Biochemistry1998,37, 1379113799 13791

Insertion of Magainin into the Lipid Bilayer Detected Using Lipid Photolabels
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ABSTRACT:. We investigated the interaction of the antimicrobial peptides,Al@againin 2 amide and
magainin 2 amide with lipid using two lipid photolabels, azidobenzoyl galactosylceramide (GalCer-PL)
and azidobenzoylamido capryloyl galactosylceramide (GalCer-C8-PL), which position their photosensitive
groups near the apolapolar interface and near the center of the bilayer, respectively. Magainins have
been postulated to permeabilize membranes either by inserting in a transmembrane fashion into the bilayer
and forming a channel or by binding to the surface of the bilayer and disturbing lipid packing. Evidence
for channel formation has been difficult to obtain, possibly because only a fraction of the peptide may
form a channel at any one time and because the channels may have a short lifetime. Both photolabels
significantly labeled the peptides when bound to acidic phospholipid vesicles. The extent of labeling by
GalCer-C8-PL was at least 70% of that by GalCer-PL, indicating that some of the peptide was inserted
deeply into the bilayer at least transiently. The extent of labeling ofsAteagainin 2 amide increased
significantly with an increase in the peptide to lipid mole ratio, indicating cooperativity and supporting
the channel model. The extent of labeling of this peptide was maximal by 30 s and did not change over
30 min, indicating that peptide insertion is rapid and either that the peptide remains inserted for at least
30 min or that equilibrium between inserted and noninserted peptide is achieved by 30 s. The latter is
supported by other studies in the literature. Use of this hydrophobic photolabeling technique has permitted
detection of peptide monomers which inserted into the bilayer and/or formed a channel at some time
during the labeling procedure.

Magainins are peptides isolated from the skin of the the magainin to the other side of the bilayerl( 12).
African clawed frog,Xenopus lagis. They are of interest  Translocation of the peptide across the bilayer is supported
because they show broad spectrum antimicroliial3) and by changes in resonance energy transfer from Trp in
anti-cancer cell4, 5) activities at concentrations which are magainin to a dansylated lipid and by changes in the
not hemolytic. Their antimicrobial activity is due to their susceptibility of magainin to digestion by trypsiilj.
ability to permeabilize membranes to ior&s%). They also Permeabilization of membranes has been found to be a highly
increase the permeability of protein-free liposomes). cooperative process, also supporting channel formaBpn (
The mechanism by which they permeabilize lipid bilayers 11—16). Oriented CD studies showed that at low concentra-
is not clear, however, although formation of an amphipathic tions, the magainin was oriented parallel to the bilayer, but
helix appears to be required)( They may form ion at higher concentrations, a substantial fraction of the
channels by inserting into the bilayer and orienting perpen- membrane-bound magainin reoriented perpendicular to the
dicular to the bilayer with the polar surface of the amphi- plane of the bilayer {7). A neutron in-plane scattering
pathic helix facing the interior of the channel. Alternatively, technique detected D within the lipid bilayer, suggesting
they may permeabilize the bilayer if the amphipathic helix the presence of channelt§].
lies on the surface of the bilayer with the hydrophobic surface  However, a number of studies also support a parallel
dipping into the bilayer, thus disturbing the lipid packing. bilayer orientation. In contrast to oriented CD studi#8)(

Electrophysiological studies indicated that magainin formed solid state NMR studies of oriented peptieid bilayers
an ion channel4, 8—10). The kinetics of permeabilization  showed that the peptide was oriented parallel to the bilayer
of lipid vesicles induced by magainin is consistent with (19, 20). NMR studies of!3C-labeled Alac-magainin 2
formation of transient channels followed by translocation of amide in phospholipid bilayers showed th#E-labeled Ala
15 and Gly 18 were located close P in the lipid
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A * an analogue of magainin 2 amide in which Ala replaces Glu
0=c—©N3 at position 19 81), and magainin 2 amide (magainin) were
used in this study. Alg-Magainin has significantly greater

OHcH,0H

|
NH antimicrobial activity than magainin2). Photolabeling
m/o should be able to detect the presence of even a small fraction
OH of the peptide inserted perpendicular to the bilayer, and an
o

*
H increase in insertion with an increase in the peptide:lipid ratio
should lead to a significant increase in the extent of labeling.
B ﬁ * Since the photolabeling reaction is rapid, even peptides which
' C—©N3 transiently penetrate through the bilayer should still be

= /\/\/\/\N/ * labeled.

=C
H
r!JH MATERIALS AND METHODS
H

o
OHCH,0H
o}
W\MN\/W\/\/ Lipids and Peptide. Egg L-a-phosphatidylcholine (PC)
OH was purchased from Sigma (St. Louis, M@)a-Phosphatidyl-

o . .
Ficure 1: Structure of the lipid photolabels used: (A) GalCer-PL glﬁlcgro: (IPG) plrepared from egg P.C an;ﬂ dlpalmltoylphlos-
and (B) GalCer-C8-PL. phatidylglycerol (DPPG) were obtained from Avanti Polar

