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Summary. The aggregation, leakage, and fusion of 
pure PS (phosphatidylserine) and mixed PS/PC 
(phosphatidylcholine) sonicated vesicles were studied 
by light scattering, the release of encapsulated 
carboxyfluorescein, and a new fusion assay which 
monitors the mixing of the internal compartments of 
fusing vesicles. On a time scale of 1 min the extent of 
fusion was considerably greater than leakage. The Ca 2 + 
and Mg 2+ concentrations required to induce fusion 
increased when the PS content of the vesicles was 
decreased, and/or when the NaC1 concentration 
was increased. 

Calculations employing a modified Gouy- 
Chapman equation and experimentally determined in- 
trinsic binding constants of Na + and Ca 2 + to PS were 
shown to predict correctly the amount of Ca 2 + bound in 
mixed PS/PC vesicles. For  vesicles composed of either 
pure PS or of mixtures with PC in 100 mM NaC1 
(4:1 and 2:1 PS/PC); the induction of fusion (on 
a time scale of minutes) occurred when the amount 
of Ca or Mg bound/PS molecule exceeded 0.35-0.39. 
The induction of fusion for both pure PS and PS/PC 
mixed vesicles (with PS exceeding 50%) can be ex- 
plained by assuming that destabilization of these vesi- 
cles requires a critical binding ratio of divalent cations 
to PS. 

Several mechanisms have been proposed for mem- 
brane fusion in phospholipid membrane systems. Evi- 
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dence obtained with phosphatidylserine (PS) t mem- 
branes indicates strongly that the phase transition 
induced by Ca 2 + and the resulting changes in lateral 
compressibility and structural defects may be involved 
in fusion (Papahadjopoulos et al., 1977). The shift 
in the endothermic transition of PS to much higher 
temperatures (Jacobson & Papahadjopoulos, 1975; 
Newton, Pangborn, Nir & Papahadjopoulos, 1978) 
is associated with the formation of an inter-membrane 
" t r an s "  Ca 2 +/PS complex which is essentially anhy- 
drous (Papahadjopoulos, Portis & Pangborn, 1978; 
Portis, Newton, Pangborn & Papahadjopoulos, 1979). 
This complex may be the site of initiation of fusion 
(Papahadjopoutos et al., 1978 ; Portis et al., 1979). 

The Ca: +-induced aggregation and fusion of PS 
vesicles occurs at a threshold concentration of about 
1 mM (Papahadjopoulos; Poste, Schaeffer & Vail, 
1974); at this concentration Ca 2+ is bound to the 
membrane surface at a ratio of 0.4 Ca 2+ per phospho- 
lipid molecule (Portis etal . ,  1979; Newton etal . ,  
1978). The rate of aggregation, release of aqueous 
contents, and fusion of PS vesicles increases dramati- 
cally above this threshold concentration (Diizg~ne~ 
& Ohki, 1977; Dfizgiine~, 1978; Portis et al., 1979; 
Nir, Bentz & Portis, 1980a). Magnesium can also 
induce limited fusion of small unilamellar vesicles 
made of PS, but at a higher threshold concentration; 
this correlates with the fact that the intrinsic binding 
constant of Mg 2+ to PS is lower than that of Ca 2 + 
(Newton et al., 1978; Nir, Newton & Papahadjopou- 
los, 1978). The sequence of effectiveness of  various 
divalent ions in inducing membrane aggregation and 
fusion also correlates well with their binding to PS 
(Ohki & Dfizg/ine~, 1979). The degree of divalent 
cation binding to the membrane surface may therefore 
be a significant factor in membrane fusion. 

t The following abbreviations are used: PS, phosphatidylserine; 
PC, phosphatidylcholine; CF, carboxyfluorescein; TES, N- 
tris(hydroxymethyl)methyl-2-aminoethane*sulfonic acid; DPA, di- 
picolinic acid. 

0022-2631/81/0059-0115 $02.20 
�9 1981 Springer-Verlag New York Inc. 



116 N. D/izgfine~ et al. : Fusion of Phospholipid Vesicles 

The studies on divalent  ion b inding to PS mem- 
branes (Newton et al., 1978; Nir  et al., 1978) have 
also implicated the b inding  of Na +, and this has been 
confirmed by N M R  relaxat ion (Kur land ,  Newton,  
Nir  & Papahadjopoulos ,  1979b), ~-potential measure- 
ments  (Eisenberg, Gresalfi,  Riccio & McLaughl in ,  

1979) and aggregat ion studies (Nir et al., 1980). 
Studies on the aggregation of PS vesicles and the 
release of ent rapped carboxyfluorescin (CF) have 
indicated that  a certain critical ratio of Ca 2 § or Mg 2 § 

bound  per PS may be required for the destabil izat ion 
of these vesicles (Nir et al., 1980), this destabil izat ion 
being a prerequisite for fusion as suggested previously 

(Nir, 1977; Papahadjopoulos  et al., 1977). 
The critical divalent  cat ion concent ra t ion  which 

induces the aggregation of vesicles conta in ing  both  

phosphat idylchol ine  (PC) and PS is considerably 
higher than that  of  pure PS vesicles (Diizgfine~, 1978 ; 
Ohki & Dfizgiine% 1979). The extent of fusion of 
small uni lamel lar  vesicles with mul t i lamel lar  vesicles 
or with monolayer  membranes  is greatly reduced and  
the threshold Ca 2 .  concent ra t ion  is increased when 
the membranes  are made of a mixture of PS and 
PC (Papahadjopoulos  et al., 1974; Ohki & Diizgtine}, 
1979). Pure PC vesicles will not  aggregate or fuse 
in the presence of 10 mM Ca 2§ and 100 mM NaC1 
(Papahadjopoulos  e ta l . ,  1974; Dfizgiine~ & Ohki, 

