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pH-Dependent Membrane Lysis by Melittin-Inspired Designed 

Peptides  

A. Kashiwada,* M. Mizuno and J. Hashimoto
 

We developed a membrane-lytic peptide (LP) having 26 amino acid residues composed of a helix-promoting hydrophobic 

segment (Leu-Ala repetitive sequence) and a cationic segment coming from melittin. In the presence of liposomes, LP 

interacts with liposomal surfaces to form a hydrophobic helix in the lipid bilayer in a wide pH range. In order to provide LP 

with a weakly acidic (endosomal) pH-controlled membrane-lytic activity, we have designed an LPE peptide series (a typical 

peptide, LPE3-1) with a hydrophobic segment in which Leu (L) residues are replaced by acidic Glu (E) ones. To analyze the 

pH-selective membrane-lytic activity of the designed peptides, both calcein leakage and membrane accessibility assays 

were performed. In case of membrane disruption induced by the active pore formation, incorporated calcein would leak 

from the liposomes and simultaneously the aqueous solution in the membrane surrounding would be accessible to the 

liposome interior at pH 5.0. The assays in the presence of LPE3-1 indicated no significant leakage or accessibility at pH 7.4, 

but a typical leakage and some accessibility to liposomes were positively observed at pH 5.0. In order to estimate whether 

the weakly acidic pH-controlled lytic activity is due to a secondary structural change of the hydrophobic segment of LPE3-1 

in the liposome membrane, we have measured circular dichroism spectra. In the presence of liposomes, the minimum 

showing the characteristic helical structure was observed at 222 nm only under a weakly acidic condition. This pH 

dependence is in good agreement with the results from the leakage and accessibility assays. The pH-dependent membrane 

disruption properties of the LPE3-1 may open a new avenue to gain an insight into the interaction between peptides and 

lipids for the development of efficient drug/gene delivery systems. 

Introduction 

Membrane lytic peptides such as antimicrobial and host-defense 

peptides, which are innate immune regulators found in the 

eukaryotic organisms, have capability to disrupt and form pores in 

lipid bilayer membranes.
1-4

 Some of the lytic peptides which have 

been widely studied forms amphipathic or hydrophobic helices that 

are essential to their potent hemolytic and antimicrobial activity.
5
 

These peptides take almost random structures in aqueous 

environments. On the other hand, they are folded in the helical 

conformation in the presence of lipid membranes. Due to the 

formation of the amphipathic or hydrophobic helical surfaces, these 

peptides are likely to interact with lipid membranes on the basis of 

these simple physical manners.
6,7

 The study of the effective 

membrane lytic activities of these peptides will help promote a 

better understanding of the interaction of peptides with lipid 

membranes and contribute to construction of high-potential 

peptide mimics. Furthermore, this mechanistic membrane 

disruption and lytic system controlled by outer stimuli such as pH 

and metal ions holds great promise for some liposomal drug 

delivery systems, since acidification of endosomes triggers 

membrane lysis to release the drugs from liposomes. From the 

reasons mentioned above, many scientists have been interested to 

design pH-responsive artificial lytic peptides for enhancing the 

endosomal escape following internalization of small molecules 

(drugs or genes)-loaded liposomes via endocytosis.
8,9

 

One of the most important pH-dependent lytic peptides is GALA 

designed by Szoka et al.
10,11

 GALA is derived from the N-terminal 

segment of the HA-2 subunit of the influenza virus hemagglutinin, 

which is involved in the fusion of the viral envelope with the 

endosomal membrane. This peptide is composed of repeating 

sequences of Glu-Ala-Leu-Ala and has an amphiphilic structure.
10

 

GALA perturbs biological membranes at acidic pH by forming 

amphipathic α-helix. At neutral pH, in contrast, the peptide does 

not interact with the membrane due to electrostatic repulsion of 

negative charges of deprotonated Glu residues.
12-15

  

