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Summary 

Small unilamellar vesicles comprised of a mixture of phosphatidylethanol- 
amine/phosphatidylcholine/cholesterol  ( 3 : 1 : 2 )  fuse to form large multi- 
lamellar vesicles on increasing the temperature f rom 0 to 50°C. This event is 
associated with the appearance of lipidic particles at the fusion sites, consistent 
with a role as intermediary structures during the fusion process. Further,  for 
phosphatidylcholine/cardiolipin (1 : 1) liposomes in the presence of  Mn 2+ a 
direct relationship between lipidic particles and the hexagonal (HII) phase is 
demonstrated which suggests that lipidic particles can also occur as inter- 
mediaries between bilayer and hexagonal (HII) structures. 

Individual lipid species isolated from biological membranes commonly  
assume the bilayer or hexagonal (HII) arrangements on dispersal in excess water 
[1,2]. As noted in earlier reports, mixtures of  'bilayer' lipids with hexagonal 
'HII' phase lipids, including the total lipid extracts of  various biological mem- 
branes, can exhibit a new organization known as the 'lipidic particle' [2--4] 
which has been suggested to reflect the presence of  intra-bilayer inverted micel- 
les [ 3,4]. This structure, visualized as particles and pits in freeze-fracture micro- 
graphs, is also accompanied by the appearance of a narrow, symmetric 31p. 
NMR component  indicative of  isotropic motional  averaging [2,4]. Two points 
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of interest concerning lipidic particles are that  they occur at  the fusion inter- 
face during Ca2÷-induced fusion of  cardiolipin-phosphatidylcholine vesicles 
[5],  and that  narrow symmetrical sIP-NMR components  are of ten observed as 
intermediaries between bilayer and hexagonal (HII) phases [2,4].  It  is there- 
fore of  interest to determine whether  formation of  lipidic particles is a com- 
mon  intermediary feature of  fusion processes, and whether  such structures can 
also act as intermediaries in bilayer-Hii transitions. In the present work we 
show that temperature-induced fusion of  unilameUar phosphatidylethanol-  
amine/phosphatidylcholine/cholesterol  vesicles is accompanied by  the appear- 
ance of  lipidic particles at sites of  fusion and that  organized rows of  these par- 
ticles appear to occur as precursors to the cylindrical organization of  H n phase 
lipids. These observations support  the possibility that  lipidic particles act as 
intermediaries during fusion events in general, as well as the proposal that  
lipidic particles reflect the presence of  inverted micellar structures. 

Fusion experiments were performed on mixtures of  1,2~tioleoyl-sn-glycero- 
3-phosphorylethanolamine (18 : l c /18  : lc phosphatidylethanolamine)/1,2- 
dioleoyl-sn-glycero-3-phosphorylcholine (18 : l c /18  : lc phosphatidylcholine)/  
cholesterol in the molar proport ions  3 : 1 : 2 .  This material was dispersed in 
100 mM NaC1, 10 mM Tris-HC1 (pH 7.0) by vortex mixing to arrive at a 10 mM 
phospholipid concentration.  Subsequent ly this material was sonicated inter- 
mit tent ly  (30 s sonication, 1 min waiting, employ ing  a Branson tip sonicator, 
power  setting 5) for a total sonication t ime of  3 min to give a transparent vesi- 
cle dispersion. Freeze-fracture micrographs obtained from this material reveal 
the presence of  predominantly unilamellar vesicles with smooth  fracture faces 
and diameters ranging from 300 to 2000 ~ (Fig. 1A). 

Freeze-fracture studies of  unsonicated dispersions of this lipid mixture have 
revealed bilayer structure if the material is kept  at low (e.g., 0 ~ t ~ 10°C) tem- 
peratures [4]. However,  a brief (10 rain) incubation at 50°C results in the 
appearance of  regions of  hexagonal (HH) phase and lipidic particles [4].  It was 
therefore reasoned that  if lipidic particles participate as intermediaries in fusion 
events, enhanced fusion of  the sonicated vesicles should be observed on incu-  
bation at 50°C. That  this is the case is revealed in the freeze-fracture micro- 
graph of  Fig. 1B where a dramatic increase in the size of  the vesicles is observed 
as the incubation time increases. This was accompanied by an increasingly 
milky appearance of  the vesicle suspension. It may be noted that lipidic par- 
ticles are present, observed as complementary  particles and pits on the con- 
cave and convex fracture faces, respectively. The average diameter of  the par- 
ticles is approx.  110 .~, similar to those observed for the corresponding non- 
sonicated dispersions [4].  This distribution of  lipidic particles closely parallels 
that  observed for cardiolipid-phosphatidylcholine vesicles where fusion was 
induced by  Ca 2÷ [5] in that  the particles are predominantly found on vesicles 
which have an unusual dimpled appearance, and appear to be preferentially 
located in regions corresponding to the fusion interface. Furthermore,  this 
would suggest that  the appearance of  lipidic particles in the non-sonicated 
liposomes of  phosphatidylethanolamine/phosphatidylcholine/cholesterol  
(3 : 2 : 1) may be associated with fusion either between or within these multi- 
layered structures. 

