7282 Biochemistry2005,44, 7282-7293

Structural Characterization of the Antimicrobial Peptide Pleurocidin from Winter
Floundef

Raymond T. Syvitski, lan Burtoné Neil R. Mattatall® Susan E. Douglasand David L. Jakeman*

College of Pharmacy, 5968 College Street, Dalhousievbirsity, Halifax, Nea Scotia, Canada B3H 3J5, and Institute for
Marine Biosciences, National Research Council of Canada, 1411 Oxford Street, Halifax,9¢otia, Canada B3H 3Z1

Receied March 2, 2005; Reased Manuscript Receéd March 23, 2005

ABSTRACT: Pleurocidin is an antimicrobial peptide that was isolated from the mucus membranes of winter
flounder Pseudopleuronectes americahasd contributes to the initial stages of defense against bacterial
infection. From NMR structural studies with the uniformiiN-labeled peptide, a structure of pleurocidin
was determined to be in a random coil conformation in aqueous solution whereas it assurtesliaal
structure in TFE and in dodecylphosphocholine (DPC) micelles. Rebhmelaxation studies, the helix is

a rigid structure in the membrane-mimicking environment. Strong NOESY cross-peaks from the pleurocidin
to the aliphatic chain on DPC confirm that pleurocidin is contained within the DPC micelle and not
associated with the surface of the micelle. From diffusion studies it was determined that each micelle
contains at least two pleurocidin molecules.

Antimicrobial peptides (AMP9 serve as a first-line of  negative bacteria, and can insert into the hydrophobic interior
defense against invading microorganisms. AMPs generally of membranes1(0). However, beyond this, the underlying
exhibit rapid killing toward a broad spectrum of targets such mechanism of AMP-mediated cell death is not well under-
as Gram-negative and Gram-positive bacteria, envelopedstood.

viruses, parasites, and even tumor cells?). Furthermore, SinceL- and p-amino acids (i.e. left- and right-handed
it tends to be difficult for bacteria to develop resistance a-helixes) function equally well as antimicrobial agerité-{
toward AMPs. Thus, AMPs are being considered as potential 13), it is generally accepted that AMPs usually associate with
alternatives to current antibacterial agents particularly with the cytoplasmic membrane rather than interact with a specific
the emergent problem of drug-resistant pathogenic bacteriaprotein receptor within the membrand4j. AMPs can
(3, 4). AMPs are present in most living organisms, and a permeate model membrane systems and cause fluorescent
wide variety of AMPs have been isolated from many plants dyes and ions to “leak” out of these unilamellar liposomes.
and animalsX, 5, 6); for example, pleurocidin was isolated  For living cells, it is suspected that leakage of essential
from the skin mucous secretion of winter floundéf),(  molecules, which in turn would cause cell death, is due to
ceratotoxin was isolated from the female Mediterranean fruit the formation of ion channels within the cytoplasmic
fly (2), and shepherin I and Il were isolated from the root of membrane 15, 16). However, for detectable quantities of
the shepherd’s purse plar8)( ion leakage, unnaturally high peptide:lipid ratios (1:10 to
The primary sequences of AMPs can be very different, 1:50) are typically requiredl(, 18). Alternatively, AMPs
and range from 12 to 60 amino acids in leng®. (When may migrate through the cytoplasmic membrane and inhibit
folded, the secondary structures consistdfelices3-sheets, DNA, RNA, and/or protein biosynthesis, ultimately resulting
or both ). Despite the structural variations, AMPs tend to in cell death {8, 19). Regardless, for AMPs to cause cell
be soluble in both water and membrane environments, aredeath they must first associate with and then traverse the
polycationic, and when folded are amphiphilic, having both cell membrane.

hydrophobic and hydrophilic domain®)( Due to these AMPs are continually being secreted from organisms; they
unique characteristics, AMPs can interact with negatively are not necessarily expressed as a response to any specific
charged surfaces such as the lipopolysaccharides of Gramstimulus. When invading bacteria encounter AMPs, the
AMPs are suspected to align on, and parallel to the
TR.T.S. is a recipient of an Izaak Walton Killam Memorial Post- cytoplasmlc mem.brane surfaciX-24). Thereatter, peptides
Doctoral Fellowship from the Dalhousie University Killam Trust ~reorient perpendicular to the membrane surface. A number
Foundation. of models have been proposed to describe the specific mode
E_;gn‘?rfgz?l?é‘gg‘lge;ﬁﬂ%dgfga 902-494-7159. Fax: 902-494-1396. of action including the barrel stave mod@y, the toroidal
t Dalhousie University. pore model 26, 27), and the “carpet-l!ke'_’.modeIZ@, 29). '
§ National Research Council of Canada. For the barrel-stave model, amphlphlllc peptldes allgn
hlAtE)blrevia;igréSItélMP, amimiclroll\)liglEpeptic:e; D(F)’C. ﬂodecylp?fOS-t perpendicular to the membrane surface and form the staves
e O O e ey o a0 & FanSient barrel of various sizes depending on the number
correlation spectroscopy; HSQC, heteronuclear single-quantum coher-Of Peptide subunits or staves. The interior of the barrel forms
ence; DOSY, diffusion ordered spectroscopy. a hydrophilic pore that traverses the cytoplasmic membrane,
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allowing leakage of cytoplasmic contents and causing cell T p1e 1: o-
death. The second model is similar, except transient toroidal 0% 5% 10% 15% 20% 25% 30% 35% 40% 4504
channels composed of lipids inserted between helical peptidesy, | ujical random 3. 5 0 15 25 27 33 35 36
are formed. Again, cell death eventually results from leakage  content

of cytoplasmic contents. For the third model, loss of cell

membrane integrity occurs when the membrane IoeCOmeSpounds Pleurocidin is a 2.7 kDa peptide with the amino acid

covered by a “carpet” of peptldes oriented parallel to the sequence of GWGSFFK HVGKHVG LTHYL. From

membrane surface. Transitory pores are formed, the mem- ; . 5 e

brane collapses inward, and the permeability barrier is NMR stud|gs OT uniformly**N-labeled pleurocidin in bUf.f'

destroyed. For all three models antimicrobial activity would, ered_water, n trlfluoroet_hanol (TFE)/ buffered water solutions,

in some manner, be accompanied by loss of the pH, salt and)anOI in the membrane-like environment of dodecylphospho-
' ’ choline (DPC) micelles, residue-specific structural and

