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ABSTRACT: Understanding how antimicrobial peptides
(AMPs) interact with human cells is important to the
development of antimicrobial agents as well as anticancer
drugs. However, little is known about the mechanisms by
which AMPs bind to cells and exert cytotoxicity. Negatively
charged gangliosides on the cell surface are a potential target for
cell binding. In this study, we investigated the interaction of
FSW-magainin 2 (MG) with gangliosides in detail. MG was
colocalized with gangliosides on HeLa cells, indicating that
gangliosides act as a receptor for MG. MG also bound to
gangliosides in model membranes. The affinity increased with the
number of negatively charged sialic acid residues. Physicochem-
ical studies revealed that MG interacts with the monosialogan-
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glioside GM1 differently from the typical bacterial anionic phospholipid phosphatidylglycerol. MG bound to GM1 more strongly
than to phosphatidylglycerol, and the binding isotherm for GM1 could be analyzed by the Langmuir equation assuming charge
neutralization. This is in contrast to the binding of AMPs to phosphatidylglycerol-containing bilayers, which has been described
by the electrostatic attraction—surface partitioning model. Fluorescence resonance energy transfer experiments supported the
clustering of GM1, but not phosphatidylglycerol, by MG. Quenching data suggested that MG is bound to the sugar region of
GM1. The bound peptide assumed a helical structure and induced the leakage of calcein and the coupled flip-flop of lipids,
indicating the peptide also forms a toroidal pore in GM1-containing vesicles. However, the membrane permeabilizing activity was
weaker against GM1-containing membranes than phosphatidylglycerol-doped liposomes in accordance with the trapping of the

peptide in the sugar region. These results shed light on AMP—human cell interaction.

ore than 1200 antimicrobial peptides (AMPs) have been

discovered in plants, insects, and vertebrates, including
humans, constituting host defense systems against invading
pathogenic microorganisms.'~* Many attempts have been made
to utilize AMPs as antibiotics, because they exhibit a broad
spectrum of antimicrobial activity and do not easily induce
resistance compared to conventional antibiotics. Furthermore,
AMPs are promising seeds for anticancer therapy.>® Therefore,
understanding how AMPs interact with human cells, both
normal and cancerous, is important to the development of
effective antimicrobial agents and anticancer drugs. However,
little is known about the mechanisms by which AMPs bind to
cells and exert cytotoxic effects.

Polycationic AMPs are more toxic to bacterial cells than to
mammalian cells mainly because the former are more negatively
charged."”® The cell membranes of bacteria are rich in acidic
phospholipids, such as phosphatidylglycerol and cardiolipin.
The cell walls also contain anionic molecules, such as
lipopolysaccharides in the outer membrane of Gram-negative
bacteria and teichoic acids and lipoteichoic acids in the
peptidoglycan of Gram-positive bacteria. In contrast, the
outer leaflets of mammalian plasma membranes are mainly
composed of zwitterionic phosphatidylcholine and sphingo-
myelin.
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Several anionic molecules on the surface of mammalian cells
have been suggested to serve as a molecular portal for the
cellular interaction of AMPs.>® These molecules, including
phosphatldylserlne (PS),” heparan sulfate proteoglycan glyp1
can-1,'* and sialylated truncated mucin O-glycans,'' are
strongly expressed in tumor cells, although their interaction
with AMPs has been investigated little."”

In this study, we focus on negatively charged sphigoglyco-
lipid gangliosides as a target for human cell binding and
investigate in detail their interaction with the archetypical AMP
FSW-magainin 2 (MG) in comparison with the typical bacterial
anionic lipid phosphatidylglycerol. We find that gangliosides are
targets for MG on human cells but MG interacts with them in a
manner different from that of phosphatidylglycerol.

