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Figure 5. Freeze fracture of apical plasma membrane during influenza virus budding. Infected cells without liposomes were rapid frozen
from room temperature (pH 7.4) (@) The exoplasmic fracture face contains ordered clusters of depressions (star) with central particles
or pits (at higher magnification in b, marked by arrowheads). Where the fracture plane leaves the plasma membrane aggregates of budding
virions (V) as effectors become visible (at higher magnification in ¢). Bars: (@) 0.5 pm; (b and ¢) 0.1 pm.

tribution of [*"HIDPPC occurred between these closely as-
sociated membranes. This provided a solid basis for the data
obtained for the diffusion of liposomal lipids into the plasma
membrane after the induction of fusion.

Time Course and Extent of Lipid Diffusion

Cells fixed immediately after the low pH treatment showed
only a minor labeling of the basolateral domains (Figs. 1 b
and 2; Table I). If the low pH treatment was followed by an
additional incubation at neutral pH (on ice) long range lipid

The Journal of Cell Biology, Volume 107, 1988

diffusion resulted in a progressive labeling of the basolateral
domain. Assuming a diffusion coefficient of 0.35 um?/s for
the lateral diffusion of phospholipids at 5°C (Jacobson et al.,
1981), an average 1.5-5 min is needed for a phospholipid
molecule to reach the lateral membrane at midheight by an
unrestricted random walk after its incorporation in the apical
plasma membrane by liposome-cell fusion (mean displace-
ment 11-20 um, estimate based on the morphometric data
of von Bonsdorff et al., 1985; for calculation see Beck,
1987). This is in fair agreement with the data on lipid
diffusion obtained by lipid autoradiography (Table I).

2518

102 ‘2z Mdy uo Bio ssaidni-qol wouy papeojumoq



Published December 1, 1988

Taken together, the time course of lateral diffusion points
to an extremely rapid integration of liposomal lipids into the
plasma membrane continuum. Indeed, in freeze-fracture ex-
periments, the IMP-free lipid patches described by Papahad-
jopoulos et al. (1974); see also conclusions drawn by Poste
and Papahadjopoulos, 1978, and Orci and Perrelet, 1978)
were not observed when cells were either rapid frozen or
chemically fixed at room temperature (Figs. 3 and 4; for fur-
ther discussion see later).

Samples chemically fixed immediately after the low pH
treatment reveal a grain distribution almost restricted to the
apical cell surface. Although the total procedure of glutaral-
dehyde fixation and glycerol impregnation took 2 h at room
temperature, ["HJDPPC is not able to pass the tight junc-
tion and label the basolateral domain. The action of glutaral-
dehyde with respect to the chemical cross-linking of phos-
pholipid molecules is confined to aminophospholipids and a
direct influence of glutaraldehyde fixation on the lateral
diffusion of phosphatidylcholines seems highly unlikely
(Jost et al., 1973). Instead glutaraldehyde treatment may
well result in the chemical cross-linking of membrane pro-
teins and aminophospholipids, hindering the lateral diffusion
of lipid molecules and possibly preventing their passage
from the apical to the basolateral domain. Alternatively, one
might speculate, based on the protein model of tight junction
structure (van Meer and Simons, 1986), that lipid passage
could be blocked by the glutaraldehyde fixation and denatu-
ration of certain tight junction-associated proteins.

Fusion Intermediates Visualized by Freeze
Fracture after Rapid Freezing

Rapid freezing is considered to be the only reliable fixation
method for the analysis of fast processes like membrane fu-
sion (Plattner, 1981; Knoll et al., 1987). In agreement with
earlier studies using pure cryofixation (Heuser et al., 1979;
Chandler and Heuser, 1980; Ornberg and Reese, 1981; Platt-
ner, 1981), particle clearance or similar structural features
preceding membrane fusion were not observed (Figs. 3 and
4). Smooth lipid patches in the plasma membrane of cells
fusing with liposomes have been described by Papahad-
jopoulos et al. (1974) and were interpreted as evidence for
fusion (Poste and Papahadjopoulos, 1978). We observed
similar phenomena only after chemical pretreatments on ice
(and under these conditions also in control cells in the ab-
sence of liposomes; results not shown), but not after rapid
freezing or after chemical pretreatments at room tempera-
ture. This is in line with the observations of Kachar et al.
(1980), who pointed out that routine fixation at low tempera-
tures can lead to intramembrane particle displacement. We
interpret the absence of smooth lipid patches in our study as
evidence for the rapid lateral diffusion of incorporated
liposomal lipids in the plasma membrane.

