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bicelles is higher than that of control
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* In GM1 containing bicelles melittin be-
comes partially folded.
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ABSTRACT

Melittin is a bee venom toxin that can act as antimicrobial peptide. Gangliosides are glycosphingolipids that
help maintain membrane structure and organization as well as act as anchors for lectins, toxins, pathogens
and antimicrobial peptides. Here we investigate interaction of melittin with fast tumbling isotropic control
DMPC/CHAPS bicelles and ganglioside doped DMPC/CHAPS/GM1 bicelles. DOSY result shows that larger per-
centage of peptide binds to GM1 containing bicelles than that of the control PC bicelles. Bound peptide in-
duces leakage of the bicelles entrapped carboxyfluorescein. Percentage of leakage is higher from control PC
bicelles than that of the GM1 containing bicelles. In the presence of control PC bicelles melittin acquired
fully a-helical structure. But in the presence of GM1 containing bicelles the peptide is not fully a-helical
i.e.,, some random coil structure is present in this folded form. The present study shows that GM1 has an effect
on membrane active antimicrobial peptide melittin.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Melittin (MLT) is a naturally occurring cationic anti microbial
peptide (AMP) obtained from the toxic component in the venom
of the European honey bee, Apis mellifera [1]. It is a small linear
peptide composed of 26 amino acids having the sequence NH2-
GIGAVLKVLTTGLPALISWIKRKRQQ-CONH2 [2]. The amino-terminal
region (residues 1-20) of this peptide is predominantly hydrophobic
whereas the carboxy-terminal region (residues 21-26) is hydrophilic
due to the presence of a stretch of positively charged amino acids [2].
Due to this amphiphilic property of MLT it becomes water-soluble and
spontaneously associates with natural and artificial membranes [3]. Be-
cause of poor cell selectivity, it exhibits strong lytic activity against both
bacterial and mammalian cells. At a moderately high concentration,
MLT is known to cause micellization as well as membrane fusion, in
addition to voltage-dependent ion channel formation across the planar
lipid bilayer [4]. MLT is intrinsically fluorescent due to the presence of a
single tryptophan residue at the 19th position. The presence of this
tryptophan at the 19th position is utilized as the probe to study the in-
teraction of MLT with membranes and membrane-mimetic systems
[2-6]. The organization and dynamics of the tryptophan are important
for the function of the MLT [7-9]. It is reported that uniquely positioned
tryptophan is responsible for maintaining the structure and lytic activity
of MLT [7-9].

Apart from its physiological functions, MLT has very interesting
conformational properties also [10]. MLT adopts a predominantly
random coil conformation and exists as monomer in aqueous solution
at low pH, low concentration and low ionic strength [11]. At high ionic
strength (i.e., in the presence of 2 M NaCl), at higher concentration
(more than 4 mM) and at high pH MLT self-associates to form an
a-helical tetrameric structure, driven by the formation of a hydrophobic
core [11,12]. MLT adopts an a-helical conformation upon binding to
lipid membranes or micelles [13,2]. NMR studies show that when MLT
is bound to membrane it adopts a-helical conformation with a kink
(at Pro14 residue) in the middle [14,15].

Interactions of MLT with natural as well as artificial membranes
are extensively investigated in order to elucidate the mechanism of
the physiological activity of the peptide [10,12,16-22]. By ultracentri-
fugation and quasi-elastic light-scattering measurements it is shown
that melittin forms stoichiometrically well-defined complexes with
dodecylphosphocholine micelles [23]. Evidence from circular dichro-
ism indicates that the conformation of melittin bound to micelles of
various detergents or of diheptanoyl phosphatidylcholine is largely
independent of the type of lipid and furthermore appears to be
quite closely related to the a-helical conformation as observed in
phospholipid bilayer [23]. MLT interacts with negatively charged
lipids with 100-fold greater affinity than with zwitterionic lipids
[12,24]. This has been proven experimentally in a series of binding
studies on MLT with phospholipids [24-27]. It was suggested that
MLT tends to be adsorbed on the surface of the negatively charged
membrane due to the electrostatic interaction, while it is adsorbed
into the hydrophobic core of the membrane for the electrically neutral
membrane [10]. The presence of negatively charged lipids in the mem-
brane has been shown to inhibit membrane lysis by MLT and this inhi-
bition is enhanced with increasing surface charge density [10,28-32].

Gangliosides, the most complex of glycosphingolipids, are abundant
in the plasma membrane of nerve cells (making up 5-10% of the total
lipid mass) and are found widely in most vertebrate cell types [33,34].
Gangliosides are acidic glycolipids showing strong amphiphilic charac-
ter with the hydrophobic ceramide moiety inserted into the external
leaflet of the cell membrane and the hydrophilic oligosaccharide head
group with one or more N-acetyl neuraminic acids (sialic acid) faced to-
ward the extracellular space [34]. Ganglioside takes part in cell-to-cell
communication and in signal transduction [35-38]. Gangliosides are
important component of lipid microdomains or raft that mediate
protein sorting, transport and signal transduction [39]. Ganglioside

is involved in a variety of biological process e.g., neurite outgrowth
[40,41], cell division [42], regulation of receptor function etc [43].
The most well-known biological function of GM1 is to act as the
cell surface receptor for the Vibrio cholera toxin and Escherichia coli
heat-labile enterotoxin [44-46] as well as for viruses such as simian
rotavirus [47a]. Recently, it has been reported that ganglioside serves
as a molecular portal for the cellular interaction of AMP Magainin-2
[47Db].

