acyl chains is sensitive to their degree of saturation.
surface orientation of LL-37 is the same at all of these To describe the unusual effects of LL-37 on DMBIG-
temperatures in DMPC and a variety of other lipids with bilayers in a more quantitative manner, the order parameters
the same 2% peptide concentratiod8)( All of the tem- were analyzed according to the first-order mean-torque model
peratures studied are at leastIabove the gel to liquid- ~ Of Petrache et al.21, 31). Using this model, the order
crystalline phase transition temperature of DMPC. The DSC parameters were used to calculate the material properties of
results (Figure 2) show that even with the broadening of the the DMPCéls, bilayer in the presence and absence of LL-
transition, the lipids are fully in the liquid-crystalline phase 37. The influence of LL-37 on the hydrophobic thickness,
at all of the temperatures and LL-37 concentrations used forarea per lipid, and coefficient of thermal expansion were
the 2H NMR experiments. A possible explanation for this determined as described in the Experimental Procedures
unusual temperature dependence and behavior 4€35 section. The area per lipid and monolayer hydrophobic
discussed below, where these results are placed in contexthickness for DMPQis4 alone and in the presence of 2%
with the previously determined orientation of LL-37 and its LL-37 are shown in Figure 10, which formulates the above
effect on the lipid headgroup4.§). observations quantitatively. At low temperatures, LL-37
The order parameters along the acyl chain were determinedthickens the bilayer and decreases the area per lipid, whereas
based on the pure lipid assignments as described in theit thins the bilayer and increases the area per lipid at higher
Experimental Procedures section and are shown in Figuretemperatures. As a result, the changes in bilayer thickness
8a,b for the 35 and 506C data, respectively. Although LL- ~and area as a function of temperature are increased in the
37 may either increase or decrease the order parameters, diresence of LL-37 relative to the normal behavior of the
a given temperature the direction of the change is generallypure lipid. This property is described quantitatively by the
consistent throughout the chain. The fractional change in coefficient of thermal expansior2g, 33.
order parameter upon addition of LL-37 is also slightly  Values of the thermal expansion coefficientsand on
greater for the tail end of the acyl chain than for the portion are shown in Figure 11 for DMPC with and without 2% LL-
near the glycerol backbone (Figure 9), as was observed in37. The figure shows that LL-37 increases the magnitude of
POPCés; and 3:1 POPQLy/POPG (Figure 5). the coefficient of thermal expansion both parallel and
Influence of LL-37 on Bilayer Material Propertie&\s perpendicular to the bilayer normal. Although LL-37 in-
noted above, a reduction in quadrupolar splittings occurs creases the normal thinning of the bilayer with temperature,
naturally in pure lipids, such as DMP€, with increasing the effect of LL-37 on the thermal expansion coefficients
temperature due to greater motion of the acyl cha8. ( decreases with temperature.
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LLELE BLELELALEN RLELELELE BLELEL AL and adsorb into the headgroup region, penetrating part way
into the hydrophobic core of the bilayer and increasing
vesicle permeability. Calorimetrically, they typically decrease
Tm, iIncrease\Ty,, and decreasAH with increasing peptide
concentration and are sensitive to the presence of anionic
lipids. Type-3 peptides are hydrophobic and insert deeply
or span all the way across the hydrophobic core of the
bilayer. They cause modest change$nincreases i\ Ty,
and large decreases &H of the main phase transition and
are insensitive to salt concentration, the presence of anionic
< lipids, and other electrostatic factors.
aroerpees & As a cationic, amphipathia-helical peptide aligned on
g 2% LL-37 o the surface of the bilayer, LL-37 fits the type-2 profile. In
7Y ST T R R PR terms of its calorimetric behavior, LL-37 matches the type
310 315 320 325 2 prototype in that there is a large increaseih, with the
Temperature (K) formation of a peptide-perturbed broad component of the
FiGURE 10: Area per lipid and hydrocarbon thickness of DMPC  main phase transition and a general decrease in total enthalpy
dss: (a) average cross-sectional area per lipid, calculated using eqof the transition in both DMPC and 4:1 DMPC/DMPG. This
12; (b) half the bilayer hydrocarbon thickness, calculated using eq ig the expected behavior for a peptide that penetrates at least

