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Solid-State NMR Investigation of the Membrane-Disrupting Mechanism
of Antimicrobial Peptides MSI-78 and MSI-594 Derived from Magainin 2
and Melittin
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*Biophysics Research Division and Department of Chemistry, University of Michigan, Ann Arbor, Michigan 48109-1055; and
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ABSTRACT The mechanism of membrane interaction of two amphipathic antimicrobial peptides, MSI-78 and MSI-594, derived
from magainin-2 and melittin, is presented. Both the peptides show excellent antimicrobial activity. The 8-anilinonaphthalene-
1-sulfonic acid uptake experiment using Escherichia coli cells suggests that the outer membrane permeabilization is mainly due
to electrostatic interactions. The interaction of MSI-78 and MSI-594 with lipid membranes was studied using *'P and 2H solid-
state NMR, circular dichroism, and differential scanning calorimetry techniques. The binding of MSI-78 and MSI-594 to the lipid
membrane is associated with a random coil to a-helix structural transition. MSI-78 and MSI-594 also induce the release of
entrapped dye from POPC/POPG (3:1) vesicles. Measurement of the phase-transition temperature of peptide-DiPoPE
dispersions shows that both MSI-78 and MSI-594 repress the lamellar-to-inverted hexagonal phase transition by inducing
positive curvature strain. >N NMR data suggest that both the peptides are oriented nearly perpendicular to the bilayer normal,
which infers that the peptides most likely do not function via a barrel-stave mechanism of membrane-disruption. Data obtained
from 3'P NMR measurements using peptide-incorporated POPC and POPG oriented lamellar bilayers show a disorder in the
orientation of lipids up to a peptide/lipid ratio of 1:20, and the formation of nonbilayer structures at peptide/lipid ratio >1:8.
2H-NMR experiments with selectively deuterated lipids reveal peptide-induced disorder in the methylene units of the lipid acyl
chains. These results are discussed in light of lipid-peptide interactions leading to the disruption of membrane via either a carpet

or a toroidal-type mechanism.

INTRODUCTION

Linear and cyclic antimicrobial peptides are produced as a
part of the host defense mechanisms by various organisms
that include microbes, insects, plants, vertebrates, and mam-
mals (1). A large number of antimicrobial peptides are
cationic and display molecular amphipathicity despite their
structural diversity (2,3). Unlike conventional antibiotics that
bind to a target in the membrane or cytosol, most antimi-
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crobial peptides Kkill cells by permeabilizing the cell mem-
brane through peptide-lipid interactions (4,5). Various
mechanisms have been proposed for killing bacteria. These
include the formation of discrete channels that dissipate ion
gradients across the membrane (6,7), disturbance of the lipid
bilayer as a result of carpet-like peptide binding (8), phase
separation due to specific peptide-lipid interactions (9), and
detergent-like solubilization of the membrane (10). In recent
years, pathogenic microorganisms have increasingly devel-
oped resistance to conventional antibiotics (11). Since the
development of resistance to membrane-active peptides ap-
pears to be very rare (12), there is a considerable interest in
developing antimicrobial peptides for pharmaceutical appli-
cations (13).

Several attempts have been made to design peptides with
improved antimicrobial activity and low toxicity (14). They
include 1), structure activity relationship of natural peptides;
2), chemical modifications such as cyclization, linearization,
and fatty acylation of antimicrobial peptides; 3), de novo
design of amphipathic model peptides; and 4), synthetic
peptide hybrids. The design of peptides that selectively in-
teract with biological membranes has taken into consider-
ation the various physicochemical properties such as the net
charge (13), hydrophobic moment (15), helical content
(16,17), and the angle subtended by the polar/apolar faces
(18). An increase in hydrophobicity has been shown to
increase the hemolytic activity (13,19). However, the exact
attributes of these physicochemical properties are still unclear.

doi: 10.1529/biophys;.105.073890



Membrane Disruption by MSI-78 and MSI-594

A series of peptides based on the naturally isolated
magainin (magainin2 and PGLa) have been designed for po-
tential pharmaceutical applications. Among these peptides,
MSI-78 and MSI-594 show more potent antimicrobial
activities than magainin2 (Tables 1 and 2). MSI-78 is an
analog of magainin 2, which was first isolated from the frog
Xenopus laevis (20). MSI-594 is a hybrid of MSI-78
(residues 1 to 11) and melittin (residues 1 to 13), the bee
venom toxin (21). Our previous NMR and DSC studies on
MSI-78 reported the induction of positive curvature strain on
lipid bilayers and the formation of toroidal-type disruption of
bilayers (22). Our recent AFM and NMR studies reported the
MSI-78-induced bilayer thinning effects (23). On the other
hand, there are no biophysical studies so far reported on
MSI-594. In this study, we address four questions: Does the
helicity of peptides correlate with their membrane permea-
bilizing ability? Do changes in net charge and hydrophobic-
ity affect the antimicrobial activity and microbial membrane
disrupting ability? What is the location of MSI-78 and MSI-
594 in lipid bilayers? How do they disrupt membranes, by
the formation of pores or the carpet mechanism? Fluorescence
studies on MSI-78 are reported here for the first time, and NMR
results on MSI-78 are discussed along with previous studies
on this peptide. These results are also helpful for understanding
the biophysical properties of these two related peptides.

