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Abstract 

The widespread distribution of cationic antimicrobial peptides capable of membrane 

fragmentation in nature underlines their importance to living organisms. In the present work, 

we determined the impact of the electrostatic interactions associated with the cationic C-

terminal segment of melittin, a 26-amino acid peptide from bee venom (net charge +6), on its 

binding to model membranes and on the resulting fragmentation. In order to detail the role 

played by the C-terminal charges, we prepared a melittin analogue for which the 4 cationic 

amino acids in positions 21 to 24 were substituted with the polar residue citrulline, providing a 

peptide with the same length and amphiphilicity but with a lower net charge (+2). We compared 

the peptide bilayer affinity and the membrane fragmentation for bilayers prepared from 

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)/1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine 

(DPPS) mixtures. It is shown that neutralization of the C-terminal considerably increased melittin 

affinity for zwitterionic membranes. The unfavorable contribution associated with transferring 

the cationic C-terminal in a less polar environment was reduced, leaving the hydrophobic 

interactions, which drive the peptide insertion in bilayers, with limited counterbalancing 

interactions. The presence of negatively charged lipids (DPPS) in bilayers increased melittin 

binding by introducing attractive electrostatic interactions, the augmentation being, as 

expected, greater for native melittin than for its citrullinated analogue. The membrane 

fragmentation power of the peptide was shown to be controlled by electrostatic interactions 

and could be modulated by the charge carried by both the membrane and the lytic peptide. The 

analysis of the lipid composition of the extracted fragments from DPPC/DPPS bilayers revealed 

no lipid specificity. It is proposed that extended phase separations are more susceptible to lead 

to the extraction of a lipid species in a specific manner than a specific lipid-peptide affinity. The 

present work on the lipid extraction by melittin and citrullinated melittin with model 

membranes emphasizes the complex relation between the affinity, the lipid 

extraction/membrane fragmentation, and the lipid specificity. 
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1. Introduction 

The widespread distribution of cationic antimicrobial peptides (CAPs) in animal and plants 

underlines their importance to living organisms. To this day, more than 2500 naturally occurring 

CAPs have been catalogued. They present a wide range of activity: antibacterial, antiviral, 

antifungal, and anticancer, to name a few 1-2. Notably, the interest they generate in modern 

medicine comes from their straightforward mode of action: in general, CAPs directly target and 

disrupt vital membrane features, allowing CAPs to preserve their potency despite some 

microbial mutations.  

A characteristic feature of CAP structures is the coexistence of an amphipathic character, and 

positively charged amino acids. Upon binding to membranes, they often organize as α-helices 

with hydrophobic and hydrophilic residues on opposite faces, a feature referred to as secondary 

amphipathic character. Designers of synthetic CAPs found that it was possible to modify CAP 

activity towards microbial and mammalian cells independently by varying the hydrophobicity, as 

well as the number and the position of the positive charges in the amphiphilic structure 3-9. 

Therefore, fine-tuning the primary structure of CAPs can optimize cell selectivity. It is believed 

that the cationic charge of CAPs plays a fundamental role in the targeting of bacterial cells 10-12 

as these typically possess negatively charged membranes 13. For example, the increase of the net 

positive charge of synthetic CAPs was found to improve their antimicrobial activity while 

maintaining low toxicity towards mammalian cells 6, 8. It appeared, however, that there was a 

positive-charge threshold as further increase of the CAP net positive charge led to a higher 

activity toward erythrocyte membranes 7, a phenomenon that was associated with the putative 

attraction of these highly charged CAPs by the negative membrane potential inside the cell 14. 
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In the present work, we determined the impact of electrostatic interactions associated with the 

cationic C-terminal segment of melittin on bilayer affinity and on the resulting lipid extraction. 

Melittin, the main component of dry bee venom, is a 26-aminoacid CAP 15. It has been used as a 

model peptide for various purposes over the last decades (for a general review, see 16), and has 

shown therapeutic potential with antimicrobial, anti-inflammatory 17-20, antiparasitic 21, and 

anticancer 22-23 activity, as well as for treatment 24 and prevention 25 of HIV. Like many CAPs, 

melittin binds to membranes as an amphipathic α-helix 26-28. Its sequence, 

GIGAVLKVLTTGLPALISWIKRKRQQ-NH2 
15, includes a highly hydrophilic C-terminal segment with 4 

positive charges (K21-R22-K23-R24). The 1-20 segment folds as an amphipathic α-helix upon the 

binding of the peptide to bilayers. When interacting with membranes, melittin induces leakage 

29-34 and it leads, at higher concentrations, to membrane fragmentation and the formation of 

small lipid/peptide bicelles, or nano-disks 35-37. 

The cationic character of melittin was shown to be essential to its activity on membranes. It is 

well documented that the presence of negatively charged lipids in membranes, such as 

phosphatidylglycerol (PG), phosphatidylserine (PS), and phosphatidic acid (PA), significantly 

increases the melittin affinity due to attractive electrostatic interactions 38-42. However, it was 

observed that melittin-induced bicellization of membranes was strongly hindered by the 

presence of anionic lipids in membranes 26, 38, 40, 43-44. This observation was proposed to be due to 

an electrostatic anchoring of the peptide to the interface, preventing the relocation of the 

peptide deeper in the hydrophobic core, an essential step for the membrane fragmentation. 

