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1. INTRODUCTION 

Membrane fusion plays a role in a variety of 
biological processes [l]. Cell fusion with paramix- 
oviruses, such as Sendai virus (SV), has received 
wide attention as a possible mechanism for virus 
entry into host cells, and as a means of introducing 
agents into cells [2,3] and into cell membranes 
[4,5]. These viruses also induce cell-cell fusion 
[6-81, employed to form heterokaryons in several 
biological studies [9, lo]. 

In spite of the interest in virus-cell fusion, the 
fusion mechanism is still far from being clear, and 
the development of assays for the quantitative 
measurement of such events is still lacking. Pro- 
cedures employed to detect fusion of unilamellar 
vesicles with each other [ 11,121 are not applicable 
to more complex systems. Resonance energy 
transfer [13] was recently used to monitor 
vesicle-cell fusion [14], but its use to investigate 
virus-cell fusion requires complicated labelling 
procedures. 

Here we report the application of fluorescence 
photobleaching recovery (FPR) to study virus-cell 
fusion. Conditions whereby the lateral mobility of 
fluorescent-labelled components of SV can be 
studied on human erythrocytes were established. 
The labelled viral constituents were immobile when 
the virus was adsorbed to the cells, and became 
laterally mobile only after fusion had occurred. 
FPR measurements can therefore be used to 
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monitor virus-cell fusion, and may be extended in 
the future to investigate the mechanism of this 
process. 

2. EXPERIMENTAL 

2.1. Virus preparation 
Sendai virus (Z-strain) was grown in the allan- 

toic sac of lo-day embryonated chicken eggs, 
harvested after 48 h, and pelleted twice (12000 x 
g, 2 h) in 160 mM NaCl, 20 mM tricine (Sigma, St 
Louis MO), pH 7.4 (SolNa) [15]. Purified virus 
was stored at -70°C. 

2.2. Fluorescent labelling 

SV (1.5 mg protein/ml) was reacted (12 h, 4°C) 
with 1 mg/ml fluorescein-isothiocyanate (FITC) 
(Molecular Probes, Junction City OR) in 150 mM 
NaCl, 10 mM NaHCO3 (pH 9.5). The mixture was 
washed twice with the pH 9.5 buffer by centrifuga- 
tion (12000 x g, 2 h) and twice with SolNa, and 
dialysed against SolNa. The distribution of the flu- 
orescent label among viral components was estima- 
ted by sodium dodecyl sulfate-polyacrylamide 
(10% acrylamide) slab-gel electrophoresis [ 161, fol- 
lowed by fluorescence photography under laser il- 
lumination (488 nm, with a 510 nm barrier filter). 
Most of the fluorescence was found in the F (fusion 
factor), HN (hemagglutinating-neuraminidase), 
and M (matrix) proteins. F separates under the re- 
ducing conditions of the gel into two polypeptides, 
Fl (Mr 51000) and Fz (MC 13000) [17]. Fi and HN 
contain > 50% of the fluorescence (35% and 19%, 
respectively), while about 28% is associated with 
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the M-protein, Only minor labelling was detected 
in the nucleocapsid protein (NP) (<lo%), and 
none in the P or A bands. Less than 10% of the label 
was found near the dye front, where free FITC, li- 
pids and FZ migrate. Thus, the lipid-associated flu- 
orescence does not exceed a few percent. The fluo- 
rescent virus showed hemagglutination, fusogenic 
and hemolytic activities (measured as in [ 17,181) si- 
milar to those of unlabelled virus. 

3. RESULTS AND DISCUSSION 

The labelling of erythrocyte ghosts by fluores- 
cent SV was dependent on the incubation condi- 
tions. Incubation at 4°C yielded a patchy 
fluorescence pattern, which became homogenous 