The antimicrobial susceptibility assay shows that the
activities of both MSI-78 and MSI-594 against Gram-pos-
itive and Gram-negative bacteria are comparable. However,
they differ in their ability to disrupt the bacterial cell wall, as
observed in the ANS uptake assay. Circular dichroism exper-
iments reveal that both MSI-78 and MSI-594 are unordered
in aqueous medium but fold into helical conformation with
varying helical content in a lipid environment. However, the
ability of these two peptides to permeabilize negatively
charged liposomes mimicking bacterial inner membrane are
comparable, as evidenced from the dye leakage experiment.
>N NMR data suggest that both the peptides are oriented
nearly perpendicular to the bilayer normal. *'P NMR spectra
of peptide-incorporated lipid bilayers show that both peptides
bind in the phosphate headgroup region of POPC and POPG
bilayers and perturb the lamellar-phase lipid bilayer structures
at a higher concentration. Order parameters determined from
de-Paked *H NMR spectra of selectively labeled POPC-ds,
MLYVs incorporated with MSI-78 and MSI-594, indicate a
disordering effect in the hydrocarbon chain. Differential
scanning calorimetry shows that the L,-to-Hy phase transi-
tion temperature increases when MSI-78 or MSI-594 is
incorporated into DiPoPE bilayers. The influence of subtle
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TABLE 2 MIC values of magainin analogs
against microorganisms

Strain Magainin-2* MSI-78 MSI-594
E. coli 10 4 2
Staphyloccus aureus 50-75 4 4
Pseudomonas aeruginosa 70-100 4 4
C. albicans 25 64 64

All values given are in pg.
#MIC values for magainin-2 were taken from the literature (13).

variations in helicity, hydrophobicity, and net charge of these
peptides on the lipid-peptide interactions is discussed.

MATERIALS AND METHODS

POPG, POPC, POPC-d;;, and DiPoPE were purchased from Avanti Polar
Lipids (Alabaster, AL). Chloroform and methanol were procured from
Aldrich Chemical (Milwaukee, WI). Naphthalene was purchased from
Fisher Scientific (Pittsburgh, PA). Peptide synthesis and cleavage reagents
were purchased from Applied Biosystems (Foster City, CA) and Aldrich
(Milwaukee, WI), respectively. Fmoc-protected amino acids were from
Advanced ChemTech (Louisville, KY), and isotopically labeled Fmoc-
amino acids were from Cambridge Isotope Labs (Cambridge, MA). All the
chemicals were used without further purification. The unlabeled peptides
were synthesized by Genaera Corp. (Plymouth Meeting, PA). N-Phe 6-
labeled MSI-78 was synthesized and purified at the University of Michigan,
as explained elsewhere (13).

Antimicrobial assay

A doubling dilution series of peptide, beginning with 100 ug/mL, was added
to the wells of a sterile 384-well microtiter plate (12 replicates per dilution)
and dried overnight in a desiccator box. Bacterial suspensions (10 uL, 107/
mL) were added to the wells, covered with a sterile plastic film, centrifuged
briefly to collect the cells in the bottom of the wells, and incubated at 37°C
for 6-36 h, depending upon the rate of growth of the bacterial species.
Bacteria were incubated in normal atmosphere. The terminal cell numbers
were determined by turbidometric method (ODgno = 0.02). MICs were set as
the lowest concentration of the peptide at which there was no growth above
the inoculated level of bacteria (p < 0.05, n = 12). Values expressed in the
tables represent Log;( growth above inoculated levels.

Outer membrane disruption assay

The outer membrane permeabilizing ability was investigated using the ANS
uptake assay (24), using Escherichia coli strain BL21 (DE3). Bacterial cells
from an overnight culture were inoculated into LB medium. Cells from the
mid-log phase were centrifuged and washed with buffer (10 mM Tris, 150
mM NaCl, pH 7.4), and then resuspended in the same buffer to an ODgq of
1.2. To 3.0 mL of the cell suspension in a cuvette, a stock solution of ANS
was added to a final concentration of 5.0 uM. The degree of membrane dis-
ruption as a function of peptide concentration was observed by the increase
in fluorescence intensity at ~500 nm.

TABLE 1 Physical parameters of magainin analogs

Peptide Amino acid sequence Net cationic charge GRAVY Aliphatic index Hydrophobic moment
MSI-78 GIGKFLKKAKKFGKAFVKILKK-NH2 —0.159 93.18 0.65
MSI-594 GIGKFLKKAKKGIGAVLKVLTTGL-NH2 0.508 130.00 0.59
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Dye leakage assay

Carboxyfluorescein dye entrapped SUVs were prepared as described
elsewhere (24). The dye-containing vesicles were then purified by gel
filtration chromatography, using a Sephadex G-75 column. Aliquots of pep-
tide solution were added to a stirred suspension of SUVs and the fluo-
rescence emission intensity as a function of time was recorded using the
excitation wavelength 490 nm and the emission wavelength 520 nm. The
maximum leakage from each sample was determined by adding 1%
TritonX-100.

