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A kinetic and quantitative analysis of the binding and fusion of Sendai virus with erythrocyte membranes was
performed by using a membrane fusion assay based on the relief of fluorescence self-quenching. At 37°C, the
process of virus association displayed a half time of 2.5 min; at 4°C, the half time was 3.0 min. The fraction
of the viral dose which became cell associated was independent of the incubation temperature and increased
with increasing target membrane concentration. On the average, one erythrocyte ghost can accommodate ca.
1,200 Sendai virus particles. The stability of viral attachment was sensitive to a shift in temperature: a fraction
of the virions (ca. 30%), attached at 40C, rapidly (half time, ca. 2.5 min) eluted from the cell surface at 37°C,
irrespective of the presence of free virus in the medium. The elution can be attributed to a spontaneous,
temperature-induced release, rather than to viral neuraminidase activity. Competition experiments with
nonlabeled virus revealed that viruses destined to fuse do not exchange with free particles in the medium but
rather bind in a rapid and irreversible manner. The fusion rate of Sendai virus was affected by the density of
the virus particles on the cell surface and became restrained when more than 170 virus particles were attached
per ghost. In principle, all virus particles added displayed fusion activity. However, at high virus-to-ghost
ratios, only a fraction actually fused, indicating that a limited number of fusion sites exist on the erythrocyte
membrane. We estimate that ca. 180 virus particles maximally can fuse with one erythrocyte ghost.

Sendai virus is a membrane-bounded virus which belongs
to the paramyxovirus family. The virus possesses membrane
fusion activity which is imperative for its survival, as this
property enables the virion to introduce its genome into the
cytoplasm of the host cell for replication. Passage of the
genome across the plasma membrane results from a fusion
process between the viral envelope and the cell surface at
neutral pH (2, 17, 29, 36). The fusion process is a two-step
reaction, involving a binding step and the actual fusion
event, and is mediated by the viral spike glycoproteins HN
and F (4). Cell attachment is accomplished by an interaction
between HN and sialic acid-containing glycoproteins (32, 39)
or glycolipids (14, 34), and the F protein, which consists of
two disulfide-bonded polypeptides, F1 and F2 (4), has been
identified as the fusion factor. It has been proposed that a
hydrophobic segment contained in the F1 polypeptide of this
protein (7, 15) interacts directly with the target membrane
(15, 30, 36), causing a (local) perturbation of the bilayer
structure which subsequently leads to bilayer merging.

Various techniques have been used to assess viral fusion
activity and to investigate the underlying mechanism. Some
of the procedures focus on events secondary to the actual
fusion reaction (e.g., hemolysis and cell fusion), whereas
other methods either do not provide (8, 26, 33) or provide
only after tedious labor (9, 19) an accurate, quantitative
insight into the kinetics or extent of fusion. For a proper
interpretation of the mechanism of viral fusion activity, the
acquirement of such data seems imperative (36, 37).

Recently, we developed a membrane fusion assay, based
on the relief of fluorescence self-quenching, which can serve
as an excellent tool for the direct study of questions related
to quantitative and kinetic aspects of virus-host cell interac-
tion (11). Fusion between virus particles and the target
membrane can be monitored continuously without the need
to separate fused and nonfused particles. In addition, the
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fraction of the cell-associated virus which fuses or binds to
the cell surface can readily be determined. The aim of the
present work was to obtain a detailed view of the interaction
events between Sendai virus and erythrocyte membranes in
terms of the kinetics and extent of viral attachment, detach-
ment, and fusion. In addition, we analyzed the influence of a
variety of incubation conditions as well as the effect of the
reducing agent dithiothreitol (DTT) on the capacity of the
virions to bind and fuse with erythrocyte membranes.

MATERIALS AND METHODS

Virus. Sendai virus (Z strain) was grown in the allantoic
cavity of 10-day-old embryonated chicken eggs. Allantoic
fluid was harvested after 72 h, and cellular debris was
removed by centrifugation at 5,000 x g (30 min, 4°C). The
virus was purified by differential centrifugation (20), washed
twice with phosphate-buffered saline, and stored at -70°C.
The stocks used throughout the fusion experiments contained
ca. 350 hemagglutinating units per ml of allantoic fluid and had
an infectivity titer of u1010 PFU/ml. Therefore, they can be
defined as standard preparations of Sendai virus without
defective interfering particles (31). Unless indicated other-
wise, the amount of virus given in the text refers to the amount
of viral protein.
We occasionally expressed the amount of virus in terms of

the number of virus particles. This number was calculated
based on the assumption that (i) Sendai virus contains 276
nmol of phospholipid per mg of protein (18), and the average
diameter of the particles is 150 nm (17), whereas the surface
area of a phospholipid molecule is 7 nm2, or (ii) the molecular
weight of the virus is 5 x 108 (37), and 70% by weight is
protein (16). Thus, an average of 1.3 x 109 virus particles per
,ug of virus protein was calculated.
Preparation of R18-labeled virus. Fluorescently tagged

Sendai virus was prepared as described in detail elsewhere
(11, 12). Briefly, the virus (approximately 1 mg of protein)
was suspended in 1 ml of 120 mM KCl-30 mM NaCl-10 mM
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sodium phosphate buffer (pH 7.4; KNP buffer). An ethanolic
solution (-10 ,ul) of octadecyl rhodamine B chloride (R18;
Molecular Probes Inc., Junction City, Oreg.) was injected
into the mixture, under vigorous vortexing, with a Hamilton
syringe (final R18 concentration, 15 ,uM). After incubation for
1 h at room temperature, noninserted probe was removed by
gel filtration on Sephadex G-75. The membrane-labeled virus
was recovered in the void volume fraction, the amount of
virus was determined by protein measurement, and the
preparation was stored on ice.