B MATERIALS AND METHODS

Materials. MG (GIGKWLHSAKKFGKAFVGEIMNS) and
TMR-MG (MG labeled with tetramethylrhodamine at the N-
terminus) were synthesized by a standard fluoren-9-ylmethox-
ycarbonyl-based solid phase method, as described previ-
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ously."'* The synthesized peptides were identified by ion
spray mass spectroscopy, and their purity (>95%) was
determined by analytical reverse phase high-performance liquid
chromatography. Egg yolk L-a-phosphatidylcholine (PC), 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), r-a-phos-
phatidyl-pL-glycerol enzymatically converted from PC (PG),
bovine brain gangliosides [monosialoganglioside GM1 (GM1),
disialoganglioside GDla (GDla), disialoganglioside GD1b
(GD1b), and trisialoganglioside GT1b (GT1b)], and pyrene-
labeled GM1 (Pyr-GM1) were purchased from Sigma (St.
Louis, MO). 1-Hexadecanoyl-2-(1-pyrenedecanoyl)-sn-glycero-
3-phosphocholine (Pyr-PC), 1-hexadecanoyl-2-(1-pyrenedeca-
noyl)-sn-glycero-3-phosphoglycerol (Pyr-PG), and 1-palmitoyl-
2-{6-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]caproyl}-L-a-
phosphatidylcholine (NBD-PC) were obtained from Invitrogen
(Eugene, OR). 1-Palmitoyl-2-stearoyl(S-doxyl)-L-a-phosphati-
dylcholine (5-doxyl-PC) and 1-palmitoyl-2-stearoyl(12-doxyl)-
L-a-phosphatidylcholine (12-doxyl-PC) were purchased from
Avanti Polar Lipids (Alabaster, AL).

Lipid Vesicles. Large unilamellar vesicles (LUVs) were
prepared and characterized as described elsewhere." Briefly, a
lipid film, after drying under vacuum overnight, was hydrated
with a Tris buffer [10 mM Tris, 150 mM NaF, and 1 mM
EDTA (pH 7.4)] or a calcein solution [70 mM calcein and 1
mM EDTA (pH 7.4)] for leakage experiments and vortex-
mixed to produce multilamellar vesicles. NaF was used to
reduce UV absorption by buffer components and thus to
improve the signal-to-noise ratio for circular dichroism (CD)
measurements. © The suspension was subjected to five freeze—
thaw cycles and then extruded through polycarbonate filters
(100 nm pore size filter, 21 times). The lipid concentration was
determined in triplicate by phosphorus analysis for phospho-
lipids'” or the resorcinol—hydrochloric acid method for
gangliosides."®

CD Spectra. CD spectra of 25 yM MG in the absence and
presence of LUVs were measured on a Jasco J-820 apparatus at
37 °C, using a 1 mm path length quartz cell to minimize the
absorbance due to buffer components. We confirmed that the
light scattering due to a high concentration of LUVs did not
distort the spectrum.'” The instrumental outputs were
calibrated with nonhygroscopic ammonium d-camphor-10-
sulfonate.”® Sixteen scans were averaged for each sample. The
blank spectra (LUV suspension or buffer) were subtracted.

Binding. The binding of the peptide to LUVs was estimated
on the basis of its Trp fluorescence. Peptide solutions (2 yM)
were titrated with a vesicle suspension, while the fluorescence
spectra of the Trp residue were recorded at an excitation
wavelength of 280 nm on a Shimadzu (Kyoto, Japan) RF-5300
spectrofluorometer. Blank spectra (LUVs) were subtracted, and
volume correction for dilution (up to 5%) was conducted.

Leakage. The membrane permeabilizing activity was
estimated by calcein leakage."® Calcein-free LUVs were mixed
with LUVs containing calcein to obtain the desired lipid
concentration. The release of calcein from the LUVs was
fluorometrically monitored at an excitation wavelength of 490
nm and an emission wavelength of 520 nm. The maximal
fluorescence intensity corresponding to 100% leakage was
determined by addition of 10% Triton X-100 (20 uL) to the
sample (2 mL). The apparent percent leakage value was
calculated according to

9%apparent leakage = 100(F — F))/(E — E)) (1)

where F and F, denote the fluorescence before and after
addition of the detergent, respectively and F, represents the
fluorescence of the intact vesicles.

Fluorescence Resonance Energy Transfer (FRET). MG
(2 pM) was mixed with LUVs with and without 1 mol % Pyr-
GM1, Pyr-PC, or Pyr-PG as an acceptor, and fluorescence
spectra were recorded at an excitation wavelength of 280 nm.
The FRET efliciency E was calculated as

E=1-F/F 2)

where F and F, represent the fluorescence intensity at 336 nm
in the presence and absence of the acceptor, respectively, after
the subtraction of blank spectra and correction for inner filter
effects*" due to light absorption by the pyrene chromophore at
336 nm.