Circular dichroism

SUVs were prepared by suspending dry POPC in Tris buffer (10 mM
Tris-HCI, 100 mM NaCl, 0.1 mM EDTA, pH 7.4) and sonicating the
dispersion until a clear solution was obtained. 40 uM peptide stock solutions
were also prepared using Tris buffer. Each sample was prepared as a 1:1
(vol/vol) mixture of peptide and lipid SUV stock solutions with additional
Tris buffer as needed in a 5-mm quartz cuvette. The sample was then
equilibrated to 25°C in the CD spectrometer (AVIV, Lakewood, NJ) for 10
min and five scans were acquired and averaged. The scan rate was 1 nm/min
over the range 190-280 nm. Background contributions from the buffer and
SUVs were removed by subtracting the spectrum of a similar sample without
peptide. The mean helix content, fy, was determined from the ellipticity
value at Ay, nm, [0],,, using the empirical equation given below (25):

Ju= ([®]222 - ®C)/(®H - ®C)§

where O¢ and Oy are given as:

Oc = 2220 — 53T;
Oy = (—44000 + 2507)(1 — 3/N,),

where T is the temperature in degrees Celsius and N, is the number of
residues in the peptide.

Differential scanning calorimetry

Samples were prepared by codissolving the peptides and DiPoPE in a 2:1
CHCl;/CH;0H solution. The solution was dried under a stream of nitrogen
and then under high vacuum for several hours. Buffer (10 mM Tris-HCI, 100
mM NaCl, 2 mM EDTA, pH 7.4) was added to each sample and vortexed to
resuspend the peptide and lipid; the final concentration was 10 mg/ml lipid
solution. The solutions were degassed under vacuum for 15 min before DSC
measurements. The heating scan rate was 1°C/min. The L,-to-Hy transition
temperature of the lipids was measured on a CSC 6100 Nano II Differential
Scanning Calorimeter (Calorimetry Sciences, Provo, UT). The raw data
were then converted to molar heat capacity using the CPCalc program
available with the calorimeter. In each conversion, the average lipid mo-
lecular weight for each sample and a partial specific volume of 0.956 mL/g
were used.

Solid-state NMR

All mechanically aligned lipid samples were prepared using the naphthalene
procedure (26). Briefly, 4 mg of lipids and an appropriate amount of peptide
were dissolved in an excess of 2:1 CHCl;/CH;OH. The lipid-peptide
solution was dried under a stream of N, gas and redissolved in 2:1 CHCls/
CH;OH containing a 1:1 molar ratio of naphthalene to lipid-peptide. The
solution was then dried on two thin glass plates (11 mm X 22 mm X 50 wm,
Paul Marienfeld GmbH & Co., Bad Mergentheim, Germany). To remove the
naphthalene and any residual organic solvents, the samples were dried under
vacuum for at least 10 h. After drying, the samples were indirectly hydrated
in a hydration chamber at 93% relative humidity using a saturated
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NH4H,PO, solution (27) for 2-3 days at 37°C, after which ~2 uL of H,O
was misted onto the surface of the lipid-peptide film on the glass plates. The
glass plates were then stacked, wrapped using parafilm, sealed in plastic bags
(Plastic Bagmart, Marietta, GA), and further equilibrated at 4°C for 6-24 h.
MLVs were prepared by mixing 5 mg lipid and the desired amount of
peptide in 2:1 CHCl;/CH30H, but no naphthalene was used. The samples
were dried under N, and vacuum-dried overnight. Pure water (deuterium-
depleted water for ’H NMR samples) was added and the sample was gently
vortexed, followed by several freeze-thaw cycles to produce MLVs.

All of the experiments were performed on a Chemagnetics/Varian (Fort
Collins, CO) Infinity 400 MHz solid-state NMR spectrometer operating
at resonance frequencies of 400.138, 161.979, 61.424, and 40.55 MHz for
lH, 31P, 2H, and °N nuclei, respectively. Unless otherwise noted, all ex-
periments were performed at 30°C. A Chemagnetics/Varian temperature
controller unit was used to maintain the sample temperature, and each
sample was equilibrated for at least 30 min before starting the experiment.
All experiments on oriented samples were performed with the bilayer normal
parallel to the external magnetic field. The *'P and '°N chemical shift spectra
of mechanically aligned samples were obtained using a home-built double
resonance probe. The N spectrum of labeled peptide in oriented bilayers
was acquired using a ramp cross-polarization sequence with a 'H 7r/2 pulse
length of 3.5 us, 35 kHz cross-polarization power, and a 'H decoupling of
71 kHz during acquisition. The recycle delay was 3 s and the spectral width
was 50 kHz. A 1.25 ms ramp CP with a 10-kHz ramp on the 'H channel was
used. *'P and ?H powder spectra of MLVs were obtained using a
Chemagnetics double resonance probe. A typical *'P 90°-pulse length of
3.1 us was used in both probes. *'P spectra were obtained using a spin-echo
sequence (90°-7-180°-7-acq with 7 = 100 us), 40 kHz proton-decoupling rf
field, 50 kHz spectral width, and a recycle delay of ~4 s. A typical spectrum
required the coaddition of 100-1000 transients. The *'P chemical shift
spectra are referenced relative to 85% H3;PO, on thin glass plates (O ppm).
’H quadrupole coupling spectra were obtained using a quadrupole-echo
sequence (90°-7-90°-r-acq with 7 = 60 us, with a 90°-pulse length of 3.0
us, a spectral width of 100 kHz, and a recycle delay of 2 s. A typical *H
spectrum required the coaddition of 15,000-20,000 transients. All experi-
mental data were processed using the Spinsight (Chemagnetics/Varian)
software on a Sun Sparc workstation. De-paking of the “H spectra of the
POPC-d3;; MLVs was done on a PC using MATLAB (28,29).

