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ABSTRACT: Multidrug resistance against the existing antibiotics is becoming a global threat, and any potential drug that can be
designed using cationic antimicrobial peptides (AMP) could be an alternate solution to alleviate this existing problem. The
mechanism of action of killing bacteria by an AMP differs drastically in comparison to that of small molecule antibiotics. The
main target of AMPs is to interact with the lipid bilayer of the cell membrane and disrupt it to kill bacteria. Consequently, the
modes of membrane interaction that lead to the selectivity of an AMP are very important to understand. Here, we have used
different membrane compositions, such as negatively charged, zwitterionic, or mixed large unilamellar vesicles (LUVs), to study
the interaction of four different synthetically designed cationic, linear antimicrobial peptides: MSI-78 (commercially known as
pexiganan), MSI-367, MSI-594, and MSI-843. Our solid-state nuclear magnetic resonance (NMR) experiments confirmed that
the MSI peptides fragmented LUVs through a detergent-like carpet mechanism depending on the amino acid sequence of the
MSI peptide and/or the membrane composition of LUVs. Interestingly, the fragmented lipid aggregates such as SUVs or micelles
are sufficiently small to produce an isotropic peak in the 31P NMR spectrum. These fragmented lipid aggregates contain only MSI
peptides bestowed with lipid molecules as confirmed by NMR in conjunction with circular dichroism spectroscopy. Our results
also demonstrate that cholesterol, which is present only in the eukaryotic cell membrane, inhibits the MSI-induced fragmentation
of LUVs, suggesting that the MSI peptides can discriminate the bacteria and the eukaryotic cell membranes, and this selectivity
could be used for further development of novel antibiotics.

The classical antibiotic era against life-threatening diseases
may be coming to an end because of multidrug resistance

(MDR), and this fact is quickly becoming a burning problem in
medical sciences. Therefore, there is an urgent need for new
types of pharmaceutical compounds for treating bacterial
infections. In this regard, antimicrobial peptides (AMPs) offer
the prospect of becoming the next generation of antibiotic
compounds. AMPs are the key components of innate
immunity, present in all forms of life, and are bestowed with
a broad spectrum of antimicrobial activities. The amino acid
composition of AMPs consists of both hydrophobic and
cationic residues.1,2 Because of unique amino acid sequences,
most AMPs kill bacteria by directly interacting with the anionic
lipid bilayer of a bacterial cell membrane and subsequently
inserting into its hydrophobic core leading to disruption of the
lipid bilayer structure.3−7 There is significant fundamental

interest in understanding the mechanism of AMP-induced cell
death due to the ability of AMPs to selectively8 and directly
interact with the lipid components of a bacterial cell
membrane.9−13 Such information would aid in the design of
efficient AMPs and is considered to be a key element in
avoiding bacterial resistance.
The selectivity of an AMP for a prokaryotic cell membrane

(as opposed to a eukaryotic cell membrane) is an important
aspect of AMP activity that can be utilized in the design of
potent AMPs.14−16 Interestingly, a bacterial cell membrane
consists of negatively charged lipids, whereas a eukaryotic cell
membrane is comprised of a variety of lipids, including, but not
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limited to, zwitterionic lipids, acidic lipids, glycolipids, and
cholesterol.17 Furthermore, the distribution of acidic lipids in a
eukaryotic membrane is highly disordered and very complex in
nature. Conversely, a number of studies using various
biochemical approaches and biophysical techniques, including
sophisticated solid-state NMR techniques,18 showed that
cholesterol increases the level of membrane order and
suppresses the membrane disrupting action of an AMP.19,20

Extensive studies have also been reported for the complex,
heterogeneous lipid vesicles containing cholesterol and its effect
on the function of AMPs.21 In a recent study, it was found that
cholesterol alters membrane disruption by AMPs,22,23 whereas
another study has shown that cholesterol present in raft-
containing membranes does not play a significant role in
determining the selectivity of AMPs.8,19,21 However, a system-
atic investigation of the role of cholesterol, membrane
composition, and amino acid sequence of AMPs would be
useful for understanding the different types of mechanisms of
action of AMPs.
Genaera Corp. initially designed a series of AMPs, called MSI

peptides, in which the design principle utilized the amino acid
sequences of magainin and melittin and also used non-natural
amino acids like ornithine. Some of these MSI peptides are
used in this study (Table 1). One of the MSI peptides, MSI-78

(or commercially known as pexiganan), reached phase II
clinical trials to treat infection of diabetic foot ulcers.24,25

