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The kinetics of Ca 2+ -induced fusion of large (0.1 pm) unilamellar cardiolipin/phosphatidyicholine (1:1) 
vesicles have been investigated by continuous monitoring of the mixing of the aqueous vesicle contents. In 
parallel, release of vesicle contents to the external medium has been followed. Initial fusion of the vesicles is 
non-leaky, release of vesicle contents being largely a secondary phenomenon. The minimal Ca 2+ concentra- 
tion required for fusion in this system is approx. 9 mM. At higher Ca z+ concentrations fusion is extremely 
fast, occurring on the time scale of seconds. 

Although phospholipids in biological mem- 
branes are generally considered to be organized in 
a bimolecular leaflet structure, several functional 
capacities of membranes are difficult to reconcile 
with this concept. A prominent example is mem- 
brane fusion, which obviously requires the phos- 
pholipids to deviate, even if transiently, from a 
bilayer arrangement. Thus, phospholipids which 
can adopt non-bilayer conformations have been 
suggested to be involved in the formation of inter- 
mediary structures during membrane fusion [1-3]. 
Among these phospholipids are cardiolipin (CL) 
and phosphatidylethanolamine. In the absence of 
divalent cations beef-heart cardiolipin adopts the 
bilayer arrangement, but in the presence of Ca 2+ 
or Mg 2+ the hexagonal (Hn) phase is preferred, as 
detected by X-ray diffraction [4,5] or 31p-NMR 
measurements [6]. In mixtures of cardiolipin and 
the bilayer-forming lipid phosphatidylcholine (PC), 
Ca 2+ has been shown to produce an intermediate 
molecular organization, the lipidic particle, which 
is thought to represent an inverted micellar struc- 

Abbreviation: Tes, N-tris(hydroxymethyl)methyl-2-amino- 
ethanesulfonic acid. 
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ture [7-9]. Furthermore, in CL/PC vesicles ag- 
gregated by addition of CaC12, lipidic particles 
have been observed at the site of contact between 
the vesicles [2]. Although there has been some 
debate as to the nature of the lipidic particles 
[10-13] their preferential localization between in- 
teracting vesicles suggests a possible involvement 
in bilayer fusion. 

In the present paper we demonstrate the fusion 
of large unilamellar CL/PC vesicles as monitored 
by the Tb/dipicolinate assay for mixing of inter- 
hal contents [14-16]. Briefly, Tb(citrate) 6- is en- 
capsulated in one population of vesicles and an 
excess of the anion of dipicolinic acid (DPA) in 
another. Fusion results in the fast formation of the 
fluorescent Tb(DPA)]- complex, which can be 
monitored continuously. The presence of EDTA 
and Ca 2+ in the external medium effectively pre- 
vents the formation of the Tb /DPA complex out- 
side the vesicles [15]. Release of vesicle contents is 
measured in separate experiments employing the 
dequenching of carboxyfluorescein (CF) upon di- 
lution [14-17]. 

Large unilamellar vesicles were prepared in the 
desired aqueous media, from an equimolar mixture 
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(phosphorus  ratio, 2: 1) of  beef-heart  cardiol ipin 
(Sigma) and egg-yolk phosphat idylchol ine (Sigma) 
by  reverse-phase evaporat ion [18], and sized to 0.1 
/~m by successive extrusion [19] through 0.2 # m  
and 0.1 /~m Unipore  polycarbonate  filters (Bio- 
Rad), as described before [15]. The vesicles were 
separated f rom non-encapsula ted material by  gel 
filtration on BioGel A 0.5 m (BioRad). Internal  
aqueous contents  of  the vesicles were as follows. 
Tb-vesicles: 5.0 m M  TbCI 3 (Alfa), 50 m M  sodium 
citrate; dipicolinate-vesicles: 50 m M  sodium dipi- 
colinate (Sigma), 20 m M  NaC1; CF-vesicles: 50 
m M  carboxyfluorescein (sodium salt). Carboxy-  
fluorescein was obtained from Eas tman and puri- 
fied by  ch romatography  on Sephadex LH20 (Ref. 
17). All aqueous media  contained 2 m M  L-histi- 
dine and 2 m M  Tes, adjusted to a final p H  of  7.4. 
The t rapped volume of  the vesicles was 3 .5-4  
1 /mol  of lipid, based both  on the encapsulat ion of  
Tb, dipicolinate or carboxyfluorescein (see Ref. 
15) and on that of  I m M  [14C]sucrose, which in 
some experiments was added to the aqueous media 
as a marker  for the encapsulated volume. Fluores- 
cence measurements  were performed with a Perkin 
Elmer MPF43 fluorimeter in a final volume of  2.0 
ml 100 m M  NaC1, 2 m M  t-histidine, 2 m M  Tes, 
0.1 m M  E D T A  (pH 7.4), which was stirred mag- 
netically and maintained at a temperature of  25°C. 
Routinely,  the medium in the cuvette contained 
CaC12 and fusion was initiated by injection of  a 
small aliquot of  a concentrated vesicle suspension 
with a Hami l ton  Syringe. Final lipid concentra t ion 
was 0.1 mM. The T b / D P A  complex was excited 
at 276 nm, fluorescence was measured at 545 nm 
with a cut-off  filter ( >  520 nm) between sample 
and monochromator .  The fluorescence scale was 
calibrated [15] such that the intensity recorded 
during the fusion assay represented the percentage 
of  the total amount  of  Tb, associated with dipico- 
linate. Carboxyfluorescein was excited at 430 nm 
and emission was measured at 520 nm. For  
calibration of  the scale maximal  fluorescence was 
determined by lysing 0.1 m M  of  the vesicles with 
1% ( v / v )  Tri ton X-100. 

