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Summary 

The fusion of liposomes with planar lipid bilayers was monitored by two 
different methods.  (a) Liposomes consisting of phospholipids and cholesterol 
were added to the aqueous phase bathing the cholesterol-deficient planar lipid 
bilayers in the presence of nystatin. The resulting increase in the planar lipid 
bilayer's electrical conductance was considered indicative of fusion. (b) Trans- 
planar lipid bilayer injection of 3sSO~- trapped inside the liposomes. 

It is shown by both methods that fusion is specifically dependent  on the 
presence of negatively charged phospholipids both in the liposomes and the 
planar lipid bilayers and on Ca 2÷ in the aqueous phase of the fusion system. 

Introduction 

Vesicle-membrane fusion is a common event in cell biology required, for 
example, for exocytotic discharge of neurotransmitters and cellular secretory 
products or for uptake by endocytosis. Evidence accumulated in recent years 
from model phospholipid systems and biological membranes indicate that, 
although the precise mechanism of fusion is yet  unknown,  it is undoubtedly 
mediated by the phospholipids themselves [1]. This presumption is strongly 
supported by studies on vesicle-vesicle fusion [2--7] and spherical bilayer 
fusion [8--11]. Therefore, lipid model membranes such as vesicles and planar 
bilayers are currently being used for studying the mechanism of membrane 
fusion at the molecular level. 

Studies on fusion of phospholipid vesicles with planar bflayer membrane are 
especially warranted for the following reasons. As both sides of the planar 
bilayer are chemically and electrically accessible, this system provides a unique 
geometry for investigation of membrane transport. An understanding of  
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vesicle-planar bilayer fusion could lead the way towards successful incorpora- 
tion of biologically, functional proteins into planar bilayer, thus permitting 
thorough electrochemical characterization of these membrane preparations. 

The interaction of phospholipid vesicles and biological microsomes with 
planar bilayer has now been reported several times [12--20], sometimes with 
some speculations regarding the occurrence of fusion. In most cases some 
kind of change in the properties of the planar bilayer (interacting with vesicles) 
has been observed, from which fusion has been inferred. However, there are 
several mechanism that could explain such changes: (1) transfer of single lipid 
molecules from vesicles to planar bilayers through the aqueous phase or by 
direct planar bilayer-vesicle contact, either long lived or transitory. (2) Per- 
manent adhesion of vesicles to planar bilayer. (3) Semi-fusion in which 
adhering monolayers of vesicles and planar bilayer fuse but the back mono- 
layers do not. (4) True full fusion. (5) Some combination of the above. 
Existing evidence could account only for mechanisms 1, 2, and 5 but not for 
3 or 4. Clearly then, the most rigorous and incontestable evidence for fusion 
should involve injection of the vesicle content across the planar bilayer as well 
as the concomitant stochiometric mixing of the vesicle membrane and planar 
bflayer components. Both kinds of evidence are sought for in the present 
work. 

The cholesterol-dependent nystatin-induced conductivity method 

The conceptual basis for this indirect demonstration of fusion is as follows. 
Nystatin is a channel-former antibiotic which requires cholesterol for its 
action [21--24]. Thus, when cholesterol-containing liposomes fuse with planar 
bilayer and mixing of membrane constituents occurs, nystatin present in the 
aqueous phase can now form ionophoric channels in the planar bilayer and, 
consequently, planar bilayer electrical conductance should increase. Planar 
bilayer were formed without cholesterol, subsequently nystatin was added 
(from a stock solution in dimethylformamide) to a final concentration of 
30--100 pg/ml, and a slight increase in the electrical conductance (Gin) was 
measured. Then liposomes, made up with phospholipids and cholesterol (at 
3 : 1 (w/w) ratio), were added to the front chamber and the increase in G~ 
with time was monitored (Fig. 1). Table I summarizes the results obtained 
from such experiments with various lipids, either in the liposomes or in the 
planar bilayer-forming solutions. 