Samples rapid frozen during the low pH treatment dis-
played specific morphological features on the fracture faces
of both the liposomal membrane and the plasma membrane
(Figs. 3 and 4). These distinct features, i.e., well-defined
particles and pits, are correlated to the interaction of lipo-
somes with the apical plasma membrane induced by low pH
as they were only observed in samples containing both lipo-
somes and cells after lowering the pH and never in liposomes
or cells incubated separately at low or neutral pH (Fig. 3 is
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thought to represent liposome—cell fusion as opposed to the
virus budding intermediates shown in Fig. 5; see Results).

The interpretation of the (liposome-cell) fusion-correlated
particles and pits is complicated for two reasons, however.
First, the particles and pits could represent prefusion struc-
tures. A local-point contact between two membranes can
give rise to particles and pits without the necessity of actual
membrane fusion (“intermembrane attachment sites,” Miller,
1980). In the case of influenza virus-liposome interaction,
deformations of the convex fracture face of the liposomal
membrane have been observed at neutral pH, often with a
central, quite well-defined particle. This central particle was
interpreted as a local-point adhesion site (Burger et al.,
1988). In the current study, the possibility of local-point
adhesion sites is at least partially ruled out, because both
particles and pits were found on the protoplasmic fracture
face of the plasma membrane (Fig. 3 b) and particles were
present on both fracture faces of the liposomal membrane
(Fig. 4); local-point adhesion sites would give rise to parti-
cles only on the protoplasmic or convex fracture face and pits
on the exoplasmic or concave fracture face (see Verkleij,
1984).

Even if the possibility of a prefusion structure could be
ruled out, the real nature of the particles and pits remains ob-
scure because no technique is currently available to deter-
mine whether a fusion-correlated particle or pit represents
a lipid, a protein, or a lipid-protein complex. However, if
the fusion-correlated particles observed on the fracture faces
of the plasma membrane, on the one hand, and the fusing
liposome, on the other hand, would be representative of the
HA glycoprotein and the NH,-terminal fusion sequence of
the HA subunit-two (which is thought to induce membrane
fusion by insertion into the target membrane; Doms et al.,
1988), respectively, (protein) particles would be expected on
the exoplasmic fracture face of the plasma membrane and the
concave fracture face of the liposome exclusively. Particles
on the protoplasmic or convex fracture faces, as shown in
Figs. 3 b and 4, are not expected, as the HA glycoprotein
is almost entirely exposed at the extracellular surface (cf.
Burger et al., 1988; in the intact influenza virion intramem-
brane particles are present on the concave fracture face ex-
clusively).

Based on the presence of fusion-correlated particles on
both fracture faces and the similarity, in size and shape, of
the particles and pits with those found in pure lipid systems
(Verkleij, 1984), we tend to conclude, although direct proof
is lacking, that the particles are lipidic and represent a
specific structural intermediate of HA-induced liposome-
cell fusion. Different molecular organizations have been pro-
posed for the particles observed in pure lipid systems, and
whether the observed lipidic particles represent real fusion
intermediates, i.e., inverted lipid micelles at the joining stage
of two fusing membranes (Verkleij, 1984), or rather repre-
sent postfusion structures with a minute aqueous channel al-
ready formed (interlamellar attachment sites, Siegel, 1986a)
is still a matter of debate (cf. Verkleij, 1984; Siegel,
1986a,b).

Conclusions and Outlook

On a structural level, all evidence obtained in this study sup-
ports the suggestion that influenza virus HA-induced mem-
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brane fusion involves a local-point adhesion without IMP
clearance, followed by a local-point fusion with a lipidic par-
ticle as a specific structural fusion intermediate. After HA-
induced liposome—cell fusion, liposomal lipids are very rap-
idly integrated in the plasma membrane.

In our opinion, the combination of freeze substitution with
lipid autoradiography will prove to be a reliable localization
technique with general applicability to all phospholipids.
The possibility to stop redistribution of radiolabeled phos-
pholipids after specific time periods offers the opportunity to
obtain kinetic data on the lateral diffusion of natural phos-
pholipids in a biomembrane, which to date has not been pos-
sible. It should also be a valuable tool to study lipid traffic
and sorting, and offers the opportunity to determine the intra-
cellular fate of lipophilic drugs.
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