In addition to GALA, native lytic peptide (magainin 2) whose three 

Phe residues were substituted by 1-tetrafluorotyrosine as a pH 

sensing element was designed and synthesized. Incorporation of 

this modified amino acid into magainin 2 gave the peptide the 

membrane-lytic activity upon mild acidification.
16

  

In this study, we report the design, synthesis, and characterization 

of artificial lytic peptides inspired by melittin. Melittin is one of the 

well-known hemolytic peptides derived from venom of the honey 
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bee Apis melllifera.
17

 Melittin is a 26 amino acid peptide that is 

composed of a cationic C-terminal segment and a hydrophobic 

helical segment. In the presence of membranes, the cationic 

segment strongly interacts with the lipid headgroups at the 

membrane surface and inserts the hydrophobic helical segment 

into lipid bilayers to form membrane pores.
18-26

 This bi-functional 

lytic activity of the small-sized peptide has attracted a good deal of 

attention in constructing novel antibiotics and useful tools for 

liposomal drug delivery systems. 

In preparation for melittin-inspired pH-selective lytic peptides, we 

first design and then synthesize a typical peptide, LP composed of a 

Leu-Ala repetitive sequence as a hydrophobic helical segment and a 

cationic segment from melittin. Since both structural and 

electrostatic properties of LP are expected to remain unchanged in 

a wide range of pH, we postulate that LP possesses lytic activity 

from acidic to neutral condition. Our objective is finally to develop a 

pH-selective peptides really working in the weakly acidic range and 

characterize its pH-responsiveness.  

In this study, two types of lytic peptides are proposed. One type of 

the peptides is prepared by the mutation of a hydrophobic helical 

segment. To be concrete, leucine residues in the hydrophobic 

segment were replaced with glutamic acid. The substitution of 

glutamic acid is expected to cause a structural change from a 

hydrophilic random coil at neutral pH to a hydrophobic helix in an 

acidic pH range. The other type of the peptide is prepared by 

replacement of cationic amino acids at C-terminal with histidine. 

Since the imidazole group of histidine has a pKa of around pH 6.0 

and thus becomes cationic in a slightly acidic condition, this peptide 

is expected to exhibit a very efficient membrane lytic activity only in 

an acidic pH range. 

This mutation of cationic segment would have a crucial effect on 

the peptide-membrane interactions. The knowledge gained in our 

study will support a new conceptual framework for development of 

delivery systems for transporting therapeutics through cellular 

membranes. 

 

Experimental section 

Synthesis and purification of the membrane lytic peptides 

All polypeptides used in this study were synthesized by the solid-

phase synthesis method using Rink amide resin, Fmoc-protected 

amino acids, HBTU, and HOBt. The deprotection and cleavage were 

carried out by treatment with 2 ml of a solution containing TFA / 

triisopropylsilane / water (89 / 10 / 1, v / v) for 2 h. Crude 

polypeptides were purified by the reversed-phase HPLC on a 

HITACHI D-7000 system equipped with a Inertsil ODS-3 column (10 

µm, 250 mm × 10 mm i.d., GL-science, Japan) and the purity was 

followed by analytical HPLC (Inertsil ODS-3 column, 5 µm, 250 mm × 

4.6 mm i.d., GL-science, Japan). Synthesized peptides were 

separated by a linear gradient of water / acetonitrile/ 0.1% TFA. All 

products were identified by a high resolution ESI-TOF MS using an 

Agilent 6210 ESI-TOF LC-MS spectrometer (Agilent Technologies Inc., 

Sanat Clara, CA, USA). 

Preparation of liposomes 

The liposomal vesicles of the following lipid compositions were 

prepared. Lipid compositions of the typical liposome, the anionic 

liposome, and cationic liposome were 100% EggPC, EggPC / DOPG = 

90 / 10, and EggPC / EthylPC = 90 / 10, respectively. Small 

unilamellar vesicles (SUVs) were prepared by evaporation of 

chrloroform solution of lipid mixture in a round bottom flask, 

followed by hydration in 10-mM buffer solutions of different pH 

values (pH 5.0: acetic acid/sodium acetate; pH 7.4: Tris-HCl). All 

buffers contained 100-mM sodium chloride. The suspension was 

subjected to five freezing-thawing cycles for equilibration. Then, a 

suspension of heterogeneous size SUVs is passed through 100-nm 

unipore polycarbonate membranes (Whatman) 10 times on Mini-

Extruder Set (Avanti).  The final total lipid concentration was 2.0 

mM. 

