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ABSTRACT. Magainins are cationic, membrane-active peptides which show broad-spectrum antimicrobial
activity. We have investigated the secondary structure and location of an analogue of magainin 2 in
synthetic phospholipid bilayers using a combination of Fourier transform infrared (FTIR) spectroscopy
and solid-state nuclear magnetic resonance (NMR) spectroscopys-mdagainin 2 amide exhibits both
o-helix andg-sheet secondary structures in lipid bilayers containing either dipalmitoylphosphatidylglycerol
(DPPG) or a 1:1 molar mixture of DPPG and dipalmitoylphosphatidylcholine (DPPC). The combination
of FTIR and solid-state NMR results suggests that there are two populations of peptide. The secondary
structure of one population ts-helix while that of the other population gsheet. We demonstrate that

the solid-state NMR technique, rotational-echo double resonance (REDOR), can be used to measure both
intra- and intermolecular dipotedipole interactions in membrane-bound peptides. Our REDOR
experiments indicate that-helical Alag-magainin 2 amide is bound near the phospholipid head groups.

Magainins are peptides isolated from the skin of the reports in the literature support this mechanism. In the ion
African clawed frog,Xenopus lagis, which show broad channel model proposed by Matsuzaki et al. (1995), ion
spectrum antimicrobial activity (Giovannini et al., 1987; channel formation is driven by the concentration gradient
Zasloff, 1987). Analogues of magainins are attractive of magainin that exists between the outside and the inside
candidates for therapeutic antibiotics and anticancer agentsof the phospholipid bilayer. This model proposes that the
because they inhibit the growth of bacteria, fungi, protozoa magainin peptides initially bind to the outer surface of lipid
(Chen et al., 1988; Zasloff, 1987), and cancer cells (Baker vesicles asu-helices, insert transiently as oligomeric ion
et al., 1993) at concentrations which do not lyse erythrocytes channels across the bilayer, and then dissociate to the inner
or peripheral blood lymphocytes. surface. In the ion channel model proposed by Ludtke et

The existing experimental evidence indicates that the al. (1994), magainin peptides initially bind ashelices
antimicrobial activity of the magainins depends on their parallel to the bilayer surface at low peptide to phospholipid
ability to make the target cells permeable to ions (Baker et ratios and then insert as transmembrerieelices at higher
al., 1993; Bessalle et al., 1990; Wade et al., 1990). Severalpeptide-to-phospholipid ratios.
observations suggest that this increase in ion transpodtis Both of these models presume that the peptides which
mediated by direct or indirect interactions between the participate in ion transport are-helical. Indeed, there is
magainins and existing ion transport proteins in the cell. First, some spectroscopic evidence to support this view. Solid-
the magainins are effective against a wide variety of state NMR experiments with oriented lipid bilayers indicate
pathogens (Baker et al., 1993; Zasloff, 1987). Second, thethat magainins are completety-helical (Bechinger et al.,
potency of magainins and their analogues is correlated with 1993). However, circular dichroism (Duclohier et al., 1989;
their ability to form cationic amphipathia-helices (Chen Matsuzaki et al., 1991), FTIR (Jackson et al., 1992), and
et al., 1988), not on the presence of any specific amino acid Raman spectroscopy measurements (Williams et al., 1990)
sequence. Third, magainins synthesized withpadlmino indicate that bothi-helix andS-sheet or turn structures are
acids have been found to be as potent as those synthesizedresent in membrane-bound magainins.
with all L-amino acids (Baker et al., 1993; Bessalle et al.,  Ala;g-magainin 2 amide (hereafter referred to as.éla
1990; Wade et al., 1990). Fourth, the magainins facilitate magainin) is an analogue of magainin 2 amide in which
the passage of ions through protein-free phospholipid bilayersalanine replaces glutamic acid at position 19 (Cuervo et al.,
(Matsuzaki et al., 1989; Wade et al., 1990). 1990). The amino acid sequence of Alenagainin is shown

One mechanism proposed for magainin-induced ion trans-in Figure 1. We present here the results of FTIR and solid-
port is that the peptides form ion channels composed of state NMR experiments performed with this magainin
transmembranec-helices (Cruciani et al., 1992). Recent analogue in multilamellar vesicles (MLVs) of dipalmi-
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ekl salirekSive A0 NS mM EGTA, pD 7.0), incubated at 58C for 12 h, and
L KKFG o VW isolated by centrifugation.

Y SRV T FTIR SpectroscopySamples were analyzed in a thermo-
|

Y electrically controlled cell with CaFwindows and a 2ixm
<—4]—2\> Teflon spacer. FTIR spectra were collected using a Mattson

