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phases, eont~htlng "lipidic 0articles" (dioleoylphosphatidylethanolamine/cholesterol/dioleoylphosphatidylcho- 
line and eard~lipin/dimyristoy~huspho~ylcholine in the presence of Ca 2+) have been investigated by preparing thin 
f'dam |tom a suspension of ~ vesicles. These thin films were vitrified and observed 'directly' by cryo-dectron 
microscopy in their [ ~ t t e d  fm'm. The thin fdms show various fusion products and fusion intermediates such as ~ipidic 
par~aes. 

Freeze-fracture electron microscopy has revealed in- 
termediate fusion structures in artificial membrane sys- 
tems. Lipidic particles axe found m focal fusion points 
in lipid mixtures where part of the lipids prefer the 
transition of the liquid-crystaUine iamellar phase (L o) 
into the inverted hexagonal (Hit) phase (Refs. 1 and 2, 
for revicw,-s~ Rcf. 3). Based on the morphology of 
these lipidic particles one can distinguish three types 
[3]; particles which reflect attachment, particles which 
reflect joining (inverted micelles) and particles which 
reflect fission, the formation of an aqueous channel 
between two compartments that were prev/ously sep- 
arated by their limiting membranes. A lipid mixture 
consisting of multilamellar liposomes and exhibiting 
multiple point fusion will show an isotropic spectral 
component with 31p-NMR [4] because the lipids can 
exhibit rapid motional averaging on the time scale of 
NMR within the 'honeycomb' structure. The existence 
of such honeycomb structures has been confirmed by 
freeze substitution of rapidly frozen samples [5]. Elegant 
work of Siegel e? aL (for review, see ReL 6) confirmed 
the fusion scheme deduced from freeze-fracture studies. 
From their analysis of the kinetics of fusion they con- 
clude that the "inverted micellar intermediates" (IMI) 
have a very short-life-lime compared to the 'interlamel- 
lar attachments" (ILA), which reflect the stage of lis- 
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sion, the formation of an aqueous channel subsequent 
to the fusion of the lipid membranes. 

The ultrastructural study of fusion events between 
lipid membranes is largely based on freeze-fracture rep- 
lication. The structural resolution of this approach is 
limited by the grain-size of the heavy metal used for 
shadowing and the nature of the fracturing process (for 
review, Ref. 7). 

Recently the study of hydrated objects in thin-films 
by cryo-electron microscopy has made a great stride 
foreward due to the work of Dubochet et al. [8,9]. The 
vitrification of thin films allows the direct observation 
of sonieated phosphofipids in their hydrated form 
[10,11]. The vitrification of thin films in liquid ethane 
takes 10 -5 s or less [12] and is therefore potentially fast 
enough to preserve intermediate structures involved in 
membrane fusion. The advantage of cryo-electron mi- 
croscopy is the 'through vision'; in a thin film ( <  100 
nm) the cnt:,rc ¢oatents are visualized in its projection. 

We therefore investigated thin films by cryo-electron 
microscopy from some phospholipid systems which are 
well documented for their fusion behaviour with freeze- 
fracturing [1-3]. The systems chosen were a mixture of 
dioleoylphosphatidylethanolamine (DOPE) with choles- 
terol and dioleoylphosphatidylchofine (DOPC) in a 
molar ratio of 3 : 2 : 1 in which fusion is triggered by a 
rise in temperature and a cardiolipin/phosphatidyleho- 
line (PC) mixture in a molar ratio of 1:1 in which 
fusion is triggered by the addition of Ca 2+ ions. 