Erythrocyte ghosts. Sealed erythrocyte ghosts were pre-
pared by hypotonic hemolysis of human erythrocytes (type
A') in 5 mM sodium phosphate buffer (pH 8.0; 13). Prior to
resealing, the ghosts were loaded with albumin (5% [wt/vol])
immediately after lysis by a brief incubation on ice (15 min).
After resealing, at 37°C (45 min) in the presence of 1 mM
Mg2+, the ghosts were washed thrice with KNP buffer, and
the final pellet was resuspended in the same buffer; the
suspension was stored on ice. The amount of ghosts was
expressed as micrograms of protein, which was determined
by measuring protein (before the addition of albumin) and
occasionally verified by determining lipid phosphorus after
lipid extraction. The amount of protein was then calculated,
assuming that 674 nmol of phospholipid corresponds with 1
mg of protein (5). When the amount of ghosts is expressed as
the number of cells, we assumed that 1 mg of protein equals
1.8 x 109 cells.
Fusion measurements. Under the conditions of viral mem-

brane labeling described above, the fluorescent dye R18 is
inserted into the membrane at a surface density that causes
self-quenching of fluorescence. Upon fusion between the
viral membranes and the nonlabeled target membranes
(erythrocyte ghosts), relief of self-quenching occurs, result-
ing in a proportional increase in fluorescence intensity. The
increase in fluorescence, as a direct measure of fusion, can
be monitored continuously in a fluorometer. A detailed
account of this assay has been presented elsewhere (11, 12).
The fusion experiments described in this work were

performed as follows. R18-labeled virus was suspended in a
cuvette containing KNP buffer (pH 7.4) at 37°C. Subse-
quently, ghosts were added, and the development of R18
fluorescence (excitation wavelength, 560 nm; emnission
wavelength, 590 nm; slit width, 4.5 nm) was monitored
continuously with a Perkin-Elmer MPF 43 spectro-
photofluorometer equipped with a chart recorder. The tem-
perature was controlled with a thermostatted circulating
water bath. In some experiments the virus was allowed to
attach to the ghost membrane, before fusion, by incubation
on ice for 15 min in a small volume of KNP buffer. Pre-
warmed buffer was then added, and the mixture was rapidly
transferred to a cuvette which was then placed in the
fluorometer for the monitoring of fusion at 37°C, as de-
scribed above. The final incubation volume in all fusion
experiments was 2 ml. For calibration of the fluorescence
scale, the initial residual fluorescence of the R18-labeled
virus was taken as the zero level, and the fluorescence at
infinite probe dilution was taken as 100%. The latter value
was obtained by determining the level of fluorescence after
the addition of Triton X-100 (1% [vol/vol]), corrected for
sample dilution. The results are expressed as the percentage
of fluorescence that would be obtained upon infinite dilution.
In the case of Sendai virus-ghost fusion, the percentage of
R18 fluorescence is directly proportional to the extent of
fusion (11). The initial fusion rates were determined from the
slope of the steepest part of the fluorescence tracings (per-
centage of R18 fluorescence per minute). The final extent of

fusion was assessed by reading the R18 fluorescence after
incubation of virus with ghosts for 20 to 24 h at 37°C. Finally,
the fraction of virus which fused, relative to the total fraction
of cell-associated virus (after the removal of nonbound
virus), was calculated from the extent of R18 fluorescence
increase, measured before and after the addition of Triton
X-100, relative to the same ratio obtained for nonfused virus.

Virus-binding assay. R18-labeled Sendai virus was incu-
bated with ghosts in an appropriate volume (see figure
legends) of KNP buffer for 15 min on ice. Nonbound virus
was removed by centrifugation in an Eppendorf table cen-
trifuge (4 min, 10,000 x g, 4°C), and the cells were washed
with ice-cold buffer. After the addition of Triton X-100 (1%
[vol/vol]), the R18 fluorescence was measured in the pellet
and the combined supernatant fractions to determine the
fraction of bound (cell associated) and nonbound virus,
respectively. To eliminate the possibility of cosedimentation
of aggregated virus particles, the virus preparation was
centrifuged under conditions similar to those described
above, before incubation with ghosts.