Polaris FTIR spectrometer with a HJCdTe detector. A total

Ficure 1: Primary structure of Alg-magainin and the location of ; _
13C and™N isotopic labels in the labeled peptide. The isotopic labels of 250 interferograms were coadded [except for the attenu

are identified in the text as [BC]Alass (carbonyl label), [25C]- ated total reflectance (ATR) experiments to measure the rate
Glyig (methylene label), and“N]Alase. In an idealizedo-helix, of H—D exchange, where 16 interferograms were coadded]
the distance between [£C]Ala;s and [*N]Ala,g is approximately and Fourier-transformed with triangular apodization to
4.1A generate absorbance spectra with 2 €mesolution and data

points encoded every 1 cry with a signal-to-noise ratio of

toylphosphatidylglycerol (DPPG) alone and an equimolar petter than 500. Lipid phase changes were monitored by
mixture of dipalmitoylphosphatidylcholine (DPPC) and the temperature dependence of the frequency of the sym-
DPPG. Our motivations were three-fold: (1) to determine metric methylene €H stretching band, which was calculated
whether magain.ins do in fact assume sec_ondary structuresys described previously (Blazyk & Rana, 1987). All other
other thano-helix when bound to lipid bilayers; (2) to  spectral calculations were performed using GRAMS/386
localize these secondary structures within the peptide; and(Galactic Industries, Inc.). Fourier deconvolution (Griffiths
(3) to determine the location of the peptide with respect to et g],, 1986) was performed with a gamma of 5.5 and

the lipid bilayer. smoothing of 85%. Second-derivative spectra were calcu-
lated with a second-order polynomial and a 27-point window
MATERIALS AND METHODS (Savitsky et al., 1964). Curve fitting was performed using

the LevenbergMarquardt method with a Gaussian band
shape (Marquardt, 1963).
Measurement of Peptide Binding to Lipidkipid—peptide
mixtures hydrated with 0.5 mL of fD buffer and incubated
as described above were filtered using a 1.5 mL microfil-
tration tube with a 0.4%wm nylon membrane. All of the
lipid in the sample was trapped on the filter. Any unbound
eptide passed through the filter along with excess solvent.
he amount of peptide in the filtrate was measured using
the micro BCA assay (Pierce) with bovine serum albumin

Peptide SynthesisUnlabeled Alai-magainin was syn-
thesized using Fmoc chemistry on an Advanced ChemTech
model 90 peptide synthesizer. (fiC]Alass,[2-13C]Glys,-
[**N]Ala1g)-magainin was synthesized using tBoc chemistry
on an Applied Biosystems model 431A peptide synthesizer.
The crude peptides were purified by reverse-phase HPLC.
Purity was checked by reverse-phase HPLC, capillary
electrophoresis and electrospray mass spectrometry (2405.
and 2408.9 amu for the unlabeled and labeled peptides,

respectively). DPPC and DPPG were used as supplied frOmas standard. Also, the relative amount of lipid to peptide in

Avanti Polar Lipids, Inc. the sample was estimated by comparing the areas of the
Antimicrobial Assays Antimicrobial susceptibility testing  carbonyl band from the lipid ester linkages to the amide |
againstStaphylococcus aureyTCC 29213) Escherichia  pand from the peptide. Phosphorus content in lipid stock
coli (ATCC 25922), andPseudomonas aerugino¢ATCC solutions was measured by the method of Chen et al. (1956).

27853) was performed using a modification of the National  NMR Sample PreparationAla;e-magainin, with or with-
Committee for Clinical Laboratory Standards microdilution gt isotopic labels, was incorporated into MLVs containing
broth assay. Mueller-Hinton broth (BBL) was used for an equimolar mixture of DPPC and DPPG in the following
diluting the peptide stock solution and for diluting the manner. The lyophilized peptide was added to a chloroform
bacterial inoculum. The inoculum was prepared from sojytion of the phospholipids in a round bottom flask. The
midlogarithmic phase cultures at an approximate concentra-solvent was removed by rotary evaporation and storage under
tion of 1 x 10° CFU/mL. Microtiter plate wells received  yacuum overnight. The solid mixture of phospholipids and
aliquots of 10QuL each of the inoculum and peptide dilution. peptide was resuspended in an equal weight of buffer (20
The final concentration of peptide solution ranged from 0.25 mM PIPES, 1 mM EDTA, pH 7.0) at 66C. The resulting

to 256 ug/mL in 2-fold dilutions. The final concentration  syspension was then subjected to five cycles of freezing,
of bacteria in the wells was-15 x 10° CFU/mL. Peptides warming to T > T, and mixing with a vortex mixer.
were tested in duplicate. In addition to the test peptide, three Freezing was performed on dry ice. For all NMR samples,
standard peptides and a nontreated growth control werethe molar ratio of phospholipids to Algmagainin was 11.4:
included to validate the assay. The microtiter plates were 1 Samples were packed into a 7-mm high-performance
incubated overnight at 37C. MIC is defined as the lowest  zjrconia rotor and fitted with plastic (Kel-F) end caps and
concentration of peptide that completely inhibits growth of spacers. The samples contained approximatelyrol of

the organism. isotopically labeled Alg-magainin.