or electrical gradient across the membrane. Consequently,d namic parameters are determined, and implications for the
once the peptide traverses the membrane it could continue y P ’ P

to migrate into the organism and disrupt DNA/RNA bio- mode of action are discussed.
synthesis,_ rgsqlting in_ce_ll death. _ _ MATERIALS AND METHODS
Pleurocidin is a cationic, 25 amino acid AMP that was
isolated from the skin mucous secretion of winter flounder  Peptide PreparationSynthetic pleurocidin was produced
(Pseudopleuronectes americapaad has strong antibacterial ~ using a solid-phase technique by the Nucleic Acid Protein
activity against Gram-positive and Gram-negative bacteria Service unit at the University of British Columbia. Recom-
(7). The primary sequence of pleurocidin is 68% and 50% binant pleurocidin was produced iBscherichia coliby
identical to the amphiphilic-helical dermaseptin from frog ~ expressing a codon-optimized gene that fused pleurocidin
skin (30) and ceratotoxin from fruit flies2), and both to an insoluble carrier peptide. The carrier peptide was used
dermaseptin and ceratotoxin are amphiphitiehelixes. to minimize pleurocidin antimicrobial activity during expres-
Pleurocidin is predicted to form an amphiphilic-helix. sion and was removed by chemical cleavage, allowing
Analysis of circular dichroism (CD) spectra of pleurocidin recombinant pleurocidin to be purified by reverse phase
dissolved in both TFE and dodecylphosphatidylcholine chromatography. Uniformly*N-labeled recombinant pleu-
(DOPC)/dodecylphosphatidylethanolamine (DOPE) vesicles rocidin was produced by growing and induciBgcoli, that
(31) confirmed that pleurocidin does form a structure expresses pleurocidin, in 500 mL of M9 minimal media using
containing between 12% and 248shelical content. a 2.8 L Fernbach flask. M9 minimal media consisted of M9
From a recent study using macroscopic conductancesalts supplemented with BME vitamin solution (5 mL of
measurements3p), pleurocidin was reported to be only 100x stock, Sigma-Aldrich, St Louis, MO) using?NH.)-
weakly incorporated into neutral bilayers composed of a 7:3 SO (0.6 g) and glucose (2 g) as the sole nitrogen and carbon
mixture of DOPC and DOPE. However, it was strongly sources. The cells were grown at 3z, 250 rpm, to a cell
associated with a slightly anionic bilayer of 7:3:1 DOPC, density of ORes= 0.8 and induced. The cells were incubated
DOPE, and dodecylphosphatidylserine (DOPS) and formedfor an additional 6 h, at which time they were collected by
well-defined single ion channels. Similar observations were centrifugation. Peptide purity=(95%) and molecular weight
reported from previous tryptophan fluorescence shift studies for synthetic and recombinant forms of pleurocidin were
(31) with the a-helical dermaseptin and ceratotoxin AMPs. determined from analysis of HPLC and MS data.
Thus, the presence of anionic lipids was concluded to be CD SpectroscopyCD measurements were performed and
important for favoring the interaction between lipids and analyzed to confirm the effects of increasing TFE concentra-
AMPs and, not surprisingly, rationalizes the strong interaction tion on the secondary structure of pleurocidin. A stock
generally observed between these cationic peptides and theolution was prepared by dissolving synthetic pleurocidin
anionic outer membrane of Gram-negative bacteria. in 50 mM potassium phosphate-buffered water at pH 6.8.
Conductance measurements are performed by applying aAliquots of the stock solution were diluted with buffered
voltage across the membrane and measuring the current awater and/or TFE to a peptide concentration ofi/A\.
a function of applied voltage. On the basis of such conduc- CD spectra for the various solutions were recorded at 298
tance studies3Q), it was suggested that pleurocidin may have K on a Jasco J-920 CD spectrometerhwit 1 mmquartz
a resting state where the peptide is lying on the surface of cuvette. Spectra were collected and averaged over 16 scans
the membrane, and an active state that is induced uponfrom wavelengths 190 to 250 nm with a 0.1 nm step
application of the voltage. The peptide is drawn into the resolution (Figure 1S, Supporting Information). Analysis of
membrane and becomes “activated” by the applied voltage.spectra (Table 1) was performed using the CD analysis
Further to this, it was concluded that pleurocidin either forms software DICHROWEB (www.cryst.bbk.ac.uk/cdweb/html/
toroidal pores or causes the membrane to become permeabléome.html).
by the “carpet” mechanism via the formation of toroidal NMR Spectroscopgamples were prepared by dissolving
pores. synthetic pleurocidin in either buffered water (pH of 7.0) or
Since there is much ambiguity concerning the mode of 30% d,-TFE/buffered water solution to a peptide concentra-
action of pleurocidin, it is of interest to clarify the molecular tion of 2.0 mM. Samples containiri§N-labeled peptide were
structure and interactions of pleurocidin within a membrane- prepared by dissolving lyophilized labeled pleurocidin to a
like environment. High-resolution structural data for pleu- concentration o2 mM in 500uL of buffered water (pH
rocidin and pleurocidin-based peptides are crucial for the of 7.0). For reconstitution of thEN-labeled pleurocidin into
understanding of the molecular mechanism, as well asDPC micelle solutions, an aqueous solutidnloM DPC
improving therapeutic interventions based on these com- (Avanti Polar Lipids, Alabaster, AL) was added to lyophi-

Helical Content of Pleurocidin as a Function of TFE
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lized pleurocidin to reach the desired peptide:DPC molar
ratios (1:1.2, 1:5, and 1:70). After being warmed to 323 K
and thoroughly mixed, solutions were lyophilized and
rehydrated to a final peptide concentratiorrgf.0 mM with
buffered water (pH of 7.0). Thus, the lowest concentration
of DPC was 2.4 mM, which is above the DPC critical micelle
concentration of 1 mM33). All NMR samples contained

Syvitski et al.

squared-bell function and zero-filled to give a final 3D
spectrum of 2048« 128 x 512 real points.

Phase-sensitive, 2B1—N HSQC data sets were acquired
with a 3-9—19 pulse for water suppression. THeN
dimension contained 128 complex points that covered a
sweep width of 26 ppm centered at 119 ppm; in the acquired
IH dimension, 2048 complex points were collected. Data sets

50 mM potassium hydrogen phosphate as the pH buffer andwere apodized with a 70(*H) and 75 (**N) shifted sine-

5% D,O for the NMR deuterium lock.
As winter flounder seasonally migrates from fresh water

to salt water, the salt content of the two pleurocidin samples

containing 0 and 140 mM DPC was varied between 0 and
450 mM by adding aliquotsfd M NacCl. Furthermore, the

squared-bell window function and zero-filled so as to produce
2D spectra of 2048 512 real points.

