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The single GUV method provides detailed information on the 
elementary processes of peptide/protein-induced pore formation in 
lipid membranes and the entry of peptide into a GUV; specifically, 
the GUV method provides the rate constants of these processes. 
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ABSTRACT 

We recently developed the single giant unilamellar vesicle (GUV) method for investigating the functions 

and dynamics of biomembranes. The single GUV method can provide detailed information on the elementary 

processes of physiological phenomena in biomembranes, such as their rate constants. Here we describe the 

process of pore formation induced by the antimicrobial peptide (AMP), magainin 2, and the pore-forming toxin 

(PFT), lysenin, as revealed by the single GUV method. We obtained the rate constants of several elementary 

steps, such as peptide/protein-induced pore formation in lipid membranes and the membrane permeation of 

fluorescent probes through the pores. Information on the entry of the cell-penetrating peptide (CPP), transportan 

10 (TP10), into a single GUV and its induced pore formation in lipid membranes was also obtained. We compare 

the single GUV method with other methods for investigating the interaction of peptides/proteins with lipid 

membranes (i.e., the large unilamellar vesicle (LUV) suspension method, the GUV suspension method, and 

single channel recording), and discuss the pros and cons of the single GUV method. On the basis of these data, 

we discuss the advantages of the single GUV method. 
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1. Introduction 

Many physiologically active substances and drugs bind specifically with various membrane proteins in the 

plasma membrane, the outer membrane of cells, triggering biochemical reactions inside the cells. However, it 

was recently recognized that many peptides and proteins which damage the plasma membranes sufficiently 

seriously to kill the cell interact strongly with the lipid membrane regions. One of these peptides/proteins is 

antimicrobial peptide (AMP), which has both bactericidal and fungicidal activity. A wide variety of organisms, 

including amphibians, invertebrates, plants, and mammals, produce AMPs to defend themselves against 

microbes such as bacteria, fungi, viruses, and protozoa.1, 2 However, AMPs have no or very low toxicity against 

cells of the organisms which produce AMPs (e.g., mammalian cells). The target of AMPs is believed to be the 

lipid regions of bacterial and fungal cellular membranes. Among the AMPs, magainin 2, which was first isolated 

from the African clawed frog Xenopus laevis,3, 4 has been extensively investigated. All-D amino acid magainin 

2 has the same antibacterial activity as that of natural, all-L amino acid magainin 2.5 Since specific interaction 

of magainin 2 with chiral receptors or proteins is not required for its antibacterial activity, this observation 

indicates that the target of magainin 2 is the lipid regions of bacterial and fungal biomembranes. Another 

example of these peptides/proteins is pore-forming toxin (PFT), which is produced by a wide variety of 

organisms, including bacteria and invertebrates.6-8 Most PFTs bind a specific lipid and create pores in the lipid 

regions of eukaryotic plasma membranes, thereby inducing cytolysis. On the other hand, cell-penetrating 

peptides (CPPs) can translocate across the plasma membrane of eukaryote cells and thus can be used for the 

intracellular delivery of biological cargo such as proteins and oligonucleotides.9-11 Some CPPs internalize via 

endocytosis, but others use non-endocytosis pathways. In both cases, CPPs must translocate across the lipid 

membrane to enter a cell. 

To date, most studies of the interactions of these peptides/proteins with lipid membranes have been done 

using a suspension of many small vesicles, such as large unilamellar vesicles (LUVs) with a diameter of 

100−500 nm (the LUV suspension method). In these studies, the average values of the physical parameters of 

the vesicles are obtained from a large number of vesicles in different stages of the structural change or reaction 

induced by the peptide/protein. Consequently, much information has been lost.12 For example, measurement of 

the membrane permeation (or leakage) of the internal contents of LUVs has been extensively used to investigate 

liposome interaction with various substances, including drugs, antibacterial substances, AMPs, PFTs, CPPs, 
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and fusogens.13-23 However, the LUV suspension method does not allow determination of the main cause of 

membrane permeation because of a large number of factors potentially involved.12 PFTs have also been 

investigated by analyzing their induced hemolysis of red blood cells (RBCs).18, 19 Many processes induce 

leakage of hemoglobin from the inside of RBCs (i.e., hemolysis); using this approach, the average leakage from 

many RBCs in a suspension is measured, similar to the LUV suspension method. The results obtained using the 

LUV suspension method and the hemolysis have provided the basis for many models and theories for the 

elementary processes and mechanisms of various reactions occurring in biomembranes, such as peptide/protein-

induced pore formation. However, these models and theories have been proposed without experimental evidence 

of the elementary processes. 

Giant unilamellar vesicles (GUVs) of lipid membranes with diameters greater than 10 m have been used 

to investigate the physical and biological properties of vesicle membranes such as elasticity and shape change.24-

29 Shape changes of a single GUV induced by compounds such as peptides, proteins, and small molecules can 

be measured in real time.25-29 Based on the characteristics of these GUVs, we have developed the single GUV 

method to investigate the functions and dynamics of biomembranes.12, 30-38 In this method, changes in the 

structure and physical properties of a single GUV that are induced by interactions of compounds such as 

peptides/proteins with the lipid membrane are observed as a function of time and spatial coordinates. The same 

experiment is repeated many times using other single GUVs. The results are used to analyze statistically the 

changes in the physical properties of a single GUV to obtain rate constants for the elementary processes 

underlying the structural changes and functions of GUVs (Fig. 1). This single GUV method can reveal details 

of the elementary processes of individual events, and allow calculation of their kinetic constants.  

In this perspective, we describe the information on the interaction of AMP, PFT, and CPP with lipid 

membranes revealed by the single GUV method. In particular, we focus on the elementary processes of 

peptide/protein-induced pore formation in lipid membranes and the entry of peptides into single GUVs. 

Magainin 2 was used as a representative AMP, lysenin as a PFT, and transportan 10 (TP10) as a CPP. Lysenin 

is a 33.4 kDa PFT secreted by earthworms (Eisenia foetida) which specifically binds sphingomyelin 

(SM).18, 19, 39 Several experimental data indicate that lysenin molecules form oligomers in lipid membranes that 

contain SM. Transmission electron microscope images obtained using negative staining show that lysenin 

molecules form a hexagonal pattern in SM-containing membranes. The unit structure of this hexagon has a 
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diameter of 11 nm, which corresponds to that of a lysenin oligomer.19, 39, 40 On the other hand, TP, a synthetic 

CPP, consists of a neuropeptide, galanin, at the N-terminus and a wasp venom peptide, mastoparan, at the C-

terminus. TP can translocate across the plasma membrane of cells by a receptor-independent mechanism.41, 42 

To reduce the inhibitory effect of TP on GTPase activity, a truncated analogue, TP10, has been synthesized by 

the deletion of six amino acids from the N-terminus of TP. TP10 also exhibits cell-penetrating activity.43, 44 TP 

and TP10 can deliver a large protein such as an antibody, or an oligonucleotide or colloidal gold (diameter 10 

nm) as cargo.42, 44 Based on these results, we discuss the advantages of the single GUV method for revealing 

peptide/protein-induced pore formation processes in lipid membranes and the entry of peptides into vesicles. 

 

2. Experimental procedures for the single GUV method 

The detailed experimental procedure for the single GUV method was described in our previous review.12 

Here we only demonstrate several important points. GUVs of various lipid membranes are prepared in a buffer 

by the natural swelling of a dry lipid film using pre-hydration (i.e., the natural swelling method).27, 32 There are 

many methods for preparing GUVs,45 so the most suitable method for the specific purpose must be selected. If 

GUVs are to be used as large vessels for biochemical reactions, e.g., as artificial cells, the w/o emulsion method46 

is suitable because the efficiency of formation of unilamellar vesicles is relatively high. However, the 

disadvantage of the w/o emulsion method is that the GUV membrane contains oil. The presence of oils such as 

alkane inside the lipid membrane changes the physical properties of the lipid membrane, such as phase stability 

and structure, which affects the functions and structure of membrane proteins. Therefore, when GUVs are to be 

used to investigate the physical properties and interactions of compounds such as peptides/proteins with lipid 

membranes, the natural swelling method is the most suitable because the GUV membrane is oil-free and 

undamaged. The natural swelling method is thus used for the single GUV method. To prepare GUVs in a buffer 

with physiological ionic strength, intermembrane repulsion is necessary. For this purpose, we include 

negatively-charged lipids or poly-(ethylene glycol)[PEG]-grafted lipids in electrically neutral lipid 

membranes.47 GUVs containing various water-soluble fluorescent probes were separated from free fluorescent 

probes using gel filtration chromatography32 or the membrane filtering method.48 The latter method can also be 

used to prepare a large population of similar-sized GUVs composed of oil-free membranes, to purify GUVs 

Page 6 of 43Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 7

from smaller GUVs, LUVs, and various water-soluble compounds such as proteins and fluorescent probes, and 

to concentrate dilute GUV suspensions.48 

The purified GUV suspension is transferred to a chamber.12 The GUVs settle on a cover slip or a 

microscope slide coated with bovine serum albumin (BSA)12 or are connected to a cover slip or a microscope 

slide via a tether using the streptavidin-biotin system.38 Suitable GUVs are visually selected using phase-contrast 

microscopy and are used for the single GUV method. A peptide/protein solution is continuously added to the 

vicinity of a single GUV through a micropipette during the interaction of peptide/protein with the GUV. 