FTIR Sample PreparationUnlabeled Ala-magainin was NMR SpectroscopyExperiments were run at 4.7 or 7.0
used for all FTIR experiments. Mixtures of lipid (4.aéol) T using wide-bore Oxford magnets (Oxford, England). The
and peptide (0.4mol) were codissolved in 2:1 CHECH;- pulse generator and acquisition system for the 4.7-T system

OH to produce a molar lipid-to-peptide ratio of 11.4:1. For are from Tecmag (Houston). The console for the 7.0-T
ATR measurements, mixtures were spread on a ZnSe crystalmagnet is from Chemagnetics (Fort Collins, CO). Data
evaporated to dryness, and hydrated as indicated. Foracquisition was performed with four-channel, transmission
transmission experiments, solvent was removed by evaporadine probes which permittedtP, 13C, and*>N detection or
tion, followed by evacuation under high vacuum, and then dephasing andH dipolar decoupling. The magic-angle
mixtures were suspended in® buffer (20 mM PIPES, 1  stators were obtained from Chemagnetics.
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REDOR (XY8)

Decouple

rotor

Ficure 2: REDOR pulse sequence with dephasingulses on
the | channel and refocusingpulses on the S channel. The pulses

are applied using an XY8 phase cycling scheme to eliminate the
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Table 1: Antimicrobial Activity

MIC value («g/mL)

magainin 2 Ala;g-magainin 2
organism amide amide
Staphylococcus aureus >256 64
Escherichia coli 64 4
Pseudomonas aeruginosa 128 16

and theAS'S, due to natural abundance nuclei are small,
approximate corrections (McDowell et al., 1996) to measured
AYS values can be made as followsAYS)ons — (AY
S)na = (AYS)iaber Where ASS)ops is the value measured
experimentally in the presence of the isotopic labalS/(
S)na is the value calculated or measured experimentally in
the absence of label, and§S)ianel IS the dephasing arising
only from the labeled nucleus.

effects of offsets and pulse imperfections. Signal acquisition begins RESULTS

two rotor cycles after the completion of a full 8N rotor cycles of
dephasing.

NMR spectra were acquired at a controlled magic-angle
spinning (MAS) speed of 5000 Hz. Matched spin-locked
cross polarization (CP) was performed at 38 kHz with a
contact time of 2 ms.'3C spectra were referenced to an
external standard, the signal from tH€ label of [44°C,
4-1NJAsn set to 175.1 ppm. This external standard is in
turn referenced to tetramethylsilane (TMS) at 0.0 ppm.
Spectra were obtained with a recycle delay of 2 s &td
decoupling field strength of either 85 or 100 kHz. The
decoupling field strengths used with multilamellar dispersions

in the gel state and frozen state were 85 kHz; those used

with the lyophilized samples were 100 kHz. Spectra were
processed with 20 Hz line broadening.

Antimicrobial Acteity. As shown in Table 1, Alg-
magainin shows the same broad-spectrum antimicrobial
behavior that is observed for magainin 2, one of the two
peptides originally isolated from the skin ¥enopus lagis.

In addition, it shows significantly greater activity. Therefore,
Ala;g-magainin is a good model for this class of cationic
antimicrobial peptides.

Peptide Binding At a ratio of 11.4 mol/mol lipid to
peptide, Alag-magainin was completely bound 95%) in
lipid dispersions containing either DPPG alone or an
equimolar mixture of DPPC and DPPG. With DPPC as the
sole lipid component, peptide binding was negligibte$o).
Thus, it is clear that electrostatic attraction between the
cationic peptides and negatively charged head groups of
DPPG plays a critical role in the initiation of binding.

Solid-State NMR-Secondary StructureSolid-state NMR

Rotational-echo double-resonance (REDOR) was used togxperiments were used to monitor the secondary structure

measure the heteronuclear dipolar couplibgs) between

of residues 1519 in ([1-3C]Ala;s5,[2-C]Gly1s,[**N]Ala;g)-

isolated pairs of labeled nuclei in solids spinning at the magic magainin 2 amide (see Figure 1). Figure 3 shéi@sspectra
angle. The basic experiment consists of preparation of for this isotopically labeled Ala-magainin in MLVs con-
transverse S-spin magnetization by cross-polarization (CP)taining DPPC and DPPG under three sets of conditions. From

of the S spins from the abundant proton reservoir, followed
by a period of +S dipolar evolution that reintroduces the

solid-state’3C NMR spectra of pure ([£3C]Alas,[2-13C]-
Glyig,[**N]Alag)-magainin 2 amide and of DPPC/DPPG

weak heteronuclear dipolar coupling removed by MAS and gispersions without added peptide, we know that the peaks
then S-spin signal detection (see Figure 2). (In these 4t approximately 45 and 177 ppm in the gel-state spectrum

experiments the S spins wei€ and the | spins were either
15N or 3!P.) The dipolar evolution period contains two sets
of rotor-synchronized pulse trains; one set of I-spipulses

in the middle of each rotor cycle and one set of S-spin

arise from [233C]Gly;s and [143C]Alays, respectively. The
rest of the major peaks in the gel-state spectrum can be
assigned to natural-abundané€ in DPPC and DPPG. In
the frozen MLVs, peak intensity increases at approximately

