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THE QUESTION OF LIPIDIC PARTICLES AS INTERMEDIATES IN MEMBRANE FUSION 
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We have examined the early events in Ca2+-induced fusion of large (0.2 ~tm diameter) unilamellar 
cardiolipin/phosphatidylcholine and phosphatidylserine/phosphatidylethanolamine vesicles by quick-freez- 
ing freeze-fracture electron microscopy, eliminating the necessity of using glycerol as a cryoprotectant. 
Freeze-fracture replicas of vesicle suspensions frozen after 1-2 s of stimulation revealed that the majority of 
vesicles had already undergone membrane fusion, as evidenced by dumbbell-shaped structures and large 
vesicles. In the absence of glycerol, lipidic particles or the hexagonal H u phase, which have been proposed to 
be intermediate structures in membrane fusion, were not observed at the sites of fusion. Lipidic particles 
were evident in less than 5% of the cardiolipin/phosphatidylcholine vesicles after long-term incubation with 
Ca 2+ , and the addition of glycerol produced more vesicles displaying the particles. We have also shown that 
rapid fusion occurred within seconds of Ca 2 + addition by the time-course of fluorescence emission produced 
by the intermixing of aqueous contents of two separate vesicle populations. These studies therefore have 
produced no evidence that lipidic particles are necessary intermediates for membrane fusion. On the 
contrary, they indicate that lipidic particles are structures obtained at equilibrium long after fusion has 
occurred and they become particularly prevalent in the presence of glycerol. 

Introduction 

Reiss-Husson in 1967 [1] and Luzzatti et al. in 
1968 [2] first described the structural characteris- 
tics of the hexagonal (H n) phase of phospholipids 
such as phosphatidylethanolamine (PE), and phos- 
phatidylcholine (PC). The HII phase is composed 
of hexagonally packed rod-like structures in which 
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head-groups line the inside of the rod and acyl 
tails radiate outward. Other investigators later re- 
ported that cardiolipin (CL) and phosphatidic acid 
(PA) membranes undergo a phase transition from 
lamellar (L~) to H n in the presence of divalent 
cations [3-5]. Recently, it has been claimed that 
the fusion of model and natural membranes pro- 
ceeds via the formation of the H H phase or in- 
verted micelle structures [6-8]. More specifically, 
it has been proposed that the formation of lipidic 
particles [9-11], which have been observed with 
freeze-fracture preparations in the presence of 
glycerol, are essential for initiation of fusion be- 
tween membranes [ 12,13]. 

In contrast to the above, we have already dem- 
onstrated that fusion can be induced under condi- 
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Fig. 1. Quick-frozen vesicles. X60000. Bar = 0.2 i.tm. A. A 0.2 i.tm vesicle, quick-frozen. The diameter of the vesicles ranges from 0.08 
to 0.2 ~tm. B. Several PC:CL vesicles fusing after being injected with 5 mM CaCI 2 (final concentration) 1 s prior to quick-freezing. 
The average diameter of fused vesicles was 0.4 i.tm. C. Two large egg PE:PS vesicles captured by quick-freezing in the process of 
fusion. D. Lipidic particles decorate this PC:CL vesicle incubated for 2 h in Ca 2÷ and glycerol. E. The particles apparent following a 
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Fig. 2. Comparison of lipidic particles and the intramembranous particles of cells. X60000. Bar = 2 p.m.A. A guinea-pig sperm cell, 
fixed, cryoprotected with 25% glycerol for 2 h quenched in liquid Freon 22 and frozen in liquid N 2, as  described [30]. Both large and 
small (arrows) clearings occupy the site of future sperm-egg fusion. The size of the larger intramembranous particles ringing the 
clearings as well as the size of the smaller clearings is similar to the particles and clearings seen in glycerinated, Ca 2 + incubated 
PC : CL liposomes (B). 

