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Lipidic pk tnine ‘lipidi o9 s (ae e by Seaer e ot 1/ dicleoylphosphatidylch
fine and cardiolipin / dimyri: hatidylcholine in the of Ca?*) have been investigated by preparing thin
films from a suspension of sonicated vesicles. These thin films were vitrified and observed ‘directly’ by cryo-electron
microscopy in their hydrated form. The thin films show various fusion products and fusion intermediates such as iipidic
particles.

Freeze-f 1 icroscopy has revealed in-
termediate fusion structures in artificial membrane sys-
tems. Lipidic particles are found at focal fusion points
in lipid mixtures where part of the lipids prefer the
transition of the liquid-crystailine lamellar phase (L)
into the inverted hexagonal (H,;) phase (Refs. 1 and 2,
for review,”see Ref. 3). Based on the hology of

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
lmuted by the grain-size of the heavy metal used for

these lipidic particles one can distinguish three types
3 pamcl&s which reﬂecl auzu:hment. particles which
reflect joining (i lles) and particl w}nch
reflect fission, the f of an ag

ing 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
d due to the work of Dubochet et al. [8,9]. The

between two compartments that were prevnowly sep-
arated by their limiti b A lipid

vnnﬁcauon of thin films allows the direct observation

of multilamellar i and exhibiti
multiple point fusion will show an isotropic speclral
component with *'P-NMR [4] because the lipids can
exhibit rapid motional averaging on the time scale of

of d phospholipids in their hydrated form
{10,11}. The v1mfcauon of thin films in liquid ethane
takes 107 s or less [12] and i IS therefore polenually fast
enough to preserve in
membrane fusion. The advantage of cryo-electron mi-

NMR within the ‘honeycomb’ structure. The
of such honeycomb structures has been confirmed by
freeze substitution of rapidly frozen samples [5]. Elegant
work of Siegel et al. (for review, see Ref. 6) confirmed
the fusion scheme deduced from frecze-fracture studies.
From their ana.ysxs of the hneucs of fusion lhey con-
clude that the * d 21} diates’ (IMI)
have a very short-life-time compared to the ‘interlamel-
lar attachments’ (ILA), which reflect the stage of fis-
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py is the ‘through vision’; in a thin film (< 100

nin) the entire con are lized in its proj

We therefore investigated thin films by cryo-eleclron
microscopy from some phospholipid systems which are
well documented for their fusion behaviour with freeze-
fractunng [1-3]. The systems chosen were a mixture of
dioleoylphosphatidylethanolamine (DOPE) with choles-
terol and dioleoylphosphalidylchohne (DOPC) in a
molar ratio of 3:2:1 in which fusion is triggered by a
rise in temperature and a cardiolipin/ phosphatidyl
line (PC) mixture in a molar ratio of 1: 1 in Wthh
fusion is triggered by the addition of Ca2* ions.

Both mixtures exhibit a complex phase behaviour
(cardiolipin/PC [13}: DOPE/cholesterol/DOPC {14])
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in which lamellar systems with lipidic particles and a P1013 cardmhpm. bovine heart C 1649; DMPC, di-

honeycomb phase or a cubic phase can partly coexist in idylcholi P0838) wt choles-
the course of an experiment. The phospholipids used lerolwasoblamed from Bakcr. 111: mixtures of DOPE/
were obtained from Sigma (DOPE, P0510; DOPC, 1 1/ DOPC, resp ly, diolipin/ DMPC

Fig. 1. Cryo-electron microscopy of vitrified thin films prepared from cardiolipin/DMPC (a, b, ¢, 4, g, h) and DOPE/chelesterol,/DOPC (e, f).
Thin aqueous films were prepared on specimen grids (without supporting film), vitrified in ethane and observed at 90 K (see text for details). (a)
Sonicated vesicles {cardiolipin/DMPC, withiout CaZ* ) in a thin film. The rim of the film (right) is devoid of vesicles, whereas unilamellar vesicles
are found in a thicker part of the film. Occasionally vesicles are found with two concentsic bilayers. Somicated vesicles prepared by
DOPE/cholesterol/DOPC at 0°C have the same appearance in a thin film (data not shown). (b) Same preparation as (a) showing rod shaped
vesicles. This shape might have been induced during sonication. (c) Cardiolipin/DMPC film prepared in the presence of 2 mM Ca?* (Ca?*

eoneentrauon may rise during film formation, see text). Attachment between vesicles with Note the di linuity in the
{d) Cardiolipin/DMPC film prepared in the presence of 4 mM Ca2*. Adhesion between vesicles is apparent giving the
impression of particles at the site. (¢) DOPE/ 'DOPC film prepared from a suspension of sonicated vesicles. During

formation of the thin film the temperature was allowed to rise (0-4°C of the bulk suspension, room temperature around the film). Varicus forms

of atiachment can be observed between vesicles. The size of the vesicles indicates that they are the result of several (*leaky’ or *non-leaky’) fusion

rounds. (f) Same preparation as (e), *honeycomb’ structure. (g) Cardiolipin/DMPC film prepared in the presence of 3 mM Ca?*. Multiple contacts

between concentric membranes are present giving an almost (h) Cardiolipin/DMPC film prepared in the presence of 2
mM Ca?*. Note the contact between the i Bar 100 nm.




