9800 Biochemistry2004,43, 9800-9812
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the Cyclic Antimicrobial Peptide RTDI1

Jarrod J. Buffy;, Melissa J. McCormick, Sungsool Wi, Alan Waring$ Robert I. Lehreg and Mei Hong*

Department of Chemistry, lowa State Weisity, Ames, lowa 50011, and Department of Medicine p&hsity of California at
Los Angeles, School of Medicine, Los Angeles, California 90095

Receied December 14, 2003; Reed Manuscript Receed May 28, 2004

ABSTRACT. RTD-1 is a cyclics-hairpin antimicrobial peptide isolated from rhesus macaque leukocytes.
Using3'P,2H, 13C, and'®N solid-state NMR, we investigated the interaction of RTD-1 with lipid bilayers

of different compositions’P and?H NMR of uniaxially oriented membranes provided valuable information
about how RTD-1 affects the static and dynamic disorder of the bilayer. Toward phosphatidylcholine
(PC) bilayers, RTD-1 causes moderate orientational disorder independent of the bilayer thickness, suggesting
that RTD-1 binds to the surface of PC bilayers without perturbing its hydrophobic core. Addition of
cholesterol to the POPC membrane does not affect the orientational disorder. In contrast, binding of RTD-1
to anionic bilayers containing PC and phosphatidylglycerol lipids induces much greater orientational disorder
without affecting the dynamic disorder of the membrane. These correlate with the selectivity of RTD-1
for anionic bacterial membranes as opposed to cholesterol-rich zwitterionic mammalian membranes. Line
shape simulations indicate that RTD-1 induces the formation of micrometer-diameter lipid cylinders in
anionic membranes. The curvature stress induced by RTD-1 may underlie the antimicrobial activity of
RTD-1.13C and!®N anisotropic chemical shifts of RTD-1 in oriented PC bilayers indicate that the peptide
adopts a distribution of orientations relative to the magnetic field. This is most likely due to a small
fraction of lipid cylinders that change the RTD-1 orientation with respect to the magnetic field. Membrane-
bound RTD-1 exhibits narrow line widths in magic-angle spinning spectra, but the sideband intensities
indicate rigid-limit anisotropies. These suggest that RTD-1 has a well-defined secondary structure and is
likely aggregated in the membrane. These structural and dynamical features of RTD-1 differ significantly
from those of PG-1, a relatgéthairpin antimicrobial peptide.

A number of disulfide-bridged, cationif-hairpin anti- in a permeable membrané4). Solid-state NMR experi-
microbial peptides such as protegriri3, (tachyplesins2), ments on several peptides such as magainins and cecropins
and defensins3) are produced by mammals as part of their support the carpet model%—17). The barrel-stave model
innate immune response to microbial attadk §). These proposes that helical membrane-spanning peptides aggregate
peptides exhibit well-defined three-dimensional structures in in the bilayer to form an aqueous pore, thereby destroying
solution. Their antimicrobial activity results from their the bilayer (8, 19). The toroidal pore model postulates that
disruption of the lipid membranes of the target celis?). the peptides aggregate and form a complex with lipids such
Although the primary and secondary structures of these that the monolayer bends continuously through a torus-
[-sheet peptides are similar, several structural studies sugshaped pore, with the lipids tilted away from the average
gested that the specific mechanisms of their antimicrobial bilayer normal direction, 20). Evidence of toroidal pore
actions may be divers@&{12) and are not fully understood. formation has been reported for magainin, protegrin-1 (PG-

Several models have been proposed for the interaction of1), and MSI-78 §, 20—22).
antimicrobial peptides with lipid bilayersl8). The carpet RTD-1 is an 18-residue cyclic antimicrobial peptide
model postulates that the peptides aggregate on the bilayeextracted from rhesus macaque leukocy®3).(It exhibits
surface due to electrostatic attraction between the cationicbroad-spectrum antimicrobial activity and is effective against
peptide and the anionic phosphates of lipids. Above a critical Gram-positive and Gram-negative bacteria and fu2d (
concentration, the peptides fragment the bilayer, resulting 24). Despite the three stabilizing disulfide bonds and the

cyclic character, in solution RTD-1 exhibits more flexibility
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that the lack of a terminal charge has a strong influence on CLCRRGVCRCICTR) was synthesized, purified, oxidized,
the antimicrobial activity. RTD-1 has been shown to be and cyclized as described previously). Glass cover sides
nearly nonhemolyticZ6), contrary to the structurally similar ~ (~80 um thick) were obtained from Marienfeld Laboratory
PG-1, which exhibits mild hemolytic activity2{). Glassware and cut into 6 mm 12 mm rectangles.

Solid-state NMR spectroscopy is an important tool for ~ Preparation of NMR SamplesMechanically aligned
elucidating the structure and dynamics of membrane-active Membranes were prepared using a procedure similar to that
peptides and proteins in the lipid bilay@8( 29). It provides ~ 0f Hallock et al. (31). The peptide was dissolved in TFE
a sensitive and nondestructive probe of the effects of the and mixed with chloroform solutions containing appropriate
peptides on the lipid matri®!P NMR probes the hydrophilic ~@mounts of lipids. The solution was dried under a stream of
headgroup region of the bilayer, whitel NMR examines N2 gas, and the dry lipid film was redissolved in a
the hydrophobic center of the b”ayer_ We have used this chloroform/TFE (21) solution Containing a 5-fold excess of
approach to study the lipieeptide interaction of PG-B, naphthalene with respect to lipid. This was deposited onto
which shares significant structural similarities with RTD-1. 9dlass slides (6 mnx 12 mm) at surface concentrations of
These similarities include the antiparajiehairpin structure, ~ 0.010-0.025 mg/mr. The glass plates were air-dried for
the presence of disulfide bonds, and a significant number of ~2 h, and then vacuum-dried overnight to remove residual
Arg residues. Despite these similarities, oriented circular Solvents and naphthalene. Naphthalene improves the mem-
dichroism and X-ray lamellar diffraction experiments sug- brane alignment, presumably by leaving a porous fipid
gested that RTD-1 interacts with the lipid bilayers in a Ppeptide film that allows for more rapid and complete
manner different from that of PG-119). RTD-1 thins the ~ hydration 81). The dried sample was directly hydrated with
bilayers as it binds to the membrane surface, while PG-1 1 uL of water per plate and then indirectly hydrated for 2
thins the bilayer when inserted into the membrad®.( days at 95% relative humidity using a'saturated solution of