Spectra of MLVs and oriented bilayers

In fully hydrated lipid bilayers, the lipid molecules rotate rapidly around the
long molecular axis, and therefore the *'P chemical shift powder spectrum is
axially symmetric (30). The discontinuity at the high-frequency side is
referred to as the parallel edge (0par), Since it corresponds to the chemical
shift value with the lipid rotation axis parallel to the external magnetic field.
The discontinuity at the low-frequency side is referred to as the perpendic-
ular edge (0 perp) because it corresponds to the orientation of lipid molecules
whose rotation axis is perpendicular to the external magnetic field. For a
well-oriented sample with the bilayer normal parallel to the external
magnetic field, a single peak would be observed close to o p,r,. When a lipid
molecule in the oriented sample is tilted, the peak in the *'P spectrum occurs
at a frequency, Vops:

2
Vobs = ((Tpura - O-perp)COS 0 + a-perpa

where 6 is the angle between the axis of lipid rotation and the external
magnetic field direction. 0par, and operp are determined from a spectrum of
MLVs.

RESULTS

The amino acid sequences of MSI-78 and MSI-594 are given
in Table 1. These two peptides differ in net charge and
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hydrophobicity. The aliphatic index, hydrophobicity and
hydrophobic moment values were calculated as described
elsewhere (31,32). The helical wheel projections of the
peptides (Fig. 1) show that the hydrophobic/polar angle
subtended by the a-helix is 180°. The underlying assumption
is that all residues are involved in helix formation.

Antimicrobial activity and cell wall disruption

The MIC values of MSI-78 and MSI-594 against different
bacteria were determined and compared with that of magainin-2.
Both MSI-78 and MSI-594 exhibit potent activity against
bacteria and fungus. These peptides are more active against
bacteria and less active against Candida albicans than
magainin 2 (Table 2). To understand the mechanism of
killing of bacteria, the efficacy of these peptides to disrupt the
outer membrane of E. coli was assayed using ANS dye. The
fluorescence of ANS is dynamically quenched by the polar
water molecules and significantly enhanced in the hydro-
phobic milieu of cell membranes. Disruption of the outer
membrane integrity by membrane-active peptides results in
the entry of dye into the perturbed membrane, where it
emits more intense fluorescence (24). When E. coli cells pre-
equilibrated with ANS dye were incubated with serial con-
centrations of MSI-78 or MSI-594, dose-dependent changes
in the steady-state fluorescence spectrum of ANS (Fig. 2, A
and B) were observed. Fluorescence spectra were recorded
after incubating the cells for ~5 min which allowed maxi-
mal ANS uptake (data not shown). The control experiment
in which E. coli cells were incubated with ANS dye (with-
out peptides) showed no time-dependent changes in the
fluorescence spectrum. The dose-dependent maximal fluo-
rescence intensity (Fig. 2 A) and the associated blue shift
in the emission maximum (Fig. 2 B) could be described to
the ANS uptake satisfactorily. Interestingly, the data in Fig. 2
B suggest that MSI-594, which is more hydrophobic than
MSI-78, is weaker than MSI-78 in cell-wall disruption.
Because MSI-78 and MSI-594 showed differential mem-
brane disruption effect despite the fact that their MIC values
were comparable, the ability of these peptides to permeabi-
lize model membranes mimicking the bacterial inner
membrane was examined. Peptide induced leakage of
carboxyfluorescein dye from negatively charged POPC/

Magainin 2
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POPG (3:1) lipid vesicles is shown in Fig. 3 A and the
percentage of dye release in 5 min is given in Fig. 3 B. Dye
leakage from POPC/POPG (3:1) vesicles was observed even
at a P/L ratio of 1:1000. It is apparent from Fig. 3 that both
MSI-78 and MSI-594 are capable of permeabilizing bacterial
inner membrane at comparable concentrations.

Secondary structure

The CD spectra of MSI-78 and MSI-594 in buffer and in the
presence of POPC SUVs at 25°C are given in Fig. 4. Both MSI-
78 and MSI-594 exist as random coils in aqueous medium (Fig.
4 A) and fold into predominantly a-helical conformation upon
binding to lipid vesicles (Fig. 4 B). The CD spectra of vesicle-
bound peptides are characterized by the double minima at 208
and 222 nm, attributable to helical conformation. The peptides
are assumed to be completely bound to the lipid vesicles at the
lipid/peptide ratio of 200:1 used in the study presented here, as
the spectra do not change upon increasing the lipid/peptide
ratio (33). The mean helix contents of vesicle-bound MSI-78
and MSI-594, as calculated from the mean residue ellipticity
values at A5, nm (25), are 40% and 50%, respectively.