Calcein-leakage assay 

The lytic peptide-induced membrane disruption was characterized 

by liposome leakage assays that monitored the increase of 

fluorescence intensity upon release of the self-quenching 

concentration of calcein (75 mM) from liposomes to the external 

medium. Liposome solutions (2.0 mM) was mixed and incubated 

with peptide samples (peptide / lipid = 1 / 100). The fluorescence of 

the released calcein was assessed with a spectrofluorometer 

(HITACHI F2500) at an excitation wavelength of 488 nm and an 

emission wavelength of 520 nm. Complete (100%) release was 

achieved by the addition of Triton X-100 to a final concentration of 

0.5%. Spontaneous leakage was negligible at this time scale. The 

calcein-leakage assays were conducted at 25 °C. The apparent 

percentage of calcein release was calculated in accordance with the 

following equation: release % = 100 × (F − F0) / (Ft − F0), in which F 

and Ft represent the fluorescence intensity before and after the 

addition of Triton X-100, respectively, and F0 represents the 

fluorescence of the intact liposomes (before the addition of peptide 

samples). 

Liposome-accessibility assay 

SUVs of 100-nm diameter containing 0.5% NBD-labeled 

phospholipids (NBD-PE) were prepared by the same manner as 

described above. The fluorescent lipids of the outer leaflet, which 

were exposed to the bulk medium, were reduced and thereby 

quenched by sodium dithionite. Thus, only the inner leaflet of the 

SUVs contributed to the fluorescence emission and the intensity of 

the emission was measured with fluorescence microscopy. 

Reduction of the outer leaflet of NBD-PE labeled liposomes was 

carried out as follows: The NBD-PE labeled liposomal vesicles (2.0 

mM) and 10-mM sodium dithionite (in 10-mM Tris-HCl buffer 

containing 1.0-mM sodium chloride) were incubated at 25 ˚C for 60 

min. The complete reduction of NBD in the outer leaflet was 

confirmed by a decline of fluorescence intensity at an emission 

wavelength of 530 nm (excitation wavelength: 475 nm). After the 

complete reduction of the outer leaflet, free sodium dithionite was 

removed by gel filtration through Sephadex G-25 fine columns. And 

then the lipid concentration was adjusted to 2.0 mM by the use of 

Centricon Plus-70 with a membrane NMWL of 3 kDa. In order to 

assess the accessibility to interior of the liposomes, we measured 

the quenching of NBD fluorescence in the inner leaflet. 

Fluorescence of NBD was measured following the addition of fresh 
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sodium dithionite (100 µM), and then 20 µM of peptide samples 

was added. The accessibility was quantitated by the decrease in 

NBD fluorescence in the inner leaflet with membrane permeated 

sodium dithionite for 40 min. 

CD measurements 

All CD measurements were performed on a Jasco J-820 

spectropolarimeter using a 2-mm path-length cuvette at 25 ˚C 

(Jasco PTC-348WI peltier thermostat) at a peptide concentration of 

20 μM in 10-mM buffer solutions (pH 5.0: acetic acid/sodium 

acetate; pH 7.4: Tris-HCl). All buffers contained 100 mM sodium 

chloride. Concentrations of peptides were measured by UV 

absorbance of the Trp residue at 288 nm. Concentrations of EggPC 

or liped mixtures were the same as other experiments (2.0 mM) 

when CD measurements of peptide samples were carried out in the 

presence of liposomes. Reported data are averaged over 50 

measurements obtained from 260 to 200 nm in a 1-nm interval at a 

rate of 50 nm / min. 