1977). Increasing the PS fract ion to 50% enables the 

vesicles to undergo fusion in this electrolyte, but  at 
a very slow rate (Hoekstra,  Yaron,  Carmel & Scherp- 
hof, 1979; N. Dfizgfine~, unpublished observations). 
When  the phosphol ipid composi t ion  is in the range 
of pure PS to 2:1 PS/PC, Ca 2 + or Mg 2+ can induce 

rapid aggregation and  fusion. This paper  presents a 
detailed invest igat ion of the fusion of PS/PC mixed 
vesicles in this higher PS range where the fusion rate 
is appreciable. Our  aim is to elucidate the relat ionship 
between divalent  cat ion b inding  to the membranes  

and  their fusion. 
We have studied the fusion of small ( ~ 2 5 0  A) 

uni lamel lar  vesicles made of pure PS or mixtures of 
PS and  PC ( >  50% PS) by means  of an assay which 
measures directly the rate and extent of membrane  
fusion;  the assay moni tors  the fluorescent intensi ty 
of a react ion which takes place only in the interior 
aqueous  space of fusing vesicles (Wilschut & Papa-  

hadjopoulos ,  1979). We have compared  the kinetics 
of fusion with the time of course of aggregation and  
release of internal  aqueous contents  of the vesicles. 
We have calculated the a m o u n t  of Ca 2+ or Mg 2+ 
bound  to PS in the mixed membranes  and  conf i rmed 
these results with direct b ind ing  measurements .  We 
find that  the threshold concentra t ions  of divalent  ca- 
tions which induce fusion in these systems are closely 
related to the extent of their b inding  to the membrane .  

Materials and Methods 

Bovine brain phosphatidylserine and egg yolk phosphatidylcholine 
were purified as previously described (Papahadjopoulos & Miller, 
1967; Papahadjopoulos et al., 1977) and stored under Argon at 
-50 ~ in sealed ampules until use. TbCla was obtained from 
Alfa (Danvers, Mass.), dipicolinic acid (DPA) from Sigma 
(St. Louis, Mo.) and carboxyfluorescein (CF) from Eastman Ko- 
dak (Rochester, N.Y.). The last was crystallized according to Blu- 
menthal and coworkers (Blumenthal, Weinstein, Sharrow & Hen- 
kart, I977). All other chemicals were of the highest purity commer- 
cially available. Water was twice distilled, the second time in an 
all-glass apparatus. 

Small unilamellar vesicles were prepared by sonication as de- 
scribed by Papahadjopoulos, Nir and Ohki (t972). The lipids were 
mixed in chloroform, dried in a rotary evaporator and further 
in high vacuum for 30 rain, suspended in the various aqueous 
media to be entrapped inside the vesicles, and sonicated for 1 hr 
in a bath-type sonicator under Argon. The temperature was main- 
tained around 20 ~ by circulating the water in the bath. The 
resulting clear suspension was then centrifuged at 25 ~ for 1 hr 
at 115,000 x g to eliminate any large or multilamellar vesicles; the 
supernatant was collected for use in the experiments. 

Fusion of the vesicles was monitored by means of the assay 
described previously (Wilschut & Papahadjopoulos, 1979), with 
some modifications. The vesicles were prepared in either of the 
following solutions: (A) I5 mM TbCla, I50 m'a Na citrate, 2 mM 
Tris(hydroxymethyl)methyl-2-amino ethanesulphonic acid (TES), 
2 mM L-histidine, pH 7.4, and (B) 150 mM Na Dipicolinate (DPA), 
2 mM TES, 2 mM L-histidine, pH 7.4. The vesicles were separated 
from nonentrapped material by gd filtration on Sephadex G-75 
(Pharmacia, Piscataway, N.J.) by elution with I00 mM NaC1, 2 mM 
L-histidine, 2 mM TES CNaCI buffer") and 1 m~ EDTA (pH 7.4). 
The EDTA was included to prevent Tb 3+ binding to the vesicle 
surface during elution. Lipid concentrations were determined by a 
phosphate assay (Bartlett, 1959). For the fusion assay, the Tb-vesicles 
and the DPA-vesicles were mixed in a 1:1 molar ratio at a final 
lipid concentration of 50 gM in 1 ml of NaC1 buffer containing 
0.1 mM EDTA. Fluorescence was measured in an SLM 4000 fluori- 
meter (SLM Instruments, Champaign-Urbana, Ill.) by excitation 
at 276 nm; the emission was measured through a monochromator 
set at 545 nm (with the addition of a Coming 3-68 cutoff filter 
to eliminate the scattering contribution to the fluorescence). Full 
scale (100%) fluorescence was set by the following procedure: 
A portion of the Tb-vesicles were passed through a Sephadex G-75 
column equilibrated with NaC1 buffer to eliminate the external 
EDTA, which interferes with the reaction of Tb 3 § and DPA. These 
vesicles were placed in i ml of NaCI buffer at a final concentration 
of 25 btivI lipid, excess DPA (20 btM) was introduced, and the vesicle 
contents were released by addition of 1% (wtlvol) sodium cholate. 

The fusion reaction was initiated by injecting an aliquot of 
a concentrated solution of the divalent ion (chloride salt) into 
the incubation mixture which was stirred constantly. The tempera- 
ture was kept at 25 ~ by circulating water around the cell. The 
output of the fluorimeter was recorded continuously on a strip 
chart recorder. 

The release of the internal aqueous contents of the vesicles 
during fusion was measured in paralIel experiments where 100 mM 
CF, 2 mM L-histidine, 2 m~a TES, 0.1 mM EDTA (pH 7.4) was en- 
trapped in the vesicles, separated from nonencapsulated material 
as above and CF release into the medium was measured by the 
increase in fluorescence intensity due to de-quenching of the dye 
fluorescence when diluted (Weinstein etal., i977; Portis etal., 
1979). Excitation was at 493 nm and emission above 520 nm (Corn- 
ing 3-68 cutoff filter). 100% release was determined by adding 
0.1% (wt/vol) Triton X-100 to the vesicle suspension; the fluores- 
cence before detergent lysis (approx. 5%) was taken as 0% release. 
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Light scattering at 276 nm was measured to follow the aggre- 
gation of the vesicles simultaneously during the fusion assay by 
means  of a second photomultiplier channel at 90 ~ to the excitation 
beam. Here a Coming  7-54 bandpass  filter was used to eliminate 
the contribution from fluorescence. 