Quenching. MG (2 ¢M) was mixed with LUVs with 10
mol % 5-doxyl-PC or 12-doxyl-PC, and fluorescence spectra
were recorded at an excitation wavelength of 280 nm. The
concentration of actual spin-labeled lipid in each doxyl-PC had
been determined on the basis of the quenching of NBD-PC
fluorescence.” The distance between the bilayer center and the
Trp residue (zcp) was estimated according to the parallax
method.”

1 1 E
Zcp =~ —_— In(_s] + Ls—lz2 + L
2Ls [ #C K, (3)

where C is the two-dimensional concentration of the quencher
in the membrane (0.0014 molecule/A?, assuming that the cross
section of a lipid molecule is 70 A%), Fs and F, denote the
fluorescence intensities measured in duplicate in the presence
of 5-doxyl-PC and 12-doxyl-PC, respectively, and Ls_;, (6.3 A)
and L__g (12.15 A) represent the vertical lengths from the doxyl
group of S-doxyl-PC to that of 12-doxyl-PC and the bilayer
center, respectively.”

Lipid Flip-Flop. The peptide-induced lipid flip-flop was
assessed as previously reported.'> LUVs doped with 1.5 mol %
NBD-PC were mixed with 1 M sodium dithionite and 1 M Tris
(10 mM lipid and 70 mM dithionite) and incubated for 1S min
at 30 °C to produce inner leaflet-labeled vesicles. The vesicles
were immediately separated from dithionite by gel filtration.
The asymmetrically NBD-labeled LUVs (2 mL) were incubated
with or without the peptide for various periods at 37 °C. The
fraction of NBD-lipids that had flopped during incubation was
measured on the basis of fluorescence quenching by sodium
dithionite. After the reaction with 20 yL of 5 mg/mL trypsin
for 2 min to recover the barrier, 20 yL of a 1 M sodium
dithionite/1 M Tris solution was added. Fluorescence was
monitored at excitation and emission wavelengths of 460 and
530 nm, respectively.

Confocal Microscopy. Human cervical carcinoma HeLa
cells were cultured in Eagle’s minimum essential medium
(Sigma) with 10% heat-inactivated fetal bovine serum, S0
units/mL penicillin, and 50 ug/mL streptomycin in a
humidified incubator at 37 °C and 5% CO,. The cells were
seeded (100000 cells/dish) on a 35 mm glass bottom dish
(catalog no. 3910-03S, IWAKI, Tokyo, Japan) and incubated
for 24 h before being stained and observed. After removal of
the culture medium, MG (24.4 uM) and TAMRA-MG (0.6
uM), dissolved in 1 mL of PBS(+) [137 mM NaCl, 8.1 mM
Na,HPO,, 2.68 mM KCl, 1.47 mM KH,PO,, 0.9 mM CaCl,,
and 0.33 mM MgCl, (pH 7.4)], were applied to the cells. After
incubation for 30 min, the cells were washed with PBS(+),
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Figure 1. Colocalization of MG with gangliosides on HeLa cells. HeLa cells (10° cells) were incubated with a mixture of TAMRA-MG (0.6 xM) and
unlabeled MG (24.4 uM) for 30 min. After being washed with PBS, gangliosides were stained with S yg/mL Alexa Fluor 488-labeled CTX-B. The
cells were washed and observed on a Clsi confocal laser scanning microscope from Nikon. The focal plane was close to the cell surface. TAMRA,
Alexa Fluor 488, and merged images are shown in panels A—C, respectively. The bar represents 10 ym. (D) Fluorescence intensity of TAMRA