13, for DMPGds, in the presence and absence of LL-Blbte that " into the hvdrophobi f the bil di fi
LL-37 increases the hydrocarbon thickness and decreases the areB2"'Way Into theé nyarophobic core or the bilayer, disrupting

per lipid at low temperatures and has the opposite effect at high lIpid—lipid contacts and preventing nearby lipids from
temperatures. The net effect is an increase in the rate of change ofundergoing the full chain-melting phase transition. However,

bilayer properties with temperature. the pattern of change ifi,, upon peptide incorporation is
more complex than that for a model type-2 peptide.
Disordering of the lipid acyl chains due to intercalation of a
.......... ] type-2 peptide, as observed directly for LL-37 with #hé
NMR experiments, is expected to favor the more fluigd L
phase and lead to a decreasé jnof the peptide-perturbed
regions. In contrast, the broad component of the DSC scans
in the presence of LL-37, in both 4:1 DMPC/DMPG and
DMPC, is centered a few degrees higher than the pure lipid
Tm. In this regard, other type-2 surface-oriented peptides,
including gramicidin S 43), 6-lysin (44), magainin 45),
PGLa @6), and class A and L amphipathichelices 47),
have been studied using DSC and show similar behavior to
LL-37. This shift to higher T, can be explained by
A . [ I — electrostatic attraction between the peptide and the polar
310 312 314 316 318 320 322 headgroups, which favors tighter packing of lipids in the gel
Temperature (K) phase and thus increasgs These results show that LL-37
Ficure 11: Coefficient of thermal expansion of DMP@,: () behaves most like a type-2 peptide calorimetrically and
perpendicular to the bilayer normal (change in area with temper- emphasize the importance of both hydrophobic and hydro-
ature); (b) parallel to the bilayer normal (change in hydrocarbon philic forces in bilayer interaction and disruption by LL-37.
thickness with temperature). LL-37 increases the magnitude of both LL-37 | ts into the Hvdrophobic/Hvdrophilic Interf
the parallel and perpendicular components of the coefficient of . nserts 'no, € Hydrophobic/Hy ,rOp thc In e_r ace
thermal expansion. of the Bilayer Details on the depth at which LL-37 sits on
the membrane surface are obtained fronPH&IMR results.
The decrease in order parameter of the P@RGcyl chains
DISCUSSION upon incorporation of LL-37, with the largest effect in the
LL-37 Disrupts Acyl Chain Packing and Coopetatly. core of the bilayer rather than near the polar/nonpolar
Peptides that interact with membranes and perturb the lipid interface, is consistent with an amphipathic peptide embedded
main phase transition have been divided into three classeson the bilayer surface as shown in Figure 12. This same
(39—42). The classification is based on characteristic trends pattern of perturbation of acyl chain order has been observed
in the temperatureTg,), enthalpy AH), and cooperativity in 2H NMR solid-state spectra of lipid bilayers with varying
(ATyp) of the main phase transition induced by different types concentrations of other amphipathic peptides known to lie
of peptides as a result of their profile and depth of insertion parallel to the membrane surface, including ovispidg)(
into the lipid bilayer. Type-1 peptides are cationic, water- the P828 fragment of gp449), and mastoparan X50). In
soluble peptides, such as palylysine), which bind atmo-  this model, the polar face of the amphipathic helix interacts
spherically to the polar membrane surface via electrostatic with the lipid headgroups as observed B NMR (18),
interactions. They cause no change or a slight increase inand the nonpolar face of the helix inserts into the hydrocar-
T andATy, and a progressive increaseAd as peptide is bon region, disrupting acyl chain packing and cooperativity
added and have a greater effect on charged bilayers tharas observed with both DSC add NMR. The presence of
zwitterionic bilayers. Type-2 peptides interact with the such a peptide within the bilayer interface increases the
membrane through both electrostatic and hydrophobic effectssurface area, which results in a thinning of the bilayer and
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temperature rangel8). At the intermediate temperature of
@ 40°C, the spectra of DMP@s, in the presence and absence
of LL-37 match. However, matching of the lipid bilayer
properties to particular values preferred by the peptide would
result in a decrease in the intrinsic temperature dependence
of the lipid properties. Since LL-37 causes the opposite trend,
namely, an increase in the change in lipid properties with
@ temperature, the effect of LL-37 on the lipids cannot result
from matching of the lipids to a set of properties preferred

FIGURE 12: Schematic representation of LL-37 embedded in the by the peptide.

hydrophobic/hydrophilic interface at the surface of the bilayer. The  Focusing only on the effect of LL-37 at 3&, cholesterol
amphipathic helix is shown end on with the hydrophobic face hduces a similar increase in order parameters throughout
shaded. the lipid acyl chainsZ9, 30, 5), but its effect is much larger
and is the same at all temperatures, unlike LL-37. Such an
increase in acyl chain order and corresponding decrease in
area per lipid can also be caused by dehydration of the lipid
bilayer or a change in headgroup conformation. This occurs
upon binding of polyelectrolytes to the surface of oppositely
charged bilayers52, 53 due to the strong electrostatic
interactions. Poly(lysine) is a highly cationic peptide that
causes such an increase in acyl chain order upon membrane
associationg2), but poly(lysine) exhibits type-1 calorimetric
behavior, and this was not observed for DMPC in the
presence of LL-37. The calorimetric results demonstrate that
LL-37 remains embedded in the membrane surface and does
not switch to completely peripheral poly(lysine)-like binding
above the surface of the lipid headgroups. However, LL-37
does have many charged residues along its length, including
five lysine and six arginine residues, and the conformation
of the DMPC headgroup is known to be sensitive to the
charge at the bilayer surfacé4, 55. Shallower insertion