The binding of divalent cations to the vesicles was determined 
by equilibrium dialysis and atomic absorption spectroscopy as de- 
scribed in detail before (Newton et al., 1978; Portis et al., 1979). 
To determine the effect of  sodium on Ca 2 +-binding to phosphatidyl- 
serine, vesicles were prepared at a concentration of 10 gmol/ml 
in 100, 300, or 500 mM NaC1, buffered with 2 mM c-histidine, 2 mM 
TES, pH 7.4, and containing 0.1 m g  EDTA. The Ca 2 + ionophore 
A23187 was dissolved in the chloroform solution of tile phospho- 
lipids before drying, at a molar ratio of i : 100 ionophore/lipid. After 
sonication and centrifugation the vesicles were dialyzed for 6 hr 
at 37 ~ against the appropriate concentration of NaC1 buffer 
without EDTA and containing 0.5 mM Ca 2 . .  Experiments per- 
formed at 25 ~ gave identical binding results. After dialysis the 
contents of  the dialysis bags were removed, sonicated for 5 min 
to insure homogeneity and aliquots were analyzed for phosphate  
and calcium. For the experiment with 1 M NaC1, vesicles were 
not  prepared at this NaC1 concentration, since they aggregated 
extensively, but  rather at 100 mM NaC1 and then dialyzed against 
the higher concentration. For the experiments with mixed PS/PC 
vesicles the samples were dialyzed against a bulk solution contain- 
ing 2ram Ca 2§ in 100 mM NaC1 buffer. The amount  of  Ca 2+ 
was determined with a Perkin-Elmer 370 A atomic absorption spec- 
trophotometer.  

Theoretical Analysis of Binding 

The theoretical procedure has been described in detail in connection 
with binding studies on pure PS vesicles (Nir et al., 1978; Bentz 
& Nit, 1980). Here we present only an outline with emphasis  
on some points. To simplify the treatment we will assume that  
the cations present initially in solution interact mainly with the 
negatively charged component  in a mixture (Papahadjopoulos,  
1968; Seimiya & Ohki, I973). The comparison with experimental 
results will be a test for the applicability of  this assumption.  The 
concentration of a cation i of  valency z at a distance x from the 
surface is given by 

c~(x) -= G~ Y(x) z (1) 

where Ciz is its solution concentration, far away from the surface, 
that is, the solution value outside the dialysis bag in a dialysis 
experiment. The term Y(x)  z is the Boltzmann factor, 

Y(x) ~- = exp( - zet~(x)/kT) (2) 

in which e is the charge of a. proton, ~p(x) is the electrostatic 
potential at a distance x f rom the surface, k is the Boltzmann 
constant  and T is the absolute temperature. The concentration 
of a cation i of  valency z at the surface is given by 

Ci~(o) = Ci~ Y(o) = C~: exp ( -zeO(o) /k  T) (3) 

in which I)(o) is the surface potential, which is negative in our case, 
so that Eq. (3) expresses the enhancement  of  concentration of 
cations at the surface. 

We supplement the Gouy-Chapman  equation by accounting 
for the effect of  cation binding. The decrease of the surface charge 
density a, relative to the value ~rinitia I (which corresponds to the 
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Table 1. Experimental and calculated data for Ca z" binding to 
mixed PS/PC vesicles "- b 

System Experimental Calculated Cacnlated 
ratio total tightly 
Ca 2 +/PS Ca 2 +/PS bound 

Ca z+ 

I. Pure PS in the 
presence of 0.46 mr~ 
C a  2 + and varying 
amounts  of  Na + 
given below 

I00 rely1Na + 0.27 0.29 0.28 
300 mMNa + 0.14 0.13 0.I3 
500raM Na + 0.11 0.07 0.07 

1000 mM Na ~ 0.08 0.03 0.03 

II. Pure PS in the 
presence o f  
0.1 mM Ca 2 + 
and variable Na § 

300 mM Na * 0.02 0.03 0.03 
1 0 0 m u N a  § 0.14 0.14 0.13 

III. Mixed vesicles in 
the presence of  
2 l r lM C a  2 + 

and 100 mM Na"  
Pure PS 0.45 0.39 0.38 
PS/PC 2 : i  0.39 0.36 0.35 
PS/PC 2:3 0.35 0.32 0.31 
PS/PC 1:4 0.27 0.25 0.24 

a The experiments are described in Materials and Methods.  The 
calculations are described in the text and in more detail in Nir 
et al. (I978). The binding constant  used for Na + is 0.8 M -~. The 
binding constant  used for Ca 2+ is 35 M -1 for the lower Ca 2+ 
concentrations in I and II and 75 M- ~ in III. The area per molecule 
used is 70 ,~ 2. 
b PS, phosphatidylserine; PC, phosphatidylcholine. 

case of very low ion concentrations), is 

~inifial 
~ = I ~  KIC~+ + + Y(o) K~Cj+ (4) 

in which K~, K~ are the corresponding intrinsic binding constants  
(McLaughlin, Szabo & Eisenman, 1971; Nir et al., 1978). The 
intrinsic binding constants  of  Ca 2+, Mg 2+ and Na + to PS have 
been determined previously (Nir et al., 1978). In the case of Ca 2+ 
and Mg 2 + we have considered only stoichiometric binding, i.e. 1 : 2, 
which is justified because the saturation levels have not  exceeded 
the binding ratios of  0_5 Ca/PS or Mg/PS even in the presence 
of large solution concentrations of  these cations. A treatment of  
the more general case, i.e., allowing for 1 : 1 binding of divalent 
cation to phospholipids, bas been presented (McLaughlin,  Grath- 
wohl & McLaughlin,  1978; Bentz & Nir, 1980; McLaughl in  et al., 
1981 ; J.A. Cohen, personal  communication),  but the determination 
of such binding constants may need extensive binding studies with 
very large concentrations of divalent cations. It may be noted 
that  this information ma2r be needed for situations where the sur- 
face concentration of the negative component ,  e.g., PS in PC, 
is very dilute so that most  PS molecuIes are surrounded by PC 
molecules and can only participate in I:1 binding. In this case 
Ca z+ binding to PC would have to be taken into consideratiom 
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]'able 2. Calculated amount  of  Ca bound per PS in mixed PS/PC 
membranes  a, b 