In order to assess the dynamics and flexibility of nitrogens
along the peptide backbon®N relaxation rates antPN—
{*H} NOE values were determined frotd detected HSQC

pH of these solutions was varied between 3.5 and 9.0 usingtype data setsAg, 49). For determining®N spin—lattice (R;)

either 5 M HCI or 5 M KOH and measured with a

relaxation rates, 7 linear increments ranging from 13 to 1500

standardized calomel combination pH electrode designed forms were used, and fdPN spin—spin (Ry) relaxation rates,

use with NMR tubes (Aldrich Z11344-1).

H and >N NMR data sets were collected on a Bruker
AVANCE 500 spectrometer operating at 500.13 and 50.68
MHz with a triple-resonance, triple-axis gradient proh¢.
chemical shifts were referenced to 2,2-dimethyl-2-silapen-

5 linear increments between 8 and 200 ms were uSbd.

R; and R, values were calculated by fitting the natural
logarithm of the peak volume to a linearized single-
exponential function using a linear least squares regression
program. For®N—{H} NOE experiments (recovery delay

tane-5-sulfonate through the water resonance calibrated abf 7.5 s), two HSQC data sets were acquired with and without

each temperature34). >N chemical shifts were indirectly
referenced from théH spectrum 85). Unless otherwise

1H saturation in an interleaved fashion to minimize artifacts.
Saturation was achieved by a train of 23fulses at 5 ms

stated!H detected spectra were acquired at a repetition rateintervals for 4.5 s!N—{H} NOE values are reported as

of 1.5 s'* over the temperature range of 27813 K with
the water frequency centered on the carrier frequetbbiy.
decoupledH spectra were acquired with GARP decoupling
(36) during acquisition over a bandwidth ef200 ppm (10
kHz) centered at 110 ppm in th&N spectrum. Using a
standard Bruker pulse sequent® 90° pulse widths were
indirectly determined from théH spectra.

One-dimensional (1D reference spectra were acquired

peak volume ratios (i.eVsdVp) obtained with Vs and
without (Vo) *H saturation.

To assess the exchange rates of amide protons, samples
were lyophilized, rehydrated with 24_ of H,O, cooled to
273 K, and then diluted with 47bL of cold (277 K) D,O
to obtain the 500uL volume of the original solution.
Approximately 5 min after dilution, a series of HSQC data
sets (total acquisition time for each HSQC of 5 min) were

using a standard one-pulse sequence with presaturation or #ecorded ovea 4 hperiod at 293 K. The exchange rates of

“soft” 3—9—19 pulse sequencd7, 38) for suppression of

amide protons were further characterized by using equi-

the water signal. NMR data sets were processed using Brukedibrated samples in 0 and acquiring a series of HSQC

XwinNMR 3.5. Prior to Fourier transforming, 1D FIDs were
apodized using an exponential function with a line broaden-
ing of 2 Hz, and zero-filled to twice the number of complex
points. 1D “*N—H filtered” H data sets were acquired by
inserting, immediately before a3®—19 pulse sequence, a
IH—15N heteronuclear single quantum correlation (HSQC)
pulse sequence3®) (with the t; increment fixed at 1Q«s)
as a filter that selects for the resonanced-sf directly bound
to 15N centers.

For structural determination, phase-sensitd4@,(2D *H—
IH NOESY @1) data sets (see text and figures for mixing
times) and'H—'H TOCSY @2) data sets (MLEV1743);
see text and figures for mixing times) were recorded at 293
K with either a presaturation or a3—19 pulse sequence
for water suppression. 20:°N—1H filtered” data sets were
acquired by inserting a HSQC sequence prior to acquisition.
Data sets were collected with 4096512 complex points,
apodized with a 70 shifted sine-squared-bell window
function in both dimensions, and zero-filled so as to give a
final 2D spectrum of 4096x 2048 real points. Phase-
sensitive 3Df'H—1°N} —'H HSQC-NOESY 44) (40 ms
mixing time) and 300 *H—"N} —*H HSQC-TOCSY 45, 46)
(MLEV17; 20 and 60 ms mixing times) data sets were
acquired at 293 K with 2048& 64 x 192 complex points.
Data sets were linear predictedl7f in both indirect dimen-
sions, apodized using an 8080°, and 90 shifted sine-

data sets at 293 K with and without irradiation of theCH
signal. Essentially, steady-state nuclear Overhauser effect
(NOE) HSQC data sets were recorded by application of
a low-powered presaturation pulse to thgOHsignal prior

to the HSQC pulse sequence; theCHsignal was satu-
rated to approximately 80% of its original intensity (deter-
mined from a detuned probe). Off-resonance data sets were
recorded to provide the reference. To suppress artifacts,
recording of on- and off-resonance data was interleaved.
The computer difference spectra from the on-resonance, and
the off-resonance HSQC spectra generated the fractional
intensity change. It is important to note that this method not
only can help identify exchanging protons but can detect
water molecules in proximity to amide protons by NOE
transfer.

Diffusion Ordered Spectroscopy (DOSY) Measurements
DOSY is an accurate and precise method for determining
the self-diffusion constanD of a molecular species in
solution 60, 51). Since pleurocidin, in its active state, is
suspected to associate with membranes, diffusion measure-
ments were performed in order to determine the degree of
association between pleurocidin and DPC micelles. Solutions
containing®N-labeled pleurocidin were lyophilized, redis-
solved in an equivalent volume of,D (99.9 atom %D),
and transferred iota 5 mm OD, DO magnetic susceptibil-
ity-matched NMR tube (BMS-3; Shigemi, Tokyo). The
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Ficure 1: From DOSY spectrum of pleurocidin in 140 mM DPC (B), the pleurocidin diffuses with the DPC micelle. However, in 10 mM
DPC (A), pleurocidin diffuses as a larger%0 kDa) aggregate and the DPC diffuses as a smaller micelle independent of the pleurocidin.
The F2 dimension of an NMR DOSY spectrum representstithepectrum. The F1 dimension represents g(whereD is the self-
diffusion constant). DOSY values corresponding to the upfield peaks of pleurocidin are not well resolved in the DOSY dimension for the
sample with 10 mM DPC due to overlap with the DPC resonances.

