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Summary. Young and aged HVJ virions differ structurally and 
morphologically due to changes that occur during aging in vitro 
or in ovo. Young virions soon after their budding off are rod- 
shaped, rigid and relatively uniform in size, whereas virions that 
have aged in vitro after their formation are round, nonrigid and 
variable in size. These changes during aging seem to be due to 
the variation of M protein, a "skeletal" protein that is associated 
with both the envelope membrane proteins and nucleocapsid 
strands in the virions. The capacities for virion-to-virion fusion 
of young and aged virions were compared to clarify the relation 
between the membrane fusion and membrane-associating skele- 
tal proteins. On treatment with polyethylene glycol (PEG), aged 
virions readily fused, forming large virion vesicles, but young 
virions were resistant to fusion. Further, aged virions fused even 
on incubation at 37~ without the fusogen. Thus the capacity for 
virion-to-virion fusion evidently increases during aging of vi- 
rions. This result suggests that skeletal proteins associating with 
the biological membrane are important for preventing membrane 
fusion, and that virion-to-virion fusion is a good model system 
for use in studies on the mechanism of membrane fusion. 
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Introduction 

Membrane fusion is an important biological event 
that is observed in various biological phenomena. 
There have been many studies on the mechanism of 
membrane fusion, but still little is known about the 
molecular mechanisms involved, or the factors that 
control it, because of the complexity of the mem- 
brane structure and its dynamics. We have been 
studying events in cell fusion with HVJ (Sendai vi- 
rus) to clarify the fusion mechanisms (Kim & 
Okada, 1980, 1981, 1982). When cell fusion is in- 
duced by the virus, the cell membrane transiently 
becomes a labile state; the membrane loses its func- 
tion as an ion barrier, the cytoskeletal structure is 
destroyed, and integral proteins of the cell mem- 
brane become very mobile in the lipid plane. With 
progress of fusion reaction, these alterations are re- 

versed. Similar phenomena were seen during cell 
fusion induced by polyethylene glycol (PEG) (Rob- 
inson et al., 1979). These findings suggest that the 
interaction of membrane proteins with associated 
skeletal proteins that may fix the integral proteins is 
transiently disrupted during membrane fusion and 
that the skeletal proteins are involved in supporting 
the membrane structure. In this work, we tried to 
examine the relation of membrane-associated skele- 
tal proteins with membrane fusion, using HVJ enve- 
lope membranes. 

HVJ is an enveloped virus of the paramyx- 
ovirus family. Of the proteins in this virus, only one 
(M protein) could be a candidate of viral skeletal 
protein and two could be membrane proteins (Chen, 
Compans & Choppin, 1971; Mountcastle, Compans 
& Choppin, 1971; Homma & Ohuchi, 1973). So the 
envelope membrane of this virus is one of the sim- 
plest biological membranes known. Moreover, this 
virus can be obtained in larger quantity than other 
animal viruses, and it has no energy-producing or 
protein-supplying system. It is thus a convenient 
model for use in studies on the mechanism of mem- 
brane fusion. 

Another advantage of use of HVJ is that the 
virions show unique structural changes after their 
formation (Kim et al., 1979; B/ichi, 1980). Usually 
HVJ is propagated in the chorioallantoic cavity of 
10-day-old embryonated eggs for three days after 
infection, and then the chorioallantoic fluid contain- 
ing HVJ virions is chilled for one day and har- 
vested. This chorioallantoic fluid is then stocked in 
a cold room at 4~ and the virions are purified by 
repeated ultracentrifugation. Therefore, it takes at 
least more than a week to purify the virions after 
their formation by budding from the host cell, and 
consequently aging of the virions occurs. As re- 
ported previously, most virions prepared in this 
way are round and variable in size and contain ran- 
domly coiled nucleocapsid strands (Kim et al., 
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1979). These virions are not rigid, and so their shape 
is affected by physical forces. Further, large intra- 
membrane particles can be detected in them on the 
plane of freeze-fracture. However, when the virus 
is harvested 24 hr after infection and purified within 
a few days, we can obtain relatively young virions 
soon after budding off. Most of these virions are 
rod-shaped, relatively small and uniform in size, 
and contain nucleocapsid strands that are regularly 
folded along the long axis and located just under the 
envelope membrane (Kim et al., 1979). Virions har- 
vested in this way are rigid and resistant to external 
physical force. Moreover, no intramembrane parti- 
cles are observed on freeze-fracturing. Namely, 
HVJ virions change structurally with age as fol- 
lows: (1) they become variable in size, (2) nu- 
cleocapsid strands dissociate from the envelope 
membrane, (3) spike protein molecules associate 
with each other in the lipid bilayer. These changes 
seem to be due to a variation of M protein which 
may have less interaction with the envelope mem- 
brane and nucleocapsid strands with age. Thus, to 
obtain a clue to the relation between membrane fu- 
sion and the skeletal proteins associated with the 
biological membrane, we compared the virion-to- 
virion fusion capacities of young and aged virions. 

