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The fusing activity of the synthetic 23 amino-acid fragment (fusion pcptidc, FP) of the fusion protein of the Lassa arct,a~irus 
membrane ~as tc:~tcd in a model liposomal system. The rcsenan.,:c energy tr-msfcr between two fluorescent phospholipid pt,:hcs 
was monitored in order to detect diolcoylphosphatidylcholinc liposomc fusion induced by tnc pcptidc. Fusion rates :',crc 
compared at different pH values, ionic strength and calcium concentrations. FP demonstrated fusing activity at pH 4.5-5.5, 
indicating that the protonatcd fi~rm of the FP is the active one. A transmcmbranc proton-gradient reduced by acidification was 
not rclcwmt to the fusion process, since its elimination with nigcricin did not affect the FP-mcdiatcd fusion. Both Ca-" (8 raM) 
and the increase of the ionic strength (i M NaCI) inMbitcd liposomc fusion. The efficacy of liposomc filsion depended also on 
the lipd-to-lipid ratio. Non-linear dependence was observed at a saturation r'ltio of IO tool lipid per tool pcptidc. A model of 
"side insertion' is suggested, describing FP interaction with the membrane. 

lntroductinn 

Membrane flasion is assumed to he necessary for tile 
penetration of the enveloped virusc:, into cells. This 
process is induced and performed by proteins of the 
vital coat [ll. For viruses penctratin~ cells via an undo- 
cytic pathway, the endosomal membrane serves as the 
target, and the fusion prt~:ccds upon the acidification 
of inttavaeuolar ~.x~ntcnt. Some data evidence pH-de. 
pendent confoitnational transitions in tbo fe.'~ion pro- 
tein, which result in the exposure of hydrophobic 
amino-acid sequence fragment on the surface of pro- 
tein globule [2]. Recently, the first direct proofs ap- 
peared that this hydrophobic peptide (called 'fusion 
?eptide, FP~ iiitt:lacts with the target membra,~ and 
-nduces its fusion with the viral lipid membrane [3]. 
The mechanir, m ~f the .~,,¢,:.,,s remains unex#ained. 
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The rein,Its obtained in studies performed with some 
toxins and viral proteins proved the principal similarity 
in the interaction of these pruteins with both cellular 
and artificial membranes [4]. Some parameters of the 
process and its sensitivity to the micmenvironment 
were also investigated [a]. 

The location of the FP in viral proteins may vary; a 
hydrophobic and highly cnnservative amino-acid se- 
quence can be found on the terminus of the polypcp- 
tide chain (conformationally protected from the poker ,, 
surroundings) or inside the protein molecule [5,6]. Re-" 
cently, wc have been able to predict tile i0calization of 
the FP in the protein GP2 from arenavil'uses. TMs we.'. 
accomplislmd using the computer analyst:; of amino+acid 
sequences of the surface proteins of arenavirvses and 
developed criterion for the identification of the fusion 
proteins of the enveloFed viruses [7]. The identificatioa 
of the n:~tural fusiogenic agents and elucidation of the 
mechanism of their action is necessary for the under- 
standing of virus penetration and elaboration of pro+ 
pii~'lactic measures against viral inf¢.:=fions. 

Here we describe the ~csults of our studies on the 
fusiogenic activity of a s.vqthefic amphiphilic peptide 
containing 23 amino-acid residues and im,tating the Fr  
of Lassa virus. The experiments were performed on 
dioleoylphosphatidyicholine (DOPC) liposomes using 



the method of resonance energy transfer between two 
fluorescent labeled lipids, energy donor and energy 
acceptor [8]. 