t ions  which  do  no t  resul t  in  the f o r m a t i o n  of the 

H H phase  or  l ipidic  part icles .  F o r  example ,  vesicles 
c o m p o s e d  of  phospha t i dy l s e r i ne  (PS) do  n o t  u n -  

dergo  H H phase  t rans i t ions ,  b u t  fuse extens ively  in  
the  p resence  of  Ca  2+ [14,15]. F u r t h e r m o r e ,  PS :  PE 

( t r a n s p h o s p h a t i d y l a t e d  f rom egg PC) vesicles un-  
de rgo  Ca  2 + - i n d u c e d  fus ion  at t empera tu re s  well 

be l ow  the l a m e l l a r - t o - H  H t r ans i t i on  t emp e ra t u r e  
of  PE [16,17]. These  vesicles, or  PS : egg PE vesicles, 
a lso fuse in  the p resence  of  Mg  2÷ (Ref.  16 an d  

Diizgi~ne§, N. ,  u n p u b l i s h e d  data) ,  which  does  no t  
i n d u c e  the Hl l  phase  f o r m a t i o n  in  mix tures  of  PS 
wi th  egg PE or  soya PE  [7,18]. W e  have  also s h o wn  

that  m e m b r a n e s  m a d e  of a mix tu re  of  phospha t i -  

dy l inos i to l  a n d  d i m y r i s t o y l p h o s p h a t i d y l e t h a n o l -  

amine ,  which  does  no t  t r a n s f o r m  in to  the H n 
phase  over  the phys io logica l  t empera tu re  r ange  
[ 19-21 ], c an  u n d e r g o  Ca  2 + - i n d u c e d  fus ion  as long  

as the m e m b r a n e  is above  the ge l - to- l iquid-crys ta l -  
l ine  t r ans i t i on  t e m p e r a t u r e  [22]. 

In  o rder  to r e - examine  the role of  l ipidic  par-  

t icles or the L~ ~ HI1 t r ans i t i on  in  fusion,  we have 

u n d e r t a k e n  to s t udy  the fus ion  character is t ics  of  
two m e m b r a n e  sys tems by  morpho log ic  a n d  fluo- 
rome t r i c  techniques .  We  have e m p l o y e d  the 
quick-f reeze  device of Heuse r  et al. [23] to observe  
the early stages of  vesicle fus ion  fo l lowing Ca  2+ 
add i t ion .  Th i s  t e chn ique  also pe rmi t t ed  us to assess 

2 h incubation in Ca2*/glycerol outline a cleared circle the same size (0.2 p.m) as unfused vesicles. F. A few clustered particles adorn 
some PC:CL vesicles after a 2 h incubation in Ca 2+ alone. G. The sequence of fusion events in the outer leaflet of PC:CL vesicles 
pre-incubated with glycerol for 2 h and then injected with Ca 2+ 1 s prior to quick-freezing. Two vesicles on the bottom right have 
aggregated. At the top left, three fused vesicles remain separated by narrow necks, which widen in the adjacent vesicle. H. PC:CL 
vesicles incubated for 2 h in glycerol alone and then injected with Ca 2+ 1 s before quick-freezing, fuse, displaying a few particles in the 
region of confluence. These particles embellish both P (arrow) and E fracture faces. 
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the role of glycerol in the production of lipidic 
particles. Further, we have used a fluorescence 
assay that allows a quantitation of the mixing of 
vesicle contents during fusion [24]. 

Our observations with both techniques demon- 
strate that although large unilamellar vesicles com- 
posed of C L : P C  (1:1)  and PS :PE  (1:1)  did 
indeed fuse within seconds of Ca 2÷ addition, no 
lipidic particles were present in these vesicles. 
However, lipidic particles were evident after long 
incubations (1-2 h) in the presence of calcium and 
glycerol and, to a limited extent, Ca 2" alone, as 
recently noted by Rand et al. [25]. 

