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Summary. Effect of cholesterol, divalent ions and pH on spherical bitayer membrane 
fusion was studied as a function of increasing temperature. Spherical bilayer membranes 
were composed of natural [phosphatidylcholine (PC) and phosphatidylserine (PS)] as well 
as synthetic (dipalmitoyl-PC, dimyristoyl-PC and dioleoyl-PC) phospholipids. 

Incorporation of cholesterol into the membrane (33% by weight) suppressed the fusion 
temperature and also greatly reduced the percentage of membrane fusion. The presence 
of 1 rnM divalent ions (Ca ++ , Mg ++ or Mn ++) on both sides or one side of the PC 
membrane did not affect appreciably its fusion characteristic with temperature, but the 
PS membrane fusion with temperature was greatly enhanced by the presence of divalent 
ions. 

The variation of pH of the environmental solution in the range of 5.5~7.0 did not 
affect the membrane fusion characteristic. However, at pH 8.5, the fusion with respect 
to temperature was shifted toward the lower temperature by approximately 3 ~ for PC 
and PS membranes, and at pH 3.0 the opposite situation was observed as the fusion 
temperature was increased by 6 ~ for PS membranes and by 4 ~ for PC membranes 

The results seem to indicate that membrane fluidity and structural instability in the 
bilayer are important for membrane fusion to occur. 

I t  has recent ly  been  r epo r t ed  tha t  spherical  bi layer  m e m b r a n e s  o f  

the na tu ra l ly  occur r ing  phospho l ip ids  [phospha t idy lcho l ine  (PC) and  

phospha t idy l se r ine  (PS)] u n d e r g o  grea ter  degrees o f  m e m b r a n e  fus ion 

at t empera tu re s  specific for  each  phospho l i p id  (PC-43  ~ PS-38  ~ 

(Breisblat t  & Ohki ,  1975). The  i n c o r p o r a t i o n  o f  lysoleci thin in to  these 

m e m b r a n e s  lowers  the charac ter i s t ic  fus ion t e m p e r a t u r e  by  a lmost  10 ~ 

In this pa pe r  fu r the r  results  are  r epo r t ed  using the spherical  bi layer  

m e m b r a n e  system, which seem to indicate  tha t  b o t h  m e m b r a n e  f luidi ty 

as well as the c rea t ion  o f  s t ruc tura l  instabil i ty in the bi layer  m e m b r a n e  

are responsible  for  fus ion in this mode l  m e m b r a n e  system. 

M e m b r a n e  f luidi ty seems to be an i m p o r t a n t  cr i ter ia  for  the fus ion 

reac t ion .  Pos te  and  Al l i son (1971) have p r o p o s e d  a m e c h a n i s m  for  fus ion  
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which relies on the fluidity of the membranes as one of the prerequisites 
for the fusion reaction. Also the importance of fluidity for cell fusion 
has been suggested in the chemically and thermally induced fusion studies 
of Ahkong, Cramp, Fisher, Howell, Tampion, Verrinda and Lucy. Papa- 
hajopoulos, Poste and Schaeffer (1973) and Papahadjopoulos,  Poste, 
Schaeffer, and Vail (1974) have also shown that phospholipid vesicle 
fusion is highly dependent on membrane fluidity. 

Membrane fusion also appears to be closely related to structural 
changes which may occur in the membrane bilayer. Lucy (1964, 1970) 
has suggested that micelle formation in the membrane may be the key 
to the fusion reaction. Experiments that he and his group have conducted 
with lysolecithin and some short chain fatty acids seem to indicate that 
some perturbation of the bilayer structure may be important  for the 
fusion reaction to occur (Poole, Howell & Lucy, 1970; Ahkong, Tampion 
& Lucy, 1974). This kind of perturbation could be produced by increased 
temperature, incorporation of some substances into the membrane, or 
by changing the ionic environment. The first two have been well doc- 
umented both by Lucy's group and our laboratory (Breisblatt & Ohki, 
1975) and further evidence is presented here. It has been suggested that 
changes in the ionic environment can result in conformational changes 
in the bilayer structure (Ohki & Aono, 1970; Ito & Ohnishi, 1974; 
Tr/iuble & Eibl, 1974; Jacobson & Papahadjopoulos,  1975). Many au- 
thors have felt that divalent ions and in particular Ca + § ions may play 
an important  role in the fusion process (Lucy, 1964; Woodin & Wieneke, 
1964; Okada & Murayama, 1966; Poste & Allison, 1971 ; Poste & Reeve, 