Materials and Methods 

Peptide synthesis. Reagents and amino-acid deriva- 
tives from Reanal (Hungary), PRF (Japan) and Fiuka 
(Germany) were used in the present study. Amino- 
methylated copolymer of styrene with I li~l% of divi- 
nylbenzene (Bio-Rad, USA) was used as a carrier. 
Solvents were purified as in P.ef. 9. The FP was ob- 
tained by solid-phase synthesis [10] on Biosearch 9600 
(USA) synthesizer. The incorporation of the anchor 
group was performed with the use of prelimina~ syn- 
thesized p-hydroxymethvl phenyl acetamidomethyl 
(PAM)-derivative of the protected C-terminal amino 
acid [I I]. BOC-group was used as a temporary protec- 
tion for amino groups. The condensation of amino 
acids was performed with the use of activated hydroxy 
benzotriasole esters and symmetric anlwdridcs. The 
splitting of the peptide from the polymer and the 
removal of protecting groups was performed under the 
action of fluid HF with the addition of p-crcsole and 
p-thiocresole. The peptide was extracted with 20% 
acetic acid and purified by gel-filtration and prepara- 
tive reverse-phase HPLC. The structure of the FP was 
proved by analytical HPLC, amino-acid analysis and 
mass-spectrometry. 

Liposome preparation. DOPC liposomes (DOPC 
from Sigma, USA) were prepared by the sonication of 
multilamellar iiposomes in the ultrasound desintegra- 
tor (Uitratip, Lab-Line, USA). The buffer used con- 
tained 150 mM NaCi, I0 mM Tris-HCI and 1 mM 
EDTA (pH 7.9). Tetal lipid concentration was 1 mg/ml. 
Suspension volume was 0.2 ml. Sonication was per- 
formed in four cycles 5 min each with 1 rain intercals, 
at 40 W and 0°C. The preparation obtained was then 
centrifugated for 15 min at 14000 x g to precipitate 
large iiposomes and lipid aggregates. The supernatant 
was used in the fusion experiments. According to the 
data of Coulter N4 Sub-Micron Par!ic!e A::alyzer, the 
liposomes oblaiJ.ed had the average size of 200-250 

Liposome fusion. The method of the resonance en- 
ergy transfer [8] between fluorescent phospholipid 
derivatives was used to study the process of liposome 
fusion. N-[7-nitrobenz-2-oxa-l,3-diazol-4-yi]-dioleoyl- 
phosphatidylethanolamine (NBD-PE) was used as th~ 
energy donor, and N-[lissamine-rhodamine B-sulfa- 
nyl]dioleoylphosphatidylethanolamine (Rn-PE) as the 
cne r~  acceptor. Both NBD-PE and Rh-PE were from 
Molecular Probes (USA). Fluorescent labeled lipo- 
somes ,-,,,,rained 1 mol% of NBD-PE and 0.5 mol% 
Rh-PE. "uorescence intensity was measured using 
Hi¢.achi .4i00 spectrofluorimeter (Japan) at the excita- 
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tion wavelength of 450 nm and the emission wave- 
length of 530 nm. The measurements were performed 
in thermostated 5 × 5 mm cuvette at 25 or 37°C. Lipo- 
some suspension (200 #! total) contained labeled and 
non-labeled iiposomes in 1:10 weight ratio. Tectal lipid 
concentration was 7- i0 -5 M. The FP was added into 
cuvette as 2 to 10 /zl of the solution in dimethyl 
sulfoxide (DMSO). The 0uc~resccnce intensity of the 
mixture of the labeled and non-labeled iiposomes im- 
mediately after mixing was taken as a zero value. The 
fluorescence intensity of the liposome mixture upon 
the addition of Triton X-100 up to 0.5 vol% was taken 
as 100%. To study the influence of pH on the liposome 
fusion process, the following buffer systems were used: 
!~0 mM NaCI, 50 mM sodium acetate, 1 mM EDTA 
(pH 4.3 and 4.8) and 140 mM NaCI, 5 mM Tes, I mM 
EDTA (pH 5.3, 6.0 and 7.4). in separate experiments,, 
non-labeled liposomes were used for turbidity control. 
The input of scattered light was diminished by the use 
of glass 490 nm cut off filter. 

To investigate the influence of a transmembrane 
proton gradient on the liposome fusion under the 
action of the FP, ar.d the dependence of induced 
membrane fusion on the pH value, the following exper- 
imental procedure was used. Tl:e mixture of the la- 
beled and non-labeled DOPC liposomes was added to 
the cuvette (thermostated at 37°C), containing 1 rnl of 
an appropriate buffer plus l0 mM KCI and the fluores- 
cence intensity recording was started Jln several mi~. 
utes, the suspension was additionally supplemented 
with 5 ~1 of alcohol solution of nigericin up to 5 • 10-" 
M. The m~xture was incubated for 5 min and then FP 
was added to the system up to 5 .10-* M. 5 rain after 
FP addition, the medium was acidified to pH 4.8 with 
citric acid. The latter caused also the acidification of 
the intraliposomai compartment due to the presence of 
ionophore nigericin in the liposornal membrane. After 
5 min the mixture was neutralized with the concen- 
trated NaOH solution, and in several min the second 
portion of citric acid was added to transfer liposomes 
i~to the weagiy acidic medium. 

