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Lipid composition is an important determinant of antimicrobial activity
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• α-MSH preferentially interacts with
anionic vesicles.

• Interaction with vesicles does not induce
any secondary structure in α-MSH.

• α-MSH causes permeabilization and lysis
of vesicles having negatively charged
lipid.

• Both permeabilization and lysis by
α-MSH are dependent on peptide con-
centration.
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We have reported strong antimicrobial activity of cationic neuropeptide α-MSH against Staphylococcus aureus.
Clinical S. aureus isolates non-susceptible to the peptide had higher amount of cationic phospholipid. To elucidate
the molecular basis of lipid selectivity and antimicrobial activity of α-MSH, studies were carried out on SUVs
having different combinations of neutral DMPC and anionic lipids DMPG to mimic mammalian and bacterial
membrane. The peptide interacted with the DMPG containing vesicles only, as evident from the changes in Trp
fluorescence. CD spectroscopy revealed that despite interaction, the peptide retained its native random
coil structure. The perturbation of the vesicles caused by peptide interaction is strongly dependent on
peptide concentration as seen both by DLS and Tb3+/DPA based fluorescence leakage assay. Our data clearly
demonstrate the preference of α-MSH to interact with anionic DMPG containing vesicles leading to significant
permeabilization which is the molecular basis behind the selectivity of α-MSH for bacterial systems.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Antimicrobial peptides (AMPs) have been hailed as a potential
solution to the dearth of novel antibiotic development in the past
50 years. AMPs are produced by almost all organisms and are relatively
small (6–100 amino acids) molecules of variable length, sequence and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpc.2014.09.002&domain=pdf
http://dx.doi.org/10.1016/j.bpc.2014.09.002
mailto:kasturim@mail.jnu.ac.in
http://dx.doi.org/10.1016/j.bpc.2014.09.002
http://www.sciencedirect.com/science/journal/03014622


34 T. Shireen et al. / Biophysical Chemistry 196 (2015) 33–39
structure with activity against a wide range of microorganisms. Despite
these variations, the key features that render them to exhibitmicrobicidal
activity are i) their cationicity and ii) their binding and adoption of
secondary structural conformation in membrane environments [1].
These characteristics allow them to attach to and insert into the bacterial
membrane rather than hostmembranes. Mostly all AMPs are understood
to target the bacterial plasma membrane directly rather than through
specific protein receptors [2]. Therefore the phospholipid composition,
in particular the net charge of the membranes plays a vital role in deter-
mining the antimicrobial activity of the AMPs [3]. A number of studies
have recently demonstrated that the introduction of positive charges on
bacterial surface lowers the electrostatic interaction between AMPs and
bacteria, thus increasing bacterial resistance [3]. Several liposomalmodels
have been proposed to explain the bacterial membrane damage by AMPs
and it has been shown that the threshold concentration of AMPs is an
essential factor to achieve their antimicrobial activity. Below a threshold
concentration, there is little activity despite binding; but when the
concentration exceeds the threshold, the activity is at its maximum [4].
For example, in a very recent model membrane study it was shown that
at lower peptide-lipid molar ratio of 1:250–1:350, the activity of human
α-defensin HNP-1 is prevalently localized on membrane surface, which
can bring to a thinning and destabilization of phospholipid bilayer. On
increasing peptide concentration to 1:20, penetration and pore formation
is the more suitable mechanism of action [5]. Despite numerous experi-
mental and simulation studies on the mechanism of action of various
AMPs, the underlyingmechanism, like howAMPs perturb themembrane,
remains enigmatic [6]. There are studies where certain membrane-active
peptides like cecropins, magainins andmellitins have been demonstrated
to permeabilize model membrane systems, leading to leakage of
fluorescent dyes from unilamellar vesicles, or induce transport across
lipid bilayers [2].