Though the net charge of these MSI peptides is not the same,
they exhibit a broad range of antimicrobial activities against
Gram-positive as well as Gram-negative bacteria.26 Several
biophysical techniques, including solid-state NMR, have
previously been used to understand the interaction between
some of the MSI peptides and different model lipid membranes
for the purpose of investigating the mechanism by which they
cause membrane disruption.25,28−30 Until recently, three
different broadly defined mechanisms have been proposed,31

namely, the carpet, barrel-stave, and toroidal-pore mechanisms,
and evidence of such mechanisms has also been reported in the
literature.32−34 Pexiganan, or MSI-78, has been shown to
function via a toroidal-pore mechanism, and at very high
concentrations, it fragments the lipid bilayer.35 Our initial
studies employing multilamellar vesicles (MLVs) and aligned
lipid bilayers ruled out the possibility of barrel-stave and
detergent-type mechanisms.35,36 In these studies, solid-state
NMR experiments with mechanically aligned lipid bilayers were
used to determine the orientation of an AMP in a membrane
environment and to rule out the barrel-stave mechanism.
Additionally, these studies aimed to determine the role of
positive curvature induced by MSI-78 and revealed toroidal
pore formation.35 The lack of bulk water in the mechanically

aligned bilayer samples and the powder pattern 31P NMR
spectrum observed from MLVs are not suitable for determining
the detergent-type mechanism of action by an AMP. On the
other hand, our recent study using large unilamellar vesicles
(LUVs) demonstrated that the mechanism of membrane
disruption is membrane composition-dependent: the potent
AMP, MSI-78, fragmented lipid vesicles composed of
zwitterionic POPC, and anionic lipids (POPG or POPS), but
not the vesicles containing either zwitterionic or anionic lipid
alone.37 Though it is believed that the detergent-type
membrane fragmentation could be a potent mechanism of
action for many AMPs,33,34 it is very difficult to identify this
mechanism by conventional biophysical and biochemical
approaches, including light scattering, dye leakage experi-
ments,6,19 IR, and sum frequency generation. These techniques
are insensitive to the small population of lipid fragments
removed from an intact membrane as a result of AMP
membrane disruption. As demonstrated in our recent study,
static 31P solid-state NMR experiments on LUVs are unique in
identifying this mechanism. In this study, we utilize this
approach to determine the detergent-type mechanism of action
exhibited by MSI-78 and other MSI peptides listed in Table 1,
in addition to demonstrating the effect of cholesterol in
suppressing this mechanism. Static 31P solid-state NMR
experiments on phospholipid LUVs (POPC, POPG, POPS,
POPC/POPG, or POPC/POPS) were used to investigate the
membrane composition-dependent mechanism of action for
these peptides.

■ MATERIALS AND METHODS
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine sodium salt
(POPS), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho(1′-
rac-glycerol) sodium salt (POPG) were purchased from Avanti
Polar Lipids Inc. (Alabaster, AL). Chloroform and cholesterol
were purchased from Sigma-Aldrich (St. Louis, MO). All MSI
peptides, MSI-78, MSI-594, MSI-367, and MSI-843, used in
this study were synthesized and donated by Genaera Corp.
Stock solutions of the peptides were prepared in Millipore
water.

Preparation of Lipid Vesicles. Lipid solutions in chloro-
form were dried under a stream of dry nitrogen gas and
evaporated under high vacuum to dryness in a test tube. For
cholesterol/lipid samples, an appropriate volume of the
cholesterol stock solution solubilized in chloroform (20 mg/
mL) was mixed with lipids dissolved in chloroform; the mixture
was dried by a stream of N2 gas, and then the solvent was
further removed by placing the sample in a vacuum chamber at
room temperature overnight. HEPES buffer [250 μL; 10 mM
HEPES and 50 mM NaCl (pH 7.4)] was added into the tube
and briefly vortexed, followed by extrusion through a
polycarbonate filter (Nuclepore, Pleasanton, CA) mounted in
a miniextruder (Avestin Inc., Ottawa, ON) fitted with two 0.5
μL Hamilton gastight syringes (Hamilton, Reno, NV) to obtain
large unilamellar vesicles (LUVs) of 1.0 μm in diameter.
Samples were subjected to 23 passes through two filters in
tandem. An odd number of passages were performed to avoid
contamination of the sample by vesicles that have not passed
through the first filter. The total amount of lipid used was 8 mg
for each NMR experiment. An AMP peptide solution, dissolved
in water, was added to LUVs to prepare the appropriate final
peptide:lipid molar ratio, making a final sample volume of 260
μL.

Table 1. Amino Acid Sequences of the Antimicrobial
Peptides Investigated in This Study

peptide amino acid sequence
net

charge

no. of
amino acid
residues

MSI-
78

GIGKFLKKAKKFGKAFVKILKK-NH2 +9 22

MSI-
367

KFAKKFAKFAKKFAKFAKKFA-NH2 +9 21

MSI-
594

GIGKFLKKAKKGIGAVLKVLTTGL-NH2 +6 24

MSI-
843

OCT-OOLLOOLOOL-NH2 +6 13
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Samples for CD and magic angle spinning (MAS) experi-
ments were prepared as follows. MSI-78 was dissolved at a
concentration of 2 mM in an appropriate buffer and
subsequently diluted to 4 or 8 mol % of the total lipid
concentration of LUVs. The lipid/peptide mixture was then
subjected to centrifugation at 12000 rpm for 10 min using an
Eppendorf Micro centrifuge, and the resulting supernatant and
pelleted fractions were separated. Figure S1 of the Supporting
Information shows the lipid/peptide mixture before and after
centrifugation; 75% of the supernatant was retained, whereas
the pellet was subjected to three buffer washes to ensure no free
MSI-78 remained in the sample. Following isolation of the
supernatant and pelleted fraction, the individual samples were
analyzed by CD and/or 1H solution NMR or MAS solid-state
NMR experiments.
NMR Experiments. 31P NMR spectra were obtained on an