Trp fluorescence measurements 

Measurements for Trp fluorescence were carried on by using a 

HITACHI F2500 spectrofluorometer at an excitation wavelength of 

288 nm and emission wavelength from 320 to 370 nm. All samples 

were measured five times at 25 ˚C. 

Dynamic light scattering (DLS) measurements 

Dynamic light scattering (DLS) of liposome suspensions was studied 

on an N5 Plus auto correlator (Beckman-Coulter) equipped with a 

25-mW He-Ne laser light source (632.8 nm). Single scans with 2-

minute averaging time were performed on the sample at an angle 

of 90.0°. Particle size distributions were calculated from 

autocorrelation data. All buffer solutions were filtered with a 0.22-

µm filter just before liposome preparation. The collection times for 

the autocorrelation data were 1-4 min. 

 

Results and discussion 

Design of a membrane-lytic peptide based on melittin 

An amino acid sequence of melittin and a typical membrane-lytic 

peptide (LP) are shown in Fig. 1. LP has 26 amino acid residues 

composed of a helix-promoting hydrophobic segment of Leu-Ala 

repetitive sequences and a cationic Lys-Arg-Lys-Arg segment from 

melittin. The Leu-Ala repetitive sequence was chosen because of its 

propensity to take hydrophobic helical conformation and 

membrane-penetrating property.
27,28

 On the other hand, 

membrane-binding property of the cationic segment of melittin is 

well known,
20,29,30

 and the affinity of cationic Arg or Lys residues for 

the phospholipid membrane has been demonstrated by NMR 

 Fig. 1 Amino acid sequences of melittin and a typical melittin-

inspired membrane lytic peptide (LP). 

 

technique.
31,32

 From these points of view, the cationic C-terminal 

segment was allowed to have the same sequence as melittin. This 

simple model peptide is expected to interact with the lipid 

membranes first, and then penetrate into the membranes and 

disrupt the membranes, namely LP would offer a bi-functional 

membrane-lytic system like melittin. 

Membrane lytic properties of LP 

The membrane lytic activity of LP was monitored by a well-

established calcein-leakage assay with small unilamellar EggPC 

liposomes.
33

 The fluorophore calcein entrapped in the liposomes at 

the self-quenching concentration is released into the surrounding 

buffer when transmembrane pore formation or membrane 

disruption occurs. Consequently, quenching of calcein would be 

relieved and the fluorescence intensity of the solution would 

increase. A typical calcein release curve on addition of 20 µM LP or 

melittin to EggPC liposomes (peptide / lipid = 1 / 100) at pH 7.4 and 

25 °C is shown in Fig. 2 and the membrane lysis was clearly 

observed. In addition, LP showed the membrane-lytic activity in the 

range of pH 4.0 to pH 10.0 (Fig. S4). 

 In our design of LP, the importance of the hydrophobic helical and 

the cationic C-terminal segments was specially considered as two 

functional factors. In order to advance the fundamental 

understanding of the mechanism of this bi-functional action, we 

first focused on how membrane-lytic processes affect the 

electrostatic interactions between the cationic segment of LP and 

the surface of the liposome. In this characterization we used 

liposomes with anionic (EggPC / DOPG = 90 / 10) and cationic 

(EggPC / EthylPC = 90 / 10) lipid compositions. Despite of the 

favorable electrostatic interaction between LP and anionic 

liposomes, the lytic efficiency was little improved at pH 7.4 or 5.0 

Fig. 2 Membrane lytic activities of melittin and LP at pH 7.4. A 

typical calcein-leakage assay with melittin and LP is shown. Calcein 

leakage from EggPC liposomes was measured every 30 or 60 s a 

following the addition of 20 µM of peptide (melittin or LP) at 25 °C.
 

