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The addition of polyanlnnic polymers such as poly(aspartic acid) (PASP), DNA or dextran sulfate to liposomes 
composed of phosphatidyleholine (PC) and cholesterol (chol), and bearing the quaternary ammonium detergent 
ll[(i,l,3,3.tetramethylbutyl)crw,-~soxylethoxyIethytidlmethylbenzylammonium hydroxide (DEBDA[OH]) ~ u l t e d  in tipfl- 
some .lg~egatlon mtd fusion. L ipo~m~l lposome f u s i ~  w ~  studied by ~ i n g  f l ~ e ~ e n t l y  labeled liposomes and 
fluore~cance-dequenehi~tg (DQ) methods. Addition of monoanions, such as aspartate or acetate, to liposomes bearing 
DEBDAIOH] caused neither their a88regation nor l i posome- I ip~me  htsion. A~regat ion of liposomes bearing 
DEBDAIOH] by the binding pair avidin-biotin did not result in their fusion. Fusion in such agg~gated liposomes was 
observed by the addition of c h a 0 n ~ c  anions, such as niirate or thiocyanate, or by PASP. A variety of other quaternary 
ammonium detergents hehaved simgarly to DEBDAIOH] in their ability to confer f~sogenie properties upon PC/eho l  
llposomes. The relevance of these findings to the mech~ism of liposome-liposome fusion is discussed. 

Introduction 

It has been well-established that negatively charged 
liposomes such as those composed of phosphatidyl- 
sedne are extensively fused in the presence of calcium 
or polycations such as poly|ysine [1-4]. Two separate 
functions have been attributed to the calcium or to the 
polycations in the process of [iposome-liposome fusion. 
On the one hand, they cause aggregation of the lipo- 
seines, thus bringing their bilayers into close pro×imity, 
and, on the other hand, destabilization of the attached 
bilayers. Such destabilization is due to the abilfly of 
Ca 2+ ions to cause dehydration of the phospholipid 
headgroups [5]. A~regat ion  of negatively charged lipo- 
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seines, by itself, does not result in membrane fusion. 
Magn,.,ium ions. for example, at relatively low con- 
centrations, promote the aggregation of such liposomes 
without inducing their fusion [6]. 

In a previous work [7[, we have shown that positively 
charged liposomes are a! o., amenable to fusion proces~s. 
Such positively charged ,iposom~ were constructed by 
the insertion of the cationic delergent, DEBDAIOH], 
into vesicles composed of neutral lipids, namely PC and 
choL Aggregation and fusion of these liposomes was 
promoted by the addition of the negatively-charged 
polymer, PASP [7]. Similarly to Ca2+-induced fusion of 
negatively charged liposomes, also with positively 
charged liposomes, a close attachment between the lipo- 
seines caused destabilization of the lipid bilaycr and 
eventually promotion of liposome liposome fusion. Fu- 
sion ~Ct~r~n liposomt~ ~v~g monitored by DQ measure 
taunts as well as by microscopic ob.qe~,0tions [7]. 

In the present work we have extel)ded our previous 
studies [7] and have investigated in a more detailed 
manner the mechanism of membrane fusion in posi- 
tively charged liposomes. Specifically, an attempt was 
made to study the question whether, in addition to close 
proximity between the llposome bi|ayers, neutralization 
of the DEBDA[OH] positive charges is required to 
allow liposome-liposome fusion. 
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Materials and Methods 

Chemicals. PC from egg yolk. chol, DEBDA[OH], 
cetyl pyridinium chloride, benzalkonium chloride, ben- 
zyl dimethylhexadecyl ammonium chloride, avidim 
DNA (herring sperm). PASP and polylysine were 
purchased from Sigma. [14CIPC was purchased from 
Amersham. N-Biot-PE. N-NBD-PE and N-Rho-PE 
were purchased from Avanti Biochemicals (Bi- 
rmingham, AL). DEBDA [CI] and hexadecyl trimethyl 
ammonium bromide were from Fhika. SM-2 Bio-Beads 
were from Bio-Kad. Dextran sulfate was from Phar- 
macia. BSA was succinylated according to Gibbons et 
ah [8]. All other chemicals used were of analytical grade. 