sample height of 1.2 cm ensured that the entire sample wasfrom HOD (with no protein) to 2.0 10°° m? s~ for 293
within the radio frequency coils, which is essential for K.

artifact-free and accurate diffusion measuremehtsde- From the 2D DOSY spectrum of pleurocidin in,®, 2
tected 2D DOSY data sets were recorded using a stimulated-species were observed with different diffusion coefficients,

echo sequence with bipolar-gradient pulses ant Biocks  namely, HDO (logd = —8.7) and one protein species (since
of 64 transients each. Careful monitoring of temperature is | of the protein signals correlate to one diffusion constant;
necessary for obtaining accurate diffusion constants, and thusjopg D = —9.98) (Figure 2S, Supporting Information).
the airflow rate, heater power, and inlet air temperature were Therefore, the NMR-measured diffusion constant for pleu-
carefully optimized to achieve a temperature of 29®.1 rocidin at 293 K was 12.& 10 m? s 1. For the DOSY

K. Arecovery delay of 5 ms after each gradient pulse ensuredspectrum of pleurocidin in 140 mM DPC two species were
complete dissipation of magnetic eddy currents. The pseudo-present, HDO, and pleurocidin with DPC (I&g= —10.31)

2D data sets were processed using Bruker XWinNMR (Figure 1). The pleurocidin and DPC micelle migrated at
software and consisted of an exponential-multiplication the same rate and thus had, to within experimental error,
apodization function (Ib= 2 Hz) in the F2 dimension prior  the same diffusion constant of 4:910-t m? s~L. Interest-

to Fourier transformation; after F2 linear baseline correction, ingly, for the sample of pleurocidin in 10 mM DPC there

the t; diffusion dimension was processed by fitting the gare 3 distinct diffusing species: HDO, DPC (Idy =

intensity of the resultant F2 peaks to eq 1,

| =1, exp(—Dg?y’0*(A — 8/3 — 1/2)) 1)
wherel is the observed intensitys is the reference intensity
(from the unattenuated signal),is the diffusion coefficient

in m? s, v is the 'H gyromagnetic ratio (4257.7002
Hz-G™), ¢ is the total length of the bipolar defocusing/
refocusing gradient pulse4, is the diffusion time (0.35 s),
andz/2 is the delay time between the two bipolar gradient
pulses which depends on spectrometer constragitsthe

—10.17), and pleurocidin with DPC (lo® = —10.31)
(Figure 1). The majority of DPC is diffusing at 6.2610 !
m? s~ and not with the pleurocidin at 4.90 10 ' m? s

ANALYSIS AND RESULTS

NMR SpectroscopNMR spectra were analyzed, and peak
positions and peak volumes were determined using Sparky
3.110 software §2) operating on a Linux PC system. For
structural determination, all spin systems of pleurocidin in
buffered water (pH 6.8, 0 mM NaCl), TFE/buffered water

gradient strength that consisted of 32 linear increments (30% TFE, pH 6.8, 0 mM NaCl), and DPC micelles (140

between 2.0 and 39.3 G ch(5—95% gradient strength)
which accounts for the 32 increments. The duration of
the pulsed field gradieni was optimized (ranged between

mM DPC, pH 6.8, 0 mM NaCl) were identified through
chemical shifts and characteristic TOCSY cross-peak pat-
terns. For pleurocidin in buffered water and TFE/water, no

0.002 and 0.0035 s) for each sample in order to obtain 5% *SN—*H filtering was required and thus cross-peaks to non-
residual signal with the maximum gradient strength. The error HN resonances could be observed (Figures 3S and 4S,

from the fit, 6.10 x 102 m? s! averaged from all

Supporting Information). However for pleurocidin in DPC,

experiments, was determined from the apparent line width *>N—H filtering was required and only connections t& H
in the diffusion dimension. Gradient strength was calibrated resonances could be observed (Figure 5S, Supporting Infor-

by setting the diffusion coefficient of the residual signal

mation). For all samples, the resonance of the Trp2 aromatic
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Ficure 2: From the sequential and longer range NOESY connectiotigxdhange properties, and €SI values for pleurocidin in 140
mM DPC, structural constraints were determined and used with the simulated annealing program XPLOR.

side chain and residues Ser4 and Thr22 were readily assignethigh concentrations pleurocidin disrupts membrane structure,
from their unique TOCSY patterns, since each residue occursrehydrating a lyophilized pleurocidin/DPC sample most likely
only once in the sequence. Starting from these assignedcaused a redistribution of the DPC micelle structure exposing
residues, sequence-specific assignments of backbone and sidbe H protons of pleurocidin to the f solvent. Thus M
chain resonances (except for Glyl in buffered water and protons exchanged more rapidly than could be monitored
Gly1, Gly3-Pheb, Tyr24, and Leu25 in 30% TFE; Table 1S, with NMR spectroscopy (i.e. within 5 min). Thus, steady-
Supporting Information) were determine®i3j. state NOE experiments on equilibrated samples were used
For pleurocidin in buffered water, only interresidue to observe either directly exchanging protons or transfer of
NOESY cross-peaks from residue® i + 1 were observed  magnetization from KD to HV protons (Figure 3). For
(Figure 6S, Supporting Information). However for pleuro- pleurocidinin 0 and 2.4 mM DPC, significant magnetization
cidin in TFE/water, besides the short rangetd i + 1) transfer after 50 ms of water peak irradiation was observed
interresidue connections, cross-peaks between residunes due to direct proton exchange. Significant magnetization
i + 3 were observed for residues between Phe6 and Vall2transfer due to NOE relaxation pathways is not likely to occur
(Figure 7S, Supporting Information). For pleurocidin in 140 at such short mixing times for a relatively fast tumbling
mM DPC, besides short-range connections, cross-peakspeptide and KO molecules. Thus, at 0 and 2.4 mM DPC
between andi + 3 (and some andi + 4) were observed the amide protons on pleurocidin are “unprotected” and are
for residues Trp2 to Leu25 (Figures 8S (Supporting Informa- not involved in hydrogen bonding or surrounded by a
tion) and 2). Since this sample requir€t—'H filtering, hydrophobic envelope from DPC molecules. For pleurocidin
no H4—H?’ ., connections could be observed. Nevertheless, in 140 mM DPC, no significant magnetization transfer was
more than 215 unique cross-peaks were assigned from theobserved for residues Serfieu25 even after 500 ms of
120 ms NOESY spectrum and 171 from the 3D HSQC- water irradiation (Figure 3). Water is neither readily ex-
NOESY (Figure 9S, Supporting Information). Due to the changing nor in the vicinity of the backboné'lgrotons of
slow reorientational motion of pleurocidin in DPC micelles, residues Ser4Leu25. Furthermore, amide exchange rates
NOESY cross-peaks could result from efficient spin-diffu- are affected by pH. At high pH in 0 and 2.4 mM DPC'H
sion. However, by comparing NOESY spectra at various protons were not readily observable in 1D spectra due to
mixing times, very few cross-peaks were identified as arising the rapid exchange of Hwith H,O. However, even at high
from spin-diffusion. pH for pleurocidin in 140 mM DPC the intensity of 1D peaks
An important factor when determining peptide structure for residues Serd4lLeu25 did not significantly decrease;
is the presence of hydrogen bonds that stabilize secondaryresidues near the N- or C-terminus have a more pronounced
and tertiary structures. Hydrogen bonds were partially pH effect but not to the same extent as pleurocidin in O or
assessed by amide hydrogen exchange r&#s $ince at 2.4 mM DPC (Figures 10S and 11S, Supporting Information).
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Ficure 3: The H' exchange properties were identified from steady-state HSQC difference spectra of pleurocidin in buffered water (A) and
140 mM DPC (B). For spectrum A, the water signal was irradiated for 50 ms whereas for spectrum B it was irradiated for 500 ms. As
observed by the weak signals in spectrum B, even after 500 thgretons of pleurocidin in 140 mM DPC do not readily exchange.