Both mixtures exhibit a complex phase behaviour 
(cardiolipin/PC [13]; DOPE/cholesterol/DOPC [14]) 
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in  which  l amel la r  sys tems wi th  l ip id ic  par t ic les  a n d  a 
h o n e y c o m b  phase  o r  a cubic  phase  can  pa r t ly  coexis t  in  

the  course  o f  an  exper iment .  The  p h o s p h o l i p i d s  used  
were o b t a i n e d  f rom S igma  ( D O P E ,  P0510; D O P C ,  

P1013; carcfioliph~, b o v i n e  hear t  C 1649; D M P C ,  d i -  
myr i s toy lphosphaf idy lcho l ine ,  P0888) whereas  choles-  
terol  was  o b t a i n e d  f rom Baker.  T h e  mix tu res  o f  D O P E /  

c h o l e s t e r o l / D O P C ,  respect ively,  c a r d i o l i p i n / D M P C  

Fig. I. Cryo-electron microcopy of vitrified thin films prepared from cardiol~in/DMPC (a. b, c, d, ~ h) and DOPE/c~h:s~ol /DOPC (e., f). 
Thin aqneous fdms were prepared on specimen grids (without supporting film), vitrifu:d in ethane and observed at 90 K (see text for details). (a) 
Sonicated ves/cles (¢ardio~phVDMPC, without Ca 2+ ) in a thin film. The rim of the fdm (figh0 is devoid of vesicles, ~t~reas unilameHar vesicles 
are found in a th~ker part of the film. Occasionally vesicles are found ~ith two ~ t r / c  biL~'~er~ ~ t e d  vesicles prepared by 
DOPElcholesterellDOPC at 0 ° C  have the same .wpearance in a thin f/Ira (data not shown). (b) Same preparation as (a) showing rod ~.s~ped 
vesicles. This shape might have been induced durizlg sonication. (c) CardlolipinlDMPC fdm prepared in the presence of 2 mM Ca 2+ (Ca 2+ 
concentration may r ~  d~ing fdm formation, see text). Attachment between ve~cles with concentric membranes. No~e the discontinuity in the 
concentric arrangemenL (d) Cardiolipin/DMPC fdm prepared in the pre~ence of 4 mM Ca 2+. Adh~on bet~en vesicles is apparent giving the 
impres.~on of part/cles at the attachment site. (e) DOPE/cholesterol/DOPC ['tim prepared from a suspen~on of sonicated ve~cles. During 
formation of the thin fdm the temperature was allowed to rise (0-4°C of the bulk suspension, room temperature mound the film). Various forms 
of atl~chn~nt can be observed bet~een vesicles. The size of the ve~icles indicates that they are the result of several ('leaky" or "non-leaky') fusion 
rounds. (f) Same preparation as (e), "honeycomb" structure. (g) Cardiofipin/DMPC film prepared in the presence of 3 mM Ca 2 +. Multiple contac~ 
between ~ t r ~  membranes are present giving an almost honeycomb appearance. (h) Car~olipin/DMPC rdm prepared in the pre~nce of 2 

mM Ca 2 +. Note the oontact between the concentric membrane~ Bar reprcsent~ 100 nn~ 



were prepared after evaporating the solvents of the 
stock solutions under a stream of dry nitrogen, redis- 
solving the mixture in methanol, which was again 
evaporated under dry nitrogen and fmally adding Tris- 
HCI buffer (10 enNl (pH 7.4), 150 ~ NaCI) to obtain 
a f'nml concentration of iipids of 12 mM. The suspen- 
sions were sonicated at intermittent intervals (at 0 ° C  
for DOPE/cholesterol/DOPe) until a 'clear' suspen- 
sion was obtained. A thin aqueous fdm was formed by 
dipping and withdrawing a specimen grid (700 mesh 
hexagonal, without supporting fdm), from the suspen- 
sion~ The grid was blotted with f'dter paper and in the 
grid the thin t-tim forms as a "soap film" between the 
grid bars. These films have the tendency to thin sponta- 
neously as the monolayers formed at the air/water 
interface come to attract each other [11]. Thin fdms are 
vitrified within one second after their formation by 
plunging the grid into ethane cooled to its melting point 
by liquid N 2 [8]. The vitrified specimens are mounted at 
77 K in the c r y ~  (Philips PW 6599/00, line 
resolution 0.9 nm at 90 K) and transferred to the 
microscope (Philips CM 12). During transfer and ob- 
servation the cryohoider r ~ e d  cold (below 90 K) 
and precautions were taken to prevent contanfination of 
the specimens [15]. 