Lipids, Inc. (Alabaster, AL). {*C]Dipalmitoylphosphatid-

The efficiency of fluorescence energy transfer fromgrp  Y/choline (DPPC) (110 mCi/mmol) was purchased from
magainin to dansylmagainin was lower than predicted even PUPONt-NEN (Boston, MA).  Lipid photolabels?H]-N-4-
for monomeric magainin, not supporting formation of stable @zidobenzoyl galactosylceramide (GalCer-PL, MW of 605)
oligomers of magainin2?). and PI—_|]—N—(cu-4-a2|dobenzoylam|do) capryI(_)yI galactosyl-

A toroidal model in which the peptides lining the channel ceramide (GalCer-C8-PL, MW of 750) (Figure 1), were
are separated by lipid molecules oriented parallel to the SYnthesized in our laboratory (J. M. Boggs, G. Rgngsara], and
bilayer has been invoked to accommodate some of the above'- . M. Koshy, unpub_llshed)._ Briefly, sugg|n|_m|dyl TH]‘
results which seem to be inconsistent with the channel modelamdobenzo_ate was d|Iqt¢d W'th .COId succinimidy| g2|doben-
(18 23). The toroidal model was supported by the fact that 20at€ 10 give a specific activity of 0:2L.2 mCifimol
translocation of magainin was accompanied by the flip-flop (Dupont-_NEN,_ Boston, .MA)’ qnd it was reacted .W'th
of fluorescent lipids across the bilaye@3 and by the large ~ PSYChosine (Sigma) or witi-amino capryloyl psychosine,
size of the water channel detected by neutron scattetigig (  SyYNthesized from psychosine. Specific activities of 20°
Lytic peptides which permeabilize the bilayer by lying on &Nd 9:5x 10> cpm/nmol were obtained fofii]GalCer-PL

the surface usually induce negative curvature strain, resuling®d FHIGalCer-C8-PL, respectively. AlgMagainin 2
in a localized disruption of the bilayer structur24( 25). amlde and magainin 2 amide were synthesized using Fmoc
However, magainin 2 amide must induce a positive curvature CheMistry and purified by reverse-phase HPIAT)(
strain since it stabilizes the bilayer phase, relative to the Preparation of Large Unilamellar Vesicles (LUVsAIi-
hexagonal phase, of phosphatidylethanolamine (2&) The quots of chloroform solutions of PC and PG were combined
induction of positive curvature would facilitate toroidal to give the desired mole ratio. For vesicles to be used for
channel formation. A short lifetime of the channel would Photolabeling, an appropriate amount &f]GalCer-PL or
also account for the presence of most of the peptide on the[*H]GalCer-C8-PL in chloroform/methanol (2:1) was added
bilayer surface and the difficulty in detecting a channel to give 3.3x 10° cpm/mg of lipid; the lipid:photolabel ratio
structure formed by only a fraction of the peptide molecules Was kept constant since most of the photolabel reacts with
by spectroscopic techniques. lipid. The lipid photolabels were added in the dark, and the
To clarify the mechanism of magainin action, we have Samples were kept in the dark until they were exposed to
used the hydrophobic photolabeling technig2i® ¢o detect uv rad_lat|on to prevent unwanted photolabeling reaction
magainin molecules which are inserted deeply into the under light. The organic solvent was evaporated under a
bilayer. We used two lipid photolabels (Figure 1) which Stréam of nitrogen. To achieve homogeneous mixing of the
should position the photosensitive group at two locations in lipids, the dry lipid film was redissolved in-12 mL of
the bilayer, one relatively close to the interface between the benzene, frozen, and lyophilized overnight in the dark.
apolar and polar regions and the other located near the center Multilamellar vesicles (MLVs) were prepared by hydrating
of the bilayer. Depth-dependent photolabeling of several the dry lipid in 1 mL of 10 mM phosphate buffer (pH 7.2)
proteins, including Sendai virus fusogenic protein, cholera containing 150 mM KCl and 0.5 mM EDTA. The concen-
toxin, and cytochrome oxidase, has been achieved usingtration of total lipid was 824 mg/mL. MLVs were formed
similar “shallow” and “deep” phosphatidylcholine photo- by vortexing the suspension for 15 min at room temperature
labels £8—30). Ala;g-Magainin 2 amide (Alg-magainin), in the dark. The MLVs were freeze-thawed five times using
a dry ice/acetone bath and a warm water bath to promote
L Abbreviations: PC, phosphatidylcholine; PG, phosphatidylglycerol; €9uilibrium transmembrane solute distributi@2) Large
DPPG, dipalmitoylphosphatidylglycerol; DPPC, dipalmitoylphospha- unilamellar vesicles (LUVs) were prepared with an Avestin
tidylcholine; GalCer-PL,3H]-N-(4-azidobenzoyl) galactosylceramide;  LiposoFast extruder (Ottawa, ON) by passing the MLVs
GalCer-C8-PL, HH]-N-(«w-4-azidobenzoylamido) capryloyl galactosyl- - ,rqgh polycarbonate filters with a 400 nm pore size 19
ceramide; MLVs, multilamellar vesicles; LUVs, large unilamellar . .
vesicles; Alasmagainin, Alamagainin 2 amide; magainin, magainin  times under manual pressure, followed by 200 nm pore size
2 amide. and then by 100 nm pore size filters, 19 times e&&3).(
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Ten microliters of vesicle suspension was taken in duplicate  The azidobenzoyl photolabels are activated at 270 nm and
before and after extrusion and counted fidrto adjust the generate nitrenes. Although aryl azides are sensitized and
lipid concentration after extrusion. The LUVs were keptin react rapidly, they have a finite lifetime. The half-life for
the dark and were used for addition of peptide and circular photosensitization of the arylazide used here has been
dichroism or photolabeling experiments within a few hours. reported as 30-60 s3%). Thus, it is likely that the
Circular Dichroism MeasurementsCircular dichroism photolabels continue to generate nitrenes which continue to
(CD) spectra were recorded on a Jasco-J720 spectropolaf?aCt over the 30 s irradiation time. .This short irradiatioq
rimeter at room temperature, ugia 1 mmpath length quartz time was found to cause no c_iegradauon of the larger protein
cell to minimize the absorbance due to buffer components. MBP or of magainin peptides under these conditions.
Twenty microliters of an Ala-magainin stock solution in ~ Photolabels can also react with lipid which can then bind
the same buffer (1.9 mg/mL) was added to the LUV noncov_alently to the peptide by electro_statlc interactions. To
suspension (50@L) or to the same volume of buffer and detérmine the amount of labeled lipid remaining non-
the mixture equilibrated for 5 min before CD measurements. covalently bound to the peptide after purification procedures,
The final peptide concentration was a8 in the absence & control sample of LUVs without peptide or MLVs Wlthout
or presence of LUVs which were composed of egg PC with MBP was also photolabeled. Then, unlabeled peptide or
0—30 mol % egg PG. The lipid:peptide mole ratio was MBP was added to the photosensitized lipids, using the same