The rigorous search for a sensitive and innovative model mem-
brane during the last 25 years has resulted in a new model called
‘bicelles’. Bicelles are composed of aliphatic long (12-18 carbons)
chain lipids and either short (6-8 carbons) chain lipids or detergent
[47c]. Long chain lipids reside in planer disk region and form bilayer
whereas short chain lipids or detergent resides at the rim [47c]. The
properties of bicelles are strongly dependent on several physical param-
eters of which the key parameter of bicelles is the g-value. ‘q’ is defined
as the molar ratio of long chain lipids to that of short chain lipids or de-
tergent [47c]. The size and shape of bicelles are highly controlled by the
q value [47c]. At smaller q value (q < 1), bicelles are known to have fast
tumbling and isotropic properties in aqueous solution with discoidal
shape.

Here we report an interaction of membrane active peptide
MLT with ganglioside GM1-doped fast tumbling isotropic ternary
bicelles (q = 0.25), composed of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine(DMPC), 3-(cholamidopropyl)-dimethylammonio-2-
hydroxyl-1-propane-sulfonate(CHAPS) and GM1 (1:4:0.3 mol ratio),
through fluorescence and DOSY approaches. We have used circular di-
chroism to monitor the structure of MLT in the presence of GM1
containing bicelle. We have also used the red edge excitation shift
(REES) to monitor the organization and dynamics of tryptophan resi-
dues of MLT in the presence of bicelle. We have done leakage experi-
ment to monitor the lytic activity of MLT. To the best of our
knowledge this is the first study indicating that ganglioside containing
model membrane may resist melittin's lytic property to some extent.
We have very conclusively shown that there is more tendency of gangli-
oside containing membrane to interact with melittin than that of the
control phospholipid membrane.

2. Material and methods
2.1. Materials

Melittin, DMPC (1,2-dimyristoyl-sn-glycero-3-phosphosphatidylcho-
line), and CHAPS [(3-cholamidopropyl)-dimethylammonio-2-hydroxyl-
1-propane-sulfonate] were purchased from Sigma Aldrich Pvt. Ltd.
(USA) and used without further purification. GM1 was isolated and pu-
rified from a goat brain in our laboratory following the published proto-
col [10]. Milli-Q water was used throughout the experiment to avoid
salt interference on the binding of peptide to the negatively charge
GM1 containing bicelles.

2.2. Bicelle preparation

Control phospholipid bicelles were prepared taking DMPC/CHAPS at
1:4 mol ratio and ganglioside containing bicelles i.e. DMPC/CHAPS/GM1
bicelles were prepared using DMPC/CHAPS/Ganglioside at 1:4:0.3 mol
ratio following our published protocol [48,49]. Briefly, to prepare
DMPC/CHAPS bicelles appropriate amount of DMPC was weighted
first and then suspended in Milli-Q water of pH 5.5. Hydrated samples
were centrifuged and then vigorously stirred in a vortex mixer followed
by centrifugation at room temperature until homogenous slurry was
formed. Now appropriate amount of CHAPS from 400 mM stock so-
lution (in Milli-Q water of pH 5.5) was added to the slurry so that q
becomes 0.25 and followed by vortex until a clear and transparent
solution was obtained.
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To prepare ganglioside GM1 doped bicelles appropriate amount of
DMPC and ganglioside (GM1) was weighted. Now stocked ganglio-
side and DMPC were suspended in Milli-Q water of pH 5.5 to prepare
homogeneous slurry. Appropriate amount of CHAPS from 400 mM
stock solution (in Milli-Q water of pH 5.5) was added to the slurry
to make the solution clear and transparent following the above stated
protocol. Milli-Q water of pH 5.5 was used for bicelle preparation. The
pH was adjusted by adding small volumes of 1 M HCl or 1 M NaOH.
No buffer was used in order to keep the ionic strength minimum
[48,49].

2.3. Steady-state fluorescence measurements

Steady state fluorescence measurements were performed with a
Perkin-Elmer LS-55 spectrofluorometer at room temperature using
1 cm path length quartz cuvettes. Excitation and emission slits with
a nominal band pass of 5 nm were used for all measurements. An
excitation wavelength of 295 nm was used for all the experiments.
Background intensities of Milli-Q water, PC bicelles and the GM1
containing bicelles without MLT were subtracted from each MLT
containing spectrum to discard any contribution from the solvent.
For steady state fluorescence bicelles concentration was 30 mM. Sam-
ples containing MLT were produced by adding an amount of powdered
MLT corresponding to a concentration of 300 uM to the ready-made
bicelle solution followed by vortexing so that peptide bicelle mol ratio
becomes 1:100.