HHHH2222NNNN----GIGAVLKVLTTGLPALISWIKRKRQQGIGAVLKVLTTGLPALISWIKRKRQQGIGAVLKVLTTGLPALISWIKRKRQQGIGAVLKVLTTGLPALISWIKRKRQQ----CONHCONHCONHCONH2222

HHHH2222NNNN----GWWLALALALALALALASWIKRKRQQGWWLALALALALALALASWIKRKRQQGWWLALALALALALALASWIKRKRQQGWWLALALALALALALASWIKRKRQQ----CONHCONHCONHCONH2222

Melittin

LP

Hydrophobic segment Cationic segment
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Fig. 3 Membrane lytic activity of LP toward anionic (EggPC / DOPG) 

and cationic (EggPC / EthylPC) charged liposomes at pH 7.4 (a) and 

5.0 (b). Calcein leakage from liposomes was measured every 30 or 

60 s a following the addition of 20 µM of LP at 25 °C. 

  

Fig. 4 Circular dichroism spectra of LP in the presence or absence of 

EggPC liposomes at pH 7.4 and pH 5.0. These spectra were taken for 

20 µM LP solutions at 25 °C. 

 

(Fig. 3). This behavior points out the importance of the free energy 

of membrane transfer as well as electrostatic interactions with lytic 

activity.
34,35

 In contrast, the lytic activity of LP was considerably 
 

inhibited for cationic liposomes (Fig. 3). Almost the same results 

were observed in the case of other EggPC / EthylPC ratios (Fig. S5) 

and indicate that electrostatic interactions at the surface of the 

liposomes are necessary for LP to have membrane-lytic activity. 

Then we examined the contribution of the hydrophobic helical 

segment of LP to the membrane-lytic activity. In order to analyze 

the secondary structure of LP in the presence or absence of EggPC 

liposomes, circular dichroism (CD) measurements were carried out. 

In the absence of liposomes, a random coil conformation was 

confirmed from CD spectra of LP and the pH-dependence on the 

structure was not observed. On the other hand, LP exhibited a high 

content of helical parts in the presence of EggPC liposomes (LP / 

lipid = 1 / 100) at 25 °C (Fig. 4). To further follow the relationship 

between the conformational change of LP and membrane lysis, we 

performed CD measurement of LP in the presence of cationic 

liposomes (Fig. S6). LP exhibited almost random coil, which 

indicates that no LP penetrate into lipid bilayers of cationic 

liposomes or form helical conformation with lytic activity. The 

results from CD measurements agreed with the knowledge from 

the calcein-leakage assay and indicate that both the hydrophobic 

helical and the cationic C-terminal segments are closely associated 

with membrane-lytic activity of LP. 

Design of melittin-inspired pH-selective lytic peptides 

This study is aimed at designing acidic pH-selective and pH-

responsive lytic peptides based on the amino acid sequence of LP 

and understanding their mechanism of membrane lysis by 

investigating directly the interaction of these peptides with 

liposomal vesicles. This acidic pH-selective feature makes the 

peptides a promising candidate for enhancing molecular transport 

through lipid membranes in a situation where pH in the membrane-

containing environment is reduced. For example, when drug 

delivery vehicles are internalized via the receptor-mediated 

endocytosis, acidification of endosomes occurs as they are migrated 

from the plasma membrane toward lysosomes. This pH reduction 

would trigger the peptides to activate and enhance endosomal 

contents to escape into the cytoplasm. 

 Amino acid sequences of the designed weakly acidic pH-selective 

lytic peptides are shown in Fig. 5. The first conception of the design 

of these peptides is the mutation of the hydrophobic helical 

segment. To be concrete, the leucine residues in hydrophobic 

segment were replaced with glutamic acid. The substitution of 

glutamic acid is expected to cause a structural change from a 

hydrophilic random coil at neutral pH to a hydrophobic helix in the 

presence of EggPC liposomes under the acidic condition.
28

 This 

structural change would bring about a crucial effect on the 

membrane-lytic activity. In this study, we synthesized four kinds of 

designed peptides (LPE series). The peptide named LPE1 has a 

glutamic acid in the hydrophobic segment. Each of LPE3-1 and 3-2 

peptide has three glutamic acids in the hydrophobic segment and 

LPE5 five ones.

 

Fig. 5 Amino acid sequences of the weakly acidic pH-selective lytic 

peptides designed in this study.
 