pulses at the end of each rotor cycle. (Placing the dephasing; 72 and 43 ppm, and resonances arising from the phospho-
pulses at half-rotor period intervals maximizes the dephasingjinid head group (5670 ppm) are broadened. Upon
during the dipolar evolution time.) REDOR requires that two ygphilization of the MLVs there is a slight decrease in
spectra be collected, one with pulses on the | channel tointensity at 172 and 43 ppm.
produce the spectrur and one without to produce the MLVs of DPPC/DPPG containing unlabeled Adana-
spectrunts,. In a powder, the ratio of the diffgrence between gainin were also prepared and lyophilized.13& spectrum
the two spectraAS= S, — § and$, can be directly related  of this sample shows signals arising only from natural-
toDis (Pan etal., 1990). Givelss, the internuclear distance  apundancé3C. Subtraction of thid3C spectrum from that
(ns) can be easily calculatedis = [(yiysh)/47°Dis]™®, where  of an identical sample containingbeled Ala;e-magainin
y1 andys are the gyromagnetic ratios of the | and S spins, yields a difference spectrum (Figure 4) showing only the
resp.ec.tlvelyh is Planck’s constant, and the dipolar coupling, signals arising from thé3C labels in the peptide. The
Dis, Is in Hz. difference spectrum clearly shows two resonances for each
Natural abundanc&cC is present in the peptide and can °C label: [143C]Alays gives rise to two peaks at 176.8 and
contribute to bottg, andASif there is chemical shift overlap  172.4 ppm, and [23C]Gly;s shows a peak at 45.4 ppm and
with the signal arising from th&C-labeled nucleus. If the a shoulder at 43.5 ppm. These secondary chemical shifts
ASS, value measured in the presence of the isotopic label and chemical-shift differences, which are consistent with a
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The BC difference spectra from DPPC/DPPG/Ala
magainin and DPPG/Alamagainin were used to quantify
the amount ofo-helix and8-sheet structure in this region
of the peptide. Spinning side bands from the resonances at
173 and 177 ppm, arising from [fBC]Alass, were added to
those at the isotropic chemical-shift positions. The resulting
spectra were then simulated as a sum of two Gaussians. The

. inset to Figure 4 shows the NMR data and the fit for &la
magainin in MLVs of DPPG/DPPC. Table 3 summarizes
frozen the results.

The presence of a directly bond&\ nucleus can have
an influence on thé&*C line shape (Frey et al., 1980; Olivieri
etal., 1987). Inthe presence of tHal quadrupole moment,

. magic angle spinning may not completely average the
carbon-nitrogen dipolar coupling. The strength of the
gel residual dipolar coupling is a strong inverse function of the
static magnetic field. We considered the possibility that the
L\M line shape of the signal from [C]Ala;s was affected not
only by the secondary structure of the peptide but also by
200 150 100 50 0 the residual dipolar coupling between tH€ label and the
8¢ Lopm] directly bonded amidé*N. However, spectra collected at
i 50 and 75 MHz (Figures 3 and 4) for carbon gave the same
Ficure 3: 50 MHz 13C CPMAS echo spectra of multilamellar quantitation ofa-helix andg-sheet (Table 3).

vesicles of DPPC/DPPG:Algmagainin, 11.4:1, mol/mol. The . . . . . .
spectra result from the accumulation of 1636 scans (gel state), 124 |f the region of the peptide including the isotopic labels

scans (frozen), and 3776 scans (lyophilized). Peaks at 45 @pm ( [1-*C]Alais and [°N]Alaie is o-helical, the distance between
and 43 ppm 4) are marked. 13C and !N will be 4.1 A and dipolar coupling will be
observable by REDOR. If this region adoptspesheet
conformation, the dipolar coupling will be too weak to
observe. As a further check on the secondary structure of
the peptide!*C observel®N dephase REDOR experiments

lyophilized

carbony! were performed on labeled Alamagainin in gel state,
"v/ label | frozen, and lyophilized MLVs of DPPC and DPPG. Figure
‘ / methylene ) 5 shows the'*C observe !N dephase REDOR spectra for

label

) Il the lyophilized MLVs. The full*C spectrum$,), obtained
185 T80 T8 0 " es ‘\‘ 58 rotor cycles aftetH—3C cross-polarization, is shown at

\U the bottom of the figure. ThéN dephased spectrun®)(

b / " | was also obtained 58 rotor cycles aftéi—13C cross-
I \ 1 MV polarization but with!®>N dephasing pulses during the first
S—— ‘ Ww}“v\vm \M, 56 rotor cycles. The difference between the two spe@ra,

u and$,, gives the difference spectru$) shown at the top
of Figure 5. ASS, is large at 45 ppm due to the relatively

00 200 e '(‘) short, fixed distance (2.46 A) between 1&]Gly:s (meth-

Se [pom] ylene label) andPN]Ala;e. As expected for an-helix, a

) small difference signal is observed at 176.8 ppm, due to the
FiIGURE 4: 75 MHz 13C CPMAS echo difference spectrum of dipolar interaction between [C]Alays (carbony! label) and

labeled Alag-magainin in lyophilized multilamellar vesicles of /g . .
DPPC/DPPG. Prior to subtraction the spectra were scaled by thel NJAla1s. Consistent with the resonance at 172.4 ppm

peak height of the signal arising from the phospholipid methyiene representing [E*CJAla;s in a $-sheet conformation, no
carbons at 33 ppm. The peaks at 176.8 and 172.4 ppm and theirdifference signal is observed at this chemical shift.

spinning side bands (ssb) arise from'fG]Ala;s (carbonyl label). The dependence &SS, vs. dephasing time for [13C]-