Results 

In tile present studv, we have studied the lipid 
,nembrane fusing activity of the synthetic peptide which 
is the predicted FP of Lassa arenavirus (Fig. 1). The 
peptide is a fragment of the GP2 viral coat protein. It 
contains 23 arnino-acid residues, has high degree of 
helical periodicity and is amphiphilic with ~ather high 
hydrophobicity (the hydrophobicity index accordi,,g to 
Keith and Doolittle scale is 0.554, see Fig. 2)[7]. 
Besides, the structure of the peptide is highly con- 
served in the arenavirai family. It is located close to the 
N-terminus of GP2 protein, but according to the pre- 
diction made with the use of RAOARGOS comp:,ter 
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PREDICTED ARENAVIFIAL GP2 FUSION PEPTIDES 

Tlkll'lbe o a  v c ,  el~lwMl,~la s eiqK c F o m t  
• F . . w  , ,  , ..I I I K PiCilKle GGYC=.~,_~w..i!..~w~U_I C F U N T Y M  

Fig. !. Amino-acid sequences of the predicted fusion peptides of 
viruses ot Arenaviridae family (the regions with conservative amino- 

acid replacements are enframed). 

program [!2] is situated inside the protein globule. As 
we have shown in Ref. 7, the ~ N-terminus itself shares 
some features characteristic of viral FP. Nevertheless, 
the sequence starting from amino-acid residue No. 19 
(the peptide used in our studies) ,~eems to b~ be more 
promising both from the theoretical considerations and 
because +ff its channel forming properties in planar 
lipid hilayers [7]. 

The efficacy of the liposome fusion was estimated 
fi)llowing the intensity of the energy donor fluores- 
cence, which depends on the efficacy of the cnc,gy 
transfer within the donor-acceptor pair of fluorescent 
labeled lipid deriwRives. The efficacy of the energy 
lransfer is determined by the density of donor and 
acceptor molecules in the phospholipid bilayer of the 
liposomes, i.e., by the labeled-to-non-labeled lipid ra- 
tio. The decrease of the fluorescent lipid density upon 
the mixing of htbeled and non-labeled !ipasomes can 
proceed because of two different proccsm:s, i.c .... lipo- 
some fusinn :rod lipid exchange between bilayers 
through the water phase. It was shown in Refs. 13 and 
14 that h)r the do;mr.acccptor pair cho.';en the lipid 
exchange through the water phase does not proceed. 
Even the aggregation of liposomes ~nadc of DOPC/ 
NBD-PE or DOPC/Rh-PE in the presence c~f 
poly(ethylene gly~:ol) or Ca :+ ions does nut provoke 
any decrease in the efficacy of the enerpv transfer [8]. 
Thus, in om experiments, the dc,:=cas¢ in the etticacy 
of the energy transfer resulting in the increase of the 
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Fig. 2. The hvdropathicity profile of the fragment of GP2 protein 
fr(m! t.assa virtis. The ana!y~is ha,~ been performed utilizing +he 
computer program AASCALE [71. The I~ar points the region corre- 
sponding to tile fusion peptide. The abscissa shows the number of 
the appropriate amino-acid residue in the sequence 01" the protein. 
precursor of the viral glycopiotcins; the ordinate shows the value t+l' 

the hydrormolficity. 

energy acccptor fluorescence always scrvcs as evidence 
of the liposome fusion. 

