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Large unilamellar vesicles (REV) containing phosphatidylserine and phosphatidylethanolamine at a ratio of 
1:3 were induced to fuse by adding calcimn (4 mM). The kinetics of fusion was monitored by fluorometry 
using terbium or dipicolinic acid-containing vesicles. The morphology and the states of vesicle aggregation 
and fusion were examined at approx. 2, 30, 60, 150 and 900 s after calcium addition, by rapid quenching and 
freeze-fracture electron microscopy. The size and the state of aggregation of vesicles are quantitated from 
4000 randomly selected vesicles. The aggregation and fusion kinetics as assayed by fluorescence volume 
mixing is very well simulated and predicted by the mass action model. The model essentially predicts the 
time course of the distribution of the aggregates and the increase in size of fused particles as measured by 
electron microscopy, although in some cases the predicted fusion rate exceeds that by morphometric 
measurement. No morphological features can be defined as fusion intermediates, although bead-Uke and 
rim-like materials may be attributed to the remnants of broken diaphragms between fusion partners. 

Introduction 

Liposomes provide a model for studying the 
mechanism of fusion between biological mem- 
branes. The understanding of the liposome fusion 
process is crucial to the use of liposomes for drug 
delivery and other applications. 

* Present address: Gaymar Industry, Inc., 10 Centre Drive, 
Orchard Park, NY 14127, U.S.A. 

* * Present address: The Liposome Company, Inc., 1 Research 
Way, Princeton Forrestal Center, Princeton, NJ 08540, 
U.S.A. 

Abbreviations: PS, phosphatidylserine; PE, phosphatidyl- 
ethanolamine; Tes, 2-{[2-hydroxy-l,l-bis(hydroxymethyl)eth- 
yi]amino}ethanesulfonic acid; DPA, dipicolinic acid. 

Correspondence: S.W. Hui, Biophysics Department, Roswell 
Park Memorial Institute, Buffalo, NY 14263, U.S.A. 

There have been many reports on the calcium- 
induced fusion of liposomes containing anionic 
lipids. When leakage is not excessive the fusion 
process can be monitored accurately by the con- 
tent mixing assays employing fluorescent solutions 
[1]. The kinetics of fusion may be described by the 
mass action kinetic model [2,3], which yields the 
distribution of vesicle aggregation-fusion products 
at various time points during the fusion process. 
While the average fusion rate can be obtained by 
using fluorescence assays, only microscopic ob- 
servation can provide the direct measurement of 
dimer, trimer, tetramer, etc. formation during the 
fusion process. 

Since the vesicles under study are mostly sub- 
micrometer size, and the fusion area is even 
smaller, the microscopic monitoring of fusion has 
to be carried out at the electron microscope level. 
Conventional sample processing for electron mi- 
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croscopy, which requires minutes to hours of fixa- 
tion and dehydration, is not suitable for this study. 
With the advance of the rapid-freezing technique 
[4,5], it is possible to arrest kinetic events at given 
time points, to the accuracy of milliseconds. This 
technique has been applied to study the mor- 
phology of calcium-induced vesicle fusion at early 
time points [6-9]. Here we report our quantitative 
study of mass action kinetics of aggregation and 
fusion by electron microscopy, and compare the 
microscopic observation with macroscopic fluores- 
cence measurements, in order to elucidate more 
details of the membrane fusion process. 

Materials and Methods 

Vesicle preparation. Phosphatidylserine (PS) 
from bovine brain, and phosphatidylethanolamine 
(PE) obtained by transesterification of egg phos- 
phatidylcholine were purchased from Avanti Polar 
Lipids (Birmingham, AL). Terbium chloride 
(TbC13) and dipicolinic acid (DPA) were 
purchased from Sigma. 

Mixed lipid vesicles composed of PS/PE (1 : 3) 
were made by the reversed-phase evaporation 
method [10]. For content mixing experiments, 
vesicles were prepared in either 2.5 mM TbC13 or 
in 50 mM DPA, as described previously [11]. All 
samples were filtered through a 0.2 btm poly- 
carbonate filter. Unencapsulated materials were 
separated on a Sephadex G-75 column. The final 
sample concentrations were adjusted to either 150 
#M or 313 #M lipid phosphate, for the conveni- 
ence of parallel fluorometric and electron micro- 
scopic experiments. The vesicles were suspended 
in 100 mM NaC1, 2 mM histidine, 2 mM Tes and 
0.1 mM EDTA (pH 7.4). 