Fig. 1A shows the kinetics of  Tb fluorescence 
increase upon  introduct ion of  a 1:1 mixture of  
Tb-  and DPA-vesicles into a medium containing 
various concentra t ions  of  Ca 2+ . Very little fluores- 
cence was seen at Ca 2+ concentrat ions of  8 m M  or 
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Fig. 1. Ca2+-induced fusion of CL/PC vesicles. 0.1 ml of a 
vesicle suspension (concentration, 2.0 mM lipid phosphorus) 
was injected into a cuvette with 1.9 ml Ca2+-containing 
medium. Final millimolar Ca 2+ concentrations are indicated. 
Either Tb- and DPA-vesicles, premixed in a 1 : 1 ratio (A) or 
carboxyfluorescein-vesicles (B) were used. In some experiments 
a small aliquot of a concentrated EDTA solution was added to 
a 2-fold molar excess over Ca 2+ (see arrows); the dashed lines 
represent the fluorescence intensity after correction for the 
dilution as a result of the addition of the EDTA solution. 

less. At  9 m M  or higher a significant development  
of  Tb fluorescence was observed, the initial rate of 
which increased rapidly with the Ca 2+ concentra-  
tion (Fig. 2). Extremely high rates of  fusion were 
at tained at the higher Ca 2+ concentrat ions.  For  
example, at 20 m M  Ca 2÷ the initial rate of Tb 
fluorescence increase was approx.  30%/s.  With 
even higher Ca 2 + concentrat ions the initial rate of  
fusion leveled off  at a value which could not  be 
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Fig. 2. Dependence  of C L / P C  vesicle fusion on  the Ca  2+ 

concent ra t ion .  In i t ia l  ra tes  of Tb  f luorescence increase were 

de te rmined  f rom the tangents  to  the f luorescence curves. Con-  

d i t ions  were as indicated in the legend to Fig. I. At the higher 
rates of fusion fluorescence was recorded at high recorder chart 
speeds. 

determined accurately due to instrumental limita- 
tions. It should be noted that these high fusion 
rates are achieved in relatively dilute vesicle sus- 
pensions. In more concentrated suspensions fusion 
will be even faster since the process is second-order 
with respect to the vesicle concentration (results 
not shown). 

Addition of excess EDTA at various stages 
after the initiation of the fusion resulted in an 
immediate arrest of the process and in an almost 
complete fixation of the Tb fluorescence intensity 
(Fig. 1A, dashed lines), indicating an effective 
sequestration of the T b / D P A  complex from the 
external medium. 

The threshold Ca 2+ concentration required for 
fusion of C L / P C  vesicles is dependent on the 
relative amounts of the two lipids in the vesicle 
bilayer. Like with vesicles containing phosphati- 
dylserine rather than cardiolipin as the negatively 
charged lipid [20,21] the threshold value increases 
with increasing phosphatidylcholine content of the 
bilayer (results not shown). 

The secondary decrease of the Tb fluorescence 
at the higher Ca 2+ concentrations (Fig. 1A) pre- 
sumably resulted from release of vesicle contents 
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and subsequent quenching of the Tb fluorescence 
in the external medium. We confirmed this em- 
ploying a direct assay for leakage based on the 
d i l u t i o n - i n d u c e d  d e q u e n c h i n g  of  carbo-  
xyfluorescein fluorescence [ 14-17]. The results are 
shown in Fig. lB. At the lower Ca 2+ concentra- 
tions very little release of carboxyfluorescein oc- 
curred, whereas at the higher concentrations, as 
expected from the Tb fluorescence curves, release 
was extensive. In all cases the initial rate of 
carboxyfluorescein release was very small as com- 
pared to the corresponding rate of Tb fluorescence 
increase. For example, at 9 mM Ca 2+ the rate of 
Tb fluorescence increase was 8.5%/min and that 
of carboxyfluorescein release 0.4%/min. At 9.5 
mM Ca 2+ these values were 53%/min and 
3%/min, respectively. In this respect it should be 
noted that during the first round of fusion in a 1 : 1 
mixture of Tb- and DPA-vesicles only half of the 
fusion events is productive in terms of fluores- 
cence, the probablity of Tb-DPA fusion being 0.5. 
Consequently, the initial rate of Tb fluorescence 
increase is an underestimate of the actual rate of 
fusion by a factor of 2. Corrected rates of fusion at 
9 and 9.5 mM Ca 2+ are therefore 17%/min and 
106%/min, respectively. These values are approx. 
40-fold higher than the corresponding rates of 
carboxyfluorescein release, indicating that initially 
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Fig. 3. Fusion of CL/PC vesicles at 15 mM Ca  2+ . Conditions 
were as indicated in the legend to Fig. 1. Fluorescence was 
recorded at high recorder chart speed. 
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fusion is largely a non-leaky phenomenon. This 
also holds at the higher Ca 2+ concentrations, as 
shown in Fig. 3, where Tb and carboxyfluorescein 
fluorescence curves at 15 mM Ca 2÷ are presented 
on an extended time scale. As with the Ca 2÷- 
induced fusion of phosphatidylserine vesicles [14- 
16], leakage of contents appears to be a secondary 
process presumably related to collapse of the 
vesicles following their fusion. 