typically 32:1. Freshly prepared LUVs were used to procedure_t_hat_ was used when adding it to lipid before

minimize lipid oxidation. Four scans were averaged for each Photosensitization. The control samples as well as the other
sample, and averaged background spectra of the buffer Orsamp!es were treated identically by the purification steps

the peptide-free LUVs were subtracted. The ellipticity at d€scribed below. _ o

222 nm was used to calculate the relative helicity. According ~ Purification of the Photolabeled Peptideiagainin did

{0 [6]2220m= —39500(1— 2.75h) wheren is the number of not run properly on gels in the presence of lipid and also

amino acids in the peptide, @]psonm Of —34777 deg e could not be separated from the labeled lipid by gel
dmol! was taken as the value for 1008shelix of a 23- electrophoresis. Therefore, a Microcon-SCX microconcen-

amino acid peptide3d). trator (Amicon Canada Ltd.) with a cation exchange mem-

. . . ... brane was used to purify the cationic magainin peptides from
Phgtolabeilmg Rea(;tlogl.ior the sfarxlples W'th,a. lipid: the peptide/lipid mixture. To remove lipid from peptide and
pepti '€ mole ratio of 32: ! 6@g of Alaiymagainin or recover the labeled peptide, the following procedure was

magainin from stock solutions (1 mg/mL) was added to

developed. To wet the membrane of the Microcon-SCX
LUVs (100% PC or 20% PG/80% PC) diluted to contain P

SR instrument, 20QuL of methanol was added to the device
0.6 mg of ,"F"ds in 60QuL of 10 mM phosphate buffer (p_H and it was centrifuged at 126@model GS-15R centrifuge,
7.2) containing 150 mM KCl and 0.5 mM EDTA. For lipid:

) . i ’ Beckman) for 1 min. This was repeated twice with 200
peptide mole ratios of 96:1 and 160:1, 6@ of Ala- of double-distilled water. To 60@L of lipid/peptide samples

magainin was added to LUVs containing 1.8 and 3.0 mg of \,.are added 6@L of Triton X-100 (10%, v/v) (Sigma) and

lipid in 600 uL, respectively. Thus, the amount of peptide 544, of double-distilled water, since samples must contain
per sample was kept constant. The sample was mixed by 100 mMm salt to prevent saturation of the cation exchange

gentle shaking and equilibrated in the dark at room temper- memprane with cations. The samples were vortexed vigor-
ature for 5 min. For the kinetic study, the time for ,qy and an aliquot (406L) was loaded into the Microcon-
equilibrium was varied from 0 to 30 min. The sample was gcx instrument for binding of the peptide. The device was
_then |rrad|ate_d for 30 s, W|th_ the sample tube immersed in centrifuged at 120§for 1 min, and this was repeated twice
ice/water, using a 100 W high-pressure Hg lamp (Photo- \yith the rest of the sample (2 400u4L) for accumulative
chemical Research Associates, London, ON). The light beambinding of the peptide from the entire sample onto one
was cooled by passage through a reservoir of circulating cold \jicrocon-SCX unit. For the highest sample recovery, the
water and was directed through a filter (Oriel Corp., Stratford, gevice orientation in a fixed-angle rotor was kept constant
CT) which cuts off the light at short wavelengths below 235 ¢4 each subsequent centrifugation. To remove residual
nm. lipids, three wash steps were conducted, first using double-
To determine the ability of these probes to label a water distilled water, followed by 50% methanol, followed by 50%
soluble protein, myelin basic protein (MBP) was used with acetonitrile (50Q:L each), respectively. In preliminary trials
the probes incorporated in PC vesicles. MBP does not bind with liposomes containingfCJDPPC, this procedure eluted
to pure PC vesicles50). The most positively charged over 99% of the radioactive lipid.
component, C1, of bovine brain MBP was used, purified as  For peptide elution, 7aL of the desorption reagent (7 N
described earliers1). MLVs of PC containing lipid photo- ~ NH4;OH in 50% acetonitrile) was then placed into the
labels (2.8x 10° cpm/mg of lipid, 0.53 mg of PC/mL) were  Microcon-SCX instrument containing the bound peptide. It