Fluorometric measurement of fusion and leakage. 
Mixed Tb- or DPA-containing samples at a ratio 
of either 1 : 1 or 1 : 10 were placed in a cuvette. 0.5 
ml of 20 mM CaC12 stock solution was injected 
into the cuvette and rapidly mixed with the vesicle 
suspension, to a resulting Ca 2+ concentration of 4 
raM. The fluorescence (540 nm) was measured 
with an Aminco fluorometer, using an excitation 
at 475 nm. The method is essentially the same as 
that previously described [11]. The 100% Tb-fluo- 
rescence calibration was obtained by lysing all 
vesicles in 0.5% deoxycholate. 
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Leakage of vesicle content was measured by 
following the decrease in fluorescence intensity of 
pre-encapsulated Tb-DPA complex. The quantity 
D measures the percent of reduction in the fluo- 
rescence intensity following induction of fusion. 
The quantity F is the measured fluorescence in- 
tensity increase relative to maximal. The quantity 
I denotes the corrected increase in fluorescence 
intensity relative to maximal, and a 1:1 ratio of 
Tb to DPA vesicles is given by I = F + flD, where 
0.5 < fl < 1. Initially, when fused doublets are pre- 
dominant fl = 0.5. Details of the correction at 
later stages are given in Refs. 3 and 8. 

Analysis of fusion kinetics from content mixing 
data. The analysis followed the mass-action kinetic 
model [2,3,12,13], which views the overall fusion 
reaction as a sequence of two gross steps: aggrega- 
tion and fusion. Dissociation of aggregates was 
explicitly considered. The calculations were per- 
formed by a recently developed program [14] which 
extends the previous treatment [3] to higher I 
values, where I is the percent of maximal fluores- 
cence [1]. The rate constants of aggregation, fusion 
and dissociation employed are Cij(M-I-s-1),  
fo(s -1) and Dij(s-l), respectively, where i = j  = 1 
refers to aggregated dimers or fused doublets. The 
procedure usually involves the determination of 
Cla by simulating the results for dilute vesicle 
suspension where the rate of aggregation has a 
more significant effect on the overall aggregation- 
fusion reaction. Then the rate constant of fusion, 
fll,  is determined by simulating the results ob- 
tained with a concentrated vesicle suspension. The 
rate constant of dissociation, Dal, is determined 
by focusing on later stages of the reaction, i.e., 
I > 15%. 

Electron microscopy. Samples were rapidly 
frozen by the copper sandwich method as previ- 
ously described [5]. For the earliest time point, 0.1 
#1 each of the vesicle suspension and 8 mM CaC12 
were placed on either sides of the open sandwich. 
The sides were quickly closed and immediately 
propelled into cold liquid propane. The freezing 
was less than 2 s from mixing. For longer time 
intervals, vesicles and a CaC12 solution were mixed 
in test tubes. After a pre-selected interval, the 
mixture was placed in a sandwich and frozen. In 
some experiments, the fusion process was stopped 
by the addition of excess EDTA before freezing. 



132 

No cryoprotectant was used in any case. The 
freezing rate was about 5000 C ° / s  as measured 
by a miniature thermal couple. 

The samples were stored in liquid nitrogen, 
fractured in a Polaron 7500 unit at - 1 1 0  ° C, and 
replicated with C and C / P t  using Cressington 
E-beam guns. The replicas were examined in a 
Siemens 101 microscope at 40 000 x magnification. 
Because of the rarity of vesicles at this lipid con- 
centration (150/~M), almost all vesicles observed 
in replicas were photographed for statistical re- 
cords. The state of aggregation and the apparent 
diameter, p, of each vesicle on the fracture plane 
was measured and categorized. The true diameter, 
d, of vesicles was deduced by the formula (see 
Appendix) 

d = 4p /~r  

The statistical distribution and the standard 
deviation of the mean vesicle diameter for each 
sample, and the percentage of dimers, trimers, etc. 
(as visualized on the fracture plane) were de- 
termined from at least 150 vesicles for each sam- 
ple. A total of 500 micrographs taken at various 
time points were used. More than 4000 vesicles 
were counted in order to obtain a statistically 
significant distribution. The experiment was re- 
peated three times on different days, each time 
with a fresh vesicle preparation. The control sam- 
ples (without Ca 2+) were morphologically identi- 
cal. The results from three experiments were 
pooled. 