Agilent/Varian 400 MHz solid-state NMR spectrometer
operating at the resonance frequency of 400.13 MHz for 1H
and 161.98 MHz for 31P nuclei and using a 5 mm 1HX double-
resonance MAS probe (Agilent/Varian). 31P NMR experiments
were performed using a 90° pulse width of 5 μs, 35 kHz proton
decoupling, a recycle delay of 3, and 1200 scans. LUVs were put
in a 5 mm glass tube, which was cut to fit into the MAS probe.
All 31P NMR spectra were processed using 100 Hz line
broadening referenced externally to 85% phosphoric acid (0
ppm). All experiments were performed at 37 °C. 31P NMR
spectra of LUVs without peptide were collected first. An
appropriate amount of a peptide from a stock solution in buffer
was then added to LUVs, and the mixture was gently shaken
before the sample was placed into the probe for NMR
measurements. A temperature control unit was used to
maintain the sample temperature at 37 °C. 31P NMR spectra
were simulated and/or deconvoluted using a FORTRAN
program. The perpendicular edges in most 31P NMR spectra
of LUVs are well-resolved. However, the resolution at the
parallel edges of the 31P powder pattern spectra is poor because
of the low signal-to-noise ratio, which result in large errors in
the spectral simulations. 31P CSA values determined from 31P
powder pattern NMR spectra are summarized in Table S1 of
the Supporting Information.
MAS solid-state NMR experiments were performed on the

pelleted fraction (see sample preparation described above) at
37 °C on an Agilent/Varian VNMRS 600 MHz solid-state
NMR spectrometer using a 3.2 mm 1HXY triple-resonance
MAS probe. 1H MAS spectra were recorded with 1000 scans
and a 14 ppm spectral width under 5 or 10 kHz MAS. The
proton radiofrequency carrier frequency was set at water-
proton resonance for all experiments. The radiofrequency field
strength used for the 90° pulses was 50 kHz.
Circular Dichroism (CD) Experiments. All CD experi-

ments were performed on a JASCO J-1500 spectropolarimeter
using a 0.1 cm path length cell. The isolated supernatant and
pelleted fractions were diluted five times prior to performing
CD experiments to ensure that the saturation of the detector
did not occur.

■ RESULTS AND DISCUSSION
Fragmentation of Mixed LUVs by MSI Peptides. LUVs

containing a 7:3 zwitterionic (POPC):anionic (POPS or
POPG) lipid molar ratio were prepared, and 31P static NMR
spectra were recorded. Results obtained for POPC/POPS or
POPC/POPG LUVs are shown in Figures 1 and 2, respectively.
As observed previously for MSI-78,37 a narrow peak at the

isotropic chemical shift frequency (∼0 ppm) appeared in the
presence of almost all the MSI peptides at a peptide
concentration of 2 mol %. This result alone confirms that all
the MSI (78, 367, 594, and 843) peptides can disrupt lipid
vesicles by the formation of small lipid aggregates via a
detergent-like mechanism. The small lipid aggregates such as
SUVs or micelles have a high degree of curvature that leads to
fast diffusion of lipid molecules and tumbling that is sufficiently
fast on the NMR time scale to average out the 31P chemical

Figure 1. Static 31P NMR spectra of 1000 nm large unilamellar vesicles
(LUVs) composed of a mixture with a 7:3 molar ratio of zwitterionic
POPC and anionic POPS lipids and MSI peptides in 10 mM HEPES
buffer (pH 7.4) with 50 mM NaCl acquired at 37 °C: (A) MSI-78, (B)
MSI-367, (C) MSI-594, and (D) MSI-843.

Figure 2. Static 31P NMR spectra of 1000 nm large unilamellar vesicles
(LUVs) constituting a mixture with a 7:3 molar ratio of zwitterionic
POPC and anionic POPG lipids and MSI peptides in 10 mM HEPES
buffer (pH 7.4) with 50 mM NaCl obtained at 37 °C: (A) MSI-78, (B)
MSI-367, (C) MSI-594, and (D) MSI-843.
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shift anisotropy (CSA) interaction, resulting in a narrow peak at
the isotropic chemical shift frequency. In comparison, recent
studies have made use of oriented 31P NMR spectra that favor a
pore model38,39 and showed that an isotropic peak intensity
may also arise from lipids in highly curved structures such as
pores. The effect of PDC-109 on the DMPC MLVs also
showed the fragmented small aggregates, leading to an isotropic
intensity in the 31P NMR spectrum.40 Upon further titration of
the MSI peptides (from 2 to 4 mol %) to LUVs, intensity
changes for the isotropic peaks were observed. This could be
due to the effect of the amino acid sequence of MSI peptides
and, hence, their propensity to interact with the lipid vesicle.
31P powder pattern spectra of the POPC/POPS LUVs in the
absence of the peptides were simulated by the superposition of
two axially symmetric chemical shift line shapes for POPC and
POPS with CSA (chemical shift anisotropy) values of (−14.8
ppm, 25 ppm) and (−18 ppm, 30 ppm), respectively (Figure
3A). In the presence of 2 mol % MSI-78, the 31P CSA values