Preparation of REV. REV bearing the fluorescent 
molecules N-NBD-PE and N-Rho-PE were prepared as 
described earlier [7 I. In short, chloroformic solutions of 
PC, ehol, N-NBD-PE and N-Kho-PE were mixed. The 
mixture was evaporated and the thin layer obtained was 
dissolved in ether followed by the addition of acetate 
buffer (150 mM sodium acetate (pH 7.4)). The lipo- 
somcs obtained were suspended to give 3 mg/ml of PC 
(PC:chol, w/w, 1:0.5 in acetate buffer) and kept at 
4°C until used. Non-fluorescently labeled liposomes 
were prepared in the same way except that the fluo- 
rescent lipid:, were omitted. 

Liposomes carrying biotin were prepared by the ad- 
dition of N-Biot-PE (in chhirofoma) to the above chlo- 
rofurmic solution of PC and chot, to give a weight ratio 
of 0.1:1:0.5, respectively. Whenev~ needed, [t4CIPC 
or fluorescent probes was added to this lipid solution. 
The amount of liposoales is given in the present work 
by their PC content; however, in all the experiments 
described, the liposomes used were composed of PC and 
ehol at a ratio (w/w) of 1:0.5. 

Preparation of liposomes bearing DEBDA[OH]. Lipo- 
some-DEBDA[OH] wl~re prepared essentially as de- 
scribed earlier [7]. Briefly, DEBDA[OH] was dried from 
its methanolic sohitiort, dissolved in toluene, and kept 
at room temperature until use. Before use. the toluene 
was evaporated and the dry layer obtained was resus- 
pended in acetate bufft:r. The DEBDA[OH] suspension 
was then added with continuous vortexing to a liposome 
preparation. Following incubation for 15 min with gen- 
tle shaking a~ 37°C. SM-2 Bio-Beads were added and 
the resui&ag suspensioa was fur ther incubated for 20 30 
rain with vigorous shaking. Liposome-DEBDA[OH] 
were also prepared simply by the addition of a mea° 
sured amount of PE~DA[OH] to liposome prepara- 
tions. 

Fluorescence measurements. All fluorescence measure- 
ments were perforraed in a Perkin-Elmer LS-5 spectro- 
fluorometer at room temperature as described earlier 
[7]. NBD flaorescence was measured at 471 nm (excita- 
tion) and 527 nm (emission). 

Determinatton of fluorescence dequenching. Percentage 

o f  D Q  was determined according to the fo l lowing equa- 
t ion  [91: 

DQ IO0[I-[F-Ft)/(F--Fq)) ] 

where F (total fluorescence) is the fluorescence ob- 
tained after solubi]ization of the liposomes with 0.2% 
Triton X-100 and corrected for the quenching effect of 
Triton X-100 (x1.5) [7]; F t is the measured fluores- 
cence o[ the liposomes at different times of incubation 
and F o is the fluorescence obtained before the incuba- 
tion period. 

Analytical methods, PC was estimated by the Stewart 
method [10]. For a quantitative estimation of fluo- 
rescently labeled liposomes, [14C]PC was used as a 
marker (100 dpm/jag PC). DEBDA[OH] was de- 
termined according to Bradford [11], using DEBDA[C1] 
as a standard. DEBDA[OH] content in a liposome 
suspension was determined by its absorption at 274 nm, 
following solubilization in 90% methanol [7]. 

Results 

Induction of fusion in liposome-DEBOA[OH}: require- 
ment for anionic polymers 

Fusion between liposomes was monitored in the pre- 
sent work as previously reported [7], by estimating the 
increase in the fluorescence (DQ) obtained following 
incubation of fluorescently labeled and non-labeled 
llposomes. The results in Table I confirm previous 
observations [7] showing that the addition of the anionic 
polymer, PASP, to the above mixture of hposomes 
carrying the cationic detergent, DEBDA[OH], induced a 
high degree of DQ. In contrast, very little, if any DQ 
was observed following the addition of aspartic acid 
(Table I). A low degree of DQ was also obtained in the 
presence of other negatively charged, low-molecular 
weight sqhstances, such as citric acid or ATP. As can be 
seen in Table 1, the ability of BSA to promote DQ was 
greatly stimulated following insertion of negative charges 
to its polypeptide chain by succiaylation. The view that 
polymers with a high density of negative charges are 
required for effective DQ, is further strengthened by the 
results showing that incubation with DNA or dextran 
sulfate also resulted in a high degree of DQ (Table I, 
Fig. 1). However, in the presence of relatively kigh 
concentrations of the latter polymers (> 20 #g/system), 
a decrease in the DQ was noted (Fig. 1). 