Materials and Methods 

Beef heart cardiolipin, soya PE, and egg PE 
were obtained from Avanti Polar Lipids (Bir- 
mingham, AL). Bovine brain PS and egg PC were 
prepared as described earlier [ 15,16]. Unilamellar 
vesicles were made from CL : PC (in a molar ratio 
of 1: 1), egg PE:bovine  brain PS (1:1)  or soya 
P E : P S  (1 : 1) by reverse-phase evaporation [24,26] 
and were diluted to 10 p.mol/ml in 100 mM 
NaC1/0.1 mM E D T A / 2  mM histidine/2 mM Tes 
buffer (pH 7.4) (buffer A) and sized by extrusion 
through polycarbonate membranes with a 0.2 ~m 
pore diameter [27]. Vesicles from any given pre- 
paration were divided into separate test-tubes and 
prepared in the following manner. 10-~1 droplets 
of untreated liposomes were mounted directly on 
filter paper (Whatman No. 42) glued to an 
aluminum platform of a quick-freeze device and 
frozen on a liquid-helium-cooled copper block 
according to the method of Heuser et al. [23]. In 
this procedure, the filter paper acts only as an 
adhesive support for the droplet and does not 
cause drying of the sample. For observing fusion, 
we injected 8-p.l droplets with 2 ~1 of a 25 mM 
Ca 2+ solution (in buffer A) at 25°C, 1-2 s before 
freezing. Liposomes from the same initial batch 
were incubated for 1-2 h at 25°C in either 5 mM 
Ca 2÷ alone, or in Ca 2÷ and 25% glycerol, and 
frozen in a similar manner. Except for the use of 
quick-freezing, these latter preparations duplicated 
previously reported experiments [9,11,12,28], and 
displayed the lipidic particles which have been 
described. To determine whether the lipidic par- 
ticles were a product of long incubations or could 

appear during fusion in the presence of glycerol, 
glycerinated vesicles were also treated exactly like 
untreated vesicles and stimulated with Ca 2÷ 1 s 
before freezing. All samples were fractured and 
replicated at 115°C in a Balzers freeze-fracture 
device. The replicas were then cleaned and 
examined in a Siemens 101 electron microscope. 
Fusion of C L : P C  vesicles was studied indepen- 
dently by assaying the intermixing of aqueous 
contents from two populations of vesicles, using 
the fluorescence technique developed by Wilschut 
et al. [24]. A preliminary account of some of this 
work has been published [29]. 

Results and Discussion 

The C L : P C  vesicles not stimulated with Ca 2+ 
remained smooth-surfaced with a 0.2 ~M diameter 
after quick-freezing (Fig, 1A). Within 1 s of injec- 
tion, Ca 2+ triggered dumbbell and egg shapes as 
well as larger, round vesicles in the process of 
fusing with smaller ones, such as those in Fig. lB. 
The fusion of two or more vesicles could clearly be 
discerned by the continuity of fracture surfaces 
between vesicles. However, the liposome mem- 
brane faces were smooth, without any easily iden- 
tifiable structure, such as lipidic particles. Large 
unilamellar egg PE : PS (and soya PE : PS) vesicles 
also underwent fusion within 1 s of Ca 2 ÷ injection 
without any indication of lipidic particles. No 
gross morphological differences were apparent be- 
tween the PE : PS and CL : PC vesicles. In Fig. IC, 
obtained with PE : PS vesicles, there is an anomaly 
(to the left of the arrow) in the continuity between 
the membranes of two vesicles. We suggest that 
this may represent a stage prior to complete fusion 
of the two membranes. This has been observed 
infrequently but with both types of vesicle. When 
C L : P C  liposomes were treated for 1 min with 
Ca 2+ (5 mM) and then incubated for 1-2 h in 
glycerol, many large vesicles emerged, 10-20% of 
which were embossed with 9-10 nm particles (Fig. 
1D). Some of the particles described circles about 
0.2 ~m in diameter with a smooth surface, possibly 
delineating the margins of another vesicle (Fig. 
1E). Barren circles like these are reminiscent of the 
'clearings' of intramembranous particles observed 
in glycerinated eukaryotic cells such as [3-islet cells 
[30] and guinea-pig sperm (Fig. 2A and B) [31], in 



