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The peptide-induced fusion of neutral and acidic liposomes was studie4 in relation to the amphiphi|icities evaleal~ 
by a-helkal contents of peptldes by means of a carboxyflnere'~'ein leakage asr~, ]igkt scattering, a membrame 
intermixing assay and electron microscopy. An amphilmthic mother peptide, Ac-(Leu-Ala-ArK-Leu)3-NIICH 3 (4~), 
and its derivatives, [proS]43 (I), lPre~14~ (2), aM IPre~JOl4~ (3), whkh have very similar 
mements, caused a leakage of contents from small unilamellar vesicles composed el" egg yolk I d m s p h a t ~  
and egg yolk phesphatklie acid (3:1). ]'he abilities of tlR peplides to ind,,R'e the fusion of the acklk ltpemmes 
inere~:~.d with increasing a-helical conical: in a d d k  Iiposemes the helkal eonkmts were in the onkv of 
43 > I > 2 > 3 ( Lee et al. (19S9) Chem. Lett., $I~-602). E ~  mkresceld¢ data skewed that I ¢at~,_~l ,, 
transfermation of the small unilamellar vesicles (20-50 ,m in diameter) to large ones (100-300 nm). Based on tl:; 
fact that these peptides have very similar h~lmpheb~ moments despite of clecreasing in the aiem residkte 
hydrophobiclties to some extent, it was concluded that the abilities of the peptides to imhtce the fusien of Bpmemes 
depend on the extent of amphipb|lic confermation evaluattxl by ~._~lical contents of the l~,1?tides in the ~ of 
liposomes. For mmtral liposome~ of elB yolk phosphatidylc~PmUn¢, all the proline-eontainiell peptides ~ Be 
fusogeni¢ ability But weak left,age abilities, suggesting that the charge interactioa between tbe basic peptides and 
acidic phaspholipid is an importaqt factor t.~ induce the perturbation and fusion of the bilaycr. 

lntrodtJction 

The peptide-lipid interaction has been extensively 
atU,;CG tO U**lderstP.P.C[ thc  9eneral rules of the mem- 
brane fusion [1], To uaderstand the molecular details 
of this process, the interac:ion of peptides or proteins 
with lipids has been studied on model systems such as 
phospholipid bilayers. An amphipathic peptide is ide- 
ally auited to interact with amphipathic surface such as 
cell membranes or liposomes. In the preceding paper 
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yolk phosphatidic acid; N-NBD-PE, N.(7-nitmbenz-2-oxa-l,3.diazo- 
4-yDphosphalidyletbanulamine; N-Rh-PE. N-(lir, samine Rhodamine 
B sulfonyl)phosphatidylethanolamine; Hepe,t, 4-(2-hydroxyethyD-1- 
piperazin¢ethanesulfonic acid, 

Correspondence: S. Lee, Laboratory of Biochemistry. Faculty of 
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[2], we reported that basic amphipathic a-helical pep- 
tides caused the destabilization and fusion of acidic 
-and n,-utral lip~.~.~.-nes, and their fusogenic abilities 
were closely associated with their hydrophobi¢ mo- 
ments when the pcpiides tc, ak an ~-he!ical .qmcture. 
Recently, Kono et al. reported that an amphipathic 
and basic sequential pcptide, poly(Lys-Aib-Leu-Aib), 
induced a fusi~n of DPPC liposomes in an alkaline 
solution below the phase transition temperature of the 
membrane [3]. A similar result has also been obtained 
ftw an acidic amphipathic a-helical peptide in acidic 
pH regions in the presence of neutral lilx)somcs [4]. 
These findings have indicated that a pH-dcpendent 
eonformational change is essential for uiggering the 
interaction of the peptide with a lipid bilayer to induce 
the membrane fusion and that the fusogenic ability of 
amphipathie a-helical peptides against artificial mem- 
branes is correlated to the e-helix formation of the 
peptides, regardless *.heir acidities and basicitics. How- 
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Fig. I, Primary slruclures of the basic model peptides ct~ntaining 
proline and their a-helical wheels (X = Pro). 