2.3. Interaction of Sendai virus with erythrocytes 
Fresh human blood (group 0, Rh-positive) was 

stored up to 20 days at 4°C. Prior to use, 
erythrocytes were washed twice with SolNa and the 
buffy coat was removed. The erythrocyte pellet 
was diluted 50-fold with SolNa, and incubated 
with 400 hemagglutinating units/ml (30 pg/ml) 
fluorescent virus (10 min, 4’C), which formerly 
was sonicated 30 s in a bath sonicator to disrupt 
large aggregates. Unattached virions were removed 
by washing twice with SolNa. Half of the sample 
was kept on ice to avoid fusion, while the other 
half was incubated at 37°C (lo-15 min) to induce 
fusion. Both samples were lysed by a 1: 40 dilution 
in 5 mM phosphate (pH 8.0) at 4”C, and the pellets 
of the resulting ghosts were resuspended in SolNa 
to the original volume. The ghosts were attached to 
poly(L-1ysine)coated coverslips, and were wet- 
mounted with SolNa for the FPR experiments. 
These experiments were performed on ghosts, in 
order to avoid cell heating and damage due to laser 
light absorption by haemoglobin. 

2.4. FPR 
Lateral diffusion coefficients (d) and mobile 

fractions (Rf) were measured by FPR [19,20] at 
22”C, using an apparatus similar to the one in [21]. 
The monitoring laser beam (488 nm, 0.03 pW) 
from an argon ion laser was focused on the ghost 
membrane through a Zeiss Universal microscope 
to a spot of 0.85 gm radius, using a x 100 oil- 
immersion lens. 50-70% of the fluorescence in this 
region was irreversibly bleached by a 40 ms pulse 
of 0.3 mW intensity. The d and Rf values 
(representing an average over all fluorescent- 
labelled components) were derived from the rate of 
fluorescence recovery in the bleached spot [20]. In- 
complete recovery was interpreted as indicating 
fluorophores immobile on the experimental time 
scale (d I 5 x lo-l2 cm2/s). 

Fig. 1. Fluorescence micrographs of human erythrocyte 
ghosts with fluorescent SV. SV was adsorbed to erythro- 
cytes at 4°C (A), and fusion was induced by a further 
incubation at 37°C (B), as in section 2.3. The large 
fluorescent spots seen in B in addition to the homo- 
genous labelling, are aggregates of fluorescent virus, 
which can be seen also on the coverslip next to the cell 
(excessive washing of the virus-cell complexes was 
avoided in order to show this point). These spots could 
easily be avoided in FPR expts due to the small size of 
the laser beam relative to the cell. Photographs were 
taken with 400 ASA film (Kodak Tri-X) under laser 
illumination (488 nm, 10 mW, beam expanded to 
100 pm radius) using a x 100 oil-immersion lens (1.3 

numerical aperture). Bar = 10 pm. 
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after warming the sample (10 min) to 37°C (fig.1). 
Similar observations were reported for human 
erythrocytes treated with SV and labelled with anti- 
virus antibodies [22]. Since incubation at 4°C 
yields only virus adsorption but not fusion [6], the 
diffuse fluorescence observed after incubation at 
37°C (conditions under which fusion occurs) sug- 
gests the dispersal of viral components in the plane 
of the membrane following fusion, as was also in- 
dicated by gross morphological evidence [6,23]. 

FPR experiments on cells pre-incubated with 
virus at 4°C or at 4”C, and then at 37°C provide 
a direct comparison between the dynamic proper- 

a. I I 

I I 

01 
I I 1 I 

10 20 30 40 

TIME, see 

Fig.2. Representative FPR curves of fluorescent SV 
components on human erythrocyte ghosts. The measure- 
ments were performed on ghosts at 22°C as in section 
2. The expts were performed on ghosts prepared from 
erythrocytes which were incubated with SV at 4°C to 
achieve adsorption (B), and which were further 
incubated at 37°C to induce fusion (A). The lack of 
fluorescence recovery in B indicates immobility of the 
probe on the time scale of the experiment. The specific 
curve shown in A yielded d = 7.0 x lo-” cm2/s and a 