prepared in 10 mM Hepes buffer containing 10 mM NacCl
and 1 mM EDTA at pH 7.4 as described above. A MBP
solution (2 mg/mL) in 10 mM Hepes buffer containing 10
mM NaCl and 1 mM EDTA at pH 7.4 was prepared. A 30
uL aliquot containg 6(:g of MBP was added to 0.25 mg of
PC in 470uL of buffer, and the MLVs were dispersed again
by vortexing. The sample was equilibrated in the dark at

was centrifuged at 140@0for 1 min, and the elution step
was repeated twice with fresh desorption reagenk (25

uL) to maximize yields. NHOH (7 N) was found to be
necessary to elute most of the peptide. Higher concentrations
failed to elute more peptide. The final eluted sample was
lyophilized using a Speed Vacuum Concentrator (Savant)
to remove ammonium and acetonitrile. To the dry samples

room temperature for 20 min and then irradiated for 30 s as were added 3L of commercial NOVEX (%) sample

described for magainin peptides.

buffer [3 M Tris-HCI (pH 8.45) containing glycerol (0.24
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Ficure 2: SDS gel of the photolabeled Alamagainin after
purification from lipid: lane 1, approximately g of the photo-
labeled peptide eluted from the Microcon-SCX microconcentrator;
and lane 2, 5.@g of unlabeled peptide from a standard solution.
Peptides were loaded on a 16% Tricine gel and stained with
Coomassie Blue. Arrowheads at the top and bottom indicate the
top and bottom of the gel, respectively.

mg/mL), SDS (80ug/mL), 0.1% Coomassie Blue G, and
0.1% Phenol Red, with 5%8-mercaptoethanol] and 3@

of double distilled water, and the sample was vortexed for
further analysis by SDSPAGE. Aliquots of the Microcon-
SCX flow-through (5QuL), the washes (5@QL), and the final
eluted samples in sample buffer ¢b) were taken, and 6
mL of scintillation cocktail (Ready Safe, Beckman) was
added. The’H radioactivity was counted in & counter
(Beckman LS 6000IC).

SDS-Polyacrylamide Gel Electrophoresigin aliquot of
the peptide in sample buffer expected to contain abatd 5
of the purified peptide and an aliquot of a standard;4{la
magainin or magainin solution containing %@ of peptide
were loaded on 16% Tricine gels (NOVEX). Electrophoresis
was performed at 100 V (constant voltage) until the tracking
dye reached the bottom of the gel. A typical SEFFAGE
gel of the eluted photolabeled Alamagainin is shown in
Figure 2. After the gel was stained with 0.05% Coomassie
Brilliant Blue R and destained as describ&6)( the gel was
scanned in a gel scanner (White/UV Transilluminator,
DiaMed Lab Supplies Inc.). The band intensity was
integrated using UVP Grab-It software. The peptide was
quantitated by comparing its band intensity with that of the
standard band (xg) which fell in the linear range of a
standard curve. For elution of the radioactive peptide from
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Ficure 3: CD spectra of Alg-magainin: Alagmagainin in
aqueous buffer (1) and in the presence of PC vesicles with 0, 5,
10, 20, and 30% PG (curves—B, respectively). The peptide
concentration was 3@M, and the lipid:peptide molar ratio was
32:1. Each spectrum was the average of four scans with the
background of the buffer (1) or the vesicles&) subtracted.

WL [nm) 250.0

placed into scintillation vials in small pieces. A gel oxidizing
solution was freshly made from 19 parts of 30%C4 and

1 part of 14.8 M NHOH (37). Nine hundred microliters of

the oxidizing solution was added into each scintillation vial,
and it was incubated at 37C overnight. For efficient
radioactivity counting, the alkalinity of the oxidizing solution
was then neutralized by adding 10D of glacial acetic acid.
Finally, 6 mL of scintillation cocktail was added, and the
3H radioactivity was counted in & counter. Counts in gel
strips above and below the peptide band were at background
levels. In addition, control samples, in which the peptide
was added to the labeled vesicles after irradiation, had low
counts in the gel slice containing the peptide, indicating that
all noncovalently bound lipids were removed by the Micro-
con-SCX microconcentrator and SBBAGE. Specific
activities were obtained (counts per minute per microgram)
and were divided by the original radioactivity available per
microgram of peptide and multiplied by 100 to give
percentage labeling values (percentage of the added photo-
label bound to peptide).

Determination of the Amount of Photolabel Bound to MBP.
Since the presence of lipid did not affect the way MBP ran
on gels and since MBP did not run as far as the labeled lipid
on the gels, we were able to separate the MBP from labeled
lipid by gel electrophoresis without extraction of the lipid.
Photolabeled samples were lyophilized and resuspended in
120 uL of H,O. To a 35uL aliquot was added 3aL of
sample buffer (). Twenty microliters of the MBP samples
in sample buffer containing bg of MBP was loaded onto
each of three adjacent lanes on 16% Tricine gels. Electro-
phoresis and staining were carried out as described above.
MBP gels were sliced into 14 strips, keeping the three
adjacent lanes loaded with the same sample together. Each
strip of three lanes was counted as described above. Labeled
lipid appeared in strips well below the MBP band.