Consequently, the equilibrium peptide/protein concentration near the GUV remains constant during the 

interaction, which is essentially the same as that in the micropipette.31, 35 During the interaction of 

peptide/protein with the single GUV, the structure of the GUV and the fluorescence intensity of the GUV are 

observed in real time using a phase-contrast fluorescence microscope equipped with a highly-sensitive EM-

CCD camera, or with a confocal laser scanning microscope (CLSM). 

 

2. Interaction of AMP magainin 2 with lipid membranes 

2.1. Rate constants of magainin 2-induced pore formation in lipid membranes 

     Magainin 2 is a positively-charged peptide composed of 23 amino acids 

(GIGKFLHSAKKFGKAFVGEIMNS) with an amide-blocked C terminus. Magainin 2 can bind selectively to 

the negatively-charged outer monolayer of the bacterial cytoplasmic membrane due to electrostatic attraction.1 

Magainin 2 forms an -helix in the lipid membrane interface, parallel to the membrane surface.49, 50  

The interaction of magainin 2 with lipid membranes has previously been investigated using the LUV 

suspension method.14-17 The most typical experiments to study the interaction of compounds with LUVs is the 

so-called leakage experiment, which monitors the compound-induced total average leakage of the internal 

contents of all the LUVs in the suspension as a function of time.12, 15-17 A large amount of leakage indicates that 

the compound strongly interacts with the lipid membrane, inducing instability in the structures of vesicles and 

lipid membranes. In a standard experiment, at the beginning each LUV contains a high concentration of a 

fluorescent probe and the fluorescence intensity is very low due to quenching of the fluorescence. After leakage 

of the fluorescent probe from the inside to the outside of the LUV, the fluorescence intensity increases because 

of the dilution of the probe outside the LUV. Several studies indicate that magainin 2 induces leakage of water-
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soluble fluorescent probes (e.g., calcein) from LUVs of lipid membranes containing high concentrations of 

negatively-charged lipids such as PG. Magainin 2-induced leakage increases gradually over a 10 to 20 min 

period, and rate of leakage increases with higher concentrations of magainin 2. It is generally accepted that the 

main reason for the leakage is pore formation in the lipid membrane. However, many factors can induce leakage 

of water-soluble probes from the inside of LUVs: local disruption of the membrane due to membrane fusion 

and vesicle fission, instability of the membrane structure due to significant deformation of the vesicles, and the 

rupture of the vesicles. It is difficult to determine the exact cause of the leakage based on leakage experiments 

using the LUV suspension method because we cannot observe what happens in each vesicle when leakage 

occurs. Compound-induced leakage is due to several elementary processes such as pore formation in the lipid 

membrane, and the diffusion of the internal contents from the inside to the outside of the LUV through the pore. 

It is difficult to observe these elementary processes separately using the LUV suspension method.  

    Matsuzaki et al. observed the flip-flop of lipid molecules in magainin 2-induced leakage using the LUV 

suspension method.51 The rate of magainin 2-induced flip-flop does not depend on the type of lipid and it is 

similar to the rate of leakage. These results suggest that magainin 2-induced flip-flop occurs through a special 

structure such as a toroidal pore, where the outer and inner monolayers bend and merge in a toroidal fashion to 

create a pore in which the inner wall is composed of -helical peptides and lipid head groups.52, 53 The chemical 

reaction of dithionite and a fluorescent probe (7-nitrobenz-2-oxa-1,3-diazoyl-4-yl, NBD) is used to measure the 

rate of flip-flop. Dithionite is small enough to pass through the magainin 2-induced pore easily and react with 

NBD attached to the lipid molecule in the inner monolayer. A decrease in fluorescence intensity after the 

fluorescent probe begins to leak does not indicate the flip-flop of lipids. To obtain clear information regarding 

the flip-flop of lipids, we must reveal the relationship between the leakage of the fluorescent probe and the 

decrease in fluorescence intensity of NBD-lipid with higher time resolution. In the suspension, each LUV is in 

a different stage of the reaction (i.e., all the elementary processes do not occur simultaneously). The LUV 

suspension method provides an average of the physical properties such as fluorescence intensity among these 

LUVs in different stages of the reaction. It is therefore difficult to elucidate the detailed relationship of the two 

events with higher time resolution.  

    In the LUV suspension method, the mode of leakage (or membrane permeation) of the fluorescent probes 

is classified as “all-or-none (i.e., in some LUVs all their fluorescent probes leak while in other LUVs no leakage 
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occurs)” or “graded (i.e., in all the LUVs their internal fluorescent probes leak gradually)”.54-56 Gregory et al. 

investigated magainin 2-induced leakage from 50% 1-oleoyl- 2-palmitoyl-phosphatidylglycerol(POPG)/50%1-

oleoyl-2-palmitoyl-phosphatidylcholine(POPC)-LUVs and 30%POPG/70%POPC-LUVs using the ANTS/DPX 

assay, and found that magainin 2 induces all-or-none leakage.55 This method provides unique information on 

the mode of compound-induced leakage, but the information on the elementary processes is qualitative: “all-or-

none” leakage indicates that the rate of leakage of the internal contents is larger than that of compound-induced 

pore formation. In summary, the LUV suspension method provides information on magainin 2-induced leakage, 

but the elementary processes of the leakage and the mechanistic details of the interactions remain unclear.  

In contrast, if we use the single GUV method, we can observe the interaction of magainin 2 with a single 

GUV and its induced leakage of a fluorescent probe from the inside of the single GUV as a function of time 

using fluorescence microscopy.32, 33, 36 Fig. 2 shows a typical experimental result of the interaction of magainin 

2 with single GUVs composed of a mixture of negatively-charged dioleoylphosphatidylglycerol (DOPG) and 

electrically-neutral dioleoylphosphatidylcholine (DOPC) and containing a fluorescent dye, calcein, in the 

interior aqueous solution. The leakage of calcein occurs without local disruption, rupture of the GUVs, changes 

in local curvature of the membrane, membrane fusion and vesicle fission, indicating that magainin 2 forms pores 

in the membrane through which the membrane permeation of calcein occurs. The time course of the fluorescence 

intensity change of a single GUV provides two important pieces of information: one is the time required for 

pores to form in the membrane (i.e., the time at which the fluorescence intensity starts to decrease) and the other 

is the rate constant of membrane permeation of the fluorescent probe (based on the time course of the decrease 

in fluorescence intensity after pore formation) (Fig. 2B). Repetition of the same experiment many times using 

other single GUVs showed that the membrane permeation of calcein from the single GUVs starts stochastically 

(Fig. 2C), indicating that pores are formed stochastically in the lipid membrane. Membrane permeation in each 

GUV is complete within ~30 s after the start of membrane permeation (Fig. 2C). These results indicate that pore 

formation, rather than membrane permeation through the pore, is the rate-determining step. This agrees with the 

“all-or-none” mode of leakage, consistent with the results of the LUV suspension method.55  

Magainin 2-induced pore formation is likely an irreversible two-state transition: from magainin 2 binding 

to the outer monolayer of a GUV (i.e., the binding state), in which the membrane does not have any pores, to 

the state in which the GUV has pores (i.e., the pore state) (Fig. 2D). To determine the rate constant of the two-
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state transition, kP, from experimental results, we calculate the fraction of intact GUVs which do not have pores 

(i.e., where no membrane permeation of fluorescent probes occurs), Pintact(t), among the population of GUVs 

examined. Analysis of the time course of Pintact(t) provides the value of kP. This rate constant is defined as the 

rate constant of peptide-induced pore formation in lipid membranes.32, 35 The time course of Pintact(t) can be 

obtained from the above experimental results. Fig. 2E shows that Pintact(t) of 60%DOPG/40%DOPC-GUVs 

decreased with time for each magainin 2 concentration. All the curves of the time course of Pintact(t) in the 

presence of various concentrations of magainin 2 were well fit by a single exponential decay function defined 

by eq. (1) as follows,  

                                                                                 

where teq is a fitting parameter and implies the time required for the binding equilibrium of magainin 2 from 

aqueous solution to the membrane interface of the GUV. The rate constant increased with increasing magainin 

2 concentration: the average value of kP for 5 M magainin 2 ((5.3 ± 1.1)  102 s-1) was about 30 times larger 

than that of kP for 2 M magainin 2 ((1.7 ± 0.7)  103 s-1) (Fig. 3A).  