evcr. a relationship bctwecn the extent of a-helical 
conformation of amphiphilie peptides and the fu~- 
genie ability has not been studied completely. 

in previous report, we presented evidence that 
an a-hclical peptidc, Ac-(t.-Lcu-L-Ala-t.-Arg-L-Le~t) 3- 
NHCH .~ (43), showed variou~ biological activities owing 
to a perturbation of biomembrapes [5] and was an 
effective fu~gcn for lipo~mes [2]. This peptide shows 
amp hiphi!icity by taking an a-helical structure with one 
lateral hydropho~:c .,,idc and the other hydrophilic side 
(Fig. I). Since prolinc is a typical helix-breaker amino 
acid, the substitution of Ala to Pro in the sequence is 
considered to cause the decrease in the a-helical con- 
tent of the peptide, and consequently a reduction of 
ihe extent of amphiDhilic conformation. W(. previously 
.~nthesizcd three analogs of 43 ' vhich contained one 
to three prolines; [ProWl43 (i) [Pto-"~]43 (2) and 
[Pro'-~'"t]4.~ (3) (Fig. 1). Previous I~D data showed that 
the a-hel~x-formin~ rJotcntial o! toe peptides in the 
pre~nce of acidic ![p~eme:; is gradually :educed with 
an increase in the Pre residue !n the pept[des, The 
antimicrobial activity of the peptides was also rec|uccd 
with the sam: orcler, in ticating that the effect of the 
I~ptide on biologmcal activity was correlated to the 
ability to adopt o-helical structure ['3]. 

The membrane-related peptides and proteins have 
been characterized by the value of a-helical hydropho- 
bi,: moment and the mean residue hydrophobicity [7,10]. 
Peptide 4~ and the anaiogs have very similar hydropho- 
hie moments when they take fully an a-helical struc- 
ture. The hydrohob[eities of the pept~de,: gradually 
decrea~d to some extent, but not very different, with 
increasing proline residue. Therefore, these peptidcs 
having me same hydrophobic moments and similar 
hydrophobicitie~, but various a-helical contents in the 
presence of acidic liposomes are a favorable model for 
studying the quantitative relati,~n between the am- 
phiphilie structure and fusogenic abilities of peptides. 

in the present work, the fusogenie abilities of the 
peptides with the different a-helical contents are stud- 

led with regard to ,'heir conformations in neutral and 
acidic liposomes. 

Materials and Methods 

Egg PC and egg PA were purchased from Sigma 
Chemical Co. (St. Louis, MO, USA). N-NBD-PE and 
H-Rh-PE were purchased from Avanti Polar Lipids 
inc. (Pelham, At., USA). Carboxyfluoreseein from 
Eastman Kodak Co. (Rochester, NY, USA) was puri- 
fied by recrystallization from ethanol. All other 
reagents were of an analytical grade. 

The peptides were prepared by solution methods as 
reported previously [5,6] and their purities were con- 
firmed by thin-layer chrotnatography, paper elec- 
trophoresis, amino acid and elemental analyses. The 
peptide contents were calculated from the ~esult of 
elemental analysis a~ follows: 4~" 3AcOH.6H20; I .  
4AcOH • 6H20; 2.5AcOH • [ 1 2 0 ;  3" 5AcOH ' 6H20. 
Peptidcs wc~e dis~lved in 5 mM Hepes buffer (pH 
7.4) at u desired concentration whilst being stirred over 
a period of an hour. The solution was stocked in a 
refrigerator, 

Small uniiamcllar liposomcs were prec~red by soni- 
cation using a Tomy Seiko Ultrasonic disrupter Model 
UR-200P, followed by gel-filtration as-reported previ- 
ously [2,5]. The buffer solution used throughout this 
work was 5 mM Hepes (pH 7,4) containing 100 mM 
NaCI. All assays and incubations were performed,,at 
22°C, Fluorescence spectra were recorded on a JASCO 
FP.550A spectrofluorophotometer equipped with a 
thermostatted cell holder. 