Materials and Methods 

PREPARATION OF H V J  VIRIONS 

Young and aged virions were prepared as reported previously 
(Kim et al., 1979). Briefly, 10-day-old embryonic eggs infected 
with HVJ were incubated for one day ('early harvest '  for young 
virions) or three days ('late harvest '  for old, aged virions) at 
37~ and then the eggs were chilled overnight and the chorioal- 
lantoic fluid was harvested. The harvested chorioallantoic fluid 
was kept at 4~ until use. The virions were purified from the 
chorioallantoic fluid by repeated ultracentrifugation as reported 
previously (Kim et al., 1979). Aged virions were aged for more 
than three weeks in the chorioaUantoic fluid, while young virions 
were used within two to three days after harvest. 

FUSION OF VIRIONS 

Young and aged HVJ virions purified by differential ultracentri- 
fugation were suspended at 20,000 to 30,000 HAU/ml in BSS 
(balanced salt solution buffer, pH 7.4) containing 22.5% PEG 
4,000 (Nakarai Chemical Co., Ltd., Kyoto, Japan) and centri- 
fuged at 20,000 rpm (Beckman rotor #30) for 30 rain at 4~ The 
resulting pellet was overlayed with 1 ml of 45% PEG solution and 
incubated for 30 min at 37~ with gentle shaking. After the incu- 
bation, PEG was removed by ultracentrifugation and the pellet 
was washed twice with PBS (phosphate-buffered saline) by cen- 
trifugation. In studies on fusion without PEG the suspension of 
aged virions in BSS buffer was centrifuged at 18,000 rpm (Sorvall 

ss-34 rotor) for 45 rain and the resulting pellet of virions was 
incubated in BSS for 60 rain at 37~ When necessary, calcium 
chloride was added in the reaction medium at a concentration of 
1 mM. 

ELECTRON MICROSCOPY 

The pellet of virions was fixed with 2% glutaraldehyde and then 
2% osmium tetroxide in 0.1 M cacodylate buffer, pH 7.4. The 
sample was then routinely dehydrated with ethanol and embed- 
ded with Epon resin. Ultrathin sections were observed after dou- 
ble staining with uranyl acetate and lead acetate solution (Kim et 
al., 1979). When necessary, part of the pellet was resuspended in 
PBS and negatively stained with 3% potassium tungstate. 

Results 

FUSION OF AGED VIRIONS INDUCED BY PEG 

Before comparing the fusion capacities of young 
and aged virions, we examined the fusion of HVJ 
virions under drastic conditions to determine 
whether their fusion actually occurred. For this, 
aged virions were treated with a high concentration 
of PEG for a long time; namely, the aged virions 
collected together as a pellet by ultracentrifugation 
were incubated with 45% PEG at 37~ for 30 min. 

When the resulting virions were examined by 
negative staining, many very large virions were 
seen that were much bigger than any detected in 
preparations before treatment with PEG, even 
though preparations obtained by late harvest con- 
sist of virions of various sizes. The presence of 
these large virions suggested that the HVJ virions 
had fused together. Then thin sections of the prepa- 
ration were examined. Figure 1 is a section of aged 
virions treated with PEG. Many large vesicles are 
seen that appear to be fused virions. These large 
vesicles were about 1 /xm in diameter and consti- 
tuted about 30 to 50% of the total number of virions. 
These large vesicles had spikes on their membrane 
and contained nucleocapsid strands. These results 
suggested that the large vesicles were virion vesi- 
cles formed by fusion of virions. Most of these vi- 
rion vesicles were unilamellar. 