2.4. Fluorescence quenching measurements

For acrylamide quenching bicelle concentration was 30 mM and
peptide bicelle mol ratio was 1:100. Acrylamide quenching experi-
ments of 300 uM MLT fluorescence in two types of bicelles and in
aqueous solution were carried out by measurement of the fluores-
cence intensity of MLT in water and two bicellar systems in separate
samples by adding increasing concentrations of acrylamide taken
from a freshly prepared stock solution (2 M) in water. Samples were in-
cubated in the dark for 1 h before measuring the fluorescence. The fluo-
rescence quenching experiments were performed using a Perkin-Elmer
LS-55 spectrometer at room temperature. For acrylamide quenching
measurements the excitation wavelength used was 295 nm and emis-
sion was monitored at the fluorescence emission maximum of melittin
in water and in given bicellar system.

Quenching data were analyzed by fitting them to the classical
Stern-Volmer equation

Fo/F = 1+ Ksy[Q] = 1+ kgto[Q] M

where Fy and F are the fluorescence intensities in the absence and
presence of the quencher respectively, [Q] is the molar quencher con-
centration and Ksy is the Stern-Volmer quenching constant. The
Stern-Volmer quenching constant Ksy is equal to kgt where kg is the bi-
molecular quenching constant and g is the lifetime of the fluorophore
in the absence of quencher.

2.5. Time-resolved fluorescence measurements

Fluorescence lifetimes were obtained by the method of Time
Correlated Single-Photon Counting (TCSPC) on FluoroCube-01-NL
spectrometer (Horiba Jobin Yvon) using a nanoLED as light source
(290 nm) and the signals were collected at the magic angle of 54.7°
to eliminate any considerable contribution from fluorescence anisotro-
py decay. For TCSPC same concentration of bicelle, peptide and bicelle
peptide mole ratio was used as that of steady state fluorescence. The
decays were deconvoluted using DAS-6 decay analysis software. The ac-
ceptability of the fits was judged by y? criteria (fitting analysis having
1.20 (* ¢ 1.00 has been negated) and visual inspection of the residuals

of the fitted function to the data. The mean lifetimes for the decay
curves were calculated from the decay times and the relative contribu-
tion of the components using the following relation,
Z aiTiz
To) = ~ 2
< 0) Z T, ( )
1

where <T¢> is the mean lifetime of tryptophan.
2.6. Melittin-induced leakage experiments

The leakage induced by melittin was measured at room temperature
by recording the release of bicelle-encapsulated carboxyfluorescein. For
leakage experiments bicelle concentration was 30 mM and MLT concen-
tration was 300 uM so that peptide bicelle mol ratio remains 1:100.
Bicelles loaded with carboxyfluorescein were prepared as follows.

For control PC bicelles appropriate amount of DMPC and dye
[carboxyfluorescein, corresponding to a weight of 50 mM concentra-
tion] was weighted. Stock DMPC and dye was dissolved in chloroform:
methanol 2:1 solution. Samples were vortexed and then dried under a
stream of nitrogen gas. Residual solvent was removed by placing the
samples under high vacuum overnight. After this procedure, appropri-
ate amount of CHAPS from 400 mM stock solution (in milliQ H,O of
pH 5.5) was added to the dried lipid film so that q becomes 0.25
followed by vortexing until the sample becomes transparent. Finally
carboxyfluorescein loaded bicelle solution was dialyzed against milliQ
H,0 of pH 5.5 to remove excess untrapped dye. For GM1 containing
bicelles appropriate amount of DMPC, GM1 and carboxyfluorescein
was weighted. Stock solution of DMPC, GM1 and carboxyfluorescein
was dissolved in chloroform:methanol 2:1 solution. The rest of the
steps were performed using same protocol as that of control PC bicelles.

Fluorescence was measured at room temperature (25 °C) with a
Perkin-Elmer LS-55 spectrofluorometer using 1 cm path length quartz
cuvettes. The excitation wavelength was 492 nm and emission was
set at 517 nm. Excitation and emission slits with a nominal band-pass
of 5 nm were used. The encapsulated carboxyfluorescein resulted in
low background fluorescence intensity of the bicelle solution (Ig).
Melittin was added to the bicelle solution leading to the release of
carboxyfluorescein into the medium. This leakage of the dye was mon-
itored by measuring the increase in fluorescence intensity. After a rapid
release of the probe, occurring over a period of about 200 s, the fluores-
cence intensity remains almost constant; the fluorescence intensity
used to calculate the release (Iz) was measured when the plateau was
reached. The experiments were normalized relative to the total fluores-
cence intensity (Iy), measured after complete disruption of all the
bicelles by Triton X-100 (0.1 vol.%). CF release could not be detected
with bicelles alone (without any addition of melittin) in the time scale
of the experiment. The percentage of released carboxyfluorescein was
calculated according to the following equation:

% release = 100(Iz-Ig) /(I;~1).