In this study, we usé'P and’H NMR to investigate how NaHPQ,. The DMPC samples were incubated at Q)
lipid—RTD-1 interaction depends on the membrane com- while z_ill others were incubated at room temperature.
position and to gain insight into the selectivity of RTD-1 Immediately before the NMR experiments, the gllass plates
for microbial membranes as opposed to eukaryotic mem- WEre stacked, wrapped in Parafllm, an_d sealed in F".".Y.eth'
branes. We compare bilayers consisting of pure zwitterionic erng_ bags to prevent dehy_dratlon during data acquisition.
phosphatidylcholine (PC) lipids, a mixture of PC and anionic Additional water was sometimes added to the plates before

phosphatidylglycerol (PG) lipids, and a mixture of PC and wrap_pi_ng to ensure _complete hydratio_n. Full hyd_ration of
cholesterol (Chol). The PC/PG bilayer mimics the bacterial (€ lipids used in this study was previously confirmed by

membrane, while the PC/Chol bilayer mimics the mammalian FhT'ZlR megsure:’nen@lzl)_. Itis also dirdeﬁtly confirrlr]ed bg
membrane. We examine how the orientational and dynamicalt e*H quadrupolar couplings measured here. Each membrane

- ; le typically included 2030 glass plates. Approximately
order of the various membranes is affected by RTD-1. S3MP
Information about RTD-1 structure in the bilayer is gleaned 5 mg of 13C_' and “N-labeled RTD-1 was used for the
from the 13C and >N spectra of the selectively labeled chemical shift measurements, and appr.())glmately 1 mg of
peptide 13C and™™N chemical shifts in magic-angle spinning unlabeled RTD-1 was used for the peptidipid interaction

spectra indicate that RTD-1 is immobilized in the membrane experlments. . _
and that its secondary structure is well-defined. Surprisingly, =~ Unoriented membrane samples for magic-angle spinning
the peptide adopts a distribution of orientations relative to (MA_S) experiments were prepared by codls_solvmg _the
the magnetic field based on the static spectra of oriented PEPtide and lipid in a TFE and chloroform solution, drying
membranes. Therefore, RTD-1 differs from PG-1 in many it under N, gas, redissolving the resulting film in cyclohex-

important respects, suggesting that even small sequencén® and lyophilizing it. The dry powders were packed into
p P 99 g . 4 mm rotors and hydrated to 3@5% water by mass. The

differences may cause significant changes in the mechanism ,
of action of antimicrobial peptides. sample_s were restricted _to the center of t'he rotor to reduce
the radio frequency (rf) field inhomogeneity.
EXPERIMENTAL PROCEDURES Solid-State NMR SpectroscopyMR experiments were
carried out on a Bruker (Karlsruhe, Germany) Avance DSX-
Materials. All lipids were purchased from Avanti Polar 400 spectrometer operating at a resonance frequency of
Lipids (Alabaster, AL) and stored as powder-a80 °C. 162.12 MHz for3'P, 100.72 MHz for'3C, 40.58 MHz for
These include cholesterol, 1,2-dilauspglycero-3-phos- N, or 61.48 MHz for?H. A static double-resonance probe

phatidylcholine (DLPC), 1,2-dimyristoydn-glycero-3-phos-  equipped with custom-designed rectangular coils was used

phatidylcholine (DMPC), 1-palmitoyl-2-oleoyr-glycero- for oriented-membrane experiments, while MAS experiments
3-phosphatidylcholine (POPC), 1-palmitaydr-2-oleoylsn were conducted usina 4 mmdouble-resonance probé
glycero-3-phosphatidylcholine (PORfz;), and 1-palmitoyl- spectra were acquired using a quadrupolar echo sequence

2-oleoylsnglycero-3-phosphatidylglycerol (POPG). Except with a recycle delay of 0.5 P spectra were recorded using
for DMPC, which has a gel to liquid-crystalline phase a single-pulse experiment undét decoupling of~50 kHz
transition temperatureTf,) of 23 °C, the other lipids have  with a recycle delay of-1.5 s. Two-dimensional (2D}P

Tm values of—1 or —2 °C. Trifluoroethanol (TFE), chloro-  exchange experiments used the conventional three-pulse
form, and cyclohexane were obtained from Aldrich Chemi- sequence33). 1°C andN MAS spectra were collected with
cals (Milwaukee, WI).1*N-labeled L-cysteine and'3CO- cross-polarization contact times of 0.5 and 1 ms, respectively.
labeledL-leucine were purchased from Cambridge Isotope Typical line broadenings were 5000 Hz for MAS spectra
Laboratories (Andover, MA) and converted to Fmoc deriva- and 156-200 Hz for the stati¢*C, 15N, and®'P spectra. The
tives by AnaSpec, Inc. (San Jose, CA). RTD-1 (GFCR- 3C, 3P, and'®N chemical shifts were referenced externally
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to theS-glycine carbonyl signal (176.4 ppm), tA¥ signal
of 85% HPO, (0 ppm), and thé®N signal ofN-acetylvaline
(122 ppm), respectively.

3P and?H Line Shape Simulationd.o simulate the’*P

Buffy et al.

ds;, 15 motionally averaged quadrupolar couplings corre-
sponding to the Cpand CD; groups of the palmitoyl chain
were co-addedH spectral simulations used the same mosaic
spread and orientations as tH® spectral simulation.

chemical shift anisotropy (CSA) aritl quadrupolar coupling RTD-1 Orientation Calculationg.he orientation of RTD-1
(QC) spectra of glass-plate samples with variable bilayer in the lipid bilayer was calculated from tHéCO and!°N
normal directions due to peptide binding, we need to consider anisotropic chemical shifts measured in uniaxially aligned
the angular dependence of the nuclear spin frequencies usindpilayers. The approach was similar to that described for PG-1
appropriate coordinate transformations. Since lipids undergo (8). We take the know*CO and™N chemical shift principal
fast uniaxial rotations around the local bilayer normal, the values and principal axis orientations relative to the peptide
CSA and QC interactions are motionally averaged to be plane and express them in the molecular frame defined by
axially symmetric, with their unique principal axes being the Protein Data Bank structure of RTD-1 [heretofore called

parallel to the local bilayer normal. In other words, only the
motionally averaged principal axis system (PAS) is relevant
in studies involving liquid-crystalline bilayers. Depending
on the geometry of the lipid phase induced by the peptide,
the bilayer normal assumes a distribution away from the
macroscopic alignment axis, which is the glass-plate normal.
For perfectly aligned bilayers, all bilayer normals are parallel
to the alignment axis. For an isotropic powder, the bilayer
normals adopt a spherical distribution. Further, the alignment
axis may differ from the magnetic field: it is eithef Or

90° from the magnetic field in this study. Thus, the

PDB frame; PDB entry 1HVZZ45)]. The magnetic fieldBo)

is described by the polar angheand azimuthal angle. in

the same PDB-defined molecular frame. The chemical shift
frequencywcs is calculated as

