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Micromolar Ca2+ Stimulates Fusion of Lipid Vesicles with 

Planar Bilayers Containing a Calcium-Binding Protein 

Abstract. Fusion of phospholipid vesicles with a planar phospholipid bilayer mem- 
brane that contains a calcium-binding protein appears to mimic the essential aspects 
of cytoplasmic-vesicle fusion with plasma membranes (exocytosis) in that (i) there is 
a low basal rate offusion in the absence of Ca2+, (ii) this basal rate is enormously 
increased by micromolar (- 10 ,uM) amounts of Ca2+, and (iii) this rate is not in- 
creased by millimolar Mg2+. Essential to this process is an osmotic gradient across 
the planar membrane, with the side containing the vesicles hyperosmotic to the op- 
posite side. Similar osmotic gradients or their equivalent may be crucialfor biologi- 
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Exocytosis, the fusion of intracellular 
vesicles with plasma membranes and the 
subsequent extracellular discharge of ve- 
sicular contents, is fundamental to such 
diverse biological phenomena as trans- 
mitter release at synapses (1), secretion 
by endocrine and exocrine glands (2, 3), 
and raising of the fertilization membrane 
after union of sperm and egg (4). Recent- 
ly, we demonstrated that this process is 
modeled by the interaction of multila- 
mellar phospholipid vesicles with planar 
phospholipid bilayer membranes (5, 6). 
In this model system, the existence of an 
osmotic gradient across the planar mem- 
brane is a prerequisite for fusion; the cis 
compartment containing the vesicles 
must be hyperosmotic with respect to 
the opposite (trans) compartment (6). 
We noted (6) that this osmotic condition, 
or its equivalent, may be required for bi- 
ological exocytosis, and that there are 
basic similarities between fusion of phos- 
pholipid vesicles with planar phospho- 
lipid bilayer membranes, on the one 
hand, and fusion of cytoplasmic vesicles 
with plasma membranes, on the other. 
There is a major difference, however, be- 
tween these two systems in the Ca2+ re- 
quirement. Whereas millimolar amounts 
of any divalent cation (Mg2+, Ca2+, Ba2+) 
stimulate fusion in the model system (6), 
micromolar amounts specifically of Ca2+ 
are necessary to stimulate biological 
exocytosis (7, 8). This difference is not 
surprising, since phospholipids alone 
have neither the sensitivity nor the speci- 
ficity for Ca2+ manifested in exocytosis 
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(9, 10); Ca2+ sensitivity and specificity 
must arise from other components, pre- 
sumably a protein or proteins, in the 
plasma or vesicle membrane. We now 
report that fusion of multilamellar phos- 
pholipid vesicles with planar phospholip- 
id bilayer membranes is catalyzed by 10 
uMM Ca2+, but not by 1 mM Mg2+, if a cal- 
cium-binding protein extracted from syn- 
aptic membranes is included in the pla- 
nar membranes. 

Upon addition of vesicles, under ap- 
propriate conditions, to one of the two 
aqueous compartments on either side of 
a planar membrane, fusion is seen by 
two independent criteria: (i) the transfer 
of vesicular contents across the planar 
membrane into the trans aqueous com- 
partment (5) and (ii) the incorporation of 
a vesicular membrane marker into the 
planar membrane (6). The latter criterion 
is used in the present study. We chose as 
the membrane marker the intrinsic mem- 
brane protein, VDAC (the voltage-de- 
pendent anion channel), obtained from 
outer mitochondrial membranes (11, 12). 
As reported previously (6), fusion events 
are characterized by sudden jumps in 
conductance of the planar membrane; 
because vesicles can contain more than 
one channel in their outermost lamella, 
some of these jumps result from "simul- 
taneous" (within 200 ,sec) incorpora- 
tion of several channels into the planar 
membrane. 