Orientation of MSI-78 and MSI-594 in bilayers

The orientations of MSI-78 and MSI-594 in phospholipid
bilayers were determined using solid-state NMR experiments
on mechanically aligned bilayers containing various concen-
trations of peptides labeled with >N at a single site. The
alignment of these samples was confirmed by recording *'P
chemical shift spectra. All aligned '°N spectra showed a single
narrow peak suggesting that the embedded peptides were
aligned in bilayers; some sample spectra are shown in Fig. 5.
The '°N chemical shift values were measured and given in
Table 3. Proton-decoupled >N chemical shift spectra of
mechanically aligned bilayer samples containing '*N-Phe;¢-
labeled MSI-78 are given in Fig. 5 A. These spectra contain
a single peak in a frequency region that corresponds to the
perpendicular edge of an unaligned 'N chemical shift
anisotropy spectrum. The chemical shift value and the line
width slightly change with the lipid composition and concen-
tration of the peptide in bilayers (Table 3). For example, the
value is 86 ppm in POPC and 81 ppm in 3:1 POPC/POPG

MSI-594

FIGURE 1 Helical wheel representations of magai-
nin 2 (left), MSI-78 (middle), and MSI-594 (right).
When all the residues are assumed to be part of the
helix, the hydrophobic angle for MSI-78 and MSI-594
is 180°.
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FIGURE 2 (A) MSI-78-induced ANS uptake into E. coli membrane.
Fluorescence spectrum of ANS equilibrated with E. coli cells (/), and in the
presence of 0.67 uM (2), 1.33 uM (3), 2.0 uM (4) and 2.67 uM (5), and
3.35 uM (6) concentrations of MSI-78. The E. coli cell density, as measured
by the ODggo, was 1.20. (B) Outer membrane disruption of E. coli by MSI-78
and MSI-594: the blue shift in the fluorescence emission maximum indicates
the extent of penetration of ANS into E. coli membrane as a function of
peptide concentration.

bilayers for 1 or 3 mol % MSI-78. Since the peptide forms a
helical structure in lipid bilayers, these data can be interpreted
in terms of the orientation of the peptide in bilayers. Based on
the reported structural studies on the membrane-associated
peptides using solid-state NMR (34-39), these data reveal that
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FIGURE 3 (A) Dye leakage profiles of MSI-594 from POPC-POPG (3:1)
SUVs. Lipid concentration was 80 uM. (B) Relative efficacies of MSI-78
and MSI-594 to induce dye leakage from POPC/POPG (3:1) SUVs.
Percentage dye leakage in 5 min is plotted against the concentration of the
peptides.

the helical MSI-78 is oriented on the bilayer surface (or
perpendicular to the bilayer normal). A 2D PISEMA (40-43)
experiment that correlates the '’N chemical shift and the
"H-">N dipolar coupling was performed on the mechanically
aligned bilayer sample. The PISEMA spectrum (Fig. 5 B)
shows a dipolar splitting of 8.1 kHz. Based on the 2D PISEMA
spectrum of an unaligned peptide that contains an amide-'"N
label, a dipolar splitting of ~8 kHz corresponds to an orthog-
onal orientation of the N-H bond relative to the external
magnetic field (42). Therefore, this data further confirms that
MSI-78 is oriented with its helical axis perpendicular to the
bilayer normal. The orientation of the helix slightly changes
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FIGURE 4 CD spectra of MSI-78 and MSI-594 in (A) Tris-buffer (10 mM
Tris-HCI, 100 mM NaCl, 2 mM EDTA, pH 7.4) and (B) 2 mM POPC in Tris
buffer. Peptide concentration was 20 uM and P/L was 1:100.

with the bilayer composition. The presence of an anionic lipid
POPG could enhance the lipid-peptide interaction and that
would lead to a reduction in the heterogeneity of the peptide
orientation in 3:1 POPC:POPG bilayers as compared to POPC
bilayers. The '>N chemical shift spectra of '’N-Val,-MSI-594
embedded in mechanically aligned POPC and 3:1 POPC/
POPG bilayers are given in Fig. 5 C. A single chemical shift
peak of ~76 ppm suggests an in-plane orientation of the helical
MSI-594 in both the bilayers.

Interaction with lipid headgroups

To study the interaction of peptides with the lipid headgroup,
3P NMR spectra were obtained from POPC and POPG
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FIGURE 5 "N chemical shift spectra of mechanically aligned POPC

(top) and 3:1 POPC/POPG (bottom) bilayers containing 3 mol % peptide:
(A) MSI-78 and (C) MSI-594; 2,000 scans were used to obtain the spectra.
(B) Two-dimensional PISEMA spectra of 3:1 POPC/POPG bilayers
containing 3 mol % MSI-78 obtained using 48 ¢; experiments, 1500 scans,
and a 2.5-s recycle delay.

bilayers incorporated with various concentrations of MSI-78
and MSI-594, and are presented in Figs. 6 and 7, respec-
tively. In the absence of peptides, the lipid molecules are
well oriented, as evidenced by the narrow symmetric line
shape at ~30 ppm arising from the 0° (or parallel) orientation
of lipids in bilayers. As demonstrated in our previous studies,
samples prepared using the naphthalene procedure are well
hydrated and stable (54); and therefore the signal appearing
from the unoriented lipids (POPC in Fig. 6 and POPG in Fig.
7) is negligible. The incorporation of MSI-78 or MSI-594
into lipid bilayers results in asymmetric line shapes and also
additional peaks at lower frequencies. For example, the
incorporation of 1-5 mol % MSI-78 into POPC bilayers
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TABLE 3 '°N chemical shift (relative liquid ammonia) data
obtained from experiments on aligned lipid bilayers with the
bilayer normal parallel to the magnetic field direction

