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ABSTRACT: Melittin, a hemolytic peptide present in bee venom,
represents one of the most well-studied amphipathic antimicrobial
peptides, particularly in terms of its membrane interaction and
activity. Nevertheless, no consensus exists on the oligomeric state
of membrane-bound melittin. We previously reported on the
differential microenvironments experienced by melittin in zwitter-
ionic and negatively charged phospholipid membranes. In this
work, we explore the role of negatively charged lipids in the
oligomerization of membrane-bound melittin (labeled with 7-
nitrobenz-2-oxa-1,3-diazol-4-yl (NBD)) utilizing a quantitative
photobleaching homo-FRET assay. Our results show that the
presence of negatively charged lipids decreases melittin oligomeric
size to ∼50% of that observed in zwitterionic membranes. This is
possibly due to differential energetics of binding of the peptide monomer to membranes of different compositions and could explain
the reduced lytic activity yet tighter binding of melittin in negatively charged membranes. These results constitute one of the first
experimental observations on the role of phospholipid headgroup charge in the oligomerization of melittin in membranes and is
relevant in light of previous apparently contradictory reports on oligomerization of membrane-bound melittin. Our results highlight
the synergistic interplay of peptide-membrane binding events and peptide oligomerization in modulating the organization, dynamics,
and function of amphipathic α-helical peptides.

■ INTRODUCTION

Melittin, a 26-residue lytic peptide with the amino acid
sequence NH2-GIGAVLKVLTTGLPALISWIKRKRQQ-
CONH2, is the major component of apitoxin from European
honey bees. The predominantly hydrophobic N-terminal
region and positively charged C-terminus confer to this
peptide the ability to stably exist both in an aqueous
environment and a membrane milieu and enables coupling
of the solution behavior of melittin to its membrane
interaction. The asymmetric distribution of polar and nonpolar
amino acids in melittin leads to the formation of an
amphipathic kinked α-helix in response to a range of
environmental factors, such as pH, ionic strength, peptide
concentration, and proximity to membranes.1,2 The amphi-
pathic nature of melittin is characteristic of numerous
membrane-interacting peptides (such as signal peptides and
peptide hormones) and predicted transmembrane helices of
integral membrane proteins.3 In addition, melittin shares
partial sequence and structural similarity to proteins associated
with pathogenesis, such as HIV gp414 and tobacco mosaic
virus coat protein.5 These features, along with the well-

characterized solution behavior of melittin, have resulted in the
widespread use of this lytic peptide as a model amphipathic
peptide for delineating fundamental principles underlying
lipid−protein interactions in membranes. In addition,
collective insights obtained from these studies have been
subsequently utilized for therapeutic and biotechnological
applications.6−8

Melittin has been extensively characterized in terms of its
membrane interaction and functional roles in various biological
processes by a battery of biophysical approaches.2 We have
previously utilized intrinsic fluorescence of the sole tryptophan
residue of melittin9−11 and that of strategically placed
fluorescent labels12,13 to explore the lipid-dependent organ-
ization, dynamics, orientation, and lytic activity of this peptide.
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In particular, the binding of cationic melittin to negatively
charged membranes has been reported to be stronger
compared to that to zwitterionic membranes14−17 due to
electrostatic factors. However, the presence of negatively
charged lipids in the membrane has been shown to lead to
lower lytic activity of the peptide.9,18−21 These observations
contradict the generally accepted framework of tighter
membrane binding of peptides leading to greater membrane
perturbation and subsequent leakage.22 We have earlier
reported that the tryptophan residue in melittin experiences
appreciably different microenvironments in zwitterionic and
negatively charged membranes.9 Notably, this sole tryptophan
is important for the lytic activity mediated by melittin.23,24

Since the oligomeric state of melittin could act as a checkpoint
that dictates the culmination of initial peptide−membrane
interaction events into lysis, a possible explanation for the
counterintuitive observations of tighter binding yet lower lysis
in negatively charged membranes could lie in differential
melittin oligomerization.
In spite of considerable work on the oligomerization of

membrane-bound melittin, there remains a lack of consensus
on the oligomerization of membrane-bound melittin2 with
reports of both monomeric25−28 and tetrameric28−31 forms of
the peptide in its membrane-bound state. However, the role of
membrane lipids in the oligomeric size of membrane-bound
melittin has not yet been examined. In this backdrop, with the
overall objective of understanding the physiological implica-
tions of the distinct organization and dynamics of melittin in
the presence of negatively charged lipids, we have explored the
role of membrane electrostatics (phospholipid headgroup

charge) in the oligomerization of membrane-bound melittin
utilizing a quantitative photobleaching homo-fluorescence
resonance energy transfer (FRET) assay. Our results show
that negatively charged membranes reduce melittin oligome-
rization to ∼50% of that observed in zwitterionic membranes.
This is possibly due to the differential energetics of binding of
the peptide monomer to these membranes. These observations
gain relevance in the context of apparently contrary literature
on melittin oligomerization in membranes and could serve as a
possible rationale for the observed reduction in lytic activity of
melittin in the presence of negatively charged lipids. In a
broader context, these results enrich our understanding of the
influence of phospholipid headgroup charge on the organ-
ization and biological activity of amphipathic membrane-
interacting peptides.