Fusion can be induced only between lipos~nes bearing 
DEBOA[OH 1 

The results in Fig. 2 show that when non-fluorescent 
liposomes bearing DEBDA[OH] were mixed with fluo- 
reseently labeled liposomes lacking DEBDA[OH] at a 
weight ratio of 2 : 1 respectively, no DQ was obtained 
upon the addition or PASP. Under the same conditions, 



TABLE I 

Inductwn of DQ m hg~ome~ hearmg DEBDA[OII] c/fe~t ,,[ 'ru~''~X~ 

~e~a~ety c~argea ~nteeul~s 

F l u o r ~ n d ~  labeled (6 r.gl and non-labeled (rio ~g) l lpo~mes bulb 
of which conlained DEBDA[O[-II. (DEBDA[OHb PC. w / w  = 055)  
were mixed in a total vol of 0,6 ml of acetate buffer as described in 
M a r t i a l s  and Methods, Follou,ing determination of f l uo rc~nce  ~ F~ ). 
the various anions in acetate buffer w ~ e  added and the extent of 
fluorescence (F~) was determined again after I~ t i n  of incubalk)n at 
26 = C, The degree of DQ wa~ ealcu:ated as de~rlbed in Materiah and 
Methods, 

Anion added ( /xg/nd) D Q ( ~ )  

- - 2 

PASP 30 5g 
DNA 30 64 
Dextran sulfate 30 64 
USA 8 9 

400 18 

Succinylated-BSk 8 26 
80 47 

40O 45 
Asparti¢ acid 800 4 
Citric acid so 2 

800 8 
1500 l0  

ATP 15 3 
30 8 

300 18 

D Q  w a s  o b s e r v e d ,  h o w e v e r ,  w h e n  D E B D A [ O H ]  w a s  

p r e s e n t  i n  t h e  e n t i r e  p o p u l a t i o n  o f  t h e  l i p o s o m e s .  

n a m e l y ,  i n  t h e  n o n - f l u o r e s c e n t  as  w e l l  a s  i n  t h e  f l u o -  
r e s c e n t  l i p o s o m c s .  F r o m  t h e s e  r e s u l t s ,  i t  s e e m s  t h a t  o n l y  

o io zo ~ ~o ~ ~ ~o yo ~o loo 

Fig. I. Induction ot DQ in l i poso~s  bearing DEBDA[OHI by 
dextran sulfate and DNA: effect of concentration. Fluolescenlly 
labelled (6/tg) and non-fluorescetl11121) p.gl liposomes both bearing 
DEBDAIOH] ((DEBDA[OH]:PC, w/w=~LSb we~ mixed a~ de- 
scdbed in Table l ,  Various amounts of dextlan sulfate {AI and DNA 
(B) were added In give a total vol of 0,6 m (in acetate buffer), The 
f l u o r ~ n c e  was determined following 15 loin incubalion a l  2 6 ° C  

and the DQ was calculated as in Male  ials  and MelhOds. 
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Fig 2 Induchon of DQ ha ;~ixtures containing liposomes lacking and 
bearing DEBDA[GHI. Fluor¢~c~fly labeled liposomes 16/~gl lacking 
lO, v) and bearing DEBDAIOH I I L a l  w e ~  mixed Wllh non-labeled 
lipOSOTU¢~ bcarin~ DEBDAIOH ] 4DF.BDA[OHI:PC. w / w ,  0.4). ~h¢ 
~ / w  rat~o h~t,~een au~-Iabeled ~md labeled l ip~omes ~a~ either 2 : I 
4 :,~)or5:l (~ 4) [:o00wing 5 n~in or preincubation, PASP (20 ~g; 
was added. Fluorescence was monl lo~d  and the DQ was calculated 
a~ described m Materials and Methods and previously 171 . Fhe ab- 
,+lute deg~e of DQ in ~he pre~nt  system i~ dependenl on 1he ~ / w  
ratio between the non.t3uure~enl and Ihe fluo~escently labeled lipo- 

l i p o s o m c s  b e a r i n g  D E B D A [ O H ]  pos s e s s  f u s o g e n i c  

p r o p e r t i e s .  F u s i o n  w i t h  l i p o s o m e s  l a c k i n g  D E B D A -  