Since H' and H* resonances are sensitive to the proton A; 140 mM DPC
environment, preliminary information on protein or peptide A_A_&JNVMMAM\\
secondary structure can be derived by comparing the H
chemical shifts to random-coil value§5, 56). From the
chemical shift index (CSI) values, the*Hesonances of
amino acids that are part of arthelical structure tend to
shift upfield, whereas resonances fbsheet structures tend
to shift downfield compared to random-coil chemical shifts. N
For pleurocidin in buffered watetH resonances are clustered
into well-defined narrow regions. For example, resonances
from aromatic protons are within the region between 7.0 and
7.4 ppm, H' resonances fall within the region between 8.0  ¢;30% TFE
and 8.8 ppm (Figure 4) and*Hesonances are within the A
region between 4.1 and 4.7 ppm. As the concentration of
DPC was increased beyond 2.4 mM DPC, the chemical shifts

of resonances corresponding to aromati® afd H* protons
dispersed; for example, resonances from aromatic protons P >4mMPPC
are distributed within the region between 7.0 and 7.7 ppm \

for 10 mM DPC, and 6.9 and 7.8 ppm for 140 mM DPC,
HN resonances fall within the region between 7.4 and 8.8
ppm for 10 mM DPC and 7.4 and 9.4 ppm for 140 mM
DPC, and M resonances are distributed within the region F¢mMDPC
between 3.8 and 4.7 for 140 mM DPC. Most t¢sonances A
shifted_upfiel_d ('I_'able 1S) with increasi_ng DPC concentration o 105 100 95 90 85 80 75 70 'ppm
which is indicative ofa-helical formation. ) ) T
Structure CalculationsFor structure calculations, distance E'S%RE 4: From the downfield spectral regions of pleurocidin in

. : . . and in TFE, the HN and aromatic signals disperse with
restraints determined from integration of NOESY cross-peaks increasing DPC or TFE concentration, which is indicative of the
(from 400 ms NOESY spectra for pleurocidin in® and formation of defined structural elements. The signals of synthesized
TFE, and the 120 ms and 40 ms NOESY for pleurocidin in pleurocidin in 30% TFE/water are broad due to impurities; however,
140 mM DPC) were classified into four groups: strong, the distribution of resonances is similar to that of pleurocidin in
medium, weak, and very weak corresponding to interproton 10 mM DPC.
distances ranges 6f2.3, 2.0-3.5, 3.3-5.0, and 4.86.0 A
(Table 2S, Supporting Information). Assessment of hydrogen  All structural calculations were based on previous studies
bonding was carried out on the basis of the presenceief H  (59) using the XPLOR 3.1 §0—62) software package.
HNi.3 and Hy—HN;4 connectivity in the NOESY spectrum  Briefly, an initial random coil extended structure was used
of pleurocidin in 140 mM DPC, the exchange rates for the to generate a total of 100 embedded structures. Close contacts
amide protons, and the CSI valuesb(56). For residues  were removed by energy minimization of 1000 conjugate
determined to be involved in hydrogen bonding (residues gradient steps before proceeding to the restrained simulated
Trp2—Leu25 for pleurocidin in 140 mM DPC and Phe6  annealing molecular dynamics (MD) calculations. Eight steps
Vall2 for pleurocidin in TFE), hydrogen bonds between,CO comprising a total simulation time of 120 ps were used for
and HYi;4 were included as constraints by restrainmgo the MD simulations. Initially, the system was set to 1500 K
to 1.2-1.9 A andry_o to 1.8-2.9 A (57, 58). For pleurocidin and all force constants for bonded, NOE, dihedral angle and
in 140 mM DPC, a total of 143 inter-residue constraints (103 nonbonded interactions were scaled to 10% of their full
sequential and 40 intermediate range-(2 toi + 4)) were values. By the end of the third step, the force constants had
identified (Table 2S). been linearly scaled to their full values. In the last five steps

B; 10 mM DPC
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A B between residues Trp2 and Leu25 with an rmsd of 0.51 A
for the backbone and 1.2 A for all heavy atoms in this region.
No evidence from the NOESY data or calculated structures
A20 G13 fg would indicate that the helix is distorted or bent. The helix
extension is in accordance with amide protons having very
slow exchange, the midrange NOESY connectivity, and the
CSI values.

Although NOESY data were not acquired at all DPC, pH,
salt, and temperature conditiond] chemical shifts are
diagnostic of structural elements. For all samples, pH, salt,
and temperature variations had minor effectstérchemical
shifts of nonexchangeable protons. For exchangeable amide
protons, increasing the pH or temperature caused a slight
monotonic upfield shift in both M and >N resonances,
whereas increasing salt concentration had virtually no effect.