■ EXPERIMENTAL METHODS

Materials. 7-Nitrobenz-2-oxa-1,3-diazol-4-yl (NBD)-la-
beled melittin (Figure 1a) was custom synthesized by
Mimotopes (Clayton, Australia). 1-Palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol (POPG) lipids (see Figure 1b for
molecular structures) were purchased from Avanti Polar Lipids
(Alabaster, AL). 1,2-Dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) and 3-(N-morpholino)propanesulfonic acid
(MOPS) were purchased from Sigma Chemical Co. (St.
Louis, MO). The concentration of an aqueous stock of melittin
was calculated using the molar extinction coefficient (ε) of
5570 M−1 cm−1 at 280 nm, corresponding to the sole
tryptophan residue.9 Chemicals of the highest available purity

Figure 1. (a) Amino acid sequence of the fluorescently labeled melittin analog used in this study. The peptide was covalently tagged with the
fluorophore 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) at the 7th lysine residue. The inset on the right shows the helical wheel representation of the
peptide helix generated using the HeliQuest server.35 The purple arrow marks the Lys-7 residue of melittin to which the NBD fluorophore was
covalently attached. The Lys-7 residue was chosen due to its location at the polar face of the melittin helix, which ensures minimal perturbation of
melittin amphipathicity (and therefore structure and function) due to the introduction of the polar NBD fluorophore. This covalent linkage has
been shown to not affect the secondary structure, membrane binding and lytic activity of melittin. (b) Chemical structures of representative
phospholipids: zwitterionic POPC (top) and negatively charged POPG (bottom) at neutral pH, with the respective headgroups depicted in
maroon. See text for more details.
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and UV spectroscopy grade solvents were used. Water purified
through a Millipore (Bedford, MA) Milli-Q system was used
for all experiments.
Preparation of Lipid Vesicles. Large unilamellar vesicles

(LUVs) of POPC or POPC/POPG (70/30, mol/mol)
suspended in 10 mM MOPS, pH 7.2 buffer were used for all
experiments. POPG was used as a representative negatively
charged lipid, and its relative amount was kept constant at 30
mol % to mimic the upper limit of the average physiological
abundance of these lipids in eukaryotic plasma membranes.32

The protocol used for preparation of lipid vesicles is described
in Supporting Information (SI) Section S1. The total lipid
concentration was kept constant at 427 μM for the
photobleaching experiments and varied from 0 to 400 μM
for the binding experiments. The peptide concentration was
kept constant at 2.1 and 1 μM for the photobleaching and
binding experiments, respectively. The samples containing
peptide were further incubated in the dark for 8 h at room
temperature (∼23 °C) for equilibration prior to data
acquisition.
Steady State Fluorescence Measurements. Steady

state fluorescence data were acquired with a Fluorolog-3
Model FL3-22 spectrofluorometer (Jobin Yvon, Edison, NJ) at
room temperature (∼23 °C) using semimicro quartz cuvettes.
Details of the binding assay are included in SI Section S2.
Anisotropy measurements were performed with the same setup
with in-built Glan-Thompson polarizers. Parameters used for
acquisition of steady state fluorescence emission spectra and
anisotropy data are provided in detail in SI Section S3. All
experiments were performed at room temperature (∼23 °C)
with at least three independent sets of samples.
Acquisition of Experimental Anisotropy Enhance-

ment Profiles. For the purpose of photobleaching, the
excitation slit width was increased to 14 nm and the sample
was exposed to visible light at 465 nm for a certain time,
depending on the desired extent of photobleaching. The
emission slits were kept closed and the photomultiplier tube
voltage set to a minimal value of 50 V during each
photobleaching step to prevent overexposure of the detector
to incident/scattered light. This was followed by the
acquisition of an emission spectrum and steady state
fluorescence anisotropy with the parameters described above.
Fluorescence intensity at the emission maxima recorded after
each photobleaching step was used to calculate fractional
fluorescence ( f) according to the following equation

f F F F1 ( )/init pb init= − [ − ] (1)

where, Fpb and Finit are the fluorescence intensities at 540 nm
(i.e., at the NBD emission maximum) after each photo-
bleaching step and before bleaching (at the start of the
experiment), respectively. The term on the left-hand side of eq
1 ( f) represents the residual (nonbleached) fluorescence of the
bleached sample normalized to that of the unbleached sample,
whereas the term within square brackets on the right-hand side
represents the extent of photobleaching. Experimental photo-
bleaching profiles were generated by plotting steady state
fluorescence anisotropy values (calculated using eq S2 in SI) as
a function of the respective fractional fluorescence.
Construction of Simulated Anisotropy Enhancement