This inhibition of the lipid extraction was found to be proportional to the interfacial negative 

charge density of the bilayer, and independent of the nature of the anionic lipid 38. 
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Melittin analogues with modified or omitted residues have been used to determine the role of 

the cationic C-terminal part. At this point, there is no coherent conclusion regarding the impact 

of the electrostatic interactions on bilayer binding. For instance, the properties of melittin-21Q, 

a truncated analogue of melittin in which residues 21 to 25 (K21-R22-K23-R24-Q25) were omitted, 

were investigated. Its binding to zwitterionic 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC) bilayers as well as to anionic 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG) 

bilayers was measured by Surface Plasmon Resonance (SPR) 45-46. Melittin-21Q exhibited a 

reduced or similar binding to DMPC and to DMPG bilayers compared to native melittin, 

suggesting a favorable or a limited contribution of the cationic C-terminal portion to membrane 

affinity. Another investigation, using tryptophan fluorescence, revealed that melittin and its C-

terminal truncated versions 1-22 (Mel1-22), and 1-20 (Mel1-20), all showed an increased affinity 

for 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-(1'-rac-glycerol) (POPG) 70/30 large unilamellar vesicles (LUVs) compared POPC LUVs 47 

(See Supporting Information). These findings highlighted the role of attractive electrostatic 

interactions. However, it was also reported that Mel1-22 and Mel1-20 showed a larger affinity 

for POPC bilayers than melittin, hinting for a detrimental role of the cationic C-terminal in the 

association with neutral membranes. Similarly, the disordering effect of membrane apolar core 

by melittin fragments, as assessed by Attenuated Total Reflectance - infrared (ATR-IR) 

spectroscopy, suggested that the hydrophobic 1-15 fragment of melittin inserted well into 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and POPC membranes, while the binding of the 

hydrophilic 16-26 fragment was limited 48. The results relative to the impact of the C-terminal 

residues on cell lysis do not provide a consistent description either. Mel1-22 was shown to 

induce less leakage of encapsulated fluorescein from DPPC LUVs than melittin 49. This conclusion 

was in agreement with the findings resulting from the comparison of melittin cytolytic activity 
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with that of Mel1-22 or Mel1-20, evaluated by 51Cr release assays from human lymphoblast 

cells; this study also found that the truncated analogues were less active 50. However, it was 

shown that the removal of any of the 21 to 26 (KRKRQQ) residues to form 25-residue analogues 

of melittin (net charge +5 or +6) had no effect on its lytic power; the induced leakage of cell 

material from erythrocytes and bacterial cells was similar between analogues and native 

melittin 51. 

 
In the present paper, we detail the role played by the electrostatic interactions involving the C-

terminal charges of melittin in the lipid extraction induced upon interacting with membranes. 

We compared the bilayer affinity and the extent of lipid extraction of melittin bearing either its 

native cationic C-terminal segment or a neutral hydrophilic segment. The neutral segment was 

prepared by substituting the 4 basic residues of melittin (21K-22R-23K-24R) by citrullines, a polar 

but neutral amino acid 52. Citrullination of the peptide isolated the effect of the charges but 

preserved the solubility, the length and the number of peptide bonds of the native peptide. We 

characterized the interactions with membranes prepared from DPPC and 1,2-dipalmitoyl-sn-

glycero-3-phospho-L-serine (DPPS) in various proportion in order to modulate the negative 

charge of the bilayer interface. In addition, we examined whether melittin-driven lipid extraction 

was specific for anionic lipids, considering the attractive interactions between the two species. It 

has been recently shown that melittin could preferentially extract DPPC molecules when 

interacting with DPPC/1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) membranes 

53. It was proposed that the surrounding of bound melittin was depleted in DPPE, as the stronger 

inter-PE interactions were unfavorable to the peptide insertion in the bilayer. The resulting 

enrichment in DPPC of the peptide environment was proposed to be at the origin of the 

enhanced DPPC extraction relative to DPPE. The specificity of the lipid extraction was, in that 

case, based on lipid polymorphic propensities. In the present work, we examined whether 
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electrostatic interactions may also lead to the preferential extraction of a lipid species by 

melittin. 

 

2. Experimental Methods 

2.1 Chemicals 

Melittin was purified from bee venom (Sigma, St. Louis, MO, USA) by ion exchange 

chromatography on SP-Sephadex C-25 54. Solid phase synthesis of citrullinated melittin (Cit-Mel) 

was carried out on methylbenzhydrylamine resin, using commercial Boc-amino acid residues 

(Chem-Impex, Wood Dale, IL, USA) and BOP as the coupling reagent (Matrix Innovation, Quebec 

City, QC, CAN). Acidolytic Boc removal was obtained by treating the protected peptide-resin 

with trifluoroacetic acid (TFA)/methylene chloride (45%). After a final Boc deprotection step, 

following a cleavage with hydrofluoric acid (Matheson, Edmonton, AB, CAN) containing m-cresol 

(10%) as a scavenger, a crude peptide preparation was isolated and washed with ethylether. The 

crude material was purified by reverse-phase HPLC using an acetonitrile (ACN) gradient in 

aqueous TFA (0.1%). Pure fractions corresponding to the expected mass of Cit-Mel, as 

established by MALDI-TOF mass spectrometry, were pooled, evaporated to remove ACN, and 

lyophilized. DPPC and DPPS were purchased from Avanti Polar Lipids (Alabaster, AL, USA). 

Ethylenediaminetetraacetic acid (EDTA), NaCl, and 3-[N-morpholino]propanesulfonic acid 

(MOPS) were obtained from Sigma (St. Louis, MO, USA). All chemicals were used as received. 