RESULTS

Secondary Structure of AlaMagainin. Ala;e-Magainin
has a random structure in aqueous solution (Figure 3). In

the gel, each lane was sliced into six strips and each stripthe presence of lipid vesicles, the extent @fhelicity
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Table 1: Estimatedt-Helical Contents of Ala-Magainir?

o-helical o-helical | T
content (%) content (%) 15

aqueous buffer 0.7 10% PG 36
PC 11 20% PG 65
5% PG 18 30% PG 68

aThe ellipticity at 222 nm in CD spectra was used to calculate the
relative helicity where aff]222nm0f —34777 deg crhdmol~ was taken 5
as the value for 100%:-helix of a 23-amino acid peptide4).

% labeling
=S
L

increased as the content of acidic lipid increased from 5 to Gal Cer-PL  Gal Cer-C8-PL

20% PG (Figure 3 and Table 1). At a lipid:peptide mole Ficure 4: Percentage of the photolabel bound to /Adaagainin
ratio of 32:1, for vesicles containing20% PG, where the  in PC LUVs (white bars) or 4:1 PC/PG LUVs (black bars) by
number of positive charges on Alamagainin is equal to GalCer-PL and GalCer-C8-PL. The extent of hydrophobic photo-

. : labeling of Alag-magainin by GalCer-PL was compared with that
the number of negative charges on PG, the maximal eXtentby GalCer-C8-PL. The lipid:peptide mole ratio was 32:1. Data

of binding occurred and the-helicity reached a plateau at  presented for GalCer-PL are the average of five sets of gels from
65—68%. Both the N-terminak-amino group and the His  duplicate samples. Data presented for GalCer-C8-PL are the average
7 residue are assumed to be protonated since the local pHbf five sets of gels from two photolabeling experiments for PC
of the acidic membrane surface is lower than that of the bulk and eleven sets of gels from four photolabeling experiments for
solution (pH 7.2); thus, this peptide has six positive charges. 4:1 PC/PG. The meat standard deviation is shown.

The spectra of the peptide in the presence of vesicles
containing 20% PG and 30% PG are those of the completely
membrane-bound form because further addition of vesicles
did not cause any further change in the spectrum (not shown).
The percentage ak-helicity found for vesicles containing

vesicles. Indeed, at a L:P mole ratio of 32:1, Almagainin
was labeled 2.4 times more by GalCer-PL when bound to
4:1 PC/PG vesicles than PC vesicles (Figure 4). This extent
of labeling suggests that following electrostatic interaction

20-30% PG is similar to that found for Algmagainin of Ala;g-magainin with acidic lipids, it subsequently interacts

bound to 1:1 DPPC/DPPG vesicles by Hirsh et2l) ising hydrophobically with the lipid b|Iayer._ .
FTIR and NMR spectroscopy. Howeyer, the shallow GalCer-PL mlgh'F label the peptide
The CD spectrum of Ala-magainin in the presence of when it is bound on the surface of the bilayer. Therefort_—z,
100% PC (the spectrum for lipid itself subtracted) showed the deeper GalCer-C8-PL was also used. lIts photoreactive
some a-helical content but less than in the presence of 9roup should be accessible to peptide groups near the center
vesicles containing 5% PG (Table 1). The anionic phosphate©f the bilayer, and it is likely to label the peptide more when
group of PC may bind some Alamagainin, resulting in it is inserted deeply into th_e bilayer than when it is on the
the formation ofo-helices in a small population. Matsuzaki Surface. The extent of labeling by GalCer-C8-PL for vesicles
et al. @) and Duclohier et al.10) detected a small increase  containing 20% PG ranged from 70 to 117% of that by
in the extent of helicity of magainin 1 also upon addition of GalCer-PL, suggesting that Atamagainin inserts deeply into
egg PC SUVs, using CD measurements. In addition, Ramanthe lipid bilayer at least transiently (Flgure 42 also see Figure
spectroscopy estimated the secondary structure of magaininf): GalCer-C8-PL labeled the peptide 2.2 times more when
2 to be 35-47%a-helical at DPPC:peptide mole ratios from bou_nd to a_C|d|c lipid vesicles containing 20% PG than PC
4:1 to 59:1 at both 14 and 56C in the gel and liquid  Vesicles (Figure 4).
crystalline phases, respectiveBgj. This group also found Peptide Concentration-Dependent Photolabelinghe
that magainin 2 caused vesiculation of zwitterionic PC MLVs extent of labeling should depend on the L:P ratio if the
into smaller particles at lipid:peptide mole ratios below 4:1. peptide forms channels since this is a highly cooperative
Photolabeling of Alg-Magainin and Magainin in Lipid  Process§ 11-16). Therefore, the dependence of the extent
Bilayers. Hydrophobic photolabeling was performed to Of labeling on the L:P ratio was determined. A fixed
determine whether Algmagainin inserts into the lipid concentration of the peptide was mixed with various amounts
bilayer. These lipid photolabels incorporated into PC 0f 20% PG LUVs to vary the lipid:peptide ratio, and the
vesicles did not label a water soluble protein, myelin basic extent of photolabeling was examined. Using oriented
protein, a protein which does not bind to PC, indicating that circular dichroism (OCD), Ludtke et al1{) has shown that
they do not label from the aqueous phase. Only 0.07% of @ substantial fraction of the membrane-bound magainin
the added GalCer-PL and 0.1% of the GalCer-C8-PL reactedreorients itself perpendicular to the plane of the lipid bilayer
with MBP in solution in the presence of PC vesicles, when at a critical concentration (a L:P molar ratio ©830:1) in
the protein was 19.4 wt % of the sample. In contrast, 15% the presence of DMPC/DMPG (3:1) multilayers. Although
of the GalCer-PL reacted with Al@magainin when bound  the critical concentration may depend on the lipid composi-
to acidic lipid vesicles containing 20% PG at a lipid:peptide tion of the membrane<.8), we have chosen to use the molar
(LP) mole ratio of 32:1 (WhICh is 9.4% of the mass of the ratios 32:1, 96:1, and 160:1 for investigation of the depen-
vesicles at this ratio). Only 0-50.9% of the probe was dence of the extent of labeling on peptide concentration.
found to be associated with the peptide for control samples Although there was a greater extent of photolabeling of
in which the peptide was added to the vesicles after Alajo-magainin by GalCer-PL in the presence of vesicles
irradiation. Since Alg-magainin binds much more to PC/  containing 20% PG than PC vesicles at a L:P mole ratio of
PG than to PC vesicles, it should be labeled more in the 32:1, the presence of 20% PG did not enhance the extent of
presence of PC/PG vesicles than in the presence of PCphotolabeling at a L:P ratio of 160:1 (Figure 5A). Ata L:P
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FIGURE5: Peptide concentration-dependent extent of photolabeling F'GURE 7: Percentage of the photolabel bound to4againin
by (A) GalCer-PL and (B) GalCer-C8-PL of Algmagainin in PC (white bars) and magainin (black bars) in 4:1 PC/PG LUVs by