Profiles. The enhancement of anisotropy on photobleaching
was modeled according to a previously developed formalism33

using GNU Fortran version 5.4.0 (Free Software Foundation,
Boston, MA). This analytical framework allows reconstruction

of anisotropy enhancement on photobleaching profiles based
on geometric considerations (i.e., relative changes in spatial
distribution of fluorophores engaged in homo-FRET). In
general, for a homogeneous population of oligomers
containing N monomers, anisotropy as a function of f is
described by a (N − 1)th order polynomial, with the
coefficients (a1, a2, . . . aN) plugged in from the (N − 1)th
row of Pascal’s triangle. Anisotropy (r) as a function of f for an
N-mer is described as

r f N a f f r a f f r a f

f r

( , ) (1 ) (1 )

(1 )

N N
N

N
1

0 ( 1)
1 2

1 ( 2)
2

( 1)

0
N

= − + − + ···+

−

− − −

(2)

where, rN is the fluorescence anisotropy of each N-mer given
by

r r N/N o= (3)

where, ro is the fundamental anisotropy of the fluorophore
(NBD in this case). The value of ro for NBD (0.354) was
plugged in from literature.34 This treatment originates from the
premise that, in the ensemble-averaged spectroscopic setup
employed in this work, a single bleaching step would convert a
fluorescent N-mer into a heterogeneous mixture of
(nonbleached) fluorescent monomers, dimers, trimers, . . . to
N-mers (without affecting the molecular architecture (oligo-
merization) of these N-mers). The anisotropy enhancement on
photobleaching of an N-mer can therefore be approximated by
a (N −1)th order polynomial, where each term of the
polynomial represents a weighted contribution to the observed
value of fluorescence anisotropy from populations of
fluorescent monomers, dimers, trimers, . . . to N-mers
(generated on photobleaching the initial N-mer).

Quantitation of Melittin Oligomeric Size in Mem-
branes. A schematic representation of the workflow under-
lying estimation of oligomeric size from experimentally
acquired anisotropy enhancement on photobleaching profiles
is shown in Figure S1. The simulated plots, especially those
constructed for higher-order oligomers (higher values of N),
deviate from linearity at lower (<0.7) values of fractional
fluorescence; however, the observed anisotropy enhancement
profiles were linear across the same range of fractional
fluorescence. Therefore, the simulated plots for N = 2, 3, . . .
50 (slope corresponding to the monomer was not considered
for further analysis, since the monomer does not contribute to
anisotropy enhancement on photobleaching) were truncated
to a region corresponding to a fractional fluorescence of 0.7 to
1 to ensure ease of comparison with the observed anisotropy
enhancement profiles and data points from the truncated
region were subjected to a linear fit. Values (magnitude) of the
corresponding slopes were then plotted as a function of
oligomeric size to yield a calibration plot. This calibration plot
was used to determine the oligomeric size of melittin from the
magnitude of slopes of the observed anisotropy enhancement
profiles corresponding to the same region of fractional
fluorescence (0.7 to 1) using the following equation

y x x0.0032 (0.6048/ ) (0.4741/ )2= − + − (4)

where, y is the magnitude of slope of the observed anisotropy
enhancement in zwitterionic and negatively charged mem-
branes and x is the oligomeric size of membrane-bound
melittin.

Data Analysis and Plotting. SigmaPlot 11.0 (Systat
Software Inc., San Jose, CA) was used for analysis of binding
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data. All other data analysis and plotting were performed with
Microcal Origin v8.0 (OriginLab, Northampton, MA). The
helical wheel projection for melittin was rendered using the
HeliQuest server.35

■ RESULTS
In this work, we have utilized NBD-labeled (at Lys-7 position)
melittin (Figure 1a) for quantitation of oligomeric size of the
peptide in a membrane milieu. This analog was specifically
chosen for exploring the role of membrane lipids in melittin
oligomerization based on previous reports on its sensitivity to
changes in the peptide microenvironment.12 In addition, this
covalent linkage of NBD to melittin does not induce
appreciable differences in the secondary structure and lytic
activity of this peptide.12 This indicates negligible disruption in
helical amphipathicity of melittin on labeling with NBD,
possibly due to the position of Lys-7 (and, therefore NBD) on
the polar face of the helix (see inset of Figure 1). The
solvatochromic NBD fluorophore, extensively used to label
both lipids and proteins, is known to be highly sensitive to
multiple properties of its microenvironment (including polarity
and pH) and offers several practical advantages, such as an
appreciable increase in quantum yield on membrane
partitioning and minimal perturbation in peptide structure
due to its small size.36,37