The occurrence of  lipidic particles after incubation at 50°C may be attrib- 
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Fig.  1. F r e e z e - f r a c t u r e  m i c r o g r a p h s  o f  a m i x t u r e  o f  l S  : l c / l S  : I c p h o s p h a t i d y l e t h a n o l A m t n e / l S  : l c /  
l S  : 1 c p h o s p h a t i d y l c h o l i n e / c h o l e s t e r o l  a t  a m o l a r  r a t i o  o f  3 : 1 : 2,  s o n i e a t e d  a t  0 ° C  (A)  a n d  a f t e r  1 0  
r a i n  i n c u b a t i o n  a t  5 0 ° C  a n d  q u e n c h e d  f r o m  4 ° C  (B).  M a g n i f i c a t i o n  X93  0 0 0 .  F r e e z e - f r a c t u r i n g  h a s  been  
p e r f o r m e d  a c c o r d i n g  t o  t h e  s t a n d a r d  p r o c e d u r e s .  G l y c e r o l  w a s  a d d e d  t o  p r e v e n t  f r e e z e - d a m a g e .  

uted to the preference of  the phosphatidylethanolamine component  for the HII 
phase at these temperatures  [6]. This parallels the situation in the cardiolipid- 
phosphatidylcholine vesicles, where the presence of Ca 2+ converts the cardio- 
lipin to an HH.preferring species. It may be noted that  a similar situation can be 
obtained in lipid mixtures containing phosphatidylserine and phosphatidyl- 
ethanolamine,  where the presence of  Ca 2+ can allow this preference of the 
phosphatidylethanolamine for the H n phase to he expressed [7,8], again poten- 
tially leading to formation of  lipidic particles. We suggest that  these structures 
(interpreted as inverted micelles) may  be an intermediary (see model  of  Ref. 9) 
in fusion events in general. 

In a previous work we have suggested that  lipidic particles reflect the pres- 
ence of  intra-hilayer inverted micellar lipid structures [3,4]. This hypothesis 
was based largely on the observations that  mixtures of  'bilayer' lipids with 
lipids preferring the ' inverted' (i.e., polar head groups oriented inwards towards 
an aqueous channel) H n phase give rise to such structures [4]. In order to place 
this possibility on a more sound foundation,  and also with a view towards 
understanding the mechanism of  the bilayer-H n transition more clearly, we 
re-investigated the behaviour of  cardiolipin-egg yolk phosphatidylcholine 
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(1 : 1) dispersions in the presence of  Ca 2÷ and Mn :÷, employing freeze-fracture. 
Mn 2+ occurs in relatively high concentrat ions in mitochondria  [9] and can 
exert an effect  comparable to Ca 2÷ on cardiolipin-phosphatidylcholine disper- 
sions (Verkleij, A.J., unpublished results). The aim of  these experiments was to 
t ry to 'capture '  events corresponding to a transition between lipidic particles 
and the  inverted lipid cylinders of  the HI x phase which are both present after 
addition of  divalent cations to dispersions of  these lipids. 

Occasionally one can observe interesting transitory stages from lipidic par- 
ticles to hexagonal u phases as shown in Fig. 2. There are three major points of  
interest. Firstly, two types of  structure corresponding to an inverted cylinder 
(HII phase) lipid organization are present. One of  these has a diameter of  100 A, 
which is similar to the diameter of  the lipidic particles, whereas the other  has a 

Fig.  2.  F r e e z e - f r a c t u r e  m i c r o g r a p h  o f  a m i x t u r e  o f  d i o l e o y l p b o s p h a t i d y l c h o l i n e / c a r d i o H p i d  ( f r o m  b o v i n e  
heart f r o m  S igma)  a t  a r a t i o  o f  1 : 1, p r e p a r e d  b y  the  T r i t o n  m e t h o d  as  d e s c r i b e d  in  Ref .  5 in  the presence 
of  2 m M  MnCl  2 . Lipid concentra t ion  is 2 m M  giv ing  a M n 2 + / c a r d i o H p i n  r a t i o  o f  2. N o t e  h e x a g o n a l  (HI I )  
c y l i n d e r s  w i t h  a d i a m e t e r  o f  a b o u t  1 0 0  A a t  t h e  t r a n s i t i o n  f r o m  particles  to  h e x a g o n a l  (HI I )  c y l i n d e r s  
w i t h  a d i a m e t e r  o f  6 0  A.  M a g n i f i c a t i o n  X 2 0 0  0 0 0 .  
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diameter of 60 A corresponding to the diameter of  pure cardiolipin-Ca 2÷ hexa- 
gonal HII cylinders [11]. Secondly, the cylinders of the HII phase lipids are 
curved, indicating a certain degree of flexibility. Finally, and more instruc- 
tively, lipidic particles appear in highly organized rows extending from the 
100 A diameter inverted cylinders. These observations are clearly consistent 
with an interpretation of lipidic particles as inverted miceUes, which can fuse to 
form the inverted cylinders of the HI1 phase, thus acting as intermediaries in 
the bilayer to hexagonal (HH) transition. Further, the observation of the 60 
diameter hexagonal phase cylinders suggests that  segregation of cardiolipin- 
divalent cation complex and phosphatidylcholine can occur subsequently. 

In summary, the results presented here provide clear evidence for the occur- 
rance of lipidic particles as intermediary structures in membrane fusion pro- 
cesses and bilayer-to-hexagonal (HH) phase transitions, and support the hypo- 
thesis that  lipidic particles reflect the presence of inverted micelles. 
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