LUVs (O) or PC LUVs containing 20% PQH). The percentage ~ GalCer-PL and GalCer-C8-PL. The lipid:peptide mole ratio was

of the photolabel bound to peptide is shown. Data presented for 32:1. Data are the average of three sets of gels from one
GalCer-PL are the average of five sets of gels from duplicate photolabeling experiment. The me#rstandard deviation is shown.

samples. Data presented for GalCer-C8-PL are the average of five
sets of gels from two photolabeling experiments for PC and eleven magainin and magainin bound to vesicles containing 20%

sets of gels from four photolabeling experiments for 20% PG. The pG was compared at a L:P ratio of 32:1. In this experiment,
mean- standard deviation is shown. both photolabels labeled the peptide similarly. There was

20 no significant difference in the extent of labeling of AJa
magainin and magainin by either photolabel (Figure 7). Thus,
both peptides are able to insert to a similar degree into the
bilayer at this L:P ratio.

15

DISCUSSION

Lipid photolabels which should position the photolabel
group at different depths within the bilayer were used to
determine whether magainin inserts deeply into the bilayer.
Although a similar phospholipid photolabel with the pho-
tolabel group at the end of a C11 acyl chain was found to

time (min) cross-link adjacent phospholipid molecules maximally at
FIGURE 6: Insertion occurs rapidly after addition of Alamagainin carbon 12 89), it cannot be concluded that lipid photolabels
to membranes. At different time points after addition of #a  achieve depth-dependent labeling with 100% confidence. The
magainin to 20% PG LUVs containing GalCer-C8-PL, an aliquot |iyiq chain may flip up to the surface of the bilayer and label

of the sample was irradiated. The L:P mole ratio was 3m)lanhd id id h f hotolabel h
96:1 @). Data presented are the average of six sets of gels from PEPtide residues at the surface. Photolabels are much more

duplicate samples. The meanstandard deviation is shown. reactive with nucleophilic groups than CH groups, and may
even preferentially label more reactive amino acids such as
ratio of 96:1, the extent of photolabeling was between the Trp at the bilayer surface than hydrophobic ones deeper in
above two ratios. Thus, the extent of labeling in the presencethe bilayer 40). However, magainin has a number of
of vesicles containing 20% PG increased with an increasereactive amino acids, including three Phes, throughout its
in the peptide:lipid ratio. Figure 5B shows a similar sequence, and should react well with a photolabel at the end
dependence of the extent of labeling by GalCer-C8-PL on of an acyl chain, if the peptide is inserted perpendicular to
the L:P ratio. This greater extent of labeling at lower L:P the bilayer.
ratios occurred although the amount of probe:peptide ratio A phospholipid photolabel carrying an aromatic carbene
was lower at lower L:P ratios (since the probe:lipid ratio precursor at the end of an eleven-carbon chain appeared to
was kept constant). Thus, the accessibility of magainin to achieve depth-dependent photolabeling of alamethicin in lipid
the photolabels in the bilayer is a cooperative process asbilayers é1). Although alamethicin is more hydrophobic
found for the permeabilization of membranes by magainin. than magainin, it is thought to form transient, concentration-
Kinetic Study. To examine the kinetics of bilayer insertion, dependent ion channeldZ, 43). Consistent with an orienta-
we photolabeled aliquots of the sample at different time tion of alamethicin perpendicular to the bilayer, this peptide
points. The extent of hydrophobic photolabeling was similar reacted with the photolabel only at its N-terminal half,
from O to 30 min after adding Algmagainin to the lipid suggesting that the lipid chain did not flip up to the bilayer
vesicles at a L:P ratio of either 32:1 or 96:1 (Figure 6). This surface to label all residues.
suggests that the peptide insertion takes less than 30 s which In a study of the membrane topology of the Sendai virus
is the time consumed for UV irradiation. The results reveal fusogenic protein8), a phosphatidylcholine photolabel with
further that the peptide remains inserted for 30 min or, an aryl azide at the end of a C12 chain did not label a domain
alternatively, that it has achieved an equilibrium state which was labeled by a lipid photolabel with the aryl azide
between inserted and noninserted peptide by 30 s. linked directly to the glycerol backbone. However, it did
Comparison of the Extents of Labeling of Atdagainin label a more hydrophobic region containing a putative
and Magainin. Reactivity of the photolabels with Alg transmembrane domain almost as well as the shallow probe.