Quantitative analysis of membrane protein oligomerization
remains technically challenging due to complexities in data
interpretation that stem from the lipidic microenvironment
and inherent dynamics (often leading to transient interactions)
of these proteins. In this context, FRET-based assays have
emerged as the technique of choice due to their high sensitivity
and spatial (nm scale) resolution.38,39 Homo-FRET assays
(between similar fluorophores), a technically simpler variant of
FRET, are preferred over hetero-FRET approaches due to
relatively less complications associated with data acquisition
and interpretation.40 An additional advantage of homo-FRET
based measurements is the manifestation of energy transfer by
reduction in fluorescence anisotropy,41,42 which is largely
independent of fluorophore concentration. Homo-FRET leads
to decreased steady state anisotropy due to energy transfer
from an initially excited fluorophore to one in a different
orientation, that alters the angular distribution of emitting
fluorophores relative to that produced by photoselection alone.
In other words, depolarization of fluorescence emission due to
homo-FRET originates from the lack of correlation between
orientation of the secondarily excited molecule and that of the
initially photoselected donor.
Standalone measurements of fluorescence anisotropy in

membranes suffer from ambiguity of interpretation since
additional factors (such as differential lipid composition,
membrane localization of fluorophores, and changes in values
of fluorescence lifetime) could lead to observed changes in
fluorescence anisotropy. Anisotropy enhancement on photo-
bleaching33,43,44 represents a robust analytical method to
quantify the oligomeric size of membrane-bound peptides
because artifactual interferences in observed changes in
fluorescence anisotropy could be screened out during data
analysis (see later). The perturbative nature of the photo-
bleaching assays motivated us to utilize NBD-labeled melittin
for our experiments, in spite of the presence of an intrinsically
fluorescent tryptophan residue (Trp-19) in this peptide. This is
because photooxidation of this tryptophan has been shown to
decrease lytic activity in melittin.45 The use of tryptophan

fluorescence in these experiments would have been further
complicated by the low quantum yield of tryptophan residues46

and formation of fluorescent byproducts on tryptophan
photooxidation,47,48 which might have introduced artifacts in
data acquisition and interpretation.
We first explored the binding of melittin to zwitterionic

POPC and negatively charged POPC/POPG (70/30, mol/
mol) membranes (Figure 2a). The increase in normalized

fluorescence intensity with increasing lipid concentration (and
therefore, lipid-to-peptide (L/P) molar ratio) reflects the
increase in the population of melittin bound to membranes.
The plots plateau above an L/P ratio of ∼200 (mol/mol;
shaded in gray in Figure 2a), that represents the upper limit in
L/P ratio beyond which additional peptide-membrane binding
is negligible. Therefore, the homo-FRET based experiments for
quantitation of oligomeric size of melittin in zwitterionic and
negatively charged membranes were carried out at an L/P ratio

Figure 2. (a) Binding plot of NBD-melittin with zwitterionic POPC
(●, maroon) and negatively charged POPC/POPG (70/30, mol/
mol; ▲, green) membranes acquired utilizing NBD fluorescence. The
increase in normalized fluorescence intensity at the emission
maximum with increasing lipid concentration (and L/P ratio (mol/
mol)) is shown. The area shaded in gray highlights an L/P ratio of
200 (mol/mol) corresponding to a predominantly membrane-bound
melittin population. The concentration of NBD-melittin was kept
constant at 1 μM. The excitation wavelength was set to 465 nm. Data
shown represent means ± SE of at least three independent
measurements. Lines joining the data points represent fitting of the
data to the binding model given by SI eq S1. (b) Apparent
dissociation constant (Kd) values extracted from fitting independent
sets of binding data. The dissociation constant of melittin in
negatively charged membranes is ∼5 times lower relative to
zwitterionic membranes, indicating a substantially higher affinity of
the peptide for POPC/POPG membranes compared to POPC
membranes. Data shown are means ± SE of at least three independent
measurements. See Experimental Methods for more details.
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of 200 (mol/mol). The greater increase in normalized
fluorescence intensity with increasing lipid concentration and
L/P ratio in negatively charged membranes could be ascribed
to tighter binding of the cationic peptide to these membranes
relative to that in zwitterionic membranes. Figure 2b shows the
apparent dissociation constants (Kd) associated with melittin
binding to membranes calculated by fitting data from Figure 2a
to SI eq S1. The Kd value calculated this way was found to be
∼5 times lower for negatively charged membranes relative to
zwitterionic membranes. This trend is in overall agreement
with previous reports on membrane binding of the unlabeled
peptide,2,14−17 thereby validating the nonperturbing nature of
the covalently attached NBD label.
Figure 3 shows the differential enhancement in fluorescence

anisotropy upon photobleaching of melittin in zwitterionic and

negatively charged membranes with decreasing fractional
fluorescence (calculated using eq 1). Fluorescence data could
be acquired with sufficient robustness up to ∼50% photo-
bleaching (corresponding to a fractional fluorescence of 0.5;
data shown only in the fractional fluorescence range of 0.7 to
1), beyond which low signal-to-noise ratios made data
acquisition difficult. Photobleaching results in loss of
fluorescence properties of a fluorophore (NBD here). Any
depolarization due to energy transfer is therefore reversed by
photobleaching its energy transfer partners. For photobleach-
ing of the same number of monomeric units in an oligomer
(i.e., for similar extents of photobleaching), anisotropy
enhancement in a lower-order oligomer would be greater
relative to a higher-order one. On the basis of this qualitative
analysis, a lower oligomeric size of melittin in negatively