System Calculated tightly bound Ca/PS Na + bulk 
composit ion at various Ca ~* concentrations concen- 
(PS/PC) (raM) in solution tration ~ 

(m~) 
0.7 1 2 3 5 10 

1) Pure PS 0.32 0.35 0.38 0.39 0.41 0.43 100 
4:1 0.30 0.33 0.36 0.38 0.40 0.42 100 
2:1 0.28 0.32 0.35 0.37 0.39 0.41 100 
3:2 0.27 0.31 0.34 0.36 0.38 0.40 100 
1:1 0.25 0.29 0.33 0.35 0.37 0.39 100 
2:3 0.23 0.26 0.31 0.33 0.35 0.38 I00 
1:4 0.15 0.19 0.24 0.26 0.30 0.34 100 

2) Pure PS 0.11 0.16 0.21 0.25 0.29 0.34 500 
4 : I  0.10 0.14 0.20 0.23 0.27 0.33 500 
2:1 0.09 0.12 0.18 0.22 0.26 0.32 500 
3:2 0.08 0.12 0.17 0.2l 0.25 0.31 500 
1:1 0.07 0.11 0.16 0.19 0.24 0.30 500 
2:3 0.06 0.09 0.14 0.18 0.22 0.28 500 
1:4 0.04 0.06 0.10 0.13 0.18 0.25 500 

3) Pure PS 0.44 0.44 0.44 0.44 0.45 0.45 5 
4:1 0.43 0.43 0.44 0.44 0.44 0.44 5 
2 : l  0.42 0.43 0.44 0.44 0.44 0.44 5 
3:2 0.41 0.41 0.42 0.42 0.43 0.43 5 
1:1 0.40 0.40 0.41 0.42 0.43 0.43 5 
1:2 0.38 0.39 0.40 0.40 0.41 0.42 5 
1:4 0.32 0.33 0.35 0.36 0.37 0.38 5 

a The calculations are described in Nir et al. (1978). The binding 
constant  used for Ca 2+ is 75 M -1. 
b PS, phosphatidylserine; PC, phosphatidylcholine. 

The calculations are made with the Na + concentration 4 mM 
higher than marked to account for the buffer. This correction 
is important  only for the low Na + cases. 

and may lead to charge reversal at lower Ca 2+ concentrations 
than in the case of pure PS. It may also be noted that in such 
cases the validity of  the Gouy-Chapman  equation is not  guaran- 
teed, because effects of  discrete charge may play a role. 

In the analysis we take into account the fact that the total 
measured amount  of  adsorbed cation i consists of (a) an amount  
tightly or chemically bound and (b) an amount  residing in the 
double layer region. The latter amount  is given by 

nsi=nl i ~ {exp ( - e z i O ( x ) / k  T -  1} dx  (5) 
0 

in which n,~ is the excess number  of cation species i per unit  
area, n~ is the number  of  cation species i per unit volume in solution, 
i.e., away from the surface, and xo is the thickness of  the double 
layer region (where there is excess of  cations above the solution 
concentration). In concentrated solutions nsi hardly changes by 
taking xo to be infinity or, say, 20 .~. The amount  of  tightly bound 
cation is determined by subtracting the double layer contribution 
(b) from the total measured amoun t  of adsorbed cation. 

The distinction between these two quantities (a and b) is made 
in Table 1, in which we present both calculated and measured 
values. In Table 2 we have supplemented these values of theoretical 
predictions with the amount  of Ca bound per PS as a fnnction 
of Ca z + concentration, PS/PC ratio, and Na + concentration. 

Results 
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Binding of Divalent Cations to Phospholipids 

The binding of divalent cations to phosphatidylserine 
has been demonstrated using a variety of techniques 
(Abramson, Katzman & Gregor, 1964; Bangham & 
Papahadjopoulos, 1966; Blaustein, 1967; Hauser & 
Dawson, 1967; Seimiya & Ohki, 1973; Newton et al., 
1978; Ohki & Sauve, 1978; Nir et al., 1978; Portis 
et al., 1979; Kurland, Hammoudah,  Nir & Papahad- 
jopoulos, 1979a). Several studies on the fusion of 
PS vesicles have implied that a critical amount of  
divalent cations must be bound before the vesicles 
aggregate, destabilize and fuse (Portis et al., 1979; 
Nir et al., 1980). In order to elucidate the role of 
binding on the fusion reaction we have determined 
the amount of Ca 2+ and Mg 2+ bound to vesicles 
of varying surface charge density and in the presence 
of different concentrations of  Na +. The surface 
charge density influences the surface potential, which 
determines the surface concentration of diva- 
lent ion. Since Na + also binds to PS (Nir et al., 
1978; Nir & Bentz, 1978; Eisenberg et al., 1979; Kur- 
land et al., 1979b; Nir et al., 1980), varying the Na + 
concentration would also be expected to affect divalent 
ion binding. The results of the binding measure- 
ments are given in Table 1. The molar ratio of bound 
Ca 2+ per PS was reduced drastically when the Na + 
concentration in the medium was increased while the 
Ca 2 + concentration was kept constant. Our theoreti- 
cal calculations predicted this trend, as shown in the 
middle column in Table 1. The amount of Ca 2+ 
bound to each PS molecule was also lowered as the 
molar ratio of PS to PC in the membrane was de- 
creased. Again, the theoretical values obtained were 
in good agreement with the experimental results. The 
calculated values in Table 1 were obtained by assum- 
ing that the intrinsic binding constants previously ob- 
tained for pure PS are also appropriate for different 
Na § concentrations and different mixtures of PS and 
PC. The agreement between the experimentally deter- 
mined Ca/PS (which includes both the Ca 2+ bound 
and the Ca 2+ present in the double layer region) 
and the theoretically calculated total Ca/PS is quite 
good. In these experiments the vesicles were prepared 
in media containing the indicated concentrations of 
Na § so that the inside and outside concentrations 
were identical. The equilibration of Ca z+ across the 
vesicle membrane was assured by including the Ca z + 
ionophore A23187 during vesicle preparation. The 
transport activity of the ionophore was checked in 
a parallel experiment with the CaZ+-sensitive dye 
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Arsenazo III z. The agreement between theory and ex- 
periment for the cases of mixed phospholipid vesicles 
(Table 1, Section 3) implies that the dilution of the 
PS in the membrane does not significantly change 
the intrinsic binding constants. When the surface 
charge density is lower, the surface potential is re- 
duced ; hence the Boltzmann factor Y(o) is diminished 
and so is the amount  of Ca 2+ near the surface. Ne- 
glecting the binding of  Ca 2 + to PC (McLaughlin et al., 
1978) does not appear to influence significantly the 
results. Likewise, complications such as discrete 
charge effects are not significant, even in vesicles con- 
taining only 20% PS. While further experiments 
would be necessary to demonstrate this, its validity 