 

HHHH2222NNNN----GWWLALALALALALALASWIKRKRQQGWWLALALALALALALASWIKRKRQQGWWLALALALALALALASWIKRKRQQGWWLALALALALALALASWIKRKRQQ----CONHCONHCONHCONH2222LP

HHHH2222NNNN----GWWLALALAGWWLALALAGWWLALALAGWWLALALAEEEEALALALASWIKRKRQQALALALASWIKRKRQQALALALASWIKRKRQQALALALASWIKRKRQQ----CONHCONHCONHCONH2222LPE1

HHHH2222NNNN----GWWLAGWWLAGWWLAGWWLAEEEEALAALAALAALAEEEEALAALAALAALAEEEEALASWIKRKRQQALASWIKRKRQQALASWIKRKRQQALASWIKRKRQQ----CONHCONHCONHCONH2222

LPE3-1

LPE3-2

HHHH2222NNNN----GWWLAGWWLAGWWLAGWWLAEEEEAAAAEEEEAAAAEEEEAAAAEEEEAAAAEEEEALASWIKRKRQQALASWIKRKRQQALASWIKRKRQQALASWIKRKRQQ----CONHCONHCONHCONH2222LPE5

HHHH2222NNNN----GWWLALAGWWLALAGWWLALAGWWLALAEEEEAAAAEEEEAAAAEEEEALALASWIKRKRQQALALASWIKRKRQQALALASWIKRKRQQALALASWIKRKRQQ----CONHCONHCONHCONH2222

Hydrophobic segment Cationic segment

HHHH2222NNNN----GWWLALALALALALALASWIGWWLALALALALALALASWIGWWLALALALALALALASWIGWWLALALALALALALASWIHHHHHHHHHHHHHHHHQQQQQQQQ----CONHCONHCONHCONH2222LPH4
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 As the second conception, we also designed LPH4 to perform the 

replacement of cationic arginine and lysine residues with histidine. 

Since histidine is positively charged only in an acidic pH range, the 

mutation of the cationic segment would have a crucial effect on the 

peptide-membrane interactions.
36

 

Leakage and accessibility assays 

To monitor the activity of designed pH-selective lytic peptides by 

the calcein-leakage assay, the changes in calcein-leakage induced by 

four kinds of designed peptides were measured (Fig. 6).  With the 

addition of LPE3-1 to EggPC liposomes (LPE3-1 : lipid = 1 : 100) at pH 

5.0, a membrane lytic phenomenon began to appear at 15 min and 

the extent of leakage reached to 55% at 35 min (Fig. 6(c)), indicating 

that the weakly acidic pH-selective membrane lysis occurred. 

Moreover, the dependence of the leakage extent on the peptide / 

lipid ratio was almost consistent with the previous report for 

GALA.
11,37

 Taking the above results into account, we have placed 

three glutamic acids in the center of the hydrophobic segment in 

order to prepare another pH-sensitive peptide. 

 The leakage of calcein from EggPC liposomes with the addition of 

LPH4 was also examined at pH 7.4 and pH 5.0. As expected, a 

typical leakage curve was observed upon addition of LPH4 to EggPC 

liposomes (LPE4 / lipid = 1 / 100) only at pH 5.0. However, LPH4 

appeared to be inferior to LPE3-1 in the membrane lytic activity 

judging from the extent of leakage (Fig. 6(c) (d)). We suppose that 

the difference in the lytic activity between LPE3-1 and LPE4  is 

originated from an affinity to lipid surfaces. In other words, the side 

chains of Arg or Lys interact strongly with the phosphate 

headgroups.
31,32

 

 For peptide-triggered membrane lytic mechanisms to be effectively 

utilized, target specific peptide inserting (pore forming) effect or 

nonspecific membrane perturbing effect is to be considered. 