   One of the main factors that mediate the binding of magainin 2 to lipid membranes is the electrostatic 

attraction between the positively-charged magainin 2 and the negatively-charged lipid membranes. kP greatly 

depends on the DOPG concentration in the GUV membrane (i.e., the surface charge density of the membrane 

(Fig. 3A)). The magainin 2 concentration in the buffer required to induce the same value of kP increases 

significantly with decreasing DOPG concentrations (i.e., with decreasing surface charge density of the 

membrane). kP also depends on the salt concentration: it increases with a decrease in NaCl concentration.35 It is 

well known that electrostatic interactions due to the surface charges of lipid membranes increase with increasing 

surface charge density or with decreasing salt concentration.57-60 These results clearly indicate that kP increases 

with an increase in electrostatic interactions due to the surface charges of lipid membranes. Using the Poisson-

Boltzmann equation and the experimentally determined intrinsic binding constants of magainin 2 to lipid 

membrane, we can convert the magainin 2 concentration in the buffer to the magainin 2 concentration at the 

membrane interface (or the surface concentration of magainin 2), which is expressed by the molar ratio of 

magainin 2 bound to the membrane interface to lipid in the outer monolayer of a GUV, X (mol/mol). Fig. 3B 

shows the dependence of kP on X. This dependence was obtained by replotting the graphs of the dependence of 

kP on magainin 2 concentrations in the buffer (Fig. 3A). The dependences of kP on X for 40%DOPG/60%DOPC- 

 )1()(exp)( eqPintact ttktP 
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and 30%DOPG/70%DOPC-GUVs in buffer A are almost the same (i.e., the two curves almost superimpose). 

Magainin 2-induced pore formation occurs at and above X = 70 mmol/mol, and both the kP values increased 

with an increase in X. The results clearly indicate that X determines the rate constant of magainin 2-induced pore 

formation.  

 

2.2. Rate constants of membrane permeation (or leakage) of fluorescence probes of various sizes through 

magainin 2-induced pores in lipid membranes  

The rate constant of membrane permeation (or leakage) of fluorescent probes through pores in the GUV 

membrane induced by compounds such as peptides/proteins (Fig. 4A) is a good measure for evaluating the size 

and number of pores and also the time course of the change in size and number of pores. The rate constant of 

membrane permeation cannot be measured using the LUV suspension method because this method can provide 

only the total amount of leakage from all the LUVs in the suspension. However, using the single GUV method, 

we can determine this rate constant by analyzing the time course of fluorescence intensity change of a GUV 

after pore formation. Generally, the rate constant of membrane permeation of the fluorescent probe through a 

GUV membrane, kmp, is determined by the number and size of the pores. Analysis of the time course of kmp can 

therefore provide information on the temporal change in pore size and the number of pores. Fig. 4B shows the 

time course of the change in the normalized fluorescence intensity of several “single GUVs” containing Texas-

Red dextran 10,000 (TRD-10k) (Stokes-Einstein radius, RSE, is 2.7 nm) induced by 7 M magainin 2. Rapid 

leakage of TRD-10k was observed from each single GUV that started in a stochastic manner, then the rate of 

membrane permeation decreased and the resulting slower membrane permeation continued. When 4 M 

magainin 2 was used (Fig. 4C), this characteristic of membrane permeation was more clearly observed. Similar 

characteristics were observed for magainin 2-induced membrane permeation of Texas-Red dextran 3,000 (TRD-

3k) (RSE = 1.4 nm) and Alexa-Fluor trypsin inhibitor (RSE = 2.8 nm): a transient rapid membrane permeation 

during the initial stage, followed by a stage of slow membrane permeation. In contrast, magainin 2 induced only 

a transient, but very small (10-20%) membrane permeation of larger fluorescent probes such as Texas-Red 

dextran 40,000 (TRD-40k) (RSE = 5.0 nm) and FITC-BSA (RSE = 3.6 nm) (Table 1).  

The rate constant of the membrane permeation of the fluorescent probe from a GUV, kmp, is determined 

by the following formula,  
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   )2(exp)0(/)()( mp ttkItItFI                  

where I(t) and I(0) are the fluorescence intensity of the inside of the GUV at time t after, and before, initiation 

of membrane permeation, respectively, and FI (t)(= I(t)/I(0)) is the normalized fluorescence intensity. If we plot 

the log of FI vs. time (s), the rate constant of membrane permeation, kmp(t), can be obtained from the slope of 

the curve quantitatively (Fig. 4D). Generally kmp(t) changes with time. In the magainin 2-induced pore, there are 

two linear regions in this curve (Fig. 4D), which provide two kmp rate constants: initial
mpk  of the rapid membrane 

permeation at the initial stage and steady
mpk  of the slow membrane permeation at the final steady stage. For each 

probe, the value of initial
mpk  is 20−40 times greater than that of steady

mpk  under the same experimental conditions 

(Table 1). These results indicate that magainin 2 molecules initially induce a large, transient pore in lipid 

membranes, then the radius of the pore decreases to a stable smaller size. Since membrane permeation of AF-

SBTI did not occur at the final stage for 7 (or 4) M magainin 2, we conclude that the radius of the pore induced 

by 7 (or 4) M magainin 2 at the final stage is smaller than 2.8 nm (RSE of SBTI), but is larger than 1.4 nm (RSE 

of TRD-3k). This value agrees with that of magainin 2-induced pores in multilayer membranes determined by 

neutron in-plane scattering (1.9 nm).61 On the other hand, 15 M magainin 2 induced the membrane permeation 

of AF-SBTI, but not BSA, indicating that the radius of the pores at the final stage induced by 15 M magainin 

2 is larger than 2.8 nm but smaller than 3.6 nm (RSE of BSA), which is larger than that induced by 7 (or 4) M 

magainin 2. These results clearly indicate that the radius of the magainin 2-induced pore at the final stage 

increases with an increase in magainin 2 concentration. Theoretical analysis of the rate constant of membrane 

permeation at the initial stage provided values for the radius of the pore. This radius at the initial stage increased 

with magainin 2 concentration and also increased with the radius of the GUV.36 These data provide the first 

information concerning the kinetic pathway of peptide/protein-induced pore formation in lipid membranes. 

Based on these data, we proposed a hypothesis regarding the mechanism of magainin 2-induced pore formation.36 

    Subsequently, other examples of the change in the size of peptide/protein-induced pores were found using 

the GUV suspension method.62, 63 In this method, many GUVs are suspended in a solution of water-soluble 

fluorescent probes and peptides/proteins, and the changes in the physical properties of single GUVs are observed. 

Fuertes et al. investigated pore formation in lipid membranes induced by the 5 segment of the proapoptotic 

protein, Bax (Bax5).62 When GUVs are suspended in a solution of two fluorescent probes, Alexa555 (1.25 
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kDa) and calcein-labeled dextran 10,000 (FD10; 10 kDa) (RSE = 2.3 nm), both fluorescent probes enter the GUV 

at a similar rate initially, but later the rate of entry of FD10 becomes smaller than that of Alexa555. This result 

indicates that the size of this pore is large at the initial stage, and then decreases and equilibrates to a smaller 

pore. These findings are similar to the phenomena observed with magainin 2-induced pore formation. Bleicken 

et al. indicated that proapoptotic proteins, Bax and BakC21 (Bak lacking the carboxyl-terminal 21 amino acids), 

form pores through which cytochrome C (12 kDa) and allophycocyanine (104 kDa) can pass, and also that the 

size of these pores changes with time and depends on the protein concentration.63 Therefore, we can conclude 

that the single GUV method and the GUV suspension method are useful techniques for following the evolution 

(such as the size change) of peptide/protein-induced pores in lipid membranes. At present, no other method can 

provide this information.  