The hifluence of pH aml temperature on the lipo~:ome 
]'u.wkm by FP 

Fig. 3 demonstrates the pH-dependence of tt~e fluo- 
rescence changes upon the addition of FP (up to It) -~ 
M) to the mixture of the labeled and non-labeled 
DOPC lipusomes. At neutral pH values, only slight 
fluorescer,+ increase was found after 4 to 10 rain, 
corrcsnonding to 2-6£~ of the maximal possible fluo- 
rescen "e increase in the given system. The pH decrease 
caused fast and pronounc~,d fluorescence increase. 
Zero and 100% fluorescence points have been deter- 
ntined preliminary in each case because of the der.zn- 
denee of the NBD-PE/Rh-PE pt~.ir l".uore:;,,'e,,'e on 
pH. As shown in Fig. 3B, the increase in the initial rate 
of the fluorescence inerea,,;e {the change: in the fluores- 
cence intensity during tile first minute) was the most 
pronounced at pH values from 4.5 to 5.5. 
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~H 
F+g. 3. The influence of pll  ~.aluc... oa the peptide-induce:~ !iposome fusk-n (A) (the fusion values arc given as a r; from the maximal pqssible 
fluore.~nce in each system and are estimated following t.~: ,,o+csceacc irM..ase): (B) shows the dependence of the initial rate of liposome 

fusion (given as the fluorescence increase in the system during the fir.~; mi~tae of incub;tti-~n) c.n/~ii. 
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Fi~. 4. The influx:a,:,: of temperature on the puptidt~-iaduccd l ip~ 
~,o=7~: fusion (estimated as the increase in NBD-PE fluorescence 

intensity). Squares, 25°C; diamonds, 370( ". 

The fusion of liposomes by FP can be influenced by 
temperature. Fig. 4 demonstrates the changes in the 
fluorescence intensity of DOPC liposomes in the pres- 
ence of 10 -5 M FP at pH 4.3 and temperatures 25 and 
37°C. The temperature increase from 25 to 37°C almost 
doubles the fluorescence intensity at the same observa- 
tion times. Similar results were observed at all pH 
values tested. 

It is worth mentioning that pH and temperature 
influences also the spontaneous liposome fusion. De- 
pending on pH and temperature values, spontaneous 
fusion increased slightly but never exceeded 4% from_. 
maximal and wits always subtracted from the fluores- 
cence values used for the estimation of the peptide-in- 
duced iiposome fusion. 

DMSO used for the FP so!ubilization did no;. influ- 
ence spontaneous liposome fusion and fluorescence 
values at the concentration used, i.e., from 1 to 5 vol% 
of the iiposomai suspension. 

Peptide-hzduced iiposome fusion upon the elimination of 
the transmembrane proton-gradient and pH changes 

The elimination of the transmembrane proton- 
gradient with nigericin does not infl, uence the fusion 
actton of the FP studied. We observed minor fusion-ac- 
tivity at neutral pH values and increasingly high 
fusion-activity upon medium acidification (Fig. 5). Be- 
sides,the fusion process can be repeatedly stopped by 
the pH shift to neutral values and reinitiaited by the 
medium acidification. 

The influence of the lipid-to-peptide molar ra:io on lipo- 
:,Jme lesion 

The degree of fusion depends on the lipid-to-peptide 
molar ratio in the suspension. The results of fusion 
experiments involving increasing pepdde .,:o~lcentra- 
tions from 10-" to 5 .10 -5 M are presented in Fig. 6. 
The experiments were performed at pH 4.3, 37°C and 
7.10 -5 M lipid concentration. It means that the lipid- 
to-protein molar ratio in the system was varied from 
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Fig. 5. The FP-induced fusion of nigericin-containing liposomes and 
its dependence on pI |  changes. Arrows point time addition of: I, 

nigericin; 2, FP: 3, citric acid; 4, NaOlt. 

7000 to 1.4. It is clearly seen that the efficacy of the 
liposome fusion increases with the lipid-to-protein ra- 
tio decrease. The analysis of the process pertbrmcd in 
4 rain after its initiation (Fig. 6B) shows that at the 
lipid-to-pepude molar ratio about 10, the saturation of 
the membrane with the pepfide takes place and the 
further increase in the peptide concemration affccts 
the fusion extent only slightly. At the same time, the 
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Fig. 6. The dependence ol liposome fusion (estimated fl~llowing time 
increase in NBD-PE fluorescence) on the lipid-to-peptide molar 
ratio (A). (B), The fusion in the system 4 rain after the addit,on of 
the FP at different lipid-t~:~-FP ratios (% from max;mum possible, 

estimated following NBD-PE fluorescencelJ 
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Fig. 7, Th~ inllucnc¢ of the ionic strength on the pcptidc-induccd 