disordering effect on the acyl chains. Since the peptide only
extends a short distance into the hydrophobic core of the
bilayer, the effect of the increase in area per lipid is
particularly pronounced in the region of the acyl chains that
extends below the level of the peptide. The disordering of
this lower portion of the acyl chains is greater than the
plateau region because they must fill the volume between
the hydrophobic face of the amphipathic helices and the
opposite leaflet. In this way, empty space in the hydrophobic
core of the bilayer is avoided. Assuming that the location of
the discontinuity in the extent of LL-37-induced acyl chain
disordering between C8 and C9 marks the bottom of the
amphipathic helix, the order parameters of the top half of
the acyl chain can be used to estimate the depth of insertion
using a simple diamond-lattice mod@&3j. On the basis of
these parameters, the hydrophobic face of the LL-37 helix
extends about56 A into the hydrophobic acyl chain region

of the bilayer, which is consistent with half the diameter of of LL-37 at 35°C could alter the interaction between the

an amphlpathlc heI|x.' . ] peptide and the lipid headgroups and the bilayer surface
_Th_e magr_utude of bilayer disruption generally decreases charge, such that the dehydrating effect of the multiple
with increasing temperature as observed in botfR&IMR charged residues becomes dominant. This slightly more
spectra {8) and the’H NMR spectra. The disordering of  peripheral binding of LL-37 could result from a combination
the acyl chains is relatively constant in the presence of LL- of the high degree of ordering in DMPC at this temperature
37 for POPCds; regardless of temperature, in contrast t0 anq the ability of LL-37 to self-associate. Mosthelical
the normal decrease in order parameters with increasingamphipathic antimicrobial peptides are unstructured in solu-
temperature for pure lipids. As the acyl chains become more jon put LL-37 is helical and aggregated, strongly suggesting
dlsordere.d, less adaptation is requweq for helix insertion, andhat the hydrophobic face of the helix is buried upon self-
perturbation of the acyl chain order in the presence of LL- agsociation. The high surface area density of the saturated
37 is diminished at the higher temperatures. Very similar acy| chain lipid, DMPC, near the main transition temperature
effects are observed in 3:1 PORKPOPG, supporting  may disfavor insertion of LL-37 into the polar/nonpolar
similar insertion of LL-37 at the polar/nonpolar interface of  interface enough to shift the equilibrium of LL-37 insertion
the bilayer in both zwitterionic_ and an?onic lipid environ-  gpg aggregation. A more aggregated form of LL-37 with
ments. These results emphasize the importance of hydro4ess hydrophobic surface area would insert less deeply into
phobic interactions in addition to electrostatic attractions tpe bilayer, and this combined with a larger fraction of
between the cationic peptide and the lipids. hydrophilic surface area would increase the electrostatic
LL-37 Insertion is Sensite to Bilayer CompositioriThe interaction between the peptide and the lipid headgroups. It
interaction of LL-37 with the lipid headgroups was previ- is interesting to note that melittin, although it interacts
ously shown to differ between POPC and DMPXB)( and differently with the bilayer and does not induce the same
the?H NMR results presented here show that the interaction pattern of changes in the acyl chain order parameters, shows
of LL-37 with the hydrophobic region of the bilayer is also significantly different effects on the acyl chain order
sensitive to this difference. LL-37 disorders the acyl chains parameter profile of DMPC as a function of temperats@).(
of DMPC at 45 and 50C, and this behavior is consistent The high degree of ordering in the saturated acyl chain lipid,
with the expected effect of inserting a surface-parallel DMPC, near its gel to liquid crystalline phase transition
amphipathic helix into the hydrophobic/hydrophilic interface temperature may result in a bilayer with such a high surface
of the bilayer as discussed above (Figure 12). The DMPC- density that amphipathic peptides are restricted in how they
ds4 spectra at 35C are more interesting, since LL-37 has can insert into the polar/nonpolar interface, resulting in
the opposite effect, increasing the lipid acyl chain order, but behavior that is anomalous relative to more fluid bilayers.
the orientation of the peptide does not change over this The?H NMR spectra of POP@s; and 3:1 POPQkL/POPG
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indicate that LL-37 does not induce such behavior in ACKNOWLEDGMENT
monounsaturated bilayers, which have a greater area per lipid,
even when comparably close to the main phase transition
temperature. The ordering of the bilayer and area per lipid
are therefore |mportant_ in qletermlnmg how LL-37_|nte_racts REEERENCES
with the membrane, its insertion depth, and its likely
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use of the mean-torque model.
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