Peptide Bilayers 5N chemical shift (ppm)
1 mol % MSI-78 POPC 86 = 3
3 mol % MSI-78 POPC 86 + 3
5 mol % MSI-78 POPC 84 + 4
7 mol % MSI-78 POPC 84 + 4
1 mol % MSI-78 3:1 POPC:POPG 81 + 1.5
3 mol % MSI-78 3:1 POPC:POPG 81 * 1.5
5 mol % MSI-78 3:1 POPC:POPG 79 =3
7 mol % MSI-78 3:1 POPC:POPG 80 + 3.5
1 mol % MSI-594 POPC 76 = 3.5
3 mol % MSI-594 POPC 76 £ 4
5 mol % MSI-594 POPC 75 £ 4
7 mol % MSI-594 POPC 75+ 4
1 mol % MSI-594 3:1 POPC:POPG 76 = 4
3 mol % MSI-594 3:1 POPC:POPG 76 = 4.5
5 mol % MSI-594 3:1 POPC:POPG 73 £ 3.5
7 mol % MSI-594 3:1 POPC:POPG 74 * 4

results in the appearance of a low-intensity broad component
that extends between 28 ppm and —18 ppm, suggesting the
presence of lipids with different orientational distributions
(Fig. 6). On the other hand, a high concentration of the MSI-
78 peptide (15 mol %) in POPC bilayers results in a major
peak at 5 ppm with a low-intensity signal appearing in the
region 30 to —20 ppm. Although the presence of a lower
concentration of MSI-594 (up to 5 mol %) does not induce a
major change in the lamellar-phase POPC spectrum, at a
higher concentration (15 mol %) of the peptide, the spectrum

i\ MSI-78 :

MSI-594

0 mole%

1 mole%

3 mole%

5 mole%

15 mole%

i
i

40 30 20 10 O -10 -20 -30 40 30 20 10 O -10 -20 -30
ppm ppm

FIGURE 6 *'P chemical shift spectra of aligned POPC bilayers in the
presence and absence of MSI-78 and MSI-594. The peptide concentrations
are indicated in the figure. Each spectrum was obtained from 2 mg lipids and
required 100-1000 transients. Dashed line shows the frequency of the
parallel edge of the pure POPC spectrum.
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FIGURE 7 *'P chemical shift spectra of aligned POPG bilayers in the
presence and absence of MSI-78 and MSI-594. The peptide concentrations
are indicated in the figure. Each spectrum was obtained from 2 mg lipids
and required 100-1000 transients. Dashed line shows the frequency of the
parallel edge of the pure POPG spectrum.

consists of peaks at 26 and 5 ppm (Fig. 6). The interaction of
MSI-78 and MSI-594 with negatively charged POPG lipids
is somewhat different (Fig. 7). The symmetric line shape
observed from oriented POPG bilayers is slightly shifted
downfield in the presence of up to 5 mol % of MSI-78 and
MSI-594. Incorporation of 15 mol % MSI-78 results in
several asymmetrical *'P-NMR line shapes in the range from
22 ppm to —18 ppm, with the major component appearing at
~29 ppm. However, the addition of 15 mol % MSI-594
completely abolishes the oriented POPG component at ~28
ppm and yields broad asymmetric peaks in the range from 5
ppm to —10 ppm (Fig. 7), indicating that a high concentra-
tion of peptides induce the formation of nonbilayer struc-
tures. These results are discussed below.

Influence on the lipid acyl chains

Since the binding of peptides at the membrane interface
could affect the acyl chain dynamics of lipid bilayers, “H
NMR spectra were collected from peptide-containing POPC-
d3; MLVs to assess the disorder in the lipid acyl chain. Fig. 8
A shows the de-Paked “H NMR spectra of pure and peptide
containing (P/L ratio 1:33) POPC-d3; dispersions. In the
absence of peptide, POPC-d;; bilayers display resolved
quadrupolar couplings in the range 5.5-51.0 kHz. The order
parameters derived from these quadrupolar splittings char-
acterize the varying dynamic order of methylene groups
along the lipid acyl chain (29,30,44-46). The *H NMR
spectra of POPC-d3;; MLVs containing 3 mol % MSI-78 or
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FIGURE 8 (A) de-Paked “H quadrupole coupling spectra of POPC-ds,
MLVs and POPC-d3; MLVs incorporated with 3 mol % MSI-78 and MSI-
594. (B) Plot of order parameter versus lipid acyl chain carbon number:
POPC-d3, (@), POPC-d;;/MSI-78 ((J), and POPC-d;,/MSI-594 ().

MSI-594 exhibit a reduction in the quadrupolar splitting
while maintaining the line shape characteristic of the fluid L,,
phase of POPC. This corresponds to a decrease in the acyl
chain order parameters as shown in Fig. 8 B.