2.2 Lipid membrane preparation 

First dissolved in a benzene/methanol mixture (90/10 (v/v)), individual lipids were mixed to 

obtain the desired molar ratio and then lyophilized. The lipid powders were hydrated in a MOPS 

buffer (50 mM) containing 100 mM NaCl and 100 µM EDTA, and adjusted to pH 7.4. The samples 
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were submitted to 3 freeze-and-thaw cycles (from liquid nitrogen temperature to 65 °C) to form 

the multilamellar vesicle (MLV) suspensions used for the extraction experiments. For the 

fluorescence experiments, the MLVs were extruded at 75 °C using a manual extruder (Northern 

Lipids, Vancouver, BC, CAN) to obtain 100-nm LUVs. 

2.3 Fluorescence measurements 

Tryptophan fluorescence spectra were recorded to assess the binding of melittin to lipid 

bilayers. For these binding studies, LUV aliquots were added to a melittin solution (14 µM in the 

MOPS buffer; its concentration was determined from its absorbance at 280 nm, using a molar 

absorptivity coefficient of 5 570 M-1 cm-1  55). After each addition, the fluorescence spectrum of 

melittin was acquired at 65 °C; this temperature was selected to ensure that all the investigated 

lipid systems were in the fluid phase. The wavelengths at maximum for free (λfree) and bound 

(λbound) melittin were determined from the spectra recorded from samples with a lipid to peptide 

incubation ratio (L/P) of 0, and 400, respectively. The fraction of bound melittin, Xb, was then 

calculated from the ratio of the fluorescence intensity at λfree (Iλfree) and at λbound (Iλbound) using 

𝑋𝑋𝑏𝑏 = 𝑅𝑅−𝑅𝑅0
𝑅𝑅400−𝑅𝑅0

 , 

where R is Iλbound/Iλfree, R0 is Iλbound/Iλfree at L/P=0, and R400 is Iλbound/Iλfree at L/P=400. The association 

constants of melittin to the membranes (Ka) were calculated as the slope of the fitted lines 

describing the variations of Xb/(1-Xb) as a function of [lipid]external, according to : 

𝐾𝐾𝑎𝑎 = [𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝]𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
[𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × [𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑙𝑙]𝑓𝑓𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑏𝑏𝑒𝑒𝑒𝑒

. 

The data points for which most of melittin was bound (Xb≥0.8) deviated from the model and 

were discarded for the determination of Ka. The value [lipids]external took into account only the 

lipid external leaflet (i.e. the total lipid concentration/2) as the association was assumed to 
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occur essentially at the bilayer interface. The molar Gibbs free energy of binding (ΔGbind) was 

calculated using: 

𝛥𝛥𝛥𝛥𝑏𝑏𝑝𝑝𝑏𝑏𝑝𝑝 = RT ln � c°
Ka
�, 

where R is the ideal gas constant, T is the temperature, and c°=1 M is the standard reference 

concentration. Fluorescence measurements were carried using a Photon Technology 

International fluorometer. The excitation wavelength was set at 270 nm and the bandwidths for 

the excitation and emission monochromators were set at 1.0 and 2.0 nm, respectively. In these 

conditions, no significant light diffusion caused by the liposomes was observed. 

2.4 Circular dichroism 

Circular dichroism spectra were acquired to determine the secondary structure of the bilayer-

bound peptides. Spectra were acquired from a melittin solution (14 µM in the MOPS buffer), 

and after the addition of a quantity of LUV ensuring complete binding. The CD spectra were 

recorded, at 65 °C, on an Applied Photophysics ChirascanTM spectropolarimeter, using a cuvette 

with an optical-path length of 5 mm. The helical content, f, was estimated using : 

𝑓𝑓 = 𝜃𝜃−𝜃𝜃𝑅𝑅𝑅𝑅
𝜃𝜃𝐻𝐻−𝜃𝜃𝑅𝑅𝑅𝑅

 , 

where θ is the measured mean residue molar ellipticity at 222 nm, θRC is the predicted value for 

100% random coil (-1 500 deg cm2 dmol-1) and θH is the predicted value for 100% α-helix 

(-33 400 deg cm2 dmol-1)56.  

2.5 Lipid Extraction 

Lipid extraction induced by melittin was determined using an approach previously described 53. 

Briefly, a melittin solution and a MLV suspension prepared in the MOPS buffer were mixed in a 

microcentrifuge tube to obtain the desired L/P and a fixed phospholipid concentration of 1 
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mg/mL. The suspensions were then incubated for at least 30 min at 65 °C, a temperature above 

the membrane gel-to-fluid phase transition temperature (Tm = 41 °C for DPPC and 54 °C for 

DPPS). After the incubation, the samples were centrifuged for 5 min at 20 800 g and 1 °C. It was 

assumed that the extracted lipids, existing as small melittin-lipid assemblies, stay in the 

supernatant while the remaining MLVs (possibly with bound melittin) pellet. Centrifugation of 

control samples (without melittin) showed that more than 85% of lipids were found in the 

pellets for all phospholipid mixtures. The supernatants were isolated and the pellets were 

resuspended in the MOPS buffer for their analysis. The phospholipid contents in the 

supernatants and in the pellets were determined by a Bartlett’s phosphorus assay 57. The extent 

of extraction was calculated using  

Extraction % = 𝑝𝑝ℎ𝑜𝑜𝑙𝑙𝑝𝑝ℎ𝑜𝑜𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑙𝑙 𝑝𝑝𝑏𝑏 𝑝𝑝ℎ𝑝𝑝 𝑙𝑙𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠𝑏𝑏𝑎𝑎𝑝𝑝𝑎𝑎𝑏𝑏𝑝𝑝
𝑝𝑝𝑜𝑜𝑝𝑝𝑎𝑎𝑙𝑙 𝑝𝑝ℎ𝑜𝑜𝑙𝑙𝑝𝑝ℎ𝑜𝑜𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑙𝑙

. 