Figure 1A demonstrates the effect of 
Ca2+ on the fusion rate of multilamellar 
vesicles with a planar phospholipid bi- 
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layer membrane that contains the cal- 
cium-binding protein. This water-insol- 
uble, membrane-associated protein which 
is partially purified from calf brain, 
has a molecular weight of - 16,000 
and a Michaelis constant (Km) for Ca2+ of 
- 15 AtM (13). In the complete absence 
of Ca2+, there is a low but finite rate of 
fusion (not shown in this record) when 
the cis compartment is hyperosmotic with 
respect to the trans side. (The osmotic 
gradient is here established by 100 mM 
glucose in the cis compartment.) This 
basal fusion rate is increased by several 
orders of magnitude on addition to the 
cis compartment of Ca2+ to a concentra- 
tion of 10 ftM. 

The requirement for an osmotic gradi- 
ent is shown in Fig. lB. In the presence 
of 10 ,uM Ca2+, no fusion occurs until the 
cis compartment is made hyperosmotic 
to the other side. An effective osmotic 
gradient can be established either by 
adding an osmoticant (solute that creates 
the osmotic gradient) to the cis com- 
partment or by removing one from the 
trans compartment. 

When calcium-binding protein is pres- 
ent in the planar membrane, the fusion 
process also shows Ca2+ specificity. Un- 
der otherwise appropriate conditions 1 
mM Mg2+ does not stimulate fusion, but 
subsequent addition of 100 AuM Ca2+ ini- 
tiates fusion events (Fig. 1C). The pres- 
ence of calcium-binding protein does not 
alter the effect of Mg2+ on fusion; con- 
centrations > 5 mM are still required for 
Mg2+ alone to promote fusion events. 
Nor does the calcium-binding protein al- 
ter any other conditions for fusion of 
multilamellar vesicles to planar bilayer 
membranes; only sensitivity and speci- 
ficity for Ca2+ are enhanced. An osmotic 
gradient across the planar membrane (cis 
side hyperosmotic) is still required; in- 
deed this alone, in the complete absence 
of divalent cation, causes fusion, albeit 
at a low rate. 

Figure 2 depicts our proposed mecha- 
nism for fusion of a phospholipid vesicle 
with a planar membrane. The figure 
shows a single-walled vesicle because 
this is a simpler physical system to ana- 
lyze than the multilamellar vesicles used 
in the present study; we have in fact ob- 
tained fusion of single-walled vesicles 
with planar membranes using conditions 
very similar to those we describe for 
multilamellar vesicles. 

For the sake of clarity, let us assume 
that both compartments as well as the 
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SCIENCE, VOL. 210, 21 NOVEMBER 1980 

vesicles initially contain 100 mosM glu- 
cose in addition to 200 mosM salt (14, 
15). If glucose is now removed from the 
trans compartment, water flows across 
the planar membrane from the trans to 

SCIENCE, VOL. 210, 21 NOVEMBER 1980 906 906 



A 
_50 pA Fig. 1. (A) The effect of Ca2+ on the rate of 

30 sec B 0 sec 
_J 50 pA fusion of phospholipid vesicles with a planar 

30 sec bilayer membrane containing calcium-bind- 
ing protein. A membrane was formed at room 

J \J ~ temperature by the brush technique (20) 
? ?1-,"_^ ^?-l?.?1 \J F- , across a 1-mm2 hole in a Teflon partition; 

cta2 t r the membrane-forming solution contained 4.5 
Liposomes Ca2+ Glucose percent asolectin, 0.5 percent diphytanoyl c 

15 pphosphatidylcholine (DPPC), and 0.5 percent calcium-binding protein. (The calcium-binding 5 
pAoc 

^ protein was dispersed in the membrane-forming solution by brief sonication immediately 30 sec 
3~sec <before we made the membrane. Within minutes the protein settled out of the decane solu- 

tion and had to be redispersed before we made a new membrane.) The membrane separates 
solutions containing 100 mM NaCl, 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), 0.1 
mM EDTA, pH 6.0 in both compartments, and, in addition, 104 mM glucose in the cis com- 
partment. The membrane potential (V) is clamped at 10 mV (trans-side positive). Several min- 
utes prior to the beginning of the record, VDAC-containing multilamellar vesicles were added to 