are (−15.8 ppm, 25 ppm) and (−18.8 ppm, 30 ppm) for POPC
and POPS, respectively (Figure 3B), and the isotropic intensity
was ∼ 2% of the powder pattern signal intensity. Similar results
were also observed when the MSI peptides were added to the
LUVs containing POPC and POPG lipids at the same ratio as
POPC and POPS (Figure 2). These results suggest that the
interaction between the peptide and lipid bilayer is driven by
electrostatic interactions as reported previously,29,35 while the
membrane fragmentation is mainly driven by the hydrophobic
interaction between the peptide and lipids as discussed below.
Interestingly, the difference between the anionic lipid head-
groups, serine in POPS and glycerol in POPG, did not play any
role in the membrane disruptive mechanism of action by the
MSI peptides. This finding is important as POPS and POPG
are not present in all cellular membranes and most biophysical
studies utilize POPG for an anionic lipid.
With the appearance of the isotropic peak in 31P NMR

spectra, it is obvious that MSI peptides perturbed the lipid
bilayer and formed small aggregates that tumble fast enough to
result in the averaging of 31P chemical shift anisotropy. To
further understand the membrane disruption process, a sample
of the peptide/lipid mixture (Figure 4A) was centrifuged and
separated into two parts: the supernatant and pelleted fraction
(Figure 4B,C and Figure S1 of the Supporting Information).

The one-dimensional (1D) 1H NMR spectrum of MSI-78
sample-containing POPC/POPS (7:3) LUVs exhibited signals
from MSI-78 as well as lipids (Figure 4A). Following the
separation of the two fractions, we acquired a 1H NMR
spectrum of the supernatant (Figure 4B and Figure S2 of the
Supporting Information) and a 1H MAS NMR spectrum of the
pelleted fraction (Figure 4C). Interestingly, the downfield
region of the 1H spectrum of the supernatant solution shows
broadening of proton−amide peaks (in the ∼7−9 ppm
chemical shift region) originating from the MSI-78 peptide
(Figure 4A and Figure S2 of the Supporting Information).
Additionally, in the high-field region of the supernatant
spectrum, the aliphatic peaks (∼1−2 ppm) of MSI-78 also

Figure 3. Experimental (black) and simulated (red) 31P NMR spectra
of LUVs with a 7:3 POPC:POPS molar ratio without (A) and with 2
mol % MSI-78 (B). (A) CSA values used for POPC and POPS line
shapes in the simulations are (−14.8 ppm, 25 ppm) and (−18 ppm, 30
ppm), respectively, in the absence of MSI-78 (A) and (−15.8 ppm, 25
ppm) and (−18.8 ppm, 30 ppm), respectively, in the presence of 2
mol % MSI-78 (B). In addition, an isotropic component contributes 2
± 0.5% to the total intensity in panel B.

Figure 4. (A) 1D 1H NMR spectrum of MSI-78 in POPC/POPS
(7:3) LUVs. The experiment was performed at 37 °C using a 600
MHz Bruker NMR spectrometer. (B) Proton NMR spectrum of the
supernatant solution containing MSI-78 incorporated small micelle-
like lipid aggregates. The NMR experiment was performed on a Bruker
Avance 600 MHz NMR spectrometer equipped with a cryoprobe at 37
°C. (C) Proton NMR spectrum of the pellet containing lipid vesicles
and MSI-78 obtained at 37 °C under 10 kHz magic angle spinning
conditions using an Agilent/Varian VNMRS 600 MHz solid-state
NMR spectrometer. (D) Circular dichroism spectra of MSI-78 in
buffer (black) or in a supernatant solution of LUVs (red).

Biochemistry Article

DOI: 10.1021/bi501418m
Biochemistry 2015, 54, 1897−1907

1900

http://dx.doi.org/10.1021/bi501418m


show broad lines (Figure 4B). The broad peaks observed from
MSI-78 suggest that the peptide is bound to the lipid fragments
removed from LUVs, as opposed to either MSI-78 completely
bound to the LUVs or that freely tumbling in solution (Figure
S2 of the Supporting Information). These observations are
further confirmed through CD experiments. Close inspection of
CD spectra confirms that the lipid-bound MSI-78 fragments
found in the supernatant show two negative bands at ∼208 and
∼222 nm and one positive band at ∼192 nm, indicative of the
formation of a helical conformation (Figure 4D); it is worth
mentioning that MSI-78 has a random coil structure in solution
(Figure 4D). Given that MSI-78 forms a stable helix in DPC
micelles,41 it is more likely that the MSI-78 found in the
supernatant of the lipid/peptide mixture is indeed bound to
lipid because of the helicity observed in CD experiments
(Figure 4D).
In addition to the analysis of the supernatant of the peptide/