1972; Okada, Takeichi, Yasuda, & Masamichi, 1974). Recently, Papa- 
hadjopoulos, Vail, Jacobson and Poste (1975) have demonstrated that vesi- 
cle fusion is enhanced in the presence of calcium ions. Liberman and 
Nenashev (1972a; 1972b) and Neher (1974) have studied membrane adhe- 
sion in hemispherical membranes and have shown that calcium ions 
may play a significant role in the fusion process. Also, many of the 
mechanisms proposed to explain the fusion event have incorporated the 
idea that Ca § + ions are in some way associated with the fusion process 
(Poste & Allison, 1971). Other divalent ions have also been shown to 
play a similar role in the fusion process but to a lesser extent than 
Ca + § (Okada et al., 1974). 

The membrane structure could be changed by changing the other 
environmental parameters; changing the pH as well as the monovalent  
ion concentration can affect membrane fluidity as well as the bilayer 
structure. Tr/iuble and Eibl (1974) have shown that changes in pH can 
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affect the phase transition temperatures (crystalline to liquid crystalline) 

of  phospholipids which indicate changes in membrane fluidity. 

Membrane  fluidity can be increased by incorporating substances into 

the membrane  such as short chain fatty acids and possibly lysolecithin 

(Haydon  & Taylor, 1963; Poole et al., 1970; Lucy, 1970) but  membrane 

fluidity can be decreased by incorporating cholesterol into the membrane.  
Cholesterol creates a more rigid and constrained membrane structure 

when it is incorporated into the bilayer in the liquid crystalline state 
(Ladbrooke,  Williams & C h a p m a n ,  1968; Papahadjopoulos ,  N i r & O h -  
ki, 1971; E n g e l m a n & R o t h m a n ,  1972). Therefore, by the addition of  

cholesterol into the membrane,  fusion can be analyzed from another 

perspective which may be important  in the determination of a mechanism 

for the fusion process. 
In this paper the effect of  fluidity and instability of  the membrane 

was studied on the fusion process in spherical bilayers. Cholesterol was 

added to the membrane forming solutions of  PC and PS to test its 

effect on the fusion temperatures of  these phospholipids. The role of  

divalent cations Ca ++, Mg ++ and Mn + -~ on the fusion of  PC and 
PS spherical bilayer membranes  were also studied. The effect of  these 
ions were examined for both  symmetrical and asymmetrical distribu- 

tions. Fusion was looked at in relation to pH variations. Some of the 

synthetic phospholipids of  PC were also studied for their ability to fuse 

with increasing temperature.  Since the synthetic phospholipids are more 

clearly defined than the natural phospholipids for their molecular compo- 

sition, we can examine the effects of  increasing chain length and unsatura- 

tion which are clearly related to membrane fluidity. In conclusion a 

mechanism for fusion is discussed in relation to both  membrane fluidity 

and structural instability in the membrane.  