Results 

Fusion kinetics monitored by content-mixing 
A 3:1  mixture of P E / P S  was chosen because 

of the long-term stability of the fusion products. 
At 15 min after the addition of Ca 2+ (4 mM), less 
than 15% of the content had leaked. This is in 
contrast to pure PS vesicles which leak out most 
of their contents under similar conditions [1]. 

The fusion kinetics of the 3 :1  P E / P S  system 
has been measured previously [11], employing a 
single lipid concentration of 50 /~M, which was 
insufficient for a detailed analysis and was im- 
practical for sampling by freeze-fracture electron 
microscopy. To compromise between the high 
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Fig. 1. The fluorescence intensity of mixed P E / P S  (3:1)  
vesicles containing either Tb or dipicolinic acid, at a ratio 1 : 1 
(A) or 1 : 10 (B) after the addition of 4 mM Ca 2+. The curve 
(C) indicates the loss of fluorescence due to the leakage of 
encapsulated Tb-dipicolinic acid complex into the EDTA-c.on- 

mining medium. 

concentration demanded by electron microscopy 
sampling and the low concentration for fluorim- 
etry, we chose 150 M of lipid for parallel electron 
microscopy and fluorimetric measurements. 

Fig. 1 shows the changes of fluorimetric inten- 
sity, F, after Ca 2+ was added at time zero to 
mixed vesicles loaded either with Tb or DPA (at 
1 :1  and 1 :10  ratios for curves A and B, respec- 
tively). Curve C is the leakage curve. Both curves 
A and B show a continuous fluorescence increase 
due to fusion during 4 min after the Ca 2+ injec- 
tion. The net fluorescence intensity, I, curves, 
after correcting for leakage, are presented in Fig. 
2. 

If all vesicles in a 1 : 1 mixture of Tb and DPA 
vesicles fuse at least once, the corrected fluores- 
cence intensity, I, should reach 50-100% of the 
m a x i m u m  intensity, depending on whether the 
end product consists of predominantly dimers or 
of high-order fusion products [12]. The I values at 
infinite time (15 min) indicate that the fusion 
products may involve more than two vesicles but 
less than the fusion of the entire population. The 
most rapid rate of fusion occurs within 30 s of 
Ca 2+ injection, although the fluorescence intensity 
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Fig. 2. The net fluorescence intensity, calculated from the 
measured intensity and leakage shown in Fig. 1. The X points 
are calculated from the mass-action theory, using the aggrega- 

tion, fusion and dissociation rate constants given in the text. 

at the 30 s time point reaches only 24% and 30% 
of that at the 4 min time point, for curves A and 
B, respectively. 

A simulation of the fusion kinetics based on the 
mass action kinetic model was made. The rate 
constants Cij-, f~j and and Dij were determined 
from the kinetic curves of samples of two different 
lipid concentrations (150 #M, 313 #M). In the 
simulation, the calculated 1 values were obtained 
by employing the following pre-determined rate 
c o n s t a n t s :  C l l  = 4.10 7 M -1 s -x, fll  = 0.04 s -1, 
D n = 0. The simulation of 1 values at the later 
stages ( I >  15%) required setting f / j - - f l l / 6  for 
the higher order-fusion rate constants. An alterna- 
tive, but less optimal choice of large D l l  values 
could not yield a reasonable approximation of the 
experimental values for the distribution of aggre- 
gates, as shown later. The simulation produces 
exact fittings of the fluorescence data, as shown in 
Fig. 2. 