Virus-induced hemolysis. Sendai virus was incubated with
human erythrocytes (type A') for various times. After the
removal of intact cells, the percentage of hemoglobin release
in the supernatant was measured by determining the A540
relative to the absorbance assessed after the cells were lysed
in the presence of ammonia.
Treatment of the virus with DTT. Double the amount of

virus used in the fusion experiments was incubated with the
desired concentration of DTT at 37°C for 15 min. The
incubation medium consisted of KNP buffer (pH 7.4); the
final volume was 150 ,ul. A 75-pA sample was taken and
injected into the fusion medium. Fusion was initiated by the
addition of ghosts.

RESULTS
Virus binding kinetics. The time course of Sendai virus

attachment to erythrocyte membranes is shown in Fig. 1. At
37°C the initial binding kinetics was slightly faster than that
observed at 4°C as reflected by half times of approximately
2.5 and 3.0 min, respectively. At either temperature, 50 to
55% of the viral dose added became cell associated eventu-
ally, indicating a relatively temperature-independent mode
of virus binding. As anticipated (12), only at 37°C was a
steady decrease in fluorescence quenching observed, result-
ing from membrane fusion and subsequent randomization of
viral and erythrocyte membrane components (see below).
When nonbound virions were removed after incubation at

either 37 or 4°C for 15 min, followed by the resuspension of
the cells in medium of the same temperature as that during
preincubation, less than 5% of the cell-associated virus
eluted from the ghost membrane during an additional incu-
bation of at least 30 min. Hence, an apparent irreversible
binding was established under both conditions. However,
substantial release of virus was observed when the temper-
ature of the cell suspension, pretreated with viruses at 4°C,
was elevated to 37°C (see below).

Parameters affecting the extent of virus binding. At a fixed
ratio of virus over ghosts (25 ,ug of viral protein per 50 pRg of
ghost protein), the final incubation volume (0.1 to 1.5 ml)
slightly affected the amount of virus that bound to the
erythrocyte membrane after 15 min of incubation at 4°C
(data not shown). Thus, relative to the extent of binding
obtained at a final incubation volume of 0.1 ml, the total
cell-associated virus fraction decreased by approximately
10% when the incubation volume was 1.0 ml and by approx-
imately 20% at a final volume of 1.5 ml. A similar incubation
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FIG. 1. Kinetics of Sendai virus binding to erythrocyte ghost membranes. R18-labeled virus (30 ,ug of protein) was incubated with

erythrocyte ghosts (100 ,ug of protein) in a final volume of 0.4 ml at 4 or 37°C for various times. Nonbound virus was then removed by
centrifugation. The ghost pellet was resuspended, transferred to a new tube, and washed once. The cell-associated virus fraction (0, 4°C; A,
37°C) was determined by measuring fluorescence in the cell pellet and supernatant fractions after the addition of Triton X-100 (1% [vol/vol])
as described in Materials and Methods. The percentage of fluorescence quenching (0, 4°C; A, 37°C), indicating the extent of lipid dilution,
was determined from the ratio of fluorescence measured before and after the addition of detergent. Note that the percent fluorescence
quenching represents the actual quenching obtained for a virus preparation labeled as described in Materials and Methods.

volume-dependent decrease in viral attachment was ob-
tained at 37°C.

Virus binding to erythrocyte membranes is shown in Fig.
2 as a function of virus and ghost concentration. The extent
of virus binding increased with increasing ghost concentra-
tion (A). At a fixed concentration of erythrocyte ghosts (50
,ug of protein per 0.5 ml), the fractional virus binding (0),
i.e., the fraction of the total virus dose added, varied
proportionally with the virus concentration, provided that
the virus concentration was below 50 p.g of protein per 0.5
ml. At higher virus concentrations, the fractional binding
leveled off, displaying a tendency to saturate. To estimate
the number of virus particles which can maximally bind to
the erythrocyte ghost membrane, the attached multiplicity
(micrograms of virus bound per microgram of ghosts) was
plotted versus the amount of virus added (0; 6, 40). The
number of particles attached was then calculated from the
plateau of the plots. With four different batches of virus and
erythrocyte ghosts, the values attained at saturation varied
between 1 and 2.5 jxg of virus protein attached per p,g of
ghost protein. This corresponds to ca. 700 to 1,750 virus
particles per ghost, assuming that 1 ,ug of virus protein
contains 1.3 x 109 virus particles, whereas 1 ,ug of ghost
protein equals 1.8 x 106 cells (see Materials and Methods).