(abscissa) and Alexa Fluor 488 (ordinate) plotted for each pixel.
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Figure 2. Binding of MG to various ganglioside-containing liposomes. (A) Schematic representation of the structure of the gangliosides used. SA,
sialic acid; GalNAc, N-acetylgalactosamine; Gal, galactose; Glu, glucose; Cer, ceramide. The number in parentheses indicates the net charge at
neutral pH. (B) The MG (2 M) solution was titrated with LUVs composed of ganglioside and PC (3:7) at 37 °C. The relative enhancement of Trp
fluorescence at 336 nm (excited at 280 nm) is plotted as a function of L:P. The experiments were performed in duplicate, and the error bars denote
standard deviations. Gangliosides: (<) asialo GM1, (O) GM1, (M) GD1a, (O0) GD1b, and (A) GT1b.

stained with S mg/mL cholera toxin subunit B (CTX-B)
labeled with Alexa Fluor 488 (Life Technologies, Carlsbad, CA)
for 15 min, and again washed with PBS(+). Live-cell images for
TAMRA and Alexa Fluor 488 were obtained with a confocal
microscope (Clsi, Nikon, Tokyo, Japan).

B RESULTS

Binding of MG to Gangliosides. The binding of MG to
gangliosides was investigated in both living cells and model
membranes. TMR-MG mixed with MG was incubated with
HeLa cells for 30 min, and surface gangliosides were visualized
with Alexa Fluor 488-labeled CTX-B. CTX-B binds to not only
GM1 but also GD1b and their fucosylated species.”*** As
Figure 1 shows, TMR-MG was colocalized with gangliosides.
Anionic PS has been shown to act as a binding site for AMPs.">
Therefore, the surface expression of PS was examined with
Alexa Fluor 488-labeled annexin V. No detectable staining was
observed, indicating that the contribution of PS to the binding
of MG was negligible (data not shown).

MG interacted also with gangliosides in lipid bilayers. The
binding of MG to gangliosides was assessed on the basis of Trp
fluorescence. The MG solution was titrated with PC liposomes
containing various gangliosides at 30 mol %.“ The structures of
gangliosides used are summarized in Figure 2A. The binding
induced an enhancement of fluorescence intensity and a blue
shift of the wavelength of maximal intensity. The relative
increase in fluorescence at 336 nm is plotted as a function of
the lipid-to-peptide molar ratio, L:P (Figure 2B). The affinities
(the L:P value giving S0% of the maximal intensity change)
were in the following order: asialo GM1 < GM1 < GD1b <

GDla < GT1b (indicating that negative charges due to sialic
acid residues play a crucial role in binding).

Binding Affinity for GM1 versus That for PG. We
systematically compared the interaction of MG with GM1 and
PG, both having one negative charge, to characterize MG—
ganglioside interaction. The binding affinity of MG for GM1/
PC LUVs (3:7) was significantly greater than that for PG/PC
LUVs (3:7) despite a similar membrane charge density (Figure
3A). Binding isotherms (Figure 3B) were obtained from Figure
3A as reported elsewhere” and analyzed using the conventional
Langmuir equation.
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Figure 3. Comparison of binding of MG to GM1 and PG. The MG (2
uM) solution was titrated with LUVs composed of GM1 and PC (3:7)
(O) or PG and PC (3:7) (@) at 37 °C. The experiments were
performed in duplicate, and the error bars denote standard deviations.
(A) Relative enhancement of Trp fluorescence at 336 nm plotted as a
function of L:P. (B) Binding isotherms obtained from panel A. The
traces are the best fit binding isotherms using eq 4 and the parameters
described in the text.
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%, K[peptide]

free

X =
1 + K[peptidel;.. (4)

where x denotes the number of bound peptides per lipid, x,,,, is
its maximal value, and K and [peptide]s,. represent the binding
constant and the free peptide concentration, respectively. The
best fit parameters were as follows: K = (2.92 + 0.18) X 10°
M and x,,,, = 0.0408 + 0.0008 for GM1/PC LUVs, and K =
(0.76 + 0.13) x 10° M~! and «,,,, = 0.0382 + 0.0039 for PG/
PC LUVs.