 

3. PFT lysenin-induced pore formation in lipid membranes  

Lysenin is a PFT that can bind specifically to SM.18 The binding constant of lysenin to SM, determined 

by surface plasmon resonance experiments, is large: the dissociation constant of lysenin to 100% SM membrane 

is 5.3 nM.18 The molecular weight of lysenin is 33 kDa. Lysenin exists as a monomer in buffer. If lysenin binds 

to lipid membranes containing SM, it forms SDS-resistant oligomers which can be detected using SDS-PAGE. 

The so-called pore-forming activity of lysenin has been investigated by leakage of a fluorescent probe from 

LUVs using the LUV suspension method, and by analysis of its induced hemolysis of RBCs (i.e., the leakage of 

hemoglobin from the inside of RBCs).18-20 Lysenin-induced leakage of calcein from LUVs of lipid membranes 

containing SM increases gradually over a 10 to 60 min period, and the rate of leakage increases with an increase 

in lysenin concentration and temperature.18 Lysenin cannot induce leakage from LUVs containing other 

sphingolipids such as ceramide and sphingisine, indicating that the specificity of the binding of lysenin to SM is 

very high.18 Lysenin-induced hemolysis increases with an increase in lysenin concentration, which has 

significant temperature dependence; for example, hemolysis activity at 37 C is much larger than that at 4 C.19 

The hemolysis assay is a popular methodology for checking the activity of PFTs. However, it is difficult to 

identify the main factor underlying hemolysis.37 For example, membrane fusion by viruses induces hemolysis.56 

The rupture and fragmentation of RBCs also cause hemolysis. Therefore, we can conclude that the hemolysis 

activity of peptides/proteins indicates that they interact with RBC membranes strongly and perturb them. Yamaji 

et al. found that the coexistence of small unilamellar vesicles (SUVs) containing SM in a suspension of RBCs 

Page 13 of 43 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 14

inhibits lysenin-induced hemolysis. SM/cholesterol (chol)-SUVs are 10,000 times more effective in inhibiting 

hemolysis than SM-SUVs.18 Ishitsuka et al. found that the binding constant of lysenin to SM in SM/chol 

membranes is similar to that for SM membrane, but the presence of cholesterol increases the fraction of 

oligomers.40 Therefore, one of the main factors for the higher efficiency of the inhibition of hemolysis by 

SM/chol-SUVs is the increase in the fraction of lysenin oligomers in the membrane.21 

In contrast with the LUV suspension method and the hemolysis method, if we use the single GUV method, 

we can observe the interaction of lysenin with a single GUV and its induced leakage of a fluorescent probe from 

the inside of the single GUV as a function of time using fluorescence microscopy.37 Fig. 5 shows a typical 

experimental result of the interaction of lysenin with DOPC/SM/cholesterol (chol) (42/30/28)-GUVs containing 

calcein. The results clearly show that lysenin molecules form pores in the DOPC/SM/chol membrane, through 

which membrane permeation of calcein occurs without disruption of the GUVs (Fig. 5A). As described above, 

the rate constant of the membrane permeation of the probe kmp(t) is determined by analysis of the time course 

of FI (= I(t)/I(0)). The value of kmp(t) first increased over time, and then remained constant after achieving a 

maximum value at 170 s. This maximum value did not change for up to 450 s. It is note that values of kmp(t) 

depend on the size or the radius of a GUV, and hence to compare these values we must use GUVs of similar 

size. However, it is sometimes difficult to prepare similar sized GUVs composed of different lipid compositions. 

In contrast, the membrane permeability coefficient, P(t) (= r kmp(t)/3, where r is the radius of a GUV), does not 

depend on the size of GUVs.37 If we use P(t), we can explain the results shown in Fig. 5B as follows: after pore 

formation, the value of P increased with time and then reached a steady, maximum value, Ps, which remained 

constant for a long time (280 s). The Ps value for Fig. 5B was obtained (Ps = 2.0  102 m/s). The dependence 

of Ps on lysenin concentration, C, in Fig. 5C shows that Ps increases with C. The average value of Ps for 600 

ng/mL lysenin ((1.5 ± 0.2)  101 m/s) is approximately 20 times larger than the Ps value for 10 ng/mL lysenin 

((6.9 ± 1.7)  103 m/s). In contrast, the interaction of 600 ng/mL lysenin with single SM/DOPC/chol 

(42/30/28)-GUVs containing AF-SBTI did not induce a change in the fluorescence intensity of the inside of the 

GUV, indicating that membrane permeation of AF-SBTI through lysenin-induced pores did not occur. Based 

on these results, we conclude that the radius of the lysenin-induced pore is smaller than 2.8 nm (the RSE of SBTI) 

but larger than 0.74 nm (the RSE of calcein).  
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Generally, the Ps value depends on the size of the pore and the number of pores per unit area of a membrane. 

If we consider that lysenin molecules form pores all with the same diameter, the value of P(t) of the lipid 

membrane is determined by the permeability coefficient of a single pore (P1), the fraction of pores in the open 

state or their probability of opening (Popen), and the pore concentration or the number of pores per unit area (NP 

(t)). Thus, the equation P(t) is P(t) = P1PopenNP(t). We can therefore interpret the result of Fig. 5B as follows. A 

pore is first formed in the lipid membrane, following which NP increases over time and finally reaches a steady, 

maximum value, s
PN . 

It is important to elucidate the effect of cholesterol on lysenin-induced membrane permeation. The data 

in Fig. 5C show that the lysenin concentration dependence of Ps of membranes without cholesterol (SM/DOPC 

(58/42)-GUVs) is much greater than that of membranes with cholesterol (SM/DOPC/chol (42/30/28)). Thus, at 

low concentrations of lysenin, the Ps values of membranes containing cholesterol (SM/DOPC/chol (42/30/28)) 

are much larger than those of membranes without cholesterol (SM/DOPC (58/42)-GUVs). This indicates that 

the presence of cholesterol increases the Ps value (and thereby the s
PN  value) at low concentrations of lysenin. 

The fraction of lysenin present as an SDS-resistant oligomer (i.e., the SDS-resistant oligomer fraction of lysenin) 

increases as the SM/lysenin molar ratio decreases, and its dependence on the SM/lysenin ratio is much greater 

in the absence of cholesterol (SM/DOPC (58/42)-SUVs) than in the presence of cholesterol (SM/DOPC/chol 

(42/30/28)) (Fig. 5E). Thus, at low concentrations of lysenin, the oligomer fractions of lysenin in membranes 

containing cholesterol (SM/DOPC/chol (42/30/28)) are much larger than those in membranes without 

cholesterol (SM/DOPC (58/42)-GUVs). These results show a strong correlation between the lysenin-induced 

membrane permeability coefficient and the SDS-resistant oligomerization of lysenin in SM/DOPC (58/42) and 

SM/DOPC/chol (42/30/28) membranes, indicating that the pore concentration increases with an increase in the 

oligomer fraction. The presence of cholesterol induces phase separation between the liquid-ordered (lo)-phase 

domain (in Fig. 5F, the domains with low fluorescence intensity) and the liquid-disordered (ld) phase domain 

(in Fig. 5F, the domains with high fluorescence intensity) in SM/DOPC/chol membranes. The diffusion 

coefficient in the lo phase is relatively large, which is one of the main reasons why the presence of cholesterol 

increases the oligomer fraction and the pore concentration.  