Wes= 01, C0S y; + 0,,C0 y, + 053008 y;  (4)

where the directional cosines are the scalar product between
By and the chemical shift principal axes (cas= o). This
yields *3C and**N anisotropic shifts as a function of tlig
orientation ¢ and j) in the PDB frame. As long as the

coordinate transformations relevant to the frequency calcula-Pilayer normal is parallel t&,, this is also the bilayer normal

tion are @4)

averaged PAM

. {0°%.0%
alignment frame———

lab frame B) (1)

The spatial part of the NMR tensofR defined in the
laboratory frame, is related i@, defined in the motionally
averaged PAS according to

2
Rio= 5 doi0)do,l(B)e 050 (2 is CSAOrQC) (2)

k=2
where

CSA __
P20 =

V312yBydcsa andpSs = v3/85qQhR  (3)
where dcsa and €qQ/h are the motionally averaged CSA
parameter and QC parameters, respectively daptidenotes
reduced Wigner rotation matrice34j. Since the motionally
averaged interactions are axially symmetric, the orientational
averaging does not depend on theangle in eq 1. When
the alignment axis is parallel #,, bothy andy angles in
eq 1 are 0. When the alignment axis is perpendiculaB
x 1s 90°; then an additional Euler rotation gnneeds to be
carried out.

The orientation distribution of the bilayer normal in the
alignment frame, described by the Euler angleg, andy,

direction relative to the peptide. The superposition of the
orientational restraints from tH€C and*>N chemical shifts
yields the allowed orientation of the peptide relative to the
bilayer normal.

The input®®CO and®N chemical shift principal values
were directly taken from the measured parameters from the
MAS sideband spectra (Figure 9). For the carbonyl carbon,
011 = 247 ppm o2, = 182 ppm, andrsz = 92 ppm. Theoss
axis is perpendicular to the peptide plane, which includes
both the C-N and the G=O bond; theo,; axis is 10 from
the G=0 bond in the peptide plane, and tbeg, axis is
perpendicular to ther,, and o33 axes 87, 38). The input
5N principal values are as followsy; = 222 ppm,oz, =
79 ppm, andoszz = 68 ppm. Theo;; axis is 17 from the
N—H bond in the peptide plane; thes axis is tilted 25
from the peptide plane, while the, axis is normal to the
011 andosz axes 89—41). The PDB entry of RTD-1 contains
20 minimum-energy structures. We chose three with the
smallest amount of backbone distortion for the calculations,
to gain insight into the orientation uncertainties due to peptide
structural variation.

The obtainedB, orientation relative to the peptide is
visualized by adding a point in the PDB file with the
coordinatesy, y, z) = (sin 3 cosa, sinf sina, cosp). The
line connecting the origin with this point is thgy direction
relative to the peptide. The molecule is rotated so that this
By axis is vertical and in the plane of the screen. All

determines the spectral line shape. Depending on themolecular visualization is carried out using the Insight II

geometry of the lipid phase, different shape factors result
(35). For cylindrical or 2D planar distributions, the shape
factor is dg, which differs from singdg for an isotropic
distribution.

For bilayers whose normal is mostly along the alignment
axis, a Gaussian distribution functien®5¢/7y? with a mosaic
spread ofog is used in the line shape calculatid36). The
mosaic width for the POPC/POPG spectrum with 4% RTD-1
was optimized to be 3o simulate the Dpeak (see Figure
3c). To simulate’H spectra of chain-perdeuterated POPC-

Biopolymer module (Accelrys).

RESULTS

Interaction of RTD-1 with Phosphocholine Membranes.
Since phosphatidylcholine is common in most biological
membranes, PC bilayers provide a reference for mixed
membranes whose compaositions mimic various organisms.
We first examine the concentration dependent interaction of
RTD-1 with POPC bilayers. Figure 1 shows fHE spectra
of one such series, where the POPC lipids were aligned in
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FiGURE 1: 3P spectra of oriented POPC bilayers with (a) 0%, (b)
1.3%, and (c) 4.0% RTD-1. The alignment axis was parall@qto
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FiIGURE 2: 31P spectra of oriented PC bilayers with 4% RTD-1 as
a function of lipid chain length: (a) DLPC, (b) DMPC, and (c)
POPC. The alignment axis was parallelBg
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Ficure 3: 3P spectra of oriented POPC/POPG (3:1 molar ratio)
bilayers in the presence of no RTD-1 (a and d), 1.3% RTD-1 (b
and e), and 4.0% RTD-1 (c and f). The alignment axis was
alternately parallel (&c) and perpendicular (ff) to B.

by the similar intensity of the unoriented lipids relative to
that of the whole spectrum. In other words, there is no clear
correlation between the amount of orientational disorder and
the bilayer thickness. This contrasts with PG8}, (vhich is
drastically more disruptive to POPC bilayers than to DLPC
bilayers. The chain length independence of RTBlifid
interaction suggests that RTD-1 binds to the membrane
surface with minimal insertion into the bilayeride infra).
Interaction of RTD-1 with Anionic Phospholipid Mem-

branes.To understand the interaction of RTD-1 with bacterial
membranes, we prepared a mixture of POPC and POPG
lipids with a molar ratio of 3:1. Typically, 25 mg of the
total POPC was chain-perdeuterated (PQR{to allow?H
NMR study of the dynamics of the hydrophobic core of the

the presence of an increasing amount of RTD-1. Unless bilayer. The3'P spectra of POPC/POPG membranes with
otherwise specified, the alignment axis was parallel to the varying RTD-1 concentrations are shown in Figure-8a

static magnetic field. In the absence of RTD-1, tHP

The orientational disorder increased more rapidly with

spectrum shows a predominant peak at 32 ppm. The additionRTD-1 than for the zwitterionc POPC bilayers. At 1.3%

of RTD-1 worsens the lipid orientation moderately, mani-
fested by the increased intensity at thé 88ge of—15 ppm.