The lipid composition of the supernatants and of the pellets were determined by HPLC-MS 

analysis, using an Agilent Technologies 1100 series system equipped with a 1100 MSD mass 

spectrometer. Samples were eluted on a YMC diol column (4.6 x 150 mm, 5-µm particle size) 

(Agilent Technologies), maintained at 50 °C. Elution of the phospholipids was achieved in 7 min, 

using ACN/aqueous ammonium acetate solution (100 mM) (85/15) at 0.6 mL/min. The ESI 

source was used in the positive ionization mode. Nitrogen was used as drying gas at 250 °C and 

12 L/min. Nebulizing gas was also nitrogen, held at 241 kPa. The extent of extraction was 

determined for each lipid species, using 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 % = 𝐴𝐴𝑠𝑠
𝐴𝐴𝑠𝑠+ 𝐴𝐴𝑝𝑝

, 

where As and Ap are the lipid peak area from the supernatant and the pellet analysis, 

respectively. Experiments were carried out in triplicates unless stated otherwise. 
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3. Results 

3.1 Association to LUVs 

First, the impact of the C-terminal charges of melittin on bilayer affinity was determined. The 

hypsochromic shift of the tryptophan fluorescence band was used to characterize the transfer of 

this amino acid from water (in the case of free melittin) to a more hydrophobic environment 

(associated with membranes) 58. The binding of melittin and Cit-Mel to DPPC zwitterionic 

bilayers and to DPPC/DPPS anionic membranes was characterized (Figure 1). The binding 

experiments were carried out at 65 °C, a temperature at which membranes were in the fluid 

phase. The effect of citrullination on the melittin association to pure DPPC membranes is 

presented in Figure 1A. Free melittin displayed a fluorescence maximum at 348 nm; the band 

was progressively shifted upon the addition of DPPC LUVs towards 335 nm, a value 

characteristic of the bound state 41 (See Supporting Information). From these fluorescence data, 

the proportion of membrane-bound melittin was estimated as described in the Materials and 

Methods section. 
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Figure 1: Evolution of tryptophan fluorescence of melittin (full symbols) and of citrullinated 

melittin (empty symbols), characteristic of melittin association with DPPC (A) or DPPC/DPPS 

70/30 (B) bilayers at 65 °C. 

The L/P ratio at which 50% of melittin was bound (L/P50) was evaluated at 30 for DPPC. Ka and 

ΔGbind were also inferred from these data (Table 1). The ΔGbind value for the association of 

melittin to DPPC membranes was -23.8 kJ/mol, which is similar to the values that have been 

reported for melittin binding to fluid POPC LUVs (varying between -21.3 to -24.7 kJ/mol) 59-60. 

The titration of Cit-Mel with DPPC LUVs showed a similar hypsochromic shift (from 344 nm to 

336 nm; see Supporting Information) but occurring at lower L/Ps, with L/P50=4. This result 

indicated that ∼7 times less lipids were required to bind half the peptides. In addition, ΔGbind was 

-28.0 kJ/mol, indicating a stronger association to DPPC than native melittin. 
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Table 1: Association parameters obtained from binding data. 

Peptide Membrane 
L/P at 
50% 

binding 
Ka (M-1) ΔGbind  

(kJ/mol) 

Melittin 
DPPC 30 4.8x103 -23.8 

DPPC/DPPS 
70/30 3.6 5.1x104 -30.5 

Citrullinated 
DPPC 4.0 2.1x104 -28.0 

DPPC/DPPS 
70/30 1.3 1.2x105 -32.6 

 

The peptide affinity was also determined for negatively charged membranes formed by 

DPPC/DPPS 70/30 (mol/mol) mixture (Figure 1B). The titration curves indicated that melittin had 

a stronger affinity for negatively charged bilayers than for pure DPPC membranes; in the case of 

DPPC/DPPS 70/30 bilayers, the L/P50 was shifted to 3.6 and ΔGbind was -30.5 kJ/mol. A consistent 

increased melittin affinity had already been reported for anionic membranes of PS, of 

phosphatidylglycerol (PG), or containing unprotonated palmitic acid (PA-) 41, 59, 61. This enhanced 

attraction was proposed to be due to electrostatic interactions. The binding experiments with 

Cit-Mel also revealed an increased affinity for DPPC/DPPS membranes compared to pure DPPC 

bilayers, with L/P50 reaching 1.3, and a ΔGbind of -32.6 kJ/mol. It should be noted that these 

results indicated that the affinity of Cit-Mel for DPPC/DPPS bilayers was stronger than that of 

melittin, even though 4 of the 6 positively charged amino acids of the latter have been 

substituted with citrullines. 

We have determined the variation of secondary structure of the peptides upon their binding to 

bilayers, using CD spectroscopy (Figure 2).  The spectra of the free peptides were typical of a 

random coil structure. Upon binding, the peptides adopted an α-helix structure, characterized 
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by the minimum at 222 nm.  The inferred α-helix content was between 31 and 36% except for 

Cit-Mel bound to DPPC that showed an estimated α-helix content of 18%.  The formation of a 

helical structure by melittin upon its binding to bilayers is well established 9, 46, 62, and this 

structure appeared to be preserved upon heating the systems to 65 °C.      