2 The inf lux of  Ca z+ was fo l lowed by the change  in the absor-  
bance  spec t rum of  Arsenazo  I I I  en t r apped  in PC vesicles af ter  
add i t ion  of  Ca 2 .  to the ex te rna l  medium.  
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Fig. 1. The effect of  different  Ca 2 + concen t ra t ions  on the kinet ics  
of  fusion,  release of contents  and  aggrega t ion  of PS /PC (4:1)  smal l  
un[ lamel lar  vesicles in 100 mM NaC1, 2 mM L-histidine, 2 m ~  TES, 
0.1 mM E D T A ,  p H  7.4. Ca 2 + was added  at  t = 0 to  a vesicle suspen- 
sion of  50 laM l ip id  (50 nmol  in 1 ml  to ta l  volume).  M a x i m a l  f luores-  
cence was de te rmined  as descr ibed in Materials and Methods. Ca 2 + 
concen t ra t ion  (mM) as no ted  in graphs.  (A): Fusion.  F luorescence  
at 545 nm. (B): Release  of  contents .  F luorescence  above  520 nm. 
(C) : Aggrega t ion .  90 ~ l ight  sca t ter ing at  276 nm. The t empera tu re  
was m a i n t a i n e d  at  25 ~ 

would imply that the binding of ions to biological 
membranes can be analyzed effectively by the relative- 
ly simple modified Gouy-Chapman theory. 

The results of the theoretical analysis of binding 
o f  C a  2+ t o  pure PS and mixed PS/PC vesicles in 
the presence of different concentrations of Na + (5, 
100, and 500 raN) are presented in Table 2. It is clear 
for all the mixtures used that the amount of bound 
Ca 2+ was decreased at 500 mM Na + and increased 
at 5 mM Na +. These results will be discussed in rela- 
tion to membrane aggregation and fusion in the fol- 
lowing section. 

Aggregation, Fusion, and Release of  Contents 

The aggregation and fusion of small unilamellar vesi- 
cles made of PS/PC mixtures of varying molar ratios 
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Fig. 2. The time course of the fusion of vesicles composed of PS/PC 
2:1 in 100 mN NaCI buffer induced by various concentrations 
of Ca 2 + (mM). Other conditions were as in Fig. 1 

were monitored simultaneously by light scattering at 
276 nm and by the fusion assay described previously 
(Wilschut & Papahadjopoulos, 1979). The assay mea- 
sures the fluorescence intensity of the reaction be- 
tween Tb 3+ and DPA, which are encapsulated in 
different vesicle preparations and which can form the 
fluorescent Tb(DPA)3 3 complex upon intermixing of 
the internal aqueous contents following fusion. Out- 
side the vesicles the reaction is inhibited by the pres- 
ence of EDTA (0.1 mM) and Ca 2+. The details of 
the fusion assay, including studies on the order of 
the fusion reaction, the termination of the reaction 
by EDTA, and the mass action kinetics of fusion, 
have been described elsewhere (Nit, Bentz & Wil- 
schut, 1980b; Wilschut, Dtizgtine~, Fraley & Papa- 
hadjopoulos, 1980). 

Figure 1A shows the time course of the fusion 
reaction induced by various concentrations of  Ca 2 + 
with vesicles composed of PS/PC (4: 1). Appreciable 
fusion occurred only at a critical concentration of 
Ca 2 +, and the higher the concentration of Ca 2 +, the 
higher the initial rate of fusion. Previous studies on 
the fusion of pure PS vesicles have utilized the leakage 
of aqueous contents and light-scattering changes dur- 
ing the fusion reaction (Portis et al., 1979; Nir et al., 
1980a). The kinetics of these processes are shown 
in Fig. 1 B and C for the same vesicles as a comparison 
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Fig. 3. The effect of membrane composition on the kinetics of 
vesicle fusion induced by 3 mM Ca 2+ in 100 mM NaC1 buffer. Other 
conditions were as described in Fig. 1 

with the kinetics of fusion. Fusion was always accom- 
panied by some release of entrapped CF, the extent 
of which increased with Ca 2+ concentration. The 
same trend was observed for the extent of  fusion. 
Tile initial rates of fusion, increase in light scattering, 
and release of contents also increased with the Ca 2 + 
concentration. These findings support the conclusions 
reached earlier that the release of contents and in- 
crease in light scattering of PS vesicles are associated 
with fusion (Portis etal. ,  1979; Nir etal. ,  1980b). 
The new fluorescence assay also demonstrates that 
the degree of fusion initially exceeds that of  leakage 
in these vesicles (Wilschut & Papahadjopoulos, 1979). 
The initial increase in light scattering indicates aggre- 
gation and fusion of vesicles; in both cases the light 
scatterer is a larger particle. However, as the aggre- 
gation and fusion proceeds, the intensity of scattered 
light reaches a maximum and then decreases slightly 
(Fig. 1 C). This could be due to the formation of large 
clumps of vesicles and/or an interference effect which 
is expected when the size of the scattering particle 
approaches half the wavelength. Thus, for small ag- 
gregates (2-3 vesicles) the interference effect is not 
important, but when the aggregate size increases, 
especially at high Ca 2 § concentrations, it has a sub- 
stantial effect. This effect has been described in an 
analysis of 90 ~ light scattering from fused PS vesicles 
(after addition of EDTA) in relation to the kinetics 
of fusion (Nir et al., 1980b). The pattern of the 
Ca z+-induced light scattering increase in these vesi- 
cles (Fig. 1 C) is different from the drastic increase 
observed for PS vesicles (Portis etal . ,  1979; Wilschut 
& Papahadjopoulos, 1979; Wilschut etal . ,  1980), 
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Table 3. Calculated amount  of  Mg bound per PS in mixed PS/PC 
membranes  a. b 