The above results basically confirm the conclu- 
sion from previous freeze-fracture studies [2,10,13], 
that C L / P C  vesicles fuse under the influence of 
Ca 2+ . However, there is a major discrepancy with 
respect to the kinetics of the fusion process and 
the threshold Ca 2+ concentration required. Verkleij 
et al. [2] incubated C L / P C  vesicles with Ca 2+ for 
30 min at a high lipid concentration. At final Ca 2 + 
concentrations as low as 2 mM they observed large 
vesicles and aggregated structures with lipidic par- 
ticles at contact sites between the vesicles. These 
structures were proposed to represent fusion inter- 
mediates. Our present work demonstrates that fu- 
sion occurs at extremely fast rates even in dilute 
vesicle suspensions. This implies that the fusion 
even per se is a very rapid process and, conse- 
quently, that the period of time during which a 
fusion intermediate will exist must be extremely 
short. Therefore it would seem highly unlikely that 
fusion intermediates can be visualized at a signifi- 
cant frequency after incubation periods of many 
minutes. The structures observed presumably rep- 
resent equilibrium states rather than dynamic in- 
termediates. 

With respect to the discrepancy in Ca 2÷ 
threshold concentration between the work of 
Verkleij et al. [2] and our results, we considered 
the possibility that in the freeze-fracture study, in 
order to avoid dilution of the vesicle suspension, 
CaCI 2 was added as a small aliquot of a con- 
centrated solution. This would result in a transient 
exposure of a fraction of the vesicles to local Ca 2 + 
concentrations that are higher than the final con- 
centration, which in turn would result in aggrega- 
tion and fusion of this fraction of the vesicles. To 
test the feasibility of this explanation we per- 
formed the experiment shown in Fig. 4. When, 
rather than addition of vesicles to a Ca 2÷- 
containing medium, a small aliquot of a 0.4 M 
CaC12 solution was added to a dilute vesicle sus- 
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Fig. 4. Fusion of  C L / P C  vesicles upon addit ion of  a 
concentrated CaCI 2 solution. A small aliquot of a 0.4 M CaC12 
solution was injected into a cuvette containing a 1 : 1 mixture of 
Tb- and DPA-vesicles at a final lipid concentration of 0.1 mM 
(lipid phosphorus). Final millimolar Ca 2+ concentrations are 
indicated. 

pension, a rapid transient fusion process was ob- 
served. This also occurred under conditions where 
the final Ca 2+ concentration was below the 
threshold value of 9 mM. This indicates that a 
fraction of the vesicles fused as a result of brief 
exposure to a locally high Ca 2 ÷ concentration. In 
view of the short period of time required for 
complete mixing of the solutions in the cuvette 
( <  1 s), the rate of fusion must have been very 
high, but not inconsistent with the fusion rates 
presented in Figs. 2 and 3. It should be noted that 
with more concentrated vesicle suspensions, such 
as those used in freeze-fracture studies, rates will 
be even higher since the fusion process is second- 
order with respect to the vesicle concentration, as 
mentioned above. 

In conclusion, our present results demonstrate 
that C L / P C  (1:1) vesicles in dilute suspensions 
fuse at high rates in the presence of C a  2+ at 
concentrations of approximately 9 mM or higher. 
Fusion is essentially non-leaky initially, but release 
of vesicle contents does occur as a secondary pro- 
cess, presumably due to collapse and complete 
transformation of the vesicles. Our observation 
(Fig. 4) of rapid fusion during transient exposure 
of vesicles to locally high C a  2+ concentrations 
raises the possibility that the dimpled vesicles car- 



tying lipidic particles, observed at low, final, Ca 2÷ 
concentrations (Ref. 2) were also formed as a 
result of an initial very brief exposure of part of 
the vesicles to high Ca 2÷ concentrations. This un- 
derlines that these structures, which were visual- 
ized after a subsequent incubation of 30 min, 
presumably represent equilibrium states rather 
than dynamic intermediates. This conclusion, how- 
ever, does not exclude the possibility that lipidic 
particles or other hexagonal-like structures are in- 
volved in a dynamic intermediate structure during 
CL/PC vesicle fusion. Answering that question 
will require the application of fast-freezing tech- 
niques and freezing of the samples after very brief 
exposure to Ca 2÷ . 
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