Stability of virus binding. To determine the potential
reversibility of virus attachment, viruses (260 p.g of protein)
were allowed to bind to the ghost membranes (750 ,ug) during
15 min at 4°C in a final incubation volume of 3 ml. Subse-
quently, nonbound and loosely bound virions were removed,
and the ghost suspension was divided into two equal frac-
tions. One fraction was further incubated at 4°C, and the
other was incubated at 37°C. At various times, samples were
withdrawn, and the dissociation of cell-associated virus was
determined. At 4°C approximately 5% of the initially bound
virus fraction dissociated from the target membrane within 2
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FIG. 2. Binding of virus to erythrocyte membranes as a function
of virus and ghost concentration. Ghosts (50 ,ug of protein) were
incubated with increasing amounts of Sendai virus for 15 min at 4°C.
The final incubation volume was 0.5 ml. Nonbound virus was
removed as described in the legend to Fig. 1, and binding (0),
determined by measuring fluorescence in the pellets and superna-
tants after the addition of Triton X-100, was plotted as a function of
the amount of virus. To determine the maximal binding capacity, the
extent of binding was recalculated to the amount (in micrograms) of
virus versus ghost protein (attached multiplicity) and plotted as a
function of the amount of virus added (0). Binding of the virus as a
function of ghost concentration was determined similarly, except
that Rl8-labeled Sendai virus (25 ,ug) was incubated with various
amounts of ghosts (AL) for 15 min at 4°C in a final volume of 0.25 ml.
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FIG. 3. Effect of a low-temperature preincubation on the fusion
kinetics of Sendai virus. R18-labeled Sendai virus (15 ,ug) was
incubated with ghosts at 4°C for 15 min (a and c), prior to incubation
at 37°C, or was directly added to the ghosts at 37°C (b and d). The
kinetics of fusion were monitored continuously, as described in
Materials and Methods. The amounts of ghosts were 130 (a and b)
and 30 (c and d) pug of protein.

min after the ghost-virus complex was resuspended. At
37°C, a larger fraction was eluted with a half time of
approximately 2.5 min and a maximal release of approxi-
mately 30%, reached after 10 min. The most obvious expla-
nation for the observed release of virus is the cleavage of the
virus from its receptor, mediated by viral neuraminidase
activity, which is associated with the HN protein (4). To test
this possibility, the experiment was repeated in the presence
of a neuraminidase inhibitor, 2-deoxy-2,3-dehydro-N-
acetylneuraminic acid (23, 35). It turned out, however, that
the release at 4°C remained unaltered in the presence of the
inhibitor, whereas at 37°C release was only minimally af-
fected, i.e., 25% still readily dissociated from the cell sur-
face, indicating that virus release cannot be attributed to
viral neuraminidase activity. The major fraction, approxi-
mately 70% of the initial cell-associated virus fraction,
remained firmly attached to the ghost surface and may
subsequently become prone to fuse with the erythrocyte
membrane.

Effect of preattachment on virus-ghost fusion. As demon-
strated elsewhere (12), hemolysis or fusion takes place at
37°C irrespective of preincubation of the virus with the target
membrane at 4°C. Because the binding kinetics are different,
i.e., after 15 min of incubation at 4°C, the membrane surface
is covered with attached virus (Fig. 1), a difference in the
initial fusion kinetics is expected. This indeed appeared to be
the case (Fig. 3). As a function of ghost concentration, prior
attachment resulted in a 1.5- to 2-fold increase in the initial
fusion rate (Fig. 4A). The final extents of fusion, as esti-
mated after 20 h, were essentially the same, i.e., indepen-
dent of whether viral preattachment had taken place (see
below). Because the final fluorescence levels tend to saturate
at high ghost concentrations (Fig. 4A), the results suggest
that the fusion capacity of the ghost membrane for the virus
is finite. The maximal fusion capacity was determined by
plotting the input multiplicity versus the number of fused
virus particles (Fig. 4B). From the reciprocal of this plot
(insert), it was calculated that a maximum of approximately
180 virus particles can fuse per erythrocyte ghost.
Binding versus fusion. To examine more closely the fate of

the virus particles with respect to binding and fusion at 37°C,
various amounts of erythrocyte ghosts were incubated with
a fixed amount of virus for 15 min. After the removal of
nonbound virions, the cell-associated virus fraction (0) and
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FIG. 4. (A) Effect of preattachment of the virus to the target
membrane on the initial rate and final extent of fusion as a function
of the target membrane concentration. R18-labeled virus (15 ,ug) was
incubated with various amounts of ghosts at 4°C in a final volume of
1 ml. After 15 min, prewarmed buffer was added to raise the
incubation temperature to 37°C and the final volume to 2 ml.
Alternatively, the same amount of virus was added directly to the
cell suspension at 37°C. The kinetics of fusion were then monitored
continuously in a fluorometer, and the initial fusion rate was
determined. The incubation mixtures were then left for 24 h, after
which the final extent of fusion was determined by measuring
fluorescence before and after the addition of Triton X-100. Symbols:
A and A, initial rate and final extent of fusion, respectively, after
preincubation at 4°C; 0 and 0, rate and extent of fusion, respec-
tively, when the virus was directly added at 37°C. (B) Determination
of the maximal fusion capacity per ghost. The extent of fusion (see
panel A) was recalculated as the number of virus particles fused
after 24 h and plotted as a function of the number of virus particles
added per ghost. For calculations we assumed that 1 ,ug of virus
protein equals 1.3 x 109 virus particles and that 1 ,ug of ghost protein
corresponds to 1.8 x 106 cells. The insert shows the reciprocal plot.
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FIG. 5. Determination of the extent of fusion and binding of
Sendai virus as a function of the target membrane concentration.
R18-labeled virus (25 ,ug of protein) was incubated with various
amounts of erythrocyte ghosts in a final volume of 0.25 ml for 15 min
at 37°C. Nonbound virus was removed, and the cells were washed
once. The fraction of the total viral dose that became cell associated
was determined by measuring fluorescence in the cell pellet and
supernatant after the addition of Triton X-100 (0). The fraction of
the cell-associated virus fraction that fused during the 15-min
incubation period was determined by measuring the cell-associated
fluorescence before and after the addition of Triton X-100 (A), and
the fraction of bound virus (A) was deduced from the extent of
fusion. The ratio of micrograms of virus protein bound per micro-
gram of ghost protein (0) was obtained by converting the percentage
of cell-associated virus to the amount of attached viral protein.