lipid mixture, we have analyzed the nature of MSI-78 in the
pelleted LUVs. Given the large size of LUVs, any peptide
bound to them would be unobservable by traditional solution
NMR experiments. However, MAS solid-state NMR allows the
observation of 1H resonances of large proteins and lipid−
protein/peptide complexes. In the case of MSI-78, our group
has previously demonstrated that two-dimensional (2D) 1H/1H
isotropic chemical shift correlation could be obtained under
MAS conditions.42 Here, we used 1H MAS NMR to investigate
if any MSI-78 remained in LUVs (i.e., in the pelleted fraction of
the lipid/peptide mixture). The MAS spectrum shows broad
peaks in the aliphatic region arising from large lipid vesicles
(Figure 4B). However, we do not observe any amide
resonances that would otherwise come from the presence of
MSI-78 in the low-field region of the spectrum, which suggests
that the amount of MSI-78 remaining in the lipid bilayer is
negligibly small and beyond detection. This observation is
further confirmed by analyzing the pelleted LUVs using CD
experiments that showed no peptide remaining in the lipid
bilayer (data not shown). These data point to the fact that all of
the MSI-78 was bound to the lipid headgroup region of the
lipid bilayer as reported in our previous solid-state NMR
studies35 and extracts lipids from the vesicle through a toroidal-
pore mechanism for 7:3 POPC/POPS LUVs.37 Killian and co-
workers43 studied MLVs (400−800 nm) with a 7:3
DOPC:DOPS ratio in the absence or presence of human
IAPP (islet amyloid polypeptide protein, or also known as
amylin) using 31P NMR and light scattering techniques. They
showed that human IAPP fragments MLVs by interacting with
the lipid bilayer, and as a result, the MLVs convert into small
lipid vesicles 50−200 nm in diameter. Such small vesicles are
more dynamic and average the 31P CSA further to reduce the
31P line width. In this study, paramagnetic quenching
experiments were conducted to test the integrity of the
membrane following the disruption of the lipid bilayer induced
by MSI−lipid interactions (Figure S3 of the Supporting
Information). For intact LUVs, the paramagnetic ions quench
only lipid molecules present in the outer-membrane leaflet, as
these ions are not able to permeate the lipid bilayer. On the
other hand, all lipid molecules fragmented by a detergent-like
mechanism come into the proximity of the paramagnetic ions,
and their signals are subsequently quenched, leaving a null in
the 31P NMR spectrum. Consequently, the fragments generated
by the MSI-induced membrane disruption are most probably
micelle-like lipid structures, as opposed to small-sized lipid
vesicles.

Collectively, the results presented above suggest that
irrespective of the amino acid sequence differences in the
MSI peptides, all the MSI peptides investigated in this study
fragment LUVs through a detergent-like mechanism of
membrane disruption and the results herein support the idea
that MSI peptides function via a carpet mechanism in POPC/
POPG or POPC/POPS membranes.37

MSI-594 Disrupts Zwitterionic POPC LUVs. The initial
driving force for the lipid−peptide interaction has been known
to occur through electrostatic interactions of the positively
charged amino acids of the MSI peptides and the negatively
charged headgroups of lipids. To better understand this
interaction, the LUVs of a single lipid (e.g., POPC, POPS, or
POPG) were prepared and 31P NMR spectra were obtained.
The 31P NMR powder pattern spectrum of POPC LUVs (in
the absence of MSI peptides) showed a CSA span of 43 ppm
and did not show any noticeable changes in the CSA in the
presence of MSI-78 or MSI-367 (Figure 5). However, in the

cases of MSI-594 and MSI-843 at 4 mol %, an isotropic peak at
0 ppm is seen (indicated by an arrow in Figure 5). Simulations
of 31P CSA powder pattern spectra obtained experimentally in
the absence or presence of MSI peptides (MSI-78, MSI-367,
and MSI-843) reveal that the relative intensities of parallel (28
ppm) and perpendicular (−15 ppm) edges of the 31P line
shapes have changed such that the MSI peptides caused a
reduction in the intensity at the parallel edge and increased the
intensity at the perpendicular edge (simulated spectra are not
shown). This observation indicates that MSI-594 interacts
differently with the different lipid environment, helical hairpain
in LPS27 and dynamic helix in DPC micelle.41

Previous studies of the membrane interaction of MSI-78
found that the peptide forms a stable antiparallel α-helical
dimer and that dimer is stabilized by the formation of a Phe
zipper.40 Substitution from Phe to Gly removes the aromatic