2.7. CD measurements

Far UV-CD spectra were acquired on a MOS-450 spectrometer
using a silica quartz cell of 0.1 cm path length at room temperature.
Records were averaged over 3 scans collected over the interval of 190
to 250 nm. Background spectra of Milli-Q water (pH 5.5), DMPC/CHAPS
bicelles and DMPC/CHAPS/GM1 bicelles were used as control and were
subtracted from each of the peptide containing spectra in water and
in the presence of bicelles. The respective intensities are expressed in
terms of mean residue molar ellipticity [6] = 100[0],bs / CLn, where
[Bobs] is the observed ellipticity in millidegrees, L is the optical path length
in centimeter (0.1 cm in the present case), n is the number of amino acid
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residues and C is the molar concentration of the peptide. For circular di-
chroism spectroscopy bicelle concentration was 30 mM and MLT concen-
tration was 300 UM so that peptide bicelle mol ratio becomes 1:100.

2.8. Collection and processing of diffusion NMR data

As NMR is of low sensitivity compared to fluorescence or CD so for
DOSY experiment concentration of bicelles used was 90 mM and pep-
tide concentration was 900 UM to maintain peptide bicelle mol ratio
1:100. Diffusion-ordered spectroscopy (DOSY) experiments were
performed on the Bruker Avance 600 MHz spectrometer. The pulse
sequence used a stimulated echo with bipolar gradient pulses and
two spoil gradient followed by a 3-9-19 pulse for water suppression.
The gradient strength was increased from ~2% to 95% of the maxi-
mum gradient strength in 32 increments to attenuate the 'H signal
~5% to their initial amplitude. The diffusion time A was 150 ms and the
gradient duration & was 5 ms. The DOSY spectra were processed using
DOSYToolbox (v 0.53) [50]. Diffusion coefficient (D) was calculated by
fitting the curve of signal intensity versus variable gradient strength via
use of SCORE component analysis. Exclude region command was used
to correct the noise and inconsistencies in the spectra which may affect
a particular signal intensity. Gaussian line shape with a single exponen-
tial fit was applied to optimize the resolution of signals. The individual
diffusion coefficients were calculated from DOSY using aliphatic Leu/
Ile-H51/H52 peak resonates at about 0.89 ppm for the peptide. For
DMPC and CHAPS the individual diffusion coefficients were calculated
from the DOSY spectra using selective aliphatic acyl chain methylene
(at 1.20 ppm, Fig. 8) for DMPC and methyl region protons of CHAPS
(position 19 at 0.8 ppm and position 18 at 0.6 ppm, Fig. 8). The average
bicellar diffusion coefficient was obtained by selecting specifically the
non overlapping [51] aliphatic acyl chain methylene of DMPC plus ter-
minal methyl region protons of CHAPS. The measured diffusion coeffi-
cient (Dobs) is given by the following equation [52].

Dobs = Sbound : Dbound + Sfree . Dfree

Dobs = Sbound : Dbound + (1 _Sbound) : Dfree

where Sgee and Spoung are the mole fractions of free and bound peptides
respectively. D is obtained by measuring the diffusion coefficient of
peptide in water and Dpoung corresponds to the diffusion coefficient of
the bicelles. In bicellar environment, diffusion of the free peptide be-
comes slow due to the presence of bicelles themselves. Therefore, it is
essential to correct Dgeee by introducing an obstruction factor such as:

Dd)free: Dfree <A>

where ¢ is the volume fraction of the obstructing particles and <A> is a
correction factor for spherical objects. This factor has been calculated by
Gaemers and Bax for a 10% w/w bicelle solution at 20 °C assuming
spherical shape of the bicelle and gave <A> = 0.95 [53]. Our bicelle
can be approximated as spherical objects, thus <A> = 0.95 can be
used to calculate D®ee [52].

3. Results
3.1. Steady-State Fluorescence spectroscopy

We measured the intrinsic fluorescence of melittin in water, in the
presence of PC bicelles and in the presence of GM1 containing bicelles
and the results of steady state fluorescence are depicted in Fig. 1. In
water, melittin shows the peak of tryptophan at 365 nm. In going
from water to PC bicelles fluorescence intensity increases and also un-
dergoes a blue shift of 21 nm. In going from water to GM1 containing
bicelles a blue shift of 19 nm was observed. In other words in going
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Fig. 1. Intrinsic tryptophan fluorescence spectra for melittin at 25 °C in water, DMPC/CHAPS
(1:4) bicelles and DMPC/CHAPS/GM1 (1:4:0.3) bicelles. Bicelle concentration was 30 mM
and the peptide concentration was in all cases 300 uM (peptide: bicelle = 1:100 mol/
mol). Individual plots are labeled in the figure.

from PC bicelles to GM1 containing bicelles red shift occurs with a de-
crease in fluorescence intensity.