T t _ the cis compartment to a concentration of - 3 x 108 vesicles per milliliter. [The vesicles were 
Mg Ca prepared as previously described (6); their lipid composition was approximately 80 percent egg 

phosphatidylcholine (PC) and 20 percent bovine phosphatidylserine (PS), and their phospholipid-to-protein ratio was 25: 1 (by weight).] Fusion 
events are characterized by jumps in the current record, which represent the insertion of ion-conducting channels (VDAC) into the planar 
membrane (6). At the arrow, CaC12 is added to the cis compartment to a total concentration of 100 MtM; the concentration of free Ca2+, as measured 
with a calcium-selective electrode, was 10 /M. Numerous fusion events follow this addition. The different heights of the jumps reflect differences 
in the number of channels in the outermost lamella of the fusing vesicles. Records such as this can proceed for as long as 20 minutes without a 
plateau in fusion rate; membranes containing calcium-binding protein are not long-lived and generally break after this time. [Asolectin (lecithin 
type II-S from Sigma) was washed with acetone and ether to remove neutral lipids (21); DPPC, egg PC, and bovine PS were from Avanti 
Biochemicals.] (B) Demonstration of the requirement of an osmotic gradient for fusion of phospholipid vesicles with a planar bilayer membrane 
containing calcium-binding protein. The membrane, clamped at V = 10 mV, separates symmetrical solutions (100 mM NaCI, 10 mM MES, 0.1 
mM EDTA, pH 6.0). At the first arrow, vesicles (liposomes) are added to the cis compartment to a concentration of ~ 3 x 108 vesicles per 
milliliter, and at the second arrow Ca2+ is added to the cis compartment to a free ion concentration of 10 AM. Note that no fusion events occur in 
either the 3-minute period prior to Ca2+ addition or in the 4-minute period following Ca2+ addition. Within 30 seconds after addition of glucose 
(third arrow) to the cis compartment to a concentration of 104 mM, fusion proceeds at a rapid rate. The compositions of the planar membrane and 
vesicles are the same as in (A). (C) Demonstration of the specificity of Ca2+ in stimulating fusion of phospholipid vesicles with a planar bilayer 
membrane containing calcium-binding protein. The membrane initially separated symmetrical solutions (100 mM NaCl, 10 mM MES, 0.1 mM 
EDTA, pH 6.0). Vesicles were added to the cis compartment to a concentration of - 3 x 108 vesicles per milliliter; glucose was then added to 
that compartment to a concentration of 104 mM; just prior to the beginning of the record MgC12 was added to the cis compartment to a concentra- 
tion of 1 mM. Note that one fusion event occurs during the 3.5-minute period following Mg2+ addition. At the second arrow, CaC12 is added to the 
cis compartment to a concentration of 200 ,M, which results in a free Ca2+ concentration of - 100 pM. Within 15 seconds after this addition, 
fusion proceeds at a rapid rate. Thus, whereas 1 mM Mg2+ did not stimulate fusion, the subsequent 100 ,M Ca2+ did. The compositions of the 
planar membrane and vesicles are the same as in (A). 

the cis side because of the resulting os- 
motic gradient. When a vesicle comes in 
close contact with the planar membrane, 
the combined planar and vesicular mem- 
branes are functionally one, and water 
flows, at the region of contact, from the 
trans compartment into the vesicle, 
causing it to swell. As its contents are di- 
luted, water flows osmotically out of the 
vesicle, across those parts of its mem- 
brane not in contact with the planar 
membrane, into the cis compartment; in 
the steady state, the vesicle is swollen, 
and the osmolarity of its contents are in- 
termediate to those of the cis and trans 
compartment. (For simplicity we neglect 
solute movement into or out of the ves- 
icle either through the bilayer proper or 
through channels, such as VDAC.) If, 
however, the vesicles are almost com- 
pletely swollen before the osmotic gradi- 
ent is established across the planar mem- 
brane, the subsequent swelling bursts 
the vesicle and planar membrane at the 
region of contact before a steady state is 
reached, and the vesicular contents are 
expelled into the trans compartment 
(16). 