Materials and Methods 

Phospholipids for the spherical membrane studies (PC-egg and PS-bovine) were pur- 
chased from Applied Science Laboratories (State College, Pa.) and Supelco Inc. (Bellefonte, 
Pa.). Applied Science Lab's samples of 10 mg were stored in chloroform solution, and 
Supelco Lab's samples of 25 mg were divided into three samples of 8.3 mg each which 
were stored in chloroform in the refrigerator at -15 ~ The synthetic phospholipids 
[dimyristoyl-PC (DMPC), dioleoyl-PC (DOPC), dipalmitoyl-PC (DPPC)] were purchased 
from Applied Science Laboratories and were stored in chloroform, except for DPPC which 
was obtained as powdered form and was prepared as needed. The purity of these samples 
was said to be more than 97% pure. All lipid samples were chromatographically pure 
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and showed only a single spot under TLC analysis. Preparation of the membrane forming 
solution was as previously reported (Breisblatt & Ohki, 1975). Cholesterol was purchased 
from Fischer Chemical (certified grade), and recrystallized in our laboratory by use of 
ethanol. 33% or 50% cholesterol by weight, was added to lipid samples of PC and PS. 
The cholesterol was dissolved in decane at 60 ~ The decane-cholesterol solution was 
then cooled down to room temperature before it was added to the rest of the membrane 
forming solution. In this case, also, the membrane forming solution had a constant lipid- 
solvent ratio; 10 mg of lipid and cholesterol in the solvent (0.4 ml chloroform, 0.3 ml 
methanol and 0.3 ml n-decane). 

Spherical bilayers were formed in a layered concentration gradient containing a base 
solution of 4.5 M NaC1 and an upper solution of 0.01 M NaC1. The inside solution for 
the membranes was 0.2 M NaCI. The procedure for preparing the membranes was similar 
to that of Pagano and Thompson (1967) and was modified by Breisblatt and Ohki (1975). 
Osmolarities of inside and outside of the spherical membrane was not measured but it 
was considered that they may have been approximately the same on both sides because 
the membranes apparently kept a constant size and position in the concentration gradient. 

Membranes were observed through a low power microscope (Unitron MSF) and the 
bubble membranes were illuminated with a microscope illuminator (American Optics). 
Bilayer formation could be observed and was previously described (Breisblatt & Ohki, 
1975). Temperature was varied during the experiment by using a water jacket and a ther- 
moregulator (Neslab Instruments). pH measurements were taken at the beginning and 
end of each experiment to insure that the proper pH range was not exceeded, (pH 6.0-6.6 
at 25 ~ Within this range of pH the same experimental results were obtained. 

Membranes were formed in close proximity (within several ram) to facilitate membrane 
contact. We examined membrane contact and fusion with increasing temperature. The 
membrane contact was defined as the formation of a stable doublet and fusion was defined 
as the two cells (doublet) forming one. Fusion temperature (Ts) was defined as the tempera- 
ture corresponding to the sharpest rise in the "percentage of fusion"-temperature curve. 
For each study approximately 10 membranes were made and the experiments for each 
phospholipid were repeated many times (more than 200 membranes for each phospholipid). 
All temperature dependent studies were made after bilayer formation was completed for 
all membranes. Temperature was increased from 25 to 65 ~ successively and each Study 
was completed in about 40 min (approximately 5 rain was spent for a 5 ~ increase in 
cell temperature) at 65 ~ (70 ~ for some of the studies). Experiments were also done 
in which membrane fusion was observed at fixed temperatures in the range of 25-60 ~ 
These experimental results were similar (with a 3 ~ range) to the Ty's reported in this 
paper. 

To study the effect of divalent ions, all salt solutions (4.5, 0.01, and 0.2 M NaC1) 
contained 1 or 10 mM of CaC12, MgC12 or MnC12. Equimolar concentrations of the divalent 
ions were placed on both sides of the membrane to test the symmetrical case, and to 
create an asymmetrical distribution; the salt solutions containing 1 mM of the divalent 
ions were placed on the outside of the membrane only. The pH was held constant at 
7.0 with a 5 mM Tris buffer for all experiments with divalent cations. 

The effect of pH on membrane fusion was studied and compared at different pH 
values: 3.0, 5.5, 7.0, and 8.5. The pH of all salt solutions was adjusted and checked 
with a pH meter (radiometer, London, Ohio) before and after each experiment. For the 
experiments at pH 8.5, a 5 mM Tris buffer (Sigma 121) was used to maintain the pH. 
The Tris buffer was titrated with HC1. Phosphate buffer 10 mM (potassium monobasic) 
was used to adjust solutions at pH's 5.5 and 7.0. The phosphate buffer monobasic was 
titrated with NaOH to obtain the desired buffering capacity. Experiments at pH 3.0, 
were adjusted using a 5 mM citrate buffer, which was titrated with NaOH to the proper 
pH. During the experiments the pH of the solutions remained fairly constant, varying 
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by only 0.1 pH unit. Except for the change in pH, membrane fusion experiments were 
conducted using the same procedure. 