The peak and shoulder at 45.4 and 43.3 ppm, respectively, arise ; i i

from [2-13C]Gly.g (methylene label). The sharp “spikes” are artifacts Alass ‘f"t.17_6-8 ppm is shown in Figure 6 fo_r_ labeled fAta
of the subtraction process (see text) which arise from slighty Magainin in gel state, frozen, and lyophilized MLVs of
different lineshapes in the two samples. (Inset) The solid line is DPPC/DPPG. The values &fSS, (N: = 40) for the three

the result of summing the peaks at 176.8 and 172.4 ppm with their sets of conditions are within experimental error. Measure-
spinning side bands. The broken line is the best fit by a sum of ments from the lyophilized MLVs at three dephasing times
two Gaussians. were fitted by a polynomial equation which matches the
mixture of a-helix andj-sheet conformations (Saito, 1986; REDOR universal dephasing curve. The fit gives a dipolar
Wishart et al., 1994), are summarized in Table 2. When coupling of 40+ 2 Hz, corresponding to a distance of 4.2
DPPG was the sole lipid component, th€ difference + 0.1 A between the amide nitrogen of Adaand the
spectrum for isotopically labeled Akamagainin was quali-  carbonyl carbon of Alg. This distance is consistent with
tatively the same, i.e., two resonances each fdfClAla;s residues 1519 residing in aru-helix.

(176.8 and 172.4 ppm) and [2€]Gly;g (45.4 and 43.3 ppm) Transmission FTIR Spectroscoplipid Fluidity and
(data not shown). However, the relative intensities within Secondary Structurelncorporation of Ala-magainin into
each pair of peaks was not the same. MLVs containing either DPPG or DPPC/DPPG causes only
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Table 2: 3C Chemical Shift Values for Protein Secondary Structures

solic? solutior? this worl¢
amino acid a-helix p-sheet A o-helix p-sheet A a-helix p-sheet A
[1-13ClAla 176.4 171.8 4.6 176.9 172.3 4.6 176.8 172.4 4.4
[2-3C]Gly 43.7 43.8 41.9 1.9 454 433 21

a Saito (1986). Data are taken from Table 1. Where more than one value was given for the chemical shift, the median was taken. Chemical
shift reference is TMS?2 Wishart and Sykes (1994). Data are taken from Table VI. Chemical shift values have been adjusted to the chemical shift
reference TMS (DSS value minus 2.7 ppmhemical shift reference is TMS.

Table 3: Peptide Secondary Structure Content

11.4:1 DPPG:Alg-Magainin 2 Amide

transmission FTIR ATR-FTIR NMR
gel liquid crystalline dry saturated lyophilized associated
cm?t % cmt % cmt % cnmt % cnmt % secondary structure
1605 1 1608 1 1604 2
1634 34 1634 19 1635 6 1636 25 172.4 26 p-sheet
1653 61 1651 75 1657 88 1654 70 176.8 74 a-helix
1678 4 1678 5 1680 6 1678 3
11.4:1 DPPC/DPPG:AlgMaginin 2 Amide
transmission FTIR ATR-FTIR NMR
gel liquid crystalline dry saturated lyophilized associated
cm?t % cmt % cm?t % cmt % cnt % secondary structure
1604 1 1605 1 1605 1
1634 37 1634 21 1636 6 1634 28 172.4 40 p-sheet
1653 57 1651 71 1658 88 1653 66 176.8 60 o-helix
1676 6 1675 7 1681 6 1675 5

aThe FTIR data in this table are the averaged values for four samples of 11.4:1 DPR®@At=inin 2 amide and four samples of 11.4:1
DPPC/DPPG:Alg-magainin 2 amide. The largest standard deviations for the areas of the components near 1635 and 16604380 and

+5%, respectively.

methylene
label —

REDOR

difference with
with PN dephasing

carborny!
/abe/) (AS)
full echo
(Sp)
i B i ' T i T T T T T t " v T T
200 150 100 50 0
6c [ppm]

FiIGURE 5: 13C observel>N dephase REDOR spectrum of Ada
magainin in multilamellar vesicles of DPPC/DPPG. The resonant
frequency for carbon is 50 MHASIs the3C difference spectrum
after 56 rotor cycles of®N dephasing and a two rotor cycle echo.
S is the!3C full echo spectrum after 58 rotor cycles. The full echo
spectrum results from the accumulation of 80 000 scans.

a slight reduction infy,, from 41 to~37—38°C, suggesting
that the peptide does not significantly disrupt the bilayer
structure. MLVs containing Alg-magainin in excess
buffer show no amide Il band, indicating the complete

F |
I

0.30 l; A frozen

& gel

O lyophilized

020 |

AS/S,

010

15

E ‘ L
0 5 10
NcTr [msec]

Ficure 6: 9, vs dephasing timeN:T,) for Ala;s-magainin in
multilamellar vesicles of DPPC:DPPG® is the number of rotor
cycles of dephasing and is the rotor periodASS, was measured
at N 40 for gel state €) and frozen &) multilamellar
dispersionsAS'S, was measured at. = 40, 56, and 72 for the
lyophilized vesicles @), and the line shows the best fit of the
theoretical dephasing curve to these data.