Alpha-melanocyte stimulating hormone (α-MSH, Ac-Ser-Tyr-Ser-
Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2), is an endogenous
linear tridecapeptide known for its role in regulating skin pigmentation
in vertebrates [7]. Beside this primary role, it also has many other
biological functions like anti-inflammatory, neuroprotective, antipyretic
and anti-apoptotic effects through binding to melanocortin G protein-
coupled receptors (MCR) [8–11]. Recently we have demonstrated the
antimicrobial activity of this cationic neuropeptide against the
opportunistic pathogen Staphylococcus aureus (S. aureus) in vitro and
in vivo as well. Furthermore we demonstrated that bacterial membrane
damage is the primary mechanism of antibacterial activity of the peptide
[12,13]. Very recently, our group also showed thatα-MSHwas least toxic
to themammalian cell line and it did not cause hemolysis of RBCs [14]. In
another recent study by our group, it was found that clinical isolates of
S. aureus that were non-susceptible to α-MSH had comparatively more
amount of cationic phospholipid, lysylphosphatidylglycerol (LPG) and
less amount of anionic phospholipid, phosphatidylglycerol (PG) in their
membrane [15]. Taken together it looks like α-MSH preferentially
interacts with negatively chargedmembrane and like any other cationic
AMP, charge seems to be an important factor in the antimicrobial action
of α-MSH.

It is postulated that permeabilization of the membrane by AMPs
depends on peptide structure and phospholipid matrix. A number
of studies have been reported on the behavior of α-MSH and its
analogues in model membranes made of differentially charged phos-
pholipids [16–19]. Most of them elucidated the structure-activity of
the melanotropins and indicated that the structure and stability of
α-MSH in negatively charged membrane were substantially different
from those of the peptide in solution; being stabilized in a specific
conformation that could be important to elicit its biological activity [18,
20–22]. Previous reports have clearly indicated thatα-MSHwas able to
interact and penetrate membranes. A two-step process was described:
an initial electrostatic interaction between the positively charged
peptide with negatively charged lipids of the membrane by which it
reaches an appropriate local concentration and then the penetration
of the peptide in the hydrophobic core of the bilayer [20,21,23,24].
The secondary structure of α-MSH in membrane-mimetic solvent
2,2,2-trifluoroethanol (TFE) is reported to be randomcoil [25]. However,
the activity of α-MSH in different combinations of anionic and neutral
lipids has not been explored. Taking these observations into consider-
ation, in the present study we focused to understand the role of lipid
composition in antibacterial activity of α-MSH. Here, we have studied
in detail the interaction of α-MSH in simple membrane mimetic like
Small Unilamellar Vesicles (SUVs) that are easy to prepare with
reproducible average diameter and diameter size distribution. SUV's
were formed by the phospholipid, dimyristoylphosphatidylcholine
(DMPC) with zwitterionic headgroups i.e. with no net charge and
dimyristoylphosphatidylglycerol (DMPG) with anionic headgroups.
DMPC was chosen to mimic surface membrane of mammalian cells
because the lipid is stable to oxidation and readily hydrates in water
forming lamellar phases at physiological pH and temperatures. DMPG
was chosen since phosphatidylglycerol is absent in eukaryotic plasma
membranes but is ubiquitous and abundant in bacterial membranes.
We have prepared SUVs composed of different ratios of DMPC and
DMPG. This was done to modulate the negative charge on the vesicle
surface. Carefully designed controls using dynamic light scattering
(DLS) were used to look at the stability of the vesicles under the exper-
imental conditions studied. Stability was assessed by the invariance of
the average diameter and the size distribution with increasing standing
time of the sample. DLSwas also used to observe changes in the average
vesicular diameter and size distribution, if any, in the presence of varying
concentration of the peptide. We have measured the changes in the
tryptophan (Trp) fluorescence of α-MSH in the various combinations
ofDMPCandDMPGSUVs to see if there is anydifference in the interaction
of the peptide with these vesicles. Circular dichroism (CD) spectroscopy
was used in the far-ultraviolet region to monitor the changes in the
secondary structures of the peptide in differentmembrane environments.
Finally, we have performed the leakage assay with terbium/dipicolinic
acid (Tb3+/DPA) in order to examine the effect of increasing concentra-
tions of α-MSH on the rate of permeabilization of differentially charged
phospholipids. This assay monitors the rate and extent of the leakage of
the inner aqueous content of the vesicles into the bulk aqueous phase,
which in turn measures the perturbing effect of the peptide on vesicles.
The detail of the leakage assay is provided in the next section.