RTD-1, the 90 peak is already prominent while thé peak
shows considerable asymmetric broadening. At 4.0% RTD-

To estimate the fraction of the unoriented lipids, we compare 1, the 90 peak intensity nearly equals that of the fikak,

the integrated intensities of thé Peak with the rest of the

giving rise to a “double horn” line shape. Spectral integration

spectra. To be consistent with membranes of different shows that RTD-1 increases the static orientational disorder
compositions, we assign 25% of the total chemical shift span of POPC/POPG bilayers more than POPC bilayers: the
around the 0 peak to the ordered phase, and the remaining unoriented fraction increases from 38% in the absence of
chemical shift range to the disordered phase. With this RTD-1to 73% at 4.0% RTD-1. To gain insight into the type
criterion, we found the orientational disorder increases from of orientational disorder induced by the peptide, we rotated
29% to 55% from the pure lipid sample to the membrane the alignment axis by 30 The spectra (Figure 3¢f) exhibit
with 4% RTD-1. Within experimental uncertainty-5%), the same chemical shift range as thfealigned samples,
the 4% peptide concentration exhibits disorder similar to that indicating that the lipid phase induced by the peptide exhibits
of the 1.3% sample. no additional fast motion compared to the lamellar bilayer
Next, we examine whether the lipid acyl chain lengths (42).
affect the interaction of RTD-1 with the membrane. Figure  Since 3P spectra may be affected by both headgroup
2a—c shows3P spectra of DLPC, DMPC, and POPC conformation and lipid phases, it is important to verify if
bilayers with 4% RTD-1. Binding of RTD-1 induced similar the changes seen in th spectra persist in the hydrophobic
and moderate orientational disorder of the bilayers, shown part of the bilayer?H NMR is a sensitive probe of the
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factors that describe the orientational distribution of the local
bilayer normal. For an isotropic powder, the shape factor is
sin fdB, wheref is the angle between the magnetic field
and the bilayer normal. For a 2D planar distribution where
the plane is parallel t8,, the shape factor id5. This shape
factor results in a symmetric spectrum with equal and
maximal intensities at the°Cand 90 frequencies 35, 45).

The choice of the possible lipid phases that satisfy the planar
distribution for the local bilayer normal orientations is
constrained by the observation that t#® CSA and?H
quadrupolar couplings are not reduced by the peptide,
indicating that the lipids do not undergo any fast reorientation
other than the uniaxial rotation already present in the lamellar
bilayer. The only lipid phase that satisfies both the line shape
and the dynamics requirement is a lipid cylinder phase, where
the cylinders lie in the plane of the glass plates. Importantly,
the local bilayer normals of each cylinder are perpendicular
to the cylindrical axis so that these bilayer normals form a
2D planar distribution with respect t8,. The cylindrical

of RTD-1 concentration: (a and d) 0%, (b and €) 1.3%, and (c and phase differs from the hexagonal phase in that the cylinders

f) 4.0%. The alignment axis was alternately parallet-¢x and
perpendicular (ef) to Bo. The2H quadrupolar couplings do not
change with the addition of RTD-1, indicating that the dynamics
of the hydrophobic core is unaffected by the peptide.

dynamic and static disorder of the hydrophobic core of the
bilayer. The?H spectra of POP@s; mixed with POPG for
both the 0 and 90 orientations are shown in Figure 4. The
spectra exhibit multiple splittings that correspond to varying
°H quadrupolar couplings along tise-2 chain @2, 43, 44).
The large splittings result from the groups close to the
glycerol backbone, while the smaller splittings originate from
the mobile chain ends. In the absence of RTD-1, iHe
splittings are well-resolved; upon addition of RTD-1, the
resolution deteriorates (Figure 4c), indicating worsening
orientation.

The size of théH quadrupolar couplings\vq) yields the
order parameter of lipid chain motion. In the absence of
RTD-1, the largest splitting is-52 kHz while the smallest
is ~5.8 kHz (Figure 4a). The addition of RTD-1 does not

have diameters on the order of micrometers instead of
nanometers and are likely multilamellar (see Discussion) so
that lateral diffusion of lipids does not narrow the NMR line
shape.

The best-fit simulations for the experimentdP and?H
spectra (Figure 5a,b,d,e) used a model where 99% of the
lipids are in the cylindrical phase while 1% of the lipids
remain in a lamellar phase with a mosaic spread df 13
These simulations reproduce well the experimental line
shapes for both the °0 and 90-oriented samples. In
comparison, a model assuming a combination of isotropic
orientation distribution and a residual oriented fraction
(Figure 5c¢) disagrees with the experimental spectrum. The
best simulation using this model, with 27% oriented fraction
and 73% isotropic distribution, shows a much lower intensity
near the @ frequency than the experimental spectrum (Figure
5c).

Simulation of the’H spectra yielded individual quadrupolar
couplings, since the line shape is sensitive to small changes

affect these couplings, as the outermost splittings of the in Avq. The resulting GD bond order parameter profile,
spectra remain the same. However, the intensities of the largewhich is the same with and without RTD-1, is shown in
couplings decreased while those of the small couplings Figure 5f. The profile is similar to that of pure POPC bilayers

increased (Figure 4c). To verify that the higher intensities
at small splittings result from the orientational disorder of

(44).
We also considered other geometrical models such as

the membrane instead of increased mobility, we rotated thetoroidal pores in simulating th&#P and?H line shapes. By

glass plates by 90s0 that the alignment axis is perpendicular considering the pore diameter, thickness, and curvature, we
to the magnetic field. At this orientation, the spectral maxima can obtain the shape factors for the torus and calculate the
occur at the 9Dedge with a frequency d?,(cos 90\vq = theoretical®’P line shapes2?). In the absence of motion
—0.5Avq, which is the same as the maximum peak position and with certain geometric parameters, the simulated pore
of a powder spectrum for a randomly oriented sample. Thus, line shapes can fit the experimental spectra. However, the
the size of the splitting when the alignment axis is perpen- assumptions required to fit the experimental spectra make
dicular to By is not affected by the degree of static the pore model unlikely. First, since the pore is confined
orientational order but only by changes in the lipid chain within each bilayer, and the peptide concentration is low
mobility. The spectra of the 9@riented samples in Figure  (4%), the radius of the pores must be small, on the order of
4d—f clearly show that RTD-1 does not change the coupling a few nanometers. Lipid lateral diffusion in these highly
strengths but only broadens the line width. Thus, RTD-1 curved regions causes fast reorientation, which should
perturbs the orientational order, but not the dynamics of the average the bilaye*P and?H spectra. If this motion is taken
POPC/POPG bilayer. into account, then the simulated pore line shape no longer
Quantitative information about the nature and geometry fits the experimental spectrum. In other words, the experi-
of the orientational defects of POPC/POPG bilayers induced mental spectrum is devoid of the motional averaging neces-
by RTD-1 can be obtained by simulating tB¥ and?H sary for nanometer-sized toroidal pores. Second, since pores
spectra at 4% RTD-1. To do this, we consider the shape cannot fill an entire bilayer, only a fraction of the lipids can
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FiIGURE 5: Simulate®'P (a—c) and?H (d and e) spectra of POPC/POPG lipids in the presence of 4% RTD-1. The experimental spectra
are reproduced below the simulated spectra for comparison. (a and d) Simulation using a model of 99% bilayer cylinders and 1% residual
oriented lipids with a mosaic distribution @f13° around 0. The alignment axis is parallel 8,. (b and e) Simulation using the same
cylinder model as in spectra a and d but with the alignment axis perpendicuBgr (¢) Simulated®'P spectrum using a model of 73%
isotropic powder distribution and 27% oriented lipids with a mosaic spread’°cirbéind 0. Note the discrepancy between the experimental

and simulated line shapes near 20 ppm. The alignment axis is paraBgl ¢f) H order parameter profile for POP&; in the presence

of POPG and 4.0% RTD-1.