A . : The lack of large chemical shift changes is indicative of the
FiIGURe 5: Structural constraints determined from NMR data were lack of structural ch ithin th id .
used with computer simulations to calculate structures for the 'ACK Of structural changes within the peptide upon varying

pleurocidin peptide in DPC micelles; the structures that did not PH, salt concentration, or temperature (Figures 10S and 118,
violate any structural constraints were retained (A; not all structures Supporting Information).

f:;\éVSg-s F;Lﬂéﬁlﬁg?;"ec(?lavygfﬁé nglﬁg)l%l;icr)ggg;y(%)/é hg?(;mfbic Pleurocidin/DPC Structural CharacteristicAn interesting
: und aj ) >lIX feature observed in the NOESY spectra of pleurocidin in

whereas basic and hydrophilic residues comprise the remaining 1/3'DPC (2.4, 10, and 140 mM) was the presence of strong
the temperature was decreased uniformly to 300 K. Calcu- NOESY cross-peaks between th& ptotons on pleurocidin
lated structures were then energy minimized with 2000 and the protons of the DPC molecules. Since solutions
conjugate gradient steps. A total of 21 lowest-energy containing 2.4 and 10 mM DPC did not present a significant
structures (Figure 5) were retained that had no violations of dynamic range problem, nSN—!H filtering was required
NOESY constraints>0.5 A. The overall quality of these and thus NOESY cross-peaks between the DPC and side-
refined structures was examined with the program PRO- chain protons could be identified. Various NOESY mixing
CHECK (63—65). Except for random-coil sections, all times were utilized in order to identify non-spin-diffusion
backbone dihedral angles resided in the well-defined, ac- NOESY cross-peaks and in turn estimate distances between
ceptable regions of the Ramachandran plot. amino acids on the pleurocidin and DPC protons.

Pleurocidin Structure.In agreement with current and Within the'H NMR spectrum of DPC, the protons of the
previous results from CD studies, no portion of pleurocidin lipophilic terminal—CHjz group are assigned to the resonance
in buffered water could be identified as having a well-defined atd = 0.97 ppm, the—(CH,)e— groups are overlapping at
structure, as reflected in the CSI values and lack ¢fH 0 = 1.38 ppm, the-CH,— group adjacent to the phosphate
HN 3, H%—HN;14, or H4%_H# 3 connections. Furthermore, group is atd = 1.7 ppm, and the-N"(CHs)z group is atd
sequence-specific assignments could only be accomplished= 3.35 ppm, and all other methylene proton resonances are
through the M;—HN,.; NOESY connections as most'H- at lower field than 3.5 ppm (Figure 6). For this system, spin-
HN.4; connections were not observed due to rapid proton diffusion does not seem to be efficient, as no consistent links
exchange with water. Analysis of NOE difference HSQC between the methyl and methylene protons of the hydro-
spectra confirmed that Hprotons are exchanging rapidly, phobic tails of DPC were observed. Thus, connections
as significant magnetization transfer after 50 ms water peakbetween the peptide and the terminal methyl group on the
irradiation was observed. Since the chemical shifts of the DPC molecule are likely a result of direct NOE transfer and
HN and®N resonances of pleurocidin in 2.4 mM DPC are not spin-diffusion. Three residues could be identified as
virtually identical to those in 0 mM DPC, and similar proton having a direct NOE from the ™Mto the methyl group,
exchange rates are observed for all amide protons (i.e. amidenamely, Ala9, Vall2, and Lys14, which are near the center
protons are unprotected), it is likely that pleurocidin in 2.4 of the peptide sequence; although the cross-peak intensities
mM DPC has no well-defined secondary structure. are low, these cross-peaks are observed in duplicate and

At 30% TFE there are midrange NOESY connections shorter mixing time NOESY experiments. Furthermore,
between Phe6 and Vall2, and not surprisingly from the cross-peaks were only observed for these three residues and,
calculated structure, an-helical structure exists between thus, the cross-peaks are likely from direct NOE transfer and
these residues. The extent of the calculatdeklical structure not spin-diffusion. Intermolecular NOEs between all amide
is ~25%, which is in accordance with that estimated from protons of pleurocidin and the (CH,)e— groups of DPC
current and previous CD spectral analysis (Table 1). Sincewere observed. The intensities of these intermolecular NOEs
the chemical shifts of resonances of pleurocidin in 10 mM are largest for residues located centrally and decrease toward
are similar to the resonances of pleurocidin in 30% TFE, it the ends of the peptide. In the NOESY spectra, intermolecular
is likely that pleurocidin in 10 mM DPC is partialty-helical. NOEs were identified from the-N*(CHjs); group atd =
However, as the structure has not yet been determined, the3.35 ppm to the amide backbone protons of Trp2, Gly3,
location and extent of the-helix structure cannot yet be His23, Tyr24, and Leu25, and the Trp2 side chain.
identified. Diffusion NMR From the determineB, the hydrodynamic

From the overlaid nonviolating structures of pleurocidin radiusr’ and subsequently an estimate of the molecular mass
in 140 mM DPC, pleurocidin forms an amphiphitichelix of the diffusing speciesb({l, 66) can be calculated using the

N-terminal Hydrophobic

C-terminal
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Ficure 6: From the downfield region of the 500 ms NOESY (A and B) and HSQC (C) spectrum of pleurocidin in 140 mM DPC, NOESY
connections are observed from the DPC to pleurocidin. The terminal G3 and W2 side chain (not shown), L25, Y24, aldatZbdhe

have connections to the choline methyls whereas the enfiteaekbone

has correlations to the 8knd A9, V12, and K14 have correlations

to the terminal CH group on DPC. Connections to A9, V12, and K14 are observed in duplicate NOESY experiments as well as NOESY

experiments with shorter mixing times.
Stokes-Einstein equation (eq 2),

D = KT/(6ar’) )

where k is the Boltzmann constanf is the absolute
temperature, anglis the bulk viscosity of the solution which
is a function of solution conditions (e.g. temperature, salt,
and protein concentration). The of each solution was
estimated from the diffusion constant of the residual HDO
signal (e.g. for pleurocidin in 0 and 140 mM DP#& was
estimated to be 1.4 102 and 1.5x 103 kg m*s™).

From the calculated' (~1.1 x 10° and 2.9x 10°m
for pleurocidin in 0 and 140 mM DPC) the molecular mass
(MM) in daltons can be estimated (eq 3) by relating the
equation of the volume of a sphere to the partial specific
volume of a proteinV,. The V, of an average protein is
estimated to be 0.78 1078 m® Da ! (66, 67). The protein/
micelle assembly is also assumed to havé/,aof ap-
proximately 0.73x 1076 m® Da ™.

r' = {[(4)(0.73x 10 *)(MM)/[(3)(6.023x 1023)]}1/;)

On the basis of these calculations the molecular mass of
pleurocidin in aqueous solution is calculated to be 3.0 kDa,
which is very close to the theoretical mass of 2.7 kDa. The
molecular mass of the pleurocidin/DPC micelle is calculated

to be~50 kDa whereas the molecular mass of DPC micelles

that are not associated with pleurocidin is calculated to be
~20 kDa, close to the expected protein-free molecular mass
of DPC micelles (19 kDa) determined form a previous study

(68).