charged membranes relative to zwitterionic ones could be
predicted based on the steeper anisotropy enhancement
observed in the former (Figure 3). However, these experiments
were conducted in a steady state setup, which allows very little
control over the photobleaching steps at the molecular level.
This means that each step of photobleaching an N-mer results
in the formation of an ensemble of nonbleached (fluorescent)
oligomers, ranging in size from a monomer to an N-mer.
Taking this into account, anisotropy enhancement on

photobleaching for an initial population of N-mers was
modeled by a polynomial of (N − 1)th order, given by eq 2.
This mathematical form accounts for the fact that the
individual populations of unbleached oligomers generated in
each photobleaching step would collectively contribute to the
observed enhancement of fluorescence anisotropy. Figure 4a
shows the simulated anisotropy enhancement plots (fluo-
rescence anisotropy vs fractional fluorescence) for increasing
oligomeric size. The x-axis in Figure 4a can be thought to
physically represent a monomer/oligomer balance (with 100%

Figure 3. A representative plot showing the enhancement of
fluorescence anisotropy upon photobleaching of melittin in POPC
(●, maroon) and POPC/POPG (70/30, mol/mol; ▲, green)
membranes. Fractional fluorescence represents the residual
(nonbleached) fluorescence of the bleached sample normalized to
that of the unbleached sample. The blue arrow shown on top of the
panel indicates the direction (right to left) along which the extent of
photobleaching increases and the corresponding fractional fluores-
cence decreases. Excitation and emission wavelengths of 465 and 540
nm, respectively, were used. Concentrations of total lipid and peptide
were 427 and 2.1 μM, respectively, thereby corresponding to an L/P
ratio of 200 (mol/mol) at which the peptide is predominantly present
in the membrane-bound form (see Figure 2a). Data represent means
± SE of three independent data sets for the same sample. The
differential enhancement of fluorescence anisotropy in zwitterionic
and negatively charged membranes under similar conditions of
photobleaching indicates the presence of melittin in different
oligomeric sizes at the two lipid compositions. See Experimental
Methods for more details.

Figure 4. (a) Simulated profiles of enhancement in fluorescence
anisotropy as a function of fractional fluorescence for a population of
oligomers containing N monomers. The plots were generated from eq
2 using GNU Fortran version 5.4.0 (Free Software Foundation,
Boston, MA). Simulated plots for N = 1, 2, . . . 15 (from top to
bottom, shown with a blue arrow) and fitted to the respective (N −
1)th order polynomial (gray dashed lines) are shown. Those
corresponding to higher N values have been omitted for the sake of
clarity. This analytical framework allows reconstruction of anisotropy
enhancement on photobleaching profiles based purely on geometric
considerations (i.e., relative changes in spatial distribution of
fluorophores engaged in homo-FRET). (b) Schematic representation
of the inversely proportional relationship between fluorescence
anisotropy enhancement on photobleaching and oligomer size (N),
as derived from the simulated plots in panel (a). The enhancement in
fluorescence anisotropy is greater for a lower-order oligomer relative
to a higher-order one for a unit decrease in fractional fluorescence
(bleaching of one monomeric unit), due to the greater availability of
additional energy transfer partners in photobleached higher-order
oligomers (shown by arrows shaded in blue). Color coding for the
dimer, trimer, tetramer, pentamer, and hexamer is the same as in
panel (a). See Experimental Methods for more details.
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monomer at a fractional fluorescence of 0 and 100% oligomer
at a fractional fluorescence of 1). Therefore, these anisotropy
enhancement profiles originate from changes in availability of
energy transfer partners on photobleaching, due to the
formation of (nonbleached) fluorescent monomers, dimers,
trimers, . . . to N-mers (without affecting the molecular
architecture (oligomerization) of these N-mers). The nature of
anisotropy enhancement is shaped predominantly by con-
tributions from oligomers at high values of fractional
fluorescence (including in absence of photobleaching; f = 1),
whereas the anisotropy values are influenced predominantly by
monomers at low values of fractional fluorescence (including
complete photobleaching; f = 0). A careful consideration of the
values of fluorescence anisotropy at the two extremes of the
simulated plots shown in Figure 4a also support this scenario.
The fluorescence anisotropy values in the absence of
photobleaching ( f = 1) correspond to that given by eq 3
due to the presence of only oligomers under these conditions
(for N = 2, this would translate to the presence of only dimers
characterized by a value of fluorescence anisotropy given by
half of the fundamental anisotropy of NBD). On the other
hand, complete photobleaching restores the fluorescence
anisotropy values to the limit imposed by fundamental
anisotropy of the fluorophore, since those conditions assume
the exclusive presence of only monomers. Note that the
monomers and oligomers invoked in this context are defined
purely with respect to residual (nonbleached) fluorescence
after photobleaching and not in terms of physical cluster sizes.
Fluorescence anisotropy in a monomer does not change on