2. Materials and methods

DMPC [1,2-dimyristoyl-sn-glycero-3-phosphocholine] and DMPG
[1,2-dimyristoyl-sn-glycero-3-phosphor-rac-(1-glycerol) sodium salt],
TritonX-100 (ultrapure), dipicolinic acid (DPA), terbium (Tb3+)
chloride, sephadex G-50, and alpha-melanocyte stimulating hormone
(α-MSH) were purchased from Sigma-Aldrich (St. Louis, MO). The
concentration of α-MSH was determined spectrophotometrically
(Shimadzu UV-2450 spectrophotometer). 2-[tris(hydroxymethyl)-
methylamine]-1-ethanesulfonic acid (TES buffer) and sodium ethylene
diamine tetra-acetate (EDTA sodium salt) were purchased from SRL
(India), and all were used without further purification.

2.1. Preparation of SUVs

Small unilamellar vesicles of DMPC, DMPG and combinations of the
lipids up to the ratio of 50:50 DMPC:DMPGwere prepared by themethod
of sonication as described elsewhere [26]. Briefly, phospholipids were
weighed and dissolved in 2:1 (v/v) chloroform:methanol solution and
the solvent was evaporated by purging argon to prepare the lipid film. It
was then dried overnight in a vacuum desiccator at −20 °C. The dried
film was hydrated and swelled in 10 mM TES, pH 7.4 for CD spectra and
fluorescence measurements. For DLS study, SUVs were prepared by
dissolving lipid films in double filtered 10 mMMOPS (3-N-morpholino
propanesulfonic acid) buffer. For leakage assay, dried film was hydrated
and swelled in 10 mM TES and 60 mM NaCl at pH 7.4 for TbCl3 (8 mM)
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containing vesicles and 10 mM TES at pH 7.4 for dipicolinic acid (DPA)
(80 mM) vesicles. The mixture was vortexed to disperse lipids. The
dispersion was then sonicated for about 10 min using Dr. Hielscher
(Germany) probe sonicator (200 W). The samples were then allowed to
stand for 40 min to be hydrated completely. The sonicated samples
were centrifuged at 12,000 rpm for 15 min to remove titanium particles
and aggregated lipids. To ensure that the experiments were carried on
SUVs that are in their sol phase, the temperature of the sample was
kept at 37 °C for all subsequent measurements which also happens to
be the physiologically relevant temperature.

2.2. Fluorescence measurements

All fluorescence measurements were done with a Hitachi 4500
spectrofluorimeter (Japan), which was operated in L-format. The
excitation wavelength was 280 nm and emission was recorded at a
range of 300–400 nm. Slits of 2.5 nm were used in both the excitation
and emission side throughout the experiment [27]. A peptide-lipid
ratio (P/L) of 0.02 was used in all the 3 combinations of DMPC:DMPG,
namely 100% DMPC, 70:30 DMPC:DMPG and 50:50 DMPC:DMPG.

2.3. Dynamic light scattering

Hydrodynamic number weighted size and size distribution of
different SUVs were determined by DLS using the instrument ZetaSizer
NanoS of Malvern Instruments; Worcestershire, UK. The instrument
operates at 90° scattering angle and 173° detection geometry. All exper-
iments were carried out at 37 °C and other parameters like material,
dispersant were set according to the nature of the experiment. In case
of SUVs, polystyrene latex and 10 mM Tris were taken as material and
dispersant respectively. The particle scattering intensity is proportional
to the square of the molecular weight. The intensity distribution can be
somewhat misleading since scattering intensity from only a small
amount of aggregates or larger particles can dominate the distribution.
Results of experiments were therefore interpreted in terms of number
percentagewith respect to the diameter of themolecules. Here number
signifies the number of different sized particles that exist in solution
and the percentage indicates relative abundance of each size involved
in scattering. This was done to better observe the relative changes
in the size and distribution of the small vesicles used here, that are
not obscured by the presence of a small number of larger vesicles or
aggregates.

2.4. Circular dichroism spectroscopy

CD spectra of α-MSH in the absence and presence of different
combinations of SUVs were measured on a Jasco J-720 Spectropolarime-
ter at 37 °C, using a 1 mm path length quartz cell to minimize the absor-
bance due to buffer components. A P/L ratio of 0.02 was used in all the
combinations of DMPC:DMPG. The following scan parameters were
used: 1 nm band width, 2 s response time, 0.1 nm step resolution and
50 nm min−1 scan speed. Each spectrum was an average of six scans,
recorded from 190–250 nm and the molar ellipticity [θ] was given
in deg·cm2·dmol−1. The baselines of blank or vesicular suspension
without peptide were subtracted from each sample.