Using the single GUV method, it is also possible to estimate the rate constant of lysenin-induced pore 

formation. Several possible schemes for lysenin-induced pore formation could be involved in generating the 
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intermediate states (i.e., the oligomer states); currently, we cannot identify the correct scheme due to limited 

experimental data.37 If the rate of oligomerization of lysenin in the membrane is much larger than that of the 

conversion from the oligomer to the pore, i.e., if the rate-determining step is the conversion from the oligomer 

to the pore, we can apply the irreversible two-state transition model and obtain values of kP which correspond 

to the rate constants of the transition from the oligomer state to the pore state. In other cases, kP has a different 

physical meaning. Time courses of Pintact of SM/DOPC/chol (42/30/28)-GUVs in the presence of various 

concentrations of lysenin can be fit by a single exponential decay function defined by eq. (1). The rate constant 

of pore formation increases with increasing lysenin concentration: the average kP of 600 ng/mL lysenin ((2.6 ± 

0.1)101 s-1) is ~70 times larger than that of kP for 10 ng/mL lysenin ((3.6 ± 0.1)103 s-1) (Fig. 6E). This result 

suggests that the rate of oligomerization of lysenin in the membrane is high and that the rate determining step 

is the oligomer-induced pore formation. For the SM/DOPC/chol (42/30/28) membrane, lysenin molecules 

bound to SM molecules in a SM/chol-rich domain in the lo-phase can rapidly diffuse within this domain and 

frequently collide with other lysenin molecules bound to SM molecules, resulting in a high rate of lysenin 

oligomerization. In contrast, in the case of SM/DOPC (58/42)-GUVs, time courses of Pintact cannot be fit well 

by a single exponential function. In this case, lysenin molecules bound to SM molecules in a SM-rich domain, 

which is similar to a gel phase, cannot diffuse rapidly, and therefore the oligomerization step becomes the rate-

determining step.  

Lysenin can form pores in GUVs of SM/chol (60/40) membrane in homogeneous lo phase, indicating that 

the phase boundary between the lo and the ld phases is not necessary for lysenin-induced pore formation (Fig. 

6A, B). However, the Ps values of SM/chol (60/40)-GUVs are smaller than those of SM/DOPC/chol (42/30/28)-

GUVs (Fig. 6C), even though the SDS-resistant oligomer fractions are similar for both membranes (Fig. 6D). 

This suggests that not all of the oligomers can convert into a pore. Time courses of Pintact of SM/chol (60/40)-

GUVs in the presence of various concentrations of lysenin can be fit approximately by a single exponential 

decay function defined by eq. (1). The kP values of SM/chol (60/40)-GUVs are much smaller than those of 

SM/DOPC/chol (42/30/28)-GUV, irrespective of lysenin concentration (Fig. 6E). These results for the rate 

constant are consistent with the above interpretations regarding the Ps values. 

    Recently, the ion channel activity of a lysenin-induced pore in a planar membrane was measured using 

single channel recording measurements.64 The single channel conductance of a lysenin-induced pore for NaCl is 
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540 pS. No closing events were observed for the pore, indicating that Popen = 1. The single GUV method currently 

cannot provide information on the permeability coefficient of a single pore, P1, and therefore the single channel 

recording method is superior in this regard. However, it is difficult to obtain information on the state of the 

membrane before pore formation (i.e., the kinetics of initial pore formation) and on the rapid change in pore size 

using single channel recording. This is discussed in detail below.  

Using the GUV suspension method, Schön et al. investigated the interaction of equinatoxin, a PFT, with 

GUVs.65 In the presence of equinatoxin, Alexa Fluor 488 (AF488) enters the GUV interior from the outside bulk 

solution, indicating that equinatoxin induces membrane permeation of AF488. The volume flux (similar to the 

membrane permeability coefficient, P(t)) of AF488 does not change with time. Their data suggest that 

equinatoxin forms pores only when the lo and the ld phases coexist, indicating that the phase boundary between 

these two phases plays an important role in equinatoxin-induced pore formation. These results are different from 

those of lysenin described above.    

 

4. Entry of CPP transportan 10 (TP10) into a single vesicle by translocating across the lipid membrane 

The entry of CPPs and their cargo delivery into cells are observed using fluorescence microscopy and 

electron microscopy.9-11 The mechanism by which CPPs and their cargo translocate across the plasma membrane 

is still controversial. Some CPPs internalize via endocytosis, but others use non-endocytosis pathways. In both 

cases, CPPs must translocate across the lipid bilayer to enter a cell. To reveal the mechanism of translocation, 

it is important to elucidate the interaction of CPPs with lipid membranes. Various experiments have been 

conducted using the LUV suspension method to determine binding constants and leakage of the internal 

contents.21-23 The translocation of peptides from the outer monolayer to the vesicle interior has been studied 

using energy transfer from the tryptophan of magainin 2 to dansyl-labelled lipids in the membrane. The results 

indicate that some fractions of magainin 2 translocate into the inside of LUVs.14 For example, when trypsin (a 

protease) is added to a suspension of magainin 2 and LUVs of lipid membrane containing dansyl-labelled lipids, 

a short segment of magainin 2 in the outer monolayer is digested and desorbs from the membrane surface, 

resulting in a decrease in energy transfer and the fluorescence intensity of dansyl-lipid excited at 280 nm 

becomes zero. As the interaction time between magainin 2 and the LUVs increases, the addition of trypsin does 

not decrease the fluorescence intensity to zero, and the remaining fluorescence intensity increases, indicating 
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that magainin 2 enters the LUVs at trypsin-free areas.14 The time course of magainin 2-induced leakage of 

fluorescent probes is similar to that of translocation.14 These results suggest that the translocation of magainin 2 

into the LUVs occurs after pore formation in the membrane. However, using the LUV suspension method, it is 

difficult to reveal the relationship between the leakage of fluorescence probe and the translocation of peptides 

with higher time resolution.  

TP10 is a positively-charged peptide composed of 21 amino acids (AGYLLGKINLKALAALAKKIL) 

with an amide-blocked C terminus. The interaction of TP10 with lipid membranes has been investigated using 

the LUV suspension method.21-23 TP10 induces gradual leakage (membrane permeation) of a small water-

soluble fluorescent probe, carboxyfluorescein, from the inside to the outside of LUVs. The rate of leakage 

increases with an increase in TP10 concentration in the buffer.21 The rate constants for  LUV membrane 

binding and dissociation of TP10 were determined. Yandek et al. found that the TP10-induced leakage of 

fluorescent probes is “graded” based on the results of fluorescence ANTS/DPX assays.21 The kinetic scheme of 

the interaction of TP10 with the membranes, and of the entry of TP10 into a vesicle, were analyzed assuming 

that these fluorescent probes leak during the translocation of TP10 across the lipid bilayer.21, 23 This state was 

defined as the TP10-induced pore in the lipid membrane.  

In contrast, if we use the single GUV method, we can observe the elementary processes for the entry of 

CPPs and obtain their kinetics. Fig. 7 shows a typical experimental result of the simultaneous measurement of 

the translocation of a fluorescent probe, carboxyfluorescein (CF)-labeled TP10 (CF-TP10), across the lipid 

membrane and the membrane permeation of a water-soluble fluorescein probe, Alexa Fluor 647 hydrazide 

(AF647), from 20%DOPG/79%DOPC/1%biotin-lipid-GUVs containing smaller vesicles composed of 

20%DOPG/80%DOPC. The data were obtained using confocal laser scanning microscopy (CLSM). Fig. 7A 

(1) and B show that CF-TP10 induces pores in the GUV membrane at 210 s, then membrane permeation of 

AF647 occurs through the pores rapidly. On the other hand, Fig. 7A (2) shows that the fluorescence intensity of 

the GUV membrane gradually increases and is almost saturated at 100 s (green squares in Fig. 7B), indicating 

that the concentration of CF-TP10 in the GUV membrane gradually increases and at 100 s is almost saturated. 

Some fluctuations in the intensity of the GUV membrane are caused by the smaller vesicles inside the GUV 

near the GUV membrane. At the beginning of the interaction, there was no fluorescence inside the GUV, but 

after 140 s, fluorescence intensity was observed due to the membranes of the smaller vesicles inside the GUV 
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(t = 144, 167, and 194 s in Fig. 7A(2)). This fluorescence occurred before CF-TP10-induced pore formation 

(210 s). These results indicate that CF-TP10 enters the GUV from the outside by translocating across the GUV 

membrane and then binds to the membrane of the smaller vesicles inside the GUV. The entry of CF-TP10 into 

the GUV occurs before pore formation.  

We can also obtain detailed information on the concentration dependence of the entry of CF-TP10 into a 

GUV before pore formation (i.e., before the membrane permeation of AF647) (Fig. 7C). At and above 0.6 M 

CF-TP10, the entry of CF-TP10 is observed in some GUVs. The fraction of entry of CF-TP10 increases with 

an increase in CF-TP10 concentration and becomes 1.0 at and above 1.0 M. These results clearly indicate that 

the translocation of CF-TP10 is a necessary condition, but not a sufficient condition, for pore formation, i.e., 

some other factor determines pore formation. The rate constant of CF-TP10-induced pore formation, kP, can be 

obtained by analyzing the time course of Pintact. Fig. 7D shows the dependence of the rate constant of CF-TP10 

(or TP10)-induced pore formation on the concentration of CF-TP10 (or TP10). The rate constant increases with 

an increase in peptide concentration.  