Ill,some f,  sion (fidlowing the increase in NBD-PE fluoP.'sccnc~:). 

initial rates of the fusion within the used lipid-to- 
pcptid¢ ratios interval are quite different. Their values 
are much higher at low ratios (see curves 4-6 in Fig. 
6A). it i,,, also evident that at the saturating peptide 
concentrations and optimal fusion conditions (37°C, 
pH 4.3) the fusion reaction has a definite biphasic 
character (during the first min the fusion rate is 15- 
20-fold higher than afterwards). 

The influence of the ionic strength and Ca: + ions on the 
peptide-induced liposome fitsion 

The data on the ionic strength influence on the 
peptide-induced liposom¢ fusion are presented in Fig. 
7. The experiments were performed a~ 37°C and pH ,L 
with saturating peptid¢ concentration (5 10 ~ M) and 
liposomcs made of neutral phospholipids, it turned out 
that the increase of ionic strength from 0,14 to 1.0 M 
(NaCI) decreases the efficacy of the FP-induced lipo- 
some fusion by 2-fold and somewhat diminishes the 
fusion ratc. 

Fig, 8 presents the data on the influence of Ca -'+ 
ions on the peptid¢-induced liposome fusion. When 
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Fig, 8, The influence of Ca -~ ÷ ions on the peptide-induced liposome 
fusion (follo~ng NI~D-i'E fluorescence). 1, no Ca -'+ ions in the 

buffer, 2, 8 mM Ca 2 +. 

liposomes made of DOPC are used, 8 mM Ca -'+ de- 
creases the efficacy of the iiposome fusion at 37°C, pH 
4.3 and saturating FP concentration. 

Discussion 

Tile data obtai~led in tile present study demonstrate 
that the synthetic hydrophibic peptide (the analog of 
the FP of Lassa virus), possesses pH-induced fusion 
activity toward DOPC lioosomes. 

The critical importance of low pH values for the 
efficient membrane fusion by FP (Fig. 3) can be ex- 
plal~aed by several factors; (1) the protonation of the 
pepfide facilitating electrostatic interaction between 
FP and liposomes; (2), pH.induced conformational 
changes in FP leading to the formation of its active 
form and (3), the formation of tile transmembrane 
proton-gradient through the liposomal membrane. 

At neutral pH values, FP carries two positive 
(arginine and lysine) and two negative (two glutamic 
acid residues)charges. Upon tile medium acidification, 
the protonation of carboxylic groups of glutamic acid 
residues located close to each other in the central part 
of the FP molecule (Fig. 1) takes place. The pK '  value 
of the ionized carboxydc group of the glutamic acid 
residue in poly(glutamic acid) molecule is 5.0 [15] and 
stays within pH interval of the drastic increase in the 
fusion activity of FP (Fig.3B). Therefore, the effect 
observed can be explained by the partial or complete 
neutralization of the negative charges on the FP 
molecule and the acquisition of the net positive charge 
by the peptide. The electrostatic interaction of FP with 
the membrane probably has certain (but not decisive) 
significance in the process of the peptide-induced iipo. 
some fusion (Figs. 7 and 8). The appearance of the 
transmembrane proton gradient in iiposomes as a re- 
sult of the acidification is not important for the fusion 
initiation, as its elimination with ionophore nigericin 
does not affect the fusion (Fig. 5). 

In our opinion, the most important consequence of 
the medium acidificatkJn for FP-induced membrane 
fusion is the conformational rearrangement of the pep- 
tide itself. The *acidic' conformation e l  the pcptide 
makes it possible for FP to interact with the membrane 
in a fashion providing the membrane d~,stabilizatio~ 
sufficient for the initiation of the fusion process. The 
abortion of the liposome fusion upon the medium 
neutr.',!ization and fusion re-initiation upon the re-acid- 
ification (Fig. 5) indicate the reversibility of the peptide 
conformational rearrangement and demonstrate that 
~'mly protonated form of FP is the active and fusiogenic 
one. 