It should be mentioned that aging of lipid with time might attribute to instability 
of the membrane which may affect the degree of membrane fusion. However, this factor 
has not been taken into account in the results. 

Results 

The effect o f  cholesterol  on  the fus ion o f  PC  and  PS spherical  bilayers 

was s tudied with increasing tempera ture .  I t  had  previously  been repor ted  
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Fig. 1. Effect of cholesterol on PC membrane fusion. �9 % of PC membrane fusion without 
cholesterol; �9 % of PC membrane fusion with cholesterol (33% by weight). Error bar 

was calculated by using the SE formula 
N 

SE=(~i (x,-- fO2/N--1} 1/2, 

where xi--the i-th experimental value, X=the mean value of the experimental value, 
and N= the total number of measurements 
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Fig. 2. Effect of cholesterol on PS membrane fusion. �9 % of PS membrane fusion without 
cholesterol; o % of PS membrane fusion with cholesterol (33% by weight). Error bar 

was calculated from the sE formula 

I 

6C 

(Breisblatt & Ohki, 1975) that both PC and PS membranes demonstrated 
characteristic fusion temperatures (Ts-fusion temperature, P C - 4 3  ~ 
P S - 3 8  ~ for the case without cholesterol, where fusion temperature, 
T s, was defined as that corresponding to the sharpest increase in percent- 
age offusion with respect to temperature. But in incorporation of cholester- 
ol (both 33 and 50% by weight) into the membrane, these fusion temper- 
atures were inhibited. As shown in Fig. 1, the percentage of membrane 
fusion is plotted for both PC membranes with and without 33% choles- 
terol. Fusion is greatly inhibited in the case with cholesterol (Fig. 1). Al- 
though membrane fusion increases over the temperature range of the 
experiment, the percentage of membrane fusion never rose above 30% for 
PC membranes. Fig. 2 indicates similar results for PS membrane fusion, in 
which a comparison is shown between PS membrane fusion with and with- 
out cholesterol (33%). Cholesterol concentrations of 50% by weight gave 
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Fig. 3. Contact and fusion in DOPC membrane. �9 % of membranes coming into contact; 
�9 % of membranes in contact that fuse; T~ fusion temperature (temperatures corresponding 

to the sharpest slope in the curve) 

similar results to those obtained with the lower cholesterol concentra t ion 

(33%) for both  PC and PS membranes.  As previously reported,  our 

measurement  of  membrane  fusion is based on only those membranes  

that have come into contact  (doublet) and then form a larger singlet. 

It should be noted that the real content  of  cholesterol in the membrane  

may not  necessarily be those of  the cholesterol percentages of  the mem- 

brane forming solution. Also the incorpora t ion  of  cholesterol into mem- 

branes of  PC and PS increased their stability and raised the breaking 

tempera ture  range 1 (45 ~ 50 ~ for PS membrane,  5 2 ~ 6 6  ~ for PC mem- 

branes without  dholesterol) to 60 ~ 65 ~ for bo th  PS and PC spherical 

membranes.  

1 Here, the breaking temperature range means that most of the spherical membranes (more 
than 95%) break above this temperature range as described in the earlier paper (Breisblatt 
& Ohki, 1975). 
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Fig. 4. Contact and fusion in DMPC membrane. �9 % of membranes coming into contact; 
o % of membranes in contact that fuse 

Fusion was also studied in some of the synthetic phospholipids of  

PC with increasing temperature. These phospholipids have a clearly de- 

fined molecular  composi t ion which allows us to evaluate the role of  

membrane  fluidity in the fusion process (DMPC,  14 C per alkyl chain; 