Curvature strain determined using DSC

Membrane binding of antimicrobial peptides can induce
negative or positive curvature strain depending on the nature
of lipid-peptide interactions (47,48). Since MSI-78 and MSI-
594 bind to the surface of lipid bilayers, the L,-to- Hy phase
transition temperature of DiPoPE bilayers in the presence of
MSI-78 or MSI-594 was measured to assess the curvature
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strain exerted on the membrane. The representative DSC
thermograms of DiPoPE MLVs incorporated with various
amounts of MSI-78 or MSI-594 are presented in Fig. 9. Pure
DiPoPE MLVs displayed L, to Hy; phase transition at 43°C,
which is consistent with the value reported in the literature
(49). However, DiPoPE MLVs incorporated with 0.4 mol %
MSI-78 and 0.4 mol % MSI-594 exhibited phase transitions
at 46°C and 47°C, respectively. The increase in phase
transition temperature suggests that both MSI-78 and MSI-
594 repress the lamellar-to-inverted hexagonal phase tran-
sition of DiPoPE vesicles by inducing positive curvature
strain on bilayers.

DISCUSSION

The outer membrane of Gram-negative bacteria acts as a
barrier to drugs. As such, one of the initial steps of drug
activity is outer membrane disruption (49). MSI-78 and MSI-
594 exhibit potent activity against both Gram-positive and
Gram-negative bacteria and are significantly more active than
magainin 2 (Table 2). Therefore, it is necessary to ascertain
the effective concentrations of MSI-78 and MSI-594 needed
for outer membrane permeabilization so as to assess the
relation between outer membrane disruption and the antibi-
otic susceptibility. As shown in Fig. 2, both the peptides
perturbed the outer membrane of E. coli (cell density

MSI-594

L A A I A
35 40 45 50 55

Temperature (°C)

FIGURE 9 DSC thermograms of DiPoPE incorporated with different
concentrations of MSI-78 and MSI-594. The heating scan rate was 1°C/min.
The vertical dotted line shows the phase transition temperature (7,,, = 43°C)
of pure DiPoPE (dotted line). The phase transition of DiPoPE containing
0.2 mol % (a) and 0.4 mol % (b) peptide are shown by solid lines.
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Agoo = 1.20) at concentrations that were much lower than
their MIC (cell density Agpp = 0. 02) values. The low con-
centrations needed for outer membrane disruption suggest
that other factors are involved in the bacterial killing process.
The maximum blue shift in the emission maximum of ANS
observed for MSI-78 (Fig. 2 B) can be attributed to a higher
degree of disruption of the outer membrane. MSI-594 is more
hydrophobic, more helical, and less cationic than MSI-78.
The degree of outer membrane disruption induced by MSI-
594 is less than that induced by MSI-78 (Fig. 2 B). However,
both MSI-594 and MSI-78 exhibit antimicrobial activities at
comparable concentrations (Table 2). This suggests that outer
membrane disruption per se is not sufficient for antimicrobial
activity. The inner membrane of Gram-negative bacteria
contains PE (65%), PG (15%), cardiolipin (15%), and other
lipids (15%), and therefore is negatively charged. We used
negatively charged SUVs composed of POPC/POPG (3:1)
lipids to assess the ability of the peptides to permeabilize
bacterial inner membrane. As shown in Fig. 3, both MSI-594
and MSI-78 cause the leakage of carboxyfluorescein dye from
POPC/POPG (3:1) vesicles at comparable concentrations.
Since the concentrations of MSI-78 and MSI-594 needed to
kill bacteria (MIC values) and permeabilize the negatively
charged membrane are comparable, permeabilization of
bacterial inner membrane seems to be critical for the observed
antimicrobial activity. Our observation is consistent with the
earlier report on magainin (50).

It has been shown in the case of magainin 2 that the helix
formation dominates the binding enthalpy and acts as a
driving force for membrane binding (50). Since membrane
permeabilization is coupled with helix formation, we
examined the structure of MSI-78 and MSI-594 in aqueous
medium and zwitterionic lipid membrane. Both MSI-78 and
MSI-594 show an unordered structure in aqueous medium
(Fig. 4 A). However, they adopt a-helical conformation upon
binding to lipid vesicles (Fig. 4 B). The '’N NMR data given
in Fig. 5 suggest that the amphipathic helical peptides are
oriented on the bilayer surface, nearly perpendicular to the
bilayer normal. Although this observation is similar to other
naturally occurring magainin peptides, a recent NMR study
showed that the orientation of PGLa in lipid bilayers depends
on the concentration of the peptide (51). On the other hand,
N experiments performed on 3:1 POPC/POPG bilayers
containing 5 and 7 mol % of peptides did not show a
significant change in the '°N chemical shift peak position
(Table 3). These data suggest that the orientation of MSI-78
and MSI-594 are similar within experimental errors and that
the peptides do not have a transmembrane orientation. Further
studies are required to understand the three-dimensional
structure of the peptide in monomeric or oligomeric forms.
Therefore, it is most likely that these peptides do not function
via the barrel-stave mechanism of membrane disruption.
An empirical estimate of the amount of secondary struc-
ture shows 34% and 57% helical contents for MSI-78 and
MSI-594, respectively. Considering the comparable antimi-
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crobial properties of MSI-78 and MSI-594, there seems to be
no direct correlation between helicity and antimicrobial
activity.