[ O H ]  w a s  o b s e r v e d ,  h o w e v e r ,  w h e n  s u c h  l i p n ~ o m e s  w e r e  

m i x e d  w i t h  r e l a t i v e l y  l a r g e  a m o u n t s  o f  l i p o s o m e s - D E -  
B D A [ O H ] .  A s  c a n  b e  s e e n  {Fig .  2) .  a b o u t  30% D Q  w a s  
o b s e r v e d  u p o n  a d d i t i o n  o f  P A S P  to  a s u s p e n s i o n  c o n -  

~ a i n i n g  l i p o s o m e s  b e a r i n g  a n d  l a c k i n g  D F ~ B D A [ O H ]  a t  

a w / w  r a t i o  o f  5 : 1. r e s p e c t i v e l y .  T h e s e  r e s u l t s  m a y  b e  

e x p l a i n e d  by  a s s u m i n g  r e d i s t r i b u t i o n  o f  D E B D A [ O H ]  

b e t w e e n  t h e  e n t i r e  p o p u l a t i o n  o f  t h e  l i p o s o m e s .  

5O 

Z~ 

5 ;0 15 
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Fig, 3. The ¢ff;xl of ext~rnul]y added DEBDAIOH] on PASP-mdu,~d 

DQ in a bposome suspensinn Flal~r~centlv labeled (5 ggl and 
non-labeled lipnsola~ [100 gg) were su.spended in 0.6 ml of JcelalC 
buffer. A cnncentratc~ suspension t,f DEBDAIOH] 43 ms/ ro l l  in 
aceta~ buffer w ~  added to gi~e a f la i l  concelnralion of 8 (ill), ] 3 [ :" ). 
18 I~t, 26 (Oh or 40 #g (A) DEBDAIOH] per rcaclion mixture, Afler 

mill O[ incubation at 2 6 ° C  (arrow), P~SP (20 pg) w ~  added, and 
the e~tent of fluorescence was tnonitoted. All  other expe~mcntal 
conditions were a~ described in Fi 8. 2 and in Materials and Mcthod~. 
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The results in Fig. 3 show that addit ion of PASP to 
l iposomes which  had  been p re incuba ted  wi th  
DEBDA[OH] for 5 .,ran only, caused an  immediate 
increase in the degree of DQ. Based on these observa- 
tions, it should be inferred that  PC /cho l  liposomes were 
converted into fusogmtic liposomes simply by external 
addit ion of DEBDAIOH].  Unless otherwise stated, such 
liposomes were used throughout  the present work. 

The abiht), of r:arious lypophdic cations to confer fusogenic 
properties upon PC / cbol llposomes 

The results in Fig. 4 show that,  in addit ion to DE- 
BDA[OHL five other cationic detergents also confer  
fusogcnic properties upon PC/cbo l  liposomes. This was 
inferred from the results showing that  addit ion of PAbF 
to mixtures of  fluorescently labeled and non-labeled 
l/posomes, bearing the various cationic detergents, in- 
duced a relatively high degree of DQ (Fig. 4). Only the 
addition of the detergent benzylhexadecyldimethylam- 
mon ium chloride induced relatively high degree of DQ 
in the absence of non-labeled liposomes (Figs. 4, 6C) or 
even in the absence of  PASP (Figs. 4, 68). Evidently, in 
this case. the DQ observed is due to gohibilization of 
the liposomes by the detergent  rather  than  to 
l iposome- liposome fusion. 