belong to the curved region of the pores; the rest must remainsame mixing time only diagonal intensities should be
in the lamellar interstices between the pores. Thus3#Re  observed.
spectrum should consist of both an orientécp8ak for the Figure 6a-c shows the 2D exchange spectra of POPC/
lamellar lipids and the line shape for the lipids in the curved POPG bilayers with 4% RTD-1, acquired using mixing times
region of the pores. We found that when‘ap@ak is added,  of 5, 50, and 400 ms. Up to 50 ms, the spectra remain mostly
the pore line shape even without motion does not fit the diagonal, indicating little molecular reorientation. After 400
experimental spectrum. Last, for the pore geometry to fit ms, some off-diagonal intensities are observed. However,
the experimental spectrum, we have to assume that all porebetween the strong®@nd 90 peaks the cross-peak intensity
axes are aligned with the glass-plate normal. In practice, it is still weak. This contrasts with the fully exchanged spectra
is more likely that the pore axes themselves are not well of unoriented POPC vesicles with a diameter ofuth
aligned, since the same force that creates the curved wallsobtained in our laboratory and shown in the literatut) (
of the pore can also induce orientational disorder from one Thus, the POPC/POPG cylinders induced by RTD-1 must
bilayer to another. When this interbilayer disorder is taken have diameters of at leastum for lateral diffusion to be
into account, then the predicted line shape is far more inefficient in causing reorientation.
complex and no longer agrees with the experimental Interaction of RTD-1 with Phosphocholine/Cholesterol
spectrum. Membranes.Since RTD-1 kills microbial cells but is

To confirm that the lipid cylinders indeed have diameters nonhemolytic toward human erythrocyte), the question
on the order of micrometers, we measuf#2D exchange  of whether the significant amount of cholesterol present in
spectra of the 4% RTD-imembrane sample. Th&P the mammalian cell membranes protects them against
chemical shift tensor is sensitive to orientational changes in destruction by RTD-1 arises. We prepared POPC/Chol
the lipid molecules. If lateral diffusion over a curved surface mixtures (1.2:1 molar ratio) with varying RTD-1 concentra-
within the mixing time of the experiment covers a significant tions and monitored the bilayer orientational order. The
distance, it will induce an orientational change, thus changing amount of Chol used here mimics the typical cholesterol
the chemical shift. This will manifest as off-diagonal concentration of~25% by mass (equivalent t&50% by
intensities in the 2D spectra. For a cylinder radius @i, moles) in erythrocyte membrane47( 48). The 3P and?H
using a typical lipid lateral diffusion coefficient of 1®cn/ spectra (Figure 7) show that RTD-1 caused less orientational
s, significant orientational changes should occur within 200 disorder in POPC/Chol bilayers than in POPC/POPG bilay-
ms. Motions in this time window can be readily detected by ers. The membrane disorder at 4% RTD-1, averaged over
2D exchange NMR. If the radius is much larger, then in the two independently prepared samples, is 51%, compared to
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FiIGURE 6: 2D 3P exchange spectra of oriented POPC/POPG lipids with 4% RTD-1, with mixing times of 5 (a), 50 (b), and 400 ms (c).

Little off-diagonal intensity is observed between the strohgid 90 peaks even with the longest mixing time, indicating that the bilayer
cylinders are sulfficiently large that lipid lateral diffusion does not cause large-angle reorientations within 400 ms.

B 2. For example, the largest splitting of the POPC/Chol spectra

i is 97 kHz, while the largesH splitting in the POPC/POPG
= bilayer is 52 kHz. The increaséHi order parameters reflect
a) 0% the reduced mobility of the lipid acyl chains, which is known

to result from the packing of cholesterol in the hydrophobic
part of the bilayer 49).
Figure 8 compares the RTD-1-induced orientational dis-
‘ ! order of the three lipid membranes: POPC, POPC/POPG,
b) 1.3% 3 ! and POPC/Chol. The left graph shows the percent disorder
: \ as a function of peptide concentration. RTD-1 causes the
: ' greatest orientational disorder in POPC/POPG bilayers,
followed by POPC/Chol and then POPC bilayers. Since the
disorder in the peptide-free samples differs for the three
membranes due to the inherent differences in the ability of
lipids to align, we also show the fractional increase in
disorder as a function of peptide concentration for each series
. . . . . (Figure 8b). This is obtained by normalizing the percent
49 2 0 -2 0 iy P disorder relative to that of the 0% sample in each membrane
%P (ppm) series. Using this criterion, the POPC/POPG bilayer remains

FIGURE 7: 3P (a—c) and2H (d—f) spectra of POPC/Chol (1.2:1)  the most vulnerable to perturbation by RTD-1, while POPC

bilayers with 0% (a and d), 1.3% (b and e), and 4.0% (c and f) and POPC/Chol mixtures increase the disorder more slowly;
RTD-1. The orientational disorder created by the peptide is more {ha trend appears to taper off above 1.3%.

moderate than that in POPC/POPG bilayers. The peptide concentra- . . . . .
tion is calculated using the total mole amount of POPC and Chol. _ Motion and Orientation of RTD-1 in Phosphocholine
If normalized relative to POPC, the peptide concentrations are 0%, Bilayers.The results described above concern the interaction

2.4%, and 7.3%. Spectra—a and d-f correspond to two  of RTD-1 with lipid bilayers with various compositions. To
independent series of samples to illustrate experimental uncertaintiesyhtain information about the dynamic structure of RTD-1
in the extent of membrane alignment. The disorder in Figure 8 is . . :
- itself in the membrane, we conducted MAS experiments on
obtained from the average of these measurements. - g -
g both lipid-free and lipid-bound RTD-1. The peptide was

72% for the POPC/POPG sample. Consistently, tHe  labeled with'3CO at Leu-6 and witH*N at Cys-7. The=C
spectra show less orientational broadening than the corre-and®*N MAS spectra were recorded at a slow spinning speed
sponding POPC/POPG samples. of 1.8 kHz to yield sufficient spinning sidebands from which