Backbone DynamicsPeptide backbone dynamics and
flexibility were assessed using the Lipazabo formalism
(69—72) with the Modelfree 4.15 software package(74).

The square of the generalized order parameferthe
exchange rate constaRy{,, the effective correlation time for
fast internal motionst,, and the global reorientational
tumbling timet, were assessed from the experimentally
measuredR;, R;, and NOE values. For pleurocidin in 0 mM
DPC, the NOE and calculategf values are low (0.< &

< 0.3), which is consistent with nonrestricted internal motion
and a random coil structure. No further analysis of the
relaxation data for pleurocidin in 0 mM DPC was performed.

For pleurocidin in 140 mM DPC, relatively high NOE
values £0.6) (Figure 12S, Supporting Information) are
indicative of residues that are located in regions with
restricted internal motions. TH&/R; ratio for those residues
whose relaxation is not affected by the fast internal motions
(on the picosecond time scale) was virtually independent of
the internal motion and provides an initial estimation for the
reorientation time of all N-H vectors with a global tumbling
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L - I B I shifts between samples with 0 and 2.4 mM DPC, it is likely
-2 & AR P ] that pleurocidin in 2.4 mM DPC also has no well-defined
. secondary structure.
1 As the DPC concentration was increased to 10 mM, the
A 2T proton chemical shifts dispersed and were similar to the
¥ 1 chemical shifts observed for pleurocidin in 30% TFE. Thus
07~ ] it is taken that pleurocidin in these two solutions have similar
r 1 structures. The structure of pleurocidin in 30% TFE was
determined to be-helical between residues Phe6 and Vall2,
r 1 which accounts for:25% of the peptide and is in accordance
with current and previous CD studies.
r 1 Pleurocidin in 140 mM DPC was calculated todoénelical
between residues Trp2 and Leu25. This represe@s%
r ] o-helical content. The helical extent is significantly longer
O T3 345 6 78 90 BB MISIS T8 5202 B2 52 than was reported in previous CD studies with pleurocidin
Residue Number in membrane environments (12% in DOPC and 24% in 3:1

FiIGURE 7: From the calculated generalized order paramefeier DOPC/DOPE mixture) 31). This may be due to the
backbone M vectors of pleurocidin in 140 mM DPC, all residues  inaccuracies associated with CD analysis or reflect the effects
hﬁVﬁtlresmtgféeg(;nﬂgﬂg??frfeeesé%léjesﬁgr ;':gn[:‘e'tgr“?s g'rtﬁgggl‘#g Qﬁveof various membrane-like environments on the structure of
] . . . . .
dy%an):ic behavior of the Mbond vectoFr) and varies between 1 and p_rqtelns and peptide$§, 75). Qurrent studies W'Fh pleur.O-
0. A value of 0 represents complete motional flexibility whereas a Cidin focus on the effects of different membranelike environ-
value of 1 represents complete rigidity. Valuessdbetween 0.85 ~ ments, including DOPC, DOPE, and DOPS mixtures on
and 1.0 are typical of a well-defined structure. pleurocidin structure.

. - ] ] ) The dynamic properties of pleurocidin in 140 mM DPC
time ty. Initial estimates of they value in DPC obtained  4ye in agreement with the presence of a well-defined stable
from the Ry/R; ratio and averaged over all residues yielded secondary structure. High NOE aS#values were obtained
a value of 11.1 ns. o for all residues, which is indicative of restricted internal

Using calculated structural data for pleurocidin in 140 mM  4tions of the amide bond vectors. Residues near the N- or

DPC and™N relaxation data as input, the parameters of the ¢_terminus have slightly lowe® values and thus slightly
molecular rotational diffusion tensor were calculated. The mgre motional freedom. Thig, value in DPC was found to
appropriate model of dynamics for each given spin was thenpe 12 0 ns, which is similar to the values typically obtained
selected, as outlined in a previous stud$,(74). To assess  (8—20 ns) for peptides of comparable size in micelle§, (
the fit of any single model to the relaxation data, confidence 77) For the most part, neither ths, or t. values were

limits were estimated on the basis of 300 Monte Carlo yequired to reasonably fit th&N relaxation data. Thus,
simulations. It was found that all of the relaxation data were pjeyrocidin in DPC micelles is not subject to extensive

best fitted to the model of dynamics with only one or conformation exchange or internal motions on the nanosec-
sometimes two model-free paramete8sand if necessary  on( to picosecond time scale. The absence of these signifi-
te. Thete values were on the order of tens to hundreds of cant complicating effects of the peptide dynamics manifested

o
2y
T
|

Generalized Order Parameter
s
T
|

o
=~
T
|

picoseconds, and the exchange contribufRenwas insig- itself in the similarity of optimizedt, values to those
nificant. For the final calculations, tg value was optimized  ggtimated from thé./R; ratio.
simultaneously with appropriate dynamics parame®@rar(d When determining th&N T, andT, values, the integrated

ty) for the backbone NH vectors of each residue. The neak volumes were very well defined by a single-exponential
optimizedty value for pleurocidin in DPC was 12.0 ns with  fnction, which indicates that the motional freedom of the
a diffusion asymmetry of 1.34 and the long axis collinear peptide (i.e. bothy, andS?) was identical for all molecules.
with the long axis of the pleurocidin-helix. This value is Thus, for pleurocidin in 140 mM DPC, all the diffusing
very close to those estimated from thRe/R; ratio, thus  gpecies that contain pleurocidin are of uniform size and
suggesting the absence of significant contributions of ex- ygjecular mass, which from diffusion measurements was
change and slow internal motions. All amide protons have gstimated to bex50 kDa. For a pleurocidinDPC species
similar motional characteristics with order paramet&ts to diffuse ata~50 kDa, this would require, for example, 1
between 0.83 and 0.97 (Figure 7) consistent with well- pjeyrocidin molecule surrounded byl50 DPC molecules,
defined secondary structural elements; amide protons neary, o pleurocidins surrounded by140 DPCs, etc. As the
the N- or C-terminal regions tend to ha@ slightly less molar ratio of pleurocidin:DPC is only 1:70, the diffusing
than 0.85, which is indicative of slightly more motional  gpecies must contain at least two pleurocidin molecules (and,
freedom near the terminus. thus, ~140 DPC molecules), which is in accordance with
other membrane-associated protein®)(The possibility of