Electron microscopic studies of aggregation and fu- 
sion 

The first task for microscopic studies was to 
demonstrate that the aggregation observed by 
freeze-fracture electron microscopy was indeed re- 
versible, i.e., dissociatable by the addition of 
EDTA. The addition of EDTA stopped the fluo- 
rescence intensity increase immediately, followed 
by a slow decrease due to leakage (results not 
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shown), in agreement with previous reports [11,16]. 
Prior to the addition of calcium, most vesicles 
were in the monomer state (Fig. 3a). The reversi- 
bility of vesicle aggregation was assessed by com- 
paring the morphology of samples frozen- 
quenched at given time points after calcium injec- 
tion to the morphology of samples diluted in 
excess EDTA at the same time points. Fig. 3b and 
c shows a typical pair of these samples. Most 
vesicles observed from samples freeze-quenched at 
30 s after the Ca 2÷ injection were already aggre- 
gated, while those diluted in EDTA at the same 
time point and then freeze-quenched were pre- 
dominantly single vesicles (monomers). Ap- 
parently, most of the aggregates were dispersed by 
the addition of excess EDTA. However, the dis- 
persion was not instantaneous. When EDTA was 
added 10 s after the addition of Ca 2÷, 13% of the 
vesicles remained as dimers. The percentage 
dropped to 5% at 1 min. The calcium-induced 
aggregation was morphologically distinct from the 
forced concentration of vesicles by ice-crystal ex- 
clusion, which was observed in between the ice 
crystals and only in highly concentrated and badly 
ice-damaged samples, independent of sample 
treatment. 

Having established the reversibility of aggrega- 
tion upon addition of EDTA, we proceeded to 
quantitate the percentage of vesicles in monomer, 
dimer, trimer and higher order aggregates at each 
time point. It should be noted that the sample 
features are not homogeneous, i.e., several of the 
same features may be observed at various frequen- 
cies at different time points. Fig. 3c-e represent 
the majority, but not the exclusive features, at 
these time points. The results are plotted in Fig. 4. 
Since the theory predicts vesicle numbers and 
assumes all vesicles are of uniform size initially, 
the results obtained from polydispersive experi- 
mental samples have to be expressed in terms of 
the percentage of lipids (surface area) rather than 
the percentage of vesicle counts. 

The experimental points in Fig. 4 illustrate the 
changes of the vesicle distribution due to aggrega- 
tion and fusion. Initially, before the addition of 
Ca 2÷, which induces aggregation and fusion, the 
distribution consists predominantly of monomers. 
After 30 s, the number of monomers has signifi- 
cantly dropped due to aggregation, and more than 
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Fig. 3. Typical freeze-fracture electron micrographs of P E / P S  (3:1) vesicles before (a), and after (b-e)  the addition of Ca 2+. Excess 
EDTA was added after 30 s (b), frozen-quenched after 30 s (c), 2 min (d) and 15 rain (e) in 4 mM of Ca 2+. Bar = 100 nm. 
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Fig. 5. The size dispersion of vesicles measured by electron 
microscopy. Vesicle diameters were corrected from cross-sec- 
tion measurements. The curves represent samples of control 
(pre-calcium) ~ ,  30 s . . . . . .  , 1 rain . . . . .  and 3 min 
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Fig. 3 (continued). 

half of the vesicles are found in aggregates of three 
or more. After 15 min, the monomers again com- 
prise most of the population. The calculations 
yield the same trend, albeit a significant under- 
estimation of the number of polymers. The ex- 
planation of the phenomenon is straightforward. 
While aggregation reduces the number of mono- 
mers, fusion among aggregated vesicles produces 

monomers of larger sizes as the end product. As 
the overall aggregation-fusion reaction proceeds, 
more vesicles in an aggregate have a chance to 
fuse, so that the fraction of monomers rises again 
at the expense of the high-order aggregates. 