The ability of cholesterol to attenuate the destabilizing chemical shift anisotropies could be determined. DLPC was
effect of RTD-1 is particularly striking if one takes into used as the lipid matrix because this short chain lipid was
account the fact that the peptide concentrations were previously shown to best accommodate PG-1 binding and
calculated using the sum of POPC and cholesterol molarto allow fast uniaxial rotation of PG-18( 10).
quantity. Since POPC is the only bilayer-forming lipid, it Figure 9 shows the lipid-free and lipid-bound RTD-1
can be argued that the actual RTD-1 concentration shouldspectra under MAS fo*CO-labeled L6 anéN-labeled C7.
be calculated relative to POPC alone, and is thus a factor ofInterestingly, the membrane-bound peptide, similar to the
~2 higher than the reported values. With this alternative pure peptide, gives significant sideband intensities indicative
criterion, the RTD-1 concentrations that are used are 2.4 andof rigid-limit anisotropies. Hertzfeld Berger analysis of the
7.3%, much higher than for POPC/POPG mixtures. Even at >N sideband manifold yielded an anisotropy of 100.4
these elevated concentrations, the orientational disorder ofppm and an asymmetry parameigy of 0.11 for the pure
the membrane is smaller than that of the anionic bilayer RTD-1, while the membrane-bound RTD-1 hadgof 98.3
mixture. ppm and angy of 0.01. The'3CO chemical shift tensor of

A major difference between thél spectra of the POPC/  pure RTD-1 has a@c of —81.5 ppm, amc of 0.80, and an
Chol series and those of the POPC/POPG series is theisotropic shift of 173.8 ppm (relative to TMS). The random
increase of the quadrupolar couplings by a factor of nearly coil isotropic shift of the carbonyl of Leu was reported to

c) 4.0%
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Ficure 8: Comparison of the orientational disorder induced by RTD-1 for different membrane compositions. (a) Disorder of POPC/POPG
(m), POPC/cholesterol), and POPC @) bilayers, calculated as the fraction of the intensity outside thpe@k relative to the whole
spectra. (b) Relative disorder, obtained as the normalized difference with respect to the 0% sample in each membrane series.
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FIGURE 9: 13C (a and b) and®N (c and d) MAS spectra of L*CO- and C7*5N-labeled RTD-1 at a spinning speed of 1.8 kHz. (a and
¢) RTD-1 bound to DLPC lipids. (b and d) Lipid-free RTD-1. Note the narrower line widths of the membrane-bound RTD-1. The number
of scans is~25000 for the membrane-bound peptide (a and c) and-18000 for the lipid-free peptide (b and d).

be 177.6 ppm relative to DSS, which translates to 175.9 ppm structural characterization needs to be carried out to identify
on the TMS scale50, 51). Thus, the chemical shift 3fCO- the exact molecular origin of this immobilization. It is
labeled L6 is consistent with a strofigsheet conformation.  interesting to note that in aqueous solution RTD-1 shows
Unfortunately, the'3CO-labeled CSA of the membrane- significant internal flexibility 5) despite the ladder structure
bound RTD-1 cannot be obtained because of the overlapimposed by the three disulfide bonds.
between the L6 center band and the ligi€O signals. To determine the orientation of RTD-1 in the lipid bilayer,
However, the sideband intensity distribution, which is not we measured thé3CO-labeled L6 and®N-labeled C7
obscured by the lipid carbonyl peak due to the latter’'s small anisotropic chemical shifts in uniaxially aligned DLPC
CSA, is almost identical with the sideband envelope of bilayers. The orientation of @&sheet peptide can be specified
unbound RTD-1. This confirms tHéN result that RTD-1 is in terms of its strand axis direction and its sheet plane
immobilized in the membrane. orientation. The'3CO chemical shift tensor has its most
Two possibilities account for the lack of large-amplitude downfield axis ¢11) parallel to the strand axis and its most
motion of RTD-1 in the membrane. One is that the peptide upfield axis @33) perpendicular to thg-sheet plane. The
aggregates in the DLPC bilayer. If so, the aggregate must®N chemical shift tensor complements this, since the main
be well-ordered since both tHéC and*®N line widths are 5N principal axis is roughly perpendicular to the strand axis.
narrow. The!®™N fwhms decrease from 11.7 to 8.0 ppm, while  Figure 10 shows the statiéC and'®N spectra of RTD-1
the 13CO line widths decrease from 3.4 to 2.0 ppm. The oriented in DLPC bilayers. The two sharp signals at 193 and
reduced line widths indicate that tfesheet structure of the 174 ppm are the lipid carbonyl peaks. THEO-labeled L6
peptide becomes more ordered after binding to the mem-signal shows a distribution of frequencies between 170 and
brane. The second scenario is that the peptide is trapped i230 ppm and forms a broad base below the two sharp lipid
small membrane defects and cannot rotate. More extensivesignals. Consistently, the chemical shift ‘6lN-labeled C7
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c) Ficure 11: Orientation of RTD-1 based 3fC and!*N anisotropic
chemical shifts. (a) Calculated !6CO (dashed red lines) and C7
15N (solid blue lines) chemical shifts as a function of the polar
anglef and azimuthal angle of By in the molecular frame of the
peptide defined by the PDB structure of RTD-1. (b) RTD-1
orientations corresponding to the three indicated positions in the
y y ' y contour plot. The vertical line in each structure representBthe
40 3210 0 -20 direction, which coincides with the bilayer normal in the case of
P (ppm) perfect alignment.
FicUurRE 10: 13C (a) and!™N (b) static spectra of L6°CO- and C7 o .
15\-labeled RTD-1 in oriented DLPC bilayers. @p spectrum of It is interesting to note that the brodtN peak of RTD-1

the lipid membrane at the end of th#C and'*N measurements.  centered at 100 ppm resembles the spectra of several
Qjé?[sksv\mﬁﬂg' i gles?:%e tgz Lipi%ﬂ_ ﬁ:fgggg?icgn;l? l\gl’zliChegirstia"y a-helical frog-derived antimicrobial peptides of Australian
indicat% orientation distribStion.' The number of scan5v§)000 tree frogs §2). Since the NLH. bonds in helical peptldes
for spectrum a ane-65000 for spectrum b. are roughly parallel to the helical axis, the observation of a
broad peak close to tHéN isotropic chemical shift suggests
that the helix axis is near the magic angle from the membrane
ranges from 50 to 120 ppm with the maximum at 100 ppm. normal. In contrast, in A-sheet peptide such as RTD-1, the
Thus, RTD-1 does not adopt a unique orientation with respect15N chemical shift principal axis is approximately perpen-
to the magnetic field. To obtain more quantitative information dicular to theg-strand axis. Thus, the orientation of the
about the orientation distribution, we calculated €O peptide differs from that in the helical case. Without
and 1N anisotropic chemical shifts for different peptide additional®*CO chemical shift restraints, no unigfesheet
orientations. Figure 11 shows the 2D orientational plot where orientation can be extracted from tHeN chemical shift
the contour levels represent the measutél (170-230 alone, even if a narrow anisotropic frequency is measured.
ppm) and™N (50—120 ppm) anisotropic shifts and the axes p|scyssION
define the polar coordinates.3) of By in the PDB frame
of the peptide. Structure 18 of RTD-1 was used to obtain
this orientational plot; however, two more structures were
also used to calculate the peptide orientation, and similar