Leakage of vesicle contents was determined with 
carboxyfluorescein as reported previously [2]. The fluo- 
rescence intensity was measured at 3 rain after the 
addition of the peptides to the liposomes. Complete 
release of carboxyfluoresccin was obtained by the addi- 
tion of Triton X-100. Turbidity measurements for assay 
of vesicle aggregation and size inc~-casc ",,,'ere per- 
formed in the JASCO spectrofluorometer with both 
excit.~tion ~md emission monochrometers set at 545 nm 
at 25°C. The light.scattering intensity was measured at 
!(| rain after the incubation of peptide with liposomes 
as .~eporte~ previously [2]. The membrane intermixing 
was determined by measuring the change in the fluo- 
resccnce in',ens~ty owing to the fluorescence energy 
transfer between the labeled probes NBD-PE and Rh- 
PE [9]. Two kinds of small unilamelhr vesicles contain- 
ing NBD-PE and N.Rh.PE (each 2 reel%) were pre- 
pared by sonication, followed by gel filtration. Equimo- 
lar aliquots of them were mixed at 25°C and diluted 
with the buffer soh~tion to make the final concentra- 
tion ef the liposomes to be 70 izM. The peptides were 
added to the mixed liposomes and the decrease in 
NBD fluorescence was recorded continuously at an 
excitation wavelength of 450 nm and an emission wave- 
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length of 530 nm. The membrane interrnixiag ability of 
the peptide was expressed as a percentage of the 
fluorescence intensity, The fluorescence intensity of 
the mixed solution of both liposomes before the addi- 
tion of the peptides was taken as 100%. 

Samples for electron microscopy were prepared as 
previo¢,sly described [2] and measured with a .1EM-100C 
electron microscope. Lipo~mes were p;epared to 10- 
times higher concentration (about 700 /tM) than in 
other experiments to facilitate electronmicroscopic im- 
age. The peptide was incubated at the concentration of 
150 p.M for about ! rain with liposomes before nega~ 
tire-staining. 

Results 

Amphiphilicity of peptides 
The amphiphilicity of a segment in polypeptide 

chains is often evaluated by the hydrophobic moment 
[7]. The four model peptides used here (see Fig. 1) 
have high and similar hydrophobic moments of about 
0.50 kcal/residue when they take an a-helical struc- 
ture [7]. The mean residue hydrophobicities of 43 and 
1-3 are - 0.12, - 0.15, -0.17 and - 0.20 kcal/residue, 
respectively [7]. All peptides therefore belong to the 
cluster of 'surface-associating' peptides according to 
Pownall et al. [10] and can be considered to bind to 
lipid with almost same manner. 

As pr~iously described [6], 43 has a slightly a-heli- 
cal structure in the buffer solution and a highly a-heli- 
cal one in neutral and acidic liposomes. All proline- 
containing analogs of 43 have a random structure in 
the aqueous solution. In neutral liposomes. 2 and 3 
take a random structure and I takes a somewhat or* 
dered structure. In acidic liposomes, all peptides tested 
showed a-heifcal CD bands and the baad intensity 
decreased in order of 43 > 1 > 2 > 3. The a-helical 
contents were calculated by the method of t;hen et al. 

[8] on the basis of previous CD dat:; [6]. The percent- 
age~ of a-helix of 4s and 1-3 are 76. 43, .'Ill and I5% in 
acidic liposomes, respectively. The.~e resulls indicate 
that the prolinc-containing peptides weakly or scarcely 
bind to neutral liposomcs and favorably interact with 
acidic liposomes and the extent of the amphiphilicities 
of the four pept~des in acidic liposomes can b~ ex- 
pressed in terms ~f the a-helical content of the pep- 
tides. 