Analyzing the results in Table I we arrive at the following conclusions: 
In the presence of pure neutral phospholipids such as phosphatidylcholine, 
either in the liposomes, in the planar bilayer, or, evidently, in both of them, 
no increase in G~ was observed. Using phosphatidylserine instead of phos- 
phatidylcholine, no increase in Gm could be observed unless Ca 2÷ was added 
(10 mM final concentration). This result is consistent with the fact that Ca 2÷ 
has been shown to be indispensable for liposome fusion [1,2]. Non-purified 
soybean phosphatidylcholine, which may contain as much as 15% negatively 
charged lipids, was nearly as effective as phosphatidylserine. Liposomes 
prepared from soybean phosphatidylcholine interacted with phosphatidyl- 
serine membranes and vice versa (not shown). Thus, liposome-planar bilayer 
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F i g .  1 .  Typica l  e x p e r i m e n t s  s h o w i n g  the  in terac t ion  b e t w e e n  c h o l e s t e r o l - c o n t a i n i n g  l i p o s o m e s  and planar 
bi layer in the  presence  o f  nys ta t in ,  as measured  b y  m e m b r a n e  c o n d u c t a n c e  G m .  Planar bi layer  was  
f o r m e d  b y  the  air bubble  t e c h n i q u e  f r o m  1% phosphat idy l ser ine  (PS; S igma)  in n -decane .  The  a queo us  
m e d i u m  cons i s t ed  o f  1 0 0  m M  KC1, 1 0  m M  Tr i s -HC1  ( p H  7 . 0 ) ,  a n d  5 m M  CaC12 .  T = 2 2  + 1 ° C .  A t  the  
ind icated  t i m e  (arrow N o .  1 ) ,  nystat in  was  added  to  b o t h  sides o f  the  m e m b r a n e  to  a f inal  c o n c e n t r a t i o n  
o f  1 0  /~g lml .  A f t e r  G m stabi l ized,  1 0 0  jul o f  l i p o s o m e  suspens ion ,  prepared f r o m  PS and cho l e s t ero l  
( 3  : 1 ,  w / w ) ,  were  added  (arrow N o .  2 )  to  the  a q u e o u s  so lu t ion  to  give a final c o n c e n t r a t i o n  o f  5 0 / ~ g / m l .  

G m was  m o n i t o r e d  c o n t i n u o u s l y .  + and o, l i p o s o m e s  added  to  f ront  c h a m b e r  o n l y  (o ,  l i p o s o m e s  w i t h o u t  
cho le s t ero l ) ;  X,  c o n t r o l ,  no  l i p o s o m e s  added;  $,  l i p o s o m e s  added  s i m u l t a n e o u s l y  to  b o t h  f ront  and back  
chambers .  

interaction was demonstrated to occur and to be dependent upon the presence 
of  negatively charged phospholipids and Ca 2÷. It has been suggested [25] that 
Ca 2÷ promotes fusion by including isothermal phase transition and phase 
separation in phospholipid membranes, conditions under which membranes 
become transiently susceptible to fusion as a result of  changes in the molecular 
packing and creation of  new phase boundaries. 

At first sight our results do not exclude the possibility of  hydrophobic 
transfer of  cholesterol from liposomes (mechanism 1) to the planar bilayer, 
adhesion of  vesicles to the planar bilayer (mechanism 2), or semi-fusion 
(mechanism 3), without requiring complete fusion. All three mechanisms are 
consistent with the immediate increase in Gm observed upon addition of  lipo- 
somes to one side of  planar bilayer. However, if mechanism 1 were operating, 
such an increase in Gm would have required a very rapid flip-flop of  cholesterol 
across the planar bilayer, since cholesterol must be present on  both monolayers 
of  the planar bilayer in order to allow the formation of  nystatin channels. The 
rate of  cholesterol flip-flop across phospholipid membranes is still in debate, 
but values for the half-time vary from several hours to several days [26].  Such 
slow rates could not  account for the half-time of  10--30 min for Gm increase 
in our experiments. The possibility that cholesterol-nystatin complexes (half- 
pores in the terminology of  de Kruijff and Demel [23])  could flip across the 



288 

< 
[-, 

~ 
~.~ ~ 

~ ~~ 
~ , ~  

< ~ o  

~ oo  ~ 

~ ~ . ~  y~ 

< ~ ~ ~ 

o ~  ~ ~ i . ~  

~<~-~ 

°°~ 

o 

o 

T ? 

+l +~ I + ] + 

+ + + + .4- 

Q 

o 

0 

,.o 

<.~ 

ell 



289 

planar bilayer can be excluded in view of the higher polarity of  such com- 
plexes, compared with that  of  cholesterol alone. Marty and Finkelstein [27] 
have provided evidence against half-pore flip-flop. They have shown that 
nystatin added to one side of  the planar bilayer induces a stable cationic con- 
ductance,  as compared with larger anionic conductance which is observed when 
the antibiotic is added to both  sides of the membrane.  