Figure 5. Static 31P NMR spectra of 1000 nm large unilamellar vesicles
(LUVs) containing POPC and MSI peptides in 10 mM HEPES (pH
7.4) with 50 mM NaCl acquired at 37 °C: (A) MSI-78, (B) MSI-367,
(C) MSI-594, and (D) MSI-843. The arrow indicates the isotropic
peaks at ∼0 ppm resulting from MSI peptide-induced fragmentation of
LUVs.
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stabilization and hence reduces the likelihood of self-
aggregation in DPC micelles.41 Interestingly, MSI-367, which
contains a “Lys-Phe-Ala-Lys” repeat motif, also does not
destabilize or deform the zwitterionic LUVs (Figure 5B). In
contrast, MSI-594, which forms a dynamic α helix in DPC
micelles,41 can fragment the zwitterionic POPC LUVs, as
confirmed by the isotropic 31P NMR resonance at 0 ppm
(Figure 5C). It is interesting to note that 62.5% of the amino
acids of MSI-594 are hydrophobic in nature, and because of the
presence of the “Gly12-Ile13-Gly14” motif in the central region
of the sequence, there may be a strong hydrophobic interaction
between lipid acyl chains of LUVs and the hydrophobic amino
acids (Phe5, Ala9, Leu17, Val19, and Leu20) of MSI-594 that
could drive the fragmentation of LUVs. MSI-843, with the
interesting sequence motif Oct-Orn-Orn-Leu-Leu, shows
fragmentation of POPC LUVs only at 4 mol %, and this
again could be due to the strong hydrophobic interaction
between acyl chains of LUVs and the Leu residues and the acyl
chain component of the Orn residue in MSI-843. Taken
together, the hydrophobic interaction between LUVs and
residues in the peptide is likely the driving force that leads to
the fragmentation of zwitterionic LUVs. While the electrostatic
interaction plays a minimal role in the observed membrane
fragmentation, this does not preclude electrostatic interactions
from influencing binding of the peptide to the lipid bilayer (as
evidenced by the changes observed in 31P NMR spectra in
Figure 5).
MSI-843 Disrupts Anionic POPS LUVs. The powder

pattern 31P NMR spectrum of POPS LUVs, with a CSA span of
∼51 ppm, is shown in Figure 6. Not all MSI peptides show
significant changes in the 31P NMR spectra of POPS vesicles at
a concentration of 2 mol %; however, at 4 mol %, we find that
MSI-367 and MSI-843 induce changes to the perpendicular

edge (around −15 ppm) of the 31P powder pattern NMR
spectra. Simulation of 31P NMR spectra revealed two different
CSA values of POPS for 4 mol % MSI-78 and in all samples of
MSI-367 and MSI-843. The CSA values are (−16.5 ± 0.5 ppm,
35 ± 2 ppm) and (−19.8 ± 0.5 ppm, 38 ± 2 ppm) for POPS
LUVs free of and treated with MSI peptides, respectively.
Relative amounts of the peptide-free POPS domain decreased
as the peptide concentration increased as shown in the
simulated spectra for MSI-367 (Figure 7). The presence of a
small peak resonating at 0 ppm for MSI-843 could be attributed
to the fragmentation of LUVs. The simulated spectra indicate
that, other than MSI-594, the MSI peptides alter the orientation
of the lipid headgroup or shape and/or structure of POPS
LUVs. The electrostatic interaction between the negatively
charged POPS headgroup and the positively charged Lys
residue likely serves to stabilize membrane binding yet does not
induce a measurable amount of fragmentation of LUVs. In the
case of MSI-843, the Orn and Leu residues are placed in such a
way that in addition to the electrostatic or hydrogen bonding
interactions between the NH2 groups of the Orn residue and
phosphate groups of POPS, the hydrophobic Leu residue also
interacts with POPS acyl chains, which could be the main
driving force for the fragmentation of lipid vesicles.

MSI-594 and MSI-843 Disrupt Anionic POPG LUVs.
POPG LUVs also show a powder pattern lamellar phase 31P
NMR spectrum (Figure 8) from LUVs that are 1 μm in
diameter. However, a small isotropic intensity around 0 ppm
even in the absence of MSI peptides was also observed. This is
probably due to the lipid’s propensity not to form perfect
LUVs. Addition of MSI peptides to the POPG LUVs did show
some minor changes in vesicle stability with MSI-367, MSI-843,
and MSI-594 only at a high concentration (4 mol %). It is not
clear from the experimental data whether these changes are due
to the presence of peptides or the vesicles themselves. Instead,
the 31P NMR spectra of POPG LUVs revealed two different
domains of POPG in the presence of MSI-78 and MSI-843.
The CSA values are determined to be (−8.5 ± 0.5 ppm, 24 ± 1
ppm) and (−12 ± 0.5 ppm, 31.5 ± 1 ppm) for POPG vesicles
in the absence and presence of MSI peptides, respectively.
Similar to the findings of the interactions with POPS vesicles,
relative amounts of peptide-free POPG domains decreased as
the peptide concentration increased as shown in the simulated
spectra in Figure 9.

Cholesterol Inhibits the MSI-Induced Fragmentation
of LUVs. Cholesterol, when incorporated into a lipid bilayer,
positions itself in the proximity of the phospholipid head-
groups, and the hydrophobic chain of cholesterol interacts with
lipid acyl chains and thereby acts to stabilize the lipid
membrane. 31P NMR spectra of 7:3 POPC/POPS LUVs
containing increasing amounts of cholesterol were recorded in
the presence of MSI peptides (Figures 10 and 11). Cholesterol
had no apparent effect on the stability of LUVs as evidenced by
the well-defined 31P powder pattern NMR spectra shown in
Figure 10. However, upon addition of MSI-78 to these
cholesterol-containing LUVs (up to 25 mol % cholesterol),
we can see the appearance of a peak close to 0 ppm in the 31P
NMR spectra. This indicates that the phase-sensitive
cholesterol (up to 20 mol %) has no effect on the stabilization
of the lipid membrane (Figure 10A,B). In contrast, as the
concentration of cholesterol is increased, the intensity of the
isotropic peak decreases. At the more physiological concen-
tration of cholesterol (30 mol %), the isotropic peak did not
appear even up to MSI-78 concentrations of 4 mol % (Figure