3.2. Quenching of Trp fluorescence with acrylamide

Stern-Volmer plots for the quenching of tryptophan by acrylamide,
recorded in the absence and presence of bicelle, are depicted in Fig. 2.
Fluorescence intensity of tryptophan decreased in a concentration-
dependent manner by the addition of acrylamide to the peptide solu-
tion both in the absence and presence of bicelles, without other effects
on the spectra. For the acrylamide quenching the Stern-Volmer plots
for monomeric melittin in water, in PC bicelles and in GM1 containing
bicelles are linear indicating a dynamic quenching process. The Stern-
Volmer constants (Ksy) of melittin in water, in PC bicelles and in GM1
containing bicelles are 19.03, 2.37 and 5.25 M"! respectively.

4.0
3.5 1 = Water + MLT

» GMIlBic + MLT
304 | 4 PCBic+MLT

2.5 1

Fy/F

2.0

1.5 1

1.0

0.00 0.04 0.08 0.12 0.16
Acrylamide Concentration(M)

Fig. 2. Representative data for Stern-Volmer analysis of acrylamide quenching of
melittin in water, PC bicelles and GM1 containing bicelles. Fy is the fluorescence in
the absence of quencher, and F is the corrected fluorescence in the presence of quench-
er. The excitation wavelength was 295 nm and emission was monitored as in Fig. 1.
Bicelle concentration was 30 mM and the peptide concentration was in all cases
300 puM (peptide:bicelle = 1:100 mol/mol). Individual plots are labeled in the figure.
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3.3. REES of melittin in presence of bicelles

The shifts in the maximum of the fluorescence emission of the
tryptophan residue of melittin when bound to PC bicelles and GM1
containing bicelles as a function of excitation wavelength are shown
in Fig. 3. As the excitation wavelength is changed from 280 to
305 nm, the emission maxima of bicelle-bound melittin are shifted
from 346 to 349 nm in case of GM1 containing bicelles, and from
344 to 351 nm for PC bicelles which correspond to a REES of 3 and
7 nm respectively. Such dependence of the emission spectra on the
excitation wavelength is characteristic of the red-edge effect.

3.4. Time-resolved fluorescence

The fluorescence lifetime serves as a faithful indicator of the local
environment in which a given fluorophore is placed [2]. A typical
decay profile of the tryptophan residue of melittin in water, PC
bicelles and GM1 containing bicelles with its biexponential fitting is
shown in Fig. 4. The fluorescence lifetimes of melittin in water, PC
bicelles and GM1 containing bicelles are shown in Table 1. In general,
a decrease in polarity of the tryptophan environment increases the
lifetime of the excited state of tryptophan due to slow deactivation
processes in nonpolar environment. Although the mean fluorescence
lifetime of the excited state of tryptophan residue of melittin in the
three media i.e., water, PC bicelles and GM1 containing bicelles differ
very slightly but the components of lifetime [fast and slow] in the
three media differ significantly. Components of lifetime of the tryptophan
residue of melittin in water was found to be 1.648 ns and 3.68 ns. PC
bicelles have two components with lifetime 1.440 ns and 4.624 ns
while that for GM1 containing bicelles these are 1.403 ns and 4.516 ns.

3.5. Melittin-induced leakage of bicelle contents

The membrane permeabilizing activity of melittin was evaluated by
conducting CF leakage experiment. Fig. 5 shows the % of release of CF,
entrapped in DMPC/CHAPS (1:4) bicelles and DMPC/CHAPS/GM1
(1:4:0.3) bicelles, induced by melittin. As is evident from the figure,
the lytic efficiency of melittin in different bicelles is clearly dependent
on the composition of the membrane. Thus, while there is about
45% lysis in DMPC/CHAPS (1:4) bicelles, it is reduced to 12-15% for
DMPC/CHAPS/GMT1 (1:4:0.3) bicelles at the same bicelle/peptide ratio.

352

351 A

— = GM1Bic + MLT

350 7 e PCBic + MLT

349
348 .
347 -

346

Emission Maxima(nm)

345

344

343 T T T T T T
280 285 290 295 300 305
Excitation Wavelength(nm)

Fig. 3. Effect of changing the excitation wavelength on the wavelength of the maximum
emission of melittin in DMPC/CHAPS (1:4) bicelles,and DMPC/CHAPS/GM1 (1:4:0.3)
bicelles. Bicelle concentration was 30 mM and the peptide concentration was in all
cases 300 uM (peptide:bicelle = 1:100 mol/mol). Individual plots are labeled in the
figure.
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Water + MLT
2000 - = GM1Bic + MLT
" = PCBic + MLT
-
S 15001
S
&)
1000 -
500 -
0
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Fig. 4. Time-resolved fluorescence intensity decay of melittin in water, PC bicelles and
GM1 containing bicelles. The excitation wavelength was at 290 nm, which corresponds
to a peak in the spectral output of the nitrogen lamp. Emission was monitored at
365,344 and 346 nm for melittin in water, PC bicelle and GM1 bicelle respectively.
The sharp peak on the left is the lamp profile. The relatively broad peaks on the right
are the decay profiles, fitted to a biexponential function. Individual plots are labeled
in the figure.