    Data showing the time course of the fluorescence intensity of the rim of a GUV which does not contain 

smaller vesicles (green squares in Fig. 8A) indicate the time course of CF-TP10 concentration in the GUV 

membrane. The time derivatives of the CF-TP10 concentrations in the outer monolayer, the inner monolayer of 

the GUV, and in the aqueous solution inside the GUV, can be expressed by differential equations.38 Generally 

it is difficult to obtain the average concentration of CF-TP10 in the GUV membrane, CM(t), due to several 

unknown parameters. However, if the transfer of CF-TP10 between the outer and the inner monolayers is fast, 

i.e., the rate of the transfer is higher than the rate constant of the binding of CF-TP10 to the GUV membrane 

and the rate constant of its dissociation from the membrane into aqueous solution, we can obtain CM(t) as follows, 

38 
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where 
ONk  is the rate constant of the binding (or association) of CF-TP10 to the GUV membrane, 

OFFk is the 

rate constant of the dissociation of CF-TP10 from the membrane into the aqueous solution surrounding the GUV, 
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eq
outC is the CF-TP10 concentration in aqueous solution near the GUV, KB =kON/kOFF is the binding constant of 

CF-TP10 to the membrane, and kapp is the apparent rate constant of the increase in CM(t). The time course of the 

fluorescence intensity of the rim of the GUV (Fig. 8A) can be fit well by eq. (3) (the black line in Fig. 8A), 

which gave a value for the rate constant kapp of 0.026 s1. Figure 8B shows that kapp increased linearly with an 

increase in eq
outC . Fitting the data in Fig. 8B to eq. (4) provides values for kON and kOFF: kON = 2.2 104 M1s1 

and kOFF = 4.2 103 s1 (i.e., KB = 5.2 106 M1). Hence, using the single GUV method, we can obtain 

information on the time course of CF-TP10 concentration in the GUV membrane. Although several assumptions 

must be made, analysis of these data provides the rate constants of the association and dissociation of CF-TP10 

with the GUV membrane. 

 On the other hand, the GUV suspension method has been applied to the interaction of CPPs with GUVs.66-

68 Thorén et al. showed that fluorescent probe-labeled penetratin entered the GUVs composed of soybean 

phosphatidylcholine, although they could not measure the leakage of water-soluble fluorescent probe using 

these GUVs.66 Mishra et al. investigated the interaction of fluorescent probe-labeled R6 and HIV TAT peptides 

with GUVs composed of DOPC/DOPS (dioleoylphosphatidylserine)/DOPE (dioleoylphosphatidyl-

ethanolamine) = 20/20/60) containing water-soluble fluorescent probes. They found that these fluorescent 

probe-labeled peptides induced leakage of the water-soluble fluorescent probes, then these peptides entered the 

GUVs.67 However, as the time course of these processes could not be obtained, it was not possible to analyze 

the leakage and entry quantitatively. Recently, Wheaten et al. investigated the interaction of lissamine 

rhodamine B (Rh)-labeled CPPs (TP10W and DL1a) with GUVs containing smaller GUVs in a solution of a 

water-soluble fluorescent probe, carboxyfluorescein (CF).68 First, CF and peptides entered the interior of the 

outer GUV, then the translocation of peptides and the influx of CF into the inner GUVs occurred. They observed 

that the translocation of peptide into the inner GUVs occurred gradually whereas the influx of CF into the inner 

GUVs occurred rapidly. However, they could not obtain quantitative results such as the peptide concentration 

dependence of the translocation of peptides and the rate constant of the peptide-induced pore formation.  

 

5. Advantages of the single GUV method  
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 There are several advantages of the single GUV method over the LUV suspension method and the 

hemolysis method. First, it is easy to identify the cause of the compound-induced membrane permeation (or 

leakage) of fluorescent probes inside a vesicle. Generally, many factors induce the leakage of the internal 

contents of liposomes, such as fluorescent probes, and the leakage of hemoglobin from RBCs (i.e., hemolysis). 

It is difficult to identify the main factor responsible for leakage (or membrane permeation) using the LUV 

suspension method and hemolysis.12 For example, membrane fusion by viruses induces hemolysis,69 and 

polyethylene glycol-induced membrane fusion induces leakage of the internal contents of liposomes.13 Rupture 

and fragmentation of liposomes or RBCs also cause leakage and hemolysis. These factors, such as membrane 

fusion and rupture, can be easily detected using the single GUV method.32, 33 Therefore, the detection of leakage 

using the LUV suspension and hemolysis methods does not always indicate pore formation in lipid membranes.  

Second, measurements using the single GUV method allow us to separate the compound-induced-pore 

formation step in lipid membranes from the membrane permeation of a fluorescent probe through the pores, 

allowing the rate constants of these elementary processes to be obtained. We determined the rate constants of 

pore formation induced by magainin 2, lysenin, and TP10. For magainin 2 and TP10, the binding of these 

peptides to the lipid membrane rapidly reached equilibrium, allowing us to reasonably consider the process as 

an irreversible two-state transition from the binding state (i.e., the binding state of magainin 2 in the outer 

monolayer, or the binding state of TP10 in the outer and the inner monolayers) to the pore state. Recently, the 

same analysis using the time course of Pintact of single GUVs provided the rate constant of external tension-

induced pore formation in a GUV.70 For lysenin, there is another elementary process between the binding of the 

protein to the lipid membrane and pore formation, namely, the formation of lysenin oligomer.  Many schemes 

to explain PFT-induced pore formation have been proposed. For example, PFT molecules in a buffer bind to a 

lipid membrane, then a monomer of the bound PFT diffuses laterally in the membrane and collides with another 

monomer to form an oligomer and finally a conformational change in the oligomer induces pore formation.8, 71 

In some PFTs, monomeric PFT protein segments may insert into a membrane during binding and then they 

associate to form an oligomer (i.e., a pore), but in others, the insertion of protein segments occurs after the 

oligomer formation and then they form a pore. For lysenin-induced pore formation, several schemes can be 

proposed to describe the intermediate states (i.e., the oligomer state), but currently the correct scheme cannot 

be identified due to limited experimental data. Therefore, an interpretation of the rate constant of lysenin-
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induced pore formation is required.37 We have also determined the rate constant of membrane permeation, or 

the membrane permeability coefficient, of a fluorescent probe through these peptide/protein-induced pores. 

Analysis of this rate constant can provide information on the size of the pores, and on the change in the size and 

number of these pores over time.36, 37 In the LUV suspension method, the mode of leakage (or membrane 

permeation) of fluorescent probes is classified as “all-or-none” or “graded”.54-56 In contrast, in the single GUV 

method, we use only rate constants of pore formation and rate constants of membrane permeation determined 

from single GUVs. Furthermore, it is important to elucidate the effects of mutation of proteins/peptides such as 

AMPs, PFTs, and CPPs on their pore formation in lipid membranes and membrane permeation through these 

pores, and the effects of lipid composition and the physical properties of lipid membranes on their pore 

formation and membrane permeation. Experimental data on the effects of mutation on the kinetic constants of 

pore formation and those of membrane permeation through the pore determined using the single GUV method 

could provide valuable information.  

Third, using the single GUV method with a CLSM, we can observe and analyze the time course of the 

entry of CPPs into a single GUV, and the relationship between the entry of CPPs and its induced pore formation. 

An experiment designed to simultaneously observe membrane permeation of the fluorescent probe and the entry 

of CF-TP10 into a GUV clearly shows that CF-TP10 translocates across the lipid membrane before pore 

formation. The time course of the increase in peptide concentration in the GUV membrane can also be obtained 

using a CLSM. These results cannot be obtained using the LUV suspension method.    