 

Figure 2 - CD spectra of melittin or Cit-Mel (14 µM) in solution, before and after the addition of 

DPPC or DPPC/DPPS 70/30 (mol/mol) LUVs. The lipid/peptide incubation ratio was 200 for the 

Mel/DPPC system, and 100 for the others, in order to obtain complete binding of the peptides. T 

= 65 °C. 

 

 

3.2 Lipid extraction by melittin and citrullinated melittin 

The impact of electrostatic interactions on melittin-induced lipid extraction was characterized by 

modulating both the bilayer charge, using DPPC/DPPS membranes in different proportions, and 
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the peptide charge, by comparing melittin and Cit-Mel. Figure 3 indicates that the addition of 

anionic DPPS to neutral DPPC MLVs modulated lipid extraction induced by melittin and Cit-Mel 

in opposite ways. 

 

Figure 3: Lipid extraction after incubation (L/P=20) of melittin (filled diamonds) or Cit-Mel 

(empty diamonds) with DPPC/DPPS MLVs in different proportions of neutral/anionic lipids. 

At L/P=20, DPPC bilayers were almost completely destructed after an incubation with melittin as 

the lipid extraction reached 85%; this extent is in agreement with previous results 38, 53. The 

insertion of DPPS in membranes progressively inhibited the lipid extraction, a phenomenon 

previously demonstrated for other negatively charged phospholipids 38. Membranes with 15% 

DPPS or more were completely resistant to the lipid extraction by melittin at L/P=20; this 

inhibition is consistent with previous 2H-NMR results obtained with DPPC bilayers containing 10 

(mol)% DPPG or DMPS 38. The lipid extraction from pure DPPC bilayers by Cit-Mel was ∼40 %, 

about half of the level observed for melittin. Conversely to the inhibiting effect on melittin-

induced extraction, the addition of DPPS appeared to enhance the ability of Cit-Mel to extract 

lipids; the addition of 5 and 10 % DPPS increased the extent of the lipid extraction by about 20% 
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and 40% respectively, mirroring the pattern observed with melittin. The lipid extraction reached 

a plateau at about 90% for membranes with 10% DPPS or more. 

The lipid extraction as a function of the melittin concentration was detailed for DPPC and 

DPPC/DPPS 90/10 membranes (Figure 4) to better distinguish the activity of both peptides 

towards neutral and anionic liposomes. Melittin started to cause a lipid extraction from DPPC 

membranes when the peptide to lipid incubation ratio (P/L) reached 15×10-3 (L/P=67). The lipid 

extraction increased abruptly with an increased melittin concentration, from 6% at P/L=15×10-3 

(L/P=67) to 91% at P/L=50×10-3 (L/P=20). These results are in agreement with previous studies 

using the same centrifugation approach 53 as well as those using 2H-NMR measurements to 

assess the formation of extracted small lipid/peptide particles 38. The curve obtained with 

DPPC/DPPS 90/10 bilayers illustrates the resistance of anionic bilayers to the lipid extraction by 

melittin. The lipid extraction was observed for P/L proportions greater than 30×10-3 (L/P=33); it 

increased from 5% at P/L=30×10-3 to 80% at P/L=70×10-3.  
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Figure 4: Quantification of lipid extraction after incubation of melittin (full symbols) or Cit-Mel 

(empty symbols) with MLVs of DPPC (A) or DPPC/DPPS 90/10 (B) at different ratios of 

incubation. The incubation ratio is displayed as peptide per 1000 lipids, P/L, or L/P. 

The lipid extraction from pure DPPC bilayers by Cit-Mel reflected the reduced activity of this 

peptide compared to melittin. The lipid extraction was observed when P/L reached 20×10-3: 9% 

lipid extraction was observed. It increased with the peptide concentration, reaching >95% at 

P/L=90×10-3. The results obtained with DPPC/DPPS 90/10 bilayers showed the enabling effect of 

DPPS on the lipid extraction by Cit-Mel, as a P/L as low as 15×10-3 led to 28% lipid extraction. 

The maximal bilayer disruption was already obtained for a P/L of 50×10-3. It should be noted that 

DPPC/DPPS 90/10 bilayers were more difficult to pellet by centrifugation in the absence of 

peptide, likely because of the electrostatic repulsion between the anionic membranes 

(Figure 4B). This was reflected by a small extent of lipid extraction reported for very low peptide 
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contents (P/L≤10) that was, in fact, corresponding to the amount of lipid obtained for the blank. 

Upon the addition of more melittin (10≤P/L≤30), the MLVs were pelleted more efficiently, 

leading to an estimated lipid extraction closer to 0%. This observation is in agreement with the 

proposed bridging of adjacent anionic bilayers by melittin that would force the expulsion of 

some interlamellar water 26, 61. 