2.5. Leakage assay

Leakage assays are used to measure the extent of permeabilization/
perturbation of vesicular structure by different agents such as antimi-
crobial peptides (AMPs) and drugs. Here the leakage assay was done
by co-encapsulating TbCl3 and DPA in vesicles as described in our
previouswork [26]. Both TbCl3 andDPA areweaklyfluorescentmolecules
but co-encapsulation in vesicles results in the formation of strongly
fluorescent chelated Tb3+/DPA complex. Tb3+ (8 mM) and DPA
(80 mM) co-encapsulated vesicles were prepared in 10 mM TES buffer
at pH 7.4. They were chromatographed on a Sephadex G-50 column
equilibrated with 10 mM TES buffer, pH 7.4, 100 mM NaCl, containing
1 mM EDTA, to eliminate unbound TbCl3 in the external buffer. When
leakage of inner aqueous contents (where co-encapsulated TbCl3 and
DPA reside as fluorescent Tb3+/DPA complex) occurs in the presence
of different peptide concentrations, a drop in fluorescence intensity is
observed. This is because EDTA, present in the external buffer is a stronger
chelator of DPA than Tb3+ which dissociates the strongly fluorescent
Tb3+/DPA complex to form Tb–EDTA complex. This leads to a decrease
in the fluorescence intensity. The decrease in fluorescence intensity was
measured at 490 nm with an excitation wavelength at 275 nm using a
HORIBA Jobin Yvon Spex Fluoromax-3 spectrofluorimeter. Three different
P/L ratios were used, 0.02, 0.04 and 0.06. The temperature was kept
constant at 37 °C. To express the fluorescence intensity decay in terms
of percentage leakage, 0% leakage was characterized by the fluorescence
intensity of vesicles containing co-encapsulated Tb3+/DPA with added
peptide recorded at time t = 0 and 100% leakage was characterized by
the fluorescence intensity of the co-encapsulated Tb3+/DPA vesicles
lysed with 0.1% (w/v) Triton X-100, which completely disrupts the
vesicles. Measurements were made relative to the fluorescence intensity
of detergent released vesicles. Thus the percent leakagewas calculated as:
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Fd;t¼0

CO–F
d;det

CO

� �
– Fd;tCO–F

d;det
CO

� �

Fd;t¼0
CO–F

d;det
CO

� 100

Fd,t = 0
CO Fluorescence intensity of Tb3+/DPA co-encapsulated vesicles

in the presence of peptide at the time t = 0 (first data in the
kinetics measurement).

Fd,tCO Fluorescence intensity of Tb3+/DPA co-encapsulated vesicles
in presence of peptide at time ‘t’.

Fd,detCO Fluorescence intensity of Tb3+/DPA co-encapsulated vesicles
after lysing with 0.1% (w/v)TritonX-100.

The time courses of the leakage assay obtained by plotting % leakage
vs time were fit to single exponential [f = a{1 − exp(−kt)}] curves
using non-linear least square fitting program of Origin 8.0. The extent
of leakage at infinite time is given by the pre-exponential factor ‘a’ and
‘k’ denotes the rate constant. Parameter uncertainties are expressed as
the standard deviations (SD) of data for at least three different
measurements.

3. Results

3.1. Integrity of the vesicles followed by dynamic light scattering (DLS)
studies

In order to characterize the prepared vesicles and check their integrity
with time, DLS was used. As mentioned before, DLS spectra are
represented as number % instead of intensity %, so that the relative
changes in the size and size distribution of these small vesicles is
not obscured by the presence of a few large vesicles or aggregates.
This is because scattering intensity is proportional to the square of the
molecular weight and intensity from a small amount of large particles
can dominate the distribution. Fig. 1A shows the plot of the relative
percentage in numbers vs the diameter for 100% DMPC vesicles with
different standing times. With increasing time, the average diameter
of the vesicles as well as the distribution width, depicted by the width
of the peak, shows no significant changes indicating that the vesicles
maintain their integrity and do not undergo either spontaneous lysis
or aggregation to form vesicles with smaller or larger average diameter.
The same is true for vesicles formed with 50:50 DMPC:DMPG (Fig. 1B).
Fig. 1C shows theDLS plots of 100%DMPG vesicleswith increasing time.
The average diameter shiftswith increasing time to progressively smaller