photobleaching due to the lack of an energy transfer partner, as
evident from the linear nature (of the form y = constant) of the
simulated plot for the monomer. However, for each successive
higher-order N-mer, anisotropy enhancement upon photo-
bleaching follows the corresponding (N − 1)th polynomial,
with the oligomeric size displaying an inverse proportionality
with the slope of anisotropy enhancement. In other words, the
magnitude of enhancement in fluorescence anisotropy for a
lower-order oligomer would be greater than that for a higher-
order oligomer for a unit decrease in fractional fluorescence
(see Figure 4b). This means that photobleaching a monomeric
unit would lead to a complete loss of energy transfer in a
dimer. However, in case of higher-order oligomers, photo-
bleaching of a monomer unit would contribute in decreasing
amounts to anisotropy enhancement due to the greater
availability of other energy transfer partners (shown by shaded
blue arrows in Figure 4b). In addition, since these simulated
plots are constructed purely on the basis of relative
contributions from different (nonbleached) fluorescent N-
mers to the ensemble-averaged fluorescence anisotropy
depending on their spatial distribution (see eq 2), the absolute
values of the data points in Figure 4a do not lend themselves to
further interpretation.
A comparative analysis of the slope of anisotropy enhance-

ment in the simulated and experimentally acquired photo-
bleaching profiles was carried out for the quantitation of
melittin oligomeric size in zwitterionic and negatively charged
membranes. To this end, the linear region of the simulated
plots (corresponding to fractional fluorescence of 0.7 to 1,
highlighted with a gray box in Figure 4a) was selected for the
construction of a calibration plot (Figure 5a and eq 4). The
choice of this region of the simulated profiles was informed by
the experimentally accessible limits of fractional fluorescence
and the linear nature of the experimentally acquired photo-

bleaching profiles (Figure 3). As discussed above, the
simulated plots range from 100% oligomers in the absence of
photobleaching ( f = 1) to 100% monomers (purely in terms of
residual nonbleached fluorescence after photobleaching and
not in terms of physical cluster sizes) on complete photo-
bleaching ( f = 0), with substantial heterogeneity at
intermediate values of fractional fluorescence due to the
presence of multiple photobleaching steps. On the basis of
these considerations, the linear region of the simulated plots
(corresponding to a fractional fluorescence of 0.7 to 1) could
be thought of as regions of low heterogeneity, as opposed to
the region immediately on its left ( f < 0.7). The region of
simulated anisotropy enhancement plots subjected to a linear
fit consisted of seven data points with a stepwise increment of
0.05 (intermittent data points have been omitted from Figure
4a for the sake of clarity).
The oligomeric size of melittin was calculated by plugging in

absolute values (magnitude) of slope from the experimental
photobleaching profiles to the calibration plot (Figure 5a;
shown using maroon and green tie lines). As shown in Figure

Figure 5. (a) Calibration plot linking the slope of simulated
anisotropy enhancement on photobleaching profiles to the size of
oligomers. Data points from the simulated anisotropy enhancement
profiles corresponding to fractional fluorescence of 0.7 to 1
(highlighted in gray in Figure 4a) were subjected to a linear fit and
the resultant slopes were plotted as a function of the oligomeric size
(N) for values of N = 2, 3, . . . 50. The magnitude of slopes
corresponding to the linear fits is higher for lower-order oligomers,
reflecting greater enhancement in fluorescence anisotropy upon
photobleaching. The regression line (shown in gray) corresponds to
eq 4. (b) Effect of membrane interfacial electrostatics on the
oligomerization of membrane-bound melittin. Experimental aniso-
tropy enhancement plots corresponding to fractional fluorescence of
0.7 to 1 (from Figure 3) were subjected to linear fitting to yield the
corresponding slopes. These values (shown as maroon and green
symbols for POPC and POPC/POPG membranes, respectively, in
panel (a)) were then plugged into eq 4 (shown as maroon and green
tie lines for POPC and POPC/POPG membranes, respectively, in
panel (a)) to calculate the oligomeric size of membrane-bound
melittin. Data represent means ± SE of at least three independent
measurements. See Experimental Methods for more details.
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5b, the oligomeric size of melittin in zwitterionic membranes
(∼21-mer) was found to be higher compared to that in
negatively charged membranes (∼10-mer). This means that
the presence of negatively charged lipids led to ∼50% decrease
in oligomeric size of melittin, relative to zwitterionic
membranes. This is possibly due to the differential energetics
of binding of the peptide monomer to membranes of different
compositions, reflected in the lower Kd value associated with
the binding of melittin to negatively charged lipids (see Figure
2b). The cationic melittin monomers are stabilized partially by
the electrostatic attraction associated with binding to
negatively charged membranes, leading to the formation of
lower-order 10-mers. On the other hand, binding to
zwitterionic membranes imparts no such (electrostatics-
mediated) stability to the adsorbed peptide, and therefore,
induces its association into higher-order 21-mers.