The size of vesicles 
The cross-fracture size measurement obtained 

from freeze-fracture electron micrographs repre- 
sents random cross sections of vesicles at various 
latitudes rather than the equatorial cross section. 
The cross-section diameter, p, of the vesicle is 
related to the equatorial diameter, d, by a stereo- 
logical correction factor 4/~r (see Appendix). 
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Fig. 4. The changes of the vesicle aggregation state as a 
function of time, as quantitated from freeze-fracture electron 
micrographs. The results calculated from the mass-action the- 

cry are drawn as smooth curves for comparison. 
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Fig. 6. The mean vesicle diameter at each time point after the 
addition of Ca 2+. The mean values of monomers alone (e) and 
of all vesicles ( × )  are drawn separately. The curve is the best 

fit for monomers. 
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Fig. 7. Detailed structures of fusing P E / P S  (3 : 1) vesicles frozen-quenched at given time points after the addition of calcium (a) 2 s: 
(b) 37 s; (c) 64 s; (d and e) 154 s. Arrows indicate features possibly representing remnants  of fusion, as discussed in the text. 

Bar = 100 nm. 



Fig. 7 (continued). 

The extremely broad size dispersion, even be- 
fore the experiment begins, renders mean size 
measurement inaccurate. This fact is usually over- 
looked in many reported fusion quantitations, 
which tend to regard all vesicles as having the 
same size initially. The degree of polydispersity is 
illustrated in Fig. 5. The uncertainty due to size 
dispersion is the main source of error in Figs. 4 
and 6). 

The size of vesicles increases beyond standard 
error as a result of fusion. Since monomers are the 
principal 'end product '  at the 15 rain time point, 
their size is categorized separately. The mean sizes 
of monomers and of all vesicles at each time point 
are given in Fig. 6. 

Within the uncertainty in size, the mean diame- 
ter of the monomeric end product is 1.8-times that 
of the initial monomers. The increase corresponds 
to a 3-fold surface increase, indicating a 3 :1  fu- 
sion ratio. In other words three vesicles of 200 nm 
diameter would fuse into one vesicle of 350 nm 
diameter if the surface was conserved (Fig. 5). 
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However, since monomers are not the only form 
of the end product, a comparison with the overall 
mean diameter of all forms of vesicles is more 
appropriate. The corresponding increase in the 
mean diameter is 1.5, which translates to roughly 
a 2.25-fold increase in surface area. The error 
caused by size polydispersity makes more detailed 
analysis unwarranted. 

Fusion intermediate structures 
The fraction of vesicles undergoing fusion at 

any given time interval, such as the freezing time 
from t 1 t o t  1 + A t  is 

ftl I + at(d f / d t  ) dt 

where f ( t )  is the fraction of total fusion events 
that has already occurred at time t. This is true if 
the life-time of the transient fusion intermediate is 
shorter than the freezing time At. The function 
f ( t )  is usually measurable, as given in Fig. 2. The 
probability to arrest and observe a fusion inter- 
mediate by freeze-fracture electron microscopy is 
then S[ f ( t  I + A t ) - - f ( t l )  ] where S is the spatial 
probability that the fracture plane cuts through a 
fusion site. Since our fusion kinetics, f ( t )  is rather 
slow compared to At (about 1 ms), the probability 
is extremely low. The more common structural 
features shown below may not represent fusion 
intermediates. 

Immediately after the mixing of calcium with 
vesicles, membrane /membrane  contact is ob- 
served (Fig. 7a). At 37 s, the contact areas (di- 
aphragms) were widened and flattened, but still 
consisted of two layers of membranes, as shown in 
Fig. 7b. The vesicle at the upper left corner prob- 
ably represents the external view of vesicles in 
contact. When the contact diaphragm was re- 
moved by fusion, there was a remnant of the 
partitioning membrane in the form of an irregular 
string of beads on the vesicle wall. At 64 s, some 
of these partition remnants (beaded strings) were 
seen to end on the inside wall of the attached 
vesicles along the contact diaphragm (Fig. 7c). At 
2 rain 34 s, two forms of feature were seen along 
the vesicle contact region, a continuous rim (Fig. 
7d) or a regular string of beads (Fig. 7e) cir- 
cumventing a periphery where the partition had 
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existed. Emphasis is laid again on the heterogene- 
ity of the samples, i.e., the features ~ shown above 
are not restricted to these time points. No hexago- 
nal II structures were observed at the fusion sites. 