Peptide-induced dye leakage from liposomes 
The leakage of encapsulated carboxyfluorescein has 

been used for examining a change of the 9ermeability 
of lipid bilayers [I !]. As shown in Fig. 2, it is evident 
that the leakage abilities of the peptides decreased 
with decrease in their a-he;icai contents. A distinct 
difference in the leakage abilities of the peptides was 
observed in neutral liposomes which interact weakly or 
scarcely with peptide as found in the CD data. Peptide 
1 had a fairly high leakage ability but its efficiency was 
lower than that observed for 43. Furthermore, 2 had a 
slight leakage ability, and 3 failed io cause the leakage 
of the ~yc from ]ipo~mes. Since ! formed a somewhat 
helix-like ordered structure while 2 and 3 took no 
ordered structure in neutral liposomes [6], such a dif- 
ference in the leakage ability can be interpreted as 
being due to the difference of the binding affinities 
according to the differerence in the co~t'ormations of 
the peptides in liposomes. In acidic liposomes, 43, 1 
and ~- released the dye strongly and any noticeable 
difference in the leakage abilities was not observed 
among these three peptides at the concentration of 
0.1-1/~M. Peptide 3 also showed a fairly high leakage 
ability. It is certain that the charge interaction bctw:en 
the cation of basic peptides and the head groups of the 
acidic liposome is more essential to release the dye 
than the hydtophobic interaction between amphipathic 
peptides and lipids. 

100 

I . . . .  l io 

Pept tde {;,MJ 

' 2'o 

I I/i 

;- ,'o ' _,'~_ 
PepUcle (pM)  

Fig. £. Release of encapsulated earboxyfluorescein from liposomes Js a function of peplid¢ ¢onccnlralion. Egg PC/ellS PA (3: i~ {a) and eglg PC 
{b) in the presence of 4~ (o), I ( • )  2 (13) and $ (e). 



160 

10 20 

Pept:de (pM) Peptlde {uM) 

10o 

~o. 

I \ 

0 '0 20 

Fig. 3. Plots of membrane-mixing of egg PC/egg PA (3: I) (a) and egg PC (b) liposomcs induced by the pcptides as a function of peptid¢ 
concentration. Data were colteetrd a~ 10 rain after the incubation of peptides with lipog~mes. 4.~, o;  !. • ;  2. D, and 3, e. 

Intermixing assay 
Fig. 3 shows the degree of the intermixing of lipo- 

some membranes as ":l function of peptide concenlra- 
tion for egg PC and egg PC~egg PA (3:t)  conlaining 
N-NBD-PE and N-Rh-PE. In acidic !iposomcs, 4 s, I 
and 2 induced the intermixing at a concentration of 1 
p.M and a difference in the ability to induce intermix- 
ing was observed at a peptidc concentration higher 
than 10/zM. Pcptidc 3 induced the membrane-inter- 
mixing at a concentration of 5 #M. The magnithde of 
intermixing decreased with decreasing helical content 
at a pcptide conecn~ralion higher than 10 pM. TL,=:',e 
resulls indicate that the content of amphiphilicity esti- 
ma;.~d by the a-helix-forming ability is signif;r'~nt to 
execute the fusion of liposomes, in neutral liposomes, 
4~ wh;~h can lake an a-helicai structure in neutral 
liposomes showed a fairly high ability to induce inter- 

,°° I 

w 5o 

...& 

/ r  

. . . .  ;0 - ' 2'o 

'Fig, ,~, Lighl-~a!:cri1,,g prt~fil¢~, ,,f ¢~e, PC/,:g~ PA (3:1) in ;he 
presence of pcpiidcs. 4j,  o :  I .  ,L ; Z, [3. and 3. e. 

mixing, while I and 2 showed only slight abilities and 
no intermixing was observed for 3. As I-3 have no 
amphipathic structure in neutral liposomes, it is likely 
that the flzsogenic abilities of these peptides are due to 
~hc slight difference among their hydrophobicities. 