 

3.3 Absence of lipid selectivity in melittin-induced extraction 

The composition of the extracted lipid fraction after the incubation of DPPC/DPPS membranes 

with the peptides was determined in order to identify whether the extraction was specific for 

one of the two lipid species (Figure 5). The 90/10 DPPC/DPPS mixture was chosen for these 

experiments since the resulting membranes led to intermediate levels of lipid extraction; these 

were required to obtain sufficient DPPS for reliable quantitation and to get remaining MLVs to 

allow specific lipid extraction. The overall lipid extraction could be inferred from the weighted 

extraction average of the two lipids. As shown on Figure 3, the lipid extraction augmented as P/L 

increased. The higher lipid extraction extent observed for Cit-Mel at P/Ls between 15×10-3 and 

60×10-3 demonstrated again its increased activity towards DPPS-containing membranes. The 

results show that both DPPC and DPPS were extracted by the peptides to a similar extent. 

Therefore, melittin and Cit-Mel extracted lipids from DPPC/DPPS 90/10 bilayers in a non-

selective manner. No significant difference between the DPPS content in the initial membrane 

composition and in the extracted lipid fractions was observed for membranes with up to 30% of 

DPPS for P/L of 50×10-3 (L/P=20) (Supporting Information). 
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Figure 5: Melittin (A) and Cit-Mel (B) extraction selectivity after incubation with DPPC/DPPS 

90/10 MLVs. Black bars represent PC extraction whereas white bars represent PS extraction. The 

incubation ratio is displayed as peptide per 1000 lipids, P/L. 

 

 

 

4. Discussion 

4.1 The electrostatic effect on the melittin association 

It is generally accepted that the positive character of CAPs is pivotal for the peptide association 

with negatively charged membranes; the more negative surface potential of bacterial 

membranes compared to eukaryotic cell is assumed to be a key feature for providing cell 
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specificity 10-12, 63. The stronger affinity of melittin for anionic than for neutral membranes had 

already been demonstrated 40-41, 61 and is corroborated by the present results (Figure 1). This 

preference for anionic membranes is likely due to attractive electrostatic interactions associated 

with the cationic residues of the peptide. However, the present findings suggest that the 

cationic C-terminal grants cell binding specificity to melittin not only by providing attractive 

electrostatic interactions with anionic membranes, but also by reducing its association with 

zwitterionic bilayers. The binding experiments (Table 1) showed that the substitution with 

citrullines of the C-terminal cationic amino acids increased melittin affinity for zwitterionic DPPC 

membranes, rising ΔGbind from -23.8 to -28.0 kJ/mol. This result is consistent with a previous 

study showing that the affinity of truncated amidated Mel1-22 (net charge +4) or Mel1-20 (net 

charge +2) for POPC membranes was increased compared to native melittin (47, see Supporting 

Information). In that study, half-association was reached at L/P50=5 and L/P50=2 for melittin 1-22 

and 1-20, compared to L/P50=19 for melittin. Considering these observations, it is concluded that 

the cationic C-terminal K21-R22-K23-R24 segment has an adverse effect on the association of 

melittin to neutral membranes. Melittin binding to membranes is a process involving substantial 

hydrophobic interactions. A continuum mean-field model describing the melittin transfer from 

the polar aqueous medium to the membrane apolar core isolated the contributions of the 

hydrophobic and of the electrostatic interactions to the ΔG of association 64. It was found that 

the favorable hydrophobic interactions were dominating, overcoming the energy required for 

peptide desolvation. The thermodynamics of the melittin association to POPC LUVs was also 

determined experimentally by Isothermal Titration Calorimetry (ITC), and concluded that ΔGbind 

was the combination of a favorable entropic contribution, driven by hydrophobic interactions, 

and an unfavorable enthalpic contribution 59. The increased affinity of Cit-Mel for zwitterionic 

membranes could originate from at least two consequences resulting from the substitution of 
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the charged residues with citrullines. First, it is possible that neutralization of the cationic C-

terminal segment lowered the free energy of peptide desolvation mentioned above, and 

effectively decreased the free energy of the peptide association. ΔG associated with the water-

to-interface transfer of citrulline is not reported but such a value is typically lower for neutral 

residues like glutamine (2.4 kJ/mol) or asparagine (1.8 kJ/mol) than for cationic arginine (3.4 

kJ/mol) and lysine (4.2 kJ/mol) 65. Such contributions would be consistent with the more 

negative ΔG of the bilayer association found for Cit-Mel compared to that for melittin. It should 

be noted that the α-helical content of Cit-Mel bound to DPPC bilayers appeared to be lower 

than that of bound melittin (Figure 2) even though their Trp fluorescence maximum was roughly 

the same (Figure S-3), suggesting a similar polarity of the environment of this residue.  The CD 

results would suggest a difference in the mode of binding.  Second, the positive membrane 

surface potential associated with the presence of bound melittin has been proposed to create a 

melittin concentration gradient, from the bulk to the interface, as a response for intermelittin 

electrostatic repulsion 39, 60. The reduced melittin concentration close to the bilayer interface 

was proposed to reduce the apparent binding of melittin 60. Such an interpeptide repulsion was 

also proposed to affect the binding of cecropins and may be a general feature of the association 

of CAPs to membranes 66. In the case of Cit-Mel, the neutralization of the C-terminal charges 

would considerably decrease the impact of this phenomenon and would increase the apparent 

binding constant, as observed here. The present results therefore reveal that the C-terminal 

charges of melittin reduce the affinity of the peptide for neutral membranes. These conclusions 

are in contradiction with those inferred from the SPR binding studies concluding that truncated 

amidated melittin-21Q exhibits, relative to melittin, a lower or a similar affinity for DMPC 

membranes 45,46. These SPR experiments were conducted on supported bilayers and the nature 
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of the interactions with the peptides, particularly regarding the peptide insertion, is probably 

different. 