were prepared after evap the sol of the
stock solutions under a stseam of dry nitrogen, redis-
solving the mixture in methanol, which was again
under dry nitrogen and finally adding Tris-
HCI buffer (10 mM (pH 7.4), 150 mM NaCl) to obtain
a final concentration of lipids of 12 mM. The suspen-
sions were sonicated at intermittent intervals (at 0°C
for DOPE/ cholesterol /DOPC) until a ‘clear’ susp
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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

p (T'OPE/ch /DCPC) or by adding
Ca?* (to a final concentration 2-4 mM in the cardioli-
pin/DMPC mixture). In both systems a variety of
membrane structures is visible (Fig. 1). Fusmn is evi-

sion was obtained. A thin aqueous film was formed by
dipping and withdrawing a i grid (700 mesh
) 1, without ﬁ]m), from the suspen-
s:on.'i‘hcmdwasblmtedmthﬁlmpaperandmme
grid the thin film 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 films are
vitrified within one second after their formation by
plunging the grid into ethane cooled to its melting point
by liquid N, {8]. The vitrified specimens are mounted at
77 K in the cryoholder (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 cryoholder remained cold (below 90 K)
and precautions were taken to prevent ination of

dent t the g vmcle di in
size. On basis of the phology 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
bilzyers in multilamellar vesicles. Even multiple point
fusicn products are apparem (F:g; 1 f-g) which are
most likely the lled whick
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. 1c-g). At high magnification (stereo-pair,
Fig. 2) the contact or fusion point becomes obvious as a
pamcle having a diameter of approx. 10 nm. Similar

the specimens {15).
In control experiments, e.g. DOPE/chol 1/

have bteen d for lipidic icles when
this lipid system was studied by freeze-fracturing [3}.

DOPC at 0-4°C, cardiolipin/ DMPC in the at of

Ca?*, small unilamellar vesicles were observed in their
vitrified form by cryo-electron microscopy at 90 K (Fig.
1a). The majosity of these vesicles has a diameter be-
tween 20 and 30 nm and larger vesicles as well as
double layered vesicles are occasionally found. During
thinning of the film the vesicles may become con-
centrated in “thicker’ parts of the thin film whereas a
thin rim remains devoid of vesicles as a result of the

The cry pic images of vitrified films
prepared from phospholipid suspensions during fusion
between vesncles show a bewﬂdenng variety of mem-
brane str More I €.g., aggre-
gates of large vesicles, tubular structures, are not shown
b these are most probably the result of

later events in the course of an L, — H,; phase transi-
tion (Frederik, Stuart, Verkleij, manuscript in prepara-
tion). The observation of early fusxon producl.s. the
lipidic p 3 ori d

Fig. 2. Cryo-electron microscopy of a vitrified thin film prepared from a DOPE,

DOPC ion of

d vesicles. During

formation of the thin film the temperature was allowed to rise (0-4°C of the bulk suspension, raom temperature around the thin film}. The
stereo-pair (+6° and —6° tilt) shows the contact between two concentric membranes and gives the strong impression of a round particle (approx.
10 nm diameter) at the contact area.
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t.husfar i i d by
d to a few
examp!&s This may be due to the short life-time of
these structure especially in the fusion of small uni-
lamellar vesicles (see Ref. 6 for discussion). The sterco-
pair of the DOPE/ cholesterol/ DOPC system is, how-
ever, strongly suggestive for the presence of a paruc!e at

the contact area. The p of a
h 1, an open b interior and exte-
rior of a vesicle can as yet not be identified with
certainty in the cryo-electren microscopic images pre-
sented in this report. We tend to assume that the lipidic
particle shown in the stereo-pair (Fig. 2) is a closed
i an open ch: 1 might be present in

some of the other images (e.g., Fig 1h).

In this paper we have restricted ourselves to the
description of the initial stages of fusion between artifi-
cial membranes. The study of the initial stages in mem-
brane fusion requires a high resolution, both spatial and
on a time scale. Vitrification of aqueous solutions is a
fast process (< 10~° s) and enables the visualization of
transient structures with a short life-time. The thin film
in which the membrane structures are captured enables

hrough-vision by cryo-els py. The thin
f' Im and the dyramics of its formation also set restric-
tions to high resolution ultrastructural studies. Mem-
brane vesicles must fit in the thickness of the film, a
thxcknm which must be less than 50 nm when optimum

is ired alth Lﬁh:nsof150|'1.|'n¢:ansllll
be vitrified. The !l in the mi
largely on phase contrast which is a furction of the
defocus setting of the objective lens (see, for example,
Ref. 9). We used a setting of 3-6 pm under focus in our
micrographs to record structures with spacings belween
3 and 10 am with opti During f¢
of a thin film {‘life-time’ one second between blotting
and vitrifiwﬁon) the air/water interfaces will attract
each other and give the film a biconcave shape. This
results ir the sorting by size of material within the film
and thinning may also result in a decreased water
coatent in thin areas of the film {11). In the case of the
cardlohpm/DMPC systems it can be argued that the
has 1 iderably in
with the p holi-

[6] m the ‘ Y

thin parts of the film

pid concentration which rises with a facior of more than
60 [11p. During formation of thin films sorting of
material by size and concentrating of solutes will be
established along a gradient; going from the thin central
part to the thicker peripherai pa:ct is going from a
concentrated solution with no or small particles to a
dilute solution with larger particles. These restrictions
of thin film formation have to be taken into considera-
tion when thin films are used for cryo-eleciron mi-
crescopy, an approach which seems to be ideally suited
for the study of dynamic cvents such as membrane
fusion on basis of lipid-lipid or lipid—protein interac-
tions.
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