    Next, we compare the single GUV method with the GUV suspension method. In the GUV suspension 

method, many GUVs are suspended in a solution of water-soluble fluorescent probes and peptides/proteins and 

changes in the physical properties of many GUVs are observed.62, 63, 65, 67, 68, 72-74 The advantages of the single 

GUV method over the GUV suspension method are as follows. (1) In the single GUV method, we can observe 

the change in the structure and physical properties, such as fluorescence intensity, of a single GUV from the 

start of the interaction of peptide/protein with the GUV (i.e., t = 0). This allows determination of the rate constant 

of pore formation. We can also follow rapid pore formation or rapid peptide translocation. In contrast, it is 

difficult to obtain rate constants of pore formation using the GUV suspension method because it is difficult to 

observe the start of the interaction of peptide/protein with the GUV. (2) In the single GUV method, we can 

control the concentration of peptide/protein outside a single GUV (i.e., eq
outC ), and therefore we can obtain 
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detailed information on the peptide/protein concentration dependence of peptide/protein-induced pore formation, 

membrane permeation through the pores, and the entry of peptides into a GUV. In contrast, in the GUV 

suspension method, many GUVs are added to a given concentration of peptide/protein solution, so the 

peptide/protein concentration outside the GUV depends on the GUV concentration (i.e., lipid concentration) in 

the suspension. Therefore, eq
outC  cannot be controlled precisely, and it also changes with time because the 

binding of peptides/proteins with GUV membranes, and the entry of peptides into the GUVs, increases with 

time. The same drawbacks are observed with the LUV suspension method. Both suspension methods utilize the 

concept of “peptide (or protein) to lipid molar ratio in the total suspension, P/L”, which is the average ratio in 

all the vesicles. The concentration of peptide/protein surrounding vesicles cannot be expressed by P/L, and 

therefore P/L cannot be used to describe reaction rate equations. The most important physical quantity that 

determines the various phenomena occurring in lipid membranes is the molar ratio of peptide (or protein) to 

lipid in a lipid membrane, i.e., the surface concentration of peptide (or protein), X. However, P/L is equal to X 

only if the binding constant of peptide (or protein) to the lipid membrane is so large that all the peptides (or 

proteins) bind to the membrane. On the other hand, an advantage of the GUV suspension method is that no 

special equipment and experimental technique, such as the handling of micropipettes, is required. It is evident 

that both the single GUV method and the GUV suspension method are superior to the LUV suspension method, 

and hence these powerful methods are increasingly revealing the mechanism of interaction of peptides/proteins 

with lipid membranes. 

     It is useful to compare the single GUV method with the single channel recording (SCR) of ion channel 

proteins and ion channel-forming peptides in a planar bilayer.64, 75-79 SCR is a very sensitive, accurate method 

for measuring the current passing through a single channel and obtaining the single channel conductance.  

Statistical analysis of the fluctuation of the current provides the life-time of the open state and the closed state 

of the single channels, and also some information on the interaction of compounds with the ion channel (e.g., 

flickering). In these points, SCR is superior to the single GUV method, because it is difficult to obtain 

information on the membrane permeability of ions through a single pore and on the dynamics of a single pore 

in lipid membranes using the single GUV method. In SCR, after forming a single ion channel in the stable planar 

membrane, it is possible to measure the current through the channel reproducibly. However, in most cases it is 

not easy to obtain reproducible data on the change in current before a single channel is formed in the membrane. 
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For example, when peptides are added to the preformed planar membranes, large irregular and non-reproducible 

fluctuations in the current are often observed, but after a single channel is formed in the membrane, a steady 

single channel current is observed. On the other hand, the single GUV method enables us to observe and measure 

the state of membranes before pore formation reproducibly, which provides information on the elementary 

processes underlying the interaction of peptide/protein with lipid membranes at the initial steps. In SCR 

measurements, it is difficult, but not impossible, to measure irreversible pore formation because it is much easier 

to analyze SCR data of the reversible transition between the open and closed states of single channels 

quantitatively. Moreover, the rapid change in the pore size, corresponding to the rapid change in single channel 

conductance, cannot be measured using SCR. Therefore, the SCR and single GUV methods are complementary.    

 

6. Short summary and outlook  

      This perspective summarized the information on the interaction of magainin 2 (AMP), lysenin (PFT), 

and TP10 (CPP) with biological lipid membranes which can be revealed only by the single GUV method. For 

magainin 2- or lysenin-induced pore formation in lipid membranes, two elementary processes (i.e., the 

peptide/protein-induced pore formation and the membrane permeation of fluorescent probes through the pores), 

are observed separately; statistical analysis of the data provides the rate constants of these elementary processes. 

For the interaction of TP10 with lipid membranes, four elementary processes, i.e., the binding of TP10 to the 

lipid membrane, the entry of TP10 into a vesicle, TP10-induced pore formation, and the membrane permeation 

of fluorescent probes through the pores, are observed separately, and the rate constants of all these processes can 

be determined. Based on the new quantitative information on the elementary processes revealed by the single 

GUV method, we can begin to elucidate the mechanisms underlying peptide/protein (such as AMP, PFT, and 

CPP)-induced pore formation and the entry of peptides (such as CPP) into a GUV. 

    We compared the single GUV method with other methods for investigating the interaction of 

peptides/proteins with lipid membranes (i.e., the LUV suspension method, the GUV suspension method, and 

SCR), and discussed the pros and cons of the single GUV method in comparison with the other methods. In 

conclusion, both the single GUV method and the GUV suspension method are superior to the LUV suspension 

method, and hence these methods are revealing the interactions of peptides/proteins with lipid membranes. The 

single GUV method and SCR can provide complementary information.    
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  In future, we can apply the single GUV method to investigate the functions of AMPs, PFTs, CPPs, and 

various compounds which interact with lipid membranes. The single GUV method provides valuable information 

on the effects of the mutation of AMP, PFT, and CPP peptides/proteins on membrane permeation, and on the 

effects of both lipid composition and the physical properties of lipid membranes on membrane permeation. All 

this information becomes available to the researcher because the single GUV method allows calculation of the 

rate constants of the elementary processes. This detailed understanding of the elementary processes will greatly 

contribute to the design of de novo peptides/proteins which mimic the activity of AMP, PFT, CPP and others 

membrane proteins, and also to the experimental elucidation of the functions of these de novo designed 

peptides/proteins. The continued development of experimental techniques is indispensable for reducing the time 

required for single GUV experiments and to increase the accuracy of the calculated rate constants of the 

elementary processes. Increasing the temporal and spatial resolution of observations using various optical 

microscopes could allow other elementary processes in various phenomena to be separated and allow their rate 

constants to be calculated.  
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Table 1: Rate constants of 7 M magainin 2-induced membrane permeation of various fluorescent probes in 

single 50%DOPG/50%DOPC-GUVs with a radius of 5 ± 1 m at 25 C. (A) at the initial stage, and (B) at the 

final steady stage. Reprinted from ref. 36 with permission from the American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fluorescent 
probes 

RSE 
 nm 

Mode of leakage Initial stage       
(s1) 

Final steady stage  
(s1) 

TRD-3k 1.4 two phases (1.9  0.1)101   (1.0  0.1)102  

TRD-10k 2.7 two phases (8.2  0.8)102  (3.3  0.4)103 

AF-SBTI 2.8 Initial leakage (1.2  0.1)101   No leakage 

TRD-40k 5.0 initial leakage (4.0  0.3)102   No leakage  

FITC-BSA 3.6 initial leakage (4.8  0.3)102   No leakage 
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Figure Captions  

Fig. 1: A schematic diagram of the principles behind the single GUV method. 

 

Fig. 2: Membrane permeation of calcein from single 60%DOPG/40%DOPC-GUVs induced by magainin 2 in 

buffer A (10 mM PIPES, pH 7.0, 150 mM NaCl, 1 mM EGTA). (A) Fluorescence images (2) show that the 

calcein concentration inside the GUV progressively decreased after the addition of 3 M magainin 2. The 

numbers above each image show the time in seconds after magainin 2 addition was started. Also shown are 

phase contrast images of the GUV at time 25 (1) and at 255 s (3). The bar corresponds to 10 m. (B) Time 

course of the change in the normalized fluorescence intensity of the GUV shown in (A). (C) Other examples of 

the change in fluorescence intensity of single GUVs over time under the same conditions as in (A). (D) 

Schematic presentation of the two-state transition from the binding state to the pore state induced by magainin 

2. (E) Time course of Pintact of 60%DOPG/40%DOPC-GUV in the presence of various concentrations of 

magainin 2: (○) 5, (■) 3, (∆) 2.5, and (●) 1 M. The solid lines represent the best fit curves of eq. 1. The obtained 

values of kP were 5.9102, 1.7102, and 9.5103 s-1 for 5, 3, and 2.5 M magainin 2, respectively. Figs. 2A−C 

and E are reprinted from ref. 35 with permission from the American Chemical Society. 

 

Fig. 3: Dependence of the rate constant of pore formation, kP, on magainin 2 concentration in buffer A, mag
eqC . 