As a matter of fact, the association of Mel and Cit-Mel with negatively charged bilayers included 

attractive electrostatic interactions. Melittin (charge +6) and Cit-Mel (charge +2) both displayed 

a greater association with DPPC/DPPS bilayers than with DPPC ones (Figure 1). The ΔGbind 

(Table 1) of melittin increased by 28% when 30 (mol)% DPPS were included in DPPC bilayers, 

whereas the augmentation was 16% for Cit-Mel; these differences highlight the fact that the 

extent of increase was dependent on the peptide charge. However, despite the fact that 

negatively charged membranes led to larger attractive electrostatic interactions, it appeared 

that hydrophobic interactions remained a prevailing contribution as Cit-Mel still displayed 

greater affinity for DPPC/DPPS bilayers than native melittin. It must be noted that truncated 

Mel1-22 and Mel1-20 (net charge +4 and +2 respectively) displayed also a greater association 

with POPC/POPG 70/30 membranes than melittin (47, see Supporting Information). The present 

findings suggest that the C-terminal charges of melittin actually play two roles in membrane 

association. They improve the association to anionic membranes by attractive electrostatic 

interactions. In addition, they reduce the peptide affinity for neutral membranes by 

counterbalancing the favorable hydrophobic interactions associated with the penetration of 

apolar segments of the peptide in the bilayer core with an unfavorable desolvation energy of the 

cationic C-terminal. These combined contributions are proposed to play a central role in the cell 

selectivity of melittin towards bacterial cell membranes compared to mammalian cell 

membranes 67-68. This fine modulation of affinity should be investigated for other CAPs in order 

to establish whether this phenomenon is a general feature. 
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4.2 Electrostatic effect on lipid extraction 

Proposed mechanisms for the lipid extraction by melittin generally include two steps: first, the 

binding of the peptide to the bilayer interface, and second, its relocation in a transmembrane 

position that would cause the fragmentation of a part of the bilayer if the peptide amount is 

sufficient 38, 69. The details of the mechanism of membrane fragmentation occurring upon the 

relocation of the peptide are not well identified, but at least 3 phenomena have been suggested 

to trigger this relocation. First, the relocation is observed when the peptide reaches a 

critical/limit interfacial concentration. The insertion of melittin in bilayers causes their thinning 

69-70, leading to a membrane tension. Hence, as more peptide molecules are inserted at the 

bilayer interface level, the tension is increased. Eventually, a critical peptide concentration is 

reached, and melittin then relocates from the interface to a transmembrane position. This 

change is proposed to lead to the creation of membrane defects and leaks and, at high peptide 

concentrations, it would cause the membrane fragmentation. The second trigger is the fluid-to-

gel phase transition. Cooling the membrane to the more ordered gel phase reduces its capacity 

to accommodate melittin at the interface level and, as a consequence, induces the redistribution 

of the peptide towards the apolar core 36, 71-74. Third, melittin relocation from the interface can 

also be triggered by electrostatic repulsions at the interfacial level. For example, the presence of 

positively charged 1,2-dipalmitoyl-3-(trimethylammonium)propane (DPTAP) in DPPC 

membranes has been shown to promote melittin-induced lipid extraction 38. Accordingly, it was 

proposed that the enhanced activity of melittin was due to the electrostatic repulsion between 

melittin and DPTAP, thus causing a disfavored interfacial location of the peptide and a deeper 

insertion in the membrane, and thereby resulting in bilayer fragmentation. Similarly, 

intermelittin electrostatic repulsion was also proposed as a trigger for the change in peptide 

location 75. 

Page 23 of 35

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 
 

24 
 

The present results show that the substitution of the 4 positively charged C-terminal K21-R22-K23-

R24 residues with the neutral polar amino acid citrulline decreased the lipid extraction potential 

of melittin from neutral DPPC membranes. This inhibition highlights the fact that there is no 

direct relationship between the extent of lipid extraction by a peptide and its affinity for a 

particular membrane since Cit-Mel showed a greater association than melittin for DPPC 

membranes. Therefore, the reported reduction of lipid extraction potential upon citrullination of 

melittin is not due to a smaller number of bound (active) melittin but results from a reduced 

ability of the peptide to cause membrane fragmentation. It was mentioned above that the 

electrostatic repulsion between melittin bound at a bilayer interface could lead to the peptide 

relocation in a transmembrane conformation and, consequently, to the bilayer fragmentation. 

The fact that Cit-Mel possesses a decreased net charge should reduce the interpeptide 

repulsion. It is then possible that the critical number of bound peptide molecules leading to 

relocation is higher for Cit-Mel than for native melittin. 

Negatively charged phospholipids are known to inhibit melittin-induced lipid extraction 26, 38, 40, 