Because antimicrobial peptides target the physicochemi-
cal properties of lipid membranes, *'P and H NMR methods
were used to study the lipid-peptide interactions. Though
MIC values for MSI-78 and MSI-594 have been measured in
bulk solution, the exact concentration of the peptide on the
membrane surface is not known. High concentrations of the
peptides were used in solid-state NMR experiments to mimic
the high concentrations of peptides likely to be present on the
cell membrane surface and pore complexes. Lipids in pure
POPC bilayers remain well aligned and give a symmetric
peak at ~30 ppm (Fig. 6). The incorporation of 1-5 mol %
MSI-78 in POPC bilayers results in lipids with different
orientational distributions, which is consistent with a toroi-
dal-type complex formation, as discussed in our previous
study (52). However, the incorporation of 15 mol % MSI-78
induces a major peak at ~5 ppm (Fig. 6) that may be due to
the formation of hexagonal-type lipid structures (22). MSI-
594 shows a similar effect on POPC bilayers albeit with a
lesser magnitude (Fig. 6 B). Since these peptides induce pos-
itive curvature strain on bilayers (Fig. 9), it is likely that these
lipid structures are normal-hexagonal rather than inverted-
hexagonal phase structures. As this observation was made at
a very high peptide concentration and may not be relevant to
understanding the biological function of the peptide, more
experiments are needed to understand the structure of lipids
in detail. These results suggest that the mechanisms of POPC
bilayer disruption by these two peptides differ: whereas
MSI-78 appears to induce toroidal-type distribution of lipid
orientations, MSI-594 could function via a carpet mecha-
nism. The carpet mechanism of membrane distribution is in
agreement with several studies on linear peptides (8,39,46,53).

The effect of MSI-78 in POPG bilayers differs from that in
POPC bilayers. The incorporation of 15 mol % MSI-78 in
POPG bilayers induces the formation of nonbilayer lipid
phases (Fig. 7). It may also be possible that a lack of bulk
water in mechanically aligned bilayers could lead to the
formation of nonlamellar phases in the sample. However,
such nonlamellar phases were not observed in the absence of
the peptide, nor were they observed for other antimicrobial
peptides we have studied (54,55). These results are further
confirmed by the mechanical rotation of the sample, as
discussed in our previous study on MSI-78 (22). MSI-594
also interacts differently with POPC and POPG bilayers. The
incorporation of 15 mol % MSI-594 with POPG results in
nonbilayer structures including the Hj-type phase as
evidenced by the peak at ~5 ppm (Fig. 7). POPG bilayers
containing up to 5 mol % MSI-594 show that the majority of
the lipids are aligned along the magnetic field and the
remaining lipids are slightly disordered. Such lipid-peptide
interactions would also lead to a reduction in the lipid
acyl chain order. The acyl chain order parameters derived
from POPC MLVs incorporated with 3 mol % MSI-78 or
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MSI-594, show a general disorder at the methylene units
near the glycerol backbone and the effect gradually decreases
along the chain toward the other end (Fig. 8). These results
are consistent with the recent AFM study that showed MSI-
78-induced bilayer thinning, whereas solid-state NMR
experiments showed the MSI-78-induced disorder in dimyr-
istoylphosphatidylcholine bilayers (23).

The positive curvature strain is known to facilitate the
formation of toroidal pores in the case of magainin 2 (48). In
the case of MSI-78 and MSI-594, the lipid-peptide interac-
tions leading to the disorder in the headgroup and acyl chain
regions and a domain of Hj-type lipid structure are most
likely the result of peptide-induced positive curvature strain
on lipid bilayers. This assumption is consistent with our
observation from DSC experiments (Fig. 9). The L,-to-Hy
phase transition temperature of DiPoPE MLVs increases
from 43°C to 45°C and 46°C when 0.4 mol % MSI-78 and
0.4 mol % MSI-594 are incorporated. It appears from the
DSC data that MSI-78 and MSI-594 stabilize the L,, phase at
higher temperatures by imposing positive curvature strain in
lipid bilayers. Similar results were obtained from *'P NMR
experiments on POPE bilayers (data not shown). A similar
observation was also made in the case of LL37-incorporated
bilayers composed of the E. coli total lipid extract, in which
POPE is the major component (55).

CONCLUSION

We have investigated the mechanism of membrane interac-
tion of two amphipathic antimicrobial peptides, MSI-78 and
MSI-594, derived from magainin 2 and melittin. Both the
peptides show excellent antimicrobial activity and adopt
a-helical conformation upon binding tomembrane. Thereisno
direct correlation between helical content and antimicrobial
activity. E.coli outer membrane disrupting ability correlates
with the cationicity of the peptides. Permeabilization of
negatively charged membrane mimicking bacterial inner
membrane and antimicrobial activity are observed at com-
parable concentrations. Solid-state NMR results reveal that
the peptides are oriented nearly parallel to the bilayer
surface, and suggest that it is most likely that these peptides
do not function via the barrel-stave membrane-disruption
mechanism. On the other hand, DSC and 3P NMR results
suggest that the incorporation of peptides into lipid bilayers
imparts positive curvature strain and results in disorder in the
headgroup as well as in the acyl chain region of lipids. In
addition, *'P data suggest that the peptide-induced disorder
depends on the lipid composition of bilayers. Taken together,
our data account for a carpet mechanism of membrane
disruption for MSI-594, whereas MSI-78 functions via
carpet mechanism in POPG bilayers and via toroidal-type
mechanism in POPC bilayers.
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