Fig. 1. Dynamic light scattering profile expressed in number weighted size and size distribution (Number %) vs diameter (nm) for SUVs having [A] 100% DMPC with DLS recorded after a
standing time of 5 min (-), 10 min (-) and 15 min (-); [B] 50:50 DMPC:DMPG mixed vesicles with DLS recorded after 5 min (-), 10 min (-), 15 min (-)] and [C] 100% DMPGwith DLS re-
corded after 2 min (····), 5 min (·–·–·–·), 8 min (-), 11 min (-), and 14 min (-).

Fig. 2. Fluorescence spectra of α-MSH peptide (30 μM, P/L = 0.02) in the presence of
DMPC and DMPG containing mixed vesicles with varying composition as indicated in
the figure, α-MSH in buffer (———); in DMPC:DMPG 100:0 (-); DMPC:DMPG 70:30 (-);
and DMPC:DMPG 50:50 (-).
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values. This demonstrates that under the experimental conditions
studied, vesicles formed from pure DMPG cannot maintain their integrity
and undergo spontaneous lysis forming smaller sized vesicles. Hence, for
subsequent experiments, mixed vesicles having DMPG more than 50%
were not used.

3.2. Interaction ofα-MSHwith vesicles followed by fluorescence spectroscopy
and DLS

Traditionally changes in Trp fluorescence which includes peak shift
and fluorescence quantum yields have long been known to be sensitive
to the polarity of its local environment and have been used as a probe to
monitor variations in the local structure and dynamics of a protein or
peptide. Presently, changes in the Trp peak and quantum yield have
been attributed to microscopic changes in the protein environment. It
is now accepted that 1La state is responsible for Trp fluorescence.
Upon excitation to this state the electron density shifts from the pyrole
ring to the benzene ring thereby making it sensitive to the solvent
dielectric constant [28]. In general, a larger dielectric solvent will result
in large red shift while the opposite is true for less polar solvents. The
reason behind the changes in the Trp quantum yield that makes the
intensity sensitive to the local environment is the presence of a close
charge transfer (CT) state near the 1La state. This CT band is produced
by the electron transfer from the indole ring to the nearest backbone
amide in the protein/peptide. Fluorescence quenching occurs when
the CT state is stabilized enough to move below the 1La state in the
presence of strong local electric fields as in aqueous solvents and
hydrogen bonding solvents [29]. In our case,α-MSH has one Trp residue.
Fig. 2 displays the Trp emission spectra ofα-MSH in aqueous buffer and in
the presence of different mixed vesicles having increasing concentration
of DMPG. A blue shift and a variation in quantum yield are expected
when the peptide interacts with the vesicles that alter the Trpmicroenvi-
ronments [30]. The emission maximum of α-MSH in buffer is 350 nm. In
pure DMPC vesicles i.e. 100% DMPC, the emission maximum is also seen
at the same wavelength (Fig. 2) with similar intensity which indicates
that there is no interaction of the peptide with pure DMPC vesicles. For
all other DMPG containing SUVs, a clear blue shift of Trp emission was
observed (Fig. 2) with a maximum shift to 340 nm in case of 50:50
DMPC:DMPG. There was also a substantial increase in fluorescence

image of Fig.�2


Fig. 4. CD spectra of (30 μM, P/L = 0.02) α-MSH (-) in the presence of different mixed
vesicles as indicated in the figure [(100:0) DMPC:DMPG (——), (70:30) DMPC:DMPG (-)
and (50:50) DMPC:DMPG (———)]. All spectra were smoothed with Savitzky–Golay
smoothing function.
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intensity for the mixed vesicles. This shows that α-MSH binds with
these vesicles.