which the larger intramembranous particles also 
measure 9 nm. Such clearings, common in stimu- 
lated mast cells treated with glycerol, no longer 
appear when the cells have been quick-frozen in 
the absence of glycerol [32]. We found that long 
incubation (2 h at 25°C) of C L : P C  vesicles in 
Ca 2÷ alone resulted in far fewer vesicles embel- 
lished with lipidic particles (1-5% of total vesicles 
present) than incubation in glycerol and Ca 2÷ 
(Fig. IF). Suspensions incubated first in glycerol 
for 2 h and then injected with Ca 2÷ within sec- 
onds of freezing revealed more extensive fusion 
than in the absence of glycerol. Liposomes in 
various stages of fusion could be seen within ~m 
of each other (Fig. 1G) but only very few of all 
Ca 2 ÷-injected vesicles that had been pre-incubated 
with glycerol exhibited structures resembling par- 
ticles (Fig. 1H). These particles were visible at 
points between the vesicles where the two bilayers 
had achieved at least partial continuity. That this 
was so rare during initial fusion even in the pres- 
ence of glycerol but proliferate as the suspension 
attains equilibrium suggests that these are stable 
structures and not destabilizing centers. The re- 
quirement for glycerol in eliciting lipidic particles 
during the rapid initial phase of fusion intimates 
that glycerol contributes to their formation and 
stabilization. A recent study by Sen et al. [33] has 
also produced evidence on the role of cryoprotec- 
tants in stabilizing the formation of lipidic par- 
ticles in galactolipid membranes. 

Measurements of fluorescence emission created 
by the intermixing of aqueous contents (dipicolinic 
acid encapsulated in one population of vesicles 
and terbium in another) confirmed that fusion 
occurred in seconds, in agreement with the results 
of Wilschut et al. [34] on 0.1 ~tm diameter vesicles. 
The technical limitations of these two methods, 
quick-freeze and fluorescent emission, necessitated 
the use of two different concentrations of vesicles: 
in the fluorescence assay, the vesicle suspensions 
was considerably more dilute (0.05 rt mol lipid/ml). 
However, since the rate of fusion increases with 
vesicle concentration [24], the quick-frozen vesicles 
would be expected to undergo fusion even more 
quickly than the more dilute preparation. As 
vesicles were sized to 0.2 ~tm before Ca 2÷ stimula- 
tion, the presence of vesicles larger than 0.2 ~m in 
the freeze-fracture replicas further confirmed that 
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fusion had indeed occurred during the 1 s of 
stimulation. 

Thus, Ca 2 ÷-induced fusion of large unilamellar 
vesicles can be captured by quick-freezing within 
seconds of stimulation. Lipidic particles, on the 
other hand, appear only during prolonged incuba- 
tions. We conclude that lipidic particles (as de- 
fined by their morphology in freeze-fracture elec- 
tron microscopy) are not involved as an inter- 
mediate in the stages of fusion, even in membrane 
types which prominently display these structures 
after prolonged incubations with Ca 2÷ or in the 
presence of both Ca 2÷ and glycerol. 

This conclusion, however, does not exclude the 
possibility of a transitory intermediate at the site 
of membrane fusion which involves a lipid confor- 
mation distinguishable from the unmodified stable 
bilayer configuration. This 'elusive' intermediate, 
which is not visualized at present in any morpho- 
logical studies, could be an inverted micellar or 
some other nonbilayer structure or a small domain 
of a more condensed or crystalline lipid bilayer. 
For  lack of concrete evidence at this point, this 
' intermediate' could be characterized simply as a 
local perturbation of the lipid bilayer structure, 
which allows mixing of lipid molecules between 
the two closely apposed membranes. Local dehy- 
dration [35] and specific contact-dependent Ca 2÷ 
complexes [36] could be the driving force for such 
perturbations. These intermediates would be un- 
stable and convert with time to more stable struc- 
tures, such as lipidic particles [9,10], the hexagonal 
(Hll) phase [3,13] or the crystalline bilayer [15,35] 
depending on the phospholipid species. 
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