At higher magnification, the membrane of these 
large virion vesicles was formed to have a typical 
lipid bilayer structure, but with fewer spikes than on 
the membrane of unfused virions (Fig. 2). In many 
cases, the spikes had a patchy distribution inter- 
spersed with regions of membrane with no spike. It 
is noteworthy that viral spikes were often arrayed 
on both sides of the membrane (arrowheads in Fig. 
2), suggesting that the lipid bilayer structure of the 
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Fig. 1. Section of aged HVJ virions treated with PEG. HVJ virions obtained by late harvest that were aged in ovo and in vitro were 
precipitated by ultracentrifugation and incubated with 45% PEG at 37~ for 30 rain. Many large virion vesicles formed by fusion of 
virions are seen among unfused virions. In the large fused virions, nucleocapsid strands are present associated with the membrane in 
limited regions. Many nucleocapsid strands have become amorphous and electron dense on treatment with PEG. 40,000 x ; bar, 0.1/xm 

viral envelope was broken  down by t reatment  with 
the fusogen. Another  no tewor thy  point was that nu- 
cleocapsid strands in both fused and unfused vi- 
rions were condensed,  and often appeared amor-  
phous.  Consequent ly ,  most  of  the nucleocapsid 
strands in large virion vesicles were detached f rom 
the membrane ,  forming closely packed  clusters and 
were  characterist ical ly located at one side of  the 
vesicles still partially associated with limited areas 
of  the inner surface of  the membrane .  In such cases,  
spikes were  often detected on the surface of the 
membrane  above  the regions to which the nu- 
cleocapsid strands were  still bound on the inner sur- 
face. Further ,  the spikes in this area were seen only 
on the outer  side of  the membrane  (arrows in Fig. 
2). After  t rea tment  with PEG,  unfused virions ap- 
peared smaller than before t reatment  and irrespec- 
tive of  virion fusion, the nucleocapsid strands be- 
came more  electron dense (compare Figs. 1 and 2 
with Fig. 7). These  changes may  be due to loss of  
some components  f rom the virions on PEG treat- 
ment.  

FUSION OF YOUNG VIRIONS WITH PEG 

As shown in Fig. 3, the young virions are most ly  
rod-shaped and contain regularly folded nucleocap- 
sid strands. Many  connecting structures between 
the envelope membrane  and nucleocapsid strands 
or be tween nucleocapsid strands are observed  in 
these virions at higher magnification (inset of  Fig. 
3). These  connecting structures disappear  during 
aging of  virions. Thus,  the structure of  young vi- 
rions appears  rigid, unlike that of  aged virions. We 
next  examined whether  these structural differences 
be tween young and aged virions affected virion-to- 
virion fusion. The young virions were prepared 
from early harves t  virions and treated with PEG in 
the same way as aged virions. 

In contras t  to aged virions, the young virions 
showed strong resis tance to virion-to-virion fusion 
with PEG.  Figure 4 shows a section of  these virions 
after t rea tment  with PEG. Most  virions did not 
fuse. Moreover ,  this t rea tment  did not cause any 
obvious changes in morphology;  many  virions were 
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Fig. 2. Higher magnification of aged HVJ virions treated with PEG. The membrane of the large virion vesicles shows a typical lipid 
bilayer structure and spikes are detected on the membrane. Spikes on the large virion vesicles are generally sparse and localized in 
patches. Occasionally spikes are arrayed on both sides of the membrane (arrowheads). The nucleocapsid strands form clusters and are 
located on one side of the vesicles, partially associated with the restricted region of the membrane in which the spikes are present only 
on the outer surface (arrows). 100,000x ; bar, 0.1 /~m 

still rod-shaped and retained the typical morphol- 
ogy of young virions after PEG treatment. But 
many of these nucleocapsid strands became amor- 
phous, although they did not become compactly 
condensed like those of aged virions; namely, they 
mainly remained largely associated with the inner 
surface of the membrane. Moreover, the spike ar- 
ray of the young virions was not changed. How- 
ever, a few larger virion vesicles were seen that 
seemed to have been formed by the viral fusion (in- 
set of Fig. 4). In these larger virions, the nucleocap- 
sid strands were clustered at one side of the vesicles 
as in the vesicles of aged virions. These larger vi- 
rion vesicles could also be seen by negative staining 
(data not shown). Thus, a few virions in the early 
harvest, possibly relatively aged virions, seemed to 
fuse. The frequency of these virions was, however, 
much lower than that of large virion vesicles in the 

late harvest preparation, and these fused vesicles 
were smaller than those formed from aged virions. 
Thus treatment with PEG had clearly different ef- 
fects on the virions in the early harvest and late 
harvest preparations (compare Fig. 1 with Fig. 4). 