All the above considerations lead us to the conclusion that actual fusion 
occurs in our system. If it were not  fusion but  rather hydrophobic  exchange, 
adhesion, or semi-fusion, one would have expected a 2-fold reduction of  t,/, for 
the increase of  Gr, by half when liposomes were added simultaneously on both  
sides of  the planar bilayer. As a matter  of  fact, under these conditions, tv, 
increased instead of  decreasing. Further indirect evidence for fusion is as 
follows: Addition of  large amounts  of  liposomes on one side of  planar bilayer 
(in the presence of  Ca 2÷) creates an asymmetric distribution of  Ca 2÷ across 
the planar bilayer due to adsorption of Ca 2÷ to the negatively charged lipo- 
somes. Such asymmetry  as been suggested [25] to induce transient membrane 
instability and reorganization, which may render the membranes more sus- 
ceptible to fusion. Concomitantly,  Papahadjopoulos and Ohki [28] have shown 
that Ca ~÷ asymmetry  produces large permeabilities in planar bilayer. The 
possibility that  Gm increase resulted from the asymmetry  in calcium concen- 
tration alone, is ruled ou t  by  the fact that  addition of  equal amounts of  lipo- 
somes to both  sides of  the planar bilayer, in the presence of  Ca 2÷, also induced 
an increase in Gm with a final value comparable to that  obtained by  addition of  
the same total  amount  of  liposomes to one side of  the planar bilayer only. 
These results indicate that  calcium asymmetry  may affect the rate of  fusion but  
not  its extent.  

In conclusion, the arguments presented above seem to exclude mechanisms 
1--3. However,  only direct determination of cholesterol flip-flop across planar 
bilayers, both  in the presence and absence of  liposomes, either in the presence 
or absence of  nystatin, are required in order for this exclusion to be definitive. 

Trans-planar bilayer injection of  [3SS]sulfate 

The only direct and unequivocal proof  for vesicles' fusion with planar bilayer 
can be provided by  a demonstrat ion of  the injection of  intravesicular content  
across the bilayer. This content  should consist of  a molecule for which the 
planar bilayer is totally impermeable. Nevertheless, the quantitative aspects of  
such experiments impose inherent difficulties, as is exemplified by  the 
following calculation: Suppose the radius of  a spherical phospholipid vesicle 
is 150/~,  its volume would be 1.35 • 10 -14 pl and its area 2.8 • 10 -11 cm 2. Now 
suppose we have a given label at 1 Ci/ml (carrier free 3sSO~-, for example). In 
order to get 100 dpm across a planar bilayer, 4.5 • 10 -8 pl of  vesicular volume will 
have to be injected across the planar bilayer or the equivalent of  3.4" 106 
vesicles. In other  words, for a planar bilayer of  2 mm diameter, 0.3% of  the 
planar bilayer phospholipids will have to be replaced by vesicular phospho- 
lipids. For practical purposes, one would require at least 10--100-fold more 
dpm to cross the planar bilayer. This would require either much higher radio- 
activities which may be radioactively harmful for the planar bilayer, much 
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larger vesicles (i.e., larger volume : surface ratios), or much greater extent of  
fusion (i.e., replacement of  a considerable fraction of the planar bilayer phos- 
pholipids). This latter alternative may be plausible but would certainly prolong 
considerably the duration of  an experiment, which is detrimental due to the 
generally poor stability of  planar bilayers. Despite the above-mentioned 
difficulties, we succeeded in developing an experimental procedure whereby we 
were able to demonstrate trans-planar bilayer injection of  the otherwise imper- 
meant sulfate anion, with acceptable reproducibility. 