Secondary Structure in GM1 versus That in PG. The
difference in binding affinity may be related to a difference in
the conformation of the membrane-bound peptide. The
secondary structure of membrane-bound MG was estimated
by CD spectra. CD spectra of 25 yM MG were measured in the
presence of saturating concentrations of GM1/PC and PG/PC
vesicles (Figure 4). The spectra, although noisy because of high
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Figure 4. CD spectra of membrane-bound MG at 37 °C. CD spectra
of 25 uM MG were measured in the presence of GM1/PC (—) and
PG/PC (--) LUVs at L:P values of 80 and 160, respectively.

concentrations of lipids (2—4 mM), were characterized by
double minima around 208 and 222 nm, indicating the
formation of a-helical structures.'® The [0],,, value for
GM1/PC LUVs at an L:P of 80 (99% bound as calculated
from eq 4) was —19800 deg cm® dmol™" (helicity of 57.6%°),
slightly more negative than the value (—16200 deg cm” dmol ™,
helicity of 45.7%) for PG/PC LUVs at an L:P of 160 (99%
bound).

Binding Specificity for GM1 versus That for PG. The
difference in binding affinity may also result from a difference in
specificity. We, therefore, determined binding specificity using
FRET from the Trp residue to the pyrene group attached to
each lipid species under completely membrane-bound con-
ditions (Figure S). In the case of GMI1/PC bilayers, a
significantly greater FRET efficiency of 35.1% was observed
for GM1-labeled vesicles (29:1:70 GM1:Pyr-GM1:PC) than for
PC-labeled vesicles (30:69:1 GM1:PC:Pyr-PC; E = 16.7%).
This was not caused by a clustering of GM1 because GM1
molecules have been confirmed to be randomly distributed in
GM1/PC bilayers.” In striking contrast, in the case of PG/PC
membranes, similar E values were obtained for 29:1:70 PG/
Pyr-PG/PC vesicles (28.9%) and 30:69:1 PG/PC/Pyr-PC
vesicles (27.6%). These results strongly suggest that MG
specifically interacts with GM1, but not with PG.

Penetration Depth in GM1 versus That in PG. To
precisely estimate the depth to which MG penetrates lipid
bilayers, we performed fluorescence quenching experiments
using 5- and 12-doxyl-PCs under completely membrane-bound
conditions. The transversal distances between the bilayer center
and the Trp residue (zcp) calculated from eq 3 were 17.3 + 0.4
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Figure S. FRET from the Trp residue of MG to pyrene-labeled lipids.
The MG (2 M) solution was mixed with (A) GM1/PC (3:7) or (B)
PG/PC (3:7) LUVs without (—) or with (- and ---) 1 mol % pyrene-
labeded lipid, and fluorescence spectra were measured at an excitation
wavelength of 280 nm at 37 °C. Pyrene-labeled lipid: (A) Py-GM1
() and Py-PC (---) or (B) Py-PG (--) and Py-PC (---).

and 11.1 + 0.7 A for 3:1:6 GM1/doxyl-PC/PC (L:P = 80) and
3:1:6 PG/doxyl-PC/PC (L:P = 160) LUVs, respectively.
Leakage against GM1 versus That against PG. The
membrane permeabilizing activity of MG was evaluated by
conducting calcein leakage experiments. The percent leakage
values after 10 min are plotted as a function of L:P in Figure 6.
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Figure 6. Membrane permeabilizing activity of MG. Percent leakage
values of calcein entrapped within LUVs composed of GMI1 and PC
(3:7) (O), PG and PC (3:7) (@), or DPPG and PG (3:7) (A) after a
10 min incubation at 37 °C plotted as a function of L:P. The lipid
concentrations were S0 uM. The experiments were performed in
duplicate, and error bars denote standard deviations.

PG/PC membranes were more susceptible to the peptide; 50%
leakage was observed at around L:P = 60. In contrast, 6-fold
more peptide molecules were required to induce a similar
extent of leakage against GM1/PC liposomes. This difference
may originate from a difference in membrane fluidity; GM1
with a gel-to-liquid crystalline phase transition temperature of
~37 °C is more rigid than PG with unsaturated acyl chains. To
test this possibility, we examined leakage activity against
DPPG/PC liposomes. The more rigid DPPG/PC bilayers
were not less susceptible to MG than PG/PC membranes.