■ DISCUSSION
In spite of extensive work on various aspects of melittin−
membrane interactions, there is no consensus on the
oligomeric state of membrane-bound melittin.2 Membrane-
bound melittin has been reported to exist in both
monomeric25−28 and tetrameric28−31 forms. In addition, a
distribution of melittin oligomers in a membrane milieu has
been reported.31,49,50 These apparent contradictions in reports
of melittin oligomerization in membranes could be due to the
probable disruption of peptide amphipathicity due to labeling
with chemically dissimilar probes and the use of lipid mixtures
of inexact composition in earlier studies. The dissociation of
melittin into monomers have also been reported to occur
during membrane binding.51,52 However, this does not rule out
the possibility of oligomerization of melittin in membranes
with increasing number density of the membrane-bound
peptide monomer. This is because the oligomerization of
melittin in soluble and membrane-bound forms is fundamen-
tally different in terms of relative organization of the packed
monomers, and the conversion of soluble melittin oligomers to
membrane-bound ones would be mediated by the adsorption
of dissociated peptide monomers to the membrane interface.
Since melittin is a cationic peptide at physiological pH, it is

known to show preferential binding to negatively charged
membranes.14−17 However, negatively charged lipids confer
protection to lipid vesicles against melittin-induced lysis.9,18−21

This apparently paradoxical behavior has been attributed to
differential melittin orientation in negatively charged mem-
branes53,54 relative to zwitterionic membranes. Biophysical
investigations utilizing fluorescence signatures of melittin9,12

have highlighted the role of negatively charged membranes in
modulating the organization and dynamics of membrane-
bound melittin. In this backdrop, with the overall objective of
understanding the physiological implications of such lipid-
dependent organization and dynamics of melittin, we explored
here the role of negatively charged lipids in the oligomerization
of membrane-bound melittin. Our results show that the
average oligomeric size of melittin in negatively charged
POPC/POPG membranes is ∼50% of that in zwitterionic
POPC membranes (Figure 5b), implying that the peptide
oligomeric state may function as a checkpoint that drives the
development of selective peptide-membrane binding events
into lysis. These observations are particularly relevant in the
context of recent literature challenging the conventional belief
that the lytic activity of antimicrobial peptides could be linearly
correlated to their affinity for membranes.22 Instead, emerging

paradigms on the interaction of amphipathic peptides with
membranes55 hint at the immense dynamic complexity and
transience inherent in these interactions with respect to
multiple observables including peptide conformation,56,57

membrane organization,58 and pathways of membrane
destabilization.59

The absolute values of oligomeric size of melittin quantified
by the photobleaching homo-FRET-based method deserve
comment. From a reductionist approach, this assay can be
thought of as a sensor that counts the number of like
fluorophores each NBD moiety can detect within its effective
FRET distance of 4.7 nm in membranes. This distance is
calculated from a Förster radius (Ro) of 3.1 nm for NBD in
POPC membranes,60 based on a near-complete reduction in
FRET efficiency beyond an interfluorophore distance of
1.5Ro.

39 Our results, therefore, are indicative of a scenario
where each NBD (tagged to a peptide molecule) could sense
double the number of neighboring like fluorophores within its
effective FRET distance (4.7 nm) in zwitterionic membranes,
relative to negatively charged membranes. In fact, it is unlikely
that a single melittin oligomer could consist of 10 or 20
monomeric units and the average oligomeric sizes reported
here possibly reflect a heterogeneous distribution of peptide
oligomers, in overall agreement with earlier reports.31,49,50

These considerations, therefore, point to an alternative
scenario where the mean of the distribution in peptide
oligomeric size is at a lower value for negatively charged
membranes compared to zwitterionic ones. In addition, the
values reported here are expected to represent upper limits of
the average oligomeric size of membrane-bound melittin, since
the cross-sectional diameter of the melittin helix (∼1 nm) is
much smaller compared to the spatial FRET sensitivity of
NBD fluorophores. Therefore, the observed reduction in
melittin oligomerization in negatively charged membranes,
rather than the absolute oligomeric size of membrane-bound
melittin, represents the major insight obtained from this work.
A robust analysis of oligomeric size by the homo-FRET

based formalism requires that other factors that may contribute
to altered detection of fluorophores remain constant across
experimental conditions. The most notable artifact in this
context is the possibility of concentration-dependent fluo-
rescence depolarization.61 The lack of interference in the
photobleaching experiments (Figure 3) from bystander FRET
becomes apparent from the Kd values estimated for the binding
of melittin to zwitterionic POPC and negatively charged
POPC/POPG membranes (Figure 2). The lower Kd value
characteristic of melittin bound to negatively charged
membranes reflects a higher fraction of bound peptide in
these membranes relative to zwitterionic membranes in the
experimental conditions used for generating the anisotropy
enhancement plots. If the observed enhancement in
fluorescence anisotropy on photobleaching was governed by
concentration-dependent depolarization, the trend in oligo-
meric size would have been the opposite (greater oligomeric
size in negatively charged membranes) of the trend we report
here.
The other major factor that could complicate the