DPPC,  16 C per alkyl chain; DOPC,  18 C (one double bond) per alkyl 

chain). Membrane  contact  and fusion of  these phospholipids are shown 
in Figs. 3, 4 and 5. Each of  these phospholipids demonstrates a character- 
istic fusion temperature (TI) similar to those previously reported for 
PC and PS membranes.  D O P C  showed a sharp rise in membrane fusion 
at approximately 49 ~ For  D M P C  this temperature was 59 ~ The 

T I for D P P C  was not  as clear cut as the others, because of  rather 
gradual increase in fusion-temperature curve (up to 70 ~ and technical 
difficulty in observing fusion occurring above 70 ~ If one looks at 
the values obtained for the T I for egg PC and some of its synthetics, 
the following pattern is seen: PC < D O P C  < D M P C  < DPPC.  This order 
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Fig. 5. Contact and fusion in DPPC membrane. �9 % of membranes coming into contact; 
o % of membranes in contact that fuse 

corresponds to that of  phase transition temperature for PC. Phos- 

phatidylcholine (egg) and DOPC are the most fluid of these phospholipids 
at 25 ~ (solid-liquid crystalline phase transition temperature T c is about  

- 1 0  ~ for e g g - P C  and DOPC (Ladbrooke & Chapman,  I969)), and 
characteristically they show the lowest Tf. DPPC (its To=41 ~ is the 
least fluid and indicates an extremely high fusion temperature,  possibly 

more than 70 ~ al though it is not  well determined experimentally, while 
D M P C  (its Tc=23 ~ falls between these two groups. 

The effect of  divalent cations on the fusion of PC and PS spherical 
membranes  was studied with respect to temperature.  Experiments were 
done at two concentrations, 1 and 10 mN of divalent ions, and the chloride 
salts of  these divalent cations were used for all solutions. In studying 
the symmetrical case, equimolar concentrations of the divalent ions were 
placed on both sides of the bilayer membrane.  The effect of  these cations 
on the fusion of  PC and PS can be seen in Figs. 6 and 7. It is fairly 
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Fig. 6. Effect of divalent ions on PC membrane fusion; Symmetrical distribution of divalent 
ions (1 raM). �9 Calcium; o Magnesium; and • Manganese. Maximum error is calculated 

as _+7% for an experimental point 

clear from Fig. 6, that  none of these divalent cations affects the fusion 

of PC membranes, as in all three cases the T I for PC membrane fusion 

remains unchanged from those in the absence of divalent ions. But for 
PS membranes (Fig. 7), the divalent cations affect the fusion process 

by making it relatively independent of temperature. Therefore it appears 

as though the fusion temperature is abolished (a typical sharp increase 
with temperature is not seen in the curve). Ca + + (1 raM) exerted the stron- 

gest effect over PS membrane fusion among the divalent salts tested; about 
40% membrane fusion occurred over all temperature ranges. Mg § § and 

Mn + § showed behavior Similar to Ca § § except that they both show 
some temperature dependence. Mn + + exhibited more tenaperature depen- 
dence than the others. 10 mM concentrations of the divalent ions affected 

PS membrane fusion in a manner similar to the 1 mM concentrations. 
In all three cases the divalent cations affected PS membrane contact, 
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Fig. 7. Effect of divalent ions on PS membrane fusion; Symmetrical distribution of divalent 
ions (1 mM). �9 Calcium; o Magnesium; and x Manganese 

causing almost 90% of the membranes  to form doublets and in many 

cases aggregate formation (more than two spherical membranes)  did 

occur. While it is conceivable that the divalent cations may act as bridging 

agents between PS membranes  there may be other  explanations for the 

above observations which will be examined in the discussion section. 
Fusion was also studied from the standpoint of  an asymmetrical 

divalent cation distribution. This was accomplished by placing salt solu- 

tions containing 1 mN divalent cations on the outside solution of  the 
membrane and the results obtained are seen in Figs. 8 and 9. By imposing 

the asymmetrical distribution the fusion of  both  PC and PS membranes  

was affected. Although ionic strength due to the asymmetric distribution 
of  divalent ions was not  compensated,  PS membrane fusions were similar 
to those observed in the symmetrical case, except that the percentages 
of  membrane fusion observed were t0 25% higher than in the symmetri- 
cal case depending on the divalent cation used. 
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The  order  o f  effect o f  the divalent  ca t ions  on  PS m e m b r a n e  fus ion  