exchange of the amide NH groups by deuterium. The
conformationally sensitive amidéthand was analyzed as a
function of temperature (Figure 7). When the lipids are in
the gel state, the band is centered near 1650'cmith a

large shoulder near 1635 cfn Above Ty, the magnitude

of the shoulder decreases. Fourier deconvolution reveals four
components between 1600 and 1700 &iffrigure 8). The
areas represented by these components are summarized in
Table 3. In both lipid systems, the major component is a
band centered at1651-1653 cnt?, which is attributable
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:

Omin

1 min

2 min

Absorbance
Absorbance

DPPC/DPPG
30.4°C

DPPC/DPPG 10 min
55.1°C
1 L 1
1 | . ) ) 1700 1650 1600 1550
1680 1660 1640 1620 1600 Wavenumber

Ficure 9: ATR-FTIR spectra of 11.4:1 DPPC/DPPG:Ma
magainin on a ZnSe crystal under anhydrous conditions (top) and
exposed to a saturated,® atmosphere for variable amounts of
time. The temperature was 2€.

Wavenumber

Ficure 7: Amide I band of QO dispersions of 11.4:1 phospho-
lipid:Ala;g-magainin.

a-helical content of the peptide in the anhydrous sample is
estimated at 88% by curve-fitting analysis (see Table 3).
Essentially identical results were obtained for the peptide in
DPPG.

To determine the accessibility of the peptide to added
solvent, the ATR crystal was sealed at 22 in a D,O
atmosphere by enclosing a strip of@saturated filter paper
which did not come into contact with the sample. Spectra
were recorded as a function of time to determine changes in
the amide | and amide Il bands. The data in Figure 9 show
that the exchange of amide protons with deuterons occurs
within minutes. The area of the amide Il band is reduced
by more than 60% over the first 2 min and to less than 10%
1700 16180 16160 16'40 16‘20 1obo of its original area after 10 min. The band is no longer

Wavenumber detectable after 30 min of exposure. This observation means
FiGure 8: Curve fitting of deconvolved amidé bands of 11.4:1  that the peptide has access to the aqueous surroundings and
DPPC/DPPG:Alg-magainin at 30.4C (top) and 55.2C (bottom). that the amide NH groups are not locked in hydrogen bonds
The relative areas of the four fitted peaks under each band are listedvhich impede the exchange process. In addition, the shape
in Table 3. of the amide ' band changes dramatically with hydration.
The peak maximum shifts downward and a component near
1635 cm! appears immediately upon hydration, increasing
as the amide Il band recedes. After 10 min, there is no
further change in the amidéband. Thex-helical content
of the D,O-hydrated peptide, labeled “saturated” in Table
3, is intermediate between the samples below and abgve
as measured by transmission FTIR. When liquigDOs

- . added directly to the sample on the ATR crystal, the amide
two components, near 1675 and 1605 &nonstitute less I’ band in the resulting spectrum is indistinguishable from

than 8% of the total area in each case. The change betwee : L
the two band shapes coincides with the lipid phase changel?hat obse_rved in the gel state by transmission FTIR.
(data not shown). The increasedrhelical content appears We believe that the water content of MLVs exposed to
to be a direct consequence of the increase in lipid fluidity. D20 vapor inthe ATR-FTIR experiment, labeled “saturated”
ATR-FTIR SpectroscopyQuantitation of peptide second- I Tal:_)Ie 3,is cpmparable to that o_f the lyophilized samples
ary structure by solid-state NMR was done using lyophilized ysed in the solid state NMR experiments. As demonstrgted
samples. To make a more direct comparison between FTIRIN Figure 9, the dry MLVs show rapid changes in peptide
and solid-state NMR determinations of secondary structure, Sécondary structure upon exposure to water vapor. Since
ATR-FTIR was used to study lipid/peptide mixtures in the lyophilized NMR sample was packed on the benchtop
varying states of hydration. The effects of hydration on ©Ver the course of an hour, there was ample opportunity for
peptide conformation were studied by first examining the the NMR sample to absorb ambient water vapor from the
amide | band of dry lipid—peptide mixtures in which the &
amide nitrogens are fully proteated. Figure 9 shows the Solid State NMRLocation of Peptide in the Lipid Bilayer.
results for 11.4:1 DPPC/DPPG:Alamagainin. The amide  Magainins can form a highly amphipathichelix with a
| band is relatively narrow and centered at 1657 &mThe hydrophobic face and a hydrophilic cationic face. Figure