interpretation of FRET-based data is differences in fluorophore
microenvironment in the chosen experimental conditions,
leading to scenarios where differences in fluorescence
anisotropy are erroneously ascribed to differential oligomeric
size. This is best illustrated by the lower absolute value of
fluorescence anisotropy observed for melittin in negatively
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charged membranes relative to zwitterionic ones in the absence
of photobleaching (data points on the extreme right in Figure
3), which could be mistakenly interpreted as increased melittin
oligomerization. However, such a reduction in fluorescence
anisotropy could originate from the altered microenvironment
at the negatively charged membrane interface (compared to
zwitterionic membranes). Influence of these parameters can be
effectively screened out by utilizing the anisotropy enhance-
ment on photobleaching formalism,33 where changes in
fluorescence anisotropy (rather than the absolute values,
which are more prone to artifactual interference) are
considered for estimating the oligomeric size. Such a
comparative mode of analysis makes the anisotropy enhance-
ment on photobleaching approach well-suited for quantitative
studies on oligomerization of peptides and proteins in a
membrane environment, an area of research that remains
technically challenging despite its far-reaching implications in
contemporary biology.
Differences in fluorophore microenvironment could also

originate from differences in membrane localization (pene-
tration depth) of the peptide. This is an important point, since
the membrane orientation and localization of melittin has been
shown to vary depending on a multitude of factors including
lipid composition, peptide concentration, membrane phase,
and the presence of a transbilayer potential.2 However, the
membrane localization of the melittin analog used in this study
has been previously reported to be similar in zwitterionic and
negatively charged membranes,9,12 and translates to a surface-
adsorbed pseudoparallel kinked α-helical conformation, in
overall agreement with earlier reports.2,13,62,63 These reports,
therefore, rule out artifacts in data interpretation arising from
differential penetration depth of melittin in zwitterionic and
negatively charged membranes. In addition, the experiments
described here were judiciously designed to ensure that the
observed trends in fluorescence anisotropy do not include any
interference from NBD self-quenching, which occurs above a
threshold of 5 mol % NBD in fluid-phase membranes.64,65 The
differential enhancement in fluorescence anisotropy on photo-
bleaching reported here therefore has its genesis in differential

oligomerization of melittin in zwitterionic and negatively
charged membranes.

■ CONCLUSION

Taken together, we report the role of negatively charged lipids
in the oligomerization of the model amphipathic peptide
melittin in membranes utilizing a quantitative photobleaching
homo-FRET assay. Our results show that negatively charged
membranes decrease melittin oligomerization to ∼50% of that
observed in zwitterionic membranes. This is possibly due to
the differential energetics of binding of the melittin monomer
to membranes of different compositions, which translates to
differential oligomerization tendencies (Figure 6). The tighter
binding of the peptide monomer to negatively charged
membranes, compared to zwitterionic membranes, is offset
by lower oligomeric sizes. To the best of our knowledge, the
present observations constitute one of the first comprehensive
experimental reports on the role of phospholipid headgroup
charge (and membrane interfacial electrostatics) in the
oligomerization of membrane-bound melittin. These results
assume relevance in the backdrop of previous apparently
contrary reports on melittin oligomerization in membranes and
offer a rationale for the lower lytic activity of melittin in
negatively charged membranes relative to zwitterionic
membranes. In a cautionary note, our results show that
oligomerization of membrane peptides and proteins should be
analyzed in the context of membrane lipid composition. In a
broader context, our results highlight the synergistic interplay
of peptide−membrane binding events and peptide oligomeri-
zation in modulating the membrane activity of amphipathic α-
helical peptides. These insights enrich our understanding of the
influence of phospholipid headgroup charge on the organ-
ization and biological activity of amphipathic membrane-
interacting peptides, and could be useful in the synthesis of
designer peptides with fine-tuned lipid specificity and smart
functionalities including therapeutic applications.

Figure 6. Effect of negatively charged phospholipids (and membrane interfacial electrostatics) on the oligomerization of melittin in membranes.
The amphipathic lytic peptide melittin is shown as a yellow kinked helix pseudoparallel to the bilayer surface and water molecules are in shades of
blue. Lipids are represented with zwitterionic (gray) and negatively charged (purple) headgroups and black acyl chains, as shown in the top right
panel. The schematic on the left represents the topology and orientation of membrane-bound melittin, based on our earlier work on the membrane
localization of melittin in zwitterionic and negatively charged membranes.9,12 The presence of negatively charged lipids (indicated by a plus (+)
symbol and green bars) leads to tighter binding of the cationic melittin monomer (shown by the yellow arrow on the left), relative to zwitterionic
membranes (indicated by a minus (−) symbol and maroon bars), due to favorable electrostatic factors. This leads to the formation of lower-order
oligomers of melittin in negatively charged membranes (shown by the yellow arrow on the right) relative to zwitterionic membranes. These
observations imply that the peptide oligomeric state may function as a checkpoint that drives the development of selective peptide-membrane
binding events into lysis. See text for more details.
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