3.6. Circular dichroism spectroscopy

CD spectra were recorded for melittin in water, control DMPC/
CHAPS (1:4) bicelles and DMPC/CHAPS/GM1 (1:4:0.3) bicelles and
the results are represented in Fig. 6. CD spectroscopy of melittin in
water shows minima around 202 nm indicating that the peptide adopts
random coil structure in water. In the presence of DMPC/CHAPS bicelles
melittin adopts completely a-helical structure evident from the two
characteristic minima at 208 nm and 222 nm. In GM1 containing bicelles
minima observed around 210 nm indicates that in the presence of GM1
containing bicelles the peptide is not fully a-helical i.e., some random
coil structure is present in this folded form.

3.7. Analysis of translational diffusion measurements

Translational diffusion measurements are summarized in Table 2
and the DOSY spectra of MLT in the presence of GM1 containing bicelles
is depicted in Fig. 7. Diffusion coefficient of melittin in water is
18.6 x 10"'! m?/s which decreases in either of the bicelles. In the pres-
ence of PC bicelles diffusion coefficient of melittin is 15.5 x 10" m?/s
and in the presence of GM1 containing bicelles diffusion coefficient of
melittin is 13.4 x 10"'" m?/s. From diffusion NMR it has been observed
that 44% melittin is bound to GM1 containing bicelles where as 29%
melittin bound to PC bicelles.

4. Discussion

Influence of ganglioside GM1 on bee venom toxin melittin has been
previously investigated from our lab by interacting melittin with GM1
micelle [10,54]. Here we investigate the effect of ganglioside GM1 on

Table 1
Fluorescence lifetimes and fitting parameters of melittin in water, PC bicelles and GM1
containing bicelles obtained by biexponential fitting.

Medium al 71(ns) a2 T2(ns) Mean T
Water 043 1.648 0.57 3.681 3.168
PC Bic 0.74 1.440 0.26 4.624 3.128
GM1 Bic 0.73 1.403 0.27 4516 3.095
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Fig. 5. Membrane permeabilizing activity of melittin. Percent leakage values of
carboxyfluorescein entrapped within bicelles plotted as a function of Times. The total
lipid concentration was 30 mM and the peptide concentration was in all cases 300 pM
(peptide:bicelle = 1:100 mol/mol). Individual plots are labeled in the figure.

melittin by interacting melittin with DMPC/CHAPS/GM1 (1:4:0.3)
bicelles. Although membrane mimicking property of micelle has long
been used to study the structure and dynamics of membrane active
peptides, now-a-days bicelles have emerged as more popular mem-
brane models. This is because of the fact that small size i.e, large curva-
ture of micelles influences peptide conformation and dynamics more
where bicelles are reportedly capable of providing more biologically rel-
evant diversified conformations and dynamics of proteins/peptides. In
addition, bicelles have higher morphological similarity with native bi-
layers [55]. Superiority of bicelle can be justified from some recent re-
ports. In DMPC/DHPC bicelles, a bilayer is formed which successfully
solubilized the intact outer membrane protein OmpX from E. coli [56].
In another report Kang et al. have shown that DMPG/DHPC bicelles
can deliver a functional membrane protein KCNE3 to oocyte membrane
that expresses human KCNQ1 channels [57]. In our laboratory we have
prepared ternary bicelles composed of DMPC, CHAPS and ganglioside
GM1 and this ganglioside containing bicelles imparts biologically active
receptor recognized conformation to leucine enkephalin, substance P

LY —n— Water + MLT
—e — PCBic + MLT
—4— GM1Bic + MLT

[01/10 *deg cm2dmol!
[—}

190 200 210 220 230 240 250
Wavelength(nm)

Fig. 6. Far-UV CD spectra of melittin in water, DMPC/CHAPS (1:4) bicelles and DMPC/
CHAPS/GMT1 (1:4:0.3) bicelles at pH 5.5 and 298 K. Bicelle concentration was 30 mM
and peptide concentration was in all cases 300 pM (peptide:bicelle = 1:100 mol/
mol). Individual plots are labeled in the figure.

Table 2

Measured translational diffusion coefficients of melittin and bicellar components
DMPC and CHAPS in solution using DOSY and calculated fraction (%) of peptide
bound to bicelles (pH 5.5 and 298 K).

Samples Dops £ 0.1(x 10! m?%/s)

MLT DMPC CHAPS Bicelle %bound
MLT/water 18.6
DMPC: CHAPS bicelle 10.5 114 9.5
MLT/DMPC: CHAPS bicelle 15.2 93 11.7 9.1 29
DMPC: CHAPS: GM1 bicelle 8.9 11 8.6
MLT/DMPC: CHAPS:GM1 bicelle 134 8.4 11 8.0 44

and neurotensin [49,48,58]. A very recent report has shown that un-
structured N-terminal segment (1-30) of a-synuclein exhibited chemi-
cal shift changes upon interaction with the GM1 bicelles, but the
conformation was less ordered compared to o-helical conformation
previously reported in ganglioside micelles or ganglioside-embedded
vesicles [59] and this is also supported by our observation on substance
P.