Light scattering 
The peptide.induced ~.ggregation of liposomes was 

monitored by light scattering (Fig. 4). Among the pep- 
tides tested, 4 s induced aggregation of acidic liposomes 
composed of egg PC and egg PA (3:1 ) most effectively, 
t,~_ a. ~;.s efficiency was about 3-times higher than that of 
1. On the contrary, peptides 2 and 3 induced the 
aggregation of the acidic liposomes less effectively than 
! at a concentration of 20 p.M. That is clear that the 
aggregation efficiencies of the peptides are .also corre- 
lated to the a-helical contents of the peptides in acidic 
liposomes. Any decrease in light scattering intensities 
of the peptides was not observed even at concentra- 
tions higher than 20 p.M (data not shown), suggesting 
that the peptides did not disrupl the phospholipid 
bilaye~" to form a micellar or discoidal structure [12]. 

Electrot; m&roscopy 
Electron microscopic dat~ indicated that 1 induced 

the increase in the mass of acidic liposomes. After 1 
rain incubation, the diameter of the acidic liposomes 
consisting of egg PC and egg PA (3:1) increased from 
20-50 nm to 100-300 nm (Fig. 5). The average size was 
slightly smaller as compared to that obtained for the 
liposomcs enlazged by 43 [2]. Although 2 and 3 at~e 
caused aggregation or fusion of the liposomes, the size 
of the liposomes was much smal!,=r than that induced 
by 1 {data not shown). 

Discussion 

In Ihe precedin~ paper [2], we repo)tcd that the 
• amphiphdici~y of ~.hc pcptide~ du~ tu ti~" ibrmati~m ut" 
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Fig. 5. Electron micrographs of liposomes. Unilamellar vesic[es consi aing ol egg PC/egg PA (3: I) {a) were incub;~lcd wilh I for about ! rain (b). 
Micrographs were obtained by the negative-stain method, The bar reprc~nts  ~ nm. 

an o~-helical structure was important for inducing ~'he 
fusion of lil~somes, and their fusogenic abilities were 
cor~elate~ to hyaropPobic moments of the peptides. 
All the results in the present study showed that the 
proline-containing peptides have abilities to induce the 

• fusion of small acidic unilamellar liposomes and their 
abilities depend on the a-helical contents of the pep- 
tides in the liposomcs. 

The values of hydrophobicities ( -2 .0  to -1 .0  
kcal/residue) and hydrophobic moments (about 0.50 
kcal/residue) of these peptides fall in a 'surface assoct- 
ating' pepdde having a low membrane mean residue 
hydwphobicity ( -2 .0  to I.U kcal/rcsidhe) and a high 
helical hydrophobic moment (0.5 to !.25 kcal/residue) 
[10]. This imp|ies that the peptides would bind to lipid 
bilayers in similar manner under a certain condition. In 
fact, the proline-~ontaiwng peptide took a random 
structure in buffer and ~eutral liposomes and an a- 
tlelical st.ructure in acidic liposomes. Since the a-heli- 
cal structure was induced in the presence of acidic 
liposome, the binding affimty of these pcpti,les to 
acidic lipid might be evaluated by their a-hc!ica|-for- 
ming po:t,,ntials. 

in acidic iiposomes, the a-i:eHcaI contents of 43, 1, 2 
and 3 de~reascd in this order. Furthermore, the abili- 
ties of the pcptides to induce aggregation and fusion of 

iiposomes a~ ex~m,.'ned by l i~t  scattering and lipid 
mixing techniques were also parallel to the helica| 
contents. Since their a-helical forming-I:otenfials are 
cob'related to the extent of their amph~.p.hilicities, these 
findings indicate that 1he abilities o~ thc peptides to 
induce tl-,e fusion of liposomes depend on the extents 
of amphiphii~cities. 

The content ndxing iech~ii~itt¢ ~scd to csllmat¢ a 
fusion ability" could not be adopted for these peptides 
because of too rapid initial bui'sl of th.:" leakage to 
monitor under the conditions employed [i3j. However, 
electron mi~oscopic deta suggested that the increase 
in the size of liposome.,, induced by the peptides was 
not dt~e to the exchange of the lipid molecules between 
liposomes but due to the fusion ot liposomcs (Fig. 5). 