DISCUSSION dimerization and, thus, the structure of the pleurocidiiPC

On the basis of NOESY connections, CSl values, analysis micelle cannot be assessed with the current isotopic labeling
of N relaxation data, and CD data, the structures of scheme. Further studies witPN/**C-labeled pleurocidin at
pleurocidin in 0 mM DPC, 30% TFE, and 140 mM DPC a variety of peptide:DPC ratios are underway to address the
were determined. Confirming previous CD studies, pleuro- possibility of pleurocidin aggregation.
cidin in 0 mM DPC has no identifiable well-defined The findings presented here can be compared with results
secondary structure. On the basis of the similarity of chemical from studies of other membrane proteins in micelles. From
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From*SN relaxation data and the observed DR@euro-
cidin NOEs, it is unlikely that pleurocidin resides on the
surface of the neutral micelle; DPC forms a hydrophobic
phase that surrounds the peptide (Figure 8). However, from
DOSY analysis, there are 2 pleurocidins for each micelle. It
is possible that the hydrophobic sides of the peptide
associated, but this cannot be assessed with the current
isotopic labeling scheme.

An interesting feature of pleurocidin in 10 mM DPC
(pepide:lipid ratio of 1:5) is the absence of a well-defined
structure (Figure 4), but the presence of strong NOESY cross-
peaks from pleurocidin side chain protons to the aliphatic
—CH,— groups of the DPC molecules. In addition, pleuro-
cidin diffuses as a very larges60 kDa) species. However,
the majority of the DPC molecules diffuse as a species of
about 20 kDa. As most of the 10 mM DPC is not associated
Ficure 8: On the basis of NOESY connections, DPC molecules with the~50 kDa p|eur0cidin SpecieS’ the p|eur0cidin itself

align approximately parallel to the-helical axis of pleurocidin. : e
From5N relaxation data, the assembly has a structural asymmetry must be aggregating (e.g:20-25 pleurocidin molecules

of about 1.3. From the? values, the N- and C-termini have slightly ~ Per Species). Investigations are ongoing, as this might be an
more motional freedom than the central portion of the peptide. From indication that high concentrations of pleurocidin form pores
DOSY experiments it was determined that there are on average 2within a membrane environment or disrupt the membrane
pleurocidin and 140 DPC molecules for each micelle. As the relative anvironment by aggregation.

positions of the 2 pleurocidin molecules cannot be determined from Considering that membrane proteins need to be extracted

these experiments, this diagram is a schematic representation. Thef* : . . . g
number and position of the peptides within a micelle is part of an 110M their natural environment and reconstituted in artificial

ongoing investigation. micelles for 3D structure determination, comparative studies
of the protein interactions with the different environments
previous studies of a bacteriophage coat protein in SDSare of special interest. The present results have led to the
micelles, the presence of two membrane-associated helicestoichiometry of pleurocidin/DPC micelles in agueous solu-
with different motional characteristics had been demonstratedtion, and a structural characterization of the interaction
(76, 77), namely, a transmembrane helix with an aver&ge between the two components of the mixed micelles.
of ~0.88 and a surface associated helix with an aveBge This work provides a first investigation of the structure
of ~0.65. Values oR,, NOE, and< for pleurocidin were and backbone dynamics of pleurocidin in a membrane-like
almost identical to those values determined for the trans- environment. Our findings provide the necessary scaffold
membrane helix of the bacteriophage coat protein. for subsequent studies on pleurocidin interactions with other
Additional to this, there are NOESY connections through- mempra_ne e_nvironn_\ents and for agdregsing the dynamics
out the pleurocidin backbone to the aliphati€H,— groups of antimicrobial peptide pore formation within membranes.

on DPC. Connections to the terminal methyl on the aliphatic ACKNOWLEDGMENT

side chain of DPC are only observed to residues Ala9, Vall2, 5510 walter has provided thoughtful discussions. We thank

and Lys14, which are in the middle of the pleurocidin - Ajison Thompson for the use of the CD instrument and Brian

structure. The methyls of the choline group have NOESY g4 for purifying thé®N-labeled pleurocidin. This is NRC
connections to the N- and C-terminal residues only. There- ,plication number 2005-42491.

fore, the DPC molecules that are in contact with the helix

align approximately parallel to the pleurocidirhelical axis SUPPORTING INFORMATION AVAILABLE

allowing the N- and C-terminal residues to contact the Twelve figures and 2 tables, including figures of the CD
choline methyls; the amide protons along the backbone trace for pleurocidin in various concentrations of TFE, 120
contact the aliphatie-CH,— groups, and the residues near ms TOCSY and 400 ms NOESY of pleurocidin in buffered
the middle of thea-helix contact the terminal aliphatic H0O, 90 ms TOCSY and 400 ms NOESY of pleurocidin in
methyl group (Figure 8). The N- and C-terminal groups most 30% TFE/HO, 60 ms!*N-filtered TOCSY and 120 ms
likely form electrostatic interactions with the positively NOESY of pleurocidin in 140 mM DPC, schematic repre-
charged choline group. For example, the C-terminal carboxyl sentation of the number of NOESY constraints per residue,
group and the indole proton of the Trp2 residue can form a 1D spectra of pleurocidin in buffered,® and 140 mM DPC
strong electrostatic interaction (which may also include at various pHs, DOSY spectra of pleurocidin in 0 and
hydrogen-bonding interactions) with the positively charged 2.4 mM DPC, and experimental and fittéeN relaxation
choline group 79, 80). values and tables of chemical shifts and structural con-
straints. This information is available free of charge via the
Internet at http://pubs.acs.org. The structural coordinates
(1264) have been deposited in the Protein Data Bank (http://
www.pdb.org/).

The NOEs between pleurocidin and the DPC molecules
are all negative in sign. Thus, the “lifetime” of an individual
DPC molecule which is in contact with the peptide is longer
than~0.3 ns B1). However, from the observation that there
are a single set of DPC chemical shifts, the lateral mobility REFERENCES
of individual DPC molecules is on the sub-millisecond time 1 pancock, R. E. W., and Lehrer, R. (1998) Cationic peptides: a
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