The conformational rearrangements in the tertiary 
structure of viral fusion proteins upon the medium 
acidification were discovered in many viruses, which 
enter cell interior by endocytosis, in a fashion similar 



to ',hat of arenaviruses [16,17]. The complex pH-depen- 
dence of the liposome fusion under the action of 
synthetic FP of the influenza virus shown in Ref. 18 
and FP of La~sa virus shown by us in the present study, 
indicates fine and sterically localized character of pH- 
induced conformational changes which are necessary 
for the fusion to proceed. 

The FP studied exhibits activity in the wide range of 
lipid-to-peptide molar ratios (Fig. 6A,B). On the basis 
of the data obtained, one can not exclude the existence 
of the cooperative mechanism of FP action in the 
process of the membrane fusion. From the model stud- 
ies where synthetic amphipatic GALA peptide was 
used, it is known that the leakage and fusion are 
induced by bilayer-incorporated peptide aggregates 
which form a channel-like pores [19]. It is possible that 
the fusion in our case wits also initiated by similar 
oligomeric peptide aggregates. The aggregative proper- 
ties of some other FP were revealed by electron mi- 
croscopy [5] and by other physico.chemical methods 
(see Ref. 20 on the properties of melittin, a peptide 
from the bee venom). 

The results obtained in the present study are very 
similar to the data on the fusion activity of the FP from 
the influenza virus; in the model experiments [18]. 
Moreover, this data match well with the results ob- 
tained .:n the experiments on the fusion of natural and 
artificial membranes by some toxins and viruses which 
enter cells by endocytosis [21,22]. The common fea- 
tures of all the processes mentioned are pH- and 
temperature-dependent biphasic kinetics and a non° 
linear effect dependence on the FP concentration. This 
enables us to consider the predicted FP of arenaviruses 
as me lem tuncuonal lragment of the appropriate viral 
protein which participates in the process of the virus 
penetration into the cell. 

in some properties revealed in our studies, FP from 
Lassa arenavirus differs from other FPs and whole viral 
particles. This is the pronounced inhibitory effect of 
Ca z+ ions on the fusion activity of FP. The inhibiting 
actioa of Ca r+ i¢,:s on the toxizy, virus- or membran- 
otropic-agent-induced membrane permeability for dif- 
ferent ions, charged metabolites and proteins is well 
documented [23]. At the ~a~_- ,.i~e, ti~is cation usually 
does not alter the membrane ills(on caused with the 
same agents [24]. We suppose that in our particular 
case Ca ̀ '+ ions slow down the fusion by inhibition of 
the pH-induced FP conformational transition into the 
'fusiogenic' conformatic~n. 

it should be noted that the length of the FP is quite 
sufficient for its complete penetration through the 
phospholipid bilayer assuming that the u-helix confor- 
mation of the FP is retained after its protonation aud 
interaction with the membrane. We may hypod~etize 
that the FP interacts with the lipid bilayer in a fashion 
similar to that of the FP 'from the viral coat pcotein. It 
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is known that charged amino-acid residues are located 
in the sequence of GP2 protein immediately aftei the 
FP. Smce FP sequence is a non-terminal one, we 
suggest the model of the 'side insertion' as the most 
probable one lor the description of FP interaction with 
the membrane. According to this model the FP is 
incorporated into the external monolayer of the lipid 
bilayer as it wa,~ described for melittin [20]. Recently, 
Horth and ca-authors [25] suggested the theoretically 
calculated model of the spatial orientation of FP of 
viral proteins in the membrane in the process of the 
fusion. They suppose that the functional location of the 
FP in the membrane is an inclined one with thc appro- 
priate angle of about 5!; °. The theoretical calculations 
were confirmed by experiments with virus mutants, 
when the replacement of amino acids in the FP for 
ones which should theoretically increase the angle of 
the FP incorporation into the membrane, caused the 
decrease in the fusion activity of the mutants. As we 
have already rnentioned, one can not exclude the coop- 
erative action of several FP in the membrane desorga- 
nization. The lack of the information about the struc- 
ture of coat spike proteins of arenaviruses does not 
favour more definite conclusion. 

Thus, the data demonstrated the ability of the syn- 
thetic peptide which has a homology with the func- 
tional domain of the native protein from the Lassa 
virus, to retain to a great extent the properties charac- 
teristic of complex biological structures, viral proteins 
and whole viruses. 
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