(A) Dependence of kP on mag
eqC . (■): 60%DOPG/40%DOPC-, (green ●): 50%DOPG/50%DOPC-, (blue ●): 

40%DOPG/ 60%DOPC-, and (red ▲): 30%DOPG/70%DOPC-GUVs. Two to four independent experiments 

for a given magainin 2 concentration were conducted using 30−40 single GUVs in each experiment for 

40%DOPG/60%DOPC- and 30%DOPG/70%DOPC-GUVs, and using 10−20 single GUVs in each experiment 

for 60%DOPG/40%DOPC- and 50%DOPG/50%DOPC-GUVs and obtained the average values and standard 

errors of kP. (B) Dependence of kP on X. Fig. 3B was obtained by replotting the graphs of the dependence of kP 

on mag
eqC  (Fig. 3A) using the estimated values of mag

intK . (blue ●): 40%DOPG/60%DOPC-, and (red ▲): 

30%DOPG/70%DOPC-GUVs. Reprinted from ref. 35 with permission from the American Chemical Society. 
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Fig. 4: Membrane permeation of various-sized water-soluble fluorescent probes through a magainin 2-induced 

pore in a membrane. (A) Schematic presentation of the membrane permeation of compounds through a pore in a 

lipid membrane. (B) (C) Membrane permeation of TRD-10k from single 50%DOPG/50%DOPC-GUVs induced 

by magainin 2 in buffer A at 25 C. Time course of the change in the normalized fluorescence intensity of 

several “single GUVs” induced by (B) 7 M, and (C) 4 M magainin 2. (D) Time course of the logarithm of the 

normalized fluorescence intensity, FI, of single 50%DOPG/50%DOPC-GUVs containing TRD-3k or TRD-10k 

during the interaction of 4 M magainin 2 with single GUVs. Figs (B)−(D) are reprinted from ref. 36 with 

permission from the American Chemical Society. 

 

Fig. 5: Membrane permeation of calcein from single SM/DOPC/chol (42/30/28)-GUVs induced by lysenin in 

PBS (1.5 mM KH2PO4, 8.1 mM Na2HPO4, 137 mM NaCl, 2.7 mM KCl) at 37 C. (A) Fluorescence images (2) 

show that the calcein concentration inside the GUV progressively decreased during the addition of 40 ng/mL 

lysenin. The numbers below each image show the time in seconds after lysenin addition was started. Also shown 

are phase-contrast images of the GUV at time 0 s (1) and at 602 s (3). The bar corresponds to 20 m. (B) Time 

course of the change in FI of the inside of the GUV shown in (A). (C) Dependence of Ps [m/s] on lysenin 

concentration (C [ng/mL]). The relationship between Ps and C was plotted for SM/DOPC/chol (42/30/28)-GUVs 

(red ●) and SM/DOPC (58/42)-GUVs (blue ■). The bars indicate standard errors. (D) SDS-resistant 

oligomerization of lysenin in the presence of lipid membranes containing SM. A lysenin solution (187 nM) was 

incubated with SM/DOPC (58/42)-SUVs or SM/DOPC/chol (42/30/28)-SUVs at various SM/lysenin molar 

ratios (20–20000 and 17–17000, respectively) for 5 min at 37 C. The samples were then analyzed by SDS-

PAGE (silver staining). The lysenin monomer and oligomer are indicated by M and O, respectively. (E) The 

dependence of the SDS-resistant oligomer fraction on the SM/lysenin molar ratio shown in (D); SM/DOPC/chol 

(42/30/28)-SUVs (red ●) and SM/DOPC (58/42)-SUVs (blue ■). The bars indicate standard errors. (F) Phase 

separation of lipid membranes between the lo and ld phases in SM/DOPC/chol (42/30/28)-GUVs. The domains 

with high fluorescence intensity correspond to the ld phase. The bars correspond to 20 m. Figs (A)−(E) are 

reprinted from ref. 37 with permission from the American Chemical Society. 
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Fig. 6: Membrane permeation of calcein from single SM/chol (60/40)-GUVs induced by lysenin at 37 C. (A) 

Fluorescence images (2) show that the calcein concentration inside the GUV progressively decreased during the 

addition of 40 ng/mL lysenin. The numbers below each image show the time in seconds after the lysenin addition 

was started. Also shown are phase contrast images of the GUV at time 0 s (1) and at 690 s (3). The bar 

corresponds to 10 m. (B) Time course of the change in FI of the inside of the GUV. (C) Dependence of Ps 

[m/s] on lysenin concentration (C [ng/mL]). The relationship between Ps and C is plotted for SM/chol (60/40)-

GUVs (green ▲). The bars indicate the standard error. For comparison, the same relationship was also plotted 

for the SM/DOPC/chol (42/30/28)-GUVs (red ●) shown in Fig. 5C. (D) The dependence of the SDS-resistant 

oligomer fraction of lysenin on the SM/lysenin molar ratio shown in (A); SM/chol (60/40)-SUVs (green ▲) and 

SM/DOPC/chol (42/30/28)-SUVs (red ●). The bars indicate standard errors. (E) Dependence of kP on lysenin 

concentration in PBS. (red ●) SM/DOPC/chol (42/30/28)-, and (green ▲) SM/chol (60/40)-GUVs. Two to three 

independent experiments were conducted for a given lysenin concentration using 10-20 single GUVs in each 

experiment and obtained the average values and standard errors of kP. Reprinted from ref. 37 with permission 

from the American Chemical Society. 

 

Fig. 7: Membrane permeation of AF647 and entry of CF-TP10 into single 20%DOPG/79%DOPC/ 1%biotin-

lipid-GUVs containing smaller vesicles, induced by 1.9 M CF-TP10. (A) CLSM images of (1) AF647 and (2) 

CF-TP10. The numbers above each image show the time in seconds after CF-TP10 addition was started. The 

bar corresponds to 30 m. (B) Time course of the change in normalized fluorescence intensity of the GUV 

shown in (A). Red and green points correspond to the fluorescence intensity of AF647 inside the GUV and of 

CF-TP10 in the rim of the GUV, respectively. (C) Dependence of the fraction of entry of CF-TP10 before pore 

formation on the concentration of CF-TP10 (green ●). For comparison, the dependence of the fraction of leaked 

GUV after 6 min interaction on the concentration of CF-TP10 is shown (red □). (D) The dependence of the rate 

constant of CF-TP10- (or TP10)-induced pore formation in 20%DOPG/79%DOPC/1%biotin-lipid membranes 

on concentration. TP10 (green ●) and CF-TP10 (red □). The rate constant of CF-TP10-induced pore formation 

was obtained by the analysis of the leakage of AF647 and that of TP10-induced pore formation was obtained 

by analysis of the leakage of calcein. The average values and standard errors of kp were obtained. Reprinted 

from ref. 38 with permission from the American Chemical Society. 

Page 33 of 43 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 34

  
Fig. 8: Membrane permeation of AF647 and penetration of CF-TP10 in single 20%DOPG/79%DOPC/ 1% 

biotin-lipid-GUVs induced by 1.9 M CF-TP10. (A) Time course of the change in normalized fluorescence 

intensity of the GUV. Red and green points correspond to the fluorescence intensity of AF647 inside the GUV 

and of CF-TP10 in the rim of the GUV, respectively. The solid black line represents the best fit curve using eq. 

(3). The obtained value of kapp was 0.026 s-1. (B) Dependence of kapp on CF-TP10 concentration. The time course 

of the change in the fluorescence intensity of 15−25 GUVs with a diameter of 30−40 m was measured. The 

average values and standard errors of kapp were obtained. The solid blue line represents the best fit curve using 

eq. (4). Reprinted from ref. 38 with permission from the American Chemical Society. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(C)(B) 

(A) 

(1) 

(2) 

0 50 100 150 200 250 300 350
0.0

0.2

0.4

0.6

0.8

1.0

Fl
uo

re
sc

en
ce

 I
nt

en
si

ty

Time (s)
0.1 1 10

0.0

0.5

1.0

F
ra

ct
io

n 
of

 le
ak

ed
 G

U
V

 (
 )

Fr
ac

ti
on

 o
f 

en
tr

y 
of

 C
F-

T
P1

0 
( 

)

CF-TP10 Conc. (M )
0 1 2 3 4 5 6

0.00

0.01

0.02

0.03

k p (
s-1

)  

Conc. of CF-TP10 (  ) and TP10 (  ) (M)

(D)

Page 41 of 43 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 42

 
 
 
Fig. 8 
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