Fig. 3 shows the plot of the relative % in numbers vs the diameter for
50:50 DMPC:DMPG vesicles on interactingwith increasing concentration
of α-MSH. At relatively small concentration of 30 μM (P/L = 0.02) of α-
MSH, it interacts with the vesicles to form peptide–vesicle complex
which results in larger average hydrodynamic diameter compared to
the control, having the same mixed vesicles but in the absence of the
peptide. At higher concentration of 60 μM (P/L = 0.04), α-MSH starts
perturbing the vesicles, permeabilizing and disrupting the vesicular
structure. This obliterates the interaction of the peptidewith themajority
of the vesicles, thereby resulting in gradual restoration of average
diameter to that of the control mixed vesicles in the absence of the
peptide. However, in this case there is also a residual contribution in the
range of the diameter of the peptide–vesicle complex as indicated by
the broader width of the DLS spectra compared to the control, indicating
the presence of mixed population consisting of peptide–SUV complexes
and free SUVs. In the presence of the highest concentration (90 μM,
P/L = 0.06), the average diameter is restored to that of the mixed
vesicles in the absence of the peptide which indicates that almost all
the vesicles lose their interaction with peptide molecules. The slightly
larger width of the DLS spectra than the control, points to the presence
of a very small fraction of vesicles superficially bound to the peptide.
The reduction in relative % in numbers compared to the control may
be an indication of destruction of some vesicles due to lysis producing
such small aggregates that are beyond the detection limit of the
instrument.
3.3. Changes in secondary structure of α-MSH from CD spectroscopy

Some membrane active peptides change their secondary structure
upon interaction with the lipid bilayer [31]. To investigate the effect of
themembrane-mimicking environments on the conformational changes
ofα-MSH (30 μM), the CD spectra of the peptide in buffer and in SUVs of
different combinations of DMPC and DMPGwere examined as shown in
Fig. 4. In aqueous buffer, CD spectrum ofα-MSH is predominantly in the
random coil form. Despite binding to the different mixed SUVs, there is
no significant change in the secondary structure of α-MSH which
remained predominantly in random coil conformation. Below 210 nm
the spectra are too noisy and smoothing could not remove all the
noise. Therefore, no significance should be associated with changes in
the spectral profile below 210 nm.
Fig. 3. Dynamic light scattering profile expressed in number weighted size and size
distribution (number %) vs diameter (nm) of 50:50 DMPC:DMPG vesicles in absence
(·····) and in thepresence of 30 μMα-MSH (P/L= 0.02) (-); 60 μMα-MSH (P/L= 0.04)
(-) and 90 μM of α-MSH (P/L = 0.06) (-). Samples were incubated with the peptide for
5 min in each case before DLS measurements.
3.4. Leakage assay indicates membrane perturbation by α-MSH

In our previous reports we have established that α-MSH causes
membrane permeabilization and release of cellular contents in S. aureus
[12,13]. Here, the extent of inner aqueous content leakage both spontane-
ous and under the influence of the peptide within the same time frame
was studied by standard terbium Tb3+/dipicolinic acid (DPA) assay in
liposomal model. From the plots of % leakage as a function of time (as
described in Materials and methods section), the rate and extent of
leakage which is a measure of the perturbing ability of the peptide, was
calculated for mixed lipid systems with varying concentration of peptide.
The values are listed in Table 1. Fig. 5A andB shows representative plots of
% leakage vs time for DMPC:DMPG 50:50 vesicles in the presence and
absence of 30 μM (P/L = 0.02) α-MSH. For pure DMPG vesicles, instabil-
ity sets in even in the absence of the peptide as seen from our DLS data
(Fig. 1C) and hence was not considered for the leakage studies. Stable
vesicles that do not undergo spontaneous lysis have only been
considered. In DMPC:DMPG 70:30, leakage of contents was observed
upon addition of 30 and 60 μMof the peptide beyondwhich the vesicles
were lysed. With the addition of higher concentration of peptide
(90 μM) lysis was indicated by a very fast drop in the fluorescence
intensity due to the sudden exposure of Tb3+/DPA complex to the
external aqueous phase where it was disrupted by the presence of
EDTA. For 30 μM peptide concentration, the rate was not affected
compared to that of the control but there is an increase in the extent.
At 60 μM peptide concentration even though the rates decreased but
the extent remained same. Similarly for DMPC:DMPG 50:50, leakage
of contents could be measured for 30 and 60 μM concentrations of the
peptide without the vesicles being completely destabilized, with the
rate and extent remaining unaffected (within the experimental error
limit) on the addition of 30 μM peptide compared to the control. In
Table 1
Leakage rate ‘k’ (sec−1) and extent ‘a’ (%) in different vesicles induced by various
concentrations of α-MSH.