As previously reporled, 4~ induce• a massive leak- 
age [2:. i_*. is noteworthy that all tt, e Pro-containing 
derivatives of 4~ ind'dc¢ a mas,sivc icaitage sirr~ilarty to 
43 in acidic liposome~, even tho~.~gh ~he amphiphilici- 
t.ies of th:. ~.~ntides decrease, owi.~g to the decrease in 
rite a-helic,',l cc~nt.cnts. "i nese finding, suggest that the 
amphiphilicit3' of ~he peptide ib ,'tot dominant t'~,r in- 
ducins the massive leakage. There is a possibility Chat 
the ability of the peptide to induce the massive leakage 
is dependent on the hydrophobicity of the .ueptide. In 
this case, however, this possibility can be negligible 
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since the leakage ability of the peptide 43 remained 
t,~T.;:hanged after reducing the hydroph(~bicity by substi- 
tutng Aia(s) to Pro(s). It should be noted that peptide 3 
induced the leakage of the dye entrapped in ti-e neu- 
tral liposomes slightly, while this peptide induced the 
massive leakage for the acidic liposomes. These results 
lead us to conclude that the charge interaction be- 
tween the peptide and liposome is important for the 
peptide-iaduced membrane perturbation and fusion. 

Conclusively, the abilities of the peptides to induce 
the fusion of iiposomes depend on the extent of am- 
phiphilic conformation evaluated by a-helical contents 
of the peptides. This is consistent with the previous 
view that the effect of the pept[des on biological activ- 
ity is correlated to the ability of taking the amphipathic 
structure by et-hetix formation [6]. 

~kllo.LML-~p~Nlent ~, 

We are grateful to Prof. K. Amako (School of 
Medicine, Kyushu University) for the electron mi- 
croscopy experiment and to Miss M. $uenaga in our 
laboratory for her helpful suggestitm~. 

References 

I Scheid, A. and Chopping, P.W. (t9741 Virology 5% 475-490. 
2 Suenaga, M., Lee, S., Park, N.G., Aoyagi. H., Kalo, T., Umeda, 

A. and Amako, K. (19891 Biochirn. Biophys. Acta 981. 143-150. 
3 Kono, K., Kimura, S and Imanishi. Y. 0990) Biochemistry 29, 

3631-3637. 
4 Parente, R.A, NiL S. and Szr~ka, EC., Jr. (I988) J. BioL Chem. 

263, 4724-4730 
5 Let:, S, Mihara, H., Aoyagi, H., IZ~to. T., lzumiya, N. and 

Yamasaki. N. (1986)Biochim, Biophvs. Acta 862, 211-219. 
6 Lee, S., Park, N.G., Kato, T.. Aoyagi, H. and Kato, T. (19891 

Chem. Len.. 509-602. 
7 Ei~nberg, D. (198~) Annu. Re~'. Biochem. 53. 595-623. 
8 Chen. Y.-H.. Yan$, .LT. an~! Chan. K.H. (19741 Biochemistry 13. 

3350-3359, 
9 Hoekstra, D. (i~.'82) BiochemL,tr:, ?1, 2833-2~10. 

!0 Pownall, HJ.. Knapp, R.D.. Grl'.~,. A.M. and Massey, J.B. 0983) 
FEBS I,ett. 159, 17-23. 

ii Weinstein. J.N.. Yoshikami, S., Henkart, P., Biumenthal, R. and 
Hagins. W.A. (19771 Science 195.4~;9~492, 

12 Dufourcq, J.. Faucon. J.F.. Fourche, G.. Dasseux, J.L, I.e Maire, 
M. and (iulik-Krzywicki, T. (19861 ~tiochim. Biophys. Acla 859. 
33-48. 

13 Wilschut, J.o Diizgiines. N.. Fraley, R. and I'apahadjopoulos. D. 
(19801 Biochemislry !9. 6011-602[. 