We measured the intrinsic tryptophan fluorescence (Fig. 1) of
melittin in water, in the presence of control PC bicelles and in the
presence of GM1 containing bicelles to evaluate the degree of pene-
tration of the peptides into the membrane bilayer. In going from
water to bicelles blue spectral shift occurs which implies that in the
presence of bicelles the tryptophan residue of the protein moves to
a more hydrophobic environment. Blue spectral shift is larger in
case of PC bicelles than that of GM1 containing bicelles i.e., in going
from PC bicelles to GM1 containing bicelles red spectral shift occurs
with a decrease in fluorescence intensity. This result indicates that
melittin interacts with both control PC bicelles and GM1 containing
bicelles but the tryptophan residue of melittin undergoes deeper in-
sertion in the hydrophobic core of the membrane in PC bicelles than
that of GM1 containing bicelles.

We have studied the accessibility of the tryptophan residue
of membrane bound peptide towards acrylamide (Fig. 2), a water-
soluble highly efficient quenching molecule, which is unable to
penetrate into the hydrophobic core of the lipid bilayer. The more
deeply a tryptophan residue is buried, the less strongly it can be
quenched by acrylamide. High value of quenching constant indicates
that in water the tryptophan residue is completely exposed. The large
reduction of quenching constant in the presence of bicelles towards
collisional quencher acrylamide clearly indicates considerable
shielding of the tryptophan residue from its aqueous environment.
It is interesting to note that Ksy's are lowest for melittin in PC
bicelles than that of GM1 containing bicelles indicating that in the
presence of PC bicelles tryptophan residue of melittin is maximally
shielded.

REES represents a powerful approach to directly monitor the envi-
ronment and dynamics around a fluorophore in an organized molecular
assembly [2]. A shift in the wavelength of the maximum fluorescence
emission toward higher wavelengths, caused by a shift in the excitation
wavelength toward the red edge of the absorption band, is termed REES
[2]. This effect is mostly observed with polar fluorophores in motionally
restricted media such as viscous solutions or condensed phases, where
the dipolar relaxation time for the solvent shell around a fluorophore is
comparable to or longer than its fluorescence lifetime [2]. REES there-
fore arises from slow rates of solvent relaxation (reorientation) around
an excited state fluorophore, which is a function of the motional restric-
tion imposed on the solvent molecules in the immediate vicinity of the
fluorophore [2]. Utilizing this approach, it becomes possible to probe
the mobility parameters of the environment itself (which is represented
by the relaxing solvent molecules) using the fluorophore merely as a
reporter group [2]. Observation of this effect in bicelles implies that
melittin, when incorporated in bicelles, is in an environment where its
mobility is considerably reduced, such a result would directly imply
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Fig. 7. Selective leucine/isoleucine Hy;/Hs, region in DOSY (top) and plot of In (I/ly) vs G? (bottom) of melittin in the presence of GM1 containing bicelles at pH 5.5 and 298 K.

that this region of the bicelles offer considerable restriction to the
reorientational motion of the solvent dipoles around the excited state
fluorophore. As the excitation wavelength is changed from 280 to
305 nm, the emission maximum of melittin in water remains invariant
at 365 nm, irrespective of the excitation wavelength. Melittin therefore
does not exhibit REES in water. The magnitude of REES (Fig. 3) is less for
melittin in GM1 containing bicelles compared to REES obtained in con-
trol PC bicelles, indicating that tryptophan residue of melittin resides in
a less restricted environment in the presence of GM1containing bicelles
where as the tryptophan residue is in more restricted environment in
the presence of control PC bicelles.

From TCSPC (Fig. 4 and Table 1) it has been observed that in going
from water to bicelles although the contribution of the component with
shorter lifetime differs slightly but the contribution of the component
with the longer lifetime increases significantly. This result indicates
that in going from water to bicelles tryptophan residue of melittin
moves in a less polar environment, decreased water penetration in
the interfacial region of membranes. Lifetime of the components differs
slightly between GM1 containing bicelles and PC bicelles indicating that
the local environment experienced by the tryptophan residue is slightly
different in two cases i.e, tryptophan residue is slightly more restricted
in PC bicelles than that of the GM1 containing bicelles.

Though translational diffusion coefficient measurement for GM1 at
the present concentration is impossible here, but its impact is clear
from translational diffusion measurement. Translational diffusion coef-
ficients indicate that the incorporation of GM1 in DMPC/CHAPS bicelles
hinders the diffusion of DMPC because phospholipid mobility gets re-
stricted (Table 2). On the other hand no change in CHAPS diffusion co-
efficient also suggests that GM1 is localized along with the long chain PC
molecules (Table 2). Gangliosides are large molecules having two hy-
drocarbon chains along with a large oligosaccharide headgroups and re-
side mostly in the exoplasmic leaflet of the cell membrane in proximity
towards the extracellular space fluid. Diffusion coefficient of melittin in
water is 18.6 x 10" m?/s which is reduced in either of the bicelles
(Table 2). The decrease in the diffusion coefficient of the peptides in
the presence of bicelles is clearly indicating the interaction of peptide
with the bicelles. Diffusion of the peptide is slower in the presence of
GMT1 containing bicelles than the PC bicelles (Table 2) which implies
that peptide interaction is stronger with GM1 containing bicelles than
that of the control PC bicelles. Thus, translational diffusion results indi-
rectly show the effect of ganglioside GM1 on MLT. Translational diffu-
sion coefficient of CHAPS is comparatively larger than diffusion
coefficient of DMPC and this is due to the fact that size of CHAPS is
smaller than DMPC. Interaction of the peptide to the bicelles decreases
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the diffusion coefficient of only DMPC whereas the presence of peptide
does not alter the diffusion coefficient of CHAPS (Table 2). This result in-
dicates that peptide prefers to reside at the bicellar low-curvature re-
gion and interact with long chain lipids. Percentage of MLT bound to
GM1 containing bicelles is (44%) larger than that of the control PC
bicelles (29%) (Table 2).