Absorbance

to a-helical conformation (Krimm & Bandekar, 1986).
Below T, this band comprises about 60% of the total area,
but increases to 7175% as the lipids enter the liquid crystal
phase. The 1634 cmh component, which is generally
associated witl#-sheet structure (Krimm & Bandekar, 1986),
accounts for about 35% of the total area in the gel state, and
diminishes to about 20% abovg,. The areas of the other
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Ficure 10: Cartoon showing two possible locations forcehelical
peptide (white cylinder) associated with a lipid bilayer: (left) bound
near the lipid/water interface and (right) transmembrane.
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FiGURE 11: 13C observe3!P dephase REDOR spectrum of Aja
magainin in frozen and lyophilized multilamellar vesicles of DPPC/
DPPG.AS is thel*C difference spectrum after 40 rotor cycles of
31p dephasing and a two rotor cycle echg.iSthe 13C full echo
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Table 4: 13C Observe3P Dephase REDOR Dephasing in
Lyophilized MLVs

labeled Alag-magainin 2

unlabeled Alae-magainin 2

amide amide
dc ASS, (AN? ASS, (AN
176.8 0.13:0.02 0.10+0.02 O 0
1724 0.12:0.02 0.11+£0.02 0.30:0.03 0.09+:0.01
454 0.24+0.02 0.19+0.02 0 0

aNormalizedAS. The AS peak height was divided by the peak
height of the methyl resonance from the phospholipid acyl chains at
14 ppm inS.

chemical-shift values corresponding to those of the Y@
labels in the peptide are marked with arrows in Figure 11.
The remaining peaks in the difference spectrum arise solely
from natural-abundandéC in the phospholipids which have
detectable intra- or intermolecular dipolar couplings to the
phospholipid phosphorus.

13C observe?'P dephase REDOR experiments were also
performed on lyophilized MLVs of DPPC/DPPG containing
unlabeled Alas-magainin (spectra not shown). Table 4 lists
ASS, values for both labeled and unlabeled Alenagainin
in lyophilized MLVs at the chemical shift positions marked
by arrows in Figure 11. Only the 172.4 ppm chemical shift
has significant intensity in the full echo spectrus)(of the
unlabeled Ala-magainin sample because it arises from
natural-abundancEC in the fatty acid carbonyl carbons of
the phospholipids. As expected, these carbons show sig-
nificant dephasingXSS,) from the phospholipid phosphorus.

Natural-Abundance Correction foS-Strand Peptides.
There is significant peak intensity at 172 ppm3nandAS
in the3C observe$!P dephase REDOR spectra of unlabeled
Alajg-magainin, due to natural abundané€ in the phos-
pholipids (Table 4). From our investigations of secondary
structure, we have assigned FGJAla;s in a S-sheet
conformation to approximately the same chemical shift
position, i.e., 172.4 ppm. This means that the peaks at 172.4
ppm in the full-echo spectre&&) of labeled Alag-magainin
(Figure 11) have contributions from both iC]Alass in a
B-sheet conformation and from natural-abundai€ein the
phospholipids. The difference pealkh¥ observed with

spectrum after 42 rotor cycles. The number of scans accumulatedjgbeled Alag-magainin at 172.4 ppm in Figure 11 must

for the full echo spectra were 56 672 (frozen) and 42 704 (lyoph-

ilized).

reflect a contribution from the natural-abundai¥g in the
phospholipid, because we observe a difference signal with

10 illustrates two possible orientations for the peptide in a uUnlabeled peptide; however, it may or may not reflect a

lipid bilayer. In Figure 10 (left), the peptide lies parallel to
the plane of the bilayer at the potanonpolar interface. This
orientation would place th&C labels in Alag-magainin in

contribution from [113C]Alays.

The question of whether or not [#C€]Ala;s makes a
contribution to the difference peak observed at 172.4 ppm

proximity to the phosphorus atoms of the phospholipid head in Figure 11 can be addressed by comparing the intensity of
groups. Alternatively, Figure 10 (right) shows the peptide the difference peak\S) observed at 172.4 ppm in the sample
spanning the bilayer with its helical axis perpendicular to with labeled Alag-magainin to that ofAS with unlabeled

the bilayer plane. This orientation places € labels in

Ala;g-magainin. To make this comparison, the difference

Ala;g-magainin near the center of the bilayer, much farther peaks must be normalized. Table 4 shows the difference

away from the phospholipid head groups.
To determine whether Algmagainin is associated with
the phospholipid head group$’C observe,*'P dephase

REDOR experiments were performed on frozen and lyoph-

ilized MLVs containing labeled Alg-magainin and DPPC/
DPPG. Figure 11 shows tHéC difference AS) and full
echo spectrag,) for a REDOR experiment with 40 rotor
cycles of 3'P dephasing for both frozen and lyophilized

peaks normalized by the peak height of the phospholipid acyl

chain methyl resonance which appears at 14 ppm. The
normalized difference peaks at 172.4 ppm are the same, to
within the uncertainty in the measurement, for the labeled

and unlabeled peptides. Therefore,'fC]Ala;s attributed

to S-sheet does not make a measurable contribution to the
difference peak at 172.4 ppm. As for the difference peak

observed at 45.4 ppm for labeled Adanagainin, we cannot

MLVs. Peaks in the difference spectrum which appear at distinguish the contributions of [C]Gly;s in a-helical vs
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f-sheet conformations because the chemical-shift resolution
is insufficient.

DISCUSSION

FTIR and Peptide Secondary Structuréhe FTIR results
(Table 3) show that membrane-bound Alenagainin adopts
both a-helical ands-sheet conformations in MLVs contain-
ing either DPPG or DPPC/DPPG both above and bélgw
Although an increase in lipid fluidity enhances thénelical
content-sheet secondary structure still accounts$@0%
of the overall peptide conformation. Qualitatively similar
results were obtained by Jackson et al. (1992) in their FTIR
study of magainin 2 amide in DMPG.