Figure 6. Static 31P NMR spectra of 1000 nm LUVs containing POPS
and MSI peptides in 10 mM HEPES (pH 7.4) with 50 mM NaCl
obtained at 37 °C: (A) MSI-78, (B) MSI-367, (C) MSI-594, and (D)
MSI-843. The arrow indicates the isotropic peaks near 0 ppm resulting
from MSI peptide-induced fragmentation of LUVs. The changes in the
31P NMR spectra of LUVs in the presence of either MSI-367 or MSI-
843 are also marked by arrows.
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10D). Spectral simulations revealed that the 31P CSA values of
POPC and POPS in 7:3 POPC/POPS LUVs in the absence of
MSI-78 were slightly reduced as the cholesterol concentration
was increased from 10 to 30 mol % (see Table S1 of the
Supporting Information). However, the addition of MSI-78 to
LUVs did not show noticeable changes in the CSA line shape.
These results confirm that cholesterol stabilizes 7:3 POPC/
POPS LUVs in such a way that it inhibits the partial peptide-
induced fragmentation of the membrane into small aggregates
of lipids. To further characterize the nature of binding of MSI-
78 to cholesterol-containing lipid vesicles, we recorded CD
spectra on the fractionated sample in the same manner as
explained above, centrifuging the lipid/peptide mixture into
two distinct parts: supernatant and pelleted fractions. The CD
spectrum of the supernatant showed a primarily random coil
structure for MSI-78, suggesting that the peptide is not
contained in a micelle-like lipid structure (Figure S4 of the
Supporting Information). Furthermore, we observed no signal
from the CD spectrum of the pelleted fraction of the
cholesterol-containing membranes (data not shown). These
results suggest that binding of MSI-78 to the lipid headgroup
region of the lipid bilayer is reduced by the presence of
cholesterol, and therefore, the peptide is mostly found in the
solution phase but not in the lipid phase. These results are in
agreement with 31P NMR data that reveal cholesterol has a
preventative effect on the disruption of the membrane by MSI-
78.

Figure 7. Experimental (topmost traces) and simulated static 31P NMR spectra of POPS LUVs (A), POPS LUVs incorporated with 2 mol % MSI-
367 (B), and 4 mol % MSI-367 (C). Spectrum A was simulated using CSA tensor values of (−16.5 and 35 ppm). Spectra B were simulated using two
different CSA values of (−16.5 ppm, 35 ppm) and (−19.5 ppm, 35 ppm). This indicated that there MSI-367-free and MSI-367-affected POPS
domains give two different CSA line shapes. Spectra C were simulated using two different CSA values of (−16.5 ppm, 35 ppm) and (−19.8 ppm, 38
ppm). The relative ratios between the two domains are 1:0.6 (B) and 0.75:1 (C).

Figure 8. Static 31P NMR spectra of 1000 nm POPG LUVs containing
MSI peptides in 10 mM HEPES (pH 7.4) with 50 mM NaCl acquired
at 37 °C: (A) MSI-78, (B) MSI-367, (C) MSI-594, and (D) MSI-843.

Figure 9. Experimental (topmost traces) and simulated static 31P NMR spectra of POPG LUVs in the absence (A) and presence of 2 mol % MSI-78
(B) and 4 mol % MSI-78 (C) shown in Figure 6A. Spectrum A was simulated using the CSA tensor values of −8.5 and 24 ppm. Spectra B and C
were simulated using two different CSA values of (−8.5 ppm, 24 ppm) for the free POPG domain and (−12 ppm, 31.5 ppm) for the MSI-78-affected
POPG domain. The relative ratios between the two domains are 1:0.85 (B) and 0.65:1 (C).
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A similar effect was observed in the case of POPC/POPG
(7:3) LUVs containing 30 mol % cholesterol when MSI
peptides were added to the lipid vesicle mixture (Figure 11).
The 31P NMR spectra reveal that the lipid bilayer structure of
cholesterol-containing membranes is not significantly altered by
the MSI peptides. Interestingly, we find that among the several
MSI peptides studied only MSI-843 can fragment any type of
membrane into smaller lipid aggregates, likely because of its
unique amino acid sequence. Nevertheless, at a physiological
level of (30 mol %) cholesterol in the membrane, MSI-843
cannot fragment the membrane. This is not surprising as
Triton-X-100, a common detergent that can disrupt vesicles
and cells and readily solubilizes lipids and membrane proteins,
could neither disrupt nor alter the structure of lipid bilayers in
the presence of 30 mol % cholesterol.44 Table S1 of the
Supporting Information summarizes the CSA values resulting
from spectral simulations, in which the values did not show any
noticeable changes in the presence of any of the MSI peptides
(simulated spectra are not shown). A large body of literature
using techniques such as DSC and solid-state NMR in
conjunction with MD simulation has demonstrated the effect

of cholesterol on lipid bilayer structure. One such study found
that high cholesterol concentrations in eukaryotic cells inhibit
membrane disruption by increasing the membrane thickness.
Similar observations were reported from different groups
studying POPC LUVs,45 PE/PC monolayers,46 and DPPC
bilayer.47 Previous studies have confirmed that the stability of
lipid membranes with physiological cholesterol concentrations
is well correlated with the phase of lipids, as it is well-known
that high cholesterol concentrations can form a liquid order
phase (Lo). Cholesterol has been shown to have protective
effects against membrane disruption by amyloid-forming
peptide, such as amyloid-β.48−50