results were obtained. It can be seen that the overlap betweenyo iije The zwitterionic POPC bilayer serves as a reference
the 13C (dashed lines) anN (solid lines) contours defines system, while the mixed POPC/Chol bilayer mimics the

not a specific point but a region in the angular space, gykaryotic cell membrane and the anionic POPC/POPG
indicating that a distribution of orientations is allowed. To pjjayer the bacterial cell membrane. For each bilayer system,
illustrate the orientational distribution, we selected three the RTD-1 concentration was varied. The peptide-free bilayer
points in the contour plot corresponding to the maximum samples (0%) act as controls to account for the differences
peak positions of thé’C (200+ 10 ppm) andN (100 + in the ease of aligning the membrane so that comparisons
10 ppm) spectra. These orientations are shown in Figure 11bican be made about the extent of disorder created by RTD-1.
two of these are tilted from the magnetic field, while the  We found that in zwitterionic PC membranes both with

third is horizontal. and without cholesterol, RTD-1 causes moderate disordering

Lipid Cylinder Model of RTD-+Membrane Interactions.
The goal of this work is to investigate if RTD-1 interacts
preferentially with lipid bilayers of different compositions
to gain insight into the antimicrobial selectivity of this
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Ficure 12: Model of lipid cylinder formation in POPC/POPG membranes due to RTD-1 binding. (a) Visualization of the cylinders on
glass plates. (b) Visualization of each cylinder with a diameter on the order of a few micrometers. For simplicity, only one bilayer is drawn,
but the cylinders are most likely multilamellar. For clarity, the bilayer thickness and the cylindrical diameter are not drawn to scale. RTD-1
most likely binds to the outer leaflet of the membrane in an asymmetric fashion, which causes a weak curvature that makes the bilayer fold
onto itself to form the cylinder.

of the bilayer structure. The spectra (Figures 1 and 7) arefor the lipids at the end caps with different orientations not
dominated by the Ofrequency peak, and significant resolu- to make a significant contribution to the spectra. The lipid
tion remains in theH spectra. The disordered intensity is cylinders must have relatively large diameters of a few
mainly manifested as the 9@requency peak (Figure 7d micrometers, to prevent lipid lateral diffusion from causing
f). The line shape of the disordered intensity in these spectrareorientations fast on théP chemical shift time scale. It is
resembles that of the POPC/POPG spectrum with 4% RTD-1well-known that in the inverted hexagonal phase, where the
(Figure 3c) but at much lower levels. This suggests that the cylindrical rods have a diameter of only two lipid molecules
weak orientational disorder induced by RTD-1 in zwitterionic (~5 nm), the lateral diffusion of the lipids over the curved
membranes is similar to the disorder formed more drastically surface causes fast averaging of the NMR spectra. In this
in the anionic membranes. Interestingly, the interaction of case, since the axis of the lateral diffusion, the cylindrical
RTD-1 with PC membranes does not depend on the bilayeraxis, is perpendicular to the bilayer normals, the NMR
thickness (Figure 2), in clear contrast to PG8). (This frequencies are scaled By(cos 90) = —0.5. Thus, thé'P
suggests that RTD-1 does not insert into PC bilayers. spectra of hexagonal-phase lipids are halved and mirror-
Compared to zwitterionic bilayers, the POPC/POPG bi- imaged from the lamellar bilayer spect42). We did not
layers with 25% negative surface charges exhibit more observe fast motional averaging of tP® andH spectra
significant orientational disorder upon RTD-1 binding. The for the POPC/POPG lipids with 4% RTD-1. Combined with
31p spectrum of the 4% RTD-1 sample exhibits a symmetric the 2D exchange results, this means that the correlation time
line shape that differs markedly from both the perfett 0 (z) for laterally induced lipid reorientation is at least 100
oriented spectrum and the isotropic powder spectrum. Thisms. On the basis of the typical lipid lateral diffusion
preferential destabilization of the orientational order of the coefficients 46) and the relatiorD = [1?[/6z7, we estimate
anionic bilayer over the zwitterionic bilayers indicates that that the minimum root-mean-square radius of the lipid
electrostatic attraction between the cationic RTD-1 and the cylinder is 0.8-2.4 um.
anionic bilayer is crucial to membrane disruption. Thus, the  How does RTD-1 bind to this anionic lipid cylinder? If
selectivity of RTD-1 against bacterial membranes rich in we make the reasonable assumption that the chain length
anionic lipids may be primarily a result of this favorable independence of the interaction of RTD-1 with PC bilayers
electrostatic interaction. also holds true for POPC/POPG bilayers, then RTD-1 most
Simulations of the POPC/POPG spectra provided useful likely binds to the headgroup region of the POPC/POPG
insight into the type of lipid phases caused by RTD-1. Using membrane (Figure 12b). This surface binding has to be
a macroscopic bilayer cylinder model, in which the cylindri- sufficiently shallow; otherwise, the membrane would be
cal axes lie in the plane of the glass plates (Figure 12a), welaterally expanded and the acyl chains would experience
reproduced the experimenfdP and’H spectra for both the  additional motional averagin@®), which is not detected in
0° and 90 alignment directions (spectra a and b of Figure the ?H spectra (Figure 4). This surface binding model is
5, respectively). When the glass-plate alignment axis is supported by previous oriented circular dichroism and X-ray
parallel toBo, the local bilayer normals, which are perpen- diffraction results on this peptidel?).
dicular to the cylinder axis, form a 2D planar distribution How does RTD-1 induce cylinder formation? We hypoth-
with respect toB,. The observed symmetric line shape is esize that RTD-1 binds asymmetrically to the POPC/POPG
uniquely fit by this planar distribution in the static limit. An  bilayer, primarily on the outer leaflet, so that it causes a
alternative model combining isotropic orientation distribution bilayer curvature, forcing the bilayer to fold onto itself to
with a residual 8-aligned component cannot reproduce the form a large cylinder. Transbilayer asymmetry has been
symmetric line shape (Figure 5c). Thus, the membrane documented to change the morphology of lipid vesicles into
disorder created by RTD-1 cannot be described as a randomong cylinders. For example, when DOPG is preferentially
orientation distribution. transported from the inner to the outer monolayer of large
The lipid cylinders are likely multilamellar and may have unilamellar vesicles composed of DOPC and DOPG, long
water in the center (Figure 12b). The average length of thesetubules were observed by cryoelectron microsc&3).(The
cylinders is not known, but it should be sufficiently long insertion of monooleoylphosphocholine into the outer mono-
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layer also resulted in tubule$3). Peptide-induced lipid
tubule formation has also been reported before, for example, m _