In control experiments, e.g. DOPE/cholesterul/ 
D o P e  at 0--4°C, cardiolipin/DMPC in the absence of 
Ca 2+, small unilamellar vesicles were observed in their 
vitrified form by cryo-eleetron microscopy at 90 K (Fig. 
la). The majority of these vesicles has a diameter be- 
tween 20 and 30 nm and larger vesicles as well us 
double layered vesicles are occasionally found. During 
thinning Of the f'din the vesicles may become con- 
centrated in "thicker" parts of the thin fdm whereas a 
thin rim remains devoid of vesicles as a result of the 
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zippering effect of the approaching monolayers at the 
air/water interface during the formation of the thin 
film [11]. Fusion was induced by either raising the 
temperature (E~OPE/cholestero|/DOPC) o~ by adding 
Ca 2+ (to a f'mal concent.~atJon 2-.4 mM in the cardioli- 
pin/DMPC mixture). In both systems a variety of 
membrane structures is visible (Fig. 1). Fusion is evi- 
dent because the average vesicle diameter increases in 
size. On basis of the morphology it is not possible to 
decide whether the large vesicles are the result of a 
"clean" fusion event (mixing of lipids and of the aqueous 
contents of vesicles without leakage) or the result of a 
form of "leaky-fusion'. Intermediary fusion features are 
visible between two vesicles but also between concentric 
bil--yers in mullilamellar vesicles. Even multiple point 
fusion products are apparent (Figs. 1 f-g) which are 
most likely the so-caUed " honeycomb" structures which 
give rise to isotropic signals by NMR. With regard to 
the fusion intermediates several focal contact points can 
be observed where the membranes come in close con- 
tact (Figs. lc-g). At ~tigh magnification (stereo-pair, 
Fig. 2) the contact or fusion point becomes obvious as a 
particle having a diameter of approx. 10 rim. Similar 
diameters have been reported for lipidic particles when 
this lipid system was studied by freeze-fractoring [3]. 
The cryo-electron microscopic images of vitrified films 
prepared from phuspholipid suspensions during fusion 
between vesicles show a bewildering variety of mem- 
brane structures. More complex structures, e.g., aggre- 
gates of large vesicles, tubular structures, are not shown 
because these structures are most probably the result of 
later events in the course of an Lo --* Ha phase transi- 
tion (Frederik, Stuart, Verkleij, manuscript in prepara- 
tion). The observation of early fusion products; the 
lipidic particles [3] or inverted micellar intermediates 

Fig. 2. Cryo-electron microscopy of a vitrified thin film prepared from a DOPE/cholesterol/DOPe suspension of sonicated vesicles. During 
formation of the thin t-tim the temperature was allowed to rise (0--4°C of the bulk suspension, room temperature around the thin film). The 
stereo-pair ( + 6 ° and -6 o tilt) shog~ the contact between two concentric membranes and gives the ~troag impression of a round particle (approx. 

10 nm diameter) at the contact area. 
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[6], in the m e m b r a n e  systems thusfar  investigated b y  
cryo-electron nf icroscopy remains  restricted to a few 
examples.  This  m a y  be  due  to  the s h o ~  life-time o f  
these s t ructure  espec/ally in the  fusion o f  small  un/-  
lamel lar  ves/cles (see ReL 6 for  discussion).  The  stereo- 
pa i r  o f  the D O P E / c h o l e s t e r o l / D O P C  system is, how-  
ever, s t rongly  suggestive for  the presence o f  a par t ic le  a t  
the con tac t  area.  The  presence o f  a t r ansmembrane  
channel ,  a n  open  connect ion  between inter ior  a n d  exte- 
r io r  o f  a vesicle c a n  as  yet  no t  be  identified wi th  
cer ta in ty  in the cryo-electron microscopic  images  pre-  
sented in th/s report .  W e  tend to  assume tha t  the fipidic 
par t ic le  shown in the stereo-pah" (Fig.  2) is a closed 
s t ruc ture  whereas  a n  open  channel  might  be  present  in 
some of  the o ther  images  (e.g-, Fig. lh) .  