Establishing the osmotic gradient by 
adding osmoticant to the cis compart- 
ment rather than removing it from the 
trans compartment complicates the sit- 
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uation. If the osmoticant is somewhat 
permeant (for example, glycerol), then 
the initial shrinkage of the vesicles is fol- 
lowed by rapid swelling (within millisec- 
onds, because of their small size) back 
to their original size, and fusion proceeds 
as described above (17). If the os- 

moticant is impermeant, then the vesi- 
cles remain shrunken, and subsequent 
swelling upon contact with the planar 
membrane will not be sufficient to pro- 
duce fusion (18). 

The driving force for the fusion pro- 
cess, as we describe it, is the osmotic 

A 300 300 300 200 300 200 Fig. 2. Schematic diagram of our proposed os- 
motic mechanism for fusion of a phospholipid 
vesicle with a planar membrane. (A) (a) A 

C. 300^~~O~ O ^^C ? .shrunken vesicle is in contact with the planar 
membrane; the osmolarity on the two sides of 
the planar membrane and within the vesicle is 
300 mM. (b) The osmolarity of the trans com- 
partment has been diluted to 200 mM. Sub- 

a b c sequent water entry into the vesicle has 
caused some swelling of the vesicle and dilu- 
tion of its osmolarity to 290 mM. The rate of 
osmotic entry of water into the vesicle from 
the trans compartment (long arrow) exceeds 
the rate of osmotic exit of water from the ves- 300 300 300 200 300 200 

B icle into the cis compartment (short arrow), 
and the vesicle will continue to swell. (c) The 

300^ /290@ /~ vesicle has further swollen, and its contents 
- 

t ^? ~ t~ are now diluted to 275 mM. A steady state ex- 
C?^ ^- ^ists with the rate of water entry into the ves- 

icle equal to the rate of exit (arrows of equal 
length). No fusion occurs. (Note that the val- 
ue of 275 for the osmolarity of the vesicle con- 

^~a'~~ c 0 tents at steady state is hypothetical. The ac- 
tual value will be a function of both the ratio of the vesicle area in contact with the planar 
membrane to the area not in contact, and the ratio of the permeabilities to water of those two 
areas.) (B) Same as (A) except the vesicle in (a') is not so shrunken to start with as the vesicle in 
(a). Thus, in (b') the vesicle is maximally swollen, but the rate of water entry is still greater than 
the rate of exit. Consequently, the vesicle bursts and fuses (c'). 

907 



gradient. We believe that divalent cat- 
ions catalyze the process by increasing 
both the probability of vesicle-mem- 
brane contact and the duration of that 
contact, thus allowing time for the os- 
motic swelling to occur. For phospho- 
lipids, millimolar amounts of any diva- 
lent cation are required, whereas the 
presence of calcium-binding protein in 
the planar membrane lowers this require- 
ment to the micromolar range of Ca2+, 
specifically. Still lower Ca2+ concentra- 
tions might produce fusion if calcium- 
binding protein were present in both 
planar and vesicular membranes. Limita- 
tions in the amount of protein available 
to us thus far have precluded experi- 
ments along this line. 

The calcium-binding protein used here 
was obtained from synaptic membranes, 
but it is not clear at present whether it 
either promotes transmitter release at 
synapses or is particularly unique in its 
properties. Conceivably, many such 
binding proteins exist in neuronal or oth- 
er membranes and function in related or 
different capacities. Its molecular weight 
of - 16,000, four calcium-binding sites, 
and Km for Ca2+ of - 15 ,M are striking- 
ly similar to the properties of calmodulin 
(19); further work is required to deter- 
mine if the two molecules are related. 
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of islets in vitro and in vivo by using a 
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Fig. 1. Insulin release patterns of encapsulated and unencapsulated islets (- 1 week in culture) 
in perifusion study. Both groups showed comparable response to high and low glucose concen- 
trations. Microencapsulated islets appeared to show a slight delay in response initially (see 
text). The shaded area indicates the level and duration of glucose content (numbers are ex- 
pressed in milligrams per 100 ml) in the perifusing culture medium. 
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Abstract. Single implantation of microencapsulated islets into rats with strepto- 
zotocin-induced diabetes corrected the diabetic state for 2 to 3 weeks. The micro- 
encapsulated islets remained morphologically and functionally intact throughout 
long-term culture studies lasting over 15 weeks. 
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