Discussion 

Although electron microscopy is often used to 
study the membrane fusion process, it is very 
seldom applied in a quantitative sense to monitor 
the kinetic process. On the other hand, spectro- 
metric and fluorometric measurements need the 
microscopic basis for interpretation, and an incor- 
rect microscopic assumption can lead to serious 
misinterpretations. The main obstacles in using 
electron microscopy data quantitatively are poor 
timing and sampling, and the difficulty in image 
quantitation. Both of these problems are solved 
with the modem image analysis technique. 

With the advance of the rapid freezing method, 
it is expected that electron microscopy will be 
used more often as a dynamic and quantitative 
tool in membrane research. Our measurement of 
aggregation, in terms of mapping the kinetics of 
oligomer formation is such an example. The fu- 
sion measurement is less accurate due to the un- 
certainty in size measurement which is the only 
microscopic criterion. Nevertheless, the trend in 
Fig. 6 follows that predicted by fluorescence con- 
tent mixing in Fig. 2. The polydispersiveness of 
vesicle sizes (Fig. 5), which is the major source of 
error in microscopy, is not a serious obstacle in 
fluorescence content mixing assays. 

The quantitative microscopy results indicate 
that the calculations based on a mass action model 
can yield simulation and prediction of volume 
mixing kinetics due to fusion. Furthermore, the 
calculated distributions of vesicle aggregation 
agree in general with freeze-fracture results. Ini- 
tially, most of the vesicles are monomers. Follow- 
ing the addition of Ca 2+, dimers, trimers, tetra- 
mers, etc. are formed, but at the same time dimers 
are fused to form a larger monomer, trimers fuse 
to dimers and then to monomers, etc. The quan- 
tity K=fla/(CuVo), in which V o is the molar 
concentration of vesicles, determines whether the 
aggregation or fusion per se is the rate-limiting 
step to the overall aggregation-fusion reaction. In 
the case where lipid concentration is 150 M, V o = 

1.8- 10 -9 M, and using f l l  = 0.04 s -1, and Cll = 4 
• 10 7 M - 1 .  s-1, yields K = 0.6, which means that 
the actual fusion step is rate limiting step, in 
which case fusion follows particle aggregation in- 
stantaneously. Thus, in this concentrated (150 #M) 
lipid suspension the calculated I values are very 
sensitive to f values, which consequently can be 
sharply defined by the experimental data. While 
the value Dll = 0 was employed, it cannot be 
ruled out that D l l  might be of the order of 0.001 
s-1. Thus, our results do not imply that the aggre- 
tation is irreversible, but  rather that aggregate 
dissociation is a relatively slow process in com- 
parison with vesicle fusion, unless excess EDTA is 
added. It may be noted that a value Dll = 0.01 
s -1 would yield a sharp disagreement of the 
calculated distribution with the freeze-fracture re- 
suits, overestimating the number of monomers 
and underestimating the number of vesicles in 
high-order aggregates at t = 30 and 60 s. In fact, a 
lower fusion rate ( fH = 0.02 s -1) gives a better fit 
of the freeze-fracture quantitation, although it de- 
viates from the fluorescence content mixing data. 
The experimental data also underestimate the 
number of oligomers, because some aggregation 
partners may be lost above or below the fracture 
plane. As Fig. 4 indicates, the calculations based 
on fluorometric data still capture the time course 
of the development of vesicle distribution reasona- 
bly well. Perfect agreement cannot be expected, 
because of statistical uncertainty in vesicle num- 
bers in the sampling by random fracture planes 
studied, and because of the approximate nature of 
the equations employed, particularly at later times. 
A better fit may require fine tuning of the higher- 
order rate constants, i.e., an increase in the num- 
ber of parameters, whereas our approach has been 
to capture the essential features with a minimal 
number of parameters. 