In summary, the most potent MSI peptide, MSI-78, which
forms a stable helical dimer in zwitterionic DPC micelles
through the formation of a stable phenylalanine zipper,41 could
not fragment the POPC LUVs. One reason could be that the
peptide is inserted into the lipid membrane and stabilized by
extensive hydrophobic interactions with the acyl chains of lipid
molecules, while charged residues of MSI-78 interact with the
phospholipid headgroups. This reasoning can be extended to
the case of LUVs of a single lipid type, whereas with LUVs with
lipid mixtures, the binding affinity and membrane permeabiliza-
tion could not be correlated because of the complex nature of
the lipid bilayer environment. Interestingly, MSI-367 also
follows a trend similar to that of MSI-78; membrane
fragmentation occurs only to those LUVs of mixed lipid
types. However, MSI-594 and MSI-843 fragment LUVs
irrespective of whether it is a single or mixed lipid system.
One explanation for this could derive from the differing amino
acid sequences of the MSI peptides, especially in the case of
MSI-843. The peptide is short and therefore may be highly
dynamic; even when the peptide is bound to vesicles, the
binding affinity could be in millimolar range. Furthermore,
because of the incorporation of an acyl chain in the sequence of
MSI-843, the hydrophobic interactions likely dominate electro-
static interactions and could be the governing factor for the
observed membrane fragmentation of different LUVs. This
membrane fragmentation is almost completely suppressed by
introducing cholesterol, which serves to reduce the mobility of
the membrane by increasing the degree of order in the
membrane. Hence, irrespective of the MSI peptides’ amino acid
sequence, cholesterol inhibits fragmentation of the lipid
membrane. It is also worth mentioning that the concentration
of cholesterol used in this study is within the physiological
range for many membranes, including the plasma membrane of
erythrocytes.51,52 Because eukaryotic cell membranes contain
heterogeneous lipid systems, including cholesterol, it is thus an
important arena for understanding the selectivity and toxicity of

Figure 10. Static 31P NMR spectra of 1000 nm 7:3 POPC/POPS LUVs containing (A) 10, (B) 20, and (C) 30 mol % cholesterol, and MSI-78 at the
indicated concentration, in 10 mM HEPES (pH 7.4) with 50 mM NaCl recorded at 37 °C.

Figure 11. 31P static NMR spectra of 1000 nm 7:3 POPC/POPG
LUVs containing 30 mol % cholesterol, (A) MSI-78, (B) MSI-367,
(C) MSI-594, and (D) MSI-843, and all the peptides at the indicated
concentration, in 10 mM HEPES (pH 7.4) with 50 mM NaCl
recorded at 37 °C.
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AMPs for a better design of new, more potent AMPs to pave
ways for the further development of novel antibiotics.

■ CONCLUSIONS

In this study, we have experimentally demonstrated the
detergent-type carpet mechanism of membrane disruption by
synthetically designed potent cationic MSI antimicrobial
peptides that differ in amino acid sequence and net charge.
Our solid-state NMR experiments on LUVs revealed the
formation of MSI-induced small size, “micelle-like” lipid
aggregates, containing helical MSI peptides that resulted in an
isotropic chemical shift peak. Solid-state NMR results also
demonstrate the ability of cholesterol to inhibit the MSI-
induced membrane fragmentation by making the lipid bilayers
more rigid. These results are useful in improving our
understanding of the antimicrobial function of MSI peptides
(MSI-78, MSI-367, MSI-594, and MSI-843) and provide
insights into the role of cholesterol on the bacterial selectivity
of AMPs. While the detergent-like membrane fragmentation is
not easy to identify by most biophysical techniques, our solid-
state NMR experiments demonstrated in this study are unique
and are useful for detecting the small population of lipid−
peptide complex fragmented from the large population of LUVs
in the sample. We believe that this approach can be useful for
investigating the cell toxicity of amyloid peptides such as
amyloid-β53 and islet amyloid polypeptide54 that are known to
interact with lipid bilayers of the target cell membrane and
disrupt the membrane to kill the cells. Though NMR is not a
high-throughput technique, the use of higher magnetic fields,
microcoil NMR probes, the paramagnetic relaxation enhance-
ment effect, and possibly dynamic nuclear polarization just
above the gel-to-liquid crystalline phase transition temperature
under slow-spinning MAS should significantly enhance the
sensitivity of the solid-state NMR technique used in this
study.55−64 Therefore, with these recent developments, NMR
can be used as a high-throughput technique to study cell
membrane-interacting peptides such AMPs or the required
peptide and lipid concentrations can be considerably lowered.
It may also be mentioned here that the in-cell approaches63,64

used in recent NMR studies could also enhance the
investigation of AMPs at high resolution.
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