Ft$. 4. Effect of variou~ q Later nal~ amines on the fusugenie ability of 
PC/cbol iiou~,iac:,. Mixtures of flao~ently labeled (5 /~gl arid 
non-labeled (50 tlg) lipo omes (A and B) or preparations of fluo- 
fes~enlly labeled I t p o ~ ' s  only (50 ~g) (C) were suspended in 0,6 ml 
t~f acet ire buffer, The following quaternary amines ~ r e  added to Ihe 
liposornes suspension: II ) DEBDAIOH]: (2) DEBDA[CI]; (3) bcnzal- 
koniun~ chloride: (4) hexade¢~chrimethylammonium bromide; 15) 
cot ylpyridinium eh;oride; and (6) henzylhexadecyldb~mthylamnlonium 
chloride, at 2O Pg IA}; and 50 ~g Ig) and (C). Following 5 rain of 
incubation, Ih¢ fluorescence was recorded (Oh and then 20 ~g of 
PASP ~ere added. After an vdditional 5 mill of incubation, the 
fluc, rescellce was recorded again fro). Total fluorescence (100% fluores. 
ccncel is the fluorescence obtained after soLubilization or the liposome 
suspension with 0.2't Triton X-I00. The intri.+mlc fluorcs~ne¢ of the 

various liposome suspensions was about 7% 

r ~  

t,0 ~..~*-'~_..o 

30 F 

20 

,o i 
. .  ! . . . . .  

0 t5 20 25 
T~rne ( r a i n )  

Fig, 5. Induction of DQ in lip~omes pRa~regatgd by the avidin-bi~ 
tin binding pair. N-Biot-PE was inserted into liposoraes composed of 
PC and chat es described in Materials and Melbnds. Fluoteseently 
labeled (5/tg) and non-labeled (50 ,aS) of hlotinylated llposo~s were 
mixed and avidin was added Io the suspension at the following 
amounts (Pgl 0 (oL I ( ' l ,  5 I~) and 25 0l). To ind~e aggregation, 
the liposome mixtures were incubated (with gentle shaking) for 15 
rain at 37°C. AI the end of the incubation period (arrow AI, 
DEBDA[OHI (30 gg) was added and following ~ nlin of incubation at 
26°C (Arrow B), PASP 120 ~g) was added. All other experimental 
conditions were ~s described in Materials and Methods and Ihe 

legend Io Fig. 3. 

Induction of fusion between liposomes preaggregated by 
the avidin-biolin binding pair 

Induct ion of fusion by the addit ion of  PASP to 
l iposome-DEBDA[Olt]  is always accompanied by the 
format ion of large agglutinates [7]. Evidently, the  
quest ion arises whether  aggregation of l lposome-DE- 
BDA[OH] by itself is sufficient to induce the fusion 
process. Aggregation of  neutral  l iposomes can be  pro-  
moted by using the interact ion between the b ind ing  
pair, avidin and  biot in [12]. In  our  experiments,  we have 
inserted N-Biot-PE into liposomes composed of PC and  
choi, thus obtaining biotinylated liposomes (see Materi-  
als and  Methods and Fig. 5). Addi t ion of  avidin to such 
liposomes induced s t rong aggregation,  as was observed 
by phase microscopy and  followed by turbidi ty mea- 
surements (data not  shown).  The results in Fig. 5 show 
that incubat ion of a mixture  of fluoreseently labeled 
and  non-labeled biotinylated liposomes in the presence 
of avidin did not induce any  DQ. Fur thermore ,  even the 
addit ion of  DEBDA[OH]  (a r row A in Fig. 5) to these 
aggregated liposomes did  nor  cause any significant DQ. 
F r o m  these results it should be  inferred that  aggregation 
of l iposome-DEBDA[OH],  by itself, d id  not result in 
membrane  fusion. A rapid and  marked  increase in 
fluorescence was obsetwed only after addit ion of PASP 
(arrow B in Fig. 5) to the aggregated liposomes. The  
rate, as well as the final degree of DQ. were dependent  
upon the amounts  of avidin added to the suspension of 
the biotinylated llposomes. Stimulat ion of  liposome fu- 
sion was more effective at  low amounts  than  at  h igher  
amounts  of  avidin (Fig. 5). The requirement for PASP 



to induce DQ even in aggregated liposomes may suggest 
its direct involvement in the fusion step itself. 