the extent of this fraction that had fused with the target
membrane (A) were determined (Fig. 5). In addition, the
ratio of the amount of virus per microgram of ghosts was
calculated and plotted (0) as a function of ghost concentra-
tion. Consistent with the results obtained for binding per se
(at 4°C; Fig. 2), the fraction of virus particles that became
cell associated at 37°C increased with increasing ghost
concentration. Furthermore, the number of virus particles
per ghost (0) decreased hyperbolically, very similar to the
case with binding at 40C. The sigmoidlike plot of the extent
of fusion reached after 15 min versus ghost concentration
(A) suggests that fusion was inhibited under conditions in
which a relatively large amount of virus was attached to the
membrane surface, i.e., at a relatively high virus-to-ghost
ratio, at the onset of the incubation. This is more clearly
revealed when the extent of fusion versus the ratio of
(cell-associated) virus over ghosts is plotted. When the
amount of ghost-associated virus particles was less than
approximately 0.24 ,ug of viral protein per ,ug of ghost
protein, the extent of fusion increases linearly (Fig. 6). At
higher ratios, the fusion capacity deviates from linearity and
becomes relatively restrained. This suggests that when the
cells are densely populated with attached virus particles
adjacent particles affect one another such that fusion be-
comes impaired.
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FIG. 6. Relationship between viral fusion activity and the num-
ber of virus particles per ghost. The data were taken from the
experiment described in Fig. 5. The extent of fusion reached after 15
min at 37°C, as revealed by relief of fluorescence quenching, was
plotted as a function of the amount of viral protein associated per
microgram of ghost protein after that time.

As described above, part of the cell-associated virus
fraction was released into the medium when, after prein-
cubation at 4°C, the temperature was raised to 37°C. Of the
remaining cell-bound fraction, a portion fused with the
membrane, whereas the residual part was identified at the
cell surface as intact virus particles, still present after 15 min
of incubation (Fig. 5). These observations evoked two ques-
tions. First, are all virus particles which are attached to the
membranes after the removal of nonbound viruses eventu-
ally prone to fusion, and, second, what is the fate of the virus
particles which do not become cell associated after prein-
cubation at 4°C when left in the incubation medium upon
raising the temperature to 37°C? To examine the first ques-
tion, R18-labeled virus was incubated with various amounts
of erythrocyte ghosts for 15 min at 4°C. Nonbound virus was
subsequently removed, and the cells were transferred to
37°C. After various times, up to 20 h, samples were taken,
and the extent of fusion, as revealed by an increase in R18
fluorescence, was determined. The fusion reaction displayed
a half time of ca. 9 min and was more than 90% complete
after 4 h (Fig. 7A). Under none of these conditions did the
final level of fusion reach 100%, even after an incubation
period as long as 20 h. The fate of the nonfused particles was
analyzed in more detail in the case of the incubation in which
the virus was initially added to 100 ,ug of ghosts. After the
low-temperature preincubation, time zero in Fig. 7A, 57% of
the viral dose added was cell associated. Within minutes
after the initiation of fusion at 37°C, part of the cell-
associated virus fraction (approximately 30%) eluted from
the cell surface (Fig. 7B; A). The remaining cell-bound virus
fraction was constant during incubation of at least 4 h. These
results imply that the fraction of fused virus is underesti-
mated as a result of this release. When viral elution is taken
into account, it can be calculated that more than 80% of the
truly cell-associated virus had actually fused after 4 h.
When nonadhered virions were left in the medium after

preincubation at 4°C, a fraction of the cell-associated virions
still dissociated from the cell surface, very similar to that
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FIG. 7. Effect of removal of nonbound virus on the extent of

fusion. (A) Virus (25 p.g of protein) was incubated with various

amounts of erythrocyte ghosts (50 [0], 100 [A], and 150 [El] jig of

protein) for 15 min at 40C. The final incubation volume was 0.4 ml.
Nonbound virus was subsequently removed, the cells were washed
once and resuspended in 2 ml of prewarmed buffer (37°C), and
fusion was monitored as a function of time. The fluorescence scale
in these experiments was calibrated by setting the cell-associated
fluorescence at time zero (i.e., after the preincubation at 4°C and
after removal of nonbound particles) at the zero level of the chart
recorder (0% fusion) and the value obtained after the addition of
Triton X-100, corrected for dilution, at 100% (100% fusion). (B)
Virus (263 p.g) and 750 ,g of ghosts were mixed in 3 ml of buffer
(final volume). The mixture was incubated at 4°C. After 15 min, the
suspension was transferred, without removal of nonbound particles,
to 37°C, and after various times 200-,u samples were taken, mixed
with 800 ,u1 of ice-cold buffer, and subsequently centrifuged. The
cells were washed once. Fluorescence in the pellet fractions and the
combined supernatants was measured before and after the addition
of Triton X-100 (1% [vol/vol]). The percentage of cell-associated
virus (0) and fusion (A) was determined as described in the text.
The curve (A) illustrates the kinetics of cell-associated virus release
after preincubation of 25 Rg of virus with 100 jig of ghosts for 15 min
at 4°C, followed by the removal of nonbound virus, before the
initiation of fusion at 37°C (see the legend to panel A).