FUSION OF AGED VIRIONS WIT H O U T  FUSOGEN 

The results with PEG, described above, show that 
envelope membranes of aged virions are readily fu- 
sible, whereas those of young virions are strongly 
resistant to fusion. This seems to reflect the differ- 
ence in rigidity of young and aged virions. To con- 
firm this, we tried to fuse aged virions without a 
fusogen. For this we used virions that had been 
aged for a longer time; namely, we purified virions 
from chorioallantoic fluid that had been stored for 
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Fig. 3. Negative staining of young virions obtained by early harvest after fixation with 1% glutaraldehyde. Most virions are similar in 
size and rod-shaped. The nucleocapsid strands are regularly folded along the long axis. Inset: thin section of a young virion showing 
structural connection of substances between nucleocapsid strands or nucleocapsid strands and the envelope membrane. 48,000 x ; bar, 
0.1 /xm. Inset, 100,000x; bar, 0.1 txm 

about 5 weeks at 4~ after harvest and finally pel- 
leted by ultracentrifugation, and incubated the pel- 
let at 37~ for 60 min in BSS buffer. Results are 
shown in Figs. 5 and 6. After negative staining, 
many very large virions were seen (Fig. 5), and 
some were gianl virions covered with many spikes. 
Very large virions were also seen among the virions 
in thin sections (Fig. 6), although at lower fre- 
quency than after treatment with PEG. Moreover, 
unlike in preparations treated with PEG, intermedi- 
ate steps of virion-to-virion fusion were frequent in 
preparations of aged virions incubated at 37~ (ar- 
row in Fig. 6). In addition to the intermediate step 
(arrow), contact regions of two apposing viral enve- 
lope membranes (arrowheads) are also detectable. 
Figure 7 is a section of control aged virions from the 
same lot as those in Figs. 5 and 6 (incubated at 0~ 
A clear contrast can be seen (compare Fig. 6 with 

Fig. 7). The sample incubated at 0~ has the typical 
appearance of late harvest virions; the virions vary 
in size, but these are not very large virions. HVJ 
virions are generally thought to be 150 to 600 nm in 
diameter (Hosaka, Nishi & Fukai, 1961). However, 
most of the virions harvested from embryonated 
eggs are 200 to 350 nm in diameter and few are more 
than 500 nm in diameter. On the other hand, as 
shown in Fig. 6, many large virions were seen in the 
sample incubated at 37~ some of them were more 
than 1 /xm in diameter and intermediate steps of 
fusion were also detected. These findings indicate 
that aged virions fuse with each other at 37~ This 
fusion occurred irrespective of the presence of cal- 
cium ion in the buffer (data not shown). 

The large virion vesicles differed morphologi- 
cally from those formed on treatment with PEG. 
Virions incubated without the fusogen were with 
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Fig. 4. Section of young HVJ virions treated with PEG. Young virions obtained by early harvest were treated with PEG under the same 
conditions as aged virions. Unlike aged virions, most of the virions are not fused and retain the rod shape and morphology of young 
virions. The nucleocapsid strands in many virions have become amorphous, but are not clustered and are still broadly associating with 
the envelope membrane. The nucleocapsid strands are clearly different from those in aged virions: Inset: A relatively large vesicle that 
seems to have been formed by virion-to-virion fusion. The amorphous nucleocapsid strand is located on one side of the vesicle (arrow) 
as in aged virions. Spikes are seen only on the outer surface in the region with which the amorphous nucleocapsid strand is still 
associated. 60,000 x ; bar, 0.1 /xm. Inset, 100,000 x ; bar, 0.1 /xm 

Fig. 5. Negative staining of aged virions incubated at 37~ for 60 min without PEG. Virions show the typical morphology of aged 
virions with various shapes. Very large virions are frequently seen among the virions of various sizes. Virions are covered with many 
spikes and the randomly coiled nucleocapsid strands are seen. 36,000x; bar, 0.1 /xm 
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Fig. 6. Section of aged virions incubated at 37~ for 60 min without PEG. The sample is from the same lot as for Figs. 1 and 5. Very 
large virions are seen. An intermediate step of viral fusion is seen (arrow). The fused virion is covered with many spikes, unlike the 
virion vesicle, formed by PEG. In addition to the intermediate step of fusion (arrow), contact regions of two apposing viral envelope 
membranes where fusion will occur (arrowheads) are also seen. 36,000• bar, 0.1 tzm 

many spikes like the natural virions, and no spikes 
were  detected on the inner surface of the mem- 
brane. Moreover ,  nucleocapsid strands were not 
clustered,  but distributed randomly as in intact aged 
virion. Thus the large virion vesicles were morpho-  
logically similar to natural virions. 