System Calculated tightly bound Mg/PS 
at various Mg z+ concentrations in solution 

i 5 10 20 25 30 50 

Pure PS 0,27 0.35 0.38 0.40 0.40 0.41 0.42 
PS/PC (2: 1) 0,23 0.32 0.35 0.37 0.38 0.39 0.40 

a In view of the new binding results of  Portis et al. (1979) a 
binding constant  of  20M 1 is used for Mg a+. Nir etal .  (1980a) 
used a value of  10 M- 1. This smaller binding constant  would reduce 
the amoun t  of  Mg bound by less than 0.05 in all cases. 
b PS, phosphatidylserine; PC, phosphatidylcholine. 

which is probably due to a combination of increase 
in size and the formation of an anhydrous trans Ca/PS 
complex with a different refractive index (Wilschut 
et al., 1980). The PS/PC vesicles undergo fusion to 
a limited extent, retain most  of  their contents (Fig. 1 A 
and B), and hence do not form collapsed structures. 
The light scattering increase is therefore limited. 

When the mole fraction of PS in the vesicle mem- 
brane was decreased the Ca ;+ concentrations re- 
quired to induce fusion increased (Fig. 2). For  vesicles 
made of 2:1 PS/PC the threshold was about 5 rag, 
whereas for the 4:1 vesicles it was 2.5 mM. The effect 
of membrane  composition, and hence the surface 
charge density, is demonstrated clearly in Fig. 3, where 
the time course of  fusion induced by 3 mM Ca;  + in 
vesicles composed of pure PS or mixed PS/PC is 
shown. The eventual decrease in the fluorescence seen 
in Figs. 1 A, 2 and 3 is caused by the leakage of vesicle 
contents into the medium and the entry of  Ca 2 + into 
the vesicles, both processes inhibiting the Tb /DPA 
reaction. The more drastic drop in Tb fluorescence 
attained with the PS vesicles compared to PS/PC, 
4/1 (Fig. 3) is related to a larger release of  contents 
(Wilschut etal . ,  1980). When the percentage of PS 
was reduced from 80 to 67% virtually no fusion oc- 
curred. It is apparent  from the Ca 2§ concentration 
dependence of the rate and extent of  fusion of the 
mixed vesicles (Figs. 1 A and 2) and from the binding 
data given in Table 2, that fusion and binding are 
closely related. In fact, the threshold Ca;  § concentra- 
tions for each membrane composition corresponds 
to a bound Ca/PS ratio of  about  0.39 in 100 mM 
NaC1 (Table 2, Section 1). It should be noted here 
that this correlation does not apply to mixtures con- 
taining < 5 0 %  PS in PC. In such cases, fusion is very 
slow or not observable at all, even at concentrations 
of Ca 2 § high enough to give the expected ratio of  
bound Ca/PS (Table 2). A possible explanation for 
this phenomenon will be discussed later. 
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Fig. 4. The time course of the fusion of vesicles composed of  PS/PC 
(2:1) in 100 mM NaC1 buffer induced by various concentrations 
of  Mg 2 + (raM) 

Magnesium has a lower intrinsic binding constant 
to PS than Ca 2+ (Newton etal . ,  1978; Nir etal . ,  
1978). Table 3 shows that higher concentrations of 
Mg 2+ would be necessary to achieve the bound diva- 
lent cation/PS ratios that are associated with 
Ca 2 +-induced fusion. Indeed, as shown in Fig. 4, 25 mM 
Mg 2 + was required to attain the same extent of  fusion 
as with 5 mM Ca 2 + for 2:1 PS/PC vesicles within 1 
2 min of  the addition of the divalent ion. The initial 
rates of  fusion were also slower for Mg 2+ than for 
Ca 2 +. 

As discussed in the section on binding results, 
Na + has a profound effect on the binding of  Ca 2 + 
to PS. It would therefore be expected that the Ca 2+- 
induced fusion of phospholipid vesicles containing 
PS would be inhibited in the presence of high concen- 
trations of  Na + since the amount  of  bound Ca 2+ per 
PS is lower. This is indeed the case, as shown in 
Fig. 5. Calcium at a concentration of 3 mM was un- 
able to induce fusion in 4:1 PS/PC vesicles when the 
Na + concentration was raised to 500 mM, even 
though at 100 mM Na ~ it was able to induce consid- 
erable fusion (30% of maximal fluorescence) within 
2 min. Similarly, when the Na § concentration was 
lowered to 5 mM the initial rate and the extent of 
fusion was increased. It is clear from Table 2 (Sec- 
tion 3) that the amount  of  Ca 2+ bound drastically 
increases when the Na § concentration is lowered to 
5 mM. 
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Fig. 5. The effect of the Na + concentration (mM) on the kinetics 
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4 : 1. Other details are given in the legend to Fig. 1 

It appears, therefore, that there is a close correla- 
tion between the amount of Ca 2 + or Mg z § bound to 
small unilamellar phospholipid vesicles of high PS 
content and the induction of fusion. It should be 
noted here that a critical ratio of divalent ion bound 
per PS is a necessary but not sufficient condition 
for fusion. For example, Ca z + binding to mixtures of 
low PS percentage in PC or binding of Mg 2§ to 
large unilamellar vesicles of pure PS (or PS/PC) does 
not result in fusion (Diizgtine~, Wilschut, Fraley & 
Papahadjopoulos, 1981; Wilschut et al., 1980; Wil- 
schutz, Dtizgiines & Papahadjopoulos, 1981). 