is as fol lows:  Ca + § > Mg + § > M n  + + (Fig. 9). F o r  PC m e m b r a n e s  fus ion  

curves  similar to those  w i thou t  d ivalent  ions are ob t a ined  (Fig. 8) and  

fus ion t e m p e r a t u r e  remains  cons t an t  at  43 ~ Ca § § p roduces  the greates t  

change  in the PC and  PS fus ion curves (Fig. 8 and  9) as a grea ter  

pe rcen tage  o f  m e m b r a n e  fus ion  is obse rved  at  the lower  regions  of  the 

curve.  Similar  effects are seen for  Mg + + and  M n  + + (Fig. 8 and  9) as a 

grea ter  pe rcen tage  o f  m e m b r a n e  fusion is obse rved  at the lower  regions 

o f  the curve.  Similar  effects are seen for  Mg § and  M n  § § (Figs. 8 

and  9) bu t  to a lesser extent  t han  those  seen for  Ca + § 

By creat ing an a symmet r i ca l  d i s t r ibu t ion  some instabi l i ty  m a y  have  

been  i n t r o d u c e d  which,  especial ly in the case o f  PS m em b ran es ,  m a y  

have c o n t r i b u t e d  to the increased  percen tage  o f  fus ion while in the case 

o f  PC it is able to affect  the pe rcen tage  o f  m e m b r a n e  fusions w i thou t  

affect ing the  T s. It  has previous ly  been  d e m o n s t r a t e d  tha t  an  asymmet r i -  

cal d i s t r ibu t ion  o f  d ivalent  ca t ions  (Ca +§ ) can  lead to  instabi l i ty  in 
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Fig. 9. Effect of divalent ions on PS membrane fusion; Asymmetrical distribution of divalent 
ions (1 mM). O Ca + + ; zx Mg + + ; and x Mn + + 

the bilayer structure of  the membrane (Ohki & Papahadjopoulos ,  1970). 

It is also significant that membrane breakage was higher than in the 
case without Ca + +, which was what one might expect due to the nature 

of  the asymmetrical distribution of  Ca § § In addition it was observed 

that there was no clear breakage range for the membranes,  as membrane 
breakage was almost independent of  temperature. 

The effect of  pH on the fusion of  both  PC and PS membranes was 

studied, as shown in Figs. 10 and 11. Fusion was studied at four different 

p H  values; 3.0, 5.5, 7.0 and 8.5. FOr both  PC and PS membranes,  the 

T;'(43 ~ PC;  38 ~ PS) for membrane fusion (at pH 6.0 ~6.6)  remained 

constant  at pH ' s  5.5 and 7.0, and the fusion curves were very similar 
to those reported for PC and PS with temperature.  However,  at p H  
8.5 a shift of  about  3 ~ toward a lower temperature occurred in both  

the PC and PS fusion curves and this naturally decreased the T s by 
approximately 3 *C. At p H  3.0 another shift in the fus ion curves of  
PC and PS is seen in Figs. 10 and 11, but  in this case the T I for  membrane 
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Fig. 10. Effect of pH on the fusion of PC membranes, zx=pH 8.5; �9 =pH 7.0; x =pH 
5.5; and �9 =pH 3.0 

fusion has been increased by almost 6 ~ for PS and 4 ~ for PC mem- 

branes, respectively. The reproducibility of  these results was extremely 

good. 