which was observed when nonbound virions had been
removed before the initiation of fusion (cf. 0 and A, Fig.
7B). Interestingly, in the presence of nonbound virus parti-
cles, the cell-associated fraction increased again after ap-
proximately 25 min when most of the initially cell-associated
virus fraction had fused.
The nonbound virions and those released during incuba-

tion at 37°C do not represent an inactive virus fraction. Upon
their removal and subsequent incubation with (fresh) ghosts,
they bound and fused as avidly as a similar concentration of

the stock virus (data not shown). Yet it appears that the
newly bound virions did not substantially raise the level of
fusion (Fig. 7B; see Discussion). These results suggest that
the initially bound virus fraction determines predominantly
the course of fusion. Further experimental support for this
suggestion was obtained from competition experiments with
nonlabeled virions.

Competition between R18-labeled and nonlabeled viruses.
The degree of viral binding varied during the course of
virus-target membrane interaction, depending on whether
nonbound virus was removed after preincubation (Fig. 7).
To examine the degree to which fusion was affected by these
alterations in binding, we determined the extent to which
nonlabeled virus could interfere with the fusion kinetics of
R18-labeled virus. In a typical experiment, 25 ,ug of R18-
labeled virus was added to 80 ,ug of ghosts at 37°C. The initial
fusion rate was 2.76%/min. Alternatively, when the ghosts
were pretreated with a sevenfold excess of nonlabeled virus
at 4°C for 15 min, followed by the removal of nonbound
virus, a residual fusion rate of 0.55%/min was obtained.
Hence, prior treatment with nonlabeled virus resulted in an
80% inhibition of fusion. The efficiency of competition
observed in the latter case appeared to be dependent on the
incubation time at 37°C of the pretreated cells, prior to the
addition of R18-labeled virus. With addition after 30 s,
inhibition was approximately 60%, whereas inhibition of
80% was obtained when the labeled virus was included in the
medium after 2 min. Incubation times up to 90 min, prior to
the addition of labeled virus, did not further increase the
efficiency of inhibition. Finally, we examined the effect of
adding the nonlabeled virus during the course of fusion
between R18-labeled virus and erythrocyte membranes. To
this end, the labeled virus was preincubated with the ghosts
for 15 min at 4°C. Nonbound virus was removed, and fusion
was initiated by transferring the mixture to 37°C. After 2
min, various amounts of nonlabeled virus were injected into
the medium. Relative to the fusion kinetics observed for the
control (in the absence of nonlabeled virus), the kinetics in
the presence of the nonlabeled virus particles were not
affected (data not shown), even when the amount of nonla-
beled virus was increased up to 400 ,ug of protein.
Dependence of Sendai virus-erythrocyte membrane interac-

tion on the structural integrity of viral proteins. The biological
activity of Sendai virus depends on the structural integrity of
both the HN and F proteins (2,4, 29). To gain insight into the
relevance of intra- or intermolecular disulfide bonding for the
proper functioning of the F and HN proteins, Sendai virus
was pretreated with various concentrations of DTT (22, 28)
and subsequently incubated with erythrocyte ghosts. The
extent of fusion and binding was determined after 10 min of
incubation. In addition, DTT-treated virus was incubated
with (intact) human erythrocytes, and the extent of
hemolysis was determined similarly. Fusion of the virus with
ghosts and virus-induced hemolysis were inhibited to similar
degrees (Fig. 8), the inhibiting effect already becoming
apparent at a DTT concentration as low as 0.01 mM. The
binding of the virus, i.e., the HN protein, appeared to be less
affected. Under conditions in which fusion and hemolysis
were inhibited by approximately 80% (0.5 mM DTT), sub-
stantial binding was still observed, i.e., approximately 70%
of the fraction that would bind in the case of nontreated
virus.

DISCUSSION
Sendai virus binding. Sendai virus binds to erythrocyte

membranes in a temperature-independent manner (Fig. 1),

J. VIROL.



BINDING AND FUSOGENIC PROPERTIES OF SENDAI VIRUS

0

20

20

0 0.2 0.4 0.6 0.8 1.0
DTT concentration (mM)