FPR expt were performed at 22°C as described in 
section 2. Results are averages on lo-20 cells. In the last 
two rows, the diffusion coefficient was too low to be 
measured (I 5 x lo-i2 cm’/s). Erythrocytes were either 
lysed and taken for the FPR experiment immediately 
after incubation with fluorescent SV at 4°C (designated 
‘4’C’), or were pre-incubated 10 min at 37°C after the 
4°C adsorption step, prior to the preparation of ghosts 
(designated ‘4°C + 37°C’). Trypsin treatment was 
performed by incubating 0.5 mg/ml SV with 60pg/ml 
trypsin (twice recrystallized, Sigma, St Louis MO) in 
SolNa (60 min, 35°C). Soybeam trypsin inhibitor 
(Sigma) was added to a final concentration of 
120pg/ml, and the mixture was washed twice with 

mobile fraction of 0.40. SolNa 

ties of adsorbed and fused SV, respectively (fig.2, 
table 1). Adsorbed fluorescent viral particles are 
laterally immobile (d I 5 x lo-” cm*/s). 
However, exposure of erythrocyte-SV conjugates 
to conditions where virus-cell fusion occurs 
(10 min at 37°C) is accompanied by the mobiliza- 
tion of fluorescent viral components. The mobile 
components comprise about 40% of the total 
fluorescence (table l), and display a relatively high 
mobility (d = 7.3 x lo-” cm*/s). This value is 
considerably higher than that reported for native 
membrane proteins on human erythrocytes (2.2 x 
IO-l* cm*/s) [24], but slower than that of 
the lipid probe N-4-nitrobenzo-2-oxa-1,3-diazolyl- 
phosphatidylethanolamine (obtained from Avanti, 
Birmingham AL) (3 x 10v9 cm*/s at 22°C). 

In addition to fusion, SV facilitates lipid ex- 
change between the viral envelope and erythrocyte 
membranes [25]. The contribution of such a pro- 
cess to the mobilization of viral components can- 
not be significant in view of the low level of fluor- 

Table 1 

Mobility of fluorescent SV components on human 
erythrocyte ghosts 

Treatment Mobile fraction Diffusion 
2 SE coefficient 

+ SE 
(cm’/s x 10”) 

4°C + 37°C 
4°C 
Trypsinized virus, 

0.36 k 0.04 7.3 * 0.4 
0.02 + 0.01 - 

4°C + 37°C 0.02 + 0.01 _ 
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escence associated with the viral envelope lipids 
(section 2.2). In order to verify that other exchange 
processes do not contribute to the mobility observ- 
ed following incubation at 37”C, we performed 
FPR experiments using fluorescent SV pre-treated 
with trypsin (table 1). This treatment cleaves the F- 
protein, rendering the virus capable of adsorption 
but not of fusion or hemolysis [26,27]. Trypsinized 
SV was laterally immobile even after incubation 
with erythrocytes at 37°C (table l), lending further 
support to the notion that the mobilization of viral 
components is the result of fusion and not of 
exchange. 

An important conclusion of the reported studies 
is that adsorbed virions are immobile (most likely 
due to their size), and that viral components 
become laterally mobiie after dispersal in the mem- 
brane by fusion. The immobility of adsorbed 
virions ensures that their fluorescence will not in- 
terfere with the measurement of the mobility of 
fused viral components. Thus, FPR provides a 
method by which the fractions of fused and ad- 
sorbed virus on single cells can be evaluated. Quan- 
titatively, the mobile fraction observed after fusion 
(table 1) yields a minimum value for the fraction of 
fused virus. This is due to the fact that a significant 
fraction of the fluorescence (about 40%) is 
associated with viral proteins which do not become 
part of the cellular plasma membrane after fusion, 
such as M or NP (see section 2.2). These proteins 
contribute to the fluorescence of adsorbed virus, 
but when fusion occurs they either remain im- 
mobile or are washed away from the cell following 
ghost preparation. Therefore, the fraction of fused 
virus may be higher than the Rf of 0.35 observed 
after fusion (table 1). 

A better estimate of the fraction of fused virus 
may be obtained by following exclusively the 
lateral mobility of the viral envelope proteins F and 
HN. This can be achieved by performing FPR ex- 
periments on cells infected by SV and labelled by 
fluorescent, monovalent Fab” fragments of IgG 
directed against the viral envelope proteins. Such 
experiments are currently in progress in our 
laboratory. 

FPR can supply a rapid and quantitative assay 
for virus-cell fusion. Such studies may be extend- 
ed to investigate the involvement of alterations in 
the dynamics of viral and cell-surface proteins in 
the fusion process. 
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