The function of PASP in the fusion of aggregah!d 
liposomes can be fulfilled by nitrate or thiocy0nate 
salts, as is shown in the experiments summarized in Figs 
6 and  7. The addit ion of potassium nitrate to avidin- 
biotin-aggregated liposomes (bearing DEBDA[OH]),  
caused a fast and  significant increase in the fluorescence 
intensity (Fig. 6). Incubat ion of a mixture conta ining 
only fluorescently labeled liposomes with potassium 
nitrate  did not  result in increase of fluorescence (Fig. 6), 
thus support ing again the view that  the D Q  observed 
was not due to solubilization of the lipo~omes. Very 
little DQ was also observed upon the addit ion of  potas- 
sium nitrate to non-ag~ega ted  liposomes (Fig. 6). As 
expected, the addit ion of PASP to these non-aggregated 
liposomes resulted in a fast and  high DQ. 

The results in Fig. 7 show that thio~yanate salts 
behaved very similar to potassium nitrate, namely, their  
addit ion to aggregated liposomes induced a rapid and  
substantial increase in the fluorescence. Thiocyanate 
(Fig. 7) and  nitrate induced fusion only in liposome- 
DEBDA[OH].  No  D Q  was observed following the ad- 
di t ion of thiocyanate to aggregated liposomes lacking 
DEBDA[OH]  (Fig. 7). W h e n  DEBDA[OFI I was added 
af ter  the addi t ion of thiocyanate to aggregated 
liposomes, it caused a slow and  gradual increase in 
fluorescence. Subsequent  addit ion of PASP to this sys- 
tem (Arrow B, Fig. 7 - caused a further  increase in the 
degree of  DQ. I t  is noteworthy that  acetate (300 mM)  
was unable to substitute potassium nitrate  or thiocyanate 
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Fig. 6. Induction of DQ by nitrate sail in PEBDA-containing aggre- 
~att~l llpO~Olad~. Fluor~s~ntly labeled IS/L$~ and non-labeled 1SO ~¢g) 
biotinylaled l i p o ~ s  ~ere incubated for 15 rain at 37°C in the 
absence (~t or in the presence IA) of avidin (1 pg) as de~dbed in Fig. 
5. At th© end of the ineubati~ period (o - time of incubationS, 
DEBDAIOHI (30 /~g) was added and after 5 (anow A) and 15 mln 
(arrow B) or incubation iat 26°CL polassium nitrate (100 mM final 
concentration) and PASP (20/tg) were added, respectively. IL suspen- 
sion containing only f luor~nny  labeled biotlnylaled lip~om~ (50 
lag) and avldin ( l  Fg). e. a mixture of fluorescent ly labeled (5 gg) and 

non-labeled (50/tg) lipo~mes with avidm (I FgL 

~0~ _ / ~ ' b ~ ;  :z:: ..... 

' 0 , _ _ _ _  . . . . . . . . .  , . . . . .  
0 5 lO 15 20 

T i m e  { m l t h l  

Fig. 7. Ind~tb,n of DQ ia aggresated lipo~mes: effect of thk~yanate, 
Fluore~cently Iabeled and non-labeled hiotinylated l lp~,m~ we~ 
mixed and incubated ~ith (A. v) or without t~. ~) avkdln ~ de~r;bed 
in Fig. 6 (4, A~ DEBDAIOH ] 1311 ~g) and thio%,anat¢ 120 mM final 
concentration) were added at 0 and 5 rain (arrow A) of hcdubalion. 
respectively Iv. ~l; ammnnium thit~yanate and DEBDAiOH ] were 
added at o and 5 rain (arrow At. respectwely PASP (20 gg) was 

added larrow B) follo~, lug t5 rain incubation. 

in their  ability to induce D Q  of aggregated liposomes 
(data not shown).  

Discussion 

The  results of the present work show that several 
anionic polymers,  such as PASP. dextran sulfate or 
DNA. promote  the aggregation and  fusion of PC /cho l  
liposomes bear ing the quaternary a m m o n i u m  detergent,  
DEBDA[OH].  I t  has been suggested earlier [7] that  the 
anionic polymer PASP serves as a bridge between the 
positively charged liposomes, br inging them to close 
proximity and  eventually leading to their  fusion. 

Our  present studies also show that the monomer.  
aspartic acid. nei ther  promotes aggregation nor  fusion 
of l iposome-DEBDA[OH]. Moreover. even molecules 
carrying more than  one negative charge, such as ATP,  
induced very little fusion. BSA. which is also negatively 
charged at  the pH of the reaction, practically failed to 
induce fusion unless additional charges were introduced 
to its chain. Thus,  it appears that  in order to induce 
aggregation and  subsequently fusion, the inducer should 
possess a high density of negative charges. In  this 
regard, it should be added that  a requirement for a 
polymer with high density of positive charges was 
claimed as a requisite for induction of fusion in nega- 
tively charged liposomes [4 I. 