In  this p a p e r  we  have  restr icted ourselves to the 
descr ipt ion o f  the initial s tages o f  fusion between artif i-  
d a l  membranes .  The  s tudy o f  the  initial s tages in mem-  
b rane  fusion requh'es a h igh resolution,  bo th  spat ia l  a n d  
o n  a t ime scale. Vitr if icat ion o f  aqueous  solut ions is a 
fast  process  ( <  10 - s  s) a n d  enables  the v i s u a l ~ t i o n  o f  
t rans /ent  s t ructures  wi th  a shor t  life-time. The th in  f d m  
in which  the m e m b r a n e  s t ructures  are cap tu red  enables  
a through-vis /on b y  cryo-elect ron microscopy.  The  th in  
fi lm a n d  the dynam/cs  o f  its fo rmat ion  a lso  set restric- 
t ious to  high resolut ion ul t ras t ructura l  studies. Mem-  
b r a n e  ves/cles mus t  fit in the thickness o f  the fdm.  a 
thickness  wb_/ch mus t  be  less than  50 n m  when o p t i m u m  
resolut ion is requ/red a l though  films o f  150 n m  c a n  still 
be  vitrified. The  resolut ion in the mic rographs  depends  
largely o n  phase  con t ra s t  which  is a funct ion of  the 
defocus  set t ing o f  the objective lens (see, fo r  example,  
Ref.  9). W e  used a set t ing o f  3 - 6 / z m  u n d e r  focus in o u r  
mie rographs  to  record  s t ructures  wi th  spacings  between 
3 a n d  10 nru wi th  o p t i m u m  contras t .  Dur ing  format ion  
o f  a thin fdm. ( ' l i fe- t /me'  one  second  between b lo t t ing  
a n d  vitrif ication) the a i r / w a t e r  interfaces will a t t rac t  
each  o ther  a n d  give the fdm a b iconcave  shape.  This  
results in the  sor t ing  b y  size o f  mater ia l  wi thin  the fdm 
a n d  th inn ing  m a y  also result  in a deereased wate r  
con ten t  in th in  a reas  o f  the fdm [11]. In  the case of  the 
c a r d i o l i p i n / D M P C  systems it c a n  be  a rgued  tha t  the 
ca lc inm concen t ra t ion  has  increased cons iderab ly  in 
th in  pa r t s  o f  the f'dm (concomi tan t  with the phosphol i -  

p id  concen l ra t ion  wh/ch  rises wi th  a fac tor  o f  more  t han  
60 [ l iD .  Dur ing  format ion  o f  th in  fdms  sor t ing  o f  
mater ia l  b y  size a n d  concen t r a t ing  o f  solutes will be  
es tabi isbed a long  a gradient ;  go ing  f rom the  th in  cen t ra l  
pa r t  to  the th icker  p e r i p h e r ~  pa=t is go ing  f rom a 
concen t ra ted  solut ion wi th  n o  o r  small  part icles  to  a 
di lute  solut ion wi th  larger  particles.  These  restrlcfionz 
o f  th in  fdm fo rmat ion  have  to  be  taken  in to  cons idera-  
t ion when  thin  fi~ms are  used  for  cryo-eleci ron mi-  
c roscopy,  a n  a p p r o a c h  which  seems to  b e  ideal ly suited 
for  the s tudy  o f  d y n a m / c  events such  as  m e m b r a n e  
fusion o n  basis  o f  f ip id- l ip id  o r  | i p i d - p r o t e i n  in terac-  
t/ons. 
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