% labeling
)

40
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Thus, the photolabel positioned at the end of an acyl chain A. C
was able to discriminate between a peptide on the bilayer
surface containing the fusion peptide and one inserted into
the hydrophobic core. These shallow and deep photolabels
also showed depth-dependent extents of labeling otxthe

B, andy subunits of cholera toxin20) and of subunits of
cytochrome oxidase3().

Lipids with fatty acids carrying a nitroxide group or a
bromine at different positions along the fatty acid chain are
used to monitor the depth of Trp in proteins and peptides
through their ability to quench Trp fluorescence. Although -
as for aryl azide groups, the nitroxide group is considerably
bulkier and more polar than Br, nitroxide-labeled lipid chains
have been found to result in depth-dependent quenching
similar to that of brominated lipid chains, indicating that the
nitroxide groups reside close to their predicted locations in
the bilayer 44). Such spin-labeled lipids were used to
monitor the location of Trp 5, 12, and 16 in Trp-substituted
magainin analogues. All three Trps were found at a depth
of 8—10 A from the bilayer center, between carbons 5 and

10 of the ‘?‘Cyl c_:hain, indicating that th? major peptide Ficure 8: Model of the amphipathia-helical structure of Alg-
population is oriented parallel to the bilayet3f. Of magainin. (A) A helical wheel diagram. Positively charged residues,
particular relevance to this work, that study showed that a including N-terminal Gly 1, are shown as filled circles, and polar

deep nitroxide probe did not quench Trp on the surface as'esidues are shown as hatched circles. Hydrophobic residues and
much as more shallow nitroxides, thus indicating that these G'Y are shown as open circles. (B) A molecular model (top view)

b ined hei dl . in th of helical Alayg-magainin constructed using the Rasmol program.
probes remained near their expected locations even in thépgsitions of amino acid residues are the same as in panel A. (C) A

presence of magainin. molecular model (side view) of helical Alamagainin. Only the
In view of the ability of these probes to achieve depth- N-terminal half of the peptide is amphipathic, while the C-terminal

dependent labeling and considering that magainin has reachalf is neutral or hydrophobic on both faces of the helix, in contrast
tive groups all along its sequence, the labeling of;4la  t© Magainins 1 and 2.
magainin and magainin by both the shallow and deep lipid : . .
photolabels suggests that a significant proportion of the ?mphﬁatﬁlcdhehr)]( ck:)gnlfa%e tr?g center of the channel away
bound peptide inserts deeply into the bilayer, at least rom the hydrophobic fipid chains.
transient]y_ A|though the acy| chain of GalCer-C8-PL m|ght A Significant increase in the extent of Iabeling occurred
be able to also label pep“de on the surface to some extent,at a L:P ratio of 32:1. The L:P ratio at which an increased
its extent of labeling of surface-bound peptide should be extent of labeling occurs correlates with a change in
much less than that of inserted peptide. orientation of the peptide with respect to the bilayer plane
Although the peptides appear to insert deeply, this does from parallel to perpendicular, observed by Ludtke etil),(
not necessarily mean that they insert in a perpendicular@nd a change in the enthalpy of interaction of the peptide
orientation in a transmembrane fashion. A model of the With lipid from exothermic to endothermic, observed by
amphipathic helix of Alg-magainin is shown in Figure 8. Wenk and Seelig49). The observed extent of labeling at
The replacement of Gly in magainin 2 with Ala makes low peptide concentrations (L:P ratio of 160:1) in vesicles
Ala;e-magainin less amphipathic at the C-terminal end and containing 20% PG, which is similar to that in the presence
gives this end a more overall hydrophobic character. Pep-0f PC vesicles, may be due mainly to surface binding of the
tides with an asymmetric amphipathic structure tend to be Peptide. Even if more peptide is bound to the 20% PG
fusogenic and probably also Iytid%). Such peptides may ~ Vesicles at any given time, there is undoubte(_jly fast exchange
insert obliquely into one-half of the bilayer as suggested by Petween free and bound peptides, especially for the PC
Brasseur45), thus disturbing lipid packing. The high degree vesicles, whlch could accqunt fora S|m|_lar extent of labeling
of photolabeling of the magainin peptides could be consistentfor PC vesicles and vesicles containing 20% PG at low
with either a transmembrane orientation or, in the case of Peptide concentrations. Once a peptide is photolabeled, it
Alaye-magainin, an oblique insertion into half of the bilayer. iS probably trapped on the vesicle and can no longer
The degree of labeling of Al@gmagainin by both photo- d|ss_00|ate. Over tlme_ (i.e., during the BQ S |IIum|ngt|0r_1
labels increased with peptide:lipid ratio in the acidic vesicles. Period), a large sampling of the total peptide population is
This supports a model of channel formation by peptides with Probably available for labeling in the PC vesicles. As the
a transmembrane orientation. The concentration dependenc&oncentration of the surface-bound peptide increases at lower
of peptide interaction with the lipid could indicate peptide L:P ratios for 20% PG vesicles, leading to cooperative
aggregation in the bilayer according to a theoretical model insertion and channel formation, an increased extent of
(46). The probability of forming an oligomeric structure such labeling above the baseline level is observed.
as a channel (either a regular channel or a toroidal channel) It could be argued that the greater extent of labeling at
is greater at higher peptide:lipid ratios. Formation of a higher P:L ratios is a result of a greater extent of labeling of
channel would lower the energy state of the peptide when it peptide which remains surface-bound, as a consequence of
is inserted into the bilayer because the polar surface of thegreater disordering of the bilayer and more flipping up of