Toroidal Pore Formation in GM1 versus That in PG.
The difference in leakage between GMI- and PG-containing
membranes described above may suggest different modes of
leakage. MG is known to form a toroidal pore in PG-based
membranes, inducing the flip-flop of lipids coupled to
leakage."> Thus, coupling between leakage and flip-flop was
examined. As shown in Figure 7, coupling was observed for
both GM1/PC and PG/PC liposomes, indicating that MG
forms a toroidal pore in both types of bilayers.

dx.doi.org/10.1021/bi301470h | Biochemistry 2012, 51, 10229—10235
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Figure 7. Coupling between dye leakage and lipid flip-flop induced by MG at 37 °C. Time courses of calcein leakage and lipid flip-flop are shown
with traces and symbols, respectively, for (A) GM1/PC (3:7) and (B) PG/PC (3:7) vesicles. In the flip-flop experiments, 1.5 mol % C4NBD-PC
was included. The peptide and lipid concentrations were 6.25 and 50 uM (L:P = 8) in panel A and 1 and SO M (L:P = 50) in panel B, respectively.

B DISCUSSION

Gangliosides are glycosphingolipids existing on the surface of
mammalian cells, especially neurons, and clustered gangliosides
have been shown to interact with Alzheimer’s amyloid S-
peptides.”” Because of their anionic nature, this class of lipids is
expected to interact with cationic peptides, including AMPs.
However, little is known about AMP—ganglioside interactions.
Lee et al. reported that treatments with an inhibitor of
ganglioside synthesis or sialidase rescued tumor cells from cell
death induced by the AMP buforin IIb, suggesting that anionic
sialic acid residues of gan%hosides are involved in the
cytotoxicity of the peptide.”® Here we investigated the
interaction of one of the best-studied AMPs, MG, with
gangliosides, especially GM1I, in detail for the first time and
found that MG interacts with GM1 in a manner different from
that of the bacterial anionic lipid PG.

The binding of AMPs to PG-containing membranes has been
described by the electrostatic concentration—partitioning
model, ?**° although binding isotherms can be phenomenolog-
ically described by the Langmuir equation (see the dotted line
in Figure 3B).>" The uniformly distributed negative charges on
the membrane give a negative surface potential ¢, according to
the Gouy—Chapman theory. Positively charged peptides are
electrostatically concentrated immediately above the membrane
surface by the Bolztmann factor exp(—zeg,/kT). z, ¢, k, and T
denote the effective charge of the peptide, the elementary
charge, the Bolztmann constant, and the absolute temperature,
respectively. The locally concentrated peptides partition into
the membrane. A basic assumption of this theory is that PG
molecules provide a negative charge density only on the
membrane rather than forming a specific peptide—PG complex,
the latter being the basis for the Langmuir equation. Our FRET
experiments (Figure SB) clearly showed that MG interacts
equally with PG and PC. The observed E values (~28%)
correspond to that expected for random FRET.*** A 2H NMR
study revealed that the cationic peptide melittin also interacts
indistinguishably with PG and PC in mixed bilayers in the
presence of 100 mM NaCl, which was comparable with our
conditions.*

In contrast, MG predominantly interacts with GM1 in GM1/
PC bilayers (Figure SA). Therefore, the binding isotherm can
be reasonably analyzed by the Langmuir equation (solid line in
Figure 3B). An x,,,, value of 0.0408 corresponds to one peptide
molecule per 3.68 GM1 molecules assuming that only the outer
leaflet is available to the peptide. Charge neutralization appears
to be one of the driving forces for binding because the net
charge of MG at pH 7.4 is between +3 and +4. This conclusion
is supported by the observations that (1) the binding is mainly
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determined by the number of sialic acid residues (Figure 2B)
and (2) the peptide is trapped in the sugar region of GM1 (vide
infra).

The (apparent) binding constant for PG/PC bilayers was
smaller than that for GM1/PC bilayers partly because the
negative charge of PG is partially masked by the binding of Na*
to the phosphate group.”* Another reason is the larger helicity
of MG bound to GM1-containing membranes (Figure 4). Our
previous study suggested that electrostatic repulsion between
the negatively charged C-terminal part of MG containing E19
and the anionic membrane shortens the helix.>> The C-terminal
part experiences less local negative potential in GMI1/PC
bilayers, in which negative charges of GM1 are masked by
positive charges of MG through preferential interaction.