Discussion 

The primary aim of this study has been to show that 
when Ca 2+ or Mg 2+ are able to induce fusion of 
sonicated vesicles made of a particular PS/PC mix- 
ture, the amount  of divalent cation bound to the 
PS component of the membrane exceeds a threshold 
ratio. To accomplish this aim, it was essential to dis- 
tinguish between the stages of the fusion process (Nir, 
1977; Papahadjopoulos etal. ,  1977): the close ap- 
proach of vesicles, the destabilization of the bilayers, 
and the intermixing of the membranes and the inter- 
nal contents of vesicles, It is known that the close 
approach or aggregation of pure PS vesicles is predict- 
ably determined by the total amount of cations 
bound to the vesicles and the ionic strength of the 
solution (Nir & Bentz, 1978; Nir et al., 1980a). Hence 
aggregation of these vesicles can be induced by Na § 
alone (Nir et al., 1980a; Day et al., 1980); however, 
there is no significant bilayer destabilization in this 

case, i.e., no leakage or fusion. The destabilization 
can be produced by the presence of Ca 2 + or Mg 2+ 
when their concentrations in solution are sufficient 
to induce the binding of a suprathreshold amount 
of divalent cation to the bilayers (Portis et al., 1979; 
Nir et al., 1980a). 

The quantitative hypothesis that leakage is pre- 
dictable from the amount of Ca bound to the vesicles 
was tested on pure PS vesicles (Nir et al., 1980a). 
To extend this analysis to mixed vesicle systems re- 
quired showing that the binding of  cations to these 
vesicles could be predicted from the modified Gouy- 
Chapman theory as outlined in the theoretical section 
of this work (see also Nir & Bentz, 1978, and Bentz 
& Nir, 1980, for more details). Table 1 shows that 
this theory reproduces the binding data for Ca 2 + as 
the Na § concentration and the PS/PC ratio is varied. 
Hence we may be confident that in the systems studied 
the amount of Ca bound per PS molecule is fairly 
well known, within experimental error. 

It must be noted that our calculations in Tables 1 
to 3 do not consider the possibility of asymmetry 
of membrane composition across the bilayer. It has 
been suggested that in sonicated small unilamellar 
vesicles some asymmetry of membrane composition 
may exist because of the difference in packing density 
between the inner and outer monolayers (Bergelson 
& Barsukov, 1977). In a 1:1.8 mixture of PS/PC at 
neutral pH there is a slight preference of phosphatidyl- 
serine for the inner monolayer. Whereas the out- 
side/inside ratio for total phospholipids is 2.3, the 
ratio for phosphatidylserine is 2.06 (Berden, Barker 
& Radda, 1975). This difference would alter the actual 
binding ratios, but not appreciably, as can be esti- 
mated from the values provided in Tables 2 and 3. 

Figure 1A C shows that the smallest concentra- 
tion of Ca 2 + needed to induce fusion is about 2 mM 
for 4:1 PS/PC vesicles in I00 mM Na+, which corre- 
sponds to 0.36 Ca bound per PS molecule (cf. 
Table 2). However, more extensive fusion and leakage 
of CF occurs only after the Ca 2§ concentration is 
increased to 2.5 mM, which corresponds to approx. 
0.38 Ca bound per PS. For  vesicles composed of 
2:1 PS/PC mixtures the leakage threshold is between 
4 and 5ram Ca 2+, which corresponds to 0.38 Ca 
bound per PS (data not shown; however, see Fig. 2, 
since the fusion and leakage thresholds are identical 
as shown in Fig. 1A and B). Hence, the onset of 
bilayer destabilization and leakage is a function of 
the Ca bound to the PS in the bilayer. We do not 
mean to imply that these calculated values of the 
amount of Ca z§ bound are significant in absolute 
terms, since the data used to obtain binding constants 
are not yet sufficiently accurate ; however, it is evident 
that the amount of  Ca bound (and not merely the 
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concentration of Ca 2§ in solution) is the relevant 
parameter for leakage and fusion. 

The second aim of this study has been to show 
that pure PS and mixed PS/PC vesicles undergo sub- 
stantial fusion (as defined by the intermixing of vesicle 
contents). The assay of Wilschut and Papahadjopou- 
los (1979) showed that in pure PS vesicles substantial- 
ly more fusion occurs than leakage during the first 
minute after the addition of Ca 2 +. The present study 
on mixed PS/PC vesicles also demonstrates that bi- 
layer destabilization induces both leakage and fusion 
(hence the Ca bound is equally correlated to the fu- 
sion) and that following the addition of suprathreshold 
Ca 2 + concentrations there is substantially more fusion 
than leakage during the early stages (see Fig. 1 A-C). 
The Ca 2+-induced fusion product of PS/PC vesicles 
is considerably different from that of pure PS vesicles. 
The latter release all their contents (Portis et al., 1979) 
and eventually form large cochleate structures with 
no aqueous space between the membranes (Papa- 
hadjopoulos, Vail, Jacobson & Poste, 1975). The 
mixed vesicles, on the other hand, retain most of 
their contents after undergoing fusion (Fig. 1 B). This 
difference is also apparent from the kinetics of the 
fusion reactions shown in Fig. 3. The fluorescence 
intensity of the Tb/DPA reaction eventually drops 
in the case of the PS vesicles because the contents 
are released into the medium where the fluorescence 
is quenched by EDTA and Ca2+; this conclusion 
is supported by the observation of the extensive re- 
lease of CF under the same conditions (Wilschut & 
Papahadjopoulos, 1979; Wilschut et al., 1980). The 
PS/PC (4: 1) vesicles do not collapse after fusion and 
the Tb/DPA complex is sequestered from the external 
medium inside intact vesicles. The reorganization of 
the membrane during fusion does, however, lead to 
the release of about 20% of the vesicle contents. It 
appears, therefore, that PC has a stabilizing effect 
and prevents the collapse of the internal aqueous 
space of the fused vesicles, at least within the time- 
scale of our experiments. 