Discussion 

From the results in this paper,  it is clear that aged 
virions tended to fuse, whereas  young virions were 
strongly resistant  to fusion. These findings suggest 
that structural changes during aging of the HVJ  vi- 
rions are closely related to the capaci ty  for virion- 
to-virion fusion. Thus one reason why virions ob- 
tained by late harves t  contain virions of  variable 
size including large virions may be because  virion- 
to-virion fusion occurs  in aged virions. 

We think this difference in the fusion capaci ty 
may  be related to change in the interaction of M 
protein with the envelope membrane .  M protein, 
which is present  inside the virion, is associated with 

both nucleocapsid strands and the membrane  pro- 
teins that form spikes on the envelope (Yoshida, et 
al., 1976, 1979). So it may  be considered as a kind of 
'v i roske le ton , '  like the cytoskele ton in the cell. 
Binding of nucleocapsid strands to the inner surface 
of the envelope membrane  resulting in regular fold- 
ing along the axis may  be mediated by M protein. 
Thus M protein seems to be important  in mainte- 
nance of the characterist ic rigid structure of young 
virions. On the other  hand, with virion aging, the 
regular folding of  nucleocapsid strands is lost, and 
the virions become  nonrigid and round. Further,  
spike proteins of  the envelope membrane  become 
more  mobile in the plane of  the lipid bilayer (Kim et 
al., 1979). These  seem to be associated with some 
variation of  M protein occurring during aging for 
unknown reason.  On t rea tment  with PEG,  most  nu- 
cleocapsid strands of  aged virions become detached 
f rom the envelope membrane ,  whereas  those of  
young virions remain associated with the mem- 
brane. These  observat ions  also suggest some varia- 
tion in M protein which made the association less. 

In the early stage of  the fusion reaction induced 
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Fig. 7. Section of aged virions incubated at 0~ for 60 min as a control. The sample is from the same lot as for Figs. 1, 5 and 6. The 
virions show the typical morphology of late harvest virions, which consist of virions of various ages. No large virions are observed, 
unlike in samples incubated at 37~ (compare with Fig. 6). 36,000x; bar, 0.1 /xm 

by HVJ, the cytoskeletal network is disrupted and 
the membrane proteins become mobile (Kim & 
Okada, 1981). Similar changes during PEG treat- 
ment have been reported (Robinson et al., 1979). 
These changes suggest that interaction of cytoskele- 
tal proteins with the cell membrane is lost during 
membrane fusion. These data and the present study 
strongly suggest that interaction of M protein as 
viroskeleton is disrupted in the aged virion. These 
findings also indicate that the skeletal proteins are 
important for preservation of the membrane struc- 
ture. Dissociation of skeletal proteins supporting 
the biological membrane may be essential for mem- 
brane fusion. When the skeletal structure is dis- 
rupted, membrane proteins become freely mobile 
and so result in a condition in which membranes 
readily fuse with each other. In contrast, the cells in 

tissues of animals are separated by cell membranes, 
although they are in tight contact. In this case, the 
rigid cytoskeletal structure associated with the cell 
membrane may be considered to prevent membrane 
fusion, and maintain individual cell compartments. 

On treatment with PEG, the assymmetrical dis- 
tribution of spikes is lost in aged virions, but not in 
young virions. This difference may also suggest a 
possibility that some variation occurred in M pro- 
tein which supports the envelope membrane. In this 
connection, the fact that spikes are only detected on 
the outer surface, but not the inner surface of the 
membrane when nucleocapsid strands are still 
bound to the inner surface of large virion vesicles 
seems noteworthy. Thus, we mainly discussed the 
fusibility of the envelope membrane with M protein 
as a skeletal protein. However, we have no direct 
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evidence on the variation of M protein. Other possi- 
bilities also remain. 

Virion-to-virion fusion was also seen in aged 
virion without PEG, although at lower frequency. 
As is well known, the fusion activity of HVJ de- 
pends on two viral glycoproteins, HN and F 
(Homma & Ohuchi, 1973; Scheid & Choppin, 1974). 
To examine whether these proteins concern the vi- 
rion-to-virion fusion, the virions were treated with 
anti-HVJ polyclonal antibody and then incubated at 
37~ As a result, large virion vesicles were also 
observed under this condition. This suggests that 
these two proteins are at least not directly associ- 
ated with virion-to-virion fusion. 

The large virions forming without PEG retain 
biological activities. So it should be possible to use 
these large virions as vectors of biologically active 
substances for injection into living cells. Experi- 
ments on this possibility are in progress. 
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