No  clear dist inction could be made  between the 
aggregation and the fusion steps in the present system. 
Once  aggregation was promoted,  a process of mem- 
b r a n e - m e m b r a n e  fusion followed. In  order  to differen- 
tiate between these two steps, we have constructed 
lipasomcs bear ing the ligand biotin. Such liposomes 
could be aggregated by the addit ion of  avidin. Fluores- 
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eenee energy '.ransfer measurements have clearly shown 
that  aggregation of the biotiaylated liposomes did not  
result in l iposome-liposome fusion, Moreover,  no  sig- 
nificaut DQ was observed following the addit ion of 
DEBDA[OH] to these aggregated liposomes, showing 
that  aggregation by itself is not sufficient to allow 
fusion [7]. On  the other  hand,  addit ion of PASP to 
preaggregated liposomes induced their  fusion, Evi- 
dently, when added to preaggregaled liposomes, PASP 
is not required as bridging agent. This may suggest that  
in addition to its function as an aggregating agent  PASP 
also plays an  active role in the fusion step itself. 

Using this system, we have shown that  certain anions 
could replace PASP in its role in the fusion step. 
Addition of relatively low concentrat ion of either ni t rate  
or thiocyanate salts to aggregated Iiposomes bear ing 
DEBDA[OH],  promptly induced liposome fusion, as 
was inferred from the DQ studies. Nitrate  and  
thiocyanate could not bridge between liposomes and  
therefore did not  cause fusion of unaggregated lipo- 
sprees. Also these anions did not have any effect on  the  
fluorescence of liposomes lacking DEBDA[OH].  This is 
in spite of their being ehaotropie agents and  be ing  
known to destabilize proteins and biological membranes  
[13]. Nitrate and t|fiocyanate are also known  to lower 
the surface charge density in micelles of  Hyamine  1622 
(an analog of DEBDA[OH])  [14]. I t  is conceivable tha t  
in the present system these anions act in a similar way, 
namely by lowering the surface charge density of  Iipo- 
somes bearing DEBDA[OH],  and thus removing the last 
barrier that  have prevented their fusion. Acetate, which 
does not have any effect on  the surface charge density 
of hyamine micenes [14], did not  induce fusion in 
aggregated liposomc-DEr~DA[OH] even at  concentra-  
tions of 0.5 M (data not shown). Therefore, it can be 
concluded that  b ind ing  of polyanions also such as PASP 
and  DNA, to the positively charged liposomes resulted 
in reduction of the liposome surface charge density and  
consequently led to membrane  fusion. 

Our  observation on PAgP-induced fusion of aggre- 
gated l iposome-DgBDA[OHI clearly demonstra te  that  
the binding pair  avid(n-biotin did not  block the fusion 
process, Inhibi t ion o1 fusion processes by high-molecu- 
lar weight b inding  molecules has  been demonstra ted 
before in other  systems [3,15]. In  the present system. 

however, a partial inhibit ion of fusion was observed at  
high concentrat ions of DNA,  dextran sulfate and avidin. 

Several years ago, Mar t in  and  MacDonald  [16] intro-  
duced the positively charged molecule stearylamine into 
PC liposomes~ These llposomes were able to attach to 
negatively charged membranes ,  such as h u m a n  erythro- 
cytes, Liposoff le-membrane fusion was induced how- 
ever only wi th  liposomes which in addi t ion to 
siearylamine conlaiiled lysoleeithin, I t  is noteworthy 
that  similar to lysolecithin, DEBDA[OH]  possesses de- 
tergent activity and  is able to eau~e destabilization of 
phospholipid bilayers and to increase their  permeability 
[7]. Thus,  in the fusion process described in the present 
work,  DEBDA[OH]  fulfils the function of bo th  stear- 
lyamine and  lysolecithin in the system d~e r lbed  earlier 
[16]. In  the aggregation step, it functions as a hook for 
the added polyanions,  and  in the  fusion step it serves as 
a detergent  which destabilizes the  lipid bilayer and 
renders  them susceptible to the fusion process. 
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