43-44 as the attractive electrostatic interactions between melittin and the lipid head groups 

prevent the relocation of the peptide by anchoring it to the interface. However, the present 

results indicate that Cit-Mel is more efficient for the fragmentation of anionic membranes 

compared to native melittin (Figures 3 and 4B). Like melittin, Cit-Mel affinity for bilayers was 

increased by the presence of DPPS (Figure 1B and Table 1). However, in the conditions used for 

the fragmentation (lipid/peptide ratios > 20), most Cit-Mel peptides were membrane-bound, 

even when the LUVs were prepared exclusively from DPPC. The observed increase in Cit-Mel-

induced fragmentation caused by the presence of anionic lipids cannot be rationalized on the 

basis of the electrostatic interactions discussed above. In fact, the anchoring of the peptide at 

the bilayer interface via negatively charged lipids in membranes, and the resulting inhibition of 
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the membrane fragmentation, should be less significant for Cit-Mel. Hence, the observed 

increase of fragmentation must imply particular phenomena. It is possible that a positive 

intrinsic curvature of the bilayer, provided by electrostatic repulsion between anionic 

phospholipids at the head group level, lowers the energy of penetration of Cit-Mel, as proposed 

for surfactins 76. Combined with the absence of anchoring effect, this would rationalize the 

increased activity of Cit-Mel on anionic membranes compared to native melittin. Consequently, 

these results demonstrate that the extent of the membrane fragmentation can be regulated by 

the electrostatic interactions, which are modulated by the charges carried by both membranes 

and the lytic peptides. Interestingly, in our experimental conditions, no straightforward 

correlation between the peptide secondary structure and its ability to fragment bilayers was 

observed. Indeed, the -helical content of melittin and its citrullinated mutant bound to 

DPPC/DPPS bilayers is similar whereas their ability to induce bilayer fragmentation is 

considerably different. This shows that the physicochemical properties of the substituted 

residues are a prevailing parameter compared to the α-helix molecular arrangement.   

 

4.3 Lipid extraction specificity 

The present work reveals the absence of specificity in the lipid extraction from anionic 

membranes induced by melittin: melittin extracted the same proportions of DPPC and of DPPS 

from membranes made of binary mixtures of these lipids. The same absence of specificity was 

observed for Cit-Mel. This absence of specificity was somehow unexpected given the strong 

electrostatic attraction between melittin and DPPS. Recently, it was shown that melittin-induced 

lipid extraction from PC/PE bilayers was specific. For example, the PC/PE ratio increased from 

1/1 in the original membranes to up to 6/1 in the small particles resulting from the membrane 
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fragmentation53. It was proposed that this specificity was due to a local DPPC enrichment near 

the membrane-inserted melittin molecules, a consequence of the stronger lipid-lipid 

interactions between PE molecules, as compared to those existing between PC molecules. 

Melittin would extract lipids from this PC-enriched environment, leading to PC-enriched 

fragments. Incubation of melittin with DPPC/cholesterol bilayers also led to PC-specific lipid 

extraction 77 and a similar mechanism was proposed. The absence of specificity in the lipid 

extraction by melittin with DPPC/DPPS bilayers suggests that there was no local enrichment of 

the anionic lipid species in the environment of the adsorbed peptide. Actually, two studies using 

either Raman spectroscopy 78 or 2H-NMR 44 have reported the absence of lipid phase separation 

upon melittin insertion in DPPC/DPPG or DMPC/DMPS bilayers. A putative homogeneous lipid 

distribution in melittin surroundings in anionic membranes would be consistent with the 

absence of lipid selectivity in the fragmentation process reported here. 

Our current knowledge of the lipid selectivity in membrane fragmentation by CAPs is very 

limited. The present work on the bilayer activity of melittin and citrullinated melittin emphasizes 

the complex relation between affinity, lipid extraction/membrane fragmentation and lipid 

specificity. It is shown that an augmented affinity for membranes via neutralization of cationic C-

terminal can lead either to an increased (on anionic membranes) or a decreased (on zwitterionic 

membranes) lipid extraction activity. It is also shown that lipids inducing a stronger binding via 

electrostatic interactions do not necessarily lead to lipid specificity in the extraction process. 

Other CAPs have been found to extract lipids from phospholipid membranes, including magainin 

79, δ-lysin 80-83, and aurein 84, and the formation of bilayer fragments at high peptide 

concentrations was proposed as a general consequence of the carpet mechanism 80. The 

incubation of phospholipid vesicles with one of these peptides gave rise to a narrow signal in 

31P-NMR, indicating that, like melittin, they extracted phospholipids from bilayers to form small 
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fast-tumbling particles. Furthermore, it was proposed that magainin 79 and δ-lysin 81 form 

bicelles out of PC bilayers, as does melittin. Interestingly, magainin was shown to be unable to 

fragment 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) anionic bilayers 79. Also, 

following a study using three histidine-containing amphipathic helical CAPs, it was proposed that 

their penetration in anionic bilayers was reduced due to anchoring electrostatic interactions at 

the interface 85. These reports, including the present work, suggest that a partial neutralization 

of the cationic residues of CAPs would modulate their membrane fragmentation capacity. 

Therefore, the study of a wider selection of CAPs needs to be carried out in order to precisely 

establish the role played by electrostatics in the mechanism of CAP-induced bilayer 

fragmentation. 
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Figure S-1 - Affinity of the peptides for POPC vesicles, as reported by the fluorescence shift of Trp-

19.  Melittin, Mel1-22, and Mel1-20 .  (From ref. 44) 
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Figure S-2 - Affinity of the peptides for POPC:POPG (70:30) vesicles, as reported by the fluorescence 

shift of Trp-19.  Melittin, Mel1-22, and Mel1-20 .  (From ref. 44) 

 

Figure S-3: Evolution of tryptophan fluorescence of melittin and of citrullinated melittin, 

characteristic of melittin association with DPPC or DPPC/DPPS 70/30 bilayers at 65 °C. 

 

Figure S-4: DPPC content as % of total lipids in lipid extraction experiments before and after 

incubation and centrifugation with melittin or Cit-Mel at P/L=50x10-3. The initial DPPC/DPPS 

ratios of the liposomes are indicated under the x-axis. 
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