FIG. 8. Effect of DTT on binding, fusion, and hemolysis activi-
ties of Sendai virus. Virus protein (60 ,ug) was treated with DPT at
the final concentrations indicated for 15 min at 37°C in 0.15 ml of
KNP buffer, as described in Materials and Methods. A control
sample was treated similarly in the absence of the reducing agent.
After treatment, the virus was injected into a cuvette containing 100
,ug of ghosts in KNP buffer, and fusion was monitored continuously
in a fluorometer. The extent of fusion, relative to the extent reached
by a nontreated sample, was determined after 10 min. The percent-
age of inhibition was calculated and plotted as a function of DTT
concentration (O). The effect on binding was determined by incu-
bating the DTT-treated viruses with ghosts at 4°C for 10 min.
Nonbound virus was removed by centrifugation, and after the cells
were washed once more, cell-associated fluorescence was deter-
mined after the addition of Triton X-100 and compared with that of
a nontreated sample (A). Virus-induced hemolysis was performed as
described in Materials and Methods. The incubation conditions
were such that the amount of R18-labeled virus per number of
erythrocytes per unit of volume (30 ,ug of virus per 1.8 x 108 cells
per 2 ml) corresponded to the incubation conditions of the fusion
experiments. The extent of hemolysis, relative to that induced by
nontreated virus, was determined after 10 min and expressed as the
percentage of inhibition versus the DTT concentration (0).

consistent with observations reported by others (2). The
fraction of the viral dose which was bound was dependent on
the target membrane concentration (Fig. 2), i.e., when the
number of receptor sites increased, the fraction of bound
virions increased. A maximal binding capacity of 700 to
1,750 virus particles was calculated (Fig. 2), yielding an

average of ca. 1,200 Sendai virions per erythrocyte ghost. A
similar value has been reported for the binding capacity of
protein-labeled Sendai virus with intact erythrocytes (38),
which adds to the reliability of the assay used in this work.

Relative to the binding kinetics at 4°C, the initial binding
rate was slightly faster at 37°C (Fig. 1). An increase in the
binding rate was also seen when the target membrane
concentration was increased at a constant virus concentra-
tion (data not shown), culminating in an increase in the initial
fusion rate (Fig. 4A). These observations are in line with an
increase in the collision frequency between the particles,
occurring under both conditions. An analysis of the virus-

ghost interaction process in terms of a mass-action kinetic
model (25), which views the interaction as a sequence of the
second-order process of virus-cell adhesion followed by the
first-order fusion reaction itself, revealed a rate constant of
adhesion of (1.9 to 3.5) x 109 M-' s-' (S. Nir and D.
Hoekstra, unpublished observation). These values are close
to those in diffusion-controlled processes.

Dissociation of target membrane-bound virus. A fraction of
the cell-associated virus particles, recognized as firmly
bound virus at 4°C, readily dissociated from the cell surface
when the temperature was raised to 37°C. The release was
independent of the presence of nonbound virus particles
when left in the medium after preincubation (Fig. 7B). A
variety of reasons argue against the involvement of
neuraminidase activity in the elution process. First, in the
presence of the neuraminidase inhibitor 2-deoxy-2,3-
dehydro-N-acetylneuraminic acid (23), the extent of viral
elution was unaffected at 4°C, whereas at 37°C 25% of the
cell-associated virus still dissociated from the cell surface
(versus 30% in the absence of inhibitor). Second, taking into
account the multidentate binding character of the virus and
comparing the kinetics of viral release with those of
glycophorin desialylation (27, 34), the release was too fast to
have been due to viral neuraminidase activity. Third, the
experimental conditions described in this work are far from
being favorable for optimal neuraminidase activity: (i) the
medium contained a high concentration of Cl- (150 mM),
which strongly inhibits its activity (24), and (ii) during
incubation the medium pH was 7.4, whereas the pH opti-
mum of the enzyme is centered around pH 5.5 (24). Thus,
rather than attributing it to viral neuraminidase activity, we
attributed this dissociation process to an increase in the
incubation temperature per se and, to a lesser extent, to
dilution of the virus-cell complex after preincubation at 4°C
(as approximately 5% of the cell-associated fraction was
released upon resuspension in the 4°C medium). Both these
processes are known to cause an increase in the dissociation
rate constant (25), and by applying a mass-action kinetic
model we estimated that in the case of virus-erythrocyte
ghost interaction, the dissociation rate constant increased
approximately 30-fold when the temperature was raised from
4 to 37°C (Nir and Hoekstra, unpublished observation).
Based on the arguments described above, it remains to be
seen to what extent desialylation is correlated to the release
of virions, particularly in light of the multivalent binding
character of the virus and the possibility that sialic acid
forms only a part of the active binding site in the receptor (3).

Sendai virus fusion. The rate of Sendai virus fusion with
the erythrocyte membrane was affected by the density of the
virus particles on the cell surface and became relatively
suppressed when more than 170 virus particles were at-
tached per ghost (Fig. 5 and 6). This number is substantially
lower than the maximal virus binding capacity (ca. 1,200; see
above). Hence, it is assumed that fusion takes place in
restricted areas, relatively densely populated with adhered
viruses, rather than at random sites distributed over the
entire cell surface. Support for this assumption is provided
by observations that virus binding induces changes in the
lateral distribution of cell membrane receptors by causing
the formation of virus receptor patches in the plane of the
plasma membrane (1, 21). Moreover, examination of ghosts
incubated with fluorescently labeled virus (10, 12) revealed
the presence of numerous fluorescent spots at the cell
periphery after low-temperature preincubation, rather than a
uniform ring of attached virions. This indicates that the
subsequent fusion event, which occurred when the temper-
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ature was raised to 37°C, takes place at densely populated
sites on the cell surface, the net density being dependent on
the attached multiplicity, which, in turn, depends on the
input multiplicity (Fig. 2).
An interesting and intriguing outcome of this study was