MG formed a toroidal pore also in GM1I-based bilayers,
although larger amounts of peptides were needed than in PG-
containing membranes (Figures 6 and 7). This difference in
membrane permeabilizing activity is not due to a difference in
the bulk fluidity of membranes (Figure 6). A major driving
force of pore formation has been proposed to be membrane
thinning effects imposed by AMPs.*® MG is shallowly inserted
into the hydrophobic core of the PG/PC bilayer (zcp = 11.1
A),"? inducing a membrane thinning.*” On the other hand, the
peptide trapped in the sugar region of GMI (z¢p = 17.3 A)
cannot effectively thin the membrane. The location of MG in
GM1/PC bilayers also supports the conclusion that the peptide
specifically interacts with the sialic acid residue of GM1 through
electrostatic interaction.

B CONCLUSION

Interactions of MG with GM1/PC and PG/PC bilayers are
schematically illustrated in Figure 8. MG specifically binds to
the sugar region of GMI1 (sialic acid residues) in a
stoichiometric manner (~1:4), forming an amphipathic a-
helix. In contrast, there is no selectivity between PG and PC in
PG/PC bilayers, PG merely electrostatically concentrating MG
immediately above the membrane. MG partitions into the
shallow hydrophobic region, effectively inducing membrane
thinning and forming a toroidal pore. The pore formation in
GM1/PC bilayers is much less effective because the peptide is
trapped far above the hydrophobic region.

This study reveals the specific interaction of MG with
gangliosides both in cells and in model membranes. These
results will be useful for understanding the interaction of AMPs
with human cells and developing antimicrobial or anticancer
peptides.

dx.doi.org/10.1021/bi301470h | Biochemistry 2012, 51, 10229—10235
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Figure 8. Comparisons between MG—GM1/PC and MG—PG/PC
interactions. (A) In GM1/PC membranes, MG selectively binds to
GMI1 in a stoichiometric manner (~1:4) and is located in the sugar
region. (B) MG is electrostatically concentrated above the PG/PC
membrane and partitioned into the shallow hydrophobic region. There
is no selectivity between PG and PC interaction in the bilayer phase.
Because of the different binding modes, MG forms a toroidal pore
more effectively in PG/PC than in GM1/PC bilayers.
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B ABBREVIATIONS

AMPs, antimicrobial peptides; CD, circular dichroism; CTX-B,
cholera toxin subunit B; S-doxyl-PC, 1-palmitoyl-2-stearoyl(S-
doxyl)-L-a-phosphatidylcholine; 12-doxyl-PC, 1-palmitoyl-2-
stearoyl(12-doxyl)-L-a-phosphatidylcholine; DPPC, 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine; FRET, fluorescence reso-
nance energy transfer; GD1a, disialoganglioside GD1a; GD1b,
disialoganglioside GD1b; GM1, monosialoganglioside GM1;
GT1b, trisialoganglioside GT1b; MG, FSW-magainin 2; LUVs,
large unilamellar vesicles; L:P, lipid-to-peptide molar ratio;
NBD-PC, 1-palmitoyl-2-{6-[(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino]caproyl}-L-a-phosphatidylcholine; PC, egg yolk L-a-
phosphatidylcholine; PS, phosphatidylserine; PG, L-a-phospha-
tidyl-pL-glycerol enzymatically converted from PC; Pyr-GM],
pyrene-labeled monosialoganglioside GM1; Pyr-PC, 1-hexade-
canoyl-2-(1-pyrenedecanoyl)-sn-glycero-3-phosphocholine;
Pyr-PG, 1-hexadecanoyl-2-(1-pyrenedecanoyl)-sn-glycero-3-
phosphoglycerol; TAMRA, tetramethylrhodamine.

B ADDITIONAL NOTES

“The content of GMI1 was limited to 30 mol % to avoid a
destabilization of bilayers at higher levels of GM1, which alone
forms micelles.

®The Forster distance R, of the Trp—pyrene pair is 28 A.>' One
mole percent of the spin-label corresponds to a two-
dimensional concentration of 0.112 molecule per R,*. Assuming
a shortest distance of 0.5R;, between the donor and the
acceptor, an E value of 28% is estimated for random FRET
according to the method of Wolber and Hudson.>
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