A comparison of the results of fusion of our 
large unilamellar vesicles of P S / P E  1 : 3 with those 
previously obtained for the fusion of pure PS 
vesicles indicates the following characteristics. The 
overall fusion rate of pure PS vesicles appears to 
be faster than that of P S / P E  1 : 3 vesicles. How- 
ever, the rate constants Cll and f l l  are similar 
and dissociation of aggregates at room tempera- 
ture is not a major effect in both cases 
[2,3,13,15-18]. For  instance, in the presence of 5 



mM Ca 2+, Cl l  and f n  values reported for PS 
large unilamellar vesicles are 6.5.107 M -1 .  S -1  

and 0.08 s -1, respectively. In the presence of 4 
mM Ca 2÷, the corresponding values found are [19] 
Cll = 3.3.107 M -1 • s -1, f l l  = 0.05 s -1, and dll 
= 0. In contrast, our simulation required the re- 
duction the higher-order fusion rate constants, i.e., 
fij =f11/6. This means that the Ca2+-induced fu- 
sion of P S / P E  is initially very similar to that of 
pure PS, but later on it slows down. In contrast to 
PS vesicles that exhibit a large degree of leakage 
initially and collapse at the later stages, P S / P E  
vesicles retain more than 85% of their contents 5 
min following induction of fusion. Initially, the 
leakage associated with Ca2÷-induced fusion of 
P S / P E  1 : 3 vesicles is about one half of that of PS 
vesicles, the criterion for comparison being leakage 
per fusion, or per fluorescence increase [2]. 

Recent studies on Ca2+-induced fusion of PS 
vesicles demonstrated a steep increase of f values 
as a function of Ca 2÷ bound per PS. The expected 
binding ratio of Ca2+/PS is significantly less in 
P S / P E  1 :3  vesicles than in pure PS vesicles 
[2,15,16]. Hence, the fact that fla values for PS 
are equal to those for P S / P E  can be interpreted to 
indicate that the addition of PE to PS makes the 
vesicles more fusogenic in the first round of fu- 
sion. It has also been reported in previous studies 
that addition of PE to certain phospholipid mix- 
tures promotes membrane fusion [11,20,21]. 

The non-bilayer structures exhibited in PE-con- 
taining vesicles have been associated with fusion 
[22]. We did not observe any hexagonal II phase 
in any of our freeze-fracture electron micrographs. 
The bead-like lipidic particles appeared not at the 
high fusion rate time point of 30 s, but rather at 
the later time points of 64 and 154 s. This finding 
is in agreement with others [6-8] who also failed 
to see any non-bilayer intermediates at the 
calcium-induced vesicle fusion sites. It is possible 
that the fusion time is too short, or that the fusion 
is too unsynchronized to give a significant prob- 
ability at any given moment. The time, A t, taken 
to cool the sample from room temperature to say 
- 2 0 ° C  is about 1 ms. The value [f(t 1 +At)- -  

f ( t l ) ]  is at most, a fraction of 1%. The S prob- 
ability is likely to be less than 0.1. Therefore, the 
failure to catch a fusion intermediate by rapid 
freeze is not surprising. 
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The 'beads'  and 'rims' (on collar) which can be 
observed in Fig. 7 were also reported by Kachar et 
al. [9] who proposed a model to explain their 
observation. These rims and ordered strings of 
beads (Fig. 7e) could be excess membrane materi- 
als accumulated around the broken partition. It is, 
however, interesting to note that the beads become 
more continuous as time passes, due, perhaps, to 
more material being accumulated at a later time 
point. However, the beads cannot be the fusion 
intermediate, since more of them are seen later, 
when fusion slows down. 

In conclusion, our quantitative microscopy and 
fluorescence experiments have shown that the 
mass-action fusion kinetics is microscopically cor- 
rect. The morphological data support the aggrega- 
tion-fusion time sequence deduced from macro- 
scopic measurements. 
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Appendix 

Assume a sphere of radius, a, cut by parallel 
planes. The cross-section discs have radii, y, given 
by 

y = a2~TL~- x 2 

where x is the perpendicular distance from the 
center of the sphere to the discs. The average 
value of y over the entire height of the sphere 
from ( - a )  to ( + a )  is 

Evaluation of the integral gives 

P = ~ra/4 
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or in terms of the diameters of the vesicle and of 
the cross section, d and p, respectively 

d = 4 p / ~ r  
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