N-terminus

Lys4

His7

Lys11

Lys14
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the acyl chain of GalCer-C8-PL. However, this should result logues. If Alagsmagainin 2 amide behaves like Gn
in an increase in the ratio of labeling by GalCer-C8-PL magainin 2 amide, the results of our kinetic study probably
relative to that by GalCer-PL. This does not occur; the ratio can be ascribed to an equilibrium state achieved by 30 s,
of labeling by both probes remains relatively constant at all where there is rapid exchange between a small population
L:P ratios. The extent of labeling by the more shallow probe of the inserted peptide and a larger population of the peptide
also increases with L:P ratio. It may also be able to label on the bilayer surface on both sides of the bilayer. If we
inserted peptide more readily than surface-bound peptide.had been able to achieve more rapid irradiation, a higher
Many investigators have suggested that the lifetime of the degree of photolabeling might have occurred within the first
magainin channel is very short and the population of 30 s after peptide addition when the pore density is
magainin forming channels is too small to be detected by presumably at its highest.
many methods, such as spectroscopic techniques. Use of An ion channel formed by magainin is predicted to be
the hydrophobic photolabeling technique to study the mode energetically relatively unstabld®). Upon channel forma-
of interaction of magainin with membranes can overcome tion of magainins, the many positively charged residues
the low sensitivity of other techniques in detecting channels. would come into close contact and repel one another.
If magainin peptides insert into the bilayer to form channels Therefore, the electrostatic repulsive energy has been esti-
at any time during the 30 s of UV irradiation, they become mated to be very high for magainin 28). It will be even
photolabeled in the bilayer. Even if they return to the higher for Alag-magainin in which Gl is replaced by Ala
membrane surface, the photolabel is still bound to the since there is no possibility of a salt bridge between peptide
peptide. Therefore, the hydrophobic photolabeling techniqgue monomers. The dipolar repulsion between parallel helical
can detect the occurrence of more channels than the numbetdipoles and the loss in entropy during aggregation also
of channels actually present at one time point. contribute unfavorable energy terms. However, the electro-
The extent of labeling of the peptide was greater than static repulsion would be reduced by involvement of
expected on a mass basis, assuming equal reactivity of thenegatively charged lipids in the channels, as in the toroidal
photolabels toward both lipids and peptides. The percentagemodel (L8, 23), or by the presence of salt.
of the labels bound to magainin at a L:P weight ratio of 10:1  |n the toroidal model, magainin remains associated with
was 10-15% in vesicles containing 20% PG and B% for lipid polar headgroups even though the peptide is inserted
PC vesicles. On a mass basis, if all of the peptide is availableperpendicular to the bilayer. This model does not preclude
for labeling and if the photolabel reacts equally with lipid labeling by the lipid photolabels, however, as there are likely
and peptide, the amount of label associated with peptide some bilayer lipids, whose acyl chains are oriented parallel
should be at most 9.4%. In fact, the extent of labeling of to the peptide, mixed with the lipids whose headgroups are
saturated lipids and insertion into-&1 bonds by nitrenesis  associated with the peptide. Some of these bilayer lipids
much less than 100%4(). A similar high degree of labeling  |ikely contact the peptide through their acyl chains. Fur-
was found for gramicidin and was attributed to the much thermore, the peptides in such toroidal pores might be more
greater reactivity with Trp relative to insertion into— susceptible to labeling since the lipid packing in the region
bonds 40). In the case of magainin, the high degree of of the pores is disturbed and more of the peptide surface
labeling may be due to the presence of three Phes and othemay be exposed to the lipid acyl chains. Thus, although
nucleophilic groups such as serine hydroxyls in the sequence our results cannot confirm the existence of the toroidal model,
Exchange between surface-bound and inserted peptide duringhey also do not rule it out.
the 30 s |abe|ing periOd may also contribute to the h|gher In summary, the pep“de concentration dependence of the
degree of labeling in 20% PG vesicles, since the fraction of gxtent of labeling supports peptide insertion and channel
inserted peptide at any one time point is probably low, formation by both magainin and Alamagainin in 20% PG

especially at high L:P ratios. vesicles at a lipid:peptide ratio of 32:1.

Our kinetic study revealed that peptide insertion or channel
formation takes less than 30 s and that channels either areACKNOWLEDGMENT
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