Discussion 

The present studies suggest that membrane fluidity as well as structur- 
al instability in the bilayer may be important  for the fusion process 
to occur. A previous report  showed that the addition o f  lysolecithin 
to spherical bilayer membranes,  which caused instability and possible 
increased fluidity of the membranes  lowered the T~ for PC and PS 
membrane fusion by almost 10 ~ (Breisblatt & Ohki, 1975). Our present 
study indicates that the addition of  cholesterol into the bilayer membranes  
of  PC and PS abolishes the T I and strongly inhibits the fusion process. 
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Fig. ll. Effect of pH on the fusion of PS membranes, zx=pH 8.5; �9 =pH 7.0; x =pH 
5,5; and �9 =pH 3.0 

It is known that the addition of cholesterol into the membranes decreases 
membrane fluidity, namely making the membrane (hydrocarbon chain 
packing) more rigid and constrained (Ladbrooke et al., 1968; Papahadjo- 
poulos et al., 1971 ; Engelman & Rothman,  1972). By doing so the free- 
dom of movement  of the hydrocarbon chains of the lipid molecules 
is decreased and the possibility of structural change occurring in the 
membrane is suppressed. Therefore, cholesterol incorporation into the 
membrane should be expected to suppress the membrane fusion reaction. 

Further support for the importance of membrane fluidity is demon- 
strated by our spherical bilayer fusion studies with some of the synthetic 
derivatives of phosphatidylcholine. As evidenced by the T / s  found for 
these phospholipids (DOPC, 49 ~ DMPC,  59 ~ DPPC, above 70 ~ 
it is clear that the fluidity must play a role in the differences observed 
for membrane fusion. DPPC, which has the longest saturated hydrocar- 
bon chains of those phospholipids studied, has the highest T s [it also 
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has the highest phase transition temperature (To; 41 ~ and least fluid 
with increasing temperature], while DOPC which contains one double 
bond on each alkyl chain has a fusion temperature very much comparable 
to egg PC (TI: 43 ~ DMPC, as expected, falls in between these two 
with its T s. The only question which might arise concerns why DOPC, 
which has 2 double bonds, has a higher fusion temperature than egg 
PC (1 double bond). This could possibly be explained by the fact that 
a great deal of heterogeneity is found in PC (egg) concerning chain 
length and degree of unsaturation. This could lead to the lower fusion 
temperature observed for PC. Therefore, the results agree well with what 
one might expect if fluidity is one of the key factors involved in fusion 
process. 

The effect of divalent cations on spherical bilayer fusion with increas- 
ing temperature, relates both membrane fluidity and structural instability 
to the fusion event. In examining the symmetrical case, it is clear that 
none of the divalent cations (Fig, 6) has any effect on the fusion of 
PC membranes. This is predictable because PC behaves as a neutral 
species and divalent ions are not likely to be adsorbed on the membrane 
strongly (Rojas & Tobias, 1965; Hauser & Dawson, 1967; Seimiya & 
Ohki, 1973). On the other hand, PS which has a negatively charged 
polar group will adsorb the divalent cations (more than the neutral 
species) which could affect the fusion process through both a binding 
and screening phenomena.  As indicated in Fig. 7, fusion of PS membranes 
is affected, as the T~. for PS membrane fusion is abolished and, at lower 
temperatures, fusion is enhanced. For PS membrane,  the relatively tem- 
perature independent process for fusion may be due to the stabilization 
of the acidic phospholipid membrane by Ca + +, which is well documented 
in the literature (Ohki, 1969; Jacobson & Papahadjopoulos,  1975). How- 
ever, the fairly high percentage of fusion for the overall temperature 
range may be due to another reason. Hauser, Phillips and Barratt (1975) 
have recently shown by the N M R  technique that the interaction of diva- 
lent cations with phospholipid polar groups causes a water exclusion 
effect, which makes the phospholipid-divalent ion complex appear to 
be more hydrophobic in nature. It appears therefore that there are two 
main factors contributing to our membrane fusion: instability of the 
membrane and hydrophobicity of the membrane surface which is related 
to membrane fluidity, as well as increase in surface tension. Although 
Ca + § stabilizes the membrane which in turn decreases membrane fluidity, 
it is considered that the acidis phospholipid membrane surfaces become 
more hydrophobic with Ca § + adsorption at the surface than those with- 



Fusion in Phospholipid Spherical Membranes 143 

out Ca + +, that is, the surface may become a higher energy state. The 
high aggregation rate among PS spherical membranes corresponds proba- 
bly to the latter factor (high free energy surface) which also contributes 
to the high percentage of fusion. On the other hand, low temperature 
dependency with respect to fusion percentage may correspond to low 
fluidity of the membrane due to possible calcium ion binding with the 
phospholipids. This interpretation also goes along with the results ob- 
tained with phospholipid vesicles due to Ca + § concentration (Papahadjo- 
poulos et al., 1974). 