CD experiment (Fig. 6) provides the idea about the secondary
structure of the peptide induced by its surrounding environments.
In the presence of DMPC/CHAPS bicelles two characteristic minima
at 208 nm and 222 nm were observed indicating a fully a-helical
structure. In GM1 containing bicelles minima around 210 nm are ob-
served indicating that in the presence of GM1 containing bicelles the
peptide is not fully a-helical i.e., some random coil structure is pres-
ent within folded form. The difference in binding affinity may be
related to a difference in the conformation of membrane-bound pep-
tide. Previous study [54] from our lab has shown that in the presence
of GM1 micelles MLT exist as fully a-helix. DOSY result shows that
32% MLT bounds to GM1 micelles [54] which are less than the per-
centage (44%) of MLT bound to GM1 bicelles. This difference in obser-
vation indicates that GM1 containing bicelles induces differences in

membrane positioning and molecular dynamics of the peptide com-
pared to GM1 micelles.

After the addition of melittin to bicelles there is an initial burst of
leakage of carboxyfluorescein followed by a phase during which leakage
slows down substantially consistent with the investigation of Wiedman
et al. [60]. The burst phase occurs on a time scale of a few seconds (Fig. 5)
which is similar to the time of peptide partition into bilayers [60]. As the
percentage of binding of AMP melittin in GM1 containing bicelles is larg-
er than that of the control PC bicelles so it may be expected that mem-
brane permeabilization by MLT should be stronger towards GMI1
containing bicelles than that of the PC bicelles. But in reality it has been
observed that in GM1 containing bicelles membrane permeabilization
is less than PC bicelles (Fig. 5). We have already shown specific interac-
tion of GM1 with melittin using STD NMR [54]. From our another recent
investigation [61] it has been observed by AFM and molecular modeling
that head group of ganglioside GM1 protrudes out (1 nm) of the phos-
pholipid head group. GM1 (ganglioside-monosialated) {Gal 3 (1-3)
GalNacp (1-4) [NeuNac5Ac o (2-3)] Gal B (1-4) Glc p1-Cer} contains
a pentasaccharide head group, of which four neutral sugars and one si-
alic acid. Sialic acid residue is negatively charged. So it may be expected
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that positive charge containing melittin will be attracted by electrostatic
interaction with the negative charge containing sialic acid of ganglioside
and it is expected that melittin will remain closer to the head group re-
gion of gangliosides leading to weaker permeabilization. This is also
supported from the fluorescence experimental studies indicating less
non-polar environment of tryptophan in GM1 containing bicelles. It is
also seen from the CD spectroscopy that in GM1 containing bicelles
the acquired helicity of MLT is less than that in control PC bicelles.
Together the facts indicate that though in GM1 bicelle, MLT is binding
better, its lytic activity is less. This can be for several reasons: it might
be due to inherent rigidity of GM1 containing membranes because of
which the peptide is less incorporated, and it has less helicity. Thus
the observed difference between GM1 containing bicelles and control
phospholipid bicelles arising from ganglioside head group i.e., the
observed differences is due to a specific interaction of MLT with GM1.
This result is consistent with the observation of Miyazaki et al. [47b]. Re-
cently Miyazaki et al. have reported that antimicrobial peptide Magainin
2 binds to the sugar region of GM1 consequently pore formation by
Magainin 2 becomes much less effective in GM1/PC bilayer [47b].

5. Conclusion

Sting accident by honeybee causes severe pain, inflammation and
allergic reaction. In addition to this hypersensitivity, an anaphylactoid
reaction occurs by toxic effects even in a non-allergic person via
cytolysis. Our result shows that in model nerve cell membrane or
raft-like membrane where ganglioside is present lytic activity of
melittin is less. In other words our study shows a potential of ganglio-
sides to inhibit the disruptive effect of melittin and therefore may be
used as therapeutic tools for melittin induced disruption of membrane.
We have recently shown [61] that GM1 incorporates rigidity in the
bicelle. Here we confirm the use of GM1-doped bicelle as not only a
brain-membrane mimic that can induce biologically relevant conforma-
tion in the randomly structured melittin, but also a suitable delivery
system. This was further shown from the melittin induce slower lysis.
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