Melittin has been known to insert perpendicularly in the bilayer of 

the target membrane and form trasmembrane pores.
5,18,38

 

Synthetic peptide, GALA, has also been reported to form active 

pores to membrane.
11,37

 On the other hand, some peptides exhibit 

antimicrobial activities by only disturbing the ordered structure of 

the membranes.
3,39

 The calcein-leakage assay provided us the 

information of lytic activity of the designed peptides, but this assay 

could only estimate transport of calcein from the inside of the 

liposomes to the outside. Therefore we could not exclude the 

possibility of the nonspecific membrane perturbing effect. In order 

to investigate whether LPE3-1 or LPH4 caused membrane activation 

by forming active pores in the same manner as melittin, we 

characterized the membrane accessibility as well as the membrane 

leakage. To characterize the peptide-induced membrane 

accessibility we monitored quenching behavior of NBD fluorophore-

labeled liposomes by using a membrane-impermeable reductant 

sodium dithionite. When sodium dithionite was added to the 

solution of the NBD-labeled liposomes, the fluorescence intensity of 

NBD reduced to about 45% (or 55% quenching). The value of 45% 

reflected a percentage of the lipids in the inner-leaflet.
40

 Then, 

further quenching of fluorescence by the reduction of NBD at the 

inner-leaflet could be found when LPE3-1 was added to the system 

at pH 5.0 (Fig. 7). In contrast to LPH4, a cationic segment mutated 

peptide did not show explicit quenching by the accessibility of 

Fig. 6 Membrane lytic activity of the designed peptides mutated at 

the hydrophobic helical segment of LP (LPE series) toward EggPC 

liposomes at pH 7.4 (a) and 5.0 (b). Panels (c) and (d) show extent 

of acidic pH-dependent leakage of LPE3-1 and LPH4, respectively. 

Calcein leakage from liposomes was measured every 30 or 60 s a 

following the addition of 20 µM of peptides at 25 °C.  

Fig. 7 Membrane lytic activity of LPE3-1 and LPH4 toward EggPC 

liposomes characterized by the membrane accessibility assay. 

Membrane accessibility was estimated from quenching of NBD dye-

labeled lipids by a membrane-impermeable reductant sodium 

dithionite. Measurements were carried out by the use of 20 µM of 

peptides at 25 °C. 

 

sodium dithionite to the inner leaflet at pH 5.0 (Fig. 7). From the 

results of both membrane leakage and membrane accessibility 

assays, LPE3-1 appeared to be a more potent membrane active 
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peptide. Moreover the difference of the membrane lytic activities 

between LPE3-1 and LPH4 points out the importance of a cationic 

Lys-Arg-Lys-Arg segment at C-terminal of melittin. Therefore, this 

cationic segment should be preserved for designing pH-selective LP 

analogues in this study. 

Secondary structure of pH-selective lytic peptide, LPE3-1 

For the purpose of investigating the relationship between the pH-

dependent structural change of LPE3-1 and lytic activity, circular 

dichroism (CD) spectra of LPE3-1 were recorded in the presence of 

EggPC liposome (Fig. 8). From the resultant CD signal, LPE3-1 

seemed to be random structure at pH 7.4. Three glutamic acids in 

the center of the hydrophobic segment of LPE3-1 are dissociated 

and negatively charged at pH 7.4. Due to the electrostatic repulsion 

between negatively charged LPE3-1 and surface of EggPC liposomes, 

LPE3-1 is considered to move into the lipid membranes and disrupt 

them. On the other hand, LPE3-1 may assume helical structure at 

pH 5.0. Three glutamic acids of LPE3-1 were protonated and 

became hydrophobic at pH 5.0. Formation of hydrophobic helix 

allows LPE3-1 to move into the lipid bilayer of EggPC liposome and 

thus active pores in the membrane are created. 

Characterization of pH-selective membrane-penetrating 

properties 

Membrane-binding and penetrating properties of lytic peptides 

were also characterized by the fluorescence of the Trp residue. In 

the aqueous buffer solutions at pH 7.4 and pH 5.0, LPE3-1 showed 

the fluorescence emission maxima at 352 nm and 353 nm, 

respectively, typical for Trp in a polar environment (Fig. S7).
41

 

Similar fluorescence behavior was observed in a buffer solution 

when the typical lytic peptide, LP, was used as a peptide sample (Fig. 