DMPC:DMPG
ratio

α-MSH (μM)
[peptide/lipid]

Rate (k ± SD)
(sec−1)a

Extent (a ± SD)
(%)a

DMPC70:
DMPG30

0 (7.61 ± 0.15) × 10−4 (38.43 ± 0.26)
30 [0.02] (7.99 ± 0.15) × 10−4 (40.55 ± 0.27)
60 [0.04] (2.19 ± 0.17) × 10−4 (40.23 ± 2.07)

DMPC50:
DMPG50

0 (7.28 ± 0.39) × 10−4 (6.7 ± 0.11)
30 [0.02] (5.81 ± 1.31) × 10−4 (6.45 ± 0.06)
60 [0.04] (36.3 ± 2.40) × 10−4 (14.23 ± 0.59)

a Each set of experiment has been repeated for 3 times to get the standard deviation.
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Fig. 5.Representative plot of % leakage vs time (s) ofmixed vesicles of DMPC:DMPG (50:50) in (A) the absence and (B) in the presence of 30 μM(P/L= 0.02)α-MSH. The leakage profile is
fitted to a single exponential rate equation, f = a [1-exp(-kt)], where ‘k’measured the rate of leakage and ‘a’ measured the extent of leakage i.e. the % leakage at infinite time. The fitted
curve is superimposed in red.
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case of 60 μM α-MSH, there is a large increase in leakage rate as well as
an increase in extent. For 90 μMpeptide, the leakage rateswere too high
beyond the measurement ability of our instrument. Since there was no
binding of the peptide to pure DMPC SUVs as seen fromour fluorescence
data, leakage was not studied for these vesicles.

4. Discussion

It is well known that the presence of positive charge and hydrophobic
residues of peptides and lipid composition of membranes are the
determinants of the activity of AMPs [1,3,32–34]. In earlier studies,
α-MSH has been shown to cause membrane perturbation and leakage
of entrapped fluorescent dye in the major human pathogen S. aureus
[12,13]. Since α-MSH has one positive net charge it is suggested that its
antimicrobial activity is guided by electrostatic interactions with the
bacterial membranes. To further elucidate whether this cationic neuro-
peptide specifically acts on the negatively charged membranes, we
applied model membranes composed of different mixtures of neutral
(DMPC) and anionic (DMPG) phospholipids. Whereas, PC headgroups
are prevalent in the cytoplasmic membranes of humans, PG headgroups
dominates S. aureus.

Many interesting observations emanated from our investigation.
From the Trp fluorescence emission spectra analysis, a clear blue shift
and an increase in intensity was observed in all DMPG comprising
mixed vesicles compared to the spectra of the peptide in buffer, while
there was no shift in the wavelength maxima or intensity increase in
SUV containing onlyDMPC. It very clearly points out thatα-MSH interacts
with DMPG containing vesicles i.e., negatively chargedmembranes pene-
trating deep enough to alter the Trp environment. Likewise increase in
fluorescence intensity and a blue shift was observed in the case of the
cationic HNP-1 upon interacting with negatively charged vesicles [5].
Pep-1, a cell-penetrating peptide showed a similar kind of blue shift of
Trp fluorescence when bound to negatively charged vesicles and very
small shift in the presence of zwitterionic vesicles [35]. Therefore we
infer that α-MSH possibly interacts with the vesicles from its C-terminal
end and penetrates into the hydrocarbon region of negatively charged
lipids rather than neutral SUVs. Another way of measuring membrane
penetration by a peptide is to incorporate fluorescence probe tagged
lipids into the bilayer. These probes are chosen for their ability to accept
energy transfer from the Trp residue of the interacting peptide. Forster
Resonance Energy Transfer (FRET) from Trp to the probe measures the
penetration of the peptide into the bilayer [36]. Our DLS data on the inter-
action of increasing concentration of the peptidewith 50:50DMPC:DMPG
vesicles, yields very interesting results. At lower concentration, the
peptide partially penetrates the vesicles forming peptide–vesicle
complexwith effective hydrodynamic diameter higher than the vesicles
without the peptide. For the peptide, penetrating from the C-terminal
end [13] that also requires at least the involvement of the Trp residue,
the expected increase in diameter is not more that 2–5 nm [37]. The
large increase in diameter of 10–12 nm on forming peptide–vesicular
complex could be due to peptide oligomerization on the vesicle surface
and/or increased number of peptide association per liposome. This is
consistent with other AMPs at similar P/L ratio. Such oligomerization
and/or increased peptide association per liposomewould perturb vesicles
and permeabilize the liposomes as shown by previous researchers [5].
The existence of a threshold concentration of the peptide is an important
requirement to cause membrane penetration with subsequent perme-
abilizationwhich has been aptly demonstrated in case of Human Neutro-
phil Peptide 1, with liposomes [5]. This is what we see even in our case.
Higher α-MSH concentration, promotes peptide oligomerization and/or
increased peptide association per liposome leading to membrane perme-
abilization. Further increase in the concentration of the peptide leads to
the lysis of the vesicles which manifests the loss of interaction with
peptides. This results in a mixed population of peptide–vesicles complex
and peptide free vesicles as seen in the case of 60 μM α-MSH at P/L
ratio of 0.04. At even higher concentration of 90 μM, P/L = 0.06, most of
the vesicles lose their interaction with the peptide due to lysis.