the finding that although ca. 1,200 viruses can bind per cell,
only some 180 particles maximally can fuse. It should be
noted that all virus particles added to the cells possess fusion
activity (see below). Hence, in line with the discussion in the
previous paragraph, these results further indicate that a
limited number of fusion-susceptible sites exist on the cell
surface at which the binding of the virus eventually leads to
fusion. Whether specific molecular properties can be attrib-
uted to these sites remains to be elucidated. The presence of
specific fusion sites on the cell surface for paramyxoviruses
has been suggested before (30). It is possible that other
factors contribute as well to a limited fusion capacity of
viruses per ghost. Alterations of membrane fluidity owing to
virus-induced cross-linking of cell membrane receptors (1,
19, 21) and the rate of viral protein diffusion (2, 18) from the
fusion areas may additionally affect the fusion ability of viral
particles which are about to fuse, particularly during the
early stages of the fusion process. However, both these
possibilities do not mutually exclude the existence of specific
fusion sites on the ghost surface.
An important consequence of a limited fusion capacity per

erythrocyte ghost is that at high virus-to-ghost ratios binding
is favored relative to the cell-associated fraction which
actually fuses (Fig. 5). Hence, to obtain the highest fusion
efficiency possible, it is desirable to keep the attached
multiplicity below ca. 180 virus particles per ghost. From the
data shown in Fig. 2 and 4A it can be calculated that when
this requirement is met, most of the cell-associated virus
fuses. For example, with 40 ,ug of ghosts, some 130 to 140
virus particles become attached per ghost; the final level of
fluorescence indicated that ca. 120 virions fused per ghost.
The experiments described in Fig. 4A also indicated that the
limited fusion capacity is determined by the ghost and not by
the virus. At the lowest input multiplicity (15 pg of virus per
160 pLg of ghosts), virtually all virus particles added to the
cell suspension eventually fused, i.e., essentially all viral
particles can, in principle, display fusion activity. Finally,
the results shown in Fig. 7A also support the conclusion that
at a relatively low attached multiplicity, nearly all cell-
associated virus fuses. Taking into account that a fraction of
the initially cell-associated virus dissociates from the cell
surface when the virus-ghost complex is transferred to 37°C,
it can be calculated that at the highest ghost concentrations
(100 and 150 p.g) more than 80% of the cell-associated virions
fused with the target membrane.

Despite the release of a significant fraction of preattached
virions when fusion was initiated at 37°C and the increase in
viral attachment at later stages (Fig. 7B), the kinetics of
fusion proceeded very smoothly (Fig. 3 and 7B). This
indicated that the loosely bound fraction of virions does not
substantially affect the course of fusion per se, nor does the
fraction which subsequently became cell associated. In fact,
under the conditions described in Fig. 7B, it was calculated
that ca. 70% of the initially bound virions fused after 25 min.
Assuming that, in time, the total fraction fuses, fusion of ca.
10% of the newly bound virions is required to account for the
maximal fusion level reached (Fig. 4B). On the other hand, if
the ability of the initially bound virions to fuse abruptly
halted after 25 min (Fig. 7B), which seems very unlikely, an
upper limit of ca. 40% of the newly bound virions should fuse
to reach the fusion maximum. Thus, it appears that the

course and extent of fusion were determined mainly by the
virus fraction which remained firmly cell associated after the
temperature was raised to 37°C. Moreover, the competition
experiments between R18-labeled and nonlabeled virus indi-
cated that during the early stages of virus-target membrane
interaction a fraction of the virus attaches rapidly to binding
sites which render the virus susceptible to fusion in an
overall irreversible manner, i.e., once the particles attach to
these sites they bind irreversibly, and eventually they fuse.
This can be inferred from the observation that only pretreat-
ment of the ghosts with unlabeled virions effectively inhib-
ited the fusion of labeled ones.

Role of viral proteins. The observation that treatment of
the virus with DTT substantially reduced viral binding (Fig.
8) suggests that the interaction between the HN protein and
the sialic acid residues of glycophorin is not purely an
electrostatic interaction (2). Because more than 90% of the
HN protein exists in disulfide-linked dimeric and tetrameric
forms (22), the results imply that structural requirements
have to be met as well for the protein to interact properly
with the receptor. Such requirements could involve, for
example, dependence of binding on the conformation of the
HN protein or the need for the establishment of multivalent
interactions for stable virion binding between a receptor
molecule and a di- or tetrameric HN protein molecule or
both.

Finally, the dependence of viral fusion activity on a
structurally intact F protein was also readily revealed by the
present experimental approach. The results indicate that a
subtle perturbation (28) of the F protein structure suffices to
completely perturb its functional activity. This emphasizes
the strong dependence of the virus on the conformation of
the F protein to express its biological activity.
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