S7). Moreover, in the presence of EggPC liposomes, LP showed 

significant blue shifts in liposome solutions independently of the pH 

 

Fig. 8 Circular dichroism spectra of LP in the presence of EggPC 

liposomes at pH 7.4 and pH 5.0. These spectra were taken for 20 

µM LP solutions at 25 °C.
   

 

levels. These changes in the characteristics of the Trp fluorescence 

are in keeping with the results of the insertion of LP into the 

hydrophobic region of the liposomal bilayers under both 

physiological and endosomal conditions. On the other hand, LPE3-1 

showed a slight blue shift (~3 nm) of the fluorescence emission 

maximum of Trp at physiological pH or pH 7.4, whereas a 

remarkable blue shift to 342 nm was observed at endosomal pH or 

pH 5.0 (Fig. S7). This is good agreement with the pH-responsive 

calcein-leakage and accessibility activities of LPE3-1 and strongly 

supports that LPE3-1 causes the membrane activation by forming 

active pores at endosomal acidic pH. 

pH-responsive lytic system by the use of LPE3-1 

By the use of LPE3-1, the novel membrane lytic system was 

provided with pH-selectivity. However, “response” to a pH change 

has not been examined yet. Then, we performed the membrane 

leakage and membrane accessibility assays when the pH level of the 

experimental system changed from 7.4 to 5.0. Although addition of 

LPE3-1 to EggPC liposomes at pH 7.4 brought about no fluorescence 

changes in calcein leakage or NBD quenching, fluorescence changes 

indicating membrane lysis was clearly observed by switching of the 

pH level to 5.0 (Fig. 9 and Fig. S8). From this result, we found that 

membrane lytic system by the use of novel designed peptide, LPE3-

1 possesses “pH-responsiveness” as well as “pH- selectivity”.  In 

order to monitor the liposome integrity during the membrane lytic 

process by LPE3-1, the dynamic light scattering (DLS) measurement 

was carried out (Fig. S9). When LPE3-1 was added to EggPC 

liposomes at pH 7.4, no noticeable changes to the liposome 

Fig. 9 pH-activated membrane lysis of LPE3-1 characterized by the 

calcein leakage assay. LPE3-1 was added to calcein-loaded liposome 

solution at pH 7.4. After 15 min incubation, the pH was lowered to a 

value of 5.0 by adding hydrochloric acid. 
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scattering intensity (hydrodynamic diameter) was observed. 

Moreover after switching the pH to 5.0, the scattering intensity was 

almost unchanged. Considering the results from the membrane 

leakage and membrane accessibility assays together, LPE3-1 acts as 

an endosomal pH-responsive lytic peptide which induces the 

formation of transmembrane pore without rupturing liposomes. 

This “pH-responsive” system is attractive to the fields of advanced 

drug delivery and gene transfer, and also applicable to the generic 

pharmaceuticals.  

 
 

Conclusions 

In this study we have demonstrated that melittin-inspired lytic 

peptide (LP) interacting with liposomal surfaces form a 

hydrophobic helix in the lipid bilayer in a wide pH range. 

Moreover, we have proposed LP analogues with improved 

membrane lytic properties at endosomal acidic pH. One of the 

designed peptide, LPE3-1 which was allowed to alter the helix-

promoting hydrophobic segment of LP showed effective 

interaction to lipid membrane at pH 5.0, which resembled that 

of melittin or LP by forming active pores. The present 

approach may open new avenues to gain a deeper 

understanding of interactions between peptide and cell lipids. 

Although further studies and precise design are needed to take 

advantage of the drug release tool for liposomal DDS, our 

finding has the potential to deliver more drugs or genes into 

the cytoplasm of target cells via endosome escape process. 
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Effective acidic pH-selective liposomal membrane lysis was achieved by a novel designed peptide. 

 

Page 8 of 8Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t