The third aim of  this study has been to compare 
the fusion induced by Mg 2+ to that of Ca 2+ and 
the effect of Na + concentration on fusion. If the pre- 
dominant factor for leakage and fusion is the amount  
of divalent cation bound to the bilayer, then it would 
be expected that a substantially higher concentration 
of Mg 2+ than Ca 2 + would be needed to induce fusion 
in otherwise identical vesicle systems, since Mg 2+ 
binds more weakly than Ca 2+ (Newton et al., 1978; 
Nir et al., 1978; Portis et al., 1979). Figure 4 shows 
that this is indeed the case, where the threshold for 
2:1 PS/PC vesicles in I00 mM Na + is at least 10 mM 
Mg 2+. It is of interest that this threshold corresponds 
to 0.35 Mg bound per PS ; likewise in pure PS vesicles 

the Mg 2+ threshold is ~6  mM (Wilschut et al., 1981) 
which corresponds to the same amount  of Mg 2+ 
bound per PS (Table 3). Hence, there is evidence for 
the hypothesis that fusion can be induced in these 
small unilamellar PS/PC vesicle systems whenever the 
divalent cation bound per PS exceeds a critical ratio 
of about 0.35~.39, regardless of whether the cation 
i sCa  2 + o r M g  2+. 

We examined this hypothesis in more detail by 
altering the Na + concentration in the system. Since 
Na + competes with both Ca 2 + and Mg 2 + for binding 
to PS it is expected that lowering the Na + concentra- 
tion would lower the divalent cation concentration 
needed to induce fusion and vice versa. Figure 5 illus- 
trates that this is indeed the case. For 4:1 PS/PC 
vesicles in 3 mM Ca 2 +, the fusion is completely inhib- 
ited with 500 mM Na +, where the Ca 2+ bound/PS 
is lowered to 0.25. Likewise, in 5 mM Na + fusion 
is greatly enhanced, and the Ca 2+ bound per PS 
is increased to 0.44. It is of interest that for these 
extremes in Na + concentration the calculated thresh- 
olds of Ca bound per PS appear slightly shifted, 
such that for the induction of fusion less Ca 2 + bound 
is needed when Na + is high and more Ca 2+ bound 
is needed when Na + is low. However, quantification 
of these shifts requires further detailed binding analy- 
sis since, as shown in Table I, the amount  of Ca 
bound at high Na + is larger than pre'dic[ed. In addi- 
tion, we note that the process of vesicle-vesicle fusion 
consists of two stages and that increased Na + concen- 
trations promote the process of close approach, while 
they inhibit the destabilization of vesicles induced by 
divalent cations. Thus the rate of fusion depends on 
the combined rates of the two processes, i.e., the 
close approach of vesicles and also their destabiliza- 
tion while in close promixity. At the vesicle concentra- 
tion used in this study, the rate limiting step in fusion 
is vesicle aggregation (Wilschut et al., 1980; Nir et al., 
1980 b) whose rate depends on the Ca 2 + concentration 
(D~zgfine~, 1978 ; Portis et al., 1979). Therefore, even 
above a threshold Ca bound/PS, the rate of fusion 
will depend on the rate of aggregation and hence 
on the concentration of Ca 2 +, as shown in Figs. 1 A 
and 2. The same argument holds for Mg 2+-induced 
fusion, although in this case the rate of fusion is 
considerably slower than the aggregation (Wilschut 
et al., 1981). 

Clearly the amount of divalent cation bound to 
PS is not the only parameter which must be considered 
in the analysis of vesicle fusion. The effects of temper- 
ature are well known (Kantor & Prestegard, 1975; 
Breisblatt & Ohki, 1975 ; Martin & MacDonald, 1976 ; 
Papahadjopoulos, Vail, Pangborn & Poste, 1976; Pa- 
pahadjopoulos etal. ,  1977; Sun, Day & Ho, 1978; 
Hammoudah et al., 1979). Osmotic gradients across 
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the bilayer (Miller, Arvan, Telford & Racker, 1976) and 
the size of the vesicles (Wilschut et al., 1981) will affect 
the susceptibility to and the extent of fusion. Likewise, 
substituting phosphatidylethanolamine for PC as the 
neutral component in the vesicles will alter drastically 
the kinetics of the fusion process (Diizgfine~, Hong 
& Papahadjopoulos, 1980; Diizgfine~ et al., 1981). 
All of these other parameters may represent dif- 
ferent or additional mechanisms for the destabiliza- 
tion or stabilization of the vesicle bilayers. Above 
the phase transition temperature of the lipids, a criti- 
cal parameter for inducing the fusion of sonicated 
PS and mixed PS/PC (PS>50%) vesicles is the 
amount of Mg or Ca bound per PS. Relating this 
fact to the molecular structure of the vesicle bilayer 
will require substantially more knowledge about the 
physical chemistry of cation binding to vesicles (e. g., 
Kurland et al., 1979b; Gresh, 1980). The threshold 
ratio of divalent cation bound/PS probably indicates 
the formation of a particular coordination complex 
between neighboring PS molecules (Papahadjopoulos, 
1968; Gresh, 1980). This complex may lead to local 
phase separation of the PS and PC (Ohnishi & Ito, 
1974; Papahadjopoulos et al., 1974; Jacobson & Pa- 
pahadjopoulos, 1975). The absence of detectable ag- 
gregation and fusion in vesicles composed of a larger 
PC fraction (PC>50%; Papahadjopoulos et al., 
1974; Diizgfine~ & Ohki, 1977; N. Diizgfine~, unpub- 
lished data) may be a result of an inability of the 
divalent cation/PS complexes to cluster into suffi- 
ciently large domains to enable aggregation, destabili- 
zation and fusion. The exact relationship between the 
stoichiometry of ion binding, the size of PS domains, 
and fusion needs further clarification. Finally, it is 
of considerable interest to elucidate the relationship 
between the close approach of vesicles and bilayer 
destabilization which are jointly induced by cation 
binding. 
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