A typical fusion protocol was as follows: A planar bilayer was formed by 
the air bubble technique from 1% phospholipid solution in decane across a 
1--3 mm diameter hole in a Teflon rectangular cuvette positioned in a thermo- 
stated brass block. Thinning of  the planar bilayer was followed optically, and 
membrane conductivity was measured by means of  Ag/AgC1 electrodes, a 
Keithley 610 electrometer as a voltmeter, a DC power supply and a second 
electrometer as an ammeter. Prior to the addition of  liposomes {Fig. 2), both 
the front and the back chambers were sampled for radioactivity in order to 
assess any possible contamination from previous experiments. Then liposomes 
were added to the front chamber, and both chambers were sampled for radio- 
activity at fixed time intervals, usually 5--15 min, until the planar bilayers 
broke. Samples volumes were 50 pl from the front chamber and 1 ml from 
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Fig.  2. Elut ion  prof i le  o f  [ 3 5 S ] s u l f a t e - l o a d e d  l i p o s o m e s  f r o m  S e p h a d e x  G-75  f i l trat ion c o l u m n .  Phos-  
pho l ip ids  dissolved in CHC13 ( to ta l  w e i g h t  2 m g )  w e r e  tak en  to  dryness  under  a current  o f  dry N 2. To  this 
w e r e  a d d e d  1 0  /~1 o f  s t o c k  KC1 and 10  ~1 o f  s t o c k  Tris-HC1 so lu t ions  and  230/~1 ( 1 . 2 5  mCi )  o f  carrier-free 
[ 3 5 S ] s u l f a t e  ( N u c l e a r  Rese&rch Center ,  N e g e v ,  Israel).  The  final c o n c e n t r a t i o n s  o f  KC1 and Tris w e r e  
1 0  m M  a n d  1 m M ,  respec t ive ly .  This  mixt t tre  was  v o r t e x e d  at r o o m  t e m p e r a t u r e  and then  so n i ca ted  in a 
bath son ica tor  at m a x i m u m  o u t p u t ,  o n  ice ,  for  3 0  rain. In order to  discard the  extraves icular  radio-  
ac t iv i ty ,  this d ispers ion was  over layed  on a S e p h a d e x  G-75  c o l u m n  (1 X 4 c m ) ,  preequi l ibrated w i t h  
the  appropriate  buf fer  and e luted  s t e p w i s e .  A typ ica l  e lu t ion  prof i le  is s h o w n .  For s u b s e q u e n t  e lut ion  
e x p e r i m e n t s ,  the  e luate  was  spun at 50  0 0 0  X g f o r  3 0  ra in ,  and the  supernatant  conta in ing  less  than  
20% o f  the  to ta l  e lu ted  c o u n t s  was  discarded.  

Fig.  3.  R a t e  o f  35S  in jec t ion  across  planar bflayer.  Planar bf layer was  f o r m e d  f r o m  1% pho spha t idy l -  
serlne p h o s p h a t i d y l e t h a n o l a m i n e  {3 : 7,  w / w )  in decane .  L i p o s o m e s  prepared as deta i led  in the  l egend  t o  
Fig.  2 we re  a d d e d  to  the  f ront  c h a m b e r ,  and the  b a c k  c h a m b e r  was  sa mpled  for  the  appearance  o f  35S. 
T w o  typica l  e x p e r i m e n t s  are s h o w n .  
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the back chamber out  of  7 ml volume of each chamber. The back chamber 
was replenished with 1 ml unlabeled solution. Radioactivity was measured 
after addition of  toluene/Tri ton X-100 scintillation fluor in a Packard Tricarb 
Liquid Scintillation Spectrometer.  The amount  of  label that  crossed the mem- 
brane was calculated according to the following equation: 

6 
C -  Ct+l --~Ct 

At 

where C is the total  cpm that  crossed the planar bilayer per min; Ct+l is the 
total  cpm present in the back chamber at the sampling time; Ct is the total 
cpm present in the back chamber at the previous sampling time, and At is the 
time lapse between the two sampling periods in minutes (see Fig. 3). Typical 
values of  C were 5--15 cpm, while the total  radioactivity in the front  chamber 
was 2 • 10 s cpm. This would mean that  1.5 • 10 e vesicles with a mean equiv- 
alent radius of  150 ~ fused into the planar bilayer, contributing about  0.1% 
of the total  planar bilayer lipids every minute. To the best of  our knowledge 
this is the first t ime that  trans-planar bilayer injection of  impermeant  vesicular 
contents  has been unequivocally demonstrated.  No injection of  radioactivity 
could be detected when either phosphatidylcholine vesicles were used or Ca 2÷ 
was absent from the aqueous medium. 

Unfor tunate ly , -only  about  50% success was achieved in these experiments. 
Lack of  fusion could not  be related to any specific factor. This, together 
with problems such as planar bilayer instability, further increased by  the fusion 
process, and decontamination of  chamber and electrodes from radioactivity, 
will probably prevent a wider use of  this method  in the future,  and one must  
await for the development  of  more dependable techniques. 
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