for a de nao-designed 18-residue amphipathic helical oeeooeoee@
peptide 64) and for gramicidin D 86). Cylindrical lipid (a) G
phases are also found wivo, triggered by proteins that L -
aggregate into a coat scaffold on the membrane surface and NH2CO eeoeoee
impose a curvaturésf). Such tubules play an important role

in the intracellular trafficking between organelles and
between organelles and the plasma membrane. A different
type of lipid tubule, with diameters 6f0.5um and lengths (b)

of 50—200 um, has been observed to form from phospho-
lipids containing diacetylenic acyl chainS§-59). In this

case, the mechanism of tubule formation is chiral packing ) )
Ficure 13: Amino acid sequences of (a) PG-1 and (b) RTD-1.

OT nelghbo.rmg lipid m0|ecgles' Finally, eqUIIIb“.um among Note the different distributions of Arg and the presence of a
bilayer cylinders and vesicles was reported in surfactant pyqrophobic patch (shaded area) in PG-1.

mixtures 60). A common framework with which to under-
stand the tubule morphology is the elastic bending energy Difference between RTD-1 and PGRTD-1 resembles
theory of the bilayer. In this theory, the surface area PG-1 in both primary and secondary structures (Figure 13).
difference between the two monolayers creates the bendingBoth are 18-residug-hairpin peptides, have multiple dis-
force while membrane elastic constants and spontaneousilfide bonds that link the two strands of the turn, and have
curvature control the precise topology of the nonspherical five or six Arg residues. The differences are the cyclic nature
structure 61, 62). of RTD-1 versus the open chain of PG-1 and the distributions
The reduced amount of the lipid tubule phase in the of Arg residues. In PG-1, the six Arg residues are clustered
zwitterionic membranes probably results from the weaker at the two ends of thg-hairpin, making it an amphipathic
binding of the peptide to these neutral membranes. For themolecule, while in RTD-1, the five Arg residues are spread
POPC/Chol mixture, another possible mechanism for the throughout the molecule (Figure 13).
attenuated membrane-destabilizing effect of RTD-1 is the The solid-state NMR study presented here shows that
well-known insertion of cholesterol into the hydrophobic RTD-1 interacts with the lipid bilayer in a fashion strikingly
center of the bilayer§3). This insertion may counter the different from that of PG-1. PG-1 perturbs PC bilayers
RTD-1-induced positive curvature strain of the membrane, according to the bilayer thickness, while binding of RTD-1
thus delaying the onset of lipid cylinders. to the membrane does not depend on the acyl chain length.
13C and®®N chemical shifts of uniaxially aligned RTD-1 PG-1 completely destroys the POPC bilayer orientation,
indicate that RTD-1 adopts a distribution of orientations. The whereas RTD-1 retains much of the structural order. PG-1
13C and®™N spectra (Figure 10a,b) show broad patterns that rotates uniaxially in DLPC bilayers, while RTD-1 is im-
deviate from the powder patterns of a random orientation mobilized. PG-1 inserts completely into DLPC bilayers in a
distribution. Both tilted and horizontal RTD-1 orientations tilted fashion, while RTD-1 most likely binds to the
are found relative to the magnetic field (Figure 11b). The membrane surface. RTD-1 causes the formation of lipid
most likely cause for this orientational distribution is the cylindersin POPC/POPG membranes, whereas PG-1 breaks
residual alignment disorder of the bilayers. PHe spectrum the POPC/POPG membrane into small vesicles with inter-
of the glass-plate sample (Figure 10c) exhibits a low level mediate time scale motions (unpublished results). While the
of unoriented intensities between 25 and5 ppm that is interaction of PG-1 with membranes is readily correlated with
reminiscent of the 2D planar distribution seen in the POPC/ hilayer disruption, the mode of interaction of RTD-1 with
POPG spectrum (Figure 3c). This residual disorder likely anionic membranes, cylinder formation, seems to be a more
corresponds to a small fraction of lipid cylinders so that as subtle way of affecting bilayer structural integrity. More
the bilayer curls the peptide orientation relative to the studies need to be carried out to elucidate how cylinder
magnetic field also changes. Further attempts to orient theformation by RTD-1 leads to eventual membrane rupture.
membrane in the presence of the peptide did not significantly Overall, the NMR data indicate that RTD-1 has a more
improve the alignment. Since the function of RTD-1 is to moderate effect on membrane integrity than PG-1. This
destroy the membrane structure, this is not surprising. conclusion is consistent with the known weaker antimicrobial
Another possibility for the orientation distribution is that activity of RTD-1 compared to PG-26). It is also in good
RTD-1 molecules aggregate with a certain twist angle agreement with a recent diffraction and circular dichroism
between neighboring molecules so that even with the samestudy, which found that a much higher concentration of
bilayer normal direction, the peptide orientation may vary. RTD-1 is required to cause membrane thinning, and that
Such twisting is not unusual for th&sheet structure, as it RTD-1 cannot insert into fully hydrated membranes even at
is the basis for the formation @gkbarrel proteins4). Since high concentrations1g).
RTD-1 shows rigid-limit chemical shift anisotropies in the We hypothesize that these differences between RTD-1 and
membrane (Figure 9), no intermediate time scale motion canPG-1 mainly result from the lack of amphiphilic character
contribute to thé3C and®N frequency distribution. The low  of RTD-1 (25). Unlike the case with PG-1, there is not a
intensity at 18 ppm in thé' spectrum (Figure 10c) is contiguous and significant hydrophobic patch in RTD-1 to
attributed to small conformational changes of some of the allow it to insert into the lipid bilayer strongly. This study
lipid headgroups induced by the peptide, since its frequency shows that anionic lipids are required for RTD-1 to bind
does not correspond to any known lipid phases. strongly to the membrane. Once bound, it appears that RTD-1




Interaction of the Cyclic Peptide RTD-1 with Lipid Bilayers

inserts sufficiently into the bilayer to cause a weak curvature 18
such that the bilayer folds into micrometer-diameter cylin-
ders; however, the insertion is not beyond the glycerol region ;4
since chain mobility is unaffected, as indicated by the
spectra (Figure 4). This distinct mode of interaction of RTD-1
with the membrane underscores the functional diversity of
antimicrobial peptides caused by subtle sequence changes.
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