By creating an asymmetrical distribution of the divalent cation with 
respect to the membrane,  another factor, membrane instability, has been 
added. For PS membranes, membrane breakage was extremely high. 
This could be due to membrane instability which has been well docu- 
mented with planar bilayer membranes (Ohki&Papahadjopoulos ,  
1970). PS membrane fusion results were similar to those obtained in 
the symmetrical case, except that the percentages of membrane fusion 
were increased by 10-20%. This increase could be interpreted by the 
additional instability factor which was created by the asymmetrical distri- 
bution of Ca 2§ . In the case of PC membranes the asymmetrical distribu- 
tion of the divalent cations caused some effect on membrane fusion. 
Membrane breakage also was higher than without the divalent 
cations, and at lower temperatures membrane fusion was increased, 
although the T s was not affected. From the study on PC planar bilayer 
membranes, the asymmetrical distribution with this concentration of 
Ca § § did not show an appreciable change in electrical conductance as well 
as membrane instability (Ohki & Papahadjopoulos,  1970). It is possible 
that divalent ions change the nature of the PC membrane surface which 
influence the membrane fusion reaction. However, this change may not 
be large enough to be detected as a change in electrical conductance 
or instability of the planar bilayer. As a whole the experiments with 
divalent cations may suggest that the creation of some instability as 
well as possible rearrangement in membrane structure are important  
factors for the fusion process, to a large extent, for PS membranes and 
to a lesser extent, for PC membranes. 

The change of the pH also seems to affect membrane fluidity as 
well as stability. As shown in Figs. 10 and 11, the shifts of the fusion 
curves as well as the fusion temperature were observed at lower and 
higher pH's. At pH 8.5 the Tot was decreased by approximately 3 ~ 
for both PC and PS membranes. But at pH 3.0, we observed the opposite 
situation as the T I for PS membranes was increased by 6 ~ and for 
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PC membranes the increase was 4 ~ Tr/iuble and Eibl (1974) have 
also pointed out that changes in pH would affect the phase transition 
temperature of phospholipids through changes in membrane fluidity. 
The opposite situation is observed at low pH as there is a decrease 
in membrane fluidity and the resulting effect is to increase the phase 
transition temperature. Our results seem to parallel these observations. 
Membrane stability is also affected: at pH 8.5 the phospholipid mem- 
branes become very unstable and there is a high degree of membrane 
breakage (Ohki, 1969). This problem was not observed at pH 3.0 as 
membranes formed were very stable. At pH's 5.5 and 7.0 there was 
no effect on the Ty and the fusion curves were similar to those previously 
reported. This would clearly indicate that neither membrane fluidity 
nor stability was affected by pH changes in this range. 

It seems fairly obvious from the present experimental results that 
membrane fluidity and structural instability are closely related to fusion 
in this model membrane system. And at the same time, it has been 
shown that as membrane fluidity is increased, more instability may arise 
in the membrane bilayer. This was previously demonstrated with the 
effects of temperature and lysolecithin, and the results presented here 
with divalent ions, cholesterol and pH seem to offer further support. 
By increasing membrane fluidity, the freedom of motion of the hydrocar- 
bon chains of lipid molecules could be increased so as to allow the 
hydrocarbon chains of the lipid bilayer to reveal the membrane surface. 
This increase in the hydrophobic surface area would cause instability 
in the bilayer structure and possibly form what we have termed a semi- 
micelle configuration (Breisblatt & Ohki, 1975). If this occurs, hydropho- 
bic interactions between apposed membrane surfaces could lead to mem- 
brane fusion as we have recently postulated (Ohki & Breisblatt, 1975). 
This study may provide some support for the above proposal fusion 
reaction in this model membrane system being the result of increased 
hydrophobic interactions between the two apposed membrane surfaces. 
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