From CD spectroscopy analysis, the secondary structure of α-MSH
was found to be predominantly random coil, both in buffer and all
SUVs of different ratios of DMPC and DMPG. This indicates that change
in the environment frompolar to apolar does not alter the conformation
of the peptide. Similarly in a study by Steffen et al., where they examined
the behavior of different dermicidin-derived peptides, found that neither
the cationic nor the anionic dermicidin peptides changed their conforma-
tion of a random coil in an aqueous buffer to alpha helix when incubated
with unilamellar liposomes of DOPC and DOPG–DOPC [38]. In another
study, defensinswere shown to interact stronglywith negatively charged
membranes causing fusion and lysis. Trp fluorescence spectroscopy also
revealed shifts in thewavelengthmaximum in the presence of negatively
charged liposomes and no change in a neutral environment. However
conformational studies revealed that defensins did not change its native
structure of β-sheet in the presence of either neutral or negatively
charged liposomes [39]. Our study which is in concordance with these
findings indicates that the overall structure of α-MSH is maintained
upon interaction with lipid bilayers, while binding and permeabilizing
the membranes composed of anionic lipids.

Finally, from the leakage assay, it was observed that in the presence
of the peptide additional permeabilization of the vesicles took place
followed by release of contents in the SUVs consisting of DMPG. The
extent of perturbation of the vesicles byα-MSH increasedwith increasing
concentration of the peptide as reflected by either the increase in rates or
the extent of leakage. Beyond a particular threshold concentration which
variedwith the composition of the vesicles, there was a complete lysis. In
the case of 50:50 DMPC:DMPG, which shows maximum interaction with
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the peptide as seen from our fluorescence studies, the situation is very
interesting. Our DLS data as well as leakage assay results indicate that at
lower concentration of the peptide there is interaction with the vesicles
without significant additional permeabilization. Increasing concentration
of α-MSH results in enhanced leakage and at 90 μM (P/L = 0.06), the
leakage rates become too fast which was beyond our measurement
limit. Therefore, we can undoubtedly conclude that α-MSH specifically
interacts with anionic membrane environments and its activity is more
pronounced in SUVs havingmixtures of DMPC andDMPG. The perturbing
ability of the peptide is both dependent on its concentration aswell as the
vesicular composition where negative charge variation is an important
determining parameter for membrane interaction and perturbation by
α-MSH.

5. Conclusion

Overall, thisworkgives additional insights into themodeof antimicro-
bial action of cationic neuropeptideα-MSH. From this studywe couldfind
that α-MSH particularly embeds in the anionic membrane environment
and causes membrane perturbation and the mode of perturbation is
both peptide concentration and membrane composition dependent. The
insertion of peptides into the SUVs does not change the overall conforma-
tion of the peptide, which remains in the random coil state as seen from
our CD data. Thus, our study has strengthened the importance of
the electrostatic interaction as a key factor involved in the α-MSH
antibacterial activity and at the same time illustrates that threshold
peptide concentration and the presence of negatively charged lipid
membrane could be crucial for the biological activity of cationic α-MSH.
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