Chemical Shifts and Peptide Secondary Structufde
solid-state NMR results show two chemical shifts for each
of the 3C labeled residues in Algmagainin 2 in lyophilized
MLVs containing DPPG (Figure 4), indicating that there are
two distinct chemical environments for residues 15 and 18.
We propose that the two different chemical environments
are the result of differences in secondary structures. The
13C chemical shifts of amino acids have been correlated with
secondary structure by both solid-state (de Dios et al., 1993;
Saito 1986) and solution-state (Wishart et al., 1994) NMR.
For all amino acids, carbonyl carbon awmdcarbon 3C
chemical shifts move downfield in the transition from a
random coil toa-helix. Conversely, there is an upfield shift
for the carbonyl carbon and-carbon in the transition from
random coil tos-sheet. As Table 2 indicates, the two
chemical shifts observed for [fC]Alass in Ala-magainin
are consistent with those expected for a mixturerdfelix
andg-sheet conformations. In the case of'fZ|Glyys, the
upfield shift is consistent with that observed for glycine in
af-sheet conformation in the solid state. The chemical shift
difference between the two signals from &|Glyis in
Ala;g-magainin is the same as the average chemical shift
difference observed for [2C]Gly in solution for a-helix
and3-sheet conformations.

REDOR and Peptide Secondary StructurEhe assign-
ment of the peak at 176.8 ppm to JAZ]Alass in ano-helical
secondary structure is confirmed by tH€ observe >N
dephase REDOR experiment (Figures 5 and 6). F@e-
15N dipolar coupling between the carbonyl carbon of Ala
and the amide nitrogen of Alacorresponds to a distance
of 42+ 0.1 A, as expected. The absence of a REDOR
difference signal from the [$3C]Ala;s peak at 172.4 ppm
indicates that amide nitrogen of Alds more than 5 A away,
consistent with this signal arising from [#€]Ala;s in a
p-sheet structure.

Comparison of NMR and FTIR Determinations of Second-
ary Structure. The FTIR data provide a global view of
peptide secondary structure. There is no way of knowing
which amino acid residues participatecirhelices and which
amino acid residues participate flasheets from the FTIR
data alone. This is illustrated by panels a and b of Figure
12 for a peptide which shows 66e6helix and 33%3-sheet
conformation, as determined by FTIR. The two secondary
structures could arise from two populations of peptide, one
population that is completelg-helical and another that is
completelys3-sheet (panel a) or a single population of peptide
in which every molecule contains both types of secondary
structure (panel b).

On the other hand, solid state NMR of a specifically
labeled peptide provides a local view of peptide secondary

Hirsh et al.

Ficure 12: Cartoon of possible peptide secondary structures. Ovals
represent regions af-helix: narrow boxes represent regions of
f-sheet. The number of amino acid residues in one oval equals the
number in one box. Local peptide secondary structure can be
monitored in the shaded regions by using isotopic labels.

structure. While the secondary structure in the vicinity of
the isotopic labels can be determined, nothing is known about
the global secondary structure. This is illustrated by panels
a and c of Figure 12 for a specifically labeled peptide which
shows 66%a-helix and 33%3-sheet conformation measured
by solid-state NMR. The presence afhelical or3-sheet
structure over a five-residue region (259) might reflect

the global secondary structure of the peptide (panel a), or it
might reflect only the local secondary structure (panel c).

The secondary structure content of Atanagainin deter-
mined from ATR-FTIR spectra of i vapor-saturated
MLVs and the'3C solid-state NMR spectra of lyophilized
MLVs are approximately the same (Table 3). The agreement
is best for MLVs with DPPG alone but reasonably good for
MLVs containing both DPPG and DPPC, given the uncer-
tainties in the hydration and the curve fitting procedures of
the two measurements. Since both FTIR and solid-state
NMR experiments measure approximately the same second-
ary structure content, the simplest model consistent with both
measurements is that there are two populations of peptide
population that is completelg-helical and another that is
completely5-sheet, shown in Figure 12a. The FTIR and
NMR data cannot rule out a more complicated model, such
as that represented in Figure 12d in which there are different
populations of peptide molecules, all of which possess a
mixture of a-helix andg-sheet structure, but differ in the
distribution of these structures within the polypeptide chain.
In such a model, however, it would simply be fortuitous for
the global and local secondary structure contents to be
identical. In the model represented by panel a, this is
required. Since Alg-magainin is only 23 amino acid
residues in length, we favor the model shown in Figure 12a
because it is less likely that stable segments of lbshielix
and 3-sheet conformation could coexist within the same
peptide molecule.
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The changes in peptide secondary structure that aremechanisms of Ludtke et al. (1994) and Matsuzaki et al.
observed by FTIR and solid-state NMR upon dehydration (1995) require oligomerization of magainins, this has not
of the MLVs also support the two-state model shown in panel been directly observed. In future experiments, REDOR will
a of Figure 12. In Figure 3, one can see that, in the transition be used to look for'3C—'°F dipolar couplings between
from frozen to lyophilized MLVs, the peaks at 172.4 and peptide molecules.

43.5 ppm lose intensity relative to the peaks at 176.8 and
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